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Abstract

Titanium oxide was grafted on the surface of MCM-41 to produce a mesoporous TiO2/MCM-41 composite to serve as a catalyst supp
Vanadia was grafted on this titania support to produce V2O5/TiO2/MCM-41 and catalytic oxidation of ethanol by air was used as a p
reaction to study the influence of the support on the catalytic behavior of this catalyst. Catalyst V2O5/TiO2/MCM-41 has reactivity five times
higher than the reactivity of vanadia on MCM-41. EXAFS analysis of vanadium indicates that vanadia on both supports have similar
and polymeric morphologies. The enhancement of reactivity was due to the direct dispersion of vanadia on TiO2 in V2O5/TiO2/MCM-41
as indicated by the EXAFS and XANES studies. This TiO2-grafted MCM-41 mesoporous framework thus has high potential for use
mesoporous TiO2 support. Such support is superior to traditional anatase TiO2, pure mesoporous TiO2, or TiO2/SiO2 supports owing to its
much larger surface area and better thermal stability at elevated temperatures.
 2004 Elsevier Inc. All rights reserved.
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1. Introduction

Anatase titania-supported vanadium oxide catalysts
widely used in the industry for selective catalytic reduct
of NOx , catalytic oxidation reactions, and ammoxidation
picolines [1]. However, commercial anatase titania norm
has low surface area and low mechanical strength, a
sinters more easily than silica and alumina supports. Con
erable efforts have recently been made on applying m
titania–silica [2] or titania–alumina [3] as a titania supp
for vanadia-based catalyststo overcome these drawback
Nevertheless, a high surface area titania support use
vanadia-based catalysts has not been reported so far.

Recent developments of mesoporous materials initi
the preparation of mesoporous TiO2 with the possibility
of producing high surface area TiO2 [4–6]. However, high
surface area mesoporous TiO2 tends to collapse at high tem
peratures or contains phosphorous, which results in limi
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its usage as a catalyst support [7–10]. Grafting TiO2 on
MCM-41 has provided a mesoporous framework with a
alytically active TiO2 surface [11]. In addition, TiO2-grafted
MCM-48 was reported to maintain the mesoporous st
ture with a high surface area up to 1073 K [12]. Herein
report a vanadium-based catalyst with a TiO2-grafted MCM-
41 as the support. This catalyst (V2O5/TiO2/MCM-41) has
a high surface area with uniform pore size. Catalytic ox
tion reactions of ethanol with air are used as probe reac
to demonstrate the role of TiO2 in improving catalytic per-
formance of the resultant catalyst. EXAFS (extended X
absorption fine structure) and XANES (X-ray absorpt
near-edge structure) spectroscopies were used to ch
terize the structures of vanadium on both MCM-41 a
TiO2/MCM-41.

2. Experimental

2.1. General procedures

All reactions and other manipulations were perform
by use of standard Schlenk techniques under an atmos

http://www.elsevier.com/locate/jcat
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of nitrogen. Commercially available chemicals were p
chased and used without further purification. Cetyl
methylammonium bromide (CTAB), vanadium oxyt
propoxide (VO(OC3H7)3), and titanium isopropoxid
(Ti(OCH(CH3)2)4) were purchased from Acros, and Sili
Fumed (SiO2) was from Sigma. All solvents were dried wi
Na and benzophenon under N2 and distilled immediately
prior to use. BET surface areameasurements were record
on a ASAP 2010. Powder X-ray spectra were recor
on a Siemens D5000 powder X-ray spectrometer. Ene
dispersive spectra (EDS) were recorded on a scan
electron microscope (JSM-5400) equipped for an ene
dispersive X-ray spectrometer (eXL, Link Systems). IC
MS spectra were recorded on a Perkin–Elmer SCIEX EL
5000 spectrometer at the National Hsing Hwa University

2.2. Preparation of MCM-41

A solution of 5.10 ml (5.18 g, 0.014 mol, 25% w/w a
soln) tetramethylammonium hydroxide was added slo
into a solution of cetyltrimethylammonium bromide (7.38
0.02 mol) in 50.0 ml deionized water in a Teflon rea
tor at room temperature. After stirring the mixture f
30 min, a clear solution was obtained. Silica Fumed (4.5
0.075 mol) was then slowly added into the above solut
After the mixture was stirred for 2 h, it was allowed to sta
for 24 h. The mixture was then heated at 423 K for 48
in a hydrothermal bomb. The slurry was washed with dei
ized water and dried in an oven at 333 K. The resulting w
powder was calcined at 823 K under air. The white MCM-
was characterized by powder X-ray diffraction spectra.

2.3. Preparation of V2O5/MCM-41

MCM-41 (1.67 g) was dried in an oven at 393 K for 24
in order to remove the water. The dried MCM-41 was th
placed in a side-arm flask under nitrogen and 25.0 m
hexane was added into the flask. Vanadium oxytripropo
(0.30 ml, 1.28 mmol) was added to the above mixture wh
was then stirred overnight. After filtration and washing w
hexane to remove the excess vanadium oxytripropoxide
mixture was dried in an oven at 333 K. The resulting yell
powder was calcined at 723 K for 8 h under air. The yell
product V2O5/MCM-41 was characterized by powder X-ra
diffraction spectra, EDS, and ICP-MS.

2.4. Preparation of TiO2/MCM-41

Preparation conditions similar to those for V2O5/MCM-
41 were applied to prepare TiO2/MCM-41. MCM-41
(1.67 g) and 4.20 ml (4.00 g, 14.04 mmol) of titanium is
propoxide were used. The white product TiO2/MCM-41 was
characterized by powder X-ray diffraction and EDS.
2.5. Preparation of V2O5/TiO2/MCM-41

Preparation conditions similar to those for V2O5/MCM-
41 were applied to prepare V2O5/TiO2/MCM-41. The
amounts 2.00 g of TiO2/MCM-41 and 0.36 ml (0.37 g
1.54 mmol) of vanadium oxytripropoxide were used in
preparation. The yellow product V2O5/TiO2/MCM-41 was
characterized by powder X-ray diffraction spectra, EDS,
ICP-MS.

2.6. Ethanol oxidation studies

The catalysts were tested in a flow system havin
fixed-bed reactor with an inside diameter of 1.2 cm a
volume of 94.0 ml. The reactor was heated electrically
temperature-controlled by a PID temperature controller w
a sensor at the outer wall of the reactor. The reaction tem
ature was monitored and controlled using a sensor locat
the center of the catalyst bed. The temperature differe
between the outer reactor wall and the center of the c
lyst bed was about 10 K. Reaction products were trap
using a condenser at 268 K. Both liquid and gaseous p
ucts were analyzed using a gas chromatography, Shim
Model GC 14-B equipped with a DB-WAX capillary colum
of 30 m× 0.321 mm i.d. (J&W Scientific).

The reactor was packed with 1.0 g catalyst of particle s
500–1000 µm mixed with inert SiO2 (Merck) in a ratio of
1:20 by volume. A gradient packing method was used
that the catalyst bed would have a nearly uniform temp
ture and the wall and bypassing effects would be minimiz
Ethanol (Aldrich, 99.5 vol%) feed and air at the desir
rates were metered into the reaction system using m
flow controllers. Upon mixing, the mixtures flow downwa
through the reactor to carry out the reactions at the des
temperature and pressure. The reactor effluent was co
and recovered for analyses. Based on the material bala
of test results, performance parameters such as conve
selectivity, purity, and “composition products” were calc
lated.

2.7. X-ray absorption spectroscopy (XAS)

All X-ray absorption spectra of the VK-edge (5465 eV)
and Ti K-edge (4966 eV) were measured on the be
line BL17C at the Synchrotron Radiation Research C
ter (SRRC) in Hsinchu, Taiwan, with a storage ring ene
1.5 GeV and a beam current between 120 and 200
The EXAFS measurements wereperformed in transmissio
mode at the X-ray Wiggler beam line with a double-crys
Si(111) monochromator. The higher X-ray harmonics w
minimized by detuning the double-crystal monochroma
to 80% of the maximum. The ion chambers used for mea
ing the incident(I0) and transmitted(I) synchrotron beam
intensities were filled with a mixture of N2 and He gase
and a pure N2 gas, respectively. Moreover, to ensure re
bility of the spectra, the spectra of V metal foil and Ti me
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foil were also monitored to evaluate the stability of the
ergy scale for each measurement. XANES of Ti spectra w
initially acquired at room temperature in a He purge and
ter heating to 723 K in O2/He (20/80), holding for 30 min a
723 K.

Data reduction and data analysis were performed
the XDAP code developed by Vaarkamp et al. [13]. St
dard procedures were used to extract the EXAFS data
the measured absorption spectra. The preedge was ap
imated by a modified Victoreen curve [14] and the ba
ground was subtracted using cubic spline routines [15,
Normalization was performed by dividing the data by
height of the absorption edge at 50 eV above the e
[14]. Phase shifts and backscattering amplitudes funct
of V–V, V–Ti, and V–O were used as reference files to
alyze the EXAFS data. The reference functions of V–V an
V–Ti are generated by FEFF7 code [17] and V–O is extra
from the EXAFS function of the V2O5 compound.

Data analysis was performed by multiple shell fitting

R space (1< R < 4.0 Å, 3.5< k < 13 Å
−1

, k-weighting 3).
The structure model of V2O5/TiO2/MCM-41 is similar to
that proposed by Gao et al. [18], whereas each back
ter atom was identified by a difference-file technique w
phase-corrected Fourier transformations. The final fit p
meters were obtained after a full optimization of all param
ters ink3 weighting in the Fourier transformations.

3. Results and discussion

3.1. Preparation and characterization of
V2O5/TiO2/MCM-41

MCM-41 was prepared by hydrothermal treatment
SiO2 and C16TABr [19]. It has a mesoporous structure w
1479 m2/g BET surface area, 27.0 Å uniform pore size, a
40.2 Åd(100) spacing in its powder X-ray spectrum (Fig.
This MCM-41 was further grafted with Ti(OC3H7)4 under
an inert environment to produce titanium-grafted MCM-
(TiO2/MCM-41) [12].

The surface of MCM-41 contains silanol Si–OH grou
which can react with metal alkoxy groups to produce M–
Si linkages with the elimination of alcohols. The MCM-4
-

-

Fig. 1. Powder X-ray spectrum of MCM-41, V2O5/TiO2/MCM-41,
V2O5/TiO2/MCM-41, and V2O5/MCM-41.

should be dried before the grafting procedure in order to
move absorbed water on its surface such that hydrolys
metal alkoxide in the latter grafting step can be avoided
addition, the grafting reaction should be carried out unde
inert environment to avoid the hydrolysis of metal alkoxi
Under such conditions, around 20 wt% of TiO2 (15 at.% of
Ti) can be grafted on the surface of MCM-41 under an exc
amount of Ti(OC3H7)4. Calcined TiO2/MCM-41 (at 723 K)
preserves the mesoporous structure with 1237 m2/g BET
surface area, 26.0 Å uniform pore size, and 40.7 Åd(100)
spacing in its powder X-ray spectrum (Fig. 1). Ener
dispersive spectroscopy of TiO2/MCM-41 clearly indicates
the presence of titanium. This TiO2/MCM-41 can maintain
its mesoporous structure up to 1073 K. The composi
analysis, d spacing, pore size, and surface area of the
alysts are listed in Table 1.

Vanadia was then grafted onto this TiO2/MCM-41 by
using VO(OCH2CH2CH3)3 [20] as a grafting reagent to ob
tain the supported vanadia catalyst (V2O5/TiO2/MCM-41).
Similarly, the TiO2/MCM-41 was dried before the graf
ing step and the grafting reaction was carried out un
an inert environment to avoid water. An excess amoun
VO(OCH2CH2CH3)3 was used and around 14 wt% of V2O5
(11 at.% of V) was grafted on the supports. The resul
ea
Table 1
Composition,d(100) spacing, pore size, pore volume, and surface area of MCM-41, TiO2/MCM-41, V2O5/TiO2/MCM-41, and V2O5/MCM-41

Catalyst V2O5 wt% TiO2 wt% SiO2 wt% d(100) spacing Pore size Pore volume BET surface ar
(V mol%) (Ti mol%) (Si mol%) (Å) (Å) (cm3/g) (m2/g)

MCM-41 – – – 40.43 27 1.00 1489

TiO2/MCM-41 – 19.5 80.5 40.73 26 0.59 1237
(15.4) (84.6)

V2O5/MCM-41 14.6 – 85.4 40.66 26 0.66 953
(11.8) (88.2)

V2O5/TiO2/MCM-41 12.9 17.6 69.5 40.45 25.5 0.41 713
(9.3) (14.5) (76.2)
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Table 2
Product distribution in conversion of ethanol catalyzed by V2O5/TiO2/MCM-41 and V2O5/MCM-41

Catalysta

Product V2O5/TiO2/MCM-41 V2O5/MCM-41 V2O5/TiO2/MCM-41 V2O5/MCM-41 V2O5/TiO2/MCM-41 V2O5/MCM-41
(wt%) 383 K 383 K 428 K 428 K 458 K 458 K

Acetaldehyde 0.732 0.466 0.692 0.458 0.512 0.302
Ethyl acetate 0.236 0.293 0.250 0.295 0.333 0.300
Acetic acid 0.002 0.196 0.002 0.120 0.040 0.004
Carbon dioxide 0.022 0.035 0.045 0.110 0.098 0.372
Other speciesb 0.008 0.010 0.011 0.017 0.017 0.022

a Pressure= 5 atm, WHSV (weight hourly space velocity)= 2.5 h−1, air/ethanol= 7.6.
b Other species include formic acid, paraldehyde, ethyl formate.
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calcined V2O5/TiO2/MCM-41 catalyst (at 723 K) retain
713 m2/g BET surface area, 25.5 Å uniform pore size, a
40.5 Åd(100) spacing in its powder X-ray spectrum (Fig.
In comparison, vanadia was also grafted onto MCM-41 w
a similar dose of vanadia per unit weight of the catalys
that of TiO2/MCM-41 support. EDS spectra of both cat
lysts V2O5/TiO2/MCM-41 and V2O5/MCM-41 confirm the
presence of vanadium. The resultant calcined V2O5/MCM-
41 catalyst (at 723 K) has a BET surface area of 953 m2/g
with 26.0 Å uniform pore size, and 40.7 Åd(100) spacing in
its powder X-ray spectrum (Fig. 1).

The MCM-41 and TiO2/MCM-41-supported vanadia ca
alysts used in the experiments were intended to provide
ilar amounts of vanadia. Although excess grafting reag
was used, similar amounts of vanadia were grafted on
supports (Table 1). The surface areas of V2O5/MCM-41 and
V2O5/TiO2/MCM-41 are less than the parent MCM-41. Th
is because the pore size slightlydecreased after the graftin
and the additional weight of the grafting materials (vana
titania, or both) increases the weight per unit volume of
mesoporous materials.

3.2. Ethanol oxidation studies

It has been reported that titania–silica (TiO2/SiO2) is
a better support than SiO2 for vanadia-based catalysts
the catalytic oxidation of alcohol with air [21,22]. In o
der to evaluate whether the TiO2/MCM-41 can be used a
a TiO2 support like titania–silica, ethanol oxidation w
applied to test the catalytic behavior of V2O5/MCM-41
and V2O5/TiO2/MCM-41. The reaction is carried out in
fixed-bed reactor under five atmospheres of air. The WH
(weight hourly space velocity) is 2.5 h−1 and air/ethano
is 7.6. The conversion rates of both catalysts are show
Fig. 2. The selectivity is shown in Table 2.

As shown from the results of oxidation (Fig. 2), t
ethanol conversion of the oxidation reaction catalyzed
V2O5/TiO2/MCM-41 was higher than that by V2O5/MCM-
41 up to fivefold at low temperatures. This suggests
the V2O5/TiO2/MCM-41 catalyst has higher reactivity tha
V2O5/MCM-41 for each unit surface area in the cataly
reaction. In addition, as shown in Table 2, the percen
amount of the main product (acetaldehyde and ethyl acetat
Fig. 2. Total conversion of ethanol catalyzed by (") V2O5/MCM-41;
(F) V2O5/TiO2/MCM-41 (operating conditions: initial temperature=
383 K, ramping temperature= 5 K/h, pressure= 5 atm, WHSV (weight
hourly space velocity)= 2.5 h−1; air/ethanol= 7.6).

is higher for V2O5/TiO2/MCM-41 than for V2O5/MCM-
41 at both low temperature (383 K) and high tempe
ture (458 K). These observations imply that the resul
TiO2/MCM-41 is a better support than MCM-41. This
consistent with the reported enhancement of vanadia reacti
ity on TiO2/SiO2 than SiO2 in the catalytic ethanol oxidatio
[21,22].

Assuming that the ethanol oxidation reaction is catalyze
by vanadium oxide and the reaction occurs through a r
determining surface reaction, the rate constant for the
action will be composed of two terms,ks (surface reac
tion rate constant) and theKEtOH (adsorption constant o
ethanol). Thus, apparent activation energy can be formul
by Eapp = Es (activation energy of surface reaction)+ Ha
(adsorption heat of ethanol). Since the enthalpy of ads
tion is negative, the apparent energy can be either positiv
negative, depending on the magnitude ofEs andHa.

By defining the turnover frequency (TOF) as the nu
ber of molecules reacted per molecules of vanadium per
time [23], the difference of thecatalytic activity between th
catalyst prepared in this study and that prepared by Qua
et al. [21] can be judged by the comparison of temperat
dependent TOF for these two catalysts. As shown in Fig
the reaction catalyzed by the catalyst prepared in this stud
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Fig. 3. Comparison of temperature dependence of TOF of ethanol oxidatio
catalyzed by the V2O5/TiO2/MCM-41 catalyst prepared in this study (sol
line) and the V2O5/2.0TiSi catalyst prepared by Quaranta et al. (dashe
line).

has an apparent activation energy of−6 kJ/mol, whereas the
reaction catalyzed by the catalyst prepared by Quaranta et
is about 46 kJ/mol. The difference of the catalytic properti
for these two catalysts may be due to the difference of
sorption heat of ethanol caused by the interactions betw
V2O5 and TiO2.

3.3. EXAFS and XANES analysis of vanadium

In order to elucidate the reason for the reactivity enhan
ment of V2O5 by TiO2 in V2O5/TiO2/MCM-41, EXAFS
and XANES were used to characterize the vanadia on
supports. Normalized XANES spectra of V2O5/MCM-41
(solid line) and V2O5/TiO2/MCM-41 (dash line) are show
in Fig. 4. It is generally accepted that the preedge p
found at the low energy side of the edge absorption rev
the coordination state of the vanadium complex [24]. It
been reported that the intensity of the preedged peak ca
used to judge the coordination structure based on a det
comparison of the V preedge peak intensities in differ
coordination environments [25,26]. Since we did not h
e

Fig. 4. V K-edge XANES spectra of V2O5/MCM-41 (solid line) and
V2O5/TiO2/MCM-41 (dashed line).

reference XANES spectra of different coordination envir
ments, it is difficult to judge the coordination environmen
V by the intensity of the V preedge peak. However, we
hardly observe the characteristic bands of XANES (so ca
α andβ band in Ref. [25]) which indicates that tetrahed
coordination environment contributes in the samples. In
dition, the V preedged peak in the XANES spectra of
samples have intensities between the reported preedge
intensities of tetrahedral VO4 coordination structure and di
torted VO5 structure reported in the literature [26]. Based
these observations, we can not totally exclude the exist
of tetrahedral VO4 coordination structure or the distorte
VO5 structure. Since Debye–Waller factor and coordi
tion number are highly correlated, different combinatio
of Debye–Waller factor and coordination number will g
equal good fits of experimental data. However, accordin
the above discussion of XANES results, the average c
dination number of V–O2 was fixed as 3.5 to decouple
correlation effects (Table 3).

The local structures around the vanadium atom of V2O5/
MCM-41 (solid line) and V2O5/TiO2/MCM-41 (dash line)
became visually clearer when a Fourier transform was
Table 3
Structure parameters of the V2O5/MCM-41 and V2O5/TiO2/MCM-41

Description Scatterer R (Å) CN �σ2 E0 (eV) EXAFS reference

V2O5/MCM-41 V–O1 1.603± 0.006 1.00a 0.0042± 0.0005 −8.02± 1.23 V–O
V–O2 1.849± 0.005 3.50a 0.0126± 0.0004 −4.56± 0.64 V–O
V–V 3.053± 0.006 1.31± 0.08 0.0086± 0.0009 −4.43± 0.52 V–V

V2O5/TiO2/MCM-41 V–O1 1.595± 0.008 1.00a 0.0048± 0.0006 −7.66± 1.65 V–O
V–O2 1.805± 0.008 3.50a 0.0153± 0.0008 −2.11± 1.11 V–O
V–V 2.987± 0.018 1.29± 0.86 0.0036± 0.0040 5.53± 4.23 V–V
V–Ti 2.868± 0.023 0.50± 0.41 0.0009± 0.0036 −6.37± 7.38 V–Ti

R, distance; CN, coordination number;�σ2, deviation of Debye–Waller factor;E/∂ , inner-potential correction.
a The number of parameter used to fit the data.
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(a) (b)

Fig. 5. (a) Fourier transform (k3 weighted, V–O phase-corrected,�k = 3.5–13.0 Å
−1

) of raw EXAFS data for the V2O5/MCM-41 (solid line) and the

V2O5/TiO2/MCM-41 (dashed line). (b) Fourier transform (k3 weighted, V–Ti phase-corrected,�k = 4.0–14.0 Å
−1

) of [raw data (V–O)–(V=O)–(V–O–V)]
for V2O5/MCM-41 (solid line) and the V2O5/TiO2/MCM-41 (dashed line).
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formed on EXAFS in the 3.5–13.0 Å
−1

region, to obtain
the radial structure function as shown in Fig. 5a. In
V2O5/MCM-41 (solid line) sample, the two peaks appe
ing at 1.4 and 2.0 Å are assigned to V–O bonds. The t
peak appearing at 3.0 Å may be caused by the pres
of vanadium atoms adjacent to vanadium atoms (V–O–V)
indicating the presence of neighboring vanadium atoms
the V2O5/TiO2/MCM-41 (dash line) sample, a similar pa
tern but with a lower intensity of the peak at 3.0 Å w
observed. The weaker intensity of the peak suggests
the vanadium is better dispersed in V2O5/TiO2/MCM-41.
This is because the amounts of vanadia are similar in bot
samples; thus, less V–O–V contribution indicates the p
ence of a relatively small polymeric V2O5 size. Moreover,
after subtracting two calculated V–O and V–O–V contribu
tions from the raw data, a significant peak was observe
only for the V2O5/TiO2/MCM-41 sample. After V–Ti phase
corrected Fourier transform was performed on the resu
spectrum for the V2O5/TiO2/MCM-41 sample, a symmetri
peak was presented, suggesting that Ti is the backsc
ing atom (Fig. 5b). This observation suggests that V2O5 is
anchoring on TiO2 in the TiO2/MCM-41 support and the in
teraction between V2O5 and TiO2 retards the aggregation o
V2O5 [27].

XANES spectra of V2O5/TiO2/MCM-41 under hydrated
and dehydrated conditions further support the direct inter
action between V2O5 and TiO2 in V2O5/TiO2/MCM-41. It
has been reported that hydration of TiO2/SiO2 decreases th
preedge peak intensity and blue shifts the peak positio
the XANES spectra compared to the XANES spectra
dehydrated TiO2/SiO2 [18,22]. This indicates that the coo
dination number of the Ti atoms increases mostly to 6-f
in the hydrated sample. In V2O5/TiO2/SiO2, coordination of
V2O5 on TiO2 resulted in a direct interaction with the su
t

-

Fig. 6. Ti K-edge XANES spectra of the hydrated (solid line) and de
drated (dashed line) V2O5/TiO2/MCM-41 samples.

face titanium oxide species by binding to their unsatura
sites such that Ti cations are predominately 6-fold des
whether the sample is hydrated or dehydrated. The XAN
spectra of hydrated and dehydrated V2O5/TiO2/MCM-41
are similar, indicating that Ti cations in both samples
predominately 6-fold as shown in Fig. 6. This obser
tion further implies the dispersion of V2O5 on TiO2 in
V2O5/TiO2/MCM-41 [22].

In summary, the EXAFS data are consistent with hig
dispersed V on TiO2 as shown by the presence of the V–O
Ti peak in the EXAFS of the V2O5/TiO2/MCM-41 sample.
This result is consistent with the reported UV-vis DRS stu
which indicates that the vanadium oxide species has a low
degree of polymerization on the dispersed TiO2/SiO2 sup-
port than on pure silica [22].
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3.4. Catalytic properties and morphology of V2O5 on
TiO2/MCM-41

The morphologies of V2O5 are similar on both TiO2/
MCM-41 and MCM-41 since they are both polymeric. Th
indicates that the enhancement of the reactivity is not du
the different of morphologies of V2O5 on different supports
It has been reported that V2O5 has a higher reactivity on th
TiO2/SiO2 support than on pure silica [15,16]. The basis fo
the reactivity enhancement of the isolated vanadia site
TiO2/SiO2 supports has been extensively studied [22]. T
enhancement of catalytic activity of V2O5 on TiO2/SiO2 is
due to the coordination of V to Ti(IV) cations. The presen
of V–O–Ti bonds was proposed to enhance the reactivit
the V active sites on the V2O5/TiO2/SiO2 catalyst [22].

As show in Fig. 3, the TOF for V2O5/TiO2/MCM-41 cat-
alysts is about 8 times that of V2O5/TiO2/SiO2 at 383 K
whereas it is about the same when the reaction temp
ture was elevated to about 458 K. This turnover-freque
calculation is based on the total vanadium atom. For a
erogeneous catalytic reaction, the conversion is norm
proportional to the surface atom. A catalyst with more s
face atoms will present higher TOF. The surface area
V2O5/TiO2/MCM-41 (700 m2/g) is higher than that o
V2O5/TiO2/SiO2 (70 m2/g).

The fraction of V2O5 in contact with TiO2 support is ex-
pected to be increased with increasing surface area. Th
increase in V2O5–TiO2 contact may enhance the intera
tions between V2O5 and TiO2 which further strengthen th
affinity between ethanol and exposed V2O5. An increase of
adsorption heat thus resulted. Since enthalpy of adsor
is almost negative, the apparent activation (Es + Ha) will be
decreased with the adsorption heat in the V2O5/TiO2/MCM-
41. Thus, the ethanol conversion is almost invarian
temperature. No such observation has been reporte
V2O5/TiO2/SiO2 and V2O5/TiO2/MCM-41. This interac-
tion of V2O5 and TiO2 is evidenced by the observation of t
V–Ti EXAFS contribution at 2.8 Å in V2O5/TiO2/MCM-41.

The apparent activation energy calculated for the
conversion range (reaction temperature less than 428
about 46 kJ/mol for the V2O5/MCM-41 catalyst, and is sim
ilar to that for V2O5/TiO2/SiO2 and V2O5/SiO2 catalysts
reported by Quaranta et al. [21]. Further elevation of re
tion temperature promotes the conversion of acetalde
and acetic acid to carbon dioxide (Table 2). Since eth
conversion and the formation of carbon dioxide from
etaldehyde and acetic acid may take place at the same a
sites, sites for ethanol conversion decrease with increa
carbon dioxide formation. As shown in Fig. 2 and Table
as the temperature increases from 428 to 458 K, the eth
conversion is only slightly increased, whereas the carb
dioxide yield increases abruptly from 0.110 wt% of pro
uct to 0.372 wt% for V2O5/MCM-41 catalysts.

Better dispersion of V2O5 on the support due to the in
teraction between V2O5 and TiO2 thus provides more activ
sites for the oxidation reaction. As a result, at a low te
-

r

e

l

Fig. 7. Temperature-programmed reduction characterizing V2O5/MCM-41
(solid line) and V2O5/TiO2/MCM-41 samples (dashed line).

perature (383 K), much higher activity was observed
V2O5/TiO2/MCM-41. On the other hand, enthalpy of a
sorption is increased by the interaction between V2O5 and
TiO2, leading to a decline of apparent activation energy
a result, the activity of the catalysts cannot be enhan
by the elevation of reaction temperature at this tempera
range.

The selectivity of the catalysts is also influenced by th
interaction between V2O5 and TiO2. At a reaction tempera
ture of 383 K, for V2O5/TiO2/MCM-41, the major produc
is acetaldehyde (0.732 mol fraction). Acetic acid only ex
ists in a trace amount. For V2O5/MCM-41, only 0.466 mol
fraction is acetaldehyde and 0.196 mol fraction is ac
acid. When the temperature is raised to 458 K, acetalde
is still a major product for V2O5/TiO2/MCM-41. However,
carbon dioxide (0.372 mol fraction) is the major product
V2O5/MCM-41.

TPR profiles of V2O5/TiO2/MCM-41 and V2O5/MCM-
41 show that the reduction temperatures of these two c
lysts are different (Fig. 7). TheTmax value of V2O5/TiO2/
MCM-41 is about 50 K lower than theTmax value of
V2O5/MCM-41, indicating the polymeric V2O5 exhibits a
higher reducibility in V2O5/TiO2/MCM-41 than in V2O5/
MCM-41. This is consistent with the reported higher
ducibility of V2O5 in V2O5/TiO2/SiO2 compared to tha
in V2O5/SiO2 when the sample has high V2O5 and TiO2

loadings [22]. Although, we do not have direct eviden
that V2O5 on TiO2/MCM-41 is totally dispersed on TiO2,
EXAFS analysis of V2O5/TiO2/SiO2 at the VK-edge and
Ti K-edged XANES spectra of V2O5/TiO2/MCM-41 under
hydrated and dehydrated conditions, enhancement of
tivity toward the oxidation of ethanol, different reactivi
and selectivity at elevated temperatures, and different m
phologies on the two different supports indirectly indic
V2O5 is at least partially if not all coordinated to TiO2 in
V2O5/TiO2/MCM-41.



H.-M. Lin et al. / Journal of Catalysis 224 (2004) 156–163 163

. Th
-
l.
-

n
-
so-
er
tase

ty at

ata
ers,
pro-
rom
er

.

.D.
en,
4.

a-

5)

nez,
ez-

3.

995)

2

95)

er,

rs,

.

hys.

s. 93

103

us

-
d

.

ida,
4. Conclusions

This report demonstrates that TiO2-grafted MCM-41
can be used as a support for vanadia-based catalysts
resultant V2O5/TiO2/MCM-41 has better catalytic reactiv
ity than V2O5/MCM-41 toward the oxidation of ethano
This reactivity enhancement is consistent with the re
ported reactivity enhancement of V2O5/TiO2/SiO2 com-
pared with V2O5/SiO2 toward the same catalytic oxidatio
reaction [21,22]. Thus, this TiO2-grafted MCM-41 meso
porous framework has high potential for use as a me
porous TiO2 support with higher surface area for oth
catalysts. Such support is superior to traditional ana
TiO2, pure mesoporous TiO2, or TiO2/SiO2 supports owing
to its much larger surface area and better thermal stabili
elevated temperatures.
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