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Abstract

The kinetics of a catalyst for hydrocarbon-selective catalytic reduction (HC-SCR) exhaust aftertreatment has been examined by means
of transient experiments on a heavy-duty diesel engine rig. The influences of temperature, NO2 concentration, and the transient injection of
hydrocarbon on the conversion of NOx, CO, and hydrocarbon were studied in a systematic manner. Hydrocarbon conversion was high and
NOx conversion was related to the amount of injected hydrocarbon at high temperatures. At lower temperatures hydrocarbon conversion
was low and NOx conversion was not directly related to hydrocarbon injection rate. Increased exhaust NO2/NO ratio resulted in NOx
conversion at lower temperatures and also in accumulation of NOx on the catalyst surface. The findings are in agreement with results from
recent studies of the selective catalytic reduction of NO by propene. A catalyst model was designed in accordance to these studies and fitted
to results from tailored and standard European transient cycles (ETC). The model shows reasonable agreement with experimental CO, NOx

and NO2 data. Experimental hydrocarbon data are not as well reproduced, presumably due to the model approximation of hydrocarbons
to one species. The full catalyst model used in the study is presented, including reaction kinetics and equations for mass and heat transfer.
Mechanistic aspects are discussed and related to other studies.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

The need for an efficient NOx aftertreatment system for
diesel exhaust is well known. The selective catalytic reduc-
tion (SCR) technique early proved to be successful[1]. It
is, however, an unattractive alternative due to the need of a
separate container with either ammonia or urea onboard the
vehicle and an infrastructure to supply this extra chemical.
Hydrocarbon-SCR (HC-SCR) instead uses the diesel fuel as
reducing agent. This technique, however, increases fuel con-
sumption and it is therefore of considerable interest that the
extra amount of fuel is used as efficiently as possible.

During real use the driving conditions (engine speed and
torque) vary unpredictably. As a consequence the exhaust
properties (temperature, mass-flow and composition) vary
irregularly. A control algorithm, i.e. a dosing strategy, is
needed to continuously adjust the injection of reducing
agent in accordance with prevailing conditions. The dos-

∗ Corresponding author.
E-mail address:bjorn.westerberg@mh.se (B. Westerberg).

ing strategy may be of varying complexity. In a previous
study [2], a dosing strategy that determined the amount
of reducing agent from the catalyst temperature and the
NOx flow was used. With this relatively simple strategy it
was shown that the distribution of reducing agent during a
European transient cycle (ETC) has a large impact on the
total NOx conversion. For the dosing strategy to be efficient
the amount of reducing agent needs to be determined from
states in the catalyst that are closely correlated to the NOx

conversion. These states can be obtained by modelling the
kinetics of the catalyst in real time.

A detailed kinetic model is useful for optimisation of
a dosing strategy, regardless of strategy type. A dosing
strategy can certainly be optimised experimentally by an it-
erative procedure, based on a factorial experimental design
with subsequent experiments performed in the direction
of the steepest ascent. That method has been employed in
another work[3]. It is, however, a time consuming proce-
dure requiring a large number of experiments to be per-
formed on an engine rig. Thus, costly and time-consuming
laboratory work can be avoided if the optimisation is,
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at least partially, performed with the aid of computer
simulation.

In this work, a kinetic model is developed for a high tem-
perature (HT) catalyst used in a HC-SCR aftertreatment sys-
tem. The model is fitted to data from transient experiments
performed on an engine rig. A critical part of the model is
the reaction mechanism that is used. In a previous study[4],
it was concluded that the NOx reduction proceeds via the
formation of a hydrocarbon intermediate and the successive
reaction between this intermediate and NOx. In this work,
the model is developed further. The influences of the tem-
perature, the NO2 concentration and the transient injection
of hydrocarbon on the conversion of NOx, CO and hydrocar-
bon are studied in a systematic manner. Mechanistic aspects
are discussed and related to studies of other catalysts.

2. Methods

2.1. Engine, fuel, catalysts and injection

All experiments were performed on a 6.7 l Volvo TD73
EA heavy-duty diesel engine placed in a rig capable of
performing transient cycles. Swedish MK1, a commercial
low-sulphur fuel (approximately 5 ppm S), was used both
as engine fuel and as reducing agent. Monolithic catalytic
converters supplied by Johnson Matthey were connected to
the exhaust pipe. Two types of catalysts with different func-
tions were used, a HT and a low temperature (LT) catalyst.
The HT catalyst shows a substantial NOx to N2 conversion
above 370◦C and some NOx conversion below this temper-
ature. The HT catalyst also shows a high, but not complete,
conversion of hydrocarbon and CO above 370◦C, but a
low conversion of NO to NO2. The LT catalyst shows an
almost complete conversion of hydrocarbon and CO above
200◦C. The LT catalyst also converts NO to NO2 and shows
some NOx to N2 and N2O conversion around 250◦C. The
volume of each catalyst brick was 6 l (diameter 229 mm,
62 channels per cm2). A total catalyst volume of 24 l was
used. The catalytic converters were insulated in order to
provide adiabatic conditions. The injector consisted of an
air-assisted spray nozzle, the diesel fuel being pulsed with
a Bosch L-Jetronic solenoid valve. The transient response

Fig. 1. Catalyst configurations during the tests. In the HT and the LT configuration the catalyst upstream the injector was a HT or a LT catalyst,
respectively. I, S and T denote injector, gas sampling point and thermocouple, respectively. All measures are in mm.

from the injector was levelled when the injected fuel was
mixed with the exhaust gas. This was taken into account by
applying an exponential filter with a time constant of 7.2 s,
determined from a separate experiment.

2.2. Analysis of the exhaust gas

Exhaust gas was sampled upstream the first HT catalyst
and downstream the first and the second HT catalyst down-
stream the injector (Fig. 1). The sampled gas was conducted
through heated PTFE pipes to a J.U.M. Engineering model
222 heated gas pre-filter. The hydrocarbon content was
determined using a J.U.M. Engineering model VE5 FID
instrument. A Tecan CLD 700 EL ht chemiluminescense
instrument was used for NO and NO+ NO2 analysis, and
a Siemens Ultramat 22P for CO analysis. The CO detector
had an upper detection limit of 300 ppm. N2O was analysed
with a Siemens Ultramat 5E. Water in the gas for CO and
N2O analysis was condensed using a Siemens 7 MB gas
cooler. The temperature was measured with type K ther-
mocouples at the same locations as where the exhaust gas
was sampled. The mass-flow was measured with a hot wire
anemometer and the engine fuel consumption was mea-
sured with a scale. The oxygen and water concentrations
were determined from a mass balance and the CO and N2O
concentrations were recalculated to a wet flow.

2.3. Test procedures

Two different catalyst configurations were used, either
with a HT or a LT catalyst upstream of the injector (Fig. 1).
The HT configuration served as a reference, whereas the LT
configuration provided a higher NO2 content in the gas flow
upstream the studied HT catalyst.

An ETC with no injection was performed with the LT
configuration. This test was used to validate the thermal part
of the catalyst model.

Two other types of transient tests were performed. Both
tests began with a 10 min long preconditioning period (not
shown in figures). The engine was first run 6 min at high
speed and load to produce a large mass-flow and a high temp-
erature, then 4 min at medium speed, but still at high load to
increase the temperature further. The purpose was to obtain
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Fig. 2. (a) Temperature, (b) mass-flow and (c) NOx and NO2 concentration during the temperature ramp with the HT (solid) and the LT (dashed)
configuration.

reproducible starting conditions between repeated tests. The
high mass-flow caused the temperature to level out through
the catalyst at a temperature independent of the temperature
before the test. The high temperature caused the removal of
accumulated species (with possibly the exception of oxy-
gen) on the catalyst and provided a well-defined state of the
catalyst.

In the first type of test, the temperature was ramped from
485 to 260◦C during 20 min, by ramping the engine load
at a constant speed. Every 2 min a 30 s pulse of hydro-
carbons was introduced by injecting diesel fuel. Each odd
pulse was 400 ppm (C1-units) while each even pulse was
800 ppm. This test is referred to as the temperature ramp.
The temperature ramp was performed with both the LT and
the HT configuration, with the purpose to obtain qualitative
information about the temperature dependence of the reac-
tions on the catalyst and the influence of an increased NO2
concentration. InFig. 2, the temperature, the mass-flow and
the concentrations of NOx and NO2 upstream the first HT

Fig. 3. (a) Temperature, (b) mass-flow and (c) NOx and NO2 concentration during the transient test (performed with the LT configuration only).

catalyst during the temperature ramp with the HT and the
LT configuration are shown.

In the second type of test, the temperature was ramped
down and up three times at three different engine speeds
in order to produce different combinations of temperature,
mass-flow, and NOx concentration. Every 2 min a 30 s
pulse of hydrocarbons was introduced. Each odd pulse was
750 ppm (C1-units) while each even pulse was 1500 ppm.
This test is referred to as the transient test. The transient
test was only performed with the LT configuration, and the
purpose was to provide experimental data for fitting the
kinetic model. The test contains 48 hydrocarbon transients.
This large number of transients was selected in order to
force the catalyst into a permanent unsteady state, thereby
providing a larger variance in the experimental data. The
test both starts and ends at a high temperature. The reason
for starting the test at a high temperature has already been
mentioned. The reason for ending the test at a high tem-
perature was to avoid having an unknown accumulation of
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species on the catalyst at the end of the test. InFig. 3, the
temperature, the mass-flow and the concentrations of NOx

and NO2 upstream the first HT catalyst during the transient
test are shown. At high temperatures partial combustion
of injected hydrocarbons occur upstream of the catalysts,
presumably homogeneous as reported by Kharas et al.[5],
resulting in a temperature increase during injection. The
phenomenon is evident particularly between 28 and 36 min,
when a high total mass-flow induces large hydrocarbon
injections. The extent of this combustion was estimated
from the temperature increase and the inlet hydrocarbon
concentration used in the model was corrected accordingly.

2.4. Catalyst model

The monolithic catalyst was modelled as a series of 10
continuously stirred tanks. The number, although low with
respect to the space velocity (83 000–510 000 h−1), was cho-
sen as a compromise between computational time and ac-
curacy. For actual flow conditions a more correct number of
tanks would have been between 40 and 140[6–8]. For a first
order reaction, the use of 10 tanks thus yields a relative error
of less than 3% conversion. The equations for mass and en-
ergy balances have similar appearance as in a previous work
[4]. The model assumes a uniform radial flow distribution,
no radial temperature and concentration gradients, no axial
diffusion or heat conduction, no gas phase accumulation and
no diffusion resistance in the washcoat. For each tank the
gas mass balance is given by

Fi,k−1 − Fi,k − kc,i,kAk(cg,i,k − cs,i,k) = 0 (1)

whereFi,k is the molar flow of componenti in tankk, kc,i,k is
the mass transfer coefficient of componenti in tankk, Ak is
the wall area in tankk, cg,i,k andcs,i,k are the concentrations
of componenti in tankk in the gas bulk and at the catalyst
surface, respectively. The surface mass balances are given
by the equations

kc,i,kAk(cg,i,k − cs,i,k) =
∑

j

νi,jrj,kmwc,k (2)

Ncat
∂θi,k

∂t
=

∑

j

νi,jrj,k (3)

whereνi,j is the stoichiometric coefficient for componenti
in reactionj, rj,k is the rate of reactionj in tank k, mwc,k
is the mass of washcoat (active catalyst) in tankk, Ncat is
the number of active sites per kilogram catalyst,θi,k is the
coverage of surface speciesi in tankk andt is the time. The
gas energy balance is given by
∑

i

(Fi,k−1cp,iTg,k−1 − Fi,kcp,iTg,k)

−hkAk(Tg,k − Ts,k) = 0 (4)

wherecp,i is the heat capacity for componenti, hk is the
heat transfer coefficient in tankk, Tg,k and Ts,k are the

temperatures in tankk in the gas bulk and of the catalyst,
respectively. The solid energy balance is given by

ms,kcp,s
∂Ts,k

∂t
= hkAk(Tg,k − Ts,k)

+
∑

j

rj,kmwc,k(−�Hj) (5)

wherems,k is the total mass of solid material in tankk, cp,s
is the heat capacity of the solid material and−�Hj is the
heat of reactionj. The mass and heat transfer was described
with the film model and the following expressions were used
for the Sherwood and the Nusselt number[9]

Sh= Sh∞ + 6.874(1000zm)−0.488e−57.2zm (6)

Nu = Nu∞ + 6.874(1000zh)
−0.488e−57.2zh (7)

whereSh∞ andNu∞ are the asymptotic Sherwood and Nus-
selt number, respectively. For a square channel the value for
Sh∞ has been determined to be 3.087 for constant mass flux
and 2.977 for constant wall concentration[9]. ForNu∞, the
value has been determined to 3.091 for constant heat flux
and 2.976 for constant wall temperature[9]. In this work, 3.0
was used for bothSh∞ andNu∞. The dimensionless axial
distanceszm andzh, for mass and heat transfer, respectively,
are given by the equations

zm = z

d Re Sc
(8)

zh = z

d Re Pr
(9)

where z is the distance from the entrance,d the channel
width, Re, ScandPr are the Reynolds, the Schmidt and the
Prandtl numbers, respectively. Binary diffusion coefficients
were calculated from an equation given by Fuller et al. and
multicomponent diffusion coefficients were then calculated
from Blanc’s law[10]. Gas heat conductivities were taken
from Reid [10]. Heat capacities for the gas and the mono-
lith were taken from Barin[11]. For the diffusion coeffi-
cients, the gas heat capacity and the gas heat conductivity
the average exhaust composition (77% N2, 14% O2, 4.4%
H2O and 4.4% CO2) for an ETC was used. For the gas
heat capacity the average temperature (350◦C) for an ETC
was used.

The kinetics was described with a mean field model con-
taining both Langmuir–Hinshelwood and Eley–Rideal type
reactions. The Arrhenius expression was used for the rate
constant. For adsorption the pre-exponential factor was cal-
culated from kinetic gas theory[12,13]

Aads= NART√
2πMRT

ANcatS0 (m3/s kg catalyst) (10)

whereNA is the Avogadro number,M the molar mass in
kg/mol, A the area of a site (assumed as 6.8 × 10−20 m2

[14]), Ncat the number of active sites per kilogram catalyst
andS0 the sticking coefficient at zero coverage.S0 was arbi-
trarily chosen as 0.1 and the pre-exponential factor was cal-
culated at 350◦C (the temperature dependence neglected).
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For Eley–Rideal reactions the same pre-exponential factor
was used as for adsorption[12,13]. Depending on the mo-
bility of the adsorbed species the pre-exponential factors
for desorption and Langmuir–Hinshelwood reactions may
vary some orders of magnitude around 1013 s−1 [12,13].
In order to minimise the number of free parameters in the
model the pre-exponential factors for these kinds of re-
actions were set to 1013 s−1. The pre-exponential factor
for oxygen adsorption was determined from thermodynam-
ical data for the NO/NO2 equilibrium in order to obtain
a consistent entropy balance. Analogously the activation
energy for oxygen desorption was determined from ther-
modynamical data in order to obtain a consistent enthalpy
balance.

2.5. Model fitting

The kinetic model parameters (activation energies and the
number of active sites) were fitted to five different sets of
experimental data. Two sets of data were used from the
temperature ramp with the HT configuration. In the first set
the inlet conditions were taken upstream the first HT catalyst
and fitting was made to the concentrations downstream the
first HT catalyst. In the second set the inlet conditions were
taken downstream the first HT catalyst and fitting was made
to the concentrations downstream the second HT catalyst.
Two similar sets of data were used from the temperature
ramp with the LT configuration. Finally, one set of data was
used from the transient test. In this case, the inlet conditions
were taken upstream the first HT catalyst and fitting was
made to the concentrations downstream the first HT catalyst.
The concentrations for hydrocarbon, CO, NO, NO2 and NOx

were weighted differently in order to yield equal sum of
squares.

Fig. 4. Observed and modelled hydrocarbon concentrations (in C1-units) downstream the second HT catalyst during the temperature ramp with the HT
configuration. Also shown are the temperature and the hydrocarbon concentration at the inlet to the first HT catalyst (injected hydrocarbon excluded).

3. Results

In the following text, the experimental results from the
temperature ramp with the HT and the LT configuration are
presented. These experiments were also used to validate the
kinetic model. Thus, also the results from the model are
shown. The kinetic model and the justification of inferring
different reaction steps are presented in the discussion.

In Fig. 4, the observed and the modelled hydrocarbon
concentrations (in C1-units) downstream the second HT
catalyst during the temperature ramp with the HT config-
uration are shown. Also shown are temperature and hydro-
carbon concentration at the inlet to the first HT catalyst
(injected hydrocarbon excluded). Above 370◦C hydrocar-
bon conversion is 80% or higher, but below this temperature
hydrocarbon conversion is less than 25%. Notable is that
the conversion is somewhat lower for the first two transients
than for the following four, even though the temperature is
higher for the former.

In Fig. 5, the observed and the modelled hydrocarbon
concentrations downstream the second HT catalyst during
the temperature ramp with the LT configuration are shown.
Also shown are the temperature and the hydrocarbon con-
centration at the inlet to the first HT catalyst (injected hy-
drocarbon excluded). Hydrocarbon conversion is somewhat
higher compared to the experiment with the HT configu-
ration; 85% or higher when the temperature is higher than
370◦C and less than 50% when the temperature is lower.
Also in this case, hydrocarbon conversion is somewhat
lower for the first two transients than for the following four.

In Fig. 6, the observed and the modelled CO concentra-
tions downstream the second HT catalyst during the temper-
ature ramp with the HT configuration are shown. Also shown
are the temperature and the CO concentration at the inlet to
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Fig. 5. Observed and modelled hydrocarbon concentrations (in C1-units) downstream the second HT catalyst during the temperature ramp with the LT
configuration. Also shown are the temperature and the hydrocarbon concentration at the inlet to the first HT catalyst (injected hydrocarbon excluded).

the first HT catalyst. During the transients CO is formed. The
highest CO concentration is observed during the transient
at 390◦C. Above this temperature lower CO concentrations
are observed, probably due to a higher rate for further con-
version to CO2. For the transients below 390◦C less CO is
formed and the response is slower and more sustained.

In Fig. 7, the observed and the modelled CO concen-
trations downstream the second HT catalyst during the
temperature ramp with the LT configuration are shown.
Also shown are the temperature and the CO concentra-
tion at the inlet to the first HT catalyst. The result is
similar to that obtained with the HT configuration, but

Fig. 6. Observed and modelled CO concentrations downstream the second HT catalyst during the temperature ramp with the HT configuration. Also
shown are the temperature and the CO concentration at the inlet to the first HT catalyst.

the CO concentrations during the transients above 370◦C
are lower than those obtained with the HT configuration.
Also in this case the highest CO concentration is observed
during the transient at 390◦C and the CO concentrations
observed above this temperature are lower. The formation
of CO during the transients below 390◦C is of comparable
size to that obtained with the HT configuration and a slower
and more sustained response is observed also here.

In Fig. 8, the observed and the modelled NOx and NO2
concentrations downstream the second HT catalyst during
the temperature ramp with the HT configuration are shown.
Also shown are the temperature and the NOx and NO2
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Fig. 7. Observed and modelled CO concentrations downstream the second HT catalyst during the temperature ramp with the LT configuration. Also
shown are the temperature and the CO concentration at the inlet to the first HT catalyst.

concentrations at the inlet to the first HT catalyst. At tem-
peratures above 370◦C there is a NOx conversion related to
the size of the hydrocarbon transient. Well above 370◦C the
response is fast but for the two transients just above 370◦C
the response is somewhat slower and more sustained. For the
two transients just below 370◦C there is a small NOx con-
version but below 320◦C no NOx conversion is observed.
Above 370◦C the NO2 concentration drops considerably
during the transients and between the transients there is a
small production of NO2. Below 370◦C both the inlet and
the outlet NO2 concentrations are close to zero.

Fig. 8. Observed and modelled NOx and NO2 concentrations downstream the second HT catalyst during the temperature ramp with the HT configuration.
Also shown are the temperature and the NOx and NO2 concentrations at the inlet to the first HT catalyst.

In Fig. 9, the observed and the modelled NOx and NO2
concentrations downstream the second HT catalyst during
the temperature ramp with the LT configuration are shown.
Also shown are the temperature and the NOx and NO2 con-
centrations at the inlet to the first HT catalyst. As for the HT
configuration there is a NOx conversion related to the size
of the hydrocarbon transient at temperatures above 370◦C.
For the two transients just above 370◦C there is a short NOx
desorption peak in the beginning of the transient. The height
of this peak grows as the temperature decreases until the
second transient below 370◦C. Then the height decreases
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Fig. 9. Observed and modelled NOx and NO2 concentrations downstream the second HT catalyst during the temperature ramp with the LT configuration.
Also shown are the temperature and the NOx and NO2 concentrations at the inlet to the first HT catalyst.

somewhat and instead the peak becomes broader. For the
first two transients below 370◦C the NOx concentration de-
creases to a value under the inlet concentration before the
end of the hydrocarbon transient. The NOx concentration
then stays below the inlet concentration until the next hydro-
carbon transient. For the following two transients the NOx

concentration decreases to a value under the inlet concen-
tration after the end of the hydrocarbon transient. The inte-
grated NOx flow shows that there is a net conversion of NOx

for the three first transients below 370◦C. In the beginning
of the transients the NO2 concentration decreases fast and
after the transient it increases slowly. Above 370◦C the NO2
concentration almost reaches the inlet concentration before
the next transient. Below 370◦C the NO2 concentration in-
creases more slowly as the temperature is decreased.

4. Discussion

Important parts of the catalyst model are the energy
balances. The exhaust gas temperature varies widely and
rapidly, causing temperature gradients along the catalyst.
These gradients in turn affect the kinetics. For the kinetic
model to be accurate the temperature of the catalyst also
needs to be determined accurately. The thermal part of the
catalyst model was validated with an ETC without injec-
tion. By using the LT configuration almost all engine out
CO and hydrocarbon was converted in the LT catalyst be-
fore the exhaust gas reached the first HT catalyst. The HT
catalyst could therefore be modelled with energy balances
neglecting reaction heat. InFig. 10, the observed and mod-
elled temperature downstream the first HT catalyst during
an ETC is shown. Also shown is the temperature at the inlet
of the first HT catalyst.

The model is able to reproduce the heat exchange between
the catalyst and the exhaust gas very well. There is no obvi-
ous phase difference between the modelled and the observed
temperature, but the amplitude for some of the variations is
smaller in the model than in the observations. The reason for
this is probably the low number of tanks used in the model.
The standard deviation is 3.9◦C.

The dynamic behaviour of the HT catalyst seems to be
characterised by two different temperature regimes. Above
370◦C hydrocarbon conversion is high and there is a signif-
icant formation of CO. The response of CO to the transient
hydrocarbon injection is immediate. Below 370◦C hydro-
carbon conversion is considerably lower but still present.
The CO response is slow in connection with both start and
stop of hydrocarbon transients. This indicates that hydrocar-
bon is trapped on the surface and slowly converted to CO.
The observation is in agreement with a previous study[4],
where it was concluded that a hydrocarbon intermediate is
formed.

Above 370◦C the NOx conversion is related to the amount
of added hydrocarbon and the NO2 concentration does not
have any notable influence on the NOx conversion. Below
370◦C there is no obvious relation between the amount of
added hydrocarbon and the NOx conversion. An increased
NO2 concentration results both in an increased hydrocarbon
conversion and in NOx conversion at lower temperatures. It
also results in a significant adsorption of NOx that is released
during hydrocarbon transients. The increased hydrocarbon
and NOx conversion at lower temperatures may be associ-
ated with the increased NOx adsorption. Above 400◦C the
increased NO2 concentration results in higher hydrocarbon
conversion whereas the NOx conversion not is affected. At
these temperatures no significant release of NOx is observed
during the hydrocarbon transients. A possible explanation
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Fig. 10. Observed and modelled temperature downstream the first HT catalyst during an ETC. Also shown is the temperature at the inlet to the first HT
catalyst.

for the increased hydrocarbon conversion could be that an
increased NO2 concentration keeps the surface more oxi-
dised. NO2 thus only influences the oxygen coverage but
not the NOx coverage and thereby not the NOx conversion.

The hydrocarbon intermediate formed during hydrocar-
bon conversion cannot be directly related to the NOx conver-
sion, since the NOx conversion below 370◦C then would be
related to the amount of hydrocarbon added. It is, however,
possible that another intermediate formed from the hydro-
carbon intermediate is responsible for the NOx conversion
and that formation of the second intermediate is promoted
by an increased NOx coverage.

A number of intermediates have been detected or sug-
gested on different catalysts during the reduction of NOx by
hydrocarbon. A partially oxidised hydrocarbon intermediate
has been suggested to be associated with the reduction of
NOx by propene on Cu-ZSM-5[15,16]. Also a N-containing
intermediate has been proposed to be connected to the reduc-
tion of NOx by propene on Cu-ZSM-5[17] and by propane
on Cu-ZrO2 and Cu-ZSM-5[18]. It has been shown that
the reduction of NOx by propane on HZSM-5[19] and by
propene on Cu-ZSM-5[17] takes place more effectively with
NO2 than with NO. Furthermore, it has been suggested that
the reduction of NO by propane on Pt/Al2O3 proceeds via
the oxidation of NO to NO2 on Pt, the adsorption of NO2
on the Al2O3 support and the successive reaction between
the adsorbed NO2 and propane[20]. Surface nitrates have
been detected on Ag/Al2O3 and have been shown to form
isocyanate through the reaction with ethanol and methanol
[21]. Surface nitrates have also been detected on Cu-ZSM-5
and have been shown to have a high reactivity with propane
[22,23]. Isocyanate has been detected on the Al2O3 support
and has been suggested to be an important intermediate dur-
ing the reduction of NO by propene on Pt/Al2O3 [24,25].
Furthermore, isocyanate has been shown to react with NO
and oxygen to form N2 and N2O on Pt/Al2O3 [26] and on
Ag/Al2O3 [27].

Although the above mentioned catalysts have different ac-
tivities, selectivity and temperature windows they have some
common properties. NO2 can under certain conditions pro-
mote NOx reduction. Surface nitrates are formed which have
high reactivity with hydrocarbons. N-containing intermedi-
ates, in some cases identified as isocyanates, are formed
on the catalyst surface. These have for some catalysts been
shown to react with NO to form N2 and N2O. In theory
it is possible to describe all these catalysts with a general
model that includes the least common set of surface species
and the reactions they participate in. For each catalyst, the
relative amount of different surface species and the rate of
the different reactions they participate in then determine the
dominating reaction pathways. Provided that the experimen-
tal data contain sufficient information, the fitting procedure
will identify the significant reaction steps. From a modelling
perspective, it is thus only required that a sufficient and suit-
able set of surface species and surface reactions is selected
in order to obtain a successful model.

In recent works, Shimizu et al. have studied the selective
catalytic reduction of NO by propene over Al2O3 [28] and
Cu/Al2O3 [29]. With FT-IR spectroscopy surface nitrates
and acetate were detected on both catalysts. Surface nitrates
were formed at exposure to NO and oxygen and the rate of
formation was higher on Cu/Al2O3 than on Al2O3. Acetate
was formed in a flow of propene and oxygen and also in a
flow of propene, NO and oxygen. The rate of acetate forma-
tion was higher in the flow of propene, NO and oxygen and
the rate was higher on Cu/Al2O3 than on Al2O3. Acetate was
also formed in a flow of propene only, after the catalyst had
been exposed to a flow of NO and oxygen. The acetate re-
acted in flows of NO or oxygen alone or together and the re-
action rate increased in the series NO	 oxygen< NO and
oxygen. N2 formation was observed when NO and oxygen
reacted with the acetate. On Cu/Al2O3 it was also observed
that isocyanate and cyanide were formed when acetate re-
acted with NO and oxygen. The isocyanate was found to
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react with NO alone or with NO and oxygen to produce N2.
The reaction rate was higher in the presence of both NO and
oxygen.

The penetrating works by Shimizu et al. provide an al-
most complete reaction scheme for the reduction of NOx by
propene on Al2O3 and on Cu/Al2O3. Many of the features
that are observed on these systems are also consistent with
the properties of the HT catalyst. We therefore believe that
the scheme provided by Shimizu et al. serves as a sound
foundation for a feasible reaction mechanism for the HT cat-
alyst. With support from the studies by Shimizu et al., the
following reaction scheme was designed:

2S+ O2
r1→ 2S–O (11)

2S–O
r2→ 2S+ O2 (12)

S+ NO2
r3→ S–NO2 (13)

S–NO2
r4→ S+ NO2 (14)

S–O+ NO
r5→ S–NO2 (15)

S–NO2
r6→ S–O+ NO (16)

S–O+ S–NO2
r7→ S–NO3 + S (17)

S–NO3 + S
r8→ S–O+ S–NO2 (18)

S–O+ HC
r9→ S–HC∗ (19)

2S–NO3 + 3HC
r10→ 2S–HC∗ + CO+ H2O + 2NO (20)

S–HC∗ + S–O
r11→ 2S+ CO+ H2O (21)

S–HC∗ + S–NO3
r12→ S–NO2 + S+ CO+ H2O (22)

2S–HC∗ + S–NO3
r13→ 2S+ S–NCO+ CO2 + 2H2O (23)

Table 1
Rate expressions, pre-exponential factors and activation energies for the reactions on the HT catalyst point

Rate expression Pre-exponential factor Activation energy (kJ/mol)

r1 = k1θ
2
v 2.13 × 105 m3/(s kg catalyst) Constraint 92.5 (±0.5)

r2 = k2θ
2
O 3.24 × 1012 mol/(s kg catalyst) Fixed 256.1 (constraint)

r3 = k3cNO2θv 1.78 × 105 m3/(s kg catalyst) Fixed 48.4 (±0.5)
r4 = k4θNO2 3.24 × 1012 mol/(s kg catalyst) Fixed 111.8 (±0.7)
r5 = k5cNOθO 7.33 × 104 m3/(s kg catalyst) Fixed 27.8 (±4.0)
r6 = k6θNO2 3.24 × 1012 mol/(s kg catalyst) Fixed 67.4 (±4.3)
r7 = k7θOθNO2 3.24 × 1012 mol/(s kg catalyst) Fixed 84.7 (±2.4)
r8 = k8θNO3θv 3.24 × 1012 mol/(s kg catalyst) Fixed 124.5 (±2.0)
r9 = k9cHCθO 8.05 × 104 m3/(s kg catalyst) Fixed 65.6 (±0.7)
r10 = k10cHCθNO3 8.05 × 104 m3/(s kg catalyst) Fixed 45.9 (±0.8)
r11 = k11θHC∗θO 3.24 × 1012 mol/(s kg catalyst) Fixed 177.1 (±0.9)
r12 = k12θHC∗θNO3 3.24 × 1012 mol/(s kg catalyst) Fixed 133.9 (±0.8)
r13 = k13θHC∗θNO3 3.24 × 1012 mol/(s kg catalyst) Fixed 139.4 (±0.9)
r14 = k14θNCOθNO3 3.24 × 1012 mol/(s kg catalyst) Fixed 160.9 (±7.0)
r15 = k15θNCOθNO2 3.24 × 1012 mol/(s kg catalyst) Fixed 99.0 (±0.7)
r16 = k16cCOθO 2.28 × 105 m3/(s kg catalyst) Fixed 69.2 (±0.8)
r17 = k17cCOθNO3 2.28 × 105 m3/(s kg catalyst) Fixed 38.0 (±0.8)

The 95% confidence intervals are given for the fitted parameters;ci and θi denotes the gas phase concentration and the surface coverage for speciesi;
θv is equal to 1− ∑

θi; ri and ki denotes the reaction rate and the rate coefficient for reactioni.

S–NCO+ S–NO3
r14→ 2S–O+ CO2 + N2 (24)

S–NCO+ S–NO2
r15→ 2S–O+ CO+ N2 (25)

S–O+ CO
r16→ S+ CO2 (26)

S–NO3 + CO
r17→ S–NO2 + CO2 (27)

S denotes an adsorption site. The rate expressions are given
in Table 1. The kinetic model was fitted to experimental
data both from the temperature ramp with the HT and the
LT configuration and from the transient test. Fitting was first
performed with the reaction between S–HC∗ and S–NO2 to
yield S–NCO and the reaction between S–NCO and S–O to
yield NO and CO included in the reaction scheme. These
reactions were found to be insignificant and were conse-
quently removed from the reaction scheme. The number of
sites (Ncat) was fitted to 0.324±0.027 mol/kg catalyst (95%
confidence). The values of the pre-exponential factors and
the fitted activation energies together with 95% confidence
intervals are given inTable 1. The confidence interval for
the majority of the activation energies is less than 1 kJ/mol
and the correlation (not shown in table) between most of
the parameters is less than 0.9. This indicates that nearly
all parameters are independently and well determined. The
confidence interval is largest for the activation energy for
reaction (24) (reaction between S–NCO and S–NO3 to CO2
and N2). This indicates that this path for NOx reduction
is less significant than reaction (25) (where S–NCO reacts
with S–NO2), which is also reflected by the higher activa-
tion energy for reaction (14). The correlation is high (0.93)
between the number of sites and the activation energy for
reaction (19) (formation of S–HC∗ from S–O and HC). The
high correlation is reasonable because this is an initial step
that is not rate determining and it consequently results in a
varying accumulation of S–HC∗ on the surface. Thus, both
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the activation energy and the number of sites influence the
coverage of this surface species. The correlation is also high
(0.91) between the number of sites and the activation en-
ergy for reaction (26) (oxidation of CO with S–O). This is
reasonable and indicates that the number of sites affects the
oxygen coverage which in turn influences the reaction rate
in a similar way as the activation energy. The correlation
is furthermore, high (0.91) between the activation energies
for reactions (22) and (23) (reaction between S–HC∗ and
S–NO3 to yield either S–NO2 or S–NCO). This is rea-
sonable since the difference in reaction rate for these two
reactions depends entirely on the activation energies. The
correlation is very high (0.999) between the activation ener-
gies for reactions (15) and (16) (oxidation of NO/reduction
of NO2). For these reactions the confidence intervals for
the activation energies are also higher. Thus, it is rather the
heat of reaction (the difference between the activation ener-
gies) than the individual activation energies that have been
determined. This restricts the validity of the model to NOx

levels up to 1000 ppm (the upper level in the experiments
used to fit the model). A simpler model with only S–NO3
as adsorbed NOx species did not generate high correlations.
However, this model yielded a worse prediction of hydro-
carbon and CO conversion. Experiments with synthetic ex-
haust gas may provide data for estimation of non-correlated
parameters. However, one of the main purposes with this
study is to develop a methodology for fitting models to data
from experiments performed with real exhaust gas only.

In Figs. 11–13, the observed and the modelled concen-
trations of hydrocarbon, CO, NOx and NO2 downstream
the first HT catalyst during the transient test are shown.
Also shown are the concentrations of hydrocarbon, CO,
NOx and NO2 at the inlet to the first HT catalyst. These

Fig. 11. Observed and modelled hydrocarbon concentrations (in C1-units) downstream the first HT catalyst during the transient test. Also shown is the
hydrocarbon concentration at the inlet to the first HT catalyst (injected hydrocarbon excluded).

results together with the results from the temperature ramp
are discussed below.

At high temperatures, both in the temperature ramps
(Figs. 4 and 5) and in the transient test (Fig. 11), the model
overestimates hydrocarbon conversion. Furthermore, the
sharp transition from high conversion above 370◦C to low
conversion below this temperature, observed in the tem-
perature ramps, is not well reproduced. One reason for
this lack of fit may be that hydrocarbons are approximated
as a single compound in the model, while diesel fuel in
reality is a mixture of several hundred different hydrocar-
bons. Hydrocarbons in diesel fuel also differ from partially
combusted hydrocarbons in exhaust gas, which probably
explains deviations of observed and modelled hydrocarbon
concentrations between the transients in the temperature
ramp with the HT configuration. The shapes of many of the
transients, especially tails following transients, are not well
reproduced. The reason may be that the inlet hydrocarbon
concentration not is sufficiently well described.

The model reproduces the CO concentration for the tem-
perature ramp with the LT configuration reasonably well
(Fig. 7). Above 370◦C the CO concentration is somewhat
underestimated. The CO concentration is also underesti-
mated during the entire temperature ramp with the HT
configuration (Fig. 6). The CO concentration during the
transient test is reproduced rather well (Fig. 12). The con-
centration is however underestimated for the large peaks
around 30 min. The deviations for the CO concentration
may to a large extent be associated with errors in the pre-
diction of the hydrocarbon conversion as indicated above.

The model describes the concentration of NOx and NO2
reasonably well in the temperature ramp with both the
HT (Fig. 8) and the LT (Fig. 9) configuration. In the LT
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Fig. 12. Observed and modelled CO concentrations downstream the first HT catalyst during the transient test. Also shown is the CO concentration at the
inlet to the first HT catalyst.

Fig. 13. Observed and modelled NOx and NO2 concentrations downstream the first HT catalyst during the transient test. Also shown are NOx and NO2

concentrations at the inlet to the first HT catalyst.

configuration the model is able to reproduce NOx desorption
peaks in the beginning of hydrocarbon transients, and also
NOx readsorption following hydrocarbon transients. NOx

conversion is however overestimated at low and intermediate
temperatures. The agreement between observed and mod-
elled NOx and NO2 concentration during the transient test
is rather satisfactory (Fig. 13), although NOx conversion is
somewhat underestimated during the hydrocarbon transients
around 3, 30 and 45 min. The NO2 concentration is slightly
underestimated between the hydrocarbon transients around
15 min and slightly overestimated between the hydrocarbon
transients around 30 min. The reason for the overestimated

NOx conversion at low and intermediate temperatures is
probably connected with the inability of the model to re-
produce the sharp transition from low to high hydrocarbon
conversion around 370◦C.

5. Conclusions

A systematic examination of a high temperature HC-SCR
catalyst has been performed. Hydrocarbon conversion is
high and the NOx conversion is related to the amount of
injected hydrocarbon above 370◦C. At lower temperatures
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hydrocarbon conversion is low and NOx conversion is not
directly related to the injected hydrocarbon quantity. An in-
creased inlet NO2 concentration results in NOx conversion at
lower temperatures and also in accumulation of NOx on the
catalyst. Results are supported by recent findings by Shimizu
et al. in studies of the selective catalytic reduction of NO by
propene on Al2O3 and Cu/Al2O3. The present examination
covers a major part of the operating range and is the foun-
dation of a catalyst model constructed in agreement with
conclusions of Shimizu et al. The model shows a reason-
able consistency with experimental CO, NOx and NO2 data.
Hydrocarbon conversion, however, is overestimated at high
temperatures and the sharp transition from low to high con-
version observed around 370◦C is not as well reproduced. A
probable reason for the lack of fit, which to some extent af-
fects also NOx prediction performance, is that hydrocarbons
are approximated as a single compound, whereas diesel fuel
contains several hundred hydrocarbon species.
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