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Abstract

Effects of periodic switching between lean and rich combustion conditions on CO, HC and NOx conversion on a monolithic
catalyst with NOx storage were simulated by mathematical model. The model includes description of oxygen and NOx storage
on the washcoat. Parametric study showed possibility to reach much improved time-averaged NOx conversion on a single
monolith in comparison with steady-state operation, but lower CO and HCs conversions under reducing (rich) conditions.
Sequence of monoliths, the first one with NOx storage catalyst and the second one with oxidizing catalyst, then enables to
obtain satisfactory conversions of all pollutants. ©1999 Elsevier Science B.V. All rights reserved.
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1. Introduction

The number of mobile sources of exhaust gases
is increasing and detoxification of emissions is still
very important problem. The old problem — how to
achieve oxidation of CO and HC simultaneously with
NOx reduction — was for gasoline engines practically
solved by keeping the air/fuel ratio on stoichiometric
level with classical three-way catalysts (TWC). This
method cannot be used for more effective lean-burn
engines (both diesel and gasoline), where relatively
great excess of oxygen hinders catalytic reduction of
NOx . Besides, increasingly strict CO, HC and NOx
emission requirements there is also growing demand
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to minimize CO2 emissions. Thus, the popularity of
more efficient lean-burn engines is increasing. Hence
intensive research on new catalysts for decomposition
of NOx under lean conditions — either direct or with
the use of reductants (e.g. hydrocarbons) is now un-
derway, cf. e.g. [1].

One of the new techniques for NOx removal is
based on ‘NOx storage’ properties of novel cata-
lysts [2]. These are Pt-based catalysts which contain
earth-alkaline metals, mainly Ba. Under excess oxy-
gen, NO reacts with oxygen and the resulting NOx

react with Ba to form nitrates (NOx are stored on the
surface). Under reducing conditions the nitrates are
reduced by reductants (CO, H2 or HCs) to nitrogen or
nitrous oxide. Hence the periodic operation, including
switching between lean-burn and rich-burn combus-
tion phases, could enable proper storage and operat-
ing conditions to improve significantly time-averaged
NOx conversion [2].
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‘Oxygen storage’ properties of Ce oxides are well
known and are utilized in three-way catalysts [3].
Although mathematical modelling of TWC has been
widely used for a long time [4], owing to complexity
of the phenomena occuring in the washcoat (e.g. [5])
the quantitative description of deposition has mostly
not been included in mathematical description. Under
fast changing redox conditions following the con-
trol of the air/fuel ratio according to signal of the
lambda sensor, accumulation and depletion of oxy-
gen on the catalyst occurs. The Ce oxides serve for
O2 deposition under oxidizing conditions and enable
higher conversion of CO and HCs under reducing
atmosphere. Siemund et al. [6] proposed a simple
way of description of surface deposition. Koltsakis
et al. [7] then used the simplified model, considering
irreversible chemisorption of oxygen followed by cat-
alyst reduction by CO. They also estimated values of
rate parameters from experimental data.

Similarly to oxygen storage properties of Ce oxides
the ‘NOx storage’ properties of earth-alkaline metal
oxides, particularly Ba, are being studied. Ba oxides
store NOx in the oxidizing atmosphere and then allow
reduction when reducing conditions occur. The NOx

storage properties of Pt/Al2O3 type catalysts were first
studied in detail by Takahashi et al. [2] and by Bögner
et al. [8] and are subject of a number of patents, cf.
e.g. [9].

Even if experimental studies of BaO containing
catalysts are numerous [10–13] no modelling study
of dynamic behavior of NOx storage catalysts has
been described in the open literature. Considering
relatively complex proposed mechanism of NOx stor-
age and reduction [13], it would be more precise to
consider full non-stationary kinetics similar to what
has been described by Forzatti et al. [14] for catalytic
reduction of NOx by ammonia or by Tagliaferri et al.
[15] or Nievergeld et al. [16] for automobile exhaust
gas. However, dynamic experimental data for NOx

storage and reduction on Pt/Al2O3 are not available,
therefore, we cannot evaluate necessary kinetic pa-
rameters and use full non-stationary model. Hence,
we shall use semiempirical kinetic relations based
on quasistationary state assumptions similarly as it
has been used for the description of oxygen storage,
cf. [7].

A versatile software package for dynamic simula-
tion of interconnected systems of reactors and adsor-

bers was developed in our laboratory [17],[18]. Model
of each unit is described by an appropriate system
of PDEs. A mutual heat exchange among individual
units and time variable course of inlet variables and
parameters can be considered. The software enables
to compute simply time periodic operations (e.g. re-
versal of flow direction) and it can be used both for
simulations and also as a subroutine in the software
for adaptive control or optimal design. It can also
serve as a subroutine for parameter estimation in
dynamic experiments. The above software was used
for modelling of electrically heated monoliths in the
cold-start problem [19], description of the sequence
of monoliths with adaptive flow-direction reversal
[20], the reactor and adsorber system (HC-trap) [18],
periodic operation of thermally coupled monoliths
for NOx reduction under lean conditions [21] and
an adaptive control based on neural net prediction
of the system of monoliths with time-variable inlet
conditions [22]. Here we shall use this software for a
dynamic simulation of monolith (and the systems of
monoliths) with considered O2 and NOx deposition
on the washcoat. We shall demonstrate that periodic
switching between lean and rich phase on the mono-
lith with proper storage parameters can enable to
reach high conversion of NO even under average lean
conditions.

2. Problem formulation

2.1. Model equations for a single monolith

A 1-D two-phase pseudo-continuous model [20] has
been used for the simulation of typical monolithic re-
actor. It is represented by the following equations:

2.1.1. Enthalpy balance — gas phase

ρcp
∂T

∂τ
= −vρcp ∂T

∂z
− kH(z)

a

ε
(T − T ∗) (1)

Here isρ gas phase density,cp gas phase heat ca-
pacity,T gas phase temperature,τ time, v linear ve-
locity, z axial coordinate,kH heat transfer coefficient,
a specific surface area,ε void fraction andT ∗ solid
phase temperature.
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2.1.2. Ethalpy balance — solid phase

ρ∗c∗p
∂T

∂τ
= λ∗

z

∂2T ∗

∂z2
−

J∑
j=1

1HRjRj (
→∗
c , T ∗)

−kH(z)
a

1 − ε
(T ∗ − T ) (2)

Here isρ∗ density of solid phase,c∗p heat capacity
of solid phase,λ∗

z effective axial heat conductivity,
1HRj reaction enthalpy of thej th reaction, J=9

2.1.3. Mass balance — gas phase
For each component (k=CO, O2, H2, C3H6, C3H8,

NO) we use mass balance in the form

∂ck

∂τ
= −∂(vck)

∂z
− kC(z)

a

ε
(ck − c∗k ) (3)

Here isck gas phase concentration of thekth compo-
nent,kC meass transfer coefficient, andc∗k solid phase
concentration of thekth component.

2.1.4. Mass balance — solid phase
For each component (k = CO, O2, H2, C3H6, C3H8,

NO) it holds

ε∗
∂c∗k
∂τ

= kC(z)
a

1 − ε
(ck − c∗k )+

J∑
j=1

vk,jRj (
→∗
c , T ∗)

(4)

Here isε∗ porosity andvk,j stoichiometric coefficient
of thekth component in thej th reaction.

2.1.5. Surface deposition
The rate of change of relative fractions of the stored

oxygen(ψOx) and nitrogen oxide(ψNO) at the surface
considers the rate of storage (adsorption) and reduc-
tion related to the corresponding storage capacity of
individual components

∂ψOx

∂τ
= −ROx,red

ψOx,cap
+ ROx,ads

ψOx,cap
(5)

∂ψNO

∂τ
= −RNO,red

ψNO,cap
+ RNO,ads

ψNO,cap
(6)

HereRads andRred are rates of deposition and reduc-
tion, respectively, andψcap are storage capacities for
individual components.

2.1.6. Boundary conditions

z = 0 : T (0, τ ) = T0,
∂T ∗

∂z
(0, τ ) = 0,

ck(0, τ ) = ck0, k = 1 . . . K (7)

z = L :
∂T ∗

∂z
(L, τ) = 0 (8)

2.1.7. Initial conditions

T (z, τ = 0) = Tinit (z) T ∗(z, τ = 0) = T ∗
init (z)

(9)

ck(z, τ = 0) = ck,init (z)

c∗k (z, τ = 0) = c∗k,init (z) k = 1 . . . K (10)

ψNO(z, τ = 0) = ψNO,init (z)

ψOx(z, τ = 0) = ψOx,init (z) (11)

HereψOx,init , ψNO,init denote initial fractions of stored
oxygen and nitric oxide, respectively.

This full model includes the description of the rates
of deposition of O2 and NO on the catalyst surface. For
a limiting valueψcap = 0 the reaction ratesROx,ads=
ROx,red = RNO,ads = RNO,red = 0, and the model re-
duces into the model without deposition (Eq. (5)) and
Eq. (6) are omitted in this in this case). The heat and
mass transfer coefficientskH, kC are functions of axial
distance, describing empirically the entrance effects
[23].

The system of PDEs was simulated by the universal
software discussed above.

3. Reaction scheme with O2 and NO deposition

We have used the following simplified model re-
action scheme, considering NO reduction by CO in a
gasoline lean burn engine. Here propylene represents
easy-to-oxidize HCs and propane difficult-to-oxidize
HCs:

CO+ 1
2O2

R1→CO2 (12)

H2 + 1
2O2

R2→H2O (13)

C3H6 + 9
2O2

R3→3H2O + 3 CO2 (14)
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Fig. 1. Steady-state conversions for different inlet O2 concentration (∼different Redox); only the effects of NO storage were considered.

Fig. 2. The course of instantaneous inlet O2 concentration (switching between 0.5 and 5%.)

C3H8 + 5O2
R4→ 4H2O + 3CO2 (15)

2CO+ 2NO
R5→ N2 + 2 CO2 (16)

For the description of O2 and NO deposition in the
surface layers of the catalyst the following schematic
reactions were considered:

1
2O2 + LCe

ROx,ads→ LCeO (17)

CO+ LCeO
ROx,red→ CO2 (18)

NO + LBa
RNO,ads→ LBaNO (19)

CO+ LBaNO
RNO,red→ CO2 + 1

2N2 (20)

The symbols LCe and LBa represent the sites for O2
and NO deposition, respectively. CO has been chosen
as a typical reductant (its content is highest from the
available reductants — CO, H2, C3H6, C3H8 — in the
considered gas composition), although the reduction
by H2 can be faster. We consider reaction heat for
Eq. (17) and Eq. (19) to be negligible.
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Fig. 3. The outlet NO concentration, only NO deposition considered (no reactions), constant inlet conditions. Initial conditions:
ψNO(τ = 0) = 0.

3.1. Reaction kinetics

The Langmuir–Hinshelwood type reaction expres-
sions Eqs. (21)–(25) proposed already by Voltz et al.
[24] are used for the reactions Eqs. (12)–(16), in the
form adapted from Koltsakis et al. [7]: (here y denotes
surface mole fraction)

R1 = k1yCOyO2

T ∗G1
(21)

R2 = k2yH2yO2

T ∗G1
(22)

R3 = k3yC3H6yO2

T ∗G1
(23)

R4 = k4yC3H8yO2

T ∗G1
(24)

R5 = k5yCOy
0.5
NO (25)

where G1 = (1 + K1yCO + K2yC3H6)
2(1 +

K3y
2
COy

2
C3H6

)(1 + K4y
0.7
NO), K1 = 65.5 exp(961/T ∗),

K2 = 2.08×103 exp(361/T ∗),K3 = 3.98 exp(11611/
T ∗), K4 = 4.79 × 105 exp(−3733/T ∗). The above
semiempirical kinetic relations were derived using the
pseudo steady-state approximation, which is in prin-
ciple not correct for fast transients in inlet conditions.
In rigorous description nonstationary kinetic models
should be used. However, necessary set of parameters

is not available in the required temperature range.
For surface deposition the following kinetic relations
were used:

R6 = ROx,ads= kOx,adsy
∗
O2
ψOx,cap(1 − ψOx) (26)

R7 = RNO,ads= kNO,adsy
∗
NOψNO,cap(1 − ψNO) (27)

R8 = ROx,red = kOx,redy
∗
COψOx,capψOx (28)

R9 = RNO,red = kNO,redy
∗
COψNO,capψNO (29)

wherey are molar fractions and the considered reac-
tion rate constantsk are of the Arrhenius type. If not
stated otherwise the storage capacities considered are
ψOx,cap = 10 mol/m3 cat andψNO,cap = 15 mol/m3

cat (this value was estimated from experiments de-
scribed in [8]). The first order kinetic relation is used
for the description of NO deposition (the dependence
on oxygen concentration [2] is not explicitly consid-
ered). The influence of surface diffusion for the de-
scription of such phenomena as a spill-over from Pt
sites to Ba sites which have been observed [13], was
also not considered. The values of kinetic parameters
are in Table 1.

4. Steady-state operation

Let us consider first a standard steady state oper-
ation with the following parameters: space velocity
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Fig. 4. Effect of O2 storage capacity on CO conversion and of NO storage capacity on NO conversion. Small oxygen variations around
stoichiometric ratio (yO2,in,rich = 0.9%, Redox= 1). Periodic operationTlean = Trich = 10 s.

Table 1
Values of kinetic parameters

Equation A E From references

Eq. (21) 5× 1016 95 000 [7]
Eq. (22) 5× 1016 95 000 [7]
Eq. (23) 1× 1018 105 000 [7]
Eq. (24) 1.2 × 1018 125 000 [7]
Eq. (25) 1.5 × 106 70 000 [7]
Eq. (26) 9× 108 90 000 [7]
Eq. (27) 9× 1010 90 000
Eq. (28) 3× 108 90 000 [7]
Eq. (29) 3× 107 90 000

Table 2
Inlet gas composition

Component Inlet concentration

CO 1.1%
H2 0.37%
C3H6 320 ppm
C3H8 160 ppm
NO 0.1%
O2 0.5–5%

60 000/h, reactor (monolith) length 0.11 m, tem-
perature of the inlet gas 400◦C and the inlet gas
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Fig. 5. Stationary time course of the outlet NO (a) and CO (b) concentration. Periodic operationTlean = Trich = 50 s.

composition given in Table 2. The selectivity towards
NO reduction is strongly influenced by oxygen con-
tent. In typical gasoline engines, the ratio of reducing
and oxidizing components (the so-called redox) is
kept equal to 1. In this case, the redox can be defined

Redox= yCO + yH2 + 9yC3H6 + 10yC3H8

2yO2 + yNO
(30)

Results of computations for steady-state conditions are
shown in Fig. 1. When an excess of reduction com-
ponents is used (Redox> 1) the NO conversion is
complete, but CO and HC are not converted because
of the lack of oxygen. At a stoichiometric ratio of re-
ducing and oxidizing components (Redox= 1) is the
conversion of all components complete, cf. Fig. 1.

5. Periodic operation — lean/rich switching

Let us now consider dynamic operation with a pe-
riodic switching between rich and lean conditions. In
the lean phase the air/fuel ratio is much higher than
the stoichiometric one, the engine works efficiently
under an excess of oxygen and NOx is stored within
the surface layers (washcoat) of the catalyst. In the
rich phase is the air/fuel ratio less than the stoichio-
metric one. Deposited NOx is reduced by CO or HC
and removed from the surface (e.g., BaO is regener-
ated). This phase should be as short as possible as the
efficiency of the engine decreases.

The concentration of O2 during the lean phase was
5%, the concentration during the rich phase was con-
sidered as an operation parameter (the stoichiometric
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Fig. 6. Profiles of deposited NO. (Tlean = 25 s, Trich = 20s). Different concentrations of O2 during the rich phase: 0.5% (a: lean phase, b:
rich phase) and 0.8% (c: lean phase, d: rich phase). Time is shown in each figure separately.

O2 concentration is 0.9%). An example of the time
course of the inlet O2 concentration is depicted in
Fig. 2. Our task then is to find the proper operating
conditions, e.g., lengths of lean and rich phases which
would enable to remove most of CO, HC and NOx

emissions together with the maximum acceptable ra-
tio of lean/rich phases. Let us define average conver-
sion per period (for comparison between periodic and
steady state operation) of thekth component in the
non-stationary regime as follows:

1-

(∫ τ+Tlean+Trich

τ

Fk,outdτ/
∫ τ+Tlean+Trich

τ

Fk,indτ

)

where Tlean respectively,Trich is the part of whole
period with an excess respectively a lack of oxidiz-
ing components andFk denotes molar flux of thekth
component.

The periodic operation will be effective only if the
length of the lean period (NO storage) will not be too
long. The maximum allowable length of the lean phase
for given storage capacity and NOin concentration can
be estimated from the breakthrough curves, cf. Fig. 3.
Here, for example, for NOin equal to 1000 ppm and
the given storage capacity is the estimated maximum
length of the lean period approximately equal to 25 s.

When the air/fuel ratio is controlled by the sig-
nal of the lambda sensor, small fluctuations of O2
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Fig. 7. Dependence of an instantaneous conversion on time. The
lean and rich phase length are equal (Tlean = Trich = 25 s). Differ-
ent concentrations of O2 during the rich phase: 1–0.5%, 2–0.7%,
3–0.8%, 4–0.9%, 5–1.0%. During the lean phase is the real con-
version of NO very low, the apparent conversion is caused by NO
adsorption.

concentration around stoichiometric ratio occur. The
effects of storage properties for small variations of O2
concentration around stoichiometric ratio on conver-
sion are shown in Fig. 4. Hence a proper capacity for
O2 and NOx storage may improve conversion of both
CO and NO also under standard nearly stationary op-
eration and as it follows from detailed simulations, the
NO storage capacityψNO,cap ≥ 5 leads to total con-
version of NO in this case.

The desired mode of operation is switching between
a large period of lean operation with a very high oxy-
gen excess and a small rich period with a mildly re-
ducing conditions. Typical time course of CO and NO
outlet concentrations is shown in Fig. 5. During the
lean phase,τ ∈ 〈0; 50〉, is certain amount of NO stored
(cf. Fig. 5a), but the available capacity is low and thus
breakthrough of NO occurs. The conversion of CO is
at the same time complete (cf. Fig. 5b). Under rich
conditions,τ ∈ 〈50; 100〉, is the NO storage capac-
ity regenerated and practically no NO emissions occur
(cf. Fig. 5a). However, due to the lack of oxygen the
conversion of CO is not complete (cf. Fig. 5b).

A parametric study aimed at the minimization of
CO and NOx emissions was performed. The following
parameters were varied in simulations: the length of
both phases,Tlean, Trich (15–150 s) and the inlet O2
concentration during the rich phase 0.5–1% (Redox=
1.7–0.9).

The evolution of profiles of deposited NO in peri-
odic steady-state for two different rich phase oxygen
levels is shown in Fig. 6. Higher O2 concentration
during the rich (regeneration) phase reduces avail-
able NO storage capacity in the following lean phase.
The storage centra are thus not fully regenerated and
the NO breakthrough in the lean phase occurs much
earlier.

Typical time course of instantaneous conversions
in stationary state is shown in Fig. 7 for several val-
ues of O2 inlet concentration in the rich phase. The
actual values of conversion of CO and HCs in the
rich phase and hence also the time-averaged conver-
sions decrease with the decreasing(O2)in. On the other
hand the conversions of NO in the lean phase in-
crease (caused by NO deposition on the surface). Re-
sults of periodic switching operation can be compared
with those obtained for standard stationary operation:
e.g., for an average O2 concentration (yO2,in,avg) 2.9%
is the steady-state conversionx̄NO approx. 40% (see
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Fig. 8. Average CO and NO conversions (averaged over both rich and lean phases) vs.yO2,in,rich (the inlet O2 concentration during the
rich phase). In this case are the lean and rich phase lengths equalTlean = Trich: 15 (1), 25 (2), 50 (3), 100 (4), 150 s (5).

Fig. 1), while for the periodic one is the best obtained
NOx conversionx̄NO higher than 90% (see Fig. 7, to
yO2,in,avg=2.9% correspondsyO2in,rich =0.8%).

The dependences of average conversions on the in-
let O2 concentration are depicted in Fig. 8 for differ-
ent periods. The higher is the O2 concentration in the
course of the rich phase, the lower are time averaged
NO conversions and the higher the time averaged CO
conversions. The O2 deposition improves the conver-
sion of CO but decreases NO reduction.

Let us consider a periodic switching operation with
an unequal length of lean and rich periods,Tlean 6=
Trich. For given values of the inlet NO concentration
and the considered NO storage capacity we can find

from Fig. 3 that the length of the lean phase should
not exceed∼25 s. Thus the length of the lean phase
(Tlean) was taken constant, equal to 25 s, and the length
of the rich phase (Trich) and the inlet O2 concentration
during the rich phase were varied. The resulting time
averaged conversions are shown in Fig. 9. The trends
are obvious — the shorter the rich (regeneration) pe-
riod the higher isx̄CO and the lower is̄xNO. The O2
deposition again improves conversion of CO and de-
creases NO reduction.

The above-described periodic operation can cause
lower values of actual CO and HC conversions to oc-
cur in the course of even very short rich phase. To in-
crease NO conversion without an increase of CO and
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Fig. 9. Average CO and NO conversions (averaged over both rich and lean phases) vs.yO2,in,rich (the inlet O2 concentration during the
rich phase).Tlean = 25 s,Trich = 25 (1), 20 (2), 15 s (3).

Fig. 10. System of two reactors — the first monolith stores NOx under lean conditions (NOx is removed under rich conditions). The second
(oxidizing) monolith burns CO and HC during the rich phase.

HC emissions during the rich phase two monoliths can
be used (cf. Fig. 10). The first monolith has NOx stor-
age properties (for NOx removal), the second one is
only oxidizing. Additional air is injected in front of
the oxidizing catalyst to ensure a sufficient excess of
oxygen. Similar system was described already many
years ago [25]. Examples of conversion and concen-

tration profiles during both lean and rich phases in
such arrangement are shown in Figs. 11 and 12. The
outlet CO conversion is complete (due to injected air
the conditions in the second reactor are always lean).
NOx conversion depends on the used settings of op-
erating parameters (Trich, Tlean, yO2,in,rich) and is not
affected by the presence of the second monolith.
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Fig. 11. Conversion and concentration profiles during the lean phase,Tlean=25 s,Trich = 20 s,yO2,in,rich =0.05%. CO is completely oxidized
already in the first catalyst. NO conversion is only apparent and is caused by NO deposition on the surface (cf. b and c). Oxygen level is
high in both reactors.

6. Conclusions

Parametric study of a catalytic monolithic reactor
treating exhaust gases from a gasoline lean-burn en-
gine operating periodically under rich and lean condi-
tions with O2 and NOx surface deposition has shown
that it is possible for proper operating and catalyst pa-
rameters to achieve nearly complete CO and NO con-
versions, even in the case where the time-average O2
concentration is three times higher than the stoichio-
metric one. The model used enables also to estimate
the suboptimal operating parameters for different ad-
sorbent capacities and inlet conditions. The developed
software can also be used for fitting of kinetic param-
eters to experimental data. For example, the break-

through experiments (cf. Fig. 3) can be used for eval-
uation of storage parameters and the time course of
outlet concentrations of periodically operated mono-
liths can serve for an evaluation of deposition and re-
duction dynamics.

7. Notation

a specific surface, m−1

c fluid phase concentration, mol m−3

c∗ solid phase concentration, mol m−3

cp fluid phase heat capacity, J kg−1 K−1

c∗p solid phase heat capacity, J kg−1 K−1
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Fig. 12. Conversion and concentration profiles during the rich phase,Tlean=25 s,Trich =20 s,yO2,in,rich =0.05%. CO is completely oxidized
in the second monolith by an injected additional air (cf. a and d). NO conversion is complete in the first monolith (cf. b) and the NOx

storage material is regenerated (cf. c). Conditions in the first monolith are reducing, in the second one oxidizing.

kC mass transfer coefficient, m s−1

kH heat transfer coefficient, J m−2 s−1 K−1

k1 . . . k4 reaction rate constants, mol m−3 s−1 K
k5 reaction rate constant, mol m−3 s−1

kads, kred deposition and reduction rate constants, s−1

L reactor length, m
R reaction rate, mol m−3 s−1

T fluid temperature, K
T ∗ solid phase temperature, K
v gas velocity, m s−1

x conversion
y mole fraction
z axial coordinate, m

1HR reaction enthalpy, J mol−1

ρ fluid density, kg m−3

ρ∗ solid phase density, kg m−3

ε void fraction
ε∗ porosity
λ∗
z solid phase axial heat conductivity,

J m−1 s−1 K−1

vkj stoichiometric coefficient of thekth
component in thej th reaction, (for
reactants<0)

ψcap storage capacity, mol m−3 solid
ψ fraction of occupied storage sites
τ time, s
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