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Co-production of dimethyl ether and methanol
from CO, hydrogenation: development of a
stable hybrid catalyst’
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Efforts have been made aimed at the develop- great importance in recent years owing to its
ment of an active active and stable catalystinthe potential use for C@mitigation. However, metha-
co-production of dimethyl ether (DME) and nol formation from the hydrogenation of GQOs
methanol from CO>-H,. The stabilities of thermodynamically unfavorable under operating
ZSM-5 catalysts and Cu-ZnO-based methanol conditions of interest and thus gives very limited
synthesis catalysts were investigated separately yield even under high pressure. The thermody-
under water-rich conditions. By combining each  namic constraint can be lessened and the one-pass
stable catalyst, a relatively stable hybrid cata- conversion can be largely increased by adding the
lyst, Cu—ZnO—-Al,Ox—Cr,03 + H-ZSM-5 (SiO,/  reaction of turning methanol into dimethyl ether
Al,O;=80), has been developed. After losing (DME), which is achieved by using the hybrid of a
about 5% of its original activity in 120 h, the = methanol synthesis catalyst and a solid acid catalyst
catalyst exhibited no significant reduction in in the CQ hydrogenatiort® Furthermore, the
activity until 350 h in the reaction at 523 K and  production of DME from CGQ-H, may provide the
3.0 MPa. Also, the catalytic activity was satis- opportunity for a new C@utilization technology
factory at the steady state: the total yield of because DME has a great deal of potential use as a
DME and methanol was higher than 26% with  clean alternative fuel for diesel engirelthough
over 90% DME selectivity, but the total yield of  some results have been reported on the co-
hydrocarbons was lower than 0.25%. Copyright  production of DME and methanol from GEH,,

© 2001 John Wiley & Sons, Ltd. no results on the catalyst stability have yet been
reported. In our previous work, we found that many
of the hybrid catalysts were easily deactivated in
the CQ hydrogenation to DME, e.g. a hybrid
catalyst of Cu—ZnO based catalyst and Y zeolite
loses more than 10% of the original activity in
30h? In the DME production, more water is
produced because the methanol conversion to DME
produces another molecule of water in addition to
water formed with methanol formation and CO
formation from CQ-H,, as shown in Eqns [1]-[3]:
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1 INTRODUCTION

CO, + 3H; & CH3OH + H,O 1
The hydrogenation of C£xo methanol has attained ©: 2 3 2 [1]
CO; +H, & CO+ H,0 2]
* Correspondence to: Ki-Won Jun, Chemical Technology Division, 2CH;OH < CHsOCHs -+ H,0 [3]
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E-mail: kwjun@pado.krict.re.kr The high concentration of water would probably
t Present address: Chengdu Institute of Organic Chemistrylead to the deactivation of the hybrid catalyst.
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People’s Republic of China. eactivation of methanol synthesis catalyst and
t This paper is based on the work presented at the Fifth International‘ij - - . y. 7 Yy
Conference on Carbon Dioxide Utilization (ICCDU V) held on affects the acidity of solid acids’ In the present

5-10 September 1999 at Karlsruhe, Germany. study, efforts have been made to develop a stable
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hybrid catalyst for the oxygenates (DME +
methanol)co-productionfrom CO, hydrogenation.

2 EXPERIMENTAL

Cu—-ZnO-basedatalystswith and without promo-
terswerepreparecy the conventionakoprecipita-
tion. An aqueoussolution of copper, zinc and
promoter-metahitratesandan aqueousolutionof
sodium carbonatewere simultaneouslyaddedto
warmwater(338-343) with constanstirring; pH
was maintainedbetween6.8 and 7.0. After the
completionof coprecipitationthe pH wasadjusted
to 7.0 and the suspensiorwas kept for 1 h in the
mother liquid, then followed by filtration and
washing. The precipitate was dried at 393K
overnightandcalcinedat 623K for 12h.

As solid acid catalyststhreekinds of H-ZSM-5
were used with various Si/Al ratios: the three
zeoliteswere labeledZSM-5(30), ZSM-5(50) and
ZSM-5(80), where the numbersin parentheses
denote SiO./Al,O5 ratios. The raw powder of
commercial H-ZSM-5 zeolites (Zeolyst Interna-
tional) was mixed with an adequateamount of
Si(OH), sol-solutionas a binder to be 5 wt% of
SiO, in catalyst, then dried at 393K overnight,
crashednto small particlesand calcinedat 773K
for 4 h.

A continuoudlow-typereactionapparatusvith a
fixed bedreactormadeof astainlessteeltubewith
an inner diameterof 7.7mm, was employed at
pressurize@onditions Priorto CO, hydrogenation,
a methanolsynthesiscatalystor a hybrid catalyst,
which is a mixture of the methanol synthesis
catalystandZSM-5in 1:1weightratio (size:60-80

mesh),was placedin the reactorand reducedat
523K for 6 h in H—N, mixture (10% H,). CO,
hydrogenation and methanol dehydration were
carried out at 523-53% and 3.0MPa. Effluent
gasfrom thereactorwasheatedelectricallyon-line
to avoid the condensationsf methanoland water,
and analyzedby an on-line gas chromatograph
equippedwith Carbosphereolumnconnectedo a
thermalconductivity detectorfor CO, andCO and
with PoraparkT column connectedto a flame
ionizationdefectorfor methanol DME andhydro-
carbons.

3 RESULTS AND DISCUSSION

First, the activity change®f the hybrid catalystsof
Cu/ZnO/ALO3; andHZSM-5 zeoliteswith time on
stream were investigated under the following
conditions: H,/CO,=3, 3.0MPa, 533K and
SV=6600mlg*h™* The initial activities and
the activity changesof the hybrid catalystsare
summarizedn Tablel. With threezeolitecatalysts
bearing different Si/Al ratios, the total yield of
oxygenates was in order ZSM-5(50)> ZSM-
5(30)> ZSM-5(80). However, after a time on
streamof 70h, the order of activity changewas
ZSM-5(30)> ZSM-5(50)> ZSM-5(80), showing
that the deactivationof hybrid catalystsis depen-
denton the SiO,/Al O3 in ZSM-5, andthe ratesof
DME vyield loss were obviously higher than the
ratesof total oxygenategyield loss. Theseresults
suggestthat the decreasean the total yield is in
considerablg@artdueto thedeactivatiorof ZSM-5.
It is likely thatthe activity changeof ZSM-5is due
to hydrothermaldealumination,which would be

Table 1 The stability of ZSM-5 catalysts with different SiO./Al,O3 ratios in DME synthesisfrom CO,

hydrogenatiof

Yields (C-mol%)

Time onstream=6h Time on strean=70h  Yield changeraté' (%)

ZSM-5 SiO,/Al ,O3 SV Temp.

mole ratio (mlg*h™ (K) DME Oxygenatt DME Oxygenate DME  Oxygenate
80 6600 533 6.80 8.40 6.40 8.10 -5.9 -3.6
50 6600 533 8.50 10.40 7.30 9.10 -14.1 —-12.5
30 6600 533 7.90 9.60 6.60 8.40 -16.5 —-12.5
80 1500 523 12.50 14.50 10.90 13.60 —-12.8 —6.2

2 Conditions:feedgas= CO, (25%)+ H, (75%), pressure= 3.0 MPa, catalyst= Cu—ZnO-AbO3 + ZSM-5.

b Spacevelocity basedon weight of MeOH synthesiscatalyst.
¢ Methanol4- DME.
4100— 100 x Yield (70 h)/Yield (6 h).

Copyright© 2001JohnWiley & Sons,Ltd.
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Figure 1 Catalytic activity change of ZSM-5(80) in the
methanokonversiorto DME. Conditions:feedgasis methanol
(2.75%)-+ H,0 (2.75%)+ CO, (23.75%)+ H, (71.25%) 3 MPa,
523K.

favored by the water-rich condition of CO,
hydrogenationto DME. The order of activity
changein the presentresultscan be explainedby
the fact that the lower the Si/Al ratio in zeoliteis,
the easierthe dealuminatioris.® By comparingthe
reactionat low spacevelocity (1500mlg*h™?)
with that at high spacevelocity (6600ml g~ h™1)
on the samecatalyst,the condition of low space
velocity led to a higher activity loss. This is
possiblydueto higherwaterpartial pressurean the
reactor. The higher conversion at low space
velocity would increasethe water partial pressure,
which could acceleratethe deactivationof both
component®f the hybrid catalyst.

Separatelyrom the hybrid catalyststhe stability
of ZSM-5(80)itself in the methanoldehydratiorto
DME hasbeeninvestigatedunderconditionsclose
to thatfor theco-productiorof DME andmethanol:
themixture of waterandmethanolwaspumpednto
the CO—H, flow throuighthe pre-heateat a space
velocity of 6150mlg~*h™*. As shownin Fig. 1,
the methanol conversionwas almost unchanged
during a period of 100h, but the DME vyield
decreasedy 13% and the yield of hydrocarbons
increasedduring initial 30h, indicating that rela-
tively strongacid siteswere formed. It seemshat
the formation of strong acid sites is due to
dealuminationof ZSM-5. After 30h running,both
yields maintainedbasicallysteady.This showsthat
ZSM-5(80) has a fairly good stability after the
initial changein the selectivity. The initial change
in the selectivity would contribute partly to the
decreaseof DME yield with increasingtime on
streamin the co-productionof DME andmethanol.

Copyright© 2001JohnWiley & Sons,Ltd.
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Figure 2 Catalytic activity change of methanol synthesis
catalyst(Cu—ZnO-ALO3s-1) with water addition. Conditions:
feedgasis CO, (25%)+ H, (75%), pressure= 3.0MPa, tem-
perature= 523K, SV=6150mlg *h™', Py o/Pw during
wateraddition=0.024.

Also, the stability of methanolsynthesiscatalyst
alonehasbeeninvestigatedTo simulatethewater-
rich condition of DME synthesisfrom CO>—H,,
water was pumped into the reaction mixture
throughthe pre-heateiduring the methanolsynth-
esisreaction.From the resultsof CO, hydrogena-
tion with and without water addition (seeFig. 2),
we found that the methanolyield was decreased
almostto 50% of initial yield after startingwater
addition and neverrecoveredafter stoppingwater
addition. The methanolsynthesisatalystseemso
be deactivatedthrough the crystallization of the
metal oxides,which is acceleratedn the presence
of arelatively Iar%e excesf water,asreportedin
previousstudies’™ To improvethewaterresistance
of methanolsynthesiatalystsa modificationwas
attemptedby adjusting the composition of Cu—
ZnO-basectatalystandthe catalystsveretestedin
thereactionwith wateraddition.Froma numberof
trials, therepresentativeesultsarelistedin Table2.
Theadditionof B,Os, SiO,, Cr,03 andGa,05 into
Cu-ZnO-A}O5; madethe catalystdessdeactivated
during the wateraddition. Among them, SiO, was
the most effective additive for enhancing the
stability. This is in agreementwith the previous
result that the SiO, modification resultedin the
enhancemenbf the stability of Cu—ZnO-based
catalyst in CO, hydrogenatior?. Although the
Cr,Os-modifiedcatalystshoweda greaterdecrease
in the activity after water addition thanthe SiO--
modifiedone,it gavethe highestmethanolyield in
the presenceof excesswater.

The CO, hydrogenationto DME + methanol
was conductedfor 350h over the hybrid catalyst

Appl. OrganometalChem.2001;15: 105-108
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Table 2 Theactivities of variousmethanolsynthesiscatalystswith andwithout wateradditiorf*

Beforewateraddition

(time on stream= 23.5h)

After wateraddition

(time on strean= 47.5h) Yield changerate’

Catalyst Yueor” (%) Yoo (%) Ymeon (%) Yco (%) (%)
Cu-ZnO-ALOs 11.80 1.10 4.80 1.30 —-59
Cu~ZnO-AbOB,05 11.18 2.27 7.35 _0.07 34
Cu-ZnO-ALOs—SiO, 9.35 3.10 7.61 3.54 -19
Cu—ZnO-AbOsCrO0s 13.07 0.53 10.10 1.87 _23
Cu-ZnO-ALOs—Ga03 13.20 -0.21 9.77 2.10 —26
Cu—ZnO-AbOsCr,05-Ca0 11.27 1.42 9.40 251 _17

@ Reactioncondtiions: feedgas= CO (4%) + CO, (22.3%)+ H, (73.7%),temperature= 523K, pressure= 3.0MPa, SV = 6150ml
gfl h*, starttime of wateraddition= 24 h, Py, o/Pyoa during wateraddition= 0.024.

Methanolyield basedon carbondioxide.
¢ COyield basedon CO..
9100— 100 x Yumeon(47.5h)Yyeor(23.5h).
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Figure 3 Catalytic activity changeof the hybrid catalyst,
Cu—ZnO-AbOs—Cr,03 + ZSM-5(80), for a long term. Con-
ditions: feed gasis CO (4%)+ CO, (22.3%)+ H, (73.7%),
pressure 3 MPa, temperatures 523K, SV =1500ml g~*h~.
Yields definedherereferto CO, concentrationin the feedgas.
The negativeCO yield indicatesthat CO consumptiontakes
place.

containingCu—ZnO-A}0s;—Cr,0O3; and ZSM-5(80)
at 523K, 3.0MPa and SV=1500mlg*h % As
shownin Fig. 3, afterlosingabout5% of its original
activity in 120h, the catalyst exhibited no sig-
nificant reduction in activity until 350h. In
addition, after 120h reaction the formation of
hydrocarbonsvasreducedpbviouslyshowingthat
the relatively strong acid sites disappearedThe
decreasan the total yield is probablydue to the
deactivatiorof ZSM-5. It seemghatthestrongacid

Copyright© 2001JohnWiley & Sons,Ltd.

sites formed initially are blocked by the coke
formation while the reactionis going on. Con-
sequentlysomefractionof acidsiteswould belost.
At the steadystate, the total yield of DME and
methanolwas higher than 26% with over 90%
DME selectivity, but the total yield of hydro-
carbonswvaslower than0.25%.

In conclusion, the hybrid catalyst, Cu—ZnO-
Al,0:—Cr03 + ZSM-5(80), developed in this
work hasbothrelatively high activity andstability.

REFERENCES

1. DuboisJL, SayamaK, ArakawaH. Chem.Lett. 1992;1115.

2. JunK-W, RamaRaoKsS, JungM-H, LeeK-W. Bull. Korean
Chem.S0c.1998;19: 466.

3. JunK-W, ShenW-J,LeeK-W. Methanolanddimethylether
synthesigrom CO, + H,. In Greenhous&asControl Tech-
nologies Eliasson B, Riemer P, Wokaun A, (eds.).
Pergamon1999;421-426.

4. FleischTH, BasuA, GradassMJ, MasinJG. Stud.Surf. Sci.

Catal. 1997;107: 117.

. Tao,J-L etal., Unpublishedresults.

. Lee S, SawantA, RodriguesK. Energy& Fuels1989;3: 2.

7. ParameswaraWR, Lee S, Wenderl. Fuel Sci. Technol.Int.
1989;7: 899.

8. Scherzerd. ACS Symposiunteries vol. 248, ACS: 1984;
157.

9. Luo S, Wu J, Toyin J, SaitoM, TakeuchiM, WatanabeT.
Stud.Surf. Sci. Catal. 1998;114: 549.

Appl. Organometal Chem.2001;15: 105-108



