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Abstract A new type of mesostructured ceria material
was synthesized via template-assisted precipitation method
and tested for the oxidative dehydrogenation (ODH) of
ethylbenzene to styrene by molecular oxygen. The effect of
calcination temperature on the catalytic performances
of the ceria catalysts has been investigated. Among the
catalysts tested, the Ce0,-450 sample derived by calcina-
tion at 450 °C exhibited the highest ethylbenzene conver-
sion (34%) and styrene selectivity (87%). Comparing the
reaction rates for ODH of ethylbenzene (ca. 6.1 mmol ST
gea h™! at 450 °C) with the highly active nanostructured
carbon-based catalysts in the current literature confirmed
the very high activity of these new materials. The superior
catalytic performance of the CeO,-450 sample can be
attributed to its high specific surface area and enhanced
redox properties as revealed by H,-TPR measurements.
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1 Introduction

Styrene (ST) is an important monomer extensively used in
the chemical industry for the manufacture of polymers,
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copolymers, and reinforced plastics [1]. Commercially, ST
is mainly produced by means of the direct dehydrogenation
(DH) of ethylbenzene (EB) at high reaction temperature
(600-650 °C), with potassium-iron oxide as a catalyst
[2, 3]. Due to its highly endothermic nature, this conven-
tional route suffers from several disadvantages such as
intensive energy consumption and rapid coking. Alterna-
tively, the oxidative dehydrogenation (ODH) of EB has
attracted considerable recent attention since it can be
operated at lower temperatures and the EB conversion
would not be equilibrium limited [2, 4-6]. A range of
catalysts have been reported for this process in the recent
literature including amorphous AIPO, [1], V,05/CeO,/
Al,O3 [2], CaO/SiO; [7], MnO,/Si0, [8], Mg(VO,),-MgO
[9]. In particular, promising results have been obtained
when using onion like carbon (OLC) [5, 10] or carbon
nanofibers (CNF) [11, 12] as the ODH catalyst. Never-
theless, the industrial application of the carbon-based cat-
alysts has been till now prevented by their fine powder
nature and intrinsically low resistance to combustion of the
material [13]. In this context, there is a great incentive to
develop new robust catalyst applicable for the ODH of EB.

Ceria (CeQ.,) is a key redox component in the catalyst
formulations for many industrially important reactions,
such as three-way-catalysts for automobile exhaust treat-
ment [14, 15], CO, activation [16], CO oxidation [17] and
low temperature water- gas shift reaction [18]. The success
of ceria in various applications is largely attributed to its
superior low temperature reducibility and remarkable oxy-
gen storage/release capacities [2]. In the present work, we
demonstrate for the first time that bulk CeO,, previously
established to be a useful promoter in catalytic systems such
as Cr203/A1203 [19], V205/A1203 [2] and F6203-CI'203—
K,CO;5 [8] for the direct EB dehydrogenation, could be
active and selective for the ODH of EB. In particular, we
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have shown that the ODH of EB could proceed much more
effectively over a template-derived mesoporous CeO,
material with a surface area as high as 180 m* g~ .

2 Experimental
2.1 Catalyst Preparation

Mesostructured ceria materials with high surface area were
synthesized via a previous established template-assisted
precipitation method [20]. Typically, a NaOH solution
(1 g in 150 ml of distilled water) was added into a mixed
solution of Ce(NOj3); and CTAB (2.17 g of Ce(N-
05)3-6H,0 and 1.09 g of CTAB in 100 ml of distilled
water) under stirring. The mixture was then maintained in a
sealed glass vessel under stirring for 5 days. After aging at
90 °C for 3 h, the as-obtained yellow precipitate was fil-
tered and washed with hot water (~ 80 °C) for four times
to remove the residual CTAB. The resultant yellow powder
was dried at 100 °C for 6 h and then calcined at 450, 700,
800, and 900 °C for 4 h, respectively. The as-synthesized
ceria samples are denoted as CeO,-T where T stands for the
calcination temperature.

2.2 Characterization

Nitrogen sorption at —196 °C was measured using a
Micromeritics TriStar 3000 after the samples were degassed
(1.33 x 1072 Pa) at 300 °C overnight. The specific surface
area was calculated using the BET method, and pore size
distribution was determined by the BJH method.
Structural analysis of ceria samples was carried out on a
Bruker D8 Advance X-ray diffractometer equipped with a
graphite monochromator, operating at 40 kV and 40 mA and
employing nickel-filtered Cu-Ku radiation (4 = 1.5418 A).
Temperature programmed reduction (TPR) profiles were
obtained on a homemade apparatus. 100 mg of the samples
were pretreated in a mixed gas (O,/N, = 1/8) at 300 °C for
30 min and cooled to room temperature. Subsequently, the
samples were reduced with 5% Hy/Ar at 40 mL min~' with

a ramping rate of 5 °C min~' to 910 °C. The H, con-
sumption was monitored by a TCD detector.

Thermal gravimetric analysis (TGA), as well as tem-
perature-programmed oxidation (TPO) measurements of
the spent Ce0,-450 sample, were conducted on a Perkin-
Elmer TGA 7 analyzer. The sample was placed in an
o-Al,O5; cumber and heated in flowing air (50 mL min~ ")

from room temperature to 800 °C at a rate of 20 °C min~".

2.3 Catalytic Activity Measurements

The activity of the catalysts for ODH of EB was measured
in the temperature range of 350-550 °C at atmospheric
pressure using a fix-bed, down-flow, tubular quartz reactor
(i.d. 4 mm, length 400 mm). Each run used approximately
50 mg of catalyst in the form of 60-80-mesh particles,
mixed with 300 mg of silicon carbide grains of similar size
for best temperature control. EB was evaporated at 35 °C
in flowing N, and subsequently mixed with O,. Unless
otherwise specified, the corresponding flow rate of EB, O,,
and N, is fixed at 0.5, 0.25 and 20 mL minfl, respectively.
Prior to testing, the catalysts were pretreated in a mixed gas
(O,/N, = 1/8) at 300 °C for 30 min. The products were
analyzed by an on-line gas chromatograph (Agilent GC
6820 equipped with FFAP column for hydrocarbons and
TDX-01 column for permanent gas analysis, coupled with
FID and TCD detectors, respectively). The carbon balance
closed to £ 5% and was additionally monitored by the
CO, content after catalytic combustion of organic species
in a final total oxidation reactor [21].

3 Results and Discussion

3.1 Characterizations of Mesostructured Ceria
Materials

The textural properties of the ceria annealed at 450, 700,
800 and 900 °C were studied by the N, sorption mea-
surements. The values of specific surface area, mean pore
diameter and pore volume are reported in Table 1. Fig-
ure la shows the pore diameter distribution and the

Table 1 Textural properties and TPR results of the ceria catalysts calcined at various temperatures

Catalysts Sper (M2 gfl) Dpore (nm) Vpore (cm? gfl) d (nm)* H, consumption (mmol gfl)
Peak o” Peak f§
Ce0,-450 180 10.2 0.60 5.8 1.39 (96.5%) 0.05
Ce0,-700 128 9.6 0.52 7.9 0.80 (66.5%) 0.40
Ce0,-800 90 9.1 0.41 13.1 0.35 (36.1%) 0.62
Ce0,-900 55 8.9 0.22 18.5 0.23 (22.5%) 0.80

# Mean particle size of CeO, calculated by Sherrer equation base on the (110) diffraction peaks in the XRD patterns

° The data in the parenthesis are the percentage of peak o with respect to total H, consumption
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corresponding adsorption—desorption isotherms of the
Ce0,-450 material. According to the IUPAC classification,
the isotherm can be classified as a type IV one, typical of
mesostructured materials and the hysteresis loop is type H1
indicating a complex mesoporous structure. The pore size
distribution (PSD) calculated from the desorption branch
showed that the pore diameter ranges from 4 to 30 nm with
a maximum at around 10.2 nm (the inset to Fig. 1a). Fur-
thermore, it is seen that the specific surface area of the
Ce0,-450 sample decreases continuously from 180 to
55 m* g~! with increasing calcination temperature in the
range of 450-900 °C. Note that the surfactant cannot be
completely removed when the calcination temperature is
lower than 450 °C. The loss of surface area after calcina-
tion at higher temperature may be caused by a partial
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Fig. 1 N,-sorption isotherm and pore size distribution a and
corresponding TEM image b of CeO,-450

collapse of the ceria pores [22, 23] along with the
agglomeration of ceria particles as indicated by the XRD
results presented below. Moreover, during our study, all the
samples give no diffraction peak in the low-angle XRD
patterns (not shown here), which are usually employed to
verify the long-range ordering of mesopores. The absence
of any ordered mesoporous structure in the as-synthesized
CeQ; is further supported by the TEM data as illustrated in
Fig. 1b.

Figure 2 shows the XRD patterns of the various ceria
samples. The diffraction patterns of the mesostructured
Ce0,-450 sample were found to be very broad, showing a
semicrystalline nature of this material. The samples
derived by calcination at higher temperatures presented a
well crystallized phase. The peak intensities and their 20
angles have been identified as characteristic of the cubic
fluorite structure of CeO, (JCPDS no. 34-0394). As the
calcination temperature increases from 450 to 900 °C, the
diffraction peaks become stronger and sharper, indicating
that the crystallinity is continuously improved. The average
crystallite size of the CeO, sample was estimated from the
half-height width of the (111) signal by using the Scherrer
equation and given in Table 1. The crystallite size of ceria
was within nanoscale which increased from 5.8 to 18.5 nm
as the calcination temperature was raised from 450 to
900 °C.

TPR experiments were then carried out to investigate the
reducibility of various ceria samples as shown in Fig. 3.
The Ce0,-450 sample exhibits a broad low-temperature
(LT) reduction profile from 250 to 600 °C (hydrogen
consumption ca. 1.39 mmoly, g~ '), a feature signifying
superior low temperature reducibility [23]. In contrast, two
main reduction peaks have been identified for the samples

Ce0,-900
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Fig. 2 XRD patterns of various ceria catalysts
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Fig. 3 H,-TPR profiles of various ceria catalysts

calcined at higher temperatures: peak o (ca. 460 °C) and
peak f (ca. 840 °C), which are generally attributed to the
reduction of surface-capping oxygen and bulk oxygen
species, respectively, [24-26]. Recently, based on the
presumption that the TPR profile in ceria is not controlled
by rate of oxygen diffusion from bulk to surface, Trovarelli
et al. [27] proposed an alternative model to assign the two
reduction peaks of CeO,. Namely, the peak at lower and
higher temperature was caused by the reduction of small
and large ceria crystallites, respectively. Therefore, the
highest fraction (96.5%, Table 1) of peak o for CeO,-450
suggests that it has the smallest crystallite size, in line with
the XRD data as reported in Table 1. Similarly, due to its
largest crystallite size and lowest surface area resulting
from higher calcination temperature, CeO,-900 presents
the highest percentage of peak f (77.5%, Table 1). Fur-
thermore, the evolution trend of BET surface area is in
parallel with that of the H, consumption of peak a, i.e., the
larger surface area of ceria material, the larger amount of
the low-temperature H, consumption [28].

3.2 Catalytic Performance in the ODH of EB

The activities of the present mesostructured ceria-based
catalysts were explored under steady-state conditions
between 350 and 550 °C, with a constant space velocity
(415 mL g~' min~") and EB/oxygen/nitrogen (1/0.5/40)
ratio. The catalytic performances in terms of EB conver-
sion, selectivity and ST yield for various ceria catalysts
measured at reaction temperature of 450 °C were summa-
rized in Table 2. The major component of the products
over all ceria catalysts are ST (more than 80%), accom-
panied by appreciable amounts of CO, and very small
amount of other byproducts such as benzaldehyde and
methyl benzyl alcohol. The results in Table 2 point to a
remarkable effect of calcination temperature on the cata-
lytic activity and selectivity to ST of the ceria material, viz.
higher calcination temperature leads to lower activity and
selectivity of the catalysts. The highest catalytic perfor-
mance was obtained on Ce0O,-450 with EB conversion of
34.1%, ST selectivity of 87.4% and ST yield of 29.8%.

Figure 4 illustrates the effect of reaction temperature on
the activity and selectivity of the Ce0,-450 catalyst. The
EB conversion increased rapidly with the reaction tem-
perature up to 450 °C and then leveled off, with the
selectivity of ST decreases smoothly from ca. 93-85%.
Presumably, higher temperature should give rise to better
catalytic activity for the ODH reaction. However, as
described above, higher reaction temperature may also lead
to the sintering or growth of CeO, particles, which can
greatly compromise the activity of CeO,-450 under these
conditions. Moreover, a control experiment investigating
the direct dehydrogenation of EB at the same reaction
conditions in the absence of O, demonstrated that EB was
poorly converted although the selectivity to ST was fairly
high. The effect of O, concentration on the ODH of EB
over Ce0,-450 can be further seen from Fig. 5. One can
see that the stoichiometric concentration of oxygen (O,/
EB = 1/2) is the ratio of choice.

The evolution of the catalytic performance at 450 °C as
a function of reaction time for the four ceria catalysts is
shown in Fig. 6. The ST selectivity for all catalysts

Table 2 Catalytic performances of ceria catalysts calcined at various temperatures

Catalysts Conversion of EB (%)* Selectivity (%) Yield of ST (%) STY (mmolgy g;llal_ h™
ST CO, Others®

Ce0,-450 34.1 87.4 10.4 2.2 29.8 8.0

Ce0,-700 22.5 83.5 16.2 0.3 18.8 5.0

Ce0,-800 19.4 82.0 18.0 - 15.9 4.2

Ce0,-900 15.1 80.2 19.8 - 12.1 32

# Reaction condition: 450 °C, 50 mg catalyst, initial activity data collected at the reaction time of 0.5 h

° Benzene, benzaldehyde or methyl benzyl alcohol
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Fig. 5 Effect of O, concentration on the ODH performance of EB
over Ce0,-450

remained high above 80%, with the CeO,-450 sample
being appreciably more selective than its counterparts
obtained by calcination at higher temperatures. On the
other hand, the Ce0,-700, Ce0,-800 and Ce0,-900 cata-
lysts exhibited stable EB conversion in 5 h, i.e., ca. 22, 20,
and 15%, respectively. As a contrast, the CeO,-450 catalyst
deactivated notably during the first 1 h, followed by a
relatively stable EB conversion of ca. 27%. The initial
decrease of the catalytic activity observed for the CeO,-
450 catalyst was likely caused by the loss of the surface
area or growth of the CeO, particles. In fact, after reaction
for 5h, the BET surface area of the spent CeO,-450
decreased to 152 m* g~ ', corresponding to a crystallite size
of ca. 7.3 nm as determined from the XRD result. At this
juncture, it is interesting to note that no further deactivation
was identified during an additional catalytic test of the

Time on stream (h)

Fig. 6 EB conversion and selectivity of ST as a function time on
stream obtained on ceria catalysts at 450 °C (square: Ce0,-450, down
triangle: CeO,-700, up triangle: Ce0,-800, circle: Ce0,-900,
pentagon: spent CeO,-450)

spent Ce0,-450 sample, which may be rationalized by the
maintenance of the BET surface area (ca. 152 m’ gfl)
upon a first use of this material. Therefore, it can be con-
cluded that the surface area or the particles size of CeO,
plays an important role in its catalytic activity in the ODH
of EB.

The catalytic performance of Ce0,-450 in the ODH of
EB was also compared with those of other catalysts
reported in the literature, as summarized in Table 3. It
should be noted that the experimental conditions in the
literature concerning the ODH of EB may deviate from
each other. Nevertheless, a rough comparison is still fea-
sible in the present study. As shown in Table 3, even under
high space velocity and standard (EB/O, = 2/1) reaction
conditions the Ce0,-450 sample exhibits a high catalytic
performance. At 450 °C and total space velocity of 415 mL
gt min~', the obtained reaction rate for ST production is
6.1 mmol ST go, h™' while the selectivity to ST is 84%.
Apart from the 20%V-Mg-O catalyst, these values com-
pare favorably with the results reported on most conven-
tional metal oxide catalysts, over which the space
velocities are much lower and the EB conversions are
around 35% (see Table 3). Moreover, such ODH perfor-
mance is comparable with those of the best carbon-based
catalytic systems reported in the literature [S]. The above
catalytic evaluation strongly suggested that the present as-
synthesized mesostructured CeO,-450 material with high
surface area can serve as a promising catalyst for styrene
synthesis from the ODH of EB.

With regard to the essential active phase of transition-
metal-oxide and phosphate- based [1, 29] catalysts
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Table 3 Comparison of the catalytic performances of different catalyst systems for ODH of EB

Catalyst O/EB ratio NY% T (°C) Conversion Selectivity Reaction rate References
(mL g~' min~") of EB (%) to ST (%) (mmol-ST gt h™")

Ce0,-450* 0.5 415 450 27 84 6.1 This work
20%V-Mg-O 2 300 530 32 96 11.0 [9]

6%V /CeZr/SiO, 3 30 400 20 92 2.0 [31]
FePO,4-A-450 2 61 440 24 86 0.16 [29]
AIPO, 2 61 440 44 99 0.35 [29]
Popcarbon-900 1 200 400 48 86 6.2 [32]

CNF 1 50 400 56 85 1.27 [4]
CNF/graphite 5 83 400 29 80 1.04 [11]

OLC 1 250 510 92 68 8.38 [5]

4 Reaction rate obtained after reaction for 5 h

previously reported for the ODH of ethylbenzene, it is
widely accepted that the carbon deposits detected on these
catalysts are indispensable for the genesis of “true” cata-
lytically active sites for the ODH reaction. More specifi-
cally, it has been considered that the surface redox couples
consisting of strongly basic adjacent (quinoidic) oxygen
groups of the carbon deposits are responsible for the actual
activity observed for these materials [1]. To elucidate the
active phase in the present ceria-based catalytic system for
the ODH of EB, TPO characterization of the used CeQO,-
450 sample (at 5 h TOS) was conducted using flowing air
in the TGA mode; the results are compared in Fig. 7. The
fact that no carbon deposits could be detected over the used
Ce0,-450 sample (see Fig. 7b) strongly indicates that the
“carbon deposits” mechanism is not applicable for the
present CeO,-catalyzed ODH of EB.

On the other hand, it is well known that the selective
oxidations of different hydrocarbons may proceed over ce-
ria-based catalysts via a Mars-van Krevelen redox mecha-
nism [30], in which the consumption and replenishment
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Fig. 7 TG curves of the fresh a and spent b CeO,-450 samples
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of the lattice surface oxygen species play a key role in the
reaction process. To gain further insight into the nature of the
ceria catalysts in relation to their ODH activity, the H,
consumption of the low-temperature reduction peak in the
TPR profiles are plotted against the EB conversion over the
CeO, catalysts calcined at different temperatures as shown
in Fig. 8. The variation in the H, consumption of the LT
reduction peak shows a good correlation with the corre-
sponding EB conversion. This indicates that the amount of
surface lattice oxygen species on the ceria material con-
tributes directly to the catalytic activity of CeO, in the ODH
of EB reaction, permitting a rational explanation for the
negative effect of calcination temperature on the perfor-
mance of the catalyst. We therefore infer that the present
ODH of EB over the CeO,-based catalysts may proceed via a
simple surface redox mechanism involving the Ce**/Ce**
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Fig. 8 Correlation between the catalytic activity with the H,
consumption of peak o in TPR profiles of various ceria catalysts
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couple, in which the catalyst undergoes reduction (by EB)
and reoxidation (by O,) cycles.

4 Conclusions

In summary, a new efficient mesostructured ceria catalyst
featured with high surface area has been developed for the
ODH of ethylbenzene using O, as the oxidant. The effect
of calcination temperature on the catalytic performance of
the ceria material was investigated. The best catalytic
performance was obtained over the Ce(O,-450 sample
under a high space velocity condition, affording a steady
STY of 6.1 mmol-ST g ~' h™!' at 450 °C. The superior
performance of Ce0,-450 in the ODH of EB has been
attributed to the high specific surface area and the well-
developed mesostructure of this material. As a result, the
ODH of EB could proceed much more effectively over the
Ce0,-450 sample with enhanced low temperature redox
capacities, thus leading to the significant enhancement of
its performance for the ODH of EB.
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