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Abstract−The deactivation of a barium oxide-based NOx storage and reduction (NSR) catalyst with hydrothermal
treatment was studied by treating it with 10 vol% water vapor diluted in nitrogen at 850 oC. XRD, XPS, SEM, IR of
CO adsorption, and the N2 adsorption was used to investigate the physical and chemical changes of the NSR catalyst
caused by the hydrothermal treatment. The 12 h hydrothermal treatment decreased its NO2 storage capacity by 20%.
However, the hydrothermal treatment significantly decreased its ability to reduce the stored NO2. The formation of
an inactive phase consisting of platinum and aluminum is believed to be the cause of the severe deactivation of the
NSR catalyst.
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INTRODUCTION

The reduction of harmful materials from automobile exhaust is
believed to be the most urgent task for clean air because automo-
biles account for 85% of air pollutants released into the atmosphere
[1]. Pollutants from gasoline engines such as unburned hydrocar-
bons (HC), carbon monoxide (CO), and nitrogen oxides (NOx) are
removed simultaneously over three-way catalysts through balanced
oxidation-reduction reactions [2]. However, three-way catalysts can-
not be applied to diesel engine exhaust because they are operated
with excess oxygen to enhance the fuel combustion efficiency. Since
excess oxygen in exhaust gasses suppresses the reduction reaction
of NOx, other methods are needed to remove NOx from diesel ex-
haust.

A selective catalytic reduction (SCR) system using urea as a re-
ductant is quite effective in removing NOx from diesel engines be-
cause urea works as an active reductant like ammonia [3,4]. How-
ever, the requirement of additional equipment for the storage and
injection of urea is an impediment to its commercial application to
automobiles.

The NOx storage and reduction (NSR) catalytic system is quite
convenient compared with the SCR system [5,6]. There is no need
for additional equipment because fuel is used as the reductant. NOx

is stored on barium oxide at oxidative periods. The injection of fuel
pulses periodically converts the reaction atmosphere to a reductive
one, which allows the stored NOx to be desorbed and reduced to
nitrogen by fuel over noble metals. Noble metals also oxidize nitro-
gen monoxide (NO) to nitrogen dioxide (NO2) for the stable storage
of NOx. The allowed limit of NOx removal can be achieved on NSR
catalysts by enhancing their NOx storage capacity and adjusting the
injection size and interval of the fuel pulses [7,8].

Although NSR catalysts usually show a high performance for

the removal of NOx from diesel engines at their fresh state, their
activity decreases considerably when working as deNOx catalysts.
Sulfur dioxide (SO2) produced from sulfur compounds in fuel po-
isons irreversibly the loaded noble metals. SO2 molecules also react
with the storage materials in the NSR catalysts, thereby reducing
their NOx storage capacity [9-11]. The other cause for deactivation
is hydrothermal aging because NSR catalysts are inevitably exposed
to water vapor at elevated temperatures. The hydrothermal treatment
of metals and metal oxides over a long period induces physical and
chemical changes [12-14].

However, there have not been any extensive studies on the de-
activation of NSR catalysts by hydrothermal treatment compared
with that by SO2 [15,16]. We examined the hydrothermal deactiva-
tion of an NSR catalyst provided by HeeSung Catalysts Corpora-
tion. Barium oxide was supported on γ-alumina as a NOx storage
material. Noble metals catalyze the oxidation of NO to NO2 as well
as the reduction of the desorbed NO2. The NO2 storage capacity and
the reduction activity of the stored NO2 of the catalyst were exam-
ined after treating it with water vapor diluted in nitrogen. The changes
in the physical and chemical properties of the catalyst in terms of
its catalytic performance were investigated in order to determine the
cause of the hydrothermal deactivation.

EXPERIMENTAL

An NSR catalyst provided by HeeSung Catalysts Corporation
was used in this deactivation study. Barium oxide was impregnated
on γ-alumina (SASOL, surface area 150 m2/g) as an NO2 storage
material. Platinum and rhodium were also impregnated for the oxi-
dation of NO under lean conditions and for the reduction of desor-
bed NO2 under rich conditions. The chemical composition of the
catalyst was determined to be BaO (5.6 wt%) and Pt (0.7 wt%) by
using an energy dispersive x-ray spectroscope (EDX, NORAN Z-
MAX 300 Series) attached to a scanning electron microscope (SEM,
JEOL JSN-5400).
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The catalyst was treated in a nitrogen flow of 100 ml/min con-
taining 10 vol% water vapor at 850 oC. The treatment time was varied
from 4 to 12 h. The NSR catalysts were classified as either fresh
and aged catalysts, and denoted as NSR (fresh), NSR (aged_4), NSR
(aged_8), and NSR (aged_12) catalyst to indicate the treating time.

The X-ray diffraction (XRD) patterns of the catalysts were re-
corded on an X-ray diffractometer (Rigaku D/Max Ultima III) with
Cu Kα X-ray at 40 kV and 40 mA. The N2 adsorption isotherms
of the catalysts were obtained at liquid nitrogen temperature by us-
ing an automatic volumetric adsorption system (Mirae SI nanoPo-
rosity-XG). The catalysts were evacuated at 200 oC for 1 h prior to
the adsorption experiment. Their surface areas and average pore
diameters were calculated by using the BET equation and BJH meth-
od, respectively.

The surface composition and oxidation state of the active ingre-
dients of the fresh and aged NSR catalysts were examined by X-
ray photoelectron spectroscopy (XPS, VG MultiLab 2000) with a
Mg Kα X-ray source of 300 W. The binding energy of the C1s peak
was set to 285.0 eV and used as a reference. The catalysts were sput-
tered by an Ar+ beam for 180 s to determine their internal compo-
sition. The sputtering rate of the Ar+ beam was 1-2 Å/s for a SiO2

film.
The CO adsorbed on the catalysts was determined by using a

Fourier-transformed infrared spectrophotometer (FT-IR, Bio-Rad,
FTS-175C). A self-supported catalyst wafer was charged in an in-
situ cell (Graseby Specac) and evacuated at 500 oC for 1 h. The evac-
uated catalyst wafer was exposed to CO (Donga, 99.6%) of 50 Torr
at 50 oC for 20 min. Before recording the IR spectra, the cell was
evacuated to remove the gaseous CO.

The IR spectra of NO2 stored on the catalyst were recorded by
the same procedure for those of adsorbed CO. Evacuated catalyst
wafers were exposed to NO2 gas (Donga, 99.5%) at a pressure of
5 Torr at 200 oC and evacuated to remove the gaseous NO2. After
the spectra were recorded, hydrogen gas (Sinil, 99.9%) at a pres-
sure of 15 Torr was introduced to the cell to reduce the stored NO2.
The IR spectra of the catalysts recorded after evacuation revealed
their regenerated states.

The amount of NO2 stored on the catalysts was measured with a
gravimetric adsorption system equipped with a quartz spring bal-
ance [17]. The catalysts were evacuated at 300 oC for 1 h and ex-
posed to NO2 gas at a pressure of 10 Torr at 200 oC. The amount of
NO2 stored on the catalysts was determined from the increase in
mass after exposure to NO2 followed by evacuation.

The desorption of NO2 from the catalysts was investigated by
using a home-made temperature programmed desorption (TPD)
system. A catalyst sample of 0.1 g was activated in a nitrogen gas
flow of 100 ml/min at 550 oC for 1 h. The catalyst was saturated
with NO2 at 200 oC by injecting NO2 pulses followed by nitrogen
purges to remove the weakly and physically adsorbed NO2. The
desorbed NO2 was monitored with an NO2 analyzer (NGK TNS-
1111-20A) with increasing temperature at 10 oC/min.

The storage and reduction performance of the NSR (fresh) and
NSR (aged_12) catalysts of a honeycomb-shaped monolith was
evaluated on an engine dynamometer operated under repeated lean
and rich cycles. A gasoline-powered engine with 3.5 L of engine
displacement was used to exclude the effect of particulate matter
on the deNOx activity of NSR catalysts. The concentration of input

NOx was adjusted to 1,500 ppm to obtain the performance at an ex-
traordinary severe condition. Lambda values were 1.2 and 0.95 at lean
and rich cycles, respectively. The volume of the catalyst bed was
0.75 L and the space velocity was adjusted to 54,000 h−1 at 300 oC.
The test run was begun with fuel injection to maintain the fuel rich
condition. After the duration of the fuel rich condition for 120 s,
the atmosphere of the exhaust gas was converted to a fuel lean con-
dition by stopping the fuel injection. The fuel lean and rich condi-
tions were repeated at 60 s and 2 s intervals, respectively. The test
run was composed of ten repeated operations and ended at the fuel
rich condition. The performance of the NSR catalysts was meas-
ured at 200 oC, 300 oC and 400 oC to determine their temperature
dependence. The NOx reduction activity of the catalysts was defined
as the percentage of NOx reduced of the total amount of NOx in the
exhaust gas measured by using an NOx analyzing system coupled
with a dynamometer.

RESULTS AND DISCUSSION

1. Deactivation of the NSR Catalyst
The barium oxide-based NSR catalyst was considerably deacti-

vated after the hydrothermal treatment. Fig. 1 shows the performance
of the NSR (fresh) and NSR (aged_12) catalysts in the test run of
the engine dynamometer at 300 oC. At the starting fuel rich condi-
tion, the reduction activity of NOx on the NSR (fresh) catalyst was
almost complete. After the fuel injection was stopped, the reduc-
tion activity of NOx decreased rapidly due to the depletion of the
reductants. However, the atmosphere of the exhaust gas was changed
again to a reductive atmosphere by injecting a fuel pulse. The amount
of desorbed NOx was reduced, resulting in a sharp increase in the
NOx reduction activity. The NOx reduction activity decreased rap-
idly after stopping of the fuel injection, but increased sharply again
with the fuel injection due to the increased concentration of reduc-

Fig. 1. NOx reduction over the NSR (fresh) and NSR (aged_12) cat-
alysts in the test run of an engine dynamometer at 300 oC.
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tants in the exhaust.
The appropriate time interval of the fuel injection is important

for maintaining the deNOx activity. The peak values of the NOx re-
duction activity were approximately 80% on the NSR (fresh) cata-
lyst, which indicates good performance. Furthermore, there was no
substantial decrease in activity with time. However, the aged NSR
catalysts showed much lower activity than the fresh one. The peak
values of the NOx reduction activity on the NSR (aged_12) catalyst
were approximately 30%. The 12 h hydrothermal treatment of the
NSR catalyst caused severe deterioration in the performance of the
NOx reduction.

The performance of the NSR catalyst is strongly dependent on
the reaction temperature, as shown in Fig. 2. The NOx reduction
activity was highest at 300 oC both over the NSR (fresh) and NSR
(aged_12) catalysts in the range of 200 oC and 400 oC. Too much
adsorption of NO2 on the NSR catalyst at low temperatures and too

little adsorption at high temperature may result in maximum per-
formance at an intermediate reaction temperature. The activities of
the aged catalysts were much lower at this temperature range com-
pared with the fresh one. Since there are no contaminants such as
sulfur and arsenic in the test fuel, the deactivation of the NSR catalyst
must be the result of the hydrothermal treatment causing changes
in the physical structure and chemical state of its active ingredients.
2. The Physical Structure of the NSR Catalyst

Fig. 3 shows the XRD patterns of the fresh and aged NSR cat-
alysts highlighting the changes in the structure of the active ingre-
dients during the hydrothermal treatment. The characteristic dif-
fraction peaks of ceria along with those of alumina were observed
on the NSR (fresh) catalyst. Although barium oxide is the major
component, there were no diffraction peaks for barium oxide on
the XRD patterns. This means that most ingredients of the NSR
catalyst were highly dispersed on alumina, while there was rela-
tively poor dispersion of ceria.

Fig. 2. Comparison the NOx reduction over the NSR (fresh) and
NSR (aged_12) catalysts in the test run of an engine dyna-
mometer at various temperatures.

Fig. 3. X-ray diffraction patterns of the fresh and aged NSR cata-
lysts. ★; CeO2, ▲; AlPt3, ●; Al2O3.

Fig. 4. SEM images of the NSR (fresh) and NSR (aged_12) catalysts.
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The diffraction peaks attributed to alumina and ceria on the NSR
catalyst increased slightly with the hydrothermal treatment, indicat-
ing a small increase in their crystallinity. A definite difference in the
XRD patterns of the aged NSR catalysts compared with that of the
fresh one was the appearance of characteristic peaks assigned to
AlPt3. The peaks observed at 40o, 48o, 69o and 83o confirmed the
formation of AlPt3 [18,19]. Some of the platinum atoms reacted
with alumina and produced crystalline AlPt3. The formation of AlPt3
inevitably induces a loss of exposed platinum metal atoms, which
work as active sites for the oxidation of NO to NO2 as well as for
the reduction of desorbed NO2, resulting in severe deactivation of
the NSR catalyst in the reduction of desorbed NO2.

In contrast, there were no significant changes in the SEM im-
ages of the NSR catalyst with the hydrothermal treatment, as shown
in Fig. 4. The large particles were slightly larger on the NSR (aged_
12) catalyst, but small particles still remained even after the hydro-
thermal treatment for 12 h.

There was also no remarkable change in the nitrogen adsorption-
desorption isotherms of the NSR catalyst with the hydrothermal
treatment, as shown in Fig. 5. The shapes of the isotherms and the
sizes of the hysteresis loops were almost the same in both the NSR
(fresh) and NSR (aged_12) catalysts. Table 1 shows the surface areas
and mesopore volumes of the NSR catalysts determined from their

nitrogen adsorption-desorption isotherms. The negligible difference
in surface area and mesopore volume with the hydrothermal treat-
ment indicates that there was no significant sintering and migration
of alumina support.

An examination of the surface composition and oxidation state
of noble metals loaded on the NSR catalyst from their XPS spectra
was very difficult because their loading levels were quite small. The
major component of the catalyst surface was aluminum. The atomic
% barium was approximately 2-3%, but that of platinum was less
than 0.2%. The hydrothermal treatment did not induce any remark-
able change in the XPS peaks of aluminum and barium. However,
it was impossible to confirm the change in the chemical state of
the noble metals after the hydrothermal treatment because of their
extremely small peaks.

On the other hand, the adsorption property of CO on the NSR
catalyst definitely changed as a result of the hydrothermal treat-
ment. As shown in Fig. 6, the adsorption of CO on the NSR (fresh)
catalyst caused the appearance of several absorption bands. The
band at 2,065 cm−1 was assigned to CO adsorbed on platinum metal
atoms, and the bands at 1,354 and 1,600 cm−1 were assigned to bar-
ium carbonate [20]. However, the band at 2,065 cm−1 did not appear
on the aged NSR catalysts even when they were exposed to CO.
The bands attributed to barium carbonate were similarly observed
while they became broad. The disappearance of the 2,065 cm−1 band
on the aged NSR catalysts indicates a significant loss of exposed
platinum metal atoms during the hydrothermal treatment, but the
retention of the 1,354 and 1,600 cm−1 bands shows the presence of
barium oxide on their surface. A comparison of the amounts of CO
adsorbed on the fresh and aged NSR catalysts was not made because
they contained other ingredients that participate in CO adsorption

Fig. 5. N2 adsorption isotherms of the NSR (fresh) and NSR (aged_
12) catalysts.

Fig. 6. IR spectra of CO adsorbed on the fresh and aged NSR cat-
alysts. The evacuated catalysts were exposed to CO of 50
Torr at 50 oC followed by evacuation. ★; barium carbon-
ate, ●; Pt-CO.

Table 1. Surface areas and mesopore volumes of the fresh and aged
NSR catalysts

SBET

(m2/g)
Mesopore

volume (cm3/g)
Average pore
diameter (nm)

NSR (fresh) 118 0.35 10.5
NSR (aged_4) 114 0.36 10.7
NSR (aged_8) 105 0.35 12.3
NSR (aged_12) 108 0.35 11.0
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[21,22].
3. The Storage Capacity of the NSR Catalysts

The storage of NO2 on barium oxide is sensitive to its surface
structure. Fig. 7 shows the amounts of NO2 stored on the fresh and
aged NSR catalysts at 200 oC. Since the amounts of NO2 stored de-
note the uptakes of NO2 after evacuation, they represent the amounts
of NO2 captured on the catalysts. The amounts of NO2 stored on
the aged NSR catalysts were small compared with that on the NSR
(fresh) catalyst, but the decrease in the storage capacity of the NSR
catalyst due to the hydrothermal treatment was not significant. The
small amount of NO2 stored on the NSR (aged_4) catalyst com-
pared to the aged NSR catalysts for longer periods shows the low
consistency of the decrease in the storage capacity with the hydro-

thermal treatment.
The desorption profiles of NO2 from the aged NSR catalysts were

also similar to that from the fresh NSR catalyst, as shown in Fig. 8.
The desorption peak of NO2 from the NSR (fresh) catalyst was sharp
but those from the aged NSR catalysts were broad. Although the
peak shape of NO2 desorbed changed after the hydrothermal treat-
ment, the peak area was almost the same. The small difference in
the peak areas of NO2 desorption confirms that the storage capacity
of NO2 on the NSR catalysts remains at similar levels even after the
hydrothermal treatment.

The activity of the NSR catalysts in NO2 reduction decreased
significantly with the hydrothermal treatment. Fig. 9 shows the IR
spectra of NO2 stored on the NSR (fresh) and NSR (aged_12) cat-
alysts. The absorption bands of NO2 could be assigned to ionic and
bidentate nitrates [23,24]. The large bands of NO2 on the fresh cat-
alyst indicate its large storage capacity. The complete disappear-
ance of NO2 bands with the hydrogen treatment revealed its high
reduction activity for stored NO2. The decrease in the intensity of
the NO2 absorption bands on the NSR (aged_12) catalyst indicated
a decrease in the storage capacity of NO2 as a result of the hydro-
thermal treatment. More important was that the NO2 bands that ap-
peared on the aged NSR catalyst were not completely removed after
the hydrogen treatment. Half of them remained even after expo-
sure to hydrogen at a pressure of 15 Torr at 200 oC, indicating severe
deterioration in the reduction activity of the NSR catalyst.

The performance of the NSR catalysts is strongly dependent on
the storage capacity of NOx at the oxidative condition and the re-
duction activity of the desorbed NO2. The storage capacity of NO2

on the NSR catalyst decreased as a result of the hydrothermal treat-
ment, but the decrease was not large. However, the NOx reduction
activity of the NSR catalyst decreased significantly after the hydro-
thermal treatment. Therefore, the decrease in the performance of
the NSR catalyst measured at the engine test was mainly caused

Fig. 7. The amounts of NO2 stored on the fresh and aged NSR cat-
alysts at 200 oC.

Fig. 8. TPD profiles of NO2 from the fresh and aged NSR cata-
lysts.

Fig. 9. IR spectra of NO2 stored on the NSR (fresh) and NSR (aged_
12) catalysts recorded after exposing the catalyst to NO2

(solid) and regeneration by hydrogen (dot) at 200 oC. ▲;
bidentate nitrate, ●; ionic nitrate.
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by the deactivation of noble metals, not by a reduction in the NOx

storage capacity.
The formation of an inactive phase of platinum AlPt3 was respon-

sible for the deactivation of the NSR catalyst. A loss of active plat-
inum atoms reduces the activity for the stored NO2. Although the
deactivation of NSR catalysts with sulfur-containing species is due
to both the significant reduction of the NOx storage capacity and
severe poisoning of noble metals, the hydrothermal treatment mainly
decreases the reduction activity of the NSR catalyst due to the for-
mation of an inactive phase of noble metals.

CONCLUSIONS

The hydrothermal treatment significantly deactivated the NSR
catalyst prepared by impregnating barium oxide, noble metals and
promoters. There was no significant decrease in the storage capac-
ity of the NSR catalyst even after hydrothermal treatment for 12 h,
but there was a severe loss of the NOx reduction activity. There-
fore, the disappearance of active platinum metal atoms due to the
formation of AlPt3 is believed to be responsible for the deactiva-
tion of the NSR catalyst.
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