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Abstract

The stability and reactivity of NOx stored over Pt/Ba/Al2O3 storage and reduction catalysts have been compared in the prese
hydrogen, carbon monoxide, and propene as reductants under stoichiometric conditions while heating between 298 and 873 K. The order
efficiency in terms of conversion of stored NOx to N2 was H2 > CO> propene. Additionally the use of hydrogen led to the lowest N2:
NO ratio. Four potential mechanisms to explain the initial release of stored NOx are discussed. In the absence of reductant, less t
released NOx was in the form of NO, whereas the presence of reductant led to significant NO release which was independent of th
of Pt. Results suggest that while formation of N2 from stored NOx requires the presence of reduced noble metal sites, formation of N
take place over the support alone, probably by direct interaction between reductant and stored nitrate. The role of Pt in providing
spill over reductant is important for the decomposition of certain forms of NOx stored by the alumina. Both hydrogen and propene oxidatio
were inhibited by the presence of NOx whereas CO was able to compete for Pt sites, even in the presence of high NOx concentra
 2004 Elsevier Inc. All rights reserved.
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1. Introduction

NOx storage and reduction catalysts offer one metho
controlling emissions from automobile sources while p
mitting operation under predominantly lean-burn condition
[1–5]. NOx is stored under lean conditions on an alka
earth oxide component such as baria and then released
ing intermittent rich/stoichiometric periods where the N
is released and converted to nitrogen by the presence of
ductant gas in the presence of a noble metal catalyst [
Although oscillating lean/rich (or stoichiometric) conditio
are employed during normal driving, the engine is opera
under constant air/fuel ratio (fixedλ) conditions during the
warm-up period. This use ofλ fixed at stoichiometry dur
ing warm-up allows the engine to attain light-off conditio
as rapidly as possible before switching to lean condition
a temperature where NOx storage becomes effective.
studies [6–9] have considered stored NOx stability unde
warm-up conditions, although in a recent study [7], the
bility of stored NOx under warm up at different fixedλ
values was considered where propene was used as redu
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The influence of different reductants on NOx release ha
ceived limited attention [9], although stored NOx stability i
the presence of propene has been more widely studied
even though CO is expected to be the dominant reduc
under rich purge. The present study directly compares st
NOx stability in the presence of H2, CO, or propene in an a
tempt to determine what triggers the initial release of N
gases from the stored NOx. NO2 rather than NO was used
order to saturate the NOx storage component in each ex
ment in a reproducible manner and also to avoid the nee
a catalysed NO to NO2 stage which thus allowed a more d
rect comparison between the behaviour of Pt-containing
Pt-free samples.

2. Experimental

BaO/Al2O3 samples (10 wt% BaO) were prepared
precipitation of Ba(OH)2 from a nitrate solution onto De
gussa Aluminoxid Cγ -alumina using an ammonia solutio
The material was filtered, washed, dried at 363 K (16 h),
calcined in air (100 cm3 min−1) at 773 K (2 h). A portion of
sample was wet impregnated with 1 wt% Pt (H2PtCl6) and
excess water removed by heating while continually stirr
The resulting powder was dried overnight at 363 K and

http://www.elsevier.com/locate/jcat
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cined in air (100 cm3 min−1) at 773 K (2 h). Pt dispersio
was measured using CO pulsed chemisorption on sam
reduced in H2 at 673 K. DRIFT spectra (4 cm−1 resolution,
40 scans) were recorded using an MCT detector and a
rick environmental cell. A pc-controlled gas blender fed
required inlet gases, with exit gas analysis performed usi
combination of on-line chemiluminescence detector, wh
was used exclusively for NO and NO2 concentration de
termination, and a quadropole mass spectrometer. Sam
were calcined in situ in a flow of dry air (50 cm3 min−1) in
the DRIFT cell at 673 K (1 h) and exposed to NO2 (750 ppm)
at 673 K for 15 min. The cell was then cooled at 10 K min−1

to 298 K in NO2 (750 ppm) before flushing in air to remov
gaseous and weakly adsorbed forms of NOx before a T
was performed between 298 and 873 K at 4 K min−1 un-
der air/N2 flows (50 cm3 min−1) containing either H2, CO,
or propene. Gas mixtures contained 3.35% of H2 (or CO)/
7.98% air/balance N2 or 7.10% of 5% propene in N2/7.98%
air/balance N2.

3. Results

3.1. Sample characteristics

The X-ray diffraction pattern of the parent Ba/Al2O3, ex-
hibited (2θ) peaks at 24.1, 34.7, and 42.1◦ due to BaCO3
and at 19.4, 22.0, and 28.0◦ due to BaAl2O4 [5,6]. The BET
area of the calcined Ba/Al2O3 was 129 m2 g−1 with an aver-
age pore diameter of 39 nm compared to 141 m2 g−1 and
30 nm for the parent alumina. After Pt salt impregnat
and calcination, there was a change to the baria dispe
as only diffraction peaks due to the alumina support w
determined for the catalysts. This has been attributed
to redispersion of the baria following the addition of acid
Pt precursor. In addition to the influence of retained ch
ride on adsorption on the exposed baria component [7]
potential modification to the properties of the active Pt co
ponent must not be neglected. The Pt dispersion (assu
CO:Pt= 1:1) was 64.9% for a sample reduced at 673 K.

3.2. Combined TPD/FTIR experiments

Fig. 1 shows the TPD of stored NOx in the presence
1.596% oxygen/balance N2. NO2 formed the majority of
the released NOx gas and was released across the te
ature range 373 to 873 K which could be deconvoluted
component maxima at 427, 525, 650, and 744 K. NO
released in a single peak at 760 K and formed less
7% of the total NOx released. The total NOx stored w
0.714 mmol g−1 (Table 1) in good agreement [7] with a pr
vious value of 0.700 mmol g−1 for an experiment conducte
under air (21% oxygen). Apart from differences in the ext
to which the peaks were resolved, the NOx desorption
files under the higher oxygen concentration were somew
s

r-

Fig. 1. TPD 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, 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).

Fig. 2. FTIR spectra of Pt/Ba/Al2O3 after exposure to 750 ppm NO2 in N2/
air at 673 K and cooled to 298 K. Sample was heated in a stoichiometric2/
air/N2 mixture (50 cm3 min−1) to 873 K with spectra recorded at (a) 29
(b) 373, (c) 423, (d) 453, (e) 513, (f) 543, (g) 593, (h) 623, (i) 653, (j) 7
and (k) 803 K.

similar with maxima at 530 and 752 K for NO2 and 785 K
for NO [7].

Fig. 2, a, shows the IR spectrum of the sample expo
to NO2 at 673 K followed by cooling to 298 K, purging i
nitrogen, and then exposing to a stoichiometric H2/air/N2
mixture. The absence of weak bands between 1900
1650 cm−1 confirmed that weakly bound and gas-phase N2
were removed by the purge treatment. Bands at 1617, 1
and 1557 cm−1 compare with a triplet at 1619, 1585, a
1568 cm−1 observed using a previous batch of a sim
Pt/Ba/Al2O3 and assigned [7] to vibrations of adsorbed
trate on the alumina surface.The spectrum was dominate
by the bands at 1421/1332 cm−1 which compares with a
doublet at 1434/1359 cm−1 in our previous study [7] and ca
be assigned to vibrations of monodentate nitrates on b
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Table 1
NOx released from Pt/BaO/Al2O3 during TPD experiments under different gaseous environments

Fig. Reductant Peaks Total Peaks Total Tota

No. T (K) NO2
a NO2

b T (K) NOa NOb NOxb

1 Absent 525 0.337
650 0.266 0.666 0.714
744 0.063 760 0.048 0.048

3 H2 357 0.0160 361 0.0190
400 0.0043 0.044 400 0.0070 0.143 0.187
473 0.0013 473 0.0068

600 0.0880

6 CO 533 0.18 0.182 553 0.154 0.154 0.336

9 C3H6 505 0.225 0.225 505 0.022
560 0.123 0.337 0.562
650 0.156

11 CO to H2
c 497 0.037 0.152 497 0.076 0.194 0.346

600 0.044

12 H2 to COc 373 0.039 0.113 373 0.044 0.183 0.296
545 0.066 545 0.134

a NOx released (mmol g−1
cat) from integrated peak area at the defined temperature.

b NOx released (mmol g−1
cat) from total integration over the range 298–873 K.

c Reductant gas was switched at 473 K.
K
re-
e
ak
nd
per

that
00,

e
gen
ved

-
or

at-
um

en-
3,
for
the
d
ay

ase,
ture
e-
Fig. 3. TPD 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, cooled to
298 K, and then heated to 873 K at 4 K min−1 in a stoichiometric H2/air/N2
mixture (50 cm3 min−1).

This species diminished significantly by heating to 373
in H2/air/N2, and was accompanied by the simultaneous
lease of both NO and NO2 into the gas phase (Fig. 3). Th
ratio of NO:NO2 released in the first decomposition pe
(360 K) was 1.18:1 (Table 1). No significant loss of ba
intensity was observed in spectra recorded over the tem
ature range 373–543 K (Fig. 2, b–f) despite the fact
the TPD (Fig. 3) showed evidence for NOx release at 4
418, and 475 K, each release containing both NO and NO2
but with a decreasing NO2:NO ratio. This temperature rang
also coincided with a corresponding conversion of hydro
from ca. 0 to 100% (Fig. 4), total conversion being achie
-

Fig. 4. H2 conversion while heating at 4 K min−1 under stoichiometric con
ditions for Pt/Ba/Al2O3 which had been calcined only (dashed line)
calcined and exposed to 750 ppm NO2 in N2/air at 673 K and cooled to
298 K (solid line).

prior to the final desorption peak of NO (Fig. 3). The l
ter was released over the range 509–742 K with a maxim
rate at 600 K (Fig. 3). Infrared spectra indicated lost int
sity of the 1421/1332 cm−1 doublet between 543 and 59
and 623 and 653 K which may have been responsible
the release of NO. However, bands due to nitrate on
alumina were also of reducedintensity in spectra recorde
above 543 K, indicating that desorption of this species m
also have contributed to the observed NO signal. In any c
complete conversion of the reductant below the tempera
of the final NO desorption peak indicates that the species s
lectively decomposed to NO rather than NO2 followed by
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Fig. 5. (A and B) FTIR spectra of Pt/Ba/Al2O3 after exposure to 750 ppm
NO2 in N2/air at 673 K and cooled to 298 K. Sample then heated
4 K min−1 in stoichiometric CO/air/N2 mixture (50 cm3 min−1) to 873 K
with spectra recorded at (a) 298, (b) 316, (c) 373, (d) 410, (e) 447, (f)
(g) 557, (h) 590, (i) 617, (j) 703, (k) 793, and (l) 838 K.

catalytic reduction to NO. Note that heating in air in the a
sence of reductant would release NO2 over this temperatur
range [7]. The presence of NOx in the system retarded
H2 oxidation light off by ca. 70 K (Fig. 4). Above 543 K, re
duced band intensity due to adsorbed NOx allowed a b
at 1460 cm−1 to be revealed due to the presence of resid
carbonate. This feature was also clearly identified in N
storage studies over alumina alone [7] and the absence o
accompanying vibrational feature would allow assignme
to the asymmetric stretching mode of a simple, symme
cal carbonate structure interacting with the exposed alum
support.

Similar infrared spectra to those just described were
served when the same sample pretreated in NO2 was ex-
posed to a gas containing a stoichiometric mixture of CO
oxygen (Fig. 5B). Again, band loss at 1421/1332 cm−1 be-
tween 316 and 373 K coincided with NOx release, altho
on this occasion, the released gas was predominantly NO2
in this temperature range (Fig. 6). The majority of NOx w
y

Fig. 6. TPD of NO (a′ , b′, dashed lines) and NO2 (a, b, solid lines) release
from (a) Pt/Ba/Al2O3 and (b) Ba/Al2O3 after exposure to 750 ppm NO2 in
N2/air at 673 K, cooled to 298 K and then heated to 873 K at 4 K min−1 in
a stoichiometric CO/air/N2 mixture (50 cm3 min−1).

Fig. 7. Percentage CO conversion to CO2 while heating at 4 K min−1 under
stoichiometric conditions for Pt/Ba/Al2O3 which had been calcined onl
(dashed line) or calcined and exposed to 750 ppm NO2 in N2/air at 673 K
and cooled to 298 K (solid line).

released between 423 and 673 K (Fig. 6) in a NO2:NO ratio
of 1.2:1 (Table 1). In the absence of Pt, NO2 was released
over the full 300–873 K range with a maximum at 494
NO formed by far the greater proportion of the released
with the majority released between 500 and 800 K. The p
ence of CO in the gas phase allowed information regard
the Pt surface to be obtained (Fig. 5A). Initially, the amo
of exposed, oxidized sites was low as revealed [10] by
low intensity at the 2118 cm−1 band (Fig. 5A, c). However
as a function of temperature, this grew, reaching a maxim
in spectra recorded at 557 K (Fig. 5A, g). This increased
tensity was not accompanied by a detectable release of2
as revealed by the absence of an appreciable mass 44
in the mass spectrometer trace (Fig. 7), and by the con
intensity at 2363 cm−1 in the DRIFT spectra (Fig. 5 A). A
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Fig. 8. (A and B) FTIR spectra of Pt/Ba/Al2O3 after exposure to 750 ppm
NO2 in N2/air at 673 K and cooled to 298 K. Sample was then hea
at 4 K min−1 in a stoichiometric C3H6/air/N2 mixture (50 cm3 min−1) to
873 K with spectra recorded at (a) 298, (b) 323, (c) 388, (d) 433, (e)
(f) 573, (g) 598, (h) 623, (i) 673, (j) 698, (k) 723, (l) 773, and (m) 873 K

the temperature where the 2118 cm−1 band reached a max
imum (557 K), a shoulder was detected at 2071 cm−1 due
to CO on exposed Pt (0) sites (Fig. 5A, g), and the b
due to gaseous CO2 (2363 cm−1) was increased. The pro
duction of CO2 was confirmed by the increasedm/e = 44
in the ms trace (Fig. 7). The band at 2118 cm−1 was di-
minished, but not depleted with the sample between 590
617 K (Fig. 5A, h and i), although the band due to CO at
duced Pt sites (2083 cm−1) became the dominant feature.
the higher of the temperatures, a doublet at 2230/2249 c−1

was also detected, probably due to the formation of N
located on the alumina support [11]. The majority of N
had been given off into the gas phase by this temperatu
indicated by the tailing of the NOx traces (Fig. 6). Abo
617 K, bands due to NCO and CO on Pt sites were no lo
detected, although the CO oxidation reaction continued a
indicated by the continued growth of the band at 2363 cm−1

(Fig. 5A, j–l) and the increasedm/e = 44 signal (Fig. 7).
s

Fig. 9. TPD 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, cooled to
298 K, and then heated to 873 K at 4 K min−1 in a stoichiometric prope
ne/air/N2 mixture (50 cm3 min−1).

Fig. 10. Propene conversion (%) to CO2 while heating at 4 K min−1 under
stoichiometric conditions for Pt/Ba/Al2O3 which had been calcined onl
(dashed line) or calcined and exposed to 750 ppm NO2 in N2/air at 673 K
and cooled to 298 K (solid line).

Bands at 1617, 1585, and 1557 cm−1 and at 1421
1332 cm−1 were present for a sample pretreated in NO2 but
prior to exposure to a stoichiometric gas stream contai
propene as reductant (Fig. 8B). As in the presence of
gas mixtures described above, all of these features wer
minished in intensity on heating to leave features at 1
and 1458 cm−1. A feature at 1298 cm−1 was revealed in
the range 523–673 K as a consequence of reduced inte
at 1332 cm−1 (Fig. 8B, e–i), but this feature was remov
on heating between 673 and 698 K (Fig. 8B, i and j). T
temperature range coincided with the maximum desorp
temperature for stored NOx (Fig. 9). Below this tempe
ture, both NO and NO2 had been released in sharp maxi
at 505 K, followed by less intense maxima between 523
673 K. The combustion of propene to give CO2 was initiated
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around 600 K as observed in both the FTIR spectra (b
at 2362 cm−1) (Fig. 8A, f and g) and them/e = 44 signal
in the mass spectrometer (Fig. 10). The latter plot (Fig.
emphasized the delayed propene light off by ca. 85 K in
presence of stored NOx, although following light off bo
NO and NO2 were still being released into the gas pha
(Fig. 9). Although the production of CO2 was detected by
mass spectrometer only above ca. 600 K, FTIR spectra
vealed that partial oxidation of propene had begun by 43
as revealed by the band at 2134 cm−1 (Fig. 8A, d). The lat-
ter feature reached maximum intensity in spectra recorde
with the sample at 573 K (Fig. 8A, e) before being gradua
diminished and progressively blue-shifted to leave a ban
2120 cm−1 in spectra of the sample at 673 K (Fig. 8A, i). U
like the sample where CO was used as reductant (Fig.
the loss of this feature was not accompanied by the deve
ment of a band which could be attributed to CO adsorbe
metallic Pt sites.

To determine whether differences in NOx stability in t
presence of the different reductant molecules were the r
of differences in the ability of the different molecules to p
duce reduced Pt surface, experiments were performed w
a switch in the reductant stream was performed. Switc
were performed in separate experiments at 400 and 47
however, for the sake of brevity, only the latter are shown
Figs. 11 and 12. When a NOx-saturated surface was exp
to a CO-containing stream, there was only a slow, releas
NO2 below 473 K (Fig. 11) as observed in the TPD trace p
formed in a CO-containing stream between 298 and 87
(Fig. 6). When the CO was replaced by H2 in the stream
at 473 K, a sharp release of both NO and NO2 was ob-
served around 490 K. When the CO was replaced by H2 at
400 K, the NOx was released with a similar NO:NO2 ra-
tio at 415 K. The amount of NOx released in a single pu
at 490 K was 0.113 compared to 0.099 mmol g−1 between
298 and 473 K when the sample was exposed to hy
gen at 298 K and then heated in the hydrogen-contai
stream (Fig. 3). Relatively little NOx was released abo
490 K.

An experiment was performed in which hydrogen in
stoichiometric gas stream was exchanged at 473 K for
over a NOx-saturated catalyst. The NOx desorption profile
below 473 K (Fig. 12) resembled that obtained over a s
ilar temperature range by heating in H2 from 298 to 873 K
(Fig. 3) with maxima at 360, 400, and 420 K. However,
changing to CO, a sharp release of NO (484 K) was obse
which was followed by the simultaneous release of both N2

(535) and NO (544/562). The profile shape of the NO
leased (Fig. 12) was similar to that obtained by heating
CO-containing gas stream over the whole temperature r
(Fig. 6). The tail end of the NO2 peak (Fig. 12) was als
similar to that obtained by heating in a CO-containing
stream over the whole temperature region (Fig. 6), but
leading edge which stretched from 298 to 473 K was
sent.
t

e

d

Fig. 11. TPD 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, cooled
to 298 K, and then heated at 4 K min−1 in a stoichiometric CO/air/N2 mix-
ture (50 cm3 min−1) to 473 K and changed to stoichiometric H2/air/N2
mixture (50 cm3 min−1) and heated to 873 K.

Fig. 12. TPD 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, cooled
to 298 K, and then heated at 4 K min−1 in a stoichiometric H2/air/N2 mix-
ture (50 cm3 min−1) to 473 K and changed to a CO/air/N2 stoichiometric
mixture (50 cm3 min−1) and heated to 873 K.

4. Discussion

Integration of the TPD profiles in the absence of
ductant, where no conversion to nitrogen can occur, is
dicative of the NOx storage capacities of the Pt/Ba/Al2O3
sample. The obtained value of 0.714 mmol g−1 (Table 1)
is in good agreement with our previously reported value
0.700 mmol g−1 [7] for a different batch of similarly pre
pared catalysts containing 10% BaO. Lower values, but
ing different experimental conditions, have been reporte
others [12,13] for 1% Pt/20% BaO/Al2O3 samples. How-
ever, as formation of bulk barium nitrate is not expec
under our conditions [5,8,14], baria dispersion is pro
bly a key factor in determining maximum storage capa
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[8,13–15], and therefore a correlation between loading
capacity is not expected.

In the absence of reductant, by far the majority of N
(ca. 93%) was released as NO2 (Fig. 1) in agreement with
previous experimental [7,13,14] and modeling [13] stud
The profile was almost identical when the experiment wa
performed in the absence of oxygen, indicating that NO
produced directly by thermal decomposition alone. Cant
Patterson [9] have suggested that NO release around 7
is the consequence of Ba/Al2O3 catalysed decomposition o
NO2. The release of NO at temperatures below ca. 723
the presence of reductant must be a consequence of redu
tion processes either pre or post desorption.

As shown previously by our group [6–8] and othe
[3,9,14], the presence of reductant molecules in the
stream destabilised the stored NOx, lowering the des
tion temperatures and changing the relative proportion
NO:NO2 released into the gas phase. The percentag
duction to nitrogen could be obtained from the differen
between released NOx in the absence and presence of r
tant (Table 1) as no N2O was detected by IR here and w
detected only in trace amounts in other laboratories [12,
Values obtained were 73% for H2, 53% for CO, and 21%
for propene. The poor conversion using propene as re
tant has already been observed [7]. In addition to relea
the lowest amount of the stored NOx as nitrogen oxides
use of hydrogen led to the lowest NO2:NO ratio.

Four possible mechanisms are worthy of considera
when discussing the release and reduction of stored NO

(A) The first route involves the destabilization of NO
stored in the form of nitrate as a consequence of the re
tion in oxygen levels when gas-phase oxygen is consum
the reaction with the reductant over available Pt sites. T
would then drive the following reaction from left to rig
with the release of NOx gases.

(1)(NO3
−)2 ⇔ O2− + 1

2O2 + 2NO2,

or

(2)(NO3
−)2 ⇔ O2− + O2 + NO2 + NO.

Although this path has been accepted by some [16]
have previously rejected this pathway as playing a major
under these conditions [7,17] on the basis that the ligh
temperature for propene oxidation is around 673 K (Fig.
and there is little evidence for propene consumption be
this temperature where the majority, if not all NOx (Fig.
is released.

(B) The formation of product by reaction between g
phase oxygen and reductant leads to the conversion of
ium nitrate to barium hydroxide or barium carbonate, t
releasing NOx into the gas phase. As above, this pathw
not believed to be the main pathway to NOx release as
formation of CO2 from propene oxidation occurred arou
673 K (Fig. 10) and that the majority, if not all NOx (Fig. 9
is released below this temperature.
-

c-

-

-

-

(C) NOx stored as nitrate is in equilibrium with tra
amounts of NO2 which is spilled over onto available Pt sit
(law of microreversibility). The reductant reduces [3,12,
this adsorbed NO2 to release NO and/or N2 which thus
drives the decomposition of the nitrate. Incomplete reduc
of Pt may lead to NO rather than N2 being released [12].

(3)(NO3
−)2 ⇔ O2− + 1

2O2 + 2NO2(ads) → NO/N2.

Higher light-off temperatures, especially for H2 (Fig. 4) and
propene (Fig. 10) in the presence of stored NOx, are
sistent [7,17] with the inhibiting affect of adsorbed NOx
Pt sites, implying reverse spillover of NOx [18]. Howev
similarities in the desorption temperatures under air of N
stored on Ba/Al2O3 in the absence and presence of Pt
would suggest that the removal of reversibly spilled o
NOx from Pt sites does not drive the decomposition of
stored NOx.

(D) The final mechanism would be that the reduct
molecule (or activated reductant molecule spilled over fr
Pt [18]) interacts directly with NOx stored on the baria com
ponent where nitrate is reduced to nitrite by remova
oxygen. The nitrite species then releases NO and gas
oxygen as follows.

(4)(NO3
−)2 → (NO2

−)2 → O2− + 1
2O2 + 2NO.

With H2 as reductant, stored NOx was released in
well-defined peaks (Fig. 3). In the range 300–420 K wh
no detectable H2 consumption took place (Fig. 4) NOx d
sorption peaks at 360 and 400 K were observed (Fig
where NO2 and NO appear simultaneously in a mole ra
of approximately 1:1. This is consistent with the schem
(NO3

−)2 ⇔ O2− + O2 + NO2 + NO, [Eq. (2)], although as
reduction in oxygen levels due to reaction with hydrogen
not commenced (Fig. 4), it isunlikely that mechanism A ca
be invoked. In the temperature range 423–523 K, hydro
conversion from ca. 0–100% occurred (Fig. 4) and NOx
released in two well-defined temperature windows giv
maxima at 418 and 475 K. While hydrogen was being c
sumed, simultaneous release of both NO2 and NO occurred
although the balance was shifted now with NO being the
dominant NOx gas. As no single reaction can be writte
account for release of NO and NO2 other than in a 1:1 ratio
it must be assumed that reactions as shown by both Eq
and (4) are taking place, the latter inferring that during con
version of hydrogen, some of the stored nitrate was redu
to nitrite. Note that an alternative to account for format
of both NO and NO2 in nonequimolar quantities would b
reaction scheme (3); however as both gases were detect
multaneously rather than with NO showing a slight time
(as observed when CO was used as reductant—see Fi
the possibility of a consecutive type-reaction to give b
products is ruled out. Finally, between 523 and 740 K, c
ditions during which all gas-phase hydrogen was consu
(Fig. 4), NOx was released with NO being the only oxide
nitrogen detected. This would suggest that the balance
tween reaction schemes (2) and(4) was shifted to favor th
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Fig. 13. NO (dashed line) and NO2 (solid line) released from Pt/Ba/Al2O3
after exposure to 750 ppm NO2 in N2/air at 673 K, cooled to 298 K, an
then heated at 4 K min−1 in air to 610 K. Then consecutive 5 min H2/air/N2
and air/N2 pulses at 610 K solid and dotted vertical lines indicate switch
on and off of hydrogen containing pulses, respectively.

latter and that NO was released by thermal decompositio
nitrite species formed by reduction of nitrate.

The possibility that ammonia formed at lower tempe
tures and trapped on the catalyst surface was released
this temperature range and acted as reducing agent for th
maining stored NOx is discounted, as by other workers [
due to the lack of IR evidence for adsorbed NH3 and the ms
signals at 18 and 17 were constant at a 3:1 ratio as expe
for H2O with the sample above 450 K.

When an experiment was performed in which a NOx p
saturated catalyst was heated to 610 K in air (releasing
NO2) and then the temperature held at 610 K and expo
to alternating pulses of H2/air/N2 and air/N2, the first pulse
contained predominantly NO2 (Fig. 13), whereas the TPR
experiment with hydrogen present from 298 K (Fig. 2) h
shown that only NO was released at this temperature,
gesting that NO release was the consequence of sequ
reaction rather than one direct step. Subsequent H2/air pulses
showed diminishing amounts of NOx but each time wit
greater NO:NO2 ratio until only NO was released. Shou
the reduction of Pt in hydrogen occur below 610 K lead
to release of NO (and N2) rather than NO2 then one would
imagine that Pt should reduce as soon as the first or
ond pulses were added rather than a progressive chan
NO/NO2 ratio (implying gradual Pt reduction) over a 35 m
isothermal period. Although Bögner et al. [19] attribute
lease of NOx on switching from lean-rich as a slow reduct
of noble metal sites and a rapid increase in NOx surface
erage, Fridell et al. [3] believe that during rich operati
reduction of metal sites is rapid and that it is barium nitr
decomposition which is rate limiting. To confirm that the
lease of NO2 and NO under such conditions was not driv
by the presence of a Pt surface which was able to red
NO2 to NO, a similar experiment was performed using
Pt-free Ba/Al2O3 sample. Results were almost identical
r
-

d

l

-
n

terms of the progressively diminishing peak size due to
leased NOx but with an increasing contribution from N
The total amount of NOx released by the Pt-free sample
less, but this can be attributed to the reduced NOx storag
pacity in the absence of Pt [7]. The appearance of NO in th
presence of hydrogen rather than NO2 alone at temperature
below which Ba/Al2O3 has significant activity for NO2 de-
composition [9] and independent of the presence or abs
of Pt indicates that direct reduction by hydrogen of nitr
on the Ba/Al2O3 support is possible.

Scheme (C), where the need for reduced Pt sites is
quired, is also discounted as being a significance rout
NOx release on the basis of experiments where the re
tant gases were switched at 473 K (Figs. 11 and 12). Sh
the progressive decrease in the NO2:NO ratios as a function
of increasing temperature in the presence of reductant r
[12] from the increasing efficiency of Pt to catalyze NO2 re-
duction as the surface sites are depleted of adsorbed ox
then switching to CO, which as a reductant released es
tially no NO below 473 K (Fig. 6), would be expected
generate a very different TPD profile from that where C
alone was employed as reductant. However, the shape o
NO profile above 473 K was almost identical whether C
(Fig. 6) or hydrogen (Fig. 12) had been exposed to the c
lyst below 473 K. This provides further evidence that it is n
the nature of the platinum surface which controls the ex
of reduction of the released NOx.

If direct interaction between stored NOx and reduct
initializes the release of NOx as NO2 or NO, then the FTIR
spectra recorded during the isothermal experiments du
H2 pulsing should reveal the source of the released ga
Heating till the isothermal temperature of 610 K in air gav
spectrum for Pt/Ba/Al2O3 where bands at 1580, 1560, 142
and 1298 cm−1 dominated, unlike spectra recorded at th
equivalent temperature for Pt/Ba/Al2O3 during the TPRS
in hydrogen/air/N2 where bands at 1557, 1460, 1421, a
1332 cm−1 were the most intense features (Fig. 2, h). Af
three pulses, there was a dramatic loss in intensity at 1
and 1298 cm−1 and very little NO2 was released after th
point. These bands are due to bidentate nitrate adsorbe
alumina with their clear resolution under these conditio
compared with spectra recorded at 298 K (Fig. 2, a) a co
quence of their greater thermal stability compared with o
adsorbed nitrates [5,7]. When the same pulse experim
was performed for a Pt-free sample, the spectrum was d
inated by features at 1750, 1586, and 1298 cm−1 (chelating
bidentate nitrate on alumina), 1343 and 1236 cm−1 (bridged
bidentate nitrite on alumina) and 1480 cm−1 (linear nitrite
on alumina) present for alumina alone. Features due to
sorption on alumina were of greater relative importance t
those on baria as a consequence of the poorer baria di
sion on Pt-free catalyst. Although a gradual loss in b
intensity was observed as a function of the number of hy
gen pulses over the Ba/Al2O3, all the cited bands were sti
dominant after 1 h at 610 K. The conclusions are as follo
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(a) Of all the adsorbed NOx species, chelating biden
nitrates on alumina (1580, 1298 cm−1) are the most ther
mally stable in air at 610 K [3,7].

(b) These species are also thermally stable on Ba/Al2O3 at
610 K in H2, but in the presence of Pt, they are slow
decomposed. If NOx desorption followed by reduct
over Pt is the principle mechanism, then these speci
should decompose irrespective of the presence or
sence of Pt.

(c) As the peaks due to NO2 and NO are released simult
neously during hydrogen pulsing, giving a gradual
crease in the NO:NO2 ratio, then assuming that Pt r
duction is rapid under these conditions [3], reduction
nitrate species on alumina might involve hydrogen a
vated over Pt and spillover.

(d) Reduction (release of NO) from NOx stored over
baria component does not require the presence of P
dicating that baria is capable of activating hydrogen.

Unlike the case of hydrogen, where NOx desorpt
was followed by simultaneous release of NO and NO2 ir-
respective of whether operation was under isotherma
temperature-programed conditions, the use of CO as re
tant generated first NO2, followed by NO. Again, as NO
release occurred below the temperature at which Ba/Al2O3
exhibits significant activity (773 K) for the decompositi
reaction of NO2 to yield NO and oxygen [9], the appearan
of NO giving a maxima at ca. 553 K (Fig. 6) must invo
a role for the reductant. However, NO was released (Fig
from around 423 K while significant CO conversion was
served only above 560 K, thereby eliminating any major r
for mechanism B where nitrate was displaced due to form
tion of carbonate. Results could be interpreted in terms
gradual change from scheme (1)(NO3

−)2 ⇔ O2− + 1
2O2 +

2NO2 to scheme (2)(NO3
−)2 ⇔ O2− +O2+NO2+NO be-

tween 298 and 560 K, although the transition could not h
been driven by reduction in gas-phase oxygen consump
(mechanism A) as no measurable conversion of CO to2
was detected (Fig. 7) within this temperature range. If
decomposition or reduction of NO2 to NO was catalyse
by Pt, then it is clear that this must have proceeded ove
oxidized Pt surface as the FTIR spectra (Fig. 5A) clearly in-
dicate that the adsorption sites available for CO [10] w
oxidized (2120 cm−1) rather than reduced (2080 cm−1) at
least until 500 K. Nova et al. [12] suggest that release of
in the presence of reductant is the consequence of no
lective reduction over Pt–O species rather than desorption
decomposition of stored nitrite/nitrate species. Howeve
distinguish between NO formation as a result of NO2 de-
composition or reduction by CO is not easy on the b
of the mass spec plots as the contribution made by2
produced by reaction with the maximum amount of sto
NOx would not be readily detected on the scale employe
Fig. 8.

Experiments performed under identical conditions over
Pt-free catalyst failed to provide totally unambiguous insi
-

-

into the role of the metal as the TPRS plots in the prese
of CO showed release of both NO2 and NO over the whole
298–873 K temperature range (Fig. 6) which may have b
a consequence of the significant differences in Ba disper
for Pt-containing and Pt-free samples. However, it is c
that NO may be formed by direct decomposition/desorp
from the nitrite/nitrate in the absence of Pt [14]. Howe
in support of a claim for a role of Pt–O in formation of N
rather than N2 [14], Ba/Al2O3 released significant quantitie
of NO up to 873 K, whereas in the presence of Pt, very
tle NO was generated at temperatures (557 K) above w
FTIR evidence (Fig. 5A, g) indicated the presence of
duced Pt sites. This would suggest that reduced Pt site
required before complete reduction of stored NOx to N2 is
possible. Further evidence for this proposal was the app
ance of bands due to NCO on the support (Fig. 5A, h an
at temperatures for which Pt0 sites were detected. The dete
tion of this species is often used as an indication of the o
of N–O dissociation [20].

At the onset for the propene/O2 reaction around 600 K a
indicated by both mass spec (Fig. 10) and the gas-phase2
signal in the FTIR spectra (Fig. 8A, g), only one resolv
feature with maximum at 2120 cm−1 was detected indicativ
of CO (partial oxidation product) at oxidized Pt sites [1
Although the band was quite broad and may have inclu
lower frequency contributions due to CO on O-free sites,
oxidation of propene over an O-covered Pt site is consis
with our previous findings [7] and with Burch and Sulliv
[21] who believe that propene from the gas-phase may r
directly with an oxygen-covered Pt surface.

As for Pt/Al2O3 [10] reduced Pt sites were required f
CO oxidation as indicated by the coincident temperature
CO2 detection (Fig. 7 and Fig. 5A, g) and the IR band du
CO adsorbed at Pt(0) sites (Fig. 5A, g). The light-off cu
for CO oxidation was almostidentical whether NOx wa
present or absent (Fig. 7), whereas light-off for H2 (Fig. 4)
and propene (Fig. 10) was significantly delayed when N
was present. Although an ensemble requirement for C3H6
and H2 adsorption but not for CO and related to high
surface oxygen coverage resulting from NO2 exposure com
pared with molecular oxygen [22] would explain the relat
light-off temperatures in the presence and absence of N
this is not consistent with all of the experimental data p
sented here, especially FTIR data of CO frequencies w
indicate the extent of oxygen coverage at the point of l
off. The H2/O2 reaction only proceeded during a temperat
window where release of NOx was limited (Fig. 3) wh
the C3H6/O2 reaction was delayed until 623 K by whic
point the majority of NOx had already been released (Fig
These findings are consistent with an NOx(ad) inhibition
oxidation reactions as previously reported [7] and would
consistent with relatively uncompetitive (weak) adsorpt
of hydrogen and propene on Pt sites in the presence of N
The fact that the light off curves for CO were very similar
the presence and absence of NOx (Fig. 7) and that the o
of light off occurred at a temperature where maximum e
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lution of NOx took place indicates that CO/O2 reaction was
not inhibited by NOx. This implies that unlike hydrogen a
propene CO was strongly adsorbed such that inhibitio
the oxidation reaction was not observed.

5. Conclusions

NOx stored over a Pt/Ba/Al2O3 catalyst was release
with a marked dependence on the nature of the gas c
position. In the presence of air or nitrogen less than 10%
stored NOx was detected as NO whereas in the presen
reductant, both NO2 and NO were detected in the gas pha
although the amounts depended on the reductant used
was released directly from the stored NOx rather than
ing a product of partial NO2 reduction over the Pt, althoug
the decomposition of certain forms of stored NOx was fa
itated by the presence of Pt and may have involved spillo
of activated reductant from Pt sites. Reduction of stored N
to N2 requires the presence of reduced Pt sites. High sur
coverage, possibly by adsorbed NOx, led to delayed li
off for hydrogen and propene oxidation while CO oxidati
reaction was unaffected.
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