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a b s t r a c t

This paper describes dehydrogenation reaction of ethylbenzene to styrene with CO2 over iron oxide-based
catalysts. Three catalysts of Fe2O3–MgO/�-Al2O3, Fe2O3/MgAl2O4 and MgFe0.1Al1.9O4 with the same molar
ratio of Mg/Fe/Al were prepared by impregnation and sol–gel methods. At 580 ◦C, the ethylbenzene con-
version over MgFe0.1Al1.9O4 kept a value of 40% during the time on stream of 20 h, whereas that over
Fe2O3/MgAl2O4 decreased rapidly from initial 50.0% to 27.4%. The properties of the catalysts were char-
arbon dioxide
ron oxide-based catalysts

acterized by several techniques such as N2 adsorption/desorption, X-ray diffraction, thermogravimetry,
energy dispersive X-ray spectroscopy, Fourier transform-infrared spectroscopy, 57Fe Mössbauer spec-
troscopy, temperature-programmed reduction, and temperature-programmed desorption of NH3 and
CO2. It was found that the iron species of these catalysts are different. In MgFe0.1Al1.9O4, all Fe3+ species are
incorporated in the spinel lattice. MgFe0.1Al1.9O4 shows high catalytic activity and stability in ethylben-
zene dehydrogenation reaction with CO2. Moreover, the weak surface acidity of MgFe0.1Al1.9O4 prevents

n dur
from the carbon formatio

. Introduction

Styrene (ST) is one of the most important raw materials for
olymers production. It is commercially produced by the dehydro-
enation of ethylbenzene (EB) in the presence of a large quantity
f steam at high temperatures ranging from 600 to 700 ◦C. Due to
ts highly endothermic character, the superheated steam is used
o supply the heat, and it is not recovered in this process [1]. In
ast decades, CO2 has received much attention as a co-feed gas

nstead of steam since it could reduce energy required for pro-
ucing ST and increase the ST yield at reaction equilibrium. The
ehydrogenation of EB to ST in the presence of CO2 is believed to
e an energy-saving and environmentally friendly process [2–11].
igh performance catalysts have been screened extensively, such
s iron oxide-based catalysts supported on Al2O3 [4] and active
arbon [5], vanadium oxide catalysts supported on Al2O3 [6], MgO
7], SBA-15 [8], and active carbon [9], catalysts obtained by ther-
al decomposition of hydrotalcite-like precursors [10], and ZrO2
11]. Among these catalysts, iron oxide-based catalysts were more
ffective for the ethelbenzene dehydrogenation with CO2. How-
ver, the fast deactivation due to the coke deposition, sintering
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ing the reaction.
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of the active species and the change in valence state of iron still
restrain the practical utilization of iron oxide-based catalysts. In
order to enhance its lifetime, many studies were focused on the
addition of alkaline metals (Li, Na and K) or alkali earth metals (Ca
and Mg) as promoters to inhibit the carbon deposition [2,12,13].
In this study, a ternary-composite oxide of iron-incorporated cat-
alyst which exhibits high stability in EB dehydrogenation in the
presence of CO2 was reported. The relationship between the type
of iron species and the catalytic performance of iron catalyst was
discussed.

2. Experimental

2.1. Catalyst preparation

Three catalysts of Fe2O3–MgO/�-Al2O3, Fe2O3/MgAl2O4 and
MgFe0.1Al1.9O4 were prepared with the same molar ratio of
Mg/Fe/Al of 1:0.1:1.9. MgAl2O4 support and MgFe0.1Al1.9O4 catalyst
were prepared by sol–gel method. Magnesium nitrate, aluminum
nitrate and iron nitrate were used as the starting materials. The
solution of metal nitrates with stoichiometric ratio was added to a

solution of citric acid and stirred at 80 ◦C until the gelation occurred,
resulting gels were dried at 120 ◦C for 48 h, and then calcined at
700 ◦C for 4 h.

Fe2O3–MgO/�-Al2O3 and Fe2O3/MgAl2O4 catalysts were pre-
pared by impregnation method. �-Al2O3 and MgAl2O4 synthesized

dx.doi.org/10.1016/j.cattod.2010.07.014
http://www.sciencedirect.com/science/journal/09205861
http://www.elsevier.com/locate/cattod
mailto:jimin@dlut.edu.cn
mailto:wangjh@dicp.ac.cn
dx.doi.org/10.1016/j.cattod.2010.07.014
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Table 1
Initial EBDH activity on the iron oxide-based catalysts.

Catalyst XEB (%) Selectivity ST yield (%)

Styrene Benzene Toluene

Fe2O3–MgO/�-Al2O3 24.5 97.1 1.60 1.30 23.8
Fe O /MgAl O 50.0 95.7 2.17 2.13 47.9

R re = 58
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160 m /g and from 112 to 70 m /g, respectively, whereas the
surface area of MgFe0.1Al1.9O4 has no change after the 20-h reac-
tion. It implies that MgFe0.1Al1.9O4 is an anti-sintering catalyst.
The amount of carbon deposition after the reaction measured by
TG technique was shown in Table 2. The least weight loss of
2 3 2 4

MgFe0.1Al1.9O4 40.9 95.3

eaction conditions: LHSV = 1.12 h−1, CO2/EB = 5/1, time on stream = 2 h, temperatu
EB: EB conversion.

bove were dipped into the solution of magnesium nitrate and/or
ron nitrate, the excess water was slowly evaporated with stirring
n a water bath, the resulting solids were dried at 120 ◦C, then cal-
ined at 700 ◦C for 4 h. These catalysts were crushed, and sieved into
ranules of 20–40 mesh for the reaction of ethelbenzene dehydro-
enation with CO2.

.2. Catalyst characterization

The BET surface areas of the catalysts were measured by
itrogen physisorption at −196 ◦C with a surface area analyzer,
icromeritics ASAP 2000. The samples were treated at 350 ◦C in

acuum for 3 h before N2 physisorption measurements. Thermo-
ravimetric (TG) analysis of the catalysts was performed on a
GA/SDTA 851e Mettler analyzer. The samples were heated from
oom temperature to 800 ◦C in an air flow of 80 ml/min with a heat-
ng rate of 10 ◦C/min. X-ray powder diffraction (XRD) experiments

ere carried out on a D/Max 2400 diffractometer with Cu K� radi-
tion (� = 1.5418 Å). Energy dispersive X-ray spectroscopic (EDS)
nalysis was performed on a JSM-5600LV scanning electron micro-
cope to measure the Mg, Fe, and Al composition on the surface of
atalysts.

Fourier transform-infrared spectra (FT-IR) of the samples were
ecorded on Shimadzu FT-IR 460 at ambient conditions using a
Br pellet technique. The 57Fe Mössbauer spectra (57Fe MS) were
easured by a Topologic MFD-500A Mössbauer spectrometer at

oom temperature, a 57Co source in rhodium matrix was used.
he Doppler velocity of the spectrometer was calibrated with
espect to �-Fe foils. The spectra were fitted with superpositions of
orentzian lines using the MossWinn 3.0i program. Temperature-
rogrammed reduction (H2-TPR) experiments were carried out in
setup equipped with a temperature programmable furnace. Each

ample was pretreated at 500 ◦C for 30 min in high-purity (99.9%)
itrogen flow of 20 ml/min. After cooling to ambient temperature,
PR experiments were performed in 5% H2/N2 mixture flow at a
eating rate of 10 ◦C/min. The amount of hydrogen consumed was
onitored with a thermal conductivity detector (TCD).
To investigate the surface acidity and basicity of the catalysts,

emperature-programmed desorption of NH3 (NH3-TPD) and CO2
CO2-TPD) was performed on a Micromeritics AutoChem 2920 ana-
yzer. The sample (∼0.1 g) was charged into a quartz reactor and
reated in helium at 500 ◦C for 1 h, then exposed to CO2 or NH3
t 50 ◦C for 1 h, and purged by helium to remove gas phase and
hysically adsorbed CO2 or NH3. The sample was heated from 50
o 800 ◦C at a rate of 10 ◦C/min, and the amount of desorbed CO2 or
H3 was monitored by the means of a TCD.

.3. Catalytic tests

Catalytic reactions were performed in a fixed-bed reactor (i.d.

.0 mm and length 300 mm) at 580 ◦C under atmospheric pres-
ure. 1.0 g of a catalyst was placed at the center of the reactor with
uartz wool plugs. The molar ratio of CO2/EB is 5. The products were
nalyzed by gas chromatography on Agilent-6890: aromatic com-
ounds were analyzed by a FID detector using capillary column of
2.09 2.61 39.0

0 ◦C.

HP-5, and gaseous products were analyzed by a TCD detector using
a packed carbon molecular sieve column.

3. Results and discussion

3.1. Catalytic performance

The initial EB conversion, ST selectivity and ST yield over the
Fe-containing catalysts are summarized in Table 1. It can be seen
that the EB conversions increase in the sequence of Fe2O3–MgO/�-
Al2O3, MgFe0.1Al1.9O4, Fe2O3/MgAl2O4. Fig. 1 shows the change in
trend of EB conversion with reaction time on stream. It can be seen
that MgFe0.1Al1.9O4 exhibited much higher stability than that of
Fe2O3/MgAl2O4. The EB conversion over Fe2O3/MgAl2O4 decreases
rapidly from 50.0% to 27.4% after 20 h, whereas no evident decrease
in the conversion is observed over MgFe0.1Al1.9O4 catalyst. The
results indicated that MgFe0.1Al1.9O4 possesses optimal activity and
stability among these three catalysts.

Recently, Liu et al. studied the EBDH over the catalyst of
La2O3–V2O5/MCM-41, and the high EB conversion of 86.5% and
styrene selectivity of 91.0% were obtained under the reaction condi-
tions of 600 ◦C and CO2/EB molar ratio of 10 [14]. Noteworthy, Park
et al. reported 60% EB conversion and about 98% styrene selectivity
over the catalyst of V2O5–CeO2/TiO2–ZrO2 at 600 ◦C, and activity
was kept for 10 h [15]. Compared with these results, the catalytic
performance over MgFe0.1Al1.9O4 is remarkable.

3.2. Catalyst characterization

3.2.1. BET and TG
The BET surface areas (SBET) of the fresh and used catalysts

are listed in Table 2. The SBET values of Fe2O3–MgO/�-Al2O3 and
Fe2O3/MgAl2O4 apparently decrease after reaction from 202 to

2 2
Fig. 1. BE conversion as a function of time on stream over catalysts: (a)
Fe2O3–MgO/�-Al2O3, (b) Fe2O3/MgAl2O4, and (c) MgFe0.1Al1.9O4.
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Table 2
BET surface areas and the weight loss of used catalysts.

Catalyst SBET (m2/g) Weight loss (%)

Fresh Used

Fe2O3–MgO/�-Al2O3 202 160 27.2
Fe2O3/MgAl2O4 112 70 21.3
MgFe0.1Al1.9O4 106 109 12.4
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peaks at 456, 516 and 651 ◦C in the TPR profile of Fe2O3–MgO/�-
ig. 2. X-ray diffraction patterns for MgAl2O4 support and catalysts: (a) MgAl2O4,
b) Fe2O3–MgO/�-Al2O3, (c) Fe2O3/MgAl2O4, and (d) MgFe0.1Al1.9O4.

gFe0.1Al1.9O4 means the weakest carbon deposition among these
hree catalysts. So, the good activity and stability of MgFe0.1Al1.9O4
s in agreement with its strong resistance capacities to carbon depo-
ition and sintering.

.2.2. XRD and EDS
The XRD patterns of MgAl2O4 support and three iron oxide-

ased catalysts were displayed in Fig. 2. For all three catalysts, there
re no diffraction peaks of �-Fe2O3, but small diffraction peaks
f MgO in Fe2O3–MgO/�-Al2O3. Comparing with MgAl2O4, all the
iffraction peaks of iron-containing catalysts shifted forward to
mall angle, which is caused by the unit cell expansion. The data
f cell parameters listed in Table 3 verified the unit cell expansion,
hich could be caused by iron substitution for Al3+ and/or Mg2+

n the MgAl2O4 spinel lattice since the radius of Fe3+ (0.064 nm)
nd Fe2+ (0.074 nm) are bigger than that of Al3+ (0.050 nm)
nd Mg2+ (0.065 nm), respectively. The bigger lattice constant of
gFe0.1Al1.9O4 implies that the amount of Fe incorporated into

pinel lattice is more. For catalyst of Fe2O3–MgO/�-Al2O3, the big

attice constant is also related to its low crystallinity of only 71.93%,

hich is similar with that in the literature [16].
In order to characterize the content of Fe species dispersed in

atalyst surface, the surface composition was determined by EDS,
nd the results were shown in Table 4. Nearly the same Mg con-

able 3
attice constant and crystallinity of the catalysts.

Catalyst Lattice constant (Å) Crystallinity (%)

Fe2O3–MgO/�-Al2O3 8.1883 71.93
Fe2O3/MgAl2O4 8.0906 82.60
MgFe0.1Al1.9O4 8.1163 84.27

able 4
istribution of atoms in catalyst surface.

Catalyst Atomic (%) Atomic ratio Mg:Fe:Al

Mg Fe Al

Fe2O3–MgO/�-Al2O3 36.40 15.33 48.27 1:0.42:1.33
Fe2O3/MgAl2O4 36.20 6.10 57.70 1:0.17:1.59
MgFe0.1Al1.9O4 34.00 2.55 63.45 1:0.075:1.87
Fig. 3. FT-IR spectra of catalysts: (a) Fe2O3–MgO/�-Al2O3, (b) Fe2O3/MgAl2O4, and
(c) MgFe0.1Al1.9O4.

tents are observed on three catalysts surfaces, whereas the ratio
of Fe/Al decreases from Fe2O3–MgO/�-Al2O3, Fe2O3/MgAl2O4 to
MgFe0.1Al1.9O4. For catalyst MgFe0.1Al1.9O4, the surface molar ratio
of Mg:Fe:Al (1:0.075:1.87) is very close to its stoichiometric ratio
of 1:0.1:1.9. On the other hand, the Fe contents on the surface of
Fe2O3–MgO/�-Al2O3 and Fe2O3/MgAl2O4 are much higher than its
stoichiometric ratio. These results suggest that iron species par-
tially enriched on the surface of both Fe2O3–MgO/�-Al2O3 and
Fe2O3/MgAl2O4 catalysts. In the case of MgFe0.1Al1.9O4, iron species
are incorporated uniformly in the spinel lattice.

3.2.3. FT-IR
Fig. 3 shows the FT-IR spectra of catalysts. Two bands peaked

at ∼694 and ∼517 cm−1 indicate the formation of MgAl2O4 spinel
[17]. The high frequency band at 694 cm−1 is due to bond between
octahedral cation and oxygen anion, and the low frequency band
at 517 cm−1corresponds to the complex vibration involved octa-
hedral and tetrahedral cations [18]. In Fig. 3 it can be found that
absorbance peaks became sharper following the catalyst order from
Fe2O3–MgO/�-Al2O3, Fe2O3/MgAl2O4 to MgFe0.1Al1.9O4, indicating
the crystallinity increase of spinel phase in the catalysts, which is
in agreement with XRD results.

3.2.4. H2-TPR
The TPR profiles of the catalysts in Fig. 4 show very differ-

ent reduction behaviors of the catalysts. There are three reduction
Al2O3 (Fig. 4a). According to literatures [19,20], the peak at 456 ◦C
is assigned to the reduction process of Fe3+ → Fe2+ of �-Fe2O3, and
the second peak at 516 ◦C is ascribed to the reduction of Fe3+ in

Fig. 4. H2-TPR profiles of catalysts: (a) Fe2O3–MgO/�-Al2O3, (b) Fe2O3/MgAl2O4,
and (c) MgFe0.1Al1.9O4.
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Table 5
57Fe Mössbauer parameters of the catalysts before and after the catalytic reaction.

Catalyst IS (mm/s) QS (mm/s) H (T) LW (mm/s) Area (%) Remarks

Fe2O3–MgO/�-Al2O3 fresh 0.59 1.64 0.58 4.4 Fe2+ in Td
0.27 0.81 0.58 68.1 Fe3+in Oh
0.35 −0.22 50.2 0.43 27.5 �-Fe2O3(m)

Fe2O3–MgO/�-Al2O3 used 0.59 1.64 0.71 16.2 Fe2+ in Td
0.33 0.70 0.58 59.1 Fe3+ in Oh
0.36 −0.11 46.3 0.58 9.8 Fe3O4

0.71 2.12 0.58 14.9 Fe3+ → Fe2+

Fe2O3/MgAl2O4 fresh 0.25 0.80 0.58 80.3 Fe3+ in Oh
0.37 1.03 0.58 19.7 �-Fe2O3(s)

Fe2O3/MgAl2O4 used 0.25 0.82 0.58 58.9 Fe3+ in Oh
0.53 0.98 0.58 27.3 MgxFe1−xO
0.64 2.29 0.58 13.9 Fe3+ → Fe2+

MgFe0.1Al1.9O4 fresh 0.59 1.64 0.58 8.5 Fe2+ in Td
0.27 0.86 0.58 91.5 Fe3+ in Oh

MgFe0.1Al1.9O4 used 0.59 1.64 0.58 12.7 Fe2+ in Td
0.29 0.80 0.58 76.1 Fe3+ in Oh

3+ 2+
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0.70 2.43

S: isomer shift; QS: electric quadrupole splitting; H: magnetic field; LW: full linew
bsorption patterns.

gAl2O4 lattice to Fe2+. The peak at 651 ◦C is related to the fur-
her reduction of Fe2+ to metallic Fe. From Fig. 4 it can be seen that
he reduction profile of Fe2O3/MgAl2O4 (Fig. 4b) is approximately
he same as that of Fe2O3–MgO/�-Al2O3 except the reduction peaks
hifted to higher temperature, which might be caused by the strong
nteraction between Fe2O3 and MgAl2O4. Since the catalyst of
e2O3–MgO/�-Al2O3 was prepared by the co-impregnation of iron
itrate and magnesium nitrate solution, the lower reduction tem-
erature of its iron species indicates that the addition of magnesium

n the preparation process can decrease the interaction of iron with
-Al2O3 support. The TPR profile of MgFe0.1Al1.9O4 reveals only two

ow reduction bands peaked at ∼520 ◦C and ∼830 ◦C, which could
e ascribed to the sequential reduction process of Fe3+ → Fe2+ → Fe0

n spinel.

.2.5. 57Fe MS
57Fe Mössbauer spectroscopy is a powerful technique to iden-

ify the coordination environment and valence state of iron. 57Fe
össbauer spectra of the fresh and used catalysts were measured at

oom temperature, as shown in Fig. 5. The data of all 57Fe Mössbauer
pectra are listed in Table 5.

For fresh Fe2O3–MgO/�-Al2O3, the 57Fe Mössbauer spectra are
tted with a sextuplet and two doublet peaks. The sextuplet peak
ith an isomer shift of 0.35 is characteristic of �-Fe2O3 with large
article size, which possesses very low dispersion and very weak
elationship with the support [19]. One doublet with the isomer
hift of 0.59 mm/s is assigned to Fe2+ in the tetrahedral site of
pinel, and another doublet with the isomer shift of 0.27 mm/s
s due to Fe3+ in octahedral [20]. This result noted that the iron
pecies of Fe2O3–MgO/�-Al2O3 incorporated not only in tetrahe-
ral site but also in octahedral site of the spinel, and 68.1% of iron
pecies is located in octahedral site. The presence of Fe2+ and Fe3+ in
pinel lattice indicates that the Mg–Fe–Al–O mixed oxide formed in
e2O3–MgO/�-Al2O3 catalyst. After the reaction, the relative con-
ents of Fe2+ and Fe3+ in the spinel of Fe2O3–MgO/�-Al2O3 are
hanged, with the increase of Fe2+ and decrease of Fe3+. In addi-

ion, two new spectra appeared. The sextuplet with isomer shift of
.36 is assigned to Fe3O4, which results from the partially reduction
f �-Fe2O3, the species with isomer shift of 0.71 mm/s is attributed
o Fe2+ in FeAl2O4 formed in the interfaces between �-Fe2O3 and
-Al2O3 during the reaction [21].
0.51 11.1 Fe → Fe

t half maximum; area: relative resonance areas of the different components of the

The Mössbauer spectra of the fresh Fe2O3/MgAl2O4 catalyst are
fitted with two doublets. One with isomer shift of 0.25 mm/s is
assigned to Fe3+ in octahedral site of MgAl2O4 spinel, and the other
one with isomer shift of 0.37 mm/s is attributed to highly dispersed
�-Fe2O3 particles [22]. After reaction, the �-Fe2O3 disappeared, and
two new doublets are observed, one with isomer shift of 0.53 mm/s
is assigned to Mg1−xFexO as reported previously by several groups
[19,23–25], which means that a part of MgAl2O4 support might
decompose in the EBDH reaction process, and Mg–Fe–O forms. The
other characterized with isomer shift of 0.64 mm/s is assigned to
Fe2+, which is the same species with that of the newly appeared in
the used Fe2O3–MgO/�-Al2O3 catalyst.

The Mössbauer spectra of fresh MgFe0.1Al1.9O4 are fitted with
two doublets, corresponding to the tetrahedral Fe2+ and the octa-
hedral Fe3+ in spinel, respectively. Both of them are still observed
in used MgFe0.1Al1.9O4, although their relative contents have been
changed. After the reaction, the content of the octahedral Fe3+

decreases, and that of tetrahedral Fe2+ increases, indicating that
partial Fe3+ was reduced during the reaction. The new doublet with
isomer shift of 0.70 mm/s is also attributed to Fe2+ in FeAl2O4 as
above.

From the 57Fe Mössbauer results of three catalysts before and
after EBDH reaction, it can be seen that the decrease of Fe3+ species
due to the reduction, the increase of Fe2+, and the formation of
FeAl2O4 during the reaction. FeAl2O4 phase prevents from the fur-
ther reduction of Fe2+, and the formation of iron carbide during the
reaction [26]. The disappearance of small particle �-Fe2O3 during
the reaction in catalyst Fe2O3/MgAl2O4 may be responsible for its
rapid deactivation.

Above-mentioned characterization of XRD, EDS, 57Fe Mössbauer
and H2-TPR indicated that the preparation method greatly influ-
ences the state of iron species in the catalysts. By sol–gel method,
Fe3+ ion species proportionately incorporated into the spinel lat-
tice to form MgFe0.1Al1.9O4 catalyst, whereas by the impregnation
method, Fe3+ ion species forms partially �-Fe2O3 dispersed on
catalyst surface. The highly dispersed �-Fe2O3 was detected in
Fe2O3/MgAl2O4, and the �-Fe2O3 with relatively large particle size

formed in Fe2O3–MgO/�-Al2O3 catalyst.

3.2.6. TPD
The CO2-TPD profiles of the catalysts are shown in Fig. 6. It can

be seen that both of Fe2O3/MgAl2O4 and MgFe0.1Al1.9O4 exhibits
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Fig. 5. 57Fe Mössbauer spectra of catalysts before and after reaction (a)
Fe2O3–MgO/�-Al2O3, (b) Fe2O3/MgAl2O4, and (c) MgFe0.1Al1.9O4.

Fig. 6. CO2-TPD profiles of catalysts: (a) Fe2O3–MgO/�-Al2O3, (b) Fe2O3/MgAl2O4,
and (c) MgFe0.1Al1.9O4.
Fig. 7. NH3-TPD profiles of catalysts: (a) Fe2O3–MgO/�-Al2O3, (b) Fe2O3/MgAl2O4,
and (c) MgFe0.1Al1.9O4.

two CO2 desorption peaks, one at ∼145 ◦C and another in the
range of 200–350 ◦C (Fig. 6b and c). The low-temperature peak is
related to the physisorbed CO2, while another peak is attributed
to chemisorbed CO2 on the basic center of the catalyst surface.
The bigger desorption peak area for MgFe0.1Al1.9O4 indicates that
the catalyst possesses more basic sites. In contrast, Fe2O3–MgO/�-
Al2O3 sample shows only a weak CO2-TPD peak at 125 ◦C.

The role of CO2 in EBDH reaction has been concerned
and discussed extensively. Liu et al. [14] reported that strong
CO2 desorption was observed in the range of 450–600 ◦C over
La2O3–V2O5/MCM-41 catalysts. They suggested that CO2 can react
directly with the EB molecule on the catalyst surface via redox
mechanism, and also react with coke (CO2 + C = 2CO) to produce
gaseous CO. Mamedov and Corberan [27] also reported that the
role of CO2 in the catalytic dehydrogenation process is removal of
the deposited coke. Nevertheless, Chen et al. [28] proposed that
coke deposition on the catalysts cannot be effectively suppressed
by CO2, and the role of CO2 appears to eliminate hydrogen during EB
dehydrogenation, and to keep the oxidation state of active species.
In our investigation, the temperature of CO2 desorption in TPD is
lower than that of EBDH reaction, it means that the role of CO2 in
EBDH is to retain the oxidation state of active species through the
remove of hydrogen in gas phase.

The acidity of the iron oxide-based catalyst greatly influences
the catalytic stability. NH3-TPD of these three catalysts was per-
formed, and shown in Fig. 7. They all exhibit two NH3 desorption
peeks. The low-temperature peak (∼140 ◦C) is formed by desorp-
tion of physisorbed NH3, and the peak in the range of 180–300 ◦C
is related to the acid sites on catalyst surface. In the sequence
of MgFe0.1Al1.9O4, Fe2O3/MgAl2O4 and Fe2O3–MgO/�-Al2O3, the
peaks not only shift to higher temperature, but also the strength
and area increase, indicating the increase of the surface acidity.
In the reaction of EBDH with CO2, carbon deposition due to the
cracking of ethylbenzene and styrene on acidic sites is one of the
reasons of catalyst deactivation [14,29]. Therefore, the weak acidity
of MgFe0.1Al1.9O4 accounts for its low coke amount and excellent
lifetime in the reaction.

4. Conclusions

The preparation method has great influence on the catalytic per-
formance of iron oxide-based catalysts. The highly dispersed Fe2O3
can form over Fe2O3/MgAl2O4 prepared by the impregnation of iron

nitrate solution, and in EBDH reaction, Fe2O3/MgAl2O4 shows very
high initial activity and rapid deactivation during the reaction of EB
dehydrogenation with CO2. The �-Fe2O3 with large particle size in
Fe2O3–MgO/�-Al2O3 shows very low catalytic activity. BET, XRD,
EDS, TPR and 57Fe Mössbauer results indicated that Fe3+ species
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