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Dehydrogenation of ethylbenzene with carbon alkenes, and alcohdisand that oxygen generated
dioxide has been carried out over zirconia-based during CQ reduction can participate in both partial
catalysts. Carbon dioxide in this reaction was oxidation and dehydrogenatié‘rg
found to play a beneficial role as an oxidant for Catalytic dehydrogenation of ethylbenzene (EB)
promoting catalytic activity. The addition of a is important in the manufacture of a styrene
ceria promoter to zirconia improved the cataly- monomer (SM), which needs a large excess amount
tic activity significantly, which was attributed to of superheated steam for preventing catalyst
increasing basicity as well as oxygen vancancies. deactivation due to coke formation as well as
The loading of iron oxide onto only zirconia  enhancing catalytic activity. We have previously
among zirconia-related materials is effective for  reported that C@could also play a role in the EB
improving the activity. Copyright © 2000 John dehydrogenation over supported iron oxide cata-
Wiley & Sons, Ltd. lysts as an oxidant with improved coke stabiffty.
The redox nature of the E&/Fe*" couplé and
oxygen-deficient F, as an active pha%€in the
EB dehydrogenation were expected to promote
catalytic activities in the EB dehydrogenation with
CO, through an oxidative pathway. Zirconia is
useful for a catalyst support because it has moderate
surface area, adjacent acid—base pair sites to show
amphoteric properties, oxygen vacancy, and good
INTRODUCTION thermal stability. We have also found that zirconia
o o o ~exhibits good catalytic activity in the EB dehy-
The gtlllzatlon of carbon dioxide, which is a main drogenation in the presence of &8 Here we
contributor to the greenhouse effect, has been ofeport that the modification of zirconia with ceria or
global interest from both fundamental and practicalioading of FgO, improves the catalytic activity and
Carbon dioxide might also be utilized stability under CQ@ atmosphere for EB dehydro-
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viewpoints:.
as an oxygen source or oxidant because it can bgenation.

considered a nontraditional or mild oxidant and

oxygen transfer agedt It has been recently

reported that carbon dioxide can be utilized as an

oxidant for the oxidative conversions of alkanes, EXPERINIENTAL

ZrO,, Ce-ZrQ (20 wt% CeQ), and Si—ZrQ (20

* Correspondence to: Sang-Eon Park, Catalysis Center for MoI-Wt% SiOZ) supports were purchased from MEL
ecular Engineering, Korea Research Institute of Chemical Technol-Ch icals. | id | d h

ogy, PO Box 107, Yusung, Taejon, Korea 305-600. emicals. Iron oxide catalysts S!J_ppOI’te on these
E-mail: separk@pado.krict.re.kr supports were prepared by deposition of an aqueous
Contract/grant sponsor: Ministry of Environment (MOE), Korea.  iron(ll) sulfate solution onto supports undep Bt
E:ontrac)t/grant sponsor: Ministry of Science and Technology g0°C followed by precipitation at pH=10-11.
MOST), Korea. - . L

t This paper is based on work presented at the Fifth Internationa':)rlor to the catalytic aCtIV.Ity test, all the catalysts
Conference on Carbon Dioxide Utilization (ICCDU V), held on Were pretreated under helium at 6@for 1 h. The

5-10 September 1999 at Karlsruhe, Germany. catalytic activity test for EB dehydrogenation in the

Copyright© 2000 John Wiley & Sons, Ltd.
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presenc®f CO, wastestedn afixed bedreactorat

600°C, and is describedelsewheré. The molar

ratio of CO, to EB was5 andthe LHSV of EB was

1 h™t. The liquid productswere collected every

hourandanalyzedby gaschromatographyDonam

Corp., DS6200)equippedwith a flame ionization

detector. FT-IR spectroscopicstudies were per-

formedin aquartzvacuumcell usingself-supported
wafers. IR spectrawere recordedon a Nicolet

(Magna 560) FT-IR spectrophotometeat room

temperaturepf which the spectralresolutionwas

4cm Y. Temperature-programmed desorption
(TPD) profiles of CO, on fresh catalysts after

adsorptionof CO, at 30°C were obtainedusinga

gravimetricanalyzer(Hiden, IGA-002).

RESULTS AND DISCUSSION

We have previously shownthat for EB dehydro-
genationwith CO, an active phaseof iron oxide
would bearatherreducedron oxidelike Fe;0,. In
this work, the mainiron oxide over supportedron
oxide catalystsis also consideredto be FeO,.
Figure 1 presentsthe catalytic activities of the
supportediron oxide catalystsfor the EB dehy-
drogenationwith CO, accordingto iron oxide
loadingbasedon Fe;0,4. Thesedatawerecollected
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Figure 1 Effect of iron oxide loading over zircona (square
symbol) and ceria-modifiedzirconia (triangle symbol) in the
dehydrogenationof EB into styrene with CO,. Reaction
conditions:seeTable 1.
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after 2h of reaction. For ZrO,- and Ce-ZrQ-
supporteccatalysts the optimal loadingsof FesO4
are2 wt% and5 wt%, respectivelylt is evidentthat
at more than 2% Fe0O, Ce—-ZrQ-supported
catalystsaremoreactivethanZrO,-supportecnes.
Table1 comparegshe catalyticactivitiesof various
catalystsan termsof EB conversionandselectivity
to SM. A commerciakatalyst(K-,0O—Fe0s), which
has high and stable activity under steam flow,
exhibitsmuchlower activity in thepresencef CO,
comparedvith otherZrO,-basedor supportedron
oxide catalystsZirconia itself seemdo be a good
catalytic materialfor the EB dehydrogenationits
catalytic activities are much improved by the
modification of zirconia with cerium or silicon.
The effect of iron oxide loading onto zirconia
materialsis different accordingto the promoter
addedto zirconia. Zirconia with 2 wt% Fe0O,
showsa little higher activity than zirconia itself,
whereagheloadingof iron oxideon Ce—-ZrQ gives
anegativeeffecton theactivity. Onthe otherhand,
the loadingof iron oxide on Si-ZrO, hasno effect
onthecatalyticactivity. All thecatalystsexceptthe
commercial one are deactivatedas the reaction
proceedsthoughthedegreeof deactivatioris much
differentaccordingto the type of catalyst,suggest-
ing thatthe deactivationis still proceedingevenin
thepresencef CO,. Amongzirconiamaterialsthe
deactivationof Si—ZrGQ, is much faster than the
others Fe;04-loadedcatalystsexhibitamorestable
activity in terms of EB conversionthan their
supportsexceptSi—ZrO, system.

Contraryto the activity trendin the presenceof

Table 1 Comparisonof catalytic activity in the EB
dehydrogenationith CO, over variouscatalyst§

After 2 h After 6 h

X(EB) SSM) X(EB) S(SM)
Catalyst (%) (%) (%) (%)
K,O-FeO3” 235 880 222 871
ZrO, 437 917 360 906
Ce-ZrG 570 900 46.8 87.8
Si-Zro, 59.7 894 366 847
Fe0,~Zr0° 462 89.1 404 875
Fe,0/Ce-2rG® 51.0 93.0 454 905
Fe0,/Si-Zr0,© 582 933 37.1 919

@ Reaction conditions: temp., 600°C; LHSV, 1 h™%, CO./
EB =5 (molarratio); designationEB conversiorfor X(EB) and
selectivityto SM for S(SM).

® Commercialcatalyst(NissanGirdler, G-64 JX).

€ 2 Wt% FeyO,.

45 wi%.
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Figure 2 CO, TPD profilesover (a) ZrO,, (b) Ce-ZrQ, and
(c) Si—ZrO,-supportedFe;O,4 catalysts(thick line: supported
Fe;0, catalyst;thin line: support).Rampingrate:10°C min~™.

CO,, the catalytic activity was hardly changedby
the addition of a ceria promoterto ZrO, when
nitrogen is used as a carrier gasi* The CO,
conversionto CO during the EB dehydrogenation
increasedvith the additionof the ceria.Moreover,
the addition of a ceriapromoterto ZrO, resultsin
anincreaseof surfaceoxygenvacantsitestogether
with basicity. Theseresultsindicatethatanincrease
of conversiontowardsCe-ZrQG is attributedto the
oxidative dehydrogenatiorof EB by the help of
oxygenoriginatingfrom CO,. A slightincremenbof
conversionfor 2 wt% Fe;0,~ZrO, over ZrO, may
be dueto the oxygen-deficienFe;04. However, it
seemsthat the formation of Fe;O, on Ce-ZrG
contributesto the decreasef the activity because
Fe;0, formedon the surfaceof Ce—ZrQ masksits
active sitessuchasoxygenvacantsites.

Figure 2 showsthe FT-IR spectraof zirconia,
ceria—zirconia,and supportedFe;O, catalystsac-
cordingto desorptiortemperaturafterCO, adsorp-
tion. Hydroxyl groups on zirconia and ceria—
zirconiaaredividedinto a higherfrequencypart of
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Figure 3 FT-IR spectraof zirconia-basedatalystsaccordingto desorptiontemperaturefter adsorptionof 10 Torr CO, at 30°C
for 30 min on eachsample:(a) ZrO,, (b) Fes04,~Zr0,, (c) Ce—ZrQ, and(d) Fes04/Ce—ZrQ..
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3800-372&m ' and a lower frequency part of
3700-362@m . Theprecedlng)andsn eachpart
are assignedo low-coordinatedZr** (or Ce*")—
OH, whereaghe subsequeribandsareasagnedo
low-coordinatedO—H derivedfrom H,0.% Low-
coordinatedzZr*" (or C&")—OH on Ce-ZrQ is
dominantevenafterdesorptiorof CO, at 300°C. It
hasbeenreportedhattheformatlonof thestronger
Lewis acid (Zr*" or C&*") and base(surfaceO )
sites is favorable for CO, activation’?>'® The
more pronouncedntensity attributedto the forma-
tion of planar polydentatecarbonateq1466 and
1406cm 1) on Ce-ZrG indicatesthe closenes®f
cations, which |s characterlsncof the tetragonal
structureof ZrO,.** For zirconiathebandsassigned
to bidentatecarbonateg1550and1331cm™%) and
hydrogencarbonate$1630,1427,and1219cm )
disappeanafter evacuationat 300°C, whereasthe
bandsdueto hydrogencarbonate$1653,1431,and
1200cm %) appearon supportedFe;0, catalyst
after evacuationat 300°C. On the otherhand,the
loadingof Fe;04 on Ce—ZrQ hasretainedhesame
CO, adsorptionsites as on Fes0,~ZrO,. Hence,
ceriahasa distinctcontributionto the adsorptiorof
CO, on zirconia and the loading of iron oxide on
zirconiapromotegheformationof morestablesites
for CO, adsorption.

CO, TPD profilesof the catalyststo probetheir
surfacebasicitiesareillustratedin Fig. 3. The CO,
adsorptiorsitesareclassifiedinto threegroups,i.e.
weak sites(ca 100°C) attributedto physisorption,
moderatesites(ca 350°C), andstrongsites(above
400°C). Theloadingof Fe;0O,4 on zirconiaprovides
new CO, adsorptionsites having moderateand
strongadsorptiorstrengthHowever theloadingof
iron oxide on Ce-ZrQ causesa decreaseof its
surface basicity, which implies that the lesser
activity of Fe04/Ce-ZrQ than Ce-ZrQ is
ascribedo thelossof ratherstableCO, adsorption
sites,suchasmoderateandstrongsites.In the case
of Si—ZrQ,, its surfacebasicityuponloadingFe;O,4
is not changedso much, exceptby decreasinghe
populationof weak basesites. TheseTPD results
lead to the suggestiorthat surfacebasicity of the
ZrOo-basedcatalystsin EB dehydrogenatiomwith
CO,, of course affectstheir activities,buttheseare
not a decisive factor in deciding their activities.
Instead the weak surfacebasicityappeargo cause
fast deactivationof the catalyst,so rapid deactiva-
tion of the Si—ZrO, systemis due to the lack of

Copyright© 2000JohnWiley & Sons,Ltd.

highly basicsites.In additionto thesurfacebasicity,
oxygenvacanciesn the catalystare consideredo
be an importantfactor for the catalytlc activity in
EB dehydrogenatiomith CO,.**

CONCLUSION

CO, was utilized as an oxidant in the EB
dehydrogenatiorover zirconia-basedcatalyststo
improve their activities. The modification of
zirconiawith ceriaandthe optimalloadingof iron
oxide madea pivotal contributionto the formation
of strong CO, adsorptionsites. Oxygen vacancy
sites, as well as surfacebasesites over zirconia-
basedcatalystswere consideredas active sitesfor
thereaction.
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