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NOx Storage Reduction over Pt–Ba/γ -Al2O3 Catalyst
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A transient study on the NOx storage-reduction properties of a
Pt–BaO/γ -Al2O3 catalyst is performed by using a synthetic exhaust
gas containing oxygen and nitrogen oxides (storage phase) and a
reducing gas containing hydrogen (reduction phase). The influence
of water and carbon dioxide is also investigated. It is found that
(i) NOx is stored in the form of nitrites and nitrates; (ii) during
storage nitrites are oxidized to nitrates, and nitrates are most abun-
dant when the storage process is completed; (iii) 0.3–3% CO2 has
a marked inhibiting effect on the storage of NOx, particularly at
low temperature, whereas 1% H2O has a promoting effect at low
temperature and an inhibiting effect at high temperature. In the
presence of 0.3–3% CO2 + 1% H2O the process is inhibited at any
temperature; (iv) the storage of NOx occurs preferentially in the
order at BaO, Ba(OH)2, and BaCO3. The abundance of the differ-
ent Ba sites at the catalyst surface depends on the composition of
the exhaust gas and of the reducing gas; (v) considerable amounts
of NOx are stored up to catalyst saturation and up to the NOx

breakthrough in He + 3% O2 atmosphere that correspond to 24%
Ba and 13–15% Ba to the best, respectively; (vi) in the presence of
0.3–3% CO2 and 1% H2O in the exhaust these quantities diminish
by 20–40% for NOx stored up to catalyst saturation and by 50%
for NOx stored up to the NOx breakthrough; (vii) the reduction of
the stored NOx is fast and is limited by the concentration of the
reducing agent at any temperature in He+ 2000 ppm H2; (viii) the
reduction of the stored NOx is very selective to N2 (95–100%); (ix)
the reduction is slower in the presence of 0.3–3% CO2 and 0.3–3%
CO2 + 1% H2O; (x) once all the stored reactive NOx groups have
been reduced, in the presence of 0.3–3% CO2 and at sufficiently
high temperature (T ≥ 300◦C) CO is formed through the reverse
WGS reaction. This reaction, however, is of lesser importance when
water is present in the exhaust due to thermodynamic constraints.
The complete set of reactions involved in the storage-reduction cy-
cle is identified and used to account quantitatively for the bulk of
experimental data and to provide a comprehensive chemistry of the
process. c© 2001 Academic Press
INTRODUCTION

Lean burn combustion is effective for reducing the fuel
consumption and the related CO2 emissions from gasoline
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engines in automobiles; a lean burn engine can decrease fuel
consumption up to 30% compared with a stoichiometric
engine (1). However, under lean conditions NOx cannot be
purified sufficiently by the conventional three-way catalysts
because of the presence of excess oxygen in the exhaust
gas.

Recently catalysts for the selective NOx reduction by
hydrocarbons under an oxidizing atmosphere have been
studied extensively (2–5). However, these catalysts have
many serious limitations including low NOx conversion and
low N2 selectivity, narrow temperature window and insuf-
ficient durability. A promising alternative approach to deal
with NOx removal under lean conditions is the NOx storage-
reduction (NSR) concept, which was developed and put
into the market by Toyota recently (6–9). The NSR cata-
lyst is used in an engine that operates alternatively under
lean and rich conditions: during lean operation the nitrogen
oxides in the exhaust gas are stored on the catalyst, and dur-
ing rich operation the stored NOx is reduced to nitrogen.
Successive sequences of long lean and short rich opera-
tion periods provide high efficiency for NOx removal. A
NSR catalyst consists of a high surface area support, such
as γ -alumina, a noble metal, and a NOx storage component,
typically an alkaline or an alkaline earth compound.

Takahashi et al. (8) found that the amount of NOx stored
increases with increasing oxygen content in the gas phase.
These authors provided IR evidence that NOx is stored in
the form of nitrates and suggested that NOx is oxidized on
precious metals and reacts with neighboring NOx storage
compounds to form nitrates. They also concluded that the
reduction of NOx to N2 during rich conditions takes place
at noble metal sites. The NOx storage capacity is deteri-
orated by sulphur. The chemical composition of the NOx

storage compound was optimized to inhibit the growth in
size of sulphate particles, so that the improved catalysts
showed sufficient durability in the Japanese 10–15 mode
test (using regular gasoline containing 30 ppm of sulphur
compounds). The methods to improve the tolerance against
sulphur poisoning of NSR catalysts were further and specif-
ically addressed by Matsumoto et al. (10). Bogner et al.
(11) investigated the performances of NSR catalysts using
both synthetic and engine exhausts. They concluded that
0021-9517/01 $35.00
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NO is oxidized to NO2 on Pt under lean conditions and
the latter is subsequently adsorbed in the form of a surface
nitrate species; upon switching to a short, rich stoichiomet-
ric excursion the adsorbed NOx decomposes, and NO is
released and subsequently reduced by precious metal com-
ponent. Fridell et al. (12) investigated the influence of key
process parameters on the performances of barium oxide-
based NSR catalysts. They reported maximum NOx storage
at about 380◦C, a small increase in stored NOx with increas-
ing oxygen concentration, little difference with respect to
the reducing agent (C3H6, C3H8, CO, or H2), limited de-
crease in the presence of CO2, significant NO desorption
peaks immediately after the switch from lean to rich condi-
tions, and IR evidence for nitrates when NOx was stored and
for isocyanates when the catalysts were regenerated under
rich conditions in the presence of hydrocarbons. Mahzoul
et al. (13) investigated the storage capacity of several NSR
catalysts and suggested that two kinds of a site operate: a
Pt site far from Ba crystallites behaving as oxidation center
and a Pt site close to Ba crystallites responsible for nitrate
formation.

The NSR concept has also been applied recently in the
electricity generating industry at small–medium size plants
(5–32 MW) under the trade name SCONOx. This pro-
cess uses a platinum/alkaline or alkaline earth carbon-
ate/alumina catalyst for the combined removal of NOx, CO,
and volatile organic compounds (VOC). The catalyst is re-
ported to work by simultaneously oxidizing CO to CO2,
VOC to CO2, NO to NO2, and then absorbing NO2 during
the oxidation–absorption cycle. Regeneration of the catal-
yst is accomplished by passing a hydrogen (or hydrocarbon)
reducing gas diluted with steam across the catalyst in the
absence of oxygen. The hydrogen reacts with the adsorbed
NOx to form N2 and H2O. Hydrogen is generated at the
site with a small reformer that uses natural gas and steam
as input streams. Because the regeneration cycle must take
place in an oxygen-free environment, the section of the cat-
alyst undergoing regeneration must be isolated from the
exhaust gas by using sets of louvres and valves. A SCOSOx
catalytic coating can also be added to the oxidation catalyst
to effectively remove SO2 from the exhaust gas. If an SO2

adsorbent is added, H2S is formed during catalyst regener-
ation. Regeneration gases are then passed through an H2S
scrubber to remove the captured sulphur. The SCONOx
process is typically applied to exhaust gas with low NOx

concentration as that generated by gas turbines equipped
with advanced low dry NOx burners allows achieving NOx

emissions as low as 1 ppm and eliminates the ammonia
reagent found in the SCR technology (14, 15). Recently the
U.S. Environmental Protection Agency declared SCONOx
as the lowest achievable emission rate technology for NOx

abatement.
In this paper we intend to gain a better and quantita-
tive understanding of the NOx storage chemistry that is still
lacking. We have therefore used a model Pt–BaO/γ -Al2O3
T AL.

catalyst and a simplified synthetic exhaust gas containing
oxygen and nitrogen oxides and a reducing gas consisting
of hydrogen, both together with He as inert carrier gas. The
influence of water and carbon dioxide, which are typically
present in the exhaust, was also investigated. Flow reac-
tor studies were performed in a wide temperature range
with transients between lean and rich conditions to clarify
the dynamic characteristics of the process. The sequence of
phases in the transient experiments was properly designed
in the attempt to separate the effects associated with ad-
sorption and desorption merely caused by changes in gas
compositions from those associated with surface chemical
reactions. Along these lines quantitative information on
the set of reactions involved in the storage and reduction
stages was derived. Besides, TPD experiments of the cata-
lyst, upon different NOx storage times and after reduction,
were performed to better clarify the nature and the amount
of the adsorbed species present on the catalyst during stor-
age and after reduction, and the reaction sequence in the
NOx storage-reduction cycle.

EXPERIMENTAL

Catalysts Preparation and Characterization

The γ -alumina support was obtained by calcination at
700◦C of a commercial alumina material (Versal 250 from
La Roche Chemicals). The Pt/γ -Al2O3 (1/100 w/w) and
Ba/γ -Al2O3 (20/100 w/w) samples were prepared by in-
cipient wetness impregnation of the calcined alumina sup-
port with aqueous solutions of dinitrodiammine platinum
(Stream Chemicals, 5% Pt in ammonium hydroxide) or
barium acetate (Stream Chemicals, 98.5%). The powders
were dried overnight at 80◦C in air and then calcined at
500◦C for 5 h (heating and cooling rate = 0.0167◦C/s). The
Pt–Ba/γ -Al2O3 (1/20/100 w/w) catalyst was prepared by in-
cipient wetness impregnation of the Pt/Al2O3 (1/100 w/w)
powder with an aqueous solution of barium acetate (Stream
Chemical, 98.5%). The powders were dried overnight at
80◦C in air and calcined at 500◦C for 5 h.

DTA-TG experiments were performed on a Seiko Model
6003 Instrument with a heating rate of 0.25◦C/s. FTIR spec-
tra of the sample (KBr pressed disk method) were recorded
by a Perkin-Elmer 147 FTIR spectrometer.

XRD spectra were collected on a Brüker D8 advanced
instrument equipped with graphite monochromator on the
diffracted beam. The mean crystal sizes of γ -Al2O3 and
BaCO3 were calculated by the Scherrer equation. Quan-
titative analysis of crystalline BaCO3 has been performed
by XRD using integrated intensity of the (440) reflection
and γ -Al2O3 as a reference. Calibration curve has been
obtained using mechanical mixtures of crystalline BaCO3
((111) reflection of the orthorhombic modification) and
Pt/γ -Al2O3 (1/100 w/w). Full width at half maximum and
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integrated intensities have been extracted using a profile
fitting commercial program.

Surface area and pore size distribution were determined
by N2 adsorption–desorption at 77 K with the BET method
using a Micromeritics TriStar 3000 instrument. The Pt
dispersion of the samples was estimated from hydrogen
chemisorption at 0◦C upon reduction in H2 at 300◦C us-
ing a TPD/R/O ThermoQuest instrument.

Catalytic Tests

The transient storage-reduction experiments were per-
formed in a flow microreactor system by imposing step
changes in the inlet reactants concentration and analyzing
the transient response. In a typical experiment, the catalyst
was loaded in the reactor and oxidized at 500◦C for 1 h in
He+ 20% O2. Then a stream of He+ 3% O2 (3.33 cm3/s
at standard temperature pressure, STP) was fed to the re-
actor and the catalyst temperature was set at the desired
value (phase 1). After stabilization of the concentration
signals a rectangular step feed of NO (1000 ppm) was ad-
mitted at constant temperature (phase 2). The NOx storage
proceeded up to catalyst saturation, and then the inlet NO
concentration was stepwise decreased to zero (phase 3),
and after stabilization of the NOx signal at the reactor out-
let the O2 concentration was also decreased in a stepwise
manner ideally to zero, in practice to about 100 ppm due to
the presence of a trace amount of gaseous oxygen that was
not possible to prevent (phase 4). The catalyst reduction
was accomplished by imposing a stepwise perturbation in
H2 concentration (0 → 2000 ppm and 2000 → 0 ppm) at
the inlet of the reactor (phases 5 and 6). Phase 1 was ap-
plied to obtain an oxidized catalyst surface, phase 2 repre-
sents the storage stage, phase 3 allowed for the desorption
of labile stored NOx, phases 4 and 6 realized a progres-
sive change from oxidizing to reducing conditions and vice
versa, thus preventing any undesired overlap between the
storage and the reduction stages, and phase 5 represents
the reduction phase. To study the effect of CO2 and H2O
experiments were also performed using He + 1% H2O,
He + 0.3% CO2, He + 3% CO2, He + 0.3% CO2 + 1%
H2O, and He+ 3% CO2+ 1% H2O instead of pure He both
in the exhaust and reducing gases. If not otherwise specified,
the data reported in the paper were collected on fresh cata-
lyst samples that were fully conditioned by performing few
storage-reduction cycles until reproducible results could be
obtained. The flow rates of the gases were measured and
controlled by mass-flow controllers (Brooks 5850 TR), and
the gases were mixed in a single stream before entering the
reactor. The total flow rate of each phase was typically set
at 3.33 cm3/s STP. Two four-port valves were used to per-
form the abrupt switches between different phases. Care
was taken to minimize all possible dead volumes in the

lines before and after the reactor and in eliminating pres-
sure and flow changes upon switching of the feed gases. The
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dead time measured for an inert tracer (Ar) was on the or-
der of 2 s, and it was found negligible with respect to the
characteristic times of the measured responses.

The reactor consisted of a quartz tube (7-mm inter-
nal diameter) directly connected to a mass spectrometer
(Balzers QMS 200). 120 mg of catalyst with small parti-
cle diameter (100–120 µm) were used in each run in order
to minimize diffusion limitations. The reactor was inserted
into an electric furnace driven by a PID temperature con-
troller/programmer (Eurotherm 2408). The temperature of
the catalyst was measured and controlled by a K-type ther-
mocouple (0.5-mm outer diameter) directly immersed in
the catalyst bed.

The following mass-to-charge ratios were used to mon-
itor the concentration of products and reactants: 2 (H2),
18 (H2O), 28 (N2 or CO), 30 (NO), 32 (O2), 44 (N2O or
CO2), and 46 (NO2). The mass spectrometer data were
quantitatively analyzed using the fragmentation patterns
and the response factors determined experimentally from
calibration gases. Relevant interferences in the mass-to-
charge signals were taken into account in determining the
products composition. A gas chromatograph (HP 6890)
equipped with a Poraplot Q and a 5 Å molecular sieve cap-
illary column was also used for the analysis of CO2, N2O,
and H2O, and of O2, N2, and CO, respectively.

TPD experiments were performed both after different
NOx storage periods and after reduction with hydrogen.
After NOx storage or reduction of the stored NOx at a given
temperature the catalyst was first cooled to 200◦C (cooling
time 20 min) upon switching from the original atmosphere
to He and then heated to 800◦C in He (flow rate= 1 cm3/s)
at a rate of 0.25◦C/s.

RESULTS AND DISCUSSION

Catalysts Characterization

The phases detected by XRD and their crystal size, along
with surface area (S), pore volume (V), and average pore
radius (2V/S) of the catalysts are listed in Table 1.

The Pt/γ -Al2O3 sample is characterized by a large sur-
face area (210 m2/g) and a large pore volume (1.15 cm3/g).
Impregnation of Pt/γ -Al2O3 with an aqueous solution of
Barium acetate to prepare the Pt–Ba/γ -Al2O3 sample fol-
lowed by drying and calcination at 500◦C results in a signif-
icant reduction of the surface area (160 m2/g vs 210 m2/g)
and of the pore volume (0.82 vs 1.15 cm3/g), whereas the
mean pore radius is only marginally affected if any.

In addition to γ -Al2O3 (JCPDS 10-425) traces of BaCO3,
both monoclinic (JCPDS 78-2057) and orthorhombic (whi-
terite, JCPDS 5-378) modifications have been detected in
the fresh Pt–Ba/γ -Al2O3 (1/20/100 w/w) catalyst, whereas
only the orthorhombic modification of BaCO3 was ob-

served in the Ba/γ -Al2O3 (20/100 w/w) catalyst. However,
all the Ba-containing samples (both with and without Pt)
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TABLE 1

Structural and Morphological Properties of the Catalysts

Phases d crystallites Surface area Pore volume Pore radius
Catalyst (by XRD) (by XRD, Å) S (BET, m2/g) V (cm3/g) 2V/S (Å)

Pt/γ -Al2O3 γ -Al2O3 ∼=70 210 1.15 110
(1/100 w/w)

Pt–Ba/γ -Al2O3 γ -Al2O3 ∼=70
(1/20/100 w/w) BaCO3 mon (tr) ∼=70 160 0.82 100

BaCO3 orth (tr) ∼=150

Ba/γ -Al2O3 γ -Al2O3 ∼=100

140 0.80 114

(20/100 w/w) BaCO3 orth (tr) ∼=140
kept in air for a long time showed only the presence of the
stable orthorhombic modification of BaCO3 (16). FTIR
spectra confirmed the presence of carbonate species on
the fresh catalyst (bands at 1420–1560, 1020–1060, and
620–660 cm−1).

DTA-TG analyses in air showed the presence of an
exothermic peak with an associated weight loss, that is as-
cribed to the thermal decomposition of Barium acetate, at
360–400◦C in the case of Ba/γ -Al2O3 and at 270◦C with only
a small contribution at 360◦C in the case of Pt–Ba/γ -Al2O3.
The Pt-catalyzed decomposition of Barium acetate groups
is responsible for the very fast and exothermic process ob-
served at 270◦C and for the appearance of the metastable
monoclinic modification of BaCO3.

The Pt dispersion, measured by H2 chemisorption, is 90–
95% in Pt/γ -Al2O3 (1/100 w/w), and 50–60% in Pt–Ba/γ -
w/w). The lower Pt dispersion in the latter after a few storage-reduction cycles were performed to fully

sample is likely due to the fast and exothermic decompo- condition the catalyst sample.
of NOx over Pt–Ba/γ -Al2O3 (1/20/100 w/w) catalyst
ime.
sition process of Barium acetate, which eventually causes
sintering of the Pt crystallites, and/or masking of the Pt crys-
tallites by the Ba component.

The quantitative analysis of XRD spectra indicates that
the amount of crystalline BaCO3 accounts for 5% of Ba
in the fresh Pt–Ba/γ -Al2O3 (1/20/100 w/w) sample, and in-
creases to 30% of Ba when the catalyst is kept in air at room
temperature for seven months. Accordingly most of Ba is
initially well dispersed on the surface of the catalyst and
extensive surface restructuring occurs with time.

NOx Storage-Reduction Experiments at 350◦C

NOx storage experiments. The results obtained during
storage of NOx in the presence of 3% oxygen (phases 1,
2, and 3) over the Pt–Ba/γ -Al2O3 (1/20/100 w/w) catalyst
at 350◦C are presented in Fig. 1. The data were collected
at 350◦C: NO, NO2, NOx, and H2O outlet concentration and NO inlet
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Upon the NO step addition (at t = 0 s) the NO and NO2

outlet concentrations showed a delay and then increased
with time, approaching the asymptotic values correspond-
ing to the NO inlet concentration (NO out + NO2 out =
NOx out = NO in = 1000 ppm) at about 1000 s. The time
delay is slightly greater for NO2 (350 vs 290 s) and the
variation in the outlet concentration upon breakthrough
is slower. The area included between the inlet NO and out-
let NOx concentration traces is proportional to the amount
of NOx that has been stored onto the catalyst surface dur-
ing phase 2. The storage of NOx is accompanied by the
release of a small amount of water after 150 s. Upon NO
shutoff the concentrations of NO and of NO2 decrease with
time due to desorption of the NOx previously stored. The
net amount of NOx that has been stored during phases 1,
2, and 3 is obtained by difference between the amount of
NOx that has been stored on the catalyst surface during
phase 2 and the amount of NOx that has been desorbed dur-
ing phase 3. Upon switching from 3% O2 in He (phase 3) to
pure He (phase 4) a small quantity of NO is also desorbed
(not shown in the figure). The results prove that NOx is first
adsorbed at BaO and then at Ba(OH)2. The adsorption at
Ba(OH)2 is documented by the evolution of water; the time
delay in the evolution of water indicates that this reaction
is less favored than the previous one in line with the lower
basic character of Ba(OH)2.

In order to obtain additional information on the nature
and reactivity of the Ba surface species involved in the NOx

storage process and on the transformation involved dur-
ing catalyst conditioning the initial storage-reduction cycles
performed over a fresh catalyst sample have been analyzed.
The results collected in the three initial NOx storage cycles
performed at 350◦C onto a fresh catalyst sample calcined in
dry air at 500◦C (in-situ) are presented in Fig. 2 in terms of
NOx, H2O, and CO2 outlet concentration as a function of
time. In the first NOx storage cycle (Section I of Fig. 2) upon
the NO step addition at t = 0 s the NOx outlet concentration
presents a delay of about 50 s, and then slowly increases with
time eventually reaching the inlet concentration value. An
important evolution of CO2 is also monitored with a time
delay of about 50 s. The data prove that NOx is first ad-
sorbed at BaO and then at BaCO3, in line with the greater
basic character of the former site. Indeed IR analysis and
XRD indicate that in the fresh calcined catalyst sample Ba
is present as Ba carbonate. The catalyst pretreatment in
dry air causes the decomposition of minor amounts of Ba
carbonate and the evolution of small amounts of water, as
shown by TPD analysis (data not reported). The decom-
position of BaCO3 in a dry environment leads to the for-
mation of BaO. Accordingly BaCO3 (that is predominant)
and BaO, but not Ba(OH)2, are present on the fresh cata-
lyst upon calcination in dry air at 500◦C. The second NOx

storage run (Section II of Fig. 2) has been performed af-

ter reduction with diluted H2 at the same temperature and
presents the following main features (i) the time delay in
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FIG. 2. Subsequent NOx storage runs at 350◦C on a fresh sample of
Pt–Ba/γ -Al2O3 (1/20/100 w/w): NOx, H2O, CO2 outlet concentration and
NO inlet concentration.

the NOx outlet concentration is greater (250 vs 50 s); i.e., the
NOx storage is enhanced; (ii) water evolution becomes ev-
ident and occurs with a time delay of 150 s; (iii) CO2 evolu-
tion is significantly reduced and is now observed after 250 s.
The data prove that the storage of NOx occurs first at BaO,
then at Ba(OH)2, and finally at BaCO3, in line with the
basic character of the different Ba adsorption sites, and
that the storage at BaCO3 is of lower importance. Cata-
lyst regeneration with H2 restores the adsorption Ba sites;
however, Ba(OH)2 and BaO are formed instead of BaCO3

since H2O (and not CO2) is produced during reduction (see
below). Accordingly the amounts of BaO and Ba(OH)2

species on the catalyst surface progressively increase at the
expense of BaCO3. The results obtained in the third NOx

storage cycle (Section III of Fig. 2), again performed after
reduction with H2 at 350◦C, closely resembles those ob-
tained over a fully conditioned sample (Fig. 1) and show
that the NOx adsorption is further enhanced with respect
to the previous runs. Besides water evolution is increased
whereas that of CO2 is almost negligible because the trans-
formation of BaCO3 into BaO and Ba(OH)2 has proceeded

further, so that the catalyst is now close to being fully
conditioned.
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TPD of the catalyst after NOx adsorption and after
reduction. TPD experiments were performed to clarify
the nature of the NOx adsorbed species present on the cata-
lyst surface upon storage, and the sequence of reactions
involved in the NOx storage process. Accordingly, TPD
measurements were performed over the conditioned
Pt–Ba/γ -Al2O3 (1/20/100 w/w) catalyst following NOx ad-
sorption at 350◦C for different storage periods (60 and 120 s,
before the NOx breakthrough) and after reduction of the
stored NOx at 350◦C.

The results of the TPD experiments are shown in Fig. 3.
Upon heating the catalyst to 900◦C complete desorption of
the previously adsorbed NOx was achieved. In all cases NO
and O2 represent the major products, along with negligible
quantities of NO2. NO is desorbed above 500◦C after stor-
age for 120 s, above 525◦C after storage for 60 s, and above
500◦C after reduction. The desorption of NO is accompa-
nied by the evolution of O2. NO2 was observed only during
TPD of the catalyst after extensive storage (not shown in the
figure), namely after the end of phase 2, and was released at
low temperature (T = 350–500◦C); in this case the desorp-
tion of NO and O2 is much greater and is detected starting

FIG. 3. TPD experiments of Pt–Ba/γ -Al2O3 (1/20/100 w/w) catalyst

upon 120-s storage periods, 60-s storage periods, and after reduction: NO
and O2 traces.
T AL.

from 350◦C. The data indicate that the adsorption of NOx

results in the formation of less stable N-containing species
as the storage process proceeds; indeed these species des-
orb at progressively lower temperature. Besides a limited
amount of adsorbed NOx, presumably the less reactive,
does not take part in the storage-reduction cycle and re-
mains adsorbed at the catalyst surface after all the reactive
stored NOx species have been reduced. The amounts of NO
and of O2 desorbed in the three cases are listed in Table 2.
The net amounts of NOx that has been stored for the differ-
ent storage periods before the TPD run are also reported in
the table; we note that no release of NOx previously stored
has been observed in all cases upon NO shutoff (phase 3).

It is worth noting that there is a reasonable correspon-
dence in Table 2 between the amount of NOx desorbed
from the catalyst upon reduction (0.15 × 10−4 mol/g cata-
lyst) and the amount of NOx that is computed by difference
between that desorbed during TPD upon different storage
periods and that accumulated during the previous storage
run (0.17 × 10−4 and 0.38 × 10−4 mol/g catalyst for stor-
age periods of 60 and 120 s). It appears that the amount of
this less reactive stored NOx, that does not take part in the
storage-reduction cycle, is limited and corresponds to less
than 5–10% of the NOx stored up to catalyst saturation.

During the TPD experiments NO, O2, and NO2 are likely
produced through the following reactions:

Ba(NO2)2 → BaO+ 2 NO+ 1/2 O2 [1]

Ba(NO3)2 → BaO+ 2 NO+ 3/2 O2 [2]

Ba(NO3)2 → BaO+ 2 NO2 +O2. [3]

NO/O2 molar ratios equal to 4.18 and 1.47 were mea-
sured during TPD of reference Ba(NO2)2 hydrate (Aldrich,
technical grade 90%) and Ba(NO3)2 (Aldrich, pure grade
99.98%), in reasonable agreement with the values of 4 and
1.33 obtained from the stoichiometry of reactions [1] and
[2] respectively. A negligible amount of NO2 was measured
in the latter case, indicating that either reaction [3] is not
effective or NO2 decomposes to NO and O2.

In the TPD experiments shown in Fig. 3, O2 evolution
may also originate from the desorption of oxygen species
associated with Pt sites (indicated below as O∗) formed onto
the catalyst surface in presence of excess oxygen:

2O∗ ↔ O2. [4]

Assuming complete desorption of O∗ from fully oxygen
covered Pt sites this reaction accounts approximately for
0.2× 10−4 mol O2/g catalyst.

Inspection of Table 2 indicates that the ratio between
NO and O2 decreases when the storage period increases
from 60 to 120 s, which proves that the relative amount of
nitrates increases progressively during storage. The amo-
Table 2 on the basis of reactions [1], [2], and [4], depend
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with NO + O2
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TABLE 2

TPD of Pt–Ba/γ -Al2O3 (1/20/100 w/w) in He upon Different Storage Periods at 350◦C (60 and 120 s
in He + 3% O2 + 1000 ppm NO) and after Reduction at 350◦C (in He + 2000 ppm H2)

NO desorbed O2 desorbed NO2 desorbed NOx adsorbeda

Type of experiment (mol/g catalyst) (mol/g catalyst) (mol/g catalyst) (mol/g catalyst)

Upon storage (60 s) 0.91× 10−4 0.44× 10−4 0 0.74× 10−4

Upon storage (120 s) 1.88× 10−4 1.21× 10−4 0 1.5× 10−4

Upon reduction 0.15× 10−4 0.42× 10−4 0 —
a During the previous NOx storage cycle.
markedly on the relevance of O∗ thermal desorption par-
ticularly in the case of short NOx storage periods. It is ex-
pected that reaction [4] has occurred to a certain extent
considering that the desorption of O2 is detected already
below 500◦C (the temperature of onset of NO desorption);
however, the relevance of this reaction cannot be assessed
precisely from our data. Assuming that reaction [4] has oc-
curred quantitatively the amount of nitrites calculated after
a 60-s storage period is 0.84×10−4 mol/g catalyst and that of
nitrates 0.07× 10−4 mol/g catalyst. In this case the storage
of NOx should occur primarily through a stepwise oxida-
tion of NO first to nitrites and then to nitrates. However,
assuming that reaction [4] has not occurred at all from the
same data we calculate 0.25 × 10−4 mol nitrites/g catalyst
and 0.65×10−4 mol nitrates/g catalyst. In this case the stor-
age of NOx could be explained as well by oxidation of NO
to NO2, followed by dimerization of NO2 to N2O4, dispro-
portionation of N2O4 to form Ba-nitrites and Ba-nitrates,
and finally oxidation of surface nitrites to nitrates as sug-
gested in the technical literature (16). In any case the data in
Table 2 indicate that the reactions of NO2 at Pt sites close to
BaO or Ba(OH)2 to give Ba(NO3)2 are of lower importance
in the NOx storage process. The estimation of the relative
amount of nitrates is less influenced by the poor confidence
in the relevance of the thermal desorption of O∗ as the
storage period increases because of the greater amount of
stored NOx. Accordingly, for the case of NOx storage up
to catalyst saturation a relative amount of nitrates ranging
between 79 and 83% has been calculated. This confirms
that nitrates are most abundant when the storage process
has been completed. In conclusion the TPD study proved
that nitrites are formed during storage and are oxidized to
nitrates.

It was not possible to clarify whether nitrites are formed
first and then are transformed into nitrates or nitrites and
nitrates are formed first by disproportionation of N2O4 and
nitrites are then oxidized to nitrates. However, it has been
shown that the direct reaction of NO2 to give Ba(NO3)2 is of
lower importance. The present picture compares well with
the results of a detailed FTIR study performed by some of us
over the Pt–Ba/Al O (1/20/100 w/w) catalyst upon contact
2 3

at room temperature followed by evacua-
tion at increasing temperature (17). This study provided
evidence for the presence of a variety of surface species,
including ionic bidentate nitrites coordinated at Ba2+,
monodentate nitrites, chelating and/or bridging bidentate
nitrates, and ionic nitrates, and showed that the formation
of nitrates is favored on contact time increase. Upon evac-
uation up to 400◦C bidentate and monodentate nitrites
progressively disappeared; besides bidentate nitrates were
partially removed, and ionic Ba2+ nitrates were formed.
Evacuation at 500◦C caused the removal of bidentate
nitrates and a fraction of ionic nitrates; the complete
decomposition of these species required higher tempera-
tures. TPD experiments performed upon contact at room
temperature with NO + O2 atmosphere showed a low
temperature TPD peak (centerd at 250–300◦C), that is
ascribed to the removal of monodentate nitrites, bidentate
nitrites, and bidentate nitrates and is not accompanied by
oxygen evolution, and a high temperature peak (centerd
at 550◦C), that is accompanied by the evolution of oxygen
and is ascribed to the elimination of the ionic Ba2+ nitrates
with high thermal stability. In conclusion the FTIR study
indicated that nitrites are transformed into nitrates and
that ionic nitrates are the most stable species stored onto
the catalyst.

NOx storage chemistry. The results previously discussed
indicate that the storage of NOx occurs only at BaO and
Ba(OH)2 over the fully conditioned catalyst and results in
the formation of nitrites and nitrates. Accordingly and in
line with indications in the literature, the following reaction
pathways can be considered to describe the NOx adsorption
processes on the conditioned Pt–Ba/Al2O3 catalyst:

O2 ↔ 2O∗ [4′]

BaO+O∗ + 2NO↔ Ba(NO2)2 [5]

Ba(OH)2 +O∗ + 2NO↔ Ba(NO2)2 +H2O [6]

Ba(NO2)2 + 2O∗ ↔ Ba(NO3)2 [7]

NO+ 1/2O2 → NO2 [8]

BaO+ 2NO2 +O∗ ↔ Ba(NO3)2 [9]
Ba(OH)2 + 2NO2 +O∗ ↔ Ba(NO3)2 +H2O [10]



E
182 LIETTI

2NO2 ↔ N2O4 [11]

2BaO+ 2N2O4 ↔ Ba(NO2)2 + Ba(NO3)2 [12]

2Ba(OH)2 + 2N2O4 ↔ Ba(NO2)2 + Ba(NO3)2 + 2H2O.

[13]

The storage of NOx may proceed via three different reac-
tion pathways. The first route (reactions [4′]–[7]) involves
the adsorption of NO at Pt sites close to BaO or Ba(OH)2 to
form Ba(NO2)2 (reactions [5] and [6]) and then Ba(NO3)2

(reaction [7]). Reactions [5]–[7] imply the participation
of active oxygen species, O∗, associated with oxidized Pt
species, that are restored by gaseous oxygen (reaction [4′]).
In the NOx storage catalyst Pt is identified as the oxida-
tion component and Ba as the NOx storage component.
Indeed experiments with 1000 ppm NO in He + 3% O2

over Pt/γ -Al2O3 (1/100 w/w) demonstrated that this cata-
lyst is able to oxidize NO to NO2 although it presents a
negligible capability to store NOx. On the other hand it was
found that Ba/γ -Al2O3 (20/100 w/w) is not able to catalyze
the oxidation of NO to NO2 and it does not adsorb NO
to a significant extent even in the presence of oxygen. Be-
sides previous reports in the literature have demonstrated
that the migration process of NOx from precious metals
to the NOx storage component is a very important step
for NOx storage, and that the migrated NOx reacts with
the NOx storage component neighboring on precious met-
als (8). The second pathway (reactions [8]–[10]) considers
Ba(NO3)2 formation via oxidation of NO to NO2 (reaction
[8]) followed by reaction of NO2 at Pt sites close to BaO
or Ba(OH)2 (reactions [9] and [10]). Finally, the third route
(reactions [8] and [11]–[13]) involves the oxidation of NO
to NO2 (reaction [8]), the dimerization of NO2 to N2O4

(reaction [11]) and the disproportionation of N2O4 at BaO
or Ba(OH)2 to form Ba(NO2)2 and Ba(NO3)2 (reactions
[12] and [13]) (15). Our data demonstrate that nitrites are
formed during storage and then are oxidized to nitrates; ac-
cordingly the second route (reactions [8]–[10]) is of lower
importance. Still the data do not allow us to distinguish
whether nitrites are formed first and then are transformed
into nitrates (reactions [5]–[7]) or nitrites and nitrates are
formed at the same time by disproportionation of N2O4 and
nitrites are subsequently oxidized to nitrates (reactions [8],
[11]–[13], and [7]).

In the overall reaction scheme presented above, the re-
actions at Ba(OH)2 (reactions [6], [10], and [13]) are less
favored than the corresponding reactions at BaO (reactions
[5], [9], and [12], respectively) and they occur at a lower ex-
tent, as documented by the time delay in the evolution of
water and the release of a small amount of water during
the NOx storage (Fig. 1). The reactions given above also
account for a number of features in Fig. 1 including (i) the

storage of NO in the presence of O2 through direct reac-
tions [4′]–[7], and/or reactions [8], and [11]–[13], and/or, in
T AL.

minor extent, reactions [8]–[10]; (ii) the occurrence of NOx

storage first at BaO and then at Ba(OH)2 since the former
site is more basic in nature and in line with the results of
the catalyst conditioning; (iii) the breakthrough of NO first
and of NO2 later on through reverse reactions [7] to [5], and
reverse reaction [9], respectively. Storage experiments with
1000 ppm NO2 in He under the same conditions and over
Pt–Ba/γ -Al2O3 (1/20/100 w/w) confirmed that the desorp-
tion of NO is more favored than that of NO2, since also in
this case the breakthrough of NO2 occurred later than that
of NO; (iv) the sharp increase in gaseous NO concentration
upon breakthrough and the more gentle increase of gaseous
NO2 concentration, since surface nitrite species are less sta-
ble than surface nitrate species; (v) the slow approach of the
concentrations of NO and NO2 to their asymptotic values
due to the progressively lower relevance of direct reactions
[5]–[13], as compared to reverse reactions [5]–[13]; (vi) the
desorption of NOx upon shutoff of NO through reverse
reactions [7] and [5], reverse reactions [9] and [8], and re-
verse reactions [12], [11], and [8]; (vii) the desorption of NO
upon switching from 3% O2 in He to He primarily through
reverse reactions [4′], [7], and [5].

Reduction of NOx stored experiments. The results ob-
tained during the reduction of stored NOx (phases 5 and 6)
over the Pt–Ba/γ -Al2O3 (1/20/100 w/w) catalyst at 350◦C
are presented in Fig. 4. Upon the step addition of 2000 ppm
of H2 at t = 0 s the stored NOx is reduced to N2 : H2 is com-
pletely consumed and the N2 outlet concentration increases
immediately to the level of 360 ppm and then it keeps
almost constant until depletion of reactive stored NOx.
Accordingly the reaction is very fast and is limited by the
concentration of H2. Besides the reduction of stored NOx

is highly selective toward N2 since N2O is not observed and
only a very small amount of NO (not shown in the figure) is
detected among the products immediately after the H2 step
addition (1.9× 10−6 mol NO/g catalyst vs 2.36× 10−4 mol
N2/g catalyst). The absence of N2O is documented by the
trace of mass-to-charge signal 44 and by direct GC analy-
sis. The formation of NH3 can also be ruled out by taking
into account the interferences in the mass-to-charge sig-
nals 18 and 17. Accordingly selectivity toward nitrogen of
about 99.5% is calculated from these data. The reduction
of NOx produces water, which, however, does not desorb
immediately and indeed shows a delay of about 50 s, due to
adsorption onto the catalyst and most likely onto Ba sites to
form Ba(OH)2. After the reduction of stored NOx is com-
pleted and the N2 outlet concentration diminishes to the
background level approximately at 400 s, still the concentra-
tion of H2O continues to decrease and that of H2 continues
to increase, approaching their asymptotic values only above
800 s. While the former effect could be due to desorption
of water previously accumulated in the form of Ba(OH)2,

the latter effect indicates that H2 is consumed to the ex-
pense of oxygen species different from stored NOx that are
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FIG. 4. Reduction of stored NOx over Pt–Ba/γ -Al2O3 (1/20/100 w/w) catalyst at 350◦C: H2, N2, and H2O outlet concentration and H2 inlet

concentration.

progressively depleted and that are likely associated with
poorly reactive oxygen species from the catalyst. One could
speculate that such catalyst oxygen species are generated
at the Ba sites through decomposition of nitrite/nitrate
groups; in line with the lower reactivity of these species the
reduction apparently operates after depletion of the stored
NOx groups. Overimposed to the consumption of these oxy-
gen atoms and NOx groups the reduction of trace amounts
of gaseous oxygen in the feed (on the order of 100 ppm; see
Experimental) is also observed, which eventually accounts
for the asymptotic values of H2 and H2O concentration.

The following reactions are thus likely involved in the
reduction of stored NOx:

Ba(NO2)2 + 3H2 → BaO+N2 + 3H2O [14]

Ba(NO3)2 + 5H2 → BaO+N2 + 5H2O [15]

BaO+H2O ↔ Ba(OH)2 [16]

O∗ +H2 → H2O [17]

H2 ↔ 2 H∗ [18]

H2 + 1/2O2 → H2O [19]

H2 +O∗′ → H2O. [20]

O∗′ represents a poorly active oxygen species and H∗ rep-
resents a hydrogen species associated to metal Pt. N2

is produced by reduction of surface nitrites and nitrates
(reactions [14] and [15]). Water, which is produced through
these reactions, can react with BaO to form Ba(OH)2

(reaction [16]). Notice that water is produced in excess of

the amount that is required to fully hydrate the Ba sites
made available through reactions [14] and [15], respec-
tively, so that other Ba sites must be hydrated in order
to account for the time delay of water. Water can also be
adsorbed on the alumina support, but this can be considered
of minor importance since Ba addition to the Pt/Al2O3 cat-
alysts reduces significantly the exposed Al sites, as shown
by FTIR analyses (17). Reduction of O∗ to water, corre-
sponding to the reduction of oxidized Pt species to Pt metal
(reaction [17]), and the formation of H∗ species from metal
Pt (reaction 18), may also play a role in the process, in line
with indications in the literature (18). Besides, the reduc-
tion of trace amounts of gaseous oxygen (reaction [19]) and
poorly reactive oxygen species on the catalyst (O∗′) (reac-
tion [20]) has also been considered (see above).

N and H material balances for the storage-reduction cycle
(phase 1 to 6) in Figs. 1 and 4 close to within ±5–10%. It is
worth noting that the N2 concentration of 360 ppm in Fig. 4
corresponds to that expected from reaction [15] (360 ppm)
and is significantly lower than that derived from reaction
14 (600 ppm); both expected values are computed taking
into account the consumption of H2 due to reduction of
100 ppm of gaseous oxygen. This eventually indicates that
nitrates are most abundant when the storage process has
been completed, and that the reduction of stored NOx is
very fast and almost complete with 2000 ppm H2. Also the
ratio of the moles of H2 consumed to those of N2 produced
is consistent with the presence of major amounts of nitrates,
based on the stoichiometry of reaction [15].

NOx Storage-Reduction Experiments
at Different Temperatures
The storage of NOx in the presence of 3% oxygen over
the conditioned Pt–Ba/γ -Al2O3 (1/20/100 w/w) sample has
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FIG. 5. Storage of NOx over Pt–Ba/γ -Al2O3 (1/20/100 w/w) catalyst at different temperatures: NOx and H2O outlet concentration at 200, 300, and

400◦C; NO inlet concentration.

been investigated in a wide temperature range, extending
from 200 to 400◦C. The results obtained during storage
(phases 1, 2, and 3) at 200, 300, and 400◦C are presented in
Fig. 5. The time delay in the NOx outlet concentration upon
the NO step addition is largest at intermediate temperature
and is maximum at 350◦C (see Fig. 1); this originates from
competition between the reactions responsible for the accu-
mulation of nitrites and nitrates on the catalyst surface that
are more favored at low temperature, and NOx desorption
upon decomposition of surface nitrites and nitrates that is
more important at high temperature. After breakthrough
the NOx outlet concentration approaches the asymptotic
value with higher rate the higher the temperature, again
due to the greater relevance of the NO and NO2 desorp-
tion processes. As the temperature increases the NO2 outlet
concentration gets closer to the thermodynamic limit for re-
action [8]. During NOx storage a small amount of water is
released with a significant time delay, which indicates that
also at these temperatures NOx is first adsorbed at BaO
and later on at Ba(OH)2. Upon NO shutoff the release of a
fraction of NOx stored during phase 2 is observed; a small
amount of NO is also monitored upon switching from 3%
O2 in He (phase 3) to He (phase 4) (not shown in the figure).

Calculations showed that considerable amounts of NOx

are stored onto the Pt–Ba/γ -Al2O3 (1/20/100 w/w) cata-

lyst during the storage, up to 5.81 × 10−4 mol/g catalyst at
300◦C. This amount is much greater than that reported by
Fridell et al. under similar atmospheres (0.8 × 10−4 mol/g
Al2O3 at 350–380◦C), due to the larger surface area (160
vs 30 m2/g) and the higher Pt dispersion (0.5–0.6 vs 0.18–
0.27) of our catalyst, and in spite of the lower Ba content
(Pt/Ba/Al 1/20/100 vs Rh+Pt/Ba/Al 1+ 2/20/77) (12). In-
deed it is expected that the number of active sites for the
NOx oxidation reactions and for the activation of the re-
ducing agent increases on increasing the Pt surface area
(8) and that higher specific surface areas of the adsorbent
component favor the storage of NOx. The amount of NOx

stored onto the catalyst in the present study is comparable
to that reported by Mahzoul et al. (13) for a commercial
type catalyst containing Pt, Rh, Ba, and La supported on a
washcoat base and operated under similar conditions (5.3×
10−4 mol/g catalyst at 300◦C in He + 3–7% O2). The Ba
percentages that participate in the storage process are esti-
mated assuming the formation of Ba(NO2)2 and Ba(NO3)2
and are reported in Table 3. The percentage of Ba involved
up to catalyst saturation (end of phase 2) shows a maxi-
mum of about 24% at 300◦C. The percentage of Ba that is
involved up to the NOx breakthrough is also relevant for
practical purposes; this is significantly lower at any tempera-
ture and increases with temperature to about 14% at 300◦C,
and then it levels off. The relative amounts of Ba(OH)2 in-
volved in the NOx storage process is large (∼=50–60%) at

low temperature but diminishes significantly with temper-
ature (down to 10–15%), as expected.
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TABLE 3

% Ba Involved in the NOx Storage Process up to Catalyst Satura-
tion (phases 1+ 2+ 3+ 4) (% Ba Storage) and up to the NOx Break-
through (% Ba Breakthrough), and Relative Amounts of Ba(OH)2

Taking Part in the Storage of NOx (Ba(OH)2/Ba Storage) over
Pt–Ba/γ -Al2O3 (1/20/100 w/w) at Different Temperatures

Temperature 200◦C 250◦C 300◦C 320◦C 350◦C 400◦C

% Ba storage 7.3 15.5 23.8 22.5 16.7 13.3
% Ba breakthrough 4.1 7.4 13.7 13.4 14.7 13.0
Ba(OH)2/Ba storage 62 53 10 10 11 14

The results obtained during the reduction of stored NOx

(phases 5 and 6) at 200, 300, and 400◦C are presented
in Fig. 6. The reaction is very fast and is limited by the
concentration of H2, already at 200◦C. At any tempera-
ture the N2 outlet concentration increases sharply to about
360 ppm, and then it keeps constant until depletion of the re-
active stored NOx. Small amounts of NO and of N2O are ob-
served at 200◦C (2.7×10−6 mol NO and 2×10−6 mol N2O/g
catalyst vs 5.3×10−5 mol N2/g of catalyst) and a more signif-
icant amount of NO is detected at high temperature (1.8×
−5 −4
10 mol NO/g catalyst vs 1.41× 10 mol N2/g catalyst at NO at high temperature immediately after the H2 step ad-
400◦C). However, these amounts result in high selectivity dition is likely associated with changes in the nature of the
FIG. 6. Reduction of stored NOx over Pt–Ba/γ -Al2O3 (1/20/100 w/w) cat
at 200, 300, and 400◦C; H2 inlet concentration.
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toward N2 that is close to 95% in both cases. The reactions
responsible for the formation of NO and N2O from surface
nitrites and nitrates are (reactions [21]–[24]):

Ba(NO2)2 +H2 → BaO+ 2NO+H2O [21]

Ba(NO2)2 + 2H2 → BaO+N2O+ 2H2O [22]

Ba(NO3)2 + 3H2 → BaO+ 2NO+ 3H2O [23]

Ba(NO3)2 + 4H2 → BaO+N2O+ 4H2O. [24]

Water is produced in the reduction and is adsorbed onto
the Ba sites to form Ba(OH)2. This eventually accounts
for the observed delay in the outlet H2O concentration; the
time delay of water increases slightly with temperature. The
traces of H2O and H2 continue to vary after the N2 outlet
concentration has diminished to zero, due to desorption of
water previously accumulated in the form of Ba(OH)2, and
to the reduction of poorly reactive catalyst oxygen species
(see above). The reduction of trace amounts of gaseous
oxygen in the feed is also detected. Upon H2 shutoff, a small
but significant evolution of N2 is observed at low tempera-
ture, namely at 200 and 250◦C.

The formation of NO and N2O at low temperature and
alyst at different temperatures: H2, N2, H2O, and NO outlet concentrations
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Pt species, i.e., from an oxygen-covered Pt to metal Pt and
eventually to hydrogen-covered Pt. Accordingly when the
reduction of oxygen adsorbed species (O∗) is slow (low tem-
perature) or the unselective reduction of NOx is fast (high
temperature) a lower selectivity to N2 is measured, namely
95% at 200 and 400◦C as compared to 99.5% at 350◦C (see
previous paragraph). The possibility that the evolution of
NO could be due to thermal desorption caused by the in-
crease of the catalyst temperature (3–5◦C) upon the H2

step addition has been ruled out on the basis of TPSR runs
performed after NOx storage in He+C3H6. Indeed TPSR
experiments demonstrated that the temperature of onset of
NOx reduction is considerably lower than that employed in
the storage-reduction cycles, in spite of the lower reducing
power of propylene as compared to hydrogen.

Along similar lines the slow rate of reduction of precious
metal sites combined with the more fast release of NOx

from the adsorbent has been suggested in the literature
to account for the NO breakthrough peak observed upon
switching from lean to rich conditions (11). However, for
the same effect other authors have offered alternative ex-
planations. Fridell et al. proposed that the reduction of the
noble metal sites is fast and that the adsorption of NOx on
the reduced noble metal sites is strongly depressed, which
eventually causes the NO breakthrough peak (12). It should
be noted that the NO breakthrough peak upon switching
from lean to rich conditions is much greater in intensity
than the NO (+N2O) peak observed when switching from
He to He + H2 feed, as observed in the present study, or

from He to stoichiometric conditions, as reported in (9). In carbonated. Besides the desorption of part of the NOx pre-

the latter case it has been argued that NOx adsorbed on viously stored upon the NO shutoff is accompanied by a net
FIG. 7. Storage of NOx over Pt–Ba/γ -Al2O3 (1/20/100 w/w) catalyst in
and 400◦C; NO inlet concentration.
T AL.

Pt/Ba catalyst in NO-O2-H2 reaction gas system was more
reducible than that in NO-O2-C3H6 reaction gas system
due to the greater reduction power of H2 than C3H6, which
eventually accounts for the greater selectivity toward N2.
This applies more if O2 is not present in the reaction gas as
in the present study.

The evolution of small amounts of N2 upon H2 shutoff
at 200◦C is again likely associated with the changes in the
nature of Pt species upon oxidation due to the presence
of trace amounts of gaseous oxygen in the feed (from H-
adsorbed species to metal Pt and finally to oxygen adsorbed
species). Indeed the trace of oxygen increases to the back-
ground level with a small delay with respect to the H2 shut-
off that corresponds to the evolution of N2. As a matter of
fact it is speculated that metal Pt, formed immediately upon
the H2 shutoff, likely presents higher reactivity in the reduc-
tion of NOx species that are still present on the catalyst so
that few of them could be reduced to N2.

NOx Storage-Reduction Experiments in the Presence
of CO2 and H2O

Effect of CO2. Figure 7 illustrates the influence of 0.3%
CO2 on the NOx storage at 200, 300, and 400◦C during
the lean phase for the Pt–Ba/γ -Al2O3 (1/20/100 w/w) cata-
lyst. At any temperature the time delay in NOx outlet con-
centration upon the NO step addition is remarkably re-
duced in the presence of 0.3% CO2 (compare Fig. 7 with
Fig. 5). Notably, no delay is observed in this case in the evo-
lution of CO2, suggesting that the catalyst surface is fully
the presence of 0.3% CO2: NOx and CO2 outlet concentration at 200, 300,
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FIG. 8. Reduction of stored NO over Pt–Ba/γ -Al O (1/20/100 w/w) catalyst in the presence of 0.3% CO : H , charge to mass ratio 28 (N or
o

x 2 3

CO), CO2, and H2O outlet concentration at 200, 300, and 400◦C; H2 inlet c

consumption of CO2. The net amount of NOx that has been
stored during phases 2 and 3 is significantly lower than in the
absence of CO2 and is twice the net amount of CO2 that was
released from the catalyst. The net quantity of NOx stored
is maximum at 300◦C and amounts to 4.46 × 10−4 mol/g
catalyst, which compares to 5.81×10−4 mol/g catalyst mea-
sured at the same temperature and in the absence of CO2.
This is consistent with previous studies (12), where it was
reported that the amount of NOx stored was decreased
to a limited extent in the presence of 4.2–12% CO2 at
400◦C.

Considering that Ba sites are present in the form of
BaCO3 under the conditions of Fig. 7 it is believed that
the storage of NOx involves the following reactions:

BaCO3 + 2NO+O∗ → Ba(NO2)2 + CO2 [25]

Ba(NO2)2 + 2O∗ → Ba(NO3)2 [26]

2BaCO3 + 2N2O4 → Ba(NO2)2 + Ba(NO3)2 + CO2.

[27]

Reactions [25] and [27] account quantitatively for the com-
bined consumption of NO and release of CO2 during phases

2 and 3. The shorter time delay in the NOx breakthrough
can be ascribed to the inhibiting effect of CO2 on the over-
2 2 2

ncentration.

all storage process that is likely due to the participation of
BaCO3 in reactions [25] and [27].

The effect of CO2 during the reduction of stored NOx

(phases 5 and 6) at different temperatures is presented
in Fig. 8. The reaction is fast and H2 is completely con-
sumed immediately upon its addition. At any temperature
the N2 outlet concentration increases sharply to the maxi-
mum value of about 200 ppm at 200◦C and of about 360 ppm
at higher temperature, and then it keeps constant until de-
pletion of the reactive stored NOx. The reaction is limited
by the H2 concentration above 250◦C (data not reported in
the figure), but not at 200◦C, where H2 spillover must be
invoked together with the inhibiting effect of CO2 on the
reduction of the stored NOx to account for the complete
consumption of H2 and for the relatively low concentration
of N2 at the same time. The trace of the mass-to-charge
signal 44, which is ascribed to CO2, is complex: significant
amounts of CO2 are desorbed immediately after the addi-
tion of H2; then CO2 is consumed until depletion of stored
NOx. The desorption of CO2 is likely due to the occurrence
of the following reaction:

BaCO3 +H2O→ Ba(OH)2 + CO2. [28]
Indeed water is produced through the reduction of stored
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FIG. 9. Storage of NOx over Pt–Ba/γ -Al2O3 (1/20/100 w/w) catalyst in the presence of 1% H2O: NOx and H2O outlet concentration at 200, 300,

and 400◦C; NO inlet concentration.

NOx and is detected at the reactor exit with a time delay
of about 50 s, that compares well with the characteristic
time of the desorption of CO2. Likewise the consumption
of CO2 is ascribed to the reverse of reaction [28] which
implies readsorption of CO2 on BaO/Ba(OH)2 once NOx

has been reduced.
After all stored reactive NOx groups have been reduced

and at sufficiently high temperature, i.e., at T ≥ 300◦C, the
mass-to-charge signal 28 increases again and reaches an
asymptotic value that is higher at high temperature. GC
analyses confirmed that in this case the charge-to-mass sig-
nal 28 is associated with CO. The increase in the CO outlet
concentration is accompanied by the parallel consumption
of H2 (the H2 outlet concentration is lower at high T), and of
CO2 (the CO2 trace does not recover the level correspond-
ing to CO2 feed concentration), and by the parallel produc-
tion of H2O (the H2O trace keeps high until H2 shutoff).
It is therefore concluded that, after all stored reactive NOx

groups have been reduced and provided that the tempera-
ture is sufficiently high, the catalyst promotes the reverse
water gas shift (WGS) reaction:

CO2 +H2 ⇔ CO+H2O. [29]

The WGS reaction is limited by thermodynamics under the
experimental conditions employed in this study, since the
value of the reaction constant Ksp (based on the asymp-
totic concentration of reactants and products) is close to
the value of the equilibrium constant Keq.

◦
Upon H2 shutoff at low temperature (200 C) N2 evolu-
tion is observed for reasons already discussed, and at any
temperature the traces of carbon dioxide and water ap-
proach progressively their background levels, due to read-
sorption of CO2 and desorption of H2O (reverse reaction
[28]). Storage-reduction experiments were also performed
with synthetic exhaust and reducing gases containing 3%
CO2 at 300 and 350◦C, and the same effects described above
have been observed.

Effect of H2O. The influence of water on the NOx

storage at 200, 300, and 400◦C during the lean phase for
the Pt–Ba/γ -Al2O3 (1/20/100 w/w) catalyst is presented in
Fig. 9. The storage of NOx is accompanied by a simultane-
ous release of water, because the adsorption of NOx occurs
primarily through reactions [6], [10], and [13] since in the
presence of water in the gas phase the Ba component has
been transformed into Ba(OH)2. Notably, no dead time
is observed in the evolution of water, thus suggesting that
Ba(OH)2 is predominant in these conditions. The relatively
small variations in the concentration of water and experi-
mental limitations on the recording of the trace of H2O
did not allow us to verify at a quantitative level the cor-
respondence between the amount of water released and
that of NOx stored, as dictated by the stoichiometry of
the reactions. Besides, a striking effect of water is that it
causes an increase of the time delay of NOx outlet concen-
tration at low temperature and a decrease at high temper-
ature (compare Figs. 5 and 9). It seems that water has a
promoting action at low temperature and a negative effect
at high temperature on the reactions involved in the NOx

storage process. The net amount of NO stored up to cata-
x

lyst saturation in the presence of water is lower by 20–40%
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FIG. 10. Reduction of stored NOx over Pt–Ba/γ -Al2O3 (1/20/100
w/w) catalyst in the presence of 1% H2O: H2, N2, and H2O outlet concen-
tration at 200, 300, and 400◦C; H2 inlet concentration.

at any temperature, except at 200◦C where the amount is
greater.

The effect of H2O during the reduction of stored NOx at
200, 300, and 400◦C is presented in Fig. 10. The reaction is
fast and H2 is fully consumed immediately upon its addition.
Besides, the reaction is highly selective since NO and N2O
were not detected, not even in trace amounts, during reduc-
tion. Note that at 200◦C immediately upon the H2 step addi-
tion the outlet N2 concentration of about 500 ppm has been
detected, which suggests that nitrites are present in signif-

icant amounts upon NOx storage up to catalyst saturation.
Indeed 500 ppm N2 is

ularly at low temperature, when compared to the case of
of 0.3% CO2 + 1%
a concentration significantly higher

TABLE 4

Effect of 0.3% CO2, 1% H2O, and 0.3% CO2 + 1% H2O on the Amount of NOx

Stored up to the NOx Breakthrough (mol/g Catalyst) over Pt–Ba/γ -Al2O3 (1/20/100
w/w) Catalyst

Temperature Base (He + 3% O2) +0.3% CO2 +1% H2O +0.3% CO2 + 1% H2O

200◦C 1.01× 10−4 0.0 2.11× 10−4 0.54× 10−4

250◦C 1.81× 10−4 0.0 2.29× 10−4 0.97× 10−4

300◦C 3.35× 10−4 0.31× 10−4 2.38× 10−4 1.19× 10−4

◦ −4 −4 −4 −4

He + 3% O2. Again in the presence
350 C 3.60× 10 0.95× 1
400◦C 3.17× 10−4 1.41× 1
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than that expected for the reduction of nitrates (400 ppm,
from reaction [15]), even neglecting the consumption of H2

due to the reduction of trace amounts of gaseous oxygen,
and is lower than that expected for the reduction of nitrites
(600 ppm, from reaction [14]), considering in this case the
consumption of hydrogen caused by the reduction of trace
amounts of gaseous oxygen. This implies that water inhibits
the reactions responsible for the formation of nitrates. Still
the promoting effect of water at low temperature on NOx

stored up to the NOx breakthrough and up to catalyst satu-
ration might be associated with the participation of surface
hydroxyls in the storage process. This aspect deserves fur-
ther study and it will be investigated in the future.

Combined effect of CO2 and H2O. The combined effect
of 0.3% CO2 and 1% H2O on the NOx storage capacity of
the catalyst up to the NOx breakthrough is summarized in
Table 4, where also the data obtained in the absence of CO2

and H2O, in the presence of 0.3% CO2, and in the presence
of 1% H2O are listed for comparison. It appears that the
amount of NOx stored is much lower in the presence of
0.3% CO2 if compared to the case of He + 3% O2 at any
temperature and is almost negligible at 200 and 250◦C.
Likewise the amount of NOx stored is more significant in the
presence of 1% H2O, and at 200 and 250◦C it is even greater
than that observed in the case of He+ 3% O2. The effects
of 0.3% CO2 and 1% H2O tend to compensate each other
when both species are present, and this eventually results in
a lower but still significant storage capacity of the catalyst at
any temperature: the storage capacity up to the NOx break-
through is reduced approximately by a factor of 2 and varies
from 0.54× 10−4 to 1.89 × 10−4 mol/g catalyst whereas in
the case of He+ 3% O2 it varies from 1.01× 10−4 to 3.60×
10−4 mol/g catalyst. The above numbers correspond to Ba
percentages varying from 2.2 to 7.8% in the presence of
0.3% CO2 + 1% H2O, which compare with Ba percentages
between 4.1 and 14.7% in the case of He + 3% O2.

The net amount of NOx stored up to saturation of the
catalyst is shown in Table 5 for the different feed compo-
sitions. This quantity is lower in the presence of 0.3% CO2

and is more significant in the presence of 1% H2O, partic-
0 2.77× 10 1.07× 10
0−4 2.44× 10−4 1.89× 10−4
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TABLE 5

Effect of 0.3% CO2, 1% H2O, and 0.3% CO2 + 1% H2O on the NOx Stored up to
Catalyst Saturation (mol/g Catalyst) over Pt–Ba/γ -Al2O3 (1/20/100 w/w) Catalyst

Temperature Base (He + O2) +0.3% CO2 +1% H2O +0.3% CO2 + 1% H2O

200◦C 1.77× 10−4 0.82× 10−4 3.76× 10−4 0.99× 10−4

250◦C 3.79× 10−4 3.19× 10−4 3.28× 10−4 1.66× 10−4

300◦C 5.81× 10−4 4.46× 10−4 4.60× 10−4 3.55× 10−4

350◦C 4.07× 10−4 3.40× 10−4 4.16× 10−4 4.31× 10−4
◦ −4 −4 −4 −4
400 C 3.24× 10 2.04× 10

H2O the above effects compensate each other so that the
net amount of NOx stored up to catalyst saturation is lower
roughly by 20–40% and varies from 0.99 × 10−4 to 4.31 ×
10−4 mol/g catalyst whereas in the case of He+ 3% O2 it
varies from 1.77× 10−4 to 5.81× 10−4 mol/g catalyst.

Storage-reduction experiments were also performed with
synthetic exhaust and reducing gases containing 3% CO2

and 3% CO2 + 1% H2O at 300 and 350◦C. It has been
observed that the amount of NOx stored up to the break-
through and up to catalyst saturation is not markedly af-
fected on increasing the CO2 content from 0.3 to 3% both
in the presence and in the absence of water. Besides the
reverse WGS reaction is limited by thermodynamics; ac-
cordingly the formation of CO is markedly depressed in
the presence of water.

CONCLUSIONS

The results presented in this paper, and particularly those
collected during catalyst TPD upon different storage peri-
ods, demonstrate that nitrites are formed during storage of
NOx over Pt–Ba/Al3O3 and then are oxidized to nitrates.
Still the data do not allow us to distinguish whether nitrites
are formed first and then are transformed into nitrates or
nitrites and nitrates are formed at the same time by dis-
proportionation of N2O4 and nitrites are subsequently ox-
idized to nitrates. In any case nitrates are most abundant
and account for about 80% of the stored NOx when the
storage process is completed. The N2 outlet concentration
measured during subsequent reduction is also consistent
with the predominance of nitrates at the end of the NOx

storage. In the presence of 1% H2O in the exhaust and
at low temperature (i.e., 250◦C) there is evidence that ni-
trites are also present in significant amounts. 1% H2O has
a promoting effect at low temperatures and an inhibiting
effect at high temperature on the reactions involved in the
NOx storage process. The presence of nitrites at low tem-
perature could be ascribed to the promoting role of surface
hydroxyls in the process, which would favor the adsorp-
tion of NOx in the form of nitrites but not the subsequent
o nitrates. 0.3–3% CO2 has always a
ct on the storage of NOx. The storage
2.48× 10 2.71× 10

of NOx is inhibited in the presence of 1% H2O and 0.3–
3% CO2 at any temperature. Our data are consistent with
results previously published in the literature suggesting that
NOx is stored in an oxidized form, but they also indicate,
at variance with the most common picture presented in the
literature, that the direct absorption of NO2 upon oxidation
of NO to NO2 is of lesser importance (8, 9, 11–13).

The storage of NOx occurs first at BaO and then at
Ba(OH)2 in He + 3% O2 atmosphere, in line with the
greater basic nature of the former compound. Under these
conditions BaCO3, which was originally present in the fresh
catalyst, is transformed into Ba(NO2)2 and Ba(NO3)2 dur-
ing NOx storage and then into BaO and Ba(OH)2 upon
subsequent reduction. As expected the relative amount of
Ba(OH)2 diminishes significantly with temperature. How-
ever, in the presence of 1% H2O and/or 0.3–3% CO2 all the
Ba sites are transformed into Ba(OH)2 and/or BaCO3, and
the storage of NOx is accompanied by the release of H2O
and CO2 in stoichiometric amounts. From these results as
well as from information collected during catalyst condi-
tioning it is concluded that the following order of stability
applies for the different Ba species present in the NSR cy-
cle, in line with their increasing acid character (BaSO4 is
formed in the presence of SO2 in the exhaust):

BaO<Ba(OH)2 < BaCO3<BaNO2 < BaNO3<BaSO4.

Considerable amounts of NOx is stored onto the Pt–Ba/γ -
Al2O3 catalyst when operating under He + 3% O2 atmo-
sphere, up to 5.81 × 10−4 mol/g catalyst at 300◦C corre-
sponding to 24% Ba involved in the storage. In the presence
of 1% H2O the amount of stored NOx is slightly higher at
low temperature and lower at high temperature. CO2 has
a marked inhibiting effect at low temperature, and only
a limited effect at high temperature. It is worth noting
that the inhibiting effect of CO2 operates already at low
concentrations, namely at 0.3% CO2, and is not signifi-
cantly modified on further increases in CO2 content. In
the presence of 0.3% CO2 + 1% H2O the amount of
NOx stored up to catalyst saturation was lower by roughly
20–40%.
The amount of NOx that is stored onto the catalyst up
to the NOx breakthrough is also of practical importance.
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This quantity is markedly affected by the composition
of the exhaust gas and corresponds best to 13–15% Ba
at 300–400◦C in He + 3% O2 atmosphere. In the presence
of CO2 it is much lower, and almost negligible at low tem-
peratures, whereas it is more relevant in the presence of
water. In the presence of both 1% H2O and 0.3–3% CO2

the percentage of Ba involved up to the NOx breakthrough
varies from 2.2 to 7.8%, which corresponds to a reduction
by a factor of 2 when compared to the case of He+ 3% O2

atmosphere.
It is worth noticing that the amounts of NOx that are

stored up to the NOx breakthrough and up to catalyst sat-
uration specified above do not include a limited but sig-
nificant amount of stored NOx that does not take part in
the storage-reduction cycle and remains adsorbed onto the
catalyst after all the reactive stored NOx species have been
reduced.

The reduction of stored NOx in He+ 2000 ppm H2 is very
fast and is limited by the concentration of H2 at any inves-
tigated temperature, and already at 200◦C. The reaction is
highly selective toward N2; very small amounts of NO and
of N2O and small amounts of NO are detected, respectively,
at low and high temperature. Selectivity always in excess of
95%, and close to 100% in most cases, was measured. The
formation of NO and N2O at low temperatures and NO at
high temperatures immediately after the H2 step addition
is likely associated with the reduction of oxygen-covered
Pt to the metal. Indeed the oxidized precious metal is not
efficient in the reduction of NOx to N2 so that when the
reduction is slow (low temperature) or the undesired reac-
tions leading to NO and N2O are fast (high temperature) a
lower selectivity to N2 is measured. Along similar lines the
evolution of small amounts of N2 upon H2 shutoff at 200◦C
could be associated with the changes in the nature of Pt
species, possibly oxidation from H-covered Pt to metal Pt,
and eventually to oxygen covered Pt due to the presence of
trace amounts of gaseous oxygen in the feed.

The reduction of stored NOx is inhibited in the pres-
ence of 0.3–3% CO2 and 0.3–3% CO2 + 1% H2O. Besides
in the presence of CO2, at sufficiently high temperatures

◦
(T ≥ 300 C) and once all the stored reactive NOx has been
reduced, CO is formed through the reverse WGS reaction
EDUCTION CATALYST 191

that is catalyzed by the noble metal component. However,
the reverse WGS reaction is of limited importance in the
presence of large concentrations of water in the exhaust
because it is constrained by thermodynamics.

ACKNOWLEDGMENT

This work was supported by MURST (Roma)—Cofin 2000: Project
“Catalysis for the Reduction of the Environmental Impact of Mobile
Sources.”

REFERENCES

1. Heck, R. M., and Farrauto, R. J., “Catalytic Air Pollution Control.”
Van Nostrand–Reinhold, New York, 1995.

2. Sato, S., Yu.-u, Y., Yahiro, H., Mizuno, N., and Iwamoto, M., Appl.
Catal. 70, L1 (1991).

3. Iwamoto, M., and Hamada, H., Catal. Today 10, 51 (1991).
4. Burch, R., Millingbton, P. I., and Walker, A. P., Appl. Catal. B: Environ.

4, 65 (1994).
5. Shelef, M., Chem. Rev. 95, 209 (1995).
6. Miyoshi, N., Matsumoto, S., Katoh, K., Tanaka, T., Harada, J.,

Takahashi, N., Yokota, K., Sugiura, M., and Kasahara K., SAE Tech-
nical Paper 950809, 1995.

7. Matsumoto, S., Catal. Today 29, 43 (1996).
8. Takahashi, N., Shinjoh, H., Iijima, T., Szuki, T., Yamazaki, K.,

Yokota, K., Suzuki, H., Miyoshi, N., Matsumoto, S., Tanizawa, T.,
Tanaka, T., Tateishi, S., and Kasahara, K., Catal. Today 27, 63 (1996).

9. Shinjoh, H., Takahashi, N., Yokota, K., and Sugiura, M., Appl. Catal.
B: Environ. 15, 189 (1998).

10. Matsumoto, S., Ikeda, Y., Suzuki, H., Ogai, M., and Miyoshi, N., Appl.
Catal. B: Environ. 25, 115 (2000).

11. Bogner, W., Kramer, M., Krutzsch, B., Pishinger, S., Voigtlander, D.,
Wenninger, G., Wirbeleit, F., Brogan, M. S., Brisley, R. J., and Webster,
D. E., Appl. Catal. B: Environ. 7, 153 (1995).

12. Fridell, E., Skoglundh, M., Westerberg, B., Johanson, S., and
Smedler, G., J. Catal. 183, 196 (1999).

13. Mahzoul, H., Brilhac, J. F., and Gilot, P., Appl. Catal. B: Environ. 20,
47 (1999).

14. Staff report, Modern Power Systems, March 2000.
15. U.S. Patent 5451558, 1995; U.S. Patent 5762885, 1998; U.S. Patent

5607650, 1997; U.S. Patent 5599758, 1997; U.S. Patent 5650127, 1997.
[All of them assigned to Goal Line Environmental Tech.]

16. Nishino, T., Sakurai, T., Ishizawa, N., Mizutani, N., and Kato, M.,
J. Solid State Chem. 69, 24 (1987).

17. Prinetto, F., Ghiotti, G., Nova, I., Lietti, L., Tronconi, E., and Forzatti,

submitted.

18. Burch, R., Wathing, T. C., Catal. Lett. 43, 19 (1997).


	INTRODUCTION
	EXPERIMENTAL
	RESULTS AND DISCUSSION
	TABLE 1
	FIG. 1.
	FIG. 2.
	FIG. 3.
	TABLE 2
	FIG. 4.
	FIG. 5.
	TABLE 3
	FIG. 6.
	FIG. 7.
	FIG. 8.
	FIG. 9.
	FIG. 10.
	TABLE 4
	TABLE 5

	CONCLUSIONS
	ACKNOWLEDGMENT
	REFERENCES

