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Abstract

Tungsten-doped ordered SBA-15 prepared by the in situ synthesis method was systematically characterized by UV-Raman, UV–vis DRS,
FT-IR, XPS, and H2-TPR. It was found that the dispersion and nature of the tungsten species depend strongly on the tungsten oxide content. The
tungsten species are located mainly in isolated tetrahedral or low-condensed oligomeric environments, and there are strong interaction between
tungsten species and the silica-based matrix at tungsten oxide content <20 wt%. Higher tungsten oxide content leads to the formation of bulk
tungsten species. It was also found that the ordered hexagonal mesoporous structure of SBA-15 is retained, and strong Brønsted and Lewis acid
sites are formed on tungsten incorporation. The superior catalytic performance in the selective oxidation of cyclopentene has been attributed to its
proper content of tungsten species, high dispersion, and strong surface acidity.
© 2007 Elsevier Inc. All rights reserved.
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1. Introduction

The synthesis of siliceous mesoporous materials has at-
tracted great interest because it extends the range of molecular-
sieve materials into the very-large pore regime [1]. The incor-
poration of transition metal ions in these mesoporous structures
is a very useful method for providing this material with po-
tential catalytic applications. SBA-15, a new type of ordered
mesoporous material appearing after the M41S series, is syn-
thesized with triblock copolymers as structure-directing agents
under strongly acidic conditions. It has a high surface area
(600–1000 m2 g−1), thick walls, and uniform tubular channels
with tunable pore diameters in the range of 5–30 nm, signifi-
cantly larger and with higher hydrothermal stability than those
of MCM-41 [2,3]. Thus, it has attracted great attention in the
field of catalysis. Tungsten is one of the most-studied transi-
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tion metal ions (along with as Al [4], Ti [5], V [6], and Sn
[7]) incorporated into SBA-15, due to its interesting catalytic
properties in many reactions. Tungsten is widely used for the
metathesis and isomerization of alkenes [8], selective oxida-
tion of unsaturated compounds [9], dehydrogenation of alco-
hols [10], and hydrodesulfurization and hydrocracking of heavy
fractions in the petroleum chemistry [11,12], the subject most
heavily researched. In addition, research groups have attempted
to synthesize mesoporous tungsten oxide materials [13] or in-
corporate tungsten into nonsiliceous mesostructured materials
(TiO2) [14,15] and siliceous mesoporous molecular sieves (e.g.,
silica, M41S, SBA-n) by impregnation [16], cogelation [17],
insertion [18–20], or grafting [21]. In these materials, the struc-
ture of the nonsupported tungsten oxide mesoporous materials
is not stable and will collapse on calcination. Thus, incorporat-
ing tungsten into nonsiliceous or siliceous mesoporous materi-
als has attracted considerable interest because of their diverse
compositions that lead to potential applications in catalysis.
Our group has reported studies on the synthesis and catalytic
performance of core–shell mesoporous-structured WO3/TiO2
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spheroids and tungsten-doped siliceous mesoporous molecular
sieve materials, which show good catalytic activity in the se-
lective oxidation of cyclopentene with aqueous H2O2 [15,20].
Other previous studies [16–21] have shown that the dispersion
of tungsten oxide and its oxidation state, surface acidity, and
structure strongly depend on the preparation methods, the tung-
sten precursors, and the nature of the support. In turn, all of
these factors are likely to affect the catalytic properties. The
industrial importance of the silica–tungsten oxide system has
sparked numerous studies of their properties and catalytic ap-
plications.

In a preliminary research note [22], for the first time we re-
ported the synthesis of a novel tungsten-doped SBA-15 catalyst
by the in situ synthesis method, which showed excellent cat-
alytic performance in the production of glutaraldehyde (GA) by
anhydrous hydrogen peroxide from cyclopentene (CPE) in the
presence of tributyl phosphate (TBP). GA is used extensively
in disinfection and sterilization. An important way to produce
GA is through the selective oxidation of CPE, because a great
quantity of CPE can be easily obtained by the selective hy-
drogenation of cyclopentadiene, which can be readily obtained
from the decomposition of dicyclopentadiene, a main byprod-
uct of the C-5 fraction in the petrochemical or coking industry
[23,24]. The superior performance of tungsten-doped SBA-15
catalyst is related to the high surface concentration of WOx

species dispersed on well-ordered hexagonal pore walls of the
SBA-15 support. Nonetheless, a fundamental understanding of
the dispersion, coordination, reducibility, and oxidation state of
the WOx species and the surface acidity of the catalyst remain
unclear.

To gain more insight into the nature and the redox properties
of the tungsten-doped SBA-15 catalysts, and also to explore the
possible relationship between the reaction mechanism and the
catalyst properties, the present work systematically character-
ized the tungsten-doped SBA-15 catalysts by various analytical
and spectroscopic techniques, including UV-Raman, XPS, FT-
IR, and H2-TPR, and investigated their catalytic performance
in the selective oxidation of CPE in the anhydrous H2O2/TBP
system.

2. Experimental

2.1. Catalyst preparation

A typical procedure for the synthesis of W-doped SBA-15
catalyst was as follows. First, 5 g of Pluronic P123 triblock
polymer (EO20PO70EO20, Mav = 5800, Aldrich) and 28 g of
distilled water were added to 150 mL of 2 M HCl and stirred
for 4 h at 313 K. Then 10 g of Si(OC2H5)4(TEOS) was added
to this mixture and stirred for 30 min. Then 13 mL of an aque-
ous solution of sodium tungstate (Na2WO4·2H2O, 0.2 M) was
added. The mixture was aged at 313 K under moderate stirring
for 24 h, and then crystallized at 368 K for 3 days. The solid
product was filtered, washed with distilled water, and dried at
room temperature. Finally, it was calcined at 873 K in air for
5 h to remove the template and used as a catalyst with no fur-
ther treatment.

2.2. Characterizations

The UV-Raman measurements were carried out on a con-
focal microprobe Jobin Yvon LabRam Infinity Raman system
using the UV line at 325 nm from a Kimmon IK3201R-F He–
Cd laser as the exciting source. The laser output was 30 mW,
and the maximum incident power at the sample was approxi-
mately 6 mW.

UV–vis DR spectra were collected on a Shimadzu UV-2540
spectrometer with BaSO4 as a reference. The XPS spectra were
recorded on a Perkin-Elmer PHI 5000C ESCA system equipped
with a dual X-ray source, using the AlKα (1486.6 eV) anode
and a hemispherical energy analyzer. The background pressure
during data acquisition was kept below 10−6 Pa. Measurements
were performed at pass energy of 93.90 eV to ensure suffi-
cient sensitivity for the acquisition scan, and a pass energy of
23.50 eV was used for the scanning of the narrow spectra of
Si2p, W4f, O1s, and C1s to ensure sufficient resolution. All bind-
ing energies were calibrated using contaminant carbon (C1s =
284.6 eV) as a reference.

The surface acidity was monitored from the FT-IR spectra
recorded after the adsorption of pyridine, using a Bruker Vec-
tor 22 spectrometer coupled to a conventional high-vacuum sys-
tem. The sample was compacted to a self-supporting wafer and
calcined at 673 K for 1 h in an in situ IR gas cell under vac-
uum before pyridine adsorption [25]. Pyridine was adsorbed
at room temperature from an argon flow containing 2 vol%
pyridine. Then the samples were heated to 373 K and evacu-
ated to remove physisorbed and weakly chemisorbed pyridine.
Temperature-programmed desorption of the adsorbed pyridine
starting at 373 K was studied by stepwise heating of the sam-
ple under vacuum to characterize the types and strengths of
the acid sites. Difference spectra were obtained by subtract-
ing the background (base spectrum) of the unloaded sam-
ple.

TPR analysis was carried out on a homemade apparatus
loaded with 100 mg of catalyst. The samples were pretreated in
flowing air at 873 K for 2 h to ensure complete oxidation. Then
the samples were subsequently contacted with H2/Ar mixture
(H2/Ar molar ratio of 5/95 and a total flow of 40 mL min−1)
and heated at a ramp rate of 10 K min−1 to a final tempera-
ture of 1273 K. H2 consumption was monitored using a TCD
detector. The tungsten content was determined by ICP (IRIS
Intrepid, Thermo Elemental Company) after solubilization of
the samples in HF:HCl solutions.

2.3. Activity test

The activity test was performed at 308 K for 12 h with mag-
netic stirring in a closed 100-mL regular glass reactor using
anhydrous hydrogen peroxide as the oxygen donor and TBP
as the solvent. The quantitative analysis of the reaction prod-
ucts was performed by gas chromatography (GC) method, and
identification of different products in the reaction mixture was
determined by GC–mass spectrometry (GC–MS), as described
previously [20,26].
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3. Results and discussion

3.1. Characterization of the tungsten-doped SBA-15 catalyst

The tungsten-doped SBA-15 catalysts were systematically
characterized by various analytical and spectroscopic tech-
niques. XRD and SEM/TEM results show that a suitable weight
content (<20%) is needed to obtain a high dispersion of WOx

species and maintain the typical mesoporous structure of the
W-doped SBA-15 catalysts. More detailed information on XRD
and SEM/TEM is given in the supporting materials. Other char-
acterization results are discussed herein.

3.1.1. UV–vis DRS
To obtain information of the chemical nature and coordina-

tion states of tungsten oxide species, diffuse reflectance spec-
tra in the UV–vis region of W-doped SBA-15 samples were
recorded; these are shown in Fig. 1. This method is known
to be highly sensitive for distinguishing species between in-
corporated metal and extra-framework metal oxides in differ-
ent mesostructures [27,28]. For comparison, the UV–vis DR
spectra of sodium tungstate (Na2WO4·2H2O) and bulk WO3
are also shown in Fig. 1. The spectrum of sodium tungstate,
with a spinel structure and isolated [WO4]2− tetrahedra, is
characterized by a maximum at 230 nm (curve a) [19,29].
For pure siliceous SBA-15, there are no evident bands in the
spectrum (not shown here); after introduction of tungsten ox-
ide into SBA-15, three Raman bands appear at 230, 290, and
430 nm. The broad band at about 430 nm of the 30 wt%
W-doped SBA-15 and impregnated 20 wt% WO3/SBA-15 sam-
ple (curves d and e) can be attributed to tungsten trioxide by
comparison with the spectrum of bulk WO3 (curve f) [19,30].
The second broad band at about 290 nm presents another
kind of tungsten oxide species. Weber et al. showed that the
low-energy absorption is shifted toward a lower wavelength
with decreasing nuclearity of molybdenum or tungsten enti-

Fig. 1. UV–vis diffuse reflectance spectra of various samples after dehydra-
tion at 673 K in air for 2 h: (a) Na2WO4·2H2O; (b) 10 wt% WO3-SBA-15;
(c) 20 wt% WO3-SBA-15; (d) 30 wt% WO3-SBA-15; (e) 20 wt% WO3/
SBA-15; (f) bulk WO3.

ties [31,32]. Therefore, this broad band should be assigned to
isolated tungsten species or low-condensed oligomeric tung-
sten oxide species. The sharp band at 230 nm of the in situ
synthesized samples (curves b–d) can be attributed to isolated
[WO4] tetrahedral species by comparison with the structure of
sodium tungstate. The absence of the broad band at 430 nm may
reflect the fact that the tungsten oxide species are highly dis-
persed and no crystalline WO3 is formed in W-doped SBA-15
samples with tungsten oxide content <20 wt% (curve b). There
is a weak band at 430 nm for the 20 wt% W-doped SBA-15
sample, indicating formation of only a small amount of low-
crystalline WO3 species, which is in line with the result from
wide-angle XRD. Further increasing the tungsten oxide content
up to 30 wt% will lead to the formation of a large quantity of
crystalline WO3 species, resulting in the appearance of strong
bands at 430 nm, which can be also confirmed by the TEM im-
ages and the crystalline phase of WO3 detected by XRD (see the
supporting materials). The UV–vis DR spectra further demon-
strate that high dispersion of the tungsten oxide species is es-
sential to the high catalytic performance of the as-synthesized
catalysts, as discussed below.

3.1.2. UV-Raman
UV-Raman spectroscopy is an important technique for iden-

tifying incorporated framework transition metal ions in metal-
containing zeolites [33] and MCM-41 materials [34]. UV-
Raman spectroscopy has no fluorescence background to be cor-
rected as is commonly present in most visible Raman spectra,
thus greatly improving its sensitivity and resolution. Further-
more, the resonance Raman effects can selectively enhance
the Raman bands that are directly associated with the frame-
work metallic ion while keeping the remaining Raman bands
unchanged for metal-containing molecular zeolites. The UV-
Raman spectra of various samples, shown in Fig. 2, are sig-
nificantly different than the visible Raman spectra, as reported
previously [22]. No bands attributed to the tungsten oxide

Fig. 2. UV-Raman spectra of various samples: (a) 10 wt% WO3-SBA-15;
(b) 20 wt% WO3-SBA-15; (c) 30 wt% WO3-SBA-15; (d) 20 wt% WO3/
SBA-15.
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species or the siliceous SBA-15 structure can be observed for
the W-doped SBA-15 samples (WO3 �20 wt% [22]); how-
ever, new Raman bands at 485, 685, 795, 900, and 970 cm−1

are observed for those samples with WO3 content <20 wt%
from the UV-Raman spectra (Fig. 2, a and b). The bands at 485
and 795 cm−1 are associated with the vibration of the siliceous
SBA-15 matrix [19,34]. The band at 970 cm−1 is assigned to
the symmetric stretching mode of the terminal W=O bond of
the tetrahedrally coordinated tungsten oxide species [19,35,36],
which has been suggested as the active site of the tungsten-
based catalysts [37]. The Raman band at about 900 cm−1 has
been used to characterize the incorporation of the transition
metal ions in the silica framework as the Si–O– or Si(–O–)2
functionalities perturbed by the neighboring metal ions, such
as V [38] and W [35]. The presence of the Raman band at
about 900 cm−1 is also a typical evidence for the isomor-
phous substitution of silicon by tungsten in the tungsten-doped
SBA-15 samples. The band at 685 cm−1 may be assigned
to stretching and bending modes of W–O bonds in the low
condensed polymeric WOx species, in comparison with the
UV-Raman bands of crystalline WO3 (Fig. 2, c and d) [39].
For the 30 wt% W-doped SBA-15 and the traditional impreg-
nated 20 wt% WO3/SBA-15 sample, the characteristic bands of
siliceous SBA-15 matrix vanished because of the very strong
UV-Raman bands of crystalline WO3, indicating the formation
of a very poorly dispersed tungsten oxides.

3.1.3. TPR
TPR profiles of the various samples and the bulk WO3 are

compared in Fig. 3. The bare siliceous SBA-15 shows no reduc-
tion peak in the temperature range investigated here (Fig. 3a),
whereas the TPR profile of bulk WO3 exhibits three main
peaks with maxima at 903, 1063, and 1183 K (Fig. 3e). These
peaks may be assigned to the three-stepwise reduction of WO3

Fig. 3. Temperature-programmed reduction profiles of different samples:
(a) SBA-15; (b) 10 wt% WO3-SBA-15; (c) 20 wt% WO3-SBA-15; (d) 30 wt%
WO3-SBA-15; (e) bulk WO3.

to W(0) (WO3(VI) → WO2.9(V,VI) → WO2(IV) → W(0))
[40,41]. The two higher temperature peaks at 1063 and 1183 K
are associated with the reduction of W(VI) species in the tetra-
hedral coordination [40], whereas the peak at lower temperature
(903 K) is correlated with the reduction of the supported WO3
crystallites [42]. Furthermore, Horsley et al. [43] found that
the isolated and the low-condensed oligomeric tungsten oxide
species (e.g., dipolymer) cannot be easily reduced. The reduc-
tion of the W-doped SBA-15 samples strongly depends on the
content and dispersion of WO3. A shift of the TPR profiles to
lower temperatures is observed when increasing the WO3 con-
tent from 10 to 30 wt%, until the reduction behavior is close
to that of bulk WO3 on the 30 wt% sample. The existence of a
single H2 consumption peak for the 10 and 20 wt% samples at
about 1210 K may indicate the high dispersion of the tungsten
oxide species, which can be assigned to the reduction of tetra-
hedrally coordinated species or the low-condensed oligomeric
tungsten oxide species [42,43], whereas the TPR profile of the
30 wt% sample is similar to that of bulk WO3, demonstrating
the presence of crystalline WO3 in the 30 wt% sample. de Lucas
et al. [44] reported that the reducibility of the tungsten-based
silica catalysts increases as the strength of the interaction of
metal oxide species with the support surface decreases. There-
fore, it can be concluded that the interaction between the high-
dispersive tungsten oxide species and the SBA-15 framework is
very strong, thus reducing the leaching of tungsten species into
the reaction mixture compared with the supported counterparts.

3.1.4. Py-FT-IR
Pyridine adsorption measured by IR spectroscopy was used

to evaluate the strength and types of acid sites of the W-doped
SBA-15 samples. Fig. 4 shows the FT-IR spectra of the bare
SBA-15 and 20 wt% tungsten-doped SBA-15 samples recorded
after the adsorption of pyridine and subsequent evacuation at
423, 473, 573, and 673 K. The Py-FT-IR spectrum recorded
after adsorption of pyridine at room temperature on the bare
SBA-15 shows bands at 1595 and 1445 cm−1, ascribed to
pyridine coordinately bonded to weak surface Lewis acid sites
(Fig. 4A) [45], which vanish almost completely after outgassing
at 473 K. In addition to bands at 1595 and 1445 cm−1, the spec-
trum recorded for the 20 wt% tungsten-doped SBA-15 sample
shows bands at 1488, 1545, and 1635 cm−1 due to protonated
pyridine bonded to surface Brønsted acid sites, indicating that
the presence of tungsten-doped species leads to the develop-
ment of surface Brønsted acid sites (Fig. 4B) [16]. The intensi-
ties of all of these bands decrease after outgassing at increasing
temperatures, but they are still recorded even after outgassing at
573 K, illustrating that both types of acid sites are rather strong
and are related to tungsten oxide incorporation. Similar spec-
tra are recorded for samples of 10 and 30 wt% tungsten-doped
SBA-15 (not shown here), but the number of the Lewis and
Brønsted acid sites increases with the increment of the tung-
sten oxide contents up to 20 wt%. For the 10 wt% sample,
all of these bands almost disappear after outgassing at 573 K,
which may be associated with the much more uncovered silica
surface [16]. When the tungsten oxide content is increased to
20 wt%, the surface concentration of the Lewis and Brønsted
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Fig. 4. FT-IR spectra of pyridine adsorbed on the sample recorded at different temperatures: (a) 423, (b) 473, (c) 573, and (d) 673 K.
acid sites increases, possibly due to an increase in the surface
concentration of tungsten oxide species covering more silica
surface and the high dispersion of tungsten oxide species in
the 20 wt% sample. The amounts of these two kinds of acid
sites decrease slightly for the 30 wt% sample, possibly due to
the weak interaction between the tungsten species and silica,
because high contents of tungsten species may lead to the par-
tial collapse of the mesoporous structure and the appearance of
crystalline WO3. Based on the FT-IR spectra after pyridine ad-
sorption, it can be concluded that both the Lewis and Brønsted
acid sites evidenced over the tungsten-doped SBA-15 samples
are related to tungsten oxide incorporation and that the strong
Lewis and Brønsted acid sites are essential to the selective oxi-
dation of CPE.

3.1.5. XPS
Fig. 5 shows the W4f XPS spectra of the W-doped SBA-15

samples. All of the samples demonstrate a broad XPS peak, but
it is possible to distinguish tungsten oxide species in different
chemical states from the position of the W4f level by the curve-
fitting procedure according to the theory of Doniach and Sunjic
[46]. Detailed quantitative results from the peak-fitting results
of W4f and Si2p are also given in Table 1. The quantitative
surface composition results for tungsten-doped SBA-15 sam-
ples before and after 15 min Ar+ etching are also included to
explore the differences in composition between the top surface
and the subsurface of the samples. The measured spectra appear
similar for all samples and show identical positions for the W4f
peaks, except for the minor charging effect observed and cor-
rected according to the contaminant carbon (C1s = 284.6 eV).
Both W(VI) and W(V) species at W4f7/2 (of 36.6 and 34.6 eV
[47–49]) for the W4f spin–orbit components are detected. With
increasing tungsten oxide loading, the intensity of the W4f XPS
peaks also increases before and after Ar+ etching, as illustrated
by the changes in relative peak areas for W4f as shown in Fig. 5
and Table 1. Table 1 also gives the quantitative results of the
molar ratios of W6+/W5+ and Si/W by XPS according to the
relative peak intensity of W4f and Si2p after correction with
atomic sensitivity factors. The molar ratio of W6+/W5+ in-
creases from 1.9 to 2.2 when the WO3 contents increases from

Fig. 5. XPS spectra of the W4f region for different W-doped SBA-15 samples.

Table 1
Peak-fitting results of W4f XPS spectra of W-doped SBA-15 samples

Sample Binding energy for W4f (eV) W6+/

W5+a
Si/Wb Si/Wc

W6+
W4f5/2

W6+
W4f7/2

W5+
W4f5/2

W5+
W4f7/2

WO3
d 38.0 36.0 – – – 0 0

WO2.5
d – – 36.8 35.0 – 0 0

10% WO3-SBA-15 38.9 36.6 36.9 34.6 1.9 107.6 38.6
10% WO3-SBA-15e 39.2 36.9 36.9 34.6 0.9 106.2 –
20% WO3-SBA-15 38.9 36.6 36.9 34.6 2.0 59.2 19.3
20% WO3-SBA-15e 39.1 36.8 36.9 34.6 0.9 57.6 –
30% WO3-SBA-15 39.1 36.8 37.2 34.9 2.2 53.4 12.8
30% WO3-SBA-15e 38.9 36.6 36.9 34.6 1.0 51.2 –

a Calculated according to the curve-fitting results of the W4f XPS spectra of
catalysts.

b Calculated according to the peak areas of W4f and Si2p.
c Stoichiometric ratio in gel.
d See reference: Appl. Catal. A Gen. 269 (2004) 169–177.
e After Ar+ etching for 15 min.
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Table 2
Influence of the calcination temperature on the catalytic performance of 20%
WO3-SBA-15a

Temper-
ature (K)

Conversion (%) TOF

(h−1)

Selectivity (%) Yield of
GA (%)Of H2O2 Of CPE GA CPDL

673 71 85 1.9 83 12 70
773 91 100 2.2 91 4 91
873 96 100 2.2 87 6 87
973 98 99 2.2 86 7 85

1073 93 91 2.0 85 9 77

a Reaction conditions: The molar ratio of CPE:H2O2:WO3 = 100:210:4, the
volume ratio of TBP/CPE = 7.5, reaction temperature 308 K, reaction time
12 h. CPE, cyclopentene; GA, glutaraldehyde; CPDL, cyclopentan-1,2-diol;
TOF = moles of CPE per moles of WO3 per hour.

10 to 30%, suggesting that the surface W6+ species content
increases and much more crystalline WO3 species are formed
in the 30 wt% tungsten-doped SBA-15 sample. However, after
15 min of Ar+ etching, the W6+/W5+ molar ratio of the various
samples changes to about half of the initial value, demonstrat-
ing that the W6+ species are located mainly on the surface of
the samples and can be removed by 15 min of Ar+ etching (also
shown in Table 1). At the same time, the existence of highly
polymeric tungsten species in the 30 wt% sample leads to the
obvious decrease of the Si/W molar ratio compared with the
10 wt% sample, in which the tungsten species are highly dis-
persed. According to the comparison of the surface molar ratio
of W/Si with that of the mean value as added, it can be con-
cluded that the increase of this ratio with the increasing weight
percentage of tungsten is not linear. This suggest that the dis-
persion of the surface tungsten species is not uniform with in-
creasing tungsten loading and that the deviation from linearity
is obtained between the sample at WO3 content >20%.

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

In an earlier research note [22], we briefly reported that the
heterogeneous tungsten-doped SBA-15 catalyst exhibited ex-
cellent activity and selectivity for the selective oxidation of
CPE to GA in a nonaqueous H2O2/TBP system. The nonaque-
ous H2O2/TBP system has several advantages over the aqueous
H2O2/t -BuOH system: (1) the very high yield of GA signifi-
cantly decreases the cost of the raw material; (2) the yield of
the main byproduct, cyclopentane-1,2-diol, is only 4%, which
can be easily separated from the mixture by distillation; (3) the
heterogeneous catalyst can be conveniently separated from the
products by simple filtration; (4) GA with high purity (Med-
ical Grade) can be easily obtained through decompressed rec-
tification, due to the large difference in boiling point between
GA and TBP (∼100 ◦C). According to the previous results, we
know that the 20 wt% WO3-SBA-15 catalyst shows the best
catalytic performance. The CPE conversion and GA selectivity
reach 100% and 91%, respectively. In the present work, the ef-
fects of catalyst preparation parameters and reaction conditions
on the catalytic performance of 20 wt% WO3-SBA-15 catalyst
in the anhydrous H2O2/TBP system were investigated in detail.

Table 3
Influence of the reaction temperature over 20% WO3-SBA-15a

Temper-
ature (K)

Reaction
time (h)

Conversion (%) TOF

(h−1)

Selectivity (%) Yield of
GA (%)Of H2O2 Of CPE GA CPDL

298 16 90 97 1.5 86 7 83
308 12 91 100 2.2 91 4 91
318 8 91 100 3.3 83 11 83

a Reaction conditions: The molar ratio of CPE:H2O2:WO3 = 100:210:4, the
volume ratio of TBP/CPE = 7.5; TOF = moles of CPE per moles of WO3 per
hour.

A reasonable correlation of the structural parameters with its
catalytic activity and the reaction mechanism is proposed.

3.2.1. Effect of the calcination temperature
The effect of calcination temperature on the catalytic behav-

iors of the 20% WO3-SBA-15 catalyst is shown in Table 2.
The catalyst exhibits its best activity and selectivity to GA at
773 K. Calcination temperatures above or below 773 K lead
to decreased activity. The TOF values (also shown in Table 2)
unambiguously verify the above conclusion, but it should be
noted that although the TOF value at 873 K is the same as
that at 773 K, the GA yield is slightly decreased at 873 K.
These results can be explained based on the XRD characteri-
zation, because no significant crystallization is observed at cal-
cination temperatures of 773 K and lower, while the catalyst
gradually crystallized with the increase in calcination tempera-
ture from 773 to 1073 K (see the supporting materials). Thus,
773 K is chosen as the optimum calcination temperature for
the 20 wt% WO3-SBA-15 catalyst, because the tungsten ox-
ide species could not be fully activated at lower calcination
temperature. Moreover, the interaction between tungsten ox-
ide species and the silica framework is not sufficiently strong
to effectively inhibit leaching of the active species during the
reaction, whereas the significant crystallization of the tungsten
oxides species occurs at higher calcination temperature, lead-
ing to the poor dispersion of the active species and decreased
catalytic performance.

3.2.2. Influence of the reaction parameters
Table 3 shows the effect of the reaction temperature on the

catalytic performance of the 20 wt% WO3-SBA-15 catalyst at
298–318 K. The catalytic performance strongly depends on the
reaction temperature. At 298 K, CPE conversion is only 97%
after 16 h of reaction, but at 308 K, 100% CPE conversion
and 91% GA yield are obtained after only 12 h. A further in-
crease in reaction temperature to 318 K further accelerates the
reaction rate, as also confirmed by the TOF values (shown in
Table 3), but also increases the byproduct yield. This is because
the selective oxidation of CPE is an exothermic reaction, and
thus high conversion is expected if the reaction is carried out at
high temperature, which would be favorable for the equilibrium
conversion to the products. Although high reaction temperature
could shorten the reaction time, the aldehyde group of GA is
so active that it can be further oxidized at higher temperature,
which is possibly more beneficial to formation of the byprod-
ucts cyclopentane-1,2-diol (CPDL). All of the above results
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Table 4
Effect of catalyst amount on the GA preparation over 20% WO3-SBA-15a

WO3/CPE
(mol%)

Conversion (%) TOF

(h−1)

Selectivity (%) Yield of
GA (%)Of H2O2 Of CPE GA CPDL

1.9 70 73 3.2 86 6 63
2.8 84 95 2.8 89 5 85
3.8 91 100 2.2 91 4 91
4.7 90 100 1.8 90 4 90

a Reaction conditions: The molar ratio of CPE:H2O2 = 100:210, the volume
ratio of TBP/CPE = 7.5, reaction temperature 308 K, reaction time 12 h; TOF =
moles of CPE per moles of WO3 per hour.

Table 5
Effect of TBP amount on the GA preparation over 20% WO3-SBA-15a

TBP/

CPEb
Conversion (%) TOF

(h−1)

Selectivity (%) Yield of
GA (%)Of H2O2 Of CPE GA CPDL

15.9 61 63 1.4 77 6 49
9.6 90 93 2.0 86 7 79
7.5 91 100 2.2 91 4 91
5.6 89 100 2.2 86 8 86
4.7 89 100 2.2 84 8 84

a Reaction conditions: The molar ratio of CPE:H2O2:WO3 = 100:210:4, re-
action temperature 308 K, reaction time 12 h.

b The volume ratio of TBP/CPE; TOF = moles of CPE per moles of WO3
per hour.

suggest that an optimum temperature (i.e., 308 K) is necessary
for the selective oxidation of CPE to GA, taking into account
the balance between the reaction rate and the equilibrium prob-
lem.

The reaction results as a function of the amounts of the
20 wt% WO3-SBA-15 catalyst used were also investigated (see
Table 4). It was found that the CPE conversion increases with
increasing amounts of catalyst used in the oxidative reaction in
a fixed reaction period, suggesting that the reaction rate is accel-
erated with increasing amounts of catalysts. However, the TOF
values decrease significantly with the increment of the catalyst
amounts. Moreover, the yield of GA first increases significantly
when the molar ratio of WO3/CPE increases from 1.9 to 3.8%,
then decreases slightly when the molar ratio of WO3/CPE fur-
ther increases from 3.8 to 4.7%, which may be ascribed to the
increased difficulty of mass transfer during the reaction.

Because the solvent is known to play a very important role
in determining the catalytic activity and selectivity in many cat-
alytic oxidations by hydrogen peroxide [50], we investigated
the effect of the relative amount of TBP on the catalytic perfor-
mance of the 20% WO3-SBA-15 catalyst during the CPE oxida-
tion to GA. As shown in Table 5, an appropriate amount of TBP
is required for this reaction. When using small amounts of TBP,
hydrogen peroxide apparently decomposes during the reaction,
releasing heat and leading to volatilization of the reagents. Us-
ing more TBP leads to low reagent concentrations and thus de-
creased reaction rate. The TOF values further demonstrate these
results; the TOF values first decrease slightly when the volume
ratio of TBP to CPE is increased from 4.7 to 9.6, then decrease
significantly when the volume ratio is further increased from

Fig. 6. Dependence of distribution of CPE and the products on the reaction time
over 20% WO3-SBA-15. CPE, cyclopentene; CPO, cyclopentene-epoxide; GA,
glutaraldehyde; CPDL, cyclopentan-1,2-diol.

Scheme 1. The catalytic reaction route of CPE oxidation.

9.6 to 15.9. Based on the experimental data, the optimal vol-
ume ratio of TBP to CPE is determined to be 7.5:1.

3.2.3. The time course of CPE oxidation
According to the GC–MS analysis, along with the main

product GA, the main byproducts are cyclopentene-epoxide
(CPO) and CPDL. The dependence of the contents of various
products on the reaction time over the 20 wt% WO3-SBA-15
catalyst is illustrated in Fig. 6. The contents of GA increase and
reach a maximum at CPE conversion of 100% with about 12
h of reaction time. The GA content remains almost the same
with further increases in reaction time. CPO content increases
rapidly at the beginning and then decreases progressively with
increasing GA content; thus, it can be proposed that CPO is
possibly a main intermediate from which GA is produced via its
further oxidative cleavage and CPDL is formed via its further
reaction with water. Therefore, the mechanism of CPE oxida-
tion in the anhydrous H2O2/TBP system may be similar to that
in the aqueous H2O2/t -BuOH system [51]; a possible reaction
route is shown in Scheme 1.

3.2.4. Reusability and regeneration of the 20 wt%
WO3-SBA-15 catalyst

To investigate the stability and duration of active tungsten
species in the 20 wt% WO3-SBA-15 catalyst, the leaching of
WOx species into the reaction mixture and the tungsten remain-
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Table 6
Reusability and regeneration of 20 wt% WO3-SBA-15a

Entry Conversion (%) Yield of
GA (%)

Selectivity
of GA (%)Of H2O2 Of CPE

1 91 100 91 91
2 90 100 88 89
3 89 97 84 86
4 90 95 81 85
5 89 93 79 85
6 85 90 75 84
7b 93 100 90 90

a Reaction time 12 h, reaction temperature 308 K, the molar ratio of CPE:
H2O2:WO3 = 100:210:4, the volume ratio of TBP/CPE = 7.5.

b After regeneration.

ing in the catalyst were determined by ICP analyses after six
reaction cycles. No detectable leaching of W-species or obvi-
ous loss of tungsten in the 20 wt% WO3-SBA-15 catalyst can be
seen, demonstrating the presence of strong interactions between
active tungsten species and the silica-based matrix with SBA-15
structure. A similar phenomenon was also reported by Somma
et al. [52] when using niobium-based catalyst in the epoxidation
of olefins with hydrogen peroxide. The results of the selective
oxidation of CPE to GA over the 20 wt% WO3-SBA-15 catalyst
with different reaction cycles and the postregeneration material
are also listed in Table 6. The GA yield decreases slowly and
remains above 80% even after the sixth cycle. However, after
calcination at 773 K in air for 2 h, the outstanding catalytic
activity could be recovered. In addition, small amounts of con-
taminant carbon are detected by XPS on the surface of the used
20 wt% WO3-SBA-15 catalyst and can be easily removed with
calcination at 773 K in air for 2 h. Therefore, the surface conta-
minant carbon, which must result in the decrease of the active
centers, is the main reason for the decreased GA yield during
the recycling of the 20 wt% WO3-SBA-15 catalyst. In conclu-
sion, the 20 wt% WO3-SBA-15 catalyst shows high stability
and activity for the selective oxidation of CPE to GA and can
be regenerated by simple calcination in air.

3.2.5. Comparison of catalytic performance over different
catalysts in the anhydrous H2O2/TBP system

In earlier studies, we addressed the catalytic performance
of titania-supported tungsten oxide catalyst (the mesoporous
core–shell structured WO3/TiO2 spheroid), which showed good
catalytic activity for the selective oxidation of CPE to GA in
the aqueous H2O2/t -BuOH system [15]. For comparison, we
also investigated its catalytic performance in the anhydrous
H2O2/TBP system. The results show that the CPE conversion
is 97% and GA yield is only 72% over the 20 wt% WO3/TiO2
spheroid catalyst at 308 K for 24 h, much lower than the values
on 20 wt% W-doped SBA-15 catalysts. Moreover, much more
cyclopentene oxide is formed on the WO3/TiO2 spheroid cat-
alyst (ca. 15%), suggesting that titania-supported tungsten has
weaker redox ability compared with the silica-based catalyst,
on which deep oxidation is apt to occur. All of these results in-
dicate that both the nature and the structure of the support for
the WO3-based catalyst strongly influence the catalytic activ-
ity and selectivity in the title reaction. First, the mesoporous

SBA-15 material has low intrinsic catalytic activity due to the
amorphous nature of the pore walls. Thus, the tungsten oxide
species in the W-doped SBA-15 catalysts are the active centers.
Titania-based catalysts have intrinsic redox activity for the se-
lective oxidation of a large family of organic molecules using
hydrogen peroxide as an oxidant; but only cyclopentene oxide
is obtained when mesoporous TiO2–SiO2 material is used as the
catalyst. Thus, it may be concluded that tungsten oxide species
in the WO3/TiO2 spheroid catalysts cause the further oxidation
of cyclopentene oxide. Second, the pure siliceous material has a
higher surface area and a more uniform mesoporous structure;
as a result, WO3 species are highly dispersed in the tungsten-
doped SBA-15 catalyst and the mesoporous structure entails
more agitated flow, which then increases the interaction pos-
sibility between reactants and catalytic active centers.

3.3. Surface state of tungsten species

This work has investigated a novel WO3-SBA-15 catalyst
prepared by the in situ method for the selective oxidation
of CPE to GA in the anhydrous H2O2/TBP system. Previ-
ously reported results demonstrate that incorporating tungsten
into mesoporous SBA-15 material by the in situ synthesis
method allows the greater dispersion of tungstic species into the
siliceous matrix compared with the conventional impregnation
method, leading to an improved selectivity to GA during the
selective oxidation of CPE [22]. Moreover, the tungsten-doped
SBA-15 catalyst shows much higher catalytic performance in
the anhydrous H2O2/TBP system than in the aqueous H2O2/
t -BuOH system.

This work also has investigated the nature and redox proper-
ties of the W-doped SBA-15 catalysts in the anhydrous system.
The UV–vis DRS results demonstrate that at low tungsten ox-
ide content (�20 wt%), the tungsten-doped SBA-15 catalyst
consists mainly of highly dispersed tetrahedral tungsten oxide
species and low-condensed oligomeric tungsten oxide entities.
At higher tungsten oxide loading, polymeric tungsten oxide
species become abundant, and bulk WO3 species appear. The
TPR results further confirm that the isolated tetrahedral coordi-
nation or the low-condensed oligomeric tungsten oxide species
are more difficult to reduce, which are predominant in cata-
lysts with low tungsten oxide content. The reducibility of high
polymeric tungsten oxide species and WO3 crystallites, formed
on the surface of the catalysts with tungsten oxide content
>20 wt%, is similar to that of bulk WO3. UV–vis DRS and TPR
characterizations of the catalysts demonstrate that the tungsten
species in the WO3-SBA-15 catalyst are highly dispersed at low
tungsten oxide content and that there are strong interactions be-
tween the tungsten species and the support, preventing leaching
of the tungsten species during the selective oxidation of CPE
to GA with the anhydrous hydrogen peroxide. Compared with
the visible Raman spectra reported in our earlier work [22], the
present UV-Raman spectra show significant different results re-
garding the structure of the tungsten oxide species. The terminal
W=O bond suggested as the active sites of the tungsten-based
catalyst is seen in a band at about 970 cm−1. The Raman band
at about 900 cm−1 associated with the Si–O–W bond demon-
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Fig. 7. Proposed models of the structure of the tungsten oxide species in the W-doped SBA-15 catalyst.
strates that parts of tungsten oxide species are incorporated into
the SBA-15 framework. The existence of the Raman band at
685 cm−1 assigned to stretching and bending modes of W–O
bonds may indicate the presence of low-condensed polymeric
WOx species. Investigation by means of XPS has confirmed
that two types of tungsten oxide with oxidation states of 6+ and
5+ are present in the W-doped SBA-15 catalyst. The content of
high-oxidation tungsten (W6+) increases with the increment of
tungsten oxide content, suggesting the conglomeration degree
of tungsten oxide species increases and finally bulk WO3 ap-
pears in the 30 wt% WO3-SBA-15 catalyst. Characterization by
Py-FT-IR has confirmed the formation of acidic Brønsted sites
and the generation of new Lewis acid sites over the tungsten-
doped SBA-15 catalysts. This result indicates that incorpora-
tion of tungsten into the SBA-15 framework provokes both the
Brønsted and Lewis acid sites. Moreover, pyridine desorption at
different temperatures reveals that a proper content (�20 wt%)
is essential to provoking the strong Brønsted and Lewis acid
sites.

Our detailed investigation of the catalytic performance of
the W-doped SBA-15 catalysts shows that the 20 wt% WO3-

SBA-15 catalyst exhibits the best activity (100% CPE conver-
sion) and selectivity (91% GA yield) in the selective oxidation
of CPE to GA in the anhydrous system. Based on the char-
acterization results presented above, it can be concluded that
proper content of tungsten oxide species and its high disper-
sion account for its high activity and the polymerization degree
of the active tungsten oxide species has a significant effect on
the catalytic behavior of the tungsten-doped SBA-15 catalysts.
The isolated and the low-condensed oligomeric tungsten ox-
ide species show high activity and selectivity for the selective
oxidation of CPE to GA, whereas the appearance of WO3 crys-
tallites decreases the catalytic performance of the catalysts. In
addition, the TOF values for the W-doped SBA-15 catalysts
with different WO3 contents might be considered to account
for the above results. The TOF values first increase at WO3

content <20 wt% (at which the tungsten oxide species ex-
hibit a highly dispersed nature), then decrease at WO3 content
>20 wt% due to the formation of WO3 crystallites [22]. Thus,
the nature and structure of the tungsten oxide species strongly
depend on tungsten oxide content, as shown in Fig. 7. As shown
in Fig. 7(1), the isolated tungsten oxide species in the tetra-
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Scheme 2. Proposed mechanism of the selective oxidation of CPE to GA.

hedral coordination possibly can be divided into four kinds
of structures that show high activity in the title reaction. In-
creasing the tungsten oxide content leads to the formation of
polymeric species (Fig. 7(2)), which also shows high activity
at low condensed oligomers. Finally, with increasing polymer-
ization degree of the tungsten oxide species, the bulk WO3

species appear, as shown in Fig. 7(3). We know that the terminal
W=O group is suggested as the active site and cyclopentene-
epoxide is the main intermediate, therefore, the possible reac-
tion mechanism of CPE oxidation can be reasonably simplified
as Scheme 2, which involves epoxidation of CPE, conversion of
cyclopentene-epoxide into β-hydroxycyclopentylperoxide, and
rearrangement of β-hydroxycyclopentylperoxide into GA ac-
cording to the studies on the mechanism of the title reaction
in the homogeneous catalytic system [53,54]. Detailed work
on the mechanism at the molecular level is currently under-
way.

4. Conclusion

This paper presents a detailed study of the structure of tung-
sten oxide doped in the mesoporous SBA-15 materials and its
catalytic properties in the selective oxidation of CPE to GA.
Various characterization results prove that the as-synthesized
material shows a typical structure of SBA-15. WOx species
are highly dispersed into the lattice of the bulk and might be
imbedded separately at low tungsten oxide content, possibly
serving as the active centers for the selective oxidation of CPE
to GA. TPR results shows a strong interaction between WOx

species and the siliceous SBA-15 matrix, which could effec-
tively prevent the active species from leaching into the reaction
mixture. The FT-IR-pyridine adsorption experiment confirms
the presence of strong Brønsted acid and Lewis acid sites on in-
corporating tungsten oxide species into the SBA-15 materials,
enhancing catalytic performance. The optimal tungsten content
is 20 wt%, and the GA yield over this catalyst reaches 91%,
suggesting its promising potential use in industry.
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