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Sulfated zirconia having a BET surface area of 90 m?g~* and
a temperature-resistant mesoporous texture was prepared by ther-
molysis (at 1000 K) of zirconium sulfate. Infrared studies of surface
sulfates, CO adsorption at 77 K, and room temperature adsorption
of pyridine showed close similarity to sulfated zirconias prepared
by impregnation or doping from the gas phase. Four main families
of Lewis acid centers were found, which gave CO adducts char-
acterized by stretching frequencies of 2212, 2202, 2196, and 2188
cm~L. Interaction of CO (at liquid nitrogen temperature) with sur-
face hydroxyls (in partially hydroxylated samples) was found to
shift the O—H stretching frequency from 3650 to 3510 cm™2, due to
formation of hydrogen-bonded OH - - -CO complexes. This down-
ward shift, Avoy =140 cm™3, is significantly larger than the corre-
sponding value for pure zirconia (Avon = 90 cm~1), which strongly
suggests enhancement of the Brgnsted acidity. Samples showing the
acidic OH group at 3650 cm~ were found to contain also disulfate
groups and traces of molecular water. Surface hydroxyls in sulfated
zirconia still appear, however, to be weaker Brgnsted acid sites than
are bridging OH groups in zeolites.  © 1996 Academic Press, Inc.

1. INTRODUCTION

Sulfated metal oxides with high surface area are systems
of current interest in catalytic research because of their en-
hanced surface acidity, which confers on them a high ac-
tivity in several catalytic processes, among which skeletal
isomerization of alkanes is the best example. In particular,
sulfated zirconia was reported to achieve isomerization of
light alkanes at mild temperatures (1-7) (in the 373-573 K
range), and even at room temperature in the case of sul-
fated ZrO, doped with oxides of iron and manganese (8).
These processes do not take place with appreciable yield
on pure zirconia. However, despite the large amount of re-
search already devoted to the subject, the precise nature of
the active sites in sulfate-doped metal oxides is not yet un-
derstood. Aprotic Lewis acid sites and protonic Brgnsted
acid centers both were attributed with a role in the catalytic
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reaction, and synergy between both centers was also postu-
lated. Moreover, according to Kazansky (9), surface anions
(Lewis basic centers) should play a key role in protonation
of olefins by a neighboring Brgnsted acid site, and this has
strong implications for processes involving carbocations as
intermediate species.

It is also known that the nature and strength of active
sites in sulfated zirconia can be dependent (to some extent)
on preparation conditions, such as the nature of the oxide
precursor, the sulfate-doping procedure, or the activation
temperature. Most researchers prepare their materials by
impregnating a zirconia hydrogel with either sulfuric acid or
an aqueous solution of ammonium sulfate, following with
calcination at a suitable temperature. Doping from the gas
phase (SO, + O,) is also a procedure used (10). Some of us
have recently shown that thermolysis of zirconium sulfate
can be a convenient alternative route for the preparation
of sulfated zirconia (11). Mesoporous materials prepared in
this way retain a high surface area even after calcination at
high temperature (12), which is not usually the case with gel-
derived zirconias. The reason for this temperature-resistant
porous texture is most likely to rest in the high temperature
at which metal sulfates thermolyse and in the large volume
of evolved gases. This leads to a consolidated mesopore sys-
tem which was also observed for sulfate-derived y-alumina
(13). A further advantage of using metal sulfates as pre-
cursors of sulfated oxides is the avoidance of impregnation
procedures or doping from a gas phase.

Infrared studies on sulfated zirconia prepared by the con-
ventional (impregnation) method were reported by sev-
eral authors (1, 6, 7, 10, 14-22); they include the use of
pyridine (1, 3, 6, 15-17, 20, 22) and CO adsorption at
room temperature (6, 7, 10, 15-18, 21, 22) as spectroscopic
probes of surface acidity. However, none of these studies
has included CO adsorption at low temperature. The main
aims of the present work have been: (i) to examine the
surface chemistry of sulfated zirconia derived from zirco-
nium sulfate and to compare the results with correspond-
ing data for materials prepared by the conventional route,
and (ii) to test surface acidity by low temperature CO ad-
sorption. It will be shown that this leads to information
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ACIDITY OF SULFATED ZIRCONIA

on surface sites which goes beyond what can be discerned
by room temperature studies alone. Preliminary results on
CO adsorption at room temperature on zirconia samples
similar to those used in the present work were reported
elsewhere (11).

2. EXPERIMENTAL

2.1. Sample Preparation and Characterization

Details on the preparation and characterization of the
parent material (sulfated zirconia) used in this work have
been described (12). Briefly, Zr(SO,), - 4H,O (BDH, ana-
Iytical grade) was calcined at 1000 K for 5 h to achieve to-
tal thermolysis. The resulting material (subsequently called
SZ) was found to have a BET surface area of 90 m?g~*
and to be mesoporous. Pore size distribution was found to
be unimodal, with a maximum (most frequent pore radius)
at 8 nm. No contribution from microporosity was evident.
Note that 90 m?g~! is a rather high value of surface area
for a sample calcined at 1000 K. For comparison, zirconia
powders prepared from dehydration of zirconia gels pre-
serve a surface area of only 40-50 m? g~ after prolonged
calcination at 873 K (23-25).

Chemical analysis of sample SZ showed a sulfur con-
tent of 1.1%, presumably due to tenaciously held SOs (self-
generated during thermolysis of the starting material). As-
suming that corresponding sulfate groups are all exposed
at the oxide surface, this would give a statistical coverage
of about 40-50% of a monolayer. Powder X-ray diffraction
showed the material to be mainly in monoclinic form, with
about 15% in the form of tetragonal polymorph. Samples
obtained from SZ (see below) were also found to be mainly
monoclinic.

2.2. Infrared Studies and Sample Nomenclature

The sample SZ was compressed into a self-supporting
wafer (about 0.03 g cm~2) and heated inside an IR cell sim-
ilar to the one described by Marchese et al. (26), for cu-
mulative periods of 30 min at increasing temperatures: 673,
873, 1073, and 1173 K. These thermal treatments (aimed
at progressive reduction of sulfate content) were carried
out under a dynamic vacuum: residual pressure <10~ Torr
(1 Torr=133.3 N m~2). Samples thus obtained will here-
after be called SZx, where x denotes the last temperature.
Thus, SZ873 stands for an SZ sample heated at 673 K for
30 min followed by additional 30 min at 873 K.

At the end of each heat treatment the IR cell was trans-
ferred, whilst still under vacuum, into the IR spectrometer
and dosed with appropriate amounts of CO or pyridine.
Spectra were collected using an FTIR Bruker 66 spectro-
meter operated at 3 cm™! resolution. All spectra were ob-
tained at liquid nitrogen temperature except in the case of
adsorbed pyridine, which was studied at room temperature.

269

3. RESULTS AND DISCUSSION

3.1. Infrared Spectra as a Function of Sulfate Content

Figure 1 shows the IR spectra in the 1450-850-cm™? re-
gion of samples SZ873,521073,and SZ1173. Sample SZ673
was not included because some remaining molecular wat-
er was observed, which complicated the spectrum. How-
ever, in order to follow in more detail the spectral changes
upon decreasing sulfate content, three spectra were added
(between SZ1073 and SZ1173) which correspond to an
SZ1073 sample further heated at 1073 K for increasing time
(up to 2 h). The intense band in the 1450-1340-cm~? re-
gion (S=O stretching) has several components. For sample
SZ873 (spectrum 1) this band shows a pronounced maxi-
mum at 1398 cm~!, and a broad tail on the low-frequency
side. The 1398-cm~! component is also present in spectra 2
and 3, and disappears from spectrum 4 onwards. Compo-
nents at lower frequency (1385-1340 cm~? range) are seen
to change relative intensity and to shift slightly towards
lower wavenumbers with decreasing sulfate content.

In agreement with several authors (16, 17, 19), we as-
sign the 1398 cm~? band to a disulfate species of the type
depicted in Scheme | (species 1), and the bands at lower
frequency to the S=O stretching of a surface monosulfate
(sketched as species 2 in Scheme I). Monosulfates with gem-
inal S=O groups (species 3) have also been hypothesized
(1, 27) in sulfated zirconias, but the isotope exchange ex-
periments described by Bensitel and co-workers (19) seem
to rule them out.
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SCHEME I

The multiplicity of components in the 1385-1340-cm™!
region can easily be explained in terms of surface hetero-
geneity, which must yield monosulfate species with slightly
different spectroscopic manifestations. In the same context,
the multiplicity of bands observed in the S—O stretching re-
gion (1150-850 cm™1) provides further proof for the pres-
ence of several families of surface monosulfates.

We shall not analyze these spectra in further detail, since
the general features coincide with those already discussed
by previous authors (19, 21). However, we wish to empha-
size the following points: (i) Disulfates are only present in
the most concentrated samples (as expected), and they dis-
appear when the surface coverage decreases to less than
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FIG. 1.

about 10% of a monolayer, on a statistical basis. (ii) Be-
sides effects due to surface heterogeneity and the attendant
desorption of different monosulfate species at different de-
gassing temperatures, the observed shift to lower wavenum-
bers could have a component due to dynamic dipole-dipole
interactions which are minimized at the lowest surface cov-
erage. (iii) All of the sulfate species present in our sam-
ples are mainly (if not totally) at the oxide surface, since
the 1450-1340 cm~! band was observed to shift to lower
wavenumbers upon adsorption of CO or pyridine (see also
Section 3.3), and also minor shifts were observed in the
1150-850-cm~! region. Finally, we remark that close anal-
ogy between the IR spectra in Fig. 1 and those reported
for sulfated zirconia prepared by conventional methods
(19, 21) provides a first proof of sample similarity.

3.2. FTIR Spectra of Adsorbed CO

Infrared spectra, in the CO stretching region, of car-
bon monoxide adsorbed at liquid nitrogen temperature
on samples SZ673 to SZ1173 are depicted in Figs. 2 to 5.
For small CO doses all samples show two IR absorption
bands centered at 2212 and 2202 cm 2, respectively; the high
frequency one, however, is very faint for sample SZ1173
(Fig. 5). Upon increasing CO equilibrium pressure two new
bands develop which are centered at 2196 and 2188 cm™2.
The spectra of sample SZ1173 also show additional bands
at 2178 and 2168 cm~1, while for samples SZ673 and SZ873
(Figs. 2and 3) aband centered around 2165 cm ™~ is observed
in the spectra corresponding to high equilibrium pressure.

T T T T T T 1
1150 111[][] 1056 1000 S50 300 850

Infrared spectra (sulfate region) of the different samples studied: 1, SZ873; 2, SZ1073; 6, SZ1173; 3, 4, 5, see text.

This 2165-cm~* band arises from interaction of CO with hy-
droxyl groups at the zirconia surface (see below) and will
be considered at the end of this section.

Bands at 2212, 2202, 2196, and 2188 cm™! are present
in all of the spectra, and they saturate in succession upon
increasing CO equilibrium pressure. These bands are all
assigned to the C-O stretching mode of carbon monoxide
interacting (through the carbon end) with Lewis acid cen-
ters of different strength: i.e., Zr** ions with varying degree
of Lewis acidity. Three of these bands were also observed
for CO adsorbed at room temperature on sulfated zirco-
nia prepared by different methods, and this is summarized
in Table 1 which also shows corresponding data for CO
adsorbed at room temperature on a pure zirconia sample
(ex-hydroxide). Comparison shows that the band at high-
est frequency is present on all sulfated zirconias, regard-
less of the preparation method, but not on pure zirconia.
This 2212-cm~! band (found at 2208 cm~! in Ref. (21)) is
therefore assigned to surface Zr** ions having enhanced
Lewis acidity, which arises from the simultaneous presence
of surface sulfate groups. Table 1 also shows that the band
at 2188 cm~! found in the present work was not described
by previous researchers. It belongs to a species with rela-
tively low Lewis acidity and we believe that failure to de-
tect it before was due to not conducting low temperature
experiments. Similarly, the two additional bands observed
at 2178 and 2168 cm~! in the spectra of SZ1173 (Fig. 5) are
assigned to surface sites (Zr** ions) of low Lewis acidity.
These bands were only observed after severe sulfate loss
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FIG.2. Low-temperature IR spectra of CO adsorbed on sample
SZ673 at increasing equilibrium pressure (from ca. 1072 to 20 Torr). Inset
shows O-H stretching region before and after dosing with CO (20 Torr).

(cf. Fig. 1), and their frequency closely corresponds to data
reported by Morterra et al. (30) for CO adsorbed at 77 K
on a highly sintered sample of pure zirconia.

It is clearly observed in Figs. 4 and 5 that bands at 2202,
2196, and 2188 cm~! (measured at low CO equilibrium
pressure) shift towards lower wavenumbers with increasing
amounts of adsorbed CO (the behavior of the 2212 cm™!
band is less clear in this respect, in part because of partial
overlap at increasing CO doses). This contrasts with the
spectrashown in Figs. 2and 3, where the same IR absorption
bands appear at fixed wavenumbers throughout the whole
range of CO equilibrium pressure. These observations can
be explained in terms of adsorbate—adsorbate interactions,
which can be dynamic or static (31-33). Dynamic interac-
tions alone are known to cause an upward shift of the C-O
stretching band, while static interactions usually behave in
the opposite way. For CO adsorbed on metal oxides and
halides, the net effect of adsorbate—-adsorbate interactions
is a downward shift of the C-O stretching band (33-36).
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This is precisely the effect observed for samples SZ1073
and SZ1173 (Figs. 4 and 5), which have a low concentration
of surface sulfates. The reason why the same effect does
not appear for samples SZ673 and SZ873 (Figs. 2 and 3)
rests most probably in their relatively high concentration
of surface sulfates, which would decouple CO oscillators.
It remains to comment on the 2165 cm~! band which ap-
pears for high CO equilibrium pressure in the spectra of
Figs. 2 and 3, and which (on sulfated zirconia) is reported
here for the first time; we have already anticipated that it
arises from OH- - -CO interaction. Insets in these figures
show the O-H stretching region, both before and after dos-
ing with CO. Two O-H stretching bands are observed: there
is aweak one at 3750 cm~! and a stronger one at 3650 cm ™.,
They are both influenced by CO adsorption (at 77 K), but
the effect is more pronounced (as expected) on the band at
lower wavenumbers, which corresponds to the more abun-
dant hydroxyl groups (and will be the only one discussed
here). The fact that the 2165 cm~! band is not present in
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FIG.3. Asin Fig. 2, but for sample SZ873. For clarity, spectra were
offset on the vertical scale, including those in the inset.
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FIG. 4. Low-temperature IR spectra of CO adsorbed on SZ1073 at
increasing equilibrium pressure (from ca. 1072 to 20 Torr). Inset depicts
O-H stretching region showing (practically) total dehydroxylation.

the spectra corresponding to fully dehydroxylated samples
(Figs. 4 and 5), together with the simultaneous perturba-
tion observed on the O-H stretching band (Figs. 2 and 3),
enables the unequivocal assignment of the 2165 cm~* band
to the C-O stretching mode of hydrogen-bonded carbon
monoxide.

More specifically, in the O-H stretching region (see
Fig. 2) dosing with CO brings about considerable erosion
of the 3650 cm~! band with attendant formation of a new
IR absorption band centered at 3510 cm~!. We note that, in
agreement with the experimental results, a pronounced in-
crease of both intensity and band width are expected upon
hydrogen bonding (37). The observed downward shift,
which amounts to 140 cm™, can be used as a comparative
measurement of Brgnsted acidity of OH groups in partially
hydroxylated sulfated zirconia. For comparison, corre-
sponding data for other materials are reported in Table 2.
It is apparent that sulfated zirconia (not severely heat-
treated) has a family of surface hydroxyls with Brgnsted
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acidity intermediate between that of y-alumina and that of
many zeolites. When compared with pure zirconia, it is also
clear that presence of sulfates enhances Brgnsted acidity.

3.3. FTIR Spectra of Adsorbed Pyridine

Figure 6 shows room temperature IR spectra, inthe 1675—
1425-cm~ region, of pyridine adsorbed on the different
sulfated-zirconia samples. These spectra were taken after
equilibrating the samples (at room temperature) with pyri-
dine vapor followed by degassing at 423 K for 5 min in
order to drive off physisorbed species. The general features
of the spectra are similar to those reported in the literature
(15-17) for other sulfated zirconias.

Interactions of pyridine, via the nitrogen lone-pair elec-
trons with aprotic (Lewis) and protonic (Brensted) acid
sites, can be sensitively detected by monitoring the ring vi-
bration modes 8a and 19b, named according to the nomen-
clature introduced by Wilson (43). These modes, which

T T T
2200 2178 2150

Wavenumber cm™

T
2225

FIG.5. Low-temperature IR spectra of CO adsorbed on SZ1173 at
increasing equilibrium pressure (from ca. 1072 to 20 Torr). Inset shows an
enlarged section of the bottom spectrum in the main figure.
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TABLE 1
IR Absorption Maxima for CO Adsorbed on Different Zirconia
Samples. Data Correspond to Measurements Carried out at Room
Temperature, Except for Those of the Present Work

Sample veo (em™) References
Pure zirconia 2201 (10, 29, 30)
2197
2190
Sulfated zirconia, prepared 2208 (21)
by impregnation 2202
2197
Sulfated zirconia, prepared 2212 (10)
by gas-phase doping 2202
Sulfated zirconia, 2212 Present work
ex-Zr(SOy); - 4H,0 2202
2196
2188

appear at 1580 (8a) and 1439 (19b) cm~! for gas-phase
pyridine (44), undergo upward shifts upon coordination
of the molecule with either type of acid site. Specifically,
wavenumber values in the 1635-1600 cm~* range are char-
acteristic for the 8a mode of Lewis type adducts, while
smaller upward shifts are expected for the 19b mode. They
are observed at 1580 to 1638 cm~! (8a) and at 1440 to
1545 cm~! (19b) after interaction with Brgnsted acid sites,
the highest wavenumbers (in each group) corresponding to
the combined C-C stretching and N-H bending modes of
protonated pyridine (45, 46).

Samples SZ673 and SZ873 (Figure 6) show strong IR ab-
sorption bands at 1610 and 1444 cm~!, which are assigned
(respectively) to the 8a and 19b modes of adsorbed pyri-
dine forming Lewis-type adducts with coordinatively unsat-
urated Zr** ions. Close inspection shows that these bands
shift slightly towards lower wavenumbers upon increasing
the temperature of the heat treatment, corresponding val-
ues for sample SZ1173 being 1605 and 1441 cm™%, respec-
tively. This correlates with the results obtained by using

TABLE 2

Downward Shift (Avon) upon Interaction of Surface
Hydroxyls with Adsorbed CO at Low Temperature

Material Avon (cm™1) References
SiO; 78 (38)
y-AlOs 95 (39)
Mordenite 294 (40)
Zeolite H-Y 273 (41)
H-ZSM-5 308 (41)
Pure zirconia 90 (42)
Sulfated zirconia 140 Present work
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FIG. 6. Room temperature IR spectra of pyridine adsorbed on the
different zirconia samples: 1, SZ673; 2, SZ873; 3, S21073; 4, SZ1173. Inset
shows the sulfate region for sample SZ1073 (spectrum 1), and the effect
of increasing amounts of adsorbed pyridine (spectra 2-6).

CO as the spectroscopic probe, since pyridine is unable to
discriminate between Lewis sites of comparable strength,
and weaker sites are created when temperature is increased
(Section 3.2). The 8b and 19a modes of adsorbed pyridine
(observed at 1574 and 1490 cm ™2, respectively, in the spectra
of Fig. 6) will not be discussed, since they are less sensitive
to the nature of pyridine-adsorbent interactions.

Regarding Brgnsted acidity, the IR spectra of samples
SZ673 and SZ873 show broad absorption bands around
1640 and 1544 cm~! which are readily assigned to pyri-
dine interacting with Brgnsted acid sites: modes 8a and
19b, respectively. Close agreement of the corresponding
wavenumbers with the values expected for the pyridinium
ion (see above) demonstrates that pyridine protonation has
taken place. As expected, the spectra of samples SZ1073
and SZ1173 do not show the corresponding features, due to
complete dehydroxylation during thermal treatment (com-
pare insets in Figs. 2 to 4).

The inset in Fig. 6 shows, for sample SZ1073, the effect
of adsorbed pyridine on the complex sulfate band in the



274

1400-1340-cm™* region. Similar effects were observed for
the other samples. It is clearly seen that pyridine—sulfate
interaction brings about discrete shifts (and broadening) of
all the components of the sulfate band, giving rise to the
neat isosbestic point observed at 1338 cm~1. These down-
ward shifts are more pronounced for the components at
lower frequencies, which should therefore correspond to
more isolated sulfate groups for which interaction with pyri-
dine molecules adsorbed on adjacent surface sites can be
maximized. The main implication of these experimental re-
sults is that sulfate groups in our samples are (mainly) at
the metal oxide surface, which had to be demonstrated for
materials prepared by thermolysis of zirconium sulfate. Al-
though less pronounced, corresponding downward shifts of
the S=O infrared absorption band were also observed in
the CO adsorption experiments.

3.4. Further Considerations on Brgnsted Acidity

The nature of the strong Brgnsted acid sites in sul-
fated zirconia is a debated question. While some authors
(17) correlate strong Brgnsted acidity with the presence of
disulfates, other reports (18, 47) involve only monosulfate
species. In addition, quantum chemical calculations per-
formed by Babou et al. (48) suggest a role of residual water
in determining Brgnsted acidity. It should be acknowledged
that these are difficult questions to settle from an experi-
mental approach, since the specific behavior of a particular
material could depend quite critically on preparation condi-
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tions and ulterior heat treatments. However, in an attempt
to establish the factors which determine the presence of
the 3650 cm~! OH band in the sulfated zirconia samples
reported here, we have performed the following experi-
ment. An SZ sample was heated in a dynamic vacuum at
1073 K for 90 min to accomplish total elimination of disul-
fate species. The sample was then allowed to rehydrate by
dosing water vapor at room temperature, followed by out-
gassing at 623 K to remove excess water. The IR spectrum
of the sample thus prepared is shown in Fig. 7. Two high
frequency O-H stretching bands are observed (Fig. 7A) at
3770 and 3668 cm~1, i.e., at the same wavenumber values
reported by Kustov et al. (18) for a sample of pure zirconia,
but the 3650 cm~! O-H stretching band (cf. Fig. 2) is no
longer present. Strong monosulfate bands are clearly ob-
served in Fig. 7B, but not so for the 1398 cm~! component
corresponding to the disulfate species (see Section 3.1). An
additional feature is that the spectrum in Fig. 7B shows no
evidence for adsorbed molecular water (bending mode ex-
pected at about 1600 cm~1). By contrast, samples SZ673
and Sz873 did show a trace of molecular water, as shown
in the inset of Fig. 7B, and they also contained disulfates, as
stated in Section 3.1. We are thus led to conclude that the
strong Brensted acid sites (3650 cm™! OH band) present
in our SZ673 and SZ873 samples are linked to the simul-
taneous presence of disulfate species and of trace amounts
of molecular water. It could also be argued that only one
of these two species is really needed, but this cannot be
discerned at the present stage.
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17200 1500 {
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FIG. 7.

IR spectra of an SZ sample heated at 1073 K (to eliminate disulfates) and then partially hydroxylated. (A) OH stretching region showing

absence of the 3650-cm~* band. (B) Sulfate region showing absence of disulfate species and molecular water; inset shows residual water (bending mode
at 1597 cm™1) for sample SZ673. (C) Spectrum of adsorbed pyridine. The dashed vertical lines mark the corresponding wavenumber values for disulfate

species (B) and for the pyridinium ion (C).
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Finally, Fig. 7C gives the IR spectrum of pyridine ad-
sorbed on the zirconia sample described in this section. This
spectrum is very similar to those reported by different au-
thors (15, 49) for pyridine adsorbed on pure zirconia. The
most relevant fact is the absence of the pyridinium ion band
at 1544 cm~! (cf. Fig. 6) This proves that the OH groups
giving rise to the 3650 cm~* band are directly involved in
pyridine protonation on samples SZ673 and SZ873.

4. CONCLUSIONS

Thermolysis of zirconium sulfate was shown to be a
method for preparing sulfated zirconia which retains a high
surface area (90 m?g~1) even after calcination at 1000 K,
which is not usually the case with materials prepared from
thermal dehydration of zirconia gels. This is a relevant fea-
ture for potential applications of the material in catalytic
processes. A further advantage of the present method is
that impregnation procedures, or sulfate doping from a gas
phase, are not needed.

Infrared studies, using CO and pyridine as molecular
probes, have shown that the sulfated zirconia samples de-
scribed here are similar to those prepared by conventional
routes. Sulfate species remaining after thermolysis of the
zirconium sulfate precursor were found to be mainly at the
metal oxide surface, which showed enhanced Brgnsted and
Lewis acidity, as compared with pure (partially hydroxy-
lated) zirconia.

Several families of Lewis acid sites were revealed by low
temperature adsorption of CO: there are IR absorption
bands at 2212, 2202, 2196, and 2188 cm~L. Pyridine gave
corresponding Lewis-type adducts which adsorbed at 1610
and 1444 cm™1,

In the OH stretching region two main bands were found
at 3750 and at 3650 cm~*. The OH groups giving rise to the
3650 cm~! band showed strong Brgnsted acidity. This was
demonstrated by (i) the ability of these hydroxyl groups to
protonate pyridine, and (ii) the observed frequency shift
down to 3510 cm~! upon interaction with CO at 77 K.
This frequency shift, Avoy = 140 cm™!, was measured here
for the first time on sulfated zirconias, and it suggests that
Bregnsted acidity of these materials is intermediate between
that of partially hydroxylated y-alumina (corresponding
Avon =95 cm‘l) and that shown by protonic forms of ze-
olites, with Avoy values in the 270-310 cm™? range. For
comparison, the corresponding value for pure zirconia is
Avon =90 cm L

Detailed studies reported here have shown that sulfated
zirconia samples having enhanced Brgnsted acidity also
show the presence of disulfate species and traces of residual
water. When both of these species are eliminated Bransted
acidity declines. However, it has not been possible to discern
whether both, viz., molecular water and disulfate species,
are needed for enhanced Brgnsted acidity or whether only
one of them is sufficient.
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