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The relationship between the yield of styrene
and the energy required for separation by the
model distillation system clearly indicates that it
is possible to save energy by a new process using
CO2.

An Fe2O3(10 wt%)–Al2O3(90 wt%) catalyst
prepared by a coprecipitation method was found
to be effective for dehydrogenation of ethylben-
zene to produce styrene in the presence of CO2,
instead of the steam used in commercial
processes. The dehydrogenation of ethylbenzene
over the catalyst in the presence of CO2 was
considered to proceed bothvia 45% of a one-step
pathway and via 55% of a two-step pathway.
CO2 was found to suppress the deactivation of
the catalyst during the dehydrogenation of
ethylbenzene. Copyright# 2000 John Wiley &
Sons, Ltd.
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INTRODUCTION

Styrene is one of the most important basic
chemicals as a raw material of polymers. It is
commercially produced by the dehydrogenation of
ethylbenzene in the presence of a large quantity of
steam at high temperatures of 873 to 973 K. It has
been pointed out that the present commercial
processes consume large amounts of energy
because not all the latent heat of condensation of
steam is recovered at the liquid–gas separator

following the reactor. Recently, CO2 has received
much attention as a co-feed gas instead of steam,
because it is always gaseous throughout the de-
hydrogenation process. We have already reported
on the energies required for producing styrene by
the present commercial process using steam and by
the new process using CO2 (shown in Table 1).1

Therefore, the dehydrogenation process using CO2
could be an energy-saving process. Since Fe–K-
based catalysts used for the present commercial
dehydrogenation processes do not work effectively
in the presence of CO2, a high-performance catalyst
for the dehydrogenation of ethylbenzene in the
presence of CO2 has been required. Other groups
presented several catalysts for the dehydrogenation
using CO2,

2–5 and the authors also reported that
iron-oxide-based catalysts were effective for the
new dehydrogenation.1

In the present paper, we report on the energy
required for separation of the mixture of ethylben-
zene and styrene, which presents one of the
advantages of using CO2 instead of steam, and
several properties of iron-oxide-based catalysts for
the dehydrogenation of ethylbenzene in the pre-
sence of CO2.

DETERMINATION OF THE ENERGY
REQUIRED FOR SEPARATION

The equilibrium yield of styrene is increased by
using CO2 instead of steam.1 In the commercial
processes, a large amount of energy is required for
separation of the mixture of ethylbenzene and
styrene, because boiling points are very near
(ethylbenzene: 136°C; styrene: 145°C.) In this
section, the relationship between the yield of
styrene and the energy required for separation by
distillation is investigated. The model distillation
system for determining the energy required for
separation is shown in Fig. 1. The flow rates, reflux
ratio, reboiling ratio and temperature were calcu-
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latedusinga personalcomputerusingthesoftware
‘EQUATRAN’. Theresultsarepresentedin Fig. 2,
andthey clearly indicatethat it is possibleto save
energy for separationby the new processusing
CO2.

EXPERIMENTAL

Iron-oxide-basedcatalysts were preparedby an
impregnationmethodor a coprecipitationmethod.
In thecaseof catalystspreparedby animpregnation
method, Al2O3 (JRC-ALO4, or prepared by a
precipitation method from Al(NO3)3�6H2O and
sodium carbonate,<0.18mm), SiO2 (CARIACT

Q-3, Fuji Silisia ChemicalLtd, 0.075–0.5mm) or
activated carbon (AC; Shirasagi, Takeda Ltd,
0.18–0.30mm) were used as supports.After a
slurry composed of an aqueous solution of
Fe(NO3)3�9H2O and the support was stirred for
2 h, the slurry was vacuum dried at 373K. The
coprecipitationmethodwascarriedout asfollows:
both the aqueoussolution (300ml) containing
Fe(NO3)3�9H2O and Al(NO3)3�6H2O (Fe� Al =
0.30mol) and an aqueoussolution (300ml) of
Na2CO3 (0.495mol) weresimultaneouslyaddedto
vigorously stirred distilled water. The precipitate
waswashedwith distilled water,filtered and then
dried at 393K. The precursorspreparedby both
methods,exceptfor Fe–AC,werecalcinedin air at
1023K for 5 h. Thentheywerepelletizedat200kg

Table 1 Energyrequiredfor producingstyrenea

Commercialprocess New process
108 cal/styrene-t 108 cal/styrene-t

Input (1) Boiler 17.8 11.7
Evaporator 2.2 —

Output(2) Combustionof off-gas 5.0 5.6
Surplusenergy — 4.6

Energyrequired (1)ÿ(2) 15.0 1.5

a This tableis reproducedfrom Ref. 1(b).

Figure 1 Themodeldistillation systemto determinetheenergyrequiredfor separation.
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mÿ2, andcrushedandsievedto 0.18–0.3mm. The
Fe–ACcatalystwasusedwithout further treatment
after vacuumdrying.

The dehydrogenationof ethylbenzenewas car-
ried out using a quartz tube reactor.Before the
reaction,the catalyst(1.4g or 0.8 g) was treated
with CO2 or He as a co-feed gas for 15min at
823K. Then, the dehydrogenationwas performed
at 823K under atmosphericpressure.The molar
ratio of the co-feed gas to ethylbenzenewas
selectedto be11, becauseto typical ratio of steam
to ethylbenzenein a commercialprocessis 7 to 12.
The flow rate of ethylbenzenewas fixed at
0.50mmol minÿ1. The productswere liquified by
a cold trap at 268K and analyzedusing flame
ionization detectorgas chromatograph.The gas-
eous products passing through the trap were

analyzed using an on-line thermal conductivity
detectorgaschromatograph.

Catalysts were analyzed with power X-ray
diffraction (XRD) usinga RigakuRAD-3A X-ray
diffractometerwith Cu Ka radiation.

RESULTS AND DISCUSSION

Table2 showsthecatalyticperformancesof various
iron-oxide-basedcatalystsfor thedehydrogenation
of ethylbenzenein thepresenceof CO2 ata timeon
streamof 6 h. Tolueneandbenzeneweredetected
as by-productsin liquid products,whereasonly
CH4 was detectedas a by-product in gaseous
products.

Entries 1 to 3 in Table 2 clearly indicate that
aluminais muchbetterasa supportthanSiO2 and
AC. Entries3 to 5 suggestthat the coprecipitation
methodcouldprovideahighly activeFe2O3–Al2O3
catalyst.SinceneitherFe2O3 alonenorAl2O3 alone
werehighly active,asshownin Table2, andsome
specialinteractionbetweeniron oxideandalumina
might benecessaryfor ahighly activecatalyst.The
XRD patternbeforethereactiongavenosignificant
peakscorrespondingto a compositeoxidebetween
iron and aluminum,suchas FeAlO3 or FeAl2O4;
only broadpeaksassignedto g-Al2O3 werepresent
These findings suggest that the active sites
composedof iron and aluminum might be amor-
phous and/or highly dispersed.Since the XRD
patternof the catalystwas hardly changedduring

Figure 2 Energyrequiredfor separation.

Table 2 Yieldsandselectivitiesof styreneby thedehydrogenationof ethylbenzeneoveriron-oxide-basedcatalystin
thepresenceof CO2

No. Catalyst Yield (%) Selectivity(%) Methodof preparation

1 Fe2O3–SiO2 (10 wt%–90wt%) 6.9 89.7 Impregnation
2 Fe2O3–ACd (10 wt%–90wt%) 8.6 86.3 Impregnation
3 Fe2O3–Al2O3

a (10 wt%–90wt%) 20.3 95.7 Impregnation
4 Fe2O3–Al2O3

b (10 wt%–90wt%) 24.4 96.2 Impregnation
5 Fe2O3–Al2O3 (10 wt%–90wt%) 33.2 95.7 Coprecipitation
6 a-Fe2O3 3.2c 83.1c Reagent
7 Al2O3 9.0 88.4 JRC-ALO4
8 Al2O3 6.8 85.8 Precipitation
9 None 2.0 78.3 —

The yield andselectivitywereobservedat 6 h.
a The Al2O3 is JRC-ALO4(the referencecatalystprovidedby the CatalysisSocietyof Japan).
b TheAl2O3 is preparedfrom Al(NO3)3 andNa2CO3 by theprecipitationmethod.
c 2.17h.
d AC: activatedcarbon.
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the reaction for 6.5h, the bulk structureof the
catalystmight beunchangedduring the reaction.

Therearetwo possiblereactionpathwaysfor the
dehydrogenationin thepresenceof CO2, asshown
in Scheme1: aone-steppathway,shownin Eqn[1],
and a two-steppathwayvia Eqn [2] followed by
Eqn [3]:

Ph CH2CH3� CO2!
Ph CH=CH2� CO� H2O �1�

Ph CH2CH3! Ph CH=CH2� H2 �2�
H2� CO2! CO� H2O �3�

Scheme1.
In order to elucidatethe pathwayof the dehydro-
genationover Fe2O3–Al2O3 catalysts,the yield of
CO basedon ethylbenzenesuppliedonly by the
dehydrogenation,(hereinaftertermedCODH) asa
function of styreneyield was examinedby chan-
ging W/F at a CO2/ethylbenzeneratio of 11. CO
was also producedby the CO2 decompositionof
ethylbenzene,asshownin Scheme2:

Ph CH2CH3 � CO2! Ph CH3� 2CO� H2 �4�
Ph CH2CH3 � 2CO2! Ph H� 4CO� 2H2 �5�

Scheme2.

Methanewasdetectedasa by-product,which was
producedby hydrocrackingasshownin Scheme3:

Ph CH2CH3� H2! Ph CH3� CH4 �6�
Ph CH2CH3� 2H2! Ph H� 2CH4 �7�

Scheme3.

The yield of CO produced only by the CO2
decomposition,(hereinafter termed CODC) was
calculatedby the following equation:

CODC� �4� �yield of benzene� � 2
� �yield of toluene� ÿ 2
� �yield of methane��

Accordingly, CODH was determinedby sub-
tractingCODCfrom thetotal yield of CO.Then,R
wasdefinedasfollows:

R� CODH=�yield of styrene�
When the dehydrogenationproceedsonly via the
one-steppathway,R shouldbeunity at anyyield of
styrene.On theotherhand,R shouldincreasefrom
zerowith increasingyield of styrenefor a two-step
dehydrogenation.Figure 3 showsthe relationship
betweenR andtheyield of styrene.R wasfoundto
increasealmost linearly with increasingyield of
styrenefrom 0.4 at a styreneyield of zero. This
finding suggests that the dehydrogenationof
ethylbenzeneover the Fe2O3–Al2O3 catalyst in
the presenceof CO2 should take place simulta-
neouslyvia both one-stepand two-steppathways.
In the case of the one-steppathway, the inter-
mediateabsorbedon the catalyst would directly
reactwith CO2 to producestyrene,COandH2O.On
theotherhand,in thecaseof thetwo-steppathway,
the intermediatewould be dehydrogenatedinto
styrene and molecular hydrogen, and then the
hydrogenproducedreactswith CO2 to produceCO
and H2O by a reversewater-gasshift reaction.A
total of 45%styrenemight beproducedby theone-
step pathway and 55% styrene by the two-step

Figure 3 RelationshipbetweenR and the yield of styrene.
R = CODH/(yield of styrene); reaction temperature:823K;
pressure:1 atm; CO2/ethylbenzene:11.

Figure 4 Effect of co-feedgaseson the deactivationof an
Fe2O3–Al2O3 catalystCatalystweight: 1.4g (CO2), 0.8g (He);
reactiontemperature:823K.
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pathway under the reaction conditions shown in
Fig. 3.

Figure4 showsthe activity of the Fe2O3–Al2O3
(10 wt%–90wt%) catalystin the presenceof CO2
or of heliumasa functionof time on stream.Since
theinitial yield of styrenein thepresenceof helium
(48%) was about 45% higher than that in the
presenceof CO2, theweightof thecatalystusedfor
thedehydrogenationin thepresenceof heliumwas
reducedin orderto obtainthesameinitial yield of
styrene as that for the dehydrogenationin the
presenceof CO2. The catalystwasrapidly deacti-
vatedduringthedehydrogenationin thepresenceof
helium,whereasthedeactivationof thecatalystwas
hardly observedduring thedehydrogenationin the
presenceof CO2. There might be two possible
causesfor thedeactivationof thecatalystduringthe
dehydrogenation.One is the reduction of active
sitesin thecatalystwith hydrogenor CO produced
during the dehydrogenation.The other one is the
depositionof cokeon thecatalyst.Therole of CO2
in suppressingthe catalyst deactivation is now
underinvestigation.

CONCLUSIONS

The conclusionsareasfollows.

(1) It is possibleto saveenergyin theseparation

of ethylbenzeneandstyreneby anewprocess
usingCO2.

(2) The Fe2O3–Al2O3 catalyst preparedby a
coprecipitationmethodwaseffectivefor the
dehydrogenationin thepresenceof CO2.

(3) The dehydrogenation of ethylbenzeneover
an Fe2O3–Al2O3 catalystin the presenceof
CO2 wasconsideredto proceedvia bothone-
stepandtwo-steppathways.

(4) CO2 suppressedthe deactivation of the
catalystduring thedehydrogenation.

REFERENCES

1. (a) Mimura N, TakaharaI, SaitoM, Hattori T, OhkumaK,
Ando M. In Studiesin SurfaceScienceand Catalysis, Vol.
114, Inui T, Anpo M, Izui K, YanagidaS, YamaguchiT.
(eds.)Elsevier:Amsterdam,1998;(b) MimuraN, TakaharaI,
SaitoM, Hattori T, OhkumaK, AndoM. Catal.Today1998;
45: 61.

2. Sugino M, ShimadaH, Turuda T, Miura H, IkenagaN,
SuzukiT. Appl. Catal. A 1995;121: 125.

3. SatoS,OhharaM, SodesawaT, NozakiF.Appl.Catal.1998;
37: 207.

4. ChangJS,ParkSE,ParkMS, Chem.Lett. 1997;1123.
5. BadstubeT, PappH, KustrowskiP,DziembajR. Catal.Lett.

1998;55: 169.

Copyright# 2000JohnWiley & Sons,Ltd. Appl. Organometal.Chem.14, 773–777(2000)

DEHYDROGENATIONOF ETHYLBENZENE 777


