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. Introduction

The control of NOx and particulate matter (PM) emissions from
iesel vehicles and the fulfilment of new governmental legisla-
ions is still a challenge in the automotive field [1]. The control
f PM emissions is mainly based on the application of diesel par-
iculate filters (DPF). On the other hand, NH3/urea SCR is the most
idely used technology for the abatement of NOx [1]. The state-of-

he-art in the SCR field is associated with the application of Fe- or
u-exchanged zeolites, showing high and stable NOx conversions
ver a wide temperature range. The SCR performance as well as the
ontinuous soot oxidation on the filter benefit from an increased
O2/NOx-ratio in the exhaust gas, so that a diesel oxidation cata-

yst is placed upstream of the filter and of the SCR converter. As
consequence, a modern common diesel vehicle aftertreatment

ystem consists of the following devices: diesel oxidation catalyst,
article filter, AdBlue® injection and SCR catalyst, possibly followed
y an NH3 slip catalyst (ASC) [1].

Design and optimization of aftertreatment systems is a com-

lex, challenging and expensive task, dealing with topics like
emperature and AdBlue® dosing strategy for minimal emis-
ions at reasonable costs. Such a complex target justifies the

∗ Corresponding author. Tel.: +39 02 2399 3264; fax: +39 02 2399 3318.
E-mail address: enrico.tronconi@polimi.it (E. Tronconi).
development and the application of simulation tools to reduce
costs and efforts, as successfully done over many years by several
research groups. The “standard” SCR reaction (2NH3 +2NO +½O2
→ 2N2 +3H2O), and more recently the other reactions occurring
when NO2 is also present in the exhausts, have been analysed in
details in the last decade [2–5], with the “Fast” (2NH3 + NO + NO2
→ 2N2 + 3H2O) and “NO2” (8NH3 + 6NO2 → 7N2 + 12H2O) SCR
reactions significantly contributing to the overall DeNOx process.
The overall NH3–NO–NO2–O2 SCR chemistry is well understood
in the temperature range of common SCR operation starting from
ca. 150 ◦C up to 600 ◦C. For this reason the SCR performance can
be successfully predicted by simulation tools in this temperature
window. On the contrary, SCR reactions at lower temperatures
are often neglected in simulations for two main reasons: i) it is
assumed that NO2 is not yet produced over the DOC, ii) NH3 is not
available in significant amounts at the SCR because AdBlue® injec-
tion and processing require a certain temperature level, typically
above 150–170 ◦C, for complete urea decomposition/hydrolysis.
However, the behaviour of SCR converters below 150 ◦C is becom-
ing more and more important, because of the continuous decrease
of the average exhaust temperatures with increasing fuel efficiency
of the engine, and mostly because of the large contribution to

overall NOx emissions associated with the cold start transient.

Indeed, several phenomena occur at low temperatures (<150 ◦C)
which should not be neglected. From engine test bench experi-
ments with real exhaust gas it was observed that during the first

http://crossmark.crossref.org/dialog/?doi=10.1016/j.cattod.2014.01.044&domain=pdf
mailto:enrico.tronconi@polimi.it


Table 1
Reactions of the detailed kinetic model.

Reaction no. Reaction name

1 NH3 adsorption/desorption NH3 ←→ NH3*
2 NO2 adsorption desorption 2 NO2 + 2 S-OH←→ S-ONO + S-NO3 + H2O
3 Nitrite oxidation to nitrates NO2 + S-ONO←→ NO + S-NO3

4 Nitrates thermal decomposition S–NO3 + 1/2 H2O→ NO2 + 1/4 O2 + S–OH
5 Nitrites reduction by NH3 S–ONO + NH3*→ N2 + H2O + S–OH
6 Nitrates reduction by NH3 S–NO3 + 2/3 NH3*→ S–ONO + 1/3 N2 + H2O
7 Blocking of nitrates by NH3 S–NO3 + NH3*←→ S-NO3[NH3]
8 Ammonia–nitrates complex decomposition to N2O S–NO3[NH3]→ N2O + H2O + S–OH
9 NH4NO3 formation 2 NH3* + 2 NO2 → NH4NO3* + N2 + H2O
10 NH4NO3 sublimation NH4NO3*→ [NH3 + HNO3]→NH4NO3
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model. Such a kinetic scheme is based on the reaction steps and
rate equations listed in Table 1 and Table 2, respectively.

The mechanism accounts for NH3 adsorption and desorption
onto acidic sites, whose coverage is identified by the symbol theta.

Table 2
Rate equations adopted for the detailed kinetic model.

Rate Rate equation

r1 r1 = k1ADS
· CNH3 · ϑfree − k1DES

· ϑNH3

k1DES
= exp

{
ˇ1DES

− �1DES
·
[

1000
(

1−˛·(ϑNH3
+ϑNH4NO3

)
T − 1000

TREF

]}

r2 r2 = k2DIR
·
(

CNO2 · �free

)2
− k2INV

· �ONO · �NO3

r3 r3 = k3DIR
· CNO2 · �ONO − k3INV

· CNO · �NO3

r4 r4 = k4 · �NO3

r5 r5 = k5 · ϑNH3 · �ONO

r6 r6 = k6 · �NO3 · ϑNH3

r7 r7 = k7DIR
· ϑNH3 · �NO3 − k7INV

· �NO3[NH3]

r8 r8 = k8 · �NO3[NH3]

r9 r9 =
k9 ·ϑNH3

·C2
NO2

1+KAmm ·ϑNH4NO3
r10 r10 = k10 · ϑNH4NO3

r11 r11 = k11 · ϑNH4NO3

r12 r12 = k12 ·
[

CNO ·
(

PO2

)0.5
− CNO2

KEQNO

]}
· PH2O

0.03

ϑ

11 NH4NO3 thermal decomposition to N2O
12 NO oxidation
13 Slow-SCR

econds after cold start NOx emissions are completely absent after
he SCR brick [6]. Moreover, after a while the exhaust gas leaving the
CR shows a significantly higher temperature than the gas entering
he catalyst. When the temperature rise is at its maximum, a NOx

mission peak can be measured, followed by a slow decrease in gas
emperature after the SCR catalyst.

In a previous contribution [6], such effects, playing a major role
n the cold start behaviour of SCR converters, have been investi-
ated experimentally over a commercial monolith Cu-zeolite SCR
atalyst. All the effects were reproduced successfully both at the
ab scale and at the engine test bench. A significant NO oxidation
ctivity was observed over the investigated commercial Cu-zeolite
t temperatures below 100 ◦C, as long as the exhaust gas was dry, a
ondition verified during the initial cold start transient due to H2O
ondensation on aftertreatment devices upstream the SCR unit. The
O oxidation activity exhibited a negative temperature depend-
nce [7] and was suppressed in the presence of H2O. The produced
O2 was efficiently adsorbed on the SCR catalyst, so that no end
f pipe NOx was observed after cold start for some minutes. When
2O in the exhausts eventually reached the SCR catalyst, adsorption
nd condensation occurred in the zeolite pores. This resulted in gas
nd monolith heat up so that a strong temperature rise occurred.
uch a temperature increase was identified as responsible for the
esorption of previously stored NOx.

In this contribution a mathematical model of the cold start pro-
ess is developed and appended to an existing simulation model
f SCR converters [8]. We start from a microkinetic model recently
ublished by our group that describes the NO2 related SCR reactions
or T > 100 ◦C on the basis of a complex reaction network account-
ng for NO2 storage with formation of nitrites and nitrates, and for
heir reactivity with NO and NH3. In order to reproduce the cold
tart effects observed below 100 ◦C, herein we add to the kinetic
cheme also the description of the low-T NO oxidation to NO2,
f NO2 physisorption and of H2O adsorption/desorption, namely
he three steps identified in [6] as responsible for all the observed

aterial and thermal cold start effects.

. Methods

.1. Experimental

Core drilled monolith samples (around 6 cm3 in volume,
00 cpsi cell density, 5 mils) were obtained from a commercial Cu-
eolite catalyst provided by an unnamed supplier. Prior to catalytic
ests, each sample was conditioned at 550 ◦C for 5 h in high O2
nd H2O feed contents (10% v/v) with a GHSV of 81,000 h−1. Gas

hase concentrations in the range 0–8% H2O, 0–8% O2, 0–500 ppm
f NO or NO2 were typically fed to the reactor inlet. N2 was used
s balance gas. The space velocity was set between 100,000 h−1

nd 30,000 h−1, the latter value representing a tradeoff between
NH4NO3*→ N2O + 2 H2O
NO + 1/2 O2 ←→ NO2

3/2 NO + NH3*→ 5/4 N2 + 3/2 H2O

real idling conditions at the engine start up and lab rig constraints.
The gas temperature was monitored by a K-type thermocouple
placed in the central channel of the core monolith samples. The
axial location of the thermocouple tip varied in different experi-
ments. Considering a dimensionless axial coordinate ranging from
0 to 1, the value 0 was assigned to the monolith inlet section,
while the value 1 was associated to the outlet section. Where not
specified, the thermocouple was located in the axial central posi-
tion of the core samples (dimensionless axial coordinate = 0.5). To
achieve an efficient temperature control working in the low tem-
perature region (below 100 ◦C), the reactor and the inlet lines were
not heated during the experiments, except the feed line of H2O,
which needed to be vaporized. On the contrary, outlet lines were
heated to prevent products condensation. Gas phase analysis was
performed using an UV-analyzer (ABB LIMAS 11HV) for the analysis
of NO, NO2, NH3 and a Non Dispersive IR Analyzer (ABB Uras-14) for
the analysis of N2O. A more detailed description of the experimental
rig is provided in [9,10].

2.2. Modeling

The dual site detailed kinetic scheme of Colombo et al. [8] has
been used as starting point for the development of the cold start
KEQNO
= exp

[
− (−13804+18.238·T)

RT

]
r13 r13 = k13 · ϑNH3 · CNO

Note: where not specified kj = exp
{

ˇj − �j ·
[

1000
T − 1000

TREF

]}
, Tref = 473 K



Table 3
Additional reactions to account for cold start effects.

Reaction no. Reaction name

14 H2O Adsorption/desorption H2O←→ H2Oads
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the axial location, the magnitude of the phenomenon was different,
being more significant at the monolith outlet.

The thin lines in Fig. 2 represents the experimental data of a
water adsorption/desorption test performed at 60 ◦C with a space

90 0.09
15 Low temperature NO oxidation NO + ½ O2 → NO2

16 NO2 physisorption NO2 ←→ NO2
ads

n the contrary, steps (2)–(8), involving nitrites/nitrates formation
nd reactivity, are assumed to proceed on “S-sites”, associated with
he Cu promoter of the zeolite catalyst, whose coverage is identi-
ed by the symbol sigma. The same mechanism includes also a

ew more global reactions, namely the reversible NO oxidation to
O2 (12), the Slow-SCR (13) reaction and the ammonium nitrate

ormation, sublimation and decomposition to N2O (9-11).
To account for cold start effects (T < 150 ◦C), three additional

eactions and the related rate equations were added to the above
inetic scheme, consistently with the phenomena identified in [6]
see Tables 3 and 4).

The two kinetic schemes above were incorporated into the
ransient 1D + 1D mathematical model of honeycomb SCR cat-
lytic reactors described by Chatterjee et al. [11–13]. The model
ssumes identical conditions within each channel of the mono-
ith catalyst, with negligible axial dispersion and pressure drop.
xternal (gas–solid) mass transfer, described by well-established
orrelations for mass transfer coefficients, as well as intra-
hase diffusional limitations, accounted for by equations for
iffusion–reaction of the gaseous species in the catalytic washcoat,
re both considered in the model. The effective diffusivities are
valuated from the catalyst morphology according to a modified
akao–Smith model [14].

. Results and discussion

.1. Water adsorption–desorption

It was shown in [6] that when H2O in the exhaust gas reached the
CR catalysts, it condensed onto the zeolite where it was adsorbed
s well. These phenomena were associated with a strong temper-
ture rise of both the solid and the gas phase, due to the high heat
f condensation of H2O in the zeolite pores. The exothermal effect
as significant and the SCR outlet temperature could even exceed

he inlet gas temperature.
Fig. 1A shows experimental data for a water adsorption test

arried out at 45 ◦C feeding 8% v/v H2O at a space velocity of
00,000 h−1. The test was repeated three times changing the axial
osition of the thermocouple inside the monolith channel. Consid-

ring a dimensionless axial coordinate ranging from 0 to 1, the value
was assigned to the monolith inlet section, while the value 1 was

ssociated to the outlet section. It can be seen that independently

able 4
ate equations for the additional reactions.

Rate Rate equation

r14 r14 = r14ADS
− r14DES

r14Ads
= k14−ADS · PH2O · ϑfree

r14Des
= k14−Des · ϑH2O

kDes = exp
{

k0
Des
− EDes ·

[
1000

T − 1000
TREF

]}
, Tref = 473K

r15 r15 = k15 ·
CNO ·PO2(

1+KNOP ·PH2O

)
k15 = exp

{
k0

15 − E15 ·
[

1000
T − 1000

TREF

]}
, Tref = 298K

r16 r16 = r16ADS
− r16DES

r16Ads
= k16ADS

· CNO2 · ϑfree

r16Des
= k16Des

· ϑNO2

k16Des = exp
{

k0
16Des

− E16Des ·
[

1000
T − 1000

TREF

]}
, Tref = 298K
Fig. 1. Temperature behaviour inside the monolith channel at different axial loca-
tions upon addition of H2O to the gas feed. H2O = 8% v/v; GHSV = 100,000 h−1;
Adsorption temperature = 45 ◦C. A) Experimental data; B) Kinetic fit.

from the axial location of the thermocouple, upon addition of H2O
at t = 0 s a temperature rise was observed. However, depending on
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Fig. 2. Temperature behaviour inside the monolith channel upon addition and shut
off of H2O to the gas feed. H2O = 8% v/v; GHSV = 100,000 h−1; Adsorption tempera-
ture = 60 ◦C. Thin lines: experimental data; thick lines: model fit.
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Fig. 3. NO oxidation at low temperature. NO = 500 ppm; H2O = 0% v/v; O2 = 8% v/v;
elocity of 100,000 h−1 and a water feed concentration of 8% v/v.
he same qualitative trend described for Fig. 1A was observed
t H2O feed, with a temperature rise of about 20 ◦C after water
eed (t = 35 s). After H2O shut off, at t = 600 s a temperature drop
ccurred, with a temperature difference of about 10 ◦C, in line with
hat reported in [6].

Notably, upon feeding H2O, after the transient thermal effect
elated to water condensation, the same temperature initially
bserved when feeding only dry gases was restored. This indicates
hat the enthalpy contribution resulting from addition of water
apour to the feed stream was essentially negligible.

The kinetic parameters of the H2O adsorption/desorption rate
r14) were estimated by fitting the data in Fig. 1A and Fig. 2, while
he storage capacity of the same species was determined from
orosity analysis, assuming that water can fill the entire volume
f the zeolite pores. Fig. 1B and the thick line in Fig. 2 show the fit
esults. A fairly good overall qualitative and quantitative agreement
ith experimental data can be noted. The model is able to repro-
uce the phenomena observed at both water feed and shut-off, as
ell as the temperature profile recorded at different axial locations

long the monolith channel.

.2. NO oxidation

The second step contributing to the cold-start phenomena iden-
ified in [6] was the NO oxidation to NO2 occurring at temperatures
elow 100 ◦C. As reported in [6], the investigated commercial Cu-
eolite SCR exhibited a significant NO oxidation activity at such
emperatures in dry exhausts. Notably, such NO oxidation activ-
ty exhibited a negative temperature dependence going from room
emperature up to 100 ◦C. The kinetics were first order in oxygen
oncentration, and were strongly inhibited by the presence of water
r.15).

Figs. 3–5, thin lines, show the transient behaviour and steady
tate NO conversion during three NO oxidation tests performed in
he temperature range 25–550 ◦C feeding 500 ppm of NO at a space
elocity of 100,000 h−1. Fig. 3 shows experimental results collected
n a dry stream with 8% v/v O2 at reactor inlet; Fig. 4 shows results
btained reducing the feed oxygen content to 2% v/v, and Fig. 5
hows results obtained with a wet stream containing 8% v/v of both
2O and O2.

Looking at the thin lines in Fig. 3A it can be seen that, upon feed-
ng O2 at t = 5650 s, immediate NO conversion was observed, while

dead time was shown by the NO2 signal. The NO trace rapidly
eached a steady state value of about 400 ppm, while the NO2 con-
entration started increasing about 1000 s after O2 feed and slowly
pproached a steady state level of about 100 ppm. Such a trend can
e explained considering the oxidation of NO to NO2, occurring at

ow temperatures, and the following storage of NO2 in the form
f surface nitrates [2,4,8,15,16] and physisorbed NO2 until cata-
yst saturation. The increase of the catalyst temperature resulted in
he progressive decrease of NO conversion at temperatures up to
50 ◦C. It has to be noticed that each time the catalyst temperature
as increased, NO2 desorption occurred, indicating the presence of
eakly bonded NO2 species. Such NO2 desorption cannot be related

o the decomposition of surface nitrates species, which are stable on
he same catalyst at temperatures as high as 230 ◦C [8]. The further
ncrease of the catalyst temperature from 150 ◦C to 550 ◦C in a ramp
t 20 ◦C/min resulted eventually in the onset of the “high tempera-
ure” NO oxidation, as evidenced by a growing consumption of NO
n the 150–400 ◦C temperature range and the subsequent decrease
elated to the approach of thermodynamic equilibrium conditions.

uring the temperature ramp desorption of previously adsorbed
itrates species also occurred, as evidenced by the nitrogen balance.

The same qualitative trend was observed decreasing the O2 con-
ent to 2% v/v (Fig. 4A). In this case a lower NO consumption rate
GHSV = 100,000 h−1. A) Transient behavior. B) Steady state NO2 concentration as a
function of temperature. Thin lines: experimental data; thick lines: model fit.

resulted in a slower saturation of the catalyst surface, as indicated
by the longer dead time in the NO2 trace and the slow approach to
steady state conditions at ambient temperature. On the contrary,
the presence of water completely suppressed the NO oxidation
activity below 150 ◦C, as shown in Fig. 5.

The presented data were used to estimate the rate parameters
for the low temperature NO oxidation reaction (r15) and for NO2
physisorption (r16). The thick lines in Figs. 3–5 represent the kinetic
fit results. A very good correlation between experimental data and
model fit can be observed both in terms of steady state NO con-
versions and most notably in terms of transient behaviour. Only
in Fig. 3A the model showed a transient behaviour not displayed
by the experimental data. Indeed, around t = 7000 s, the computed
NO signal showed a maximum before reaching steady state. Such
a transient behaviour is associated with the storage of NO2 as
nitrates according to reactions 2 and 3. Although such storage is
likely to occur experimentally, as indicated by NOx release at high
temperatures, the rate of reaction (3) at room temperature seems
to be slightly overestimated, resulting in the onset of a small NO
peak.

3.3. Reproduction of overall cold start transient
In [6] it was shown that a suitable sequence of NO oxidation to
NO2, NO2 adsorption/desorption and H2O adsorption steps could
qualitatively reproduce at the lab scale the cold start phenomena
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Fig. 5. NO oxidation at low temperature. Effect of water. NO = 500 ppm; H2O = 8%

but continuous rise in temperature, the gas leaving the SCR cata-
lyst did not follow the same trend. The outlet temperature profile
showed in fact a sudden rise (about 80 ◦C) starting at ∼ 100 s after
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xperimental data; thick lines: model fit.

bserved in engine test bench experiments with real exhaust gas.
or this purpose 500 ppm of NO in 8% O2 and N2 as balance gas
ere fed to the test reactor, loaded with a Cu-zeolite SCR catalyst,
uring a transient in which 0–8% of H2O was pulsed at room tem-
erature. Results from such an experiment are shown in Fig. 6. NO
as immediately converted as soon as O2 was introduced in the

eactor at t = 7400 s, with the NO2 signal showing a dead time, due
o its adsorption on the catalyst. When H2O was introduced in the
eactor, an increase in temperature associated with a peak of NO2
n the gas phase was observed, thus qualitatively reproducing what

as observed at the test bench scale.
After estimating the rate parameters for the low temperature

O oxidation to NO2, NO2 adsorption/desorption and H2O adsorp-
ion, the resulting kinetic scheme comprising all reactions from
1 to r16 was used to perform a predictive simulation of the test
iscussed above. The thick lines in Fig. 6 represent the simula-
ion results: it is apparent that the model herein derived is able
o qualitatively describe the observed trends, from NO conversion
pon O2 feed to the increase of gas phase temperature associated
ith NO2 release at H2O feed. A reasonable match between predic-

ive simulations and experimental data can also be observed from
he quantitative point of view, thus providing evidence that the
eveloped kinetic scheme is able to describe phenomena respon-

ible for the cold start effects observed at the engine test bench
cale.
v/v; O2 = 8% v/v; GHSV = 100,000 h−1. A) Transient behavior. B) Steady-state NO2

concentration as a function of temperature. Thin lines: experimental data; thick
lines: model fit.

3.4. Predictive simulation of WHTC temperature behavior

In [6] we reported the temperature evolution of the exhaust gas
measured before and after the SCR brick during a World Harmo-
nized Transient Cycle (WHTC). While the inlet gas showed a slow
Fig. 6. Cold Start experiment, lab scale: NO = 500 ppm; O2 = 0–8%: H2O = 0–8%.
GHSV = 30,000 h−1. T = 25 ◦C. Thin lines: experimental data; thick lines: model sim-
ulation.
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-profiles are simulated using the herein developed model and, for comparison, the
odel taken from [8], which neglects H2O adsorption.

tart, reached its temporarily highest value at∼250 s (with the out-
et temperature exceeding the inlet one), then it slowly decreased
ver the next 350 s. The temperature of the system finally rose again
fter 600 s, showing the conventional heat-up behavior.

In order to confirm that the herein developed model can effec-
ively reproduce the observed thermal effects during real cold
tart transients, we performed a predictive simulation of a WHTC
ycle. Fig. 7 compares the simulation obtained with the model
eveloped in this contribution (thick blue line) and the correspond-

ng simulation obtained with the kinetic model developed in [8]
dashed thin line), which does not account for the low tempera-
ure phenomena herein discussed. It can be noticed that when the
dsorption/desorption of water is not taken into account, the simu-
ated SCR outlet temperature follows closely the inlet temperature
rofile, in line with the convective heating of the brick by the feed
ases. On the contrary, when the water adsorption/desorption is
aken into account the same qualitative features observed in [6] are
eproduced by the model: after about 100s the temperature sud-
enly increased, approaching the inlet value, then the temperature
ecreased slowly for about 250s before following the conventional
eat-up behavior.
. Summary/Conclusion

Following an experimental investigation of cold start effects
n the material and thermal behaviour of a Cu-zeolite SCR

[

catalyst, in this contribution a physically and chemically con-
sistent mathematical model of the related phenomena has
been developed and included into an existing SCR converter
model to reproduce cold start transients in engine test bench
runs.

In analogy with the approach of the previous experimental
study, the three physical-chemical steps identified as responsible
for the cold start effects, namely H2O adsorption/desorption, low
temperature NO oxidation to NO2 and NO2 physisorption, were
incorporated into an existing detailed SCR kinetic model, with
the new rate parameters fitted to experimental data analyzing
the individual steps. The resulting simulation model successfully
reproduced the features of cold start transients observed during
both lab scale dedicated experiments and full-scale engine test
bench runs.
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