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a b s t r a c t

A series of hydrous zirconia supports were prepared by hydrothermal method and Pt/WO3–ZrO2 catalysts
were prepared by impregnation method. The catalytic activity of Pt/WO3–ZrO2 in n-hexane isomerization
was evaluated in a fixed-bed reactor. In order to investigate the crystalline structure, acidity, and textural
properties, the catalysts were characterized by XRD and Raman spectroscopy, NH3-TPD, FTIR, and N2
ydrous zirconia
latinum
ungstated zirconia
-Hexane

somerization

adsorption. The results indicated that the crystalline structure of hydrous zirconia support and the state
of tungsten oxide species over the catalyst varied obviously with the hydrothermal temperature, while
no distinct change in the acidity of the catalyst occurred. The isomerization activity of Pt/WO3–ZrO2

could not well be correlated with the crystalline structure of hydrous zirconia support and the acidity. It
was proposed that the presence of considerable microcrystalline WO3 in catalyst was indispensable for

tion a
achieving high isomeriza

. Introduction

The commercialization of Pt/Cl-Al2O3 and Pt/zeolites metal-acid
i-functional catalysts has been achieved in the skeletal isomer-

zation of n-pentane/n-hexane in the petrochemical industries in
he last century. In recent years, many investigations have been
ntensely focused on the strong acid catalysts like Pt-promoted
ulfated zirconia or tungstated zirconia, aiming towards a break-
hrough in the development of new generation of environmentally
riendly solid acid catalysts [1–8]. For the WO3–ZrO2 based cata-
ysts, there still exist some controversy regarding the relationship
etween the surface acidity, crystalline structure and catalytic
erformance [3,4,9–11]. Hwang et al. [9,10] considered that the

somerization activity of tungstated zirconia was determined by its
trong acid sites. However, other researchers reported that the cat-
lytic activity was independent of the acidity of tungstated zirconia
nd was related to the redox properties of WOX or the formation

f W5+ species [12–14]. It is generally accepted that tungstated
irconia catalyst with or without Pt-promotion possessed strong
cidity and high isomerization activity only when the hydrous
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zirconia support was amorphous [2,15]. However, the recent inves-
tigation from Huang et al. [11] indicated that WO3–ZrO2 using
tetragonal zirconia as support prepared by supercritical drying
method, showed almost comparable n-alkane conversion activity
to the catalyst prepared from amorphous hydrous zirconia. Our
previous investigation also indicated that that Pt/WO3–ZrO2 using
amorphous hydrous zirconia as support possessed very lower iso-
merization activity than that using crystalline hydrous zirconia
[16]. The catalytic activity could not correlated with the acidity,
crystalline structure of the catalyst. Maybe, the state of tungsten
oxide over the catalyst would influence the catalytic activity. Up to
now, seldom investigations have been carried out to elucidate the
role of WO3 microcrystallites in determining the catalytic activity
of Pt/WO3–ZrO2.

In the present work, we prepared Pt-promoted tungstated zir-
conia catalysts with different acidities, crystalline structures and
different tungsten oxide species in order to clarify whether the
state of tungsten oxide played an important role in determining
the catalytic activity. Particular emphasis was given to the role of
WO3 microcrystallites over Pt/WO3–ZrO2 in the hydroisomeriza-
tion reaction of n-hexane.

2. Experimental
2.1. Preparation of zirconia support and catalysts

Firstly, ZrO(NO3)2 aqueous solution of 0.4 M was added drop-
wise into NH3 solution of 2.5 wt% while vigorously stirring and the
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http://www.sciencedirect.com/science/journal/09205861
http://www.elsevier.com/locate/cattod
mailto:yqsong@mail.tsinghua.edu.cn
mailto:zj6083@yahoo.com.cn
mailto:xiaolong@ecust.edu.cn
mailto:jwang@ipn.mx
mailto:lyxu@dicp.ac.cn
mailto:guoxianyu828@yahoo.com.cn
dx.doi.org/10.1016/j.cattod.2010.05.037


6 is Tod

fi
c
a
c
t
w
t
l
p
w
a
1
h

o
n
a
T
8
c
p
3
0

2

M
t
s
r

p
a
u
w
p

r
s
3
t
i

R
a
g
o

8 Y. Song et al. / Catalys

nal pH value of the slurry was 10. After the precipitation, stirring
ontinued for 0.5 h and then the white precipitate of Zr(OH)4 was
ged in the mother liquid at room temperature for 10 h. The pre-
ipitate was filtered and washed thoroughly with deionized water
ill the pH value of the filtrate was ca. 7. The obtained hydro-gel
as evenly mixed with distilled water under vigorous stirring and

he formed slurry (pH 7) was transferred into a stainless Teflon-
ined 100 ml capacity autoclave and underwent the hydrothermal
rocess at a given temperature for 30 h. After that, the autoclave
as admitted to cool to room temperature. The hydrous zirconia

fter the hydrothermal treatment was filtered and was dried at
10 ◦C for 12 h in air, which was denoted as Zr-T, where T represents
ydrothermal temperature (◦C).

Addition of tungsten and platinum: W was introduced into the
btained hydrous zirconia supports by impregnating with ammo-
ium meta-tungstate. The samples loaded with W were dried
t 110 ◦C and calcined at 700 ◦C in air for 3 h, denoted as WZr-
. The samples loaded with W after calcination at 750 ◦C and
00 ◦C, respectively were denoted as WZr-Ta and WZr-Tb. PWZr-T
atalysts were prepared by impregnating WZr-T with hexachloro-
latinic (IV) acid solution and then calcined at 500 ◦C in air for
h. The loadings of tungsten oxide and platinum were 15 wt% and
.5 wt%, respectively.

.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−1.

N2 adsorption and desorption isotherm experiments were
erformed in liquid nitrogen at −196 ◦C on the NOVA 4000 gas
dsorption analyzer (Quantachrome Corp.). Each sample was evac-
ated at 200 ◦C for 5 h before N2 adsorption. The total surface area
as calculated according to the BET isothermal equation and the
ore distribution was obtained according to BJH method.

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

Raman spectra were obtained on Microscopic Confocal RM2000

aman Spectrometer (Renishaw Corp.) at room temperature and
tmospheric pressure. The exciting wavelength of 514.5 nm was
enerated with an Arlaser 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.

Fig. 1. XRD patterns of hydrous zirconia supports and PWZr-T cat
ay 166 (2011) 67–72

Pyridine adsorption infra-red (Py-IR) was carried out on
an EQUIOX 55 Fourier transform infra-red spectrometer (Bruker
Corp.). Self-supporting wafers of the samples (ca. 10 mg, 10 mm
diameter) were loaded on the IR cell. The wafer was evacuated
400 ◦C and then cooled down to room temperature for the record
of background spectra. The wafer was saturated with pyridine,
evacuated at 150 ◦C for 0.5 h and then again cooled to room temper-
ature. FTIR spectra were recorded at a spectra resolution of 2 cm−1

with the subtraction of the sample background. Then, the wafer
was evacuated at 350 ◦C for 0.5 h and then again cooled to room
temperature. The FTIR spectra were recorded following the above
procedure.

2.3. Catalytic activity measurement

The isomerization reaction of n-hexane (AR) was carried out
in a continuous flow fixed-bed stainless steel reactor (i.d. = 5 mm).
Before the reaction, the catalyst was pretreated in a flow of drying
air at 450 ◦C for 3 h to remove the impurity such as hydrocarbon and
water adsorbed on the catalyst surface. After that, the catalyst bed
was cooled to 280 ◦C and reduced in a flow of hydrogen (20 ml/min)
for 2 h. Subsequently, the temperature of the catalyst was decreased
to a given value, and hydrogen and n-hexane were simultaneously
introduced into the reactor. The molar ratio of H2/n-hexane was
30, reaction pressure was 2 MPa, and weight hourly space velocity
(WHSV) was 1 h−1. The flow rate of n-hexane and hydrogen was
controlled using a double column pump and a mass flow meter,
respectively. The products were analyzed on-line by GC-920 (pro-
vided by Shanghai Institute of Computer Technology), equipped
with an FID and an OV-101capillary column.

3. Results

3.1. Crystalline structure

Fig. 1 gives the XRD patterns of the hydrous zirconia supports
and the catalysts. The crystalline structure of Zr-T samples var-
ied distinctly with the hydrothermal temperature (Fig. 1a). No
diffraction peak appeared in Zr-110, which was indicative of the
amorphous state. As the hydrothermal temperature increased up
to 150 ◦C, there appeared strong diffraction peaks of tetragonal
phase and weak peaks of monoclinic phase. A further increase

in the hydrothermal temperature to 200 ◦C led to increase in the
diffraction peaks of monoclinic phase, but hydrous zirconia still
mainly contained tetragonal phase. The phase compositions of
the different samples were calculated according to the following

alysts (W-WO3, M-monoclinic ZrO2, and T-tetragonal ZrO2).
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Table 1
Fraction of tetragonal ZrO2, pore structure and acidity of PWZr-T.

Sample XTZ (%) XTWZ (%) SBET (m2/g) Average pore diameter (nm) Total volume (cm3/g)

PWZr-110 – 87.0 69 14.1 0.29
PWZr-150 74.5 72.2 66 6.8 0.14
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PWZr-200 62.8 58.7 71

TZ and XTZW represent the tetragonal percentage of Zr-T and PWZr-T, respectively.

ormula:

t = It
Im1 + Im2 + It

× 100

here It, Im1, and Im2 represents the relative diffraction intensity of
1 0 1) plane of tetragonal zirconia, (1̄ 1 1) plane and (1 1 1) plane of

onoclinic zirconia, respectively. The calculated results are listed
n Table 1. Apparently, the fraction of tetragonal phase in hydrous
irconia decreased from 74.5% for Zr-150 to 62.8% for Zr-200 as
he hydrothermal temperature increased from 150 ◦C to 200 ◦C. The
rystalline structure of the catalyst is shown in Table 1 and Fig. 1b.
t could be seen that the fraction of tetragonal zirconia in the cat-
lyst decreased from 87% for PWZr-110 to 58.7% for PWZr-200 as
he hydrothermal temperature increased from 110 ◦C to 200 ◦C. As
he calcination temperature after loading with W increased, the
etragonal zirconia slightly decreased. In addition, no diffraction
eak of WO3 was observed for the all the samples except that there
ppeared obvious WO3 diffraction peak in PWZr-110b. It seemed
hat WO3 crystallites existed only in PWZr-110b and tungsten oxide
pecies in other samples were in the amorphous state of highly dis-
ersion, regardless of amorphous or crystallized hydrous zirconia
cting as support.

In fact, the X-ray diffraction lines would become too broad to
e visible if the crystallite sizes are too small. The XRD result is

naccurate as the size of the crystallites was smaller than 5 nm, as
roposed by Sahital et al. [17]. Therefore, XRD technology may be
seless to determine the crystalline structure of too small crystal-

ites, like WO3 in our samples. Fortunately, Raman spectroscopy is
ensitive to smaller WO3 crystallites than XRD. In the present work,
he catalysts were further characterized by Raman spectroscopy
n order to clarify the state of tungsten oxide species on zirco-
ia and the results are presented in Fig. 2. The Raman bands at
06–712 cm−1 and 810 cm−1 are generally assigned to the charac-

eristic bands of WO3 microcrystallites [3,4,18]. The band centering
t 970–990 cm−1 is assigned to the stretching mode of W O in
ighly distorted octahedral coordinated amorphous tungsten oxide
pecies [4,19]. It could be clearly seen that there appeared Raman

Fig. 2. Raman spectra of different catalysts.
7.3 0.16

peaks at about 706–712 cm−1, 810 cm−1 and 900–990 cm−1 for
PWZr-200, PWZr-110b PWZr-110a and PWZr-110. The band at
810 cm−1 was stronger than that at 900–990 cm−1 for PWZr-200
and PWZr-110b, while the band at 900–990 cm−1 was stronger for
the other samples. The intensity of Raman peak of WO3 crystallites
increased with the WO3 loading [3]. Therefore, it could be inferred
that PWZr-200 and PWZr-110b contained more WO3 microcrystal-
lites than other samples although both WO3 microcrystallites and
amorphous tungsten oxide species were present in all the catalysts.

3.2. Specific surface area and the pore structure

The specific surface area and the pore structure of PWZr-T cat-
alysts were determined by the BET isothermal equation and BJH
method, as shown in Table 1 and Fig. 3. All the PWZr-T samples
possessed very similar surface areas, ca. 70 m2/g. The pore volume
of PWZr-110 was 0.29 cm3/g, which was almost twice larger than
that of both PWZr-150 (0.14 cm3/g) or PWZr-200 (0.16 cm3/g). The
average pore diameter and pore size distribution of different sam-
ples also showed obvious difference. The average pore diameter
of PWZr-110 was 14.1 nm, approximately twice as large as that
of PWZr-150 (6.8 nm) or PWZr-200 (7.3 nm). Moreover, the pore
size distribution of the former was wider than that of the latter.
These findings suggested that the difference in the pore structure
may be related to the crystallization of hydrous zirconia support.
The crystallization of hydrous zirconia could generate the relatively
stable pore structure. In fact, the pore size distribution of Zr-200
support was similar to that of PWZr-200 catalyst (not shown here).
Therefore, it could be inferred that the pore structure of crystalline
hydrous zirconia support played an important role in the determin-
ing the pore structure of the catalyst.

3.3. Reduction properties

The reduction properties of the catalysts were measured by H2-
TPR and the results are shown in Fig. 4. It could be seen from Fig. 4
that two very small reduction peaks appeared at low temperatures
of 230 ◦C and 390 ◦C for all the samples. The first small peak may
be associated with the reduction of Pt4+ and the second may be
related to the partial reduction of WOx. At a higher temperature of
720 ◦C, a not well resolved peak was observed at in the TPR profiles
of PWZr-150 and PWZr-200 samples, while it was not visible for
PWZr-110. A larger reduction peak at a higher temperature above
800 ◦C was observed for all the samples, which was attributed to the
reduction of WOx species strongly bond to the zirconia support [20].
The different reduction behaviors of the samples may be indicative
of different states of tungsten oxide.

3.4. Surface acidity

The acidities of different catalysts were characterized by Py-IR
method. The IR spectra are shown in Fig. 5 and the calculated data
are listed in Table 2. Brønsted (B) acid sites appeared in the catalysts

as indicated by the band at 1540–1547 cm−1. Lewis (L) acid sites
were also formed on the catalysts surface, characterized by the IR
absorption bands at approximately 1445 cm−1 and 1610 cm−1. The
band corresponding to pyridine associated with both, Brønsted and
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Fig. 3. Pore size di

ewis (B + L) acid sites, was also observed around 1490 cm−1. The
mount of weak B and L acid sites over PWZr-110 was 95.3 �mol/g
nd 52 �mol/g, respectively. The values were close to those over
WZr-200. PWZr-110b calcined at 800 ◦C possessed fewer weak B
cid sites, while the amount of the weak L acid sites was similar to
hat over PWZr-110. As for the strong acid sites, it was obviously
een from Table 2 and Fig. 5 that strong B acid sites over all the
amples could be almost negligible and the strong L acid over the
amples were also relatively few, only 6.7 �mol/g for PWZr-110

nd PWZr-200. The amount of strong L acid sites over PWZr-110b
as fewer, only 3.7 �mol/g. As suggested by Boyse and Ko [18], a
istinct decrease in the B and L acid sites over PWZr-110 may be
elated to the formation of considerable WO3 microcrystallites.

Fig. 4. H2-TPR profiles of PWZr-T.
tions of Pt/WZr-T.

3.5. n-Hexane isomerization performance

The isomerization activity of the different catalysts was
expressed as the yield of iso-hexanes, as shown in Fig. 6. The
isomerization activity of different catalysts increased in such an
order: PWZr-200 (PWZr-150) > PWZr-110b � PWZr-110a ≥ PWZr-
110. Obviously, the increase in the hydrothermal temperature
led to a catalyst with high catalytic activity. In addition, at the
low hydrothermal temperature, the enhancement of the calcina-
tion temperature of sample after loading W also resulted in the
enhancement in the isomerization activity.

4. Discussion

Tungstated zirconia possessed super acidity and high catalytic
activity only when amorphous hydrous zirconia was load with
W [1]. From this point, Pt/WO3–ZrO2 should possess the lower
catalytic activity when the crystalline hydrous zirconia was used

as support. However, the present results showed that the cata-
lyst PWZr-200 prepared by using crystallized Zr-200 as support
existed much higher isomerization activity than PWZr-110 pre-
pared by using amorphous Zr-110. It seemed that the crystalline

Table 2
Acidic properties of PWZr-T catalysts.

Sample Weak acid site (�mol/g)w Strong acid site (�mol/g)s

B L B L

PWZr-110 95.3 52 0.2 6.8
PWZr-200 102.0 48.1 0.1 6.7
PWZr-110b 56.8 49.2 0.05 3.7

Weak acid site (�mol/g)w: desorption at 150 ◦C; strong acid site (�mol/g)s: desorp-
tion at 350 ◦C.
PWZr-110b: tungstated zirconia calcined at 800 ◦C.
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ig. 5. Py-IR spectra of different catalysts. (a) Evacuation desorption at 150 ◦C and
b) evacuation desorption at 350 ◦C.

tructure of hydrous zirconia support could not determine the cat-
lytic activity. In addition, it could be seen from Table 1 and Fig. 1b
hat the fraction of tetragonal zirconia in PWZr-T decreased slightly
ith the increasing hydrothermal temperature, while the isomer-

zation activity distinctly increased. It was generally thought that

he tetragonal zirconia was active phase in tungstated zirconia for
atalytic reaction. However, the present results showed that the
resence of larger tetragonal zirconia in PWZr-T was not enough to
btain the high isomerization activity. The role of catalyst acidity in

Fig. 6. Yields of iso-hexanes over PWZr-T.
ay 166 (2011) 67–72 71

the isomerization reaction is also considered in the present work.
The surface acidity of PWZr-110 and PWZr-200 is similar (Table 2
and Fig. 5), but the catalytic activity of PWZr-200 was much higher
than that of PWZr-110. The sample PWZr-110b calcinated at 800 ◦C
possessed fewer strong acid sites than that calcinated at 700 ◦C,
while the former showed higher catalytic activity than the latter.
The above results indicted that it was difficult to directly corre-
late the isomerization activity with the acidity of the catalyst, in
agreement with the results from many researchers [3,12,21].

In order to further elucidate the factor influencing the catalytic
activity, the states of tungsten oxide species over different catalysts
was considered. PWZr-200 contained more WO3 microcrystallites
and fewer amorphous tungsten oxide species than PWZr-110 and
the former showed much higher catalytic activity than the latter. In
addition, the enhancement in the calcination temperature of PWZr-
110 from 700 ◦C to 800 ◦C led to the formation of considerable WO3
microcrystallites. The catalytic activity also significantly increased
with the calcination temperature. These findings allow us to believe
that the presence of considerable WO3 microcrystallites in catalyst
was crucial to obtain the high isomerization activity. Moreover,
Rossi et al. [15] also found that the removal of WO3 crystallites
from Pd/WO3–ZrO2 led to a substantial decrease of the isomer-
ization activity. In addition, Vaudagna et al. [3,4] considered that
the existence of WO3 crystallites having optimum size and shape is
necessary to partially reduce WOx and stabilize the negative charge
and high catalytic activity. These investigations strongly supported
our proposal that the presence of considerable microcrystalline
WO3 in Pt/WO3–ZrO2 catalyst was essential for achieving high cat-
alytic activity in the n-hexane isomerization reaction. Besides, WO3
microcrystallites in the catalyst may participate in the building up
strong acid sites by redox progress and stabilizing the intermediate
oxidation states of tungsten [3]. Maybe, the strong acid sites gener-
ated under the reaction condition or in the ambience of H2 would
promote the isomerization reaction.

5. Conclusions

The hydrothermal temperature led to the change in the crys-
talline structure of hydrous zirconia support and the tungsten oxide
species on the Pt-promoted tungstated zirconia catalyst, while no
great change in the acidity of catalyst happened. The correlation
between the isomerization activity, crystalline structure of hydrous
zirconia support and the acidity of Pt/WO3–ZrO2 could not well be
established. The state of tungsten oxide over the catalyst played
a very important role in determining the isomerization activity of
the catalyst. The existence of considerable WO3 microcrystallites
in Pt/WO3–ZrO2 was indispensable for achieving the high catalytic
activity in n-hexane hydroisomerization.
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