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A series of ZnO—Al,05 catalysts with various ZnO/(ZnO + Al,03) molar ratios have been
developed for hydrogen production by dimethyl ether (DME) steam reforming within
microchannel reactor. The catalysts were characterized by N, adsorption-desorption, X-ray
diffraction and temperature programmed desorption of NHs. It was found that the catalytic
activity was strongly dependent on the catalyst composition. The overall DME reforming
rate was maximized over the catalyst with ZnO/(ZnO + Al,03) molar ratio of 0.4, and the
highest H, space time yield was 315 mol h™*-kgc} at 460 °C. A bi-functional mechanism
involving catalytic active site coupling has been proposed to account for the phenomena
observed. An optimized bi-functional DME reforming catalyst should accommodate the
acid sites and methanol steam reforming sites with a proper balance to promote DME
steam reforming, whereas all undesired reactions should be impeded without sacrificing
activity. This work suggests that an appropriate catalyst composition is mandatory for
preparing good-performance and inexpensive ZnO—Al,O3 catalysts for the sustainable
conversion of DME into H,-rich reformate.
Copyright © 2012, Hydrogen Energy Publications, LLC. Published by Elsevier Ltd. All rights
reserved.

1. Introduction

DME usually proceeds over a bi-functional catalyst consisting
of dual sites of acid sites and MSR sites.

Recently, steam reforming of dimethyl ether (DME) has
attracted much attention to produce hydrogen for PEMFCs
[1-5]. DME as a promising hydrogen carrier has various
advantages, such as high H/C ratio, high energy density,
innocuous nature and easy storage and transportation due to
the similar physical properties to those of LPG and LNG.
Generally, steam reforming of DME (Eq. (1)) is considered to
proceed through two consecutive reactions, viz the first step
of hydrolysis of DME (Eq. (2)) to form methanol over a solid
acid catalyst followed by the second step of the steam
reforming of methanol (MSR, Eq. (3)) to produce hydrogen over
a steam reforming catalyst. Therefore, the steam reforming of

DME steam reforming:
CH,;0CH; + 3H,0(g) »2CO, + 6H,, AH =122 kJ/mol (1)
DME hydrolysis:
CH30CH; + H,0(g) < 2CH;0H(g), AHg =24 kJ/mol )
Steam reforming of methanol (MSR):
CH;0H(g) + H,0(g) —»3H, + CO,, AH} =49 kJ/mol 3)

Up to now, many catalysts have been developed for steam
reforming of DME, which are usually in the form of the
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mechanical mixture of a solid acid and an MSR catalyst.
Zeolite [6,7] and y-Al,053 [8,9] are two types of widely used solid
acids. Other acidic catalysts studied also include WO5;—ZrO,
[10] and ZrO, [11]. Cu-based catalyst is the common MSR
catalyst due to the cost effectiveness and high activity [12,13].
The reaction mechanism and role of each component of Cu-
based catalyst for MSR have been well studied [13,14]. When
Cu-based catalyst is coupled with ZSM-5 with the Brgnsted
acid, DME steam reforming can proceed with a low CO selec-
tivity below 300 °C [15]. Nonetheless, this composite catalyst is
prone to deactivation due to the coke deposition. Al,0; with
weaker acid sites has been reported to be more durable for
DME hydrolysis, but a relatively higher temperature between
350 °C and 500 °C is required for efficient hydrolysis of DME.
From such a point of view, MSR following the hydrolysis of
DME should be carried out above 350 °C to obtain a high overall
DME reaction rate. Unfortunately, Cu-based catalysts such as
Cu/Zn0O/Al,05 are easily deactivated due to the sintering of
metallic Cu at this elevated temperature. Therefore, consid-
erable effort has been made to get through this problem.
There are mainly two solutions from a series of the open
literatures dedicated to DME steam reforming. One is
improving the thermal stability of metallic Cu by the forma-
tion of spinel oxide or alloy. Wang et al. found that the addi-
tion of Ni leaded to hindering sintering of Cu due to the
promotion of Cu dispersion [16]. Cu—Ni/y-Al,O; catalyst
showed a full DME conversion during the 30 h reaction time at
350 °C. Faungnawakij et al. developed the composite catalysts
of CuFe,04 coupled with y-Al,03, exhibiting good activity and
stability in DME steam reforming in the temperature range of
350—450 °C [17—19]. The high dispersion of metallic copper in
the matrix of iron oxides reduced from spinel structure and
their strong chemical interaction were attributed to the
excellent performance. The other is developing other active
sites instead of Cu. Mathew et al. investigated the perfor-
mance of Ga,03;—Al,05 catalyst, which showed 100% DME
conversion at 400 °C [20]. Solymosi et al. found Mo,C/
Norit + Al,O3 as an active catalyst above 380 °C [21].
However, the CO selectivity of these catalysts was a little high
(Gay03—Al,03, 54%; Mo,C/Norit + Al,03, 37%). To sum up, it is
one of the interesting topics to develop a green, inexpensive
and efficient Cu-free catalyst for DME steam reforming.
ZnO—Al,0; as a catalyst support for noble metal or
a catalyst has been widely used for oxidative dehydrogena-
tion of 1-butene [22] and reverse water gas shift reaction [23].
It is also a very important component of Cu/ZnO/Al,O3
catalyst used in methanol synthesis and steam reforming
[24]. In our previous work, we developed ZnO—Al,05; (ZnO/
(ZnO + Al,O3) > 0.5) as an effective catalyst for high
temperature MSR [25]. In spite of the vast amount of litera-
tures published on catalytic transformation of methanol and
its derivatives over ZnO—Al,O; catalysts, their applications in
DME reforming were rarely reported. Nilsson et al. found that
a PdZn catalyst in which the support comprised mainly
ZnAl,0, exhibited improved activity compared to an Al,Os-
supported PdZn catalyst in DME autothermal reforming [26].
In this paper, ZnO—Al,05 catalysts (ZnO/(ZnO + Al,03) < 0.5),
as Cu-free catalysts, have been developed for hydrogen
production by steam reforming of DME. ZnO—Al,03 catalysts
provide dual active sites of acid sites and MSR sites in mutual

interaction with atomic scale, resulting in a good-perfor-
mance for DME steam reforming.

2. Experimental
2.1. Catalyst preparation

The catalysts were prepared by a co-precipitation method (for
more details concerning the preparation, see [25]). Metal
nitrates [Zn(NOs),-6H,0, Al(NOs);-9H,0] and aqueous
ammonium with stoichiometric molar ratios were used as the
starting materials. The process was operated at room
temperature under vigorous stirring and the pH was kept at
7—8. The precipitate was aged in the mother liquid for 1 h,
then removed, washed with de-ionized water several times
and centrifuged. The obtained deposit was dried, calcined at
500 °C, and then grounded, pressed, crushed and screened to
40—60 mesh (0.245-0.35 mm). The resultant ZnO—Al,0s
samples are designated as ZnO-X, in which the symbol X
represents the ZnO/(ZnO + Al,05) molar ratio.

2.2. Catalyst characterization

The BET specific surface areas of the samples were measured
by the BET method on an Auto Sorb iQ 2 instrument using
nitrogen adsorption isotherms at 77 K.

The X-ray diffraction (XRD) patterns were obtained with
a PANalytical X'Pert-Pro powder X-ray diffractometer, using
Cu Ko monochromatized radiation (1 = 0.1541 nm) at a scan
speed of 5°/min. The Spectra of the catalyst was collected after
calcination.

Temperature programmed desorption of NH; (NH;—TPD)
was performed on a Micromeritics AutoChem 2920 apparatus.
The amount of 200 mg catalyst was placed into a quartz U
tube, heated for 1 h at 450 °C in Ar, and then kept at 100 °C for
NH; adsorption. When saturated adsorption was achieved,
the system was purged by He for 1 h. Then the temperature
was programmed from 100 °C to 450 °C under the heating rate
of 10 °C/min. The desorbed NH; was analyzed by a TCD
detector.

2.3. Catalyst activity test

The steam reforming of DME was carried out in a multi-
channel microreactor (see [25]) under atmospheric pressure.
The microreactor has 10 parallel channels with a width of
1.5 mm, a depth of 1.5 mm and a length of 40 mm. 1 g catalyst
particles with the size of 40—60 mesh were packed within the
channels.

A mixture of DME, N, and water was purveyed into the
vaporizer at 280 °C. The vapor was then fed into the micro-
reactor. Subsequently, the reactor effluent passed through
a condenser with a mixture of ice-water to trap the unreacted
water. The dry reformate were analyzed by an on-line gas
chromatograph (GC 4000A, Beijing East & West Analytical
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 Hy, Ny,
CO, CH4 and CO, and a column of GDX-104 was used to detect
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DME. The flow rate of the dry reformate was measured by
a soap bubble flow meter. All the data were collected when the
catalytic activity was kept stable, and material balances on N,
was calculated to verify the measurement accuracy.

In this work, GHSV (calculated on the basis of the flow rate
of DME and water under the conditions of 1 atm and 25 °C),
DME conversion (Xpme, nominal)y CO selectivity (Sco) in dry
reformate and H, space time yield (Yy,) are defined as the
following:

GHSV = (QDME + QHZO)/VR x 60 (4)

XDME, nominal = NDME to H;/ Npmeo x 100

= (nco + Nco, + nCH4)/2nDME.O x 100 ()
Sco = nco/(nco + Nco, + ncm) x 100 (6)
Yu, = Ny, /Mcar x 60 x 1000 (7)

Where QpMme and Qu,o are the gas flow rate of DME and water,
ml min~%; Vg is the microreactor’s volume, ml; nco, Nco,, NcH,
and ny, is the molar flow rate of CO, CO,, CH, and H, in the dry
reformate, mol/min; npme w 1, is the molar ratio rate of DME
which can be transformed to H,, mol/min; npyg o is the molar
flow rate of DME in the feed, mol/min; m.,; is the weight of the
catalyst, g.

3. Results and discussion
3.1. Catalyst characterization
3.1.1. The BET surface area and XRD results

The relation of the catalyst composition and BET surface area
is summarized in Table 1. The BET surface area decreases
monotonously with the increasing zinc content. Al,O; main-
tains the largest surface area of 246 m%g. When the molar
fraction of ZnO increases to 50%, the BET surface area
decreases to 118 m?%/g.

Fig. 1 shows the XRD patterns of the samples with different
zinc content. These patterns indicate a poor crystallinity for
all samples. Our previous work showed that ZnO and Al,O3
can be easily transformed into zinc aluminate spinel once
heated at 500 °C [25]. Hence, in the case of Zn0O-50, Zn0O-45,

Table 1 — The BET surface area of the catalysts with
different zinc content®.

Sample Catalyst composition (mol%) Sger (M%/g)
ZnO A1203
AL05? 0 100 246
ZnO-242 24 76 229
Zn0-35 35 65 207
Zn0-40 40 60 179
Zn0-45 45 55 141
ZnO-50? 50 50 118

a The BET surface area of Al,03, Zn0O-24 and ZnO-50 has been
reported in reference [25].
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Fig. 1 — The XRD patterns of the samples with different zinc
content. The XRD patterns of ZnO-50, ZnO-24 and Al,O3
have been reported in the reference [25].

Zn0-40, Zn0-35 and Zn0-24, only the characteristic peaks of
zinc aluminum spinel are observed. Furthermore, as shown in
Fig. 1, the peaks of zinc aluminate spinel are found to move to
the larger angle side with the decreasing zinc content.
According to the literature, the excessive Al,0; can be dis-
solved into the stoichiometric zinc aluminate spinel to form
Al-rich non-stoichiometric spinel [27]. If Al-rich non-stoi-
chiometric spinel is formed, the peaks of zinc aluminate
spinel will move to the larger angle side due to the smaller size
of AI** ions (lonic radius of Al*" ions in coordination 4 is
0.039 nm and that of Zn" ions is 0.060 nm [28]). In our study, it
is indeed the case. This indicates that the excessive Al,O3 is
dissolved into the stoichiometric zinc aluminate spinel (ZnO-
50) to form Al-rich non-stoichiometric spinel for Zn0O-45, ZnO-
40, Zn0-35 and Zn0-24. In the Al-rich spinel, the Al** ions are
present at both tetrahedral and octahedral sites, whereas the
AI’* ions exclusively locate at octahedral sites in stoichio-
metric spinel. However, the different coordination of Al** ions
seems to have no obvious effect on the catalytic activity for
DME steam reforming (as discussed in the following sections).
The XRD pattern of Al,05 displays three very broad peaks at
26 = 36.8°, 45.7° and 66.4°, indicating the presence of poorly
crystalline y-Al,05. Since y-Al,O3 is of poor crystallization, the
presence of y-Al,03 can not be clearly distinguished in ZnO-
45, Zn0-40, Zn0-35 and Zn0O-24.

3.1.2. The NH3;—TPD results

In the steam reforming of DME, the first step, DME hydrolysis,
always occurs over the acid sites. The activity is strongly
influenced by the amount and strength of acid sites. Faung-
nawakij et al. found that stronger acid sites are beneficial to
the hydrolysis of DME [29]. In this paper, the surface acidity of
all samples investigated was evaluated by NH;—TPD, and the
results are present in Fig. 2. It is well-known that a low/high
NH; desorption temperature is related to weak/strong acid
sites. Typically, three classes of acid sites are defined: weak
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Fig. 2 — NH3;—TPD patterns of the samples with different
zinc content.

(25—200 °C), intermediate (200—400 °C) and strong (>400 °C)
[30]. As shown in Fig. 2, all samples display a broad peak
originated from 100 °C to 450 °C, indicating all samples exhibit
a broad distribution of acid strengths. The relative total acid
amount of the samples investigated is also summarized in
Fig. 2. Al,03 has the smallest total acid amount with a peak
temperature of 180 °C. By the incorporation with Zn, the peak
temperature of Al,O3 shifts to 200 °C and the NHj-uptake area
increases, indicating the enhancement of both acid strength
and total acid amount. With respect to the XRD results, it can
be concluded that the formation of zinc aluminate spinel may
be related to the increase in the acid amount and strength of
Al,O3. This result is in accordance with Wrzyszcz et al.’s
results that zinc aluminate spinel possessed higher total acid
amount than Al,0; [31]. Tanabe et al. also found the acid
strength and amount of ZnO—Al,05 varied with the compo-
sition and the maximum acid amounts were observed when
the content of ZnO was 10% mol at any acid strength [32]. In
this study, the relative total acid amount is found in the order
as follows: ZnO-35 > ZnO-24 > ZnO-40 > ZnO-45 > ZnO-
50 > Al,Os. It can be speculated that the catalytic activity of
these samples for DME hydrolysis follow the similar trend.

3.2. Catalytic activity for DME steam reforming

3.2.1. Effect of the catalyst composition

The DME conversion is plotted in Fig. 3a as a function of the
zinc content in the temperature range of 420—470 °C. The
experiments were operated under the conditions of
GHSV = 7900 h™! and H,0/DME = 4.8. It is observed that the
DME conversion increases with the reaction temperature over
all the samples investigated. Al,O; alone does not show
considerable activity within the temperature range studied for
DME steam reforming (Xpme, nominal = 5%, at 440 °C, not
showed). As shown in Fig. 3a, incorporating Al,0; with Zn
enhances the catalytic activity of DME steam reforming
dramatically. The overall DME conversion is 46.0%, 84.7%,
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Fig. 3 — (a) The DME conversion and (b) The H, space time
yield as a function of zinc content in the temperature range
of 420470 °C. GHSV = 7900 h~ !, H,O/DME = 4.8.

86.4%, 59.2% and 46.2% over Zn0-24, Zn0-35, Zn0-40, Zn0O-45
and ZnO-50 at 440 °C, respectively. As mentioned in the
introduction, two reactions are mainly involved in the DME
steam reforming: the hydrolysis of DME to methanol, which is
catalyzed by acid sites; and the subsequent MSR. One can see
that it is necessary to combine the acid sites and MSR sites
with a proper balance to maximize the overall DME reaction
rate. Generally, Al,O5 is well-known as a solid acid which can
catalyze the hydrolysis of DME over 350 °C, while Zn*" ions in
zinc aluminate spinel are regarded as the active sites for MSR
over 350 °C. It is evident that Al,0; and Zn?* ions in zinc
aluminate spinel are active in the similar temperature region.
Therefore, it is anticipated that ZnO—Al,03 can serve as an
active bi-functional catalyst for DME steam reforming. As
expected, ZnO—Al,0; samples indeed perform well in DME
steam reforming. A bi-functional mechanism involving active
site coupling is proposed to account for the observation. DME
hydrolysis to methanol occurs over acid sites of AI** ions, and
then methanol reformation to H, and CO, happens over
different sites of Zn>" ions nearby.


http://dx.doi.org/10.1016/j.ijhydene.2012.02.070
http://dx.doi.org/10.1016/j.ijhydene.2012.02.070

8364

INTERNATIONAL JOURNAL OF HYDROGEN ENERGY 37 (2012) 8360—8369

Moreover, it can be clearly seen from Fig. 3a that the
catalytic activity is strongly dependent on the catalyst
composition. The DME conversion increases with the
increasing zinc content and reaches maximum over ZnO-35
and Zn0O-40 samples. Further increase in the zinc content
does not improve the catalytic activity. Instead, the DME
conversion decreases dramatically. The order of the activity is
Zn0-35 = Zn0-40 > Zn0-45 > Zn0-50 = Zn0O-24. Though ZnO-
24 exhibits the highest BET surface area in these samples, this
catalyst shows the lowest activity, indicating that the BET
surface area is not the dominant factor for catalytic activity.
Actually, the DME steam reforming performance is directly
related to the ratio of the acid sites to MSR sites in previous
studies. For example, in the mechanically mixed composite
catalysts such as CuFe,0,—Al,0; composite catalyst, the
catalytic activity was determined by the weight ratio of
CuFe,04 to Al,03, whose optimized value was 1/1-2/1 [2]. In
this study, we believe that such a trend of the catalytic activity
over ZnO—Al,O; samples is also closely correlated with the
ratio of the acid sites to MSR sites. On one hand, our previous
work suggested that the activity of MSR decreased with the
decreasing zinc content with ZnO molar fraction below 50%
[25]. It can be seen from Table 2 that the order of MSR activity
coincides with this regularity. Thatis ZnO-50 > Zn0O-35 > ZnO-
24. On the other hand, the acidy of the samples nearly follows
the inverse trend (Fig. 2), indicating that the activity for DME
hydrolysis increases with the decreasing zinc content.
Therefore, to obtain a high overall DME conversion, the proper
balance of acid sites and MSR sites must be matched. Zn0O-40
and ZnO-35 with the highest DME conversion imply that these
samples have the appropriate ratio of the acid sites to MSR
sites. It can be concluded that the catalysts with ZnO/
(ZnO + Al,O3)> 0.4 are in shortage of acid sites and the rate
limiting step is the hydrolysis of DME under this operating
condition, whereas the catalysts with ZnO/
(ZnO + Al,03) < 0.35 run short of MSR sites and the rate
limiting step is MSR. Compared the results of MSR with those
of DME steam reforming over ZnO-50 and ZnO-24, this
conclusion is more obvious. It can be seen from Fig. 3a that
ZnO-50 and ZnO-24 have the similar activity with DME
conversion of 46% at 440 °C. However, the methanol

conversion over ZnO-50 is 100% during MSR. This result
strongly suggests that ZnO-50 is in shortage of the acid sites
and the rate limiting step is the hydrolysis of DME (the relative
acid amount is 1.09, Fig. 2). On the contrary, the methanol
conversion is the same as DME conversion over Zn0O-24 (the
relative acid amount is 1.46, Fig. 2), indicating that the rate
limiting step is switched to MSR for ZnO-24.

The H, space time yield is plotted in Fig. 3b. The H, space
time yield increases with the reaction temperature due to the
increase in DME conversion. Zn0-40 has the highest H, space
time yield of 315 mol h™*-kgz} at 460 °C. The H, space time
yield of Zn0O-50 is higher than that of Zn0-24, although they
have the similar DME conversion. This is caused by the higher
CO selectivity of Zn0-24, which will be shown in next
paragraph.

The desired DME steam reforming to produce hydrogen
proceeds by MSR to produce CO,, while this reaction is always
accompanied by other undesired reactions such as the
decomposition of DME (Eq. (8)), reverse water gas shift reac-
tion (RWGS, Eq. (9)) and decomposition of methanol (DM, Eq.
(10)) with the formation of by-product CO. Fig. 4 displays the
CO selectivity of all the samples investigated as a function of
zinc content over the temperature range of 420—470 °C. It is
evident that CO selectivity increases with both the increasing
reaction temperature and the decreasing zinc content. Espe-
cially, the CO selectivity of ZnO-24 is far higher than those of
other samples.

Decomposition of DME:

CH;0CH;—~H, + CO + CH,;, AHS = —1.0 kJ/mol ®)
RWGS:

CO; +Hy < H,0(g) + CO, AH =40 kJ/mol 9)
DM:

CH;0H(g) »2H, + CO, AHg =90 kJ/mol (10)

3.2.2. Reaction pathways over ZnO—Al,O5 catalysts

Fig. 5 shows the product distribution of the dry reformate at
440 °C over all samples. It can be seen that the formation of
CH, is below the detectable limit of GC over Zn0O-50, Zn0O-45

Table 2 — The results of MSR, DM, and CO methanation at 440 °C.

Reaction®P Sample Xmeon OF Xco/mol% Sco/mol% Sch, /mol% Sco,/mol%
Methanol decomposition Zn0-50 70.7 72.9 2.5 24.6
Zn0-35 87.3 59.0 14.5 26.4
Zn0-24 86.1 49.7 24.8 25.5
Al,O4 17.2 37.3 47.7 15.1
MSR Zn0-50 100.0 5.7 0.0 94.3
Zn0-35 88.5 10.7 0.4 88.9
Zn0-24 45.3 41.8 9.0 49.2
Al,O5 5.7 37.0 35.9 27.1
CO methanation Zn0-24 0.2 - - -
Al,O5 0.2 — — —

a Methanol conversion of decomposition and steam reforming was 3.3% and 1.3% in the blank test.
b MSR: GHSV yeom) = 2720 h™*, H,0/MeOH = 1.9; Methanol decomposition: GHSV(yeor) = 2720 h™*; CO methanation: GHSV(co) = 909 h™*, Hy/

CO=1.2.
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Fig. 4 — The CO selectivity as a function of zinc content in
the temperature range of 420—470 °C. GHSV = 7900 h™?,
H,O/DME = 4.8.

and Zn0-40. This indicates that the decomposition of DME can
be ignored over these samples. Zn0O-35 and Zn0-24 are found
to produce CHy, and the concentration of CH, is 0.04% and
2.92%, respectively. It is noticeable that the ratio of CO to CH,
over these two samples is much larger than 1 (72 over ZnO-35;
4 over ZnO-24). This implies that CO is mainly not generated
by the decomposition of DME. Thereby, the majority of by-
product CO is formed via the methanol steam reforming
process.

30
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cy, & co,
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Concentration /mol%

Illlllllllllll:]

A1 ._ :

Zn0-50 Zn0-45 Zn0-40 Zn0-35

Zn0O-24

Fig. 5 — Concentration of CO, CH, and CO, in the product
gas over the samples with different zinc content. Reaction
temperature = 440 °C, GHSV = 7900 h~ ', H,O/DME = 4.8.
The ‘CO-predicted value’ was calculated on the
assumption that methanol steam reforming proceeded via
methanol decomposition followed by water gas shift
reaction.

In order to shed light on the reaction pathway for CO and
CH, production, methanol decomposition and steam reform-
ing were carried out over selected ZnO—Al,0; samples. The
results are summarized in Table 2.

3.2.2.1. Methanol decomposition (DM). As shown in Table 2,
the methanol conversion is 17.2% over Al,Os, indicating that
AI** ions can catalyze DM, even though the activity is very
low. According to the literature, Zn?* ions are active for DM
[33]. Hence, DM on ZnO-50, ZnO-35 and Zn0-24 outperform
that on Al,Os. In this paper, the methanol conversion is
calculated on the basis of the carbon species in the gas
product. There is severe carbon deposition over ZnO-50 and
Zn0-35 samples, which become very dark after catalytic
activity test. Therefore, the methanol conversion of ZnO-50
and ZnO-35 does not reach 100%, although there is no un-
reacted methanol condensed after the microreactor. It can
be seen from Table 2 that CO selectivity decreases gradually
with the decreasing zinc content, whereas CH, selectivity
increases with the decrease in zinc content. Al,0; has the
lowest CO selectivity of 37.3% and highest CH, selectivity of
47.7%. This indicates that Zn*" ions are more selective to CO
than Al*" ions in the absence of water, and the formation of
CH, is brought about by the presence of Al*' ions. Generally,
CH, is a common by-product in methanol decomposition. The
possible routes of CH, formation are stated as follows (Egs.
(11)—(13)) [34—36]. As shown in Table 2, it is evident that the
methanation of CO can hardly proceed over ZnO-24 and Al,Os.
Therefore, Egs. (12) and (13) may contribute to the formation
of CH, in DM.

CH;0H + H, —CH, + H,0 (12)

2CH;0H < CH30CH; +H,0, CH;0CH; - CO+CH,+H,0  (13)

3.2.2.2. Methanol steam reforming (MSR). When steam is
added, one can see that there is a significant decline in CO
selectivity over the selected ZnO—Al,0; samples. For example,
in the case of ZnO-50, the CO selectivity decreases from 72.9%
to 5.7% with the addition of water. Some researchers sug-
gested that water and methanol compete for the same
adsorption sites over ZnO [37]. In the absence of water,
methanol forms methoxy groups as intermediates, which can
quickly be decomposed into H, and CO. When water is added,
the methoxy groups are oxidated to formate groups, which
can be decomposed into H, and CO,. Accordingly, Zn?* ions
are more selective to CO, than CO in the presence of water.
Furthermore, it is evident in Table 2 that the CO selectivity
goes up with the decreasing zinc content during MSR. This
trend is similar with that of the CO selectivity during DME
steam reforming, indicating that CO is indeed formed via the
methanol steam reforming process.

Initially, CO is regarded as an intermediate and formed
directly through DM followed by water gas shift reaction (WGS)
during MSR [38]. However, this mechanism becomes unac-
ceptable since many results have shown that the COlevelin the
reformate gas is dramatically lower than the predicted value
from WGS equilibrium [39]. This conclusion is reconfirmed in
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our study. The predicted value of CO has been calculated on the
assumption that MSR proceeds via DM followed by WGS. Since
WGS is limited by the thermodynamic equilibrium, the pre-
dicted value of CO represents the minimal CO concentration
which can be obtained on the basis of this mechanism. As
shown in Fig. 5, it is evident that the CO concentration in the
steam reforming process was below the predicted value from
WGS equilibrium over all samples except Zn0O-24. This indi-
cates that MSR does not proceed via DM/WGS sequential route.
As mentioned in our previous work [25], the side reactions,
RWGS and DM, were both responsible for the formation of CO
over ZnO—Al,03 catalysts. For Zn0-24, the CO concentration
was higher than the equilibrium value. The result implied that
methanol steam reforming, the second step in DME steam
reforming, followed a methanol decomposition/WGS sequen-
tial route or methanol steam reforming/methanol decompo-
sition parallel route. Subsequently, WGS was conducted under
the reaction conditions similar to the outlet composition of the
steam reforming based on the assumption that CO, in the
steam reforming was produced through WGS over ZnO-24.
However, the CO, concentration after WGS was much lower
than that of the steam reforming process (the CO conversion
was only 4.9% in WGS process), indicating that CO was mainly
generated by methanol decomposition over ZnO-24. In the case
of Al,03, one can see that the CO selectivity is nearly the same
in DM and MSR. This indicates that Al** ions are only active for
DM even in the presence of water. These results suggest that
more methanol molecules decompose to CO and H, with the
increasing Al content in the presence of water, causing the CO
selectivity to go up with the increase in Al content.

To sum up, the methanol produced by the hydrolysis of
DME is mainly transformed to H, and CO, during DME steam
reforming. In parallel with this route, some methanol is
directly decomposed to CO and H,. In the presence of water,
a higher Al content favors higher methanol decomposition.
For the sample with zinc content lower than 35%, CH,
becomes to be detectable in DME steam reforming. As shown
in Table 2, the formation of CH, also occurs over these
samples in MSR. As a consequence, CH, may be produced via
DME decomposition paralleled with DME steam reforming or
in MSR process.

3.2.3. Effect of the molar ratio of water to DME (H,O/DME)

The effect of the molar ratio of H,O/DME on the DME
conversion and CO selectivity was investigated over ZnO-40.
The experiments were carried out at 440 °C. It is evident in
Fig. 6 that the DME conversion decreases with the increasing
molar ratio of H,O/DME, corresponding to a decrease in the CO
selectivity. As the molar ratio of H,O/DME increases from 3.7
to 6.7, the DME conversion and CO selectivity decrease from
92.3% to 74.4% and 9.3%—5.6%, respectively. In this work, Zn%*
ions act as the active component for methanol steam
reforming. As mentioned above, some researchers suggest
that water and methanol compete for the same adsorption
sites on ZnO. Therefore, the rising water reduces the coverage
of absorptive methanol, leading to a decrease in the MSR rate.
On the other hand, since Lewis acid sites and MSR sites co-
exist over Zn0-40, it is impossible to investigate the effect of
the molar ratio of H,O/DME on DME hydrolysis experimentally
over Zn0-40. Therefore, DME hydrolysis was carried out over
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Fig. 6 — The DME conversion and CO selectivity as

a function of H,O/DME ratio over Zn0O-40. Reaction
temperature = 440 °C ®*The equilibrium value of Xpy and
Sco for DME SR was adopted from [40]; *The equilibrium
value of Xpue for DME hydrolysis was calculated by the
Gibbs free energy minimization method.

Al,03, and the results are summarized in Table 3. As shown in
Table 3, DME conversion approaches to the thermodynamic
equilibrium even at the molar ratio of H,O/DME as high as 7,
indicating that there are sufficient acid sites over Al,O3; to
catalyze DME hydrolysis. Furthermore, it is evident that DME
hydrolysis is promoted by the increasing molar ratio of H,O/
DME. On the basis of the NH5-TPD results, the relative total
acid amount of Zn0-40 is larger than that of Al,Os. It can be
predictable that the thermodynamic equilibrium of DME
hydrolysis will move to the right with the increasing molar
ratio of H,O/DME over Zn0O-40. In summary, the effect of the
increasing molar ratio of H,O/DME mainly embodies in two
aspects: (1) promote the DME hydrolysis; (2) restrain the
methanol steam reforming. According to the literature, the
DME conversion is determined by both DME hydrolysis rate
and MSR rate [2]. Hence, the DME conversion may go up, or
may decline with the increasing H,O/DME ratio. At the
moment, the DME conversion decreases gradually with the
increasing molar ratio of H,O/DME, indicating that the
promotion effect on the hydrolysis of DME can not offset the
inhibition effect on MSR.

3.2.4. Life time
At last, the durability of ZnO-40 catalyst was investigated
under the reaction conditions of 440 °C, GHSV = 7900 h* and

Table 3 — DME conversion at different molar ratios of H,O/

DME for DME hydrolysis over Al,0; at 440 °C.

HzO/DME XDME/% XDME-equﬂibrium/%
4.8 395 38.8

7.0 46.7 45.0
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H,O/DME = 4.8. As shown in Fig. 7, there is no significant
deactivation of Zn0-40 catalyst over 50 h continuous opera-
tion. In the entire run of time on stream, the conversion of
DME remains above 83%, and the H, space time yield is above
260 mol h™* kg.&. Noticeably, the CO selectivity increased
gradually from 6.0% to 8.5%. This may be caused by the
instability of Al-rich non-stoichiometric spinel under the
reaction condition. To validate this hypothesis, we further
investigated the stability of ZnO-50 (stoichiometric spinel). To
keep the DME conversion above 80%, this test was carried out
at 460 °C and GHSV of 4760 h™". It can be seen from Fig. 8 that
the catalyst is stable in the 100 h test with a constant CO
selectivity of 8.5%. However, the exact nature of the instability
of Al-rich non-stoichiometric spinel remains unclear on the
basis of our results, and needs further investigation.

The catalyst structure of ZnO-40 and ZnO-50 after the
durability test was examined by XRD. As shown in Fig. 9, the
XRD patterns of ZnO-50 and ZnO-40 after reaction is sharp-
ened to some extent. Crystalline of zinc aluminate spinel
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Fig. 7 — (a) Stability test (b) H, space time yield over ZnO-40
catalyst. Reaction temperature = 440 °C, GHSV = 7900 h ™%,
H,O/DME = 4.8.
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Fig. 9 — XRD patterns of Zn0-40 and ZnO-50 after reaction.

increased from 3.8 nm to 4.9 nm and 3.2 nm—3.8 nm for ZnO-
50 and Zn0-40, respectively. However, this increase in crys-

talline does not result in any noticeable deactivation in the
catalytic activity.

4, Conclusion

In this study, a series of ZnO—Al,0; samples prepared by co-
precipitation method are demonstrated as efficient catalysts
for DME steam reforming. The bi-functionality of the ZnO-
—Al,03 accommodating the acid sites formed by Al** ions and
the MSR sites of Zn?" ions was found to be responsible for the
excellent performance for DME steam reforming. To obtain
a high DME overall conversion, the proper balance of surface
acid sites and MSR sites had to be obtained over optimized
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catalyst, and turning the ZnO/(ZnO + Al,0s) molar ratio could
find an appropriate catalyst composition to meet this require-
ment. It was proposed that the composition of the binary metal
oxide played a crucial role in promoting DME steam reforming
and suppressing side reactions, such as the methanation and
decomposition. The samples with optimized Zn0O/(ZnO + Al,05)
molar ratio between 0.4 and 0.5 exhibited the best performance.

The CO selectivity was found to increase with the
increasing Al content. During DME steam reforming, the
methanol produced by the hydrolysis of DME was mainly
transformed to H, and CO,. In parallel, some methanol was
directly decomposed to CO and H,. In the presence of water,
a higher Al content favored higher methanol decomposition
rate. CH, may be produced via DME decomposition paralleled
with DME steam reforming or in MSR process.

At last, the life test was carried out to check the stability of
Zn0-40 and ZnO-50. During the test, there was no obvious
deactivation over these samples. Considering the easy avail-
ability and low cost of ZnO—Al,03, the present catalyst system
can serve as a potential bi-functional and inexpensive metal
oxide catalyst for steam reforming of DME.
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