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CO, reforming of methane was performed over
two series of modified Ni/ZrO, catalysts having
high nickel contents. One is the modification of
zirconia with lanthanum-, cerium- or manga-
nese-oxide. Among them, Ni/La—ZrQ exhibited
the highest activity and good stability, whereas
Ni/Ce-ZrO, and Ni/Mn-ZrO , gave low carbon
formation during the reaction. The other modi-
fied catalysts were prepared by adding basic
oxides to the nickel side. Ni-Mg/ZrG, exhibited
the best activity and stability, wherein a magne-
sium promoter is attributed to increasing the
dispersion of nickel and enhancing the interac-
tion between CQO, and the catalyst during the
CO, reforming. Copyright © 2001 John Wiley
& Sons, Ltd.
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INTRODUCTION

As a massive utilization of CQ into useful
chemicals production, CQOreforming of methane
has received increasing attentibd. This reaction
produces synthesis gas having a low/ED ratio,

observed that the nature of the support and
promoter to be adopted for the reforming catalyst
affects greatly the catalytic performance in £0
reforming! As a result of new application of a
zirconia support for C@reforming, Lercheet al®
have recently reported the development of a new
Pt/ZrO, catalyst with excellent performance. How-
ever, they have failed to apply Ni/ZgQOcatalyst
with high nickel loading to the same reaction due to
a serious plug of the reactor by coke. In contrast, we
have successfully performed GQeforming on
Ni/ZrO, catalysts with more than 10 wt% nickel
loading in spite of giving rise to a large amount of
carbon depositiofi. Despite its high activity, the
modification of the catalyst system is necessarily
required for much improvement of the catalyst
stability.

Here, we investigate nickel-based catalysts using
zirconia as a support for GQreforming, wherein
the support was modified by lanthanum-, cerium- or
manganese-oxide and nickel species were also
modified by some basic oxides in order to figure
out the effect of the modification to Ni/ZEO
catalyst.

EXPERIMENTAL

The modification of the zirconia support was
carried out by the sol-gel method using a mixture

which is applicable to Fischer—Tropsch synthesisof zirconyl chloride and the corresponding foreign

and oxo-synthesis. Considerable effort has beemetal salt of lanthanum-, cerium- or manganese-
devoted to the development of high-performanceoxide. The atomic ratio of zirconium to each

catalysts for CQ reforming’™ It has been promoter is 5:1. Nickel catalysts loaded on these
modified supports were prepared by impregnation
with the solution of metal nitrates (the molar ratio

* Correspondence to: Sang-Eon Park, Catalysis Center for Mol-Of nickel to each alkaline-earth metal promoter is
ecular Engineering, Korea Research Institute of Chemical Technol-1:1). The catalyst samples were calcined at 773 K
ogy (KRICT), PO Box 107, Yusung, Taejon, Korea 305-600. for 4 h in air.
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t This paper is based on work presented at the Fifth International Activity tests were carried out under atmospheric

Conference on Carbon Dioxide Utilization (ICCDU V), held on Pressure at 1023 K using 50 mg of catalyst mixed
5-10 September 1999 at Karlsruhe, Germany. with 250 mg of quartz sand (reactant gas: 20 vol.%
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CH,~20 vol.% CO,-60 vol.% N,; flow rate:
50cm®min~Y). The catalystwas reducedin 5%
H,—N, with 20cm®min~* at 973K for 2 h before
the reaction. During the reaction, the carbon
balanceof eachcatalytic run was confirmedto be
morethan97%.

Thermogravimetric analysis (TGA) was per-
formed on an Intelligent Gravimetric Analyzer.
The sample was pre-reducedat 973K for 2h,
purgedwith helium for 20min, andthencooledto
room temperature.Afterwards, temperature-pro-
grammedsurfacereaction(TPSR)was performed
using 20 vol.% CH,—20 vol.% CO>—60 vol.% He
(50cm®*min~Y) at a heatingrate 5K min~. The
catalystswere further characterizedoy extended
X-ray absorption fine structure (EXAFS), as
describedn detail elsewheré.

RESULTS AND DISCUSSION

In our previouswork, it wasreportedthat Ni/ZrO,
catalystwith high nickel loading exhibits not only
highactivity butalsogoodcatalyststability for 30 h
towardsCO, reforming of methané. In that case
thecarbonspeciesnitially depositednthecatalyst
within a few minutesplayed a role as an active
reactionintermediateto reactwith CO,. Despiteits
high activity, the modification of the catalyst
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systemis necessarilyrequiredfor muchimprove-
mentof the catalyststability. This study,therefore,
is focusedon finding out a good modifier to the
zirconia supportand a good promoterto nickel in

orderto improve catalyststability.

Instead of confirming catalyst stability for a
longer reactiontime, in this work we examined
catalyst stability according to high-temperature
aging underreactionconditionsas an easierway
for a rather shortertime. Catalytic activities of
Ni/ZrO, andNi/modified-ZrO, catalystdeforeand
after reaction test at 1123K for 10h in CO,
reforming are comparedin Fig. 1. It is clearthat
lanthanumoxide modificationto zirconiaenhances
the catalytic activity compared with that of
Ni/ZrO,, whereasNi/Ce-ZrQ, and Ni/Mn-ZrO,
exhibit lower activitiesthan Ni/ZrO.. Their activ-
itiesdecreasén thefollowing order:Ni/La—ZrO, >
Ni/ZrO, > Ni/Ce—ZrG, > Ni/Mn—ZrO,. The cata-
lyst stability towardsthermalagingwasthe beston
Ni/La—ZrO,, and was the worst on Ni/ZrO,. As
illustratedin Fig. 2, TGA resultsreveal that the
amountof carbonformed on the catalystsduring
the TPSRis of the sameorder as their catalytic
activities towardsCH, conversionaswell asCO,
conversionin the CO, reforming,indicatingthata
high degreeof carbonformation resultsfrom the
high reactivities towards both reactants,though
theseresults were not obtainedat reactiontem-
perature. Thus Ni/La—ZrO,, which exhibits the
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Figure 1 Comparisorof methaneconversiormeasurect 1023K beforeandafterthetestat 1123K overcatalystsof Ni/ZrO, and
Ni/modified-ZrQ, catalystswith 13.2wt% nickel loading. Reactionconditions:W/F, 0.06g sml~%; time-on-streanfor eachsetof

data,10h.
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Figure 2 TGA resultsof TPSRin CH;—CO,—He over Ni/
ZrO, and Ni/modified-ZrO, catalystswith 13.2 wt% nickel
loading:(a) Ni/ZrO,, (b) Ni/La—ZrO,, (c) Ni/Ce-ZrQ,, and(d)
Ni/Mn—-ZrO.. Analysisconditions:sampleweight,ca10mg, 20
vol.% CH,-20 vol.% CO~60 vol.% He; flow rate,

50cm® min~%; heatingrate,5 K min~™.

highestactivity, giveslargercarbondepositiorthan
on Ni/ZrO,, whereasNi/Ce-ZrQ, showsthe least
carbon deposition. The addition of cerium- and
manganese-oxidet® zirconia diminishesthe car-
bon depositiongreatly during the reaction. These
resultsare consistentwith the previousstudiesof
cerium- and manganese-modifieNi/Al O3 cata-
lysts®° As demonstrateéh Ni/ZrO, catalysts, the
carbonspeciesformed initially on other zirconia-
basedickel catalystanayalsoplay arole asoneof
reactionintermediatesit is likely thattheactivities
and the degreeof carbonformation of supported
nickel catalysts are strongly affected by the
interactionof nickel sitesand the support,which
canbe greatly modifiedby promotersto be added.
However,the degreeof carbondepositionappears
not to be directly connectedwith catalyststability,
at leastunderthe given conditionshere.

The promotionof lanthanunin Ni/La—ZrO, may
reveal that CO, interacts with La,Os3 to form
carbonate,which scavengescarbon from nickel,
thus restoringthe nickel particlesto their original
state,asin Ni/La,Os3, as proposedby Zhangand
Verykios? Theseresultsdemonstratehat among
theappliedmodifiersonly La,O3 couldimprovethe
catalyticpropertiesdy enhancingCO, activationto
reactwith the active carbonintermediate.On the
other hand,the lesseramountsof coke on Ni/Ce—
ZrO, andNi/Mn—ZrO, catalystsmight be ascribed
to the high concentratiorof labile oxygenspecies
arising from CO, interaction with the modified
supportgt©

Figure3 comparesctivitiesof modifiedNi/ZrO,

Copyright© 2001JohnWiley & Sons,Ltd.

Ni-Mg/zr0,
gz®) Ni-CalzrO,
Ni-Ba/ZrO,
100} o Ni/ZrO2
. X
5 0 7
@
o 80t
>
S
QO 70t
<t
- |
O 60}
50

1023 K—— 1123 K— 1023 K
Reaction Temperature (K)

Figure 3 Methane conversion over alkaline earth metal-
promoted Ni/ZrO, catalystswith 10.0wt% nickel loading.
Reaction conditions: W/F, 0.0GgsmI’l; time-on-streamfor
eachsetof data,10h.

catalysts with alkaline-earth metal oxides as a

promoterof metallic nickel. This modificationwas
investigatedfor neutralizingresidualsurfaceacid

sites of the Ni/ZrO, catalystand enhancingthe
interaction of the catalyst surfacewith CO,. At

1023K, Ni-Mg/ZrO, yieldsthehighestactivity and
the othersshowlower activitiesthanNi/ZrO, (Fig.

3). However, at 1123K all modified Ni/ZrO,

catalysts exhibit similar activities to Ni/ZrO,,

which meansan insensitivity to the presenceof a

promoterdue to high reactiontemperatureWhen
the activity is measuredagain at 1023K after
1123K test,Ni-Ca/ZrQ, andNi—-Mg/ZrO, present
excellentstability. On the otherhand,Ni/ZrO, and
Ni—Ba/ZrO, give poor stability.

Sinceit exhibitedthe bestactivity and stability,
Ni—Mg/ZrO, catalystwasfurther characterizedy
X-ray diffraction (XRD) and EXAFS in orderto
recognizethe function of MgO in the reaction.
FromXRD patternof Ni-Mg/ZrO, samplesit was
observedthat a stable solid solution of NiO and
MgO was formed, which is similar to thatin the
Ni/MgO systeml.'é The reacted catalysts,which
werereducedbeforereaction,containedho charac-
teristic peaks of Ni® crystallites. These results
demonstratéhatnickel speciecouldbeisolatedby
MgO and hencebecomehighly dispersedon the
surface. These dispersedNi® speciesand NiO
phaseson Ni-Mg/ZrO, sampleswere also identi-
fied by EXAFS by using nickel foil and nickel
oxideasreferencegFig. 4). Thecharacteristipeak
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Figure 4 Fourier transformed EXAFS spectraof 10wt%
Ni—-Mg/ZrO, catalystswithout phasecorrection: (a) calcined
sample, (b) reducedsample,and the sample after the CO,
reforming reactionat 1023K for (c) 1h and (d) 4 h, and at
1123K for (e) 1h and (f) 4 h. Notation: Ni—O(O), the first
coordinationshell of NiO; Ni—Ni(O), the secondcoordination
shellof NiO; Ni—Ni(M), thefirst coordinatiorshellof metallic
nickel.

of Ni® is observedo existtogethemwith NiO onthe
reducedsample On prolongingthereactiontime at
1023K or increasingthe reactiontemperatureto
1123K, the characteristipeakintensitiesof Ni®in
termsof nickel-nickelamplitudeincreasesignifi-
cantly while the intensities of nickel-oxygen

amplitude responsiblefor NiO speciesdecrease.

These results indicate that the remaining NiO
specieseven after pre-reductionare continuously
reducedto producenew Ni° speciesduring the
reaction,which may resultin a high activity and
goodstability. The amountof carbondepositecbn
Ni—-Mg/ZrO, catalyst was much less than that

Copyright© 2001JohnWiley & Sons,Ltd.

formed on Ni/ZrO, catalyst. Supplementary
EXAFS resultsshowedthat, after CO, treatment
at reactiontemperaturethe sampleusedcould be
restoredo theoriginal stateof the calcinedsample.
This showsthe high reactivity of CO, towardsthe
reducedsampleas well as the depositedcarbon.
Thereforethepromotioneffectof MgO on Ni-Mg/
ZrO, is suggestedas not only isolating nickel
speciesvia theformationof solid solution,but also
enhancingCO, activationto produceactiveoxygen
speciedo reactwith the carbondepositecn nickel
sites.

CONCLUSION

By introducinglanthanumoxide into zirconiaand
magnesiumoxide into nickel, the activity of Ni/
ZrO, catalystfor CO, reforming of methanewas
improved and a better catalyst stability was
achieved.lt is revealedthat a stable interaction
phaseof NiO andMgO is formedon Ni-Mg/ZrO,
catalystwhichresultsin a highly dispersedtateof
nickel specieswith an increasedinteraction be-
tweenCO, andthe catalyst.
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