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bstract

Stable V-MCM-41 mesoporous materials have been synthesized by hydrothermal method, using hexadecyl-trimethyl-ammonium bromide as
emplate, and industrial Na2O·(3.3–3.5)SiO2 as the source of much cheaper silica instead of conventional expensive organic precursors. Several

odern techniques like XRD, N2 adsorption, FT-IR, UV–vis and SEM have been utilized to characterize the framework structure and texture
f the samples. The results of N2 adsorption and X-ray diffraction showed that the synthesized samples had a high ordered hexagonal structure,
ood hydrothermal stability and thermal stability. The selective oxidation of styrene using hydrogen peroxide as oxidant over V-MCM-41 samples
howed a good catalytic performance of partial oxidation, the phenylacetic acid was the principal product (the selectivity value was 49.4%). Even

fter a thermal treatment at 900 ◦C in air for 12 h or a hydrothermal treatment in boiling water for 8 days, each of the two resultant materials could
etain the ordered channels and a high BET surface area. UV–vis spectra provided strong evidences that most of vanadium ions were incorporated
nto the framework of siliceous MCM-41 sample.

2006 Elsevier B.V. All rights reserved.
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. Introduction

MCM-41 materials have become the most popular mem-
ers of the M41s molecular sieve family since their discov-
ry in 1992 and drawn considerable attention over the past
ecade [1,2]. MCM-41 materials with well-defined structure,
niform size distribution (1.5–10 nm), high internal surface area
∼1000 m2 g−1), the cation-exchange and hydrocarbon-sorption
apacities and high-density surface silanol sites, could be applied
n many fields, such as catalysts or catalyst supports, chemical
orption, separation processes, environmental pollution control,
lectronic and optical materials [3,4].

Even though it is an attractive candidate, pure siliceous
CM-41 shows limited applications in organic transformations

ecause neutral frame-structure of this material is lack of lacuna,

cid sites and acidity. These lacuna, acid sites and acidities could
ive rise to the higher cation-exchange capacities and reactiv-
ty [5,6]. Modification of this material by the introduction of
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arious active metal incorporated into MCM-41 seemed to be
more interesting task for applications, owing to more acidic

enters arising from the incorporated metals in the mesoporous
aterials. These materials have drawn more and more attention

f academic and industrial researches in recent years [7–10].
Much recent attention has been directed towards their appli-

ations in catalysis. For practical application, a good catalyst
eeds not only a high initial catalytic activity, but also a good
tability under process conditions. Therefore, the thermal sta-
ility and hydrothermal stability of these mesoporous materials
ecome crucial factors in their potential applications. As a result
f the hydrolysis of the Si O Si bonds in the presence of
bsorbed water, mesoporous silicate can lose its structure when
t is exposed to high temperature or boiling water for a long
eriod of time [11–13]. The collapse of the structure has limited
he applications of MCM-41 materials, especially in the catalytic
eactions involving the aqueous solution. In order to improve the
hermal stability and hydrothermal stability of MCM-41 mate-

ials, several approaches have been exploited.

Introducing additive is an effective way for the stability
mprovement [14,15]. Yu et al. [13] reported that the stabil-
ty of MCM-41 could be enhanced by the addition of a salt

mailto:chuwei65@yahoo.com.cn
mailto:chuwei65lille@yahoo.com
dx.doi.org/10.1016/j.molcata.2006.03.078


ataly

t
i
a
m
b
a
a
h
s
u
i
i
t
T
t
s
c
o
a
[

i
t
w
s
o
M
f
m
X
t
U
s
g
t
a
c

2

2
c

i
N
Q
a
H
f

6
t
f
s
C
5

(
d
t
s
p
T
p
T
c
f
t
f

2

r
w
a
i
r

p
m
a
f
u
c
s
u

u
t
r

r
t

l
I

D
m
s
a

o
5

2
V

J. Xu et al. / Journal of Molecular C

o the gel mixture, due to the modulation of the electrostatic
nteraction between cationic surfactant micelles and silicate
nions. But if the addition of salt was in unsuitable molar ratios,
esopore-structures would collapse and the pore size distri-

ution became broad after a hydrothermal treatment. La2O3
dded into Al-MCM-41 improved its thermal stability at rel-
tively lower temperature [16], but it was hardly beneficial to its
igh-temperature properties. Wang et al. [17] reported that the
tability of MCM-41 was improved by introducing the building
nits of zeolite structure into the pore walls. Another route to
mprove the stability resorting to thicken the pore walls is alter-
ng synthesis conditions, such as in acidic or basic conditions,
emplate agent, synthesis temperature and reaction time [18–20].
he combined effect of initial pH adjustment with direct addi-

ion of NaF into the reaction gel could lead to more hydrothermal
table MCM-41. It was reported recently that the inorganic sili-
ate and organic surfactant precursors can self-organize to form
rdered materials with nano-scale periodicities; this has cre-
ted exciting avenues for the synthesis of mesoporous materials
21].

The aim of the current work was to synthesize and character-
ze the V-MCM-41 mesoporous molecular sieves and investigate
he effects of different treatments on the stabilities of the samples
ith high ordered property. In this paper, the industrial inorganic

ilicate Na2O·(3.3–3.5)SiO2 was selected as a cheaper source
f silica instead of expensive organic precursors, and the V-
CM-41 was prepared by direct hydrothermal synthesis. The

ramework structure, texture, thermal stability and hydrother-
al stability of V-MCM-41 materials had been investigated; the
-ray diffraction (XRD), N2 adsorption/desorption and Fourier-

ransformed infrared (FT-IR) spectroscopy, diffuse reflectance
V–vis spectra, inductively coupled plasma technique (ICP),

canning electron microscopy (SEM) and differential thermo-
ravimetric (DTG) analysis were utilized for the characteriza-
ions of catalysts. The selective oxidation of styrene was taken
s a model reaction to investigate the potential catalytic appli-
ations of the V-MCM-41 sample of good stability.

. Experimental

.1. Precursor materials and synthesis of V-MCM-41
atalyst samples

Source of silica was Na2O·(3.3–3.5)SiO2 (Qiangwei Chem-
stry and Industry Co., Ltd., China). The vanadium source was
H4VO3 (Shanghai Kechang Fine Chemical Plant, China).
uaternary ammonium surfactant was hexadecyl-trimethyl-

mmonium bromide (CTAB, Tianjin Bodi Chemicals, China).
2SO4 (Shanghai Chemical Reagent Factory, China) was used

or pH adjustment of the synthesis solution.
V-MCM-41 was synthesized as follows: pre-treatment:

.045 g of Na2O·(3.3–3.5)SiO2 and 30 g deionized water was
ransferred into a Teflon-lined autoclave, and heated at 110 ◦C

or 12 h (h was utilized for a simplication of hours). The resultant
olution was prepared for the further synthesis. Then, 5.467 g
TAB was diluted with 30 g deionized water under stirring at
0 ◦C. After stirring for 0.5 h, the vanadium aqueous solution

p
6
d
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0.351 g NH4VO3 dissolved in 40 g deionized water) was added
ropwise to the template solution under vigorous stirring. Pre-
reated sodium silicate solution was added dropwise to the above
olution with stirring for another 0.5 h. The overall mixture com-
osition was n(Si):n(CTAB):n(V):n(H2O) = 1.0:0.2:0.04:100.
hen 1 M H2SO4 solution was added in order to reduce the
H value to ≈9.5, and the stirring continued for another 2 h.
he gel obtained was transferred into a Teflon-lined auto-
lave, and heated statically under autogenous pressure at 110 ◦C
or 48 h. The obtained materials were filtered, washed five
imes, dried at 110 ◦C for 12 h, and then calcined at 550 ◦C
or 6 h.

.2. Characterization of samples using different techniques

XRD patterns of the calcined samples were carried on a X-
ay diffraction apparatus (Philips X’pert pro MPD) equipped
ith a graphite monochromator for Cu K� (40 kV, 40 mA) radi-

tion. Taking into account of large values of interplanar spacing
n mesoporous molecular materials, the XRD patterns were
ecorded at low scattering angles between 1.5◦ and 10◦ (2θ).

The specific surface area, total pore volume and average
ore diameter were measured by the N2 adsorption/desorption
ethod with a Quantachrome Nova1000e volumetric instrument

t liquid nitrogen temperature. Samples were degassed at 300 ◦C
or 3 h prior to the analysis. The surface area was calculated by
sing the conventional BET method. The total pore volume was
alculated from the amount of vapor adsorbed at a relative pres-
ure (P/P0) close to unity. Pore size distributions were obtained
sing the BJH model and the desorption branch.

The FT-IR spectra of the calcined samples were measured
sing the KBr wafer technique in a Nicolet 170SX FTIR spec-
rometer (Nicolet, USA). The IR spectra were recorded in the
ange of 4000–400 cm−1.

UV–vis spectra of solid samples were recorded by the diffuse
eflectance technique using Shimadzu UV-2401PC spectropho-
ometer in the range 200–600 nm, using BaSO4 as the reference.

The vanadium contents in the V-MMC-41 catalysts were ana-
yzed by an inductively coupled plasma (ICP) technique using
CP-AES IRIS apparatus.

Thermogravimetric and differential thermogravimetric (TG-
TG) analysis were performed on a Perkin-Elmer TGA7 ther-
ogravimetric analyzer. The sample was under an air atmo-

phere; the system temperature was risen from ambient to 550 ◦C
t a heating rate of 10 K min−1.

SEM images were obtained for the analysis of morphologies
f surface particles of mesoporous samples using a JEOL JSM-
900LV scanning electron microscopy.

.3. Hydrothermal treatment and thermal treatment of
-MCM-41 sample

The hydrothermal test: 1 g calcined V-MCM-41 sample was

ut into 100 mL boiled water and treated for different time (2, 4,
, 8 and 10 days) in 100 mL of distilled water with a reflux con-
enser. After this treatment, the boiled sample was subsequently
ltered and dried in an oven at 110 ◦C.
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Fig. 1. (a) Nitrogen sorption isotherm at 77 K for six V-MCM-41 samples. (b)
Resulting pore size distribution (BJH model, desorption branch) #V-MCM-41
synthesis condition: n(Si):n(CTAB):n(V):n(H O) = 1.0:0.2:0.04:100, pH ≈ 9.5,
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The thermal test: 1 g calcined V-MCM-41 sample was cal-
ined again at different temperature (600, 700, 800 and 900 ◦C)
or 12 h in air.

.4. Catalytic evaluation in the selective oxidation of
tyrene

The selective oxidation of styrene was carried out in a
ound-bottom glass batch reactor fitted with a water-cooled con-
enser. In a typical reaction, 2.602 g styrene and 4.375 g acetone
ere added, then 0.250 g catalyst and 0.962 g hydrogen per-
xide, the reactant mixture was heated with an oil bath at a
emperature of 50 ◦C with magnetic stirring. After the reac-
ion, the reaction mixture was cooled to room temperature,
he catalyst was separated from the reaction mixture by cen-
rifugation, and the reaction products were analyzed on a gas
hromatograph (GC 112A) equipped with a flame ionization
etector (FID) and a capillary column (cross-linked SE-30 gum,
.33 mm × 30 m).

. Results and discussion

.1. Texture analysis with N2-adsorption/desorption

Nitrogen physisorption is the technique to assess the textures
f prepared MCM-41 mesoporous materials. A typical nitrogen
orption isotherm of V-MCM-41 at 77 K was shown in Fig. 1a
initial sample, 0 d), (0 d means 0 day, the initial sample, only cal-
ined at 550 ◦C). The isotherm could be classified as a typical
ype Langmuir IV isotherm according to the IUPAC classifi-
ation, which was typical of mesoporous materials. MCM-41
aterial contained a regular pore distribution with pores mainly

n the mesopore size range where a characteristic capillary con-
ensation occurred. A linear increase of absorbed volume at low
ressures was followed by a steep increase in nitrogen uptake
t a relative pressure P/P0 = 0.3–0.4, which was due to capillary
ondensation inside the mesoporous at a characteristic relative
ressure. The position of the inflection point was clearly related
o the diameter of the mesopore, and the sharpness of this step
ndicated the uniformity of the mesopore size distribution [6,22].
he long plateau at higher relative pressures indicated that pore
lling ranged from 0.40 to 1.0 (P/P0).

Hydrothermal stability was an important property of cata-
ysts if one wishes to put those catalysts into usages of industrial
eterogeneous catalysis. The mesoporous characteristic texture
as shown after the samples were hydrothermally treated for 2,
, 6, 8 and 10 days (Fig. 1a and b). After hydrothermal treatment
or 2, 4 and 6 days, the isotherm of samples was belong to typical
ype mesoporous materials isotherm. Even 8-days hydrothermal
reatment, the mesoporous structure of V-MCM-41 materials
as retained. This result of our materials was somewhat better

han that found by Marco [23], who found that MCM-41 was
table in boiling water only for 4 days at 100 ◦C. Our results

ere also better than those in a few references [24,25], which

eported that the hydrothermal treatment time of samples with
ood hydrothermal stability did not surpass 6 days. The remain-
ng ratio of surface area, pore volume and pore diameter were

l
s
s
N

2

rystallizing temperature at 110 ◦C for 48 h, calcined at 550 ◦C for 6 h (2 d means
days; 4, 6, 8, 10 d mean 4, 6, 8, 10 days).

4.3, 81.6, 91.9% for our prepared sample under hydrothermal
reatment for 8 days in boiling water. Furthermore, after 10-
ays hydrothermal treatment, the mesoporous structure of this
aterial was destroyed. However, the remaining ratio of surface

rea was 80.7%. For mesoporous materials, the capillary con-
ensation was particularly interesting, which was related to the
exture. Hydrothermal treatment had made the condensation step
hift from the relative pressure P/P0 = 0.3–0.4 to P/P0 = 0.2–0.5,
hich indicated that the pore diameter range shifted to a broader
ne and the BET surface became lower (Fig. 1b). The precur-
or of inorganic silicate [n(Si):n(Na) = 3.3–3.5] introduced into
he preparation system of mesopore-structure frameworks was
esponsible for the hydrothermal stability improvement [1,21].
he literature researches reported that the excess presence of
odium could destroy the hydrothermal stability of mesoporous
aterials. Our materials Na2O·(3.3–3.5)SiO2 in this text had

+
ess quantity Na comparing with that of conventional silicate of
odium Na2O·SiO2, while the required Si quantity was kept the
ame. So, comparing the use of conventional silicate of sodium
a2O·SiO2 in which a large quantity of sodium could be harm-
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Fig. 2. (a) Nitrogen sorption isotherm at 77 K for the V-MCM-41 samples (cal-
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Fig. 3. (a) Nitrogen sorption isotherm at 77 K for two V-MCM-41 samples
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ined, respectively, at 550, 600, 700, 800, 900 ◦C in air atmosphere for 12 h).
b) Resulting pore size distribution (BJH model, desorption branch).

ul of the mesoporous structure, the sodium of less quantity
n the raw materials Na2O·(3.3–3.5)SiO2 in this research, like
he inorganic precursor of silica, did not affect the mesoporous
tructure during the hydrothermal synthesis. Then, using the fil-
ration and several washing, the as-synthesized sample has only
race of sodium. The experiments of hydrothermal treatments
ndicated that the V-MCM-41 mesoporous material was of good
ydrothermal stability. It could be said that this precursor of
norganic silicate with less sodium was helpful for the structure
tability of the system.

The samples calcined at 550, 600, 700, 800 and 900 ◦C for
2 h in air were characterized by the N2 adsorption–desorption
easurements (Fig. 2). The sharp reflection of samples

sotherm took place shift a relative pressure p/p0 = 0.3–0.4 to
/p0 = 0.2–0.3, which meant a typical capillary condensation
ithin uniform pores and smaller pore diameter. After ther-
al treatment at 600 and 700 ◦C for 12 h, the isotherms hardly
hanged. This result was consistent with thermal treated at 800
nd 900 ◦C for 12 h (Fig. 2a). The above results suggested that
he materials were thermal stability in this temperature range.
ore diameter distribution became broader with increasing ther-

p
V
o
p

retreated in different atmosphere and steps at 550 ◦C. (b) Resulting pore size
istribution (BJH model, desorption branch).

al treatment temperature, which indicated that the thermal
reatment temperature destroyed slightly the materials (Fig. 2b).

hen the sample was thermally treated at 900 ◦C for 12 h, the
esopore-structure of this materials was retained. The remain-

ng ratio of BET surface and pore diameter of the sample calcined
n 900 ◦C for 12 h was 83.71% and 68.2%. Chen et al. [16]
eported that the pore structure of MCM-41 collapsed when the
alcination temperature was above 800 ◦C. The results of our
xperiments were better than those of a few previous researches
26–28], which reported that the samples were of good thermal
tability.

No remarkable changes were observed for the isotherms
f the V-MCM-41 sample at different calcinations atmosphere
Fig. 3). The isotherms of two samples showed a step increase
t a certain relative pressure related to the specific pore diameter
n the sample (Fig. 3a). This demonstrated that two samples had
ighly ordered regular pore structures. Fig. 3b showed also the

ore size distributions, based on the N2 desorption isotherms for
-MCM-41 samples calcined at different atmosphere. The des-
rption isotherms indicated that the samples had very uniform
ore size distributions.
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denced from the FT-IR spectra of the calcined MCM-41 samples.
The spectrum of V-MCM-41 sample remained closely as that
of Si-MCM-41 (Fig. 6). The band at 480 and 800 cm−1 could
ig. 4. X-ray diffraction data of hydrothermally treated V-MCM-41 samples,
a–c) sample after a hydrothermal treatment at boiling water, respectively, for
, 4, 8 days, from the sample calcined at 550 ◦C.

.2. Structure characterization using XRD technique

XRD is one of the most important techniques for charac-
erizing the structure of crystalline or other ordered materials,
hich is capable of assessing the two-dimensional hexago-
al structure. The crystallite phase of the vanadium-containing
esoporous molecular sieve was analyzed by X-ray powder

iffraction. Fig. 4a showed the typical Bragg reflections of the
exagonal V-MCM-41 material as-synthesized at low angles,
ncluding a strong peak around 2.075◦ and three weak peaks at
.605◦, 4.175◦ and 5.645◦, which could be indexed as (1 0 0),
1 1 0), (2 0 0) and (2 1 0) reflections of V-MCM-41, respec-
ively, suggesting a perfect long-range order in this material [6].
ig. 4(b and c) show the small-angle XRD patterns of hydro-

hermally treated samples for 4 and 8 days aging in boiling water
n V-MCM-41 as-synthesized sample. Clearly, well-resolved
1 0 0), (1 1 0) and (2 0 0) diffraction peaks of V-MCM-41 were
bserved, which indicated that the mesopore-structure was kept
lmost totally even after 8 days aging in boiling water. The
iffraction peaks became slightly broad and peak intensities
ecreased slightly with the augmentation of aging time in the

oiling water, which indicated that the hydrothermal stability
as weaken with the increasing of aging in the boiling water.
his result was in agreement with that of N2 adsorption. Typical
alues of structure and texture parameter were given in Table 1.

able 1
tructure and texture parameters of vanadium-containing mesoporous materials
-MCM-41 (a–d samples)

ample d1 0 0 (nm) a0 (nm) ωt (nm) SBET (m2 g−1) Vp (cc g−1) Dp (nm)

4.279 4.94 0.996 1003 0.989 3.944
4.115 4.85 1.002 866 0.833 3.848
4.060 4.69 1.067 843 0.737 3.623
3.253 4.16 1.793 837 0.495 2.367

1 0 0 = XRD (1 0 0), interplanar spacing. a0 = (2/
√

3)d1 0 0, unit cell parame-
er value; Vp, total pore volume at P/P0 = 0.99; Dp, average pore diameter;

t = a0 − Dp, frame wall thickness; (a–c) sample = the catalyst after the treat-
ent of calcined sample in boiling water, respectively, for 0, 4 and 8 days. (d)
ample = the catalyst after a calcination in air at 900 ◦C for 12 h.

F
t

ig. 5. X-ray diffraction patterns of thermally treated V-MCM-41 samples. (a
nd d) The samples calcined, respectively, at 550 and 900 ◦C in air.

he frame wall thickness increased after hydrothermal treatment
r thermal treatment from Table 1.

Thermal stability was checked by subjecting the samples to
emperatures up to 900 ◦C for 12 h. The XRD pattern (Fig. 5d)
howed those peaks assigned to the hexagonal symmetry of
esoporous material. The resultant materials retained ordered

hannels even after thermal treatment at 900 ◦C for 12 h in air,
hich suggested that the V-MCM-41 sample was thermally sta-
le. Consistent with the results from N2 adsorption, it was shown
hat there was a high thermal stability.

.3. Structure characterization using FT-IR technique

The presence of isolated surface silanols, hydrogen-bonded
ydroxyl groups, and amorphous structures of the wall were evi-
ig. 6. FT-IR spectra of V-MCM-41 and Si-MCM-41 samples. Arrows marked
he band at 960 cm−1.
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Fig. 7. UV–vis spectra of V-MCM-41 and Si-MCM-41 samples.

elong to the Si O stretching vibrations and Si O tetrahedron
onding vibration. A band at 960 cm−1 was clearly visible in
he spectra, which belonged to the framework V–O–Si stretch-
ng vibrations of molecular sieves V-MCM-41. This band was
lso observed in the MCM-41 sample, however, its intensity
as much lower; in this case, it was due to the presence of

ilanol groups of the amorphous silica framework of MCM-41
ample. The band at 960 cm−1 was attributed to Si O V band
osition, as these kinds of assignments were reported earlier for
itanium-containing mesoporous materials [29,30]. So, the band
n 960 cm−1 could be taken as a proof for the incorporation
f vanadium oxide in the framework of V-MCM-41 samples
1,31,32]. In the hydroxyl region (3600–3200 cm−1), a broad
and was observed, assigned to the silanol groups inside the
hannels of Si-MCM-41. The FT-IR spectra were normally of
morphous wall characteristics, which indicated that the frame-
ork was made of the amorphous silica, although a perfect

ong-range order was present in this material.

.4. Structure characterization using diffuse reflectance
V–vis spectroscopy

Diffuse reflectance UV–vis spectra is a useful technique for
btaining information about the coordination environment and
xidation states of vanadium species in various molecular sieves.
he different UV–vis Spectra of V-MCM-41 and Si-MCM-41
amples were shown in Fig. 7. The band observed at 220 nm
as typical for siliceous materials, but new bands appeared in

he 250–600 nm range after vanadium incorporation [31]. No
bsorption bands around 600–800 nm indicated the absence of
–d transitions. The band observed at 400 nm is usually assigned
o the presence of extra framework vanadia species on the sup-
ort surface. The intensity of the absorption band around 260 nm
ncreased in V-MCM-41, due to the incorporation of V in the

ramework. Furthermore, direct information about the oxidation
tate and dispersion of vanadia species could be interpreted from
he colour of the materials prepared [32]. After calcinations, the
olour of as-synthesized Si-MCM-41 and vanadium-containing

s
(
t
c

sis A: Chemical 256 (2006) 48–56 53

esoporous material V-MCM-41 were both white, after expo-
ure to ambient conditions, the colour of V-MCM-41 material
ot yellowish and the Si-MCM-41 did not change, which shows
possible change in the coordination environment of the vana-
ium species. This colour change of V-MCM-41 indicated the
ossible alteration in the environment of the vanadia species by
he coordination of water molecules from the atmosphere [33].

oreover, after calcination, the vanadium species located on the
urface could enhance the formation of V–O–V bonds, which
re not evidenced from the IR measurements.

.5. Results of SEM analysis and of vanadium content
nalysis

The exact data of vanadium content of the mesoporous mate-
ials were measured by the ICP technique. The vanadium content
f the V-MCM-41 was 15.0 mg/g. Scanning electron microscopy
mages was shown in Fig. 8a before the samples were hydrother-

ally and thermally treated tests. The micrographs revealed
learly that the resulting particles were almost perfectly spher-
cal in shape. No agglomeration was visible. Small spherical
articles of mesoporous silica V-MCM-41 sample with diame-
ers of 90–250 nm were observed. The SEM analysis of samples
alcined at 600, 700, 800 and 900 ◦C for 12 h in air was shown in
ig. 8(b–e). It was shown that the average diameter of observed
articles increased slightly with the temperature rise of ther-
al treatment (calcinations), indicating a good thermal stability,
hich was consistent with the data of XRD and N2 adsorption.

.6. The decomposition properties characterized by
G-DTG method

The results of thermogravimetric analysis and differential
hermogravimetric analysis for the MCM-41 and V-MCM-41

aterials were depicted in Figs. 9 and 10. The TG/DTG spectra
f the V-MCM-41 catalyst showed similar thermal phenomena
s those of Si-MCM-41 material.

Four steps could be observed in the TG-DTG analysis. The
rst step of the sharp weight loss was observed from 30 to
10 ◦C, it was associated with the desorption of adsorbed water
rom the material, the percentage of weight loss was 3%. Two
amples had almost same the percentage of weight loss.

The second part of the DTG curve, a further decomposition
ccurred at 110–280 ◦C, it was attributed to the thermal decom-
osition of silica precursor of silanol groups to the hexagonal
esoporous matrix. However, a detailed examination showed

hat the percentage of weight loss was smaller for V-MCM-
1 catalyst (23.22%) than that of the corresponding Si-MCM-
1 (29.22%). The third part, at 260–320 ◦C (V-MCM-41) and
80–350 ◦C (MCM-41), it was attributed to the decomposition
nd oxidation of the template. Nevertheless, the percentage of
eight loss was larger for V-MCM-41 catalysts (11.08%) than

hat of the corresponding MCM-41 (5.99%) [17,34]. The last

tep in the DTG curve, the percentage of weight loss was 7.72%
V-MCM-41) and 5.01% (MCM-4) from 320 to 550 ◦C due to
he condensation of residual silanols after the calcinations pro-
ess. The differences signified that the interaction of the CTAB
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Fig. 8. SEM images of V-MCM-41 samples calcinated at different

ith the silicate framework was weakened due to the effect of
anadium incorporating into the framework.

.7. Catalytic performance in the selective oxidation of

tyrene

Results of catalytic evaluation on the selective oxidation
f styrene using hydrogen peroxide over V-MCM-41 were

o
w
s
t

ratures: (a) 550 ◦C; (b) 600 ◦C; (c) 700 ◦C; (d) 800 ◦C; (e) 900 ◦C.

iven in Table 2. In general, the selectivity of oxidation reac-
ion was quite poor, with much formation of total oxidation
roduct CO2. To ensure a high selectivity of partial oxida-
ion products, the new catalysts were investigated and devel-

ped, using H2O2 as oxidant. In this research work, the styrene
as an excessive reactant (its quantity was more than the

toichiometry amount comparing that of H2O2), namely, ace-
one/styrene/oxidant (mol/mol) = 6/3/1. The H2O2 was a limited
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Table 2
Effect of higher-temperature treatment of V-MCM-41 sample on the catalytic performance in the selective oxidation of styrene

Sample X(H2O2) (%) Selectivity (%)

Benzaldehyde Phenylacetaldehyde Styrene epoxide Phenylacetic acid

A 63.01 27.72 8.27 7.51 38.74
B 55.90 30.68 9.33 8.46 49.44
C 51.98 28.98 9.12 8.26 40.68
D 42.64 28.72 9.07 8.10 36.66
E 41.01 22.34 6.09 6.59 35.48
F 34.65 19.02 5.43 5.62 35.05

Reaction conditions: acetone/styrene/oxidant (mol/mol) = 6/3/1, T = 50 ◦C, catalyst am
B: calcined at 550 ◦C in flowing nitrogen at first, then in air. Samples C–F: those hydr
sample A. X(H2O2) (%): efficiency of oxygen usage, namely, the oxidant H2O2 conv
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Fig. 9. TG-DTG curves of the MCM-41 sample as synthesized.

eactant. So, the activity calculations were based on the effi-
iency of oxygen usage, in other words, the conversion of H2O2.

The selective oxidation of styrene using hydrogen peroxide
s oxidant over V-MCM-41 samples showed a good catalytic
erformance of partial oxidation, the phenylacetic acid was

he principal most important product (the selectivity value was
9.4% for the sample (B) of V-MCM-41, which was calcined at
50 ◦C in flowing nitrogen at first, then in air), at a H2O2 con-
ersion of 55.9%. The sample (A) of V-MCM-41, which was

Fig. 10. TG-DTG curves of the V-MCM-41 sample as-synthesized.

p
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p
a
a
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F
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(
f
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R

ount = 250 mg, reaction time = 6 h. Sample A: calcined in air at 550 ◦C; sample
othermally treated at boiling water for 2, 4, 6 and 8 days, respectively, from the
ersion.

alcined only in air at 550 ◦C gave a H2O2 conversion of 63%
ith 38.7% selectivity in phenylacetic acid.

. Conclusions

Several V-MCM-41 mesoporous materials with different
reatments were synthesized successfully, using cetyl-trimethyl-
mmonium bromide as template agent and an industrial inor-
anic silicate instead of expensive organic-silicate materials as a
uch cheaper silica source. N2 adsorption and X-ray diffraction

esults showed that the samples had a highly ordered hexagonal
tructure, good hydrothermal stability and thermal stability. FT-
R and UV–vis spectra provided strong evidences that most of
anadium ions were incorporated into the framework of siliceous
CM-41. The surface images of these mesoporous samples
ere analyzed using SEM technique. The TG and DTG analysis
f MCM-41 and V-MCM-41 indicated the thermal decomposi-
ion property. The resultant materials retained ordered channels
nd high BET surface areas, even after a thermal treatment at
00 ◦C for 12 h in air, or a hydrothermal treatment for 8 days in
oiling water. The selective oxidation of styrene with hydrogen
eroxide over V-MCM-41 catalysts showed that a good catalytic
erformance and a good selectivity of 49.4% in phenylacetic
cid for sample (B) of V-MCM-41. The highly ordered meso-
orous V-MCM-41 molecular sieves, with high thermal stability
nd hydrothermal stability, could be suitable for a variety of cat-
lytic applications.
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