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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 NOy 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.

Keywords: Wan, Appl. Catal. B 90 (2009) 662]. The model shows that an increase in the Pt dispersion for a fixed
DifoSiO_“ Pt loading increases the interfacial perimeter between Pt and Ba, and has a significant effect on the
;rgsiael(lj'ition regeneration kinetics. The transient product distribution displayed by three catalysts having varied Pt
Noi trap dispersions (3.2%, 8% and 50%) is explained by the localized stored NOy gradients in the Ba phase. A rate
LNT model determining process during the regeneration is found to be the diffusion of stored NOyx within the Ba
Ammonia phase towards the Pt/Ba interface. Temperature-dependent NO, diffusivities in the Ba phase are used to
Spillover predict the breakthrough profiles of H,, N, and NH3 over a range of catalyst temperatures. Finite gradients

in the stored NOy 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 NH; generation is favored under conditions when NO, transport to the Pt/Ba interface is
the rate determining process. The model considers the consumption of chemisorbed oxygen on Pt by H,,
which is used to predict the low effluent N, 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.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Due to the increasingly stringent NOx emission standards for
automobiles, active research is underway to limit the NOy emis-
sions. Several NOy reduction technologies under development in
recent years have now been commercialized, including selective
catalytic reduction (SCR) with NH3 or hydrocarbons, and NOy stor-
age and reduction (NSR). The focus of the current work is NSR,
which is carried out in a monolithic reactor containing a multi-
functional catalyst. During the storage phase, NOy is stored on
the catalyst in the form of nitrites/nitrates, whereas the reduction
phase involves regenerating the catalyst by reducing the stored
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NOy with reductants, such as H,, CO and hydrocarbons. The ratio-
nal design, optimization, and control of the lean NOy 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 NOy trap
model in which Langmuir-Hinshelwood kinetics were used for the
NOj storage and reduction with propylene. This model was further
upgraded by Sharma et al. [4], using a multi-step NOy 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 NOyx storage. Olsson et
al. [7] followed with a global model which used the shrinking core
concept to describe the NOy 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,
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Nomenclature

a width/hydraulic diameter of the channel (m)

Apf atomic packing factor

Ca surface concentration of stored NOx (mol/m?
exposed BaO)

Cao surface concentration of stored NOy before start of
regeneration (mol/m?2 exposed BaO)

Ch dimensionless concentration of stored NOy

c}“ inlet concentration of species j in the fluid phase
(mol/m3)

c}"* dimensionless inlet concentration of species j in the
fluid phase

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

cfm dimensionless cup-mixing concentration of species
j in fluid phase

Ciwe concentration of species j at the fluid-washcoat
interface (mol/m?3)

c;wc dimensionless concentration of species j at
fluid—washcoat interface

Cpt surface concentration of Pt (moles exposed Pt/m?
exposed Pt)

C constant to find instantaneous NOy conversion
(m=1)

C’ constant to find instantaneous NOy conversion
(s71/2)

d Pt dispersion (%)

Da diffusivity of stored NOy in the Ba phase (m?/s)

Djm diffusivity of species j in the fluid phase (m?2/s)

Dpy diameter of a Pt atom (m)

Fj effluent molar flow rate of species j (mol/s)

FRo inlet molar flow rate of NO during storage (mol/s)

Ip perimeter of Pt/Ba interface per channel (m)

kq rate constant for NOy regeneration by H, (m*/mol
s)

ko rate constant for NO regeneration by NH3 (m*/mol
s)

ks rate constant for consumption of H by chemisorbed
oxygen (m3/mol s)

ke; mass transfer coefficient of species j (m/s)

K proportionality constant for relating dispersion to
crystallite radius (m)

L length of the monolith (m)

My mass of washcoat (g)

Mno, total moles of NOy stored on the catalyst

Mpy; total moles of Pt in the washcoat per channel

Nep total number of channels in the catalyst

Nav Avogadro number

N¢ number of crystallites per channel

Nt number of Pt atoms in the Pt crystallite

r radial coordinate (m)

r* dimensionless radial coordinate

R¢ radius of the crystallite (m)

Refr radius over which NOy is stored on exposed BaO (m)

Ro 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/m? exposed
BaO surface)

SE exposed Pt surface area per channel (m?)

t time during the regeneration (s)

te characteristic convection time (s)

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

ts storage time (s)

trA characteristic time for reaction of stored NOy (s)

tRy, characteristic time for reaction of H, with stored
NOy (s)

tRNH3 characteristic time for net generation of NHs (s)

tsp characteristic time for diffusion of stored NOy in the
Ba phase (s)

Ts monolith temperature (K)

i average fluid velocity in the fluid phase (m/s)

X axial coordinate (m)

Xﬁloxsmred experimental instantaneous NOy conversion (%)

X]{]“Oxstored model-predicted instantaneous NOy conversion
(%)

z dimensionless axial coordinate

8¢ thickness of the washcoat (m)

Ewe porosity within the washcoat

T dimensionless time

A dimensionless radial distance

Oy fractional surface coverage of vacant sites on Pt

Bo-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 H, 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 CO, 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 NOy 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 H; in the presence of O,. Larson et al. [23] also simu-
lated the steady state NOyx reduction by H, and CO in the presence
of O, using a microkinetic formulation. Finally, Lindholm et al. [24]
developed a detailed microkinetic model for the NSR process in the
presence of HO and CO,.

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 NOy. 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 H; and NHj.
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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Using TPD and TPR measurements, Zhou et al. [36] concluded
that the nitrate ions in the BaO phase are extremely mobile. How-
ever, isotopic experiments by Kumar et al. [37] using Temporal
Analysis of Products (TAP) reactor showed that there are finite NOy
concentration gradients in the storage phase. Sakamoto et al. [38]
used imaging techniques to show that NOy was strongly adsorbed
around an edge of Platinum. However, modeling studies to inves-
tigate the NOy gradients in the Ba phase and their effects on the
regeneration rate have not been reported in the literature.

The interaction between Pt and Ba in a LNT has been reported
to be an important factor during the storage and reduction of NOy
by several research groups. Lindholm et al. [39] studied the effect
of catalyst preparation on the storage and reduction performance
of an LNT. They reported a higher NOy storage capacity when Pt
was added before Ba during the catalyst synthesis as compared
to the reverse order of impregnation. The difference was espe-
cially evident at higher temperatures. This was explained by an
increased contact between the Pt and Ba for the former case, which
also resulted in an increased reduction efficiency. Elizundia et al.
[40] carried out FT-IR studies and concluded that Pt-BaO interac-
tion played a key role during NOy storage on an LNT catalyst. Similar
conclusions were drawn by other authors [29,30,41,42]. Spillover
andreverse-spillover reactions have been considered in some of the
modeling studies [6,24,25]. However, there are no detailed model-
ing studies in the literature which investigate the dependence of
the Pt loading and dispersion on the interaction between Pt and Ba.

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

The basis of the current modeling study is the experimental
study reported by Clayton et al. [1], who examined the effect of
Pt dispersion on the regeneration behavior of a Pt/BaO/Al,05 cata-
lyst under isothermal conditions. They analyzed the breakthrough
profiles of H, and NH3 for three catalysts having vastly differ-
ent Pt dispersions (3-50%) at various temperatures. Certain data
trends were explained by a rate limitation caused by the “reverse-
spillover” of stored NOy onto Pt. Also, they reported that the total
amount of NH3 produced during regeneration was a strong func-
tion of the Pt dispersion in addition to the catalyst temperature. The
objective of the present study is to predict the observed effect of
Pt dispersion on the amount of NH; formed and the breakthrough
profiles of reactants and products at various temperatures. This is
achieved by incorporating crystallite-scale details into a reactor-
scale model. It is shown that the kinetics of NH3 formation and
consumption are fast and that a relatively simple description of
the temperature-dependent diffusivity of NOyx within the Ba phase
is able to predict the effluent concentration profiles. Finite NOy
concentration gradients within the Ba phase are predicted by the
model, consistent with the TAP reactor studies recently reported
by Kumar et al. [37].

2. Model development

First we summarize the experimental results, which were the
basis for model development. Pt/BaO/Al,03 catalysts having the
same amount of Pt but varied dispersions (3.2%, 8% and 50%) were
prepared, the details of which are mentioned elsewhere [1]. The
weight percentage of Pt and BaO in the washcoat of these three

catalysts was 2.48% and 13%, respectively. Storage experiments
were carried out by feeding 500 ppm NO and 5% O, to the reac-
tor; the amount of NOy stored was fixed at ca. 1.5 x 10~ moles for
the three catalysts having different dispersions. This corresponds
to ca. 1.15 x 10~4 moles stored NOy/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 H; (in inert Ar) for 200s in the absence of O, 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 NOy
conversion (Xﬁoxstored)' defined as

5 TN (E) + Frany () + 2(Fn0(t) + Fyy (£))] A
SIFS — Fro (t)]dt

e —
NOystored —

(1)

Here F; represents the effluent molar flow rate of species j, F,
is the inlet molar flow rate of NO during the storage, and ts rep-
resents the storage time. In these fixed NO, storage experiments,
the denominator was constantat 1.5 x 10~° 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 NOy 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 NOy
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,
NHs. 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 NOy is stored. Here, R. is the radius of the
crystallite and R is the radius over which NOy is stored on the

Fig. 1. Schematic of the top view of the Pt crystallite and the adjoining exposed BaO.
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Pt crystallite
Ba phase
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Fig. 2. Schematic of the exposed BaO and Pt crystallite.

barium phase. We will describe the method of estimating R.¢ later.
Fig. 2 is a side view of the Pt crystallite surrounded by the Ba phase.
Assuming that the Pt crystallites have a hemispherical shape, the
total number of Pt atoms in a crystallite (Nt) is obtained as

_ (2/3)7TR2APF

N
T a3 /6

(2)
Here Dp; is the diameter of a Pt atom and Apr is the atomic pack-
ing factor. A value of 0.74 is used here for the Apg, based on the
FCC structure of Pt [43]. An average crystallite size is assumed since
this is the extent to which the catalyst characterization was accom-
plished. The total number of crystallites per monolith channel, N¢,
is obtained using the following relation:

MPt Nav
N¢ = T

C NT
Here N,y represents the Avogadro number and Mpy; is the total
number of moles of Pt in the washcoat (per channel). Using the
expression for Nt from Eq. (2) in Eq. (3), we obtain the total number
of crystallites per channel as
_ NalegatMPtT
4AppR2

(3)

Nc (4)

The total exposed Pt area (Sg) and the total Pt/Ba interfacial perime-
ter (Ip) for a single channel are defined as

Sg = Ne27R? (5)
Ip = Ne27R, (6)

Substituting the value of N, from Eq. (4) into Egs. (5) and (6), we
get:

3
SE _ NavatﬂMPt—r (7)
2AprRc
NayD3, TMp
p= P ®)
2ApR?

An increase in the Pt dispersion for a fixed Pt loading results in
a reduction in the crystallite size [1]. Egs. (7) and (8) expectedly
show that for a fixed number of moles of Pt in the washcoat (Mpy, ),
an increase in the Pt dispersion, or equivalently a decrease in the
particle size (R.), results in an increase in the exposed Pt area (Sg)
available for adsorption and the interfacial perimeter (Ip) available
for NOy reverse-spillover. It is also seen from Eq. (4) that the total
number of crystallites increase with a decrease in the crystallite
radius (orincrease in dispersion), due to which the average distance
between the Pt crystallites decreases.

In accordance with the isothermal regeneration modeling study
done by our group [2], the following overall catalytic reactions are
proposed to occur at the Pt/Ba interface:

1a. 8H, + Ba(NO3), — 5H,0 + BaO + 2NHs
2a. (10/3)NH; + Ba(NOs3), — 5H,0 + BaO + (8/3)N>

An additional reaction is proposed to occur on the exposed
area of the Pt crystallites, and is given by
3a. Hy + O-Pt — H,0 + Pt

It should be noted that the stored NOy 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 H, and NH3 concentrations and NOy 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 NOy is given by

%:DTA(% (r%':r">: Re <1 < Refr 9)

with the initial and boundary conditions given by

IC: Att=0, ca = Cao(T), Re <1 < Reff (10)
aca

BC1: At r=R, DAW = k1CACH,we + K2CACNH; we (11)

BC2: At r =R, %:0 (12)

Here cp represents the concentration of the stored NOx (in
mol/exposed BaO area), D, represents the diffusivity of stored NOy
in the Ba phase, r is the radial coordinate, and cp, is the concentra-
tion of stored NOy before the start of regeneration. It is assumed
that at the start of regeneration, NOy is stored uniformly in the Ba
phase in the radial direction. It is instructive to mention that if NOy
is stored only via the spillover mechanism, a gradient in the stored
NOyx concentration in the Ba phase is likely to be present in the
radial direction. However, the storage of NOy can occur in the Ba
phase even without the role of Pt. Hence, the concentration pro-
file of stored NOy 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 NOy 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 NOy in the Ba phase in the radial
direction. Parameters k; and k, are the rate constants for the regen-
eration of stored NOy by H, and NH3, respectively, while ¢y, wc and
CNH;,we are the concentrations of H, 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 NOy at the Pt/Ba interface is equal to its consumption by
H, and NHs. 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 Al,O3 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 Al,O3 sites [46]. Further evidence of exposed Al,O3 on the
catalyst surface is the measured uptake of NO, 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 NOy
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 N, R. and R for various Pt dispersions.
Pt dispersion (%) Nc Rc (nm) Refr (nm)
3.2 7.18 x 10! 15.0 195
8 9.93 x 10'2 6.25 52.7
50 1.82 x 10" 1.1 4.02

Hence, for simplicity, we assume that BaO is present as a monolayer
on the Al,03 surface. As described before, Rqf is an estimate of the
BaO thatis utilized for NO, storage. The value of R.¢ can be obtained
by equating the total moles of NOy stored on the catalyst (Mno, ) to
twice the number of moles of exposed Bao, i.e.,

2nCthSBa0n(Rgff — Rg)
NﬂV

Mo, = (13)
Here, ng, is the total number of channels in the catalyst, and Sga0
represents the surface density of BaO (BaO molecules/exposed BaO
area over which NOy is stored). Substituting N, from Eq. (4) into Eq.
(13), we get the expression:

2AprMyo. R
Reff = Rey |1+ ——PFNOxTC Ngx < (14)
NchTSpao Dy Mpe;

Expectedly, the size of the storage domain increases with the
amount of NOy stored. The ca. 1.5 order dependence of R on R
suggests that the storage domain size increases with an increase
in R, for a fixed Pt loading. In practical applications, the BaO sites
would be occupied by species other than stored NOy, such as H,0,
CO,, etc. In the presence of these species, the value of R.¢s would be
higher than that given by Eq. (14), because of competitive adsorp-
tion of the various species on BaO. The values of N¢, R and Re¢ for
various values of the Pt dispersion are given in Table 1, and the
parameters used to estimate these values are given in Table 2. The
values of R and Pt dispersion have been measured and have been
taken from Clayton et al. [1]. As they reported, the Pt particle size
was not measurable for the 50% dispersion catalyst. Instead, the
value of R. was obtained using 2R.(m) = (1.1 x 1072/d(%)) x 100,
where d is the Pt dispersion [48]. The value of Mo, is taken from the
fixed NO, storage experiments; i.e. 1.5 x 10~> mol NO, were stored
on all the three catalysts [1]. The value of Mp, has been obtained
using the Pt loading of the three catalysts (=95 g Pt/ft3 catalyst or
204 mol Pt/m? washcoat). The value of Sg,o was obtained from the
study by Bowker et al. [49] who reported that the BaO(1 1 1) surface,
when prepared in a thin film form on Pt(11 1), presents a surface
with twice the lattice parameter expected for that of the bulk ter-
mination, i.e. a (2 x 2) reconstruction. Even though the actual BaO
surface on the catalyst might not be an ideal (11 1) surface, we use
this value of Sg,o as a reasonable estimate. The total surface area
of active BaO per unit mass of the washcoat (Sgaw) is given by the
following expression:

nenNert(R%; — R2)

SBaw = ( 1 5)
Mwc
Table 2
Parameter values used to estimate N. and Reg.
Parameter Numerical value
Apr 0.74
Dpt 2.78 x 10719 m
MNOX 1.5 x ]075 mol
Mpy, 5.55 x 107 mol/channel
Nch 28
Nay 6.022 x 1023
SBao 1.89 x 10'® BaO molecules/m? exposed BaO

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

Mno, Nav

— 16
2MwcSBao (16)

SBaw =

Using a value of 130mg for mwc and other parameter values
from Table 2, the active surface area of BaO was found to be
18.4m?2/g washcoat for all the three catalysts. This corresponds
to 1.15 x 10~4 mol NOy stored/g washcoat. The typical BET surface
area reported for Pt/BaO/Al,03 catalysts is ca. 100m?/g wash-
coat. Putting this value in Eq. (16), we get a NOy storage capacity
of 6.27 x 10~% mol NOy/g washcoat. This value corresponds to the
maximum amount of NOy that can be stored on the catalyst. Clayton
et al. [47] reported a NOy storage capacity of 4.5 x 10~4 mol NOx/g
washcoat. However, the maximum NOy storage time was five min-
utes, due to which the moles of NOy stored were less than the
theoretical maximum value. Note that the theoretical maximum
value is based on an assumed value of Sg,o [49]. A change in the
surface structure and NOy storage in the bulk storage phase could
alter the theoretical maximum amount of NOy that can be stored
on the catalyst.

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

aij - 8ij _ kCJ(X)

ot = Y R_Q (ijfcj.wc) (17)

Here, j represents Hp, N or NH3, ¢j, represents the cup-mixing
concentration of speciesj in the fluid phase, and ¢; ., represents the
concentration of species j at the fluid-washcoat interface. The fluid
velocity and the transverse diffusion length scale are represented
by u and Ry, respectively. Position-dependent mass-transfer coef-
ficients for each species j, represented by k. 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 H, species bal-
ance in the solid phase is given by

BCH2 Wce 1

ot B ewcbc(a+dc)

x| aken, (X)(CHy,m — CHy,we)

3 CHy,weNc27TRe

aL (4k1 calr—g. + k3cpto-ptRc) (18)

Here &wc, Oc, 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 H, and chemisorbed oxygen, given by H, + O-Pt —
H,0 + Pt. cp; represents the surface concentration of Pt (in moles
of exposed Pt/exposed area of Pt), and 6p—p; is the fractional sur-
face coverage of chemisorbed oxygen on Pt. Eq. (18) assumes that
the reaction rate between H, and stored NOy is proportional to
the perimeter of the Pt/Ba interface, whereas the reaction between
H, and chemisorbed oxygen is proportional to the surface area of
exposed Pt atoms. Hence, the term ‘4kq cal,—g." in Eq. (18) rep-
resents the consumption of H, by stored NOy, whereas the term
‘k3cptfo—peRc’ represents the consumption of H, by chemisorbed
oxygen on the exposed Pt surface. A similar balance for NHs in the
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solid phase is given by
8CNH3,WC _ 1
ot T ewcdc(a+8c)

x| ake NHy (X)(CNHg,m — CNH3,we)

N Nc27Re Calr—g.(K1CHywe — (5/3)’<2CNH3,WC)

aL (19)

In deriving Eq. (19), we implicitly assume that NH3 does not
react with the chemisorbed oxygen on Pt. The term ‘kqcp,wc’ in
Eq. (19) represents the generation of NH3 (reaction 1a), whereas
‘(5/3)kaCNH; we’ represents the consumption of NH3z by stored NOx
(reaction (2a)). Reaction (2a) has also been used to develop the
species balance equation for N in the solid phase, given by

aCN2 we 1

ot ewdc(a+de)

Nc27Rcks Calr—r. CNH3 we

X akc,N2 (X)(CNz,m - CNz,wc) +

3L
(20)
A balance for the vacant sites on Pt has the following form:
a6
Bitv = k3cH,,wcBo—pt (21)

Here 6, represents the fractional surface coverage of vacant sites
on Pt.

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

IC: Att=0, Cjim =0, Ciwe =0, 6y=0, O<x<lL
(22)
BC: Atx=0, (= c}" (23)

c]i.“ in Eq. (23) represents the inlet concentration of species j.
Eqgs. (9)-(12) and (17)-(23) are non-dimensionalized using the
following variables:

. . r—Rc - tDa R
L Rer — Rc’ (Refr — R Reff — Re
(24)
s« ij * ijWC * CA
o= fwe = Ch=—"— (25)
Jm o Jwe o, Cho
The non-dimensionalized equations are given by
act  9%cx acx
A — A 1 A (26)
at  gr+* T+ A orx
IC: Att=0, =1 0=<r- <1 (27)
BC1: Atr =0,
act  (Resr—Ro)ciD i
31‘? = Da . (k1 C:lz,wc + kZCItIH}wc) (28)
BC2: Atr =1 och 0 (29)
‘ r=b ors
i _ R —R)® [_1%5m _ k@ o 0 30)
ot Dp L 0z Rgo ~/m Jwe

0ty we _ (Rt — Re)?
ot Dpgwcde(a+ 6c)
X akc_HZ(z)(c’]i,z,m — lelz,wc)
i1, weNe27Re
- %(4& CAo Cp oot kscptBo—ptRc) (31)
OCNH; we _ (R =Ry
ot Dpéwcdc(a+ 6c)
x [a’<c,NH3(z)(C§H3’m — b we)
CAo27ReNe | . _ (ki ey e = (573026, )
— : - (32)
4L
0Ky we __ (Rer—RY?
ot Dpéwcdc(a+ 8¢)

X lakC-Nz(z)(CKIz.m - CKIZ’WC)

Ne27Rcky cpoCh| |, C
I C (;If\ r+=0 NH3,wc (33)
30y (Regr—R)?,
a—tv = 7( effDA C) k3C;_?2C;E12‘WC90_pt (34)
IC: At T=0, cj‘mzo, c;wczo, =0, 0<z<1
(35)
BC: Atz=0, ¢ = c]'“ (36)

C}“* in Eq. (36) represents the dimensionless inlet concentration of
speciesj. Itis observed from Eq. (26) that the curvature effect would
be negligible if A > 1 (or Regr ~ Rc), i.e. NOy is stored very close to
the Pt/Ba interface. However, Eq. (26) reduces to the conventional
cylindrical 2D equation for A — 0 (or Regf > Rc).

3. Results and discussion

Before discussing the results, it is instructive to describe the
expected transient profile of the instantaneous NOy conversion for
various catalysts and the reaction conditions. A linear relationship
between the instantaneous NOy conversion and time indicates the
presence of H, 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 NOy by
the process of diffusional transport and spill-over of NOy is fast and
hence is not the rate controlling process. If the transport of NOy
towards the Pt/Ba interface is the rate controlling process, it can be
shown for A — 0 that the diffusive flux is proportional to \/Da/t,
where ¢ is the time during the regeneration. Hence, the integral
NOy 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 NOy conversions for
the 3.2% dispersion catalyst. Four different values of the constant,
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Fig. 3. Instantaneous NO, conversion for various temperatures during regeneration
of the 3.2% dispersion catalyst (markers represent experimental data; smooth lines
represent predicted values).

C, are chosen and the instantaneous NOy conversion (erqn

Oxstored) 1s
predicted using the relation: XI{I“OXStored = C'/t, where C' = C/Da.
It is observed that the instantaneous NOy conversion is propor-
tional to the square root of time, hence indicating that the diffusion
of stored NOy is the rate determining process for the 3.2% disper-
sion catalyst. It is noted that the diffusional transport of stored NOy
and its spillover to the Pt are expected to be activated processes.
Similar results were obtained for the 8% dispersion catalyst at low
temperatures. This issue will be discussed in detail later.

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

2
Lo _Roo _ (Resi—Rc) fop = Reff = Re
c= = iD= D Dr RA kycl
2
(37)
o — 2ewcdc(a+ 8c)LApER? |
Rz 7tk1CaoNav D3 Mpy,
8ewcSc(a + 8c)Lcl AppR2
tRNH3 = : (38)

5
CAoﬂNangtMPt—r(kl CHy,we — jkchHg,WC)

The symbols, tc, tip, tsp, tra, tRHZ' and tRNH3 represent the con-
vection (or residence) time, diffusion time of species j in the
transverse direction (synonymous with the external mass trans-
fer time), characteristic diffusion time of stored NOy in the Ba
phase, characteristic reaction time for the consumption of stored
NOy, characteristic reaction time for the consumption of H, by
NOy, and characteristic reaction time for net generation of NHjs,
respectively. The characteristic time for consumption of NOy (tga)
is derived using Eq. (28), whereas, tRHz and tRNH3 are obtained

using Eqgs. (31) and (32), respectively, in combination with Eq. (4).

Table 3
Values of parameters used in the simulations.

Parameter Numerical value

L 0.02m

Ro 2.75 x 104 m

a 1.1x103m

S 3x10°m

Ewc 0.4

ky 1 x 103 m*/(mols)

ko 1.5 x 107> m*/(mol s)

ks 10° m3/(molss)

Cho 6.28 x 10-% mol/m? 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 (Djy,)
of Hy, N5, and NHs in Ar were obtained using the following relations,
where Ts represents the monolith temperature:

Dy, m = 5.83 x 1079767 (39)
Dnym = 1.62 x 1079770 (40)
Dy, m = 1.213 x 1079770 (41)

These relations were developed by calculating the gas-phase diffu-
sivities of Hy, N, 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, ty, p, and tny, p 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 H, and NH3 decreases with temperature
due to an increase in the gas-phase diffusivity with temperature.
It is observed that ty,p < tc and tnp,p < te, thus showing that
transverse diffusion (or external mass transfer) is fast for both of
the reacting gas phase species (H, 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 N,
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 (H, 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 NOy conversion data indicated a rate
limitation caused by the diffusion of NOy 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 H, and NH3 were observed at lower

Table 4

Estimated characteristic times at various temperatures.
T; (°C) it (m/s) Dyt m (m?/s) Dniym (m?/s) te () tii,.p () tHy,p (S)
160 7.77 x 10! 1.5x 104 5.0 x 10> 2.6 x 102 5.1x 104 1.5 x 103
230 9.03 x 10! 1.9x 1074 6.5 x 10-° 2.2 x 1072 3.9x10* 1.2x 1073
300 1.03 x 10° 2.4x104 8.1x10°° 1.9x 102 3.2x104 9.4 x 104
370 1.15 x 10° 2.9x104 9.8 x 102 1.7 x 102 2.6 x 104 7.7 x 1074
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Table 5
Estimated characteristic reaction times of stored NOy (tra) for various dispersion
catalysts at different temperatures.

3.2% 8% 50%
160°C 43x1073s 1.1x1073s 6.9x10°s
230°C 5.0x 1035 1.3x103s 8.1x10>s
300°C 5.7 x1073s 1.5x103s 9.2x10s
370°C 6.4x103s 1.6x103s 1.0x 107%s

temperatures. Clayton et al. [34] carried out NO reduction experi-
ments using an equimolar mixture of H, and NH3. For temperatures
exceeding 150°C, complete NO reduction by H, was observed with
negligible conversion of NH3, thus showing that NH3 is not an effec-
tive reductant in the presence of H,. Hence, the numerical value of
k is chosen to be much lower than kq. Except for a sensitivity study,
the selected values were not modified in any of the calculations
carried out in this study.

An analysis of tga requires an estimate of the diffusivity of stored
NOy in the Ba phase, which to our knowledge is not available in the
literature. We assume that the stored NOy diffusivity at the four dif-
ferent temperatures, namely, 160,230,300 and 370°Cis 5 x 1019,
5x 10718 5 x 10~17, and 5 x 10-16 m?2/s, respectively. These values
correspond to a diffusion activation energy of ca. 75 kJ/mol, assum-
ing an exponential dependence with temperature. We chose these
values of diffusivity so that at the lowest diffusivity, the characteris-
tic NOy diffusion time (tsp) is higher than the total time available for
regeneration (200 s), whereas for the highest diffusivity, the charac-
teristic stored NOy diffusion time is less than the total time available
for regeneration. This choice results in the prediction of incomplete
NOy conversions at low temperatures (corresponding to a low value
of stored NOy diffusion coefficient), and high conversions at high
temperatures (or fast stored NOy diffusion). We will return to this
point later in the simulations.

The characteristic reaction times (tga ) and diffusion times (tsp)
of stored NOy for the three catalysts at different temperatures are
givenin Tables 5 and 6, respectively. The slight increase in the char-
acteristic reaction times with an increase in temperature is due
to the decreasing inlet concentration with temperature. The char-
acteristic reaction time expectedly decreases with an increase in
the Pt dispersion. It is observed that tsp is higher than tgs for each
of the catalysts over the entire range of temperatures. Moreover,
tsp is higher than all the other characteristic times (tc, tjp, tRHZ ),
indicating that the diffusion of stored NOy is the rate-determining
process. This result was anticipated earlier using the dependence
of the instantaneous NOy conversion on the square root of time
(Fig. 3). The analysis is valid when the regeneration is not lim-
ited by the inlet flow rate of the reductant. It is interesting to
note that the diffusion of stored NOy in a LNT catalyst is funda-
mentally similar to the diffusion of oxygen in a three-way catalytic
converter (TWC) catalyst, which has been studied in more detail.
For a ceria-supported TWC catalyst, Bedrane et al. [51] reported
that oxygen storage on ceria is governed by the diffusion of oxy-
gen, and that the storage is restricted to the ceria surface. This is
similar to our finding that the stored NOy diffusion is the rate-
determining process. Using Eqs. (14) and (37), it can be shown
that tsp is proportional to the radius of the crystallite (Rc). Also,

Table 6
Estimated characteristic diffusion times of stored NOy (tsp) for various dispersion
catalysts at different temperatures.

3.2% 8% 50%
160°C 6.5 x 10*s 4.3 x10°s 1.7x10's
230°C 6.5x10%s 4.3 x 10%s 1.7 x 10%s
300°C 6.5 x 10%s 4.3 x10's 1.7x107's
370°C 6.5x10's 4.3 x 10% 1.7 x102s

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 NOy 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 tsp is inversely
proportional to the diffusivity of stored NOy 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 NOy with
temperature. We will return to these points as well later in the
paper.

Egs. (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 NOy diffusivity. The value of cp; is obtained using
cpt = (Mpg, /Nc27tR2)(d/100); this gives 1.75 x 1075, 1.82 x 107,
and 2.0 x 10~> mol/m? 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 x 10~ m?/s at 300 K.
This is in contrast to an activation energy of 20.9 kJ/mol reported
for CO on Ni(100) [53], which results in a surface diffusivity of
4.55 x 1072 m2/s at 300K. In addition, the surface diffusivities of
0 at 300K have been reported to be 9.04 x 10~22m2/s on W(211)
[54], and as low as 1.47 x 102> m2/s on W(110) [55]. These sur-
face diffusivities correspond to an activation energy of 41.8-58.5
and 100 k]J/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 NOy diffusivity was varied
between5 x 10-1%and 5 x 10~16 m2/s to assess the model sensitiv-
ity to this parameter. As mentioned earlier, since the diffusivity of
stored NOy in the Ba phase is not available in the literature, we used
the estimated characteristic times for stored NOy 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 H, effluent concentrations when the low disper-
sion (3.2%) catalyst was exposed to 1500 ppm H, after storing
1.5 x 10> mol of NOy. It is observed that at low temperatures,
the effluent H, concentration increased sharply to its inlet value
of 1500 ppm. However, for the highest temperature (370°C), the
H, effluent concentration increased slowly to its inlet value. These
results can be explained by the rate limitations caused by the
diffusion of stored NOy towards the Pt/Ba interface. For the 3.2%
dispersion catalyst, the average distance (Re¢r) between the Pt/Ba
interface and NOy storage sites is quite large (195 nm; Table 1), ren-
dering most of the NOy stored inaccessible for regeneration by Hs.
However, there is some NOy 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 H, in the effluent, followed by a
sharp H, breakthrough curve at low temperatures. As the temper-
ature increases, the NOy diffusivity increases, resulting in the faster
transport of NOy to the interface, where it reacts with H,, result-
ing in a slow H; breakthrough. Fig. 4(b) shows the model-predicted
effluent H, concentration for the 3.2% dispersion catalyst for vari-
ous values of stored NOy diffusivity. It is observed that the model is
effectively able to capture the sharp H, breakthrough for low NOy
diffusivity (synonymous with low temperature), and a slow break-
through at the highest value of diffusivity. The slight delay in the
effluent H, concentration data as compared to the model-predicted
results could be because of axial dispersion in the lines connecting
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Fig. 4. (a) Experimental effluent H, concentrations at various temperatures for the
3.2% dispersion catalyst and (b) model-predicted effluent H, concentration for var-
ious stored NOy diffusivities for the 3.2% dispersion catalyst.

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

The corresponding temperature dependence of the model-
predicted instantaneous NOy conversions (XI{J“OX stored) ON time for
various stored NOy diffusivities is shown in Fig. 5, and is calculated

as follows:

o [ (Enity (8) + 2Fy, (£)) d
(6= M
NOyx

NOystored (42)

Here Fny, and Fy, represent the effluent molar flow rates of NH3
and N, respectively. Note that the present model does not con-
sider the formation of N,O or NOy release during regeneration.
Hence, N, O and NOy have not been included in the model-predicted
instantaneous NOy conversion given by Eq. (42), as opposed to the
experimental instantaneous NOy conversion given by Eq. (1). Nev-
ertheless, the results are similar to the experimentally measured
NOy conversion for various temperatures, shown in Fig. 3. At low
temperatures (160 °C), the instantaneous NOx conversion is low,
whereas at high temperatures (370 °C), the NOy conversion slowly
increases, consistent with the slow breakthrough of H, (Fig. 4(a)).
This is because the characteristic diffusion time (tsp) given by Eq.
(37) is inversely proportional to the diffusivity of NOy in the BaO
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Fig. 5. Model-predicted instantaneous NO, conversion for various stored NO, dif-
fusivities for the 3.2% dispersion catalyst.

phase. For low temperatures, the NOy diffusivity is low resulting
in a high characteristic time for diffusion, which leads to earlier
breakthrough of H, and a low instantaneous NO conversion. With
an increase in temperature, the NOy diffusivity increases, reduc-
ing the characteristic diffusion times and thereby increasing the
instantaneous NOy conversions.

The effluent H, concentration profiles for the 8% dispersion
catalyst at various temperatures are shown in Fig. 6(a). The H,
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 Hy consumed and hence the NOy
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 NOy 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 NOy diffusion time (tsp) on the catalyst dispersion.
As described earlier, it can be shown using Eq. (14) that the char-
acteristic diffusion time (tsp) 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 NOy diffu-
sion time, due to which the 8% dispersion catalyst would reduce
more NOy 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
addition to the exposed Pt area. Thus, increasing the catalyst dis-
persion should result in increased rates for NOy reverse-spillover
and H, 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).

d (%) Ip (m/channel) Sg (m?/channel)
3.2 6.77 x 104 1.02x 1073
8 3.90 x 10° 2.44 x 103

50 1.26 x 107 1.38 x 1072
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Fig.6. (a)Experimental effluent H, concentration at various temperatures for the 8%
dispersion catalyst and (b) experimental instantaneous NO, conversion at various
temperatures for the 8% dispersion catalyst.

respectively. The same concept can be used to explain the high NOy
conversions for the 50% dispersion catalyst as compared to the 3.2%
and 8% dispersion catalysts.

From Fig. 6(a), it is observed that a sharp H, breakthrough
occurs at low temperatures for the 8% dispersion catalyst similar to
the 3.2% dispersion catalyst. An increase in temperature to 300°C
causes the slope of the H, breakthrough curve to decrease as was
observed for the 3.2% dispersion catalyst at 370°C. We attribute
these observations to the increased rate of NOy transport towards
the Pt/Ba interface as was discussed for the 3.2% dispersion cata-
lyst. On increasing the temperature further to 370°C, a sharp H,
breakthrough curve is again observed. A higher H, breakthrough
time is a notable difference at this high temperature. Unlike at low
temperatures, the sharp H, breakthrough at 370°C is ascribed to
the emergence of limitations caused by an inadequate H, supply
feed rate as compared to the rate at which NOy is regenerated.
These experimental observations can be explained by assuming
temperature-dependent diffusivities of stored NOy. Fig. 7(a) shows
the predicted effluent H, concentration for the 8% dispersion cata-
lyst for various values of NOy diffusivity. It is observed that the slope
of the model-predicted H, breakthrough curve decreases and then
increases with an increase in diffusivity, which is consistent with
the experimental observations.
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Fig. 7. (a) Model-predicted effluent H, concentration for various stored NOy, diffu-
sivities for the 8% dispersion catalyst and (b) model-predicted instantaneous NOy
conversion for various stored NOy diffusivities for the 8% dispersion catalyst.

The change in the rate determining process resulting in a change
in the slope of the Hy, breakthrough curves is more effectively
depicted by analyzing the instantaneous NOy conversions. Fig. 7(b)
shows the model-predicted instantaneous NOy conversion for the
8% dispersion catalyst for various stored NOy diffusivities. For low
values of diffusivity, the slope of the instantaneous NOy 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 NOy conversion and time,
indicating the aforementioned emergence of H, feed rate limita-
tions. These results are similar to the experimentally measured
instantaneous NOy conversions at various temperatures for the 8%
dispersion catalyst, shown in Fig. 6(b). It is noteworthy that the
experimentally measured instantaneous NOy 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 NOy
during the storage phase. Another more likely cause is that some
NOy might be inaccessible to the reductant(s). Similar analysis was
performed for the 50% dispersion catalyst. A linear relationship was
observed between the instantaneous NOy conversion and time for
high temperatures (230, 300 and 370°C), thus indicating that H,
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feed rate is the rate limiting process for the high dispersion (50%)
catalyst.

As described earlier, the effluent concentration profiles are
dependent on the reverse-spillover of NOyx towards the Pt/Ba
interface, which in turn depends on the Pt dispersion and the tem-
perature. Hence, the effect of temperature and Pt dispersion can
be explained by analyzing the radial distribution of the stored NOx
concentration in the Ba phase (Rc < 1 < Reff). The concentration of
stored NOy in the Ba phase at the end of the monolith (x =L) is
shown in Fig. 8(a) for the 3.2% dispersion catalyst at the highest
value of the stored NOy diffusivity (= 5 x 10~16 m2/s), for various
times during the regeneration. The concentration of stored NOyx
prior to the regeneration is 6.28 x 10~% mol/m? exposed BaO and
was given in Table 3. It is observed that for all times during the
regeneration, the NOy concentration increases with distance from
the Pt/Ba interface (r = Rc). The use of no-flux boundary condi-
tion (Eq. (12)) ensures a zero gradient of NOy concentration in
the radial direction at r = Reg. As time progresses, more NOy is
transported towards the Pt/Ba interface due to its reduction by
H, and/or NHs. Hence, as seen in Fig. 8(a), the NOx concentration
decreases with time for a given radial position in the Ba phase.
A radial gradient in the stored NOy concentration at the exit of
the reactor at t = 10s suggests that the H, concentration front
reaches the end of the monolith in less than 10s, as was shown
in Fig. 4(b).

The radial distribution of stored NOy at the end of the monolith
for a lower diffusivity (5 x 10~17 m2/s) is shown in Fig. 8(b) for the
3.2% dispersion catalyst. It is observed that in contrast to Fig. 8(a),
the stored NOy concentration is close to its initial value at all times
near r = Rqg. This is attributed to the lower diffusivity of stored
NOyx which results in lower NOy conversions (Fig. 3). An analysis
of the NOy concentration was also performed for the 8% and 50%
dispersion catalysts. The radial distribution of stored NOy at the
end of the reactor for the 8% dispersion catalyst at a diffusivity of
5 x 10~ m2/s is shown in Fig. 8(c). It is observed that at shorter
times (10 and 20s), the stored NOx concentration is equal to its ini-
tial value for all radial positions (Rc < 1 < Regf). This is because the
H, concentration front takes a finite time to reach the end of the
reactor (Fig. 6(a)). It is also observed that because of the lower char-
acteristic diffusion times for the 8% dispersion catalyst, the stored
NOy concentration reaches a value close to zero throughout the Ba
phase towards the end of regeneration. Similar results were pre-
dicted for the 50% dispersion catalyst, except that the gradients
within the Ba phase were small as compared to the 8% dispersion
catalyst.

The computed concentration of the stored NO, at the Pt/Bainter-
face (r = R¢) gives information about the rate determining process.
A process limited by the diffusion of stored NOx would result in
low stored NO, concentrations at the Pt/Ba interface as compared
to the concentrations at r = R.¢. The interfacial NOx concentra-
tion for the 3.2% dispersion catalyst for the range of diffusivities
(5 x 1071905 x 10~16 m?/s) was found to be close to zero, whereas
the concentrations at r = R.r were much greater. This lends sup-
port to the diffusion of stored NOy being the rate determining
process. The interfacial NOy concentrations were close to zero for
the 8% dispersion catalyst as well for low diffusivities (5 x 10~1°
and 5 x 10718 m?/s), suggesting again that the diffusion of stored
NOy is the rate determining process. However, as the diffusivity is
increased further, the ratio of the interfacial concentration and the
concentration at r = Refr increases to non-negligible values. This
indicates the emergence of limitations caused by the feed rate of
H, (Fig. 6(a)). Under these conditions, the radial profiles are char-
acteristically more uniform since the stored NOy diffusion is faster
relative to the reductant feed rate.

The interfacial NOyx concentration for the 8% dispersion cata-
lyst at the highest diffusivity (5 x 10716 m2/s) is shown in Fig. 9(a).

(a) x10 ‘ . : —
sli =R ]
q I
NE l/
= N
o b 1
£ = |
= |
o [
LR o S B B A - e ]
g |
c |
8 ! '
c 3r [
=] | !
(& | . 1
»x . time |
g 2 —--—-40s |
- ! 3.2% dispersion —_—50s |
] ! 16 2
5 1 ,: 5x10 77 m“/s /1: q
w 4 =
' r=Ry :
0 1 i 1L
50 100 150 200
Radial Position (nm)
(b) '
Nﬁ |
£
o
E

X

3.2% dispersion
53107 m?ss

Stored NO _ Concentration

0 \ . .
50 100 150 200

Radial Position (nm)

—_—
(2]
~

(mol/m 2)

T

I

I

I

I

I

—10s !
o5

——-40s |

— 50 § E

I

I

I

|

I

8% dispersion
5x10 ¢ m?/s

X

I’=Heﬁ

Stored NO _ Concentration

20 30 40 50
Radial Position (nm)

Fig. 8. Radial variation of the stored NO, concentration at the monolith outlet
for various times during the regeneration. (a) Dispersion = 3.2%, NOy diffusivity =
5x 107 m?[s, (b) dispersion =3.2%, NOy diffusivity=5x10"1 m?/s and (c)
dispersion = 8%, NO, diffusivity=5x10-16 m2/s.



D. Bhatia et al. / Catalysis Today 151 (2010) 314-329 325

-6
() 7,><1O . .
) 8% dispersion
-16 2
£ 6} 5x107° ms
=]
E’ —5
c 5 N
] ---10s
g ....... 15s
S 4 --20s k
2 —255 ]
8 3F ==-=30s ]
Ox ....... 35s
Z ot .
c
(]
©
T 1t 4
2
£
0 : s !
0 0.5 1 1.5 2
Axial Position (cm)
-6
® 7219, : :
- 50% dispersion
16 2 = e
E 6l 5x10°° m*/s P P P
o i ) i
E | —ss [
§ 5f---10s PoF
- B 155 !
=] .
£ af--20s .
8 | —oss -
o ===30s I
3. 4
g, ------- 35s -
..... 1
= ol 40s '
© 1
‘© 1
& 1
e 1T I time
2
E R
ol— !
0 0.5 1 1.5 2

Axial Position (cm)

Fig. 9. Interfacial NO, concentration for various times during the regenera-
tion. (a) Dispersion = 8%, NOy diffusivity=5x10-'® m?/s and (b) dispersion = 50%,
NO, diffusivity=5x10-16 m2/s.

It is observed that for all times, the interfacial NOy concentration
increases from zero to its highest value (= cao). This can be related
to the propagation of H; front along the length of the reactor. A
zero interfacial NOy concentration at the front of the reactor is due
to its consumption by H,. To the contrary, the interfacial NOy con-
centration is equal to its initial value near the end of the reactor
because the H; front does not propagate to the end of the reactor
for low regeneration times. A non-zero interfacial concentration
for the 8% dispersion catalyst at high diffusivity values supports
our hypothesis that at high temperatures, the regeneration is lim-
ited by the feed rate of H,. Similar analysis was performed for the
50% dispersion catalyst. The interfacial NOy concentration for the
50% dispersion catalyst at the highest diffusivity (5 x 10-16 m2/s)
is shown in Fig. 9(b). A non-zero interfacial NOyx concentration was
found for all the NOy diffusivities, except in the front section of the
reactor, suggesting that the regeneration is limited by H, feed rate.
Similar to the 8% dispersion catalyst, the interfacial NOx concen-
tration increases from zero to its initial value along the length of
the reactor. However, the concentration increase along the length
is sharper as compared to the 8% dispersion catalyst. This can be
explained by the higher reaction rates on the 50% dispersion cata-
lyst.

Until now, the focus has been on the NOy conversion and H
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 NOy diffusion
time (tsp) is higher than all the other characteristic times, indicat-
ing that diffusion of stored NOy 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
NOy (tgra)- Since stored NOy is consumed by H, and NH3, the selec-
tivity to NH3 is determined by the characteristic time for net NH;
generation (tRNH3 ). The ratio of tRHZ and tRNH3 is obtained from Eq.

(38) and is given as

tRHZ 1 c 5kZCNH3,WC
= — Howe — —57——
tRNH; 4C1r?2 e 3k

As expected, Eq. (43) indicates that the selectivity to NHs is deter-
mined by the ratio of the rate constants, k1 and k,. Simulations were
performed in which the rate constants, k; and k,, 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 H, and NH; 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 NOy 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 NOy
towards the Pt/Ba interface at all temperatures, due to which the
interfacial NOy concentration approaches zero. With an increase in
the temperature, the rate of NOy 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 H,, H, reacts prefer-
entially with the stored NOy 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 N, since
negligible N, was observed in the effluent at low temperatures (not
shown here). The likely cause for the delay in NHj is its adsorption
on the catalyst. In a related modeling study, it was shown that the
experimentally measured NH3 and H,O 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 N,
in the effluent at low temperatures shows that NHs 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 NOy diffusion controlled regime is because under such
conditions, Hj is present at the Pt/BaO interface in addition to NHs.

(43)
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Even though not shown here, the model predicts low values of efflu-
ent N, concentration at low temperatures for the 3.2% dispersion
catalyst.

The model-predicted effluent NH3 concentration for the 8% dis-
persion catalyst is shown in Fig. 11(b). It is observed that the
model predicts a maximum in the peak NH3 concentration with an
increase in the diffusivity of stored NOy. The results are similar to
the experimentally observed maximum in the peak NH3 concentra-
tion with respect to the catalyst temperature, shown in Fig. 10(b).
As for the 3.2% dispersion catalyst, the NH3 concentration increases
with an increase in the diffusivity of stored NOyx. Under these con-
ditions, the regeneration is governed by the transport of stored NOy
to the interface. However, with further increase in the stored NOy
diffusivity to 5 x 10-16 m2/s, there is a shift in the rate limiting pro-
cess from NOy transport-limited to H, feed rate limited, which was
discussed before in relation to Figs. 7(a) and (b). This results in
non-zero interfacial NOy concentrations. Under H, feed rate lim-
ited conditions, all the H, reacts to form NHs, conditions for which
NH3 does not compete with H; for the stored NOx. Hence, the stored
NOy at the interface reacts with NH3, which results in a decrease
of effluent NH3; concentration for the highest stored NOy diffusiv-
ity. Figs. 10(b) and 11(b) reveal that the model-predicted peak NH3
concentration is higher than the experimentally measured values.
A plausible reason for this could be NH3 adsorption on the catalyst,
which has not been considered in the present model.

The model-predicted effluent NH; concentration for various
stored NOy diffusivities for the 50% dispersion catalyst is shown in
Fig. 11(c). The model predicts a decrease in total NH3 in the efflu-
ent with an increase in the diffusivity of stored NOy. The decrease in
the amount of NH3; with temperature was observed experimentally
(Fig. 10(c)). For the 50% dispersion catalyst, feed rate limitations are
observed at all the temperatures (except 160°C). As discussed ear-
lier, NH3 does not compete with H; for the stored NOy under H, feed
rate limited conditions. With an increase in the temperature, the
rate of NOy transport to the Pt/Ba interface increases, resulting in a
higher concentration of stored NOy at the interface. This increases
the NH3 consumption rates, thereby decreasing the effluent NH3
concentration. However, the predicted effluent NH3 concentration
is higher than the experimentally measured concentrations at all
the temperatures. As stated before, this is likely a cause of NH3
adsorption on the catalyst, which is strongly favored at low tem-
peratures. Another factor could be the accuracy of the value of R.
used in the simulations for the 50% dispersion catalyst. As men-
tioned before, the Pt particles were not measurable for the 50%
dispersion catalyst, due to which the radius of the crystallite was
estimated using the value of Pt dispersion.

To summarize, NH3 formation is favored under conditions when
NO transport to the Pt/Ba interface is the rate determining process.
This is more likely for the low dispersion catalysts, as discussed ear-
lier. For the conditions when the regeneration is limited by the H;
feed rate, NHs3 further reacts to form N, at the Pt/Ba interface and
hence is not observed in the effluent. This is typically observed for
the high dispersion catalysts at high temperatures. The above jus-
tification is given at the crystallite scale. This is also valid at the
reactor scale, where NHj is likely to react with the stored NOy
downstream of the H, front under H; feed rate limited conditions.

The experimental data indicate that the peak N, concentration
at the highest temperature (370°C) is less than the stoichiometri-
cally expected value of 300 ppm (= Inlet H, concentration/5) for the
8% and 50% dispersion catalysts [1]. The expected value of the N,
concentration is based on the following overall reaction during the
regeneration [2]: 5Hy + Ba(NO3), — 5H,0 + BaO + N,. For the 8%
dispersion catalyst, the peak N, concentration is 280 ppm, whereas
itis 250 ppm for the 50% dispersion catalyst. This can be explained
by the consumption of H, by the chemisorbed oxygen on Pt, due to
which the effective H, concentration for reaction with the stored

NOy 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 O, adsorption. Hence, the effec-
tive Hy concentration for the reaction with stored NO, decreases
with an increase in dispersion, resulting in the decrease of peak N,
concentration. Even though not shown here, the model is able to
predict the decrease in peak N, 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 H, 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/NOy 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:

NayD3 TMpy, d
Sp= —— T 44
E 2ApK (44)
A similar analysis for the interfacial perimeter using Eq. (8) gives:
NayD3, 7t Mpy, d2
[p = P TP (45)
2AppK?

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 NO reduction is proportional
to the Pt/Ba interfacial perimeter. Reiterating, Eq. (45) suggests that
the regeneration rate of the NOy 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 H, and NH3 breakthrough
profiles, and the selectivity to NHs. 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.
To the contrary, NH3 generated using an LNT is beneficial for a
system in which the LNT effluent is fed to a downstream SCR. It
is observed from the experimental findings [1] and corroborated
by the simulations that neither a high dispersion catalyst nor a
low dispersion catalyst should be used separately over a range of
temperatures in order to maximize (or minimize) NH3 during the
regeneration. Here, we propose a design to maximize the amount
of NHs3 in the exhaust of a LNT over a range of temperatures. This
would shift more of the NOy reduction burden to the zeolite-based
SCR catalyst, which is cheaper than the noble metals-based LNT
catalyst. We consider two catalysts having different Pt dispersions
sequentially positioned in the LNT, with the low dispersion cata-
lyst in front of the high dispersion catalyst. At low temperatures,
the low dispersion catalyst would not be active for storage or regen-
eration. The storage would primarily occur on the high dispersion
catalyst. During the regeneration, the reductant would not be con-
sumed while flowing through the low dispersion catalyst, because
of low levels of NOy stored and the low efficiency for NOx reduction.
However, the high dispersion catalyst would be active even at low
temperatures. Hence, the reduction of NOy would mainly occur on
the high dispersion catalyst with a high selectivity to NH3 because
of the low temperatures (Fig. 10(c)). However, the Pt dispersion
should not be too high, otherwise it could result in a high activity
for reduction of NOy by NHs. In contrast, at high temperatures, the
low dispersion catalyst would be active for the storage as well as
regeneration. Hence, the storage would take place on the low dis-
persion catalyst and negligible amounts of NOx would be stored on
the high dispersion catalyst. During the regeneration, the reduc-
tion of NOx would occur on the low dispersion catalyst, with a high
selectivity to NH3 because of the high temperatures (Fig. 10(a)).
However, if NOy is also stored downstream on the high dispersion
catalyst, the NH3 produced over the low dispersion catalyst would
have a strong tendency to get reduced to N,. Hence, the low dis-
persion catalyst needs to be designed in a way that it is sufficiently
active at high temperatures to avoid NOy release during the storage,
which could adsorb on the high dispersion catalyst. Based on the
earlier discussion related to the dependence of interfacial perime-
ter on the Pt loading and dispersion, the low dispersion catalyst in
the design proposed above can be replaced by a high dispersion cat-
alyst having a lower Pt loading. However, high dispersion catalysts
might get deactivated due to the high temperatures encountered in
a vehicle exhaust. Hence, catalyst aging in addition to the material
costs needs to be considered in the design of these catalysts.

Experimental data on the effect of temperature during NOy
reduction is explained in this work by proposing the diffusion of
stored NOy as the rate determining process. Also, the work by
Kumar et al. [37] and Sakamoto et al. [38] showed the existence
of NOy gradients in the BaO phase. However, there is lack of direct
experimental evidence which rules out the possibility of the diffu-
sion of H; in the BaO phase.

4. Conclusions

A model based on global kinetics is developed using detailed
crystallite-scale catalyst features to investigate the effect of Pt dis-
persion and temperature during the regeneration of alean NOy trap.
Experimental data for three catalysts having the same Pt loading
but different dispersions is analyzed and simulations are performed
to predict the experimental trends. It has been shown that the
effect of dispersion can be explained by the varying average dis-
tance between the NOy stored and the Pt/Ba interface and its effect
on the stored NOy transport process. The total interfacial perimeter
between the Pt and Ba increases with an increase in the Pt dis-
persion, resulting in higher rates of reverse-spillover of NOy. In

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

The effect of temperature has been modeled by using
temperature-dependent diffusivity of stored NOy in the Ba phase.
The model predicts that gradients in the stored NOy concentration
exist in the Ba phase. An analysis of the various characteristic times
shows that the diffusion of stored NOy 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 NHs formation and consumption
are lower than the characteristic diffusion times of stored NOy. 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 N, concentration with
an increase in the Pt dispersion, which has been explained by the
consumption of H, 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 H, was a better
reductant than NH3 at lower temperatures. Future modeling work
should include the kinetic limitations due to NHs3, 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.

Disclaimer

This report was prepared as an account of work sponsored by an
agency of the United State Government. Neither the United States
Government nor any agency thereof, nor any of their employees,
makes any warranty, express or implied or assumes any legal lia-
bility or responsibility for the accuracy, completeness, or usefulness
of any information, apparatus, product, or process disclosed, or
represents that its use would not infringe privately owned rights.
References herein to any specific commercial product, process, or
service by trade name, trademark, manufacturer, or favoring by
the United States Government or any agency thereof. The views
and opinions of authors expressed herein do not necessarily state



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

or reflect those of the United States Government or any agency
thereof.

Acknowledgement

The work reported was supported by DOE-NETL (DE-FC26-
05NT42630).

References

[1] R.D.Clayton, M.P. Harold, V. Balakotaiah, C.Z. Wan, Appl. Catal. B 90 (2009) 662.
[2] D.Bhatia, R.D. Clayton, M.P. Harold, V. Balakotaiah, Catal. Today 147 (1) (2009)
S250.
[3] M. Sharma, M.P. Harold, V. Balakotaiah, Ind. Eng. Chem. Res. 44 (2005) 6264.
[4] M. Sharma, M.P. Harold, V. Balakotaiah, SAE J. 2005-01-3882 (2005).
[5] J. Xu, M.P. Harold, V. Balakotaiah, Appl. Catal. B 89 (1-2) (2009) 73.
[6] L. Olsson, H. Persson, E. Fridell, M. Skoglundh, B. Andersson, ]. Phys. Chem. B
105 (2001) 6895.
[7] L. Olsson, RJ. Blint, E. Fridell, Ind. Eng. Chem. Res. 44 (9) (2005) 3021.
[8] B.R. Kromer, L. Cao, L. Cumaranatunge, S.S. Mulla, ].L. Ratts, A. Yezerets, N.W.
Currier, F.H. Ribeiro, W.N. Delgass, J.M. Caruthers, Catal. Today 136 (2008) 93.
[9] A. Scotti, I. Nova, E. Tronconi, L. Castoldi, L. Lietti, P. Forzatti, Ind. Eng. Chem.
Res. 43 (2004) 4522.
[10] P. Koci, M. Schejbal, J. Trdlicka, T. Gregor, M. Kubicek, M. Marek, Catal. Today
119 (2007) 64.
[11] P.Koci, F. Plat, J. Stepanek, M. Kubicek, M. Marek, Catal. Today 137 (2-4) (2008)
253.
[12] P. Koci, F. Plat, J. Stepanek, S. Bartova, M. Marek, M. Kubicek, V. SchmeiRer, D.
Chatterjee, M. Weibel, Catal. Today 147 (1) (2009) S257.
[13] C. Depcik, D. Assanis, K. Bevan, Int. J. Eng. Res. 9 (1) (2008) 57.
[14] A. Guthenke, D. Chatterjee, M. Weibel, N. WaldbuRer, P. Koci, M. Marek, M.
Kubicek, Chem. Eng. Sci. 62 (2007) 5357.
[15] Y. He, SAE ]. 2006-01-0686 (2006).
[16] Y. Kim, ]. Sun, I. Kolmanovsky, ]. Koncsol, SAE J. 2003-01-1164 (2003) 61.
[17] G.C.Koltsakis, N.K. Margaritis, O.A. Haralampous, Z.C. Samaras, SAE J. 2006-01-
0471 (2006).
[18] G. Konstantas, T. Stamatelos, Chem. Prod. Process Model. 2 (3) (2007), n.15.
[19] N.K. Margaritis, O.A. Haralampous, G.C. Koltsakis, Top. Catal. 42-43 (2007) 65.
[20] L. Olsson, D. Monroe, R}J. Blint, Ind. Eng. Chem. Res. 45 (26) (2006) 8883.
[21] C.M.L.Scholz, V.R. Gangwal, M.H.].M. de Croon,].C. Schouten,]. Catal. 245 (2007)
215.
[22] C.M.L. Scholz, K.M. Nauta, M.H.J.M. de Croon, ].C. Schouten, Chem. Eng. Sci. 63
(2008) 2843.
[23] RS. Larson, J.A. Pihl, V.K. Chakravarthy, T.J. Toops, C.S. Daw, Catal. Today 136
(2008) 104.
[24] A. Lindholm, N.W. Currier, ]. Li, A. Yezerets, L. Olsson, J. Catal. 258 (2008)
273.

[25] U. Tuttlies, V. Schmeisser, G. Eigenberger, Chem. Eng. Sci. 59 (22/23) (2004)
4731.

[26] A.Guthenke, D. Chatterjee, M. Weibel, B. Krutzsch, P. Koci, M. Marek, I. Nova, E.
Tronconi, G.B. Marin, in: Advances In Chemical Engineering, vol. 33, AP, 2008,
p. 103.

[27] S. Roy, A. Baiker, Chem. Rev. (2009), doi:10.1021/cr800496f.

[28] D.Bhatia, R.W. McCabe, M.P. Harold, V. Balakotaiah, J. Catal. 266 (1) (2009) 106.

[29] W.S. Epling, J.E. Parks, G.C. Campbell, A. Yezerets, N.W. Currier, L.E. Campbell,
Catal. Today 96 (2004) 21.

[30] K.S.Kabin, P. Khanna, R.L. Muncrief, V. Medhekar, M.P. Harold, Catal. Today 114
(2006) 72.

[31] J.A. Pihl, J.E. Parks II, C.S. Daw, T.W. Root, SAE Tech. 2006-01-3441 (2006).

[32] L. Cumaranatunge, S.S. Mulla, A. Yezerets, NW. Currier, W.N. Delgass, F.H.
Ribeiro, J. Catal. 246 (1) (2007) 29.

[33] S.S. Mulla, S.S. Chaugule, A. Yezerets, N.\W. Currier, W.N. Delgass, F.H. Ribeiro,
Catal. Today 136 (2008) 136.

[34] R.D. Clayton, M.P. Harold, V. Balakotaiah, Appl. Catal. B 84 (2008) 616.

[35] L. Lietti, I. Nova, P. Forzatti, ]. Catal. 257 (2008) 270.

[36] G.Zhou,T. Luo, RJ. Gorte, Appl. Catal. B 64 (2006) 88.

[37] A. Kumar, M.P. Harold, V. Balakotaiah, ]. Catal 270 (2010) 214.

[38] Y. Sakamoto, K. Okumura, Y. Kizaki, S. Matsunaga, N. Takahashi, H. Shinjoh, J.
Catal. 238 (2006) 361.

[39] A. Lindholm, N.W. Currier, J. Dawody, A. Hidayat, J. Li, A. Yezerets, L. Olsson,
Appl. Catal. B 88 (2009) 240.

[40] U. Elizundia, R. Lopez-Fonseca, I. Landa, M.A. Gutierrez-Ortiz, ].R. Gonzalez-
Velasco, Top. Catal. 42-43 (2007) 37.

[41] 1. Nova, I. Castoldi, L. Lietti, E. Tronconi, P. Forzatii, F. Prinetto, G. Ghiotti, ]. Catal.
222 (2004) 377.

[42] N.W. Cant, 1.0.Y. Liu, M. Patterson, ]. Catal. 243 (2006) 309.

[43] J.P. Schaffer, The Science and Design of Engineering Materials, Longman Higher
Education, Chicago, 1994.

[44] L. Castoldi, I. Nova, L. Lietti, P. Forzatti, Catal. Today 96 (2004) 43.

[45] P.T. Fanson, M.R. Horton, W.N. Delgass, ]. Lauterbach, Appl. Catal. B 46 (2003)
393.

[46] J. Dawodi, M. Skoglundh, S. Wall, E. Fridell, J. Mol. Catal. A: Chem. 225 (2005)
259.

[47] R.D. Clayton, M.P. Harold, V. Balakotaiah, AIChE J. 55 (3) (2009) 687.

[48] S.Y. Christou, A.M. Efstathiou, Top. Catal. 42/43 (2007) 351.

[49] M. Bowker, P. Stone, R. Smith, E. Fourre, M. Ishii, N.H. de Leeuw, Surf. Sci. 600
(2006) 1973.

[50] K.Ramanathan, V. Balakotaiah, D.H. West, Chem. Eng. Sci. 58 (2003) 1381.

[51] S.Bedrane, C. Descorme, D. Duprez, Catal. Today 75 (2002) 401.

[52] R. Lewis, R. Gomer, Nuovo Cimento 5 (1967) 506.

[53] D.A. Mullins, B. Roop, J.M. White, Chem. Phys. Lett. 129 (5) (1986) 511.

[54] M. Tringides, R. Gomer, J. Chem. Phys. 84 (1986) 4049.

[55] M. Tringides, R. Gomer, Surf. Sci. 155 (1985) 254.

[56] S.Y.Joshi, M.P. Harold, V. Balakotaiah, Chem. Eng. Sci. 64 (23) (2009) 4976.

[57] S.Y.Joshi, M.P. Harold, V. Balakotaiah, AIChE J. 55 (7) (2009) 1771.

[58] H.C. Yao, Y.F. Yu Yao, J. Catal. 86 (2) (1984) 254.

[59] S.Bedrane, C. Descorme, D. Duprez, Catal. Today 73 (2002) 233.



	Modeling the effect of Pt dispersion and temperature during anaerobic regeneration of a lean NOx trap catalyst
	Introduction
	Model development
	Results and discussion
	Conclusions
	Disclaimer
	Acknowledgement
	References


