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data from mechanistic surface kinetics
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A B S T R A C T

This paper demonstrates how pre-computed rate data can be used to enable the numerically efficient

implementation of mechanistic kinetics in a reactor model for an automotive ammonia slip catalyst.

In a pre-processing step the source terms for the gas species are mapped as a function of gas

composition and temperature. From this map (80,000 data points), a spline interpolation function is

constructed. The spline function approximates the numerical steady state solution of the kinetic model

with an average error of less than 1%. Application of the rate mapping procedure results in a speedup of

about two orders of magnitude.

The spline approximation is implemented in a 2-dimensional model of a monolith reactor channel

that includes diffusion in the washcoat layer. Depending on the channel diameter and the washcoat

thickness, diffusion limitations in the open channel and in the washcoat can have a significant influence

on the NH3 conversion. Surprisingly, the selectivity for the products N2, N2O and NO is not sensitive to

diffusion effects in the gas phase or in the washcoat.
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1. Introduction

1.1. Kinetic modeling of automotive NH3 oxidation catalysts

In the selective catalytic reduction (SCR) process, NOx is
removed from automotive exhaust by reduction with NH3. The
challenge in this process is to achieve high NOx conversions with
minimal NH3 breakthrough. One way to reduce NH3 emissions is to
use an NH3-slip catalyst, which is an ammonia oxidation catalyst,
frequently applied as a short zone at the outlet of the SCR catalyst.
The NH3-slip catalyst allows more aggressive ammonia dosing
without increasing the NH3 emissions.

The desired reaction in the NH3-slip catalyst is the oxidation of
NH3 to N2:

2NH3þ1:5O2 ! N2þ3H2O

Unfortunately, the production of N2O and NO are also observed
with most catalysts:

2NH3þ2O2 ! N2O þ 3H2O

2NH3þ2:5O2 ! 2NO þ 3H2O
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Furthermore, N2O can be formed by the reaction of NO with
NH3:

2NH3þ2NO þ 1:5O2 ! 2N2O þ 3H2O

One NH3 oxidation catalyst that has been used for automo-
tive applications is platinum supported on inorganic oxides.
The oxidation of NH3 on platinum is a well-studied reaction,
mainly due to its importance in industrial nitric acid production.
The reaction has been studied by a variety of experimental
methods ranging from studies under vacuum conditions
on single crystal surfaces to kinetic experiments under
atmospheric pressure on polycrystalline catalyst samples.
Furthermore, the energies of the reaction intermediates
and the transition states have been computed by quantum
mechanical methods. Micro-kinetic reaction mechanisms are
available that are based on the quantum calculations and the
experimental studies [1–7].

We have recently shown that the micro-kinetic models
developed in the context of industrial NH3 oxidation provide a
good basis for the simulation of the automotive ammonia
oxidation catalyst [8]. Despite the differences in the operating
conditions (temperature, NH3 concentration) and the catalyst
(supported platinum versus platinum wires), it was shown that the
existing reaction mechanisms qualitatively predict the experi-
mentally observed conversions and product selectivities. With
some minor modifications and re-parameterization, a good
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Table 1
The reaction network for ammonia oxidation. The terms ‘‘a’’ and ‘‘b’’ denote two

different adsorption sites on the platinum surface: a: hollow site; b: on top site [8].

No. Reaction Equation

R1 NH3 adsorption NH3 + b!NH3�b

R2 NH3 desorption NH3�b!NH3 + b

R3 O2 adsorption O2 + 2a!2O�a

R4 O2 desorption 2O�a!O2 + 2a

R5 NH3 activation NH3�b + 1.5O�a!N� a + 1.5H2O + 0.5a + b

R6 NO desorption NO�a!NO + a

R7 NO adsorption NO + a!NO� a

R8 N2 formation 2N� a!N2 + 2a

R9 NO formation N�a + O�a!NO�a + a

R10 N2O formation NO�a + N� a!N2O + 2a
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description of the catalyst behavior under typical automotive
operating conditions was achieved.

From a reactor engineering point of view, the design of the NH3-
slip catalyst is more challenging than the design of many other
types of exhaust catalysts. The slip catalyst usually is implemented
as a small zone at the outlet of the SCR catalyst. The requirement
for low catalyst volume necessarily implies that a well-designed
catalyst must operate close to the mass transfer limit. For this
reason, a realistic simulation model of an ammonia slip catalyst
needs to cover radial diffusion effects in the open channel and in
the washcoat. In this study, this type of model is set-up as a
demonstration of the rate mapping approach. The model is used to
study the effects of internal and external diffusion limitations on
conversion and product selectivity in an ammonia slip catalyst.

1.2. The rate mapping approach

The implementation of detailed surface reaction mechanisms in
realistic reactor models is numerically demanding and, in many
cases, the application of such detailed models for exhaust system
design work becomes impractical due to numerical limitations. One
major purpose of this paper is to demonstrate that the use of mapped
pre-computed rate information provides a solution to this problem.

The coupling of detailed surface kinetics and complex reactor
models requires solving the surface kinetic equations for each
volume element and each time step. The standard approach is to
solve the surface kinetics in a separate subroutine. This subroutine
computes the steady state concentrations of the surface species for
given gas phase concentrations and returns a source term for the gas
species to the reactor model [9]. Due to the large number of calls, the
numerical solution of the surface chemistry occupies most of the
runtime of the reactor simulation. The rate mapping approach uses a
pre-processing step to solve the surface chemistry for a large number
of input conditions. From this pre-computed data, an interpolation
function is constructed. During the runtime of the reactor simulation,
the source terms for the surface mechanisms are evaluated by a
numerically inexpensive call of the interpolation function.

The use of pre-computed rate information for complex reactive
flow simulations is a well established technique in gas phase kinetics
and is sometimes referred to as repro-modeling [10–12]. The main
application areas are combustion and atmospheric chemistry [13–
18]. Application of repro-modeling to gas phase kinetic systems
frequently is complicated by the fact that the steady state
assumption is not a good approximation. For this reason more
sophisticated techniques have been developed that are based on the
concept of ‘intrinsic low dimensional manifolds’ [19,20].

In heterogeneous catalysis the steady state approximation for
the surface species generally is a valid assumption. This is exactly
true for steady state simulations. Also for transient simulations the
surface species can be safely assumed at steady state, if the
characteristic time of accumulation is short compared to the inlet
gas transients. Generally this is the case for the surface species on
the precious metal. However, in exhaust gas catalysis there exist a
number of storage phenomena that are slow on the timescale of
the transient changes in exhaust composition. Examples are: the
adsorption of NH3 in SCR catalysts, NOx storage in NOx traps,
oxygen storage in three way catalysts and the reversible oxidation
of the platinum surface by NO2 [21]. Of course, these transient
phenomena cannot be treated as steady state. Application of the
rate mapping approach to such systems requires the storage
species to be explicitly treated by the mapping. This means that the
surface concentration of the storage species becomes an additional
input parameter of the mapping and the source terms for the
storage species are represented by a separate mapping.

In principle, any interpolation technique can be applied in the
repro-modeling approach; see ref. [22] for a short summary of the
different techniques that have been applied in the past. In this
work, we use multivariate tensor product spline functions for the
interpolation of the pre-computed data. Given certain assump-
tions, it can be shown that a third order (cubic) spline provides the
‘smoothest’ interpolation of a given dataset [23].

We have previously demonstrated the applicability of the spline
mapping approach for the implementation of detailed surface
reaction mechanisms in reactor models using the relatively simple
example of CH4 oxidation [22]. In the present study we apply the
mapping technique to the more challenging example of NH3

oxidation in an automotive ammonia slip catalyst. NH3 oxidation is a
more challenging test case because both the overall oxidation rate
and the product selectivities need to be reproduced by the spline
mapping.

The application of the rate mapping approach to the kinetics of
the ammonia slip catalysts is also of practical importance since – to
our knowledge – no LHHW-type global kinetic models exist that
describe NH3 oxidation and the formation of the different reaction
products under automotive conditions. Therefore, the application of
a detailed surface mechanism in combination with the proposed
mapping approach currently presents the most feasible method for
treating ammonia slip catalysts in practical exhaust system
simulation work.

2. Methodology

2.1. Computation of steady state reaction rates

NH3 oxidation is described by the 10-reaction surface mecha-
nism (Table 1) published in our previous work [8]. Reaction rates
for the individual reactions are computed by Eq. (1):

rk ¼ k0k exp � Eak

RT

� �Y
i

c nikj j
i

Y
i

u nikj j
i (1)

where ci is the concentration of gas phase species i, ui is the surface
coverage of the surface species i and nik is the stoichiometric
coefficient of species i in reaction k. The pre-exponential factors k0k

and the activation energy Eak of reaction k are taken from reference
[8].

Source terms ṡi for each gas and surface species are computed
from the rates for the individual reactions (rk) using the following
formula:

ṡi ¼
X

k

nikrk (2)

The steady state coverage for the surface species are obtained
by numerically integrating the following ordinary differential
equation until a steady state has been reached:

dui

dt
¼ ṡ

G
(3)



Table 2
The input range of the mapping.

Min Max

T 300 K 800 K

xNH3
0.01 ppm 1000 ppm

xNO 0.01 ppm 1000 ppm

xO2
2% 20%
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During this integration, the gas phase concentrations and the
surface temperature remain constant. The integration is carried
out using the numerical solver DASSL [24].

2.2. The spline mapping procedure

The purpose of the spline mapping is to provide a fast
interpolation of the source terms as a function of the gas phase
concentrations and temperature. This is achieved by computing a
certain number of data points and representing the functional
relationship between the input parameters and the gas phase source
terms by a spline function. In this work, the four input parameters
are the temperature and the mole fractions of NH3, NO and O2. N2O
and N2 only appear as products in the reaction mechanism and,
therefore, have no influence on the reaction rates. The ranges for
each of the four input parameters are listed in Table 2.

All results reported in this paper have been obtained using the
scaled input parameters 1/T, lnðxNH3

Þ, ln(xNO) and lnðxO2
Þ during

the construction and evaluation of the spline approximations. A
number of preliminary numerical experiments showed that such a
scaling improves the performance of the spline interpolation.

The construction of the spline functions requires input data
located on a rectangular grid. In principle, the number and location
of the grid points in each dimension can be chosen freely. In this
work, the data points for each input dimension are evenly
distributed over the input range of the scaled parameter. Twenty
input points in each dimension are used for the input parameters
xO2

, xNO and T, and 10 input points are used for the input parameter
xO2

. These settings provide 80,000 data points for the entire dataset.
Separate spline approximations have to be set-up for the source

term of each species. In this work, these are the formation/
destruction rates of NH3, N2O and N2. The source term for NO can be
computed from the other three source terms via the mass balance.

To achieve fast evaluation it is necessary to build the
polynomials for the individual grid elements during the pre-
processing phase. The coefficients of the polynomials are stored in
a data table. During the runtime of the simulation, the source terms
are computed by evaluating the polynomials using the tabulated
coefficients. The toolbox of de Boor [23] is used for the construction
and evaluation of the spline functions.

2.3. Performance measure for the spline mapping

The quality of the spline representation is determined by
computing a validation test set that consists of 10,000 data points
randomly sampled from the input space of the mapping.

A combination of two error criteria is used to measure the
performance of the spline approximations. The first criterion is the
relative error in the source terms:

eI
i ¼

ṡspline � ṡ

ṡ
(4)

where ṡ is the source term computed by the numerical solution of
Eq. (3) and ṡspline is the value obtained by the spline approximation.

If reaction rates become very small, then even large relative
errors in the source term ṡ will result in an insignificant error in the
reactor output concentrations. For this reason, an estimated relative
error in the output concentrations is used as a second error criterion:

eII
i ¼ ṡ� ṡspline

� �
� tref

c
(5)

where c is the inlet concentration of the respective species, and tref

is a reference reactor residence time. A value of 20 ms was used for
tref . This value is an upper limit for the expected residence time in
the slip catalyst zone of an automotive SCR catalyst.

A combined error measure is computed as the sum of squares of
the smaller of the two errors for each data point:

ê ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiXN

1

1

N
ðminðeI

i ; e
II
i ÞÞ

2

vuut (6)

where N is the number of test data points. In this way, calculations
for fast reactions use the relative error in the source term and
calculations for slow reactions use the estimated relative error in
the output concentration.

The error measure is separately computed for each of the four
species NH3, N2, N2O and NO.

Since N2 and N2O are not used as input parameters for the spline
mapping, the concentrations of these two species are not defined
for the individual data points. For this reason, the error in the
output concentration for these two species is reported relative to a
reference concentration (cref) of 50 ppm:

eII
i ¼ ṡ� ṡspline

� �
� tref

cref
(7)

To present a simple example: a value of 0.01 for ê means that, on
average, either the relative error in the source term is smaller than
1%, or the error in the outlet concentration is smaller than
0.01 � 50 ppm = 0.5 ppm.

2.4. Validation in a plug flow reactor model

To validate the spline mapping approach, a simple 1-
dimensional isothermal plug flow reactor model was set-up.

Concentration profiles along the axial direction of the reactor
are obtained by a simple explicit integration scheme:

cið jÞ ¼ cið j� 1Þ þ ṡ �Dt
Dt � t=Nste ps

(8)

where ci(0) is the inlet concentration of species i, ci(j) is the
concentration after integration step j, t is the residence time in the
reactor and Dt is the timestep of the integration scheme. The
source term ṡ for the gas species is computed either by numerical
solution of Eq. (3) or by evaluation of the spline function. Four-
hundred timesteps (Nstep = 400) were used for the calculation of
the results presented in this paper. It has been verified that the
solution is insensitive to a further increase in the number of
timesteps.

2.5. Model of a monolith channel

Finally, the spline representation of the surface reaction
mechanism is implemented in an isothermal axially symmetric
model of one monolith channel. This model solves the balance
equations for the concentrations of the gas species in the washcoat
and in the open channel.

For convection and diffusion in the gas phase of the open
channel, the balance equation reads:

r � ð�Dirci þ ciuÞ ¼ 0 (9)

where u is the axial velocity that is given by a parabolic flow profile.
The gas phase diffusion coefficients of the individual species Di are
computed according to Fuller et al. [25].
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The balance equation for reaction and diffusion in the washcoat
is:

r � ð�DeffrciÞ ¼ ṡi (10)

The source terms ṡi are computed by evaluating the spline
interpolation functions.

Following Zhang et al. [26], a value of 1�10�6 m2/s is used for the
room temperature effective diffusion coefficient of all gas species
in the washcoat. The temperature dependency of the effective
diffusion coefficient Deff is computed from the diffusion coefficient
at room temperature Deff, RT according to:

Deff ¼ Deff;RT �
T

300 K

� �1:75

(11)

The model has been implemented in the commercial simulation
package Comsol Multiphysics, Version 3.3a.

In this paper only an isothermal model of the monolith channel
is solved. This is justified by the fact that the adiabatic temperature
rise for the combustion of 300 pm NH3 is less than 2.5 K. Additional
implementation of the heat balance in Comsol would be
straightforward.

3. Results and discussion

3.1. Performance of the rate mapping

3.1.1. Accuracy

To investigate the performance of the spline mapping, we
compared the source terms predicted by different mappings to the
values obtained by an exact numerical computation of the source
terms. For this purpose, 10,000 data points were randomly
sampled from the input domain of the mapping.

For each of the different spline representations, a combined
absolute/relative average error is computed as described in Section
2.3.

Table 3 shows the average errors of different spline mappings as
a function of the polynomial order of the spline. In all cases, the
accuracies of the second order (quadratic) splines are significantly
better than those of the linear splines. Increasing the polynomial
order to three leads to a minor additional improvement. These
results are in line with our previous study on methane oxidation
[22]. A third order polynomial has a considerably higher number of
coefficients than a second order polynomial, in our case (four input
dimensions) 256 instead of 81. Therefore, the cubic spline requires
significantly more storage space and processor time with little
improvement in accuracy. For this reason, quadratic splines are used
for the reactor simulations presented in the following sections.
Table 3
The average error as computed by Eq. (6). Splines of different orders were

constructed from a dataset with 20�20�20�10 points. The error was computed

based on a test dataset of 10,000 points that were sampled randomly from the input

space given in Table 2.

Mapped quantity Average error

Linear spline Quadratic spline Cubic spline

NH3 lnðṡÞ 1.89% 0.28% 0.22%

ṡ 4.57% 1.04% 0.97%

N2 lnðṡÞ 2.44% 0.36% 0.28%

ṡ 9.50% 2.61% 5.01%

N2O lnðṡÞ 2.06% 0.26% 0.20%

ṡ 7.71% 1.52% 2.00%

NO Mass balance lnðṡÞ 3.53% 0.96% 0.74%

ṡ 6.91% 1.09% 1.16%
In our previous work on methane oxidation [22], we found that
a logarithmic scaling of the mapped source terms improves the
accuracy of the spline approximation. Such a logarithmic scaling is
possible only for those species with a fixed sign of the source term.
In our study, the latter is true for NH3 (which can be scaled as
logð�ṡÞ) and for N2 and N2O (which can be scaled as logðṡÞ).

Table 3 compares the performance of spline approximations
with and without logarithmic scaling. In all cases, the logarithmic
scaling improves the interpolation accuracy. The improvement is
larger for the quadratic and cubic splines, where the error is
reduced by a factor of about 5–10.

NO appears in the reaction mechanism as both a reactant and a
product, so a logarithmic scaling is not possible in this case. In the
reactor simulations, it is sufficient to compute the source terms of
NH3, N2 and N2O by a spline approximation. All other source terms
can be computed from the mass balance.

Table 3 also reports the accuracy of an NO source term that was
obtained from the mass balance. The error is comparable to the error
obtained with a direct mapping of the unscaled source term of NO.

In conclusion, Table 3 shows that with an appropriate
logarithmic scaling, both quadratic and cubic spline approxima-
tions compute the source terms of the relevant species (NH3, N2,
N2O and NO) with an average error of less than 1%. Therefore, the
error introduced by the spline mapping is much lower than the
expected uncertainty in the underlying surface kinetics.

3.1.2. Runtime performance

For the test set with 10,000 data points, the numerical
computation of the surface rates takes 46.3 s on a dual core
2.8 GHz Intel (T9600) computer. The approximation of the three
source terms for N2, N2O and NH3 by the spline approximation
takes 0.39 s for the 10,000 data points, corresponding to a speedup
by a factor of more than 100. A comparison of the runtime
performance for spline approximations of different polynomial
orders is presented in Table 4.

3.2. Validation with plug flow reactor simulations

To demonstrate the performance of the rate mapping approach
in reactor simulations, the spline interpolation was implemented
in a simple isothermal plug flow reactor model. The results are
compared to the output of the same model with direct numerical
computation of the source terms. Fig. 1 shows simulation results
for the oxidation of NH3 with different NH3 inlet concentrations.
The figure displays the outlet concentrations of NH3, N2, N2O and
NO as a function of reactor temperature. Fig. 2 shows similar
results for a reaction mixture that contains equal amounts of NO
and NH3. In all cases, the results obtained with direct numerical
computation of the steady state source terms are perfectly
reproduced by the rate mapping approach.

3.3. Implementation of the mapped kinetics in a 2-D simulation of a

monolith channel

The mapped kinetics were implemented in a 2-dimensional
model of one monolith channel. This model computes the
Table 4
A comparison of the calculation time and speedup for the spline approximations.

The calculation times are for a dataset of 10,000 points. The exact numerical

computation of these 10,000 data points takes 46.3 s. The computation times

reported for the spline mapping include three calls of the interpolation routine for

each data point (one call for each of the three source terms of NH3, N2 and N2O).

t(s) Speedup

Linear spline 0.10 445

Quadratic spline 0.39 119

Cubic spline 1.36 34



Fig. 1. Plug flow reactor simulations for three different NH3 inlet concentrations;

the concentration at reactor outlet is shown versus reactor temperature. Space

velocity: 300,000 h�1. Inlet concentrations: 600 ppm/400 ppm/200 ppm NH3, 5%

O2, with no NO in the feed. Lines: full numerical solution. Dots: computation of the

source term by spline interpolation.

Fig. 3. Mole fraction profiles in the monolith channel. For symmetry reasons, only

half of a channel is shown. The symmetry axis is on the left boundary of the model.

The washcoat is in the area next to the right boundary. The flow direction is

upwards. Temperature: 600 K, space velocity: 300,000 h�1. Inlet concentrations:

300 ppm NH3, 0 ppm NO, 5% O2.
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concentration profiles in the gas phase and in the washcoat. The
simultaneous treatment of mechanistic surface kinetics and wash-
coat diffusion effects is numerically challenging. Today, specialized
simulation packages are available for this purpose [27–29].
However, these simulators require long computation times and
the application of these programs seems to be limited to a few
published demonstration studies. The implementation of a monolith
model with detailed surface chemistry and washcoat diffusion in a
commercial simulation program is even more numerically chal-
lenging than the use of the specialized solvers and, therefore,
presents a good demonstration example for the rate mapping
approach.

The computation of one steady state concentration profile in the
2-dimensional reactor model (1200 grid elements) takes 56 s on a
2.8 GHz Intel dual core (T9600) computer. Of the 56 s, about 30 s is
spent on evaluating the spline approximations. This solution
requires 674,000 computations of each of the three different source
Fig. 2. Plug flow reactor simulations with equal amounts of NH3 and NO in the feed.

Space velocity: 300,000 h�1. Inlet concentrations: 600 ppm/400 ppm/200 ppm

NH3/NO, 5% O2. Lines: full numerical solution. Dots: computation of the source term

by spline interpolation.
terms. Simulation with direct numerical computation of the source
terms would take about 3600 s on the same computer. This results in
a speed up by a factor of about 60 for the solution of the 2-D model.

Fig. 3 shows concentration profiles that were computed by the
2-D monolith reactor model for an operating temperature of 600 K.
It is obvious that the NH3 concentration shows a steep gradient in
the washcoat. Such a gradient typically indicates that the reaction
is diffusion-limited. Fig. 3 also shows the profile of the product NO.
The highest NO concentrations are found in the washcoat. Such an
accumulation of an intermediate product in the washcoat (due to
diffusion limitations) can lead to an increased selectivity for
secondary reaction products [30], in this case N2O.

3.4. The effect of diffusion limitations on conversion and selectivity

To study the effect of diffusion resistance in the washcoat on
overall conversion and product selectivity, simulations were
performed in which the washcoat loading was varied between 5
and 200 g/L at a constant open channel diameter. In this study, the
overall platinum loading of the catalyst was kept constant. This
means that at higher washcoat loadings the same amount of
platinum amount was distributed over a higher washcoat volume.
Fig. 4 shows results of this type of washcoat loading variation for a
space velocity of 300,000 h�1. Increasing the washcoat loading
from 5 to 25 g/L has no effect on NH3 conversion. This result
indicates that at this low washcoat loading, diffusion resistance in
the washcoat can be neglected. The kinetic model used in this
study has been parameterized based on experiments on a monolith
with a washcoat loading of 10 g/L and it was assumed that that
diffusion effects could be neglected. This assumption is supported
by the simulation results shown in Fig. 4.

A further increase in the washcoat loading to 100 g/L
(corresponding to a washcoat thickness of 50 mm) significantly
decreases the NH3 conversion. A loading of 200 g/L, which is a
reasonable upper limit for many automotive catalyst applications,
leads to a further decrease of the NH3 conversion. At a temperature
of 650 K, the NH3 conversion is reduced to 59%, compared to 91%
for the case of negligible diffusion limitation.

Surprisingly, even at the highest loadings, the washcoat
thickness has no significant effect on the selectivity for N2, N2O
and NO. Upon first inspection, this result is unexpected, since the
concentration profile of Fig. 3 shows an enrichment of NO in the
washcoat and our earlier experiments [8] showed a significant
influence of NO on the product selectivity. A more in-depth
analysis shows that the effect of NO is relevant only at lower



Fig. 4. Conversion and product selectivities for different washcoat loadings (at

constant platinum loading). The results were computed using the 2-D model of a

monolith channel. The cell density was 400 cpsi. Inlet mole fractions: 300 ppm NH3,

0 ppm NO, 5% O2. Hourly space velocity: 300,000 h�1. Washcoat loadings: black 5 g/

L, red 25 g/L, blue 100 g/L and green 200 g/L.
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temperatures, where no gradient is formed in the washcoat. At
higher temperatures (where the model predicts an enrichment of
NO in the washcoat) the contribution of NO adsorption (reaction
(7), Table 1) on the overall reaction behavior is negligible.

To analyze the effect of diffusion limitations in the gas phase,
simulations have been performed for catalysts with different
channel diameters. For these calculations, a very low washcoat
loading of 5 g/L was used to avoid internal diffusion limitations in
the washcoat. Again, the amount of precious metal loading per
monolith volume was kept constant. Fig. 5 presents results for two
catalysts with open channel diameters of 670 and 1400 mm, which
correspond to cell densities of about 900 cpsi (cells per square
inch) and 200 cpsi, respectively. The 200 cpsi catalyst shows a
significant reduction in NH3 conversion compared to the 900 cpsi
catalyst. One calculation was performed, in which the radial
Fig. 5. The effect of external mass transfer on conversion and selectivities. The

results were computed using the 2-D model of a monolith channel. The washcoat

loading was 5 g/L. Inlet mole fractions: 300 ppm NH3, 0 ppm NO, 5% O2. Hourly

space velocity: 300,000 h�1. Cell density: black line: 200 cpsi and red line: 900 cpsi.

In addition, one simulation was performed in which the gas phase diffusion

coefficients were increased by a factor 100: blue line.
concentration gradients in the gas phase were completely avoided
by multiplying the gas phase diffusion coefficients by a factor of
100. This calculation shows an insignificant increase in NH3

conversion compared to the 900 cpsi case. This result suggests that,
at least for the space velocity of 300,000 h�1, a cell density of
900 cpsi is sufficient to avoid any performance degradation due to
mass transfer limitations in the gas phase.

4. Conclusions

This paper demonstrates that the interpolation of pre-
computed rate data by a spline function provides a numerically
efficient approach for the implementation of the NH3 oxidation
surface kinetics in a monolith reactor model.

With 80,000 data points, the spline approximation reproduces
the exact numerical computation of the steady state source terms
with an error of less than 1%. In addition, the spline interpolation is
about 2 orders of magnitude faster than the numerical solution of
the kinetic rate equations.

The rate mapping approach is implemented in a 2-dimensional
model of one monolith channel, taking into account the radial
diffusion in the open channel and in the washcoat layer. The model
is used to study the role of external and internal diffusion
limitations under typical ammonia slip catalyst operation condi-
tions. For higher washcoat loadings, diffusion resistance in the
washcoat can significantly reduce NH3 conversion. This internal
diffusion limitation can be avoided if the washcoat loading is
reduced to about 25 g/L. For low cell densities, ammonia
conversion is also reduced by diffusion limitations in the gas
phase. These external diffusion limitations become insignificant
for a cell density of 900 cpsi. Neither internal nor external diffusion
limitations have a significant influence on the selectivity for the
products N2, N2O and NO.

The conclusion that diffusion limitations have to be considered
for the design of ammonia slip catalysts is not unexpected. The
ammonia slip catalyst is generally applied as a short zone at the
outlet of the SCR catalyst and the requirement to minimize the
volume of this zone implies that a well-designed ammonia slip
catalyst will be operated close to the mass transfer limit.

In a previous paper, we had demonstrated the feasibility of the
rate mapping approach using the relatively simple example of CH4

oxidation. NH3 oxidation can be considered a more challenging test
case because the spline mapping needs to reproduce both the
overall NH3 conversion and the selectivity for the different reaction
products. Furthermore, it has been shown that CH4 oxidation can
be described by a simple LHHW-type rate expression [31]. To our
knowledge, no such global rate equations exist for the description
of NH3 oxidation and the formation of the different reaction
products. On the other hand, we have recently shown [8] that
existing elementary kinetics can be adopted with little effort to
describe an automotive ammonia oxidation catalyst. We conclude
that at the moment the application of mechanistic surface kinetics,
in combination with the rate mapping technique demonstrated in
this paper, presents the most practical approach for the
implementation of NH3 oxidation chemistry in simulation models
that are useful for exhaust system design work.
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