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Abstract

The behaviours of two heteropoly acid (HPA) catalysts, one supported on a commercial silica and the other on a silica–zirconia mixe
oxide, were compared in the acylation of anisole with acetic anhydride. Both supported catalysts and the latter support, bu
silica, were active for the reaction, although all underwent a deactivation process before achieving complete conversion of anip-
methoxyacetophenone. The greatest yield top-methoxyacetophenone was obtained for HPA/SiO2 while the extent of deactivation was in th
order HPA/SiO2–ZrO2 > SiO2–ZrO2 > HPA/SiO2. Although acetate species accumulated on the SiO2–ZrO2 and HPA/SiO2–ZrO2 catalysts
during the reaction, these species are not thought to play a role in the deactivation process. The relative extent of deactivation was
with the calculated ratios of adsorption coefficients which determine the strength of adsorption of product to that of anisole and ind
product inhibition is greatest in the case of HPA/SiO2–ZrO2. Calculated absorption coefficients for pyridine adsorbed on the samples
to distinguish between the nature of the HPA species dispersed on the two different supports.
 2004 Elsevier Inc. All rights reserved.
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1. Introduction

Friedel–Crafts acylation to produce substituted aromat
ketones is an important key step in the production of
termediates for use in the pharmaceutical, cosmetics,
speciality chemicals industries[1]. The present industria
method used to synthesize these ketones applies hom
neous Lewis acid-type catalysts (anhydrous metal hali
AlCl3, FeCl3) and acyl halides as acylating agents. The ov
all process produces a significant amount of undesir
products and destroys the catalyst. The use of solid acid
catalysts represents an attractive alternative with econo
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and environmental advantages.Among these materials, zeo
lites, which combine acidic properties with shape selectiv
and modified metal oxides are the most widely studied[2,3].
As a result of their strong and well-documented acid pr
erties, heteropoly acids would also appear to be a po
tial solid catalyst for this reaction. Supported heterop
acids present a greater number of surface acid sites
their bulk counterparts which favours their use as hetero
neous catalysts. The acidity depends mainly on the sup
and loading, supports such as SiO2 and carbons being th
most widely examined as they are inert to the heterop
acid [4,5]. In general, the acidity at low loadings is weak
and less uniform than for the bulk solid, and some dec
position of the heteropoly acid may be observed[6]. As the
loadings increases, the acid strength also increases. Th
sicity of the support is thought to be one of the factors wh
determines the activity of supported heteropolyacid catal
in acid–base-type reactions[7].

One drawback that limits the use of the solid acids
commercial Friedel–Crafts acylation processes is the sig
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icant deactivation of these systems during use in reac
The deactivation phenomena may result from product i
bition or competitive adsorption of the reactants, but can
also due to coke deposition. In zeolite catalysts, heavy r
tion products within the pores and on the outer surface o
crystallites seem to be responsible for the apparent deac
tion [8,9].

In this paper, the behaviours of two supported hetero
acid catalysts are compared in the acylation of anisole
acetic anhydride. The catalysts were prepared using sup
with very different acidic properties; a commercial sili
with no acidic properties and a silica–zirconia mixed ox
which exhibits both Brønsted and Lewis acidity. To inv
tigate the possible influence of the type of acidity in
mechanism of deactivation, a spectroscopic study of the in
teractions of the acylating agent and the reactant with
acid sites of the catalysts has been performed.

2. Experimental

The HPA-supported catalysts, with a 10% loading, w
prepared by impregnating the support previously dispe
in water, with an aqueous solution of the Keggin-type h
eropoly acid (H3PW12O4 · H2O, Aldrich). The dispersion
was stirred for 2 h and then evaporated to dryness,
the resulting solid dried overnight at 343 K. Two suppo
were studied: a commercial silica (EP 10) and a sili
zirconia mixed oxide prepared via a sol–gel technique
described previously[10]. Briefly, the silica–zirconia sup
port was synthesized from a tetraethylorthosilicate (TE
solution prehydrolysed for 2 h, which was combined w
a zirconium tetrapropoxide solution in propanol using ni
acid as hydrolysis catalyst. The gel obtained was subject
a solvent-exchange process by refluxing in ethyl acetate an
the material was dried under supercritical CO2. Finally, the
solid was calcined for 5 h in a flow of air at 873 K. The BE
areas of the resulting supports and supported catalysts
300 (SiO2), 194 (HPA/SiO2), 317 (SiZr), and 168 m2 g−1

(HPA/SiZr).
Acylation of anisole was carried out at 363 K in the liqu

phase under an atmosphere of N2 in a 100-ml glass reacto
equipped with a condenser and magnetic stirrer. The c
lysts (150 to 170 mg) were pretreated in vacuum at 42
for 1.5 h and then transferred to the reaction vessel w
the mixture of anisole and acetic anhydride was kept a
reaction temperature. An anisole to acetic anhydride r
of 10:1 was chosen to allow data to be directly compa
with published results. Samples were taken periodically
analysed by gas chromatography using dodecane as an
nal standard.

Determination of the surface acid site densities was
ried out by combining thermogravimetric and infrared sp
troscopic techniques[11]. Thermogravimetric analyses we
carried out using a PC-controlled CI microbalance attac
to a conventional vacuum line and monitoring the mas
-

-

s

e

-

r-

3-s intervals throughout the experiment. The sequenc
treatments applied to the samples was outgassing at 5
for 2 h, exposure to 1 Torr pyridine, and cooling to 373
further introduction of a 0.5 Torr pulse of pyridine and
lowing for equilibration over 30 min, and then heating und
vacuum to 423 K for 1 h and finally to 473 K for anoth
1 h. The infrared experiments were carried out on a pre
sample treated in the same fashion as for the thermograv
metric measurements. The spectra were recorded afte
evacuation at 573 K and after exposure to pyridine and
sequent outgassing at 423 and 473 K. Surface densiti
both acid sites were calculated by applying the Brønsted
Lewis absorption coefficients determined by combinatio
the mass of pyridine retained at the two temperatures an
integrated area underneath the bands due to the pyridin
sorbed at the Brønsted (1540 cm−1) and Lewis (1450 cm−1)
acid sites as previously described[11,12].

IR spectra for anisole and acetic anhydride coadsorp
at increasing vapour pressures were recorded on a Pe
Elmer 1710 FTIR spectrometer at 4 cm−1 resolution and
as an average of 50 scans. The samples were presse
a 16-mm-diameter disks and evacuated at 423 K for 1.5
a quartz cell connected to a conventional vacuum line.
two compounds were degassed by repeating a freeze
thaw cycle and used without further purification.

3. Results

3.1. Reaction of acylation of anisole

The heteropolyacid-supported catalysts were studie
the reaction of anisole with acetic anhydride at 363
Although o-methoxyacetophenone was detected, the mai
product of the reaction wasp-methoxyacetophenone, wi
selectivities greater than 97%.Fig. 1 shows the evolution
of p-MAP yield with time in reaction for SiZr, HPA/SiO2,

Fig. 1. Yield of p-methoxyacetophenone in the acylation of anisole w
acetic anhydride at 363 K for: (�) HPA/SiO2, (�) SiZr, and (�) HPA/SiZr
catalysts and at 333 K for (�) HPA/SiO2.
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and HPA/SiZr catalysts. A clear deactivation occurred
all the samples as indicatedby reaching a plateau betwee
50 and 100 min before attaining full conversion. This d
activation has been attributed in part to the retention of
reaction product,p-MAP, adsorbed on the acid sites of t
catalysts, thereby hindering the adsorption of anisole[9,13].
The maximum yield top-MAP was 65%, obtained with th
system HPA/SiO2 at 363 K and this decreased to 37% wh
the reaction was performed at 333K. These results compar
well with other previously reported values for heterop
acids supported on silica, where the yield varied in the ra
61–98% depending on the HPA content, reaction temp
ture, and anisole/acetic anhydride ratio[13]. On the other
hand, both SiZr and HPA/SiZr samples gave comparati
low yields of around 20%, somewhat less than the sil
supported sample. It is important to note that for SiZr a
HPA/SiZr a difference was observed between the conver
and the yield of MPA, which might indicate that some co
sumption of AcAn took place, resulting in deposits on
catalyst surface.

3.2. FTIR

3.2.1. Surface hydroxylation
Spectra in the hydroxyl stretching region for samp

evacuated at 523 K are displayed inFig. 2. All the samples
showed a narrow band at ca. 3750 cm−1 assigned to isolate
silanols on the silica support and to the silica componen
the silica–zirconia aerogel. The broader feature centred
ca. 3550 cm−1 is associated with different hydrogen-bond
surface hydroxyls and adsorbed water. The latter feat

Fig. 2. FTIR spectra for (a) SiZr, (b) HPA/SiZr, and (c) HPA/SiO2 after
evacuation at 523 K.
were much more prevalent for the HPA-containing samp
(Fig. 2, b and c) than for the SiZr support alone (Fig. 2, a),
suggesting that strongly retained water molecules were
sociated with the heteropolyacid component.

3.2.2. Pyridine adsorption
In Fig. 3, spectra are presented of pyridine adsorp

on samples HPA/SiO2, SiZr, and HPA/SiZr. The spectr
revealed bands characteristic of coordinative adsorptio
pyridine on Lewis acid sites (1610 and 1450 cm−1) and of
the pyridinium ion formed by interaction with Brønsted ac
sites (1640 and 1540 cm−1). Both types of adsorbed speci
contribute to the band at 1490 cm−1. However, the exac
nature of the spectra differed from sample to sample.
spectra for HPA/SiO2 showed only bands ascribed to the a
sorption of pyridine on Brønsted acid sites. The dispers
on silica of the heteropoly acid, which is known as a m
terial with characteristic Brønsted acid properties, gener
Brønsted acid sites on the surface. The support silica did
show features of either Brønsted or Lewis acidity. Consis
with previous studies[14,15] the SiZr sample showed ev
dence for the presence of both Lewis and Brønsted acid s
It is well established that the addition of zirconia to sili
leads to the formation of Lewis and Brønsted acid sites e
though the latter are absent on the component oxides[14],
and that the density and strength of the Lewis and Br
sted acid sites created depend on different factors, i.e.
Si/Zr ratio, preparation conditions, etc.[15]. The HPA/SiZr
exhibited a more pronounced band at 1540 cm−1 than for the

Fig. 3. FTIR spectra of (A) SiZr, (B) HPA/SiZr, and (C) HPA/SiO2 after
(a) outgassing at 523 K, and adsorption of pyridine followed by evacua
at (b) 423 and (c) 473 K.
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SiZr support alone, implying a greater number of Brøns
sites in this sample. Additionally, on comparing the spe
of SiZr and HPA/SiZr samples after outgassing at 423
473 K, the integrated band area at 1540 cm−1 decreased to
greater extent for the former. This suggests that a relati
greater proportion of base molecules remained adsorbe
the Brønsted sites after outgassing at 473 K for HPA/S
and consequently that the strength of the majority of
Brønsted acid sites on that sample were greater than fo
support alone. It can be envisaged that two types Brøn
acid sites with different strength exist on HPA/SiZr, one
sociated with the HPA and the other due to the SiZr supp
Moreover, it is well known that pyridine is absorbed in
the bulk heteropolyacid and that this remains sorbed up ti
573 K [16].

The total number of acid sites was determined ther
gravimetrically, measuring the total amount of pyridine
tained following outgassing at 423 and 473 K. Recen
an alternative method of obtaining this information w
described for similar materials and involved temperatu
programmed surface reaction of isopropanol[17]. The val-
ues shown inTable 1indicate that the addition of HPA t
SiO2 creates a certain number of acid sites, which, in
cordance with the FTIR spectra of adsorbed pyridine, ar
only of the Brønsted acid type. By comparison with the S
support, the addition of HPA toSiZr increased the numbe
of acid sites per gram of the solid. The amount of base
tained after 423 K outgassing for HPA/SiZr was greater t
for HPA/SiO2 and in fact corresponded to the sum of
amount of base adsorbed on the SiZr support, and on
HPA/SiO2. This was not the case when samples were c
pared on the basis of pyridine retained following outgass
at 473 K, suggesting that the strength of available site
the HPA/SiZr were not identical to those present on the i
vidual components. If the number of base molecules reta
at 423 K is evaluated per unit of HPA, the HPA/SiO2 gave a
value of approximately 3, which corresponds with the th
retical number of molecules needed to neutralize the pol
ion [4], whereas the HPA/SiZr gave a value of 8. Th
results again indicate that adsorption of pyridine for the
ter sample takes place not only on the Brønsted acid sit
the HPA, but also on the Brønsted and Lewis sites of the
f

support. This value would clearly be reduced if only the b
molecules adsorbed at Brønsted acid sites (value= 4) are
considered and further reduced (value= 1) when the numbe
of molecules adsorbed on Brønsted acid sites of the sup
is subtracted (see later following calculation of the dens
using molar absorption coefficients). After heating and eva
uating at 473 K, the number of retained molecules decre
for both HPA/SiO2 and HPA/SiZr, consistent with the qua
tative observations made in the FTIR spectra (Fig. 3).

The molar absorption coefficients for pyridine adsorb
at Brønsted and Lewis acid sites (Table 1) were determined
by combining the IR and the gravimetric measurements[11].
The values obtained were 0.76 and 1.03 cm µmol−1 for
Brønsted and Lewis acid sites, respectively, on HPA/S
while for the SiZr support alone these were 0.53 a
1.78 cm µmol−1 [12]. Sample HPA/SiO2 showed only Brøn
sted acid sites and gave a coefficient of 0.80 cm µmo−1.
Similarity in the values for the molar absorption coefficie
for the pyridinium ion on the HPA-containing samples giv
credence to the calculated values. The acid site den
for HPA/SiO2 and HPA/SiZr, i.e., molecules of pyridin
retained per square nanometer, calculated from the m
absorption coefficients, are in line with the fact that h
eropoly acids are mainly characterized by their high Br
sted acidity, and are again consistent qualitatively with
data deduced from the integrated areas of the infrared b
ascribed to adsorption on Brønsted and Lewis acid sites.
ratio of Brønsted to Lewis sites was 1.35 for SiZr but 1.1
HPA/SiZr when compared after 423 K outgassing. This
tio fell to 0.83 for the SiZr after 473 K outgassing but w
held at 1.1 for the HPA/SiZr, indicating that the strength
the Brønsted acid sites associated with the HPA was gr
than that on the support. On the basis of base retaine
both temperatures, the number of Brønsted acid sites o
HPA/SiZr is approximately equal to the sum of the sites
the HPA/SiO2 plus the number on the SiZr support alon
However, the number of Lewis sites on the HPA/SiZr is
equal to the number on the SiZr support, suggesting
the additional Lewis sites may have been created on
HPA/SiZr by the process of HPA addition to the suppo
The process of sulphation of the SiZr support is known
Table 1
Characterisation of the acid sitesa

Sample SBET
(m2 g−1)

Total acid sites
(µmolPy g−1)

Acid site per HPA unit
(molPy mol−1

HPA)
ε1540

b ε1450
b nBrønsted

c nLewis
c

HPA/SiO2 194 95 2.8 0.80 – 0.294 0
(54) (1.6) (0.219)

SiZr 317 198 – 0.53 1.78 0.217 0.161
(111) (0.096) (0.116)

HPA/SiZr 257 288 8.3 0.76 1.03 0.540 0.494
(200) (5.8) (0.372) (0.345)

a Based on mass of pyridine retained after evacuation at 423 and (473 K).
b IR molar absorption coefficient (cm µmol−1).
c Numbers of acid sites per nm2.



B. Bachiller-Baeza, J.A. Anderson / Journal of Catalysis 228 (2004) 225–233 229

zir-

iZr
ites
be-

e
re-
ysed
of

site
ct

on.
iO
PA,

es is
e
re o

of
ase

ad
bed
ies
ared

as

m
eric
ue

e
the

ups
e
e

re-
ot

o-
ted

ture
lt in
en-

een
tion
ss
-

734,
d-

n of

the
enhance Lewis acidity due to surface segregation of the
conia component[18].

It is of interest to note that samples SiZr and HPA/S
showed a different number and distribution of acid s
(Lewis and Brønsted) and different acid strengths; both
have similarly in the reaction of acylation (Fig. 1). In ad-
dition, their catalytic behaviour differed greatly from th
HPA/SiO2, which presented only Brønsted acidity. The
action studied is considered as a Brønsted acid-catal
reaction with a mechanism that involves the formation
an acylium-type intermediate of the acylating agent[1,13].
Should no deactivation occur, a higher Brønsted acid
density should result in a higher yield of the produ
p-MAP when compared after a specific time of reacti
The marked differences in the yields obtained for HPA/S2
and HPA/SiZr samples, despite the presence of the H
which should be dispersed over the support in both cas
very significant in terms of the relative deactivation of th
two systems. This suggests the great effect of the natu
the support on the catalytic properties of the samples.

3.2.3. Coadsorption of anisole and acetic anhydride
The spectra in the range 1800–1300 cm−1 obtained for

HPA/SiO2 and HPA/SiZr after the subsequent adsorption
anisole and acetic anhydride (AcAn) from the vapour ph
are shown inFigs. 4A and 4B.

The adsorption of anisole on HPA/SiO2 (Fig. 4A, a) gave
intense bands at 1600, 1500, 1470, and 1460 cm−1 that can
be assigned to the aromatic C–C stretching modes. The
dition of AcAn led to the decrease of the bands ascri
to anisole, indicating displacement of the adsorbed spec
by the second molecule. Moreover, new features appe
on the spectrum at 1758, 1716, and 1403 cm−1, the lat-
ter possibly formed by contributions of different bands
f

-

shown later. The absorption bands at 1716 and 1403 c−1

are assigned to physically adsorbed acetic acid in a dim
state formed by decomposition of the AcAn probably d
to the residual adsorbed water on the catalyst surface[19].
Note that evidence for the presence of retained water for th
HPA-containing samples is provided by FTIR spectra of
samples after 523 K evacuation (Fig. 2, b and c). While the
band at 1716 cm−1 is most likely due to theν(C=O) stretch-
ing mode of the molecules bound to the surface OH gro
by H bonding, the band at 1403 cm−1 can be assigned to th
δ(CH3) vibrations. In addition, the interaction of the lon
electron pair of the carbonyl oxygen atom with the H
sulted in a shift of theν(O–H) band to lower frequencies (n
shown). On the other hand, the band at 1758 cm−1 could be
due to theν(C=O) of a silyl ester species formed by diss
ciative adsorption of acetic acid, which would be associa
with the asymmetric and symmetricδ(CH3) modes (1435
and 1384 cm−1) that contribute to the band at 1403 cm−1.
Further heating of the sample at 363 K, i.e., the tempera
used in the acylation reaction experiments, did not resu
any significant modification to the spectra, apart from an
hancement in the intensity of the shoulder at 1384 cm−1. No
clear evidence was obtained to indicate any reaction betw
the two different adsorbates on the catalyst. After evacua
at 298 K (Fig. 4A, d) only bands at 1734, 1605, 1435 (le
intense), and 1383 cm−1 remained in the spectrum. This in
dicates that the silyl species, indicated by bands at 1
1435, and 1384 cm−1, were very stable and strongly a
sorbed on the surface, along with other deposits (1605 cm−1)
which were formed and retained after the coadsorptio
anisole and AcAn.

The sample HPA/SiZr showed a similar spectrum as
HPA/SiO2 catalyst for the adsorption of anisole (Fig. 4B, a),
with bands at 1600, 1500, 1470, and 1460 cm−1. However,
s of
Fig. 4. FTIR spectra of (A) HPA/SiO2 and (B) HPA/SiZr after (a) exposure to anisole and brief evacuation at 298 K, (b, c) addition of increasing pressure
acetic anhydride, and (d) heating at 363 K and evacuation.
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following adsorption of AcAn the spectra of the two sa
ples differed significantly. Apart from the peaks at 1601 a
1498 cm−1 that correspond to the residual adsorbed ani
and the shoulder at 1757 and the bands 1718 and 1410−1

that can be assigned to silyl ester species and mole
adsorbed acetic acid, additional bands at 1654, 1550
1457 cm−1 were observed. The latter two features are c
acteristic of the antisymmetric and symmetricν(COO−) vi-
brations, respectively, of chemisorbed acetate species. Sin
the splitting of these frequencies is less than 150 cm−1, it
may be inferred that the acetate is in a bidentate configu-
ration. The band at 1654 cm−1 may be associated to ac
species formed by reaction with Brønsted acid sites. B
outgassing and heating to 363 K changed the relative
tensity of the bands, but the positions remained cons
Subsequent evacuation (Fig. 4B, d) led to a spectra dom
nated by bands correspondingto acetate species (1550 a
1450 cm−1) and acyl species (1650 and 1410 cm−1). At
this point it is important to note that the band at 3735 cm−1

(not shown), due to the silanol groups of the silica com
nent of the mixed oxide, was depleted after the adsorptio
anisole and briefly recovered after the final outgassing tr
ment. This observation confirms the participation of s
OH groups in the adsorption of the reactant molecules
indicates that they are not consumed by the process.
same experiment, but performed by reversing the orde
adsorption of the compounds, namely AcAn first and t
anisole, gave a final spectrum identical to the one show
Fig. 4B (d), which is an indication of the stronger adsorpt
of AcAn leading to formation of acetate species after
coadsorption of the two reactants on this catalyst. Furthe
more, this experiment showedthat acetates and acyl spec
are formed after exposing the catalyst to the AcAn, and
only after increasing the coverage are silyl species and m
r

.

-

cularly adsorbed acetic acid observed. A band at 1831 c−1

ascribed to the molecular anhydride was detected at the
est dosage of this adsorbate.

The concentration of the surface acetate species wa
timated by calculating the integrated intensity of the aceta
band at 1450 cm−1 and employing a molar absorption coe
ficient of 1.7× 10−17 cm molecule−1 [20]. Assuming these
acetates are located exclusively on the zirconia component
then from the Si/Zr surface atomic ratio of 2.63 determin
by XPS for the original support[18] and using the value
of 20.0 and 8.1 Å2 for the unit areas occupied by ZrO2 and
SiO2, respectively, the density of acetates becomes 3.5
square nanometer of exposed zirconia which equates
coverage of 70% of the exposed zirconia.

3.2.4. Catalyst after reaction
Fig. 5 shows the spectra of the HPA/SiO2 and HPA/SiZr

samples which were recovered after the acylation of ani
with acetic anhydride at 363 K. The spectrum in the reg
of carbonyl stretching vibrations for the silica-supported h
eropolyacid (Fig. 5A) presents bands at 1657, 1600, 15
1512, 1462, 1421, and 1364 cm−1, originating from the
adsorbates and other reaction products. After Soxhlet
traction in CH2Cl2 for 3 h, removal of species which ha
previously given the main bands at 1600, 1513, 1422,
1364 cm−1 was observed, indicating successful extrac
of the compounds retained by the catalyst, most lik
the productp-methoxyacetophenone. The broad band
1630 cm−1 is due to the bending vibration of the mol
cularly adsorbed water. Evacuation at room tempera
under vacuum (Fig. 5A, c) led to the removal of wate
leaving bands at 1635, 1594, and 1503 cm−1 which cor-
respond to hydrocarbonaceous deposits resulting from
polyacetylation of anisole and other monoacetylated deri
nd
Fig. 5. FTIR spectra of (A) HPA/SiO2 and (B) HPA/SiZr after (a) acylation of anisole, (b) Soxhlet extraction in CH2Cl2, and then evacuation at (c) 298 a
(d) 423 K.
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atives and condensation products of the reaction pro
p-methoxyacetophenone[9]. The sample HPA/SiZr showe
similar spectra to those described for HPA/SiO2, although
additional features at 1556 and 1460 cm−1 were observed
after Soxhlet extraction (Fig. 5B, b) and after vacuum trea
ment (Fig. 5B, c). These bands are attributed to the asy
metric and symmetric stretching vibrations of the biden
acetate species formed by reaction of acetic anhydrid
acetic acid with the surface.

The IR spectra of the catalyst after reaction and s
sequent treatment to extract the weakly adsorbed p
ucts gave evidence for the presence of hydrocarbonac
species of similar characteristics on both catalysts. In
dition to deactivation due to the adsorption of the prod
p-MAP on the acid sites of the catalyst, the contribut
from other, undesired products of the reaction might a
lead to deactivation of the catalyst.

4. Discussion

Results obtained for the catalysts tested in this work in
cate that all the samples are active in the reaction of acyla
of anisole with acetic anhydride. However, the differen
in the product yields and deactivation trends observed
tween samples imply an influence of the support, eithe
the ability to disperse the HPA and subsequently on the
tribution and strength of the surface acid sites or in the
ture of the sites of the support and the interaction with
adsorbate molecules. Similarities in the calculated molar
sorption coefficients for pyridine adsorbed on the HPA
both supports would initially suggest that differences in c
alytic behaviour do not originate in different strengths of
Brønsted acid sites.

Characterization of the catalyst by pyridine adsorption by
FTIR and TGA reveals differences in the nature and num
of the acidic sites for each sample. While the silica is kno
as a nonacidic support[21], dispersion of the heteropoly ac
over its surface results in the generation of a catalyst bearin
Brønsted acid properties which are directly related with
heteropoly acid itself. The addition of the heteropoly acid
to a support with inherent Lewis and Brønsted acid prop
ties modifies the number and distribution of the acid s
usually by increasing the number and strength of acid s
These effects depend on the extent of interaction of the H
with the support. It has been suggested that the interac
of HPA with a SiO2 surface is much weaker than that f
ZrO2 [22]. This interaction is attributed to the formatio
of (≡SiOH2

+)(H2PW12O40
−) species for SiO2 [4]. Similar

species are assumed to exist for ZrO2, although, dependin
on the degree of dehydroxylation, species such as (≡ZrO)n–
(H3−nPW12O40−n) or (≡Zr+)n(H3−nPW12O40) cannot be
ruled out[22]. No direct evidence of the type of intera
tion is apparent here; however, the equivalent values fo
molar absorption coefficients for pyridinium on both s
faces could be interpreted as suggesting a degree of
s

-

larity in the nature of the supported HPA. The band due
free hydroxyl groups is detected for all the samples ev
uated at 523 K, and the only difference is that the fea
at 3600 cm−1 is better defined for the HPA-containing sa
ples. However, the low loading of the catalyst and the lac
FTIR evidence for HPA species are consistent with the H
being highly dispersed with the species stabilised by str
interaction with the support.

The proposed mechanism forthe acylation reaction im
plies the formation of an adsorbed acylium ion by interact
of the acylating agent with a Brønsted acid site[23,24]. In
the case of the acetic anhydride, the formation of the acyl
ion-like species would be linked to the production of ace
acid:

(CH3CO)2 + H+OZ− → CH3CO+· · ·OZ−
+ CH3COOH. (1)

The acetic acid formed may be molecularly adsorbed a
H-bond donor (OHδ+) or acceptor (O2−) site [25]. Alterna-
tively, acetate species, most likely bidentate, can be for
by interaction of acetic acid with Lewis acid–base pairs.

CH3COOH+ Mn+ + O2− (or OH−)
→ CH3COO−· · ·Mn+ + OH− (or H2O). (2)

Identification of the surface species present and their
in reaction should provide insight into the mechanistic
tails of the reaction. Infrared experiments show that Ac
adsorption occurs readily on HPA/SiO2, forming primar-
ily hydrogen-bonded species and silyl species due to
sociative adsorption of the molecule. The free OH gro
of the silica support seem to be involved in the format
of these species as previously described for the ads
tion of acetic acid on silica andon silica-supported cata
lysts [19,26]. A TPD after AnAc adsorption on a siliceou
MCM-41 sample showed that the dominant mode of des
tion of AcAn at low temperatures[27] resulted from nondis
sociative weak interactions of the compound with the surf
in contrast with the behaviour observed on zeolites. If a
species participate in the catalytic cycle, failure to de
these here would account for the lack of catalytic activ
However, the yield top-MAP over HPA/SiO2 was the high-
est among the samples tested. It is possible that acyl sp
are formed but as these are a minority, they may be obsc
by the dominant silyl species. It is also possible that no
the sites detected by pyridine adsorption are accessible t
reactant molecules if it is considered that the reaction occu
on the external surface. Since the HPA may absorb pyri
into its bulk, an overestimation of the number of active s
would be estimated by this method.

FTIR spectra after anisole and AnAc coadsorption
HPA/SiZr reveal that in addition to molecularly adsorb
acetic acid, acetate and acyl species are formed. The
species are formed by reaction with Brønsted acid sites.
acetate species can be formedby adsorption of either th
AcAn or the acetic acid produced as a by-product of
AcAn adsorption at the Brønsted sites. This process requ
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the existence of Lewis acid (Mn+) and base (O2−, OH−)
sites. Acetate species are highly thermally stable and are
detected on the catalyst afterreaction and after the chemic
extraction procedure (Fig. 5B). Similar results were foun
for sulfated zirconia catalysts studied in acylation reacti
using different acylating agents[28].

FTIR spectra after reaction confirm the adsorption
products (Figs. 5A(a) and 5B(a)) and formation of residue
on both HPA/SiO2 and HPA/SiZr. The greater density
strong Brønsted acid sites as determined by pyridine
HPA/SiZr, and thus with the ability to form active ac
species, contrasts with the lower yields obtained for
catalyst. This could imply that not all the sites capable
protonating the base are active in reaction due to differe
in strength as a consequence of the interaction of the
with the support. However, it is plausible to suspect that
lower yield originates from the greater extent of deact
tion for SiZr and HPA/SiZr samples. One possibility cou
involve residual acetate species which block sites which
erwise provide access for anisole to the active catalyst s
The absence of appropriate sites on the silica support
vents the formation of such species.

Deactivation during acylation reactions is generally
tributed to reversible and irreversible effects[9]. The for-
mer is associated with strong product adsorption while
latter is mainly related to coke deposition on the ac
sites. The role of product inhibition has been confirm
for zeolites and heteropolyacid/SiO2 catalysts by applying
a Langmuir–Hinshelwood model to calculate the adso
tion equilibrium constants of reactants and product[13,29,
30]. Although competitive adsorption between anisole an
acetic anhydride exists[30], product inhibition was the mos
dominant factor affecting thereaction with an adsorption co
efficient ratio,Kproduct/Kacetic anhydrideof 11.80 at 363 K for
p-methylacetophenone on HBEA[30], andKproduct/Kanisole
was 37 at the same temperature for HPA/SiO2 [13]. Ad-
dition of MAP to the reaction mixture decreased the yi
due to deactivation of the HPA/SiO2 while addition of the
acetic acid by-product had no effect on the yield[13]. Using
a similar methodology[29,30],Kproduct/Kanisoleat 363 K for
catalysts here was 23, 93, and 146 for HPA/SiO2, SiZr, and
HPA/SiZr, respectively. This order is qualitatively cons
tent with the ranking of catalysts in terms of overall prod
yields and therefore consistent with a deactivation due to
hibition by strong product adsorption.

It should be noted that acetic acid is a poorer acyla
agent than the corresponding anhydride since acylium
like species are only formed to a limited extent from ac
acid on silica-supported heteropoly acid catalyst[31]. Also,
as observed for HPA/SiO2 catalysts here, surface aceta
are not formed over such a catalyst, and consequentl
influence is observed by the addition of acetic acid to
reaction mixture.

Optimisation of these catalysts involves a balance
tween yield and deactivation.In terms of deactivation fo
supported HPA catalysts, apart from the role of product
l

.
-

sorption and coke deposition, the influence of the sup
on acid properties and how these modify catalyst beh
iour should be considered. A high density of strong a
sites, with adjacent Brønsted acid and Lewis acid–base
centres, appears to be detrimental, reducing the yield an
enhancing deactivation due to strong product adsorp
Higher yields and greater deactivation resistance are
tained with systems presenting only strong Brønsted
sites.

5. Conclusions

HPA/SiO2–ZrO2, SiO2–ZrO2, and HPA/SiO2 were all
active in the acylation of anisole using acetic anhydr
although the activity did not respond to the number
Brønsted acid sites present for each sample. Failure to
activity and number of Brønsted acid sites arose due to
ferences in the rates of deactivation suffered by each cat
which appeared to depend on the relative strengths o
sorption of the reaction product.The extents of deactivatio
differed for each of the samples, although the SiO2–ZrO2

and the HPA/SiO2–ZrO2 showed very similar behaviou
The choice of an inert support was beneficial in terms
reducing the extent of deactivation process.
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