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Abstract

Ce02-ZrO:2 oxides were prepared by the surfactant-templated method using cetyl trimethyl ammonium bro-
mide (CTAB) as template. These were characterized by XRD, FT-IR, TEM, SEM, BET and TPD-CO2. The
XRD data showed that as prepared CeQO2:-ZrOz powder particles have single phase cubic fluorite structure.
HRTEM shows mesoscopic ordering. Average particle size is 12-13 nm as calculated from particle histo-
gram. The nitrogen adsorption/desorption isotherm was classified to be type IV isotherm, typical of
mesoporous material. The presence of uni-rpodal mesopores are confirmed by the pore size distribution
which shows pore distribution at around 60 A. The catalytic activities of the prepared material were tested
in liquid phase oxidation of ethylbenzene with tert-butyl hydroperoxide (TBHP) as oxidant. Ceria zirconia
catalyst modified with chromium was active for ethylbenzene conversion (65.3%) with 77% selectivity to-
wards acetophenone. © 2013 BCREC UNDIP. All rights reserved
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1. Introduction tems [5], and as catalysts in numerous economi-
cally and technologically important industrial proc-
esses. The presence of CeOz promotes various cata-
Iytic reactions such as CO2 activation, CO oxida-
tion, CO/NO removal, low-temperature water-gas
shift [6]reaction, oxidation of different hydrocar-
bons, wet oxidation processes of organic com-
pounds, the removal of total organic carbon from
industrial wastewaters, methane reforming with
COg2, SO2 reduction with CO.

The major drawback of an oxygen storage sys-

The very essential and most important use of
ceria containing materials is catalytic application
in automotive three-way catalysts (TWC) [1] and
oxidation catalysts (for example, diesel oxidation
catalysts, DOC) because of their oxygen storage ca-
pacity (OSC) based on the unique redox behavior
between Ce 3+ and Ce4*[2, 3] .

CeO: is included in materials used in fuel-cell
processes [4], in oxygen permeation membrane sys-

" - tem based on pure CeOz is related to its thermal re-
Corresponding Author. sistance, low-temperature activity and textural sta-
E-mail: ssg@cusat.ac.in (S. Sugunan ) bility, which are not high enough to meet the re-
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quirements of high-temperature applications. So
its use is highly discouraged as pure ceria is poorly
thermostable [7, 8]. Relative to pure ceria, ceria—
zirconia mixed oxides are known to bear a high
thermal resistance and increased OSC. Incorpora-
tion of zirconium into ceria leads to structural
modification of the cubic fluorite structure of ceria
that result in the decrease of the cell volume and
activation energy for oxide ion diffusion [8].

Effective utilization of ethylbenzene, available
in the xylene stream of the petrochemical industry
to more value added products is a promising one in
chemical industry. The oxidation products of ethyl-
benzene are widely employed as intermediates in
organic, steroid and resin synthesis [9-11]. Cata-
lytic oxidation of ethylbenzene (EB) with air gives
ethylbenzene hydroperoxide (EBHP). The main re-
action by-products are acetophenone (AP), methyl
phenyl carbinol (MPC) and phenol (PHE). Epoxida-
tion of propylene with EBHP produces propylene
oxide. MPC is later dehydrated to yield the mono-
mer styrene [10]. Zeolite encapsulated Co (II),
Ni(I) and Cu(Il) complexes gave acetophenone as
the only partial oxidation product during ethyl
benzene oxidation with H202 [12, 13]. Titanosili-
cates mainly catalyze ring hydroxylation of arenes
with H202, whereas vanadium and chromium sub-
stituted zeolites and aluminophosphate molecular
sieves have been known to favour side-chain oxida-
tion selectively [14]. Therefore, our primary main
aim was to understand the path of the reaction,
which occurs either by the oxidation of primary or
the secondary carbon atom or by the aromatic ring
hydroxylation. Furthermore, the existing indus-
trial production of acetophenone is through the oxi-
dation of ethyl benzene with molecular oxygen us-
ing cobalt cycloalkane carboxylate or cobalt acetate
as catalyst in acetic acid solvent [15]. This method
suffers from its corrosive and environmentally
aloof nature. Hence it is highly desirable to develop
an ecofriendly catalysts system for the oxidation of
ethyl benzene selectively to acetophenone. There-
fore we have attempted to utilize the mesoporous
nature of ceria zirconia catalyst which is reflected
in reasonable conversion of ethyl benzene and se-
lectivity to acetophenone, the desired product. Syn-
thesis of the catalyst was done by surfactant-
templated method and structurally characterized
using different physico-chemical techniques.

2. Materials and Methods
2.1. Experimental Process

Ce(NO3)3.6H20 and ZrOCl..8H20 were dissolved
in a vessel with 500 ml deionized water to obtain a
cerium/zirconium mixed solution with a Ce/Zr mole
ratio of 1:2. And then it was slowly added to a 500

ml solution containing cetyl trimethyl ammonium
bromide (surfactant/cerium nitrate=3.4 molar ra-
tio) under agitation, followed by adding NH.OH
(28 wt %) into the mixture, the pH of the mixture
was maintained at around 11. The gel was loaded
into a stoppered Teflon bottle and heated hydro-
thermally at 100 °C for 48 h. The resultant solid
was recovered by filtration, washing and then it
was dried in air at 80 °C for 12 h. Finally, the sam-
ple was calcined at 600 °C for 4 h. It was then im-
pregnated with an aqueous solution of chromium
nitrate. The volume of the aqueous solution of
metal used for impregnation depended on the
amount of the support. The modified ceria-zirconia
catalyst was dried at 120 °C for 2 hrs and then it
was calcined at 400 °C for 4 h.

2.2. Characterization

Simultaneous determination of surface area,
pore size distribution and total pore volume of the
samples were achieved in a Micromeritics Tristar
3000 surface area and porosity analyzer. XRD
analysis was carried out using Rigaku D-Max Ni
filtered Cu Ko radiation (A=1.5406 A°) diffractome-
ter equipped with diffracted beam monochromator
at a scan rate of 5 9/min analyzer. The Infrared in-
duced vibrations of the sample were recorded using
Thermo Nicolet 380 FTIR Spectrometer by means
of KBr pellet procedure. Transmission Electron Mi-
croscopy was carried out in ultra high resolution
analytical electron microscope JEOL 3010. The
sample was dispersed in ethanol through sonica-
tion and then drop casted on a carbon-coated cop-
per grid. Scanning electron micrographs was taken
using JEOL Model JSM-6390LV scanning electron
microscope with a resolution of 1.38 eV. The pow-
dered sample was dusted on a double sided carbon
tape, placed on a metal stub and was coated with a
layer of gold to minimize charge effects. Thermo-
gravimetric analysis was done on a Perkin Elmer
Pyris Diamond thermogravimetric analyser under
nitrogen atmosphere at a heating rate of 10 °C/min
from room temperature to 800 °C with samples
mounted on a platinum sample holder. UV-VIS DR
spectra were taken in the range 200-800 nm on
Labomed UV-VIS double beam UVD-500 spectro-
photometer equipped with an integrating sphere
assembly with a charged coupled device detector,
using BaSO, as reflectance standard. Temperature-
programmed desorption study of CO:was carried
out in Micromeritics Pulse Chemisorb 2705.

2.3. Catalytic Activity

The liquid-phase oxidation of ethyl benzene was
carried out in a 50 ml round bottom flask. The
flask was immersed in an oil bath in order to make
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the working temperature constant, which was con-
nected with a condenser. In a typical run, catalyst
and substrate were added to the solvent. The oxi-
dant, tertiary butyl hydro peroxide (TBHP) was
added to the system after attaining the reaction
temperature. The reaction mixture was stirred us-
ing a magnetic stirrer. Reaction products were ana-
lyzed on Chemito 1000 GC equipped with FID de-
tector and a BP-1 capillary column. Analysis was
done using a linear temperature programme (333
to 398 K (ramp 283 K/min) and increased to 413 K
(ramp 275 K/min) and finally to 475 K (-288 K/min)
with injection and detection temperature as 523 K.
The products obtained were identified by compari-
son with standard ones. The catalytic activity was
expressed as the percentage conversion (wt%) of
ethyl benzene and the selectivity for a product is
expressed as the amount of the particular product
divided by total amount of products multiplied by
100.
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3. Results and Discussion

3.1. Textural Properties: Surface Area and
Pore Volume Measurements

The most important textural parameters are
calculated from nitrogen adsorption desorption iso-
therms: BET surface area and pore diameter. The
representative isotherms of the samples are shown
in Figure 1. It can be classified as a type IV iso-
therm, typical of mesoporous material. The shape
of the curve indicates the absence of a narrow pore
size distribution as suggested by the lack of the
typical step in the adsorption isotherm which is ob-
served with ordered mesoporous structure. Accord-
ing to IUPAC classification, the hysteresis loop is
of type H: indicating complex mesoporous struc-
ture.

The uptake at high pressure (P/PO ~ 0.9 - 1.0) is
associated with the void spaces between the parti-
cles [16]. The presence of unimodal mesopores are
confirmed by the pore size distribution WhiC}Ol
shows pore distribution covering tohe range 30-80 A
with a maximum at around 60 A for mesoporous
Ceo.75Zr0.2502 as depicted in Figure 1. The surface
area, pore volume, and pore size of the support and
modified catalysts are summarized in Table 1. It is
observed that the specific surface area (Sser) and
pore volume of catalyst decreased upon modifica-
tion with chromium. A substantial decrease in BET
surface area after impregnation is mainly due to
the penetration of the dispersed chromia into the
pores of the support.

3.2. Structure and Morphology
3.2.1. X-ray Diffraction Analysis

X-ray diffraction pattern of prepared samples is
displayed in Figure 2. Figure 2 shows the XRD pat-
terns of ceria-zirconia. The ceria zirconia solid
show a single phase with cubic structure, indicat-
ing that cerium and zirconium ions are uniformly
distributed in the structure to form a homogeneous
solid solution thereby stabilizing of fluorite struc-
ture by zirconia substitution. The peaks were ob-

Pore Pore
SgeT . volume Crystallite
Catalyst (m’g™) dla(ng;ter (*102 size (nm)
cm®g™)
Ceg.75Z2r0.250, 70.1 60.52 0.69 5.21
Cr/CeorsZlozs02 579  go57 0.27 4.66

Table 1. Textural properties of prepared catalysts
obtained from N2 sorption, ICP-AES and XRD

Figure 1. Nitrogen adsorption—desorption iso-
therm: (a) and Pore size distribution, (b) of
Ce0.25Zr0.7502
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Figure 2. XRD patterns of as-prepared Ce o.25Zr 0.7502

served at 20 ~ 29.66, 34.12, 49.1, 58.28 in compari-
son with the pure ceria peaks at 20 values of 28.78,
34.12, 47.68 and 56.48 [17, 18]. High 20 values in
the pattern reveal the presence of a minor zirconia
rich phase. Shift of peaks towards higher 20 values
is due to the small ionic radius of Zr4+ (0.84 A) in
comparison with that of Ce4*(0.97 A). The average
crystallite sizes, calculated from the Scherrer equa-
tion, are shown in Table 1. Crystallite size is de-
creased upon modification with chromium.

3.2.2. FT-IR Spectroscopic Analysis

Figure 3 shows the FT-IR spectrum of
Ceo.25Zr0.7502 catalysts. Broad absorption band lo-
cated in the area from 3200 to 3600 cm-! corres-
ponds to O-H stretching vibration. The peaks at
1640 cm-! corresponds to H20 bending vibration
and at around 1340 cm! is due to Ce-OH stretch-
ing vibration. Band in the area from 400-700 cm-!
is due to the CeO: stretching vibration. According
to literature data [19] on the vibrational active
modes in the fluorite structure, absorption at
around 460 cm-! the main maximum would be as-
signed to the transverse mode (TO) of the triply de-
generated Fiu fundamental, and the shoulder to
the longitudinal component (LO) of the same fun-
damental.

3.2.3. Transmission Electron Microscopy

It can be seen from Figure 4 that majority of the
ceria crystals consists of aggregated small crystal-
lites of a few nanometres and very homogeneous in
size. Sample shows mesoscopic ordering as ob-
served from HRTEM. HRTEM investigation re-
veals the existence of several nano crystallites with
well defined lattice planes. The selected area elec-
tron diffraction (Figure 4c) pattern of the sample
exhibited continuous concentric rings, implying
that the samples consisted of many very small
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Figure 3. FT-IR spectrum of Ce o0.25Zr 0.7502

crystallites with well-defined lattice planes. Ave-
rage particle size is 12-13 nm as calculated from
particle histogram (Figure 4d).

3.2.4. Scanning Electron Microscopy

Figure 5 contain electron microscopic pictures of
Ceo.25Zr0.7502 catalyst. After calcination, the parti-
cles become irregular shaped and larger sized due
to the collapse in structure after heat treatment.
All samples consist of crystalline aggregates with
size ranging from a few to 100 micrometers

3.2.5. Thermo Gravimetric Analysis

Thermogram corresponding to Ceo.75Zr0.2502
mixed oxide shows weight loss at 206 °C which is
attributed to the removal of structural hydroxyl
group (Figure 6). A small weight loss at 311 °C
may be due to the removal of surfactant. Weight
loss at around 440 °C can be due to the transition
from amorphous into crystalline form.

3.2.6. UV-VIS Diffuse Reflectance Spectros-
copy

The spectra, in general, are broad and exhibited
a myriad of poorly resolved peaks. In the case of
Ceo.75Z1r0.2502, broad absorption bands are observed
in the range of 200 - 350 nm (Figure 7). These
bands are attributed to localized O-Ce charge
transfer transitions involving a number of surface
Cet* ions with different coordination numbers [20].
Interband and O2-Zr4* transitions of substituted
fluorite lattice [21] occur prominently around 340
nm. Chromium modified sample also shows a broad
absorption spectra is obtained. Bands at around
600 nm and a broad peak at around 450 nm are
characteristic of octahedral Cr3+ in Cr203[22].
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Figure 5. SEM image of Ce 0.25Zr0.7502

3.2.7. Temperature-Programmed Desorption
(COy)

TPD spectrum of CO: obtained after CO: ad-
sorption is shown in Figure 8. Two desorption
peaks appear at 199 °C and 369 °C. It is clear that
there are two kinds of CO: adsorption sites on
Ceo.75Zr0.2502 surface indicating two kinds of basic
sites on the surface of the catalyst. The peak at

w
1

No.of particles

L0 %
o T T T T

5 10 15 20 25 30
particle size

100 S

95 -

©o
I=3
1

Weight loss(%)
o
(3]
1

. TGA

©
o
1

75

T T T T T T T T T T T T T T 1 _0 2
100 200 300 400 500 600 700 800
Temperature('C)

Figure 6. TG-DTA analysis of Ce 0.25Zr0.7502

lower temperature may be assigned to a monoden-
tate carbonate interacting with Ceo.75Zr0.2502. The
desorption peak at a higher temperature may be
assigned to a bidentate carbonate. The latter spe-
cies being bonded to the oxide surface by two lat-
tice oxygen ions should exhibit a higher thermal
stability than the former ones [23, 24].
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4. Catalytic Activity: Oxidation of Ethylben-
zene

The oxidation of ethylbenzene with t-butyl hy-
droperoxide over Cr/Ceo.75Zr0.2502 has been exam-
ined at various temperatures and the effect of time
on ethylbenzene oxidation was studied.

t-Butylhydroperoxide 1is activated by co-
ordinating with metal oxide. The activated distant
oxygen of co-ordinated ¢-butylhydroperoxide reacts
with ethylbenzene to yield the products. 1-
Phenylethanol from ethylbenzene 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 acti-
vated t-butylhydroperoxide oxygen yields acetophe-
none. Formation of acetophenone requires chemi-
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Figure 9. Effect of temperature on oxidation of
ethyl benzene over Cr /Ce o.25Zr0.7502. Reaction
conditions: Ethyl benzene: TBHP—1:3 vol.; Ace-
tonitrile—10 ml; Cx/ CZ—100 mg; Time =6 h

sorption of alkyl hydroperoxide on the Lewis acid
sites of the catalyst. Oxidation of the secondary
carbon of ethylbenzene to 1-phenylethanol, and ap-
propriate cleavage of bonds give acetophenone [25].

As the temperature rises, there is an increase in
the oxidation of substrate over the catalyst surface
(Figure 9). This increase is attributed to the higher
activation of TBHP. The selectivity to acetophe-
none increases as the temperature rises from 40 to
60 °C and decreased after 60 °C.

The effect of time on EB oxidation is illustrated
in Figure 10. The reaction was carried out in pres-
ence of Cr/Ceo.75Zr0.2502catalyst at 60 9C. Ethyl
benzene conversion and selectivity of AP increases
almost linearly increasing with time up to 6 h. Ace-
tophenone was the main product with lesser con-
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Figure 8. TPD-CO; after COz adsorption on
Ceo.25Z10.7502
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Figure 10. Effect of time on oxidation of ethylben-
zene over Cr /Ce o025Zr0.7502. Reaction conditions:
Ethylbenzene: TBHP—1:3 vol.; Acetonitrile—10 ml,;
Cr/ CZ—100 mg; Temperature = 60 °C
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Figure 11. Comparison of catalysts on oxidation
of ethylbenzene. Reaction conditions: Ethylben-
zene: TBHP—1:3 vol.; Acetonitrile—10 ml; Cata-
lyst—100 mg; Temperature = 60 °C

centration of 1-phenyl ethanol. On comparison of
ceria zirconia with modified catalyst, the enhanced
activity is for the chromium modified catalyst
(Figure 11). The availability of chromium active
sites on Ceo.75Zr0.2502 may be accountable for the
prominent increase in conversion of EB. The exis-
tence of chromium as Cr* as suggested from the
UV DRS may act as the active site.

The EB oxidation was also carried out using hy-
drogen peroxide (H202) [30 wt%], conversion of
ethylbenzene obtained was only 16 % and selectiv-
ity towards acetophenone was found to be 39 %. It
was previously reported for a ceria possessing a cu-
bic crystal structure of the fluorite type (67 m2g-1,
12 nm crystallite size), used as catalyst in the oxi-
dation of PhEt with H202 and acetonitrile as sol-
vent, that the reaction is sluggish giving 4% con-
version after 6 h, at 60 °C, and benzaldehyde and
acetophenone were the only products [12].

5. Conclusions

The nanophase of ceria-zirconia has been possi-
ble to be synthesized through a surfactant tem-
plate approach. From X-ray diffraction, CeO2-ZrOz
powder particles have single phase cubic fluorite
structure. The nitrogen adsorption/desorption iso-
therm can be classified as a type IV isotherm and
hysteresis loop is of type H2 indicating complex
mesoporous structure. Pore size distribution WhiC}ol
shows pore distribution covering the range 30-80 A
with a maximum at around 60 A. HRTEM investi-
gation reveals the existence of several nano crys-
tallites with well defined lattice planes. Average
particle size is 12-13 nm as calculated from particle

histogram. These materials are active for ethylben-
zene oxidation over TBHP as an oxidant. It was
proven that ceria zirconia modified with chromium
catalyst is active for ethylbenzene conversion. For
a catalyst amount of 100 mg, the optimized reac-
tion condition from our study was T = 80 9C, EB to
TBHP ratio of 1:3, and t =6 h.
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