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complex intercalated into layered
double hydroxide for selective oxidation of
ethylbenzene under solvent-free conditions

Jagat Singh Kirar and Savita Khare *

A new heterogeneous catalyst was prepared by intercalation of NNOO donor Cu(II) Schiff base complex

derived from 2-hydroxy-1-naphthaldehyde and 4-amino benzoic acid into Zn–Al layered double

hydroxide {LDH-[NAPABA–Cu(II)]}. Synthesized catalyst was characterized by Inductively coupled plasma

atomic emission spectroscopy, energy dispersive X-ray analysis, scanning electron microscopy, X-ray

diffraction, Transmission electron microscopy, BET surface area, Fourier transform infrared spectroscopy,

thermo-gravimetric analysis, electron paramagnetic resonance spectroscopy and diffuse reflectance UV-

visible spectroscopy. The catalytic performance of LDH-[NAPABA–Cu(II)] was studied for the liquid phase

solvent-free oxidation of ethylbenzene at 393 K, using tert-butylhydroperoxide as an oxidant. In

oxidation reaction ethylbenzene was oxidized to acetophenone, benzaldehyde and benzoic acid. The

major product was acetophenone. A maximum, 80.54% conversion of ethylbenzene was observed after

7 hours. The catalyst was recycled seven times without significant loss of catalytic activity.
Introduction

Selective oxidation of ethylbenzene to acetophenone is an
important industrial process. The oxidation product, aceto-
phenone, is an important intermediate and has been widely
used for the synthesis of many chemicals such as perfumes,
pharmaceuticals, resins, alcohols and esters.1,2 The current
industrial process involves oxidation of ethylbenzene to ace-
tophenone in the presence of molecular oxygen using cobalt
acetate as homogeneous catalyst in acetic acid.3 This method
suffers from a corrosive and environmentally unfriendly
nature.4 Furthermore, many homogeneous catalytic systems
were developed for the oxidation of ethylbenzene which give
high conversion and selectivity.5–8 Most of these catalysts are
having certain drawbacks like difficulty in separation of cata-
lyst at the end of reaction for reuse as well as decomposition
during the catalytic reaction. Therefore, heterogenization of
homogeneous metal complex on insoluble support to develop
new heterogeneous catalyst using various methods has
attracted a lot of attention. Considerable researches have
devoted to nd efficient heterogeneous catalysts for the
selective oxidation of ethylbenzene using various supports
such as silica, polymers, MCM-41, SBA-15.9–13

A variety of copper(II) salts is suitable as catalyst or catalyst
precursors14 because being a transition metal, Cu-based
materials can promote and undergo a variety of reactions
due to its variable oxidation states. In particular, Schiff base
iversity, Takshashila Campus, Khandwa
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complexes of copper(II) have been used as catalysts in the
oxidation of alkenes, alkanes, alcohols, alkyl aromatics and
sulphides.15–20 Many Cu(II) based catalysts were used for the
oxidation of ethylbenzene using various oxidants. T. H. Ben-
nur et al.21 have reported copper tri- and tetraaza macrocyclic
complexes encapsulated in zeolite-Y as heterogeneous cata-
lysts for the oxidation of ethylbenzene to acetophenone using
molecular oxygen. The system gave 13.4% conversion of eth-
ylbenzene with 73.3% selectivity to acetophenone aer 5 h. S.
Gago et al.22 have reported catalytic activity of MCM-41 sup-
ported bis-chlorocopper(II) complex for oxidation of ethyl-
benzene with tert-butylhydroperoxide as an oxidant. The
maximum 62% conversion of ethylbenzene was achieved aer
24 h. M. Palanichamy et al.23 have prepared (Cu-BTC) metal
organic framework (MOF) for oxidation of ethylbenzene with
tert-butylhydroperoxide as an oxidant. The maximum 28.26%
conversion of ethylbenzene with 95.7% selectivity of aceto-
phenone was observed aer 6 h. M. R. Maurya et al.24 have
reported polymer anchored copper(II) complex of 2-(a-
hydroxymethyl)benzimidazole, {PS-[Cu(hmbmz)2]} for oxida-
tion of ethylbenzene. M. R. Maurya et al.25 have synthesized
polymer supported oxovanadium(IV), dioxomolybdenum(VI)
and copper(II) complexes for the oxidation of styrene, cyclo-
hexene and ethylbenzene using 30% H2O2 as an oxidant.

The transition metal complex intercalated into layered
compounds by intercalation method is better because it
provides temperature and solvent stable entities. Layered
double hydroxide (LDHs) is found to be interesting for us
because it is inorganic material with a layered structure which
acts as anionic clays or hydrotalcite-like compounds.26–28 The
This journal is © The Royal Society of Chemistry 2018
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structures of LDH consist of brucite (MII(OH)2)-like layers with
part of divalent cations (MII) substituted by the trivalent ions
(MIII). Both divalent and trivalent ions are located at the center
of octahedral (OH�) units of the brucite layers. The resulting
layers are in an excess of positive charge acquired to balance the
intercalated anions. The general formula of LDH is
[MII

1�xM
III
x (OH)2]

x+(Ax/n
n�)$mH2O, where An� is the interlayer

anion.29,30 The coefficient x is equal to the molar ratio [MIII/(MII

+ MIII)], and m is the number of water molecules located in the
interlayer region together with the anions. LDH an anion
exchanger has been extensively studied for its intercalation
chemistry,31–33 heterogeneous catalyst precursor34,35 and ion
exchanger properties.36,37 LDH based catalysis is of high interest
for green and sustainable chemistry38 since the LDHs can
provide distinct nanometer-scaled layers for intercalation of
transition metal complexes.39,40 In most of cases LDH has been
prepared by co-precipitation methods.34,35 In previous studies
we have reported layered material supported recyclable
heterogeneous catalysts for the oxidation of cyclohexene,
cyclohexane and styrene.41–46

In continuation of our interest, herein, we are reporting the
synthesis of Cu(II) Schiff base complex derived from 2-hydroxy-
1-naphthaldehyde and 4-amino benzoic acid NAPABA–Cu(II)
intercalated into layered double hydroxide, abbreviated as LDH-
[NAPABA–Cu(II)] and its catalytic behaviour was studied for
oxidation of ethylbenzene using tert-butylhydroperoxide (TBHP)
as an oxidant.

Experimental methods
General considerations

Zinc(II) nitrate hexahydrate (Zn(NO3)3$6H2O), aluminium(III)
nitrate nonahydrate (Al(NO3)3$9H2O), copper acetate
(Cu(OAc)2$H2O), 4-amino benzoic acid, 2-hydroxy-1-
naphthaldehyde and sodium hydroxide were all of analytical
grade and purchased from E. Merck. The 70% commercial
aqueous solution of TBHP also purchased from E. Merck. HPLC
grade ethylbenzene purchased from SDFCL and its purity was
checked by gas chromatography (G. C.), to ensure that no
oxidation products were present. A stock solution of TBHP in
ethylbenzene (72% in ethylbenzene) was prepared by extraction
of 55 ml of commercial TBHP (70% in water) into 15 ml of
ethylbenzene. Phase separation was promoted by saturation of
the aqueous layer with NaCl. The organic layer was dried over
MgSO4, ltered, and stored at 5 �C. The molar ratio of ethyl-
benzene to TBHP in this solution was 1 : 3.

Powder X-ray diffraction (XRD) patterns of the samples were
recorded on a Rigaku diffractometer in the 2q range of 2–70�

using CuKa radiation (l ¼ 1.5418 Å) at scanning speed 2� per
minute with step size 0.02�. Scanning electron microscopy
(SEM) measurements were performed using a JEOL JSM 6100
electron microscope, operating at 20 kV. Transmission electron
microscope (TEM) studies were performed on a Tecnai G2 20
microscope. The Fourier transform infrared (FTIR) spectra were
recorded on Perkin Elmer model 1750 in KBr. Thermo-
gravimetric analysis (TGA) were conducted on a Perkin Elmer
USAA diamond system in the range 298–973 K, at heating rate of
This journal is © The Royal Society of Chemistry 2018
10 �C min�1. Inductively coupled plasma atomic emission
spectroscopy, Thermo Electron IRIS INTREPID II XSP DUO (ICP-
AES) was used for estimation of copper. The electronic spec-
trum of solid was recorded on Varian, Cary 5000 Spectropho-
tometer. The electron paramagnetic resonance (EPR) spectrum
was recorded on a JES-FA200 ESR, X band spectrometer oper-
ated at amicrowave frequency of 9.65 GHz at room temperature.
The g value is reported relative to a 2,2-diphenyl-1-picrylhydrazil
(dpph) standard with g ¼ 2.0036. The N2 adsorption data,
measured at 77 K by volumetric adsorption set-up (Micro-
meritics ASAP-2010, USA), were used to determine BET surface
area. Analytical gas chromatography was carried out on a Shi-
madzu Gas Chromatograph GC-14B with dual ame ionization
detector (FID) and attached Shimadzu printer having XE-60 ss
column. The products were identied by GC-MS (Perkin-Elmer
Clasus 500 column; 30 m � 60 mm).

Preparation of catalyst
Preparation of ligand {[NAPABA]}

The ligand was prepared by mixing of the methanolic solution
of 4-amino benzoic acid (10 mmol) and 2-hydroxy-1-
naphthaldehyde (10 mmol) in 1 : 1 ratio; the solution
became yellow due to imines formation. The resulting mixture
was reuxed for 3 h with continuous stirring under nitrogen
atmosphere. The yellow product was ltered off, washed with
methanol followed by acetonitrile and then dried at 333 K
overnight. The elemental percentage of CHN for C18H13NO3:
anal. found: C, 74.17%; H, 4.43%; N, 4.75%. Calc. For
C18H13NO3: C, 74.22%; H, 4.50%; N, 4.81%. FTIR (KBr
pellet: cm�1): 3381 (br), 1721 (w), 1607 (m), 1547 (m), 1435 (w).

Preparation of neat NAPABA–Cu(II) complex

The Cu(II) Schiff complex was synthesized by dissolving 4-amino
benzoic acid (10 mmol) into a 50 ml the methanolic solution of
NaOH (20 mmol) followed by addition of the methanolic solu-
tion of 2-hydroxy-1-naphthaldehyde (10 mmol). The mixture
becomes yellow, immediately Cu(OAc)2$H2O (5 mmol) was
added to this mixture and mixture is kept under continuous
stirring for 4 h at room temperature. Aer 4 h the greenish
brown precipitate of NAPABA–Cu(II) complex was formed which
was ltered, washed with petroleum ether and dried in air. The
obtained complex was characterized by elemental analysis and
FTIR spectroscopy. The elemental percentage of CHN for
C36H22N2O6Cu: anal. found: C, 67.2%; H, 3.2%; N, 4.3%. Calc.
For C36H22N2O6Cu: C, 67.34%; H, 3.2%; N, 4.4%. FTIR (KBr
pellet: cm�1): 3385 (br), 1612 (m), 1541 (m), 1437 (w), 1387 (m),
751 (w), 519 (w).

Preparation of support {LDH-[NH2–C6H4COO]}

The LDH-[NH2–C6H4COO] was prepared by co-precipitation
method according to previously reported procedure.47 A solu-
tion of zinc(II) nitrate hexahydrate (14.8 g) and aluminium(III)
nitrate nonahydrate (6.25 g) was prepared in decarbonised
water having Zn–Al molar ratio 3. To this mixture, a solution of
4-amino benzoic acid (10.86 g) and NaOH (7.8 g) in
RSC Adv., 2018, 8, 18814–18827 | 18815
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decarbonised water was added with continuous stirring.
Immediately a gel like mixture was obtained, which was
digested at 348 K for 48 h. Upon cooling, the product was
isolated by ltration, washed with water followed by methanol
and the solid was dried at 333 K overnight.
Preparation of ligand {LDH-[NAPABA]}

The ligand was prepared bymixing LDH-[NH2–C6H4COO] (1.0 g)
with the methanolic solution of 2-hydroxy-1-naphthaldehyde
(0.48 g, 2.8 mmol); the solution became yellow due to imines
formation. The resulting mixture was reuxed for 3 h with
continuous stirring under nitrogen atmosphere. The yellow
product was ltered off, washed with methanol followed by
acetonitrile and then dried at 333 K overnight.
Preparation of catalyst {LDH-[NAPABA–Cu(II)]}

The catalyst LDH-[NAPABA–Cu(II)] was prepared by incorpora-
tion of Cu(II) into the ligand {LDH-[NAPABA]}. Firstly ligand,
LDH-[NAPABA] (1 g) was suspended in 50 ml methanol followed
by addition methanolic solution of Cu(OAc)2$H2O (0.25 g)
under continuous stirring. The mixture was reuxed for 4 h
under nitrogen atmosphere. Aer cooling, the solid was ltered
and washed with methanol. The resulting solid was soxhlet
extracted using methanol followed by acetone and acetonitrile
to remove excessive ligand and metal salt remained uncom-
plexed in the host layer as well as on the surface and dried at 333
K overnight.
Oxidation of ethylbenzene

Oxidation of ethylbenzene over LDH-[NAPABA–Cu(II)] catalyst
using tert-butylhydroperoxide (TBHP) as an oxidant was
carried out under solvent-free condition in a three-necked
round-bottom ask. In a typical run, a three-necked round
bottom ask was loaded with ethylbenzene, TBHP (72% TBHP
in ethylbenzene) and catalyst at required temperature in an oil
bath for 7 h with continuous stirring using Teon needle on
magnetic hot plate. Aer completion of the reaction, the
catalyst was separated by ltration and washed several time
with methanol followed by acetone. Then the catalyst was
dried at 333 K for further use. The oxidation products were
qualitatively as well as quantitative analysed by GC-MS spec-
trometer and GC spectrometer using XE-60 ss column. The GC-
MS analysis revealed that the main products were acetophe-
none and benzaldehyde. Selectivity of products was calculated
with respect to the converted ethylbenzene using internal
standard method. The internal standard was dodecane. The
percentage conversion of the substrate, the percentage selec-
tivity and turn over number of the products in the oxidation
reaction are calculated as.45,48

Substrate conversion (%) ¼ substrate converted (moles)/substrate

used (moles) � 100
18816 | RSC Adv., 2018, 8, 18814–18827
Product selectivity (%) ¼ product formed (moles)/substrate used

(moles) � 100

Turn over number ¼ mmol of products/mmol of catalyst
Separation of acetophenone

The reaction mixture of ethylbenzene oxidation was collected
and concentrated under reduced pressure. The concentrated
mixture was dissolved in 15 ml of ethanol. Then 1 mmol Zn
granules were added, and the mixture was stirred for 30 min at
room temperature and ltered. Aer ltration, the solvent was
removed under reduced pressure followed by extraction of
concentrated mixture with saturated NaHCO3 solution to
remove benzoic acid, if any. Then mixture was washed with
water, followed by extraction with ether. Aer removing the
aqueous layer, ethereal layer was dried over anhydrous MgSO4.
Yellowish oil was obtained which was 80.2% acetophenone
with 92% purity; it was characterized by FTIR and LC-MS
analysis m/z ¼ 21, 57, 77, 105, 121. FTIR (KBr pellet: cm�1):
2978 (w), 1690 (m), 1263 (w). Separation of acetophenone has
been done on the basis of previously reported method.49
Results and discussion
Characterization of catalyst

Cu(II) Schiff base intercalated layered double hydroxide, LDH-
[NAPABA–Cu(II)] was synthesized by intercalation of NNOO
donor Cu(II) complex derived from 2-hydroxy-1-naphthaldehyde
and 4-amino benzoic acid into Zn–Al layered double hydroxide.
A schematic representation of the preparation procedure of
LDH ligand and LDH-[NAPABA–Cu(II)] catalyst is shown in
Scheme 1.

The physical and analytical data of compounds including
chemical composition at different stages of synthesis of cata-
lyst, viz. LDH-[NH2–C6H4COO], LDH-[NAPABA–Cu(II)]b and
LDH-[NAPABA–Cu(II)]a (b ¼ before and a ¼ aer catalytic reac-
tion) are given in Table 1. The fresh catalyst LDH-[NAPABA–
Cu(II)]b contains 8.6% copper contents before catalytic reaction,
whereas LDH-[NAPABA–Cu(II)]a contain 7.4% copper contents
aer seven catalytic cycles, which was determined by ICP-AES.
The reduction in the copper contents may be due to several
washings of the catalyst aer each cycle.

The elemental composition of the catalyst has determined by
EDX analysis. The EDX measurements results of LDH-[NH2–

C6H4COO], LDH-[NAPABA–Cu(II)]b and LDH-[NAPABA–Cu(II)]a

and C/Cu and N/Cu ratio are listed in Table 1. The presence of
carbon, nitrogen, oxygen, zinc, aluminium along with copper
metal in LDH-[NAPABA–Cu(II)] conrms the formation of
heterogeneous catalyst. The calculation of C/Cu and N/Cu ratio
is performed on the basis of elemental analysis. The experi-
mental data of C/Cu and N/Cu ratio in LDH-[NAPABA–Cu(II)] is
lesser than the theoretical value which indicates that some
metal ions were not coordinated with the ligand ions in LDH-
[NAPABA–Cu(II)]. The ideal formula for LDH-[NAPABA–Cu(II)],
This journal is © The Royal Society of Chemistry 2018
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Scheme 1 Synthesis of heterogeneous catalyst, LDH-[NAPABA–Cu(II)].
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based on the elemental content and Zn–Al ratio is [Zn0.73-
Al0.27(OH)2][NAPABA–Cu(II)]0.13[NH2–C6H4COO]0.08$1.46H2O.

The SEM image shown in Fig. 1 of LDH-[NH2–C6H4COO] and
LDH-[NAPABA–Cu(II)] clearly shows that both have similar
structure, having ake-like aggregates,50 but with different sizes
Table 1 Analytical data and textural properties of support and heteroge

Catalyst*
Metal
contents* (%)

EDX data (wt%)

Zn Al C O

LDH-[NH2–C6H4COO] — 26.39 7.73 32.49 29.12
LDH-[NAPABA–Cu(II)]b 8.6 20.51 6.24 47.62 15.43

LDH-[NAPABA–Cu(II)]a 7.4 20.49 6.17 47.53 15.37

a a: Aer catalysis, b: before catalysis; *ICP-AES analysis, c: the theoretica

This journal is © The Royal Society of Chemistry 2018
of the akes. It is clearly indicating that the morphology of the
host LDH-[NH2–C6H4COO] is not signicantly inuenced by the
intercalation of the copper complex into the LDH host.

Fig. 2 shows the XRD patterns of LDH-[NH2–C6H4COO],
LDH-[NAPABA] ligand, LDH-[NAPABA–Cu(II)]b and LDH-
neous catalyst

BET surface
area (m2 g�1)

d-spacing
(Å)

Particle
size (nm) C/Cu N/CuN Cu

4.27 - 6.92 15.71 2.4 — —
3.98 6.22 19.84 22.17 2.6 29.30 2.10

(35.99)c (2.80)c

3.86 5.19 19.77 22.17 2.6 33.98 2.80

l value.

RSC Adv., 2018, 8, 18814–18827 | 18817
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Fig. 1 SEM image of (A) LDH-[NH2–C6H4COO] and (B) LDH-
[NAPABA–Cu(II)].

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

3 
M

ay
 2

01
8.

 D
ow

nl
oa

de
d 

on
 1

1/
8/

20
25

 3
:2

0:
27

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
[NAPABA–Cu(II)]a the d-spacing corresponding to the plane
(003). The XRD pattern of LDH-[NH2–C6H4COO] shows themost
intense basal reection at 15.71 �A (003). The characteristic
reections corresponded to (110) plane shows atomic distribu-
tion density depending on molar ratio of Zn–Al.51 The results
have incorporated in Table 1. The basal spacing of (003) plane
increases from 15.71 to 22.17�A in LDH-[NAPABA–Cu(II)]b, while
Fig. 2 XRD pattern of (A) LDH-[NH2–C6H4COO], (B) LDH-[NAPABA–Cu
reactions}.

18818 | RSC Adv., 2018, 8, 18814–18827
during the intercalation no change is observed at (110) plane.
The gallery height of the catalyst is 17.47 Å when the thickness
of the brucite layers (4.7 Å) was subtracted. The increase in
gallery height clearly indicates successful intercalation of
[NAPABA–Cu(II)] Schiff base complex in the LDH layers.
Furthermore, the size of NAPABA–Cu(II) Schiff base complex in
the LDH layers is 13.67�A which was determined by subtracting
the bond length of linkage bond between LDH and Cu from
gallery height (17.47 Å). The particle size of support, LDH-[NH2–

C6H4COO] and heterogeneous catalyst, LDH-[NAPABA–Cu(II)]
was calculated using Debye–Scherrer equation.

D ¼ 0.9l/b cos q

where, l is the X-ray wavelength, b is the line broadening at half
the maximum intensity in radian, q is the Bragg angle.

The average particle size was calculated for most intense
peak corresponding to the (003) plane of LDH-[NH2–C6H4COO]
and LDH-[NAPABA–Cu(II)] and it was found to be 2.4 and 3.1 nm
respectively. The results are incorporated in Table 1. The
increase in gallery height and average particle size of LDH
clearly indicates successful intercalation of NAPABA–Cu(II)
Schiff base complex into the LDH layers.

The TEM images of LDH-[NH2–C6H4COO] and LDH-
[NAPABA–Cu(II)] are shown in Fig. 3 having hexagonal ake like
structure with aggregates. The particle size varied from 2 to
10 nm, which was consistent with the results of XRD. This
average particle size is similar to the range calculated using the
Scherrer equation.

The surface area of support LDH-[NH2–C6H4COO] is 6.915
m2 g�1 whereas surface is of heterogeneous catalyst LDH-
[NAPABA–Cu(II)] is 19.84 m2 g�1 (Table 2). The increase in
surface area indicates successful intercalation of Cu(II) Schiff
base complex into the LDH layers.51 Aer seven cycles, there is
(II)b and (C) LDH-[NAPABA–Cu(II)]a {a ¼ after and b ¼ before catalytic

This journal is © The Royal Society of Chemistry 2018
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Fig. 3 TEM image of (A) LDH-[NH2–C6H4COO] and (B) LDH-
[NAPABA–Cu(II)].

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

3 
M

ay
 2

01
8.

 D
ow

nl
oa

de
d 

on
 1

1/
8/

20
25

 3
:2

0:
27

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
no notable change in BET surface area (19.77 m2 g�1) of the
catalyst, which justies the recyclability of the catalyst.

The FTIR spectrum of LDH-[NH2–C6H4COO], NAPABA–Cu(II)
and LDH-[NAPABA–Cu(II)] are shown in Fig. 4. In LDH-[NH2–
Table 2 Effect of oxidants, solvents, support, homogeneous and hetero

Catalysts Oxidant/solvent
Ethylb
conve

No catalyst *TBHP/solvent-free —
LDH-[NH2–C6H4COO] *TBHP/solvent-free —
NAPABA–Cu(II) *TBHP/solvent-free 58.4
LDH-[NAPABA–Cu(II)] H2O2/solvent-free —
LDH-[NAPABA–Cu(II)] O2/solvent-free 25.1
LDH-[NAPABA–Cu(II)] 70% TBHP/solvent-free 28.5
LDH-[NAPABA–Cu(II)] *TBHP/solvent-free 80.5
LDH-[NAPABA–Cu(II)] *TBHP/dichloromethane 55.0
LDH-[NAPABA–Cu(II)] *TBHP/methanol 5.8
LDH-[NAPABA–Cu(II)] *TBHP/acetonitrile 53.8
LDH-[NAPABA–Cu(II)] *TBHP/acetone 23.3

a AP: acetophenone, Bz: benzaldehyde, BA: benzoic acid; *72% TBHP in
mmol), temperature (393 K), time 7 h.

This journal is © The Royal Society of Chemistry 2018
C6H4COO] spectrum, the broad absorption bands at 3390 and
3255 cm�1 are attributed to stretching modes of OH and NH2

groups respectively. The strong band at 1549 cm�1 is attributed
to C]O stretching vibration. A band at 1445 cm�1 is due to
C]C stretching of aromatic ring while absorption band at
1399 cm�1 is attributed to the NO3

� stretching vibration.52 The
bands in the range of 428–784 cm�1 are due to stretching
vibration of M–O and O–M–O (M ¼ Zn, Al)53 which includes
translation vibrations of Zn–OH at 637 cm�1 and Al–OH at
around 517 cm�1 and deformation vibration of HO–Zn–Al–OH
at 428 cm�1 which are typical of this class of materials.54,55 In
the spectrum of homogeneous catalyst, NAPABA–Cu(II), the
broad absorption bands in the range of 3390–3255 cm�1 is
attributed to stretching modes of OH and NH2 groups. The
band at 1612 cm�1 is due to C]N stretching of imines while
bands 751 cm�1 and 519 cm�1 arises due to the Cu–N and Cu–O
frequency respectively. The spectrum of heterogeneous catalyst,
LDH-[NAPABA–Cu(II)] shows all the absorption bands corre-
sponding to LDH-[NH2–C6H4COO] and NAPABA–Cu(II). The
band due to C]N stretching of imines was shied to lower
frequencies at 1609 cm�1 while the bands due to the Cu–N and
Cu–O stretching shied to higher frequencies i.e. at 759 and
522 cm�1 in the LDH-[NAPABA–Cu(II)].56 The presence of these
bands clearly indicates the intercalation of NAPABA–Cu(II) into
LDH.

The thermal decomposition behavior of LDH-[NH2–

C6H4COO] and LDH-[NAPABA–Cu(II)] was evaluated by TGA
analysis and are shown in Fig. 5. The TGA curve of LDH-[NH2–

C6H4COO] shows rst weight loss from 50 to 170 �C due to the
removal of adsorbed water. The second stage corresponds to the
degradation of the brucite like layer and removal of inter layer
benzoate anions in temperature range of 200–500 �C. In the TGA
curve of LDH-[NAPABA–Cu(II)], shows rst weight loss from
room 50 to 175 �C. A second step in the range 213 to 330 �C is
assigned to partial dehydroxylation of the double hydroxide
layers. The third weight loss in the temperature range 359 to
550 �C was due to complete decomposition of the organic part.
On the basis of decomposition temperatures, it can be inferred
geneous catalysts on the oxidation of ethylbenzenea

enzene
rsion (%)

Products selectivity (%)

TONBZ AP BA

— — — —
— — — —
0.44 99.56 — 531
— — — —
0.63 95.60 3.77 227
0.44 98.41 1.15 259
0.40 99.60 — 732
48.31 36.31 15.38 499
55.95 26.52 17.53 53
2.74 60.16 37.10 488
0.26 57.90 41.84 211

ethylbenzene; reaction conditions: ethylbenzene (13 mmol); TBHP (39
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Fig. 4 FTIR spectra of (A) LDH-[NH2–C6H4COO], (B) NAPABA–Cu(II) and (C) LDH-[NAPABA–Cu(II)].
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that LDH-[NH2–C6H4COO] and LDH-[NAPABA–Cu(II)] both are
thermal stable up to 550 �C.

The EPR spectra of heterogeneous catalyst, LDH-[NAPABA–
Cu(II)] recorded at room temperature shown in Fig. 6. The
spectra exhibit anisotropic signal, without any hyperne split-
ting, with gk ¼ 2.13, gt¼ 2.03 and gav¼ 2.08. The trend gk > gt >
Fig. 5 TGA curve of (A) LDH-[NH2–C6H4COO] and (B) LDH-[NAPABA–

18820 | RSC Adv., 2018, 8, 18814–18827
2.00 indicates the covalent environment of metal ion with the
Schiff base in which the unpaired electron is localized in dx2�y2

orbital of the Cu(II) ion and copper is present in +2 oxidation
state.57 Furthermore, the Cu(II) complex exhibits a G value [G ¼
(gk � 2.0023)/(gt � 2.0023)] of 4.33, which is slightly higher
than 4, indicating no exchange interaction in the copper(II)
Cu(II)].

This journal is © The Royal Society of Chemistry 2018
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Fig. 6 EPR spectra of LDH-[NAPABA–Cu(II)].
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complex.58,59 Thus, a square planar environment was proposed
for the complexes.57,60

The DRUV-Vis spectra of LDH-[NH2–C6H4COO], NAPABA–
Cu(II) and LDH-[NAPABA–Cu(II)] are shown in Fig. 7. The elec-
tronic spectrum of homogeneous complex, NAPABA–Cu(II)
shows three bands at 262, 318 and 435 nm. The rst band at
262 nm may be assigned to p / p* of aromatic rings. The
second band at 318 nm is due to n / p* transitions of imines
group (C]N). The third band in the range of 362–490 nm is
assigned due to ligand to metal charge transfer (LMCT) transi-
tion in the metal complex. An additional weak and broad band
in the range of 550–710 nm in metal complexes is due to the d–
d transition. In heterogeneous catalyst, LDH-[NAPABA–Cu(II)],
aer heterogenization of homogeneous catalyst the intensity of
all bands get reduced and all absorption bands appear at almost
similar position. The band due to the d–d transition also
appears with very low intensity.
Catalytic activity studies
Oxidation of ethylbenzene

The oxidation of ethylbenzene was investigated using LDH-
[NAPABA–Cu(II)] under solvent-free conditions with TBHP as an
oxidant. We have considered various aspects of catalytic
oxidation of ethylbenzene for 7 h of reaction. When reaction
carried out under following conditions, reaction did not take
place; (i) in the presence of support, LDH-[NH2–C6H4COO] and
TBHP, (ii) in the presence of heterogeneous catalyst LDH-
[NAPABA–Cu(II)] and without TBHP and (iii) in the presence of
only TBHP (without catalyst). Hence, both the copper catalyst
This journal is © The Royal Society of Chemistry 2018
and TBHP are required for the catalytic oxidation of ethyl-
benzene and (iii) also ruled out auto-oxidation. The reaction of
ethylbenzene with TBHP in presence of LDH-[NAPABA–Cu(II)]
and NAPABA–Cu(II), under similar reaction conditions, gave
acetophenone, benzaldehyde and benzoic acid. It is notable, no
oxidation products were observed in the aromatic ring of the
ethylbenzene. The catalytic performance of catalysts was
assessed based on conversion of substrate and selectivity of the
products.

It was observed that LDH-[NAPABA–Cu(II)] gives more
conversion of ethylbenzene than that of NAPABA–Cu(II) (Table 2).
The inferior activity shown by homogeneous catalyst may be
attributed to its partial solubility in reaction mixture. The LDH
shows high adsorption capacity which make them effective
supports for the immobilization of catalytically active species,
NAPABA–Cu(II) in to the layers.61 Furthermore uniform disper-
sion of M(II) and M(III) cations in the LDH layers, and preferred
orientation of anions in the interlayer, is useful properties to use
LDH as precursors for the preparation of stable supported
catalysts.62

The catalytic oxidation of ethylbenzene, catalysed by LDH-
[NAPABA–Cu(II)]/TBHP system is explained in Scheme 2.

To obtain maximum conversion of ethylbenzene, optimiza-
tion of various parameters viz. effects of oxidants, solvents,
concentration of TBHP, catalyst concentration and reaction
temperature have been studied in detail.

In order to optimize ethylbenzene oxidation various param-
eters viz. effects of oxidants, solvents, concentration of TBHP,
catalyst concentration and reaction temperature have been
studied in detail.
RSC Adv., 2018, 8, 18814–18827 | 18821
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Fig. 7 DRUV-visible spectra of (A) LDH-[NH2–C6H4COO], (B) NAPABA–Cu(II) and (C) LDH-[NAPABA–Cu(II)].
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The effect of various oxidants viz, H2O2, O2, 70% TBHP and
72% TBHP in ethylbenzene was investigated for the oxidation of
ethylbenzene. The results are listed in Table 2. When molecular
oxygen (O2) was used as the oxidant, the conversion of ethyl-
benzene (25.1%) was less due to easy expulsion of O2 from the
reaction mixture. When H2O2 was used as the oxidant, no
conversion was observed due to the high exothermic nature it
was decomposed easily and evolved oxygen rapidly. In case of
70% TBHP the conversion of ethylbenzene (28.5%) was less due
to interference of water in the reaction whereas 72% TBHP in
ethylbenzene gave maximum conversion of ethylbenzene
(80.5%). Hence, it was considered as best oxidant for our cata-
lytic system.

The effect of various solvents (acetonitrile, acetone, meth-
anol and dichloromethane) on the oxidation of ethylbenzene
catalyzed by LDH-[NAPABA–Cu(II)] was studied to develop an
Scheme 2 Oxidation of ethylbenzene.

18822 | RSC Adv., 2018, 8, 18814–18827
efficient solvent system. It was observed that the conversion of
ethylbenzene decreased in the following order with different
solvents; 55.0% dichloromethane > 53.8% acetonitrile > 23.3%
acetone > 5.8%methanol (Table 2). The result indicates that the
aprotic and chlorinated solvents favoured the conversion of
ethylbenzene. The major product in the oxidation of ethyl-
benzene in all solvents except dichloromethane and methanol
was acetophenone. The acetophenone selectivity on different
solvents decreased in the following order; acetonitrile (60.16%)
> acetone (57.90%) > dichloromethane (36.31%) >methanol
(26.52%) (Table 2). The selectivity of benzaldehyde and benzoic
acid were favoured in protic and chlorinated solvent while the
selectivity of acetophenone was favoured in aprotic solvents.63

These results indicate that dipole moments of the solvent may
play an essential role in the oxidation of ethylbenzene. It was
observed that in presence of solvents conversion of
This journal is © The Royal Society of Chemistry 2018
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ethylbenzene was decreased due to the blocking of active sites
by solvent molecules or may be diffusion competition between
solvent and substrate molecules for the active sites. However,
the reaction under solvent-free conditions gave higher selec-
tivity and more catalytic activity than in the presence of
a solvent.

The effect of concentration of TBHP was studied by consid-
ering three different molar ratios (1 : 1, 1 : 2 and 1 : 3) of eth-
ylbenzene to TBHP on the oxidation of ethylbenzene under
solvent-free condition at 393 K for 7 hours. The results are
given in Table 3 and in Fig. 8A. It was observed that the
conversion of ethylbenzene gradually increases with increasing
ethylbenzene to TBHP molar ratio from 1:1 to 1 : 2, the
conversion increases from 45.9 to 67.5%. Further increasing
molar ratio to 1 : 3 conversions also increases to 80.5%. At all
molar ratios acetophenone (99.60%) was the major product.
The conversion of ethylbenzene was increases by 13.1% when
ethylbenzene to TBHP molar ratio from 1 : 2 to 1 : 3. Therefore,
we have considered 1 : 3 molar ratio of ethylbenzene to TBHP as
optimum.

The effect of catalyst concentration on the oxidation of eth-
ylbenzene under solvent-free condition was studied by consid-
ering four different concentration of catalyst (50, 75 and 100
mg) at 393 K for 7 hours. The results are incorporated in Table 3
and in Fig. 8B. It was observed that when the concentration of
catalyst increases for 50 to 100 mg, the conversion of ethyl-
benzene was increases from 65.7 to 80.5%. The conversion and
selectivity was low at lower catalyst concentration due to the
insufficient active sites of catalyst, while the conversion and
selectivity increases when the catalyst concentration reaches to
100 mg. It was probably due to the active sites released great
amount of nascent oxygen, which ultimately proceeded to
vigorous oxidation reaction. Acetophenone was the major
product at all catalyst concentrations. Thus, 100 mg catalyst
concentration considered as optimum.

The temperature plays an important role in catalytic reac-
tions hence we have studied the oxidation of ethylbenzene at
three different temperatures (353, 373 and 393 K). The results
are incorporated in Table 3 and in Fig. 8C. It was observed that
initially when temperature increases from 353 to 373 K
conversion of ethylbenzene increases from 69.6 to 77.5%.
Table 3 Effect of various parameters on the oxidation of ethylbenzene

Entry Substrate : oxidant ratio Catalyst amount (mg) Temp

1 1 : 1 100 393
2 1 : 2 100 393
3 1 : 3 100 393
4 1 : 3 75 393
5 1 : 3 50 393
6 1 : 3 100 373
7 1 : 3 100 353

a AP: acetophenone, Bz: benzaldehyde, BA: benzoic acid; *72% TBHP in
mmol), temperature (393 K), time 7 h.

This journal is © The Royal Society of Chemistry 2018
Further increase in temperature to 393 K conversions also
increases to 80.54%. It may be due to the increase of effective
collision of substrate at higher temperature. Thus, 393 K is
considered best temperature for reaction. At all reaction
temperatures acetophenone was the major product. Thus,
overall optimum conditions to obtain maximum conversion of
ethylbenzene are 1 : 3 molar ratio of ethylbenzene to TBHP,
100 mg catalyst and 393 K temperature.

We have also compared our present catalytic system with the
literature catalysts to nd out the novelty of our catalyst. In
Table 4, we have compared present work with the literature
catalysts.21–25 The catalyst and applied method in this paper has
the advantages in terms of heterogeneous nature, better
conversions, selectivity and reusability of the catalyst.
Mechanism for ethylbenzene oxidation

Mechanism for the ethylbenzene oxidation was investigated by
quenching experiment using radical scavenger 2,6-di-tert-
butyl-4-methylphenol (BHT), as a quenching reagent. The
reaction was carried out under optimized reaction conditions
aer completion of 1 h of reaction, BHT was added and the
reaction was continued for next 7 h. The gas chromatographic
analysis showed no further increase in conversion of ethyl-
benzene aer the addition of BHT. This clearly indicates that
oxidation of ethylbenzene by tert-butylhydroperoxide appears
to be a radical process because addition of BHT, a radical
scavenger, inhibited the formation of any product in the
oxidation reaction. Oxidation of ethylbenzene with TBHP
catalyzed by LDH-[NAPABA–Cu(II)] probably proceeds via free
radical mechanism (Scheme 3). In rst step metal centre of
catalyst LDH-[NAPABA–Cu(II)] acts as an initiator in the
homolytic cleavage of t-BuOOH into free alkoxy (t-BuOc) and
alkylperoxy radicals (t-BuOOc). In second step, alkylperoxy
radicals attack on ethylbenzene to convert it into 1-tert-butyl-
peroxyethylbenzene. In the next step, 1-tert-butylperoxy ethyl-
benzene leads to the formation of acetophenone,
benzaldehyde and benzoic acid. Acetophenone is formed by
dehydration while benzaldehyde by losing methanol from 1-
tert-butylperoxyethylbenzene. Benzaldehyde on further oxida-
tion gives benzoic acid. Dehydration reaction involves lower
over LDH-[NAPABA–Cu(II)]a

erature (K) Conversion (%)

Selectivity of products

TONBz AP BA

45.9 0.37 94.57 7.06 417
67.5 0.24 99.49 0.27 613
80.5 0.16 99.60 0.24 732
73.0 0.15 99.28 0.57 879
65.7 0.23 99.24 0.53 1195
77.5 0.35 99.41 0.24 703
69.6 0.51 99.22 0.27 632

ethylbenzene; reaction conditions: ethylbenzene (13 mmol); TBHP (39
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Fig. 8 Illustration of various parameters on the oxidation of cyclohexane: (A) effect of ethylbenzene: TBHP molar ratio, (B) effect of catalyst
concentration, (C) effect of temperature and (D) recycling of catalyst.
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energy pathway than the elimination reaction therefore ace-
tophenone was major product (Scheme 3).

Hot lter experiment

The heterogeneity of the catalyst has tested for the oxidation of
ethylbenzene by hot lter experiment. The catalytic reaction was
Table 4 Comparisons of present work with other studies in the literatur

Catalytic system Temperature Oxidant/solvent Time (

Cu(cyclam)-Y 60 �C TBHP 10
MCM-41-L/CuCl2 30 �C TBHP 48
Cu-BTC 150 �C O2 6
PS-[Cu(hmbmz)2] 60 �C TBHP 6
PS-[Cu(ligand)n] 80 �C TBHP 8
Present work 120 �C TBHP 7

a AP: acetophenone.

18824 | RSC Adv., 2018, 8, 18814–18827
carried out under optimized reaction condition during reaction
the catalyst was ltered out aer 1 h in rst cycle at 393 K to
avoid re-adsorption of leached copper onto the catalyst surface.
The ltrate collected aer 1 hour of rst cycle was placed again
into the reaction ask and the reaction was continued for next
7 h. The gas chromatographic analysis showed no further
e for oxidation of ethylbenzenea

h) Conversion (%) Product Selectivity (%) Ref.

44.4 AP 98 21
47.0 AP 97 22
28.26 AP 95.8 23
43.5 AP 96.6 24
15.0 AP 4.5 25
80.54 AP 99.6

This journal is © The Royal Society of Chemistry 2018
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Scheme 3 The probable free radical mechanism for oxidation of ethylbenzene with TBHP catalyzed by the LDH-[NAPABA–Cu(II)] catalyst.
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increase in conversion of ethylbenzene. The reaction mixture
did not exhibit any colour indicating the absence of copper,
which was estimated using ICP-AES. It suggested that no copper
leaching occurred during the catalytic reaction. This observa-
tion indicates that the catalyst is heterogeneous in nature.

Recycling of catalyst

The reusability of the heterogeneous catalyst is a key factor from
commercial and economic points of view. In order to check the
reusability of the catalyst recycling experiment was performed
under optimized reaction conditions. Aer the completion of
reaction, the catalyst was separated from the reaction mixture
by ltration, washed several times with methanol, acetonitrile
followed by acetone. The washed catalyst was dried at 333 K
This journal is © The Royal Society of Chemistry 2018
overnight to remove the adsorbed solvent molecules from the
catalyst surface and then it is further subjected for consecutive
catalytic cycles. The catalyst, LDH-[NAPABA–Cu(II)] was recycled
for seven cycles for the oxidation of ethylbenzene. The conver-
sion of ethylbenzene was dropped from 80.5 to 77.4% aer
seven cycles (Fig. 8D). The conversion of ethylbenzene was
reduced by 3.1% from rst to seven cycles. The recycling results
indicate that the catalyst was stable during catalytic reaction
and suitable for recycling. The recycled catalyst was character-
ized by BET surface area, ICP-AES, XRD and EDX.

Conclusions

Cu(II) Schiff base complex intercalated into LDH, LDH-
[NAPABA–Cu(II)] is a novel heterogeneous catalyst for the liquid
RSC Adv., 2018, 8, 18814–18827 | 18825
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phase selective oxidation of ethylbenzene with TBHP under
solvent-free condition. The heterogeneous catalyst was found to
be highly active as compared to its homogeneous counter parts
in our experimental conditions. In the oxidation of ethyl-
benzene, acetophenone was obtained with 99.60% of selectivity
and 80.5% conversion of ethylbenzene under optimized reac-
tion conditions, representing a very promising result. Aceto-
phenone was the major product and can be isolated from
reaction mixture with 92% purity. Essentially pure acetophe-
none was isolated in 80.21% yield. The catalyst was heteroge-
neous, stable and can be recycled up to seven cycles without
signicant loss of catalytic activity.
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