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Fe,0s-Cr,O; was prepared by co-precipitation method, characterized
by means of FTIR and X-ray diffraction (XRD) and tested in the dehydro-
genation of ethyl benzene in the presence of carbon dioxide. It was
found that the main oxide phases forming the catalysts were Fe,O; and
Cr,0s. The effect of the contact time (W/F) and the reaction tempera-
ture on the catalytic activity were investigated. It was noted that the
conversion and the yield of products increased with an increase in W/F
from 4.06-12.20 g h/mol. Further increase of W/F did not influence the
activity. As for the effect of the reaction temperature, it was found that
at higher temperatures, a decrease in the activity with time on stream
occurred, owing to coke deposit. The selectivity of the reaction prod-
ucts remained constant for temperatures below to 700 °C. Further in-
crease in the tempe-rature decreased the selectivity of styrene in favour
of that of toluene and benzene.
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INTRODUCTION

Styrene is one of the most important monomers that have been extensively
used for the manufacture of synthetic polymers. It is commercially produced by the
dehydrogenation of ethyl benzene on the promoted iron oxide catalysts in the presence
of a large quantity of steam at temperatures ranging between 600-700 °C. It has
been pointed out that the industrial process wastes a large amount of latent heat of
steam condensation at a liquid-gas separator. The heat consumption during this
process is a substantial part of the total costs of the styrene production. Taking in
account the world’s demand for styrene, alternative methods for its production are
still searched and tested. The process with direct use of oxygen for oxidative dehydro-
genation has not been realized yet because of a significant loss of styrene selectivity
by the production of carbon oxides and oxygenates caused by burning of hydrocarbons
with oxygen'. An another oxidant viz., SO, was tested but its use is not attractive
owing to the formation of toxic by products®. In recent years, much attention has
been paid to utilization of CO, because it is an abundant, cheap carbon resource and
a non-toxic reaction medium*°. Moreover, the process of converting "waste" CO,
into a versatile chemical product is regarded as a highly green chemical process’.
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Recently, the utilization of carbon dioxide has been extensively utilized by several
authors®'* for the last two decades in the dehydrogenation of ethyl benzene to styrene
as oxidant as well as diluent instead of steam. Moreover Mamedov and Corberan'?
reported that one of the main roles of CO, in the catalytic dehydrogenation process
is the removal of the deposited coke that contributes to the catalyst deactivation.

Since the industrial process for the dehydrogenation of ethyl benzene in the
presence of super heated steam uses supported iron oxide promoted by potassium
and chromium catalyst, we report in this work the catalytic properties of a Fe,O;-
Cr,0; bulk mixed oxide for the reaction in the presence of CO,. The catalyst was
prepared by co-precipitation method and characterized by FTIR and X-ray powder
diffraction. The effect of the contact time and the reaction temperature on the activity
of the catalyst during the dehydrogenation was investigated.

EXPERIMENTAL

Preparation and characterization of catalysts: The metal salt catalyst
precursors were prepared by co-precipitation method according to the Herman-
Klier co-precipitation method". A desired volumes of 1 M Cr(NO3);-9H,O and 1 M
Fe(NOs);-6H,0 aqueous solutions were mix together in a flask. The volumes were
selected to obtain Fe/Cr molar ratio equal to 1/1 in the final binary oxides. The
mixture under stirring at 85 °C was co-precipitated by 1 M NaOH. At the end of the
co-precipitation (pH 6.5), the heating was stopped, while the stirring was extended
for an extra 1 h. Then the resulting precipitate was filtrated, washed twice with
distilled water and then dried overnight at 120 °C. The precursor salt was calcined
at 750 °C in stainless steel reactor with air flow of 6 IL/h. The sample was heated
first to 120 °C for 0.5 h then the temperature was increased to 750 °C for 3.5 h.

Characterization of catalysts: Powder X-ray diffraction (XRD) patterns were
recorded on a Rigaku diffractometer Ultima IV using monochromatized Cu-Ka
(A = 1.5418 A) radiation. Fourier transform-infrared spectra of the samples were
recorded with Shimadzu FTIR Spetrometer 8400S at ambient conditions via grinding
the sample with KBr and then pressed.

Reaction and analysis: The dehydrogenation of ethyl benzene in the presence
of CO, was carried out in flow fixed bed reactor loaded with a fresh sample of
catalyst under atmospheric pressure. Prior to dehydrogenation of ethyl benzene, a
sample of a mixed oxides catalyst was pretreated at 700 °C for 1 h with 50 mL min™
CO; gas. Then, the reactant mixture n(CO,)/n(C¢HsC,Hs) (11.7/1.0 molar ratio) at a
flow rate of 50 mL min™ was passed through the catalyst at 660 °C. The flow of CO,
gas was controlled by mass flow controller. Ethyl benzene was fed to the reaction
system with syringe pump. The reaction products were analyzed with a gas phase
chromatograph (Agilent 6890N) equipped with a flame ionization detector, a
thermal conductivity detector and a capillary column (HP-PLOT Q length 30 m ID
0.53 mm).
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RESULTS AND DISCUSSION

The infrared spectrum of the sample in the range from 4000-400 cm™ is shown
in Fig. 1. The IR band at 3464 cm™ corresponds to the stretching vibrations of
adsorbed H,O molecules. The IR band at 1626 band is normally attributed to O-H
bending vibrations". The bands in the region between 800 and 400 cm™ could be
assigned to M-O lattice vibration'®*'. The band at 945 and 897 cm™ are assigned to
Cr-O-Cr vibrations and Fe-O-H bending vibrations®, respectively.
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Fig. 1. FTIR spectra of the prepared Fe,Os-Cr,0;

Phase identification was performed by comparing the experimental X-ray
diffraction pattern results (Fig. 2) with the reported XRD data in ICDD (international
centre for diffraction data) and JCPDS (joint committee on powder diffraction standards).
The main oxide phases identified were Fe,O; (JCPDS card file. 84-0307) and Cr,0;
(JCPDS No. 01-1294). Nevertheless, other phases were could be present as traces.

In fact, it has been reported for several oxides, the coexistence of various phases
besides the main phase™™>.
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Fig. 2. XRD patterns of the prepared Fe,Os-Cr,0;
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Catalytic activity

Change in the activity with time on stream for various contact time: The
dependence of ethyl benzene conversion with time on stream for various contact
time (W/F) is presented in Fig. 3. The data were obtained by varying the weight of
the catalyst keeping the flow rates of ethyl benzene as well as CO, constant at 11.7
molar ratio of CO, to ethyl benzene. It can be seen that for short contact time the
conversion remains stable with time on stream, whereas for longer contact time a
decrease of the conversion was observed. The deactivation was due to the carbon
deposit which is proportional to the conversion. As for the selectivity of the ethyl
benzene products, it can be seen from the Fig. 4 that the styrene selectivity de-
creases slightly for almost W/F. This result is in agreement with that of Nakagawa
et al.”® where it was mentioned that the acidic sites are the active sites for the
dehydrogenation of ethane in the presence of CO,, so CO, may promote rapid
desorption of products from the surface of the catalyst and then suppress coke
formation.
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Fig. 3. Variation of the conversion with time Fig. 4.  Variation of the selectivity of styrene with
on stream for various W/F over Fe,Os- time on stream for various W/F Fe,Os-
Cr,0;5 catalyst Cr,0;5 catalyst

Dependence of the activity on the contact time: The effect of W/F on the
activity of ethyl benzene is shown in Fig. 5. It can be seen that the conversion and
the yields increased sharply when W/F was increased from 4-11 g h/mol. Further
increase of contact time did not influence the ethyl benzene conversion considerably.
Fig. 6 showed that the W/F has no influence on the selectivities in this range of W/F.
The selectivity of styrene (89 %) and that of cracking products (11 %) remains
constant. This result is in agreement with that of Ohishi ef al.”” where it was reported
that W/F has no significant effect on the selectivity of styrene.

Fig. 7 shows the dependence of the yields on the conversion. It can be seen that
the yield of each product namely styrene, toluene and benzene is directly propor-
tional to the conversion. This result indicates that the formation of the products is
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benzene and the yield of the products and cracking products with W/F over
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achieved by parallel reactions. It is likely that a part of benzene forms directly from
ethyl benzene by thermal cracking, whereas toluene mainly forms via catalytic C-
C bond fission from ethyl benzene or styrene over the catalyst.
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Fig. 7. The dependence of the product yields on the conversion
ethyl benzene over Fe,0;-Cr,O; catalyst

Effect of reaction temperature

Change in the activity with time on stream: The effect of reaction temperature
was investigated at the temperatures ranging from 620-770 °C. The change of the
conversion and the selectivity of the products at each reaction temperature with
time on stream are shown in Fig. 8. It can be seen that the deactivation of the
catalyst occurred for higher temperatures. The deactivation is due to the formation
of coke at higher temperatures which inhibited the active sites of the catalyst. As
for the change of the selectivity with time on stream for various reaction temperatures
(Figs. 9 and 10), it was noted that higher temperatures decreased the selectivity of
styrene in favour of the selectivity of the cracking products with time on stream.
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Effect of reaction temperature: The influence of the conversion and the yield
of the reaction products with the reaction temperature are shown in the Fig. 11. It
was found that the conversion and the cracking yield increased with increasing the
temperature in all the range of the temperature, whereas for the styrene yield, no
significant change was observed for the temperatures above 740 °C. Fig. 12 presents
the effect of variation of reaction temperature on the selectivity. It was found that
the selectivity of styrene and cracking products are almost constant for the tempe-
ratures below 740 °C. For further temperatures, the selectivity of styrene decreased
in favour of that of toluene and benzene. It was reported” that benzene forms directly
from ethyl benzene by thermal cracking, whereas toluene mainly forms via catalytic
C-C bond fission from ethyl benzene over the catalyst. Since toluene formation
was significantly enhanced above 740 °C it is concluded that catalytic cracking of
ethyl benzene was more accelerate than thermal cracking at high temperatures over
Fe,05-Cr,0O; catalysts.
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Conclusion

The increase of W/F increased the conversion of dehydrogenation of ethyl-
benzene in the presence of CO, over Fe,05-Cr,Os, but did not have a significant
change in the activity for higher W/F. The increase of W/F decreased the selectivity
of styrene in favour of the selectivity of cracking products, probably owing to the
inhibition of the active sites by carbon deposited. The directly proportionality of the
yield of styrene, toluene and benzene, to the conversion suggests that the formation
of these products occurs by parallel reactions. The decrease in styrene selectivity
with the increase of the reaction temperature was due to cracking of ethyl benzene
into benzene and toluene. Enhancement of toluene formation compared with that
of benzene was above 740 °C suggests that catalytic cracking of ethyl benzene was
more accelerated than thermal cracking at high temperatures over Fe,0;-Cr,O; catalyst.
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