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In this study, a series of ZnO-Al, 05 catalysts with various ZnO/(ZnO + Al 03 ) 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 N, adsorption-desorption, X-ray
diffraction and UV-vis spectra. In the case of ZnO/(ZnO + Al,03) > 0.5, a significant proportion of Zn could
dissolve in ZnAl, 04, resulting in Zn-rich non-stoichiometric spinel, in which the Zn?* ions located both
at the tetrahedral and octahedral sites. It was noticed that such a coordination of Zn?* 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-Al,03; with the ZnO/(ZnO + Al;03) molar ratio of 0.50 during the 200 h continuous
operation (GHSV=17930h~"', T=420°C). The H, space time yield is 55Lh~! g.,.! and the concentration
of CO in the dry gaseous products was lower than 0.8%.
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1. Introduction

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

Steam reforming of methanol (SRM)

CH30H + Hy0 — COy + 3Hz,  AHSgg = 49.0k]/mol (1)
Decomposition of methanol (DM)

CH30H — CO + 2Hy, AHSggy = 90.1Kk]/mol (2)
Partial oxidation of methanol (POM)

CH30H +1/20; — CO, +2Hp, AHSggy = —192.2k]/mol  (3)

SRM has been considered as the most suitable process to obtain
H,-rich reformate for fuel cell application because of its higher
hydrogen yield and low selectivity to CO which is well-known as a
poison to Pt electrode of PEMFCs [2].
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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/Zn0O/Al,03 [7,9,10], etc. It is generally accepted that
copper is the active phase. The role of Al, 03 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 ZrO,, CeO, [4,12-14]. ZrO, can
promote the SRM reaction and slightly reduce the concentration of
CO [13]. CeO; 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].Iwasaetal.[20] first found Pd/Zn0O had good activ-
ity, CO, 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 CO,
selectivity strongly depended on the particle size and the subsur-
face layers of PdZn alloy. Lately, Pd-Ga; 03 [21] and Pd-In,03 [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
H, permeable membrane reactor to produce pure hydrogen. The
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use of membrane reactor offers the possibility for a compact unit
in combining both the reaction and separation in a single unit.
Pd-membrane reactor has been widely used for its high hydrogen
selectivity and permeability [24,25]. The operating temperature of
Pd-membrane reactor should be higher than 300 °C. If not, the Pd-H
phase transition will occur which leads to membrane degradation.
From such a point of view, SRM should be carried out above 300 °C.
Jiaetal.[26] prepared Ir-based catalyst which showed good activity
between 380 and 480 °C with the CO selectivity above 59%. Qi et al.
[27] investigated the performance of Ni-Al layered double hydrox-
ides derived catalysts. The catalyst was durable at 390 °C, but the
CO selectivity was over 10% with the methanol conversion of 35%.
It can be seen that the catalysts mentioned above produced fairly
high CO, which can reduce the H; yield and inhibit the hydrogen
permeation of Pd membrane [28]. Therefore, the suppression of CO
formation over the high temperature catalyst is still very essential.
Matsumura and Ishibe [29] found Cu/ZnO/ZrO, as an active cata-
lyst with the selectivity of CO no more than 5% at 400 °C. Although
it was more durable than Cu/ZnO, Cu/ZrO,, Cu/ZnO/Al,03 at high
temperature, the stability was still an issue. In our previous work,
we found that ZnO-Cr, 03 catalyst was a promising catalyst for high
temperature steam reforming [30]. ZnO was considered to be the
active phase. The addition of Cr to ZnO resulted in the formation
of ZnCr,04 spinel and promoted the activity and stability of the
catalysts. Nevertheless, Cr,03 presented the significant disadvan-
tage for its harm to environment. Of course, the high temperature
steam reforming can be carried out alone besides combining with
the membrane reactor. By using an efficient heat exchanger such
as a microchannel heat exchanger or a microchannel reactor with
microchannel heat exchanger structure, a lot of heat can be recov-
ered through a heat exchanger between the feed and reformate
gas. Meanwhile, it can be seen from the calculated results that the
energy consumed in the reaction at 400°C is only 9% higher than
thatat 250 °C. Most energy is consumed in the vaporization process.
To sum up, it is very attractive to develop a green, inexpen-
sive and efficient high-temperature steam reforming catalyst with
low CO concentration and long-term stability. ZnO-Al, 03 has been
widely used as a catalyst or catalyst support for active metals
[31-34]. It shows to be active for oxidative dehydrogenation of 1-
butene [32] and reverse water gas shift reaction [34]. Itis also a very
important component of Cu/ZnO/Al,03 catalyst used in methanol
synthesis. In this paper, we examined the activity of ZnO-Al,03
for high-temperature steam reforming of methanol. We found
Zn0-Al,03 exhibited high activity and generated hydrogen-rich
reformate with low CO concentration, and then explored the effects
of the reaction temperature, catalyst composition, gas hourly space
velocity (GHSV) and steam to methanol ratio (S/M) on the activity,
selectivity and stability for steam reforming of methanol.

2. Experimental
2.1. Catalyst preparation

The catalysts were prepared by a co-precipitation method
at a constant pH of 7-8. The metal nitrates [Zn(NO3),]-6H,0,
Al(NO3)3-9H,0] were dissolved into 200 ml de-ionized water. The
aqueous solution of metal nitrates with a total cation concentration
of 1.0M was contacted with a basic solution of aqueous ammo-
nium with a stoichiometric molar ratio. The process was carried
out by dropwise addition of both solutions into a stirred flask
containing 200 ml of de-ionized water at room temperature. The
precipitate formed was aged in the mother liquid for 1h, then
removed, washed with de-ionized water several times and cen-
trifuged. The obtained deposit was dried at 90 °C for 8 h and calcined
for 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-Al,03 sam-
ples are designated as ZnO-X-Y, in which the symbol X represents
the ZnO/(ZnO + Al,03) molar ratio, while the symbol Y represents
the calcination temperature. When the catalysts were calcined at
500 °C, the resultant ZnO-Al, 03 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 (A=0.1541nm) at a scan speed of
5°/min. The spectra of catalyst was collected after calcination.

The specific surface areas (Sger) 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 nm? [35]).

UV-vis spectra were obtained on a Cintra (GBC) apparatus with
BaS0Qy 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 Sper (M2/g)

temperature (°C)
Zn0 A1203

Zn0-96 96 4 500 20
Zn0-88 88 12 500 47
Zn0-83 83 17 500 50
Zn0-75 75 25 500 55
Zn0-67 67 33 500 90
Zn0-59 59 41 500 97
Zn0-50 50 50 500 118
Zn0-24 24 76 500 229
Zn0-0 0 100 500 246

microreactor had 4 parallel channels with a width of 1.5mm, a
depth of 1.5mm and a length of 40 mm. 0.32 g catalyst particles
with the size of 40-60 mesh were packed within the channels.

A mixture of methanol and water was pumped using a HPLC
pump into the vaporizer at 280 °C. The vapor was then fed into the
microreactor. Subsequently, 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 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 a carbon molecular sieve column (TDX-01). All
the data were collected when the catalytic activity was kept stable,
and material balances on N, were calculated to verify the mea-
surement accuracy. The flow rate of N, was 149 mlmin~! under
the conditions of 1 atm and 25 °C. When the catalysts were tested,
the activity was measured at least two times. The difference in
the activities measured at different times was very small. The N,
balance was within £3%.

In this paper, GHSV (calculated on the basis of the flow rate
of methanol under the conditions of 1atm and 25°C), methanol
conversion (Xyeon), CO selectivity (Sco) and Hy space time yield
(Yn, ) are defined as the following:

GHsV = QMeoH 6 (4)
VR
Nco + Nco, +NcH
XMeoH = ————2——% x 100 (5)
L0
So=——"10 100 (6)
Nco + Nco, + NcH,
ny
Yy, = 2 x22.4x60 7
= (7)

where Queoy is the gas flow rate of methanol, mlmin—!; Vy is the
micro reactor volume, ml; nco, nco,, Ncy, and ny, is the molar flow
rate of CO, CO,, CH4 and H; in the dry reformate, mol/min; ny is
the molar flow rate of methanol in the mixture feed, mol/min; mca¢
is the weight of the catalyst, g.

3. Results and discussion
3.1. Catalyst characterization

3.1.1. BET surface area

The relation of catalyst composition and BET surface area is sum-
marized in Table 1. The surface area increases significantly with the
incorporation of Al,03. For example, the surface area of Zn0-96 is
20m?/g. When the amount of Al,03 increases to 50%, the surface
areaincreases to 118 m2/g. ZnO-0 maintains the largest surface area
of 228 m?/g.
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Fig. 2. The XRD patterns of the catalysts (a) with different ZnO content and (b)
Zn0-50-800 and Zn0O-59-800.

3.1.2. X-ray diffraction (XRD)

Fig. 2a shows the XRD patterns of ZnO-Al,03 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 Zn0-96 in
Fig. 2a. This is not surprising because the concentration and crys-
talline of ZnAl,04 in Zn0-96 may be below the detection limit of
XRD instrument. In the case of Zn0-67, Zn0O-75, Zn0-83 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 ZnAl,04
become more obvious. For Zn0-59, Zn0-50 and Zn0-24, 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 20 =36.8°,
45.7° and 66.4° in the XRD curve indicate the presence of poorly
crystalline y-Al,03 in accordance with the literatures [36,37].

The XRD patterns of ZnO-50-800 and Zn0-59-800 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)
Zn0-59 Spinel 0.8130(5)
Zn0-59-800 Zincite

Spinel 0.8092(8)

Zn0-50 Spinel 0.8100(4)
Zn0-50-800 Spinel 0.8092(5)
Zn0-24 Spinel 0.8036(4)

" The lattice parameters of ZnAl,0, in Zn0-96, Zn0-88, Zn0-83 and Zn0-75 could
not be calculated because ZnAl,04 peaks in these samples were very weak. The
lattice parameter of ZnAl,04 in Zn0O-67 was also not shown in this table due to its
significant overlapping with ZnO.

stronger, and no other impurity phase is found for Zn0-50-800. In
contrast, the XRD peaks corresponding to zincite are clearly dis-
cerned together with the more intense peaks of zinc aluminum
spinel for Zn0-59-800.

[I-11I spinel (AB,04) is an important material for its high ther-
mal and mechanical stability. Normal spinel has 8 bivalent ions
in tetrahedral sites and 16 trivalent ions in octahedral sites, while
inverse spinel has 8 trivalent ions in tetrahedral sites and 8 bivalent
ions together with 8 trivalent ions in octahedral sites. Compared
with the stoichiometric spinel, non-stoichiometric spinel is also
very common. B,03 oxide can dissolve into AB,04 to form B-rich
non-stoichiometric spinel, AO-nB,03 (n>1) [38]. Tetrahedral A2*
ions can be substituted by B3* ions accompanied by the formation
of cation vacancies. In general, AO is hardly dissolved in spinel lat-
tice above its stoichiometric composition. However, some studies
suggest that a significant proportion of Zn can enter the ZnM,0,4
structure (M=Fe, Cr) at the octahedral sites, resulting in a Zn-
rich non-stoichiometric spinel [39,40]. Consequently, more oxygen
vacancies are formed. In our study, we find a significant proportion
of Zn can also enter ZnAl,04 to form Zn-rich non-stoichiometric
spinel.

It can be seen from Fig. 2a that ZnO and Al,03 can be eas-
ily transformed into ZnAl,04 once heated at 500 °C. Many studies
have suggested that ZnAl, 04 has a close-packed face centered cubic
structure of normal spinel phase [41]. For ZnO-50 with the Zn/Al
mole ratio of 0.5, the XRD pattern displays no impurity phase
besides ZnAl,04 even when the precursor is calcined at 800°C
shown in Fig. 2b. This indicates that the structure of ZnO-50 is
stoichiometric ZnAl,0,4 of high purity. Therefore, Zn2* ions incor-
porate exclusively at the tetrahedral sites in ZnO-50. For Zn0O-59
(Zn/Al~0.72),18%Zn0 (calculated value)is expected to be detected
with respect to the ZnAl,04 stoichiometry. However, there is only
ZnAl,04 spinel as the detectable phase. When the precursor is
calcined at 800°C, crystalline ZnO appears as a secondary phase
(Fig. 2b). The excessive Zn in ZnO-59 is assumed to be inside
ZnAl,04 to form non-stoichiometric spinel, accompanied by the
formation of oxygen vacancies.

The lattice parameters of ZnAl,04 in the samples with differ-
ent zinc content are summarized in Table 2. It can be seen that
the lattice parameter is related to the sample’s composition. Lat-
tice parameter of Zn0-50 (stoichiometric ZnAl,04) is 0.8100 nm, a
little higher than the reported value of ZnAl,04 (a=0.80848 nm,
JCPDS File 5-669). This lattice parameter expansion is possi-
bly due to an effective negative pressure which is created by
the competition between the long-range Coulomb attractive and
the short-range repulsive interaction in ionic nanocrystals [42].
As discussed above, the structure of ZnO-59 is Zn-rich non-
stoichiometric spinel. If it is true, then the lattice parameter
of Zn0O-59 will be larger than that of ZnO-50. This is because
the size of AI** ions (ionic radius (IR) in coordination 4 (CN4)
IR(CN4)=0.039 nm, IR(CN6)=0.0535nm) is smaller than that of
Zn?* ions (IR(CN4)=0.060 nm, IR(CN6)=0.074 nm) [43]. As shown
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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 ZnAl,04 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 Zn%* ions which have tetrahedral co-
ordination in ZnO and stoichiometric ZnAl,04. Lattice parameter
of Zn0-24 is smaller than that of ZnO-50 because of the forma-
tion of Al-rich spinel phase, in which AI3* 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
Zn0-59-800 is smaller than that of Zn0-59 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 Zn0-96, Zn0-88, Zn0-75 and Zn0-67 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 Zn0O-50 (stoichiometric ZnAl,04) is in accor-
dance with the absorption spectra of ZnAl, 04 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
ZnO0. 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 Zn0-59
is similar with that of Zn0-50, but different from those of Zn0-96,
Zn0-88, Zn0-83, Zn0-75 and ZnO-67. This result further proves
the hypothesis that excessive Zn can enter ZnAl,04 to form Zn-
rich non-stoichiometric spinel. The absorption spectra of Zn0O-24
is similar with that of Zn0O-0, which has two absorption within the
wavelength of 240-320 nm and 320-420 nm, respectively. It indi-
cates that excessive amorphous Al, 05 is present in Zn0-24, which
could not be detected by XRD.
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Fig. 4. (a) Methanol conversion and (b) CO selectivity as a function of zinc content.
GHSV=11,800h"1,S/M=1.4.

3.2. Catalytic activity for SRM

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

3.2.1. Effect of reaction temperature

Fig. 4a illustrates the methanol conversion as a function of the
zinc content over the temperature range of 380-420°C. The exper-
iments were carried out under the reaction conditions of S/M=1.4
and GHSV=11,800 h—!. Pure Al,05 nearly has no activity for steam
reforming of methanol (not shown in the Fig. 4a). Hence, the active
sites for SRM can possibly be associated with Zn2* ions, which is
consistent with the work of Cao et al. [48] and Hong and Ren [49].
It is evident from Fig. 4a that the methanol conversion increases
with the reaction temperature over all of the catalysts. At 420°C,
the methanol conversion reaches to 100% for all samples except
Zn0-96 and Zn0-24. Furthermore, the activity of catalyst increases
continuously with increasing Al, 03 content, and the samples with
the charged ratio, ZnO/(ZnO +Al;03) molar ratio of 0.50-0.67,
exhibit the highest activity. When the ZnO/(ZnO + Al,03) ratio is
further decreased, the catalyst activity decreases. Low methanol

conversion is observed over ZnO-24 sample. The density of Zn%*
ions decreases with the increasing Al,03 content, which would
result in a loss in activity of catalyst. However, in the case of
Zn0/(Zn0O +Al,03)>0.67, the activity increases with the increasing
Al; 03 content. This enhancement in activity may be partly due to
theincrease of the surface area of catalysts (Table 1). For ZnO-59 and
Zn0-50, the catalytic activity is similar. With respect to the results
of XRD and UV-vis spectra, in Zn0-59 (Zn-rich non-stoichiometric
spinel), Zn%* 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 Zn?* jons 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 Zn0-24 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
Al;03 in the sample may also hinder the reforming reaction [51].

All samples except Zn0O-24 perform well in SRM. Hence, we
can conclude that Zn2* ions in both in ZnO and Znq4xAly_513,04
(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 Zn0-24 is fairly
higher, which might be caused by the excessive amorphous Al,03
in the sample. It has been reported that methanol can be decom-
posed to H, +CO over Al,053 [52]. As can be seen from Fig. 4a and
b, the CO selectivity follows the order: Zn0O-59 >Zn0-50, whereas
these catalysts exhibit similar methanol conversion. As mentioned
above, Zn?* ions occupy both the tetrahedral and octahedral sites
in Zn0-59, whereas Zn2* ions only locate at the tetrahedral sites
in Zn0-50. The trend of total number of octahedral Zn%* ions is
Zn0-59>7Zn0-50. A correlation between CO selectivity and total
number of octahedral Zn2* ions can be expected. Therefore, the
octahedral Zn%* 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 CO, +H, in SRM. ZnO-
67, Zn0-75, Zn0-83, Zn0-88 and Zn0-96 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, itis 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: Zn0-67 >Zn0-75 >Zn0-83 > Zn0-88~Zn0O-
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~! t035,400 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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temperature=410°C, S/M=1.4.

Furthermore, the route of CO formation over ZnO-Al,03 cat-
alysts was investigated. Initially, a methanol decomposition/WGS
reaction sequential route has been speculated in the steam reform-
ing process [53]. However, this explanation becomes unacceptable
since many results have shown that the CO level in the reformate
gas is dramatically lower than the predicted value from WGS equi-
librium [54]. This conclusion is reconfirmed in our study. As shown
in Fig. 6, the CO concentration in the steam reforming process is
far below than the value obtained from WGS equilibrium, indicat-
ing WGS reaction is not involved in the reaction pathway of steam
reforming of methanol. According to literatures [12,55], there are
two CO formation mechanisms: RWGS and DM. In the first mech-
anism, CO selectivity decreases with the decreasing contact time,
whereas in the later one CO selectivity is independent of the con-
tact time. In order to clarify the route responsible for CO formation,
the effect of contact time (W/F, gmincm~3) on the CO selectivity
was investigated over ZnO-59 and ZnO-50 by varying the GHSV.
Fig. 7 presents a plot of CO selectivity versus the contact time (W/F).
The CO selectivity first declines gradually with the decrease of con-
tact time and then reaches to a constant level at the value of the
contact time lower than 3.9 x 10~4 g min cm~3. This indicates that
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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 Zn%* ions. Further investigation is
currently under way to make this question clear.

Water gas shift reaction (WGS)

CO + H,0 — CO3 +Hy (8)
Reverse water gas shift reaction (RWGS)
CO, +Hy; — CO + H,0 (9)
3.2.3. Effect of steam to methanol ratio
The effect of steam to methanol (S/M) ratio on the methanol
conversion and CO selectivity on Zn0O-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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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=14.
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Fig. 8. Methanol conversion and CO selectivity as a function of S/M for ZnO-59.
Reaction temperature =420°C, GHSV=28,690h~".

and CO selectivity as a function of S/M ratio under the reaction
conditions of GHSV =28,690 h—! and reaction temperature = 420 °C.
Some researchers suggested that water and methanol compete for
the same adsorption sites on ZnO [56]. Methanol is easily adsorbed
onto the surface of ZnO to form methoxy species, which decompose
into CO and H, eventually in the absence of water. When water is
added into the feed, methoxy species are easily oxidized into for-
mate species, which decompose into CO, and H; ultimately. The
rising concentration of water reduces the amount of absorptive
methanol, therefore, the methanol conversion decreases mono-
tonically with the increase in S/M, with a similar drop in the CO
selectivity (as shown in Fig. 8). At S/M ratio=0.8, the excessive
methanol decomposes to H, and CO leading to a higher CO selectiv-
ity.As S/Mratiorises from 0.8 to 1.0, the CO selectivity declines from
15% to 8% dramatically. This result indicates that the decomposition
of excessive methanol is suppressed by the increasing steam partial
pressure. In addition, as stated above, the CO is partly produced by
RWGS. Hence, another possibility for this decreasing CO selectivity
is that the equilibrium of RWGS moves to the right to generate less
CO as S/M ratio increases. It is also the reason why the CO selectiv-
ity still keeps going down as S/M ratio further increases from 1.0
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Fig. 9. Stability test over ZnO-50 catalyst. Reaction temperature =420°C, S/M=1.4,
GHSV=17,930h"!.

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 200h under the reaction condition of reaction tempera-
ture=420°C, S/M =1.4 and GHSV=17,930h~1. As shown in Fig. 9,
Zn0-50 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 H, concentration is nearly
constant. The spinel structure is well known for its thermal sta-
bility. Cao et al. [30] reported that the formation of ZnCr,04 spinel
structure can enhance the stability of Zn-Cr catalyst. Park et al. [34]
found ZnAl, 0y is very stable for RWGS. In our work, ZnAl,04 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-Al, O3 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
Zn0/(ZnO +Al;03) ratio of 0.5-0.67. In this range, the methanol
conversion was similar but the CO selectivity was different. The
CO selectivity of Zn0O-59 was higher than that of Zn0O-50. Subse-
quently, such a difference in CO selectivity was correlated with XRD
and UV-vis spectra results and the octahedral Zn%* ions in Zn-rich
non-stoichiometric ZnAl,04 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 H, 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-Al,03 a promising catalyst for high
temperature steam reforming of methanol.
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