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Abstract
As part of a fundamental and applied work on the development of an unsteady mathematical model of the NH3-selective catalytic reduction

(SCR) process for design and control of integrated after-treatment systems of heavy-duty engines, we present herein a transient kinetic

analysis of the standard SCR NO + NH3 system which provides new insight in the catalytic kinetics and mechanism prevailing at low

temperatures. Based on kinetic runs performed over a commercial powdered V2O5–WO3–TiO2 catalyst in the 175–450 8C T-range feeding

NH3 and NO (1000 ppm) in the presence of H2O (1–10%, v/v) and O2 (2–6%, v/v), an original dual-site modified redox rate law is derived

which effectively accounts for NH3 inhibition effects observed during transient reactive experiments at T < 250 8C. We also demonstrate that

implementation of the novel modified redox kinetics into a fully predictive 1D + 1D model of SCR monolith reactors can significantly

improve simulations of SCR transient runs at different scales, including engine test bench experiments over full-scale SCR honeycomb

catalysts.

# 2005 Elsevier B.V. All rights reserved.
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1. Introduction

The selective catalytic reduction (SCR) using urea as

reducing agent is currently regarded in Europe as the after-

treatment technology of choice for heavy-duty diesel

vehicles [1], as they have to meet more and more stringent

emission standards for both NOx and particulate matter.

Extensive work is being currently devoted by the motor

industry to adapt the well-known SCR process for

deNOxing of stack gases from power stations [2] to the

specific demands of mobile applications. For example,

mobile applications rely on the use of urea as a non-toxic

reducing agent, which is hydrolyzed on-board to give

ammonia. Other main issues for mobile applications are the

operation under strongly transient conditions and the need
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for enlarging the temperature window of the reaction,

particularly towards lower temperatures; this can be

accomplished by cofeeding NO2 (obtained from partial

conversion of NO on a pre-oxidizing catalyst) to the SCR

catalyst, thus allowing the occurrence also of the so-called

fast SCR reaction [3], which involves an equimolar

stoichiometric mixture of NO and NO2 reacting with

NH3.

This paper illustrates part of a fundamental and applied

research for the development of an unsteady mathematical

model of the NH3-SCR process applicable to design and

control of integrated after-treatment systems for vehicles.

Herein, we present the development of a model suitable to

predict the transient behaviour of the NH3–NO/O2 reacting

system. This represents the basis for extension to the

complete NH3–NO–NO2/O2 reacting system, currently in

progress. Nevertheless, it is worth of note that such a model

is suitable for analyzing urea-SCR after-treatment devices
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Nomenclature

Ci gas-phase concentration of species i

(mol/m3 gas)

Cw
i concentration of species i at gas–solid

interface (mol/m3 gas)

C�
i intraporous concentration of species i

(mol/m3 gas)

Cp gas specific heat (J/(kg K))

Cp,s solid phase specific heat (J/(kg K))

dh hydraulic diameter of monolith channel (m)

Deff,i effective intraporous diffusivity of species

i (m2/s)

E�
des activation energy for NH3 desorption at

zero-coverage (J/mol)

ENO activation energy for the DeNOx reaction

(J/mol)

Eox activation energy for NH3 oxidation

(J/mol)

h gas–solid heat transfer coefficient

(W/(m2 K))

DHf,i enthalpy of formation of species

i (J/mol)

kads rate constant for NH3 adsorption (s�1)

k�des pre-exponential factor for NH3 desorption

rate constant (mol/(m3 s))

kmt mass transfer coefficient (m/s)

k�NO pre-exponential factor for DeNOx reaction

rate constant (s�1)

k�ox pre-exponential factor for NH3 oxidation

rate constant (mol/(m3/s))

Ki rate parameter

L monolith length (m)

R ideal gas constant (J/(mol K))

Reff,i effective surface rate of formation of

species i (mol/(m2 s))

Ri intrinsic volumetric rate of formation

of species i (mol/(m3 s))

rNH3
net rate of NH3 adsorption (mol/(m3 s))

rNO rate of DeNOx reaction (mol/(m3 s))

rox rate of NH3 oxidation (mol/(m3 s))

pO2
oxygen partial pressure (atm)

Sw half-thickness of monolith wall (m)

t time (s)

T temperature (K)

Tg gas temperature (K)

Ts catalyst temperature (K)

v gas linear velocity (m/s)

x dimensionless intraporous coordinate

z dimensionless reactor axial coordinate

Greek letters

b O2 kinetic order in Eqs. (12) and (15)

g parameter for surface coverage dependence

ui surface coverage of species i on site 2

rg gas density (kg/m3)

rs catalyst density (kg/m3)

si surface coverage of species i on site 1

VNH3
catalyst NH3 adsorption capacity (mol/m3 cat)
for heavy-duty applications without pre-oxidizing catalyst,

hence based on the NH3 � NO/O2 reaction only that are

compliant with Euro IV/Euro V emission standards and are

presently being commercialised.

A stage-wise scale-up approach has been adopted for this

project: (i) transient kinetic experiments were performed in a

microreactor over an extruded V2O5-WO3/TiO2 commercial

catalyst in powder form (160 mg) in order to evaluate the

intrinsic DeNOx kinetics; (ii) such rate expressions, as well

as the relevant geometrical and morphological character-

istics of the monolith commercial catalyst, were then

incorporated into a fully transient heterogeneous 1D + 1D

mathematical model of SCR monolith reactors [4], which

was first validated against transient SCR runs performed

over an honeycomb catalyst sample (up to 10 cm3) in a

laboratory rig; (iii) the final validation was based on

extensive test bench data collected in full-scale SCR

monolith reactors loaded with catalysts up to 43 l in size,

using real diesel engine exhaust gases.

In this paper, the kinetic analysis of the standard SCR

NO + NH3 system, already presented in [5,6] in preliminary

form, is extended to gain more fundamental insight into the

catalytic kinetics and mechanism prevailing in the low

temperature region, which is especially interesting for

mobile applications. In particular, previous transient reactive

experiments had shown that a decrease of the ammonia gas-

phase concentration temporarily enhanced the NO conver-

sion, thus suggesting an inhibiting effect of ammonia that

could play a non-negligible role in the SCR reaction [7].

Herein, we derive an original unsteady SCR kinetic model

based on a dual-site redox rate expression, and show that

such a rate law effectively accounts for the observed NH3

inhibition effects. We also demonstrate that implementation

of the novel kinetics into a fully predictive model of SCR

monolith reactors greatly improves simulations of transient

runs in engine test bench experiments over full-scale SCR

honeycomb catalysts.
2. Experimental

The experiments herein discussed were performed over

samples of a single commercial extruded V2O5-WO3/TiO2

SCR catalyst at three different scales: transient runs were

carried out over the catalyst crushed to powder and loaded in

a microreactor with the purpose of studying the intrinsic

kinetics of the NH3-SCR reactions; a first scale-up was

realized by conducting similar runs in an integral reactor,
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using monolith core samples; finally, validation runs were

performed over full-scale monoliths tested on a heavy-duty

diesel engine test bench.

2.1. Microreactor experiments

In order to investigate the kinetics of the NH3–NO/O2

reacting system, experiments based on the transient response

method (TRM) were run in the 175–450 8C temperature

range: 160 mg of powdered catalyst obtained by grinding a

commercial monolith catalyst to 140–200 mesh, diluted with

80 mg of quartz, were loaded into a flow-microreactor. The

TRM runs were conducted feeding 1000 ppm of NO, 2% of

O2, 1% of H2O at constant temperature and performing NH3

step pulses (0 ppm ! 1000 ppm ! 0 ppm) with a GHSVof

210,000 h�1 or 90,000 h�1. The temporal evolution of NH3,

NO, NO2, N2 and N2O upon step variations of the NH3 feed

concentration was followed by a quadrupole mass spectro-

meter (Balzers QMS 200). Helium was used as inert carrier

gas, so that the MS could detect nitrogen, which is the main

SCR product, thus providing a complete description of the

outlet gas composition and allowing the evaluation of

overall N-balances. The influences of O2 (2–6%, v/v) and

H2O (1–10%, v/v) feed concentrations were investigated by

dedicated T-ramp experiments (T-range = 200–450 8C and

heating rate = 10 K/min).

2.2. Monolith reactor experiments

Transient experiments were also run over extruded

honeycomb catalyst samples of 22 mm and 44 mm length

and 200 cpsi cell density. The reacting mixture was composed

in this case by 900 ppm of NO, 10% of O2 and 8% of water,

while the NH3 concentration varied between 720 ppm and

900 ppm. The outlet gas was analyzed using two different

techniques: NH3 was detected by microwave process

analysis (Mipan) and NOx by chemiluminescence using a

modified low temperature NO2 converter (CLD Ecophysics).

The space velocity was set to 36,000 h�1 and 72,000 h�1

(referred to the overall monolith volume) with nitrogen

as balance. Ammonia step pulses (0 ppm ! 720 ppm or

900 ppm ! 0 ppm) were carried out while continuously

feeding NO.

2.3. Engine test bench experiments

Extruded monoliths with 300 cpsi, a wall thickness of

0.32 mm and a diameter of 144 mm were used in the runs on

a heavy-duty diesel engine test bench. By varying the

number of monoliths catalyst samples it was possible to test

different catalyst volumes (251, 321 and 431). In the set of

experiments presented in this paper, no oxidation catalyst

was positioned upstream of the SCR catalysts; accordingly

the NO2 concentration was always negligible (�5%, v/v, of

the total NOx content). In all cases, urea was used to supply

NH3: an adequate residence time in the exhaust gas stream
was allowed to secure its complete conversion to NH3 before

reaching the SCR catalyst.

A set of 100 different engine-operating points was

measured and a sampling time of 2 Hz before and after the

catalyst system was adopted to measure both temperatures

and emissions using a chemiluminescence spectrometer for

NO and NO2 and a diode laser spectrometer for NH3. A

typical test bench experiment started when the engine run at

constant load and speed. After a certain period, the urea

dosing system introduced the reducing agent onto the

catalyst, which resulted in an increase of the NOx conversion

after the SCR catalyst. After that NH3-slip behind the

catalyst could be measured. Typically, the experiment run

until total NOx conversion or steady state was established.

Standard European test cycles (ESC and ETC), during which

the catalyst outlet temperature varied between ca. 200 8C
and 350 8C, were also performed at this scale.
3. Results and discussion

3.1. Kinetic runs

The complete set of the NH3–NO/O2 TRM microreactor

runs over the powdered catalyst in the 175–450 8C
temperature range was used to derive the intrinsic kinetics

of the SCR process along the lines reported in [5]. Of

specific interest herein are the transient experiments

performed in the low T-region (175–250 8C) with

0–1000 ppm ammonia step feeds, while feeding

1000 ppm of NO in the presence of excess oxygen and

water. In such experiments, a dynamic effect was clearly

apparent during the fast decrease of the ammonia gaseous

concentration associated with its shut off in the feed stream

[5–7]. An example is shown in Fig. 1, where measured

temporal evolutions of NH3 (circles), NO (squares) and N2

(triangles) outlet concentrations are plotted for a TRM

experiment performed at 175 8C. At t = 1500 s, ammonia is

removed from the feed stream and correspondingly the NO

concentration trace decreases, goes through a minimum (at

ca. t = 1850 s) and then begins to increase, recovering the

inlet value when the reaction is depleted. This peculiar

dynamic behaviour is confirmed by the symmetrical

evolution of N2 that indicates the occurrence of the SCR

reaction.

Similar effects during ammonia shut off were always

observed in transient experiments performed under equiva-

lent conditions and T < 250 8C; comparable effects had

been reported in the past also over different commercial

SCR catalysts for stationary applications [8,9]: they are

attributed to an inhibiting effect of excess NH3, possibly

caused by a competition between NO and ammonia in

adsorbing onto the catalyst. Such inhibition effects are of

limited interest for stationary applications of the SCR

technology, but may play a considerable role in mobile

applications, since they become more significant at low
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temperatures and affect the dynamic response of the SCR

systems. Accordingly, we address in the following the

development and the validation of a SCR kinetic model

suitable to describe the NH3 inhibition effects at low

temperatures. The implications of such effects on the catalytic

mechanism of the SCR reaction over V-based catalysts are

beyond the scope of this paper and will be discussed in a

separate publication [7].

3.2. Derivation of the rate model

In order to fully describe the NH3–NO/O2 reacting

system, NH3 adsorption–desorption, NH3 oxidation and

SCR DeNOx reaction have to be considered, namely:

NH3 , NH3
� (1)

4NH3
� þ 3O2 ! 2N2 þ 6H2O (2)

4NH3
� þ 4NO þ O2 ! 4N2 þ 6H2O (3)

In previous work, in agreement with several literature and

experimental indications [5,8–12], we adopted a standard

Eley-Rideal rate law for the SCR reaction (3), thus assuming

that the reaction occurred between adsorbed ammonia and

gaseous (or weakly adsorbed) NO:

rNO ¼ k�NO exp

�
� ENO

RT

�
CNOuNH3

(4)

The data fit obtained using Eley-Rideal kinetics was

always satisfactory but for the NH3 shut off transients at

the lowest investigated temperatures [5], where the minima

in the NO concentration observed at NH3 shutdown and the
Fig. 1. NH3 + NO TRM run at 175 8C—GHSV = 210,000 h�1,

C�
NO ¼ C�

NH3
¼ 1000 ppm. Symbols: outlet concentration of ammonia (cir-

cles), NO (squares) and N2 (triangles). Solid thin lines: kinetic fit by ER rate

expression (Eq. (4)). Solid thick lines: kinetic fit by modified redox rate

expression (Eq. (12)).
corresponding maxima in the N2 trace were not reproduced

by the model, as evident in Fig. 1 (solid thin lines). This is

not surprising since Eq. (4) does not consider the inhibiting

effect of NH3 on the SCR reaction, to which such a

particular non-monotonic behaviour is ascribed. In order

to take into account ammonia inhibition, we have devel-

oped and implemented an alternative rate expression, as

summarized below.

In line with the derivations of SCR rate expressions for

Mn2O3-WO3/Al2O3 catalysts and for carbon supported

V2O5 catalysts reported by Kapteijn et al. [13] and by

Valdés-Solıs et al. [14], respectively, we assume that two

different types of sites are present on the surface of the

V2O5-WO3/TiO2 catalyst: one redox site for O2 and NO

adsorption/activation (S1) and one acidic site for NH3

adsorption (S2). While for kinetic purposes this is not

strictly relevant, we speculate that S1-sites may be

associated with Vanadyl species, whereas the S2-sites

are likely associated with other strongly acidic surface

sites: it is well known in fact that NH3 adsorption occurs

also onto V-free WO3/TiO2 catalysts [15]. The possibility

for NH3 to adsorb onto sites other than the catalyst sites

active for the DeNOx reaction, thus providing a

‘‘reservoir’’ for NH3 storage/reaction, had been proposed

in the past for V/W/TiO2 SCR catalysts [10].

Starting from oxidized S1-sites, we propose the following

modified redox (MR) kinetic scheme:
(a) S
1 O + NO , S1 O[NO]
(b) S
2 + NH3 , S2[NH3]
(c) S
1 O[NO] + S2[NH3] ! N2 + H2O + S1–OH + S2
(d) S
1–OH + 1/4O2 ! S1 O + (1/2)H2O

where reoxidation of reduced S1-sites is represented

by step (d).

In addition to steps (a)–(d), we assume also the

following ‘‘NH3 spill-over’’ step, involving adjacent S1-

and S2-sites:
(e) S
1 O + S2[NH3] , S1 O[NH3] + S2
The overall balances of S1- and S2-sites yield:

1 ¼ sfree þ sNO þ sNH3
þ sOH (5)

1 ¼ ufree þ uNH3
(6)

where the terms on the RHS of Eq. (5) represent the

fractional coverages of S1 O, S1 O[NO], S1 O[NH3]

and S1–OH, respectively, while uNH3
in Eq. (6) indicates

the fractional coverage of S2[NH3].

We now express the rates of step (c), i.e. the surface

reaction between adsorbed NO and NH3, and of step (d),

involving reoxidation of S1-sites, as

rNO ¼ kNOsNOuNH3
(7)

rreox ¼ kreoxC
1=4
O2

sOH (8)

It is well known that reoxidation of the catalyst sites is the

rate-controlling step in the standard SCR reaction at low
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temperature. Accordingly, we impose that rNO = rreox, and

obtain

sOH ¼ kNOuNH3

kreoxC
1=4
O2

sNO (9)

Assuming quasi-equilibrium for steps (a) and (e), and taking

advantage of Eq. (9), Eq. (5) becomes

1 ¼ sfree

�
1 þ KNOCNO þ KNH3

uNH3

1 � uNH3

þ kNOKNOCNOuNH3

kreoxC
1=4
O2

�
(10)

Finally, incorporating Eq. (10) and further assuming negli-

gible surface concentration of adsorbed NO, Eq. (7)

becomes

rNO ¼ kNOKNOCNOuNH3

1 þ KNH3

uNH3

1�uNH3

þ kNOKNOCNOuNH3

kreoxC
1=4

O2

(11)

In the limit of low NH3 coverages, the redox rate Eq. (11)

reduces to the familiar Eley-Rideal rate Eq. (4) successfully

applied in the past to fit SCR kinetics in the medium–high

temperature region [4]. Notably, Eq. (11) predicts no kinetic

dependence on H2O, in agreement with our experimental

observations in the 1–10% (v/v) concentration range.

For the sake of simplicity, the following approximate

form of Eq. (11), incorporating the kinetic dependence on O2

into an empirical power-law term, was used for all the

simulations herein reported:

rNO ¼
k0NOO0 exp

�
� ENO

RT

�
CNOuNH3

1 þ K 0
NH3

uNH3

1�uNH3

�
pO2

0:02

�b

(12)

Eqs. (11) and (12) include functional dependences on the

same variables: T, CNO, uNH3
and CO2

. Indeed, for all

practical purposes they provided an equivalent fit of our

kinetic runs. In the following we refer to Eq. (12) as the

modified redox (MR) SCR rate law.

It is also worth emphasizing that adsorption/desorption

equilibrium for NH3 has not been assumed in the above

derivation. The net rate of NH3 reversible adsorption (step

(b)) is herein written as

rNH3
¼ kadsCNH3

ð1 � uNH3
Þ � kdesuNH3

(13)

In line with previous work [8–10,16], in Eq. (13) we further

assume that kads is not activated, while account of catalyst

heterogeneity, which is associated with a range of desorption

activation energies [7,9], is included in kdes as follows:

kdes ¼ k�des exp

�
� E�

des

RT
ð1 � guNH3

Þ
�

(14)

At the highest investigated temperatures ammonia oxida-

tion, reaction (3), was also observed; its rate is herein fitted
by

rox ¼ k�ox exp

�
� Eox

RT

�
uNH3

�
pO2

0:02

�b

(15)

3.3. Estimation of the intrinsic rate parameters and

validation at the microreactor scale

The rate parameters in Eqs. (12)–(15) were estimated by

global non-linear regression on the whole set of the NH3–

NO/O2 TRM runs over the powdered catalyst in the 175–

450 8C temperature range, adopting an isothermal PF model

of the microreactor as detailed in [5]. An independent

estimate of the NH3 adsorption capacity VNH3
was obtained

from NH3 adsorption isotherms at low temperature.

Dedicated T-ramp experiments showed a negligible effect

of the H2O feed content above 1% (v/v). On the other hand,

the effect of the O2 feed concentration was not negligible,

though small, and was nicely accommodated by rate

Eqs. (12) and (15). The estimates of the rate parameters

are listed in [6]: they were found consistent with other

previous literature reports.

Fig. 1 compares the fit results obtained by using either the

MR rate expression (Eq. (12)) (solid thick lines) or the ER

kinetics (Eq. (4)) (solid thin lines): the redox kinetics can

evidently account much better for the transient maxima–

minima features of the experimental trace during the NH3

shutdown phase. The same conclusion was reached

comparing the data fits obtained with the two different rate

expressions for several other transient experiments at low

temperatures and at different space velocities [7]. The new

rate law was also found superior to the modified Eley-Rideal

kinetics proposed in Ref. [10] to account for the already

mentioned ‘‘NH3 reservoir’’ effect.

The MR kinetic model was further validated on a

predictive basis by comparing its simulations with experi-

mental data from microreactor runs consisting of high

frequency NH3 feed pulses in a stream of 1000 ppm of NO,

2% O2 and 1% H2O. A sample result is shown in Fig. 2:

pulses, each consisting of 5 min with 1000 ppm of NH3 feed

and 5 min with no ammonia, were performed at 180 8C. The

experimental signals (symbols in Fig. 2A or B) exhibit a

characteristic transient behaviour: the greatest NO conver-

sion is reached during each pulse after the NH3 shut down, in

agreement with the above mentioned ammonia inhibition

effect. The same experiment was simulated using the

isothermal PF model of the microreactor described in [5]

using both the MR (Eq. (12)) and the ER (Eq. (4)) rate

expressions. The simulation results are shown in Fig. 2A and

B (solid lines), respectively.

Fig. 2 confirms that changing the DeNOx rate equation

from the ER-based Eq. (4) to the new MR kinetic model

(Eq. (12)) brings about a remarkable improvement in the

description of fast SCR transients similar to those associated

with the operation of SCR after-treatment devices for
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Fig. 2. Microreactor experiments with high frequency NH3 feed pulses

(1000 ppm) in flowing NO (1000 ppm) at 180 8C—GHSV = 90,000 h�1.

Symbols: outlet concentration of ammonia (circles), NO (squares) and N2

(triangles). Dotted lines: inlet ammonia concentration. Solid lines: (A) simula-

tion by MR rate law (Eq. (12)) and (B) simulation by ER rate law (Eq. (10)).
vehicles. Assuming a redox rather than an Eley-Rideal

kinetic mechanism has also non-trivial implications con-

cerning the catalytic mechanism of the SCR reactions, as

further discussed in [7].

3.4. Dynamic model of SCR monolith reactors for

automotive applications

In view of the use of extruded SCR monolith catalysts for

vehicles, the 1D + 1D model herein presented accounts also

for intraporous diffusion of the reacting species NH3 and NO

within the porous catalytic walls of the honeycomb matrix.

Additional assumptions include negligible pressure drop and

axial dispersion.

Unsteady mass and enthalpy balances for a single

monolith channel are provided by the following equations,

with symbols defined in the notation section:

gas phase:

@C j

@t
¼ � v

L

@C j

@z
� 4

dh

kmt; jðC j � Cw
j Þ; j ¼ NH3;NO

(16)
@Tg

@t
¼ � v

L

@Tg

@z
� 4

dh

h
Tg � Ts

rgCp

(17)

solid phase:

0 ¼ kmt; jðC j � Cw
j Þ þ Reff; j; j ¼ NH3;NO (18)

@Ts

@t
¼

hðTg � TsÞ �
PNCG

j¼1 DH jReff; j

rsCp;sSwð1 þ Sw=dhÞ
(19)

Gas–solid mass and heat transfer resistances are evaluated

by analogy with the thermal Graetz-Nusselt problem for

developing laminar flow in square ducts [17]. The strong

intraphase diffusional limitations which can be associated

with NH3-SCR in extruded monolith catalysts are accounted

for by the following equations for diffusion reaction of the

reactants in the catalytic monolith walls,

0 ¼ Deff; j

@2C�
j

@x2
þ S2

wR j j ¼ NH3;NO (20)

Reff; j ¼ �Deff; j

Sw

@C�
j

@x

����
w

; j ¼ NH3;NO (21)

where Rj represents the volumetric intrinsic rate of formation

of species j and Sw is the half-thickness of the monolith wall.

Build up of reactants in the gas phase inside the catalyst

pores is neglected, whereas accumulation/depletion of NH3

adsorbed onto the catalyst surface, which is typically the

controlling factor in the dynamics of SCR monolith reactors,

is described by

VNH3

@#NH3

@t
¼ RNH�

3
(22)

In addition to rate parameters and reaction conditions, the

model requires the physico-chemical, geometrical and mor-

phological (porosity, pore size distribution) characteristics of

the monolith catalyst as input data. Effective diffusivities,

Deff,j, are then evaluated from the morphological data accord-

ing to a modified Wakao-Smith random pore model, as

specifically recommended for SCR monolithic catalysts [18].

3.5. Validation of the SCR monolith reactor model

(laboratory scale)

Transient experiments with step pulses of NH3 in a

continuous flow of NO were also carried out over monolith

catalyst samples. In such experiments the behaviour at low

temperature was similar to the one observed over powdered

catalyst: incremented NOx conversions were detected at

NH3 shut down, in agreement with the ammonia inhibition

effect discussed in the previous section. The results of such

experiments were compared with model predictions

generated by numerical solution of Eqs. (12)–(22). As in

the case of the experiments over powdered catalyst (Fig. 2),

the transient maxima–minima features of the experimental

trace, as well as the increase of ammonia slip during

day 105 (2005) 529–536
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Fig. 3. Normalized NOx concentration at SCR catalyst inlet and outlet of an ESC (A) and an ETC (B) test cycle. Dotted black lines, inlet values; solid black

lines, outlet measurement; grey lines, outlet simulation.
successive pulses, were well simulated by the model

including the MR rate expression (Eq. (12)). On the

contrary, the use of the Eley-Rideal rate expression (Eq. (4)),

also in the case of monolith catalysts, inverted the phase of

the simulated NO signal, just as shown in Fig. 2B.

3.6. Validation of the SCR monolith reactor model

(full scale)

As discussed in Section 2, both steady state and transient

experimental runs were systematically carried out over a

full-scale catalytic converter with real engine exhaust gas in

order to evaluate the goodness of the predictions of the SCR

monolith reactor model. Validation maps were generated

using the steady state measured engine-operating points. In

this case, the deviation between simulated NOx conversion

and experimental data was typically below 4% [6]. Transient

ESC and ETC runs were then performed over the same

system. The comparison between measurement and simula-

tion for the NOx concentrations downstream of the catalyst

reveals an excellent correlation, as can be seen by Fig. 3A

(ESC) and B (first 500 s of ETC). NOx concentrations have

been normalized by the maximum inlet value during the test

cycles. The overall DeNOx efficiency within the ESC or

ETC test cycle could be predicted with an error of 3–4%.

These results confirm that the model, including the MR rate

Eq. (12), is able to predict accurately the dynamic behaviour

of SCR monolith catalysts under fast transient conditions.

Using the Eley-Rideal rate law (Eq. (4)) resulted in a

significantly less accurate prediction of the NOx conversion

during the fast transient parts of the test cycles.
4. Conclusions

Concepts and methods applied in the past to develop

engineering models of the NH3-SCR DeNOx process for

power stations can be used successfully for mobile

applications of the SCR technology as well. However,

transient operation of SCR devices for vehicles is more

demanding, requiring an improved adherence of the
assumed kinetic description to the real catalytic mechanism

for optimal results. In this respect, the findings herein

reported have pointed out that this is indeed critical for

accurate simulation of SCR after-treatment systems for

mobile applications: rate Eq. (12), accounting for NH3

inhibition effects at low temperatures, yields substantially

improved agreement with fast transients of the standard

NH3-SCR reaction with NO as compared to previous

traditional or modified Eley-Rideal approaches. Further-

more, the identification of an optimal NH3 surface coverage,

as predicted by Eq. (12), may be an important factor in the

design of ammonia/urea dosage strategies. Based on the

present results, a specific investigation of the mechanistic

phenomena in the NH3-SCR over V-based catalysts at low

temperatures (�250 8C) seems of both practical and

fundamental interest.

This paper also illustrates a fully transient 1D + 1D

model of SCR monolith reactors for automotive applica-

tions, which has been successfully validated against data at

different scales: it is now being used as a powerful tool for

development and design of after-treatment devices for

vehicles.
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