Chapter 12
Kinetic Modeling of Ammonia SCR
for Cu-Zeolite Catalysts

Louise Olsson

In this chapter, kinetic models for ammonia SCR over Cu-zeolites are described.
Both global and detailed models are presented and both commercial materials as
well as model samples are used. In the SCR system, several reactions are important
in order to describe the mechanism and these reactions are discussed below.
Ammonia storage and desorption on the catalyst surface is crucial in order to
capture the transient behavior of the catalytic system. These steps are examined
using both temperature programmed desorption experiments, as well as with the
help of microcalorimetry techniques. In more detailed kinetic models, adsorption
of other species like water and NOy are also considered. Depending on the NO, to
NOx ratio, different SCR reactions will occur; standard SCR, rapid SCR, and slow
NO, SCR. These reactions are added to kinetic models, either in global format or
more detailed reaction steps. In addition, there are several other reactions occur-
ring during the SCR process, such as, for example, NO oxidation to produce NO,.
Unfortunately, there are also several unwanted side reactions taking place, like
ammonia oxidation and N,O formation. These steps are crucial to add to kinetic
models and are described in this chapter.

12.1 Introduction

An important group of catalysts for NO, reduction through ammonia SCR is
represented by copper exchanged zeolites [1-9]. Many different zeolites have been
investigated, for example, Cu-ZSM-5 [10-13], Cu-faujasite [14], Cu-Beta [15, 16],
and Cu-Y [17]. Recently, copper zeolites with chabazite (CHA) structure have
received great attention due to their high thermal stability and hydro carbon
resistance [18]. Both Cu-SAPO-34 [19] and Cu-SSZ-13 [18] have a CHA structure
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and have been investigated for NH; SCR. The NO, conversion depends on the
NO, ratio in the feed. When only NO is present, the standard SCR reaction occurs
as follows:

4NH; 4 4NO + O, — 4N, + 6H,0 (12.1)

while if equimolar amounts of NO and NO, are present, the fast SCR reaction
dominates at a much higher rate:

2NH; + NO + NO, — 2N, + 3H,0 (12.2)

However, if the NO, to NOj ratio is high, the slow NO, SCR reaction occurs
while the amount of N,O produced is also increased:

4NH; + 3NO, — 3.5N; + 6H,0 (12.3)
2NH; + 2NO;, — Ny + N,O + 3H,0 (12.4)

Kinetic models for ammonia SCR have been developed for vanadia on titania
[20-24], Cu-ZSM-5 [10-13], Cu-faujasite [14], HZSM-5 [25], and Fe zeolites
[26-28]. In this chapter, the focus is on kinetic models for ammonia SCR over
copper zeolites. Both global and detailed kinetic models will be described and
many subreactions in the mechanism, such as ammonia storage, ammonia
oxidation, NO oxidation etc., will be discussed in detail.

12.2 Kinetic Models for Ammonia and Water Storage
Over Cu-Zeolites

The copper zeolites store large amounts of ammonia. This is an important feature
of these catalysts, since ammonia stored at the surface at medium temperatures can
be used at low temperatures, where it is not possible to dose urea due to by-product
formation. It is, therefore, crucial to describe ammonia storage and desorption in a
kinetic model accurately to be able to predict transient variations.

The most common way to describe ammonia adsorption and desorption in SCR
catalysts, in general, is to use the Temkin type isotherm [10, 13, 24, 27, 29]. The
Temkin adsorption isotherm considers the adsorbate-adsorbate interactions, and in
the models therefore coverage dependent heat of adsorption is used. This also
results in that the activation energy for desorption of NHj; is coverage dependent:

Edes = Edes(O)(l — OCQN]-B) (125)

where Eg4.5(0) is the activation energy for desorption for zero coverage, o is a
constant, and O3 is the coverage of ammonia on the surface. The heat of
adsorption can be determined by fitting parameters to TPD experiments, which is
the most common method. However, calorimetry is a powerful technique for
measuring the heat of adsorption directly [16]. The advantage of this method is
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Fig. 12.1 Ammonia TPD experiment on Cu-Beta. The top panel shows the heat flow and the
lower panel the ammonia concentration [16]. Reprinted with permission from Wilken et al. [16].
Copyright (2010) Elsevier

that it measures AH, thereby avoiding correlations between some of the parameters
(for example, between the pre-exponential factor and activation barrier for
desorption). Heat of adsorption of ammonia on zeolites has been measured pre-
viously, resulting in AH for zero coverage of —130 kJ/mol for H-ZSM-5 (SiO»/
Al,O5 ratio of 30) [30], —130 kJ/mol for H-Beta (SiO,/Al,05 ratio of 19.6) [30]
and —120-130 kJ/mol for H-ZSM-5 (SiO,/Al,05 ratio of 110) [31]. Average AH
is also reported, resulting in —114 kJ/mol for H-ZSM-5 (SiO,/Al,0; ratio of 110)
[31] and —104.8 kJ/mol for Cu-ZSM-5 (SiO,/Al,Oj ratio of 30) [32].

Wilken et al. [16] conducted an ammonia TPD experiment in the calorimeter,
while simultaneously measuring the heat produced/used, the results of which are
shown in Fig. 12.1. In this experiment, the Cu-BEA catalyst is exposed to
2,000 ppm NHj3, which results in an exotherm and simultaneously there is a total
uptake of all ammonia. When the catalyst is saturated with ammonia, ammonia
breaks through and no heat is released. After the ammonia step, the catalyst is
flushed with Ar only and weakly bound ammonia is released. This reaction is
endotherm and heat is consumed (see top panel Fig. 12.1). In the last step, the
temperature is increased and ammonia is desorbing. This experiment resulted in an
average heat of adsorption of about —100 kJ/mol [16]. However, as mentioned
above, the heat of adsorption of ammonia is coverage dependent. Wilken et al. [16]
developed a method for determining the coverage dependent heat of adsorption at
atmospheric pressure. Initially, the catalyst was exposed to ammonia at 500 °C
(see Fig. 12.2). Only the most strongly bound ammonia is adsorbed at this high
temperature, which results in a low ammonia coverage with high AH. The catalyst



360 L. Olsson

71

%)
— : —— HealFlow L
= 201 - - - Sample temperature 1600 @
£ pilless =
— b
g °l | ‘N _____ u n '\ | g
i=] f o
[T 0 s T : 5
8 r r y -] {200 5
T o ' ' "W O H------ a
. L ] g
—_ : p— i ]
£ 3000} NH, concentration | |
g
c 2000 b
i=]
o I J
£ 1000
g l
g 0 - T~ [
o L 1
] 200 400 600
Time (min)

Fig. 12.2 Stepwise ammonia adsorption experiment over Cu-Beta [16]. Reprinted with
permission from Wilken et al. [16]. Copyright (2010) Elsevier
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is, thereafter, exposed to Ar only and the temperature decreases to 400 °C. At this
temperature, another ammonia step is performed which results in a lower heat of
adsorption. This procedure is repeated at 300, 200, and 100 °C (see Fig. 12.2),
which results in lowering the heat released for each step. The results of this
stepwise ammonia adsorption experiment are used to calculate the heat of
adsorption and the corresponding ammonia coverage on the surface, which is
described in more detail in Ref. [16]. These results are shown in Fig. 12.3.

The results clearly show a linear dependence of the heat of adsorption as a
function of ammonia coverage. A linear fit of the experimental points results in:
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Fig. 12.4 Experiment (solid line) and simulation (dashed line) from an NH3; TPD experiment
over Cu-ZSM-5 catalyst [10]. Reprinted with permission from Olsson et al. [10]. Copyright
(2008) Elsevier

Edesorptionnuz = 120.0 - (1 — 0.38 - Onus) (12.6)

The microcalorimetry data have been successfully used in kinetic models (not
shown here).

12.2.1 Global Kinetic Model for Ammonia Storage
and Desorption

In an earlier study, Olsson et al. [10] fitted the parameters for ammonia adsorption
and desorption to an ammonia TPD experiment conducted over Cu-ZSM-5, using
coverage dependent activation energy for ammonia desorption, occurring on one
storage site S1 according to:

NH; + S1 < NH; — S1 (12.7)

The results of the experiment and model are shown in Fig. 12.4. Initially, there
is a total uptake of all ammonia for about 10 min. This is followed by a break-
through of ammonia until saturation is reached. After about 80 min, the ammonia
is shut off and some weakly bound ammonia is released. Finally, the temperature is
increased and a large ammonia desorption follows. The desorption peak is broad
and contains a shoulder. Thus, there are different types of ammonia storage sites
available in the catalyst. The model (see Fig. 12.4) describes this broad feature
well by a coverage dependent heat of adsorption. It should be mentioned that S1,
which is used in the global kinetic model is the total amount of sites that can
adsorb ammonia, thus likely covering both Bronstedt acid sites as well as different
copper sites.
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12.2.2 Detailed Kinetic Model for Ammonia and Water
Storage

In addition, detailed kinetic models for ammonia adsorption and desorption [13],
NO oxidation [11], and SCR [12] over Cu-ZSM-5 was developed. The active sites
for all reactions are, in this model, the copper sites, which are denoted S1a and the
amount determined from ICP-AES. In addition, on this site, all the molecules can
adsorb (NHj3, O,, NO,, H,0). However, according to electron paramagnetic res-
onance studies (EPR) [33, 34] and density functional theory calculations [17], it
has been previously suggested in the literature that copper is capable of coordi-
nating up to four ammonia molecules. This is in accordance with the mechanism
for SCR by Komatsu et al. [35], where four ammonia molecules are attached to
copper. We, therefore, used up to four ammonia molecules, bound to each copper
site [13] and practically this is done by introducing S1b, where ammonia can
adsorb. S1b is three times larger than the amount of copper sites, resulting in that
Sla + Sl1b is four times larger than the Cu-sites. Further, water was also found to
adsorb in large quantities and therefore, water is adsorbed on S1b. In the surface
description also, acid sites, denoted S2, and physisorbed sites, denoted S3 are
included. In this section, the ammonia storage and desorption is described and in
the following sections details are given for the other adsorbates as well as the
reactions. The results of the detailed ammonia storage kinetic model together with
an ammonia TPD experiment conducted at room temperature, are shown in
Fig. 12.5a and the calculated mean coverages in Fig. 12.5b. The calculated cov-
erages suggest that ammonia on the Bronstedt acid sites (S2) and ammonia on S1b
(copper site, where ammonia and water adsorb) is the most strongly bound
ammonia. The strength of ammonia on the copper site responsible for the reactions
(S1a), was critical in order not to block the adsorption of oxygen and NOy species,
and thereby the activity for the different reactions. Both the global (see Fig. 12.4)
and detailed (see Fig. 12.5) kinetic models describe the experimental features well,
except for the slow storage of ammonia when the catalyst is close to saturation. It
is possible that there is a mass-transport limitation or sterical hindrance when
reaching saturation that causes this behavior. However, when examining the total
amount of ammonia stored, this discrepancy is only a small fraction. In addition, in
areal application, the catalyst will never be completely saturated since a very large
ammonia slip would then occur.

Further, a detailed model of water adsorption and desorption was developed;
the results of a water TPD experiment are shown in Fig. 12.6 [13]. Water is
released with a distinct peak at lower temperature; however, water continues to be
released up to very high temperatures. These results clearly demonstrate the
complex interactions between water and zeolite.
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Fig. 12.5 Ammonia TPD experiment at room temperature over Cu-ZSM-5. a The concentra-
tions of ammonia from the experiment and model. b The calculated mean coverages [13].
Reprinted with permission from Sjovall et al. [13]. Copyright (2009) American Chemical Society
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12.3 Kinetic Models for Ammonia Oxidation Over Cu-
Zeolites

12.3.1 Global Kinetic Model for Ammonia Oxidation

At high temperature, ammonia is oxidized by oxygen, which decreases the
selectivity of the standard SCR reaction. In a kinetic model that should describe a
broad temperature interval, it is therefore crucial to have a good description of the
ammonia oxidation. Accordingly, we investigated ammonia oxidation separately
in order to decrease the correlation between the parameters. In the global kinetic
model, the following reaction was added in which ammonia stored on the surface
is oxidized to produce N, and H,O:

2NH; — S1 +3/20, — N, + 3H,0 + 2SI (12.8)

Since no by-products like NO or N,O were observed during ammonia oxida-
tion, these reactions were excluded from the model. The results from the model
and experiment are shown in Fig. 12.7 [10]. Prior to this experiment, the catalyst
was pretreated with oxygen at high temperature in order to clean the surface from
ammonia. When introducing the gas mixture consisting of ammonia, oxygen, and
water, there was a long total uptake of ammonia attributable to the large storage
[10]. At low temperature, no ammonia oxidation is observed and ammonia
desorption is only visible when the temperature increases. However, significant
ammonia oxidation is observed from 300 °C and increases with increasing
temperature.

12.3.2 Detailed Kinetic Model for Ammonia Oxidation

Ammonia oxidation was included in the detailed model [12] (results not included).
In this model, two reaction steps were added, where ammonia on the surface was
oxidized either with oxygen alone or in a second step in a combination with
hydroxyl groups. The hydroxyls are produced according to:

H,0 —Sla+ O — Sla «+» 20H — Sla (12.9)

It was essential to add the reaction step, where ammonia reacts with hydroxyl
groups in the detailed model, since the coverage of hydroxyl groups was large on
the surface, but the simultaneous ammonia conversion only slightly decreased.
Without this reaction step, the ammonia oxidation rate was significantly to low in
the presence of water. For the global model described in Ref. [10], the effect of
water was not included since all experiments contained high levels of water, and
the model was therefore tuned in the presence of water.
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Fig. 12.7 Ammonia oxidation over Cu-ZSM-5 using 8 % O,, 5 % H,0, and 500 ppm NH; [10].
Reprinted with permission from Olsson et al. [10]. Copyright (2008) Elsevier

12.4 Kinetic Models for NO, Storage and NO Oxidation
Over Cu-Zeolites

12.4.1 Detailed Kinetic Model for NO Oxidation

NO storage is observed over copper zeolites [11, 36]. Colombo et al. [36] examined
the NO, storage over pre-oxidized and pre-reduced Cu-CHA, with the results shown
in Fig. 12.8. Slightly more NO is observed during the storage process for the pre-
reduced sample, but this effect will not be discussed in this chapter. Instead, we will
focus on the storage of the pre-oxidized catalyst. When the catalyst is exposed to
NO, only, significant storage is observed (see Fig. 12.8c) and NO is simultaneously
produced (Fig. 12.8b) due to the formation of nitrates. The nitrates formed are stable
and decompose with a maximum NO, desorption of about 400 °C (see Fig. 12.8d).
We observed that NO, is also adsorbed on the pure zeolite (H-ZSM-5) [11]. In the
detailed kinetic model, this feature was modeled separately using a reaction step:

NO, + S2 < NO, + S2 (12.10)

where S2 is an acidic site in the zeolite. The parameters for this storage were later
used when modeling the NO, storage over Cu-ZSM-5 [11] (see Eq. 12.11). In
addition, the following reaction steps were added to describe the NO oxidation:

NO; + Sla < NO, — Sla (12.11)
O, + Sla « O, — Sla (12.12)

0, — Sla+ Sla < 20 — Sla (12.13)
NO + O — Sla <> NO, — Sla (12.14)
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where Sla is the active copper site. In order to simplify the detailed kinetic model
[11], an Eley-Rideal mechanism was used for NO oxidation (see Eq. 12.14). Only
minor amounts of NO were observed to adsorb on this catalyst, which is why NO
storage was not critical to the model. However, it is still possible that the actual
mechanism occurs through a Langmuir-Hinshelwood mechanism, but it is not nec-
essary to include this step in the model in order to describe the experimental features.

NO was observed when exposing the catalyst to NO,; thus, it is important to
add a reaction step whereby nitrites are oxides by NO,, to simultaneously produce
nitrates and NO (see Eq. 12.15). Experimentally, we observe that when increasing
the temperature and exposing the catalyst to Ar only, nitrates are decomposing.
However, the reverse reaction in Eq. (12.15) requires NO in the gas phase and will
not take place in pure Ar. Since this is not the case experimentally, an additional
step was added in which nitrates decompose directly. In order to make the model

thermodynamically consistent, this reaction was also reversible [11].
2NO; — Sla <+ NO3 — Sla+ NO + Sla (12.15)

NO, — Sla+ O — Sla <> NO; — Sla + Sla (12.16)
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The results of the experiment (solid line) and the kinetic model (dashed line) for
the NO, TPD at 150 °C over Cu-ZSM-5 are shown in Fig. 12.9 [11]. The model
describes the experimental features adequately. In the lower panel of Fig. 12.9, the
coverage on the surface is shown. Based on these results, it becomes evident that
nitrites are initially formed on the copper sites and are later converted to nitrates.

An interesting feature was observed involving NO oxidation at low temperature
under dry conditions over Cu-ZSM-5. This was observed in an experiment where
the catalyst was exposed to NO and oxygen only and the temperature increased in a
number of successive steps (30, 50, 100, 30, 50 and 100 °C), see Fig. 12.10 [11]. At
30 °C, substantial NO oxidation to NO, is observed. Surprisingly, when increasing
the temperature to 50 °C, the NO, is decreasing and when further increasing it to
100 °C, the NO oxidation almost vanishes. The behavior is reproducible as seen by
increased NO, production when the temperature is once again lowered to 30 °C.
We suggest that the reason is that at very low temperatures, there are physisorbed
species on the surface that account for the low temperature activity. When the
temperature increases, the coverage of these species is decreasing, which is also the
case with NO oxidation. At higher temperature, the regular NO oxidation takes
place, which in the model is occurring on the copper sites. In the detailed kinetic
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model, three reversible reactions were added in order to describe the low temper-
ature NO oxidation:

NO; + S3 <> NO, — S3 (12.17)
0, + 283 <> 20 — S3 (12.18)
NO + 0 — 83 « NO, — S3 (12.19)

where S3 denotes a site for physisorbed species.

The combination of reactions (12.10-12.19) was used in the kinetic model for
NOy storage and NO oxidation under dry conditions over a large temperature
interval, with the results shown in Fig. 12.11. The model accurately describes the
NO oxidation, both at low and high temperature [11]. At high temperatures, the
NO oxidation activity drops because of thermodynamic restrictions. The lower
panel in Fig. 12.11 shows the mean coverages on the surface; it becomes clear that
the S3 site is only active at low temperature because at higher temperatures, the
coverage on this site is very low. In addition, due to the decomposition of nitrates,
NOy is desorbing from the surface when the temperature between steps increases.

NO oxidation in the presence of water is simulated using a detailed kinetic
model [12], where NO oxidation on Cu-ZSM-5 [11], the above described water
adsorption [13] and OH formation [12] are used together (Fig. 12.12). The model
describes the significantly lower NO oxidation observed in the experiment due to
the blocking of OH groups on the active copper site (S1a) seen in the coverages in
the lower panel of Fig. 12.12 [12]. In addition, water blocks the NO, storage and,
therefore, only very small amounts of NO, are desorbing when the temperature
between steps increases. It should be mentioned that during NO oxidation, both
NO and NO, are simultaneously present. The NO will destabilize the nitrates and
thereby, less NOjy is stored.
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12.4.2 Global Kinetic Model for NO Oxidation

Metkar et al. [9] developed a global kinetic model from a derivation of detailed
reaction steps. They used reactions described in (12.11-12.14 [11]) and combined
two reactions (see Eqgs. 12.15-12.16 [11]). They received the best results when
assuming the Eley-Rideal step, during the NO oxidation (Eq. 12.14) as rate
determining. The resulting rate expression was:

RNOoxi =

kysv/Kiks

1+ K1X02,S + RV4 K1K2X02,s + K4XN02,S +

XNo,
(XNOA,S v/ Xo,s — K -
eq

)

Ky K;

v/ Ki1K>Xo, s

XNos

(12.20)

The results from this global NO oxidation model is shown in Fig. 12.13 [9]. In
this figure, results from both Fe-ZSM-5 (solid lines) and Cu-CHA are shown
(dashed lines). The markers show the experimental points. The model accurately
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describes the experimental observations for various NO concentrations over the
whole temperature interval. In the work by Olsson et al. [10] a kinetic model for
NO oxidation is also included.

12.5 Kinetic Models for SCR Reactions Over Cu-Zeolites
12.5.1 Global Kinetic Models for SCR Over Cu-Zeolites

We developed a global kinetic model for ammonia SCR over Cu-ZSM-5 [10],
consisting of seven reaction steps:

NH; + S1 < NH; — S1 (12.21)
3

ONH; —S1 450, — Ny + 3H;0 + 251 (12.22)

1
NO +70; < NO, (12.23)
4NH; — S1 + 4NO + 0, — 4N, + 6H,0 + 451 (12.24)
2NH; — S1 + NO + NO, — 2N, + 3H,0 + 251 (12.25)
4NH; — S1 + 3NO, — 3.5N; + 6H,0 + 4S1 (12.26)
2NH; — S1 + 2NO, — N, + N,0 + 3H,0 + 281 (12.27)

The first step is ammonia adsorption/desorption and this step was tuned to an
ammonia TPD experiment described in an earlier section (Eq. 12.21, see Fig. 12.4).
The second step is ammonia oxidation (Eq. 12.22) and the third step NO oxidation
(Eq. 12.23). The parameters for these three steps were determined by separate
experiments. In Eq. (12.24), the reaction for standard SCR is described and in
Eq. (12.25), the rapid SCR with equimolar amounts of NO and NO, is covered.
NHj; also reacts with NO, alone, which is described in Eq. (12.26). The final step
(see Eq. 12.27) is N,O production from a reaction between adsorbed ammonia and
NO,. The results from exposing the Cu-ZSM-5 catalyst to 500 ppm NO, 500 ppm
NH3;, 8 % O, and 5 % H,0, while increasing the temperature stepwise are shown in
Fig. 12.14 [10]. Initially, there is a total uptake of ammonia for an extended time
period, but due to minor NO storage, NO breaks through immediately. The tem-
perature is then increased to about 150 °C, while loosely bound ammonia is
released. At this temperature, the standard SCR reaction is active and equimolar
consumption of NO and NHj is seen. At 200 °C, the conversion of NOy is close to
100 %. At high temperature, the NO, conversion again decreases due to the
ammonia oxidation. Also, some NO, is produced, since the back part of the catalyst
is not exposed to ammonia, NO oxidation may occur. The global model described
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Fig. 12.14 NO, NO,, NH; and N,O concentration from experiment (solid line) and model
(dashed line) after exposing the Cu-ZSM-5 catalyst to 500 ppm NO, 500 ppm NH3, 8 % O, and
5 % H,0 and stepwise increasing the temperature [10]. Reprinted with permission from Olsson
et al. [10]. Copyright (2008) Elsevier
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Fig. 12.15 NO, NO,, NH; and N,O concentration from experiment (solid line) and model
(dashed line) after exposing the Cu-ZSM-5 catalyst to 500 ppm NOy, 500 ppm NH3, 8 % O, and
5 % H,0 and stepwise increasing the NO, content [10]. Reprinted with permission from Olsson
et al. [10]. Copyright (2008) Elsevier

was developed based on a series of experiments with a variety of gas compositions
and over a broad temperature range [10]. In Fig. 12.15, results from an experiment
and corresponding model are illustrated while changing the NO, to NO, ratio from
0 % up to 60 %, with an inlet gas temperature of 175 °C. Prior to this experiment,
the catalyst was pretreated with oxygen at high temperature in order to clean the
surface from ammonia. The Cu-ZSM-5 catalyst is exposed to the gas mixture
(500 ppm NO, 500 ppm NH3, 500 ppm O,, and 5 % H,0O) from the inception of the
experiment. During the first 20 min, no ammonia is detected because the storage of
substantial amounts of ammonia on the surface, in combination with that ammonia
is consumed in the SCR reaction. The NO concentration is decreasing from over
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Fig. 12.16 NO, NO,, NH3, and N,O concentration from a validation experiment (solid line) and
model (dashed line) after exposing the Cu-ZSM-5 catalyst to 500 ppm NO,, 500 ppm NH3, 8 %
0,, and 5 % H,O and thereafter changing NO and NHj; concentrations in short steps [10].
Reprinted with permission from Olsson et al. [10]. Copyright (2008) Elsevier

400 ppm down to approx. 100 ppm. The reason for this decrease, which is also
accurately described in the model, is that the SCR rate depends on the coverage of
ammonia on the surface. The ammonia coverage is increasing over time, which
results in an increased SCR reaction rate and, thereby, higher NO conversion.
Further, when increasing the NO, content, the activity for NO, reduction increases
and reaches a maximum at 50-60 % of the NO, to NO, ratio. At higher NO, levels,
the activity over Cu-zeolites [8] again decreases. In addition, the N,O concentration
is increasing with increasing NO, fraction, which is explained by the last reaction
(Eq. 12.27).

In kinetic model development, it is crucial to validate the model with experi-
ments not included during the development of the model. The results in Fig. 12.16
illustrate a validation experiment [10]. In this experiment, the catalyst is initially
exposed to 500 ppm NO, 500 ppm NHj3, 8 % O,, and 5 % H,O and when a steady
state is reached, the concentration of NO and thereafter ammonia is altered in short
steps. Interestingly, when the NO concentration changes, the NO outlet also
rapidly changes, but when performing the corresponding change in ammonia
concentration, the NO level remains practically constant due to the large buffering
of ammonia on the surface. The ammonia coverage is similar during the 2 min
time, when the ammonia level is changed because the ammonia storage on the
catalyst is excessive. Since the SCR rate depends on the coverage of ammonia on
the surface as opposed to the gas phase, this results in the same SCR rate, which is
why the NO conversion is practically the same.

Nova et al. [37] presented a global kinetic model for ammonia SCR over a
Cu-zeolite catalyst. They used the same seven reactions as presented above
(Egs. 12.21-12.27). In addition, they added two more reactions. In the first reac-
tion (Eq. 12.28), N,O is formed from a reaction between ammonia on the surface
(denoted NH;) and NO and in the second reaction, ammonium nitrate is formed
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Fig. 12.17 Transient SCR 500
experiment at 200 °C over Cu
zeolite. In this experiment,
the catalyst is exposed to (1)
500 ppm NO, 8 % O,, 5 %
H,0 (2) 500 ppm NO,

500 ppm NH3, 8 % O,, 5 %
H,0, and (3) 500 ppm NO,
8 % O,, 5 % H,0 [37].
Reprinted with permission
from Nova et al. [37].
Copyright (2011) American 100
Chemical Society
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during a reaction with ammonia on the surface and NO, in the gas phase
(Eq. 12.29).

4NH + 4NO + 30, — 4N,0 + 6H,0 (12.28)
2NH; + 2NO, — NHy;NO; + N, + H,0 (12.29)

The results from this model are shown in Fig. 12.17, where a transient exper-
iment is conducted at 200 °C. The ammonia concentration drops fast, while the
NO concentration slowly increases, when turning off ammonia during step three.
The reason is that there are large amounts of ammonia adsorbed on the surface,
which is why the SCR reaction can continue for a substantial amount of time until
the ammonia coverage is zero. The model can describe the experimental findings
well [37]. The model presented by Nova et al. [37] was also used to simulate
experiments during which the NO, to NOy ratio varied. The results from these
experiments and the corresponding model are shown in Fig. 12.18 [37], where Fig.
12.18a shows the NOy conversion, Fig. 12.18b the NH; conversion, and Fig.
12.18¢ the N>,O formation. The NO, conversion is at a maximum for the NO, to
NO ratio of 66 % and decreases when the NO, level further increases because the
slower NO, SCR reaction dominates. The N,O production shows a maximum at
lower temperatures, likely due to that ammonium nitrate is an intermediate for
N,O production and ammonium nitrates decompose at high temperatures.

Pant and Schmieg [7] used the model developed by Olsson et al. [10] (see
Eqgs. 12.21-12.27) with one exception. Instead of ammonia oxidation to N, as
described in Eq. (12.22), ammonia oxidation to NO was used:

5
2NH; + 50, — 2NO + 3H;0 (12.30)

One of the reasons was that they observed NO formation over their catalyst at
high temperatures. Pant and Schmieg [7] investigated the influence of changing the
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space velocity (the gas composition was also varied), with

Chemical Society

the results presented in

Fig. 12.19. In these experiments, real diesel exhaust and urea injection have been

used.

Baik et al. [38] simulated urea SCR and included the following equations for

the concentration of urea, HNCO, NO, and NHj;:

dC
% = _k3CUrea (1231>
dc,
2 = ksCurea — kaCincoCino (12.32)
_dCNO _ Kl CNOCNH3 (12 33)
dt (1 + KN()CN())(I + KNH3 CNH3) )
_ dCxy, _ K CnoCnm, k2 Cn, (12.34)

+
dt (1 4+ KnoCno)(1 + Knuy Cngy) - (1 + Knp, Oniy)
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Fig. 12.19 Ammonia slip and deNOj activity versus exhaust temperature for a Cu-zeolite. The
NH3/NOjy ratio was 1.3. The NO, concentration and space velocity is shown in the panels [7]. The
symbols represent the experimental points and the solid lines the model. Reprinted with
permission from Pant and Schmieg [7]. Copyright (2011) American Chemical Society

The results from this model, when varying the space velocity, are shown in
Fig. 12.20 [38]. In these experiments, urea was used as an ammonia source and the
thermal decomposition of urea was conducted at 350 °C in order to completely
decompose urea into ammonia and HNCO [39].

Watling et al. [40] used a kinetic model for simulating the New European Drive
Cycle (NEDC) test over a Cu-zeolite coated filter. The reactions used to describe
the SCR system are shown in Egs. (12.21-12.27) in addition to the following two
reactions:

4NHj(y45) + 502 — 4NO + 6H,0 (12.35)
2NHj(45) + 3NO; — 3NO + N, + 3H,0 (12.36)

In the first reaction (Eq. 12.35), ammonia is oxidized to NO, a step that was
also used by Pant and Schmieg [7]. In the second reaction, NO; is reduced to NO
by reacting with ammonia. The model is used to describe the cumulative NO,
during an NEDC test and the results from the test and model are shown in
Fig. 12.21. The model accurately describes the cumulative NO;.

12.5.2 Detailed Kinetic Models for SCR Over Cu-Zeolites

A detailed kinetic model was developed [11-13] and constructed out of several
submodels previously described in this chapter. The different sites used in the
model is discussed in Sect. 12.2.2. The submodels include: (i) ammonia adsorp-
tion/desorption, (ii) water adsorption/desorption, (iii) ammonia oxidation, (iv) NO,
storage, and (v) NO oxidation. The results of these studies were used in developing
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Fig. 12.21 Measured and
simulated cumulative NO,
using a Cu-zeolite coated
DPF (denoted Cu-SCRF®) in
an NEDC test [40]. Reprinted
with permission from
Watling et al. [40]. Copyright
(2012) Elsevier
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the SCR steps. In the first SCR reaction, formed nitrites react with adsorbed

ammonia according to:

NO, — Sla+ NH; — SIb — H,0 — S1b + OH — Sla + N, (12.37)
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In the presence of water, it is likely that HNOj; is formed on the surface, which
have been suggested for SCR over vanadia catalysts [41]. We have, therefore,
added a reaction step to form HNOj (Eq. 12.38).

NO, — Sla+ OH — Sla < HNO; — Sla + Sla (12.38)

HNOj; can then react with ammonia on the surface to produce ammonium
nitrate, which can decompose to produce N,O. In order to simplify the model,
these two steps in the model are described as one step:

HNO; — Sla 4+ NH3 — S1b — H,O0 — Sla + H,O — S1b + N,O (12.39)

Further, it is suggested that HNO, is formed over vanadia, and then produces
ammonium nitrite, which rapidly decomposes to produce water and N, [41]. This
mechanism was also used to derive the last step in the detailed model (Eq. 12.40)
[12]:

NO + OH — Sla <= HNO; — Sla
HNO; — Sla+ NH3 — S1b <= NH4NO, — Sla + S1b

(12.40)
NH4NO, — Sla + SIb — N, + H,0 — Sla + H,0 — Slb

NO + OH — Sla+ NH;3 — S1b — N; + H,O — Sla + H,0 — S1b

The model was developed through a large set of experiments, during which gas
composition and temperature varied [12], and below are two illustrated examples.
In the first experiment, the Cu-ZSM-5 catalyst was exposed to 500 ppm NO, 8 %
0O,, and the ammonia concentration varied from 200 to 800 ppm in steps to
175 °C. The results of the experiment and model are shown in Fig. 12.22, in which
the top panel shows the concentrations and the lower panel shows the calculated
mean coverage on the surface. The results of the coverages from the model show
that on the Sla (active copper site), the dominant species at lower ammonia
concentrations is nitrites (NO,-S1a), but some nitrates are also present. At higher
ammonia concentrations, the nitrite coverage decreases simultaneously as the
ammonia coverage increases. This experiment was repeated with 5 % water
present and a 50 % NO, to NOy ratio. The results are shown in Fig. 12.23. The
NO, content, in combination with high water levels, results in larger HNO;
coverage on the active copper sites (see reaction in Eq. 12.38), which gives a
higher rate of N,O production (see Eq. 12.39), and is visible by the higher N,O
concentration in the experiment, as well as in the model.

Grossale et al. [8] present a detailed kinetic model for ammonia SCR over Fe
and Cu-zeolites, where the NO, reactions are described by the following steps:

2NO, + H,0 « HNO; + HONO (12.41)
HONO + NH; — [NH4NO,| — N, + 2H,0 (12.42)
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Fig. 12.22 Experiment (dotted lines) and model (solid lines), from a test where a Cu-ZSM-5
catalyst was exposed to 500 ppm NO, 8 % O,, and varying the ammonia concentration from 200
to 800 ppm in steps at 175 °C. The lower panel shows the mean calculated coverages on the
surface [12]. Reprinted with permission from Sjovall et al. [12]. Copyright (2009) Elsevier

HNOj; + NO <> HONO + NO, (12.44)

NH4NO; — N,O + 2H,0 (12.45)

3HNO; + SNH; — 4N, + 9H,0 (12.46)
1

2HNO; — 2NO, + H,0 + 502 (1247)

These reactions are used together with reactions, e.g., for standard SCR,
ammonia spillover [8] and the results from the model to describe NO,/NO,
variations for Cu-zeolite, as shown in Fig. 12.24. The model accurately describes
the NO,/NO, dependence across a broad temperature interval.
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Fig. 12.24 SCR experiments 110 T T T
when varying NO, to NOy
ratio over a Cu-zeolite at
different temperatures. The
inlet feed gas consists of
500 ppm NOy, 500 ppm NH3,
3 % H,0 and 2 % O,. Solid
lines (kinetic model) and
symbols (experiment) [8].
Reprinted with permission
from Grossale et al. [8].
Copyright (2009) Springer
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12.6 Conclusions

This chapter is a review of the state of the art in kinetic modeling of ammonia/urea
SCR over copper containing zeolites. Both fundamental detailed kinetic models as
well as more globalized models are discussed. Several submodels are studied for
the SCR system: (i) ammonia adsorption and desorption, (ii) NO, adsorption and
desorption, (iii) water adsorption and desorption, (iv) ammonia oxidation, (v) NO
oxidation, (vi) standard SCR, (vii) rapid SCR, (viii) slow NO, SCR, (ix) N,O
formation, and (x) urea decomposition and hydrolysis to produce ammonia. As can
be seen from this large number of steps, this is a complex system.

A good description of the ammonia storage and desorption is critical in order to
describe transient features of the SCR system, and usually a Temkin type of kinetics
is used that considers the adsorbate—adsorbate interactions. The parameters for
these reactions are usually fitted to TPD experiments, but also microcalorimetry
studies are presented. The most common approach is to consider one ammonia
adsorption site, but more detailed kinetic models use several adsorption sites.
Ammonia oxidation is a reaction occurring at high temperatures, which unfortu-
nately decreases the selectivity of the NO, reduction in SCR. It is therefore crucial
to include this reaction in kinetic models for this system.

Different SCR reaction occurs depending on the NO, to NO, ratio, where
standard SCR occurs with NO only, rapid SCR with equimolar amount of NO and
NO,, and slow NO, SCR with NO, only. In several global kinetic models, these
three reactions are added. In more detailed models, more surface species are
considered, for example, nitrites, nitrates, HNOs3, oxygen, and hydroxyls. N,O is
an unwanted by-product during the SCR process over copper zeolites that are
increasing with the NO, content. The mechanism for the N,O production is sug-
gested to be from decomposition of ammonium nitrate. In addition, there are
models available that incorporate the urea decomposition and hydrolysis, in
addition to the SCR reactions.
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