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A B S T R A C T

Two Pt/SO4
2�/ZrO2–Al2O3 (denoted as PSZA and I-PSZA) catalysts were prepared by using Zr(OH)4 as

precursor aged in different conditions, including conventional aging and isopropanol aging. The textural

properties, crystalline structure, surface acidity and reduction behaviours of the as PSZA and I-PSZA

catalysts were comparatively investigated by N2 adsorption isotherms, XRD, TG–DSC, pyridine-FTIR and

H2-TPR techniques. Catalytic tests showed that, using isopropanol aged Zr(OH)4 as ZrO2 precursor, in the

n-hexane isomerization reaction, the catalytic activity and stability of the catalyst could be greatly

increased and the selectivity of 2,2-DMB was enhanced by more than two times. It was found that

isopropanol aging of Zr(OH)4 modified the textural properties and inhibited zirconia phase

transformation and stabilized the tetragonal ZrO2 crystalline structure. On the I-PSZA catalyst, more

acid centers were formed in comparison with that presented on the PSZA catalyst. Our experimental

results show that the surface acidity, textural properties and phase composition of the Pt/SO4
2�/ZrO2–

Al2O3 catalysts play an important role in n-hexane hydroisomerization.

� 2009 Elsevier B.V. All rights reserved.
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1. Introduction

Hydroisomerization of n-pentane and n-hexane (n-C5/n-C6) is
one of the most economical and efficient processes to produce high
octane number gasoline composition. These reactions are limited
by thermodynamic equilibrium, favoring at low temperatures.
Platinum loaded mordenite and platinum loaded chlorinated
alumina are two kinds of catalysts widely used in the industrial
process. The latter catalyst can be operated at lower temperature
producing gasoline components with higher octane number, but it
needs frequently make-up organic chlorine components, resulting
in corrosion and pollution problems. In addition, this catalyst is
very sensitive to sulfur and water in the feedstock.

Sulfated zirconia (SZ) promoted with metals demonstrated high
catalytic activities in alkane hydroisomerization at low tempera-
tures without the problems and feed limitations mentioned above
[1–3]. The strong acidity of SZ has attracted much attention
because of its ability to catalyze many reactions, such as cracking,
alkylation, and isomerization. For this reason a large number of
research works were focused on this catalyst and many reviews are
available [4–7]. Nevertheless, SZ showed rapid deactivation during
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catalytic reactions. Therefore, in recent years, oxides or metals
promoted zirconia catalysts have gained much attention for
isomerization reactions due to their superacidity, non-toxicity and
a high activity at low temperatures [8–11]. A number of transition
metals promoters (e.g. Fe, Mn, and Ni) have been added to SZ,
resulting in catalysts with higher activity than unmodified SZ [12].
However, rapid deactivation was still observed [12,13] and the
marked promoting effect disappeared if the reaction was
performed at temperatures higher than 250 8C [14,15]. Recently,
it has been found that a main group element Al can also promote
the catalytic activity and stability of sulfated zirconia for n-butane
and n-hexane isomerization [15–17].

In the catalysis preparation procedure, aging is thought to be
related to a process of simultaneous dissolution and precipitation
which favors the growth of ‘‘neck structures’’ in the gel network.
During this process the support dissolves from regions of positive
curvature to redeposit at regions of negative curvature, reinforcing
the hydrogel network [18]. This lattice refining removes brittle
structures and a more homogeneous network is produced. SEM
images of materials aged in aqueous medium or in molten salt
baths reveal a ‘‘cheese’’ like structure [19].

In this paper, the effects of isopropanol aging of Zr(OH)4 on the
textural structures, ZrO2 crystallization process, surface acidity,
reduction of the sulfur species and catalytic performance of PSZA
catalysts were studied.

mailto:xiaolong@ecust.edu.cn
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Fig. 1. Effect of reaction temperature on n-C6 hydroisomerization over catalysts.

G.X. Yu et al. / Catalysis Today 148 (2009) 70–74 71
2. Experimental

2.1. Catalyst preparation

A solution with zirconium concentration of 0.4 mol l�1 was
prepared by dissolving ZrOCl2�8H2O in deionized water. A 26 wt.%
ammonia solution was dropwise added into that solution at a rate
of 0.5 ml/min up to pH of 10. The mixture was separated into two
portions. One portion was filtered after being aged for 24 h at 25 8C,
and the other was mixed with isopropanol of equal volume for
aging at 25 8C for 24 h, and then it was filtered. These two
precipitates were washed with distilled water until the disap-
pearance of chloride ions (AgNO3 test); and dried at 110 8C for 12 h.
The obtained Zr(OH)4 samples (the sample of isopropanol
treatment was designated as I-Zr(OH)4) was shaped with boehmite
(alumina content is 5.0 wt.% in the mixed oxides). The shaped solid
samples were dried at 110 8C and then pulverized to particles
smaller than 290 mm.

Sulfation procedure was carried out by impregnation method
with 0.5 mol l�1 of H2SO4 solution (15 ml g�1) under continuous
stirring at room temperature for 12 h. The sulfated boehmite–
Zr(OH)4 solids were filtered without washing then dried overnight
at 110 8C, and then the dry sulfated solid samples were calcined at
625 8C (designated as SZA and I-SZA). Subsequently, the above
products were impregnated with H2PtCl6 solution using the
incipient wetness technique, and the time remaining at ambient
temperature is 24 h. It was then dried overnight at 110 8C before
the final calcination at a fixed temperature of 525 8C for 2 h. The
platinum content was 0.5 wt.%. The obtained Pt-SO4

2�/ZrO2–Al2O3

catalysts were designated as PSZA and I-PSZA.

2.2. Catalyst characterization

The surface areas and pore diameters of the catalysts were
measured by N2 adsorption–desorption isotherms method at
�196 8C with a Micromeritics ASAP 2010 instrument. Prior to
analysis, each sample was degassed at 200 8C for 6 h under
10�3 Torr. Specific surface areas were calculated by BET method
and the pore size distribution patterns were obtained from the
analysis of the desorption portion of the isotherms using the BJH
method.

The powder X-ray diffraction (XRD) patterns were recorded on
a Rigaku D/Max 2550 X using Cu Ka(l = 0.154 nm) radiation in an
operating mode of 40 kV and 30 mA. Data were collected from 2-
theta = 5–758 in steps of 0.028/s.

Thermogravimetric (TG) and differential scanning calorimetric
(DSC) analyses were performed on a SDT-Q600 instrument (TA,
USA) in flowing air with temperature ramp set at 10 8C/min in the
range from 25 8C to 1000 8C temperature.

Fourier-transform infrared (FTIR) spectra of adsorbed pyridine
were recorded on a Bruker IES-88 spectrometer. The sample was
pressed to a 15 mm plate and put in a wafer. It was degassed in
vacuum of 10�4 Torr at 450 8C for 2 h and lowered the IR cell
temperature to 200 8C. Pyridine was adsorbed for 10 min and took
30 min for equilibrium. Then it was scanned after being vacuumed
for 40 min. Then raised the temperature to 300 8C and recorded
after 10 min for equilibrium. The same procedures were carried out
at 400 8C and 450 8C. The number of Brönsted and Lewis acid sites
was calculated according to the integral area of the bands at
1540 cm�1 and 1450 cm�1, respectively.

H2-temperature programmed reduction (TPR) experiments
were performed in Auto Chem II (Micromeritics, USA). The heating
rate was 10 8C/min from 50 8C to 900 8C using argon stream
containing 7 vol.% hydrogen. The hydrogen consumption was
measured by a Shimadzu GC-8A gas chromatograph, equipped
with a thermal conductivity detector (TCD).
2.3. Catalytic reaction

The n-hexane hydroisomerization reaction was carried out in a
flow-type fixed-bed reactor loaded with 1.0 g of catalyst. Prior to
the reaction, the catalyst sample was pretreated with flowing dry
air (40 ml/min) at 450 8C for 3 h to remove water adsorbed on the
surface. The system was cooled to 250 8C and the catalyst was
reduced in flowing hydrogen for 3 h at 250 8C. Hydrogen and n-
hexane mixture was then introduced into the reactor and
hydroisomerization evaluations were carried out under a total
pressure of 2.0 MPa at the desired temperature with n-hexane
weight hourly space velocity (WHSV) of 2.0 h�1 and a hydrogen/n-
hexane molar ratio of 3.0. Products were monitored and analyzed
using an on-line GC-920 gas chromatograph.

3. Results and discussion

3.1. Catalytic tests

The n-hexane hydroisomerization reactions were performed
over PSZA and I-PSZA catalysts at the temperature ranging from
190 8C to 260 8C. The conversion and iso-hexane yields were given
in Fig. 1. It is seen from Fig. 1(a) that the n-hexane conversion over
I-PSZA is higher than that over PSZA at the temperature ranging
from 190 8C to 260 8C. The iso-hexanes yield over I-PSZA reaches
the maximum at 220 8C, approximately 80%, as shown in Fig. 1(b).
It was shown that isopropanol aging of Zr(OH)4 increased both n-
hexane conversion and isomerization selectivity over PSZA
catalyst.



Fig. 2. n-C6 hydroisomerization over catalysts.

Table 1
Textural structures of samples.

Samples SBET (m2 g�1) Pore diameter (nm)

Zr(OH)4 280 3.03

I-Zr(OH)4 560 4.85

PSZA 105 4.42

I-PSZA 135 7.00

Fig. 3. XRD patterns of the catalysts.
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The catalytic stability of the catalysts was also evaluated at
220 8C for 72 h. The n-hexane conversion and 2,2-DMB selectivity
of the catalysts were shown in Fig. 2. It was seen that the n-hexane
conversion over I-PSZA slightly dropped during 72 h of time on
stream, however, after 55 h of reaction, the conversion over PSZA
obviously decreased, as shown in Fig. 2(a). In addition, over I-PSZA
catalyst, selectivity of 2,2-DMB, a high octane rating isomerization
product, increased to more than two times at the initial reaction
stage after isopropanol aging of Zr(OH)4, as shown in Fig. 2(b). 2,2-
DMB selectivity over two PSZA catalysts decreased as reaction time
increased, however, 2,2-DMB selectivity over I-PSZA was still
higher, and reached 8.93% after 72 h of time on stream, and the
corresponding selectivity over PSZA is 2.97%. According to our
experimental results in Fig. 2, after 55 h of time on stream, the
activity reduced much faster than 2,2-DMB selectivity did for PSZA
catalyst. It was because, for n-hexane isomerization, the factors
impacting catalytic activity are not all identical to those affecting
2,2-DMB selectivity. Therefore, it is concluded that isopropanol
aging of Zr(OH)4 has an important impact on the catalytic
performance of I-PSZA, enhancing the catalytic activity and
isomerization selectivity.

3.2. Textural property and crystalline structures and catalytic activity

Textural data of two Zr(OH)4 samples and two catalysts (PSZA
and I-PSZA) were listed in Table 1. It was seen that BET surface area
of isopropanol aged Zr(OH)4 was as double as that of the untreated
sample, and also isopropanol treatment led to an increase in the
pore diameter of Zr(OH)4. In addition, BET surface and pore
diameter of the I-PSZA catalyst are bigger than that of the PSZA.
These suggested that isopropanol aging obviously modified the
textural structures of the solid, probably because isopropanol
prevented agglomeration of colloidal Zr(OH)4 particles during the
aging process. Organic solvents are preferred for the preparation of
nanoparticles. They perform stabilizing functions. Such solvents or
surfactants play a key role in the synthesis of nanoparticles. They
are bound to the surface of growing nanocrystals via polar groups,
form complexes with species in solutions and control their
chemical reactivity and diffusion to the surface of a growing
particle [20]. Isopropanol is an organic solvent, it plays the above-
mentioned roles. During the aging, isopropanol may replace
adsorbed water around the zirconium hydroxide colloidal particle
surfaces, thereby inhibiting the agglomeration of the colloidal
particles.

XRD patterns of the samples calcined at 625 8C and 700 8C were
shown in Fig. 3. For the catalyst PSZA calcined at 625 8C, only
tetragonal zirconia phase was formed, however, when it was
calcined at 700 8C, a small peak at 2-theta of 28.188 appeared,
indicating that trace amount of monoclinic phase was also formed.
For the catalyst I-PSZA calcined at 625 8C and 700 8C, only well-
defined peaks corresponding to tetragonal zirconia phase were
observed. In addition, the peak intensity of the catalyst I-PSZA
remained unchanged when the calcination temperature increased
from 625 8C to 700 8C, indicating that the crystallite size remained
the same, which differed from the PSZA solid where the
corresponding peaks became sharper. In the PSZA catalyst, a small
peak corresponding to monoclinic zirconia phase appeared at
around at 2-theta of 28.188, indicating that phase transformation
from tetragonal to monoclinic took place. Therefore, isopropanol
aging of Zr(OH)4 may effectively inhibit ZrO2 phase transformation
and resist crystal growth and thus stabilize the tetragonal zirconia
structure. It has been commonly recognized that the crystalline
phase of the SZ catalysts plays a very important role in catalytic
activity and the zirconia with tetragonal structure shows a higher
catalytic activity than that of monoclinic ZrO2 structure in alkane



Fig. 4. TG–DSC curve of uncalcined SZA sample.
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isomerization [21,22]. The enhancement of the catalytic activity
and isomerization selectivity of the I-PZSA catalyst has a close
relation to the phase composition and crystalline structure.

3.3. TG–DSC analyses of SZA and I-SZA

Thermal analysis results for SZA and I-SZA before calcination
were presented in Figs. 4 and 5. The TG curve of SZA exhibited
several weight loss stages. The first weight loss stage accompany-
ing a strongly endothermic process between 100 8C and 200 8C,
was resulted from the removal of physic-adsorbed water and
ammonia; the second weight loss stage, ranging from 200 8C to
533 8C, was assigned to dehydroxylation step and boehmite
decomposition according to the following reaction:

2AlOOH ! Al2O3þH2O (1)

In the third stage, weight loss between 550 8C and 620 8C was
produced, it corresponded to Zr(OH)4 decomposition or zirconia
crystallization procedure:

ZrðOHÞ4 ! ZrO2þH2O (2)

In the last weight loss stage at a temperature range between
620 8C and 943 8C was due to decomposition of sulfates [23,24].
The corresponding weight loss in the last stage was around
7.96 wt.%.

Similarly, the TG curve of I-SZA before calcination consisted of
four weight loss regions, they were respectively assigned to
desorption of physic-adsorbed water, isopropanol and ammonia in
the temperature range between 25 8C and 200 8C, to dehydroxyla-
tion and boehmite decomposition in the second stage between
Fig. 5. TG–DSC curve of uncalcined I-SZA sample.
200 8C and 519 8C, to the crystallization of zirconium oxide in the
third stage and to sulfates decomposition in the last stage between
620 8C and 934 8C. The weight percentage of SO4

2� in I-SZA
accounted for 8.79 wt.%. The TG analysis results showed that the
sulfate content in I-SZA is higher than that in SZA.

DSC curves, reported in Figs. 4 and 5, provide complementary
information. For DSC curves of Fig. 4, the low exothermic peak at
336 8C should be assigned to the boehmite decomposition while
the dehydroxylation procedure went on; meanwhile, other two
exothermic peaks at 467 8C and 630 8C should be assigned to ZrO2

crystallization which was accomplished around 630 8C; moreover,
the exothermic peak at 630 8C demonstrated predominant crystal-
lization of amorphous zirconium hydroxide resulting in crystalline
ZrO2 network. For DSC curves of Fig. 5, the exothermic peak at
323 8C should be assigned to AlOOH decomposition and dehy-
droxylation of zirconium hydroxide; meanwhile, other two
exothermic peaks at 486 8C and 647 8C should also be assigned
to ZrO2 crystallization which was accomplished around 647 8C. It
was reported that the crystallization of ZrO2 was delayed by
sulfated on amorphous zirconium hydroxide [25]. The addition of
alumina to zirconia can retard the transformation of metastable
tetragonal zirconia phase into more stable monoclinic phase [26].

3.4. Surface acidity and catalytic activity

Surface acidities including the number of the acid sites and
acidity strength are the most important features of the acidic
catalysts in n-alkane isomerization reaction. Many reports had
focused on the identification of different acid sites of sulfated
zirconia [4,27–29] and showed the coexistence of Brönsted and
Lewis acid sites on the surface [30]. The number and strength of
these acid sites vary with factors such as sulfur concentration,
activation temperature, and surface area of the samples and could
be determined by using IR spectrum of adsorbed pyridine
technique [31,32].

Acidities of PSZA and I-PSZA measured by FTIR characterization
using pyridine as a probe base were shown in Table 2, where three
kinds of acid sites with varying strengths were separated. The acid
sites measured at 200 8C were assigned to weak acid sites, those at
300 8C were moderately strong acid sites, whereas that at 400 8C
and 450 8C were assigned to superacid sites. It showed that
numbers of Brönsted acid sites in the catalyst I-PSZA are higher
than those in the catalyst PSZA, and numbers of Lewis acid sites in
the catalyst I-PSZA are higher, too; moreover, analyzing acid sites
change for the PSZA catalysts, it was seen that the increase in
numbers of Lewis acid sites is higher than that in Brönsted acid
sites after isopropanol aging of Zr(OH)4. For example, numbers of
Table 2
Acidity data of the catalysts from FTIR spectra of adsorbed pyridine and the acidity

density (DA).

Desorption Temperature Desorption

amount

I-PSZA PSZA DA (mmol/m2)

I-PSZA PSZA

200 8C (mmol g�1) B acid 55 38 0.410 0.362

L acid 255 171 1.903 1.276

Total acid 310 209 2.313 1.560

300 8C (mmol g�1) B acid 44 28 0.328 0.267

L acid 175 121 1.306 1.152

Total acid 219 149 1.634 1.419

400 8C (mmol g�1) B acid 30 19 0.224 0.181

L acid 108 81 0.806 0.771

Total acid 138 100 1.030 0.952

450 8C (mmol g�1) B acid 23 14 0.172 0.133

L acid 83 63 0.619 0.600

Total acid 106 77 0.791 0.733



Fig. 6. H2-TPR profiles of the sample.
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Lewis acid sites in the catalyst I-PSZA were 108 mmol g�1 and
83 mmol g�1, at 400 8C and 450 8C respectively, corresponding
numbers of them for PSZA were 81 mmol g�1 and 65 mmol g�1.
Therefore, relative to PSZA, more Lewis acid sites were achieved on
the I-PASZ catalyst. Similarly, an increment in numbers of Brönsted
acid sites are also observed on I-PASZ, by 11 mmol g�1 at 400 8C
and 9 mmol g�1 at 450 8C, respectively. From DA data in Table 2, all
acid densities in the catalyst I-PSZA are higher than those in the
catalyst PSZA. So isopropanol aging of Zr(OH)4 obviously increased
the acid site density of the catalyst. As reported above, the catalytic
activity and isomerization selectivity of the I-PSZA catalyst are
superior to the PSZA catalyst, which also can be correlated with its
enhanced surface acidity.

3.5. Sulfate reducibility and catalytic activity

TPR profiles of the two PSZA catalysts are shown in Fig. 6. It is
seen that only one peak with quite similar area appeared at each of
these two traces. It was ascribed to the reduction of sulfate ions
from the literatures [6,33–35]. No peak was detected at
temperature around 200 8C that resulted from Pt oxide reduction
to metallic state [6]. Ebitani et al. [33,34] suggested the absence of
a distinct low-temperature reduction peak for platinum oxide can
be because platinum is present as sulfide or sulfate that is harder to
reduce. The Pt reduction is then delayed in the TPR, and is masked
by the dominant sulfur reduction [35]. The results shown in Fig. 6
indicated that isopropanol aging of Zr(OH)4 led to a higher
reducibility of the sulfur species on I-PSZA.

It was reported that transition metal, like Fe [36] and Ga [2] and
Pt [35,37] promoted SZ would possess higher sulfate reduction
ability in H2-TPR compared to SZ and the sulfate reduction ability
was in line with catalytic activity. The differences in the sulfate
reduction ability between the PSZA and I-PSZA catalysts, however,
might not result from platinum behaviour itself, because two SZA
and I-SZA samples were calcined at same temperature, and the
final calcination of the PSZA catalysts after Pt loading was
performed at a fixed temperature viz. 525 8C. It is assumed that
the lower the peak temperature of reduction of surface sulfates of
the catalysts is, the more active the sulfates would be, and which
would lead to higher catalytic activity in the isomerization reaction
as shown in Fig. 1. Therefore it was postulated that the catalytic
performance differences partially originated from the different
surface property of the SZA and I-SZA catalysts, especially their
surface acid properties. In H2-TPR tests, there were possibilities
that the stronger surface acids resulted in easier sulfate reduction
by electron addition from Pt particles.

4. Conclusions

Isopropanol aging of Zr(OH)4 could modify the textural
properties of I-PSZA catalyst and resisted zirconia crystal growth
as well as inhibited zirconia phase transformation, probably
because isopropanol would prevent colloidal Zr(OH)4 particles
from agglomeration during the aging process. Compared with PSZA
catalyst, the I-PSZA catalyst not only contained more sulfur species
on the surface and thus exhibited higher acid site density, but also
promoted the sulfate reduction ability. In n-hexane hydroisome-
rization, the enhancement of the catalytic activity and stability and
the isomerization selectivity of the catalyst by using isopropanol
aged Zr(OH)4 can be largely correlated with its increased surface
acidic density, and modified textural properties and improved
crystalline structures.
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