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Abstract

Synthesis of dimethyl ether (DME) has been studied in a single reaction step, from H2 + CO and H2 + CO2, in a fixed bed reactor on CuO-

ZnO-Al2O3/g-Al2O3 and CuO-ZnO-Al2O3/NaHZSM-5 hybrid catalysts. It has been proven that water content in the reaction medium (which

is higher when CO2 is fed) contributes to efficiently decreasing deactivation by coke in both catalysts and, consequently, when water is in the

feed deactivation is insignificant for 30 h reaction. Nevertheless, water also decreases the activity of g-Al2O3 acid function, due to its high

adsorption capacity on the acid sites. Due to its importance in the viability of the industrial process, a study has been carried on the

regeneration of both catalysts by coke combustion under controlled conditions (in order to avoid CuO sintering). For this study, the catalysts

have been used under severe deactivation conditions. It has been proven that g-Al2O3 does not have a suitable hydrothermal stability and that

CuO-ZnO-Al2O3/NaHZSM-5 catalyst has an excellent performance and is suitable for using it in uninterrupted reaction–regeneration cycles.

# 2005 Elsevier B.V. All rights reserved.

Keywords: Dimethyl ether; Syngas; CO2; Hybrid catalyst

www.elsevier.com/locate/cattod

Catalysis Today 106 (2005) 265–270
1. Introduction

The increasing demand of dimethyl ether (DME)

explains the renewed interest in studying processes for its

synthesis, which have as reference the STD process

originally proposed by Haldor–Topsoe for obtaining DME

from syngas on bifunctional catalysts [1,2]. Nowadays,

DME is considered as a clean fuel for the 21st century,

because it can be applied in automotion, for power

generation, in fuel cells and replacing LPG as domestic

gas, with low pollutant emission [3–6]. Furthermore, it may

replace methanol as intermediate (via syngas) for obtaining

light olefins and fuels from alternative sources to oil (coal,

natural gas, biomass) [7–12].

The aim of using CO2 as reactant together with

syngas is to contribute to attenuating greenhouse effect.
* Corresponding author. Tel.: +34 94 6015363; fax: +34 94 6013500.

E-mail address: iqperloj@lg.ehu.es (A.T. Aguayo).

0920-5861/$ – see front matter # 2005 Elsevier B.V. All rights reserved.

doi:10.1016/j.cattod.2005.07.144
Four reactions take place in the syngas/CO2-to-DME

process:

Methanol synthesis reaction from CO

CO þ 2H2 , CH3OH (1)

Methanol synthesis reaction from CO2

CO2 þ 3H2 , CH3OH þ H2O (2)

Methanol dehydration reaction

2CH3OH , CH3OCH3 þH2O (3)

Water shift reaction

CO þ H2O , CO2 þH2 (4)

There are two strategies for the transformation of H2, CO

and CO2 to DME: (a) in two reaction steps, firstly, synthesis

of methanol on a metallic catalyst and, subsequently,

dehydration of methanol to DME on an acidic catalyst and

(b) in one step, over a hybrid catalyst provided with the two

functions. The process in one reaction step improves the
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yield of DME over the two-step process and increases the

viability of CO2 incorporation, given that thermodynamic

restriction is reduced [13–18]. The papers on the synthesis of

DME in a single reaction step have approached the study on

the effect of the composition of metallic and acid functions

of the catalyst and of reaction conditions on DME

production and selectivity [19–22]. In these studies,

different problems associated with catalyst deactivation

are approached.

The aim of this paper is to study minimization of

deactivation by coke using the strategy of co-feeding water.

This strategy is efficient in the methanol to olefins (MTO)

process [23,24]. Nevertheless, it has also been proven that

this water adsorption gives way to a significant inhibition in

catalyst activity [25]. It is noteworthy that water concentra-

tion in the synthesis of DME in a single step is more

important when CO2 is in the feed with syngas, which is due

to the water shift reaction, Eq. (4).

Given that industrial viability of the catalyst requires its

regeneration, both the metallic function and the acid one

must have sufficient hydrothermal stability for recovering its

capacity when the catalyst has undergone successive

reaction cycles with regeneration by coke combustion

between them. Sintering above 300 8C is a potential

limitation of CuO as metallic function [26]. Consequently,

the coke combustion must be carried out under conditions in

which 300 8C are not reached, in order to avoid CuO

sintering.

Bearing the afore-mentioned aspects in mind, this paper

approaches deactivation and regeneration of CuO-ZnO-

Al2O3/g-Al2O3 and CuO-ZnO-Al2O3/NaHZSM-5 hybrid

catalysts, with the aim of establishing the strategies for

improving their performance in the synthesis of DME in a

single step and under conditions in which CO2 is fed in a

significant amount.
2. Experimental

The catalysts are composed of a metallic function for the

synthesis of methanol (CuO-ZnO-Al2O3) and an acid

function for methanol dehydration to DME (g-Al2O3 and

NaHZSM-5 zeolite). These acid functions have low acid

strength, in order to minimize the production of light olefins

and high molecular weight hydrocarbons, which undergo

degradation to coke. The bifunctional catalysts have been

prepared by mixing the dry metallic function and the acidic

function in aqueous solution at a ratio of 2/1 by mass. This

method allows for achieving the best contact between the

metallic and acid functions, which gives way to the best

performance in conversion, selectivity to DME and yield of

DME [19]. The runs have been carried out at 275 8C, under

40 bar, feeding mixtures of (H2 + CO) and (H2 + CO2) at a

molar ratio of 4/1 and mixtures of (H2 + CO) with water at

different concentrations. The space time is 8.33 g catalyst h/

(mol reactants).
The reaction equipment used, Autoclave Engineers

BTRS Jr., is provided with a fixed bed and allows for

working up to 100 bar and up to 650 8C. The flow rates of

H2, CO and CO2 are controlled by Brooks 5850 mass flow

meters. The on-line analysis of reaction products has been

carried out with an Agilent 6890 gas chromatograph,

provided with a flame ionization detector (FID).

The regeneration of the catalyst has been carried out in

situ in the reactor at 260 8C with a mixture of air and helium

(initially 5% of air) by progressively decreasing the content

of helium (only air is introduced at the end). Subsequently,

an air stream of 50 cm3 min�1 is passed for 12 h (for total

elimination of coke) and the mixture of air and He is again

fed but in this case the air content is progressively decreased.

Subsequent to the regeneration, the catalyst is hydrogenated

in order to use it in the reaction.

Coke content has been measured by monitoring the

gases produced during the combustion by means of EM

Thermostar mass spectrometer (Balzers Instruments)

coupled to SDT 2960 thermobalance (T.A. Instruments).

The area under the CO2 curve allows for calculating carbon

amount in the coke, which practically corresponds to the

total amount of coke.
3. Results and discussion

The conversion of CO (XCO) has been calculated by using

the flowrates of CO in the feed, (nCO)0 and in the reactor

outlet stream, nCO

XCO ¼ ðnCOÞ0 � nCO

ðnCOÞ0

� 100 (5)

The selectivity to DME (SDME) is determined as the ratio

(expressed in %) between the content of carbon in the

product DME and the sum of carbon contents corresponding

to all the products formed that are present in the reactor

outlet stream

SDME ¼ 2nDMEP
i nCi ni þ 2nDME þ nM þ ðnCOÞF þ ðnCO2

ÞF
� 100 (6)

where nDME and nM are the molar flowrates of DME and

methanol in the outlet stream, nCi the number of carbon

atoms for each of the hydrocarbons and ni is the molar

flowrate of these hydrocarbons. The terms (nCO)F and

(nCO2
)F correspond to the molar flowrates of CO and

CO2, respectively, formed in the reaction and they are

calculated by the difference between the flowrates measured

at the reactor outlet, nCO and nCO2
and the values corre-

sponding to the feed, (nCO)0 and (nCO2
)0

ðnCOÞF ¼ nCO � ðnCOÞ0 (7)

ðnCO2
ÞF ¼ nCO2

� ðnCO2
Þ0 (8)
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Fig. 1. Evolution with time on stream of DME yield for CuO-ZnO-Al2O3/

g-Al2O3 catalyst. Feed A = H2/CO (4/1); feed B = H2/CO2 (4/1); feed

C = H2/CO (4/1) with 0.002 ml min�1 of water and feed D = H2/CO (4/

1) with 0.004 ml min�1 of water.
The terms (nCO)F and (nCO2
)F are only considered in

Eq. (6) when they have positive values. The yield of DME

(YDME) is measured as the percentage of carbon atoms fed in

CO and CO2 that converts to DME

YDME ¼ 2nDME

ðnCO þ nCO2
Þ0

� 100 (9)

where (nCO þ nCO2
)0 is the sum of molar flowrates of CO

and CO2 in the feed.

3.1. Effect of water in the deactivation

Figs. 1 and 2 show the effect of feed composition on the

evolution with time on stream of DME yield (Fig. 1) and

selectivity (Fig. 2), for CuO-ZnO-Al2O3/g-Al2O3 catalyst. It

is observed that for feed A (H2 + CO, without water), the

values of DME yield and selectivity at zero time on stream

are 20.8 and 45.1% (the thermodynamic values are 66.3 and
Fig. 2. Evolution with time on stream of DME selectivity for CuO-ZnO-

Al2O3/g-Al2O3 catalyst. Feed A = H2/CO; feed B = H2/CO2; feed C = H2/

CO with 0.002 ml min�1 of water and feed D = H2/CO with 0.004 ml min�1

of water.
92.0%, respectively). The yield decreases to 10.1% and the

selectivity to 15.0%, subsequent to 30 h time on stream.

These decreases with time on stream are mainly attributed to

catalyst deactivation by coke. The decrease in selectivity is

evidence that coke deposition affects, to a greater extent, to

the acid function, which is involved in the transformation of

methanol into DME.

When H2 + CO2 (feed B) is fed, the values of DME yield

and selectivity at zero time on stream are significantly lower

(the thermodynamic values are: yield 18.6% and selectivity

76.8%). Nevertheless, the decrease with time on stream in

the activity of these functions is less pronounced than for the

feed of H2 + CO, which is a consequence of the lower

concentration of hydrocarbons formed from methanol and

mainly from DME (C1–C4 paraffin formation is determined)

and of the subsequent lower generation of coke by

degradation of these hydrocarbons. The higher concentra-

tion of water in the reaction medium due to the water shift

reaction (Eq. (4)) contributes to this lower generation of

coke. The decrease in the initial yield of DME is partially

attributed to the fact that the activity of g-Al2O3 is limited by

water adsorption [27]. The lower dehydration capacity of

methanol at time on stream zero explains the lower

selectivity to DME for the feed made up of H2 + CO2

compared to the feed made up of H2 + CO.

The important effect of reaction medium water content in

the attenuation of deactivation by coke is evident when the

results in Figs. 1 and 2 corresponding to feed A (H2 + CO,

without water) and to feeds C and D are compared. The latter

feeds are made up of H2 + CO with different flowrates of

water (0.002 ml min�1 in feed C, corresponding to a molar

ratio of H2/CO/H2O = 4/1/1 and 0.004 ml min�1 in feed D).

It is observed that, as water content in the feed is increased,

the values of DME yield and selectivity at zero time on

stream decrease, which is a consequence of water adsorption

capacity of g-Al2O3. The effect of water is not the

thermodynamic displacement in Eqs. (1)–(4), because

although this effect is important the initial yield is lower

than the thermodynamic one (21.8% for feed C and 3.4% for

feed D). Likewise, the initial selectivity to DME is lower

than the thermodynamic one (77.0% for feed C and 46.0%

for feed D).

Nevertheless, for feeds C and D both DME yield and

selectivity are maintained constant subsequent to 30 h

reaction. This efficient limitation of deactivation as a

consequence of co-feeding water is explained by water

competence with coke precursors in the adsorption on acid

sites. This situation has been widely proven in the processes

of transformation of methanol into hydrocarbons on

different acid catalysts [23–25]. The afore-mentioned

results are evidence that co-feeding water is advisable for

minimizing deactivation by coke, but that the initial activity

of g-Al2O3 is severely affected.

The results in Figs. 3 and 4 are those of DME yield

(Fig. 3) and DME selectivity (Fig. 4) obtained in runs carried

out under similar conditions but corresponding to CuO-
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Fig. 3. Evolution with time on stream of DME yield for CuO-ZnO-Al2O3/

NaHZSM-5 catalyst. Feed A = H2/CO (4/1); feed B = H2/CO2 (4/1); feed

C = H2/CO (4/1) with 0.001 ml min�1 of water and feed D = H2/CO (4/1)

with 0.002 ml min�1 of water.

Table 1

Effect of the feed on coke content in the catalysts (wt.%) for 30 h time on

stream

Feed CuO-ZnO-Al2O3/g-Al2O3 CuO-ZnO-Al2O3/NaHZSM-5

A 3.4 1.6

B 0.8 0.6

C 0.02 0.01

D 0.01 Insignificant
ZnO-Al2O3/NaHZSM-5 catalyst. It is observed that either

feeding H2 + CO (feed A) or H2 + CO2 (feed B), when time

on stream is increased DME yield and selectivity decrease.

When the effect of water content in the reaction medium

is analysed, it is noteworthy that, although DME yield and

selectivity at zero time on stream are lower for feed B

(H2 + CO2) than for feed A (H2 + CO), the difference is

lower than the afore-mentioned for CuO-ZnO-Al2O3/g-

Al2O3 catalyst, which must be attributed to the lower water

adsorption capacity of NaHZSM-5 zeolite than g-Al2O3.

This behaviour of NaHZSM-5 zeolite has also been

observed by Vishwanathan et al. [21]. The difference in

the results at zero time on stream for feeds A and B is mainly

a consequence of the thermodynamic effect of the change in

feed. The lower water adsorption capacity of NaHZSM-5

zeolite gives way to a higher efficiency in the strategy of

co-feeding water. Figs. 3 and 4 show that a water flowrate

of 0.001 ml min�1 (feed C, corresponding to a molar ratio of
Fig. 4. Evolution with time on stream of DME selectivity for CuO-ZnO-

Al2O3/NaHZSM-5 catalyst. Feed A = H2/CO; feed B = H2/CO2; feed

C = H2/CO with 0.001 ml min�1 of water and feed D = H2/CO with

0.002 ml min�1 of water.
H2/CO/H2O = 4/1/0.5) is enough to avoid deactivation by

coke for 30 h without significant limitation of activity due to

water adsorption on the zeolite. A greater flowrate of water

(feed D) only has an unfavourable effect on the thermo-

dynamics of the overall reaction (Eqs. (1)–(4)).

The results shown in Table 1 are evidence of the effect of

the feed on coke content in both catalysts. It is noteworthy

that for the runs carried out co-feeding water, coke content is

insignificant. The coke content in the catalyst is lower for the

one based on NaHZSM-5 zeolite, as has already been

determined in the literature [18,21] and is explained, on the

one hand, by the shape selectivity of the HZSM-5 zeolite

and, on the other, by the role of Na as an agent that lowers the

acid strength of the sites. Both factors reduce the capacity for

formation of hydrocarbons and their condensation to form

coke.

3.2. Coke combustion and catalyst regeneration

With the aim of studying coke structure, runs where there

is severe deactivation have been carried under the following

conditions: feed, H2 + CO + CO2 (molar ratio: 3/1.5/1);

275 8C; 40 bar; 8.33 g catalyst h/(mol reactants); time on

stream, 75 h. Coke combustion in thermobalance subsequent

to catalyst stripping with N2 gives CO2 and H2O in the flue

gases. Fig. 5 shows a characteristic TPO curve for CuO-

ZnO-Al2O3/g-Al2O3 catalyst, which is similar to that

obtained for CuO-ZnO-Al2O3/NaHZSM-5 catalyst. A ramp

of 10 8C min�1 from 150 to 600 8C has been used. The

results are those typically obtained for coke combustion in
Fig. 5. Results of TPO of the coke in CuO-ZnO-Al2O3/g-Al2O3 catalyst.
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bifunctional catalysts. The first peak (at 260 8C) corresponds

to the combustion of the coke associated with metallic sites,

whose combustion (activated by the metallic phase of the

catalyst) has a lower activation energy (between 6 and

8 kcal mol�1) than that corresponding to the combustion of

the coke associated with the second peak (at 400 8C), whose

combustion activation energy is 14–16 kcal mol�1. This

more hydrogenated coke is preferably deposited on the acid

sites of the catalyst.

Regenerability of the catalysts has been studied by using

them in 10 successive cycles of reaction–regeneration.

Regenerability is a problem of the acid functions, which has

scarcely been studied in the literature [28] and conditions the

industrial use of the catalyst. The reaction step has been

carried out under the conditions used for the deactivation

study, with feed C, for which deactivation by coke is

negligible. Subsequent to each reaction step, the catalyst bed

is subjected to a 50 cm3 min�1 He stream at 260 8C, prior to

coke combustion. This combustion temperature, 260 8C, has

been established in order to avoid sintering of CuO, which is

known to take place above 300 8C. Coke combustion has

been carried with a mixture of air + He in which He content

is progressively decreased, in order to avoid hot spots in the

catalyst bed.

It has been observed that, as a consequence of the low

thermal stability of g-Al2O3, CuO-ZnO-Al2O3/g-Al2O3

catalyst does not recover its activity subsequent to

regeneration and, consequently, DME selectivity and yield

decreases in the successive reaction–regeneration cycles. As

the number of cycles is increased, performance reaches an

equilibrium state in which DME selectivity and yield are

approximately half those corresponding to the fresh catalyst.

This behaviour must be attributed to the progressive loss of

g-Al2O3 acidity subsequent to successive regenerations.

CuO-ZnO-Al2O3/NaHZSM-5 catalyst totally recovers its

kinetic performance subsequent to 10 reaction–regeneration

cycles, when 30 h reaction steps have been carried out. This

result is obtained for all the reactions studied in the reaction

step.
4. Conclusions

The results concerning deactivation and regeneration of

the catalysts studied are relevant for establishing the reaction

conditions (especially those that conditioned water content

in the reaction medium) and the acid function for the process

of DME synthesis in a single step. The role of water content

is esential when CO2 is fed with syngas.

The deactivation by coke of the catalysts studied may be

minimized by co-feeding water with the syngas, given that it

competes with coke precursors in the adsorption on acid

sites. In fact, when H2 + CO2 is fed instead of syngas, it

performs better from the point of view of limitation of

catalyst deactivation by coke, which is due to the generation

of water by water shift reaction. Nevertheless, water in the
feed has an unfavourable thermodynamic effect and,

consequently, the minimum concentration for deactivation

by coke to be insignificant must be established.

The coke studied by runs of severe deactivation has two

fractions, a hydrogenated one associated with the sites of

the metallic function of the catalyst and an evolved one

deposited on the sites of the acid function. Consequently,

regeneration by coke combustion occurs in two differ-

entiated steps, with different activation energies.

When industrial viability of the catalysts studied is

analysed, it has been proven that, although coke deposition

attenuates by co-feeding water, the activity of CuO-ZnO-

Al2O3/g-Al2O3 catalyst at 275 8C is limited due to the fact

that water is competing with methanol in the adsorption on

g-Al2O3. Furthermore, g-Al2O3 has not enough hydro-

thermal stability for being used in reaction–regeneration

cycles, in which it progressively losses its activity.

CuO-ZnO-Al2O3/NaHZSM-5 catalyst performance is

suitable for its industrial use in the synthesis of DME from

syngas, from H2 + CO2 mixture or from H2 + CO + CO2

mixture. For this catalyst, deactivation by coke is insignif-

icant when water is in the feed and, as there is no irreversible

deactivation, it may be used uninterrupted as long as

temperature is controlled, which must be below 300 8C in

order to avoid CuO sintering. Consequently, this catalyst

is especially suitable, on the one hand, because it is

well-balanced concerning activity–selectivity–deactivation–

regenerability and, on the other, water content in the reaction

medium is a factor to optimize in the reactor design for DME

synthesis in a single step on this catalyst.
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