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a b s t r a c t

The dimethyl ether steam reforming (DME SR) was carried out over the composite catalyst of ZnO–Cr2O3

coupled with Al2O3, TiO2 or TiO2–Al2O3 in the microreactor. The results showed that the catalytic activities
were greatly enhanced over the composite catalyst of ZnO–Cr2O3 combined with TiO2–Al2O3 (ZnCr–TiAl)
in comparison to those combined with Al2O3 or TiO2 in DME SR. By evaluating the catalytic activity of solid
acids in DME hydrolysis, it was proposed that the better performance of TiO2–Al2O3 in DME hydrolysis
contributed to the superior activity of ZnCr–TiAl in DME SR, indicating a higher DME hydrolysis activity
favored DME SR. In view of the characterization of N2 physisorption, scanning electron microscope, X-
ray diffraction and NH3 temperature-programmed desorption, the promotion effect of TiO2 on both DME
ctivity enhancement
2 production
nO–Cr2O3

iO2–Al2O3

hydrolysis and steam reforming was discussed in terms of the modification effect of TiO2 on the acid
properties of Al2O3 surface. The acid strength or total acid amount was enhanced by the addition of
different TiO2 content. In the 150 h medium stability test, there was no obvious deactivation for ZnCr–TiAl
catalyst with the H2 production rate of 345 mol h−1 kg−1

cat and the CO selectivity in the dry reformate
char
occu
remained below 6%. The
crystalline phase and size

. Introduction

Proton exchange membrane fuel cells (PEMFCs) research and
evelopment has become a flourishing area in recent years, due
o their stationary and mobile applications as clean and efficient
ower generators at a range of scales [1]. However, the commer-
ialization of PEMFCs has been hindered by some difficulties, such
s durability, cost and hydrogen storage and distribution. There-
nto, one of the most promising solutions to provide hydrogen is on
ite hydrogen generation from hydrocarbon fuels. Dimethyl ether
DME) has been considered as one of the potential fuels due to
arious advantages, such as high H/C ratio, high energy density,
nnocuous nature and easy storage and transportation due to the
imilar physical properties to those of LPG and LNG [2–4]. In addi-
ion, the direct synthesis of DME from syngas has been proved to be
easible by many literatures [5]. Among the reformation technolo-
ies, DME steam reforming (DME SR) has been regarded as the most
uitable process to obtain H2-rich reformate for fuel cell applica-
ion because of its higher hydrogen yield and lower selectivity to

O which is considered as the poison to Pt electrode of PEMFCs [6].

Generally, DME SR is a couple of two consecutive reactions:
he hydrolysis of DME to methanol over a solid acid, and then

∗ Corresponding author. Tel.: +86 411 84379301; fax: +86 411 84379327.
E-mail address: gwchen@dicp.ac.cn (G. Chen).

926-860X/$ – see front matter © 2012 Elsevier B.V. All rights reserved.
ttp://dx.doi.org/10.1016/j.apcata.2012.04.032
acterization results of the used catalyst revealed that no change in the
rred on the spent catalyst.

© 2012 Elsevier B.V. All rights reserved.

the steam reforming of methanol formed (MSR). Therefore, the
overall process usually needs a hybrid catalyst consisting of dual
sites of acid sites and MSR sites. So far, many catalysts have
been developed for DME SR, which are usually in the form of the
mechanical mixture of a solid acid and a MSR catalyst [7–10].
Various solid acids, such as zeolite, WO3–ZrO2 and �-Al2O3 are
reported to be active for DME hydrolysis, while Cu-based cata-
lysts are the common MSR catalysts. When zeolite and WO3–ZrO2
are coupled with Cu-based catalysts, DME SR can proceed below
300 ◦C because of the existence of strong Brønsted acid. Never-
theless, these composite catalysts are prone to deactivation due
to the coke deposition [11,12]. Kawabata et al. suggested that
the formation of coke materials was originated from the poly-
methyl aromatics produced by polymerization on the solid acid
catalyst, followed by the migration to the Cu-based catalyst [8].
Compared with zeolite and WO3–ZrO2, �-Al2O3 with weaker acid
sites has been reported to be more durable for DME hydroly-
sis, but a relatively higher temperature between 350 and 500 ◦C
is required for efficient hydrolysis of DME. Many studies have
employed �-Al2O3 as the solid acid in the reforming process, such
as Al2O3 + Cu2Mn1Fe3 [10], 2Cu–1Ni–17Al2O3 [13], Cu 20%/�-Al2O3
[14] and particularly CuFe2O4 + Al2O3 [15]. Faungnawakij et al.

found that CuFe2O4 + Al2O3 catalyst exhibited good activity and sta-
bility in DME SR at the temperature range of 350–450 ◦C. The high
dispersion of metallic copper in the matrix of iron oxides reduced
from spinel structure and their strong chemical interaction were

dx.doi.org/10.1016/j.apcata.2012.04.032
http://www.sciencedirect.com/science/journal/0926860X
http://www.elsevier.com/locate/apcata
mailto:gwchen@dicp.ac.cn
dx.doi.org/10.1016/j.apcata.2012.04.032


is A: G

a
c
s
e
D
c
t
f
o
S
t
b
m
m
r
c
[

i
3
b
e
n
t
c
b
3
a
(
o
a
L
w
c
H

M
a
m
r
s
i
b
t
d
p
t
f
o
[
o
f
c
c
r
a

2

2

a
C
a

M. Yang et al. / Applied Catalys

ttributed to the excellent performance [16,17]. In addition, the
omposite catalyst of noble metal-based catalyst coupled with a
olid acid is another interesting catalytic system [18,19]. Ledesma
t al. investigated the activity of Pd-based catalytic monoliths for
ME SR. The best catalytic performance was obtained over Pd–ZrO2
atalytic monolith and the interaction between Pd particles and
he support may be the key factor in determining the catalytic per-
ormance [19]. Although good activity and low CO selectivity are
btained over Cu-based and noble metal-based catalysts in DME
R, the pyrophoric property and easy agglomeration at elevated
emperature of Cu-based catalysts, and the high cost of noble metal-
ased catalysts cannot be ignored. Apart from Cu-based and noble
etal-based catalysts, metal oxide catalysts have also attracted
uch attention for the advantages such as easy preparation, no pre-

eduction and low cost. Mathew et al. found that Ca2O3 and Ga2O3
ontaining Al2O3 mixed oxide exhibited good activity in DME SR
20,21].

As mentioned above, the active temperature of the compos-
te catalyst of an MSR catalyst combined with �-Al2O3 is above
50 ◦C, which seems too high to supply H2 for PEMFCs. Actually,
y using an efficient heat exchanger such as a microchannel heat
xchanger or a microchannel reactor integrated with microchan-
el heat exchanger structure, energy can be recovered between
he feed and H2-rich reformate gas. DME SR over the composite
atalyst containing �-Al2O3 can be integrated with Pd mem-
rane reactor, whose operating temperature should be higher than
00 ◦C to avoid the Pd-H phase transition, to produce pure H2. In
ddition, high-temperature proton exchange membrane fuel cells
HT-PEMFCs) have attracted much attention [22,23]. HT-PEMFCs
perated between 100 and 200 ◦C can offer many advantages, such
s high CO tolerance and easy integration of reformer technology.
i et al. [24] found the CO tolerance was 3% CO in H2 at 200 ◦C,
hile that was 0.1% CO in H2 at 125 ◦C. As a result, DME SR over the

omposite catalyst containing �-Al2O3 can also be integrated with
T-PEMFCs.

In our previous work, ZnO–Cr2O3 was found to be an effective
SR catalyst between 400 and 500 ◦C [25]. In the same temper-

ture range, �-Al2O3 can effectively catalyze DME hydrolysis to
ethanol. Therefore, ZnO–Cr2O3 and �-Al2O3 were selected as the

eforming and hydrolyzing component for DME SR in the present
tudy. Since DME hydrolysis is always considered to be the lim-
ting step in DME SR, the enhancement in DME hydrolysis may
ring about an increasing DME conversion. It is well documented
hat DME hydrolysis is influenced significantly by the amount and
istribution of acid sites [26,27]. Thus, it is anticipated that the
erformance of �-Al2O3 in DME hydrolysis can be improved by
uning the acid properties. According to the literature, the sur-
ace acid properties of �-Al2O3 can be modified by the addition
f TiO2 in terms of the amount and strength of the acid sites
28,29]. Consequently, in this paper, we examined the performance
f the composite catalyst of ZnO–Cr2O3 coupled with �-Al2O3 and
ocused our attentions on the promotion effect of TiO2 on the
atalytic activity in the reforming process. In addition, ZnCr–TiAl
atalyst was also evaluated in a parameter study varying the weight
atio of ZnO–Cr2O3 to TiO2–Al2O3, gas hourly space velocity (GHSV)
nd molar ratio of water to DME (H2O/DME).

. Experimental

.1. Catalyst preparation
ZnO–Cr2O3 was prepared by a co-precipitation method at
constant pH of 7–8. The metal nitrates [Zn(NO3)2·6H2O,

r(NO3)3·9H2O] were dissolved into 200 ml de-ionized water. The
queous solution of metal nitrates with a total cation concentration
eneral 433–434 (2012) 26–34 27

of 1.0 M was contacted with a basic solution of aqueous ammonium
at a stoichiometric molar ratio. The process was carried out by drop-
wise addition of both solutions into a stirred flask containing 200 ml
de-ionized water at 60 ◦C. The precipitate formed was aged in the
mother liquid for 1 h, then removed, washed with de-ionized water
several times and centrifuged. The obtained ZnO–Cr2O3 deposit
was dried at 110 ◦C for 8 h and calcined at 500 ◦C for 3 h in air. The
optimal Cr2O3 composition was 17.6 wt% [30].

TiO2–Al2O3 was prepared as the following steps. First, dry pow-
der of AlOOH (Shandong Alumina Company) was calcined at 500 ◦C
for 4 h to prepare �-Al2O3. Second, �-Al2O3 powder was diluted and
mixed well with 100 ml de-ionized water in a stirred flask. Then,
Ti(SO4)2 aqueous solution and aqueous ammonium were added
simultaneously into the flask at a constant pH of 7–8. The precip-
itate generated was washed with de-ionized water many times to
eliminate SO4

2− and centrifuged. The obtained TiO2–Al2O3 deposit
was dried at 110 ◦C for 8 h and calcined at 500 ◦C for 3 h in air.

The composite catalysts of ZnO–Cr2O3 and TiO2–Al2O3 were
prepared by mechanical milling in a mortar at desired weight
ratios, and then calcined at 500 ◦C for 3 h. Subsequently, the cat-
alysts were grounded, pressed, crushed and screened to 40–60
mesh (0.245–0.35 mm). The resultant samples were designated as
ZnCr–XTiAl = Y, in which the symbol X and Y represented the weight
ratio of TiO2 to TiO2–Al2O3 and ZnO–Cr2O3 to TiO2–Al2O3, respec-
tively.

2.2. Catalyst characterization

The specific surface area was measured by the BET method on a
Quantachrome NOVA 4200e instrument using nitrogen adsorption
isotherms at 77 K.

The morphology of the catalysts was observed by scanning elec-
tron microscope (JSM-6360 LV, JEOL).

The X-ray diffraction (XRD) pattern was obtained with a PAN-
alytical X’Pert-Pro powder X-ray diffractometer, using Cu K�
monochromatized radiation (� = 0.1541 nm) at a scan speed of
5◦/min.

Temperature programmed desorption of NH3 (NH3-TPD) was
performed on a Micromeritics AutoChem 2920 apparatus. The
amount of 200 mg catalyst was placed into a quartz U tube, heated
for 2 h at 450 ◦C in Ar, and then kept at 100 ◦C for NH3 adsorption.
When saturated adsorption was achieved, the system was swept
by He for 3 h. Then the temperature was programmed to increase
to 450 ◦C under the heating rate of 10 ◦C/min. The desorbed NH3
was analyzed by a TCD detector.

2.3. Catalytic test

DME SR was carried out in a multichannel microreactor under
atmospheric pressure. The microreactor had 10 parallel channels
with a width of 1.5 mm, a depth of 1.5 mm and a length of 40 mm.
800 mg catalyst particles with the size of 40–60 mesh were packed
within the channels.

A mixture of DME, N2 and water was purveyed into the vaporizer
at 280 ◦C. The vapor was then fed into the microreactor. Subse-
quently, the reactor effluent passed through a condenser with a
mixture of ice-water to trap the unreacted water and methanol. The
flow rate of the dry reformate was measured by a soap bubble flow
meter. The composition of the dry reformate was analyzed by an
on-line gas chromatograph (GC 4000A, Beijing East & West Analyti-
cal Instruments Inc.) equipped with a thermal conductivity detector
(TCD) and flame ionization detector (FID). A carbon molecular sieve

column (TDX-01) was used to separate H2, N2, CO, CH4 and CO2
and a column of GDX-104 was used to detect DME. All data were
collected when the catalytic activity was kept stable, and material
balance on N2 was calculated to verify the measurement accuracy.
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Table 1
The BET surface area and total acid amount of the samples.p̂.

Sample Weight ratio of
ZnO–Cr2O3 to
solid acid

BET surface
area (m2/g)

Acid amount
(�mol/g)

Al2O3 – 220 394
3% TiO2–Al2O3 – 182 396
10% TiO2–Al2O3 – 190 444
TiO2 – 79 362
ZnO–Cr2O3 – 24 –
ZnCr–Al = 2:1 2:1 86 –
ZnCr–3% TiAl = 2:1 2:1 77 –
ZnCr–10% TiAl = 2:1 2:1 78 –
ZnCr–Ti = 2:1 2:1 34 –
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ZnCr–10% TiAl = 4:1 4:1 52 –
ZnCr–10% TiAl = 1:3 1:3 151 –

he unreacted methanol in the condensate was found to be very
ow by an off-line chromatograph (GC 960, Shanghai HaiXin Ana-
ytical Instruments Inc.) equipped with a TCD, and could be ignored.
he carbon balance for the samples investigated was between 0.97
nd 1.03.

In this paper, GHSV, the conversion of DME which is transformed
o H2 (XDME), CO selectivity (SCO), CO2 selectivity (SCO2 ), CH4 selec-
ivity (SCH4 ) in the dry reformate and H2 space time yield (YH2 ) are
efined as follows:

HSV = QDME + QH2O

VR
× 60 (1)

DME = nCO + nCO2 + nCH4

2nDME,0
× 100 (2)

CO = nCO

nCO + nCO2 + nCH4

× 100 (3)

CO2 = nCO2

nCO + nCO2 + nCH4

× 100 (4)

CH4 = nCH4

nCO + nCO2 + nCH4

× 100 (5)

H2 = nH2

mcat
× 60 (6)

here QDME and QH2O are the volume flow rate of DME and water
nder the conditions of 1 atm and 25 ◦C (ml min−1); VR is the
olume of packed catalyst bed (ml); nCO, nCO2 , nCH4 and nH2 are
he molar flow rate of CO, CO2 CH4 and H2 in the dry reformate
mol min−1); nDME,0 is the molar flow rate of DME in the feed
mol min−1); mcat is the weight of the catalyst (kg).

. Results and discussion

.1. Catalyst characterization

.1.1. BET surface area
The results from the BET measurements are summarized in

able 1. The surface area of Al2O3 and TiO2 is 220 and 79 m2/g,
espectively. Introducing doping TiO2 onto Al2O3 results in an obvi-
us decrease in the surface area, which is in accordance with César
t al.’s result [31]. The surface area of 3% TiO2–Al2O3 is comparable
ith that of 10% TiO2–Al2O3. ZnO–Cr2O3 maintains the smallest

urface area of 24 m2/g among all of the samples. Therefore, the
urface area of the composite catalyst is much lower than that
f the solid acid (Al2O3, TiO2–Al2O3 or TiO2). The surface area of

nCr–Al = 2:1, ZnCr–3% TiAl = 2:1 and ZnCr–10% TiAl = 2:1 is 86, 77
nd 78 m2/g, respectively. In addition, it is evident that the surface
rea of the composite catalyst decreases with the increasing weight
atio of ZnO–Cr2O3 to TiO2–Al2O3.
eneral 433–434 (2012) 26–34

3.1.2. SEM
According to the literature, inter-particle diffusion between the

solid acid and MSR catalyst influences the catalytic activity signif-
icantly in DME SR, and thereby, the mixing state of the solid acid
and MSR catalyst is an important factor for getting a high activ-
ity [32]. Faungnawakij et al. found that a well-mixed composite
catalyst of CuFe2O4 coupled with Al2O3 exhibited the best cat-
alytic performance in DME SR, in comparison with the catalysts
placed randomly or separately [32]. As a result, ZnO–Cr2O3 and
TiO2–Al2O3 were mechanically mixed together in a mortar firstly.
Fig. 1 presents the SEM images of ZnO–Cr2O3, 10% TiO2–Al2O3 and
ZnCr–10% TiAl = 2:1. As shown in Fig. 1, the composite catalyst
shows a close contact of ZnO–Cr2O3 and TiO2–Al2O3. It indicates
that a well-mixed state can be achieved by the mechanically mixing
in a mortar, which is a prerequisite for a high DME conversion.

3.1.3. XRD
Fig. 2a shows the XRD patterns of TiO2–Al2O3 calcined at 500 ◦C

for 3 h. Anatase phase is identified in TiO2. The XRD pattern of Al2O3
shows three broad peaks at 2� = 37.5◦, 45.5◦ and 66.8◦, indicating
a poor crystallinity of �-Al2O3. Diffraction characteristic peaks of
anatase cannot be observed by XRD in 3% TiO2–Al2O3. This indi-
cates that TiO2 is uniformly dispersed on the surface or intruded
into the body phase of Al2O3, thus resulting in a decrease in the spe-
cific surface area of the doped catalyst. The characteristic peaks of
anatase can be detected in XRD patterns as the weight ratio of TiO2
is 10 wt%, suggesting that the amount of dopant exceeds the largest
capacity of the monolayer distribution on Al2O3. These results can
be explained by the incorporation model proposed by Chen et al.
[33]. The incorporation model suggests that the dispersed metal
cations are incorporated into the surface vacant sites of the support
with their accompanying anions sitting on the top for extra charge
compensation, resulting in the formation of M–O–M′ linkages. Gen-
erally, the dispersion capacity of metal compounds is determined
by the structure of support and the shielding effect of the capping
anions. In the case of TiO2–Al2O3 system, at the low TiO2 loading
(≤0.56 mmol, 100 m−2 �-Al2O3), the Ti4+ ions are proposed to be
incorporated into the surface octahedral vacancy of Al2O3, accom-
panied by two oxygen anions associated with the Ti4+ ion on the
top of the occupied site forming capping oxygen [34]. This type
of linkage has been proven to exist in many literatures [28,35,36].
For example, Pophal et al. found that the IR spectra correspond-
ing to hydroxyl stretching vibrations of Al–OH groups faded with
the increasing TiO2 content, indicating the formation of Al–O–Ti
linkage [37]. A further increase in the loading of TiO2 results in the
formation of crystalline TiO2. Therefore, on the basis of the incorpo-
ration model, the Ti4+ ions exist in the form of Ti–O–Al linkages in
3% TiO2–Al2O3, whereas the Ti4+ ions also appear as Ti–O–Ti link-
ages in 10% TiO2–Al2O3 besides Ti–O–Al linkages. In addition, it is
evident that the peak line of anatase of 10% TiO2–Al2O3 broadens in
comparison with that of TiO2, revealing a smaller mean crystalline
size of anatase in 10% TiO2–Al2O3, according to Scherrer’s equation.
The crystalline size of anatase is 7 and 15 nm in 10% TiO2–Al2O3 and
TiO2, respectively.

Fig. 2b displays the XRD patterns of ZnCr–TiAl composite cat-
alysts with different TiO2 contents. Two crystalline phases of ZnO
and ZnCr2O4 are detected in all of the XRD patterns. �-Al2O3 is
identified in all of the samples except ZnCr–Ti = 2:1. In the case
of ZnCr–10% TiAl = 2:1 and ZnCr–Ti = 2:1, the characteristic peak of
anatase can be observed at 2� = 25.3◦. Fig. 2c shows the XRD pat-
terns of ZnCr–TiAl composite catalysts with different weight ratio

of ZnO–Cr2O3 to 10% TiO2–Al2O3. In evidence, the intensity of the
XRD peaks corresponding to ZnO and ZnCr2O4 becomes more obvi-
ous with the increasing weight ratio of ZnO–Cr2O3 to TiO2–Al2O3,
whereas that corresponding to Al2O3 and TiO2 becomes lower.
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Fig. 1. The SEM images of (a) ZnO–Cr2O3,

.1.4. NH3-TPD
TiO2–Al2O3 samples with varying TiO2 contents have been

tudied by a number of investigations with respect to their physic-
hemical properties. Based on the pyridine adsorption IR results,
nly Lewis acid sites are observed in Al2O3 and TiO2–Al2O3 (Al2O3
s the host oxide) [29,38]. Typically, Lewis acid sites can serve as
he active sites for DME hydrolysis. In this paper, NH3-TPD was
mployed to estimate the amount and strength of acid sites formed
n the catalyst surface. The NH3-TPD patterns of TiO2, TiO2–Al2O3
nd Al2O3 are plotted in Fig. 3. As shown in Fig. 3, the uptake pat-
ern of Al2O3 has two distinct regions 1 and 2, from 100 to 350 ◦C
type I) and 350 to 450 ◦C (type II), respectively. TiO2 displays a
road peak originated from 100 to 450 ◦C. 3% TiO2–Al2O3 and 10%
iO2–Al2O3 show similar NH3 desorption pattern with Al2O3. It is
nteresting to note that when Al2O3 is doped with 3% TiO2, the des-
rption peak of type II acid sites shifts from 360 ◦C to 410 ◦C. It is
ell-known that the acid sites corresponding to the low/high tem-
erature peak are referred to the weak/strong acid sites. Therefore,

t can be concluded that 3% TiO2–Al2O3 has stronger type II acid
ites than Al2O3. It has been observed that the binary metal oxides
ften display increased acidity over their pure counterparts [39,40].
he increase in acidity is ascribed to the distribution of an excess
egative/positive charge caused by the formation of bridged hetero
etal–oxygen bonds, as suggested by Tanabe’s model [41]. On the

asis of the XRD results, the titanium ions may be bonded mainly
ia oxygen bridges to aluminium ions in 3% TiO2–Al2O3. Hence,
he enhanced strength of type II acid sites of 3% TiO2–Al2O3 can be
ttributed to the possible formation of Ti O Al bonds. This kind
f heterolinkage has been proposed in many literatures to enhance
he acidity in TiO2–Al2O3 systems [28,42]. When the TiO2 compo-
ition goes up to 10%, the peak temperature of type II acid sites
eturns to ca. 360 ◦C. As mentioned above, the crystalline anatase

s found at higher titanium content (10% TiO2–Al2O3), implying
he presence of Ti O Ti bonds. As a consequence, the shift of the
esorption peak of type II acid sites may be ascribed to the seg-
egation of anatase. Though the acid strength of 10% TiO2–Al2O3
% TiO2–Al2O3, and (c) ZnCr–10% TiAl = 2:1.

is analogous with that of Al2O3, it possesses a higher acid amount
as compared with other samples (Table 1). Taking the BET surface
area into account, the acid density of Al2O3 and TiO2 is 1.8 and
4.6 �mol/m2, respectively. Hence, the increase in the acid amount
of 10% TiO2–Al2O3 may be partly contributed by the dispersed TiO2
on Al2O3.

3.2. Catalytic activity for DME hydrolysis and SR

3.2.1. DME hydrolysis over TiO2–Al2O3 samples
It is well known that DME hydrolysis can always be catalyzed

by solid acids, and the composite catalysts using the different solid
acids with the same MSR catalyst show dissimilar activity in DME
SR. Hence, we investigated the catalytic activity of TiO2–Al2O3 sam-
ples for DME hydrolysis firstly. Fig. 4 shows the results of DME
hydrolysis over TiO2–Al2O3 samples. It can be seen that the DME
conversion increases with the increasing reaction temperature over
all samples investigated. TiO2 exhibits a low activity towards DME
hydrolysis over the entire temperature range. In comparison, the
DME conversion over Al2O3 is much higher than that on TiO2, and
the DME conversion coincides with the equilibrium value at 420 ◦C.
The addition of TiO2 to Al2O3 is found to significantly improve
the DME hydrolysis. For instance, 3% TiO2 doping gives rise to a
remarkable increase in the catalytic activity of Al2O3, and the DME
conversion approaches to the equilibrium value at 380 ◦C. The DME
conversion over 10% TiO2–Al2O3 is comparable with that over 3%
TiO2–Al2O3.

According to the literature, TiO2–Al2O3 as a catalyst support
for metal has been widely used for the decomposition of per-
chloroethylene [43], hydrodesulfurization [44] and CO oxidation
[45], etc. TiO2–Al2O3 can be prepared by various methods, such as
coprecipitation, sol–gel, chemical vapor deposition and impregna-

tion. Many reports revealed that metal supported on TiO2–Al2O3,
such as Ag [29], Mo [46] and Cr [43], showed superior catalytic
activity than that supported on TiO2 or Al2O3. This activity enhance-
ment was usually correlated with the physic–chemical properties
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F
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s
c

Fig. 3. The NH3-TPD profiles of (1) TiO2, (2) 10% TiO2–Al2O3, (3) 3% TiO2–Al2O3, and

hydrolysis.
ig. 2. The XRD patterns of (a) TiO2–Al2O3, (b) ZnCr–TiAl composite catalysts with
ifferent TiO2 contents, and (c) ZnCr–TiAl composite catalysts with different weight
atio of ZnO–Cr2O3 to TiO2–Al2O3.
f TiO2–Al2O3, which are different from TiO2 and Al2O3, including
urface area, acid properties and the interaction between the
upport with metal. Besides acting as a support, TiO2–Al2O3 itself
an catalyze the dehydration of methanol to DME. In comparison
(4) Al2O3.

with Al2O3, the TiO2-modified Al2O3 (TiO2 ≤10 wt%) showed
higher catalytic activity and DME selectivity, probably because of
an enhanced Lewis acidity of TiO2–Al2O3 [28]. In the present work,
TiO2, TiO2–Al2O3 and Al2O3 present distinct performance in DME
hydrolysis. The catalytic activity of TiO2 is much lower than Al2O3.
This is probably due to the lowest surface area and acid amount of
TiO2. 3% TiO2–Al2O3 and 10% TiO2–Al2O3, the most active samples,
possess the lower surface area than Al2O3. This indicates that
there is no clear correlation between the surface area and the
catalytic activity. Faungnawakij et al. found that DME hydrolysis
can be enhanced by a higher acid amount and stronger acid
strength [26]. With respect to the NH3-TPD results, the addition
of TiO2 can tune the surface acid properties of Al2O3. The type II
acid sites are strengthened in 3% TiO2–Al2O3, whereas a higher
acid amount is obtained in 10% TiO2–Al2O3. Both changes in acid
properties are the essential reasons for the higher activity for DME
Fig. 4. The DME conversion as a function of reaction temperature in DME hydrolysis.
GHSV = 7900 h−1; H2O/DME = 4.8.
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ig. 5. (a) DME conversion as a function of reaction temperature and (b) H2

pace time yield over ZnCr–TiAl catalysts in DME SR, reaction temperature = 430 ◦C.
HSV = 7900 h−1; H2O/DME = 4.8.

.2.2. DME SR over ZnCr–TiAl catalysts with different TiO2
ontents

DME SR was carried out over ZnCr–TiAl composite catalysts.
he experiments were operated under the reaction conditions of
2O/DME = 4.8 and GHSV = 7900 h−1. Fig. 5a illustrates the DME
onversion as a function of reaction temperature over ZnCr–TiAl
atalysts with different TiO2 contents. It can be seen that the
atalytic activity of every composite catalyst increases with the
eaction temperature. ZnO–Cr2O3 exhibits low activity for DME SR
<2%), probably due to the lack of acid sites in the catalyst. The
onversion of DME is greatly enhanced by the addition of any of
he acid components. In addition, all TiO2 doped catalysts per-
orm better than the un-doped one. ZnCr–3% TiAl and ZnCr–10%
iAl show the highest DME conversion. For example, the DME con-
ersion on ZnCr–3% TiAl = 2:1 and ZnCr–10% TiAl = 2:1 is 91% at
30 ◦C, whereas that on ZnCr–Al = 2:1 and ZnCr–Ti = 2:1 is 74% and
1%, respectively. The catalytic activity follows the order ZnCr–3%
iAl = 2:1 ≈ ZnCr–10% TiAl = 2:1 > ZnCr–Al = 2:1 > ZnCr–Ti = 2:1, in
ood agreement with the order with respect to the DME conver-
ion in DME hydrolysis. It seems that the catalytic behavior of the

omposite catalysts for the reforming of DME is closely related
o the catalytic behavior of the corresponding acid components
or DME hydrolysis. In other words, the composite catalyst com-
ined ZnO–Cr2O3 with the solid acid which performs better in DME
eneral 433–434 (2012) 26–34 31

hydrolysis shows superior activity in DME SR. Fig. 5b shows the H2
space time yield over different composite catalysts at 430 ◦C. The
H2 space time yield exhibits the same order with the DME conver-
sion. The H2 space time yield over ZnCr–3% TiAl = 2:1 and ZnCr–10%
TiAl = 2:1 is higher than that over ZnCr–Ti = 2:1 and ZnCr–Al = 2:1.

The CO, CO2 and CH4 selectivity are plotted in Fig. 6 as a func-
tion of the reaction temperature. It is evident that CO selectivity
increases with the increasing reaction temperature, whereas CO2
selectivity goes to the opposite direction. In addition, the composite
catalyst with higher activity in DME SR is found to possess higher
CO selectivity. In the case of ZnCr–3% TiAl = 2:1 and ZnCr–10%
TiAl = 2:1, the CO selectivity is ca. 7% with a full DME conver-
sion at 440 ◦C. The route of CO formation will be discussed in
the Section 3.2.3.2. The samples with TiO2 are found to gener-
ate CH4 with the selectivity ranging from 0.15 to 0.5%, whereas
CH4 is not formed over ZnCr–Al = 2:1. This result indicates that the
formation of CH4 may be associated with the presence of TiO2. Gen-
erally, CH4 is likely to originate from the direct decomposition of
DME (CH3OCH3 → H2 + CO + CH4). DME decomposes into methyl
(CH3–) and methoxy (CH3O–) species, and the methyl can easily be
further hydrogenated to form methane. Hussein et al. reported that
dimethyl ether can react over TiO2 surface to form CH4 at a higher
temperature than 350 ◦C [47].

3.2.3. The effect of the weight ratio of ZnO–Cr2O3 to TiO2–Al2O3
and operation conditions
3.2.3.1. The weight ratio of ZnO–Cr2O3 to TiO2–Al2O3. The effect of
the weight ratio of ZnO–Cr2O3 to 10% TiO2–Al2O3 on the catalytic
activity was investigated. Generally speaking, DME hydrolysis is a
thermodynamically limited reaction. For instance, the equilibrium
conversion of DME is ca. 37.4% at 420 ◦C (H2O/DME = 4.8). If the
produced methanol is subsequently transformed to H2 and CO2,
the equilibrium for DME hydrolysis will shift to the right, result-
ing in a higher DME conversion. Therefore, the weight balance of
ZnO–Cr2O3 and TiO2–Al2O3 for composite catalyst is a key factor
to obtain a high DME conversion. In this section, the weight ratio
of ZnO–Cr2O3 to 10% TiO2–Al2O3 was varied from 4:1 to 1:3. Fig. 7
shows the DME conversion and CO selectivity as a function of the
reaction temperature over the composite catalyst with different
weight ratio of ZnO–Cr2O3 to 10% TiO2–Al2O3. Commonly, solid
acid-rich samples give rise to a shortage of active sites for MSR,
leading to a low DME conversion. Hence, the activity of ZnCr–10%
TiAl = 1:3 is less than that of ZnCr–10% TiAl = 2:1 (as shown in Fig. 7).
The best performance is obtained over ZnCr–10% TiAl = 2:1, indicat-
ing a proper balance between the MSR sites and acid sites in this
sample. As the weight ratio of ZnO–Cr2O3 to 10% TiO2–Al2O3 fur-
ther increases to 4:1, the activity goes down due to the lack of acid
sites. To sum up, the optimal weight ratio is determined to be 2:1.
On the other side, the CO selectivity seems to be much less affected
by the weight ratio of ZnO–Cr2O3 to 10% TiO2–Al2O3.

3.2.3.2. GHSV. The DME conversion and the CO selectivity are plot-
ted in Fig. 8 as a function of GHSV. The experiments were performed
under the reaction conditions of 420 ◦C and H2O/DME = 4.8. As
shown in Fig. 8, the DME conversion decreases from 79.6% to 29.1%
as the GHSV increases from 7900 to 36,520 h−1. This is caused by
the decreasing contact time between the reactant and the catalyst
bed.

The desired DME SR is to produce hydrogen by the dehydrogena-
tion of oxygenate species to produce as much as CO2. Meanwhile,
CO is inevitably formed in the reforming process, which is well-
known as a poison to Pt electrode of PEMFCs. In order to inhibit

the generation of CO in the reforming process, it is necessary to
investigate the route of CO formation. As discussed above, the
decomposition of DME occurs over ZnCr–TiAl composite cata-
lysts. Therefore, according to CH4 selectivity, CO selectivity brought
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Fig. 6. (a) CO selectivity, (b) CO2 selectivity, and (c) CH4 selectivity as a function of
reaction temperature in DME SR. GHSV = 7900 h−1; H2O/DME = 4.8.
Fig. 7. DME conversion and CO selectivity over the composite catalysts with dif-
ferent weight ratio of ZnO–Cr2O3 to 10% TiO2–Al2O3 in DME SR. GHSV = 7900 h−1;
H2O/DME = 4.8.

about by DME decomposition is calculated to be 0.15–0.5%, which
is much lower than the total CO selectivity. This implies that CO
is mainly not generated by the decomposition of DME. Hence, the
majority of by-product CO may be formed via MSR process. With
respect to the literatures on the reaction mechanisms of MSR, CO
is produced mainly via three pathways: (1) CO is an intermediate
and formed directly through methanol decomposition (DM) fol-
lowed by water gas shift reaction (WGS) [48]; (2) CO is produced
by reverse water gas shift reaction (RWGS) as a secondary product
[49]; (3) CO is generated directly from DM paralleled with MSR [50].
In this study, the CO concentration is far below its equilibrium value
of WGS, indicating that mechanism 1 is not involved in the reac-
tion pathway of CO formation. If CO is produced by mechanism 2,
the CO selectivity will decrease with the increasing GHSV, whereas
the CO selectivity is independent of GHSV in the mechanism 3. It
is evident in Fig. 8 that the CO selectivity first declines gradually
with increasing GHSV and then approaches a constant level when
GHSV is larger than 24,000 h−1. This indicates that RWGS and DM
are both responsible for the CO formation.
3.2.3.3. H2O/DME. The effect of the molar ratio of steam to
dimethyl ether (H2O/DME) on the DME conversion and CO selec-
tivity was investigated over ZnCr–10% TiAl = 2:1 catalyst. The

Fig. 8. DME conversion and CO selectivity as a function of GHSV over ZnCr–10%
TiAl = 2:1 in DME SR. Reaction temperature = 420 ◦C; H2O/DME = 4.8.
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Fig. 9. DME conversion and CO selectivity as a function of H2O/DME
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Fig. 10. (a) Stability test over ZnCr–3% TiAl = 2:1 catalyst, reaction tempera-
atio over ZnCr–10% TiAl = 2:1 in DME SR. Reaction temperature = 420 C;
HSV = 7900 h−1.

xperiments were carried out under the conditions of reaction tem-
erature = 420 ◦C. As stated in the introduction, DME SR consists of
wo consecutive reactions: DME hydrolysis and MSR. Accordingly,
he effect of the rising H2O/DME ratio on DME SR exhibits in two-
olds. On one hand, the rising water concentration can shift the
hermodynamic equilibrium to the right, resulting in an improve-

ent in DME hydrolysis equilibrium (as shown in Fig. 9). On the
ther hand, the increase in the H2O/DME ratio can reduce the reac-
ion rate of MSR, brought about by the competitive adsorption of
ater and methanol on ZnO–Cr2O3 surface [51]. In this work, it is

vident in Fig. 9 that DME conversion decreases with the increase in
he H2O/DME ratio, corresponding to a decrease in the CO selectiv-
ty. The DME conversion and CO selectivity decrease from 86.4%
o 70.9% and 13.3% to 3.7%, respectively, as the H2O/DME ratio
ncreases from 3 to 7. As mentioned above, DME hydrolysis equi-
ibrium is promoted by the rising water concentration, whereas

SR is restrained. Therefore, the decreasing DME conversion indi-
ates that the increase in hydrolysis of DME cannot offset the
ctivity loss in MSR. In addition, as mentioned above, CO is partly
roduced by RWGS. RWGS can be suppressed by the increasing
ater concentration, which is responsible for the decrease in CO

electivity.

.2.4. The life time
Evaluating the preservation of the catalyst stability during a

atalytic process is one of the most important goals for prac-
ical purposes. The time on stream study was performed using
nCr–3% TiAl = 2:1 composite catalyst at 430 ◦C, 7900 h−1 and
2O/DME = 4.8, and the result is present in Fig. 10a. The result

ndicates that the catalytic activity, expressed in terms of DME con-
ersion and H2 production rate, shows no obvious deactivation
or reaction time lasted for about 150 h. During the whole pro-
ess, the CO and CH4 selectivity in the dry gases is less than 6%
nd 0.34%, respectively. The moderate stability of the composite
atalyst demonstrates the stable activity of TiO2–Al2O3 for DME
ydrolysis and ZnO–Cr2O3 for MSR. The results reported by Cao
t al. showed that the long stability of ZnO–Cr2O3 for MSR was
artly ascribed to the formation of ZnCr2O4 [30]. The XRD pattern

f the used catalyst is reported in Fig. 10b. In comparison with the
resh catalyst, no change in the XRD patterns occurs on the used
atalyst.
ture = 430 ◦C, GHSV = 7900 h−1, H2O/DME = 4.8. (b) The XRD pattern of spent ZnCr–3%
TiAl = 2:1.

4. Conclusion

This work has demonstrated that DME can be effectively
reformed to hydrogen on the composite catalyst of ZnO–Cr2O3 cou-
pled with Al2O3 or TiO2–Al2O3. The most relevant conclusions of
this work can be summarized as follows:

(1) Compared with Al2O3, the TiO2-deposited Al2O3 (3% or 10%
TiO2 loading) showed higher activity in DME hydrolysis. The
NH3-TPD results revealed that the addition of TiO2 can tune the
acid amount and strength of Al2O3. In the case of 3% TiO2–Al2O3,
the medium strong acid sites were strengthened due to the for-
mation of Al–O–Ti linkages. For 10% TiO2–Al2O3, the total acid
amount was higher than any other sample, probably because of
the dispersed TiO2 on Al2O3. Stronger acidity and higher total
acid amount both favored DME hydrolysis.

(2) Subsequently, a higher DME SR activity was observed over
ZnO–Cr2O3 combined with 3% TiO2–Al2O3 or 10% TiO2–Al2O3.
A good correlation between DME hydrolysis and SR activity
revealed that a higher hydrolysis activity was beneficial to the
reformation of DME to produce hydrogen. The optimal weight
ratio of ZnO–Cr2O3 to 10% TiO2–Al2O3 was ca. 2/1.
(3) The DME conversion decreased with the increasing GHSV and
molar ratio of H2O to DME, accompanied by a decrease in CO
selectivity. The results indicated that reverse water gas shift
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reaction and methanol decomposition were both involved in
the formation of CO.

4) During the 150 h test, there was no obvious deactivation over
ZnCr–3% TiAl = 2:1. During the whole process, the CO and CH4
selectivity in the dry gases was less than 6% and 0.34%, respec-
tively. Considering the easy availability, no pre-reduction,
low cost and medium stability at evaluated temperature of
ZnCr–TiAl catalysts, the present catalyst system can serve as
a potential metal oxide catalyst for DME SR.
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