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Abstract

A series of �-Al2O3 samples modified with various contents of sulfate (0–15 wt.%) and calcined at different temperatures (350–750 ◦C) were
prepared by an impregnation method and physically admixed with CuO–ZnO–Al2O3 methanol synthesis catalyst to form hybrid catalysts. The
direct synthesis of dimethyl ether (DME) from syngas was carried out over the prepared hybrid catalysts under pressurized fixed-bed continuous
flow conditions. The results revealed that the catalytic activity of SO4

2−/�-Al2O3 for methanol dehydration increased significantly when the content
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f sulfate increased to 10 wt.%, resulting in the increase in both DME selectivity and CO conversion. However, when the content of sulfate of
O4

2−/�-Al2O3 was further increased to 15 wt.%, the activity for methanol dehydration was increased, and the selectivity for DME decreased
lightly as reflected in the increased formation of byproducts like hydrocarbons and CO2. On the other hand, when the calcination temperature
f SO4

2−/�-Al2O3 increased from 350 ◦C to 550 ◦C, both the CO conversion and the DME selectivity increased gradually, accompanied with the
ecreased formation of CO2. Nevertheless, a further increase in calcination temperature to 750 ◦C remarkably decreased the catalytic activity of
O4

2−/�-Al2O3 for methanol dehydration, resulting in the significant decline in both DME selectivity and CO conversion. The hybrid catalyst
ontaining the SO4

2−/�-Al2O3 with 10 wt.% sulfate and calcined at 550 ◦C exhibited the highest selectivity and yield for the synthesis of DME.
2006 Published by Elsevier B.V.
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. Introduction

Dimethyl ether (DME) is a key intermediate for the pro-
uction of many important chemicals such as dimethyl sulfate,
ethyl acetate and light olefins [1,2]. In addition, DME has been

ncreasingly used as an aerosol propellant to replace chloroflu-
rocarbons, which were found to destroy the ozone layer of the
tmosphere [3]. Most importantly, DME has recently received
world-wide attention since it has a great potential as a clean

lternative fuel for diesel engines because of its thermal effi-
iencies equivalent to traditional diesel fuel, much lower NOx

mission, less carbon particulates, near-zero smoke production
nd less engine noise [4].

In view of the potential of DME as a clean alternative diesel
uel, much consideration should be paid to the production of
ME in large quantities. Presently, DME is produced in small
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quantities by methanol dehydration over solid acid catalysts
such as �-alumina and zeolite HZSM-5, while methanol is
synthesized from syngas over Cu-based oxide catalysts (e.g.,
CuO/ZnO/Al2O3). In methanol synthesis, conversion of syngas
to methanol is determined by the thermodynamic equilibrium;
therefore, high pressure and low temperature are highly desired
for the reaction. In the 1980s, a method called syngas to DME
(STD) process was developed for the direct production of DME
from syngas over a hybrid catalyst, which is composed of a
methanol synthesis catalyst and a solid acid catalyst [5]. Com-
pared to the conventional method, the STD process is attracting
more and more industrial and academic attention for its dramati-
cally economic values and theoretical significance. The principal
reactions involved in the STD process are methanol synthesis,
methanol dehydration and WGS (water gas shift) [6]:

CO + 2H2 ↔ CH3OH �H = −90.29 kJ/mol (1)
2CH3OH ↔ CH3OCH3 + H2O �H = −23.41 kJ/mol (2)
H2O+CO ↔ CO2 + H2 �H = −40.96 kJ/mol (3)

3CO + 3H2 ↔ CH3OCH3 + CO2 �H = −244.95 kJ/mol(4)

381-1169/$ – see front matter © 2006 Published by Elsevier B.V.
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The combination of these reactions results in a synergistic effect
of relieving the unfavorable thermodynamics for methanol syn-
thesis: methanol, product in reaction (1), is consumed for reac-
tion (2) to DME and water. The water is shifted by the WGS
reaction (3) to form carbon dioxide and hydrogen, the latter
being a reactant for reaction (1). Therefore, one of the products
of each step is a reactant for another. This creates a strong driving
force for the overall reaction which allows a very high syngas
conversion in one single pass.

Up to now, the most common hybrid catalysts reported in
the literature for the STD process are the physical mixture
of the methanol synthesis catalyst and the solid acid catalyst
[2,5,7–11]. The Cu/ZnO-based catalyst has been used success-
fully for several decades for the production of methanol from
syngas, and the reaction mechanism and the role of each active
ingredient of the catalyst have been well studied [12–14]. Com-
pared with that for methanol synthesis, the study on the cat-
alyst for methanol dehydration has received less attention. To
date, only a few solid acids such as �-Al2O3 [5,8–10,15–20],
silica-alumina [7] and zeolites like HZSM-5 [10,11,21–23], HY
[2,21,24] and HMCM-49 [25] have been used as methanol dehy-
dration catalysts for the STD process. Among them, �-Al2O3
has been mostly employed due to its low price, easy availability
and high stability. However, it is well established in the lit-
erature that at the optimum reaction temperature (ca. 260 ◦C)
for the methanol synthesis process the activity of �-Al O for
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also found that sulfate modification considerably increased the
acid sites concentration of �-Al2O3 from 4.0 mmol m−2 to
18.3 mmol m−2. Furthermore, sulfated �-Al2O3 has even been
considered to possess superacidic sites and used as catalysts for
the benzoylation of toluene with benzoyl chloride or benzoic
anhydride [32], the isomerization of alkane such as n-butane
[33] and pentane [34,35]. Very recently, however, Gawthrope
and Lee [36] found that sulfation did increase the surface acid-
ity of �-Al2O3, but sulfated aluminas did not show superacidity
in contrast to their sulfated zirconia counterparts. Surprisingly,
despite its wide use for catalytic reactions, to the best of our
knowledge, sulfate-promoted alumina has not been exploited to
catalyze the dehydration of methanol in the STD process up to
now [37,38].

In the present paper, we report results for the direct synthesis
of DME from syngas over the hybrid catalysts with sulfate-
modified �-Al2O3 as methanol dehydration components for the
first time. The acidic properties of the SO4

2−/�-Al2O3 samples
with various sulfate contents and calcined at different tempera-
tures were measured and correlated with their catalytic perfor-
mance; and the lifetime of the most active and selective catalyst
was also examined.

2. Experimental

2.1. Catalyst preparation
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ethanol dehydration was rather poor [7,26]. On the other

and, the reactions involved in the STD process are made all
hermodynamically unfavorable by the increase in reaction tem-
erature. Furthermore, the sintering of copper of the Cu-based
ethanol synthesis component at high temperatures would lead

o deactivation of the hybrid catalyst. Hence, the modification
f �-Al2O3 to increase its catalytic activity for methanol dehy-
ration reaction at the optimum reaction temperature for the
ethanol synthesis process has become a very important step

o improve the selectivity to DME and the conversion of syngas
10].

It has been reported that a 1 wt.% titania-modified �-Al2O3
atalyst exhibits a higher activity for methanol dehydration than
he commonly used phosphoric acid modified �-Al2O3 [27].
owever, the optimum operating temperature (ca. 400 ◦C) over
iO2-modified �-Al2O3 is still significantly higher than that
mployed in the STD process [26]. On the other hand, Xu et al.
26] found that TiO2 modified �-Al2O3 exhibited comparable
ctivity to �-Al2O3. Recently, Jun et al. [28] found that �-Al2O3
odified with 1 wt.% SiO2 is more active than the unmodified

ne; the increase in the conversion of methanol at 250 ◦C reaches
s high as 10%. Very recently, Baghaei and co-workers [29] also
eported that the silica modified �-Al2O3 catalysts showed bet-
er performance for the methanol dehydration reaction than the
ntreated �-Al2O3, in which the sample with 6 wt.% silica load-
ng exhibited the best methanol conversion.

It has also been well demonstrated in the literature that
ulfate treatment can increase the acidity of �-Al2O3. For
xample, Berteau and Delmon [30] reported that the sulfate
ons incorporated into alumina increased the amount of acid
ites from 0.73 mmol g−1 to 1.23 mmol g−1. Curtin et al. [31]
A commercial �-Al2O3 was used as starting material. Sulfate-
odified �-Al2O3 samples with various sulfate contents were

repared by wet impregnation of �-Al2O3 with an aqueous
olution containing a suitable amount of (NH4)2SO4 (Analyt-
cal Grade, Shanghai Chemical Reagent Corporation, China),
ollowed by drying at 110 ◦C overnight and then calcined at dif-
erent temperatures (350–750 ◦C) for 3 h in an air stream. This
eries of samples is designated as x-SA-T, where x and T stands
or the weight percentage of sulfate ion and calcination temper-
ture in ◦C, respectively. The reference sample was prepared
ollowing the same procedure, but without (NH4)2SO4 added.
he reference alumina was designated as A.

The CuO–ZnO–Al2O3 (Cu:Zn:Al = 6:3:1 atomic ratio)
ethanol synthesis catalysts were prepared by the conventional

oprecipitaion method, wherein a mixed aqueous solution of
u(NO3)2·3H2O, Zn(NO3)2·6H2O, and Al(NO3)3·9H2O and an
queous solution of Na2CO3 were added simultaneously. Good
eproducibility and comparability of the catalysts was achieved
y controlling the preparation conditions (i.e. the pH value, stir-
ing velocity, duration of precipitation, aging, etc.) carefully.
he resultant precipitate was filtered off and washed with a hot
H4NO3 solution followed by washing with sufficient deion-

zed water to remove residual sodium ions. The solid obtained
as dried at 110 ◦C overnight and then calcined at 350 ◦C in
owing air for 6 h.

The hybrid catalysts used for the STD reaction were pre-
ared by physically mixing the methanol synthesis catalysts
uO–ZnO–Al2O3 and the parent and sulfate-modified �-Al2O3
atalysts (2:1 by weight). Before mixing they were separately
ableted and pulverized into granules (20–40 mesh).
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2.2. Catalyst characterization

The surface areas of the samples were analyzed by the N2
adsorption method at −196 ◦C with a Micromeritics TriStar
3000 surface area analyzer. Samples were outgassed under vac-
uum to remove the physisorbed moisture prior to analysis.

The sulfate content in each sample was determined gravi-
metrically on a thermal analysis system (Perkin Elmer, TGA-7).
After 30 min of dehydration at 400 ◦C, the sample temperature
was linearly raised to 1200 ◦C at a rate of 10 ◦C min−1 in a
N2 flow (100 ml min−1). Pure �-Al2O3 was used as a blank
in the reference port to compensate the possible interference
from the dehydration on the surface of �-Al2O3. The sulfate
content of the testing sample was estimated from the weight
loss (�m) between 400 ◦C and 1200 ◦C in the TGA profiles.
The DTG profiles were obtained by differentiating the TGA
profiles.

Acidity measurements were performed by temperature-
programmed desorption of ammonia (NH3-TPD) using a con-
ventional flow apparatus equipped with a thermal conductivity
detector (TCD). A given amount of the sample (0.1 g) was pre-
treated in flowing helium (He) at 550 ◦C for 1 h, cooled to
150 ◦C and then exposed to NH3 (20 ml min−1) for 30 min.
The sample adsorbed by NH3 was subsequently purged with He
gas at the same temperature for 1 h to remove the physisorbed
NH . The TPD measurement was conducted in flowing He gas
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Table 1
Sulfate contents, surface areas and acid amounts of the SO4

2−/�-Al2O3 samples

Sample Surface
area

Sulfate contenta

(wt.%)
Acidityb

�mol m−2 mmol g−1

A 297.7 – 0.98 0.29
5-SA-550 281.5 6.48 1.80 0.51
10-SA-550 316.6 9.28 2.38 0.76
15-SA-550 304.5 11.12 2.69 0.82
10-SA-350 294.7 – 2.87 0.85
10-SA-450 297.7 – 2.44 0.73
10-SA-650 277.4 7.64 2.55 0.71
10-SA-750 173.8 4.04 2.54 0.44

a Determined by TGA.
b Determined by NH3-TPD.

3. Results and discussion

3.1. Characterization of SO4
2−/γ-Al2O3

Table 1 shows the BET surface areas of the different SO4
2−/�-

Al2O3 samples. It can be seen that the 10-SA-550 sample
exhibits the highest value. The remarkable decrease in surface
area observed over the samples calcined at higher temperatures
(particularly at 750 ◦C) may be caused by the collapse of pores.

Fig. 1 presents the DTG profiles of the different SO4
2−/�-

Al2O3 samples. For the 5-SA-550 sample, a peak at around
900 ◦C appeared, which is due to the evolution of SO3 decom-
posed from the sulfate ion bonded to the surface of �-Al2O3
[33,34]. As the sulfate content increased, the peak width progres-
sively became broadened toward lower temperatures, indicating
that different sulfate species was formed in the samples. When
the sulfate content increased to 15 wt.%, the peak maximum
appeared at 730 ◦C. The peak at the lower temperature can be
assigned to the decomposition of sulfate exceeding a monolayer

F
1

3
30 ml min−1) from 150 ◦C, at a heating rate of 10 ◦C min−1,
o 550 ◦C and hold it at this temperature for 30 min. The
volved ammonia was trapped in a dilute H2SO4 solution
0.005 mol L−1) located at the down-stream of the flow. Its total
mount was determined by back-titration of excess sulfuric acid
ith a dilute NaOH solution (0.01 mol L−1).

.3. Reaction studies

The catalytic activity test was carried out in a fixed-bed
ow reactor constructed of a 6 mm i.d. stainless steel tube and
quipped with a thermocouple in the catalyst bed. The pres-
ure in the reactor was maintained by means of a back pressure
egulator (GO Inc., USA) and the flow rate of syngas was con-
rolled by a mass flow controller (Brooks 5850E, Japan). Prior
o reaction, the hybrid catalysts (1 g) were reduced by hydrogen
5 vol.% in nitrogen) in situ at 240 ◦C for 6 h. The syngas (pre-
ixed) contained 66% H2, 30% CO and 4% CO2. The reaction
as performed under the reaction conditions of 4 MPa, the feed

ate of 1500 mL h−1g−1
cat , and the temperature of 260 ◦C. Efflu-

nt gas from the reactor was heated electrically on-line to avoid
he condensation of the products, and analyzed by an on-line
as chromatograph (HP 4890D) equipped with a Carbosphere
olumn connected to a thermal conductivity detector (TCD) for
O2 and CO, and with a Porapark N column connected to a
ame ionization detector (FID) for methanol, DME and light
ydrocarbons. All data were obtained under steady-state condi-
ions that were usually maintained for 4 h. As measures of the
atalytic activity, the conversion of CO and the selectivity of
he products were used and calculated according to literature
39].
ig. 1. DTG patterns of the various SO4
2−/�-Al2O3 samples: (a) 5-SA-550, (b)

0-SA-550, (c) 15-SA-550, (d) 10-SA-650 and (e) 10-SA-750.
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Fig. 2. NH3-TPD profiles of the SO4
2−/�-Al2O3 samples calcined at 550 ◦C

with various SO4
2− contents: (a) 0, (b) 5 wt.%, (c) 10 wt.% and (d) 15 wt.%.

on the surface of �-Al2O3. The result obtained here and those in
the literature [33,34] are in contradiction with that on NiSO4/�-
Al2O3 reported by Sohn and Park [40], who assigned the lower
temperature peak to the decomposition of surface sulfate while
the higher temperature peak to multilayer sulfate. On the other
hand, the peak position of the decomposition shifted to higher
temperatures with an increase in calcination temperature for the
preparation of SO4

2−/�-Al2O3. Especially, when the calcination
temperature was raised to 750 ◦C, the peak width substantially
sharpened toward a higher temperature; the peak was located at
950 ◦C. These results suggest that the interaction strengths of the
different sulfate species with �-Al2O3 are different: the surface
sulfates have a stronger interaction than the multilayer ones.

The surface acidic properties of the �-Al2O3 and SO4
2−/�-

Al2O3 samples with various sulfate contents calcined at 550 ◦C
were determined by NH3-TPD; the results are depicted in Fig. 2.
It can be seen that a peak maximum appeared in every TPD
profile slightly beyond 550 ◦C, at which the heating program
was switched off. This phenomenon was also observed by other
researchers [41,42]. As Chang and Ko [42] suggested, this is
probably due to the effect of increasing and then decreasing tem-
perature since a TCD detector was used in monitoring desorbed
ammonia. Apart from the peak at 550 ◦C, the NH3-TPD profile
of �-Al2O3 (Fig. 2a) exhibited a broad peak with maximum at
about 290 ◦C. After sulfate modification, the peak maximum was
shifted to higher temperatures, indicating that the acid strength of
t
c
c
m
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d
a

Fig. 3. NH3-TPD profiles of the SO4
2−/�-Al2O3 samples with 10 wt.% sulfate

calcined at various temperatures: (a) 350 ◦C, (b) 450 ◦C, (c) 550 ◦C, (d) 650 ◦C
and (e) 750 ◦C.

of acid sites of every sample is shown in Table 1. The results
of NH3-TPD measurement suggest that both the number and
strength of the acid sites of �-Al2O3 were increased by sulfate
modification and increased gradually with sulfate content.

Fig. 3 displays the TPD profiles of ammonia desorbed from
the SO4

2−/�-Al2O3 samples with the same sulfate content
(10 wt.%) but calcined at different temperatures. It is evident
that the acid strength of the samples decreased with the increase
in calcination temperature, which was indicated by a shift of the
desorption peak of maximum height to lower desorption tem-
peratures. As shown in Fig. 3, when the calcination temperature
was not higher than 450 ◦C, the peak maximum occurred at about
350 ◦C. At a higher calcination temperature of 550 ◦C, the des-
orption maximum decreased to 320 ◦C. Particularly, when the
calcination temperature was further increased to ≥650 ◦C, the
peak maximum decreased to 300 ◦C. This result can be attributed
to the loss of SO4

2− existing in the samples calcined at higher
temperatures, as shown in Table 1. On the other hand, the total
area of the TPD peak decreased monotonously with an increase
in the calcination temperature, indicating a decrease in the total
number of acid sites. However, since the increase in calcination
temperature from 550 ◦C to 750 ◦C also resulted in the decrease
in the surface areas of the SO4

2−/�-Al2O3 samples, the con-
centration of acid sites (per m2 sample), which was calculated
by dividing the total number of NH3 by the BET surface area
of the sample and also summarized in Table 1, was almost the
s
t
(
m
n
s

he �-Al2O3 was increased by sulfate addition. This result was
onsistent with those of previous reports [33–36,43]. Specifi-
ally, when the sulfate content was 5 wt.% and 10 wt.%, the peak
aximum appeared at about 300 ◦C and 320 ◦C, respectively.
t the highest content of 15 wt.% examined here, two NH3-
esorption peaks were observed: one appeared around 260 ◦C
nd the other was located at about 370 ◦C. The total amount
ame. Hence, the decrease in the numbers of acid sites over
he SO4

2−/�-Al2O3 samples calcined at higher temperatures
≥550 ◦C) was caused by the decline of surface area. In sum-
ary, as shown in Fig. 3 and Table 1, it is clear that both the

umber and strength of the acid sites of the SO4
2−/�-Al2O3

amples decreased with increasing calcination temperature.
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Table 2
DME synthesis directly from syngas on the hybrid catalysts containing sulfate-modified aluminas with various sulfate contentsa

Sulfate content (wt.%) CO conversion (C-mol%) Selectivity (C-mol%) DME yield (C-mol%)

DME Methanol Hydrocarbons CO2

– 85.1 49.9 17.8 0.04 32.3 42.5
5 90.4 52.3 15.4 0.06 32.2 47.3

10 94.7 61.6 6.0 0.09 32.3 58.3
15 94.9 60.3 5.5 0.14 34.1 57.2

a Reaction conditions: T = 260 ◦C, P = 4 MPa, H2/CO = 2.2, CO2 = 4%, GHSV = 1500 ml h−1 g−1.

3.2. Catalytic activity

3.2.1. Effect of sulfate content of SO4
2−/γ-Al2O3

The hybrid catalysts containing the parent and sulfate-
modified aluminas with various sulfate contents as methanol
dehydration components were evaluated under the same reaction
conditions; the results are summarized in Table 2. It can be noted
that a high selectivity to methanol was found on the hybrid cata-
lyst with the parent �-Al2O3, indicating its low catalytic activity
for methanol dehydration reaction, which resulted in a low DME
selectivity. At the same time, since the methanol produced was
not efficiently converted to DME, the merit of the direct synthe-
sis of DME from syngas cannot be fulfilled effectively, resulting
in a low CO conversion. However, after sulfate modification of
�-Al2O3, the methanol selectivity decreased progressively with
increasing sulfate content, implying that the catalytic activity of
�-Al2O3 for methanol dehydration was remarkably increased
by the sulfate modification. On the other hand, the DME selec-
tivity increased with the sulfate content up to 10 wt.% and then
decreased slightly as the content of sulfate was further increased
accompanied with the increased selectivity to by-products like
hydrocarbons and CO2, although the selectivity to methanol was
further decreased. Furthermore, the CO conversion increased
with increasing sulfate content to 10 wt.% and remained practi-
cally constant above this content. Hence, a maximum of DME
yield (58.3%) was obtained at the sulfate content of 10 wt.%.
T
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number and strength of acid sites, as shown in Fig. 2 and Table 1.
On the other hand, because the acidity of �-Al2O3 was not strong
enough to convert effectively the produced methanol to DME,
the dehydration reaction became a rate-determining step. There-
fore, the increment of acidity increased concurrently the DME
selectivity and the CO conversion. This result is in line with
the previous observation by Joo et al. [10], who reported that the
increase in acidity on �-Al2O3 resulted in simultaneous increase
of DME selectivity (from 64.1% to 79.5%) and CO conversion
(from 52.8% to 67.0%). However, when the content of sulfate
was increased to 15 wt.%, stronger acid sites appeared in the
modified �-Al2O3 (see Fig. 2), which resulted in the increased
formation of CO2 [10] and light olefins [46], the latter subse-
quently being hydrogenized to form the corresponding paraffins
[8]. On one hand, these side reactions decreased the selectivity to
DME. On the other hand, the increased formation of light hydro-
carbons would induce quicker deactivation of the catalyst due
to coking [26]. Consequently, the 10 wt.% SO4

2−/�-Al2O3 cat-
alyst with a larger number of acid sites of intermediate strength
was the most favorable methanol dehydration component of the
hybrid catalyst for the STD process. This result is in contradic-
tion with the conclusion reached by Kim et al. [11] that the strong
acid sites are responsible for the formation of DME while the
relatively weak acid sites appearing below 450 ◦C in the NH3-
TPD spectra are not important for the dehydration of methanol
to DME.
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his value was close to the equilibrium yield of DME in our
xperimental conditions (ca. 65%) [25].

As the dehydration of methanol to form DME is a typical
cidity dependent reaction [44], a higher acidity hints a higher
atalytic activity [45]. However, it has been well demonstrated
n the literature that the strong acid sites on catalyst surface can
atalyze the further dehydration of the originally formed DME to
ow molecular weight olefins [46]. The general reaction scheme,
hich shows a consecutive reaction, can be outlined as follows

47]:

CH3OH
−H2O−→ CH3OCH3

−H2O−→ C2 − C5 Olefins (5)

oreover, Joo et al. [10] recently proposed that the strong acid
ites may promote the water reforming reactions of methanol
nd dimethyl ether to produce carbon dioxide. Evidently, these
ide reactions caused by the strong acid sites will deteriorate the
ME selectivity. Accordingly, the enhanced catalytic activity
f �-Al2O3 for methanol dehydration after sulfate modification
resented in this work can be attributed to the increase in both the
From the above results, it can be concluded that, in the STD
rocess, when the acidity of the acidic component is not strong
nough to convert effectively the originally produced methanol
o DME, the dehydration reaction is the rate-determining step. In
his case, the acidity of acid catalyst greatly affects both the CO
onversion and the DME selectivity: the increase in the acidity
f the acidic component will result in the improvement of both
he DME selectivity and the CO conversion on the hybrid cat-
lyst. On the other hand, if the acid catalysts are so active for
ethanol dehydration that the intrinsic methanol synthesis rate

s much lower than the methanol dehydration rate, the overall
eaction is determined by the methanol synthesis step (reaction
1)) rather than the DME formation itself (reaction (2)). In this
ase, the acidity of acid catalyst mainly affects the DME selec-
ivity: the too strong acid sites promote the formation of larger
mounts of by-products like hydrocarbons and CO2, resulting
n lower selectivity to the desired DME. This conclusion is sim-
lar to those obtained recently by Kim et al. [11] and Ramos
t al. [48].
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Table 3
DME synthesis directly from syngas on the hybrid catalysts containing sulfate-modified aluminas calcined at different temperaturesa

Calcination temperature (◦C) CO conversion (C-mol%) Selectivity (C-mol%) DME yield (C-mol%)

DME Methanol Hydrocarbons CO2

350 92.7 51.6 5.9 0.08 42.4 47.8
450 93.7 55.4 5.8 0.06 38.8 51.9
550 94.7 61.6 6.0 0.09 32.3 58.3
650 93.4 58.3 8.8 0.07 32.8 54.4
750 84.6 43.7 24.1 0.09 32.1 37.0

a Reaction conditions: T = 260 ◦C, P = 4 MPa, H2/CO = 2.2, CO2 = 4%, GHSV = 1500 ml h−1 g−1.

3.2.2. Effect of calcination temperature of SO4
2−/γ-Al2O3

The performance of the hybrid catalysts using sulfate
(10 wt.%) modified aluminas calcined at different temperatures
as methanol dehydration components are compared in Table 3. It
can be seen that, when the calcination temperature was ≤550 ◦C,
the selectivity to CO2 decreased gradually with the increase
in calcination temperature, accompanied with the enhancement
of DME selectivity. Meanwhile, the equilibrium conversion of
reaction (4) would shift toward the right-hand side because of the
decrease in the formation of CO2. Therefore, the CO conversion
also increased distinctly with increasing the calcination temper-
ature, even though the increase was small. As a result, the yield
of DME increased significantly from ca. 48% for the SO4

2−/�-
Al2O3 calcined at 350 ◦C to ca. 58% for the SO4

2−/�-Al2O3
calcined at 550 ◦C. On the other hand, when the calcination
temperature was ≥550 ◦C, the selectivity to methanol increased
gradually with the calcination temperature, indicating that the
catalytic activity of SO4

2−/�-Al2O3 for methanol dehydration
reaction declined successively with increasing calcination tem-
perature. The lower activity for methanol dehydration limited
the conversion of methanol to DME, resulting in the lower
DME selectivity and the lower CO conversion due to the reason
given above. Especially, when the calcination temperature was
increased to 750 ◦C, the DME selectivity and CO conversion
declined markedly. As a result, the yield of DME was decreased
t

o
m
o
a
c
b
r
b
n
n
p
t
a
a
b
e
g

of the SO4
2−/�-Al2O3 samples, so that the methanol produced

by CO hydrogenation cannot be converted effectively to DME,
resulting in lower DME selectivity and lower CO conversion due
to the reason given above. This result further suggests that when
the overall reaction is controlled by the methanol dehydration
reaction, the higher the acidity of the dehydrating catalyst is, the
higher the CO conversion and DME selectivity will be.

3.3. Catalyst stability

In order to investigate the stability of the hybrid catalysts with
sulfate-modified alumina as methanol dehydration components
in the STD process, the catalyst containing (10 wt.%) SO4

2−/�-
Al2O3 calcined at 550 ◦C was evaluated over an 80 h period,
in which the reactor was operated continuously under the test
conditions. The changes of the CO conversion and the DME
selectivity in the organic products as a function of reaction time
are depicted in Fig. 4. It clearly shows that both the DME selec-
tivity and the CO conversion remained essentially constant for
the whole test period, which indicates that no substantial deacti-
vation of the catalyst occurred. This result reveals that the hybrid
catalyst containing the SO4

2−/�-Al2O3 with 10 wt.% sulfate and
calcined at 550 ◦C has good stability for the direct synthesis of
DME from syngas.

F
A
p
G

o less than 40%.
The effect of the calcination temperature of SO4

2−/�-Al2O3
n the performance of the hybrid catalysts containing sulfate-
odified aluminas can also be attributed to the acidity changes

f SO4
2−/�-Al2O3 that occurred in the calcination process. Rel-

tively stronger acid sites generated on SO4
2−/�-Al2O3 catalyst

alcined at ≤450 ◦C, as shown in Fig. 3, should be responsi-
le for the formation of larger amount of CO2 due to the water
eforming reactions of methanol and dimethyl ether as suggested
y Joo et al. [10]. They found that when H-ZSM-5 with large
umber of strong acid sites was used as a dehydrating compo-
ent, CO2 became the major product, which resulted in very
oor DME selectivity (13.3%). The strength of acid sites of
he SO4

2−/�-Al2O3 was decreased as the calcination temper-
ture increased, and thus the reforming reaction of methanol
nd DME to form CO2 was decreased [10]. As a consequence,
oth the DME selectivity and CO conversion increased. How-
ver, the further increase in calcination temperature (≥550 ◦C)
reatly decreased both the strength and the numbers of acid cites
ig. 4. Long-term test of activity and selectivity of the hybrid catalyst with �-
l2O3 modified with 10 wt.% sulfate and calcined at 550 ◦C as dehydration com-
onent. Reaction conditions: T = 260 ◦C, P = 4 MPa, H2/CO = 2.2, CO2 = 4%,
HSV = 1500 ml h−1 g−1.
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4. Conclusions

A series of catalysts, SO4
2−/�-Al2O3, were prepared by the

impregnation method using an aqueous solution of ammonium
sulfate and used as methanol dehydration components of the
hybrid catalysts. It has been demonstrated that SO4

2−/�-Al2O3
is a novel effective acid component for the hybrid catalyst
applied in the direct synthesis of dimethyl ether from syn-
gas. The hybrid catalyst containing the SO4

2−/�-Al2O3 with
10 wt.% sulfate content and calcined at 550 ◦C exhibited the
highest selectivity and yield for dimethyl ether synthesis. The
enhanced catalytic activity of �-Al2O3 for methanol dehydra-
tion was related to the increase in the number and strength of
acid sites owing to the addition of sulfate.
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