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The relationship between fuel penalty and precious metal loading in coupled LNTASCR systems for NOx reduction at
low temperatures is determined. Simulations of adiabatic, aerobic NOx reduction determine the impact of catalyst archi-
tecture, precious metal loading, cycle time, catalyst length and the support material. These revealed that (a) high NOx

conversion can be achieved for a given precious metal loading at low temperatures (510 K) with about 0.3% fuel pen-
alty, (b) shortened cycle time and increased pulse duty reduce the overall NOx slip from the coupled catalyst and lead
to significant improvement in the NOx conversion, (c) alternate arrangement of the LNT/SCR catalysts increases the
NOx conversion, (d) a monotonic decreasing PGM loading in LNT leads to higher NOx conversion compared to uniform
loading, (e) for a fixed catalyst volume, there is an optimal aspect ratio that maximizes the nonisothermal effect, and (f)
metal based monolith supports improve NOx conversion. VC 2013 American Institute of Chemical Engineers AIChE
J, 59: 3421-3431, 2013
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Introduction

Diesel engines operate with A/F ratios around 16:1 to
17:1 and generate emissions including NOx and particulate
matter. It is difficult to reduce the NOx in this oxygen rich
environment. Leading technologies like lean NOx Traps
(LNT) and selective catalytic reduction (SCR) enable lean
NOx reduction that meets stringent emission regulations.

Lean NOx trap (LNT) is used to periodically store and then
reduce NOx in an alternate lean and rich cyclic operation. LNT
catalyst consists of precious group metals (Pt, Rh, etc.) and
oxides of alkaline earth metal (Ba, K), supported on a high-
surface area metal oxide carrier like Al2O3, MgO, etc. The most
common LNT catalyst is Pt/BaO/Al2O3.

1–3 NOx is stored on the
trapping material (BaO) during the lean period. It is subse-
quently purged by a rich feed (containing reducing agents like
H2, hydrocarbons, etc) to form N2, NH3 and H2O. The precious
metal catalyst (Pt) used in the LNT is expensive and it is desira-
ble to reduce the Pt loading while achieving high conversions.

Urea has been commercially used to produce NH3 to ena-
ble the selective catalytic reduction of NOx. The urea feed
leads to high-operation cost, freezing during cold weather4

and control problems. One can avoid the need for the com-
plex NH3 feed and decrease the NOx emissions from the
LNT using a combination of the LNT and SCR catalytic sys-
tems,5,6 where the NH3 generated in the LNT is used in the
SCR catalyst downstream to reduce the NOx. This combina-
tion offers several advantages like reducing the precious

metal cost, reduced NH3 slip and efficient NOx reduction.
Lietti et al.7 and Seo et al.8 studied NOx reduction by a
sequential pair of LNT and SCR catalysts. They reported a
pronounced improvement in the NOx removal efficiency
especially at low temperatures (<473 K) at which a consid-
erable NH3 slip from the LNT catalyst occurs. Researchers
at Ford Motor Co.9,10 showed that a sequential LNT and
SCR catalytic system enhanced the NOx conversion. Kota
et al.11 studied the impact of operating conditions and archi-
tectural configurations of sequential LNTASCR catalytic
systems under isothermal conditions.

In practice, the LNT or the SCR systems do not operate
isothermally, while most laboratory studies are of isother-

mal systems. Only a few studies are of the adiabatic oper-
ation of the LNTASCR system. Koltsakis et al.12 used a

model to determine the dynamic behavior of the sequential
and layered arrangements of LNTASCR catalysts under

adiabatic conditions. Similarly, Chatterjee et al.13 used
both modeling and experiments to study the performance

of the combined LNTASCR system under nonisothermal
conditions. No attempt was made in these studies to opti-

mize the operation of the coupled LNTASCR system. It is
intuitively obvious that the nonisothermal effect during the

aerobic operation enhances the NOx conversion over that
of anaerobic operation which is nearly isothermal. How-

ever, it is not obvious what is the fuel penalty needed to
achieve a desired NOx conversion, especially at low-

temperature operation of these systems. We report here a
study of the dynamic behavior and the impact of the oper-

ating conditions on the performance of the sequential, adi-
abatic LNTASCR catalytic system under aerobic and

anaerobic conditions. The goal is to provide guidance
about the optimal operation.

Additional Supporting Information may be found in the online version of this
article.
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Mathematical Model Development

Model of LNT and SCR catalysts

The dynamic behavior of a sequence of LNT and SCR
catalysts during a periodic lean and rich feed is investigated
using species and energy balances. These account for the
impact of washcoat diffusion on the reaction rate. The model
assumes that (1) the physical properties of the exhaust gas
are unaffected by composition changes, (2) the axial disper-
sion in gas phase is negligible compared to convection, (3)
the flow in the monolith channels is laminar and fully devel-
oped, and (4) the catalyst system operates under adiabatic
conditions.

The fluid phase balance of the dimensionless mixed-cup
mole fraction of species j, X j,m is
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The subscript j represents the species j5NO;NO2;O2;ð
H2;NH3;H2OÞ; �u is the average velocity, the position
dependent mass transfer coefficient kc j; zð Þ54RX=Dm;jShe zð Þ
accounts for the transverse gradients in the gas phase, RX is
the effective transverse length scale, Dm;j is the diffusivity of
species j in the bulk fluid, She zð Þ is the position dependent
external Sherwood number.14

In the prior study11 it has been shown that neglecting
washcoat diffusion results in an over estimation of the NOx

conversion in the sequential LNT and SCR catalysts. There-
fore, we consider here the full diffusion-reaction model
inside the washcoat. The washcoat balances are
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where ewc is the washcoat porosity, De;wc is the effective spe-
cies diffusivity inside the washcoat, CTm the total molar con-
centration, Xj;wc is the mole fraction of species j in the
washcoat, h is the coverage of adsorbed species on the sur-
face, RV;l h;Xj;wc

� �
is the volumetric rate of the reaction l,

Rads;j is the adsorption rate, and Rdes;j is the desorption rate
of species j from the washcoat. The effective diffusivity of
species in the washcoat (De;wc) is calculated using the Knud-
sen diffusivity15
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where, washcoat porosity ewcð Þis 0.41, the tortuosity factor
s � 8, the average pore radius (a) is �1028 m, Ts is the
monolith temperature, and Mm the molecular weight of the
species. The gas phase diffusivities are calculated using
Lennard-Jones parameters and are given in Table 6.

The surface coverage of the adsorbed species on the LNT
catalyst is described by
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CBaO f ; sð Þ is the concentration of fast or slow BaO storage
sites which are defined by their proximity to Pt. Storage sites

that are in close proximity are called “fast” sites and those
farther away are called “slow” sites. Here, hv f ; sð Þ is the
fractional coverage of the fast or slow sites in the washcoat,
vl is the stoichiometric coefficient in the reaction hj;X , is the
coverage on Al2O3 sites by NH3 and H2O, and CX is the
total concentration of adsorption sites on Al2O3 for NH3 and
H2O. Fractional coverage of the adsorbed species on the
SCR catalyst surface is described by
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where, hj;s is the fractional coverage of NH3 on the zeolite,
CS is the concentration of adsorption sites on the Cu-ZSM5
catalyst,vm;j is the stoichiometric coefficient of species j in
reaction m, and RV;m h;Xwcð Þ is the reaction rate.

The gas phase and washcoated support energy balances are
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where, qf is the density of gas (kg/m3), Cp;f the specific heat
capacity of gas (J/(kg.K)), the heat transfer coefficient (W/
m2 K), Tf the gas-phase temperature, Ts the solid phase
(washcoat and the channel wall) temperature dsqsCp;s5

dwcqwcCp;wc1dwallqwallCp;wall accounts for the effective solid
phase heat capacity, and dsks5dwckwc1dwallkwall for the
effective solid phase thermal conductivity. The values of the
geometric parameters are reported in Table 1.

The transient model includes the following initial and
boundary conditions,

Xj;m z; t50ð Þ50 (9)
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Table 1. Geometric and Thermal Parameters used in the

Simulations

Parameter Value

Length of the channel (L) 10 cm (each)
Half wall thickness (ceramic) (dc,wall) 88.5 lm
Half wall thickness (metallic) (dm,wall) 25 lm
Thickness of the washcoat (dwc) 30 lm
Effective transverse length scale(RX) 264 lm
Density of gas at 298 K, 1 atm (qf) 1.184 kg/m3

Density of ceramic wall(qc,wall) 1675 kg/m3

Density of metallic wall(qm,wall) 7500 kg/m3

Density of washcoat (qwc) 1369 kg/m3

Heat capacity of gas at 298 K(Cp,f) 1005 J/kg.K
Heat capacity of ceramic wall(Cpc;wall

) 1045 J/kg.K
Heat capacity of metallic wall(Cpm;wall

) 460 J/kg.K
Heat capacity of washcoat (Cp;wc) 880 J/kg.K
Thermal conductivity of ceramic wall (kc;wall) 1 W/mK
Thermal conductivity of metallic wall (km;wall) 40 W/mK
Thermal conductivity of washcoat (kwc) 1.5 W/mK
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Properties of the LNT and SCR such as the cell density,
channel length, and washcoat thickness are assumed to be
uniform. The dependence of gas density (qf), and average
velocity �uð Þ, on the temperature is taken into account
through the continuity and ideal gas equations. The simula-
tions were conducted using the following values: the total
length of either the LNT or SCR catalyst (L) is 10 cm, the
gas velocity at the inlet �uð Þ 9.8 m/s (gas hourly space veloc-
ity of �120,000 h21 at S.T.P. conditions or �224,175 h21 at
510 K, 1 atm and based on the total volume of the catalyst
brick), hydraulic diameter (4RX) 1.105 3 1023 m and wash-
coat thickness (dwc) of 3.0 3 1025 m.

LNT Kinetic model

The NOx storage and reduction catalyst considered in this
study is Pt/BaO/Al2O3. The catalyst composition consists of
2.2 wt % Pt (21.9% Pt dispersion) and 16.3 wt % BaO
deposited on Al2O3 washcoat. The kinetic model of the LNT
catalyst accounts for the following reactions (a) NO oxida-
tion to NO2 on the precious metal, (b) storage of NO2 in the
form of nitrates or nitrites, and (c) reduction of stored NOx

with H2 during the rich phase in the presence of O2. The
global kinetic mechanism used in this work is derived from
Bhatia et al.16 which considers fast (f) and slow (s) storage
sites as described in the previous section

R1: NO1
1

2
O2�NO2 DHR5257:2

kJ

mol:NO

R2: 3NO21BaO fð Þ ! Ba NO3ð Þ2 fð Þ1NO

DHR52149:2
kJ

mol:NO2

R2a : hv fð Þ1hBa NO3ð Þ2 fð Þ51 ðfast sitesÞ

R3: 3NO21BaO sð Þ ! Ba NO3ð Þ2 sð Þ1NO

R3a : hv sð Þ1hBa NO3ð Þ2 sð Þ51 ðslow sitesÞ

We consider that the rich feed consists of H2 as a reducing
agent which converts stored NOx to NH3 and N2, thus, pro-
ducing H2O. Because of the presence of O2 in the rich
phase, part of the H2 is converted to H2O by the combustion
reaction. Some of the NH3 formed during the regeneration
subsequently reacts with the stored NOx to produce N2. The
regeneration is described by the following global reactions

R4: 8H21Ba NO3ð Þ2 fð Þ ! 5H2O1BaO fð Þ12NH3

DHR52135:3
kJ

mol :H2

R5: 8H21Ba NO3ð Þ2 sð Þ ! 5H2O1BaO sð Þ12NH3

R6:
10

3
NH31Ba NO3ð Þ2 fð Þ ! 5H2O1BaO fð Þ1 8

3
N2

DHR52251
kJ

mol :NH3

R7:
10

3
NH31Ba NO3ð Þ2 sð Þ ! 5H2O1BaO sð Þ1 8

3
N2

R8: H2O1X�H2O2X

R9: NH31X�NH32X

R9a : hH2O;X1hNH3;X1hv;X51

here hH2O;X; hNH3;X are the coverages of H2O and NH3 on
Al2O3 sites, respectively and hv,X is the vacant site coverage.
The heat generated due to R8 and R9 are negligible and not
considered in the calculations. The rate expressions of the
above reactions are reported in the Appendices A1 and A2.
The kinetic parameters of the regeneration reactions are
reported in Table 2. The microkinetic sequence that accounts
for the reaction between NO and H2 during the rich period
and the corresponding rate constants are derived from the
work of Xu et al.17 The heat of reactions can be calculated
from the activation energies listed in their work

R10: NO1Pt�NO2Pt

R11: H212Pt�2H2Pt

R12: NO2Pt1H2Pt�N2Pt1OH2Pt

R13: H2Pt1O2Pt�OH2Pt1Pt

R14: H2Pt1OH2Pt! H2O12Pt

R15: 2N2Pt! N212Pt

R16: NO2Pt1Pt�N2Pt1O2Pt

R17: N2Pt13H2Pt�NH32Pt13Pt

R18: NH31Pt�NH32Pt

R19: O212Pt�2O2Pt

SCR Kinetic model

The global kinetic model of the SCR reactions used in
this work was originally developed for Cu-ZSM5 catalyst by
Olsson et al.18 The composition and site concentration of Cu
is similar to that used in their work. The model accounts for

Table 2. Kinetic Parameters used for LNT

k A Ea (kJ/ mol)

kf1 7.53109 0
kb1 1.2731016 106.9
kf2 6.813104 0
kb2 8.4131012 80
kf3 4.531014 101.3
kb3 2.531014 44.9
kf4 83109 0
kb4 5.731017 97.9
kf5 4.9431018 80
kb5 131022 209.4
k2 2.443108 50.0
k3 1.73109 76.7
k4 13109 60.0
k5 131010 80.0
k6 2.731011 85.0
k7 1.631012 102.5
k8f 13108 52.0
k8b 13107 80.0
k9f 2.3107 42.0
k9b 43106 73.5
Concentration of Storage sites:
CBaO(f) 5 6.623101 mol/m3 washcoat
CBaO(s) 5 2.723102 mol/m3 washcoat
Cx 5 96.7 mol/m3 washcoat

Units of k or A depend on rate expression and are given in Appendix A1
online in Supporting Information
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NH3 adsorption, NO oxidation to NO2, selective reduction of
NOx by adsorbed NH3, NH3 oxidation, and a side reaction
producing N2O. The kinetic model assumes an Eley-Rideal
mechanism to account for the reaction between adsorbed
NH3 and gas phase NOx.19 The reactions considered in the
NH3 SCR are

R20: NH31S�NH32S DHR52181:5
kJ

mol:NH3

@hNH3
50

R21: 2NH32S1
3

2
O2 ! N213H2O12S DHR52130

kJ

mol:NH3

R22: NO1
1

2
O2�NO2 DHR5257:2

kJ

mol:NO

R23: 4NH32S14NO1O2 ! 4N216H2O14S

DHR52226
kJ

mol:NH3:

R24: 2NH32S1NO1NO2 ! 2N213H2O12S

DHR52197
kJ

mol:NH3

:

R25: 4NH32S13NO2 ! 3:5N216H2O14S

DHR52160
kJ

mol:NH3

R26 :2NH 32S12NO2 ! N21N2O13H2O12S

DHR52192
kJ

mol:NH3

R27:hv1hNH3
51

The rate expressions for these reactions and the correspond-
ing kinetic parameters are reported in Appendix A3 (see
online in Supporting Information), and Table 3, respectively.
Heats of reaction are calculated based on gas phase NH3 and
subtracting the heat of adsorption from that of the reaction.

Characteristic Times and Front Speeds

The qualitative dynamic features of the reactor can be pre-
dicted by inspection of the characteristic times
sc 5L=�uð Þ; sD 5R2

X=Dm;j

� �
; sWD 5d2

wc=De;wc

� �
; sRj

5Cref =
�

R Cref

� �
Þ in the LNT and SCR for convection, external mass

transfer, washcoat diffusion (internal mass transfer) and reac-
tions, respectively. These values are reported in Table 4 at
510 K and at 573 K. We chose these two temperatures
because the average temperature rise in the monolith under
aerobic operation is � 60 K in our base case study and
� 5 K under anaerobic operation. The characteristic times of

both the LNT and SCR reactions decrease when the tempera-
ture increases from 510 K to 573 K. The increased rates of
storage and regeneration on slow sites, NH3 regeneration and
standard SCR reactions significantly increase the NOx conver-
sion. Table 4 shows that the temperature rise increases the
ratio between the convection to the slow storage times from
0.18 to 1.20, which indicates that the NOx slip during the
lean period has been reduced. The time constants reveal that
the aerobic operation has a stronger impact on the NO oxida-
tion reaction than on the slow storage reaction. This increases
the ratio of exit NO2/NO from the LNT which is desirable
since it improves the efficiency of the SCR downstream. Oth-
erwise, the ratio of exit NO2/NO is less than one due to wash-
coat diffusional limitations, unlike that reported for the
isothermal case,11 in which washcoat diffusion was not con-
sidered. Also the diffusion time within the washcoat indicates
that NOx storage and H2 regeneration reactions on fast sites
are limited by washcoat diffusion even at 510 K. The general-
ized Thiele modulus (/2

w5 sWD

sR
) is greater than one for these

reactions indicating that washcoat diffusional resistance exists.
As the brick temperature increases, NH3 regeneration reac-
tions (R6 and R7) in the LNT are limited by the diffusional
resistance, as a result more NH3 enters into the SCR.

During the lean period the NO in the feed is oxidized to
form NO2 which is then stored on the BaO storage sites to
form Ba(NO3)2. The propagation speed of the storage front
can be predicted by the relation20

uc;str5
�uRXCin

NO

3dwcC8
BaO fð Þ

(18)

where �u is the gas velocity, RX is the effective transverse
length scale, is the inlet NO concentration, dc is the wash-

coat thickness, C8
BaO fð Þ is the NOx storage capacity on fast

sites. The aforementioned expression is valid when washcoat
diffusional resistance is negligible and the storage is in the
mass transfer limited regime. The speed of the fast site stor-
age front is � 5.4 mm/s. Since the regeneration time of the

stored NOx by H2 sR4
5

Cref

RV Crefð Þ

� �
is faster than that by

NH3, the speed of propagation of the regeneration front can
be calculated by the expression20

uc;reg5
�uRXCin

H2

8dwcC8
BaO fð Þ

(19)

which is 36 mm/s during aerobic reduction (with 1.875%
H2), and 16.8 mm/s during anaerobic reduction (0.875% H2).

Table 3. Kinetic Parameters used for SCR

k A Ea (kJ/mol)

k20f 9.331021 0
k20b l.03l011 181.53(1 - 0.98 hNH3

)
k21 1.231011 162.4
k22f 83101 48a

k23 2.33108 84.9
k24 1.931012 85.1
k25 1.13107 72.3
k26 3.63104 43.3
a) k22b is calculated from thermodynamic constraints.
Cs 5 3939.4 moles/m3 washcoat

Units of k or A depends on rate expression and is given in Appendix A3
online in Supporting Information

Table 4. Estimated Characteristic Times of Different

Processes in the LNT Catalyst

Characteristic
time (ms)

Temperature (K)

510 573

sC 10.2 9.10
sD 1.46 1.19
sWD 4.40 4.10
sR1

8.75 0.82
sR2

0.50 0.10
sR3

56.0 7.50
sR4

1.40 0.21
sR5

15.0 1.80
sR6

14.0 1.60
sR7

52.0 3.40
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Again, the aforementioned speeds of the storage and regener-
ation fronts are of the fast sites in the LNT and when wash-
coat diffusional resistance is negligible.

During the rich phase H2 is fed into the reactor in the
presence of O2 to regenerate the BaO sites that store the
NOx. H2 reacts with the O2 and spilled over NOx from the
storage sites on to the Pt sites. The released reaction heat
raises the monolith temperature forming a temperature front
that propagates along the reactor. In general, the speed of
this temperature front does not have to be equal to the speed
of the regeneration front due to different storage and thermal
capacities of the monolith channel, especially for long chan-
nels or when there are excursions in inlet temperatures (lead-
ing to pure thermal waves). For the parameters considered in
this study, the light off occurs in the upstream of the mono-
lith channel and the thermal front propagates downstream.
The propagation speed of the thermal front (for the case of
long channels where the axial conduction effects can be
neglected) can be estimated by the expression21

ut;f 5�u
qf Cp;f

qsCp;s

� �
RX

ds

� �
(20)

Here, �u is the average gas velocity in the channel,
qf Cp;f

qsCp;s

� �
is the fluid to solid heat capacitance ratio, (RX=ds) is the ratio
of effective transverse length scale of the bulk fluid phase to
the solid phase. For the values given in Table 1 the speed of
the thermal front is estimated to be �10 mm/s, and the ther-
mal front propagation time in the LNT (with L 5 10 cm) is
�10 s.

In the case of a one-step exothermic reaction on identical
sites, the speeds of the regeneration and temperature fronts
are equal. It follows from the front speed estimates that for
the geometrical, thermal properties and the inlet concentra-
tions considered for the model, the regeneration front speed
is higher than that of the thermal or storage fronts. An esti-
mate of the front speeds provides insight into the overall
operation of the system. For example, from the storage front
speed, we note that in a 10 cm long LNT, all the fast sites
are occupied in about 18.5 s. Similarly, if the inlet gas tem-
perature (during the rich pulse) is different from the mono-
lith temperature during the rich period, most of the
regeneration reactions are completed even without any sig-
nificant increase in the temperature. Although the average
temperature over the lean cycle increases due to adiabatic
operation, the effect is moderate because of the rapid cooling
front that travels along the LNT. The LNTASCR catalyst
sequence should be designed so that the storage takes
advantage of the travelling temperature wave. Later we pres-
ent simulations under aerobic (with O2 during the rich phase)
and anaerobic (no O2 during the rich phase) conditions,
directed to optimize the design and operation of the

sequence of the LNT and SCR catalyst system. We study the
impact of Pt loading, cycle time, length of the catalyst,
nature of the support material and catalyst architecture on
the performance of the combined system.

Results and Discussion

Effect of Pt loading on fuel penalty

The sequential system of the LNT and SCR is operated
periodically with 60 s lean feed followed by 10 s rich feed.
The length of each catalyst in the base case is taken to be 10
cm and the same gas hourly space velocity (GHSV) was
maintained under anaerobic and aerobic conditions. Extended
channel length enables us to analyze the impact of traveling
temperature fronts which may not be formed in the short
channels used in the laboratory studies. The lean feed con-
tains 500 ppm NO and 5% O2, while the rich feed contains
500 ppm NO, 1.875% H2, and 0.5% O2. The inlet gas veloc-
ity, inlet and initial temperatures are correspondingly 9.8 m/s
and 510 K. The dependence of the kinetic parameters on the
Pt loading is accounted for by the expression

ki5kB Ci
Pt=CB

Pt

� �m
: (21)

Here, Ci
Pt is the desired catalyst Pt loading in mol/m3 of

washcoat, CB
Pt is the Pt loading with known kinetic parame-

ters (kB), m is the sensitivity of the kinetic parameters on the
Pt loading. Xu et al.22 have shown that m 5 1 adequately
predicted their experiments using a catalyst composition sim-
ilar to that used in the current study. We refer to their work
for a detailed analysis of m.

It has been suggested that a sequence of the LNTASCR
catalysts enables a reduction of the NOx emission and the
NH3 slip.14,15 Figure 1 compares the cycle averaged NOx

conversions obtained using a sequential LNTASCR system
with 2.2 and 0.2 wt % Pt loading under both anaerobic and
aerobic conditions. The simulations show that aerobic reduc-
tion of NO with reduced Pt loading results in higher NOx

conversion than that of a base case anaerobic operation. The
kinetics of both the storage and regeneration reactions is
enhanced due to the adiabatic temperature rise resulting
from the H2 oxidation by O2. The average temperature of
the catalyst is higher under aerobic conditions. Temperature
profiles during both the lean and rich periods are shown in
Figure 2. The NOx conversion obtained with 2.2 wt % Pt
under anaerobic condition is slightly lower than that obtained
under aerobic operation with 0.2 wt % Pt loading. Excess
reductant, that is, fuel penalty is required to obtain the
needed average temperature rise of the catalyst. A fuel pen-
alty of 1% H2 during the 10 s lean feed is 0.14% for a total
cycle time of 70 s. Increasing the fuel penalty increases the
NOx conversion as shown in Figure 3. However, the impact
of the increase is small for a fuel penalty exceeding 0.43%
due to washcoat diffusion and external mass-transfer

Table 6. Temperature-Dependent Diffusivities of Gas Species

Species Dm,j (m2/s)

NO 1.3331029 3 T1.696

NO2 0.8 3 1029 3 T1.7037

O2 1.336 3 1029 3 T1.6942

H2 5.8 3 1029 3 T1.6657

N2 1.34 3 1029 3 T1.6901

NH3 1.215 3 1029 3 T1.7389

H2O 0.95 3 10-9 3 T1.7778

Table 5. Estimated Characteristic Times of Different Proc-

esses in the SCR Catalyst

Characteristic
time (ms)

Temperature (K)

510 573

sC 10.2 9.10
sD 1.46 1.19
sWD 4.40 4.10
sR23

359.7 42.7
sR24

7.60 0.81
sR25

385.0 60.0
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limitations which become dominant at higher reaction rates.
The results indicate that it is possible to reduce the precious
metal loading under aerobic operation by use of excess H2.
However, a significant reduction in the Pt loading can
increase the ignition time and hence the fuel penalty and
may decrease the catalyst durability, because of catalyst
deactivation at very low Pt loading.

Effect of cycle time

The cycle time is one of the key parameters that affect the
performance of monolith reactors. It can be changed by varia-
tion of either the lean or the rich period or both. Previous stud-
ies23–25 have shown that the NOx conversion increases as the
total cycle time is shortened at a fixed ratio of the lean to rich
period (i.e., at a fixed pulse duty, which is the ratio of the rich
period to the total cycle time). We have performed simulations
that include changing the total cycle time and also the pulse

duty. Figures 4 and 5 show the impact of changing the total
cycle time as well as of the pulse duty. Here we compare the
anaerobic and aerobic NOx conversion for total cycle times of
70 s (pulse duty 5 tR/(tL 1 tR) 5 1/7), 40 s (tR/(tL 1 tR) 5 1/4),
and 20 s (tR/(tL 1 tR) 5 1/4). An increase in the pulse ratio,
i.e., the fraction of the cycle time with a rich feed, increases
the cycle averaged NOx conversion. The reason is that, it leads
to a higher temperature during the lean period, thereby
increasing the rates of the NO oxidation and storage. During
the 70 s cycle, a high-temperature wave exists for only 10 s
during lean phase as evident from the propagation of the ther-
mal and concentration fronts. This high temperature wave
exists only for �16% of the lean period. However, during the
40 s cycle a high-temperature wave exists for �33% of the
lean period.

The NOx conversion can be increased by decreasing the
total cycle time. This behavior is expected because of the
increased regeneration frequency. Fast sites are quickly satu-
rated when compared to slow sites. As the total cycle time is
reduced, most of the storage and regeneration processes take
place on fast sites without any significant usage of slow
sites. This results in reduced NOx slip from the LNT. The
average temperature rise does not change when the pulse
duty is changed, but it increases when the total cycle time is
decreased at a fixed pulse duty. The higher conversion in the
latter case occurs because of both the increase in regenera-
tion frequency and higher average temperature.

Effect of catalyst length

Figure 6 compares the NOx conversion of the base case
(with 10 cm each of LNT and SCR) with those for other cat-
alyst lengths, i.e., 4 cm, 2 cm, and 1 cm each. The residence
time is approximately same in all these cases. The corre-
sponding effective heat Peclet number is defined as26

1

Peh;eff
5

1

Peh
1

R2
X�uqf Cp;f

kf LNuX
(22)

where NuX is the Nusselt number, is the thermal conductiv-
ity of the gas phase. The solid (or intraphase) heat Peclet

number Peh5
�uLqf Cp;f RX

dsks
varies from 14.56 to 1456.3 as the

catalyst length is increased from 1 cm to 10 cm. The first

Figure 1. Impact of Pt loading and nonisothermal
effects on cycle averaged NOx conversion
by a pair of LNT - SCR catalysts.
[Tin 5 Tinitial 5 510 K, LLNT 5 LSCR 5 10 cm,
�u 5 9.8 m/s (inlet), tL 5 60 s, tR 5 10 s].

Figure 2. Catalyst temperature profiles during lean and
rich periods with tLean 5 60 s and tRich 5 10 s.

Figure 3. Effect of fuel penalty on NOx conversion in
the sequence of LNT-SCR catalysts. [(% H2,
% O2) represents the concentration of H2

and O2 during the rich phase].
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term on the righthand side of Eq. 22 represents intraphase
heat transfer, and second, the interphase heat transfer. For
the parameters considered, the second term dominates the
mode of heat transfer and the temperature rise in the solid
phase is mainly due to heat exchanged from the gas. Figure
6 shows the dependence of NOx conversion on catalyst
length during aerobic operation and is representative of the
variation of heat-transfer modes with the aspect ratio. We
observed small difference in the NOx conversion due to the
high-space velocity considered in this study. However, the
effect of varying heat-transfer modes with the aspect ratio is
discernible. Interphase heat transfer being the dominant
mode causes a rapid cooling during the start of the lean
cycle for long catalysts, as shown in Figure 7. Decreasing
the length (and linear velocity) shifts the heat-transfer mode
in the catalyst from interphase to intraphase mode. When the
intraphase term is significant in Eq. 22, the solid conduction
disperses the heat generated in the washcoat along the cata-
lyst length. The combined effect results in an optimum

length that retains heat in the catalyst for a longer period
resulting in enhanced reaction rates. As the length of the
catalyst is further decreased (1 cm or lower), intraphase
heat transfer becomes the dominating mode and also there
is a significant decrease in temperature rise at the inlet.
Hence, the NOx conversion for 1 cm catalyst is lower than
that of 2 cm. This explains the different performance of cat-
alysts with different lengths, which is not present during
anaerobic operation. It should be noted that this effect
could be more significant when the space velocity is
decreased. We choose a high-space velocity in this study to
focus on a base case with low NOx conversion so that any
increase based on the parameters studied can be appropri-
ately noted.

Effect of the support material

Few studies compared the performance of exhaust gas
after-treatment systems using metallic monoliths with those
using ceramic monoliths. Nishizawa et al.27 have concluded
that metallic monoliths lead to a higher conversion than
ceramic monoliths. Pfalzgraf et al.28 reported that the type of
support material does not affect the performance of the con-
verter. Santos and Costa29 have concluded that the metallic
converters perform well at high-space velocities and the
ceramic at low-space velocities. Gundlapally and Balako-
taiah26 have performed a detailed analysis of the steady state
behavior of both metallic and ceramic converters and con-
cluded that for a low-transverse heat Peclet number

Ph5
R2

X �uqf Cp;f

Lkf

� �
ceramic converters perform better while at

high-transverse Peclet number metallic converters perform
better. Our simulations (Figure 8) have shown that the
LNTASCR sequence with a metallic support perform mar-
ginally (�2%) better than those with a ceramic support. Due
to high-gas velocity and high conductivity of the metal sup-
port both the convection and conduction modes of heat trans-
fer contribute to the increase in NOx conversion. Also, the
temperature profiles are broader than those in a ceramic sup-
port. The ratio between the heat capacities of the ceramic
and metallic monoliths is estimated to be 1.56, and the tem-
perature front propagation time in the metallic monolith is �
0.6 times of that in the ceramic monolith. For low-space
velocity operation of the combined catalyst, large differences
in the performances of metallic and ceramic monoliths are
expected because of the variation in the dominant heat trans-
fer mode as described earlier.

Figure 4. Impact of total of cycle time on time aver-
aged NOx conversion by aerobic reduction
by a pair of LNT - SCR. [Tin 5 Tinitial 5 510 K,
LLNT 5 LSCR 5 10 cm, �u 5 9.8 m/s (inlet),
Pt 5 2.2 wt %].

Figure 5. Impact of total of cycle time and fuel penalty
on time averaged NOx conversion under aer-
obic operation by a pair of LNT - SCR.
[Tin 5 Tinitial 5 510 K, LLNT 5 LSCR 5 10 cm,
�u 5 9.8 m/s (inlet), Pt 5 2.2 wt %; tlean 5 60 s
(�), 30 s (�), 15 s (~); trich 5 10 s (�), 10 s
(�), 5 s (~)].

Figure 6. Comparison of cycle averaged NOx conver-
sion by a pair of LNT-SCR for different
lengths of the catalyst during aerobic
operation.
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Effect of catalyst architecture

We study the impact of using n LNT–SCR catalysts of
equal length (“n” being the number of LNTASCR catalyst
pairs). Figure 9 is a schematic description of several sequen-
ces of LNT–SCR catalysts (n 5 1, n 5 2 and n 5 4). The
LNT catalyst is the first one in each sequence and the total
length of the catalyst is the same in all cases. This architec-
ture decreases the NH3 reaction in the LNT and stores it in
the adjacent SCR. This reduces NOx slip out of the LNT
during the subsequent lean period. Experiments on similar
architectures9,10 verified that the NOx conversion can be
increased by a sequence of LNT and SCR catalysts. Similar
results are predicted by our model during aerobic operation,
as shown in Figure 10. Due to the fast H2 oxidation, all the

oxygen is consumed in the first LNT catalyst. Thus, except
for the first catalytic zone the temperature rise downstream
is mainly due to the convective heat transfer. This suggests
that the only advantage of using multiple zones under aero-
bic operation is the increase in the average temperature of
the monolith.

Effect of nonuniform PGM loading

Pt loading profile is one of the key parameters that can
optimize the performance of the combined LNTASCR

Figure 7. Catalyst temperature profiles for different lengths of LNT-SCR catalysts during the lean feed.
[Tin 5 Tinitial 5 510 K, �u 5 9.8 m/s (inlet), Pt 5 2.2 wt %, tLean 5 60 s, tRich 5 10 s].

Figure 8. Comparison of cycle averaged NOx conver-
sion by a pair of LNT-SCR using either a
ceramic or metallic support.

Figure 9. Schematic arrangement of the sequential
pairs of LNT-SCR catalysts.
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system. Under isothermal conditions Kota et al.11 have
shown that nonuniform Pt loading in equal sized LNT and
SCR catalysts improved the NOx conversion following a
decrease of the Pt loading in the first LNT catalyst and shift-
ing it to the second LNT catalyst. This enhanced the NH3

selectivity in the first LNT and increased the NOx conversion
in the second. However, additional decrease of the Pt loading
may deteriorate the system performance. We conducted two
simulations of similar LNT and SCR catalyst sequence,
using a detailed model that accounts for the washcoat diffu-
sion. One with lower Pt loading (1.32 wt % and 0.44 wt %)
in the front and higher (3.08 wt % and 3.96 wt %) in the
back LNT catalyst. Both downstream loadings decreased the
conversion over that obtained with uniform loading as shown
in Figure 11a. The second simulation is of the inverse load-
ing policy with a higher loading in the first LNT and lower
in the second. Figure 11b shows that the cycle averaged
NOx conversion was higher than that under uniform loading.
When more Pt is loaded in the downstream catalyst, the first
LNT catalyst does not fully benefit from the temperature rise
due to the H2 oxidation because of the low Pt loading. How-
ever, when the Pt loading in the first LNT is high both the
storage and regeneration kinetics are significantly enhanced
and the NOx conversion is increased.

Impact of washcoat diffusion

Simulations were performed for the operating conditions
selected, to assess the impact of the washcoat diffusion on
the cycle averaged NOx conversion. The effective diffusiv-
ities of the species have been artificially increased in some
simulations to eliminate the washcoat diffusional resistance.
Figure 12 shows that the cycle averaged NOx conversion is
higher when no washcoat diffusion exists under both aerobic
and anaerobic operation. The diffusional resistance dimin-
ishes the NOx conversion by � 20%. This is because at
high-temperatures fast reactions like NOx storage and H2

regeneration on fast sites are limited by washcoat diffusion.
The impact of washcoat diffusional resistance increases as
the total cycle time is reduced, because only fast sites are
involved in the storage and regeneration chemistry. Increas-
ing the fuel penalty increased the reaction rates due to the
higher average temperature of the monolith. However, the
NOx conversion slowly approaches an asymptotic limit due

to the dominant washcoat diffusion and external mass-
transfer limitations at high temperatures. Simulations indicate
that it is important to account for the washcoat diffusional

Figure 10. Comparison of cycle averaged NOx conversion
during aerobic operation using sequential
LNT - SCR pairs with n 5 1, 2 and 4 architec-
ture. [Tin 5 Tinitial 5 510 K, LLNT 5 LSCR 5 10 cm,
�u 5 9.8 m/s (inlet), Pt5 2.2 wt %].

Figure 11. Comparison of cycle averaged NOx conver-
sion in a sequential LNT - SCR system with
n 5 2 architecture. Nonuniform Pt loading
effect [Tinlet 5 Tinitial 5 510 K, LLNT 5 LSCR 5 10
cm, �u 5 9.8 m/s (inlet), L1 5 first LNT,
L2 5 second LNT].

Figure 12. Impact of washcoat diffusion during anaero-
bic and aerobic operation. [Tin 5 Tinitial 5 510
K, LLNT 5 LSCR 5 10 cm, �u 5 9.8 m/s (inlet)].
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effects in predictions of the performance of sequential LNT
and SCR catalysts to avoid erroneous predictions of the
cycle averaged NOx conversion.

Conclusions

This study is focused on the adiabatic, aerobic operation
of sequential LNTASCR catalyst. We found that washcoat
diffusional resistance, which is usually neglected, can be
important in either anaerobic or aerobic operation, and it
diminishes the reaction rates resulting in reduced conver-
sions. For the same Pt loading and with other parameters
considered in this work, the NOx conversion using a
sequence of LNTASCR catalysts under aerobic operation
exceeds that of the anaerobic operation by up to 10%. The
simulations show that it is possible to reduce the precious
metal loading under aerobic operation of the LNTASCR cat-
alyst sequence. The cycle time and pulse duties have a major
impact on the overall NOx conversion. For operating condi-
tions considered in this study, decreasing the total cycle time
(higher regeneration frequency) or increasing the pulse duty
(longer time of exothermic reaction) increases the NOx con-
version by � 41% over the anaerobic operation with the
parameters considered in this work. The predicted increase
of the NOx conversion upon using the sequence of multiple
LNTASCR catalysts is similar to experimental observations
reported in the literature.9 Under aerobic operation the high-
est NOx conversion is obtained when the LNT and SCR
attain an intermediate catalyst length, which in our base case
was 2 cm each. Hence, for a given NOx conversion it is pos-
sible to reduce the amount of precious metal. Nonuniform Pt
loading affects the NOx conversion. With a high-upstream
loading of precious metal in the LNT the conversion exceeds
that of the uniform loading case. In contrast, a high-
downstream loading decreases the conversion below that
obtained with a uniform loading. Important observations are
that the aerobic operation can significantly increase the NOx

conversion and could enable a decrease in the precious metal
loading. However, such reduction in the precious metal load-
ing should take into account the corresponding decrease in
resistance to deactivation and the increase in the ignition
time.
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Notation

a = average pore radius inside the washcoat
A = pre-exponential factor (for units see Appendices pro-

vided in the Supporting Information)
CBaO(f,s) = total concentration of fast or slow BaO sites, mol of

BaO/m3 washcoat

CPt
i = total platinum concentration of the catalyst, mol of Pt/

m3 washcoat
Cref = reference concentration, mol/m3

CS = total concentration of NH3 adsorption sites, mol/m3

washcoat
CTm = total concentration in fluid phase, mol/m3

Cx = concentration of adsorption sites for H2O and NH3 on
Al2O3, mol/m3 washcoat

Dm,j = diffusivity of species j in gas phase, m2/s
De,wc = effective diffusivity of species j in washcoat, m2/s

kc(j,z) = mass-transfer coefficient of species j at axial position
z, m/s

k = reaction rate constant (for units refer to Appendices)
L = length of the monolith, m
m = sensitivity of the rate constant to Pt concentration
n = number of LNTASCR zones

NuX = Nusselt number
Ph = transverse heat Peclet number
Peh = heat Peclet number

Peh;eff = effective heat Peclet number
Rad,j = rate of adsorption of species j, mol/m3washcoat/s

Rdes,j = rate of desorption of species j, mol/m3washcoat/s
RV,m = rate of reaction m, mol/m3washcoat/s

RX = effective transverse length scale, m
t = time, s

Tf = gas-phase temperature, K
Ts = monolith temperature, K

�u = average gas velocity in the fluid phase, m/s
uc;str = speed of propagation of storage front, m/s
uc;reg = speed of propagation of regeneration front, m/s

ut;f = speed of thermal front, m/s
Xj,m = cup mixing mole fraction of species j

Xj,wc = mole fraction of species j in washcoat
z = axial coordinate, m

Greek letters
am = platinum surface area per unit washcoat volume, m2/

m3

ds = effective solid phase thickness, lm
dwall = half-wall thickness, lm
dwc = washcoat thickness, lm
ewc = porosity of washcoat
qf = density of fluid phase, kg/m3

qwall = density of the wall, kg/m3

qwc = density of the washcoat, kg/m3

hBa NO3ð Þ2 ðf; sÞ = fractional surface coverage on fast or slow BaO sites
occupied by NOx

hj;S = fractional coverage of NH3 adsorption sites on SCR
catalyst

hj;X = fractional coverage of NH3 and H2O adsorption sites
on Al2O3 support of LNT catalyst

hv (f,s) = fractional surface coverage of vacant fast or slow sites
sRj

= reaction time for the reaction j, s
s = tortuosity factor

vm;j = stoichiometric coefficient of species j in reaction m
vl;BaO = stoichiometric coefficient in reaction l on fast or slow

storage sites
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