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Abstract−At temperatures lower than 250oC the deactivation of zeolite NaX catalyst occurred in the presence of
water vapor. The gradual accumulation of water vapor on the surface of catalyst could cause deactivation of catalyst.
The zeolite NaX-WO3 catalysts were prepared to study a method preventing deactivation of catalysts from the ad-
sorption of water vapor. The zeolite NaX-WO3 (9 : 1) with a low content of WO3 showed the highest conversion of
H2S. It is believed that the addition of WO3 caused either a decrease of the strong adsorption of water vapor on the
zeolite NaX or an increase of the reducibility of WO3 by some interactions between zeolite NaX and WO3.
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INTRODUCTION

Clean coal technologies have been developed to reduce air pol-
lutants emitted from the coal-derived power plants. The integrated
coal gasification combined cycle (IGCC) is considered as one of
the most environmentally sustainable technologies for power gen-
eration. The IGCC system consists of coal gasifier, gas cleanup unit
and power generation facilities. During the coal gasification process,
the sulfur contained in coal is converted into hydrogen sulfide (H2S).
Since hydrogen sulfide is very corrosive material, its high concen-
tration in hot coal gas can cause not only air pollution but also seri-
ous damage to gas turbines and fuel cells in advanced power plants.
It is well known that the concentration of H2S in the cleaned coal
gas should be maintained below 20 ppmv in order to prevent the
gas turbine from corroding [Hamamatsu, 1993]. Furthermore, the
concentration of H2S must be reduced below 1 ppmv either for solid
oxide fuel cells (SOFC) [Chan et al., 2003] or for molten carbon-
ate fuel cells (MCFC) [De Simon et al., 2003] in a integrated gas-
ification fuel cell (IGFC) power plant [Jansen et al., 1994]. The hot
gas desulfurization process is an essential process for removing H2S
from coal-derived fuel gas [Jang et al., 2003; Lee et al., 1997, 2001;
Wi et al., 2002; Yi et al., 2001]. However, the current sorbents for
the HGD system have some difficulties reducing the H2S content
of the coal gas less than 20 ppmv. Therefore, additional desulfur-
ization is required for the treatment of the tail gas emitted from a
fluidized-bed. In order to reduce the H2S concentration less than 1
ppmv, the selective oxidation of H2S [Chun et al., 1998; Keller et
al., 2001, 2002; Laperdrix et al., 2000; Shin et al., 2001], which is
used in MODOP (Mobil Direct Oxidation Process) [Chopin et al.,
1990; Kettner et al., 1982] and Super Claus process [Goar et al.,
1994; Van Nisselrooya et al., 1993], was selected for the treatment
of tail gas. These processes are based on the following chemical

reactions [Terorde et al., 1993].
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It is well known that catalysts such as V2O5, Fe2O3, and WO3 sup-
ported on the TiO2, SiO2 and Al2O3 are used in the selective oxi-
dation of H2S [Cho et al., 2002; Chun et al., 1997]. The reactions
of these catalysts occur via the redox mechanism. Catalysts con-
taining weak acidic sites showed high activity in the selective oxi-
dation of H2S. The zeolite X was selected due to an easy modifica-
tion of its acidity. In previous work, the selective oxidation of H2S
was investigated over zeolite X with various acidity [Pi et al., 2003].
Zeolite NaX showed the highest activity among the various zeolite
X. In the presence of H2O the activities of the zeolite NaX and the
zeolite NaX-WO3 catalysts were compared in this study. The char-
acteristics of catalysts were analyzed by X-ray diffraction analysis
(XRD), temperature programmed desorption (TPD) and tempera-
ture programmed reduction (TPR).

EXPERIMENTAL

1. Reaction Test
The zeolite NaX-WO3 catalyst was prepared by a mechanical

mixing method using a zeolite NaX powder (3µm, Aldrich) and a
WO3 powder (3µm, Junsei). The weight ratios of the zeolite NaX to
the WO3 were varied from 1 to 20. The test for the catalyst perfor-
mance was carried out in a fixed-bed Pyrex® reactor with an 1/2
inch inside diameter under atmospheric pressure. The amount of
catalyst charged into the reactor was 0.3 g. Reactant was composed
of 2 vol% of hydrogen sulfide (H2S), 1 vol% of oxygen (O2) and
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10 vol% of water vapor with nitrogen (N2) balance. The flow rate
of gas was set to 100 cm3/min and was controlled by mass flow con-
trollers (Brooks MFC 5850E). The water was injected by using a
syringe pump and a vaporizer was located in front of the reactor. A
sulfur condenser was attached to the effluent side of the reactor. A
line filter was installed to trap residual sulfur mist, which had not
been captured by the condenser. The H2S and SO2 were analyzed
by an on-line gas chromatographer equipped with a chromosil 310
column and a thermal conductivity detector. Gas hourly space ve-
locity (GHSV), O2/H2S mole ratio and reaction temperature range
were 20,000 h−1, 0.5 and 200-300oC, respectively. The conversion
of H2S, selectivity and yield of sulfur was computed by the follow-
ing equations:

2. Characterization of Catalysts
2-1. XRD Analysis

The phase analysis of catalyst was carried out by using an X-ray
analyzer (RIGAKU, D/MAX-2500). Ni-filtered Cu Kα radiation
was used with an X-ray gun operated at 40 kV and 100 mA. The
diffraction patterns were analyzed in the range of 2θ=5-70o with a
scan rate 10o/min.
2-2. Temperature Programmed Desorption (TPD) Test

The TPD test of the H2O over zeolite NaX catalyst was carried
out by mass spectroscopy. The zeolite NaX was dried at 300oC for
2 hours and then saturated with H2O for 2 hours at room tempera-
ture. The weakly adsorbed H2O was removed by introducing N2

(100 cm3/min) at 150oC for 5 hours. The TPD test was carried out in
a heating rate of 1.5oC/min over the temperature range 150-400oC.

A TPD test of the H2S over zeolite NaX catalyst was also per-
formed with/without water vapor in N2 gas. For a TPD test without
water vapor, the zeolite NaX catalyst was dried at 300oC for 2 hours
and then 2 vol% of H2S gas balanced with N2 was introduced at
100oC. For a TPD test with water vapor, H2S and water vapor were
introduced to the reactor simultaneously. After adsorption of H2S,
the TPD test of the H2S was carried out in a heating rate of 3oC/min
over the temperature range 100-300oC with N2 gas (100 cm3/min).
2-3. Temperature Programmed Reduction (TPR) Test

The prepared catalysts were packed in the Pyrex® reactor with 6
mm diameter and dried at 300oC for 2 hours with He gas (50 cm3/
min) to eliminate the water vapor. The reduction test was carried
out in a heating rate of 2oC/min over the temperature range 300-
700oC. Flow rates of CO and He were maintained in 25 cm3/min
and 25 cm3/min, respectively. In order to compare the reducibility
of WO3 catalyst with that of zeolite NaX-WO3 composite catalyst,
0.5 g of WO3 powder and the mixture of WO3 (0.5 g)-zeolite NaX
(0.5 g) were used. For the evaluation of the reducibility the amount
of the consumed CO was analyzed with a gas chromatography and
the color changes of WO3 were monitored with an image analyzer.

RESULTS AND DISCUSSION

1. The Activity and Characterization of the Zeolite NaX Cat-
alyst

In the previous work it was reported that the zeolite NaX cat-
alyst was effective for the selective oxidation of H2S in the absence
of water vapor [Pi et al., 2003]. In this case, the yield to the elemen-
tal sulfur was 90% at 200oC. To investigate the effect of water vapor
on the activity of zeolite NaX, TPD test of water vapor was carried
out using mass spectroscopy. Fig. 1 shows that the intensity of the
desorbed H2O increased as temperature increased. The desorption
of water vapor over zeolite NaX was started at around 225oC. It is
indicated that the activity of catalysts could be affected by the addi-
tion of water vapor due to its strong adsorption on the zeolite NaX.
Figs. 2 and 3 show the conversion of H2S and the selectivity of zeo-
lite NaX catalyst versus time at different temperatures in presence
of water vapor, respectively. The selective oxidation of H2S was per-
formed for 4 hours in the temperature range of 200-300oC for every
25oC intervals. The composition ratio of gas was O2/H2S/H2O/N2

(1/2/10/87) and the gas hourly space velocity was fixed to 20,000
h−1. While the H2S conversion of the zeolite NaX catalyst increased,
the selectivity to sulfur decreased as temperature increased.

Conversion of H2S %( ) = 
H2S[ ]inlet − H2S[ ]outlet

H2S[ ]inlet

----------------------------------------------- 100×

Selectivity of sulfur %( ) = 
H2S[ ]inlet − H2S[ ]outlet − SO2[ ]outlet

H2S[ ]inlet − H2S[ ]outlet

-------------------------------------------------------------------------- 100×

Yield of sulfur %( )

= 
Conversion of H2S %( ) Selectivity of sulfur %( )×

100
----------------------------------------------------------------------------------------------------------------------

Fig. 1. The amount of desorbed H2O over the zeolite NaX cata-
lyst.

Fig. 2. The conversion over zeolite NaX catalyst with reaction tem-
perature change (2 vol% H2S, 1 vol% O2, 10 vol% H2O, 87
vol% N2, GHSV=20,000 h−1).
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Fig. 1 showed that the conversion of H2S as a function of time
decreased more rapidly at 200oC than at 225oC. The deactivation
at lower temperature was closely connected with the adsorption of
water vapor on the zeolite NaX. It could be explained by the extent
of desorption of water vapor at different temperatures. Since water
vapor was rarely desorbed from the catalysts at 200oC as shown in
Fig. 1, the larger amount of water vapor was adsorbed on the sur-
face of catalysts at 200oC rather than 225oC. The gradual accumu-
lation of water vapor on the surface of catalyst could cause deacti-
vation of catalyst as it prevents H2S from access to reaction sites.
However, the deactivation of catalyst did not occur at the same con-
dition in the absence of water vapor in the previous work. At tem-
peratures higher than 250oC, reactivity of catalysts became steady
from 70minutes after reaction was initiated. The reason for the steady
conversion of H2S might be that adsorption rate and desorption rate
reached equilibrium after 70 minutes. While the selectivity to sul-
fur at temperatures lower than 250oC was 100%, the selectivity at
temperatures higher than 250oC tended to be decreased as the re-
action temperature increased because of the oxidation of product
sulfur. It is considered that the equilibrium values decreased as the

reaction temperature increased. XRD and TPD tests were performed
to investigate the effect of water vapor. Fig. 4 showed the XRD pat-
terns of zeolite NaX before and after reaction. Even though the in-
tensity of peaks was slightly decreased after the reaction, the major
peaks of XRD were not varied noticeably. It is difficult to determine
the correlation between the deactivation and the structural change
of the catalysts from the experimental results. Fig. 5 shows the result
of H2S TPD test with/without water vapor. The amount of H2S de-
sorbed in the presence of water vapor was much less than that of
H2S desorbed in the absence of water vapor. The implication is that
the increase in the amount of water vapor adsorbed may cause the
deactivation of catalysts because water vapor and H2S were com-
peting with each other to be adsorbed on the same sites.
2. The Activity Test of Metal Oxide Catalysts

Fig. 6 shows the conversion of H2S and the selectivity of vari-
ous metal oxides in the presence of water vapor at 275oC. The H2S
conversions of MnO2 and WO3 were about 58% and 56%, respec-
tively. MoO3 and WO3 catalysts showed high selectivity to the ele-

Fig. 3. The selectivity over zeolite NaX catalyst with reaction tem-
perature change (2 vol% H2S, 1 vol% O2, 10 vol% H2O, 87
vol% N2, GHSV=20,000 h−1).

Fig. 4. XRD patterns of zeolite NaX catalysts before and after the
reaction.

Fig. 5. The amount of desorbed H2S over the zeolite NaX catalyst
(with and without feeding 10 vol% H2O).

Fig. 6. The conversion and selectivity over various metal oxide cat-
alysts at 275oC (a) MoO3 (b) Fe2O3 (c) MnO2 (d) WO3 (2
vol% H2S, 1 vol% O2, 10 vol% H2O, 87 vol% N2, GHSV=
20,000 h−1).
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mental sulfur. Although MoO3 catalyst showed high selectivity, it
had low yield due to a very low conversion of H2S. WO3 catalyst
had the highest yield (39.9 %) among the various metal oxides.
3. The Activity Test of the Mixed Zeolite NaX-WO3 Catalysts

In the presence of water vapor, the activity of the zeolite NaX
catalysts was low due to the strong adsorption of water vapor on
the surface of catalyst. From the experimental results, WO3 showed
the highest yield among the metal oxides. Therefore, the zeolite NaX-
WO3 catalysts were prepared by the mechanical mixing of zeolite
NaX and WO3 to study a method preventing deactivation of cata-
lysts from the adsorption of water vapor contained in a feed gas.
Weight ratios of zeolite NaX to WO3 were varied from 5.0 : 5.0 to
9.5 :0.5 in order to investigate the effect of loading ratio of the mixed
catalysts. Fig. 7 shows the conversion of H2S for different catalysts
at 4 hours after reaction started. At 275oC the conversion of H2S
over a pure zeolite NaX catalyst was 48.9%, while the conversion
of H2S over the zeolite NaX-WO3 with weight ratio of 5 : 5 was
slightly higher than that of zeolite NaX only. The zeolite NaX-WO3

(9 : 1) with a low content of WO3 showed the highest conversion
of H2S. It was concluded that the optimum weight ratio of the zeo-
lite NaX-WO3 catalysts was 9 : 1 because the conversion of H2S
decreased at the weight ratio of the zeolite NaX-WO3 higher than
9 : 1. This may be due to not only the interaction of the zeolite NaX
and WO3 but also the decrease of adsorption site on the zeolite NaX
by adding the WO3.

The selective oxidation of H2S at the optimum weight ratio (9 : 1)
of the zeolite NaX-WO3 was performed at different reaction tem-
peratures between 200oC and 300oC. Figs. 8 and 9 show the con-
version of H2S and the selectivity in the temperature range from
200 to 300oC. Below 250oC the conversion of H2S rapidly decreased
with time on stream. However, SO2 was not produced below 250oC.
This is similar to literature results [Shin et al., 2001]. Shin et al. re-
ported that the oxidation rate of sulfur to SO2 was quite slow com-
pared with that of H2S to sulfur since the activation energy for the
sulfur oxidation (125±10 kJ/mol) is much higher than that for the
H2S oxidation (~10 kJ/mol). Above 275oC the conversion of H2S
gradually decreased during the initial 80 min, but after 80 min it

was maintained almost constant. The selectivity to sulfur showed
almost the same tendency of variation with reaction temperatures.
4. Characterization of the Zeolite NaX-WO3 Catalysts

XRD analysis, TPR tests and electron microscope images were
conducted to investigate the interaction within the mixed zeolite
NaX-WO3 catalysts. Fig. 10 shows the XRD patterns of the fresh
catalysts and the used catalysts. The change of crystal structure was
not observed even after the reaction. This indicates that the activity
of mixed zeolite NaX-WO3 catalysts was not linked to the change
of crystal structure. In order to investigate the effect of zeolite NaX
on the reduction of WO3 catalyst, the TPR test with CO over the
WO3 and the zeolite NaX-WO3. Electron microscope images were
carried out in this study. Fig. 11 shows the results of the TPR test
of WO3 and zeolite NaX-WO3. The reducibility of sample could
be evaluated from the amount of the consumed CO. The amount
of the consumed CO over the zeolite NaX-WO3 was much more
than that of the WO3. This implies that the reduction of WO3 was
affected by zeolite NaX. Electron microscope image is shown in

Fig. 7. Effect of weight ratio of zeolite NaX and WO3.
(A) WO3 (B) zeolite NaX-WO3 (5 : 5) (C) zeolite NaX-WO3
(9 : 1) (D) zeolite NaX-WO3 (9.5 : 0.5) (E) zeolite NaX

Fig. 8. The conversion over mixed zeolite NaX-WO3 catalysts with
reaction temperature change (2 vol% H2S, 1 vol% O2, 10
vol% H2O, 87 vol% N2, GHSV=20,000 h−1).

Fig. 9. The selectivity over mixed zeolite NaX-WO3 catalysts with
reaction temperature change (2 vol% H2S, 1 vol% O2, 10
vol% H2O, 87 vol% N2, GHSV=20,000 h−1).
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Fig.12 in order to confirm the reduced degree of WO3 catalyst. Since
the color of tungsten oxides could be varied by their oxidation states,
the reducibility of sample was evaluated by its color. WO3, WO2.8

and WO2 display their colors in yellow, blue and brown, respec-

tively. As shown in Fig. 12, (A) is the sample image after reduction
of WO3 and (B) is the sample image after reduction of the zeolite
NaX-WO3 by CO gas for 4hours. Comparing the colors of two sam-
ples, (A) showed relatively yellow color, but on the other hand (B)
showed a relatively blue one. From the above results, it is believed
that the reducibility of WO3 could be improved by the interaction
between zeolite NaX and WO3. In general the selective oxidation
of H2S proceeds via redox mechanism. Oxygen in WO3 was con-
sumed by an H2S oxidation, while oxygen in the supplied gas phase
reactants was provided to the reduced site in WO3. It is expected
that the activity of the mixed zeolite NaX-WO3 would be higher
than WO3 because the addition of zeolite NaX enhanced the reduc-
tion of WO3.

CONCLUSIONS

The activity of the zeolite NaX was low because the water vapor
was strongly adsorbed on the zeolite NaX. The adsorbed water vapor
started to desorb at about 225oC. Therefore, the activity of catalyst
rapidly decreased by the adsorption of water vapor at 200oC. The
WO3 among the metal oxides was selected to reduce the effect of
water vapor. The optimum weight ratio of the zeolite NaX-WO3

catalysts was 9 : 1 since the zeolite NaX-WO3 (9 : 1) with a low
content of WO3 showed the highest conversion of H2S. It is believed
that the addition of WO3 caused either the decrease of the strong
adsorption of water vapor or the increase of the reducibility of WO3

by the some interactions between zeolite NaX and WO3. In this study
it is confirmed that the zeolite NaX-WO3 catalyst had high enough
performance to improve reactivity for the selective oxidation of H2S.
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