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Abstract

The interaction of SO2 with Pt/BaCO3/Al2O3 NOx storage catalysts under lean and rich conditions in the absence and presence of water was
investigated by means of in situ FTIR spectroscopy at 350 ◦C. For the lean condition (SO2 + O2), surface and bulk barium sulfates were formed
in addition to sulfites and surface sulfates on alumina. Pt does not appear to play an essential role in the formation of these species under lean
conditions. In contrast, under reducing conditions (SO2 + H2), Pt catalysed the reduction of SO2 with H2 to form reduced sulfur species that
accumulate on both Pt and barium sites. A subsequent treatment with NO2 resulted in the reduction of NO2 in the oxidation of these sulfur-
containing species to form bulk barium sulfate instead of being stored over barium sites. Introducing water significantly affected sulfur trapping
over the catalyst surface. During the lean conditions, the presence of water resulted in almost no surface barium sulfate formation. Meanwhile,
the formation of bulk barium sulfate was increased, probably due to enhanced sulfate formation. However, the presence of H2O under reducing
conditions resulted in significantly lower sulfur storage on both barium and alumina in comparison with humid lean exposure conditions.
© 2006 Elsevier Inc. All rights reserved.
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1. Introduction

Lean-burn gasoline and diesel engines provide good fuel
economy and relatively low CO2 emissions. However, the re-
duction of nitrogen oxides (NOx) to nitrogen is strongly limited
due to the high oxygen concentration in the exhausts of such en-
gines. NOx storage is a promising technology for overcoming
this problem, where the emitted NOx during the lean period is
stored on a specific storage component in the catalyst until sat-
uration and then regenerated in a short rich period when the
stored NOx is released and reduced to N2 [1].

One main disadvantages with the NOx storage concept is
the loss of NOx storage capacity in the presence of even very
small amounts of sulfur in the exhausts [2]. Sulfur oxides in-

* Corresponding author. Fax: +46 31 160062.
E-mail address: husam@chem.chalmers.se (H. Abdulhamid).

1 Present address: IVL Swedish Environmental Research Institute, PO Box
5302, SE-411 33 Göteborg, Sweden.
0021-9517/$ – see front matter © 2006 Elsevier Inc. All rights reserved.
doi:10.1016/j.jcat.2006.04.034
teract with the storage component (typically barium oxide or
barium carbonate) and the support (usually alumina) during the
lean phase. During the rich period, mainly NOx desorbs from
the catalyst due to the higher stability of sulfates compared with
nitrates. Sulfur species thus accumulate in the catalyst, signif-
icantly reducting NOx storage capacity [3]. Substantial studies
have been performed to investigate sulfur deactivation in the
NOx storage process. One key tool that can be used in this con-
nection is the in situ Fourier transform infrared spectroscopy
(FTIR), which makes it possible to identify and follow the evo-
lution of surface species under different conditions, providing
essential information on the deactivation process [4].

In the literature, FTIR and flow reactor studies have been
used to examine and understand the sulfur deactivation process
over NOx storage catalysts. The main findings from these stud-
ies can be summarised as follows:

– Sulfur, as SO2, H2S, or COS, causes deactivation of storage
components as well as precious metals. It accumulates over
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alumina as sulfite, surface sulfate (after being oxidised over
the precious metal) [5], and probably as bulk sulfate [6] and
over barium as both surface and bulk sulfate [5,7]. Forma-
tion of sulfides over the precious metal sites (Pt) during the
reduction period blocks these sites, leading to deterioration
in the regeneration process [8,9].

– Hydrogen can regenerate sulfur-deactivated samples more
efficiently than carbon monoxide [10].

– Sulfate formation proceeds more slowly than nitrate for-
mation; however, the sulfates are more stable than the ni-
trates [11].

– Thermodynamic calculations show that in the presence of
H2, the decomposition of BaSO4 to BaO with H2S as a
reaction product can occur at temperatures significantly
lower than those required for the corresponding decompo-
sition to BaO with SO2 as a reaction product [12].

– Both H2O and CO2 significantly affect the NOx regen-
eration process of sulfated NOx storage catalysts [5,13].
Thermodynamic calculations reveal that in the presence
of CO2 under H2-rich conditions, formation of BaCO3 is
thermodynamically more feasible than formation of BaO
at lower temperatures [12]. On the other hand, H2O has
shown the ability to enhance the sorption of sulfur over alu-
mina [14,15].

– Different types of precious metals have different impacts
on the sulfur deactivation and regeneration processes [16].

– Additives can be used to increase the sulfur tolerance of
barium-based NOx storage catalyst. Generally, higher sul-
fur tolerance is related to either lower sulfate decompo-
sition temperature [12,17] or formation of high sulfur-
resistance metal phases [18].

It has been shown previously [9,19,20] that the NOx stor-
age capacity of barium-based catalysts decays faster during rich
SO2 exposure conditions than in lean SO2 exposure conditions.
This faster deactivation during rich exposure conditions has
been related to the accumulation of sulfur-containing species
on the noble metal sites, resulting in deterioration of the no-
ble metal activity for reduction. However, the pathways for the
formation and accumulation of the different sulfur-containing
species on the noble metal and the storage sites have not been
shown. Thus, a detailed investigation of the interaction between
sulfur and the different washcoat components may provide a
deeper understanding of the sulfur deactivation process.

In the current investigation, in situ DRIFTS was used
to follow the evolution of different surface species (as well
as any probable intermediates) during SO2 exposure to a
Pt/BaCO3/Al2O3 catalyst under lean and rich conditions in the
presence and absence of water. Moreover, to understand the role
of each of the washcoat components (i.e., Pt, Ba, and Al2O3) in
the deactivation process and more accurately interpret the for-
mation of different surface species, the same experiments were
also performed for samples with individual components, that is,
BaCO3/Al2O3, Pt/Al2O3, and Al2O3.
2. Experimental

2.1. Catalyst preparation and characterisation

Four different powder samples based on Pt, Ba, and Al2O3

were prepared: Pt/BaCO3/Al2O3, BaCO3/Al2O3, Pt/Al2O3,
and Al2O3. To prepare the BaCO3/Al2O3 sample, an aqueous
solution of Ba(NO3)2 was added to γ -Al2O3 (SBa-200 from
Sasol) dispersed in Milli-Q water under continuous stirring, and
the pH of the solution was adjusted to 11 by adding NH4OH.
The sample was then freeze-dried and calcined in air at 600 ◦C
for 1 h. An aqueous solution of ammonium carbamate was then
added under continuous stirring to the barium–alumina sample
to accomplish the formation of barium carbonate. The sam-
ple was finally freeze-dried and calcined in air at 500 ◦C for
1 h. The final BaCO3 loading of the BaCO3/Al2O3 sample was
20 wt%.

The Pt/BaCO3/Al2O3 sample was prepared by adding an
aqueous solution of Pt(NO3)2 to a fraction of the BaCO3/Al2O3

sample dispersed in Milli-Q water under continuous stirring for
1 h. The sample was then freeze-dried and calcined in air at
550 ◦C for 2 h. The final Pt loading of the sample was 2 wt% of
the total washcoat.

The Pt/Al2O3 sample was prepared by adding a platinum ni-
trate solution (containing an amount of platinum corresponding
to 2 wt% of the total washcoat) to γ -Al2O3 dispersed in Milli-
Q water under continuous stirring for 1 h. The sample was then
freeze-dried and calcined in air at 550 ◦C for 2 h.

Finally, the powder Al2O3 used in DRIFTS experiments was
prepared by calcining γ -Al2O3 for 2 h at 550 ◦C.

The specific surface area of the different powder samples
was determined by nitrogen adsorption according to the BET
method using a TriStar 3000 instrument (Micrometrics).

The noble metal dispersion for the two Pt-containing cata-
lysts was determined using the N2O dissociation method de-
scribed elsewhere [21] after supporting 250 mg of each pow-
der sample on monolith substrates. The substrates were im-
mersed in a slurry (prepared by 20 wt% colloidal silica [Nyacol
2034DI, Akzo Nobel] and the powder sample, dispersed in dis-
tilled water) until the channels were filled. The samples were
then dried at 95 ◦C for 2 h. The procedure was repeated until
the desired amount of washcoat was deposited on the monolith
substrates. Finally, the samples were calcined in air at 550 ◦C
for 1 h. The results from the Pt-dispersion and BET surface
area measurements of the samples are presented in Table 1.

Table 1
Compositions, BET surface area, and estimated noble metal dispersion

Powder
catalysts

Pt
(wt%)

BaCO3
(wt%)

Al2O3
(wt%)

BET

(m2/g)

Metal
dispersiona (%)

Pt/BaCO3/Al2O3 2.0 20 78 161 5
BaCO3/Al2O3 − 20 80 186 −
Pt/Al2O3 2.0 − 98 187 23
Al2O3 − − 100 200 −

a The noble metal dispersion was calculated for the powder samples sup-
ported on monolith substrates.
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2.2. DRIFTS experiments

The formation and evolution of both surface and bulk species
during SO2 exposure under both oxidising and reducing condi-
tions were investigated in situ using a BioRad FTS6000 FTIR
spectrometer equipped with a heated reaction chamber (Har-
rick Scientific Praying Mantis DRIFTS cell with KBr windows)
and a resolution of 2 cm−1. All experiments were conducted
at a constant temperature of 350 ◦C, at which maximum NOx

storage performance was achieved, and a total flow rate of
150 ml/min, corresponding to a space velocity of 79,500 h−1.
The space velocity in the DRIFTS cell was calculated by divid-
ing the total flow with the catalyst volume. The catalyst volume
was assumed to be equal to the volume of the filled powder
sample holder inside the cell.

Before all experiments, each sample (about 150 mg) was
preoxidised at 450 ◦C in 8% O2 in Ar for 10 min, flushed with
Ar for 5 min, and prereduced in 2% H2 in Ar for 10 min.
The sample was then exposed to Ar, and the temperature was
lowered to 350 ◦C and kept constant for 5 min. Then the ex-
periments under different exposure conditions were performed
with the setups described in the following sections.

2.2.1. SO2 exposure under lean and rich conditions
The sulfur DRIFTS experiments under oxidising and re-

ducing conditions were conducted by exposing the pretreated
sample either to 8% O2 in Ar (for oxidation) or 2% H2 in Ar
(for reduction) for 5 min as the background spectrum was col-
lected. Then 100 ppm SO2 was introduced to the sample cell,
and spectra were collected once every min for 30 min to follow
the evolution of different surface species.

2.2.2. SO2 exposure in presence of water
To study the effect of water on the formation of different

sulfur species, water vapour was added to the reactant feed by
passing 50 ml/min of Ar as a carrying gas through an insu-
lated stainless steel bottle filled with distilled water at 45 ◦C.
This feed was mixed with the main gas feed before entering the
DRIFTS cell, resulting in a water vapor content of 3% with a
constant total flow rate of 150 ml/min.

The DRIFTS experiments were conducted by introducing
3% water with either 8% O2 in Ar (for oxidation) or 2% H2
in Ar (for reduction) for 5 min before the background spectrum
was collected. Then 100 ppm SO2 was introduced into the gas
mixture and spectra were collected once every min for a time
duration of 30 min.

3. Results and discussion

3.1. Exposure of SO2 under oxidising conditions

Fig. 1 shows the in situ DRIFTS spectra during exposure of
100 ppm SO2 and 8% O2 to the Pt/Ba CO3/Al2O3 catalyst at
350 ◦C for 30 min. It is obvious that at the beginning of the
experiment, peaks grew predominantly in the 1400–900 cm−1

region with maxima at 1318, 1249, 1168, 1107, and 972 cm−1.
These peaks can be assigned to different sulfite and sulfate
species.

The 1107 cm−1 peak is assigned to S–O vibration for surface
barium sulfate [7,8] whereas the bands at 1249 and 1168 cm−1

are assigned to S=O and S–O vibrations for bulk barium sulfate
[7,8,22]. Furthermore, the peak at 972 cm−1 in addition to two
broad bands at 3638 and 3570 cm−1 (not shown) most likely
can be attributed to hydrogen-bonded sulfites on alumina [15],
whereas the peak at 1318 cm−1 is assigned to surface alu-
minum sulfate. In addition to the formation of different surface
sulfite and sulfate species, negative peaks at 1581, 1496 and
1456 cm−1 appear as a result of the replacement of surface and
bulk barium carbonate with their corresponding sulfate species.
Fig. 1. DRIFT spectra for the Pt/BaCO3/Al2O3 sample after exposure to 100 ppm SO2 and 8% O2 in Ar at 350 ◦C for 5, 10, 15, 20, 25 and 30 min.
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Fig. 2. DRIFT spectra for (a) BaCO3/Al2O3, (b) Pt/Al2O3, and (c) Al2O3 samples after exposure to 100 ppm SO2 and 8% O2 in Ar at 350 ◦C for 10, 20 and
30 min. (d) DRIFT spectra for the Pt/BaCO3/Al2O3 sample and the BaCO3/Al2O3, Pt/Al2O3 and Al2O3 samples after 30 min exposure to 100 ppm SO2 and 8%
O2 in Ar at 350 ◦C.
Negative peaks at 3751 and 3720 cm−1 (not shown) result from
the interaction of SO2 with surface OH groups on alumina [23].

The same experiment was performed for the BaCO3/Al2O3,
Pt/Al2O3 and Al2O3 samples at 350 ◦C. The DRIFTS spectra
for these samples are shown in Fig. 2. For the BaCO3/Al2O3

sample, the main features during SO2 + O2 exposure (Fig. 2a)
are related to surface and bulk barium sulfates (bands at 1101,
1165, and 1241 cm−1, respectively) in addition to surface alu-
minum sulfate (1300 cm−1). The spectra also show a progres-
sive growth of negative peaks at 1503 and 1369 cm−1 related to
the decomposition of barium carbonate.

In a previous investigation by Dawody et al. [19], BaCO3/
Al2O3 was alternately exposed in a flow reactor to 630 ppm
NO2 + 8% O2 and 40 ppm SO2 + 8% O2 at 300 ◦C to study the
effect of sulfur exposure condition on the NOx storage perfor-
mance. It was shown that almost no sulfur was trapped in the
BaCO3/Al2O3 sample, and it was concluded that only weakly
adsorbed sulfur species were formed as a consequence of the
absence of precious metal in the sample. To clarify whether
exposure to NOx before exposure to SO2 affects the adsorp-
tion of SOx , a fresh BaCO3/Al2O3 sample was exposed to
500 ppm NO2 in Ar, followed by a temperature ramp before
the SO2 + O2 exposure. The results show that the sample still
adsorbed sulfur as surface and bulk barium sulfates. Thus, the
discrepancy between the current results and the results in the
work of Dawody et al. [19] is probably due to differences in
such parameters as SO2 concentration, temperature, and space
velocity.

The spectra for the SO2 oxidation experiment over the
Pt/Al2O3 sample (Fig. 2b) reveal a significant increase in the in-
tensity of adsorbed surface sulfur species on alumina with dom-
inant peaks at 1382, 1188, 1120 and 977 cm−1. These peaks
have been attributed to surface aluminum sulfate (1381 cm−1)
[11], either bulk aluminum sulfate [11] or surface adsorbed SO2

(1188 cm−1) [24], surface aluminum sulfate (1120 cm−1) [5],
and sulfite over alumina (977 cm−1) [15], respectively.

The corresponding spectra for Al2O3 during SO2 exposure
in presence of O2 are shown in Fig. 2c. The intense band at
1351 cm−1 can be attributed to surface aluminum sulfate, and
the bands at 1217 with 1165 cm−1 can be assigned to bulk sul-
fate species [7,25].

From Fig. 1, it is clear that when exposing the Pt/BaCO3/
Al2O3 sample to SO2 under oxidising conditions, surface bar-
ium sulfates (1107 cm−1) are formed in addition to smaller
amounts of bulk barium sulfates (bands at 1168 and 1249 cm−1)
at the beginning of the SO2 exposure. However, with time (con-
tinuous SO2 +O2 exposure), the intensity of the surface barium
sulfate peaks becomes less than the intensity of bulk barium
sulfate peaks, indicating the conversion of surface sulfates to
bulk sulfates of barium, in line with the findings by Sedlmair
et al. [8]. The assignment of the 1107, 1168 and 1249 cm−1

bands to surface and bulk barium sulfate rather than to alumina-
bonded sulfates is supported by the fact that these bands were
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observed only for the barium-containing samples (see Fig. 2d).
Moreover, the formation of these species is relatively indepen-
dent of the presence of Pt, because they clearly exist on the Pt-
free sample (Fig. 2a), albeit at lower intensity. Su and Amiridis
[7] investigated the SO2 + O2 exposure to a similar catalyst
system and found that the formation of surface barium sulfates
was independent of the presence of Pt under lean conditions.
In addition, for an alumina sample, only the adsorption of SO2
was observed under such conditions through the formation of
surface aluminum sulfate (1318 cm−1) and sulfite (972 cm−1).
According to Saur et al. [26], surface aluminum sulfate is char-
acterised by two peaks at around 1380 and 1035 cm−1 for S=O
and S–O stretching vibrations, respectively. However, we could
not observe the 1035 cm−1 peak and thus believe that these fre-
quencies (1380 and 1035 cm−1) are related to different species,
in agreement with Chang and Uy et al. [11,14] who assigned the
1035 cm−1 peak to a bulk-like from of sulfate. The formation
of aluminum sulfite was obviously catalysed by the presence
of platinum. Fig. 2d shows a clear maximum at 977 cm−1 for
the Pt/Al2O3 sample only, which is due to the formation of alu-
minum sulfite.

As discussed previously, the bands at 3638 and 3570 cm−1

are assigned to the interaction of SO2 with alumina. This
interaction may induce changes in the OH stretching vibra-
tion resulting from the formation of hydrogen-bonded sulfite
species. However, formation of bands at these wavenumbers
was also observed for samples in which no sulfites were ad-
sorbed (Fig. 2d), and thus the surface aluminum sulfates likely
also are bonded to the hydrogen of alumina OH– groups, caus-
ing the same effect on the OH vibration frequency. Further-
more, during exposure to SO2 + O2, all samples develop ad-
sorption peaks between 1720 and 1450 cm−1. These peaks may
be a result of barium carbonate displacement by sulfates and
can be attributed to surface carbon containing species [11] ad-
sorbed on alumina and barium. The peaks in the 1400–1600
cm−1 region are likely due to adsorption of different species
over alumina, whereas the peak around 1640 cm−1 more likely
can be attributed to species adsorbed on barium, because this
peak appears only on the barium-containing samples. How-
ever, the latter peak also may be due to the adsorption of small
amounts of surface-bonded water resulting from the release of
OH groups from the alumina surface, where water shows a
bending frequency at around 1630 cm−1 [27].

3.2. Exposure to SO2 under reducing conditions

Fig. 3 shows the in situ DRIFTS spectra for the Pt/BaCO3/
Al2O3 sample during exposure to 100 ppm SO2 and 2% H2 in
Ar at 350 ◦C. Adsorption bands that increase continuously dur-
ing SO2 + H2 exposure are observed at 1230 with 1157, 1103
and 987 cm−1. These bands are assigned to bulk and surface
barium sulfate and aluminum sulfite, respectively. In addition,
negative peaks observed at 1542 and 1376 cm−1 are probably
due to barium carbonate displacement. Furthermore, a broad
negative band is observed between 2070 and 1800 cm−1 with
a maximum at 2041 cm−1. We believe that this feature corre-
sponds to the removal of linear- and bridge-bonded CO over
platinum [28,29], where CO adsorption on Pt is seen in the
background spectrum taken in H2/Ar atmosphere (see the inset
in Fig. 3). The formation of CO during the H2/Ar pretreatment
is suggested to take place according to

BaCO3 + H2 → BaO + CO + H2O (1)
Fig. 3. DRIFT spectra for the Pt/BaCO3/Al2O3 sample after exposure to 100 ppm SO2 and 2% H2 in Ar at 350 ◦C for 5, 10, 15, 20, 25 and 30 min.
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Fig. 4. DRIFT spectra for (a) BaCO3/Al2O3, (b) Pt/Al2O3, and (c) Al2O3 samples at 350 ◦C after exposure to 100 ppm SO2 and 2% H2 in Ar for 10, 20 and
30 min. (d) DRIFT spectra for the Pt/BaCO3/Al2O3 sample and the BaCO3/Al2O3, Pt/Al2O3 and Al2O3 samples after 30 min exposure to 100 ppm SO2 and 2%

◦
H2 in Ar at 350 C.
or

BaCO3 + H2 → Ba(OH)2 + CO. (2)

The relatively high intensity of the negative peaks for CO ad-
sorbed over platinum could be explained by the characteristic
strong IR absorption for CO. Negative peaks observed at 3751,
3719, and 3665 cm−1 (not show in Fig. 3) represent the inter-
action between surface hydroxyl groups on alumina and SO2.

Fig. 4a shows the IR spectra for the BaCO3/Al2O3 sample
during SO2 exposure in presence of H2. Compared with the
Pt/BaCO3/Al2O3 sample, less surface and bulk barium sulfates
for this sample are observed, as indicated by the lower intensity
of the bands at 1100, 1156, and 1241 cm−1 together with the
lower intensity of the negative bands related to decomposition
of barium carbonate at 1348 and 1590 cm−1.

The main features observed for the Pt/Al2O3 sample on ex-
posure to SO2 + H2 (Fig. 4b) are the formation of surface
aluminum sulfate and either bulk aluminum sulfate or surface
adsorbed SO2 with bands at 1340 and 1170 cm−1, respectively.
In addition, peaks are observed at 1996, 2923 and 2875 cm−1,
which probably can be related to hydrogen–carbon containing
species [30], as a result of carbon release from the alumina in
the presence of hydrogen.

For the Al2O3 sample (Fig. 4c), surface aluminum sulfate at
1317 cm−1 is observed. The intensity of this peak is much lower
than that of the corresponding peak in the Pt/Al2O3 sample.

The exposure of the Pt/BaCO3/Al2O3 sample to SO2 un-
der reducing conditions results in the formation of consider-
able less surface and bulk sulfate species (peaks at 1103, 1157,
and 1230 cm−1) compared with SO2 exposure under oxidis-
ing conditions. Furthermore, SO2 + H2 exposure results in the
formation of aluminum sulfite, whereas clearly no surface alu-
minum sulfate could be identified. For the Pt/Al2O3 and Al2O3
samples, the intensity of the surface aluminum sulfate peak
is low, indicating that only small amounts are formed. This
in turn means that the formation of aluminum sulfate on the
Pt/BaCO3/Al2O3 catalyst under these conditions is even lower,
due to partial coverage of the Al2O3 surface with barium.

The formation of less surface barium sulfates during SO2
exposure under rich conditions in comparison to lean SO2 expo-
sure can most likely be related to the limitation in the formation
of sulfates as a consequence of O2 deficiency under reducing
conditions. A possible pathway for the low sulfate formation
during reducing conditions may be related to the presence of
some oxygen resulting from the dissociation of SO2 over the
precious metal. This may explain the pronounced difference in
surface barium sulfate formation between the Pt/BaCO3/Al2O3
and BaCO3/Al2O3 samples shown in Fig. 4d.

3.2.1. Effect of SO2 + H2 exposure on the NOx storage
performance of Pt/BaCO3/Al2O3

A more interesting observation for the Pt/BaCO3/Al2O3
sample (Fig. 3) is the much lower intensity of the peaks corre-
sponding to bulk barium sulfate (peaks at 1230 and 1157 cm−1)
compared with sulfur exposure under oxidation conditions
(Fig. 1). Before explaining this low formation, we note that
the sample was reduced with H2 for 5 min before the SO2 was
introduced under continuous hydrogen supply. Thus, surface
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Fig. 5. DRIFT spectra for the Pt/BaCO3/Al2O3 sample 350 ◦C after exposure to 100 ppm SO2 and 2% H2 in Ar at 350 ◦C for (a) 10, (b) 20, and (c) 30 min;
followed by 10 min oxidation in 500 ppm NO2 in Ar. Spectra (d)–(m) collected after each min of NO2 exposure.
barium carbonate as well as part of the bulk barium carbonate
is expected to be in form of barium oxide or barium hydroxide,
according to reactions (1) and (2).

The observed low formation of bulk barium sulfate might
be explained by the interaction of BaO and/or Ba(OH)2 with
reduced sulfur-containing species formed from the reaction of
SO2 with H2 over platinum sites. Elbouazzaoui et al. [31] and
Poulston and Rajaram [13] used XRD to characterise barium-
based samples after exposure to SO2 + H2 and observed the
formation of BaS. Eysel et al. [32] assigned a band at 473 cm−1

to the vibrational frequency for Ba–S. However, because the
detection of species with vibrational frequencies below about
1000 cm−1 is strongly limited with the FTIR equipment used
in the current study, we could not experimentally verify for-
mation of barium sulfide. In the current work we could not
observe any H2S adsorption on the surface during SO2 +H2 ex-
posure, which should give a S–H stretching vibration at around
2663 cm−1 and bending vibrations at 2539 and 1360 cm−1

[33,34]. Thus, the formation of H2S observed in different gas-
phase studies [10,19,31] is expected to be a rather fast reaction
step.

To study the NO2 interaction with the Pt/BaCO3/Al2O3
sample that had been exposed to SO2 + H2, the catalyst was
subsequently (after SO2 + H2 treatment) and in situ exposed
to 500 ppm NO2 in Ar for 20 min, with the expectation
of oxidation of the accumulated reduced sulfur species over
barium sites to sulfates. The expected formation of surface
and bulk sulfates was observed immediately after starting the
NO2, as shown in Fig. 5. For clarity, only the first 10 min of
NO2 exposure is shown in the figure, to prevent the overlap-
ping of bulk barium sulfates and surface aluminum sulfates
with the nitrite/nitrate peaks appearing in the range of about
1600–1230 cm −1 [18,35,36]. As shown in Fig. 5, the peaks
for surface and bulk barium sulfates in addition to surface alu-
minum sulfates are growing with NO2 exposure time. This
strongly suggests that the deactivation of the NOx storage per-
formance of the sample on SO2 exposure under rich conditions
is due to formation of sulfides that obstruct the NO2 storage
function. These sulfides are oxidised by NO2 to barium sul-
fides, whereby NO2 is reduced to NO rather than being stored
as barium nitrites and nitrates. This can explain the greater de-
crease in NOx storage capacity for this type of sample when
exposed to sulfur under reducing conditions compared with ox-
idising conditions, as reported by Amberntsson et al. [16] and
Dawody et al. [19].

An interesting feature in Fig. 5 is the growth of the peak
at 1314 cm−1 related to surface aluminum sulfate, in a sim-
ilar manner as the growth of peaks related to surface and
bulk barium sulfate after exposure of the SO2 + H2-treated
Pt/BaCO3/Al2O3 sample to NO2. This suggests that exposure to
SO2 +H2 results in the accumulation of reduced surface species
on alumina as it does for barium.

The reduced sulfur species can interact either with all bar-
ium sites or mainly with barium sites in the platinum–barium
interface. Fig. 6 shows the spectra for the SO2 + H2-treated
Pt/BaCO3/Al2O3 sample after exposure to NO2 for 10 min
(spectra a) and 20 min (spectra b) at 350 ◦C. It is interesting that
during the first 10 min of NO2 exposure, no nitrite/nitrate peaks
formed over the catalyst surface. After NO2 exposure, the sam-
ple was followed by thermal treatment in Ar to 520 ◦C (spectra
b–e). It is clear from the figure that even though the tempera-
ture is increased to 520 ◦C, the nitrite and nitrate peaks are still
present (represented by the peaks at 1548 cm−1 [7] on alumina
and at 1328 and 1303 cm−1 on barium [8,18]). This may indi-
cate that the NOx storage in SO2 +H2-treated Pt/BaCO3/Al2O3
may occur over storage sites far away from the Pt sites, and
thus the NOx desorption profile shifts toward higher tempera-
tures, similar to platinum-free barium-based samples [37]. This
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Fig. 6. DRIFT spectra for the Pt/BaCO3/Al2O3 sample exposed to SO2 + H2 followed by exposure to (a) 500 ppm NO2 for 20 min at 350 ◦C, (b) flushed with Ar
at 400 ◦C, (c) 450 ◦C, (d) 500 ◦C, and (e) 520 ◦C. (f) DRIFT spectra for a fresh Pt/BaCO3/Al2O3 sample exposed to 500 ppm NO2 in Ar for 18 min at 350 ◦C.

Fig. 7. DRIFT spectra for the Pt/BaO/Al2O3 sample after exposure to 100 ppm SO2, 8% O2 and 3% H2O in Ar at 350 ◦C for 5, 10, 15, 20, 25 and 30 min.
may provide evidence that the sulfur deactivation initially oc-
curs on storage sites close to platinum. Such barium sites are
considered the most active NOx storage sites [38].

3.3. Exposure of SO2 under oxidising conditions in presence
of water

To further investigate the effect of sulfur exposure for the
Pt/BaCO3/Al2O3 sample under more realistic conditions, the
corresponding SO2 + O2 exposure was conducted in the pres-
ence of 3% water, as demonstrated in Fig. 7. Furthermore, to
elucidate the effect of water during SO2 exposure under lean
conditions, IR spectra for the Pt/BaCO3/Al2O3 sample after
30 min of SO2 + O2 exposure in the absence and presence of
water are shown in Fig. 8. We note the difference in intensity
scale between the right and left parts of the graph for the sake
of clarity.

Generally, the spectra reveal almost the same types of ad-
sorbed species after SO2 + O2 exposure in the absence and in
presence of water. However, in the presence of water, new fea-
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Fig. 8. DRIFT spectra for the Pt/BaCO3/Al2O3 sample exposed to 100 ppm SO2, 8% O2 in Ar at 350 ◦C in the presence and absence of 3% H2O after 30 min.
tures, represented by three bands at 2981, 2939, and 2880 cm−1

and two bands at 2405 and 2350 cm−1, are observed. These
peaks are most likely related to some carbon-containing species
in which, as discussed previously, the carbon source likely orig-
inates from the decomposition of barium carbonate (because
they appear in high-vibration frequency interval where nor-
mally no S-containing species are found [39]). However, the
spectra reveal a significantly higher intensity of the peaks due
to formation of bulk barium sulfate (at 1241 and 1182 cm−1)
and considerably lower intensity of adsorption peaks for sur-
face barium sulfate (at around 1103 cm−1). The lower intensity
of surface barium sulfate could result from blockage of the
barium surface by either water adsorption or hydrolysis, al-
though the higher intensity of bulk barium sulfate suggests that
water promotes the transition of surface sulfates to bulk sul-
fates. Another possible explanation for the greater formation of
bulk barium sulfate in the presence of water could be that the
water adsorbed on the barium and alumina surface enhances
the oxidation of SO2 to SO3 over Pt, which in turn enhances
the formation of bulk sulfates. Water may also promote the
spillover of oxidised sulfur species from Pt to the bulk bar-
ium.

Any of the foregoing possible interpretations will likely
result in considerable deterioration of NOx storage capacity,
because sulfates are more stable than their corresponding ni-
trates [2]. However, Elbouazzaoui et al. [31] found that even
though bulk barium sulfates exist in the catalyst, complete NOx

storage recovery can be achieved under reduction with hydro-
gen in the presence of CO2 and H2O, indicating the minor effect
of the bulk species on the NOx storage process.

As for barium, the presence of water also influences the ac-
cumulation of sulfur on alumina. The formation of surface alu-
minum sulfate increased significantly on exposure to SO2 + O2
under humid conditions. This increase is probably due to the
increased number of OH groups over alumina under humid
conditions, although the interaction of SO2 with alumina OH
groups under humid conditions has been reported previously
[14,15]. However, the nature of the interaction between SO2
and the alumina OH groups has not yet been clearly elucidated.
Lavalley et al. [15] suggested that SO2 interacts with the OH
group to form hydrogen sulfite (–SO3H). It is worth mentioning
that in the current study we did not observe the hydrogen sulfite
S–H vibration band that is expected to appear at 2590 cm−1.
On the other hand, the SO2 molecule may interact with the OH
group via one of its oxygen atoms.

Fig. 7 also shows remarkably intense bands at 1637 and
1572 cm−1. The band at 1637 cm−1 can be related to O–H–O
bending vibrations of adsorbed water (clearly combined with a
broad band between 3500 and 2500 cm−1), whereas the band
at 1572 cm−1 may be related to surface aluminum carbonate
species. The increased intensity of the latter bands refers to the
high ability of water to adsorb on the catalyst surface under ox-
idising conditions. This in turn may enhance the adsorption of
the released carbon-containing species generated from barium
carbonate decomposition, where a considerably higher amount
of adsorbed carbonates (represented by the 1570-cm−1 peak) in
the presence of water are observed in comparison to the absence
of water.

3.4. Exposure to SO2 under reducing conditions in the
presence of water

Fig. 9 shows the collected spectra for the Pt/BaCO3/Al2O3
sample during SO2 exposure under reducing conditions (SO2 +
H2) in the presence of 3% water. The main features in these
spectra are the low intensity of the band at 1088 cm−1 at-
tributed to surface barium sulfate and negative peaks at 2026,
1590, 1533, and 1370 cm−1, with the latter three peaks repre-
senting the decomposition of barium carbonate and the band at
2026 cm−1 being related to CO adsorbed on Pt, as discussed
previously. The corresponding exposure for the BaCO3/Al2O3,
Pt/Al2O3, and Al2O3 samples (not shown) shows that the fea-
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Fig. 9. DRIFT spectra for the Pt/BaCO3/Al2O3 sample after exposure to 100 ppm SO2, 2% H2 and 3% H2O in Ar at 350 ◦C for 5, 10, 15, 20, 25 and 30 min.

Fig. 10. DRIFT spectra for the Pt/BaCO3/Al2O3 sample exposed to 100 ppm SO2, 2% H2 in Ar at 350 ◦C in the presence and absence of 3% H2O after 30 min.
ture at 1088 cm−1 feature is observed only for the barium-
containing sample (i.e., BaCO3/Al2O3), supporting the assign-
ment of this peak to surface barium sulfate. In addition, this
sample shows a lower intensity increase for the bulk barium
sulfate compared with the Pt/BaCO3/Al2O3 sample. Unlike the
corresponding experiment in the absence of water (see Fig. 4d),
the presence of Pt seems to promote the formation of both sur-
face and bulk barium sulfates under humid conditions.

The effect of water during SO2 exposure under reducing
conditions is demonstrated in Fig. 10, which compares the IR
spectra in the absence and presence of water after 30 min of
exposure. (Note the different intensity scales in the right and
left parts of the graph.) The role of water during SO2 exposure
under reducing conditions appears to be different for the for-
mation of sulfur species than in the corresponding experiment
under oxidising conditions. A noticeable decrease in the sur-
face barium sulfate with no formation of bulk barium sulfates
is observed when water is introduced into the gas mixture. This
means that barium surface sites that are considered more active
NOx storage sites can be available for NOx storage process.
However, this may be explained by the increased efficiency of
hydrogen in reducing sulfur species and hydrolysing accumu-
lated sulfide on the precious metal by water and thus in continu-
ously regenerating these active sites, in agreement with findings
of Limousy et al. [10], Liu and Anderson [5], and Elbouazzaoui
et al. [31].
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4. Conclusion

The exposure of Pt/BaCO3/Al2O3 NOx storage catalysts to
SO2 under oxidising conditions at 350 ◦C clearly results in
the formation of surface barium sulfates that are progressively
transformed to bulk sulfates. Compared with barium, alumina
is (relatively) less affected by SO2 + O2 exposure and forms
surface aluminum sulfates and sulfites. However, Pt does not
seem to play a key role in the formation of surface and bulk bar-
ium sulfate and aluminum sulfate, where all of these species are
formed on treating the BaCO3/Al2O3 samples with SO2 + O2.
On the other hand, the formation of aluminum sulfite clearly
depends on the oxidation of SO2 over the precious metal (Pt).
Introducing water during lean conditions significantly influ-
ences the interaction between SO2 and the surface of the sam-
ple. For barium, the presence of water results in a considerably
lower intensity of surface barium sulfates. However, water also
enhances the formation of bulk barium sulfates, probably by
enhancing SO2 oxidation over the precious metal, whereas for
alumina, the presence of water increases the formation of sur-
face aluminum sulfates while affecting sulfite formation only
slightly.

SO2 exposure under rich conditions results in decreased
formation of sulfates over barium and alumina. Exposing a
SO2 + H2-treated Pt/BaCO3/Al2O3 catalysts to NO2 results in
the formation of both surface and bulk barium sulfates. This
suggests that SO2 + H2 treatment may result in the accumula-
tion of reduced sulfur-containing species on Pt and barium sites,
which are oxidized by NO2 to form surface and bulk sulfates.
However, due to the high reduction efficiency of hydrogen, sig-
nificant deactivation of barium and alumina storage sites with
reduced sulfur species occurs under rich SO2 exposure. These
reduced sulfur species are oxidised to detectable sulfate species
over barium by subsequent exposure to NO2. Moreover, this
poisoning most likely occurs on barium sites located at the
platinum–barium interface, which affects the spillover of ad-
sorbed species from precious metal to barium sites.
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