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Abstract

Novel core-shell structured WO3/TiO2 spheroids were synthesized through a conventional incipient wetness impregnation meth
systematically characterized by X-ray diffraction, N2 sorption, scanning electron microscopy, transmission electron microscopy, laser R
spectroscopy, thermogravimetric and differential thermal analysis, X-ray photoelectron spectroscopy, and NH3 temperature-programme
desorption. It was found that tungsten species are highly dispersed in the interlayer between the core and the shell layer of the Ti2 support
and that there are interactions between the tungsten species and the TiO2 support that could provide abundant oxygen defect lattice. It is
found that the as-prepared WO3/TiO2 material is highly active as a catalyst for the selective oxidation of cyclopentene to glutarald
with aqueous hydrogen peroxide as the green oxidant. Proper content and high dispersion of tungsten species, the interaction b
tungsten species and the support, as well as the medium strong acidity of the novel WO3/TiO2 catalyst all account for this material’s hig
activity.
 2005 Elsevier Inc. All rights reserved.
Keywords: Titania microsphere; Core-shell structure; Tungsten species; WO3/TiO catalyst; Cyclopentene; Glutaraldehyde; HO
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1. Introduction

Tungsten oxide-based catalyst has been used in m
applications, including selective oxidation of unsatura
compounds[1–4], isomerization and alkylation of hydro
carbons[5], and catalytically selective reduction of nitr
oxide with ammonia[6], because their solid acidic and red
properties are thought to change with tungsten coord
tion. Besides those reactions, this catalyst also has ac
for the oxidative cleavage of carbon–carbon double bo
to produce dialdehydes, which are now prepared mainly
ozonization of cycloolefins[7,8] or other synthetic method
* Corresponding authors. Fax: +86-21-65642978.
E-mail addresses: wldai@fudan.edu.cn(W.-L. Dai),
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[9,10]. Since the first report of glutaraldehyde (GA) obtain
by oxidative cleavage of cyclopentene (CPE) with H2O2

catalyzed by heteropoly acid in nonaqueous medium by
rukawa et al.[11], our group has made great improveme
to this interesting one-step route for the synthesis of
from the selective oxidation of CPE[12,13]. As we know,
GA is commonly used in fields of sterilization and dis
fection; however, the homogeneous catalytic system res
its further application in industry for the difficult separati
and reuse of the homogeneous tungstic acid catalyst. O
the most promising ways to accomplish this aim is to des
the W-containing heterogeneous catalysts. Several hete
neous silica-supported WO3 (i.e., WO3/SiO2, W-MCM-41,

and W-SBA-15) and WO3/TiO2–SiO2 catalysts have been
designed that show good performance to the target reac-
tion [14–18]. However, there are still many problems in the
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practical application of these catalysts as reported, inc
ing the complexity of the preparation procedures, the n
for expensive raw materials, and the difficulties of larg
scale production. Thus, efforts aimed at improving the c
lyst preparation process are ongoing. Our previous work
shown that titania may be a good choice for a suppor
novel WO3-based catalyst for the target reaction[18].

Titania, a widely used catalyst support[19], is known to
enhance the activity in many cases due to the strong inte
tion between the active phase and the support[20]. Titania
has three crystalline phases: rutile, anatase, and broo
Rutile is the thermodynamically stable state, whereas
other two phases are metastable[21]. Because the crys
talline state and structure of the support strongly affect
catalytic activity and selectivity, the design and select
of novel, highly active catalysts places many requireme
on the supports used. Recently, much attention has
given to the synthesis of nano-structured inorganic ma
als with hierarchical morphologies in the fields of catalys
separation technology, microelectronic devices, and bio
terials engineering[22–28]. In particular, the design an
fabrication of spherical materials with hollow interiors h
attracted considerable attention recently because of thei
tential applications as low-density capsules for contro
release of drugs, dyes, and inks; development of artifi
cells, protection of proteins, enzymes, and DNA; and
pecially as supports of catalysts[29–33]. A variety of hol-
low particles composed of metals, ceramics, and inorg
hetero-composites of various diameters and wall thickne
have been fabricated. So far, most of the systems repo
for the formation of hollow spherical materials have be
based on template-assisted processes involving the rep
tion of organized reaction fields, such as emulsion foa
[34–37], emulsion droplets, and bicontinuous microem
sions[38–41], followed by removal of the template materia
by calcination or solvent etching. However, all of the afo
mentioned methods generally require the use of surfac
or polymers that must be removed to create the hollow
teriors. Moreover, these materials are usually unstable
hence are limited in their potential applications.

In a preliminary communication, we have reported
novel simple and nonsurfactant approach to synthesizing
ble core-shell structured titania microspheres with hol
interiors[42]. During this process, the novel core-shell str
tured titania spheres are obtained after hydrothermal pre
tation of titanium chloride (TiCl4) with urea in ethanol/wate
solution containing ammonium sulfate ((NH4)2SO4). The
as-synthesized microspheres show no agglomeration or
lapse of its special structure even after calcination at 87
for 6 h. In addition, the core-shell titania microspheres ha
mesoporous structure with a narrow pore size distributio
the nanometer range, and are also thermally stable and

much more surface area than other titania material previ-
ously reported. These novel characteristics all make possible
its further application as a good catalyst support; controlled-
alysis 234 (2005) 438–450 439
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release capsules for drugs, dyes, cosmetics, and inks; a
artificial cells and fillers.

In the present work, tungsten oxide was immobilized
the interior of the core-shell titania microspheres to ob
the novel heterogeneous WO3/TiO2 catalyst, which was the
systematically characterized by various analytical and s
troscopic techniques, including X-ray diffraction (XRD), N2
sorption, scanning electron microscopy (SEM), transm
sion electron microscopy (TEM), laser Raman spectrosc
thermogravimetric and differential thermal analysis (T
DTA), X-ray photoelectron spectroscopy (XPS), and N3
temperature-programmed desorption (TPD), and was fur
investigated in the selective oxidation of CPE to GA w
aqueous H2O2 under mild conditions.

2. Experimental

2.1. Catalyst preparation

2.1.1. Preparation of the core-shell titania microspheres
Certain amounts of ammonium sulfate and urea w

dissolved in a dilute aqueous solution of TiCl4 under ice–
water bath and then combined with equal amounts of eth
to get a mixture. The molar composition of TiCl4:H2O:
EtOH:(NH4)2SO4:CO(NH2)2 was 1:86:24:1:46. After stir
ring for 2–4 h, a transparent solution was obtained. The m
ture was then transferred into an 200 ml autoclave, whe
was heated and maintained at 368 K for 5 h. Then the
toclave was cooled to ambient temperature. The resu
slurry was filtered, washed twice with distilled water a
then three times with absolute ethanol, then vacuum-d
at 353 K. Calcination of the dried titania sample was don
a muffle oven at 373–973 K in air for 3 h.

2.1.2. Preparation of the novel core-shell structured
WO3/TiO2 catalyst

The catalyst was prepared by a conventional incip
wetness impregnation method. The required amount of
monium tungstate was dissolved in a solution of amm
nia. The as-synthesized core-shell titania microspheres
added into the stirred solution at 353 K, and the water
completely evaporated. The novel WO3/TiO2 catalyst was
obtained after the solid material was calcined at 873 K
3 h under air atmosphere.

2.2. Catalyst characterization

The XRD patterns were recorded on a Bruker D8 adva
spectrometer with Cu-Kα radiation, operated at 40 mA an
40 kV. The laser Raman experiments were performed w
a Jobin Yvon Dilor Labram I Raman spectrometer equip
with a holographic notch filter, CCD detector, and He–

laser radiating at 632.8 nm. The specific surface areas, pore
volumes, and mean pore diameters of the samples were mea-
sured and calculated according to the BET method using a
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Micromeritics Tristar ASAP 3000 BET apparatus with li
uid nitrogen at 77 K. The SEM micrographs were obtain
using a Philips XL 30 microscope. The samples were
posited on a sample holder with a piece of adhesive
bon tape and were then sputtered with a thin film of go
TEM micrographs were obtained on a Joel JEM 2010 tra
mission electron microscope. The samples were suppo
on carbon-coated copper grids for the experiment. TG/D
was performed using the Perkin Elmer TGA7/DTA7 therm
analysis system under air atmosphere (50 ml min−1) with a
heating rate of 10 K min−1. The XPS spectra were record
on a Perkin Elmer PHI 5000C ESCA system equipped w
a dual X-ray source, of which the Al-Kα (1486.6 eV) an-
ode and a hemispherical energy analyzer were used.
background pressure during data acquisition was mainta
at <10−6 Pa. Measurements were performed at a pass
ergy of 93.90 eV. All binding energies were calibrated
ing contaminant carbon (C1s = 284.6 eV) as a reference
The NH3 TPD experiments were conducted on a home-b
apparatus. Before TPD, each sample was pretreated
high-purity (99.999%) helium flow (30 ml min−1) at 773 K
for 2 h, then saturated with high-purity anhydrous ammo
from a 10% NH3 and balanced He mixture (30 ml min−1) at
393 K for 1 h and subsequently flushed at the same temp
ture for 2 h to remove physisorbed ammonium. TPD anal
was carried out at 393–873 K at a heating rate of 10 K min−1.
The amount of NH3 desorbed was calculated using CDM
GC workstation software (Shanghai Institute of Calcu
tion Technology). The tungsten content of the WO3/TiO2

samples was determined by the inductively coupled ar
plasma (ICP) method (IRIS Intrepid; Thermo Elemental)
ter the sample was solubized in HF–HCl solution.

2.3. Activity test

The activity test was performed at 308 K for 24–40 h w
magnetic stirring in a closed 100 ml regular glass reactor
ing 50 wt% aqueous H2O2 as the oxygen donor andt-BuOH
as the solvent. The molar ratio of CPE, H2O2, and WO3

is 52.8:106:1, and the volume ratio of CPE andt-BuOH is
1:10 (mass ratio of 1:10.2). In a typical experiment, 2
of CPE (22.7 mmol), 20 ml oft-BuOH (213 mmol), and
0.6 g of the WO3/TiO2 (20 wt%, WO3 ≈0.43 mmol) were
introduced into the regular glass reactor at 308 K with v
orous stirring. The reaction was started by adding 2.8 m
50 wt% aqueous H2O2 (45.4 mmol) into the mixture an
was maintained for 24–40 h to obtain a high conversion
CPE. The quantitative analysis of the reaction products
done by gas chromatography (GC), and the determina

of different products in the reaction mixture was performed
by GC-mass spectroscopy (GC-MS). Details of the method
have been given elsewhere[14].
alysis 234 (2005) 438–450
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3. Results

3.1. Characterizations of the core-shell structured titania
microsphere and novel WO3/TiO2 catalyst

The morphology of the core-shell titania microsphe
and the WO3/TiO2 catalysts (20 wt%) was evaluated wi
SEM and TEM, as shown inFig. 1. It is noteworthy that
the titania microspheres produced after calcination at 77
remained intact and maintained the three-dimensional sp
ical nature of particles with an average diameter of ca. 3
(Fig. 1a). The core-shell nature with hollow interior of th
titania spheres was verified by SEM examination of de
erately broken spheres (the insert inFig. 1a). The TEM
image (Fig. 1b) shows a reduced electron density of
microspheres in the middle region of the titania sphe
suggesting that core-shell structured spheres with ho
interiors could be obtained. A wall thickness of appro
mately 60–80 nm is estimated by TEM (from the dark r
around the perimeter of the hollow spheres) for the tita
microspheres. High-resolution TEM (the insert inFig. 1b)
shows that the shell of the core-shell titania spheres
composed of connected crystalline titania nanoparticles
proximately 8–10 nm in diameter with a lattice spacing c
sistent with the anatase phase (0.352 nm), findings tha
in good agreement with those obtained from XRD, as ill
trated later.

Once tungsten oxides were supported on the core-she
tania spheres, the characteristic structure of the microsph
were maintained perfectly, except that the surface of
spheres became a little coarser, indicating excessive
persion of WO3 on the shell surface of the titania sphe
(Fig. 1c). The TEM image (Fig. 1d) reveals that the in
terspaces between the core and the shell layer of tit
spheres were filled up uniformly by WO3 particles for the
20 wt% WO3/TiO2 catalyst (confirmed by the EDX metho
in TEM), which could possibly prevent the leaching of tun
sten species from the WO3/TiO2 catalysts due to the pre
ence of the titania shell surrounding the WO3 layer. In ad-
dition, detailed electron microscope experiments show
the low weight content of WO3 is first dispersed on the su
face of the core and the shell layer of TiO2, allowing WO3 to
accumulate on the interlayer of the spheroids. Once the i
layer is filled up (∼20 wt% WO3), excess WO3 will disperse
on the outermost layer of the microspheres. For a 40 w
WO3/TiO2 sample, aggregation of crystalline WO3 is ob-
served outside the TiO2 microspheres, indicating that an e
cessive amount of WO3 cannot lead to core-shell structur
WO3/TiO2 material. In other words, there is a critical lim
(ca. 30–40 wt%) for the WO3 content in the as-prepare
core-shell structured WO3/TiO2.

Nonetheless, the present preparation method can
to the formation of well-defined mesoporous phases in

core-shell structured titania microspheres. The surface area
of the samples is measured using the BET method by N2 ad-
sorption and desorption at 77 K.Fig. 2 shows the nitrogen
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Fig. 1. SEM and TEM images of the mesoporous titania

Fig. 2. Nitrogen adsorption–desorption isotherms and the correspon
pore size distribution (inset) for the calcined titania microspheres.

adsorption–desorption isotherm of the as-synthesized T2
microspheres, which indicates a type IV-like isotherm w
an inflection of nitrogen-adsorbed volume atP/P0 = 0.45
(type H2 hysteresis loop), indicating the presence of w
developed mesoporosity in the microspheric samples. M
over, the insert inFig. 2 shows the pore-size distributio
plots calculated using the BJH (Barrett–Joyner–Halen
equation from the adsorption branch of the isotherm.

pore size distribution measurement indicates that the spher
ical titania sample has pronounced mesoporosity of a nar-
row pore-size distribution with an average pore diameter
ospheres (a and b) and the 20 wt% WO3/TiO2 catalyst (c and d).

Table 1
The textural properties of the mesoporous core-shell structured ti
spherical samples under different calcination temperatures

Calcination
temperature (K)

BET surface
area (m2 g−1)

Pore volume
(cm3 g−1)

Pore diameter
(nm)

As-synthesized 266 0.27 3.0
373 236 0.24 3.2
573 179 0.22 3.5
773 140 0.19 4.0
973 58 0.10 5.8

ca. 4.0 nm.Table 1 gives the BET surface area, speci
pore volume, and pore diameter at different calcination t
peratures; these values indicate a significant influenc
calcination temperature on the textural properties of the
tania spherical samples. As can be seen fromTable 1, the
BET surface area and specific pore volume obviously
creased with increasing calcination temperature wherea
pore diameter increased, indicating that the crystalline
ticles might become larger during the calcination proce
Table 2summarizes the physicochemical parameters of
series of WO3/TiO2 catalysts. The specific pore volume a
pore diameter changed slightly with increasing tungsten
ide content, whereas the BET surface area decreased si
cantly, suggesting an obvious influence of the amount of
WO3 on the specific surface area of TiO2 microspheres. The
tungsten contents in various WO3/TiO2 catalysts analyze
by ICP-AES are consistent with the values in the synth

-gel given inTable 2, suggesting that tungsten can be easily
fixed on the interior of titania spheres by the conventional
incipient wetness impregnation method.
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Table 2
Textural parameters of titania spheroid with different WO3 loadings

Samples Ti/Wa

(mol)
Ti/Wb

(mol)
Surface area
(m2/g)

Pore volume
(cm3/g)

Pore diameter
(nm)

5%WO3/TiO2 58.0 60.2 158 0.23 5.6
10%WO3/TiO2 29.0 30.1 124 0.23 5.8
20%WO3/TiO2 14.5 14.8 95 0.21 5.8
30%WO3/TiO2 9.7 10.2 78 0.20 5.9
40%WO3/TiO2 7.2 7.4 62 0.18 6.1

a Stoichiometric ratio in gel.
b Measured by ICP.

The crystalline characters of the titania spheres calc
at different temperatures were investigated by in situ X
under air atmosphere, as shown inFig. 3a. It is known that
the as-prepared samples exhibit broad diffraction patt
characteristic of the crystal phase of anatase with a
crystallinity at ambient temperature. On increasing of c
cination temperature, a sharpening of the diffraction pe
corresponding to the spheric anatase sample is observe
flecting a slightly crystallite growth of the titania sphere

Furthermore, there are no new diffraction bands correspond-

Fig. 4. TG-DTA curves of (a) titania spher
alysis 234 (2005) 438–450

-

ple even after calcined at 973 K. Structural analysis of
WO3/TiO2 material with different WO3 contents calcined a
873 K (Fig. 3b) suggests that the anatase phase of the tit
spheres does not change after the impregnation of tung
precursor whatever the difference in WO3 content. However
the peak intensities of the corresponding reflections decr
progressively with increasing WO3 content. With low WO3
content, the highly dispersed tungsten oxide species ca
be detected as the crystalline phase of WO3 by XRD; only
when the loading amount equals to or exceeds 40 wt%
the residual crystalline phase of the tungsten oxide be
tected, implying that the core-shell structured titania sph
can have a WO3 loading content up to 30 wt%, but less th
40 wt%. The XRD findings are in good agreement with th
from TEM and SEM.

The TG profile of the titania spheres shows a total we
loss of 20%, corresponding to the removal of adsorbed w
(at<373 K;Fig. 4a), which is supported by the correspon
ing endothermic and exothermic transitions in the DTA p
file. Moreover, there are no other endothermic or exother
peaks in the DTA profile for titania spheres up to 1173

This indicates that no phase transitions occur in the titania

lline
tem-

RD pa
ing to the rutile phase being observed, suggesting that the
anatase phase of titania spheres are very stable in the sam-

spheres composed of much highly stable anatase crysta
phase during the calcinations process under elevated

Fig. 3. (a) In situ powder XRD patterns of as-prepared mesoporous titania spheres recorded as a function of annealing temperature in air flow; (b) Xtterns
of titania spheroid samples after loading with various amounts of WO3. �, crystalline phase of WO3.
oid, and (b)WO3/TiO2 catalyst (20 wt%).
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Fig. 5. Raman spectra of titania spheroid with different WO3 loadings.

perature. Similar results can be observed with in situ XR
However, the DTA curve of the WO3/TiO2 catalyst (20 wt%)
shows an exothermic peak at ca. 753 K (Fig. 4b). Compared
with the DTA curve of blank titania spheres, this exotherm
peak may be ascribed to the interaction between tung
oxide species and titania supports, because no such a
appeared at this temperature for the pure titania sph
Therefore, it can be concluded that the special core-s
structured titania spheres not only improve the dispersio
WO3, but also strengthen the interaction of the tungsten
ide species with titania support[20].

The Raman spectra recorded at room temperature, sh
in Fig. 5, provide additional information about the WO3
structure dispersed in the interlayer of core-shell structu
titania spheres with different WO3 contents. The Rama
bands of those WO3/TiO2 catalysts (WO3 <30 wt%) are
very similar to those of the pure titania spheres; howe
new Raman bands appear, except those characteris
anatase, for the sample with much higher WO3 content. The

titania sphere exhibits typical anatase Raman bands at 144

Fig. 6. (a) Ti2p XPS spectra of TiO2 spheroid with different WO3 loading; (b
alysis 234 (2005) 438–450 443

k
.

f

ical Raman bands of WO3 are similar to those of anatase
this region (e.g., 267, 327, 714, and 804 cm−1) and are over-
lapped by strong, broad bands of anatase. However, two
bands at 935 and 984 cm−1 are observed for the WO3/TiO2
catalyst with much higher loading of tungsten oxide (30 a
40 wt%). As we know, identification of the tungsten oxi
species on the support requires W=O stretching frequencie
of octahedral tungsten oxide units of 740–980 cm−1 and the
W=O stretching frequencies of the tungsten–oxygen te
hedral units of 913–1060 cm−1. The stronger Raman sign
from tetrahedral unit structures of surface tungsten oxide
due to their higher W–O bond order compared with tha
the octahedral structures. Thus, the Raman spectra of
ples with both structures are dominated by bands assi
to tungsten oxide tetrahedra[44]. In the present work, wea
bands due to tetrahedral tungsten oxide are seen for onl
30 and 40 wt% WO3 samples, clearly indicating that tun
sten oxide species are uniformly dispersed on/in the tit
spheres when WO3 loadings are not>20 wt%.

XPS investigation of binding energies and intensities
the surface elements provides information on the che
cal states and relative quantities of the outermost sur
compounds.Fig. 6a shows the Ti2p XPS spectra of the
WO3/TiO2 catalysts after calcination at 873 K as a funct
of tungsten oxide content. It can be observed that for
pure titania spheres, the XPS signal of Ti2p3/2 can be fitted
with two components (Fig. 6b), one located at 458.9 eV, a
tributed to Ti(IV) species, and the other located at 458.0
assigned to Ti(III) species[45,46]. This indicates that ther
are two types of titanium oxide species on the surface of
core-shell structured titania spheres, with relative amo
of the Ti(IV) and Ti(III) species about 78.7 and 21.3%
respectively. However, all of the WO3/TiO2 catalysts with
different WO3 loadings do not show Ti(III) species at Ti2p3/2

binding energy values around 458.0 eV, indicating that
Ti(III) species present in the surface of the novel core-s

,structured TiO2 microspheres disappear when WO3 is incor-

ns-
199, 399, 520, and 643 cm−1 [43], which makes the detec-
tion of Raman bands of tungsten oxide difficult, because typ-

porated. This result also confirms that lattice oxygen tra
fers from WO3 to TiO2 and interactions between WO3 and
) peak-fitting XPS spectrum of Ti2p of the as-synthesized titania sphere.
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Table 3
Proportion of the surface species of titania sphere and various WO3/TiO2 samples

Sample Wa

(mol%)
Tib

(mol%)
Oc

(mol%)
W5+/Wd Ti3+/Ti4+ e WO3/TiO2

(wt%)
O-defic.
(mol%)∗∗

Titania sphere 0 34.0 66.0 0 0.2 0 2.9
5 wt% WO3/TiO2 2.0 33.1 64.9 0.48 0 17.5 10.1
5 wt% WO3/TiO2

∗ 1.8 33.6 64.6 0.50 0 15.5 11.0
10 wt% WO3/TiO2 3.2 30.9 65.9 0.40 0 30.0 7.7
10 wt% WO3/TiO2

∗ 3.3 30.7 66.0 0.42 0 31.2 7.4
20 wt% WO3/TiO2 5.1 28.4 66.5 0.34 0 52.1 7.8
20 wt% WO3/TiO2

∗ 5.4 28.3 66.3 0.36 0 55.3 8.9
40 wt% WO3/TiO2 7.3 25.6 67.0 0.38 0 82.7 8.7
40 wt% WO3/TiO2

∗ 7.6 25.3 67.1 0.39 0 87.1 8.6

a,b,c,e
 Calculated according to the peak areas of W4d , Ti2p and O1s , respectively.
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d Calculated according to the curve-fitting results of the W4f XP spectra
compared with the theoretical oxygen content by XPS according to the

Fig. 7. XPS spectra of the W4f region for different WO3/TiO2 catalysts.

TiO2 exist when WO3 is doped in the interlayer of the TiO2
microspheres. In addition, as seen fromFig. 6, the XPS sig-
nal intensity of the Ti2p obviously decreases after tungst
species are incorporated. Peak-fitting results of W4f XPS
spectra corresponding to different samples are summa
in Fig. 7. Detailed quantitative results from the peak-fitti
results of W4f and O1s , as well as Ti2p, are given inTable 3.

In the present work, two energy levels of tungsten w
measured in the W4d and the W4f region. The W4d peak is
broad and cannot be used to determine the oxidation
of tungsten, but it is useful to quantify the amount of tun
sten on the support. The quantitative surface compos

results for the WO3/TiO2 catalysts before and after 15 min
of Ar+ etching are also included to explore the differences
in composition between the top surface and the subsurface
talysts:∗ after Ar+ etching for 15 min;∗∗ calculated from the determined a
ation: O-defic.%= (W%× 3+ Ti% × 2− O%)/(W%× 3+ Ti% × 2).

of the novel core-shell structured WO3/TiO2 catalyst. How-
ever, analysis of the W4f region is complicated by inter
ference from the Ti3p level of the TiO2 support, especially
when tungsten is highly oxidized, that is, when it has a h
binding energy. By the curve-fitting procedure based on
theory of Doniach and Sunjic[47,48], it is possible to dis-
tinguish between the two signals and to determine the
lence of tungsten from the position of the W4f level. The
measured spectra appear similar for all samples and s
identical positions for the W4f peaks, except for the m
nor charging effect observed and corrected for accordin
the contaminant carbon (C1s = 284.6 eV). Both W(VI) and
W(V) species at W4f 7/2 (of 35.2 and 34.2 eV[49]) for the
W4f spin-orbit components have been detected. With
creasing 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 and
Ti3p shown inFig. 7. Table 3also gives the quantitative re
sults of the weight ratio of WO3 on TiO2 by XPS according
to the relative peak intensity of W4f and Ti2p after cor-
rection with atomic sensitivity factors; these can be ea
compared with the as-added values in the table’s first
umn. It is interesting to note that the surface WO3 content
is much higher than the mean values as directly mixed.
the 5% WO3/TiO2 catalyst, the actual surface weight ra
of WO3 on TiO2 is 17.5%, 3.5 times higher than the me
value of WO3 as added in the TiO2 support. However, it is
clear that the enhancement of this ratio with the weight p
centage of tungsten is not linear, suggesting that depos
of the tungstate surface species is not uniform with incre
ing tungsten loading and that the deviation from linearity
obtained between the catalysts at WO3 loading>20%.Fig. 8
clearly shows the relationship between the surface mola
tio of W/Ti and that of the mean value as added, which
in good agreement with that of the results listed inTable 3.
These XPS results show that surface enrichment of WO3 is
obviously observed for all of the WO3/TiO2 catalysts, sug

gesting that WO3 is dispersed on the surface of the core-shell
structured TiO2. Thus the XPS results are in line with the
TEM results shown inFig. 1.
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Fig. 8. W/Ti surface ratios as a function of tungsten content (wt%) on v
ous WO3/TiO2 catalysts.

FromTable 3andFig. 7, another interesting phenomen
can be observed. A great amount of W5+ exists regardles
of the Ar+ etching, which accords well with the existence
oxygen deficiency as determined by quantitative XPS g
in the last column ofTable 3. With the increase of the tung
sten loading, the ratio of W5+ first decreased from ca. 50
ca. 35% when the WO3 loading increased from 5 to 20%
then increased slightly to ca. 40% at 40 wt% of tungs
loading, which is somewhat in agreement with the tre
for changes in oxygen deficiency. In addition, the oxyg
deficiency content increases abruptly from 2.9 to 10.1%
ter 5% WO3 is loaded, suggesting that much more oxyg
deficiency is produced after WO3 is introduced into the in
terior of the core-shell structured TiO2 spheroids. However
although there are some deviations in the data ofTable 3
for the samples after Ar+ etching compared with those b
fore Ar+ etching, most are similar, considering the errors
quantitative XPS, indicating that the surface composition
the core-shell structured WO3/TiO2 catalyst is uniform in the
detection limit of XPS considering the Ar+ etching experi-
ments in the present work (<20 nm). Based on the chang
in surface tungsten content with increasing tungsten lo
ing, it can be assumed that tungsten species are disp
in the interspaces between the core and the shell of th
tania spheres with WO3 loadings equal to 20 wt%, and th
further increases in WO3 loading will lead to the agglom
eration of tungsten oxide species onto the outside sur
of the titania spheres. In addition, the existence of oxy
deficiency and the interaction of tungsten oxide with tita
provide abundant oxygen defect lattices for catalytic oxi
tion [46,50,51], which is considered to play a key role in th
selective oxidation of CPE to GA.

TPD of probe molecules like ammonia and pyridine i
popular method for determining the acidity of solid cataly
as well as acid strength[52]. In the present investigation

the acidity measurements were carried out with the ammo-
nia TPD method. It is well known that tungsten trioxide has
Lewis acid sites[53]. If porous materials contain deposited
alysis 234 (2005) 438–450 445

d

Fig. 9. NH3-TPD profiles of various WO3/TiO2 catalysts. (a) TiO2 spher-
oid; (b) 20% WO3/TiO2(A); (c) 10%; (d) 20%; (e) 30% WO3/TiO2 spher-
oid.

Table 4
Summary of NH3-TPD data upon various WO3/TiO2 catalysts

Samples Td
(◦C)

Acidic amounts
(mmolNH3/gcat)

TiO2 spheroid 290 0.296
10%WO3/TiO2 spheroid 295 0.752
20%WO3/TiO2 spheroid 316 0.896
30%WO3/TiO2 spheroid 328 1.154
20%WO3/TiO2(A) 261 0.623

tungsten oxide species, then acid centers will be gener
and ammonia adsorption–desorption effects should be
served. The NH3 TPD profiles of the WO3/TiO2 samples
are presented inFig. 9. The acidity values and TPD pea
positions are given inTable 4. There is only one asymme
ric broad peak on the TPD profiles of all the samples,
the peak temperatures are ranged between 473 and 6
indicating that most of the acid sites of the samples
of medium-strong strength. As expected, pure titania sh
low ammonia desorption because of the lack of acid c
ters. In contrast, there is a broad peak of ammonia desor
as the tungsten oxide species are dispersed on/into the
nia spheres; moreover, the acidity value increases and
desorption temperature shifts to a higher position, indi
ing acidity increases with increasing tungsten content in
WO3/TiO2 samples. However, the conversion value dur
the selective oxidation of CPE to GA is found to decre
at 30 wt% WO3, indicating that excessive acidity is n
beneficial to selective oxidation as mentioned.Table 4also
gives the acidity value and temperature position of 20 w
WO3 catalyst with the commercial anatase titania as the
port [denoted as WO3/TiO2(A)]. Compared with the 20 wt%
WO3/TiO2(A) sample, the 20 wt% WO3/TiO2 spheric sam-
ple has more acidic amount and stronger acidic stren

pointing to a chemical reaction or interaction between the
tungsten oxide species and titania spheres that may be help-
ful to the selective oxidation of CPE.
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Table 5
Performance of catalytic oxidation of CPE over various 20% WO3/TiO2

a

Substrates Time on
stream (h)

Conversion
of H2O2 (%)

Conversion
of CPE (%)

Selectivity (%)

CPO GA CPLE CPDL

TiO2(R) 40 98 43.6 31.0 40.1 15.1 13.8
TiO2(A) 40 99 70.5 7.2 69.6 11.1 12.1
TiO2 spheroid 40 99 95.0 17.8 72.9 4.2 5.2
a Reaction conditions: 2 ml cyclopentene, 2.8 ml 50% H2O2, 20 ml t -BuOH, 0.6 g catalyst, the molar ratio of CPE:H2O2:WO3 = 52.8:106:1, the volume
clope LE, 2-
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ratio of CPE:t -BuOH = 1:10, T = 308 K. CPE, cyclopentene; CPO, cy
butyloxy-1-cyclopentanol.

Table 6
Influence of WO3 loading in the WO3/TiO2 spheroid catalysts systema

Content of
WO3 (%)

Time on
stream (h)

Conversion of
CPE (%)

TOFb

(h−1)

Selectivity (%)

CPO GA CPLE CPDL

10 35 74 1.12 21.2 75.8 3.01 0.0
20 40 95 1.25 17.8 72.9 4.2 5.2
30 40 96 1.26 18.3 62.2 9.0 10.5
40 36 90 1.32 20.9 64.4 11.1 3.6

a Same as inTable 5.
b Calculated according to the equation as: TOF= moles of CPE per mole

of WO3 per hour.

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

The catalytic performance of selective oxidation of C
to GA over the 20 wt% WO3/TiO2 catalysts with differen
titania as supports is delineated inTable 5. As shown in the
table, the catalytic performance of the catalysts with anat
phase titania [TiO2(A)] as the support is better than that
the catalysts with rutile-phase titania [TiO2(R)] for the se-
lective oxidation of CPE to GA, not only in terms of th
conversion of CPE (70.5 to 43.6%), but also in terms of
selectivity toward GA (69.6 to 40.1%); however, the spec
mechanism responsible for this finding is not yet clear.
cording to results of previous work[12,14], the mechanism
from CPE to GA is through an epoxidation route that fi
produces cyclopentene-epoxide (CPO) and then yields
through the oxidation of CPO in the presence of hydro
peroxide. AsTable 5also shows, GA is inclined to form o
the former catalyst, whereas much more cyclopentene o
is formed on the latter catalyst, suggesting that epoxida
reaction occurs easily over WO3-based catalyst supported o
rutile-phase titania, whereas deep oxidation is apt to o
over catalysts supported on anatase TiO2. Furthermore, the
WO3/TiO2 catalyst using core-shell structured titania sph
as the substrate has a much higher GA yield (69.3%)
the commercial anatase phase of titania (49.1%) under s
reaction conditions. All of the results indicate that both
crystalline phase and the structure of the titania suppor
the WO3/TiO2 catalyst strongly influence catalytic activi
and selectivity in the selective oxidation of CPE to GA w
aqueous H2O2 as the oxygen donor.
Table 6 reports the catalytic performance over various
W-containing catalysts with different tungsten trioxide con-
tent. For the purpose of comparison, the catalysts used in
ntene-epoxide; GA, glutaraldehyde; CPDL, cyclopentan-1,2-diol; CPt -

e

these experiments contain the same amount of tungste
shown inTable 6, GA yield is strongly dependent on th
tungsten content of the WO3/TiO2 catalysts, and the opt
mum catalyst in the present reaction is the one with 20 w
of WO3. When WO3 content is<20%, a low GA yield is ob-
tained. Conversely, if the WO3 content is>20%, inevitable
agglomeration of WO3 and the much stronger acidity of th
WO3/TiO2 catalysts lead not only to lower CPE conversio
but also to lower GA yield. The 20 wt% WO3/TiO2 cat-
alyst shows 95% CPE conversion and 69.3% GA yield
little higher than that reported previously in this react
system using a WO3/TiO2–SiO2 catalyst[18] synthesized
through a complex procedure using the sol–gel metho
should also be noted that the catalysts reported by our g
earlier all have one big drawback—it is very difficult to se
arate the solid catalyst from the reaction mixture after
reaction is completed, because of the low density and
ultrafine particle size of the catalysts. Therefore, apply
these WO3-based catalysts in industry is hindered by
difficulties entailed in their separation and large-scale p
duction. However, the present novel core-shell structu
WO3/TiO2 catalyst has a spheric appearance with 2–3
diameter, is very easily separated from the reaction mix
by simple filtration, and needs no costly raw materials
its preparation. Moreover, this type of catalyst with a spe
core-shell structure has a much greater mechanic inte
than other similar materials and can be easily produce
a large scale. As discussed later, this catalyst is very t
mally stable, and the active WO3 species will not leach into
the reaction mixture after numerous reaction cycles. T
this novel catalyst seems to be a promising candidate for
ther application in industry. The great difference in cataly
performance among the WO3/TiO2 catalysts with differen
tungsten content suggests that the presence of the highl
persed tungsten species on/into the titania is necessar
the title reaction. The TOF values (also shown inTable 6)
show little difference among those catalysts with differ
WO3 content, indicating that the mean conversion rate
CPE over different WO3/TiO2 catalysts is similar during th
reaction process for about 35–40 h. However, the sele
ity toward GA is much higher (>10%) over 10 and 20%
WO3/TiO2 catalysts than over 30 and 40% ones, causing

large differences in GA yield over these WO3/TiO2 cata-
lysts. These findings suggest that there are intrinsic differ-
ences in the WO3 dispersed in the TiO2 microspheres with
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Table 7
Catalytic performance of various amounts of 20%WO3/TiO2 spheroida

Amounts
(g)

Time on
stream (h)

Conv. of
H2O2 (%)

Conv. of
CPE (%)

TOFb

(h−1)

Selectivity (%)

CPO GA CPLE CPDL

0.2 43 100 83 2.54 19.5 72.5 6.6 1.4
0.5 40 100 95 1.25 17.8 72.9 4.2 5.2
0.8 30 100 99 1.09 17.3 73.6 5.4 3.7

a,b Same as inTable 6.

Table 8
Catalytic performances of catalytic oxidation of CPE over various concentration of hydrogen peroxidea

Concentration
of H2O2 (wt%)

Time on
stream (h)

Conversion
of H2O2 (%)

Conversion
of CPE (%)

Selectivity (%)

CPO GA CPLE CPDL

30 40 99 83 18.5 71.5 5.6 4.4
50 40 100 95 17.8 72.9 4.2 5.2
98
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a 0.6 g 20 wt% WO3/TiO2, others are same as inTable 5.

different WO3 content. Considering the reaction rate as w
as the selectivity to GA, the 20% WO3/TiO2 catalyst is the
optimal one for the selective oxidation of CPE to GA.

The reaction results as a function of the amounts
20 wt% WO3/TiO2 catalyst used were also investigated, a
are listed inTable 7. It was found that the conversion o
CPE increases with increasing amounts of the catalyst
in the oxidative reaction in a fixed reaction period, sugg
ing that the reaction rate is accelerated with the incre
ing amounts of catalyst. In addition, the selectivity towa
GA increases slightly with increasing amounts of catal
whereas the TOF values first decrease significantly w
the catalyst amount is increased from 0.2 to 0.5 g, then
crease slightly when the catalyst amount is increased fu
from 0.5 to 0.8 g; this may be interpreted with the chan
in mass transfer during the changes in catalyst amount.
only slight differences in GA selectivity can be easily e
plained based on the same nature of WO3 active species in
the 20% WO3/TiO2 catalyst.

The weight content of H2O2 in its aqueous solution use
in the present study plays an important role in the se
tive oxidation of CPE over the 20 wt% WO3/TiO2 spheroid
catalyst. As shown inTable 8, an increasing H2O2 concen-
tration obviously leads to a corresponding increase in C
conversion as well as GA selectivity, which can be read
ascribed to the accelerated reaction rate and the decre
water content in the reaction mixture. Similar phenom
were also observed in our previous work[12–18], and were
interpreted accordingly with the parallel one-order reac
mechanism. In addition, a surprising GA yield (72.7%) w
obtained when a 70% H2O2 was used, which was 7.7%
higher than that obtained over homogeneous tungstic
catalyst (∼65%). However, it is not safe to handle an aq
ous H2O2 solution with a concentration>50%, especially

in large-scale industrial production. Hence a 50-wt% aque-
ous solution of H2O2 is a suitable oxidant for future use in
industry.
18.0 74.2 3.5 4.3

d

Table 9
Recycling results of novel 20%WO3/TiO2

a catalyst

Cycle
index

Conversion of
CPE (%)

Conversion of
H2O2 (%)

Yield of GA
(%)

Selectivity of GA
(%)

0 95 98 69 73
1 94 98 66 70
2 93 95 60 66
3 90 94 56 64
4 87 92 55 63
5 85 92 54 63
6 85 91 53 62
6R 94 98 68 72

Superscript “R” denotes “after regeneration.”
a Same as inTable 8.

To investigate the stability and duration of the core-sh
structured WO3/TiO2 (20 wt%) spheroid catalyst, the leac
ing of WOx species into the reaction mixture and the tu
sten remaining in the catalyst were also determined afte
reaction cycles. No detectable leaching of W species or
vious loss of tungsten in the WO3/TiO2 samples could be
observed, indicating the presence of strong interactions
tween active tungsten species and the spheric titania sup
Similar effects were also observed by Strukul et al. us
niobium-based catalyst in the epoxidation of olefins with
drogen peroxide as the oxidant[54]. Table 9gives the results
of the selective oxidation of CPE to GA over WO3/TiO2

(20 wt%) catalyst with different reaction cycles and t
postregeneration material. As shown, GA yield decrea
slowly and remains above 50% even after the sixth cy
After six reaction cycles, the used WO3/TiO2 (20 wt%) cat-
alyst was characterized by XRD (not shown). The res
show the appearance of crystalline WO3, possibly related to
the decrease in activity. However, after calcination at 82
in air for 2 h, all of the crystalline WO3 peaks disappear, an

the outstanding catalytic activity can be recovered, indicat-
ing that tungsten species are uniformly dispersed once again.
In addition, XPS found a small amount of contaminant car-
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bon on the surface of the used WO3/TiO2 catalyst that can b
removed after calcination at 823 K in air for 2 h. Therefo
the appearance of crystalline WO3 and the surface contam
inant carbon, which must result in a decrease of the ac
centers, is the main reason for the decrease in GA yield
ing the recycling process of the novel WO3/TiO2 catalyst.
In conclusion, the WO3/TiO2 (20 wt%) catalyst shows hig
stability and activity for the selective oxidation of CPE
GA and can be regenerated by simple calcination in air.

Another experiment was performed to test whether
novel WO3/TiO2 catalyst is actually heterogeneous. Af
carrying out the reaction over WO3/TiO2 catalyst for 10 h,
the catalyst was removed through simple filtration and
reaction solution was stirred for another 14 h. No detect
increase of GA yield and CPE conversion were obser
during the 14 h of reaction, indicating that the trace amo
of leached W species has almost no detectable catalyti
fect on the reaction; the leaching of tungsten species f
WO3/TiO2 (20 wt%) was<1.0 ppm in one reaction cycle
as determined by ICP.

4. Discussion

In this work we have demonstrated a new prepara
method for thermally stable core-shell structured titania
crospheres with hollow interiors by using a novel hydroth
mal precipitation technology. We also have investigated
catalytic application of this novel core-shell structured Ti2
with hollow interiors as supports of active species WO3 in
the selective oxidation of CPE to GA. We believe that
hollow structures of the titania materials are associated
a two-step precipitation of the titania species from the
action systems as shown inScheme 1: (i) formation of a

homogeneous ethanol/water solution of TiCl4, urea, and am-

Scheme 1. The process for the formation o
alysis 234 (2005) 438–450

-

form TiO2 microspheres [seeScheme 1b]. In this respect, the
ammonium sulfate present can behave as an electrolyte
thus modify the zeta potential of spherical polycondense
tania species generated at the initial stage of the hydro
reaction[55]. The hollow interiors may therefore be cr
ated from the subsequent precipitation of the titania spe
onto the ammonium sulfate-stabilized spherical titania
rounded by the ammonium sulfate dissolved in EtOH/H2O
solutions in the reaction systems [seeScheme 1c]. The core-
shell structured titania spheres thus may be produced
calcinations at 773 K for 3 h [seeScheme 1d]. It is interest-
ing to find that the as-prepared core-shell structured tit
spheres present only the anatase phase approved by
even after calcination at 973 K. Moreover, BET charac
ization by the N2 adsorption and desorption method sho
that the titania spheres have well-defined mesophases,
specific area, and high surface permeability, making th
potentially useful in further applications as catalysts or s
ports. In the present work, WO42− was introduced after mix
ing of aqueous solution of ammonium tungstate with Ti2

microspheres [seeScheme 1e]; highly dispersed WO3 ap-
peared after the excess water was removed and ammo
tungstate was decomposed to tungsten oxide at elevated
perature [seeScheme 1f].

The novel WO3/TiO2 catalyst was prepared by the co
ventional incipient wetness impregnation method us
core-shell structured titania spheres as the support. This
alyst exhibits high activity and selectivity in the select
oxidation of CPE to GA with aqueous H2O2 as the oxidant
The simple preparation method and the high CPE con
sion (95%) and relatively high GA yield (69.3%) combi
to make this a promising candidate for further applicat
in industry. TEM studies proved that the tungsten ox

species are highly dispersed in the interspaces between the

O
ec-
monium sulfate [seeScheme 1a] and (ii) a subsequent hy-
drothermal precipitation of the foregoing reaction mixture to

core and the shell layer of the titania spheres at a W3

content<20 wt%. XRD patterns and laser Raman sp
f core-shell structured WO3/TiO2 catalyst.
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tra also indicated the presence of highly dispersed WO3 on
the TiO2 support with increasing WO3 loading. With WO3
content<20 wt%, the tungsten species are uniformly d
persed, which cannot be detected by XRD or laser Ra
spectroscopy. With WO3 content>20%, the dispersed WO3
begins to crystallize into small WO3 particles. These sma
WO3 particles, which cannot be detected by XRD but can
detected by laser Raman spectroscopy, lead to the slig
decreased catalytic performance. With further increase
WO3 loading up to 40 wt%, the crystalline WO3 appears
on the surface of the titania spheres, as also confirme
Ar+-etching XPS, which results in a significantly decrea
GA yield in the selective oxidation of CPE. Even then,
incorporation of 40 wt% tungsten oxide species does
change the crystalline phase of the TiO2 support, which still
presents as an anatase-phase form, suggesting the gre
bility of the anatase phase in the special core-shell struct
TiO2 spheres.

XPS results show that two types of tungsten oxide w
oxidation states of 6+ and 5+ are present in the novel cor
shell structured WO3/TiO2 catalyst, whereas titanium oxid
has only one oxidation state of titanium (∼Ti+4) in this cata-
lyst. The low oxidation state of tungsten (W+5) in the highly
dispersed tungsten oxide provides abundant W+5–O species
to produce abundant oxygen defect lattices, which is con
ered helpful in increasing the activity of the WO3/TiO2 cat-
alyst. TG-DTA and XPS characterizations of the WO3/TiO2
catalyst demonstrate that the tungsten species are highl
persed on the titania spheres and that there are strong
actions between the tungsten species and the support
venting leaching of the tungsten species during the sele
oxidation of CPE to GA with aqueous hydrogen peroxide
addition, the catalyst shows much high stability and can
reused as many as six times. The diminished catalytic pe
mance results from the appearance of crystalline WO3 and
the surface contaminant, which can be removed by sim
calcination.

5. Conclusions

In this work, a novel thermally stable core-shell stru
tured WO3/TiO2 catalyst was synthesized by the tradition
incipient wetness impregnation method using ammon
tungstate as the W source and core-shell structured
nia microspheres as supports. The special hollow in
ors of these microspheres were prepared using a n
hydrothermal precipitation technology. According to t
results from various characterizations, WO3 species are
highly dispersed in the interspace of titania spheres to f
the novel WO3/TiO2 catalyst, and there is strong interacti
between WO3 and the TiO2 support. The high dispersion o
the tungsten species achieved on the core-shell structur

tania spheres, the strong interaction, and the medium-strong
acidity of the catalyst are all considered to contribute to the
superior catalytic behavior of the WO3/TiO2 catalyst in the
alysis 234 (2005) 438–450 449

ta-
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selective oxidation of CPE to GA. The optimal tungsten c
tent is 20 wt%, and the GA yield over this catalyst reac
69.3%, suggesting its potentially promising use in indust
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