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Utilization of carbon dioxide as a C1 building
block in chemical synthesis has been stimulated
mainly by environmental considerations and its
large-scale availability. Catalysis provides sev-
eral opportunities for using CO2 in chemical
synthesis. The present state of these efforts in
heterogeneous catalysis is briefly surveyed,
placing special emphasis on more recent devel-
opments in the syntheses of methanol, methyl-
amines and formic acid derivatives, and the
production of synthesis gas. Copyright# 2000
John Wiley & Sons, Ltd.
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1. INTRODUCTION

Fixation of carbon dioxide1 has received consider-
able attention, mainly triggered by environmental
considerations and its large-scale availability at low
cost. However, because CO2 is a highly oxidized,
thermodynamically stable compound its utilization
in redox reactions requires high energy substances
or electroreductive processes. These properties, in
conjunction with lower reactivity in various reac-
tions, are probably the major reasons why currently
the toxic carbon monoxide, the main competitor as
a C1 building unit for many processes, is used
mostly in industry. Although a number of organic
syntheses using carbon dioxide are known2,3 only a

few are applied in industry, the main processes
being the syntheses of urea and its derivatives,4,5

and of organic carbonates,6–8 where phosgene
(COCl2) is increasingly being replaced by CO2 as
the C1 building unit.8–10 Another important CO2
consumer is the electrochemical Kolbe–Schmitt
process for the production of salicylic acid.

Catalysis, either homogeneous, heterogeneous or
enzymatic, is a promising approach to CO2 fixation.
The potential of homogeneous catalysis for CO2
fixation has been discussed in recent reviews.3,11

Valuable chemicals that can be synthesized using
homogeneous catalytic routes include the produc-
tion of carbonates,10 carbamates,12 urethanes,13–15

lactones,16–19 pyrones,20 and formic acid and its
derivatives.21,22

Heterogeneous catalysis can offer several tech-
nical advantages which are linked with stability,
separation, handling and reuse of the catalyst and
reactor design. Despite these beneficial practical
features, the range of compounds that have been
synthesized from CO2 by heterogeneous catalytic
routes is still comparatively narrow. Efforts to-
wards the use of CO2 for the synthesis of valuable
chemicals by heterogeneous catalytic pathways are
still mainly confined to methanol synthesis, the
syntheses of methylamines and formic acid deriva-
tives, and the production of synthesis gas (CO,H2).
This brief review is intended to provide an over-
view of the progress in this area, focusing mainly
on the most recent developments.

2. METHANOL SYNTHESIS

Hydrogenation of CO2 can afford various com-
pounds, such as methanol, hydrocarbons, esters
and ethers, depending on the catalyst and the
reaction conditions applied. Among these pro-
ducts, methanol is by far the most important. It is
one of the key petro-chemicals, with a worldwide
annual production of nearly 30 million tonnes. In
addition to its importance in the syntheses of
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formaldehyde,resins, dimethyl ether, methyl t-
butyl ether,aceticacidandotherbasechemicals,it
also finds application as a solvent and gasoline
extender.Furthermore,since methanol does not
exhibit the storageand transportproblemsasso-
ciated with hydrogen,converting carbon dioxide
and hydrogen to methanol may offer a great
potential for the storageof hydrogenin a future
energyscenario.23

In principle, methanolcan be producedeither
from CO(Eqn[1]) or CO2 (Eqn[2]). A disadvanta-
geousfeature of the synthesisfrom CO2 is that
more hydrogenis consumeddue to formation of
water.

CO� 2H2$ CH3OH �1�
CO2 � 3H2$ CH3OH� H2O �2�

The synthesisreactions are interrelated by the
water-gas-shiftequilibrium:

CO� H2O$ CO2� H2 �3�
Methanol is currently producedon an industrial
scalefrom syngas(CO,H2) to which a few percent
of CO2 is addedto improvecatalystperformance.
Moderncopper-basedmethanolsynthesiscatalysts
are highly selective(selectivities>99.9%are not
uncommon).24 Support materialsapplied, ranked
according to their suitability, are: ZnO, ZrO2,
Al2O3, TiO2 andSiO2.

Developinghighselectivityis thekeyproblemin
convertingCO2 to methanol.Thechallengeis thus
to find a catalyst that affords high selectivity to
methanolandsimultaneouslylow selectivityto CO,
which is formed via the reverse-water-gas-shift
(RWGS) reaction (CO2� H2 → CO� H2O). As
with the industrial methanol production from
synthesisgas,copperseemsalso to be the metal
of choicefor methanolsynthesisstartingfrom CO2.
Anothercommonfeatureis thatthesupportplaysa
significant role in the overall catalytic perfor-
mance.25–28 Zirconia proved to be an excellent
supportmaterialfor CO2-basedmethanolsynthesis.
Thepreparation,structuralandchemicalproperties,
aswell asthemechanisticaspectsof metal–zirconia
catalysts,for CO2 hydrogenationhave been re-
viewedrecently.29

Reaction conditions and catalyst properties
stronglyaffect productdistribution in CO2 hydro-
genation;low temperaturesandhigh pressuresare
favourable for the desired methanol formation.
Dependingon the active metal and the support/
promoterused,variousby-products,suchascarbon
monoxide, methaneand dimethyl ether, are ob-

served.However, methanolselectivity is mainly
determinedby the competition of the methanol
synthesis and the reverse-water-gas-shiftreac-
tion.25–30

From the group IB metal/zirconia catalysts,
copperand silver are most selectivefor methanol
formation,with silverbeingsignificantlylessactive
than copper.27 Gold is the most active, but
unselective, favouring the undesired reverse-
water-gas-shift reaction. Promotion of copper–
zirconiawith silver resultsin a distinct increasein
methanol selectivity while the activity remains
unaffected.31 Theadditionof chromiumoxide,and
to a lesserextent manganeseoxide, to copper–
zirconiaretardssinteringof the coppercomponent
and shifts the crystallization of the amorphous
zirconia to higher temperatures, resulting in
increasedthermal stability of the catalyst under
reaction conditions. For temperaturesexceeding
250°C, thecatalystpromotedwith chromiumoxide
exhibits higher activity than the unpromoted
copper–zirconia.32 Clarke and Bell33 found that
the addition of potassiumsalts acceleratesthe
reverse-water-gas-shiftreactionbut hindersmetha-
nol synthesisin CO2 hydrogenationreactions.Very
recently,copper–zirconiaandsilver–zirconiaaero-
gelshavebeenpreparedvia the sol-gelmethodin
combination with supercritical drying.34 As a
consequenceof favourabletextural propertiesand
high copper surface area, the copper–zirconia
aerogelexhibits higher activity than similar cata-
lystspreparedby coprecipitation.

Considerableeffort hasbeenexpendedto unravel
themechanismof CO2 hydrogenationovercopper–
zirconia catalysts.35–38 A complicating factor is
that, on all efficient catalysts,hydrogenation(Eqn
[2]) andreverse-water-gas-shiftreaction(Eqn [3])
occur simultaneously.This problem has led to
considerabledebateasto whethermethanolforma-
tion startsfrom CO or CO2. However,the relative
facility of thewater-gas-shiftequilibrium(Eqn[3])
renders this question rather hypothetical. The
hydration stateof the supportsurfacewas found
to play an important role in providing adsorption
sitesfor thereactionintermediatesobservedduring
methanol synthesis.In the presenceof surface
hydroxyl groups, i.e. on the prereducedcatalyst,
surface formates, carbonates,formaldehydeand
methoxyspeciesareimmediatelyobservedin CO2
and CO hydrogenation reactions. On a non-
prereducedsurface,formate formation is strongly
suppressed,suggestingthat formates arise from
interaction of the carbon oxides with surface
hydroxyl groups.The reverse-water-gas-shiftreac-
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tion,whichproducesgaseousandsinglyboundCO,
involvesacarbonatespeciesasintermediate.When
startingfrom CO2, adsorbedCOis producedvia the
reverse-water-gas-shiftreaction.Althoughdifferent
interpretationsexist concerningthe role of surface
formatesin themethanolsynthesismechanism,37,38

thereis agreementthatabifunctionalmechanismis
governing.CO2 adsorbspredominantlyonzirconia,
whereas hydrogen adsorbs and dissociateson
copper.Figure1 showsthemechanismof methanol
synthesisfrom CO2 andH2 overcopper/zirconia,as
proposedrecentlyby FisherandBell.38 According
to thismechanismmethanolsynthesisoccursonthe
support,with hydrogencoming from the spillover
from copper.However,whetherthelocationswhere
the activationsof CO2 andhydrogenoccurcanbe
distinguishedso clearly remains to be proven.
Anotherfeasiblescenariois thatthereactionoccurs
at the copper–zirconiainterphase,as suggested
previously.28,30 The important role of the support
indicates that precise control of its basicity is
important. Finally, it should be noted that the
eventualutility of aCO2-basedprocessassumesthe
availability of inexpensivehydrogen.

3. SYNTHESIS OF
METHYLAMINES

With aworldwideproductionof approximately106 t
per year, monomethylamine(MMA), dimethyl-
amine (DMA), and trimethylamine (TMA) are
major industrial chemicalintermediates.They are
usedin suchareasas the synthesisof pharmaceu-
ticals, pesticides,surfactants,ion-exchangeresins,
and in solvent production and water treatment.
Methylaminesaresynthesizedonalargescalefrom
methanolandammoniaovera dehydrationcatalyst
suchasamorphoussilica–alumina.39 The reaction
proceedsto thermodynamicequilibrium, whose
position is governed by temperature and the
nitrogen/carbonratio. TMA is the thermodynami-
cally favouredproduct,whereasmarketdemandis
greater for MMA and especially DMA. Recent
researchhas beendirectedtoward improving the
selectivity for DMA andMMA throughthe useof
shape-selectivezeolitecatalysts.Thehistoryof the
reportedroutesto, the designof new catalystsfor,
andthemechanismof thesynthesisof methylamines
arediscussedin a comprehensiverecentreview.40

Figure 1 Mechanismproposedfor methanolsynthesisfrom CO2 andhydrogenoverCu–ZrO2 catalyst,adaptedfrom Ref 38.
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A few years ago, it was demonstratedthat
organo-nitrogencompoundssuchasmethylamines
canbedirectly producedin a continuousfixed-bed
reactorstartingfrom CO2, hydrogenandNH3 over
copper–aluminaas a catalyst.41 MMA and DMA
were the major amineproducts,whereasover the
samecatalystin thereactionwith methanolinstead
of CO2, thethermodynamicallyfavouredTMA was
the main product.42 Increasingthe ammoniacon-
centration in the feed resulted in improved
selectivity to MMA. The major by-product ob-
servedwasCO,producedby thereverse-water-gas-
shift reaction, which becamedominant for tem-
peraturesexceeding300°C. Copper loading and
space velocity were found to be of minor
importancefor the reactionbehaviour.In contrast,
ammoniaconversionandmethylaminedistribution

weregreatlyinfluencedby thereactiontemperature
andtheNH3/CO2 ratio,with MMA formationbeing
favoured at higher temperaturesand with a
stoichiometricNH3/CO2 ratio.Methanolformation,
which occurswithout ammoniain the feed, was
already suppressedby small concentrationsof
ammonia, whereas carbon monoxide formation
(reverse-water-gas-shift reaction)waslessstrongly
affected,but also decreasedwith increasingNH3
feed concentration.Reactionsperformedwith CO
insteadof CO2 showed,under otherwisesimilar
conditions, a slower reaction rate, but higher
selectivity to MMA. The favouredproductionof
MMA of the reactionsstartingfrom carbonoxides
rendersthis synthesisrouteparticularlyinteresting.
Reactionscarriedout in theabsenceof hydrogenin
thefeedgasresultedin a strongdeactivationof the

Figure 2 Reactionoccurringin thesystemCO2, hydrogenandNH3 overvariousmetal–ZrO2 catalysts.43 Notethatthereactionto
methanolis only observedon copper-basedcatalystswhenammoniais not present.
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catalyst. This is explained by dissociation of
ammoniaor aminesand subsequentincorporation
of nitrogeninto theactivecoppersurface,resulting
in inactivecoppernitride.

A comparativestudy of the catalytic perfor-
manceof various alumina-supportedmetal cata-
lysts,43,44includingcopper,silver,nickel,platinum,
palladium, cobalt and iron, indicated that only
copperandpalladium44 selectivelycatalyseMMA
production.Figure2 depictsthereactionsobserved
on thevariousmetal–aluminacatalystsin theCO2,
hydrogenandNH3 system.Copperandpalladium
catalyseexclusively reaction I (MMA synthesis)
andthe accompaningreverse-water-gas-shiftreac-
tion (reactionII). Thesereactionsarealsoobserved
with theothermetalcatalysts,but theselectivityof
thesecatalystsis biasedby severalside reactions.
For instance,nickel,cobalt,iron andplatinumshow
little methylamine production, but significant
methaneand Fischer–Tropschproductsformation
(reactionIII). This tendencyis ascendantat higher
temperatures.Silver producespredominantlyCO,
H2O (reaction II) and HCN (reaction IV). Sig-
nificant HCN formation also occurs with iron–
alumina catalysts.Other reactions,not shown in
Fig. 2, that can lower the selectivity to MMA
includeconsecutivemethylationof MMA, dispro-
portionation (2MMA→DMA � NH3) and hydro-
cracking (MMA � H2→CH4�NH3). Under
optimized conditions, the amine selectivities,
definedasaminecontaininghydrocarbonproducts,
not CO2, reachnearly 100% on the best copper-
basedcatalysts.41

Dependingonthesupportmaterialof thecopper-
based catalysts, distinctly different activity for
methylaminesynthesisis observed.45 The surface
acidity/basicity of the support seemscrucial, as
illustrated in Fig. 3, which shows methylamine
production as a function of the isoelectric point
(IEP) of the support. MMA is the predominant
amine product for all supportedcoppercatalysts,
with concomitantformation of lower amountsof
DMA and TMA. Methylamineyield decreasesin
the sequenceCr2O3> ZrO2> Al2O3, SiO2, ZnO
>MgO. The volcano-typecurvecanbe explained
on the basisof the different adsorptionstrengthof
ammoniaon thesesupport oxides. For catalysts
with predominantlybasic surfaceproperties,Cu–
MgO and Cu–ZnO (IEP> 9), ammonia is not
adsorbedstrongly enough,resulting in relatively
poor NH3 surface coverage, which has been
evidencedby temperature-programmeddesorption
studies.The decreaseof methylamineformation
with more acidic supports(e.g. on Cu/SiO2, IEP

1.8–3.7) has been traced to possible product
inhibition by methylamines, which are more
strongly adsorbedon acidic surface sites than
ammonia.

Very recently,newcatalystseffectivefor MMA
synthesisfrom CO2 were developed.46 The cata-
lysts, derived from Cu–Mg–Al lamellar double
hydroxideswith hydrotalcite-likestructure,afford
methylamines (MMA, DMA, TMA) with the
fraction of MMA being higher than 80%. Further
selectivity improvement seems to be possible,
which could rendermethylamineproductionfrom
CO2 aninterestingalternativeto thepresentlyused
synthesisfrom methanolandammonia.

4. SYNTHESIS OF FORMIC ACID
DERIVATIVES

Worldwide, about 300,000 t of formic acid are
producedannually.Formic acid is usedmainly in
the silage of animal feeds, leather and textile
industries for tanning and dyeing, and as a
coagulatingagentin theproductionof latexrubber.
Themajorprocessfor productionof formic acidat
presentis basedon thesynthesisof methyl formate
with subsequenthydrolysis.47 The homogeneously
catalysedtwo-stageprocessusescarbonmonoxide
and methanol,and NaOCH3 as catalyst.The net
reactioncanbeexpressedastheadditionof waterto
CO.

Important derivatives of formic acids include
N,N-dimethylformamide(DMF) and methyl for-
mate(MF). Theworld productionof DMF amounts

Figure 3 Methylamineproductionasa functionof IEPof the
oxidic support material of copper catalysts.Conditions: 3 g
catalyst, 300°C, 0.6 MPa, feed: 150 cm3 minÿ1 containing
CO:H2:NH3 = 1:3:1.Datafrom Ref 45.
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to ca 250,000t aÿ1.48 Most of it is usedasa polar
solvent,appliedasspinningagentin theproduction
of polyacrylonitrile.In thepharmaceuticalindustry
it is used for the production of fine chemicals,
especiallyfor recrystallizationsand as a reaction
medium. Other applicationsinclude the use as a
solvent for polyurethanesand varnishes,as an
extractant,absorbent,andpaintstripper.Currently,
mostof the DMF is producedby carbonylationof
dimethylaminewith CO at pressuresof 5.0 to 11.0
MPa and temperaturesbetween50 and 200°C,
applyingNaOC2H5 ascatalyst.MF is synthesized
from CO and methanolusing the samebaseas
catalyst.49 Recentprogressin the homogeneously
catalysedreactionshas triggered very promising
developments of corresponding heterogeneous
catalyticprocesses.

4.1 Recent developments in
homogeneous catalysis

A promisingrouteto formic acidandits derivatives
is the transition-metal-catalysedreductionof CO2
with hydrogen.Oftenathird componentis addedas
atrapfor themetastableformic acid.In comparison
with the reactionof CO2 andhydrogenalone,the
additionof abaselowersthereactionenthalpy,and
dissolutionof gasesincreasesthe reactionentro-
py.21 Thehydrogenationof CO2 to formic acidhas
originally beendescribedby FarlowandAdkins.50

Inoue et al.51 were the first to demonstratethe

homogeneouslycatalysedsynthesisof formic acid.
GroupVIII metalcomplexesarethe mostsuitable
homogeneouscatalystsin organicsolvents21 (and
referencescited therein).

Noyori’s group52–54 usedrutheniumcomplexes
solublein supercriticalCO2, whichenabledthemto
designa processthat doesnot requireany organic
solvent. This solvent-free process affords high
reactionratescorrespondingto turnover frequen-
cies(TOFs)of up to 1400hÿ1. For comprehensive
reviewsthe readeris referredto Refs.21, 22. The
formic acid intermediate,formedwith the trapping
additive,canfurtherreactto giveestersandamides.
MF is producedwhen triethylamineis usedas an
additivein combinationwith methanol.If DMA is
added,it playsadoubleroleasstabilizingagentand
reactant,yielding DMF as final product. RuCl2
[P(CH3)3]4 complexeswere found to be highly
active and selectivefor both MF and DMF syn-
thesisfrom CO2.

More recently,Kröcheret al. 55,56demonstrated
that the efficiency of Noyori’s processcan be
greatly improvedby applying rutheniumcatalysts
with bidentatephosphineligands,affording TOFs
exceedingthosepreviouslyreportedby more than
an order of magnitude.Another importantadvan-
tagefor practicalapplicationis the higherstability
of the bidentate ruthenium complexes.Further
improvementof the efficiencies of formic acid,
MF andDMF synthesisseemspossible.Figures4
and 5 illustrate the progressmade in the hom-

Figure 4 Progressin homogeneously catalysed synthesisof DMF from CO2, hydrogenand DMA. Selectivitiesto DMF are
generallyaround100%.
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ogeneouslycatalysedsynthesisof DMF and MF
respectively.

4.2 Developments in
heterogeneous catalysis

Intriguedby theexceptionalhomogeneouscatalytic
systemsreportedin recent years,52,54,55 we have
developedheterogeneouscatalyststhatcombinethe
excellentpropertiesof the homogeneouscatalysts
with thepracticalbenefitof solidcatalysts.64–68The
principal designstrategypursuedis schematically
illustratedfor a ruthenium-containingsilica hybrid
catalystin Fig. 6. A seriesof suchsol-gel-derived
hybrid materialscontainingdifferent group (VIII)
transition metal complexes in a porous silica
network was preparedand testedfor the catalytic
synthesesof DMF andMF from supercriticalCO2,
H2, andHN(CH3)2, andfrom CH3OH andN(CH3)3
respectively.65,68 Bifunctional silylether-modified
phosphinesX = Ph2P(CH2)2Si(OC2H5)3 and Y =
(CH3)2P(CH2)2Si(OC2H5)3 were used as ligands
for the preparation of complexes of the type
RuCl2X3, RuCl2Y3, MClX3 (M = Ir, Rh), and
MCl2X2 (M = Pt, Pd). The silylether complexes
wereanchoredin asilicamatrixby co-condensation
with Si(OC2H5)4 (TEOS).All gelsweremicro- to
meso-porousand extendedX-ray absorptionfine
structuremeasurements65 indicatednometal–metal
interactions, confirming that the organometallic

complexeswere immobilized as monomers.The
hybridgelcatalystscaneasilybeseparatedfrom the
reactionmixture.Figure7 comparestheactivity of
these hybrid xerogels containing monodentate
metalcomplexes.Fromall catalysts,silica matrix-
stabilizedrutheniumcomplexesexhibited highest
activities at 100%selectivity in DMF synthesis.68

Strikingly, the achieved TOF exceededthat of
previouslyreportedheterogeneouscatalysts69 by a
factor of 600, and this in combinationwith much
higher selectivity (100%). The same hybrid gel
catalystsarealsosuitablefor the synthesisof MF.
The best ruthenium-containinghybrid catalysts
showedan activity (TOF) two times higher than
thebesthithertoknownhomogeneouscatalyst.54

More recently, the performanceof the ruthe-
nium–silica hybrid catalysts could be greatly
improved further by applying the bidentate
RuCl2(dppp)2 complex55 as precursor and by
optimization of the textural properties(pore size
distribution, accessibilityof active complexesin
solid matrix).70 Comparative catalytic tests of
microporous xerogels and mesoporousaerogels
(Fig. 8) indicatedthat thecatalyticperformanceof
the previouslypreparedxerogelcatalysts(Fig. 7)
waslimited by intraparticlediffusion. This limita-
tion can be eliminated by preparingmesoporous
aerogels.70 This preparationrequiressupercritical
drying insteadof conventionalevaporativedrying
in orderto avoidthecollapseof thetenuousporous

Figure 5 Progressin homogeneouslycatalysed synthesisof MF from CO2, hydrogenand ammonia.Selectivitiesto MF are
generallyaround100%.
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Figure 6 Designstrategyfor hybrid gel catalysts,illustratedusingthe exampleof ruthenium–silicahybrid gel.

Figure 7 Novel transition-metal-containingsilica hybrid xerogelcatalysts andtheir catalyticperformancein DMF synthesisfrom
CO2, hydrogenandDMA. Selectivitiesto DMF aregenerallyaround100%.Catalystswerepreparedfrom MClx[PR2(CH2)2Si(O-
Et)3]y transitionmetalprecursorsandTEOSaccordingto aproceduredescribedelsewhere.65 Metal (M):Si ratioof all catalysts1:50.
Conditions of catalytic tests: 500ml stainless-steelautoclave;n[Me2NH] = 0.71 mol; p[H2] = 8.5 MPa; p[CO2] = 13.0 MPa;
T = 100°C; t = 15 h; stirring rate:300minÿ1; n[catalyst]= 5� 10ÿ5 mol (expressedasamountof Group(VIII) metal).
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networkof thegelsdueto thedetrimentalcapillary
stressduring drying.71 Figure 8 illustrates how
thesedifferentdryingprocessesaffecttheporesize
distributionof thefinal hybridgelsandin turn their
catalytic performance.The TOF of 18,400 hÿ1

achievedin thesynthesisof N,N-diethylformamide
is outstanding.Moreover,the resultsindicate that
thecatalysts,originally developedfor thesynthesis
of DMF andMF, shouldbeara greatpotentialalso
for thesynthesisof otherN,N-dialkylformamides.

5. SYNTHESIS GAS

The heterogeneouslycatalysedendothermicreac-

tion of CO2 with aliphatic hydrocarbonsfor the
productionof CO–H2 mixtures(CnH2n � 2� nCO2
→ 2nCO� (n� 1)H2) has receivedconsiderable
interest in recent years.72 Whereasin methane
steamreforming (CH4� H2O → CO� 3H2) the
producedsynthesisgaspossessesan H2:CO molar
ratio of 3.0, thegaspreparedby CO2 reformingof
methanehas an H2:CO molar ratio of 1.0. This
featureof CO2 reformingis important,especiallyif
suitablefeed gas for iron ore reduction,Fischer–
Tropschsynthesisor otherapplicationsis required.
The main problem in CO2 reforming is coke
formation by methanedecompositionor by CO
disproportionation.Generally, catalysts used in
steam reforming can also be applied in CO2
reforming. Nickel catalystssupportedon MgO or

Figure 8 Influenceof texturalproperties(poresizedistribution)on catalyticperformance(TOF) of ruthenium–silicahybrid gels
derivedfrom bidentateRuCl2(dppp)2 precursor.70 Themicroporousxerogelandthemesoporousaerogel weretestedin thecatalytic
synthesisof N,N-diethylformamideunder the following conditions:n[Et2NH] = 0.5 mol; p[H2] = 9.0 MPa; p[CO2] = 9.2 MPa;
T = 110°C; t = 2 h; stirring rate:1000minÿ1; n[catalyst]= 10ÿ7 mol; metal(Ru):Si ratio= 1:200.
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on carrierscomposedof a-aluminaandof calcium
or magnesiumaluminate73 showexcellentcatalytic
performance.A comparativestudyof CO2 reform-
ing of methane over MgO-supported nickel,
ruthenium,rhodium,palladium,iridium andplati-
num revealedthe following sequenceof activity:
Ru>Rh � Ni > Ir � Pt> Pd.74 Very recently,
platinum supportedon alumina-promotedzirconia
was also shown to be effective and resistantto
carbondeposition.75 Theplatinum–zirconiasystem
appearsto beuniquefor CO2 reforming,in thatCO2
activationoccurson thezirconia,whereasmethane
is activatedon theplatinumcrystallites.

6. METHANE

At present, there seems to be no reasonable
economicaland environmentalargumentfor pro-
ducingmethanefrom carbondioxideandhydrogen
(CO2� 4H2 → CH4� 2H2O). Hydrogen and
synthesisgas (CO,H2) are producedon a large
scaleby the reversereaction,the steamreforming
of methane.Nevertheless,methanationof carbon
oxideshasbeenstudiedextensivelyin view of a
possibleutilization of coal.Variousmetal–support
combinationshavebeendescribedwith supported
noble metals,76,77 as well as nickel76,78 and iron
being most active. Possible pathways for the
methanationof CO2 have been discussedin the
literature.79

7. CONCLUSIONS AND OUTLOOK

Fixation of CO2 by using it as a C1 feedstockis
making progress.Variousprocessesutilizing CO2
have been developed;however, their industrial
implementationis relatively slow, mostly due to
economicconsiderations.A changefrom CO- or
phosgene-basedprocessesto CO2 asC1 feedstock
oftenrequiresconsiderableprocessalterations,and
correspondingexpensesseem only profitable if
environmental aspects are weighed equally as
economics.Concerningthescopeof chemicalsthat
can be producedfrom CO2, the opportunitiesare
numerousand their exploitation is encouraging.
Substitutingthepresentlyusedtoxic C1 feedstocks,
CO and COCl2, by the non-toxic, easy to store,
transport,andhandleCO2 is anattractivechallenge,
which can greatly contribute to environmentally
benign production of various chemicals.Super-

critical CO2 is an attractive reaction medium
becauseit canbe easilyseparatedfrom product(s)
and recycled more efficiently than conventional
solvents.Particularlyattractiveare heterogeneous
catalytic processesthat make useof supercritical
CO2 as reactantand solvent,80 as demontratedby
thenewreactionsystemsfor thesynthesisof formic
acidderivatives.

Final assessmentof the real potential of CO2
utilization requiresthe considerationof energetic
andeconomicparameters,andcarefulcomparison
of the environmental impact of existing and
innovativeprocesses.If hydrogenis to be usedin
futureprocesses,thenthesupplyof hydrogenmust
be ensuredin someway. At the presenttime most
hydrogen is obtained from steam reforming of
hydrocarbons,a processthat alsoproducesCO2 in
large quantities. This makes hydrocarbons of
questionablevalue as a hydrogensourcefor this
purpose.Desirablewould be non-fossilsourcesof
hydrogen,butnoneof themseemsto beartechnical
potentialat thepresenttime.Expectationsconcern-
ing the impact of CO2 utilization for chemical
synthesisonatmosphericCO2 concentrationshould
not be overestimated.Even if CO2 utilization in
chemicalsynthesisis tremendouslyincreasing,its
impact on the atmosphere will probably be
relatively small, particularly as long as hydrogen
is producedfrom fossil fuels. However,taking all
ecological and economicalaspectstogether, the
developmentof CO2-basedprocessesis without
doubta rewardinggoal.
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