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Mesoporous VMCM-41: highly efficient and remarkable catalyst for
selective oxidation of cyclohexane to cyclohexanol
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Abstract

Liquid phase oxidation of cyclohexane was carried out under milder reaction conditions over mesoporous VMCM-41 molecular sieve
catalysts using aqueous hydrogen peroxide as oxidant, acetic acid as solvent, and methyl ethyl ketone as initiator. The catalysts showed high
substrate conversion and excellent product (cyclohexanol) selectivity. Although the activity of the catalyst slightly decreased after first recycle,
owing to leaching of small amount of non-framework vanadium ions, it, however, remained nearly same thereafter. This observation was
f ent. Further,
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urther confirmed by washing experiments where the non-framework vanadium ions were removed upon ammonium acetate treatm
he washed catalyst also showed an activity similar to that of the recycled catalyst. Thus, the recycled or washed VMCM-41 beh
s heterogeneous catalyst. This observation was complemented and confirmed by both filtrate and quenching studies. The effec

ime, temperature, Si/V molar ratio, and catalyst concentration on the catalyst performance were examined in order to optimize the
f cyclohexane and selectivity of cyclohexanol. However, the use of strong oxidizing agent, e.g., tertiary butyl hydroperoxide, resu

ormation of cyclohexanone as the major product. In addition, the use of solvents like methanol, dioxan and acetone showed lowe
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. Introduction

Selective oxidation reactions using heterogeneous
atalysts are of growing importance for modern chemical
ndustry. Among the numerous reactions, the oxidation prod-
cts of cyclohexane, viz., cyclohexanol and cyclohexanone,
re important intermediates in the production of adipic
cid and caprolactam, which are used in the manufacture
f nylon-6 and nylon-66 polymers[1–4]. They are, in
eneral, produced on an industrial scale by the oxidation of
yclohexane or hydrogenation of phenol. On the other hand,
here are several expensive and polluting processes have
een employed using homogenous catalysts[5]. Hence, in
ecent years, attention has been focused on the development
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of transition metal containing molecular sieves based he
geneous catalysts with oxygen or peroxides as non-poll
oxidants[6]. However, in most cases, extreme reaction
ditions such as high pressure (2 MPa) and high temper
(450 K) in conjunction with low activity make the proce
less attractive. In addition, leaching of active metal ions
often been observed under the reaction conditions[6]. Thus,
the oxidation of cyclohexane over environmental frien
heterogeneous catalysts under mild/moderate rea
conditions is a topic of great interest. In this regard,
noteworthy here that vanadium-containing mesopo
MCM-41 molecular sieves, viz., VMCM-41, show promis
for several oxidation reactions[7,8]. Therefore, in thi
investigation, an attempt has been made to explore
catalytic properties of mesoporous VMCM-41 mater
under moderate reaction condition for the oxidation
cyclohexane. The present study on VMCM-41 is als
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continuation of our work on various metal ions incorporated
mesoporous silicate and aluminophosphate molecular sieves,
viz., TiMCM-41 [9], AlMCM-41 [10], FeMCM-41 [11],
CrMCM-41 [12], FeHMA [13], CoHMA [14], and TiHMA
[15].

2. Experimental

2.1. Starting materials

The following chemicals were employed for the prepa-
ration of VMCM-41 and for the oxidation of cyclohex-
ane. Fumed silica (SiO2; 99.8%; Aldrich), tetramethylammo-
nium hydroxide (TMAOH; 25 wt.%; Aldrich), cetyltrimethy-
lammonium bromide (CTAB; 99%; Aldrich), vanadyl sul-
fate hydrate (VOSO4·3H2O; 99%; Aldrich), sulfuric acid
(H2SO4; 98%; BDH), 2-propanol (99.7%; Merck), cyclohex-
ane (99.5%; Merck), hydrogen peroxide (H2O2; 30%; Quali-
gens), tertiary butylhydroperoxide (TBHP; 70%; Lancaster),
acetic acid (99.5%; Fischer), methyl ethyl ketone (MEK;
99%; SD), acetone (99.5%; SD), acetaldehyde (30%; SD).
Authentic samples of cyclohexanol (98%; SD) and cyclo-
hexanone (99%; Merck) were used for comparative analysis
of the reaction products. All the reagents used in this study
were in as-received form.
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2.3. Characterization

All the samples were systematically characterized by
various analytical and spectroscopic techniques, viz., low
angle powder X-ray diffraction (XRD; Rigaku), thermo-
gravimetery-differentially thermal analysis (TG/DTA;
Dupont 9900/2100), transmission electron microscopy
(TEM; Philips CM 200 operated at 160 kV), nitrogen
sorption (Sorptomatic 1990),51V and 29Si magic angle
spinning nuclear magnetic resonance (51V and 29Si MAS-
NMR; Varian 300X), Fourier transform-infrared (FT-IR;
Nicolet Impact-400), diffuse reflectance ultraviolet-visible
spectroscopy (DRUV-VIS; JASCO-V-570), electron param-
agnetic resonance spectroscopy (EPR; Varian E-112), and
inductively coupled plasma-atomic emission spectroscopy
(ICP-AES; Labtam Plasma Lab 8440).

2.4. Reaction procedure

The oxidation of cyclohexane (18 mmol) was carried out
using 50 mg of the catalysts with 30% H2O2 (18 mmol) as ox-
idant and acetic acid as solvent medium (10 ml). The reaction
was performed using methyl ethyl ketone (MEK; 5 mmol) as
initiator at 373 K for 12 h. Further, for the comparison, the
reaction was also followed without MEK. After the reaction,
t alized
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.2. Synthesis of VMCM-41

Mesoporous VMCM-41 molecular sieves with d
erent Si/V (molar) ratios of 25–200 were synt
ized hydrothermally as per the procedure outlined
here [7,16] with typical (molar) gel composition
f: SiO2:0.135(CTA)2O:0.13Na2O:0.075(TMA)2O:68H2O:
0.01–0.08)V2O5. Accordingly, dilute TMAOH was firs
dded to fumed silica slowly and a homogeneous ‘Solu
’ was obtained. Simultaneously, ‘Solution-Y’ was prepa
y mixing dilute CTAB and NaOH and stirred for abo
0 min. Then, both the ‘Solution-X’ and ‘Solution-Y’ we

hen mixed together to get a clear gel. Finally, the vanad
recursor, viz., vanadyl sulfate hydrate, was added to
bove gel and stirred for an hour. The pH of final gel was

usted to 11.5 by addition of dilute H2SO4 and the resultin
el was transferred into Teflon-lined stainless steel autoc
nd kept in an air oven at 373 K for 3 days for crystall

ion. The final solid product, designated as as-synthe
MCM-41, obtained was filtrated and dried for overnig
he as-synthesized samples were then calcined at 823
h in N2 with a flow rate of 50 ml min−1 and heating rate o
K min−1 followed by 6 h in air. Unless otherwise stated,
atalyst used in the present study was VMCM-41 with S
50. For a comparison, siliceous MCM-41 was prep

ccording to the procedure described earlier[17]. Likewise,
icroporous vanadium silicalite-1 (VS-1) was also prep
s per literature procedure[18] with a typical molar gel com
osition of: SiO2:0.165(TPA)2O:22H2O:0.01V2O5.
he catalyst was separated and the solvent was neutr
ith NaHCO3. Then, the products were extracted with
thyl ether and analyzed by gas chromatography (GC; N
700) using carbowax column. Further, the reaction prod
ere confirmed by GC-MS (HEWLETT G1800A) with HP
apillary column. The reaction was also carried out emp
ng various solvents such as methanol, 1,4-dioxan and
one under the same reaction conditions. Furthermore
ffect of various oxidants, viz., air, oxygen, and TBHP,

he reaction was also investigated.

.5. Washing studies

In order to remove non-framework vanadium ions, if a
resent in the mesoporous matrix, the calcined samples

reated with ammonium acetate solution (1 M) as per
ollowing procedure: about 100 mg of the calcined c
yst was stirred with 30 ml of ammonium acetate solu
or 12 h at room temperature. It was then filtered, was
ried at 373 K. The treated catalyst was recalcined at 7

or 6 h, and the resulting samples are designated as w
atalyst.

.6. Recycling studies

To check the stability and recycling ability as well as lea
ng of vanadium ions from the VMCM-41 under reaction c
itions, several recycling experiments were carried out fo

he catalysts. The typical recycling procedure was as foll
fter the initial reaction, the catalyst was separated from
eaction mixture and washed with acetone and dried at 3
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Fig. 1. EPR spectra at 300 and 77 K of VMCM-41(50): (a) as-synthesized, (b) calcined, and (c) washed.

followed by the activation at 823 K for 6 h in air. The reaction
was then carried out on the recycled activated catalyst.

2.7. Filtrate/quenching studies

The heterogeneous nature of the catalysts was tested by
carrying out filtrate and quenching experiments. In the case of
the former, the filtration was done by separating the catalyst
from the reaction mixture at room temperature. The reaction
was then followed on both filtrates as well as on the filtered
catalyst. While in the case of the latter, the quenching ex-
periments were performed by separating catalyst from the
reaction mixture under the reaction conditions, the reaction
was followed on the filtrate solution.

3. Results and discussion

All the as-synthesized and calcined VMCM-41 samples
were white in colour.Fig. 1 shows the EPR spectra of var-

ious vanadium samples. It can be seen from this figure that
the absence of EPR signal for the as-synthesized, calcined
and washed samples, both at room as well as liquid nitrogen
temperatures, confirms the presence of V5+ in the VMCM-41
[16]. Although vanadyl sulfate was used for the preparation,
the absence of V4+ in the VMCM-41 indicates that during
the synthesis procedure V4+ may haven been oxidized to V5+

as aerial oxidation of V4+ to V5+ is known to occur rapidly
in alkaline medium[19]. Fig. 2 depicts representative XRD
patterns of the calcined, washed, recycled and washed re-
cycled VMCM-41(50). As can be seen from this figure that
the diffraction patterns are typical of mesoporous hexagonal
MCM-41 structure[20,21]. Further, the diffraction profiles
remain same even after the recycling and/or washing experi-
ments suggesting the intactness of the structure.

Table 1summarizes the average unit cell parameter, vana-
dium contents, and N2 sorption data of various VMCM-41
samples. As expected, in all the cases, an increase in thed
spacing (ora0-vaules) compared to its siliceous analogue was
noted. The observed expansion could, however, be attributed
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Fig. 2. XRD spectra of VMCM-41(50): (a) calcined, (b) washed, (c) recy-
cled, and (d) washed and recycled.

to the larger (crystal) radius of V5+ (0.495Å) than that of Si4+

(0.40Å) [22], and/or to the longer VO (1.8Å) bond distance
as compared to SiO (1.6Å) [7]. On the other hand, the loss
in vanadium for the washed sample shows a removal of non-
framework vanadium ions from the matrix. Interestingly, the
vanadium content in the VMCM-41 remains nearly the same
even after recycling experiments suggesting that there is no
further leaching of vanadium under reaction conditions.

TG of as-synthesized VMCM-41 samples (not repro-
duced here) showed∼40 wt.% weight loss attributed to the
removal of adsorbed water and surfactant molecules. On
the other hand, the calcined sample shows a weight loss
around 20 wt.% (not reproduced here) due to the adsorbed
water molecules. DTA gave the corresponding endother-
mic/exothermic transitions (also not reproduced here) charac-
teristic of mesoporous MCM-41 materials[23]. Further, the
N2 sorption data (seeTable 1) on various vanadium samples
supports the mesoporous nature of catalyst[20,21]. Fig. 3
presents the TEM of VMCM-41, which shows a regular
hexagonal array of uniform channels typical of MCM-41
[21,24], along with an ED pattern which confirms the pe-

Table 1
XRD, ICP-AES, and N2 sorption data of various VMCM-41 samples

Samplea a0 (Å) (XRD) V-contentb (wt.%) Pore volume (ml g−1) N2 sorption pore diameter (Å) Surface area (m2 g−1)

S 27 1040
V 26 1012
V 27 980
V 29 919
V – –
V 27 846
V – –
V 24 892

Fig. 3. (a) TEM and (b) ED of VMCM-41.

riodicity and high crystallinity of VMCM-41. This is highly
consistent with XRD results.

Fig. 4 shows29Si MAS-NMR spectra of as-synthesized
MCM-41 and VMCM-41. The spectra consist of two dis-
tinct signals, viz.,−110.0 ppm (Q4), −100.0 ppm (Q3) along
with a very week signal at−90.1 ppm (Q2) corresponding
iMCM-41 40.84 – 0.91
MCM-41(200) 41.30 0.21 0.86
MCM-41(100) 43.62 0.32 0.81
MCM-41(50)c 46.08 0.76 0.85
MCM-41(50)d 46.02 0.65 –
MCM-41(50)e 45.95 0.63 0.71
MCM-41(50)f 46.01 0.64 –
MCM-41(25) 48.02 1.23 0.69

a Numbers in parentheses indicate the nominal Si/V ratios.
b ICP-AES.
c Calcined sample.
d Washed sample.
e Recycled sample.
f Washed and recycled.



S.E. Dapurkar et al. / Journal of Molecular Catalysis A: Chemical 223 (2004) 241–250 245

Fig. 4. 29Si MAS-NMR spectra of as-synthesized: (a) MCM-41, (b)
VMCM-41(100), (c) VMCM-41(50), and (d) VMCM-41(25).

to Si(OSi)4, Si(SiO)3(OH), and Si(OSi)2(OH)2, respectively
[23,25]. It can be seen from this figure that the intensity of Q3
signal decreases as the vanadium concentration increases in
the samples. This implies that there is an interaction between
vanadium ions and hydroxyl groups in the silicate MCM-41
matrix, and as a consequence, the Q3 signal intensity de-
creases[26,27]. A similar observation was also noticed in
the case of microporous molecular sieve materials[28,29].
Thus, during the synthesis, vanadyl ions (VO) may possibly
be bonded to silanol groups (SiO) in the MCM-41 matrix
so as to form mainly (SiO)3(V O) units (Scheme 1). 51V
MAS-NMR of VMCM-41(50) shows a signal at∼533 ppm
(not shown here), relative to VOCl3 as a reference, indicating
that the presence of pentavalent vanadium in the tetrahedral
framework of VMCM-41[7,8]. However, the absence of sig-
nal around∼300 ppm indicates that no bulk vanadium oxide
phase is present in the sample.

DRUV-VIS spectra of various vanadium samples show
two intense absorption maxima around 275 nm ((�)t2 (d)e)
and 340 nm ((�)t1 (d)e) (Fig. 5). This is attributed to the

Fig. 5. DRUV-VIS spectra of VMCM-41: (a) calcined, (b) washed, (c) re-
cycled, and (d) washed and recycled.

charge transfer bands associated with O2− to V5+ in tetrahe-
dral environment[16,27,30]. No band in visible region was
noticed for the as-synthesized samples. Again, this observa-
tion supports the presence of V5+ in the matrix, which is in
accordance with EPR studies. FT-IR spectra of various cal-
cined vanadium sample shows bands at∼1230,∼1080, and
∼460 cm−1, which are assigned to the symmetric stretch-
ing and bending of SiO Si vibration, respectively[23]. On
the other hand, the diffuse band at∼960 cm−1 is attributed
to defect sites (SiO), which normally appears in siliceous
samples. However, the band is sharp in the case of VMCM-
41 and increases vanadium content (not shown here) owing
to the influence of VO group in the silicate framework[16].

Fig. 6depicts the effect of reaction time on the cyclohex-
ane reaction over calcined VMCM-41. It can be seen from this
figure that the (cyclohexane) conversion increases with time,
while (cyclohexanol) selectivity decreases, and that the op-
timum conversion and selectivity could be achieved at about
12 h. It can also be noticed from this figure that, at the initial
stages, a small amount of cyclohexyl acetate was observed
along with cyclohexanol. The former increases slightly with
time, which could possibly due to termination reaction be-

F CM-
4 t
=
Scheme 1.
ig. 6. Effect of reaction time on the conversion and selectivity over VM
1 (reaction conditions: substrate:oxidant (H2O2) = 1:1;T= 373 K; catalys
3.3 wt.%).
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Scheme 2.

tween unreacted cyclohexyl and acetoxy radicals and/or by
a possible reaction of cyclohexanol with excess acetic acid
in the presence of VMCM-41 (seeSchemes 2 and 3). Fig. 7
shows the effect of reaction temperature on cyclohexane re-
action. In all cases, cyclohexanol was obtained as the ma-
jor product, and only small amounts of other products, viz.,
cyclohexanone, cyclohexyl acetate, etc., were observed. Fur-
ther, it can also be seen from the figure that the cyclohexane
conversion increases with increase in reaction temperature,
and that a maximum conversion was obtained at 373 K. How-
ever, beyond this temperature, e.g., at 383 K, a decrease in
conversion and selectivity was observed, which could be at-
tributed to a possible decomposition of H2O2 [6] as well as to
the formation of cyclohexyl acetate by interaction of cyclo-

Table 2
Recycling study over calcined and washed VMCM-41 catalystsa

Catalyst Conversion (wt.%) Selectivity (%)

Cyclohexanol Cyclohexanone Cyclohexyl acetate Others

Calcined VMCM-41 99.0 94.5 1.9 3.6 –
First recycle 93.2 96.1 3.6 0.3 –
Second recycle 92.0 92.4 6.3 1.3 –
Third recycle 91.2 93.4 2.5 4.1 –
Washed VMCM-41 93.4 90.0 4.5 5.5 –
First recycle 89.8 95.0 2.1 2.9 –
Second recycle 90.8 96.9 1.1 2.0 –
T

t.%;T =

hexyl and acetoxy radicals and/or due to the reaction between
cyclohexanol with excess acetic acid (seeSchemes 2 and 3).

Fig. 8 shows the effect of vanadium content on the reac-
tion. It can be seen from this figure that the (cyclohexane)
conversion increases with vanadium content and that a maxi-
mum conversion was obtained for the Si/V ratio of 50. How-
ever, the observed decrease in conversion at higher vanadium
content (Si/V = 25) could be due to the presence of excess
amount of vanadium, which leads to competent interaction
of metal oxo-species with both alkylperoxy species and cy-
clohexane[31], thus inhibiting the catalytic reaction. While
cyclohexanol selectivity decreases as a consequence of the
formation of ring-oxidized products such as hexanoic acid,
which was identified using GC–MS.Fig. 9 presents the ef-
hird recycle 90.1 93.8
a Reaction conditions: substrate:oxidant (H2O2) = 1:1; catalyst = 3.3 w
2.2 4.0 –

373 K; t = 12 h.
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Scheme 3.

fect of catalyst concentration on the reaction. It can be seen
form this figure that, as the catalyst concentration increases,
the cyclohexane conversion increases. At the 3.3 wt.% con-
centration, maximum substrate conversion and cyclohexanol
selectivity was observed. However, above this concentration,
a slight decrease in cyclohexane conversion and cyclohexanol

Fig. 7. Effect of reaction temperature on the conversion and selectivity over
VMCM-41 (reaction conditions: substrate:oxidant (H2O2) = 1:1; t = 12 h;
catalyst = 3.3 wt.%).

Fig. 8. Effect of Si/V molar ratio on the conversion and selectivity over
VMCM-41 (reaction conditions: substrate:oxidant (H2O2) = 1:1;T= 373 K;
t = 12 h; catalyst = 3.3 wt.%).

selectivity was noticed. This could be attributed to the com-
petent interaction of metal oxo-species in MCM-41 matrix
with alkylperoxy species and cyclohexane[32].

Table 2lists the results of recycling runs over calcined and
washed VMCM-41 catalysts. In both the catalysts, cyclohex-
anol was obtained as the major product with small amounts of
other products, viz., cyclohexanone and cyclohexyl acetate.
It can also be seen from the table that the calcined catalyst
showed high activity while a slight decrease in activity was
noticed during the first run owing to the leaching of active
vanadium ions under reaction condition. However, the activ-
ity is nearly the same in the subsequent cycles. Likewise, it is
also interesting to note that the washed catalyst also showed a
result similar to that of the recycled catalyst. The observation
of loss of vanadium content upon recycling/washing is well
supported by DRUV-VIS studies where a slight decrease in
absorption band intensity was noted for the recyled/washed
catalysts as compared to the calcined catalyst (Fig. 5a). How-
ever, the spectra remain nearly the same even after the treat-
ment for the washed and recycled samples (Fig. 5b–d). On

F over
V
t

ig. 9. Effect of catalyst concentration on the conversion and selectivity
MCM-41 (reaction conditions: substrate:oxidant (H2O2) = 1:1;T= 373 K;
= 12 h).
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Fig. 10. Effect of recycling of calcined VS-1 catalyst (reaction conditions:
substrate:oxidant (H2O2) = 1:1;T = 373 K; t = 12 h; catalyst = 3.3 wt.%).

the other hand, filtrate and quenching studies carried out on
washed catalyst shows no catalytic conversion of cyclohex-
ane and furthermore, ICP-AES analysis yielded no evidence
for any leached vanadium in the liquid phase, which is in ac-
cordance with literature[33]. Thus, the samples behave truly
as heterogeneous catalysts.

The cyclohexane reaction was also carried out over mi-
croporous VS-1 catalyst and the results are shown inFig. 10.
It can be seen from this figure that the activity of VS-1 is
quite low as compared to mesoporous VMCM-41 (Fig. 11).
This could possibly due to the less diffusivity of cyclohexane
molecule (kinetic diameter = 6̊A) in the MFI pore channels
(5.4Å) thereby the accessibility is restricted, which is in good
agreement with an earlier report[34]. Further, it can also be
noticed from this figure that VS-1 shows a decrease in con-
version upon recycling, owing to leaching of active vanadium
ions from the microporous matrix. On the other hand, in the
absence of catalyst/initiator or in presence of vanadium free
MCM-41 the reaction shows only∼10% conversion while a
continuous leaching of vanadium was observed for the V2O5
supported MCM-41[16]. Thus, the high activity of various
mesoporous vanadium catalysts is due to the stabilization of
vanadium ions in the silicate framework of MCM-41 struc-
ture.

Scheme 2depicts the possible reaction pathway over the
V
l

T
I

I %)

l ers

M
C
A
A

t.%;T =

Fig. 11. Effect of recycling of calcined VMCM-41 catalyst (reaction con-
ditions: substrate:oxidant (H2O2) = 1:1; T = 373 K; t = 12 h; catalyst =
3.3 wt.%).

ther reacts with vanadyl species2b to produce vanadium per-
oxospecies2c [34,35]. The latter than interacts with ketone
(initiator) to produce a chelate complex of the type2d fol-
lowed by reaction of cyclohexane leads to cyclohexyl radical
2e. The cyclohexyl radical in turn reacts with peroxyacetic
acid2a, and H2O2 through chain transfer free radical reac-
tion [36] to produce the desired product, viz., cyclohexanol
(seeScheme 3). Table 3presents the results of the influence
of various initiators on the reaction. It is noteworthy here
that the use of other initiators such as acetaldehyde, acetone
and cyclohexanone lowers both the (substrate) conversion
and (cyclohexanol) selectivity. On the other hand, the use of
MEK resulted in a significant increase in conversion, which
could be attributed to the reduction of the induction period
[4,37,38]by use of unsymmetrical ketone (MEK) resulted in
the formation of chelate complex (2d) may easily be cleaved
into free radical and thus the initiation of the chain transfer
by hydrogen abstraction with cyclohexane takes place[39].

Table 4summarizes the influence of various solvents on
the reaction. It can be seen from the table that a relatively
lower conversion was obtained in the case of methanol, ace-
tone and 1,4-dioxan due to possible partial decomposition of
H2O2 under the reaction conditions. However, the observed
higher catalytic activity in acetic acid can be attributed to
the stabilization of H2O2 as peroxy acetic acid species2a
MCM-41 catalyst. At first, acetic acid interacts with H2O2
eading to the formation of peroxy acetic acid2a, which fur-

able 3
nfluence of initiators on the oxidation of cyclohexanea

nitiator Conversion (wt.%) Selectivity (

Cyclohexano

EK 99.0 94.5
yclohexanone 65.2 64.2
cetone 61.7 63.8
cetaldehyde 42.9 89.5

a Reaction conditions: substrate:oxidant (H2O2) = 1:1; catalyst = 3.3 w
b Hexanoic acid and cyclohexene.
Cyclohexanone Cyclohexyl acetate Othb

1.9 3.6 –
30.2 1.9 3.7

31.4 1.4 3.4
8.6 0.9 1.0

373 K; t = 12 h.
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Table 4
Oxidation of cyclohexane over VMCM-41 with different solventsa

Solvents Conversion (wt.%) Selectivity (%)

Cyclohexanol Cyclohexanone Cyclohexyl acetate Othersb

Acetic acid 99.0 94.5 1.9 3.6 –
Methanol 38.9 98.6 – 0.2 1.2
1,4-Dioxan 34.3 98.2 – 0.4 1.4
Acetone 38.6 58.2 40.0 0.7 1.1

a Reaction conditions: substrate:oxidant (H2O2) = 1:1; catalyst = 3.3 wt.%;T = 373 K; t = 12 h.
b Hexanoic acid and cyclohexene.

Table 5
Oxidation of cyclohexane over VMCM-41 with different oxidantsa

Oxidant Conversion (wt.%) Selectivity (%)

Cyclohexanol Cyclohexanone Cyclohexyl acetate Othersb

H2O2 99.0 94.5 1.9 3.6 –
O2 83.1 95.3 – 4.7 –
Air 48.8 98.3 – 1.7 –
TBHP 63.4 – 82.4 7.4 10.2

a Reaction conditions: substrate:oxidant = 1:1; catalyst = 3.3 wt.%;T = 373 K; t = 12 h.
b Hexanoic acid and cyclohexene.

[6]. The reaction was also carried out with different oxidants,
e.g., 70% TBHP, molecular O2 and air, and the results are
listed in Table 5. It can be seen from the table that the use
of molecular O2 and air leads to a decrease in substrate con-
version due to milder oxidizing nature as well as difficulty
in activation[6]. Although, the use of TBHP decreases the
conversion, it produces cyclohexanone as major product with
considerable amount of cyclohexyl acetate and other ring ox-
idized products. The observed higher cyclohexanone selec-
tivity may possibly be due to stronger oxidation efficiency
of TBHP [39] thereby leading to secondary reaction, viz.,
oxidation of cyclohexanol to cyclohexanone, and other ring-
oxidation reactions, e.g., hexanoic acid[40], which was con-
firmed by GC–MS analysis.

4. Conclusion

In summary, it can be concluded that mesoporous VMCM-
41 molecular sieve is a very efficient and highly selective
catalyst for the cyclohexane oxidation under relatively mild
reaction conditions. Among the various oxidants, H2O2 was
found to be more suitable for the high substrate conversion
and selective formation of cyclohexanol. Likewise, among
the various initiators, MEK resulted in considerable increase
i ach
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v CM-
4 hed
o na-
d fter
s sta-
b us,
V
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