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Abstract : Hydrogen generation from gasoline is
essentially one of the critical technologies for the com-
mercialization of small-scale fuel cells auxiliary/backup
power systems, so catalysts suitable for steam reform-
ing of gasoline are desperately needed. So, in this work,
the influence of metal type (Ni and Co) and prepara-
tion method (Co-precipitation and impregnation) on
catalytic steam reforming of gasoline over nano-Al

2
O

3

catalysts was studied at different reaction temperature
(500-800oC). The structure and surface properties of
the catalysts before and after reaction were tested by
different characterization techniques such as TGA,
XRD, TPR, HRTEM, BET surface areas and ramman
spectroscopy. Results show that, the products distri-
bution is dependent on both preparation method and
metal type, on Ni/Al

2
O

3
 catalysts carbon product and
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methane is the major product, CO
2
 and CO is much

less than the value of H
2
. The ratio of CO

2
/(CO+CO

2
)

represents the CO conversion (X
CO

) for the WGS re-
action, lower temperatures favor the WGS reaction on
all of the prepared catalysts. On the other hand we can
show that Ni catalysts favor WGS reaction more than
that of Co catalyst. Although maximum H

2
 selectivity

(70%) is reached at 800oC over the Co/Al
2
O

3
 catalyst

prepared by impregnation method, but when consider-
ing hydrogen production and carbon resistance at the
same time, Ni/Al

2
O

3
 is most effective catalyst in gaso-

line steam reforming because it produced non-deacti-
vating carbon. A higher thermal stability and graphitiza-
tion degree of deposited carbon were obtained on Ni-
Al

2
O

3
 and Co/Al

2
O

3
.

Global Scientific Inc.

INTRODUCTION

The catalytic reforming of gasoline for the produc-
tion of hydrogen on-board a vehicle is of general inter-
est in the automotive industry. This is because among
the primary fuels, gasoline has an existing infrastruc-

ture, a high power density and extensive public accep-
tance. In the same time, hydrogen can be cleanly and
efficiently transformed into electricity power by appli-
cation in full cell (FCs). The efficiency of a car with FC
systems based on gasoline as fuel has two benefits; firstly,
the energy efficiency of these cars will be higher than
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the efficiency of a car with an internal combustion en-
gine. On the other hand, an electric motor associated
with a fuel cell can eliminate the pollutants emissions
such as NO

x
 produced from internal combustion en-

gines.
The reforming processes for hydrogen production,

either via steam reforming (SR), catalytic partial oxida-
tion (CPO) or auto-thermal reforming (ATR) are per-
ceived as the main commercially competitive methods
to produce hydrogen from petroleum-based fuels[1,2].
SR provides the highest reforming efficiencies and H

2

yield; there have been several papers that discuss the
advantage of hydrogen production by steam reforming
of gasoline[3,4].

The current hydrocarbons steam reforming cata-
lysts are mainly Ni/Al

2
O

3
 and Ni/MgO. These supports

provide high crush strength and stability[5,6]. Some con-
tradictory data has been reported about cobalt[7,8], com-
pared with nickel, cobalt generally shows better be-
havior towards the suppression of carbon deposition
and thus better stability under reaction conditions. The
wide use of these systems as catalyst components
prompted a renewed interest with regards to these
materials in the form of nano-sized, high surface area
powders. Recent investigations have shown that
nanostructured Ni or Co-containing catalysts exhibit
better catalytic activity and stability in reforming of meth-
ane compared to conventional Ni- or Co-containing
ones[9-11]. Such metal based catalysts are either pro-
duced by impregnation or by co-precipitation of metal
salts with the components of the �support�, both fol-

lowed by calcination[12].
However, coking is a major problem associated

with reforming of heavy hydrocarbon fuels such as gaso-
line over different catalysts. Literature[13-15] indicated that
the oligomers formed on catalyst surface can be con-
sidered as the precursor of carbon deposition. It is well
known that, the origin of carbon deposit could be dif-
ferent using different catalysts. Therefore, the aim of
the present work is to study the performance of
nanostructured Ni- and Co-Al

2
O

3
 catalysts prepared

by different methods, and also to study the behavior of
carbon deposit during gasoline steam reforming reac-
tion. Coking formation behavior and mechanism during
steam reforming of organic compound is a new ques-
tion in our current research and the detailed study on

carbon deposition mechanism will be carried out in the
following research work.

EXPERIMENTAL

Catalyst preparation

(A) Impregnation method

Firstly, nano-sized porous gamma-alumina (ã-
Al

2
O

3
) was prepared by control precipitation

method[16]. In which (0.125M) ammonium bicarbonate
((NH

4
HCO

3
, 98%) (Merck)) and (0.066M) aluminium

nitrate ((Al(NO
3
)

3
9H

2
O, 95%) (Merck)) solutions

were added drop by drop from two separate burettes
to a reaction vessel contain 400ml deionized water to
precipitate Al cations in the form of hydroxides. The
temperature was maintained at 70°C during control pre-

cipitation experiment. The pH was adjusted to ~ 10
using HNO

3
 and/or NaOH (Merck, GR). The precipi-

tate was aged at 70°C for 3h, filtered and re-dispersed

again in hot 2 L of deionized water. The precipitate was
finally filtered, washed thoroughly with warm deionized
water and subsequently with ethanol followed by ac-
etone, dried at room temperature then calcined in air at
550°C for 5 h to produce ã-Al

2
O3 powders. Co/Al

2
O

3

and Ni/Al
2
O

3
 samples were prepared by impregnating

ã-Al
2
O

3
 support with aqueous solutions of

Co(NO
3
)

2
.6H

2
O or Ni(NO

3
)

2
.6H

2
O respectively to

produce 10% metal loading.

(B) Co-precipitation method

Likewise of ã-Al
2
O

3
 preparation method the Ni-

Al
2
O

3
 sample were prepared by control precipitation

method using a mixture of Al(NO
3
)

3
.9H

2
O and

(0.066M) Ni(NO
3
)

2
.6H

2
O.

Characterization methods

(A) Thermal gravimetric analysis (TGA)

Thermal gravimetric analysis (TGA) was carried out
using SETARAM Labsys TG-DSC16 equipment in the
temperature range from room temperature up to
1000oC under nitrogen flow, to follow the thermal sta-
bility of the prepared catalyst.

(B) X-ray diffraction analysis (XRD)

X-ray diffraction analysis (XRD) was carried out
by Shimadzu XD-1 diffractometer using Cu-target&
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Ni-filtered radiation, to trace the various changes in the
crystalline structure and the different phases accompa-
nied preparation method. Sample powders were
packed in glass holder, during the measurement of the
diffraction intensity by step scanning in 2è range be-
tween 5 and 70o. The phase identification was made by
comparing to the Joint Committee on Powder Diffrac-
tion Standards (JCPDS). The average crystallite size
of the samples was determined from the XRD peaks
using the Scherrer equation.

(C) High resolution transmission electron micros-
copy (HRTEM)

High resolution transmission electron microscopy
(HRTEM) and energy dispersive X-ray (EDS) spec-
troscopy were conducted using a JEOL 2100F TEM
at an accelerating voltage of 200 kV. To prepare the
TEM samples, a dilute particle�ethanol colloidal mix-

ture was ultrasonicated for 30 min and a drop of solu-
tion was placed on a carboncoated Cu TEM grid.

(D) The textural properties

The textural properties were determined from the
N

2
 adsorption-desorption isotherms measured at liq-

uid nitrogen temperature (-196oC) using NOVA2000
gas sorption analyzer (Quantachrome Corporation) sys-
tem. All samples were degassed at 200oC for 17h in
nitrogen atmosphere prior to adsorption to ensure a
dry clean surface. The adsorption isotherm was con-
structed as the volume adsorbed (Vcm3g-1) versus the
equilibrium relative pressure P/P

o
, where P is the equi-

librium pressure and P
o
 is the saturated vapor pressure

of nitrogen.

(E) Temperature programmed reduction (TPR)

Temperature programmed reduction (TPR) mea-
surements were carried out to investigate the redox
properties (the ease of reducibility of metal oxide) over
the resultant materials. The experiments were performed
in automatic equipment (Chem BET 3000,
Quantachrome). Typically, 100mg of pre-calcined
sample was loaded into a quartz reactor and pretreated
by heating under inert atmosphere (20 ml/min nitrogen)
at 200oC for 3h prior to running the TPR experiment,
and then cooled down to room temperature in N

2
. Then

the sample was submitted to a constant rate of heat
treatment (10oC/min up to 1000oC) in a gas flow (80ml/

min) of the mixture hydrogen/nitrogen (5/95 vol%) as a
reducing gas. A thermal conductivity detector (TCD)
was employed to monitor the amount of hydrogen con-
sumption.

(F) Raman spectra

Raman spectra were obtained at room tempera-
ture, using an HR UV 800 confocal scanning spectrom-
eter (Horiba Jobin Yvon) equipped with a Peltier-cooled
charge-coupled device (1152×298 pixels) for detec-

tion. The Raman scattering was excited using a
632.81nm excitation wavelength supplied by an inter-
nal He�Ne laser through an Olympus high-stability

BXFM confocal microscope. Patterns were recorded
in the 50�1000cm-1 Raman shift range with a spectral
resolution of 0.5cm-1. Lab SPEC v. 5 software was
used for data acquisition and processing.

Catalytic activity

The steam reforming of gasoline was performed at
atmospheric pressure in a continuous fixed bed down
flow vertical tubular reactor[17]. 1 g of catalyst diluted
with same sized quartz particles was used for catalytic
tests. Prior to a run, the catalyst was reduced in situ at
500 °C for 2 h under a hydrogen flow rate of 20cm3/
min. Water/gasolin mixture (gasolin/H

2
O = 1:8 mol/mol)

premixed in a separate container was feed to evapora-
tor (at 150oC) by a pump (Model RP-G6; FMI, USA)
with flow rate 0.2ml/min. Nitrogen gas was fed into the
evaporator with flow rate 40cm3/min to uniformly carry
the steam, the steam was then fed to the reactor. The
reaction temperature was varied from 500 to 800°C.

The product stream was analyzed by use of two
gas chromatographs (GC) (Agilent 6890 plus HP, Varian
Natural Gas Analyzer type C model CP-3800). Selec-
tivity values were calculated as the molar percentage of
products obtained, excluding water; Selectivity of prod-
uct = (mol of product/ total mol of H

2
 and carbon-

containing products in the outlet)*100.

RESULTS AND DISCUSSION

Catalyst characterization

(A) Thermal gravimetric analysis

The thermal behavior of the prepared samples was
investigated using TGA and DTA from room tempera-
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ture up to 1000oC (Figure 1). The curve shows an
endothermic process and an exothermic one in parallel
with two weight loss steps; an endothermic peak from
30 to 400oC corresponds to the loss of physically
adsorbed water and the hydroxyl of the catalysts sur-
face. A high temperature exothermic peak may be re-
lated to the crystallization and/or the weight loss due to
components loss of the catalysts caused by certain reac-
tions occurring at the high temperature[18]. From the whole
weight loss process of catalysts, it can be seen that the
curves of Ni/Al

2
O

3
 and Co/Al

2
O

3
 are almost the same,

and their weight loss is higher than that of Ni-Al
2
O

3
.

(B) X-ray diffraction analysis

XRD patterns of the prepared catalysts are shown
in Figure 2. Generally, the broad features of all
diffractrograms were ascribed to the prepared
nanostructured solids. For Ni-Al

2
O

3
 catalyst, only high

intensity and broad diffraction peaks at 2è = 37.7, 44.56
and 65.96o of NiAl

2
O

4
 (JCPDS 00-001-1299) are

observed. No Bragg reflections detected for NiO, which
suggests that, the co-precipitation method lead to the
incorporation of small particle size NiO in Al

2
O

3
 struc-

ture to form the NiAl
2
O

4
 spinel phase[19].

In order to study the effect of preparation method
on the phase structure, the XRD pattern of the Ni/Al

2
O

3

prepared by the impregnation method was studied, the
figure shows, peaks attributed to NiO phase at 2è 43.29o

and 62.77 o (JCPDS 00-001-1258) in addition to that
of Al

2
O

3
, this mainly due to the inhomogeneous distri-

bution of the Ni species, thus the locations with NiO
phase may exceed the limit of the NiAl

2
O

4
 formation[19].

Al
2
O

3
 and NiAl

2
O

4
 were difficult to be distinguishing by

XRD due to peak broadening and superimposition, so
the diffraction peaks enlarged from 60 to 70° to show

the difference (Figure 2b). Moreover, the particle size
of NiAl

2
O

4
 is smaller for Ni-Al

2
O

3
 (7.2 nm) catalyst

than for Ni/Al
2
O

3 
(8.66 nm) as shown in TABLE 1.

It is noteworthy that, XRD pattern of Co/Al
2
O

3

shows different peaks, peaks at 2è 31.4o, 37o and
59.53o (JCPDS 00-001-1152) were ascribed to cubic
Co

3
O

4
 crystallites[20], in addition to Al

2
O

3
 peaks. The

increase in intensity and sharpness of Al
2
O

3
 peak at

37o, may be due the overlap with the peak assigned to
the cubic Co

3
O

4
 crystallites. No diffraction peak of

CoO, cobalt aluminate or other Co species were found
as reported by Batista et al.[21]. The average crystal
sizes of metals on catalyst surface were 17.9 nm for
NiO and 26.32 nm for Co

3
O

4
 in Ni/Al

2
O

3
 and Co/

Al
2
O

3
 respectively.

(C) High resolution transmission electron micros-
copy

The HRTEM photographs obtained from the pre-
pared samples are shown in Figure 3. Analysis of the
photographs for Ni-Al revealed particles with defined
dimensions with slight contraction of the crystal lattice
due to partial substitution of Al by Ni, having a grain
size ranging from 2-4 nm. Although no separate NiO
phases were discernible by the XRD of Ni-Al, STEM/
EDS elemental mapping (not shown) identified nickel
clusters, which indicate that, the co-precipitation method
lead to incorporation of Ni inside the Al

2
O

3
 matrix. In

Ni/Al and Co/Al systems, two phases are observed,
corresponding to the presence of the Al

2
O

3
 in needle

structure. While nickel oxide and cobalt oxide, present
in crystalline structure as expected by XRD data. In
the two later catalysts, the mean particle size is esti-
mated to be in the range 10�14 nm and 18�22 nm

respectively.

Figure 1 : TGA/DTA profiles of the prepared samples
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Figure 2 : XRD pattern for the prepared catalyst

Figure 3 : TEM image of the prepared catalysts

(D) Surface areas

The nitrogen adsorption�desorption isotherms of

the prepared samples are shown in Figure 4. Ni-Al
sample exhibited IV-type isotherm with H2-type hys-
teresis loop, typical characteristics of mesoporous ma-
terials[22] as shown by BJH pore size distributions and
T-plot represented in Figure 5, which retained well-de-
veloped framework mesopores with narrow pore size
distributions centered at 4nm. While Ni/Al and Co/Al

samples show type II isotherm with H3 hysteresis loop
attributed to slit-shaped pores or plate-like particles
with spaces between the parallel plates.

The values of specific BET surface area, together
with the total pore volumes of the prepared samples
are presented in TABLE 1. Compared with the Ni/
Al

2
O

3
 prepared by impregnation method, Ni-Al

2
O

3

catalyst shows much higher specific surface area and
pore volume, this because in co-precipitation method,
Ni species can be uniformly dispersed and reached to
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Figure 4 : Nitrogen adsorption�desorption isotherms of the prepared samples

Figure 5 : Pore size distributions and T-plot of the prepared samples

atomic or molecular level interaction with support.
While in the case of impregnation method, the disper-
sion of nickel species could block part of pores on
support and resulted in the lower specific surface. On

the other hand, the impregnation by Co has little ef-
fect on the loss of surface area of Al

2
O

3
 (173.142m2/

g), this may be attributed the good dispersion of Co
metal on alumina surface.
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(E) Temperature programmed reduction (TPR)

Continuing to the idea revealed by Chen, et. al.[23],
about the strong metal-support interaction can effec-
tively suppress the formation of deposited carbon; the
TPR results obtain information about the effect of metal
type and preparation method on metal-support inter-
action. The TPR profile for Ni-Al

2
O

3
 catalyst (Figure

6) has only one broad H
2
 consumption peaks with a

maximum at about 850oC, which mainly due to the re-
duction of NiO strongly interacted with the support by
the formation of amorphous nickel aluminate spinel struc-
ture (NiAl

2
O

4
) as shown from XRD data[19]. This strong

metal-support interaction can confine the agglomera-
tion of the active metal and thus avoid metal sintering
during the reaction.

While, the TPR curves for Ni/Al
2
O

3
 catalyst (Fig-

ure 6) showed different broad peaks (250-850oC) with
three distinct regions of temperature. The weakest peak
centered at about 304oC assigned to the reduction of
free NiO. The second broad peak at 415oC was an

indication of surface NiO species weakly interacting
with the support[24,25]. The third peak, at about 712oC,
related to reduction of the stoichiometric and non-sto-
ichiometric nickel aluminate (NiAl

2
O

4
), which are more

difficult to reduce[26]. Those different reduction tem-
peratures were related to the inhomogeneous distribu-
tion of the Ni species in the Al

2
O

3
 support as confirmed

by XRD data. So, the catalyst prepared by co-precipi-
tation method show good Ni dispersion and difficult
reduction degree than that prepared by impregnation
method.

On the other hand, the TPR profile for Co/Al
2
O

3

catalysts show two H
2
 consumption peaks, reflecting a

two-step reduction process (Co
3
O

4
CoOCo0), as

previously described by Jacobs et al.[27]. The reduction
of Co

3
O

4
 to CoO is achieved at 440oC, and the reduc-

tion of CoO to Co0 occurs around 700oC (Figure
2A)[28]. Another small peak at about 840oC may be
due to small amount of Co species that incorporated
(strongly interacted) in the Al

2
O

3
 structure.

Catalytic activity

Akande et al.[29] investigated the effects of catalyst
synthesis method, Ni loading, and temperature on the
catalytic activity of Ni/Al

2
O

3
 catalysts for ethanol re-

forming. In their study, water/ethanol molar ratio of 13:1
was used, representing the actual composition of bio-
ethanol produced by fermentation of biomass. Three

TABLE 1 : Textural properties for the prepared Ni/CeO
2
-

ZrO
2

Catalyst 
BET 

surface area 
m2/g 

Pore 
volume 
cm3/g 

Crystal size 
(metal) 

nm 

Crystal size 
(support) 

nm 
Ni-Al 249.158 0.5665 - 7.2 

Ni/Al 90.939 0.2588 17.9 8.66 

Co/Al 173.142 0.6679 26.32 9.73 

Figure 6 : TPR pattern of the prepared catalysts
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types of preparation methods, namely, co-precipitation,
precipitation, and impregnation, were evaluated. Opti-
mal Ni loading of 15% was found for maximum ethanol
conversion using Ni/Al

2
O

3
 catalyst prepared by co-pre-

cipitation and precipitation methods. For comparison,
Ni loading did not show noticeable effect on Ni/Al

2
O

3

activity when impregnation method was used. Regard-
ing hydrogen production, the catalyst prepared by co-
precipitation with Ni loading of 15% showed the best
performance. In addition, Ni/Al

2
O

3
 prepared by co-

precipitation also showed the highest selectivity of hy-
drogen.

Gasoline conversions and product selectivities for
steam reforming on Ni-Al, Ni/Al and Co/Al catalysts
are summarized in TABLE 2. To avoid the catalyst poi-
soning by sulfur, the used gasoline feed is the desulfur-
ized gasoline fuel (~ 5 ppm sulfur). The main products
of gasoline steam reforming are H

2
, CH

4
, CO, CO

2
,

C
2
H

4
, C

2
H

6
, C

3
H

8
, C

4
H

10
, C

5
H

12
 and other heavy ends.

Several reactions can occur during gasoline steam re-
forming depending on the reaction conditions[30], those
reactions could be the Steam reforming reaction [Eq.
(1)], Water gas shift reaction [Eq. (2)], Methanation of
CO [Eq. (3)], Methanation of CO

2 
[Eq. (4)] and by

considering the reverse of reaction in Eq. (3), the steam
reforming of methane is also considered in this reac-
tion.

Steam reforming (SR):
C

n
H

m
 + n H

2
O  n CO + (n+m/2) H

2
(1)

Water gas shift (WGS):
CO + H

2
O  CO

2
 + H

2
(2)

Methanation of CO:
CO + 3H

2
  CH

4
 + H

2
O (3)

Methanation of CO
2
:

CO
2
 + 4H

2
  CH

4
 + 2H

2
O (4)

Figure 7 shows that, the higher carbon product
(heavy ends) over all reaction temperature is lower on
Co/Al

2
O

3
 than on Ni-Al

2
O

3
 than Ni/Al

2
O

3
,
 
which indi-

cates the higher catalytic activity of Co/Al
2
O

3 
catalyst

in gasoline reforming at lower reaction temperature. The
higher catalytic activity of Ni-Al

2
O

3
 than Ni/Al

2
O

3
, may

be related to, in co-periciptation catalyst Ni species is
much more homogeneously dispersed than that in im-
pregnated one, which is helpful to obtain the small Ni
particle sizes and then enhance the reaction efficiency
in gasoline reforming.

The product distribution as a function of tempera-
ture on all catalysts is compared in Figures 8. Over all
catalyst and over all temperature range the hydrogen
and methane are the major products, while the CO and
CO

2
 exhibited the lowest selectivity.
The selectivity to H

2
 was increase as the tempera-

ture increase over all catalyst to reach maximum value
of 69.88% at 800oC over Co/Al catalyst. Therefore, it
is effective to enhance the selectivity to H

2
 by using Co

instead of Ni as catalyst for gasoline steam reforming.
On the other hand, the Ni-Al

2
O

3
 catalyst is more se-

TABLE 2 : Product distribution from GSR

Product selectivity, mol % 

Ni-AL2O3 Ni/AL2O3 Co/AL2O3 Temp, oC 

500 600 700 800 500 600 700 800 500 600 700 800 

Hydrogen 0.82 15.24 20.28 49.75 10.82 13.11 19.22 36.48 23.64 29.58 44.40 69.88 

Methane 8.16 29.54 48.55 45.25 9.16 17.03 30.97 37.09 65.44 67.29 39.85 10.15 

CO 3.82 1.79 0.71 2.53 1.85 0.84 1.87 6.18 2.72 1.25 13.03 18.14 

CO2 2.35 0.57 0.30 0.50 1.38 4.86 2.89 1.57 1.14 0.33 0.97 0.59 

Ethane 2.78 7.68 4.56 0.43 3.07 3.99 2.65 0.86 0.03 0.01 0.00 0.01 

Ethylene 3.79 14.90 18.49 0.88 3.74 11.06 22.69 9.75 0.01 0.01 0.00 0.01 

Propane 4.29 12.28 4.12 0.08 5.04 9.15 9.45 1.26 0.02 0.01 0.00 0.02 

i-Butane 3.15 0.19 0.02 0.05 2.92 0.24 0.34 1.09 0.04 0.01 0.01 0.00 

n-Butane 1.39 6.78 1.41 0.04 5.63 7.93 5.97 1.47 0.14 0.06 0.08 0.04 

i-pentane 24.98 3.21 0.29 0.05 0.65 12.27 1.47 1.11 0.09 0.03 0.02 0.12 

n-Pentane 8.40 1.34 0.13 0.02 15.79 4.71 0.62 0.59 0.06 0.02 0.01 0.06 

Hexane & heavy end 36.07 6.48 1.15 0.42 39.97 14.80 1.85 2.54 6.67 1.41 1.62 0.98 
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Figure 7 : Selectivity to carbon produced

Figure 8 : Product distribution of gasoline steam reforming over the prepared catalysts

lective to H
2
 than Ni/Al

2
O

3 
catalyst due to the good Ni

desperation in Ni-Al
2
O

3 
than in Ni/Al

2
O

3
 as shown by

XRD data. So, we can clearly find that the product
distribution for steam reforming of gasoline is depen-
dent on both preparation method and metal type. Fig-
ure 9, show the value of H

2
+CO over the prepared

catalysts at all temperature range, from this figure we

can show that the steam reforming reaction is favored
over Co/Al

2
O

3
 catalyst than the other catalysts.

Although, at low temperature all catalyst are more
selective to methane production and the Co catalyst
exhibits more side product of methane than on the Ni
one, as the temperature increase selectivity to meth-
ane was increase over Ni- catalyst and decrease over
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Co-catalyst to reach the lower value 10.15% at 800oC.
And Ni-Al

2
O

3
 produces methane more than Ni/Al

2
O

3
.

For conversion of CO to CO
2
 and production of

more hydrogen, a separated catalyst for water gas shift
reaction is necessary. The water gas shift reaction pro-
ceeds as, CO + H

2
O = CO

2
 + H

2
, the ratio of CO

2
/

(CO+CO
2
) represents the CO conversion for the WGS

reaction. This ratio increases with decreasing tempera-
ture as shown in Figure 10. Therefore, lower tempera-
tures favor the WGS reaction on all of the prepared
catalysts. On the other hand we can show that Ni cata-
lysts favor WGS reaction more than that of Co cata-
lyst. This indicates that Ni/Al catalyst is active not only
for steam reforming of gasoline to form hydrogen, but
also for converting the CO into CO

2
 by the water gas

shift reaction. So in conclusion, hydrogen with high ra-
tios of CO

2
/(CO+CO

2
) is produced from gasoline by

coupling reaction of steam reforming and water gas shift
on Ni/Al

2
O

3
 catalyst at lower reaction temperature. This

also explains why Ni/Al
2
O

3
 catalyst show high hydro-

gen yield at lower temperature than Ni-Al
2
O

3
 catalyst.

From the practical application point of view, high
temperature operation was favorable for obtaining a bet-
ter performance of Co/Al

2
O

3 
catalyst, when the tem-

perature was higher than 600°C, the selectivity of hy-

drogen (H
2
+CO) increased gradually with decrease of

CH
4
. Due to the reforming of CH

4
 (CH

4
 + H

2
O  CO

+ 3H
2
) could produce more hydrogen. In addition, at

high temperature, the steam reforming reaction to form

CO and H
2
 [Eq. (1)] was the dominating reaction whereas

CO
2
 was mainly produced as a secondary product by

WGS reaction. While, Ni/Al
2
O

3
 catalyst can use as a

secondary catalyst for conversion of CO to CO
2
 and

production of more hydrogen by WGS reaction.

Characterization of spent catalysts

It is well known that the stability of any catalysts
depend on metal sintering, kind of deposited carbon
and/or on location of the carbon on the catalyst sur-
face. When carbon deposition occurred, the hydrocar-
bon can be adsorbed on catalyst surface and decom-
posed to carbon atom and carbonaceous atomic groups
which can stay on catalyst surface and block metal at-
oms. Then the metal particle was forced to break away
from the catalyst main body as the carbide grew. Fi-
nally, a carbide pillar formed. Carbon deposition can
block the catalyst active center and micropore then lead
to the decrease of catalytic activity. So, catalyst deacti-
vation caused by carbon deposition is still the biggest
bottleneck in steam reforming reaction. Therefore, it is
necessary and significant to study the carbon deposi-
tion behavior.

(A) Thermo-gravimetric analysis

TABLE 3 shows the amount of carbon deposited
per gram catalysts. Generally, the lower amount of car-
bon deposited over all of the prepared catalysts is mainly
due to in steam reforming process, there is competition
of carbon deposition and carbon elimination. So, high

Figure 9 : H
2
+CO over the prepared catalysts
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Figure 10 : Effect of reaction temperature on CO conversion (or WGSR)

temperature and water feeding favor the carbon con-
version from solid phase to gaseous phase[31]. More-
over, Ni/Al

2
O

3
 catalyst seems to show a better resis-

tance to coke formation, or promoting the gasification
of the carbon deposited on the catalyst surface, fol-
lowed by Ni-Al

2
O

3 
and Co/Al

2
O

3
 catalysts. This result

is greatly consistent with the catalytic activity toward
CO

2
 production, indicating that the current reactions

(carbon gasification) primarily depend on the surface
metal and also on the preparation methods.

TABLE 3 : The amount of carbon formed (g/g catalysts)

Catalysts Weight loss (g/g catalysts) 

Ni/Al2O3 0.3714 

Ni-Al2O3 0.7646 

Co/Al2O3 0.8488 

Figure 11 : TGA profile for nano-Al
2
O

3
 catalyst after 10h gasoline steam reforming
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The carbon deposition state on catalyst surface can
be in the form of nanofiber, but their concrete shapes
can be different due to different catalyst. As shown in
Figure 11, the three catalysts showed different behavior
toward weight loss. A single step degradation was ob-
served over Ni-Al

2
O

3
 catalyst at temperature above

600oC indicating the deposition of carbon in the gra-
phitic form[32,33] While, in case of Ni/Al

2
O

3
 most of car-

bon formed in the form of mono atomic carbon and fila-
mentous coke (lower than 550oC). The mono atomic
carbon is highly reactive and can be easily oxidized at
the surface of catalyst, while the deposited filamentous
carbon is more stable at the surface of nickel and can
oxidized at higher temperatures[34]. This indicates that
the preparation of Ni-Al

2
O

3 
by co-precipitation method

enhance the graphitization degree of the deposit carbon.
However, in Co/Al

2
O

3
 catalyst about 57.74% of

deposited carbon was in the form of mono atomic car-
bon and filamentous coke (lower than 550oC). And
42.26% of deposited carbon was carbon in the high
graphitic form (higher than 600oC), the higher oxida-
tion temperature of this peak (700oC) is due to the for-
mation of carbon nano-fibers beside the CNTs[35], which
is in a good agreement with the TEM data.

(B) Structural and textural parameters of the car-
bon

(a) X-ray diffraction analysis

Figure 12 shows the XRD pattern of spent cata-

lysts after gasoline steam reforming. Ni-Al
2
O

3
 catalyst

show strong peaks at 2  = 26.5o, 42.9o and 53.2 o

representing the (002), (100) and (004) graphitic basal
plane reflection in form of CNTs [ref. JCPDS card (00-
058-1638)], the peak assigned NiAl

2
O

4
 was also ob-

served. It is worth noting that, although the catalyst was
reduced before reaction there isn�t any peak assigned

to the presence of Ni0 metal was observed, this due to
absence of free NiO in the fresh catalyst and the diffi-
cult reducibility of NiAl

2
O

4
 spinel under the reaction

condition. Moreover, the graphitic carbon phase is
prominent compared to the peaks of Al

2
O

3
 support.

For Ni/A
2
O

3
, NiAl

2
O

4
 was observed in addition

to Ni0 (at 2  reflections of 44.5o, 51.7o) and the peak
attributed to NiO phase completely disappeared. The
sharpness and high intensity of Ni0 peaks may be indi-
cating that, the Ni metal sintering unavoidable for this
catalyst under the reaction conditions.

On the other hand, the small intensity of all peaks in
Co/Al

2
O

3
 catalyst may be attributed to the coverage of

the metal site by large amount of carbon deposited or
the pillaring is formed.

(C) Raman of spent catalysts

Raman spectra in the high wavenumber region for
the three spent catalysts are shown in Figure 13. All
spectra had two bands, the first band is between 1200
and 1450 cm-1 (D-band) is associated to the disorder-
induced vibration of C-C bond[36]. The second band is

Figure 12 : XRD pattern for the spent catalysts
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between 1500 and 1700 cm-1 (G-band) is related to
the C-C vibration of the carbon material with sp2 or-
bital structure[37]. The G-band is a graphitic band pro-
duced by the high degree of symmetry and order of
these graphitic carbon materials, it provides informa-
tion about the electronic properties of the filamentous
carbon and is used to identify well-ordered CNTs[38,39].

These findings suggest that the carbon species found
on the surface of the catalysts tested in gasoline steam
reforming consisted of deactivating (encapsulated car-
bon) and non-deactivating carbon (whisker car-
bon)[36,37], whose origins are diverse[40].

From Figure 13 we can noted that the intensities of
the two bands were very high for Co/Al

2
O

3
 catalysts

compared to Ni/Al
2
O

3
 one, and the intensity of the two

bands were almost symmetric in Ni/Al
2
O

3
, which means

that, in case Ni/Al
2
O

3
 the carbon filaments was coex-

isted with amorphous carbon. While, in case of Co/
Al

2
O

3
, the high intensity of the D-band means that Co/

Al
2
O

3
 lead to rapid activity loss due to more deposition

of amorphous carbon, followed by a high selectivity for
polymeric encapsulated carbon[41]. And the existence
of small broad band at about 1750cm-1 (namely D/-
band) suggested the presence of defective multi-walled
carbon nanotubes (MCNT).

(D) High resolution transmission electron micros-
copy

The three catalysts were analyzed by TEM to gain
a deeper insight into the type of carbon deposited on
the surface. TEM images for Ni/Al

2
O

3
, Ni-Al

2
O

3
 and

Co/Al
2
O

3
 catalysts after 10h of gasoline steam reform-

ing reaction are presented in Figure 14. The catalysts
show coke formation with different morphologies. The

Figure 13 : Ramman spectra of the spent catalysts

Wave number Cm-1

Figure 14 : TEM image of spent Ni-Al
2
O

3
 catalyst
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image of Ni-Al
2
O

3
 reveals that, the carbons are not

concentric to the internal empty tube but rather opaque
nano-rod. However, TEM images of the spent Ni/Al

2
O

3

catalysts reveal the formation of amorphous carbon in
addition to CNTs with Ni particles at the top of the
tubes (indicated by the red circle in Figure 15). In the
case of Co/Al

2
O

3 
catalyst (Figure 16), Web-like

micrometre long CNTs partially covering the catalyst
particle surface can be clearly observed. The figure also
reveals the formation of carbon nano-fiber beside CNTs
as confirmed by high oxidation temperature in thermal
analysis data.

CONCLUSION

Preparation of Ni supported nano-alumina catalyst
by co-precipitation method (Ni-Al

2
O

3
) exhibit high spe-

cific surface area, small Ni particle sizes, strong metal-
support interaction and high Ni dispersion degrees,
which make them an ideal material for catalytic steam
reforming of gasoline with respect to that prepared by
impregnation method (Ni/Al

2
O

3
). Ni-Al

2
O

3 
showed

higher H
2
/CO ratio and lower CO

2
/CO+CO

2
 ratio than

the impregnation catalyst at all reaction temperature.
Moreover, the use of Co instead of Ni shows most
reactivity toward hydrogen production (highest H

2
/CO

and lowest CO
2
/CO+CO

2
). On the other hand, char-

acterization of spent catalysts revealed that only limited
graphitic carbon was found on the surface of the Ni-
Al

2
O

3
 catalyst, and amorphous carbon (with mono

atomic and filamentous morphology) covered most of
the surface of the impregnation catalyst. The formation
of Ni crystallites with NiAl

2
O

4
 is suggested to be an

important factor in slowing Ni particle growth and coke

Figure 15 : TEM image of spent Ni/Al
2
O

3
 catalyst

Figure 16 : TEM image of spent Co/Al
2
O

3
 catalyst
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formation. However, over Co/Al
2
O

3
 massive depos-

ited carbon was in form of mono atomic carbon and
filamentous coke while, small amount was graphitic car-
bon in form of carbon nano-fibers beside the CNTs.
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