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Development of a new low-temperature methanol synthesis process
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Abstract

A new reaction route of methanol synthesis at low temperature from CO2-containing syngas with Cu/ZnO catalyst and the aid of alcohols
has been developed in a batch and a flow-type semi-batch reactors. The use of alcohols as catalytic solvents realized methanol synthe-
sis at 443 K with formate as an intermediate. The activity of methanol synthesis depends on types and structures of alcohols. Among
all alcohols, 2-alcohol exhibited the highest activity. With the aid of 2-butanol, the one-pass 47.0% conversion and 98.9% selectivity
were achieved at a mild condition, 443 K and 50 bar. The new reaction route of methanol synthesis is a practical method for near future
technology.
© 2004 Elsevier B.V. All rights reserved.

Keywords: Methanol synthesis; Syngas; Alcohol; Formate; Cu/ZnO catalyst

1. Introduction

Methanol is a fundamental chemical, alternatively clean
transportation fuel, and direct fuel for fuel cell. It is com-
mercially produced from syngas containing few amount of
carbon dioxide, with the scale of 30–40 million tons per year
around the world under high temperature and high pressure
(523–573 K and 50–100 bar) with Cu/ZnO catalyst. The re-
action path was well known by the following fundamental
steps:

CO+ H2O = CO2 + H2

CO2 + 3H2 = CH3OH + H2O

CO+ 2H2 = CH3OH

Under the reaction condition, one-pass conversion of the
process using H2-rich syngas (H2/CO = 5) is limited to
15–25% due to the thermodynamic limitation of the highly
exothermic reaction[1–3]. The recycle of unreacted syn-
gas is necessary to enhance the syngas conversion, lead-
ing to the production cost higher. The recycling process
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can be omitted if one-pass conversion is high enough. Con-
sequently, developing a high one-pass conversion process
at lower temperature which is of the thermodynamic favor
will greatly lower the cost of production. Air can be used
instead of pure O2, in the reforming process to produce
syngas resulting in the lower cost of methanol production
[3].

Brookhaven National Laboratory (BNL) in USA has de-
veloped the synthesis based on a homogeneous process in
a flow-type semi-batch reactor using a strong base catalyst
(a mixture of NaH, alcohol, and metal acetate). It was oper-
ated at temperature of 373–403 K and pressure of 10–50 bar.
Although its high conversion and selectivity is very attrac-
tive but a remarkable drawback of this process is the quick
deactivation of catalysts. The basic catalyst is easy to be de-
activated by trace amount of CO2 and H2O in the feed gas
or reaction system[4,5], implying the higher cost from the
complete syngas purification and the catalyst reactivation.
Therefore, the commercialization of such a process is now
impractical.

Methanol synthesis from pure CO and H2 via methyl
formate formation has been studied based on the two main
reactions. The carbonylation of methanol in the first step
following by the hydrogenation of methyl formate results
in net methanol formation[6–13]
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However, the deactivation of the basic RONa catalysts by
CO2 and H2O is still the main problem, similarly to BNL
method. The complete purification of syngas makes it diffi-
cult to be commercialized.

The present authors proposed a low-temperature methanol
synthesis by which methanol was synthesized from CO2 and
H2 using a conventional Cu-based oxide catalyst in ethanol
as a catalytic solvent. This process was operated in a batch
reactor at mild condition (443 K and 30 bar)[14]. The new
process consists of three steps: (1) a synthesis of formic acid
from CO2 and H2; (2) a formation of ethyl formate from an
esterification of formic acid and ethanol; and (3) a formation
of methanol from a hydrogenation of ethyl formate. Con-
sidering the fact that the water–gas shift reaction (WGSR)
is easy to conduct on Cu/ZnO catalysts at low tempera-
ture[15–25], therefore a new process for methanol synthesis
from CO2-containing syngas is proposed as the following
steps:

Reactions (2) and (3) were suggested where Cu represents
the catalytic site of Cu-based catalysts since formic acid
was not detected in the products. In the new process, the
high conversion and selectivity were achieved under low
temperature (423–443 K). In this present work, a typical
batch reactor was particularly used for preliminary study of
methanol synthesis at temperature range of 423–443 K and
pressure range of 30–50 bar. Methanol was synthesized from
CO2-containing syngas with the aid of different alcohols as
catalytic solvents and Cu/ZnO as a catalyst. A flow-type
semi-batch reactor was employed to further study the total

process such as catalyst lifetime when the product accumu-
lation and pressure drop were avoided.

2. Experiment

2.1. Materials

Copper(II) nitrate trihydrate (>77% purity, Cu(NO3)2),
zinc nitrate hexahydrate (>99% purity), sodium carbonate
(>99% purity), hexane (>96% purity) and alcohols (>99%
purity) purity were purchased from Kanto Chemical and
used as received.�-Al2O3 (140 m2/g) was purchased from
Nikki Chemical. Pure gas and syngas were purchased from
Takachiho Chemical Industrial. The gas contents of syngas
were calibrated by the manufacturer and further purified by
an activated carbon filter.

2.2. Catalyst preparation

The Cu/ZnO catalyst was prepared by the conventional
co-precipitation method in aqueous solution. An amount of
300 ml copper and zinc nitrates (each 0.13 M, Cu/Zn in mo-
lar ratio = 1) and 300 ml sodium carbonate (0.47 M) used
as a precipitant were simultaneously added to 300 ml water
under rapid stir at 338 K and pH range of 8.3–8.5 and aged
overnight. The precipitate was filtered and washed several
times with distillated water. The drying process was con-
ducted at 383 K for 24 h followed by calcination in the air
at 623 K for 1 h. The reduction of oxide solid was taken at
473 K for 13 h by flowing 5% H2 in N2 and passivated by
2% O2 in Ar. The homemade catalyst, molar ratio Cu/Zn of
1, is denoted as Cu/ZnO (A). No sodium impurity was found
in the finished catalyst, determined by XRD (Rigaku RINT
2400) and EDX (Shimadzu Rayny EDX-700). The BET sur-
face area of catalyst was 60 m2/g and the Cu-specific surface
area, determined by N2O adsorption method, was 30.1 m2/g
[26].

The commercial ICI catalyst (ICI 51-2, Cu:Zn:Al=
62:35:3 wt.% determined by EDX) was reduced by the
same pretreatment, denoted as Cu/ZnO (B) was used. The
BET surface area of the catalyst was 20 m2/g. In some ex-
periments, Cu/Al2O3 (10 wt.% Cu) was also used together
with Cu/ZnO (B) in a physical mixture form at the weight
ratio of 1. The impregnation method was used to prepare
Cu/Al2O3 using copper nitrate aqueous solution on�-Al2O3
followed by the same treatment as that of Cu/ZnO (A). The
BET surface area of Cu/Al2O3 was 113 m2/g.

2.3. Methanol synthesis

A batch reactor with 80 ml inner volume and a stirrer were
used to study the effect of solvent, reaction time, molar ra-
tio of Cu/Zn, and reactant gas composition. The catalyst and
solvent were firstly loaded in the reactor. The air inside was
purged by the reactant gas, CO/CO2/H2/Ar = 32/5/60/3,
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Fig. 1. The flow-type semi-batch apparatus for methanol synthesis.

then the reactor pressure was raised to 30 bar and the reac-
tion took place at the set temperature for 2 h. The stirring
speed was fixed at 1260 rpm and carefully checked to pre-
vent the diffusion-controlled regime. The total pressure was
calculated to 55 bar at the reaction temperature of 443 K in-
cluding 10 bar of solvent vapor pressure when 20 ml ethanol
was used[27]. The GC–MS (Shimadzu GCMS 1600) was
used to confirm all products. Two GCs and TCD (Shimadzu
GC-320) were used to analyze gas products and FID (Shi-
madzu GC-8A) was used to analyze liquid products.

A continuous methanol synthesis was conducted using an
85 ml flow-type semi-batch reactor. The high-pressure gas
flow controller and pressure regulator were set upstream and
downstream of the reactor as shown inFig. 1. The ice-cooled
trap of liquid product and water cooler used to prevent the
possible escaping of solvent from the reactor were set at
the exit of reactor. The 3.0 g of catalyst and 20 ml of alco-
hol (purity > 99.5%) were poured into the reactor, and then
the reactor was closed. After that, the temperature of water
cooler was set at 273 K and the reactor was purged by reac-
tant gas, CO/CO2/H2/Ar = 32/5/60/3 (Ar was used as an in-
ternal standard.) The pressure was raised to 50 bar followed
by raising the temperature to 443 K within 20 min at the
constant stirring speed (1260 rpm). The effluent gases were
automatically analyzed by an online TCD and the liquid
products were analyzed by FID equipped with a methanator
after the reaction was completed. Total carbon conversion
was calculated as follows:

total carbon conversion

=
[
CO conversion× a

a+b

]
+

[
CO2 conversion× b

a + b

]

wherea, b were the contents of CO, CO2 in the feed gas.

The average yields of liquid products (methanol and for-
mate),Pi yields, were calculated and obtained as follows:

Pi yield

= 100× Pi C-mol number

total mol of carbon in the feed gas in total time

It should be noticed that carbon in the solvent, ROH, was
not counted in the calculation to ensure proper selectivities
of the reacted CO and CO2. The selectivities of the liquid
products,Pi selectivities, were calculated as follows:

Pi selectivity= 100× Pi yield∑
Pi yield

3. Results and discussion

3.1. Batch reactor

Fig. 2 shows an effect of ethanol, a catalytic solvent, on
the conversion or yield of methanol synthesis. In this exper-
iment, a physical mixture of CuZnO (B) and Cu/Al2O3 was
utilized. The reaction did not proceed at low temperature as
423 K in cyclohexane, alcohol free medium. This reaction
route could be the same route as a conventional process, ICI
commercial process. The hydrogenation could not directly
proceed at a temperature lower than 483 K informing that
the catalyst showed no activity. The activity of catalyst ex-
isted at low temperature only when ethanol was used as a
solvent. The alcohol significantly lowered the reaction tem-
perature and accelerated the reaction, but did not effect the
stoichiometry of the overall reaction (6). In reaction (1), the
WGSR is easily conducted on Cu catalysts at low temper-
ature. The reaction between acid and alcohol, known as an
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Fig. 2. Role of ethanol for methanol synthesis in a batch reac-
tor. Temperature= 423 K; initial pressure= 30 bar; Cu/ZnO(B) +
Cu/Al2O3 = 0.2 g; reaction time= 2 h; total solvent amount= 5 ml.

esterification, can proceed at mild condition as in reaction
(3). The hydrogenolysis of ester in reaction (4) to methanol
is an industrial process. The methanol can be easily pro-
duced in the overall reaction using Cu/ZnO catalyst and the
aid of ethanol. The increased ethanol amount gradually in-
creased both conversion and yield. Ethyl formate seemed to
be the only intermediately by-product.

The activity of Cu/ZnO (B) was lower than that of Cu/ZnO
(A). In order to enhance the conversion, Cu/Al2O3 was also
used separately or physically mixed with Cu/ZnO (B). If
only Cu/Al2O3 was used, only ethyl formate was formed and
no methanol was observed. If both Cu/Al2O3 and Cu/ZnO
(B) were used, the highest conversion was obtained, but se-
lectivities of ethyl formate and methanol were the same as
using Cu/ZnO (B) alone. It seems that Cu/Al2O3 catalyzed
reactions (1)–(3), but the active site of the catalyst for reac-
tion (4) was Cu–Zn–O structure. It seems that the main role
of the added Cu/Al2O3 was increasing the rate of reaction
(1).

The effect of reaction time on the conversion or yield at
443 K was shown inFig. 3. The conversion and methanol
yield linearly increased with the time of reaction. The yield
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Fig. 3. Effect of reaction time on methanol synthesis in a batch reactor.
Temperature= 443 K; initial pressure= 30 bar; Cu/ZnO(A) = 0.2 g;
ethanol= 10 ml.

Table 1
The Cu/ZnO catalyst properties with different Cu/(Cu+ Zn) molar ratio

Cu/(Cu + Zn)
molar ratio

Cu0 area by N2O
method (m2/g)

BET surface
area (m2/g)

0.1 3.6 38
0.3 12.2 44
0.5a 30.1 60
0.7 16.1 48
0.9 1.46 22

a Cu/ZnO (A).

of ethyl formate was nearly constant indicating that the re-
action proceeded via the designed route where formate was
the only intermediate.

The reaction activity and its relationship with the chemi-
cal composition of Cu/ZnO in a closed reactor were shown
in Fig. 4. It is clear that the Cu/Zn molar ratio of 1(Cu/(Cu+
Zn) = 50%) exhibited the best reaction activity, whereas
large percentage of Cu or Zn was not favorable to the cata-
lyst activity. At low total conversion, the selectivity of ethyl
formate was high. When the conversion increased, the se-
lectivity of methanol increased, indicating that ethyl for-
mate was an intermediate in this low-temperature methanol
synthesis.

As shown inTable 1, the BET surface area and Cu surface
area were low when the Cu/Zn molar ratio was high or low.
The active site, metallic Cu, was believed to be well dis-
persed in ZnO lattice, moderate Cu/Zn ratio was critical to
ensure high catalytic activity. Cu/ZnO catalysts with various
Cu/Zn ratios were prepared by different methods, for exam-
ple, using oxalic acid solution in ethanol for co-precipitation
besides the Na2CO3-contained co-precipitation reported
here. It is found that the activity was almost proportional to
Cu surface area of the obtained catalyst. It can be concluded
that Cu was the active site for the reaction and it acted
via a redox cycle, as shown in the reaction mechanism.
Therefore, it is important to obtain high Cu surface area on
ZnO in order to enhance the activity. Strong interaction be-
tween Cu and ZnO, which make reduction of Cu difficult,
although the dispersion of Cu was increased. Incidentally,
weak interaction between Cu and ZnO could not ensure
high dispersion of Cu, leading to low Cu surface area.

Fig. 5 shows the effect of various alcohols on the con-
version and yields. Alcohol-free solvent (cyclohexane and
no solvent cases) showed no activity for methanol synthesis
at 443 K. Considering 1-alcohols, the longer carbon chain,
the lower the yield of methanol and corresponding ester.
Ester was not found for 1-alcohols when there were more
than three carbons. The result corresponds with the different
1-alcohols rate sequence in the esterification[28], support-
ing the fact that reaction (3) was a rate-determining step.

Among branched alcohols, which have the same amount
of carbons but different structures, the 2-alcohol had
the highest activity in both methanol and ester yields.
2-Propanol, the shortest carbon of 2-alcohol, showed the
highest activity among 2-alcohols. The activity was lowered
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Fig. 4. The reaction performances of Cu/ZnO catalysts with different Cu/(Cu + Zn) molar ratios in a batch reactor. Temperature= 443 K; initial
pressure= 30 bar; Cu/ZnO = 0.2 g; reaction time= 2 h; ethanol 10 ml.

due to the spatial obstacle from the branching iniso-butanol,
tert-butanol, and cyclopentanol. However, the yields to ester
in the batch reactor were high when 2-alcohols were used,
especially 2-pentanol, referring that reaction (4) was slow
if 2-alcohols were used. In other cases, the rate of reaction
(4) was much faster than that of reaction (3), resulting the
disappearance or small yield of the corresponding esters.
The results on the effect of different alcohols might not
be clear enough in the batch reactor to strongly conclude
that reaction (3) was the rate-determining step. Therefore,
the experiments were further investigated in the flow-type
semi-batch reactor in order to confirm the rate-determining
step. Furthermore, ethylene glycol and benzyl alcohol
showed no activity. It can be concluded that the rate and
reaction path of reaction (3) solely depended on the nature
of alcohols, the electron density and spatial effect.

Although low electron density of the oxygen atom in
1-butanol which made it slowly attack formic salt, the nu-
cleophilic attack in the esterification was favorable due to
the smallest spatial obstacle. On the contrary, the large spa-

tial obstacle, which retarded the nucleophilic attack, lowered
the esterification rate; even though, the electronic density
of the oxygen atom intert-butanol was high. Consequently,
tert-butanol exhibited the lowest activity. As a result of the
balance between electronic factor and spatial obstacle ef-
fects, among all butanols, 2-butanol showed the highest ac-
tivity.

In order to demonstrate the mechanism, the hydrogena-
tion of ester was conducted in a batch reactor. The mix-
ture of 1.5 ml of ethyl formate and 18.5 ml of cyclohexane
was poured into the reactor. Methanol was easily produced
through the hydrogenation of ethyl formate under 30 bar of
the total initial pressure, in which H2/N2 molar ratio of 2
was used instead of syngas. The total conversion of ethyl
formate and the yield of methanol at 443 K was 98.2 and
83.7%, respectively. The two by-products were methyl for-
mate and CO. The methyl formate could be produced from
the trans-esterification between ethyl formate and methanol
product. CO might be derived from the ethyl formate de-
composition.
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Fig. 5. Effect of different alcohols on methanol synthesis in a batch reactor. Temperature= 443 K; initial pressure= 30 bar; Cu/ZnO(A) = 1.0 g, reaction
time = 2 h; alcohol= 20 ml.

The effect of reactant gas composition was shown in
Table 2. No reaction was observed when pure CO was used,
indicating that the direct carbonylation of alcohol to es-
ter was impossible. Ethyl formate was produced without
methanol product when pure syngas (CO+ H2), CO2-free
syngas, was used. The formation of ester or reaction mecha-
nism is not clear, as its formation via an insertion of CO into
ethanol was excluded. The one possibility of its formation
is the WGSR of water containing in ethanol (100–150 ppm).
The WGSR between CO and water to form CO2 possibly
proceeded the reactions (1)–(3). The increase in CO2 con-
tent enhanced the total reaction rate when CO2-containing
syngas was used. It was implied that the reaction rate of
methanol synthesis from CO2 + H2 was faster than that of
CO + H2; therefore, the designed reaction route was con-
firmed.

Table 2
Effect of reactant gas on methanol synthesis in a batch reactor

Experiment
no.

Partial pressure (bar) Yield (%)

CO H2 CO2 Ethyl formate Methanol Total

1 10 0 0 0 0 0
2 10 20 0 0.30 0 0.30
3a 9.6 18 1.5 0.28 0.15 0.43
4 7.5 18 4.5 0.43 0.17 0.60
5 0 22.5 7.5 0.55 0.40 0.95

Temperature= 423 K; initial pressure= 30 bar; Cu/ZnO(B) = 0.2 g;
reaction time= 2 h; ethanol= 5 ml.

a Argon = 0.9 bar.

In Fig. 6, the total carbon conversion and methanol yield
increased when the reaction temperature increased. The se-
lectivity of methanol gradually increased with the increase
in temperature as well. As a result of the low investigated
temperature, the limitation from thermodynamics did not
occurred.

Furthermore, water added in order to study the reaction
behavior and catalyst activity did not effect the reaction un-
der studied reaction conditions. The additional water was
an intermediate in the reaction mechanism, similarly to the
role of CO2, while they severely deactivated the catalysts in
other low-temperature methods.
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Fig. 6. Effect of reaction temperature on methanol synthesis in a batch re-
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ethanol 20 ml.
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3.2. Flow-type semi-batch reactor

The time-on-stream and activity change of continuous
process was shown inFig. 7. CO conversion gradually in-
creased was nearly stable at approximately 60% conversion
after 12 h from the beginning due to the dilution effect of the
pressurized reactant gas. CO2 conversion, on the other hand,
dropped to−29% conversion and gradually increased to sta-
bilize at approximately−8% conversion in the initial 10 h.
The negative CO2 conversion resulted from the excess CO2
formed from WGSR of CO informed that the adjustment of
CO/CO2 ratio was required. As the absolute CO2 content in
the feed gas was very low, the CO2 content was not so high
even if it showed minus conversion. Total carbon conversion
also gradually increased and became stable at about 47%
conversion. The time-on-stream of conversion indicated that
CO was initially converted to CO2 via WGSR, reaction (1),
and then, CO2 converted to methanol via reactions (2)–(4).

Table 3shows the effect of various alcohols on the contin-
uous methanol synthesis during 20 h of reaction time. This
low-temperature method, leading to the high selectivity of
methanol, up to 98–100% selectivity, indicated the rapid hy-
drogenolysis of HCOOR, reaction (3). Methyl formate was

Table 3
Continuous processes with various alcohols for methanol synthesis

Solvents Selectivity (%) Total carbon conversion (%) Yield (%)

Methanol MF HCOOR Methanol MF HCOOR

Methanol 39.8 0.5 0 40.3 98.7 1.3 0
Ethanol 33.0 0 0.5 33.5 98.5 0 1.5
1-Propanol 34.5 0.0 0.7 35.2 98.1 0 1.9
2-Propanol 44.0 0.1 0.3 44.4 99.0 0.3 0.7
1-Butanol 34.3 0.1 0 34.4 99.8 0.2 0
2-Butanol 46.5 0.2 0.3 47.0 98.9 0.4 0.7
iso-Butanol 29.8 0.1 0 29.9 99.6 0.4 0
1-Pentanol 34.1 0.1 0.0 34.2 99.7 0.3 0.0
2-Pentanol 43.3 0.1 0.6 44.0 98.4 0.3 1.3
1-Hexanol 34.4 0.1 0 34.5 99.7 0.3 0

Temperature= 443 K; pressure= 50 bar; Cu/ZnO(A) = 3.0 g; reaction time= 20 h; alcohol= 20 ml; flow rate= 20 ml/min.
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Fig. 8. Effect of reaction pressure on methanol synthesis in a flow-type
semi-batch reactor. Temperature= 443 K; Cu/ZnO(A) = 3.0 g; reaction
time = 20 h; 2-butanol= 20 ml; flow rate= 20 ml/min.

another by-product formed through thetrans-esterification
between HCOOR and methanol product. Similarly to the ba-
tch process, 2-alcohols showed the highest conversion due
to the balance between electronic factor and spatial obstacle
effects. According to the sequence of the esterification rate,
methanol, among 1-alcohols, showed the highest activity. It
was believed that reaction (4) was faster than reaction (3) be-
cause of the low concentration of ester by-product, providing
the evidence that reaction (3) was the rate-determining step.

The effects of pressure and temperature were shown in
Figs. 8 and 9, respectively. The total carbon conversion
linearly increased with the increase in pressure and tem-
perature without changing in the selectivity of methanol
(>98%). The thermodynamic limitation did not occurred,
as the investigated temperature here was low. Furthermore,
the increase in the amount of catalyst linearly increased
the conversion, proving the high efficiency of syngas mass
transfer and unlimited thermodynamics in the reactor.
Unlike the high temperature process, the conversion was
thermodynamically limited.

The continuous process may have an excellent potential
for commercialization where the high purity of syngas (CO+
H2) was not necessary and the deactivation of catalyst by
water and CO2 can be solved.
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4. Conclusions

Methanol was synthesized via a new reaction route with
conventional solid catalyst and the aid of catalytic alcohol at
low temperature from CO2-containing syngas which purifi-
cation of syngas was unnecessary. The new reaction route
not only exhibited high activity, but also overcame the draw-
backs of other low-temperature methods in terms of catalyst
deactivation. Alcohols, as catalytic solvents, greatly lowered
the reaction temperature and pressure. The nature of alco-
hol structure solely influenced the activity of methanol syn-
thesis. Among the studied alcohols, 2-alcohols showed the
highest activity. Additionally, no thermodynamic limitation
occurred; therefore, the conversion was linearly increased
when the amount of catalyst increased. The present methanol
synthesis by continuous process is a promisingly practical
method which may have the potential to be commercialized.

In the near future, a bubble-column reactor is considered
for large-scale synthesis.
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