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A crystallite-scale model is incorporated into a reactor-scale model to study the effect of Pt dispersion
and temperature during the regeneration of a lean NOx trap (LNT) comprising a Pt/BaO catalyst. The
current study is based on a recent experimental study [R.D. Clayton, M.P. Harold, V. Balakotaiah, C.Z.
Wan, Appl. Catal. B 90 (2009) 662]. The model shows that an increase in the Pt dispersion for a fixed
Pt loading increases the interfacial perimeter between Pt and Ba, and has a significant effect on the
regeneration kinetics. The transient product distribution displayed by three catalysts having varied Pt
dispersions (3.2%, 8% and 50%) is explained by the localized stored NOx gradients in the Ba phase. A rate
determining process during the regeneration is found to be the diffusion of stored NOx within the Ba
phase towards the Pt/Ba interface. Temperature-dependent NOx diffusivities in the Ba phase are used to
predict the breakthrough profiles of H2, N2 and NH3 over a range of catalyst temperatures. Finite gradients
in the stored NOx concentration are predicted in the Ba phase, thus showing that the nitrate ions are not
sufficiently mobile at lower temperatures for the low dispersion catalysts. The model predicts that the
highest amount of NH3 is produced by the low dispersion catalyst (3.2% dispersion) at high temperatures,
by the high dispersion catalyst (50% dispersion) at low temperatures, and by the intermediate dispersion

catalyst (8% dispersion) at intermediate temperatures, consistent with the experimental data. It is found
that the net NH3 generation is favored under conditions when NOx transport to the Pt/Ba interface is
the rate determining process. The model considers the consumption of chemisorbed oxygen on Pt by H2,
which is used to predict the low effluent N2 concentration for the 50% dispersion catalyst as compared
to the 8% dispersion catalyst. Finally, a novel design is proposed to maximize the amount of NH3 in
the effluent of a LNT, which can be used as a feed to a selective catalytic reduction (SCR) unit placed

downstream of the LNT.

. Introduction

Due to the increasingly stringent NOx emission standards for
utomobiles, active research is underway to limit the NOx emis-
ions. Several NOx reduction technologies under development in
ecent years have now been commercialized, including selective
atalytic reduction (SCR) with NH3 or hydrocarbons, and NOx stor-
ge and reduction (NSR). The focus of the current work is NSR,

hich is carried out in a monolithic reactor containing a multi-

unctional catalyst. During the storage phase, NOx is stored on
he catalyst in the form of nitrites/nitrates, whereas the reduction
hase involves regenerating the catalyst by reducing the stored
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NOx with reductants, such as H2, CO and hydrocarbons. The ratio-
nal design, optimization, and control of the lean NOx trap (LNT)
requires a reactor model that captures the essential chemical and
physical rate processes.

NSR models of varying complexity have been developed by a
number of research groups in concert with experimental studies
[2–25]. Surveys were provided by Guthenke et al. [26] and Roy and
Baiker [27]. Some of the key studies relevant to the current study
are highlighted here. Sharma et al. [3] developed a lean NOx trap
model in which Langmuir–Hinshelwood kinetics were used for the
NOx storage and reduction with propylene. This model was further
upgraded by Sharma et al. [4], using a multi-step NOx storage model
developed earlier by Olsson et al. [6]. Tuttlies et al. [25] modeled
the effect of the increase in the storage phase volume during NOx
uptake, resulting in pore diffusion limited NOx storage. Olsson et
al. [7] followed with a global model which used the shrinking core
concept to describe the NOx storage. A LNT model based on global
kinetics for storage and reduction was developed in our group
[2,28]. This model uses the concept of fast and slow storage sites,

http://www.sciencedirect.com/science/journal/09205861
http://www.elsevier.com/locate/cattod
mailto:mharold@uh.edu
mailto:bala@uh.edu
dx.doi.org/10.1016/j.cattod.2010.02.055
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Nomenclature

a width/hydraulic diameter of the channel (m)
APF atomic packing factor
cA surface concentration of stored NOx (mol/m2

exposed BaO)
cAo surface concentration of stored NOx before start of

regeneration (mol/m2 exposed BaO)
c∗

A dimensionless concentration of stored NOx

cin
j

inlet concentration of species j in the fluid phase

(mol/m3)
cin∗

j
dimensionless inlet concentration of species j in the
fluid phase

cjm cup-mixing concentration of species j in the fluid
phase (mol/m3)

c∗
jm dimensionless cup-mixing concentration of species

j in fluid phase
cj,wc concentration of species j at the fluid–washcoat

interface (mol/m3)
c∗

j,wc dimensionless concentration of species j at
fluid–washcoat interface

cPt surface concentration of Pt (moles exposed Pt/m2

exposed Pt)
C constant to find instantaneous NOx conversion

(m−1)
C ′ constant to find instantaneous NOx conversion

(s−1/2)
d Pt dispersion (%)
DA diffusivity of stored NOx in the Ba phase (m2/s)
Djm diffusivity of species j in the fluid phase (m2/s)
DPt diameter of a Pt atom (m)
Fj effluent molar flow rate of species j (mol/s)
Fo

NO inlet molar flow rate of NO during storage (mol/s)
IP perimeter of Pt/Ba interface per channel (m)
k1 rate constant for NOx regeneration by H2 (m4/mol

s)
k2 rate constant for NOx regeneration by NH3 (m4/mol

s)
k3 rate constant for consumption of H2 by chemisorbed

oxygen (m3/mol s)
kc,j mass transfer coefficient of species j (m/s)
K proportionality constant for relating dispersion to

crystallite radius (m)
L length of the monolith (m)
mwc mass of washcoat (g)
MNOx total moles of NOx stored on the catalyst
MPtT total moles of Pt in the washcoat per channel
nch total number of channels in the catalyst
Nav Avogadro number
Nc number of crystallites per channel
NT number of Pt atoms in the Pt crystallite
r radial coordinate (m)
r∗ dimensionless radial coordinate
Rc radius of the crystallite (m)
Reff radius over which NOx is stored on exposed BaO (m)
R˝ effective transverse length scale (m)
SBaw total surface area of active BaO per unit mass of

washcoat (m2/g washcoat)
SBaO surface density of BaO (BaO molecules/m2 exposed

BaO surface)
SE exposed Pt surface area per channel (m2)
t time during the regeneration (s)
tc characteristic convection time (s)

tjD characteristic time for transverse diffusion of
species j (s)

ts storage time (s)
tRA characteristic time for reaction of stored NOx (s)
tRH2

characteristic time for reaction of H2 with stored
NOx (s)

tRNH3
characteristic time for net generation of NH3 (s)

tSD characteristic time for diffusion of stored NOx in the
Ba phase (s)

Ts monolith temperature (K)
ū average fluid velocity in the fluid phase (m/s)
x axial coordinate (m)
Xe

NOxstored experimental instantaneous NOx conversion (%)
Xm

NOxstored model-predicted instantaneous NOx conversion
(%)

z dimensionless axial coordinate
ıc thickness of the washcoat (m)
εwc porosity within the washcoat
� dimensionless time
� dimensionless radial distance
�v fractional surface coverage of vacant sites on Pt

�O–Pt fractional surface coverage of chemisorbed oxygen

on Pt

corresponding respectively to the BaO sites in close proximity to the
precious metal crystallites and others further removed [8,29,30].
The model predicts the experimentally observed spatio-temporal
concentration profiles of reactants and products and the velocity of
the H2 concentration front during the regeneration under isother-
mal conditions. More complex NSR models in terms of the catalyst
composition and the inlet gas composition have been proposed by
various groups. The addition of CO2 in the reactor feed was studied
by Koci et al. [12] and Scholz et al. [21,22]. Koci et al. [10–12] used a
large number of reactions in their global kinetic models, including
the effect of ceria in addition to barium. The addition of ceria to a
LNT catalyst was also incorporated in the kinetic models proposed
by Konstantas and Stamatelos [18] and Koltsakis et al. [17].

A comprehensive understanding of the NOx storage and reduc-
tion mechanism and kinetics ultimately requires a microkinetic
description. Hence, microkinetic models which include the detailed
surface chemistry on the catalyst have been proposed [5,23,24]. Xu
et al. [5] described a microkinetic model for the steady-state NO
reduction by H2 in the presence of O2. Larson et al. [23] also simu-
lated the steady state NOx reduction by H2 and CO in the presence
of O2 using a microkinetic formulation. Finally, Lindholm et al. [24]
developed a detailed microkinetic model for the NSR process in the
presence of H2O and CO2.

Experimental studies by Pihl et al. [31], Cumaranatunge et al.
[32], Mulla et al. [33], Clayton et al. [34] and Lietti et al. [35] showed
that once formed, NH3 serves as a hydrogen carrier which readily
reacts with the stored NOx. The reduction was found to be feed
limited which led to the conclusion that the identity of the reduc-
tant or the reduction kinetics were unimportant [33]. Clayton et
al. [34] later showed that kinetic limitations emerge at lower tem-
peratures, resulting in reactivity differences between H2 and NH3.
The spatio-temporal concentration profile during the regeneration
predicted using a global model was shown by Bhatia et al. [2] to
match the experimental trends at a moderate temperature (275 ◦C).

However, the effect of temperature on the effluent profiles was
not considered in the model. Recently, Clayton et al. [1] showed
the effect of Pt dispersion on the formation of NH3 using catalysts
containing fixed amounts of Pt in the washcoat.
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NH3. The schematic in Fig. 1 shows a top view of the Pt crystal-
lite (unshaded), whereas the outer shaded region represents the
annular area over which NOx is stored. Here, Rc is the radius of the
crystallite and Reff is the radius over which NOx is stored on the
16 D. Bhatia et al. / Catalys

Using TPD and TPR measurements, Zhou et al. [36] concluded
hat the nitrate ions in the BaO phase are extremely mobile. How-
ver, isotopic experiments by Kumar et al. [37] using Temporal
nalysis of Products (TAP) reactor showed that there are finite NOx

oncentration gradients in the storage phase. Sakamoto et al. [38]
sed imaging techniques to show that NOx was strongly adsorbed
round an edge of Platinum. However, modeling studies to inves-
igate the NOx gradients in the Ba phase and their effects on the
egeneration rate have not been reported in the literature.

The interaction between Pt and Ba in a LNT has been reported
o be an important factor during the storage and reduction of NOx

y several research groups. Lindholm et al. [39] studied the effect
f catalyst preparation on the storage and reduction performance
f an LNT. They reported a higher NOx storage capacity when Pt
as added before Ba during the catalyst synthesis as compared

o the reverse order of impregnation. The difference was espe-
ially evident at higher temperatures. This was explained by an
ncreased contact between the Pt and Ba for the former case, which
lso resulted in an increased reduction efficiency. Elizundia et al.
40] carried out FT-IR studies and concluded that Pt-BaO interac-
ion played a key role during NOx storage on an LNT catalyst. Similar
onclusions were drawn by other authors [29,30,41,42]. Spillover
nd reverse-spillover reactions have been considered in some of the
odeling studies [6,24,25]. However, there are no detailed model-

ng studies in the literature which investigate the dependence of
he Pt loading and dispersion on the interaction between Pt and Ba.

To our knowledge, all the NSR models that have appeared in
he literature are valid for a specific catalyst. Hence, the kinetic
onstants need to be estimated separately for each catalyst using
egression analysis of the experimental data. Moreover, studies
imed at modeling the effect of the catalyst loading have been
ostly empirical in nature. For example, Scotti et al. [9] developed
kinetic model for NOx storage based on the model proposed by
lsson et al. [6]. However, in order to account for the different cat-
lysts used in the two studies, the Pt and Ba dispersions were used
s adjustable parameters to predict the storage results.

The basis of the current modeling study is the experimental
tudy reported by Clayton et al. [1], who examined the effect of
t dispersion on the regeneration behavior of a Pt/BaO/Al2O3 cata-
yst under isothermal conditions. They analyzed the breakthrough
rofiles of H2 and NH3 for three catalysts having vastly differ-
nt Pt dispersions (3–50%) at various temperatures. Certain data
rends were explained by a rate limitation caused by the “reverse-
pillover” of stored NOx onto Pt. Also, they reported that the total
mount of NH3 produced during regeneration was a strong func-
ion of the Pt dispersion in addition to the catalyst temperature. The
bjective of the present study is to predict the observed effect of
t dispersion on the amount of NH3 formed and the breakthrough
rofiles of reactants and products at various temperatures. This is
chieved by incorporating crystallite-scale details into a reactor-
cale model. It is shown that the kinetics of NH3 formation and
onsumption are fast and that a relatively simple description of
he temperature-dependent diffusivity of NOx within the Ba phase
s able to predict the effluent concentration profiles. Finite NOx

oncentration gradients within the Ba phase are predicted by the
odel, consistent with the TAP reactor studies recently reported

y Kumar et al. [37].

. Model development
First we summarize the experimental results, which were the
asis for model development. Pt/BaO/Al2O3 catalysts having the
ame amount of Pt but varied dispersions (3.2%, 8% and 50%) were
repared, the details of which are mentioned elsewhere [1]. The
eight percentage of Pt and BaO in the washcoat of these three
ay 151 (2010) 314–329

catalysts was 2.48% and 13%, respectively. Storage experiments
were carried out by feeding 500 ppm NO and 5% O2 to the reac-
tor; the amount of NOx stored was fixed at ca. 1.5 × 10−5 moles for
the three catalysts having different dispersions. This corresponds
to ca. 1.15 × 10−4 moles stored NOx/g washcoat, which was esti-
mated from the reported washcoat mass fraction for the three
catalysts. The storage was followed by a reduction of the catalyst
with 1500 ppm H2 (in inert Ar) for 200 s in the absence of O2 to
maintain isothermal conditions. The inlet gas flow rate for both
the storage and regeneration was 1000 sccm. The effluent concen-
trations were measured and used to obtain the instantaneous NOx

conversion (Xe
NOxstored), defined as

Xe
NOxstored =

∫ t

0
[FNOx (t′) + FNH3 (t′) + 2(FN2O(t′) + FN2 (t′))] dt′∫ ts

0
[Fo

NO − FNOx (t′)] dt′ (1)

Here Fj represents the effluent molar flow rate of species j, Fo
NO

is the inlet molar flow rate of NO during the storage, and ts rep-
resents the storage time. In these fixed NOx storage experiments,
the denominator was constant at 1.5 × 10−5 mol (within a reported
4% experimental error). It was observed that the regeneration of
the 3.2% dispersion catalyst was slower as compared to the 8% and
50% dispersion catalysts. This was attributed by Clayton et al. [1]
to a rate limitation involving the transport and reverse-spillover
of stored NOx onto Pt. The temperature was found to affect the
regeneration rates as well. The difference in the reduction activity
between the three catalysts was the highest at low temperatures
(<200 ◦C). It was also observed that for the range of temperatures
studied (160–370 ◦C), the largest amount of NH3 was produced by
the low dispersion catalyst (3.2% dispersion) at high temperatures,
by the high dispersion catalyst (50% dispersion) at low tempera-
tures, and by the intermediate dispersion catalyst (8% dispersion)
at intermediate temperatures.

In the present work, the effect of Pt dispersion is explained by
proposing a model which accounts for the varying amounts of Pt
crystallites for the different catalysts and the resulting difference
in the Pt/Ba interfacial perimeter. It is assumed that a stored NOx

species (represented by ‘A’ here) undergoes reverse-spillover via
diffusion in the Ba phase towards the Pt/Ba interface, where it
is reduced by H as well as the reaction network intermediate,
Fig. 1. Schematic of the top view of the Pt crystallite and the adjoining exposed BaO.
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Fig. 2. Schematic of the exposed BaO and Pt crystallite.

arium phase. We will describe the method of estimating Reff later.
ig. 2 is a side view of the Pt crystallite surrounded by the Ba phase.
ssuming that the Pt crystallites have a hemispherical shape, the

otal number of Pt atoms in a crystallite (NT) is obtained as

T = (2/3)�R3
c APF

�D3
Pt/6

(2)

ere DPt is the diameter of a Pt atom and APF is the atomic pack-
ng factor. A value of 0.74 is used here for the APF, based on the
CC structure of Pt [43]. An average crystallite size is assumed since
his is the extent to which the catalyst characterization was accom-
lished. The total number of crystallites per monolith channel, Nc,

s obtained using the following relation:

c = MPtT Nav

NT
(3)

ere Nav represents the Avogadro number and MPtT is the total
umber of moles of Pt in the washcoat (per channel). Using the
xpression for NT from Eq. (2) in Eq. (3), we obtain the total number
f crystallites per channel as

c = NavD3
PtMPtT

4APFR3
c

(4)

he total exposed Pt area (SE) and the total Pt/Ba interfacial perime-
er (IP) for a single channel are defined as

E = Nc2�R2
c (5)

P = Nc2�Rc (6)

ubstituting the value of Nc from Eq. (4) into Eqs. (5) and (6), we
et:

E = NavD3
Pt�MPtT

2APFRc
(7)

P = NavD3
Pt�MPtT

2APFR2
c

(8)

n increase in the Pt dispersion for a fixed Pt loading results in
reduction in the crystallite size [1]. Eqs. (7) and (8) expectedly

how that for a fixed number of moles of Pt in the washcoat (MPtT ),
n increase in the Pt dispersion, or equivalently a decrease in the
article size (Rc), results in an increase in the exposed Pt area (SE)
vailable for adsorption and the interfacial perimeter (IP) available
or NOx reverse-spillover. It is also seen from Eq. (4) that the total
umber of crystallites increase with a decrease in the crystallite
adius (or increase in dispersion), due to which the average distance
etween the Pt crystallites decreases.

In accordance with the isothermal regeneration modeling study

one by our group [2], the following overall catalytic reactions are
roposed to occur at the Pt/Ba interface:

a. 8H2 + Ba(NO3)2 → 5H2O + BaO + 2NH3
a. (10/3)NH3 + Ba(NO3)2 → 5H2O + BaO + (8/3)N2
y 151 (2010) 314–329 317

An additional reaction is proposed to occur on the exposed
area of the Pt crystallites, and is given by

3a. H2 + O–Pt → H2O + Pt

It should be noted that the stored NOx is assumed to be present
in the form of nitrates. However, at low temperatures, nitrites are
likely to be present in the Ba phase in addition to nitrates. This is
not considered in the present model, which would affect the quan-
titative accuracy of the model at low temperatures. However the
trends of the effluent H2 and NH3 concentrations and NOx conver-
sions with respect to the temperature and Pt dispersion would be
unaffected.

Assuming one-dimensional radial diffusion of stored NOx within
the Ba phase (refer to Fig. 1), the localized material balance for
stored NOx is given by

∂cA

∂t
= DA

r

∂

∂r

(
r

∂cA

∂r

)
; Rc ≤ r ≤ Reff (9)

with the initial and boundary conditions given by

IC : At t = 0, cA = cAo(r), Rc ≤ r ≤ Reff (10)

BC1 : At r = Rc, DA
∂cA

∂r
= k1cAcH2,wc + k2cAcNH3,wc (11)

BC2 : At r = Reff,
∂cA

∂r
= 0 (12)

Here cA represents the concentration of the stored NOx (in
mol/exposed BaO area), DA represents the diffusivity of stored NOx

in the Ba phase, r is the radial coordinate, and cAo is the concentra-
tion of stored NOx before the start of regeneration. It is assumed
that at the start of regeneration, NOx is stored uniformly in the Ba
phase in the radial direction. It is instructive to mention that if NOx

is stored only via the spillover mechanism, a gradient in the stored
NOx concentration in the Ba phase is likely to be present in the
radial direction. However, the storage of NOx can occur in the Ba
phase even without the role of Pt. Hence, the concentration pro-
file of stored NOx in the Ba phase at the beginning of regeneration
depends on the relative contribution of the spill-over mechanism
and the adsorption/desorption of NOx on/from the Ba phase. Thus, a
storage model at the crystallite-scale is needed to accurately obtain
the stored NOx distribution in the Ba phase at the start of regener-
ation. In the absence of such a model in the literature, we assume
a uniform distribution of stored NOx in the Ba phase in the radial
direction. Parameters k1 and k2 are the rate constants for the regen-
eration of stored NOx by H2 and NH3, respectively, while cH2,wc and
cNH3,wc are the concentrations of H2 and NH3 at the fluid–washcoat
interface, respectively, at a particular axial point in the reactor.
Eq. (11) assumes that the diffusional limitations in the washcoat
(transverse to the flow) are negligible and that the diffusive flux
of stored NOx at the Pt/Ba interface is equal to its consumption by
H2 and NH3. It was shown in an earlier study [2] that a LNT global
kinetic model comprising of reactions (1a) and (2a) was able to pre-
dict the spatio-temporal evolution of reactants and products during
anaerobic regeneration.

A simple calculation based on the weight fraction of BaO and
the BET surface area of the catalyst showed that the amount of BaO
in the catalysts used by Clayton et al. [1] is sufficient to cover the
entire Al2O3 surface by a monolayer of BaO. This confirms earlier
findings by Castoldi et al. [44] and Fanson et al. [45]. On the other
hand, it has been shown by FT-IR studies that BaO might not cover
all the Al2O3 sites [46]. Further evidence of exposed Al2O3 on the

catalyst surface is the measured uptake of NO2 at lower tempera-
tures, which was reported by Clayton et al. [47]. It can be shown
that even if we were to consider one-dimensional diffusion of NOx

from multiple BaO layers, the model predicted trends with respect
to the catalyst dispersion and temperature would remain the same.
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Table 1
Values of Nc, Rc and Reff for various Pt dispersions.

Pt dispersion (%) Nc Rc (nm) Reff (nm)

3.2 7.18 × 1011 15.0 195
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8 9.93 × 1012 6.25 52.7
50 1.82 × 1015 1.1 4.02

ence, for simplicity, we assume that BaO is present as a monolayer
n the Al2O3 surface. As described before, Reff is an estimate of the
aO that is utilized for NOx storage. The value of Reff can be obtained
y equating the total moles of NOx stored on the catalyst (MNOx ) to
wice the number of moles of exposed BaO, i.e.,

NOx = 2nchNcSBaO�(R2
eff − R2

c )

Nav
(13)

ere, nch is the total number of channels in the catalyst, and SBaO
epresents the surface density of BaO (BaO molecules/exposed BaO
rea over which NOx is stored). Substituting Nc from Eq. (4) into Eq.
13), we get the expression:

eff = Rc

√
1 + 2APFMNOx Rc

nch�SBaOD3
PtMPtT

(14)

xpectedly, the size of the storage domain increases with the
mount of NOx stored. The ca. 1.5 order dependence of Reff on Rc

uggests that the storage domain size increases with an increase
n Rc for a fixed Pt loading. In practical applications, the BaO sites

ould be occupied by species other than stored NOx, such as H2O,
O2, etc. In the presence of these species, the value of Reff would be
igher than that given by Eq. (14), because of competitive adsorp-
ion of the various species on BaO. The values of Nc, Rc and Reff for
arious values of the Pt dispersion are given in Table 1, and the
arameters used to estimate these values are given in Table 2. The
alues of Rc and Pt dispersion have been measured and have been
aken from Clayton et al. [1]. As they reported, the Pt particle size
as not measurable for the 50% dispersion catalyst. Instead, the

alue of Rc was obtained using 2Rc(m) = (1.1 × 10−9/d(%)) × 100,
here d is the Pt dispersion [48]. The value of MNOx is taken from the
xed NOx storage experiments; i.e. 1.5 × 10−5 mol NOx were stored
n all the three catalysts [1]. The value of MPtT has been obtained
sing the Pt loading of the three catalysts (=95 g Pt/ft3 catalyst or
04 mol Pt/m3 washcoat). The value of SBaO was obtained from the
tudy by Bowker et al. [49] who reported that the BaO(1 1 1) surface,
hen prepared in a thin film form on Pt(1 1 1), presents a surface
ith twice the lattice parameter expected for that of the bulk ter-
ination, i.e. a (2 × 2) reconstruction. Even though the actual BaO

urface on the catalyst might not be an ideal (1 1 1) surface, we use
his value of SBaO as a reasonable estimate. The total surface area

f active BaO per unit mass of the washcoat (SBaw) is given by the
ollowing expression:

Baw = nchNc�(R2
eff − R2

c )

mwc
(15)

able 2
arameter values used to estimate Nc and Reff.

Parameter Numerical value

APF 0.74
DPt 2.78 × 10−10 m
MNOx 1.5 × 10−5 mol
MPtT 5.55 × 10−7 mol/channel
nch 28
Nav 6.022 × 1023

SBaO 1.89 × 1018 BaO molecules/m2 exposed BaO
ay 151 (2010) 314–329

Here mwc represents the mass of the washcoat. Using Eqs. (13) and
(15), we obtain the following expression which relates the active
BaO surface area to the moles of NOx stored:

SBaw = MNOx Nav

2mwcSBaO
(16)

Using a value of 130 mg for mwc and other parameter values
from Table 2, the active surface area of BaO was found to be
18.4 m2/g washcoat for all the three catalysts. This corresponds
to 1.15 × 10−4 mol NOx stored/g washcoat. The typical BET surface
area reported for Pt/BaO/Al2O3 catalysts is ca. 100 m2/g wash-
coat. Putting this value in Eq. (16), we get a NOx storage capacity
of 6.27 × 10−4 mol NOx/g washcoat. This value corresponds to the
maximum amount of NOx that can be stored on the catalyst. Clayton
et al. [47] reported a NOx storage capacity of 4.5 × 10−4 mol NOx/g
washcoat. However, the maximum NOx storage time was five min-
utes, due to which the moles of NOx stored were less than the
theoretical maximum value. Note that the theoretical maximum
value is based on an assumed value of SBaO [49]. A change in the
surface structure and NOx storage in the bulk storage phase could
alter the theoretical maximum amount of NOx that can be stored
on the catalyst.

In addition to the equations for NOx spillover, species balances
are needed for the gas and solid phases for H2, NH3 and N2. The
species balance for component j in the fluid phase is given by

∂cjm

∂t
= −ū

∂cjm

∂x
− kc,j(x)

R˝
(cjm − cj,wc) (17)

Here, j represents H2, N2 or NH3, cjm represents the cup-mixing
concentration of species j in the fluid phase, and cj,wc represents the
concentration of species j at the fluid–washcoat interface. The fluid
velocity and the transverse diffusion length scale are represented
by ū and R˝, respectively. Position-dependent mass-transfer coef-
ficients for each species j, represented by kc,j(x), are used to account
for the transverse gradients. The position dependence obtained
from Ramanathan et al. [50] is used here. For a channel of square
cross-section and uniform washcoat thickness, the H2 species bal-
ance in the solid phase is given by

∂cH2,wc

∂t
= 1

εwcıc(a + ıc)

×
[

akc,H2 (x)(cH2,m − cH2,wc)

− cH2,wcNc2�Rc

4L
(4k1 cA|r=Rc + k3cPt�O–PtRc)

]
(18)

Here εwc, ıc, L and a represent the porosity within the washcoat,
thickness of the washcoat, length of the monolith and width of the
channel, respectively. k3 represents the rate constant for the reac-
tion between H2 and chemisorbed oxygen, given by H2 + O–Pt →

H2O + Pt. cPt represents the surface concentration of Pt (in moles
of exposed Pt/exposed area of Pt), and �O–Pt is the fractional sur-
face coverage of chemisorbed oxygen on Pt. Eq. (18) assumes that
the reaction rate between H2 and stored NOx is proportional to
the perimeter of the Pt/Ba interface, whereas the reaction between
H2 and chemisorbed oxygen is proportional to the surface area of
exposed Pt atoms. Hence, the term ‘4k1 cA|r=Rc ’ in Eq. (18) rep-
resents the consumption of H2 by stored NOx, whereas the term
‘k3cPt�O–PtRc’ represents the consumption of H2 by chemisorbed
oxygen on the exposed Pt surface. A similar balance for NH3 in the
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olid phase is given by

∂cNH3,wc

∂t
= 1

εwcıc(a + ıc)

×
[

akc,NH3 (x)(cNH3,m − cNH3,wc)

+ Nc2�Rc cA|r=Rc (k1cH2,wc − (5/3)k2cNH3,wc)
4L

]
(19)

n deriving Eq. (19), we implicitly assume that NH3 does not
eact with the chemisorbed oxygen on Pt. The term ‘k1cH2,wc’ in
q. (19) represents the generation of NH3 (reaction 1a), whereas

(5/3)k2cNH3,wc’ represents the consumption of NH3 by stored NOx

reaction (2a)). Reaction (2a) has also been used to develop the
pecies balance equation for N2 in the solid phase, given by

∂cN2,wc

∂t
= 1

εwcıc(a + ıc)

×
[

akc,N2 (x)(cN2,m − cN2,wc) + Nc2�Rck2 cA|r=Rc cNH3,wc

3L

]
(20)

balance for the vacant sites on Pt has the following form:

∂�v

∂t
= k3cH2,wc�O–Pt (21)

ere �v represents the fractional surface coverage of vacant sites
n Pt.

The initial and boundary conditions are given by Eqs. (22) and
23), respectively

C : At t = 0, cjm = 0, cj,wc = 0, �v = 0, 0 < x ≤ L

(22)

C : At x = 0, cjm = cin
j (23)

in
j

in Eq. (23) represents the inlet concentration of species j.
Eqs. (9)–(12) and (17)–(23) are non-dimensionalized using the

ollowing variables:

= x

L
, r∗ = r − Rc

Reff − Rc
, � = tDA

(Reff − Rc)2
, � = Rc

Reff − Rc

(24)

∗
jm = cjm

cin
H2

, c∗
j,wc = cj,wc

cin
H2

, c∗
A = cA

cAo
(25)

he non-dimensionalized equations are given by

∂c∗
A

∂�
= ∂2c∗

A

∂r∗2
+ 1

r∗ + �

∂c∗
A

∂r∗ (26)

C : At � = 0, c∗
A = 1, 0 ≤ r∗ ≤ 1 (27)

C1 : At r∗ = 0,

∂c∗
A

∂r∗ =
(Reff − Rc)cin

H2
c∗

A

DA
(k1c∗

H2,wc + k2c∗
NH3,wc) (28)

∗

C2 : At r∗ = 1,

∂cA
∂r∗ = 0 (29)

∂c∗
jm

∂�
= (Reff − Rc)2

DA

[
− ū

L

∂c∗
jm

∂z
− kc,j(z)

R˝
(c∗

jm − c∗
j,wc)

]
(30)
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∂c∗
H2,wc

∂�
= (Reff − Rc)2

DAεwcıc(a + ıc)

×
[

akc,H2 (z)(c∗
H2,m − c∗

H2,wc)

−
c∗

H2,wcNc2�Rc

4L
(4k1cAo c∗

A

∣∣
r∗=0

+ k3cPt�O–PtRc)

]
(31)

∂c∗
NH3,wc

∂�
= (Reff − Rc)2

DAεwcıc(a + ıc)

×
[

akc,NH3 (z)(c∗
NH3,m − c∗

NH3,wc)

+
cAo2�RcNc c∗

A

∣∣
r∗=0

(k1c∗
H2,wc − (5/3)k2c∗

NH3,wc)

4L

]
(32)

∂c∗
N2,wc

∂�
= (Reff − Rc)2

DAεwcıc(a + ıc)

×
[

akc,N2 (z)(c∗
N2,m − c∗

N2,wc)

+
Nc2�Rck2 cAoc∗

A

∣∣
r∗=0

c∗
NH3,wc

3L

]
(33)

∂�v

∂�
= (Reff − Rc)2

DA
k3cin

H2
c∗

H2,wc�O–Pt (34)

IC : At � = 0, c∗
jm = 0, c∗

j,wc = 0, �v = 0, 0 < z ≤ 1

(35)

BC : At z = 0, c∗
jm = cin∗

j (36)

cin∗
j

in Eq. (36) represents the dimensionless inlet concentration of
species j. It is observed from Eq. (26) that the curvature effect would
be negligible if � � 1 (or Reff ≈ Rc), i.e. NOx is stored very close to
the Pt/Ba interface. However, Eq. (26) reduces to the conventional
cylindrical 2D equation for � → 0 (or Reff � Rc).

3. Results and discussion

Before discussing the results, it is instructive to describe the
expected transient profile of the instantaneous NOx conversion for
various catalysts and the reaction conditions. A linear relationship
between the instantaneous NOx conversion and time indicates the
presence of H2 feed rate limitations. This behavior is exhibited by
the intermediate (8%) and high dispersion (50%) catalysts at high
temperatures, the conditions under which the supply of NOx by
the process of diffusional transport and spill-over of NOx is fast and
hence is not the rate controlling process. If the transport of NOx

towards the Pt/Ba interface is the rate controlling process, it can be
shown for � → 0 that the diffusive flux is proportional to

√
DA/t,
where t is the time during the regeneration. Hence, the integral
NOx conversion would be given by C

√
DAt, where C is a constant

depending on the catalyst and reaction conditions. Fig. 3 shows
the experimentally measured instantaneous NOx conversions for
the 3.2% dispersion catalyst. Four different values of the constant,
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Table 3
Values of parameters used in the simulations.

Parameter Numerical value

L 0.02 m
R˝ 2.75 × 10−4 m
a 1.1 × 10−3 m
ıc 3 × 10−5 m
εwc 0.4

−3 4

T
E

ig. 3. Instantaneous NOx conversion for various temperatures during regeneration
f the 3.2% dispersion catalyst (markers represent experimental data; smooth lines
epresent predicted values).

, are chosen and the instantaneous NOx conversion (Xm
NOxstored) is

redicted using the relation: Xm
NOxstored = C ′√t, where C ′ = C

√
DA.

t is observed that the instantaneous NOx conversion is propor-
ional to the square root of time, hence indicating that the diffusion
f stored NOx is the rate determining process for the 3.2% disper-
ion catalyst. It is noted that the diffusional transport of stored NOx

nd its spillover to the Pt are expected to be activated processes.
imilar results were obtained for the 8% dispersion catalyst at low
emperatures. This issue will be discussed in detail later.

An analysis of the characteristic times was performed in order
o identify the rate determining process for a given operating con-
ition. The following characteristic times were derived:

c = L

ū
; tjD = R2

˝

Djm
; tSD = (Reff − Rc)2

DA
; tRA = Reff − Rc

k1cin
H2

(37)

tRH2
= 2εwcıc(a + ıc)LAPFR2

c

�k1cAoNavD3
PtMPtT

;

RNH3
=

8εwcıc(a + ıc)Lcin
H2

APFR2
c

cAo�NavD3
PtMPtT (k1cH2,wc − 5

3 k2cNH3,wc)
(38)

he symbols, tc, tjD, tSD, tRA, tRH2
, and tRNH3

represent the con-
ection (or residence) time, diffusion time of species j in the
ransverse direction (synonymous with the external mass trans-
er time), characteristic diffusion time of stored NOx in the Ba
hase, characteristic reaction time for the consumption of stored

Ox, characteristic reaction time for the consumption of H2 by
Ox, and characteristic reaction time for net generation of NH3,

espectively. The characteristic time for consumption of NOx (tRA)
s derived using Eq. (28), whereas, tRH2

and tRNH3
are obtained

sing Eqs. (31) and (32), respectively, in combination with Eq. (4).

able 4
stimated characteristic times at various temperatures.

Ts (◦C) ū (m/s) DH2,m (m2/s) DNH3,m (m2

160 7.77 × 10−1 1.5 × 10−4 5.0 × 10−5

230 9.03 × 10−1 1.9 × 10−4 6.5 × 10−5

300 1.03 × 100 2.4 × 10−4 8.1 × 10−5

370 1.15 × 100 2.9 × 10−4 9.8 × 10−5
k1 1 × 10 m /(mol s)
k2 1.5 × 10−5 m4/(mol s)
k3 105 m3/(mol s)
cAo 6.28 × 10−6 mol/m2 exposed BaO

Some of the physical and chemical properties used in the simula-
tions and for the estimation of the characteristic times are given in
Table 3. Temperature-dependent inlet gas velocities and the result-
ing inlet concentrations were used based on a total inlet flow rate of
1000 sccm in the experiments [1]. The gas-phase diffusivities (Djm)
of H2, N2, and NH3 in Ar were obtained using the following relations,
where Ts represents the monolith temperature:

DH2,m = 5.83 × 10−9T1.67
s (39)

DNH3,m = 1.62 × 10−9T1.70
s (40)

DN2,m = 1.213 × 10−9T1.70
s (41)

These relations were developed by calculating the gas-phase diffu-
sivities of H2, N2 and NH3 in Ar at different temperatures using
Lennard–Jones potentials. The experiments used to model the
effect of Pt dispersion and temperature were carried out for four
different temperatures ranging between 160 and 370 ◦C [1]. For
these temperatures, the values of inlet gas velocities, gas-phase dif-
fusivities and the characteristic times, tc, tH2,D, and tNH3,D are given
in Table 4. It is observed that the characteristic convection time
decreases with temperature; this is a result of the increase in inlet
gas velocities with temperature. Similarly, the characteristic trans-
verse diffusion time for H2 and NH3 decreases with temperature
due to an increase in the gas-phase diffusivity with temperature.
It is observed that tH2,D < tc and tNH3,D < tc, thus showing that
transverse diffusion (or external mass transfer) is fast for both of
the reacting gas phase species (H2 and NH3), and hence is likely
not to limit the conversion of the gas phase species. Even though
not shown here, the characteristic transverse diffusion time for N2
was also found to be lower than the convection time for all the
temperatures.

The values of the rate constants, i.e., k1, k2, and k3 are required
for the analysis of the characteristic reaction times. It was reported
by Mulla et al. [33] that the identity of the reductant (H2 or NH3)
and the associated reduction kinetics were unimportant during the
regeneration at a high temperature (=300 ◦C). Also, it was shown
earlier that the experimental NOx conversion data indicated a rate
limitation caused by the diffusion of NOx towards the Pt/Ba inter-
face (Fig. 3). Hence, the rate constants have been chosen such that
a proportionate increase in each rate constant results in a negligi-

ble change in the predicted results, i.e. the rate of regeneration is
not kinetically limited. Also, the kinetic constants are assumed to be
independent of temperature. Note, however that this assumption is
not valid at low temperatures since Clayton et al. [34] showed that
kinetic differences between H2 and NH3 were observed at lower

/s) tc (s) tH2,D (s) tNH3,D (s)

2.6 × 10−2 5.1 × 10−4 1.5 × 10−3

2.2 × 10−2 3.9 × 10−4 1.2 × 10−3

1.9 × 10−2 3.2 × 10−4 9.4 × 10−4

1.7 × 10−2 2.6 × 10−4 7.7 × 10−4
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Table 5
Estimated characteristic reaction times of stored NOx (tRA) for various dispersion
catalysts at different temperatures.

3.2% 8% 50%

160 ◦C 4.3 × 10−3 s 1.1 × 10−3 s 6.9 × 10−5 s
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230 ◦C 5.0 × 10−3 s 1.3 × 10−3 s 8.1 × 10−5 s
300 ◦C 5.7 × 10−3 s 1.5 × 10−3 s 9.2 × 10−5 s
370 ◦C 6.4 × 10−3 s 1.6 × 10−3 s 1.0 × 10−4 s

emperatures. Clayton et al. [34] carried out NO reduction experi-
ents using an equimolar mixture of H2 and NH3. For temperatures

xceeding 150 ◦C, complete NO reduction by H2 was observed with
egligible conversion of NH3, thus showing that NH3 is not an effec-
ive reductant in the presence of H2. Hence, the numerical value of
2 is chosen to be much lower than k1. Except for a sensitivity study,
he selected values were not modified in any of the calculations
arried out in this study.

An analysis of tRA requires an estimate of the diffusivity of stored
Ox in the Ba phase, which to our knowledge is not available in the

iterature. We assume that the stored NOx diffusivity at the four dif-
erent temperatures, namely, 160, 230, 300 and 370 ◦C is 5 × 10−19,
× 10−18, 5 × 10−17, and 5 × 10−16 m2/s, respectively. These values

orrespond to a diffusion activation energy of ca. 75 kJ/mol, assum-
ng an exponential dependence with temperature. We chose these
alues of diffusivity so that at the lowest diffusivity, the characteris-
ic NOx diffusion time (tSD) is higher than the total time available for
egeneration (200 s), whereas for the highest diffusivity, the charac-
eristic stored NOx diffusion time is less than the total time available
or regeneration. This choice results in the prediction of incomplete
Ox conversions at low temperatures (corresponding to a low value
f stored NOx diffusion coefficient), and high conversions at high
emperatures (or fast stored NOx diffusion). We will return to this
oint later in the simulations.

The characteristic reaction times (tRA) and diffusion times (tSD)
f stored NOx for the three catalysts at different temperatures are
iven in Tables 5 and 6, respectively. The slight increase in the char-
cteristic reaction times with an increase in temperature is due
o the decreasing inlet concentration with temperature. The char-
cteristic reaction time expectedly decreases with an increase in
he Pt dispersion. It is observed that tSD is higher than tRA for each
f the catalysts over the entire range of temperatures. Moreover,

SD is higher than all the other characteristic times (tc, tjD, tRH2
),

ndicating that the diffusion of stored NOx is the rate-determining
rocess. This result was anticipated earlier using the dependence
f the instantaneous NOx conversion on the square root of time
Fig. 3). The analysis is valid when the regeneration is not lim-
ted by the inlet flow rate of the reductant. It is interesting to
ote that the diffusion of stored NOx in a LNT catalyst is funda-
entally similar to the diffusion of oxygen in a three-way catalytic

onverter (TWC) catalyst, which has been studied in more detail.
or a ceria-supported TWC catalyst, Bedrane et al. [51] reported
hat oxygen storage on ceria is governed by the diffusion of oxy-

en, and that the storage is restricted to the ceria surface. This is
imilar to our finding that the stored NOx diffusion is the rate-
etermining process. Using Eqs. (14) and (37), it can be shown
hat tSD is proportional to the radius of the crystallite (Rc). Also,

able 6
stimated characteristic diffusion times of stored NOx (tSD) for various dispersion
atalysts at different temperatures.

3.2% 8% 50%

160 ◦C 6.5 × 104 s 4.3 × 103s 1.7 × 101 s
230 ◦C 6.5 × 103 s 4.3 × 102s 1.7 × 100 s
300 ◦C 6.5 × 102 s 4.3 × 101s 1.7 × 10−1 s
370 ◦C 6.5 × 101 s 4.3 × 100s 1.7 × 10−2 s
y 151 (2010) 314–329 321

an increase in the dispersion would result in a decrease in the
crystallite radius (Table 1). Hence, an increase in the dispersion
would result in a reduction of the characteristic NOx diffusion time,
thus reducing the transport limitations. This trend can be seen
in Table 6 and helps to explain the regeneration characteristics
of the different dispersion catalysts. Also, since tSD is inversely
proportional to the diffusivity of stored NOx in the Ba phase (Eq.
(37)), the effect of temperature on the effluent concentrations can
be explained by an increase in the diffusivity of stored NOx with
temperature. We will return to these points as well later in the
paper.

Eqs. (26)–(36) were solved for the set of parameters given in
Tables 3 and 4 for three different Pt dispersions and various val-
ues of stored NOx diffusivity. The value of cPt is obtained using
cPt = (MPtT /Nc2�R2

c )(d/100); this gives 1.75 × 10−5, 1.82 × 10−5,
and 2.0 × 10−5 mol/m2 exposed Pt for the 3.2%, 8% and 50% dis-
persion catalysts, respectively. Position-dependent mass-transfer
coefficients were used for a channel of square cross-section to
incorporate the developing velocity and concentration fields in the
front of the monolith [50]. Solid state and surface diffusivities as
well as the diffusion activation energies vary markedly with the
diffusing species as well as the substrate. For example, a diffusion
activation energy of 60.6 kJ/mol has been reported for CO on Pt
[52], resulting in a surface diffusivity of 2.73 × 10−18 m2/s at 300 K.
This is in contrast to an activation energy of 20.9 kJ/mol reported
for CO on Ni(1 0 0) [53], which results in a surface diffusivity of
4.55 × 10−9 m2/s at 300 K. In addition, the surface diffusivities of
O at 300 K have been reported to be 9.04 × 10−22 m2/s on W(2 1 1)
[54], and as low as 1.47 × 10−25 m2/s on W(1 1 0) [55]. These sur-
face diffusivities correspond to an activation energy of 41.8–58.5
and 100 kJ/mol, respectively. Hence, surface and solid state diffu-
sivities can vary by orders of magnitude from one system to the
other. In the present work, the stored NOx diffusivity was varied
between 5 × 10−19 and 5 × 10−16 m2/s to assess the model sensitiv-
ity to this parameter. As mentioned earlier, since the diffusivity of
stored NOx in the Ba phase is not available in the literature, we used
the estimated characteristic times for stored NOx diffusion to get
estimates of the diffusivities. However, we stress that an attempt
has not been made to fit the model-predictions to the experimental
results.

Fig. 4(a) shows the experimentally measured temperature
dependence of H2 effluent concentrations when the low disper-
sion (3.2%) catalyst was exposed to 1500 ppm H2 after storing
1.5 × 10−5 mol of NOx. It is observed that at low temperatures,
the effluent H2 concentration increased sharply to its inlet value
of 1500 ppm. However, for the highest temperature (370 ◦C), the
H2 effluent concentration increased slowly to its inlet value. These
results can be explained by the rate limitations caused by the
diffusion of stored NOx towards the Pt/Ba interface. For the 3.2%
dispersion catalyst, the average distance (Reff) between the Pt/Ba
interface and NOx storage sites is quite large (195 nm; Table 1), ren-
dering most of the NOx stored inaccessible for regeneration by H2.
However, there is some NOx stored close to the interface which
gets regenerated at a rapid rate, even at low temperatures. The
net result is a short period of no H2 in the effluent, followed by a
sharp H2 breakthrough curve at low temperatures. As the temper-
ature increases, the NOx diffusivity increases, resulting in the faster
transport of NOx to the interface, where it reacts with H2, result-
ing in a slow H2 breakthrough. Fig. 4(b) shows the model-predicted
effluent H2 concentration for the 3.2% dispersion catalyst for vari-
ous values of stored NOx diffusivity. It is observed that the model is

effectively able to capture the sharp H2 breakthrough for low NOx

diffusivity (synonymous with low temperature), and a slow break-
through at the highest value of diffusivity. The slight delay in the
effluent H2 concentration data as compared to the model-predicted
results could be because of axial dispersion in the lines connecting
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addition to the exposed Pt area. Thus, increasing the catalyst dis-
persion should result in increased rates for NOx reverse-spillover
and H2 consumption by chemisorbed oxygen on the exposed Pt,
due to increased Pt/Ba interfacial perimeter and exposed Pt area,

Table 7
Total interfacial perimeter and exposed Pt area for the varied dispersion catalysts.
Refer to Eqs. (8) and (7).
ig. 4. (a) Experimental effluent H2 concentrations at various temperatures for the
.2% dispersion catalyst and (b) model-predicted effluent H2 concentration for var-

ous stored NOx diffusivities for the 3.2% dispersion catalyst.

he monolith reactor to the FT-IR apparatus. Such an effect is not
aptured in the model.

The corresponding temperature dependence of the model-
redicted instantaneous NOx conversions (Xm

NOxstored) on time for
arious stored NOx diffusivities is shown in Fig. 5, and is calculated
s follows:

m
NOxstored(t) =

∫ t

0
(FNH3 (t′) + 2FN2 (t′)) dt′

MNOx

(42)

ere FNH3 and FN2 represent the effluent molar flow rates of NH3
nd N2, respectively. Note that the present model does not con-
ider the formation of N2O or NOx release during regeneration.
ence, N2O and NOx have not been included in the model-predicted

nstantaneous NOx conversion given by Eq. (42), as opposed to the
xperimental instantaneous NOx conversion given by Eq. (1). Nev-
rtheless, the results are similar to the experimentally measured
Ox conversion for various temperatures, shown in Fig. 3. At low

◦
emperatures (160 C), the instantaneous NOx conversion is low,
hereas at high temperatures (370 ◦C), the NOx conversion slowly

ncreases, consistent with the slow breakthrough of H2 (Fig. 4(a)).
his is because the characteristic diffusion time (tSD) given by Eq.
37) is inversely proportional to the diffusivity of NOx in the BaO
Fig. 5. Model-predicted instantaneous NOx conversion for various stored NOx dif-
fusivities for the 3.2% dispersion catalyst.

phase. For low temperatures, the NOx diffusivity is low resulting
in a high characteristic time for diffusion, which leads to earlier
breakthrough of H2 and a low instantaneous NOx conversion. With
an increase in temperature, the NOx diffusivity increases, reduc-
ing the characteristic diffusion times and thereby increasing the
instantaneous NOx conversions.

The effluent H2 concentration profiles for the 8% dispersion
catalyst at various temperatures are shown in Fig. 6(a). The H2
breakthrough profiles for the 3.2% and 8% dispersion catalysts are
compared using Figs. 4(a) and 6(a). It is observed that for a given
temperature, the amount of H2 consumed and hence the NOx

reduced during the regeneration is higher for the 8% dispersion
catalyst as compared to the 3.2% dispersion catalyst. This is also
observed by comparing the instantaneous NOx conversions for the
3.2% and 8% dispersion catalysts, shown in Figs. 3 and 6(b), respec-
tively. These trends can be explained by the dependence of the
characteristic NOx diffusion time (tSD) on the catalyst dispersion.
As described earlier, it can be shown using Eq. (14) that the char-
acteristic diffusion time (tSD) is proportional to the radius of the
crystallite (Rc). Also, an increase in the Pt dispersion results in a
decrease in the crystallite radius (Table 1). Hence, an increase of the
Pt dispersion results in a reduction of the characteristic NOx diffu-
sion time, due to which the 8% dispersion catalyst would reduce
more NOx as compared to the 3.2% dispersion catalyst. This can
also be explained in terms of the total exposed area of the Pt
crystallites and the total interfacial perimeter available for NOx

reverse-spillover, given by Eqs. (7) and (8), respectively. The inter-
facial perimeter and the exposed Pt area are given in Table 7 for
the varied dispersion catalysts. It is observed that increasing the
Pt dispersion results in an increase in the interfacial perimeter in
d (%) IP (m/channel) SE (m2/channel)

3.2 6.77 × 104 1.02 × 10−3

8 3.90 × 105 2.44 × 10−3

50 1.26 × 107 1.38 × 10−2
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ig. 6. (a) Experimental effluent H2 concentration at various temperatures for the 8%
ispersion catalyst and (b) experimental instantaneous NOx conversion at various
emperatures for the 8% dispersion catalyst.

espectively. The same concept can be used to explain the high NOx

onversions for the 50% dispersion catalyst as compared to the 3.2%
nd 8% dispersion catalysts.

From Fig. 6(a), it is observed that a sharp H2 breakthrough
ccurs at low temperatures for the 8% dispersion catalyst similar to
he 3.2% dispersion catalyst. An increase in temperature to 300 ◦C
auses the slope of the H2 breakthrough curve to decrease as was
bserved for the 3.2% dispersion catalyst at 370 ◦C. We attribute
hese observations to the increased rate of NOx transport towards
he Pt/Ba interface as was discussed for the 3.2% dispersion cata-
yst. On increasing the temperature further to 370 ◦C, a sharp H2
reakthrough curve is again observed. A higher H2 breakthrough
ime is a notable difference at this high temperature. Unlike at low
emperatures, the sharp H2 breakthrough at 370 ◦C is ascribed to
he emergence of limitations caused by an inadequate H2 supply
eed rate as compared to the rate at which NOx is regenerated.
hese experimental observations can be explained by assuming
emperature-dependent diffusivities of stored NOx. Fig. 7(a) shows

he predicted effluent H2 concentration for the 8% dispersion cata-
yst for various values of NOx diffusivity. It is observed that the slope
f the model-predicted H2 breakthrough curve decreases and then
ncreases with an increase in diffusivity, which is consistent with
he experimental observations.
Fig. 7. (a) Model-predicted effluent H2 concentration for various stored NOx diffu-
sivities for the 8% dispersion catalyst and (b) model-predicted instantaneous NOx

conversion for various stored NOx diffusivities for the 8% dispersion catalyst.

The change in the rate determining process resulting in a change
in the slope of the H2 breakthrough curves is more effectively
depicted by analyzing the instantaneous NOx conversions. Fig. 7(b)
shows the model-predicted instantaneous NOx conversion for the
8% dispersion catalyst for various stored NOx diffusivities. For low
values of diffusivity, the slope of the instantaneous NOx conversion
vs. time is low, conditions for which the overall process is diffu-
sion controlled. However, as the diffusivity increases, the slope
increases and for the highest diffusivity, a linear relationship is
observed between the instantaneous NOx conversion and time,
indicating the aforementioned emergence of H2 feed rate limita-
tions. These results are similar to the experimentally measured
instantaneous NOx conversions at various temperatures for the 8%
dispersion catalyst, shown in Fig. 6(b). It is noteworthy that the
experimentally measured instantaneous NOx conversions are less
than 100%, even for the highest temperature (370 ◦C). This could
be due to the experimental error in the calculation of stored NOx

during the storage phase. Another more likely cause is that some

NOx might be inaccessible to the reductant(s). Similar analysis was
performed for the 50% dispersion catalyst. A linear relationship was
observed between the instantaneous NOx conversion and time for
high temperatures (230, 300 and 370 ◦C), thus indicating that H2
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Fig. 8. Radial variation of the stored NOx concentration at the monolith outlet
for various times during the regeneration. (a) Dispersion = 3.2%, NOx diffusivity =
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eed rate is the rate limiting process for the high dispersion (50%)
atalyst.

As described earlier, the effluent concentration profiles are
ependent on the reverse-spillover of NOx towards the Pt/Ba

nterface, which in turn depends on the Pt dispersion and the tem-
erature. Hence, the effect of temperature and Pt dispersion can
e explained by analyzing the radial distribution of the stored NOx

oncentration in the Ba phase (Rc ≤ r ≤ Reff). The concentration of
tored NOx in the Ba phase at the end of the monolith (x = L) is
hown in Fig. 8(a) for the 3.2% dispersion catalyst at the highest
alue of the stored NOx diffusivity (= 5 × 10−16 m2/s), for various
imes during the regeneration. The concentration of stored NOx

rior to the regeneration is 6.28 × 10−6 mol/m2 exposed BaO and
as given in Table 3. It is observed that for all times during the

egeneration, the NOx concentration increases with distance from
he Pt/Ba interface (r = Rc). The use of no-flux boundary condi-
ion (Eq. (12)) ensures a zero gradient of NOx concentration in
he radial direction at r = Reff. As time progresses, more NOx is
ransported towards the Pt/Ba interface due to its reduction by
2 and/or NH3. Hence, as seen in Fig. 8(a), the NOx concentration
ecreases with time for a given radial position in the Ba phase.
radial gradient in the stored NOx concentration at the exit of

he reactor at t = 10 s suggests that the H2 concentration front
eaches the end of the monolith in less than 10 s, as was shown
n Fig. 4(b).

The radial distribution of stored NOx at the end of the monolith
or a lower diffusivity (5 × 10−17 m2/s) is shown in Fig. 8(b) for the
.2% dispersion catalyst. It is observed that in contrast to Fig. 8(a),
he stored NOx concentration is close to its initial value at all times
ear r = Reff. This is attributed to the lower diffusivity of stored
Ox which results in lower NOx conversions (Fig. 3). An analysis
f the NOx concentration was also performed for the 8% and 50%
ispersion catalysts. The radial distribution of stored NOx at the
nd of the reactor for the 8% dispersion catalyst at a diffusivity of
× 10−16 m2/s is shown in Fig. 8(c). It is observed that at shorter

imes (10 and 20 s), the stored NOx concentration is equal to its ini-
ial value for all radial positions (Rc ≤ r ≤ Reff). This is because the
2 concentration front takes a finite time to reach the end of the

eactor (Fig. 6(a)). It is also observed that because of the lower char-
cteristic diffusion times for the 8% dispersion catalyst, the stored
Ox concentration reaches a value close to zero throughout the Ba
hase towards the end of regeneration. Similar results were pre-
icted for the 50% dispersion catalyst, except that the gradients
ithin the Ba phase were small as compared to the 8% dispersion

atalyst.
The computed concentration of the stored NOx at the Pt/Ba inter-

ace (r = Rc) gives information about the rate determining process.
process limited by the diffusion of stored NOx would result in

ow stored NOx concentrations at the Pt/Ba interface as compared
o the concentrations at r = Reff. The interfacial NOx concentra-
ion for the 3.2% dispersion catalyst for the range of diffusivities
5 × 10−19 to 5 × 10−16 m2/s) was found to be close to zero, whereas
he concentrations at r = Reff were much greater. This lends sup-
ort to the diffusion of stored NOx being the rate determining
rocess. The interfacial NOx concentrations were close to zero for
he 8% dispersion catalyst as well for low diffusivities (5 × 10−19

nd 5 × 10−18 m2/s), suggesting again that the diffusion of stored
Ox is the rate determining process. However, as the diffusivity is

ncreased further, the ratio of the interfacial concentration and the
oncentration at r = Reff increases to non-negligible values. This
ndicates the emergence of limitations caused by the feed rate of
2 (Fig. 6(a)). Under these conditions, the radial profiles are char-
cteristically more uniform since the stored NOx diffusion is faster
elative to the reductant feed rate.

The interfacial NOx concentration for the 8% dispersion cata-
yst at the highest diffusivity (5 × 10−16 m2/s) is shown in Fig. 9(a).

5 × 10−16 m2/s, (b) dispersion = 3.2%, NOx diffusivity=5×10−17 m2/s and (c)
dispersion = 8%, NOx diffusivity=5×10−16 m2/s.
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ig. 9. Interfacial NOx concentration for various times during the regenera-
ion. (a) Dispersion = 8%, NOx diffusivity=5×10−16 m2/s and (b) dispersion = 50%,
Ox diffusivity=5×10−16 m2/s.

t is observed that for all times, the interfacial NOx concentration
ncreases from zero to its highest value (= cAo). This can be related
o the propagation of H2 front along the length of the reactor. A
ero interfacial NOx concentration at the front of the reactor is due
o its consumption by H2. To the contrary, the interfacial NOx con-
entration is equal to its initial value near the end of the reactor
ecause the H2 front does not propagate to the end of the reactor
or low regeneration times. A non-zero interfacial concentration
or the 8% dispersion catalyst at high diffusivity values supports
ur hypothesis that at high temperatures, the regeneration is lim-
ted by the feed rate of H2. Similar analysis was performed for the
0% dispersion catalyst. The interfacial NOx concentration for the
0% dispersion catalyst at the highest diffusivity (5 × 10−16 m2/s)

s shown in Fig. 9(b). A non-zero interfacial NOx concentration was
ound for all the NOx diffusivities, except in the front section of the
eactor, suggesting that the regeneration is limited by H2 feed rate.
imilar to the 8% dispersion catalyst, the interfacial NOx concen-

ration increases from zero to its initial value along the length of
he reactor. However, the concentration increase along the length
s sharper as compared to the 8% dispersion catalyst. This can be
xplained by the higher reaction rates on the 50% dispersion cata-
yst.
y 151 (2010) 314–329 325

Until now, the focus has been on the NOx conversion and H2
breakthrough curves. An important performance feature is the net
production of NH3 as evident in the NH3 breakthrough curves. The
measured effluent NH3 concentrations for the 3.2%, 8% and 50% dis-
persion catalysts at various temperatures are shown in Figs. 10(a),
(b) and (c), respectively. It is observed that for the 3.2% disper-
sion catalyst, the total amount of NH3 produced increases with
the temperature. For the 8% dispersion catalyst, the total NH3 in
the effluent exhibits a maximum with temperature, whereas it
decreases monotonically with temperature for the 50% dispersion
catalyst. These interesting trends can be explained by the current
model, as discussed next.

It was shown earlier that the characteristic stored NOx diffusion
time (tSD) is higher than all the other characteristic times, indicat-
ing that diffusion of stored NOx towards the Pt/Ba interface may
be the rate determining process during the regeneration. Calcula-
tion of the characteristic times using Eqs. (37) and (38) shows that
tRH2

< tRA, which indicates that the formation of NH3 is governed
by the characteristic reaction time for the consumption of stored
NOx (tRA). Since stored NOx is consumed by H2 and NH3, the selec-
tivity to NH3 is determined by the characteristic time for net NH3
generation (tRNH3

). The ratio of tRH2
and tRNH3

is obtained from Eq.
(38) and is given as

tRH2

tRNH3

= 1

4cin
H2

(
cH2,wc − 5k2cNH3,wc

3k1

)
(43)

As expected, Eq. (43) indicates that the selectivity to NH3 is deter-
mined by the ratio of the rate constants, k1 and k2. Simulations were
performed in which the rate constants, k1 and k2, were increased
by the same factor for all the three catalysts (k3 = 0 in these sim-
ulations). These modifications led to only a negligible change in
the predicted H2 and NH3 effluent concentrations for each catalyst,
hence validating our analysis of the characteristic reaction times.

The model-predicted effluent NH3 concentration for the 3.2%
dispersion catalyst for various stored NOx diffusivities is shown in
Fig. 11(a). It is observed that the model predicts an increase in the
total effluent NH3 with an increase in the diffusivity of stored NOx

(or temperature), which is consistent with the experimental results
(Fig. 10(a)). As described earlier for the 3.2% dispersion catalyst, the
rate limiting process during the regeneration is the transport of NOx

towards the Pt/Ba interface at all temperatures, due to which the
interfacial NOx concentration approaches zero. With an increase in
the temperature, the rate of NOx transport to the Pt/Ba interface
increases, resulting in an increase in the NH3 formation. Since NH3
is not an effective reductant in the presence of H2, H2 reacts prefer-
entially with the stored NOx and most of the NH3 formed appears
in the effluent. This explains the increase in NH3 formation with an
increase in the temperature. Finally, it is observed from Figs. 10(a)
and 11(a) that there is a slight delay in the experimental NH3 efflu-
ent concentration as compared to the model-predicted results. This
delay is not due to the subsequent reaction of NH3 to form N2, since
negligible N2 was observed in the effluent at low temperatures (not
shown here). The likely cause for the delay in NH3 is its adsorption
on the catalyst. In a related modeling study, it was shown that the
experimentally measured NH3 and H2O profiles during regener-
ation could be predicted by considering their adsorption on the
catalyst surface [2]. However, for simplicity, the adsorption effects
are not considered in the present model. The presence of axial dis-
persion in the lines connecting the reactor to the FT-IR apparatus
could also contribute to the observed delay in NH3. Negligible N2

in the effluent at low temperatures shows that NH3 is not an effec-
tive reductant under conditions where the diffusion of stored NOx

is the rate determining process. The inefficacy of NH3 as a reduc-
tant under NOx diffusion controlled regime is because under such
conditions, H2 is present at the Pt/BaO interface in addition to NH3.



326 D. Bhatia et al. / Catalysis Today 151 (2010) 314–329

Fig. 10. Experimental effluent NH3 concentration at various catalyst temperatures
for the (a) 3.2% dispersion catalyst, (b) 8% dispersion catalyst and (c) 50% dispersion
catalyst.

Fig. 11. Model-predicted effluent NH3 concentration for various stored NOx diffu-
sivities for the (a) 3.2% dispersion catalyst, (b) 8% dispersion catalyst and (c) 50%
dispersion catalyst.
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ven though not shown here, the model predicts low values of efflu-
nt N2 concentration at low temperatures for the 3.2% dispersion
atalyst.

The model-predicted effluent NH3 concentration for the 8% dis-
ersion catalyst is shown in Fig. 11(b). It is observed that the
odel predicts a maximum in the peak NH3 concentration with an

ncrease in the diffusivity of stored NOx. The results are similar to
he experimentally observed maximum in the peak NH3 concentra-
ion with respect to the catalyst temperature, shown in Fig. 10(b).
s for the 3.2% dispersion catalyst, the NH3 concentration increases
ith an increase in the diffusivity of stored NOx. Under these con-
itions, the regeneration is governed by the transport of stored NOx

o the interface. However, with further increase in the stored NOx

iffusivity to 5 × 10−16 m2/s, there is a shift in the rate limiting pro-
ess from NOx transport-limited to H2 feed rate limited, which was
iscussed before in relation to Figs. 7(a) and (b). This results in
on-zero interfacial NOx concentrations. Under H2 feed rate lim-

ted conditions, all the H2 reacts to form NH3, conditions for which
H3 does not compete with H2 for the stored NOx. Hence, the stored
Ox at the interface reacts with NH3, which results in a decrease
f effluent NH3 concentration for the highest stored NOx diffusiv-
ty. Figs. 10(b) and 11(b) reveal that the model-predicted peak NH3
oncentration is higher than the experimentally measured values.
plausible reason for this could be NH3 adsorption on the catalyst,
hich has not been considered in the present model.

The model-predicted effluent NH3 concentration for various
tored NOx diffusivities for the 50% dispersion catalyst is shown in
ig. 11(c). The model predicts a decrease in total NH3 in the efflu-
nt with an increase in the diffusivity of stored NOx. The decrease in
he amount of NH3 with temperature was observed experimentally
Fig. 10(c)). For the 50% dispersion catalyst, feed rate limitations are
bserved at all the temperatures (except 160 ◦C). As discussed ear-
ier, NH3 does not compete with H2 for the stored NOx under H2 feed
ate limited conditions. With an increase in the temperature, the
ate of NOx transport to the Pt/Ba interface increases, resulting in a
igher concentration of stored NOx at the interface. This increases
he NH3 consumption rates, thereby decreasing the effluent NH3
oncentration. However, the predicted effluent NH3 concentration
s higher than the experimentally measured concentrations at all
he temperatures. As stated before, this is likely a cause of NH3
dsorption on the catalyst, which is strongly favored at low tem-
eratures. Another factor could be the accuracy of the value of Rc

sed in the simulations for the 50% dispersion catalyst. As men-
ioned before, the Pt particles were not measurable for the 50%
ispersion catalyst, due to which the radius of the crystallite was
stimated using the value of Pt dispersion.

To summarize, NH3 formation is favored under conditions when
Ox transport to the Pt/Ba interface is the rate determining process.
his is more likely for the low dispersion catalysts, as discussed ear-
ier. For the conditions when the regeneration is limited by the H2
eed rate, NH3 further reacts to form N2 at the Pt/Ba interface and
ence is not observed in the effluent. This is typically observed for
he high dispersion catalysts at high temperatures. The above jus-
ification is given at the crystallite scale. This is also valid at the
eactor scale, where NH3 is likely to react with the stored NOx

ownstream of the H2 front under H2 feed rate limited conditions.
The experimental data indicate that the peak N2 concentration

t the highest temperature (370oC) is less than the stoichiometri-
ally expected value of 300 ppm (= Inlet H2 concentration/5) for the
% and 50% dispersion catalysts [1]. The expected value of the N2
oncentration is based on the following overall reaction during the

egeneration [2]: 5H2 + Ba(NO3)2 → 5H2O + BaO + N2. For the 8%
ispersion catalyst, the peak N2 concentration is 280 ppm, whereas

t is 250 ppm for the 50% dispersion catalyst. This can be explained
y the consumption of H2 by the chemisorbed oxygen on Pt, due to
hich the effective H2 concentration for reaction with the stored
y 151 (2010) 314–329 327

NOx is less than the inlet concentration (=1500 ppm). The amount
of chemisorbed oxygen on Pt at the start of regeneration increases
with an increase in the Pt dispersion because of the increase in the
amount of exposed Pt available for O2 adsorption. Hence, the effec-
tive H2 concentration for the reaction with stored NOx decreases
with an increase in dispersion, resulting in the decrease of peak N2
concentration. Even though not shown here, the model is able to
predict the decrease in peak N2 concentration with an increase in
the Pt dispersion, thus validating our hypothesis.

The model proposed in the current work can be used to explain
some of the results reported in the literature. Castoldi et al. [44]
reported an increase in the amount of NH3 formed with an increase
in the Ba loading of the catalyst. Also, a slow H2 breakthrough
was observed during the catalyst regeneration for high Ba load-
ings. However, an explanation of the finding was not given. Castoldi
et al. [44] carried out the reduction at 350 ◦C, which is close to
some of the experimental results of Clayton et al. [1] at 370 ◦C. Our
model predictions and the experimental findings suggest that at
high temperatures/NOx diffusivities, the net amount of NH3 formed
increases with a decrease in the Pt dispersion. Hence, the exper-
imental findings by Castoldi et al. [44] could be explained by a
decrease of Pt dispersion with an increase in the Ba loading, which
would result in an increase of NH3 formation. Indeed, the decrease
of Pt dispersion with an increase in the Ba loading was reported
by Castoldi et al. [44]. This was ascribed to the fast and exothermic
decomposition of Barium acetate precursor, leading to sintering of
the Pt crystallites, and/or to the masking of the Pt crystallites by the
Ba component.

It is instructive to analyze the effect of Pt dispersion on the
regeneration of the LNT at a fixed temperature. Assume that the
radius of the crystallite is inversely proportional to the Pt disper-
sion, i.e. Rc = K/d, where K is a proportionality constant [1]. Using
this dependence of Rc on d in Eq. (7), we get:

SE = NavD3
Pt�MPtT d

2APFK
(44)

A similar analysis for the interfacial perimeter using Eq. (8) gives:

IP = NavD3
Pt�MPtT d2

2APFK2
(45)

As expected, Eq. (44) suggests that the surface area of exposed Pt
varies linearly with the Pt dispersion (d). Eq. (45) shows that the
total interfacial perimeter is proportional to the square of the Pt
dispersion (d2). Thus, a process which depends on the interfacial
perimeter shows a stronger dependence on the Pt dispersion com-
pared to a process which depends on the exposed surface area. It
was justified earlier that the rate of NOx reduction is proportional
to the Pt/Ba interfacial perimeter. Reiterating, Eq. (45) suggests that
the regeneration rate of the NOx trap is proportional to the square
of the dispersion. In contrast, the adsorption/desorption of reac-
tants and products is proportional to the exposed surface area and
hence linearly proportional to the dispersion. Even though cata-
lysts having a fixed Pt loading have been studied in the current
work, the analysis presented in this work can be used to study the
dependence of catalyst loading on the H2 and NH3 breakthrough
profiles, and the selectivity to NH3. Eq. (44) shows that the exposed
Pt surface area is proportional to the product of the Pt loading and
the dispersion. Hence, if the dispersion can be increased by a finite
factor, the catalyst loading can be reduced by the same factor in
order to get the same exposed Pt area, thus reducing the catalyst
costs. This calculation has even more value for the Pt/Ba interfacial

perimeter, which depends on the product of the total Pt loading
and the square of the catalyst dispersion (Eq. (45)). In effect, a small
increase in the dispersion could result in a significant reduction in
the total Pt loading, in order to obtain the same Pt/Ba interfacial
perimeter.
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In conventional LNT systems, NH3 is an undesirable by-product.
o the contrary, NH3 generated using an LNT is beneficial for a
ystem in which the LNT effluent is fed to a downstream SCR. It
s observed from the experimental findings [1] and corroborated
y the simulations that neither a high dispersion catalyst nor a

ow dispersion catalyst should be used separately over a range of
emperatures in order to maximize (or minimize) NH3 during the
egeneration. Here, we propose a design to maximize the amount
f NH3 in the exhaust of a LNT over a range of temperatures. This
ould shift more of the NOx reduction burden to the zeolite-based

CR catalyst, which is cheaper than the noble metals-based LNT
atalyst. We consider two catalysts having different Pt dispersions
equentially positioned in the LNT, with the low dispersion cata-
yst in front of the high dispersion catalyst. At low temperatures,
he low dispersion catalyst would not be active for storage or regen-
ration. The storage would primarily occur on the high dispersion
atalyst. During the regeneration, the reductant would not be con-
umed while flowing through the low dispersion catalyst, because
f low levels of NOx stored and the low efficiency for NOx reduction.
owever, the high dispersion catalyst would be active even at low

emperatures. Hence, the reduction of NOx would mainly occur on
he high dispersion catalyst with a high selectivity to NH3 because
f the low temperatures (Fig. 10(c)). However, the Pt dispersion
hould not be too high, otherwise it could result in a high activity
or reduction of NOx by NH3. In contrast, at high temperatures, the
ow dispersion catalyst would be active for the storage as well as
egeneration. Hence, the storage would take place on the low dis-
ersion catalyst and negligible amounts of NOx would be stored on
he high dispersion catalyst. During the regeneration, the reduc-
ion of NOx would occur on the low dispersion catalyst, with a high
electivity to NH3 because of the high temperatures (Fig. 10(a)).
owever, if NOx is also stored downstream on the high dispersion
atalyst, the NH3 produced over the low dispersion catalyst would
ave a strong tendency to get reduced to N2. Hence, the low dis-
ersion catalyst needs to be designed in a way that it is sufficiently
ctive at high temperatures to avoid NOx release during the storage,
hich could adsorb on the high dispersion catalyst. Based on the

arlier discussion related to the dependence of interfacial perime-
er on the Pt loading and dispersion, the low dispersion catalyst in
he design proposed above can be replaced by a high dispersion cat-
lyst having a lower Pt loading. However, high dispersion catalysts
ight get deactivated due to the high temperatures encountered in
vehicle exhaust. Hence, catalyst aging in addition to the material

osts needs to be considered in the design of these catalysts.
Experimental data on the effect of temperature during NOx

eduction is explained in this work by proposing the diffusion of
tored NOx as the rate determining process. Also, the work by
umar et al. [37] and Sakamoto et al. [38] showed the existence
f NOx gradients in the BaO phase. However, there is lack of direct
xperimental evidence which rules out the possibility of the diffu-
ion of H2 in the BaO phase.

. Conclusions

A model based on global kinetics is developed using detailed
rystallite-scale catalyst features to investigate the effect of Pt dis-
ersion and temperature during the regeneration of a lean NOx trap.
xperimental data for three catalysts having the same Pt loading
ut different dispersions is analyzed and simulations are performed
o predict the experimental trends. It has been shown that the

ffect of dispersion can be explained by the varying average dis-
ance between the NOx stored and the Pt/Ba interface and its effect
n the stored NOx transport process. The total interfacial perimeter
etween the Pt and Ba increases with an increase in the Pt dis-
ersion, resulting in higher rates of reverse-spillover of NOx. In
ay 151 (2010) 314–329

addition, as the exposed Pt surface area increases, the consumption
of H2 by chemisorbed oxygen also increases.

The effect of temperature has been modeled by using
temperature-dependent diffusivity of stored NOx in the Ba phase.
The model predicts that gradients in the stored NOx concentration
exist in the Ba phase. An analysis of the various characteristic times
shows that the diffusion of stored NOx in the Ba phase towards the
Pt/Ba interface is likely the rate determining process. The analysis
also shows that the selectivity towards NH3 formation is governed
by the relative rate constants of NH3 formation and consumption,
even though the absolute rates of both the reactions are high, i.e. the
characteristic reaction times for NH3 formation and consumption
are lower than the characteristic diffusion times of stored NOx. In
line with the experiments, the model predicts that maximum NH3
is produced for the 3.2% dispersion catalyst at high temperatures,
for the 8% dispersion catalyst at intermediate temperatures, and
for the 50% dispersion catalyst at low temperatures. This shift in
the NH3 concentration trends with temperature and Pt dispersion
is explained by the change in the rate limiting process for the dif-
ferent catalysts for the range of temperatures studied. The model
is also able to capture the decrease of peak N2 concentration with
an increase in the Pt dispersion, which has been explained by the
consumption of H2 by the chemisorbed oxygen on Pt.

The kinetics of NH3 formation and consumption are assumed
to be fast in the present work, which might not be valid at low
temperatures. Clayton et al. [34] showed that H2 was a better
reductant than NH3 at lower temperatures. Future modeling work
should include the kinetic limitations due to NH3, especially at
lower temperatures (<200 ◦C). The model should also include the
effect of diffusional limitations in the washcoat, either by solving
the diffusion-reaction system in the washcoat or using the concept
of internal mass transfer coefficients [56,57]. Finally, the concept of
the exposed Pt surface area and the interfacial perimeter presented
in this work could also be applied to TWC catalysts containing ceria,
e.g. Yao and Yu Yao [58] reported an increase in the oxygen storage
capacity with an increase in the metal loading, and it was ascribed
to the synergistic reduction of ceria in close contact with the metal.
Similar results were reported by Bedrane et al. [51,59]. Thus, the
concept presented in this work could be used to study other cat-
alytic systems, including TWCs and SCRs.

Based on the insights gained in this work, a method to maxi-
mize the total amount of NH3 in the effluent of an LNT is proposed.
The design involves placing two LNT catalysts having different dis-
persions in series, with the low dispersion catalyst in the front. At
low temperatures, NH3 would be produced primarily by the high
dispersion catalyst, whereas, the low dispersion catalyst would be
the main contributor to NH3 formation at high temperatures. It
is shown that analyzing the dependence of the Pt/Ba interfacial
perimeter and the exposed Pt surface area on the catalyst disper-
sion and loading can be a useful tool in minimizing the catalyst
loading and the associated costs.
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