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Influence of reductant on the regeneration of SO2-poisoned Pt/Ba/Al2O3
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Abstract

A 10% Ba/Al2O3 in the presence and absence of 1% Pt was exposed to SO2 at 673 K either in air or in nitrogen, and the ability
recover the NOx storage capacity was compared after exposure to H2, CO, or C3H6 at 673 K. Exposure to SO2 led to adsorbed sulfite
surface aluminum sulfate, and bulk and surface barium sulfate formation, all of which reduced the NOx storage capacity of the catalys
The presence of Pt was required for bulk barium sulfate formation. A surface aluminum sulfate was formed from surface sulfite sp
limiting extent at 673 K but this was enhanced by heating in air to higher temperatures and was thermally stable up to 873 K. In the c
Pt-containing catalyst, hydrogen at 673 K was able to completely reverse the detrimental effect of SO2 exposure whereas H2 exposure to SO2-
treated Pt-free catalyst was detrimental in terms of recovered NOx storage capacity. The presence of oxygen in the feed stream during th
regeneration period was significant as this allowed formation of water (and CO2) which plays an important role in the regeneration proce
 2004 Elsevier Inc. All rights reserved.
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1. Introduction

Storage and reduction catalysts (NSR) allow con
of NOx emissions from automobile sources while p
mitting operation under predominantly lean-burn con
tions [1–8]. The concept is based on the storage of Nx
under lean conditions on an alkaline earth oxide com
nent such as baria which is then released during intermi
rich/stoichiometric periods where the stored NOx is released
and reduced by H2, CO, or HC over the noble metal com
ponent. The NOx storage capacity of NSR catalysts a
lowered as a function of time on stream as sulfate is a
mulated on the storage component[3–8]. In cases where th
extent of deactivation is relatively low, NOx storage capacity
may be readily regenerated under reducing conditions[9].
In more severe cases, even extended regeneration pe
fail to recover the initial storage capacity[3,9]. This tran-
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sition in the ease by which sulfate may be removed m
be associated with the transition from surface to bulk
fates[4], although this is difficult to envisage as bulk bariu
carbonate still retains NOx storage ability and it is generall
accepted that NOx storage is a surface rather than a bulk p
nomenon[10,11]. It is also possible that sulfate particle si
governs the ease by which this phase is decomposed[12].
It is generally considered that temperatures of between
and 823 K are required[5] and so failure to recover cataly
performance following desulfation may result from therm
degradation of the catalyst[5,6]. The difficulty in achieving
complete regeneration following sulfate poisoning may a
be linked to the regeneration procedure employed as t
invariably involve exposure of the catalyst to a reducing
mosphere at high temperature[5] which may induce sulfide
formation [3]. Although some of this sulfide is associat
with Ba [3] there is also evidence that sulfide becomes
sociated with the metallic component[4,13]which therefore
hinders further regeneration via reduction.

During the fuel-rich step, lean-burn engines emit C
(5–6%), H2 (1–2%), and hydrocarbons (ppm levels),

http://www.elsevier.com/locate/jcat
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though the relative concentrations can be modified by
gine management or insertion of a precatalyst. For exam
ple, hydrogen levels might be increased by water–gas
or steam-reforming reactions. To shed further light on
deactivation and regeneration processes, the current
involved the use of CO, H2, and C3H6 as reductants to ex
amine the efficiency of trap regeneration for Ba/Al2O3 traps
in the presence and absence of Pt which had been expo
SO2 either in air or in nitrogen. The objective was to det
mine whether sulphate buildup could be minimised, ther
limiting barium sulfate particle-size growth by selection
the appropriate conditions during the NOx reduction cycles
which would remove stored SOx at each rich switch an
thereby avoid progressive SOx accumulation, loss of NOx
storage capacity, and the need to use high-temperature
excursions[5] to eliminate stable sulfates. The choice
NO2 rather than NO allowed an investigation of SO2 poison-
ing of support sites to be conducted by avoiding the need
Pt-catalysed oxidation as the latter might potentially beco
poisoned by SO2 [4,13], leading to ambiguity regarding th
origin of reduced NOx uptakes.

2. Experimental

BaO/Al2O3 samples (10 wt% BaO) were prepared
precipitation of Ba(OH)2 from a nitrate solution onto De
gussa Aluminiumoxid C using an ammonia solution. T
material was filtered, washed, dried at 363 K (16 h),
calcined in air at 773 K (2 h). A portion of the sample w
wet impregnated with 1 wt% Pt (H2PtCl6) and excess wate
removed by heating while continually stirring. The resu
ing powder was dried overnight at 363 K and calcined in
(100 cm3 min−1) at 773 K (2 h). To distinguish between th
influence of Pt and the influence of baria dispersion wh
is modified as a consequence of the addition of Pt pre
sor [14–16], a portion of the Ba/Al2O3 support was treate
with HCl solution (pH 1.2) and then dried overnight at 363
and washed with ammonia solution (pH 8.5). This samp
referred to as “HCl-treated support.” It is clear[14] that the
presence of this Cl may influence the adsorption prope
of the support.

Samples for XRD purposes were calcined at 673 K
then exposed to 0.28 mmol of SO2 at the same temperatu
followed by cooling in air to 298 K. One of the sampl
for XRD was regenerated with 3.35% H2/4% air/balance N2
mixture after SO2 exposure at 673 K for 5 min and the
cooling in air to 298 K. XRD patterns were obtained us
a Philips PW1310 X-ray generator, using Cu-Kα radiation
(λ = 1.542 Å), coupled to a Philips PW1964 scintillatio
counter.

DRIFT spectra (4 cm−1 resolution, 40 scans, MCT de
tector) were recorded using ca. 80-mg sample in a Har
environmental cell. A gas blender fed the inlet gases, w
exit gas analysis performed using on-line chemilumin
cence (NO/NO2) and Quadrupole mass spectrometer. S
ples were calcined in situ (673 K, 1 h, 50 cm3 min−1). SO2
y

to

h

was injected as a series of 7× 1 cm3 pulses either in flowing
air or in N2, and then the catalyst was either directly expo
to NO2 or first exposed to a regeneration procedure wh
involved treatment in a flow containing H2, CO, or propene
under rich conditions. Gas mixtures contained 3.35% H2 (or
CO)/4% air/balance N2 or 7.10% of 5% propene in N2/4%
air/balance N2. Samples were exposed to NO2 (750 ppm) at
673 K for 15 min and then cooled to 298 K in NO2 before
flushing in air for ca. 15 min to remove gaseous and wea
adsorbed forms of NOx as indicated by the detector retur
ing to background levels. A TPRS was performed betw
298 and 873 K at 4 K min−1 in 7.98% air/N2 (50 cm3 min−1)
to determine the amount of stored NOx .

3. Results

3.1. Sample characteristics

Ba/Al2O3 exhibited (2θ ) peaks at 24.1, 34.7, and 42.◦
due to BaCO3 and at 19.4, 22.0, and 28.0◦ due to BaAl2O4
[14,17] (Fig. 1a). There was no obvious change after ex
sure to SO2 (Fig. 1b) (peaks at 2θ = 44.6 and 38.3 are du
to Al holder). Pt/Ba/Al2O3 displayed only features due
alumina, although the presence of minor, weaker diffrac
lines due to BaCO3 and BaAl2O4 cannot be ruled out. Fo
lowing SO2 treatment, additional peaks at 26.0, 28.7, a
42.5◦ appeared due to the presence of BaSO4 [18]. These
features were almost completely removed by H2 treatment
at 673 K (Fig. 1e).

3.2. Combined TPRS/FTIR experiments: Pt-containing
catalysts

NO2 was the dominant gas released by SOx -free Pt/Ba/
Al2O3 (Fig. 2a) giving maxima at 350, 530, and 729

Fig. 1. XRD patterns of samples before and after SO2 treatment at 673 K
Ba/Al2O3 (a) before and (b) after SO2 treatment and Pt/Ba/Al2O3 (c) be-
fore, (d) after SO2 treatment, and (e) after H2 regeneration.
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Fig. 2. TPRS of NO (dashed line) and NO2 (solid line) released from
Pt/Ba/Al2O3 on sample (a) without SO2 treatment, (b) after SO2 treatment
in N2, and (c) after SO2 treatment in air and then exposure to 750 p
NO2 in N2/air at 673 K and cooled to 298 K, and then heated to 873 K
4 K min−1 in a 7.98% air/balance N2 gas mixture (50 cm3 min−1).

NO was released in a single peak at 745 K. For catal
which had been exposed to SO2 either in N2 or in air, the
TPRS profiles (Fig. 2b and 2c) were similar to the SO2-
free sample, except that intensities of peaks were diminis
for catalysts which had been exposed to SO2. The excep-
tion was the maxima at 350 K which was increased
samples exposed to SO2 in either air or N2. Another char-
acteristic of the NO2 desorption profile was that the pe
of maximum intensity was shifted from 729 to 737 K f
sample treated in SO2/N2 and to 753 K for sample treate
in SO2/air. In the case of the NO profiles, the most sign
cant difference between SO2-free and SO2-treated sample
were the appearance of a maximum at ca. 350 K for the
ter.

Although varying degrees of efficiency were achiev
in terms of catalyst regeneration, the shapes of desorp
profiles were similarly independent of the reductant u
(Fig. 3). NO2 was the predominant NOx gas irrespective o
the reductant employed. NO was released as the minor c
ponent in all cases, at a temperature which correspo
with the maximum in the NO2 profile. Sample exposed t
H2 (Fig. 3a) gave the most intense NO2 peak, indicating tha
regeneration of the NOx storage capacity had been most s
cessful using this gas. Sample exposed to C3H6 gave the
least intense NO2 peak (Fig. 3c), indicating that it was the
least effective reductant for NOx storage capacity regene
ation. The NO released was much less than NO2, but also
followed the trend that the amount released was grea
following H2 treatment and lowest after C3H6 treatment (Ta-
ble 1). The peak maxima of the NO2 profile was shifted from
750 to 725 K for the sample treated with H2 and CO and to
695 K for the sample treated with C3H6.

NOx released (% of total NOx capacity) from different
pretreated Pt/Ba/Al2O3 is summarised inFig. 4. Storage ca-
pacity was significantly decreased after exposure to SO2 in
-

t

Fig. 3. TPRS of NO (dashed line) and NO2 (solid line) released from
Pt/Ba/Al2O3 after exposure to 750 ppm NO2 in N2/air at 673 K and cooled
to 298 K, and then heated to 873 K at 4 K min−1 in a 7.98% air/balance N2
gas mixture (50 cm3 min−1) on samples which had been exposed to SO2 in
air at 673 K and then regenerated with (a) H2, (b) CO, or (c) C3H6.

Fig. 4. Summary of the relative amounts of NOx released from differen
pretreated Pt/Ba/Al2O3 samples as a percentage of total NOx released from
fresh sample. (1) Fresh sample, (2) exposed to SO2/N2, exposed to SO2/air
with (3) no regeneration, or (4) regenerated with H2 or (5) regenerated with
CO or (6) regenerated with C3H6.

air (30%) or in N2 (36%). The storage capacity could be
most completely recovered (97.4%) using H2 as reductan
at 673 K. When this sample underwent repeated cycle
SO2 exposure/hydrogen regeneration/NO2 adsorption (up to
5 cycles), the total NOx uptake never fell below 95% (wit
respect to the fresh catalyst). The other reductant gases
less efficient with CO regeneration recovering 58.4% of
original capacity. C3H6 regeneration proved to be least e
fective (31.2%), with recovery being only marginally high
than for catalysts which had not undergone regenera
(30%).

DRIFTS spectra of samples after exposure to NO2 at
673 K are shown inFig. 5. Bands at 1432 and 1320 cm−1

are consistent with results for previous studies and were
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Table 1
Summary of NOx released during TPRS experiments

Pretreatment NO2 (mmol/gcat) (Tmax (K)) NO (mmol/gcat) NOx
a (mmol/gcat)

Peak 1 Peaks 2, 3 Peaks 3, 4 Totala

Without SO2 0.0056 (326) 0.175 (573) 0.257 (735) (0.438) 0.424 0.038(760) (0.475) 0.462
SO2 in N2 0.0182 (360) 0.081(605) 0.0438 (723) (0.143) 0.148 0.018 (0.161) 0.166

0.0075(355)
0.0104(753)

SO2 in air 0.0059 (366) 0.0178 (482) 0.0752 (732) (0.099) 0.086 0.051 (0.150) 0.137
0.0079(370)
0.026(500)
0.016(723)

With H2 regeneration 0.019 (370) 0.156 (580) 0.028 (750) (0.380) 0.387 0.063 (0.443) 0.450
0.177 (717)

With CO regeneration 0.0145 (352) 0.166 (666) 0.025 (727) 0.210 0.058 0.268
With C3H6 regeneration 0.0083 (357) 0.0815 (646) 0.0153 (700) (0.105) 0.113 0.031 (0.136) 0.144
Ba/Al2O3
Without SO2 0.0306 (356) 0.0748 (760) (0.1054) 0.107 (0.098) 0.093 (0.203) 0.200

0.016(355)
0.082(800)

SO2 in N2 0.0022 (328) 0.04 (584) 0.09 (775) 0.132 0.074(793) 0.202
SO2 in air 0.0075 (346) 0.0238 (437) 0.0286 (793) (0.076) 0.054 0.069 (0.145) 0.123

0.0165 (602)
With H2 regeneration 0.011 (342) 0.007 (448) 0.040 (800) 0.075 0.01 0.085

0.017 (604)
With CO regeneration 0.018 (352) 0.012 (441) 0.055 (795) (0.108) 0.102 0.009 (0.117) 0.111

0.023 (578)
With C3H6 regeneration 0.0015 (337) 0.062 (541) 0.048 (778) 0.111 0.015 0.126
HCl-treated Ba/Al2O3
Without SO2 0.004 (339) 0.107 (671) 0.065 (746) 0.176 0.03 (786) 0.206
SO2 in N2 0.111 0.033 0.144
SO2 in air 0.011 (351) 0.013 (397) 0.007 (740) (0.063) 0.088 0.008(761) (0.071) 0.096

0.032 (652)
With H2 regeneration 0.0046 (382) 0.0308 (615) 0.0184 (749) (0.054) 0.084 0.007 (0.061) 0.091
With CO regeneration 0.0093 (350) 0.015 (390) 0.009 (737) (0.070) 0.092 0.015 (0.085) 0.107

0.037 (665)

a NOx released calculated as the sum of the integrals of individual peaks or ( ) integral over the whole temperature range.
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Fig. 5. FTIR spectra of Pt/Ba/Al2O3 after NO2 adsorption at 673 and cool-
ing to 298 K with different pretreated samples. (a) Without SO2 treatment,
(b) after SO2 treatment at 673 K in N2, or exposed to SO2 in air at 673 K
with subsequently (c) no regeneration, (d) regeneration in H2, (e) regenera-
tion in CO, and (f) regenerated in C3H6.

tained whether NO/O2 mixtures or NO2 were employed[6,
14,17,19,20]. There were obvious differences in the inten
ties of this band pair after SO2 exposure. After exposure t
SO2 in N2, the intensity of the band at 1320 cm−1 appeared
to increase and the component at 1432 cm−1 decreased com
pared with that of the SO2-free sample. An increase in re
ative intensity at 1320 cm−1 was also found for sample e
posed to SO2 in air and again the intensity of the band
1432 cm−1 was decreased. The intensity at 1432 cm−1 for
the sample after H2 treatment increased compared to sam
without regeneration but without recovering the full intens
of the SO2-free sample. However, after the same regen
tion treatment, the intensity of the band at 1320 cm−1 was
significantly increased compared to samples either with o
without SO2 exposure (Fig. 5d). Sample treated with CO
showed similar trends but to a lesser extent than the
fects observed for H2. For sample regenerated with prope
(Fig. 5f), both peaks appeared with slightly lesser inten
than for SO2-treated (Fig. 5b and 5c) or SO2-free (Fig. 5a)
sample consistent with the lack of storage capacity rege
ation using this reductant (Fig. 4).
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Fig. 6. TPRS of NO (dashed line) and NO2 (solid line) released from
support Ba/Al2O3 on sample (a) without SO2 treatment, (b) after SO2 treat-
ment in N2 at 673 K, or (c) after SO2 treatment in air and then exposure
750 ppm NO2 in N2/air at 673 K and cooled to 298 K and then heated
873 K at 4 K min−1 in a 7.98% air/balance N2 gas mixture (50 cm3 min−1).

3.3. Combined TPRS/FTIR experiments: Pt-free Ba/Al2O3

catalysts

Fig. 6 shows the NOx TPRS profiles from Ba/Al2O3
which had either been directly exposed to NO2 (Fig. 6a)
or exposed to NO2 after treatment in SO2/N2 (Fig. 6b)
or SO2/air (Fig. 6c). Ba/Al2O3 directly exposed to NO2
(Fig. 6a) released NO2 at 350, 600, and 745 K while NO wa
released at 350 and 782 K. For sample after exposure to2
in N2, the ratio of NO/NO2 changed (Table 1) in favour of
NO2. This may have been a consequence of shifting pe
to higher temperature for both NO and NO2 profiles with
virtually no NOx released at 350 K and a greater NO2 re-
lease at ca. 600 K. Despite the differences in TPRS patte
the stored NOx was almost identical to the untreated sam
(Table 1). Sample after exposure to SO2 in air showed a de
crease in the overall storage capacity (Table 1), although the
peak at 350 K reappeared along with a new feature at 44
(Fig. 6c). The peak at 600 K was of intermediate intens
between untreated and SO2 in N2-treated samples, but th
high-temperature peak (788 K) was significantly reduc
NO was released only at the higher of the NO2 desorption
peaks.

NOx desorption profiles from SO2-pretreated sample a
ter regeneration with H2 or CO (Fig. 7a and 7b) were similar
in shape to the profile of the TPRS profile with no regen
ation (Fig. 6c), with NO2 maxima at ca. 350, 440, 600, an
793 K. The main difference was the recovery of intensity
ca. 780 K using either H2 or CO which would account fo
the partial recovery of the NOx storage capacity (Table 1).
Treatment in propene was less successful in recovering
intensity of the high-temperature feature (780 K) and
partial recovery of overall storage capacity (Table 1) was due
to NOx stored which was released in the mid-tempera
range giving maxima at 450, 550, and 650 K (Fig. 7c). A fea-
ture observed at ca. 335 K, and also present for H2 and
,

Fig. 7. TPRS of NO (dashed line) and NO2 (solid line) released from sup
port Ba/Al2O3 after exposure to 750 ppm NO2 in N2/air at 673 K and
cooled to 298 K, and then heated to 873 K at 4 K min−1 in a 7.98%
air/balance N2 gas mixture (50 cm3 min−1) on samples which had bee
exposed to SO2 in air at 673 K and then regenerated with (a) H2, (b) CO,
or (c) C3H6.

Fig. 8. Summary of the relative amounts of NOx released from differen
pretreated supports as a percentage of total NOx released from fresh sample
(1) Fresh sample, (2) exposed to SO2/N2 at 673 K or exposed to SO2 in
air at 673 K and either (3) no regeneration or (4) regenerated with H2 or
(5) regenerated with CO or (6) regenerated with C3H6.

CO-treated samples, was observed albeit of lesser inten
A low intensity peak due to NO was observed at ca. 350
The majority of NO was released for all samples in a s
gle peak around 830 K, irrespective of the reductant use
regenerate the catalyst.

NOx released as a percentage of the original storage
pacity for Ba/Al2O3 exposed to different treatments is su
marised inFig. 8. Unlike Pt/Ba/Al2O3 exposure of the sup
port to SO2/N2 did not reduce the total NOx storage capacity
but did lead to a change in the NO/NO2 ratio (53.5% NO2
without SO2 pretreatment, 64.0% NO2 after exposure to SO2
in N2). Following exposure to SO2 in air, the storage ca
pacity of Ba/Al2O3 was decreased to 52% and subsequ
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Fig. 9. FTIR spectra of support Ba/Al2O3 (a) before NO2 adsorption, then
after exposure to NO2 at 673 K and cooling to 298 K with different pre
treated sample (b) without SO2, (c) after SO2 treatment in N2, or after
exposure to SO2 in air and (d) no regeneration, (e) regeneration in H2, (f) re-
generation in CO, (g) regeneration in C3H6.

H2 treatment led to a further decrease (42%). This sam
fect was not observed for the other reductant molecules
CO treatment reaching 55.5% capacity and propene re
ing 62.5% of the original capacity.

DRIFT spectra of Ba/Al2O3 following various pretreat
ments and then exposure to NO2 at 673 K are shown in
Fig. 9. The band at 1470 cm−1, also present for the ca
cined sample (Fig. 9a), is due to BaCO3. Bands at 1620
1588, and 1557 cm−1 following exposure to NO2 (Fig. 9b)
are assigned to nitrate ions on the alumina[10,13–15]. The
less readily detected 1470 cm−1 band would infer that the
formation of nitrates led to at least partial decomposition
BaCO3, or that the intensity of the broad band at 1310 cm−1,
due to nitrate species on alumina[14], obscured the band a
1470 cm−1. The latter feature was clearly observed, ho
ever, for a sample which had been exposed to SO2 in N2
prior to the NO2 adsorption (Fig. 9c). There was no obvi
ous change in the intensity of bands assigned to adso
NOx compared to the SO2-free sample, consistent with th
NOx capacity figures (Fig. 8, Table 1) which showed tha
SO2 exposure in N2 did not influence the storage capa
ity of the support. Following SO2 in air (Fig. 9d), the band
at 1588 cm−1 was significantly attenuated but a should
at 1370 cm−1, previously undetected, was apparent. O
the samples which had either no previous contact with2
(Fig. 9b) or were treated in SO2/N2 (Fig. 9c) showed a re
solved feature at ca. 1310 cm−1. All others showed a contin
uously rising feature below ca. 1400 cm−1 with an indication
of the shoulder at 1370 cm−1 (Fig. 9d–9g). The latter has
been assigned to Al2(SO4)3 [21,22]. In contrast to the fres
sample, a band at 1155 cm−1 (not shown) was obvious fo
the SO2-exposed samples. Although often used as a cha
teristic for bulk BaSO4 [23], the absence of diffraction fea
tures[18] for this phase for the Ba/Al2O3 (Fig. 1b) suggests
-

d

-

Fig. 10. Summary of the amounts of NOx released from different pretreate
supports as a percentage of total NOx released from fresh treated suppo
(1) Fresh sample, (2) exposed to SO2 in N2 at 673 K or exposure to SO2
in air with subsequently (3) no regeneration, or (4) regeneration with H2 or
(5) regeneration with CO.

that this existed as an amorphous phase or at a low con
tration. No reductant was capable of recovering the alum
sites responsible for the band at 1588 cm−1 (Fig. 9d–9g).

To distinguish effects which arise due to the presenc
Pt from the influence of baria dispersion which can be m
ified by the addition of Pt precursor[14–16], a portion of
Ba/Al2O3 was treated with HCl solution, washed with a
monia, and calcined.

TPRS profiles for HCl-treated support (not shown) w
qualitatively similar to those of Pt/Ba/Al2O3. Fig. 10shows
the released NOx for these samples as a percentage of
storage capacity for the fresh HCl-treated sample. NOx stor-
age was 0.206 mmol/gcat (Table 1), very similar to the
value for the untreated support. Unlike the untreated s
port (Fig. 8) which was unaffected by a similar treatme
exposure of the HCl-treated Ba/Al2O3 to SO2 in N2 reduced
the NOx capacity to ca. 70% (Fig. 10). This was qualita-
tively similar to the result obtained for Pt/Ba/Al2O3 (Fig. 4).
A clear, enhanced influence on the NOx storage capacit
was observed after exposure to SO2 in air (Fig. 10), where
the NOx capacity was diminished to only 35% of the or
inal value. As observed for the standard Ba/Al2O3 support,
HCl-treated support, exposure to SO2 in air and treatmen
in H2 reduced the storage capacity even further (30% of
original). CO, on the other hand, did lead to some leve
regeneration (41% of the original).

Absence of peaks at 1750 and 1470 cm−1 in DRIFT spec-
tra of the HCl-treated support (Fig. 11a) confirm that exten
sive crystalline BaCO3 was not present possibly due to t
well-dispersed barium oxide phase produced after the
treatment or that carbonate formation was suppressed
to poisoning of the relevant sites by chloride ions. As for
standard support, bands at 1620, 1588, 1560, and 1310−1

appeared after exposure to NO2 (Fig. 11b). One difference
was a band at 1430 cm−1, due to monodentate nitrate on b
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Fig. 11. FTIR spectra of (a) HCl-treated Ba/Al2O3 support then after NO2
exposure between 673 and 298 K for different pretreated samples, (b) wit
out SO2 treatment, (c) after SO2 treatment in N2 at 673 K, and (d)–(f)
exposed to SO2 in air at 673 K with (d) no regeneration or (e) regenera
with H2 or (f) regenerated with CO.

ium [14,19] which was obscured (Fig. 9a) in the spectrum
of the standard support by the band at 1470 cm−1 due to
the carbonate phase. The band at 1430 cm−1 was less dom
inant while the band at 1300 cm−1 was slightly increased
following exposure of the sample to SO2 in N2 (Fig. 11c).
As bands at 1620 and 1588 cm−1 due to nitrate on the alu
mina were largely unaffected by this treatment, the los
NOx storage capacity resulting from exposure to SO2 in N2
(Fig. 10, column 2) must result from loss of centres on
baria component. The loss of intensity at 1588, 1560,
1430 cm−1 due to prior exposure to SO2 in air (Fig. 11d) in-
dicates that specific sites on the alumina in addition to s
on baria were poisoned by this treatment which resulted
greater relative loss in NOx capacity (Fig. 10). An additional
modification to the spectrum involved loss of resolution
the 1300 cm−1 band which was replaced by a rising bac
ground below 1400 cm−1 (Fig. 11d). The 1580/1430 cm−1

features were not recovered if SO2 in air was followed by H2
exposure prior to NO2 adsorption (Fig. 11e); however, the
nitrate species on the alumina giving the band at 1588 c−1

could be reestablished to some extent if CO rather than2
was used (Fig. 11f).

Fig. 12shows IR spectra of HCl-treated support expo
to SO2 in air at 673 K before exposure to NO2. As above
(Fig. 11d), SO2 treatment in air followed by exposure
NO2 led to a spectrum where only the band at 1620 cm−1

was apparent, besides the large feature rising from ca. 1
1250 cm−1 (Fig. 11d). If the sample showing these fe
tures was then heated to 873 K, the 1620 cm−1 band was
decreased gradually in intensity and was absent in sp
recorded at 773 K. During heating in air, the feature wh
had appeared as a rising background below 1400 c−1

was replaced at around 473 K by a band at 1386 cm−1

(Fig. 12c) which gained in intensity as a function of tem
Fig. 12. FTIR spectra of HCl-treated Ba/Al2O3 support after SO2 treatment
in air and exposure to 750 ppm NO2 in N2/air at 673 K and cooling to
298 K. Sample was heated in 7.98% air/N2 mixture to 873 K with spectra
recorded at (a) 298, (b) 373, (c) 473, (d) 573, (e) 673, (f) 773, and (g) 87

perature (Fig. 12c–12g), reaching a maximum at 873 K. I
the absence of other adsorptive species this suggests
formation of a previously adsorbed form of SO2.

4. Discussion

Under the conditions employed in this study, the deg
of poisoning following SO2 exposure and the extent of r
covery of NOx storage capacity depend on:

(i) Whether SO2 is introduced in air or nitrogen;
(ii) The presence or absence of Pt;
(iii) The dispersion/chloride washing of baria;
(iv) The choice of reductant.

It will become clear in the following discussion that there
considerable interplay between these factors.

4.1. Adsorption and nature of stored SOx

Consistent with a previous study[24], gaseous O2 was
not essential for SO2 storage for the Pt-containing cataly
with similar suppression of NOx capacity whether SO2 was
admitted in air or in N2 (Fig. 4). SO2 uptake is less fo
catalysts in the absence of Pt[24], although as the overa
NOx storage capacity was also less in the absence of PtTa-
ble 1), the influence of this smaller amount of adsorbed S2
may have a significant effect on the relative amount of re
ual NOx capacity. The presence of O2 was more significan
for Ba/Al2O3 in the absence of Pt, with NOx capacity be-
ing reduced to ca. one-half of the level obtained for SO2 in
air compared with SO2 in N2 (Figs. 8 and 10). Baria dis-
persion/Cl retention also played a role as SO2 in nitrogen
had no effect on the, as-prepared, Ba/Al2O3 sample wherea
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reduced capacity was found for the HCl-washed sup
(Fig. 10).

Although not essential[24] for storage over Pt/Ba/Al2O3
(Fig. 4), SO2 uptake is increased by oxygen due to
hanced SO3 formation [25] which facilitates bulk sulfate
formation [24–27]. XRD indicates bulk BaSO4 formation
following exposure of the Pt/Ba/Al2O3 catalyst to SO2 in
air (Fig. 1d) but this was not detected for Pt-free sam
(Fig. 1b). This is consistent with the diminished SO2 uptake
for Pt-free support[20] and would suggest that in the a
sence of appropriate conditions necessary to convert SO2 to
SO3 such as the absence of gaseous oxygen or oxidation
alyst, sulfate formation is limited to the surface layers. Nx
capacity may be equally affected irrespective of whe
bulk or surface sulfates are formed since NOx storage is
restricted to the surface baria layers[10,11]. Thus SO2 in
N2 or in air have similar effects on NOx storage capacit
(Fig. 4) for the Pt-containing catalyst even though bulk s
fate is only formed for the latter treatment (Fig. 1d).

4.2. Influence of adsorbed SOx on NOx storage capacity

Similar degrees of efficiency of SO2 in N2 or in air in de-
creasing NOx storage capacity could be interpreted as el
ination of NOx storage sites on baria and retention of s
on the alumina since under similar conditions, the latter
hibits ca. 50% of the NOx storage capacity of a Pt/Ba/Al2O3
catalyst[14]. However this is at odds with the FTIR resu
for this sample (Fig. 5) which show that the dominant ban
due to stored NOx appear at 1432 and 1320 cm−1 due to ni-
trates on baria[14,17,20]. Nitrates on alumina appearing
a triplet of bands between 1620 and 1560 cm−1 [14,17,20]
were not readily detected for Pt/Ba/Al2O3 (Fig. 5). How-
ever, this was also the case whether the catalyst had
exposed to SO2 (Fig. 5b and 5c) or not (Fig. 5a), indicating
that storage by baria ratherthan by alumina was the dom
nant process and that SO2 exposure reduced the capacity
store NOx (Fig. 4) by interacting with the former either t
poison the surface layer (SO2 in N2) or to poison surface
sites and produce a bulk sulfate species (SO2 in air).

The greater relative intensity of bands due to nitrate
alumina (1620, 1588, 1310 cm−1) compared with nitrate
on baria (1430 cm−1) for both Ba/Al2O3 samples (Figs. 9b
and 11b) indicates that the alumina made a proportiona
greater contribution to the storage capacity of Ba/Al2O3 than
for Pt/Ba/Al2O3. SO2 in air led to diminished NOx capaci-
ties for both untreated (Fig. 8) and HCl-washed Ba/Al2O3
(Fig. 10) and this treatment led to partial loss of nitra
on the alumina (1588 and 1560 cm−1) and the overall in-
creased intensity below 1400 cm−1. As chelating bidentat
nitrate species on alumina (1588 cm−1) are more thermally
stable than other forms of nitrate[14,20], including bridging
bidentate nitrate (1620 cm−1) which is the least thermall
stable[14] and yet still detected after pretreatment with S2
(Figs. 9d and 11d), it is clear that these specific adsorp
tion sites on the alumina are poisoned by the SO2. Burch et
-

n

al. [28] noted that SO2-pretreated Al2O3 adsorbed less NO
or NO2, indicating site competition between these spe
and that a change in desorption temperature occurre
the more strongly adsorbed NOx . Exposure of the Ba/Al2O3
support to SO2/N2 led to the appearance of an addition
NO2 desorption feature at ca. 600 K (Fig. 6b) which was
not apparent as a resolved feature for the clean suppo
which was further diminished when SO2 was admitted in air
with the appearance of an additional component at 44
(Fig. 6c). It is clear that SO2 exposure changed qualitativ
aspects of the stored NOx as well as the quantitative chang
to the storage capacity.

SOx species responsible for loss of NOx capacity on alu-
mina have been described[28,29] in terms of surface sul
fates giving bands at 1135 and 1070 cm−1. The latter have
been ascribed to a surface sulfite on alumina[30]. These
studies[30] also indicated that molecularly adsorbed SO2,
detected as a band between 1330 and 1336 cm−1, was ob-
served following low-temperature (300 K) adsorption.
this molecularly adsorbed form of SO2 is readily removed
at 373 K[30], it is unlikely that it would offer such resis
tance to NO2 adsorption at 673 K. Stronger bound form
of SOx on alumina are produced by reacting SO2 with
oxygen at high temperatures with a band at 1350[4] or
ca. 1380 cm−1 [22,30] being assigned to theν(S=O) vi-
bration of Al2(SO4)3 [4]. The high thermal stability of thi
species (Fig. 12g) is consistent with behaviour of aluminu
sulfate and sulfated alumina decomposition, the latter sh
ing stability up to and above 873 K[2,24], thus supporting
an assignment of the 1386 cm−1 band to sulfate on the alu
mina [22]. Aluminum sulfates are less readily formed th
barium sulfate[24], consistent with results here where he
ing Ba/Al2O3 from 298 to 873 K (Fig. 12) following expo-
sure to SO2 in air at 673 K only led to significant evolutio
of a band at 1386 cm−1 above 673 K reaching maximum in
tensity at 873 K. Bulk sulfate phases do not show a ban
ca. 1380 cm−1 [31] and it should be assigned to a surfa
rather than a bulk sulfate on alumina phase. This is s
ported by the lack of correlation between this feature
a band at 1035 cm−1 with the latter due to theν(S–O) mode
of the bulk phase sulfate[22]. This assignment is consiste
with data for other bulk sulfate phases[31] and in distin-
guishing surface and bulk sulfates formed on ceria[32]. For
engine bench-aged monolith catalysts, it is believed[2] that
aluminum sulfate exists as a surface layer. The low rela
abundance of the surface aluminum sulfate until reachin
evated temperatures (Fig. 12) would suggest that this speci
was converted from another mode of stored SOx , which is
more likely to have inhibited NOx storage as nitrate on th
alumina (1588/1560 cm−1 bands). As barium sulfate has
greater thermal stability than aluminum sulfate[20], this is
not thought to be the source of SO2 for high-temperature
formation of sulfate on alumina (Fig. 12). It is more likely
that the high-temperature excursion in air converts sur
sulfite species (bands below 1200 cm−1) to surface sulfate
(1386 cm−1) and that the former are responsible for lo
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temperature site blocking and reduced NOx capacity of the
alumina. In the case of ceria[32], sulfates are produced
the expense of sulfite (or hydrogen sulfite) species lea
to the loss of bands below 950 cm−1.

Oxidation of SO2 to SO3 is facilitated by Pt and sulfat
formation is expected at a lower temperature. Loss of NOx
capacity for Pt-containing sample originated in the m
from a loss of baria centres, probably reflecting the eas
barium sulfate formation relative to aluminum sulfate[24].
For reducible oxides such as ceria, sulfate formation may
cur from SO2 in the absence of oxygen[32]; however, it is
difficult here to explain why NOx capacity is reduced whe
SO2 in N2 is admitted to Pt/Ba/Al2O3 (Fig. 4) or HCl-treated
Ba/Al2O3 (Fig. 10). Again it is possible to invoke a role of
lesser oxidised form of SOx such as sulfite[32] as dominat-
ing during SO2 exposure, and acting to block NOx storage
sites or being converted to a surface sulfate during su
quent exposure of the samples to NO2 in air, which then
competes for adsorption sites with the NO2. It should be
emphasised that under the conditions employed, forma
of bulk aluminum sulfate is negligible (Fig. 1), formation of
surface aluminum sulfate is limited (below 673 K;Fig, 12),
and so loss/recovery of NOx storage capacity does not r
volve around these species to any significant extent.

4.3. Influence of reductants on the recovery of NOx storage
capacity

Pt plays a significant role in determining the extent
which NOx capacity is recovered following SO2/air and
then a brief rich cycle. In the absence of Pt, none of
reductants was effective in recovering storage capacity
respective of whether standard or HCl-treated support
employed (Figs. 8 and 10). In fact, post hydrogen exposu
in the absence of Pt actually enhanced the poisoning effe
SO2/air whereas in the presence of Pt, complete NOx storage
capacity recovery was achieved (Fig. 4). The efficiency of
the regeneration process for Pt-containing catalyst poiso
at 673 K, H2 > CO > C3H6 was the same as that observ
for catalysts poisoned at 873 K[2]. In the latter example
samples were exposed to the reductant gas in the absen
oxidant, unlike experiments performed here, and H2S was
evolved[2]. XRD shows that H2 removed the BaSO4 phase
(Fig. 1e) while FTIR (Fig. 5d) shows that NOx storage re-
covery by the baria component occurred. The mechanis
BaSO4 reduction by H2 either involves Pt-promoted (hydro
gen spillover) reduction to produce BaO, SO2, and water or
BaO, H2S, and water[2] or sulfate migration from baria to
aluminum and hence to the metal site where it underg
reduction[13]. Additionally, direct sulfate migration from
baria to Pt might occur although this would probably be li
ited to Pt sites at the interface with baria crystallites or
baria-rich regions of the catalyst. Irrespective of the me
anism involved, sulfate reduction by hydrogen may lead
sulphur deposits generated on the Pt under oxygen-deficie
conditions[13,27,33]. Note that most regeneration studi
f

of SO2-treated NSR catalysts involve a rich operating per
which involves complete removal of oxygen[2,3,27]. Oxy-
gen in the rich mixture is important as it provides a mean
oxidising S deposits on Pt to SO2 [6,27,33]and under con
ditions here would appear to prevent formation of a bar
sulfide phase[3]. At 673 K oxygen is expected to be full
consumed by H2 to produce water over these catalysts[20],
which is able to hydrolyse S deposits on Pt[9]. As NO stor-
age is less in the absence of Pt (Table 1) [14], full recovery of
storage capacity following exposure to SO2 in air followed
by regeneration in H2/air/N2 infers that the Pt surface re
mained S free. Given the greater regeneration efficienc
H2 compared to CO for Pt/Ba/Al2O3 (Fig. 4), we concur[13]
that water is a key component in the regeneration of the
alyst.

Water formation from H2 oxidation is less likely in the
absence of Pt and regeneration is expected[13] to be less ef-
fective. Both Pt-free supports showed worse NOx capacity
following SO2/air then H2/air/N2 than if the latter treatmen
were omitted (Figs. 8 and 10). Although barium sulfate ma
be converted to sulfide in H2 at temperatures above 623
giving a peak at 2θ = 24.1◦ in XRD patterns[3], the lack of
XRD evidence for a crystalline sulfate phase for the s
port (Fig. 1b) would make it unlikely that BaS would b
detected here. This sulfide phase was stable up to 10
in H2/N2 [3] but might be expected to convert to a more o
dised state when heating in an oxidising atmosphere.
would be consistent with FTIR data (Fig. 12) where the
surface aluminum sulfate phase (1386 cm−1) was detected
for the support heated in air above 673 K. An alterna
to oxidation of the sulfide phase involved displacement
carbonate in the presence of CO2 [3]. Ba/Al2O3 in the ab-
sence of Pt showed activity for CO oxidation at 673 K[34],
suggesting that CO2 may have been a component of the g
phase under these conditions. Note that both support sample
showed greater recovery of NOx capacity following heat-
ing in CO compared with H2 (Figs. 8 and 10). However,
FTIR spectra do not show (Figs. 9f and 11f) enhanced car
bonate formation (1470 cm−1) following exposure to CO/ai
compared to hydrogen/air-treated samples (Figs. 9e and 11e)
or to the support where no attempt was made to regen
(Figs. 9d and 11d) and thus displacement of a reduced fo
of stored S by preferential carbonate formation[3] would
not appear to explain the limited (Table 1), but reproducible
improvement in NOx capacity following treatment in thi
gas mixture. These same spectra show recovered intens
1588 cm−1 following exposure to CO/air (Figs. 9f and 11f)
which was not achieved in H2/air (Figs. 9e and 11e) and dif-
ferences in NOx capacity following CO/air compared to th
H2/air may originate in the recovery of chelating bident
nitrate sites[14] on the alumina.

As for higher sulfation temperatures elsewhere[2,3,13],
CO was less effective than H2 in recovering NOx capacity
for the SO2-treated Pt-containing sample (Table 1, Fig. 4).
One could ascribe this difference to the relative ability of
two reductants to interact directly with the sulfate group
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baria, which, for the Pt-containing sample, was the princ
location of NOx storage sites (Fig. 5). However, Limousy e
al. [13] have shown that unless water is included in the f
gas, CO does not produce H2S or COS over a sulfated NOx
trap, while in the presence of water, high emissions of H2S
are detected. The latter assumes that in the absence of
metal sulfides are formed under rich conditions[13,27,33]
which prevent subsequent sulfate reduction and recove
NOx capacity. A weak band at 2115 cm−1 due to CO ad-
sorbed at oxidised Pt centres was observed following SO2 in
air at 673 K and then CO followed by exposure to NO2. This
may reflect the relative strengths of CO adsorbed at oxidise
sites compared to Pt0 [35] with CO being readily displace
at 673 K by NO2 in the gas stream rather than indicati
blockage of the latter sites by S residues. Amberntsso
al. [27] also failed to observe CO adsorbed on Pt0 sites af-
ter exposing the catalyst to SO2 at 673 K, suggesting tha
poisoning of the Pt sites by S may be significant.

Propene in He at 623 K had negligible effects on
band intensities of sulfate species[4] and this was the leas
effective of the three reductant gases used here for
Pt/Ba/Al2O3 sample. SO2 on Pt is highly reactive with C3H6
resulting in S deposits on Pt[36]. In the absence of SO2
and under excess oxygen conditions, the catalyst used
is highly active for propene oxidation at 673 K[20]. As
outlined above, both water[13] and CO2 [3] are benefi-
cial in regenerating NOx storage capacity of SO2-poisoned
catalysts and it might be assumed that combustion p
ucts were not present in significant concentrations un
the rich propene/air/nitrogen pulse. Similarly, propene
composition to yield H2 was also apparently insignifica
given the efficiency of the latter to regenerate SO2-treated
Pt/Ba/Al2O3 (Fig. 4). The minor recovery of NOx capacity
for the Pt-free sample following treatment in propene
be attributed, as for CO, to the recovery of sites where Nx

was adsorbed as a chelating nitrate (1588 cm−1) on the alu-
mina (Fig. 9g). A conclusion which could be drawn from th
limited success in recovering NOx storage capacity for th
Pt-free samples (Figs. 8 and 10) is that the reductant mole
cules are inefficient at directly reducing the sulfate or ot
forms of adsorbed SOx . This provides some support for
mechanism involving migration of a sulfate unit (or oth
form of stored SOx) from baria to the noble metal via th
alumina surface[13,25] followed by reduction on the meta
site, the retention of an S atom, and eventually deactivatio
in the absence of water. The alternative that reductant is
vated on the metal and transferred to the support might
to an equivalent scenario if the H2S released[13] then inter-
acts with the Pt releasing H2 and retaining S. Experiments
distinguish between the two pathways are in progress[34].

5. Conclusions

Exposure of SO2 at 673 K leads to loss of NOx stor-
age capacity due to formation of barium sulfate and o
S-containing species on the support. In the presence o
r,

t

e

,

the former makes the greatest contribution to loss of NOx ca-
pacity whereas for the support alone, SOx adsorption on the
alumina makes a significant contribution to lost NOx uptake.
Sulfates on the alumina are only formed in large quantitie
higher (T > 673 K) temperatures. In the presence of Pt
order of regeneration efficiency was H2 > CO > propene
while in contrast hydrogen was least effective in the abse
of Pt. The presence of oxygen during the rich regenera
period appears be significant as this allows formation of
ter which has the potential to hydrolyse S residues on
noble metal. The use of hydrogen at low temperatures t
lease and reduce stored NOx has the potential to limit sulfat
buildup and thus limit the extent to which deactivation d
to growth of barium sulfate particles take place and to av
thermal degradation of the catalyst which accompanies high
temperature desulfation.
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