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A pseudo 1-D model of an industrial NOy, storage and reduction (NSR) catalyst has been developed under
isothermal conditions. The Pt/Ba proximity or the presence of barium in different chemical forms such as
BaO and BaCOs can result in a wide range of storage rates. To represent these multiple storage sites, an
idealized storage particle with a spherical configuration is proposed where the outer layer is assumed to
represent the sites with the highest storage capacities/rates while subsequently deeper layers represent
the sites with relatively lower storage capacities. It is further assumed that the NOy species first react
with the particles in the outer layer, followed by the particles in subsequent deeper layers. To model the
progressively decreasing storage rates, a shrinking core approach is used with a diffusivity coefficient,
decreasing nonlinearly along the particle depth. The degree of nonlinearity depends on the complexity
of the catalyst and therefore, depending on the catalyst, being studied, one can calibrate this function
instead of quantifying different types of storage sites.

During cyclic operation starting with a completely regenerated catalyst, model predictions for the NOy
concentration profiles are in a good agreement with the experimental data during both the transient and
steady cycle-to-cycle regimes. It is also shown that with limited amount of reductant, the regeneration of
storage sites takes place only in the front portion of the catalyst up to a certain length and the remaining
part of the catalyst is only involved in the storage reactions. After a certain number of cycles, the back
of the catalyst reaches its saturation limit for storing NO, and from then on, only the amount of catalyst

Keywords:

NOy storage

NO, reduction

Steady cyclic operation
Transient cyclic operation
Mathematical model

being regenerated in the front part of the catalyst during the rich phase participates in storage.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Although lean-burn engines are more fuel efficient than
standard stoichiometric-burn engines, the conventional after-
treatment systems based on three way catalysis are not effective in
reducing the nitrogen oxides (NOy) from an oxygen-rich exhaust.
One of the recent developments in after-treatment systems for such
exhaust conditions is the NOy storage and reduction (NSR) cata-
lyst. This catalyst contains alkali or alkaline earth metal compounds
which store the NOy in the form of nitrates/nitrites when exposed
to oxygen-rich exhaust. When the catalyst reaches a certain level
of saturation in terms of NOy storage, an excess of fuel is injected
into the engine or exhaust pipe resulting in a reductant-rich
exhaust. In this reducing environment, the previously stored NOy
is released from the storage particles and subsequently reduced
to Nj. The overall cycle can be divided into two phases: a lean
phase corresponding to normal engine operation and a rich phase
corresponding to fuel-rich injection.
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There are a number of catalytic reactions involved in the process
and over the past few years, several approaches have been pro-
posed to model these reactions, thus enabling better understanding
of storage and reduction dynamics [1-9]. Fig. 1 shows a simulated
NOy concentration profile obtained when a completely regener-
ated catalyst is exposed to oxygen-rich exhaust for a long period.
As shown, rapid NOy storage occurs during the initial period, fol-
lowed by a slow increase in effluent NOy. This behavior has been
attributed to mass transport limitations in the NOy storage pro-
cess [10-12]. However, it is uncertain whether these mass transfer
limitations are present in the wash-coat or within the barium par-
ticles or both. The proposed global kinetic model by Olsson et al.
[1,2] accounted for these mass transfer limitations within the stor-
age particles using a shrinking core concept. In this approach, a
spherical structure of barium carbonate was assumed and as stor-
age proceeds, the outer surface of carbonate sphere reacted first,
forming a nitrate layer of uniform thickness. Therefore, for further
storage, the NOy species have to diffuse through the nitrate layer,
which keeps growing in thickness as the storage proceeds. A similar
diffusion approach within the storage particles was used by Tuttlies
etal. [7] with an additional hypothesis that the diffusion is strongly
affected by a change in solid volume when barium carbonate gets
converted into barium nitrate. In a recent study by Kromer et al. [8],
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Nomenclature

v linear gas velocity (m/s)

a mass transfer surface area per unit channel volume
(m~1)

ke mass transfer coefficient (m/s)

Cei bulk phase concentration of ith gas species (mol/m3)

Csi washcoat phase concentration of ith gas species
(mol/m3)

Cq concentration of ith gas species at the interface
within the catalyst (mol/m3)

Ry rate of diffusion through the nitrate layer within the
NOy storage particle

Om fraction of mth catalytic site

ij rate of jth reaction occurring at the interface within
the catalyst (mol/m3)

RJ? rate of jth reaction occurring at the catalyst surface
(mol/m3)

Vi stoichiometric coefficient for ith gas species under-
going jth reaction

Ui j stoichiometric coefficient for mth catalytic site con-
sumed in jth reaction

cap storage capacity of mth catalytic site per washcoat

volume (mol/m3)

t time (s)

z axial coordinate (m)

&’ porosity of washcoat

&8 ratio of bulk to total channel volume

1 number of gas species

J number of reactions

M number of catalytic sites

r radial coordinate within the proposed NOy storage
particle (m)

Tf radial position of the interface within the proposed
NOy storage particle (m)

Ttot total radius of the proposed storage particle (m)

D diffusivity coefficient within the storage particle
(m?[s)

Desy effective diffusivity coefficient within the storage

particle (m2/s)

two different one-dimensional NOy storage models were proposed
to account for these mass transfer limitations. In one model, two
layers of particles were considered and it was proposed that once
the NOy is stored on the particles in the first layer, it diffuses to
the second layer for further reaction. Therefore, the overall storage
step is controlled by the mass transfer coefficient between these
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Fig. 1. Simulated NO, concentration profile at the catalyst exit during a long lean
phase.

two layers. In the second model, two parallel pathways with rel-
atively different rates were suggested to account for the effect of
neighboring Pt and Ba particles on NOy storage. The presence of
multiple types of washcoat layers with different properties, espe-
cially in complex catalyst formulations, can also result in different
storage rates. In one of their studies, Koci et al. [3] considered a
differentiated catalyst with two washcoat layers where, one layer
has storage components active at lower temperature and another
layer has storage components active at higher temperature.

Although these models have been able to explain the exper-
imental data used for their formulation and validation, their
applicability to different catalyst formulations and different gas
concentrations is questionable. For example, for some catalyst for-
mulations, if the number of different storage sites is more than what
has been assumed in the above models, due to either the occur-
rence of different storage species or varying Pt/Ba proximity, the
results may be unsatisfactory. Accordingly, one of the key moti-
vations behind this paper is to propose a mathematical approach
which can describe the storage dynamics without quantifying the
different types of storage particles and therefore, can be applicable
to any catalyst formulation.

When engine operation is alternating between lean and rich
phase feed conditions, a typical cyclic NOy concentration profile,
similar to the one shown in Fig. 2, is observed. If the net amount
of reductants entering the catalyst during the rich phase is insuffi-
cient to regenerate the storage sites completely, the overall storage
capacity of the catalyst will keep decreasing in subsequent cycles
until equilibrium between the number of storage sites used during
the lean phase and then regenerated during the next rich phase
is achieved. Until such equilibrium is reached, an initial transient
period is observed that will be referred to hereafter as the “transient
cyclic regime”, whereas the later period, during which cycle-to-
cycle equilibrium is maintained, will be referred to as the “steady
cyclic regime”. In real life operation, it is expected that the vary-
ing driving conditions due to engine start-up operation, sudden
acceleration, non-uniform braking and varying road conditions will
resultin more complex operation with a mix of transient and steady
cyclic regimes. As a result, the exhaust system is expected to oper-
ate in the transient cyclic regimes most of the time. For example,
Fig. 2 shows a NOy concentration profile at the reactor exit dur-
ing the startup of cyclic operation. As shown, the system is under
the transient cyclic regime for nearly an hour until steady cyclic
conditions are reached, which is a really long period of operation
when considering average city driving. Therefore, prediction and
optimization of an NSR catalyst requires a model that can describe
both the transient and steady cyclic regimes. Although an incom-
plete regeneration is one of the key factors governing the dynamics
during transient cyclic regime, it is also very important to under-
stand how the regeneration process proceeds within the particle
and also along the catalyst length. Tuttlies et al. [7] reported dif-
ferent time scales between storage and reduction dynamics and
were able to explain this difference by considering the fact that bar-
ium carbonate has lower molar volume than barium nitrate. During
the storage process, barium carbonate gets converted into barium
nitrate and therefore the particle becomes denser as storage pro-
ceeds. However, during the regeneration phase, the formation of
barium carbonate results in opening of the pores and as a result,
the reductants can more easily penetrate the whole particle which
results in very high regeneration rates. In addition to the com-
parison between experimental and simulated % NOy conversion
over different cycles in the transient cyclic regime, the authors
also presented insight regarding the position of carbonate-nitrate
interface within the particle. This concept was further expanded by
Schmeifer etal. [6], where the authors compared experimental and
simulated NO, concentration profiles over two consecutive cycles
in the transient cyclic regime.
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Fig. 2. Measured NOy concentration profile at the catalyst exit during a cyclic operation, starting with completely regenerated catalyst. Lean phase composition: 330 ppm
NO, 10% O3, 5% CO,, 5% H,0 and rest N,. Rich phase composition: 1.5% CO, 5% CO,, 5% H,0 and rest N,.

In this work, a pseudo 1-D model of a commercial NSR cata-
lyst is presented. To represent the multiple NOy storage sites with
different capacities, an idealized catalyst storage particle is pro-
posed in which the outer layer is assumed to represent the sites
with the highest storage capacities while subsequently deeper lay-
ers represent the sites with relatively lower storage capacities. The
decreasing storage capacity, along the particle depth, is considered
as equivalent to increasing mass transfer resistance to the storage
particle as NOy penetrates the particle. Mathematically, a shrinking
core model, adapted from Olsson et al. [1], is used with a diffu-
sivity coefficient, which decreases nonlinearly along the particle
depth, thus representing the increasing mass transfer resistance.
The proposed diffusivity function can be calibrated according to the
catalyst being studied and therefore, eliminates the need to quan-
tify different types of storage sites. In the second part, the paper
provides insights regarding the regeneration process over different
cycles for the start-up cyclic operation.

2. Modeling

The Pt/Ba-based catalyst used in this study was supplied by
Johnson Matthey. The test sample was cut into a cylindrical shape
from a larger monolith block having a cell density of 300 cells per
square inch. The resulting sample was 3in. long and 0.91in. in
diameter with a total of 169 channels. Details about the experi-
mental setup used to collect the data are described in Al-Harbi and
Epling [13].

The channel space can be divided into two phases: a bulk phase,
representing an open area for the flow of gas and a washcoat phase

Table 1
List of the reactions with their corresponding rate expressions.

in which the gas species first diffuse from the bulk and then undergo
a series of catalytic reactions. The gaseous reaction products from
the washcoat phase then diffuse back into the bulk and exit the
system with the rest of the gas stream. In order to simplify the
model, the following major assumptions were made:

1. Due to the large L/D ratio of the bulk phase (~60), radial gra-
dients in the bulk gas concentration are neglected. Since the
washcoat thickness is even smaller than the bulk diameter (by a
factor of ~30), the radial gradients within the washcoat phase gas
concentrations are also neglected. Instead, the effect of concen-
tration boundary layers across the bulk and washcoat phases is
accounted for using a lumped mass transfer coefficient between
the phases.

2. Under similar operating conditions, as used for this study, Al-
Harbi et al. [14] observed a rise in the temperature only during
the rich phase which then diminishes gradually during the sub-
sequent lean phase and at 400°C, the maximum temperature
rise in the catalyst was reported to be 15-30K. In the cyclic
experiments conducted at 300 °C, in this study, the temperature
profiles are observed to follow the similar cyclic pattern with
the maximum rise of only 18 K, recorded at the catalyst exit. In
the later section on results and discussion, it is shown that when
the kinetic parameters, estimated from the data obtained under
Mixture 2 (cf. Table 2), were used to predict the data obtained
under Mixture 3 (cf. Table 2), the average difference in the exper-
imental and the simulated exit NOy concentration is observed to
be only about 3% of the input NOy. With this observation, it seems
reasonable to neglect the effect of temperature rise for this study

Reaction

Rate expressions

NO + 10, <1NO,

2NO; + 10, + BaCO3-2Ba(NO3 ), + CO,
2NO + 20; + BaCO3;-2Ba(NO3 ), + CO;
Ba(NO3 ), + CO,—%>NO + 20, + BaCOs
Ba(NO3), + CO,—2>2NO, + 10, + BaCOs

Ce;05 + 10,-%Ce0,
CO + 2Ce0,-7>CO, + Ce,05
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and therefore, isothermal conditions were assumed throughout
the reactor.

3. For the 1.5 m/s gas velocity used in this study, the resulting res-
idence time in the channel is almost negligible (about 0.05s).
Correspondingly, the rate of axial convection was assumed very
high compared to the rate of axial dispersion and, therefore, the
latter was neglected.

4. All the reactions were assumed to be catalytic and therefore,
variations in the concentration of gas species due to chemi-
cal reactions were assumed to occur only within the washcoat
phase.

5. Although the storage sites can be present in different chemical
forms, such as BaO and BaCOs3, the proposed storage particle was
assumed to be BaCOs3. Therefore, the storage process can be rep-
resented by arelatively small number of reactions, thus lowering
the number of kinetic parameters to be estimated. However, the
effect of different storage sites on the overall storage capac-
ity is accounted for using a varying diffusivity coefficient in
the proposed shrinking core model. Similarly, barium nitrate
was assumed to represent any possible mixture of nitrates and
nitrites.

6. A certain amount of CO may get converted into Hy through the
water-gas shift reaction. Since only one temperature is consid-
ered in this work, the reaction rates corresponding to H, were
confounded into the CO-based reaction rates. However, for dif-
ferent temperatures and feed compositions involving a mixture
of CO and Hj, the effect of CO- and Hy—based reactions cannot be
combined and would have to be considered separately, at least
at low temperature.

Based on these assumptions, the change in the bulk phase
concentration of the ith gas species, Cy, is governed by its axial
convective flow along the channel length and simultaneous diffu-
sion into the washcoat layer (cf. Eq. (1)), while the change in the
washcoat phase concentration of the ith gas species, Cy;, is due to
its diffusion from the bulk phase into the washcoat layer and sub-
sequent consumption due to catalytic reactions (cf. Eq. (2)). The net
change in the fraction of catalytic sites, 6r;, which undergoes sub-
stantial change during different catalytic reactions, is given by Eq.

(3):

0Cg; 0Cqi  kca
ot =-v oz +87g(csi_cgi) (1)
Csi kca A '
o esx(1-— eg)(cg’ ~Gi)
1 ! 1 4
=1 DA -2 DN 2)
=1 =1
o 1 [ <
m
g | ®
]:

wherei=1,...,landn=1,..., M.
The initial and boundary conditions are as follows:

Gei(2)i—0 =0 Gsi(2)r—0 =0 (4)
Cei(t);=0 = Cinter (5)
Opaco;(2)r—0 =1 OpaN03),(2)r—0 =0 (6)
Oce,05(2)iz0 =1 Oce0,(2)—0 =0 (7)

All the considered reactions with their corresponding rate
expressions are listed in Table 1. The NO oxidation reaction has been

[ Ba(NOs), [ BaCO;

Fig. 3. Schematic representation of the storage particle in shrinking core model.

reported to be strongly inhibited by NO, [15] and therefore, the
corresponding rate kinetics, initially based on reaction stoichiom-
etry, were modified to include an additional NO, inhibition term
(cf.reaction (1); Table 1). The presence of multiple types of storage
sites due to either varying Pt/Ba proximity or the existence of stor-
age particles in different chemical forms, such as BaO and BaCO;
is expected to result in multiple storage reactions with different
storage capacities. To account for this effect, the kinetics for NO
and NO, storage reactions (cf. reactions (2) and (3); Table 1) were
modified using a shrinking core approach. To represent the multi-
ple types of storage sites, mathematically, an idealized equivalent
storage particle was used with a spherical configuration as shown in
Fig. 3. The outer layer of this particle was assumed to represent the
storage sites with maximum storage capacity whereas this capacity
progressively decreases as a function of depth within the particle,
therefore representing the sites with decreasing storage capacities
or rates in subsequent inner layers. Accordingly, starting with a
fresh catalyst, the NOy will first react with the outer layer particles
forming a uniform layer of nitrates, which progressively increases
in thickness as storage proceeds. The approach is similar to the
one proposed by Olsson et al. [1], with a major difference being
that the different layers within the proposed equivalent particle
in this work represent multiple types of storage sites. To account
for the decreasing storage capacity in this multilayered arrange-
ment, a varying diffusivity coefficient was used which decreases
nonlinearly as a function of particle depth, making further storage
progressively more difficult as storage increases. For example, let
us consider the NO, storage reaction. The rate at which NO, diffuses
through the nitrate layer, Ry, can be defined according to Fick’s first
law of diffusion as follows:

d¢
Ry = D(r) * (4m1?) = TNrOZ (8)

The above equation can be integrated between the surface and
the interface, as follows:

de = /rf (D(r(;r* r2) ®)

To simplify the integration, the integrand on the right hand side
was expressed, by defining an effective diffusivity coefficient, Deg,
as follows:

' dr 1 T dr
/rm (D(r)*ﬂ) - Deff(rf)/r ) (10)

r
tot

G
47 [no,
Ra
CSNOZ

Integrating the modified equation, obtained after combining
Egs. (9) and (10), results in an algebraic expression similar to the
one derived by Olsson et al. [1] in their shrinking core approach, as
follows:

47TDeff(T'f)

Rd = (]/rtot) _ (-l/rf) * (CfN02 - CSNOZ)

(11)

Since the amount of NO, diffusing through the nitrate layer is
assumed to react completely at the interface, the rate of diffusion
can be equated to the rate of reaction at the interface. Based on
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reaction stoichiometry, the reaction rate is as follows:
_ 0.25
Ry = k2Cryo, Cfoz BBaco, (12)

After equating Eqgs. (11) and (12), the obtained expression was
rearranged to express the NO, concentration at the interface, CfN02
in terms of its concentration at the surface, Cs,, which when sub-
stituted into Eq. (12) results in the modified rate expression for
NO, storage as listed in Table 1 (cf. reaction (2)). Additional details
of these derivation steps can be found in the work by Olsson et al.
[1]. Following similar steps, the modified rate expression for NO
storage as listed in Table 1 (cf. reaction (3)) was derived. For this
study, the nonlinear function for the effective diffusivity coefficient
was modeled using a sigmoid as follows:

exp(—B s« (1 — ¢ /ror — C))
1+exp(—Bx*(1— rf/rtot -0)

Deg(r) =Ax (13)
Here, A, B and C are tuning parameters for the sigmoid.

The expression for the diffusivity coefficient D(rf) can be back-
calculated from D,g(rf) by rearranging Eq. (10) as follows:

1

D(ry) = .
12 «(d/dry) ((1/Deff(rf))fr£[ dr/r2>

(14)

D(ry) !

may not be sufficient to reach all the ceria particles at the same
rate. Therefore, the ceria reduction reaction was modified accord-
ing to the shrinking core approach to account for rate variability.
The reductants can regenerate the storage sites using two differ-
ent pathways: one releasing NO and another forming N, directly
(cf. reactions (9) and (10), respectively; Table 1). From preliminary
simulations, it was observed that for the feed compositions used
to calibrate the proposed model, the regeneration reactions can be
considered without mass transfer limitation. Also, the kinetics for
these reactions were initially modeled based on the reaction sto-
ichiometry, but later second order rates with respect to nitrates
resulted in better fitting and the kinetics were modified accord-
ingly. The reactions rates were further modified according to the
shrinking core approach, as done with the ceria reduction reaction
as discussed above. Finally, the rate expression for the reduction of
released NO to N, was obtained based on reaction stoichiometry.

The system of partial and ordinary differential Egs. (1)-(3) was
then solved using COMSOL Multiphysics (Ver. 3.4) in combination
with MATLAB (2009b).

3. Results and discussion

Two different operating scenarios (Mixtures 1 and 2; Table 2)
were used to collect the data for estimating model parameters.

(15)

The NO and NO, storage reactions were also considered
reversible in order to account for the self-decomposition of nitrates
(seereactions (4) and (5); Table 1). The amount of CO, in the exper-
iments for this study is very high (up to 5%) as compared to the
NOy (330 ppm) and therefore, unlike the NOy storage reactions,
it was assumed that all the nitrate particles get exposed to the
CO; at the same time. Moreover, in the absence of any information
regarding different reactivities of nitrate particles towards the self-
decomposition reactions, it was further assumed that all the nitrate
particles undergo the self-decomposition reaction at the same rate.
Accordingly, the possibility of any mass transfer limitation in their
rate expressions was eliminated for this study. From preliminary
simulations, the kinetics of these backward or self-decomposition
reactions were observed to be a nonlinear function of nitrate frac-
tion and, therefore, modeled using a sigmoid function with Xj, Yy,
X, and Y- as tuning parameters (c.f. reactions (4) and (5); Table 1).
The rate expression for the CO oxidation reaction (cf. reaction (8);
Table 1) was adapted from the literature [17]. Since there is no
propylene used in this study, the propylene inhibition term was
removed from the kinetic term. The oxygen storage compounds,
like ceria, have a tendency to store oxygen during the lean phase,
generally represented by an oxygen storage capacity (OSC) of the
catalyst. When the catalyst with partially reduced OSC after the
lean phase is exposed to reductants, a certain amount of reductants
gets consumed in regenerating the OSC [16]. The rate expressions
for corresponding ceria oxidation and reduction reactions (cf. reac-
tions (6) and (7), respectively; Table 1) were simply obtained on the
basis of reaction stoichiometry. The relatively lower amounts of CO

" exp(Bx (1— 17 /Ttor — C)) x (1/A) + (17 /Teot) * (B/A) - (rf /155¢) * (B/A)) + (1/A)

Under the feed conditions listed in Mixture 1, the catalyst was never
exposed to any reductant and therefore, the obtained experimental
data can be used to estimate the kinetic parameters for reac-
tions (1)-(6) (Table 1) independent of reactions (7)-(11) (Table 1).
Accordingly, in the first phase of the parameter estimation, the
reduced model with only the first 6 reactions was studied. The rate
constant for the NO oxidation reaction, k1, was tuned to obtain the
conversion equal to the value observed when the catalyst reaches
its saturation limit in terms of storing the NOy. In Fig. 5, this cor-
responds to a time greater than 2500 s. The equilibrium constant,
Kfq, was obtained from thermodynamic calculations whereas the
constant in the inhibition term, K;, was taken from the literature
[9]. The remaining model parameters (ka, . . ., ks, Degy, X1, Y1, X2, Y2)
were estimated after an extensive trial and error exercise to mini-
mize the sum of square errors between the predicted and measured
exit NOy concentration profiles over 15 cycles, starting from the
fresh/clean catalyst.

During the first lean phase of cyclic operation, the radial posi-
tion defining the reaction front within the catalyst particle was
calculated using the following expression:

1/3
(0550, /
J= 100\ 12°0.5 % Ogaco,

However, during the following rich phase, the amount of CO,
may be enough to reach all the nitrate species in the proposed par-
ticle and therefore, as discussed in the previous section, all of them
may get converted back into the freshly available storage sites via

(16)

Table 2
Feed compositions during lean and rich phases.
Gas species Mixture 1 Mixture 2 Mixture 3
Lean phase Rich phase Lean phase Rich phase Lean phase Rich phase
NO 330 ppm Oppm 330 ppm Oppm 330 ppm Oppm
0, 10% 0% 10% 0% 10% 0%
CO; 5% 5% 5% 5% 5% 5%
H,O 5% 5% 5% 5% 5% 5%
co 0% 0% 0% 1.5% 0% 3%
N, Balance Balance Balance Balance Balance Balance
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Ba(NO,),
a

I:I BaCO3

Fig. 4. Configuration of the storage particle after rich phase (a) considering the
regeneration of multiple types of storage sites and (b) confining all regenerated
storage particles to a single layer.

self-decomposition reactions (cf. reactions (4) and (5); Table 1). In
case of incomplete regeneration, this may result in the formation of
multiple rings within the nitrate layer representing different types
of storage sites regenerated. The resulting particle configuration is
schematically illustrated in Fig. 4a. The NOy released due to the self-
decomposition reactions will, therefore, be available in the vicinity
of these different storage sites, and this will result in the occur-
rence of multiple storage reactions simultaneously. However, as a
simplification, their average effect was considered using an aver-
age radial position. During the subsequent lean phases, the NOy in
the feed has to react with the multiple storage sites, formed during
the rich phase, before reacting with the inner carbonate core (see
Fig. 4a). In order to simplify the computation of the reaction front
within these multiple radial positions, the multiple rings of storage
sites were first assumed to be confined to a single layer starting
from the catalyst surface as shown in Fig. 4b. The radial position
of the carbonate-nitrate interface within this uppermost layer can
then be calculated using following expression:

150 T : :
Sim NO,
E 1000 « ExpNO, ]
S
o sob ,
= 50
0 . ) )
0 500 1000 1500 2000 2500
Time (sec)
200 T r .
Sim NO
z * ExpNO
(=%
100+
o
Z
[ - . . ) )
0 500 1000 1500 2000 2500
Time (sec)

Fig. 5. The simulated and experimental NO and NO, concentration profiles at the
catalyst exit during the cyclic operation. Started with a completely regenerated
catalyst under the inlet feed composition, listed as Mixture 1 (c.f. Table 2).
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Fig. 6. The estimated diffusivity coefficient as a function of the ratio of interface
position to total particle radius.

resent the sigmoid function, controlled by the parameters “a” and
“b”.

After consuming the uppermost carbonate layer, the particle’s
configuration resembles the one obtained during the previous lean
phase and accordingly, the radial position for the reaction front can
now be calculated using Eq. (16). The model predictions and corre-
sponding experimental data are presented in Fig. 5, which shows
an excellent agreement between the two. Fig. 6 shows a plot of the

1/3

. 0.5 % Oaco; — (1 — 0.5 % Bpacoy ) * (Ri/Tror)* + (1 — 0.5 % paco, ) * (Rr/Tror )
s =Ttot * (17)

1-0.5% 9]3;,@)3

Here, R, and R; are the radial positions for the carbonate-nitrate
interfaces, obtained at the end of the last lean phase and rich phase,
respectively.

To account for the existence of multiple carbonate rings, the
radius of the carbonate-nitrate interface, calculated from the above
equation, needs to be distributed along the whole nitrate layer.
This was achieved by multiplying the calculated radius value by
a sigmoid function which depends on the difference between car-
bonate fraction during the present and previous lean phases. The
expression for the modified radius position is given as follows:

I = (rji/ —Ry) * fls2hs(Opaco, — Qéaco3 +a,b)+R (18)

Here, 0]/33C03 is the carbonate fraction obtained at the end of the

last lean phase and “fic2hs” is the COMSOL function used to rep-

estimated diffusivity coefficient, D(r), as a function of radial posi-
tion within the particle as per Eq. (15). As can be seen, the function
is highly nonlinear, spanning a very large range of values over the
entire depth of the proposed particle, which strongly indicates the
presence of multiple storage site types with a very wide range of
reaction rates. Further evidence in support of this conclusion was
drawn from a simulation study, where the diffusivity coefficient in
the storage reactions was set constant. The assumption of a con-
stant diffusivity coefficient neglects the effects of different storage
reaction rates and only considers pore diffusion through the nitrate
layer as proposed in the work by Olsson et al. [1]. This assumption
could be based on two possibilities; either there is only a single type
of storage site present in the catalyst or if there are different storage
sites, they all result in similar reaction rates. In one of the simula-
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Fig. 7. The simulated and experimental NO and NO, concentration profiles at the
catalyst exit during the cyclic operation. Started with a completely regenerated cat-
alyst under the inlet feed composition, listed as Mixture 1 (c.f. Table 2). The model
was solved under the assumption of constant diffusivity coefficient.

tion studies considering a constant diffusivity coefficient, a single
type of storage particle was assumed using BaCOs as the proposed
particle. The rates of the backward reactions were obtained from
thermodynamic calculations between carbonate and nitrate, in a
way similar to the one reported by Olsson et al. [1]. The simulated
exit NOy concentration profile is compared with the experimental
data in Fig. 7 and as can be seen, a single type of storage particle
resulted in over-prediction in the NO, concentration during the rich
phase. As two of the gas species, O, and NO, were not in the feed
during the rich phase, the backward or self-decomposition reac-
tions dominate the storage reactions and therefore, it is obvious
that in order to lower the NO, concentrations in the rich phase, the
rate constants for the backward or self-decomposition reactions
should be lower than the ones calculated using the thermody-
namic equilibrium between carbonate and nitrate. This indicates
that in addition to the carbonates, the storage sites may also be
present in other forms, such as oxides and hydroxides, because their
co-existence may affect the overall equilibrium constant between
storage and self-decomposition reactions. Moreover, lowering the
self-decomposition reaction rates will also lower the predicted NO
and NO, concentrations during the lean phase, and to reverse this
decrease, the rates of the corresponding storage reactions have to
be decreased over a period of time as storage proceeds. This pro-
gressive decrease in the rates of storage reactions was accounted
for in this work using a varying diffusivity coefficient.

In the second phase of the parameter estimation, reductant
based reactions (cf. reactions (7)-(11); Table 1) were also added to
the model. This final model includes the estimated parameters from
the discussion above and also the unknown kinetic parameters
associated with only reductant-based reactions. Using experimen-
tal data obtained under the feed conditions listed for Mixture 2
(Table 2), a trial and error procedure was implemented to search
the best possible estimates for the unknown kinetic parameters
minimizing the sum of square errors between the predicted and
measured exit NOy concentration profiles over the first 20 cycles.
The radial position of the carbonate-nitrate interface during the
firstlean phase was calculated using Eq. (16). During the rich phase,
the amount of reductant may or may not be sufficient to reach all
the nitrate particles. However, there is a possibility that the Pt/Ba
proximity may affect the regeneration reactions to a certain extent
and therefore, as an initial approximation, it was considered that
the nitrates at the particle surface (close to the Pt sites) will react
first, followed by the nitrates within subsequent inner layers. In
the case of incomplete regeneration at the end of the rich phase,
this will result in a particle with two carbonate layers, as shown
earlier in Fig. 4b. Therefore, during the subsequent lean phases, the
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Fig. 8. The simulated and experimental NO and NO; concentration profiles at the
catalyst exit during the cyclic operation. Started with a completely regenerated
catalyst under the inlet feed composition, listed as Mixture 2 (c.f. Table 2).

radial position of the carbonate-nitrate interface was calculated
first using Eq. (17), when the uppermost carbonate layer was being
consumed, and then using Eq. (16), when the innermost carbonate
core was being consumed, as discussed above.

After extensive simulation trials, the best possible predictions
obtained for the NO and NO, concentration profiles are shown in
Fig. 8. As can be seen, the agreement between predicted and exper-
imental NO and NO, concentration profiles decreases with each
cycle.In order to improve the model predictions, there are two pos-
sibilities that were investigated. The first was increasing the rate
of the NO, storage reaction, which will lower the predicted NO,
concentration. But with this modification, the NO concentration
will also decrease and therefore, the deviation between predicted
and experimental NO concentration profile will increase further. To
counter this deviation, the rate of the NO storage reaction has to be
decreased at the same time. The second possibility is to decrease
the NO oxidation rate which will lower the NO, formation thus
decreasing the NO, concentration and simultaneously increasing
the NO concentration as required. A possible reason for these mod-
ifications in the reaction rates may be that after getting exposed
to the reductants, the catalyst structure may have changed, due to
which the catalyst now favors NO, storage more than that of NO,
relative to the one already predicted during the cyclic operation
without reductants, or now has relatively less oxidation capabil-
ity. At this point, there is no experimental evidence to support the
hypothesis that the CO might have changed the storage rates and
therefore the modifications in the diffusivity function based on this
hypothesis were not implemented in this study. On the other hand,
the effect of CO on the Pt sites has been well studied in the past
[13,17,18]. First, the exposure of the catalyst to CO could lead to
residual CO poisoning of the Pt sites which may deteriorate cat-
alytic NO oxidation during the subsequent lean phase [13]. Second,
with CO as the reductant source, isocyanates form around the Pt
sites [18,19] which may affect their oxidation ability.

A decrease in the rate of NO oxidation resulted in a signif-
icant improvement as shown in Fig. 9. It should be noted that
during the transient cyclic regime, the NO oxidation rate was low-
ered progressively after every rich phase until the steady state
regime is obtained where, it is 35% of the value, estimated from
the cyclic experiment with no reductant (cf. Mixture 1; Table 2).
Moreover, this decrease was limited only to the region which had
been exposed to CO and everywhere else in the reactor, the oxi-
dation rate was kept at the value previously estimated for start-up
cyclic operation with no reductant. A reduction in the NO oxidation
reaction rate has also been proposed in a recent study by SchmeifSer
et al. [20] to explain their model predictions.

Fig. 10 shows the predicted carbonate fraction along the cata-
lyst length at the end of different lean and rich phases. It is clear
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Fig. 9. The simulated and experimental NO and NO, concentration profiles at the
catalyst exit during the cyclic operation. Started with a completely regenerated cat-
alyst under the inlet feed composition, listed as Mixture 2 (c.f. Table 2) and reduced
NO oxidation rate in the catalyst region which have been exposed to the reductants
during the previous rich phase.

that only a fraction of the upstream portion of the catalyst is being
significantly regenerated, and the extent of regeneration decreases
until the point at which the reductant is completely consumed. The
downstream portion of the catalyst beyond this point is initially
involved only in the storage reactions. Eventually, after a certain
number of cycles, this portion of the catalyst will reach its satu-
ration limit for storing NOy and from then on, only the amount of
catalyst being regenerated during the rich phase will be used. This
corresponds to the period when the catalyst operation is in the
steady cyclic regime. An estimate of the storage sites that can be
regenerated during the rich phase, based on stoichiometric calcula-
tions, also agrees with the model prediction. During the lean phase,
the catalyst is exposed to approximately 0.25 mmol of NOy and this
amount will consume 0.13 mmol of the storage sites based on stoi-
chiometric analysis. During the rich phase, in the period of 5 s with
1.5% CO, 0.38 mmol of reductant are added to the catalyst. Based
on the reaction stoichiometry, 0.3 mmol of reductant will react in
regenerationreactions (cf. reactions (9)and (10); Table 1) which are
just sufficient to regenerate only 0.076 mmol of the storage sites.
Therefore in one cycle, the percentage of storage sites being regen-
erated is ~61%, which is approximately similar to that predicted in
the model results shown in Fig. 10.

Fig. 11 compares the predicted and experimental NO and NO,
concentration profiles over two consecutive cycles in the steady
cycle-to-cycle regime. During the initial period of the lean phase,
the model predicts relatively high storage rates, resulting in lower
NO and NO, concentrations as compared to the experiments. The
maximum difference in the exit NOx concentration is about 15% of

carbonate fraction
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Fig. 10. The predicted carbonate fraction along the catalyst length at the end of
lean phase (stars) and rich phase (circles). The fraction keeps on decreasing with
the increase in cycles.
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Fig. 11. The simulated and experimental NO and NO, concentration profiles at
the catalyst exit over two consecutive cycles in the steady cyclic regime the cyclic
operation. Started with a completely regenerated catalyst under the inlet feed com-
position, listed as Mixture 2 (c.f. Table 2) and reduced NO oxidation rate in the
catalyst region which have been exposed to the reductants during the previous rich
phase.

the inlet concentration. A plausible explanation for this discrepancy
comes from the assumption of nitrates being close to the surface
reacting first before the nitrate in subsequentinner layers. In reality,
the Pt/Ba proximity effect on the regeneration reactions may not
be as severe as assumed and therefore, 1.5% CO may be sufficient
to reach all the nitrates at the same time. In the case of incomplete
regeneration, this may lead to the formation of multiple layers of
storage sites within the nitrate layer formed during the previous
lean phase and the particle configuration may resemble the one
proposed earlier in Fig. 4a. In that case, for the subsequent lean
phase, the amount of carbonate distributed over a certain depth
inside the nitrate layer as per Fig. 4a would give lower storage rates
as compared to the same amount of carbonate when assumed to be
confined to the surface (as in Fig. 4b). However, additional experi-
mental knowledge on the distribution of the carbonates is required
and therefore, inclusion of this effect into the model is left for future
work.

To verify the validity of the model, an additional operating sce-
nario (Mixture 3; Table 2) was used. Starting with a fresh catalyst
condition, the model was first simulated under the feed conditions
specified in Mixture 2 (Table 2) until steady cycle-to-cycle oper-
ation was obtained and then under the feed conditions specified
in Mixture 3 (Table 2), again until steady cycle-to-cycle operation
was obtained. Fig. 12 compares the predicted and experimental
NO and NO, concentration profiles over two consecutive cycles
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Fig. 12. The simulated and experimental NO and NO, concentration profiles at the
catalyst exit over two consecutive cycles once the steady cyclic regime is obtained
under the inlet feed composition, listed as Mixture 3 (c.f. Table 2).
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in the steady cycle-to-cycle regime corresponding to the feed
composition of Mixture 3. As can be seen, the predicted NO and
NO, concentrations in the lean phase are slightly lower than the
experimental data. The maximum difference in the overall NOy
concentration is about 6% of the inlet concentration. The slight dis-
crepancies between data and model predictions can be attributed
to the assumption of nitrates being close to the surface reacting
first before the nitrate in subsequent inner layers as discussed for
the previous case.

4. Conclusions

A 1D mathematical model of a commercial NSR catalyst has been
proposed. To account for the existence of storage particles with dif-
ferent storage capacities, an idealized representation of a storage
particle is proposed in which a diffusivity coefficient that con-
trols the diffusion of NOy species within the particle decreases as
a nonlinear function of the particle depth. As a result, the diffusion
resistance within the particle represents the different storage rates
as the NOy penetrates into the particle. The proposed approach is
generic in the sense that the varying diffusivity coefficient function
can account for any number of different types of storage sites with-
out any quantitative information. In this paper, it is also assumed
that during the regeneration process, the storage sites with the
highest rates are regenerated first followed by the sites with rela-
tively lower rates. From the simulation results obtained for start-up
operation (cf. Mixture 2), very high storage is predicted during the
very initial period of the lean phases indicating that the storage
sites, regenerated during incomplete regeneration in the rich phase,
may be distributed more uniformly across the nitrate layer rather
than being concentrated at the outer layer of the catalyst particles,
thus lowering the average storage capacity. Moreover, in order to
obtain a reasonable agreement between the predictions and the
experimental data for NOy, the NO oxidation reaction rate had to be
reduced in the catalyst region which has been exposed to the reduc-
tant during the previous regeneration phase. On overall, the model
is able to explain the experimental NOy concentration profiles in
both transient and steady cycle-to-cycle regimes, and therefore has
the potential to be used for optimization and control purposes for
real-life driving scenarios.
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