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Abstract

Vanadium containing mesoporous molecular sieves synthesized by direct hydrothermal (V-MCM-41), grafting (V/MCM-41), and immobi-
lization methods (V-NH-MCM-41) has been studied in the one-step liquid-phase oxidation of naphthalene using agp@gasitH TBHP
as oxidants. The nature of vanadium species and its interaction with the support, MCM-41, were probed in detail by XRD, FTIR, BET surface
area, N sorption isotherms, UV-VIS, TPR, TG-DT&3C CP MAS NMR, SEM, and TEM. XRD, FTIR, and\sorption results show that
the characteristic structural femés of MCM-41 are preserved aftemnadia incorporation and surface modifications. Spectroscopic mea-
surements reveal that vanadium exists mainly in tetrahedral positions for V-MCM-41 catalysts while with the grafting method the vanadium
species exist as higher coordinated species and the immobilized catalyst shows that even slight changes in pretreatment conditions can chang
the oxidation state of vanadium ionsp PR measurements reveal that V-MCM-41 stespare reduced easily than the samples prepared
by postsynthesis methods and thus point to the formation of nonreducible species in the grafted catalyst systems. Reaction data showed the
the activity of the catalyst in oxidation reaction is greater at highaction temperatures and polar aprotic solvents promote the reaction
drastically. The progressive activity of the V-MCM-41 than V/IMCM-41 catalyst may be due to the presence of tetrahedral-coordinated vana-
dium ions in the framework positions compared to the V-O-V bond formed for V/MCM-41 and the observed higher catalytic behavior of
the V-NH-MCM-41 catalysts may result from active metal site isolations. The difference in the selectivity behavior of as-synthesized and
calcined V/IMCM-41 samples shows that agaoim the active redox sites, the naturehydrophilic-hydrophobic interaatins also plays an
important role in selective oxidation reactions.
0 2004 Elsevier Inc. All rights reserved.
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1. Introduction moieties or the incorporation of redox metal ions into frame-
work positions in a quite simple wg$] and thus enhances

Molecular sieves with transition metals incorporated into teir intrinsic catalytic activity due to the amorphous nature

the framework or impregnated/grafted and immobilized ones of the pore walls. However, the nature of interaction and the

have attracted great interestdatalytic oxidation processes, active site isolation are entirely different in the three prepa-
especially in fine chemical synthesig—4]. Mesoporous ration procedures and hence agfat investigation is needed
MCM-41 having large surface areas, variable pore diame- in order to account for the observed catalytic activity behav-

ters, and high-density surface silanol sites provides the an-

ior and thereby to design a pottial catalyst for a definite
choring of valuable homogeneous catalysts/active organicreaCt'on'

Vanadium containing zeolitic molecular sieves and meso-
porous materials was found to be active in a number of
* Corresponding author. Fax: +91-2025893761. liquid-phase oxidation reactions using® as an oxidant
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lar sieves with mesoporous materials shows that the activity tivity and selectivity, a series of vanadium-incorporated
and heterogenity of the zeolitic catalysts are far greater thanordered mesoporous silica (V-OMS) catalysts are synthe-
the mesoporous sieves and these discrepancies result frorsized and compared with vanadi-grafted and vanadium-
active metal site isolations in which all framework metal immobilized mesoporous molecular sieves. Moreover, the
sites are theoretically accessible for the substrate moleculegpresent study addresses tiyrophilic—hydrophobic inter-
and oxidant in case of zeolites. However, the pore architec-actions and the nature of solvent/oxidizing agent on the
ture of zeolites (2—20 A) limits thedansformation of bulkier ~ heterogenity and thereby design a true heterogeneous cat-
organic molecules and hence M41S materials having largealyst for a specific reaction.
pore sizes (20-100 A) receiweide utility in various cat-
alytic applications. But foraective hydroxylation reactions,
the presence of high-density surface silanol groups con-2. Experimental
tributing to the hydrophilic nate of the catalysts is not ad-
equate for the formation of selective hydroxylated products  Vanadium-incorporated molecular sieves and siliceous
where the formed products are more susceptible to oxidationMCM-41 were synthesized hydrothermally in the temper-
than the reactants as in beneégmphthalenbydroxylation. ature range of 100C, whereas vanadium-immobilized V-
Hence the presence of high-density surface silanol groupsNH2-MCM-41 was prepared by the organo-functionalization
contributing to the hydrophilic nature of the mesoporous of Si-MCM-41 with 3-aminopropyltrimethoxysilane (3-
materials must be decreased for the selective formation of APTS, Lancaster) and its subsequent complexation with
oxidized products. vanadyl sulfate (VOS@3H,0, Aldrich) solution, while
Even though the literature shows a broad spectrum of the V/IMCM-41 catalysts wererepared by the grafting of
vanadium-incorporated (V-MCM-41) mesoporous molecu- Si-MCM-41 with an alcoholic solution of VO(acacyalt
lar sieves[9-13], serious drawbacks of this procedure lie (Aldrich).
in the way that, the amount of metal incorporated by this
procedure is low and since the active metal sites are well 2.1. Synthesis procedure
buried inside the pore channels, a large part of the metal
sites behave as inactive species for a particular reaction. On  Pure siliceous MCM-41 was synthesized from a gel hav-
the contrary, impregnation/grafting methods help to achieve ing a molar composition
a high percentage of metal loading and also help to disperse.. - . . . )
the active metal sites by suitably tuning the preparation pro- S102:0.39N20:0.48CTMABI:0.29HS04:100H0,
cedures. However, the drawbacks are as follows: where CTMABr is cetyl trimethyl ammonium bromide
(Aldrich) [15]. The gel mixture was stirred for 2 h and finally
(i) it is difficult to control the dispersity of the grafted the mixture was transferred into a Teflon-lined autoclave and
metal species, so tiny metal oxide species can form kept at 100C under static conditions for 72 h. The solid
preferentially even at relatively low concentrations, material obtained was then filtered and washed well with
(i) structural collapse of the mesoporous materials occurs copious amounts of water, till the filtrate shows a neutral pH
after high-temperature aahations and after a particu- and was then air-dried. The surfactant inside the pores of the

lar amount of metal loading, mesoporous material was removed by calcination at&40
(iii) even though the redox properties are similar to that for 6 h, at a heating ramp of°IC/min.

of an incorporated catalygtyeir catalytic performance For the incorporation of vanadium into the framework po-

seems to be the least, and sition of MCM-41, a synthesis procedure similaf1®] was
(iv) the inherent leaching problem causes confusion on the opted with minor modifications. The molar compositions of

heterogeneity of the impregnated catalysts. the gel mixture is

But a suitable choice of the dispersing medium (solvent) and Si02:xV02:0.17N20:0.5CTMABr:60H0,

a careful tuning of the preparation procedure help to dispersewhere x varies from 0.018 to 0.008, and were prepared
the active metal species without formation of undesired tiny by the addition of cetyl trimethyl ammonium bromide and
oxide species and hence receive considerable research andanadyl sulfate to a stirred solution mixture of fumed sil-
refinements. Recently, Mou et dll4] have shown that a ica under alkaline conditions. The mixture was then stirred
vanadium-immobilized catalyst is more active and selective at room temperature for 5 h and was then subsequently
than a V-MCM-41 catalyst in the benzene hydroxylation re- autoclaved at 100C for 4 days. For comparison, a silica
action, since for the former the active metal sites are well polymorph was also prepared by the same method but with-
isolated and anchored on a suitable support and thus theout the addition of vanadyl sulfate solution. The obtained
leaching problem caalso be minimized. material was washed with water and acetone, dried &30

In the present study, in order to understand the role and finally calcined in air at 540 for 5 h. In order to evalu-
model of vanadium in various environments on mesoporous ate the hydrophobicity of the material, V-MCM-41 (§i=
supports and how these properties influence catalytic ac-55) catalyst was silylated under nitrogen atmosphere using
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dimethyldichorosilane (DMDS, Aldrich) as the silylating strument. The samples were activated at2D€r 3 h under
agent. Typically, 1 g of calcined sample was stirred in 50 ml vacuum and then the adsorption—desorption was conducted
of toluene, followed by the dropwise addition of 1 g of by passing nitrogen over the sample, which was kept under
DMDS in toluene. The solution was then allowed to reflux liquid nitrogen. Pore-size distribution (PSD) was obtained
for 6 h and finally the materials were filtered, washed well by applying the BJH pore analysis applied to the desorption
with toluene and acetone, and then dried at@@or 3 h. of nitrogen adsorption—desorption isotherms.

The grafting of vanadyl acetylacetonate on the meso- Temperature-programmed reduction was carried out on
porous support was carried out by stigih g of the sipport a Micromeritics Autochem 291@atalyst characterization
(dried at 100C/2 h) in an alcholic solution of VO(acac)  system, equipped with a TCD detector. The reduction was
salt, so as to obtain a vanadium loading of 1 wt%. After carried outin 5% H/Ar gas mixture flowing through the re-
the addition, the solution was stirred at room temperature actor at a rate of 20 iinin and approximately 100 mg of
for 2 h and at 70C for 5 h, and finally the mixture was the calcined sample was us#at all the experiments. The
dried by removing the excess solvent using a rotary evapora-temperature was then increased to 800at a heating rate
tor. The calcination procedure of the materials was done asof 10°C/min.
stated above for the synthesis of V-MCM-41. TG-DTA and DTG analysis of the catalysts were carried

Vanadium-immobilized catalysts were prepared as fol- out on a Mettler Toledo 851 instrument using an alumina pan
lows: To a stirred suspension of 1 g of Si-MCM-41in toluene under air atmosphere (80 pmhin) from ambient to 1000C
(60 ml), 2.2 mmol of 3-APTS was added slowly and then al- at a heating rate of 19C/min. The solid-statéC CP MAS
lowed to stirr overnight at 110C. The material was filtered, NMR spectra were recorded on a Bruker MSL 300 NMR
washed with toluene, soxhlet-extracted using a mixture of spectrometer with a resonance frequency of 75.5 MHz. The
diethyl ether (100 ml) and dichloromethane (100 ml) for finely powdered samples wepéaced in 7.0-mm zirconia ro-
24 h, and then dried under vacuum. The complexation of tors and spun at 2.5-3.5 kHz, using glycine as the reference
VO?* ions on the organo-modified silica surface was done compound.
by stirring a suspension of 1 g of the organo-functionalized = SEM micrographs of the vanadium-containing samples
silica with a 0.01 M alcoholic solution of vanadyl sulfate for were obtained on JEOL-JSM-5200 scanning microscopy
5 h. The process was repeated twice for a maximum coordi-while the TEM images were performed on a JEOL JEM-
nation of vanadyl groups on the functionalized silica surface 1200 EX instrument with 100 kV acceleration voltages to
and then it was filtered, washed with copious amounts of probe the mesoporosity of the material.
ethanol, and dried in an air oven at8D for 3 h.

2.3. Catalytic reaction
2.2. Characterization
Oxidation reactions were performed in a stirred round-

Powder X-ray diffraction patterns of as-synthesized and bottom flask fitted with a water-cooled condenser using
calcined samples were recorded on a Rigaku D MAX 1l VC 30 wt% aqueous $D» and 70 wt% aqueous TBHP as oxi-
Ni-filtered Cu-Ku radiation,k = 1.5404 A, between 1.5and  dants. The reactant mixtures afphthalene (1 g, 7.8 mmol),
10° (20) with a scanning rate of°)min. H202 (30 wt%, 2.67 g, 23.56 mmol), and acetonitrile (10 g)

FTIR spectra of the solid samples were taken in the range solvent were added to catalyst (10 wt% with respect to naph-
of 4000 to 400 cm* on a Shimadzu FTIR 8201 instrument. thalene) and heated at a constant temperature tt&Mder
Diffuse reflectance UV-vis getra of the powdery samples magnetic stirring (ca. 800 rpmBEheme L After reactions,

were recorded in the range 200-800 nm in a Shimadzu UV- o

2101 PC spectrometer equipped with a diffuse reflectance

attachment, using BaSQas the referenceSpecifically for OH
the hydrated samples, the catalysts were kept under ambi-

ent conditions for 2 h while for the dehydrated samples, the % 1-NAP S OO
catalysts were treated in dry air atmosphere at°&5@or ap OoH

5 h and flushed with an inert atmosphere, repeatedly, before OH
the spectra were takdid7]. The samples were designated NAP

as hydrated (faintly yellowish) and dehydrated (white) sam- [0]
ples, respectively. The absorption edge energy values were

determined from the energytarcept of a linear fit passing N

through the near-edge region in a plof&f(R,) - hv]¥/2 vs

hv, where the first parameter refers to the Kubelka—Munk >o ~or

(KM) function andhv is energy of the incident photon. | N
The specific surface area, total pore volume, and aver- © o

age pore diameter were measured by theadsorption—

desorption method using a NOVA 1200 (Quanta chrome) in- Scheme 1.

PTA 1,4-NQ
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the reaction mixture was cooled to room conditions and the we also noted a slight shift of the characteristic (100) reflec-
catalyst was separated from the reaction mixture by cen-tion to a lower angle with a corresponding linear increase
trifugation and the oxidized products were analyzed on a in thed spacing and,g values with the percentage of vana-
gas chromatograph (HP 6890) equipped with a flame ioniza- dium loading for V-MCM-41 and the results obtained are
tion detector (FID) and a capillary column (5 um crosslinked listed inTable 1 The increase in the hexagonal unit cell pa-
methyl silicone gum, 0.2 mnx 50 m) and were further  rameter compared with its silica polymorph can be taken as
confirmed by GC-MS (Shimadzu 2000 A) and by injecting an indication of the incorpation of vanadium, as the V-0
authentic samples.daching of the active metal sites during bond distances are longer than the Si—O bond distances and
the reaction was verified mainly by the resubmission of the the thickening of the pore wall due to transition metal pro-
filtrate to the reaction conditions. moted crosslinking of the amorphous silica wdll9]. But

for VIMCM-41 and V-NH-MCM-41 samples, a decrease

in intensity of the characteristit00 peak and a gradual

3. Resultsand discussion loss of long-range ordered peaks are notéd.(1B), which
shows the retainment of the mesopore structure with par-
3.1. Powder X-ray diffraction tial structural collapse and the results are more pronounced

for the immobilized catalysts #n the V/IMCM-41 catalysts.

XRD patterns of V-MCM-41, V-NH-MCM-41, and as- These structural changes may arise from the inherent poor
synthesized and calcined V/MCM-41 materials visualized in hydrothermal stability of M41S materials due to the high hy-
Fig. 1show some important differences in the long-range or- drophilicity derived from the presence of abundant surface
dering and characteristic diffraction patterns of mesoporous silanols and thus high-temperature treatments can dissoci-
materials with the hexagonal structure. Even though it is ate some of the pore walls and thereby affect its long-range
known that a higher hydrothermal synthesis temperature canordering. Another interesting observation is the increase in
incorporate a greater percentage of metal on the silica frame-unit cell parameter values of MICM-41 catalysts after cal-
work, the sequential problem of the dissolution of micelles at cinations, indicating that a part of vanadium atoms is in-
higher temperatures limits our hydrothermal synthesis con- corporated on the framework positions of MCM-41. These
dition at 100°C, as it largely affects the long-range ordering kinds of results were obtained earlier for No/MCM-41 and
and peak intensities. The well-defined XRD patterns of the this behavior is attributed not only to the extra framework
as synthesized Si-MCM-41 and V-MCM-41 samples can be species but also to the presence of lattice spggigls Fur-
indexed to the Bragg reflectiorf®0, 110, 200, and 210, ther no bands characteristic of the crystallingO¢ phase
characteristic of materials with long-range ordering and their is observed in any of the preparation methods4220) and
intensities are well pronounced. But after calcination a de- hence itis assumed that the metal ions were either atomically
creased intensity of the characteristigglpeak with a cor- dispersed in the framework positions of MCM-41 or may ex-

responding disappearance of long-range ord@¥tpeak ist in an amorphous dispersed form on the outside surface
is observed, showing a relatively well-ordered hexagonal of mesoporous support. Even though a proper comparison
structure of the materials. As observed by Reddy €8], of the vanadium-incorporateahd -grafted/immobilized cat-
A 5000 B
100 -

V-NH -MCM-41
V-MCM-41 (30)
110 NH,-MCM-41
200 SilV-MCM-41 (55)
V-MCM-41 (55)

V-MCM-41 (83)

Intensity / a.u.

VIMCM-41 (cal.)

V/IMCM-41 (as syn.)

V-MCM-41 (125) Si-MCM-41

2 4 6 8 10 2 4 6 8 10
20 / degree

Fig. 1. X-ray diffraction patterns of (A) V-MCM-41 catalysts {inset, agithesized XRD patterns of (a) MCM-41 silica polymorph, (b) V-MCM-41 (55)}
(B) VIMCM-41 and V-NH,-MCM-41 catalysts.
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Table 1
Characteristics of vanadium-containing MCM-41 catalysts
Catalyst v ag® SgET Vp Wall thicknes$ TPRE

(mmolg~1)2 A (m?g~h) (ccgh)° A) Tmax (°C) AOS
Si-MCM-41 00 4049 845 06840 822 - -
VIMCM-41 (C) 0.196 4148 797 06475 890 504 3.3
V-NH>-MCM-41 (A)f 0.281 4114 342 05813 1151 Nd Nd
V—NH5-MCM-41 (C) 0262 4060 782 Nd Nd 501 3.4
V-MCM-41 (55) 0192 3931 909 05376 1572 412 4.5
V-MCM-41 (83) 0135 3862 828 04874 1563 407 4.6
V-MCM-41 (125) Q090 380 740 Nd Nd 401 4.8
MCM-41 silica polymorpH 0.0 3651 711 03707 1452 - -

Nd, not determined.

@ Vanadium content determined by ICP-OES analysis.
Unit cell parameter values calculated usirg= 2d100/+/3.
Vp = pore volume.

Wall thickness= ag — Dp, whereDy, is the pore diameter.

Temperature of maximum hydrogen consumptidm4y) and the average oxidatiottese (AOS) after reduction.

Letters C and A in parentheses means calcined and as-synthesized samples while the numerals stavidsdlar &atios.
Mesoporous support synthesized hydrothermailyrout the addition of vanadyl sulfate.

(=

Q -~ 0o 9 o

Table 2
IR band assignments and correspondingemambers obtained for Si-MCM-41 andnalium-containing MCM-41 catalysts

v (Si-OH)
Catalyst voH (Si—OH) vas (Si—-O-Si) {vas (Si—-O-Si)bas (Si—-O-V)} vs (Si-O-Si)
Si-MCM-41 3749 1080, 1230 972 801
V-MCM-41 (55) 3653 1078, 1224 976 805
VIMCM-41 3657 1078, 1228 974 804
V—NH>-MCM-41 3710 1091, 1235 965 807

alyst is difficult, the well-ordered mesoporous patterns ob- and a possible change in any of them may cause drastic
tained for the vanadium-incorporated catalyst may be due changesin its structural ordering. Hence, the more structural
to the simultaneous condensation between metal and sili-ordering of the $iIV = 55 catalyst explains the increased
con species in the presence of the organic micelles, therebysurfactant silicate interaction in the presence of metal salts
influencing largely the unit ceparameters, wall thickness, as they compete to enter the silica framework and thus may
and the long-range orderif@1]. Thus it is reasonable to  act like a promoter for the extensive condensation of the sil-
conclude that the observed differences after calcination mayicate species and thereby for its reorganization.

result from the loss of structural integrity after surfactant de-

compositions. However, for theafted/immobilized catalyst ~ 3.2. FTIR spectroscopy

systems, since the metal species are mainly on the surface

the aforementioned interactions are limited and hence in- The presence of isolated surface silanols, hydrogen-
fluence the peak broadening and the corresponding peakhonded hydroxyl groups, and amorphous structures of the
shifting to higher d spacing with the loss of long-range order- wall are evidenced from the IR spectrum of the calcined
ing. These results are better appreciated frogn 1A (inset) Si-MCM-41 samples. The band at 1080 cthis assigned
where the V-MCM-41 (55) material shows a highly intense to the asymmetria s (Si—-O-Si) vibrations and the band
XRD reflection with more ordered hexagonal structures than at 800 cnt! is assigned to symmetric vibrations of Si-
the parent silica polymorph prepared under the same condi-MCM-41, while the band at 970 cni is attributed tov
tions, but without any vanadium. Usually, the intensity of (Si—-OH) vibrations Table 2 Fig. 2) [22]. In the hydroxyl

the 100 peak and the long-range ordered Bragg reflections region (3600—3200 cm') a broad band is seen, assigned to
are decreased and disappear with the amount and nature afhe silanol groups inside the channels of Si-MCM-41 and
metal incorporation. On the contrary, in the present case thethe decreased intensity of the silanol groups after vanadium
structural ordering of the materialsisincreased upto & Si  grafting shows the active participation of the surface silanols
ratio of 55. However, when the B ratio is 30, XRD pat- in bond formation with the anadia precursor, VO(acac)
terns show the presence of a broagudeflection, with a de- Indeed, it is reported that the vanadyl complex gets anchored
crease in the long-range ordered peaks and thus reveals thatn the hydroxyl groups of the support either by hydrogen-
under hydrothermal synthasconditions there exist an op- bonding interactions between the pseud@ystem of the
timal molar ratio among the surfactant/silicate/heteroatoms acac ligand and the silanols or by a ligand exchange mech-
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A B are noted earlier for titaniumeataining mesporous mate-
rials [14]. Moreover, no peaks are observed at 1020 and at
820 cnt! characteristic of =0 stretching vibrations and
V-0O-V deformation modes of crystalline®s [27], as al-

VMCN41 (el ready observed from the XRD measurements. So from the
above results, it is interpretedat the formation of vanadyl
polymers is limited or it may be in a highly dispersed state
on the high surface area support and thus its presence is not

NHZ-MCM-41 .
W so prominent.

3.3. BET measurements

V-MCM-41 (125)

V-MCM-41 (83)

V-MCM-41 (55)

VIMCM-41 (as syn.

SilV-MCM-41 (55)
V-NH,-MCM-41

Transmittance / a.u.

Silica polymorph

Si-MCM-41

2500 2000 1500 1000 3000 2000 1000 The surface area of the catalysts determined by the BET
Wavenumber / cm-1 method shows that with the percentage of vanadia load-
. ing the surface area is increased for V-MCM-41 samples
o et oy 0 VMO catalysts, (B VIMENEAL and yhije for VIMCM-41 and V-NH-MCM-41 catalysts the
surface area is decreased, due to the presence of the bulkier
organic moieties inside the pore channels. For the Vo-NH
anism[23]. Further, the grafting of VO(acag)s confirmed  \MCM-41 catalysts, the silylation of 3-APTS may tend the
by the presence of bands in the region of 1600-1200'cm  organo amino groups to occupy defect sites in the pore
and at 2950-2850 CTH, since these vibrations are attributed walls as self-assembled mon0|ayers and thus reduce the ad-
to the presence of acetyl acetonate ligands of the adsorbedorption sites for the nitrogen molecules, contributing to
complex[24]. After calcination at 500C, all the bands be- 3 decreased surface area. Interestingly, after calcination, the
longing to the organic groups disappeared which proves thesyrface area of the impregnated and immobilized materials
removal of acetyl acetonate and the formation of,\\iside had shown an increase from their grafted/anchored counter-
the pores of the mesoporous support. For the immobilized parts, and may be due to the removal of the bulky acetyl
NH>-MCM-41 material weak bands at 2940 thand at  acetonate/organo amino groups and the BET results ob-
1540 cnt! are observed which are assigned to the C-H tained are summarized ifable 1 The support silica poly-
stretching and N-H bending vibrations, respectiig]. morph shows a surface area of 71%/m and an increase
A thorough examination of the amine peaks after metal im- of 198 n?/g is observed for the V-MCM-41 (55) catalyst.
mobilization shows that the peak values are shifted to lower However, the grafted V/MCM-41 and the immobilized V-
wavenumbers and the decrease in wavenumber indicates th@lH,-MCM-41 material show approximately 28 and 59%
possible anchoring of the metal species on the active sites.surface area decrease than Si-MCM-41, which is restored
These results further prove that the organosiloxane groupsto almost 90% of the original value after calcinations. N
had linked to the silica surfaces by condensation reactions,adsorption—desorption isotherms of the silica polymorph,
for the formation of Si—-O-Si bonds, and not through electro- \-MCM-41 (55), V/IMCM-41, NHb-MCM-41, and V-NH-
static interactions or by hydrogen-bonding interactions be- MCM-41 materials show an inflection in the/ Pp range of
tween the amine groups and the Si—-OH groups. The successg.2—0.35, with completely reversible isotherms but with little
ful immobilization of the propyl amino groups on MCM-41  hysteresis, characteristic of ordered mesoporous materials of
was further confirmed from the C:N values obtained from Type IV according to the IUPAC classificatiofi¢. 3A).
the elemental analysis study ahtC CP MAS NMR spec-  The hysteresis loop observed in the high-pressure region for
tra. For the V-MCM-41 catalysts intense bands are visible the MCM-41 sample may result from the agglomerization of
in the range 980-950 cm, and an increased intensity with  particles of the mesoporous materials. Moreover, as the hy-
a corresponding peak shifting to higher frequency is noted drothermal treatment is prolonged the step in the capillary
with the increase in the percentage of vanadia loading. Sincecondensation in the mesopore is sharper and shifts to higher
Si-MCM-41 also shows peaks in this region, due to the rock- pressure regions, influenced by narrowness in the pore-size
ing mode vibrations of the Si—-OH groups, in the literature distribution curve with a corresponding pore-size enlarge-
its assignment is described with uncertainty. However, the ment[28]. These results are further illustrated from the BJH
shifting of 960 and 1090 cm peaks to lower and higher  pore-size distribution as all samples show sharp peaks in
frequencies, respectively, and their sharpness can be takenhe range 20-30 A attributed further to the mesopore or-
as an indication of the incorporation of metal species in dering with well-defined pore structuresig. 38). Usually
the framework of the mesoporous materif2€]. Indeed for M41S-related materials during metal incorporation, the
silylated V-MCM-41 catalysts show a progressive increased metal species may interact with the surface hydroxyl groups
intensity for the 960 cm' band and hence can be reasonably and may contract the pore walls resulting in a decreased pore
concluded that the band position at 960 cnis attributed size. However, in the present case an increase in pore size is
to Si—O-V band positions, as these kinds of assignmentsnoted with the percentage of metal incorporation, which fur-
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o
o
®

] B The band at 220 nm is typical for siliceous materials but
_ 0.07 a new bands appeared in the 250-500 nm range after vana-
& 0.06 L v dium incorporation and their intensity is increased with the
> b percentage of vanadia loading. Indeed, direct information
8 .,1: 0051 | about the oxidation state and dispersion of vanadia species
E L 004l / R can be interpreted from the color of the materials prepared.
% % The as-synthesized V-MCM-41 catalysts are white while the
g g 0031 ﬂ d V/IMCM-41 and V-NH-MCM-41 are pale green in color
s 002} and on the basis of the appearance of green color, weak ab-
100 o1l 2Ll e sorptions in the longer wavelength can be interprgied.
50 o e Even thqugh the species anchored on the amir!o groups are
0'2 0'4 0'6 0'8 To 0.00 2'0' 40‘ m '0 \(4+, drying of the catalyst at 80C may change '|t.s oxida-
' ' P/|5° ' ' Pore diameter / tion state from+4 to +5, and hence the intensities of the

UV-vis peaks in the 600—800 nm regions are not sSo promi-
Fig. 3. Nitrogen adsorption—desorpiigsotherms (A) and pore-size dis- nent and/or the decreased intensity in the low-frequency re-
tribution profiles (B) of (a) VIMCM-41, (b) V-MCM-41 (55), (c) silica  gjon arises, as the d—d transitions are generally 10-30 times
polymorph, (d) NF-MCM-41, (€) V-NH-MCM-41. lower than the highly intense charge transfer (CT) transitions
in the range of 260-360 nif6]. Further, the color of the
ther suggests that vanadium is incorporated deep inside thejehydrated calcined catalysts (V-MCM-41, V/IMCM-41) is
silica framework, as observed for zeolites, and is in accor- white and on hydration (contact with atmosphere) the color
dance with the earlier XRD resulf29]. These results can  changes to yellowish for the V/MCM-41 catalysts. However,
be further confirmed by the ease of metal reduction during for V-MCM-41 catalysts its a very slow process which may
reduction measurements and are discussed in a later sectiorpe due to the modification in the oxidation state of the vana-
dia species (¥") from the isolated tetrahedral coordination
(Tq, 260 nm) to its square pyramidal/distorted octahedral co-
3.4. UV-vis spectroscopy ordination (@, 350-450 nm) by contacting with two water
molecules in the atmosphere due to the high hydrophilic na-
Diffuse reflectance UV-Vis spectra is a useful technique ture of the catalyst and the red shift is increased with the
for gaining information about the coordination environment percentage of vanadia loading. The possible and abrupt color
and oxidation states of vanadiuspecies in various molecu-  transformation of calcined V/KIM-41 catalysts further in-
lar sieves/oxide surfaces. The UV-vis spectra of V-MCM- dicates that a higher percentage of vanadium atoms are on

41 (cal.), VIMCM-41 (as syn., cal.), and V-NHMCM- the wall channels of V/IMCM-41, hence the water molecules
41 (as syn.) samples are given kig. 4 and the decon-  can easily access the site for higher coordination. Further-
voluted peak assignment proportions are givefable 3 more, after calcination the wadium species located on the

Absorbance / a.u.

L 1 L 1 L 1 L L L
200 300 400 500 600 200 300 400 500 600 700
Wavelength / nm

Fig. 4. Diffuse reflectance UV-vis spectra of (A) (a) silica polymorph, @M@&M-41 (125), (c) V-MCM-41 (83), (d) V-MCM-41 (55), (B) (a) V/IMCM-41 (as
syn.), (b) VIMCM-41 (cal.), (c) V-NH-MCM-41 (as syn.), recorded under ambient conditionsetimns (A) shows the hydrated (solid line) and dehydrated
(dotted line) spectra of V-MCM-41 catalyst while (B) shothe hydrated and dehydrated spectra of V/IMCM-41 catalyst.
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Table 3
Relative proportion of component peaks in UV-vigsfa of vanadium-containing eeporous materials and their corresponding absorption edggyene
values

Catalyst 240-270 nm 320-340 nm > 360 nm Absorption edge Local

energy value (eV) symmetry
V-NH2-MCM-41 (A) 67.58 1219 2021 2.70 —
V—NH-MCM-41 (C) 72.97 632 2070 2.60 -
V/IMCM-41 (C)-H2& 64.68 681 2851 2.57 —
V/IMCM-41 (C)-D? 72.83 2716 00 3.25
V-MCM-41 (55)-H 74.95 295 00 3.31 -
V-MCM-41 (55)-D 90.10 90 00 3.60 -
V20g - - - 2.30 Square pyramidal
NH4VO3 - - - 3.23 Distorted tetrahedral
NagVO,P - - - 3.21 Tetrahedral

& H, hydrated; D, dehydrated.
b From Ref[33].

surface enhances the formation of M—O—M bonds predomi-

nantly than Si—-O—M bonds and these may also enhance the
formation of polymeric V-O-V-like species, thus account- 3
ing for the formation of bands after 360 nm, which are not
evidenced from the XRD and IR measurements. Thus the E
observed increase in the intensity of the bands above 330§
nm can be equally due to the larger polymerization of the 8
surface vanadium sites and/or to the change in the nature o@
the tetrahedral vanadium sites to higher coordinated metal

sites. However, it is interesting to note that the dehydrated : .
catalysts show a greater pertage of tetrahedral vanadium P AT B TR

on/a.u

species in the peak fitting curves and are almost devoid 200 300 400 500 600 700 800 200 300 400 500 600 700 800
from the band above 330 nm. In detail, the dehydrated V- Temperature /°C

MCM-41 (55) catalyst shows- 90% of Tq species, in the Fig. 5. Hp-TPR reduction profiles of (A) (a) V-MCM-41 (125),
240-280 nm region, while the dehydrated V/IMCM-41 cat- (b) -MCM-41 (83), (c) V-MCM-41, (55), (B) (a) pure ¥Os, (b) V—NHs-

alyst shows an almost disappearance of the 360 nm peakMCM-41 (cal.), (c) V/MCM-41 (cal.).

which further shows the high affinity of atmospheric water

molecules to form coordination with the surfacg Viana- ordinated, supporting the framework incorporation. Further,
dium species to penta- or hexacoordinated vanadium sitesliterature shows that the difference in edge energy values de-
(Fig. 4, inset). In order to extract the exact nature of different pends on the support material and to the surface density of
vanadia species and to investtg its local environmenton VO, species and in the present case as the support is the
the MCM-41 surface, absorptieedge energy measurements same for all the catalyst systems the observed difference in
were also performed by a procedure reported by Barton etthe #v values may arise unambiguously from different sur-
al. [30], with reference to vanadium model compounds of face vanadium species.

known local symmetries. Usually the edge energy values of

the V** are in the 4.5-5 eV energy region while th6 O 3.5. Temperature-programmed reduction

to V°t ligand to metal charge transfer are in the 2—4 eV

edge energy regiof31]. FromTable 3and comparison with Ho-TPR profiles of the catalysts taken in the 100-
vanadium model compounds, it is apparent that all the edge800°C temperature range show that the reduction tem-
energy values are in the range 2.5-3.5 eV and hence itis reaperature maxima7Znax) and the average oxidation state
sonable to assume that the formation of tetrahedral-like V. (AOS) values vary considerably in the incorporated and
species are more for V-MCM-41 catalyst systems, while the grafted/immobilized catalyst systems as givefable land
postsynthesis modified catalysts are more vulnerable towardvisualized inFig. 5. V-MCM-41 catalysts exhibit sharp re-
higher coordinated octahedral like species. However, care-duction peaks in the range 400—4ZDand the peak maxima

ful examinations shows that V-MCM-41 catalysts produce is shifted to higher temperature regions as the loading is in-
a higher edge energy value than the grafted and immobilizedcreased and may result from the reduction of monomeric
calcined catalyst systemsdhihus points toward a decrease or low oligomeric surface-dispersed tetrahedral vanadia
in vanadium domain size or a change in coordination of the species. In contrast to the V-MCM-41 catalyst systems,
vanadium cation§32]. Thus vanadium ions in V-MCM-41 ~ V/MCM-41 materials show a very sharp peak at 500
samples can be tentatively attributed to be tetrahedrally co-and a distinct tail at~ 570°C, indicating the formation of
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lexo

less reducible “bulk-like” vanadia species, which may ex- B IN =T
ist in a highly dispersed state on the support surf@3 %] g
34]. The TPR profiles of the imobilized catalysts (after |
calcination at 540C) also show peak maxima at 595,
but interestingly the profiles are devoid of the shoulder-like s
peaks ¢ 570°C), as observed with the grafted catalysts. i
Thus it can be noted that immobilization provides a proba- g
ble (—(CH)3—NHy)3VO2?t anchoring of amino groups and ‘
the vanadyl ions and hence during calcination these organic
spacers largely inhibit the aggherization of the vanadia fro] B
species and hence the formatiof bulk-like vanadia species [kt S 40 et W
is not prominent. Even though the observed reduction tem-
perature maxima of the V-MCM-41 catalyst is lower than the
literature reports, such ease of metal reduction is observed
earlier for framework-incorporated V-MCM-41 samples by
Grubert et al[35]. Moreover, it is pointed out that in addi-
tion to the material characteristics, the reduction temperature
and the average oxidation state values also depend on the
reduction conditions like bl partial pressure, heating rate,
and final reduction temperature and hence comparison of
the reduction values is inappropriate as they show varia-
tions with the experimental setup procedui@s]. In short, R . I . . . N L
it can be concluded that the vanadia species incorporated
in V-MCM-41 catalysts are reduced at lower temperatures
than the vanadium sgies in grafted catalyst and thus sug-
gests the presence of trace amounts of bulk-like particles
in the V/IMCM-41 catalyst, which shifts the TPR peaks to
higher temperatures. In otheovds, when incorporation of
metal species in silica walls is possible, the formation of
M-O-M linkages will be less favorable and better dispersion
of metal sites are obtained than grafting/impregnation meth-
ods of similar metal loadingR21]. However, all the TPR
profiles were entirely different from pure®s and hence
conclude that YO5 formation is not so predominant in any [} o dOl R0 000 S0 S0 cm g Sjeodn Coe
of the preparation procedures since bulkO¢ is reduced oo Temwnbn® ¢ % e
only at temperatures above 600 (Fig. 5B (a)). Furt.her.it Fig. 6. TGA-DTA curves of (a) SFMCM-41, (b) V-MCM-41 (55),
can be observed froriable 1that the average oxidation (c)v_NH,-MCM-41.
state value of vanadium in the reduced catalysts is larger in
the postsynthgss modified catalysts than in the hydrother—300 and 300-380C, attributed to the decomposition of the
mally synthesized catalysts. These results further conclude .

. . ; template (CTMABT) occluded in the porg38].
the formation of small amounts of 205 microcrystallites The TG/DTG spectrum of the V-MCM-41 (55) catalyst
on the V/IMCM-41 catalysts, which are reduced to a greater

. . L also shows an almost similar thermal pattern as that of
extent than the isolated vanadium sites in V-MCMI[3T]. Si-MCM-41 material. The sharp weight I%ss observed be-

. low 100°C corresponds to the loss of physisorbed water
3.6. Thermal analysis molecules while a further decomposition pattern extends to
200-250 and 300-35, attributed to the combustion of
The thermal analysis curves of Si-MCM-41, V-MCM-41, hexagonally packed surfactants. However, a detailed exam-
and V-NH-MCM-41 materials are depicted fig. 6. The ination shows that the percentage weight loss of the surfac-
DTG-DTA spectra of the as-synthesized Si-MCM-41 and V- tants is larger for V-MCM-41 catalysts>(43%) than the
MCM-41 show that the entireemplate, including the water  corresponding silica polymorphk-(35%, figure not shown).
adsorbed on the hydroxyl groups of the pores, is lost at a These results are better appeged in comparison with the
temperature ofv 400°C when heated under air flow. In de- XRD patterns of V-MCM-41 and its corresponding silica
tail, the TGA patterns of Si-MCM-41 show a sharp weight polymorph, where the V-MCM-41 (55) shows a better long-
loss below 100C corresponding to the loss of physisorbed range ordered and more intense XRD pattern than the parent
water and further weight loss extends in the regions of 150— Si-MCM-41. These results further support our above inter-

? 1 ! i
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ppm Fig. 8. Scanning electron micrographs of (a) silica polymorph,
(b) V-MCM-41 (55), (c) VIMCM-41, (d) V-NB-MCM-41.
Fig. 7. 13C CP MAS NMR spectra of (a) Np#MCM-41, (b) V-NH,-

MCM-41 and 3-APTS (inse). 3.8. Electron microscopy

pretations and thus can be concluded that the interaction e particle size and morphology of Si-MCM-41, V-

between the surfactant/silicate greater in presence of the MCM-41, V/IMCM-41, and V-NH-MCM-41 samples were
metal salts, at least in the present hydrothermal synthesis qetermined by SEM analysis and are showrFig. 8 The
and hence induces a better arrangement of the hexagonahcrographs show some important differences in the mor-
structure andj/or the bigger pore size of V-MCM-41 may be phology of the catalysts after metal incorporation and post-
responsible for the higher amount of weight loss. synthesis modifications where the hydrothermally synthe-
On the contrary, the TG/DTG patterns of the NH  gjzed \-MCM-41 (55) catalyst shows a distorted hexagonal
MCM-41 (figure not shown) and V-NHMCM-41 catalysts  strycture (ca. 1.1 um in diameter). However for the V/IMCM-
(Fig. 6c) show a weight loss below 10C€ and a sharp, 41 catalysts, large flake-like structures (ca. 1.4 um) are ob-
distinct weight loss at 300-35€ and at 500-60TC. As served while the immobilized catalyst shows an apparent
noted the former weight loss arises from the desorption of gecreased grain size (ca. 0.3 pm) with large disorder from
physisorbed water while the second peak develops from thethe hexagonal structure and thus illustrates that various treat-
burning of the amino propyl groups from the pores of the ment conditions can affect/modify the morphological struc-
support surface and the third peak arises due to the wa-tyre (shape, size) of the MCM-41 surface considerably. TEM
ter loss formed by the condensation of the silanol groups analysis of V-MCM-41 (55) catalyst shows the presence of
[39,40] The DTA pattern further supports the above results hexagonally arranged pore structures, when viewed along
as it shows a strong exothermic peak around®20and  the pore direction, and the presence of parallel lattice fringes,
thus these loss are attributed to the decomposition of thegn a side view analysis={g. 9a and 9p The presence of

grafted 3-APTS groups. equidistant parallel fringes shows the nature of separation
13 between the layers and the well-packed unique arrangement
3.7. ~°C CP MASNMR spectroscopy further points to theddition of such monolayef88]. These

kinds of results are valuable as they supports the assumption

The presence of 3-APTS group and its chemical nature that the deposition of 2-3 monolayers of silicate precursor
on the support surface are further exploited by the NMR on the isolated surfactant micellar rod with its subsequent
technigues. The solid-stal€C CP MAS NMR spectra of  further condensation results in the formation of long-range
NH2-MCM-41 and V-NH-MCM-41 and the liquid-state  ordered mesoporous materig#g. Furthermore, a compar-
NMR spectra of 3-APTS (for comparison, inset) are given json of the TEM imagesHRig. 9c and 9) shows that the
in Fig. 7. The peak observed at 11.3 ppm can be accountedmaterials prepared by postsynthesis methods had essentially
for the carbon atom (§ adjacent to the amino groups while  damaged the regular structural ordering of the mesoporous
the peaks at 25.9 and at 45.1 ppm belong to the centralmaterials and are more pronounced for the grafted calcined
carbon atom (&) and the carbon atom adjacent to the sil- sample.

icon moiety (C) of the 3-APTS, respectiveld]. A careful

examination of these peakfi@vs that after immobiliza-  3.9. Catalytic oxidation of naphthalene

tion of VO?* ions, the peak positions are changed to lower

ppm values of 9.3 (§, 21.5 (@), and 43.3 (&), respec- The reaction rates obtained for V-MCM-41, V/MCM-41,
tively. and V-NH-MCM-41 catalysts in the oxidation of naphtha-
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Fig. 9. TEM images of (a) V-MCM-41 (55) (viewed along the pore di@t}i (b) V-MCM-41 (55) (parallefringes, side on view), (c) V-N)tMCM-41,

(d) VIMCM-41.
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Fig. 10. (A) Influence of reaction timon the conversion and selectivity
of naphthalene oxidation ovellj V-MCM-41 (55), (@) V-MCM-41 (83),

(A) V-MCM-41 (125), (+) Sil/\-MCM-41 (55), (@) VIMCM-41 (as syn.),

(O) VIMCM-41 (cal.), ©) V-NH2-MCM-41. (B) Various leaching studies
performed on V-MCM-41 (55) catalystsllj fresh cycle, @) resubmission

of the catalyst removed filtrate after 3 h of rum)(application of stirred
solvent/oxidant filtrate mixture to the reaction conditions with substrate,
(+) submission of the catalyst to the reaction conditions after stirring in an
~ 1 M H»05 solution.

lene are visualized ifrig. 10A. Interestingly, it is possible
to gain a better insight into the catalytic properties from a
comparison of the conversion profiles of the three differ-
ent catalyst systems. For V-MCM-41 and V-pHNICM-41

naphthalene conversion after 24 h. The slightly lower cat-
alytic activity of the V-MCM-41 material shows that the
vanadium sites are not completely accessible for the diffused
reactant molecules due to the palr structural collapse of
the mesoporous material under such drastic reaction condi-
tions. Screening of the catalysts in a wide temperature range
of 60—80°C shows that higher temperature helps to attain a
maximum conversion rate with respect to substrate and the
choice of oxidant follows that TBHP (70%) gives negligible
reaction rates, while shifting the oxidant from TBHP to di-
lute HoO, (30%) increases the conversion rates drastically.
Further, itis known that solvents had a profound influence on
the catalytic activity and selectivity in liquid-phase oxidation
reactions as they can tremendously influence the mass trans-
port and diffusional problems, especially with porous solid
supports. Moreover, using molecular sieves as catalyst, the
choice of solvents is crucial as the molecular sieve itself can
act as a second solvent, which extracts the substrate mole-
cules form the bulk solvent and this interaction may largely
affect on what solvent had been used for the reaction. Hence
in the present reaction of naphthalene oxidation, the activity
of the catalysts was thoroughly verified in a series of sol-
vents with different polarities. The reaction rates observed
under various solvents, as showrHig. 11, follow the order
CH3CN > (CH3)2CO > CyHs0H. The enhanced activity of
the V-MCM-41 (55) catalyst in acetonitrile than ethanol can

catalysts, the conversion increases gradually with time andbe explained twofold:

reaches a maximum of 13.5 and 16.0%, respectively, after

24 h of the run. However, for the V/IMCM-41 catalyst the

(a) with acetonitrile, an aprotisolvent, the phase separa-

conversions are abrupt at the early stages of the reaction  tion between the aromatic substrate part and the aqueous
and are almost steady throughout the run and show 16.4%  oxidant part is greatly decreased and thereby allows the
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A c tanocene dichloride (GAiCly)-grafted MCM-41 catalyst in
50+ % a0/ 0 I the liquid-phase hydroxylation of benzene, where the activ-
60 ity of the grafted catalysts is close to 80% with a phenol
40 F 50 selectivity of 90%442]. But after calcination the selectivity
§ 30 \ I decreased drastically to 50%, and the authors highlight this
T 30 40 difference to the retrieval of the hydrophilic nature after the
2 \\ 20k 30l removal of the bulkier Cp ligands and thus to the selectivity
2 20}t difference. Even though the mode of interaction and coor-
8 20+ dination sites of VO(acag)and CpTiCl, are different, the
10} 10r 1ol observed differences in the selectivity behavior unambigu-
/ .—-/"'/. e ously derives from the hydrophilic—hydrophobicinteractions
4 812162024 4 8 12162024 4 8 1216202 but the activity difference of the two catalyst may lie in the

Time/h

redox nature of the two 3d transition metals (Ti, V), since

it is known that the lower the outet electron density, the
stronger the capacity to enhance the activation gdtand
thus shows the difference.

Fig. 11. Influence of solvents on the conversion and selectivity of naphtha-
lene oxidation over V-MCM-41 (55) catalyst, (A) GEN, (B) (CHz)>CO,
(C) CoH5—OH, where W) stands for conversion rates whild) and @)

stand for pthallic anhydride and quinone selectivity. o .
3.10. Investigation of catalyst stability

easy transport of the active oxygen species for the oxi-
dation procesftl], and

(b) itis known that the activityf the catalysts is increased
with the solvent polarity and hence acetonitrile hav-
ing more polarity helps to attain the vanadium peroxo
species preferentially.

Heterogeneity/stability of the catalysts was investigated
in detail using a series of leaicly studies and regeneration
measurements, giving much attention to the V-MCM-41 cat-
alyst systems. Literature reveals that vanadium-containing
mesoporous catalysts show leaching of active metal com-
ponents during liquid-phasexidation reactions and hence
in order to obtain more insight we opted for such a dras-
Indeed the higher the solvent polarity, the higher the concen-tic reaction condition. Application of the used catalysts by
tration of the substrate on the active metal sites and thus thesimp|e washing with CHGland washing followed by calci-
increased reaction rate. nation showed a decrease in activity of the V-MCM-41 and

Furthermore, in the oxidation of naphthalene as shown in \y/MCM-41 catalyst systems. Indeed in both cases, no pthal-
Scheme lthe polarity of the reactant (naphthalene) and the Jic anhydride (PTA) was detected and hence infer the loss
primary products formed (napthols) are different: the reac- of weakly bonded extraframework vanadia species, thereby
tant is nonpolar while the primary products are polar. Hence decreasing the further oxidation of quinone products. How-
hydrophobic catalysts can enhance the conversion rates as igver, according to Sheldon et 3], the heterogeneity of
can suitably adsorb the reactant molecules while hydrophilic a catalyst can be better addressed only if the catalyst ap-
catalysts can adsorb the formed napthols preferentially andplied under reaction conditions will be removed in half of
thereby convert them to their further oxidized products. In the run and by the resubmission of the filtrate under similar
line with the above assumptions, an interesting observationreaction conditions. Accordingly, resubmission of the filtrate
is the difference in the selectivity behavior of the V/IMCM-  under the reaction conditions (for V-MCM-41 and V/MCM-
41 catalysts before and after calations, as the grafted cata- 41) shows an enhancement in conversion rate, pointing out
lyst shows the formation of hydroxylated products during the that some of the vanadium ats on the wall surface are
initial stages of the reaction~(15%/6 h) while its calcined  |eached out during the run and thus the observed enhanced
counterpart shows only the presence of more oxidized prod-activity of the fresh catalysts may result from the leached
ucts without any hydroxylated primary products. So it is as- vanadia species, shown Fig. 12 In order to attain more
sumed that hydrophilic-hydrophahinteractions also playa  evidence for what causes the exact leaching phenomenon
deciding role in the selectivity of hydroxylated products dur- in this reaction, two separatedching studies are also per-
ing hydroxylation reactions. Sie the presence of bulkier formed with the V-MCM-41 (55) catalyst. The catalyst was
organic groups on the as-synthesized V/IMCM-41 catalyst first stirred in an acetonitrifexidant mixure for 2 h at
makes the catalyst surface genuinely hydrophobic, the ox-80°C and the filtrate is applied under the reaction condi-
idation of naphthalene will be more than that of napthols, tions with the addition of substrate. A second experiment
as these compounds desorbed rapidly from the hydrophobicwas performed by stirring the catalyst in the presence of
surface of the as-synthesized V/IMCM-41 material. How- H,O (~ 1 M) for 2 h and the procedure is repeated as
ever for the calcined V/IMCM-4tatalyst, since calcination  above, with the treated catalyst and substrate under the re-
decomposes all the organic moieties the surface becomesction conditions, depicted ifig. 1. Interestingly, for the
more hydrophilic and thus the oxidation of napthols is more reaction, the “catalyst” stirred in #D» solution and applied
pronounced. These kinds of results are noted earlier for ti- to the reaction conditions showslacreased conversion rate
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18 17 . . . .
silylation procedures effectively consume the silanol groups,

a drastic change in the physical properties of the mater-
ial from hydrophilic to hydrophobic is developed and thus
the interaction of oxidant/substrate on the defect sites may
decrease. Furthermore, the de=gsed heterogenity of the V-
MCM-41 catalysts may essentially arise from (i) calcination
treatment itself, as during calcination the water formed due
to the decomposition of the template molecules can break
some of the Si-O-V bonds and these species get leached
out and dispersed on the support surface, similar to impreg-
10fF nated metal complexes, which can easily change its coordi-
510152025 5 10152025 5 10152025 5 10152025 nation state even with the atmospheric moisture, (ii) usage
Time/h of aqueous KHO, as oxidant makes the vanadiurg Sites
) T ) g i B to form the catalytically aéte vanadium peroxo complex
0o ':;’rtn;'légat'(zz) ecp,\;’g”,\jleﬁs f(%S";feEg;'t vv/ﬁﬂngM'i"fC&?afy'ﬂg, species, which are not statite the reaction medium, and
(C) VIMCM-41 (cal), (D) V-NH-MCM-41 where W) stands for fresh ~ hence changes its coordination from® On by contacting
and @) for filtration after 3 h of the run. with water molecules. (iii) Moreover, under drastic oxidation
reaction conditions even the mesopore wall structure itself
while the “filtrate” obtained from the solvent/oxidant mix- ~collapses, since the frame wall thickness (FWT) of the M41S

ture shows an increased conversion rate; this concludes thénaterials is lower and this mafso contributes to the leach-
major role of oxidants in theshching of active metal sites.  ing of the vanadia species in a definite environment. These
Hence in order to compare the stability of vanadium species leached out vanadia species cateract with the water mole-
in and on the MCM-41 framework, the V/IMCM-41 cata- cules presentin the oxidant and can form well-homogenized
lyst was also stirred in ar 1 M aqueous KO, solution.  different vanadium peroxo specig®#t], thus enhancing the
Interestingly, the treated WICM-41 catalyst shows almost ~ Oxidation of the organic substrates much faster as reaction
null activity even after 24 h and hence concludes that the progresses. Interestingly, XRD patterns of the V-MCM-41
vanadium atoms introduced into the crystalline framework Mmaterials after reaction shows a disappearance of the long-
are more stable than those grafted on the mesoporous suptange ordered peak with a corresponding decrease ingthe
port surface. However, for the V-NFMCM-41 catalyst, values, pointing toward a unit cell contraction with the loss
the high-density amino groups on the mesoporous supportof heteroatoms from the framework positions.
surface tend to bind the \A ions effectively, thus point-
ing to the increased heteroggrof the immobilized catalyst
(Fig. 1) than the other two vanadiu-containing catalysts. 4. Conclusion
Thus the stability of vanadium-containing catalysts prepared
by different methods, under the present reaction condition,  In short, a series of vanadium-substituted, -grafted, and
can be rationalized in the following order, V—-NHCM- -immobilized mesoporous MCM-41 were synthesized and
41> V-MCM-41 > V/IMCM-41. their surface property and activity differences were com-
The decreased heterogenity of the calcined V-MCM-41 pared by various physicochemical techniques and catalytic
catalyst can be explained in detail: since V-MCM-41 is a evaluations. Contrary to earlier results, with the percentage
hydrophilic catalyst, due to the presence of abundant sur-of vanadia incorporation, well distinct XRD patterns with
face silanols, the interaction of aqueousQd (30 wt%) large pore sizes are observed for V-MCM-41 catalysts, while
will be more on the defect sites of the mesoporous mater- for the postsynthesis modified materials a decrease in struc-
ial and thus can detach some of the vanadia species residtural ordering of the mesoporous support is observed after
ing on extra framework positions (species observed in the grafting/immobilization. Spectroscopic characterizations re-
UV-vis spectra,> 320 nm). This assumption is supported veal that vanadium is incorporated into the framework posi-
by the point that TBHP (70 wt%) had shown a decreased tions for V-MCM-41 samples while the greater percentage of
conversion rate under the present reaction conditions as theactive species resides on the surface of V/IMCM-41, enhanc-
bulkier hydrophobic organic groups interaction will be lim- ing the formation of higher coordinated vanadium species
ited on the hydrophilic catalyst surface compared with the after calcination. Tempenate-programmed reduction mea-
dilute H,O, oxidant and/or to the lesser percentage of ac- surements show that vanadia species in V-MCM-41 are re-
tive oxygen content than D, (for H,O, the active oxygen  duced at lower temperatures than the V/MCM-41 catalyst,
content is 47% while for TBHP it is 7.5%). Hence, in order thus pointing to the presence of isolated tetrahedral vanadyl
to further address these matters we have done silylation onsites on V-MCM-41 and “polymeric-like” vanadium species
V-MCM-41 (55) catalysts with dichlorodimethylsilane and on the grafted catalyst. For the V-MCM-41 catalyst, since a
interestingly under identicakaction conditions, they show greater portion of the vanadium species are well buried in-
a drastic decrease in activity than the V-MCM-41. Since the side the pore channels of the mesoporous support they exist
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