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Abstract Hydrogen has been attracting great interest as a
major energy source in near future. The lack of an infra-
structure has led to a research effort to develop fuel
processing technology for production of hydrogen. In this
review, we are reporting the catalytic reforming of gaseous
hydrocarbons carried out in our research group, covering
dry-reforming of CH,4, tri-reforming of CHy, the electro-
catalytic reforming of CH, by CO, in the SOFC (solid
oxide fuel cell) system and steam reforming of LPG.
Especially, we have focused on our work, though the
related work from other researchers is also discussed
wherever necessary. It was found that tri-reforming of CH,4
over NiO-YSZ-CeO, catalyst was more desirable than
dry-reforming of CH,4 due to higher reforming activity and
less carbon formation. The synthesis gas produced by tri-
reforming of CH, can be used for the production of
dimethyl ether, Fischer—Tropsch synthesis fuels and high
valued chemicals. To improve the problem of deactivation
of catalyst due to carbon formation in the dry reforming of
CH,4, the internal reforming of CH4 by CO, in SOFC sys-
tem with NiO-YSZ-CeO, anode catalyst was suggested
for cogeneration of a syngas and electricity. It was found
that Rh-spc-Ni/MgAl catalyst showed long term stability
for 1,100 h in the steam reforming of LPG under the tested
conditions. The addition of Rh to spc-Ni/MgAl catalyst
restricted the deactivation of catalyst due to carbon for-
mation in the steam reforming of LPG and diesel under the
tested conditions. The result suggested that the developed
reforming catalysts can be used in the reforming process of
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1 Introduction

Hydrogen is forecast to become a major source of energy in
near future. Molecular hydrogen is an ecofriendly fuel
which can be converted to electricity efficiently via fuel
cells with zero emissions of greenhouse gases or hazardous
species such as volatile organic compounds [1-5].

Hydrogen has been used in a number of industrial
applications, like ammonia production, oil refineries and
methanol production plants. Most of the hydrogen has been
produced as an industrial scale by the process of steam
reforming of natural gas or as a byproduct of petroleum
refining and chemicals production. Generally, hydrogen
can be produced by the following processes such as steam
reforming (SR), partial oxidation (POX) and autothermal
reforming (ATR) of hydrocarbons.

Steam reforming uses thermal energy to separate
hydrogen from the carbon components of hydrocarbons,
and involves the reaction of these fuels with steam on
catalytic surfaces. The first step of the reaction is the
decomposition [6] of the fuel into hydrogen and carbon
monoxide, followed by water gas shift reaction (WGS) of
the carbon monoxide and water to carbon dioxide and
hydrogen. Steam reforming is an endothermic process,
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hence some of the fuel must be burned and the heat
transferred to the reformer via heat exchangers.

Partial oxidation involves [7] the reaction of oxygen
with fuel to produce H, and CO when the oxygen-to-fuel
ratio is less than that required for total combustion. Partial
oxidation can be conducted with a catalyst (catalytic partial
oxidation) or without a catalyst (non-catalytic partial oxi-
dation). The reaction rates are much higher for partial
oxidation than for steam reforming, but the H, yield per
carbon in the fuel is lower.

Autothermal reforming involves the reaction of oxygen,
steam and fuel to produce H, and CO, and can be viewed
as a combination of partial oxidation and steam reforming.
This reforming step generates gases which contain 8—12%
CO besides H,, CO,, CH, and air. This CO must be con-
verted with the help of steam to CO, and hydrogen via
WGS reaction to enrich the hydrogen [1, 2, 8].

The lack of an infrastructure for the production and
distribution of H, has stimulated research in fuel process-
ing, in particular, the development of fuel processors for
reforming infrastructure fuels such as natural gas, liquefied
petroleum gas (LPG), gasoline and diesel at the point of
application.

Recently, proton exchanged membrane (PEM) fuel
cells operating with hydrogen from hydrocarbon reform-
ing technologies are being increasingly accepted as the
most appropriate power source for future generation
vehicles. It has polymer electrolyte and operates at 80 °C
with hydrogen as reformate, prepared externally. For
PEM fuel cells, the concentration of CO should be
reduced as it poisons an anode catalyst. Solid oxide fuel
cell (SOFC) is also gaining interest, though the operating
temperature is high (700-900 °C). It has ceramic elec-
trolyte and can use H,/CO,/CH,4 reformate as fuel which
can be reformed internally or externally. It is tolerant to
sulfur and there is no CO poison effect as observed in
PEM fuel cells.

Steam reforming of hydrocarbons, especially of meth-
ane, is the largest and generally the most economical way
to make hydrogen and has been reported by many
researchers [6, 9-11]. Steam reforming gives the highest
quantity of hydrogen in the product stream, but the
requirements of considerable heat input, high catalyst
loadings and large reactors are necessary. However, cou-
pling this process with total oxidation by combusting part
of the fuel can minimize the external energy demand to
produce hydrogen efficiently in more compact reactors [12,
13]. Steam reforming of n-butane over supported Ni and
Pt—Ni catalysts is reported [10] under conditions similar to
fuel processing via indirect partial oxidation [13], i.e., the
combination of total oxidation, steam reforming and water-
gas shift reaction. Though supported nickel catalysts are
used in industrially important reactions for producing

hydrogen and synthesis gas from hydrocarbon feedstock
[14-16], the problem of coke formation leading to the
deactivation of nickel catalysts is often pointed out [17,
18].

In the last decade, attention has been paid on the pro-
duction of synthesis gas by dry reforming of hydrocarbons
like methane and propane [15, 19-22]. But CH,4 reforming
by CO, is highly energy consuming and coke forming
process [23, 24]. To solve this problem, an electrocatalytic
internal reforming of CH4 by CO; is reported [3-5, 20, 21]
to coproduce a syngas and electricity in an SOFC system.
This process is attractive from environmental and eco-
nomical points of view because of the potential utilization
of greenhouse gases as resources for the production of
energy and high-value chemicals [1-5, 13].

Heterogeneous catalysts with Mg—Al hydrotalcite-like
compounds as precursors and their utilization for CHy
reforming were reported by Basini et al. [25, 26]. They
focused the study on the Ni-based catalyst application in
CH, partial oxidation and the effects of the residence time
and the thermal profile were monitored to elucidate the
catalytic reaction mechanism. Also, heterogeneous stoi-
chiometric oxidation and catalytic partial oxidation of
methane were studied [26] at the surfaces of MgO, 7-
Al,O3, and CeO, containing small Rh clusters. Nonequi-
librium oxidative conversion of methane to CO and H,
with high selectivity and productivity over Ni/Al,0; was
reported at low temperatures [7]. Schmidt et al. reviewed
[27] the issue about their work, investigating the catalytic
partial oxidation of various hydrocarbons [28], the roles of
the active metal species and the roughness of the surfaces
[29], the effects of total pressure [30], and the effects of
total flow rate [31]. Catalytic partial oxidation of hydro-
carbons for generating hydrogen has gained much
attraction due to its direct application in PEM fuel cells for
generating clean electrical energy. The spc-Ni/MgAl cat-
alysts were prepared starting from Mg—Al hydrotalcite-like
compounds containing Ni at the Mg sites as precursors and
successfully applied for the partial oxidation [32], steam
reforming [11], and dry reforming [14, 19, 33-35]. Partial
oxidation is an exothermic process which gives off heat. It
is typically, a much faster process than steam reforming
and requires a smaller reactor vessel. Partial oxidation
process initially produces less hydrogen per unit of the
input fuel than is obtained by steam reforming of the same
fuel.

Partial oxidation reforming of fuels for vehicles was first
proposed by Argonne National Laboratory (ANL) several
years ago. For vehicle applications, POX reforming over
SR is a low energy requirement and sulfur tolerance of
catalyst. For hydrocarbon fuel reforming, a catalyst support
must have a high surface area, must be stable at high
temperatures, and possess a low pressure drop.
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2 Features of Catalysts
2.1 Anode Supported Single Cell

Nickel is the most commonly used metal for SOFC anodes
[36]. Since Ni catalyzes the formation of carbon filaments
when exposed to hydrocarbons at SOFC operating tem-
peratures, it is replaced with a different electronic conductor
[37, 38]. Ni was replaced with Cu, since Cu is a poor cat-
alyst for carbon formation [39, 40]. Because of the catalytic
activity of ceria for the oxidation of hydrocarbon fuels, ceria
is included in the anode to enhance anode performance [41,
42]. Cu—ceria—yttria-stabilized zirconia (YSZ) anodes are
capable of direct, electrochemical oxidation of various
fuels, including hydrocarbons that are liquids at room
temperature [43, 44]. It is reported [39] that the anodes
made from composites of Cu and yttria-stabilized zirconia
(YSZ) perform very poorly unless ceria is added. More
recently, direct oxidation of hydrocarbons at intermediate
temperatures has been demonstrated with SOFC based on
samaria doped ceria (SDC) electrolytes [45].

Lu et al. [46] replaced Cu with Au and observed similar
electrochemical performance in direct oxidation SOFC
system and demonstrated that ceria plays a crucial role in
maintaining high performance in these direct-oxidation
anodes.

We have studied [20] the performance of Ni-YSZ-CeO,
and Ni-YSZ-MgO as anode catalysts (Table 1) for dry
reforming of CH,. Ni-YSZ—-CeO, catalyst displayed higher
reaction rate for the conversion of CO, and CHy, 9.1 and
8.2 mmol/cm?, respectively, than Ni—YSZ-MgO catalyst.
It attained the maximum activity at above 800 °C. The
BET surface area of both the catalysts after CH4 reforming
by CO, was found to increase by the deposition of carbon
on the surface of the catalyst at high temperature with a
decrease in the active metal surface area of catalysts due to
the sintering of Ni. These catalysts along with NiO and
YSZ were tested [4, 47, 48] for cogeneration of synthesis

Table 1 Structural properties of CH, reforming catalysts prepared
for internal reforming of CH4 by CO, in SOFC system

BET surface Total pore  Active metal
area (mzlg) volume surface area
3 2
cm’/ m-/,

Before  After® ( ® (m7e)
NiO 1.34 0.32 0.006 0.246
YSZ 12.0 - - -
NiO-MgO 4.08 - 0.007 0.117
NiO-YSZ-MgO 8.9 13.4 0.003 0.081
MgO-YSZ-CeO, 10.2 15.7 0.004 0.098

4 BET surface area of the catalysts after the dry reforming of CH,4 by
CO,
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gas and electricity through internal reforming of CH, by
CO, in SOFC system. Here, Ni-YSZ-CeO, catalyst too
showed higher reaction rates than NiO-YSZ-MgO catalyst
under the test conditions: temperature range = 650—
850 °C; space velocity = 17,000 h~!; and feed molar ratio
of CO,/CH4 = 1. The power density in SOFC system
increased almost threefold compared to other systems
when the reactor design was modified to improve the
contact between the cell and the current collector. This
study showed that the performance of single cell in SOFC
is significantly increased by the use of a suitable material
and a proper design of the system. It was identified that Ni—
YSZ—-CeO, catalyst was deactivated by the formation of
carbon on the surface of the catalyst within a few days.
The TPR profiles of the Ni based catalysts used in the
cogeneration of synthesis gas and electricity through
internal reforming of CH, by CO, in SOFC system as listed
in Table 1 is shown [2] in Fig. 1. NiO showed reduction
peaks at about 380 and 580 °C. A weak reduction peak of
CeO, was exhibited at about 800 °C, but YSZ did not show
any reduction peak below 1,100 °C. A reduction peak at
380 °C for the NiO-YSZ based catalyst suggests that the
NiO-YSZ based catalysts are active for reforming of CH,
by CO,. However, the active metal surface area over the
NiO-YSZ-CeO, catalyst was higher than that of NiO-
YSZ-MgO catalyst reflecting higher reforming activity.

2.2 Hydrotalcites

Hydrotalcites are based on the brucite structure, in which
some magnesium is replaced by a trivalent cation such as
aluminum (AI*"), iron (Fe**) or chromium (Cr**). This
replacement introduces a positive charge on the layered

Hydrogen consumption

100 200 300 400 500 600 700 800 900 1000
Temperature ("C)

Fig. 1 TPR profiles of Ni based catalysts. (a) YSZ, (b) CeO,, (c)
NiO, (d) NiO-YSZ-CeO,, (e) NiO-YSZ-MgO
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double hydroxides (LDH), and this charge is counterbal-
anced by an anion that may be carbonate or sulphate. The
interlayer anions can be incorporated to the structure dur-
ing the synthesis process as well as in a later ionic
exchange step. Hydrotalcites-like materials have been
extensively studied [49-53] in last few decades for various
catalytic applications such as steam reforming, base-cata-
lyzed organic transformations, alcohol synthesis, alkylation
of phenol with alcohols, selective oxidation, isomerization
of allylic compounds and decomposition of nitrogen and
sulfur oxides. Hydrotalcite-derived mixed oxides are used
as ion exchangers, absorbers, catalysts and catalyst sup-
ports. They show interesting properties such as high
surface area, “memory effect,” phase purity, basic surface
properties, and structural stability [54]. Upon calcinations,
hydrotalcite-like compounds form a homogeneous mixture
of oxides with a very small crystal size, stable to thermal
treatment and upon reduction form small and thermally
stable metal crystallites [6].

Usually, supported metal catalysts used in the reforming
reactions of hydrocarbons are prepared by wet impregna-
tion of different supports. But this method has drawbacks
that it is not reproducible, gives inhomogeneity in metal
distribution on surface and also fine metal particles tend to
sinter at high temperature resulting in the catalyst deacti-
vation [6]. So “solid phase crystallization” (spc) method
giving stable and highly dispersed metal-supported catalyst
using pervoskite [55-57] and hydrotalcite [19, 32] as pre-
cursor have been reported. Takehira et al. reported [6] spc-
Ni/MgAl catalysts of various Mg/Al ratios, prepared from
Mg-Al hydrotalcite-like compounds as the precursors and
tested for steam reforming of CH, into synthesis gas, and
compared with supported Ni catalysts prepared by
impregnation. They concluded that spc-Nig s/Mg, sAl cat-
alyst can be considered for the production of H, for
polymer electrolyte fuel cells. spc-Ni/MgAl catalyst was
also reported [19, 33, 34] to be successfully applied for
partial oxidation [32], steam reforming [11] and dry
reforming of CH, [33, 34].

Recently, we have reported our work [9, 58, 59] on steam
reforming of n-hexadecane, a main constituent of diesel,
over noble metal (Rh) modified Ni-based hydrotalcite cata-
lyst. The catalysts were prepared by co-precipitation and
dipping methods. The noble metal modified Ni-based hy-
drotalcite catalyst displayed higher resistance to the sintering
of active metal than Ni-based hydrotalcite catalysts prepared
by a conventional method. Rh modified Ni-based catalysts
showed high resistance to the formation of carbon compared
to the Ni-based catalysts. Hence, Rh modified Ni-based
catalyst can be applied for the SR reaction of diesel.

The TPR profiles of catalysts prepared for SR of LPG
are shown [9] in Fig. 2. All catalysts showed a reduction
peak at about 800 °C, which may be due to the formation
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Fig. 2 TPR profiles of (a) spc-Ni/MgAl after dry at 60 °C for 12 h,
(b) spc-Ni/MgAl after calcination at 850 °C, (¢) 0.3 wt%Rh spc-Ni/
MgAl after calcinations, (d) 0.5 wt%Rh spc-Ni/MgAl after calcina-
tion, (e) 1.0 wt%Rh spc-Ni/MgAl after calcination

of Mg—Ni-O species. The NiO peak in hydrotalcite struc-
ture formed after dipping appeared at around 450 °C
(Fig. 2a), which disappeared due to the formation of solid
Mg-Ni-O solution upon calcination (Fig. 2b). Rh modified
spc-Ni/MgAl catalysts displayed two peaks due to the
reduction of Rh metal at 230 and 425 °C (Fig. 2c—e). These
results reveal that the reduction and oxidation of Rh metal
are easier than those of Ni metal, which agrees with the CO
chemisorption and XRD data. This infers that Rh metal
reacts with the oxygen source easier than Ni metal due to
low reduction temperature and finally suppresses the sin-
tering of Ni metal during the SR of n-hexadecane.

2.3 Mixed Oxides

Velu et al. investigated [60] the oxidative steam reforming
of methanol over a series of multi-component (Cu,Co,Z-
n,Al) mixed oxide catalysts. It was revealed that the Co
free catalyst offered high H, production rates because of
the presence of Co favors the CO hydrogenation reaction.

Newson et al. used [61] 1 wt%Rh on commercial mixed
oxide for low-temperature POX reaction of low sulphur
liquid hydrocarbons including refinery streams (C4—Cg), at
500-600 °C instead of 900 °C [14, 62]. Since the con-
centration of CO in product gases was substantially lower,
they eliminated the use of high- and low-temperature shift
reactors (HTS, LTS) before the preferential oxidation
(PROX) reactor.

We impregnated Ni using nickel nitrate solution on
YSZ—-CeO, and YSZ-MgO mixed oxides prepared by ball-
mill technique to make our dry reforming catalysts such as
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NiO-YSZ-CeO, and NiO-YSZ-MgO [20, 21]. NiO-
YSZ—-CeO, catalyst showed higher catalytic activity than
NiO-YSZ-MgO catalyst, however, it was deactivated by
the formation of carbon on the surface of the catalyst
within a few days. The same NiO-YSZ-CeO, catalyst
showed [63] a higher activity for tri-reforming of CHy4
without the formation of NiC phase than two commercial
(ICI, HT) catalysts. It was reported that the sintering of
nickel can be controlled by YSZ particles.

3 Catalytic Reforming of CH,4
3.1 Steam Reforming of CH,

Today, most of hydrogen is produced by the steam
reforming of methane source such as natural gas and
byproduct of petroleum refining. In the steam reforming of
methane, methane reacts with steam under 3-25 atm
pressure in the presence of a catalyst to produce hydrogen,
carbon monoxide and a relatively small amount of carbon
dioxide. Steam reforming (Eq. 1) is an endothermic pro-
cess, hence heat must be supplied to the process for the
reaction to proceed.

Subsequently, water-gas shift reaction (Eq. 2) by which
carbon monoxide and steam are reacted using a catalyst to
produce carbon dioxide and more hydrogen. In a final
process carbon dioxide and other impurities are removed
from the gas stream, leaving essentially pure hydrogen.
Steam reforming can also be used to produce hydrogen
from other fuels, such as ethanol, propane, or even
gasoline.

CHs + H,0 — CO+3H,  AH,yq = 206.3kJ/mol (1)

CO+H,0 — CO,+Hy  AHy = —41.1kJ/mol  (2)

Natural gas reforming technology is advancing rapidly,
and a natural gas pipeline delivery infrastructure already
exists. The hydrogen produced from natural gas is used
predominantly for petroleum refining and ammonia
production for fertilizer.

Researchers still have targeted their research [6, 11] at
developing a superior steam reforming catalyst to have
application in fuel cell technology. Takehira et al. [6]
reported that spc-Ni/MgAl catalysts prepared by co-pre-
cipitation method had high metal dispersion and hence
higher activity for steam reforming of CH, into synthesis
gas, compared with supported Ni catalysts prepared by
impregnation. The spc-Nijs/Mg, sAl catalyst showed no
deterioration in catalytic activity for 600 h even under a
low steam to carbon ratio of 1.6, while a commercial Ni/o-
Al,O5 catalyst showed a clear decline in the activity. Metal
supported catalysts prepared by a conventional wet

@ Springer

impregnation method are not fully reproducible and may
give rise to some inhomogeneity in the distribution of the
metal on the surface of the support.

Recently, Takehira et al. reported [64], self-regenerative
activity, by both trace Ru and Mg(Ni,A)O periclase
structure during daily start up and shut down (DSS) oper-
ation in steam reforming of CH4. Trace Ru or RuNi alloy
regenerates the Ni metal from Ni** in the periclase by
hydrogen spillover and suppresses the deactivation of Ni/
Mg(Al)O catalyst in the DSS SMR. Later on, they used
[65] Rh-doped on Ni/Mg(Al)O catalyst and compared with
that of Ru-doped catalyst for self activation and self
regeneration of active metallic Ni particles. They observed
better performance of Rh—Ni/Mg(Al)O catalyst over Ru—
Ni/Mg(Al)O catalyst for self activation in stationary SMR
as well as regenerative in the DSS SMR. Nagaoka et al.
reported [66] CH, autothermal reforming with or without
C,Hg over mono-(Ni/MgAl and Rh/MgAl) and bimetallic
(Ni-Rh/MgAl) catalysts, having strong resistance of coke
deposition. Higher activity for Ni-Rh/MgAl catalyst was
observed under all tested condition than Rh/MgAl catalyst.
Tomishige et al. modified [67] the surface of Ni catalyst
with trace of Pt for oxidative steam reforming of CH,.
They found that Pt—Ni species maintain in the metallic
state near the bed inlet. However, Ni species if used alone
gets oxidized near the bed inlet in the presence of oxygen,
causing decrease in the performance.

Recently, we reported [58, 68] spc-Ni/MgAl and
0.3 wt%Rh spc-Ni/MgAl catalysts that were used in the
steam reforming of CH, for 53 h with H,O/C ratio of 1/1.
0.3 wt%Rh spc-Ni/MgAl catalyst showed a higher CHy
conversion (90%) than spc-Ni/MgAl catalyst (80%). The
conversion decreased gradually over spc-Ni/MgAl catalyst
whereas, for 0.3 wt%Rh spc-Ni/MgAl catalyst, the activity
was found to be stable with time on stream up to 53 h.

3.2 Dry Reforming of CH,

Since last decade, more attention has been paid to the
production of synthesis gas using green house gases. The
dry reforming of methane by carbon dioxide yielding a
synthesis gas (Eq. 3) has received much interest because of
the enhanced utilization of natural gas and greenhouse
gases (namely CO, and CHy) into highly valuable chemi-
cals [35, 69, 70].

CH,; + CO; — 2CO + 2H,  AH,y, = 247.3kJ/mol

(3)

However, two serious problems are associated with dry
reforming of CHy: deactivation of the catalyst by carbon
formation and consumption of high energy due to
endothermic process. For these reasons, various catalysts
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have been investigated for dry reforming of CH4 by CO,.
Because of high cost and limited availability of noble metal
catalysts such as Pt, Rh, and Ru [71-73], the
commercialization of this process has been limited.
Therefore, more work has been investigated over
transition metal catalysts having reduced tendency of
coke formation. For many years nickel-based catalysts
have been proved to be the most suitable catalyst for
hydrocarbon reforming. So nickel supported on oxides,
such as Al,O5;, MgO, TiO,, ZrO,, SiO,, CeO, and La,0;
have been investigated [74—77] extensively as catalyst for
the reforming of CHy by CO,. The effects of the metal-
supported interactions and acid-base properties of the
supports on the catalytic activity and stability have been
identified [78, 79]. However, research on nickel catalyst is
still required in order to improve its coke resistance in the
reforming of available hydrocarbons.

Catalysts prepared by conventional co-precipitation
technique are used for partial oxidation of methane [25, 32]
and propane [80] and dry reforming of methane [33].
Tsyganok et al. have reported [81] the introduction of
nickel into Mg—Al LDH (layered double hydroxide) by a
coprecipitation of Mg®" and A" with the pre-synthesized
complex of Ni (II) with ethylenediaminetetraacetate, i.e.,
[Ni (EDTA)]Z_, where the chelated nickel species reside
within interlayer space. Calcination of nickel introduced
LDH in air yielded Ni-Mg—Al mixed oxide which upon
reduction with hydrogen formed high, durable and reusable
catalytic function toward dry reforming of methane [34].
Tsyganok et al. [81] observed high and sustainable cata-
Iytic activity and selectivity in the dry reforming of
methane at 800 °C and also observed that LDH derived
catalysts offered remarkably higher CH, and CO, conver-
sions than those attained with catalysts prepared by sol-gel
and cellulose template methods.

Direct dry reforming in the SOFC system is considered
as an advanced process. Studies on the direct electrocata-
lytic oxidation of CH,4 were reported in a solid oxide fuel
cell system with reasonable performance by Park et al.
[82]. Ishihara et al. [83] reported their studies on the partial
oxidation of methane over a fuel cell reactor for the
simultaneous generation of synthesis gas and electric
power.

To check the possibility of the development of a high
performance electrode for application in an electrocatalytic
internal reforming in the SOFC system, the catalytic
reforming of CH4 by CO, over Ni—YSZ modified catalysts,
namely Ni-YSZ-CeO, and Ni-YSZ-MgO (Table 1) was
investigated [20, 21]. Ni-YSZ-CeO, catalyst displayed
higher reaction rate (9.1 mmol/cm?) than Ni-YSZ-MgO
catalyst (8.2 mmol/cm?). Ni—YSZ~CeO, proved to be a
promising catalyst to be used further in the internal and tri-
reforming of CHy [5, 20, 21]. We also reported [3, 35-38]

the electrocatalytic reforming of CH, by CO, in an SOFC
system, co-producing a synthesis gas and electricity.

3.3 Tri-Reforming of CHy

Comparatively, the tri-reforming is much easier process for
protecting carbon formation than dry reforming process. It
is a combination of endothermic CH, reforming (Eq. 4),
steam reforming (Eq. 1) and exothermic oxidation of CHy
(Egs. 5 and 6), which has more importance in regard to
both industrial and environmental aspect [84-86].

CHy + CO, — 2CO + 2H,  AH,4q = 247.3 kJ/mol

(4)
CHy + 150, — CO+2H,  AH,q = —35.6kJ/mol

(5)
CHy +20; — CO, +2H,0  AH,q = —880kJ/mol

(6)

During tri-reforming reaction, many kinds of side
reactions for the formation (Eqs. 7 and 8) and destruction
(Egs. 9—11) of coke occurred simultaneously.

CH; —» C+2H,  AH,e = 74.9kJ/mol (7)
2C0 - C+CO;  AH,g = —172.2KkI/mol (8)
Clags) + CO2 — 2CO  AH,gq = 172.2kI/mol 9)

Clats) + HO - CO+H,  AH,y = 131.4kJ/mol

(10)

Clags) + 02 = CO,  AH,p = —393.7kI/mol (11)

Previously, we reported [3, 4, 20, 87] that NiO-YSZ-CeO,
catalyst showed better catalytic performance than NiO-YSZ~
MgO in dry reforming of CH, by CO,_But it was deactivated
by the formation of carbon on the surface of catalyst within
few days. Based on the previous results, we have reported [69]
the production of synthesis gas by tri-reforming of CH4 over
NiO-YSZ-CeO, catalyst and compared the catalyst with two
commercial steam reforming catalysts procured from
Imperial Chemical Industry (ICI) Co. (ICI 57-7) and Holder
Topsoe Co. (HT R67).

Figure 3 represents the comparison of the out-gas dis-
tribution for tri-reforming reaction over the NiO-YSZ-
CeO, and commercial steam reforming catalysts and dry
reforming reaction over NiO-YSZ-CeO, catalyst. The
conversions of CO, and CHy in the tri-reforming of CHy
were 100% with the production of quantitative amounts of
H, and CO. However, the conversions of CO, and CHy in
the dry reforming were 92% and 100%, respectively. The
catalytic activity for the tri-reforming reaction over NiO-
YSZ-CeO, catalyst was higher than for dry reforming.
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Fig. 3 The comparison of the out-gas distribution for the tri-
reforming of CHy over various catalysts. The tri-reforming reaction
was carried out at the temperature of 800 °C, feed molar ratio of
CH4:C0,:0,:H,0 = 1:1:0.1:1 and GHSV of 10,000 h™'. The dry
reforming was performed at a feed molar ratio of CH4/CO, = 1 and
GHSV of 17,000 h™"

Also, NiO-YSZ-CeO, catalyst showed a higher tri-
reforming activity than the commercial catalysts under the
same reaction conditions.

As seen in Fig. 4, no NiC phase was detected on the
surface of NiO-YSZ-CeO, catalyst after tri-reforming
reaction, like after dry reforming reaction. Tri-reforming of
CH, was found to be more desirable than dry-reforming

NiC

e OO m

Arbitary Intensity (A.l.)

20

Fig. 4 The XRD patterns of NiO-YSZ-CeO, catalysts (a) before
reduction, (b) after reduction, (c) after the tri-reforming reaction for
120 h and (d) after dry reforming reaction. The reaction was carried
out at the reaction temperature of 800 °C, feed molar ratio of
CH4:C0,:0,:H,0 = 1:1:0.1:1 and GHSV of 10,000 h™'
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reaction over NiO-YSZ—-CeO, catalyst. It was also repor-
ted that the product ratio of H,/CO can be controlled by the
tri-reforming of CH,. The results suggest that the synthesis
gas produced by the tri-reforming of CH, can be used for
the production of DME, Fischer-Tropsch synthesis fuels
and high-valued chemicals [88-90] and applied to the fuel
processor of SOFC and MCFC systems.

3.4 Internal Reforming of CH4 by CO, in SOFC
System

To solve the problem of the deactivation of the catalyst in
dry reforming of CH,4, the internal reforming of CH, by
CO, was carried out in a SOFC system using Ni-based
anode catalysts, which showed a higher catalytic activity in
the dry reforming of CHy.

We reported [3, 91, 92] the cogeneration of a syngas and
electricity by the electrocatalytic reforming of CH4 by CO,
in a SOFC system using NiO and NiO-MgO catalysts.
These catalysts were prepared by a precipitation method
using nitrates and ammonium hydroxide at pH 9, followed
by aging the precipitates at room temperature for 24 h,
filtration, dried at 100 °C and calcined at 900 °C for 6 h.
The single cell was prepared by a tape casting method.
NiO-MgO catalyst exhibited higher reaction rates than
NiO catalyst under the experimental conditions. However,
the reaction rates of CO, and CH, decreased more drasti-
cally over NiO catalyst than on NiO-MgO catalyst. The
BET surface area and the total pore volume of NiO catalyst
were found to be decreased by 76% and 80%, respectively,
after the reaction due to the sintering of Ni.

Figure 5 shows the reaction rates of CH, and CO, and
the current density over the electrocatalytic cell (NiO—
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Fig. 5 The reaction rates of CH4 and CO, and the current density
over the electrocatalytic cell (NiO-MgOIYSZI(La,Sr)MnO3) with a
time on stream
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MgOIYSZI(La,Sr)MnO3) with time on stream under the
open and closed circuit conditions. The eletrocatalytic
reforming reaction in SOFC system was carried out at
atmospheric pressure and a temperature of 800 °C. The
reaction rates of CH; and CO, under the open-circuit
condition were found to be lower than under the closed-
circuit condition. The rates of CH, and CO, and the current
density under the closed-circuit condition were stable after
the electrocatalytic reaction for 3 h whereas those of CH,
and CO, under the open-circuit condition slowly decreased
due to the deposition of coke. The catalyst electrode under
the closed circuit was stable during the electrocatalytic
reforming of CH4 by CO, because of the fast removal of
coke deposition due to oxygen ion flux under the closed-
circuit condition. The selectivities of CO, and CO under
the closed circuit condition were 28.9 and 13.1%, respec-
tively, whereas those of CO, and CO under open circuit
were 14.8 and 18.59%. The amount of coke under the
open-circuit condition was 120 mg C/gcauaiys after 5 h, but
the amount of coke under the closed-circuit condition
drastically decreased compared to that under the open-
circuit condition.

The mechanism of CH, reforming by CO, over noble
based catalysts was proposed to consist of several steps
[60-62]. It can be produced by CH, decompositions
(Egs. 12-16), CO, disproportionation (Eq. 17) and partial
oxidation of surface carbon (Eq. 18). Also, surface carbon
can be produced by methane decomposition (Eq. 19) and
CO disproportionation (Eq. 20).

CH, — CHs(ads) + H(ads) (12)
CH;(ads) — CH,(ads) + H(ads) (13)
CH,(ads) — CH(ads) + H(ads) (14)
CH(ads) — C(ads) + H(ads) (15)
CH,; — C(ads) + 2H, (16)
CO, — CO(ads) + O(ads) (17)
C(ads) + O(ads) — CO (18)
CH; — C(ads) +2H,  (AH,gg = 74.9kJ/mol)  (19)
2C0 — C(ads) + CO,  (AHjq = —172.4KkJ/mol)

(20)

In the electrochemical cell, oxygen ions (O*7) are
formed on the counter electrode according to the following
reaction (Eq. 21):

0.50, +2e~ — O~ (21)

These oxygen ions are transferred to the catalyst
electrode through the YSZ electrolyte. The possible
electrolytic reactions with the oxygen ions transferred to

the catalyst electrode occur by the following reactions
(Egs. 22-25):

CO + 0% — CO, +2e~ (22)
H, + 0>~ — H,0 +2e” (23)
Cs +0* — CO +2e” (24)
Cs +20%" — CO, +4e (25)

Carbon deposition was prevented by the reaction
(Egs. 24 and 25) of the surface carbon with the oxygen
ion transferred from cathode electrode in SOFC system.

Figure 6 shows [91, 92] the performance of current
voltage and power density with current density in the
electrocatalytic cell (NiO-MgOIYSZI(La,Sr)MnO3) when
CH,; and CO, were used as reactants. The open-circuit
voltage (OCV) obtained for the single cell at 800 °C and
atmosphere was 0.96 V, which was lower than the theo-
retical (V = 1.24) OCV. The maximum power density was
at 30 mA. The electricity can be produced by the electro-
chemical reactions such as the oxidation of CO and H,
(Egs. 22 and 23), surface carbon (Eqgs. 24 and 25), and CH,
(Egs. 26 and 27).

CH, + 0> — CO + 2H, + 2¢" (26)

CH, + 40> — CO, + 2H,0 + 8¢~ (27)

For H, as reactant, the electricity was produced by the
electrochemical reaction (Eq. 13). In our study the OCV
obtained for the single cell tested at 800 °C and atmosphere
was 1.04 V. Ni-based catalysts were found to be suitable as
the electrode of SOFC in terms of the voltage-power
performance.

In our later work [4], we have investigated CHy
reforming by CO, over NiO-YSZ based anode catalysts for
application to a single cell in SOFC. Anode catalyst
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Fig. 6 The performance of current voltage and power density with

current density in the electrochemical cell (NiO-MgOIYS-
ZI(La,Sr)MnQs3) at 800 °C
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materials were prepared through a physical mixing method
using NiO (Aldrich), YSZ (Tosoh Co.), MgO (Nakarai
Chemicals) and CeO, (Aldrich). Initially, powders of NiO,
YSZ, MgO or CeO, were mixed by dry ball milling using a
zirconia ball for 24 h, and then the powder mixture was
ground in a mortar until fine powders were obtained.
Cathode materials were prepared through the maleic acid
method using nitrates of La, Sr and Mn. These chemicals
were dissolved in distilled water with maleic acid and pH
was adjusted with NH,OH. The solution was heated at
100 °C for 6 h, followed by drying in an oven at 210 °C
and calcining at 800 °C for 2 h in air. The single cell was
prepared by using a tape casting method. We carried out
catalytic reforming of CH4 by CO, in a fixed bed reactor in
a temperature range of 650-850 °C. The internal reforming
of CH, by CO, was performed using an electrochemical

100

[=2] [++]
o o
Products Distribution (%)

3
o

Conversions of CO2 & CH4 (%)
S

Time (h)
(a) NiO-YSZ-MgO

100 100

80 80
60 60
40 40

20 20

Conversions of CO2 & CH4 (%)
Products Distribution (%)

Time (h)
(b) NiO-YSZ-CeO,

Fig. 7 The effect of time on stream on the conversions of CO, and
CHy,4 for catalytic CH4 reforming by CO,
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cell in the SOFC system at 800 °C and in atmospheric air
under open and closed circuit conditions.

The conversions of CO, and CH, over NiO-YSZ-MgO
and NiO-YSZ-CeO, catalysts with time on stream are
illustrated in Fig. 7. The catalytic activity and selectivity
over both catalysts were also very stable during the entire
reaction. The conversions of CO, and CH, over the NiO-
YSZ-CeO, catalyst were 100% and 80%, respectively,
which were slightly higher than those over NiO-YSZ-
MgO. The result mainly attributes to the better metal dis-
persion on NiO-YSZ-CeO,, which is supported by
chemisorption and SEM data. XRD of these catalysts
before and after the reaction (Fig. 8) shows the formation
of NiC from NiO after the reaction for 5 h.

H Ni0 [INiC
V NiO @ceO,

Arbitary Intensity

10 20 30 40 50 60 70 80
26
(@) NiO-YSZ-MgO

v H NiO [INiC
o VNO @ CeO,

Arbitary Intensity

20
(b) NiO-YSZ-CeO;

Fig. 8 XRD patterns of NiO-YSZ-MgO and NiO-YSZ-CeO,
catalysts before (a) and after (b) the catalytic reforming of CH, by
CO, in fixed bed reactor
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Fig. 9 The performance of current voltage and power density with
current density in the electrochemical cells (different anodelYS-
ZI(La,Sr)MnO3) at 800 °C when CHy4 (50 vol%) and CO, (50 vol%)
were used as reactants. Flow rates of reactants and air are 20 mL/min,
respectively

The reaction rates of CH4 and CO, and current density
under closed circuit conditions were stable whereas those
of CH,4 and CO, under open circuits decreased slowly.
Changes in the voltage and power density with the current
density of the electrocatalytic cells (different anodelYS-
ZI(La,Sr)MnQO3) at 800 °C are illustrated in Fig. 9. In one
of three methods employed, for case C, the reactor design
was modified to improve the contact between the cell and
the current collector. An optimized load by metal weight
(0.16 N cm™?) was placed on the reactor. This modified
SOFC systems designed in case C, showed significantly
improved electrical performance better than in the other
systems. The open-circuit voltage over the single cell
(NiO-YSZ-CeO,lYSZI(La,Sr) MnO;) was 1.1 V; a power
density of 54 mW/cm? was obtained at a current density
100 mA/cm?. As shown in Fig. 9, the power density of the
modified SOFC system (case C) was increased almost
threefold relative to that of the initial system (case A).

The results suggest that the internal reforming of CH,4 by
CO, in SOFC system can be applied for the production of a
syngas and electricity as a sequestration technology of
greenhouse gases.

4 Catalytic Reforming of LPG

Steam reforming of LPG is not much studied in open lit-
erature. However, coke formation over Ni and Ni-Mo
catalysts during n-butane steam reforming [93, 94], activ-
ity/selectivity features of Ni, Pd and Pt catalysts and steam
reforming kinetics of various hydrocarbons over Ni cata-
lysts are reported [95, 96]. Avci et al. studied [97] the
ignition characteristics of n-butane over monometallic Ni/
0—Al,05 and bimetallic Pt—-Ni/5-Al,O5 catalysts under the
conditions pertinent to fuel processor operation in the fuel-
rich regime. They obtained lower reaction temperatures by
the addition of a small amount of Pt to Ni, indicating the
possibility of initiating the hydrogen-generating indirect
partial oxidation route with lower energy requirement.
Although monometallic Ni catalysts are best steam
reforming catalysts, they are not superior in indirect partial
oxidation due to their limited total oxidation activity and
their deactivation tendency via oxidation. So later on Avci
et al. studied [10] the steam reforming of n-butane over Ni/
0-Al,0; and Pt-Ni/5-Al,O3 catalysts at temperatures
between 305 and 405 °C. Though both catalysts demon-
strate similar trends in activities and in product formation
rates without the formation of coke and carbon monoxide
at a ratio of H,O/C = 3, carbon monoxide was found to be
produced only around 405 °C with low rates. The Pt-Ni
catalyst exhibited superior performance at 405 °C where n-
butane is completely converted and at 355 °C where
hydrogen to methane point selectivity is maximized indi-
cating the presence of a synergistic interaction between Pt
and Ni sites.

Steam reforming of LPG (Egs. 28-30) is mainly
investigated [59, 97-102] over noble metal catalysts (e.g.
Rh, Ru and Pt) on oxide supports.

Table 2 Characteristic of
catalysts prepared for steam
reforming of LPG

Catalyst

Molar ratio
(Ni + Mg)/Al

BET surface
area® (m?/g)

Active metal
surface area” (mzlg)

Total pore
volume® (cm*/g)

spc-Ni/MgAl-A 1
spc-Ni/MgAl-B 2
spc-Ni/MgAl-C 3
spc-Ni/MgAl-D 4
spc-Ni/MgAl-E 5
6
3
3

? Derived from N, spc-Ni/MgAI-F

physisorption 0.3 wt%Ru spe-Ni/MgAl
Derived from CO 0.3 Wt%Rh spe-Ni/MgAl
chemisorption

171.1 0.245 11.54
184.2 0.258 12.07
197.7 0.285 13.02
190.3 0.273 13.02
188.5 0.269 12.31
186.4 0.264 12.15
107.7 0.373 10.41
105.4 0.375 10.35
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C3Hg + 3H,0 — 7H, +3CO  497.7 kJ/mol (28)
C4Hjo 4 4H,0 — 9H, +4CO  649.9 kJ/mol (29)
(3C3Hs + 7C4Hyg) + 37H,0 — 84 H, + 37CO (30)

The major difficulty in the reforming of LPG is the
degradation of the reforming catalyst due to the possible
carbon deposition from the decomposition of hydrocarbons,
particularly at high temperatures. Reforming of LPG over
Ru/CeO,—Al,05 catalyst with a low inlet steam requirement
at 450 °C is reported by Suzuki et al. [99]. The main
products formed from the steam reforming of LPG are
hydrogen, carbon monoxide and carbon dioxide, however
the formation of ethane, ethylene and methane are usually
observed due to the decomposition of LPG and methanation
reactions. It is reported [97, 100] that an autothermal
reforming process using added oxygen together with LPG
and steam provides great benefits in terms of catalyst
stability, low coke formation, and elimination of the
formation of higher hydrocarbons (i.e. CoHg and C,Hy).
High reforming reactivity with low carbon formation over
Pt/CeO, is reported by Recupero et al. [59]. Recently,
several researchers reported [103, 104] high activity for the
reforming reactions with excellent resistance to carbon
formation over precious metals (Pt, Rh and Ru) based
catalysts. However, taking into account of the high prices of
these metals for commercial usage, an alternative ceria based
catalyst is developed by many researchers [105, 106], based
on the ideas of high oxygen mobility (redox property) [107],
high oxygen storage capacity [108-110], strong metal to
support interaction [111] and modifiable capability [110].

Laosiripojana et al. reported [105] steam and autother-
mal reforming reactions of LPG over high surface area
CeO, synthesized by surfactant-assisted approach, which
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Fig. 10 XRD patterns of hydrotalcite (Mg—Al) and 0.3 wt%Rh spc-
Ni/MgAl catalysts prepared by dipping method
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were studied under SOFC operating conditions. This cat-
alyst due to its redox property provides significantly higher
reforming reactivity and excellent resistance toward carbon
deposition compared to the conventional Ni/Al,O; catalyst.
The gas—solid reaction between the hydrocarbons present
in the system and lattice oxygen takes place at ceria surface
during reforming process. Oxygen contained in the auto-
thermal reforming reactant stream reduced the degree of
carbon deposition by eliminating the formation of higher
hydrocarbons like ethane, ethylene.

We reported [68] the high and stable activity of Ni-loaded
catalysts prepared from Mg-Al hydrotalcite-like anionic
clay for steam reforming of LPG. The concentration of H,
after 5 h was nearly the same over spc-Ni/MgAl and ICI
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Fig. 11 Product distributions of (a) 0.3 wt%Ru spc-Ni/MgAl and (b)
0.3 wt%Rh-spc-Ni/MgAl catalysts for steam reforming of LPG on
time on stream up to 53 h. Reaction conditions: tempera-
ture = 700 °C, GHSV = 20,000 h~' and H,0/C = 1.0
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catalysts for SR of LPG. The concentration of H, was
maintained during reaction time (186 h) at 800 °C,
GHSV = 20,000 h~" with H,O/C = 2. However, it
decreased over commercial ICI catalyst due to the formation
of carbon. The ‘memory effect’ property of hydrotalcite-like
support is believed to allow the reconstruction of the original
hydrotalcite structure under mild conditions when contact-
ing the product of the thermal treatment contacts with water
which minimizes the degradation of the catalyst during
steam reforming reaction.

Steam reforming of LPG over nickel-based and noble-
metal-modified nickel-based catalysts (Table 2) using
(different Ni to Mg ratio) hydrotalcite-like support is
reported [58, 68, 112, 113] recently. spc-Ni/MgAl catalyst
was prepared by a co-precipitation method and later
modified with noble metals (Ru,Rh) by a dipping method.
Among the non-impregnated Ni-based catalysts, spc-Ni/
MgAI-C catalyst shows good performance up to 186 h for
steam reforming of LPG, though later on the activity was
found to be declined at 800 °C, H,O/C =2 and

Fig. 12 TEM images of
0.3 wt%Ru spc-Ni/MgAl and
0.3 wt%Rh spc-Ni/MgAl
catalysts before and after the
steam reforming of LPG

(before)

GHSV = 20,000 h™'. Figure 10 shows the XRD patterns
of hydrotalcite (Mg—Al) and 0.3 wt%Rh spc-Ni/MgAl
catalysts prepared by a dipping method. XRD pattern (a) is
typical hydrotalcite peak pattern taken after drying at 60 °C
for 12 h in air. Then after calcining at 850 °C for 5 h,
hydrotalcite structure changed to Mg-Ni—O crystalline
form (b). When Rh modified spc-Ni/MgAl catalyst was
prepared using spc-Ni/MgAl by a dipping method followed
by drying at 80 °C for 6 h, Mg—Ni-O structure was found
to reconstitute to hydrotalcite by memory effect (c). XRD
pattern (d) shows that loaded Rh forms Rh,O, on the sur-
face of Rh-modified spc-Ni/MgAl catalyst prepared by a
dipping method. Figure 11 shows the product distributions
of noble-metal-modified Ni-based catalysts for steam
reforming reaction with time on stream up to 53 h at
reaction conditions: temperature = 700 °C, GHSV =
20,000 h™' and H,O/C = 1.0. Ru modified spc-Ni/MgAl
catalyst showed H,: 64-66%, CH4: 5-7%, CO: 18-21%,
CO,: 6-10% product distribution by vol(%) whereas Rh
modified spc-Ni/MgAl catalyst formed H,: 67%, CHy:

(before)
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4.9%, CO: 19%, CO,: 8% by vol(%). It was found that Rh
loaded catalyst showed stable performance for the SR of
LPG without fluctuation in product distribution under
severe  reaction conditions: temperature = 700 °C,
GHSV = 20,000 h™', H,O/C = 1.0.

Figures 12 and 13 shows the TEM images and TGA
profiles of 0.3 wt%Ru spc-Ni/MgAl and 0.3 wt%Rh spc-
Ni/MgAl catalysts, respectively, before and after the
reaction. As seen in TEM micrographs, plenty of carbon
was formed on Ru spc-Ni/MgAl catalyst, during the reac-
tion, compared to Rh spc-Ni/MgAl catalyst. The TGA
profiles also show more weight loss for Ru spc-Ni/MgAl
catalyst compared to Rh spc-Ni/MgAl catalyst, which
agrees well with the TEM data. This infers that Ru metal is
not effective for the inhibition of carbon formation. It was
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spc-Ni/MgAl catalysts before and after the steam reforming of LPG
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Fig. 14 Long term stability of 0.3% Rh spc-Ni/MgAl catalyst in the
steam reforming of LPG

concluded that the addition of Rh metal to spc-Ni/MgAl
enhanced the activity for LPG reforming and constrained
the carbon deposition. Also 0.3% Rh spc-Ni/MgAl catalyst
was found to have prolonged stability up to 1,100 h in the
steam reforming of LPG as seen in Fig. 14. These results
draw a conclusion that 0.3 wt%Rh spc-Ni/MgAl catalyst is
a desirable LPG SR catalyst for application in hydrogen
station and fuel processor systems. spc-Ni/MgAl catalyst
displayed a better activity than ICI commercial CH; SR
catalyst, but had a tendency to coke formation even though
carbon formed did not affect adversely in this reaction. It
was found that 0.3 wt%Rh spc-Ni/MgAl catalyst showed
the strong restraint of carbon formation compared to
0.3 wt%Ru spc-Ni/MgAl catalyst.

5 Conclusions and Future Directions

This review compiled the work carried out in this labora-
tory for the production of hydrogen by catalytic reforming
of gaseous hydrocarbons fuels such as methane, propane,
butane and LPG.

We have investigated CH,4 reforming by CO, over NiO-
YSZ based catalyst which can be a suitable anode catalyst
for application to a single cell in SOFC. For the dry
reforming of CH, by CO,, NiO-YSZ-CeO, catalyst was
found to be active, but was deactivated due to carbon
deposition after long run [3, 20, 87]. The same catalyst has
shown higher activity and resistance to carbon deposition
in the tri-reforming of CH,, unlike in the dry reforming
reaction [5]. Tri-reforming of CH, is more desirable than
dry-reforming reaction over NiO-YSZ-CeO, catalyst for
application to SOFC and MCFC fuel processor systems and
for the production of high-valued chemicals such as
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methanol, hydrocarbons, dimethyl ether and the syngas
production by GTL process [3-5, 88, 92]. But more studies
on long term stability test, scale-up of the catalysts, and
carbon dioxide sequestration are needed. We also reported
the cogeneration of a syngas and electricity by the elec-
trocatalytic reforming of CH4 by CO, in SOFC system
using Ni-based anode catalyst such as NiO-MgO, NiO-
MgO-CeO, and NiO-YSZ-CeO, We overcome the
shortcomings associated with the catalytic deactivation due
to carbon deposition and the high-energy consumption.

We developed 0.3 wt%Rh spc-Ni/MgAl catalyst for
steam reforming of LPG to be applied in hydrogen station
and fuel processor systems. The addition of Rh to spc-Ni/
MgAl catalyst restricted the deactivation of the catalyst due
to the carbon formation in steam reforming of LPG and
also renders long-term stability to the catalyst under tested
conditions. It was found [9] that addition of Rh metal to the
spc-Ni/MgAl catalyst had a promoting effect by inhibiting
the sintering of Ni metal particles under tested condi-
tions. 0.3 wt%Rh spc-Ni/MgAl catalyst showed the strong
restraint of carbon formation compared to 0.3 wt%Ru spc-
Ni/MgAl catalyst. 0.3% Rh spc-Ni/MgAl catalyst had a
prolonged stability for more than 1,100 h in the steam
reforming of LPG.
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