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a b s t r a c t

A series of WO3/TiO2 catalysts were synthesized by ultrasonic impregnation method using as-prepared
TiO2 microspheres as support as a function of tungsten oxide species loading. The crystalline struc-
ture, molecular structure and the interaction with the support of the supported tungsten oxide phase
were characterized by various techniques (scanning electron microscope (SEM), transmission electron
microscope (TEM), X-ray diffraction (XRD), Raman, X-ray photoelectron spectroscopy (XPS) and specific
surface areas (BET)), and their effects on the catalytic performance in selective oxidation of cyclopentene
to glutaraldehyde were investigated. It was found that highly dispersed WO3 species were obtained on
the surface of TiO2, and only W(VI) oxidation state was present on the support. The WO3/TiO2 catalysts
showed high catalytic activity for selective oxidation of cyclopentene to glutaraldehyde. The catalytic
activity increased with the WO3 loading, and reached maximum on the catalysts with the WO3 load-
ing of 15–20 wt%. The molecular structures of calcinated tungsten oxide phase were determined to be

tetrahedral surface tungsten oxide species with the WO3 loading below 20 wt%, and both Brönsted acid
sites and Lewis acid sites were present on the surface of the catalysts. The strong support effect on the
dispersion and molecular structure of WO3 as well as the Brönsted acid observed in the present work
may have important catalytic implication. Further increasing the WO3 loading resulted in the decrease
of catalytic performance of the catalyst, meanwhile the crystalline WO3 nanoparticles were present on
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the surface of the suppor
on the surface of TiO2 sup

. Introduction

Glutaraldehyde (GA) is widely used as a disinfectant bactericide
n many fields such as the tanning process of leather, environmen-
al protection, water treatment, etc. [1,2]. However, the commercial
yntheses of GA is mainly based on a multi-step process using
xpensive propenal and vinyl ethyl ether as starting materials,
hich results in the high cost of GA and constrains the potential

pplication of GA [3,4]. Therefore, it has been necessary to develop
ore effective process for the synthesis of GA. An alternative way
o produce GA is the selective oxidation of cyclopentene (CPE)
sing environmentally friendly aqueous H2O2 as the oxidant [5],
ince a great quantity of CPE could be easily obtained by the selec-
ive hydrogenation of cyclopentadiene. In this reaction system, a
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se reactivity trends showed the influence of molecular structure of WO3

on the selective oxidation activity of cyclopentene to glutaraldehyde.
© 2010 Elsevier B.V. All rights reserved.

large number of W-containing homogeneous catalysts (WO3/SiO2,
WO3/TiO2-SiO2, W-MCM-41, W-MCM-48 WO3/TiO2 and W-SBA-
15) have been investigated [6–11]. Higher selectivity of GA could
be obtained for the samples with significant surface acidic sites
(Brönsted acid sites and Lewis acid sites) [12]. And high dispersion
of tungsten species on the surface of support was proposed to be
helpful to the catalytic performance of GA [13–15].

The states of tungsten oxide species formed on the catalyst,
depending on the loading amount of tungsten oxide, play a cru-
cial role in their overall catalytic performance. The tungsten oxide
species were mainly in the tetrahedrally coordinated states at low
WO3 loadings and higher loading of WO3 leaded to the forma-
tion of the distorted octahedrally coordinated species of tungsten
oxide on the surface of catalyst [16]. It has been reported that the
tetrahedrally coordinated tungsten oxide species were the active
centers in the butane-1 metathesis application [17]. However, the

relationship of these different tungsten oxide states with their cat-
alytic active is not fully expatiated for the oxidation of CPE to GA at
present.

In this work, TiO2 microspheres were fabricated by the
hydrothermal precipitation procedure with TiCl4 as the starting

http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
mailto:xyli@dlut.edu.cn
dx.doi.org/10.1016/j.cej.2010.02.024
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Table 1
Textural property of the samples.

WO3 loading (wt%) BET (m2 g−1) Vp (cm3 g−1) dp (nm)

5 wt% WO3/TiO2 195 0.22 4.9
10 wt% WO3/TiO2 184 0.21 5.0
G. Lu et al. / Chemical Engine

aterial in the presence of H2O and urea. And WO3/TiO2 cata-
ysts were prepared using a novel ultrasonic impregnation method
hat could well predigest the preparation procedures and lower the
reparation cost. The influence of tungsten oxide loadings on the
atalytic activity of CPE selective oxidation to GA over WO3/TiO2
atalysts was investigated and the relationship of the different
ungsten oxide states to their catalytic performance was initially
orrelated.

. Experimental

.1. Catalyst preparation

.1.1. Preparation of the titania microspheres
TiO2 microspheres were prepared by the hydrothermal precip-

tation procedure with TiCl4 as the starting material. 2 ml TiCl4
as added dropwise into a mixture consisting of 30 ml anhydrous

thanol and equal amounts of distilled water at room temperature
nder sonication conditions. Then 6 g urea and 2.2 g (NH4)2SO4
ere added in the above mixture. A transparent solution was

btained after sonication for 2–4 h, and then the mixture was trans-
erred into a 100 ml autoclave, where it was heated and maintained
t 383 K for 2 h. Then the autoclave was cooled to room temperature
aturally. Subsequently, the resultant slurry was filtered, washed
wice with distilled water and three times with absolute ethanol.
inally, the produced sample was vacuum-dried at 353 K for 12 h
nd calcined at 773 K for 3 h.

.1.2. Preparation of the WO3/TiO2 catalyst
The WO3/TiO2 catalysts with different WO3 loadings from 5

o 30 wt% were prepared by ultrasonic impregnation method. The
equired amount of ammonium tungstate was dispersed in distilled
ater. The as-synthesized titania microspheres were added into

he sonication solution at 343 K under sonication powers of 480 W
vernight, and the water was completely evaporated. The prepared
atalyst was obtained after drying at 393 K for 12 h and calcination
n a muffle oven at 773 K for 5 h.

.2. Characterization

Specific surface areas (BET) and mean cylindrical pore diame-
ers were determined by nitrogen physisorption at 77 K using a

icromeritics ASAP 2000 instrument.
Scanning electron microscopy (SEM) analysis was conducted

ith a JSM-6700 LV electron microscope operating at 5.0 kV. Trans-
ission electron microscopy (TEM) image was performed by a

ecnai G220 transmission electron microscope at an accelerating
oltage of 200 kV.

X-ray diffraction (XRD) patterns of WO3/TiO2 samples were
btained on a XRD-6000 diffractometer using Cu K� as radiation
� = 1.5406 nm) over the 2� range of 20–80◦ at 2◦/min, which was
perated at 30 mA and 40 kV.

X-ray photoelectron spectroscopy (XPS) spectra of WO3/TiO2
amples were recorded on a Sigma Probe Instrument (Thermo
G, U.K.), in which standard monochromatic Al K� excitation
as 1486.6 eV. The base pressure of the test chamber was below
× 10−9 Torr at room temperature. Measurements were obtained
t the pass energy of 93.90 eV. All binding energies were calibrated
sing contaminant carbon (C1s = 284.6 eV) as a reference.

The Raman experiments were performed under ambient con-

itions on Jobin Yvon T-64000 taking holographic notch as filter,
ymphony liquid nitrogen cooled CCD as detector and air-cooled
rgon ion as laser. The excitation line of the Raman scattering was
32 nm and the laser power at the sample was about 4 mV. The scan
ime was 120 s.
15 wt% WO3/TiO2 167 0.20 5.2
20 wt% WO3/TiO2 142 0.19 5.3
30 wt% WO3/TiO2 98 0.15 5.8

The FT-IR spectra of chemisorbed pyridine (Py-IR) were
obtained on a Nicolet Model 205 spectrophotometer using thermo
electrically cooled deuterated triglycene sulphate (DTGS) detec-
tor. For the infrared absorption spectra, the samples were pressed
into pellets. Then the sample pellets were outgassed at 623 K
for 1 h prior to pyridine adsorption. After the adsorption of pyri-
dine at room temperature, the catalysts were outgassed at 473 K
and their spectra were recorded in the wave-number region of
1400–1700 cm−1.

2.3. Activity test

The oxidation of CPE was performed at 308 K for 24 h with vig-
orous stirring in a regular glass using tert-butanol (t-BuOH) as the
solvent and 50 wt% aqueous H2O2 as the oxidant, as reported in Ref.
[18]. WO3/TiO2 of 1 g, t-BuOH of 20 ml, CPE of 2 ml and 50 wt% aque-
ous H2O2 of 3 ml were required in the activity test. The conversion
of CPE and the yield of GA were determined by gas chromatograph
with FID detector using toluene as an internal standard. And the
remaining amount of hydrogen peroxide was determined by the
iodometric titration.

3. Results and discussion

3.1. Characterizations of the titania microsphere and WO3/TiO2
catalyst

The surface area, porosity and pore diameter of the WO3/TiO2
catalysts with different WO3 loadings are summarized in Table 1.
It is shown that the surface area and porosity (Vp) of WO3/TiO2
catalysts with WO3 loading <20 wt% decrease slightly, indicating
that WO3 would be dispersed well on the surface of titania micro-
spheres. However, when WO3 loading is higher than 20 wt%, the
surface area of the sample is reduced greatly, and the excess content
of tungsten species leads them to aggregation, which also brings the
decrease of the porosity of catalyst.

The SEM images and EDS spectra of the titania support and the
WO3/TiO2 (20 wt%) catalyst calcined at 773 K are shown in Fig. 1,
and the spherical particles are obtained for the two samples. The
SEM images indicate that the average sizes of the TiO2 microsphere
and WO3/TiO2 (20 wt%) sample are about 4.8 and 5.1 �m, respec-
tively. The chemical composition determined by the EDS spectra
shows that the titania particles are composed of Ti and O atoms,
and the WO3/TiO2 catalyst is composed of Ti, W and O atoms.
When tungsten oxides species are supported on the titania spheres,
the characteristic structure of the microspheres is still maintained.
Meanwhile, the sphere surface that is constituted of Ti, W and O
atoms keeps relatively smooth, indicating WO3 with 20 wt% loading
are well dispersed on the surface of TiO2 microsphere [19].

The XRD patterns of WO3/TiO2 catalysts with various WO3 load-
ings are shown in Fig. 2. The diffraction patterns of anatase TiO2

◦ ◦ ◦ ◦ ◦
with five peaks at 2� = 25.3 , 37.9 , 47.9 , 54.3 and 62.5 are found
for all samples and no obvious change for their intensity is observed.
These results reveal that the anatase phase of the titania micro-
sphere can not be changed after the impregnation of tungsten
oxide, regardless of the WO3 loadings [10,20]. When the WO3 load-
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Fig. 1. SEM images of one of the TiO2 microspheres (a) and the 20 wt% WO

ng is less than 20 wt%, no peaks corresponding to the crystalline
hase of WO3 is observed for WO3/TiO2 samples, indicating WO3 is
ighly dispersed on the surface of the catalyst. Whereas, when the
O3 loading exceeds 20 wt%, the characteristic peaks of crystalline
O3 appear and their intensities increase with the increasing of the

ungsten oxide contents.
XPS spectra of the WO3/TiO2 samples with different WO3 load-

ngs provide the information on the chemical states and relative
uantities of outermost surface compounds. The XPS spectra taken

n the Ti 2p region (not shown here) of the WO3/TiO2 samples show
wo peaks with binding energies centered at about 465 eV (2p1/2)
nd 459 eV (2p3/2), respectively, corresponding to the Ti4+ oxida-
ion state [21]. The XPS spectra recorded in the W 4f region (Fig. 3)

how two peaks with binding energies centered at about 35.6 eV
4f7/2) and 37.7 eV (4f5/2), corresponding to tungsten in the W6+ oxi-
ation state [22]. These peaks are asymmetric due to overlapping
ith the Ti 3p component [23]. With the increase of WO3 loading,

he intensities of W 4f peaks and the W6+ surface concentration
2 catalyst (c), and EDS image of the TiO2 (b) 20 wt% WO3/TiO2 sample (d).

increase. In addition, WOx surface coverage linearly correlates to
the WOx surface density (W/(W + Ti)) for the catalysts with WO3
loading ≤20 wt%, as showed in the inset of Fig. 3, which suggests
that WOx is well dispersed on the surface of TiO2 microsphere and
there exists a strong interaction between WO3 and TiO2 when the
loading of WO3 is lower than 20 wt% [23].

The Raman spectra of WO3/TiO2 samples with different WO3
loadings are shown in Fig. 4. The bands at around 144, 199, 399,
510 and 643 cm−1 originate from the anatase phase of TiO2 [8,24].
No obvious change for these bands after loading tungsten oxide on
the support, which is in agreement with the results of XRD. For the
WO3/TiO2 samples with WO3 loading <15 wt%, no new Raman band
appears except for those characteristic peaks of anatase, which

is different from the previously reported literature [16,18]. The
strong chemical interaction between the highly dispersed WOx

species and the TiO2 oxide clusters may be the cause of no obser-
vation of surface WOx band. When the WO3 loading increases to
15 wt%, an additional band at about 965 cm−1 is found and its inten-
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Fig. 2. XRD patterns of WO3/TiO2 catalysts with different WO3 loadings (�, WO3

crystal).

Fig. 3. XPS spectra of W 4f and W surface density versus W surface coverage (inset)
of different WO3/TiO2 samples.

Fig. 4. Raman spectra of different WO3/TiO2 catalysts.
Fig. 5. IR spectra of pyridine adsorbed on different WO3/TiO2 catalysts.

sity increases with the increasing of WO3 loadings up to 20 wt%,
which is assigned to the W O stretching frequencies of the tetra-
hedral coordinated tungsten oxide [25–27]. When the WO3 loading
approaches 25 wt%, three bands appear in the Raman spectrum at
764, 665, and 175 cm−1, which are assigned to the W O symmetric
stretching mode, W O bending mode and W O W deformation
mode of the distorted octahedral tungsten oxide respectively [28],
showing the presence of crystalline WO3 phase [29,30]. These
results are in good agreement with those of XRD patterns as shown
in Fig. 2. Sohn and Park also found the formation of crystalline
WO3 for 13 wt% WO3/ZrO2 sample [22]. Whereas in this work, crys-
talline WO3 phase was not observed for the WO3/TiO2 sample with
the WO3 species loading below 25 wt% at the calcination temper-
ature of 773 K. The dispersion of WO3 on the support is obviously
dependent on the specific support, and TiO2 microsphere is a bet-
ter candidate to obtain the high dispersion of surface WO3. That is
to say that below monolayer coverage, only the surface tungsten
oxide species exists on the TiO2 microsphere surface due to the
strong interaction between WO3 and TiO2. It seems that monolayer
coverage for 25 wt% WO3/TiO2 has been exceeded and crystalline
WO3 is also present on the TiO2 microsphere surface.

The Py-IR patterns of WO3/TiO2 catalysts with various WO3
loadings are shown in Fig. 5. The catalysts with 5 and 10 wt% load-
ings exhibit IR bands at 1450 and 1609 cm−1, while the samples
with WO3 loadings of 15, 20 and 30 wt% show IR bands at 1450,
1543, 1609, and 1639 cm−1. The bands at 1450 and 1609 cm−1 are
assigned to Lewis acid (L acid), and the ones at 1543 and 1639 cm−1

are due to Brönsted acid (B acid) [31]. With the increase of WO3
loading, the intensity of L acid bands decreases and the one of B
acid bands increases, indicating that the L acid at the surface is
gradually weaken while the B acid is inchmeal enhanced.

3.2. Catalytic tests in the selective oxidation of CPE to GA

As we all known, the oxidation reaction of CPE with H2O2 was
relatively complex. During the reaction, lots of by-products such as
xide (CPO), 2-cyclopenten-1-one, 1,2-cyclopentandiol and its mono
ether may be produced besides the main product of GA [12]. In this
paper, only the CPE conversion and the GA yield are focused on.
Table 2 summarizes the CPE conversions and GA yields over the

WO3/TiO2 samples with different WO3 loadings. The results show
that the yield of GA increases rapidly with the increase of WO3
loadings, when the WO3 loading is less than 15 wt%. The GA yield
increases slowly for the samples with WO3 loading among 15 and
20 wt%, and reaches the maximum when WO3 loading approaches
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Table 2
Activity of various WO3/TiO2 catalysts on the selective oxidation of CPE to GA.

WO3 loading (wt%) H2O2 efficiency (%) CPE conversion (%) GA yield (%)

5 wt% WO3/TiO2 71.4 89 39
10 wt% WO3/TiO2 76.2 95 54
15 wt% WO3/TiO2 81.1 100 61
20 wt% WO3/TiO2 86.6 100 67
30 wt% WO /TiO 80.8 73 51
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eaction conditions: 2 ml cyclopentene, 3 ml 50% H2O2, 20 ml t-BuOH, 1 g WO3/TiO2

atalyst, T = 308 K, and t = 48 h. CPE, cyclopentene; GA, glutaraldehyde. Calcination
emperature: 773 K.

0 wt%. But for the samples exceeding 20 wt%, the yield of GA
ecreases with further increasing of WO3 loading. It is reasonable to
hink that the decrease of the activity is partly due to the conglom-
ration and reduce of active sites at high WO3 loading. In addition,
he phase of tungsten oxide species on the surface of TiO2 should
e considered since they possess different acid sites, which play a
rucial role in their overall catalytic performance [32]. At low WO3
oadings (normally below 15 wt%), amorphous tungsten oxide pre-
ominated and only Lewis acid character was found to be present,
esulting in the yield of GA increased rapidly with increasing of

O3 loadings [32]. At the WO3 loading of 15–20 wt%, the tetrahe-
ral surface tungsten oxide species (surface polytungstate species)
ecome predominant and the interaction of WO3 with the support
ecomes pretty stronger (as shown in Figs. 3 and 4). The increase of
O3 surface coverage and the strong support interaction enhance

he charge configuration to the TiO2 microsphere support, result-
ng in more Brönsted acid on the surface. Therefore, both Brönsted
cid sites and Lewis acid sites are present; meanwhile, the highest
atalytic activity and GA yield are obtained. At high WO3 loadings
>20 wt%), crystalline WO3 nanoparticles (as shown in Figs. 2 and 4)
ormed on the TiO2 microsphere support, Brönsted acid becomes
redominant and the catalytic performance decreases correspond-

ngly. It is primarily concluded that the surface acidity and species
f catalysts play an important role in this reaction system, which
eeds further investigation.

. Conclusions

To sum up, TiO2 micospheres were fabricated by a hydrothermal
recipitation procedure with TiCl4 as starting material in the pres-
nce of H2O and urea. Then a series of thermally stable WO3/TiO2
icrosphere catalysts were successfully prepared by an ultrasonic

mpregnation method. The catalytic performance results show that

etrahedral surface WO3 species with high dispersion dominate
n the surface of TiO2 support, which enhanced the Brönsted acid
ites of the supported catalyst and governed the superior catalytic
ehavior of the WO3/TiO2 catalyst in the selective oxidation of CPE
o GA. The optimal tungsten content was 20 wt% and the GA yield

[
[

[
[
[
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over this catalyst reached 67%, suggesting its potentially promising
application in industry.
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