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Abstract

The liquid-phase selective oxidation of a methylene group attached to an aromatic ring by molecular oxygen to a carbonyl gro
MnO4

−1-exchanged Mg–Al hydrotalcite (Mg/Al = 2–10) has been investigated in the absence of solvent. The methylene-to-carbony
oxidation activity of the MnO4

−1-exchanged hydrotalcite, as well as the H2O2 decomposition activity and basicity of Mg–Al hydrotalcite
increased with increasing Mg/Al ratio of the catalyst. The MnO4

−1-exchanged Mg–Al–hydrotalcite is a highly active and selective,
ble, and reusable catalyst for the oxidation of ethylbenzene to acetophenone and diphenylmethane to benzophenone by molec
in the absence of solvent. The reaction catalyzed by this environmental-friendly catalyst is truly heterogeneous, without leaching of th
active component(s) from the catalyst. The catalyst showed better performance after its first use in the oxidation of both ethylbe
diphenylmethane.
 2004 Elsevier Inc. All rights reserved.
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1. Introduction

Aromatic ketones, such as acetophenone and benzo
none, are important intermediates for perfumes, drugs,
pharmaceuticals. Production of these aromatic ketone
Friedel–Crafts acylation of aromatic compound by a
halide or acid anhydride, using a stoichiometric amoun
anhydrous aluminum chloride or of a homogeneous acid
alyst, leads to the formation of a large volume of high
toxic and corrosive waste[1–3]. In the past, efforts hav
been made to produce aromatic ketones by oxidizing
methylene group attached to an aromatic ring using s
chiometric quantities of oxidizing agents, e.g., the oxidat
of ethylbenzene to acetophenone by KMnO4 [4], the oxida-
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tion of diphenylmethane to benzophenone by KMnO4 [5],
SeO2 [6], or CrO3–SiO2 [7], and the oxidation of alky
larenes by KMnO4 supported on Mont-K10[8]. However, in
these stoichiometric oxidation reactions, the waste produ
is very large and, moreover, the separation of reactants a
products from the reaction mixture is difficult. Acetoph
none can also be produced by the liquid-phase oxidatio
ethylbenzene by oxygen or air using homogeneous trans
metal (viz. Co, Mn, Cu, or Fe) compounds as catalyst[2,9].
Although the metal compound in this process is used in
alytic amounts, the reaction conditions are harsh, the pro
selectivity is poor, often corrosive promoters like brom
anions are used along with thecatalyst, the separation o
catalyst from the reaction mixture is difficult, the catalys
cannot be reused, and also a lot of tarry waste is produce
is, therefore, of great practical interest to develop a more
cient, easily separable, reusable, and environmental-frie
catalyst for the production of aromatic ketones. Proce
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acid
based on hydrocarbon oxidation particularly using mole
lar oxygen as an oxidizing agent are desirable[10].

Recently, K2Cr2O7 supported on alumina[11] and Cr-
MCM-41 or 48[11] have been employed as heterogene
catalysts for the oxidation by oxygen of ethylbenzene
acetophenone[12–14] and diphenylmethane to benzoph
none [11]. However, the leaching of chromium from th
catalyst during the reaction, the lengthy induction perio
and the rapid deactivation of the reused catalyst are se
ous problems[14–16]. For developing an environmenta
friendly/green process for the production of aromatic
tones, it is necessary to have a nontoxic and reusable
catalyst, which shows high activity and selectivity in t
oxidation of ethylbenzene to acetophenone and diphen
methane to benzophenone by molecular oxygen in the
sence of any solvent and also without significant leach
of its components in the liquid reaction mixture. We rep
here that this goal can be achieved by using a MnO4

−1-
exchanged Mg–Al–hydrotalcite catalyst. This catalyst
high activity and selectivity and also has an excellent
bility and reusability in the process. Moreover, the oxidat
process catalyzed by this catalyst is solvent-free and a
truly heterogeneous one.

2. Experimental

The MnO4
−1-exchanged Mg–Al hydrotalcite catalys

(Mg/Al = 2–10 and a MnO4−1 loading of 0.41± 0.01
mmol/g) were prepared as follows. Mg–Al hydrotalc
(Mg/Al = 2.0, 3.0, 5.0, and 10), synthesized by a pro
dure similar to that described earlier[17], was powdered an
calcined at 600◦C for 4 h. The calcined mass (10 g) w
then treated under stirring with a 100 ml aqueous solu
of KMnO4 (1.22 g) at 80◦C for 24 h. The exchanged ma
was filtered and washed with hot deionized water and
dried at 80◦C under vacuum. All the MnO4−1 ions from
the solution were utilized in the exchange for all the hydro
talcite samples. The other anions present in the excha
hydrotalcites were mainly hydroxyl anions. Before use,
MnO4

−1-exchanged Mg–Al hydrotalcite was heated in
air oven at 200◦C for 2 h. The hydrotalcite structure of th
catalyst was confirmed by XRD. The basicity of the ca
lysts and hydrotalcites was studied by titrating them w
nonaqueous benzoic acid using a phenolphthalein indic
(pKa = 9.3) [18] and/or by measuring the pH of their su
pension in water (0.15 g solid particles in 10 ml deioniz
water at 27◦C), as well as by thermal analysis and infra
spectroscopy.

The oxidation of the methylene group attached to the
matic ring (viz. ethylbenzene, diphenylmethane, and pro
lbenzene) by pure O2 in the absence of solvent was ca
ried out in a magnetically stirred glass reactor (capacit=
25 cm3), provided with a mercury thermometer and refl
condenser, under the following reaction conditions: reac
mixture= 6 ml aromatic substrate+0.6 g catalyst, at a to
-

d

r

tal pressure of 148 kPa, 130◦C, and a reaction time of 1 t
20 h. The concentration of Mn in the catalysts was the s
and the exact loading of Mn per mole of substrate in the
action was 0.005, 0.0057, and 0.0068 mol per mole of et
benzene, propylbenzene, and diphenylmethane, respective
The reaction products were analyzed by gas chromatogr
with a thermal conductivity detector, using a SE-30 colu
(3 mm×4 m) and hydrogen as carrier gas. Toluene was u
as an internal standard and the mass balance in the rea
was above 95%.

The H2O2 decomposition over the catalysts was stud
in a magnetically stirred glass reactor (25 cm3 capacity) at
27◦C by introducing 1 ml of 30% H2O2 aqueous solution in
the reactor containing 0.1 g catalyst and 10 ml deionized wa
ter and measuring quantitatively the amount of O2 evolved in
the H2O2 decomposition reaction (2H2O2 → 2H2O + O2),
as a function of time.

3. Results and discussion

3.1. Catalyst characterization

XRD spectra of the Mg–Al–hydrotalcite catalyst, befo
and after the MnO4−1 exchange, and also of the MnO4

−1-
exchanged Mg–Al–HT catalyst after the oxidation reacti
are given inFig. 1. After the MnO4

−1 exchange, the hy
drotalcite structure remained intact (Figs. 1a and b). It even
remained intact after the oxidation reaction (Figs. 1b–d).

The appearance of an IR band in the region 8
920 cm−1 after exchanging the hydrotalcite with aqu
ous KMnO4 indicated the presence of MnO4

−1 anions in
the MnO4

−1-exchanged hydrotalcite catalysts[19]. When
the MnO4

−1-exchanged hydrotalcites were treated with
aqueous sodium carbonate solution, a quantitative rep
ment of the exchanged MnO4−1 anions by carbonate anion
was observed. These observations clearly show that, in
MnO4

−1-exchanged hydrotalcite catalysts; the MnO4
−1 an-

ions are located at the anion-exchange positions in the
drotalcite catalysts.

The hydrotalcites (Mg/Al = 2–10), before and afte
MnO4

−1 exchange, were also characterized by ther
analysis. After the exchange, the DTG/DTA peak for all
Mg–Al–hydrotalcites is shifted toward higher temperatu
(from 400 to 416, 395 to 447, 367 to 422, and 366 to 392◦C,
for the hydrotalcites with a Mg/Al ratio of 2, 3, 5, and 10
respectively), indicating an increase in the thermal stab
of the hydrotalcite due to the presence of MnO4

−1 anions
at anion-exchange sites. The surface areas of the MnO4

−1-
exchanged Mg–Al–hydrotalcites with Mg/Al ratios of 2, 3,
5, and 10 was 36.3, 31.5, 29.1, and 25.9 m2 g−1, respec-
tively.

The hydrotalcite catalysts were also characterized
their basicity and H2O2 decomposition activity. The resul
in Fig. 2show the influence of the Mg/Al ratio on the num-
ber of basic sites (obtained by the nonaqueous benzoic
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Fig. 1. XRD spectra of (a) Mg–Al hydrotalcite (Mg/Al = 3),
(b) MnO4

−1–Mg–Al–HT (before the oxidation reaction
(c) MnO4

−1–Mg–Al–HT after the ethylbenzene oxidation, a
(d) MnO4

−1–Mg–Al–HT after the diphenylmethane oxidation.

titration method[18]) of the hydrotalcite (without MnO4−1

exchange), on the basicity of the hydrotalcite before and
ter the MnO4

−1 exchange (measured in terms of the pH
the hydrotalcite or MnO4−1-exchanged hydrotalcite–wat
slurry) and also on the H2O2 decomposition activity (a
27◦C) of the MnO4

−1-exchanged hydrotalcite. The hydr
talcites without MnO4−1 exchange showed no H2O2 de-
composition activity under the same conditions. The H2O2
decomposition activity and basicity of the hydrotalcite cata
lyst increased with increasing Mg/Al ratio.

3.2. Oxidation of the methylene group of aromatic
compounds

Results of the oxidation of different aromatic hydroc
bons that contain a methylene group (viz. ethylbenze
diphenylmethane, andn-propylbenzene) by molecular oxy
gen over the MnO4−1-exchanged hydrotalcite catalysts a
presented inTables 1 and 2andFigs. 3 and 4.

A comparison of the oxidation of the methylene gro
from the different aromatic hydrocarbons (Table 1) indi-
Fig. 2. Variation with the Mg/Al ratio of (a) number of basic sites of Mg–Al
hydrotalcite (NB), (b) pH of aqueous slurry of Mg–Al hydrotalcite before
(!) and after (") the MnO4

−1 exchange of the hydrotalcite, and (c) time
required for half the H2O2 decomposition reaction at 27◦C (t1/2).

Table 1
Solvent-free oxidation by O2 of different aromatic compounds containing a
methylene group over MnO4

−1-exchanged Mg–Al hydrotalcite (Mg/Al =
10) (reaction time: 5 h)

Ethylbenzene Conversion
(%)

Selectivity for carbonyl
compound (%)

TOFa

(h−1)

Ethylbenzene 22.6 98.4 9.0
Diphenylmethane 27.4 100 8.0
n-Propylbenzene 10.3 90.5 3.6

a Turnover frequency (number of substrate molecules converted per per-
manganate anion per hour).

Table 2
Results showing reusability of the MnO4

−1-exchanged Mg–Al hydrotal-
cite (Mg/Al = 10) in the oxidation of ethylbenzene to acetophenone and
diphenylmethane to benzophenone (reaction time= 5 h)

No. of uses
of the
catalyst

Ethylbenzene oxidation Diphenylmethane oxidation

Conversion
(%)

Selectivity for
acetophenone
(%)

Conversion
(%)

Selectivity for
benzophenone
(%)

First 22.7 98.0 26.1 98.2
Second 32.5 98.0 32.3 98.4
Third 34.6 97.7 38.2 98.1
Fourth 34.6 98.0 38.0 98.3
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Fig. 3. Oxidation of ethylbenzene to acetophenone o
MnO4

−1-exchanged Mg–Al hydrotalcite. (a) Effect of the reacti
time on the conversion of ethylbenzene (EB) for the catalyst w
Mg/Al = 10 (1), when the catalyst was removed after 1.0 h (!), in the ab-
sence of catalyst (P), the hydrotalcite without MnO4

−1 anions (a), and
in the presence of equivalent amount of KMnO4 ("). (b) Effect of the
Mg/Al ratio of the catalyst on the conversion (reaction time= 10 h) (e).
Selectivity for acetophenone for all the catalysts= 97± 2%.

cates that, in the oxidation, the reactivity of the methylen
group attached to the aromatic ring depends strongly on
other group (viz. methyl, ethyl, and phenyl) attached to
methylene group. The order for TOF in the oxidation is e
ylbenzene> diphenylmethane> n-propylbenzene.
From the results inFigs. 3 and 4, the following important
observations can be made:

– The MnO4
−1-exchanged Mg–Al–hydrotalcite cataly

with a Mg/Al ratio of 10 showed high activity and se
lectivity (above 95%) for the oxidation by O2 of ethyl-
benzene to acetophenone and diphenylmethane to ben
zophenone (Figs. 3a and 4a). In both cases, the activit
increases with increasing Mg/Al ratio in the catalyst
(Figs. 3b and 4b) and there is no induction period. Th
is consistent with earlier observations in the oxidation
benzyl alcohol and benzaldehyde[20].

– The oxidation reactions also occur in the absence of
alyst, but very slowly (Fig. 3a).

– In the presence of an amount of KMnO4, equivalent to
the MnO4

−1 anions present in the catalyst, the react
also occurs but at a much slower rate than in the p
ence of the catalyst (Fig. 3a).

– After the removal by filtration of the catalyst from th
reaction mixture while hot, the reaction rate is dra
cally reduced and the reaction proceeds at a very s
rate (Fig. 3a).

These observations reveal that the catalytic activity
KMnO4 is drastically increased by the immobilization
MnO4

−1 anions at anionic exchange sites in the hydrotal
and that the oxidation reactioncatalyzed by the solid ca
alyst is truly heterogeneous. No leaching of permanga
from the catalyst was observed in the reactions.

A comparison of the results inFigs. 3b and 4bwith those
in Fig. 2 indicates a good correlation of the catalytic activ
n of
Fig. 4. Oxidation of diphenylmethane to benzophenone over MnO4
−1-exchanged Mg–Al–hydrotalcite. (a) Effect of the reaction time on the conversio

diphenylmethane (DPM) for the catalyst with Mg/Al = 10. (b) Effect of the Mg/Al ratio of the catalyst on the conversion (reaction time= 5 h). Selectivity
for benzophenone for all the catalysts= 99± 1%.
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for both the ethylbenzene and the diphenylmethane ox
tion reactions with the H2O2 decomposition activity of the
catalyst (Fig. 2a), with the pH of the catalyst (when it
slurred in pure water) (Fig. 2b) or with the basicity of the hy
drotalcite used for the catalyst. Like the catalytic oxidat
activity, the H2O2 decomposition activity and pH of the ca
alyst and the basicity are increased with increasing Mg/Al
ratio (Fig. 2). However, the basicity has little or no effect o
the product selectivity.

The catalyst (Mg/Al = 10) also showed excellent reus
bility in both oxidation reactions (Table 2). Interestingly, the
catalytic activity is found to increase after its use in b
the oxidation reactions (Table 2). This may be due to th
removal of strongly adsorbed water from the catalyst du
the first and subsequent use of the catalyst. The selec
also remained high (> 95%) in the reuse of the catalyst
both cases.

A comparison of the XRD spectra of the catalyst bef
and after use in the oxidation reactions (Figs. 1b–d) reveals
that the hydrotalcite structure of the catalyst is not chan
during reaction. The surface area of the catalyst was also
changed significantly after the reaction.

The oxidation reaction is expected to involve a me
anism similar to that described by Bukharkina and Di
rov [21] for manganese-catalyzed ethylbenzene oxidatio
molecular oxygen in nonpolar media. It is initiated by t
direct interaction of the hydrocarbon with oxygen, lead
to the formation of an intermediate hydroperoxide spec
which is subsequently decomposed to the corresponding
bonyl compound and water. The presence of hydrope
ide in the reaction products was, however, not obser
most probably because of its fast catalytic decomposit
the catalyst has very high peroxide decomposition acti
(Fig. 2c).

Thus, a stoichiometric KMnO4 reagent, commonly em
ployed for oxidations, can be transformed into a highly
tive, stable, easily separable, and reusable environme
friendly catalyst for the oxidation of ethylbenzene to ac
tophenone, diphenylmethaneto benzophenone, or simila
reactions by immobilizing MnO4−1 anions in highly basic
Mg–Al–hydrotalcite at its anion-exchange sites. The ac
ity of this catalyst can be further improved by optimizing t
catalyst composition parameters and removing continuousl
the water formed in the reaction, using a Dean Stark trap
the reaction water.
t

-

-
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