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Abstract

Mesoporous Mn-MCM-41 (Si/Mn= 29, 56, 73 and 104) materials were synthesized by hydrothermal process. Their structures were
characterized by X-ray diffraction (XRD). Surface area, pore size and wall thickness were calculated from BET equation and BJH method
using nitrogen sorption technique. The thermal property of the as-synthesized materials was studied using thermogravimetric-differential
thermal analysis (TG-DTA). Diffuse reflectance UV-Vis spectroscopy confirmed presence of manganese ion in the framework position of
the MCM-41. Mn(II) species with a well-resolved singlet, centered atg = 2.007, was assigned to have distorted tetrahedral symmetry. The
oxidation of ethylbenzene has been carried out over Mn-MCM-41 (Si/Mn= 29, 56, 73 and 104) usingt-butylhydroperoxide as oxidant at
333–353 K. Mn-MCM-41 (29) was more active than other catalyst, and it retained activity for three cycles of operation. The major products
were�-phenylethanol and acetophenone. Benzaldehyde and phenyl acetaldehyde were also observed in minor quantity. The difference in the
product selectivity was explained based on the reaction intermediates.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Side-chain oxidation of alkyl aromatics using cleaner
peroxide oxidants catalyzed by heterogeneous catalysts
still attracts interests. Classical synthetic laboratory pro-
cedures preferably use stoichiometric oxidants such as
permanganate and dichromate which are hazardous[1].
Hence, there has been an interest to develop ecofriendly
catalysts for the oxidation of alkylaromatics. The oxidation
of many organic substrates using H2O2 as oxidant over
Ti4+ analogues of ZSM-5 (TS-1) and ZSM-11 (TS-2) has
been well-documented[2–4]. Titanium substituted silicates
have been thought to catalyze ring hydroxylation of arenes
with H2O2, but vanadium[5–12], tin [9–13] and chromium
[14–16] substitution into a variety of zeolites and alu-
minophosphate molecular sieves has led to favored oxida-
tion at the side-chain. The presence of molecular oxygen or

∗ Corresponding author. Tel.:+91-44-22203158;
fax: +91-44-2220660.

E-mail address:pandurangana@yahoo.com (A. Pandurangan).

single oxygen atom donors such astert-butylhydroperoxide
for the oxidation of alkanes to alcohols and ketones are
shown to be important[17–20]. Chromium substituted alu-
minophasphate catalysts are found to favor the formation
of ketones from alkyl arenes with TBHP as an oxidant
[16]. Manganese analogues of these systems have also been
shown to catalyze oxidation of alkanes using TBHP[21–25].
Manganese anchored on silicious MCM-41 at a very high
coverage was shown to have high activity for propene oxi-
dation[26,27]. Raja and Thomas[28] reported selective ox-
idation of dodecane preferentially at C1 and C2 carbon over
microporous aluminophosphate, ALPO-18. Cyclohexane
[29] and alkanes[30] were also oxidized on Mn-MCM-41.
Based on these reports, in the present study, we utilized man-
ganese containing MCM-41 molecular sieves as catalysts in
the oxidation of ethylbenzene usingt-butylhydroperoxide
as oxidant in liquid phase. The main aim was to understand
the course of the reaction, which predominantly occurs
through the activation of the primary or the secondary car-
bon atom of the ethyl substituent without aromatic ring
hydroxylation.
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2. Experimental

2.1. Synthesis of Mn-MCM-41

Manganese incorporated MCM-41 with Si/Mn= 29 was
hydrothermally synthesized. In a typical synthesis, 12.2 g
(1 mol) sodium metasilicate (44–47% SiO2) dissolved in
50 g of deionized water was mixed with 0.9 g (0.04 mol) of
manganese acetate (dissolved in 10 g of deionized water)
solution. This mixture was stirred for 30 min at a speed of
approximately 250 rpm and 40 ml of 2N sulfuric acid was
added with continuous stirring for another 30 min at a speed
of 250 rpm until gel formation. Further 7.2 g (0.2 mol) of
cetyltrimethylammonium bromide (CTAB) was added drop
by drop (30 ml/h) through the dual syringe pump till the
gel transformed into suspension. The molar composition of
the resultant mixture was SiO2: 0.2 CTAB: XMnO2: 0.89
H2SO4: 120 H2O (X varies with the Si/Mn ratio). The sus-
pension was transferred into Teflon-lined steel autoclave and
placed in a hot air oven maintained at 165◦C for 48 h. Af-
ter cooling to room temperature, the material was recovered
by filtration, washed with deionized water and ethanol, and
finally calcined in flowing air at 550◦C for 6 h.

The catalysts, Mn-MCM–41 with Si/Mn= 56, 73 and
104, were also synthesized in a similar manner, wherein,
only the ratio of manganese acetate was adjusted appropri-
ately.

2.2. Physicochemical characterization

The manganese content in Mn-MCM-41 was determined
using ICP-AES with Allied Analytical ICAP 9000. The crys-
talline phase identification and phase purity determination
of the calcined samples of Mn-MCM-41 were carried out
by X-ray diffraction (XRD) (Scintag 2000 Diffractometer)
using nickel filtered, Cu K� radiation (λ = 1.5406 Å).

The surface area and pore properties of calcined
Mn-MCM-41 materials were analyzed using Nova-1000
(QUAN-TACHROME, Version 5.01) sorptometer. Before
analysis, the calcined and hydrothermally treated materials
were dried at 130◦C and evacuated overnight in flowing
argon at a flow rate of 60 ml min−1. Surface area, pore size
and wall thickness were obtained from these isotherms us-
ing the conventional BET and BJH equations. IR spectra of
the samples were recorded with a Nicolet Impact 410 FT-IR
spectrometer as KBr pellet (0.005 g sample with 0.1 g KBr)
scan number 36, resolution 2 cm−1. The data were treated
with OMNIC Software.

Thermogravimetric-differential thermal analysis (TG-
DTA) was carried out in a Rheometric scientific (STA
15 H+) thermo balance. 10–15 mg of as-synthesized
Mn-MCM-41 was loaded, and airflow was kept at
50 ml min−1. The rate of heating was 20◦C min−1 and the
final temperature was 1000◦C. Diffuse reflectance (DR)
spectra were recorded between 350 and 2000 nm on a Shi-
madzu UV-240 spectrometer using BaSO4 as a reference.

X-band (9 GHz) ESR spectra were recorded for calcined
materials at liquid nitrogen temperature on a Varian E112
Spectrometer. The relative ESR intensities were calculated
by double integration of the recorded signal. The size
and morphology of Mn-MCM-41 (29) and Mn-MCM-41
(73) samples were recorded using a JEOL 640 scanning
electron microscope (SEM) operating at an accelerating
voltage of 10 kV. Samples were mounted using a conduc-
tive carbon double-sided sticky tape. The samples were
sputtered with gold (ca. 10 nm) to reduce the effect of
charging.

2.3. Catalytic oxidation reactions

The oxidation of ethylbenzene was carried out in
a RB flask (50 ml capacity) fitted with a condenser,
a thermometer and magnetic stirrer. The flask was
heated on a temperature-controlled oil bath. The catalyst
(0.3 g) was added onto a mixture of ethylbenzene and
t-butylhydroperoxide (various molar ratio), at the reaction
temperatures, viz. 333 and 353 K, for different reaction
times (h). The total duration of each run was 24 h. The
reaction mixture was withdrawn at regular intervals, cen-
trifugated to remove the catalyst and analyzed by gas chro-
matography (HP 5890 series II) using a flame-ionization
detector and a 50 m×0.2 mm PONA column (Supelco). The
products were identified by GC–MS (Shimadzu) wherever
required.

3. Results and discussion

3.1. ICP-AES analysis

The manganese content in Mn-MCM-41 was recorded
using ICP-AES with allied analytical ICAP 9000. The results
of Si/Mn ratios of the materials are given inTable 1.

3.2. XRD

The powder X-ray diffraction patterns of calcined
Mn-MCM-41 (Si/Mn = 29, 56, 73 and 104) material are
depicted inFig. 1. Owing to the long-range order of the
mesopores, they show diffractions in the 2θ range of; 2◦
(1 0 0), broad peaks near 2θ = 3.53◦ (1 1 0) and 3.83◦
(2 0 0). Similar XRD patterns were previously reported
for Mn-MCM-41 materials with hexagonal structure[31].
Physicochemical properties of these mesoporous mate-
rials are summarized in theTable 1. The XRD patterns
of calcined Mn-MCM-41 were similar to those of the
as-synthesized materials although they showed a reduction
in the pore size. The hexagonal unit-cell parameter (ao) was
calculated usingd100, which was obtained from Bragg’s
equation (2d sinθ = nλ, whereλ = 1.5406 Å for the Cu
K� line). The value ofao was equal to the internal pore
diameter plus pore wall thickness.
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Table 1
Elemental analysis and physicochemical characterization of Mn-MCM-41 materials

Samples Si/Mn ICP Calcined (Å) BET surface
area (m2 g−1)

Pore size
(Å)

Wall thickness
(Å)

d-spacing value Unit-cell parameter

Mn-MCM-41 (29) 25 29 44.185 51.021 994 28.6 29.5
Mn-MCM-41 (56) 50 56 44.055 50.870 – – –
Mn-MCM-41 (73) 75 73 44.068 50.885 – – –
Mn-MCM-41 (104) 100 104 44.273 51.122 1067 30.2 17.0
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Fig. 1. XRD of: (a) calcined Mn-MCM-41 (29); (b) Mn-MCM-41 (56);
(c) Mn-MCM-41 (73); and (d) Mn-MCM-41 (104).

3.3. Adsorption isotherm of nitrogen

Fig. 2 shows the isotherm of nitrogen adsorption of the
calcined Mn-MCM-41 (29) and Mn-MCM-41 (104), mea-

150

350

550

750

0 0.2 0.4 0.6 0.8 1 1.2

Relative pressure (p/po)

A
ds

or
be

d 
vo

lu
m

e 
(c

m
3 /g

)

a

b

Fig. 2. N2 adsorption isotherm of: (a) calcined Mn-MCM-41 (29); (b)
Mn-MCM-41 (104).

sured at liquid nitrogen temperature (77 K). All the sam-
ples exhibit type (IV) isotherm, characteristic of mesoporous
materials with regularly sized pores. Monolayer adsorption
on the walls of the mesopores is responsible for the up-
take of nitrogen at low relative pressures (p/po < 0.3).
Absence of micropores in the samples was confirmed by
t-plots. For p/po between 0.3 and 0.4, a sharp inflection in the
isotherms could be observed, indicating capillary condensa-
tion within uniformly sized mesopores. The adsorption and
desorption branches matched very well within this range.
The pore size distribution, BET surface areas, and the cumu-
lative BJH desorption pore volumes are presented in Table 1.
It can be seen that, the pore size of Mn-MCM-41 (29) is
higher than that of others due to the presence of textural
mesoporosity.

3.4. FT-IR spectroscopy

The framework vibrations of Mn-MCM-41 were analyzed
by FT-IR spectra. The FT-IR spectra of all the catalysts
are presented in Fig. 3. The as-synthesized sample exhibits
absorption bands at 2921 and 2851 cm−1 corresponding
to symmetric C–H and asymmetric CH2 vibrations of the
surfactant molecules. The broad band around 3500 cm−1

may be attributed to surface silanols and adsorbed water
molecules, whose deformational vibrations cause the ab-
sorption bands between 1623 and 1640 cm−1 [32]. The peak
between 960 and 970 cm−1 is assigned to the incorporation
of metal into the framework. Actually this band is assigned
to a stretching vibration of Si–O–Mn linkage was observed
[33]. The absorption bands at 1057 and 1223 cm−1 are
due to asymmetric stretching vibration of Si–O–Si bridge.
The disappearance of peaks at 2851 and 2921 cm−1 in
the calcined materials confirms complete loss of temp-
late.

3.5. TGA-DTA

Thermogravimetric analysis of as-synthesized Mn-MCM-
41 (29), Mn-MCM-41 (56), Mn-MCM-41 (73) and Mn-
MCM-41 (104) have shown distinct weight losses that
depend, in part, on framework composition (Table 2). Rep-
resentative thermograms are given in Fig. 4. The TGA
patterns have at least three distinct stages of weight loss.
A weight loss due to desorption of water amounting to
4.14, 4.51, 4.25 and 5.80% was observed between room
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Fig. 3. FT-IR spectra of: (a) as-synthesized Mn-MCM-41 (29); (b) Mn-MCM-41 (56); (c) Mn-MCM-41 (73); (d) Mn-MCM-41 (104); (e) calcined
Mn-MCM-41 (29); (f) Mn-MCM-41 (56); (g) Mn-MCM-41 (73); and (h) Mn-MCM-41 (104).

temperature and 150 ◦C. The stage between 150 and 350 ◦C
corresponding to a weight loss of 22.45, 23.28, 16.02 and
20.71% can be ascribed to the decomposition of surfactant
species. The weight loss of 6.06, 6.14, 7.03 and 9.13% from
350 to 650 ◦C can be assigned to coke calcination and loss
of silanol groups.

The DTA curves are shown in the Fig. 4. All the curves in
the broad exotherm between 200 and 500 ◦C coincide with
the weight loss in the TGA trace between 200 and 500 ◦C.
Hence, it is ascribed to loss of oxidative decomposition of
template. Above 500 ◦C, there is neither exothermic nor en-
dothermic peak illustrating the materials are stable up to
1000 ◦C.

3.6. DRS analysis

The co-ordination environment of Mn in Mn-MCM-41
was analyzed by DRS, and Fig. 5 shows the DR spectra of
Mn-MCM-41 (Si/Mn = 29 and 73). An intense band cen-
tered at ca. 800 nm indicates Mn(II) in tetrahedral coordi-
nation in the framework. Generally, these bands are due to

Table 2
Thermogravimetric results (in air) for the Mn-MCM-41 materials

Samples Weight loss (wt.%)

Total 50–150 ◦C 150–350 ◦C 350–550 ◦C

Mn-MCM-41 (29) 32.65 4.14 22.45 6.06
Mn-MCM-41 (56) 34.20 4.51 23.28 6.41
Mn-MCM-41 (73) 27.30 4.25 16.02 7.03
Mn-MCM-41 (104) 35.64 5.80 20.71 9.13
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Fig. 4. TG-DTA curve of: (a) as-synthesized Mn-MCM-41 (29); (b)
Mn-MCM-41 (56); (c) Mn-MCM-41 (73); and (d) Mn-MCM-41 (104).
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Fig. 5. DR UV-Vis spectra of calcined: (a) Mn-MCM-41 (29); and (b)
Mn-MCM-41 (73).

ligand-to-metal charge transfer involving isolated transition
metal sites [34].

3.7. ESR spectroscopy

Fig. 6 shows the X-band ESR spectra of calcined
Mn-MCM-41 (Si/Mn = 29 and 73) taken at liquid nitrogen

Fig. 6. ESR spectra of calcined: (a) Mn-MCM-41 (29); and (b)
Mn-MCM-41 (73).

temperature. The ESR spectra due to both Mn-MCM-41 (29
and 73) display five signals characteristics of Mn(II) (3d5)
species. Mn(III) species which would have been formed
during synthesis, is observed to be reduced to Mn(II) dur-
ing calcination. In the as-synthesized Mn-containing alu-
minophosphate molecular sieves, synthesized under acidic
condition, similar spectra has been reported [35]. The Mn2+
substituted MCM-41 molecular sieves show a broad ESR
signal with a g value of 2.007 (both samples). The broad
peaks of the hyperfine signals indicate the strong inter-
action of Mn2+ with their environment in the tetrahedral
framework.

3.8. Scanning electron microscopy

The morphology and the long-range order of Mn-MCM-41
(29) and Mn-MCM-41 (73) were investigated by scanning
electron microscopy. The SEM pictures of these catalysts
are presented in Fig. 7a and b. It can be seen that, irrespec-
tive of the loading of manganese, the solids have the same
morphology corresponding to aggregates without regular
shapes, which are in agreement with previous reports [36]
for metal incorporated materials. The pictures also show the
orderly growth of pure hexagonal phase with well-defined
sites.

3.9. Oxidation of ethylbenzene over Mn-MCM-41

The oxidation of ethylbenzene with t-butylhydroperoxide
over Mn-MCM-41 (Si/Mn = 29, 56, 73 and 104) molecular
sieves has been examined at 333 K with the feed ratios of
EB: TBHP; 1:1 and 1:3. The results obtained are presented
in Table 3. Mn-MCM-41 (29) displays more conversion
at the feed ratio of EB: TBHP; 1:3 than 1:1, due to the
presence of excess tert-butylhydroperoxide coordinated
with manganese. At both the feed ratios, the selectivity to
one of the products, viz. �-phenylethanol decreases, while
the selectivity to the other product, viz. phenylacetalde-
hyde increased, which is probably due to the conversion
of the former in to latter. Oxidation of �-phenylethanol
to phenylacetaldehyde by tertiary butoxide may occur in
this reaction, as formation of tertiary butoxide in the ox-
idation of alcohol with tert-butylhydroperoxide has been
reported in the literature [37]. It is supported by increase
in the selectivity of phenylacetaldehyde. The selectivity to
acetophenone increases with increase in time since ace-
tophenone is not a precursor of any daughter product.
Similar to acetophenone the selectivity to benzaldehyde
increases with time for both the feed ratios. The selec-
tivity to �-phenylethanol and acetophenone at the end of
6 h, illustrates more rapid formation of �-phenylethanol
than acetophenone. Hence, oxidation of the second carbon
of the side chain is supported to be sterically retarded.
The conversion and products selectivity over Mn-MCM-41
(Si/Mn = 56, 73 and 104) display nearly similar trend
as that of Mn-MCM-41 (29). But the conversion over



170 S. Vetrivel, A. Pandurangan / Journal of Molecular Catalysis A: Chemical 217 (2004) 165–174

these catalysts is less than Mn-MCM-41 (29). So this ob-
servation provides the order of the activity of catalysts
Mn-MCM-41 (29) > Mn-MCM-41 (56) > Mn-MCM-41
(73) > Mn-MCM-41 (104). It is also the order of manganese
content of the catalyst. Formation of the intermediate to
yield acetophenone, �-phenylethanol, benzaldehyde and
phenylacetaldehyde is illustrated in the following reaction
scheme.

t-Butylhydroperoxide is activated by co-ordinating with
metal oxide. The activated distant oxygen of co-ordinated
t-butylhydroperoxide reacts with ethylbenzene to yield the
above-mentioned products. �-Phenylethanol from ethylben-
zene is produced by insertion of oxygen between carbon
hydrogen bond of the methylene group. Abstraction of an
alcoholic OH hydrogen and the CH hydrogen by the ac-
tivated t-butylhydroperoxide oxygen yields acetophenone.
Similar abstraction of OH hydrogen of �-phenylethanol by
the activated t-butylhydroperoxide yields benzaldehyde by
forming methane. Similar to formation of �-phenylethanol,
the methyl group of ethylbenzene could also be acted upon
by activated t-butylhydroperoxide to yield �-phenylethanol,
which is to be very rapidly oxidized to phenylacetalde-
hyde. The rapid oxidation is evidenced through GC–MS
analysis which indicates absence of 2-phenylethanol.
So the main product obtained is found to be �-phenyl-
ethanol.

3.10. Selectivity of products

Formation of acetophenone requires chemisorption of
alkyl hydroperoxide on the Lewis acid sites of the cata-
lyst. Oxidation of the secondary carbon of ethylbenzene to

�-phenylethanol, and appropriate cleavage of bonds give
acetophenone. The selectivity to acetophenone is less in
the beginning of the reaction (up to 6 h). The reaction is
almost complete after about 24 h, when the TBHP effi-
ciency reaches a maximum. After 24 h, no TBHP is de-
tected in the reaction mixture. The results obtained over
Mn-MCM-41 (56), Mn-MCM-41 (73) and Mn-MCM-41
(104) show similar trend for conversion and products se-
lectivity. Although the conversion trend over these three
catalysts is similar to that of Mn-MCM-41 (29), the
magnitude is slightly less particularly for Mn-MCM-41
(104). The slight decrease is attributed to low content of
manganese.

The increase in selectivity to benzaldehyde is observed
with increase in time over all the catalysts. The observa-
tion suggests the influence of catalysts on the decomposi-
tion of �-phenylethanol to benzaldehyde. The selectivity to
phenylacetaldehyde increases with increase in time. Since
this product is produced from 2-phenylethanol, formation of
the latter in the reaction can be expected. But GC analysis
indicated absence of this product suggesting rapid conver-
sion of it to 2-phenylacetaldehyde.

When the temperature is raised to 353 K similar trend
for conversion and products selectivity is observed, and
the results are presented in Table 4. The conversion in-
creases with increase in time over all the catalysts. The se-
lectivity to acetophenone increases as the temperature raises
from 333 to 353 K but at 373 K a gradual decreases is ob-
served, hence 353 K is the optimum temperature for the
experiments.

3.11. Influence of the Si/Mn molar ratio

When the oxidation of ethylbenzene is carried out in
the absence of catalyst, no significant conversion is ob-
served. Negligible conversion of ethylbenzene is observed
in the presence of MnO2/SiO2. The effect of Mn content
in MCM-41 on the oxidation of ethylbenzene is presented
in Tables 3 and 4. The conversion is high (Fig. 8) with in-
creasing Mn-content in MCM-41 (example Si/Mn = 29).
The selectivity to products is high over Mn-MCM-41 (29)
but less over Mn-MCM-41 (104). This indicates that Mn is
more uniformly dispersed and rich on the surface of the for-
mer than the latter. In all the cases, however, the product
distribution shows that the oxidation of the secondary car-
bon is more predominant with formation acetophenone and
�-phenylethanol.

3.12. Effect of temperature on oxidation

The effect of temperature on ethylbenzene conversion is
studied at 333 and 353 K over Mn-MCM-41 (29) with feed
ratios of EB: TBHP; 1:1 and 1:3. The results are presented in
Tables 3 and 4. Conversion increases with time in both feed
ratios. Selectivity to �-phenylethanol decreases with time
while that of others increases with time. The similar results
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Fig. 7. SEM picture have: (a) Mn-MCM-41 (29); and (b) Mn-MCM-41(73).

are also obtained for all the catalysts (Tables 3 and 4). Com-
parison of conversion, over all the catalysts gives the order
of activity of catalysts as Mn-MCM-41 (29) > Mn-MCM-41
(56) > Mn-MCM-41 (73) > Mn-MCM-41 (104), which is
also the order of the active sites content namely manga-
nese.

Comparison of results at 333 and 353 K illustrates more
conversion and product selectivity for the latter than the for-
mer due to more activation of t-butylhydroperoxide at 353 K
(Fig. 9). The reaction was also tested at 373 K with feed ra-
tio of EB: TBHP; 1:1 and 1:3, but the conversion was found

to be less, which might be attributed to the decomposition
of t-butylhydroperoxide.

3.13. Effect of TBHP concentration

Comparison of the effect of feed ratio on conversion and
products selectivity can be made from the data presented in
the Tables 3 and 4. For example at 333 K when the feed ratio
is changed from 1:1 to 1:3 increase in conversion is observed
over Mn-MCM-41 (29). As the reaction depends on con-
centration of t-butylhydroperoxide activated by manganese,
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Table 3
Oxidation of ethylbenzene at 333 K

Catalysts Mole ratio 1:1 1:3

Time (h) 6 12 18 24 6 12 18 24

Si/Mn = 29 Conversion (wt.%) 29.1 44.4 51.3 58.5 37.4 47.8 55.0 64.9
Selectivity (%)

�-Phenyl ethanol 81.5 61.7 45.4 32.8 85.3 71.2 53.1 36.4
Acetophenone 16.9 23.9 31.3 38.4 14.7 20.3 33.1 40
Benzaldehyde 1.1 4.5 8.1 12.9 0 3.3 6.7 12.4
Phenyl acetaldehyde 0 4.8 9.5 11.4 0 5.2 7.1 11.2
Others 0.5 5.1 5.7 4.5 0 0 0.1 0

Si/Mn = 56 Conversion (wt.%) 24.6 44.0 50.2 57.0 36.8 48.0 53.9 63.9
Selectivity (%)

�-Phenyl ethanol 77.1 59.2 43.6 31.5 83.4 69.8 50.8 33.9
Acetophenone 15.1 20.8 29.6 36.7 13.5 18.9 29.7 37.8
Benzaldehyde 2.5 5.3 7.8 12.6 2.3 5.3 8.5 14.0
Phenyl acetaldehyde 2.5 6.1 10.7 15.7 0.8 6 10.4 13.0
Others 2.8 8.6 8.3 3.5 0 0 0.6 1.3

Si/Mn = 73 Conversion (wt.%) 19.8 40.0 47.0 52.8 34.2 44.9 49.4 59.2
Selectivity (%)

�-Phenyl ethanol 74.3 58.4 45.0 30.1 80.0 65.2 47.2 32.0
Acetophenone 14.2 19.9 27.7 36.1 13.0 20.1 27.8 35.6
Benzaldehyde 4.5 8.4 11.8 15.7 4.0 6.5 9.8 16.7
Phenyl acetaldehyde 4.0 7.5 10.9 17.6 3.0 8.2 12.0 15.0
Others 3.0 5.8 4.6 1.1 0 0 3.2 0.7

Si/Mn = 104 Conversion (wt.%) 17.9 42.1 48.1 51.1 30.9 45.0 48.2 55.5
Selectivity (%)

�-Phenyl ethanol 71.3 56.0 40.2 28.7 78.8 59.8 42.1 29.8
Acetophenone 14.4 19.0 26.3 35.1 11.9 18.0 25.4 34.0
Benzaldehyde 7.9 12.3 15.4 18.7 6.0 8.5 11.3 17.0
Phenyl acetaldehyde 5.6 9.1 11.9 16.5 3.3 10.2 15.8 18.9
Others 1.1 3.6 6.2 1.0 0 3.5 5.4 0.3

Reaction condition: 0.3 g of catalyst; temperature 333 K; flow rate of nitrogen 75 ml/h.

conversion with a feed ratio of 1:3 is more than that for 1:1.
The selectivity to �-phenylethanol for the feed ratio 1:3 is
more than that with 1:1 at every interval of time. The selec-
tivity to acetophenone also shows a similar trend (Fig. 10)
suggesting a rapid that the conversion of ethylbenzene to
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Fig. 8. Effect of temperature the conversion of ethylbenzene
over Mn-MCM-41 (29), Mn-MCM-41 (56), Mn-MCM-41 (73) and
Mn-MCM-41 (104) at 353 K (feed ratio 1:3).

�-phenylethanol than its conversion to other products at the
feed ratio of EB: TBHP; 1:3 than 1:1. Similar trend for con-
version and products selectivity is also observed for other
catalysts.

Fig. 9. Selectivity of �-phenylethanol over Mn-MCM-41 (29) at 333 and
353 K (feed ratio 1:3).
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Table 4
Oxidation of ethylbenzene at 353 K

Catalysts Mole ratio 1:1 1:3

Time (h) 6 12 18 24 6 12 18 24

Si/Mn=29 Conversion (wt.%) 34.3 46.8 50.9 60.5 38.6 46.9 57.1 66.1
Selectivity (%)

�-Phenyl ethanol 83.5 65.8 48.1 36.1 90.0 75.2 58.4 40.8
Acetophenone 14.0 25.4 32.0 39.0 10.0 21.5 35.8 43.8
Benzaldehyde 0 3.0 7.1 10.8 0 1.5 3.0 5.1
Phenyl acetaldehyde 2.5 5.8 10.5 13.4 0 1.8 2.8 10.3
Others 0 0 2.3 0.7 0 0 0 0

Si/Mn=56 Conversion (wt.%) 32.1 45.7 47.0 59.0 38.0 49.4 56.0 65.0
Selectivity (%)

�-Phenyl ethanol 80.1 62.5 45.1 33.8 86.1 73.5 54.9 38.8
Acetophenone 13.1 22.8 27.4 34.5 12.2 22.2 33.4 40.2
Benzaldehyde 2.8 4.5 7.8 12.0 0 2.8 5.3 8.5
Phenyl acetaldehyde 4.0 8.0 15.6 19.0 1.0 1.5 6.0 12.1
Others 0 2.2 4.1 0.7 0.7 0 6.4 0.4

Si/Mn=73 Conversion (wt.%) 30.9 41.0 49.3 61.8 35.5 46.1 51.3 62.0
Selectivity (%)

�-Phenyl ethanol 77.2 60.4 43.8 29.5 84.0 68.1 50.1 36.9
Acetophenone 11.9 20.0 25.0 31.9 14.0 25.2 31.0 36.9
Benzaldehyde 4.5 7.0 9.5 16.8 1.0 3.0 6.5 10.2
Phenyl acetaldehyde 6.4 10.3 17.0 19.3 1.0 3.7 8.1 13.0
Others 0 2.3 4.7 2.5 0 0 4.4 3.0

Si/Mn=104 Conversion (wt.%) 28.9 39.9 46.5 55.9 33.0 45.0 49.9 57.0
Selectivity (%)

�-Phenyl ethanol 73.5 58.4 42.0 28.1 80.9 66.3 47.8 33.8
Acetophenone 10.0 17.1 22.9 25.3 15.3 23.2 29.8 31.5
Benzaldehyde 6.7 8.2 10.5 18.0 2.0 5.1 7.6 12.0
Phenyl acetaldehyde 8.5 12.0 18.0 20.6 1.8 4.5 10.0 15.3
Others 1.3 4.2 6.6 8.0 0 0.9 4.8 7.4

Reaction condition: 0.3 g of catalyst; temperature 353 K; flow rate of nitrogen 75 ml/h.

Fig. 10. Selectivity of acetophenone over Mn-MCM-41 (29); Mn-MCM-41
(56); Mn-MCM-41 (73) and Mn-MCM-41 (104) at 24 h (temperature
353 K).

4. Conclusion

Mn-MCM-41 has been synthesized hydrothermally with
Si/Mn = 29, 56, 73 and 104. The presence of manganese
in the framework is evident through ESR and DRS-UV
analysis. The catalytic activity of Mn-MCM-41 has been
examined for liquid phase oxidation of ethylbenzene

using t-butylhydroperoxide as oxidant. At 333 and 353 K,
the study indicates high activity for all the catalysts.
Both primary and secondary carbons of the side chain of
ethylbenzene are observed to be acted upon by activated
t-butylhydroperoxide. �-Phenylethanol is observed as the
major product. The other products obtained are acetophe-
none, benzaldehyde and phenylacetaldehyde. So this study
reveals that Mn-MCM-41 can be a convenient ecofriendly
substitute for hazardous stoichiometric oxidants.
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