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Abstract

Steam and autothermal reforming reactions of LPG (propane/butane) over high surface area CeO, (CeO, (HSA)) synthesized by a surfactant-
assisted approach were studied under solid oxide fuel cell (SOFC) operating conditions. The catalyst provides significantly higher reforming
reactivity and excellent resistance toward carbon deposition compared to the conventional Ni/Al,O3. These benefits of CeO, are due to the redox
property of this material. During the reforming process, the gas—solid reactions between the hydrocarbons present in the system (i.e. C4H;9, C3Hg,
C,Hg, C,Hy, and CHy) and the lattice oxygen (Op*) take place on the ceria surface. The reactions of these adsorbed surface hydrocarbons with
the lattice oxygen (C,H,, + Og* — nCO + m/2(H,) + Vo ** + 2¢’) can produce synthesis gas (CO and H,) and also prevent the formation of carbon
species from hydrocarbons decomposition reactions (C,H,, < nC +2mH;). Afterwards, the lattice oxygen (Op*) can be regenerated by reaction
with the steam present in the system (H,O + V** +2¢’ < O + H,). It should be noted that Vo** denotes as an oxygen vacancy with an effective
charge 2*.

At 900 °C, the main products from steam reforming over CeO, (HSA) were H,, CO, CO,, and CH, with a small amount of C,H,. The addition of
oxygen in autothermal reforming was found to reduce the degree of carbon deposition and improve product selectivities by completely eliminating
C,H, formation. The major consideration in the autothermal reforming operation is the O,/LPG (O/C molar ratio) ratio, as the presence of a too
high oxygen concentration could oxidize the hydrogen and carbon monoxide produced from the steam reforming. A suitable O/C molar ratio for

autothermal reforming of CeO, (HSA) was 0.6.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

A fuel cell is an energy conversion device that produces
electrical energy with greater conversion efficiency and lower
pollutant emissions than combustion processes. Among the var-
ious types of fuel cells, the solid oxide fuel cell (SOFC) has
attracted considerable interest as it offers the widest range of
applications, flexibility in the choice of fuel, and high sys-
tem efficiency. The waste heat for SOFC can also be utilized
in co-generation applications and bottoming cycles to improve
the overall system efficiency. Moreover, unlike low-temperature
fuel cells, the SOFC anode is not affected by carbon monoxide
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poisoning. Although, hydrogen is the major fuel for a SOFC,
the use of other fuels such as methane, methanol, ethanol, lig-
uefied petroleum gas (LPG), gasoline and other oil derivatives
are also possible via internal or in-stack reforming. Since an
SOFC is operated at such a high temperature, these hydrocar-
bons can be internally reformed producing a H>/CO rich gas,
which is eventually used to generate the electrical energy and
heat. This operation, called indirect internal reforming (IIR-
SOFC), is expected to simplify the overall SOFC system design
[1].

Among the above hydrocarbon fuels, liquefied petroleum gas
(LPG) is a commercial gas that is easily transported and stored
on-site. This gas was proposed to be an attractive fuel for SOFC
systems in remote areas where pipeline natural gas is not avail-
able [2]. LPG can also be used for auxiliary power units (APU)
based on SOFC systems. Typically, the main components of
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LPG are propane and butane. According to the Australian LPG
Association, the composition of LPG in Australia ranges from
pure propane to a 40:60 mixture of propane and butane [2]. The
steam reforming process has widely been used to produce hydro-
gen from LPG. The main products from the steam reforming of
LPG are hydrogen, carbon monoxide, and carbon dioxide, how-
ever, the formation of ethane, ethylene, and methane are usually
observed due to the decomposition of LPG and methanation
reactions. The major difficulty in reforming LPG is the degrada-
tion of the reforming catalyst due to the possible carbon depo-
sition from the decomposition of hydrocarbons, particularly at
high temperature. Previously, steam reforming of LPG has been
studied by a few researchers [2—-8], and most of them have inves-
tigated the reforming of LPG over noble metal catalysts (e.g. Rh,
Ru, and Pt) on oxide supports. Recupero et al. [8] reported that
Pt/CeO; provides high reforming reactivity with low carbon for-
mation. Suzuki et al. [3] found that Ru/CeO;-Al,03 can reform
LPG with a low inlet steam requirement at 450 °C. Adding oxy-
gen together with LPG and steam as an autothermal reforming
process was reported to provide great benefits in terms of cata-
lyst stability and low coke formation [4,5], however, the yield of
hydrogen production could be reduced due to the oxidation of
hydrogen by oxygen added. The attractive benefit of this oper-
ation is that the exothermic heat from the partial oxidation can
directly supply the energy required for the endothermic steam
reforming reaction, and so it is considered to be thermally self-
sustaining process.

This work is aimed at the development of a catalyst for steam
and autothermal reforming of LPG, which provides high sta-
bility and activity at a high temperature (700-900 °C) for later
application in an [IR-SOFC. Although the precious metals such
as Pt, Rh and Ru have been reported by several researchers to
provide high activity for the reforming reactions and excellent
resistant to carbon formation [9,10], the current prices of these
metals are too high for commercial usage, and the availability of
some precious metals such as ruthenium was too low to have a
major impact on the total reforming catalyst market [11]. In view
of these economical considerations, an alternative catalyst was
developed and studied instead. Cerium oxide or ceria has been
reported to be a catalyst in a wide variety of reactions involving
oxidation or partial oxidation of hydrocarbons (e.g. automotive
catalysis). A high oxygen mobility (redox property) [12], high
oxygen storage capacity [13—18], strong interaction with the
supported metal (strong metal—support interaction) [19] and a
modifiable capability [20] render this material very interesting
for catalysis. It has widely been reported, regarding the above
properties, that ceria can promote the action of various metals
in the reactions in which hydrogen is involved as a reactant or
product [21-25]. According to the catalytic steam reforming
reaction, ceria-based materials have been reported by several
researchers to be promising supports among a-Al,O3 [26], y-
Al,O3 and y-Al, O3 with alkali metal oxide and rare earth metal
oxide [27], and CaAl,O4 [26-29]. One of the most promising
ceria-based supports for the reforming reactions appeared to be
Ce-ZrO,, where the metal can be Ni, Pt or Pd [30-39]. Recently,
a high resistance toward carbon deposition over ceria has been
observed [40].

Importantly, CeO; has been reported to have reactivity toward
methane decomposition at a high temperature (800—1000 °C)
[41,42]. It was demonstrated that the gas—solid reaction between
CeO; and CH4 produces H and CO, according to Eq. (1). More-
over, the reactions of the reduced ceria (CeO, _,,) with carbon
dioxide and steam produce more CO and H; and regenerate the
CeO, surface, Egs. (2) and (3) [43-45]:

CH4+ 00" = 2H, +CO + Vp°** + 2¢/ (D
Vo** + 2¢/ + COp = Op* 4 CO )
Vo** + 2¢/ + H,O = Og* +H, 3)

Vo** denotes an oxygen vacancy with an effective charge 27,
O0" is lattice oxygen, €’ is an electron which can either be more
or less localized on a cerium ion or delocalized in a conduction
band [46].

The major limitation for CeO; in high temperature appli-
cations is its low specific surface area due to the significant
size reduction on thermal sintering [42] and, consequently, the
reforming reactivity over CeO, was much lower than the con-
ventional metallic catalysts [42]. It was reported that the methane
conversion from CeO; after exposure in methane steam reform-
ing conditions at 900 °C for 10 h was less than 10%. In addition,
the corresponding post-reaction specific surface area for this
material after exposure in methane steam reforming conditions
was 1.9m? g~!, and the observed size reduction percentage was
23% [42]. Therefore, the use of high surface area ceria (CeO;
(HSA)) would be a good procedure to improve its catalytic per-
formance at high operating temperatures. Several methods have
recently been described for the preparation of a CeO; (HSA)
solid solution. Among these methods, the surfactant-assisted
approach was employed to prepare high surface area CeO, with
improved textural, structural, and chemical properties [47]. Our
previous publication [48] reported the achievement of CeO, with
a high surface area and good stability after thermal treatment
by this preparation method. Regarding the surfactant-assisted
method, CeO;, (HSA) is prepared by reacting a cationic surfac-
tant with a hydrous oxide produced by co-precipitation under
basic conditions. At a high pH value, conducting the precipi-
tation of hydrous oxide in the presence of a cationic surfactant
allows the cation exchange process between H* and the surfac-
tant, resulting in a developed pore structure with an increase
in surface area [47]. The achievement of high thermal stabil-
ity for CeO, (HSA) is due to the incorporation of surfactants
during preparation, which can reduce the interfacial energy and
eventually decrease the surface tension of water contained in
the pores. This could reduce the shrinkage and collapse of the
catalyst during heating, which consequently helps the catalyst
maintain a high surface area after calcination [47].

In the present work, the stability and activity toward steam
reforming of LPG over high surface area CeO; (CeO; (HSA))
was studied and compared to those over the conventional
low surface area CeQO; (CeO; (LSA)), and also conventional
Ni/Al,O3. The resistance towards carbon formation and the
influence of the inlet HyO/LPG molar ratio and temperature
on product selectivities over these catalysts were determined. In
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Table 1

Specific surface area of CeO, (HSA and LSA) after drying and calcinations at different temperatures

Catalyst BET surface area (m? g~!) after drying or calcination at

100°C 200°C 400°C 600°C 800°C 900°C 1000°C
CeO; (LSA)? 55 49 36 21 15 11 8.5
CeO, (HSA) 105 97 69 48 35 29 24

2 Conventional low surface area CeO; prepared by the precipitation method.

® Nanocomposite high surface area CeO, prepared by the surfactant-assisted approach.

addition, autothermal reforming of LPG was also investigated
by adding oxygen at the inlet feed. The improvement in the
resistance to carbon deposition by the presence of oxygen and a
suitable inlet O,/LPG molar ratio were determined. It should be
noted that the contents of desulpherized LPG used in this work
are 60% C3Hg and 40% C4Hjo (based on the compositions of
LPG from PTT Company (Thailand)).

2. Experimental
2.1. Catalyst preparation and characterization

Conventional CeO, (CeO; (LSA)) was prepared by the pre-
cipitation of cerium chloride (CeClz-7H,0) from Aldrich. The
starting solution was prepared by mixing 0.1 M of this metal salt
solution with 0.4 M of ammonia in a 2:1 volumetric ratio. This
solution was stirred by magnetic stirring (100 rpm) for 3 h, then
sealed and placed in a thermostatic bath maintained at 90 °C for
3 days. The precipitate was filtered and washed with deionised
water and acetone to remove the free surfactant. It was dried
overnightinanovenat 110 °C, and then calcined in air at 1000 °C
for 6 h.

High surface area CeO; (CeO, (HSA)) was prepared by
adding an aqueous solution of the appropriate cationic sur-
factant, 0.1 M cetyltrimethylammonium bromide solution from
Aldrich, to a 0.1 M cerium chloride. The molar ratio of
([Ce])/[cetyltrimethylammonium bromide] was kept constant at
0.8. The mixture was stirred and then aqueous ammonia was
slowly added with vigorous stirring until the pH was 11.5 [47].
The mixture was continually stirred for 3 h, then sealed and
placed in the thermostatic bath maintained at 90 °C for 3 days.
After that, the mixture was cooled and the resulting precipitate
was filtered and washed repeatedly with water and acetone. The
filtered powder was then treated under the same procedures as
CeO, (LSA). BET measurements of CeO, (both LSA and HSA)
were carried out at different calcination temperatures in order to
determine the loss of specific surface area due to the thermal sin-
tering. As presented in Table 1, after drying, surface areas of 82
and 55 m? g’1 were observed for CeO, (HSA) and conventional
CeO,, respectively, and as expected, the surface area dramati-
cally decreased at high calcination temperatures. However, the
value for CeO, (HSA) is still appreciable after calcination at
1000°C and it is almost three times that of the conventional
Ce0,.

The redox properties and redox reversibilities of these syn-
thesized CeO;, (both LSA and HSA) were then determined by
the temperature-programmed reduction (TPR) and temperature-

programmed oxidation (TPO). TPR and TPO experiments were
conducted in the presence of 5% Hy/Ar and 5% O;/He, respec-
tively, while the temperature of the system increased from room
temperature to 900 °C for both experiments.

For comparison, Ni/Al,O3 (5 wt.% Ni) was also prepared by
impregnating a-Al,O3 (from Aldrich) with NiCl3. After stir-
ring, the solution was dried and calcined at 1000 °C for 6 h.
The catalysts were also reduced with 10%Hj,/Ar at 500 °C for
6h before use. After reduction, the catalysts were character-
ized by several physicochemical methods. The weight content
of Ni in Ni/Al,O3 was determined by X-ray fluorescence (XRF)
analysis. The reducibility and dispersion percentages of nickel
were measured from temperature-programmed reduction (TPR)
with 5% Hj in helium and temperature-programmed desorp-
tion (TPD), respectively. The catalyst specific surface areas were
obtained from BET measurement. All physicochemical proper-
ties of the synthesized Ni/Al,O3 are presented in Table 2.

2.2. Apparatus and procedures

An experimental reactor system was constructed as shown in
Fig. 1. The feed gases including the components of interest (e.g.
LPG, steam from the evaporator, and oxygen) and the carrier
gas (helium) were introduced to the reaction section, in which a
10 mm diameter quartz reactor was mounted vertically inside a
furnace. The reactivities of the catalyst toward steam reforming
of LPG were determined by loading the catalyst in this quartz
reactor, which was packed with a small amount of quartz wool
to prevent the catalyst from moving. The inlet LPG concentra-
tion was kept constant at 5 kPa (C3Hg/C4Hjg ratio of 0.6/0.4),
while the inlet steam concentrations were varied depending on
the inlet HoO/LPG molar ratio requirement for each experiment
(3.0,4.0,5.0, 6.0, and 7.0). Regarding the results in our previous
publications [48], to avoid any limitations by intraparticle diffu-
sion, the weight of catalyst was always kept constant at 50 mg,
while the total gas flow was 100 cm® min~! with a constant resi-
dence time of 5 x 10~* g min cm 3 in all experiments. A Type-K

Table 2
Physicochemical properties of synthesized Ni/Al, O3 after reduction

Catalyst Ni-load®  BET surface Ni-reducibility®  Ni-dispersion®
(Wt.%) area (m?g~!)  (Ni%) (Ni%)
Ni/AlLbO3; 4.9 40 92.1 4.87

2 Measured from X-ray fluorescence analysis.

b Measured from temperature-programmed reduction (TPR) with 5% hydro-
gen.

¢ Measured from temperature-programmed desorption (TPD) of hydrogen
after TPR measurement.
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Fig. 1. Schematic diagram of the experimental set-up.

thermocouple was placed in the annular space between the reac-
tor and the furnace. This thermocouple was mounted on the
tubular reactor in close contact with the catalyst bed to mini-
mize the temperature difference between the catalyst bed and
the thermocouple. Another Type-K thermocouple was inserted
in the middle of the quartz tube in order to re-check the possi-
ble temperature gradient, especially when O, was added along
with LPG and H;O in autothermal reforming. The recorded val-
ues showed that the maximum temperature fluctuation during
the reaction was always £0.75 °C or less from the temperature
specified for the reaction.

After the reactions, the exit gas mixture was transferred via
trace-heated lines to the analysis section, which consisted of
a Porapak Q column Shimadzu 14B gas chromatograph (GC)
and a mass spectrometer (MS). Gas chromatography was used
in order to investigate the steady state condition experiments,
whereas the mass spectrometer, in which the sampling of the
exit gas was done by a quartz capillary and differential pump-
ing, was used in the transient carbon formation experiment. In
order to study the formation of carbon species on catalyst sur-
face, temperature-programmed oxidation (TPO) was applied by
introducing 5% oxygen in helium into the system, after being
purged with helium. The operating temperature was increased
from room temperature to 900 °C at a rate of 10 °C min~!. The
calibration of CO and CO, were performed by injecting a known
amount of the gases from a sample loop into an injection valve in
the bypass line. The response factors were obtained by dividing

areas under peaks. The amount of carbon formed on the sur-
face of catalysts was determined by measuring the CO and CO»
yields from the TPO results (using Microcal Origin Software)
assuming a value of 0.026 nm? for the area occupied by a carbon
atom in a surface monolayer of the basal plane in graphite [49].
In addition to the TPO method, the amount of carbon deposition
was confirmed by the calculation of carbon balance in the sys-
tem. The amount of carbon deposited on the surface of catalyst
would theoretically be equal to the difference between the inlet
carbon containing components (CzHg and C4H() and the out-
let carbon containing components (CO, CO,, CH4, CoHg, and
C,Hy4). The amount of carbon deposited per gram of catalyst is
given by the following equation:

mOICcaxbon(in) - mOIecarbon(out)

“

Cdeposition =
Mcatalyst

The steam reforming reactivity was defined in terms of
the conversions and selectivities. Hydrocarbon conversions
(propane and butane) denoted as Xhydrocarbon, and the prod-
ucts selectivity (hydrogen, carbon monoxide, carbon dioxide,
methane, and ethylene), denoted as Sproduct, are calculated
according to Egs. (5)—(12):

. _ 100(%butane;, — %butaneou) (5)
butane = Jbutane;,

100(%propanei, — %propaneqy;)

X = 6
the number of moles for each component over the respective propane Jopropane;, ©)
S — 100(%H2) 7
Hy = 3(%butane;j, — %butaneqy;) + 4(%propanej, — %propaneqy) + (%H>Oin — %H2O0ut)
100(%CO)
Sco ®)

- 2(%butane;, — %butaneyy;) + 3(%propanei, — %propaneqy)
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Fig. 2. Temperature-programmed reduction (TPR-1) of fresh catalysts after
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Fig. 3. Temperature-programmed oxidation (TPO) of CeO, (HSA and LSA)
after TPR-1.

100(%CO5)
Sco, = )]
2(%butane;, — %butaneyy) + 3(%propanej, — %propaneqy)
100(%CHg)
Sci, = (10)
2(%butane;, — %butaneyy;) + 3(%propanei, — %propaneqy)
100(%C,Hg)
ScyHg = (11)
(%butanej, — %butaneqyy) + 1.5(%propanej, — %propaneqy)
100(%C,Hy)
Sc,H, = (12)
(%butanei, — %butaneqyy) + 1.5(%propanej, — %propaneqy)
3. Results

3.1. Redox property and redox reversibility of the
synthesized CeO>

The oxygen storage capacities (OSC) and the redox prop-
erties of CeO, (both LSA and HSA) were investigated using
temperature-programmed reduction (TPR-1) which was per-
formed by heating the reduced catalysts up to 900 °C in 5%H»
in argon. A test over Ni/Al,O3 was also performed for compari-
son. As shown in Fig. 2, hydrogen uptake was detected from both
types of CeO; at the temperature above 650 °C. The amount of
hydrogen uptake over CeO, (HSA) is significantly higher than
that over CeO, (LSA), suggesting that the OSC and the redox
properties strongly depend on the specific surface area of CeO;.
In contrast, no hydrogen consumption was observed from the
TPR over Ni/Al,O3, indicating the absence of redox proper-
ties for this catalyst. The benefit of having a redox property

Table 3
Results of TPR(1), TPO, TPR(2) analyses of CeO; (both HSA and LSA)

in the reforming of LPG will be presented in Section 4.
After being purged with helium, the redox reversibility for
each type of CeO, was then determined by conducting
temperature-programmed oxidation (TPO) following by a sec-
ond temperature-programmed reduction (TPR-2). The TPO was
carried out by heating the catalyst up to 900 °C in 5%0; in
helium; the amount of oxygen chemisorbed was then measured,
as shown in Fig. 3 and Table 3. Regarding the TPR-2 results as
shown in Fig. 4 and Table 3, the amount of hydrogen uptake
for CeO; (both LSA and HSA) were approximately similar to
those from TPR-1, indicating the redox reversibility of these
synthesized versions of CeO5.

3.2. Homogenous (non-catalytic) reactions

Before studying the catalyst performance, homogeneous
(non-catalytic) steam reforming of LPG was investigated. A

Catalyst Total H, uptake from Total O, uptake from Total H uptake from
TPR(1)* (pmol geu ™) TPO® (wmol gea ") TPR(2)° (wmol gea ")

CeO, (HSA) 2159 1044 2155

CeO, (LSA) 1784 867 1781

2 Temperature-programmed reduction of the reduced catalysts (relative standard deviation = +3%).
b Temperature-programmed oxidation after TPR(1) (relative standard deviation=+£1%).
¢ Re-temperature-programmed reduction after TPO (relative standard deviation = £2%).
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Fig.4. Second time temperature-programmed reduction (TPR-2) of CeO, (HSA
and LSA) compared to that of TPR-1.

feed stream consisting a LPG/H;O at a molar ratio of 1.0/5.0 was
introduced into the system, while the temperature increased from
ambient to 900 °C. Both propane and butane were converted
to methane, ethane, ethylene, and hydrogen at the temperature
above 700 °C, as shown in Fig. 5. A significant amount of car-
bon was also detected in the blank reactor after exposure for
10 h. These components were formed via the decomposition of
butane and propane as shown in the equations below.

C4Hi9g— CrHg+ CoHy4 (13)
CsHg — 3/2(C;H4) + Ha (14)
C,Hg — C,H4 +H> (15)

CyHs < CHy+C (16)

100
90
80
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60
50
40

Conversion / Selectivities (%)

= T T T T T
700 725 750 775 800 825 850 875 900

Temperature (C)

Fig. 5. Homogeneous (in the absence of a catalyst) reactivity of LPG in the
presence of steam (with the inlet HyO/LPG of 5.0) (C4Hjo (@), C3Hg (O),
C2Hy (4), C2Hg (2), CHy (W), and Hy (0)).

Table 4
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Fig. 6. Hydrogen selectivity from the steam reforming of LPG over CeO, (HSA)
(@), CeO; (LSA) (O), and Ni/Al,03 (A) at 900 °C compared to that from the
homogeneous reaction and at the equilibrium level.

There was no change in the steam concentration, and no car-
bon monoxide and carbon dioxide were produced in the system,
indicating that the non-homogenous reforming reaction between
steam and hydrocarbons did not take place at this range of con-
ditions studied.

3.3. Stability and activity toward the steam reforming of
LPG

The synthesized CeO, (HSA), CeO, (LSA), and Ni/Al,O3
were studied in the steam reforming of C3Hg/C4H1¢ at 900 °C.
The feed was HyO/LPG in helium with the molar ratio of 5.0
(H,O/C ratio of 1.45). The reforming rate was measured as a
function of time in order to determine the stability and the deac-
tivation rate. The variations in the hydrogen selectivity with
time at 900°C are shown in Fig. 6. Significant deactivation
was detected with Ni/Al, O3 catalyst, whereas much lower deac-
tivations were observed for CeO, (HSA). Catalyst stabilities
expressed as deactivation percentages are given in Table 4. It
should be noted that, in order to determine whether the observed
deactivation is due to the carbon formation, the post-reaction
temperature-programmed oxidation (TPO) experiments were
carried out.

From the TPO results shown in Fig. 7, a huge amount of car-
bon deposition was observed on Ni/Al, O3, whereas significantly
less carbon formation was detected on CeO; (LSA) and CeO,
(HSA) after exposure to the steam reforming conditions for 72 h.
The amount of carbon formation (monolayer) on the surface of
catalysts was determined by measuring the CO and CO, yields
(using Microcal Origin Software). Using a value of 0.026 nm?
for the area occupied by a carbon atom in a surface mono-

Physicochemical properties of catalysts after exposure in the steam reforming of LPG at 900 °C for 72 h.

Catalyst Deactivation (%) C formation (monolayers) BET surface (m? g’l) Ni-load (wt.%) Ni-red. (Ni%) Ni-disp. (Ni%)
CeO; (HSA) 12.8 0.51% (0.48)° 22.0 - - -

CeO; (LSA) 30.6 0.92 (0.92) 7.1 - - -

Ni/Al, O3 52.3 473 (4.71) ~40.0 49 92.1 4.82

2 Calculated using CO and CO, yields from temperature-programmed oxidation (TPO) with 5% oxygen.

b Calculated from the balance of carbon in the system.
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Fig. 7. Temperature-programmed oxidation (TPO) of CeO, (HSA), CeO,
(LSA), and Ni/Al,Os after exposure in the steam reforming (STR) and autother-
mal reforming (ATR) of LPG (H,O/LPG of 5.0 for STR and O,/LPG of 0.6 for
ATR) for 72 h.

layer of the basal plane in graphite [49], the quantities of carbon
deposited for each catalyst were observed as in Table 4. The total
amounts of carbon deposited were then verified by calculating
the carbon balance of the system. Regarding the calculations,
the moles of carbon deposited per gram of CeO, (HSA), CeO,
(LSA), and Ni/Al,O3 were 0.54, 0.97, and 4.76 mmol g’l. By
the same assumption for the area occupied by a carbon atom [49],
the values shown in Table 4 are in good agreement with the values
observed from the TPO method described above. These results
clearly indicate that the deactivation observed on Ni/Al,O3 was
mainly due to carbon deposition on the surface of catalyst, and
CeO, especially the high surface area had a significant resis-
tance toward carbon formation as compared to Ni/Al,O3. BET
measurements were then carried out to observe the percentage
decrease in surface area of all catalysts. It should be noted that
the BET measurement for Ni/Al,O3 was carried out after redu-
cution of the catalyst (after TPO) with hydrogen in order to
eliminate all NiO from the TRO experiment, which could affect
the catalyst surface area. Results shown in Table 4 suggest that
the deactivation of ceria is mainly due to the thermal sintering.
However, the surface area reduction percentage of CeO, (HSA)
is much lower than CeO, (LSA), indicating a higher stability
toward the thermal sintering.

It should be noted that, the steady-state hydrogen selectivity
observed from all catalysts (62.9% for CeO, (HSA), 35.0% for
CeO; (LSA), and 28.6% for Ni/Al,O3) was lower than that at
equilibrium state, which is approximately 87% (according to
the simulation using AspenPlus 10.2), due to the incomplete
decomposition of LPG to Hj, CO, and CO».

3.4. Effects of temperature and inlet reactants

The influences of operating temperature and the inlet steam
content on the conversion of butane and propane, and the product
selectivities from the steam reforming of LPG over CeO, (HSA)
and CeO; (LSA) were studied by varying the operating temper-
ature from 700 to 900 °C and changing the inlet HyO/LPG ratio
from 3.0 to 7.0 (H,O/C ratio from 0.87 to 2.02) as represented
in Figs. 8 and 9.
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Fig. 8. Effect of reaction temperature on the conversions of C4H; (@) and C3Hg
(O), and the selectivities of Hy (), CO (4), CO, (O), CH4 (W), C2Hg (A), and
CyHy4 (A) from steam reforming over CeO, (HSA) (with the inlet HyO/LPG of
5.0).

At 900 °C, the main products from the steam reforming reac-
tion over CeO, (HSA) were CHy, Hy CO, and CO,. Some forma-
tion of C,H4 was also observed. Hydrogen and carbon monoxide
selectivities increased with increasing temperature, whereas car-
bon dioxide and ethylene production selectivities decreased. The
dependence of methane selectivity on the operating tempera-
ture was non-monotonic, the maximum production of methane
occurred at approximately 800°C. Regarding the effect of
steam, hydrogen and carbon dioxide selectivities increased with
increasing inlet steam concentration, whereas carbon monoxide,
methane, and ethylene selectivities decreased. These changes in
product selectivities are due to the influence of the exothermic
water-gas shift reaction (CO+H;O — CO; +H»), whereas the
decreased methane and ethylene selectivities could be due to
further reforming which would generate more carbon monoxide
and hydrogen. Temperature-programmed oxidations of CeO,
(HSA) after exposure in steam reforming with different inlet
H;,O/LPG ratios were then carried out to determine the effect of
the inlet steam concentration on the degree of carbon formation.
From the TPO results, the amount of carbon deposited slightly
decreased with increasing inlet steam concentration, however, a
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Fig. 9. Effect of inlet steam/LPG molar ratio on the selectivities of Hy (¢), CO
(4), CO; (O), CH4 (M), CHg (A), and C,Hy4 (A) from the steam reforming of
LPG over CeO; (HSA) at 900 °C.
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Table 5

The dependence of hydrogen yield on the H, O/LPG molar ratio and the amount
of carbon formation on CeO;, (HSA) after exposure in the steam reforming
condition for 72 h

H,O/LPG ratio Hydrogen selectivity (%) Total carbon formation
at steady state (monolayers)

3.0 43.1 0.82% (0.84)°

4.0 55.0 0.67 (0.65)

5.0 62.9 0.51 (0.48)

6.0 65.3 0.44 (0.44)

7.0 68.0 0.41 (0.39)

? Calculated using CO and CO; yields from temperature-programmed oxida-
tion (TPO) with 5% oxygen.
b Calculated from the balance of carbon in the system.

significant amount of carbon was detected even at a HyO/LPG
molar ratio of 7.0 (0.39-0.41 monolayers, Table 5).

3.5. Reactivity toward autothermal reforming

In order to reduce the degree of carbon formation and improve
the product selectivities, autothermal reforming of LPG over
CeO; (HSA) was studied by adding oxygen along with LPG and
steam. The inlet HyO/C molar ratio was kept constant at 1.45
(H,O/LPG molar ratio of 5.0), while the inlet O/C molar ratios
were varied at 0.2, 0.4, 0.6, 0.8 and 1.0. It should be noted that,
while varying the ratios of HyO/LPG and O,/LPG, the overall
space velocity was always maintained at a constant value by
adjusting the flow rate of carrier gas (helium) to keep the total
flow rate constant.

The effect of oxygen concentration on the product selectivi-
ties (%) at 900 °C is shown in Fig. 10. The effect of oxygen on
the yields of hydrogen and carbon monoxide productions were
non-monotonic. Hydrogen selectivity increased with increasing
O/C molar ratio until the ratio reached 0.6. The positive effect
of oxygen on the hydrogen selectivity in this range is due to
the assistance of this component to reform hydrocarbons. How-
ever, higher O/C ratios showed a negative effect on the hydrogen
selectivity, as too high an oxygen concentration resulted in the
oxidation of the hydrogen produced from the steam reforming.
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Fig. 10. Effect of inlet oxygen/carbon molar ratio on the selectivities of Hy (0),
CO (4), CO, (O), CHy (W), and C,H4 (A) from the autothermal reforming of
LPG over CeO, (HSA) at 900 °C.
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Fig. 11. Effect of reaction temperature on the conversions of C4Hjo (@) and
C3Hg (@), and the selectivities of Hy (), CO (), CO, ((J), CH4 (W), C,Hg
(A), and CoHy (A) from the autothermal reforming over CeOy (HSA) (inlet
0,/C molar ratio of 0.6).

Table 6
The dependence of hydrogen yield on the O/C molar ratio and the amount of
carbon formation on CeO, (HSA) after exposure in the reforming for 72 h

O/C ratio Hydrogen selectivity (%) Total carbon formation
at steady state (monolayers)

0.0 62.9 0.51% (0.48)°

0.2 69.8 0.19 (0.21)

04 76.1 0.07 (0.06)

0.6 77.0 ~0.0 (~0.0)

0.8 72.8 ~0.0 (~0.0)

1.0 69.0 ~0.0 (~0.0)

4 Calculated using CO and CO; yields from temperature-programmed oxida-
tion (TPO) with 5% oxygen.
b Calculated from the balance of carbon in the system.

Fig. 11 presents the product selectivities from the autothermal
reforming of LPG (with the O/C molar ratio of 0.6) over CeO,
(HSA) at different temperatures (700 °C to 900 °C). It was found
that the main products from the autothermal reforming are simi-
lar to the steam reforming (e.g. Ho, CO, CO,, and CHy). Higher
H;, CO, and CO; selectivities were observed from autother-
mal reforming, whereas less CHy4, C2Hg, and CoHy4 were found
compared to steam reforming under the same operating condi-
tions. At900 °C, neither CoHg nor CoHy formation was observed
from the reaction due to the complete decomposition of these
high hydrocarbons by the addition of oxygen. The benefits of
the oxygen addition along with LPG and steam are presented in
Section 4.

Temperature-programmed oxidation was carried out on the
spent catalysts in order to determine the degree of carbon for-
mation on the catalyst surface after exposure to the autothermal
reforming reaction. From the TPO results, significantly lower
quantities of deposited carbon was observed over CeO, (HSA)
surface, and no carbon formation was detected when the inlet
O/C molar ratio reached 0.6, shown in Fig. 7 and Table 6.

4. Discussion

High surface area ceria (CeO, (HSA)), synthesized by a
surfactant-assisted approach, provided a high LPG reforming
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reactivity and excellent resistance toward carbon deposition
compared to conventional Ni/Al,O3. Carbon formation during
LPG reforming could occur due to the reactions listed below:

C4H19 < SH, +4C a7
C3Hg & 4H, +3C (18)
CHs & 2H, +2C (19)
CHs & 2H, +C (20)
2CO & CO+C 2D
CO + Hy & H,0 + C (22)
CO, +2H, & 2H;0 + C (23)

where C is the carbonaceous deposit. At low temperature, Eqs.
(22) and (23) are favorable, while Eqgs. (17)—(21) are thermody-
namically not favored [50]. The Boudouard reaction (Eq. (21))
and the decomposition of hydrocarbons (Egs. (17)—(20) are the
major pathways for carbon formation at such a high temper-
ature as they show the largest change in Gibbs free energy
[51]. Because of the high temperature employed in this study
(700-900 °C), carbon formation via the decomposition of hydro-
carbons and Boudouard reactions is possible. With the increase
in steam to carbon ratio, the equilibrium of the water-gas shift
reaction moves forward and produces more CO; rather than CO.
Therefore, a high steam feed can avoid carbon deposition via the
Boudouard reaction. However, a significant amount of carbon
still forms due to the decomposition of hydrocarbons.

The high resistance toward carbon deposition on CeO;, espe-
cially on high surface area CeO;, is mainly due to the high
oxygen storage capacity (OSC) of this material. CeO, contains
ahigh concentration of highly mobile oxygen vacancies and thus
acts as alocal source or sink for oxygen on its surface. It has been
reported that at high temperature, the lattice oxygen (Og®) at the
CeO; surface can oxidize gaseous hydrocarbons (e.g. methane
[42,48,49]). By using CeO, (HSA) as the catalyst, the carbon
deposition due to the decomposition of hydrocarbons could be
inhibited by the gas—solid reactions between the hydrocarbons
present in the system (C4H;9, C3Hg, CoHg, C2H4, CH4) and
the lattice-oxygen (Og*) at the CeO; surface (Eq. (24)) forming
CO; and H, from which the formation of carbon is thermody-
namically unfavorable at high temperature.

C,H, + 00" & nCO+m/2Hy + Vo** + 2¢ (24)

After the reactions, the lattice oxygen (Op”) is regenerated by
reaction with oxygen containing compounds (e.g. steam) present
in the system.

H,0 + Vo + 2¢/ & Oo* +H 25)

The redox mechanism between the hydrocarbons present in
the system and the lattice oxygen (Og*) are illustrated below.

C4Hio +4Sce & 2(CH3-Sce) + 2(CH2—Sce) (26)
C3Hg +3Sce & 2(CH3-Sce) + CHo—Sce 27
CyHg +2Sce & 2(CH3-Sce) (28)

CoH4 4 2Sce & 2(CHz—Sce) (29)
CH4 + 2Sce < CH3—Sce + H-Sce (30)
CH3-Sce + Sce & CH,—Sce + H-Sce 31
CH>-Sce 4+ Sce & CH-Sce +H-Sce (32)
CH-Sce + Sce < C-Sce + H-Sce (33)
C-Sce + 00" & CO + Vo** + 2¢ + Sce (34)
2H-Sce & Hz +2Sce (35)

where Sce is the CeO; surface site and CH,—Sc. is an inter-
mediate surface hydrocarbon species. Sce can be considered to
be a unique site, or the same site as the lattice oxygen (Og*).
Steele and Floyd [52] reported that the measured value of the
oxygen diffusion coefficient for ceria is high and the reaction
rate is controlled by a surface reaction rather than by diffusion
of oxygen from the bulk of the solid particles to ceria surfaces
[52]. During the reaction, hydrocarbons are adsorbed on either
a unique site (Sce) or the lattice oxygen (Og™).

Although conventional CeO; (CeO, (LSA)) has also been
reported to provide a high resistance toward carbon formation,
the major drawbacks of CeO, (LSA) are the low specific sur-
face area and large size reduction due to the thermal sintering,
resulting in a significant drop in the redox properties compared
to CeO, (HSA), as presented in Section 3.1, and consequently
low steam reforming reactivity. The corresponding post-reaction
specific surface area for CeO, (LSA) after exposure in reforming
conditions was 7.1 m? g !, and the observed size reduction per-
centage was 17%, whereas the post-reaction specific surface area
for CeO» (HSA) was 22m? g~ !, and the observed size reduc-
tion percentage was 9%. The low redox properties of CeO»
(LSA) also resulted in a significantly lower resistance toward
carbon deposition of this material compared to CeO, (HSA).
As described earlier, the redox reaction (Eq. (25)) between the
lattice oxygen (Op*) at the CeO, surface and the hydrocarbons
present in the system (C4Hp9, C3Hg, CoHg, CoH4, CHy) can
prevent the formation of carbon by the decomposition of these
hydrocarbon components.

It was observed from the study that the addition of oxy-
gen along with LPG and steam in the autothermal reforming
reaction reduced the degree of carbon deposition and improved
the product selectivities by eliminating the formation of CoHg
and CyHy. Theoretically, oxygen prevents the formation of high
hydrocarbons (i.e. CoHg and C;H4) and subsequent carbon
deposition from the decomposition reactions (Egs. (16)—(18))
by oxidizing these hydrocarbons producing the elements that are
unfavored to form carbon. The presence of oxygen also helps
steam regenerate the lattice oxygen (Op*) on the CeO; surface
(02 +Vo** +2¢ +Sce — Op®). The major consideration of the
autothermal reforming operation is a suitable O»/LPG ratio. The
presence of too high an oxygen concentration could oxidize
the hydrogen and carbon monoxide produced from the steam
reforming to steam and carbon dioxide.



N. Laosiripojana, S. Assabumrungrat / Journal of Power Sources 158 (2006) 1348-1357 1357

5. Conclusion

High surface area ceria (CeO, (HSA)), synthesized in a
surfactant-assisted approach, is a good catalyst for the reform-
ing of LPG (butane and propane) at SOFC temperatures
(700900 °C) due to a high resistance towards the deactiva-
tion from carbon formation. During the reforming process, the
gas—solid reactions between the hydrocarbons present in the
system (i.e. propane, butane, ethane, ethylene, and methane)
and the lattice oxygen (Og") take place on the ceria surface,
reducing the degree of carbon deposition on the catalyst surface
(from hydrocarbons decomposition and Boudouard reactions).
At 700-900 °C, the main products from the steam reforming of
LPG over CeO, (HSA) were Hy, CO, CO,, and CHy, whereas
a small amount of CoHy was also observed, particularly at
low temperatures. By increasing the inlet steam content, hydro-
gen and carbon dioxide selectivities increased, whereas carbon
monoxide selectivity decreased. Moreover, the conversions of
methane and ethylene were found to increase with increasing
steam content in the system.

The addition of oxygen in autothermal reforming can reduce
the degree of carbon deposition and eliminate the formation of
higher hydrocarbons (i.e. C;Hg and CoHy). The major consider-
ation in the autothermal reforming operation is the inlet O2/LPG
molar ratio, as the presence of too high an oxygen concentration
could oxidize hydrogen and carbon monoxide, produced from
the steam reforming, to steam and carbon dioxide. A suitable
O/C molar ratio for autothermal reforming on CeO, (HSA) was
observed to be 0.6.
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