APPLIED ORGANOMETALLIC CHEMISTRY
Appl. Organometal. Chen2001;15: 121-126

Kinetic study of methanol synthesis from
carbon dioxide and hydrogen'

Takeshi Kubota,'* Itaru Hayakawa,' Hirotaka Mabuse," Kozo Mori,’

Kenji Ushikoshi,” Taiki Watanabe' and Masahiro Saito?

'Research Institute of Innovative Technology for the Earth (RITE), 9-2, Kizugawadai, Kizu-cho, Soraku-
gun, Kyoto, 619-0292, Japan

National Institute for Resources and Environment (NIRE), 16-3, Onogawa, Tsukuba-shi, Ibaraki, 305,
Japan

Practical kinetic equations for methanol synth- ~ P(X) partial pressure of componex{MPa)

esis from CO, hydrogenation are necessary for Ky, equilibrium constant of reaction [1] thermo-
designing a highly efficient reactor. The kinetic dynamically determined

equations were deduced from the reaction - - )
mechanisms for methanol synthesis and CO Kr  equilibrium constant of reaction [3] thermo

formation as well as from various kinetic dynamically determined
experiments over our Cu/ZnO-based catalyst. Kx  adsorption equilibrium constant for compo-
The accuracy of the equations deduced has been nentx

verified by the comparison between the values Kk, overall rate constant for componexn{mol
calculated from the kinetic equations and the h~2 per kg of catalyst)
data obtained from various experiments in a test as constant (8.314 J mdiK %)

lant (50 kg day ' of MeOH). Therefore, the gas ¢ '
p.ant g day - tion temperature (K)
kinetic equations developed in the present study reac P
have been found applicable to the design of a
highly effective reactor employing our devel-
oped catalyst. Copyright© 2001 John Wiley &
Sons, Ltd.

Keywords: kinetic equation; carbon dioxide; INTRODUCTION
methanol synthesis; hydrogenation; copper
catalyst The greenhouse effect of carbon dioxide has been
recognized as one of the most serious problems in
the world, and a number of countermeasures have
so for been proposed. Methanol synthesis from;CO
and hydrogen (C@+ 3H,=CH3OH+H,0) has
received much attention because it is useful for
methanol engines, fuel cells, chemicals, and so on.
NOTATION The authors developed high performance Cu/ZnO-
based catalysts that are highly active and selective
Ry rate of methanol production per unit mass of in methanol synthesis, and are extremely stable for

=170

catalyst (mol h'%) long periods in continuous operatidm
Rr rate of CO production per unit mass of Itisimportantto set up kinetic equations for ¢O
catalyst (mol h%) hydrogenation in order to develop a high-efficiency

reactor for methanol synthesis from gGnd
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5-10 September 1999 at Karlsruhe, Germany. the kinetic equations developed.
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Figure 1 Flow diagramof a fixed bedreactor.
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Figure 2 Changen COconcentratiorasafunctionof contact
time: ¢, 200°C; W, 225°C; O, 250°C; A, 275°C.
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Figure 3 Reaction mechanismsfor CO, hydrogenation
employedfor the presentstudy.

EXPERIMENTAL

A Cu/ZnO-basedmulticomponent catalyst (Cu/
ZnO/ZrO,/Al ,04/SiO,) waspreparediy a conven-

Copyright© 2001JohnWiley & Sons,Ltd.
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Figure 4 Parity plot for the rate of methanolsynthesisunder
variousconditions.

tional coprecipitation method and pelletized to

cylindrical shape(3 mm in diameterand 3 mm in

height).Catalystpelletswerenotcrushedo smaller
sizesfor obtaining the kinetic equationsfor CO,

hydrogenation, because the kinetic equations
should be appliedto the reactionsin a test plant

employingthe catalystpelletsof the samedimen-
sionsasdescribedabove.

Figure 1 showsa flow diagramof the reactor
usedfor collectingkinetic data.Methanolsynthesis
experimentswere carried out using a one-pass
tubular reactor with an internal diameter of
10.7mm, which was packedwith six pellets for
differentialreactionsor with anoptionalnumberof
the pelletsfor integral reactions.The flow rate of
the reactantwas controlled by massflow control-
lers, and measureddy a film flow meterin every
sampling.All experimentgo determinethe para-
metersof kinetic equationswvere carriedout at the
samelinear velocity of feed gas, which was high
enoughto avoid the influenceof the laminarfilm.
Space veIOC|ty for differential reactions was
100,000h~*, which was so high that low conver-
sionsof COZ canbe obtained.The temperatureof

Tablel Thechoicesof differentialreactionconditions,
reactiontemperatureCO, partialpressurendH, partial
pressurefor decidingparametersf kinetic equations

TemperaturgK) 473 498 523 548

CO, partial pressure 0.588 1.078 1.725
(MPa)

H, partial pressure 2.94 3.675 4.90
(MPa)
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Figure 5 Calculatedconcentratiorprofilesandobservedraluesat varioustemperatureasa function of catalystbed. @: MeOH,;
A: CO;; H: CO; x: H,O; &: Ha. Line: calculatedvalue of eachcomponent.

the catalystbed was measuredy a thermocouple
insertedin the catalystbed,and controlledat 473,
498,523,and548K. Beforethe kinetic study, the
catalystwastreatedin flowing diluted hydrogenat
573K for 1 h, andthena standardeedgasmixture
(CO/CO/H, = 3/22/75)wassuppliedto thecatalyst
bedat 523K with atotal pressureof 4.9 MPauntil
the activity wasstabilized.

RESULTS AND DISCUSSION

Reaction mechanism and
development of kinetic equations

Thereactionpathsfor CO, hydrogenatiorover Cu/
ZnO-based catalysts have been considered as
follows: methanolis producedvia reaction[1] not
via reaction [2], and the reversewater-gasshift

Copyright© 2001JohnWiley & Sons,Ltd.

(RWGS)reaction[3] takesplacesimultaneously.

CO, + 3H,; = CH30OH + H,O [1]
CO+ 2H, = CH4OH 2]
CO, + Hp = CO+ H,0 3]

The changein the concentratiorof the products
wasexaminedn integralreactionsn orderto make
clear the reaction path for methanol synthesis.
Figure 2 showsthe changein the concentration
of CO with increasingaxial distancefrom the
beginning of the catalystbed. The concentration
of CO rapidly increasedat the beginning, and
then gradually decreasedwith increasing axial
distance.

This finding suggestshat methanolshould be
synthesizeddirectly from CO, not from CO
producedby the RWGS reaction.It also suggests
that the RWGS reaction should proceedin the

Appl. OrganometalChem.2001;15: 121-126
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Figure 6 Parityplot for themethanolyield of variousconditions;jtemperature473,503,523,543K; total pressure3.5,5, 7 MPa;
spacevelocity: 5000,10,000,15,000,20,000h~; composition:H,/CO, = 1-10; standarctondition: 523K, 5 MPa, 10,000h %,
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oppositeway to maintain the equilibrium of the

RWGSafterthe concentratiorof CO hasreachech

maximum, as suggestedin our previous work.?

Therefore,in this study, the methanol synthesis
from CO via reaction[2] wasignored.

The kinetic equationfor methanolsynthesisvas
deducedon the basis of the assumptionsthat
methanolshouldbe producedvia the intermediates
of formate and methoxy specie™® and that the
surface reaction between the formate species
adsorbean a copper—zinsiteandhydrogeratoms
adsorbed should be the rate-determining step
(RDS), as shownin Fig. 3.” The RWGS reaction
has been consideredto take place either via a
formateintermediat&® or via directdecomposition
of CO, to COonthecoppersurface’ In thepresent
study, the kinetic equationfor the RWGSreaction
was deducedon the assumptionthat the RWGS
shouldproceedvia the latter path.

The equationsobtainedwere

Ru =
ku {P(COz)P(Hz)—
P(CHsOH)P(H20)/[KmP?(Hz)]}
A2
R — (RIP(CO,) — P(COP(H;0)/[KrP(H2)]}

A
A = 1+ Ky,P(H2)Y? 4+ Kco,P(COy)

+ Kco,P(H2) Y2P(COy)

+ KHZOHZP(Hzo)/P(Hz) + KHZOP(HZO)
Severalkermsof thekinetic equationsvereomitted
for simplification; assumingthat the change of
P(H,)Y? is small, and P(H,0)/P(H,) < 0, as a
resultthe equationsare

kv {P(CO,)P(H2)—
Ry = P(CH;OH)P(H,0) /[KmP*(H2)]}
[1+ Kco, x P(CO,)
+ Kh,0 X P(HzO)]Z

ka{P(CO2)—
__ P(COP(H20)/[Kr - P(H2)[}

1+ KCOZP(COz) + KHzoP(Hzo)
In the first step,the parametersy,, kg, and K¢
were estimatedoy the minimization of the sumo
the squaresof errorsof the reactionratesexperi-

mentally measuredn differential reactionsunder
various conditions (see Table 1). The values

R

Copyright© 2001JohnWiley & Sons,Ltd.

obtainedwere
kv = 3.2651x 10% exp—32093 (RT)]

ke = 1.3831x 10'2exp—11339¢/(RT))]
Km = exp[7087/(T — 19.499)]
Kg = exp—4778/(T + 4.639)]

Kco, = 0.741

Figure 4 shows the correlation between the
experimentablataandthe calculatedvalue,clearly
indicating that both valuesarein good agreement.
This finding suggeststhat the simplified kinetic
equations have high accuracy in differential
reactions.

In the next step, the parameter Ky O was
determined from the data obtained in integral
reactions:

Kh,0 = 1.44511x 10 8 exp[822153/(RT)]

The concentratiorprofilesof the reactionproducts
calculated by the kinetic equationsare shown

alongwith valuesobservedat varioustemperatures
in Fig. 5. The concentrationcurve calculatedat

each reaction temperaturefitted very well the

experimental values, indicating that the kinetic

equations simplified on some assumptionsare

applicableto CO, hydrogenationin the one-pass
reactor.

Application of the kinetic equations
to methanol synthesis in a test plant

The kinetic equationsdevelopedwere applied to
CO, hydrogenationin our bench-scaldest plant,
which hasa methanolsynthesiscapacityof 50 kg
day * andis equippedwith an isothermaltubular
reactor with an internal diameter of 38mm, as
describedn detail elsewhere.

The data obtainedunder various reaction con-
ditions using the test plant were comparedwith
the valuespredictedfrom the kinetic equationsas
shownin Fig. 6. The solid line showsa perfect
fit betweenthe predicted and the experimental
values, and the two broken lines show 10%
differencesfrom the perfect fit. The differences
betweerthe observedlataandthe predictedvalues
werefoundto be smallerthan10%. Thereforejt is
very clear that the kinetic equationsdevelopedn
the presentstudy are highly useful for designing
a methanol synthesis reactor from CGO, and
hydrogen.

Appl. OrganometalChem.2001;15: 121-126
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The designof a methanolsynthesigeactorfrom
CO, andhydrogenbasedon the kinetic equations
wasperformedn cooperatiorwith Toyo Engineer-
ing Corp. (TEC), the results of which will be
reportedin anotherpresentation.

CONCLUSIONS

(1) Kinetic equations for methanol synthesis
from CO, hydrogenatioavebeenobtained.

(2) The accuracyof the kinetic equationshas
beenverified by a comparisonbetweenthe
valuescalculatedfrom the kinetic equation
and the data obtainedfrom various experi-
mentsin a testplant.

(3) The kinetic equationsdevelopedhave been
found applicableto the designof a highly
effective reactor employing our developed
catalyst

Copyright© 2001JohnWiley & Sons,Ltd.
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