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Abstract

In the present study, barium-based N6torage catalysts containing platinum, rhodium, or both noble metals were investigated. The
influence of SQ exposure conditions on the performance of Ns&forage catalysts was studied using flow reactor measurements, FTIR, and
XPS where the samples were exposed to lean and/or righc8@taining gas mixtures, simulating the conditions in a mixed lean application.

The main results show that all samples are sensitive to sulfur and that deactivation is faster wherp&Sent in the feed under rich
conditions than under lean or continuous;S8posure. It was also found that $éffects the performance of noble metals strongly and that

noble metal deactivation most likely occurs during the rich period of g Norage cycle. Additionally, the influence of the noble metals
present in the catalysts was investigated with respect to sulfur sensitivity and it was found that a combination of platinum and rhodium seems
to be preferable for retaining high performance (high NO oxidation and reduction activity) of the catalyst upadap®8ure and subsequent
regeneration.

0 2003 Elsevier Science (USA). All rights reserved.
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1. Introduction poses [8] become, at least partly, oxidized during the lean
periods while the metallic forms dominate during the rich
Increasing environmental concerns have led to a demandperiods [9,10]. Additionally, the NO adsorption/desorption
for more fuel-effective combustion engines. Lean-burn and behavior of the noble metals will be quite different, as dis-
diesel engines are interesting for such purposes because ofussed for rhodium single crystals [11] and barium-based
their higher fuel efficiency compared with stoichiometricen- NO, storage catalysts [5,6,12], depending on the surround-
gines [1]. However, the exhaust from these engines containsing environment. NO-TPD performed with a preoxidized Pt—
a large excess of oxygen, which obstructs reduction of nitro- Rh/BaO/Al ;O3 catalyst releases predominantly NO and O
gen oxides (NQ) to harmless nitrogen in the three-way cat- while the desorption products of the prereduced sample are
alytic converter. One approach to solving this problem is the mainly N,O and N [5,6]. These results agree with single-
so-called NQ storage concept [2-6]. The concept, which crystal measurements, and the behavior is explained by sup-
is sometimes also referred to as the mixed-lean concept [6]pression of dinitrogen formation in favor of recombination
or partial lean strategy [7], is based on adsorption of.NO of dissociated NO [11]. The large differences between the

during longer periods of oxygen excess followed by shorter rich and lean periods make investigations of the system quite
periods of oxygen deficit during which the stored NG a challenge.

released and reduced t@ NHence, the conditions are sub- Since the storage of NQinvolves formation of metal
stantially varied throughout the cycle. For example, the no- hitrates [2-6] the storage compounds usually also show

ble metal surfaces present for oxidation and reduction pur- high affinity for sulfate formation [4,13-18]. This frequently
results in blockage of the storage sites in the catalyst by
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of 500 wt-ppm sulfur, S, corresponds to an exhaust gasdifferent model studies were chosen. Hence, the samples
concentration of about 25 vol-ppm 2Q13]) the catalysts  prepared included the most essential components of a NO
need to be regenerated from sulfur on a regular basis.storage catalyst, i.e., alumina, barium, and noble metals.
During regeneration, usually reduction at high temperature, To keep the studied systems simple, the model exhaust
the adsorbed sulfur is released asSHHCOS, and some SO contained only propene, nitric oxide, and oxygen during
[14,18]. the lean periods, while the rich phases contained propene

Previous studies have suggested that the poisoning isand nitric oxide. These conditions were chosen even though
dependent on accumulated sulfur exposure rather than orprevious studies had shown that carbon monoxide and
SO, concentration [13,18]. The exposure temperature, in the hydrogen are the most effective reductants for regeneration
working interval of a NQ storage catalyst, seems to be of of NO, storage catalysts [26]. For the chosen conditions,
minor importance in the deactivation by ${15]. Forma- we have found that the NOstorage capacity as well as the
tion of sulfates on the catalyst surface and eventually in the NO oxidation and NO reduction functions samples remain
bulk material of the catalyst occurs in the presence of oxygenat the same levels also after lean—rich cycling for 48 h
[13,15,16]. FTIR investigations have also shown that forma- corresponding to 500 cycles.
tion of sulfates takes place under rich conditions as well [19].  To obtain relevant spectroscopic information the noble
Similar results have been obtained by, among other groups,metal loading was somewhat higher in the samples used
Matsumoto and co-workers [20], who concluded that dop- for the XPS study. For the FTIR study hydrogen was used
ing the conventional barium-on-alumina catalysts with, e.g., as reductant to minimize interference between the spectral
titania or zirconia, prevents sulfur poisoning to some extent. features from nitrate and carbonate surface species.
Further, these authors also realized that the smaller the sul-
fate crystals, the easier the decomposition and hence the cat2.1. Catalyst preparation
alyst regeneration [21,22].

Previously we observed that the deactivation of ,NO The preparation route for the monolith catalysts has
storage catalysts is more rapid when the sulfur{S€S, previously been described in detail [6,27] and is only
or COS) is present only during the rich phase compared briefly summarized here. The catalysts prepared are listed
with when it is added only in the lean period [19,23]. It was in Table 1.
suggested that this behavior may be related to poisoning of ~Cordierite substrates (cylindricatp = 20 mm, L =
the noble metals or the NCstorage sites in the vicinity of 15 mm, 400 cells per square inch) were first coated with
the noble metal particles. 500 mgy-alumina and subsequently with 75 mg barium

Previous studies on noble metal-based three-way cata-oxide (derived from Ba(Ng)2 from Aldrich). The washcoat
lysts have shown that platinum is poisoned by sulfur under Was deposited by first immersing the substrate into an
rich conditions, possibly by formation of a S layer on the aqueous slurry of 80 wt%-Al203 (Puralox, Condea) and
platinum, which can be removed under oxidizing conditions 20 Wt% boehmite (Disperal, Condea). The excess slurry
[24,25]. was gently removed by blowing air through the monolith

In the present study, the influence of sulfur exposure channels. After removal of excess slurry the samples were
conditions on the deactivation of a series of three model dried and subsequently calcined. The coating procedure was
NO, storage catalysts with different noble metal com- repeated until the desired amount of alumina was deposited
positions was investigated. The catalysts/B2tO/Al,Os, and the samples were then calcined for 90 min at°6D0
Rh/Ba0/Al,03, Pt-RiyBaO/Al»Os3) were prepared in our N air. The barium oxide was deposited in a similar way
laboratory. The effect of adding $@ a synthetic lean-burn using an aqueous solution of barium nitrate. The washcoat
exhaust (containing NO,4Elg, Oz, and Ar) on the NQ stor- composition corresponds to 15 wt% BaO and 85 wt%Q4l
age catalyst under either the lean period, the rich period, or(0-49 and 4.9 mmol, respectively).
continuously during a NQ storage cycling procedure was
studied. The results pointed toward faster deactivation of Table 1
NO, storage capacity under rich exposure tp$@n when  Catalysts’ Overview of studied catalysts

SO, was present only during the lean cycle period. More- Sample Type  Ptcontent Rh content
y . - . y . .

over, there were strong indications that these findings can be (Wt%) (Wt%)
associated with interactions of sulfur with the noble metals 3 wi% PyBaO/Al,03 Monolith? 3 -
in the samples. The deactivation was found to be less severe wt% PyBaO/Al>03 Monolith 2 -
when combining platinum and rhodium in the catalysts. 3 wt% Pt-1.5 wi% RjBaG/Al03 - Monolith 3 L5

2 wit% Pt-1 wt% RIiBaO/Al,O3  Monolith 2 1

1 wt% RhyBaO/Al»,03 Monolith -

2 wit% PyBaO/Al,03 Powdef 2 -

2. Experimental procedure a All washcoated samples contained 15 wt% BaQealumina. Powder

. . . . o samples contained 20 wt% BaO gralumina.
To simplify and isolate specific characteristics related to b por xps.

sulfur deactivation of N@ storage catalysts, a number of ¢ For FTIR.
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After washcoating, the samples were impregnated with of 38,000 1. Each experiment contained three sulfur-
solutions of the nonhalide platinum and/or rhodium salts free (to be used as references) and 15 sulfur-containing
(Pt(NG3)2 from Hereaus and Pt(NH4(OH), and Rh(NQ)2 storage/regeneration cycles. During the cycles, the NO,
from Johnson Matthey), and before use, all catalysts wereNO2, N2O, and total NQ traces were recorded. From these
calcined at 600C for 90 min and reduced at 50Q for traces the N@ storage, NO oxidation (lean phase), and NO
30 min. reduction (rich phase) capacities were evaluated as function

For the FTIR measurements powder samples o8RO/ of sulfur exposure. Each 5-min period supplied in total
Al,03 were prepared using the same preparation procedurel5 pumol of sulfur and 244 pumol of nitrogen oxide. The
as described previously [6] and the same starting materialsrelative NO oxidation activity for each cycle was calculated

as for the monolith samples. as thef1 — (NOgpyt/NOjn)] x 100 after 4.5 min for each lean
SO, exposure. The corresponding NO reduction activity for
2.2. Flow reactor experiments each cycle was calculated as [(ING- NOoyt) /NOin] x 100

after 4.5 min of rich S@ exposure.

Each monolith sample was placed in a quartz tube flow
reactor system, described elsewhere [28], containing mass2.2.3. Regeneration from sulfur
flow controllers, temperature control, and instruments for  To investigate the influence of the noble metal composi-
measuring the concentrations of NO, N@hemilumines- tion on the sulfur regenerability of the samples, the deac-
cence), and PO (IR). The experiments were performed by tivated catalysts were reduced in 2 vol% Hit 750°C for
exposing the samples to synthetic gas mixtures, simulat-30 min and subsequently exposed to sulfur-free lean—rich
ing NO, storage/release cycles in a mixed lean application NO, cycles as described above.
[2—6]. The (net oxidizing) adsorption mode was performed
in a mixture of 8 vol% @, 400 vol-ppm NO, and 500 vol-  2.3. Characterization
ppm GHe balanced with Ar (total flow 3000 njimin). The
temperature was 40, which is close to the maximumin 2.3.1. XPS
NO, storage observed for this type of catalyst [6,29]. The  XPS analysis was performed using a Perkin—Elmer PHI
equilibrium ratio between NO and NGs close to 1 for 5000C system equipped with a pretreatment cell allowing
400 vol-ppm NO in 8 vol% @ at 400°C. The adsorption  the samples to be exposed to various gas mixtures and to
time was 5 min, which was sufficient to saturate the ,NO be transferred between the pretreatment cell and the UHV
storage capacity of the samples. The N€dorage capacity = chamber without being exposed to air. The analysis was
results below are presented in relation to the initial value for performed on small pieces of 3 wt% /MBaO/Al,O3 and
each monolith as a function of the S dose or as a function 3 wt% Pt-1.5 wt% R}iBaO/Al,O3 samples after different
of time. The rich excursions were performed by switching pretreatments.
off the oxygen flow and compensating with Ar to maintain The samples were initially reduced in 8 vol% Ht
constant flow for another 5 min. This is not a realistic time 500°C for 30 min and then oxidized in 19 vol% >Cat
for the rich periods in an engine application, but since the 400°C for another 30 min. This pretreatment was chosen
objective of the study was to investigate the influence of sul- to be as similar as possible to the pretreatment used in the
fur exposure conditions, equally long periods were used for flow reactor experiments. After the pretreatment the samples

storage and reduction. were exposed to either a lean or a rich,S@ntaining gas
mixture. The lean gas mixture contained 8 vol% @00 vol-
2.2.1. Pretreatment ppm NO, 500 vol-ppm gHg, and 25 vol-ppm S@ The
The samples were pretreated by reduction in 2 vol% H rich mixture had the same composition but with oxygen
at 500°C for 30 min, oxidation in 10 vol% @at 400°C for excluded. The exposure temperature was400

another 30 min, and exposure to 15 sulfur-containing cycles  The total sulfur exposure time (4 h) and S{bw (total

(400 vol-ppm NO, 500 vol-ppm £Hg, 25 vol-ppm SQ, flow approximately 30 mimin) correspond to an exposure
and 0 or 8 vol% @ in 5-min-long rich and lean periods, for 20 min with 3000 mymin in the flow reactor since the
respectively), followed by reduction at 75 in 2 vol% sample pieces were approximatelylDth the size of the

H, for 30 min and repetition of the oxidation step. The corresponding monolith samples used in the flow reactor
final reduction and oxidation step was performed to provide study. This was expected to result in about 50% loss of NO
a stable starting material and to remove adsorbed sulfurstorage capacity under lean exposure and 80% loss for rich

species. exposure (see below).
After SO, treatment the samples were reduced in 8 vol%
2.2.2. Sulfur exposure H» at 550°C for 30 min. This procedure was repeated twice.
The influence of sulfur on NQ storage performance XPS spectra were recorded after prereduction, sulfur

was studied by adding 25 vol-ppm @ the gas mixture  treatment, and both postreductions. The XPS spectra were
during the lean, rich, or both periods. The total gas flow recorded using non-monochromatic AlzKadiation and the
was 3000 mimin, which corresponds to a space velocity Pt 4f, Rh 3p3/2, S 2p, and Al 2 levels were studied. The
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Fig. 1. NO, NG, total NO, and NyO traces for selected lean/rich cycles when a 2 wt% Pt—1 wt¥BR60/Al,O3 sample is continuously exposed to 25 vol-
ppm SGQ at 400°C. Lean gas mixture: 8 vol% £ 400 vol-ppm NO, 500 vol-ppm £Hg. Rich gas mixture: 400 vol-ppm NO, 500 vol-ppmids. Lean time:
5 min. Rich time: 5 min.

energy scale was calibrated by adjusting the Alp2ak to i. The NO, storage capacity of the sample decreases with
119.3 eV [30]. time, as indicated by the NOtrace, which assumes

a more square-like shape during lean periods as SO
232 FTIR exposure is increased.

ii. The NO, signal during the rich periods increases with

FTIR experiments in diffuse reflectance (DRIFT) mode exposure time, indicating loss of reduction activity of
with a Bio-Rad FTS6000 spectrometer equipped with a the noble mgtals. . . . .
Harrick Praying Mantis DRIFT cell. The powder sample - N.O formation during the rich excursions increases

Characterization of CO on Pt was studied by in situ

was initially oxidized in 10 vol% @ at 500°C for 15 min with SO exposure time, which also may indicate
and then reduced in 10 vol%Hat 500°C for 15 min. deactivation of the reduction function of the noble
metals.

A background spectrum was then taken at'60for the

reduced sample. The sample was then exposed to 2 vol% )
CO until the area of the adsorption band at about 2050%cm Two different types of NO breakthrough peaks are ob-
was constant. The sample was then oxidized and reduced aS€Ved in Fig. 1. The first type occurs when switching from

described above, and exposed to a mixture of 100 vol-ppm!ean to. rich conditions. This peak decreases rapidly with
SO, 1000 vol-ppm NO, and 2 vol% #in Ar at 400°C for increasing S@ exposure. The second type occurs when

10 min. After a slight reduction~¢ 5 min in 2 vol% Hp) the switching from rich to lean phase. This peak appears after

sample was cooled to S€ and again exposed to 2 vol%s CO & Short period of sulfur exposure and remains. _
until saturation. When the corresponding curves for the experiments with

SO, present only in either the lean or the rich period are
compared (displayed in Fig. 2), the above-mentioned fea-
tures are observed for both cases. However, under lean SO
exposure the breakthrough peak occurring when the condi-
tions are switched from lean to rich disappears significantly
Fig. 1 shows the NO, N total NO, (NO + NOy), and faster than under rich sulfur treatment. The opposite behav-
N2O (enhanced by a factor of 10) traces for every third ior is observed when the oxygen is turned back on: thg NO
learyrich cycle in an experiment with continuous S5&xpo- overshoot in the beginning of the lean period develops much
sure performed with a 2 wt% Pt-1 wt% RI8 wt% BaQ more rapidly when the SfJs present during the rich period.
84 wt% Alb,O3 sample (abbreviated Pt—RBaO/Al 203 be- Another observation is that the NOeduction during the
low). The six cycles shown were measured after exposure torich period is more affected when the catalyst is subjected to
SO, doses of 0 (sulfur-free reference), 61, 152, 244, 335, and sulfur under the oxygen deficit period.
427 umol, respectively. The figure displays the same charac- If the amount of stored NOfor each cycle in the above-
teristics as previously discussed by Engstrém et al. [13]: described experiments is calculated as the shadowed area in

3. Resaults
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Fig. 2. Outlet traces of NQwhen a 2 wt% Pt-1 wt% RtBaO/Al,O3 sample is exposed to 25 vol-ppm $@ 400°C under either (a) the lean or (b) the
rich cycle period. The arrows indicate where S®present in the gas mixture. Lean gas mixture: 8 vol3p4D0 vol-ppm NO, 500 vol-ppm §Hg. Rich gas
mixture: 400 vol-ppm NO, 500 vol-ppm4Eig. Lean time: 5 min. Rich time: 5 min.
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Fig. 3. Normalized NQ storage capacity during lea\), rich (O), or
continuous [(J) exposure to 25 vol-ppm Sat 400°C of 2 wit% Pt—1 wt%
Rh/Ba0/Al,03 as function of (a) S@exposure time and (b) S@&xposure
dose. Lean gas mixture: 8 vol%(400 vol-ppm NO, 500 vol-ppm £Hg.

Rich gas mixture: 400 vol-ppm NO, 500 vol-ppmlds. Lean time: 5 min.
Rich time: 5 min.

Fig. 1 [6], normalized to the initial value (corresponding to
the value received for the initial, sulfur-free cycle in Fig. 1)
and plotted versus the S@xposure time or SPexposure

dose (see Fig. 3) the NOstorage deactivation rate under

time. The figure shows that under lean sulfur exposure of Pt—
Rh/BaO/Al,03, the NQ, storage capacity declines by 50%
after about 40 min and complete deactivation is not observed
in less than about an hour on stream. The corresponding
values for the rich S@treatment experiment are about 20
and 40 min, respectively. Hence, the deactivation rate is
significantly higher under rich sulfur exposure than under
lean exposure. Fig. 3a also shows that the continuous
exposure procedure affects the catalyst in a similar way as
the rich exposure when displayed versus time. Note that in
the continuous case, twice the amount of,S® supplied
per time unit. If the same results are instead plotted versus
supplied S@ dose (see Fig. 3b), the continuous exposure
ends up at an intermediate deactivation rate compared
with the lean and rich exposures. Still, the rich exposure
procedure results in the most severe deactivation, where the
sample is completely deactivated at half the dosage of the
lean exposure and two-thirds of the dosage of continuous
exposure. In both Figs. 3a and b, the values fluctuate at
lower NO, storage values. This is due to the small amount
of NO, stored and small variations will seem large after
normalization.

In Fig. 4 the results of lean (a) and rich (b) 5&xposure
of Pt—-RlyBaO/Al,03 are compared with the corresponding
results for the 2 wt% PR3 wt% BaQ85 wt% AlLO3
catalyst (abbreviated fBaO/Al,O3 below). The figure
shows that behavior similar to that described in Fig. 3 for
Pt—RlyBaO/Al 03 is also apparent for PBaO/Al,03; the
SO-rich exposure causes more rapid deactivation than the
lean exposure. Additionally, it is evident that the deactivation
under lean conditions is almost identical in rate for the
different samples. However, during the rich sulfur treatment,
the deactivation rate differs between the catalysts and the
Pt/BaO/Al,O3 sample is deactivated considerably faster

the different exposure conditions can be evaluated. Fig. 3athan the Pt—-RfBaO/Al,O3 catalyst. The PBaO/Al,03
displays the sulfur deactivation as a function of exposure sample has lost 50% of NCstorage capacity after 10 min
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switching from lean to rich, and S0n the rich period seems
to have an enhancing effect on occurrence of the peak when
switching from rich to lean composition.

The XPS spectra of (a) Sp2 (b) Pt 4f, and (c) Rh
3p3/2 for Pt—-RlyBaO/Al>03 recorded after lean and rich
SO, exposures are displayed in Fig. 6. The first spectrum
(Fig. 6a) shows that under rich exposure the amount of

sulfur accumulated in the samples is very low compared with
| | Rifhsoze"""ST'e | | . lean exposure. Under both exposure conditions the sulfur
0 10 20 30 40 50 60 is accumulated as sulfate (9 deak positioned at 169 eV
[31]), which is in agreement with Engstrém et al. [13].

The Pt 4f spectra (Fig. 6b) show peak maxima at 71.5
Fig. 4. Normalized NQ storage capacity during lean (dashed line) or rich  and 74.9 eV after rich exposure and 74.3 eV with shoulders
(solid line) exposure to 25 vol-ppm $@t400°C of 2 wt% PYBaO/Al 203 at71.8and 77.0 eV after lean $€xposure. These peaks are
(A) and 2 wt% Pt-1 wit% RIBaO/Al,O3 (O) as a function of S© . . .
exposure time. Lean gas mixture: 8 vol%,@00 vol-ppm NO, 500 vol- dominated by metallic platlnum (Ptf4/2 occurs at 71 eV
ppm GsHe. Rich gas mixture: 400 vol-ppm NO, 500 vol-ppmaids. Lean and Pt 45> occurs at 74 eV for PBt[31]) for the rich SQ
time: 5 min. Rich time: 5 min. treatment and probably to a mixture of°Rind platinum
oxides (the Pt 47,2 peaks for PtO and PtOare located

rich SG exposure while the corresponding capacity of the around 73 and 75 eV, respectively [31,32]) for the lears SO

Pt—RlyBaO/Al,03 sample exceeds 50% of the initial NO treatment: i — .
storage capacity after 20 min rich sulfur treatment. The third pair of spectra, shown in Fig. 6c, indicates
In Fig. 5 are shown the NO traces for (a) the lean and that Rh is also affected by the different treatments. The

(b) rich SG exposure experiments with Pt—-FBaO/Al ,03. rhodium signal is mugh more intense. after Igan thgn after
Several features are revealed in this figure. First, the NO fich SQ; treatment. This may be associated with enrichment
signal assumes the shape of a square pulse with increasiné’f rhodium at the surface in an oxidative atmosphere [17,33].
SO, exposure under both lean and rich S@xposure. A second observation is that the Rip33, peak at 497 eV,
Together with the traces displayed in Fig. 2 it is obvious that o0bserved following rich sulfur treatment, corresponds to
NO, storage ability decreases with increasing sulfur dose. metallic rhodium. After lean treatment, on the other hand,
The decrease is faster under rich exposure than under leanthe Rh 33,2 peak, is observed 498 eV. For Rlis3; a shift
as discussed above (see also Fig. 3). from 307 to 308 eV has previously been correlated to@h

As discussed in Fig. 2, breakthrough peaks occur at theformation [31]. In Fig. 6¢c an upward shift of about 1 eV is
switch between lean and rich conditions. Fig. 5 clearly observed for the B3> peak, making formation of RiD3
shows that these peaks originate from NO and that they area reasonable assumption. However, it should be noted that
effected in opposite ways: $0n the lean period seems to  Pt(SQy)2 and Ri(SOy)3 have been reported to be formed
have a suppressing effect on occurrence of the peak wherafter SQ and Q@ treatment [34] and most Rt species
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Fig. 5. Outlet traces of NO (a) in the presence of 25 vol-ppm 8@ing the lean period only (8 vol% 4500 vol-ppm GHg, 400 vol-ppm NO) and (b) in
the presence of 25 vol-ppm $@uring the rich period only (500 vol-ppmgElg, 400 vol-ppm NO) at 400C of a 2 wt% Pt—1 wt% RfBaO/Al,0O3 sample.
Lean time: 5 min. Rich time: 5 min.
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Fig. 6. XPS spectra of (a) Sp2 (b) Pt 4f, and (c) Rh 33, after
rich (solid line) and lean (dashed line) g@xposure of a 3 wt% Pt—
1.5 wt% RKyBaO/Al,03 sample. Rich S@treatment: 25 vol-ppm S£
400 vol-ppm NO, and 500 vol-ppmgEig for 4 h at 400°C. Lean SQ
treatment: 8 vol% §, 25 vol-ppm S@, 400 vol-ppm NO, and 500 vol-ppm
C3Hg for 4 h at 400°C.

show Rh 35/, peaks close to 308 eV [31], making certain
assignments difficult.

Fig. 7 shows the IR absorption of CO on platinum
in a PyBaO/Al,O3 powder sample before and after rich
SO, treatment. From the figure it is obvious that the CO

259
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1 | 1
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Fig. 7. Chemisorbed CO on 2 wt% Pt of fresh (oxidized in 10 vol%f@
15 min followed by reduction in 10 vol% #ifor 15 min at 500 C) and
SO,-treated (100 vol-ppm S£) 1000 vol-ppm NO, and 2 vol% #lin Ar
at 400°C for 10 min) 2 wt% PtBaO/Al,03 powder catalyst detected by
FTIR.
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Fig. 8. NO; storage capacity normalized to initial value for fresh,
sulfur-treated, and regenerated 2 wt%BaO/Al,O3, 1 wt% RlyBaO/
Alo0g3, and 2 wt% Pt—1 wt% RHBaO/Al,03. Sulfur exposure procedure:
15 lean/rich cycles in 8 vol% (lean, 5 min) or 0 vol% (rich, 5 min),O
400 vol-ppm NO, 500 vol-ppm $Hg, and 25 vol-ppm S@ at 400°C.
Regeneration procedure: 2 vol%ldt 750°C for 30 min.

Fig. 8 gives the NQ storage capacities for F@aO/
Al,03, Rh/BaO/Al,03, and Pt—RIiBaO/Al;,0O3 before
and after sulfur treatment, and after sulfur regeneration
normalized to the fresh state. The figure indicates that all
samples are completely deactivated after the 8&posure
and that the NQ@ storage ability is recovered after the
regeneration procedure. The regeneration does not restore
the full initial NO, storage capacity in any case and from the
figure it is clear that the samples containing either platinum
or rhodium only regain about 30% of the initial N@torage
capacity. However, the sample including both noble metals
shows much higher regenerability and recovers about 80%
of the initial value.

This regenerability is studied in Fig. 9, which shows XPS

chemisorption on the noble metal is drastically decreasedS 2p spectra recorded for fresh, S@eated, and hydrogen-

when the sample has been exposed to, $@der rich
conditions.

regenerated PBaO/Al,O3 and Pt—RIiBaO/Al,O3 sam-
ples. The figure again shows that large amounts of sulfates
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Fig. 9. XPS S 2 spectra of (a) 3 wt% PBaO/Al,O3 and (b) 3 wt% Pt— 0 T T 1
1.5 wt% RlyBaO/Al,Og3 after prereduction, i.e., fresh (solid line), 80 PYBaO/AL O, Rh/BaO/AlLLO; Pt-Rh/BaO/AlLO;
treatment (small-dashed line), regeneration for 30 min (dashed line), and (b)

additional 30 min regeneration (dotted line). Prereduction was performed in
8 vol% Hy for 30 min at 500 C. SG treatment was performed in 400 vol-
ppm NO, 500 vol-ppm gHg, and 25 vol-ppm S@for 4 h at 400°C and
regenerations were performed in 8 vol% fér 30+ 30 min at 550 C.

Fig. 10. NO (a) reduction and (b) oxidation activities for Ba@D,O3
catalysts, during rich and lean conditions, with different noble metal
compositions (2 wt% Pt, 1 wt% Rh, 2 wt% Pt—1 wt% Rh) as a function
of treatment. Lean gas mixture: 8 vol% 100 vol-ppm NO, 500 vol-ppm

C3Hg, 0 or 25 vol-ppm S@. Rich gas mixture: 400 vol-ppm NO, 500 vol-
are formed after S@treatment. However, after hydrogen ppm GsHe, 0 or 25 vol-ppm S©. Temperature: 400C. Lean time: 5 min.

treatment the sulfur signal decreases significantly for the Rich time: 5 min.
sample containing both Pt and Rh already after 30 min of

regeneration in bl at 550°C. After 60 min reduction, the  posure. Moreover, Fig. 10b also shows an increase in NO

sulfur signal has disappeared. For the sample including only oxidation activity with sulfur exposure for FBaO/Al 03
Pt as noble metal, the sulfur signal is only slightly decreased and Pt—-RIiBaO/Al ;0s.

even after 60 min of reduction.

Fig. 10 shows the corresponding activities for NO ox-
idation during the lean periods and NO reduction during 4. Discussion
the rich periods after the same treatments as in Fig. 8. An
apparent loss of NO reduction activity for/BaO/Al,03 This study indicates, as can be seen in Figs. 2-5, that
is displayed in Fig. 10a. The figure clearly shows that the deactivation of the NQ storage catalysts is much more
loss of reduction activity is far more severe for this sam- rapid in the presence of SQunder rich than under lean
ple than for the corresponding rhodium-containing samples. conditions which also is in line with some previous reports
Above 80% of the NO reduction activity measured for the [19,23]. The following is often assumed as the mechanism
fresh catalyst is still available for RBaO/Al,03 and Pt— for sulfur deactivation of N@ storage catalysts: nitrate
Rh/BaOQ/Al,03 after 150 min of continuous SOexpo- formation is gradually hindered as more and more of the
sure. This should be compared with about 15% observed forstorage compound becomes stable sulfates [15,17]. Then
Pt/BaO/Al,03. However, as shown in Fig. 10b, the NO ox- SO, is oxidized to S@ and sulfates are formed with the
idation activity behaves in the opposite way; the oxidation storage compound, e.g., Bag(B5]. This may well be
activity of Rh/BaO/Al,03 decreases strongly and only 25% an important mechanism for lean conditions. However, it
of the initial NO oxidation activity remains after sulfur ex- seems to be more important to consider the effect of sulfur
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under rich conditions. The findings in this work suggest that show evidence of sulfate formation. However, the features
interaction of sulfur with the noble metals plays a significant are relatively broad and we cannot exclude some sulfur de-
role in this respect. posits on Pt. It should also be noted that the exposure of this
The noble metals seem to have different roles in the sample was not severe (see Experimental Procedure). Fur-
NO, storage regeneration cycles. Two obvious events onther, some sulfur may have transformed to form stable bar-
the noble metals are NO oxidation to MQvhich precedes ium sulfates during the time between exposure and analysis.
the storage of N@, and reduction of NO to Nunder rich Moreover, both platinum and rhodium sulfides (as well as
conditions. All samples investigated show an affected rate elementary sulfur) have been detected with this technique
of both reactions as a function of the time they have been previously, both under exposure to $énd HS, by Nasri
exposed to S@ The effect depends both on the exposure et al. [37] for metals supported on silica. Further, platinum
conditions (i.e., S@in lean, rich, or both periods) and the particles deposited on alumina for hydrogenation of aromat-
noble metals composition of the catalyst. ics have been reported to form mobile platinum sulfide (PtS)
Under rich conditions the Rh-containing samples seem and agglomerates in the presence ofSH38]. Sulfur ac-
to be more resistant to sulfur deactivation regarding,NO cumulated in barium-based NGtorage catalysts is known
reduction activity (see Fig. 10a) than samples with only Pt to be released, at least partly, as3Huring severe hydrogen
as the noble metal. However, with respect to NO oxidation treatment[14]. Itis also well known thati3 will be formed
activity the most rapid decrease in activity is observed for from SQ during rich periods [41]. Additionally, Sedlmair
samples with only Rh as the noble metal (see Fig. 10b). and co-workers [39] recently reported EXAFS observations
Pt seems to cause the opposite behavior: a more rapidof PtS species after exposing & BaO/Al ;03 type catalyst
deactivation of NQ reduction under rich conditions and to a mixture of propene and $OThese conditions are sim-
a less severe decrease in NO oxidation activity under leanilar to those used here, except for the presence of NO.
conditions. Actually, an increase is observed for the latter ~ Oxidation of sulfur deposits may provide an explanation
reaction (this is commented on below). for the fast deactivation of the storage capacity under rich
A further indication of the interaction between sulfur sulfur exposure as follows: Under rich conditions sulfur
and the noble metals is the development of the observedspecies, either elementary, sulfidic, or some other kind of
NO desorption peaks. These peaks are of two different reduced sulfur, are adsorbed on the noble metal. When the
natures: The first type, occurring when the conditions are gas mixture is switched to oxygen excess, these deposits
switched from lean to rich, has previously been assigned toare oxidized, primarily to S§ and eventually spill over
NO adsorbed on the noble metals [6] or a need to removeand form barium sulfates on storage sites close to the noble
adsorbed oxygen on the noble metal surface before reductiormetals. These sites have previously been acknowledged to
can take place [10,36]. The second type, occurring when be of major importance for NOstorage [29,42]. Thus, the
the oxygen is turned back on, appears when the sampledormation of sulfates at these sites would be expected to
are exposed to sulfur. This peak has in earlier studies beersignificantly affect NQ storage capacity.
correlated to blockage of noble metal sites by sulfur species The deactivation of N@ storage capacity depends not
[13,15]. It grows much faster under rich 2@xposure than  only on the conditions for sulfur exposure but also on the
under lean and may therefore be connected to blockage ofnoble metal composition. During S@&xposure under rich
noble metal sites by reduced sulfur. The sulfur species will conditions (Fig. 4), the presence of rhodium in the catalyst
prevent NO and @from reaching the noble metal surface decreases deactivation rate compared with platinum only.
and hence inhibit the formation of NQwhich is crucial However, under lean SCexposure the deactivation seems
to nitrate formation on the storage compound [2-6,12,19, to be independent of the noble metals present in the catalyst.
29,32]. Elementary sulfur deposits have previously been Hence, it may be suggested that the sulfation mechanism
detected on platinum under oxygen deficit [24,25,34] and by wich the storage sites become trapped as sulfates may
have been reported to oxidize to 3 exposed to oxygen, dominate under such sulfur exposure.
with recovered noble metal surface as a consequence [34].  As mentioned above an increase in the NO oxidation
Also, the spectroscopic studies show the interaction of rate is observed after S@xposure for the PBaO/Al,03
the noble metals with sulfur. The in situ FTIR experiment samples. This behavior has been reported previously by
(Fig. 7) shows that platinum is significantly affected by Efthimiadis et al. [43,44] and was assigned to blockage of
exposure to sulfur. The disappearance of a CO-Pt peakthe NO, reduction sites on the support (i.e., the Niormed

for the sample that had been exposed to, $@der rich is not reduced and, accordingly, the outlet N®increased)
conditions shows that the Pt sites become blocked by sulfurby Burch and Watling [45]. The present results may be
[24,25,34,38,39]. explained by a failure of the samples to be saturated with

The XPS study of the deactivated samples shows forma-stored NQ after 5 min in the fresh state, yielding a too low
tion of sulfates (most likely via S¢) and formation of Ptand  an initial value to normalize to. Another explanation may be
Rh oxides after lean treatments. Platinum sulfate, PA{SO that the formation of platinum oxides is diminished by-50
(Pt 4f7,2 peak at 74.6 eV [40]), has also been reported to oc- which may reduce the oxides to metallic platinum while
cur [34]. The Pt spectrum after rich 3@eatment does not  forming sulfite and sulfate [46]. The N®IO, equilibrium
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over platinum has been reported to be reached faster ovelSO, exposure but retained good N@eduction ability. The
the metallic phase compared with the oxides [32]. A third opposite behavior was observed for the sample containing
and in our view more likely possibility is sintering of the Pt only platinum. However, the sample containing both plat-
particles. Is has been shown that larger Pt particles are morénum and rhodium maintained NO oxidation activity during
effective catalysts for NO oxidation [32] and that Pt sinters the lean periods as well as maintained N@duction activ-
under similar conditions [47]. ity during the rich periods. Finally, the noble metals present
If the sulfur increases the noble metal sintering, not only in the catalysts were also determined to affect the sulfur re-
will the active surface area be decreased (less oxidation andgeneration in hydrogen at 78C. The present data showed
reduction sites) but the NOstorage function will also be  that recovery of NQ storage capacity was satisfactory only
obstructed as the interface between the noble metal andfor samples containing both rhodium and platinum.
the washcoat, NQ storage compound included, becomes
smaller. This implies that one of the most crucial steps in
the NO, storage mechanism, NGpillover from the noble ~ Acknowledgments
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