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Abstract A new DME synthesis route from syngas at a

relatively low temperature (443 K) has been developed for

the first time by the combination of a conventional DME

synthesis catalyst (Cu/ZnO:HZSM-5 catalyst) with meth-

anol as a catalytic solvent. The addition of methanol to the

reaction system is the key to the success of DME synthesis

at this temperature. Indeed, a CO conversion of 29 and

43% with a DME selectivity of 69 and 68% were achieved

at 443 or 453 K, respectively, and 4 MPa, when methanol

was used as a catalytic solvent. Importantly, no other by-

products including methanol and hydrocarbons were

observed in the DME product attained, suggesting no sig-

nificant subsequent purification stages. Assuming no scale

up problems, this process potentially provides a high purity

of DME with less energy consumption, and so offers an

opportunity for the economically viable future sustainable

production of DME.

Keywords Dimethyl ether � Methanol � Dehydration �
HZSM-5 � Low temperature

1 Introduction

Dimethyl ether (DME) is produced in a large quantity from

the non-renewable resources of natural gas and coal, but

has the potential to be produced from renewable sources

and, indeed, as a sustainable alternative fuel for 21st cen-

tury. DME is currently known as a non-Freon aerosol

propellant or as a precursor for dimethyl sulphate produc-

tion. However, there is growing additional interest in its

potential use as a fuel substitute for LPG and diesel fuel.

This is because of the ease to be liquefied, high cetane

number ([55), low emissions of SOx, NOx and CO, and no

particulate matter. Furthermore, existing combustion

engines are easily modified to be compatible DME [1–3].

However, production via the two-step process of methanol

synthesis from syngas followed by methanol dehydration

over acid catalysts such as c-Al2O3 and HZSM-5 [4],

results in relatively low yields and production rates of

DME. Moreover, the thermodynamic equilibrium for the

conversion of syngas to methanol actually favors a high

pressure and low temperature rather than the currently used

relatively high temperatures [5]. Therefore, a single-step

process, syngas to DME (STD), which has technical and

economical advantages, has been suggested as a means to

directly produce DME from syngas by using a hybrid

catalyst [6–8]. The hybrid catalyst is a mixture of catalysts

for methanol synthesis, composed of CuO, ZnO and Al2O3,

and acid catalysts for the methanol dehydration stage. The
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single-step process is composed of three reactions; namely

the (i) methanol synthesis (Eq. 1), (ii) methanol dehydra-

tion (Eq. 2), and (iii) water–gas shift reaction (Eq. 3), and

is referred to as the STD process throughout this

manuscript.

2COþ 4H2 ! 2CH3OH ð1Þ
2CH3OH! CH3OCH3 þ H2O ð2Þ
COþ H2O! CO2 þ H2 ð3Þ
3COþ 3H2 ! CH3OCH3 þ CO2 ð4Þ

However, the overall synthesis of DME (Eq. 4) is a

highly exothermic reaction (DH = -246.0 kJ mol-1) and

generally operated at a relatively high temperature and

pressure (523–553 K and 3–10 MPa) [9]. At these

relatively high temperatures, coke formation on the

catalyst surfaces and the sintering of metallic particles

leads to a severe deactivation of the catalyst relatively

rapidly with the resultant loss of product production rate

and yields [8, 10–12]. Therefore, more efficient catalysts

for both the methanol synthesis and dehydration stages

have been developed recently including, for example, the

modification of the surface acidity of the catalyst and the

improvement of metallic catalysts [13–17]. Unfortunately,

there has been no suitable solution in order to avoid the

catalyst deactivation.

Additionally, the catalyst in the STD process can be

further deactivated during the methanol synthesis (Eq. 1),

and water–gas shift reactions (Eq. 3), from overheating due

to the heat of the exothermic reaction. This catalyst deacti-

vation rate and degree can be lowered by operating at a low

one-pass conversion. However, such an approach requires

recycling to use the syngas efficiently. In order to achieve an

efficient recycling rate of the unreacted syngas, large capital

investments and high operating costs are needed [7, 18, 19].

From an economic point of view, however, deactivation and

syngas recycling can be avoided by operating at low tem-

peratures with a high one-pass conversion which, if attained,

would offer several advantages, such as a long catalyst

lifetime (less catalyst deactivation), less hydrocarbon by-

products, lower energy consumption, and is thermodynam-

ically favorable. If the methanol synthesis catalyst, which is

normally active at high temperature, can be suitably active at

low temperatures, DME synthesis at a low temperature is

then economically possible.

Recently, methanol synthesis at a low temperature was

reported by the present authors. Methanol was synthesized

via a new catalytic route by using a Cu-based catalyst and

alcohol as a catalytic solvent at 443 K and 5 MPa [20–22].

This process consists of three reactions; namely a (i)

water–gas shift reaction (Eq. 5), (ii) esterification (Eq. 6),

and (iii) hydrogenolysis (Eq. 7).

COþ H2O! CO2 þ H2 ð5Þ
CO2 þ H2 þ ROH! HCOORþ H2O ð6Þ
HCOORþ 2H2 ! CH3OHþ ROH ð7Þ
COþ 2H2 ! CH3OH ð8Þ

Based on this finding, DME could be synthesized at low

temperature via the novel methanol synthesis by adding a

suitable acid catalyst to dehydrate the methanol to DME.

DME synthesis should then be possible. Therefore, DME

synthesis via a novel methanol synthesis was reported here.

In this manuscript, a novel low temperature DME synthesis

from syngas using alcohol as the catalytic solvent to

change the reaction pathway is proposed. The proposed

reaction consists of four reaction steps; namely a (i) water–

gas shift reaction (Eq. 9), (ii) esterification (Eq. 10), (iii)

hydrogenolysis (Eq. 11), and (iv) methanol dehydration

(Eq. 12). This process is refereed to as the low temperature

DME synthesis process from hereon.

3COþ 3H2O! 3CO2 þ 3H2 ð9Þ
2CO2 þ 2H2 þ 2ROH! 2HCOORþ 2H2O ð10Þ
2HCOORþ 4H2 ! 2CH3OHþ 2ROH ð11Þ
2CH3OH! CH3OCH3 þ H2O ð12Þ
3COþ 3H2 ! CH3OCH3 þ CO2 ð13Þ

2 Experimental

2.1 Catalyst Preparation

The Cu/ZnO catalyst was prepared by the conventional

co-precipitation method. A mixture of copper and zinc

nitrate solutions, each at 0.21 M (i.e. a Cu/Zn mole ratio of

1), was precipitated with sodium carbonate solution

(0.42 M final concentration) with rapid stirring at 338 K

and pH 7.0. The precipitate was filtered, washed with

distilled water, dried at 383 K for 24 h and then calcined in

air at 623 K for 1 h. A commercial HZSM-5 zeolite

preparation was calcined at 773 K for 3 h before use. The

hybrid catalysts were prepared by physically mixing the

Cu/ZnO catalyst with HZSM-5 at a mass ratio of 2:1. The

catalysts were reduced at 473 K for 13 h under flowing 5%

(v/v) hydrogen in nitrogen and passivated by 2% (v/v)

oxygen in argon.

2.2 Low Temperature DME Synthesis Process

DME synthesis was carried out in a flow-type slurry reactor

with an inner volume of 80 mL equipped with a condenser

at the reactor outlet for condensing the methanol. The high-

pressure gas flow controller and pressure regulator were set
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upstream and downstream of the reactor respectively. The

condenser used to prevent the possible escaping of solvent

from the reactor was set at the exit of reactor. The details of

the reaction apparatus have been reported elsewhere

[20–22]. The 1.0 g of catalyst and 40 mL of solvent 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 reactant gas, CO/H2/

Ar = 48/48/4 (Ar was employed as an internal standard.).

The pressure was raised to 4 MPa followed by raising the

temperature to 443 K at a constant stirring speed of

1200 rpm. The effluent gases were analyzed by two GCs

equipped with Unibead C (TCD) and Porapak-Q (FID).

The GC-MS was also used to confirm all products.

The conversion of CO has been determined by using the

flow rates of CO inlet (COinlet), and CO outlet streams

(COoutlet):

COconversion ¼
COinlet � COoutlet

COinlet
� 100 ð14Þ

The selectivity to DME or CO2 has been calculated as the

ratio of carbon content in the product DME or CO2 and the

total carbon contents corresponding to all the products

formed in the reactor outlet stream:

DMEselectivity ¼
2DME

MeOH þ 2DME þ CO2 þ Hydrocarbon
� 100

ð15Þ

CO2selectivity ¼
CO2

MeOH þ 2DME þ CO2 þ Hydrocarbon
� 100

ð16Þ

3 Results and Discussion

Scheme 1 shows the proposed reaction mechanism which

includes the water–gas shift reaction, esterification,

hydrogenolysis, and methanol dehydration reactions.

To demonstrate the novel low temperature DME syn-

thesis, the most important key is selecting a suitable cata-

lyst to catalyze the overall reaction at low temperature.

Although a Cu/ZnO catalyst with 2-butanol was previously

found to be the most active catalytic system [20–22], the

2-butanol was dehydrated to butenes or ether on the acidic

zeolite catalyst. These products, then, contaminate the

DME product and increase the resulting purification stages

and costs [23]. Therefore, an alternative suitable alcohol

was selected based on two criteria; namely (i) a catalytic

activity on esterification and (ii) an ease of separation from

the DME product. Amongst all the alcohols, methanol was

the only likely candidate since it efficiently catalyzes

esterification and its dehydrated product is DME. Conse-

quently, a Cu/ZnO catalyst with methanol as the catalytic

solvent was selected as the suitable catalyst for methanol

synthesis (Eqs. 9–11). The methanol synthesis activity of

the chosen catalysts was performed at 443 K and 4 MPa.

The results showed that the CO conversion was 10%.

Amongst several acid catalysts which have been exten-

sively studied, c-Al2O3 and HZSM-5 are the most fre-

quently employed acid catalysts in the STD process.

However, the acid sites of c-Al2O3 were not strong enough

to catalyze methanol dehydration at these low (433–453 K)

temperatures. In contrast, the acid sites of HZSM-5 are

known to be very strong even at relatively low tempera-

tures [4, 24], and so HZSM-5 was selected as a potentially

suitable methanol dehydration catalyst for evaluation.

Figure 1 shows the effect of methanol on the STD and

low temperature DME synthesis processes at 443 K. It is

obvious that the CO conversion attained in the STD pro-

cess was very low when paraffin was used as a solvent,

which is an inert reaction medium normally used for sus-

pending the catalyst, facilitating heat removal, and

enabling isothermal conditions to be achieved.

The results (Table 1) show that the selectivity of DME

was high, indicating that the acidity of HZSM-5 was strong

enough to efficiently convert methanol to DME at 443 K.

Thus, the low catalytic activity is attributed to a low

methanol synthesis rate, and may imply that the overall

Scheme 1 Proposed

mechanism for the novel low

temperature (443 K) synthesis

of DME from syngas at using a

Cu/ZnO:HZSM-5 catalyst with

methanol as a solvent catalyst
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reaction is principally or solely dependent upon methanol

synthesis [13–15]. In the STD process, the reaction route of

methanol synthesis was the same as in the conventional

process in which hydrogenation could not proceed at low

temperatures [25]. Nevertheless, a slight activity was still

observed in the STD process, likely explained as the result

of the synergistically strong driving force for the overall

reaction, where one of the products from each reaction is a

reactant for the next reaction [7, 18, 19]. It can be con-

cluded that methanol synthesis is the key to the low tem-

perature DME synthesis from syngas.

Figure 1 also shows that the CO conversion in the novel

low temperature DME synthesis process was very high

(*29 times greater than that of the STD process) when

methanol was used as a solvent catalyst. This showed that

DME synthesis at low temperature was achieved when

methanol was introduced into the reaction system. Figure 1

also gives information on the catalyst stability over a 15-h

period. The constant CO conversion indicated that no

substantial (rate limiting) catalyst deactivation occurred

over this period. The novel low temperature DME syn-

thesis appeared to be very selective towards formation of

the final DME product. In particular, since no by-products,

and especially methane and methanol, were detected

(Table 1), then the cost of product purification could be

saved. The formation of methane or other hydrocarbons is

known to be derived from the further dehydration of DME

by the strong acid sites on the catalyst surface at high

temperatures [4, 8, 16, 17, 26]. Therefore, the absence of

methane in the DME product attained here was likely to be

due to the relatively low activity of the surface catalyst acid

sites at this low temperature. Methanol, an intermediate

product, was not detected in the gaseous products, pre-

sumably since it totally condensed out from DME and

remained in the reactor whose condenser was located at the

reactor outlet. Moreover, the CO conversion of the low

temperature DME synthesis was much higher than that of

methanol synthesis, as summarized in Fig. 2, in agreement

with the thermodynamically favoured DME synthesis

[7, 18, 19].

In this proposed novel low temperature DME synthesis,

the selectivity of DME was quite high. However, to

determine more exactly the DME selectivity from syngas is

still a problem as the methanol can be derived from two

sources; (i) methanol that is used as a catalytic solvent and

(ii) the methanol produced from syngas. Not only does the

methanol solvent catalyze the methanol synthesis, but it

can also be simultaneously dehydrated to DME. As the

Fig. 1 The effect of solvent on the CO conversion with time in the

low temperature DME synthesis from syngas using a Cu/ZnO:HZSM-

5 catalyst with methanol as a solvent catalyst. Reaction conditions:

443 K, 4 MPa, Wcat. (Cu/ZnO:HZSM-5) = 1 g, syngas = 40 mL

min-1 (STP), CO/H2 = 1, solvent = 40 mL; paraffin (filled circle),

methanol (filled square)

Table 1 CO conversion and DME synthesis selectivity from syngas

via the standard STD process and the novel low temperature DME

synthesis of this report

Process Solvent CO conv. (C-mol%) Selectivity (C-mol%)

DME MeOH CH4 CO2

STD Paraffin 1 67 0 0 33

Novel Methanol 29 69 0 0 31

Reaction conditions: 443 K, 4 MPa, Wcat. (Cu/ZnO:HZSM-5) = 1 g,

syngas = 40 mL min-1 (STP), CO/H2 = 1, solvent = 40 mL, time =

15 h

Fig. 2 CO conversion over time in the low temperature DME and

methanol synthesis from syngas using a Cu/ZnO:HZSM-5 catalyst

with methanol as a solvent catalyst. Reaction conditions: 443 K,

4 MPa, Wcat. = 1 g, syngas = 40 mL min-1 (STP), CO/H2 = 1,

methanol = 40 mL; DME synthesis (filled square), Cu/ZnO:HZSM-

5 (filled triangle) methanol synthesis, Cu/ZnO
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produced methanol was the main reactant for producing

DME it is, therefore, difficult to reliably estimate the exact

DME selectivity.

The amount of methanol solvent would be expected to

have a significant effect on the novel DME synthesis route

since DME synthesis would be terminated if all the

methanol, which is being partially dehydrated during the

methanol synthesis, was dehydrated.

In this light, the effect of the amount of methanol sol-

vent on the CO conversion was investigated and the data is

summarized in Fig. 3. Clearly, and expectedly, the solvent

amount had a significant effect on the CO conversion and

stability. For 40 mL methanol, the CO conversion

increased with increasing time reaching the maximum

value (*29%) at *2 h and remaining steady thereafter

throughout the remaining 13 h of the 15-h assay period.

With slightly less methanol, at 30 mL, the CO conversion

showed broadly similar kinetics at first but attaining a

lower maximal conversion rate (*27%) and declined

slightly after 12 h. In contrast, when only 10 mL of

methanol was used, the CO conversion also increased with

time to a maximum value (31% conversion) after 3 h of the

reaction, but then continually decreased with continuing

time to a minimum value (2% conversion) after the 15 h

period. This could be explained if methanol synthesis was

the rate determining step and, therefore, the amount of

methanol used in the reaction is quite important. The rate

of methanol synthesis (Eqs. 9–11) should then always be

equal to or greater than that for methanol dehydration

(Eq. 12), and this requires developing an efficient catalyst

system in order to obtain the maximum CO conversion and

to maintain the reaction system.

Table 2 summarizes the performance of DME synthesis

at low temperatures (433–453 K) under different operating

conditions. The CO conversion clearly increased as the

temperature increased from 433 to 453 K, with only a

slight reduction in DME specificity. High temperature

realized high reaction rate. At higher temperature, metha-

nol formation rate was high and the accumulated methanol

amount increased sharply. As methanol was catalyst here,

it would increase total reaction rate by thermodynamic

equilibrium shift effect as well. Moreover, the CO con-

version increased as the syngas flow rate was decreased

from 60 to 20 mL min-1, which results in an increasing

space time, with again only a slight decrease in the DME

specificity attained. As methanol synthesis is believed to be

Fig. 3 The effect of the amount of methanol solvent on the CO

conversion in the low temperature DME synthesis from syngas using

a Cu/ZnO:HZSM-5 catalyst with methanol as a solvent catalyst.

Reaction conditions: 443 K, 4 MPa, syngas = 40 mL min-1 (STP),

CO/H2 = 1, Wcat. (Cu/ZnO:HZSM-5) = 1 g; solvent amount (filled
circle) 0 mL, (filled diamond) 10 mL, (filled triangle) 30 mL, (filled
square) 40 mL

Table 2 The effect of temperature, syngas flow rate and catalyst composition on the observed CO conversion and reactant selectivity in the

novel low temperature DME synthesis from syngas

Parameters CO conv. (C-mol%) Selectivity (C-mol%)

DME MeOH CH4 CO2

Reaction temperature (K) 433 15 71 0 0 29

443 29 69 0 0 31

453 43 68 0 0 32

Syngas (mL min-1) 20 40 67 0 0 33

40 29 69 0 0 31

60 19 70 0 0 30

Cu/ZnO:HZSM-5 (wt ratio) 2:1 29 69 0 0 31

3:1 22 69 0 0 31

5:1 17 68 0 0 32

Standard reaction conditions: 443 K, 4 MPa, Wcat. (Cu/ZnO:HZSM-5 = 2:1) = 1 g, syngas = 40 mL min-1 (STP), CO/H2 = 1, metha-

nol = 40 mL, time = 15 h

Top Catal (2009) 52:1079–1084 1083

123



the likely rate determining step, the CO conversion should

be increased with increasing ratios of Cu/ZnO:HZSM-5

catalysts. However, in direct contrast, the results revealed

that CO conversion actually decreased with increasing the

Cu/ZnO:HZSM-5 catalyst ratio. Increasing the Cu/

ZnO:HZSM-5 catalyst ratio was equivalent to the

decreasing of zeolite amount resulting in the lower DME

formation rate. Moreover, by-product H2O would also be

not sufficient for water–gas shift reaction to occur, making

the overall reaction rate slower. The results indicated that

an appropriate amount of acid catalyst was required to

obtain a high CO conversion.

4 Conclusion

DME can be relatively efficiently synthesized from syngas

at a low temperature (443 K) and 4 MPa by using the

combination of a Cu/ZnO:HZSM-5 catalyst with methanol

as a catalytic solvent. The use of methanol not only altered

the reaction from a relatively high (553 K) to a relatively

low (443 K) temperature path, but it also provided a high

purity of DME product without hydrocarbon by-product

contamination. The amount of methanol used in the reac-

tion had a significant effect on the stability of DME syn-

thesis. Therefore, an appropriate amount of methanol was

required to achieve the best catalytic stability. If this lab-

oratory scale process can be scaled up without significant

changes, this process provides a potential opportunity for

the future sustainable and economically viable production

of DME production. In this system a high purity of DME

would be predicted with less energy consumption and thus

with both economic and environmental benefits.
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