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The acidity of sulfated zirconia–titania preparations was stud-
ied using NH3, pyridine, and benzene as the probe molecule.
Temperature-programmed desorption curves of ammonia and the
IR spectra of adsorbed pyridine were determined to distinguish
acid sites. The Brønsted acidic strength of the surface hydroxyl
groups was correlated with the red shift of the νOH IR band in-
duced by adsorption of benzene. The conversion of n-hexane was
used as the catalytic test. The thermally effected textural and struc-
tural changes were followed by thermogravimetry, X-ray diffrac-
tion, energy-dispersive X-ray analysis, and surface area measure-
ments. Sulfate and titania were found to hinder the aggregation of
the metal oxide component. The weight-specific concentration of
strong Lewis and Brønsted acidic sites were found higher in the
zirconia-rich mixed oxides than in SO−2

4 /ZrO2, but, no new kind of
acidic center was detected. The strongest acidic sites are Lewis cen-
ters. The sulfate treatment of the oxides resulted in the formation of
new, strong Brønsted sites. Regardless, whether the basic probe was
protonated (as pyridine) or not (as benzene) the negative charge on
the conjugated base of the Brønsted acid increased upon adsorption.
This is indicated by the induced red shift of the νS==O band of the
surface sulfate group. This effect decreases the acid strength of the
proton to an extent depending on the degree of electron donation
and the volume available for delocalization of the electrons. The
use of basic probes is not suggested for comparing the acid strength
of catalysts much different in structure and composition. c© 1996

Academic Press, Inc.

INTRODUCTION

Superacids, defined as materials with an acid strength
stronger than 100% sulfuric acid, can activate paraffins and
effect their catalytic transformation into fine chemicals or
higher octane-grade branched isomers at lower reaction
temperatures than conventional acid catalysts. The lower
reaction temperature represents energy saving and favors
the formation of the desired branched products (1). The use
of liquid phase superacid catalysts presents serious prob-
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lems: It is difficult to separate the acid and the product
stream, large amount of catalyst is usually required, and
the catalyst waste is significant, causing an environmental
hazard. Furthermore, the cost of process installation and
maintenance is high since the liquid acids are very corro-
sive. It has been sought for long to replace liquid acid for
solid showing comparable catalytic properties (2). Strongly
acidic sites can be created within the pores of some high-
silica zeolites, but, over zeolite catalysts the conversion
of paraffins into branched products is low due to steric
constraints.

In relation to above problems the discovery of strong
nonzeolitic solid acids was a breakthrough. Metal oxides, es-
pecially ZrO2, TiO2, Fe2O3, and zirconia-containing mixed
oxides modified by sulfate ions have been found to be
promising catalysts for low-temperature esterification, iso-
merization, alkylation, and cracking (3, 4). Due to their high
thermal stability and low reducibility much attention has
been focused on the sulfate promoted zirconium oxides (3–
11). Sulfate is usually introduced by immersing zirconium
hydroxide in a dilute solution of sulfuric acid or by impreg-
nation from a solution of ammonium sulfate. The properties
of the catalyst are strongly influenced by the preparation
conditions, including the precipitation conditions of the hy-
droxide gel, and the thermal treatments of the gel prior to
and after introduction of sulfate (4–9).

The structure of the surface sulfate species and the way
that the catalytically active acidic centers are generated are
not fully understood yet. No agreement has been reached
about the strength and the nature of the acidic sites. It was
found that the sulfur containing species are bound to the ox-
ide through two or more S–O–Zr bridges and carry double
or single S==O oscillators, respectively (12–16). The differ-
ent sulfate species were suggested to develop at different
kinds of surface locations; an abundant on the less energetic
flat crystal faces of ZrO2, and another on the defective sites
(6, 17). The presence of polynuclear complex sulfates (pos-
sibly of the [S2O7]2− type) at higher sulfate loading was
also substantiated (18). It was shown by Ward and Ko (12)
that the chemical state of sulfate groups depends on the
conditions of catalyst pretreatment. After activation at low
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temperatures it has partially ionic character with the S==O
bond order less than two, whereas upon treatment at higher
temperatures the sulfate is converted into a strongly cova-
lent species with the S==O bond order close to two. These
latter species were suggested to be responsible for generat-
ing the strongly acidic active centers.

The importance of Brønsted acidic sites in the develop-
ment of the catalytic activity of the sulfate-doped zirconia
have been demonstrated by several authors (e.g., 6–9,
12). It is thought that Brønsted acidity is predominantly
determined by the sulfate loading, although other factors
can also have significance. Sulfate species are Lewis acids
or by attracting electrons they generate Lewis acid sites
on the surface of zirconia. The Lewis acid centers increase
the Brønsted acidic strength of surface hydroxyl groups.
These ideas are very similar to that suggested for acidic
zeolites (19).

The highly acidic, presumably superacidic nature of sul-
fated zirconia has been shown by IR and H1 MAS NMR
spectroscopic measurements (20–22). Two types of isolated
surface OH groups were shown on nonsulfated zirconia
(22). IR bands were assigned to terminal and bridging hy-
droxyls. Modification with sulfuric acid eliminated the ter-
minal OH groups, while the acid strength of the bridging hy-
droxyls increased. In addition, new Brønsted acid sites were
generated as indicated by the appearance of a new, very
broad band in the OH region. Based on H1 MAS NMR data
it was concluded that more acidic protons are present in sul-
fated zirconia than in H-ZSM-5. It was suggested that the
acidic OH group is linked to sulfur and the proton is bridg-
ing to a neighboring oxide ion of the ZrO2 support. These
findings are in accordance with the catalytic activity of the
preparations in acid-catalyzed reactions, such as oligomer-
ization of olefines or isomerization of alkanes. However,
when a weak base probe molecule, for instance CCl3CN or
CD3CN, was used and the acidity was correlated with the
difference of the chemical shifts before and after adsorbing
the probe the H1 MAS NMR data suggested that the sul-
fated zirconia contains the weakest Brønsted acidic centers
among the catalysts studied, even weaker centers than non-
sulfated zirconia. As an attempt to resolve the controversy
between the weak acidity and the high catalytic activity it
was assumed that the reaction rate is enhanced by the fa-
vorable stabilization of the reaction intermediates on the
sulfated surface (21).

The catalytic activity of sulfated zirconia is rapidly lost
due to sintering and coking. More active and stable catalyst
can be obtained by introduction of transition metals, espe-
cially noble metals (21, 23, 24). The thermal resistance of
zirconia against sintering can be considerably improved by
incorporation of a second oxide (25, 26). It has been shown
that the surface area of ZrO2–TiO2 mixed oxides changes
parallel with the titania content until it passes through a
maximum at about equimolar composition.

It is well known that mixing two oxides can create acid-
ity. Tanabe’s model (2) predicts Lewis acidity for zirconia-
rich and Brønsted acidity for titania-rich chemically mixed
TiO2/ZrO2. Tanabe’s hypotheses was tested by studying the
adsorption of pyridine. It was found that in TiO2/ZrO2 bi-
nary oxides the number of Lewis sites per square meter was
about the same as that in the pure oxides (26b).

In a previous paper (27) we reported that in sulfated
zirconia–titania mixed oxides the crystallization and the
phase transformation of the zirconia, furthermore; the de-
composition of sulfate takes place at higher temperature
than in ZrO2 or SO2−

4 /ZrO2. The higher thermal resistance
is advantageous since it allows the regeneration of deacti-
vated catalysts by high-temperature calcination. However,
the role of titania in the development of the acidic and cat-
alytic properties of the preparations is not known yet. In the
present paper the acidic and catalytic properties of sulfated
ZrO2–TiO2 mixed oxides are discussed. In connection with
this problem the probe-molecule method of acidity mea-
surement is critically evaluated.

EXPERIMENTAL

Catalyst Preparation

Metal hydroxides were precipitated by dropping a solu-
tion of Zr-n-propoxide, or Zr-n-propoxide–Ti-i-propoxide
mixture containing 0.16 mol metal into 70 ml of 1.5 M
aqueous NH3 solution under continuous stirring at 343 K.
The temperature was raised to 363 K and the gel formed
was stirred until almost all the liquid phase was removed
by evaporation (2–3 h). The product was dried at 383 K
overnight. The dried gel was contacted with 0.25 M H2SO4

solution (5 ml solution/1 g sample) under continuous stir-
ring for 1 h and then filtered (not washed) and dried again
at 383 K overnight. The sulfate-promoted zirconia catalysts
were obtained by calcining the acid-treated hydroxide gel
in air at 823, 923, or 973 K for 3 h.

The Zr-n-propoxide used was a 1-propanolic solution
containing 21.6 wt% Zr (Aldrich, analytical grade). The
Ti-i-propoxide was a product of Kanto Chemicals (Japan)
and was of >97% purity.

Catalyst Characterization

Thermal studies. The thermoanalytical curves of the
preparations were determined using a TG-DTA 2000 type
thermal analyzer (MAC Science, Japan). Samples (15–
35 mg) were heated up in air flow (∼20 ml/min) at a rate
of 5 K/min. α-Alumina (pretreated at 1373 K) was used
as reference solid. Data were collected and analyzed by a
computer connected to the system.

X-ray diffraction. The X-ray diffraction patterns of the
samples were recorded by a MAC Science MXP18 diffrac-
tometer using Cu Kα radiation (λ= 1.5405 nm).
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Specific surface area. Adsorption isotherms of nitrogen
were determined at 78 K. The surface area was calculated
by the BET method.

Energy dispersive X-ray analysis (EDX). EDX mea-
surements were carried out on a Hitachi S-800 electron
microscope with a Kevex Delta system attached. The pa-
rameters were as follows: accelerating voltage, 15 kV; ac-
cumulation time, 100 s, window width, 8 µm. The surface
molar composition was determined by the Asa method
(Zaf-correction, Gaussian approximation).

Temperature-programmed desorption (TPD) of NH3.
A Shimadzu DT-40 thermal analyzer was used. A sample
(300 mg) with a particle size of 0.5–1.0 mm was placed into
the sample holder of the microbalance and heated up to
773 K in vacuum at a heating rate of 10 K/min. After 1 h
treatment at 773 K, the sample was cooled to room tem-
perature and purged with flowing ultrahigh purity (UHP)
helium (100 ml/min) for 5 min. The gas flow was changed to
a flow of 2% NH3/He. In about 1 h, when no further weight
change could be observed, the gas flow was stopped. In or-
der to remove the weakly adsorbed NH3, sample was evac-
uated at 423 K for 1 h. After an additional 1-h purging with
He (100 ml/min) at 423 K sample was heated up at a rate
of 10 K/min to 973 K. Using a new portion of the sample
a blank experiment was carried out under identical con-
ditions, but, without adsorbing NH3. The NH3 TPD curve
was derived from the TG data corrected with the results of
the blank. The accuracy of the measurement decreases as
correction becomes more substantial, i.e., at temperatures
above 823 K where the overwhelming part of the weight
loss is due to decomposition of sulfate.

FTIR measurements. The infrared spectroscopic inves-
tigations were carried out using a Nicolet 5PC FTIR spec-
trometer equipped with TGS detector. Self-supporting pel-
let of 5–10 mg/cm2 “thickness” was pressed from the sample,
placed into an IR cell, heated up gradually in 100 K incre-
ments to 773 K in a flow of dry oxygen (500 ml/min), and
activated for 1 h. The oxygen flow was stopped and the sam-
ple was evacuated (10−3 Torr) at 773 K for 1 h. Following a
5-min contact with pyridine at 2 Torr pyridine pressure at
room temperature sample was evacuated subsequently at
423, 523, and 673 K for 1 h each time. After each evacuation
a spectrum was recorded at room temperature at a nominal
resolution of 4 cm−1. Two hundred scans were averaged.
Benzene adsorption measurements were carried out essen-
tially the same way, but, no postadsorption evacuation was
applied. The benzene pressure was 5 Torr, and the contact
time was 5 min.

Catalytic conversion of n-hexane. An atmospheric flow-
through microreactor was used at 423 K. A catalyst sample
(200 mg) with a particle size of 0.25–0.5 mm was placed
into a quartz U-tube reactor of 4-mm internal diameter
and pretreated at 773 K in dry oxygen flow (20 ml/min) for

1 h. Flow was changed then to helium and the sample was
cooled to 423 K. The reaction was started by switching to a
5 ml/min n-hexane/helium flow prepared by passing helium
through a saturator containing n-hexane (>90% purity, Re-
anal, Hungary) at 273 K. The partial pressure of n-hexane
was 46 Torr. The reactor outlet was analyzed first after 5 min
reaction time using on-line GC with a Petrocol DH fused
silica capillary column. The results were corrected for the
impurities in the reactant.

RESULTS

Structural and Thermochemical Properties

DTG and DTA curves of sulfated ZrO2 and ZrO2–TiO2

catalysts are shown in Figs. 1 and 2. The sulfate of the
zirconia-rich preparations (≥50 mol%ZrO2) decomposes
in two steps. A sharp and a broad peak appear on the DTG
curve at about 953–963 K and 1053–1073 K, respectively
(Fig. 1a). In contrast, the release of sulfate from the titania-
rich sample generates a single broad peak with a maximum
at about 973 K. It is evident that sulfate content of the sam-
ples, calculated from the weight loss above 873 K, must
depend on the pretreatment conditions. Thus, less sulfate is
held in the samples treated at 923 K than in those treated at
823 K (cf. Figs. 1a and 2a). Interestingly, the sulfate content
of the zirconia-rich samples calcined at 823 K is essentially
the same and about equal to the possible maximum calcu-
lated assuming that the total amount of sulfate present in
the sulfuric acid solution used for preparing the catalyst was
retained by the solid, i.e., 1.25 mmol SO2−

4 /gcat or 12 wt%.

FIG. 1. DTG (a) and DTA (b) curves of sulfated ZrO2 and ZrO2–
TiO2 catalysts. Gels treated with sulfuric acid were precalcined in air at
823 K for 3 h. Air-dry samples were heated up at a rate of 5 K/min. The
sulfate contents given in percentages were obtained as the weight loss
above 823 K.
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FIG. 2. DTG (a) and DTA (b) curves of sulfated ZrO2 and ZrO2–TiO2

catalysts precalcined at 923 K. For details see legend to Fig. 1.

The XRD analysis indicated that sulfated samples treated
at 823 K are amorphous except the one containing 90
mol% TiO2 that is for the most part crystalline anataze.
On 923 K the zirconia-rich samples become ordered mainly
into tetragonal ZrO2. The equimolar ZrO2–TiO2 prepara-
tion remains amorphous; its crystallization takes place at
higher temperature resulting in the formation of TiZrO4.
The specific surface area of zirconia-rich, sulfated samples
considerably increases with the TiO2 content and also de-
pends on the temperature of pretreatment (Table 1).

In contrast to sulfated ZrO2, the nonsulfated ZrO2 be-
comes crystalline upon treatment at 823 K. Beside some

TABLE 1

Specific Surface Areaa (m2/g) and Crystallographic Properties of
Sulfated ZrO2 and ZrO2–TiO2, Catalysts Pretreatedb at Different
Temperatures

Pretreatment temperature (K)
ZrO2–TiO2

composition (mol%) 823 923 973

100–0 72.7, A(C c, d) 90.2, C e —
90–10 128.4, A 119.4, C e —
75–25 192.2, A 112.7, C e —, C e

50–50 257.9, A (Ac) 121.4, A (C c, f) 63.7, C f

10–90 129.3, C g —, C g —

Note. A, amorphous; C, crystalline.
a Calculated from N2 adsorption isotherm by the BET method.
b Metal hydroxide was precipitated, treated with sulfuric acid, and cal-

cined in air at the given temperature for 3 h.
c Nonsulfated sample.
d Monoclinic and some tetragonal phase.
e Tetragonal zirconium dioxide.
f Crystalline TiZrO4.
g Anatase (tetragonal titanium dioxide).

tetragonal phase the sample consists predominantly the
monoclinic crystal form. No crystallization of the nonsul-
fated sample containing 50 mol% TiO2 occurred up to
823 K; however, following treatment at 923 K crystalline
TiZrO4 phase was identified by XRD (Table 1).

It was shown earlier (27) that the addition of sulfate and
titania as a second oxide to zirconia hinders the crystalliza-
tion of the originally amorphous preparation. The change
in the crystallization kinetics is reflected by the shift of the
exothermal DTA peak to higher temperatures. The en-
dothermal decomposition of sulfate and the exothermal
crystallization of zirconia occurs in about the same tem-
perature range. Data suggest that at low titania contents
both processes are slow and the net thermal effect gener-
ates weak, ill-defined DTA peaks between 873 and 1073 K
(Fig. 1b, curves for 0–25 mol% TiO2–ZrO2). At higher ti-
tania contents the samples of increased surface area go
through fast phase transformation. The rapid evolution of
the crystallization heat results in the appearance of the
sharp DTA peak superimposed on the broad peak of the
endothermic sulfate decomposition. Due to the heat ef-
fect, the corresponding DTG peak of sulfate decomposi-
tion takes on complex peak profile (Figs. 1a and 1b; 25–50
mol% TiO2–ZrO2). In accordance with the result of the
X-ray analyses the appearance of the crystallization peak
on the DTA curve of the equimolar zirconia–titania prepa-
ration clearly indicates that sample remained X-ray amor-
phous after the thermal treatment at 923 K (Fig. 2b).

The surface molar composition of the preparation con-
taining equivalent amounts of ZrO2 and TiO2 was deter-
mined by EDX (Table 2). The surface of the dried gel was
found to be richer in titania than the bulk. On calcina-
tion above 823 K a single phase of homogeneous composi-
tion develops in the nonsulfated sample while a significant

TABLE 2

Surface Molar Composition of ZrO2–TiO2 (Zr/Ti= 1)
Preparations Determined by EDX

Sulfatea/pretreatmenta

temp. (K)/crystallinityb TiO2 ZrO2 SO3 SO3
c

Nonsulfated/383 K/A 84.6 15.4 — —
Nonsulfated/823 K/A 49.1 50.9 — —
Nonsulfated/923K/Cd 50.5 49.5 — —
Sulfated/383 K/A 62.7 28.1 9.2 —
Sulfated/823 K/A 60.2 23.8 16.0 10.2
Sulfated/923 K/A 57.8 38.8 3.4 5.5
Sulfated/973 K/Cd 65.5 31.8 2.7 1.7

Note. A, amorphous; C, crystalline.
a Hydroxide precipitate was dried at 383 K overnight. Sulfated sam-

ples were prepared by contacting dried samples with H2SO4, drying, and
pretreating in air at elevated temperature for 3 h.

b Determined by X-ray diffractometry.
c Calculated from the TG curve, mol%.
d TiZrO4.
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FIG. 3. Microbalance NH3 TPD curves of sulfated ZrO2 and ZrO2–
TiO2 catalysts precalcided at 823 K. Sample was evacuated in situ in the
balance at 773 K for 1 h, contacted with a flow of 2% NH3/He mixture at
293 K for 1 h, and flushed then with pure He flow for 1 h. Temperature was
ramped then at a rate of 10 K/min. The total amount of NH3 desorbed was
related to the sulfate content obtained by the separate thermogravimetric
analysis of the catalyst.

difference prevails between the composition of the bulk
and the surface of the sulfated preparation even following
high-temperature treatments.

Acidic Properties

Similar NH3 TPD curves were obtained for all the sul-
fated zirconia and zirconia–titania samples (Fig. 3). Two
temperature ranges assigned to ammonia bound to sites
of medium and strong acidity were distinguished: the 420–
720 K region with two or three broader peaks and the region
above 720 K containing a narrower peak with a maximum at
about 820–840 K, respectively. Although the sulfate content
of the preparations is about the same, the integrated area of
the desorption peaks, which is proportional to the amount
of NH3 desorbed, is different for the samples of different
oxide composition. The TiO2–ZrO2 samples release more
ammonia than the pure zirconia; furthermore, the presence
of the second oxide seems to increase the relative intensity
of the high-temperature desorption peak.

The acidic properties were modified by thermally decom-
posing the sulfate to different extents. The residual sulfate
content of the samples was determined by thermogravimet-
ric measurements (Fig. 4b). The NH3 TPD curves obtained
are shown in Fig. 4a. The amount of ammonia desorbed
from surface sites of either medium or high acid strength
changes parallel with the decreasing sulfate content and
also the decreasing surface area, which, as it was shown in
Table 1, occurs concomitantly with the sulfate loss.

FIG. 4. NH3 TPD (a) and DTG (b) curves of sulfated ZrO2–TiO2

(Zr/Ti= 1) catalysts precalcined in air at different temperatures (Tcalc.)
for 3 h. For details see legends to Figs. 1 and 3.

In accordance with earlier studies a strong band was ob-
served in the IR spectra of sulfated and dehydrated oxides
at 1382 cm−1 (Fig. 5a). It was assigned to the high-frequency
νS==O stretching band of surface sulfate groups of strongly
covalent character. Adsorption of pyridine causes an ap-
proximate 75 cm−1 red shift of the band. On removing the

FIG. 5. The νS==O IR band of sulfated ZrO2–TiO2 (Zr/Ti= 1) catalyst
before and after adsorption of pyridine (a) and the spectra obtained from
the adsorbed pyridine (b). Self-supporting pellet was prepared from the
sample precalcined at 823 K. It was treated in O2 flow at 773 K in the
IR cell for 1 h, evacuated, and contacted with 2 Torr pyridine at room
temperature (RT) for 5 min. Spectra were recorded at RT after evacuation
(dashed curves) and pyridine adsorption (RT) and after each subsequent
1-h evacuation at the temperature indicated. Absorbance is normalized to
10 mg/cm2 thickness.
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FIG. 6. The νS==O IR band of sulfated ZrO2 and ZrO2–TiO2 catalysts
before (dashed curves) and after (solid curves) adsorption of pyridine (a)
and the spectra obtained from the adsorbed pyridine (b). The spectra of
samples holding pyridine were recorded after evacuation at 423 K. The
spectrum of nonsulfated ZrO2 is given for reference (flat dashed line at
the bottom of (a)). Spectra of pyridine adsorbed on sulfate-free mixed
oxides are given for comparison (dashed curves in (b)). For conditions of
pretreatment and adsorption see legend to Fig. 5.

pyridine by evacuation at elevated temperatures the S==O
band was found to shift gradually back to its original posi-
tion (Fig. 5a).

Pyridine is forming different adsorption complexes with
acid sites of Brønsted and Lewis type (e.g., 28). The spec-
tra of pyridine adsorbed on sulfated ZrO2–TiO2 mixed ox-
ide (Zr/Ti= 1) show clearly that both Lewis and Brønsted
acidic sorption centers must be present in the sample
(Fig. 5b).

Results of similar IR examinations are shown for differ-
ent ZrO2–TiO2 compositions in Fig. 6. In absence of ad-
sorbed pyridine, the position of the νS==O stretching band
is about the same for each sample, viz, it appears at about
1380 cm−1 (Fig. 6a). The intensity of the band corresponds
to the sulfate content; consequently, it is the smallest for the
sample containing 90% TiO2 (cf. Fig. 6a and Fig. 1a). On in-
fluence of the chemisorbed pyridine the band shifts to lower
wavenumbers (Fig. 6a). Sulfated ZrO2 seems to be an ex-
ception. In this case two smaller intensity sulfate peaks are
generated. One of the peaks holds the position of the origi-
nal sulfate band, indicating that all the sulfate may not have
been accessible for pyridine in this sample. As it can be seen
in Fig. 6b, both the Lewis and the Brønsted acidity increases
with increasing titania content up to about 50 mol% TiO2,
but, the influence on the Lewis acidity is more pronounced.

The effect of adsorbed benzene on the νOH IR bands
of nonsulfated and sulfated zirconia and also on sulfated
ZrO2–TiO2 are shown in Fig. 7. Before adsorption of ben-

FIG. 7. The νS==O IR bands of nonsulfated ZrO2 (A), sulfated ZrO2

(B), and sulfated ZrO2–TiO2 containing 10 (C), 25 (D), 50 (E), and 90 (F)
mol% TiO2. Spectra were recorded in the absence (dashed curves) and
in the presence (solid curves) of 5-Torr benzene vapor in the IR cell. For
conditions of pretreatment see legend at Fig. 5. The thin dashed curves
under the solid spectra represent the calculated component bands.

zene no distinctly different surface OH bands can be distin-
guished (Fig. 7). Note bene, in the presence of sulfate the OH
band was somewhat more intense than the corresponding
band of the nonsulfated sample and it appeared at a fre-
quency of about 25 cm−1 lower. Upon adsorption of ben-
zene the band shifted substantially to lower wavenumbers.
In accordance with earlier findings (e.g., 29), the integrated
absorption coefficient increased and the band broadened.
A red shift of about 70 cm−1 was observed for nonsulfated
zirconia. The band obtained could not be resolved into com-
ponent bands by computer program (Fig. 7a, spectra A). In
contrast, the shifted broad band of sulfated zirconia could
be resolved into two peaks (Fig. 7a, solid B and dashed
curves under). The shifts of the components induced by
adsorption of benzene are about 70 and 185 cm−1. The po-
sition of the less-shifted band is about the same as that
of the benzene-influenced OH groups of the nonsulfated
sample (cf. Fig. 7a, solid A and B). The intensity of this
component decreases with increasing TiO2 content. In con-
trast, the more-shifted component band is stronger for the
titania-containing mixed oxides than for the pure zirconia
(Fig. 7).

Like pyridine the adsorbed benzene is also inducing a red
shift of the νS==O stretching band (Fig. 8). The shift is about
15 cm−1.

Catalytic Properties

The activity in the conversion of hexane is often used for
characterizing catalyst acidity (e.g., 30). On samples of the
present work two types of n-hexane transformations were
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TABLE 3

Conversion of n-Hexane over Sulfated ZrO2–TiO2 Catalysts and H-Zeolitesa

823 Kb 923 Kb

C c ra× 106d C c ra× 106d

Catalyst (mol%) (mol h−1 m−2) (c/i)e (d/m)f (mol%) (mol h−1 m−2) (c/i)e (d/m) f

SO−2
4 /ZrO2 5.3 0.110 0.70 0.24 3.8 0.064 1.15 0.25

SO−2
4 /90 mol% 13.9 0.163 1.17 0.25 5.4 0.068 1.21 0.26

ZrO2–TiO2

SO−2
4 /75 mol% 19.2 0.150 1.62 0.27 2.5g 0.034 0.89 0.27

ZrO2–TiO2

SO−2
4 /50 mol% 20.0 0.117 2.26 0.28 0.4h 0.001 0.40 0.10

ZrO2–TiO2 0.0i

SO−2
4 /10 mol% 6.9 0.081 1.08 0.26 0.0 0.0 — —

ZrO2–TiO2

LZ-Y82j 0.4k — 0 0.17 — — — —
H-ZSM-5l 28.0k — 5.2 0.04 — — — —

Note. Reaction temperature, 423 K; WHSV= 1.3× 10−2 g h−1 g−1
cat..

a Reaction products were analyzed after 5 min reaction time.
b Pretreatment temperature.
c Conversion.
d Areal rate of reaction calculated using the BET surface area given in Table 1.
e Cracking to isomerization molar ratio.
f The molar ratio of di- and monobranched hexane isomers.
g The highest conversion obtained after 20 min.
h The WHSV was decreased to 0.26× 10−2 g h−1 g−1

cat to get measurable conversion.
i Pretreated at 973 K.
j Dealuminated H–Y zeolite from Union Carbide Co., pretreated at 773 K, Si/Al= 5.2.
k Reaction products were analyzed after 30 min reaction time.
l Pretreated at 773 K; Si/Al= 15.5.

observed: cracking and isomerization. Ethane, propane, n-
and i-butane, and n- and i-pentane were found and ac-
counted as cracking products, while isomerization resulted
in 2,2- and 2,3-dimethylbutane and 2- and 3-methylpentane.
No unsaturated hydrocarbons were formed. Analysis for
methane was not made. The results are given in Table 3.

On sulfated ZrO2–TiO2 catalysts pretreated at 823 K
the conversion and also the cracking to isomerization ra-
tio strongly increases with the TiO2 content up to about
50 mol%. Due to loss of surface area and sulfate, catalysts
pretreated at 923 K are much less active.

The activity of H-Y and H-ZSM-5 zeolites was also de-
termined. The direct comparison of the results with those
obtained for zirconia can be misleading since about 30–
50% of the feed was retained by the zeolite in the first few
minutes. After a 30-min time-on-flow zeolites became satu-
rated and the activity determined was taken as catalytically
meaningful (Table 3).

DISCUSSION

The addition of sulfate to zirconia was found to increase
the thermal resistance of the high surface area amorphous
or crystalline phases against sintering (e.g., 6). It was also
shown that amorphous ZrO2–TiO2 mixed oxides get crys-

talline at higher temperature than pure ZrO2 (27). In these
respects the behavior of the catalysts used in the present
study (Table 1) is in general agreement with that reported
earlier, indicating that the effect of sulfate and titania on
the thermochemical properties of the oxides is hardly de-
pendent on minor variations in the preparation process of
the sample.

Sulfated titania was shown to lose sulfate at a tempera-
ture of about 200 K lower than sulfated zirconia does (27).
It seems possible, therefore, that sulfate is preferentially
bound to zirconia and may shield this zirconia from be-
ing observed by EDX (Table 2). However, more has to be
learned about the surface distribution of sulfate to substan-
tiate this picture.

The specific surface area of sulfated zirconia–titania
varies with the composition. A quite similar composition
dependence of area was found for identically pretreated,
but, nonsulfated samples (26). The close correspondence
of the data suggests that the surface area of the sulfated
mixed oxides is controlled rather by the titania than the
sulfate.

The thermoanalytical curve of the X-ray amorphous sul-
fated zirconia (Fig. 1) shows that two kinds of sulfate species
of different decomposition kinetics can be distinguished.
For a crystalline preparation a similar result was obtained
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FIG. 8. The νS==O IR bands of nonsulfated ZrO2(A), sulfated ZrO2(B),
and sulfated ZrO2–TiO2 containing 10 (C), 25 (D), 50 (E), and 90 (F)
mol% TiO2. Spectra were recorded in the absence (dashed curves) and
in the presence (solid curves) of 5-Torr benzene vapor in the IR cell. The
spectra were recorded in the same experiments as those shown in Fig. 7.

and interpreted by Morterra et al. (6), assuming that sulfate
groups of different thermal stability are present in crystal-
lographically regular and defective surface locations. Our
data suggest that in our amorphous preparation the ther-
mally more stable species is probably in the bulk while
the less stable can be present in the surface layer. Latter
is exposed to interaction with adsorbed pyridine. The ad-
sorption of pyridine induces a shift in the infrared νS==O

band, while the band of the sulfate present probably in the
bulk appears unchanged (Fig. 6). For the titania-containing
mixed oxides the intensity of the high-temperature decom-
position peak is smaller than for zirconia (Fig. 1), further-
more, practically the whole sulfate band responds by shift
on adsorption of pyridine, suggesting that in these higher-
surface preparations most of the sulfate is in locations ac-
cessible for adsorption. Neither the original position nor
the pyridine-effected shift of the νS==O band was modified
by the presence of titania in the samples (Fig. 6).

The decomposition of the sulfate takes place simulta-
neously with the crystallization of the zirconia. In earlier
works this phenomenon was not fully clarified [Ref. 5 and
papers cited therein]. The sulfate decomposition and the ef-
fect of sulfate on the concomitant exothermic amorphous-
to-crystalline transition of zirconia has been described, but,
it was not considered that the net thermal effect is most
probably the result of the two simultaneous processes. At
the same sulfate level both the surface area and the rate of
crystallization could be increased by increasing the amount
of the titania component. This may explain that the sharp
peak of crystallization and the broad sulfate decompo-
sition peak can be distinguished on the DTA curves of

the mixed oxides containing 25–50 mol% TiO2 (Figs. 1a
and 1b).

The NH3 TPD curves of sulfated zirconia shown in Fig. 3
are similar to those found by Corma et al. (5). Comparing
the data with those obtained for strongly acidic mordenite
(31), it was suggested that the peak around 820 K might cor-
respond to desorption of NH3 from superacidic sites (5). In
the zirconia–titania catalysts new type of acidic center was
not revealed (Fig. 3), but, the 820 K peak attributed to the
strongest acidic centers was found to grow more rapidly
with the increasing titania content and the concomitantly
increasing surface area than the other peaks. Also the num-
ber of sulfate species available for interaction with NH3

increases, as it is shown by the NH3/SO−2
4 ratios in Fig. 3.

The IR spectra of pyridine adsorbed on sulfate-free sam-
ples show the bands of Lewis bound pyridine only. These
bands appear at wavenumbers of about 5 cm−1 lower than
the corresponding bands obtained for the sulfated samples,
indicating that stronger Lewis acid sites were induced by
the presence of sulfate. Also Brønsted acid sites of acid
strength able to protonate pyridine were invariably de-
tected in all sulfated sample (Figs. 5b and 6b). The rela-
tive intensity of the bands attributed to pyridine bound to
Lewis-acid sites changes parallel with the titania content.
This correlation corresponds to that found for the 820 K
TPD peak of NH3, suggesting that the strongest acidic cen-
ters are of the Lewis type. This assignment is in agreement
with that suggested earlier for the similar high-temperature
NH3 desorption peak of dealuminated mordenite (31). The
lower-temperature TPD peaks of mordenite were shown
to belong to desorption from strong Brønsted acidic sites.
Considering cited results the same assignment can be sub-
stantiated for the peaks at about 600–640 K in Figs. 3 and
4a. The role of sulfate in generating the strongest acid sites
is demonstrated by Fig. 4a. The sulfate content and the sur-
face area were decreased by thermal treatment. The total
acidity characterized by the amount of ammonia adsorbed
decreased correspondingly; however, the decrease of the
relative intensity of the peak assigned to the most strongly
bound ammonia is obvious. This cannot be explained by
the surface loss, but, by the decreasing amount of the sul-
fate groups which can be the strongly acidic sites or can
generate such sites.

The chemisorption of the strong-base pyridine resulted
in the perturbation of the sulfate species as indicated by the
large red shift of the νS==O band (Fig. 6a). Jin et al. (14) con-
sidered this effect indirect. It was suggested that pyridine
was bound to Lewis-acidic metal cations. These cations are
thought to have Lewis acidity enhanced by the inductive
effect of the sulfate groups. The chemisorbed pyridine can
backdonate electrons through the metal cation to the sul-
fate group changing the character of the highly covalent
S==O bond to more ionic. This change induces the shift of
the νS==O band toward lower frequencies.
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There is a general agreement that sulfated zirconia is a
strong solid acid. Catalytic tests for acid catalyzed reactions,
such as isomerization and cracking of alkanes or oligomer-
ization of olefins suggest that the catalytic activity and pre-
sumably also the acidity of sulfated zirconia and strongly
acidic zeolites and comparable (5, 21, 22). Test results for
n-hexane conversion given in Table 3 are essentially in ac-
cordance with above conclusion. Nonsulfated catalysts are
inactive. Sulfate is generating strong acidity, but, at the same
sulfate content the presence of titania additive is increas-
ing the weight-specific amount of acidic surface sites by
stabilizing higher surface area. The variation of the areal
reaction rate suggests that the number of active sites is not
proportional to the surface area, but to the number of the
active sulfate groups or rather to the number of the induced
strong Brønsted acid sites accessible for the reactant. In the
samples of smallest surface area (0–10 mol% TiO2) not all
the sulfate is accessible for ammonia and pyridine as it is
demonstrated in Figs. 3 and 6. In these samples a fraction
of the OH is weakly acidic and probably inactive in the
reaction (Fig. 7a). In the samples of higher surface area
(25–50 mol% TiO2) most of the sulfate is located at acces-
sible surface location; i.e., the amount of surface sulfate is
practically equal with the total sulfate content. The amount
of the sulfate-induced strongly acidic OH groups and the
catalytic activity changes parallel with the amount of sulfate
on the surface. As a result the weight specific rate of hexane
conversion over the mixed oxides increases up to a titania
content of about 25 mol%. Since the total sulfate content
of the samples is about the same the areal sulfate and the
strongly acidic OH concentration must be smaller for the
higher surface area samples. This is reflected by the decreas-
ing areal reaction rate (Table 3). The cracking of n-hexane
demands strong acidic centers (30). The higher cracking to
isomerization ratio obtained for catalysts containing more
titania (up to 50 mol% Ti) suggest that the relative num-
ber of the strongest acidic centers is increasing preferen-
tially if surface area increases. While the weight-specific
activity changes with the composition of the catalyst, the
molar ratio of the di- and monobranched hexanes (d/m) is
practically independent of the titania and sulfate content.
The invariable (d/m) ratio suggests that active sites of iso-
merization must be of similar acid strength in the different
catalysts. As it could be expected the formation of the di-
branched isomers is not favored within the narrow pores of
zeolites.

The views about the acid strength of zirconia are most
contradictory. The methods using basic probes, applied suc-
cessfully for defining the acid strength of zeolites on a
relative scale, usually provided with inconsistent results
when comparison of acidity for zirconia and zeolites was
attempted (5, 21).

In interaction with acidic surface OH groups the strong
base pyridine can be protonated while the corresponding

OH bands disappear from the IR spectra. Therefore, pyri-
dine is good probe for detecting the existence of Brønsted
acidic sites, but, based on the IR spectra only, not much
can be learned about the acid strength of the sites (Figs. 5
and 6). The weaker base benzene can link to the same OH
groups by hydrogen bonds. By its adsorption a red shift of
the OH band is induced which can be used as a convenient
measure of the strength of the interaction and, thereby, can
be used as a parameter correlating with the acid strength
of the Brønsted centers (29). In fact, other probe molecule
methods developed on the basis of H1 MAS NMR or UV
spectroscopic measurements employ similar approach to
the problem (21, 39).The adsorption of weak-base probe
which is not protonated under the experimental conditions
is applied to induce the shift of the proton NMR signal or the
red shift of a UV band of the appropriate adsorbate. These
shifts are used again for characterizing the acid strength.

On adsorption of benzene the IR band of the OH groups
of zirconia shifted with about 70 cm−1 to lower wavenum-
bers (Fig. 7a, spectra A). The 185 cm−1 shift found for the
sulfated catalyst suggests that sulfate generated new acidic
OH groups of considerably stronger acidity. In agreement
with the NH3 TPD results discussed above the addition of
titania as a second oxide did not generate new acidic cen-
ters, but, as indicated by the higher intensity of the more
shifted component band, the concentration of the stronger
Brønsted acidic center was increased (Fig. 7). The corre-
sponding shift for dealuminated zeolite H-Y or H-ZSM-5
was larger by about 100 cm−1 than that obtained for sulfated
zirconia. Would it mean that zeolites are much stronger
acids? In this case how can catalytic activity measurements
be interpreted?

It is well known that the strength of a Brønsted acid is en-
hanced if the size of its conjugate base wherein the negative
charge can be delocalized is increased. In acidic zeolites, for
instance, the stability and also the surface concentration of
a protonated base, which is a measure of the acid strength,
depend on the volume of the zeolite lattice relative to the
number of the Brønsted sites. The negative charge on the
lattice is increased each time when an essentially covalently
bound hydrogen is donated as a proton and, as a conse-
quence, the acidity of the remaining sites is reduced (32,
33). In order to measure the unperturbed strength of the
strongest sites generally a minute amount of the weakest
base Hammett indicator that still can be protonated by the
catalyst is added to a large excess of acid sites (33). An-
other approach, as mentioned above, it is use of weakly
basic probe, which is not protonated by the solid, and cor-
relating the acidity with the strength of the adsorbate–acid
site interaction (32).

Both the Brønsted- and the Lewis-bound pyridine in-
crease the negative charge on the conjugated base of the
Brønsted acid sulfated zirconia. The electrons are delocal-
ized to some extent on the sulfate groups as it is indicated
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SCHEME 1

by large red shift of the νS==O IR band (Fig. 6). Scheme 1 is
proposed for describing the possible chemistry.

The HSO−4 anion, carrying a hydrogen atom linked
through a hydrogen bond to the oxygen of the zirconia sup-
port, is a strong Brønsted acidic site, whereas the surface
OH group of the zirconia support represents weaker acidic
site. The existence of these two kinds of sites could be sub-
stantiated by IR spectroscopy following benzene adsorp-
tion (Fig. 7).

A similar, but smaller red shift of the νS==O band was ob-
served upon adsorbing the less basic benzene, indicating
that in these cases electrons were also donated by the probe
molecule. In absence of protonation the negative charge
can be increased on the sulfate mainly by electron trans-
fer from the zirconium cations carrying adsorbed benzene
(Fig. 8). In other words, the basicity of the conjugate base
of the proton is increased, resulting in a weaker interaction
between the Brønsted acidic site and benzene molecule.
The acid strength of the Brønsted acidic center is probably
smaller against benzene than it is against the even weaker
base alkanes.

The shift of the νS==O IR band was shown to be useful for
indicating any change in the negative charge concentration
on the conjugated base of the sulfated-oxide solid acids. The
electron density of the zeolitic lattice may also change even
on adsorption of a weak base like benzene; however, for this
we do not have direct experimental evidence. The compa-
rable activities of the catalysts in the conversion of alkanes
may suggest that these systems are of comparable acidity.
In this case the larger red shift of the zeolite OH band on
adsorption of benzene may indicate only that benzene do-
nated less electrons to the lattice and/or the electrons were
delocalized in a larger volume.

CONCLUSION

The nonsulfated zirconia contains only weak Brønsted
acidic sites, while new stronger Brønsted acidic sites are
also present in the sulfated samples. The addition of titania
as a second oxide to zirconia hinders the aggregation of the
oxide components. It modifies the extensive, but not the in-
tensive, acidic properties of the sulfated catalysts. With the
increasing surface area the amount of both the sulfate and
the strong acid centers accessible for adsorption increases.
The strongest acidic sites are centers of Lewis-acid type.

The adsorption of a base regardless of whether it is pro-
tonated or not increases the negative charge on the conju-
gated base of the solid Brønsted acid. For zeolites this pro-
cess may remain unobserved; however, it is clearly shown
by the red shift of the νS==O IR band of the sulfated ox-
ides. As a result the adsorption decreases the acid strength
of the proton and also the strength of the proton–base in-
teraction. The extent of this effect depends on the degree
of electron donation and on the volume available for the
delocalization of the negative charge. Results suggest that
parameters characteristic for the strength of acid–base in-
teraction and, thereby, also for the acid strength should be
handled cautiously when they are used for comparing the
acidity of catalyst systems much different in structure and
composition, such as zeolites and sulfated zirconia.
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