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Abstract

A series of vanadium-substituted mesoporous materials were synthesized hydrothermally with the use of two commonly u
sources, fumed silica and tetra ethyl orthosilicate. The extent of mesopore structural ordering was confirmed from X-ray diffrac2
physisorption, SEM, and TEM, and the presence and nature of vanadium species inside the framework of the MCM-41 matrix was
in detail with the use of various characterization techniques like FT-IR,29Si MAS NMR, DRUV–vis, EPR,51V MAS NMR, and Raman
analysis. It is deduced from the above characterization techniques that, regardless of the silica source, vanadium is incorporated in
framework and thereby increases the structural ordering and wall thickness of the mesoporous material. Thermal and hydrotherm
performed over the V-MCM-41 catalysts show that the Si–O–Si inorganic backbone from a fumed silica source is more resistant
thermal treatments and hydrolysis than the tetraethyl orthosilicate-synthesized catalysts. Spectroscopic characterization reveals tnce
of easily accessible isolated tetrahedral vanadium sites on V-MCM-41 catalyst prepared from fumed silica catalyst, whereas the s
tained from a tetraethyl orthosilicate silica source shows vanadium in more disordered sites. Catalytic results show that both cataly
excellent activity toward the epoxidation reaction of bulkier olefins, and the exceptional activity of the fumed silica catalyst may ar
the more isolated tetrahedral sites and the complementary textural characteristics, which may facilitate the easy access of subs
isolated framework metal sites.
 2005 Elsevier Inc. All rights reserved.
Keywords: Vanadium; MCM-41; Fumed silica; Tetraethyl orthosilicate; Epoxidation
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1. Introduction

MCM-41, a typical member of the M41S family of mes
porous molecular silicates, had attracted considerable a
tion as a catalyst support for the processing of bulkier m
cules, because of its large surface area (∼1000 m2/g), uni-
form pore size (15–100 Å), and high-density surface sila
sites[1]. Numerous studies had been devoted after its
covery to surface modification in order to increase its str
tural stability and thereby to utilize its unique property
* Corresponding author. Fax. +91 2025893761.
E-mail address: apsingh@cata.ncl.res.in(A.P. Singh).
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various fields such as separation science, host-guest c
istry, optoelectronics, etc.[2–4]. Even though it is an attrac
tive candidate, pure siliceous MCM-41 shows limited ap
cations in various organic transformations, and hence m
fication of this material by the introduction of various act
metal sites is necessary for its utility in catalysis. Thus
isomorphous replacement of silicon with transition me
or postsynthesis metal modification (impregnation/grafti
helps to create well-defined heterogeneous catalysts fo
signed applications[4,5]. However, there is considerable d
bate over the stability of metal-containing mesoporous

terials prepared by various routes, and in a more generalized
way it is argued that the isomorphously substituted metal
species on the silicate framework would not leach easily un-
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der reaction conditions and hence exist as true heterogen
catalysts!

Apart from Ti-MCM-41, one of the well-studied meta
containing mesoporous materials is V-MCM-41, beca
of its catalytic potential for selective oxidation reactio
with aqueous H2O2/TBHP as oxidants[6–9]. Even though
Reddy et al.[6] had first successfully synthesized vanadiu
substituted MCM-41, a detailed characterization of th
materials was carried out independently by Tuel et al.[10]
and Luan et al.[11], and they concluded from their stu
ies that (i) vanadium centers in the as-synthesized and
cined forms of V-MCM-41 had the same coordination sta
and no direct chemical bonding was formed with the s
cate frame work, and (ii) vanadium occurs simultaneou
in two forms on the support surfaces, as framework
extraframework species. Even after a decade, there is
much research in this area, and arguments continue ove
assignment of various bands for these mesoporous ma
als; hence concluding evidence is still needed to iden
the exact species formed. Apart from these discrepan
the stability/heterogeneity of vanadium-containing mater
under severe reaction reactions is highly limited, and he
careful and detailed investigations are needed to accoun
the observed catalytic activity behavior[12,13]. Usually hy-
drothermal and thereby structural stability are the two
portant factors that determine the applicability of any me
porous material in liquid-phase oxidation reactions. Actu
the solid wall surfaces between the mesopores are too
icate to withstand severe reaction conditions, and hen
rapid disorder in mesoporosity is observed after drastic r
tion conditions, which may enhance the leaching of fram
work substituted metal species to the reaction mixture
thereby limit its further usability. Hence it is of paramou
importance to devote more attention to modification of
surface of the mesoporous materials for its wide applica
ity and reusability.

It is known that increased hydrothermal stability of me
porous materials is related to an increase in the degre
silicate condensation, and hence control of the pH of
gel mixtures had been efficiently utilized in the synthesis
high-quality mesoporous materials[14]. Alternatively, pro-
longed stirring time plus hydrothermal treatments at hig
temperatures (>150◦C) are also employed to increase t
stability of the mesoporous materials. However, the la
method suffers from numerous drawbacks, like the dis
lution/decomposition of the micelles and further possi
phase transformations due to the increased tail motion o
surfactants. Hence it is reasonable that the cooking par
ters had a prominent effect on the structural perfection,
centage of metal incorporation, and stability. Even tho
vanadosilicates are the subject of a greater percentag
the literature reports on M-MCM-41 materials, thorough a
systematic investigations of the stability and nature of va

dium sites are scarce, and hence the present study was un
dertaken to probe in detail the effect of silica sources in the
synthesis of V-MCM-41 materials. Since it is known that the
atalysis 233 (2005) 359–371
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activity and selectivity of vanadium-containing materials
very sensitive to the nature and coordination of vanad
ions, it is crucial to verify whether the silica source had a r
in the nature of vanadium sites and in their further struct
stability [7].

In the present work, we investigated in detail the natur
vanadium species formed on different silica sources (fum
silica and tetraethyl orthosilicate), in order to (i) uncover
structural property/stability difference in Si-MCM-41 an
V-MCM-41 materials under different silica precursors a
(ii) determine whether the silica source had a role in the
corporation and nature of vanadium species in V-MCM
materials. The stability and heterogenity of the develo
materials were further verified in the epoxidation reaction
cyclooctene, through a series of heterogenity studies.

2. Experimental

Vanadium-incorporated molecular sieves and pure
ceous MCM-41 were synthesized hydrothermally in the te
perature range of 100◦C, with vanadyl sulfate (VOSO4·
3H2O; Aldrich) as the vanadium source and fumed sil
(SiO2, 99.8%; Aldrich) and tetraethyl orthosilicate (TEO
98%; Aldrich) as the silica source.

2.1. Synthesis procedure

Vanadium-incorporated mesoporous materials were
thesized by a one-pot synthesis procedure with the use
gel composition of

SiO2:x VO2:0.17 Na2O:0.5 HDTMABr:100 H2O,

where HDTMABr is hexadecyl trimethyl ammonium br
mide andx varies from 0.025 to 0.012. Typically, an aqu
ous solution of HDTMABr and vanadyl sulfate was add
slowly to a vigorously stirred solution mixture of fumed s
ica/TEOS in alkaline condition. The mixture was stirred
room temperature for 5 h and then subsequently autocl
at 100◦C for 4 days. For comparison purposes, respec
silica polymorphs are also prepared by the same met
but without the addition of vanadyl sulfate. The solid mat
ial obtained was then filtered and washed well with copi
amounts of water, until the filtrate showed a neutral pH,
then dried at 80◦C for 3 h. The surfactant occluded inside t
pores of the mesoporous material was removed by calc
tion at 540◦C for 6 h, at a heating ramp of 1◦C/min, as the
mesostructure of the materials is seriously affected at hi
heating temperature rates. To evaluate the hydrophob
of the material, both VMS and VMT samples (Si/V = 55)
were silylated under a nitrogen atmosphere with dime
dichloro silane (Aldrich) as the silylating agent. For that,
of dimethyl dichloro silane in dry toluene was added dr

-wise to a stirred solution mixture of calcined V-MCM-41
sample (1 g) in 50 ml toluene. The solution was then al-
lowed to reflux for 6 h, and finally the materials were filtered,
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washed with toluene, and then soxhlet extracted with a m
ture of diethyl ether (100 ml) and dichloro methane (100
for 12 h. The materials were then dried at 80◦C for 3 h.
The solid materials obtained from fumed silica sources
denoted by VMS, the materials from TEOS are denoted
VMT, and the corresponding silica sources are referred t
SMS and SMT.

2.2. Characterization

Powder X-ray diffraction patterns of as-synthesized
calcined samples were recorded on a Rigaku D MAX III V
(Ni-filtered Cu-Kα radiation,λ = 1.5404 Å between 1.5◦
and 10◦ (2θ), with a scanning rate of 1◦/min). The specific
surface area, total pore volume, and average pore dia
ter were measured by the N2 adsorption–desorption metho
with a NOVA 1200 (Quanta chrome) instrument. Samp
were activated at 200◦C for 3 h under vacuum, and the
the adsorption–desorption was conducted by passing n
gen into the sample, which was kept under liquid nitrog
Pore size distribution (PSD) was obtained from the ads
tion branch of the isotherms by the Barret–Joyner–Hale
(BJH) method. TG-DTG and DTA measurements were
ried out on a Mettler Toledo 851 instrument with an alum
pan under an air atmosphere (80 ml/min) from ambient to
1000◦C at a heating rate of 10◦C/min. SEM micrographs
of the vanadium-containing samples were obtained on a
ica Stereoscan 440 instrument, and the TEM images w
obtained on a JEOL JEM-1200 EX instrument with 100-
acceleration voltages to probe the mesoporosity of the m
rial.

FTIR spectra of the solid samples were taken in the ra
of 4000 to 400 cm−1 on a Shimadzu FTIR 8201 instru
ment. Diffuse-reflectance UV–vis spectra of powdered s
ples were recorded with a Shimadzu UV-2101 PC spectr
eter equipped with a diffuse-reflectance attachment, w
BaSO4 as the reference. For monitoring of the spectra
hydrated samples, the catalyst were kept under ambient
ditions for 2 h, whereas for dehydrated samples the
alyst were treated in a dry air atmosphere at 550◦C for
5 h and flushed with an inert atmosphere, repeatedly,
fore the spectra were recorded. The absorption edge en
values were determined from the energy intercept of a
ear fit passing through the near-edge region in a plo
[F(Rα)hν]1/2 versushν, where the first parameter refe
to the Kubelka–Munk (KM) function andhν is the energy
of incident photons. EPR spectra of the solid samples w
recorded at room temperature (25◦C) at X-band frequency
on a Bruker EMX spectrometer. The solid-state29Si MAS
NMR spectra were recorded on a Bruker MSL 300 NM
spectrometer with a resonance frequency of 59.6 M
Finely powdered samples were placed in 7.0-mm zirco
rotors and spun at 2.5–3.5 kHz, with TMS as the refere

51
compound, and V MAS NMR was recorded under a mag-
netic field of 7.05 T, spinning at 7 kHz, and was referenced to
ammonium metavanadate. Raman measurements were pe
atalysis 233 (2005) 359–371 361
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formed with a Jobin Yron TRIAX 550 triple grating spe
trometer equipped with a cryogenic charge-coupled de
camera and a diode-pumped, frequency-doubled, solid-
Nd:YAG laser of 532 nm (model DPSS 532-400; Coher
Inc, USA).

2.3. Catalytic tests

Epoxidation reactions were performed in a round-botto
ed glass batch reactor fitted with a water-cooled conden
with aqueous H2O2 (30%) and TBHP (70%) as oxidant
Reactant mixtures of cyclooctene (0.92 g, 8.3 mmol), H2O2
(0.26 g, 2.2 mmol), and acetonitrile solvent (5 g, dried o
4 Å molecular sieves) were added to catalysts (10% of s
strate) and heated with an oil bath at a temperature of 7◦C
with magnetic stirring (ca. 800 rpm). After reactions, the
action mixture was cooled to room conditions, the cata
was separated from the reaction mixture by centrifugat
and the oxidized products were analyzed on a gas chrom
graph (HP 6890) equipped with a flame ionization dete
(FID) and a capillary column (5 µm cross-linked methyl s
icone gum, 0.2 mm× 50 m) and were further verified b
GC-MS (Shimadzu 2000 A). The presence of unreacted
idant at the end of each reaction was checked by mean
standard iodometric titrations.

3. Results and discussion

3.1. Physical properties

XRD patterns of V-MCM-41 samples prepared from t
two silica sources given inFig. 1 show some important dif
ferences in the long-range ordering and in the intensit
the characteristic diffraction peaks. Even though it is kno
that a higher hydrothermal synthesis temperature can
used to incorporate a greater percentage of metal into
silica framework, the sequential problem of the dissolut
of the micelles at higher temperatures, which may larg
r-
Fig. 1. XRD patterns of (A) VMT catalysts and (B) VMS catalysts, where
(a) Si/V (80), (b) Si/V (55) and (c) Si/V (25).
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Table 1
Textural characteristics of vanadium-containing mesoporous materials

Catalyst V a

(wt%)
Unit cell
shrink-
age (%)

SBET
(m2/g)

V p
b

(cc/g)
Dp

c

(Å)
Wall
thicknessd

ωt (Å)

Q4/(Q3

+ Q2)e

VMS (25)f 0.98 4.07 852 0.61 25.10 16.38
VMS (55) 0.67 10.07 909 0.53 23.83 15.72 2.04
VMS (83) 0.36 12.43 828 0.48 22.97 15.63
SMS 0.0 14.80 711 0.37 21.99 14.52 1.63
VMT (25) 0.76 0.87 1103 1.0 25.22 18.38
VMT (55) 0.50 9.51 1060 0.81 21.64 17.15 1.15
VMT (83) 0.21 10.13 1036 0.63 20.96 16.55
SMT 0.0 10.31 905 0.56 19.39 16.05 0.84

a Vanadium content determined by ICP-OES analysis.
b V p = pore volume.
c Dp = pore diameter.
d Wall thickness= a0 − Dp, wherea0 = 2d100/

√
3.

e Relative peak area from29Si MAS NMR.
f Numerals in parentheses stands for the Si/V gel ratios.

affect the long-range structural ordering, limits the pres
hydrothermal treatments at 100◦C, but with more cooking
time. Recently we reported the synthesis of V-MCM-41 m
terial prepared under the mentioned gel ratio (see Sectio2),
but with an H2O/Si ratio of 60, where we observed th
when the Si/V ratio is 30, XRD patterns show broad r
flections, with a corresponding decrease in intensity of
long-range-ordered peaks[15]. Hence, in the present cas
we had changed the H2O/Si ratio to 100, and, interestingl
high-quality XRD patterns are observed for V-MCM-41 m
terials with a Si/V ratio of even 25. These results suggest
importance of homogeneous gel mixtures in the synthes
Si-MCM-41- and M-MCM-41-related materials, where t
presence of excess water may make it easier to orien
surfactant–silicate assembly than it would be under thick
conditions. Furthermore, it is reasonable to assume tha
addition of more water may increase the effective head gr
area of the surfactants, which in turn may reduce the p
ing parameter value(g = V/a0l), resulting in materials o
good quality[16]. Indeed, Lim et al.[17] also observed a
similar observation of the effect of water and noticed t
excess water helps to incorporate a higher percentag
vanadium ions into the silicate framework. However, the
producibility of that procedure is not promising, where
the present synthesis protocol is reproducible, but a s
decrease in the percentage of metal incorporation is n
with water content, which may be due to the difference
other gel ratios. A comparison of the XRD patterns of
respective siliceous counterparts and vanadium-contai
mesoporous materials shows a linear increase in the la
parameter values and a better structural perfection with
creasing percentage of vanadia loading; the results obta
are listed inTable 1. These discrepancies apparently sh
the effect of vanadium in the synthesis gel, as its salt-like

fluence may help to orient the surfactant–silicate assembly
in a more ordered way than under metal-free systems. Thus
even though the same surfactant was used for the synthesi
atalysis 233 (2005) 359–371

f

Fig. 2. XRD patterns of (A) VMT catalysts and (B) VMS catalysts; whe
(a) stands for as synthesized and (b) stands for calcined catalysts.

of vanadium-containing mesoporous materials and its
responding silica counterparts, the large discrepancies
arise for the following reasons: (i) due to the larger V
bond distance than the Si–O bond distance, and (ii)
thickening of the pore wall due to transition-metal-promo
cross-linking of the amorphous silica walls. In order to
certain this, TG-DTA analysis of V-MCM-41 materials an
their corresponding silica analogues was performed (fig
not shown). The typical weight loss curves obtained sh
that the entire template, including water adsorbed on
pore channels, is decomposed at a temperature of 40◦C,
and a total weight loss of∼45% is observed for both th
VMS and VMT catalysts. However, a comparative analy
of the V-MCM-41 samples with the corresponding ana
gous silica shows that the percentage weight loss is larg
V-MCM-41 catalysts than Si-MCM-41 materials (35–40%
These results support the assumption of the increased s
tural ordering of the M-MCM-41 samples due to increas
surfactant–silicate assembly in the presence of metal
compared with metal-free conditions.

Fig. 2 further presents the XRD patterns of VMS a
VMT catalysts in their as-synthesized and calcined for
The well-defined diffraction patterns of as-synthesiz
V-MCM-41 samples can be indexed to the Bragg refl
tions 100, 110, 200, and 210, characteristic of materials
long-range hexagonal ordering, and their intensities are
pronounced. However, after calcination, although both
terials retain their long-range-ordered features, the fu
silica synthesized vanadium catalyst shows XRD patte
with an approximately twofold lower intensity than those
the TEOS synthesized catalyst. This surprising result m
relate to the difference in the nature of silanol conden
tion and thus indicates that the silica source had a rol
the quality of MCM-41 materials. Thus, in order to ascert
these discrepancies, one has to probe in detail the chem
s

behind the nature of hydrolysis and its further condensa-
tion procedures when using silica sources of a different
nature. Tetra ethyl orthosilicate, a quarternary alkoxide with
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Fig. 3. Nitrogen adsorption–desorption isotherms and pore size distr

a monomeric structure, produces silicate species of sm
chains during its hydrolysis and subsequent condensa
steps. In contrast, the fumed silica source, itself polym
in nature, produces oligomeric silicates of larger sizes,
hence the condensation of such silica species around th
celles is faster, producing materials of good quality[14].
However, during calcination the remaining silanol grou
may be condensed faster, thereby increasing the wall th
ness of the materials at the expense of (100) face inten
But the increased intensity of the TEOS-prepared ma
als after calcination may be due to the following factors:
During hydrolysis, the precursor TEOS produced ethano
a by-product, and we feel that the formed alcohol had a
nificant role in the formation of well-ordered, XRD patter
that were more intense than those produced by the V
catalysts, by increasing the curvature between the surfac
silicate species. Since the formed ethanol can accum
near the hydrophilic surfactant head group, the effective
of the surfactant is increased, and these in turn may re
the packing parameter values, resulting in hexagonal m
porous materials of high quality. (ii) Due to the decrea
silicate condensation. These results are further supporte
the increased lattice contraction exhibited by the VMS m
terials compared with the VMT materials and are usu
related to the extent of cross-linking of the nonconden
residual silanol groups upon calcination (Table 1). Thus the

significant lattice contraction observed for the VMS cata-
lyst obviously shows the more fully cross-linked inorganic
framework, when a silica source of a polymeric nature is
n profiles (inset) of (A) VMT (Si/V = 25) and (B) VMS (Si/V = 25) catalysts.

-

.

-

-

used as the inorganic backbone. These results had grea
nificance, especially in the liquid-phase oxidation react
of M-MCM-41 materials with aqueous H2O2 as oxidant,
as the water present in the oxidant can cause the thin fr
walls of mesoporous silicates to seriously deteriorate and
hances the leaching of the isomorphously substituted m
sites. Thus the nature of the silica precursor used in
synthesis of Si(V)-MCM-41 materials plays a key role
affecting the overall structural stability of MCM-41 mat
rials, which in turn may arise from the rate of hydrolys
and subsequent condensation procedures. Moreover, th
sence of peaks corresponding to crystalline V2O5 in any of
the preparation methods shows that the metal ions wer
ther atomically dispersed in the framework positions or m
exist in an amorphous dispersed form on the outside fra
work of mesoporous supports.

To further confirm the mesopore structural ordering,2
physisorption analysis was also performed, since if the
terial had a regular pore structure it would show a st
increase in adsorption isotherms, because of the capi
condensation at specific N2 partial pressures. N2 adsorption–
desorption isotherms of all samples show an inflec
in the P/P0 range of 0.2–0.4, with completely reversib
isotherms, but without any hysteresis loops, character
for ordered mesoporous materials of Type IV; the physiso
tion results for the samples prepared with different si

sources and their corresponding pore size distribution curves
are depicted inFig. 3. Since a surfactant with the same chain
length (C16-) was used for the synthesis of Si-MCM-41
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materials and vanadium-containing mesoporous mater
an almost similar pore size is expected in all cases. H
ever, the observed increase in pore size after vanad
substitution shows the effect of metal salts in the synth
procedures and in the subsequent hydrothermal treatm
(Table 1). Usually metal (here, vanadium) is incorporat
into the silica framework of mesoporous materials in t
ways: (i) Part of the vanadium may be distributed along
pore walls and may combine with the hydroxyl groups
form a tetrahedral environment, while another part may
well exposed on the pore wall surfaces as external sur
species, causing a possible decrease in the pore size an
volume. (ii) Vanadium is incorporated deep into the sil
framework with tetrahedral coordination causing a poss
increase in the pore size[17]. For zeolites, metal incorpora
tion usually increases its pore size because of the crysta
framework and the longer bond length of M–O groups th
Si–O groups. However, such a clarification is not possibl
MCM-related materials because of its amorphous struct
in which an increase or a decrease in pore size is usually
served with the experimental protocols. Thus the former
of incorporation does not cause any significant change in
pore size values, whereas the latter way of incorpora
may increase the channel width and hence exhibits la
pore sizes than the corresponding silica support surfac
the present study, it is observed that regardless of the s
source, the pore size and surface area of the samples inc
with increasing percentage of vanadia loading. For insta
the support SMS shows a surface area of 711 m2/g, and an
increase of 141 m2/g is observed for the VMS (25) catalys
whereas the VMT (25) catalyst shows an increase of∼22%
from its corresponding silica polymorph. The increase
pore size of vanadium-containing materials compared w
the respective silica polymorphs shows that vanadium
incorporated inside the silica framework; if this occurs de
within the silica framework, an increase in pore width
expected, because of the larger V–O bond distance (1.
compared with the Si–O bond distance (1.6 Å)[17]. For bet-
ter insight, we also examined the thermal and hydrother
stabilities of the VMS and VMT materials by increasing t
calcination temperature to a high value of 800◦C and by
conducting water treatments for as long as 24 h; the cha
observed in the surface area are depicted inFig. 4. It is inter-
esting to note that the VMT catalyst shows a complete
of surface area after 800◦C calcinations, and a decrease
70% is observed after 24 h of water vapor exposure, whe
the VMS catalyst shows only a moderate decrease of 50
17%, respectively, after drastic thermal and hydrother
treatments. These results further support the findings f
the XRD measurements and show the increased therma
hydrothermal stability of the V-MCM-41 catalyst prepar
from the fumed silica source. Thus the increased ther

resistance and hydrothermal stability of the VMS catalyst
arise reasonably from the increased silicate condensation, a
explained, thereby confirming that the silica source had a
atalysis 233 (2005) 359–371
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Fig. 4. Surface area differences as a function of (A) water vapor expo
rate and (B) calcination temperature on V-MCM-41 catalysts.

significant role in the physical properties of the synthesi
V-MCM-41 catalysts.

The particle size and morphology of the VMS and VM
catalysts determined from the SEM analysis show that
use of different silica sources plays a role on the final m
phology of the developed mesoporous materials (Figs. 5a
and 5b). For instance, the VMT (55) catalyst shows a glo
ular morphology with particles∼0.2–0.5 µm in diamete
whereas the VMS catalyst shows flower-like structures∼3–
5 µm in diameter, thus showing that different silica sour
can modify the morphological structure of MCM-41 co
siderably. Furthermore, the globular particles of V-MCM-
materials synthesized from a TEOS silica source are sm
and less homogeneous (agglomerates) than the fume
ica catalyst, which is consistent with earlier reports[18].
However, TEM analysis performed on the present VMS
VMT catalysts shows a hexagonally arranged structure w
they are viewed along the pore direction, further proving
the present materials are of high quality (Figs. 5c and 5d).

3.2. Spectroscopic characterization

FT-IR spectra of Si-MCM-41 and V-MCM-41 sample
synthesized from different silica sources are depicted
Figs. 6A and 6B. The band observed at 800 cm−1 is due
to the symmetric stretching vibrations of the Si–O grou
and the sharp band observed at 1080 cm−1 is assigned to
the asymmetric stretching of the Si–O vibrations, and
increased intensity correlates with a higher concentra
of the siloxane groups. Furthermore, a strong band is
served in the mid-infrared region at 960 cm−1 and is gen-
erally attributed to the incorporation of various heteroato
at the framework positions of porous metallo-silicates. Si
MCM-41 have properties between amorphous materials
zeolites, literature reveals with unambigituy for its assi
ment and are attributed to the presence of Si–O–V ba
s
and/or to the perturbations in the rocking-mode vibrations
of Si–OH moieties due to adjacent metal ions[19]. However,
the shifting of 960 and 1090 cm−1 peaks to lower and higher
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Fig. 5. Scanning electron micrographs of (a) VMT catalyst, (b) VMS
catalyst.

Fig. 6. FTIR spectra of (A) VMT catalysts and (B) VMS catalysts, wh
(a) Si/V = ∞, (b) Si/V = 80, (c) Si/V = 55 and (d) Si/V = 25.

frequencies, respectively, after metal substitution is usu
taken as an indication of the presence of metal species i
framework of the mesoporous materials, and their increa
intensities lead to better structural perfections. To furt
verify this band assignment, we had carried out silylation
the present VMS and VMT catalysts with dichloro dimeth
silane, with the assumption that the silylating agents m
effectively consume the Si–OH groups, and thus the b
observed in the 960 cm−1 range after silylation may reaso
ably arise from Si–O–V groups[15]. Moreover, the absenc
of peaks at 820 cm−1, due to V–O–V deformation mode

of crystalline V2O5, confirms the absence of agglomerated
vanadia species in the present samples and is in accordanc
with the XRD results[20].
lysts and transmission electron micrographs of (c) VMT catalyst and

Fig. 7. 29Si MAS NMR results of calcined Si-MCM-41 and V-MCM-4
materials; (a) SMS, (b) SMT, (c) VMS, (d) VMT.

Fig. 7 shows the29Si MAS NMR results for calcined
Si-MCM-41 and V-MCM-41 materials; their relative pea
proportion values are given inTable 1. Because of the amo
phous nature of silica walls and the presence of a w
range of T–O–T bond angles, M41S-related materials u
ally show broad peaks in the−90 to 110 region, and th
bands are centered at−92,−100, and−110 ppm. These ar
assigned to the Si(OSi)x(OH)4−x framework units, wherex
can have values of 2 (Q2 site), 3 (Q3 site), and 4 (Q4 site).
In the present synthesis, it is worth to noting the prese

2

e
of Q sites in the SMT catalyst, whereas similar sites are
not observed in the spectra of Si-MCM-41 synthesized from
a fumed silica source. Thus the decreased intensity (from
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PXRD) of the fumed silica catalysts after calcination is
lated to more silanol condensation and thereby increase
wall thickness of the material at the expense of mesop
ordering. In addition, a significant decrease in the Q3/Q4 ra-
tio with a peak broadening of the Q4 site is observed for th
V-MCM-41 samples compared with the silica counterpa
Thus the decrease in intensity of the Q2 and Q3 sites and the
corresponding increase in the Q4 site of V-MCM-41 materi-
als may show that vanadium becomes substituted in the s
framework and promotes condensation of the unconde
silanol sites[21]. These results once again support our
sumptions mentioned in the XRD section, for an increa
mesopore ordering and intensity of the V-MCM-41 samp
compared with their silica counterparts, since the transi
metals may act as a promoter for the condensation of the
icate species, thereby affecting the long-range ordering
wall thickness of the final mesoporous material.

Diffuse-reflectance UV–vis spectra are useful and r
able in the detection of the presence of framework and
traframework metal species in metal-containing mesopo
materials. For vanadium-containing mesoporous mater
direct information about the oxidation state and the po
ble dispersion of vanadia species can be derived from
color of the materials synthesized. The color of all V-MC
41 catalysts is white after calcination (dehydrated), wh
turns yellowish (hydrated) during atmospheric exposu
the changes are more prominent for VMS catalysts, indi
ing a greater percentage of vanadia species on the wal
faces. Thus the color transformation of the materials sh
a possible modification in the oxidation state of the va
dia species from its original tetrahedral coordination to
square pyramidal/octahedral coordination by the coord
tion of two water molecules from the atmosphere, and
red shift increases with the percentage of vanadia load
Furthermore, the significant color change in the V-MCM-
materials during the rehydration process relates to the
crystallographic order in the pore walls and larger surf
area and pore sizes of the MCM-41 matrix, where the w
molecules can easily access the well-exposed isolated
to change the coordination of the matrix from 4 to 6. Inst
mentally, the UV–vis spectra of VMS and VMT catalys
show the presence of sharp bands at∼260 and∼340 nm for
the tetrahedral V5+ ions inside the walls and the tetrahed
V5+ ions on the wall surfaces (extra framework specie
However, for catalysts with a Si/V ratio greater than 55
the band after 300 nm is not prominent, even in the
drated state, and this suggests that at lower vanadium
tents nonaccessible tetrahedral vanadium sites may b
possible type of local environment present, where the w
molecules cannot access the vanadia sites to increase th
ordination. Moreover, as noted by Luan et al.[11], we also
observed that the absorption in the 260-nm regions is no
fluenced by moisture treatments, whereas the bands a

300 nm are modified by various treatments (Fig. 8). This
anomalous behavior is interpreted for the presence of two
different kinds of vanadia species on the samples, one well
atalysis 233 (2005) 359–371
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Fig. 8. DRUV–vis spectra of calcined V-MCM-41 materials recorded
der ambient conditions (A) VMT catalysts and (B) VMS catalysts, wh
(a) Si/V (25), (b) Si/V (55) (dehydrated), (c) Si/V (55), (d) Si/V (80).

buried inside the pore channels, which are thermally
chemically stable, and the other on the hexagonal wall
faces, which can easily undergo modifications. Hence in
der to deduce the exact local environment of vanadium in
present samples and to further confirm the above results
also made absorption edge energy measurements with a
cedure reported by Barton et al.[22], using interpretations
based on vanadium model compounds having known l
symmetries. This principle, first applied by Weber[23] for
a series of molybdenum-containing compounds, relates
band-gap energy and domain size, where the latter de
the nearest neighboring ligands and which are closely
lated to the local symmetry of metal ions. Hence the pre
series of catalysts is compared with vanadium model c
pounds of known symmetries. Thus the edge energy va
calculated for V-MCM-41 materials lies in the 3–4-eV ran
and hence it is reasonable to assume the formation of
tetrahedral V5+ species on both V-MCM-41 catalysts[24].
However, a comparison of the UV edge energy values
VMS and VMT catalysts shows that the catalyst prepa
from fumed silica as the silica source shows a higher dom
size than the TEOS-prepared V-MCM-41 catalysts. Furt
more, as expected, the dehydrated catalysts (in both c
show an increase in the edge energy values, showing
possible transformation of the square pyramidal/octahe
coordination to its tetrahedral coordination upon expuls
of the coordinated water molecules (Table 2). Thus the in-
crease in edge energy values upon dehydration shows
creased electron density on the vanadium atom, which
arise from the loss of electron-donating H2O species.

The EPR spectra of as-synthesized vanadium-contai
mesoporous materials, recorded at room temperature
given inFig. 9A. The commonly used vanadium source
the synthesis of vanadium-containing mesoporous mate
is vanadyl sulfate (V4+, d1), and in as-synthesized form
the material usually exhibits the characteristic eight-line

perfine splitting (hfs) patterns due to the interaction of the
unpaired electron with the nuclear spin of the51V nuclei
(I = 7/2, natural abundance= 99.8%)[25]. However, it is
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Table 2
Relative proportion of UV–vis spectra and the corresponding absorp
edge energy values of vanadium silicates and vanadium model compo

Catalyst % of 240–
270 nm
site

Absorption
edge energy
(eV)

Domain
sizea

Local symmetry

VMT-55 (H) 77.77 3.67 – –
VMT-55 (D) > 95 4.11 – –
VMS-55 (H) 70.92 3.31 – –
VMS-55 (D) 91.23 3.60 –
Na3VO4 – 3.21 1.729 Tetrahedral
NH4VO3 – 3.23 1.735 Distorted tetrahedr
V2O5 – 2.30 1.978 Square pyramidal

a From Ref.[24].

Fig. 9. EPR (A) and51V MAS NMR (B) spectra of V-MCM-41 catalysts
where (a) stands for VMS (Si/V = 55) and (b) stands for VMT (Si/V =
55) catalysts.

surprising to note that only the V-MCM-41 catalyst prepa
from fumed silica had shown the typical hyperfine splitti
pattern, whereas the material prepared from TEOS as th
ica source shows the absence of hyperfine splitting patte
The well-resolved hyperfine splitting patterns obtained
the VMS catalysts indicate that the (VO)2+ ions are well
dispersed inside the pore channels of the MCM mater
and the observed g values (g‖ = 1.945,g⊥ = 1.997) and the
hyperfine coupling constants (A‖ = 185 G andA⊥ = 68 G)
are in good agreement with the values for (VO)2+ ions with
a distorted pseudo-octahedral coordination[7]. Even though
a proper comparison to distinguish the spectral pattern
VMS and VMT catalyst is difficult, Sayari et al. [4a] a
tributed the absence of EPR signals in vanadium-contai
mesoporous materials to the presence of V4+ ions in highly
symmetrical lattice positions and to the electronic dege
acy and associated very short relaxation times. Selvam
[26] also noted such results for V-MCM-41 materials a
had assigned this surprising behavior to the aerial ox
tion of V4+ to V5+ during high pH/hydrothermal synthe
sis conditions. Since the present synthesis procedures
only with respect to the silica source, the former assignm

is more likely, and thus the present study shows that such
anomalous results may also arise from the nature of silica
sources, which may have a role in the transformation of V4+
atalysis 233 (2005) 359–371 367
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to V5+ and/or in the stabilization of V4+ species. Hence it i
assumed that during the drying process the V4+ species pre
vailing inside the pores of the VMT catalyst is more likely
change its oxidation state to the EPR silent V5+, and the bet-
ter stability/capping of the V4+ species in the VMS matrix
may help it to retain the tetravalent state.

In order to ascertain whether the absence of hfs
terns for VMT catalyst arise from any agglomerated V2O5
species,51V MAS NMR experiments were also carried ou
the results are depicted inFig. 9B. Since vanadium is 99.8%
abundant and has a large magnetic moment and short sp
laxation times, judicial experimental procedures can prov
information on the local coordination of vanadium atoms
the silica framework. Eckert and Wachs[27] showed nicely
how the mass spectra vary over different field strengths
showed in detail the peak assignment values of suppo
vanadium catalysts and vanadium model compounds. H
for the interpretation of various bands, their findings are
lowed, and thus the signals around−500 to −540 ppm,
are assigned to the tetrahedrally coordinated vanadium s
Since no signals are observed in the−300 ppm region, the
formation of octahedrally coordinated V2O5 is discarded
and thus suggests that most of the added vanadium is in
porated into the silica framework as tetrahedral coordina
with the oxygen ligands. However, as in the EPR resu
one can notice a sharp difference in spectra between
V-MCM-41 catalysts, that the VMS catalyst shows a sh
peak at∼530 ppm, and the sample prepared from a TE
silica source shows a less intense and broad peak with
maxima after−500 ppm. Since the differences arise fro
the interference between signals, we assume that vana
exists not in a perfect tetrahedral position in VMT cataly
but largely as disordered tetrahedral sites, and/or tha
presence of different tetrahedral vanadium species on
VMT catalysts may be responsible for the multiple pe
positions after−500 ppm, consistent with the earlier r
sults[24].

In the characterization of metal-containing solid mate
als, Raman spectroscopy has been extensively used fo
determination of isolated/clubbed metal sites, and it is g
erally accepted that the results obtained from this meas
ment are conclusive. Hence for a better confirmation of
nature of vanadium sites residing on V-MCM-41 materia
synthesized from different silica sources, Raman analys
also performed.Fig. 10depicts the Raman spectra of VM
and VMS samples, and for comparison, the spectrum of
V2O5 is also given. The Raman bands observed at 480,
810, and 972 cm−1 arise from the threefold and fourfol
siloxane rings, whereas the latter two bands are assign
the siloxane bridges and the silanol groups, which may a
from the inorganic backbone of the amorphous MCM-41
ica surface[7,28]. It is worth noting that the VMS sampl
shows a strong band at 1030 cm−1, which is characteristic

of isolated tetrahedrally coordinated terminal (SiO)3V=O
groups, whereas such bands are not so prominent for the
VMT catalyst. However, both samples produce bands at
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Fig. 10. Raman spectra of calcined vanadium containing catal
(a) V2O5, (b) VMT (Si/V = 55), (c) VMS (Si/V = 55).

1070 and 920 cm−1 and are attributed to the perturbed s
ica surfaces, which may arise because of the interferen
neighboring vanadium atoms or because of Si–O–V moie
[29]. According to Can Li[30], high-frequency bands co
respond to shorter V–O bonds, and hence the bands gr
than 1000 cm−1 in the present case may correspond to the
O species, which may arise from the isolated terminal m
sites, as mentioned earlier. Furthermore, in agreement
the UV–vis and51V NMR results, the Raman spectra did n
show any band characteristic of crystalline V2O5 (usually
observed around 995, 703, 530 cm−1) and hence we con
clude from all characterizations techniques that regard
of the silica source, vanadium exists in the form of isola
tetrahedral sites in V-MCM-41 catalysts, but in a more dis
dered tetrahedral environment in the case of VMT cataly

3.3. Catalytic results

Since the above characterization results showed
vanadium exists in the tetrahedral environment in both
alysts with slight differences, it may be highly active
various (ep)oxidation reactions with organic/inorganic p
oxides as the oxidizing agent. Hence the present catalys
applied in the liquid-phase epoxidation reaction of the cy
olefin, cyclooctene, with different oxidizing agents, such
aqueous H2O2 (30%) and TBHP (70%). Since the physic
properties of the two oxidizing agents are different, it m
provide a qualitative idea of the existence of the vana
species residing in the framework of the mesoporous s
and of its stability.

However, before evaluating the catalytic activity, we m
to reconsider the processes usually occurring in liquid-ph
epoxidation reactions with sacrificial oxidants like peroxid
as oxygen donors. Usually H2O2 gets anchored on the a
tive catalytic site, which may further react with the alke
to form the desired epoxide (route i); a parallel alterna

reaction is the decomposition of peroxides to water (route
ii). The drawback of route ii is the irreversible hydrolysis
of the active metal center, which usually leads to decreased
atalysis 233 (2005) 359–371
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Table 3
Epoxidation of cyclooctene over vanadium-containing catalysts synthe
using different silica sourcesa

Catalyst Cyclooctene
conversionb

(mol%)

H2O2
conversion
(%)

TOFc (h−1)
(×102)

Epoxide
selectivity
(mol%)

VMS (25) 28.1 (26.0) 78 (85) 10.4 97
Sil-VMS (25) 24.7 (25.2) 43 (80) 8.80 100
VMS (55) 50.3 (17.8) 53 (66) 39.0 > 99
VMS (83) 33.6 (10.3) n.e.d 6.7 100
SMS 2.4 n.e. – 100
VMT (25) 33.0 (22.8) 53 (80) 17.0 > 99
Sil-VMT (25) 24.0 (20.2) 42 (77) 11.0 100
VMT (55) 23.3 (14.8) 46 (70) 15.7 100
VMT (83) 10.6 (11.5) n.e. 13.5 100
SMT 5.0 n.e. – 100
No catalyst 1.6 n.e. – 100

a Reaction conditions:T = 343 K, cyclooctene: oxidant= 4.0 mol/mol;
catalyst weight= 10% of cyclooctene, solvent, CH3CN = 5 ml, reaction
time = 12 h. Values in parentheses show the results over TBHP oxidan

b (Cyclooctene conversion/theoretically possible conversion)×100.
c Turnover frequency (TOF)= moles of substrate converted/mole of

vanadium per h.
d n.e.= not evaluated.

Fig. 11. Influence of reaction time in the conversion of cyclooctene o
(A) VMT catalysts and (B) VMS catalysts, where (2) Si/V = 25, (") sily-
lated Si/V = 25, (Q) Si/V = 55, (a) Si/V = 80.

activity during recycling and the leaching of active me
sites. Hence to maintain the preferential formation of ep
ide (route i) and to limit its drawbacks, due to the mo
aqueous nature, the oxidant concentration is kept as lo
possible, thereby increasing the alkene reaction.Table 3lists
the conversion data for VMS and VMT catalysts of differe
vanadium loadings; under both the oxidizing atmosphe
and in line with the characterization results, the fumed
ica vanadium catalyst shows a better performance than
VMT catalysts. Thus the improved catalytic results for VM
catalysts compared with VMT catalysts may relate to
greater percentage of extraframework metal species on V
catalysts compared with the TEOS-synthesized vanad

catalysts (Fig. 11). In addition, blank experiments carried
out, without any catalyst or with vanadium-free silica show
far fewer conversions, and hence the enhanced conversion
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rate observed over vanadium-containing catalysts confi
the role of vanadium ions in the present reaction (Table 3).
Another interesting result of the experiments is the increa
catalytic activity of the VMS (55) catalyst compared with t
VMS catalyst with the higher vanadium content (25). Ear
literature reports assigned such behavior to the formatio
M–O–M bonds and/or to the loss of structural integrity
the mesoporous material at higher metal loadings[31,32].
However, in the present case, V-MCM-41 (25) had sho
good-quality XRD patterns and hence the latter assump
can be avoided, and thus the decreased conversion rate
account for the slight oligomerization of vanadia specie
higher metal loadings. Generally, octahedrally coordina
metal species, like V2O5, are less active in epoxidation rea
tions because of the lack of free coordination sites, and
the low conversion rates for VMS (25) catalyst prove that
material may contain dimeric/oligomeric vanadia spec
supported by its higher H2O2 decomposition rates. Howeve
for the TEOS-synthesized V-MCM-41 catalysts the conv
sions increases monotonically with the vanadium conten

It is generally assumed that solvents have a tremen
influence on the catalytic activity and stability of vario
metal-containing mesoporous silicates, and the prope
are largely attributed to the difference in the chelating a
ities of the polar group of the solvent molecule with t
metal sites. Apart from this, the role of solvents in oxid
tion reactions is too complicated to diagnose, since it va
with various factors, such as polarity, solubility of the re
tants and formed products, diffusion limitations, etc.[33].
Even though a solvent-free atmosphere is appreciated
der the present environmental regulations, negligible act
of the catalysts (<2%), under solvent-free conditions, led
the use of diluents for enhanced conversion rates. Am
the solvents used, acetonitrile shows enhanced conve
rates, and the catalytic activity follows the order CH3CN >

(CH3)2CO> CH3OH, regardless of the catalyst sample. T
enhanced activity of the polar aprotic solvent may arise fr
a decreased phase separation between the aromatic a
portion and the aqueous oxidant part, which in turn m
allow easy transport of the active oxygen species for
epoxidation process[15]. Usually usage of more protic so
vents increases the acidity of the catalyst surface and the
increases the cleavage of the formed epoxide to its co
sponding diol moieties. However, in the present epox
tion reaction of cyclooctene the large stability of the form
epoxide (epoxy cyclooctene) may be the reason for the
creased selectivities (>98%), even after longer times and
the presence of catalysts with higher vanadium content.

It is well known that silylation of the catalyst surface e
hances the catalytic activity of M-MCM-41-related materi
as it changes the physical properties of the material fro
more hydrophilic nature to hydrophobic[34]. Since the reac
tants applied under the present reaction or any (ep)oxida

reactions are of different polarities, a more hydrophobic
catalyst can suitably adsorb the olefins more than aqueous
oxidant and hence can produce epoxides in higher yields.
atalysis 233 (2005) 359–371 369
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Scheme 1. Possible representation of vanadium sites in (A) VMT cata
and (B) VMS catalysts.

Furthermore, the hydrophobic environment on the cata
surface can diffuse the formed epoxide (which is polar) e
ily, and hence the subsequent cleavage of the oxirane
can be greatly reduced. Thus, considering the case of
proved hydrophobicity attained by the silylation procedur
it is likely that the conversion must increase in the m
hydrophobically favorable environments. However, the c
cept “like adsorbs like” does not hold good for the silylat
VMS or VMT catalyst (seeTable 3), where the modified sys
tems show a decreased conversion rate, which may be d
the blocking of some of the active sites inside the pore ch
nels by the organic groups or to the loss of a slight amo
of vanadium species (from extraframework) during mod
cations.

3.4. Structure/activity/stability correlations

Structural characterization of the developed catal
shows that the material prepared from a fumed silica so
displays better thermal and hydrothermal stability than
TEOS-synthesized vanadium catalysts, and spectrosc
evidence shows that vanadium exists in different tetra
dral environments over different silica sources. From U
vis and edge energy measurements it can be seen tha
TEOS-synthesized catalyst shows a greater percentag
framework-incorporated tetrahedral sites than the fumed
ica catalyst, but the broadening of the51V NMR spectra
reveals that the symmetry of vanadium species is not
fectly tetrahedral; they display more distorted states and
water of coordination is less pronounced. In contrast,
sharp and distinct51V NMR/Raman band in the VMS ca
alyst and the greater percentage of extraframework m
species on the VMS catalyst (rapid color change during
dration process) essentially show that the material con
of well-exposed (SiO)3V=O species probably located ne
the pore mouth, which allows an easy change in the c
dination state of vanadium species with the hydration
rehydration processes. Hence considering the above sp
results and the suggestions put forward by Wei et al., we
pose a possible representation of the vanadium sites o

two silica matrixes, as inScheme 1 [24].

In order to determine whether the activity of the V-MCM-
41 materials arises from stable mesoporous materials, we
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also conducted a series of leaching studies, since they
provide some correlations with the mesostructure and
tivity. Since leaching of active metal species is a comm
phenomenon observed in mesoporous metallosilicates d
the destruction of the delicate solid pore wall surface un
reaction conditions, stability/heterogenity studies are of
mary importance for their further applicability. Since sm
amounts of leached metal species can have a significan
fect on the entire catalytic activity, a rigorous proof of t
heterogeneity of the catalyst is necessary and is usually
moted by the coordination ability of solvents on active me
sites and the use of aqueous oxidants (more aqueous
dants are more prone to leaching, etc.). Hence in the pre
study we performed two leaching studies: (i) The cata
applied under the reaction conditions was removed aft
definite time interval, and the filtrate was monitored for f
ther reaction rates. (ii) The catalyst was stirred (2 h) un
the reaction conditions in the presence of solvent and to
catalyst removed “hot filtrate,” substrate and oxidant w
added to probe the conversion rates. Indeed, the former
of analysis is the crucial step, and out of curiosity we p
formed the first-step leaching study under hot and cold c
ditions. Sheldon et al.[35] showed for chromium-containin
porous silicates that cold filtration steps show lower con
sion rates than hot filtration steps because of the readsor
of dissolved metal ions from solution to the catalyst surf
on cooling. However, the present studies on V-MCM-41 m
terials indicate that the leaching of vanadium species f
MCM-41 matrix occurred under both conditions over bo
catalyst systems (Fig. 12). Furthermore, a combination of th
above two stability tests explicitly shows that aqueous H2O2
is the actual culprit in promoting the leaching of active me
sites in case of V-MCM-41 catalyst systems, from a c
sideration of the amount of structural collapse, from PX
measurements. Hence we tentatively attribute the leac
of vanadium in VMS catalysts to the extraframework me
sites, whereas for the VMT catalyst, the structural degra
tion of the meso framework may be the reason for leach
from a consideration of the large attenuation in the XRD p
terns for H2O2-treated VMT catalysts. These assumptio
parallel the scheme proposed, and hence for a better d
of V-MCM-41 catalysts, in the presence of H2O2 oxidants,
a compromise between the above two is essential. Inte
ingly, although the conversion rates are lower with the TB
oxidant, the crucial point is that the spent VMT catalyst
tains∼70% of the structural ordering in place of complete
amorphous material obtained after H2O2 treatments. Thus
use of TBHP as an oxidant implies a possible reusab
of the catalyst materials, since regular structural pattern
mesoporous materials may always tend to make the m
sites more accessible for the diffused reactant species[18].
Hence the increased stability and the structural perfec
observed for VMS catalysts (after H2O2/TBHP treatments

show that the inorganic backbone arising from the fumed sil-
ica source is far better than the TEOS-synthesized catalysts
Furthermore, since the vanadium species in V-MCM-41 ma-
atalysis 233 (2005) 359–371

o
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t
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Fig. 12. Various leaching studies performed over V-MCM-41 cataly
(A) VMS and (B) VMT catalysts: where, (2) stands for fresh cycle
(") reaction temperature filtration of catalyst, after 1 h run (hot filtratio
(!) room temperature filtration of catalyst, after 1 h run (cold filtratio
(Q) catalyst was stirred in solvent for 2 h, and the filtrate obtained was
plied to the reaction conditions with substrate and oxidant.

terials are never bound to four silicate species after ca
nation, for a profound applicability and reusability, use
less aqueous oxidants like TBHP and catalysts with lo
vanadium contents and a judicial choice of the silica sou
(fumed silica instead of TEOS) is proposed.

4. Conclusions

Vanadium-substituted mesoporous MCM-41 mater
were synthesized hydrothermally with vanadyl sulfate as
metal precursor and fumed silica and tetraethyl orthosilic
as the silica sources. Characterization techniques reve
that, regardless of the silica source, the textural propertie
the mesoporous support increase monotonically with va
dium loading, and detailed spectroscopic characteriza
techniques revealed the presence of a more isolated tet
dral vanadium site on the VMS catalyst than on the VM
catalyst. Thermal and hydrothermal stability of V-MCM-4
materials shows that the materials prepared from a fume
ica source are more resistant to severe treatment cond
and are correlated with the increased silica condensatio
the V-MCM-41 materials. Recycling studies and the ch
acterization of spent catalysts indicate that the mate
synthesized from a fumed silica source are structurally m
stable than the TEOS-synthesized material and are sugg
to arise from the higher degree of silicate condensat
which in turn will increase the wall thickness and there
its structural integrity.
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