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NIRE and RITE have jointly performed a
national R&D project on methanol synthesis
from CO2 and hydrogen in order to contribute to
CO2 mitigation. In the first step, many attempts
were made at developing high-performance
catalysts for methanol synthesis. The roles of
metal oxides contained in Cu/ZnO-based cata-
lysts were classified into two categories: (1)
Al2O3 or ZrO 2 improves the dispersion of
copper particles in the catalyst; (2) Ga2O3 or
Cr2O3 increases the activity per unit copper
surface area of the catalyst. The long-term
stability of Cu/ZnO-based catalysts during
methanol synthesis from CO2 and hydrogen
was improved by adding a small amount of silica
to the catalysts, and then calcining the catalysts
at high temperatures around 873 K. Silica added
to the catalysts suppressed the crystallization of
ZnO contained in the catalysts, which was
probably caused by the action of water produced
together with methanol. Based on those two
important findings, high-performance Cu/ZnO-
based multicomponent catalysts (Cu/ZnO/ZrO2/
Al2O3/SiO2 and Cu/ZnO/ZrO 2/Al2O3/Ga2O3/
SiO2) were developed. The catalysts developed
were found to be highly active and extremely
stable in methanol synthesis from CO2 and

hydrogen. In the next step, a bench plant with
a capacity of 50 kg dayÿ1 of CH3OH, which was
equipped with facilities for recycling unreacted
gases and gaseous products, was successfully
operated. The activity of the Cu/ZnO/ZrO2/
Al2O3/SiO2 catalyst was 580 g hÿ1 of CH3OH per
liter of catalyst under the reaction conditions of
523 K, 5 MPa and SV = 10,000 hÿ1 in 1000 h on
stream. The selectivity to methanol synthesis was
as high as 99.7%, and the purity of crude
methanol produced was 99.9 wt%, whereas the
purity of crude methanol produced from syngas
in a present-day commercial plant was reported
as 99.6 wt%. Copyright # 2000 John Wiley &
Sons, Ltd.
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INTRODUCTION

Global warming mainly caused by the increase in
CO2 emission has been recognized as one of the
most serious problems in the world. In order to
contribute to CO2 mitigation, a national R& D
project entitled ‘Fixation and Utilization of Carbon
Dioxide by Catalytic Hydrogenation’ has been
performed by the joint research between RITE and
three national institutes (NIMC, ONRI and NIRE)
of MITI since 1990. The main purpose of the project
is to develop three key technologies required for a
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proposedsystemfor the conversion/transportation
of non-fossil energy combined with catalytic
hydrogenationof CO2, which is shownin Fig. 1.1,2

The technologiesto be developedare those for
membraneseparationof CO2 emittedfrom station-
arysources,for H2 productionby waterelectrolysis
usingelectricpowerderivedfrom non-fossilenergy
andfor methanolsynthesisby the catalytichydro-
genationof CO2. A joint researchbetweenNIRE
and RITE has been performedfor developinga
novel technologyfor methanolsynthesisfrom CO2
andhydrogen.Frombothbasicandpracticalpoints
of view,methanolsynthesisfromCO2 andhydrogen
hasbeenextensivelystudiedin our joint research.
The present paper reports the advancesin the
developmentof practical high-performancecata-
lystsandin theoperationof asmallbenchplantfor
gas-phasemethanolsynthesis.

EXPERIMENTAL

All of the Cu/ZnO-basedcatalysts used in the

presentstudy were preparedby a conventional
coprecipitationmethod.3 An aqueoussolution of
mixed metal nitrates(total metal concentration1
mol lÿ1) andan aqueoussolutionof Na2CO3 (1.1
mol lÿ1) were simultaneouslyadded to stirred
distilled water.Subsequently,theprecipitateswere
filteredout,washedwith distilledwater,driedin air
at 393K overnightand calcinedin air at a given
temperaturerangingfrom 623to 873K for 2 h. The
calcined catalyst powder was pelletized,crushed
andscreenedto sizesbetween60 and80 mesh.1 In
order to improve the long-term stability of the
catalyst,a small amountof silica wasaddedto the
catalystsby using a colloidal silica supplied by
NissanChemicalCo. Two waysof addingsilica to
thecatalystswereemployed.In oneway, colloidal
silica was addedto an aqueoussolution of metal
nitratesfor coprecipitation.In the other way, the
precipitatespreparedwere washedwith distilled
water containingcolloidal silica. Both ways gave
almostquantitativecontentof silica in thecatalyst,
suggestingthat silica was incorporatedinto the
catalystby theadsorptionof colloidal silica on the
precipitates.

Figure 1 Proposedsystemfor fixationandutilization of CO2 by catalytichydrogenation(energyconversion/transportationsystem
combinedwith CO2 hydrogenation).Theroutedrawnwith solid linesemitsCO2 aftermethanolis usedfor energy,whereastheroute
drawnwith dottedlines recyclesCO2 emittedafter theuseof methanol.
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A conventionalfixed-bedflow reactorwasused
both for short-termand long-term catalyst tests.
Thecatalystloadedin thereactorwasreducedin a
gasmixture of hydrogen(10%) andhelium (90%)
at 573K with a total pressureof 5 MPafor 2 h, and
thenmethanolsynthesiswascarriedout underthe
given reaction conditions.The reaction products
were analyzedby meansof gas chromatographs
directly connectedto the reactor.

A benchplantwith amethanolsynthesiscapacity
of 50kg dayÿ1, theflow diagramof which is shown
in Fig. 2, was used for investigating practical
methanolsynthesisoperations.The make-upgas
composedof CO2 andhydrogenwasmixed with a
recycle gas mixture from a gas–liquidseparator,
which was composed of unreacted gases and
gaseousproducts such as CO, methane,ethane
anddimethylether.Then,thefeedgasmixturewas
supplied to a fixed-bed reactor. The reaction
products from the reactor were cooled at a
condenserand sent to the gas–liquid separator,
where crude methanoland water were separated
from theunreactedgasesandthegaseousproducts.

Thesurfaceareasof thecatalystsweremeasured
by a flow methodemployingnitrogenadsorptionat
77K. Thecoppersurfaceareasof thepost-reaction
catalystswere measuredby the techniqueof N2O
reactivefrontal chromatographyafter re-reducing
thepost-reactioncatalystswith hydrogenat 523K.

X-ray diffraction (XRD) measurementswere per-
formedfor analyzingthestructureof thecatalysts.3

RESULTS AND DISCUSSION

Reaction paths for methanol
synthesis

Themainproductsof CO2 hydrogenationoverCu/
ZnO-basedcatalystsweremethanol,COandwater.
Methane,dimethyl etherandmethyl formatewere
also detectedin the reaction products, but the
selectivitiesto theby-productswerelessthan0.1%.

Figure3 showstheyieldsof methanolandCOas
a function of reciprocal space velocity (1/SV).
Methanoland CO were formed simultaneouslyat
low conversionsof CO2 by the following two
reactions:

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

Theyield of COincreasedwith anincreasein 1/SV
andreacheda maximumwhenreaction[2] nearly
attainedequilibrium,andthengraduallydecreased
while reaction[2] remainedat equilibrium.On the

Figure 2 Schematicdiagramof a bench-scalemethanolsynthesisplant with a capacityof 50 kg dayÿ1. Reactorsize:3.84mm
i.d.� 4 m long; catalystvolume= 3 1.
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other hand, the yield of methanol gradually
increasedwith increasing1/SV until reaction[1]
reachedequilibrium.3

Figure4 showsthe inhibitory effect of wateron

methanol synthesisand on CO formation, and
alsothe effect of CO on methanolsynthesis.Both
waterandCO suppressedmethanolsynthesisover
Cu/ZnO-basedcatalysts,and the inhibitory effect
of waterwasmuchstrongerthan that of CO. The
inhibitory effects of water and CO can explain
the finding that the rate of methanol synthesis
greatlydecreasedwith increasing1/SV,asshownin
Fig. 3.

When using a feed gas mixture containing a
higheramountof CO anda lower amountof CO2,
which is normally usedin industrial processesfor
methanolsynthesisfrom naturalgas,the yield of
methanolincreasedalmostlinearly with increasing
1/SV, as shown in Fig. 3. This finding can be
explained as follows: methanol and water are
formedvia reaction[1] andthenthe waterformed
reactswith CO to produceCO2 andhydrogenvia
the reverseof reaction[2]. Accordingly,methanol
is apparentlyproducedfrom CO and hydrogenin
the feed gasmixture, anda very small amountof
water, which slightly suppressesthe rate of
methanolsynthesis,is formed.3

Development of practical catalysts
for methanol synthesis

As a first step,the effectsof variousmetaloxides
containedin Cu/ZnO-basedternarycatalysts(Cu/
ZnO/MxOy) on their activities for methanolsynth-
esis from CO2 and hydrogenwere investigated.
Al2O3. Ga2O3, ZrO2 and Cr2O3 were found to
increasetheactivity of a Cu/ZnOcatalyst.Figure5
showsthe methanolsynthesisactivity of Cu/ZnO-
basedternary catalystscontainingAl2O3, Ga2O3,
ZrO2 andCr2O3 on varying the contentfrom 5 to
40 wt% as a function of copper surface area.3

Figure 5 strongly suggeststhat the role of metal
oxidescontainedin Cu/ZnO-basedcatalystsshould
be classified into two categories:(1) Al2O3 or
ZrO2 improvesthe surfaceareaof copper,i.e. the
dispersionof copperparticles in the catalyst; (2)
Ga2O3 or Cr2O3 increasesthe specific activity,
i.e. the activity per unit Cu surfacearea of the
catalyst.

In the secondstep,Cu/ZnO-basedmulticompo-
nentcatalystsweredesignedby selectingadequate
metaloxidesonthebasisof theroleof metaloxides
describedabove.Figure 6 showsthe activities of
the multicomponentcatalystsdeveloped(Cu/ZnO/
ZrO2/Al2O3 andCu/ZnO/ZrO2/Al2O3/Ga2O3), cat-
alyst and a Cu/ZnO catalystas a function of the
temperatureof pretreatmentin hydrogenranging
from 523to 723K.3 Figure6 clearly indicatesthat

Figure 3 Yields of methanol (*, ~) and CO (&) in
methanol synthesis from CO2(25)/H2(75) (*, &) and
CO(25)/CO2(6)/H2(69) (H) over a Cu/ZnO/ZrO2 catalyst at
523K and5 MPaasa function of reciprocalSV.

Figure 4 Inhibitory effects of H2O (*) and CO (&) on
methanolsynthesisand of H2O (*) on CO formation from
CO2(25)/H2(75) over a Cu/ZnO/ZrO2 catalyst at 523K.
Reactionconditions:SV = 180000 hÿ1, pressure= 5 MPa for
H2O addition,and 3.5 MPa for CO addition. r0 and r are the
ratesof methanolsynthesisor CO formationwithout andwith
theadditionof H2O or CO to the feedrespectively.
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the multicomponentcatalystsaremoreactivethan
the ternary or binary catalysts.Furthermore,the
multicomponentcatalystswerefound to be highly
active evenafter the treatmentof the catalystsin

flowing hydrogenat 723K, indicating that their
thermalstabilitiesareextremelyhigh.

In the third step,many attemptswere madeat
improvingthelong-termstability of Cu/ZnO-based
multicomponentcatalystsduring methanolsynth-
esis.4,5 Finally, a small amountof silica incorpo-
rated into the catalysts by the adsorption of
colloidal silica on the precipitatespreparedby
coprecipitationwasfound to improvegreatly their
long-termstabilities.Calciningthe catalystat high
temperaturesaround873K is also important for
stabilizingthecatalystactivity.5,6 Theactivity of a
Cu/ZnO/ZrO2/Al2O3 catalystcontaining0.6wt% of
silicaandcalcinedat873K decreasedby 10%of its
initial activity in 40h of methanolsynthesis,but
afterthattimenosignificantdecreasein theactivity
wasobserveduntil 500h,asshownin Fig.7.Onthe
otherhand,theactivity of thecatalystwithoutsilica
decreasedmonotonouslyanddid notbecomestable
until 500h.Table1 showsboththesurfaceareaand
coppersurfacearea of the catalystswithout and
with silica as a function of time on stream in
methanolsynthesis.Both the surfaceareaand the
coppersurfaceareachangedin thesamemanneras
theactivity of thecatalystdid.Figures8 and9 show
theXRD patternsfor thecatalystswithoutandwith
silicarespectivelyasafunctionof timeonstreamin

Figure 5 Methanolsynthesisactivity (MTY) of variousCu/
ZnO-basedternary catalystsas a function of coppersurface
area.The catalystsand the contentsof metal oxides in the
catalystsare indicated in the figure. Copper content of the
catalystswas 50 wt%. Reactionconditions: 523K, 5 MPa,
H2/CO2 = 3, F/W = 18000ml-feed(g-cath)ÿ1.

Figure 6 Activities of variousCu/ZnO-basedcatalystsas a
functionof temperatureontreatmentin thestreamof hydrogen.
Catalyst:(*) Cu/ZnO/ZrO2/Al2O3/Ga2O3, (&) Cu/ZnO/ZrO2/
Al2O3, (~) Cu(50)/ZnO(45)/Al2O3(5), (*) Cu(50)/ZnO(50).
Reactionconditionswerethesameasshownin Fig. 5.

Figure 7 Theeffectof asmallamountof silicaaddedto aCu/
ZnO/ZrO2/Al2O3 catalyst on its long-term stability during
methanolsynthesis.Catalyst: (~) without SiO2, calcined at
873K; (~) withoutSiO2, calcinedat 623K; (*) with 0.6wt%
SiO2, calcinedat 873K; (*) with 0.6 wt% SiO2, calcinedat
623K. Reactionconditions:523K, 5 MPa, SV = 10,000hÿ1,
CO2/CO/H2 = 22/3/75.
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methanolsynthesis.The XRD peaksassignedto
ZnO in thecatalystwithout silica increasedgreatly
with an increasein time on stream,whereasthose
peaksfor the catalystcontaining0.6 wt% of silica
hardlychanged.Furthermore,theeffectof silica on
the stability of a Cu/ZnO/Al2O3 catalyst was

similar to that for a Cu/ZnO/ZrO2/Al2O3 catalyst,
althoughthe activity of a Cu/ZnO/Al2O3 catalyst
wasaround20%lowerthanthatof aCu/ZnO/ZrO2/

Figure 8 XRD patternsfor a Cu/ZnO/ZrO2/Al2O3 catalyst
without silica as a function of time on streamin methanol
synthesis.

Figure 9 XRD patternsfor a Cu/ZnO/ZrO2/Al2O3 catalyst
containing0.6 wt% of SiO2 asa function of time on streamin
methanolsynthesis.

Table 1 Changesin thesurfaceareaandcoppersurfaceareaof Cu/ZnO/ZrO2/Al2O3 catalystswithoutandwith silica
duringmethanolsynthesisfrom CO2 andhydrogen

Catalysta
Time on stream

(h)
Surfaceareab

(m2 mlÿ1)
Cu surfaceareab

(m2 mlÿ1)
Activity c

(g hÿ1 CH3OH)

Cu/ZnO/ZrO2/Al2O3 without SiO2 1 82.9 24.9 750
141 75.2 23.6 679
500 62.7 19.3 583

Cu/ZnO/ZrO2/Al2O3 with 0.6 wt% SiO2 1 85.3 27.9 721
20 78.8 23.2 632
90 76.9 22.1 607

500 76.8 22.6 609
Cu/ZnO/ZrO2/Al2O3 with 2.2 wt% SiO2 1 73.3 20.0 636

163 73.5 13.8 395

a Calcinedat 873K.
b Determinedafter themethanolsynthesisreaction.
c Perliter of catalyst.Reactionconditions:523K, 5 MPa,SV = 10,000hÿ1, CO2/CO/H2 = 22/3/75.
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Al2O3 catalyst.Thefindingsshownabovestrongly
suggestthat the catalystdeactivationin methanol
synthesiscould be causedby the crystallizationof
the metal oxides containedin the catalyst,espe-
cially ZnO, which leads to a reduction of the
surfacearea and the copper surfacearea.These
findingsalsoclearlyindicatethatthesilicaaddedto
thecatalystcansuppressthecrystallizationof ZnO
in thecatalystto improvethelong-termstability of
the catalystduring methanolsynthesisfrom CO2
andhydrogen.

Theadditionof a largeramountof silica to aCu/
ZnO/ZrO2/Al2O3 catalyst gave slightly different
results.Figure10showsthedecreasein theactivity
of a Cu/ZnO/ZrO2/Al2O3 catalyst containing a
larger amount of silica (1.1 or 2.2 wt%) during
methanolsynthesisunderthesamereactioncondi-
tionsasshownin Fig. 7. The initial decreaseof its
activity wasmuch larger than that for the catalyst
containing0.6 wt% of SiO2. In addition,asshown
in Table 1, the surface area of the catalyst
containing2.2 wt% of SiO2 did not changeduring
the methanol synthesis for 160h, whereas the
coppersurfaceareaandthe activity of the catalyst
decreasedby 31%andby 38%respectively.These
findingssuggestthatsomeof thesilica might move
to andblocktheactivesitesonthecoppersurfaceto
resultin a largeinitial decreasein theactivity of the
catalystwith no changein the surfaceareaof the

catalyst.Thiscouldalsoexplaintheinitial decrease
in theactivity of thecatalystcontaining0.6wt% of
silica during the 40h from the beginning of
methanol synthesis, as shown in Fig. 7. The
optimum amount of silica in the catalyst was
determinedto be0.5 to 0.9 wt%.6,7

Figure 11 showsthe changein the activities of
the catalystswithout and with silica with time on
streamin methanolsynthesisfrom CO-richgas;this
indicatesthat eventhe catalystwithout silica was
hardly deactivated.XRD measurementsrevealed
thatZnO peaksfor thecatalystsscarcelyincreased
during methanolsynthesisfor 500h. Sinceonly a
small amount of water is producedin methanol
synthesisfrom CO-rich gas as describedbefore,
the findings shownabovestrongly suggestthat a
largeramountof waterproducedshouldaccelerate
the crystallizationof ZnO containedin the cata-
lysts during methanol synthesisfrom CO2 and
hydrogen.

TheCu/ZnO/ZrO2/Al2O3 catalystcontaining0.6
wt% of SiO2 hasbeenvery stableduring a long-
term (about1 year)operationfor methanolsynth-
esisfrom a feedgascontaininga small amountof
water and CH3OH, the compositionof which is
similar to that of the feedgasto the reactorin the
benchplant,asshownin Fig. 12.

Methanol synthesis in a bench plant

A smallbenchplantwith acapacityof 50kg dayÿ1

of CH3OH, which wasequippedwith facilities for

Figure 10 The effect of a largeramountof silica addedto a
Cu/ZnO/ZrO2/Al2O3 catalyston its activity change.Catalyst:
(*) with 1.1 wt% SiO2, calcinedat 873K, (*) with 2.2 wt%
SiO2, calcinedat 873K. Reactionconditionswerethesameas
shownin Fig. 6.

Figure 11 The long-termstability of a Cu/ZnO/ZrO2/Al2O3

catalyst (~) and a Cu/ZnO/ZrO2/Al2O3/SiO2 catalyst (*)
during methanol synthesisfrom a CO-rich feed (CO/CO2/
H2 = 25/6/69).Reactionconditions:523K, 5 MPa,SV = 10,000
hÿ1.
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recycling unreactedgasesand gaseousproducts,
was constructedfor testing the multicomponent
catalystsdevelopedunderpracticalreactioncondi-
tions for methanolsynthesisfrom CO2 andhydro-
gen.Thepresentbenchplanthasbeensuccessfully
operatedso far.8,9

A previously developedCu/ZnO/ZrO2/Al2O3/
SiO2 catalyst was used for methanol synthesis
operation in the bench plant. The catalyst was
found to bevery stableduring long-termmethanol
synthesisin the bench plant recycling unreacted

gasesand gaseousproducts, as shown in Fig.
13.

The productsof CO2 hydrogenationat 473 to
543K undera total pressureof 3 to 7 MPa in the
benchplant were methanol,CO, water, methane,
ethane,dimethyl ether, methyl formate, ethanol,
propanols and butanol, but the yields of the
productsother thanmethanol,CO andwaterwere
very small. The selectivity to methanol in the
products,except CO and water, was 99.7%, as
shownin Table2.

Figure14 showstheproductionrateof methanol
undervariousreactionconditions.The production
rateof methanolincreasedwith increasingreaction

Figure 12 The long-termstability of a Cu/ZnO/ZrO2/Al2O3/
SiO2 catalyst during methanol synthesis from a feed gas
containing CH3OH and H2O. Reactionconditions: 523K, 5
MPa,SV = 10,000hÿ1, CO2/CO/H2 = 22/3/75,partial pressure
of CH3OH = 11kPa,partial pressure of H2O = 6 kPa.

Figure 13 Changein theactivity of adevelopedcatalyst(Cu/
ZnO/ZrO2/Al2O3/SiO2) duringmethanolsynthesisin thebench
plant.Reactionconditions:523K, 5 MPa,10,000hÿ1.

Table 2 Compositionsof themake-upgasandthegasesat theinlet andat theoutletof thereactor,andtheselectivity
to variousproductsin methanolsynthesisin thebenchplanta

Gascomposition(%)

Compound Make-upgas Inlet gas Outlet gas Selectivityb (%)

H2 73.8 74.8 68.9
CO2 26.2 22.2 19.6
CO 2.65 2.97
H2O 0.00 4.30
CH3OH 0.22 4.61 99.72
Methane 0.11 0.12 0.025
Dimethyl ether 60ppm 88ppm 0.106
Methyl formate 21ppm 56ppm 0.150
Ethane 10ppm 11ppm 0.00

a Reaction conditions: catalyst= Cu/ZnO/ZrO2/Al2O3/SiO2, 5 MPa, 523K, SV = 10,000hÿ1, H2/CO2 ratio in the make-up
gas= 2.82,purgeratio= 0.5%of theflow rateof the inlet gas.
b Selectivity(%) = (CO2 convertedto eachproductexceptCO,mol)� 100/(Sumof CO2 convertedto eachproductexceptCO,mol).
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pressure.Theproductionrateof methanolatagiven
pressureapproachedthe value at reactionequili-
brium with increasingtemperature,andreachedan
equilibriumvalueat a temperaturebetweenaround
530 and 540K. The maximumproductionrate of
methanolwasobtainedat around530K.

Table 3 shows the purity of crude methanol,
exceptfor water,producedin the benchplant,and
this is compared with the purity of methanol
producedin a present-daycommercialplant for
methanolsynthesisfrom syngas.10 The purity of
crudemethanolproducedin the presentwork was
99.9 wt%, and is higher than that of the crude

methanolfrom a commercialmethanolsynthesis
from syngas.TheCO concentrationin thefeedgas
to thereactorfor methanolsynthesisfrom CO2 and
hydrogenis much lower than that for methanol
synthesisfrom syngas.It is well knownthat CO is
much more reactive with hydrogen to produce
methyl formate,higheralcoholsandhigherhydro-
carbons than CO2. Therefore, it is strongly
suggestedthat a lower CO concentrationin the
feedgasto thereactorshouldresultin lower yields
of by-productsanda highermethanolpurity.

Comparedwith methanolsynthesisfrom syngas,
the disadvantagesandthe advantagesof methanol
synthesisfrom CO2 andhydrogenaresummarized
in the following.

Disadvantages:(1) theloweryield of methanolat
equilibrium in CO2 hydrogenationmay result in a
largeramountof recyclegasin apracticalmethanol
synthesisprocess;(2) the larger amountof water
produced in methanol synthesisfrom CO2 and
hydrogenreducesthe rate of methanolsynthesis
andcausesthedeactivationof thecatalyst.

Advantages:(1) the lower heat releasedby
methanolsynthesisfrom CO2 andhydrogenwhich
is aroundhalf of that by methanolsynthesisfrom
syngas,could leadto a simplermethanolsynthesis
process;(2) the higher selectivity to methanolin
CO2 hydrogenationmight make the operationof
purgingsomeamountof recyclegasunnecessary,
andleadto a simplerpurificationprocess.

CONCLUSIONS

The presentjoint researchon methanolsynthesis
from CO2 andhydrogenhasled to thedevelopment
of high-performanceCu/ZnO-basedmulticompo-

Figure 14 The activity of a Cu/ZnO/ZrO2/Al2O3/SiO2 cata-
lyst for methanol synthesis in a bench plant. Reaction
conditions: pressure (~,~) = 7 MPa, (*,*) = 5 MPa,
(&,&) = 3 MPa, SV = 10,000hÿ1, purgeratio= 0.5%;~, *
and& representsSTY at equilibrium.

Table 3 Comparisonof thepurity of themethanolproducedin ourbenchplanta with thatof themethanolproducedin
a commercialplant for methanolsynthesisfrom syngasb

Composition

Compound This work Commercialplant

Methanol(wt%) CH3OH 99.95 99.59
Methyl formate(ppm) HCOOCH3 460 700
Higheralcohols(C2–C4) (ppm) ROH 70 530
Hydrocarbons(C6–C10) (ppm) CnHm — 50
Dimethyl ether(ppm) (CH3)2O — 230

a Reactionconditions:catalyst= Cu/ZnO/ZrO2/Al2O3/SiO2, temperature= 523K, total pressure= 5 MPa,H2/CO2 ratio in themake-
up gas= 3.
b Cited in Ref. 10.
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nent catalysts(Cu/ZnO/ZrO2/Al2O3/SiO2 and Cu/
ZnO/ZrO2/Al2O3/Ga2O3/SiO2) that are highly ac-
tive andextremelystable.

A benchplantwith a capacityof 50 kg dayÿ1 of
CH3OH was successfully operated using the
catalystsdeveloped.The selectivity to methanol
synthesiswas 99.7%, and the purity of crude
methanolproducedwas99.9%,which washigher
thanthat of crudemethanolproducedfrom syngas
in a present-daycommercialplant.

Our group greatly hopesthat the technologies
developed in the present joint research will
contributeto CO2 mitigation andfuture industries.
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