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ABSTRACT: Steam reforming of methanol can be considered as an attractive reaction aiming
at hydrogen production for PEM fuel cells. Although Cu/Al-contained catalysts are considerably
evaluated in this reaction, further evaluation is essential to evaluate the impact of some promoters
like Pt in order to find a comprehensively optimized catalyst. Pt promoter is employed with different
methods in this study. Firstly, the amount of Cu loading in Cu/Al ratio is optimized via
coprecipitation method. The sample containing 30% wt. of Cu exhibits better performance with
methanol conversion of 70% and CO selectivity of 0.44%. Besides, impregnating a different amount
of Pt onto Al,O5 reveals an inadequate potential for this reaction. In contrary, doping Pt into Cu/Al
catalyst increases the methanol conversion as high as 81% and CO selectivity reaches
to approximately zero at 270 °C. In addition, using a dual-bed reactor including Cu/Al and Pt/Al,O3
catalyst displays a relatively satisfactory performance by which the conversion and selectivity
are found 83.7% and 1.5%, respectively. In this study, analyses of X-Ray Diffraction, Scanning Electron
Microscopy, and BET surface area are used to characterize the synthesized catalysts.
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catalyst.

INTRODUCTION

Nowadays, developing green technologies is one of
the main factors of resolving the environmental issues
and in this way, hydrogen plays a pivotal role as an ideal
and clean carrier especially for Proton Exchange
Membrane Fuel Cells (PEMFCs) applications [1]. These
systems can be regarded as one of the best candidates
to be replaced with internal combustion engines. It, in turn,
lead to gaining more effective systems and lower
emissions in comparison with internal combustion
engines [2]. PEMFCs require a CO-free hydrogen
in the inlet stream to avoid deactivation of Pt-based electrodes.

An integrated system of PEMFC plus hydrogen production
unit so-called fuel processor can, hence, be included
reforming reaction unit, water gas shift reaction (high/low-
temperature stages), and preferential oxidation of carbon
monoxide (PrOx) units. The mentioned system provide an
excellent condition to decentralize power and heat plants
followed by economic applications in smaller scales [3,4].
Broadly consideration, there are various methods
of hydrogen production like methanol steam reforming or other
hydrocarbons associated with natural gas, gasoline and
diesel fuel [5-7]. Nevertheless, methanol steam reforming
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reaction represents some advantages like operating
at lower temperatures (250-350 °C), higher conversion
and lower CO amount (1000 to 10000 ppm) as well [8-12].
Cu-based catalysts normally display high activity and
selectivity to perform a catalytic methanol steam reforming,
and also are favorable in a low-temperature water gas
shift [13-16], or a medium temperature shift reaction [17, 18].
These types of catalysts are prepared through various
synthesis methods like impregnation, co-precipitation,
and etc. [19, 20]. Typically, there are two approaches
for investigation; 1) using promoters 11) employing different
types of synthesis and preparation [21].

The Cu-based catalysts aside, catalysts of group
8-10 represent a promising performance for terms of both
activity and stability. Of the latter, Pt/Al,O3 has been
frequently used in various applications of fuel cell
systems [22], catalytic combustion of hydrocarbons [23],
and PrOx [24]. Ma et al. [1] studied the effect of
promoters of Pt, Fe, Co, and Ni when using for SRM
reaction. Their investigation showed which metal-doped
molybdenum carbides exhibited better conversion and
yielded more hydrogen than those of non-doped ones.
In particular, the Pt-doped case represented approximately
a full conversion even at as low as 200 °C and also
revealed good stability for a long time at 200-400 °C.
Likewise, Brown et al. [25] evaluated Pt-based catalysts
for methanol decomposition reaction. This type of
catalyst showed a higher H,/CO selectivity than those of
Cu-based types, although the conversion was relatively
low. Ito et al. [26] indicated that Zn-promoted Pt/C
catalyst represented higher activity and also CO;
selectivity in comparison with only Pt/C catalyst in
methanol steam reforming. Formation of Pt-Zn alloy
provided another pathway where CO, would be produced
through methyl formate over Zn-promoted Pt/C catalyst.
This study aims at optimizing pt over cu-based catalyst
in various steps. This research is to address the behavior
of Pt affected by preparation methods and also to investigate
the Pt role in different steps.

EXPERIMENTAL SECTION
Catalysts preparation

Different amount of Cu/Al catalyst (Cu: 5, 10, 20, 30
and 40% wt.) were prepared with the co-precipitation
method. The aqueous solutions (0.5 M) containing
Cu(NOs)2.4H,O  (Loba  Chemie, 99.9%) and

94

Jafari M. et al.

Vol. 37, No. 4, 2018

Al(NO3)3.9H,O (Loba Chemie, 99.9%) was prepared.
Another aqueous solution of Nax(COs) as a precipitating
agent was also prepared. These solutions were slowly
added dropwise to 200 ml of D.I. water at 70 °C under
strongly stirring condition. After the precipitation,
the suspension was aged for 2 h at the same conditions
and then was washed by distilled water to separate
the rest of the Na* ions. Then drying at 110 °C for 12 h
was performed followed by calcination at 400 °C for 4 h.
To synthesize the PtCuAl, the same synthesis method of
Cu/Al preparation was repeated and moreover,
H,PtCls.4H,O precursor was also added to the co-
precipitation beaker. These steps were completed with
drying and calcination as adopted before. Besides,
to synthesis Pt/Al,O3 catalyst, the prepared boehmite sol,
was calcined at 550 °C for 2 h to form y-alumina.
Then, the prepared alumina powder was strongly mixed
with D.l water and after a while, a certain amount of
H.PtCls.4H,O solution was added to this powder.
In the end, the mixture was aged followed by drying for
12 h and also calcination at 500 °C for 4 h.

Catalysts Characterization

The BET surface area analysis was used by which
all data were obtained from N adsorption-desorption data
at the boiling temperature of nitrogen (-196 °C) using
an automated gas adsorption analyzer (Tristar 3020,
Micromeritics). The samples were purged with nitrogen
gas for 2 h at 200 °C using a VacPrep 061 degas system
(Micromeritics). Temperature Programmed Reduction (TPR)
was also utilized to characterize the reducibility of
the catalyst by a Micromeretics Chemisorb 2750
equipped by a Thermal Conductive Detector (TCD).
Each sample was pretreated at 200 °C for 1 h under
a constant argon flow rate. It was reduced by increasing
the temperature to 350 °C at a rate of 5 °C/min with
a stream of 10% Hy/Ar, (30 mL/min). After cooling
to the room temperature, the produced water was trapped
using a 3A molecular sieve; hydrogen consumption
was monitored using a TCD.

X-Ray Diffraction (XRD) analysis was performed
using an X-ray diffractometer (PANalytical X’Pert-Pro)
with a Cu-K, monochromatized radiation source and
Ni filter in the range with 26 = 5 to 70. Scanning Electron
Microscopy (SEM) analysis was also performed with
VEGA TESCAN operated at 30 kV.
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Catalytic Evaluation

The SRM tests with 0.5 g of catalyst loading were done
in a quartz fixed bed reactor (inner diameter of 10 mm)
as reported in [27]. They were then located in an
electrical furnace equipped via thermal programmed
capability. Prior to the test, the catalyst was reduced
at room temperature to 300 °C, 5 °C/min rate, for 2 h
under a constant rate of 10 mL/min and 40 mL/min
for hydrogen and argon, respectively. All the tests
were carried out at 230-270 °C. For all of the experiments,
argon (flow rate= 40 ml/min) was used as carrier gas.
The catalytic investigation was performed in GHSV of
18000 ht and S/C of 1.3/1 for all the catalysts. The
output stream was imported to a cold-trap to separate
the unconverted methanol-water mixture from the gas
products. Then, the produced gases were injected to
a gas chromatograph apparatus equipped with a Hyesep-Q
column. During the analysis, only Hz, CO, and CO;
gases were detected. To calculate methanol conversion
and CO and CO; selectivity, a carbon balance was calculated,
and also some correlations are expressed below:

X(%) _ I:in,MeOH - I:ou’[,MeOH %100 (1)
Fin,MeoH
F
co *+Feo,
s o) _ Feo,
co, (%) = —2—x100 3)
co +Feo,
F,. (out
S, (%) = ——2 ) 100 )

ARy,0 + AFch,on

Where X, Fin, and Fou, represent the methanol
conversion, the inlet methanol concentration and
the outlet methanol concentration, respectively. Likewise,
terms of Scg Seo, Sco,, and Sy, indicate the selectivity

of CO and CO; and H respectively. The defined
compositions of each catalyst are illustrated in Table 1.

RESULTS AND DISCUSSION
Cu-Alumina catalysts

Firstly, the Cu-Alumina catalysts (x%CuAl)
with various Cu loading (5-40% wt.) were evaluated.
As shown in Fig. 1, the methanol conversion
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increased with further loading of Cu up to 30% wt.,
while since then, an obvious falling occurred. It might be
attributed to the increase in catalytic active sites until
loading of 30% wt., while further Cu loading probably
causes a particle agglomeration and an inadequate
dispersion. Meanwhile, employing more Cu into the
catalyst could reveal less CO in the output because
Cu particles drive the WGS equation toward the right
side thereby consuming more CO during the reaction.
Since the SRM is an endothermic reaction, both methanol
conversion and CO selectivity also raised with increase
in operating temperature (see Fig. 1). Moreover,
the Reverse Water Gas Shift reaction (rWGS) and
Decomposition of Methanol (DM) are intensified
with increasing the temperature. The 30CA, in between,
showed methanol conversion nearly 70% and CO
selectivity 0.44% at 270 °C.

As shown in Fig. 2, the XRD patterns including
30 and 40% wt. of Cu loading exhibited approximately
amorphous structure with broad peaks of CuO at around
positions of 26= 38.76, 48.74 and 67.98 ( monoclinic,
ICPDS: 01-080-1268). It, in turn, represents more
capability of the methanol adsorption due to its
microcrystal structure. Based on the patterns, increasing
Cu content from 30 to 40% resulted in stronger peaks
implying more crystallinity in the same direction.
Scherre’s equation was used to confirm the growth
of crystalline size from 30 to 40% of Cu loading by which
the average crystallite size of 15.6 and 25.4 nm
were calculated for 30Cu and the 40Cu, respectively.

Furthermore, the SEM image of 30CA is illustrated
in Fig. 3. Besides, the BET analysis showed a relatively
high surface area of 235 m?/g for 30Cu which was
probably due to low-temperature calcination, aging time,
appropriate pH, or using Na,COs as a precipitate agent.
Likewise, pore volume and pore size were achieved 0.98 cm®/g
and 15.5 nm, respectively.

As shown in Fig. 4, the 30CA catalyst displays
a mesoporous structure with diameters of mainly 5-25 nm.
According to the adsorption/desorption isotherms,
see Fig. 4, they are regarded as type 3 hysteresis loop
and classified as Hs type in the IUPAC categorization.
This category exhibits agglomerated structures (containing
blade and cubic-like plates), non-homogenous in shape
and size.
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/ Sample code Composition Description synthesis \
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Fig. 1: Optimization of Cu/Al ratio via coprecipitation method in SRM reaction.
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Fig. 2: XRD patterns of synthesized catalysts of a) 30CA b) 40CA.

Pt-Alumina catalysts

The x%Pt/Al,03 (x containing 0.5, 0.7 and 1% wt.)
was evaluated. As can be seen in Fig. 5, the methanol
conversion is rather low in comparison with Cu-based
catalysts while CO is relatively higher in the output.
However, both methanol conversion and CO
production were relatively raised by increasing loading
of Pt from 0.5 to 1% wt. It reached to the maximum
conversion of 28% for 1.0P/A while the CO selectivity
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Fig. 3: SEM image of synthesized 30CA catalyst.

was nearly 52%. The Pt might tend to affect the
methanol decomposition reaction rather than the main
reaction of SRM [28]. As expected, the CO
concentration increased with raising the temperature
because water gas shift reaction much prefers lower
temperatures. In this way, the catalyst containing 0.5% wt
of Pt resulted in better performance for PEMFC,
with the conversion of nearly 20% and CO selectivity
about 46% (0.185 volumetric).
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Fig. 4: Pore size distribution size and adsorption/desorption
isotherm of 30CA catalyst.

The effect of Pt on Copper-Alumina

As explained, to apply Pt on CuAl two methods of
doping and impregnation were chosen. Although the impregnation
method is much preferred for noble metals [29, 30]
doping of them also shows a good activity
for both SRM and OSRM [31]. Doping Pt into 30CA led
an enhancement in methanol conversion from approximately
70 to 81% compared to those of impregnated ones.
The amount of Pt loading varied from 0.5 to 1.0% wt.
for both doping and impregnation. According to the latter,
methanol conversion decreased from 22.63 to 18.67%
with an increase in Pt loading. This falling might be
seemingly due to Pt deposition on the catalyst’s active
sites. It consequently prevents the reactants to properly
interact with CuO species. Thanks to employing doping
method, the SRM was significantly enhanced, as shown
in Fig. 6.

It was also found that this method resulted in
CO selectivity nearly zero. Besides, the doping method
resulted in a homogenous dispersion of Pt into 30CA
and consequently a close contact with CuO species.
On the other hand, the CO formation was relatively stronger
for the impregnated Pt onto 30CA in comparison with those
of 30CA alone and doped one in which displayed the
selectivity of 31.29% for 0.5P/CA at 270 °C. As proposed
in some SRM and OSRM studies, the adsorption
associated with H atoms and intermediates requires two
kinds of sites on CuO/ZnO-based catalysts [32]. Copper
species play a vital role in splitting and adsorption of
H atoms in order to transform the intermediates. The noble
metals like Pt might play a similar role like that of
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Fig. 5: Effect of Pt loading on Al for Pt/Al2O3 catalyst;
methanol conversion and CO selectivity.

the copper one [31]. To further investigation, a dual-bed
reactor was employed to simultaneously integrate both
Pt/Al and 30CA. This reactor consisted of a bed loaded
by 30CA catalyst and another bed by 0.5P/A located 1 cm
away. As shown in Fig. 6, the methanol conversion
increased as the temperature was raised. The methanol
conversion reached 83.7%, a better performance f
or the dual-bed type in comparison with those of other
cases. Besides, its CO selectivity was lower than that
of the impregnated catalysts although it was a bit higher
than that of the doped samples. In this case,
the selectivity was 1.5% at 270 °C. Increasing temperature
can develop both reactions of steam reforming and
methanol decomposition in the first bed due to having
endothermic nature. Regarding steam reforming of
methanol in the first bed by 30CA, the un-reacted
feedstock passing through the first bed is then
decomposed in the 0.5P/CA bed. This scheme was
proposed by Jacobs et al. [33], who reported that SRM
over Pt catalyst indicated a low methanol conversion of
20% at 320 °C. Moreover, the DM process, the formation
of hydrogen, and also carbon monoxide from methanol
were studied by Brown et al. [25]. It is, therefore, proposed
that Pt catalyst much prefer to do the DM reaction
compared to the SRM when both methanol and water
are the reactants. Details of the performance of the catalysts
are listed in Table 2. The hydrogen selectivity for the cases
in Table 2 indicate that 30CA with hydrogen selectivity
of 77% is more favorable for SRM reaction. In contrary,
the other cases might tend to be done in DM reaction
rather than SRM.
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Table 2: Overview of the catalysts performance.

K Sample code Preparation method T(°C) Conversion (%) Sco (%) Sz (%)\
30CA CP 270 70 0.49 77
0.5P/A IM 270 20 46 69
0.5PCA Precursor Mixing 270 80 0.06 63
K 0.5P+CA (Dual-bed) CP,IM 270 84 15 57 j
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Fig. 6: Effect of Pt loading over 30CA; methanol conversion and CO selectivity.

Operating conditions for 0.5PCA
GHSV effect

Fig. 7 displays the effect of Gas Hourly Space Velocity
(GHSV) on the catalytic performance of 0.5PCA. The
GHSVs of 9000, 12000, 18000, 27000, and 36000 (h%)
per 0.5 g of catalyst were chosen. The methanol conversion
and the CO concentration in the outlet reduced with increasing
methanol space wvelocity. According to the results, this
reduction might be attributed to a reduction in contact time
of the reactants on the catalytic active sites when passing through
the bed. Consequently, it, in turn, results in a decrease in the
amount of CO in the output. The methanol conversion varied
from approximately full conversion to 74.4% with an increase
in the GHSV, from 9000 to 36000 h?, meanwhile,
the CO selectivity decreased from 1.6 to nearly zero.

Catalyst stability

In order to evaluate the catalyst stability during
the SRM reaction, the continuous operation was carried out
at 270 °C for 0.5PCA during 17 h. As can be seen in Fig. 8,
no strong deactivation can be found during the time of
operation. The methanol conversion stays almost constant
throughout this period. The CO selectivity remains steady
roughly less than 0.1% during the time of operation.

98

CONCLUSIONS

To supply required hydrogen of PEM fuel cells,
a series of catalysts were synthesized and evaluated
in steam reforming of methanol. Taking Pt promoter into
consideration, three different procedures of synthesis
were used. Pt species were impregnated onto both Al
and CuAl structures in which they both displayed
an unsatisfactory performance with maximum methanol
conversion of 28% for 1.0P/A while the CO selectivity
of nearly 52% did not meet the requirements. However,
doping Pt into CuAl catalyst enhanced the methanol
conversion as high as 81% at 270 °C and CO selectivity
reached to approximately zero. Homogenous
distribution of Pt into the catalyst structure was
probably the key to reach a satisfactory performance in
SRM. Furthermore, adopting a dual-bed reactor
including Cu/Al and Pt/Al,0; catalyst indicated
a relatively satisfactory performance by which the
conversion and selectivity were found 83.7% and 1.5%,
respectively. The case of 0.5PCA was undergone
different GHSVs in which the conversion and
the CO selectivity varied from nearly 100% and 1.6%
to 74.4% and nearly zero, respectively, as the GHSV
changed from 9000 to 36000 h. Moreover this sample
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Fig. 7: Effect of GHSV over 0.5PCA catalyst.
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Fig. 8: Time on stream performance of 0.5PCA catalyst.

(0.5PCA) remained active and worked non-stop for 17 h
without significant deactivation.

Acknowledgment

This work was financially supported by Iran Renewable
Energy Organization (SUNA). The authors gratefully
acknowledge the support of this organization.

Received : Aug. 29, 2015 ; Accepted : Nov. 20, 2017

REFERENCES

[1] Ma Y., Guan G., Shi C., Zhu A., Hao X., Wang Z.,
Wang Z., Kusakabe K., Abudula A., Low-Temperature
Steam Reforming of Methanol to Produce Hydrogen
over Various Metal-Doped Molybdenum Carbide Catalysts,
Int. J. Hydrogen Energy, 39 (1): 258-66 (2014).

Research Article

Effect of Pt on Zn-Free Cu-Al Catalysts ...

Vol. 37, No. 4, 2018

[2] Lee D-W., Park S-J., Yu C-Y., Inm S-K,, Lee K-H.,
Study on Methanol Reforming—Inorganic Membrane
Reactors Combined with Water—Gas Shift Reaction
and Relationship between Membrane Performance
and Methanol Conversion, J. Membr. Sci., 316(1):
63-72 (2008).

[3] Aver A.K., Trimm D.L., Aksoylu A.E., Onsan Z.1.,
Hydrogen Production by Steam Reforming of
n-Butane over Supported Ni and Pt-Ni Catalysts,
Appl. Catal., A. 258(2): 235-40 (2004).

[4] Galvita V., Sundmacher K., Cyclic Water Gas Shift
Reactor (CWGS) for Carbon Monoxide Removal
from Hydrogen Feed Gas for PEM Fuel Cells,
Chem. Eng. J.. 134(1): 168-74 (2007).

[5] Dénitz W., Fuel Cells for Mobile Applications, Status,
Requirements and Future Application Potential,
Int. J. Hydrogen Energy. 23(7): 611-5 (1998).

[6] F Brown L., A Comparative Study of Fuels for
on-Board Hydrogen Production for Fuel-Cell-Powered
Automobiles, Int. J. Hydrogen Energy, 26(4): 381-
97 (2001).

[7] Ogden J.M., Steinbugler M.M., Kreutz T.G.,
A Comparison of Hydrogen, Methanol and Gasoline
as Fuels for Fuel Cell Vehicles: Implications for
Vehicle Design and Infrastructure Development,
J. Power Sources. 79(2): 143-68 (1999).

[8] Emonts B., Bagild Hansen J., Loegsgaard Jorgensen S.,
Hohlein B., Peters R., Compact Methanol Reformer
Test for Fuel-Cell Powered Light-Duty Vehicles,
J. Power Sources., 71(1): 288-93 (1998).

[9] Panik F., Fuel Cells for Vehicle Applications in Cars-
Bringing the Future Closer, J. Power Sources.,
71(1): 36-8 (1998).

[10] Amphlett J., Mann R., Peppley B., On Board
Hydrogen Purification for Steam Reformation/PEM
Fuel Cell Vehicle Power Plants, Int. J. Hydrogen
Energy., 21(8): 673-8 (1996).

[11] Itoh N., Kaneko Y., Igarashi A., Efficient Hydrogen
Production via Methanol Steam Reforming by
Preventing Back-Permeation of Hydrogen in
a Palladium Membrane Reactor, Ind. Eng. Chem. Res.,
41(19): 4702-6 (2002).

[12] Amphlett J., Creber K., Davis J., Mann R., Peppley B.,
Stokes D., Hydrogen Production by Steam Reforming
of Methanol for Polymer Electrolyte Fuel Cells, Int.
J. Hydrogen Energy, 19(2): 131-7 (1994).

99


http://www.sciencedirect.com/science/article/pii/S0360319913024348
http://www.sciencedirect.com/science/article/pii/S0360319913024348
http://www.sciencedirect.com/science/article/pii/S0360319913024348
file:///C:/Users/dell/Downloads/Telegram%20Desktop/Study%20on%20methanol%20reforming–inorganic%20membrane%20reactors%20combined%20with%20water–gas%20shift%20reaction%20and%20relationship%20between%20membrane%20performance%20and%20methanol%20conversion
file:///C:/Users/dell/Downloads/Telegram%20Desktop/Study%20on%20methanol%20reforming–inorganic%20membrane%20reactors%20combined%20with%20water–gas%20shift%20reaction%20and%20relationship%20between%20membrane%20performance%20and%20methanol%20conversion
file:///C:/Users/dell/Downloads/Telegram%20Desktop/Study%20on%20methanol%20reforming–inorganic%20membrane%20reactors%20combined%20with%20water–gas%20shift%20reaction%20and%20relationship%20between%20membrane%20performance%20and%20methanol%20conversion
file:///C:/Users/dell/Downloads/Telegram%20Desktop/Study%20on%20methanol%20reforming–inorganic%20membrane%20reactors%20combined%20with%20water–gas%20shift%20reaction%20and%20relationship%20between%20membrane%20performance%20and%20methanol%20conversion
file:///C:/Users/dell/Downloads/Telegram%20Desktop/Hydrogen%20production%20by%20steam%20reforming%20of%20n-butane%20over%20supported%20Ni%20and%20Pt-Ni%20catalysts
file:///C:/Users/dell/Downloads/Telegram%20Desktop/Hydrogen%20production%20by%20steam%20reforming%20of%20n-butane%20over%20supported%20Ni%20and%20Pt-Ni%20catalysts
file:///C:/Users/dell/Downloads/Telegram%20Desktop/Cyclic%20water%20gas%20shift%20reactor%20(CWGS)%20for%20carbon%20monoxide%20removal%20from%20hydrogen%20feed%20gas%20for%20PEM%20fuel%20cells
file:///C:/Users/dell/Downloads/Telegram%20Desktop/Cyclic%20water%20gas%20shift%20reactor%20(CWGS)%20for%20carbon%20monoxide%20removal%20from%20hydrogen%20feed%20gas%20for%20PEM%20fuel%20cells
file:///C:/Users/dell/Downloads/Telegram%20Desktop/Cyclic%20water%20gas%20shift%20reactor%20(CWGS)%20for%20carbon%20monoxide%20removal%20from%20hydrogen%20feed%20gas%20for%20PEM%20fuel%20cells
file:///C:/Users/dell/Downloads/Telegram%20Desktop/Fuel%20cells%20for%20mobile%20applications,%20status,%20requirements%20and%20future%20application%20potential
file:///C:/Users/dell/Downloads/Telegram%20Desktop/Fuel%20cells%20for%20mobile%20applications,%20status,%20requirements%20and%20future%20application%20potential
file:///C:/Users/dell/Downloads/Telegram%20Desktop/A%20comparative%20study%20of%20fuels%20for%20on-board%20hydrogen%20production%20for%20fuel-cell-powered%20automobiles
file:///C:/Users/dell/Downloads/Telegram%20Desktop/A%20comparative%20study%20of%20fuels%20for%20on-board%20hydrogen%20production%20for%20fuel-cell-powered%20automobiles
file:///C:/Users/dell/Downloads/Telegram%20Desktop/A%20comparative%20study%20of%20fuels%20for%20on-board%20hydrogen%20production%20for%20fuel-cell-powered%20automobiles
file:///C:/Users/dell/Downloads/Telegram%20Desktop/A%20comparison%20of%20hydrogen,%20methanol%20and%20gasoline%20as%20fuels%20for%20fuel%20cell%20vehicles:%20implications%20for%20vehicle%20design%20and%20infrastructure%20development
file:///C:/Users/dell/Downloads/Telegram%20Desktop/A%20comparison%20of%20hydrogen,%20methanol%20and%20gasoline%20as%20fuels%20for%20fuel%20cell%20vehicles:%20implications%20for%20vehicle%20design%20and%20infrastructure%20development
file:///C:/Users/dell/Downloads/Telegram%20Desktop/A%20comparison%20of%20hydrogen,%20methanol%20and%20gasoline%20as%20fuels%20for%20fuel%20cell%20vehicles:%20implications%20for%20vehicle%20design%20and%20infrastructure%20development
file:///C:/Users/dell/Downloads/Telegram%20Desktop/Compact%20methanol%20reformer%20test%20for%20fuel-cell%20powered%20light-duty%20vehicles
file:///C:/Users/dell/Downloads/Telegram%20Desktop/Compact%20methanol%20reformer%20test%20for%20fuel-cell%20powered%20light-duty%20vehicles
file:///C:/Users/dell/Downloads/Telegram%20Desktop/Fuel%20cells%20for%20vehicle%20applications%20in%20cars-bringing%20the%20future%20closer
file:///C:/Users/dell/Downloads/Telegram%20Desktop/Fuel%20cells%20for%20vehicle%20applications%20in%20cars-bringing%20the%20future%20closer
file:///C:/Users/dell/Downloads/Telegram%20Desktop/On%20board%20hydrogen%20purification%20for%20steam%20reformation/PEM%20fuel%20cell%20vehicle%20power%20plants
file:///C:/Users/dell/Downloads/Telegram%20Desktop/On%20board%20hydrogen%20purification%20for%20steam%20reformation/PEM%20fuel%20cell%20vehicle%20power%20plants
file:///C:/Users/dell/Downloads/Telegram%20Desktop/On%20board%20hydrogen%20purification%20for%20steam%20reformation/PEM%20fuel%20cell%20vehicle%20power%20plants
file:///C:/Users/dell/Downloads/Telegram%20Desktop/Efficient%20hydrogen%20production%20via%20methanol%20steam%20reforming%20by%20preventing%20back-permeation%20of%20hydrogen%20in%20a%20palladium%20membrane%20reactor
file:///C:/Users/dell/Downloads/Telegram%20Desktop/Efficient%20hydrogen%20production%20via%20methanol%20steam%20reforming%20by%20preventing%20back-permeation%20of%20hydrogen%20in%20a%20palladium%20membrane%20reactor
file:///C:/Users/dell/Downloads/Telegram%20Desktop/Efficient%20hydrogen%20production%20via%20methanol%20steam%20reforming%20by%20preventing%20back-permeation%20of%20hydrogen%20in%20a%20palladium%20membrane%20reactor
file:///C:/Users/dell/Downloads/Telegram%20Desktop/Efficient%20hydrogen%20production%20via%20methanol%20steam%20reforming%20by%20preventing%20back-permeation%20of%20hydrogen%20in%20a%20palladium%20membrane%20reactor
file:///C:/Users/dell/Downloads/Telegram%20Desktop/Hydrogen%20production%20by%20steam%20reforming%20of%20methanol%20for%20polymer%20electrolyte%20fuel%20cells
file:///C:/Users/dell/Downloads/Telegram%20Desktop/Hydrogen%20production%20by%20steam%20reforming%20of%20methanol%20for%20polymer%20electrolyte%20fuel%20cells

Iran. J. Chem. Chem. Eng.

[13] Tsai A., Yoshimura M., Highly Active
Quasicrystalline  Al-Cu-Fe Catalyst for Steam
Reforming of Methanol, Appl. Catal., A., 214(2):
237-41 (2001).

[14] Jiang C.J., Trimm D.L., Wainwright M.S., Cant N.W.,
Kinetic Mechanism for the Reaction between
Methanol and Water over a Cu-ZnO-Al,O5 Catalyst,
Appl. Catal., A. 97(2): 145-58 (1993).

[15] Takeguchi T., Kani Y., Inoue M., Eguchi K.,
Steam Reforming of Methanol on Copper Catalysts
Supported on Large-Surface-Area ZnAl,Os, Catal.
Lett., 83(1-2): 49-53 (2002).

[16] Chien CL L.M., Three States of Al65Cu20Fel5:
Amorphous, Crystalline, and Quasicrystalline, Phys.
Rev. B: Condens. Matter. Mater. Phys., 45 (22):
12793-6 (1992).

[17] Alijani A., Irankhah A., Effect of Nickel Addition on
Ceria-Supported Platinum Catalysts for
Medium-Temperature  Shift Reaction in Fuel
Processors, Chem. Eng. Technol., 36(2): 552-8
(2013).

[18] Alijani A, Irankhah A. Medium-Temperature Shift
Catalysts for Hydrogen Purification in a
Single-Stage Reactor, Chem. Eng. Technol., 36(2):
209-19 (2013).

[19] Shechtman IAB D., Gratias D., Cahn J.W., Metallic
Phase with Long-Range Orientational Order and
no Translational Symmetry, Phys. Rev. B: Condens.
Matter. Mater. Phys., 53: 1951 (1984).

[20] Kittel CCK. “Introduction to Solid State Physics”,
John Wiley & Sons Inc., New York. (1986).

[21] S& S., Silva H., Brandao L., Sousa J.M., Mendes A.,
Catalysts for Methanol Steam Reforming—A Review,
Appl. Catal., B. 99(1): 43-57 (2010).

[22] Kawamura Y., Yamamoto K., Ogura N., Katsumata T.,
Igarashi A., Preparation of Cu/ZnO/Al,O3; Catalyst
for a Micro Methanol Reformer, J. Power Sources.,
150: 20-6 (2005).

[23] Nguyen B., Leclerc C., Metal Oxides as Combustion
Catalysts for a Stratified, Dual Bed Partial Oxidation
Catalyst, J. Power Sources., 163(2): 623-9 (2007).

[24] Cho S-H., Park J-S., Choi S-H., Kim S-H., Effect of
Magnesium on Preferential Oxidation of Carbon
Monoxide on Platinum Catalyst in Hydrogen-Rich
Stream, J. Power Sources., 156 (2): 260-6 (2006).

100

Jafari M. et al.

Vol. 37, No. 4, 2018

[25] Brown J.C., Gulari E., Hydrogen Production from
Methanol Decomposition over Pt/Al;Oz and Ceria
Promoted Pt/Al,O; Catalysts, Catal. Commun., 5(8):
431-6 (2004).

[26] Ito S-i., Suwa Y., Kondo S., Kameoka S., Tomishige K.,
Kunimori K., Steam Reforming of Methanol over
Pt-Zn alloy Catalyst Supported on Carbon Black,
Catal. Commun., 4(10): 499-503 (2003).

[27] Irankhah A., Jafari M., Mahmoudizadeh M.,
Methanol Steam Reforming Catalyzing over
Cu/zZn/Fe Mixed Oxide Catalysts, Iran. J. Chem.
Eng., 14(1): 26-39 (2017).

[28] Ahn S.H., Kwon O.J., Choi ., Kim J.J., Synergetic
Effect of Combined use of Cu—ZnO-Al,O3 and Pt-
Al,O3 for the Steam Reforming of Methanol, Catal.
Commun., 10 (15): 2018-22 (2009).

[29] Conant T., Karim A.M., Lebarbier V., Wang Y.,
Girgsdies F., Schlégl R., et al. Stability of Bimetallic
Pd-zZn Catalysts for the Steam Reforming of
Methanol, J. Catal., 257(1): 64-70 (2008).

[30] Bichon P., Asheim M., Jordal A., Sperle T., Fathi M.,
Holmen A., Blekkan E.A., Hydrogen from Methanol
Steam-Reforming over Cu-Based Catalysts with and
without Pd Promotion, Int. J. Hydrogen Energy.,
32(12): 1799-805 (2007).

[31] Chang C-C., Hsu C-C., Chang C-T., Chen Y-P.,
Liaw B-J., Chen Y-Z., Effect of Noble Metal
on Oxidative Steam Reforming of Methanol over
CuO/ZnO/Al,O3 Catalysts, Int. J. Hydrogen Energy,
37(15): 11176-84 (2012).

[32] Turco M., Bagnasco G., Costantino U., Marmottini F.,
Montanari T., Ramis G., Busca G., Production of
Hydrogen from Oxidative Steam Reforming of
Methanol: I. Preparation and Characterization of
Cu/ZnO/Al,O; Catalysts from a Hydrotalcite-Like
LDH Precursor, J. Catal., 228(1): 43-55 (2004).

[33] Jacobs G., Davis B.H., In situ DRIFTS Investigation
of the Steam Reforming of Methanol over Pt/Ceria,
Appl. Catal., A. 285(1): 43-9 (2005).

Research Article


file:///C:/Users/dell/Downloads/Telegram%20Desktop/Highly%20active%20quasicrystalline%20Al-Cu-Fe%20catalyst%20for%20steam%20reforming%20of%20methanol
file:///C:/Users/dell/Downloads/Telegram%20Desktop/Highly%20active%20quasicrystalline%20Al-Cu-Fe%20catalyst%20for%20steam%20reforming%20of%20methanol
file:///C:/Users/dell/Downloads/Telegram%20Desktop/Highly%20active%20quasicrystalline%20Al-Cu-Fe%20catalyst%20for%20steam%20reforming%20of%20methanol
file:///C:/Users/dell/Downloads/Telegram%20Desktop/Kinetic%20mechanism%20for%20the%20reaction%20between%20methanol%20and%20water%20over%20a%20Cu-ZnO-Al2O3%20catalyst
file:///C:/Users/dell/Downloads/Telegram%20Desktop/Kinetic%20mechanism%20for%20the%20reaction%20between%20methanol%20and%20water%20over%20a%20Cu-ZnO-Al2O3%20catalyst
file:///C:/Users/dell/Downloads/Telegram%20Desktop/Steam%20reforming%20of%20methanol%20on%20copper%20catalysts%20supported%20on%20large-surface-area%20ZnAl2O3
file:///C:/Users/dell/Downloads/Telegram%20Desktop/Steam%20reforming%20of%20methanol%20on%20copper%20catalysts%20supported%20on%20large-surface-area%20ZnAl2O3
file:///C:/Users/dell/Downloads/Telegram%20Desktop/Three%20states%20of%20Al65Cu20Fe15:%20Amorphous,%20crystalline,%20and%20quasicrystalline
file:///C:/Users/dell/Downloads/Telegram%20Desktop/Three%20states%20of%20Al65Cu20Fe15:%20Amorphous,%20crystalline,%20and%20quasicrystalline
file:///C:/Users/dell/Downloads/Telegram%20Desktop/Effect%20of%20Nickel%20Addition%20on%20Ceria‐Supported%20Platinum%20Catalysts%20for%20Medium‐Temperature%20Shift%20Reaction%20in%20Fuel%20Processors
file:///C:/Users/dell/Downloads/Telegram%20Desktop/Effect%20of%20Nickel%20Addition%20on%20Ceria‐Supported%20Platinum%20Catalysts%20for%20Medium‐Temperature%20Shift%20Reaction%20in%20Fuel%20Processors
file:///C:/Users/dell/Downloads/Telegram%20Desktop/Effect%20of%20Nickel%20Addition%20on%20Ceria‐Supported%20Platinum%20Catalysts%20for%20Medium‐Temperature%20Shift%20Reaction%20in%20Fuel%20Processors
file:///C:/Users/dell/Downloads/Telegram%20Desktop/Effect%20of%20Nickel%20Addition%20on%20Ceria‐Supported%20Platinum%20Catalysts%20for%20Medium‐Temperature%20Shift%20Reaction%20in%20Fuel%20Processors
file:///C:/Users/dell/Downloads/Telegram%20Desktop/Medium‐Temperature%20Shift%20Catalysts%20for%20Hydrogen%20Purification%20in%20a%20Single‐Stage%20Reactor
file:///C:/Users/dell/Downloads/Telegram%20Desktop/Medium‐Temperature%20Shift%20Catalysts%20for%20Hydrogen%20Purification%20in%20a%20Single‐Stage%20Reactor
file:///C:/Users/dell/Downloads/Telegram%20Desktop/Medium‐Temperature%20Shift%20Catalysts%20for%20Hydrogen%20Purification%20in%20a%20Single‐Stage%20Reactor
file:///C:/Users/dell/Downloads/Telegram%20Desktop/Metallic%20phase%20with%20long-range%20orientational%20order%20and%20no%20translational%20symmetry
file:///C:/Users/dell/Downloads/Telegram%20Desktop/Metallic%20phase%20with%20long-range%20orientational%20order%20and%20no%20translational%20symmetry
file:///C:/Users/dell/Downloads/Telegram%20Desktop/Metallic%20phase%20with%20long-range%20orientational%20order%20and%20no%20translational%20symmetry
http://cds.cern.ch/record/817295/files/0471680575_TOC.pdf
file:///C:/Users/dell/Downloads/Telegram%20Desktop/Catalysts%20for%20methanol%20steam%20reforming—A%20review
file:///C:/Users/dell/Downloads/Telegram%20Desktop/Preparation%20of%20Cu/ZnO/Al2O3%20catalyst%20for%20a%20micro%20methanol%20reformer
file:///C:/Users/dell/Downloads/Telegram%20Desktop/Preparation%20of%20Cu/ZnO/Al2O3%20catalyst%20for%20a%20micro%20methanol%20reformer
file:///C:/Users/dell/Downloads/Telegram%20Desktop/Metal%20oxides%20as%20combustion%20catalysts%20for%20a%20stratified,%20dual%20bed%20partial%20oxidation%20catalyst
file:///C:/Users/dell/Downloads/Telegram%20Desktop/Metal%20oxides%20as%20combustion%20catalysts%20for%20a%20stratified,%20dual%20bed%20partial%20oxidation%20catalyst
file:///C:/Users/dell/Downloads/Telegram%20Desktop/Metal%20oxides%20as%20combustion%20catalysts%20for%20a%20stratified,%20dual%20bed%20partial%20oxidation%20catalyst
file:///C:/Users/dell/Downloads/Telegram%20Desktop/Effect%20of%20magnesium%20on%20preferential%20oxidation%20of%20carbon%20monoxide%20on%20platinum%20catalyst%20in%20hydrogen-rich%20stream
file:///C:/Users/dell/Downloads/Telegram%20Desktop/Effect%20of%20magnesium%20on%20preferential%20oxidation%20of%20carbon%20monoxide%20on%20platinum%20catalyst%20in%20hydrogen-rich%20stream
file:///C:/Users/dell/Downloads/Telegram%20Desktop/Effect%20of%20magnesium%20on%20preferential%20oxidation%20of%20carbon%20monoxide%20on%20platinum%20catalyst%20in%20hydrogen-rich%20stream
file:///C:/Users/dell/Downloads/Telegram%20Desktop/Effect%20of%20magnesium%20on%20preferential%20oxidation%20of%20carbon%20monoxide%20on%20platinum%20catalyst%20in%20hydrogen-rich%20stream
file:///C:/Users/dell/Downloads/Telegram%20Desktop/Hydrogen%20production%20from%20methanol%20decomposition%20over%20Pt/Al2O3%20and%20ceria%20promoted%20Pt/Al2O3%20catalysts
file:///C:/Users/dell/Downloads/Telegram%20Desktop/Hydrogen%20production%20from%20methanol%20decomposition%20over%20Pt/Al2O3%20and%20ceria%20promoted%20Pt/Al2O3%20catalysts
file:///C:/Users/dell/Downloads/Telegram%20Desktop/Hydrogen%20production%20from%20methanol%20decomposition%20over%20Pt/Al2O3%20and%20ceria%20promoted%20Pt/Al2O3%20catalysts
file:///C:/Users/dell/Downloads/Telegram%20Desktop/Steam%20reforming%20of%20methanol%20over%20Pt–Zn%20alloy%20catalyst%20supported%20on%20carbon%20black
file:///C:/Users/dell/Downloads/Telegram%20Desktop/Steam%20reforming%20of%20methanol%20over%20Pt–Zn%20alloy%20catalyst%20supported%20on%20carbon%20black
file:///C:/Users/dell/Downloads/Telegram%20Desktop/Synergetic%20effect%20of%20combined%20use%20of%20Cu–ZnO–Al2O3%20and%20Pt–Al2O3%20for%20the%20steam%20reforming%20of%20methanol
file:///C:/Users/dell/Downloads/Telegram%20Desktop/Synergetic%20effect%20of%20combined%20use%20of%20Cu–ZnO–Al2O3%20and%20Pt–Al2O3%20for%20the%20steam%20reforming%20of%20methanol
file:///C:/Users/dell/Downloads/Telegram%20Desktop/Synergetic%20effect%20of%20combined%20use%20of%20Cu–ZnO–Al2O3%20and%20Pt–Al2O3%20for%20the%20steam%20reforming%20of%20methanol
file:///C:/Users/dell/Downloads/Telegram%20Desktop/Stability%20of%20bimetallic%20Pd–Zn%20catalysts%20for%20the%20steam%20reforming%20of%20methanol
file:///C:/Users/dell/Downloads/Telegram%20Desktop/Stability%20of%20bimetallic%20Pd–Zn%20catalysts%20for%20the%20steam%20reforming%20of%20methanol
file:///C:/Users/dell/Downloads/Telegram%20Desktop/Stability%20of%20bimetallic%20Pd–Zn%20catalysts%20for%20the%20steam%20reforming%20of%20methanol
file:///C:/Users/dell/Downloads/Telegram%20Desktop/Hydrogen%20from%20methanol%20steam-reforming%20over%20Cu-based%20catalysts%20with%20and%20without%20Pd%20promotion
file:///C:/Users/dell/Downloads/Telegram%20Desktop/Hydrogen%20from%20methanol%20steam-reforming%20over%20Cu-based%20catalysts%20with%20and%20without%20Pd%20promotion
file:///C:/Users/dell/Downloads/Telegram%20Desktop/Hydrogen%20from%20methanol%20steam-reforming%20over%20Cu-based%20catalysts%20with%20and%20without%20Pd%20promotion
file:///C:/Users/dell/Downloads/Telegram%20Desktop/Effect%20of%20noble%20metal%20on%20oxidative%20steam%20reforming%20of%20methanol%20over%20CuO/ZnO/Al%202%20O%203%20catalysts
file:///C:/Users/dell/Downloads/Telegram%20Desktop/Effect%20of%20noble%20metal%20on%20oxidative%20steam%20reforming%20of%20methanol%20over%20CuO/ZnO/Al%202%20O%203%20catalysts
file:///C:/Users/dell/Downloads/Telegram%20Desktop/Effect%20of%20noble%20metal%20on%20oxidative%20steam%20reforming%20of%20methanol%20over%20CuO/ZnO/Al%202%20O%203%20catalysts
file:///C:/Users/dell/Downloads/Telegram%20Desktop/Production%20of%20hydrogen%20from%20oxidative%20steam%20reforming%20of%20methanol:%20I.%20Preparation%20and%20characterization%20of%20Cu/ZnO/Al2O3%20catalysts%20from%20a%20hydrotalcite-like%20LDH%20precursor
file:///C:/Users/dell/Downloads/Telegram%20Desktop/Production%20of%20hydrogen%20from%20oxidative%20steam%20reforming%20of%20methanol:%20I.%20Preparation%20and%20characterization%20of%20Cu/ZnO/Al2O3%20catalysts%20from%20a%20hydrotalcite-like%20LDH%20precursor
file:///C:/Users/dell/Downloads/Telegram%20Desktop/Production%20of%20hydrogen%20from%20oxidative%20steam%20reforming%20of%20methanol:%20I.%20Preparation%20and%20characterization%20of%20Cu/ZnO/Al2O3%20catalysts%20from%20a%20hydrotalcite-like%20LDH%20precursor
file:///C:/Users/dell/Downloads/Telegram%20Desktop/Production%20of%20hydrogen%20from%20oxidative%20steam%20reforming%20of%20methanol:%20I.%20Preparation%20and%20characterization%20of%20Cu/ZnO/Al2O3%20catalysts%20from%20a%20hydrotalcite-like%20LDH%20precursor
file:///C:/Users/dell/Downloads/Telegram%20Desktop/Production%20of%20hydrogen%20from%20oxidative%20steam%20reforming%20of%20methanol:%20I.%20Preparation%20and%20characterization%20of%20Cu/ZnO/Al2O3%20catalysts%20from%20a%20hydrotalcite-like%20LDH%20precursor
file:///C:/Users/dell/Downloads/Telegram%20Desktop/In%20situ%20DRIFTS%20investigation%20of%20the%20steam%20reforming%20of%20methanol%20over%20Pt/ceria
file:///C:/Users/dell/Downloads/Telegram%20Desktop/In%20situ%20DRIFTS%20investigation%20of%20the%20steam%20reforming%20of%20methanol%20over%20Pt/ceria

