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Abstract

A series of V-MCM-41 samples with different pore sizes has been systematically investigated with both gas and liquid

phase reactions. Methanol oxidation has been performed in the gas phase on these catalysts. Turnover frequencies are

normalized by oxygen uptake measured under reaction conditions. A strong effect of pore size on the catalytic activity was

observed in the form of a `̀ volcano curve'' and may be correlated with a variation in the local bond angle of Si±O±V.

Considering this effect, the catalytic activity may be `tuned' to maximum by varying the pore size. As expected, the same

effect was observed in the liquid phase oxidation of cyclohexene. In order to interpret the pore size effect, the reaction rates of

both the gas phase and liquid phase oxidation were then correlated with the variation of edge energies of V K-edge XANES on

these MCM-41 catalysts. Additional reactions were performed in the liquid phase to compare the activity of V-MCM-41 with

that of crystalline vanadium and titanium silicalite zeolites. The possible causes of the difference in the catalytic behaviors of

these materials is also discussed. # 1999 Elsevier Science B.V. All rights reserved.

Keywords: Vanadium substituted MCM-41; Pore size effect; X-ray absorption near edge structure (XANES); Methanol oxidation; Liquid

phase oxidations

1. Introduction

Zeolites have had a great impact on catalytic

science and technology. The success of zeolites in

numerous industrial catalytic processes has stimulated

the search for catalysts containing elements different

from Al3� in an ordered silica lattice. The idea of

introducing foreign atoms into solids to change their

catalytic properties is one of the main themes of

heterogeneous catalytic research. However, in many

cases these changes involve only the surface of the

solid whereas the introduction of foreign atoms into

the crystal lattice of a silica involves a change in the

bulk structure. It was then discovered in the 1980s that

the isomorphous substitution of certain transition

metals into the zeolite lattice creates catalysts with

remarkable catalytic activity for partial oxidation of

hydrocarbons. Titanium incorporated silicalites such

as TS-1 and TS-2 are known to be unique oxidation

catalysts utilizing dilute hydrogen peroxide [1,2]. In

addition to the hydrophobicity of the materials, the

major role of the zeolite matrix is the stabilization of

isolated redox centers. However, these materials are

restricted to structures having pore diameters less than

13 AÊ . Large organic molecules are sterically hindered

in zeolites, and this limits the usefulness of these

catalysts to the oxidation of small organic compounds.

The discovery of mesoporous molecular sieves was

Catalysis Today 51 (1999) 501±511

*Corresponding author.

0920-5861/99/$ ± see front matter # 1999 Elsevier Science B.V. All rights reserved.

PII: S 0 9 2 0 - 5 8 6 1 ( 9 9 ) 0 0 0 3 6 - X



immediately perceived as a possible solution to these

limitations.

The new family of mesostructured molecular sieves

MCM-41 was discovered in the early 1990s [3,4]. This

material has a uniform, one-dimensional and hexago-

nal pore structure in the range 20±100 AÊ . It bridges the

gap between crystalline zeolites and amorphous silica

in terms of pore size and pore size distribution. The

formation of MCM-41 has been rationalized by a

liquid crystal templating (LCT) mechanism. Most

importantly, the pore size may be varied in a systema-

tic and predictable manner by changing the surfactant

chain length.

Since MCM-41 was discovered, many efforts have

been devoted to the further application of these uni-

form mesoporous materials. The initial modi®cation

was the incorporation of aluminum into the MCM-41

structure to create acidity [5,6] to catalyze alkylation

[7] and hydrocracking [8] reactions. Shortly thereafter

transition metals (Ti, V) were placed into the frame-

work to obtain oxidation catalysts [9±12]. These

transition metal incorporated MCM-41 materials,

which have uniform mesopores, ful®ll the require-

ments for catalyzing large molecules while retaining a

uniform pore size.

Theoretically, the most important structural factor

in zeolites is known to be the T±O±T bond angle [13].

The effect of chemical factors may be tested with

many conventional zeolites with different cations for a

given structure. However, there is no simple way to

vary the T±O±T angle without also changing the

structure of the zeolite. MCM-41 materials may pro-

vide such an opportunity.

In the present paper, after characterization of the

structure of V-MCM-41 [14], we systematically inves-

tigated the pore size effect on catalytic behavior of

these materials in the gas phase reaction utilizing

molecular oxygen. Liquid phase oxidations were

investigated by performing different reactions utiliz-

ing H2O2 and tert-butyl hydroperoxide (TBHP) as

oxidants.

2. Experimental

The gases used in this study were helium (ultra-high

purity grade 99.995%), oxygen (zero grade, 99.99%).

The chemicals used in this study were methanol,

acetonitrile and acetone (J.T. Baker), cyclohexene

(Aldrich 99�%), cumene (Aldrich 99%), 1-hexene

(Aldrich 99�%), phenol (Mallinckrodt, lique®ed

89%, 11% H2O), hydrogen peroxide (Fluka 35% in

H2O), and tert-butyl hydroperoxide (TBHP, Aldrich

90%, 10% H2O).

2.1. X-ray absorption

X-ray absorption measurements were performed at

NSLS Brookhaven National Laboratory at station

X19A and X23A2, 2.5 Gev storage ring, using

Si(1 1 1) monochromator crystal. Samples were

pressed into self-supporting wafers and placed into

a stainless steel cell, equipped with water cooled

kapton windows, gas in- and outlet and heating unit

allowed in situ treatment and reaction. Selected sam-

ples were subjected to in situ dehydration by heating to

3508C in 1 h and holding at this temperature for 1 h

while purging with a helium/oxygen mixture.

In XANES analysis, following background removal

(by victoreen ®t) and normalization, the ®rst in¯ection

points of vanadium metal foil in the derivative spectra

and of all samples are adjusted and aligned to 5465 eV.

The relative edge energy positions were then calcu-

lated by taking the zero of energy with respect to this

point.

2.2. Oxygen uptake

Oxygen uptake was performed in a computer con-

trolled automatic ¯ow system equipped with an on-

line thermal conductivity detector (TCD). Samples

(50±100 mg) were loaded into a Pyrex tube cell and

held in place by glass wool. A four-way valve allowed

switching between the pretreatment gas and carrier

gas without disconnecting the sample cell. The oxygen

chemisorption on V-MCM-41 samples was measured

under reaction conditions by dosing very small

amounts of oxygen over the catalyst samples. The

catalysts were recalcined ®rst at 5008C for 0.5 h in a

mixed ¯ow of helium and oxygen (5%). Then reduc-

tion was performed at 3508C in ¯owing methanol

vapor (3% methanol, 97% helium). After reduction,

a large ¯ow of UHP helium was applied to remove the

physisorbed methanol and further clean the catalyst

surface. The catalysts were then exposed to a sequence

of 1.6 mmol pulses of oxygen with a time interval of
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1 min after the temperature had been reduced to the

reaction temperature. The oxygen pulses were gener-

ated by a six-way valve and oxygen taken up by the

samples was measured with the aid of TCD. Condi-

tions for the reduction step (time, temperature)

appeared to be close to asymptotes. Blank tests were

also taken in the Pyrex cell (only glass wool inside)

under the same pretreatment procedures and uptake

conditions and showed no detectable O2 uptake.

2.3. Methanol oxidation

The methanol oxidation was carried out in a com-

puter controlled automatic reaction system. The reac-

tion was performed in an isothermal ®xed-bed

down¯ow reactor operating at atmospheric pressure.

The mass ¯ow rate of methanol vapor was controlled

by a vaporized liquid controller (TYLAN) while

helium was bubbled through a methanol saturator.

The vaporized liquid controller automatically adjusts

the helium ¯ow to maintain a constant ¯ow rate of

liquid vapor. The oxygen and another helium stream

from two mass ¯ow controller (Brooks) were then

combined with the methanol vapor to give a reactant

mixture of O2 (3%), methanol vapor (3%) and helium

(balance). The Pyrex glass reactor was held vertical

with a ceramic gas distributor in the center. The outlet

of the reactor to the gas chromatograph was heated to

423 K to avoid condensation of the products. The

products were analyzed by an on-line gas chromato-

graph (HP-5700A) equipped with two TCDs and two

columns (Porapack QS 80/100 packed column) con-

nected in parallel. Blank runs were performed on the

empty Pyrex reactor without any detectable conver-

sions. Catalyst samples (200±500 mg, 60 mesh) were

pretreated at 773 K for 0.5 h in an oxygen/helium

mixture stream prior to each run. The oxidative dehy-

drogenation was then carried out over a 60 K tem-

perature range (583±633 K). A series of varied ¯ow

rates of reactants were applied at each temperature to

manipulate the measurements under different contact

times.

2.4. Liquid phase reactions

Liquid phase reactions were carried out in a three-

neck ¯ask under re¯ux, heated in a mineral oil bath. A

certain amount of solvent, oxidant and substrate was

loaded and mixed well by stirring. The mixture was

brought to reaction temperature before catalyst pow-

der was added. Samples of 100 ml of reaction mixture

were taken at selected reaction times, ®ltered and

injected into a gas chromatograph (HP-6890 series)

and analyzed by FID. After completion of the reaction,

the catalyst was ®ltered and separated from the mix-

ture. Hydrogen peroxide consumption was ®nally

determined by iodometric titration. Reactions were

also investigated under different solvent (methanol,

acetonitrile or acetone) and different oxidant (hydro-

gen peroxide or tert butyl hydroperoxide ± TBHP)

conditions. Identi®cation of hydrocarbons was per-

formed in a GC±MS system (HP-5890 and HP5971A),

and when necessary, the 1H and 13C NMR spectra

were taken to con®rm the species type.

3. Results and discussion

The synthesis and characterization of these V-

MCM-41 samples were reported elsewhere [14].

The sample codes and basic physical properties are

listed in Table 1.

3.1. Active sites

Oxygen uptake by the surfaces of pre-reduced

catalyst samples has long been employed as a method

for counting and differentiating among redox sites.

Recently, Oyama and coworkers [15,16] have re®ned

the conditions required to achieve consistent, plausi-

ble site-counting on vanadium oxide catalysts

employed for the oxidative dehydrogenation of alco-

hols and other oxidation reactions. According to their

work, sample reduction has to be controlled properly

to avoid bulk reduction of the catalyst which would

strongly affect the oxygen uptake measurements of

Table 1

The sample codes, synthesis and composition of V-MCM-41

samples

V-MCM-41 sample codes Surfactants used Si/V

VC8 C8H13(CH3)3NOH �210

VC10 C10H13(CH3)3NOH �210

VC14 C14H13(CH3)3NOH �210

VC16 C16H13(CH3)3NOH �210

VC16A C16H13(CH3)3NOH �700

VC16B C16H13(CH3)3NOH �1800
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active surface area. However, this is no longer a

problem for the V-MCM-41 system because the pore

wall of MCM-41 is so thin that essentially all vana-

dium atoms are surface sites. In the present case, more

accurate results are obtained by reducing the catalyst

directly by the reactant (methanol) and measuring the

uptake by sending O2 pulses under reaction condi-

tions. This allowed us to count the actual sites parti-

cipating in the reaction. A typical pattern of the

oxygen chemisorption measured at different tempera-

tures of methanol reduction (Tads�Tred) was recorded

on VC16 and shown in Fig. 1. The uptake has been

normalized by vanadium concentration. Fig. 2 shows

oxygen atom uptake (normalized by V content)

obtained on samples with different V loading after

methanol reduction at 583 K. The maximum uptake

per unit vanadium site increases as vanadium loading

becomes lower and will approach unity at higher

adsorption temperatures (the limiting stoichimetry

of O/V�1). This suggests that lower metal loading

results in higher fraction of isolated active sites in the

methanol oxidation. There is no apparent trend in the

amount of oxygen uptake observed in the samples

with different pore sizes.

3.2. Gas phase reaction

Methanol oxidation in the gas phase has been

investigated and used as a probe reaction on various

vanadium catalysts such as supported vanadium oxi-

des, etc. [17]. In the present study, the V-MCM-41

samples with different pore sizes were investigated

systematically by this reaction. Methanol oxidation

was generally used to produce formaldehyde

with some byproducts such as CO, CO2, H2O and

(CH3)2O. In order to determine the catalytic activity

accurately, the reaction was measured at different

contact times by varying the ¯ow rate of reactants

at each temperature. By taking the differential region

in the correlation of total conversion versus contact

time for every sample, we have been able to simplify

the problem in comparing the reaction rates between

different catalysts. The methanol (total) turnover fre-

quencies (TOFs) have been calculated directly from

the slope of the linear regime. Similarly, the TOFs to

the main product (formaldehyde) has also been deter-

mined by using the linear regime of the correlation

between the yield to formaldehyde versus contact

time. This procedure assures that the turnover fre-

quency remains constant under different conversions.

Furthermore, the ®nal reaction rates calculated have

been normalized by the active sites which were deter-

mined by the oxygen uptake at corresponding tem-

peratures under reaction conditions. Finally, the total

TOFs and the TOFs to formaldehyde at varied tem-

peratures are correlated with the pore size of V-MCM-

41 samples and are shown in Figs. 3 and 4, respec-

tively. The pore size of these V-MCM-41 samples have

been calculated elsewhere [18] and showed a bimodel

distribution. Here to simplify the case, the pore sizes

have been determined based on that of silica MCM-41

Fig. 1. O2 uptake normalized by V sites after methanol reduction

of VC16 sample. T reduction�T reoxidation.

Fig. 2. Oxygen atom uptake normalized by V sites on samples with

different V loading after methanol reduction at 583 K. The V

loadings of these samples are: V16 (0.4 wt%); V16A (0.12 wt%);

V16B (0.05 wt%).
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calculated by non-local density functional theory

analysis of nitrogen physical adsorption since indeed

there is only a slight decrease in the d spacing on V-

MCM-41 samples.

3.3. Pore size effect

A strong effect of pore size on catalytic activity was

observed on V-MCM-41 series samples. Interestingly,

the effect is shown to be close to a `̀ volcano curve''

where the turnover frequency increased with increas-

ing pore size to a maximum and then decreased. We

assumed here that this phenomena may be related to

the change of local bond angles of Si±O±V as the

nature of curvature of the pore wall changed. It is

known that the most important structural factor in

zeolites is the T±O±T angle. When the T±O±T angle is

varied, the fundamental chemical variable is the

change in the relative participation of s, p and d

orbitals in the bonding. In the case of Al in most

zeolites, the local crystal geometry is an important

variable because it is related to acidity through the

effect of this structural parameter on the Si±OH±Al

bond angle. A similar effect is expected for Si±O±V

bonds in V-MCM-41 samples. Considering the Si±

OH±Al bond, the pore size effect is re¯ected in the

acidity of the proton on the bridging hydroxyl. As for

Si±O±V bond, this should be re¯ected in the oxidation

potential of V which will quite naturally affect the

activity of V in the catalytic oxidation. Another inves-

tigation by Haller and coworkers [19] did show that

the acidity of alumina incorporated MCM41 was

affected when the pore size was varied in the similar

range.

3.4. Liquid phase reactions

Research activity on many oxidation reactions with

H2O2 in the presence of V-containing silicalites has

been carried out and reviewed [20]. Similar to titanium

silicalites, isolated V sites in vanadium silicalites have

been proposed to have a low activity for H2O2 decom-

position. However, isolation alone is not suf®cient to

explain all the catalytic properties. The hydrophobic

environment prevailing inside the catalyst pores and

the multiple V±O±Si bonds that allow interaction with

reactants but prevent complete hydrolysis of V sites in

vanadium silicates must also play a role in stabilizing

the dispersed V sites. V-MCM-41 materials which

have a similar lattice V species and local environments

to these silicalites, may share the same origin of

catalytic activity in the presence of H2O2. Hydroxyla-

tion of phenol was the ®rst reaction carried out on V-

MCM-41, and indeed this reaction has become a

standard for measurement of the activity and selectiv-

ity of different catalysts.

3.4.1. Hydroxylation of phenol

Phenol is oxidized to give catechol and hydroqui-

none in almost equal yield and high selectivity. After

the initial discovery of the catalytic activity of TS-1

Fig. 3. The effect of pore size on methanol (total) turnover

frequency normalized by oxygen uptake at various temperatures.

Fig. 4. The effect of pore size on the turnover frequency to

formaldehyde normalized by oxygen uptake at various tempera-

tures.
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for this reaction [1], other transition metal containing

zeolites such as V-MEL and TS-2 have been found to

be effective catalysts. The results reported for phenol

hydroxylation on V-MEL are comparable with those

reported for TS-1 [20]. The best results on TS-1, 94%

selectivity based on phenol and 84% based on H2O2 at

30% conversion of the phenol, can be obtained only

when all the reaction conditions are optimized [21].

Table 2 summarizes the results of phenol hydroxyla-

tion on V-MCM-41 samples (VC14 and VC16) with

reaction conditions recorded as notes. A comparison is

also made between the catalytic behavior of V-MCM-

41 and that of titanium- and vanadium containing

silicalites reported in the literature [20]. Compared

with these silicalites, much (4±5 times) lower conver-

sion of phenol was observed on our V-MCM-41

samples. The yield to hydroquinone and catechol is

also not equal, but instead, much higher selectivity to

hydroquinone is obtained. In contrast, the H2O2 con-

version is 100% under all conditions for all samples.

Now the question arises as to what the possible causes

are for the much lower activity observed on the V-

MCM-41 samples than that on vanadium silicalites,

even though they share quite similar local environ-

ments.

3.4.2. 1-Hexene oxidation

Ole®ns are usually selectively oxidized to obtain the

corresponding epoxide products. 1-Hexene was used

®rst as the substrate to detect the intrinsic activity of V-

MCM-41 catalysts since the molecular size of 1-

hexene avoids diffusion limitations in the oxidation.

This reaction was performed on sample VC14 at

333 K with H2O2 in acetonitrile. The main product

has been identi®ed as hexane-1,2-diol and the selec-

tivity to the desired epoxide is quite low. The forma-

tion of hexane-1,2-diol may be due to a further

hydrolytic reaction of the epoxide. The results are

summarized in Table 3 and compared with the tita-

nium silicalites reported by Notari [21]. The catalytic

activity of the V-MCM-41 sample is far below the

medium-pore TS-1 and large-pore Ti-Beta. The selec-

tivity to epoxide on V-MCM-41 is very close to that on

large-pore Ti-Beta but much lower than that on TS-1.

As pointed out by Corma et al. [11], because of the

high concentration of silanol groups in MCM-41

samples, the hydrophobicity is lower than that of

silicalites. The hydrophobic±hydrophilic characteris-

tics of the samples may play a role in the different

catalytic behavior. The advantages of using of meso-

porous materials instead of zeolites may be seen when

large organic molecules like cyclohexene are to be

oxidized.

3.4.3. Cyclohexene oxidation

Cyclohexene is oxidized very slowly to epoxide

product in the presence of TS-1. This low reactivity

has been attributed to the molecular dimensions of

cyclohexene, which cannot enter the channel system

of TS-1. When Ti-beta and Ti-MCM-41 are used as the

catalysts, cyclohexene can be oxidized by H2O2 and

even TBHP for the latter [11]. In the present study,

Table 2

A comparison between catalytic behavior of V-MCM-41 and that of titanium- and vanadium-containing silicalites in phenol hydroxylation

Catalysts Si/V (Ti) Conversion (%) H2O2 conversion (%) Product distribution (%)

HQa Catechol pBQa

TS-1b 34 27.0 100 50.0 49.0 1.0

V-MELc 79 24.3 100 52 44.1 3.9

VC14d 210 4.6 100 77.2 2.7 7.5

VC16e 210 6.7 100 73.6 19.7 1.8

Note: Data on TS-1 and V-MEL were obtained from Ref. [20] and references therein.
a HQ: Hydroquinone; pBQ: p-benzoquinone.
b TS-1: catalyst weight�0.72 g, phenol�0.22 mol, phenol/H2O2 (mol)�3.8, T�373 K, reaction duration�1 h, solvent�water/acetone.
c V-MEL: catalyst weight�0.1 g, phenol�0.011 mol, phenol/H2O2 (mol)�3, T�342 K, reaction duration�29 h, solvent�acetone.
e V-MCM-41: VC14 (C14-surfactant), catalyst weight�0.4 g, phenol�18 mmol, phenol/H2O2 (mol)�3, T�352 K, reaction duration�5 h,

solvent�acetonitrile.
f V-MCM-41: VC16 (C16-surfactant), catalyst weight�0.4 g, phenol�0.035 mol, phenol/H2O2 (mol)�2.5, T�351 K, reaction duration�5 h,

solvent�acetonitrile.
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cyclohexene oxidation was investigated carefully over

the series of V-MCM-41 samples using different

solvents and oxidants (H2O2 and TBHP).

Solvents generally affect the catalytic activity and

selectivity in liquid phase reactions. Different solvents

result in a different distribution of products. The

solvent effect was studied here by reacting cyclohex-

ene with H2O2 in methanol, acetone and acetonitrile.

The cyclohexene can be oxidized over V-MCM-41

catalysts to a number of products including cyclohex-

ene epoxide; 1,2-cyclohexanediol; cyclohexenyl

hydroperoxide; cyclohexanol and 2-cyclohexen-1-

one, etc. The results of cyclohexene conversion and

product distribution under different solvents are sum-

marized in Table 3. In the case of aprotic solvents such

as acetone and acetonitrile, the highest selectivity goes

to cyclohexenyl hydroperoxide. Cyclohexenyl hydro-

peroxide as a major product of cyclohexene oxidation

has not been reported in the literature. To con®rm this

product, GC±MS analysis, 13C-NMR and 1H-NMR

measurements were carefully performed. Further-

more, the effect of pore size on the catalytic behavior

of V-MCM-41 was also studied by this reaction.

3.5. Pore size effect

In order to simplify the calculation, similar to the

gas phase reaction, the turnover frequency (TOF) has

been derived from the linear regime of the reaction

curve. A typical pattern of the reaction curve is

recorded on VC16 and shown in Fig. 5. This TOF

was then normalized by the total vanadium content to

obtain the ®nal reaction rate. Fig. 6 plots the correla-

tion between pore size and the cyclohexene (total)

TOF and the TOF to cyclohexenyl hydroperoxide. As

might be expected, the total TOF and TOF to the main

product follows the same trend as observed in the gas

phase reaction for V-MCM-41 samples.

The `̀ volcano curve'' is usually caused by the

difference in the strength of adsorption bond with

reactants. The bond strength is closely related to the

electron density of the active metal site. Indeed, the

strong repulsion between formally unshared electrons

in planar H2O2 can be reduced by transition-metal ions

such as VV, as they accept electron density from the

Table 3

A comparison between catalytic behavior of V-MCM-41 and that

of titanium-containing silicalites in 1-hexene epoxidation

Catalysts TON

(sÿ1)a

H2O2 Conversion

(%)

Epoxide selectivity

(%)

TS-1 50.0 98 96

Ti-Beta 12.0 80 12

VC14b 0.1 98 11.5

Note: Data on TS-1 and Ti-Beta were obtained from Ref. [21] and

references therein.
a TON: Turnover number of 1-hexene.
b V-MCM-41: VC14 (C14-surfactant), catalyst weight�0.20 g, 1-

hexene�35 mmol, 1-hexene/H2O2 (mol)�3, T�333 K, reaction

duration�1 h, solvent�acetonitrile.

Fig. 5. The conversion of cyclohexene and yield to cyclohexenyl

hydroperoxide versus reaction duration on VC16 in the presence of

H2O2 at 333 K with acetonitrile as solvent.

Fig. 6. The effect of pore size on cyclohexene (total) turnover

frequency (TOF) and the TOF to cyclohexenyl hydroperoxide at

333 K.
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®lled antibonding orbitals of H2O2 interacting with the

empty metal d orbital of appropriate symmetry. On the

other hand, the electronic state of V site in V-MCM-41

framework may be re¯ected in the X-ray absorption

near edge structure (XANES). The ®rst row transition

elements have well-de®ned site symmetry spectra in

the XANES. The relative position of the pre-edge peak

and K-absorption edge of an element is governed by

its chemical state. The energy shift of the edge, the so

called chemical shift, is primarily the result of the

effective charge on the absorbing atom, but its value is

also sensitive to the detailed electronic con®guration

of the valence band in the absorbing atom. In other

words, the energy shift should represent the shift in

electron density of the absorbing atom. According to

Wong [22], the energy shift is found to follow Kunzl's

law and to vary linearly with the valence of the

absorbing vanadium atom. The positive shift in the

threshold energy corresponds to a valence increase.

More generally, a positive shift of edge energy sug-

gests a decreasing electron density on the atom.

In the present case, the V K-edge energies deter-

mined by XANES measurements under hydrated and

dehydrated conditions are correlated with the pore size

of V-MCM-41 samples. As shown in Fig. 7, the edge

energies decrease linearly with the increasing pore

size. A positive shift of edge energy was observed

upon dehydration, indicating a decreasing electron

density on V atom. This may possibly be caused by

the loss of water as an electron donor. Moreover, by

varying the pore size, the electron density of the V site

could probably be tuned through a variation of the

local bond angles.

Meanwhile, a correlation in Fig. 8 shows the reac-

tion rates of methanol oxidation varied with the edge

energy (dehydrated condition ± since methanol oxida-

tion was carried out after the recalcination of the

catalysts at 773 K) to present essentially a `̀ volcano

curve''. Fig. 9 shows the same trend in a correlation of

reaction rates of cyclohexene oxidation with the edge

energy obtained under hydrated condition (since the

oxidation occurred over hydrated samples in the liquid

phase). It is thus proposed that the electron density of

V sites, which may be `̀ tuned'' by the pore size

through a variation of Si±O±V bond angles, will quite

naturally affect the effective redox potential of V sites

Fig. 7. The correlation of V K-edge energies measured on hydrated

and dehydrated V-MCM-41 samples with the pore size.

Fig. 8. The reaction rates of methanol oxidation varied with the

edge energy measured on dehydrated V-MCM-41 samples.

Fig. 9. The reaction rates of cyclohexene oxidation varied with the

edge energy measured on hydrated V-MCM-41 samples.
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and further affect the adsorption bond strength. With

regard to the theory of the `̀ volcano curve'', the

maximum activity is exhibited for the metal for which

reactants presumably have an intermediate strength of

adsorption, which is in consonance with the general

idea that the fastest rate is achieved when the bonds

between the adsorbed intermediate complex and the

catalyst are neither too strong nor too weak.

3.6. Reaction mechanism

According to Satter®eld [23], the behavior of most

oxidation catalysts can be interpreted within the fra-

mework of a redox mechanism (reduction±oxidation).

This postulates that the catalytic reaction comprises

two steps: 1. Reaction between catalyst in an oxidized

form Cat-O, and hydrocarbon R, in which the oxide

becomes reduced: Cat-O�R!RO�Cat. 2. The

reduced catalyst, Cat, becomes oxidized again by

oxygen from the gas phase: 2Cat�O2!2Cat-O.

Under steady-state conditions, the rates of the two

steps must be the same.

The radical mechanism has been proposed as a

general mechanism for oxidation of alkenes and aro-

matics. According to Mimoun et al. [24], the forma-

tion of vanadium peroxo radical is believed to be the

active species for the transfer of oxygen to the reac-

tants in the liquid phase oxidation using H2O2. Thus,

the transferred oxygen atom now is of a peroxidic

nature. The reduction of the V5� to V4� is required for

the formation of the peroxo radical, which is favored

by highly dispersed V in molecular sieves. The vana-

dium (VIV±O±O
�
) peroxo radical can both epoxidize

ole®ns and hydroxylate alkanes and aromatic hydro-

carbons. Epoxidation of cyclohexene would proceed

upon the homolytic addition of (VIV±O±O
�
) to the

double bond, giving a free radical intermediate which

homolytically decomposes to give the epoxide and

vanadium oxo compound. In the present case, epox-

idation is only a minor reaction, instead like hydro-

xylation, a hydrogen atom was probably abstracted by

(VIV±O±O
�
) to give an intermediate carbon radical

followed by a recombination with V±OOH to give a

hydroperoxide product. It is not well understood why

this happened to be the major reaction. However, it may

be related to initial coordination of reactants to the

vanadium center and also the water content present in

thereactionusingH2O2.When theoxidantwasswitched

to TBHP, a signi®cant increase in the selectivity to

epoxide product was observed as shown in Table 4.

3.7. Cumene oxidation

As observed from the cyclohexene oxidation with

H2O2 in acetonitrile, the main product has been iden-

ti®ed as cyclohexenyl hydroperoxide on V-MCM-41

samples. On the other hand, cumene hydroperoxide

has been an important industrial intermediate to pro-

duce phenol [25]. Accordingly, cumene oxidation in

acetonitrile by utilizing H2O2 was carried out on VC16

at 343 K. The reaction conditions and results are

recorded in Fig. 10 and the conversion of hydrogen

peroxide approach 100% after 6 h. The reaction con-

ditions still need to be optimized to reach higher

conversion and selectivity.

4. Summary

The catalytic properties of V-MCM-41 catalysts

have been investigated carefully by both gas and liquid

Table 4

Product distribution of cyclohexene oxidation catalyzed by V-MCM-41 (VC14) with different solvents and oxidants

Solvents/oxidants Conversion (%) H2O2 conversion (%) Product distribution (%)

EPa CyHPa 2-ola 1-onea 1,2-diola Others

Acetonitrileb 42.7 73 5.9 42.5 19.3 8.3 7.5 16.5

Acetoneb 32.1 90 2.7 28.7 19.6 14.8 8.0 26.2

Methanolc 58.6 99 1.0 0.0 12.2 22.6 12.2 52.0

TBHPd 21.1 ± 20.4 30.9 0.4 1.8 2.0 26.5

Note: a EP: Epoxide; CyHP: Cyclohexenyl hydroperoxide; 2-ol: 2-cyclohexanol; 1-one: 2-cyclohexene-1-one; 1,2-diol: cyclohexane-1,2-diol.
b Catalyst weight�0.07 g.
c Catalyst weight�0.20 g; cyclohexene�0.035 mol, cyclohexene/H2O2 (mol)�5, T�333 K, reaction duration�5 h.
d Catalyst weight�0.07 g; cyclohexene�0.035 mol, cyclohexene/H2O2 (mol)�1, T�333 K, reaction duration�5 h.
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phase oxidations. Oxygen uptake measured under

reaction conditions provided a method of in situ

counting of the active sites in the gas phase oxidation.

More importantly, a strong effect of pore size was

observed on the catalytic behavior of V-MCM-41

samples and was assumed to be related to the variation

of local Si±O±V bond angles. The electron density of

V sites which was re¯ected by V K-edge energy in

XANES, may possibly be `̀ tuned'' through a variation

in the bond angles which could be realized by varying

the pore size. Further correlations between V K-edge

energy and reaction rates of both the gas and liquid

phase oxidations present a `̀ volcano curve''. The

effective redox potential was adjusted to the maximum

when the intermediate adsorption bond strength was

formed between active V sites and reactants.

Another important observation is that the catalytic

activity of V-MCM-41 in the presence of H2O2 is far

below that of titanium- or vanadium-silicalites. Diffu-

sion limitations and steric constraints due to reactants

or transition-state intermediates are not the only fac-

tors that govern the activity of active metal sites in

molecular sieves. As pointed out by Sayari [26], the

reason for a strong dependence of catalytic properties on

the nature of the silicate matrix is not well understood.

Indeed, none of the spectroscopic techniques used so far

including X-ray absorption shows any difference in the

local environment of Ti (V) in various crystalline sili-

cates and MCM-41. Decreased hydrophobicity MCM-

41 material may be a contributing factor in the decrease

of the intrinsic catalytic activity of metal sites. However,

he suggested that subtle variations of some important

properties such as bond angles or redox potential may be

at the origin of this behavior.

To ®nd an answer to the above observation, the

acidity performance of zeolites and amorphous mate-

rials are considered. The amorphous silica alumina

was found to be less acidic than most of the zeolites. In

other words, the af®nity of protons would be highest in

the amorphous state when the Si±O±Al bonds are

connected in the most `̀ comfortable'' angles and they

are thermodynamically most stable. While in the case

of zeolites, because of the rigid crystalline framework

and pore structure, the Si±O±Al bonds are connected

in restricted angles and thermodynamically they are

less stable than those of amorphous materials. There-

fore, the acidity would be higher for zeolites because

of the lower af®nity of the protons.

Considering the case of the oxidation catalysts,

which were synthesized by substituting vanadium or

titanium into MCM-41 and the silicalite frame work,

the crucial difference in the structure of MCM-41 and

silicalite is that the MCM-41 material has no long

range order and the pore walls are essentially amor-

phous. The Si±O±V (Ti) bonds sitting in the amor-

phous environment of MCM-41 are supposed to be

connected by more `̀ comfortable'' bond angles and

are thermodynamically more stable than those of

vanadium or titanium incorporated silicalites, which

have a crystalline framework. Therefore the V (Ti)±

O±Si bonds in MCM-41 should be less reactive and

have lower redox potential than those in silicalite

samples. By utilizing TBHP, Corma and coworkers

[11] performed the oxidation of 1-hexene on Ti-

MCM-41 and amorphous Ti-SiO2, respectively, since

H2O2 decomposes and is not an active oxidant on

amorphous Ti-SiO2. He found that activity per Ti atom

turns out to be the same for both materials. The

explanation given here based on bond angle effect

may provide an explanation for why the activity of V

(Ti) incorporated MCM-41 is much lower than that of

V (Ti) incorporated silicalite, even though the local

environments are quite similar.
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