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Methanol-steam reforming over a ZnO–Cr2O3/CeO2–ZrO2/Al2O3 catalyst
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Abstract

This study showed that a ZnO–Cr2O3/CeO2–ZrO2/Al2O3 (Zn–Cr) catalyst was a promising catalyst for hydrogen production from methanol
due to its high stability and selectivity. There was no significant deactivation of the catalyst over 300 min of continuous operation when water was
introduced into the feed. In the absence of water, the catalyst deactivated rapidly due to coke formation. The addition of water into the feed changed
the route of methanol conversion and improved its rate. In order to investigate the pathway of CO formation, three reactions, i.e. decomposition of
methanol (DM), steam reforming of methanol (SRM) and water gas-shift (WGS), were studied in this paper. The results showed that CO and CO2

were produced through the DM reaction and SRM reaction, respectively. The WGS and reverse WGS reactions were negligible. Adding H2 and
CO in the feed did not influence the process behavior of the SRM reaction. The addition of CO and H O into the feed decreased the yield of CO .
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. Introduction

Fuel cells are expected to play a major role in the future for
heir high efficiency and low emission of pollution. However,
he storage and handling of on-board hydrogen in the fuel cell
ehicles is still an unsolved issue. One of the solutions is to
se hydrocarbon fuels as hydrogen carrier. Among all possible
hoices of fuels, methanol is considered to be the most favorable
andidate due to its high ratio of hydrogen to carbon and low
eaction temperatures [1].

The current investigation of hydrogen production from
ethanol mainly focuses on Cu-based and Pd–Zn catalysts

2–8]. However, Cu-based catalysts deactivate quickly and
d–Zn catalysts are extremely expensive, though they have a
igh activity and selectivity. Therefore, they are not suitable
or on-board production of hydrogen. It is well known that
nO–Cr2O3 catalysts have been used for hydrocarbon synthesis

rom synthesis gas [9,10]. Our studies show that ZnO–Cr2O3
atalysts are promising catalysts for the hydrogen production
rom methanol. However, CO is formed inevitably in the reaction
rocess, which has the largest influence on the performance of

there are numerous investigations of CO formation over Cu-
based [4,12–15] and Pd–Zn [7] catalysts, the route of CO for-
mation on the Zn–Cr catalysts is still not clearly understood.
In order to inhibit the formation of CO in the steam reforming
process, it is crucial to investigate the route of CO formation.

Peppley et al. thought that the following three reactions
should be included in the reaction scheme of methanol-steam
reforming over a Cu/ZnO/Al2O3 catalyst:

SRM CH3OH + H2O ↔ CO2 + 3H2,

�H
◦
289 K = 49.0 kJ/mol (1)

DM CH3OH ↔ CO + 2H2, �H
◦
298 K = 90.1 kJ/mol (2)

WGS H2O + CO ↔ CO2 + H2,

�H
◦
298 K = −41.0 kJ/mol (3)

Previous literature on the reaction mechanisms of SRM with
respect to the formation of CO suggested that CO was produced
mainly through three pathways: (1) CO is an intermediate and
formed directly through the DM reaction followed by the WGS
roton exchange membrane fuel cells (PEMFCs) [11]. Although

∗ Corresponding author. Tel.: +86 411 437 9031; fax: +86 411 469 1570.
E-mail address: gwchen@dicp.ac.cn (G. Chen).

reaction [13,16–18]. (2) CO is released by the RWGS reaction
as a secondary product [4,12,19–21]. In addition, (3) CO is pro-
duced directly from the DM reaction without significant WGS
reaction [22,23].
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Generally, steam reforming was conducted in a conventional
fixed bed reactor heated in a furnace. However, one of the most
significant drawbacks in such experiments is the nonisother-
mality of the catalytic bed caused by the endothermic SRM
reaction. For strongly endothermic chemical reactions, the cold
spots in the packed catalyst bed usually result in underestima-
tion of the catalyst activity. Microchannel reactors are able to
offer an isothermal environment because of the reduction of the
channel sizes [2]. The narrow radial distance leads to a short con-
tact time of reactants. This short contact time not only avoids
the formation of unwanted by-products, but also allows a quick
response to dynamic changes in the inlet conditions. Recently,
microchannel reactors have been chosen to investigate the steam
reforming of methanol by some researchers [2–6]. However, it is
difficult to introduce the catalyst into the microchannels, because
the catalyst layers can prevent the bonding process or the bond-
ing process can destroy the catalysts. In this paper, the screened
catalyst particles were directly introduced into the microchan-
nels.

In this work, we first investigated the performance of a Zn–Cr
catalyst for methanol-steam reforming, and then tried to clarify
the reaction and in particular the route of CO formation. In a sub-
sequent publication, we will determine the exact rate-expression
of methanol-steam reforming.
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The impregnated sample was then dried in air and calcined at
500 ◦C for 4 h. The calcined sample was further impregnated
by nitric acid solution of Zn(NO3)2·6H2O and Cr(NO3)2·9H2O
(Zn:Cr = 2:1, Shanghai Chemical Company) and was then dried
in air. The ZnO–Cr2O3/CeO2–ZrO2/Al2O3 sample was finally
calcined at 500 ◦C for 4 h. The loadings of the Ce–Zr and
Zn–Cr coatings were 25 and 15 wt.%, respectively. The pre-
pared sample was pelletized and sieved (0.3–0.45 mm) for the
experiments.

2.2. Reactor and catalytic activity

A microchannel reactor, made of stainless steel, was used
to keep isothermal conditions in the catalyst bed (Fig. 1). The
reactor consisted of one chip and two cover sheets and was sealed
with a graphite sheet. The plate had 30 parallel channels (1 mm
wide, 1.2 mm deep and 30 mm long) which contained 1.195 g
catalyst.

A schematic sketch of the testing system setup is shown in
Fig. 2. All gases (>99.99% purity), including the balance gas
(N2), were precisely controlled and delivered into the vapor-
izer by mass flow controllers. The liquid methanol (>99.5%
purity) and water mixture was pumped into the vaporizer with a
precise P230 constant flow pump (Dalian Elite Analytical Instru-
ments Company). The reactants were vaporized and preheated
t
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g
I
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the m
. Experimental

.1. Catalyst preparation

The Zn–Cr catalyst supported on treated �-Al2O3 was pre-
ared by a co-impregnation method. The �-Al2O3 was first
mpregnated by nitric acid solution of Ce(NO3)2·6H2O and
r(NO3)3 (Ce:Zr = 4:1, Shanghai Yuelong Chemical Company).

Fig. 1. Schematic diagram of
o a defined temperature in the vaporizer, and subsequently
eacted in the reactor. The reactor effluent passed through a cold
rap and the dry gaseous products were analyzed on-line by a
as chromatograph (GC4000A, Beijing East & West Analytical
nstruments Inc.) equipped with a thermal conductivity detector
TCD). A carbon molecular sieve column was used to analyze
he dry gaseous components. The flow rate of the dry gaseous
roducts was measured by a soap bubble flow meter.

icrochannel reactor structure.
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Fig. 2. Schematic sketch of the testing system setup.

In this paper, the gas hourly space velocity (GHSV) is
defined as the feed flow rate per total reactor volume, and the
CO/(CO + CO2) ratio in the product is referred to as CO selectiv-
ity. The methanol conversion and product yields are calculated
based on the flow rate and compositions of the dry gaseous prod-
ucts. CO and CO2 yields are defined as the molar ratio of CO
and CO2 produced to methanol in the feed, respectively. All the
data were collected when the catalytic activity was kept stable,
and the material balances on N2 were calculated to verify the
measurement accuracy.

3. Results and discussion

3.1. Activity for SRM

The steam-to-carbon molar ratio and GHSV in this partic-
ular run were 1.4 and 25 000 h−1, respectively. Fig. 3 shows
the effect of reaction temperature on the methanol conversion
and product distribution over the catalyst. The methanol con-
version exhibited the typical S-shaped temperature dependence.
The ratio of H2 and CO2 remained approximately 3:1 in the
whole temperature range. CO was the main by-product formed

Fig. 3. Methanol conversion and product distribution for steam reforming vs.
reaction temperature (GHSV = 25 000 h−1, the methanol and the water contents
in feed were 25 and 35 mol%, respectively).

in the reforming process, but its concentration was far lower than
the balanced stoichiometric concentration of the WGS show-
ing that CO cannot be a reaction intermediate. These results
were in quite good agreement with that obtained on Cu-based

Table 1
SRM, WGS and RWGS on the Zn–Cr catalyst

R Outlet composition (%)

CO2 CO H2

S % N2 12.08 0.89 38.73
W % N2 0.82 14.67 0.81
R 2 14.20 0.83 39.84
S % N2 15.12 1.15 49.20
W 2 1.29 17.33 1.30
R 2 18.20 1.28 60.91
R % N2 16.50 1.46 52.84
W 2 1.85 16.51 1.83
R 2 17.30 1.83 61.14
eaction Reaction condition

T (◦C) Inlet composition

RM 410 25% MeOH, 35% H2O, 40
GS 12.5% CO, 30% H2O, 57.5

WGS 15% CO2, 40% H2, 45% N
RM 430 25% MeOH, 35% H2O, 40
GS 15% CO, 30% H2O, 55% N

WGS 20% CO2, 60% H2, 20% N
M 450 25% MeOH, 35% H2O, 40
GS 15% CO, 30% H2O, 55% N

WGS 20% CO2, 60% H2, 20% N
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Fig. 4. CO selectivity as a function of contact time at different temperatures.

catalysts. However, the Zn–Cr catalyst needed a higher reaction
temperature to acquire 100% conversion than Cu-based cata-
lysts [2,4,24]. A temperature greater than 460 ◦C was needed to
obtain 100% conversion at the GHSV of 25 000 h−1.

3.2. CO formation in SRM

In order to investigate the pathway of CO production in the
steam reforming three reactions, i.e. SRM, WGS and RWGS,
were investigated on the catalyst. The conditions and results of
these reactions were showed in Table 1. The WGS reaction was
first conducted under the reaction conditions similar to the outlet
composition of the steam reforming based on the assumption that
the CO2 in the steam reforming was produced through WGS.
However, the CO composition after WGS was much greater
than that of the steam reforming process, which showed that
CO2 could not be formed through CO in SRM. Therefore the
WGS reaction in the reforming process can be neglected due to
its low conversion.

However, it cannot be judged whether CO is formed through
RWGS because the CO2 outlet composition of RWGS is quite
close to that of SRM. In order to clarify whether CO is pro-
duced through the RWGS reaction, the SRM reaction with
different contact time was performed on the catalyst. Fig. 4
shows a plot of CO selectivity versus contact time at different
t
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w
t
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p
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T
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c
D

Fig. 5. Effect of H2 on the SRM reaction (a), the reverse WGS reaction (b) and
the DM reaction (c) at 450 ◦C (GHSV = 36 000 h−1).

concentration to increase according to the reverse WGS reaction
(Fig. 5b). The CO composition increased gradually from 0.8 to
1.59% in the reverse WGS reaction when the H2 concentration
was increased from 10 to 70%. These results further proved that
the CO in the steam reforming is mainly produced through the
DM reaction without the WGS reaction.
emperatures. The CO selectivity first declined gradually with
ecreasing reaction time and then approached a constant level
hen the contact time was less than 0.09 s. This result showed

hat CO was not a secondary product formed through CO2.
herefore the RWGS reaction could be ignored in the reforming
rocess.

In addition, the influence of H2 on SRM, DM and RWGS
as investigated at 450 ◦C and the results are plotted in Fig. 5.
he CO concentration reduced slowly from 1.49 to 1.29% at
50 ◦C when the H2 concentration varied between 0 and 40%.
he methanol conversion kept constant throughout the H2 con-
entration range (Fig. 5a). A similar result could be gotten in the
M reaction (Fig. 5c). However, increasing H2 caused the CO
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3.3. Stability for DM and SRM

The catalyst stability in the DM and SRM was eval-
uated for 300 min using the same methanol inlet content
and the reaction conditions were kept constant (T = 440 ◦C,
GHSV = 25 000 h−1). Fig. 6 indicates the stability of the Zn–Cr
catalyst for DM and SRM. In the presence of water, the Zn–Cr
catalyst showed a higher thermal stability than Cu-based cata-
lysts. One of the most important reasons is probably that the
thermal resistance of ZnO–Cr2O3 is superior to that of Cu
which easily sinters at high temperatures. Studies have shown
that the introduction of ZrO2 into the ceria lattice significantly
increases the oxygen species storage capacity [25–29] and ther-
mal resistance [30–33] due to the formation of a solid solution.
Additionally, the results reported by Agrell et al. [24] showed
that catalysts containing ZrO2/Al2O3 were highly resistant to
redox cycles and exhibit high stability. These factors probably
helped to improve the stability of the catalyst.

In the absence of water, the activity of the Zn–Cr cata-
lyst decreased rapidly and the catalyst had a significant weight
increase (5.3%, excluding moisture) caused most likely by car-

Fig. 6. Variation of methanol conversion (solid symbol) and CO selectivity
(open symbol) with reaction time on DM (�, �) and SRM (�, �) (T = 440 ◦C,
GHSV = 25 000 h−1).

F
H

ig. 7. Effect of H2 (a), CO2 (b), CO (c) and H2O (d) on the SRM reaction at 410 ◦C

2 (GHSV = 25 000 h−1).

(open symbol) and 450 ◦C (solid symbol): (�, �) CO2, (�, �) CO, (©, �)
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bon fouling. Additionally, the initial conversion of methanol
decomposition was lower than that of steam reforming. It could
be inferred that different reactions occurred on the catalyst when
water was introduced into the feed.

3.4. Influence of gaseous products and water on SRM

Different concentrations of gaseous products were introduced
into the reactant mixtures of methanol and water, and N2 was
used as a balance gas to keep the contact time constant. Diffusive
limitations were excluded in this particular run. Fig. 7 shows the
influences of product gases and water on the steam reforming at
different temperatures. Increasing the inlet content of H2 could
hardly vary the CO2 yield showing that H2 had little influence
on the SRM reaction over the Zn–Cr catalyst, though H2 had a
negative influence over Cu-based catalysts [34,35]. But adding
H2 slightly reduced the CO yield, and thus H2 decreased the rate
of the DM reaction. Co-feeding of CO2 reduced the yield of CO2
significantly showing that CO2 suppressed the SRM reaction.
The influences of CO on the SRM reaction are negligible. In
addition, excess water led to declining CO2 and CO yields, which
showed that water suppressed the SRM and DM reactions.

4. Conclusion

The Zn–Cr catalyst is a potential catalyst for methanol-steam
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