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Modeling a Catalytic Converter for CO and NO
Emissions
J. C. Prince, C. Treviño, and M. Díaz

Abstract— Performance of industrial and utility combustion
systems is often constrained by limits on pollutant emissions
such as CO and NOx. The widespread use of the catalytic
converter was the response of the automotive industry to the
legislation of the countries which sets limits on pollutant
emissions. The catalytic combustion of CO + NO and air
mixtures in a planar stagnation-point flow over a platinum foil
is numerically studied in this paper. In order to optimize the
operation of the platinum converter, chemical kinetic
knowledge is necessary, therefore a kinetic model is proposed,
based on elementary reaction steps, that allows to describe the
experiments quantitatively. The heterogeneous reaction
mechanism is modeled with the dissociative adsorption of the
molecular oxygen and the non-dissociative adsorption of CO,
together with a surface reaction of the Langmiur-Hinshelwood
type and the desorption reaction of the adsorbed products,
CO(s) and NO(s). The resulting governing equations based on
the boundary layer theory have been numerically integrated by
using Runge-Kutta method and the response curve has been
obtained as a function of the initial mixture concentration. The
reduction of NO and oxidation of CO in absence and presence of
O2 has been investigated, and the optimal oxygen feeding into
the initial mixture concentration for the maximum reduction of
CO and NO was found and corresponds to the reported
experimental results.
Index Terms—Catalytic converter, Heterogeneous reactions,
Numerical modeling, Pollutants reduction.

I. INTRODUCTION
Motor vehicle emissions are one of the leading causes of air
pollution. The removal of polluting agents, such as NOX and
CO, of combustion gases by catalytic means is one of the
main subjects of interest in the environmental studies. The
catalytic converter has been in use over the past three decades
as an efficient and economic solution for the reduction of
pollutants emitted by the internal combustion engine. This
after-treatment device consists of a monolith encased in a
metal designed to distribute the exhaust flow evenly [1-3].
The active catalytic material used to convert the polluting
emissions is distributed over a large surface area in order for
the mass-transfer characteristics between the gas phase and
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active catalytic surface to be enough for ensuring high
catalytic conversion; the most commonly employed metals as
catalytic surfaces are platinum, rhodium and palladium [4-7].
For homogeneous charged spark ignition engines, the most
common after-treatment is the Three-Way Catalyst (TWC).
This is because TWC is extremely effective at
simultaneously oxidizing hydrocarbons (HC) and CO, as
well as reducing NOX provided that the engine operates at a
stoichiometric fuel–air mixture, see Fig. 1.
The basic principles of heterogeneous catalysis have been
described elsewhere [1-15, 18-22], where experimental and
theoretical studies of catalytic combustion and ignition have
been published in order to improve our knowledge about
several aspects of this type of combustion processes.
Experimental studies have shown that while lower
temperatures and delayed mixing are beneficial for NOX
control, they can be detrimental to CO emissions. CO
oxidizes rapidly at high temperatures in the presence of
oxygen, but does not oxidize as well at the cooler
temperatures or less mixed conditions.
Catalytic converter models have been appearing in the
literature at the same time with the development of new
catalytic converter technologies. In this context, the role of
modeling of the components of exhaust after-treatment
systems is becoming increasingly important, especially as
regards the catalytic converter, which is the most crucial
device of such systems. In the numerical studies,
heterogeneous reactions mechanisms are used to describe
surface reactions on catalytic plates, where the chemical
species are absorbed, reacting on the plate of the catalyst,
later to appear the desorption. The catalytic ignition process
has been studied by either using elementary chemistry or by
large activation energy asymptotic analyses using a one-step
overall reaction mechanism [5–15]. Reduced reaction
scheme models employ a limited number of
phenomenological reactions that contain only initial reactants
and final products instead of elementary reactions on the
catalyst active sites. The complexity and details of the
reaction path is lumped into the kinetic rate expressions of
these models, hence called lumped-parameter models. Rate
expressions usually follow the Langmuir–Hinselwood
formalism, modified by empirical terms. Necessity exists to
obtain reduced kinetic schemes for the catalytic combustion,
that help to construct to a bridge between the totally
numerical works and the developed theories using reactions
of a single passage for the kinetic one of the surface.
The objective of this work is to extend a previous work [15]
to a catalytic combustion of the mixture of CO and NOX of
combustion gases on a platinum catalyst using the stagnation
point flow configuration. An important part of this study will
be the determination of a reduced chemical mechanism that
allows, by one side to reduce the NOX and on the other hand
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to oxidize the CO. Experimental data will be used for the
simulation.

EXHAUST GAS
CO, HC, NOx

overall surface reaction, is the heat released by the surface
reaction per unit mol of fuel consumed, and
is the thermal
conductivity of the plate material. is the surface reaction
rate given in units of mol of fuel consumed by unit time unit
surface of the plate, and
corresponds to the temperature at
the catalyst surface facing the combustible gaseous mixture.

CONVERTED GAS
CO2, N , H2O
2
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Fig. 1.- Schematic of a three way catalyst converter

II. FORMULATION
2.1 Governing equations
The physical model of the catalytic converter under study is
shown in Fig. 2, where the stagnation-point flow geometry is
,
gases and air described by the
used. A mixture of
mass concentrations
,
and
flows with a
velocity gradient and temperature
, perpendicular to a
platinum plate of finite thickness . The lower surface of the
plate is kept to the same temperature
. The boundary layer
governing equations [23, 24] for the assumed frozen
gas-phase are the following

,

(1)
,

(2)

,

(3)

,

(4)

The obtaining of the heterogeneous reaction model where
and
of combustion gases can be removed
species
is essential part of the present investigation. We assume a
very simple model to describe the catalytic reactions of the
,
and the oxidizer
. The proposed chemical
reaction model can be represented by the reaction mechanism
shown in Table 1. The reactions finishing with a, d, and r
represent adsorption, desorption, and surface reaction
denotes then a free site on the
processes, respectively.
surface of the platinum catalyst. Reaction (3r) is the only one
surface
reaction
assumed
to
be
of
the
Langmuir-Hinshelwood type. It must be noticed that the
, is used for the
desorption of by the reduction of the
oxidation of the
; since this is not sufficient for the
complete oxidation of
gases, then within the gases that
arrive at the catalytic plate a small fraction of
must arrive,
as reported in experimental research. The adsorption kinetics
is given by a sticking probability, Sj or accommodation
coefficient which represents the portion of the collisions with
the surface that successfully leads to adsorption. The rate of
, can be computed using the classical kinetic
collisions,
theory with
, where and are the partial
pressure and the mass of the involved species and is the
Boltzmann constant,
. On the other
hand, the desorption kinetics is well-represented by an
Arrhenius law, with a high activation energy for both
reactants. The adsorbed species concentrations are
represented by the surface coverage defined by the number
of sites occupied by surface species to the total number of
available sites
.

and
are the longitudinal and transversal
where
components of velocity, respectively. , ,
and are the
density, viscosity, specific heat at constant pressure, and
thermal conductivity of the gas-phase mixture.
corresponds to the diffusion coefficient of species . The
associated boundary conditions are

Mixture of CO + NO/air
YI

U =ax

V =-ay

Y

T

,
(5)

X

.

(6)

Catalytic plate

h

T

Here
is the molecular weight of species , is the
stoichiometric ratio of the oxidizer related to the fuel of the
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Fig. 2.- Schematic of the physical model, showing the
stagnation point flow configuration.
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Table 1. Heterogeneous Reaction Model
Nr

Reaction

S

1a

CO + * → CO*

0.84

1d

CO* → CO + *

2a

O2 + 2* → 2O*

2d

2O* → O2

3.7×1021 213.2

3r

CO* + O* → CO*2 + *

3.7×1021 105

4a

CO2 + * → CO*2

4d

CO*2 → CO2 + *

5a

NO + * → NO*

A

E

k

1013

9.0 ×105

1013

The next step is to transform the governing equation in
is
non-dimensional form. A stream function
introduced to satisfy the mass conservation equation (1):
and
. We also define the following
non-dimensional variables

125.5
1.01×105

21
T

(14)
.

0.05
13

10

,

The resulting non-dimensional governing equations now take
the form

20.5
3.38×105

0.08

,

(15)

10

5d

NO* → NO + *

3.04×10 83.2

6d

2N* → N2 + 2*

4.08×108 56.6

7

NO* + * → N* + O*

2.19×105 45.8

8

NO* + N* → N2O* + *

2.16 ×105 38.3

9d

N2O* → N2O + *

2.71×106 45.3

10d

N2O* → N2 + O*

4.64×103 20.1

,
where

(16)

is the Prandtl number of the gaseous mixture,
, and
are the Schmidt numbers of the species,
. The non-dimensional boundary conditions are

then given by

k [m3 mol-1 s-1]; A [s-1]; E [kJ mol-1]; S [-].

,
(17)

For the adsorbed species, the steady-state governing
equations are given by

,

,

(7)

(8)

,

(18)

where
,
and

is the heat loss parameter.

, (9)
III. RESULTS AND DISCUSSION
,

(10)
,

(11)
, (12)
.
(13)

Here
denotes the surface coverage of empty or vacant
sites. The value of depends on the adsorption of carbon
monoxide. There is a clear evidence that
, indicating
that the adsorbed species
requires two empty sites [8].
All the reaction rates in Eqs. 7 to 12 are in
units.
2.3 Non-dimensional governing equations
The governing equations (1-4) describe the a bi-dimensional
flow, when a stagnation point appears on a catalyst plate,
giving rise a complex system of partial differential equations.
ISBN:978-988-17012-3-7

For the heterogeneous reaction mechanism proposed in this
work, the corresponding kinetic model is represented by the
governing equations (Eqs. 7-13). These expressions have to
be solved and coupled to the fluid mechanics conservation
equations (Eqs. 15-16) and their corresponding boundary
conditions (Eqs. 17-18). All these equations are solved based
on a non-dimensional variable . For the solution of this
system of equations, the Runge-Kutta method of fourth order
is used. The resulting computational code was written in
FORTRAN and the numerical simulation was performed in a
workstation with Linux as operating system..
3.1 Composition of combustion gases
In the combustion processes, the gases are a set of chemical
species such as: NOX, CO and unburnt fuel, whose average
composition can vary depending on the conditions of the
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used process. The composition of combustion gases used in
this work, taken from [24], appears in Table 2.

1

Table 2. Composition of combustion gases
Components

Molar Fraction

Mass Fraction

CO

1.22 %

1.139 %

C2H2

280 ppm

243 ppm

C2H4

380 ppm

355 ppm

NO

1130 ppm

1131 ppm

O2

7000 ppm

7471 ppm

CO2

12.2 %

17.904 %

N2

85.7 %

80.36 %

0.1

yCOw
yO2w
yNOw

0.01

0.002

0.004

0.006 0.008 0.01

Oxygen inlet mass concentration

Fig. 3.- Concentration of the inlet CO and NO as a function of
the inlet O2 concentration
3.2 Reduction of NO and CO in the combustion gases
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1E-7

Temperature [K]

Numerical simulations were carried out for the reduction of
NO and oxidation of CO in absence and presence of O2. The
mass concentrations of the chemical species represented by
and the surface coverage defined by the number of sites
occupied by species in the surface of the catalyst, are
influenced by the amount of
presents in the combustion
gases. Fig. 3 displays the CO and NO mass concentration as a
function of the inlet oxygen, showing the optimal value of
oxygen of 6×10-3, in agreement to experimental data [25].
One of the important parameters in the elimination of the CO
and NO is the temperature at which the surface reaction
mechanism is carry through. On one hand, higher
temperature increases the oxidation of CO but promotes the
formation of NO. The results plotted in Fig. 4 indicate the
optimal value of O2 corresponds to a temperature of around
800 K. Although this figure show that greater fractions of O2
cause that temperature diminishes considerably, these
fractions do not satisfactorily contribute in the reduction of
the polluting chemical species. Fig. 5 shows the surface
coverage of the absorbed chemical species as a function of
the temperature, for the optimal O2 feeding of 6×10-3. For the
a constant adsorption is observed for
case of
temperature lower than 800 K; once this temperature is
reached the molecule reacts to oxidize and form CO2, that
separates from the catalyst, leaving vacant spaces. For the
the maximum adsorption starts close to 800 K,
case of
as well as the reduction to N2 and O2. In the case of
, the
greatest surface coverage starts at 800 K prevailing a constant
value since the reaction of CO starts.
As shown in Fig. 6, the optimal O2 feeding considerably
reduces the concentration of polluting chemical species in the
combustions gases, since the reduction of NO does not
provide oxygen enough for the oxidation of CO. It is
observed that inlet mass fractions of NO and CO are
substantially depleted once they interact to the catalytic plate
at a temperature of about 800 K. For CO its removal is
complete while for NO there is a considerable reduction, as
should be expected in the catalytic converters.
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Fig. 4.- Temperature as a function of the inlet O2
concentration
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Fig. 5.- Surface coverage of the surface adsorbed species as a
function of the temperature
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The optimal O2 feeding and the initial and final values of the
polluting gases studied in the present research are
summarized in Table 3.
Table 3. Comparison of initial and final concentration
Specie

Initial
concentration
0.00600
0.01139
0.00113

O2
CO
NO

Final
concentration
0.000
0.00060
0.00037

Temperature
[K]
800
850

[3]
[4]

[5]

[6]
[7]

[8]

1.0

1.0

0.9

0.9

0.8

0.8

0.7

Ywi

0.6
0.5
0.4

0.7

YwCO

0.6

w
O2

Y

0.5

YwNO

0.4

0.3

0.3

0.2

0.2

0.1

0.1

0.0
300

400

500

600

700

800

900

0.0
1000

Temperature [K]

Fig. 6.- CO, NO and O2mass concentrations as a function of
the catalytic surface temperature.
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[19]
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IV. CONCLUSION

[25]

The numerical modeling of a catalytic converter was
developed in this paper. The catalytic combustion model was
for a mixture of CO, NO and air, using the stagnation-point
flow geometry. The proposed chemical reaction mechanism
was able for reducing NO and oxidation of CO. The
numerical simulation was carried out in absence and presence
of O2. An optimal O2 concentration feeding of 6×10-3 was
found with a corresponding temperature of 800 K that
significantly diminishes the fractions of the polluting
chemical species in combustion gases.
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