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1. Introduction

ABSTRACT

Nanocasted oxides were evaluated in the production of styrene via the dehydrogenation of ethylbenzene
utilizing CO, as soft oxidant. Mesoporous binary and ternary oxides catalysts were obtained by nanocast-
ing polymeric beads, as a mold. The chemical and structural properties of the solids were characterised by
SEM-EDX, TEM, nitrogen adsorption measurements, TPR, CO,-TPD, Raman and FTIR analyses. The solids
were evaluated in dehydrogenation of ethylbenzene utilizing CO; as soft oxidant. XRD analyses indicated
that the structures of CeFeCo, CeFeZr, CeFeNi and CeNiAl were more crystalline than that of CeFe, SnFe
and MnFe. SEM and TEM analyses suggested that the replication strategy allowed CeNiAl, CeFe, MnFe and
CeFeCo composites to retain the textural and structural properties of the mold. CO,-TPD analysis of the
solids revealed that basic sites of medium to high strengths were presentin the ternary solids. The textural
properties were related to the crystal structure and morphology of the catalysts. Moreover, the reducibil-
ity of the solids was highly dependent on their structures. Thus, ternary composites were stabilised by
phases with low reducibility, and the activity of the catalysts was enhanced. For instance, CeFeCo pos-
sessing a mesostructured feature and a highly stable CoFe,;04 spinel phase showed superior catalytic
activity for the production of styrene (conversion =25%; selectivity for styrene =45%) at 550°C. Alterna-
tively, CeFe, SnFe, MnFe, CeFeZr, CeFeNi and CeNiAl displayed modest activity in the dehydrogenation of
ethylbenzene. At temperatures greater than 550 °C, the catalytic performance of the CeFeCo catalyst was
improved but coking decreased the selectivity. The catalytic performance of the CeFeCo catalyst was
comparable to those of traditional iron oxide catalysts used in the dehydrogenation of ethylbenzene.

© 2011 Elsevier B.V. All rights reserved.

steam is the main route for the synthesis of styrene [1-5]. How-
ever, high reaction temperatures (i.e., 600-700°C) and excessive

Due to the increasing demands of energy and concerns with
environment protection, efficient production and use of clean
energy have become particularly important. Thus, over the last
few decades, great attention has been paid to the oxidative dehy-
drogenation of ethylbenzene (ODH) from the perspective of the
effective utilization of CO, as a mild oxidant to produce value
added products. The ODH is an alternative to steam-based dehydro-
genation to produce styrene [1-7]. Styrene, an important chemical
intermediate, is widely used as a feedstock for the production of
polymers. Industrially, the dehydrogenation of ethylbenzene with
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amounts of superheated steam result in an equilibrium-limited and
energy-demanding process [1-4].

ODH avoids the aforementioned thermodynamic limitations of
the current industrial process, including energy loss and catalyst
deactivation [5-12,13]. Various oxidising agents such as oxygen,
sulphur dioxide, dry air, carbon dioxide and dinitrogen oxide have
been used in ODH [6-9]. Carbon dioxide is a soft oxidant that pos-
sesses several advantages over the aforementioned oxidants. For
instance, with CO,, latent heat is not lost from the reaction because
CO, remains in the gaseous state throughout the reaction [5-8,14].
Moreover, CO, can be used at low reactant partial pressures and
has the highest heat capacity among various gases [10,2]. In addi-
tion, CO, minimises the production of hydrocarbons, which can
lead to the generation of carbon oxides. In the dehydrogenation of
ethylbenzene with CO,, the latter gas is consumed rather than pro-
duced. Indeed, CO, can be used in the coupling of reverse water-gas
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shifts and simple dehydrogenation reactions [11]. Because of the
endothermicity of the reaction, CO, can be used for the storage of
chemical energy.

Many investigations on the dehydrogenation of ethylben-
zene with CO, over transition metal oxides have been reported
[6-8]. Iron-based catalysts have been used for the production of
styrene because they are relatively cheap and possess high activ-
ity [3,5-7,11]. However, iron based catalysts quickly deactivate in
ODH due to sintering of the active metal phase and coke deposition.
Studies have shown that nanocasted oxides have been successfully
applied to the dehydrogenation of ethylbenzene with CO,; how-
ever, their activity and stability depends on the active components
of the catalyst [13].

Nanocasting techniques are attractive alternatives for the syn-
thesis of nanosized inorganic materials [15-19]. The structure and
surface properties of nanocasted oxides have a significant effect
on the catalytic activity in the reactions that they were tested
[19-27]. These oxides possessing high activity and greater stabil-
ity are suitable catalysts that could provide larger external surface
areas and shorten the diffusion distances in the channels of the
particles [20,21], thus facilitating access to the active sites and
reducing deactivation, commonly found in the conventional oxides.
Particularly in the catalysts for styrene production via ODH, the low
resistance to deactivation is still the major drawback for the use of
the conventional catalysts solids in dehydrogenation of ethylben-
zene reactions, as aforesaid. Therefore, the search for new oxide
catalysts remains a priority. The catalytic activities of the metal
oxides have been recently explored.

Because of the stability of nanocasted oxides, as well as their
ability to generate active sites and to store and transport oxygen,
nanocasted oxides can increase the surface area of the catalysts,
and enhance their performance [20]. In addition, binary iron and
ternary iron-based oxides may improve the performance of the
catalysts by increasing the stability of the solids [19-34]. Thus, to
apply nanocasted metal oxides to the dehydrogenation of ethylben-
zene with CO,, a catalyst that is resistant to carbon deposition and
exhibits stable activity over time on stream must be developed.
Therefore, the aim of the present work is to study the influence
of the structure of nanocasted oxides on the dehydrogenation of
ethylbenzene to styrene.

Among an extensive range of metal oxide catalysts, CeO,
has demonstrated to be a potential catalyst for catalytic reverse
water-gas shift reaction [1,33,34]. Its excellent activity for cou-
pling between reverse water-gas shift (CO,+H; <« CO+H;0)
and ethylbenzene dehydrogenation reaction (CgHs5CHy-
CH3; — H, + CgHsCH=CH,) becomes the process more favourable.
Also, previous works have demonstrated that tin and manganese
addition have provide thermal stability to the iron based catalyst
[4]. This strongly suggests that the influence of these promoters
must be discussed in detail to explain which type of metals species
act in the dehydrogenation of ethylbenzene with CO,. For a deep
understanding and improvement of styrene production, binary
iron based nanocasted oxides were obtained.

Additionally, since iron promoted by ceria and other com-
ponents (tin, cobalt, zirconium, manganese) used for simple
dehydrogenation process [3,4] work efficiently in the presence of
steam, this has motivated the evaluation of carbon dioxide on these
catalysts systems. Moreover, nickel aluminates have been shown an
improved catalytic performance for styrene production [12]. Thus,
it is reasonable that nanocasted nickel aluminate is expected to
provide enhanced performance as catalyst for dehydrogenation of
ethylbenzene reaction. In this work, we have also explored the pos-
sibility of synthesising ternary ceria, nickel and aluminium based
catalysts using a nanocasting procedure with mesoporous XAD-16
resin, as a template. Therefore, effect of ternary iron based catalysts
is discussed herein.

2. Experimental
2.1. Catalysts preparation

Catalysts were prepared via nanocasting, according to the
method described in the literature [18,28,34], with modifications.
To synthesise the resin template, 10 g of XAD-16 polystyrene beads
(Aldrich) were dispersed into 40 mL of water for 10 min. The pro-
cedure was repeated seven times until the solution reached a pH
of 7. The resulting resin was stored in distilled water.

Separately, cerium nitrate ((NH4),Ce(NO3)g, Aldrich) and iron
nitrate (Fe(NOs3)3-9H,0, Vetec) were dissolved individually in
deionised water, and appropriate volumes of the solutions were
combined to obtain an oxide concentration of 0.5mol. Subse-
quently, the mixed solutions of cerium and iron were added to
10 mL of the beads, and the resultant mixture was stirred for 30 min.
Excess solvent was removed by evaporation at 60 °C for 50 h.

The resulting material was calcined at 500°C in air at a heat-
ing rate of 2°Cmin~! for 8 h. The impregnation step was repeated
twice to completely fill the resin. The material was once again
calcined at 500°C for 12h in air at a heating rate of 2°Cmin~!
for 8 h. The resulting sample was labelled as CeFe. Binary SnFe
and MnFe oxides were obtained from manganese nitrate and tin
chloride, respectively (Mn(NOs3)3-6H,0, Aldrich) and (SnClg.6H,0,
Aldrich). Appropriate amounts of each reagent were used so as to
yield a (Me;)/(Me; + Me,) percentage of 0.5 in the final product,
with Me;/Me, molar ratio of 1:1.

Ternary CeFeZr, CeFeCo, CeFeNi and CeNiAl were also
obtained through the aforementioned method. To prepare ternary
nanocasted oxides, cobalt nitrate (Co(NOs3)3-6H,0, Aldrich), alu-
minium nitrate Al(NO3)3-9H,0, nickel nitrate (Ni(NOs)3-6H,0,
Synth), and zirconium oxichloride (ZrOCl,-8H,0, Aldrich) were
used as the source of metal. To obtain the final crystalline struc-
ture, the materials were calcined at 600 °C under a flow of air at a
rate of 2°Cmin~! for 8 h. The theoretical molar ratios of the metals
were 1:1:1.

2.2. Characterisation

Inductively coupled plasma optical emission spectroscopy (ICP-
OES) was used to determine the concentration of metals in the
catalysts. The samples were dissolved in a mixture of hydrochlo-
ric and nitric acid, and were heated in a sand bath at 200°C. The
solvent was evaporated, and nitric acid and water were added to
the resulting precipitate. The analyses were conducted on a Perkin
Elmer, Cary AA spectrometer.

X-ray diffraction (XRD) patterns were colleted on a DMAXB
Rigaku diffractometer using CuKa radiation at 40kV and 25 mA.
The experiments were performed at high diffractions angles (from
10 to 80°). The crystallite sizes were estimated from XRD patterns
calculated using Scherer’s algorithm [21].

BET measurements were recorded on a Micromeritics ASAP
2002 instrument. The samples were degasified at 150°C, and the
textural features were studied via nitrogen adsorption at 77 K.
The pore sizes were obtained from the analysis of the adsorption
isotherms, according to the BJH method (Barrett-Joyner-Halenda).

Temperature programmed reduction (TPR) studies were per-
formed using homemade equipment with a TCD detector. In all
of the experiments, 5vol% H; in N, was used as the reducing gas,
and the gaseous mixture was passed through a 13 x molecular sieve
to remove water. The experiment was conducted between 50 and
1000 °C at a constant flow rate of 30 mL min—!. In each experiment,
0.30¢g of powdered catalyst was analysed.

The temperature programmed desorption of CO, (CO,-TPD) was
conducted in a homemade instrument at a nitrogen flow rate of
50mL min~!. Prior to CO, adsorption, all catalysts were heated to
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300°C. The samples were cooled to 60°C and were exposed to a
flow of CO, for 1 h. Desorption was achieved by heating the sample
(10°Cmin~1)to afinal temperature of 950 °C. Approximately 0.30 g
of powdered catalyst was used to perform the analysis.

The composition of the samples was determined by energy dis-
persive X-ray spectroscopy (EDX) analysis using a JEOL JEM-2010
electron microscope equipped with an EDX Link Analytical QX-
20000 system coupled to an SEM microscope with an acceleration
voltage of 200 kV.

FTIR spectra of the spent samples were collected on a Netzsch
spectrometer between 4000 and 400 cm~. Prior to the analyses,
approximately 1 wt% of each sample was dissolved in KBr.

TGA measurements for spent CeFeCo catalyst were carried out
using Netzsch STA 409 PC/PG equipment coupled to a Bruker Tensor
27 IR instrument. The analyses were performed on spent CeFeCo
catalyst to know the coking degree of the spent sample from room
temperature to 1000°C at 10°Cmin~!, under air flow by placing
approximately 100 mg of the sample in an aluminium pan.

Raman spectra of selected spent samples were obtained using
a confocal micro-Raman spectrometer (T64000 Jobin Ivon spec-
trometer). An Ar laser (514.5nm) operated at 2 mW was used
as the excitation source. The laser was focused on powdered
spent samples, which were placed on a microscope slide, to
produce a spot with a diameter of approximately 8 mm. An
air-refrigerated charge-coupled device (CCD) was used as the
detector.

2.3. Catalytic measurements

The dehydrogenation of ethylbenzene by carbon dioxide was
conducted in a quartz reactor equipped with a thermocou-
ple. The reactant mixture was composed of carbon dioxide and
ethylbenzene in a 30:1 ratio, respectively. The flows used were
N,: 11.7mmol h~1; CO,: 58 mmol h~1; EB: 1.98 mmol h~1(CO,/EB
ratio =30). Previously, nanocasted oxides (50 mg) were crushed and
activated in situ under a flow of nitrogen from room temperature to
550°Cover the course of 1 h to remove gaseous impurities from the
surface of the catalyst. The reaction was conducted at atmospheric
pressure, 550°C and a CO,/EB molar ratio of 30. Every 30 min, the
effluents were analysed by gas chromatography using a Simple
Chrom chromatograph equipped with a FID detector. The catalytic
performance was evaluated in terms of the conversion of ethyl-
benzene and the selectivity for styrene production, according to
the following equations:

EB;, — EBout

% EB conversion =
EB;,

x 100 (1)

The selectivity of the reaction was based on the conversion of
ethylbenzene:

mols of styrene produced

mols of reacted ethylbenzene 100

% selectivity to styrene =

(2)

The ethylbenzene conversion and styrene selectivity were
expressed as mol.% on the basis of carbon atoms, as suggested by
the findings [14]. Activities were measured as mols of ethylben-
zene consumed per gram of catalyst per hour and were expressed
inmolg~! h~!. Along-term stability study was conducted to deter-
mine the catalytic performance of the most active catalyst at
different temperatures.

3. Results and discussion

3.1. Chemical, structural and morphological properties of the
catalysts

The chemical composition determined by ICP-OES analysis is
close to 50 mol % for binary oxides (e.g., CeFe contains 50 mol% Ce
and 50 mol% Fe), except the SnFe whose tin and iron contents were
68 and 32 mol%. The ternary solids contents are 33 mol% for each
metal (e.g., CeFeCo contains 33 mol% Ce, 33 mol% Fe and 33 mol%
Co).

The XRD patterns of CeFe and SnFe nanocasted oxides possessed
weak diffraction peaks (Fig. 1a).

This result is in good agreement with those of previous studies,
which indicated that the reflections of nanocasted oxides are broad
and low in intensity [28-37]. Moreover, the XRD diffractograms
suggested that the replicas of the oxides were more ordered than
their template, which is common in amorphous materials. The
reflection of CeFe and SnFe were related to cubic fluorite CeO, and
tetragonal cassiterite SnO,, respectively [16,20,28]. Alternatively,
phases related to iron oxides were not detected; however, the size
of iron oxide particles may be below the detection limit of XRD
because SEM-EDX analyses indicated that iron oxides were present
in CeFe and SnFe composites (Fig. 1b).

The peak intensities of MnFe composite were sharper than those
of the CeFe and SnFe catalysts, indicating that metal oxide parti-
cles in CeFe and SnFe composites were smaller than those of MnFe.
Indeed, the crystalline phase of MnFe contained Mn,0O3 bixbyte,
which was detected in higher amounts (68%) than in previous stud-
ies [1,16]. Although the Fe,03 phase was relatively minor (22%),
the presence of these phases cannot be neglected, as shown in the
results of SEM-EDX analysis (Fig. 1b).

In addition, the crystallite size of the partially ordered MnFe
composite was estimated from XRD peak at 26 = 38° for Mn,03 and
the value was 17.0 nm. Also, for SnFe and CeFe crystallite sizes were
calculated from XRD peak at about 260 = 30° and the values were 21.5
and 28.4 nm, respectively.

XRD patterns of the ternary nanocasted oxides are shown in
Fig. 1c. The results indicated that the primary phases of the CeFeCo
catalyst were CeO, (36%), Co,03 (42%) and spinel CoFe;04 (21%).
The CeFeZr composite consisted of 53.8% hematite Fe, 03 and 38.4%
tetragonal ZrO,. In case of CeFeNi, 36% of NiO and 64% of Fe,;03
were observed. Peaks related to crystalline CeO, were not detected
in CeFeZr and CeFeNi, which indicates that crystalline CeO, was
not present in the composites or was too small to be detected by
XRD. Similarly, signals associated with CeO were not observed in
the XRD patterns of Ce-based ternary oxides [20,28]. In CeNiAl, the
primary phase consisted of spinel NiAl,04, and NiO signals associ-
ated with NiAl,04 were observed [12,13]. Cerium-based crystalline
phases were not detected; however, SEM-EDX analysis indicated
that cerium crystalline phases may be present in small amounts
(Fig. 1d). Particles sizes of ternary composites were higher than that
of the binary ones. The crystallite size of CeFeCo, CeFeZr, CeFeNi,
and CeNiAl composites was 31, 64, 76, and 85 nm, respectively.
They were estimated from the most intense peak of each sample.

Additionally, the ionic radii of Mn3*, Sn%*, Fe3* are 0.64, 0.68 A,
0.69 A, respectively [8,38]; Ce?* ion has the largest ionic radius of
0.94 A, among the cations studied [38]. Hence, the presence of Sn**
or Mn3* could introduce cations in the Fe3* framework; however,
due to incomplete pore filling of the mold, isomorphouslly substi-
tuted binary composites were not observed; thus, monoxides of the
elements are formed. In case of ternary oxides, the ionic radius of
Co3*(0.53 A) enables this cation be randomly distributed in octahe-
dral sites of the spinel structure, owing to the ionic radius proximity
of Fe3* (0.69A), as compared to those of Zr** (0.84A) and Ce**
(0.94 A)[38]. AI3* possesses an ionic radius of 0.68 A and will prob-
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ably occupy a tetrahedral position in an almost inverse spinel with
the Ni2* (0.67 A) ions preferentially distributed over the octahedral
cation sites (A-site) in a AB;O4 binary spinel [12]. Accordingly, the
spinel phases detected for CeNiAl and CeFeCo samples confirms the
substitution of Ni2* and Co3* cations in octahedral sites of an Al, 04
and Fe,0,4 matrices, respectively.

The variability of the crystalline phases may be caused by the
conversion of the precursor salts in the pores of the template
into inorganic nanoparticles during the thermal treatment. More-
over, the variability of the crystalline phases indicates that the
mesostructure of the mold shrank during the impregnation step
[16,29], and the narrow pores of the resin template led to the for-
mation of nanoparticles on the exterior of the template.

Interestingly, in the XRD patterns of ternary composites, sev-
eral higher angle peaks that were similar to that of the bulk oxides
were observed. High angle peaks were attributed to the complete
filling of the pores of the mold, resulting in the formation of the
structural ordered oxides inside the pores, before its removal by
calcination. In the case of binary solids, the amount of the metals
precursors could be not enough to fill the pores of the template,
resulting in a X-ray amorphous and/or nanocrystalline material.
Another possible explanation lies in the fact that the spinel phases
of the ternary solids are voluminous, while binary solids depict the
lesser voluminous monoxides. The crystallinity could arise from
the difference in filling of atoms inside and on the surface of the
particle.

XAD-16 mold displays uniform spherical particles possessing
diameters ranging from 100 A to 200 A. The particle morphologies
of MnFe (Fig. 2a) and CeFe (Fig. 2b) composites were similar to
that of the template. Previous studies [16,34] indicated that the
solubility of iron nitrate is low compared to that of manganese.
As a result, higher concentrations of iron nitrate were used, and
the impregnations steps used to obtain rigid MnFe spheres were
sufficient to break down the crystalline structure of Mn;03 and
Fe, 03 oxide spheres.

The results indicated that the resin beads must be washed to
remove excess inorganic material from the surface of the bead and
to separate agglomerated beads [28]. In addition, calcination in
both air and nitrogen led to template carbonisation and the preser-
vation of template morphology. As a result, after removal of the
carbonised template, nanoparticle growth and connectivity was
restricted to the pore volume. However, in SnFe composite (Fig. 2c),
either iron or tin particles were formed outside of the mesoporous
resin spheres, causing the spheres to agglomerate.

Interestingly, SEM image of SnFe composite revealed that the
morphology was not similar to that of pure tin oxide or the resin,
confirming that SnO, nanoparticles were not formed inside the
pores of the resin due to cracking during the heating process. The
replication of the morphology of SnFe composite was not confirmed
by SEM analysis. The observed difference between the morphology
of the mold and the referred oxide may not be interpreted as com-
plete damage to the structural order. Sintering effects may have

CeFe
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Fig. 1. (a) XRD patterns of the binary oxides. (b) SEM-EDX analyses of CeFe, SnFe and MnFe composites. (c) XRD patterns of the ternary oxides. (d) SEM-EDX analyses of

CeFeZr, CeNiAl, CeFeCo and CeFeNi.
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caused a significant difference between the density of the open
pores and that of the relative to that mold walls and oxide par-
ticles. Similar to the results of the present study, Smatt et al. [16]
used a silica template and high concentrations of SnCl;, to obtain
Sn0, aggregated nanocrystalline particles.

The morphology of the ternary composites consisted of aggre-
gated spheres. In CeNiAl, the morphology of the internal region
of the spheres was uniform, and uneven shrinkage or defor-
mation was not observed (Fig. 2d). Moreover, the morphology
of CeFeCo was nearly spherical (Fig. 2e), and a fraction of the
particles in the CeFeCo composites possessed circular craters,
which may have originated from replication at contact points
between the mold during the inorganic precursor decomposition,
as observed in early works [16,21]. Fig. 2f and g showed the sur-
face of CeFeZr and CeFeNi composites was rough, and loosely
packed particle aggregates between 15 and 200 A were observed.
Upon impregnation, the solidity of the spheres increased; however,
the overall mechanical stabilities of CeFeZr and CeFeNi spheres
were quite low due to the formation of bulk phases, as con-
firmed by XRD analysis. Nitrogen adsorption-desorption isotherms
of the samples, as well as the pore size distribution, are shown in
Fig. 3.

During the filling step, the relative pressure of the XAD-16 mold
ranged (P/P,) from 0.2 to 0.8 due to the filling of framework-
confined mesopores (Fig. 3a). In addition, the BET surface area of
the mold was 800m2 g1, and the pore volume was 1.82cm3 g1,
Indeed, the pore diameter of the template was in the 15-20 nm
range, confirming that the porous characteristics of the resin could
be attributed to type IV isotherm. Moreover, due to the intra-
particulate porosity and the ability to simultaneously tune the
chemical composition of the spheres and the particle size, the pro-
posed replica structures are highly accessible, and diffusion into
the template pore during the impregnation of the metals is unlim-
ited [28,34]. Consequently, the solids have high textural properties
compared to those obtained by co-precipitation and sol-gel meth-
ods [34-43].

The MnFe binary composite adsorbed N, at relative pressures
(P|P,) greater than 0.7 (Fig. 3b) due to the presence of non-
framework mesopores or interparticle voids, which is a typical
characteristic of mesoporous transitional-metal oxides replicated
via nanocasting [13,15-20,30-34]. Both SnFe and CeFe samples
showed N, adsorption-desorption isotherms characterised by
mesoporous metal oxides prepared by hard template route with
a small step and an H1-type hysteresis loop at P/P, 0.2-0.4 [15,22].
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Fig. 2. SEM images of the nanocomposite oxides: (a) MnFe (b) CeFe, (c) SnFe, (d) CeNiAl, (e) CeFeCo, (f) CeFeZr and (g) CeFeNi.

Except for CeNiAl, the ternary composites showed typical type IV
isotherm with hysteresis loops, which indicated the formation of a
mesostructure (Fig. 3b).

The pore structures of all these materials revealed that all of
them had a uniform pore size distribution (Fig. 3c), and the final
oxides had pore diameters below to 15 nm. Thus, the mesostructure
of the mold has been partially preserved after its impregnation with
the metals, except for CeNiAl. Accordingly, the BET surface areas,
BJH pore sizes and corresponding pore volumes of the oxides are
listed in Table 1.

All the mesoporous oxides replicas exhibit relatively large BET
specific surface areas (>51 m2 g~1). This means that the oxides syn-
thesised by nanocasting replication method have the merits of
well-maintained large surface areas and pore volumes as well as
homogeneous dispersion of components.

Compared to the values of the resin template, it could be found
that all the binary composites have surface area in the range of
115-374m? g~ and pore volume in the range 0f0.34-1.10cm3 g 1.
The findings points out that the high porosity of the template is
well reflected in the final oxide, however, growth of the inorganic
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Fig. 3. Nitrogen adsorption-desorption isotherms measurements: (a) binary com-
posites and (b) ternary composites. (c) The pore size distribution of the solids
studied.

Table 1

Textural properties of the solids.
Sample Sg? (m2g1) Vpb (cm3g!) Dp¢ (nm)
MnFe 374 1.10 10.8
SnFe 140 0.41 7.0
CeFe 115 0.34 6.8
CeFeCo 92 0.24 5.2
CeFeZr 85 0.20 4.6
CeNiAl 74 0.17 4.0
CeFeNi 51 0.14 3.2

2 From BET method.
b From the adsorption branch at PP, =0.99.
¢ From desorption branch using BJH method.

crystallites, sintering and shrinkage effects during calcination pre-
vent that the final oxide represents an exact replica of the template
structure, as found in the findings [18,34-37].

Indeed, during the thermal treatment, the salt precursors dif-
fuse into the inner regions of the spheres before nucleation and
growth of the nanoparticles can occur. As a result, larger pores
could be observed in the interior of the particles, compared to pores
close to the surface. However, the ternary composites possessed
lower surface areas (e.g., 51-92m?2g-1) and pore volumes (e.g.,
0.14-0.27 cm3 g-1) than their binary counterparts, which can be
attributed to the wall thickness of the resin template (about 5 nm),
as shown in Table 1.

The results of previous studies [16,20,37] indicated that the
structure of the oxides develops during impregnation/precursor
decomposition. However, when a third metal infiltrates into the
pores of the mold, the restricted access of the template provoke the
formation of the oxides inside the pore mold. CeFeNi presented the
lowest textural properties due to the agglomeration of bulk phases
on the mold surface, as evidenced in SEM and XRD analyses.

The resin exhibited a narrow pore size distribution. Neverthe-
less, the structure of the mold was well replicated in some oxides.
Changes in the internal structure of the replicas resulted in differ-
ences in the pore size distribution, revealing that an increase in the
microporosity of the solids could be achieved.

3.1.1. TPR analyses

Fig. 4 shows the TPR profiles of the catalysts.

As shown in Fig. 4a, three peaks centred at 330°C, 465°C and
515°C were observed in the TPR profile of MnFe. Indeed, the TPR
profile exhibited features between 760 and 840 °C. The lower tem-
perature peaks were assigned to the reduction of Fe;03 to Fe30,4
and the reduction of Fe304 to FeO and its further reduction to Fe?
[3,11,39], respectively. Free iron nanoparticles (not detected by
XRD) were easily reduced at relatively 330-515°C temperatures
due to their exposure on the surface of the mold, according to the
findings [39]. The shoulder at about 550°C could be assigned to
the pore occluded iron particles. The higher temperature peaks
(e.g., 760-840°C) were assigned to the reduction of bulk Mn;03
to MnO; and the reduction of MnO, to Mn® [21,40]. Mn,053 and
MnO, were reduced at high temperatures due to the low accessi-
bility of these species to hydrogen. The small oxide crystallites may
be present within the composite due to the high surface area and
the low reducibility of Mn; 03 (Table 1). The results indicated that
the reduction of Mn,;03 was almost complete in the MnFe cata-
lyst. Moreover, free Fe;O3 was probably present on the surface of
the solid and the catalyst was composed primarily of Mn,0s3; thus,
isolated phases of mixed oxides were present within the material.

In the TPR profile of CeFe, a board peak at 510-760°C. Simi-
lar to MnFe, the low temperature peaks were assigned to the two
step reduction of iron at 600°C and 710°C. Although MnFe and
CeFe catalysts displayed similar profiles of reduction temperatures,
the CeFe catalyst exhibited unique features in the H,-TPR profile
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Fig. 4. TPR analyses of the composites: (a) binary oxides and (b) ternary oxides.

and the Fe® peak was significantly diminished. The broad peak
at 510-760°C in the TPR profile of CeFe was associated with the
reduction of CeO, on the solid surface. Indeed, this peak may be
associated with the bulk reduction of CeO, [41,42] via the forma-
tion of oxygen vacancies in the structure of fluorite and subsequent
dissociation of H,O to form bridging OH groups or the direct disso-
ciation and transport of H; to the ceria surface [43,44].

The TPR curve of SnFe catalysts displayed reduction peaks
between 220 and 550°C and 600 and 800°C. The first peak
was associated with the reduction of amorphous iron, as evi-
denced by XRD and SEM-EDX measurements. Alternatively, the
second peak was related to the reduction of Sn**/Sn3 to Sn2*
and the reduction of Sn2* to Sn, which is in line with earlier
observations for SnO,/Fe;03 nanocomposites [45,46]. Indeed, the
amount of hydrogen consumed by the latter process was signif-
icantly higher than that of the former, which is characteristic of
Sn0,.

The CeFeZr catalyst (Fig. 4b) exhibited a profile that was sim-
ilar to that of CeFe. As expected, peaks related to the reduction
of ZrO, were not observed. The CeO, reduction peaks shifted to
slightly higher temperatures due to the presence of Zr, which pre-
vented CeO, reduction whereas that of Fe;03 was shifted to lower
temperatures Also, the introduction of Zr changed the shape of the
TPR profile, and the mobility of oxygen at the surface altered the
oxidation states of surface Fe3* and Ce**/Ce3* ions, probably.

On the contrary, the CeFeCo catalyst showed a broad reduc-
tion peak between 340 and 600 °C, indicating that the reduction of
Fe,03, Co,03 and CeO, occurred simultaneously. Thus, the redox
ability of the phases was improved due to electron transfer from
CeO, to Fe;03 and Co,03 [21,46,47]. Electron transfer between
metal oxides was evidenced in the hydrogen consumption peaks
of CeFeCo. Specifically, the low temperature peak was attributed to
the reduction of surface capping oxygen species (02~ or O~ anions)
and/or the stepwise reduction of ceria by the elimination of 02~
anions from the lattice due to the formation of Ce; 03 (cerium redox
couples Ce**/Ce3*)[21,43], which increases as the amount of Co,03
and Fe;03 within the material increases. Although spinel CoFe;04
is reduced at temperatures greater than 600 °C [46], this process
was not observed in the present study due to the high heating rates
employed during the analysis.

Additionally, the CeNiAl catalyst showed a large peak at
410-920°C. The higher temperature peak of the TPR profile
of CeNiAl was narrow, suggesting that the crystalline domain
increased due to the aggregation of Ni2* nanocrystallites inside
the mold, which is difficult to reduce. Furthermore, the presence
of amorphous Ce may suppress nickel reduction. The peaks in the
TPR profile of CeNiAl at temperatures greater than 800°C were
associated with NiAl,04 reduction [8,12].

The TPR profile of CeFeNi was similar to that of CeNiAl. Neverthe-
less, peaks associated with Ni2* were shifted to lower temperatures
because unstable Ni3* species are highly reducible and can promote
the reduction of Ni2* to Ni9 [12]. Moreover, the measurements
suggested that Ni%* can interact freely with the mold causing
an increase in the surface energy of NiO, which is not stabilised
by Fe, 03 nanocrystallites. At high temperatures (>800°C), a peak
related to the reduction of Fe; 03 was observed; thus, CeO, may be
able to interact with Fe,0s.

3.1.2. CO,-TPD measurements

The CO,-TPD curves of the catalysts are shown in Fig. 5.

The CO,-TPD profiles of CeFe and MnFe composites displayed
interesting features (Fig. 5a). The onset of CO, desorption on meso-
porous CeFe began at approximately 457 °C, and maximum oxygen
desorption was obtained at 580 °C. The location of the aforemen-
tioned peaks indicated that medium and high strength basic sites
were present in the material. However, the results suggested that
the number of basic sites in the composite was relatively low.
Because of the smaller size and lower charge density of Fe3*, the
addition of Fe,03 nanoparticles caused the CeO, lattice to con-
tract. Moreover, oxygen vacancies in the lattice were generated to
overcome the resultant charge imbalance, enhancing lattice con-
traction. A similar effect has been observed in the CO,-TPD data
of CeO,-Fe,03 [48]. In MnFe nanocomposites, two low intensity
oxygen desorption bands were observed at 250 and 400°C due
to the mild acidity of Mn,Os3. Interestingly, the intensity of the
peak at 600°C suggested that the addition of Fe,03 nanocrystal-
lites increased the number and strength of basic sites present in the
material. The CO, desorption profile of SnFe was nearly a straight
line due to the acidity of Sn and Fe species. Moreover, basicity of the
binary oxides was high over CeMn and MnFe while SnFe an acidic
sample.

The CO,-TPD profiles of the CeFeZr and CeNiAl mixed oxides
contained a triple desorption peak at a maximum temperature of
100-300 °Cwhile CeFeNi and CeFeCo displayed one peak. The triple
desorption peak of the CeFeZr and CeNiAl oxides spanned from
100°C to 600 °C (Fig. 5b).

CeFeCo exhibited a small peak at 610-800°C and a sharp high
temperature reduction peak at 580°C, similar to that of CeFe. The
low temperature peak suggested that lattice contraction occurred,
and the high temperature peak indicated that CeFeCo mixed oxide
was quite basic. Thus, CeFeCo composites possessed strongly basic
sites due to the formation of CoFe;0,4 and Co,0s5.

In the CO,-TPD profile of CeFeZr, three desorption peaks centred
at200,304,510and 700 °C were observed. The low intensities peaks
were related to the presence of mild and medium strength basic
sites. Nevertheless, at high temperatures, a relatively intense peak
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characteristic of high strength basic sites was observed, ZrO, can
interact with Fe;03 and CeO-, and declines the basicity of the solid
but this was not observed over CeFeZr.

The CO,-TPD profile of CeFeNi displayed only one peak between
400 and 600 °C, which was assigned to basic sites of high strength.
Compared to CeO-, NiO and Fe; 03 phases were the most acidic sites
in the catalyst. Additionally, a strong synergetic effect between NiO
and Fe, 03 phases was observed, and the crystallisation of the CeO,
phase was limited. Although CeO, exists as separate crystallites in
the mesoporous composites, the presence of CeO, increases the
basicity of the material due to its ability to store oxygen.

Interestingly, the TPD profile of CeNiAl exhibited two broad and
well defined reduction peaks at 200 and 500 °C, and another weak
and broad peak at approximately 680 °C. The intensity of the peaks
was attributed to the dispersion of NiO throughout the NiAl,04
phase [8], which was formed by solid-state reactions. The existence
of an amorphous CeO, phase increased the basicity of the material
and the dispersion of NiO, probably. The TPD peaks obtained in
the present study were not well resolved; thus, the data was not
quantified.

Hence, difference in basic strength of the ternary oxides must
truly be caused by the presence of Zr, Ni, and Fe species that
modified the oxidation state of the surface CeO,, by generating
a spread of strengths for the basic sites. This is the reason for
what mild, medium and strong strength basic sites are formed on
CeFeZr, CeNiAl whereas CeFeNi possessed only medium strength
basic sites. CeFeCo possessed basic sites of strong strength due to
the formation of CoFe;04 and Co,03, as aforesaid.

3.2. Catalytic measurements

The activity of the materials in the dehydrogenation of ethyl-
benzene in the presence of CO, at 550°C, and CO,/EB=30 was
determined. The results are shown in Figs. 6 and 7.

Control tests using the same feed and an empty or filled quartz
reactor yielded 0% CO, conversion and <0.1% ethylbenzene con-
version, respectively. The XAD-16 template was inactive to the
dehydrogenation of EB.

Over time, the activity of SnFe decreased until a constant con-
version of ethylbenzene was obtained, and then decreased after
approximately 400 min on stream. MnFe possessed a lower activity
level than SnFe throughout the reaction, whereas CeFe deacti-
vated slowly and displayed a steady state EB conversion of 4%. The
results indicated that iron nanoparticles (evidenced by SEM-EDX
measurements), which are responsible for the dehydrogenation of
ethylbenzene [6,11,13], are reduced to form large oxides due to the
presence of hydrogen gas at high temperatures. As a result, a layer
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Fig. 6. Conversion of ethylbenzene as a function of time on stream for binary
oxide composites. Reaction conditions: catalyst: 50 mg; N»: 11.7mmolh~'; CO,:
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Table 2

Products distribution for binary and ternary oxides composites. Reaction conditions
- catalyst: 50mg; N»: 11.7mmol h-'; CO: 58 mmol h—'; EB: 1.98 mmol h~' (CO,/EB
ratio=30); T=550°C. Others products included methane, ethane, carbon monoxide,
water and polyaromatics.

Sample % products distribution
Styrene Benzene Toluene Others products

MnFe 35.0 24.1 5.0 36.0
SnFe 10.5 19.6 233 46.3
CeFe 58.0 12.0 15.0 15.0
CeFeCo 56.0 17.2 13.8 13.0
CeFeZr 27.0 21.5 17.8 34.0
CeNiAl 19.6 125 46.9 20.9
CeFeNi 9.2 343 27.0 294

of sintered particles and carbon were simultaneously deposited on
the surface of the CeFe catalyst (Fig. 3i).

Neither the low reducibility of SnO; nor the high surface area of
the sample impeded the modest performance of SnFe, as revealed
by the TPR results and the textural properties of the material. The
activity of the composite was increased due to the ability of Sn to
suppress iron reduction (TPR results), which is in good agreement
with earlier observations for SnO,/Fe,03 nanocomposites [45].
However, nanocasted SnO; was nearly inactive, and the conversion
of EB was attributed to iron nanoparticles. MnFe possessed a high
surface area (Table 1); however, the performance of the catalyst
was less than that of SnFe due to the presence of highly reducible
Mn?* species (Mn,03). The redox ability of Mn,03 in MnFe oxide
catalyst is improved due to electron transfer from the Fe, 03 oxide
phase, which is significantly enhanced in nanocasted manganese
oxide materials [21]; however, this effect was not observed in the
present study.

As shown in Fig. 6, the highest activity among the binary com-
posites was obtained with CeFe, indicating that CeO, and Fe,03
have a synergistic effect on EB dehydrogenation. Thus, the results
suggested that the reducibility, basicity and textural properties
of the materials had an effect on ethylbenzene dehydrogenation.
Moreover, the effects of ceria oxide are well established in the lit-
erature [1,21,42]. Due to the high reactivity of mesoporous ceria in
areducing media, partially reduced ceria, CeO,_g, can donate elec-
trons to Fe; 03 oxide in the RGWS reaction (reaction (I)). Thus, the
presence of CO, produces redox couples (Fe3*/Fe2*)[6,8,11], which
can further promote the reduction of CeO, and the oxidation of iron.

CO, +Hy0 — Hy +CO )

However, this effect is rather limited and reduces the activity of
ethylbenzene dehydrogenation.

As shown in Table 2, CeFe was highly selective for the produc-
tion of styrene, and a change in the distribution of products was
not observed for CeFeCo, indicating that the ability of mesoporous
CeO, and Fe,03 oxides to catalyse oxidative EB dehydrogenation
is excellent. Byproducts such as toluene and benzene were formed
in a lesser amount. Others products included methane, ethane, and
polyaromatics are observed. The amounts of these products were
high over SnFe, MnFe, CeFeZr, CeNiAl and CeFeNi catalysts. Indeed,
theses solids were less selective to styrene. This type of peculiar
character of mixed oxides has already been reported for the dehy-
drogenation of ethylbenzene and were a result of thermal cracking
and condensation reactions occurred as expense of the ethylben-
zene dehydrogenation [8,13,52].

Fig. 7 displays the initial conversion and stability of the ternary
catalysts over time on stream. The results indicated that the cat-
alytic conversion and selectivity to styrene for CeFeZr and CeFeNi
were less than 3% and 20%, respectively, because CeFeZr and CeFeNi
are easily reduced in the reaction media, as demonstrated by TPR
analyses. Indeed, the presence of ZrO, did not provide additional

stability in CeFeZr, and the harsh environment of the reaction facil-
itated the phase transition of zirconium.

The textural properties of the catalyst were low, which sug-
gests that the accessibility of reactants (EB, CO;) to iron, nickel, and
cerium actives sites is limited. Indeed, basic sites of high strength
in CeFeZr did not enhance the catalytic performance of the solid
due to the lack of occurrence of the following reaction:

@-CH,CHs3 +COy — CO + H,0 + @-CH=CH, (1)

Reaction (II) is initiated by the high adsorption capacity of CO,
and the basicity of ceria [39]. Because basic sites have a lower
adsorption capacity, the production of styrene via reaction (II) is
difficult over CeFeZr. In contrast, the catalytic activity of CeNiAl
was initially high and decreased to a steady state conversion of
5%. The conversions within 50 min on stream (Fig. 7) were com-
pared, and the results revealed that CeNiAl was the most active
catalyst. The relatively high activity of CeNiAl may be attributed to
the large number basic sites of medium strength from amorphous
CeO, and a highly active spinel NiO/NiAl,04 phase [12,13,49]. The
aforementioned basic sites catalyse CO, conversion and the spinel
phase catalyses EB dehydrogenation; thus, the activity of CeNiAl
decreased as the latter phase was consumed. This result is in agree-
ment with the general belief that moderately basic sites and a large
stable phase can catalyse the dehydrogenation of EB at low tem-
peratures.

Moreover, the basic sites of CoFe,04, which corresponded to
CO,-TPD desorption at 600-800°C, played a significant role in
EB dehydrogenation, providing further evidence that the spinel
phase is the most active site in EB dehydrogenation. The equilib-
rium conversion of EB and the selectivity for styrene production
of CeFeCo under the applied conditions were 25% and 80%, respec-
tively. In CeFeCo, the presence of Fe,03, Co,03 and the basic sites
of CeO, increased EB conversion due to the reduction of CeO, sur-
face capping oxygen species, as evidenced in the TPR results. On
the contrary, CeFeCo displayed a broad reduction peak at lower
temperatures, which suggested that Fe;03, Co,03 and CeO, were
reduced simultaneously. The reduction of spinel CoFe, 04 was supe-
rior at 600°C; thus, the basic sites of medium strength and the
spinel phase of CeFeCo provided the highest catalytic performance.

The highest activity was observed with CeFeCo, followed by
CeFe, MnFe and CeFeZr; however, MnFe displayed the highest tex-
tural property values, followed by CeFe, CeFeCo and CeFeZr. These
results indicate that a redox reaction occurs over CeFeCo during
the dehydrogenation of EB, which is in accordance with previ-
ous results [13]. The presence of redox reactions indicates that the
accessibility of the reactants to the active sites is dependent on the
size of the exposed area and the porosity of the solids. Addition-
ally, the conversion of ethylbenzene and CO, were compared, and
the results revealed that ethylbenzene conversion was higher than
carbon oxide conversion for all of the catalysts due to the presence
of the following side reactions (reactions (III)-(VI)):

@-CH,CH3 — @ + C;Hs (1)
@-CH,CH3 — @-CH, + CHy (1v)
@-CH,CH3 — C + 5H, (V)
20-CH=CH; — coke + 6H, (vDh

A reverse water shift reaction consumes CO-, and results in the
formation of coke:
CO, +2H; — C + 2H,0 (vin
CO 4+ Hy— C + Hy,0 (VIII)

The product distribution of the catalysts revealed that styrene
was the main product of iron-based catalysts, and the minimum
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selectivity of the catalysts was 30% (Table 2). Moreover, the selec-
tivity of the catalysts decreased with an increase in conversion. As
shown in Table 2, the selectivity for styrene production followed
the same trend as ethylbenzene conversion. Moreover, at 25% con-
version, a significant amount of toluene and benzene, which are
produced via reactions (III) and (IV) respectively, were observed. A
number of unknown byproducts were also observed; however, the
presence of cracked product was not detected. Heavier products
derived from ethylbenzene or styrene oligomerisation appeared in
the dehydrogenation of EB by CeFeNi and CeNiAl, which suggested
that high molecular weight products resulted from the oligomeri-
sation of styrene over Ni active sites rather than Fe sites. These
results are in accordance with those of other studies, which demon-
strated that heavy aromatic products result primarily from styrene
oligomerisation on Ni sites, and that iron sites were selective for
styrene production [8,11,12,13].

Therefore, the low activity of the binary oxides was caused by
the reduction of the active phase and sintering effects. Furthermore,
it is worth noticing that, for CeFeCo catalyst after reaction, there is
a considerable difference in carbon formation and quality.

3.2.1. Effect of reaction temperature on the catalytic activity and
stability

The catalytic performance of CeFeCo at different reaction tem-
peratures is presented in Fig. 8. Results for the steady state
condition are summarized in Table 3.

The conversion of EB increased with an increase in the reaction
temperature. At low temperatures (<530°C), the amount of heat
supplied to the reaction was insufficient for EB dehydrogenation,
and approximately 5% conversion was obtained at equilibrium.
Styrene was the predominant product at low conversion over iron-
based catalysts, indicating that styrene is the primary product of
iron-catalysed EB dehydrogenation. The majority of the studies
on the effect of temperature on ethylbenzene conversion indi-
cate that an increase in temperature improves EB conversion and

Table 3
Catalytic performance of the CeFeCo solid obtained at different temperatures. Reac-
tion time: 24 h.

Sample % conversion % selectivity to styrene  Activity (mmolg-1h-1)
CeFeCo530 5.0 50.0 4.5
CeFeCo 550 259 45.0 37.6
CeFeCo 580 40.0 233 115.8
CeFeCo 600 42.0 22.0 121.2

decreases the selectivity for styrene production because cracking
predominates at higher temperatures [6-8,11,12,13]. Similarly, in
the present study, the selectivity to styrene decreased at temper-
atures greater than 530°C (Table 3) because ethylbenzene began
to crack, resulting in the formation of toluene, benzene or coke.
The results indicated that the catalyst did not display favourable
activity at temperature as low as 530°C after 24 h on stream.

At higher temperatures (e.g., 550 °C), a sharp increase in activity
was observed; however, the catalyst deactivation during a much
longer time was due to reduction by CO or H,, and the forma-
tion of coke (as depicted further in Fig. 9). Coke was not removed
by the RGWS reaction, and the activity of the catalysts was not
enhanced as the temperature increased from 580 to 600 °C. More-
over, the highest catalytic activity was observed in the first hours
of the reaction during the induction period for ethylbenzene dehy-
drogenation at 600 °C (Fig. 8). After the induction period, coking on
the solid surface was observed, and ethylbenzene dehydrogenation
became thermodynamically forbidden due to the predominance of
side reactions (VI) and (VII) at 580-600°C [6,11,49-54].

When the reaction temperature is greater than 580°C, the
effects of the side reactions on the kinetics of the reaction can
be neglected. However, the equilibrium conversion of ethylben-
zene was 45% at 600 °C and subsequently decreased to 42% in the
steady state. However, the conversion of EB could be controlled
at 5-25% by tuning the contact times [6,52-55]. The steady state
conversions of EB were significantly lower than the corresponding
thermodynamic equilibrium conversions, which reached 40-98%
[6,52]. Therefore, the temperature of the reaction was maintained
below 550 °C to control the kinetics of EB dehydrogenation.

In addition, the total flow rate was controlled 60 mLmin~! to
eliminate external diffusion resistance. EB conversion was accom-
panied by carbon deposition (reactions (V)-(VII)), which may lead
to the deactivation of the catalyst. Therefore, the activity of the
CeFeCo catalyst was too low at 530°C and greatly increased to
115.8mmolg~'h~1 at 580°C (Table 3). However, activity experi-
enced a slightly increase (e.g., 121.2mmolg-1h-1) at 600°C after
24 h on stream. Carbon deposition caused the slightly decrease in
the activity. The mechanism of the EB dehydrogenation may vary
below 530°C; however, the mechanism remains constant at tem-
peratures greater than 600 °C. Thus, the conversion of EB can be
divided into three regions, 530°C, 550°C and up to 580°C, and the
mechanism of the reaction is constant at low and high tempera-
tures, and varied at moderate temperatures.

Moreover, with CeFeCo catalyst, the conversion and the selec-
tivity to styrene reached 40 and 22%, respectively (Table 3). These
results are lower than that of the current industrial process using
Fe-Cr-K operated at a temperature as high as 600-700°C, in the
presence of a large amount of superheated steam [54,55]. How-
ever, the commercial Fe-Cr-K catalysts do not work effectively in
the alternative dehydrogenation of ethylbenzene by CO, (ODH)
process [55]. Therefore, the ODH over CeFeCo nanocasted oxide
could be an alternative to produce styrene due to its increased
stability at 550-580 °C temperature range. Due to the use of high
temperatures in the dehydrogenation process, iron based catalysts
quickly deactivate due to sintering of the active metal phase and
coke deposition, however, the structural, textural and morphologi-
cal properties of the nanocasted CeFeCo improved considerably its
catalytic performance in the ODH reaction.

3.3. Raman, FTIR and SEM analyses of spent catalysts

Fig. 9a shows the FTIR spectra of CeFeNi, CeFeCo and CeNiAl. The
bands at 3200-3600 cm~! were attributed to the stretching vibra-
tion of the OH group from H,0 generated during the reaction. The
shoulders around 1557-1650cm~! corresponded to asymmetric
and symmetric C=C and C-C stretching modes [12] of heavy aro-
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matic species deposited on the surface of the catalyst, respectively.
The band at 1395 cm~!, which was the strongest peak in the spectra
of CeFeCo, was assigned to =CH; bending modes of styrene [12,22].

The FTIR results revealed that carbon was deposited on CeNiAl
and CeFeNi. Alternatively, only minor amounts of coke were
observed on spent CeFeCo (further confirmed by TGA results).
Moreover, the Raman spectra of spent CeFeCo used at differ-
ent reaction temperatures exhibited minor differences around
1100-1700cm~! (Fig. 9b).

Disorder-induced planes of carbon and graphite, known as D
and G bands [49,50], respectively, were attributed to the bands
at 1351cm~! and 1577 cm~!. The spectra of spent CeFeCo used
in the dehydrogenation of EB at 530-550°C were obtained, and
the similar intensity between the D and G bands revealed the
presence of disordered carbon species (e.g., 1321 cm~1); bands
related to graphite (i.e., filamentous carbon species) at approxi-
mately 1587 cm~! were observed, along with a amorphous carbon
species. Similarly, the presence of carbon species on Fe-based cata-
lysts has been observed in previous studies [8,13]. Furthermore, at
530-550°C deactivation was severe because carbonaceous species
were in close contact with the surface of the catalyst, as observed in
aprevious study [13]. As a result, CO; could not eliminate deposited
carbon via the gasification of coke and the Boudouard reaction,
and the number of active sites in the material was reduced [8,50].
This results in a modest catalyst resistance of the sample towards
coking. Between 550 and 580 °C, the carbon elimination rate was
probably higher than the carbon deposition rate, and the deposi-
tion of amorphous carbon on the surface of the catalyst decreased
as compared to that of graphite under these conditions. Indeed, at
600°C, both disordered and graphite carbon species were obtained;
however, the mechanism of the reaction was constant, and the per-
formance of the catalyst was superior. In other words, the Raman

spectra indicated that CeFeCo possessed a stable spinel structure
(e.g., CoFe;04) which was difficult to reduce and was resistant to
amorphous carbon species from EB or CO decomposition at ele-
vated temperatures. Raman spectrum of CeFeCo displayed bands
at 159, 279, and 717cm™! that are related to F2 g active phonon
modes of CoFe;04 at low wavenumbers (Fig. 9c). For CeFeCo 530
and CeFeCo 550, these bands were not visible due to the high
amounts of carbon deposited at 530 and 550°C.

The differences in the Raman spectra of the catalyst can be
attributed to variations in the reaction mechanism and the amounts
of coke at temperatures up to 530°C. For instance, the amount of
coke deposited was 51, 39, 24 and 17 wt%, respectively for CeFeCo
530, CeFeCo 550, CeFeCo 580, CeFeCo 600. Thus, as the tempera-
ture increased up to 550°C, the amount of carbon formed on the
catalyst decreased, and performance of the catalyst increased con-
siderably. Moreover, at 600 °C, coke amount was limited due to the
high temperatures of the reaction and the ability of CO, to remove
carbonaceous material. As a result, equilibrium was attained at
longer reactions times.

Additionally, SEM image of spent CeFeCo (Fig. 9d) exhibited
nanoparticles associated with carbon deposits, which had indeed
grows on the top of the particle. This means that CeFeCo, which
displayed similar catalytic performance to that of traditional iron
oxides obtained by co-precipitation [6,11], coking was the main
cause of deactivation in the ternary composites. However, among
the nanocasted oxides studied, the CeFeCo displayed increased
resistance to carbon amorphous deposition and phase transforma-
tion probably due to the basic properties of CeO, and the stability
provided by CoFe,04 phase (from basicity measurements, TPR and
Raman results). Indeed, the best catalytic performance of CeFeCo
was due to the balance between the basic sites and the mesoporous
features that avoid high carbon deposits at high temperatures, as
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compared with the other nanocasted oxides. Although the conver-
sions to ethylbenzene obtained over the nanocasted oxides studied
were lower than the solids commercially available for the direct
dehydrogenation of ethylbenzene with steam [3,4,55], the nanos-
tructured features of the iron spinel-based oxides resulted in stable
catalytic performance as compared to traditional catalysts obtained
by co-precipitation [51,55].

4. Conclusions

Composite oxides were synthesised by nanocasting polymeric
spherical resins. Characterisation studies revealed that binary
oxides consisted of various phases such as CeO,, SnO, and Mn;03,
Moreover, the results suggested that Fe;O3 was in an amorphous
state or existed as nanoparticles. Most of the catalysts were perfect
replicas of the mold, possessing mesostructured features and basic
sites of mild to medium strength (except for SnO,); however, the
catalysts were not stable under a hydrogen atmosphere.

On the contrary, most of the ternary composite oxides were not
inverse replicas of the template and possessed higher basicity and
reducibility than their binary counterparts due to the stabilisation
by ZrO, or spinel phases such as NiAl,04 and CoFe;04. The ternary
oxide possessing CoFe,04 phase was more active in the dehydro-
genation of ethylbenzene than the binary analogues. The highest
activity for styrene production was observed with CeFeCo due to
the synergetic effect between CoFe;04 and CeO,, which promoted
the RWGS reaction. Indeed, CeFeCo displayed increased resistance
to carbon amorphous deposition at relatively high temperatures.
Alternatively, at elevated temperatures, the cracking reactions of
ethylbenzene were observed, but catalytic performance did not
decreased. The effect of the structure of nanocasted oxides on the
dehydrogenation of ethylbenzene was related to the nanostruc-
tured features of iron and nickel-based oxides, which provided
active, stable and selective catalyst for styrene production, com-
pared to traditional catalysts obtained by co-precipitation.
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