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Abstract

The behaviours of two heteropoly acid (MPcatalysts, one supported on a commerciiita and the other on a silica—zirconia mixed
oxide, were compared in the acylation of anisole with acetic anhydride. Both supported catalysts and the latter support, but not the
silica, were active for the reaction, although all underwent a deactivation process before achieving complete conversion of gnisole to
methoxyacetophenone. The greatest yielg-tmethoxyacetophenone was obtained for HPA/Siile the extent of deactivation was in the
order HPA/SIQ-ZrO, > SiOy—ZrO, > HPA/SIO,. Although acetate species accumulated on the-SfB0, and HPA/SIQ-ZrO, catalysts
during the reaction, these species are not thought to play a role in the deactivation process. The relative extent of deactivation was consisten
with the calculated ratios of adsorption coefficients which determine the strength of adsorption of product to that of anisole and indicate that
product inhibition is greatest in the case of HPA/Si@rO,. Calculated absorption coefficients for pyridine adsorbed on the samples failed
to distinguish between the nature of the HPA species dispersed on the two different supports.
0 2004 Elsevier Inc. All rights reserved.

Keywords: Supported heteropoly acid; Anisole; Actitan; Silica—zirconia; Acid site densities

1. Introduction and environmental advantagésnong these materials, zeo-
lites, which combine acidic properties with shape selectivity,

Friedel-Crafts acylatiorotproduce substituted aromatic ~and modified metal oxides are the most widely studid].
ketones is an important key step in the production of in- As a result of their strong and well-documented acid prop-
termediates for use in the pharmaceutical, cosmetics, anderties, heteropoly acids would also appear to be a poten-
speciality chemicals industrigd]. The present industrial ~ tial solid catalyst for this reaction. Supported heteropoly
method used to synthesize these ketones applies homogeacids present a greater number of surface acid sites than
neous Lewis acid-type catalysts (anhydrous metal halides,their bulk counterparts which favours their use as heteroge-
AICI3, FeCk) and acyl halides as acylating agents. The over- N€0Us catalysts. The acidity depends mainly on the support
all process produces a significant amount of undesirable@nd loading, supports such as gi@nd carbons being the
products and destroys the catalyst. The use of solid acids agnost widely examined as they are inert to the heteropoly

catalysts represents an attractive alternative with economicacid[4,5]. In general, the acidity at low loadings is weaker
and less uniform than for the bulk solid, and some decom-

position of the heteropoly acid may be obserjgld As the
" Corresponding author. loadings increases, the acid strength also increases. The ba-
L Prasent adaress. Ine ge Cataigineoleoauimc (05C), ovare 11 Of the supportis thoughtto be one of the factors which
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icant deactivation of these systems during use in reaction.3-s intervals throughout the experiment. The sequence of
The deactivation phenomena may result from product inhi- treatments applied to the samples was outgassing at 573 K
bition or competitive adsorption of the reactants, but can be for 2 h, exposure to 1 Torr pyridine, and cooling to 373 K,
also due to coke deposition. In zeolite catalysts, heavy reac-further introduction of a 0.5 Torr pulse of pyridine and al-
tion products within the pores and on the outer surface of the lowing for equilibration over 8 min, and then heating under
crystallites seem to be responsible for the apparent deactivavacuum to 423 K for 1 h and finally to 473 K for another
tion [8,9]. 1 h. The infrared experiments were carried out on a pressed

In this paper, the behaviours of two supported heteropoly sample treated in the same ligan as for the thermogravi-
acid catalysts are compared in the acylation of anisole with metric measurements. The spectra were recorded after the
acetic anhydride. The catalysts were prepared using support®vacuation at 573 K and after exposure to pyridine and sub-
with very different acidic properties; a commercial silica sequent outgassing at 423 and 473 K. Surface densities of
with no acidic properties and a silica—zirconia mixed oxide both acid sites were calculated by applying the Brgnsted and
which exhibits both Brgnsted and Lewis acidity. To inves- Lewis absorption coefficients determined by combination of
tigate the possible influence of the type of acidity in the the mass of pyridine retained at the two temperatures and the
mechanism of deactivation, aectroscopic study of the in-  integrated area underneath the bands due to the pyridine ad-
teractions of the acylating agent and the reactant with the sorbed at the Brgnsted (1540 thand Lewis (1450 cm?)
acid sites of the catalysts has been performed. acid sites as previously describd ,12]

IR spectra for anisole and acetic anhydride coadsorption
at increasing vapour pressures were recorded on a Perkin—
2. Experimental Elmer 1710 FTIR spectrometer at 4 tiresolution and
as an average of 50 scans. The samples were pressed into

The HPA-supported catalysts, with a 10% loading, were a 16-mm-diameter disks and evacuated at 423 K for 1.5 h in
prepared by impregnating the support previously disperseda quartz cell connected to a conventional vacuum line. The
in water, with an aqueous solution of the Keggin-type het- two compounds were degassed by repeating a freeze-and-
eropoly acid (HPW;20;4 - H,0, Aldrich). The dispersion  thaw cycle and used without further purification.
was stirred for 2 h and then evaporated to dryness, and
the resulting solid dried overnight at 343 K. Two supports
were studied: a commercial silica (EP 10) and a silica— 3. Results
zirconia mixed oxide prepared via a sol-gel technique as
described previously10]. Briefly, the silica—zirconia sup- ~ 3-1. Reaction of acylation of anisole
port was synthesized from a tetraethylorthosilicate (TEOS) ) o
solution prehydrolysed for 2 h, which was combined with  The heteropolyacid-supported catalysts were studied in
a zirconium tetrapropoxide solution in propanol using nitric e reaction of anisole with acetic anhydride at 363 K.
acid as hydrolysis catalyst. The gel obtained was subjected toAlthough o-methoxyacetophenone waletected, the main
a solvent-exchange processtiefluxing in ethyl acetate and ~ Product of the reaction wag-methoxyacetophenone, with
the material was dried under supercritical C®inally, the ~ Selectivities greater than 97%ig. 1 shows the evolution
solid was calcined for 5 h in a flow of air at 873 K. The BET ©f p-MAP yield with time in reaction for SiZr, HPA/SIQ)
areas of the resulting supports and supported catalysts were .
300 (SiQ), 194 (HPA/SIQ), 317 (Sizr), and 168 fg~?!
(HPA/SIZr).

Acylation of anisole was carried out at 363 K in the liquid 80+
phase under an atmosphere of iN a 100-ml glass reactor
equipped with a condenser and magnetic stirrer. The cata-g
lysts (150 to 170 mg) were pretreated in vacuum at 423 K ©
for 1.5 h and then transferred to the reaction vessel where £
the mixture of anisole and acetic anhydride was kept at the & 40
reaction temperature. An anisole to acetic anhydride ratio i ] y
of 10:1 was chosen to allow data to be directly compared
with published results. Samples were taken periodically and
analysed by gas chromatography using dodecane as an inter-
nal standard. 0

Determination of the surface acid site densities was car-
ried out by combining thermogravimetric and infrared spec-
troscopic techniquefd 1]. Thermogravimetric analyses were  fig 1. vield of p-methoxyacetophenone in the acylation of anisole with
carried out using a PC-controlled CI microbalance attached acetic anhydride at 363 K forl) HPA/SIO;, (A) SiZr, and @) HPA/SiZr
to a conventional vacuum line and monitoring the mass at catalysts and at 333 K fow() HPA/SIO;.
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and HPA/SiZr catalysts. A clear deactivation occurred for were much more prevalent for the HPA-containing samples
all the samples as indicatdxy reaching a plateau between (Fig. 2, b and c) than for the SiZr support alorféd. 2, a),

50 and 100 min before attaining full conversion. This de- suggesting that strongly retained water molecules were as-
activation has been attributed in part to the retention of the sociated with the heteropolyacid component.

reaction productp-MAP, adsorbed on the acid sites of the

catalysts, thereby hindering the adsorption of anif@|&3]. 3.2.2. Pyridine adsorption

The maximum yield tg-MAP was 65%, obtained with the In Fig. 3, spectra are presented of pyridine adsorption
system HPA/SiQ@ at 363 K and this decreased to 37% when on samples HPA/Si® SiZr, and HPA/SiZr. The spectra
the reaction was performed at 3B3These results compare  revealed bands characteristic of coordinative adsorption of
well with other previously reported values for heteropoly pyridine on Lewis acid sites (1610 and 1450 thand of
acids supported on silica, where the yield varied in the range the pyridinium ion formed by interaction with Bransted acid
61-98% depending on the HPA content, reaction tempera-sites (1640 and 1540 cm). Both types of adsorbed species
ture, and anisole/acetic anhydride rafi8]. On the other  contribute to the band at 1490 cth However, the exact
hand, both SiZr and HPA/SiZr samples gave comparatively nature of the spectra differed from sample to sample. The
low yields of around 20%, somewhat less than the silica- spectra for HPA/Si@showed only bands ascribed to the ad-
supported sample. It is important to note that for SiZr and sorption of pyridine on Brgnsted acid sites. The dispersion
HPA/SiZr a difference was observed between the conversionon silica of the heteropoly acid, which is known as a ma-
and the yield of MPA, which might indicate that some con- terial with characteristic Brgnsted acid properties, generates
sumption of AcAn took place, resulting in deposits on the Brgnsted acid sites on the surface. The support silica did not

catalyst surface. show features of either Brgnsted or Lewis acidity. Consistent
with previous studie§l4,15]the SiZr sample showed evi-

3.2. FTIR dence for the presence of both Lewis and Bransted acid sites.
It is well established that the addition of zirconia to silica

3.2.1. surface hydroxylation leads to the formation of Lewis and Brgnsted acid sites even

Spectra in the hydroxyl stretching region for samples though the latter are absent on the component oXitié}s
evacuated at 523 K are displayedHig. 2 All the samples and that the density and strength of the Lewis and Bran-
showed a narrow band at ca. 3750 ¢nassigned to isolated ~ sted acid sites created depend on different factors, i.e., the
silanols on the silica support and to the silica component of Si/Zr ratio, preparation conditions, e{d5]. The HPA/SiZr
the silica—zirconia aerogel. Ehbroader feature centred at exhibited a more pronounced band at 1540 ¢tinan for the
ca. 3550 crm? is associated with different hydrogen-bonded
surface hydroxyls and adsorbed water. The latter features
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Fig. 3. FTIR spectra of (A) SiZr, (B) HPA/SiZr, and (C) HPA/Si@fter

Fig. 2. FTIR spectra for (a) Sizr, (b) HPA/SiZr, and (c) HPA/Si@fter (a) outgassing at 523 K, and adsorption of pyridine followed by evacuation
evacuation at 523 K. at (b) 423 and (c) 473 K.
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SiZr support alone, implying a greater number of Brgnsted support. This value would clearly be reduced if only the base
sites in this sample. Additionally, on comparing the spectra molecules adsorbed at Bragnsted acid sites (val4p are

of SiZr and HPA/SiZr samples after outgassing at 423 and considered and further reduced (valad) when the number
473 K, the integrated band area at 1540 ¢rdecreasedto a  of molecules adsorbed on Bragnsted acid sites of the support
greater extent for the former. This suggests that a relatively is subtracted (see later following calculation of the densities
greater proportion of base molecules remained adsorbed ornysing molar absorption coeffats). After heating and evac-
the Bronsted sites after outgassing at 473 K for HPA/SIZr, yating at 473 K, the number of retained molecules decreased
and consequently that the strength of the majority of the for both HPA/SIQ and HPA/SiZr, consistent with the quali-
Brgnsted acid sites on that sample were greater than for theative observations made in the FTIR speckig(3).

support alone. It can be envisaged that two types Bransted The molar absorption coefficients for pyridine adsorbed
acid sites with different strength exist on HPA/SIZr, one as- 4t Brgnsted and Lewis acid siteEaple J) were determined
sociated with the HPA and the other due to the SiZr support. by combining the IR and the gravimetric measuremgiith
Moreover, it is well known that pyridine is absorbed into  The values obtained were 0.76 and 1.03 cm arhdbr

the bulk heteropolyacid andahthis remains sorbed up till  gransted and Lewis acid sites, respectively, on HPA/SiZr
573 K[16]. while for the SiZr support alone these were 0.53 and

The to'FaI Ir|1umber of.acidhsites \1vas deterrr]lined_dt.hermo- 1.78 cm umot! [12]. Sample HPA/Si@showed only Bran-
gravimetrically, measuring the total amount of pyridine re- g0y 40iq sites and gave a coefficient of 0.80 cm grhol

tained following outgassing at 423 and 473 K. Recently, Similarity in the values for the molar absorption coefficient

an alt.ernatlve mgthod of o_btammg .thls information was for the pyridinium ion on the HPA-containing samples gives
described for similar materials and involved temperature- o o
credence to the calculated values. The acid site densities

programmed surface reaction of isopropa{idf]. The val- for HPA/SIO, and HPA/SiZr, i.e., molecules of pyridine

ues shown inTable lindicate that the addition of HPA to .
. . o S retained per square nanometer, calculated from the molar
SiO, creates a certain number of acid sites, which, in ac- . - S .
absorption coefficients, are in line with the fact that het-

cordance with the FTIR speet of adsorbed pyridine, are . . : ey
only of the Bransted acid type. By comparison with the SiZr eropoly acids are mainly characterized by their high Brgn-
sted acidity, and are again consistent qualitatively with the

support, the addition of HPA t8iZr increased the number J )
of acid sites per gram of the solid. The amount of base re- data deduced from the integrated areas of the infrared bands

tained after 423 K outgassing for HPA/SiZr was greater than asgribed to adsorption on Brfansted and Lewis.acid sites. The
for HPA/SIO, and in fact corresponded to the sum of the ratio of Bragnsted to Lewis sites was 1.35 for S|;r but 1..1 for
amount of base adsorbed on the Sizr support, and on theH1PA/SIZr when compared after 423 K outgassing. This ra-
HPA/SIO,. This was not the case when samples were com- ti0 fell to 0.83 for the S|Zr aftgr 473. K outgassing but was
pared on the basis of pyridine retained following outgassing held at 1.1 for the HPA/SiZr, indicating that the strength of
at 473 K, suggesting that the strength of available sites onthe Brensted acid sites associated with the HPA was greater
the HPA/SiZr were not identical to those present on the indi- than that on the support. On the basis of base retained at
vidual components. If the number of base molecules retainedboth temperatures, the number of Brgnsted acid sites on the
at 423 K is evaluated per unit of HPA, the HPA/SiGave a HPA/SiZr is approximately equal to the sum of the sites on
value of approximately 3, which corresponds with the theo- the HPA/SIQ plus the number on the SiZr support alone.
retical number of molecules needed to neutralize the polyan-However, the number of Lewis sites on the HPA/SiZr is not
ion [4], whereas the HPA/SiZr gave a value of 8. These equal to the number on the SiZr support, suggesting that
results again indicate that adsorption of pyridine for the lat- the additional Lewis sites may have been created on the
ter sample takes place not only on the Brgnsted acid sites ofHPA/SiZr by the process of HPA addition to the support.
the HPA, but also on the Brgnsted and Lewis sites of the SiZr The process of sulphation of the SiZr support is known to

Table 1

Characterisation of the acid sifes

Sample SBET Total acid sites Acid site per HPA unit e154° 1450 nBransted nLewis®

(m?g7Y) (umoby g?) (molpy mol;5,)
HPA/SIO, 194 95 28 0.80 - Q294 0
(54 (1.6) (0.219

SizZr 317 198 - ®3 178 0217 Q161
(111 (0.096) (0.116

HPA/SiZr 257 288 83 0.76 103 0540 Q494
(200 (5.8) 0.372 (0.345

@ Based on mass of pyridine retained after evacuation at 423 and (473 K).
b IR molar absorption coefficient (cm pmd).
¢ Numbers of acid sites per
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enhance Lewis acidity due to surface segregation of the zir- shown later. The absorption bands at 1716 and 1403lcm
conia componerit.8]. are assigned to physically adsorbed acetic acid in a dimeric
It is of interest to note that samples SiZr and HPA/SiZr state formed by decomposition of the AcAn probably due
showed a different number and distribution of acid sites to the residual adsorbed water on the catalyst suiffa@e
(Lewis and Brgnsted) and different acid strengths; both be- Note that evidence for the presce of retained water for the
have similarly in the reaction of acylatiofi¢. 1). In ad- HPA-containing samples is provided by FTIR spectra of the
dition, their catalytic behaviour differed greatly from the samples after 523 K evacuatiofig. 2, b and c). While the
HPA/SIO;,, which presented only Brgnsted acidity. The re- band at 1716 cm! is most likely due to the(C=0) stretch-
action studied is considered as a Brgnsted acid-catalysedng mode of the molecules bound to the surface OH groups
reaction with a mechanism that involves the formation of by H bonding, the band at 1403 cthcan be assigned to the
an acylium-type intermediate of the acylating agdni3]. 8(CHz) vibrations. In addition, the interaction of the lone
Should no deactivation occur, a higher Brgnsted acid site electron pair of the carbonyl oxygen atom with the H re-
density should result in a higher yield of the product sulted in a shift of the(O—H) band to lower frequencies (not
p-MAP when compared after a specific time of reaction. shown). On the other hand, the band at 1758 teould be
The marked differences in the yields obtained for HPA/SIO  due to thev(C=0) of a silyl ester species formed by disso-
and HPA/SiZr samples, despite the presence of the HPA, ciative adsorption of acetic acid, which would be associated
which should be dispersed over the support in both cases iswith the asymmetric and symmetré{CHsz) modes (1435
very significant in terms of #relative deactivation of the  and 1384 cm?) that contribute to the band at 1403 th
two systems. This suggests the great effect of the nature ofFurther heating of the sample at 363 K, i.e., the temperature

the support on the catalytic properties of the samples. used in the acylation reaction experiments, did not result in
any significant modification to the spectra, apart from an en-
3.2.3. Coadsorption of anisole and acetic anhydride hancement in the intensity of the shoulder at 1384 triNo

The spectra in the range 1800-1300¢nobtained for clear evidence was obtained to indicate any reaction between
HPA/SIO; and HPA/SiZr after the subsequent adsorption of the two different adsorbates on the catalyst. After evacuation
anisole and acetic anhydride (AcAn) from the vapour phase at 298 K Fig. 4A, d) only bands at 1734, 1605, 1435 (less
are shown irFigs. 4A and 4B intense), and 1383 cnt remained in the spectrum. This in-

The adsorption of anisole on HPA/SiICFig. 4A, a) gave dicates that the silyl species, indicated by bands at 1734,
intense bands at 1600, 1500, 1470, and 1460cthat can 1435, and 1384 cmt, were very stable and strongly ad-
be assigned to the aromatic C—C stretching modes. The adsorbed on the surface, along with other deposits (1605gm
dition of AcAn led to the decrease of the bands ascribed which were formed and retained after the coadsorption of
to anisole, indicating disptement of the adsorbed species anisole and AcAn.
by the second molecule. Moreover, new features appeared The sample HPA/SiZr showed a similar spectrum as the
on the spectrum at 1758, 1716, and 1403 ¢énthe lat- HPA/SIO, catalyst for the adsorption of anisolei§. 4B, a),
ter possibly formed by contributions of different bands as with bands at 1600, 1500, 1470, and 1460 ¢rrHowever,

A
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Fig. 4. FTIR spectra of (A) HPA/Si®and (B) HPA/SiZr after (a) exposure to anisole and briefoexation at 298 K, (b, ¢) addition of increasing pressures of
acetic anhydride, and (d) heating at 363 K and evacuation.
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following adsorption of AcAn the spectra of the two sam- cularly adsorbed acetic acid observed. A band at 1831'cm
ples differed significantly. Apart from the peaks at 1601 and ascribed to the molecular anhydride was detected at the high-
1498 cnt! that correspond to the residual adsorbed anisole est dosage of this adsorbate.

and the shoulder at 1757 and the bands 1718 and 141 cm The concentration of the surface acetate species was es-
that can be assigned to silyl ester species and moleculartimated by calculating the integied intensity of the acetate
adsorbed acetic acid, additional bands at 1654, 1550 andband at 1450 cmt and employing a molar absorption coef-
1457 cnt! were observed. The latter two features are char- ficient of 17 x 1017 cm molecule® [20]. Assuming these
acteristic of the antisymmetric and symmewr{€OO") vi- acetates are located excludly on the zironia component,
brations, respectively, of chésorbed acetate species. Since then from the SiZr surface atomic ratio of 2.63 determined
the splitting of these frequencies is less than 150 &nit by XPS for the original suppoiftLt8] and using the values
may be inferred that the aedé is in a bidatate configu- of 20.0 and 8.1 A for the unit areas occupied by Zs@nd
ration. The band at 1654 cmh may be associated to acyl SiO, respectively, the density of acetates becomes 3.5 per
species formed by reaction with Brgnsted acid sites. Brief square nanometer of exposed zirconia which equates to a
outgassing and heating to 363 K changed the relative in- coverage of 70% of the exposed zirconia.

tensity of the bands, but the positions remained constant.

Subsequent evacuatioRkig. 4B, d) led to a spectra domi-  3.2.4. Catalyst after reaction

nated by bands corresponditgacetate species (1550 and Fig. 5shows the spectra of the HPA/Si@nd HPA/SiZr
1450 cntl) and acyl species (1650 and 1410 T At samples which were recovered after the acylation of anisole
this point it is important to note that the band at 3735ém  with acetic anhydride at 363 K. The spectrum in the region
(not shown), due to the silanol groups of the silica compo- of carbonyl stretching vibrations for the silica-supported het-
nent of the mixed oxide, was depleted after the adsorption of eropolyacid Fig. 5A) presents bands at 1657, 1600, 1576,
anisole and briefly recovered after the final outgassing treat-1512, 1462, 1421, and 1364 ¢ originating from the
ment. This observation confirms the participation of such adsorbates and other reaction products. After Soxhlet ex-
OH groups in the adsorption of the reactant molecules but traction in CHCI, for 3 h, removal of species which had
indicates that they are not consumed by the process. Thepreviously given the main bands at 1600, 1513, 1422, and
same experiment, but performed by reversing the order of 1364 cnt! was observed, indicating successful extraction
adsorption of the compounds, namely AcAn first and then of the compounds retained by the catalyst, most likely
anisole, gave a final spectrum identical to the one shown inthe productp-methoxyacetophenone. The broad band at
Fig. 4B (d), which is an indication of the stronger adsorption 1630 cnt?! is due to the bending vibration of the mole-
of AcAn leading to formation of acetate species after the cularly adsorbed water. Evacuation at room temperature
coadsorption of the two reactanon this catalyst. Further-  under vacuum Fig. 5A, c) led to the removal of water
more, this experiment showelat acetates and acyl species leaving bands at 1635, 1594, and 1503 ¢énwhich cor-

are formed after exposing the catalyst to the AcAn, and that respond to hydrocarbonaceous deposits resulting from the
only after increasing the coverage are silyl species and mole-polyacetylation of anisole ahother monoacetylated deriv-
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Fig. 5. FTIR spectra of (A) HPA/Si®and (B) HPA/SiZr after (a) acylation of anisole, (b) Soxhlet extraction ipCH, and then evacuation at (c) 298 and
(d) 423 K.
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atives and condensation products of the reaction productlarity in the nature of the supported HPA. The band due to
p-methoxyacetophenoii@]. The sample HPA/SiZr showed free hydroxyl groups is detected for all the samples evac-
similar spectra to those described for HPA/gi@lthough uated at 523 K, and the only difference is that the feature
additional features at 1556 and 1460 thwere observed  at 3600 cnm1! is better defined for the HPA-containing sam-
after Soxhlet extractiorF{g. 5B, b) and after vacuum treat-  ples. However, the low loading of the catalyst and the lack of
ment Fig. 5B, ¢). These bands are attributed to the asym- FTIR evidence for HPA species are consistent with the HPA
metric and symmetric stretching vibrations of the bidentate being highly dispersed with the species stabilised by strong
acetate species formed by reaction of acetic anhydride orinteraction with the support.
acetic acid with the surface. The proposed mechanism ftive acylation reaction im-
The IR spectra of the catalyst after reaction and sub- plies the formation of an adsorbed acylium ion by interaction
sequent treatment to extract the weakly adsorbed prod-of the acylating agent with a Brgnsted acid §28,24] In
ucts gave evidence for the presence of hydrocarbonaceoughe case of the acetic anhydride, the formation of the acylium
species of similar characteristics on both catalysts. In ad-ion-like species would be linked to the production of acetic
dition to deactivation due to the adsorption of the product acid:
p-MAP on the aC|.d sites of the catalyst, thg conFnbu'uon (CH3CO), + H*OZ~ — CHgCO*---0Z~
from other, undesired products of the reaction might also + CH3COOH. 1)

lead to deactivation of the catalyst.
The acetic acid formed may be molecularly adsorbed at an

H-bond donor (OKtH) or acceptor (&-) site[25]. Alterna-
4. Discussion tively, acetate species, most likely bidentate, can be formed

by interaction of acetic acid with Lewis acid—base pairs.
e e o e Lyt e 1 e MOl CHCOOH- N+ 07 (01 OF)

n+ -
of anisole with acetic anhydride. However, the differences — CHsCOO™--M™ 4 OH™ (or Hz0). 2)
in the product yields and deactivation trends observed be-Identification of the surface species present and their role
tween samples imply an influence of the support, either in in reaction should provide insight into the mechanistic de-
the ability to disperse the HPA and subsequently on the dis- tails of the reaction. Infrared experiments show that AcAn
tribution and strength of the surface acid sites or in the na- adsorption occurseadily on HPA/SIQ, forming primar-
ture of the sites of the support and the interaction with the ily hydrogen-bonded species and silyl species due to dis-
adsorbate molecules. Similarities in the calculated molar ab- sociative adsorption of the molecule. The free OH groups
sorption coefficients for pyridine adsorbed on the HPA on of the silica support seem to be involved in the formation
both supports would initially suggest that differences in cat- of these species as previously described for the adsorp-
alytic behaviour do not originate in different strengths of the tion of acetic acid on silica andn silica-supported cata-
Brgnsted acid sites. lysts[19,26] A TPD after AnAc adsorption on a siliceous
Characterization of the catalylsy pyridine adsorptionby =~ MCM-41 sample showed that the dominant mode of desorp-

FTIR and TGA reveals differences in the nature and number tion of AcAn at low temperaturg27] resulted from nondis-
of the acidic sites for each sample. While the silica is known sociative weak interactions of the compound with the surface
as a nonacidic suppd@1], dispersion of the heteropoly acid in contrast with the behaviour observed on zeolites. If acyl
over its surface results in the genation of a catalyst bearing  species participate in the catalytic cycle, failure to detect
Bransted acid properties which are directly related with the these here would account for the lack of catalytic activity.
heteropoly acid itself. Thedalition of the heteropoly acid  However, the yield tg-MAP over HPA/SIQ was the high-
to a support with inherent Lewis and Brgnsted acid proper- est among the samples tested. It is possible that acyl species
ties modifies the number and distribution of the acid sites are formed but as these are a minority, they may be obscured
usually by increasing the number and strength of acid sites. by the dominant silyl species. It is also possible that not all
These effects depend on the extent of interaction of the HPA the sites detected by pyridine adsorption are accessible to the
with the support. It has been suggested that the interactionreactant molecules if it is coittered that the reaction occurs
of HPA with a SiQ surface is much weaker than that for on the external surface. Since the HPA may absorb pyridine
ZrO, [22]. This interaction is attributed to the formation into its bulk, an overestimation of the number of active sites
of (=SiOH™)(H2PW12040™) species for Si@[4]. Similar would be estimated by this method.
species are assumed to exist for Zr@lthough, depending FTIR spectra after anisole and AnAc coadsorption for
on the degree of dehydroxylation, species suck=2&Q),— HPA/SiZr reveal that in addition to molecularly adsorbed
(H3_,PW12040_,) or (=Zr"),(Hs_,PW12040) cannot be acetic acid, acetate and acyl species are formed. The acyl
ruled out[22]. No direct evidence of the type of interac- species are formed by reaction with Brgnsted acid sites. The
tion is apparent here; however, the equivalent values for theacetate species can be formieyl adsorption of either the
molar absorption coefficients for pyridinium on both sur- AcAn or the acetic acid produced as a by-product of the
faces could be interpreted as suggesting a degree of simi-AcAn adsorption at the Br@gnsted sites. This process requires
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the existence of Lewis acid (M) and base (&, OH") sorption and coke deposition, the influence of the support

sites. Acetate species are highly thermally stable and are stillon acid properties and how these modify catalyst behav-

detected on the catalyst afteraction and after the chemical iour should be considered. A high density of strong acid

extraction procedureH{g. 5B). Similar results were found  sites, with adjacent Bragnsted acid and Lewis acid—base pair

for sulfated zirconia catalysts studied in acylation reactions centres, appears to be detrimt@, reducing the yield and

using different acylating agenf28]. enhancing deactivation due to strong product adsorption.
FTIR spectra after reaction confirm the adsorption of Higher yields and greater deactivation resistance are ob-

products Figs. 5A(a) and 5B(g)and formation of residues  tained with systems presenting only strong Brgnsted acid

on both HPA/SIQ and HPA/SiZr. The greater density of sites.

strong Brgnsted acid sites as determined by pyridine on

HPA/SiZr, and thus with the ability to form active acyl

species, contrasts with the lower yields obtained for this 5 conclusions

catalyst. This could imply that not all the sites capable of

protonatingthe base are active in reaqtion dugto differences HPA/SIO—ZrOy, SiO—ZrO,, and HPA/SIQ were all

n strength as a consequence of the'mteracuon of the HPAactive in the acylation of anisole using acetic anhydride,

with the support. However, it is plausible to suspect that the although the activity did not respond to the number of

Itpxe;o)rllglgroarllr?énlits: /fSr'OZTster; glreesat(e)rn(e;xteonsts.cg_ll(:ea(l:(;u%g- Bragnsted acid sites present for each sample. Failure to link
! ! ! pies. possiblity cou activity and number of Brgnsted acid sites arose due to dif-

involve residual acetate species which block sites which oth- . .
. . . . ~__ferencesin the rates of deactivation suffered by each catalyst
erwise provide access for anisole to the active catalyst sites. , . .
which appeared to depend on the relative strengths of ad-

The absence of.approprlate 5|te.s on the silica support pre'sorption of the reaction producthe extents of deactivation
vents the formation of such species.

o . . . . differed for each of the samples, although the SiXO;
Deactivation during acylation reactions is generally at- and the HPA/SIG-Zr0, showed very similar behaviour
tributed to reversible and irreversible effe¢®§. The for- y '

) : X . : The choice of an inert support was beneficial in terms of
mer is associated with strong product adsorption while the : L
latter is mainly related to coke deposition on the active reducing the extent of deactivation process.
sites. The role of product inhibition has been confirmed
for zeolites and heteropolyacid/Si@atalysts by applying
a Langmuir-Hinshelwood model to calculate the adsorp- Acknowledgments
tion equilibrium constants of reactants and proda&:;29,
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