Concurrent Production of Methanol and Dimethyl Ether Bull. Korean Chem1988.Vol. 20, No. 9 993

Articles

Concurrent Production of Methanol and Dimethyl Ether from
Carbon Dioxide Hydrogenation : Investigation of Reaction Conditions

Ki-Won Jun,* Wen-Jie Shen; and Kyu-Wan Lee

Chemical Technology Division, Korea Research Institute of Chemical Technology,
P.O. Box 107, Yusong, Taejon 305-600, Korea
fInstitute of Coal Chemistry, Chinese Academy of Sciences, P.O. Box 165, Taiyuan, Shanxi, 030001, P.R. China
Received January 8, 1999

The concurrent production of methanol and dimethyl ether from carbon dioxide hydrogenation has been stud-
ied under various reaction conditions. First, the methanol synthesis was compared with the concurrent produc-
tion method. For the methanol synthesis, the ternary mixed oxide catalyst (CuOZWDMsls used and for

the coproduction of methanol and dimethyl ether, silica-alumina was mixed with the methanol synthesis cata-
lyst to be a hybrid catalyst. The results show that the co-production provides much higher per-pass yield than
methanol synthesis even at very short contact time. The effects of temperature, contact time, pressure and cat-
alyst hybrid ratio on the product yields and selectivities were also determined in the co-production.

Introduction process of the MeOH+DME co-production from/€O;,
feed stock using a hybrid-catalytic system. First the

Since carbon dioxide accumulation in the atmosphere i$1eOH+DME co-production was compared with methanol
feared as the major cause of global warming, the subject osynthesis, and then the effects of temperature, contact time,
the utilization of carbon dioxide has attained great imporfpressure and catalyst-mixing on the product yields and selec-
tance in recent years. When hydrogen is able to be obtaingilities were investigated in the co-production. This work is
readily, the catalytic hydrogenation of €ill probably be  an extension of the preliminary report which was given as a
the most efficient route among the methods of @ation. proceeding papér.
Moreover, the C@conversion to a clean liquid fuel such as
methanol (MeOH) and dimethyl ether (DME) could provide Experimental Section
a way to produce a secondary energy carrier for using
renewable energy or off-peak electricity more efficiently. Catalysts A CuO/ZnO/AbOs (Cu : Zn : Al molar ratio =
Although the methanol synthesis from&0, has not been 1:0.81:0.16) methanol synthesis catalyst was prepared by
studied as extensively as the commercialized methandhe conventional coprecipitation method. An aqueous solu-
synthesis from synthesis gasA€0/CQy), there has been tion of copper nitrate, zinc nitrate and aluminum nitrate and
considerable progress, especially in the development ain aqueous solution of sodium carbonate were added to
effective catalysts for the GQronversion to methandf ~ water simultaneously with constant stirring. During the pre-
However, methanol formation from the hydrogenation ofcipitation, the temperature and pH were maintained at room
COz is much more thermodynamically unfavorable than thatemperature and 7.0, respectively. After the completion of
of CO under operating conditions of interést. precipitation the suspension was kept for two hours in the

In order to overcome the equilibrium limitation, the third mother liquid, followed by filtering and washing with water.
reaction can be added to shift the equilibrium to moreThe precipitate was then dried at 393 K overnight and cal-
conversion of methanol synthesis reaction. Some reportsined in air at 623 K for 12 hours. Total surface area and Cu
have been cited on the simultaneous production of methanslrface area of the prepared catalyst were found to be 58.5
and dimethyl ether (DME) from GQr CO hydrogenation mn?/g and 16.1 g, respectively, from BET measurement
over hybrid catalysts, that is, combination of methanoland NO surface titratioA?
synthesis and solid acid catalystsThe improvement in A commercially available silica-alumina (Aldrich: SIiO
per-pass conversion can be achieved by turning methan8b wt%, surface area = 540.4/g) was used as a solid acid
into DME on solid acids. catalyst for thén-situ conversion of methanol formed from

DME can be used as a clean fuel because of its LPG-likaydrogenation of C& This catalyst was calcined at 773 K
physical property as well as a raw material for the converevernight before using. In the preparation of hybrid cata-
sion to hydrocarbons like methanol. Moreover, recently itlysts, silica-alumina (60-80 mesh) was physically mixed
has been known that DME can be used as an attractive altetith CuO/ZnO/AbOs; methanol synthesis catalyst (60-80
native fuel for diesel enginés. mesh) in desired weight ratios.

In the present work, it has been tried to develop one-step Testing Apparatus. Prior to the reaction, the catalyst was
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reduced in a KlN2(10% H) gas stream of 100 mL/min ¢.g

at 523 K for 4 h under atmospheric pressure. The catalyti
hydrogenation of C@was carried out in a high-pressure
stainless-steel tubular reactor by feeding a gas mixture/ of H
C0O(3/1 mole ratio). The gases used for reduction and reac
tion in this work were high purity and premixed to desired
compositions. The reactor is constructed of a 10.2 mm i.c
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MeOH at equilibrium of reactions 1 and 2
vvvvvv DME at equilibrium of reactions 5 and 2
—A—MeOH in MeOH synthesis

—A— MeOH in coproduction
—V—MeOH+DME in coproduction

stainless steel tube and equipped with a 3.2 mm o.d. therm:
couple well in the catalyst bed, permitting a volume of cata:
lyst samples ranging in size from 1.0 to 10%ckor each N
reaction experiment 0.5-1.0 g of CuO/ZnQf3{ catalyst
was loaded. In the case of DME synthesis the methanc ] :
dehydration catalyst was also loaded as being mixed witl
the methanol synthesis catalyst at a desired ratio. The cat
lysts were diluted by inert quartz sand of the same patrticl
size. The pressure in the reactor was adjusted with a bas 0 .
pressure regulator. The flow rate of feed gas mixture wa 540
controlled by a mass flow controller. Effluent gas from the Temperature (K)
reactor was analyze(_:l by on-line gas chromatograph (Dona'ﬁgure 1. Comparison of oxygenate yields between methanol
model DS 6200) using carbosphere column (connected tgynthesis and MeOH+DME co-production: pressure = 3 MPa;
TCD) for CQ:and CO and Porapak T column (connected tocatalyst (CuO/ZnO/ADs: silica-alumina) hybrid = 1 : 1 wt. ratio;
FID) for methanol, DME and hydrocarbons. The productcontact time = 0.125 s - g/mL (contact time is based on only CuO/
lines were heated electrically where necessary in order t§NC/AlOs).
avoid unwanted condensation of methanol and water.
The yield (%) of a product is expressed as following: 100reaction (5).
x number of moles of C{xonverted into a product (MeOH, N
DME or CO)/initial number of moles of GOEach reaction 2CQ + BH= CHOCHs + 3H0 ©)
data here represents an average value taken from several gafh the primary stage of this work, the €lydrogenation
chromatographic measurements of the reactor effluent conwas carried out on the hybrid of CuO/ZnG#8d and silica-
position at several different times up to 10 hours duringalumina (1:1 wt. ratio) at different temperatures and the
steady-state operations. results were compared with the results from the reaction on
the methanol synthesis catalyst alone. Figures 1-3 illustrate
the results of two modes of reactions for comparison. From
Figure 1, it is readily seen that the MeOH+DME co-produc-
Comparison of Methanol Synthesis and MeOH+DME  tion always gives higher yield of total oxygenates (MeOH
Co-production. In the CQ hydrogenation using CuO/ZnO/ and DME) than methanol synthesis. When the reactions are
Al>0s, the products were found to be CO and methanotonducted at the high temperatures, the benefit of increasing
almost exclusively. Only a trace of methane formation wasxygenate yield appears more clearly. This shows that the
observed. When the hybrid catalyst was employed, DMEco-production method removes the equilibrium constraint of
was found as an additional product. Generally, in the methanethanol synthesis by converting methanol to DME and that
nol synthesis (reaction 1) from Ghydrogenationthe it is more effective under the reaction condition which is
reverse water gas shift (RWGS: reaction 2) also occurslose to equilibrium as predicted by the comparison between
simultaneously. Therefore, the reactions (1) and (2) make thihe equilibrium yields of methanol and DME achievable in
total reaction system of methanol synthesis. the reaction systems consisted of reactions 1 and 2 and reac-
N tions 5 and 2, respectively. It is also to be noted that the co-
€Oz + 3H, = CHOH + HO @) production gives higher yield even at the low temperatures
N which scarcely seems to be close to equilibrium condition.
€O+ H= CO+HO ) The conversion of methanol to DME would lower the meth-
Carbon monoxide could be formed from the methanolanol concentration on the catalyst surface and this would
decomposition also. increase the forward reaction rate of methanol synthesis
reaction 1). As a consequence, the higher oxygenate yield
CHOH= CO +2H (3) ((:an be obt)ained when tﬁe solid acid ig addedy?o meth)f/;mol
The addition of solid acid to methanol synthesis catalyssynthesis catalyst. The results clearly show that the co-pro-
makes methanol dehydration to DME. duction of methanol and DME plays a very important role in
R alleviating the chemical equilibrium limitation by which the
2CHOH = CH;OCHs + H0 ™) forward reaction of methanol synthesis is limited.
The combination of reactions (1) and (4) gives overall From Figure 2, it can be seen that the co-production gives
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,,,,,, CO atequilibrium of reactions 1 and 2 would be increa_sed_with the formation of DME, becau;e
ol T CO at equilibrium of reactions 5 and 2 ' methanol formation is enhanced and methanol dehydration
:;:gg n C'V‘;‘r’;jcyt’i‘;:es's to DME (reaction 4) produces another molecule of water.
e Because of this, the CO formation in the co-production
./, would be diminished as compared to the simple methanol
15+ / . synthesis. As a consequence, the co-production provides the
9 e o/ enhancement in oxygenate selectivity (see Figure 3).
g /O/ The apparent benefit of MeOH+DME co-production is the
© 4o o enhancement of per-pass conversion: that is, higher CO
3 /O conversion per single pass of reactant gas through the reactor
s ' is obtained. Under the condition of the same temperature
/ (543 K) and contact time (0.5 scafnL based on methanol
°7 / synthesis catalysthe total CQ conversion was 20.76% for
o the methanol synthesis way, whereas it was 22.31% for the
co-production way. The percent increase in the total CO
0

; . T ' ; . . . conversion was 7.47%. However, a significant portion of the
500 520 540 560 total CQ conversion corresponds to CO formation. There-
Temperature (K) fore, it is necessary to compare the performance byc6®
Figure 2. Comparison of CO vyield between methanol synthesisversion to total useful products. By excluding the CO
and MeOH+DME co-production: pressure = 3 MPa; catalyst (CuOformation through the RWGS, it was observed that 6.78% of
ZnO/AlOs: silica-aluming) hybrid =1:1 wt. ratio; contact time = (O, was converted to oxygenate in case of the methanol
0.125s - g/ml. (contact time is based on only CuG/Znii) synthesis. With MeOH+DME co-production, 10.80% of
CO; was converted to oxygenates. The percent increase in
lower yield of CO than the simple methanol synthesis. Thiger-pass C@conversion to oxygenates was actually 59.29
is in agreement with the fact that the equilibrium CO yield%, while the percent decrease in per-pass c@version to
achievable in the reaction systems consisted of reactions GO was 17.67%. Along with this, the reactor productivity
and 2 is lower than that in the reactions 1 and 2. Since botior case of the co-production was increased by 59.29% over
methanol formation and CO formation (reactions 1 and 2}hat of the methanol synthesis. Although the co-production
produce the same product (water), two reactions compete iway does not give any advantage in view of the productivity
the restricted C@conversion. In other words, a favorable based on total catalyst mass, the efficiency of single reactor
condition for methanol formation becomes an unfavorablds clearly improved by using the hybrid catalyst. This would
condition for CO formation and vice versa. In case of the codiminish the recycling of unconverted reactant and carbon
production, the water concentration on the catalyst surfacenonoxide as employing the recycling reaction mode, which
should be essential in the industrial process.
Temperature Effect Figure 4 shows the yields and the
1 o selectivities as functions of reaction temperature in the
50 ‘\\ —8—MeOH in MeOH sythesis MeOH+DME co-produ_ction frqm b_‘lCOz. _It can be seen
o —©—MeOH+DME in coproduction that the oxygenate yield, which is defined as (DME +
\ MeOH, based on carbon atom), increases up to about 543 K

and then decreases with increasing temperature. The

® decrease in oxygenate yield at high temperature can be
\ \ explained as follows: for the methanol synthesis from CO

hydrogenation, a maximum yield of methanol is expected to

be observed with the increase of temperature due to the
hg \ transformation from kinetic control to thermodynamic con-
30 \’ o trol. On the other hand, the methanol dehydration to DME is

\ an almost kinetically controlled process because equilibrium

\ constants are quite high in the temperature range investi-

20 - gated’ The combination of these two successive reactions,

H,/CO, -~ CH:OH - DME, may result in the increase in
s0 520  sw0 s the total oxygenates yield at first as increasing temperature
Temperature (K) and then the decrease after passing the maximum point.

Figure 3. Comparison of oxygenate selectivity between methano From Figure 4(A), it can be further found that the methanol
synthesis and MeOH+DME co-production: pressure = 3 Mpa;gneld dgcregses a little as temperature increases, but the
catalyst (CuO/ZnO/ADs: silica-alumina) hybrid = 1: 1 wt. ratio; DME yield increases at first with temperature. This result
contact time = 0.125 s - g/mL (contact time is based on only Cuogemonstrates that the DME formation from4CHi is not a
ZnO/AlOp). thermodynamically controlled process, and that the DME
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Temperature (K) Figure 5. Dependence of yields and selectivities on contact time in

Figure 4. Dependence of yields and selectivities on reactionMeOH+DME co-production (contact time is based on only CuO/
temperature in MeOH+DME co-production: pressure = 3 MPa;ZnO/Al,Os): pressure = 3 MPa; catalyst (CuO/ZnQ@y¥: silica-
catalyst (CuO/ZnO/ADs: silica-alumina) hybrid = 1: 1 wt. ratio; alumina) hybrid = 1 : 1 wt. ratio; reaction temperature =523 K.
contact time = 0.5 s - g/mL (contact time is based on only CuO/

ZnO/AI203). 3 .
level on Cu/ZnO/AJO; single catalyst under the reaction

conditions adopted; (2) Successive reactiongC& -

formation can effectively accelerate the methanol synthesi€H;OH - DME proceed quickly on the hybrid catalyst,
(reaction 1) to the right side. which lowers the methanol concentration by converting it

By observing the corresponding CO vyield, one can findinto DME and thus keeps the methanol synthesis far from its
that the CO yield increases monotonously with temperaturegquilibrium state. Thus, the reverse direction of reaction 1 is
especially at high temperature. This is natural consideringuppressed; (3) The formation of CO, of which vyield is
that high reaction temperature favors the CO formatioralmost parallel to that of DME, can be attributed to the
through reaction 2 thermodynamically as well as kinetically. RWGS reaction occurring simultaneously with methanol

From Figure 4(B), it is seen that the selectivity for methaformation over the Cu/ZnO/AD; catalyst. This reaction
nol decreases as temperature increases, but the selectivity fmoduces one molecule of water along with one molecule of
DME increases initially and subsequently decreases. InitiaCO. Produced water depresses both the methanol synthesis
decrease in methanol selectivity is partly due to the increadeom H/CO, and the successive DME formation from
in DME selectivity. However, the decrease in methanolCH;OH. The variation of methanol and DME vyields agree
selectivity and the decrease in DME selectivity at the temwith typical reaction pathway of reversible serial reactions.
perature higher than 543 K are mainly due to the increase ifhe reaction scheme can be established as follows:
CO selectivity. It seems that the temperature higher than 543

K should be avoided to get high selectivities for the oxygen = CO
CO;
ates. -

, , . = N E
Contact Time Effect Figure 5 shows the yields and the MeOH —— DM

selectivities as functions of contact time in the MeOH+DME Pressure Effect The co-production of methanol and

co-production, which was conducted at 523 K over theDME was carried out at 523 K under different pressures and
hybrid of Cu/ZnO/A}Os and silica-alumina catalysts (1:1 contact times. The results is shown in Table 1. As the reac-
wt. ratio). It is apparent that the yields of DME and CO ontion pressure increases at the contact time of 0.25 s - g/mL,
the hybrid catalytic system increase with the increase in corthe yields of DME and methanol increase, but the related CO
tact time, while that of methanol is kept almost at a constangield decreases, being agreement with thermodynamic cal-
level, almost irrespective of contact time. These productulation. Since the formation of methanol (reaction 1) is a
selectivity phenomena suggest the following reactionmolecular-decreasing reaction, high pressure gives high
scheme: (1) The methanol synthesis reaches its equilibriuimethanol yield, and in turn DME. As for CO vyield, the
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Table 1 The effect of pressure on MeOH+DME co-production Table 2 The effect of hybrid catalyst ratio on MeOH+DME co-

roductiort
Contact timé, s-g/mL 0.0625 0.25 P :
Pressure, MPa 1.0 30 50 10 30 50 Ccontacttimé s-g/mL 0.125 0.50
COsconversion (%)  10.27 14.73 1499 1582 1813 1855 CUO/ZNO/AOssilica- ., o .0 19 15 14

alumina wt.-ratio

Yield (C-mol %)

co 6.42 842 826 11.68 983 852 CO:conversion (%) 14.41 15.82 15.63 19.72 19.84 20.02
MeOH 313 438 467 263 435 520 Yield(C-mol%)

DME 072 1.92 207 151 395 483 CO 7.36 8.35 830 10.0510.26 9.83
MeOH+DME 384 631 673 415 830 1003 MeOH 4.33 368 262 4.28 349 2.98
Selectivity (C-mol %) DME 2.72 3.78 4.71 539 6.09 7.21
MeOH+DME 37.43 42.81 44.92 26.20 45.77 54.06 MeOH+DME 705 746 7.33  9.67 9.5810.21
DME/(MeOH+DME) 18.67 30.49 30.71 36.52 47.63 48.16 Selectivity (C-mol %)

, - , — — MeOH+DME 48.9347.1946.90 49.04 48.29 50.92

aReaction temperature = 523 K, hybrid catalyst mixing ratio = 1: 1 wt.

ratio. PThe contact time is based on only CuO/ZnGaAl DME/(MeOH+DME) 38.59 50.68 64.23 55.7563.53 70.75

®Reaction temperature = 523 K, reaction pressure = 3.0 MPe.

RWGS readily reaches its equilibrium at longer contact timeF°Mact ime is based on only CuG/ZnQay.

under 1.0 MPa, the decrease of CO yield with increasing

pressure is attributed to the depression of methanol decoradditional benefit for oxygenate yield. This indicates that the

position (reaction 3). Because the secondary reaction afxygenate synthesis is not severely limited by equilibrium

methanol decomposition to carbon monoxide is a moleculabecause of short contact time under the reaction condition

increasing reaction, it is unfavorable at higher pressure, aneimployed in this work. From the viewpoint of productivity,

thus the increase of pressure will certainly inhibit this reacthis solid addition effect is not so remarkable at high space

tion and decrease the CO vyield. Both the increase in methaelocity, but it may shift the product distribution to some

nol synthesis and the decrease of methanol decompositiaegree.

are responsible for the decrease of CO yield with increase of

pressure. Meanwhile, the increase in water concentration Conclusions

due to methanol and DME formation also drives the RWGS

(reaction 2) to the left side and thus decreases CO yield. When the forward reaction of methanol synthesis is lim-

Consequently, the selectivity for oxygenate formationited by chemical equilibrium, the co-production of methanol

increases with the reaction pressure. It is also noteworthgnd DME plays a very important role in alleviating the

that high pressure favors the selectivity for DME amonglimitation - thereby, the co-production gives higher per-pass

oxygenates even though the reaction 4 does not gives tloxygenate yield than the methanol synthesis even at the very

change of molecular number. short contact time. It seems that the temperature higher than
On the other hand, at the short contact time, the reactior$3 K should be avoided to get high selectivities for the oxy-

are controlled mainly by kinetics, the thermodynamic limita-genates and long contact time is preferable to get high oxy-

tion is lowered. Thus the pressure effect on CO formatiorgenate yield. The yield and the selectivity of oxygenates

becomes less significant. increase with reaction pressure. By changing the hybrid cat-
Hybrid Catalyst Ratio Effect. The method of MeOH+ alyst ratio, the DME:MeOH ratio in the product mixture can

DME co-synthesis is expected to be very flexible in thebe controlled. Although the way of co-production does not

sense that any fixed mole ratio of methanol and DME can bgive a favorable productivity based on total mass of hybrid

obtained. This mole ratio can be effectively controlled bycatalyst, it may be concluded that the simultaneous produc-

varying the methanol synthesis: methanol dehydration cataion of methanol and DME clearly provides more effective

lyst ratio. If the same amount of methanol catalyst is usedyay to convert Coto useful products than the conventional

reaction systems with higher loading of methanol dehydramethanol synthesis.

tion catalyst would lead to higher DME vyield at the expense Acknowledgment Financial support of this work by

of lower methanol yield. This fact is borne out in Table 2. AsMinistry of Commerce, Industry & Energy, Korea (Clean

increasing the loading amount of silica-alumina with theEnergy Technology Development) is gratefully acknowl-

same amount of methanol synthesis catalyst loaded, DMEdged.

yield increases concurrently, but methanol yield decreases.
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