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Liquid phase oxidation of anthracene andtrans-stilbene over
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Abstract

Transition metal ion incorporated MCM-41 has been found to be active for catalytic epoxidation of aromatic olefins
(trans-stilbene) and oxidation of aromatic compound (anthracene). The Cr-MCM-41 catalyst was the best in comparison to
the other isomorphously substituted MCM-41.t-Butylhydroperoxide (t-BHP) has shown better performance at around 80◦C
in benzene as a solvent. The highest conversion of 79.3% of anthracene was observed with more than 90% selectivity of the
product. Cr-MCM-41 could be used for the reaction without decrease in the catalytic activity. © 2002 Elsevier Science B.V.
All rights reserved.
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1. Introduction

Porous inorganic materials, such as various zeo-
lites which are crystalline aluminosilicates, have been
particularly interesting because they possess uniform
pores of various sizes and have been studied for their
functions as molecular sieves, catalysts and supports
[1]. But the micropore size present in certain zeolites,
pose a problem of size restriction for the reactants,
enabling reactions with larger molecules to proceed.
The discovery of mesopore molecular sieves [2–4],
facilitated to work with larger molecules also. Among
them, mesoporous silicates/aluminosilicates with uni-
form hexagonal pores of about 30 Å (MCM-41) has
been synthesized by hydrothermal process using a
surfactant as an organic template [4,5]. Attempts to
insert elements, such as Ti [6], Cr [7], Mn [8] or Fe
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[9] into the MCM-41 framework has been recently
reported. Various oxidation reactions in liquid phase
has been reported on heterogeneous catalyst [10–18].

Here, we report the oxidizing ability of MCM-41
which was synthesized hydrothermally and substituted
with transition metal ions, both isomorphously and
by impregnation method. The oxidation of anthracene
andtrans-stilbene was carried out in liquid phase. The
oxidized product 9,10-anthraquinone, is widely used
in the synthesis of dyes and during the large scale
synthesis of hydrogen peroxide [19]. Conventionally,
this was obtained by the oxidation of anthracene us-
ing chromic acid or vapor phase oxidation with air or
by the reaction of phthalic anhydride and benzene in
vapor phase [20].

2. Experimental

An aqueous solution of aluminum isopropoxide
(0.38 g) and to it an aqueous solution of sodium
hydroxide (0.3 g) was added in 50 ml beaker and
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stirred in hot conditions, till a clear solution was
formed. Then 9.4 ml of tetraethyl ammonium hy-
droxide (TEAOH) and Ludox colloidal silica (9.26 g)
were added drop wise while stirring at room temper-
ature. Then hexadecyl tri-methylammonium bromide
(10.55 g) was added slowly to the above solution. At
the same time, an amount of transition metal precur-
sor for 1 wt.% was dissolved in 5 g of water and then
slowly added to the gel with stirring. The pH of the
mixture was maintained at 11.0–11.5. Finally, the gel
mixture was transferred into an autoclave and heated
at 100◦C for 24 h. The solid product was recovered
by filtration, washed with deionized water and dried
in air. All the as-synthesized samples were calcined at
500◦C in air. Chromium impregnated MCM-41 was
prepared by impregnating the calcined MCM-41 with
an aqueous solution of a prescribed concentration
of chromium nitrate, followed by evaporation of the
solvent, drying at 120◦C for overnight and calcined
at 420◦C for 4 h in air.

The reaction was carried out taking 35 ml of solvent
benzene, 1 g of reactant and 1 g of catalyst in a round
bottom flask. The reaction was carried out with stirring
and under refluxing conditions for 24 h with reactant
to t-butylhydroperoxide (t-BHP) molar ratio 1:4. The
products were analyzed by HPLC and confirmed with
authentic samples.

2.1. Measurements

The elemental composition of the resultant solid
products was analyzed by ICP-MS. Powder XRD pat-
terns of the as-synthesized and calcined products were
recorded on a diffractometer with Cu K� radiation at
0.045 step sized and 0.5 s step time over the range
0◦ < 2θ < 40◦ which matched with the literature.

The specific surface area,ABET, was determined
from the linear part of BET plot(P/P0 = 0.05–0.30).
The SEM image of MCM-41 was observed at
15–150 kV, with 5000–10,000 magnification. The
sample was coated with Au to prevent charge-up. The
EDAX data was collected for each sample.

FT-IR measurements were performed on an FT-IR
spectrophotometer using the KBr self-supported pellet
technique. The pellets contained about 1% of finely
powdered sample and were pressed at 4 ton cm−2.

Diffuse reflectance UV–visible spectra were mea-
sured with a Perkin-Elmer 330 spectrophotometer

equipped with a 60 mm Hitachi integrating sphere
accessory. Pelleted samples were kept, and spectra
were collected in the 200–800 nm wavelength range
against an MCM-41 standard.

3. Results and discussion

The metal compositions of the solid products as
determined by ICP-MS are in good agreement with
the gel composition. The well-defined pattern of
XRD in Fig. 1 is typical of MCM-41 as described
by Kresge et al. [4,5]. All the three XRD reflections
(1 0 0), (1 1 0), (2 0 0) are resolved and can be indexed
to a hexagonal lattice. The synthesized MCM-41 was
observed by SEM to directly confirm the presence
of the hexagonal structure in the mesopore size. The
BET surface area of the synthesized MCM-41 was
901 m2 g−1. The physical properties of the MCM-41
obtained are listed in Table 1.

Fig. 2 shows the variation of the powder XRD pat-
terns of the isomorphously substituted transition metal
ion MCM-41 catalysts and BET surface area. The
metal incorporated MCM-41 caused an appreciable
decrease in the diffraction peaks at 2θ of 4–6◦, to-
gether with the decrease in the surface area [21]. Par-
ticularly, the relative peak intensities of planes (1 1 0)
and (2 0 0) at a 2θ of 4◦ decreased, which suggest a

Table 1
Physical properties of calcined MCM-41 and transition metal-
MCM-41

Metal Metal ion d(1 0 0) a0
a (Å) SBET

substituted (wt.%) (Å) (m2 g−1)

Na 1.0 43.00 49.7 901.0
Ti ∼1.0 38.48 44.4 865.0
V 0.38 37.63 43.5 840.0
Cr 0.46 37.83 43.6 838.5
Mn 0.70 38.55 44.5 870.0
Fe 0.69 37.39 43.2 820.0
Co 0.40 37.04 42.8 943.7
Ni 0.28 40.35 46.6 849.0
Cu 0.35 39.07 45.1 860.0
Zn 1.94 38.18 44.1 838.0
1% Cr 43.97 50.7 751.0
3% Cr 39.98 46.2 749.0
5% Cr 39.64 45.8 733.0

a The hexagonal unit-cell parameter (a0) was calculated using
the formulaa0 = 2d(1 0 0)/

√
3.
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Fig. 1. XRD profiles of (1) MCM-41(calcined) and (2) MCM-41(as-synthesized).

decrease in the hexagonal regularity of the structure.
Displacement of Al3+ with the transition metal ions,
has been reported [22] to cause the imbalance in the
polarity of the structure, which results in the destruc-
tion of the uniform hexagonal structure (Fig. 3).

The variation of the XRD patterns of the metal
impregnated MCM-41 (Fig. 4) with the amount of the
impregnation of the metal ion on the support did not
cause appreciable change in the XRD pattern, and
thed(1 0 0) spacing slightly decreases with increasing
Cr content, which is similar to Ga-MCM-41 [23].
The BET surface area decreased for 1 wt.% of Cr on
the MCM-41 by 150 m2 g−1, but the surface area did
not decrease so much by increasing the amount of Cr
impregnated on the MCM-41 and thus confirmed to
preserve the hexagonal array and high surface area
of MCM-41. It was reported that the unit-cell param-
eter (a0) increases by 1–8 Å upon incorporation of
transition metal into the framework of MCM-41 and
by increasing the Cr content [24,25]. However, we
observed the opposite as observed byKevan and co-
workers [7].

The IR spectra of calcined, dehydrated MCM-41
and transition metal ion incorporated MCM-41 are
shown in Figs. 5 and 6. In all samples, an FT-IR band
around 960 cm−1 is observed, which is often assigned
to a lattice defect and is correlated with the presence of
tetrahedral framework ions as M–O–Si type [26–29].
This 960 cm−1 band is also prominent in the FT-IR
spectrum of calcined MCM-41. By carefully examin-
ing this band, it is seen that there is a slight red shift
in metal incorporated samples. Recent work suggests
[30] that this band can also be assigned to an Si–O
vibration in an Si–OH group in siliceous MCM-41. If
this is the case, it is reasonable to attribute the red shift
in metal incorporated MCM-41 to the replacement of
an OH group by O-metal ion.

Fig. 7 shows UV–visible spectra of as-synthesized
and calcined, dehydrated Cr-MCM-41. The spectra
of as-synthesized Cr-MCM-41 contains two typical
bands of octahedral Cr(III) at 400 and 611 nm. They
have been assigned to d–d transitions described as
4A2g → 4T2g and4A2g → 4T1g transitions, respec-
tively. The sharp shoulder at 467 nm in Figure 5 can
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Fig. 2. XRD profiles of: (a) MCM-41, (b) Ti-MCM-41, (c) V-MCM-41, (d) Cr-MCM-41, (e) Mn-MCM-41, (f) Fe-MCM-41, (g) Co-MCM-41,
(h) Ni-MCM-41, (i) Cu-MCM-41 and (j) Zn-MCM-41.

be assigned to a spin forbidden A2g →4 T2g tran-
sition of six-coordinate under tetragonal distortion
[7].

Fig. 8 shows the calcined Cr-MCM-41 electron
spin resonance (ESR) spectra, wherein an intense
signal aroundg ∼ 2.0053 suggests the presence of

trivalent chromium in octahedral coordination, while
broad signal aroundg ∼ 1.978 is characteristic of
pentavalent chromium in tetrahedral or distorted
tetrahedral coordination. This may be due to the
partial oxidation of trivalent chromium during calci-
nation.
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Fig. 3. Correlation of ionic radii andd(1 0 0) spacing.

3.1. Oxidation of trans-stilbene

The activity of various catalysts was determined
by carrying out epoxidation oftrans-stilbene using
benzene as a solvent andt-BHP as an oxidant under
reflux condition (Table 2). MCM-41 itself showed

Fig. 4. XRD patterns of Cr impregnated MCM-41: (1) 1 wt.% Cr (2) 3 wt.% Cr and (3) 5 wt.% Cr.

very less activity with the yield oftrans-stilbene-oxide
being about 3.1 wt.% at 9.5 wt.% conversion. How-
ever, the conversion increased by about 8–10 folds
on substituting transition metal ions in MCM-41
matrix. By incorporating 1 wt.% of the transition
metal isomorphously, the activity followed the order
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Table 2
Liquid phase oxidation oftrans-stilbene over modified MCM-41 catalystsa

S. No. Catalyst Conversion of
trans-stilbene (wt.%)

Yield of products (wt.%)

trans-Stilbene Others
oxide

1 MCM-41 9.5 3.1 6.4
2 Cr-MCM-41 50.3 25.7 24.6
3 Fe-MCM-41 38.0 28.2 9.8
4 Co-MCM-41 43.7 27.9 15.8
5 Cr-MCM-41 (5 wt.% Cr) 59.6 34.2 25.4
6 FeZSM-5 11.2 4.6 6.6
7 CoZSM-5 16.3 1.9 14.4

a Reactant:trans-stilbene (1 g), reaction time: 20 h, solvent: benzene, reaction temperature: 80◦C, trans-stilbene:t-BHP= 1:2 molar,
catalyst weight: 0.5 g.

Fig. 5. IR spectra of: (1) MCM-41(as-synthesized), (2)MCM-
41(calcined), (3) Ti-MCM-41, (4) V-MCM-41.

Fig. 6. IR spectra of (5) Cr-MCM-41, (6) Fe-MCM-41, (7)
Co-MCM-41, (8) Cr-MCM-41 (impregnated), (9) Fe-MCM-41
(impregnated).
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Fig. 7. Diffuse reflectance UV–visible (DRS) spectra of Cr-
MCM-41: (i) as-synthesized, (ii) calcined.

Fe-MCM-41 ≤ Co-MCM-41 < Cr-MCM-41. The
yields increased with the increase in wt.% from 1
to 5. In case of higher wt.% of metal ion, there are
extra-framework metal ion metal oxide species may

Fig. 8. ESR spectra of Cr-MCM-41.

be present. The shape selectivity was more clearly
confirmed on carrying out the reaction with FeZSM-5
(30) and CoZSM-5 (30), as both the catalysts gave
very low yields of 4.6 and 1.9%trans-stilbene ox-
ide under the identical reaction conditions. This
could be a consequence of the steric constraints im-
posed by the smaller and three-dimensional pores
present in HZSM-5 in comparison to the straight
channels of MCM-41. Further, besidestrans-stilbene
oxide, the formation of benzaldehyde, benzoic acid,
t-butoxybenzoate, 1,2-diphenylethandione, diphenyl
acetaldehyde, and acetophenone could be the prod-
ucts. These side reactions including oxidation and
carbon–carbon bond cleavage are not welcome and
should be minimized. This shows that the transition
metal modified MCM-41 molecular sieves are redox
molecular sieves active in the oxidation reaction.

3.2. Oxidation of anthracene

3.2.1. Catalyst
The activity of various catalysts is shown in Fig. 9,

where the catalytic run was performed with anthracene
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Fig. 9. Oxidation of anthracene over modified MCM-41 molecular sieves: variation of catalyst.

in benzene with 1:4tert-butyl hydroperoxide (t-BHP)
at 80◦C for 20 h. Without any catalyst, the yield of
9,10-anthraquinone was just in traces. On the other
hand, the MCM-41 itself with no transition metal ion
gave yields less than 10 wt.%.

The order of selectivity of 9,10-anthraquinone when
the reaction was carried out over transition metal ion
containing catalyst is Cr-MCM-41> Mn-MCM-4 >

Co-MCM-41 > Cu-MCM-41 >Fe-MCM-41 > V-
MCM-41 > Ni-MCM-41 > Zn-MCM-41 > Ti-
MCM-41. Thus it can be seen that the transition

Table 3
Oxidation of anthracene: time on streama

S. No. TOS (h) Conversion of
anthracene (wt.%)

Liquid product selectivity (wt.%)

9,10-Anthraquinone Others TOF

1 3 12.8 91.4 8.6 557.14
2 6 24.3 84.0 16.0 485.7
3 9 31.7 92.1 7.9 463.5
4 12 40.4 93.8 6.2
4 20 79.3 97.9 2.1 458.33

a Reactant: anthracene (0.25 g), catalyst: Cr-MCM-41, solvent: benzene (20 ml), anthracene:t-BHP= 1:4 molar, catalyst weight: 0.25 g.

metal ions are, indeed, the active sites for oxidation.
The effect of duration of the reaction of oxidation of
anthracene is depicted in Table 3. The yield increased
with increasing reaction time up to 20 h. Increasing
the Cr wt.% from 1 to 5 (Table 4) by impregna-
tion method, the conversion of anthracene improved,
while yields showed slight variation. The reaction
over CrHY (1 wt.%, Cr) resulted in drastic decrease
of yields with decrease in selectivity.

3.2.2. Oxidant and solvent effect
Hydrogen peroxide (H2O2) andt-BHP were used as

oxidants for catalytic oxidation of anthracene in ben-
zene over Cr-MCM-41. The results are summarized in
Table 5. The conversion was below 10% when H2O2
was used as the oxidant and benzene as a solvent. But
as the solvents having higher dielectric constant (ε),
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Table 4
Oxidation of anthracene: metal % variationa

S. No. Catalyst Conversion of Liquid product distribution (wt.%)
anthracene (wt.%)

9,10-Anthraquinone 1,4-Anthraquinone Others

1 Cr-MCM-41 (isomorphous) 79.3 97.9 – 2.1
2 Cr-MCM-41 (1 wt.% Cr) 95.2 93.3 – 6.7
3 Cr-MCM-41 (3 wt.% Cr) 96.2 97.1 – 2.9
4 Cr-MCM-41 (5 wt.% Cr) 91.5 96.4 1.1 2.5
5 CrHY (1 wt.% Cr) 34.6 68.8 18.2 13.0

a Reactant: anthracene (0.25 g), reaction time: 20 h, solvent: benzene (20 ml) anthracene:t-BHP= 1:4 molar, catalyst weight: 0.25 g.

Table 5
Oxidation of anthracene: variation of solvent and oxidanta

S. No. Solvent Oxidant Conversion of Liquid product selectivity (wt.%)
anthracene (wt.%)

9,10-Anthraquinone 1,4-Anthraquinone Others

1 Benzene t-BHP 79.3 97.9 – 2.1
2 Benzene H2O2 3.7 40.5 – 59.5
3 Toluene t-BHP 46.5 83.9 – 16.1
4 Toluene H2O2 23.9 44.8 14.2 41.0
5 THF t-BHP 26.4 40.5 38.3 21.2
6 THF H2O2 38.2 50.5 35.4 14.1

a Reactant: anthracene (0.25 g), catalyst: Cr-MCM-41, reaction time: 20 h, anthracene:oxidant= 1:4 molar, catalyst weight: 0.25 g.

Fig. 10. Oxidation of anthracene: molar ratio variation.
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Table 6
Oxidation of anthracene: molar ratio variationa

S. No. Molar ratio Conversion of Liquid product distribution (wt.%)
anthracene (wt.%)

9,10-Anthraquinone 1,4-Anthraquinone Others

1 1:2 34.0 69.7 0.9 29.4
2 1:4 79.3 97.9 – 2.1
3 1:6 94.6 97.1 – 2.9
4 1:10 92.0 91.3 2.2 6.5

a Reactant: anthracene (0.25 g), reaction time: 20 h, solvent: benzene (20 ml), anthracene:t-BHP= 1:4 molar.

toluene(ε = 2.38) or THF (ε = 7.58) in comparison
to benzene(ε = 2.28) was used and higher yields
were obtained.

When t-BHP was used as the oxidant in the reac-
tion system, the yields increased with the decreasing
dielectric constant. As in apolar aprotic solvents of
lower dielectric constant, the solute–solvent inter-
action decreases. So, in order to reduce the role of
solvent, benzene was used as the solvent for the ox-
idation of anthracene witht-BHP. Further, Mokaya
and Jones [26] reported the catalytic reactivity of
transition-metal substituted MCM-41 for the benzene
hydroxylation to phenol reaction. With the intention
to verify, if benzene hydroxylation is competing with
the anthracene oxidation, the same reaction was car-
ried out without the reactant. However, no conversion
of benzene was observed indicating that the catalyst
is not very efficient for the benzene hydroxylation
under the present reaction conditions.

3.2.3. Molar ratio variation
As the molar ratio of anthracene tot-BHP was

varied from 1:2 to 1:10 (Fig. 10) for the oxidation of
anthracene, it was observed that while increasing the
t-BHP concentration, the yield of 9,10-anthraquinone

Table 7
Oxidation of anthracene: reusability of catalysta

S. No. Run Conversion of Liquid product distribution (wt.%)
anthracene (wt.%)

9,10-Anthraquinone 1,4-Anthraquinone Others

1 1 79.5 97.9 – 2.1
2 2 79.3 97.9 – 2.1
3 3 79.3 87.3 – 12.7
4 4 75.3 98.7 – 1.3

a Reactant: anthracene (0.25 g), catalyst: Cr-MCM-41, reaction time: 20 h, solvent: benzene (20 ml), anthracene:t-BHP= 1:4 molar,
catalyst weight: 0.25 g.

increased with the conversion of anthracene being
>90% (Table 6). Although as per stoichiometry, 1:2
ratio of oxidant is sufficient, but the requirement
of higher ratio can be assigned to the non-selective
thermal decomposition of the peroxide [31].

3.2.4. Recycle use of catalyst
One of the essential advantages in the use of solid

catalyst in the liquid phase reaction is the easy sepa-
ration of the catalyst from the solution containing re-
actants and products. The repeated use of the catalyst
was indeed carried out at 80◦C. The first run gave
97.9% selectivity of 9,10-anthraquinone at 79.5% con-
version of anthracene, after the 24 h reaction. Subse-
quently, the catalyst used was collected by filtration,
dried at ambient temperature and activated at 400◦C
for 4 h, then reused again in the second reaction. The
same procedure was repeated for four times and the
results are summarized in Table 7. The yields were es-
sentially constant within an experimental error, indi-
cating that the Cr-MCM-41 could be used repeatedly.

There remains an unsolved possibility that the Cr
ions supported on the MCM-41 would dissolve in
the solution during the reaction and the resulting Cr
ions in the solution might be active for the oxidation
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reaction. The reaction was performed to investigate
this possibility, in which the usual reaction was car-
ried out at 80◦C for 3 h and then the catalyst was
removed by filtration under hot condition. The yield
of 9,10-anthraquinone was 11.7 wt.%. The reaction
was continued for another 20 h with the remaining fil-
trate. The yield value was almost the same as after 3 h
reaction. It concludes that the active sites for oxida-
tion are the Cr ions in MCM-41 and they can be used
repeatedly.

4. Conclusions

1. 9,10-Anthraquinone was obtained from anthracene
using Cr-MCM-41 catalyst andt-BHP in liquid
phase. The selectivity was 97.9% at 79.5% conver-
sion.

2. The other transition metal ion modified MCM-41
are also active in the liquid phase oxidation of
anthracene. Cr-MCM-41 is found to be the best
catalyst.

3. t-BHP is the best oxidant.
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