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Abstract

We have investigated the regeneration of a nitrated or sulphated model Pt/Ba-baseylCatalyst using different
reductants. Blwas found to be more effective at regenerating the, Ntforage activity especially at lower temperature, but
more importantly over the entire temperature window after catalyst ageing. When the modsthixige catalyst is sulphated
in SO, under lean conditions at 65C almost complete deactivation can be seen. Complete regeneration was not achieved,
even under rich conditions at 80C in 10% Hy/He. Barium sulphate formed after the high temperature ageing was partly
converted to barium sulphide on reduction. However, if therétluced sample was exposed to a rich condition in a gas
mixture containing C@at 650°C, the storage activity can be recovered. Under these rich condition$ ttep&cies becomes
less stable than the G&, which is active for storing NQ Samples which were lean aged in air containing 60 ppra SO
at <600°C, after regeneration at = 0.95 at 650°C, have a similar activity window to a fresh catalyst. It is, therefore,
important that CQ is present during the rich regenerations of the sulphated model samples (as of course it would be under
real conditions), as suppression of carbonate formation can lead to sulphide formation which is inactive $tors@e.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction NO and alkali or alkaline earth oxides which can read-
ily form a nitrate. NQ storage catalysts are unusual
NO, storage/reduction catalysts have been under in the field of automotive catalysis in that the cata-
development for several years as a solution to,NO lyst requires a highly active regeneration strategy to
control in lean burn engingd]. Though first devel-  maintain effective operation. Precise management of
oped as a solution to NOemission control in lean  this regeneration processes is essential for effective
burn gasoline engine?—6] NO, storage/reduction  operation of NQ storage materials in terms of both
catalysts are now seen as a likely solution to,NON- optimising catalyst life time and activity whilst main-
trol in diesel vehicle§7]. The operating mechanism of  taining high vehicle fuel economy. Regeneration takes
NO, storage/reduction catalysts has attracted consid- the form of a period of rich operation to remove stored
erable attention (see for examp-11) and involves ~ NO, and sulphur. Regeneration of stored N@ay
the interaction of N@ with an adsorber component occur as often as once a minute, desulphation is re-
under oxidising conditions with a periodic rich excur- quired far less frequently at an interval that is strongly
sion to decompose and reduce the stored Niizcies. dependent on fuel sulphur level. Several authors have
The most usual storage materials are composed of ademonstrated that some reductants are more effective
precious metal, preferably Pt for its ability to oxidise than others at regenerating a nitrated or sulphated NO
trap catalyst, with K generally being more effective
* Corresponding author. Fax:44-118-9242254. than CO which in turn is more effective than hydro-
E-mail address: poulss@matthey.com (S. Poulston). carbon[12,13] On a vehicle the bican be generated
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catalytically in situ from reactions such as water-gas NO, 400 ppm propene, 5%J®, 14% CQ, 0.2% Q.

shift or steam reforming of hydrocarbon. Here we XRD measurements were taken using a Brucker AXS

present data on the effect of gas composition in the re- D-500 diffractometer. Temperature programmed re-

generation of a nitrated or sulphated model,N€ap duction (TPR) was carried out in 10%,MH, at a

catalyst. ramp rate of 10C/min with H, consumption mea-
sured by TCD. The lean hydrothermally sulphur aged
(LHSA) materials shown irsection 3.2vere aged in

2. Experimental 60 ppm SQ, 5% H,O balance air for 60 h. Gas anal-
ysis for the temperature programmed desorption mea-

The catalyst was prepared by conventional impreg- surements was carried out with a Fisons GASLAB 300

nation technigues with major ingredients of 2wt.% Pt mass spectrometer. XPS measurements were carried

and 10 wt.% Ba relative to the alumina-based support. out using a Kratos XSAM800 with Mg & radiation.

The material was then heated in static air at 80  The samples were mounted on double sided adhesive

for 2h. For the activity measurements the material tape for analysis. Relative concentrations quoted al-

was pressed, crushed and sieved to produce a partilow for the relative sensitivity of the instrument for

cle fraction in the range 250-3%%n. An amount of  different elements.

0.6 g of catalyst was tested with a total gas flow over

the sample of 21/min. The NQstorage test consists

of a lean/rich cycle (94s lean, 3s rich) with the re- 3. Results and discussion

ported NQ storage measured on the lean portion of

the fifth cycle. NQ storage efficiency is defined as 3.1. Regeneration of nitrated NO, trap

the amount of NQ stored as a percentage of the to-

tal inlet NO, over the lean portion of the cycle. Gas One of the important factors which will determine

compositions unless otherwise stated are: lean—0.5%regeneration of a nitrated NQGrap is the speciation

CO, 14% CQ, 7% O, 5% HO, 400 ppm propene, of the gas in the rich phas&ig. 1 shows the NO

500 ppm NO; rich—11% CO or 11% 41500 ppm (mass 30) signal as a function of temperature for
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Fig. 1. Temperature programmed desorption in different gas compositions showing NO (mass 30) desorption from nitrate decomposition
with a nitrated Pt/Ba-based model N@ap catalyst. Ramp rate of 2@/min; 10% of the stated gas in He or xcept for He which is
He only. The samples were nitrated by heating in N&H2 at 300°C.
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decomposition of a nitrated Pt/Ba model N&orage is noticeably improved when Hrather than CO was
catalyst in a range of different gas environments. In the used in the rich purge. Following LHA at 90C for
presence of a reductant the decomposition temperature2 h Hy provides an improved NQstorage efficiency
of the nitrate is significantly reduced. The amount of over the entire operating window. Clearly, the benefit
NO desorbed is also reduced compared with decom- of Hy in the rich purge becomes more pronounced as
position in He only, indicating reduction of the NO the Pt becomes more heavily sintered with ageing.
to No. The data show that the decomposition temper-  Another interesting feature arising from the use of
ature of the nitrate increases in the order HCO < H> to regenerate a nitrated NQrap occurs when
C3Hg, C3Hg < He. It is also of note that the nitrate  CO/hydrocarbon/C@are excluded from the feed gas
decomposition temperature for the Pt/Ba material is and H is used as the reductant in the rich regenera-
~100°C lower than observed for bulk Ba(N® or tion. In this condition barium carbonate formation is
nitrated Ba supported on alumina, where the peak prevented so nitrate decomposition must occur to the
NO evolution occurs at 520C. This indicates that Pt oxide and not the carbonate. The result is a widening
reduces the decomposition temperature of the nitrate. of the NO, storage efficiency window to much higher
Fig. 2shows a comparison of the NQtorage effi- temperature, as shown ifig. 3. It is clear that barium
ciency of the catalyst using either CO o5 ki the rich nitrate is far more stable with respect to the oxide than
part of the cycle but otherwise identical conditions. the carbonate.
For the fresh catalyst there was no significant differ-
ence between the use of CO of.HFor samples which ~ 3.2. Sulphur deactivation and regeneration
have been LHA at 700C for 60 h the data show a
significant decrease in NGstorage performance due Lean sulphur ageing is well known to deactivate
largely to Pt sintering. However, at sample tempera- NO, storage materials due to sulphate formation
tures of 300C and less the NOstorage efficiency  [14,15] The sulphate is more stable than the nitrate
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Fig. 2. NO, storage efficiency window for 2wt.% Pt/10wt.% Ba-based catalyst fresh and lean hydrothermally aged (LHA»Cb% H
air, at different temperatures using CO o kh the rich phase.



606

S Poulston, RR. Rajaram/ Catalysis Today 81 (2003) 603-610

e —— e, o
90 OO~

e N A\

. NN

2

ﬁ €0 / =O=C Species Present \

": 50 / -~ C species Absent \

§ 40 / \1

o 30

é 20 / \
olf AN
01<5/O 2(I)0 2&1)0 S(I)O 350 4(1)0 45IO 5(I)0 550

Temperature /°C

Fig. 3. NO, storage efficiency window with normal gas feed (CO in rich phase), C species present, and in the absence of CO, hydrocarbon

and CO with B in the rich phase, C species absent.

and under normal operating conditions, the sulphate are almost unchanged. A sample which has been oxi-

accumulates leading to a loss in NGtorage capac-
ity. The catalyst is therefore periodically regenerated
at a rich condition at high temperature (750-860)

to remove the sulphur. To further understand this pro-

dised at 600C, reduced then reoxidised is also shown.
Comparison of this with the S aged sample indicates
that the b consumption from~350°C is due to sul-
phate reduction as no equivalent reduction peaks were

cess we have looked at the regeneration of the sulphurobserved without sulphur ageing. Analysis of the gas

aged model catalyst under different conditions start-
ing from a simple regeneration inoHe or CO/He
and then in a more complex gas mixture.

Fig. 4 shows the NQ storage efficiency windows
for several samples following lean sulphur ageing
(10h, 60C°C, 60 ppm SQ) and reduced in plor CO
at 700 or 800C. For comparison the fresh activity
window is also shown as is the N@torage efficiency
of samples calcined in air (60C, 5h) and then re-
duced in H at 700 or 800C. The initial sulphur age-

desorbed from the sample shows release of S

H>S and chemical analysis before and after the first
reduction shows significant reduction of the sulphur
loading,Table 1 However, itis clear that some species
remain that can be reoxidised and reduced. A combi-
nation of XRD, XPS and XRF was therefore used to
identify this species. XRD analysis of the fresh sam-
ple shows the presence of barium carbonate and the
LHSA sample barium sulphate. On reduction in H

of the sulphur aged sample the barium sulphate de-

ing severely deactivates the sample and though somecreases and a new phase also appears which can be

activity is recovered following subsequent reduction
the original activity is not recovered. The sample

assigned to barium sulphidedZ= 24.1°). The XPS
data inTable 1provides further confirmation of bar-

which was reduced in CO was even less active than ium sulphide formation. Reported binding energies for

the corresponding $regenerated sample. Calcination

and reduction of the fresh sample (without sulphur

ageing) has a relatively small effect on the activity.
Fig. 5shows TPR profile for the sulphur aged model

BaCQ; and BaSQ are 779.9 and 780.8eV, respec-
tively, which correspond almost exactly with the Ba
binding energies reported for the fresh and LHSA sam-
ples. The sulphation procedure clearly produces a well

catalyst. The samples were reoxidised by temperature sulphated surface, though significant levels of sulphur

programmed oxidation (TPO) to 60C in 10% Q/He

are still detected following reduction at 800 in both

and retested, the resulting TPR profile is also shown. If the XPS and XRF measurement indicating substantial
the process is repeated a third time the reduction peaksamounts of sulphur remain on the catalyst surface and
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Fig. 4. NG, storage efficiency window of sulphated and reduced samples compared with the fresh sample and following similar oxidation
and reduction treatments in the absence of sulphur. Samples reduceduinidds stated.
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Fig. 5. TPR profiles comparing the model catalyst sample after: (A) LHSA at60B) LHSA/TPR/TPO; (C) LHSA/TPR/TPO/TPR/TPO;
(D) calcined 600C/TPR/TPO/TPR.
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Table 1
XPS binding energies and atomic concentrations for sulphur and barium in different samples
Sample Ba 3d—XPS S 2p—XPS S/Ba ratio

BE (eV) Relative concentration BE (eV) Relative concentration XPS XRF
Fresh 779.9 13 n.a. n.a. n.a. n.a.
LHSA 600°C 780.9 11 169.8 2.3 2.09 0.209
LHSA 600°C red. 700C 780.3 11 169.1 0.3 0.27 0.088
LHSA 600°C red. 800C 779.9 1.2 169.2/166.9 0.3/0.1 0.33 0.074
F 600°C 780.2 12 n.a. n.a. n.a. n.a.

aAlso the S/Ba ratio obtained from XPS and XRF measurements. BE: binding energy; red.: reduced; F: calcined in static air.

in the bulk. Following sulphation and 80C reduc-
tion, the Ba binding energy shifts back to the origi-

The sample had a similar activity pattern to the pre-H
reduced sample. These results agree with thermody-

nal value suggesting some of the Ba is converted back namic predictions that C§8~ can displace % from
to the carbonate. A second S 2p peak also appears aBa under rich conditions. They also clearly demon-

166.9 eV consistent with sulphide formation. The es-

strate the importance of forming Ba@@nd not BaS

sentially constant concentration of Ba suggests there isduring the rich regenerations of sulphated samples

no substantial barium sintering. The peak at 800n

for NO, storage activity. Any BaS formed is stable

the reduced/reoxidised TPR therefore represents con-even at 800C in Ha/N2 and therefore significant S

version of barium sulphate to these more reduced bar-remains on the surface leading to a reduction in the
ium phases, the process being reversible on oxidation NO, storage capacity and subsequent lower activity.
at 600°C. This explains the reappearance of the peak However, in the presence of GQhe conversion of
after oxidation. In the original sulphur aged sample the barium sulphate or sulphide to the carbonate occurs
reduction peak is broader and so may indicate other at high temperature allowing more facile removal of

processes are occurring leading to the removal of somesulphur from the sample.

of the sulphur from the catalyst. This would be con-
sistent with the loss of some but not all of the sulphur
on reduction indicated by XPS, XRFdble 1 and the
reduction in the K consumption for the repeat TPR
following reoxidation.

It is known that Ba can exist as the carbonate in the
presence of C®[16]. According to thermodynamic
calculations, the Cg¥~ phase should be the most
stable phase under all reaction conditions rich of stoi-
chiometry. In order to determine the effect of £®H,
reduced sample (sulphated at 5@) which contains
BaS was exposed to a rich reaction gas mixtare=(
0.95 with 15% CQ) at 650°C. Fig. 6 shows the NQ
storage activity of these reactivated samples. It is evi-
dent that the sample exposed to theG@h mixture
was significantly more active than the sample which
had only undergone the sHreduction. Postreactor

We have similarly studied the regeneration of sam-
ples sulphated at different temperatures but regener-
ated using the same conditions £ 0.95 at 650°C
with 15% CQ). The NQ, storage capacity of the cat-
alysts regenerated in this way is showrFig. 7. The
NO, storage performance is significantly better than
the samples reduced inoHN2, Fig. 4. In fact for the
sample LHSA at 350C the activity following regen-
eration was identical to that of the fresh catalyst. As
the ageing temperature increases the activity drops
though this is simply due to additional Pt sintering at
these higher temperatures. Comparison of the activity
with samples LHA at the same temperature showed
that the sulphur had a negligible effect on the activity
following regeneration at 65CC.

It is of note that in the literature there are reports of
rich regenerations in the absence of %0 it is clear

analysis of these samples shows no barium sulphidethat dramatically different results can be obtained

and a significant reduction in the barium sulphate level
compared with the LHSA samplEig. 6 also shows a
sample sulphated at 50Q and then reactivated only
at » = 0.95 at 650C without the H pretreatment.

depending on the gas composition during the test. In
order to determine if formation of BaS is confined
to ageing in the absence of G@ve have also a rich
hydrothermally sulphur aged (RHSA) Pt/Ba-based
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Fig. 6. NO, storage efficiency window for 2wt.% Pt/10wt.% Ba-based model catalyst LHSA at&@or 60 h then regenerated in
different ways as described in the text.
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model catalyst at 830C for 16h in the presence Brisley together with Tim Hyde (for the XRD data),
of 10% CQ, 3% CO, 1% H and 5% HO. XRD Paul Millington and Johnson Matthey plc for permis-
analysis of this sample again showed BaS formation sion to publish this work.

highlighting that BaS can be extremely thermally sta-

ble under rich conditions and that prevention of BaS

formation may be an important consideration for NO  References
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