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Physico-chemical features and catalytic activity of sulfated zirconia
prepared by sol–gel method.

The role of the solvent evaporation step
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ZrO2–SO4 powders have been prepared by following a single-step sol–gel preparative route using zirconium propoxide as the starting
compound. Sulfuric acid was employed both as the sulfating agent and as the catalyst of the polycondensation reaction in the gel formation.
Two different series of dried precursors were obtained by either evaporating the solvent in an oven at 100◦C (xerogels) or in supercritical
conditions (aerogels). All the samples were calcined at three temperatures (470, 550, and 630◦C) for the same time length (5 h). The
powders were characterized for phase composition–crystallinity, surface area–porosity, sulfur content and surface state (XPS). The catalytic
activity of the calcined samples was tested in the isomerization ofn-butane in a continuous system at 150◦C in absence of H2 and 250◦C
in presence of H2. The role played by the conditions of the solvent elimination, at the end of the sol–gel reaction, in affecting the physico-
chemical and catalytic properties of the powders is discussed.
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1. Introduction

In recent years great interest was devoted to the search
for new solid catalysts which might replace strongly acidic
homogeneous catalysts for different reactions and, mainly,
for the isomerization of alkanes. Sulfated zirconia (SZ) has
proved to be very efficient especially in the case of the iso-
merization ofn-butane showing both good selectivity and
lower temperature performance with respect to previous cat-
alysts [1,2]. SZ has consequently been the object of exten-
sive research both applied and fundamental and, in some
cases, even contradictory data were reported in the litera-
ture. The presence of controversial evidence concerning the
features of SZ can be related to the fact that even slight
modifications in the preparation procedure of these com-
pounds may provoke relevant variations in the final fea-
tures of the products, and eventually in their catalytic per-
formance [3–8].

A common feature in the preparation of these compounds
is a stepwise procedure consisting in the impregnation of
aqueous H2SO4 or (NH4)2SO4 on previously precipitated
Zr(OH)4, followed by drying and calcination. These multi-
step procedures necessarily involve the presence of numer-
ous variables which may not be easily controlled provoking
lack of reproducibility in the sample features. For example,
in the case of hydrothermal precursor precipitations, even
slight variations of the composition of the precipitating mix-
ture (e.g., pH) provoke relevant modifications in the phase
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composition of ZrO2, these in turn implying differences in
specific surface area, degree of hydration and surface elec-
trification [9].

More recently sol–gel routes, which employ as starting
compounds zirconium alkoxides, have been proposed to pre-
pare SZ catalysts [10–12]. In these preparations sulfates can
be added by washing thoroughly at room temperature the hy-
drous zirconia with a sulfuric acid solution [13]. This leads
to adsorption of the sulfate anions on the surface of zirconia.
A second sulfate introduction method uses the incipient wet-
ness impregnation of ammonium sulfate onto the hydrous
zirconia drying to 110◦C [3] yielding final products with es-
sentially the same features. Alternatively, a zirconia-sulfate
co-gel is formed by including sulfate ions during the gela-
tion step [14]. In this one-pot preparation the H2SO4 is at
the same time the sulfating agent and hydrolysis polycon-
densation catalyst.

In these preparations, after the polycondensation reaction
the excess solvent can be eliminated by either evaporation in
an oven at 100◦C or under supercritical conditions. The first
procedure is obviously simpler and easily performed but it
might lead to samples showing surface contamination by the
organic component. Consequently the choice of how to per-
form this latter step is not trivial, especially in the case of a
catalyst where the surface state is ruling the reactivity. Fur-
ther the solvent elimination route might affect not only the
surface features but also the bulk and morphological charac-
teristics of the powders.

The aim of this work was actually to compare the
physico-chemical properties (structure, surface area, sulfur
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content) and the catalytic activity in the isomerization of
n-butane of two series of samples, xerogels and aerogels,
prepared by a common single-step sol–gel route and cal-
cined at three increasing temperatures to evidence the ef-
fects provoked by the sole variation of the solvent elimina-
tion conditions.

2. Experimental

2.1. Sample preparation

SZ xerogel (X) and aerogel (A) were prepared by the
sol–gel technique using zirconiumn-propoxide, Zr(OPr)4,
as a precursor. Initially, a solution is prepared by mixing
Zr(OPr)4 (57 ml, 70% solution inn-PrOH), an amount of
sulfuric acid (1.5 ml), andi-PrOH as the solvent (37 ml).
To this solution water dissolved ini-PrOH (100 ml) is
added dropwise with stirring. The molar ratio H2O/Zr(OPr)4
was 14.

Drying of the gel can be carried out either by evapora-
tion in air for 43 h by increasing the temperature from 40 to
100◦C to obtain the xerogel, or by removingi-PrOH under
supercritical conditions (P = 60 bar,T = 250◦C) to obtain
the aerogel. In the supercritical drying the gel was placed
in an autoclave and flushed with nitrogen at 5 bar, to pre-
vent evaporation of the solvent. Then pressure and tempera-
ture were raised above the critical point of the solvent. Af-
ter a period of thermal equilibration (1 h), the pressure was
isothermally relaxed at a constant rate. To remove residual
alcohol, the autoclave was flushed again with nitrogen and
subsequently cooled to room temperature (25◦C). Then the
samples were calcined at 470, 550, and 630◦C for 5 h in an
oven open to the atmosphere.

2.2. Sample characterization

Surface area and pore size information was obtained from
nitrogen adsorption/desorption isotherms at−196◦C in a
Coulter SA 3100 analyzer.

Mesopore size distributions were calculated using the
Barrett, Joyner and Halende (BJH) method. Assessments of
microporosity were made fromt-plot constructions, using
the Harkins–Jura correlation witht as a function ofp/p0.

The nature of gel before calcination and the nature of the
crystalline phase after calcination were ascertained by X-ray
diffraction patterns obtained using a Siemens D500 diffrac-
tometer.

The amount of sulfate before and after calcination was
determined by ion chromatography (IEC) after dissolution
of the materials [15].

Thermal analysis was performed on the non-calcined
samples in order to obtain information on the loss of sul-
fur, water, and carbonaceous residues and phase transitions
involved in the calcination step. DTA/TG analyses were con-
ducted on a Netsch instrument.

XPS spectra were obtained using an M-probe appara-
tus (Surface Science Instruments). The source was mono-

chromatic Al Kα radiation (1486.6 eV). A spot size of
200×750µm and a pass energy of 25 eV were used. The en-
ergy scale was calibrated with reference to the 4f7/2 level of
a freshly evaporated gold sample, at 84.00±0.1 eV, and with
reference to 2p3/2 and 3s levels of copper at 932.47± 0.1
and 122.39± 0.15 eV, respectively; 1s level hydrocarbon–
contaminant carbon was taken as the internal reference at
284.6 eV. The position and FWHM of the C 1s line were
checked carefully for every independent determination. The
accuracy of the reported binding energies (BE) can be esti-
mated to be±0.2 eV.

Then-butane isomerisation reaction was carried out at at-
mospheric pressure at 150 and 250◦C. The feed was depen-
dent on the reaction temperature and the type of catalyst. At
150◦C the feed was composed by a mixture ofn-butane and
helium (C4H10/He = 1/4) and at 250◦C by n-butane and
hydrogen (C4H10/H2 = 1/4). Prior to the reaction, all cata-
lysts (0.5 g) were activated in dry air (50 ml/min) at 450◦C
for 90 min. Isobutane was analyzed on line by gas chroma-
tography.

Reaction rates were defined as mole ofn-butane con-
verted per m2 of catalyst per unit of time.

3. Results and discussion

Table 1 reports the surface areas and the pore volumes
of the two series of samples as a function of the calcination
temperature. The first striking difference appears from the
comparison between the areas of the two uncalcined precur-
sors. The area pertaining to the xerogel is about three times
larger than the one of the aerogel. Further, also the trend with
the temperature of the two series is different. The xerogels
show a sharp and continuous decrease in surface area with
the temperature, the more so in the lower temperature re-
gion. The aerogels, instead, exhibit an almost invariant pat-
tern and only the highest calcination temperature provokes a
slight decrease in area. In the case of the aerogels, the super-
critical evaporation conditions adopted presently are rather
severe. In fact the removal ofi-PrOH as the supercritical
fluid requires to reach relatively high temperature and pres-
sure (i.e., 250◦C and 60 atm). The adoption of combined
high pressure and temperature imposes almost totally the

Table 1
Surface and bulk structure characterization of the samples. A= amorphous,
T = tetragonal, and M= monoclinic. Symbols in parentheses indicate an

amount<10%.

Sample Surface area Pore volume Crystal phase
(m2/g) (ml/g)

SZX 437 0.7537 A
SZX470 242 0.5261 A
SZX550 179 0.4575 T (A)
SZX630 136 0.3637 T (M)
SZA 151 0.1442 T+M
SZA470 148 0.1672 T+M
SZA550 144 0.1694 T+M
SZA630 110 0.1795 T+M
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Figure 1. Pore size distribution curves for the aerogel (◦) and the xerogel
(�) samples calcined at 630◦C.

features of the samples during the solvent elimination mak-
ing the effects of the mere calcination temperature almost
un-appreciable. Strukulet al. [11] have reported similar ef-
fects for sol–gel SZ samples dried in supercritical conditions
and have invoked the occurrence of a sort of “homogeniz-
ing effect” during the solvent supercritical elimination. The
present larger values of the xerogels surface areas are, in-
stead at variance with the results by Strukulet al., who report
for calcined xerogels surface areas which are lower than the
ones of the relative aerogels. The present larger areas of the
xerogels are to be related, in the first instance, to the highest
porosity of the powders with pores prevailingly in the meso-
pore region (figure 1).

Vicarini et al. [16] have reported a similar comport-
ment for sol–gel samples dried at room temperature (xero-
gel) or in supercritical conditions (aerogel) when the H2O/
Zr(OPr)4 ratio is > 4 and the solvent is benzene. They
found that, in the case of the aerogel samples, an increased
H2O/Zr(OPr)4 ratio, in the reacting mixture, enhances not
only Ostwald ripening and coalescence-coarsening, result-
ing in narrower and almost symmetric pore size distribution,
but also segregation–crystallization.

A higher crystallinity of the aerogels, with respect to the
xerogels, can be observed also in the present case. The xe-
rogels (figure 2) appear to be amorphous for temperatures
up to around 500◦C and then, for higher temperatures, they
crystallize to the tetragonal form, showing a minor mono-
clinic component only at 630◦C. The variations of the struc-
tural features of the xerogels with the temperature of cal-
cination are in agreement with the major part of literature
results. In fact the “doping” of zirconia with sulfates is gen-
erally reported to reduce the crystallite sizes and to stabilize
the tetragonal polymorph. The aerogels appear to be crys-
talline even at the lowest temperature and the crystal phase
composition is unaffected by the calcination treatment (fig-
ure 3), the only effect being a slight increase in the crystallite
size. The most striking difference between the highest tem-
perature aerogels and xerogels is the major presence of the
monoclinic component in the aerogels. This occurrence is

Figure 2. XRD spectra of calcined xerogels.

Figure 3. XRD spectra of calcined aerogels.

definitely unusual for SZ even in the case of aerogels. The
formation of the monoclinic form seems to be in the present
case promoted by the high ratio H2O/Zr(OPr)4 and by the
high pressure adopted in the supercritical evaporation proce-
dure.
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Figure 4. (a) DTA curves for SZX (1) and SZA (2). (b) TGA curves for
SZX (1) and SZA (2).

The effect of the “homogenizing effect” in the aerogel
synthesis can be observed also by thermal analysis (figure 4).
The DTA and TG curves for the aerogel precursor are very
smooth and only two weight loss peaks can be observed in
the DTG curve. The first centered at 100◦C (11%) is en-
dothermic and can be attributed to water loss, the second,
broader, is the sulfur loss centered at 650◦C (7%). One can
observe also a little but continuous loss of weight from 200
to 650◦C (5%) associated to an exothermic effect. This is
probably due to the loss of carbonaceous species and weakly
bound sulfur at the oxide surface.

By contrast, the thermal curves for the xerogel are more
complicated, but this is an obvious consequence of the more
crowded surface of this sample. Here we note a double con-
secutive loss of weight at low temperature: DTG peaks cen-
tered at 180◦C (12%) and 240◦C (4%), the first with a weak
heat absorption and the second showing a strongly exother-
mic peak (loss of carbon). Then from 250 to 650◦C – where
there is the sulfate loss peak (7%) – three, partially overlaid,
exothermic peaks can be observed. The first and the second
(respectively centered at 290 and 450◦C) can be attributed to
the loss of the more tightly bound organic species and sulfur,
in fact they are associated with a weak weight loss. The third
peak, centered at 570◦C and associated with no weight loss,
could be the transition from amorphous to tetragonal poly-
morph. This interpretation can explain the different behavior
for the two series of calcined samples. The xerogel weight

Table 2
Sulfate contents on the surface and in the bulk using different methods.

Sample %SO4 before activity test %SO4 after activity test

SO4 (wt%) SO4 (wt%) SO4/nm2 SO4 (wt%) SO4/nm2

by XPS by IEC by IEC by IEC by IECa

SZX – 10.44 1.50 – –
SZX470 18.7 7.63 1.98 7.45 1.93
SZX550 14.8 7.55 2.65 7.37 2.58
SZX630 10.1 5.28 2.44 3.90 1.80
SZA – 9.67 4.02 – –
SZA470 17.2 7.82 3.31 6.91 2.93
SZA550 15.6 7.10 3.09 5.32 2.32
SZA630 10.1 3.58 2.04 3.43 1.96

aSurface areas used in calculation are that of samples before the activity
test, because we did not measure areas on exhausted samples.

loss (30%) is bigger than that of aerogel (23%) because of
the former more encumbered surface; this is a consequence
of the solvent evaporation conditions.

In table 2, a summary of some analytical and morpholog-
ical properties of the samples is shown. A strong decrease
in the actual amount of sulfate retained by the samples, after
evaporation of solvent, with respect to the nominal sulfate
content (16.4 wt% with respect to ZrO2) can be appreciated.

The sulfur content, as a percent weight, shows, for both
series of samples, a continuous decrease with the temper-
ature of calcination as could have been expected on the
grounds of the progressive elimination of sulfur observed
for SZ samples by TGA [17], as previously mentioned and
also reported by numerous literature results [7]. The aero-
gel precursor contains a lower amount of sulfur, as a percent
weight, with respect to the xerogel and the effects of the cal-
cination at increasing temperature are less appreciable than
for the xerogels. These effects can be attributed, as already
seen, by analogy with the trends of the surface areas, to the
severe “uniforming” conditions adopted during the solvent
elimination. Due to the larger values of the xerogels surface
areas the surface density of sulfates are lower for the xero-
gels than for the aerogels; in the case of these latter samples
the surface density is of about 3 SO4 groups/nm2, which is
rather close to 4, the value estimated for the monolayer cov-
erage of the surface by sulfates.

Survey XPS spectra were recorded for all samples. No
significant presence of impurities was observed, except for
the contaminant carbon. The regions of Zr 3d, O 1s, S 2p
and C 1s were specifically investigated. The spectrum of
S 2p was, in the case of all samples, regular and showed
no peculiarities. The peak was fitted by a single component
yielding a BE (169.0 eV) in agreement with the one relative
to sulfur in sulfates [18] and with previous results relative to
sulfated zirconia samples [5,17,19]. For all samples the zir-
conium peak showed the regular 3d doublet, with BE (182.2
and 184.6 eV) in agreement with literature data for Zr(IV) in
the oxide [18]. The regularity of the Zr 3d doublet in the case
of sulfated zirconia samples is not a general feature. In the
case of samples sulfated by impregnation with either sulfu-
ric acid or ammonium sulfate even important distortions of
the doublet were observed, especially in the case of sam-
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Table 3
XPS atomic ratios for calcined samples.

Sample S/Zr C/Zr

SZX470 0.24 1.10
SZX550 0.19 0.95
SZX630 0.13 0.50
SZA470 0.22 0.78
SZA550 0.20 0.57
SZA630 0.13 0.43

ples calcined at temperatures lower than 500◦C [17,19,20].
Considering the comparison between the atomic ratios be-
tween sulfur and zirconium it can be observed (table 3) that
the ratios decrease with the temperature as expected and as
already commented, in this paper, concerning the bulk sul-
fur content (table 2). The values relative to the two series
of samples (xerogels and aerogels) do not show appreciable
differences.

The oxygen 1s peak showed, as expected [17], the pres-
ence of more than one component, the main at lower BE
(530.0 eV) due to oxygen in the oxide lattice and two fur-
ther components respectively due to surface OH groups
and to oxygen in sulfates. In the case of the C 1s peak
only the component at 284.6 eV is present (–CH– species).
On this basis, the occurrence of oxygen-containing carbon
species and oxygen-containing organic contaminants (BE
above 284.6 eV) can be excluded. This observation in the
case of sol–gel samples prepared from an aqueous organic
mixture is very relevant; in fact it allows one to exclude
an appreciable organic contamination of the surface arising
from the oxide preparation route, often suggested in the lit-
erature in the case of these preparations [21]. In the present
case presumably the lack of appreciable organic contami-
nation of the surface can be traced back to the high wa-
ter/zirconium ratio adopted in the precipitation. The atomic
ratios C/Zr, reported in table 3, decrease with the temper-
ature of calcinations for both series due to the progressive
combustion of organic species and are larger in the case of
xerogels.

The reactivity of SZ samples (aerogel and xerogel) in the
isomerization ofn-butane was initially checked at 150◦C
in the absence of hydrogen. The results obtained for the
catalysts are summarized in figure 5 where the activity (ex-
pressedµmol isobutane formed/hm2) vs. time is reported.
The type of profile shows fast decay of activity during the
reaction, probably due to a partial deactivation process. The
reaction appeared to be sensible to temperature variations.

When the reaction is carried out at 250◦C in H2 (fig-
ure 6), after an initial decay of activity, the catalysts re-
main stable for long time on stream. An important reason
for deactivation of SZ catalysts is generally considered to
be the formation of oligomeric species on the active sites.
When hydrogen is present, catalytic reduction of carbona-
ceous residue occurs.

It can be noted that only the samples calcined at the high-
est temperature are active, whereas the samples calcined at
low temperature exhibit only an initial activity. This is in

Figure 5. Catalytic activity forn-butane isomerization tests at 150◦C
in helium flow. Empty signs stand for xerogels and full signs for aero-
gels ((�,�) sample calcined at 630, (◦, •) at 550 and (�,�) at 470◦C).

Figure 6. Catalytic activity forn-butane isomerization tests at 250◦C in
hydrogen flow. Empty signs stand for xerogels and full signs for aerogels

((�,�) sample calcined at 630; (◦, •) at 550 and (�,�) at 470◦C).

agreement with a previous finding by Morterraet al. [22] in
the case of a SZ catalyst, prepared by sulfating a crystalline
tetragonal zirconia sample. Catalytic activity is induced by
the calcination step; in fact, during the heating, the selective
elimination of sulfates from some specific (defective) ter-
minations of the zirconia crystallites occurs, these positions
belonging to the high-symmetry crystal planes.

Between the two samples calcined at 630◦C, the xerogel
exhibits the best catalytic activity. A possible explanation
for the different activity shown by xerogel and aerogel sam-
ples calcined at the highest temperature can be found in the
different crystalline zirconia polymorph present in the sam-
ples. In fact it has been reported that a stable tetragonal or
cubic zirconia phase [23] seems to be a necessary structural
condition to obtain SZ systems catalytically active in the iso-
merization reaction of lightn-alkanes. Only in a few cases it
was claimed that SZ systems, where the zirconia is present in
monoclinic phase, may lead to catalytic performances com-
parable to those of tetragonal SZ catalysts [24,25].
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4. Conclusion

This work shows that catalytically active SZ systems can
be obtained by a sol–gel method. The catalytic activity of the
xerogel samples turns out to be far the highest with respect
to the aerogel samples. A possible explanation for the differ-
ent activity can be found in the different crystalline zirconia
polymorph present in the samples, in particular the major
presence of the monoclinic component in the aerogel sam-
ples. The formation of the monoclinic forms seems to be in
the present case promoted by the high ratio H2O/ Zr(OPr)4
and by the high pressure adopted in the supercritical evapo-
ration procedure.

We find also that only the samples calcined at the highest
temperature are active whereas the samples calcined at low
temperature exhibit only an initial activity.
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