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AbstractThe effects of nickel loading and type of promoter on the performance of xNi/MgAl2O4 (x=5, 10, and
15 wt%) and 10Ni-3M/MgAl2O4 (M=Ce, La, Cu, Fe) catalysts, respectively, in steam reforming of propane (SRP) were
investigated. The catalyst support (MgAl2O4) was synthesized by co-precipitation method with a MgO/Al2O3 mole ratio
of 1.0. The catalysts were then prepared by impregnation of nitrates of nickel and promoters on the support. The cata-
lysts were characterized by the XRD, nitrogen adsorption-desorption, TPR, SEM, EDX mapping, and TGA, and the
SRP performance was evaluated in a fixed bed reactor at reaction temperature=500-700 oC, pressure=1 atm, C3H8 : N2 :
steam feed ratio=1 : 1 : 3, and GHSV=30,000 ml/(h·gcat) during 420 min time on stream. The results indicated that
C3H8 conversion, H2 yield, and catalyst stability varied significantly with nickel loading and type of promoter in the cat-
alyst. The 10Ni/MgAl2O4 catalyst showed highest C3H8 conversion (78%), H2 yield (49%), and stability (96%) as com-
pared to the other unpromoted catalysts due to optimum nickel loading and less carbon deposition. Moreover, cerium
promoter remarkably enhanced the performance of 10Ni-3Ce/MgAl2O4 catalyst (C3H8 conversion=93%, H2 yield=60%,
and stability=100%) via more coke gasification in the course of SRP reaction.
Keywords: Propane Steam Reforming, Ni/MgAl2O4, Cerium, Lanthanum, Cupper, Iron

INTRODUCTION

The use of fossil fuels has led to tremendous environmental con-
cerns, including air pollution and global warming. This has moti-
vated the search to find new sources of clean energy. Hydrogen, as
an environmentally friendly source of energy, has attracted much
attention from both academic and industrial sectors [1,2]. Among
all existing methods to produce hydrogen, reforming processes of
hydrocarbons such as steam reforming [3,4], dry reforming [5],
autothermal reforming [6], and partial oxidation [7] are very prom-
ising to achieve high yield of hydrogen, considering the type of cat-
alysts used in these methods. Steam reforming of methane has proven
to be very efficient large scale commercial process of hydrogen pro-
duction [8]. However, considerable interest has recently been paid
to using propane as a hydrogen source, especially for fuel cell applica-
tion due to its easy storage and transportation [9]. Hydrogen pro-
duction through main propane steam reforming (SRP) reaction
(Eq. (1)) and side water gas shift (WGS) reaction (Eq. (2)) are
shown in the following:

C3H8+3H2O3CO+7H2 (1)

CO+H2OCO2+H2 (2)

The reaction pathways in SRP show complexity in product forma-
tion and distribution. Propane dehydrogenation (Eq. (3)) and CO
disproportionation (Boudouard reaction) (Eq. (4)) occur with SRP

simultaneously or subsequently, contributing to by-products for-
mation. These are undesirable reactions as a result of manufactur-
ing carbon deposits and whiskers [10,11]. Thus, there is a need to
attain an understanding of the reaction mechanism and use effi-
cient catalysts to control the reactions pathways.

C3H8CH4+2C (s)+2H2 (3)

2CO C+CO2 (4)

Although noble metal-based catalysts have shown superior perfor-
mance in steam reforming of hydrocarbons compared to base metal
counterparts, their application is limited by high cost and low avail-
ability [12-14]. Thus, many efforts have been devoted to find high-
performance and low-cost base metal catalysts, particularly nickel-
based, as substitutes for noble metals. Despite many advantages of
Ni such as high hydrocarbon conversion and H2 yield, its draw-
backs need to be addressed before it can be utilized in industrial
applications. It is vulnerable to carbon (or coke) deposition and suf-
fers from sintering at high reaction temperatures which decrease
catalyst lifetime.

Moreover, alumina-supported catalysts used in steam reforming
processes should possess high chemical stability. Since the acidic sites
of the alumina surface contribute to coke formation, it is indispens-
able to use promoters which can improve water adsorption and
OH surface mobility, hence increasing coke gasification on the cat-
alyst surface [15]. Many attempts have been made to increase the
stability of Ni-based catalysts by loading promoters, while preserv-
ing the activity and hydrogen selectivity in the course of SRP [16-
18]. Also, it has been reported that alkali metal oxides, such as
MgO, can enhance the resistance to coke formation by neutraliz-
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ing the acidity of alumina support [19,20]. Matsuka et al. [21] evalu-
ated the performance of 10 wt% Ni loaded on SiO2, CeO2, Al2O3

supports as catalysts of SRP. They found that Al2O3 yielded a sig-
nificantly higher C3H8 conversion compared to the other supports;
however, H2 yield was slightly less than that when CeO2 was used
as the Ni support. Ni/MgAl2O4 hydrotalcite-like and Ni/Al2O3 cat-
alysts in the SRP were compared by Lee et al. [22]. They observed
that spent Ni/MgAl2O4 had lower weight loss than the Ni/Al2O3 in
TGA analysis as a consequence of less carbon deposition caused
by reduced acid site density. Kim et al. [23] reported similar results
and investigated the effects of Ce promoter on both Ni/Al2O3 and
Ni/MgAl2O4 catalysts. They attributed the higher C3H8 conversion
and H2 yield to the smaller particle size and improved reducibility
of Ni active phase in the presence of Ce promoters. Kim et al. [24]
examined the role of Fe oxide as a promoter to improve the life-
time of Ni/Al2O3 catalyst. It was indicated that catalyst stability and
H2 selectivity were increased by Fe oxide promoter through dimin-
ished coke deposition. Higher dispersion and smaller crystallite
size of Ni for the La-promoted Ni/MgAl2O4 catalysts compared to
the unpromoted catalyst were observed by Park et al. [25]. They
attributed their discoveries to the strong metal-support interaction
and better resistance to sintering, which can retain high surface area
of catalyst and Ni dispersion. Moreover, they showed that loading
of La suppressed the agglomeration of Ni particles and found an
optimum loading of La as 3%wt. Iulianelli et al. [26] reported that
CO concentration decreased by 50% when Cu was loaded on a
Cu/ZnO/Al2O3 catalyst which, in turn, increased H2 purity of the
product. Similar results by Vizcaino et al. [27] demonstrated that
loading of Cu on Ni-based catalysts diminished coke deposition in
methanol steam reforming. Khzouz et al. [28] also reported that
introduction of Cu in the catalyst formulation prohibited the Ni
active phase from coke deposition and sintering in a steam reform-
ing reaction.

To the best of our knowledge, only a few researches have been
carried out on MgAl2O4-supported Ni catalysts in the SRP [22,23,
29], and there are no new studies on the application and compari-
son of Ce-, La-, Fe-, and Cu-promoted Ni/MgAl2O4 catalysts in
the SRP. Therefore, our principal objective was to investigate the
effects of the aforementioned promoting on the activity, H2 yield,
and stability of the Ni/MgAl2O4 catalyst and try to enhance the
catalyst performance.

EXPERIMENTAL

1. Preparation of Catalysts
xNi-yM/MgAl2O4 catalysts (M=La, Ce, Cu, Fe) were prepared

via a multi-step procedure. The MgAl2O4 support was synthesized
by co-precipitation method with a MgO/Al2O3 mole ratio=1.0. To
adjust the pH of the aqueous solution of Al(NO3)3·9H2O (Merck)
and Mg(NO3)2·6H2O (Merck) at approximately 10.5, NaOH was
gradually added with stirring. The mixture was then agitated for
4 h at 65 oC. Afterward, the precipitate was washed with deionized
water until a pH of about 7.0 was reached. The catalyst sample was
dried for 12h at 100 oC and calcined for 4h at 700 oC (heating rate=
5 oC/min). An aqueous solution of Ni(NO3)3·6H2O (Merck) and pro-
moter precursors such as La(NO3)3·6H2O, Ce(NO3)3·6H2O, Cu(NO3)2·

3H2O, and Fe(NO3)3·9H2O were loaded on an appropriate amount
of the prepared support using a wet impregnation process. The
solution was mixed at 60 oC until evaporation of the water was
completed. The sample was dried at 100 oC for 12 h and then cal-
cined for 4 h at 700 oC with a heating rate of 5 oC/min.
2. Characterization of Catalysts

X-ray diffraction (XRD) patterns of the as-synthesized catalysts
were obtained using a PW17C Philips apparatus equipped with
CuK radiation (=1.54056 Å) over a scanning range of 2=10-
80o. N2 adsorption-desorption isotherms were measured by a
BELSORP-minill apparatus at 196 oC. BET surface area, BJH pore
size distribution, and pore volume of fresh catalysts were acquired
by the analysis of nitrogen desorption isotherm. Temperature-pro-
grammed reduction (TPR) experiments were applied on 50 mg of
each catalyst placed in a U-shaped quartz reactor to assess the cat-
alyst reducibility with a NanoSORD NS91 (Sensiran Co.) appara-
tus. The catalyst was degassed in a flow of 10 sccm Ar at 300 oC
for 1 h. Then, the catalyst was reduced by 10 sccm gas flow with
5% H2/Ar and 10 oC/min heating rate. Scanning electron micros-
copy (SEM) images and EDX of the samples were recorded on a
Vega and Mira3 Tescan operated at 30 kV and used to character-
ize the catalysts morphologies and carbon deposited on the cata-
lysts, BSE Detector for elemental mapping. The amount of carbon
deposited on spent catalysts was quantified by thermogravimetric
thermal analysis (TGA) using an STA504 apparatus. The sample
was placed in a chamber and heated from room temperature to
800 oC under an air atmosphere (heating rate=10 oC/min).
3. Evaluation of Catalysts Activities

SRP performance of catalysts was evaluated in a fixed-bed quartz
reactor (I.D.=11 mm) at a pressure of 1 atm. About 200 mg of each
sample was loaded into the reactor, reduced at 700 oC for 3 h in a
H2 flow of 30 ml/min (heating rate: 5 oC/min). Afterward, reduc-
ing gas was switched to the reaction gas mixture with a molar ratio
of C3H8 : N2 : H2O=1 : 1 : 3. The reaction products were analyzed
online by a Thermofinnigan (KAV00109 series) gas chromatograph
with flame ionization (FID) and thermal conductivity (TCD) detec-
tors after passing through a cold water trap. A schematic diagram
of the activity measurement set-up is shown in Scheme S1. To cal-
culate the C3H8 conversion, H2 yield, and catalyst deactivation, the
following equations were used:

(5)

(6)

(7)

where, Xi, Fi
in, and Fi

out are the conversion, molar flow rates of com-
ponent i in the feed and product, respectively.

RESULTS AND DISCUSSION

1. Characterization of Fresh Catalysts
XRD patterns of the calcined xNi/MgAl2O4 catalysts with dif-
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ferent loadings of Ni (x=5, 10, and 15) are shown in Fig. 1. The
main peaks appearing at 2=37o, 45o, and 66o can be ascribed to
(311), (400), and (440) planes of MgAl2O4 spinel, respectively, and
the peak attributed to 10Ni-3Ce/MgAl2O4 catalyst in 2=28o is
referred to CeO2 phase [30]. No peaks corresponding to NiO were
observed for the 5Ni/MgAl2O4 samples. This may be attributed to
the small crystallite sizes of NiO which were below the detection
limit of the apparatus. On the other hand, more intense NiO peaks
were detected for the 10Ni/MgAl2O4 and 15Ni/MgAl2O4 materi-
als, which are likely due to the growth of NiO crystallites [31]. That
is, with increasing Ni loading in the synthesis process, the num-
ber of metal oxide phase increases on the surface of the catalyst
and it might be responsible for later agglomeration of the NiO
particles after calcination at high temperature, contributing to form
an intense peak at around 2=44o. As can be observed from Fig.
1, adding 3 wt% of La, Ce, Cu, and Fe promoters to the 10Ni/

MgAl2O4 sample decreased the peak intensities of NiO in the
10%Ni-3%M/MgAl2O4 catalysts. These promoters may inhibit ag-
glomeration of NiO nanoparticles and, therefore, improve their
dispersion on the surface of support [32]. Previous reports con-
firmed that the activity of Ni-based catalysts is attributed to the
crystalline size of Ni [33]. Therefore, more resistant SRP catalysts
to the high temperatures of calcination, reduction, and reaction steps
are desired. The most intense reflections were used to estimate the
average crystallite size of materials using the Scherrer formula (Eq.
(8)) and the results are shown in Table 1.

(8)

where, , ,  are the CuK X-ray wavelength (0.154 nm), full width
half maximum (FWHM), and Bragg angle, respectively.

Fig. 2 illustrates N2 adsorption-desorption isotherm and pore
size distribution (PSD) of calcined catalysts. The synthesized cata-
lysts revealed PSD profiles over the range of 2 to 35 nm. All the N2

adsorption-desorption isotherms of catalysts were categorized as
type IV with H2 hysteresis loops according to IUPAC classification.
Their shapes suggest the formation of non-uniform mesoporous
structures, and BJH analyses illustrate narrow pore size distribu-
tions [34]. The textural properties of catalysts are listed in Table 1.

D  
0.9
 cos
--------------

Fig. 1. XRD patterns of calcined catalysts.

Table 1. Textural properties of calcined catalysts

Catalyst
Surface

area
(m2/g)

Pore
volume
(cm3/g)

Pore
diameter

(nm)

Crystallite
size

(nm)
5Ni/MgAl2O4 104 0.47 4.6 10.0
10Ni/MgAl2O4 104 0.38 6.9 11.0
15Ni/MgAl2O4 078 0.32 8.0 14.0
10Ni-3La/MgAl2O4 094 0.34 6.9 7.
10Ni-3Ce/MgAl2O4 101 0.31 3.2 6.
10Ni-3Cu/MgAl2O4 092 0.34 5.3 7.
10Ni-3Fe/MgAl2O4 084 0.34 5.3 09.5

Fig. 2. (a) Pore size distributions and (b) N2 adsorption-desorption isotherms of calcined catalysts.
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As can be seen, 5%Ni/MgAl2O4 and 10%Ni/MgAl2O4 samples have
the same specific surface areas. However, the excess addition of Ni
to 15% decreased the specific surface area as a consequence of more
blockages of the pores of support during Ni loading [29]. Intro-
ducing La, Cu, and Fe to the 10Ni/MgAl2O4 catalyst decreased the
specific surface area. This may be ascribed to the fact that these
promoters have little contribution to the specific surface area, result-
ing in a dilution effect. In addition, the blockage of pores by pro-
moters can cause more loss of surface area [35]. However, such a
reduction was not observed for the Ce-promoted catalyst. This is
in agreement with the previously reported findings that introduc-
ing Ce in a range of 0-5 wt% did not markedly affect the surface
area of the catalyst, although higher loadings of Ce may have had
a detrimental effect on it [8,23,32].

To survey the effects of loading of various promoters (Ce, La,
Cu, and Fe) on the reducibility of NiO and interaction between
metal phase and support, TPR analysis was performed with selected
calcined catalysts, as illustrated in Fig. 3. For the sake of compari-
son, the TPR analysis of the pure Ni/MgAl2O4 sample (Fig. 3(a))
has also been included. All the samples show two peaks at about
350-550 oC and 700-900 oC regardless of the promoter loading. The
TPR peak at around 350-550 oC is ascribed to NiO reduced to Ni
metal Phase, which has a low or moderate degree of interaction
with MgAl2O4 structure. Hence, this peak is assigned to H2 con-
sumption by surface nickel oxide [36]. In addition, the main reduc-
tion peak of active metal on the promoted and unpromoted catalysts
was determined to be at about 700-900 oC, which could be attributed
to the reduction of NiO which strongly interacted with MgAl2O4

support and the reduction of NiAl2O4 complex [37]. The main alter-
ation in the TPR profiles is the position of maximum reduction
temperature of NiO. Note that the loading of Ce and La to the pure
Ni/MgAl2O4 catalyst improved the reducibility of the catalysts. For
the Ce- and La-promoted catalysts, the maxima of the reduction
peaks moved to a lower temperature, thus representing the higher
reducibility of the sample. This might be due to the strong metal-
support interaction between highly dispersed Ni and MgAl2O4

support, as concluded by previous researches [30,38]. For the Cu-
and Fe-promoted samples, the TPR peak detected at 200-250 and
the shoulder between 500 and 550 are assigned to reduction of highly

dispersed CuAl2O4 and CuO phase and iron surface species (Fe2O3

and FeO), respectively, which proposes that Cu and Fe surface com-
ponents may be easily reduced [39,40].

SEM photo and elemental mapping of calcined 10Ni-3Ce/
MgAl2O4 catalyst are given in Fig. 4. Consistent with the SEM
image, it may be concluded that Ce existing among the Ni parti-
cles inhibited the strong accumulation of active metal. Element
mapping of the 10Ni-3Ce/MgAl2O4 catalyst showed that the com-
ponents, Mg, Al, Ni, Ce, and O, were regularly dispersed all over
the catalyst and their element concentrations were acceptable as
expected, referring to their individual color. As observed in Fig. 4,
loading Ce on 10Ni/MgAl2O4 catalyst enhances Ni particle distri-
bution, contributing to the formation of smaller and more uniform
particles. In addition, Ce-promoted catalyst depicted that a certain
composition of Ce might suppress the excess growth of Ni parti-
cles. To be exact, Ce may effectively improve the Ni sinter stability

Fig. 3. TPR analysis of calcined catalysts. (a) 10Ni/MgAl2O4, (b) 10Ni-
3Ce/MgAl2O4, (c) 10Ni-3La/MgAl2O4, (d) 10Ni-3Fe/MgAl2O4,
(e) 10Ni-3Cu/MgAl2O4.

Fig. 4. SEM-mapping of representative sample, 10Ni-3Ce/MgAl2O4.
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in the 10Ni-3Ce/MgAl2O4 catalyst during the calcination process.
In addition to SEM-mapping, energy dispersive X-ray (EDX)

was applied to evaluate the chemical composition of the selected
catalysts, as depicted in Table 2. Besides, in the XRD measurement,
it was often impossible to observe the different phase peaks due to
similar patterns, peaks overlap, and low loading. Therefore, we used
the results of EDX to exhibit the existence of these elements, Ni,
Mg, Al, Ce, Fe, Cu, and La. Furthermore, actual loading of elements
determined with EDX confirmed the used weight fractions in cat-
alyst preparation, validating the way of synthesizing.
2. Effects of Ni Loading and Promoters on the SRP Perfor-
mance

The effects of different loadings of Ni in the xNi/MgAl2O4 (x=
5, 10, and 15 wt%) catalysts and the influences of various promot-
ers, i.e., M=La, Ce, Cu, and Fe, on the C3H8 conversion, H2 yield,
and stability of catalysts, were examined at 600 oC, C3H8 : H2O : N2

mole ratio=1 : 3 : 1 and GHSV=30,000 ml/(h·gcat) for 420 min on
stream. As shown in Fig. 5, C3H8 conversion and H2 yield (Fig. S1)
significantly increased with increasing Ni loading from 5 to 15
wt%. The 5Ni/MgAl2O4 sample showed the lowest C3H8 conver-
sion of about 34%, which was likely due to the least amount of Ni
active phase loaded. Extra loading of Ni to 10 and 15 wt% may
improve the number of active sites [41] and so the C3H8 conver-
sion and H2 yield increased for these catalysts. Although, the ini-
tial activity of 15Ni/MgAl2O4 was superior to catalysts with 5 and
10 wt% Ni, it displayed more loss of activity with time on stream
due to more coke formation on the surface. This is confirmed by
SEM and TGA analyses. The highest stability was observed for
10Ni/MgAl2O4 during 420 min of SRP reaction. Therefore, the
loading of Ni was set to 10 wt% for the rest of this study. Deposi-
tion of carbon on the surface of the Ni catalysts during the SRP
process is one the most important issues to be addressed. One of

the promising methods to enhance stability is to add metal (oxide)
promoters to Ni catalysts. Among the promoted catalysts, Ce- or
La-containing Ni/MgAl2O4 catalysts had the highest performance.
Ce and La may inhibit the sintering of Ni crystallites and suppress
reoxidation of Ni active sites in the course of SRP [11,42]. More-
over, the improved performance of Ce- and La-containing catalyst
could be related to lower carbon deposited on the catalyst surface
caused by more adsorption of water and oxygen storage capacity
of these metal oxides. As an oxygen donor, Ce and La oxide may
release oxygen atoms, which could be consumed by the deposited

Table 2. Atomic compositions of calcined 10Ni-xM/MgAl2O4 samples determined by EDAX

Materials/Element
Atomic compositions (wt%)

O Mg Al Ni Ce La Cu Fe
10Ni/MgAl2O4 50.33 11.38 27.48 10.81 - - - -
10Ni-3Ce/MgAl2O4 47.29 12.92 26.86 09.83 3.09 - - -
10Ni-3La/MgAl2O4 49.11 11.62 26.18 10.30 - 2.80 - -
10Ni-3Cu/MgAl2O4 52.00 11.35 24.54 09.46 - - 2.64 -
10Ni-3Fe/MgAl2O4 45.80 11.85 27.59 11.70 - - - 3.07

Fig. 5. C3H8 conversion of catalysts as a function of time. Reaction
conditions: reaction temperature=600 oC, C3H8 : N2 : steam=
1 : 1 : 3, GHSV=30,000 ml/h·gcat.

Table 3. Reaction comparison for steam reforming of propane at 600 oC

Catalyst
C3H8 conversion (%) H2 yield (%) Selectivity (%)

C3H8 H2 CO CH4 CO2

5%Ni/MgAl2O4 34% 30% 47% 07% 46%
10%Ni/MgAl2O4 78% 49% 23% 25% 52%
15%Ni/MgAl2O4 84% 53% 26% 41% 33%
10%Ni-3%La/MgAl2O4 88% 59% 20% 21% 59%
10%Ni-3%Ce/MgAl2O4 93% 60% 19% 21% 60%
10%Ni-3%Cu/MgAl2O4 82% 39% 26% 16% 57%
10%Ni-3%Fe/MgAl2O4 70% 40% 27% 33% 40%
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carbon as oxygen acceptor, hence gasifying it into volatile species
such as CO and CO2. Furthermore, loading of Ce in SRP cata-
lysts could inhibit the formation of carbon filaments on the cata-
lyst surface by reducing deposition of carbonaceous species into
Ni particles, validated by SEM and TGA analyses [42,43]. Ce and
La may also improve the dispersion of the Ni catalyst, hence dimin-
ishing the carbon deposited on the surface. It has been reported
that the addition of La promoter to supported Ni catalysts may
inhibit the agglomeration of Ni particles through strong metal-
support interaction (SMSI) which increases catalyst thermal stabil-
ity [25,44]. As shown in Fig. 5, Fe-promoter had the lowest C3H8

conversion, H2 yield (Fig. S1) as well as stability among all pro-
moted catalysts. The loading of Fe may cause the formation of dif-
ferent alloys with Ni active sites, so that these phases were less active
in SRP reaction [45]. Furthermore, Fe and Cu can play a role as an
oxygen acceptor. Therefore, adding Fe and Cu to Ni active phase
may increase carbon deposition on Ni via more consumption of
oxygen donated by MgAl2O4 support [36,46,47].

The initial C3H8 conversion, initial H2 yield, and selectivity to
C-containing products (CO, CO2, and C4H8) of SRP over promoted

Fig. 6. C3H8 conversion of catalysts as a function of reaction tempera-
ture. Reaction conditions: C3H8 : N2 : steam=1 : 1 : 3, GHSV=
30,000 ml/h·gcat.

Fig. 7. SEM images of spent catalysts. (a) 5Ni/MgAl2O4, (b) 10Ni/MgAl2O4, (c) 15Ni/MgAl2O4, (d) 10Ni-3La/MgAl2O4, (e) 10Ni-3Ce/MgAl2O4,
(f) 10Ni-3Cu/MgAl2O4 and (g) 10Ni-3Fe/MgAl2O4.
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and unpromoted Ni/MgAl2O4 catalysts at 600 oC and S/C=3 are
summarized in Table 3. As depicted in Table 3, with increasing Ni
loading from 5 to 15 wt%, C3H8 conversion and H2 yield increase
and reach a maximum (C3H8 conversion and H2 yield at 84 and
53%, respectively) among unpromoted samples. In addition, the
loading of various promoters also has a noticeable effect on the
performance of 10Ni/MgAl2O4 catalysts. The CO2 selectivity in SRP
by-products increased with a decline in CH4 selectivity in promoted
and pure 10Ni/MgAl2O4 catalyst, as described in Table 3. Besides,
7% CH4 selectivity is seen for low Ni loaded 5Ni/MgAl2O4 catalyst.

The effects of SRP reaction temperature, 500, 550, 600, 650, and
700 oC, on the performance of 10Ni-3M/MgAl2O4 (M=Ce, La,
Cu, Fe) catalysts are displayed in Fig. 6. All tests were carried out
at steam/carbon mole ratio=3, and GHSV=30,000 ml/h·gcat. The
results demonstrated that increasing reaction temperature increased
the initial C3H8 conversion and H2 yield (Fig. S2) as a consequence
of accelerated catalytic reforming of hydrocarbons at higher tem-
peratures. Therefore, maximum activity of all samples was obtained
at the highest SRP reaction temperature (700 oC). Note that high
temperature diminishes coke formation during SRP by reactions
such as reverse Boudouard reaction (2CO CO2+C), which is
more desired at low temperatures. Therefore, catalysts are more
susceptible to carbon deposition at low temperatures [48].

SEM images of spent catalysts are presented in Figs. 7(a)-(g). It
can be observed that increasing loading of Ni from 5.0 to 15.0
wt% considerably increased the amount of carbon filaments depos-
ited on the catalyst surface. As illustrated in Fig. 7, the carbon fila-
ments grew in dissimilar size distributions and distinct morphologies
(whiskers and maybe spirals) depending on the type of the pro-
moter loaded on the catalyst [11,49]. It is plausible that the surface
of base metals such as Ni crack C-H and C-C bonds of reacting
molecules or intermediates, which results in the growth of carbon
filaments on the metal surface [50]. The low activity of the 5% Ni/
MgAl2O4 sample is likely due to the low Ni loading. Increasing the
loading of Ni to 15% augmented both the amount and diameter
of deposited carbon filaments. This may be attributed to the for-
mation of larger Ni particles on which growth of carbon filament
is more facilitated [29]. As shown in Fig. 7, no carbon filaments
could be detected on the Ce- and La-promoted catalysts after 420
min time on stream. It is known that loading of La strongly sup-
presses the coke formation during steam reforming reaction, hence
enhancing the catalyst stability [42]. Moreover, the loading of Ce
may enhance Ni dispersion through physical or chemical interac-
tions. Ce donates more oxygen atoms to the coke deposited on the
Ni surface [51,52]. Consequently, it is oxidized to CO and CO2,
decreasing the deposited carbon on the surface of catalyst. SEM
images of Fe- and Cu-promoted Ni/MgAl2O4 catalysts revealed that
coke formation was boosted on these catalysts, probably because
of the less amount of surface oxygen atoms available for complete
oxidation of the deposited coke. Cu-containing catalysts usually
suffer from deactivation caused by sintering and agglomeration of
Cu particles when temperatures are over 300 oC. Therefore, exces-
sive sintering of Cu particles most likely happened in 10Ni-3Cu/
MgAl2O4 catalyst due to high temperatures of calcination, reduc-
tion and SRP reaction [53,54]. This may explain the lower C3H8

conversion and H2 yield observed for this catalyst.

The results for TGA analyses of spent catalysts are shown in
Fig. 8. According to the TGA profiles, the amount of coke increased
with increasing Ni loading on the catalyst. The weight loss for 5Ni/
MgAl2O4, 10Ni/MgAl2O4, and 15Ni/MgAl2O4 was approximately
12, 17, and 48%, respectively. The maximum and minimum weight
losses were observed for 10Ni-3Fe/MgAl2O4 (~37%) and 10Ni-3Ce/
MgAl2O4 (~8.4%) samples, respectively, which were in good agree-
ment with the stability results observed for catalysts during SRP
tests and the SEM images. The slow weight loss at low tempera-
tures may be ascribed to the removal of moisture in pores and
oxidation of amorphous carbon on of the catalysts. However, the
weight loss above ~400 oC may be attributed to oxidation of car-
bon filaments to CO and CO2 [55].

CONCLUSION

xNi-yM/MgAl2O4 catalysts, which have dissimilar NiO particle
size, metal oxide distribution, and Ni metal phase interaction with
support, were synthesized using co-precipitation and co-impreg-
nation methods to be examined in SRP. XRD, N2 adsorption-de-
sorption, TPR, and SEM-EDS analysis showed the distribution of
Ni metal species, differences in specific surface area in excess Ni
loaded and promoted catalysts, as well as the existence of NiAl2O4

complex on the MgAl2O4 support. The results indicated that in-
creasing loadings of Ni in the range from 5 to 15wt% significantly
affected C3H8 conversion, H2 yield, and catalyst stability. With increas-
ing Ni loading from 5 to 10 wt%, the C3H8 conversion, H2 yield,
and catalyst stability increased, while the more addition of Ni to
15 wt% resulted in the maximum loss of activity after 420 min of
SRP due to coke formation. Besides, Ce-promoted catalyst displayed
the highest C3H8 conversion (93%), H2 yield (60%), and stability
(100%), while the Fe-containing sample exhibited poor perfor-
mance. SEM and TGA analyses confirmed that the loss of activity
was attributed to coke formation on the catalyst surface. Forming
larger Ni particles weakened the interaction between Ni particles

Fig. 8. TG analysis of spent catalysts. Reaction temperature=600 oC,
C3H8 : N2 : steam=1 : 1 : 3, GHSV=30,000 mL/h·gcat.
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and MgAl2O4 support in high Ni loaded and Fe-promoted cata-
lysts, hence introducing a very unstable catalyst, deactivated by either
surface oxidation or carbon deposition. The incorporation of Ce
to the catalysts confirmed to be useful due to the improvement in
resistance against deactivation, which donated to Ni-based cata-
lysts by Ce promoter. To be exact, Ce may improve gasification of
coke (precursors) via oxidation reactions enhanced by enriched
water adsorption, high oxygen storage capacity, and redox proper-
ties as well as the dispersing effect that resulted in the higher amount
of surface nickel active sites. According to the high performance of
Ce promoted catalyst against coke formation, the lessened carbon
formation on the catalyst surface might be due to the fact that the
well distributed small Ni particles in intimate contact with the sup-
port matrix led to a strong metal-support interaction.

SUPPORTING INFORMATION

Additional information as noted in the text. This information is
available via the Internet at http://www.springer.com/chemistry/
journal/11814.
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Scheme S1. Experimental set-up for catalyst activity measurements.

Fig. S1. H2 yield of catalysts as a function of time. Reaction condi-
tions: reaction temperature=600 oC, C3H8 :N2 :steam=1:1:3,
GHSV=30,000 ml/h·gcat.

Fig. S2. H2 yield of catalysts as a function of reaction temperature.
Reaction conditions: C3H8 :N2 :steam=1:1:3, GHSV=30,000
ml/h·gcat.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for journal articles and eBooks for online presentation. Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


