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a b s t r a c t

NOx storage on Pt/BaO/�-Al2O3 Lean NOx Traps (LNTs) has been studied with a particular focus on the
NOx storage capacity (NSC) of these traps for the time up to which 1% of the inlet [NOx] escapes the trap.
This complete or ‘fast’ NOx sorption capability of LNTs for appreciable amounts of time is what makes
these catalysts useful for automotive NOx emission abatement. The fast NSC for LNT formulations with
combinations of a range of Pt (0.6–6.3 wt.%) and Ba (4–20 wt.%) loadings was measured under various lean
feed compositions including NO, NO2 and NO + NO2 as the NOx sources and presence and absence of 7%CO2

and 7%H2O. All the measurements were performed at 300 ◦C and at a space velocity of 30,000 h−1. The
complex trends in the fast NSC due to various Pt, Ba loading combinations are explained with the help of
a phenomenological model. The model addresses the trends in fast NSC primarily through combinations
of NOx storage contributions in parallel pathways on Ba vicinal to Pt and Ba uninfluenced by Pt. We
attribute the influence of Pt to the spillover of dissociated oxygen atoms from Pt to the vicinal Ba sites.
This Pt–Ba synergy was found to play a dominating role in governing the fast NSCs of all the LNT samples

especially in presence of CO2, H2O and CO2 + H2O in the lean feed. It was also found to be the prominent
factor in limiting the fast NSC when NO and NO + NO2 (with low NO2/NO) were the NOx sources rather
than NO2. We propose that the NOx storage process on Ba vicinal to Pt involves a localized reaction front
of NOx that travels through the catalyst bed with saturation of those sites. This process has no preference
between NO and NO2 as a precursor. CO2 and H2O affect through competition for both types of Ba sites

.
available for NOx storage

. Introduction

Lean NOx Trap (LNT) technology also known as NOx
torage–Reduction catalysis (NSR) or NOx Absorber Catalysis (NAC)
s a frontrunner in those being investigated for the NOx emis-
ion abatement from the automotive lean burn gasoline and diesel
ngine exhaust [1,2]. The traditional three way catalysts (TWCs)
re tuned to give excellent NOx conversion when the engine runs
t a stoichiometric air to fuel (A/F) ratio of about 14.6/1 on a weight
asis, but they cannot reduce NOx under excess O2 in the exhaust
hen the engine runs leaner in fuel at 25/1 [3]. This challenge led
o the development of multicomponent LNT catalysts to eliminate
he shortcoming of the traditional TWCs [4]. Lean NOx traps are
omposed of at least three components, a high surface area sup-
ort like �-Al2O3, an alkali metal (e.g. Na, K) or alkaline earth metal

∗ Corresponding author at: School of Chemical Engineering, Purdue University,
orney Hall of Chemical Engineering, 480 Stadium Mall Drive, West Lafayette, IN
7907-2100, United States. Tel.: +1 765 494 4059; fax: +1 765 494 0805.
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(e.g. Ba, Mg) as the NOx storage component and a precious metal
(e.g. Pt, Pd, Rh) as the redox component [1,4,5]. In the literature,
Pt/BaO/Al2O3 containing model LNTs are the most studied [1]. Since
a finite amount of Ba has a finite NOx storage capacity, it needs to
be regenerated periodically. Therefore the LNTs operate in a cyclic
fashion with alternate fuel lean and fuel rich phases. During the lean
phase NO oxidizes to NO2 on Pt and NOx (NO + NO2) is stored on
Ba in the form of nitrites or nitrates [1,6–10]. Before unacceptable
amounts of NOx start escaping the LNT, the engine has to switch
from lean to rich operating conditions. Then, in presence of reduc-
tants such as CO, H2 and unburned hydrocarbons, NOx is released
from Ba and reduced on Pt to form primarily N2 and H2O [1,11,12].

Our ultimate objective is to be able to understand all these
processes in enough detail to facilitate the building of a robust pre-
dictive mathematical model of the process for any given lean/rich
feed condition and LNT composition. In our laboratory we have pre-

viously studied the regeneration of these Pt/BaO/�-Al2O3 LNTs with
H2 as a model reductant and found that the regeneration occurs
through a plug flow mechanism [11] involving a localized reaction
front. Ammonia was found out to be the intermediate during reduc-
tion of stored NOx with H2. Furthermore, the regeneration process

http://www.sciencedirect.com/science/journal/09205861
http://www.elsevier.com/locate/cattod
mailto:delgass@purdue.edu
dx.doi.org/10.1016/j.cattod.2010.02.024
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as found to be limited only by supply of hydrogen atoms from
2 or NH3 and was not affected by presence of CO2 and H2O in

he range of 200–300 ◦C [12]. Cao et al. [13] successfully utilized
hese insights to model the experimentally observed time depen-
ent exit concentration profiles of N2, H2O and NH3 in the effluent
nd the temperature profiles generated by the exothermic reduc-
ion reactions during the regeneration of the LNT. The mechanism
f NO oxidation on Pt has also been investigated in our laboratory
y Mulla et al. [14–16] and it has been found that the turnover
ate (TOR) for NO oxidation is first order in NO and O2 while NO2
s an inhibitor with an inverse first order dependence on the TOR.
hese experimental insights have also been used to model the cou-
led NO oxidation and NOx storage process by Cao et al. [13] and
romer et al. [17]. In both papers [13,17], NOx storage was tracked

or a given lean phase exposure time by modeling the NOx break-
hrough profile, i.e. the exit NOx concentration vs. time recorded
uring exposure of a LNT to the lean phase feed. Based on the
reliminary NOx storage studies on a 2.1 wt.%Pt/20 wt.%Ba/Al2O3
ontaining LNT sample in our laboratory, two NOx storage models,
oth being able to account for the asymmetric nature of the NOx
reakthrough profiles, were proposed [13,17]. In the first, two sites

n a parallel model could fit the NOx breakthrough data using two
eparate time constants for distinct NOx storage reaction pathways
n Ba vicinal to Pt and Ba far from, or uninfluenced by, Pt. In the
econd model, a two sites in series model could fit the same data
ith two time constants for NOx storage on surface Ba sites and

n bulk Ba sites reached only by diffusion through large particles.
t that point our experimental data was not sufficient to distin-
uish whether one of the two scenarios or a combination of them
as the best description of the phenomena. Also the NOx storage
odel was not mature enough to address the variation with NO or
O2 as the NOx source and effects of CO2 and H2O on NOx storage
n LNT samples containing different Pt, Ba loadings.

NOx storage trends and mechanisms have been investigated
n great detail using various techniques by several contempo-
ary research groups on different catalyst formulations and under
arious feed compositions and reaction conditions. The coupled
O oxidation and NOx sorption processes, uniqueness of catalyst

ormulation and preparation methods, sensitivity of the reaction
athways to reaction conditions, pretreatment protocols, NOx stor-
ge testing protocols, intimate dependence on regeneration steps
rior to NOx storage have produced a variety of at times contra-
icting results. The complexity arising out of efforts to integrate
hese results into a comprehensive description of the process still
uels the debate about balancing the exact physicochemical nature
f the NOx sorption/storage process and the detail that is necessary
o build a robust predictive mathematical model of the process use-
ul for the practical/commercial application of the LNTs. Here we
iscuss in brief the pertinent results and hypotheses/arguments
ade to justify them.
There is a consensus in the literature that improved NO oxi-

ation to NO2 results in improved NOx storage performance
1,18,19] and that NO2 is the precursor for the storage process
n Ba [7,20–31]. The lower NOx storage capacity with NO + O2
s. NO2 + O2 is attributed to the Ba sites near the monolith inlet
eing underutilized due to inadequate supply of NO2 [18] due to
he integral nature of the monolith channel. The rise in NOx stor-
ge capacity with increasing temperature is believed to be due to
nhanced NO oxidation [31–36] and the drop after peaking in the
ange of 300–400 ◦C is believed to be due to decrease in thermody-
amic stability of the nitrate species [31,35–37]. The overall NOx

torage behavior with temperature when NO is the NOx source is
hus volcano shaped. Even when the NO oxidation limitation is
liminated by using NO2 as the NOx source, the volcano profile
s retained [31] highlighting the underlying effect of temperature
n NOx storage kinetics and thermodynamic stability of adsorbed
day 151 (2010) 291–303

species. Minor amounts of NOx storage on �-Al2O3 compared to
the BaO component have also been reported [8,10,38,39].

Ba(NO3)2 species have been consistently observed on
Pt/BaO/Al2O3 at higher temperatures using various techniques
while Ba(NO2)2 has been observed at lower temperatures
(150–200 ◦C) [1,4,21,30,31,34,40–42] and the possibility that the
nitrite species is the precursor to nitrate at higher temperatures
has been used in various models used to describe the NOx storage
process [1]. It has been proposed in a number of studies that this
nitrate formation in the presence of NO or NO2 and O2 in the
feed can occur on Ba vicinal to Pt using the dissociated oxygen
adatoms on Pt [1,24,28,31,34,36,37,43,44]. Since such sites are
limited, when they saturate, their role in NOx storage diminishes
[43]. The presence of such Ba sites vicinal to Pt and their advantage
for NOx storage has been investigated by studying NOx storage on
Pt/Al2O3–BaO/Al2O3 mechanical mixtures vs. that on Pt/BaO/Al2O3
with the conclusion that the enhancing effect of Pt on NOx storage
is observed only in the later case, possibly due to shorter length
scales involved for surface diffusion of dissociated oxygen adatoms
[22,45,46]. At long storage times, the NO2 disproportionation
mechanism is believed to be dominant, during which NO2 can
directly adsorb on Ba not vicinal to Pt via a sequence of steps in
which one NO molecule is evolved for every three NO2 molecules
adsorbed. The oxidant in this mechanism is NO2 [1,23,24,27,47].

A shrinking core model has been used in several studies
[17,23,48–50] to account for diffusion of the NOx species inside
large Ba particles on samples with relatively high Ba loading.
Recently, using ultra-high-field solid-state MAS 27Al-NMR, Kwak
et al. [51,52] have shown that penta-coordinated Al3+ sites are
the preferential nucleation sites for BaO on �-Al2O3 and that at
4 and 8 wt.%. Ba loading, BaO monomers and dimers are formed on
the alumina surface on samples prepared by the incipient wetness
method. More recently Lindholm et al. [53] have shown that the
NOx storage capacity depends on the method of preparation of the
catalyst, particularly the Pt, Ba deposition sequence and Corbos et
al. [54] have reported that the pretreatment conditions in addition
to the method of preparation also have an effect on NOx storage.
Works by Clayton et al. [19] and Al-Harbi et al. [18] highlight the
impact of Pt dispersion on NOx storage. All these results indicate
that the morphologies of the Pt and Ba phases lead to formation of
different types of sorption sites and affect the NOx storage capacity
on the Pt/BaO/�-Al2O3 LNTs.

Quantification of those effects is difficult since the Ba morphol-
ogy on the surface is sensitive to reaction conditions and feed
compositions. Szanyi et al. [55,56] have reported such changes dur-
ing NO2 storage and regeneration caused by the presence of H2O in
the feed. Under realistic conditions, the lean feed always contains
CO2 in addition to H2O. It has been shown that at temperatures as
high as 360 ◦C, BaCO3 and Ba(OH)2 coexist on the surface [32,57].
There is no doubt in the LNT research community that in presence
of CO2 and H2O in the gas phase feed there is a combination of car-
bonate, carboxylate and hydroxyl species on the surface which are
the precursors for nitrite/nitrate species during NOx storage. The
thermodynamic competition for trapping sites and kinetic factors
affect the availability of Ba sites for NOx storage [1]. However the
dynamics of these processes are not well quantified since multiple
parameters affect the system, making interpretation of the data
difficult.

2. Experimental methods
2.1. Catalyst samples

The series of seven Pt/Ba/�-Al2O3 Lean NOx Trap catalysts used
in this study were supplied by Johnson Matthey, Plc. They contained
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Table 1
Fraction of Pt exposed (EPt) on fresh and de-greened Pt/BaO/�-Al2O3 samples.

Sample aEPt (fresh sample) (% ± 3) aEPt (de-greened sample) (% ± 3)

6.3Pt/20Ba 37 21
2.1Pt/20Ba 31 19
0.7Pt/20Ba 26 19
1.9Pt/8Ba 58 50
5.3Pt/4Ba 57 50
1.8Pt/4Ba 65 60
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cycles were run at 300 ◦C, the feed composition and GHSV remain-

T
P
d

0.6Pt/4Ba 66 62

a EPt = [number of surface Pt atoms/total number of Pt atoms × 100], fraction of Pt
xposed measured by CO titration (Section 2.4).

ifferent combinations of Pt and Ba loadings as listed in Table 1. Pt
nd Ba loadings were measured and provided to us by the man-
facturer. Each sample is referred to as mPt/nBa, where m and n
orrespond to the wt.% of Pt and Ba loading of the �-Al2O3 deposited
n the cordierite monolith. In the text, we have referred to various
t and Ba loadings as m%Pt and n%Ba, respectively. The monoliths
ad a cell density of 400 cpsi (cells in.−2). The component deposi-
ion sequence on the cordierite monolith substrate was �-Al2O3
ashcoat followed by Pt and then Ba. These seven samples can be

ategorized into three groups: (1) 20%Ba samples with three differ-
nt Pt loadings, (2) 4%Ba samples with three different Pt loadings
nd (3) samples with ca. 2%Pt and three different Ba loadings. Cylin-
rical cores measuring 3 in. in length and ca. 0.65 in. in diameter
ere cut from the monolith samples provided. The washcoat load-

ng (g in.−3) on each monolith was slightly different and as a result,
qual volume cores of 20%Ba and 4%Ba samples with comparable Pt
oading (e.g. 6.3Pt/20Ba and 5.3Pt/4Ba) used in this study actually
ontained similar amounts of Pt (Table 2). For to the same reason,
he amount of Ba on different monolith cores with same n varies
lightly (Table 2).

.2. Flow reactor setup

The NOx storage and reduction experiments were performed in
bench-top tubular stainless steel reactor. The catalyst core was
rapped in high-temperature Zetex® insulation and inserted into

he reactor tube. The insulation matting sealed the space between
he cylindrical monolith core and the reactor wall, minimizing gas
ypass around the sample. A 3 in. long plug of small quartz beads of
a. 3 mm dia., held in place by circular pieces of stainless steel wire
esh, was placed upstream of the catalyst sample in the reactor

ube to ensure mixing and uniformity of the gas flow. The quartz
eads also acted as a thermal mass facilitating heat transfer from
he reactor wall to the gas mixture being fed. The reactor tube
as placed inside a temperature controlled tube furnace. Two K

ype thermocouples, aligned with the axis of the reactor tube, were
laced 5 mm upstream and 5 mm downstream of the monolith core

o measure the inlet and outlet gas temperatures. To maintain uni-
orm catalyst temperature across the length of the core, the inlet
as was preheated by passing it through a pre-heater assembly
onsisting of a helical coil ca. 3 in. diameter, made out of 0.25 in.

able 2
t/BaO/�-Al2O3 samples with total amounts of Pt and Ba on monolith cores (3 in. leng
e-greening and exposed Pt/Ba ratios.

Sample Pt on sample (�mol) EPt (% ± 3) Ex

6.3Pt/20Ba 372 21 7
2.1Pt/20Ba 124 19 2
0.7Pt/20Ba 40 19
1.9Pt/8Ba 124 50 6
5.3Pt/4Ba 372 50 18
1.8Pt/4Ba 124 60 7
0.6Pt/4Ba 40 62 2
day 151 (2010) 291–303 293

diameter stainless steel tubing, and placed inside a temperature
controlled hollow cylindrical Watlow® ceramic fiber heater. The
specialty gas mixtures (3.5%NO/Ar, 5%NO2/Ar) were from Praxair.
Argon (99.997%) was used as the inert carrier gas. The gas flow rates
were controlled using a bank of Brooks 5850C series mass flow con-
trollers. For experiments containing water in the feed, deionized
water was added to the inert carrier gas stream by using a shell
side temperature controlled Perma Pure MH-070 series humidi-
fier. The stainless steel tubing downstream of the humidifier was
heated to ca. 120 ◦C with a heating tape, to avoid water conden-
sation. A 3-way valve was used to direct the inert carrier gas flow
through either the humidifier or tubing bypassing the humidifier
to choose between wet and dry feed conditions respectively. Pre-
caution was taken to minimize the dead volume while connecting
reactant gas feeder lines to the inert carrier gas line. The O2 feed line
was connected to the carrier gas line downstream of the NO feed
line connection to avoid NO oxidation in the feed line by exposure
to the oxygen rich carrier gas stream before the NO reached the cat-
alyst. Various feed compositions and fast lean-rich switching were
achieved by using LabVIEWTM controlled 2-way and 3-way valves
installed downstream of the mass flow controllers.

The effluent gases from the reactor were analyzed by an MKS
MultiGasTM 2030 gas phase FT-IR spectrometer. Utilizing the ven-
dor supplied calibration files the spectrometer was used to monitor
and record the NO, NO2, N2O, NH3, CO2 and H2O concentrations in
the effluent with time at 0.95 s resolution. N2 in the effluent was
detected using SRS RGA 200, a quadrupole mass spectrometer. The
mass spectrometer was calibrated to measure N2 concentrations
in the 0–6000 ppm range by sampling calibrated N2/Ar mixtures.
Argon was used as the inert carrier gas to allow the measurement
of released N2 during LNT regeneration. The feed composition at
reactor inlet was analyzed by directing the feed flow to bypass the
reactor. All the effluent gas lines were heated to ca. 120 ◦C using
heating tapes to avoid water condensation inside the tubing.

2.3. Catalyst de-greening

All fresh or ‘green’ LNT catalyst cores were pretreated in the flow
reactor system to achieve reproducible NOx storage–reduction per-
formance during testing over long intervals of time. We refer to
our pretreatment procedure as ‘de-greening’. It follows a two-step
protocol comprized of treatments at 600 and 300 ◦C. During high-
temperature treatment, short lean (54 s) and rich (6 s) cycles were
run for 1.5 h at 600 ◦C and GHSV of 30,000 h−1. The lean phase feed
during this step contained 300 ppm NO + 10%O2 + 7%CO2 + 8%H2O
in Ar and rich phase feed consisted of 2.45%H2 + 7%CO2 + 8%H2O in
Ar. After the 90 redox cycles at 600 ◦C, the catalyst sample was
cooled to 300 ◦C in Ar at 30,000 h−1. Then during the low tem-
perature treatment, at least three long lean (1 h) and rich (10 min)
ing the same as that for the high treatment step. The de-greened
LNT catalyst samples were found to give reproducible NOx storage
capacities and NOx breakthrough profiles after numerous cycles at
300 ◦C with various lean, rich feed compositions in random order

th, 0.65 in. dia.) used for NOx storage experiments, fractions of Pt exposed after

posed Pt (�mol) Ba on sample (�mol) Exposed Pt/Ba

8 ± 11 1680 0.046
4 ± 4 1680 0.014
8 ± 1 1650 0.005
2 ± 4 751 0.083
6 ± 11 397 0.467
4 ± 4 394 0.190
5 ± 1 383 0.065



2 ysis To

a
r
b
f
o
t
l
a
s

2

P
a
P
N
i
3
s
2
r
c
N
t
t
t
t
a
r
a
d
t
i
c
a
a
a
f
t
i
f
t
m
f
m
c

2

p
(
c
a
k
w
N
N
1
t
o
t
m
o
7

94 S.S. Chaugule et al. / Catal

nd even after unloading–reloading the catalyst cores in the flow
eactor. The 600 ◦C de-greening step was inspired by recent work
y Adams et al. [58] and Epling et al. [59] but the 300 ◦C step was
ound to be necessary to ensure reproducible NSR performance
ver repeated testing after 3–6 month long intervals. Also, using
wo separate fresh 2.1Pt/20Ba cores from the same source mono-
ith, we observed that the sequence in which the de-greening steps
re performed does not affect the performance on the de-greened
amples.

.4. Fraction of Pt exposed measurement by CO titration

Fraction of Pt exposed (EPt) is defined as the ratio of surface
t atoms to total number of Pt atoms present and expressed as
percentage. To measure the number of surface Pt atoms on the

t/BaO/�-Al2O3 catalysts we used a CO titration method. First, the
Ox storage capacity of a regenerated trap was saturated by flow-

ng 300 ppm NO2 + 10%O2 + 7%CO2 + 7%H2O in Ar for 1.5 h at 300 ◦C,
0,000 h−1. Then NO2, O2, CO2 and H2O were turned off and the
ystem was purged with Ar at the same space velocity for about
0 min while cooling the sample to 150 ◦C. During this process, the
eactant gases were flushed out of the reactor, leaving behind the
hemisorbed oxygen on Pt while the barium phase participating in
Ox sorption was converted primarily to barium nitrate and some

o barium carbonate or carboxylate depending on the Ba loading on
he sample under consideration. This step was essential to ensure
hat only the oxygen atoms chemisorbed on Pt would contribute
o the CO titration step, which consisted of flowing 1.5%CO in Ar
t 15,000 h−1 while maintaining the temperature at 150 ◦C and
ecording the CO2 peak produced by oxidation of CO by oxygen
toms adsorbed on Pt. The GHSV was adjusted to obtain a well-
efined peak, as the amount of CO2 produced during titration of
he Pt surface was small. The amount of CO2 was quantified by
ntegrating the area under the CO2 peak and using the known con-
entration of CO and total volumetric flow rate of the feed. This
mount of CO2 in �mol equals the amount of surface Pt in �mol,
ssuming that one oxygen atom is adsorbed on each surface Pt
tom [60,61], which results in production of one CO2 molecule
rom CO. The fractions of Pt exposed calculated using these CO
itration experiments before and after de-greening are reported
n Table 1. The fractions of Pt exposed calculated by this method
or the fresh samples (before de-greening) were within ±3% with
hose reported by Cumaranatunge [62] using the H2–O2 titration

ethod [60] to measure surface Pt on the scraped washcoats from
resh samples. Those samples were obtained from the same source

onolith from which the cylindrical cores used in this study were
ut.

.5. NOx storage experiments

At least three lean (7 min)–rich (4 min) conditioning cycles were
erformed prior to the long NOx lean (storage for 1–1.5 h)–rich
regeneration for 15 min) cycle from which the NOx storage
apacity (NSC) reported in this work was calculated. The lean
nd rich feed compositions for the conditioning cycles were
ept the same as the feed under which the NSC measurements
ere made. For example, to measure the NSC of the LNT under
O + O2 + CO2 environment, the lean phase feed contained 300 ppm
O + 10%O2 + 7%CO2 in Ar and the rich phase feed contained
%H2 + 7%CO2 in Ar for all four cycles. This was done in order
o achieve a cyclic steady-state as the NOx storage behavior

n Pt/BaO/�-Al2O3 catalysts depends on the chemical state of
he Ba phase at the beginning of NOx storage. All the experi-

ents were performed at 300 ◦C and 30,000 h−1 with combinations
f 300 ppm NO or NO2 + 10%O2 in Ar with 7%CO2, 7%H2O and
%CO2 + 7%H2O in the lean feed. The NOx storage capacity was also
day 151 (2010) 291–303

measured using experiments in which lean feed contained mix-
tures of 50–650 ppm NO + 300 ppm NO2 + 10%O2 in Ar in presence
and absence of 7%CO2 + 7%H2O at 300 ◦C, 30,000 h−1. The nitrogen
balance between the amount of NOx stored during lean phase and
nitrogen containing species in the effluent recorded during the rich
phase was found to agree within 5% of each other for both short
and long cycles. To confirm complete regeneration, separate exper-
iments were performed in which the temperature was ramped to
450 ◦C after short and long lean–rich cycles similar in time periods
to those during NOx storage experiments. No nitrogen containing
species were detected in the effluent during the temperature ramp.
Thus, we ensured that the entire amount of Ba participating in the
NOx sorption or storage process was regenerated prior to the switch
from rich to lean phase feed.

2.6. ‘Fast’ NOx storage measurements

The NOx storage capacity or NSC (�mol) for a given period of
lean phase exposure, tS (s) is calculated as

NSCts = ˛ ·
∫ ts

0

[C0
NOx − CNOx(t)]dt (1)

where C0
NOx is the inlet NOx concentration (ppm) and CNOx(t) is the

NOx concentration (ppm) in the effluent at any time t (s) recorded
by the FT-IR in our case. The constant ˛ (�mol/ppm s) converts the
NSCts from units of ppm s to �mol.

The property that makes application of these Pt/BaO/�-Al2O3
LNTs for NOx abatement so promising is their ability to completely
capture NOx from the exhaust gas mixture for a short period of time
after they are regenerated. We define ‘fast’ NOx storage as the NOx
sorption process occurring on the trap during this short period of
time, tSf. Specifically, we choose tSf as the time elapsed between the
rich to lean feed switch and the instant the NOx slip reaches 1% of
the inlet NOx concentration (C0

NOx) level, in other words, when the
NOx breakthrough just begins. Then Eq. (1) simplifies to

fast NSCtsf
= ˛ ·

∫ tsf

0

[C0
NOx − 0]dt

∴ fast NSCtsf
= ˛ · C0

NOx · tsf

(2)

which is the area of a rectangle on CNOx vs. t plot. We choose this par-
ticular time period because it allows us to eliminate the dependence
of the fast NSC of the LNT on the slope of the NOx breakthrough
curve resulting from slower NOx storage pathways. Moreover, dur-
ing practical application of LNTs, if complete elimination of NOx
from the exhaust is desired, tSf as defined here represents the
maximum time interval between two rich feed pulses capable of
regenerating the Ba phase participating in fast NOx storage.

3. Results

3.1. Fraction of Pt exposed on Pt/BaO/�-Al2O3 LNTs

Table 1 summarizes the fractions of Pt exposed (EPt) on the series
of seven fresh and de-greened Pt/BaO/�-Al2O3 samples measured
by CO titration experiments as described in detail in Section 2.4.
On all fresh samples with 20%Ba the EPt is approximately half of
that on fresh samples containing 8Ba and 4Ba. As the Pt loading
increases on samples with 20%Ba, the EPt also increased. After the
de-greening treatment, the fraction of Pt exposed on all samples
containing 20%Ba dropped to about 20%. The drop in EPt due to

de-greening was the highest for 6.3Pt/20Ba (ca. 16%) and the low-
est for 0.7Pt/20Ba (ca. 7%). All other samples, with 8%Ba and 4%Ba,
showed a drop of 7–8% in EPt due to the de-greening treatments.
The absolute amounts of Pt and Ba on each of the monolithic cores
used for NOx storage experiments (Table 2) were computed with
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Fig. 1. NO, NO and NOx (NO + NO ) breakthrough profiles for 10 min of NOx
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Fig. 2. NO, NO2 and NOx (NO + NO2) breakthrough profiles for 10 min of NOx
storage on 1.9Pt/8Ba at 300 ◦C, 30,000 h−1 with lean feed consisting of 300 ppm
NO2 + 10%O2 + balance Ar and (A) neither CO2 nor H2O, (B) 7%H2O, (C) 7%CO2, and
(D) 7%H2O + 7%CO2.
2 2

torage on 2.1Pt/20Ba at 300 ◦C, 30,000 h−1 with lean feed consisting of 300 ppm
O2 + 10%O2 + balance Ar and (A) neither CO2 nor H2O, (B) 7%H2O, (C) 7%CO2, and

D) 7%H2O + 7%CO2.

he knowledge of the weight loading of Pt on the �-Al2O3 wash-
oat and the washcoat loading on the monolith (g in.−3). Using the
raction of Pt exposed after de-greening and the total amount of
t on the sample, the amount of exposed Pt was then computed
Table 2). Note that the amounts of exposed Pt on 20%Ba samples
re 30–60% lower than those for the corresponding samples with
%Ba and 4%Ba having equal amounts of total Pt.

.2. ‘Fast’ NOx storage with NO2 + O2

Representative NO, NO2 and NOx (NO + NO2) breakthrough pro-
les for samples containing ca. 2%Pt and 20%, 8% and 4%Ba are
hown in Figs. 1–3, respectively. Lean feed for these experiments
onsisted of 300 ppm NO2 + 10%O2 in Ar with (A) neither CO2
or H2O, (B) 7%H2O, (C) 7%CO2, (D) 7%H2O + 7%CO2 at 300 ◦C,
0,000 h−1. Four different NOx breakthrough profiles in each of
igs. 1–3 are labeled to represent the lean feed composition. Our
bjective is to track the effect of Pt on fast NOx storage on the Ba
hase of samples having different Pt, Ba loadings. Here, the choice
f NO2 as the NOx source instead of NO eliminates the primary role
f Pt in NOx storage through NO oxidation to NO2.

Fig. 4 shows the result of a simulation of steady-state NO oxi-
ation on monolithic Pt/�-Al2O3 catalyst, based on prior work
ublished by our research group [13,16,17]. It shows that on a
Pt/�-Al2O3 (EPt = 19%) monolith core identical to the 2.1Pt/20Ba
ample used in the experiments but without any Ba, at 300 ◦C,
0,000 h−1 with 300 ppm NO2 + 10%O2 in Ar, there will be NO pro-
uction due to the NO2 decomposition reaction on Pt along the

ength of a monolith channel. This is attributed to the nature of NO

xidation kinetics in which NO2 acts as an inhibitor. At the outlet
f the 3 in. long monolith channel the NO2 conversion is ca. 6% with
he said feed composition. Thus, if Ba present on the LNT samples
ith similar Pt loadings were to saturate due to NOx storage, the

Fig. 3. NO, NO2 and NOx (NO + NO2) breakthrough profiles for 10 min of NOx
storage on 1.8Pt/4Ba at 300 ◦C, 30,000 h−1 with lean feed consisting of 300 ppm
NO2 + 10%O2 + balance Ar and (A) neither CO2 nor H2O, (B) 7%H2O, (C) 7%CO2, and
(D) 7%H2O + 7%CO2.
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[16]. It is clear from the NO and NO concentration profiles that
ig. 4. Simulation result for steady-state NO2 decomposition along length of a
onolith channel, with 300 ppm NO2 + 10%O2 + Ar on 2Pt/�-Al2O3 (EPt = 19%) at

00 ◦C and 30,000 h−1, leading to NO buildup along the length of the integral reactor.

O concentration in the effluent would approach 18 ppm at steady-
tate. Similarly, for 2Pt/�-Al2O3 with EPt = 50% (corresponding to
.9Pt/8Ba) and 60% (corresponding to 1.8Pt/4Ba) the simulated NO
oncentrations at the channel outlet due to NO2 decomposition are
5 and 27 ppm, respectively. This is consistent with the fact that as
he amount of exposed Pt increases, the NO conversion to NO2 also
ncreases.

Careful analysis of the NO breakthrough profiles for 2.1Pt/20Ba
n Fig. 1A–D shows that under different lean feed compositions,
s soon as the fast NOx storage phase ended, the effluent NO con-
entration did not reach the expected 18 ppm level governed by
O2 decomposition. Under respective feed conditions for Fig. 1A, B
nd D the effluent NO concentration overshoots the 18 ppm level
nd then starts decreasing slowly towards it. While in presence
f CO2 for Fig. 1C, the approach of the NO concentration to the
aximum and subsequently approaching the expected 18 ppm

evel due to NO2 decomposition is much slower. A similar trend
n NO breakthrough as with CO2 (Fig. 1C) was observed across all
eed compositions on samples with 8%Ba and 4%Ba (presented in
igs. 2A–D and 3A–D). Moreover, for 2.1Pt/20Ba, Fig. 1A and B show
hat the NOx breakthrough is driven by NO, while it was observed
n Fig. 1C and D that the NO2 breakthrough precedes that of NO.
lso, note that the time at which the NOx breakthrough reaches
ppm (i.e. 1% of inlet NOx concentration, tSf) is the longest without
O2 and H2O in lean feed. The value of tSf decreased for the lean

eed containing H2O (Fig. 1B) and decreased even more for lean
eed with CO2 + H2O (Fig. 1D). It was the lowest for lean feed con-
aining CO2 (Fig. 1C) on 2.1Pt/20Ba, the highest Ba loading sample
e have. The fast NSCs on all the 20%Ba samples corresponding to
ifferent lean feed compositions are reported in Fig. 5. Results from
ig. 5 show that effects of respective lean feed composition on fast
SC of 6.3Pt/20Ba and 0.7Pt/20Ba were similar to those seen on
.1Pt/20Ba.

On samples with 1.9Pt/8Ba and 1.8Pt/4Ba, depending on the
ean feed composition, NO2 and NO breakthrough occurred either
imultaneously or NO2 breakthrough preceded NO by a few sec-
nds (Figs. 2A–D and 3A–D) but in none of the cases did we observe
O breakthrough preceding NO2 as seen in Fig. 1A and B. Another

triking difference on these samples is that the time for NOx break-
hrough with H O in the lean feed (Figs. 2B and 3B) was longer
2
han when H2O and CO2 were both absent (Figs. 2A and 3A). This
s contradictory to the observation in Fig. 1A and B. These results
mply that presence of water in the lean feed reduces the fast NSC
f samples with 20%Ba and increases the fast NSC of the samples
Fig. 5. Fast NOx storage capacity on sample (±10 �mol) at 300 ◦C, 30,000 h−1 with
lean feed consisting of 300 ppm NO2 + 10%O2 in Ar and neither CO2 nor H2O, 7%H2O,
7%CO2, 7%H2O + 7%CO2.

with 8%Ba and 4%Ba when compared to the fast NSC without CO2
and H2O in the feed on the respective samples. The same trends
due to H2O were observed on fast NSCs of the remaining samples
with 20%Ba and 4%Ba (Fig. 5, compare series – 7%H2O with series –
neither H2O nor CO2) for which the breakthrough profiles are not
shown. For 5.3Pt/4Ba, the sample with the highest Pt and lowest
Ba loading was an exception, where fast NSC did not increase in
presence of H2O as compared to the fast NSC without CO2 and H2O
in feed.

The fast NSC with CO2 in lean feed on samples containing 20%Ba
and 4%Ba increases linearly with Pt loading (Fig. 5). From EPt data
in Table 2 we know that even though the fractions of exposed Pt
on samples with 20%Ba are 30–40% lower than those on the 4%Ba
samples, within each group of samples, those fractions are similar.
Hence a threefold increase in Pt loading of two samples contain-
ing either 20%Ba or 4%Ba corresponds to approximately threefold
increase in the absolute amount of exposed Pt present on them. In
that case, the fast NSC on these samples, with CO2 in the lean feed
on the respective samples also increases threefold. This argument
becomes clearer if we follow the fast NSC normalized by the abso-
lute amounts of Ba on the samples, shown in Fig. 6. The fast NSC/Ba
in presence of CO2 for 0.7Pt/20Ba, 2.1Pt/20Ba and 6.3Pt/20Ba sam-
ples increased linearly with exposed Pt on those samples (Fig. 6).
The same phenomenon was observed on 0.6Pt/4Ba, 1.9Pt/4Ba and
5.3Pt/4Ba under the same lean feed conditions (Fig. 6), although the
absolute amount of fast NSC on 4%Ba samples was low, the error
in its measurement was relatively high as compared to that for the
20%Ba samples. Surprisingly, fast NSC/Ba on 4%Ba samples under
lean feed without CO2 and H2O also showed a linear increase with
increase in exposed Pt (Fig. 6). In this case the absolute fast NSC on
each 4%Ba sample was about three times that with CO2 in lean feed
(compare respective series in Fig. 5).

3.3. ‘Fast’ NOx storage with NO + O2

Fig. 7 shows a steady-state NO oxidation simulation result on
2Pt/�-Al2O3 monolith (EPt = 19%) with 300 ppm NO + 10%O2 in Ar
at 300 ◦C, 30,000 h−1 using NO oxidation kinetics from Mulla et al.
2
NO oxidation on Pt without NO2 in the inlet feed, does not instan-
taneously convert the entire NO fed to NO2. In the absence of a
storage component like Ba, the monolith channel behaves as an
integral reactor and NO2 concentration builds up along the length
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NSC of samples containing 8%Ba and 4%Ba did not hold true for sam-
ig. 6. Fast NOx storage capacity normalized with Ba (fast NSC/Ba) on sample
±0.01, using Ba:N = 1:2) at 300 ◦C, 30,000 h−1 with lean feed consisting of 300 ppm
O2 + 10%O2 + balance Ar and neither CO2 nor H2O, 7%H2O, 7%CO2, 7%H2O + 7%CO2.

nd inhibits the NO oxidation rate. Note that the local NO2/NO
atio with the NO + O2 feed in Fig. 7 is lower by more than an
rder of magnitude compared to the ratio at corresponding lengths
x/L) with the NO2 + O2 feed (Fig. 4). When Ba is present on the

onolith, the NO2 produced due to NO oxidation gets stored typ-
cally in the form of barium nitrates at 300 ◦C. We would observe
NO breakthrough as soon as the Pt/BaO/�-Al2O3 LNT is exposed

o lean feed conditions similar to those used in the simulation if
O2 were the only species being stored during the fast NOx stor-
ge phase. This would lead to a zero fast NSC on LNTs with NO as
he NOx source instead of NO2 since the unconverted NO would
scape the trap. Fast NSC measurements on the series of LNT sam-
les we have studied are reported in Fig. 8. These measurements
ere obtained by applying the data analysis method described in

ection 2.6 on data from experiments with lean feeds containing

00 ppm NO + 10%O2 in Ar and (A) neither CO2 nor H2O, (B) 7%H2O,
C) 7%CO2, (D) 7%H2O + 7%CO2 at 300 ◦C, 30,000 h−1. The non-zero
ast NSCs with different lean feed compositions containing NO sug-
est that NO itself can directly be stored on Ba in addition to NO2.
his provides a basis for our hypothesis that there exists at least

ig. 7. Simulation result for steady-state NO oxidation, with 300 ppm
O + 10%O2 + Ar on 2Pt/�-Al2O3 (EPt = 19%) at 300 ◦C and 30,000 h−1, leading

o NO2 buildup along the length of monolith channel.
Fig. 8. Fast NOx storage capacity on sample (±10 �mol) at 300 ◦C, 30,000 h−1 with
lean feed consisting of 300 ppm NO + 10%O2 + balance Ar and neither CO2 nor H2O,
7%H2O, 7%CO2, 7%H2O + 7%CO2.

one NOx storage pathway without a preference between NO and
NO2 as a sorption precursor during fast NOx storage.

The data for fast NSC for the NO + O2 feed normalized by the
absolute amounts of Ba present on the sample, are reported in
Fig. 9. Detailed analysis of the data in Figs. 8 and 9 makes it clear
that the general trends due to effects of H2O, CO2 and H2O + CO2
on the fast NSC across the samples with NO as NOx source are
the same as those with NO2 as NOx source at the same tempera-
ture (300 ◦C) and GHSV (30,000 h−1). Moreover, under the different
lean feed compositions, i.e. with presence or absence of H2O and
CO2, the absolute fast NSCs on all samples containing 8%Ba and
4%Ba with NO + O2 (Fig. 8) were identical within the experimental
measurement accuracy to those with NO2 + O2 (Fig. 5). This general
observation concerning effect of NO vs. NO2 in the lean feed on fast
ples containing 20%Ba. In the absence of CO2 + H2O, the comparison
between fast NSC with NO2 + O2 (Fig. 5) vs. that with NO + O2 (Fig. 8)
on any 20%Ba sample containing the same exposed Pt shows that

Fig. 9. Fast NOx storage capacity normalized with Ba (fast NSC/Ba) on sam-
ple (using Ba:N = 1:2) at 300 ◦C, 30,000 h−1 with lean feed consisting of 300 ppm
NO + 10%O2 + balance Ar and neither CO2 nor H2O, 7%H2O, 7%CO2, 7%H2O + 7%CO2.
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Fig. 10. Fast NOx storage capacity (±10 �mol) on LNT samples at 300 ◦C, 30,000 h−1
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ith lean feed consisting of 300 ppm NO2 + 10%O2 + y ppm NO + 7%CO2 + 7%H2O in
r. For data series from back to front, y = 0, 50, 110, 210, 310 and 620 ppm, respec-

ively. For comparison the front-most series shows NOx storage with lean feed of
00 ppm NO + 10%O2 + 7%CO2 + 7%H2O in Ar.

he fast NSC decreased by 10–15% with NO + O2 as the NOx source.
n the presence of H2O in feed the loss in fast NSC was between 27
nd 40% and in presence of CO2 + H2O, it was in the range of 30–50%
n these 20%Ba samples. The last lean feed composition, namely
00 ppm NO + 10%O2 + 7%CO2 + 7%H2O in Ar is the most similar to
hat we would expect in a real lean automotive exhaust. It is worth
oting that the largest drop in fast NSC with NO as the NOx source
ompared to NO2 was observed for the most realistic feed compo-
ition on 20%Ba. In the presence of CO2, the fast NSCs on the 20%Ba
amples with NO2 (Fig. 5) and NO (Fig. 8) as respective NOx sources
ere identical within the experimental measurement accuracy.

.4. ‘Fast’ NOx storage with NO + NO2 + O2

To further examine the differences in responses of 20%Ba and
%Ba, 4%Ba to NO and NO2, we measured the fast NSC on all the sam-
les in a set of experiments in which we used incremental amounts
f NO in addition to 300 ppm NO2 + 10%O2 + 7%CO2 + 7%H2O in
r in the lean feed to the monoliths at 300 ◦C, 30,000 h−1.
he results at these conditions are reported in Fig. 10. The
earmost series in Fig. 10 shows the fast NSC with 300 ppm
O2 + 10%O2 + 7%CO2 + 7%H2O in Ar. The effect of adding 50, 110,
10, 310 and 620 ppm NO to the base feed (rearmost series) is
hown in the series of data from back to front except for the front-
ost series in Fig. 10, which shows the fast NSC with 300 ppm
O + 10%O2 + 7%CO2 + 7%H2O in Ar. Note that in this data set we
re increasing the NOx (NO2 + NO) flux up to 3 times and causing
p to an order of magnitude reduction in the inlet NO2/NO ratio in
he process of adding incremental amounts of NO to the base feed
ontaining fixed amount of NO2.

Fig. 10 shows that within ±10 �mol the absolute fast NSC on
amples with 8%Ba and 4%Ba did not change due to incremental
mounts of NO in the NO2 + O2 containing base feed as expected
rom the similarity of the responses of those samples to feeds con-
aining NO + O (Fig. 5) and NO + O (Fig. 8) as the NOx source.
2 2 2
ince fast NSC, as given by the area of a rectangle as derived in Eq.
2) remained the same, the implication of this result is that time
or 1% of the inlet NOx slip, tSf, was reduced by the same factor by
hich C0

NOx was increased. The same phenomenon was observed
day 151 (2010) 291–303

on 0.7Pt/20Ba (Fig. 10). The 20%Ba samples with higher Pt load-
ings, i.e. 2.1Pt/20Ba and 6.3Pt/20Ba, clearly showed a decrease in
fast NSC with a decrease in the inlet NO2/NO ratio during these
experiments. As the NO2/NO ratio decreased, the fast NSC on these
samples approached the values obtained with only NO + O2 in the
lean feed.

4. Discussion

Our definition of fast NSC given by Eq. (2) is purely func-
tional and gives the maximum NOx storage capacity of the fully
regenerated LNT before the NOx breakthrough begins. As will be
discussed in detail below, the differences in the shapes of the
breakthrough curves, immediately after the breakthrough, provide
valuable insights into the fast NOx storage processes. The nature of
these breakthrough curves and the dependence of tsf on the operat-
ing variables on samples with 20%Ba vs. those with 8%Ba and 4%Ba,
require that at least two NOx storage pathways involving at least as
many types of Ba sites and time constants, as invoked in previous
works from our laboratory [13,17], contribute to the fast NSC on
Pt/BaO/�-Al2O3 LNTs. It is also clear that in addition to the Ba load-
ing, the fast NSC is also intricately linked with the Pt loading on the
LNTs. Prior to the detailed discussion of a proposed mechanism of
fast NOx storage, it is worthwhile to discuss the role of de-greening
on the Pt, Ba morphology on our samples containing different Pt
and Ba loadings.

4.1. Effect of de-greening on exposed Pt/Ba

As mentioned in Section 2.1, on our monolithic LNT samples,
Pt was deposited on the �-Al2O3 washcoat first, followed by Ba. In
this scenario, it is safe to assume that the fractions of Pt exposed
(EPt) on samples containing the same Pt loading (e.g. 2.1Pt/20Ba,
1.9Pt/8Ba and 1.8Pt/4Ba) were approximately the same prior to Ba
deposition. Table 1 shows that after Ba deposition, the EPt decreased
the least for 1.8Pt/4Ba (lowest Ba loading), decreased further for
1.9Pt/8Ba and decreased the most for 2.1Pt/20Ba (highest Ba load-
ing) as compared to the identical EPt on these monoliths prior to
Ba deposition. On a 200 m2/g �-Al2O3, similar to our samples, Yi
et al. [63] have reported that loadings of 20%Ba, 8%Ba and 4%Ba
correspond to 0.82, 0.29 and 0.14 monolayer (ML) of Ba, respec-
tively. Under these circumstances, coverage of a large fraction of Pt
by Ba explains the observed 25–30% lower EPt on fresh 2.1Pt/20Ba
sample as compared to those on 1.9Pt/8Ba and 1.8Pt/4Ba samples.
As the Ba coverage decreases, the probability of Pt being covered
by Ba decreases resulting in correspondingly higher EPt (Table 1).
The same argument applies to the rest of the samples. Using ultra-
high-field solid-state MAS 27Al-NMR, Kwak et al. [51] have shown
that penta-coordinated Al3+ ions, the uniformly distributed surface
defects on the �-Al2O3, are the nucleation sites for BaO. They further
claimed [52] that BaO monomers and dimers exist on the alumina
surface at 4Ba and 8Ba loadings. At higher Ba loading, i.e. 20%Ba,
Szanyi et al. [55] have reported the presence of large Ba crystallites
(∼60 nm) on freshly prepared 20Ba/�-Al2O3 samples. These find-
ings reported in the literature combined with trends in our EPt data
on fresh samples (Table 1) lead us to conclude that 20%Ba samples
are more likely to have large Ba particles, and significant coverage
of Pt by Ba, while on the other hand, the Ba phase on 8%Ba and 4%Ba
samples is highly dispersed with smaller Ba aggregates.

During the high-temperature (600 ◦C) step of the de-greening

process, increase in Ba dispersion on 20%Ba samples leads to further
coverage of Pt near large Ba particles resulting in as much as 7–16%
reduction in EPt on 20%Ba samples after de-greening (Table 1). Using
time resolved XRD studies, Szanyi et al. [55] have shown that Ba dis-
persion indeed increases on 20%Ba samples at as the temperature is
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ig. 11. Phenomenological model of Pt/BaO/�-Al2O3 surface containing different t
00 ◦C.

ncreased above 550 ◦C. They also showed that subsequent cooling
o room temperature and heating back to 300 ◦C under lean condi-
ions did not change the Ba dispersion. We have already established
hat the Ba phase on 8%Ba and 4%Ba is highly dispersed even on
he fresh samples; hence, we conclude that the 600 ◦C treatment
id not have a large effect on those samples in terms of increas-

ng the Ba dispersion which might cause the reduction in fraction
f Pt exposed. The 4–6% drop in EPt on 8%Ba and 4%Ba samples
Table 1) is primarily caused by long exposure to H2O at 300 ◦C,
he low temperature de-greening step, as suggested by Mulla et al.
15] and Graham et al. [64] especially on samples with higher Pt
oadings. We measured the fractions of Pt exposed after both 600
nd 300 ◦C de-greening steps performed in random order (data not
hown) to confirm our conclusions. The EPt reported in Table 1 is
he final value after both steps were performed.

If the reactions during fast NOx storage on the entire amount
f Ba on the sample were influenced by the amount of exposed Pt
resent, e.g. by catalysis of a specific NOx storage pathway by Pt,
hen the fast NSC of these samples would be proportional to the
xposed Pt/Ba ratio (Table 2). A comparison between the trends
n exposed Pt/Ba ratio (Table 2) and trends in fast NSC data from
ig. 6 with NO2 + O2 as the NOx source or Fig. 9 with NO + O2 as
he NOx source makes it clear that a simple proportionality rela-
ionship between fast NSC and exposed Pt/Ba ratio does not exist
nder all the feed conditions. One explanation is that the fast
SC on these samples is not proportional to the exposed Pt/Ba

atio because Pt affects only a fraction of the available Ba on the
ample.

.2. Phenomenological model for fast NOx storage

The concept, that the influence of Pt on Ba for NOx storage reac-
ions might be localized around the Pt particle, has been used in
he literature on different occasions to explain specific NOx stor-
ge data, as highlighted in Section 1. The explanation of the trends
n our fast NSC data demands a model with parallel NOx storage
athways through which NOx can be stored on different types of
a sites. Here, we start by proposing a phenomenological model
ased on the above mentioned concept of localized influence of Pt
n Ba and parallel NOx storage reaction pathways on different Ba
ites, and then we explain all the observed trends in our data pre-
ented in Section 3 based on the model and corresponding NOx
torage reaction network in the discussion that follows.

Four types of sites (Fig. 11) which ultimately contribute to the

easured fast NSC of LNTs under various feed conditions are as

ollows:

. Ba vicinal to Pt (storage of NO2 and/or NO using spilled over
oxygen from Pt as the oxidant).
f Ba sites for ‘fast’ NOx storage on Pt/BaO/�-Al2O3 with NO or NO2 in lean feed at

2. Ba uninfluenced by Pt (NO2 disproportionation using NO2 as the
oxidant).

3. Pt/�-Al2O3 (NO oxidation and NO2 decomposition).
4. �-Al2O3 (negligible NOx storage).

These sites support a complex reaction network which is
described in Fig. 12.

This model allows the fast NSC to depend on how the Ba phase
populates the area around the Pt particles. Moreover, parallel NOx
storage reactions (Fig. 12) on Ba uninfluenced by Pt could also con-
tribute to the fast NSC in addition to those on Ba vicinal to Pt. On
samples with high Ba loading (i.e. 20%Ba), the region around Pt
might be saturated by Ba and excess Ba would then be present in the
region uninfluenced by Pt. On samples with lower Ba loading (i.e.
8%Ba and 4%Ba), the region around Pt might be under-populated
by Ba leading to Pt-Ba/�-Al2O3 and Ba/�-Al2O3 sites which depend
on Ba loading. On all the samples, local Pt/�-Al2O3 and exposed �-
Al2O3 would also be available, the population of which would be a
function of Pt, Ba loading and dispersion.

4.3. NOx storage on �-Al2O3

A number of FT-IR, TPD and flow reactor studies on Pt/�-Al2O3
and Pt/Ba/�-Al2O3 have shown that NOx storage on �-Al2O3 is typ-
ically negligible as compared to the amount stored on Ba at 300 ◦C
[8,10,38,39]. If we consider our three samples with 4%Ba and differ-
ent Pt loadings, where most of the alumina is exposed (≥86% [63]),
the fast NSC without CO2 + H2O in the feed shows a linear corre-
lation with corresponding exposed Pt/Ba (Figs. 6 and 9, series A),
implying that NOx storage on Ba vicinal to Pt is the major contrib-
utor to the fast NSC and not the NOx storage on �-Al2O3. We have
also observed that fast NSC increases with increasing Ba loading
(and thus reducing exposed alumina) on 1.8Pt/4Ba, 1.9Pt/8Ba and
2.1Pt/20Ba (Figs. 6 and 9), even with a decreasing exposed Pt/Ba
ratio (Table 2). This correlation corroborates the conclusion that
storage on �-Al2O3 is not a significant factor compared to the fast
NSC on the Ba component of the LNTs. Furthermore, Toops et al.
[65] have shown through their DRIFTS studies that in the presence
of 5%H2O, hydroxyl groups covered the alumina surface leading to
reduction in NOx storage on alumina by as much as 92%. Thus, NOx
storage on �-Al2O3 would be even less important in the presence
of water and is thus neglected from the discussion of fast NSC on
our Pt/BaO/�-Al2O3 LNTs.
4.4. Characteristics of the NO, NO2 breakthrough profiles: fast
NOx storage mechanism

With NO2 + O2 as the NOx source, on 20%Ba, without CO2 + H2O
(Fig. 1A) and with H2O (Fig. 1B) in lean feed, NO2 breakthrough fol-
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Fig. 12. Reaction network during fast NOx storage o

ows NO. The model accounts for these cases, by assuming that
n addition to being stored on Ba vicinal to Pt using the spilled
ver oxygen as the oxidant to form Ba(NO3)2, some of the NO2 is
lso being stored via the disproportionation pathway on Ba unin-
uenced by Pt throughout the length of the monolith channel
Figs. 11 and 12). Therefore, NO breakthrough occurs as soon as
he Ba sites vicinal to Pt saturate. Unlike NO2, NO cannot be stored
n Ba sites uninfluenced by Pt due to lack of an oxidant, resulting
n NO2 breakthrough lagging that of NO as it continues to store on
a sites uninfluenced by Pt. Storage on the Ba sites vicinal to Pt is
o fast that it occurs in a localized adsorption front and is limited
y the supply of NO or NO2 molecules. This adsorption front essen-
ially titrates the Ba vicinal to Pt sites as it progresses along the

onolith channel. With NO2 as the sole NOx source, initially the
ront consists of NO2 only, but as it progresses into the monolith
hannel, it contains a mixture of NO2 and NO. The NO is produced
uring the comparatively slower process of NO2 disproportiona-
ion on Ba sites uninfluenced by Pt and due to NO2 decomposition
Fig. 4) upstream with respect to the adsorption front location.
his NO is depleted by oxidation to NO2 as it flows downstream
ver Pt (Fig. 7), leading to its storage on Ba sites downstream,
ut this pathway alone cannot possibly account for disappearance
f the entire amount of NO since all of it is not oxidized to NO2
nstantaneously (Fig. 7). Direct adsorption of NO on Ba vicinal to
t, using spilled over oxygen atoms as the oxidant, accounts for
he disappearance of rest of the NO at 300 ◦C. NO adsorbed on Pt
s likely to be converted to NO2 which then travels to Ba vicinal
o Pt by surface diffusion or it can desorb and readsorb down-

tream on Ba uninfluenced by Pt. NO could also be adsorbed on Ba
pecies vicinal to Pt forming an intermediate, which can then con-
ert to stable Ba(NO3)2 using a spilled over oxygen from Pt if that
rocess occurs within the lifetime of the intermediate species at
00 ◦C.
aO/�-Al2O3 with NO or NO2 in lean feed at 300 ◦C.

Interestingly, in the presence of H2O on samples with 8%Ba and
4%Ba, the NO and NO2 breakthroughs are simultaneous (Fig. 2B) or
NO slightly lags behind NO2 (Figs. 2D and 3B and D). This result
is consistent with the model if we assume that on these samples
the ratio of Ba sites uninfluenced by Pt to the Ba sites vicinal to Pt
is small vs. that on 20%Ba sample. Thus, fast NOx storage via NO2
disproportionation is not significant on samples with lower loading
with highly dispersed Ba and high exposed Pt/Ba ratio (Table 2). NO2
decomposition on Pt upstream of the adsorption front is then the
primary source of NO. NO thus produced is consumed downstream
mainly by direct adsorption on Ba vicinal to Pt and only a small frac-
tion might get re-oxidized to NO2 over Pt. This scenario would lead
to simultaneous NO2 and NO breakthrough or NO2 breakthrough
followed by NO as observed. This result is also consistent with our
claim that NOx essentially titrates the Ba vicinal to Pt sites.

With CO2 in the lean feed on 20%Ba (Fig. 1C) the shape of NO2
and NO breakthrough has a noticeably lower slope while rising
to the inlet NOx level, as compared to the cases without CO2 and
H2O (Fig. 1A) and with H2O (Fig. 1B) and the time for NOx break-
through (tsf) is shorter by 3–6 times, respectively. At 300 ◦C, with
CO2 in the lean feed, barium carbonates or carboxylates are present
on the trap, depending on the Ba loading [32,57]. A simultaneous
NO and NO2 breakthrough implies that the replacement of these
carbonate/carboxylate groups by Ba(NO3)2 formation via the NO2
disproportionation mechanism on Ba uninfluenced by Pt is slow.
It is slow enough that within the time required to saturate the Ba
vicinal to Pt through the parallel oxygen spillover mechanism its
contribution to the fast NSC of the LNT is negligible. Hence we con-

clude that presence of CO2 in the lean feed substantially reduced
the effective population of Ba uninfluenced by Pt, available for fast
NOx storage on 20%Ba.

On 20%Ba samples, fast NSC with CO2 + H2O (Figs. 1D and 5)
in the feed takes an intermediate value between those with CO2
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Fig. 5) and H2O (Fig. 5, see respective series) which implies that
inetics of hydroxyl group replacement with nitrates must be faster
han kinetics of carbonate/carboxylate replacement as both bar-
um carbonates/carboxylates and hydroxides are known to coexist
n Ba at these conditions [32]. Thus, the chemical phase to which
a is converted during the regeneration step prior to NOx storage
ue to the presence of CO2 and/or H2O, plays a key role in gov-
rning the fast NSC on these LNTs. Similar to the trend observed
n 20%Ba, 8%Ba and 4%Ba samples also show that the fast NSC
ith CO2 + H2O (Figs. 2D, 3D, and 5) takes an intermediate value

etween that with CO2 and that with H2O. The full effects of
2O and CO2 on fast NSC are discussed in detail in the following

ections.

.5. Role of Pt, Ba in the presence of H2O

The presence of H2O in the feed appears to have reduced the
ffective population of Ba vicinal to Pt on 20%Ba, as the time for
reakthrough (tsf) is half (Fig. 1B) of that measured when CO2 and
2O were both absent in the lean feed (Fig. 1A). Contrary to this
ehavior, on samples with 8%Ba (Fig. 2A vs. B) and 4%Ba (Fig. 3A
s. B) the presence of H2O appears to have enhanced the effective
opulation of Ba vicinal to Pt as tsf increased in the presence of
2O. Fast NSC with NO2 or NO as the NOx source, in presence of
2O in feed, shows this peculiar trend for all 20%Ba vs. 8%Ba and
%Ba samples (compare respective series within Figs. 5 and 8). Our
RIFTS results [66] also corroborate the ability of H2O to block NOx

torage on 20%Ba. For example, at 300 ◦C, on the 2.1Pt/20Ba sample,
he ionic/bulk nitrate peak intensity was significantly lower in the
resence of H2O in the feed as compared to the case without H2O
nd CO2 in the feed. On the other hand, on 1.9Pt/8Ba and 1.8Pt/4Ba,
he ionic/bulk nitrate peak intensity increased with a simultaneous
ecrease in bidentate/surface nitrate peak intensity with H2O in the
eed, as compared to the spectra for the case without H2O and CO2
n the feed on respective samples. This is also consistent with the
rends in fast NSC on 8%Ba and 4%Ba samples reported in this work.

The reversible morphology change in the Ba phase during fast
Ox storage from surface Ba (highly dispersed) to larger Ba agglom-
rates (bulk like) due to the presence of H2O, suggested also by
zanyi et al. [56], explains the reduction of fast NSC on 20%Ba, as
oss in surface Ba sites uninfluenced by Pt would lead to further
eduction in the contribution to fast NSC by NO2 disproportiona-
ion pathway. The agglomeration of Ba might also uncover some
f the Pt particles leading to an increase in population of Ba vici-
al to Pt. This increased Pt–Ba vicinal site population explains the

ncrease in fast NSC with increasing Pt loading on 20%Ba samples
Figs. 5 and 8, series—7%H2O).

The argument for loss of surface Ba due to agglomeration in pres-
nce of H2O on 20%Ba samples fails to explain the trends seen on
%Ba and 4%Ba samples (Figs. 5 and 8). On these samples, smaller
nd highly dispersed Ba clusters exist compared to those on 20%Ba.
zanyi et al. [56] have reported that on 8%Ba samples on exposure
o lean feed containing NO2, the NSC remains the same in absence
nd presence of H2O but the all the surface nitrates in the former
ase were converted to ionic/bulk nitrates in presence of H2O at
7 ◦C. They also note that this process is strongly temperature and
2O pressure dependent. As noted earlier, our DRIFTS results [66]
n 8%Ba and 4%Ba samples, at 300 ◦C, also show partial conversion
f surface nitrates to ionic/bulk nitrates in presence of H2O. At short
xposure times, these DRIFTS-based results on 8%Ba and 4%Ba sam-
les showing Ba agglomeration and fast NSC data from flow reactor

xperiments showing an increase in fast NSC in presence of H2O,
ead us to postulate that the rate of NO2 disproportionation is Ba
luster size sensitive, such that it increases as very small Ba clus-
ers grow to a certain size and after that the rate levels off. In situ
a particle size and NO2 disproportionation reaction kinetics mea-
day 151 (2010) 291–303 301

surements under relevant conditions would be required in order to
experimentally verify the postulate.

Interestingly, on 8%Ba and all the 4%Ba samples with different
Pt loadings, the fast NSC without CO2 and H2O in feed (Figs. 5 and 8)
remains the same within analytical accuracy (±10 �mol) for both
NO2 and NO as the NOx source and in both cases, the fast NSC fol-
lows the same linear relation with exposed Pt/Ba ratio (Figs. 6 and 9,
Table 2). A linear relationship with exposed Pt implies that only the
NOx storage on Ba vicinal to Pt contributes to the fast NSC. Thus,
on these 8%Ba and 4%Ba samples, the increase in the fast NSC in
presence of H2O is in accordance to our postulate regarding the
dependence of NO2 disproportionation reaction rate on Ba cluster
size as Ba morphology is the only variable that changed in presence
of H2O with fraction of Pt exposed being the same on each of these
samples. The increase in fast NSC in presence of H2O, on 8%Ba and
4%Ba samples (Figs. 5 and 8) with increasing exposed Pt/Ba ratio
(Table 2) is attributed to the increase in the population of Ba vicinal
to Pt sites due to increase in number of Pt particles.

4.6. Role of Pt, Ba in the presence of CO2

On all the samples, at 300 ◦C, in presence of CO2, the fast NSC
decreased drastically with both NO2 and NO as the NOx source
as compared to respective cases without CO2 or H2O in lean feed
(compare series – neither CO2 nor H2O with series – 7%CO2 within
Figs. 5 and 8). Furthermore, in the presence of CO2, the fast NSC
increases linearly with exposed Pt/Ba ratio (Table 2) on all samples
with 20%Ba, 8%Ba and 4%Ba. This result is extremely important in
this discussion. The dynamics of replacement of carbonate and car-
boxylate species on Ba by NO or NO2 in presence of CO2 in the feed
is driven by a competition between the rate of formation of bar-
ium nitrate and the rate of formation of the carbonate/carboxylate
species. The linear dependence of fast NSC on exposed Pt/Ba ratio
provides a sound basis for the hypothesis that the intermediates
formed on Ba uninfluenced by Pt during carbonate/carboxylate
replacement do not get oxygen fast enough to be converted into the
thermodynamically stable Ba(NO3)2 species at 300 ◦C. Hence, in the
presence of CO2 in the lean feed, carbonate/carboxylate species on
Ba uninfluenced by Pt are difficult for NOx to replace even at 300 ◦C.
On the other hand, on Ba vicinal to Pt, Ba(NO3)2 species are formed
much faster by utilizing spilled over oxygen adatoms from Pt to
oxidize the intermediate. Therefore, only the NO2 and NO storage
on Ba vicinal to Pt contributes to fast NSC on all 20%Ba, 8%Ba and
4%Ba monoliths in presence of CO2 in lean feed at 300 ◦C. Further-
more, the reduction in fast NSC on 8%Ba and 4%Ba samples in with
CO2 in the feed, with NO and NO2 as the NOx source, compared
to that without CO2 and H2O in the feed (compare series – neither
CO2 nor H2O with series – 7%CO2 within Figs. 5 and 8) implies that
presence of CO2 reduces the effective population of Ba sites vicinal
to Pt. On 20%Ba samples, the difference in fast NSC is driven by both
the decrease in effective population of Ba sites vicinal to Pt and the
loss of the contribution from NOx storage on Ba sites uninfluenced
by Pt in the presence of CO2 in the feed.

The fast NSC value in the presence of CO2 + H2O in lean feed falls
between the fast NSC with H2O (upper limit) and with CO2 (lower
limit) for each respective sample. This phenomenon can be caused
by competing effects of H2O and CO2 on fast NOx storage, discussed
in this section and in Section 4.5.

4.7. Effect of NO on fast NOx storage
As seen in Fig. 7, the NO oxidation simulation shows that on
Pt/�-Al2O3 at 300 ◦C, for NO + O2 as the feed, the NO2 concentration
slowly builds up along the length of the monolith channel leading
to an increase in the local NO2/NO ratio. In that case, Ba at the inlet
of the monolith channels does not take part in NOx storage since
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ufficient NO2 is not present for adsorption [18]. This is referred to
s the ‘inlet effect’. The loss in fast NSC during NOx storage with NO
s the NOx source instead of NO2 as the NOx source was observed
nly on our LNT samples with the highest Ba loading (i.e. 20%Ba) and
ot on those containing 8%Ba and 4%Ba (Figs. 5 and 8). From results

n Fig. 10, it is clear that fast NSC is lost only on 20%Ba samples even
ith the mixed NOx source containing NO + NO2.

These results can be explained with our model as follows. As
oncluded in Section 4.4, the NOx breakthrough occurs as soon as
he Ba sites vicinal to Pt are saturated. When we measure fast NSC
s described by Eq. (2), we essentially measure the amounts of NOx
tored through parallel storage pathways (Fig. 12) on both types of
a sites until the Ba sites vicinal to Pt are saturated. Based on the
nalysis of the nature of NOx breakthrough curves (Section 4.4),
ur hypothesis is that the fast NOx storage on Ba vicinal to Pt is a
O/NO2 supply limited process without a preference between NO
nd NO2 as the NOx source. It is clearly seen on 8%Ba and 4%Ba
amples (Fig. 10) that as NOx flux is increased, it requires propor-
ionally less time for the population of Ba vicinal to Pt to saturate
eading to identical fast NSCs.

On the 20%Ba samples, the contribution of storage by NO2 dis-
roportionation is a significant fraction of the fast NSC when NO2

s the NOx source. As the NOx flux is increased by increasing NO
thus reducing inlet NO2/NO ≤ 6), the Ba vicinal to Pt saturates in
roportionally less amount of time since there is no preference
etween NO and NO2 as the NOx source on those sites. At the
ame time fast NSC is lost due to the lower contribution to NOx
torage via NO2 disproportionation within allowed time for NOx
reakthrough, which is governed by the time required to satu-
ate the Ba vicinal to Pt sites. As NO2 is the preferred species for
dsorption via NO2 disproportionation on Ba uninfluenced by Pt,
hen NO is used as a NOx source, since it does not get converted

nto NO2 instantaneously on entering the monolith channel (Fig. 7),
he disproportionation pathway is not efficiently utilized along the
ength of the monolith channel where NO2/NO is low, especially
ear the inlet of the monolith channel. As a result within the time

or NOx breakthrough the amount of NOx stored on Ba uninflu-
nced by Pt is lower with NO as the NOx source, rather than NO2.
hus, the kinetically dominant pathway of NO and NO2 adsorption
n Ba vicinal to Pt governs the fast NOx storage process and hence
he loss of fast NSC on 20%Ba samples with NO as the NOx source
nstead of NO2. For the 8%Ba and 4%Ba samples, all the fast NOx
torage occurs on Ba vicinal to Pt. Therefore, there is no difference
etween fast NSC with NO2 or NO as the NOx source and no inlet
ffect.

. Conclusions

The fast NOx storage capacity (fast NSC) of the fully regenerated
t/BaO/�-Al2O3 LNTs, with various Pt and Ba loading combinations
as studied. This fast NSC is the maximum amount of NOx the

rap can store before the NOx breakthrough occurs. This aspect
f the LNT operation is what makes their application commer-
ially important. All the LNT samples were studied under lean
eed compositions consisting of combinations of NO, NO2, CO2
nd H2O at 300 ◦C, 30,000 h−1. Their fast NSC under different lean
eed conditions was evaluated according to our functional defi-
ition of fast NOx storage (Eq. (2)) and detailed analysis of the
Ox breakthrough profiles was performed. In order to explain dif-

erent aspects of the entire set of experimental results presented

n Section 3, a phenomenological model for LNT surface mor-
hology and accompanying reaction network for fast NOx storage
rocess were proposed. The model consists of four types of sites
ue to various Pt, Ba loading conditions (Figs. 11). They are as
ollows:
day 151 (2010) 291–303

1. Ba vicinal to Pt (storage of NO2 and/or NO using spilled over
oxygen from Pt as the oxidant).

2. Ba uninfluenced by Pt (NO2 disproportionation using NO2 as the
oxidant).

3. Pt/�-Al2O3 (NO oxidation and NO2 decomposition).
4. �-Al2O3 (negligible NOx storage).

These sites support a network of series and parallel reaction
pathways as presented in Fig. 12.

With the assistance of results published in the literature and
using our results as the experimental evidence, it was suggested
that fast NSC of �-Al2O3 is negligible at 300 ◦C. It was shown that at
300 ◦C, Ba sites vicinal to Pt have dominant contribution to the fast
NSC on samples with Ba weight loadings ranging from 20 to 4 wt.%,
with either NO or NO2 as the NOx source and also in the presence of
CO2 and/or H2O in the lean phase feed. Platinum plays a significant
role in fast NOx storage process through the coupling with proximal
Ba sites by spilled over oxygen atoms which are necessary to form
the thermodynamically stable Ba(NO3)2 species at the temperature
studied, from both NO2 or NO as the NOx source.

Through the analysis of NOx breakthrough profiles under dif-
ferent lean feed compositions and steady-state NO oxidation
simulations on Pt/�-Al2O3, it was hypothesized that there is no
preference between NO and NO2 as a precursor for adsorption on
Ba sites vicinal to Pt, irrespective of the Ba loading. It was also
concluded that the adsorption on these sites occurs at a localized
adsorption front. The Ba sites vicinal to Pt get titrated by the front
consisting of NO and NO2 as it moves through the length of the
monolith channel. NOx adsorption on these sites is limited by the
supply of NO and/or NO2 molecules. It was also shown, across the
studied Pt and Ba loading range, that in the presence of NO as the
NOx source or with an NO + NO2 mixture with low inlet NO2/NO
ratio (≤6) as the NOx source, NOx storage on Ba vicinal to Pt is
dominant over storage due to NO2 disproportionation and that the
dynamics of the former process controls the time for NOx break-
through and thus the fast NSC.

It was found that NO2 disproportionation on Ba uninfluenced
by Pt has negligible contribution to fast NSC on these LNTs in pres-
ence of CO2 in the lean feed mixture, irrespective of the Ba loading.
The absolute fast NSCs of all the samples in presence of CO2 were
singularly dependent on the amount of exposed Pt on the respec-
tive sample. The oxygen availability for Ba vicinal to Pt drives this
phenomenon at 300 ◦C as it can assist in the formation of thermo-
dynamically stable Ba(NO3)2 as carbonate/carboxylate groups are
displaced within the time allowed before NOx breakthrough begins.

In the presence of H2O, the fast NSCs on 20%Ba were negatively
affected while those on the 8%Ba and 4%Ba samples were enhanced
as compared to fast NSCs on the respective samples without CO2
and H2O in lean feed. From the FT-IR studies of Szanyi et al. [56,67]
and DRIFTS results from our laboratory [66], it is known that the Ba
phase reversibly agglomerates in presence of H2O in the feed at the
reaction conditions used in this work. We attribute the decrease in
fast NSC in the presence of H2O to the loss of surface Ba uninflu-
enced by Pt sites on 20%Ba. While, on samples with 8%Ba and 4%Ba
where Ba phase is highly dispersed and exists in the form of small
Ba clusters, Ba agglomeration in presence of H2O leads to increased
contribution to fast NSC from NOx storage via NO2 disproportion-
ation reaction which is only active on larger Ba clusters. From the
presented results, it is clear that in the presence of CO2 and H2O in
the feed, the fast NSC primarily depends on the nature of the initial
state of the Ba phase on the surface and that the hydroxyl groups

are more easily replaced than carbonate/carboxylates on Ba sites
vicinal to Pt. In the presence of CO2 + H2O in the feed, the fast NSC
values are between those in presence of CO2 (lower limit) and those
in presence of H2O (upper limit). This can be attributed to mixed
effects due to CO2 and H2O as discussed above.
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These results have direct impact on modeling of the NOx stor-
ge phase of the NOx Storage Reduction cycles under various feed
onditions and for different Pt, Ba loadings. The insights can also be
tilized in the design of LNT formulations using optimum amounts
f Pt, based on required operating condition constraints.
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