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Abstract−In the present work, suitable absorbent material for high temperature desulfurization was investigated in
order to apply internally in solid oxide fuel cells (SOFC). It was found that nano-scale high surface area CeO2 has useful
desulfurization activity and enables efficient removal of H2S from feed gas between 500 to 850 oC. In this range of
temperature, compared to the conventional low surface area CeO2, 80-85% of H2S was removed by nano-scale high
surface area CeO2, whereas only 30-32% of H2S was removed by conventional low surface area CeO2. According to
the XRD studies, the product formed after desulfurization over nano-scale high surface area CeO2 was Ce2O2S. EDS
mapping also suggested the uniform distribution of sulfur on the surface of CeO2. Regeneration experiments were then
conducted by temperature programmed oxidation (TPO) experiment. Ce2O2S can be recovered to CeO2 after exposure
in the oxidation condition at temperature above 600 oC. It should be noted that SO2 is the product from this regeneration
process. According to the SEM/EDS and XRD measurements, all Ce2O2S forming is converted to CeO2 after oxi-
dative regeneration. As the final step, a deactivation model considering the concentration and temperature dependen-
cies on the desulfurization activity of CeO2 was applied and the experimental results were fitted in this model for later
application in the SOFC model.
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INTRODUCTION

Due to the present oil crisis and global warming, numerous ef-
forts have been focused on the use of alternative and renewable en-
ergy sources. Biogas is one important energy source due to its closed
cycle operation and producibility from biodegradable solid wastes
such as cattle dung (diary wastes), piggery wastes, municipal solid
wastes, and industrial effluents. Currently, there are numerous at-
tempts to use biogas as a primary fuel for electrical generation by
using several energy devices, i.e., internal combustion engines and
fuel cells. As biogas always contains high concentration of hydro-
gen sulfide (H2S) (approximately 1,000-2,000 ppm depending on its
source), it cannot be utilized directly to the energy devices. Biogas
must be initially purified in order to remove H2S which easily poi-
sons the process reactor. In addition, the removal of H2S would also
help in preventing odors, safety hazards, and corrosion of the biogas
transport equipment.

The appropriate technologies of desulfurization depend on the
final applications as well as the operating conditions. Several re-
searchers have studied desulfurization by selective oxidation of H2S
over solid absorbents at low temperature (200-300 oC). Park et al.
[1] investigated this reaction over Bi4V2−xSbxO11−y material and re-
ported good H2S conversion with less than 2% of SO2 selectivity
in the temperature range of 220-260 oC. Lee et al. [2] also studied
this desulfurization reaction on zeolite-NaX and zeolite-KX. They

found that Zeolite-KX was superior to the zeolite-NaX in terms of
selectivity to elemental sulfur and resistance to deactivation. In detail,
elemental sulfur yield over zeolite-NaX was achieved at about 90%
at 225 oC for the first 4 hours, but gradually decreased to 55% after
40 hours, whereas the yield of elemental sulfur on zeolite-KX was
obtained within the range of 86% at 250 oC after 40 hours.

It should be noted that selective oxidation may not suitable for
high temperature applications such as coal or residual oil gasifica-
tion, and fuel cell applications, which operate in the temperature
range of 400-1,200 oC, due to the large temperature differences in
the process. Several high temperature desulfurization techniques are,
therefore, desired for use in such applications [3]. Previously, the
high temperature removal of hydrogen sulfide from simulated gas
was carried out in batch type fluidized-bed reactor by using natural
manganese ore consisting of several metal oxides (MnOx: 51.85%,
FeOy: 3.86%, CaO: 0.11%) [4]. It was found that H2S removal effi-
ciency increased with increasing temperature but decreased with
increasing excess gas velocity. In addition, the breakthrough time
for H2S decreased as the gas velocity increased.

As another example of the high temperature application, fuel cell
has drawn a great interest from many researchers as it can generate
electricity at high efficiency. Various types of fuel cells are available,
in that the solid oxide fuel cell (SOFC) has garnered much atten-
tion because of its large electricity production capacity. To establish
these highly efficient processes, it is necessary to develop a high
temperature treatment process for the various feed stocks, i.e., bio-
gas and natural gas, which consist of a significant amount of H2S.
To date, fuel cell systems rely mainly on batch operation of sorbent
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technology for sulfur removal. Although this technology possesses
the necessary removal efficiency, the low capacity associated with
the batchwise operation and the potential utilization of high sulfur
hydrocarbon feed stocks greatly affect the fuel cell processor foot
print, types of sorbent and sorbent maintenance interval [5]. A wide-
ly established metal oxide, ZnO, has been used as a high tempera-
ture desulfurization sorbent. ZnO has the most favorable thermody-
namics for H2S removal among sorbents that have been investigated.
However, despite its attractive thermodynamic properties, the re-
duction of ZnO and subsequent vaporization of elemental zinc create
a serious problem over many cycles of sulfidation/regeneration at
high temperatures [6,7]. As a result, alternate absorbents to mini-
mize ZnO problems at high temperature ranges are needed.

Meng et al. [8] and Kay et al. [9] first described the use of cerium
oxide (or ceria) sorbents for high-temperature desulfurization. It is
well established that ceria and metal oxide (e.g., Gd, Nb, and Zr)
doped cerias provide high oxygen storage capacity, which is bene-
ficial in oxidation processes. Several researchers have also reported
the benefit of adding or doping this material on the reforming and
partial oxidation catalysts in terms of catalyst stability and the re-
sistance toward carbon deposition [10,11]. Focusing on the use of
ceria as the sorbent for desulfurization, in laboratory-scaled fixed-
bed reactor tests, the H2S concentration was reduced from 1.2 v%
to 3 ppmv at 872 oC and 1 atm by using reduced ceria, CeOn (n<
2). However, only a few data were reported particularly on the ma-
terial characterization and the mechanism of desulfurization. Abba-
sian et al. [12] and Li et al. [13] studied mixed-oxide sorbents con-
taining cerium and copper oxides. Although some evidence of cerium
sulfidation was reported, the primary function of the ceria was con-
sidered to be for maintaining the active copper in a highly dis-
persed form. Zeng et al. [14] studied the H2S removal in presence
of hydrogen on CeO2 sorbent. They reported complete conversion
of CeO2 to CeO2S during sulfidation in the temperature range of
500-700 oC and regeneration of Ce2O2S to CeO2 by using SO2. Ac-
cording to phase diagrams, relevant reactions were reported by Kay
et al. [9] as:

Sulfidation
2CeO2+H2S+H2↔Ce2O2S+2H2O (1)

Regeneration
Ce2O2S+SO2↔2CeO2+S2 (2)

It should be noted that the major limitations to apply CeO2 in the
high temperature process are its low specific surface and high sur-
face area reduction percentage due to the high surface sintering. It
was observed from our previous work that the surface area reduc-
tion of CeO2 after exposure in the reaction conditions at 900 oC was
23% and 28%, respectively. The corresponding post-reaction spe-
cific surface areas were only 1.9 and 8.7 m2 g−1, respectively [15].
The use of high surface area CeO2 would be a good alternative pro-
cedure to improve the performance of H2S removal at high temper-
ature. In this paper, nano-scale high surface area CeO2 (from nano-
Arc Company, US) was used as a sorbent for the desulfurization
process. The reactions during sulfidation and oxidative regeneration
were investigated. Some analytical techniques were employed to
characterize the sorbents at different stages of operation. In addi-
tion, the deactivation model considering the concentration depen-

dency of the activity was developed and fitted with the experimental
results to determine the kinetic parameters for the later application
in SOFC model fueled by conventional fuel: biogas and natural gas.
Regarding the selection of the suitable model, it should be noted
that the formation of a dense product layer over the solid reactant
results in an additional diffusion resistance and is expected to cause a
drop in the reaction rate. One would also expect it to cause signifi-
cant changes in the pore structure, active surface area, and activity
per unit area of solid reactant with reaction extent. These changes
cause a decrease of the solid reactant activity with time. As reported
in the literature, the deactivation model works well for such gas-
solid reactions [16]. In this model, the effects of these factors on
the diminishing rate of sulfur fixation were combined in a deacti-
vation rate term [17].

 
EXPERIMENTAL

1. Fixed Bed Reactor Setup
A laboratory-scaled fixed bed quartz reactor of 30 cm height and

0.635 cm internal diameter was installed vertically in an electric
furnace with a programmable temperature controller. Nano-scale
CeO2 (from nano-Arc Company, US) was first calcined at 900 oC
before packing between two layers of quartz wool. The physical
and chemical properties of CeO2 are provided in Table 1. A type K
thermocouple was located externally at the center of the catalyst to
monitor the temperature of the reactor. Swagelok fittings and tubing
were used to connect the reactor to the gas supply and gas sam-
pling systems. Details of the reactor setup were shown in Fig. 1.
2. Analytical Methods

Pure CeO2 and spent CeO2 were characterized by using X-ray
diffractometer (XRD) employing Cu 30 kW and 15 mA to deter-
mine the sulfur deposition on the sorbent. SEM and EDS analysis
was also carried out to investigate the changes in morphology and
sulfur distribution by elemental mapping. The conditions used were
40 kV and resolution of 4000.

Table 1. Physical and chemical properties of CeO2

Surface area (m2g−1) 42.819
Bulk density 9.102
Pore volume 9.7443×10−2

Fig. 1. Schematic diagram of experimental setup.
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3. Gas Analysis
Gas analysis was carried out by using Shimadzu gas chromatog-

raphy (GC-14B) equipped with a Porapak-Q column and a TCD
detector. The H2S peak was obtained by using a linear temperature
programming in the column oven. The temperature was increased
from 40 to 200 oC at a ramp rate of 20 oC min−1. The operating con-
ditions of the GC are summarized in Table 2. It should be noted
that the TCD calibration was carried out by mixing pure H2S and
N2 at various ratios. Mixture of 0.01% (molar) H2S balanced with
nitrogen was used to calibrate the concentration by diluting with
helium gas.
4. Procedures for Sulfidation Experiments

The sulfidation experiments were carried out in a fixed bed reac-
tor. The experimental procedures were divided into the study of opti-
mum temperature and the establishment of breakthrough curves
for the adsorption of H2S on CeO2 sorbent.

Regarding the study of optimum temperature, a set of experiments
was carried out to test the desulfurization activity of CeO2 sorbent
at various temperatures: 400, 500, 600, 700, 800 and 850 oC. The
amount of CeO2 was kept at 500 mg, while the total flow rate was
100 cm3 min−1. The temperature was increased linearly at a rate of
10 oC min−1 until reaching a desired temperature. The reactor was
then kept under isothermal condition for 30 min. The exit gases from
the reactor were connected to the gas chromatography (GC) equipped
with TCD detector to detect the H2S level after adsorption at each
temperature level. The breakthrough curve experiments were then
carried out at the suitable temperatures for the desulfurization. The
reactor was operated by using a feed gas (100 cm3 min−1) with H2S
concentration of 1,000 ppm. The reactor was heated to a desired tem-
perature at a heating rate of 10 oC min−1. The system was operated
under isothermal until breakthrough of H2S appeared at the exit of
the bed.
5. Oxidative Regeneration of Sulfided CeO2 by Temperature
Programmed Reaction Study

The characteristics of the regeneration of the sulfided CeO2 were
examined with a temperature programmed oxidation (TPO) appa-
ratus equipped with quadrupole mass spectrometer. In the TPO ex-
amination, 10% oxygen balanced in helium or nitrogen was fed into
the microreactor in the TPO apparatus at a flow rate of 100 cm3 min−1.
A sample of 50 mg was packed into the micro reactor of ¼'' size.
The sample was heated to 900 oC at a constant heating rate of 10 oC
min−1. The exit gases were monitored continuously with the mass
spectrometer.

RESULTS AND DISCUSSION

1. Sulfidation Results
First, the effect of temperature on the desulfurization activity of

nano-scale CeO2 sorbent was studied in the range of 400 to 850 oC.

The conversion of H2S (X) defined in Eq. (3) was plotted with tem-
perature as shown in Fig. 2. It should be noted that the desulfuriza-
tion activity of conventional low surface area CeO2 (synthesized
by the precipitation method with the specific surface area of 3.1 m2

g−1) was also performed for comparison.

(3)

It was found that the H2S conversion from the desulfurization
over nano-scale CeO2 was almost 3 times higher than that over con-
ventional low surface area CeO2. The conversion increased readily
with increasing temperature and then became constant at above 600
oC. The breakthrough results for nano-scale CeO2, which refers to
a predetermined H2S outlet condition when a certain concentration
of H2S cannot be removed by the catalyst bed [18], at several tem-
peratures are presented in Fig. 3. As seen from the figure, the break-
through period increased with increasing temperature. It should be
noted that a few bumps (higher H2S concentration regions) appeared
in some early part of the pre-breakthrough curves. These early bumps
could be associated with incomplete reduction of ceria at the early
state. Without pre-reduction, the reduction and sulfidation occurred
simultaneously on the surface of ceria, as explained by Zeng et al.

X = 
ConcInitial − ConcExit

ConcInitial
-------------------------------------------- 100×

Table 2. Operating conditions of GC

Detector TCD
Detector temperature (oC) 150
Column Porapak-Q
Oven temperature (oC) Linear programming @ 20 oC min−1

Current (mA) 150

Fig. 2. Conversions of H2S at different temperatures (nano-scale
high surface area CeO2 (●), and conventional low surface
area CeO2 (○)).

Fig. 3. Sulfidation break through curves of CeO2.
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[14]. According to the gas product detected from gas chromatogra-
phy during the sulfidation testing, small amounts of hydrogen and
oxygen were also detected along with steam, which could have been
formed by the combustion of hydrogen and oxygen.
2. Regeneration of Sulfided CeO2

Regeneration of sulfided CeO2 was conducted by using 10% oxy-
gen as a regeneration agent for two different samples sulfided at
700 and 800 oC. A sample was packed and heated in a micro tube
reactor installed in the furnace at a constant heating rate of 10 oC
min−1. The amount of O2 and SO2 evolved at each temperature level
was monitored by mass spectrometer. Figs. 4 and 5 show the re-
sults of the samples sulfided at 700 and 800 oC, respectively. Both
figures indicate the consumption of O2 and evolution of SO2 during

the temperature range of 600 and 800 oC. The evolution temperature
observed in the present work is in good agreement with several pre-
vious works in the literature [19-21], which investigated the oxida-
tion of Ce2O2S in the range of operating temperature between 600-
800 oC by TPO technique and observed the evolution of SO2 around
800 oC. According to the calculation of area under peaks from Figs.
4 and 5, the amount of SO2 evolved was approximately 1.25 mol%
from the sulfided sample at 700 oC by consuming oxygen of 2%
whereas the amount of SO2 evolved from the sulfided sample at
800 oC was about 3 mol% with the oxygen consuming of 4%. The
difference in the amount of SO2 evolution from the sulfidation at
different temperatures, which was also observed by several research-
ers, could be mainly due to the increase of oxygen mobility on the

Fig. 4. Oxidative regeneration of CeO2 sulfided at 700 oC. Fig. 5. Oxidative regeneration of CeO2 sulfided at 800 oC.

Fig. 6. Mapping of sulfur, oxygen and cerium distribution on the sulfided CeO2.
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surface of CeO2 by increasing temperature. It is well established
that ceria-based material contains a high concentration of highly
mobile oxygen vacancies, which act as local sources or sinks for
oxygen involved in reactions taking place on its surface. That high
oxygen mobility, high oxygen storage capacity, and its modifiable
ability render the ceria-based material very interesting for a wide

range of catalytic applications. At higher temperature, the gas-solid
reaction between the inlet sulfur compound and the bulk lattice oxy-
gen on the surface of CeO2 occurred easily, and consequently resulted
in a high sulfidation reaction [22]. Previous work from Zeng et al.
[14] also reported that the degree of sulfidation increases with in-
creasing temperature.

Fig. 6. Continued.
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3. Characterization of Absorbent
Sulfided CeO2 was subjected to its surface analysis by SEM/EDS

and XRD measurements to determine the distribution of sulfur and
the type of product formation on the surface of the CeO2. From the
SEM & EDS mapping as shown in Fig. 6, sulfur distribution on
the surface of the catalyst was detected. According to the sulfur dis-
tribution at 700 and 800 oC, as shown in Figs. 6(a) and 6(b), respec-
tively, the sulfur concentrations at 800 oC are higher than those at
700oC, which is in good agreement with the observed SO2 peaks
shown in Figs. 4 and 5. In addition, from the sulfur mapping observed
by the EDS, it was found that the sulfur element was uniformly dis-
tributed over the surface of CeO2. Larger particles in the figure are

due to aggregation of smaller particles and the change in the porous
structure. As CeO2 consists of high surface oxygen ions, these ions
make it become easily exchanged to sulfur upon H2S adsorption
[23].

In addition to the SEM/EDS measurement, sulfided CeO2 was
subjected to XRD studies to determine the type product formed.
From the XRD analysis as shown in Fig. 8, major phases of the sul-
fided CeO2 are Ce2O2S (Pattern 26-1085). The pattern was com-
pared with that of pure CeO2 (pattern 34-0394) as shown in Fig. 7.
The XRD patterns of spent CeO2 indicate that the cerium oxide sul-
fide (Ce2O2S) was formed from the reaction of CeO2 with H2S. Peaks
of spent CeO2 were decreased and peak broadening occurred at the

Fig. 7. XRD pattern of pure CeO2.

Fig. 8. XRD pattern of CeO2 sulfided at 800 oC (JCPDS-ICDD).
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CeO2 peaks due to the formation of Ce2O2S. Sulfided CeO2 was sub-
jected to oxidative regeneration at a constant heating rate of 10 oC
min−1 until 900 oC. The sample after regeneration was analyzed by
XRD to determine its potential reuse as a CeO2. It was found that
the regenerated CeO2 showed peaks at the same two theta angles
as those of pure CeO2 as shown in Fig. 9. This ensures the possible
regeneration of sulfided CeO2.

From the evidence of sulfidation, regeneration, and catalyst char-
acterization, a sequence of reactions that occurred during these pro-
cesses can be proposed. The possible reaction mechanism of the
sulfidation and regeneration can be predicted as follows:

2CeO2+H2S→Ce2O2S+H2O+0.5O2 (4)

Ce2O2S+2O2→SO2+2CeO2 (5)

It should be noted that the detectable of steam from the desulfu-
rization experiments and the observation of Ce2O2S phase from the
XRD studies support this proposed sulfidation reaction mechanism:
TPO and XRD analysis. The first experiment observed the forma-
tion of SO2 from the regeneration process, while the second one
confirmed that CeO2 can be regenerated.
4. Deactivation Model for CeO2 Absorbent

Deactivation models proposed in the literature [24] for gas-solid
reactions with significant changes of activity of the solid due to tex-
tural changes, as well as product layer diffusion resistance during
reaction, were reported to be quite successful in predicting conver-
sion-time data. In the early work of Orbey et al. [16] and in the recent
work of Suyadal et al. [25], deactivation models were used for the
prediction of breakthrough curves in packed adsorption columns.
In the present work, a deactivation model is proposed with the fol-
lowing assumptions: isothermal condition, pseudo-steady-state con-
dition, first-order deactivation of the absorbent with respect to the
solid surface which can be described in terms of an exponential de-
crease with time in its available surface, and constant activity through-
out the surface of absorbent. The combined equation of mole bal-
ance and rate law for the packed bed reactor is given below:

(6)

The boundary conditions at inlet concentrations are 

At t=0 , CH2S=CH2Sin

At t=t, CH2S=CH2Sout

Therefore,

(7)

The first order exponential decay is a(t)=e−kdt, substituting Eq. (6)
to Eq. (8):

(8)

This equation is equivalent to the breakthrough [25]. Thus, when
lnln(CH2Sin/CH2Sout) is plotted versus operating time (t), a straight line
should be obtained with a slope equal to −kd and intercept equal to
ln(Vo/Wko) as shown in Fig. 10. Table 3 summarizes the model pa-
rameters determined at different temperatures. The fluctuation of
10 to 15% in correlation coefficient may be due to initial bumps.

Vo tdCH2S

dt
------------ = − ko a t( )CH2S⋅ ⋅

a t( ) = 
Vo
Wk
--------Ln CH2Sin

CH2Sout
-------------⎝ ⎠
⎛ ⎞

− kd t = 
Vo

Wko
----------ln  + 

CH2Sin

CH2Sout
-------------⎝ ⎠
⎛ ⎞lnln⋅

Fig. 9. XRD pattern of regenerated sulfided CeO2 (JCPDS-ICDD).

Fig. 10. Test of deactivation model equation.
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The advantage of the deactivation model is the presence of only
two adjustable parameters such as initial sorption rate constant Ko

and the deactivation rate constant Kd. Both parameters showed an
increasing trend with respect to an increase in the temperature. Sorp-
tion rate constant Ko and the deactivation rate constant Kd were cor-
related as a function of temperature using by Arrhenius equations
(Eqs. (9) and (10)).

Ko=koe−e/RT (9)

Kd=koe−e/RT (10)

The temeprature dependency was illustrated as shown in Fig.
11. The activation energies of ko and kd were found to be 33.4 and
90 kJ mol−1. These high values of the activation energies indicate
that the H2S sorption on CeO2 is chemical adsorption.

CONCLUSION

Nano-scale high surface area CeO2 has useful desulfurization activ-
ity between 500 and 850 oC. Compared to the conventional low sur-
face area CeO2, 80-85% of H2S was removed by nano-scale high
surface area CeO2, whereas 30-32% of H2S was removed by con-
ventional low surface area CeO2. According to the XRD and EDS
mapping, uniform Ce2O2S was formed after desulfurization. Accord-
ing to the TPO experiment, this component (Ce2O2S) can be recov-
ered to CeO2 after exposure in the oxidation condition at temperature
above 600 oC. Furthermore, regarding the SEM/EDS and XRD meas-
urements, all Ce2O2S forming is converted to CeO2 after this oxida-
tive regeneration.

As the final step, a deactivation model considering the concen-
tration and temperature dependencies of the desulfurization activity

was proposed for later application in the SOFC model.
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Table 3. Summary of deactivation model parameters
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(oC)

Vo/Wko

(-)
 ko
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 kd

(min−1)
R2

(-)
600 2.55 3.566 0.0144 0.7900
700 2.40 1.660 0.0049 0.8900
800 2.66 1.503 0.0014 0.9351

Fig. 11. Arrhenius plots of sorption rate constants and deactiva-
tion rate constants.
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