
t

mmobi-

T surface
t
mea-
anadium
can change

ared
showed that
ction

ted vana-
avior of
ized and
Journal of Catalysis 228 (2004) 333–346
www.elsevier.com/locate/jca

Synthesis, characterization, and catalytic activity
of vanadium-incorporated, -grafted, and -immobilized
mesoporous MCM-41 in the oxidation of aromatics

S. Shylesh, A.P. Singh∗

Catalysis Division, National Chemical Laboratory, Pune 411 008, India

Received 15 June 2004; revised 10 August 2004; accepted 31 August 2004

Available online 22 October 2004

Abstract

Vanadium containing mesoporous molecular sieves synthesized by direct hydrothermal (V-MCM-41), grafting (V/MCM-41), and i
lization methods (V–NH2-MCM-41) has been studied in the one-step liquid-phase oxidation of naphthalene using aqueous H2O2 and TBHP
as oxidants. The nature of vanadium species and its interaction with the support, MCM-41, were probed in detail by XRD, FTIR, BE
area, N2 sorption isotherms, UV–VIS, TPR, TG-DTG,13C CP MAS NMR, SEM, and TEM. XRD, FTIR, and N2 sorption results show tha
the characteristic structural features of MCM-41 are preserved after vanadia incorporation and surface modifications. Spectroscopic
surements reveal that vanadium exists mainly in tetrahedral positions for V-MCM-41 catalysts while with the grafting method the v
species exist as higher coordinated species and the immobilized catalyst shows that even slight changes in pretreatment conditions
the oxidation state of vanadium ions. H2-TPR measurements reveal that V-MCM-41 samples are reduced easily than the samples prep
by postsynthesis methods and thus point to the formation of nonreducible species in the grafted catalyst systems. Reaction data
the activity of the catalyst in oxidation reaction is greater at higher reaction temperatures and polar aprotic solvents promote the rea
drastically. The progressive activity of the V-MCM-41 than V/MCM-41 catalyst may be due to the presence of tetrahedral-coordina
dium ions in the framework positions compared to the V–O–V bond formed for V/MCM-41 and the observed higher catalytic beh
the V–NH2-MCM-41 catalysts may result from active metal site isolations. The difference in the selectivity behavior of as-synthes
calcined V/MCM-41 samples shows that apartfrom the active redox sites, the nature ofhydrophilic–hydrophobic interactions also plays an
important role in selective oxidation reactions.
 2004 Elsevier Inc. All rights reserved.
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1. Introduction

Molecular sieves with transition metals incorporated i
the framework or impregnated/graftedand immobilized o
have attracted great interest incatalytic oxidation processe
especially in fine chemical synthesis[1–4]. Mesoporous
MCM-41 having large surface areas, variable pore dia
ters, and high-density surface silanol sites provides the
choring of valuable homogeneous catalysts/active org

* Corresponding author. Fax: +91-2025893761.
E-mail address: apsingh@cata.ncl.res.in(A.P. Singh).
0021-9517/$ – see front matter 2004 Elsevier Inc. All rights reserved.
doi:10.1016/j.jcat.2004.08.037
moieties or the incorporation of redox metal ions into fram
work positions in a quite simple way[5] and thus enhance
their intrinsic catalytic activity due to the amorphous nat
of the pore walls. However, the nature of interaction and
active site isolation are entirely different in the three pre
ration procedures and hence a careful investigation is neede
in order to account for the observed catalytic activity beh
ior and thereby to design a potential catalyst for a definite
reaction.

Vanadium containing zeolitic molecular sieves and me
porous materials was found to be active in a numbe
liquid-phase oxidation reactions using H2O2 as an oxidan
[6–8]. A comparison of metal-incorporated zeolitic molec
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lar sieves with mesoporous materials shows that the act
and heterogenity of the zeolitic catalysts are far greater
the mesoporous sieves and these discrepancies result
active metal site isolations in which all framework me
sites are theoretically accessible for the substrate mole
and oxidant in case of zeolites. However, the pore arch
ture of zeolites (2–20 Å) limits the transformation of bulkie
organic molecules and hence M41S materials having l
pore sizes (20–100 Å) receivewide utility in various cat-
alytic applications. But for selective hydroxylation reaction
the presence of high-density surface silanol groups
tributing to the hydrophilic nature of the catalysts is not ad
equate for the formation of selective hydroxylated produ
where the formed products are more susceptible to oxida
than the reactants as in benzene/naphthalenehydroxylation.
Hence the presence of high-density surface silanol gro
contributing to the hydrophilic nature of the mesoporo
materials must be decreased for the selective formatio
oxidized products.

Even though the literature shows a broad spectrum
vanadium-incorporated (V-MCM-41) mesoporous mole
lar sieves[9–13], serious drawbacks of this procedure
in the way that, the amount of metal incorporated by
procedure is low and since the active metal sites are
buried inside the pore channels, a large part of the m
sites behave as inactive species for a particular reaction
the contrary, impregnation/grafting methods help to ach
a high percentage of metal loading and also help to disp
the active metal sites by suitably tuning the preparation
cedures. However, the drawbacks are as follows:

(i) it is difficult to control the dispersity of the grafte
metal species, so tiny metal oxide species can f
preferentially even at relatively low concentrations,

(ii) structural collapse of the mesoporous materials oc
after high-temperature calcinations and after a particu
lar amount of metal loading,

(iii) even though the redox properties are similar to t
of an incorporated catalyst,their catalytic performanc
seems to be the least, and

(iv) the inherent leaching problem causes confusion on
heterogeneity of the impregnated catalysts.

But a suitable choice of the dispersing medium (solvent)
a careful tuning of the preparation procedure help to disp
the active metal species without formation of undesired
oxide species and hence receive considerable researc
refinements. Recently, Mou et al.[14] have shown that
vanadium-immobilized catalyst is more active and selec
than a V-MCM-41 catalyst in the benzene hydroxylation
action, since for the former the active metal sites are w
isolated and anchored on a suitable support and thus
leaching problem canalso be minimized.

In the present study, in order to understand the
model of vanadium in various environments on mesopo
supports and how these properties influence catalytic
s

d

tivity and selectivity, a series of vanadium-incorpora
ordered mesoporous silica (V-OMS) catalysts are syn
sized and compared with vanadium-grafted and vanadium
immobilized mesoporous molecular sieves. Moreover,
present study addresses thehydrophilic–hydrophobic inter
actions and the nature of solvent/oxidizing agent on
heterogenity and thereby design a true heterogeneous
alyst for a specific reaction.

2. Experimental

Vanadium-incorporated molecular sieves and silice
MCM-41 were synthesized hydrothermally in the temp
ature range of 100◦C, whereas vanadium-immobilized V
NH2-MCM-41 was prepared by the organo-functionalizat
of Si-MCM-41 with 3-aminopropyltrimethoxysilane (3
APTS, Lancaster) and its subsequent complexation
vanadyl sulfate (VOSO4·3H2O, Aldrich) solution, while
the V/MCM-41 catalysts wereprepared by the grafting o
Si-MCM-41 with an alcoholic solution of VO(acac)2 salt
(Aldrich).

2.1. Synthesis procedure

Pure siliceous MCM-41 was synthesized from a gel h
ing a molar composition

SiO2:0.39Na2O:0.48CTMABr:0.29H2SO4:100H2O,

where CTMABr is cetyl trimethyl ammonium bromid
(Aldrich) [15]. The gel mixture was stirred for 2 h and fina
the mixture was transferred into a Teflon-lined autoclave
kept at 100◦C under static conditions for 72 h. The so
material obtained was then filtered and washed well w
copious amounts of water, till the filtrate shows a neutral
and was then air-dried. The surfactant inside the pores o
mesoporous material was removed by calcination at 54◦C
for 6 h, at a heating ramp of 1◦C/min.

For the incorporation of vanadium into the framework p
sition of MCM-41, a synthesis procedure similar to[16] was
opted with minor modifications. The molar compositions
the gel mixture is

SiO2:xVO2:0.17Na2O:0.5CTMABr:60H2O,

where x varies from 0.018 to 0.008, and were prepa
by the addition of cetyl trimethyl ammonium bromide a
vanadyl sulfate to a stirred solution mixture of fumed
ica under alkaline conditions. The mixture was then stir
at room temperature for 5 h and was then subseque
autoclaved at 100◦C for 4 days. For comparison, a silic
polymorph was also prepared by the same method but w
out the addition of vanadyl sulfate solution. The obtain
material was washed with water and acetone, dried at 80◦C,
and finally calcined in air at 540◦C for 5 h. In order to evalu
ate the hydrophobicity of the material, V-MCM-41 (Si/V =
55) catalyst was silylated under nitrogen atmosphere u



S. Shylesh, A.P. Singh / Journal of Catalysis 228 (2004) 333–346 335

g
ml
of
ux
ell

so-

ter
ture
s
ora-
e as

fol-
ne
al-
,
of

for
of

one
zed
or
rdi-

ace
s of

and
C

d

nge
t.
s
UV-
nce

mbi
the

fore
ed
m-

were
g

unk

ver-

) in-

cted
der
ed
tion

t on
n
was
-
f

e

ied
pan

R
The
-
ence

les
opy
M-
to

nd-
ing
i-

),
g)
ph-
dimethyldichorosilane (DMDS, Aldrich) as the silylatin
agent. Typically, 1 g of calcined sample was stirred in 50
of toluene, followed by the dropwise addition of 1 g
DMDS in toluene. The solution was then allowed to refl
for 6 h and finally the materials were filtered, washed w
with toluene and acetone, and then dried at 80◦C for 3 h.

The grafting of vanadyl acetylacetonate on the me
porous support was carried out by stirring 1 g of the support
(dried at 100◦C/2 h) in an alcholic solution of VO(acac)2
salt, so as to obtain a vanadium loading of 1 wt%. Af
the addition, the solution was stirred at room tempera
for 2 h and at 70◦C for 5 h, and finally the mixture wa
dried by removing the excess solvent using a rotary evap
tor. The calcination procedure of the materials was don
stated above for the synthesis of V-MCM-41.

Vanadium-immobilized catalysts were prepared as
lows: To a stirred suspension of 1 g of Si-MCM-41 in tolue
(60 ml), 2.2 mmol of 3-APTS was added slowly and then
lowed to stirr overnight at 110◦C. The material was filtered
washed with toluene, soxhlet-extracted using a mixture
diethyl ether (100 ml) and dichloromethane (100 ml)
24 h, and then dried under vacuum. The complexation
VO2+ ions on the organo-modified silica surface was d
by stirring a suspension of 1 g of the organo-functionali
silica with a 0.01 M alcoholic solution of vanadyl sulfate f
5 h. The process was repeated twice for a maximum coo
nation of vanadyl groups on the functionalized silica surf
and then it was filtered, washed with copious amount
ethanol, and dried in an air oven at 80◦C for 3 h.

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 an
10◦ (2θ ) with a scanning rate of 1◦/min.

FTIR spectra of the solid samples were taken in the ra
of 4000 to 400 cm−1 on a Shimadzu FTIR 8201 instrumen
Diffuse reflectance UV–vis spectra of the powdery sample
were recorded in the range 200–800 nm in a Shimadzu
2101 PC spectrometer equipped with a diffuse reflecta
attachment, using BaSO4 as the reference.Specifically for
the hydrated samples, the catalysts were kept under a
ent conditions for 2 h while for the dehydrated samples,
catalysts were treated in dry air atmosphere at 550◦C for
5 h and flushed with an inert atmosphere, repeatedly, be
the spectra were taken[17]. The samples were designat
as hydrated (faintly yellowish) and dehydrated (white) sa
ples, respectively. The absorption edge energy values
determined from the energy intercept of a linear fit passin
through the near-edge region in a plot of[F(Rα) · hν]1/2 vs
hν, where the first parameter refers to the Kubelka–M
(KM) function andhν is energy of the incident photon.

The specific surface area, total pore volume, and a
age pore diameter were measured by the N2 adsorption–
desorption method using a NOVA 1200 (Quanta chrome
-

strument. The samples were activated at 200◦C for 3 h under
vacuum and then the adsorption–desorption was condu
by passing nitrogen over the sample, which was kept un
liquid nitrogen. Pore-size distribution (PSD) was obtain
by applying the BJH pore analysis applied to the desorp
of nitrogen adsorption–desorption isotherms.

Temperature-programmed reduction was carried ou
a Micromeritics Autochem 2910catalyst characterizatio
system, equipped with a TCD detector. The reduction
carried out in 5% H2/Ar gas mixture flowing through the re
actor at a rate of 20 ml/min and approximately 100 mg o
the calcined sample was usedfor all the experiments. Th
temperature was then increased to 800◦C at a heating rate
of 10◦C/min.

TG-DTA and DTG analysis of the catalysts were carr
out on a Mettler Toledo 851 instrument using an alumina
under air atmosphere (80 ml/min) from ambient to 1000◦C
at a heating rate of 10◦C/min. The solid-state13C CP MAS
NMR spectra were recorded on a Bruker MSL 300 NM
spectrometer with a resonance frequency of 75.5 MHz.
finely powdered samples wereplaced in 7.0-mm zirconia ro
tors and spun at 2.5–3.5 kHz, using glycine as the refer
compound.

SEM micrographs of the vanadium-containing samp
were obtained on JEOL-JSM-5200 scanning microsc
while the TEM images were performed on a JEOL JE
1200 EX instrument with 100 kV acceleration voltages
probe the mesoporosity of the material.

2.3. Catalytic reaction

Oxidation reactions were performed in a stirred rou
bottom flask fitted with a water-cooled condenser us
30 wt% aqueous H2O2 and 70 wt% aqueous TBHP as ox
dants. The reactant mixtures of naphthalene (1 g, 7.8 mmol
H2O2 (30 wt%, 2.67 g, 23.56 mmol), and acetonitrile (10
solvent were added to catalyst (10 wt% with respect to na
thalene) and heated at a constant temperature of 80◦C under
magnetic stirring (ca. 800 rpm) (Scheme 1). After reactions,

Scheme 1.



336 S. Shylesh, A.P. Singh / Journal of Catalysis 228 (2004) 333–346

the
cen-
n a
iza-
ed
r
ing
ng
the

d in
or-

rous
it is
can
me

s at
on-

ing
the
be

heir
de-

nal

ec-
ase
a-
re
a-

n as

s and
ro-

se
l

par-
nced
.
poor
hy-
ace
soci-
nge
e in
-
in-
se
nd
ork

cally
ex-
face
rison
t-
the reaction mixture was cooled to room conditions and
catalyst was separated from the reaction mixture by
trifugation and the oxidized products were analyzed o
gas chromatograph (HP 6890) equipped with a flame ion
tion detector (FID) and a capillary column (5 µm crosslink
methyl silicone gum, 0.2 mm× 50 m) and were furthe
confirmed by GC-MS (Shimadzu 2000 A) and by inject
authentic samples. Leaching of the active metal sites duri
the reaction was verified mainly by the resubmission of
filtrate to the reaction conditions.

3. Results and discussion

3.1. Powder X-ray diffraction

XRD patterns of V-MCM-41, V–NH2-MCM-41, and as-
synthesized and calcined V/MCM-41 materials visualize
Fig. 1show some important differences in the long-range
dering and characteristic diffraction patterns of mesopo
materials with the hexagonal structure. Even though
known that a higher hydrothermal synthesis temperature
incorporate a greater percentage of metal on the silica fra
work, the sequential problem of the dissolution of micelle
higher temperatures limits our hydrothermal synthesis c
dition at 100◦C, as it largely affects the long-range order
and peak intensities. The well-defined XRD patterns of
as synthesized Si-MCM-41 and V-MCM-41 samples can
indexed to the Bragg reflections100, 110, 200, and 210,
characteristic of materials with long-range ordering and t
intensities are well pronounced. But after calcination a
creased intensity of the characteristic d100 peak with a cor-
responding disappearance of long-range ordered210 peak
is observed, showing a relatively well-ordered hexago
structure of the materials. As observed by Reddy et al.[18],
-

we also noted a slight shift of the characteristic (100) refl
tion to a lower angle with a corresponding linear incre
in thed spacing anda0 values with the percentage of van
dium loading for V-MCM-41 and the results obtained a
listed inTable 1. The increase in the hexagonal unit cell p
rameter compared with its silica polymorph can be take
an indication of the incorporation of vanadium, as the V–O
bond distances are longer than the Si–O bond distance
the thickening of the pore wall due to transition metal p
moted crosslinking of the amorphous silica walls[19]. But
for V/MCM-41 and V–NH2-MCM-41 samples, a decrea
in intensity of the characteristic100 peak and a gradua
loss of long-range ordered peaks are noted (Fig. 1B), which
shows the retainment of the mesopore structure with
tial structural collapse and the results are more pronou
for the immobilized catalysts than the V/MCM-41 catalysts
These structural changes may arise from the inherent
hydrothermal stability of M41S materials due to the high
drophilicity derived from the presence of abundant surf
silanols and thus high-temperature treatments can dis
ate some of the pore walls and thereby affect its long-ra
ordering. Another interesting observation is the increas
unit cell parameter values of V/MCM-41 catalysts after cal
cinations, indicating that a part of vanadium atoms is
corporated on the framework positions of MCM-41. The
kinds of results were obtained earlier for Nb/MCM-41 a
this behavior is attributed not only to the extra framew
species but also to the presence of lattice species[20]. Fur-
ther no bands characteristic of the crystalline V2O5 phase
is observed in any of the preparation methods (2θ > 20) and
hence it is assumed that the metal ions were either atomi
dispersed in the framework positions of MCM-41 or may
ist in an amorphous dispersed form on the outside sur
of mesoporous support. Even though a proper compa
of the vanadium-incorporatedand -grafted/immobilized ca
)}
Fig. 1. X-ray diffraction patterns of (A) V-MCM-41 catalysts {inset, as-synthesized XRD patterns of (a) MCM-41 silica polymorph, (b) V-MCM-41 (55,
(B) V/MCM-41 and V–NH2-MCM-41 catalysts.
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Table 1
Characteristics of vanadium-containing MCM-41 catalysts

Catalyst V

(mmol g−1)a
a0

b

(Å)

SBET

(m2 g−1)

V p

(cc g−1)c
Wall thicknessd

(Å)

TPRe

Tmax (◦C) AOS

Si-MCM-41 0.0 40.49 845 0.6840 8.22 – –
V/MCM-41 (C) f 0.196 41.48 797 0.6475 8.90 504 3.3
V–NH2-MCM-41 (A)f 0.281 41.14 342 0.5813 11.51 Nd Nd
V–NH2-MCM-41 (C) 0.262 40.60 782 Nd Nd 501 3.4
V-MCM-41 (55) 0.192 39.31 909 0.5376 15.72 412 4.5
V-MCM-41 (83) 0.135 38.62 828 0.4874 15.63 407 4.6
V-MCM-41 (125) 0.090 38.0 740 Nd Nd 401 4.8
MCM-41 silica polymorphg 0.0 36.51 711 0.3707 14.52 – –

Nd, not determined.
a Vanadium content determined by ICP-OES analysis.
b Unit cell parameter values calculated usinga0 = 2d100/

√
3.

c Vp = pore volume.
d Wall thickness= a0 − Dp, whereDp is the pore diameter.
e Temperature of maximum hydrogen consumption (Tmax) and the average oxidation state (AOS) after reduction.
f Letters C and A in parentheses means calcined and as-synthesized samples while the numerals stands for Si/V molar ratios.
g Mesoporous support synthesized hydrothermallywithout the addition of vanadyl sulfate.

Table 2
IR band assignments and corresponding wavenumbers obtained for Si-MCM-41 and vanadium-containing MCM-41 catalysts

ν (Si–OH)

Catalyst νOH (Si–OH) νas (Si–O–Si) {νas (Si–O–Si)/νas (Si–O–V)} νs (Si–O–Si)

Si-MCM-41 3749 1080, 1230 972 801
V-MCM-41 (55) 3653 1078, 1224 976 805
V/MCM-41 3657 1078, 1228 974 804
V–NH2-MCM-41 3710 1091, 1235 965 807
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alyst is difficult, the well-ordered mesoporous patterns
tained for the vanadium-incorporated catalyst may be
to the simultaneous condensation between metal and
con species in the presence of the organic micelles, the
influencing largely the unit cell parameters, wall thicknes
and the long-range ordering[21]. Thus it is reasonable t
conclude that the observed differences after calcination
result from the loss of structural integrity after surfactant
compositions. However, for the grafted/immobilized catalys
systems, since the metal species are mainly on the su
the aforementioned interactions are limited and hence
fluence the peak broadening and the corresponding
shifting to higher d spacing with the loss of long-range ord
ing. These results are better appreciated fromFig. 1A (inset)
where the V-MCM-41 (55) material shows a highly inten
XRD reflection with more ordered hexagonal structures t
the parent silica polymorph prepared under the same co
tions, but without any vanadium. Usually, the intensity
the 100 peak and the long-range ordered Bragg reflecti
are decreased and disappear with the amount and natu
metal incorporation. On the contrary, in the present case
structural ordering of the materials is increased up to an S/V
ratio of 55. However, when the Si/V ratio is 30, XRD pat-
terns show the presence of a broad d100 reflection, with a de-
crease in the long-range ordered peaks and thus reveal
under hydrothermal synthesis conditions there exist an op
timal molar ratio among the surfactant/silicate/heteroato
e

f

t

and a possible change in any of them may cause dr
changes in its structural ordering. Hence, the more struc
ordering of the Si/V = 55 catalyst explains the increas
surfactant silicate interaction in the presence of metal s
as they compete to enter the silica framework and thus
act like a promoter for the extensive condensation of the
icate species and thereby for its reorganization.

3.2. FTIR spectroscopy

The presence of isolated surface silanols, hydrog
bonded hydroxyl groups, and amorphous structures of
wall are evidenced from the IR spectrum of the calcin
Si-MCM-41 samples. The band at 1080 cm−1 is assigned
to the asymmetricνas (Si–O–Si) vibrations and the ban
at 800 cm−1 is assigned to symmetric vibrations of S
MCM-41, while the band at 970 cm−1 is attributed toν

(Si–OH) vibrations (Table 2, Fig. 2) [22]. In the hydroxyl
region (3600–3200 cm−1) a broad band is seen, assigned
the silanol groups inside the channels of Si-MCM-41 a
the decreased intensity of the silanol groups after vanad
grafting shows the active participation of the surface silan
in bond formation with the vanadia precursor, VO(acac)2.
Indeed, it is reported that the vanadyl complex gets anch
on the hydroxyl groups of the support either by hydrog
bonding interactions between the pseudo-π system of the
acac ligand and the silanols or by a ligand exchange m
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Fig. 2. Infrared spectra of (A) V-MCM-41 catalysts, (B) V/MCM-41 a
V–NH2-MCM-41 catalysts.

anism[23]. Further, the grafting of VO(acac)2 is confirmed
by the presence of bands in the region of 1600–1200 c−1

and at 2950–2850 cm−1, since these vibrations are attribut
to the presence of acetyl acetonate ligands of the adso
complex[24]. After calcination at 500◦C, all the bands be
longing to the organic groups disappeared which proves
removal of acetyl acetonate and the formation of VOx inside
the pores of the mesoporous support. For the immobil
NH2-MCM-41 material weak bands at 2940 cm−1 and at
1540 cm−1 are observed which are assigned to the C
stretching and N–H bending vibrations, respectively[25].
A thorough examination of the amine peaks after metal
mobilization shows that the peak values are shifted to lo
wavenumbers and the decrease in wavenumber indicate
possible anchoring of the metal species on the active s
These results further prove that the organosiloxane gr
had linked to the silica surfaces by condensation react
for the formation of Si–O–Si bonds, and not through elec
static interactions or by hydrogen-bonding interactions
tween the amine groups and the Si–OH groups. The suc
ful immobilization of the propyl amino groups on MCM-4
was further confirmed from the C:N values obtained fr
the elemental analysis study and13C CP MAS NMR spec-
tra. For the V-MCM-41 catalysts intense bands are vis
in the range 980–950 cm−1, and an increased intensity wi
a corresponding peak shifting to higher frequency is no
with the increase in the percentage of vanadia loading. S
Si-MCM-41 also shows peaks in this region, due to the ro
ing mode vibrations of the Si–OH groups, in the literat
its assignment is described with uncertainty. However,
shifting of 960 and 1090 cm−1 peaks to lower and highe
frequencies, respectively, and their sharpness can be
as an indication of the incorporation of metal species
the framework of the mesoporous materials[26]. Indeed
silylated V-MCM-41 catalysts show a progressive increa
intensity for the 960 cm−1 band and hence can be reasona
concluded that the band position at 960 cm−1 is attributed
to Si–O–V band positions, as these kinds of assignm
d

e
.

,

-

n

are noted earlier for titanium-containing mesoporous mate
rials [14]. Moreover, no peaks are observed at 1020 an
820 cm−1 characteristic of V=O stretching vibrations an
V–O–V deformation modes of crystalline V2O5 [27], as al-
ready observed from the XRD measurements. So from
above results, it is interpretedthat the formation of vanady
polymers is limited or it may be in a highly dispersed st
on the high surface area support and thus its presence
so prominent.

3.3. BET measurements

The surface area of the catalysts determined by the
method shows that with the percentage of vanadia lo
ing the surface area is increased for V-MCM-41 samp
while for V/MCM-41 and V–NH2-MCM-41 catalysts the
surface area is decreased, due to the presence of the b
organic moieties inside the pore channels. For the V–N2-
MCM-41 catalysts, the silylation of 3-APTS may tend t
organo amino groups to occupy defect sites in the p
walls as self-assembled monolayers and thus reduce th
sorption sites for the nitrogen molecules, contributing
a decreased surface area. Interestingly, after calcination
surface area of the impregnated and immobilized mate
had shown an increase from their grafted/anchored cou
parts, and may be due to the removal of the bulky ac
acetonate/organo amino groups and the BET results
tained are summarized inTable 1. The support silica poly
morph shows a surface area of 711 m2/g and an increas
of 198 m2/g is observed for the V-MCM-41 (55) catalys
However, the grafted V/MCM-41 and the immobilized V
NH2-MCM-41 material show approximately 28 and 59
surface area decrease than Si-MCM-41, which is rest
to almost 90% of the original value after calcinations.2
adsorption–desorption isotherms of the silica polymo
V-MCM-41 (55), V/MCM-41, NH2-MCM-41, and V–NH2-
MCM-41 materials show an inflection in theP/P0 range of
0.2–0.35, with completely reversible isotherms but with li
hysteresis, characteristic of ordered mesoporous materi
Type IV according to the IUPAC classification (Fig. 3A).
The hysteresis loop observed in the high-pressure regio
the MCM-41 sample may result from the agglomerization
particles of the mesoporous materials. Moreover, as the
drothermal treatment is prolonged the step in the capil
condensation in the mesopore is sharper and shifts to h
pressure regions, influenced by narrowness in the pore
distribution curve with a corresponding pore-size enlar
ment[28]. These results are further illustrated from the B
pore-size distribution as all samples show sharp peak
the range 20–30 Å attributed further to the mesopore
dering with well-defined pore structures (Fig. 3B). Usually
for M41S-related materials during metal incorporation,
metal species may interact with the surface hydroxyl gro
and may contract the pore walls resulting in a decreased
size. However, in the present case an increase in pore s
noted with the percentage of metal incorporation, which
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Fig. 3. Nitrogen adsorption–desorption isotherms (A) and pore-size dis
tribution profiles (B) of (a) V/MCM-41, (b) V-MCM-41 (55), (c) silica
polymorph, (d) NH2-MCM-41, (e) V–NH2-MCM-41.

ther suggests that vanadium is incorporated deep insid
silica framework, as observed for zeolites, and is in ac
dance with the earlier XRD results[29]. These results ca
be further confirmed by the ease of metal reduction du
reduction measurements and are discussed in a later se

3.4. UV–vis spectroscopy

Diffuse reflectance UV–Vis spectra is a useful techniq
for gaining information about the coordination environm
and oxidation states of vanadium species in various molecu
lar sieves/oxide surfaces. The UV–vis spectra of V-MC
41 (cal.), V/MCM-41 (as syn., cal.), and V–NH2-MCM-
41 (as syn.) samples are given inFig. 4 and the decon
voluted peak assignment proportions are given inTable 3.
.

The band at 220 nm is typical for siliceous materials
new bands appeared in the 250–500 nm range after v
dium incorporation and their intensity is increased with
percentage of vanadia loading. Indeed, direct informa
about the oxidation state and dispersion of vanadia spe
can be interpreted from the color of the materials prepa
The as-synthesized V-MCM-41 catalysts are white while
V/MCM-41 and V–NH2-MCM-41 are pale green in colo
and on the basis of the appearance of green color, wea
sorptions in the longer wavelength can be interpreted[14].
Even though the species anchored on the amino group
V4+, drying of the catalyst at 80◦C may change its oxida
tion state from+4 to +5, and hence the intensities of th
UV–vis peaks in the 600–800 nm regions are not so pro
nent and/or the decreased intensity in the low-frequenc
gion arises, as the d–d transitions are generally 10–30 t
lower than the highly intense charge transfer (CT) transiti
in the range of 260–360 nm[6]. Further, the color of the
dehydrated calcined catalysts (V-MCM-41, V/MCM-41)
white and on hydration (contact with atmosphere) the c
changes to yellowish for the V/MCM-41 catalysts. Howev
for V-MCM-41 catalysts its a very slow process which m
be due to the modification in the oxidation state of the va
dia species (V5+) from the isolated tetrahedral coordinati
(Td, 260 nm) to its square pyramidal/distorted octahedral
ordination (Oh, 350–450 nm) by contacting with two wat
molecules in the atmosphere due to the high hydrophilic
ture of the catalyst and the red shift is increased with
percentage of vanadia loading. The possible and abrupt c
transformation of calcined V/MCM-41 catalysts further in
dicates that a higher percentage of vanadium atoms ar
the wall channels of V/MCM-41, hence the water molecu
can easily access the site for higher coordination. Furt
more, after calcination the vanadium species located on th
s
ted
Fig. 4. Diffuse reflectance UV–vis spectra of (A) (a) silica polymorph, (b) V-MCM-41 (125), (c) V-MCM-41 (83), (d) V-MCM-41 (55), (B) (a) V/MCM-41 (a
syn.), (b) V/MCM-41 (cal.), (c) V–NH2-MCM-41 (as syn.), recorded under ambient conditions, inset in (A) shows the hydrated (solid line) and dehydra
(dotted line) spectra of V-MCM-41 catalyst while (B) showsthe hydrated and dehydrated spectra of V/MCM-41 catalyst.
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Table 3
Relative proportion of component peaks in UV–vis spectra of vanadium-containing mesoporous materials and their corresponding absorption edge ergy
values

Catalyst 240–270 nm 320–340 nm > 360 nm Absorption edge
energy value (eV)

Local
symmetry

V–NH2-MCM-41 (A) 67.58 12.19 20.21 2.70 –
V–NH2-MCM-41 (C) 72.97 6.32 20.70 2.60 –
V/MCM-41 (C)-Ha 64.68 6.81 28.51 2.57 –
V/MCM-41 (C)-Da 72.83 27.16 0.0 3.25
V-MCM-41 (55)-H 74.95 25.05 0.0 3.31 –
V-MCM-41 (55)-D 90.10 9.90 0.0 3.60 –
V2O5 – – – 2.30 Square pyramidal
NH4VO3 – – – 3.23 Distorted tetrahedra
Na3VO4

b – – – 3.21 Tetrahedral

a H, hydrated; D, dehydrated.
b From Ref.[33].
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surface enhances the formation of M–O–M bonds predo
nantly than Si–O–M bonds and these may also enhanc
formation of polymeric V–O–V-like species, thus accou
ing for the formation of bands after 360 nm, which are
evidenced from the XRD and IR measurements. Thus
observed increase in the intensity of the bands above
nm can be equally due to the larger polymerization of
surface vanadium sites and/or to the change in the natu
the tetrahedral vanadium sites to higher coordinated m
sites. However, it is interesting to note that the dehydra
catalysts show a greater percentage of tetrahedral vanadiu
species in the peak fitting curves and are almost de
from the band above 330 nm. In detail, the dehydrated
MCM-41 (55) catalyst shows∼ 90% of Td species, in the
240–280 nm region, while the dehydrated V/MCM-41 c
alyst shows an almost disappearance of the 360 nm p
which further shows the high affinity of atmospheric wa
molecules to form coordination with the surface Td vana-
dium species to penta- or hexacoordinated vanadium
(Fig. 4, inset). In order to extract the exact nature of differ
vanadia species and to investigate its local environment o
the MCM-41 surface, absorption edge energy measureme
were also performed by a procedure reported by Barto
al. [30], with reference to vanadium model compounds
known local symmetries. Usually the edge energy value
the V4+ are in the 4.5–5 eV energy region while the O2−
to V5+ ligand to metal charge transfer are in the 2–4
edge energy region[31]. FromTable 3and comparison with
vanadium model compounds, it is apparent that all the e
energy values are in the range 2.5–3.5 eV and hence it is
sonable to assume that the formation of tetrahedral-like5+
species are more for V-MCM-41 catalyst systems, while
postsynthesis modified catalysts are more vulnerable to
higher coordinated octahedral like species. However, c
ful examinations shows that V-MCM-41 catalysts produ
a higher edge energy value than the grafted and immobi
calcined catalyst systems and thus points toward a decrea
in vanadium domain size or a change in coordination of
vanadium cations[32]. Thus vanadium ions in V-MCM-41
samples can be tentatively attributed to be tetrahedrally
f
l

,

-

Fig. 5. H2-TPR reduction profiles of (A) (a) V-MCM-41 (125
(b) V-MCM-41 (83), (c) V-MCM-41, (55), (B) (a) pure V2O5, (b) V–NH2-
MCM-41 (cal.), (c) V/MCM-41 (cal.).

ordinated, supporting the framework incorporation. Furt
literature shows that the difference in edge energy value
pends on the support material and to the surface densi
VOx species and in the present case as the support i
same for all the catalyst systems the observed differen
thehv values may arise unambiguously from different s
face vanadium species.

3.5. Temperature-programmed reduction

H2-TPR profiles of the catalysts taken in the 10
800◦C temperature range show that the reduction t
perature maxima (Tmax) and the average oxidation sta
(AOS) values vary considerably in the incorporated
grafted/immobilized catalyst systems as given inTable 1and
visualized inFig. 5. V-MCM-41 catalysts exhibit sharp re
duction peaks in the range 400–420◦C and the peak maxim
is shifted to higher temperature regions as the loading i
creased and may result from the reduction of monom
or low oligomeric surface-dispersed tetrahedral vana
species. In contrast to the V-MCM-41 catalyst syste
V/MCM-41 materials show a very sharp peak at 510◦C,
and a distinct tail at∼ 570◦C, indicating the formation o
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less reducible “bulk-like” vanadia species, which may
ist in a highly dispersed state on the support surface[33,
34]. The TPR profiles of the immobilized catalysts (afte
calcination at 540◦C) also show peak maxima at 505◦C,
but interestingly the profiles are devoid of the shoulder-
peaks (∼ 570◦C), as observed with the grafted catalys
Thus it can be noted that immobilization provides a pro
ble (–(CH2)3–NH2)3VO2+ anchoring of amino groups an
the vanadyl ions and hence during calcination these org
spacers largely inhibit the agglomerization of the vanadi
species and hence the formation of bulk-like vanadia specie
is not prominent. Even though the observed reduction t
perature maxima of the V-MCM-41 catalyst is lower than
literature reports, such ease of metal reduction is obse
earlier for framework-incorporated V-MCM-41 samples
Grubert et al.[35]. Moreover, it is pointed out that in add
tion to the material characteristics, the reduction tempera
and the average oxidation state values also depend o
reduction conditions like H2 partial pressure, heating rat
and final reduction temperature and hence compariso
the reduction values is inappropriate as they show va
tions with the experimental setup procedures[36]. In short,
it can be concluded that the vanadia species incorpor
in V-MCM-41 catalysts are reduced at lower temperatu
than the vanadium species in grafted catalyst and thus su
gests the presence of trace amounts of bulk-like parti
in the V/MCM-41 catalyst, which shifts the TPR peaks
higher temperatures. In other words, when incorporation o
metal species in silica walls is possible, the formation
M–O–M linkages will be less favorable and better dispers
of metal sites are obtained than grafting/impregnation m
ods of similar metal loadings[21]. However, all the TPR
profiles were entirely different from pure V2O5 and hence
conclude that V2O5 formation is not so predominant in an
of the preparation procedures since bulk V2O5 is reduced
only at temperatures above 600◦C (Fig. 5B (a)). Further it
can be observed fromTable 1 that the average oxidatio
state value of vanadium in the reduced catalysts is larg
the postsynthesis modified catalysts than in the hydrot
mally synthesized catalysts. These results further conc
the formation of small amounts of V2O5 microcrystallites
on the V/MCM-41 catalysts, which are reduced to a gre
extent than the isolated vanadium sites in V-MCM-41[37].

3.6. Thermal analysis

The thermal analysis curves of Si-MCM-41, V-MCM-4
and V-NH2-MCM-41 materials are depicted inFig. 6. The
DTG-DTA spectra of the as-synthesized Si-MCM-41 and
MCM-41 show that the entire template, including the wate
adsorbed on the hydroxyl groups of the pores, is lost
temperature of∼ 400◦C when heated under air flow. In d
tail, the TGA patterns of Si-MCM-41 show a sharp weig
loss below 100◦C corresponding to the loss of physisorb
water and further weight loss extends in the regions of 1
e

Fig. 6. TGA-DTA curves of (a) Si-MCM-41, (b) V-MCM-41 (55)
(c) V–NH2-MCM-41.

300 and 300–380◦C, attributed to the decomposition of th
template (CTMABr) occluded in the pores[38].

The TG/DTG spectrum of the V-MCM-41 (55) cataly
also shows an almost similar thermal pattern as tha
Si-MCM-41 material. The sharp weight loss observed
low 100◦C corresponds to the loss of physisorbed wa
molecules while a further decomposition pattern extend
200–250 and 300–350◦C, attributed to the combustion o
hexagonally packed surfactants. However, a detailed ex
ination shows that the percentage weight loss of the su
tants is larger for V-MCM-41 catalysts (> 43%) than the
corresponding silica polymorph (> 35%, figure not shown)
These results are better appreciated in comparison with th
XRD patterns of V-MCM-41 and its corresponding sili
polymorph, where the V-MCM-41 (55) shows a better lon
range ordered and more intense XRD pattern than the p
Si-MCM-41. These results further support our above in
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Fig. 7. 13C CP MAS NMR spectra of (a) NH2-MCM-41, (b) V–NH2-
MCM-41 and 3-APTS (inset).

pretations and thus can be concluded that the intera
between the surfactant/silicate is greater in presence of th
metal salts, at least in the present hydrothermal synth
and hence induces a better arrangement of the hexa
structure and/or the bigger pore size of V-MCM-41 may
responsible for the higher amount of weight loss.

On the contrary, the TG/DTG patterns of the NH2-
MCM-41 (figure not shown) and V–NH2-MCM-41 catalysts
(Fig. 6c) show a weight loss below 100◦C and a sharp
distinct weight loss at 300–350◦C and at 500–600◦C. As
noted the former weight loss arises from the desorptio
physisorbed water while the second peak develops from
burning of the amino propyl groups from the pores of
support surface and the third peak arises due to the
ter loss formed by the condensation of the silanol gro
[39,40]. The DTA pattern further supports the above res
as it shows a strong exothermic peak around 320◦C, and
thus these loss are attributed to the decomposition of
grafted 3-APTS groups.

3.7. 13C CP MAS NMR spectroscopy

The presence of 3-APTS group and its chemical na
on the support surface are further exploited by the N
techniques. The solid-state13C CP MAS NMR spectra o
NH2-MCM-41 and V–NH2-MCM-41 and the liquid-state
NMR spectra of 3-APTS (for comparison, inset) are giv
in Fig. 7. The peak observed at 11.3 ppm can be accou
for the carbon atom (C1) adjacent to the amino groups wh
the peaks at 25.9 and at 45.1 ppm belong to the ce
carbon atom (C2) and the carbon atom adjacent to the
icon moiety (C3) of the 3-APTS, respectively[4]. A careful
examination of these peaks shows that after immobiliza
tion of VO2+ ions, the peak positions are changed to low
ppm values of 9.3 (C1), 21.5 (C2), and 43.3 (C3), respec-
tively.
,
l

l

Fig. 8. Scanning electron micrographs of (a) silica polymor
(b) V-MCM-41 (55), (c) V/MCM-41, (d) V–NH2-MCM-41.

3.8. Electron microscopy

The particle size and morphology of Si-MCM-41,
MCM-41, V/MCM-41, and V–NH2-MCM-41 samples were
determined by SEM analysis and are shown inFig. 8. The
micrographs show some important differences in the m
phology of the catalysts after metal incorporation and p
synthesis modifications where the hydrothermally syn
sized V-MCM-41 (55) catalyst shows a distorted hexago
structure (ca. 1.1 µm in diameter). However for the V/MC
41 catalysts, large flake-like structures (ca. 1.4 µm) are
served while the immobilized catalyst shows an appa
decreased grain size (ca. 0.3 µm) with large disorder f
the hexagonal structure and thus illustrates that various t
ment conditions can affect/modify the morphological str
ture (shape, size) of the MCM-41 surface considerably. T
analysis of V-MCM-41 (55) catalyst shows the presenc
hexagonally arranged pore structures, when viewed a
the pore direction, and the presence of parallel lattice frin
on a side view analysis (Fig. 9a and 9b). The presence o
equidistant parallel fringes shows the nature of separa
between the layers and the well-packed unique arrange
further points to the addition of such monolayers[38]. These
kinds of results are valuable as they supports the assum
that the deposition of 2–3 monolayers of silicate precu
on the isolated surfactant micellar rod with its subsequ
further condensation results in the formation of long-ra
ordered mesoporous materials[5]. Furthermore, a compa
ison of the TEM images (Fig. 9c and 9d) shows that the
materials prepared by postsynthesis methods had essen
damaged the regular structural ordering of the mesopo
materials and are more pronounced for the grafted calc
sample.

3.9. Catalytic oxidation of naphthalene

The reaction rates obtained for V-MCM-41, V/MCM-4
and V–NH2-MCM-41 catalysts in the oxidation of naphth
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Fig. 9. TEM images of (a) V-MCM-41 (55) (viewed along the pore direction), (b) V-MCM-41 (55) (parallelfringes, side on view), (c) V–NH2-MCM-41,
(d) V/MCM-41.
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Fig. 10. (A) Influence of reaction time on the conversion and selectivi
of naphthalene oxidation over (2) V-MCM-41 (55), (") V-MCM-41 (83),
(Q) V-MCM-41 (125), (+) Sil/V-MCM-41 (55), (F) V/MCM-41 (as syn.),
(1) V/MCM-41 (cal.), (!) V–NH2-MCM-41. (B) Various leaching studie
performed on V-MCM-41 (55) catalysts: (2) fresh cycle, (") resubmission
of the catalyst removed filtrate after 3 h of run, (Q) application of stirred
solvent/oxidant filtrate mixture to the reaction conditions with substr
(+) submission of the catalyst to the reaction conditions after stirring in
∼ 1 M H2O2 solution.

lene are visualized inFig. 10A. Interestingly, it is possible
to gain a better insight into the catalytic properties from
comparison of the conversion profiles of the three diff
ent catalyst systems. For V-MCM-41 and V–NH2-MCM-41
catalysts, the conversion increases gradually with time
reaches a maximum of 13.5 and 16.0%, respectively, a
24 h of the run. However, for the V/MCM-41 catalyst t
conversions are abrupt at the early stages of the rea
and are almost steady throughout the run and show 16
naphthalene conversion after 24 h. The slightly lower c
alytic activity of the V-MCM-41 material shows that th
vanadium sites are not completely accessible for the diffu
reactant molecules due to the partial structural collapse o
the mesoporous material under such drastic reaction co
tions. Screening of the catalysts in a wide temperature ra
of 60–80◦C shows that higher temperature helps to atta
maximum conversion rate with respect to substrate and
choice of oxidant follows that TBHP (70%) gives negligib
reaction rates, while shifting the oxidant from TBHP to
lute H2O2 (30%) increases the conversion rates drastica
Further, it is known that solvents had a profound influence
the catalytic activity and selectivity in liquid-phase oxidati
reactions as they can tremendously influence the mass t
port and diffusional problems, especially with porous so
supports. Moreover, using molecular sieves as catalyst
choice of solvents is crucial as the molecular sieve itself
act as a second solvent, which extracts the substrate m
cules form the bulk solvent and this interaction may larg
affect on what solvent had been used for the reaction. He
in the present reaction of naphthalene oxidation, the act
of the catalysts was thoroughly verified in a series of s
vents with different polarities. The reaction rates obser
under various solvents, as shown inFig. 11, follow the order
CH3CN > (CH3)2CO> C2H5OH. The enhanced activity o
the V-MCM-41 (55) catalyst in acetonitrile than ethanol c
be explained twofold:

(a) with acetonitrile, an aproticsolvent, the phase separ
tion between the aromatic substrate part and the aqu
oxidant part is greatly decreased and thereby allows
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Fig. 11. Influence of solvents on the conversion and selectivity of naph
lene oxidation over V-MCM-41 (55) catalyst, (A) CH3CN, (B) (CH3)2CO,
(C) C2H5–OH, where (2) stands for conversion rates while (Q) and (")
stand for pthallic anhydride and quinone selectivity.

easy transport of the active oxygen species for the
dation process[41], and

(b) it is known that the activityof the catalysts is increase
with the solvent polarity and hence acetonitrile h
ing more polarity helps to attain the vanadium pero
species preferentially.

Indeed the higher the solvent polarity, the higher the con
tration of the substrate on the active metal sites and thu
increased reaction rate.

Furthermore, in the oxidation of naphthalene as show
Scheme 1, the polarity of the reactant (naphthalene) and
primary products formed (napthols) are different: the re
tant is nonpolar while the primary products are polar. He
hydrophobic catalysts can enhance the conversion rates
can suitably adsorb the reactant molecules while hydrop
catalysts can adsorb the formed napthols preferentially
thereby convert them to their further oxidized products
line with the above assumptions, an interesting observa
is the difference in the selectivity behavior of the V/MCM
41 catalysts before and after calcinations, as the grafted cat
lyst shows the formation of hydroxylatedproducts during
initial stages of the reaction (> 15%/6 h) while its calcined
counterpart shows only the presence of more oxidized p
ucts without any hydroxylated primary products. So it is
sumed that hydrophilic–hydrophobic interactions also play
deciding role in the selectivity of hydroxylated products d
ing hydroxylation reactions. Since the presence of bulkie
organic groups on the as-synthesized V/MCM-41 cata
makes the catalyst surface genuinely hydrophobic, the
idation of naphthalene will be more than that of napth
as these compounds desorbed rapidly from the hydroph
surface of the as-synthesized V/MCM-41 material. Ho
ever for the calcined V/MCM-41catalyst, since calcinatio
decomposes all the organic moieties the surface beco
more hydrophilic and thus the oxidation of napthols is m
pronounced. These kinds of results are noted earlier fo
it

s

tanocene dichloride (Cp2TiCl2)-grafted MCM-41 catalyst in
the liquid-phase hydroxylation of benzene, where the ac
ity of the grafted catalysts is close to 80% with a phe
selectivity of 90%[42]. But after calcination the selectivit
decreased drastically to 50%, and the authors highlight
difference to the retrieval of the hydrophilic nature after
removal of the bulkier Cp ligands and thus to the selecti
difference. Even though the mode of interaction and c
dination sites of VO(acac)2 and Cp2TiCl2 are different, the
observed differences in the selectivity behavior unamb
ously derives from the hydrophilic–hydrophobic interactio
but the activity difference of the two catalyst may lie in t
redox nature of the two 3d transition metals (Ti, V), sin
it is known that the lower the outerd electron density, the
stronger the capacity to enhance the activation of H2O2 and
thus shows the difference.

3.10. Investigation of catalyst stability

Heterogeneity/stability of the catalysts was investiga
in detail using a series of leaching studies and regeneratio
measurements, giving much attention to the V-MCM-41 c
alyst systems. Literature reveals that vanadium-contai
mesoporous catalysts show leaching of active metal c
ponents during liquid-phaseoxidation reactions and henc
in order to obtain more insight we opted for such a dr
tic reaction condition. Application of the used catalysts
simple washing with CHCl3 and washing followed by calc
nation showed a decrease in activity of the V-MCM-41 a
V/MCM-41 catalyst systems. Indeed in both cases, no pt
lic anhydride (PTA) was detected and hence infer the
of weakly bonded extraframework vanadia species, the
decreasing the further oxidation of quinone products. H
ever, according to Sheldon et al.[43], the heterogeneity o
a catalyst can be better addressed only if the catalys
plied under reaction conditions will be removed in half
the run and by the resubmission of the filtrate under sim
reaction conditions. Accordingly, resubmission of the filtr
under the reaction conditions (for V-MCM-41 and V/MCM
41) shows an enhancement in conversion rate, pointing
that some of the vanadium atoms on the wall surface ar
leached out during the run and thus the observed enha
activity of the fresh catalysts may result from the leac
vanadia species, shown inFig. 12. In order to attain more
evidence for what causes the exact leaching phenom
in this reaction, two separate leaching studies are also pe
formed with the V-MCM-41 (55) catalyst. The catalyst w
first stirred in an acetonitrile/oxidant mixture for 2 h at
80◦C and the filtrate is applied under the reaction con
tions with the addition of substrate. A second experim
was performed by stirring the catalyst in the presenc
H2O2 (∼ 1 M) for 2 h and the procedure is repeated
above, with the treated catalyst and substrate under th
action conditions, depicted inFig. 10B. Interestingly, for the
reaction, the “catalyst” stirred in H2O2 solution and applied
to the reaction conditions shows adecreased conversion ra
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Fig. 12. Hot filtration experiments of different vanadium-containing
MCM-41 samples: (A) V-MCM-41, (55) (B) V/MCM-41 (as syn.
(C) V/MCM-41 (cal.), (D) V–NH2-MCM-41 where (2) stands for fresh
and (") for filtration after 3 h of the run.

while the “filtrate” obtained from the solvent/oxidant mi
ture shows an increased conversion rate; this conclude
major role of oxidants in the leaching of active metal site
Hence in order to compare the stability of vanadium spe
in and on the MCM-41 framework, the V/MCM-41 cat
lyst was also stirred in an∼ 1 M aqueous H2O2 solution.
Interestingly, the treated V/MCM-41 catalyst shows almos
null activity even after 24 h and hence concludes that
vanadium atoms introduced into the crystalline framew
are more stable than those grafted on the mesoporous
port surface. However, for the V–NH2-MCM-41 catalyst,
the high-density amino groups on the mesoporous sup
surface tend to bind the VO2+ ions effectively, thus point
ing to the increased heterogenity of the immobilized catalys
(Fig. 12d) than the other two vanadium-containing catalysts
Thus the stability of vanadium-containing catalysts prepa
by different methods, under the present reaction condit
can be rationalized in the following order, V–NH2-MCM-
41> V-MCM-41 > V/MCM-41.

The decreased heterogenity of the calcined V-MCM
catalyst can be explained in detail: since V-MCM-41 is
hydrophilic catalyst, due to the presence of abundant
face silanols, the interaction of aqueous H2O2 (30 wt%)
will be more on the defect sites of the mesoporous ma
ial and thus can detach some of the vanadia species r
ing on extra framework positions (species observed in
UV–vis spectra,> 320 nm). This assumption is support
by the point that TBHP (70 wt%) had shown a decrea
conversion rate under the present reaction conditions a
bulkier hydrophobic organic groups interaction will be lim
ited on the hydrophilic catalyst surface compared with
dilute H2O2 oxidant and/or to the lesser percentage of
tive oxygen content than H2O2 (for H2O2 the active oxygen
content is 47% while for TBHP it is 7.5%). Hence, in ord
to further address these matters we have done silylatio
V-MCM-41 (55) catalysts with dichlorodimethylsilane an
interestingly under identicalreaction conditions, they sho
a drastic decrease in activity than the V-MCM-41. Since
-

t

-

silylation procedures effectively consume the silanol grou
a drastic change in the physical properties of the ma
ial from hydrophilic to hydrophobic is developed and th
the interaction of oxidant/substrate on the defect sites
decrease. Furthermore, the decreased heterogenity of the V
MCM-41 catalysts may essentially arise from (i) calcinat
treatment itself, as during calcination the water formed
to the decomposition of the template molecules can b
some of the Si–O–V bonds and these species get lea
out and dispersed on the support surface, similar to imp
nated metal complexes, which can easily change its coo
nation state even with the atmospheric moisture, (ii) us
of aqueous H2O2 as oxidant makes the vanadium Td sites
to form the catalytically active vanadium peroxo comple
species, which are not stablein the reaction medium, an
hence changes its coordination from Td to Oh by contacting
with water molecules. (iii) Moreover, under drastic oxidati
reaction conditions even the mesopore wall structure it
collapses, since the frame wall thickness (FWT) of the M4
materials is lower and this mayalso contributes to the leach
ing of the vanadia species in a definite environment. Th
leached out vanadia species can interact with the water mole
cules present in the oxidant and can form well-homogen
different vanadium peroxo species[44], thus enhancing th
oxidation of the organic substrates much faster as reac
progresses. Interestingly, XRD patterns of the V-MCM-
materials after reaction shows a disappearance of the l
range ordered peak with a corresponding decrease in tha0
values, pointing toward a unit cell contraction with the lo
of heteroatoms from the framework positions.

4. Conclusion

In short, a series of vanadium-substituted, -grafted,
-immobilized mesoporous MCM-41 were synthesized
their surface property and activity differences were co
pared by various physicochemical techniques and cata
evaluations. Contrary to earlier results, with the percen
of vanadia incorporation, well distinct XRD patterns w
large pore sizes are observed for V-MCM-41 catalysts, w
for the postsynthesis modified materials a decrease in s
tural ordering of the mesoporous support is observed a
grafting/immobilization. Spectroscopic characterizations
veal that vanadium is incorporated into the framework p
tions for V-MCM-41 samples while the greater percentag
active species resides on the surface of V/MCM-41, enh
ing the formation of higher coordinated vanadium spec
after calcination. Temperature-programmed reduction me
surements show that vanadia species in V-MCM-41 are
duced at lower temperatures than the V/MCM-41 catal
thus pointing to the presence of isolated tetrahedral van
sites on V-MCM-41 and “polymeric-like” vanadium speci
on the grafted catalyst. For the V-MCM-41 catalyst, sinc
greater portion of the vanadium species are well buried
side the pore channels of the mesoporous support they
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as nonaccessible species for thereactant molecule while th
formation of higher but dispersed surface vanadia spe
in the grafted catalyst may accounts for its enhanced act
behavior. The high catalytic performance of the immobiliz
catalysts may arise from active metal site isolation and he
favor an easy approach for the reactants to the active
traframework metal sites. However, the observed activit
the V-MCM-41 and V/MCM-41 catalyst is attributed to th
presence of leached vanadia species and its interactions wit
H2O2 are highlighted with a series of experiments. Hete
genity studies show that the immobilized catalysts are mo
stable than the incorporated/grafted catalysts; as for the fo
mer the versatile coordination ability of the amino grou
prevents the removal of vanadia species even during dr
reaction conditions and hence points and proves the no
of anchored complex species for various oxidation reactions
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