
CH4 ratio to reduce the carbon formation. According to the

table, the minimum requirement of inlet H2O/CH4 ratio to

avoid the carbon formation for Ni/Al2O3 is 3.0.

3.4. Intrinsic reaction kinetic studies

3.4.1. Effects of temperature and methane

The inlet methane partial pressure was varied from 1 to

4 kPa, while the inlet steam was kept constant at 9 kPa. The

operating temperature range was 650–850 8C. At steady
state, the main products from this reaction were H2 and CO

with a small amount of CO2, indicating a small contribution

from the water–gas shift reaction, Eq. (2), and the reverse

methanation (Eq. (3)). Fig. 6 showed the influences of

temperature on the CO/(CO + CO2) production selectivity

for both Ni/Ce–ZrO2 and Ni/Al2O3. This selectivity

increased with increasing operating temperature. At the

same temperature, this selectivity for Ni/Al2O3 was

observed to be higher than that over Ni/Ce–ZrO2, which

is due to the lower reactivity toward the water–gas shift

reaction of Ni/Al2O3. The water–gas shift reaction (WGS)

for each support was tested in order to ensure the influence of

this reaction by using TPRx in CO/H2O/He gas mixture

(5 kPa CO, and 10 kPa H2O). Fig. 7 shows the activities of

both supports toward this reaction. Clearly, the activity

toward this reaction over Ce–ZrO2 was significantly higher

than that over Al2O3 at the same operating conditions.

Fig. 8 illustrates the influence of the inlet methane partial

pressure on the turnover frequencies (N) for methane steam

reforming over Ni/Ce–ZrO2 at different operating tempera-

tures. Turnover frequencies were calculated from the

methane conversion following the given equation by

assuming that all surface sites accessible by nitrogen

adsorption (area per molecule 16.2 � 10�20 m2 [40]) were

active:

N ¼ rNAAN2

mcS
(9)

Here r is the moles CH4 per unit time, NA the Avogadro’s

number, AN2 the area occupied by an adsorbed nitrogen

molecule (16.2 � 10�20 m2), mc the weight of catalyst used

(50 mg), and S is the specific surface area of the catalyst

(18 m2 g�1). The activities of each catalyst increased with

increasing inlet methane partial pressure as well as operating

temperature. Fig. 9 shows an Arrhenius-type plot for

methane steam reforming over Ni/Ce–ZrO2 with various
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Fig. 4. Temperature-programmed methane adsorption (TPMA) of Ni/Ce–

ZrO2 (5 kPa CH4).

Fig. 5. Temperature-programmed oxidation (TPO) of Ni/Ce–ZrO2 (10 kPa

O2).

Table 3

The dependence of inlet H2O/CH4 ratio on the amount of carbon formation

remaining on the catalyst surface (calculated from CO and CO2 yields

during TPO)

H2O/CH4 ratio Total carbon formation (monolayers)

Ni/Ce–ZrO2 Ni/Al2O3

0 1.29a (1.31)b 2.35 (2.34)

0.2 0.47 (0.45) 2.26 (2.28)

0.4 0.39 (0.39) 1.97 (1.99)

0.6 0.21 (0.24) 1.66 (1.61)

0.8 0.11 (0.09) 1.33 (1.30)

1.0 �0 (0.005) 0.79 (0.81)

2.0 �0 (�0) 0.30 (0.27)

3.0 �0 (�0) �0 (0.01)
a Calculated using CO and CO2 yields from temperature-programmed

oxidation (TPO) with 10% oxygen.
b Calculated from the balance of carbon in the system.

Fig. 6. Influence of temperature on CO/(CO + CO2) selectivity from

methane steam reforming over Ni/Ce–ZrO2 and Ni/Al2O3 (3 kPa CH4,

9 kPa H2O).



methane/steam ratios over the temperature range of 650–

750 8C. The corresponding activation energy observed for

this catalyst is 142 � 15 kJ mol�1, slightly depending on the
gas composition. The composition-dependence of activation

energies from the Arrhenius plots has often been observed.

The literature values, reviewed by Pointon [41] and Dicks

et al. [39], were reported to be 35–287 and 154–

253 kJ mol�1, respectively.
The reaction orders in methane for both catalysts were

observed to be 1.0 in all conditions. These values (n) were

obtained experimentally by plotting ln(N) versus lnPCH4

according to the equation below:

lnðNÞ ¼ lnðkÞ þ nðlnPCH4
Þ (10)

The reaction order in methane seemed to be independent

of the operating temperature in the range of conditions

studied. By varying inlet steam partial pressure (9, 12, and

15 kPa) and adding hydrogen (1, 3, and 5 kPa), we found

that the reaction order in methane was also independent of

both components in this range of conditions.

3.4.2. Effect of hydrogen

Several inlet hydrogen concentrations (1–18 kPa) were

added to the methane/steam in order to investigate the

influence of this component on the steam reforming rate.

Firstly, the inlet hydrogen partial pressure was varied from 0

to 5 kPa, while the inlet methane and steam partial pressure

were kept constant at 3 and 9 kPa, respectively. In this range

of conditions, hydrogen promoted the methane conversion

as shown in Fig. 10. The reaction orders in hydrogen for Ni/

Ce–ZrO2 at this range of conditions studied were observed to

be positive values between 0.18 and 0.20, while the reaction

order in hydrogen for Ni/Al2O3 was in the range of 0.28–

0.34. These values seemed to be independent of the inlet

methane partial pressure and the operating temperature.

However, they depended on the inlet steam partial pressure.

The reaction order in hydrogen became slightly higher with

increasing inlet steam partial pressure. This result is in good

agreement with Dicks et al. [39] Fig. 11 showed the

influences of hydrogen on the CO/(CO + CO2) production

selectivity. This selectivity increased with increasing inlet

hydrogen partial pressure due to the promotion of the reverse

water–gas shift reaction.
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Fig. 7. The activities of Ce–ZrO2 and Al2O3 toward the water-gas shift

reaction using TPRx in CO/H2O/He gas mixture (5 kPa CO, and 10 kPa

H2O).

Fig. 8. Effect of methane partial pressure on the turnover frequencies (N)

for steam reforming over Ni/Ce–ZrO2 (Ce/Zr = 3/1) at different tempera-

tures (9 kPa inlet H2O).

Fig. 9. Arrhenius plot of turnover frequencies (N) for methane steam

reforming over Ni/Ce–ZrO2 (Ce/Zr = 3/1) with different inlet methane/

steam ratios.

Fig. 10. Effect of hydrogen partial pressure on steam reforming rate over

Ni/Ce–ZrO2 (Ce/Zr = 3/1) at different temperatures (3 kPa CH4, 9 kPa

H2O).



The steam reforming rates at higher inlet hydrogen partial

pressures were then measured. The experiments yielded a

non-linear positive hydrogen trend. When the inlet hydrogen

partial pressure was greater than 8 kPa, the hydrogen

influence on the steam reforming rate became much less

pronounced. Moreover, the decrease in methane conversion

was observed when the inlet hydrogen partial pressure was

greater than 10 kPa (Fig. 12). Clearly, the negative effect of

hydrogen for Ni/Ce–ZrO2 was observed to be much stronger

than that over Ni/Al2O3.

3.4.3. Effect of steam

In order to investigate the effect of inlet H2O/CH4 ratio on

the steam reforming rate, this ratio was varied from 0.5 to 5.0

by changing the inlet steam partial pressure from 1.5 to

15 kPa. Two temperature levels of 700 and 800 8C were

considered. As shown in Fig. 13, the dependence of steam on

the rate of reforming is non-monotonic. The steam

reforming rate increased with increasing inlet H2O/CH4

ratio until this ratio reached approximately 1.0–2.0. Then,

steam presented a negative effect on the reforming rate at

higher inlet H2O/CH4 ratio values. At the inlet H2O partial

pressure of 5–15 kPa, the reaction order related to steam

decreased from �0.40 to �0.31 and �0.25 when the inlet

hydrogen partial pressure increased from 0 to 1 and 2 kPa,

respectively. This could be due to the decrease in the

catalyst’s oxidized state caused by a small addition of inlet

hydrogen.

Unlike the effect of hydrogen, the reaction order in steam

for the methane steam reforming over Ni/Al2O3 was close to

that over Ni/Ce–ZrO2 at the same operating conditions,

indicating the same influence of steam on both Al2O3 and

Ce–ZrO2. This result was supported by the works of

Laosiripojana [42], who reported the independence of inlet

steam partial pressure on the methane steam reforming rate

over ceria-based materials. Fig. 14 shows the influences of

steam on the CO/(CO + CO2) production selectivity. This

selectivity decreased with increasing inlet steam partial

pressure due to the promotion of the water–gas shift reaction

in the forward direction. Table 4 presents the summary of

observed reaction orders in each component (CH4, H2O, and

H2) for both Ni/Ce–ZrO2 and Ni/Al2O3 at different

temperatures and inlet compositions.
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Fig. 11. Influence of hydrogen addition on CO/(CO + CO2) selectivity from

methane steam reforming over Ni/Ce–ZrO2 at different temperatures (3 kPa

CH4, 9 kPa H2O).

Fig. 12. Effect of hydrogen partial pressure on steam reforming rate over

Ni/Ce–ZrO2 (Ce/Zr = 3/1) and Ni/Al2O3 at high presence of hydrogen (0–

18 kPa) at 800 8C.

Fig. 13. Effect of steam partial pressure on steam reforming rate over Ni/

Ce–ZrO2 (Ce/Zr = 3/1) at 700 and 800 8C (3 kPa CH4).

Fig. 14. Influence of inlet steam/methane ratio on CO/(CO + CO2) selec-

tivity from methane steam reforming over Ni/Ce–ZrO2 at different tem-

peratures (3 kPa CH4).



3.4.4. Effect of oxygen

As described earlier, autothermal reforming seems to be a

promising reaction in order to produce hydrogen in the near

future, as it is currently the most economical process.

Methane steam reforming in the presence of oxygen or the

autothermal reforming was then carried out by adding

different oxygen partial pressures into the feed gas at several

operating temperatures. The inlet methane and steam partial

pressures were kept constant at 3 and 9 kPa, respectively,

while the inlet oxygen partial pressure was varied from 0 to

4 kPa. At steady state, the methane steam reforming rate

increased with increasing the inlet oxygen partial pressure as

shown in Fig. 15. However, the CO/(CO + CO2) production

selectivity strongly decreased with increasing oxygen

concentration due to the CO oxidation by O2, as shown

in Fig. 16. Hydrogen production also decreased with

increasing oxygen concentration as shown in Fig. 17, which

could be due to the inhibition of steam adsorption on the

catalyst surface active sites by this component and also due

to the combustion of H2 production by inlet O2.

4. Discussion

The steam reforming of methane over synthesized Ni/

Ce–ZrO2 was compared to conventional Ni/Al2O3 in the

conditions where the influences of mass and heat transfer

limitations could be considered negligible. Improvement of

methane steam reforming performance in term of stability

toward the deactivation by carbon deposition was achieved

for Ni/Ce–ZrO2. Compared to conventional Ni/Al2O3, Ni on

Ce–ZrO2 support provided higher resistance toward carbon

formation and required significantly lower inlet H2O/CH4

ratio to prevent the formation of carbon species. These

improvements are mainly related to the high redox property

of Ce–ZrO2 support.

Regarding the well known methane steam reforming

mechanism over conventional Ni catalyst proposed by Dicks

et al. [39], methane only adsorbs on the active surface site of

Ni (*) and forms CHx-*n. Simultaneously, the adsorption of
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Table 4

Reaction orders for the components of interest (CH4, H2O, and H2) from methane steam reforming over Ni/Ce–ZrO2 (Ce/Zr = 3/1) and Ni/Al2O3 at different

operating conditions

Components of interest Temperature (8C) Other inlet compositions Reaction order for components of interest

Ni/Ce–ZrO2 (Ce/Zr = 3/1) Ni/Al2O3

Methane (1–4 kPa) 650–800 9 kPaH2O/0 kPaH2 1.0 � 0.04 1.0 � 0.01

12 kPa H2O/0 kPa H2 1.0 � 0.05 1.0 � 0.01

15 kPaH2O/0 kPa H2 1.0 � 0.02 1.0 � 0.02

9 kPaH2O/1 kPa H2 1.0 � 0.02 1.0 � 0.01

9 kPa H2O/3 kPa H2 1.0 � 0.01 1.0 � 0.03

9 kPaH2O/5 kPa H2 1.0 � 0.03 1.0 � 0.01

Hydrogen (1–4 kPa) 650 9 kPa H2O/3 kPa CH4 0.18 0.31

700 9 kPa H2O/3 kPa CH4 0.20 0.28

750 9 kPaH2O/3 kPa CH4 0.18 0.34

800 9 kPa H2O/3 kPa CH4 0.19 0.33

700 9 kPaH2O/1 kPa CH4 0.18 0.29

700 9 kPa H2O/5 kPa CH4 0.20 0.32

700 12 kPa H2O/3 kPa CH4 0.25 0.39

700 15 kPa H2O/3 kPa CH4 0.28 0.42

Hydrogen (12–18 kPa) 650 9 kPaH2 O/3 kPa CH4 �0.31 �0.15
700 9 kPa H2O/3 kPa CH4 �0.30 �0.16
800 9 kPa H2O/3 kPaCH4 �0.34 �0.15

Steam (5–15 kPa) 650 0 kPa H2/3 kPaCH4 �0.39 �0.37
700 0 kPa H2/3 kPa CH4 �0.40 �0.39
750 0 kPa H2/3 kPa CH4 �0.38 �0.41
800 0 kPaH2/3 kPaCH4 �0.42 �0.40
700 1 kPa H2/3 kPaCH4 �0.31 �0.31
700 2 kPaH2/3 kPaCH4 �0.25 �0.24
700 3 kPa H2/3 kPa CH4 �0.22 �0.19

Fig. 15. Effect of oxygen partial pressure on steam reforming rate over Ni/

Ce–ZrO2 (Ce/Zr = 3/1) at different temperatures (3 kPa CH4, 9 kPa H2O).



inlet steam also takes place on the surface sites of Ni

catalyst, forming O-*. These elements, O-* and CHx-*n,

eventually react with each other, producing CO and H2, and

the active surface site of Ni (*) also recovers as illustrated

below:

CH4þ n� ! CHx-�nþð4� xÞ=2H2 (11)

H2O þ � , O- � þH2 (12)

CHx-�nþO- � ! CO þ ðx=2ÞH2þðnþ1Þ� (13)

For the steam reforming of methane over Ni/Ce–ZrO2, in

addition to the reactions on Ni surface, the redox reaction

between inlet CH4 and the lattice oxygen (Ox) on Ce–ZrO2

surface also takes place, producing H2 and CO (Eq. (5)).

Moreover, the reduced Ce–ZrO2 can react with inlet H2O to

produce more H2 and to recover Ox [42]. The proposed

mechanism for these redox reactions, involving the reactions

between methane and/or an intermediate surface hydro-

carbon species with the lattice oxygen (Ox) on Ce–ZrO2

surface and the recovery of Ox by steam, is presented

schematically below:

CH4þ 2S , CH3�S þ H�S (14)

CH3�S þ S , CH2�S þ H�S (15)

CH2�S þ S , CH�S þ H�S (16)

CH�S þ S , C�S þ H�S (17)

C�S þ Ox , CO þ Ox�1þ S (18)

CO þ Ox , CO2þOx�1 (19)

2H�S , H2þ 2S (20)

H2O þ Ox�1 , OxþH2 (21)

The surface site (S) can be either a unique site, or it can

also be considered to be the same site as the catalyst-

oxidised site (Ox) [42]. It has been reported [43] that the

controlling step of these redox reactions is the reaction of

methane on the Ce–ZrO2 surface; in addition, the lattice

oxygen is replenished by a significant rapid surface reaction

of the reduced state Ce–ZrO2 with H2O.

According to the possible formation of carbon species on

the surface of catalyst during the steam reforming process,

the following reactions are theoretically the most probable

reactions that could lead to carbon formation:

2CO ¼ CO2þC (22)

CH4¼ 2H2þC (23)

CO þ H2¼ H2O þ C (24)

CO2þ 2H2¼ 2H2O þ C (25)

C is the carbonaceous deposits. Reactions (24) and (25) are

favorable at low temperature, while reaction (22) is thermo-

dynamically unfavored [44]. At such a high temperature, the

Boudard reaction (Eq. (22)) and the decomposition of

methane (Eq. (23)) are the major pathways for carbon

formation, as they show the largest change in Gibbs energy

[45]. According to the range of temperature in this study,

carbon formation would be formed via the decomposition of

methane and Boudard reactions, especially at low inlet H2O/

CH4 ratio. In the present work, we also observed a high

amount of carbon formation on the surface of Ni/Al2O3 after

exposure in methane steam reforming condition with the

inlet H2O/CH4 ratio less than 3.0. By applying Ce–ZrO2 as

support, the formation of carbon species via Eqs. (22) and

(23) could be inhibited by the redox reactions of methane

and carbon monoxide (produced during the steam reforming

process) with the lattice oxygen (Ox) at Ce–ZrO2 surface

(Eqs. (14)–(19)) forming hydrogen and carbon dioxide,

which is thermodynamically unfavored to form carbon

species in this range of conditions. Therefore, significant

lower amounts of carbon deposition were consequently

observed for Ni/Ce–ZrO2 even at low inlet H2O/CH4 ratios.

In addition, the reaction between the lattice oxygen (Ox) at
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Fig. 16. Influence of oxygen addition on CO/(CO + CO2) selectivity from

methane steam reforming over Ni/Ce–ZrO2 at different temperatures (3 kPa

CH4, 9 kPa H2O).

Fig. 17. Effect of oxygen on hydrogen selectivity (%) from methane steam

reforming over Ni/Ce–ZrO2 at 800 8C (3 kPa CH4, 9 kPa H2O).



Ce–ZrO2 surface with the adsorbed methane on Ni surface

(CHx-*n) and the rapid recovery of the lattice oxygen by the

simultaneous supply of oxygen from H2O also result in the

higher resistance toward carbon formation and less inlet

H2O/CH4 requirement for Ni/Ce–ZrO2:

CHx-�nþOx ! CO þ ðx=2ÞH2þ n� þOx�1 (26)

Many previous researchers have reported the excellent

resistance toward carbon formation from methane cracking

at high temperature for ceria-based materials including

CeO2 [27], Gd-doped CeO2 [27], Nb-CeO2 [46], and CeO2-

ZrO2 [42]. One of them [42] also proposed that the addition

of a small amount of H2O to the inlet feed can eliminate all

carbon species on the surface of CeO2. The previous reports

therefore agree well with the results in this work.

Regarding the kinetic studies over Ni/Ce–ZrO2 in the

present work, similar to the general metal catalysts as

reported by previous researchers, the reaction orders in

methane were observed to be approximately 1.0 in all

conditions. The experiments yielded a non-linear positive

hydrogen trend over this catalyst (Fig. 12). The positive

effect at the low hydrogen appearance could be due to the

reduction of oxidized state on the surface active site of nickel

(H2 + O-*, H2O + *), while the inhibitory effect at high

hydrogen partial pressure could be due to the promotion of

the methanation, the reverse water–gas shift reactions and

the reverse methane steam reforming [4-6]. In addition, the

occupying of hydrogen atoms on some active sites of nickel

particles (H2 + 2
*, 2H-*) could also lead to the decrease in

methane conversion, as explained by Xu and Froment [4–6].

Clearly, the negative effect of hydrogen for Ni/Ce–ZrO2

was observed to be much stronger than that over Ni/Al2O3.

This is due to the reduction of lattice oxygen (Ox) by hydrogen

via the reverse of Eq. (21) (Ox + H2, H2O + Ox�1) and
consequently inhibits the reaction of the lattice oxygen (Ox)

with the surface hydrocarbon species (bothC–S andCHx-n) in

Eqs. (18) and (26) (C–S + Ox , CO + Ox�1 + S and CHx-

*n + Ox ! CO + (x/2)H2 + n* + Ox�1). This explanation is in
good agreement with the previous studies [42,43,46] which

studied kinetics parameters for the methane steam reforming

on ceria-based materials and reported the negative effect of

hydrogen on methane conversion over these materials due to

the change of Ce4+ to Ce3+.

The dependence of steam on the rate of reforming is non-

monotonic due to adsorption competition between CH4 and

H2O on the catalyst active sites. Previous works [4,5] also

reported the same results and explanation on Ni/ZrO2.

Furthermore, the study of autothermal reforming over this

catalyst found that methane steam reforming rate increased

with increasing the inlet oxygen partial pressure. However,

the CO/(CO + CO2) production selectivity and hydrogen

production rates strongly decreased with increasing oxygen

partial pressure. This is due to the inhibition of steam

adsorption on the catalyst surface active sites and the

oxidation of hydrogen by oxygen in the feed.

5. Conclusion

Methane steam reforming over Ni catalyst supported on

Ce–ZrO2 was studied at 650–900 8C in the conditions where

the influence of mass transfer limitations could be

considered negligible. At 900 8C, Ni/Ce–ZrO2 with Ce/Zr

ratio of 3/1 showed the best performance in term of activity

and stability. The resistance toward carbon formation over

this catalyst was higher than that over conventional Ni/

Al2O3 at the same operating conditions regarding its high

redox property; however, slight deactivation due to the

sintering was observed over Ni/Ce–ZrO2 at these high

temperature conditions.

Similar to the conventional Ni/Al2O3, the reaction order

in methane for Ni/Ce–ZrO2 was always observed to be 1.0.

The dependence of steam on the rate was non-monotonic,

and the addition of oxygen promoted the rate but reduced

CO and H2 production selectivity. At high hydrogen

appearance, Ni/Ce–ZrO2 showed a stronger negative impact

of hydrogen compared to Ni/Al2O3, due to the possible

reduction of Ce–ZrO2. This strong negative effect of

hydrogen would be a major concern in applying Ni/Ce–

ZrO2 industrially. Although Ni/Ce–ZrO2 is a good reforming

catalyst in term of the high resistance toward the carbon

formation, methane conversion could be significantly

reduced at high hydrogen appearance, and the removal of

hydrogen during the reforming process might be required.
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Abstract

Doping of CeO2 as an additive promoter on Ni/Al2O3 was found to improve dry reforming activity for H2 and CO productions at solid oxide
fuel cell (SOFC) operating temperature (800–900 ◦C). The catalyst provides significantly higher reforming reactivity and resistance toward
carbon deposition compared to conventional Ni/Al2O3. These enhancements are mainly due to the influence of the redox property of ceria.
During dry reforming process, in addition to the reactions on Ni surface, the gas–solid reactions between the gaseous components presented
in the system (CH4, CO2, CO, H2O, and H2) and the lattice oxygen (Ox) on ceria surface also take place. The reactions of adsorbed methane
and carbon monoxide (produced during dry reforming process) with the lattice oxygen (Ox) on ceria surface (CH4 +Ox→CO+H2 +Ox−1
and CO+Ox⇔CO2 +Ox−1) can prevent the formation of carbon species on Ni surface from methane decomposition reaction and Boudard
reaction.
In particular, CeO2 doped Ni/Al2O3 with 8% ceria content showed the best reforming activity among those with the ceria content between 0

and 14%. The amount of carbon formation decreased with increasing Ce content. However, Ni was oxidized when more than 10% of ceria was
doped. According to the post-XPSmeasurement, a small formation of Ce2O3 was observed after exposure in drymethane reforming conditions
with low inlet CH4/CO2 ratio (1.0/0.3). The intrinsic reaction kinetics of 8% CeO2 doped Ni/Al2O3 was studied by varying inlet CH4 and CO2
concentrations, and by adding H2 and CO to the system at different temperatures. The dry reforming rate increased with increasing methane
partial pressure and the operating temperature. The reaction orders in methane were always closed to 1.0 in all conditions. Carbon dioxide
also presented weak positive impact on the methane conversion, whereas adding of carbon monoxide and hydrogen inhibited the reforming
rate.
© 2005 Elsevier B.V. All rights reserved.

Keywords: Hydrogen; Synthesis gas; Carbon formation; Dry reforming; CeO2

1. Introduction

Solid oxide fuel cell (SOFC) with an indirect internal
reforming operation (IIR), called IIR-SOFC, is expected to
be an important technology for energy generation in the near
future due to the high efficiency and its low environmental
impact. Regarding this operation, the endothermic reforming

∗ Corresponding author.
E-mail address: navadol l@jgsee.kmutt.ac.th (N. Laosiripojana).

reaction takes place at the reformer, which is in close thermal
contact with the anode side of fuel cell where the exothermic
electrochemical reaction takes place (Fig. 1). IIR gives the
advantage on eliminating the requirement for a separate
fuel reformer and providing good heat transfer between
the reformer and the fuel cell. In addition, the reformer
part and the anode side for IIR operation can be operated
separately. Therefore, the catalyst for reforming reaction
at the reformer part and the material for electrochemical
reactions at the anode side of fuel cell can be different

1385-8947/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
doi:10.1016/j.cej.2005.06.003
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Fig. 1. Diagram of IIR-SOFC operation.

and optimized individually. This operation is expected to
simplify the overall system design, making SOFC more
attractive and efficient for producing electrical power [1].
The aim of the reformer unit is to reform and maximize

the yield of hydrogen production and supply this component
to the anode side of SOFC. Theoretically, hydrogen can be
produced from several natural hydrocarbon sources including
natural gas, bio-ethanol, coal, biomass, and biogas. Biogas
consists mainly of methane and carbon dioxide is expected to
be the attractive raw material for hydrogen production in the
near future due to its economic availability. Due to the rich
CO2 for biogas, carbon dioxide (or dry) reforming reaction
would be one of the most suitable processes to convert biogas
to hydrogen or synthesis gas (CO and H2). Compared to the
steam reforming, both steam and dry reforming reactions
have similar thermodynamic characteristics except that the
carbon formation in the dry reforming is more severe than
in the steam reforming due to the lower H/C ratio of this
reaction [2]. The attractive feature of the dry reforming
reaction is the utilisation of CO2, which is a greenhouse
effect gas. In general, the dry reforming reaction (Eq. (1))
is typically accompanied by the simultaneous occurrence of
the reverse water-gas shift reaction (RWGS) (Eq. (2)).

CH4+CO2⇔ 2CO + 2H2 �H = 247 kJ/mol (1)

CO2+H2⇔ CO + H2O ΔH = 41.1 kJ/mol (2)

The hydrogen to carbon monoxide production ratio
(H2/CO ratio) from the dry reforming reaction is always less
than 1. Vannice and Bradford [3] presented the apparent acti-
vation energies for the consumption of methane and carbon
dioxide, aswell as the production of carbonmonoxide, hydro-
gen, and water in order to investigate the influence of the
RWGS reaction. They observed that the apparent activation
energy for hydrogen formation is greater than that for the for-
mation of carbonmonoxide, in which supported the influence
of the reverse water-gas shift reaction on the reaction mecha-
nism. Sodesawa et al. [4] studied the dry reforming reaction
at a stoichiometric feed ratio over several catalysts. They
found that the activities of most catalysts deactivated rapidly
due to the carbon deposition. Topor et al. [5] suggested that
the use of excess carbon dioxide could avoid carbon forma-
tion. Chubb et al. [6,7] studied the carbon dioxide reforming
using an excess of carbon dioxide with carbon dioxide to
methane ratios of 3:1 and 5:1 over Ni/Al2O3. They reported
that the rate of disintegration is smaller for the higher one.
Rostrup-Nielsen and Bak Hansen [8] investigated the activ-
ity toward dry reforming over several metals. Their order of

reactivity for this reaction was Ru >Rh>Ni∼ Ir > Pt > Pd, in
which similar to their proposed order for steam reforming.
They also observed that the replacing of steam with carbon
dioxide gave similar activation energies, which indicated a
similar rate-determining step in these two reactions. In addi-
tion, low levels or no carbon formation was detected from
dry reforming over Rh metal at low temperature and CO2
content [9]. Erdöhelyi et al. [10,11] studied the influence of
the catalyst support on the dry reforming of rhodium-based
catalyst, and reported that the support had no effect on the
activity of Rh. In contrast, Nakamura et al. [12] and Zhang et
al. [13] observed that the initial turnover frequency (specific
activity) of Rh crystallities was significantly affected by their
supports. Zhang et al. [13] also reported that the deactivation
of Rh crystallities was strongly dependent on their supports.
In this present study, it is aimed at the development of

an alternative catalyst for dry methane reforming reaction,
which provided high stability, and activity toward this reac-
tion at such a high temperature (800–900 ◦C) for later appli-
cation in IIR-SOFC. According to the economical point of
view, Ni/Al2O3 was selected as a based catalyst rather than
the precious metals. Cerium oxide (CeO2) was chosen as an
additive promoter. This material (called ceria) is an important
material for a variety of catalytic reactions involving oxida-
tion of hydrocarbons (e.g. automobile exhaust catalysts). It
contains a high concentration of highlymobile oxygen vacan-
cies, which act as local sources or sinks for oxygen involved
in reactions taking place on its surface. Nowadays, a poten-
tial application of ceria is in solid oxide fuel cells application
as a reforming catalyst for in-stack (called indirect internal)
reforming of methane, since it is high resistant toward carbon
deposition compared to Ni [14]. Recently, the successful test
of ceria for the methane steam reforming reaction has been
reported [15–17]. Due to the high resistance toward carbon
formation, ceria should be a good additive promoter for dry
reforming process.
Recently, the use of ceria-based materials as the support

and promoter for the catalytic reforming reaction has been
reported by several researchers. As the support, it has been
reported to be promising support among �-Al2O3 [18], �-
Al2O3, and �-Al2O3 with alkali metal oxide and rare earth
metal oxide [19] and CaAl2O4 [18–21], while the selected
metals were Ni, Pt, or Pd [22–31]. As the promoter, ceria
was also reported to be a good promoter for the dry methane
reforming at intermediate temperature [32]. Wang and Lu
[32] prepared CeO2 doped Ni/Al2O3 by adding CeO2 on
�-Al2O3 powder before impregnated Ni on CeO2–Al2O3
support and tested the dry methane reforming reactivity at
500–800 ◦C. They found that the doping of CeO2 signifi-
cantly improved the resistance of catalyst toward the carbon
deposition.
In this work, various amounts of cerium oxide were firstly

doped on the surface of Ni/Al2O3 in order to determine
the suitable doping ratio. The reactivity toward dry reform-
ing and the resistance toward carbon formation over CeO2
doped Ni/Al2O3 was studied and compared to conventional
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Ni/Al2O3 at the temperature range of 800–900 ◦C. In addi-
tion, the intrinsic kinetics of the dry methane reforming reac-
tion over this catalyst was also studied by varying inlet CH4,
CO2, and by adding CO and H2 at different temperatures.
The reaction orders in each component and the possible rate
isotherm with the fitting parameters were determined. These
kinetic informations are important in order to determine the
behavior of the catalyst toward this reaction for the large
scale or industrial application. By fitting the rate isotherm
and parameters in the modeling, the behavior of the whole
reformer and the IIR-SOFC system can be predicted.

2. Experimental

2.1. Catalyst preparations

Ni/Al2O3 (5wt.% Ni) was prepared by impregnating �-
Al2O3 (from Aldrich) with NiCl3 solution at room tempera-
ture. This solution was stirred by magnetic stirring (100 rpm)
for 6 h, dried overnight in an oven at 110 ◦C, and calcined in
air at 900 ◦C for 6 h. The catalyst powder was then reduced
with 10% H2/Ar at 700 ◦C for 6 h. CeO2 doped Ni/Al2O3
waspreparedby impregnate different concentration of cerium
nitrate (Ce(NO3)3·6H2O (99.0%), Fluka) on Ni/Al2O3 pow-
der. Similarly, this solution was stirred by magnetic stirring
(100 rpm) for 6 h before filtered and washed with deionised
water and ethanol to prevent an agglomeration. The sample
was dried and calcined in air at 1000 ◦C for 6 h. It was reduced
with 10% H2/Ar at 700 ◦C for 6 h before use.

2.2. Apparatus and procedures

In order to investigate the dry reforming and its associated
reactions, an experimental reactor system was constructed.
The feed gases including the components of interest such as
CH4, CO2, H2, or CO were introduced to the reaction sec-
tion, in which an 8-mm internal diameter and 40-cm length
quartz reactor was mounted vertically inside a furnace. The
catalyst (50mg) was loaded in the quartz reactor, which was
packed with a small amount of quartz wool to prevent the cat-
alyst from moving. In order to observe the intrinsic reaction
kinetics, the methane conversions from dry reforming were
always kept below 20% in all experiments.
In the present work, the desired space velocity and

suitable catalyst particle size were achieved from several
preliminary tests, which were carried out to avoid any limita-
tions by intraparticle diffusion in the experiments. Regarding
to these testing, the total flow rate was varied between
20 and 200 cm3 min−1 under a constant residence time of
5× 10−4 gmin cm−3. When the total flow rate was below
60 cm3 min−1, the reforming rate increased with increasing
the gas flow rate, suggesting that the mass transfer between
the bulk gas and the catalyst particles is the rate-determining
step. The reforming rate was almost constant in the range
where the gas flow rate was higher than 80 cm3 min−1,

Fig. 2. Effect of the total gas flow rate on the turnover frequencies (N) for dry
reforming over 8% CeO2 doped Ni/Al2O3 at different temperatures (4 kPa
CH4 and 12 kPa CO2).

indicating that the mass transfer effect is unimportant in this
flow rate range. Fig. 2 shows the effect of the total gas flow
rate on the reforming rate over 8% CeO2 doped Ni/Al2O3
at different temperatures. The reactions on different average
sizes (from 100 to 500�m) of catalysts were also carried
out. It was observed that there were no significant changes
in the methane conversion for the catalyst with the particle
size between 100 and 200�m, which indicated that the
intraparticle diffusion limitation was negligible in this range
of operating conditions. Consequently, the weight of catalyst
loading was 50mg, while the total gas flowwas kept constant
at 100 cm3 min−1. The catalyst particle size diameter was
between 100 and 200�m in all experiments.
A type-K thermocouple was placed into the annular space

between the reactor and the furnace. This thermocouple was
mounted on the tubular reactor in close contact with the cata-
lyst bed to minimize the temperature difference between the
catalyst bed and the thermocouple. Another type-K thermo-
couple was inserted in the middle of the quartz tube in order
to re-check the possible temperature gradient. The record
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 gasmixturewas transferred via

trace-heated lines to the analysis section, which consists of a
Porapak Q column Shimadzu 14B gas chromatograph (GC)
and a mass spectrometer (MS). The gas chromatography
was applied in order to investigate the steady state condi-
tion experiments, whereas the mass spectrometer in which
the sampling of the exit gas was done by a quartz capillary
and differential pumping was used for the transient and car-
bon formation experiments. In order to study the formation of
carbon species on catalyst surface, temperature-programmed
oxidation (TPO) was applied by introducing 10% oxygen in
helium into the system, after purged with helium. The operat-
ing temperature increased from room temperature to 1000 ◦C
by the rate of 10 ◦C/min. The calibrations of CO and CO2
productions were performed by injecting a known amount of
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these calibration gases from a loop, in an injection valve in the
bypass line. The response factors were obtained by dividing
the number of moles for each component over the respective
areas under peaks. In addition to the TPOmethod, the amount
of carbon deposition was confirmed by the calculation of car-
bon balance in the system. The amount of carbon deposited
on the surface of catalyst would theoretically be equal to the
difference between the inlet carbon containing components
(CH4 and CO2) and the outlet carbon containing components
(CO, CO2, and CH4). The amount of carbon deposited per
gram of catalyst is given by the following equation:

Cdeposition = molecarbon (in) −molecarbon (out)
mcatalyst

(3)

3. Results and discussion

3.1. Catalyst characterizations

After reduction, the catalysts were characterized with sev-
eral physicochemicalmethods. Theweights content ofNi and
Ce loadings were determined by X-ray fluorescence (XRF)
analysis. The reducibility and dispersion percentages of
nickel were measured from temperature-programmed reduc-
tion (TPR) with 5% H2 in Ar and temperature-programmed
desorption (TPD), respectively. The catalyst specific surface
areas were obtained from BET measurement. All physic-
ochemical properties of the synthesized catalysts are pre-
sented in Table 1. The catalyst specific surface areas slightly
increased by the doping of Ce.

3.2. Selection of suitable Ce doping content

After reduction, various Ce contents (from 2 to 14%)
doped on Ni/Al2O3 were studied in dry reforming at 900 ◦C.
The feed was CH4/CO2 in helium with the CH4/CO2 ratio of
1.0/0.3. Fig. 3 presents the steady state turnover frequencies
(N) for CeO2 doped Ni/Al2O3 with different CeO2 contents.
The turnover frequencies were calculated from the methane
conversion following the below equation by assuming that
all surface sites accessible by nitrogen adsorption (area per

Fig. 3. Effect of Ce doping content on the turnover frequencies (N) for dry
reforming (900 ◦C, 4 kPa CH4, and 12 kPa CO2).

molecule 16.2× 10−20 m2 [14]) were active.

N = rNAAN2
mcS

(4)

where r is the reaction rate (moles CH4 per unit time),NA the
Avagadro’s number, AN2 the area occupied by an adsorbed
nitrogen molecule (16.2× 10−20 m2), mc the weight of cat-
alyst used (50mg), and S is the specific surface area of
the catalyst. The figure indicates that 8% CeO2 doping on
Ni/Al2O3 presents the highest turnover frequencies.
The post-reaction temperature-programmed oxidation

experiments were then carried out after a helium purge by
introducing of 10% oxygen in helium in order to determine
the degree of carbon deposition on the surface of each sample.
Table 2 presents the important physicochemical properties of
the spent catalysts after exposure in dry reforming conditions
for 10 h. According to TPO, the amount of carbon formation
decreased with increasing Ce content. No carbon species was
observed when the Ce doping content was higher than 8%.
The decreasing in the reactivity when more than 10% CeO2
was doped could be due to the oxidized ofNi, as the reducibil-
ity of Ni reduced after exposure in dry reforming for 10 h,
regarding to the TPR experiments.
It should also be noted that, at steady state, the main prod-

ucts from this reaction were H2 and CO with H2/CO always
less than 1, indicating a contribution of the reverse water-

Table 1
Physicochemical properties of the catalysts after reduction at 700 ◦C

Catalyst Ni loada (wt.%) Ce loada (wt.%) BET surface area (m2 g−1) Ni-reducibilityb (Ni%) Ni-dispersionc (Ni%)

Ni/Al2O3 4.91 0.0 40.2 92.1 4.87
2% Ce-Ni/Al2O3 4.84 1.87 40.8 93.5 4.54
4% Ce-Ni/Al2O3 4.93 4.02 42.7 91.4 5.12
6% Ce-Ni/Al2O3 5.01 5.94 46.5 90.6 4.54
8% Ce-Ni/Al2O3 4.96 8.03 49.1 91.1 4.65
10% Ce-Ni/Al2O3 4.88 9.86 49.8 89.9 4.77
12% Ce-Ni/Al2O3 4.93 12.1 50.4 90.3 4.64
14% Ce-Ni/Al2O3 4.92 13.9 50.9 91.0 4.20
a Measured from X-ray fluorescence analysis.
b Measured from temperature-programmed reduction (TPR) with 5% hydrogen.
c Measured from temperature-programmed desorption (TPD) of hydrogen after TPR measurement.
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Table 2
Methane conversions, H2/CO production ratio, and physicochemical properties of the catalysts after exposure in dry reforming (4 kPa CH4 and 12 kPa CO2)
at 900 ◦C

Catalyst CH4 conversions (%)
at steady state

H2/CO
ratio

Ni and Ce
loada (wt.%)

Carbon formationb
(monolayers)

BET surface
(m2 g−1)

Ni reducibilityc
(Ni%)

Ni dispersiond
(Ni%)

Ni/Al2O3 3.32 0.89 4.89/0.0 3.48 40.0 92.1 4.84
2% Ce-Nie 9.43 0.88 4.86/1.87 3.01 40.8 93.2 4.48
4% Ce-Ni 12.2 0.84 4.96/4.00 1.62 42.0 91.0 5.07
6% Ce-Ni 14.7 0.81 4.97/5.98 0.43 43.9 90.0 4.52
8% Ce-Ni 15.3 0.80 4.98/8.01 ∼0 44.4 90.4 4.60
10% Ce-Ni 14.9 0.77 4.83/9.93 ∼0 44.7 87.3 4.71
12% Ce-Ni 11.8 0.75 4.87/11.9 ∼0 45.1 70.1 4.55
14% Ce-Ni 10.7 0.71 4.94/14.0 ∼0 45.6 67.6 4.14
a Measured from X-ray fluorescence analysis.
b Calculated using CO and CO2 yields from temperature-programmed oxidation (TPO) with 10% oxygen.
c Nickel reducibility (measured from temperature-programmed reduction (TPR) with 5% hydrogen).
d Nickel dispersion (measured from temperature-programmed desorption (TPD) after TPR).
e CeO2 dopedNi/Al2O3.

gas shift reaction. Small amount of steam was also observed
from the reaction. The H2/CO ratio decreased with increas-
ingCe doping content indicated the high reactivity toward the
reverse water-gas shift reaction of ceria (Table 2). The reac-
tivities toward the reverse water-gas shift reaction for CeO2
doped Ni/Al2O3 (with several Ce contents) and Ni/Al2O3
were tested in order to ensure the above explanation by using
TPRx in CO2/H2/He gasmixture (5 kPa CO2 and 10 kPaH2).
Fig. 4 shows the activities of all catalysts toward this reac-
tion. Clearly, the activity toward the RWGS reaction over
CeO2 dopedNi/Al2O3 with highCe content was significantly
higher than that over Ni/Al2O3 at the same operating condi-
tions.

3.3. Reactivity toward dry reforming

Ni/Al2O3 and 8% CeO2 doped Ni/Al2O3 were further
studied in dry reforming at 900 ◦C. The feed was CH4/CO2
in helium with different CH4/CO2 ratios of 1.0/0.3, 1.0/1.0,
and 1.0/3.0. The reforming ratewasmeasured as a function of
time in order to indicate the stability and the deactivation rate.

Fig. 4. The activities of Ni/Al2O3 and CeO2 doped Ni/Al2O3 (with differ-
ent Ce contents) toward the reverse water-gas shift reaction using TPRx in
CO2/H2/He gas mixture (5 kPa CO2 and 10 kPa H2).

The variations in turnover frequencies (N)with time at 900 ◦C
for different catalysts and different inlet CH4/CO2 ratio are
shown in Fig. 5. The significant deactivations were detected
for Ni/Al2O3 catalyst in all conditions especially at high
inlet CH4/CO2 ratio, whereas considerable lower deactiva-
tions were detected for 8% CeO2 doped Ni/Al2O3. At steady
state, the dry reforming over 8% CeO2 doped Ni/Al2O3 with
inlet CH4/CO2 of 1.0/3.0 showed the best activity. Catalyst
stabilities expressed as deactivation percentages are given in
Table 3.
The characterization of these spent catalysts by X-ray

diffraction (XRD) and X-ray photoelectron spectroscopy
(XPS) were then carried out to determine the formation or
the changing of chemical states in the spent catalysts, com-
pared to the fresh one after reduction. X-ray diffraction was
performed using X-ray defractometer with Cu K� radia-
tion (λ= 1.54060 Å) and operating parameters of 40 kV and
40mA.Diffraction patternswere acquired by a step-scanning
technique, using a step size (�2θ) of 0.020◦. TheXPS spectra
were acquired on spectrometer with a hemispherical elec-
tron analyser detector, operated in a constant threshold pass
energy mode (50 eV), and using a non-monochromatic Al

Fig. 5. Dry reforming of methane at 900 ◦C for several catalysts and various
inlet CH4/CO2 ratios.
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Table 3
Methane conversions, stabilities, and physicochemical properties of the catalysts after exposure in dry reforming conditions at 900 ◦C for 12 h

Catalyst CH4/CO2
ratio

CH4 conversions
(%) at steady state

Deactivation (%) Carbon formationa
(monolayers)

BET after reaction
(m2 g−1)

Ni reducibilityb
(Ni%)

Ni/Al2O3 1.0/0.3 1.64 84.2 4.26 40.0 91.0
1.0/1.0 2.01 78.4 3.97 39.5 93.2
1.0/3.0 3.32 69.9 3.48 40.0 92.1

8% Ce-Nic 1.0/0.3 10.6 33.1 0.85 44.0 90.0
1.0/1.0 13.6 14.8 0.34 44.5 89.3
1.0/3.0 15.3 9.08 ∼0 44.4 90.4

a Calculated using CO and CO2 yields from temperature-programmed oxidation (TPO) with 10% oxygen.
b Nickel reducibility (measured from temperature-programmed reduction (TPR) with 5% hydrogen).
c CeO2 doped Ni/Al2O3.

K� (1.4866 eV) radiation source, which operated at 12 kV
and 20mA. Fig. 6 presents the XRD patterns of the spent
and fresh Ni/Al2O3 and CeO2 doped Ni/Al2O3. From the
XRD results, Ni and NiAl2O4 reflectance were found in both
Ni/Al2O3 and CeO2 doped Ni/Al2O3. It is clearly seen that
the intensities of NiAl2O4 peaks for CeO2 doped Ni/Al2O3
were lower than that for Ni/Al2O3. This implies that the inter-
action between NiO and Al2O3 was prevented by the doping
ofCeO2.A significant carbon peakwas observed for the spent
Ni/Al2O3, indicated the high formation of carbon species on
the catalyst surface, whereas a smaller peak of carbon was
detect for the spent CeO2 doped Ni/Al2O3.
Table 4 presents the Ce3+/Ce4+ ratio for CeO2 doped

Ni/Al2O3 before and after exposure in dry methane reform-
ing conditions, determined from XPS. It is seen that no Ce3+
(Ce2O3) formation was observed for the fresh CeO2 doped
Ni/Al2O3 after reduction. Regarding the spent CeO2 doped
Ni/Al2O3, no Ce3+ formation was detect after exposure in
dry methane reforming with the inlet CH4/CO2 ratios of

Fig. 6. XRD patterns of the catalysts after reduction (1) and after exposure
in dry methane reforming at 900 ◦C with the inlet CH4/CO2 of 1.0/1.0 (2).

Table 4
Ce3+/Ce4+ ratio observed from the XPS measurement over CeO2 doped
Ni/Al2O3 after reduction and after exposure in dry methane reforming
conditions

Ce3+/Ce4+ ratio

After reduction 0

After exposure in dry methane reforming; with CH4/CO2 of
1.0/3.0 0
1.0/1.0 0
1.0/0.3 0.21

1.0/3.0 and 1.0/1.0, however, a small formation of Ce2O3 was
observed over CeO2 doped Ni/Al2O3 catalyst after exposure
in dry methane reforming with the inlet CH4/CO2 ratio of
1.0/0.3. ThisCe2O3 formation is obviously due to the remain-
ing non-oxidation CeO2, which will be explained at the end
of this section.
The post-reaction temperature-programmed oxidation

experiments were then carried out after a helium purge by
introducing of 10% oxygen in helium in order to determine
whether the observed deactivation is due to the carbon for-
mation. From the TPO results shown in Fig. 7, the huge peaks
of carbon dioxide and carbon monoxide were observed for
Ni/Al2O3 at 600 ◦C, while smaller peaks of both components
were detected for 8% CeO2 doped Ni/Al2O3. The amount
of carbon formations on the surface of these catalysts with

Fig. 7. Temperature-programmed oxidation (TPO) of Ni/Al2O3 and 8%
CeO2 doped Ni/Al2O3 (10 kPa O2) after exposure in dry reforming con-
ditions for 10 h.
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different inlet CH4/CO2 ratios were determined by mea-
suring the CO and CO2 yields from the TPO results (using
Microcal Origin Software). Using a value of 0.026 nm2 for
the area occupied by a carbon atom in a surface monolayer
of the basal plane in graphite [17], the quantities of carbon
deposited over Ni/Al2O3 were observed to be approximately
4.26, 3.97, and 3.48 monolayers, while those over 8% CeO2
doped Ni/Al2O3 were 0.85, 0.34, and ∼0 monolayers for
the inlet CH4/CO2 ratios of 1.0/0.3, 1.0/1.0, and 1.0/3.0,
respectively. The total amounts of carbon deposited were
ensured by the calculation of carbon balance in the system.
Regarding to the calculation for the inlet CH4/CO2 ratios of
1.0/0.3, 1.0/1.0, and 1.0/3.0, the moles of carbon deposited
per gram of 8% CeO2 doped Ni/Al2O3 were 1.34, 0.49, and
∼0mmol g−1. By the same assumption for the area occupied
by a carbon atom [17], these values are equal to 0.87, 0.32,
and 0 monolayers, respectively, which is in good agreement
with the values observed from the TPO method described
above. The results clearly indicated the strong resistance
toward carbon formation for 8%CeO2 doped Ni/Al2O3 com-
pared to Ni/Al2O3. The BET measurements, as presented
in Table 3, indicated that deactivations of 8% CeO2 doped
Ni/Al2O3 are also due to the slight sintering of CeO2. Several
researchers also reported the high thermal sintering rate of
ceria-based materials at high operating temperature [15,16].
The improvement of dry reforming reactivity and resis-

tance toward carbon formation for CeO2 doped Ni/Al2O3
could be mainly due to the redox property of ceria. During
the dry reforming, in addition to the reactions on Ni surface,
the solid–gas reaction between CeO2 and CH4 also produces
synthesis gas with a H2/CO ratio of two, while the reduced
ceria, CeO2−x, can react with CO2 to produce CO [33–35].
This solid–gas mechanism involves the reactions between
methane and/or an intermediate surface hydrocarbon species
with the lattice oxygen (Ox) at CeO2 surface, as illustrated
schematically below [36].

CH4+ 2S ⇔ CH3 S + H S (5)

CH3 S + S ⇔ CH2 S + H S (6)

CH2 S + S ⇔ CH S + H S (7)

CH S + S ⇔ C S + H S (8)

C S + Ox⇔ CO + Ox−1+S (9)

2H S ⇔ H2+ 2S (10)

During the dry reforming, methane is adsorbed on either
a unique site (S) or the lattice oxygen (Ox), whereas CO2 can
react with the reduced site of ceria, Ox−1. The steady state
reforming rate is mainly due to the continuous supply of the
oxygen source by CO2 (Eq. (11)). Therefore, the Ce2O3 for-
mation observed by XPS measurement in Table 4 over spent
CeO2 doped Ni/Al2O3 after exposure in drymethane reform-
ing with high inlet CH4/CO2 ratio is due to the insufficient

supply of inlet CO2.

CO2+Ox−1⇔ Ox+CO (11)

Regarding the possible carbon formation during the
reforming processes, the following reactions are the most
probable reactions that could lead to carbon formation:

2CO ⇔ CO2+C (12)

CH4⇔ 2H2+C (13)

CO + H2⇔ H2O + C (14)

CO2+ 2H2⇔ 2H2O + C (15)

At low temperature, reactions (14) and (15) are favorable,
while reaction (12) is thermodynamically unflavored [37].
The Boudard reaction (Eq. (12)) and the decomposition of
methane (Eq. (13)) are the major pathways for carbon forma-
tion at such ahigh temperature as they show the largest change
in Gibbs energy [38]. According to the range of temperature
in this study, 800–900 ◦C, carbon formation would be formed
via the decomposition of methane and Boudard reactions. By
doping CeO2 as the promoter, both reactions (Eqs. (12) and
(13)) could be inhibited by the gas–solid reactions between
methane and carbonmonoxidewith the lattice oxygen (Ox) at
CeO2 surface forming hydrogen and carbon dioxide, which
is thermodynamically unflavored to form carbon species.

3.4. Effects of temperature and inlet components

The inlet methane partial pressure was varied from 1
to 4 kPa, while inlet carbon dioxide partial pressure was
kept constant at 12 kPa. The operating temperature range
was 825–900 ◦C. Fig. 8 illustrates the influence of the inlet
methane partial pressure on the turnover frequencies (N) for
dry reforming over 8% CeO2 doped Ni/Al2O3 at different
operating temperatures. The activities of catalyst increased
with increasing inlet methane partial pressure as well as
operating temperature. Fig. 9 shows an Arrhenius-type plot

Fig. 8. Effect of methane partial pressure on the turnover frequencies (N)
for dry reforming over 8% CeO2 doped Ni/Al2O3 at different temperatures
(12 kPa inlet CO2).
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Fig. 9. Arrhenius plot of turnover frequencies (N) for dry reforming of
methane over 8%CeO2 dopedNi/Al2O3 with different inlet methane/carbon
dioxide ratio.

for dry reforming over CeO2 doped Ni/Al2O3 with various
methane/carbon dioxide ratios over the temperature range
825–900 ◦C. The corresponding activation energy observed
for this catalyst is 178± 9 kJ/mol, slightly depending on the
gas composition.
The reaction order in methane (n) for CeO2 doped

Ni/Al2O3 was observed to be 0.96–1.04, and seemed to
be essentially independent of the operating temperature and
other inlet compositions in the range of conditions studied.
These values n were obtained experimentally by plotting
ln(−rCH4) versus ln(PCH4) according to the equation below.
ln(−rCH4) = ln(k)+ n ln(PCH4) (16)

where −rCH4 is the dry reforming rate (mol kgcat−1 h−1),
while PCH4 the methane partial pressure. k is the apparent
reaction rate constant and n is the reaction order in methane.
The reaction orders in other components (CO2, H2, and CO)
were achieved using the same approach by varying the inlet
partial pressure of the component of interest and keeping
other inlet component partial pressures constant.
In order to investigate the influence of CO2 on the dry

reforming rate, several inlet carbon dioxide partial pressures,
from 9 to 12 kPa, were introduced to the feed with constant
methane partial pressure (3 kPa). Carbon dioxide presented
slight positive effect on the dry reforming rate as shown in
Fig. 10. The reaction order in carbon dioxide was observed
to be a positive value between 0.44 and 0.54, and seemed to
be independent of the operating temperature for the range of
conditions studied. At 900 ◦C, the proportion of H2/CO in
the products reduced from 0.80 to 0.67 as the CO2/CH4 ratio
was increased from 3.0 to 12.0 (Fig. 11). This is as expected
from an increasing contribution from the reverse water-gas
shift (RWGS) reaction.
The dry reforming in the presences of carbon monoxide

and hydrogen were then investigated by adding either carbon
monoxide or hydrogen to the feed gas at several operating
temperatures. The results show that the reforming rates are
also dependent on both carbon monoxide and hydrogen

Fig. 10. Effect of carbon dioxide partial pressure on the turnover frequencies
(N) for dry reforming over 8% CeO2 doped Ni/Al2O3 at different tempera-
tures (3 kPa CH4).

Fig. 11. Influence of inlet carbon dioxide/methane ratio on H2/CO produc-
tion ratio from dry reforming of methane over 8% CeO2 doped Ni/Al2O3 at
different temperatures (12 kPa CO2).

concentrations. Unlike CH4 and CO2, both components
inhibited the dry reforming rate as shown in Figs. 12 and 13.
The reaction order in carbon monoxide was in the range of
−0.42 to −0.37, while the reaction order in hydrogen was
between−0.55 and−0.45 in the range of conditions studied.

Fig. 12. Effect of carbon monoxide partial pressure on the turnover fre-
quencies (N) for dry reforming of methane over 8% CeO2 doped Ni/Al2O3
at different temperatures (4 kPa CH4 and 12 kPa CO2).
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Table 5
Reaction orders for the components of interest (CH4, CO2, CO, and H2) from dry reforming over 8% CeO2 doped Ni/Al2O3 at different operating conditions

Components of interest Temperature (◦C) Other inlet compositions Reaction order for components of interest

Methane (1–4 kPa) 825 12 kPa CO2 1.00
850 12 kPa CO2 0.97
900 12 kPa CO2 0.98
850 15 kPa CO2 1.01
850 17 kPa CO2 0.99
825–900 12 kPa CO2/1 kPa H2 1.01± 0.03
825–900 12 kPa CO2/3 kPa H2 0.98± 0.01
825–900 12 kPa CO2/1 kPa CO 0.99± 0.03

Carbon dioxide (9–12 kPa) 825 3 kPa CH4 0.44
850 3 kPa CH4 0.54
900 3 kPa CH4 0.50
850 3 kPa CH4/3 kPa H2 0.48

Hydrogen (1–3 kPa) 825–900 3 kPa CH4/12 kPa CO2 −0.49± 0.04
825–850 1 kPa CH4/12 kPa CO2 −0.48± 0.03
825–850 3 kPa CH4/15 kPa CO2 −0.52± 0.03

Carbon monoxide (1–3 kPa) 825–900 3 kPa CH4/12 kPa CO2 −0.40± 0.01
825–850 3 kPa CH4/15 kPa CO2 −0.38± 0.01
825–850 3 kPa CH4/17 kPa CO2 −0.40± 0.02

Table 5 presents the summary of observed reaction orders in
each component (CH4, CO2, CO, and H2) for CeO2 doped
Ni/Al2O3 at different inlet conditions.
Regarding to the above experiments, the experimental data

can be fittedwell to a simple relative rate coefficient, in which
captures the essential features.

−rCH4 =
k(T )(PCH4)

n(PCO2)
m

1+K1(T )PaCO +K2(T )PbH2
(17)

where Pi is the partial pressure of chemical component
i. The positive effects of methane and carbon dioxide on
the dry reforming rate were a consequence of the pres-
ence of the k(T )(PCH4)

n(PCO2)
m term, whereas negative

effects of carbon monoxide and hydrogen were a con-
sequence of the K1(T )PaCO and K2(T )PbH2 terms in the
denominator. According to the fitting, when n, m, a, and
b were taken as 1.0, 0.5, 0.4, and 0.5, a good fit to

Fig. 13. Effect of hydrogen partial pressure on the turnover frequencies (N)
for dry reforming of methane over 8% CeO2 doped Ni/Al2O3 at different
temperatures (4 kPa CH4 and 12 kPa CO2).

the data was observed in the range of conditions studied.
k(T) increased from 649.0mol kg−1 h−1 atm−1.5 at 825 ◦C
to 954.3mol kg−1 h−1 atm−1.15 at 900 ◦C, while K1(T) and
K2(T), also temperature dependent parameters, were in the
range of 1.68–4.43 atm−0.4 and 0.93–3.94 atm−0.5, respec-
tively. It should be noted that the apparent activation energy
for this reaction, which were achieved by the Arrhenius plots,
was approximately 150 kJ/mol.

4. Conclusion

8% CeO2 doped Ni/Al2O3 is a good candidate catalyst
for the dry reforming of methane due to the high resistance
toward the deactivation from carbon formation. During dry
reforming process, the gas–solid reaction on ceria surface
takes place simultaneously with the reactions on the surface
of Ni, in which reduces the degree of carbon deposition on
catalyst surface from methane decomposition and Boudard
reactions. However, it should also be noted that the doping
of too high ceria content results in the oxidation of Ni, which
could reduce the reforming reactivity.
The intrinsic kinetic reaction of 8%CeO2 dopedNi/Al2O3

was studied in the conditionswhere the intraparticle diffusion
limitation was negligible. The dry reforming rate increased
with increasingmethane and carbon dioxide partial pressures
as well as the operating temperature. In contrast, the methane
conversion was inhibited when hydrogen and carbon monox-
ide were added to the system during dry reforming process.
It can be concluded from the present work that CeO2
doped Ni/Al2O3 seems to be a promise catalyst for the
indirect internal reforming solid oxide fuel cells (IIR-SOFC)
operation.
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Abstract

Ni/Al2O3 with the doping of CeO2 was found to have useful activity to reform ethane and propane with steam under Solid Oxide Fuel Cells

(SOFCs) conditions, 700–900 8C. CeO2-doped Ni/Al2O3 with 14% ceria doping content showed the best reforming activity among those with

the ceria content between 0 and 20%. The amount of carbon formation decreased with increasing Ce content. However, Ni was easily

oxidized when more than 16% of ceria was doped. Compared to conventional Ni/Al2O3, 14%CeO2-doped Ni/Al2O3 provides significantly

higher reforming reactivity and resistance toward carbon deposition. These enhancements are mainly due to the influence of the redox

properties of doped ceria. Regarding the temperature programmed reduction experiments (TPR-1), the redox properties and the oxygen

storage capacity (OSC) for the catalysts increased with increasing Ce doping content. In addition, it was also proven in the present work that

the redox of these catalysts are reversible, according to the temperature programmed oxidation (TPO) and the second time temperature

programmed reduction (TPR-2) results.

During the reforming process, in addition to the reactions on Ni surface, the gas–solid reactions between the gaseous components

presented in the system (C2H6, C3H8, C2H4, CH4, CO2, CO, H2O, and H2) and the lattice oxygen (Ox) on ceria surface also take place. The

reactions of adsorbed surface hydrocarbons with the lattice oxygen (Ox) on ceria surface (CnHmCOx/nCOCm/2(H2)COxKn) can prevent

the formation of carbon species on Ni surface from hydrocarbons decomposition reaction (CnHm5nCCm/2H2). Moreover, the formation of

carbon via Boudard reaction (2CO5CO2CC) is also reduced by the gas–solid reaction of carbon monoxide (produced from steam

reforming) with the lattice oxygen (COCOx5CO2COxK1).

q 2005 Elsevier Ltd. All rights reserved.

Keywords: Hydrogen; Ethane; Propane; Carbon formation; Steam reforming; CeO2

1. Introduction

Solid Oxide Fuel Cell (SOFC) is generally operated at

high temperature between 700 and 1100 8C [1,2]. Due to its

high-operating temperature, fuels such as methane can be

in-stack or internal reformed by catalytic steam reforming to

produce a H2/CO rich gas, which is eventually used to

generate electrical energy and heat. The operation, called

indirect internal reforming (IIR), is expected to simplify the

overall system design [3].

Currently, one of the most interesting fuels for SOFC is

natural gas consisting mainly of methane. Normally, natural

gas also contains significant amounts of higher hydro-

carbons such as ethane and propane. When natural gas is

reformed internally (IIR) without any pre-treatments, the

carbon formation can be easily formed on the catalyst

surface due to the decompositions of these hydrocarbons at

high temperature. SOFC fueled by natural gas therefore

requires a small external pre-reformer unit, where the high

hydrocarbon components are reformed readily before

introducing to the main part of the system [4]. The pre-

reforming unit is normally operated at relatively lower

temperature, 300–500 8C, in which the carbon formation is
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thermodynamically unflavored. The disadvantage of this

installation is the extra-requirement of the heat supplied into

this unit, which can reduce the fuel cell efficiency [5].

The approach to this problem in this work is developing of

an alternative catalyst that is enable to reform high

hydrocarbon components with low degree of carbon

deposition at SOFC temperature, 700–900 8C. The success-
ful development of this catalyst would help eliminate the

requirement of the external pre-reformer, as these high

hydrocarbon elements can be simultaneously reformed

together with methane at high temperature. In this study,

ethane and propane were chosen as the inlet fuels, because

they are the main high hydrocarbon components presented in

natural gas. According to the economical point of view,

Ni/Al2O3 was selected as a based catalyst rather than the

precious metals such as Pt, Rh and Ru although it is more

sensitive to carbon formation. Cerium oxide (CeO2) was

chosen as an additive promoter. Thismaterial (called ceria) is

an important material for a variety of catalytic reactions

involving oxidation of hydrocarbons (e.g. automobile

exhaust catalysts). Recently, the use of ceria-based catalysts

has shown a rapid increase [6]. A high oxygen mobility [7],

high oxygen storage capacity [8–13], strong interaction with

the supported metal (strong metal-support interaction) [14]

and the modifiable ability [15] render the ceria-based

materials very interesting for catalysis and as a support and

promoter. It has widely been reported, regarding the above

properties, that cerias can promote the action of various

metals in the reactions in which hydrogen is involved as a

reactant or product [16–20]. According to the catalytic steam

reforming reaction, ceria-basedmaterials have been reported

by several researchers to be promising supports among a-
Al2O3 [21],g-Al2O3 andg-Al2O3with alkalimetal oxide and

rare earth metal oxide [22], and CaAl2O4 [21–24]. One of the

most promising ceria-based supports for the reforming

reactions appeared to be Ce-ZrO2, where the metal can be

Ni, Pt or Pd [25–34].

It has been reported that the gas–solid reaction between

CeO2 and CH4 produces synthesis gas with a H2/CO ratio of

two according to the following reactions [35,36]. Moreover,

the reduced ceria, CeO2Kx, can react with CO2 and steam to

produce CO and H2, respectively [37].

CeO2 CnCH4/CeO2Kn CnCOC2nH2 (1)

CeO2Kx CCO25CeO2 CCO (2)

CeO2Kx CH2O5CeO2 CH2 (3)

Nowadays, a potential application of ceria is in Solid

Oxide Fuel Cells (SOFCs) application as a reforming

catalyst for in-stack (called indirect internal) reforming of

methane, since it is high resistant toward carbon deposition

compared to Ni [38]. Recently, the successful tests of ceria

for the methane steam reforming reaction have been

reported [39,40]. Due to the high resistance toward carbon

formation, ceria should be a good additive promoter for

the reforming of ethane and propane. In this work, various

amounts of ceria were doped on the surface of Ni/Al2O3 in

order to determine the suitable doping ratio. The reactivity

toward steam reforming of ethane and propane, as well as

the resistance toward carbon formation of CeO2-doped Ni/

Al2O3 were studied and compared to those of conventional

Ni/Al2O3. The influence of inlet steam content on the

product selectivity from this reaction at various tempera-

tures was also determined.

2. Experimental

2.1. Catalyst preparations and characterizations

CeO2-doped Ni/Al2O3 was prepared by impregnating

different concentration of cerium nitrate (Ce(NO3)3$6H2O

(99.0%), Fluka) on Ni/Al2O3 powder. Ni/Al2O3 (10 wt%

Ni) was prepared by impregnating a-Al2O3 (from Aldrich)

with NiCl3 solution at room temperature. This solution was

stirred by magnetic stirring (100 rpm) for 6 h, dried

overnight in an oven at 110 8C, and calcined in air at

900 8C for 6 h before use.

After reduction, the catalysts were characterized with

several physicochemical methods. The weight contents of Ni

and Ce loadings were determined by X-ray fluorescence

(XRF) analysis. The reducibility and dispersion percentages

of nickel were measured from temperature-programmed

reduction (TPR) using 5%H2 in Ar with the total flow rate of

100 cm3 minK1 and temperature-programmed desorption

(TPD) respectively. The catalyst specific surface areas were

obtained from BET measurement. All physicochemical

properties of the synthesized catalysts are presented in

Table 1.

In addition to the above characterizations, the redox

properties and redox reversibilities of the catalysts with

different Ce doping contents were determined by the

temperature programmed reduction (TPR-1) at high

temperature and the temperature programmed oxidation

(TPO) following with temperature programmed reduction

(TPR-2), respectively. Regarding these experiments, 5%

H2/Ar and 5% O2/He were used for the TPR and TPO,

respectively, while the temperature of the system increased

from room temperature to 900 8C and 10008C, respectively.

2.2. Apparatus and procedures

An experimental reactor system was constructed as

shown in Fig. 1. The feed gases including the components of

interest (ethane, propane, and steam from the evaporator)

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. In the present work, the

ethane/propane feed ratio was kept constant at 0.65/0.35,

regarding to the approximate ratio of these components

presented in natural gas (this information is based on the

compositions of natural gas from PTT Company (Thailand)

N. Laosiripojana et al. / Fuel 85 (2006) 323–332324



containing 67%CH4, 8.3%C2H6, 4.5%C3H8, 2.0%C4H10,

0.5%C5H12, and 14.5%CO2). The catalyst was loaded in the

quartz reactor, which was packed with a small amount of

quartz wool to prevent the catalyst frommoving. The weight

of catalyst loading was 50 mg, while a typical range of total

gas flow was 20–200 cm3 minK1 depending on the desired

space velocity. A Type-K thermocouple was placed into the

annular space between the reactor and the furnace. This

thermocouple was mounted on the tubular reactor in close

contact with the catalyst bed to minimize 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 possible temperature

gradient. The record showed that the maximum temperature

fluctuation during the reaction was always G0.75 8C or less

from the temperature specified for the reaction. Before

the reaction, the catalyst was reduced under 5% H2 in

helium with the flow rate of 100 cm3 minK1 for 6 h.

During the reactions, the exit gas mixture was transferred

via trace-heated lines to the analysis section, which consists

of a Porapak Q column Shimadzu 14B gas chromatograph

(GC) and a mass spectrometer (MS). The gas chromatog-

raphy was applied 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 pumping was used for the transient

and carbon formation experiments. In order to study the

formation of carbon species on catalyst surface, Tempera-

ture programmed Oxidation (TPO) was applied by

introducing 10% oxygen in helium into the system, after

purged with helium. The operating temperature increased

from room temperature to 1000 8C by the rate of 10 8C/min.

Table 1

Physicochemical properties of the catalysts after reduction at 700 8C

Catalyst Ni-loada (wt.%) Ce-loada (wt.%) BET Surface Area (m2 g-1) Ni-reducibilityb (Ni%) Ni-dispersionc (Ni%)

Ni/Al2O3 4.91 0.0 40.2 92.1 4.87

2%Ce-Ni/Al2O3 4.84 1.87 40.8 93.5 4.54

4%Ce-Ni/Al2O3 4.93 4.02 42.7 91.4 5.12

6%Ce-Ni/Al2O3 5.01 5.94 46.5 90.6 4.54

8%Ce-Ni/Al2O3 4.96 8.03 49.1 91.1 4.65

10%Ce-Ni/Al2O3 4.88 9.86 49.8 89.9 4.77

12%Ce-Ni/Al2O3 4.93 12.1 50.4 90.3 4.64

14%Ce-Ni/Al2O3 4.92 13.9 50.9 91.0 4.20

16%Ce-Ni/Al2O3 5.00 16.1 51.4 89.7 5.09

18%Ce-Ni/Al2O3 4.94 17.9 51.0 90.1 4.13

20%Ce-Ni/Al2O3 4.98 19.9 52.0 90.3 4.37

a Measured from X-ray fluorescence analysis.
b Measured from temperature-programmed reduction (TPR) with 5%hydrogen.
c Measured from temperature-programmed desorption (TPD) of hydrogen after TPR measurement.

Fig. 1. Schematic diagram of the experimental set-up.
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The calibrations of CO and CO2 productions were

performed by injecting a known amount of these calibration

gases from a loop, in an injection valve in the bypass line.

The response factors were obtained by dividing the number

of moles for each component over the respective areas under

peaks. The amount of carbon formations on the surface of

catalysts were determined by measuring the CO and CO2

yields from the TPO results (using Microcal Origin

Software) assuming a value of 0.026 nm2 for the area

occupied by a carbon atom in a surface monolayer of the

basal plane in graphite [38]. In addition to the TPO method,

the amount of carbon deposition was confirmed by the

calculation of carbon balance in the system. The amount of

carbon deposited on the surface of catalyst would

theoretically be equal to the difference between the inlet

carbon containing components (C2H6, and C3H8) and the

outlet carbon containing components (C2H6, C3H8, CO,

CO2, CH4, and C2H4). The amount of carbon deposited per

gram of catalyst is given by the following equation:

Cdeposition Z
molecarbonðinÞKmolecarbonðoutÞ

mcatalyst

(4)

The steam reforming reactivity was defined in terms of

the conversions and selectivities. Hydrocarbon conversions

(ethane and propane) denoted as Xhydrocarbon, and the

products selectivity (hydrogen, carbon monoxide, carbon

dioxide, methane, and ethylene), denoted as Sproduct, are

calculated according to Eqs. (5)–(11):

XEthane Z
100ð%EthaneinK%EthaneoutÞ

%Ethanein
(5)

XPropane Z
100ð%PropaneinK%PropaneoutÞ

%Propanein
(6)

SH2
Z

100ð%H2Þ
3ð%EthaneinK%EthaneoutÞC4ð%PropaneinK%PropaneoutÞC ð%H2OinK%H2OoutÞ (7)

SCO Z
100ð%COÞ

2ð%EthaneinK%EthaneoutÞC3ð%PropaneinK%PropaneoutÞ (8)

SCO2
Z

100ð%CO2Þ
2ð%EthaneinK%EthaneoutÞC3ð%PropaneinK%PropaneoutÞ (9)

SCH4
Z

100ð%CH4Þ
2ð%EthaneinK%EthaneoutÞC3ð%PropaneinK%PropaneoutÞ (10)

SC2H4
Z

100ð%C2H4Þ
ð%EthaneinK%EthaneoutÞC1:5ð%PropaneinK%PropaneoutÞ (11)

3. Results and discussion

3.1. Preliminary tests

The desired space velocity and suitable catalyst particle

size were achieved from several preliminary tests, which

were carried out to avoid any limitations by intraparticle

diffusion in the experiments. The total flow rate was varied

between 20 and 200 cm3 minK1 under a constant residence

time of 5!10K4 g min cmK3. When the total flow rate was

below 60 cm3 minK1, the reforming rate increased with

increasing the gas flow rate, suggesting that the mass transfer

between the bulk gas and the catalyst particles is the rate-

determining step. The reforming rate was almost constant in

the range where the gas flow rate was higher than

80 cm3 minK1, indicating that the mass transfer effect is

unimportant in this flow rate range. Fig. 2 shows the effect of

the total gas flow rate on the reforming rate over 14%CeO2-

doped Ni/Al2O3 at different temperatures. The reactions on

different average sizes (from 100 to 500 mm) of catalysts

were also carried out. It was observed that there were no

significant changes in themethane conversion for the catalyst

with the particle size between 100 and 200 mm, which

indicated that the intraparticle diffusion limitation was

negligible in this range. Consequently in this study, the

weight of catalyst loadingwas 50 mg,while the total gas flow

was kept constant at 100 cm3 minK1. The catalyst particle

size diameter was between 100 and 200 mm in all

experiments.

Before studying the catalyst performance, homogeneous

(non-catalytic) steam reforming of ethane and propane was

investigated. Inlet C2H6/C3H8/H2O in helium with the molar

ratio of 0.65/0.35/3.0 was introduced to the system, while the

temperature increased from room temperature to 900 8C.
From Fig. 3, it was observed that both ethane and propane

were converted to methane, ethylene, and hydrogen at
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the temperature above 700 8C. Significant amount of carbons

was also detected in the blank reactor after exposure for 10 h.

These components were formed via the decomposition of

ethane and propane as shown in the equations below [41].

C2H6/C2H4 CH2 (12)

C3H8/3=2ðC2H4ÞCH2 (13)

C2H4/2H2 C2C (14)

CC2H2/CH4 (15)

There was no change in steam concentration, and no

carbon monoxide and carbon dioxide was produced in the

system, indicating that the non-homogenous reforming

reaction between steam and hydrocarbon elements took

place at this range of conditions studied.

3.2. Investigation of the redox properties and redox

reversibility of the catalysts

As described earlier, the oxygen storage capacities and

the degree of redox properties for catalysts with different Ce

doping contents (0–18%) were investigated using tempera-

ture programmed reduction (TPR-1), in which performed by

heating the reduced catalysts up to 900 8C in 5%H2 in argon.

As shown in Fig. 4, significant amount of hydrogen uptakes

were detected from Ni/Al2O3 with the doping of CeO2 at the

temperature above 650 8C. The amount of hydrogen uptakes

increased with increasing Ce doping content, suggesting the

reduction of bulk oxygen ions on ceria surface. In contrast,

no hydrogen consumption was observed from the TPR over

conventional Ni/Al2O3. These results indicated the occur-

rence of redox properties for Ni/Al2O3 with CeO2 doping at

high temperature (650–900 8C), in which increased with

increasing Ce content. This redox property provides a great

benefit toward the reforming of ethane and propane, which

will be presented in Section 3.4.

After purged with helium, the redox reversibility for each

catalyst was then determined by applying temperature

programmed oxidation (TPO) following with the second

time temperature programmed reduction (TPR-2). The TPO

was carried out by heating the catalyst up to 1000 8C in

10%O2 in helium; the amounts of oxygen chemisorbed were

then measured, Fig. 5 and Table 2. Regarding the TPR-2

results as shown in Fig. 6 and Table 2, the amount of
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hydrogen uptakes for each catalyst were approximately

similar to those from TPR-1, indicated the redox reversi-

bility for these catalysts.

3.3. Selection of suitable Ce doping content for

the steam reforming of ethane/propane

After reduction of CeO2-doped Ni/Al2O3, the steam

reforming of ethane/propane was performed at 900 8C. The
feed was C2H6/C3H8/H2O in helium with the molar ratio of

0.65/0.35/3.0. Fig. 7 presents the steady state yield of H2

production (%) for CeO2-doped Ni/Al2O3 with various

CeO2 contents (0–20%) at 900 8C. It was found that 14%

CeO2 doping on Ni/Al2O3 presents the highest hydrogen

production yield.

The post-reaction temperature-programmed oxidation

(TPO) experiments were then carried out after a helium

purge by introducing 10% oxygen in helium in order to

determine the degree of carbon deposition on the surface of

each sample. Table 3 presents the important physicochem-

ical properties of the spent catalysts after exposure in the

steam reforming conditions for 10 h. According to TPO, the

amount of carbon formation decreased with increasing Ce

content. This is due to the increasing of redox properties by

doping more CeO2, which can inhibit the formation of

carbon species on Ni surface. However, as seen from Fig. 7,

slight decrease in reforming rate was observed when the Ce

doping contents were higher than 14%. This decreasing in

reactivity could be due to the possible oxidised of Ni

because the reducibility of the catalysts (with 16, 18, and

20% Ce doping) reduced after exposure in the steam

reforming for 10 h, according to the TPR experiment.

Therefore, 14% CeO2 doping on Ni/Al2O3 is the optimum

content, which provides the highest resistance toward

carbon deposition and is enable to operate without the

oxidised of Ni.

3.4. Reactivity toward steam reforming of ethane/propane

The steam reforming of C2H6/C3H8 over Ni/Al2O3 and

14%CeO2 doped Ni/Al2O3 were studied at 900 8C. After
reducing with 5% hydrogen for 6 h, the catalysts were

heated up under helium flow to 900 8C. At the isothermal

condition, C2H6/C3H8/H2O in helium with different

C2H6/C3H8/H2O molar ratios of 0.65/0.35/1.0,

0.65/0.35/2.0, and 0.65/0.35/3.0 were introduced in order

to compare the reforming rates. The variations in

hydrogen production yield with time at 900 8C for

different catalysts and different inlet C2H6/C3H8/H2O

ratio are shown in Fig. 8. The significant deactivations

were detected for Ni/Al2O3 catalyst in all conditions

especially at high inlet C2H6/C3H8/H2O ratio, whereas

considerable lower deactivations were detected for

14%CeO2 doped Ni/Al2O3. Catalyst stabilities expressed

as deactivation percentages are given in Table 4.

Table 2

Results of TPR(1), TPO, TPR(2) analyses of CeO2 doped Ni/Al2O3 at high temperature

Catalyst Total H2 Uptake from TPR(1)a

(mmol/gcat)

Total O2 Uptake from TPOb (mmol/

gcat)

Total H2 Uptake from TPR(2)c

(mmol/gcat)

2%Ce-Ni/Al2O3 523 271 520

6%Ce-Ni/Al2O3 840 402 840

10%Ce-Ni/Al2O3 1078 540 1075

14%Ce-Ni/Al2O3 1350 691 1350

18%Ce-Ni/Al2O3 1505 784 1503

a Temperature Programmed Reduction of the reduced catalysts (Relative Standard DeviationZG3%).
b Temperature Programmed Oxidation after TPR (1) (Relative Standard DeviationZG1%).
c Re-Temperature Programmed Reduction after TPO (Relative Standard DeviationZG2%).
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After operated for 100 h, the steam reforming over

14%CeO2 doped Ni/Al2O3 with inlet C2H6/C3H8/H2O of

0.65/0.35/3.0 showed the best activity. The influences of

operating temperature and the inlet steam to ethane/propane

ratio on the product selectivity were also studied by varying

temperature from 700–900 8C and changing the inlet steam

to carbon ratio from 1.0/1.0 to 5.0/1.0. As shown in Fig. 9, it

was found that, at steady state, the main products from this

reaction over 14%CeO2 doped Ni/Al2O3 were H2, CO, CO2,

and CH4, with small amount of C2H4 depending on the

operating temperature. For comparison, the conversions and

the product selectivities at equilibrium level were calculated

using AspenPlus10.2 simulation program, Fig. 10. Regard-

ing the simulation, the conversions of C2H6 and C3H8 at

equilibrium level are 100% in the range of temperature

between 700 and 900 8C. The yields of hydrogen production
at equilibrium are slightly higher than those achieved from

the experiments, in addition, no C2H4 formation was

observed at the equilibrium level in this range of

temperature due to the complete reforming of this

component to CH4, CO, and CO2.

Regarding the influence of inlet steam, hydrogen and

carbon dioxide selectivity increased with increasing inlet

steam concentration, whereas carbon monoxide selectivity

decreased, Fig. 11. These are mainly due to the influence of

water–gas shift reaction (COCH2O/CO2CH2). More-

over, the appearances of methane and ethylene in the system

were found to decrease with increasing steam content, as

these components were further reformed to CO, CO2, and

H2 by the excess steam.

The post-reaction temperature-programmed oxidation

(TPO) experiments were carried out after a helium purge

by introducing of 10% oxygen in helium in order to

determine whether the observed deactivation is due to the

carbon formation. From the TPO results shown in Fig. 12,

the huge peaks of carbon dioxide and carbon monoxide

were observed for Ni/Al2O3, while smaller peaks of both

components were detected for 14%CeO2 doped Ni/Al2O3.

The amount of carbon formations on the surface of these

catalysts with different inlet C2H6/C3H8/H2O ratios were

determined by measuring the CO and CO2 yields from the

TPO results. Using a value of 0.026 nm2 for the area

occupied by a carbon atom in a surface monolayer of the

basal plane in graphite [38], the quantities of carbon

deposited over Ni/Al2O3 were observed to be approximately

5.98, 5.41, and 4.85 monolayers, while those over 14%CeO2

doped Ni/Al2O3 were 2.19, 1.48, and 1.07 monolayers for

the inlet C2H6/C3H8/H2O ratios of 0.65/0.35/1.0, 0.65/0.35/

2.0, and 0.65/0.35/3.0, respectively. The total amounts of

carbon deposited were ensured by the calculation of carbon

balance in the system. Regarding the calculations, for the

inlet C2H6/C3H8/H2O ratios of 0.65/0.35/1.0, 0.65/0.35/2.0,

and 0.65/0.35/3.0, the moles of carbon deposited per gram

of 14%CeO2 doped Ni/Al2O3 were 3.32, 2.33, and

1.68 mmol gK1. By the same assumption for the area

Table 3

Yield of H2 production (%), and physicochemical properties of the catalysts after exposure in steam reforming (2.6 kPa C2H6, 1.4 kPa C3H8, and 12 kPa H2O)

at 900 8C

Catalyst Yield of H2 pro-

duction (%) at

steady state

Ni and Ce loada

(wt.%)

C formationb

(monolayers)

BET surface

(m2 gK1)

Ni-red.c (Ni%) Ni-disp.d (Ni%)

Ni/Al2O3 15.2 4.87/0.0 4.85 40.0 92.0 4.80

2%Ce-Ni/Al2O3 25.1 4.80/1.84 4.28 40.0 92.6 4.51

4%Ce-Ni/Al2O3 36.9 4.91/4.01 4.04 41.4 91.4 5.11

6%Ce-Ni/Al2O3 46.2 5.00/5.95 3.21 43.6 90.1 4.49

8%Ce-Ni/Al2O3 60.8 4.96/8.00 3.09 45.4 91.9 4.64

10%Ce-Ni/Al2O3 66.6 4.87/9.89 2.76 45.2 88.7 4.73

12%Ce-Ni/Al2O3 71.8 4.89/12.0 1.98 45.8 90.1 4.59

14%Ce-Ni/Al2O3 74.5 4.91/13.9 1.07 45.6 90.4 4.17

16%Ce-Ni/Al2O3 72.1 4.98/16.0 1.06 45.5 80.8 4.99

18%Ce-Ni/Al2O3 64.3 4.95/17.9 1.02 46.0 71.7 4.10

20%Ce-Ni/Al2O3 49.4 4.97/19.9 1.11 46.2 68.5 4.29

a Measured from X-ray fluorescence analysis.
b Calculated using CO and CO2 yields from temperature-programmed oxidation (TPO) with 10% oxygen.
c Nickel reducibility (measured from temperature-programmed reduction (TPR) with 5%hydrogen).
d Nickel dispersion (measured from temperature-programmed desorption (TPD) after TPR).
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occupied by a carbon atom [38], these values are equal to

2.15, 1.51, and 1.09 monolayers, respectively, which are in

good agreement with the values observed from the TPO

method described above.

The results clearly indicated the strong resistance toward

carbon formation for 14%CeO2 doped Ni/Al2O3 compared

to Ni/Al2O3. The BET measurements, as presented in

Table 4, indicated that deactivations of 14%CeO2 doped Ni/

Al2O3 are also due to the slight sintering of CeO2. The

improvement of reforming reactivity and resistance toward

carbon formation for CeO2-doped Ni/Al2O3 could be

mainly due to the redox property of ceria. During the

reforming of C2H6/C3H8, the carbon formation could occur

due to several reactions, the following reactions are the most

probable reactions that could lead to carbon formation:

C3H854H2 C3C (16)

C2H653H2 C2C (17)

CH452H2 CC (18)

C2H452H2 C2C (19)

2CO5CO2 CC (20)

COCH25H2OCC (21)

CO2 C2H252H2OCC (22)

where C is the carbonaceous deposits. At low temperature,

Eqs. (21) and (22) are favorable, while Eqs. (16)–(19) are

thermodynamically unflavored [42]. The Boudard reaction

(Eq. (20)) and the decomposition of hydrocarbons (Eqs.

(16)–(19)) are the major pathways for carbon formation at

such a high temperature as they show the largest change in

Gibbs energy [43]. According to the high temperature in this

study, 900 8C, carbon formation would be formed via the

decomposition of hydrocarbons and Boudard reactions.

With the increase of steam to carbon ratio, the equilibrium

of water-gas shift reaction moves forward and produces

more CO2 rather than CO. Therefore, high steam feed can

avoid carbon deposition via the Boudouard reaction.

However, significant amount of carbon remains detected

on the surface of Ni/Al2O3 due to the decomposition of

ethane, propane, ethylene, and methane (Eqs. (16)–(19)). By

doping CeO2 as the promoter, these reactions could be

inhibited by the gas–solid reactions between hydrocarbons

Table 4

Yield of H2 production (%), deactivation percentages, and physicochemical properties of the catalysts after exposure in steam reforming conditions (various

inlet steam/carbon ratio) at 900 8C for 100 h

Catalyst H2O/C ratio Yield of H2 pro-

duction (%) at

steady state

Deactivation (%) C formationa

(monolayers)

BET surface (m2 g-1) Ni-red.b (Ni%)

Ni/Al2O3 1.0/1.0 11.5 65.8 5.98 40.0 91.9

2.0/1.0 12.9 64.6 5.41 39.7 91.8

3.0/1.0 15.1 62.5 4.85 40.0 92.0

14%Ce-Nic 1.0/1.0 60.2 20.0 2.19 45.4 92.0

2.0/1.0 67.8 13.6 1.48 45.1 91.8

3.0/1.0 74.5 7.41 1.07 45.6 90.4

a Calculated using CO and CO2 yields from temperature-programmed oxidation (TPO) with 10% oxygen.
b Nickel reducibility (measured from temperature-programmed reduction (TPR) with 5%hydrogen).
c CeO2-doped Ni/Al2O3.
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with the lattice oxygen (Ox) at CeO2 surface forming

hydrogen and carbon dioxide, which are thermodynamically

unflavored to form carbon species.

Theoretically, the solid–gas reaction between CeO2 and

CH4 produces synthesis gas, while the reduced ceria,

CeO2Kx, can react with steam to produce H2 [35–37]. In

the present work, the solid–gas mechanism involves the

reactions between hydrocarbons (C2H6, C3H8, CH4, and

C2H4) and/or an intermediate surface hydrocarbon species

with the lattice oxygen (Ox) at CeO2 surface, as illustrated

schematically below.

C3H8 C3S52ðCH3KSÞCCH2KS (23)

C2H6 C2S52ðCH3KSÞ (24)

CH4 C2S5CH3KSCHKS (25)

C2H4 C2S52ðCH2KSÞ (26)

CH3KSCS5CH2KSCHKS (27)

CH2KSCS5CHKSCHKS (28)

CHKSCS5CKSCHKS (29)

CKSCOx5COCOxK1 CS (30)

2HKS5H2 C2S (31)

where S is the catalyst surface site. It can be considered to be

a unique site, or the same site as the lattice oxygen (Ox) [40].

During the steam reforming, hydrocarbons are adsorbed on

either a unique site (S) or the lattice oxygen (Ox), whereas

H2O can react with the reduced site of ceria, OxK1. The

steady state reforming rate is mainly due to the continuous

supply of the oxygen source by H2O.

H2OCOxK15Ox CH2 (32)

It should be noted that the solid–gas reaction on the

surface of ceria could also reduce the formation of carbon

via Boudouard reaction, as carbon monoxide can adsorb and

react with the lattice oxygen (Ox) on the surface of ceria

forming carbon dioxide (COCOx5OxK1CCO2), which is

less flavored to form carbon species at high temperature.

4. Conclusion

14%CeO2-doped Ni/Al2O3 is a good candidate catalyst

for the reforming of ethane and propane at SOFC

temperature (900 8C) due to the high resistance toward the

deactivation from carbon formation at high temperature.

During reforming process, the gas–solid redox reactions on

ceria surface take place simultaneously with the reforming

reactions on the surface of Ni, and they reduce the degree of

carbon deposition on catalyst surface from hydrocarbons

decomposition and Boudard reactions. Regarding the TPR

measurement, the redox properties increased with increas-

ing Ce doping content. In addition, this oxygen storage

property was proven to be reversible. However, it should

also be noted that the doping of too high ceria content on the

catalyst results in the oxidation of Ni, which could reduce

the reforming reactivity.

In particular, at the temperature above 800 8C and the

inlet steam/carbon ratio higher than 3.0, all ethylene

formation in which occurs homogenously (non-catalytic)

from the thermal cracking of ethane and propane was

converted by the steam reforming over this catalyst. By

increasing inlet steam content, hydrogen 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.
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Abstract

Steam and autothermal reforming reactions of LPG (propane/butane) over high surface area CeO2 (CeO2 (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/Al2O3. These benefits of CeO2 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. C4H10, C3H8,
C2H6, C2H4, and CH4) and the lattice oxygen (OOx) take place on the ceria surface. The reactions of these adsorbed surface hydrocarbons with
the lattice oxygen (CnHm +OOx → nCO+m/2(H2) +VO•• + 2e′) can produce synthesis gas (CO and H2) and also prevent the formation of carbon
species from hydrocarbons decomposition reactions (CnHm ⇔ nC+2mH2). Afterwards, the lattice oxygen (OOx) can be regenerated by reaction
with the steam present in the system (H2O+VO•• + 2e′ ⇔OOx +H2). 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 CeO2 (HSA) were H2, CO, CO2, and CH4 with a small amount of C2H4. The addition of

oxygen in autothermal reforming was found to reduce the degree of carbon deposition and improve product selectivities by completely eliminating
C2H4 formation. The major consideration in the autothermal reforming operation is the O2/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 CeO2 (HSA) was 0.6.
© 2005 Elsevier B.V. All rights reserved.

Keywords: LPG; Steam reforming; Autothermal reforming; Ceria; Solid oxide fuel cell

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

∗ Corresponding author. Tel.: +66 2 8729014; fax: +66 2 8726736.
E-mail address: navadol l@jgsee.kmutt.ac.th (N. Laosiripojana).

poisoning. Although, hydrogen is the major fuel for a SOFC,
the use of other fuels such as methane, methanol, ethanol, liq-
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 H2/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

0378-7753/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
doi:10.1016/j.jpowsour.2005.10.058
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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 haswidely 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], andmost of them have inves-
tigated the reforming of LPG over noblemetal catalysts (e.g. Rh,
Ru, and Pt) on oxide supports. Recupero et al. [8] reported that
Pt/CeO2 provides high reforming reactivity with low carbon for-
mation. Suzuki et al. [3] found that Ru/CeO2-Al2O3 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 IIR-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 catalystmarket [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 �-Al2O3 [26], �-
Al2O3 and �-Al2O3 with alkali metal oxide and rare earth metal
oxide [27], and CaAl2O4 [26–29]. One of the most promising
ceria-based supports for the reforming reactions appeared to be
Ce-ZrO2, 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,CeO2 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
CeO2 andCH4 producesH2 andCO, according to Eq. (1).More-
over, the reactions of the reduced ceria (CeO2− n) with carbon
dioxide and steam produce more CO and H2 and regenerate the
CeO2 surface, Eqs. (2) and (3) [43–45]:

CH4+OOx= 2H2+CO + VO•• + 2e′ (1)

VO•• + 2e′ + CO2= OOx+CO (2)

VO•• + 2e′ + H2O = OOx+H2 (3)

VO•• denotes an oxygen vacancywith an effective charge 2+,
OOx is lattice oxygen, e′ 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 CeO2 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 CeO2 was much lower than the con-
ventionalmetallic catalysts [42]. Itwas reported that themethane
conversion from CeO2 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 1.9m2 g−1, and the observed size reduction percentage was
23% [42]. Therefore, the use of high surface area ceria (CeO2
(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 CeO2 (HSA)
solid solution. Among these methods, the surfactant-assisted
approach was employed to prepare high surface area CeO2 with
improved textural, structural, and chemical properties [47]. Our
previous publication [48] reported the achievement ofCeO2 with
a high surface area and good stability after thermal treatment
by this preparation method. Regarding the surfactant-assisted
method, CeO2 (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 CeO2 (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 CeO2 (CeO2 (HSA))
was studied and compared to those over the conventional
low surface area CeO2 (CeO2 (LSA)), and also conventional
Ni/Al2O3. The resistance towards carbon formation and the
influence of the inlet H2O/LPG molar ratio and temperature
on product selectivities over these catalysts were determined. In
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Table 1
Specific surface area of CeO2 (HSA and LSA) after drying and calcinations at different temperatures

Catalyst BET surface area (m2 g−1) after drying or calcination at

100 ◦C 200 ◦C 400 ◦C 600 ◦C 800 ◦C 900 ◦C 1000 ◦C

CeO2 (LSA)a 55 49 36 21 15 11 8.5
CeO2 (HSA)b 105 97 69 48 35 29 24
a Conventional low surface area CeO2 prepared by the precipitation method.
b Nanocomposite high surface area CeO2 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 O2/LPG molar ratio were determined. It should be
noted that the contents of desulpherized LPG used in this work
are 60% C3H8 and 40% C4H10 (based on the compositions of
LPG from PTT Company (Thailand)).

2. Experimental

2.1. Catalyst preparation and characterization

Conventional CeO2 (CeO2 (LSA)) was prepared by the pre-
cipitation of cerium chloride (CeCl3·7H2O) from Aldrich. The
starting solution was prepared by mixing 0.1M of this metal salt
solution with 0.4M 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
overnight in anoven at 110 ◦C, and then calcined in air at 1000 ◦C
for 6 h.
High surface area CeO2 (CeO2 (HSA)) was prepared by

adding an aqueous solution of the appropriate cationic sur-
factant, 0.1M cetyltrimethylammonium bromide solution from
Aldrich, to a 0.1M 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
CeO2 (LSA). BETmeasurements of CeO2 (both LSA andHSA)
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 55m2 g−1 were observed for CeO2 (HSA) and conventional
CeO2, respectively, and as expected, the surface area dramati-
cally decreased at high calcination temperatures. However, the
value for CeO2 (HSA) is still appreciable after calcination at
1000 ◦C and it is almost three times that of the conventional
CeO2.
The redox properties and redox reversibilities of these syn-

thesized CeO2 (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% H2/Ar and 5% O2/He, respec-
tively, while the temperature of the system increased from room
temperature to 900 ◦C for both experiments.
For comparison, Ni/Al2O3 (5wt.% Ni) was also prepared by

impregnating �-Al2O3 (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%H2/Ar at 500 ◦C for
6 h before use. After reduction, the catalysts were character-
ized by several physicochemical methods. The weight content
of Ni in Ni/Al2O3 was determined by X-ray fluorescence (XRF)
analysis. The reducibility and dispersion percentages of nickel
were measured from temperature-programmed reduction (TPR)
with 5% H2 in helium and temperature-programmed desorp-
tion (TPD), respectively. The catalyst specific surface areaswere
obtained from BET measurement. All physicochemical proper-
ties of the synthesized Ni/Al2O3 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
10mm 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 (C3H8/C4H10 ratio of 0.6/0.4),
while the inlet steam concentrations were varied depending on
the inlet H2O/LPGmolar 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 50mg,
while the total gas flowwas 100 cm3 min−1 with a constant resi-
dence timeof 5× 10−4 gmin cm−3 in all experiments.AType-K

Table 2
Physicochemical properties of synthesized Ni/Al2O3 after reduction

Catalyst Ni-loada
(wt.%)

BET surface
area (m2 g−1)

Ni-reducibilityb
(Ni%)

Ni-dispersionc
(Ni%)

Ni/Al2O3 4.9 40 92.1 4.87
a Measured from X-ray fluorescence analysis.
b Measured from temperature-programmed reduction (TPR) with 5% hydro-
gen.
c 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 O2 was added along
with LPG and H2O 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 ◦Cmin−1. The
calibration of CO andCO2 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
the number of moles for each component over the respective

areas under peaks. The amount of carbon formed on the sur-
face of catalysts was determined by measuring the CO and CO2
yields from the TPO results (using Microcal Origin Software)
assuming a value of 0.026 nm2 for the area occupied by a carbon
atom in a surface monolayer of the basal plane in graphite [49].
In addition to the TPOmethod, 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 (C3H8 and C4H10) and the out-
let carbon containing components (CO, CO2, CH4, C2H6, and
C2H4). The amount of carbon deposited per gram of catalyst is
given by the following equation:

Cdeposition = molecarbon(in) −molecarbon(out)
mcatalyst

(4)

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 Eqs. (5)–(12):

Xbutane = 100(%butanein −%butaneout)
%butanein

(5)

Xpropane = 100(%propanein −%propaneout)
%propanein

(6)

SH2 =
100(%H2)

3(%butanein −%butaneout)+ 4(%propanein −%propaneout)+ (%H2Oin −%H2Oout) (7)

SCO = 100(%CO)
2(%butanein −%butaneout)+ 3(%propanein −%propaneout) (8)
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Fig. 2. Temperature-programmed reduction (TPR-1) of fresh catalysts after
reduction.

SCO2 =
100(%CO2)

2(%butanein −%butaneout)+ 3(%propanein −%propaneout) (9)

SCH4 =
100(%CH4)

2(%butanein −%butaneout)+ 3(%propanein −%propaneout) (10)

SC2H6 =
100(%C2H6)

(%butanein −%butaneout)+ 1.5(%propanein −%propaneout) (11)

SC2H4 =
100(%C2H4)

(%butanein −%butaneout)+ 1.5(%propanein −%propaneout) (12)

3. Results

3.1. Redox property and redox reversibility of the
synthesized CeO2

The oxygen storage capacities (OSC) and the redox prop-
erties of CeO2 (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%H2
in argon. A test over Ni/Al2O3 was also performed for compari-
son.As shown in Fig. 2, hydrogen uptakewas detected fromboth
types of CeO2 at the temperature above 650 ◦C. The amount of
hydrogen uptake over CeO2 (HSA) is significantly higher than
that over CeO2 (LSA), suggesting that the OSC and the redox
properties strongly depend on the specific surface area of CeO2.
In contrast, no hydrogen consumption was observed from the
TPR over Ni/Al2O3, indicating the absence of redox proper-
ties for this catalyst. The benefit of having a redox property

Fig. 3. Temperature-programmed oxidation (TPO) of CeO2 (HSA and LSA)
after TPR-1.

in the reforming of LPG will be presented in Section 4.
After being purged with helium, the redox reversibility for
each type of CeO2 was then determined by conducting
temperature-programmed oxidation (TPO) following by a sec-
ond temperature-programmed reduction (TPR-2). The TPOwas
carried out by heating the catalyst up to 900 ◦C in 5%O2 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 CeO2 (both LSA and HSA) were approximately similar to
those from TPR-1, indicating the redox reversibility of these
synthesized versions of CeO2.

3.2. Homogenous (non-catalytic) reactions

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

Table 3
Results of TPR(1), TPO, TPR(2) analyses of CeO2 (both HSA and LSA)

Catalyst Total H2 uptake from
TPR(1)a (�mol gcat−1)

Total O2 uptake from
TPOb (�mol gcat−1)

Total H2 uptake from
TPR(2)c (�mol gcat−1)

CeO2 (HSA) 2159 1044 2155
CeO2 (LSA) 1784 867 1781
a Temperature-programmed reduction of the reduced catalysts (relative standard deviation =±3%).
b Temperature-programmed oxidation after TPR(1) (relative standard deviation =±1%).
c Re-temperature-programmed reduction after TPO (relative standard deviation =±2%).
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Fig. 4. Second time temperature-programmed reduction (TPR-2) ofCeO2 (HSA
and LSA) compared to that of TPR-1.

feed stream consisting a LPG/H2O at amolar ratio of 1.0/5.0was
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.

C4H10→ C2H6+C2H4 (13)

C3H8→ 3/2(C2H4) + H2 (14)

C2H6→ C2H4+H2 (15)

C2H4⇔ CH4+C (16)

Fig. 5. Homogeneous (in the absence of a catalyst) reactivity of LPG in the
presence of steam (with the inlet H2O/LPG of 5.0) (C4H10 (�), C3H8 (©),
C2H4 (�), C2H6 (	), CH4 (�), and H2 (♦)).

Fig. 6. Hydrogen selectivity from the steam reforming of LPGoverCeO2 (HSA)
(�), CeO2 (LSA) (©), and Ni/Al2O3 (�) 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 CeO2 (HSA), CeO2 (LSA), and Ni/Al2O3
were studied in the steam reforming of C3H8/C4H10 at 900 ◦C.
The feed was H2O/LPG in helium with the molar ratio of 5.0
(H2O/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/Al2O3 catalyst, whereas much lower deac-
tivations were observed for CeO2 (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 depositionwas observed onNi/Al2O3,whereas significantly
less carbon formation was detected on CeO2 (LSA) and CeO2
(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 CO2 yields
(using Microcal Origin Software). Using a value of 0.026 nm2
for the area occupied by a carbon atom in a surface mono-

Table 4
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 (m2 g−1) Ni-load (wt.%) Ni-red. (Ni%) Ni-disp. (Ni%)

CeO2 (HSA) 12.8 0.51a (0.48)b 22.0 – – –
CeO2 (LSA) 30.6 0.92 (0.92) 7.1 – – –
Ni/Al2O3 52.3 4.73 (4.71) ∼40.0 4.9 92.1 4.82
a Calculated using CO and CO2 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 CeO2 (HSA), CeO2
(LSA), and Ni/Al2O3 after exposure in the steam reforming (STR) and autother-
mal reforming (ATR) of LPG (H2O/LPG of 5.0 for STR and O2/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 CeO2 (HSA), CeO2
(LSA), and Ni/Al2O3 were 0.54, 0.97, and 4.76mmol g−1. By
the same assumption for the area occupied by a carbon atom [49],
the values shown inTable 4 are in good agreementwith the values
observed from the TPO method described above. These results
clearly indicate that the deactivation observed on Ni/Al2O3 was
mainly due to carbon deposition on the surface of catalyst, and
CeO2 especially the high surface area had a significant resis-
tance toward carbon formation as compared to Ni/Al2O3. 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/Al2O3 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 CeO2 (HSA)
is much lower than CeO2 (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 CeO2 (HSA), 35.0% for
CeO2 (LSA), and 28.6% for Ni/Al2O3) 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 H2, CO, and CO2.

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 CeO2 (HSA)
and CeO2 (LSA) were studied by varying the operating temper-
ature from 700 to 900 ◦C and changing the inlet H2O/LPG ratio
from 3.0 to 7.0 (H2O/C ratio from 0.87 to 2.02) as represented
in Figs. 8 and 9.

Fig. 8. Effect of reaction temperature on the conversions ofC4H10 (�) andC3H8
(©), and the selectivities of H2 (♦), CO (�), CO2 (�), CH4 (�), C2H6 (	), and
C2H4 (�) from steam reforming over CeO2 (HSA) (with the inlet H2O/LPG of
5.0).

At 900 ◦C, the main products from the steam reforming reac-
tion overCeO2 (HSA)wereCH4,H2 CO, andCO2. Some forma-
tion ofC2H4 was also observed.Hydrogen and carbonmonoxide
selectivities increasedwith 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 carbonmonoxide,
methane, and ethylene selectivities decreased. These changes in
product selectivities are due to the influence of the exothermic
water-gas shift reaction (CO+H2O→CO2 +H2), 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 CeO2
(HSA) after exposure in steam reforming with different inlet
H2O/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

Fig. 9. Effect of inlet steam/LPG molar ratio on the selectivities of H2 (♦), CO
(�), CO2 (�), CH4 (�), C2H6 (	), and C2H4 (�) from the steam reforming of
LPG over CeO2 (HSA) at 900 ◦C.
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Table 5
The dependence of hydrogen yield on the H2O/LPGmolar ratio and the amount
of carbon formation on CeO2 (HSA) after exposure in the steam reforming
condition for 72 h

H2O/LPG ratio Hydrogen selectivity (%)
at steady state

Total carbon formation
(monolayers)

3.0 43.1 0.82a (0.84)b
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)
a Calculated using CO and CO2 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 H2O/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
CeO2 (HSA) was studied by adding oxygen along with LPG and
steam. The inlet H2O/C molar ratio was kept constant at 1.45
(H2O/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 H2O/LPG and O2/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.

Fig. 10. Effect of inlet oxygen/carbon molar ratio on the selectivities of H2 (♦),
CO (�), CO2 (�), CH4 (�), and C2H4 (�) from the autothermal reforming of
LPG over CeO2 (HSA) at 900 ◦C.

Fig. 11. Effect of reaction temperature on the conversions of C4H10 (�) and
C3H8 (�), and the selectivities of H2 (♦), CO (�), CO2 (�), CH4 (�), C2H6
(	), and C2H4 (�) from the autothermal reforming over CeO2 (HSA) (inlet
O2/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 CeO2 (HSA) after exposure in the reforming for 72 h

O/C ratio Hydrogen selectivity (%)
at steady state

Total carbon formation
(monolayers)

0.0 62.9 0.51a (0.48)b
0.2 69.8 0.19 (0.21)
0.4 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)
a Calculated using CO and CO2 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 CeO2
(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. H2, CO, CO2, and CH4). Higher
H2, CO, and CO2 selectivities were observed from autother-
mal reforming, whereas less CH4, C2H6, and C2H4 were found
compared to steam reforming under the same operating condi-
tions.At 900 ◦C, neitherC2H6 norC2H4 formationwas 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 CeO2 (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 (CeO2 (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/Al2O3. Carbon formation during
LPG reforming could occur due to the reactions listed below:

C4H10⇔ 5H2+ 4C (17)

C3H8⇔ 4H2+ 3C (18)

C2H4⇔ 2H2+ 2C (19)

CH4⇔ 2H2+C (20)

2CO ⇔ CO2+C (21)

CO + H2⇔ H2O + C (22)

CO2+ 2H2⇔ 2H2O + C (23)

where C is the carbonaceous deposit. At low temperature, Eqs.
(22) and (23) are favorable, while Eqs. (17)–(21) are thermody-
namically not favored [50]. The Boudouard reaction (Eq. (21))
and the decomposition of hydrocarbons (Eqs. (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
reactionmoves forward and produces more CO2 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 CeO2, espe-

cially on high surface area CeO2, is mainly due to the high
oxygen storage capacity (OSC) of this material. CeO2 contains
a high concentration of highlymobile oxygen vacancies and thus
acts as a local source or sink for oxygen on its surface. It has been
reported that at high temperature, the lattice oxygen (OOx) at the
CeO2 surface can oxidize gaseous hydrocarbons (e.g. methane
[42,48,49]). By using CeO2 (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 (C4H10, C3H8, C2H6, C2H4, CH4) and
the lattice-oxygen (OOx) at the CeO2 surface (Eq. (24)) forming
CO2 and H2 from which the formation of carbon is thermody-
namically unfavorable at high temperature.

CnHm+OOx⇔ nCO+m/2H2+VO•• + 2e′ (24)

After the reactions, the lattice oxygen (OOx) is regenerated by
reactionwith oxygen containing compounds (e.g. steam) present
in the system.

H2O + VO•• + 2e′ ⇔ OOx+H2 (25)

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

C4H10+ 4SCe⇔ 2(CH3–SCe) + 2(CH2–SCe) (26)

C3H8+ 3SCe⇔ 2(CH3–SCe) + CH2–SCe (27)

C2H6+ 2SCe⇔ 2(CH3–SCe) (28)

C2H4+ 2SCe⇔ 2(CH2–SCe) (29)

CH4+ 2SCe⇔ CH3–SCe+H–SCe (30)

CH3–SCe+SCe⇔ CH2–SCe+H–SCe (31)

CH2–SCe+SCe⇔ CH–SCe+H–SCe (32)

CH–SCe+SCe⇔ C–SCe+H–SCe (33)

C–SCe+OOx⇔ CO + VO•• + 2e′ + SCe (34)

2H–SCe⇔ H2+ 2SCe (35)

where SCe is the CeO2 surface site and CHx–SCe is an inter-
mediate surface hydrocarbon species. SCe can be considered to
be a unique site, or the same site as the lattice oxygen (OOx).
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 (OOx).
Although conventional CeO2 (CeO2 (LSA)) has also been

reported to provide a high resistance toward carbon formation,
the major drawbacks of CeO2 (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 CeO2 (HSA), as presented in Section 3.1, and consequently
low steam reforming reactivity. The corresponding post-reaction
specific surface area forCeO2 (LSA) after exposure in reforming
conditions was 7.1m2 g−1, and the observed size reduction per-
centagewas 17%,whereas the post-reaction specific surface area
for CeO2 (HSA) was 22m2 g−1, and the observed size reduc-
tion percentage was 9%. The low redox properties of CeO2
(LSA) also resulted in a significantly lower resistance toward
carbon deposition of this material compared to CeO2 (HSA).
As described earlier, the redox reaction (Eq. (25)) between the
lattice oxygen (OOx) at the CeO2 surface and the hydrocarbons
present in the system (C4H10, C3H8, C2H6, C2H4, CH4) 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 C2H6
and C2H4. Theoretically, oxygen prevents the formation of high
hydrocarbons (i.e. C2H6 and C2H4) and subsequent carbon
deposition from the decomposition reactions (Eqs. (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 (OOx) on the CeO2 surface
(O2 +VO•• + 2e′ +SCe→OOx). The major consideration of the
autothermal reforming operation is a suitable O2/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.
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5. Conclusion

High surface area ceria (CeO2 (HSA)), synthesized in a
surfactant-assisted approach, is a good catalyst for the reform-
ing of LPG (butane and propane) at SOFC temperatures
(700–900 ◦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 (OOx) 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 CeO2 (HSA) were H2, CO, CO2, and CH4, whereas
a small amount of C2H4 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. C2H6 and C2H4). 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 CeO2 (HSA) was
observed to be 0.6.
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Abstract

Nano-particulate high surface area CeO2 was found to have a useful methanol decomposition activity producing H2, CO, CO2, and a small11
amount of CH4 without the presence of steam being required under solid oxide fuel cell temperatures, 700–1000 ◦C. The catalyst provides
high resistance toward carbon deposition even when no steam is present in the feed. It was observed that the conversion of methanol was close13
to 100% at 850 ◦C, and no carbon deposition was detected from the temperature programmed oxidation measurement.

The reactivity toward methanol decomposition for CeO2 is due to the redox property of this material. During the decomposition process, the15
gas–solid reactions between the gaseous components, which are homogeneously generated from the methanol decomposition (i.e., CH4, CO2,
CO, H2O, and H2), and the lattice oxygen (OxO) on ceria surface take place. The reactions of adsorbed surface hydrocarbons with the lattice17
oxygen (CnHm + OxO → nCO + m/2(H2) + VO·· + 2e′) can produce synthesis gas (CO and H2) and also prevent the formation of carbon
species from hydrocarbons decomposition reaction (CnHm ⇔ nC + m/2H2). VO·· denotes an oxygen vacancy with an effective charge 2+.19
Moreover, the formation of carbon via Boudouard reaction (2CO ⇔ CO2 + C) is also reduced by the gas–solid reaction of carbon monoxide
with the lattice oxygen (CO + OxO ⇔ CO2 + VO·· + 2e′).21

At steady state, the rate of methanol decomposition over high surface area CeO2 was considerably higher than that over low surface area
CeO2 due to the significantly higher oxygen storage capacity of high surface area CeO2, which also results in the high resistance toward carbon23
deposition for this material. In particular, it was observed that the methanol decomposition rate is proportional to the methanol partial pressure
but independent of the steam partial pressure at 700–800 ◦C. The addition of hydrogen to the inlet stream was found to have a significant25
inhibitory effect on the rate of methanol decomposition.
� 2005 Published by Elsevier Ltd.27

Keywords: Methanol; Internal reforming; Hydrogen; SOFC; CeO2

29

1. Introduction

A fuel cell is an energy conversion unit that produces31
electrical energy and heat with greater energy efficiency and
lower pollutant emission than conventional processes (Minh33
and Takahashi, 1995). Among the various types of fuel cell,
the solid oxide fuel cell (SOFCs) has attracted considerable35
interest as it offers a wide range of applications, flexibility

37
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in the choice of fuel, and high-system efficiency. The waste heat
can also be utilized in co-generation applications and bottoming 39
cycles. Moreover, unlike the low-temperature fuel cells, the
SOFC anode is not affected by carbon monoxide poisoning. 41

Hydrogen is the major fuel for SOFCs. Nevertheless, the
use of other fuels such as methane, methanol, ethanol, gaso- 43
line and other oil derivatives is also possible when operated
as an internal or in-stack reforming. As SOFCs are oper- 45
ated at such a high temperature, these hydrocarbons can be
internally reformed to produce a H2/CO rich gas, which is 47
eventually used to generate the electrical energy and heat.

49
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This operation, called indirect internal reforming (IIR-SOFC),1
is expected to simplify the overall system design (Aguiar et
al., 2001). Douvartzides et al. (2003), applied a thermody-3
namic analysis to evaluate the feasibility of different fuels, i.e.,
methane, methanol, ethanol and gasoline, for SOFCs. The re-5
sults obtained in terms of electromotive force output and ef-
ficiency show that ethanol and methanol are very promising7
alternatives to hydrogen. Among them, methanol is favourable
due to its ready availability, high-specific energy and storage9
transportation convenience (Emonts et al., 1998; Ledjeff-Hey
et al., 1998).11

Several researchers have studied the catalytic decomposition
of methanol with steam (Lwin et al., 2000; Brown, 2001; Mag-13
gio et al., 1998). The well known reactions involved in this pro-
cess can be represented by the decomposition-shift mechanism15

CH3OH = 2H2 + CO (methanol decomposition), (1)

CO + H2O = H2 + CO2 (water gas shift reaction), (2)17

CO + 3H2 = CH4 + H2O (methanation). (3)

Firstly, methanol can be directly converted to hydrogen and19
carbon monoxide by the decomposition process (Eq. (1)). In the
presence of steam, the water–gas shift reaction (Eq. (2)) takes21
place to produce carbon dioxide and more hydrogen. Methane
can be formed by the methanation reaction (Eq. (3)). It should23
be noted that the formations of higher molecular weight com-
pounds such as formaldehyde, methyl formate and formic acid25
were found to be negligible (Lwin et al., 2000).

A major concern of the methanol decomposition is catalyst27
deactivation by carbon formation which, consequently, leads
to the loss of system performance and poor durability (Dicks,29
1996). The following are the most probable carbon formation
reactions:31

2CO = CO2 + C, (4)

CH4 = 2H2 + C, (5)33

CO + H2 = H2O + C, (6)

CO2 + 2H2 = 2H2O + C. (7)35

At low temperature, reactions (6)–(7) are favourable while
reaction (5) is thermodynamically unfavoured. The Boudouard37
reaction (Eq. (4)) and the decomposition of methane (Eq. (5))
are the major pathways for carbon formation at high temper-39
ature as they show the largest change in Gibbs energy (Amor,
1999). Regarding the IIR-SOFC operation, the reforming tem-41
peratures are in the range of 700–1000 ◦C (Aguiar et al., 2001).
The potential formation of carbon species on the surface of cat-43
alyst therefore arises from the decomposition and Boudouard
reactions.45

In order to maximize hydrogen production from the decom-
position of methanol and to reduce the amount of carbon depo-47
sition, selection of catalyst is an important issue as it has been
evident that the degree of carbon formation strongly depends49
on the type of catalyst used (Rostrup-Nielsen and Bak-Hansen,
1993). It is well established that cerium oxide is a useful cat-51
alyst for a wide variety of reactions involving the oxidation or

partial oxidation of hydrocarbons (e.g. automotive catalysis). 53
This material contains a high concentration of highly mobile
oxygen vacancies and thus acts as a local source or sink for 55
oxygen involved in reactions taking place on the ceria surface.
There is now increasing interest in using ceria in more severe 57
reducing conditions, such as in methane reforming at the an-
odes of SOFC, where the possibility of deactivation through 59
carbon deposition is much higher (Marina et al., 1998). The
excellent resistance toward carbon formation from methane 61
cracking reaction over CeO2 under SOFC conditions was re-
ported (Laosiripojana, 2003). Recently, the successful use of 63
ceria as a key constituent of the anode for a SOFC operated
directly with ‘dry’ methane has also been presented. Further- 65
more, successful developments of the direct internal reforming
(DIR-SOFC), in which the hydrocarbons can be reformed in- 67
ternally at the anode side of SOFC, using copper–ceria-based
anodes (i.e., Cu–CeO2, and Cu–CeO2-YSZ) fueled by several 69
hydrocarbon and oxyhydrocarbon compounds (i.e., C4H10 and
CH3OH) were also reported (Kim et al., 2005; Jung et al., 2005; 71
Costa-Nunes et al., 2005; Gorte et al., 2004; An et al., 2004;
Brett et al., 2005). It was demonstrated that the addition of ce- 73
ria at the anode can provide a stable operation and reasonable
performance with a wide variety of hydrocarbon fuels (Jung et 75
al., 2005; Costa-Nunes et al., 2005).

The gas–solid reaction between CeO2 and CH4 produces 77
synthesis gas with a H2/CO ratio of two, according to the
following reaction (Otsuka et al., 1983): 79

CH4 + OxO = 2H2 + CO + VO·· + 2e′. (8)

VO·· denotes an oxygen vacancy with an effective charge 2+, 81
e′ is an electron which can either be more or less localized on
a cerium ion or delocalized in a conduction band. Moreover, it 83
was also demonstrated that the reactions of the reduced ceria
with CO2 and steam produced CO and H2, respectively, and 85
regenerated the CeO2 surface (Otsuka et al., 1985; Gellings and
Bouwmeester, 2000) 87

VO·· + 2e′ + CO2 = OxO + CO, (9)

VO·· + 2e′ + H2O = OxO + H2. (10) 89

The major limitation for the application of ceria to high tem-
perature applications is its low specific surface area due to the 91
significant size reduction by thermal sintering (Laosiripojana,
2003). It was reported that the corresponding post-reaction spe- 93
cific surface area for CeO2 after exposure in methane steam re-
forming conditions at 900 ◦C for 10 h was 1.9 m2 g−1, and the 95
observed size reduction percentage was 23% (Laosiripojana,
2003). Therefore, the use of nano-particulate high surface area 97
ceria would be a promising procedure to improve its catalytic
performance at high operating temperatures. 99

The present work is focused on the study of hydrogen pro-
duction from methanol decomposition at SOFC operating tem- 101
perature of 700–1000 ◦C. The decomposition of methanol with
and without steam presence over nano-particulate high surface 103
area CeO2 (CeO2 (HSA)), synthesized by Nanophase Tech-
nologies Corporation, was investigated. The reactivity toward 105
this reaction and the resistance toward carbon formation of this
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material were compared to CeO2 prepared by a precipitation1
method (CeO2 (LSA)). At steady state, the influences of tem-
perature and inlet components on the product selectivities were3
determined.

2. Experimental5

2.1. Catalyst preparation and characterization

Nano-particulate high surface area CeO2 powder (CeO27
(HSA)) (NanoArc Cerium Oxide SGH grade with the average
particle size of 11 nm) was supplied by Nanophase Tech-9
nologies Corporation, USA. This material is prepared by the
patent-pending NanoArcTM Synthesis (NAS) process, using11
arc energy to produce nanoparticles. The nanomaterials pro-
duced by the NAS process consist of discrete, fully-dense13
particles of defined crystallinity. This method has been used to
produce particles with average sizes ranging from 7 to 45 nm15
(http://www.nanophase.com). CeO2 (HSA) was dried in an
oven and calcined in air at 1000 ◦C for 6 h in order to mini-17
mize sintering at the maximum reaction temperature used in
subsequent experiments (Ramírez-Cabrera et al., 2002). For19
comparison, a synthesized CeO2 (CeO2 (LSA)) was also pre-
pared by precipitation of cerium chloride (CeCl3 · 7H2O) from21
Aldrich. The starting solution was prepared by mixing 0.1 M
of this metal salt solution with 0.4 M of ammonia at a 2:123
volumetric ratio. The mixture was stirred by a magnetic stirrer
(100 rpm) and then aqueous ammonia was slowly added with25
the constant rate of 0.165 cm3 min−1 until the pH was 11.5. We
found that the rate of ammonia doping has a significant impact27
on the particle size and specific surface area of the synthesized
CeO2. This solution was stirred for 3 h, then sealed and placed29
in a thermostatic bath maintained at 90 ◦C for three days. The
precipitate was filtered and washed with deionized water and31
acetone to remove the free surfactant. It was dried overnight
in an oven at 110 ◦C, and then calcined in air at 1000 ◦C for33
6 h. BET measurements of CeO2 were carried out before and
after the calcinations in order to determine the specific surface35
area. As presented in Table 1, after drying in the oven, surface
areas of 82 and 55 m2 g−1 were observed for CeO2 (HSA)37
and CeO2 (LSA), respectively, and as expected, the surface
area dramatically decreased at high calcination temperatures.39
However, the value for CeO2 (HSA) is still appreciable after
calcination at 1000 ◦C and it is almost 3 times of that for the41
CeO2 (LSA). The average mean particle sizes of CeO2 (HSA)
and CeO2 (LSA) after calcination at 1000 ◦C were 60–90 and43
135–160 nm, respectively.

Table 1
Specific surface area of the catalysts after drying and calcinations at different temperatures

Catalyst BET surface area (m2 g−1) after drying and calcination at

100 ◦C 200 ◦C 400 ◦C 600 ◦C 800 ◦C 900 ◦C 1000 ◦C

CeO2 (LSA) 55 49 36 21 15 11 8.1
CeO2 (HSA) 82 79 68 56 43 35 24

Fig. 1. Schematic diagram of the experimental set-up.

The redox properties and redox reversibilities of CeO2 45
(HSA) and CeO2 (LSA) were compared by the temperature
programmed reduction (TPR-1) at high temperature and the 47
temperature programmed oxidation (TPO) following with the
second time temperature programmed reduction (TPR-2), re- 49
spectively. In these experiments, 5% hydrogen and 10% oxygen
in helium were used for the TPR and TPO, respectively, while 51
the temperature of the system increased from room temperature
to 900 ◦C by the rate of 8 ◦C/min for both experiments. 53

2.2. Apparatus and procedures

An experimental reactor system was constructed as shown 55
in Fig. 1. The feed gases including the components of interest
(methanol and steam from the evaporator) and the carrier gas 57
(helium) were introduced to the reaction section, in which
10-mm diameter quartz reactor was mounted vertically inside 59
a furnace. The inlet methanol concentration was 5% (5 kPa),
while the inlet steam concentrations were varied depending on 61
the inlet H2O/CH3OH molar ratio requirement for each ex-
periment (0, 1, and 3). The total gas pressure was always kept 63
constant at 101.3 kPa. The catalyst (50 mg) was loaded in the
quartz reactor, which was packed with a small amount of quartz 65
wool to prevent the catalyst from moving. A Type-K thermo-
couple was placed into the annular space between the reactor 67
and the furnace. This thermocouple was mounted on the tubular

69
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reactor in close contact with the catalyst bed to minimize the1
temperature difference between the catalyst bed and the ther-
mocouple. Another Type-K thermocouple was inserted in the3
middle of the quartz tube in order to re-check the possible tem-
perature gradient. The record showed that the maximum tem-5
perature fluctuation during the reaction was always ±0.75 ◦C
or less from the temperature specified for the reaction.7

After the reactions, the exit gas mixture was transferred via
trace-heated lines to the analysis section, which consists of a9
Porapak Q column Shimadzu 14B gas chromatograph (GC)
and a mass spectrometer (MS). The gas chromatography was11
applied in order to investigate the steady state condition exper-
iments, whereas the mass spectrometer in which the sampling13
of the exit gas was done by a quartz capillary and differential
pumping was used for the transient carbon formation experi-15
ment. In the present work, the outlet of the GC column was
directly connected to a thermal conductivity detector (TCD)17
and a frame ionization detector (FID). In order to satisfacto-
rily separate CH3OH, CH4, CO, CO2, and H2, the temperature19
setting inside the GC column was programmed varying with
time. In the first 3 min, the column temperature was constant at21
60 ◦C, it was then increased steadily by the rate of 15 ◦C/min
until 120 ◦C. Finally, the temperature was decreased to 60 ◦C.23
The analytical method applied is an internal standardization
in which the peak area is related to the molar concentration25
through the response factor (RF)

RF = concentration (ppm)

peak area
. (11)27

In order to study the formation of carbon species on cata-
lyst surface, TPO was applied by introducing 10% oxygen in29
helium into the system, after purging with helium. The operat-
ing temperature increased from room temperature to 1000 ◦C31
by a rate of 20 ◦C/min. The calibrations of CO and CO2 pro-
ductions were performed by injecting a known amount of these33
calibration gases from a loop, in an injection valve in the by-
pass line. The response factors were obtained by dividing the35
number of moles for each component over the respective areas
under peaks. The amount of carbon formation on the surface37
of catalysts were determined by measuring the CO and CO2
yields from the TPO results (using Microcal Origin Software)39
assuming a value of 0.026 nm2 for the area occupied by a car-
bon atom in a surface monolayer of the basal plane in graphite41
(Ramírez-Cabrera et al., 2004). In addition to the TPO method,
the amount of carbon deposition was confirmed by the calcula-43
tion of carbon balance in the system. The amount of carbon de-
posited on the surface of catalyst would theoretically be equal45
to the difference between the inlet carbon containing compo-
nents (CH3OH) and the outlet carbon containing components47
(CO, CO2, and CH4). The amount of carbon deposited per gram
of catalyst is given by the following equation:49

Cdeposition = molecarbon(in) − molecarbon(out)

mcatalyst
. (12)

2.3. Kinetic parameters formulae 51

The rate of methanol decomposition was defined in term of
the turnover frequencies (N) which is calculated from the fol- 53
lowing equation. It was assumed that all surface sites accessible
by nitrogen adsorption were active 55

N = rNAAN2

mcS
, (13)

where r is the reaction rate (moles of CH3OH per unit time), 57
NA is the Avagadro’s number, AN2 is the area occupied by
an adsorbed nitrogen molecule (16.2 × 10−20 m2 molecule−1 59
(Ramírez-Cabrera et al., 2004)), mc is the mass of catalyst
(50 mg), and S is the specific surface area of the catalyst. 61

Methanol conversions denoted as XMethanol, and the product
selectivities (hydrogen, carbon monoxide, carbon dioxide, and 63
methane), denoted as SProduct, are calculated according to

XMethod = 100(Methanolin − Methanolout)

Methanolin
, (14) 65

SProduct = 100(Mole of a specific product)

(Total moles of all products)
. (15)

3. Results 67

3.1. Preliminary tests

In order to avoid any limitations by intraparticle diffusion, 69
we checked the impact of the total flow rate at the minimum
(700 ◦C) and maximum operating temperature (1000 ◦C) be- 71
fore the formal investigations. The total flow rate was changed
between 20 and 200 cm3 min−1 under the same residence time 73
of 5× 10−4 g min cm−3. From Fig. 2, when the total flow rate
was below 60 cm3 min−1, the methanol conversion and the hy- 75
drogen selectivity increased with increasing the gas flow rate,
suggesting that the mass transfer between the bulk gas and the 77
catalyst particles is the rate-determining step. The steady state

79
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CES6466



UNCORRECTED PROOF

ARTICLE IN PRESS
N. Laosiripojana, S. Assabumrungrat / Chemical Engineering Science ( ) – 5

0

20

40

60

80

100

800750 775 825 850 875 950900 925
Temperature (C)

S
el

ec
ti

vi
ty

 /C
o

nv
er

si
o

n
 (

%
)

MeOH

CO

CH4

CO2

H2

Fig. 3. Homogeneous (in the absence of catalyst) reactivity of methanol
decomposition (1 kPa MeOH, and 3 kPa H2O).

reforming rate was almost constant in the range where the gas1
flow rate was higher than 80 cm3 min−1, indicating that the
mass transfer effect is unimportant in this flow rate range. Con-3
sequently, the mass of catalyst loading was 50 mg, while the
total gas flow was kept constant at 100 cm3 min−1 in all exper-5
iments.

3.2. Homogeneous (non catalytic) reaction7

Before studying the catalyst performance, homogeneous
(non-catalytic) decomposition of methanol was investigated.9
Inlet H2O/CH3OH in helium with the molar ratio of 3 was in-
troduced to the system, while the temperature increased from11
room temperature to 950 ◦C. From Fig. 3, it was observed that
methanol was converted to methane, carbon monoxide, carbon13
dioxide, and hydrogen at the temperature above 800 ◦C. These
components were formed via the decomposition of methanol,15
water–gas shift and methanation reactions.

3.3. Redox properties and redox reversibility of CeO217

The oxygen storage capacities (OSC) and the degree of redox
properties for fresh CeO2 (both LSA and HSA) after calcina-19
tions were investigated using TPR-1, which was performed by
heating the reduced catalysts up to 900 ◦C in 5% H2 in helium.21
As shown in Fig. 4, hydrogen uptakes are detected from both
CeO2 at the temperature above 650 ◦C. The amount of hydrogen23
uptake over CeO2 (HSA) is significantly higher than that over
CeO2 (LSA), suggesting that the OSC and the redox properties25
depend on the specific surface area of CeO2. The benefit of the
redox property on the reforming of methanol will be later pre-27
sented in Section 3.4 and the discussion section. After purged
with helium, the redox reversibilities for both CeO2were then29
determined by applying TPO followed by TPR-2. The TPO
was carried out by heating the catalyst up to 900 ◦C in 10%31
O2 in helium; the amounts of oxygen chemisorbed were then
measured, Fig. 5 and Table 2. Regarding the TPR-2 results as33
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shown in Fig. 6 and Table 2, the amount of hydrogen uptakes
for CeO2 (both LSA and HSA) were approximately similar 35
to those from TPR-1, indicating the redox reversibility for the
synthesized CeO2. 37

3.4. Reactivity toward methanol decomposition

The decomposition of methanol with and without steam over 39
CeO2 (HSA) and CeO2 (LSA) were studied at 900 ◦C. The
feed was H2O/CH3OH in helium with the molar ratios of 0, 1, 41
and 3. The variations in hydrogen selectivities (%) with time at
900 ◦C for different catalysts and different inlet H2O/CH3OH 43
ratio are shown in Fig. 7. After being operated for 100 h, the hy-
drogen selectivities for CeO2 (HSA) were significantly higher 45
than those for CeO2 (LSA) in all conditions. However, the de-
activations were also observed in all catalysts. Catalyst stabili- 47
ties expressed as deactivation percentages are given in Table 3.

The post-reaction TPO experiments were carried out after a 49
helium purge by introduction of 10% oxygen in helium in order
to determine whether the observed deactivation is due to the 51
carbon formation. From the TPO results shown in Fig. 8, small
peaks of carbon dioxide and carbon monoxide were observed 53
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Table 2
Results of TPR-1, TPO, TPR-2 analyses of CeO2

Catalyst Total H2 uptake from Total O2 uptake from Total H2 uptake from
TPR(1)a (�mol/gcat) TPOb (�mol/gcat) TPR(2)c (�mol/gcat)

CeO2 (LSA) 1784 867 1781
CeO2 (HSA) 2076 989 2070

aTemperature Programmed Reduction of the reduced catalysts (Relative Standard Deviation =±3%).
bTemperature Programmed Oxidation after TPR (1) (Relative Standard Deviation =±1%).
cRe-Temperature Programmed Reduction after TPO (Relative Standard Deviation =±2%).
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for CeO2 (LSA), whereas no peak of either carbon dioxide or1
carbon monoxide was detected for CeO2 (HSA). The amount
of carbon formations on the surface of CeO2 (LSA) with dif-3
ferent inlet H2O/CH3OH ratios were determined by measuring
the CO and CO2 yields from the TPO results. Using a value of5
0.026 nm2 for the area occupied by a carbon atom in a surface

monolayer of the basal plane in graphite (Ramírez-Cabrera et 7
al., 2004), the quantities of carbon deposited over this catalyst
were observed to be approximately 0.35, 0.17, and 0.06 mono- 9
layer for the inlet H2O/CH3OH ratios of 0, 1, and 3, respec-
tively. The total amounts of carbon deposited were ensured by 11
the calculation of carbon balance in the system. Regarding the
calculation, for the inlet H2O/CH3OH ratios of 0, 1, and 3, 13
the moles of carbon deposited per gram of CeO2 (LSA) were
0.39, 0.21, and 0.07 mmol g−1. By the same assumption for 15
the area occupied by a carbon atom (Ramírez-Cabrera et al.,
2004), these values are equal to 0.33, 0.18, and 0.06 mono- 17
layer, respectively, which are in good agreement with the val-
ues observed from the TPO method described above. The TPO 19
results clearly indicated the excellent resistance toward carbon
formation for CeO2 (HSA). 21

The BET measurement, as presented in Table 3, suggested
that the deactivations of ceria are also due to the thermal sin- 23
tering. Regarding the BET results, the surface area reduction
percentage of CeO2 (HSA) is lower than that of CeO2 (LSA), 25
indicating its better stability toward the thermal sintering.

3.5. Effects of temperature and inlet reactants 27

At steady state, the main products from this reaction over
CeO2 (HSA) were H2, CO, and CO2, with small amount of 29
CH4 depending on the operating conditions. The influences of
operating temperature and the inlet steam content on the product 31
selectivities and methanol conversion were studied by varying
temperature from 700 to 1000 ◦C and changing the inlet steam 33
to methanol ratio from 0.0 to 3.0.

As seen from Fig. 9, hydrogen and carbon monoxide selec- 35
tivities increased with increasing temperature, whereas carbon
dioxide and methane production selectivities decreased. Re- 37
garding the effect of steam, the conversion of methanol and the
methane selectivity seem to be independent of the inlet steam 39
content. However, hydrogen and carbon dioxide selectivities in-
creased with increasing inlet steam concentration, whereas car- 41
bon monoxide selectivity decreased. Table 4 presents the com-
parison of product selectivities from methanol steam reforming 43
at 900 ◦C between CeO2 (HSA), and CeO2 (LSA). It should be
noted that the product selectivities from the homogeneous re- 45
action (Fig. 6) and the product selectivities at equilibrium level,
which were calculated by AspenPlus10.2 simulation program, 47
are also shown in the table for comparison. Clearly, hydrogen
and carbon monoxide selectivities from this reaction over CeO2 49
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Table 3
Deactivation percentages, steady state hydrogen selectivities, specific surface area, and amount of carbon deposition on the surface of catalysts after exposure
in methanol decomposition conditions (various inlet H2O/CH3OH ratios) at 900 ◦C for 100 h

Catalyst H2O/CH3OH Deactivation Hydrogen selectivity C formationa BET surface
ratio (%) (%) at steady state (monolayers) (m2 g−1)

CeO2 (LSA) 0 40.9 28.0 0.35 6.0
1 34.9 36.2 0.17 6.0
3 29.7 43.6 0.06 6.1

CeO2 (HSA) 0 7.4 66.5 ∼ 0 22.0
1 7.6 80.0 ∼ 0 22.2
3 6.5 90.4 ∼ 0 22.1

aCalculated using CO and CO2 yields from temperature-programmed oxidation (TPO) with 10% oxygen.
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in methanol decomposition reaction at various inlet H2O/CH3OH ratios for
100 h.

(HSA) are higher and closer to their equilibrium levels than1
those over CeO2 (LSA) in all conditions.

Without inlet steam, the effect of methanol concentration on3
the rate of decomposition at different temperatures was also
studied by varying inlet methanol partial pressure from 1.0 to5
4.0 kPa. The operating temperature range was between 700 and
800 ◦C in order to prevent the influence of homogeneous (non-7
catalytic) reaction. Fig. 10 presents the Arrhenius plots of the
turnover frequencies at various inlet methanol concentrations.9
The results show that the decomposition rate is proportional to
the methanol concentration and the temperature. The reaction11
order in methanol for CeO2 (HSA) was observed to be between
0.37 and 0.68, independent of the steam partial pressure, for the13
range of conditions studied. These values were obtained exper-
imentally by plotting ln(N) versus ln PCH3OH (where PCH3OH15
is the partial pressure of methanol; kPa). The reaction orders
in other components (H2O, and H2) were achieved using the17
same approach by varying the inlet partial pressure of the19

component of interest while keeping the other inlet component
partial pressures constant. Regarding the independence of inlet 21
steam partial pressure on the rate of methanol decomposition,
the reaction order in steam is therefore 0. 23

According to the post-reaction TPO, no carbon formation was
observed on the surface of catalysts. In addition, the oxygen 25
balance calculation was carried out during the stability testing
to confirm the role of CeO2. It was found from the calculation 27
that the mole of oxygen (from methanol) fed into the system
is almost similar to that in the products (CO, and CO2) in all 29
testing times, which indicates the unchanged state of CeO2 (to
Ce2O3) during the experiments. Furthermore, the TPO result 31
for CeO2 (HSA) in Fig. 8 also proves the unchanged state
of spent CeO2, as no oxygen uptakes were detected from the 33
TPO of CeO2 (HSA) after exposure in methanol decomposition
conditions. 35

The influence of hydrogen on the rate of methanol decompo-
sition was also investigated by adding various concentrations 37
of hydrogen (1–3 kPa) in the feed. As shown in Fig. 11, the
methanol conversion was significantly inhibited by the presence 39
of hydrogen in the feed. The reaction order in hydrogen was
between −0.29 and −0.17 in the range of conditions studied. 41

4. Discussion

CeO2 (HSA) has a high reactivity for methanol decomposi- 43
tion and an excellent resistance toward carbon deposition with-
out steam having to be present in the gas. This high resistance 45
toward carbon deposition has been reported by several inves-
tigators (Laosiripojana, 2003; Ramírez-Cabrera et al., 2003, 47
2004; Laosiripojana and Assabumrungrat, 2005) and is mainly
due to the high oxygen storage capacity of this material. CeO2 49
contains a high concentration of highly mobile oxygen vacan-
cies and thus acts as a local source or sink for oxygen on its 51
surface. It has been reported that at high temperature the lattice
oxygen (OxO) at the CeO2 surface can oxidize gaseous hydro- 53
carbons (methane, Ramírez-Cabrera et al., 2003, 2004; ethane
and propane, Laosiripojana and Assabumrungrat, 2005) and 55
also carbon monoxide (Laosiripojana, 2003).

In the decomposition of methanol at high temperature the 57
presence of steam is normally required as it minimizes the
carbon deposition on the catalyst surface, which is due to 59
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Table 4
Methanol conversion and product selectivities from the decomposition of methanol at various inlet H2O/CH3OH molar ratios (at isothermal condition, 900 ◦C)

Catalyst H2O/CH3OH Conversion and product selectivities at 900 ◦C

ratio CH3OH H2 CO CO2 CH4

CeO2 (LSA) 0 93.1 22.4 58.6 4.2 30.3
1 94.2 27.1 55.0 11.0 28.2
3 93.8 33.2 52.9 18.1 22.8

CeO2 (HSA) 0 98.1 66.5 92.0 6.1 0
1 98.2 80.0 84.4 13.7 0
3 98.1 90.4 75.5 22.6 0

Homogeneousa 0 92.1 13.5 49.9 0 41.2
1 92.4 17.4 49.1 3.4 39.9
3 92.9 20.8 48.1 5.6 39.2

Equilibriumb 0 100 71.1 93.4 6.6 0
1 100 89.4 85.2 14.8 0
3 100 95.0 76.1 23.9 0

aHomogeneous (non-catalytic) reaction.
bCalculated by AspenPlus 10.2 simulation program.

reactions (4) and (5) mentioned in Section 1. By using CeO2 as1
the catalyst, the carbon deposition from these reactions could
be inhibited by the gas–solid reactions between CO and CH43
formed with the lattice-oxygen (OxO) at the CeO2 surface form-
ing CO2 and hydrogen from which the formation of carbon is5

thermodynamically unfavourable at high temperature. The re-
actions taken place can be summarized as follows: 7

CnHm + OxO = nCO +m/2H2 + VO·· + 2e′, (16)

CO + OxO = 2CO2 + VO·· + 2e′. (17) 9
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The lattice oxygen (OxO) is regenerated by reactions with1
oxygen containing compounds (methanol, steam) present in the
system. The strong linear dependence of the methanol decom-3
position rate on methanol partial pressure and its independence
of the steam partial pressure indicate that the lattice oxygen5
(OxO) is replenished by a sufficiently rapid reaction of the par-
tially reduced CeO2 with the oxygen containing molecules in7
the system, whereas the inhibitory effect of hydrogen could be
due to the reverse of the methanol decomposition. According to9
the studies on the effect of temperature, hydrogen and carbon
monoxide selectivities increased with increasing temperature,11
whereas carbon dioxide and methane production selectivities
decreased. The changes of hydrogen, carbon monoxide, and13
carbon dioxide selectivities are mainly due to the influence of
the mildly exothermic water–gas shift reaction (CO+H2O →15
CO2 +H2), whereas the decrease in methane production selec-
tivity could be due to the further reforming to carbon monoxide17
and hydrogen.

Although the CeO2 (LSA) can decompose methanol produc- 19
ing synthesis gas (CO and H2), the major weaknesses of CeO2
(LSA) are its nature, low specific surface area and its high size 21
reduction due to the thermal sintering, which resulted in its
low OSC as presented in Section 3.3. The low OSC for CeO2 23
(LSA) results in its lower redox property (Eqs. (16) and (17))
and consequently caused the low reforming reactivity (almost 25
three times lower than CeO2 (HSA)) and low product selec-
tivities (i.e., H2 and CO). The comparative reforming reactivi- 27
ties between CeO2 (HSA) and CeO2 (LSA) are in good agree-
ment with the results from the characterizations (i.e., BET and 29
TPR)—the specific surface area of CeO2 (HSA) and the amount
of hydrogen uptakes from the temperature programmed reduc- 31
tion (TPR-1 and TPR-2) were significantly higher than those
over the CeO2 (LSA). By the same reason, the higher resistance 33
toward carbon deposition for CeO2 (HSA) compared to CeO2
(LSA) is mainly due to the higher lattice oxygen (OxO) on its 35
surface, which promotes the gas–solid reactions (Eqs. (16) and
(17)) and consequently prevents the formation of carbon species 37
via the methane decomposition and Boudouard reactions.

Due to the good performance of CeO2 (HSA) in terms of 39
high resistance toward carbon deposition and good product se-
lectivities (producing only H2, CO, and CO2) at high temper- 41
ature, this catalyst would be a good candidate to be applied as
the internal or in-stack reforming catalyst for IIR-SOFC. Also, 43
this material could be a promising option for application in the
anode of SOFC (DIR-SOFC) compared to the CeO2 (LSA), 45
as it presents higher resistance toward carbon deposition and
lower sintering rate. Importantly, without the presence of steam 47
being required to reform methanol, the consideration of wa-
ter management in SOFC system is negligible. Regarding the 49
above benefits, the use of CeO2 (HSA) is expected to simplify
the overall SOFC system design (i.e., DIR and IIR), making 51
SOFCs more attractive to be used commercially.

5. Conclusion 53

Nano-particulate high surface area CeO2 (CeO2 (HSA)) has
a useful methanol decomposition activity at SOFC temperatures 55
producing H2, CO, CO2, and small amount of CH4 without the
presence of steam being required. The conversion of methanol 57
from the decomposition process over this catalyst was close to
100% at 850 ◦C, and no carbon deposition was observed on the 59
surface of CeO2 according to the TPO results. Hydrogen selec-
tivities up to 90% can be produced. Regarding the influences 61
of inlet components on the rate of methanol decomposition,
the decomposition rate over CeO2 (HSA) is proportional to the 63
methanol partial pressure and independent of the steam partial
pressure at 700–800 ◦C. Hydrogen was found to have a signif- 65
icant inhibitory effect on the rate of methanol decomposition.

Due to the good performance of CeO2 (HSA) toward 67
methanol decomposition in terms of high resistance toward
carbon deposition and good product selectivities at SOFC tem- 69
perature, this catalyst is a good candidate to be applied as the
internal or in-stack reforming catalyst for solid oxide fuel cell 71
application (IIR-SOFC).
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Abstract

In the present work, it was found that high surface area ceria (CeO2 (HSA)),

synthesized by a surfactant-assisted approach, have useful ethanol steam reforming

activity under Solid Oxide Fuel Cells (SOFCs) temperatures. The catalyst provides good

reforming reactivity and high resistance toward carbon deposition compared to Ni/Al2O3

and conventional low surface area ceria (CeO2 (LSA)). Although the hydrogen selectivity

at steady state from the ethanol steam reforming over CeO2 (HSA) was lower than

Rh/Al2O3, the resistance toward carbon deposition of CeO2 (HSA) was considerably

higher. The good reactivity toward the steam reforming of ethanol for CeO2 (HSA) is due

to the high redox property of this material. During the reforming process, the gas-solid

reactions between the gaseous hydrocarbon components and the lattice oxygen (OO
x) on

CeO2 surface take place (CnHm + OO
x � nCO + m/2(H2) + VO•• + 2 e') forming synthesis

gas and also preventing the formation of carbon species from hydrocarbon decomposition

reactions (CnHm �  nC + m/2H2).

At the temperature of 900ºC, the main products from the steam reforming of

ethanol over CeO2 (HSA) (with inlet C2H5OH/H2O molar ratio of 1.0/3.0) were 67.5%

H2, 37.9%CH4, 50.5%CO, and 11.6%CO2. In contrast, the formations of C2H4 (5.8-

15.8%) and C2H6 (1.2-8.5%) were also observed from the steam reforming of ethanol



2

over Ni/Al2O3 and CeO2 (LSA). The combination use of CeO2 and Ni/Al2O3 was studied

in an annular ceramic reactor by applying CeO2 as an internal pre-reforming catalyst. The

main purpose of CeO2 is to convert all ethanol and other high hydrocarbon compounds

(e.g. C2H4 and C2H6) forming CH4, CO, CO2, and H2, while Ni/Al2O3 is applied to reform

all CH4 left from the pre-reforming section and maximize the yield of hydrogen

production. After operated at 900ºC for 100 h, this combination pattern offers high

hydrogen selectivity (87.0-91.4%) and good resistance toward carbon deposition. This

successful development eliminates the requirement of expensive noble metal catalysts or

the installation of an external pre-reformer in order to reform ethanol internally (IIR-

SOFC).

Keywords: Ethanol, internal reforming, ceria, redox, solid oxide fuel cell

1. Introduction

Solid Oxide Fuel Cell (SOFC) with an indirect internal reforming operation (IIR),

called IIR-SOFC, is expected to be an important technology for energy generation in the

near future due to the high efficiency and its lower pollutant emission. Regarding this

operation, the endothermic reforming reaction takes place at the reformer, which is in

close thermal contact with the anode side of fuel cell where the exothermic

electrochemical reaction occurs, Fig. 1 [1]. The aim of the reformer unit is to reform and

maximize the yield of hydrogen production, which can be generated from several sources

such as natural gas, bio-ethanol, coal, biomass, and biogas, and supply this component to

the anode side of SOFC. IIR-SOFC gives the advantage on eliminating the requirement

for a separate fuel reformer and providing good heat transfer between the reformer and

the fuel cell. In addition, the reformer part and the anode side for IIR operation can be

operated separately. Therefore, the catalyst for reforming reaction at the reformer part

and the material for electrochemical reactions at the anode side of fuel cell can be

different and optimized individually. This operation is expected to simplify the overall

SOFC system design, making SOFC more attractive and efficient for producing electrical

power [1].

Regarding the current oil crisis and the shortage of fossil fuels, the development

of the biomass-based fuels therefore attracts much attention. Among various resources,

bio-ethanol is a promising candidate for hydrogen for SOFC, since it is readily produced

by renewable resources (e.g., fermentation of biomasses) and has reasonably high



3

hydrogen content [2,3]. The major difficulty to reform ethanol is the deactivation of the

reforming catalyst due to the possible carbon deposition from the ethanol decomposition.

It has widely been reported that ethanol can homogenously decompose to several

hydrocarbon elements (e.g. acetaldehyde, methane, carbon monoxide, carbon dioxide,

ethylene, and ethane) without the requirement of catalyst [4]. The formations of ethylene

and ethane are the major problem, as these components act as very strong promoters for

carbon formation. When ethanol is reformed internally (IIR-SOFC) without any pre-

treatments, the carbon formation can be easily formed on the catalyst surface.

SOFC fueled by high organic compounds (e.g. natural gas, DME, LPG, and bio-

ethanol) normally requires a small external preliminary reforming unit (pre-reformer),

where these high hydrocarbons are reformed readily forming low hydrocarbon

compounds (e.g. methane) before introducing to the main part of the SOFC system [5].

The pre-reforming unit is normally operated at relatively lower temperatures, 300-500ºC,

in which the carbon formation problem is less severe, but the disadvantage of this

installation is the extra-requirement of the heat supplied into this unit, which can reduce

the fuel cell efficiency.

The approach in this work is developing of an alternative catalytic reforming

operation that is enabling to reform ethanol with low degree of carbon deposition at

SOFC temperatures, 800-1000ºC. The successful development of this operation would

help eliminate the requirement of the external pre-reformer.  Previously, hydrogen

production from the reforming of ethanol has been studied by several researchers [6-27],

most of them have investigated the reforming of ethanol over noble metal catalysts (e.g.

Rh, Ru, Pt, Pd) on several oxide supports (e.g. Al2O3, MgO, SiO2, TiO2)

[11,13,14,17,24,25,26]. Freni et al. [11, 14, 16, 25] presented that Rh/Al2O3 provides the

highest reforming reactivity among these noble metal catalysts. Burch and coworkers

[19] found that the order of the ethanol steam reforming reactivity of the metals is Rh >

Pd > Ni = Pt. In the present work, Ni/Al2O3 was selected as a based catalyst rather than

these precious metals. Although the precious metals have been reported to be active for

the ethanol steam reforming and provide high resistance to the carbon formation than Ni

based catalysts [28, 29], the current prices of these metals are very high for commercial

uses, and the availability of some precious metals such as ruthenium was too low to have

a major impact on the total reforming catalyst market [30]. The main procedure to

improve the ethanol steam reforming reactivity in this work is to investigate the use of


