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a b s t r a c t

In this study, a series of ZnO–Al2O3 catalysts with various ZnO/(ZnO + Al2O3) molar ratios have been eval-
uated for the high-temperature steam reforming of methanol, and the optimizing catalyst composition
consists in the range of 0.50–0.67. The catalysts were characterized by N2 adsorption–desorption, X-ray
diffraction and UV–vis spectra. In the case of ZnO/(ZnO + Al2O3) > 0.5, a significant proportion of Zn could
dissolve in ZnAl O , resulting in Zn-rich non-stoichiometric spinel, in which the Zn2+ ions located both
eywords:
ethanol steam reforming
icroreactor
ydrogen
nO–Al2O3

2 4

at the tetrahedral and octahedral sites. It was noticed that such a coordination of Zn2+ ions in the octahe-
dral position brought about a higher CO selectivity. Further investigation illuminated water gas shift and
methanol decomposition reaction were both involved in the formation of CO. There was no noticeable
deactivation for ZnO–Al2O3 with the ZnO/(ZnO + Al2O3) molar ratio of 0.50 during the 200 h continuous
operation (GHSV = 17930 h−1, T = 420 ◦C). The H2 space time yield is 55 L h−1 gcat

−1 and the concentration
rodu
O formation of CO in the dry gaseous p

. Introduction

PEMFCs are promising as hydrogen-based electrical power
ources at a range of scales for stationary, transportation and
ortable power applications. Unfortunately, the commercialization
f PEMFCs has been hindered by some difficulties [1], such as dura-
ility, cost and hydrogen storage and distribution, etc. Thereinto,
ne of the possible solutions for hydrogen storage and distribution
s on board hydrogen generation from hydrocarbon fuels or renew-
ble sources. Methanol is one of the most popular fuels due to its
igh H/C ratio, low boiling point and no C–C bond. Generally, there
re three methods to produce hydrogen from methanol:

Steam reforming of methanol (SRM)

H3OH + H2O → CO2 + 3H2, �Ho
298K = 49.0 kJ/mol (1)

Decomposition of methanol (DM)

H3OH → CO + 2H2, �Ho
298K = 90.1 kJ/mol (2)

Partial oxidation of methanol (POM)

H3OH + 1/2O2 → CO2 + 2H2, �Ho
298 K = −192.2 kJ/mol (3)
SRM has been considered as the most suitable process to obtain
2-rich reformate for fuel cell application because of its higher
ydrogen yield and low selectivity to CO which is well-known as a
oison to Pt electrode of PEMFCs [2].

∗ Corresponding author.
E-mail address: gwchen@dicp.ac.cn (G. Chen).

926-3373/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.apcatb.2010.10.010
cts was lower than 0.8%.
© 2010 Elsevier B.V. All rights reserved.

From a series of the open literatures dedicated to steam
reforming of methanol, SRM can be classified as low and high
temperature steam reforming. Low temperature steam reforming
mainly focuses on Cu-based [3–15] and Pd-based [16–22] catalysts.
For Cu-based catalysts, the most extensively studied catalysts are
Cu/ZnO and Cu/ZnO/Al2O3 [7,9,10], etc. It is generally accepted that
copper is the active phase. The role of Al2O3 is regarded to improve
the surface area of the catalysts and inhibit thermal sintering of cop-
per particles [11]. ZnO is well-known to improve the dispersion of
Cu and the reducibility of CuO [5,6]. In addition, the efficiency of Cu-
based catalysts can be promoted by ZrO2, CeO2 [4,12–14]. ZrO2 can
promote the SRM reaction and slightly reduce the concentration of
CO [13]. CeO2 can hinder the Cu sintering and enhance the thermal
stability of catalysts [14]. Apart from Cu-based catalyst, Pd-based
catalyst is another promising low temperature steam reforming
catalyst [16–22]. Iwasa et al. [20] first found Pd/ZnO had good activ-
ity, CO2 selectivity and thermal stability for low temperature steam
reforming of methanol, and all these were attributed to the for-
mation of PdZn alloy. Further studies [17,19] illuminated that CO2
selectivity strongly depended on the particle size and the subsur-
face layers of PdZn alloy. Lately, Pd–Ga2O3 [21] and Pd–In2O3 [23]
catalysts have also attracted much attention. Although Cu-based
and Pd-based catalysts show good activity and selectivity to low
temperature steam reforming, there are some obvious drawbacks.

Cu-based catalysts are pyrophoric and easily deactivated at ele-
vated temperature, while the high cost of Pd-based catalysts can
not be neglected.

High temperature steam reforming is usually integrated with
H2 permeable membrane reactor to produce pure hydrogen. The

dx.doi.org/10.1016/j.apcatb.2010.10.010
http://www.sciencedirect.com/science/journal/09263373
http://www.elsevier.com/locate/apcatb
mailto:gwchen@dicp.ac.cn
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se of membrane reactor offers the possibility for a compact unit
n combining both the reaction and separation in a single unit.
d-membrane reactor has been widely used for its high hydrogen
electivity and permeability [24,25]. The operating temperature of
d-membrane reactor should be higher than 300 ◦C. If not, the Pd–H
hase transition will occur which leads to membrane degradation.
rom such a point of view, SRM should be carried out above 300 ◦C.
ia et al. [26] prepared Ir-based catalyst which showed good activity
etween 380 and 480 ◦C with the CO selectivity above 59%. Qi et al.
27] investigated the performance of Ni–Al layered double hydrox-
des derived catalysts. The catalyst was durable at 390 ◦C, but the
O selectivity was over 10% with the methanol conversion of 35%.

t can be seen that the catalysts mentioned above produced fairly
igh CO, which can reduce the H2 yield and inhibit the hydrogen
ermeation of Pd membrane [28]. Therefore, the suppression of CO
ormation over the high temperature catalyst is still very essential.

atsumura and Ishibe [29] found Cu/ZnO/ZrO2 as an active cata-
yst with the selectivity of CO no more than 5% at 400 ◦C. Although
t was more durable than Cu/ZnO, Cu/ZrO2, Cu/ZnO/Al2O3 at high
emperature, the stability was still an issue. In our previous work,
e found that ZnO–Cr2O3 catalyst was a promising catalyst for high

emperature steam reforming [30]. ZnO was considered to be the
ctive phase. The addition of Cr to ZnO resulted in the formation
f ZnCr2O4 spinel and promoted the activity and stability of the
atalysts. Nevertheless, Cr2O3 presented the significant disadvan-
age for its harm to environment. Of course, the high temperature
team reforming can be carried out alone besides combining with
he membrane reactor. By using an efficient heat exchanger such
s a microchannel heat exchanger or a microchannel reactor with
icrochannel heat exchanger structure, a lot of heat can be recov-

red through a heat exchanger between the feed and reformate
as. Meanwhile, it can be seen from the calculated results that the
nergy consumed in the reaction at 400 ◦C is only 9% higher than
hat at 250 ◦C. Most energy is consumed in the vaporization process.

To sum up, it is very attractive to develop a green, inexpen-
ive and efficient high-temperature steam reforming catalyst with
ow CO concentration and long-term stability. ZnO-Al2O3 has been

idely used as a catalyst or catalyst support for active metals
31–34]. It shows to be active for oxidative dehydrogenation of 1-
utene [32] and reverse water gas shift reaction [34]. It is also a very

mportant component of Cu/ZnO/Al2O3 catalyst used in methanol
ynthesis. In this paper, we examined the activity of ZnO–Al2O3
or high-temperature steam reforming of methanol. We found
nO–Al2O3 exhibited high activity and generated hydrogen-rich
eformate with low CO concentration, and then explored the effects
f the reaction temperature, catalyst composition, gas hourly space
elocity (GHSV) and steam to methanol ratio (S/M) on the activity,
electivity and stability for steam reforming of methanol.

. Experimental

.1. Catalyst preparation

The catalysts were prepared by a co-precipitation method
t a constant pH of 7–8. The metal nitrates [Zn(NO3)2]·6H2O,
l(NO3)3·9H2O] were dissolved into 200 ml de-ionized water. The
queous solution of metal nitrates with a total cation concentration
f 1.0 M was contacted with a basic solution of aqueous ammo-
ium with a stoichiometric molar ratio. The process was carried
ut by dropwise addition of both solutions into a stirred flask

ontaining 200 ml of de-ionized water at room temperature. The
recipitate formed was aged in the mother liquid for 1 h, then
emoved, washed with de-ionized water several times and cen-
rifuged. The obtained deposit was dried at 90 ◦C for 8 h and calcined
or 3 h. The catalyst was then ground, pressed, crushed and screened
Fig. 1. Schematic diagram of the multichannel microreactor.

to 40–60 mesh (0.245–0.35 mm). The resultant ZnO–Al2O3 sam-
ples are designated as ZnO-X-Y, in which the symbol X represents
the ZnO/(ZnO + Al2O3) molar ratio, while the symbol Y represents
the calcination temperature. When the catalysts were calcined at
500 ◦C, the resultant ZnO–Al2O3 samples are abbreviated as ZnO-X.

2.2. Catalyst characterization

The X-ray diffraction (XRD) patterns were obtained with a
PANalytical X’Pert-Pro powder X-ray diffractometer, using Cu Ka
monochromatized radiation (� = 0.1541 nm) at a scan speed of
5◦/min. The spectra of catalyst was collected after calcination.

The specific surface areas (SBET) of the samples were measured
by the BET method on an AutoChem 2910 instrument using nitro-
gen adsorption isotherms at 77 K (the cross section of the nitrogen
molecule was taken to the 0.162 nm2 [35]).

UV–vis spectra were obtained on a Cintra (GBC) apparatus with
BaSO4 as a reference.
2.3. Catalytic test

Methanol steam reforming was carried out in a multichannel
microreactor (shown in Fig. 1) under atmospheric pressure. The
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Table 1
BET surface areas of the catalysts with different ZnO content.

Sample Composition (mol%) Calcination
temperature (◦C)

SBET (m2/g)

ZnO Al2O3

ZnO-96 96 4 500 20
ZnO-88 88 12 500 47
ZnO-83 83 17 500 50
ZnO-75 75 25 500 55
ZnO-67 67 33 500 90
ZnO-59 59 41 500 97
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ZnO-50 50 50 500 118
ZnO-24 24 76 500 229
ZnO-0 0 100 500 246

icroreactor had 4 parallel channels with a width of 1.5 mm, a
epth of 1.5 mm and a length of 40 mm. 0.32 g catalyst particles
ith the size of 40–60 mesh were packed within the channels.

A mixture of methanol and water was pumped using a HPLC
ump into the vaporizer at 280 ◦C. The vapor was then fed into the
icroreactor. Subsequently, the reactor effluent passed through a

ondenser with a mixture of ice–water to trap the unreacted water
nd methanol. The flow rate of the dry reformate was measured
y a soap bubble flow meter. The dry reformate were analyzed
y an on-line gas chromatograph (GC 4000A, Beijing East & West
nalytical Instruments Inc) equipped with a thermal conductivity
etector (TCD) and a carbon molecular sieve column (TDX-01). All
he data were collected when the catalytic activity was kept stable,
nd material balances on N2 were calculated to verify the mea-
urement accuracy. The flow rate of N2 was 149 ml min−1 under
he conditions of 1 atm and 25 ◦C. When the catalysts were tested,
he activity was measured at least two times. The difference in
he activities measured at different times was very small. The N2
alance was within ±3%.

In this paper, GHSV (calculated on the basis of the flow rate
f methanol under the conditions of 1 atm and 25 ◦C), methanol
onversion (XMeOH), CO selectivity (SCO) and H2 space time yield
YH2 ) are defined as the following:

HSV = QMeOH

VR
× 60 (4)

MeOH = nCO + nCO2 + nCH4

nM,0
× 100 (5)

CO = nCO

nCO + nCO2 + nCH4

× 100 (6)

H2 = nH2

mcat
× 22.4 × 60 (7)

here QMeOH is the gas flow rate of methanol, ml min−1; VR is the
icro reactor volume, ml; nCO, nCO2 , nCH4 and nH2 is the molar flow

ate of CO, CO2, CH4 and H2 in the dry reformate, mol/min; nM,0 is
he molar flow rate of methanol in the mixture feed, mol/min; mcat

s the weight of the catalyst, g.

. Results and discussion

.1. Catalyst characterization

.1.1. BET surface area
The relation of catalyst composition and BET surface area is sum-
arized in Table 1. The surface area increases significantly with the
ncorporation of Al2O3. For example, the surface area of ZnO-96 is
0 m2/g. When the amount of Al2O3 increases to 50%, the surface
rea increases to 118 m2/g. ZnO-0 maintains the largest surface area
f 228 m2/g.
Fig. 2. The XRD patterns of the catalysts (a) with different ZnO content and (b)
ZnO-50-800 and ZnO-59-800.

3.1.2. X-ray diffraction (XRD)
Fig. 2a shows the XRD patterns of ZnO–Al2O3 samples obtained

by calcination of the precursors at 500 ◦C. In agreement with the
data provided by the International Center for Diffraction Data
(ICDD), all reflections can be assigned to zincite, zinc aluminum
spinel or gamma-alumina. Only zincite is identified for ZnO-96 in
Fig. 2a. This is not surprising because the concentration and crys-
talline of ZnAl2O4 in ZnO-96 may be below the detection limit of
XRD instrument. In the case of ZnO-67, ZnO-75, ZnO-83 and ZnO-
88, the samples contain two phases, zincite and zinc aluminum
spinel. The intensities of the XRD peaks corresponding to zincite
become lower with the decrease of ZnO, whereas those of ZnAl2O4
become more obvious. For ZnO-59, ZnO-50 and ZnO-24, only zinc
aluminum spinel is observed. Furthermore, the characteristic peaks
of zinc aluminum spinel are found to shift to the larger angle side
with the decreasing ZnO. For ZnO-0, three broad peaks at 2� = 36.8◦,
45.7◦ and 66.4◦ in the XRD curve indicate the presence of poorly

crystalline �-Al2O3 in accordance with the literatures [36,37].

The XRD patterns of ZnO-50-800 and ZnO-59-800 samples
obtained by calcination of the precursors at 800 ◦C are compared in
Fig. 2b. It can be seen that the zinc aluminum spinel peaks become
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Table 2
Comparison the lattice parameters of the catalysts with different ZnO contents*.

Sample Phases a (nm)

ZnO-59 Spinel 0.8130(5)
ZnO-59-800 Zincite

Spinel 0.8092(8)
ZnO-50 Spinel 0.8100(4)
ZnO-50-800 Spinel 0.8092(5)
ZnO-24 Spinel 0.8036(4)

* The lattice parameters of ZnAl2O4 in ZnO-96, ZnO-88, ZnO-83 and ZnO-75 could
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commercial  ZnO

prepared ZnO

ZnO-88

ZnO-67

ZnO-75

ZnO-59

ZnO-50

ZnO-24

ZnO-00

rich non-stoichiometric spinel. The absorption spectra of ZnO-24
ot be calculated because ZnAl2O4 peaks in these samples were very weak. The
attice parameter of ZnAl2O4 in ZnO-67 was also not shown in this table due to its
ignificant overlapping with ZnO.

tronger, and no other impurity phase is found for ZnO-50-800. In
ontrast, the XRD peaks corresponding to zincite are clearly dis-
erned together with the more intense peaks of zinc aluminum
pinel for ZnO-59-800.

II–III spinel (AB2O4) is an important material for its high ther-
al and mechanical stability. Normal spinel has 8 bivalent ions

n tetrahedral sites and 16 trivalent ions in octahedral sites, while
nverse spinel has 8 trivalent ions in tetrahedral sites and 8 bivalent
ons together with 8 trivalent ions in octahedral sites. Compared

ith the stoichiometric spinel, non-stoichiometric spinel is also
ery common. B2O3 oxide can dissolve into AB2O4 to form B-rich
on-stoichiometric spinel, AO·nB2O3 (n > 1) [38]. Tetrahedral A2+

ons can be substituted by B3+ ions accompanied by the formation
f cation vacancies. In general, AO is hardly dissolved in spinel lat-
ice above its stoichiometric composition. However, some studies
uggest that a significant proportion of Zn can enter the ZnM2O4
tructure (M = Fe, Cr) at the octahedral sites, resulting in a Zn-
ich non-stoichiometric spinel [39,40]. Consequently, more oxygen
acancies are formed. In our study, we find a significant proportion
f Zn can also enter ZnAl2O4 to form Zn-rich non-stoichiometric
pinel.

It can be seen from Fig. 2a that ZnO and Al2O3 can be eas-
ly transformed into ZnAl2O4 once heated at 500 ◦C. Many studies
ave suggested that ZnAl2O4 has a close-packed face centered cubic
tructure of normal spinel phase [41]. For ZnO-50 with the Zn/Al
ole ratio of 0.5, the XRD pattern displays no impurity phase

esides ZnAl2O4 even when the precursor is calcined at 800 ◦C
hown in Fig. 2b. This indicates that the structure of ZnO-50 is
toichiometric ZnAl2O4 of high purity. Therefore, Zn2+ ions incor-
orate exclusively at the tetrahedral sites in ZnO-50. For ZnO-59
Zn/Al ≈ 0.72), 18% ZnO (calculated value) is expected to be detected
ith respect to the ZnAl2O4 stoichiometry. However, there is only

nAl2O4 spinel as the detectable phase. When the precursor is
alcined at 800 ◦C, crystalline ZnO appears as a secondary phase
Fig. 2b). The excessive Zn in ZnO-59 is assumed to be inside
nAl2O4 to form non-stoichiometric spinel, accompanied by the
ormation of oxygen vacancies.

The lattice parameters of ZnAl2O4 in the samples with differ-
nt zinc content are summarized in Table 2. It can be seen that
he lattice parameter is related to the sample’s composition. Lat-
ice parameter of ZnO-50 (stoichiometric ZnAl2O4) is 0.8100 nm, a
ittle higher than the reported value of ZnAl2O4 (a = 0.80848 nm,
CPDS File 5-669). This lattice parameter expansion is possi-
ly due to an effective negative pressure which is created by
he competition between the long-range Coulomb attractive and
he short-range repulsive interaction in ionic nanocrystals [42].
s discussed above, the structure of ZnO-59 is Zn-rich non-
toichiometric spinel. If it is true, then the lattice parameter

f ZnO-59 will be larger than that of ZnO-50. This is because
he size of Al3+ ions (ionic radius (IR) in coordination 4 (CN4)
R(CN4) = 0.039 nm, IR(CN6) = 0.0535 nm) is smaller than that of
n2+ ions (IR(CN4) = 0.060 nm, IR(CN6) = 0.074 nm) [43]. As shown
240            320             400            480            560             640             720           800

Wavelength /nm

Fig. 3. The UV–vis absorption spectra of the catalysts with different ZnO content.

in Table 2, it is indeed the case. This change in the lattice parame-
ter validates the hypothesis that excessive Zn enters ZnAl2O4 to
form Zn-rich non-stoichiometric spinel. Consequently, the Zn2+

ions are present at both tetrahedral and octahedral sites. It is an
unusual co-ordination for Zn2+ ions which have tetrahedral co-
ordination in ZnO and stoichiometric ZnAl2O4. Lattice parameter
of ZnO-24 is smaller than that of ZnO-50 because of the forma-
tion of Al-rich spinel phase, in which Al3+ ions are present at both
tetrahedral and octahedral sites, in accordance with the results
of Wang et al. [44]. On the other hand, the lattice parameter of
ZnO-59-800 is smaller than that of ZnO-59 but equal to that of ZnO-
50-800. This result demonstrates that high calcination temperature
can transform non-stoichiometric phase into stoichiometric phase
associated by the appearance of crystalline ZnO.

3.1.3. UV–vis characterization
UV–vis absorption experiments provide further insight into the

samples. The UV–vis absorption spectra of the samples with differ-
ent ZnO content are compared with commercial and self-prepared
ZnO spectra in Fig. 3. There is intense absorption below the wave-
length of 400 nm for commercial and self-prepared ZnO, which
is known as a strong absorption of ZnO. This absorption is corre-
sponded to a charge-transfer process from the valence band (O 2p
orbits) to the conduction band (Zn 4s orbits) [45,46]. The absorption
spectra of ZnO-96, ZnO-88, ZnO-75 and ZnO-67 show the charac-
teristic absorption of ZnO. This result evidences the presence of
ZnO in these samples which is in agreement with XRD results. The
absorption spectra of ZnO-50 (stoichiometric ZnAl2O4) is in accor-
dance with the absorption spectra of ZnAl2O4 in the literature [47].
There are two absorption peaks. The first one below 400 nm is in
the similar wavelength region but significantly weaker than that of
ZnO. The second one with the peak wavelength of 260 nm is a little
stronger than the first one, which is due to electronic excitations
between filled O 2p orbits and empty Al 3s orbits, with possibly
some Al 3p wave function mixing. The absorption spectra of ZnO-59
is similar with that of ZnO-50, but different from those of ZnO-96,
ZnO-88, ZnO-83, ZnO-75 and ZnO-67. This result further proves
the hypothesis that excessive Zn can enter ZnAl2O4 to form Zn-
is similar with that of ZnO-0, which has two absorption within the
wavelength of 240–320 nm and 320–420 nm, respectively. It indi-
cates that excessive amorphous Al2O3 is present in ZnO-24, which
could not be detected by XRD.
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ig. 4. (a) Methanol conversion and (b) CO selectivity as a function of zinc content.
HSV = 11,800 h−1, S/M = 1.4.

.2. Catalytic activity for SRM

In this set of experiments, we explored the effects of the reaction
emperature, catalyst composition, GHSV and the molar ratio of
team to methanol (S/M) on the activity, selectivity and stability of
atalysts for steam reforming of methanol.

.2.1. Effect of reaction temperature
Fig. 4a illustrates the methanol conversion as a function of the

inc content over the temperature range of 380–420 ◦C. The exper-
ments were carried out under the reaction conditions of S/M = 1.4
nd GHSV = 11,800 h−1. Pure Al2O3 nearly has no activity for steam
eforming of methanol (not shown in the Fig. 4a). Hence, the active
ites for SRM can possibly be associated with Zn2+ ions, which is
onsistent with the work of Cao et al. [48] and Hong and Ren [49].
t is evident from Fig. 4a that the methanol conversion increases

ith the reaction temperature over all of the catalysts. At 420 ◦C,
he methanol conversion reaches to 100% for all samples except

nO-96 and ZnO-24. Furthermore, the activity of catalyst increases
ontinuously with increasing Al2O3 content, and the samples with
he charged ratio, ZnO/(ZnO + Al2O3) molar ratio of 0.50–0.67,
xhibit the highest activity. When the ZnO/(ZnO + Al2O3) ratio is
urther decreased, the catalyst activity decreases. Low methanol
ironmental 101 (2011) 409–416 413

conversion is observed over ZnO-24 sample. The density of Zn2+

ions decreases with the increasing Al2O3 content, which would
result in a loss in activity of catalyst. However, in the case of
ZnO/(ZnO + Al2O3) > 0.67, the activity increases with the increasing
Al2O3 content. This enhancement in activity may be partly due to
the increase of the surface area of catalysts (Table 1). For ZnO-59 and
ZnO-50, the catalytic activity is similar. With respect to the results
of XRD and UV–vis spectra, in ZnO-59 (Zn-rich non-stoichiometric
spinel), Zn2+ ions occupy both the tetrahedral and octahedral sites,
whereas Zn2+ ions only locate at the tetrahedral sites in ZnO-50
(stoichiometric spinel). In earlier studies, it was suggested that the
catalytic activity of a metal ions generally higher when it is present
on octahedral sites than when it is present on tetrahedral sites [50].
However, such a coordination of Zn2+ ions in the octahedral sites
does not show great effect on the catalytic activity for SRM in our
study, whereas causes a higher CO selectivity as shown in Fig. 4b.
The methanol conversion over ZnO-24 is only 10.4% even at 420 ◦C.
The poor activity may be partly due to the lower Zn2+ ions concen-
tration in the sample. On the other hand, the excessive amorphous
Al2O3 in the sample may also hinder the reforming reaction [51].

All samples except ZnO-24 perform well in SRM. Hence, we
can conclude that Zn2+ ions in both in ZnO and Zn1+xAl2−2/3xO4
(x ≥ 0, Zn-rich non-stoichiometric or stoichiometric spinel) can be
the active sites for SRM.

The CO selectivity is shown in Fig. 4b as a function of the zinc
content. It can be seen that the CO selectivity of ZnO-24 is fairly
higher, which might be caused by the excessive amorphous Al2O3
in the sample. It has been reported that methanol can be decom-
posed to H2 +CO over Al2O3 [52]. As can be seen from Fig. 4a and
b, the CO selectivity follows the order: ZnO-59 > ZnO-50, whereas
these catalysts exhibit similar methanol conversion. As mentioned
above, Zn2+ ions occupy both the tetrahedral and octahedral sites
in ZnO-59, whereas Zn2+ ions only locate at the tetrahedral sites
in ZnO-50. The trend of total number of octahedral Zn2+ ions is
ZnO-59 > ZnO-50. A correlation between CO selectivity and total
number of octahedral Zn2+ ions can be expected. Therefore, the
octahedral Zn2+ ions may contribute to the higher CO selectiv-
ity. This indicates that the Zn2+ ions in octahedral sites are not
as selective as those in tetrahedral sites to CO2 + H2 in SRM. ZnO-
67, ZnO-75, ZnO-83, ZnO-88 and ZnO-96 consist of a mixture of
ZnO and Zn-rich non-stoichiometric spinel. It is difficult to identify
the individual contribution of ZnO and Zn-rich non-stoichiometric
spinel to CO selectivity based on the results obtained so far. How-
ever, it is clear that the amount of Zn-rich non-stoichiometric spinel
increases with the decreasing ZnO content (Fig. 2a). In other words,
the amount of octahedral Zn2+ ions rises with the decreasing ZnO
content. This may to some extent be related to the trend of CO
selectivity as follows: ZnO-67 > ZnO-75 > ZnO-83 > ZnO-88∼ZnO-
96. Additionally, a higher temperature favors a higher CO selectivity
over the temperature range investigated. This increase of CO is
possibly due to the reverse water gas shift reaction, which is
preferential at higher temperature owing to the thermodynamic
equilibrium.

3.2.2. Effect of gas hourly space velocity
The conversion of methanol and the selectivity of CO over all

catalysts are plotted in Fig. 5a and b as a function of GHSV. The
experiments were carried out under the reaction conditions of
S/M = 1.4 and reaction temperature = 410 ◦C. The GHSV varied from

11,800 h to 35,400 h . As shown in Fig. 5a, the methanol conver-
sion decreases as GHSV increases. Increasing GHSV decreases the
contact time. A decrease in the contact time, of course, results in
a lower conversion. As shown in Fig. 5b, it is evident that the CO
selectivity declines gradually with increasing GHSV.
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The effect of steam to methanol (S/M) ratio on the methanol
conversion and CO selectivity on ZnO-59 catalyst was studied by
varying the amount of water into the reactor while keeping a con-
stant amount of methanol. Fig. 8 shows the methanol conversion
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Furthermore, the route of CO formation over ZnO–Al2O3 cat-
lysts was investigated. Initially, a methanol decomposition/WGS
eaction sequential route has been speculated in the steam reform-
ng process [53]. However, this explanation becomes unacceptable
ince many results have shown that the CO level in the reformate
as is dramatically lower than the predicted value from WGS equi-
ibrium [54]. This conclusion is reconfirmed in our study. As shown
n Fig. 6, the CO concentration in the steam reforming process is
ar below than the value obtained from WGS equilibrium, indicat-
ng WGS reaction is not involved in the reaction pathway of steam
eforming of methanol. According to literatures [12,55], there are
wo CO formation mechanisms: RWGS and DM. In the first mech-
nism, CO selectivity decreases with the decreasing contact time,
hereas in the later one CO selectivity is independent of the con-

act time. In order to clarify the route responsible for CO formation,
he effect of contact time (W/F, g min cm−3) on the CO selectivity

as investigated over ZnO-59 and ZnO-50 by varying the GHSV.

ig. 7 presents a plot of CO selectivity versus the contact time (W/F).
he CO selectivity first declines gradually with the decrease of con-
act time and then reaches to a constant level at the value of the
ontact time lower than 3.9 × 10−4 g min cm−3. This indicates that
Temperature / C

Fig. 6. Comparison of the CO concentration between SRM over ZnO-59 and WGS
equilibrium.

both reactions, DM and RWGS are involved in the formation of
CO. As mentioned previously, the octahedral Zn2+ ions in Zn-rich
non-stoichiometric spinel give rise to a higher CO selectivity. Nev-
ertheless, it is not yet clear which reaction, DM or RWGS, is more
favorable over the octahedral Zn2+ ions. Further investigation is
currently under way to make this question clear.

Water gas shift reaction (WGS)

CO + H2O → CO2 + H2 (8)

Reverse water gas shift reaction (RWGS)

CO2 + H2 → CO + H2O (9)

3.2.3. Effect of steam to methanol ratio
(W/F) / g·min·cm-3

Fig. 7. Methanol conversion, CO selectivity and CO concentration (CCO) as a function
of the contact time (W/F) over ZnO-59 and ZnO-50. Reaction temperature = 410 ◦C,
S/M = 1.4.
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to 1.6. The result suggests that a higher concentration of water is
beneficial for reduction of CO.

3.2.4. Catalyst stability
The stability of ZnO-50 catalyst was evaluated by running

for 200 h under the reaction condition of reaction tempera-
ture = 420 ◦C, S/M =1.4 and GHSV = 17,930 h−1. As shown in Fig. 9,
ZnO-50 exhibits a high activity and stability. The methanol conver-
sion above 90% is attained in the 200 h test. The CO concentration
remains to be lower than 0.8%, and the H2 concentration is nearly
constant. The spinel structure is well known for its thermal sta-
bility. Cao et al. [30] reported that the formation of ZnCr2O4 spinel
structure can enhance the stability of Zn–Cr catalyst. Park et al. [34]
found ZnAl2O4 is very stable for RWGS. In our work, ZnAl2O4 also
shows good stability, which can be used as a promising efficient
catalyst in high-temperature steam reforming of methanol.

4. Conclusion

In summary, ZnO–Al2O3 catalysts prepared by a co-precipitation
method have been found to exhibit good catalytic activity for high
temperature steam reforming of methanol. The catalytic perfor-
mances were markedly affected by the composition of catalysts.
The best performance was obtained over the catalysts with the
ZnO/(ZnO + Al2O3) ratio of 0.5–0.67. In this range, the methanol
conversion was similar but the CO selectivity was different. The
CO selectivity of ZnO-59 was higher than that of ZnO-50. Subse-
quently, such a difference in CO selectivity was correlated with XRD
and UV–vis spectra results and the octahedral Zn2+ ions in Zn-rich
non-stoichiometric ZnAl2O4 were proposed to be responsible for
such a higher CO selectivity.

Then the route of CO formation was investigated. The CO con-
centration obtained from WGS equilibrium was much higher than
that in the steam reforming of methanol over ZnO-59, implying
WGS was not involved in the pathway of the steam reforming
of methanol. Furthermore, we found RWGS and DM were both
involved in the formation of CO.

At last, a life test was carried out to check the stability of ZnO-
50 at a GHSV as high as 17,930 h−1. During the 200 h continuous
operation, no noticeable deactivation was found. The H2 concen-
tration remained constant and the CO concentration was always
lower than 0.8%. The excellent thermal stability and good activity
of catalyst demonstrated ZnO–Al2O3 a promising catalyst for high
temperature steam reforming of methanol.
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