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a b s t r a c t

A series of crystalline hydrous zirconia supports were prepared by different methods. The effects of
preparation method of crystalline hydrous zirconia on its crystallization mode and the catalytic activity
of Pt/WO3–ZrO2 in n-hexane isomerization were studied. The catalysts were characterized by XRD and
eywords:
rystallization mode
ydrous zirconia
latinum
ungstated zirconia
somerization

Raman spectroscopy, H2-TPR and NH3-TPD in order to investigate the crystalline structure, reduction
properties and acidity of the catalyst. The results indicated that the crystallization mode of hydrous
zirconia from different preparation methods was closely related to the ambience of the process, which
significantly influenced the isomerization activity of Pt/WO3–ZrO2. The crystallization occurring at the
surface region of the hydrous zirconia particles led to an inactive Pt/WO3–ZrO2, while the crystallization
occurring only inside hydrous zirconia particles led to a catalyst with high activity.
. Introduction

Since Hino and Arata found that amorphous hydrous zirco-
ia promoted with W (denoted as WO3–ZrO2) after calcination
t high temperature possessed the strong acidity and isomeriza-
ion activity of n-alkanes [1], tungstated zirconia with or without
t-promotion as the catalyst for the isomerization reaction of n-
lkanes attracted much attention [2–11]. Most publications have
ocused the physicochemical properties and catalytic performances
f tungstated zirconia from zirconium hydroxide because this
reparation process was generally considered to generate the cat-
lyst with high catalytic activity. Yori et al. [1,2,12] reported that
rystallized zirconia support led to an inactive tungstated zirconia
atalyst. However, Lebarbier et al. [13,14] compared the catalytic
ctivity of tungstated zirconia from zirconium hydroxide and zir-
onia (65% tetragonal phase) and found that the two series of the
atalysts showed the similar activity. The investigation from Huang
t al. [15] revealed that WO3–ZrO2 showed high n-alkane conver-
ion activity when tetragonal zirconia prepared by supercritical

rying was used as support. Furthermore, the recent investigations
rom us and other researchers indicated that Pt/WO3–ZrO2 from
ydrothermal method also exhibited high catalytic activity in n-
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alkane isomerization although crystalline hydrous zirconia acted
as support [16,17]. Maybe, the preparation method of crystalline
hydrous zirconia may also play an important role in determin-
ing the isomerization activity of catalyst except for the crystalline
structure of hydrous zirconia support. Unfortunately, the effect
of the preparation method of crystalline hydrous zirconia on the
isomerization activity of tungstated zirconia has been seldom
investigated. The objective of the present work was to investigate
the effect of the preparation method of crystalline hydrous zirconia
support on the isomerization activity of Pt/WO3–ZrO2. The crystal-
lization process of Zr(OH)4 in preparation process has been found to
strongly depend on the thermal treatment condition and to greatly
influence the isomerization activity of the catalyst.

2. Experimental

2.1. Preparation of hydrous zirconia support and catalysts

A series of crystalline hydrous zirconia supports were prepared
by several methods. The hydrogel of Zr(OH)4 was prepared by the
precipitation method with ammonium solution. ZrO(NO3)2 aque-
ous solution of 0.17 M was added drop-wise into NH3 solution
of 5 wt% with vigorously stirring and the final pH of the slurry
was about 10. After ageing in the mother liquor at room tem-

perature for 10 h, the formed white precipitate of Zr(OH)4 was
filtered and washed thoroughly with deionized water till the pH
value of the filtered liquid was 7. The hydrogel was first divided
into several parts. Some Zr(OH)4 hydrogel was dried. One part of
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ture of ZC was similar to that ZH250 except that the crystallization
degree of the former was lower than that of the latter. The cal-
cination of ZH200 at 500 ◦C in air slightly altered the crystalline

Table 1
Acidity of different catalysts.
0 Y. Song et al. / Catalys

he dried Zr(OH)4 was calcined in air at 400 ◦C, denoted as ZC and
he other was impregnated with Y(NO)3 and calcined at 550 ◦C,
enoted as ZY (3% mol Y2O3). The remaining Zr(OH)4 hydrogel
as put into autoclave and subjected to the hydrothermal pro-

ess at a given temperature for 24 h. The hydrothermal product
as named as ZHt, where t represents the hydrothermal tem-
erature. Part of ZH200 sample was calcined at 500 ◦C in air and
he calcined sample was named as ZH200C. The tungstated zir-
onia was prepared by impregnating the hydrous zirconia with
mmonium meta-tungstated and calcined at 700 ◦C in air for 3 h
nless illustrated additionally. The calcined samples were denoted
s WZC, WZY, WZHt and WZHtC. The content of tungsten oxide was
5 wt%. 0.5 wt% Pt was added to the obtained tungstated zirconia
y impregnation with hexachloroplatinic acid solution and then
alcined in air at 500 ◦C for 3 h. The samples containing Pt were
enoted as PWZC, PWZY, PWZHt and PWZHtC.

.2. Catalyst characterization

X-ray diffraction (XRD) patterns were obtained on a Philips
agiX X-ray diffractometer, using Cu K�1 radiation at room

emperature and instrumental settings of 40 kV and 40 mA. The
canning was within a range of 2� from 10◦ to 70◦ at a scanning
ate of 6◦/min.

H2-temperature programmed reduction (H2-TPR) was carried out
n a TP5000 multi-functional adsorption equipment. The sample
0.1 g) was first pretreated in a flow of He at 400 ◦C for 30 min and
hen was cooled to room temperature. Subsequently, the sample
as again heated from ambient temperature to 700 ◦C in a 5% H2/N2
ow (30 ml/min) at a heating rate of 10 ◦C/min.

NH3-teperature programmed desorption (NH3-TPD) was carried
ut at a home-made equipment. The sample (0.14 g) was loaded
nto a stainless steel U-shaped microreactor (i.d. = 5 mm) and pre-
reated at 600 ◦C for 0.5 h in flowing He. After the pretreatment, the
ample was cooled down to 150 ◦C and was exposed to NH3 atmo-
phere. As the catalyst is saturated with the adsorbed NH3, helium
as used as carrier to remove NH3 physically adsorbed until the

ase-line was stable. NH3-TPD was then carried out in a constant
ow of He (20 ml/min) from 150 ◦C to 650 ◦C at a heating rate of
8 ◦C/min. The concentration of ammonia in the exit gas was moni-
ored continuously by a gas chromatograph (Shimazu 8A) equipped
ith a TCD.

Raman spectra was obtained on Microscopic Confocal RM2000
aman Spectrometer (Renishaw Corp.) equipped with the Lecia
icroscope at room temperature and atmospheric pressure. The
agnification was 50. The exciting wavelength of 514.5 nm was

enerated with an Ar+ laser with a power of 15 mW and a spot size
f ca. 3 �m2. The laser beam was focused on the top of the catalyst
nd the 25 different points on the each sample were analyzed. The
cquisition time was 30.

.3. Isomerization activity testing

The isomerization reaction of n-hexane (AR) was carried out
n a continuous flow fixed-bed stainless steel reactor (i.d. = 5 mm).
efore the reaction, the catalyst was pretreated in a flow of drying
ir at 450 ◦C for 3 h to remove the impurity such as hydrocarbon and
ater adsorbed on the catalyst surface. After that, the catalyst bed
as cooled to 280 ◦C and reduced in a flow of hydrogen (20 ml/min)

or 2 h. Subsequently, the temperature of the catalyst was decreased
o a given value, and hydrogen and n-hexane were simultaneously
ntroduced into the reactor. The molar ratio of H2/n-hexane was

0, reaction pressure was 2 MPa, and weight hourly space velocity
WHSV) was 1 h−1. The flow rate of n-hexane and hydrogen was
ontrolled using a double column pump and a mass flow meter,
espectively. The products were analyzed on-line by GC-920 (pro-
Fig. 1. XRD patterns of hydrous zirconia prepared by different methods and cata-
lysts.

vided by Shanghai Institute of Computer Technology), equipped
with an FID and an OV-101 capillary column.

3. Results and discussion

3.1. Crystalline structure, surface area and pore structure

The XRD patterns of hydrous zirconia supports prepared by
different methods are shown in Fig. 1a. Firstly, there appeared
diffraction peaks at 28.1◦, 31.4◦, and 30.2◦ for ZC, corresponding
to monoclinic phase and tetragonal phase (25%). In addition, the
diffraction peaks of the sample were weak, which was indicative of
low crystallization degree. The addition of Y led to the formation
of complete tetragonal zirconia. Hydrous zirconia samples from
hydrothermal process contained both tetragonal and monoclinic
phases. The fraction of tetragonal phase in ZH200 was 66.5%, higher
than that in ZH250 (25%), as shown in Table 2. The crystalline struc-
PWZH200 PWZH250 PWZH200C PWZY PWZC

Total acid sites (�mol/gcat) 3.00 2.85 2.71 2.28 3.22
Weak acid sites (�mol/gcat) 1.69 1.65 1.48 1.15 2.06
Strong acid sites (�mol/gcat) 1.31 1.20 1.23 1.13 1.16
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Fig. 2. NH3-TPD profiles of different catalysts.

hase composition and ZH200C contained 69% tetragonal zirco-
ia. XRD patterns of the catalysts are shown in Fig. 1b. Obviously,
etragonal zirconia in PWZY was prominent (about 86.6%). The crys-
alline structures of PWZH200 and PWZH200C were very similar
nd the fraction of tetragonal zirconia in them was 55–57%, lower
han that in PWZY. PWZH250 and PWZC also had similar crystalline
tructures and the fraction of tetragonal zirconia was lower, only
5–41%, compared with PWZH200. Additionally, there appeared
iffraction peak of WO3 in all samples and the diffraction peaks
f WO3 in PWZH250 was the strongest among the samples. This
mplied that WO3 microcrystallites in PWZH250 were more than in
ther samples. In another words, more amorphous tungsten oxide
xisted in the samples except PWZH250.

As for the surface area of catalyst, the values of PWZH200,
WZH220C and PWZC was relatively similar, about 70 m2/gcat,
hich was higher than that of PWZH250 and PWZY. The average
ore diameter of samples was roughly 9 nm except that the value
or PWZC was smaller, only about 7 nm. The pore volume of samples
anged from 0.12 to 0.16 m3/gcat.

.2. Acidity and reduction properties

The acidity of the catalyst was determined by NH3-TPD and the
esults are shown in Fig. 2 and Table 1. The desorption peak at
emperatures lower than 450 ◦C was considered to be related to
he weak acid sties and that above the temperature to the strong
cid sties. The desorption peak area represented the amount of
cid sites. It could be seen from Table 1 that the amount of the
otal acid sites over PWZH200 was 3.00 �mol/gcat, higher than
hat over different catalysts. Compared with PWZC and PWZY, the

mount of the acid sites over PWZH250 and PWZH200C were rela-
ively higher, about 2.7–2.8 �mol/gcat. In addition, the strong acid
ites over different catalysts decreased in the order: 1.31 �mol/gcat

able 2
ET surface area and pore structure of different catalysts.

PWZH200 PWZH250 PWZH200C PWZY PWZC

SBET (m2/gcat) 73.5 58 72.2 51.5 75
Average pore diameter

(nm)
9.4 9.9 8.8 9.2 7.1

Pore volume (m3/gcat) 0.16 0.14 0.15 0.12 0.13
Tetragonal phase (%)a 66.5 39.5 69 100 25
Tetragonal phase (%)b 67.6 35 55 86.6 41

a Fraction of tetragonal phase in hydrous zirconia support.
b Fraction of tetragonal phase in Pt-promoted tungstated zirconia catalyst.
Fig. 3. H2-TPR profiles of different catalysts.

for PWZH200 > ca. 1.2 �mol/gcat for PWZH250 and PWZH200C > ca.
1.1 �mol/gcat for PWZC and PWZY.

The reduction properties of the catalyst were characterized by
H2-TPR, as shown in Fig. 3. The reduction of pure WO3 occurred
at the temperature higher than 600 ◦C [4]. Three reduction peaks
appeared at lower temperatures between 250 and 450 ◦C for the
present Pt-promoted tungstated zirconia samples, which should be
attributed to the introduction of ZrO2 and Pt. In addition, two high
temperature peaks between 600 and 900 ◦C, also appeared for all
samples except that only one reduction peak appeared for PWZY.
However, the reduction behaviors of different samples showed
distinct difference. A very small reduction peak at ca. 660 ◦C and
a very large one at 815 ◦C were observed in the TPR curve of
PWZH200, while two large reduction peaks appeared in the TPR
profiles of PWZ200C and PWZC, centering at 703 ◦C and 830 ◦C.
The reduction at high temperature above 500 ◦C is generally con-
sidered to be related to the interaction strength between WOx
and zirconia [6]. The higher the reduction temperature was, the
stronger the interaction was. Therefore, the interaction between
W and Zr over Pt/WZr-HT200 was the strongest among these cat-
alysts.

3.3. Isomerization activity

Fig. 4 gives the isomerization activities of different catalysts
(expressed as the yield of iso-hexanes). Apparently, the catalysts
using crystalline hydrous zirconia as support prepared by different
methods showed fairly different isomerization activities. The iso-
hexanes yield over PWZH200 and PWZH250 could reach up to ca.
65% and 46% at 300 ◦C of the reaction temperature. The yield over
PWZH200C was relatively low, only 35%. It is noteworthy that the
yield of iso-hexanes over PWZY and PWZC was very low, only ca.
7%. That is to say, PWZY and PWZC hardly possessed isomerization
activity. These results indicated that the crystalline hydrous zirco-
nia prepared by hydrothermal method led to the catalyst with high
catalytic activity.

3.4. Discussion
Although the effect of the preparation method of amorphous
hydrous zirconia on the isomerization activity of Pt/WO3–ZrO2
was extensively investigated, the effect of the preparation method
of crystalline hydrous zirconia was seldom reported. The present
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Fig. 4. Yield of iso-hexanes over different catalysts as a function of reaction tem-
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catalytic activity. On the contrary, the crystallization of surface
erature.

esults showed that the catalyst using crystalline hydrous zirconia
s support from hydrothermal method had higher catalytic activity
han that from other methods. In order to clarify the reason for the
ffect of the preparation method on the isomerization activity, the
ossible correlations between physico-chemical properties of cat-
lysts and catalytic activity were investigated. Firstly, for the role
f the surface acidity of the catalyst, the amount of the strong acid
ites over WZH200 was slightly more than that over other samples,
ut the isomerization activity of PWZH200 was much higher than
hat of others. Although PWZY and PWZC possessed the strong acid
ites close to WZH200C and WZH250, the catalytic activity of the
atter was much higher than that of the former. In fact, the for-

er hardly had the isomerization activity. Therefore, it could be
nferred that the presence of many strong acid sites was necessary,
ut insufficient to obtain the high isomerization activity. Vaudagna
t al. [4,18,19] also considered that the catalytic activity was not
ependent on the acidity.

Secondly, the effect of the phase compositions of the catalysts
n the isomerization activity was also considered. The fraction of
etragonal zirconia in different catalysts is listed in Table 2. The
ractions of tetragonal zirconia in PWZH200 and PWZH200C was
ery similar. Moreover, the support of the two catalysts also had
he similar crystalline structures. But the activity of PWZH200
as much higher than that of PWZH200C. Besides, the activity of

WZH250 was also higher than that of PWZC although the frac-
ion of tetragonal zirconia in the latter was a bit higher than in the
ormer. Furthermore, Y-promoted support ZY consisted of com-
lete tetragonal zirconia and the fraction of tetragonal zirconia

n PWZY was the highest (86.6%) among the catalysts. Although
etragonal phase was generally considered to be active phase for
somerization reaction, the PWZY catalyst with more tetragonal
hase zirconia exhibited the lowest catalytic activity. It seemed
hat the cyrstalline structure of support and zirconia in catalyst
ould not determine the isomerization activity, in agreement with
he results from Houalla and coworkers [13,14]. In addition, they

ade a good correlation between the surface density of W atom
n the catalyst and the catalytic activity and found that the suit-
ble W surface atom density would be favorable to obtain the
igh isomerization activity. Additionally, Barton et al. [6] also

ndicated that the o-xylene isomerization activity of tungstated
irconia was related to the WO surface density. However, in the
x

resent investigation, the surface area of PWZH200 and PWZH200C
as very similar and the W loading on the two samples was

lmost the same, so it could be reasonably inferred that the W
Fig. 5. Raman spectra of hydrous zirconia supports.

surface atom density for the two samples should be comparable.
Thus, the W surface atom density could not determine the cat-
alytic activity of the studied catalysts. As for the crystalline phase
of WO3, all catalysts contained WO3 microcrystallites. Although
PWZH250 contained the most WO3 microcrystallites, the catalytic
activity was only intermediate. The content of WO3 microcrys-
tallites in PWZH200 and PWZH200C was comparable (evidenced
by XRD in Fig. 1), but the former showed much higher catalytic
activity than the latter. The above information implied that there
must be other more important factor to control the catalytic activ-
ity.

In order to further elucidate the essence of the effect of the
preparation method of crystalline hydrous zirconia on the cat-
alytic activity, the hydrous zirconia samples were characterized
by Raman spectrum, as shown in Fig. 5. No Raman band was
observed for ZH200 and ZH250, but there appeared diffraction
peaks for the two samples in XRD spectra (Fig. 1a). However, Raman
bands representative of tetragonal and monoclinic phases were
observed for ZC and ZY (Fig. 5), in line with the results in XRD
spectra. Both bulk and surface structures of material are detected
by XRD, while Raman spectrum is more sensitive to the surface
region of material. Based on the above observations, it could be
inferred that the surface region of ZH200 and ZH250 must be amor-
phous, while the inner layer of particles was crystallized. As for
ZY and ZC prepared by the thermal treatment in air, the surface
region were crystallized. The information allowed us to suggest
that the hydrothermal method led to the crystallization of zirco-
nium hydroxide only in the inner of the particles, while the thermal
treatment in air led to the surface crystallization of particles. In
order to confirm this point, ZH200 was calcined in air at 500 ◦C
and the diffraction pattern of the obtained ZH200C was similar to
that of the uncalcined samples ZH200 (Fig. 1a). However, the cal-
cination in air resulted in obvious changes in Raman spectrum, i.e.
there appeared Raman bands for ZH200C in Fig. 5, which confirmed
that the thermal treatment in air could promote the crystalliza-
tion of surface region of particles. Therefore, it could be inferred
that the crystallization mode of Zr(OH)4 would greatly influence
the catalytic activity. The higher catalytic activity of PWZH200
and PWZH250 than PWZC and PWZY implied that the crystal-
lization of particles inner from hydrothermal process led to high
region of particles in air resulted in a very low catalytic activ-
ity. Many investigations indicated that crystalline hydrous zirconia
support led to an inactive catalyst [1,2,12], where the supports



is Tod

w
t
a
c
p
c
a

o
z
h
t
w
t
f
t

A

M
C
(

[

[
[

[
[
[
[

[
29 (12) (2008) 1196–1198.
Y. Song et al. / Catalys

ere prepared by thermal treatment in air. However, the crys-
alline hydrous zirconia support from supercritical drying (in the
bsence of oxygen) led to a tungstated zirconia catalyst with high
atalytic activity [15]. These results indirectly approved our pro-
osal that the crystallization process of hydrous zirconia related to
rystallization ambience has important influence on the catalytic
ctivity.

To sum up, for the first time, the effect of crystallization mode
f zirconium hydroxide which is related to treatment ambience of
irconium hydroxide on the isomerization activity of Pt/WO3–ZrO2
ave been reported. In the absence of oxygen gas, the crystalliza-
ion process (I) takes place only in the interior of Zr(OH)4 particles,
hile the process (II) occurred on the surface region of the par-

icles in the presence of oxygen. The crystalline hydrous zirconia
rom the process (I) led to a catalyst with high catalytic activity and
he support from the process (II) resulted in an inactive catalyst.
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