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The performance of a model Pt/BaO/Al2O3 monolith catalyst was studied using H2

as the reductant. The dependence of product selectivities on operating parameters is
reported, including the durations of regeneration and storage times, feed composition
and temperature, and monolith temperature. The data are explained in terms of a phe-
nomenological model factoring in the transport, kinetic, and spatio-temporal effects.
The Pt/BaO catalyst exhibits high cycle-averaged NOx conversion above 1008C, gener-
ating a mixture of N2 and byproducts NH3 and N2O. The cycle-averaged NOx conver-
sion exhibits a maximum at about 3008C corresponding to the NOx storage maximum.
The N2 selectivity exhibits a maximum at a somewhat higher temperature, at which
point the NH3 selectivity exhibits a minimum. This trend conveys the intermediate role
of NH3 in reacting with stored NOx. Both N2 and N2O are also formed during the stor-
age steps from the oxidation of NHx species produced during the regeneration. � 2009
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Introduction

Lean burn and diesel vehicles have become increasingly
attractive because of rising fuel costs. However, stringent
demands on reducing nitrogen oxides (NO and NO2; referred
to as NOx) in the exhaust of lean burn and diesel vehicles
have been mandated by the EPA. The development of the
Lean NOx Trap (LNT) has been found to be a promising
solution to reducing NOx emissions from these vehicles.1–4

The LNT is a periodically operated, multi-functional adsorp-
tive catalytic reactor that is operated by cycling between lean
and rich conditions, which are referred to as the ‘‘storage’’
and ‘‘regeneration’’ steps. During the storage step, NOx pro-
duced during typical operation of a lean burn engine is
‘‘trapped’’ on the storage component of the catalyst (typically
BaO). During the regeneration step, rich conditions are pro-
duced by either running the engine rich or injecting a reduc-
tant (such as fuel or reformed fuel) into the exhaust upstream

of the LNT. Regeneration is accomplished on a highly-active
precious metal (Pt or Pt/Rh). The duration of the lean
and rich steps are of the order of 60–120 s and 1–10 s,
respectively.

Different types of LNT designs and operating configura-
tions are under development. The conventional LNT is
intended to maximize the conversion of exhaust NOx to N2.
NH3 is an undesired byproduct in the conventional LNT. On
the other hand, a LNT coupled with selective catalytic reduc-
tion (SCR) should produce NH3, which is trapped down-
stream in the SCR and selectively reduces NOx. The LNT
may be exposed to quite different feed conditions depending
on the nature of the reductant (H2, CO, low or high molecu-
lar weight hydrocarbons) and the way the reductant is gener-
ated. For example, the level of O2 present during the regen-
eration may be between 0 and a few percent. The latter may
occur in diesel applications in which fuel is injected into the
exhaust directly or designs in which the diesel oxidation cat-
alyst (DOC) is positioned upstream of the LNT. In such
cases, the rich feed to the LNT will have little O2. Therefore,
both anaerobic and aerobic regeneration feeds have been
studied. Understanding the LNT is more difficult for aerobic
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regenerations5–9 due to the large exotherm created by the ox-
idation of the reductant. Nearly isothermal regenerations (an-
aerobic and long duration) may be unrealistic but simplify
the interpretation of data.

The effectiveness of different types of reductants such as
propylene, CO, H2, and NH3 has been compared by many
groups.5,10–14 H2 has been found to be the most effective
reductant, especially at low temperatures (\2508C).5,10,11

The reaction of NOx and H2 can produce a complex mixture
of N2, N2O, and NH3. As mentioned, the production of am-
monia is undesirable in conventional LNT systems but is de-
sirable in LNT/SCR hybrid systems.15

Little attention has been given to low temperature
(\ 2008C) operation of the LNT.5,16,17 These conditions are
encountered in the exhaust of lean burn and diesel vehicles
during the so-called ‘‘cold-start.’’ Understanding the low tem-
perature performance of the LNT is especially important for
vehicles that are only driven a short distance (insufficient
time for engine/exhaust to heat up). Ramanathan et al.18 used
a transient one-dimensional two-phase model to obtain an
explicit light-off criterion that was used to predict the nature
of ignition (front-end, middle, or back-end) in catalytic con-
verters (TWC), to minimize cold-start emissions. Similar
developments are needed for the more complex LNT, but the
measurement of comprehensive performance data are critical,
which is the motivation for this study.

The objective of this study is to elucidate the performance
of a model Pt/BaO/Al2O3 lean NOx trap using H2 as the
reductant. This is accomplished by determining the effects of
catalyst temperature, rich feed composition (NO, H2, and
O2), duration of the lean and rich steps, and the reductant to
stored NOx ratio on the cycle-averaged conversions and
selectivities. A phenomenological model of the LNT building
off of recent literature developments is utilized to help
explain some of the experimental trends.

Experimental

Catalyst samples

The catalyst samples used for these experiments were
monolith catalysts provided by BASF Catalysts LLC (Iselin,
New Jersey). Larger cylindrical cores (D 5 3.8 cm, L 5 7.6
cm) were cut using a dry diamond saw to smaller, nearly
cylindrical shapes (D ; 0.8 cm, L 5 2 cm). The samples
contained varied amounts of Pt and BaO on a c-alumina
washcoat support adsorbed on a cordierite structure (;62
channels/cm2). The mass of washcoat material (mwc) on each
monolith piece was ;110 mg. The compositions and proper-
ties of the catalysts are given in Table 1. The methods used
to measure catalyst properties were described in a previous
publication.19 The monoliths were then wrapped in Fiber-
frax1 ceramic paper that had been heat treated and then
placed in a quartz tube flow reactor.

Flow reactor set-up

The experimental set-up is the same as the one described
in detail in a previous study.19 A quadrupole mass spectrom-
eter (MKS Spectra Products; Cirrus LM99) was added to the
set-up during the course of this investigation. The QMS was
tied into the effluent line ;0.7 m downstream of a FTIR.
The QMS was calibrated for all of the reactants and prod-
ucts, but was only used to monitor N2 in this study, enabling
the closure of the N balance. In those particular experiments,
Argon was used as the diluent; otherwise, N2 was the diluent.
The time delays for the QMS and FTIR were accounted for
in the concentration vs. time plots by shifting the data corre-
sponding to their respective time delays as estimated by inert
pulsing experiments.20 However, some dispersion was
observed to occur in the effluent lines, slightly affecting the
concentration profiles.6 Temperatures were monitored with
three K-type stainless steel sheathed thermocouples. One
thermocouple (0.02 inches o.d.) was used to measure the
monolith temperature (Tm) and was positioned within an
internal monolith channel at the approximate mid-point of
the monolith (radial and axial). The second and third thermo-
couples (0.033 inch o.d.) monitored the gas feed (Tf) and
outlet (T0) temperatures about 1 cm upstream and down-
stream of the catalyst, respectively.

NO storage experiments

Prior to the storage experiments, a conditioning process
was imposed to maximize reproducibility from run to run
over the course of the study. This procedure included a mini-
mum of 15 cycles of alternating lean and rich feeds until a
cyclic steady-state was reached at the particular inert feed
temperature of the storage experiment. Following Kabin
et al.,21 the inert feed temperature is the feed gas temperature
to the reactor under nonreactive conditions; N2 or Ar only.
The lean feed had a 60-s duration and contained 500 ppm
NO and 5% O2, whereas the rich feed was 10 s long and
contained 0.5% O2 and 2% H2. Storage data obtained during
this cycling protocol are more relevant to actual operation
than on a completely reduced catalyst. For example, the NOx

trap is not completely regenerated during cycling. After this
conditioning procedure, Ar was flowed over the catalyst for
5 min to cool the monolith down to the desired inert feed
temperature to ensure that the monolith temperature was con-
stant throughout the ca. 300 s storage experiment. The total
NOx stored (moles/g washcoat) was calculated by

NOstored
X ðtsÞ ¼

R tS
0

F0
NO � FNOxðtÞ

� �
dt

mw:c:
(1)

Equation 1 will slightly over-estimate the amount of NOx
stored at low temperatures as discussed later.

Table 1. Catalysts Used and Their Properties

Sample Pt (wt %) BaO (wt %) Pt Dispersion (%) Pt Area (m2/g) Pt Particle Size (nm) BET Area (m2/g)

B2 1.27 16.5 33 1.04 3.43 109
B3 2.2 16.3 21.9 1.19 5.18 116
A3 2.63 0 20.3 2.21 5.59 –
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Lean and rich cycling experiments

A base case cycling experiment was defined to compare
experimental reproducibility and to asses catalyst activity.
Unless otherwise stated, the total cycle time was 70 s, with
10 s rich and 60 s lean. The storage step of the base case
experiment comprised a feed containing 500 ppm NO and
5% O2 in N2, while the rich pulse contained 5.1% H2, 1.5% O2,
and 500 ppm NO in N2 at a total flow rate of 1000 sccm
(GHSV 5 60,000 h21). The composition corresponded to a
pulse stoichiometric number (SN,p) of 0.6 where SN,p 5

(2[O2] 1 [NO])/[H2]. The excess H2 was 2.05% (excess
H2 5 [H2]–2[O2]–[NO]), assuming all of the O2 and NO in
the rich pulse reacts with H2 to form H2O and N2. The rela-
tively low O2 concentration in the rich pulse corresponds to
the case when reductant is added to the exhaust gas or
incomplete O2 consumption occurs during the rich combus-
tion in the engine. The cycle-averaged results were obtained
over at least five cycles after the system had reached a cyclic
steady-state. The cycle-averaged NOx and H2 conversions
were calculated by

XNOx ¼
R tSþR

0
F0

NOðtÞ � FNOxðtÞ
� �

dtR tSþR

0
F0

NOðtÞ dt
(2a)

XH2
¼

R tSþR

0
F0

H2
ðtÞ � FH2

ðtÞ
h i

dt
R tSþR

0
F0

H2
ðtÞ dt

¼

R tSþR

0
FH2OðtÞ þ 1:5FNH3

ðtÞ
h i

dt
R tSþR

0
F0

H2
ðtÞ dt

(2b)

The cycle-averaged NH3, N2, and N2O selectivities are
defined as

SNH3
¼

R tSþR

0
FNH3

ðtÞ dtR tSþR

0
F0

NOðtÞ � FNOxðtÞ
� �

dt
(3a)

SN2
¼

2
R tSþR

0
FN2

ðtÞ dtR tSþR

0
F0

NOðtÞ � FNOxðtÞ
� �

dt
(3b)

SN2O ¼
2
R tSþR

0
FN2OðtÞ dtR tSþR

0
F0

NOðtÞ � FNOxðtÞ
� �

dt
(3c)

Activity changes were minimized by ensuring that the cata-
lyst temperature did not exceed 4508C for an extended
period.

Experiments were carried out in which the lean and rich
step durations were varied with different rich pulse composi-
tions to determine optimal operation conditions; that is, con-
ditions that give high NOx and reductant conversion. The
storage time was varied from 5 to 150 s, while the regenera-
tion was varied from 1 to 20 s for the cyclic steady-state
experiments. The rich pulse timing was also varied for a
fixed amount of NOx stored. This was done because at a
cyclic steady-state, with varied regeneration timing, the
amount of stored NOx will be different for each of the
experiments. The ‘‘rich pulse’’ composition was varied over
a range spanning excessively rich to slightly lean (0.4 \ SN,p

\ 1.15). This was done by varying the feed H2 for a fixed
O2 feed rate. Very rich pulse conditions were also studied to
focus on NH3 formation and reaction. Experiments were also
carried out with and without NO in the rich pulse to deter-
mine the effect of gas phase NO. During actual operation,
NO flows continuously, so these experiments provide a
way to compare conversion and selectivity effects of gas
phase NO.

Experimental Results

NOx storage

Storage experiments were carried out over a range of tem-
peratures and storage times to quantify the amount of NOx
stored as a function of these variables on both Pt/Al2O3 and
Pt/BaO/Al2O3 monoliths. Figure 1a has storage trends that
are similar to results reported previously for Pt/BaO/Al2O3.8,21

At a storage time of 60 s, a broad maximum was observed
that spanned the temperature range of 240–4008C. Kabin
et al.21 also observed this broad maximum in NOx storage
for fresh and aged Pt/BaO catalysts. At longer exposure
times (exceeding 5 min), the high temperature maximum nar-
rowed and the amount of NOx stored increased. The storage
data at lower temperature has a second local maximum for

Figure 1. NOx storage as a function of monolith tem-
perature.

(a) varied storage time on catalyst B3 (Pt/BaO) (b) varied
storage time on catalyst A3 (Pt only); (500 ppm NO and
5% O2, balance N2).
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storage durations exceeding 60 s. The existence of two max-
ima was previously reported by Muncrief et al.8 for Pt/BaO/
Al2O3 powder. NOx storage on Pt/Al2O3 monolith was also
studied to determine the contribution of the Al2O3 support
(Figure 1b). The Pt/Al2O3 monolith was less effective than
the Pt/BaO/Al2O3 monolith in NOx storage at higher temper-
atures. The Pt/Al2O3 exhibited only one NOx storage maxi-
mum at about 2008C.

Storage-regeneration cycling

In Figure 2, the transient outlet concentration profiles for
N2, N2O, NH3, NO, and NO2 are shown for a typical set of
lean-rich cycling experiments at low (1508C), moderate
(3308C), and high (4808C) temperature. In these experiments,
the rich pulse was devoid of NO, while the 60-s lean and
10-s rich feeds had the following compositions: Lean: 500
ppm NO, 5% O2, balance Ar; Rich: 1.5% O2, 5.1% H2, bal-
ance Ar. At 1508C, two peaks in N2 and N2O were observed,
one at the onset of the rich pulse and the other at the begin-
ning of the storage step (Figure 2a). The N2O peak during
the rich step decreased with increasing temperature for the
three temperatures reported. This trend has been previously
reported by Lindholm et al.22 At all three temperatures, N2

and N2O were observed exiting the reactor just as the rich

pulse was introduced, with NH3 exiting the reactor last. The
N2O peak coincided with the ‘‘NOx puff,’’ followed immedi-
ately by the N2 peak, and then finally the NH3 peak.

The corresponding transient monolith temperature profiles
are shown in Figure 2d. At the onset of the reduction a large
temperature rise was observed, due to the Pt-catalyzed oxida-
tion of H2. The temperature slowly decreased during the stor-
age step. The temperature rise was about 1208C, measured at
the midpoint of the monolith and was essentially independent
of the feed temperature. Clayton et al.5 recently showed that
the temperature rise is highest at the front of the monolith
(;1608C) under similar feed concentrations due to the ma-
jority of H2 oxidation occurring there. Theis and Gulari23

inferred the temperature of the precious metal sites to be
1308C higher than that of the exhaust gas exiting the LNT.
Therefore, measuring the temperature inside a monolith chan-
nel does not give the actual temperature of the precious
metal sites at which the reactions occur.

Cycle-averaged NOx conversion and product selectivities
are reported in Figures 3a and 4a as a function of the cycle-
averaged monolith temperature for the Pt/BaO/Al2O3 catalyst
(B3). Two sets of rich pulse compositions are compared for
a fixed O2 concentration (1.5% O2): 5.1% H2 (SN,p 5 0.6) in
Figure 3a and 3.8% H2 (SN,p 5 0.8) in Figure 4a. These
results revealed NOx conversion and N2 selectivity exceeding

Figure 2. Cycling effluent concentrations for catalyst B2 at (a) 1508C; (b) 3308C (c) 4808C; (d) corresponding mono-
lith temperature profiles.

(Lean: 500 ppm NO, 5% O2, balance Ar (60 s); Rich: 1.5% O2, 5.1% H2, balance Ar (10 s) and SN,p 5 0.6). The legend in (b) applies to
(a)–(c).
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80 and 60%, respectively, over moderate but different ranges
of monolith temperature; the NOx conversion exceeded 80%
between 250–3608C, while the N2 selectivity exceeded 60%
between 250–4508C. During the regeneration, the NH3 selec-
tivity exceeded 40% at low (\2708C) and high temperature
([4508C), with a broad minimum between those extremes.
In contrast, the N2O selectivity was negligible above 2208C.
For this reason, the NH3 selectivity trend was nearly the
exact opposite of the N2 selectivity (i.e., no other N-contain-
ing products were observed).

In Figures 3b and 4b, the cycle-averaged N2, N2O, and
NH3 concentrations are reported as a function of the cycle-
averaged monolith temperature. The yield of N2 exhibited a
maximum at about 3508C for both the SN,p 5 0.6 and 0.8 rich
pulses. The yields of NH3 and N2O produced from the richer
pulse (SN,p 5 0.6) achieved a maximum at the lowest temper-
atures (ca. 2008C) and monotonically decreased with increas-
ing temperature (Figure 3b). Similarly, for the ‘‘weaker’’ rich
pulse (SN,p 5 0.8), the yield of NH3 decreased with increasing
temperature with a small local maximum at about 4308C.

The effect of the amount of NOx stored on the regenera-
tion of the NOx trap was studied by varying the storage
time. In this set of cycling experiments shown in Figures 5
and 6, the anaerobic rich pulse composition was fixed at 2%
H2 for 10 s. With the pulse devoid of O2, (2% H2 in inert)

nonisothermal effects were minimal (DTm ;10–208C). The
duration of the storage step was varied from 5 to 150 s while
maintaining a constant feed temperature (Tf 5 2958C). Fig-
ure 5 shows the transient effluent concentrations of NH3

(5a), N2O (5b), and total NOx (5c). Ammonia appeared after
a delay, the duration of which increased with increased NOx
storage. Each experiment led to a maximum in the ammonia
concentration prior to the end of the regeneration, and the
maximum value increased with the storage duration. For the
shortest storage times (5 and 10 s), NH3 was detected in
the effluent at about 2 s with its concentration peaking at
about 180 and 500 ppm, respectively. Further increase in the
storage time led to a monotonic increase in the delay break-
through time of ammonia, the peak NH3 concentration, and
the time at which the peak ammonia occurred. The maximum
ammonia concentration observed for this set of conditions
was about 1650 ppm for the storage time of 150 s. On the
other hand, the N2O outlet concentration, shown in Figure
5b, increased as the storage time was increased up to 60 s.
Beyond this storage time, the N2O profiles remained nearly
identical. In Figure 5c, the unreacted NOx concentration
increased with storage time. For storage times shorter than
10 s, negligible NOx was observed.

Figure 3. Time-averaged results as a function of tem-
perature for catalyst B3.

(a) conversion and selectivities; (b) effluent concentrations
of products; (Lean: 500 ppm NO, 5% O2, balance N2 (60
s); Rich: 500 ppm NO, 1.5% O2, 5.1% H2 (SN,P 5 0.6),
balance N2 (10 s)). The legend applies to both figures.

Figure 4. Time-averaged results as a function of tem-
perature for catalyst B3.

(a) conversion and selectivities; (b) effluent concentrations
of products; (Lean: 500 ppm NO, 5% O2, balance N2 (60
s); Rich: 500 ppm NO, 1.5% O2, 3.8% H2 (SN,P 5 0.8),
balance N2 (10 s)). The legend applies to both figures.
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From these data in Figure 5, cycle-averaged performance
variables were determined. Figure 6a shows the dependence
of the cycle-averaged NOx and H2 conversions and product
selectivities (N2, N2O, NH3) on the duration of the storage
step. Figure 6b shows the dependence of the yield (in moles)
of nitrogen-based products formed as a function of the moles
of NOx stored during the storage step. The cycle-averaged
H2 conversion and N2 selectivity were determined by overall
N and H balances. The cycle-averaged NOx conversion
decreased monotonically with storage time, whereas the H2

conversion increased. The conversions intersected at about
68% for a lean time of 110 s. With increasing storage time,
the N2 selectivity increased and the NH3 selectivity

decreased, whereas the N2O selectivity remained at a nearly
constant low level (Figure 6a). As shown in Figure 6b, the
measured NH3 and (estimated) N2 yields both increased with
increasing storage time until the total amount of stored NOx
reached a critical value. This occurred at 110 s of storage
(ca. 3.2 3 1025 mol NOx) at which point the amount of
NH3 in the effluent began to decrease. Similar yield trends
were observed for an aerobic rich pulses containing the same

Figure 5. Cycling experiments for varied storage time
on catalyst B3 at TM,avg 5 2958C.
(a) effluent NH3 concentration; (b) effluent N2O concentra-
tion; (c) effluent NOx concentration; (Lean: 500 ppm NO,
5% O2, balance N2 (varied time); Rich: 2% H2, balance N2

(10 s)). The legend applies to all three figures.

Figure 6. Time-averaged cycling results for varied stor-
age time on catalyst B3 at TM,avg 5 2958C.
(a) NOx and H2 conversion and NH3, N2O, and N2 selectiv-
ities (Rich: 2% H2, balance N2 (10 s)); (b) effluent concen-
trations of N2, N2O, and NH3 (Rich: 2% H2, balance N2 (10
s)); (c) effluent concentrations of N2, N2O, and NH3 (Rich:
500 ppm NO, 1.5% O2, (—) 3.34% H2 (SN,p 5 0.9) and
(___) 5.1% H2 (SN,p 5 0.6), balance N2, (10 s)); (Lean: 500
ppm NO, 5% O2, balance N2 (varied time)).

692 DOI 10.1002/aic Published on behalf of the AIChE March 2009 Vol. 55, No. 3 AIChE Journal



amount of excess H2 (2%) as the feed concentration for the
anaerobic pulse. For comparison, the results for a rich
pulse containing considerably less excess H2 (0.29%) are
also shown in Figure 6c. The rich pulse contained 500 ppm
NO, 1.5% O2, and either 5.1% H2 (SN,p 5 0.6) or 3.34% H2

(SN,p 5 0.9). The duration of the step cycle (NOx storage
value) at which the maximum in the effluent NH3 concen-
tration occurred decreased as the H2 concentration was
decreased from 5.1 to 3.34%. The corresponding effluent
NH3 outlet concentration approached zero as the ratio of
the amount of H2 fed in the pulse to the amount of stored
NOx decreased.

The effect of the duration of the rich pulse on the efflu-
ent concentrations of products NH3 and N2O at a fixed
feed temperature (2908C) are shown in Figure 7. For this
set of experiments, the rich pulse contained 1.5% O2 and
5.1% H2 (aerobic regeneration, SN,p 5 0.6) and its dura-
tion was varied from 1 to 10 s. This was accomplished
first by completely regenerating the trap. Then an inert
feed of N2 was fed to the reactor prior to each of the stor-
age experiments, and again after the 60 s storage. After
which, the regeneration feed (of variable duration) was
then directed to the reader, followed by a N2, purge. The
stored NOx in this set of experiments were within 2% of
each other, enabling meaningful comparisons to be made.
Thus, the relative ratio of excess reductant (H2) to stored

NOx varied systematically according to the duration of the
rich pulse.

The N2O concentration was observed to be independent of
the rich pulse duration (Figure 7a). This indicates that the H2

fed during the first second of the pulse was responsible for all
of the N2O produced. The results obtained for the ammonia
were more complex. The NH3 was not observed in the efflu-
ent for rich pulses that had durations less than 2 s. For pulses
of durations 3 s or longer, the NH3 concentration exhibited a
maximum. The 3 s pulse duration resulted in a peak ammonia
concentration of about 1000 ppm. For the pulses exceeding 4
s in duration, there was little change in the peak ammonia
concentration (about 1300 ppm), or the time at which the
peak occurred (about 5 s). The existence of a maximum in
the ammonia is the net result of its formation, from reaction
of H2 and stored NOx, and its consumption, from reaction of
NH3 with stored NOx and/or O2. After the maximum in NH3

occurred, the tail of the NH3 effluent curves decreased more
gradually as the pulse duration increased. In fact, once the
pulse was stopped, only N2 flowed over the catalyst but NH3

was still observed in the effluent.
The effect of the rich pulse duration on the cycle-averaged

H2 and NOx conversions is shown in Figure 8. In these
experiments, the aerobic rich pulse contained a mixture of
O2 (1.5%) and H2 (5.1%). These aerobic pulses introduced
some temperature rise in the monolith, as described earlier in
the context of Figure 2. For this set of experiments, the inert
gas feed temperature was fixed (Tf,inert 5 2808C). One exper-
imental condition (SN,p 5 0.6, tR 5 3 s) was repeated after
both sets of experiments were completed to assess the repro-
ducibility and check for any catalyst deactivation. The NOx
conversion decreased less than 1% (within experimental
error), and the selectivities were nearly identical.

As seen in Figure 8 (SN,p 5 0.6, 2.1% of excess H2), for a
pulse duration less than 3 s, the H2 conversion was 100%.
As the duration of the rich pulse was increased, the H2 con-
version decreased and approached 60% for long pulse times.
This is merely a reflection of the rich pulse composition and
reaction stoichiometry; that is, SN,p*100% 5 60%. The NOx
conversion increased with increasing rich time for all rich

Figure 7. Cycling experiments for varied rich time on
catalyst B3 at Tf 5 2908C.
(a) effluent NH3 concentration; (b) effluent N2O concentra-
tion; (Lean: 500 ppm NO, 5% O2, balance N2 (60 s); Rich:
1.5% O2, 5.1% H2, balance N2 (varied time) and SN,P 5
0.6). The legend applies to both figures.

Figure 8. Cycle-averaged conversions and selectivities
for varied rich cycle time on catalyst B2 at
Tg,inert 5 2808C (SN,p 5 0.6).

(Lean: 500 ppm NO, 5% O2, balance Ar (60 s); Rich: 1.5%
O2, 500 ppm NO, 5.1% H2, balance Ar (varied time)].
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times studied. From a pulse time of 1 to 4 s, the NOx con-
version increased sharply from about 15 to 78%. As the
pulse time was further increased from 4 to 20 s, the NOx
conversion approached an asymptotic value of about 82%.
Pulses shorter than 4 s in duration were insufficient to regen-
erate the catalyst. An important finding from these experi-
ments was the existence of an ‘‘optimal’’ rich pulse duration
in which the H2 and NOx conversions and N2 selectivity
achieved high values with a minimal duration of the rich
pulse, or equivalently, amount of H2 fed. This occurred for a
pulse of between 3 and 4 s in duration, resulting in a N2 se-
lectivity of slightly over 90%, H2 conversion of nearly
100%, and a NOx conversion of about 75%.

To determine the effects of gas phase NO during the rich
pulse, a systematic comparison was made between rich pulse
feeds containing NO (500 ppm) and ones devoid of NO.
Figure 9 reports cycle-averaged effluent concentrations (N2O,
N2, and NH3) as a function of the cycle-averaged monolith
temperature for three different aerobic (1.5% O2) pulse feed
compositions: SN,p 5 0.6 (Figure 9a); 0.8 (Figure 9b); 0.9
(Figure 9c). A comparison of the pulses with and without
NO clearly reveals a difference in the reaction of H2 with
stored NOx and with gas phase NO. The data show that for
the richest pulse (SN,p 5 0.6) devoid of NO, the regeneration
produced approximately 2–6 ppm less N2 and 59–68 ppm
less NH3 compared to the pulse containing NO over the tem-
perature range studied (150–4508C). For the leaner pulses
(SN,p 5 0.8, 0.9), the effect of the added NO during the pulse
resulted in the near convergence of the cycle-averaged NH3

effluent concentrations from 150 to 2708C. On the other
hand, the difference in the amount of N2 produced generally
increased with temperature for the leaner pulses. For all the
three pulses, the difference in N2O produced with and with-
out NO fed during the regeneration was minimal except at
the lowest temperature (1508C) and leanest pulse (SN,p 5

0.9); in that case the N2O concentration doubled when 500
ppm NO was added. At low temperatures (1508C), the differ-
ence in the amount of NH3 formed from a rich pulse with
and without NO was maximized for the three SN,p pulses.

The production of N2 and N2O are not confined to the
regeneration step as seen in Figure 2a. A series of experi-
ments were carried out to quantify the production of N2 and
N2O during the lean storage step. Figure 10a shows the efflu-
ent profiles of N2 and N2O at 45 and 1558C whereas Figure
10b shows the moles of N2 and N2O formed during the lean
and rich parts of the cycle. The rich pulse contained 2% H2

and 0.5% O2 for a wide range of temperatures. The forma-
tion of N2O during the storage step decreased with increasing
temperature from 45 to 3008C at which point N2O was no
longer detected. The amount of N2 formed during the storage
initially increased from 45 to 1758C. With further increase in
the temperature, the production of N2 decreased. On the
other hand, the production of N2 during the regeneration step
slowly increased with temperature from 45 to 1908C, at
which point a sharp increase in the production of N2

occurred as the temperature was further increased. The pro-
duction of N2O during the regeneration was maximized at
1758C. The percent of N2 and N2O formed during the lean
and rich are reported in Table 2, and the results show that at
low temperatures (\1108C), the majority of N2 and N2O for-
mation occur during the storage.

Additional experiments were conducted to study the for-
mation of N2 and N2O during the storage step by cycling
between lean (500 ppm NO and 5% O2) and rich (1500 ppm
H2, tR 5 60 s) until a cyclic steady-state was reached. The
formation of N2 and N2O during the last lean step was com-
pared with and without NO in the feed (Figure 11). The data
showed little difference between the total amount of N2 pro-
duced for the two experiments (Figure 11a). The results sug-
gest that the formation of N2 during the storage step is
mainly caused by NHx species or NH3 adsorbed on the cata-

Figure 9. Cycle-averaged results as a function of tem-
perature (---) 0 ppm NO and (___) 500 ppm NO
in the rich cycle, catalyst B2.

(a) SN,p 5 0.6 (5.1% or 5.0% H2); (b) SN,p 5 0.8 (3.82% or
3.77% H2); (c) SN,p 5 0.9 (3.39% or 3.33% H2); (Lean:
500 ppm NO, 5% O2, balance N2 (60 s); Rich: 1.5% O2,
varied H2, balance N2 (10 s)). The legend applies to all
three figures.
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lyst surface, which react predominantly with O2 during the
initial part of the storage step. On the other hand, signifi-
cantly more N2O is formed when NO is present during the
storage step (Figure 11b). This suggests reaction between gas

phase NO and NHx species that is selective to NaO forma-
tion. The amount of NO fed (3.7*1027 mol/s) during the
storage that was reduced during the entire storage step was
estimated to be 2.8*1027 moles (Figure 11), which is less
than the amount of NOx fed in 1 s of the storage.

Analysis and Discussion

The storage data reported in this study are consistent with
findings from previous studies but are needed to interpret
some of the reduction results. By the end of the rich pulse
with H2 as the reductant, the barium storage sites that are
regenerated are in the form of BaO and Ba(OH)2. As the
storage step proceeds, NOx is stored in close proximity to
Pt19,24,25 as nitrites and nitrates. Once these sites are filled,
the main route to NOx storage is through the disproportiona-
tion mechanism.19,26–31 Kabin et al.19 proposed that three
reaction pathways may occur during NOx storage on Pt/Ba
catalysts. The first is for the formation of nitrites and the
other two are the routes to nitrate formation.

The initial efficient storage of NOx (with no NOx break-
through) at low temperatures (1508C) is likely due to the
spillover of NOx from Pt forming nitrites on barium and alu-
minum oxide storage sites. Once the sites in close proximity
to Pt are saturated, the major route to NOx storage is through
the disproportionation mechanism,19,26–31 which requires
NO2 transported along the surface or through the gas phase.
As NO oxidation is kinetically limited at low to moderate
temperatures29 and occurs negligibly below 1508C, the effi-
cient storage of NOx at the beginning of the lean step dimin-
ishes quickly once the proximal sites are filled (Figure 2a). It
is noteworthy that the NOx that breaks through at tempera-
tures below 1508C is devoid of NO2. This suggests that the
small amount of NO2 that is produced from the NO oxidation
reaction on Pt at 1508C is efficiently stored.

The storage experiments in which NOx uptake was meas-
ured as a function of storage time and temperature revealed
the existences of two maxima. One occurs at about 1708C
and the other at about 2508C. The more pronounced NOx
storage maximum at higher temperature is attributed to the
BaO component, while the lower temperature maximum is

Table 2. Percent of N2 and N2O Formed During the Lean and Rich; [Lean: 500 ppm NO, 5% O2, balance Ar (60 s);
Rich: 2% H2 and 0.5% O2, balance Ar (10 s)]

Tm,Avg

(8C)
% N2O

Rich
% N2O
Storage

% N2

Rich
% N2

Storage
% N2 and
N2O Rich

% N2 and
N2O Storage

N2O Selectivity
Storage (%)

N2 Selectivity
Storage (%)

45 18.5 81.5 19.2 80.8 18.7 81.3 67.9 32.1
60 17.8 82.2 21.5 78.5 19.2 80.8 62.8 37.2
85 21.1 78.9 24.6 75.4 22.7 77.3 54.3 45.7
110 52.8 47.2 50.0 50.0 51.2 48.8 41.8 58.2
135 79.1 20.9 71.5 28.5 74.5 25.5 32.8 67.2
155 87.7 12.3 75.8 24.2 80.9 19.1 27.8 72.2
175 89.7 10.3 73.7 26.3 80.1 19.9 20.7 79.3
190 90.4 9.6 74.8 25.2 80.3 19.7 17.2 82.8
200 91.8 8.2 81.6 18.4 84.1 15.9 13.1 86.9
215 91.4 8.6 87.1 12.9 87.8 12.2 11.7 88.3
235 93.8 6.2 91.8 8.2 92.0 8.0 7.8 92.2
275 94.3 5.7 96.1 3.9 96.0 4.0 5.2 94.8
305 93.9 6.1 97.2 2.8 97.2 2.8 3.5 96.5
335 96.2 3.8 98.1 1.9 98.1 1.9 1.8 98.2
380 96.0 4.0 98.8 1.2 98.8 1.2 1.7 98.3

Figure 10. (a) N2 and N2O effluent profiles at TM,Avg 5
45 and 1558C; (b) moles of N2 and N2O
formed during the lean and rich steps vs.
temperature for monolith B2.

(L 5 2 cm) at TM,Avg 5 45–3808C (Lean: 500 ppm NO
and 5% O2, balance Ar (60 s); Rich: 2% H2 and 0.5% O2,
balance Ar (10 s)).
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attributed to storage on c-Al2O3. Independent experiments
with the Pt/Al2O3 monolith (Figure 1b) indeed showed that
only one maximum in NOx storage occurred at ;2008C.
This confirms that the lower temperature maximum on
Pt/BaO/Al2O3 is due in part to the storage of NOx on Al2O3.
These finding are consistent with those of Lindholm et al.,22

who observed a maximum in NOx storage on a Pt/Al2O3 cat-
alyst at 2008C. As the storage experiments were precondi-
tioned by cycling before each storage experiment was per-
formed, kinetic limitations of the regeneration may affect the
amount of NOx stored, especially at lower temperatures. The
storage results in Figure 1 therefore represent an effective
storage because the catalyst is not completely regenerated
prior to the storage experiment. Because H2 was used as the
reductant during the regeneration, which produces a large
amount of H2O, the effects of the kinetic limitations of
regeneration on the storage of NOx on Al2O3 are probably
less than on BaO. This is due to the competitive adsorption
of H2O on Al2O3, which is less pronounced on BaO. Finally,
in data not shown here, the same Pt(2.63%)/Al2O3 monolith
catalyst was studied under cycling conditions and was only
able to achieve NOx conversions comparable to the Pt/BaO/
Al2O3 catalyst below 1008C (with H2 as reductant and with
other conditions the same). This result supports the concept
that c-Al2O3 serves as a storage component at low tempera-

tures and that the c-Al2O3 has a poor trapping efficiency at
higher temperatures. Olsson et al.32 have shown that the
addition of H2O and CO2 to the storage feed reduces the
storage of NO2 at lower temperatures.

We now summarize a phenomenological picture of the
regeneration step of Pt/BaO/Al2O3 with H2 as this is essential
in understanding the data from this study. On a switch from
storage to regeneration, H2 reacts first with oxygen adatoms,
forming water and freeing up sites for stored NOx to be
reduced on Pt. The regeneration of the NOx trap is initially
limited by the feed rate of H2. As H2 flows through the chan-
nel, it is consumed rapidly, creating a moving front along the
monolith length.5 Regeneration proceeds from front to
back.5,33,34 Once the H2 front reaches the end of the mono-
lith and breaks through, NH3 is observed in the effluent nearly
simultaneously (for an anaerobic, dry feed T[ 1808C).5 Reac-
tor profiling data reveal that NH3 is formed upstream and
within the H2 front from the catalytic reaction between
hydrogen and nitrogen adatoms, the latter of which are sup-
plied from the spillover and decomposition of the stored
NOx. Once NH3 is formed and desorbs from Pt, it can read-
sorb downstream and react with stored NOx, Pt-O, or O2

(aerobic regeneration), as long as the temperature of the
monolith exceeds the light-off temperature of the Pt-cata-
lyzed oxidation of NH3 with NO or O adatoms. The experi-
mental results suggest the following reaction network:

Paths 1 and 2 involve reaction between reductant H2 and
stored NOx to mostly N2 and some N2O (path 1) and to NH3

(path 2). Once NH3 is formed it can act as a reactive inter-
mediate product; by reacting with stored NOx, forming
mostly N2 (path 3), and with O2 fed during the regeneration
or Pt-O from the previous storage step (path 4), forming
mostly N2. Lastly, the NH3 can decompose to form N2 (path
5). The two primary ones are paths 1 and 2. Similarly, N2O
can be produced by the direct and indirect routes. Once H2

breaks through, the limiting step switches from a feed-limited
state to one in which the supply of NOx from the storage
phase to Pt is limiting, selectively producing NH3.

The data in Figures 10b and 11 reveal interesting findings
that on switching to the lean feed, N2 and N2O briefly appear
in the effluent. Breen et al.35 also observed two N2 peaks in
a single storage-reduction cycle. However, they did not
observe the second peak in N2O during the storage since
N2O is not formed at higher temperatures (3508C). Above
3008C (Figure 10a inset), only N2 was observed to be pro-
duced during the beginning of the storage. The N2 and N2O
peaks during the storage are more prominent at low tempera-
tures. As the catalyst temperature was increased above
1908C, both of the intensities decreased (Figure 10). The
experiments showed that the main cause for the formation of

Figure 11. Cycling experiments at Tf,inert 5 1408C with
and without NO in the last lean step, cata-
lyst B2; (a) N2; (b) N2O; (Lean: 500 ppm NO,
5% O2, balance Ar (60 s); Rich: 1500 ppm
H2, balance Ar (60 s)).
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N2 and N2O during the lean feed is due to NH3 and/or NHx
species that are retained on the catalyst during the rich regen-
eration. As Figure 10 shows, as the catalyst temperature is
increased above about 1358C both the N2 and N2O peaks
decrease in magnitude due to an increased rate of NH3 de-
sorption; that is, less NH3 is on the surface of the catalyst at
the end of the regeneration. NH3 desorption experiments
were carried out in which a mixture containing NH3 (400 ppm)
in Ar with and without H2O (1%) was fed to a prereduced
catalyst.20 The results showed that 1% H2O inhibited the
adsorption of NH3. The results in Figure 11 also confirm that
the NHX species (NH3) on the catalyst surface are oxidized
predominantly by O2 and to a lesser extent by NO (O2/NO
5 100 in the lean feed). Breen et al.35 attribute the formation
of N2 during the storage to NH3 stored on the catalyst react-
ing with stored NOx, gas phase NOx or O2. However, our
results do not agree with stored NOx playing a role in the
formation of N2 and N2O during the storage. Similar experi-
ments to Figure 11 were conducted except that the last lean
phase consisted of Ar only.20 For these experiments, N2 and
N2O were not observed even though stored NOx was still
present on the catalyst. In Figures 11a,b, at a fixed tempera-
ture (1408C) the N2O produced increased in the presence of
NO, while the effluent N2 remained approximately constant.
This suggests that the NO that is reduced during the begin-
ning of the storage is highly selective to N2O while the NHx
species produced a mixture of N2 and N2O, with approxi-
mately twice as much N2 as N2O. The NOx that reacts at the
beginning of the storage is not taken into account in Eq. 1
and thus, the amount of NOx stored will be slightly over
estimated at low temperatures. Indeed, the results in Table 2
and Figure 10b show that below 1108C, most of the N2 and
N2O formed occurs during the storage rather than the regen-
eration. N2O formation during the storage is favorable at the
lowest temperatures with the selectivity shifting to N2 forma-
tion as the temperature was increases.

Many groups have reported that the NH3 breakthrough typ-
ically coincides with the breakthrough of reductant such as
H2

5,36 and CO.37 Cant et al.38 reported that NH3 is evident
only after H2 breakthrough. However, inconsistencies are
reported with respect to H2 and NH3 breakthrough times. For
example, Nova et al.36,39,40 have shown that NH3 breaks
through prior to H2,40 approximately the same time as H2,36

and after H2 breakthrough39 for the same conditions (NO/O2

adsorption, followed by reduction with 2000 ppm H2,
T 5 3508C). This may be due in part to anomalous NH3

adsorption upstream of the analyzer. This underscores the im-
portance of minimizing NH3 adsorption in the effluent lines
and accurately applying time delays if species are monitored
by different analytical instruments; for example, H2 measured
by QMS and NH3 by FTIR. At low temperatures (\1608C),
the NH3 peak is larger than at higher temperatures, which
was shown by Clayton et al.5 to be due to the slow rate of
NH3 reduction of stored NOx and oxidation by O2 (kinetic li-
mitation) by a systematic variation of the monolith length. As
the length of the monolith was increased, the net NH3 pro-
duced increased for low temperatures and remained approxi-
mately constant for temperatures exceeding 2008C. Further,
Clayton et al.41 showed that under steady-state conditions the
light-off of NH3 occurred above 1808C with both O2 and NO
as oxidants. However, NH3 can react below the light-off tem-

perature depending on the Pt surface coverage (to be pub-
lished elsewhere). NHx species are observed reacting below
1808C during the storage in Figures 2a, 10, and 11.

The data obtained during a 60-s storage on the Pt/BaO
monolith (Figure 1a) exhibits a similar dependence on tem-
perature as the NOx conversion (Figures 3a and 4a). This
correspondence between NOx conversion and storage shows
the effectiveness of stored NOx reduction. That is, once NOx
is trapped, hydrogen is very effective in reducing NOx to a
mixture of N2, NH3, and N2O. Even at low temperatures, the
reduction of stored NOx with H2 is very effective, exceeding
70%.

A maximum in the selectivity to N2 occurs at slightly
higher temperatures than the maximum in NOx conversion
(Figure 3a and 4a). For temperatures above 3908C, the N2

selectivity decreases while the NH3 selectivity increases.
Interestingly, this is the opposite trend observed for a rich
feed under steady-state aerobic41 or anaerobic42 NO reduc-
tion by H2. The increasing NH3 and decreasing N2 selectivity
trends above 3908C are counterintuitive because one would
expect the selectivity of N2 to increase above 3908C due to
the increased rate of NH3 decomposition. For example, at
temperatures exceeding 3508C under steady-state conditions
NH3 was shown to decompose.41 However, Clayton et al.41

also showed that small amounts of H2 inhibit NH3 decompo-
sition under steady-state conditions. Under steady-state con-
ditions, the monolith is exposed to rich conditions through-
out, whereas under cycling conditions the monolith is only
exposed to rich (reducing) conditions upstream of the H2

front and within the H2 front. This suggests that NH3 will
not substantially decompose under these cycling conditions
due to the excess H2 present after H2 breaks through.

To expand on this issue, it is revealing to analyze the cy-
cling data in the form of cycle-averaged outlet concentration
(Figures 3b and 4b). In this form it is evident that the net
amount of NH3 produced is maximum at low temperatures
(\ 2008C) and monotonically decreases with increasing tem-
perature (Figure 3b). The calculated cycle-averaged N2 con-
centration exhibits a similar trend to the NOx conversion
(Figures 3a and 4a) and NOx storage (Figure 1a, 60 s). At
about 3608C the amount of N2 produced exhibits a maximum,
which coincides with the end of the broad maximum in NOx
conversion. At this point, both the net production of NH3 and
N2 decrease due to the sharp fall off in NOx conversion
above 3608C. Thus, the increase in NH3 selectivity and
decrease in N2 selectivity above 3908C are a result of the dif-
ferent relative rates of decrease in the net NH3 and N2 pro-
duction (Figures 3b and 4b) and NOx conversion (Figures 3a
and 4a). As the rate of N2 formation decreases faster than the
net rate of NH3 formed, the N2 selectivity decreases while the
NH3 selectivity increases (as there are no other major prod-
ucts formed at these temperatures). A key factor determining
the consumption of ammonia is the amount of stored NOx
downstream in the reactor. The NOx storage is a decreasing
function of temperature in this range, so less stored NOx is
available to react with ammonia. Another factor is the pres-
ence of gas phase NO during the regeneration step.

The results of Figures 3 and 4 suggest that the regenera-
tion product distribution is sensitive to the amount of NOx
stored for a fixed pulse composition and to a lesser extent by
temperatures above 2008C. Data obtained at a fixed tempera-
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ture and varied amounts of initial NOx stored (Figure 6a,b)
show an increase in the N2 selectivity and a decrease in the
NH3 selectivity as the amount of NOx stored is increased.
These trends agree with those of Figures 3 and 4 with respect
to the amount of NOx stored. For example, as the amount of
NOx stored increases, the selectivity to N2 increases (see
Figure 6a: TM,avg 5 2958C, Figures 3a and 4a: TM,avg 5 200
to 2758C and 400 to 5308C). Furthermore, as the amount of
NOx stored increases, the speed of the H2 and NH3 moving
fronts decrease and the time for H2 and NH3 breakthrough
increases,5 which is seen in Figure 5a for the NH3 break-
through. Clayton et al.5 showed that prior to reductant break-
through, N2 is the primary product formed. So, as the time
for the reductant to breakthrough increases (increased NOx
storage), the selectivity to N2 will increase due to the selec-
tive reduction of stored NOx to N2. The N2 is formed from
the direct (H2 1 NOx) and indirect route of NH3 formation
(from H2 and NOx) and reaction downstream with stored
NOx or adsorbed O. Once the reductant (H2) breaks through,
the production of N2 decreases and the net production of
NH3 increases due to the presence of H2 throughout the
monolith. The high surface coverage of Hydrogen on Pt
throughout the monolith inhibits NH3 from reacting with
stored NOx. After NH3 breaks through a maximum in the
net production of NH3 occurs due to the depletion of stored
NOx that is accessible for reaction. The cause for the
decrease in NOx conversion with increased lean time is due
to increased amounts of NOx breaking through during the
storage.

The trends in N2O reveal different behavior than that of
N2 and NH3. As the amount of stored NOx is increased, the
production of N2O formed increases up to 60 s of storage
(Figure 5b); beyond this point, with further increases in stor-
age time, the difference in N2O formation are negligible. At
the beginning of the pulse, N2O is predominantly formed by
the reaction between adsorbed NO and N, the latter of which
is formed by NO bond scission.19,41 However, N2O may also
be produced from the reaction of NH3 with stored NOx, Pt-O
(from the storage step), or O2 or NO in the rich feed. The
results of Figure 5b show a negligible increase in N2O for-
mation with increase in lean times (NOx stored) greater than
60 s. This suggests that N2O formed at the beginning of the
regeneration may be attributed to barium storage sites that
are in close proximity to Pt that become saturated with NOx
during the 60 s of storage. Further, the small change in N2O
with increases in the duration of the regeneration (Figure 7a)
also suggests that the initial stored NOx spilling over to
proximal Pt sites are selective to N2O.

The selectivity of stored NOx and gas phase NO fed dur-
ing the regeneration to products N2, N2O, and NH3 are
affected by the pulse composition (SN,p), temperature (\
2008C), and amount of stored NOx (Figure 9). The differen-
ces between the two N2 effluent concentration curves and the
two NH3 effluent concentration curves (Figures 9a–c) are
attributed to the reduction of the gas phase NO fed to the re-
actor during the rich pulse. As the pulse becomes less rich
(SN,p increased from 0.6 to 0.9), the difference in the net
amount of NH3 formed decreases and N2 formed increases
with and without NO in the regeneration feed. For SN,p 5 0.9
(Figure 9c), the net amount of NH3 formed approaches zero
at 3208C and was not even observed in the effluent as the

temperature was increased to 4708C. As reductant break-
through did not occur above 3208C, the NOx conversions
were insufficient and the catalyst was not nearly as regener-
ated (especially at the back end of the monolith as the H2

front did not reach there) when compared with the richer
pulse experiments (SN,p 5 0.6 and 0.8) in which reductant
breakthrough was observed.

The main difference between reactions of gas phase NO
and stored NOx during the regeneration is likely one of prox-
imity. Stored NOx in the vicinity of Pt will react at the
Pt/Ba interface through a spillover mechanism. On the other
hand, gas phase NO can adsorb on Pt sites either at the
Pt/Ba interface or on Pt sites removed from the interface.
Medhekar et al.43 proposed from the results of TAP studies
that two distinct reduction sites exist on the Pt crystallites on
the supported catalyst. They speculated that the Pt sites
located further from the Pt/Ba interface is where H2 scaveng-
ing of surface oxygen provides a clean surface for NO
decomposition to N2 and N hydrogenation to NH3. On the
other hand, at the Pt sites located close to the Pt/BaO inter-
face, H2 oxidation, nitrate decomposition, and NO decompo-
sition and reduction occur, producing a complex mixture of
N2, N2O, and NH3 which depends on the temperature and
effective local NOx/H ratio. Another difference between the
two types of NOx is the location along the monolith where
the NOx is reduced. The stored NOx will primarily react at
the leading edge of the H2 front; although the NOx stored far
from the Pt/BaO interface are reduced more slowly and will
react upstream of the leading edge. Similarly, NO fed dur-
ing the regeneration will react upstream and at the leading
edge of the H2 front, However, as the H2 front travels
through the monolith, the fraction of regenerated monolith
increases allowing more gaseous NO fed to react with H2

upstream. This reaction will selectively produce NH3 which
can then react downstream. Finally, there is a difference
between the time when the stored NOx and gaseous NO fed
react during the regeneration. Upon the breakthrough of H2,
most of the stored NOx will have reacted it. The tempera-
ture exceeds about 2308C. At this point, the dominant reac-
tion chemistry will be between gas phase NO and H2, until
the regeneration is stopped. If the regeneration is exces-
sively long (H2 breaks through early), the NO fed during
the regeneration will cause the NH3 selectivity to increase
with increasing regeneration time, approaching the steady-
state selectivity as tR ? 1.

At low temperatures (\1508C, Figures 9a–c) the differ-
ence in the net NH3 production with and without NO in the
rich pulse is largest due to the reduced rate of NH3 reacting
with stored NOx or adsorbed oxygen. The integral amount of
NOx stored is also the least at 1508C. This enables the H2

front to propagate through the monolith faster5 causing all of
the NO fed during the remainder of the regeneration to pri-
marily form NH3 (Excess H2,/NO 5 40, 15.4, 7). The NH3

produced from NO fed during the regeneration is observed
to react negligibly with O2 in the feed for SN,p 5 0.6
(T 5 150–4608C); this is based on the increase in the cycle-
averaged net NH3 production of ;60–69 ppm ([85% selec-
tivity of inlet NO fed to NH3) when NO is fed during the
regeneration. The corresponding selectivity of stored NOx to
NH3 was temperature dependent and varied from 5 to 55%.
The high selectivity of inlet NO fed to NH3 is in line with
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steady-state results which showed that H2 is much more reac-
tive with NO than NH3 under rich conditions.41 For example,
if all 500 ppm of NO fed during the regeneration were con-
verted to NH3 by H2 on Pt, the difference in the cycle-aver-
aged net NH3 observed in the effluent would be 71 ppm
([NO]* tR/tR 1 S 5 (500 ppm) * (10 s)/(70 s) ;71 ppm,
where tR is the regeneration time and tR 1 S is the total cycle
time). Clayton et al.41 showed that the NO/H2/O2 system
under steady-state conditions attained 100% NOx conversion
and produced 100% NH3 above 2008C for SN � 0.9. For the
steady-state rich conditions, the Pt surface would mostly
comprise H adatoms. However, the Pt surface coverage prior
to regeneration is Pt-O and during the regeneration, Pt is also
covered by oxygen adatoms downstream of the H2 front. On
the other hand, upstream of the H2 front, the Pt surface will
be predominantly covered by hydrogen and NHx adspecies.
Once H2 breaks through, the Pt surface will be covered by
hydrogen and NHx species throughout the monolith. With
rich conditions throughout the monolith, NH3 decomposition
is inhibited by the high surface coverage of hydrogen and is
unable to further react with stored NOx or O2 during the
regeneration due to the depletion of stored NOx and rich
conditions throughout the monolith.

Conclusions

The main contribution of this article is to report and
explain performance trends of a model Pt/BaO/Al2O3 NOx
storage and reduction monolith catalyst on several important
operating parameters, including the durations of the regenera-
tion and storage times, regeneration feed composition and
temperature, and monolith temperature.

The Pt/BaO catalyst exhibits high cycle-averaged NOx
conversion above 1008C, with two storage maxima corre-
sponding to NOx stored on the alumina support at lower
temperature and BaO at higher temperature. The cycle-aver-
aged selectivities of N2 and NH3 on the monolith tempera-
ture reveal the role of ammonia as an intermediate that reacts
with stored NOx. The duration of the storage is an important
determinant of NOx conversion and has a complex effect on
the product selectivities. The dependence on regeneration
times up to 10 s reveals byproduct N2O is formed during the
first second, while N2 and NH3 exhibit a complex depend-
ence that is affected by temperature. Both N2 and N2O are
formed during the regeneration and storage steps, the latter
from the oxidation of NHx species produced during the
regeneration. In some cases, more N2 and N2O were pro-
duced during the storage step, rather than only during the
regeneration, showing the importance of ammonia sorption
and reactivity. A comparison of data with and without NO
fed during the regeneration reveals a difference in selectiv-
ities of gas phase NO and stored NOx. At lower temperature,
the selectivities of gas phase NO and stored NOx are similar.
However, at higher temperatures, NO fed during the regener-
ation is more selective to NH3 than the stored NOx for suffi-
ciently rich regeneration feeds. Three main differences
between the reactions of NO fed and NOx stored with H2

exist causing different product selectivities with varied tem-
perature and H2 concentration. The differences include the
axial location in the monolith, the location on the Pt particle

where reaction occurs, and the time when the two types of
NOx react during the regeneration.

Although data reported here are for the idealized case of
H2 as the exclusive reductant, these results help to determine
how the lean NOx trap can be operated to exhibit high selec-
tivity to N2 in the case of a conventional LNT, or to NH3, in
the case of a LNT operating in sequence with a SCR reactor.
Additional work is needed to understand the role of CO and
hydrocarbons in the presence of H2O and CO2 which was
beyond the scope of this study.
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Notation

Fi5 effluent molar flow rate of species i (moles/s).
F0

i 5 feed rate of species i.
mw.c.5mass of the washcoat (g).

Si5 selectivity of species i (%).
Tf,inert5 feed temperature under inert conditions.

TM,Avg.5 average monolith temperature over one complete cycle.
tS5 storage time (s).

tS 1 R5 time for one complete lean and rich cycle (s).
Xi5 conversion of species i (%).
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