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A small-scale test plant with a methanol day ' methanol synthesis plant is required for
production capacity of 50 kg day ' has been converting 60% of C@emitted from a 1000 MW
designed and constructed in order to examine coal firing power plant into methanol. Our group
the performance of a previously developed Cu/ has developed several high performance Cu/ZnO-
ZnO-based catalyst under practical reaction based catalyst? Furthermore, the addition of a
conditions. The reaction model for methanol small amount of silica to the catalyst was found to
synthesis over the developed catalyst is pre- improve the long-term stability of the catalyst. In
sented. In addition, the methanol production addition, calcining the catalyst at high temperatures
rates measured in the test plant were found to fit  of 873 K also improved stability*

the rates calculated based on the kinetic A small-scale test plant with a methanol produc-
equations. A 4000 t day’ methanol synthesis tion capacity of 50 kg day* was constructed 3
plant from CO, and H, was designed based on years ago. The objects of the test plant are to
the Kkinetic equations and the selectivity to evaluate the catalysts developed under practical
methanol over the developed catalyst. Copyright reaction conditions and establish the optimum
© 2000 John Wiley & Sons, Ltd. operation conditions for methanol synthesis from
CO, and H. The catalyst developed has high

Keywords: hydrogenation catalyst, methanol activity under the practical reaction conditions, and
synthesis; CQ; hydrogenation; copper zinc oxide the Eurity of methanol produced is extremely
,6

catalyst high

In the present study, a large-scale methanol
synthesis plant from COand H was designed
based on the reaction kinetics and the selectivity to
methanol over a developed catalyst.

INTRODUCTION

RITE and three national institutes (NIMC, NIRE

and ONRYI) of MITI have been jointly carrying out EXPERIMENTAL

an R & D project ‘CQ Fixation and Utilization

Using Catalytic Hydrogenation Reaction’. In this The catalyst developed (Cu/ZnO/Z#®I1,05/Si0,)

project, methanol synthesis from Gé&nd Hisone  was prepared by a conventional coprecipitation

of the key technologies to be developed. Accordingmethod. The catalyst was pelletized to a cylindrical

to a model system proposed in the project, an 8000$hape of 3 mm diameter by 3 mm high. The
stability and the selectivity of the catalyst devel-

* Correspondence to: Kenji Ushikoshi, Research Institute of oped was measured by a 50 kg déSESt plant with

Innovative Technology for the Earth (RITE), 9-2 Kizugawadai, 3 | Of catalyst.

Kizu-cho, Soraku-gun, Kyoto 619-0292, Japan. Before the reaction, the catalyst fixed at the

ggc‘eflfgcﬁgi?tojpg;‘;‘;io’:e(V,:l’E%”g)fgy and Industrial Technologyreactor was reduced in a gas mixture of 5% of H

T This Baper is t?ased on work presented at the Fifth Internationa?nd 95% Of.N ataspace VeIOCIty (SV) of 1000h .

he reduction of the catalysts was performed in

Conference on Carbon Dioxide Utilization (ICCDU V), held on ! !
5-10 September 1999 at Karlsruhe, Germany. three steps: (1) the temperature was maintained at

Copyright© 2000 John Wiley & Sons, Ltd.
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Figure 1 Flow diagramof a 50 kg day * testplant for methanolsynthesis.

413K for 5h; (2) the temperaturewas raisedto
543K in 2 h; (3) thetemperaturevasmaintainecdat
543K for 2 h.

Figure 1 showsa flow diagramof the testplant,
which was equippedwith facilities for recycling
unreactedqyasesThe make-upgas(mixture of CO,
and H,) supplied from gas cylinders was com-
presse@longwith recycledgasesandthenfedinto
the reactiontube througha pre-heaterThe stain-
less-steeteactorwasof tubulartype with 38.4mm
ID and 4000mm L in length. The reactor was
surroundedby a heatexchangerdivided into four
partsto facilitate isothermaloperation.The tem-
peratureprofile along the bed was measuredby
meanof eightthermocouplesituatedatthe central
axis of the reactor. The temperaturedifference
alongthe reactorwas lessthan 2 K. The pressure
was controlled within 0.1 MPa by changingthe
total flow rateof the make-upgas,in whichthe H,/
CO, ratio was adjustedwith the flow controllers.
The flow rate of the inlet gasto the reactorwas
controlled by the flow controller placedjust after
therecyclegascompressomReactiorproductsvere
cooleddown,andthenthe mixture of methanoland
water was separatedat the gas—liquid separator
from unreactedjasesUnreactedjasesandgaseous
productssuchasCO, methanendsoon, excluding
smallamountsof purgegas,wererecycledbackto
thereactor.Themixture of methanobndwaterwas
takenout of the plantandstoredin a container.

Themake-upgas theinlet andoutletgaseof the

Copyright© 2000JohnWiley & Sons,Ltd.

reactorandthe recyclegaswere analyzedwith an
on-line gaschromatographThe gaschromatogra-
phy was employed for analysisof the reaction
products; H,, CO and CO, were analyzed by
thermal-conductivity detector (TCD); methanol,
dimethyl ether, methyl formate and hydrocarbons
were analyzed by the flame ionization detector
(FID).

A spacetime yield of methanoland the CO,
conversionto methanolwere calculatedfrom the
weight of crude methanolproducedand the flow
rate of the inlet gas. Selectivity and CO, conver-
sions to methanol and by-products, excluding
methaneand ethane, were calculated from the
material balance betweenthe inlet gas and the
outletgasof the reactor.The materialbalancewas
determinedfrom the analysisdata obtainedusing
gas chromatographsSelectivity and CO, conver-
sionsto methaneand ethanewere calculatedfrom
the differencebetweenconcentrationst different
purge flow rates, because their concentration
differencesbetweenthe inlet gas and the outlet
gasof reactorwere so small that CO, conversions
to them could not be calculatedcorrectly. A long-
termtestfor methanolsynthesifrom CO, andH,
over the developedcatalystwas carried out using
the testplant. A continuousoperationwas carried
out for 1000h under the reaction conditions of
523K, 5 MPa and SV of 10,000h *. After the
continuousrun, the operationswere intermittently
performedundervariousreactionconditionsup to

Appl. Organometal Chem.14, 819-825(2000)
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Figure 2 Productionrate of methanolundervariousreaction
conditions.Reactioncondtions: SV = 10,000h~%; purgerate,
0.5%of theinlet gas,catalyst,Cu/ZnO/ZrQ/Al ;05SiO..

the total operationperiod of 3500h. The experi-
ments for examining the effects of reaction
conditionson the productselectivity were carried
out under the following reaction conditions:
temperature503-543; total pressure3—7 MPa,;
SV: 5000-20,000h*; feed gascomposition:CO,
(26%)/H, (74%).

RESULTS AND DISCUSSION

Figure 2 showsthe productionrate of methanolat
SV=10,000 h™* under different pressuresas a
function of reactiontemperaturgangingfrom 473
to 540K. The productionrate was 580g h™* of
MeOH per liter of catalystunderthe conditionsof
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Figure 3 The productionrate of methanolas a function of

time. Reactionconditions: 523K, 5 MPa, SV=10,000h™%;

catalyst, Cu/ZnO/ZrG/Al ,04/SIO,. The line is to regression
curve.

523K, 5 MPaandSV = 10,000h~*, which is 20%
lower than that at reaction equilibrium. The
productionrateof methanoincreasedvith increas-
ing reaction pressure.The production rate of
methanolat a given pressureapproachedhe value
at equilibrium with increasingtemperature.The
methanol synthesisreaction over the developed
catalystwas found to attain equilibrium at 543K.
This methanolsynthesisate was almostthe same
asthe value calculatedfrom the kinetic equations
proposedin another study by our group. The
following reaction formulas were consideredfor
deducingthe reactionkinetics:

CO, + 3H, = CHyOH + H,0 1]
CO, + Hy = CO+ H,0 2]

A long-termmethanokynthesigestwasperformed
using the test plant under the following reaction

Table 1 Compositionof the make-upgas,andthe inlet andoutlet gasef the reactorandselectivitie§

Component Make up (%) Inlet (%) Outlet (%) Selectivity (%)
Ho 73.8 74.8 68.5

CO, 26.2 22.2 19.5

CcoO 2.7 3.0

H,O 0.0 4.3

Methanol 0.2 4.6 99.7
Methane 1100 1200 0.025
Dimethyl ether 60 88 0.106
Methyl formate 21 56 0.167
Ethane 10 11 0.000

& Reactionconditions:catalyst,Cu/ZnO/ZrGy/Al ,04/SiO,; temperature523K; pressure5 MPa; SV = 10,000h%; H,/CO, ratioin

the make-upgas,2.82; purgerate,0.5% of theinlet gas.
b Units are partsper million.

Copyright© 2000JohnWiley & Sons,Ltd.
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Table 2 Compositionsof liquid productsat variousreactiontemperatures

Composition(%) at the reactiontemperature

Compound 473K 503K 523K 543K
Methanol CHzOH 64.2 63.7 63.8 64.0
Methyl formate HCOOCH, 663 472 292 326
Ethanol C,HsOH ND 6° 2% 112
1-Propanol 1-C;H,OH ND 4P 10° 45°
2-Propanol 2-C3H,0OH ND ND 8° 15°
2-Butanol 2-C4HgOH ND 3° 16° 45°
CH3OH/productsexceptH,O 99.90 99.92 99.95 99.91

#Reactionconditions:catalys, Cu/ZnO/ZrQ/Al ,04/SiO,; pressure5 MPa; SV = 10,000n~%; H,/CO, ratioin theinlet gas,3; purge

rate,0.5% of theinlet gas.
Units are partsper million by weight.

conditions: 523K, 5 MPa and SV =10,000h ™.
Althoughthe productionratewasover700g h~* of
MeOH per liter of catalystinitially, it gradually
decreaseuith reactiontime. Theproductlorrateat
1,000h on streamwasaround580g h~* of MeOH
perllter of catalystanddecreasetly lessthan10g
h™' of MeOH per liter of catalystin the next
1,000h. The extrapolationof the regressiorcurve
estlmateshattheproductlonratewnl bemorethan
5009 h~* of MeOH per liter of catalystin 3 years
on stream.This finding clearly indicatesthat the
developed catalyst is extremely stable under
practicalreactionconditions(Fig. 3).

Theinlet gasof thereactorwascomposeaf the

recycle gas and make-up gas. The components,

excludingCGO, andH, in theinlet gasandthe outlet
gas of the reactor, were produced during the
methanol synthesisreaction. The selectivity to
variousproductsunderthe reactloncondltlon of 5
MPa,523K, SV =10,000h* areshownin Table1l.
The selectivity to methanolin the productswas
over99.7%,exceptfor COandwater.Themainby-
productswere CO, dimethyl ether(DME), methyl
formate(MF), methaneandethaneThe concentra-
tion of CO amongthe productsvasalmostconstant
through the test, and nearly equal to the CO
concentratiorat equilibrium of the reversewater-
gasshift reactionat the reactiontemperatureThe
concentratiorof eachcomponentin the outlet gas
had no direct relation with its selectivity. The
concentratiorof methanettheoutletof thereactor
was larger than that of DME and MF, but the
selectivity of methanewas smaller than that of
DME andMF.

Table 2 showsthe compositionof the liquid
productsobtainedfrom the operationunderdiffer-
ent temperaturesThe main compositionsof the

Copyright© 2000JohnWiley & Sons,Ltd.

liquid productsveremethanobndwater,butavery
low concentrationof MF, ethanol,higher alcohol
and so on were observedas the by-products.The
purity of the methanolproducedat any reaction
temperaturgestedwas higherthan99.9wt%. The
purity of the methanolproducedat 523K wasthe
highest,mainly because¢herewasmoreproduction
of MF at 473K and more higher alcohols were
formedat 543 K.

Figures 4, 5 and 6 show the selectivities to
various products as a function of contact time,
temperatureand pressurerespectively.The selec-
tivity to methanol was found to increasewith
decreasingontacttime, temperatureand pressure.
The selectivitiesto DME and methanechanged
more greatly with contacttime and temperature
thanwith pressureThe changen the selectivityto
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Figure 4 Selectivitiesasa functionof contacttime. Reaction
conditions:523K, 5 MPa; catalys, Cu/ZnO/ZrG/Al ;05/SiO..
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Figure 5 Selectivities as a function of pressure.Reaction
conditions: 523K, SV =10,000h"?; catalyst, Cu/ZnO/ZrGQy/
Al,05/Si0s.

MF wassmallerthanto DME and methanewith a
changein contacttime or temperatureput larger
with a changen pressure.

Figure7 showsCO, conversionso methanolknd
by-products excluding CO under the reaction
conditionsof 5 MPa and 523K as a function of
contacttime. CO, conversiongo by-productsvere
much smaller than that to methanol. The CO,
conversionsto methanol increased and finally
reached the equilibrium value with increasing
contacttime.

CO, conversionsto DME and methanerise in
proportion to a rise in contact time. The CO,
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Figure 6 Selectivitiesasa function of temperatureReaction
conditions:5 MPa, SV = 10,000h%, catalyst,Cu/ZnO/ZrQ/
Al,05/SiO..
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Figure 7 CO, conversionsas a function of contact time.
Reactionconditions: 523K, 5 MPa, catalyst, Cu/ZnO/ZrGy/
Al ,05/SiO,.

conversionto ethanewas always 1% of methane.
This finding suggestghat the productionratesof

DME and methaneshould be much smaller than
that of methanol. On the other hand, the CO,

conversionto MF increasedwith increasingCO,

conversionto methanol.The concentratiorof MF

at the outlet of the reactorwas closeto the value
calculatedfrom the equilibrium constantof the

carbonylationof methanolfrom MF.

After thepurgevalvewasclosed,achangan the
flow rate of the gasfrom zeroto 0.5% at the inlet
ledto agradualincreasen the concentrationsf the
methaneandethaneTheybecamesteadyafter50h
at a level higher than beforethe purge valve was
closedas shownin Fig. 8. On the otherhand,the
concentration®f CO and MF at the outlet of the
reactorwere independenf the purge flow rate,
probably becausetheir concentrationswvere con-
trolled by the equilibrium of their formation
reactionsThe concentrationef DME andmethane
remainedat somesteadylevel evenwhenthepurge
flow rate was zero. Probablysomeof them were
dissolvedin the crude methanolcontaining H,O
and MF and discharged from the gas-liquid
separator.Since the steady concentrationof the
inert gasessuchasmethaneandethanejs solow,
the inert gasesshould not inhibit the methanol
synthesisreaction.The purging operationmustbe
unnecessarin this processfor methanolsynthesis
from CO, andH,, unlike methanolsynthesidrom
syngas.

Comparedwith methanol synthesisfrom syn-
gas® methanobkynthesigrom CO, andH, hassuch
disadvantageasthelow equilibriumconversiorto

Appl. Organometal Chem.14, 819-825(2000)
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methanoland the formation of a larger amountof

H,0. Neverthelessthe presentstudy hasrevealed
that methanolsynthesisfrom CO, andH, hasthe

following advantages.

(1) The selectivity to methanolin the CO, hydro-
genationis extremelyhigh.

(2) Higheralcoholsandketoneswhich aredifficult
to remove in the distillation stage of crude
methanol,arevery low in concentration.

(3) Themethandormationis limited to sucha low
concentrationthat a purge operation is not
necessaryMoreover,our developedcatalystis
very stablein a long-termoperation,although
the higher amount of H,O producedin the
methanol synthesis from CO, and H, is
unfavorablefor the stability of the Cu/zZnO-
basedcatalyst.

DESIGN OF A LARGE-SCALE PLANT

An 8000t day * methanolsynthesisplant from
CO, andH, composedf two train faC|I|t|es each
of which has a capacity of 4000t day*, was
designedbasedon the kinetic equationsand the
selectivityto methanoloverthe developedatalyst.
The designof the methanolsynthesisreactorwas
entrustedo Toyo EngmeermgCorporanon(TEC)
The processflow schemefor a 4000 t day !
methanolplant is shownin Fig. 9. A multi-stage
indirectcooling andradlal flow (MRF -Z®) reactor
was developedby TEC.” The size of reactorfor
methanolsynthesisrom CO, andH, is almostthe
sameasan ordinaryreactorfor methanolsynthesis
from natural gas. The MRF-Z® reactoremploys
bayonetboiler tubesfor the reactionheatremoval
togetherwith radial flow of reactiongasesacross
the catalyst bed in the shellside. A multi-stage
indirect cooling system enablescontrol of the
reactionconditionsalongthe pathof the maximum
reactionrate curve in orderto achievemaximum
conversionper passandminimum catalystvolume
per unit product.In addition, a radial flow system
ensureghe achievemenbf a higher heattransfer
coefficient, less pressuredrop and larger catalyst
volumewithin therestrictedmanufacturindimit of
a high-pressurevessel diameter. The MRF-Z®
reactor was found one of the most promising
reactorsfor methanolsynthesifrom CO, and H,.

Copyright© 2000JohnWiley & Sons,Ltd.

The distillation systemin a methanol synthesis
plant from CO, andH, hassomeadvantagesver
thatin a methanolplant from syngasbecausehe
purity of crude methanolfrom CO, and H, is
higher.

CONCLUSIONS

We have found that our Cu/ZnO-basedmulti-
componentatalystdevelopedor methanolsynth-
esisfrom CO, andH, hasa high performancen the
activity, the selectivity and the stability under
practicalreactionconditions.In addition, we have
clarified the behavior of the by-productsin the
reactor,which could explainthe effectsof contact
time, temperatureandpressuren theselectmtyto
methanol.Furthermore a 4000t day * methanol
synthesiplantfrom CO, andH, employingaradial
gasflow reactorwasdesignedasedon the kinetic
equationsandthe selectivity to methanolover the
developeccatalyst.
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