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The relationship between the yield of styrene following the reactor. Recently, GOhas received
and the energy required for separation by the much attention as a co-feed gas instead of steam,
model distillation system clearly indicates thatit  because it is always gaseous throughout the de-
is possible to save energy by a new process using hydrogenation process. We have already reported
CO.. on the energies required for producing styrene by

An Fe,0O5(10 wt%)—-Al,03(90 wt%) catalyst  the present commercial process using steam and by
prepared by a coprecipitation method was found  the new process using G@shown in Table 1}.
to be effective for dehydrogenation of ethylben- Therefore, the dehydrogenation process using CO
zene to produce styrene in the presence of G  could be an energy-saving process. Since Fe—K-
instead of the steam used in commercial based catalysts used for the present commercial
processes. The dehydrogenation of ethylbenzene dehydrogenation processes do not work effectively
over the catalyst in the presence of C@ was inthe presence of CQa high-performance catalyst
considered to proceed bottvia45% of a one-step  for the dehydrogenation of ethylbenzene in the
pathway and via 55% of a two-step pathway. presence of C®has been required. Other groups
CO, was found to suppress the deactivation of presented several catalysts for the dehydrogenation
the catalyst during the dehydrogenation of using CQ,%™ and the authors also reported that
ethylbenzene. Copyright© 2000 John Wiley &  iron-oxide-based catalysts were effective for the
Sons, Ltd. new dehydrogenatioh.

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 CQinstead of steam, and
several properties of iron-oxide-based catalysts for
the dehydrogenation of ethylbenzene in the pre-
sence of CQ.

Keywords: ethylbenzene; styrene; dehydrogena-
tion; CO,; Fe,04/Al 05 catalyst; energy-saving

INTRODUCTION

Styrene is one of the most important basic

chemicals as a raw material of polymers. It is DETERMINATION OF THE ENERGY
commercially produced by the dehydrogenation of REQUIRED FOR SEPARATION
ethylbenzene in the presence of a large quantity of

steam at high temperatures of 873 to 973 K. It hasThe equilibrium yield of s:%/rene is increased by
been pointed out that the present commerciausing CQ instead of steam.In the commercial
processes consume large amounts of energgrocesses, a large amount of energy is required for
because not all the latent heat of condensation ofeparation of the mixture of ethylbenzene and
steam is recovered at the liquid—gas separatostyrene, because boiling points are very near
(ethylbenzene: 138C; styrene: 148C.) In this
section, the relationship between the yield of
* Correspondence to: M. Mimura, Global Warming Control styrene and the energy required for separation by
E;ﬁgag;mfg% Dational Institute Tor Resouroes ane Ervironmentdistillation is investigated. The model distillation

Sr This baper is bzgsed (‘)n work p;esented’ at the Fift’h In?ernationalsyStem _fOI‘. determmmg. the energy requ”ed for
Conference on Carbon Dioxide Utilization (ICCDU V), held on S€paration is shown in Fig. 1. The flow rates, reflux
5-10 September 1999 at Karlsruhe, Germany. ratio, reboiling ratio and temperature were calcu-
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Table 1 Energyrequiredfor producingstyrené

Commercialprocess New process
1C® cal/styrene-t 1CP 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 Q)-(2) 15.0 15

2 This tableis reproducedrom Ref. 1(b).

latedusinga personakomputerusingthe software
‘EQUATRAN'. Theresultsarepresentedn Fig. 2,
andthey clearly indicatethatit is possibleto save
energy for separationby the new processusing
CO..

EXPERIMENTAL

Iron-oxide-basedcatalysts were preparedby an
impregnationmethodor a coprecipitationmethod.
In thecaseof catalystgpreparedy animpregnation
method, Al,O; (JRC-ALO4, or preparedby a
precipitation method from AI(NO3)s-6H,O and
sodium carbonate,<0.18mm), SiO, (CARIACT

-_

Q-3, Fuji Silisia ChemicallLtd, 0.075-0.5mm) or
activated carbon (AC; Shirasagi, Takeda Ltd,
0.18-0.30nm) were used as supports. After a
slurry composed of an aqueous solution of
Fe(NG;)3-9H,O and the support was stirred for
2 h, the slurry was vacuumdried at 373K. The
coprecipitationmethodwascarriedout asfollows:
both the aqueoussolution (300ml) containing
Fe(N03)39H20 and AI(N03)36H20 (Fe+ Al =
0.30mol) and an aqueoussolution (300ml) of
Na,CO; (0.495mol) weresimultaneoushaddedto
vigorously stirred distilled water. The precipitate
was washedwith distilled water, filtered and then
dried at 393K. The precursorspreparedby both
methodsgxceptfor Fe—AC,werecalcinedin air at
1023K for 5 h. Thentheywerepelletizedat 200kg

Recycle to the reactor

Styrene: x [mol%]
Ethylbenzene: (100-x) [mol%]
Temperature: 100°C

F[mol/h] ——P¢

Pressure: 760mmHg
Theoretical stage: 48-50
Real reflux ratio/minimum reflux ratio=1.5

D [mol / h]

Styrene: 10 [mol%]
Ethylbenzene: 90 [mol%]
Temperature: 138°C

Styrene: 99 [mol%]

Ethylbenzene: 1 [mol%]
Temperature: 145°C

P W [mol / h]
R

Figure 1 Themodeldistillation systemto determinethe energyrequiredfor separation.
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Figure 2 Energyrequiredfor separation.

m~2, andcrushedandsievedto 0.18-0.3nm. The
Fe—ACcatalystwasusedwithout further treatment
after vacuumdrying.

The dehydrogenatiorof ethylbenzenavas car-
ried out using a quartz tube reactor. Before the
reaction, the catalyst(1.4g or 0.8 g) was treated
with CO, or He as a co-feedgas for 15min at
823K. Then,the dehydrogenationwvas performed
at 823K under atmosphericpressure.The molar
ratio of the co-feed gas to ethylbenzenewas
selectedo be 11, becausdo typical ratio of steam
to ethylbenzenén acommercialprocesss 7 to 12.
The flow rate of ethylbenzenewas fixed at
0.50mmol min~. The productswere liquified by
a cold trap at 268K and analyzedusing flame
ionization detectorgas chromatographThe 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) using a Rigaku RAD-3A X-ray
diffractometerwith Cu Ko radiation.

RESULTS AND DISCUSSION

Table2 showsthecatalyticperformancesf various
iron-oxide-basedatalystsfor the dehydrogenation
of ethylbenzenén thepresencef CO, atatimeon
streamof 6 h. Tolueneand benzenewvere detected
as by-productsin liquid products,whereasonly
CH, was detectedas a by-product in gaseous
products.

Entries1 to 3 in Table 2 clearly indicate that
aluminais muchbetterasa supportthanSiO, and
AC. Entries3 to 5 suggesthat the coprecipitation
methodcould providea highly active Fe,0s—Al,03
catalyst.SinceneitherFe,O5 alonenor Al ,O5 alone
werehighly active,asshownin Table2, andsome
specialinteractionbetweeriron oxide andalumina
mightbenecessarjor a highly activecatalyst.The
XRD patternbeforethereactiongaveno significant
peakscorrespondingo a compositeoxide between
iron and aluminum, suchas FeAlO; or FeAlL,Oy;
only broadpeaksassignedo y-Al,Os; 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

Table 2 Yieldsandselectivitiesof styreneby the dehydrogenatioof ethylbenzeneveriron-oxide-basedatalystin

the presencef CO,

No. Catalyst Yield (%) Selectivity (%) Methodof preparation
1 FQOg—Si% (10 wt%—90wt%) 6.9 89.7 Impregnation

2 Fe,0s—AC™ (10 wt%—-90wt%) 8.6 86.3 Impregnation

3 Fe,05-Al,05% (10 wt%—90wt%) 20.3 95.7 Impregnation

4 Fe,Oz-Al 203b (10 wt%—90wt%) 24.4 96.2 Impregnation

5 Fe,03—Al,05 (10 wt%—90wt%) 33.2 95.7 Coprecipitation

6 o-Fe,05 3. 83.1° Reagent

7 Al,Oq 9.0 88.4 JRC-ALO4

8 Al,O3 6.8 85.8 Precipitation

9 None 2.0 78.3 —

Theyield andselectivitywereobservedat 6 h.

2 The Al,O3 is JRC-ALOA4 (the referencecatalystprovidedby the CatalysisSocietyof Japan).
b The Al 203 is preparedrom Al(NO3)3; andNa,CO;s by the precipitationmethod.

€2.17h.
9 AC: activatedcarbon.
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Figure 3 RelationshipbetweenR and the yield of styrene.
R =CODH/(yield of styrene); reaction temperature:823K;
pressurel atm; CO,/ethylbenzenell.

the reaction for 6.5h, the bulk structure of the
catalystmight be unchangediuring the reaction.

Therearetwo possiblereactionpathwaydor the
dehydrogenatiotin the presencef CO,, asshown
in Schemel: aone-stepathway shownin Eqn[1],
and a two-steppathwayvia Eqn [2] followed by
EqnJ3]:

Ph—CH,CH; + CO; —
Ph—CH=CH, + CO+ H,0 [1]

Ph—CH,CH; — Ph—CH=CH, + H, (2]
H, + CO, — CO+ H,O [3]

Schemel.

In orderto elucidatethe pathwayof the dehydro-
genationover Fe,0x—Al,0O5 catalyststhe yield of
CO basedon ethylbenzenesuppliedonly by the
dehydrogenation(hereinaftetermedCODH) asa
function of styreneyield was examinedby chan-
ging W/F at a CO/ethylbenzenegatio of 11. CO
was also producedby the CO, decompositionof
ethylbenzeneasshownin Scheme:

Ph—CH,CHs + CO, — Ph—CHs + 2CO+ H, [4]
Ph—CH,CHs + 2C0O, — Ph—H + 4CO+ 2H, [5]

Scheme2.

Methanewas detectedas a by-product,which was
producedby hydrocrackingasshownin Schemes:

Ph—CH,CHs + H, — Ph—CH3 + CH,  [6]
Ph—CH,CHs + 2H, — Ph—H + 2CH,  [7]

Scheme3.

Copyright© 2000JohnWiley & Sons,Ltd.
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Figure 4 Effect of co-feedgaseson the deactivationof an
Fe,0s—Al,05 catalystCatalystweight: 1.4g (CO,), 0.8g (He);
reactiontemperature823K.

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

CODC= [4 x (yield of benzeng+ 2
x (yield of tolueng — 2
x (yield of methang|

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

R = CODHy/(yield of styreng

When the dehydrogenatiorproceedsonly via the
one-stepathway R shouldbe unity atanyyield of
styrene.On the otherhand,R shouldincreasdrom
zerowith increasingyield of styrenefor atwo-step
dehydrogenationFigure 3 showsthe relationship
betweerR andtheyield of styrene R wasfoundto
increasealmost linearly with increasingyield of
styrenefrom 0.4 at a styreneyield of zero. This
finding suggeststhat the dehydrogenationof
ethylbenzeneover the Fe,03—-Al,O5 catalyst in
the presenceof CO, should take place simulta-
neouslyvia both one-stepand two-steppathways.
In the case of the one-steppathway, the inter-
mediate absorbedon the catalystwould directly
reactwith CO, to producestyreneCOandH,0.On
the otherhand,in the caseof thetwo-steppathway,
the intermediatewould be dehydrogenatednto
styrene and molecular hydrogen, and then the
hydrogenproducedeactswith CO, to produceCO
and H,O by a reversewater-gasshift reaction.A
total of 45% styrenemight be producedy theone-
step pathway and 55% styrene by the two-step

Appl. OrganometalChem.14, 773-777(2000)
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pathway under the reaction conditions shown in
Fig. 3.

Figure4 showsthe activity of the Fe,03—Al,03
(10 wt%—90wt%) catalystin the presenceof CO,
or of heliumasafunction of time on stream .Since
theinitial yield of styrenein thepresencef helium
(48%) was about 45% higher than that in the
presenc®f CO,, theweightof the catalystusedfor
the dehydrogenatioin the presencef heliumwas
reducedn orderto obtainthe sameinitial yield of
styrene as that for the dehydrogenationin the
presenceof CO,. The catalystwas rapidly deacti-
vatedduringthedehydrogenatiom thepresencef
helium,whereashedeactivatiorof thecatalystwas
hardly observedduring the dehydrogenatiomm the
presenceof CO,. There might be two possible
causedor thedeactivatiorof thecatalystduringthe
dehydrogenationOne is the reduction of active
sitesin the catalystwith hydrogenor CO produced
during the dehydrogenationThe other one s the
depositionof cokeon the catalyst.Therole of CO,
in suppressingthe catalyst deactivationis now
underinvestigation.

CONCLUSIONS

The conclusionsare asfollows.
(1) It is possibleto saveenergyin the separation

Copyright© 2000JohnWiley & Sons,Ltd.

of ethylbenzenandstyreneby anewprocess
usingCO..

(2) The Fe0s—Al,O5 catalyst preparedby a
coprecipitationmethodwas effective for the
dehydrogenatioin the presenceof CO..

(3) The dehydrogenatin of ethylbenzeneover
an Fe,03-Al,0O5 catalystin the presenceof
CO, wasconsideredo proceedvia bothone-
stepandtwo-steppathways.

(4) CO, suppressedthe deactivation of the
catalystduring the dehydrogenation.
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