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First, indispensable requisites of the catalytic
technologies for moderating the CO2 problems
are enumerated. Among various conditions, high
conversion rates to treat a huge amount of the
feed and high tolerance against coke deposit are
most important. In spite of many advantages,
CO2 reforming of methane has the following
general problem. Different from steam reform-
ing, the deposited coke due to the disproportio-
nation reaction of CO and the cracking of
methane in CO2 reforming cannot be volatilized
by the reaction with steam. Based on the
mechanisms of the coke formation mentioned
above, a number of methods to reduce or
prevent the coke deposit have been tried by
many researchers. Many of them compared the
results by using different kinds of catalyst
components and their supports. Taking into
account the catalytic performance and cost of
catalyst materials, nickel supported on alkaline
earth oxides and rare earth oxides, especially
magnesia, were studied extensively. Sufficient
stability to magnesia supported catalysts was
observed; however, the conversion rate is still
not high enough. Steam–CO2 co-reforming and
other approaches involving membrane reactors
were also investigated; however, these results
were basically affected by the intrinsic perfor-
mance of the catalysts used and limit of diffusion
in the case of the membrane. Another essential
approach has been done by the author and
coworkers. A nickel-based four-component com-
posite catalyst was designed for high promotion
of hydrogen spillover during the reaction
progressing with high rates. Plenty of hydrogen
on the catalyst surface prevented coke deposi-
tion and achieved an extraordinarily high
reaction rate and high tolerance due to no

covering of coke on the active catalytic sites.
The large endothermic reaction heat of CO2
reforming of methane could be compensated by
simultaneous combination of catalytic combus-
tion of a low concentration of easily combustible
hydrocarbons.

In this plenary lecture, almost all the studies
on CO2 reforming done in the recent decade
were surveyed and summarized in the light of
the above requisites to contribute to the further
improvement in the catalysts and their reaction
processes of CO2 reforming of methane and/or
natural gas. Copyright # 2001 John Wiley &
Sons, Ltd.
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1. GENERAL INTRODUCTION FOR
CATALYTIC CONVERSION OF CO2

1.1 Indispensable requisites of the
catalytic technologies for
moderating CO2 problems

Before reviewing the subject of CO2 reforming of
methane or natural gas, general considerations on
CO2 conversion are necessary, and then rational
criteria to evaluate the works will be given.

High conversion rate is the most important
condition for treating large quantities of CO2. High
selectivity to targeted compounds is also necessary
from the viewpoint of production economy. Since
coke deposition and accompanying deactivation of
the catalyst is a general problem, a catalyst without
coke formation is also indispensable to keep high
reaction rates. A low cost charge for catalyst
preparation and conducting the reaction must not
be overlooked.
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1.2 Key factors to promote the
highly rapid rate of catalytic
reaction

In linear controlling factors, suitable pore-struc-
turesto allow fastermasstransferfor thefeedsand
productsareessentialto progressthe reactions.In
order to compensatefor the large endothermic
reactionacombinationwith anexothermicreaction
on the same catalyst surface would assist in
maintaining the proper catalyst temperatureand
the reactionrates.

As for non-linearfactorsto enhancethereaction,
aproperutilizationof thehydrogenspillovereffect,
is required.This might changethe catalystsurface
to avery reductivestate,resultingin theprevention
of coke formation and the realization of a high
reaction rate as a level of space-timeyield of
syngas,above4 000mol lÿ1 hÿ1 ataspacevelocity
of at least200� 103 hÿ1.

2. INTRODUCTION FOR CO2
REFORMING OF METHANE

2.1 Recent trend of the research work

Catalytic reforming of methane with CO2 for
converting to syngas (Eq. [1]) is one of the
significant subjects among various methods of
chemicalconversionof CO2, althoughthis reaction

CH4 + CO2 = 2CO+ 2H2,DH773K = 259kJmolÿ1

[1]

itself is not so effective for the purposeof direct
mitigation of the CO2 accumulation,becauseCO2
needsan equivalentmole of methaneto progress
the reaction. However, still it has a variety of
intriguing new aspects.Reflecting this situation,
severalelaborativereviews on this subject have
beendone by Fox1 in 1993, Rostrup-Nielsen2 in
1994, Rosset al.3 in 1996, and by Halmannand
Steinberg4 in 1999.However,sincethe numberof
studieson CO2 reforming of methanehasrapidly
increasedin recentyears,it is necessaryto reviewat
thepresentlevel of studies.During thepastdecade
up to the endof July 1999,the numberof original
papers published in major catalysis journals
amountedto 103, and81 papersamongthem, i.e.
ca 80%,appearedin the two anda half yearsafter
1996.Althoughnotall of themcanbementionedin
this paperby the reasonof the limit on space,the
resultsobtainedareintroducedasmuchaspossible.

2.2 Signi®cance of the subject

Expensivehydrogenis not neededto reduceCO2.
Syngascan be synthesizedby dry gasconditions,
which allow simple reactionprocessesandsaving
energyfor theuseof steam.Syngashavinga lower
H2/COmolarratiocanbedirectlysynthesizedfrom
the natural gas involving CO2. Synthesesof
valuable compoundsfrom two inexpensive re-
sourcescould beachieved.

2.3 Advantage of the subject

As a thermodynamicalreason,methaneconversion
in CO2 reforming can reach higher than that in
steamreforming.H2O–CO2-co-reformingandpar-
tial oxidationreformingcanbedesignedby usinga
highly active catalyst for CO2 reforming. An
advancedreforming process,which involved in
situ heatsupplyby catalyticcombustion,could be
established.Direct regulationof appropriateratios
of H2/CO/CO2 for fitting objectivereactionscould
beachievedby a one-passoperation.

2.4 Disadvantage of the subject

More vigorous coke formation than in steam
reformingis expectedby theuseof a conventional
reformingcatalyst.This is becausedepositedcoke
formedby thefollowing equationshasnochanceto
beremovedby reaction[4], whichoccursin steam-
reforming.

2CO! C� CO2 �2�
CH4! C� 2H2 �3�
C� H2O! CO� H2 �4�

3. TRIALS TO AVOID EQUILIBRIUM-
LIMITED CONVERSION

In trials to avoida lowerequilibriumconversionfor
reaction[1] at lower temperatures,theperformance
of a membranereactorwastestedby usingsuitable
catalystsfor lesscoke formation, i.e. rhodium or
rutheniumandNi/La2O3 or Ni0.03Mg0.97O.6 It was
observedthat the conversionexceededthe equili-
brium conversion;however,ashydrogentransport
through the membranelimits the performanceof
the membranereactor, an extremely low space
velocity mustbe adoptedanda correspondinglow
space-timeyield of hydrogenwasobtained.
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4. KINETIC AND MECHANISTIC
STUDIES

Not so many studies on mechanismhave been
conducted,mainly becausethe ultimate objective
of thestudyonCO2 reformingwouldbethatto find
and develop a high performance catalyst for
realizingtherapidconversionwithout cokeforma-
tion. Most of the studiesare still in the stateof
catalyst development.The role of La2O3 was
revealedby kinetic-isotopemeasurementsas its
strong chemisorptionof CO2.

7 It was concluded
that Ni/TiO2 catalystexhibitedthe highestactivity
in bothkineticstudiesby pulsesurfacereactionrate
analysis8 and evaluation based on the specific
activitieson a turnoverfrequency:9 however,both
of them were conductedat fairly low conversion
levelsandtheresultsarenot directly relatedto the
performance,exhibitinga high space-timeyield of
product at a high conversionlevel of the feed.
Transientkinetic techniques,10 andmeasurementof
the isotopeeffect11 givesthesameinsufficiency.

5. COMPARISON OF THE INTRINSIC
ACTIVITY OF NICKEL AND NOBLE
METALS BELONGING TO GROUP
VIII

The comparisonof the specific activities among
platinum-groupmetalssuchas platinum, iridium,
rhodium,palladiumandruthenium,andiron-group
metals,nickel, cobalt,andiron, hasbeenmadefor
CO2-reforming as single metal-componentcata-
lyst.12–17Rostrup-NielsenandHansen12 compared
the catalytic activity among nickel, ruthenium,
rhodium, palladium, iridium, and platinum sup-
portedonMgO,andconcludedthatreplacingsteam
by CO2 hasno significantimpacton the reforming
mechanism.The orderof activity for thesemetals
wassimilar to eachother,asfollows:

Ru, Rh�Ir>Ni, Pt, Pdfor steamreforming,and
Ru,Rh,Ni�Ir>Pt>Pdfor CO2 reforming.Ratesof
carbonformation in the CH4/H2 = 95/5 feed were
comparedby thermogravimetricanalysismeasure-
ments,anda striking contrastamongcatalystswas
observed.The order of depositedcoke was Ni,
Rh>Ir = Ru>Pt, Pd at 500°C, and Ni>Pd=
Rh>Ir>Pt�Ru at 650°C.

As a result, they concludedthat rhodium and
ruthenium show high selectivity for carbon-free
operation,but from the viewpoint of costof these
resourcesamajorimpactcannotbeexpectedon the

total reforming catalyst market. Even apparent
results were somewhatdifferent, causedby the
combination of different supports, the essential
resultbeingthatrhodium,ruthenium,andnickelare
highly active catalystmetal componentswith the
sameproperties.13–17

Detailedstudiesonrhodium18–24andiridium21,25

catalystshavebeenmade,usingdifferent kinds of
support, such as, Al2O3, TiO2, SiO2 and MgO.
Erdöhelyi et al.18 showedthattheorderof catalytic
activity was the sameorder as describedabove.
Otherthanthesesupports,yttria-stabilizedzirconia
(YSZ),19,20 Zr–SiO2,

21 and zeolites (NaY and
NaZSM-5)22 wereused.

Ruthenium26–30andplatinum31–39catalystswere
also studied extensively, reflecting their high
activity and less coke formation in the CO2
reforming. Rutheniumcatalystwas supportedon
g-Al2O3

26,28,29Z- Al2O3,
27 TiO2,

27 SiO2,
29 carbon

black,27 graphite,28 La2O3,
30 Y2O3,

30 active car-
bon,26 andZrO2.

30 Platinumcatalystwassupported
on Al2O3,

31,37 g-Al2O3,
32,36 TiO2,

32,35 ZrO2,
32–38

Cr2O3
35 andSiO2.

35

Bradford and Vannice27 showed the order of
turnover frequenciesof ruthenium catalyst sup-
portedon different supportsfor CO2 reformingof
CH4 in the absenceof heat and mass transfer
effects. These values were in the order of
TiO2>Al2O3�C as expressedwith the kind of
supports.On the other hand, the most popular
supportfor platinumcatalystwasZrO2. Onereason
would be less coke formation on Pt/ZrO2 than
others.32,35,36,39A very limited numberof cobalt
catalystswasstudiedusingcarbonandSiO2

40 and
alumina41,42 as the supports.The coke deposition
wasmarkedlyreducedby thepresenceof MgO40.

CatalystsMoS2 andWS2 for CO2 reforming of
CH4 werefound to suppresscarbondepositionbut
theperformancewasinferior to Ni/SiO2; however,
the activity of thesecatalystswas much lessthan
nickel catalyst.43,44

6. PERFORMANCE OF NICKEL
CATALYST SUPPORTED ON
DIFFERENT KINDS OF SUPPORT

Fromthepracticalviewpoint,themostinexpensive
catalystis nickel,andattentionhasbeenfocusedon
improving this amongthe highly active catalysts:
rhodium,ruthenium,andnickel for CO2 reforming
of methane.Oneof themostpopularsupportsused
for nickel catalyst was alumina.45–53 In order to
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avoid nickel particle growth, NiAl spinel was
tested.Stability increasedat the sacrificeof high
activity. The effect of additivesto nickel catalyst
supportedon a-Al2O3 upon activity was tested;
however,no enhancementwasobtained,asrecog-
nizedby the following orderof theactivity:

Ni, Ni–Co, Ni–Ce> Ni–Cu>> Ni–Fe46

The carbon deposition during CO2 reforming
wasmarkedlysuppressedby the additionof alkali
metaloxidessuchasNa2O andK2O, andalkaline-
earth-metaloxidessuchasMgO, andCaO,but the
activity of Ni decreasedin theorderof

None' Na2O> MgO>> CaO> K2O50

The effect of nickel precursorfor Ni/g-Al2O3
catalyst was tested using Ni(NO3)2, NiCl2, and
nickel acetylacetonate[Ni(C5H7O2)2]. However,
the latter two precursorsgaveconsiderablylower
activitiesthanNi(NO3)2.

51

Nickel catalysts have been supported on
SiO2,

54,55 perovskite,56 high siliceous ZSM-5
zeolite,57 and AlPO4.

58 In the case of ZSM-5
support,57 cokedepositionwasremarkablydimin-
ishedwith the additionof potassiumandcalcium,
andstability wasconfirmedup to 140h, although
thespace-velocityof theexperimentwasfairly low,
suchas (4.4– 6)� 104 hÿ1 from the viewpoint of
the rapid conversion criteria mentioned above.
Choudharyet al.58 investigatedpartialoxidationof
methaneto syngaswith or without simultaneous
CO2 andsteamreformingreactionover Ni/AlPO4.
As discussedlater, this kind of reaction control
would be one of the promising directions for
practicaloperation.

7. PREVENTION OF COKE
FORMATION BY COMBINING
ALKALINE-EARTH OR RARE-EARTH
OXIDES

The effect of the additionof alkaline-earthoxides
or rare-earthoxidesto supportednickelcatalystson
the preventionof coke formation and consequent
enhancementin methaneto syngasconversionwas
widely recognized recently, and a number of
studieshavebeenfocusedon this point.59–80

GadallaandBower59,60 comparedvariouscom-
mercial nickel catalysts supported on different
kinds of supportandfound that in the presenceof
MgAl2O4, calciumaluminate,or CaO–TiO2–Al2O3

gavehigh conversion.Takayasuet al.61 observed
thatby merelymechanicalmixing of Ni/MgO with
other supports,such as SiO2, deactivation was
markedlyprevented.Choudaryet al.63 found that
precoating with MgO for the commercial low
surface area porous catalyst carriers was also
effective.

RuckensteinandHu62 reportedthatMgO inhibits
the disproportionationreaction2CO → C�CO2
overnickel,probablydueto theformationof NiO–
MgO solution,asa resultof the similar crystalline
structuresof NiO andMgO. The sameconclusion
wasdrawnby BradfordandVannice64.

Uniquecharacteristicsof NiO–MgO solid solu-
tion were studiesin detail especiallyby Rucken-
stein and Hu,62,65–67,73 and Fujimoto and co-
workers.68,70,75,76 Ruckensteinand Hu62 showed
thestrikingcontrastbetweenNi/MgO andothersin
the stability of the catalyst, Ni/MgO kept the
conversionlevel constantup to 12h, whereasother
catalystslost theiractivity abruptly.Theproblemis
its low intrinsic activity. At a spacevelocity of
6� 104 ml gÿ1 hÿ1 the conversion almost coin-
cidedwith theequilibriumone;however,whenthe
space velocity was increased 4.2 times, the
conversiondecreasedfrom 95 to 60%at 790°C.

Tomishige et al.70 also showed the stable
catalytic performanceof Ni0.03Mg0.97 catalyst.At
a space velocity of 18670l kgÿ1 hÿ1, methane
conversionwas ca 82% for 100days, although
nickel (3 mol%)/Al2O3 lost its activity within
1 day. However, at a space velocity of
224000l kgÿ1 hÿ1, methaneconversiondecreased
to a level below11%,76 or space-timeyield of CO
wasaslow as66.7 mol kgÿ1 hÿ1.

8. PERFORMANCE OF NICKEL-
BASED COMPOSITE CATALYST TO
REALIZE ULTRA-RAPID RATE OF
CO2 REFORMING OF METHANE

Two decadesago Inui et al.81 had developeda
highly active catalyst for CO2 methanation.The
catalystwas composedof Ni–La2O3–Ru with the
atomic ratios of 100:20:3supportedon spherical
silicaparticleshavingameso–macrobi-modalpore
structure.La2O3 andrutheniumcould be replaced
by Ce2O3 and rhodium,respectively.The catalyst
allowed CO2–CO co-methanationwith total con-
versionat considerablylower temperaturethanthe
conventionalCO methanationcatalyst.82 The role
of eachcatalystcomponentwaselucidatedasthat
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lanthanideoxidesincreasetheadsorptionof CO2 by
their weakbasicitiesanddispersionof nickel, and
rutheniumor rhodiumplay therole of theporthole
for hydrogenspilloverduringthereactionwith high
rates. The spillover hydrogen keeps the nickel
catalystsurfacein averyreducedstateandprevents
coke deposition.83 This catalyst concept was
applied to the rapid purification of hydrogen
containinga low concentrationof oxygen to the
ultrahigh purity one using Ni–Ce2O3–Pt catalyst
supportedon alumina-washcoatedceramic fiber
plate.84 This catalyst also exhibited high perfor-
mancein methanolto syngasconversion.85 These
kindsof catalystexertedhigh performancein both
CO2 reforming86 andpartial-oxidationreformingof
methane.87,90Thiskind of catalystwasthenapplied
to CO2 reforming of methane.86–99 Even at a
considerablyhigh spacevelocity of 73000hÿ1 or
contacttimeof 49.3ms,conversionsof methaneand
CO2 on the Ni–Ce2O3-Pt catalyst were strictly
along the equilibrium conversionat a range of
catalyst temperature from 350 to 650°C or
correspondingconversionfrom 0 to 80%for a feed
gascomposedof 10% CH4–10% CO2–80% N2.

86

However, as shown, bar graph 4 in Fig. 1, the
conversiondecreasedto 1/3atahighspacevelocity
730000hÿ1 or contact time of 4.93ms on this
catalyst. The Ni–Ce2O3–Pt catalyst was then

Figure 1 Synergistic effect of Rh-modified Ni-Ce2O3-Pt
four-component catalyst on CO2 reforming of methane.
Catalyst composition: 1* = 10wt% Ni – 6.0wt% Ce2O3,
2* = 1.0wt% Pt, 3* = 0.2wt% Rh, 4* = 1*� 2* = 10wt% Ni –
6.0wt%Ce2O3 – 1.0wt%Pt,5* = 1*� 3* = 10wt%Ni – 6.0wt%
Ce2O3 – 0.2wt%Rh, 6* = 1*� 2*� 3* = 10wt% Ni – 6.0wt%
Ce2O3 – 1.0wt%Pt – 0.2%Rh; catalystsupport:alumina-wash
coatedceramicfiber plate; feedgas:10 vol% CH4 – 10 vol%
CO2 – 80 vol% N2; spacevelocity: 730,000hÿ1; contacttime:
4.93ms; furnacetemperature:600°C; numeralson bar graph:
conversionof methane(%); numeralsindicatedat right-hand
side postulatedsimple summationof methaneconversionfor
eachcatalystcomponentindicatedasits number.

Figure 2 Effect of catalyticoxidationof ethaneor propaneon theCO2 reformingof methaneat two examplesof space-velocities
73 000and730000hÿ1. Catalyst:Rh-modifiedfour-componentcatalyst;Gascomposition: 1* 35%CH4 - 10%CO2 - 55%N2, 2*
35%CH4 - 10%CO2 - 5% C2H6 - 17.5%O2 - 32.5%N2, 3* 35%CH4 - 10%CO2 - 3.3%C3H8 - 16.5%O2 - 35.2%N2; catalyst-bed
temperature:700°C (furnacetemperature:500°C); pressure:1 atm.
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modifiedwith avery low concentrationof rhodium.
The rhodium-modifiednickel-basedfour-compo-
nent catalyst,which is designatedas 6 in Fig. 1,
exhibited a high reaction rate. The conversion
increasedto a level as high as the equilibrium
conversion,evenundersuchhigh spacevelocity or
short contact time due to two-stage hydrogen
spillover from rhodiumto platinumandthenfrom
platinum to nickel. The conversionon catalyst6
wasseveralpercentlower thantheequilibriumone.
This is attributedto thedecreaseof thecatalyst-bed
temperaturefrom the furnacetemperaturedue to
the largeendothermicreactionheat.86

In order to compensatethe large endothermic
reaction heat by partial oxidation reforming of
methane(Eq. 5) or completecombustion(Eq. 6)
theywerecombinedwith CO2 reformingof

2CH4�O2� H2� 2CO,�H773K

� ÿ48:8kJmolÿ1 �5�

CH4� 2O2� CO2� 2H2O, �H773K

� ÿ800kJmolÿ1 �6�

methane, and much higher conversion beyond
equilibrium conversionwas achieved.90 The prin-
ciple wasthenappliedto CO2–H2O coreformingof
methaneas Eq. (7), and a very high space-time
yield of hydrogen 12190mol lÿ hÿ1 or syngas
17070mol lÿ1 hÿ1 wasobtained.90

6CH4� CO2� H2O� 2O2

� 13H2� 7CO,�H773K � 383kJmolÿ1 �7�

This conceptwas then progressedto adopt more
combustiblehydrocarbons.Ethaneandpropaneare
involvedin naturalgas,andthesehydrocarbonsare
much more easily combustible on the catalyst,
generatinghighcombustionheatasEqs.(8) and(9)

C2H6� 3:5O2! 2CO2� 3H2O, �H773K

� ÿ1424kJmolÿ1 �8�

C3H8� 5O2! 3CO2 � 4H2O; �H773K

� ÿ2040kJmolÿ1 �9�

Thetotal reactionheatsareneutralizedasEqs.(10)
and(11).

�x� 5y�CH4� xCO2 � yC2H6� 3:5yO2

! �2x� 7y�CO� �2x� 13y�H2, �H773K

� 259xÿ 240ykJmolÿ1 �10�

�x� 7z�CH4� xCO2� zC3H8� 5zO2

! �2x� 10z�CO� �2x� 18z�H2, �H773K

� 259xÿ 375zkJmolÿ1 �11�
In fact, asshownin Fig. 2, the reactionprogressed
smoothlyandthe effect of this in situ heatsupply
gavea markedincreaseof conversionand conse-
quently,space–timeyield of syngas.95 By control-
ling the feed composition, a syngashaving an
appropriate composition to fit the successive
reactionwould be obtainedwithout the processof
CO–H2O shift reactionor CO2–H2 partialreduction
reaction.

Since no coke formation occurs even with a
nickel-basedcatalystowing to thevigoroushydro-
gen spillover effect and catalytic combustionby
oxygen, an ultra high conversion rate of CO2
reforming of methanewas achievedwith enough
stability, evenundermediumpressureconditions.
An industrial applicationis now beingdeveloped,
anddetailedreportswill bepresentedin thefuture.
The combinationof oxidation reactionwith CO2
reforming of methanewas followed by O’Connor
and Ross37 using Pt/ZrO2, and confirmed the
markedeffect of oxygenaddition into the feedon
the prevention of catalyst deterioration due to
diminishingof thecokedeposit.

9. APPLICATION TO OTHER
REACTIONS

By using CO2 reforming of methane with a
combination of steam reforming and oxidation
reaction, syngas having appropriate ratios of
hydrogenandcarbonoxidescanbe obtainedwith
a high efficiency.The syngaswasthenallowedto
introducedirectly to the secondreactorconnected
in series.The secondreactor,in which methanol
synthesiscatalyst93,97,99or ethanolsynthesiscata-
lyst100 waspacked,producedmethanolor ethanol.
The total effluentgasfrom the methanolsynthesis
reactorwasdirectly introducedto thethird reactor,
in which zeolite catalysts were packed, and
producedlow aromatic but high octanenumber
gasolineor light olefinswith high selectivities.97,99
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10. CONCLUSION

Recentpaperson CO2 reformingof methanewere
reviewed.In orderto overcometheeasinessof coke
depositionin this reaction,rutheniumandrhodium
catalystswere selectedin the early stageof the
study.Simultaneously,theeffectof catalystsupport
was investigated,and it was found that alkaline-
earthor rare-earthoxideshavetherole of suppres-
sionof cokedeposition.Recently,nickel supported
on MgO andNi–MgO solid solutioncatalystswere
studiedextensivelyowingto their characteristicsof
low coke deposition.Another solution has been
realized by the different principles that nickel-
basedcatalystcombinedwith asmallconcentration
of Ce2O3 wasmodifiedwith very small concentra-
tionsof platinumandrhodium,which areexpected
to actin theroleasportholefor hydrogenspillover.
Furthermore,to compensatethe largeendothermic
reactionheatof thereforming,catalyticcombustion
of easilycombustiblehydrocarbonswascarriedout
on thesamecatalystsurface,resultingin ultra rapid
reforming.
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