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With the purpose of benzylic oxidation of alkylaromatics into corresponding ketones selectively under
solvent-free conditions, cheap, simple and versatile Cu/SBA-15 catalyst system with the Cu loading of 5, 10, 15
and 20% has been prepared by impregnating SBA-15 support. Among Cu/SBA-15 catalysts, 10%Cu/SBA-15
exhibited superior activity and selectivity.
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1. Introduction

Ketones and aldehydes are important intermediates in the phar-
maceutical and fine-chemical industries, particularly in the produc-
tion of flavors, fragrances, and biologically active compounds [1].
Benzylic oxidation of alkylaromatics is one of the important methods
for the production of ketones and aldehydes, wherein, potassium per-
manganate and potassium dichromate are the generally used oxi-
dants in stoichiometric or excess quantities [2,3], which leads to
large amount of toxic waste. Development of oxidation methods
using a catalytic amount of metal reagent and an appropriate amount
of oxidant is the subject of interest. With this intention, in the last
decade, various catalytic methods are investigated using metal com-
plexes of Cr, Co, Mn, Rh, Ru, Zn, Fe etc. [4–16]. However, toxicity,
high cost, waste disposal and removal of residual metal from the
product are some of inherent problems still to be resolved. Some of
the above cited problems associated with the homogeneous metal
complex catalysts can be resolved in heterogeneous catalytic systems.

Of late, mesoporous silica materials like MCM-41, TUD-1 and
SBA-15 have attracted considerable attention as promising new hy-
drocarbon oxidation carriers [17]. Benzylic oxidation of ethylbenzene
to acetophenone over Ti/MCM-41, V/MCM-41 and Cr/MCM-41 catalysts
is reported with 12% conversion of ethylbenzene and 83% selectivity of
acetophenone [18]. Recently, SBA-15 supported cobalt catalysts are
reportedwith different oxidants [19]. In one of our recent report, highly
active SBA-15 supported silver catalysts are reported [20]. There are few
+91 40 27160921.
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reports on copper containingheterogeneous catalytic systems,wherein,
moderate conversions and selectivities are obtained [21–25], which are
cost ineffective and involvement of carcinogenic solvents.

Herein, a highly efficient and cheap Cu/SBA-15 catalyst system
towards the benzylic oxidation of alkylaromatics into corresponding
ketones under solvent-free conditions is reported.

2. Experimental methods

2.1. Catalyst preparation

SBA-15 supportwas synthesized according to original report of Zhao
et al. [26] and our previous publications [27–30]. The calcined (at 823 K
for 8 h) SBA-15 support was dried at 423 K for 6 h and impregnated
with the requisite amounts of aqueous Cu(NO3)2.3H2O solution likely
to be around 5, 10, 15, 20 wt.% as Cu metal. Subsequently catalyst sam-
ples were dried at 393 K for 12 h and calcined at 723 K for 6 h, reduced
at 553 K for 3 h in H2 flow and denoted as xCu/SBA-15 where x indi-
cates the percentage (by weight) loading of Cu on SBA-15 support.

2.2. Catalyst characterization

XRDpatternswere obtained fromUltima-IV (M/s. RigakuCorporation,
Japan) diffractometer with a nickel filtered CuKα radiation. The N2

adsorption–desorption isotherms were measured by Quadrasorb-SI
V 5.06 (M/s. Quantachrome Instruments Corporation, USA). TPR ex-
periments were conducted using a home-made TPR system [30].
The XPS analysis was made on a photoelectron spectrometer (KRATOS
Axis 165, Shimadzu, Japan) with Mg Kα radiation (1253.6 eV).
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Fig. 1. N2 adsorption–desorption isotherms of Cu/SBA-15 catalyst (pore size distribution
curves as inset).

Fig. 2. XRD patterns of Cu/SBA-15 catalysts and their low-angle XRD patterns as inset.
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2.3. Catalytic activity tests

Typically, 50 mg of catalyst, 1 mmol of substrate, and 3 mmol of
70% t-BuOOH (Sigma Aldrich) were taken in a RB flask and constant-
ly stirred at 363 K for 5 h under solvent-free conditions. Unless oth-
erwise specified the above reaction conditions are applicable. The
catalyst was separated by filtration and analyzed by GC (GC-17A
model, M/s. Shimadzu Instruments, Japan) consisting of FID and
OV-1 capillary column (0.53 mm × 30 m) using toluene as external
standard. The product identification was made by GC–MS (QP5050
model, M/s. Shimadzu Instruments, Japan) consisting of DB-5 column
(0.32 mmdia. and 25 m long, M/s. J &W Scientific, USA). The separated
catalyst was washed with methanol and dried under vacuum prior to
reuse.

3. Results and discussion

3.1. Catalyst characterization

As shown in Fig. 1, the N2 adsorption–desorption isotherms of par-
ent mesoporous SBA-15 and Cu/SBA-15 catalysts are of type IV and
exhibited H1 hysteresis loops in accordance with the IUPAC classifica-
tion, revealing the retention of porous texture of parent SBA-15 in all
the Cu/SBA-15 catalysts. In general, the total pore volume decreases
Table 1
Structural and textural parameters of Cu/SBA15 catalysts.

Catalyst SBET
(m2/g)a

Vt

(cm3/g)b
DBJH

(nm)c
d100

(nm)d
a0
(nm)e

t
(nm)f

Cu (wt.%)g

SBA-15 925 1.188 5.68 8.66 10.00 4.32 –

5Cu/SBA-15 816 1.496 7.89 8.91 10.28 2.39 4.95
10Cu/SBA-15 719 1.371 6.16 8.91 10.28 4.12 9.84
15Cu/SBA-15 623 1.184 8.26 9.03 10.43 2.17 13.76
20Cu/SBA-15 567 1.080 8.15 8.57 9.90 1.75 18.92

a BET surface area.
b Total pore volume.
c BJH average pore diameter.
d Periodicity of (100) plane.
e Unit cell length (a0 = 2d(100) / √3).
f Pore wall thickness (t = a0 − DBJH).
g Cu% determined by AAS.
as the loading of active component increases. Contrarily, the total pore
volume of 5Cu/SBA-15 is more than that of parent SBA-15. The addi-
tional pore volume of Cu/SBA-15 catalysts may be the contribution of
CuO species, which is expected from the metal support interaction.
The discrepancies in the pore diameter and pore wall thickness are
indicating themetal support interaction. The structural and textural pa-
rameters and pore size distributions can be found from Table 1 and
Fig. 1 inset respectively. The low-angle XRD patterns (Fig. 2 inset) are
consistent with the reported literature [26]. Fig. 2 shows three sharp
Fig. 3. XPS spectrum of Cu/SBA-15 catalysts.



Fig. 4. TPR patterns of CuO/SBA-15 catalysts.

Table 5
Effect of reaction time on activity of 10Cu/SBA-15 at 363 K with t-BuOOH under
solvent-free conditions.

Time, h EB conversion (%) ACP selectivity (%) BZD selectivity (%)

1 38 94.0 6.0
2 51 95.5 4.5
3 65 96.7 3.3
4 83 98.4 1.6
5 94 99.0 1.0
6 94 97.8 2.2

Table 4
Effect of reaction temperature on activity of 10Cu/SBA-15 for 5 h with t-BuOOH under
solvent-free conditions.

Temperature, K EB conversion (%) ACP selectivity (%) BZD selectivity (%)

300 27 75 25
323 48 86 14
363 94 99 01
373 95 92 08

Table 6
Effect of oxidant on activity of 10Cu/SBA-15 catalyst at 363 K for 5 h under
solvent-free conditions.
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XRD peaks at 43.6, 50.8, and 74.4° on 2θ scale, corresponding to
(111), (200), and (220) planes of metallic copper in accordance
with the JCPDS card No. 04-0836. Appearance of an intense and
broad photoelectron peak in Fig. 3 at the binding energies of 932.2 eV
(Cu2p3/2) and Cu2p1/2 = 954 eV and absence of 2p → 3d satellite
peak indicate the existence of copper species either in Cu0 or Cu+,
which is in agreement with the reported literature [31]. Assessing the
reduction behavior of Cu2+ species that supported on SBA-15 has been
investigated by a well known and a valid TPR technique. The H2-TPR
profiles of calcined Cu/SBA-15 catalysts are displayed in Fig. 4. From
the reduction profile of 5Cu/SBA-15 catalyst two reduction peaks can
be observed, where a main reduction peak appeared at 635 K due to re-
duction of CuO to Cu0 or metallic Cu species (CuO + H2 → Cu + H2O)
in a single stage anda shoulder peak that appears at 680 Kmaybedue to
reduction of Cu1+ species intometallic Cu (Cu2O + H2 → 2Cu + H2O).
In the case of 10Cu/SBA-15 catalyst, only a single reduction peak is
Table 2
Effect of Cu loading on the oxidation of ethylbenzene over Cu/SBA-15 catalysts at 363 K
for 5 h using t-BuOOH as oxidant under solvent free conditions.

Catalyst Crystallite size (nm)a EB conversion (%)b ACP selectivity (%)c

5Cu/SBA-15 25.02 82 95.8
10Cu/SBA-15 30.81 94 99.0
15Cu/SBA-15 43.54 86 97.6
20Cu/SBA-15 49.55 85 96.5
No catalyst – 30 100
SBA-15 – 32 100
CuO – 36 95.4
10CuO/SBA-15 – 40 96.0
10Cu/SiO2 – 60 51.0

a Determined from Scherrer equation.
b EB = ethylbenzene.
c ACP = acetophenone.

Table 3
Effect of10Cu/SBA-15 catalyst amount on activity at 363 K for 5 h with t-BuOOH under
solvent-free conditions.

Catalyst weight (mg) EB conversion (%) ACP selectivity (%) BZD selectivity (%)

25 85 97.5 2.5
50 94 99.0 1.0
75 91 98.2 1.8
100 90 97.8 2.2
observed at 635 K, which corresponds to the reduction of Cu2+ species
into metallic Cu. The TPR results of 10Cu/SBA-15 catalyst are consistent
as reported by Zhu et al., over Cu/SiO2 catalyst, where appearance of one
single reduction peak is the manifestation of uniformly dispersed CuO
particles [32]. The shift in the reduction temperature to lower values
with increase in Cu loading may be due to attainment of bulk nature of
CuO species [33]. A second reduction peak that appears at higher tem-
perature (680 K) in all the other Cu/SBA-15 catalysts may be the reduc-
tion of CuO species that aggregated outside the pores [34]. The results
reveal that the interaction between CuO and SBA-15 support increases
with Cu loading and the CuO species are getting aggregated both in
pores and on the external surface of SBA-15 support.
Oxidant EB conversion (%) ACP selectivity (%) BZD selectivity (%)

50 wt.% aq.H2O2 86 52 48
90 wt.% urea H2O2 80 74 26
O2 (1 atm) – – –

70% TBHP 94 99 1.0

Table 7
Effect of t-BuOOH concentration on activity of 10Cu/SBA-15 at 363 K for 5 h under
solvent-free conditions.

BuOOH (mmol) EB conversion (%) ACP selectivity (%) BZD selectivity (%)

1 50 93.5 6.5
2 85 97.6 2.4
3 94 99.0 1.0
4 92 98.2 1.8

Table 8
Effect of solvent (2 ml) on activity of 10Cu/SBA-15 catalyst at 363 K for 5 h with
t-BuOOH.

Solvent EB conversion (%) ACP selectivity (%) BZD selectivity (%)

MEOH 12 88.3 11.7
Water 20 85.5 14.5
Dichloroethane 28 82.6 17.4
Toluene 72 84.2 15.8
Acetonitrile 86 92.0 8.0
No solvent 94 99.0 1.0



Table 9
Activity of 10Cu/SBA-15 at different stirring rates.

Rpm Conversion (%) Selectivity to ACP (%) Selectivity to BZD (%)

500 93.6 98.52 1.48
600 93.4 98.34 1.66
700 94.2 99.16 0.94
800 94.3 99.03 0.97

Table 10
Activity of 10Cu/SBA-15 catalyst at different particle sizes.

Mesh range Conversion (%) Selectivity to ACP (%) Selectivity to BZD (%)

16–18 94.36 99.10 0.90
18–30 93.95 98.73 1.27
30–72 93.84 98.94 1.06
40–60 93.87 98.87 1.13

Table 11
Recyclability of 10Cu/SBA-15 for benzylic oxidation of ethylbenzene.

Recyclability Conversion (%) Selectivity to ACP (%) Selectivity to BZD (%)

Fresh 94 99.0 1.0
Cycle-1 94 99.2 0.8
Cycle-2 94 99.1 0.9
Cycle-3 94 98.8 1.2

Table 13
Benzylic oxidation of alkyl aromatics over 10Cu/SBA-15 catalyst under solvent-free
conditions.

S. no. Substrate Product Conv. (%) Sel. (%)

1 94 99

2 90 97

3 85 96

4 95 98

5 91 94

6 96 98

7 98 99

8 48 82

9 42 84

Reaction conditions: Catalyst = 50 mg, substrate = 1 mmol, t-BuOOH = 3 mmol,
temp. = 363 K, time = 5 h.
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3.2. Benzylic oxidation of ethylbenzene

In general, ethylbenzene (EB) oxidation leads to several products
viz., 1-phenyethanol 1-PhE, benzaldehyde (BZD), acetophenone
(ACP), 2-phenylethanol (2-PhE), phenyl acetaldehyde (PhACD),
etc. [35]. However, Cu/SBA-15 catalysts with aqueous t-BuOOH
under solvent-free conditions selectively oxidized to ACP and BZD,
where ACP is the main product, which occurs through benzylic
oxidation.

Tomaximize the yield of ACP via benzylic oxidation various reaction
parameters have been optimized. Table 2 shows that the optimum load-
ing of Cu is 10%, i.e., 10Cu/SBA-15 catalyst. Hence, further activity stud-
ies are made using 10Cu/SBA-15 as a catalyst. The amount of catalyst
optimized [36] was found to be 50 mg of 10Cu/SBA-15 catalyst
(Table 3). The influence of reaction temperature over 10Cu/SBA-15 cat-
alyst is displayed in Table 4, which reveals that the optimum reaction
temperature is 363 K. According to Table 5, the optimum reaction
time is 5 h. From Table 6, 70% t-BuOOH is the best oxidant. Table 7 indi-
cates that the optimum t-BuOOH to EB ratio is 3:1. Table 8, reveals the
superiority of solvent-free system. The data presented in Tables 9 and
10 reveals the absence of any mass transfer limitations. 10Cu/SBA-15
catalyst is used in three repeated cycles (Table 11) and no significant
Table 12
Comparison of figure of merit of the present work with other studies in the literature.

Catalyst Oxidant Reaction time (h) T

Polymer anchored Cu(II) TBHP 6 60
ZeoliteY Cu(II) complex TBHP 10 60
YCu-fsal complex H2O2 8 70
Si/Al-pr-NH-et-N methyl-2-pyridylketone-Mn TBHP 24 80
CuTUD-1 TBHP 5 80
Cr/MCM41 TBHP 12 60
Co/MCM-41 TBHP 24 –

Co/SBA15 TBHP 24 80
Mn/SBA15 TBHP 8 –

Ag/SBA15 TBHP 5 –

Cu/SBA15 TBHP 5 –
loss in activity is observed. However, it is essential to wash and reduce
the catalyst prior to reuse.

The oxidation of EB over 10Cu/SBA-15 catalyst has been compared
with the other catalysts reported in the literature in Table 12.
Compared to SBA-15 supported Cu catalysts, polymer supported and
zeolite supported catalysts are inferior due to the presence of copper
as Cu2+. Mesoporous silica supported Mn, Cr and Co catalysts are
reported for the benzylic oxidation of ethylbenzene. However these
catalysts are inferior compared to Cu/SBA-15 catalyst, the details are
presented elsewhere (Table 12).

Evaluating the scope of 10Cu/SBA-15 catalyst for the benzylic
oxidation of various alkylaromatics along with EB is presented in
Table 13, which reveals that the conversion and the selectivities of
several alkylaromatics (Entries 2–7) are more or less equal to that
(°C)/solvent EB conversion (%) Selectivity (%) Ref.

ACP BZD Others

/acetonitrile 44 97 – 3 [3]
/acetonitrile 37 97 – 3 [6]
/benzene 65 100 – – [7]
/– 67 93 2.7 4 [8]
/acetonitrile 35 67 10.3 23 [9]
/methanol 88 85 – 15 [10]

26 85 – 15 [12]
/acetonitrile 38 83 – 18 [15]

25 37 – 63 [17]
92 99 – 1 [18]
94 >99 – b1 Present work
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of EB, whereas in the case of 2-ethylanthracene (Entry 8) and 2-
ethylanthracene-9, 10-dione (Entry 9), both conversions and selectiv-
ities are moderate. The enhanced activity towards benzylic oxidation
is observed in the case of certain molecules such as diphenylmethane
(Entry 6) and 9H-fluorene (Entry 7), where a benzylic carbon is being
shared by two benzyl groups. Contrarily, diminishing activity of the
catalyst is observed as the number of fused rings increases (Entries 1,
5 and 8). To sum up the catalytic activity order is as follows,
ethylbenzene > ethylnaphthalene > ethylanthracene.

The textural features of hexagonally ordered mesoporous SBA-15
seem to play a crucial role in the benzylic oxidation of alkylaromatics.
High surface area (925 m2/g) of SBA-15 support may provide am-
ple space for the deposition and stabilization of active Cu metal
nanoparticles. The ordered mesopores of SBA-15 act as micro-reactors
and the deposited Cumetal particles in and aroundmicroporous corona
act as reactive centers. Since the adsorption of reactants followed by
surface reaction and desorption of products takes place in the
mesopores of Cu/SBA-15, the diffusion limitations are expected to
be minimized. During the transportation of reactants in the confined
environment (mesopores), high accessibility with the active Cu sites
occurs, which leads to high activity of the catalyst. On the whole, the
textural characteristics of mesoporous SBA-15 support assist for the
active copper species stabilization and providing accessibility to the
reactants collectively responsible for higher conversion and selectiv-
ity of Cu/SBA-15 catalysts.

4. Conclusion

In summary, 10Cu/SBA-15 catalyst is found to be an efficient cata-
lyst for the benzylic oxidation of alkylaromatics into corresponding
ketones in moderate to excellent yields with t-BuOOH as oxidant
under solvent-free conditions. Well deposition of Cu nanoparticles
on the surface of SBA-15 support along with minimized diffusion lim-
itations is a key factor for its high efficiency. The use of inexpensive,
eco-friendly catalyst and operational simplicity offers the system
attractive for large-scale applications.
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