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Abstract This work presents some applications of ZrO2

supported over SBA-15 silica as promoter of sulfated zirco-
nia and as support from CuO/CeO2 catalytic system for pref-
erential oxidation of CO to CO2 in hydrogen rich streams,
used as feed for proton exchange membrane fuel cells
(PEMFC). Different amounts of ZrO2, from 10 to 30 wt.%
were incorporated. These prepared materials were charac-
terized by powder XRD, adsorption-desorption of N2 at
77 K, transmission and scanning electron microscopy (TEM
and SEM) and X-rays photoelectron spectroscopy (XPS).
The acidity was studied by thermo-programmed desorption
of ammonia (NH3-TPD). These materials were tested, af-
ter treatment with H2SO4, by 2-propanol dehydration and
1-butene isomerization catalytic tests. The samples were
found quite good catalyst with strong acid sites, the sample
with 20 wt.% of ZrO2 being the better performing sample.
Finally this material was successfully used as support for a
CuO/CeO2 system, with 6 wt.% of Cu and 20 wt.% of Ce.
The resulting catalyst was tested in the preferential oxida-
tion of CO (CO-PROX) attaining conversions close to 100%
and high selectivity to CO2.
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1 Introduction

Mesoporous materials have been widely studied since the
publication of the work of Beck group (Beck et al. 1992),
reporting the first description of ordered mesoporous MCM-
41 type silicas. Some years after this work, scientists at
Santa Barbara University reported the preparation of the
SBA-15 type materials, which showed better hydrothermal
properties and wide pore diameters than MCM-41 (Zhao
et al. 1998). Since these two works, a lot of papers were
published on materials with these morphologies (Berggen
et al. 2005). One of the main applications of this type of
porous materials is their use as precursors or supports of ac-
tive phase catalysts.

On the other hand, it is well known that sulfated zirconia
is be well suited to catalyze various reactions of industrial
importance, which involve acid active sites, like the isomer-
ization, dehydration or alkylation of hydrocarbons and alco-
hols (Yadav and Nair 1999).

Sulfated zirconia was found to better perform when sup-
ported on well known oxides like γ -Al2O3 (Sohn and Seo
2003) and more recently, over synthesized mesoporous ma-
terials (Akkari et al. 2007; Fuxiang et al. 2007).

The preferential oxidation of CO (CO-PROX) is a cat-
alytic process with high impact in fuel cell technology.
The most efficient fuel cell system for mobile systems is
the polymer electrolyte membrane fuel cell (PEMFC). This
fuel cell requires a hydrogen stream feed virtually without
CO, because less than 100 ppm can poison the platinum
electrode. To avoid this phenomena, several processes were
studied (Park et al. 2009), finding CO-PROX as the most
promising for a further implementation in mobile systems.

Several catalytic systems were studied; supported plat-
inum family metals, gold supported on ceria or iron oxide
and supported metal oxides, like CuO over ceria. This last
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fact was carefully studied (Liu et al. 1995; Martínez-Arias
et al. 2000) and is considered one of the best options as cat-
alytic system for PROX reaction at the PEM fuel cells oper-
ative conditions.

The CuO/CeO2 system has shown a performance im-
provement in presence of elements able to create acid cen-
ters, like Al (Moretti et al. 2007, 2008) or Zr (Ratnasamy et
al. 2004; Moretti et al. 2009). Some authors (Liu et al. 2004;
Ratnasamy et al. 2004; Manzoli et al. 2005) have studied the
influence of Zr on the catalytic performance of CuO/CeO2

system for the CO-PROX, finding an increase of the con-
version of CO and of the selectivity to CO2. We tested
the system supported over SBA-15 with Zr incorporated
in the inner structure and as catalyst for CO-PROX reac-
tion with conversions close to 100%. Following our studies
on CuO/CeO2 supported on SBA-15 type oxides (Reyes-
Carmona et al. 2010) as catalyst for the CO-PROX, in this
work, we describe the preparation of supported zirconia over
a low-cost SBA-15 and its treatment with H2SO4 to obtain
sulfated zirconia and zirconium sulfate. These materials, af-
ter characterization, were tested with the 2-propanol conver-
sion and 1-butene isomerization tests and as support for the
CuO/CeO2 system in the catalytic PROX of CO in a rich
hydrogen stream.

2 Experimental

2.1 Material synthesis

2.1.1 Mesoporous silica SBA-15

SBA-15 mesoporous silica was synthesized using a low-
cost method as described elsewhere (Gómez-Cazalilla et al.
2007) and the preparation is summarized as follows: 5 g
of Pluronic (EO20PO70EO20 from Aldrich) were added to
200 mL of 0.4M H2SO4 solution. After stirring for a few
hours, a clear solution was obtained. Then, 0.2 g of NaOH
and 13.3 mL of sodium silicate solution (Na2Si3O7 with
27% SiO2 and 14% NaOH from Aldrich) were added at
room temperature with stirring. The resulting gel mixture
was stirred for 5 days at room temperature. The solid prod-
uct was recovered by filtration, washed several times with
water and dried overnight at 333 K. Finally, the material was
calcined in static atmosphere at 823 K for 6 h using a heating
rate of 10 K min−1.

2.1.2 Supported sulfated zirconia materials

Zirconium oxide was supported over the SBA-15 silica by
the incipient wetness impregnation method, adding a solu-
tion of zirconium(IV) acetate (Aldrich), in order to obtain
materials with 10, 20 and 30 wt.% of ZrO2. All the materials

were dried overnight at 333 K and calcined using a tubular
quartz oven with a synthetic air flow of 100 mL min−1 to
653 K for 4 h with a heating ramp of 1 K min−1. These ma-
terials were labeled as SZX, where X is the wt.% of ZrO2

supported.
These materials were treated with 4M H2SO4 solution

via incipient wetness impregnation method (3 ml g−1) and
were dried overnight at 333 K and calcined to 823 K for
3 h with a heating ramp of 1 K min−1. These materials were
labeled as SZXS, where X is the wt.% of ZrO2 supported.

2.1.3 CO-PROX catalyst

The active phase was incorporated over SZ20 sample by
incipient wetness using an aqueous solution of copper(II)
and cerium(III) acetates (both from Aldrich). The loading of
copper was 6 wt.% and cerium was 20 wt.%. These amounts
were found as optimal in previous works (Moretti et al.
2009; Reyes-Carmona et al. 2010). Due to the limited solu-
bility of the salts, the impregnation was carried out in several
steps until the total incorporation of the salts. The mater-
ial was dried overnight at 333 K and calcined at 823 K for
4 h in static atmosphere with a heating ramp of 1 K min−1.
For comparison, a material with the same amount of Cu and
Ce was synthesized, using pristine SBA-15 as support. Sam-
ples were labeled SZ20Ce20Cu6 and SBACe20Cu6, respec-
tively.

2.2 Characterization methods

2.2.1 XRD

X-ray diffraction (XRD) patterns were obtained with a
Philips X’pert PRO apparatus using Cu Kα1 radiation (λ =
0.1540 nm) with a Ge (111) monochromator working at
45 kV and 35 mA. All the measurements were made with
a step size of 0.0167◦ in 30 minutes.

2.2.2 Adsorption-desorption of nitrogen

N2 adsorption-desorption measurements were performed at
liquid nitrogen temperature (77 K) with an ASAP 2020 appa-
ratus from Micromeritics. Before each measurement, sam-
ples were out gassed 12 h at 473 K and 1 × 10−2 Pa. The
specific surface (SBET) was calculated using the BET equa-
tion, and the specific pore volume (vp) was calculated at
P/P0 = 0.98. The pore size distribution was calculated fol-
lowing BJH method, taking the data of the desorption branch
and assuming a cylindrical pore model.

2.2.3 TEM

Transmission electron micrographs were obtained with a
Philips CM200 microscope working at 10 kV. The measure-
ments of X-ray dispersive energy were registered using an
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EDAX CM200ST probe based in a detector SiLi. The sam-
ples were dispersed in 2-propanol and dropped over a Cu
grid. Ni grids were used when copper was present in the
samples in order to avoid interferences using EDX probe.

2.2.4 SEM

Scanning electron micrographs were obtained by using a
JEOL SM 840 microscope. Samples were placed on an alu-
minum drum and metalized with a gold film using a JEOL
Ion Sputter JFC 1100.

2.2.5 Elemental analysis

The elemental analysis (C, N, H, S elements) was performed
on a LECO CHNS 932 analyzer.

2.2.6 NH3-TPD

NH3-TPD was used to determine the total acidity of the
samples. Around 80 mg of sample was placed in the bulb
of a quartz U tube. Before the adsorption of ammonia at
373 K, samples were heated to 823 K in a He flow. The
ammonia desorbed between 373 and 823 K (heating rate
of 10 K min−1) was detected using an on-line gas chro-
matograph (Shimadzu GC-14A) provided with a TC de-
tector. The response of the detector was calibrated using
[Ni(NH3)6]Cl2 as NH3 source.

2.2.7 XPS

X-ray Photoelectron Spectroscopy (XPS) studies were real-
ized by a Physical Electronic PHI 5700 spectrometer us-
ing non monochromatic Mg K radiation (300 W, 15 kV,
1253.6 eV) for the analysis of the core level signals of C 1s,
O 1s, Si 2p, S 2p, Cu 2p, Zr 3d and Ce 3d with a hemi-
spherical multichannel detector. The spectra of powdered
samples were registered with a constant pass energy values
at 29.35 eV, using a 720 µm diameter circular analysis area.
The X-ray photoelectron spectra obtained were analyzed
with PHI ACESS ESCA V6.0F software and processed us-
ing Multipak 8.2B package. The binding energy values were
referenced to C 1s signal (284.8 eV). Shirley type back-
ground and Gauss-Lorentz curves were used to determinate
the binding energy. Short acquisition times (<10 min) were
used in order to avoid photoreduction of copper and cerium
species (Poulston et al. 1996).

2.3 Catalytic tests

2.3.1 Isopropanol test

The catalytic decomposition of isopropanol was used as a
test reaction for the study of the effective acidity. A fixed

bed tubular glass reactor working at atmospheric pressure
was used for a solid charge of 25 mg without dilution (0.2–
0.3 mm particle size). Samples were pretreated at 473 K in
helium flow for 1 h (60 mL min−1). Isopropanol was fed
into the reactor by flowing through a saturator condenser at
303 K, which gave a constant isopropanol flow of 7.5 vol%,
using a contact time W/F = 0.41 gcat min mmol−1, where
F is the molar flow and W the weight of catalyst bed used.
Tests were performed between 423 and 473 K. The reaction
products were analyzed by an on-line gas chromatograph
(Shimadzu GC-14A) provided with an FID and a fused sil-
ica capillary column SPB1. Propylene and diisopropylether
(DIPE) were analyzed as unique products in our tests.

2.3.2 1-butene isomerization test

The catalytic isomerization of 1-butene was performed in
a tubular glass flow microreactor. Samples (133 mg) were
pretreated for 2 h in a He flow at 673 K (30 mL min−1),
and the experiments were carried out at this temperature.
Experiments were performed at W/F = 0.60 gcat h mol−1

and the time on stream was 120 min. The reactant 1-butene
and the reaction products were analyzed on-line in a gas
chromatograph (Shimadzu GC-14B) equipped with a wide-
bore KCl/AlCl3 column. For this reaction, the distribution
of butenes was close to the equilibrium point.

2.3.3 CO-PROX reaction test

Preferential oxidation of CO catalytic test was carried out
in a tubular fixed bed reactor operating at atmospheric pres-
sure. The catalysts were loaded in order to obtain a contact
time W/F = 0.18 gcat s cm−3 or equivalently, gas hourly
space velocity (GHSV) = 22000 h−1. Previously, catalysts
were activated at 673 K in air flow for 1 hour. The feed was
a mixture of 1.25% CO, 1.25% O2 and 50% H2 balanced
with He (% vol.). The piping was heated at 393 K in order to
avoid water condensation after the reactor outlet. A HP6890
gas chromatograph equipped with a CP Carboplot P7 packed
column and a TC detector was used to analyze the composi-
tion of the reactor outlet.

The temperature was varied in the 313–463 K range, and
measurements were carried out after steady state reaching.
Methanation and reverse water gas shift reaction were found
to be unattainable in the experimental conditions. The activ-
ity of catalysts was measured by the CO conversion (Eq. 1):

xCO = nin
CO − nout

CO

nin
CO

× 100 (1)

The selectivity towards CO2 was estimated from the oxygen
mass balance as follow (Eq. 2):

SelCO2 = nin
CO − nout

CO

2(nin
O2

− nout
O2

)
× 100 (2)



530 Adsorption (2011) 17: 527–538

The excess oxygen factor (λ) is defined as (Eq. 3):

λ = 2 × nin
O2

nin
CO

(3)

3 Results and discussion

3.1 Characterization

3.1.1 X-ray diffraction

The SZX materials were analyzed after calcination at 653 K
and the corresponding diffractograms are shown in Fig. 1.
The most intense reflection line at 1.05◦ is assigned to the
(100) diffraction plane of SBA-15, evidencing the hexago-
nal pore structure of these materials. The main reflections of
tetragonal zirconium oxide (ICSD#01-079-1769) at 30.22,
50.22 and 60.20◦ are also observed, with the peaks intensity
increasing with the increasing of the amount of supported
zirconia. The average crystallite sizes were calculated by the
Scherrer equation taking the values of the most intense (111)
peak at 30.22◦, obtaining sizes between 25–35 nm.

After impregnation with H2SO4 and calcination at 823 K,
most of the zirconia was transformed into zirconium sulfate
(ICSD#01-072-0608), as shown in Fig. 2. The main diffrac-
tion peaks in the samples with high load of ZrO2. However,
a small amount of zirconia was still detected, meaning not
only that the reaction with sulfuric acid was not complete but
also that the calcinations treatment did not lead to the trans-
formation of tetragonal zirconia into the monoclinic phase

(ICSD#01-078-1807) (Y.-W. Suh et al. 2003), that is known
to occur at 773 K.

In Fig. 2 the diffraction patterns of CuO/CeO2 supported
materials before and after CO-PROX are also shown. Ceri-
anite (ICSD#01-081-0792), assigned to CeO2, and tenorite
(ICSD#01-089-2529), assigned to CuO, phases were de-
tected in the fresh materials. After reaction, a peak at 2θ =
43.5◦, assigned to metallic Cu, appears in both samples.
It is probably caused by the reduction of the CuO bulk
particles. Diffraction peaks of tetragonal ZrO2 (ICSD#01-
079-1769) are still present in the XRD profile of sample
SZ20Ce20Cu6. We discard the formation of solid solu-
tions between ZrO2 and CeO2 phases (Reyes-Carmona et al.
2010).

3.1.2 Adsorption-desorption of N2 at 77 K

The nitrogen adsorption-desorption isotherms of SZXS ma-
terials are shown in Fig. 3. The overall shapes of the
isotherms and pore size distributions are similar; with a
decrease in the adsorbed volume with an increase of the
ZrO2 load. These isotherms are of type IV according to
the IUPAC classification and with H1 type hysteresis be-
havior, characteristic of mesoporous materials with well-
defined cylindrical pores. The textural data obtained after
application of BET and BJH methods are summarized in
Table 1. All the materials show high specific surface ar-
eas, from 488 m2g−1 for pristine SBA-15 to 339 m2g−1

for SZ30S material and narrow pore size distributions with
values around 3.1–3.8 nm. Data of CO-PROX catalytic ma-
terials are also shown in Fig. 4 and summarized in Table 1.

Fig. 1 X-ray diffraction
patterns of SZX materials after
calcination at 653 K. Peaks
marked with x are assigned to
tetragonal ZrO2
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Fig. 2 a X-ray diffraction patterns of SZX materials after calcination at 823 K. b X-ray diffraction patters of PROX test catalysts fresh and used

Fig. 3 Adsorption-desorption
isotherms of N2 at 77 K and
pore distribution profile from
SZXS samples

The incorporation of Ce and Cu oxides changes the shape of
the isotherms to a H2 type, typical of partially blocked pore
materials, more pronounced in the case of SBACe20Cu6
sample.

3.1.3 Microscopy and EDX data

In Fig. 5 a TEM micrography of SZ20S is shown. It is
possible to observe the regular nanometric hexagonal pore

structure of the SBA-15 support and the dark areas are as-
signed to a high concentration of Zr. Isolated particles of
sulfated zirconia were not detected. X-ray dispersive ener-
gies spectra were recorded and one of them is shown in the
inset of Fig. 5. Peaks associated to all the present elements
were detected, Cu and Fe signals appearing to be due to the
grid and chamber. Similar EDX spectra were found for all
samples. In Fig. 6 the micrograph of the material labeled
SZ20Ce20Cu6 is shown. Dark particles associated to CuO
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Fig. 4 Adsorption-desorption
isotherms of N2 at 77 K and
pore distribution profile from
PROX catalysts SZ20Ce20Cu6
and SBACe20Cu6

Table 1 Textural parameters of SZX materials

Sample % ZrO2 SBET VP dp BJH

(wt%) (m2/g) (cm3/g) (nm)

SBA-15 0 488 0.48 3.0

SZ10S 10 453 0.45 3.1

SZ20S 20 383 0.40 3.2

SZ30S 30 339 0.35 3.1

SZ20 20 330 0.36 3.8

SZ20Ce20Cu6 20 215 0.27 3.6

SBACe20Cu6 0 139 0.35 3.8

clusters, in the nanometric range, can be shown while the
mesoporous hexagonal habit of the support is maintained.

The microscale morphology of the materials is shown in
the SEM micrograph presented in Fig. 7, where it shows the
typical rod-shape of SBA-15 materials.

3.1.4 Elemental analysis

The content of S, as evidence of the sulfatation grade of
SZXS materials, can be obtained by elemental analysis. Ta-
ble 2 shows weight percentages of elements in the samples.
Not a high amount of C was detected; this is an evidence of
the total decomposition of the zirconium(IV) acetate used
as precursor and of the surfactant used. An increase in the S
amount was observed with the increasing amount the incor-
porated ZrO2, reaching S percentages up to 6%.

3.1.5 Temperature-programmed desorption of NH3

The amount and the strength of acid sites of supported sul-
fated zirconia materials, labeled as SZXS was studied by
NH3-TPD. Ammonia is an adequate probe molecule due
to its small size and basicity, which allows the interaction
which the majority of the acid sites. Thus, the amount of
ammonia desorbed at some characteristic temperatures is
taken as a measurement of the number of acid centers, while
the temperature range in which the ammonia is desorbed is
an indicator of the strength of the acid sites. Integration of
these curves provides the histograms shown in Fig. 8. An
increase of the total acidity with the added amount of ZrO2

was observed, reaching values between 600 and 1345 µmol
NH3 g−1. In these materials, most of ammonia is desorbed
in the 473–573 K intervals, assigned to medium-strength
Brönsted acid sites (Corma et al. 1994).

3.1.6 X-ray photoelectronic spectroscopy

Valuable information about chemical state and surface com-
position of the samples can be obtained by XPS. The materi-
als were studied before and after treatment with sulfuric acid
in order to get an insight in the modification of the chemi-
cal state of O and Zr, studying the O 1s and Zr 3d regions
(Gracia et al. 2009). Binding energies of SZX materials are
shown in Table 3. The Si 2p core level signal shows an in-
tense peak centered at 103.7 eV, assigned to SBA-15 silica in
tetrahedral sites. In all cases, the Zr 3d regions show a dou-
blet, assigned to Zr(IV) with the contribution Zr 3d5/2 cen-
tered at 182.7 eV. However, the O 1s core level spectra show
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Fig. 5 Transmission electron
micrograph and EDX spectrum
of SZ20S sample

Table 2 Elemental analysis of SZXS materials

Sample % C % H % N % S

SBA-15 0.004 0.723 – –

SZ10S 0.155 2.824 0.064 3.742

SZ20S 0.205 2.522 0.096 4.996

SZ30S 0.219 2.606 0.075 6.184

a marked asymmetry, which was decomposed in two contri-
butions, one at 533.0 eV associated with silica oxygen and
another one at 530.6 eV, typical of metallic oxides, in our
case, ZrO2. This evidence is supported with an increase of
this last contribution with the increase of the amount of ZrO2

added, as showed in Table 3. The observed Si/Zr atomic ra-
tios are clearly indicating that ZrO2 is incorporated to the
porous structure.

After H2SO4 treatment, the samples were analyzed and
the results are summarized in Table 4. In all cases, the Si
2p photoemission remains unaltered at 103.4 eV after treat-
ment. A typical doublet is seen now in the S 2p region, as-
signed to S(VI) atoms from sulfate species, with a value of
S 2p3/2 = 168.8 eV. The Zr 3d5/2 peak is shifted to an aver-
age value of 183.3 eV due to the sulfatation. Finally, a shift
in the O 1s signal to a lower binding energy (532.0 eV) was
observed, probably due to the presence of sulfate species
over the surface of the materials.

Fig. 6 Transmission electron micrograph of the fresh SZ20Ce20Cu6
material

Some interesting information can be obtained from the
study of Cu 2p and Ce 3d regions, using the methodology
of our recent works (Moretti et al. 2009; Reyes-Carmona
et al. 2010). Data of binding energies and redox properties
are collected in Table 4. Ce3+ percentage was calculated us-
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Fig. 7 Scanning electron
micrograph of SZ20S sample

Fig. 8 Acidity distribution
histograms of SZXS samples
determined by NH3-TPD

Table 3 XPS data from SZX
materials Sample Si 2p O 1s Zr 3d5/2 Si/Zr atomic ratio Si/Zr atomic ratio

(theorical) (superficial)

SBA-15 103.8 533.1 – – –

SZ10 103.7 530.5 (25%) 182.6 18.5 3.4

532.9 (75%)

SZ20 103.7 530.7 (26%) 182.8 8.2 3.5

533.0 (74%)

SZ30 103.7 530.7 (32%) 182.8 4.8 2.3

533.0 (68%)

ing the ratio between the areas of Ce 3d core level peaks.
O 1s region can be composed by two contributions, one at
529.8 eV, assigned to CeO2 and another one at 532.2 eV

from the remaining superficial oxides (CuO and ZrO2, if
present). It showed a reduction of Cu and Ce species in
the catalyst after the reaction, being lower for the catalyst
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Table 4 XPS data from SZXS
and PROX materials Sample Si 2p O 1s S 2p3/2 Zr 3d5/2 Cu 2p3/2 Isat/Ipp % Ce3+

SZ10S 103.0 532.0 (56%) 168.6 183.3 – – –

532.9 (44%)

SZ20S 103.4 532.0 (34%) 168.8 183.3 – – –

533.1 (66%)

SZ30S 103.3 532.0 (55%) 168.7 183.2 – – –

533.0 (45%)

SZ20Ce20Cu6 102.9 530.2 (44%) – 182.3 934.2 0.48 14.0

532.5 (56%)

SZ20Ce20Cu6U 102.6 529.9 (39%) – 182.0 932.8 (30%) 0.29 17.0

934.8 (70%)

SBACe20Cu6 102.7 529.9 (12%) – – 933.1 (29%) 0.45 17.5

532.6 (88%) 935.4 (74%)

SBACe20Cu6U 102.9 529.8 (12%) – – 932.5 (70%) 0.27 25.8

532.4 (48%) 934.6 (30%)

with SZ20 as support. It can be denoted with the change of
Cu contributions and a decrease of the Isat/Ipp ratio. It is
a defined indicator of the amount of Cu2+ present in the
surface of the sample, calculated by the ratio of satellite
area (Isat) and the principal peak (Ipp) of Cu 2p3/2 signal.
These satellites “shake up” appear only when Cu2+ species
are present. For bulk CuO the value of Isat/Ipp is 0.55. Cu
2p3/2 core level signal can be decomposed in two contri-
butions, according to previous works (Moretti et al. 2008;
Reyes-Carmona et al. 2010). First one, at lower binding en-
ergy, assigned to partially reduced Cu species interacting
strongly with ceria particles and another at high energy as-
signed to bulk CuO. Figure 9 presents a fully deconvoluted
spectrum of Ce 3d and Cu 2p regions of SZ20Ce20Cu6 ma-
terial.

3.2 Catalytic tests

Isopropanol conversion and 1-butene isomerization tests are
widely used to obtain information about the catalytic prop-
erties of acid centers. Depending on whether the center is
acidic or basic, the conversion of isopropanol will be carried
to propylene or acetone, respectively.

3.2.1 Isopropanol dehydration test

These tests were performed under the operating conditions
previously described. The same sample was used through
the entire test, rising the temperature from 423 to 473 K, in
steady state. Conversions obtained are presented in Fig. 10.
While SBA-15 is not active in isopropanol conversion, the
incorporation of ZrO2 in this material generates acid sites,
active in the dehydration of isopropanol to propylene. In the
sample SZ10, the conversion increases with temperature and

it is increased up to 43% at 473 K after sulfatation treatment.
In the case of SZ20, the conversion of isopropanol reaches
the 60% at 473 K. After impregnation with H2SO4, the con-
version at low temperatures increases from 4% to 18% in
SZ30S sample, but at higher temperatures, the conversion is
lower than that of untreated samples. This decrease in con-
version can be attributed to the substitution of Lewis acid
sites with Brönsted type sites after the treatment and the for-
mation of zirconium sulfate. The selectivity was technically
reached 100% for propylene in all materials, detecting traces
of di-isopropylether only at 473 K.

3.2.2 1-butene isomerization test

This test was also selected for evaluate the acidity of this
family of materials, based on early works (La Ginestra et al.
1987; P. Patrono et al. 1994). The reaction is catalyzed by
acid centers and occurs through a first step consisting of a
double bond shifting, giving 2-butene (cis and trans), eas-
ily reaching the thermodynamic equilibrium. The isomer-
ization to isobutenes in the second reaction step requires
stronger acid sites. Measuring the ratio between cis and trans
2-butenes, the global conversion and the isobutene yield, we
obtain an approximate distribution of acid sites of a catalyst.
In our case, cis/trans ratio must be lower than 1, typical of
acid catalysts (Suh et al. 2003).

In Fig. 11 the data obtained for the sulfated materials
(SZXS) at 673 K are presented. In agreement with NH3-
TPD and isopropanol test data, SBA-15 is not active, while
the incorporation of sulfated zirconia to the surface of SBA-
15 allows high conversions, close to 70% for SZ10S sample.
In all cases, cis/trans ratios are around 0.72, confirming the
acid nature of these materials. The distribution of isomer-
ization products is close in all cases due to the high space
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Fig. 9 Resolved X-ray photoelectronic spectra of Ce 3d and Cu 2p regions. Dash-dotted curves in Ce 3d spectra assigned to Ce3+

Fig. 10 Isopropanol conversion
to propylene catalytic test for
SZX and SZXS materials

velocity used to avoid the coke deposition over the sulfated
samples.

3.2.3 CO-PROX reaction performance

Taking into account previous results, we found as optimal
the SZ20 material, considering the active phase load, tex-
tural and acidic properties. The effect of the addition of Zr
is not very clear, but seems to improve the dispersion and
favor the reduction of copper oxide moieties on the material
surface (Ratnasamy et al. 2004; Manzoli et al. 2005).

The synergic effect of Zr in CuO/CeO2 catalyst was
tested using pristine SBA-15 and SZ20 as supports with
20 wt.% of Ce and 6 wt.% of Cu. These Ce and Cu
percentages were found optimal for CO-PROX reaction
with an excess oxygen factor λ = 2 (Moretti et al. 2008,
2009). Both test results are shown in Fig. 12. Comparing
both conversion-selectivity curves, a significant increment
of conversion at low temperatures, in the 360–390 K range
with a total selectivity to CO2, is visible. At higher tem-
peratures, 413–438 K, conversion reaches the 100% but a
noticeable decrease of selectivity is observed, from 86 to
54%.The decrease of selectivity is thermodynamically fa-
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Fig. 11 1-butene isomerization
test of SZXS materials at 673 K,
after 2 hours of reaction

Fig. 12 CO-PROX reaction test
using SZ20 and SBA-15 as
supports with 20% Ce and 6%
Cu (wt.). Operating conditions:
50% H2,1.25% CO, 1.25% O2,
He balanced, λ = 2,
GHSV = 22000 h−1

vored at higher temperatures by oxidation of hydrogen to
water, which is the competitive reaction on PROX reaction.

4 Conclusions

A family of materials, based on mesoporous silica with zir-
conia incorporated, has been prepared. These solids exhib-
ited high surface areas, with wide pores, good thermal resis-
tance and acidic properties. The presence of high dispersed
ZrO2 nanoparticles was demonstrated by XRD and elec-
tronic microscopy techniques. These materials showed good

acidic properties after treatment with sulfuric acid, which
converts the zirconia particles in zirconium sulfate. Using
several techniques, such as XRD, TPD-NH3 and XPS, the
presence of this sulfated zirconia was confirmed and then
the samples were studied as good acidic materials with mul-
tiple potential catalytic applications. Their performance was
tested in the isopropanol dehydration and 1-butene isomer-
ization reactions. Finally, SZ20 sample was used as support
of the redox couple system CuO/CeO2 in the preferential
oxidation of CO, showing a good catalytic performance in
mild conditions, obtaining conversions of CO and selectiv-
ity to CO2 close to 100%.
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