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Through a one-step sol-gel synthetic method, several sulfated
zirconia systems with different sulfate content and several
Pt-promoted sulfated zirconia systems with a fixed amount of
sulfate and different amounts of Pt were prepared. S and Pt in
the resulting catalysts were determined by analytical methods.
Crystallographic and morphological features of the ZrO, support
and, where present, of the supported Pt were examined by XRD
and TEM. The adsorptive capacity of Pt-promoted systems toward
H, and O, was determined with a pulse-flow system, and toward
CO both with a pulse-flow system and by FTIR spectroscopy.
FTIR was also used to characterize the sulfate species present at
the surface of the various systems, and to evaluate the resistance
of surface sulfates toward vacuum thermal treatments and toward
reductive treatments at various temperatures; the latter property
was also determined by TPR-MS. The preparation method leads
to catalysts that are either pure tetragonal or mainly monoclinic,
depending on the amount of sulfuric acid. Reductive treatments
deactivate (shield) the exposed Pt, whereas oxidative treatments
reactivate it; the presence of Pt, which is known to improve the
performance and the stability of sulfated ZrO, systems, renders
surface sulfates much easier to eliminate either by thermal
treatment in vacuo or by reduction in Hy.  © 1997 Academic Press

1. INTRODUCTION

Pt-promoted and unpromoted sulfated zirconia materi-
als have recently emerged as the most promising contribu-
tion in the achievement of a new generation of catalysts for
the isomerization of alkanes (1-8). These materials possess
strong acid characteristics and are particularly suited for
carrying out the above reaction under thermodynamically
favorable conditions. This field of research has been exten-
sively studied over the past few years and has witnessed
an impressive growth of applications, although the role of
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platinum, the deactivation pathways, and the overall mech-
anism of action of these catalysts are still largely unknown.

The synthetic methods used to obtain this family of
catalysts are numerous, although they are generally step-
wise and involve similar operations. These synthetic differ-
ences produce catalysts that are only nominally similar, but
possess different characteristics and are often difficult to
compare. The problems involved in the different synthetic
routes to promoted and unpromoted sulfated zirconia cata-
lysts have recently been reviewed (9) and we have proposed
(9) a reliable single stage sol-gel procedure as a potential
method for overcoming some of the problems. A prelimi-
nary account of the present work, describing the synthetic
details of the sol-gel method to produce aerogel materials,
has been reported elsewhere (10). In this paper we report in
some detail the physicochemical and morphological prop-
erties of these catalysts, whereas their activity in the iso-
merization of n-butane under a variety of conditions will
be described in a later paper (Part 2).

2. EXPERIMENTAL

2.1. Catalyst Preparation

Pt-promoted (PZS) and unpromoted (AZS) sulfated zir-
conia materials have been prepared following the one-
step procedure which has been described in detail else-
where (10).

To prepare PZS samples, the proper amounts of i-PrOH,
H,SO, (96%), and H,PtClg- 6H,O dissolved in i-PrOH
(20 ml) and a 70% Zr(OPr)4 solution in i-PrOH were
placed in a conical flask. To this solution, a mixture of
i-PrOH (60 ml) and H,O (8.4 ml) was slowly added
dropwise with stirring. When the addition was complete,
the resulting mixture was stirred vigorously for 15 min
and then left aside overnight at room temperature. When
preparing the AZS samples, the addition of H,PtClg
solution was obviously omitted.
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TABLE 1

Analytical and Morphological Properties of the Catalysts

. Found SO, (Wt9%) Crystal phase SOy L
Nominal (% t)? Pt Surf. area groups nm

Sample SO, (Wt%)  before calcination  after calcination  after calcination  (wt%b) m2g7h after calcination
AZS1 6.6 6.4 6.2 100 147 2.64
AZS2 12.5 7.0 5.5 100 118 2.92
AZS3 17 nd 6.4 70 140 2.86
AZS4 22.3 14.3 9.0 30 130 4.34
PZS-A 12.3 6.8 6.1 100 0.65 140 2.73
PZS-B 12.3 7.9 6.2 100 1.06 143 2.71
PZS-C 11.7 7.2 5.8 100 4.96 145 2.50

Note. nd, not determined.

at, ZrO, tetragonal modification.

Aerogels were obtained as follows. The wet gel, obtained 2.2. Methods

according to the above procedure, was placed in a 2-liter
autoclave and covered with i-PrOH (450 ml). After flush-
ing with Ny, the mixture was slowly heated (2.6°C/min) up
to 250°C. After stabilizing the maximum temperature and
pressure (60 bar) for 1 h, the solvent was slowly removed
while the temperature was slightly increased to compensate
for the pressure drop. Once the solvent was completely re-
moved, the autoclave was flushed with N, and cooled to
room temperature.

In preparing the various AZS samples, the amount of sul-
furic acid used was dosed according to the nominal SO%~
content indicated in Table 1 (second column), yielding sam-
ples that are designated AZS-n (n=1-4) in the following.
For PZS samples, the amount of sulfuric acid added was the
same as that used to obtain the catalysts of the AZS2 family
(see Table 1), whereas the amount of H,PtClg was dosed so
as to obtain the different Pt loadings reported in Table 1 for
the samples PZS-X (X = A-C).

As areference material, a pure tetragonal ZrO, support,
stabilized with 3 mol% Y,03; and calcined at 600°C for
1 h (YZ samples) (12), has been loaded with the proper
amount of sulfates (ex (NH;)2SO4) and Pt (ex H,PtClg)
(PYZS samples) so as to obtain about the same wt% of Pt
and sulfate species as present in the PZS samples. Also the
parallel preparation of a non-sulfated 1 wt% Pt tetragonal
ZrO; specimen (PYZ samples) has been carried out, and
the samples have been used for comparison purposes.

After preparation by the procedures just reported, sam-
ples were calcined at 600°C for 3 h in a dry air stream
(30 ml/min). After the calcination step, all samples were
cooled to ambient temperature, exposed to the atmosphere,
andstored in closed vessels until they were used for catalytic
tests or for any of the experiments described below. Due to
the rehydration brought about by exposure and storage in
the air, the catalysts needed an activation (i.e., dehydration)
step, which was carried out in vacuo for the FTIR experi-
ments and in a dry gas stream for all other experiments.

Pt analysis was performed by AA spectroscopy. Quanti-
tative determination of sulfates was performed by ion chro-
matography, and details of the experimental procedure are
reported elsewhere (11). On the calcined samples, all sul-
fates should be considered as surface species, as after the
extraction (preliminary to the ion chromatographic deter-
mination of sulfates (11)) no sulfates could be detected by
IR spectroscopy in the solid residues.

BET surface areas were determined with N, at —196°C
on a Carlo Erba 1900 Sorptomatic apparatus.

Temperature-programmed reduction with analysis by
mass spectrometry (TPR-MS) was carried out in a previ-
ously described standard apparatus (13). The calcined sam-
ples were heated in 5% H; in Ar flow (40 ml STP/min) from
2510 750°C at a linear rate of 10°C/min. Composition of the
exit gas was monitored by injecting gas samples into a UTI
100 quadrupole mass spectrometer.

Chemisorption of H,, CO, and O,—Hj, titration measure-
ments were performed in a pulse-flow system (13). Calcined
samples were heated either in dry air at 450°C for 2 h (ox-
idative activation) or in H, at 300°C for 2 h (reductive acti-
vation) and then purged with Ar (or He in the case of CO
chemisorption) at the same temperature for 2 h. Activated
samples were then cooled in Ar (He) to 25°C to carry out
the chemisorption measurement. The O,—H, titration mea-
surements were performed at 25°C by injecting pulses of
O, on the samples after H, chemisorption (14).

High-resolution transmission electron microscopy
(HRTEM) images were obtained with a Jeol JEM 2000
EX microscope, equipped with a top-entry stage (LaBg
filament, 200 kV acceleration); all calcined specimens
were first dispersed in n-heptane; then a drop of the liquid
was deposited on a Cu grid coated with “holey” carbon
film.

FTIR spectra were run at 2 cm~! resolution on a Bruker
IFS 113v spectrophotometer, equipped with an MCT
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cryodetector; specimens were prepared in the form of thin
layer deposition (~10 mg cm~2) on a pure Si platelet, start-
ing from an aqueous dispersion of the calcined catalysts.
All thin layer samples were then thermally activated in situ
at the chosen temperature (T/°C) in a quartz cell, equipped
with KBr windows, connected to a vacuum line (final pres-
sure <10~° Torr), so as to remove the abundant hydrated
layer and other contaminants present on samples exposed
to the atmosphere.

3. RESULTS AND DISCUSSION

3.1. Analytical and Morphological Properties

The synthetic methodology for this class of catalysts has
been reported in detail elsewhere (10) and consists of a one-
pot sol-gel preparation in which cogelation of Zr(OH)4 with
H,SO,4 and H,PtClg is performed at room temperature in
i-PrOH.

Evaporation of the solvent is carried out under super-
critical conditions (250°C, 60 atm) leading to the formation
of aerogels. The materials obtained from the evaporation
step, which in most cases are already crystalline (9), un-
derwent the calcination step at 600°C, as described under
Experimental: this treatment leads to the complete crys-
tallization of ZrO, and, when present, to the full reduc-
tion of the (already partly reduced) Pt component (9), in
agreement with the findings of Sayari and Dicko (15). A
reduction step for the Pt-containing samples was not only
unnecessary for the generation of Pt metal particles, but
turned out to be detrimental for the catalytic activity of the
samples (9).

In Table 1, a summary of some analytical and morpho-
logical properties of the samples is shown. With the sole
exception of AZS1 (whose initial sulfate loading is quite
low), there is always a strong decrease in the actual amount
of sulfate retained by the samples with respect to the nom-
inal sulfate content, which corresponds to the amount of
sulfuric acid introduced in the preparation.

Interestingly, the sulfate loss is quite marked even during
the solvent evaporation step, as indicated by the SOf{ con-
tent measured before calcination (third column of Table 1).
These materials crystallize already during the solvent evap-
oration step because of the high pressure, so that, in agree-
ment with the proposal of Ward and Ko (16, 17), it can
be assumed that migration of sulfate groups from the bulk
of the amorphous gel to the surface of the crystalline zir-
conia occurs during this process. This would leave in the
materials only those sulfate groups which can graft on the
surface. Support for this view seems to come from an esti-
mate of the surface concentration of sulfate groups before
calcination: in most cases (the only exception is the high-
loaded AZS4) the sulfate content is in the range 2.7-3.8
SOi‘ groups/nm? (not reported in Table 1), i.e., below the
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statistical monolayer (~4 SO%‘ groups/nm? (18)). The cal-
cination step causes a further loss of sulfate, yielding mate-
rials with approximately the same sulfate content (2.5-2.9
SOf{ groups/nm?, a figure that is far below the statistical
monolayer; see last column of Table 1), still with the ex-
ception of the AZS4 system. It must be recalled that the
figure giving the fraction of statistical monolayer occupied
by sulfates is just a reference parameter that must be used
with caution and is probably meaningful only as long as the
figure remains lower than unity. In fact, the sample AZS4,
whose sulfate content remains above the statistical mono-
layer also after the calcination step, will be shown below to
possess an appreciable fraction of the surface layer that is
still sulfate free.

BET surface areas of all samples, determined after the
calcination step, are in the 120-150 m?/g range (seventh
column of Table 1) independently of the initial amount of
sulfuric acid used.

3.2. TPR-MS

A preliminary analysis of the TPR behavior of Pt-free
and Pt-promoted catalysts has already been reported in a
previous paper (9). Two representative examples of TPR-
MS profiles are shown in Fig. 1. All AZS samples, cal-
cined at 600°C, display a single reduction peak starting at
about 500°C with maximum centered at 680-690°C. The
off-gas eluted consists essentially of SO, with only traces of
H,S. Conversely, PZS samples calcined at 600°C, i.e., under
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FIG. 1. TPR-MS profiles of the catalysts: (a) AZS samples; (b) PZS

samples.
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conditions in which Pt metal particles are fully formed (9),
display a single reduction peak starting at about 300°C with
maximum centered at 500°C and leading to formation of
H,S without any SO,. This seems to suggest that the pres-
ence of the noble metal makes the reduction of surface
sulfates for easier and modifies the reduction reaction(s).
In all cases (both AZS and PZS samples), a quantitative de-
termination of the H, consumed indicates that the sulfate
groups present are completely removed during the TPR
experiments.

3.3. Chemisorption

Chemisorption data are reported in Table 2. Hydrogen
chemisorption was measured on all of our Pt-containing
catalysts following the procedure reported under Experi-
mental. Under these conditions H/Pt values of ~0.2 were
observed for PZS-A and PZS-B, whereas for the high-
loaded PZS-C the H/Pt value decreased to 0.11. A mild
reductive treatment (300°C) prior to hydrogen chemisorp-
tion suppressed completely the chemisorption capacity of
all catalysts, whereas a (virtually) complete recovery was
observed after an oxidative treatment at 450°C. Reduction/
oxidation cycles could be repeated several times, as indi-
cated in Table 2 in the case of PZS-B, with only minor
changes in the hydrogen chemisorption properties.

After hydrogen chemisorption, titration with O, at 25°C
was performed. The amount of oxygen consumed was found
to be very small in all cases, and in the case of the low-loaded
PZS-A reliable figures could not be obtained. In the other
cases (see Table 2), O/Pt values of 0.026 and 0.039 were ob-
served, leading to O/H experimental ratios of 0.13 and 0.35,
respectively, at variance with the expected theoretical ratio
of 1.5. This observation seems to suggest that much of the
hydrogen consumed by the catalysts during the chemisorp-
tion experiments undergoes spillover to the support and

TABLE 2

Summary of the Chemisorption Properties of the PZS Samples

Sample Pretreatment® H/Pt Total O/Pt® O/H Net O/Pt® CO/Pt
PZS-A oxidative 0.186

PZS-B oxidative 0.203 0.026 0.13 0.017 0.075
PZSs-B reductive 0 0.020
PZS-B oxidative 0.191

PzZSs-B reductive 0

PZS-B oxidative 0.187

PZS-C oxidative 0.112 0.039 0.35 0.026 0.033
pPzs-C reductive 0 0.011

aOxidative pretreatment: 2 h at 450°C in air; reductive pretreatment: 2 h
at 300°C in hydrogen. In both cases, after the pretreatment, samples were
cleaned in a stream of argon at the same temperature of the pretreatment.

b Total oxygen uptake by the samples including oxygen consumed to
titrate chemisorbed hydrogen.

¢ Net oxygen chemisorbed by Pt.
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that only a minor fraction remains actually chemisorbed on
platinum.

Finally, chemisorption of CO at 25°C was performed on
all catalysts, although again only PZS-B and PZS-C gave re-
liable figures (see last column of Table 2). After an oxidizing
treatment, i.e., under the condition in which the catalysts
are able to chemisorb hydrogen, a CO/Pt ratio of 0.075 and
0.033 was observed. A reductive treatment was observed to
reduce the adsorption capacities of the catalysts, and new
CO/Pt values of 0.020 and 0.011 were observed, respec-
tively.

The reduced capacity to chemisorb CO after a reduc-
tive treatment parallels the behavior observed for hydro-
gen chemisorption. Since the phenomena induced on the
catalysts by the reductive treatment have to be the same
in both cases, one must conclude that CO is adsorbed also
on surface sites other than Pt, so as to explain the ability
of the catalysts to retain an appreciable residual capacity
to chemisorb CO. If the amounts of CO chemisorbed are
expressed per gram of catalyst, the figures corresponding to
PZS-B and PZS-C after the oxidative treatment are 0.092
and 0.073 ml g~2, respectively, even though the Pt content
of the two catalysts is very different. It can be reasonably
assumed that much of the CO is adsorbed by surface Zr*+
Lewis acid sites produced upon thermal dehydration (the
activation step), as confirmed by the IR experiments (vide
infra).

The observation that a reductive treatment strongly de-
creases the CO chemisorption capacities and completely
suppresses the hydrogen chemisorption capacities is sur-
prising and suggests that part of the surface sulfates can be
reversibly reduced in the presence of Pt to a strongly bound
form of sulfur (for example, sulfide). This would mask com-
pletely the Pt surface toward hydrogen and CO chemisorp-
tion, so that the latter probe molecule can adsorb only on
strong Lewis Zr** centres. This “reduced sulfur” species
on Pt would be promptly reoxidized to sulfate by oxygen,
as demonstrated by the fact that the hydrogen chemisorp-
tion capacities can be recovered indefinitely by an oxidative
treatment.

In general, however, the uptake of oxygen, i.e., of the
only gas that can be reasonably assumed to titrate selec-
tively the available Pt centers, is exceedingly low. If the net
oxygen uptake by Pt is used to calculate the average metal
particle size, diameters of 80 and 43 nm are obtained for
PZS-B and PZS-C, respectively. Since the average sizes de-
termined by X-ray diffraction (9) and confirmed below by
TEM data are actually 10.3 and 15.4 nm, respectively, it
must be concluded that, even in the merely calcined sam-
ples, the Pt surface is chemically shielded so that only a
small fraction of the potential surface Pt centers are avail-
able for chemisorption. It seems reasonable to propose that
what hinders the Pt surface are some of the surface sul-
fate groups grafted on ZrO,, shielding appreciable portions
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of the Pt particles. These are most likely to be the sulfate
groups that are reduced (leading to complete masking of
Pt) and reoxidized by Pt (yielding back the chemisorptive
capacity of Pt) during the reversible reduction/oxidation
cycles. Indeed, analytical data of Table 1 and the Pt and
Zr0O,-SOq crystallite size dimensions determined by X-ray
diffraction analysis (9) indicate that in PZS samples the ra-
tio between the number of ZrO,~SO,4 and Pt particles is
approximately in the range 700-1500. Since Pt particles are
generally larger than ZrO,—SO4 particles (from X-ray anal-
ysis, 6.5-15.4 nm vs 5-8 nm (9)), a common occurrence is
likely to be that of a Pt particle bearing in close proxim-
ity (or even being surrounded by) a number of ZrO,-SO,
particles. This view could well explain an extensive Pt-SO,
interaction and the poor oxygen and CO chemisorption
properties of Pt in these samples.

FIG. 2.
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3.4. HRTEM Characterization

HRTEM images of some AZS, PZS, PYZS, and PYZ
samples are reported in Fig. 2. The samples were examined
“as obtained,” i.e., after the preliminary calcination step at
600°C. The low-loaded Pt sample (Fig. 2a: PZS-A, 0.5 wt%)
shows the typical morphological features of a high-surface
area (sulfated) zirconia system, made up of small flat crys-
tallites (5-8 nm), whose top termination is quite regular (as
demonstrated by sharp interference fringe patterns and fre-
guent moiré fringes) and whose stepped and often roundish
contours indicate the highly defective nature of the side
terminations. In the low-loading PZS-A system there is no
occurrence of visible metallic Pt aggregates or islands. This
observation is in apparent contradiction with XRD data
reported in a previous note (9), where after calcination a

HRTEM images of the catalysts: (a) PZS-A (0.53 wt% Pt) and AZS2 (no Pt); (b) PZS-C (5 wt% Pt); (c) PZYS (1 wt% Pt); (d) PYZ (no
sulfates; 1 wt% Pt).
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shallow peak at 20 ~ 40°, ascribable to the Pt(111) reflec-
tion (19), indicated the presence of Pt particles of ~65 A
diameter. The size of these Pt particles is definitely larger
than the usual size of Pt in other well-known catalysts of
similar Pt concentration (e.g., 0.5 wt% Pt on alumina yields
normally particles of ~10-30 A) and should be observable
in the (HR)TEM mode.

On the high-loaded Pt system (Fig. 2b: PZS-C), typical
ZrO, particles are still observable with virtually unchanged
characteristics, meaning that forming crystalline ZrO; in
the presence of a large amount of Pt does not appreciably
affect the morphological evolution of the ZrO, system. Pt
aggregates are now well visible, as fairly large crystallites of
metallic Pt (~20 nm diameter) can be seen in samples that
did not undergo any reductive treatment. This is consistent
with what has already been reported in the X-ray analysis
of these samples (9) and confirms a moderate dispersion of
Pt on sulfated ZrO..

It is possible that the presence of sulfates is actually re-
sponsible for the unusual morphological characteristics of
the Pt-on-ZrO; species, and to confirm this hypothesis a
parallel morphological investigation should be carried out
on a nonsulfated Pt-on-ZrO, system. However, in the case
of the standard PZS catalysts this comparative approach is
not possible, because the absence of sulfate species would
lead, during the calcination step at 600°C, to monoclinic
ZrO,. Indeed, monoclinic and tetragonal ZrO, are known
to behave quite differently; for instance, sulfated mono-
clinic ZrO, normally exhibits negligible catalytic activity
(20). To overcome this difficulty, we have resorted to the
sample termed PYZS: this is a reference preparation of Pt-
promoted sulfated tetragonal ZrO, stabilized with Y053,
for which the nonsulfated counterpart exists (the system
termed PYZ) and is stable.

Figure 2c reports the morphological features of PYZS. It
is evident that in this case the aggregation of Pt particles
has occurred to an even more abnormal extent, as large
aggregates of metallic Pt of average diameter ~80-150 nm
(i.e., much larger than in the case of PZS) are observable.
(Note that the Pt particle shown in Fig. 2c is the largest one
observed, but very few Pt particles were found to have di-
ameter below 120 nm.) This observation is consistent with
what is reported in the literature: supported Pt tends to ag-
gregate much more easily in the presence of surface anionic
species (21).

The morphological features of the nonsulfated PY Z sys-
tem are shown in Fig. 2d. Both before and after a reduc-
tive treatment in H, there is no evidence for Pt aggre-
gates, as the TEM images are those observable also with
a plain yttria-stabilized tetragonal zirconia: flat crystallites
of ~10-15 nm size, mostly iso-oriented along the (111) di-
rection of tetragonal ZrO,, and with roundish (i.e., crystal-
lographically defective) contours. It is thus confirmed that,
in supported Pt systems, the agglomeration of Pt tends to
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proceed quite rapidly in the presence of foreign anionic
species.

3.5. FTIR Spectra

3.5.1. Background Spectra of Sulfate Species

A. Activation at T <500°C (AZS2 and PZS samples).
Figure 3 reports the spectral features of surface sulfate
groups as a function of the thermal dehydration tempera-
ture (the activation step). One typical spectral pattern sum-
marizes the behaviour of all PZS catalysts and of the par-
ent AZS2 samples. (Only the samples of the AZS4 family
behave somewhat differently, and these are dealt with sep-
arately in the next section.)

The presence of Pt does not affect the structure and ther-
mal behavior of sulfates (22), as long as the activation tem-
perature is kept below 500°C. Moreover, no appreciable
differences between AZS2 and PZS systems are observed
for Tact <500°C also when the treatment is carried out in
the presence of H, (reductive treatment).

The spectra are characterized by the presence of absorp-
tions due to the S=O and S—O vibrations of sulfates; these
modes are well known and have been discussed, for in-
stance, in Ref. (23). In high hydration stages (curve 1 of
Fig. 3), surface sulfates possess an ionic structure, charac-
terized by a broad band in the 1300-1200 cm~! region and
a complex band envelope in the 1200-950 cm~* spectral
range (24a). Another broad band envelope is present at

absorbance

1600

f f i
1400 1200 1000

wavenumber cm”

FIG.3. FTIR spectra (for absorbance units, see inset vertical line;
1750-850 cm~? range) of AZS and PZS catalysts. (1) catalyst “as is,” in air;
(2) vacuum evacuated at room temperature (RT) for 10 s; (3) activated
invacuo at RT, for 5 min; (4) RT, for 1 h; (5) 200°C; (6) 400°C. The spectra
do not change to an appreciable extent if these thermal treatments are
carried out in an H, atmosphere.
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~1630 cm~! ascribable to the bending mode (810n) of wa-
ter molecules physisorbed and/or coordinated at the surface
(24). With proceeding dehydration (curves 2-6 of Fig. 3),
there is the gradual transformation of sulfates into a co-
valent structure (25), characterized by a sharp band posi-
tioned at 1350-1400 cm™, ascribable to the (asymmetric)
vs=p Stretching mode, and by a band envelope centered at
1050-1000 cm~?, ascribed to the vs-o stretching.

Parallel to the transformation of sulfates, the early stages
of dehydration bring about the modification and, eventu-
ally, the disappearance of the broad band ascribed to the
dnon mode of adsorbed water. For instance, curve 4 of Fig. 3
shows that this band declines and becomes more resolved
on its low v side, revealing at ~1600 cm~* a sharp band
that was previously ascribed to the §pon mode of a quasi-
free H3O™ species (25). The presence of the sharp band at
~1600 cm™! is thought to be the spectral monitor of the
residual presence at the surface of hydrated protonic acid
centers (hydrated Brgnsted sites) and is typical of sulfated
zirconia catalysts that, when dehydrated at Tt ~ 400°C, are
catalytically active for the isomerisation of n-alkanes. The
sharp band at ~1600 cm~! declines at T, = 150°C and is
eliminated in vacuo at T, =180-200°C. While this paper
was being reviewed, an alternative interpretation was pro-
posed for the sharp band at ~1600 cm~! (38): it would be
the overtone of an OH bending mode occurring at about
850 cm~L. This assignment is rather unconvincing, as it is
hard to accept that one can easily observe the sharp over-
tone of a fundamental mode that cannot be singled out
in the background spectrum (note that with our thin-layer
samples and IR cells with KBr windows, the background
spectrum can be examined down to ~780 cm™'). More-
over, itis hard to accept that a surface OH group is rapidly
eliminated at 150-180°C and is readily restored upon water
uptake (25).

It is important to recall here that all PZS and AZS spec-
imens develop their catalytic activity toward n-butane iso-
merization only when sulfate groups reach the covalent
configuration, i.e., for Ty = 400-450°C, a temperature nec-
essary to bring the surface to a medium-high dehydration
stage (25). Moreover, as was anticipated in previous work
(20, 26), the best catalytic performance of sulfate-doped
ZrO, (either promoted with Pt or nonpromoted) is ob-
served when in the IR spectrum of the covalent sulfate
species the sharp vs=c band at ~1400 cm~ and the low-lying
vs-o band centered at ~1010 cm~! reach their (relative)
maximum intensity. For instance, curve 6 of Fig. 3 reports
the typical spectrum of a sulfated ZrO, system (with or with-
out Pt) that, through proper calcination (at Ty > 500°C)
and activation treatments (at Taet = 400-450°C), reached a
good catalytic activity (26). Any thermal and/or chemical
treatment which leads to the decline or disappearance of
the sulfate spectral components mentioned above implies
the almost irreversible decline of activity or deactivation
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of the catalyst, because no further treatment (except, per-
haps, a further sulfation step) would be able to restore the
relevant sulfate species and the catalytic activity therefrom.

B. Activation at T <500°C (AZS4 samples). The sam-
ples termed AZS4 deserve a brief separate comment. The
main peculiarity of these catalysts resides in the fact that
they retain, also after the calcination step at 600°C, a high
surface sulfate content (above a statistical monolayer) and
that the crystal structure of the resulting ZrO, phase is over
70% monoclinic. Moreover, unlike what has been observed
so far with most monoclinic sulfated ZrO, systems calcined
(at 600°C) and activated (at 400°C), the catalysts of the
AZS4 family turn out to be catalytically active, as will be
described in detail in Part 2 of this work.

Nevertheless, the unusual behavior of AZS4 systems does
not contradict what has been stated in the previous section
on the correlation between catalytic activity and spectral
features of surface sulfates. In fact, Fig. 4a shows that, even
though the overall shape of the background spectrum of
AZS4 (curve 2) is rather different from that of the tetrag-
onal system AZS2 (curve 1), the vspo bands at ~1400 and
~1010cm™, ascribed to “active” surface sulfates, are strong
and predominant also in the case of the AZS4 system.

This observation is at variance with what has been
reported previously for the sulfates of monoclinic sul-
fated ZrO, systems (23, 27) obtained by direct sulfation
of either a crystalline monoclinic ZrO, preparation or a
crystalline metastable (i.e., nonstabilized) tetragonal ZrO,
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FIG.4. (a) FTIR spectra (absorbance units, inset; 1500-850 cm™!

range) of the sulfates at the surface of some sulfated ZrO, samples, after
vacuum activation at 400°C. (1) AZS2; (2) AZS4; (3) ZRP [3.3H] (see Ref.
(11); solid is pure monoclinic ZrO,, sulfate-loaded (3.3 SOi‘ groups per
nm~2) by direct contact with H,SO,). (b) FTIR spectra (absorbance units,
inset; 2230-2160 cm~? range) relative to the RT adsorption of 100 Torr CO
onto various ZrO, samples, vacuum activated at 400°C. (The numbering
of the CO spectra corresponds to that of the sulfate spectra in Section
4a). (1) AZS2; (1) YZ (sulfate-free tetragonal ZrO,); (2) AZS4; (3) ZRP
[3.3H], i.e., sulfated pure monoclinic ZrO, (curve 3 underwent a twofold
ordinate expansion); (3') ZRP, i.e., sulfate-free pure monoclinic ZrO,.
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preparation. In fact, curve 3 of Fig. 4a shows that, in
these latter cases, the spectrum of surface sulfates is quite
different and, in particular, the vso bands at ~1400 and
~1010 cm™1, ascribed to “active” surface sulfates, are very
scarce. Figure 4b, concerning the adsorption of CO on the
samples presented in Fig. 4a, will be discussed in a following
section.

C. Activation at T >500°C (AZS2 and PZS samples).
When the thermal treatments, either in vacuo or in hydro-
gen, are carried out at temperatures higher than 500°C, the
description of the spectral features of sulfates has to be car-
ried out separately for AZS and PZS catalysts, because of
their different behavior.

Figure 5 reports the behavior of the typical Pt-free system
AZS2. Surface sulfates of AZS systems are thermally stable
in the 400-550°C range (see curves 1 and 2 in Fig. 5a), as the
strong vs=p band at ~1396 cm~* and the corresponding vs-o
component at ~1010 cm~! maintain a constant profile. For
vacuum treatments at higher temperatures, surface sulfates
decline: they decline slightly for T, = 600°C (see curve 3),
whereas they are almost completely eliminated when Tt
reaches 700°C (see curve 4 in Fig. 5a). Note, in particular,
that the catalytically important components at ~1400 and
~1010 cm~?! tend to be eliminated first.

When the thermal treatment of AZS-2 was carried out at
500°C in a reducing atmosphere, followed by outgassing at
the same temperature to maintain the starting dehydration
degree (see curve 2red in Fig. 5b), an appreciable decline of
intensity and an altered spectral shape of surface sulfates
were observed: the residual vs=o mode became positioned
at lower frequency (~1370 cm™1), and in the vs-o band en-
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FIG.5. FTIR spectra (absorbance units, inset; 1500-850 cm~* range)
of AZS2 catalysts activated at increasing temperatures, either in vacuo
or in the indicated atmosphere. (a) Different thermal treatments carried
out in vacuo: (1) Taet=400°C; (2) Tact=500°C; (3) Tact=600°C; (4) Tact=
700°C. (b) AZS2 after the following treatments: (2) in vacuo at 500°C
(same as trace 2 of (a)); (2red) in reducing atmosphere at 500°C; (20x)
reduction (2red) followed by oxidizing atmosphere at 500°C.
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velope the low-frequency component (~1010 cm™1) disap-
peared almost completely. The stability toward reduction
of sulfates of AZS systems was also anticipated by TPR-
MS experiments, in which H, consumption was evident at
T > 500°C (see Section 3.2), with the predominant detec-
tion of a fragment of mass 64 amu, indicative of SO, pro-
duction. In addition to this, IR data show that the elimina-
tion by reduction of the various sulfate species is selective,
as the “active” sulfates absorbing at ~1400 and ~1010 cm !
are eliminated first.

After reduction, a subsequent treatment in an oxidizing
atmosphere (curve 20x in Fig. 5b) does not reproduce the
original spectral features of sulfates. In fact, the catalytically
important spectral components at ~1400 and ~1010 cm™?
remain almost absent, whereas a new absorption is now
presentat ~925cm™1. The latter may be tentatively ascribed
to the vso stretching of an SOy species, in which the sulfur
atom possesses a valence state lower than 6, as, for instance,
in sulfite species (28).

To summarize this section:

(i) surface sulfate species of AZS catalysts are ther-
mally stable in the 30-550°C interval, in which they reach
and maintain the so-called covalent structure, with parallel
developing of their best catalytic performances;

(i) for vacuum activation at temperatures up to 700°C,
or for thermal treatment in H, atmosphere at up to 500-
600°C, there is the gradual and irreversible destruction of
“active” sulfate species, and the parallel decline of catalytic
activity;

(iii) the thermal and/or chemical (reductive) elimina-
tion of sulfates leads mostly to the production and evolu-
tion of SO,, so that a further oxidative treatment is unable
to restore the starting amount of surface sulfur-containing
species and, probably, the +-6 state of sulfur.

Unlike AZS systems, in the presence of Pt (PZS sam-
ples), sulfate groups start to decline thermally very fast, and
they are completely eliminated after a vacuum activation
at ~600°C (see curves 1-3 in Fig. 6a). Already after a ther-
mal treatment at intermediate temperatures (i.e., vacuum
activation at 500°C; see curve 2), there is an appreciable
elimination of sulfates and, in particular, of the “active”
sulfate species (~1390 and ~1010 cm™). In fact, the max-
imum of the residual vs=0 mode shifts to lower frequency
(1377 cm~1) and the vs-o mode envelope loses selectively
its low-frequency component (~1010 cm™1).

If the thermal treatments are carried out in a reducing
atmosphere, the tendency of Pt-containing systems to lose
their surface sulfate species more easily than Pt-free sys-
tems is confirmed. In fact curve 2red in Fig. 6b shows that
treating PZS-B at 500°C in H; eliminates more sulfates than
a plain vacuum activation at the same temperature on both
AZS (curve 2 of Fig. 5a) and PZS (curve 2 of Fig. 6a). A
subsequent thermal oxidizing treatment is able to restore
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FIG.6. FTIR spectra (absorbance units, inset; 1500-850 cm™! range)

of PZS-B (1 wt% Pt) catalysts activated at increasing temperatures, either
in vacuo or in the indicated atmosphere. (a) Different thermal treatments
carried outin vacuo: (1) Tact =400°C; (2) Tact =500°C; (3) Tact =600°C. (b)
PZS-B after the following treatments: (1) in vacuo at 400°C; (2red) in re-
ducing atmosphere at 500°C; (20x) reduction (2red) followed by oxidizing
atmosphere at 500°C.

an appreciable fraction of surface sulfates, corresponding
to ~50% of the starting amount (compare the three curves
in Fig. 6b). This indicates that an appreciable fraction of re-
duced sulfur did not evolve from the sample but remained,
after reduction, bound in the sample. However, two com-
ments are important: (i) although in the oxidation step more
sulfates are restored than in the case of AZS systems, also
on Pt-promoted systems the typical vs=p0 and vs-o compo-
nents associated with the best catalytic performances are
not restored and, in fact, the catalytic activity turns out to
recover only to a minimal extent; (ii) the spectrum 2o0x of
Fig. 6b is virtually identical to spectrum 2 of Fig. 6a mean-
ing that, at 500°C, the sulfate destruction effect achieved on
Pt-containing catalysts by a vacuum thermal treatment is
the same as can be achieved through a reduction/oxidation
cycle.

It is important to recall that TPR data (Section 3.2)
showed that, in the early 300-550°C thermal range of PZS,
there is a broad peak due to H; consumption, which agrees
well with the early elimination of sulfate groups monitored
by IR spectroscopy. Parallel to that, MS data indicated that
the fragment detected could be attributed mainly to H,S
(m/z: 34 amu).

A possible mechanism that might be proposed to explain
the data presented here is as follows:

(i) in the presence of Pt, reduction of sulfates to sul-
fides (rather than to SO,) prevails in the 450-550°C thermal
range: S — S%;

(ii) part of the sulfide species formed by reduction may
interact with Pt species, to give, for instance, PtS (29): in
this way, not all of the reduced sulfur is removed from the
surface of the catalyst;
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(iii) surface sulfides may be then reoxidized to sulfates.
However, unfortunately, the family of the “active” sulfate
species connected with the good catalytic activity (moni-
tored, for instance, by the vs-o band at ~1010 cm™1) is not
restored at all. This means that, when the elimination of the
“active” sulfates is achieved (either by thermal decomposi-
tion or by reduction), the relevant sulfur is not fixed by the
catalyst and the removal is irreversible.

3.5.2. Adsorption of CO at Room Temperature

In order to test spectroscopically the surface Lewis acid-
ity that develops on the ZrO, moiety upon dehydration (i.e.,
in the activation step (24b)), and the adsorption capacity of
supported Pt we have performed the adsorption of carbon
monoxide (CO) at room temperature (RT).

CO adsorption at RT is a suitable surface probe (27,
30), due to its high selectivity in revealing: (i) strongly un-
coordinated (c.u.s.) surface cationic sites (Zr*"), forming
weak o-dative complexes characterized by vco frequen-
cies higher than that of the free CO gaseous molecule
(2143 cm™Y), the upwards shift of the vco band of these o-
complexes paralleling the Lewis acidity of the sites; (ii) the
presence of coordinative vacancies on surface metal atoms,
forming strong o—m complexes, characterized by vco fre-
quencies lower than that of the free CO gaseous molecule.

Through the RT adsorption of CO, Fig. 4b reports the
surface situation presented by some of the Pt-free sulfated
ZrO, systems of interest. (It is recalled that the corre-
sponding Fig. 4a was mainly devoted to the peculiar be-
havior of the mostly monoclinic AZS4 systems, as com-
pared with the other tetragonal AZS systems.) Curve 1 of
Fig. 4b corresponds to the adsorption of CO (100 Torr)
onto c.u.s. Zr** centers at the surface of AZS2 (tetrago-
nal system), rendered catalytically active by vacuum ac-
tivation at T, =400°C. The comparison of the CO band
at ~2198 cm~! with the corresponding dotted-line band of
curve 1’ (~2196 cm™1), due to CO uptake onto the sulfate-
free tetragonal system YZ indicates that, on active tetrag-
onal catalysts: (i) sulfates do not occupy all of the surface
Zr** sites at which CO can adsorb at RT; (ii) the presence
of sulfates modifies only slightly, by inductive effects, the
Lewis acidity of c.u.s. Zr** centers. In fact, an upwards vco
shift of a few wavenumbers corresponds to a modest in-
crease of acidic strength.

Curve 2 of Fig. 4b presents one more aspect of the pecu-
liar behavior of AZS4: although the concentration of sul-
fates on the calcined system is slightly above that of a statis-
tical monolayer (4.34 vs ~4 groups per nm?), a substantial
amount of c.u.s. Zr** surface sites capable of chemisorbing
CO are accessible. This means that in the part(s) of the sur-
face occupied by sulfates, sulfates tend to assume a structure
that is more complex and less space consuming than that
corresponding to a regular SO;™ ion (18). The formation of
complex sulfates at the surface of monoclinic ZrO;, when
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the sulfate loading becomes high has also been suggested by
other authors (23). Moreover, the comparison of the com-
plex CO band of curve 2 with the dotted-line trace of curve
3’, corresponding to CO adsorbed on a sulfate-free mono-
clinic ZrO,, indicates that in the case of monoclinic ZrO, the
inductive effects from surface sulfates are felt quite strongly
by nearby c.u.s. Zr** sites, as the upwards vco shift is of
some 10-15 cm~! (27, 31). Such a shift indicates a substan-
tial increase of Lewis acidic strength. In particular, the main
difference between the (mostly monoclinic) AZS4 catalyst
and “regular” (tetragonal) catalysts like AZS2 resides in
the presence, on the former, of a substantial amount of very
strong Lewis sites (vco &~ 2208 cm~1), which are not present
on the latter: this peculiarity will be correlated in Part 2 with
an unusual reactivity behavior of the AZS4 systems.

Turning now to the systems promoted with Pt, it is worth-
while recalling that the RT adsorption of CO on surface-
exposed Pt should bring about the formation of various
CO adspecies (linear or bridged complexes), whose vco
stretching modes absorb in the 2150-2040 cm~* and in the
1820-1870 cm™~! ranges, respectively (32). In the case of
the far more frequent and abundant linear CO complexes,
the vco frequency is indicative of the oxidized/reduced state
achieved by Pt: a vco frequency at ~2080-2100 cm™1 is nor-
mally thought to be indicative of a linear carbonyl com-
plex formed on metal Pt particles, (see, for instance, Ref.
(32), concerning CO adsorption on single crystal and/or
supported Pt° species), whereas a vco mode absorbing at
~2130-2150 cm~! is thought to imply the formation of
Pt"*—CO adspecies (33).

Figure 7 reports the spectral features relative to the ad-
sorption of CO at room temperature onto PZS-B catalysts,
and onto a PYZ catalyst used as a reference system (top
curve, numbered 5).

After a vacuum activation at Tt = 300-450°C (we recall
that this is the temperature range needed to activate, either
in vacuo or in inert gas, the catalysts before the catalytic
reaction to be run at 150-250°C (34), and is also the activa-
tion temperature used before testing the surface reactivity
by FTIR spectroscopy), no difference is observed for CO
interaction with either AZS2 or PZS specimens, indicating
that the same kind of activity toward CO has developed at
the surface of either Pt-promoted or nonpromoted sulfated
ZrOs,.

For this reason we have reported only one spectrum
(curve 1 of Fig. 7) to represent the behaviour of CO on both
systems. Only one carbonyl component is present at ~2200
cm™1, ascribable to c.u.s. Zr** cations (strong Lewis sites)
present abundantly in this medium-high dehydration step,
and located in crystallographically defective configurations
(3, 4, 26). No bands due to Pt—CO interaction are evident,
and this observation is in agreement with previous litera-
ture data (34) and with what is reported in the chemisorp-
tion section (Section 3.3) for PZS systems reduced in H,.
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FIG.7. FTIR spectra (absorbance units, inset; 2250-2000 cm~ range)

relative to the RT adsorption of 100 Torr CO onto a PZS-B (1 wt% Pt)
sample, activated in vacuo at 300°C (curves 1 and 3) and further oxidized
with O, at 300°C (curves 2 and 4; after oxidation, the samples were evac-
uated (to remove O,) only after cooling to room temperature). Curve 5
represents CO adsorbed in the same conditions onto the reference nonsul-
fated PYZ sample (1 wt% Pt) reduced at 300°C. Inset: OH spectra pattern
(percent transmittance; 3900-3300 cm™ range) of the PZS-B sample (the
numbering corresponds to that of the rest of the figure).

Most surprisingly, Pt—CO species start to be revealed only
after a subsequent treatment of the catalyst in an oxidizing
atmosphere. Curve 2 in Fig. 7 and the magnified broken-line
traces above curve 4 show that, under these conditions, a
weak band is formed, absorbing either at ~2100 cm~* or at
~2080 cm~2. The frequency at which this CO band occurs
is unpredictable and is indicative of a variable and unpre-
dictable oxidation state of the surface Pt. A CO band at
~2100 cm~! is ascribable to Pt°-CO species in an oxidized
Pt system, whereas a band at ~2080 cm~! is indicative of
a Pt>-CO species in a reduced Pt system (32d, 33c). Ac-
cording to literature data (10, 36) and to our observations
in Section 3.1, Pt ions are partly transformed into metallic
Pt particles during supercritical evaporation of the solvent
and completely during the calcination step; even so, after
the first vacuum activation step (curve 1), no CO/Ptinterac-
tion is detected, and this suggests that the mildly reducing
ambient of a vacuum activation at 300-400°C is sufficient
to achieve the same shielding of surface Pt centers as is
achieved in a reducing atmosphere at 300°C. When, after
the oxidation step, a CO/Pt interaction starts to become
observable (in agreement with the data relative to H,/O,
chemisorption reported in Section 3.3), the intensity of the
Pt°-CO band turns out to be almost negligible (33) if com-
pared with that obtained, under the same conditions, for
the nonsulfated PYZ (1 wt% Pt) reference sample (com-
pare curves 2, 4 and 5 in Fig. 7).

These facts indicate that: (i) on the catalysts activated in
vacuo, Pt particles become in some way completely shielded
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by surface species, such as, for instance, sulfates, sulfides,
and/or hydrides; (ii) Pt species supported on a sulfated
surface tend to form medium-large aggregates (also partly
interacting with sulfates or other surface species), so that
when Pt surface sites become available for CO chemisorp-
tion, the extent of this interaction is very scarce.

The activation treatment at 300-400°C eliminates most
of the abundant hydrated layer present at the surface of
the starting (calcined) catalysts and yields a well-defined
OH pattern, consisting of two different free OH species
of odd intensity, ascribed to terminal OH and (tri)-bridged
surface OH, respectively (17, 37) (see curve 1 in the in-
set to Fig. 7). The oxidative treatment, which permits the
adsorption of carbon monoxide onto Pt species, implies a
partial rehydration of the surface (due to the burn-off of
hydrogen-containing surface species, e.g., surface hydrocar-
bonaceous contaminants always present in a conventional
vacuum system). This is monitored by: (i) the much lower
intensity of the Zr**—CO component (curve 2 in Fig. 7); (ii)
the spectra in the von region, altered by the presence of
new OH species interacting by H-bonding (see curve 2 in
the inset to Fig. 7); (iii) the spectral position of the vs=p
and the vs_o modes of sulfates, which become located at
lower and higher frequencies, respectively (not reported
for the sake of brevity), due to a partial ionic configu-
ration of surface sulfate species brought about by partial
rehydration.

If the oxidized PZS sample is reactivated in vacuo at 300—
400°C, its spectral features recover the starting shape: in
particular, the Zr**—CO band recovers the initial vco fre-
quency and intensity (the sample has dehydrated again),
and, again, no Pt°-CO component is evident in the spec-
trum any longer (curve 3 in Fig. 7); Pt sites have been
shielded again, as in the case of a reduction in H; at
300°C. This activation/deactivation pattern can be repro-
duced indefinitely: after a further oxidative treatment at
300-400°C, followed by contact with CO at ambient tem-
perature, the spectrum will present the same features as are
evidenced after the first activation in O, (compare, for in-
stance, curves 2 and 4 in Fig. 7; also in this case, the position
of the CO/Pt band is variably located between 2080 and
2100 cm™2.,

4. CONCLUSIONS

The data presented and discussed in this work allow the
following conclusions to be made:

(i) The one-pot preparation procedure adopted here
yields sulfated zirconia specimens that are mainly tetrago-
nal for starting H,SO4 content below ~20 wt%, and mainly
monoclinic for H,SO4 content above ~20 wt%. This is quite
unexpected, and even more unexpected is the fact that the
mainly monoclinic sulfated ZrO, systems retain a sulfate
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content above that of a statistical monolayer and are cata-
lytically active.

The catalytic activity of these mainly monoclinic systems
is consistent with the presence, on the dehydrated sam-
ples, of abundant covalent sulfates absorbing at ~1400 and
~1010 cm~1: these frequencies are typical of the family of
covalent sulfates present on all active tetragonal sulfated
ZrO, systems (both Pt-free and Pt-promoted). In contrast,
sulfates absorbing at these frequencies are normally scarce
on monoclinic sulfated ZrO, systems obtained by other
methods and are largely inactive.

The reasons that the presence of a large amount of start-
ing H,SO4 in the sol-gel preparation step leads to atypical
monoclinic sulfated ZrO, are still not understood.

(ii) In the sulfated ZrO, systems containing Pt, the sol-
vent evaporation step brings about an almost complete crys-
tallization of the ZrO, matrix and a partial reduction of the
Pt moiety. The subsequent calcination step (at T>550°C),
which has been demonstrated to be necessary to induce
catalytic activity in sulfated ZrO; systems (26), leads to the
complete reduction of Pt and, due to the presence of sur-
face sulfates, to the aggregation of Ptinto particles definitely
larger than in the case of Pt supported on surface-clean (i.e.,
anion-free) oxides.

In contrast with what is normally observed with Pt sup-
ported on surface-clean oxides, on which the dispersion of
the noble metal is good and a reduction treatment is nec-
essary to obtain supported Pt particles, on PZS systems a
reductive treatment after the calcination step leads to the
virtually complete deactivation of the (already scarce) Pt
exposed at the surface. This is clearly shown by H, and CO
adsorption experiments.

Asthe deactivation due to a reductive treatmentis largely
reversed by an oxidative treatment, it is thought that the
species responsible for these shielding/unshielding effects
are the sulfates (few, and thus not spectroscopically dis-
tinguishable) which are in contact with the exposed Pt.
These sulfates would be easily reduced to sulfide and, sub-
sequently, oxidized back to sulfates. The unusual feature
of PZS catalysts is thus that, on a reduced catalyst (either
in vacuo or in Hy), Pt would have a nonmetallic character,
whereas a metallic or quasi-metallic character is acquired
during a mild oxidation.

(iii) The presence of Pt induces in surface sulfates a
higher thermal lability and a much easier reducibility. Also
the mechanism of surface sulfate reduction is modified by
the presence of Pt, as mostly H,S (and virtually no SO,) is
produced and liberated.

Although the reduced surface sulfur can be easily reoxi-
dized, the family of surface sulfates that has been correlated
with the good catalytic performances of these systems (sul-
fate bands at ~1400 and ~1010 cm™?) is eliminated first,
either by vacuum thermal decomposition or by reduction,
and cannot be restored by a subsequent oxidation.
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