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A generic chemical kinetic mechanism for nitric oxide reduction by ammonia is developed exploiting
similarities in redox cycles exhibited by different catalysts. The mechanism comprises 28 reactions, the rate
constants of which were estimated through analysis of the individual sub-processes and identifying the
overall rate with the rate of the limiting step. The chemical kinetics so developed was used to simulate
operation of several catalysts in a plug flow reactor. These simulations show that, after taking into account
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differences in feed gas composition, active site concentration and residence time, varying only one kinetic
parameter, namely activation energy for the low-temperature catalytic site oxidation allows one to
DOI: 10.1039/d4cy01205d reconcile the observed differences between copper and iron exchanged zeolites and cerium dioxide with
tungsta on titania. Prediction of the NO conversion by vanadia at high temperatures required changes of

rsc.li/catalysis two kinetic parameters.
vary from less than 450 K at the cold start to more than 900 K

at full load, thus complicating the direct translation of

1 Introduction

Removal of nitric oxide from exhaust or flue gas is required
for a great variety of applications ranging from a passenger
car engine to a large power plant, and selective catalytic
reduction (SCR) of NO by ammonia is often the only practical
means of achieving this. It is therefore not surprising that
there is a wealth of literature, see e.g. review of Han et al." or
Fig. 1 in Lian et al.? illustrating the exponential growth of the
number of publications in recent years, devoted to
investigation of SCR surface reactions and their pathways,
undertaken  through experiments and/or numerical
modelling. However, perhaps owing to the complexity and
large number of possible transition states, the rate analysis is
largely limited to some individual possible reactions with few
notable exceptions, e.g. Janssens et al.® Regardless of the exact
composition of the catalyst, the SCR proceeds as a cyclic
process with two or more interlinked pathways. One of these
chemical pathways results in a reduction, during which the
catalyst metal lowers the number of its valent bonds and
another pathway involves oxidation where the number of
valent bonds is restored by reaction with the free oxygen
typically present in exhaust or flue gas, e.g. Topsee et al.* and
Han et al." The operating temperature of an SCR may also
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laboratory catalyst kinetic studies, usually performed in a
much smaller temperature range, into an applied numerical
model.

A number of SCR models represent the processes in terms of
net reactions compounding together physisorption, chemical
adsorption, surface diffusion and chemical transformations, e.g.
Olsson et al.” or De-La-Torre et al.® In such approaches, the rate
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Fig. 1 Graphical representation of the proposed kinetic scheme of
selective catalytic reduction of nitric oxide by ammonia.
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expressions are found by fitting the rate coefficients to match
simulation results to one or several experiments and it is
difficult to estimate the generality of the obtained expressions,
the range of operating conditions and the types of catalysts to
which they are applicable. The kinetic experiments are usually
conducted in micro-reactors with characteristic dimensions of a
few millimetres filled with powder catalysts, e.g. Chatterjee
et al’ Arguably, the use of micro-reactors eliminates the
influence of mass transfer from the gas phase to the catalyst
surface. The temperature of the micro-reactor is homogeneous
and tightly controlled, and flow rates through it are so small as
to eliminate any spatial variation in gas and surface species
concentrations. On the other hand, quantum chemistry
simulations using either analytical forms of molecular orbitals,
e.g. German and Sheintuch,® or density functional theory, e.g
Arnarson et al.,’ are very useful in establishing the structure of
possible transition states and the rate of associated reactions
but owing to their heavy computational requirements, they are
necessarily restricted to a limited number of configurations.
Yet, together with available measurements, these methods allow
one to clarify the mechanisms of the rate-limiting processes,
that is conditions under which the overall rate of NO conversion
is constrained by an elementary step of the chemical kinetics or
physical kinetics, e.g. physisorption at or diffusion to the
catalyst surface from the bulk of gas. Nonetheless, despite the
progress achieved in studies of different factors in the selective
catalytic reduction of nitric oxide by ammonia NHj, see e.g. Kim
et al,*® there does not seem to exist a comprehensive
mathematical description of the latter including both physical
and chemical rates of individual processes. Development of
such a model is attempted here based on the generalised
kinetics whereby the formulated kinetic pathways exploit the
similarity of the redox cycles for the different types of catalysts
and the rate constants for individual chemical reactions are
estimated as average values across the range of catalysts. While
this generalisation necessarily entails lower accuracy than the
one attainable with fine tuning of the rates for a specific type of
catalyst or SCR system design, it is worth emphasising that,
owing to the complexity of the numerical modelling of flow and
reactions in the SCR, a number of other assumptions are
inevitable and the loss of accuracy caused by the use of
generalised kinetics in simulations of a complete SCR system
may well be smaller than that caused by other simplifications,
e.g. the pattern of reducing agent spray entering the catalyst, e.g.
if ammonia comes from decomposition of urea water solution
as is commonly done in automotive applications.

The purpose of this work is thus to consider the generic
elementary steps involved in NO reduction and estimate their
rates from well-established dependencies. This is done with the
hope that the resulting model, while perhaps not tuned to any
particular type of catalyst, would nonetheless be capable of
yielding an accuracy sufficient for an a priori analysis of a wide
range of SCR exhaust aftertreatment systems through numerical
simulations resolving simultaneously the gas flow and SCR
chemistry. As shown by Jin et al.'* a number of SCR catalysts
have similar properties in terms of porosity, in the range 0.3...
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0.4, characteristic pore dimension, circa 10 nm, overall
concentration of active sites, 0.5...1.5 x 10> mole cm >, and an
attempt to utilise these similarities is made here through
formulation of a generalised chemical kinetic mechanism and
consideration of both physical and chemical steps in SCR
processes.

2 Physical and chemical kinetics in
SCR catalysts

The starting point in the development of this kinetic
mechanism was the assumption that any catalytic site
irrespective of its nature and composition may be attributed the
same reaction rate constants. Though this assumption is
obviously wrong as, e.g. it is well known that iron catalysts have
much lower catalytic activity at lower temperatures compared to
copper-exchanged zeolites or vanadia-tungsta catalysts, it
proved nonetheless very useful in establishing the baseline
kinetic mechanism, and estimating its rate constants. Departing
from there, the difference in performance of different types of
catalysts could then be reflected in changes of only a few rate
constants while most of the scheme remains the same reflecting
the generic features of SCR chemistry.

In what follows, Cat denotes the catalytic complex, e.g.
Cu*" in Cu - exchanged zeolites, or V>* for vanadia catalysts,
and Z denotes a substrate surface site capable of
physisorption, e.g. SiOAl site for a zeolite or TiO, for a
vanadia/tungsta catalyst. Charge changes are disregarded,
that is Cat" and Cat species are lumped together. Both
surface and gaseous species are described in terms of their
molar concentrations: this allows for a straightforward
account of the surface coverage factor but makes it difficult
to describe the neighbouring effects and the latter are
neglected here. The differences between the activity of
oligomeric, dimeric and polymeric active centres are reflected
through introduction of several competing paths, the relative
importance of which changes with temperature, catalyst
loading and composition of the feed gas. Essentially, a given
catalyst surface is imagined as a uniform substrate with a
fixed molar surface density ng of sites with a uniform fraction
of oligomeric active sites.

This surface has a specific volumetric surface area
identified here with the BET area; hence it is assumed that
all reactions proceed either by the Eley-Rideal mechanism or
in an adsorbed monolayer. It is assumed that, other than the
catalytic sites, there are only 3 surface species: NH;(s), NO,(s)
and O(s); the study of the role of the physiosorbed water and
formation and reactions of surface hydroxyl are left for the
subsequent work.

Two key catalytically active species in this mechanism are
CatOH, designating the sites with Brgnsted acidity, and CatO,
a combination species with Lewis acidity. Together with the
sites in an intermediate state they participate in a catalytic
cycle shown in Fig. 1. The relative proportion of the CatOH
and CatO sites existing in a degassed catalyst is an important
characteristic of the latter: for vanadia-based catalysts with

This journal is © The Royal Society of Chemistry 2025
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virtually no Lewis acidity all active sites are taken as CatOH,
while for metal-replaced zeolites the active sites are assumed
to be mostly CatO. In order to make the model under
development generic, i.e. applicable to variety of catalysts, it
is proposed to combine mechanistically the pre-existing
Lewis sites together with derivative CatO, e.g. produced by
the sequence of reactions R1, R7 and R11 even though the
valency of the catalyst metal would not be the same. This
ansatz of lumping together catalyst sites with unequal
valencies, hence possibly reactivity, is made solely to keep the
model as simple as possible. It should be emphasised that
both types of acidity refer to the catalyst sites and the effects
of acidities on the substrate, see e.g. Ravi et al,'” are not
considered: in this model the substrate itself is chemically
passive but the three surface species adsorbed on it are
reactive.

Fig. 1 depicts the summary of the proposed mechanism; in
it, the main SCR loops are shown in blue solid lines, while the
reactions pertinent to the so-called fast SCR loop involving NO,
are shown as green dashed lines. Evacuation of the main
reaction products, water vapour and nitrogen is not shown in
order to simplify the diagram. It should be noticed that the
reaction pathway involving the formation of nitrates at the
catalytic site is represented here by reactions involving the
CatONO complex; this aspect is further discussed below. As may
be seen from Fig. 1, the proposed mechanism includes also the
pathways for ammonia and NO oxidation at -elevated
temperatures, thus enabling simulations of effects of catalyst
overheating. However, nitrous oxide N,O and its reactions are
excluded from the mechanism: it should be noticed that under
most conditions, the yield of N,O is very small at least in
applications. Competition between reactions
involving NO and O, determines a progressive shift between
different pathways of the redox cycle to ammonia oxidation at
temperatures above 400 °C leading to worsening of NO
conversion at more or less constant consumption of ammonia.
The individual steps of the mechanism are considered in the
subsequent sections.

In order to facilitate the inclusion of the proposed
mechanism into the flow simulations, the rates of reactions
and concentrations of both surface and gaseous species are
expressed in this work as volumetric molar concentrations,
following common convention for description of
homogeneous reacting media. For a surface species Y, the
volumetric concentration [Y] is related to the coverage
fraction @y and the surface concentration (Y) as:

automotive

where n, is the total molar surface concentration and S is the

BET surface area of the catalyst per unit volume. Here and in
what follows the square and angle brackets denote specific
quantities per unit volume and surface, respectively. In the
estimations of the rate constants below, the value of ns = 1.5
x 107" mole per cm? is taken as constant for all types of
catalysts; this value corresponds to approximately 3 A spacing
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between the molecules at the surface: for most SCR catalysts,
the typical inter-site distance on the surface is r; ~ 2-3 A.
The BET area, ie. catalyst specific surface area S, an input
parameter to this model, lies in the range of several tens to
several hundred m* em™.

2.1 Adsorption of ammonia

There is ample experimental evidence that sorption of NH; may
produce both strongly chemisorbed and weakly physiosorbed
ammonia (Topsee et al,* Ma et al,"”® and Hahn et al)** The
strong chemisorption of ammonia on a catalyst Brgnsted acid
site leads to the formation of bound ammonium, Han et al.:*
Wig

CatOH + NH;(g) == CatONH, (R1)
with a reverse process of desorption of NH; from the active site.
This step is common for any catalyst site with Bregnsted acidity,
e.g. vanadia (Topsee et al,' Inomata et al),”> Nb-Cs (Ma
et al.),"® or Cu-exchanged zeolite (Janssens et al.)* Reaction of
the Brgnsted site with NO is ruled out owing to the evidence
from experiments of Inomata et al.'> and DFT simulations of
Arnarson et al.'® for vanadia catalysts with various dopants.

The rate W;y of formation of ammonium bound on the
catalytically active site, reaction R1, is determined by the
ammonia diffusion from the gas phase proceeding with zero
activation energy (Busca et al),"”” with an accommodation
steric factor y (sometimes also referred to as the “sticking
coefficient”) within the possible range of values 10°-1 with
the larger values for molecular adsorption:

Wir= yh NH3<SCatOH> (1)

where Fyy, is the molar flux of NH; from the bulk of the gas
phase to the unit surface of the catalyst. The above
expression incorporates the temperature T and pressure p
dependency through the average thermal velocity vyy, and
the molar density NH;:

R, T
12Myn,

1/2
FNHS:VN:‘ [NH;] = ( ) [NH;] (2)
Here R, is the universal gas constant, and Myyy, is the molecular
weight of ammonia. Eqn (2) assumes the equipartition of
translational degrees of freedom. The specific surface area of
the CatOH species (Scaon) in eqn (1) is simply related to the
CatOH concentration as:

- |CatOH
(Scaton) = OcatonS = [ni} (3)
S
and, using the above expressions, the rate W;rbecomes:
RgT 1/2 .

Wif=|—7— ns NH;||CatOH

v = () N o
= y, sk1 r[NH;][CatOH] (4)
where the “pseudo-pre-exponential factor”, k;; may be

estimated as ki~ 4 x 10" 7% (ks = 10" em® per mole s at T'=
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600 K); the accommodation steric factor, or “sticking
probability”, yyr is taken here as one, a common value for
molecular adsorption (Zhdanov)."®

Because ki is effectively the rate of collisions of gas
molecules with a unit surface, in what follows its value will
be used as the upper limit for the pre-exponential factor of
other reactions involving gaseous species. Zero activation
energy and y in the range 0.1-1 are common for molecular
adsorption on active catalyst sites, Zhdanov."®

For a typical SCR catalyst, @c,ion, the surface fraction of the
Bronsted acid sites, lies in the range from 0.01, (or, obviously,
even 0 for catalysts which do not exhibit protonation, e.g. Lietti
et al'®) to a rather extreme value of Ocyon = 0.6, Alemany
et al.,”® with typical values for most industrial catalysts of 0.02—
0.04; thus [CatOH] ranges from 10™* to 10> mole per cm®. With
the values in the middle of this range, eqn (4) yields the inverse
characteristic time of NH; adsorption k;{CatOH] ~ 3 x 10° s .
It is worth noticing that, though eqn (2) and (4) use expressions
for thermal velocity in the bulk gas phase, the characteristic
time of adsorption so obtained is very close to that of gaseous
diffusion over a distance, e.g. pore diameter, of 7, = 2 x 10 ° cm:

OcatonDnu,

~4x10°s? 5
P~ (5)

It should also be mentioned that the above estimation of the
within the range
recommended by Zhdanov'® but much larger than the values in
the range of 10°-10" s used previously in some applied
simulations, e.g. Chatterjee et al.,”*" Schmeisser et al.”>

Reverse reaction to (R1) is the desorption of strongly
bound NH; from the active site, the characteristic time of
which is

inverse characteristic time is well

E1p

aes = Ky €xp (—) ©)

R,T

where the pre-exponential factor for desorption kges may be
estimated using analysis of Campbell et al.>® involving the
difference of entropies S of the adsorbed NHj;(s) and gaseous
NH; species:

kgT S =5
g

kaT 0.35Nm,g) =S Il\lll)itf(agn)s
kT 0.33 _ e/ " NHsE)
n P ( ' e

where kg and & are Boltzmann and Planck -constants,
respectively, (%7 ~2.6x 10> T's™!). The entropy S}@K@S of
gaseous ammonia with one translational degree of freedom
removed may be estimated Campbell et al.>® at T, = 298 K using

the standard entropy of formation of argon Siy as:

Myn Ty
G G)]) o
Ar 0
where the My, and My, are the molecular weights of ammonia
and argon, respectively. Using the tabulated values Vargaftik**

C1
Syt = 3 (Sgr +RIn
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of Sir = 18.6Rg, Sni,(400 K) = 205 J mole™" K ', one may obtain
that the pre-factor in eqn (7) at T = 400 K, ky, ~ 8.4 x 10" s7"
increasing to &y, ~ 1.6 x 10" s™* at 600 K. This estimation does
not depend on the nature of the sorbent.

The activation energy for desorption of NH; strongly
adsorbed on the Bregnsted sites was derived from
temperature-programmed  desorption  experiments  in
Colombo et al.>® as Ey, ~ 106-116 kJ per mole. Using these
values in eqn (6), one obtains at 400 K the characteristic time
for desorption 7ges = 0.28 s, ie. about eight orders of
magnitude larger than the characteristic time for adsorption
owing to the large activation energy of desorption. For
different types of zeolites and silica-alumina catalysts with
significant concentration of the acid cites, fairly wide
distributions of the desorption activation energy were
measured in Masuda et al.*® with maximum probabilities in
the range of 70-110 kJ per mole. Thus, in the lower range of
temperatures typical for SCR operation, the equilibrium of
reaction R1 is strongly shifted to absorption on active sites.

An alternative path of CatONH, formation is through the
Langmuir-Hinshelwood mechanism, i.e. weak physisorption
of NH; on the metal oxide sites of the substrate Z with
subsequent surface diffusion to and chemisorption at an
active site:

Way
NH;(g) + Z = NH(s) (R2)

2b
CatOH -+ NH;(s) = CatONH, (R3)

Strictly speaking, the rates of these processes depend on the
nature of the substrate and the structure of the surface. Even
though it has been shown that for some catalysts, e.g. V/W/TiO,,
NH; sorption on TiO, is molecular with the accommodation
factor y, in the range 0.2-0.4, Diebold and Madey,” in the
presence of oxygen or surface hydroxyl radicals from
dissociatively adsorbed water vapour, chemisorption may not be
excluded, see e.g. Dastoor et al.>® Following the arguments for
the rate of adsorption on the active sites, the rate of
physisorption on the substrate per unit catalyst volume may be
estimated as

Waor = ok {NH;][Z] (9)

proceeding with zero activation energy and y, ~ 0.25. The
concentration of Z is [Z] = @,n,S where @, is the ratio of
surface sites capable of physisorption to the total surface
molecular concentration, e.g. @z =1 for the tungsta substrate
and for SSZ zeolites @, may be taken as equal to the Al/Si
molar ratio.

The rate of desorption of weakly sorbed NHj;(s) is

Ed“)[NHs<s>1 (10)

Wap = kap exp| —
2b 2b P( R,T

The pre-exponential factor in the above equation may be

estimated using the same procedure involving the difference
in entropies: ky, ~ 2.6 x 10" T [s™'] in the temperature range

This journal is © The Royal Society of Chemistry 2025
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relevant for SCR operation. Modelling of Colombo et al.*®
used the activation energy Eqes = 46.5 kJ per mole for the
desorption of weakly adsorbed NH; for Fe-activated zeolite.
However, using synchrotron PXRD experiments Ye et al.”’
showed for H-ZSM-5 zeolite a distribution of the desorption
energies with peaks at 7, 21 and 113 kJ per mole
corresponding to activation barriers for very weak
interactions, N-H:--O, hydrogen bonding N-H:-*N, and
strong Bronsted acid-base adduct formation O---+HN,
respectively. Here it is assumed that the adsorption on the
substrate is through the formation of hydrogen bonds only,
thus the desorption activation energy is taken as E,, = 42 kJ
per mole: the chemisorption is considered only on the
catalytically active sites but not on the substrate. The reason
for this is that, while adsorption of water always present in
the exhaust is likely to increase the prominence of NH;
sorption through hydrogen bonding, co-adsorption of water
and ammonia on passive surfaces is beyond the scope of the
present work.

Taking into account that the amount of the available
sorption sites [Z] remains approximately constant, as it is
verified below, the ratio of concentrations of physiosorbed
and gaseous ammonia may be found if reaction R2 is in
partial equilibrium:

[NH3(S)] _ y/2k1f@zn53
[NH;] kaes exp (_ ﬁg‘)

This ratio may be estimated at 400 K at 6 x 10 ' with
temperature rise decreasing this ratio further still. Work of
Campbell et al.*® showed that the pre-exponential k;, has
only a weak, within one order of magnitude, dependency on
the adsorbate structure or composition, however, the issue of
chemisorption of NH; on hydroxyl layers in the presence of
water vapour in the gas, e.g. forming the O*HNH; complex in
the substrate, would deserve a further study.

Formation of CatONH, from the weakly adsorbed
ammonia proceeds through surface diffusion of the
ammonia to a much heavier, hence less mobile, catalytic site,

followed by reaction R3. The characteristic time for the
2

e d . .
surface diffusion is rd25 where d. is an average distance

(11)

between two catalyst sites, d. ~ (OcaconsNa) /> and D is the
surface diffusivity. The activation energy for surface diffusion
is low, Zhdanov,'® and, assuming a typical value of D ~ 107
em” s7',°° one may estimate 7y &~ 1.4 x 10> s'. Therefore,
the rate of reaction R3 between two surface species:

W3 = ks exp (I%) [NH(s)][CatOH]

(12)
may be assumed to proceed with very low activation energy
E; =~ 0, Chorkendorff and Niemanrsverdriet,®® and its pre-
exponential factor k; may be estimated as follows.

As reaction R3 is an addition, its activated complex is the
same as the final product, and its formation comes with loss
of two translational and one rotational degree of freedom

This journal is © The Royal Society of Chemistry 2025
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(DOF) of NHj;(s). For one translational DOF of a physiosorbed

d
molecule, the partition function g, = A where the cell size d

is essentially the distance between two sorption sites, d ~ ry:

d = (O,nNy)"?

~(1.5x10™° mole cm™2 x6.02 x 1023 1/mole) />~ 2x10* cm

and the thermal wavelength at 400 K
hN}/?

Pyl 2x107 cm
(ZTEMNHskT)

A=

Thus, one translational DOF partition function gr = 15. For one

rotational DOF the partition function g may be estimated as

Tl/Z
(I, TT,T5)°

qr ~

with the rotational temperatures IT;,; = 13.6, 13.6, and 8.9 K
for ammonia. Thus at 400 K gr =~ 7. Then the characteristic
reaction time z; for reaction R3 may be found as

_ hgiqx

~2x10 ¥
kT

73 (13)
This time is much, by about two orders of magnitude, larger
than the surface diffusion time 7y found above, therefore the
chemical transformation is the limiting stage defining the pre-
exponential factor k3. When the rate of a bimolecular reaction is
written for the molar concentrations of surface species its pre-
exponential factor becomes:

3
1o CIMY

1
ks = - ~2x10
mole s

T3NS

(14)

It is worth mentioning that the above value is about one order
of magnitude larger that the values that may be derived from
the recommendations of Zhdanov'® for the frequency v of the
bimolecular reaction between the adsorbed species, v = 10"~
10" s7". One may also see that the reaction R3 is much faster
than ammonia desorption, especially for a lower range of SCR
operation temperatures. Taking into account fast surface
diffusion and relatively fast reaction time, as well as the low
equilibrium ratio of physiosorbed ammonia concentration to
that of gaseous NH;, one may see why the weakly adsorbed
ammonia is commonly not detected in experiments, see e.g.
Inomata et al.:** effectively, reaction R3 acts as a fast sink for
relatively small amounts of physiosorbed NHj;(s).

In formulation of the proposed mechanism it is assumed
that both gaseous and physiosorbed ammonia adducts
molecularly on Lewis acid cites: this assumption is supported
by the spectroscopic observations of Suarez et al>' This
assumption leads to the following reactions:

CatO + NH;(g) = CatONH; (R4)

CatO + NH;(s) = CatONH; (R5)

Catal. Sci. Technol., 2025, 15, 547-562 | 551
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As a matter of fact, chemisorption of NH; on CatO and
formation of CatONH; through a valent bond involves
electron transfer from NH; and is therefore equivalent to an
action of a Lewis acid cite, except that in this case CatO may
also be a derivative site formed as a part of the catalytic cycle.
A number of novel catalysts, however, do not exhibit
Bronsted acidity at all, Jin et al.,'" Han et al," and for those
reaction R4 should be taken as the departure point for
description of the SCR redox cycles.

As shown in Arnarson et al.,” reaction R4 has a relatively low
activation energy of E; = 7.4 kcal per mole for reduced CatO
while pre-existing, ie. non-reduced Lewis sites should
chemisorb NH;(g) with an activation barrier greater than or at
least equal to E; and a much smaller accommodation factor,
Yin et al.** However, doping catalysts, e.g. vanadia with CeO,,
accelerates chemisorption, Han et al,' thus increasing the
accommodation factor and lowering the activation energy.
Hence, the rate constants for reaction R4 may be estimated as
wakqp with lowered y, = 0.3 to account for asymmetry of NO and
E; = 30 kJ per mole. The low value of the activation energy for
the adsorption at the Lewis site is also in agreement with
Marberger et al.,** see also ref. 6 therein.

Reaction R5 is a bimolecular association of two surface
species, thus for it one may safely assume zero activation
energy and the characteristic frequency factor of 10" s,

Zhdanov,'® corresponding to the pre-exponential factor of
3

kp~5x 10 _m
mole s

factor for the surface diffusion k3 =~ (7qneS)”" may be
3
m . C
mole s thus this reaction is diffusion-

. On the other hand, the pre-exponential

estimated as 4 x10%

controlled, non-activated and ks = kq.

2.1.1 Redox cycles. The envisaged normal SCR cycle
comprises two steps of NO reduction and one step of
oxidation with O, in order to satisfy the overall stoichiometry.
Reactions with NO or oxygen proceed in parallel for most
states of the catalytic site, starting with the complex CatONH,
formed in reactions R1 and R3, see Fig. 1. The reaction of the
complex CatONH, with gaseous NO forms gaseous water,
nitrogen, and a reduced active catalyst site:

CatONH, + NO £ Cat + N, + 2H,0 (R6)
This reaction has been very extensively studied, see e.g.
Arnarson et al.’ It may be thought as a succession of several
steps: diffusion of NO with formation of an activated complex
and consequent split of the latter, and evacuation, either by
the surface diffusion or desorption of H,O, N,, and H,O
again: a priori any of these steps may be rate limiting under a
particular set of conditions.
The overall rate of reaction R6 may therefore be
represented as:
-1
W= (Wit +2Wiho + 2Weho + Wk + Wik ) (15)
where Wyo is the rate of formation of the transition state
CatONH,NO, Wy o and Wy o are the rates of water scission
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and removal from the site, ie. desorption and surface
diffusion, Wy, and Wy, are the rate of molecular nitrogen
scission and removal, respectively. The rates of these
individual steps may be estimated as follows.

Results of DFT simulations by Arnarson et al.® show that
formation of the transition state proceeds with activation
energy Eno of 13.6 kecal per mole. Invoking a usual Arrhenius
expression for its rate:

F,
Wyo = ko exp( ——2 ) [NOJ[CatONH,] (16)
R, T
the pre-exponential factor kyo should be determined by the
rate of flow of NO from the gas phase. Similar to the previous
derivation for NHj3, kxo may be written as

MNH3)1/2
Mo

kno = l//Nok1f(

While data on the accommodation factor yyo are not available

and its precise value depends on the nature of the catalyst, it
may be tentatively estimated as yno = 005, the value in the
range between the ranges for molecular and associative

cm?®
adsorption. Thus kyo = 1.5x10'" 7Y/2—— vyielding the
P NO mole s Y &

characteristic time of this reaction of order of 0.2 s for typical
NO molar densities in an exhaust gas at 600 K.

Scission of both water and nitrogen occurs with zero
activation energy, and does not activate any additional degrees
of freedom in the transition state, hence their pre-exponent
factors are those of the monomolecular reaction of an adsorbed

kT
species, for which a typical value (Zhdanov)'® is ks = - eg at

T'=500 K Koy 0 = ko, = 10" s7*, hence

Wei,0 = Wen, = k[CatONH,NO] (17)
It is obvious that the scission step is much faster than the
formation of the activated complex CatONH,NO at any
temperature, hence it cannot be rate limiting.

The rate of removal of products, e.g. water, away from the
active site, is the sum of the rates of desorption Weesy,0 from the
active site and the surface diffusion, Wgigy 0 away from the site:

Wen,o = Waift,0 T Waesn,o (18)
The pre-exponential factors for the desorption are determined
following the same procedure of Campbell et al*® invoking
entropy differences at 400 K and 600 K as:

1

Kdest1,0(400K) = 7.0 x 10" 57" kqesrr,0(600K) = 1.3 x 10"° 57

Kdesn,(400K) = 5.9 x 10" 571 kqesn,(600K) = 9.7 x 10" s7*

The activation energy for the desorption from the active site
is estimated here from the measurements of the rate of

This journal is © The Royal Society of Chemistry 2025
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desorption extrapolated to unity coverage, ® = 1. For N, the
experiments of Scholten et al®* on desorption from iron
films yield Egesn,(©) = 55.0 — 29.26[kcal per mole] with the
value extrapolated to full coverage Egesn, = 25.8 keal per mole;
this value is adopted here as an average for different
substrates owing to the lack of data for other types of catalyst
substrates. For the desorption of water, the activation energy
reported for zeolites in Fan et al®® changed from
approximately 20 kcal per mole at lower temperatures, 300-
450 K, to just above 70 kcal per mole at 600-700 K; the
reported value also depended, albeit with a smaller variation,
upon the zeolite structure and what alkali metal, Li or Na,
cations were used for charge compensation. The average
value, measured in Fan et al.>> at temperatures of 500-600 K,
of Egest,o =~ 40 kecal per mole, was about twice larger than
the value of 18 kcal per mole reported for different TiO,
crystals in Henderson.”® Close to the latter, values of
approximately 15 kcal per mole were reported for different
types of zeolites in Prokof'ev et al*” and similar figures of
16.6 keal per mole for silica in Feng et al.*® For the overall
rate estimations, the value of Egeg,0 = 20 keal per mole is
retained here.

Compared to desorption, the surface diffusion has very
low activation energy which may safely be assumed as zero,
and its rate constants may be estimated as, Campbell et al.:**

kBT SlDtrams
kaitt = —— exp|( -
diff 7 P( Ry )

(19)
leading to:

Kaitti1,0(400K) = 2.0 X 10" 57" kgest,0(600K) = 1.4 x 10" s

Kdesn,(400K) = 1.6 X 10" 57" kgesn,(600K) = 1.1 x 10" 57

Comparing these values with the rates of desorption, one
may see that for nitrogen the surface diffusion is faster than
the desorption over the entire range of temperatures relevant
to SCR operation (300-1000 K) and in the range of 300-900 K
for water. Moreover, one may also see that the product
removal is many orders of magnitude faster than the
chemisorption reaction R6, hence, to a very good
approximation the overall rate is given by the limiting step
eqn (16).

Reaction R6 or one of its variations features in every
kinetic scheme of SCR operation, meanwhile reactions of
ammonium bound on a catalytic site with molecular gaseous
oxygen are, with notable exceptions of Arnarson et al’ and
Cheng et al.,* invariably absent from consideration. This is
rather surprising as a typical exhaust gas contains at least ten
times more O, than NO. In order to clarify the pathways of
reactions involving oxygen, consider the following reaction, a
partial oxidation of bound ammonium:

CatONH; + O, = CatONH, + O(s) + H,0 (R7)

This journal is © The Royal Society of Chemistry 2025
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producing physiosorbed atomic oxygen O(s). The above
reaction is a very much simplified but stoichiometrically
correct representation of several elementary steps analysed in
Arnarson et al.,” it may be inferred from their analysis that
this reaction R7 proceeds with the overall activation energy of
E; =215 kcal per mole. Its pre-exponential factor, determined
by the flux of gaseous O,, may be estimated in the same
manner as it was done for reactions R2 and Ré:

M 1/2 ) )
k; = yokif < A;H‘> with the accommodation factor v, =~ 1
o

Owing to its larger activation energy, this reaction is about
four orders of magnitude slower than reaction R6 at low
temperatures, but with the rise of temperature the difference
progressively decreases so that at approximately 950 K both
reactions proceed at the same rate. Following the same
method as for reaction R6, it may be shown that neither
scission nor evacuation of the products is the rate-limiting
step.

In principle, the same rate constants as for reaction R7
may also be ascribed to other reactions consuming gaseous
oxygen, e.g. oxidation of the reduced active site Cat formed in
reaction R6:

2

Cat + 0, = CatO + O(s) (R8)

or further steps in oxidation of bound ammonium following
reaction R7:

CatONH, + O, = CatONO + H,0 (R9)

CatONH, + 0, " CatO + NO + H,0 (R10)

with the sum of the accommodation factors for the latter two
reactions equal to or less than one so that their summary
pre-exponential does not exceed the gaseous oxygen diffusive
flux, hence values yo = yy, = 0.5 are taken here. The above
three reactions describe two alternative oxidation pathways
and, in order to distinguish low-temperature and high-
temperature branches, reaction R8 is ascribed the activation
energy of Eg of 80 kJ per mole, a value lower than E, while
the activation energies for reactions R9 and R10 are taken
larger than E5, at Eg = E;o = 125 kJ per mole.

In parallel with the above oxidation reactions, CatONH,
also reduces NO as:

CatONH, + NO 2 CatOH + N, + H,0 (R11)

with the activation energy equal or somewhat smaller than
that of reaction R6; owing to the lack of other data, the same
rate constants are taken for this reaction as for reaction R6.

The cycle of active site transformations envisaged so far to
represent the so-called normal SCR operation may now be
closed with the following two reactions returning the active
site its Brensted acidity:

CatONH; + NO 2 CatOH + N, + H,0 (R12)

CatONH; + 0, ¥ CatOH + NO + H,0 (R13)

Catal. Sci. Technol,, 2025, 15, 547-562 | 553
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It has been noticed that, compared with Brensted sites, the
Lewis sites have higher reactivity. As the pre-exponential
factors for the two above reactions are determined by the rate
of diffusion of NO and O, from the gas phase, both
proportional to k5 and they are likely to have only a small
difference in the accommodation factors, the latter may be
taken essentially equal to those for reactions R6 and R7. The
higher reactivity of the CatONH; state may thus only be
reflected through the activation energies for the above two
reactions being lower than those of the counterpart reactions
with CatONH,. As a first approximation, the activation energy
for reaction of CatONH; with oxygen is taken the same as for
CatONH, as E;3 = 21.4 kcal per mole but reduced by 20% for
reaction with NO, E;, = 11 kcal per mole.

While reactions R12 and R13 complete the normal SCR cycle
ensuring correct stoichiometry, there is a significant body of
evidence, e.g. Nova et al.,*® Ma et al.*' that oxidation of active
sites proceeds through formation of nitrates, e.g. CatONH,NO;
and a set of reactions with overall stoichiometry of CatNO; +
NH, — CatO + 2H,0 + N,. Furthermore, the presence of NO, in
exhaust gas, as e.g. may be formed in diesel engines at the cold
start and at low loads, may lead to the SCR cycle proceeding in
the so-called “fast SCR” mode with different stoichiometry,
Koebel et al.,** Leistner et al.** 1t should be noticed that taking
into account the surface atomic oxygen species O(s) means that,
even if there is no nitrogen dioxide in the exhaust, it could be
produced through direct reaction NO(g) + O(s) — NO,
introduced later as reaction R16, hence, NO, kinetic pathways
should be taken into account too. Increased SCR activity at low
temperatures favouring adsorption over desorption suggests
that sorbed NO,(s) species should be considered alongside
gaseous NO,(g), and this is considered in the next section.

The rates of reactions of oxidation by physiosorbed atomic
oxygen and another surface species, e.g.:

CatONH, + O(s) =' CatONH, + H,0 (R14)

Cat + O(s) ¥ CatO (R15)

are determined by the surface diffusion of O(s) as the active
catalytic species are much less mobile owing to their larger
molecular mass. The pre-exponential factor for the above
reactions is of the order ky; = ky, = 5 x 10" em® per mole per
s, and these reactions proceed with zero activation energy
owing to the high reactivity of the atomic oxygen. It is
interesting to notice that, at least in principle, a switch of the
reduction cycle to the so-called fast SCR loop involving NO,
may be initiated by the following surface reaction proceeding
on a substrate, even if there is no nitrogen dioxide originally
in the exhaust:

O(s) + NO 2* NO,(s) (R16)

The rate of reaction R16 is determined by the NO diffusion

M 1/2
from the gas phase, thus klﬁmqu(%) with unity

NO
accommodation factor and zero activation energy.
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2.2 NO, pathway and fast SCR

The usual interpretation of the so-called “fast SCR” cycle is that
it involves gaseous nitrogen dioxide NO, in concentration
comparable to that of NO."»** While combustion in modern
either spark or compression ignition engines does not
commonly produce NO, in any significant amounts, it may be
expected that for certain operating conditions it could be
formed in the exhaust circuit from NO through gas phase
reactions with oxygen or water vapour. The mechanism of NO,
formation in the gas phase is beyond the scope of this work,
nonetheless, assuming that NO, is present in the exhaust, the
previous investigations of the fast SCR mechanism, see e.g.
Arnarson et al.,” highlight the CatONO complex as the principal
surface intermediate. Consideration of this complex and its
pathways in this model also represents reactions involving well-
documented nitrate species, e.g. Ma et al,'’ involved as
intermediates in the SCR cycle.

Other than reaction R9, CatONO may be formed in
reactions involving both gaseous and surface species:

Wizs
CatO + NO = CatONO

(R17)
17b
Wigyr
Cat + NO,(g) = CatONO (R18)
18b
Cat + NOy(g) "' CatONO (R19)

According to the meaning of CatO as Lewis acid sites adopted
in this model, reaction R17 means chemisorption of NO on
an active site, hence, the desorption should also be
considered for consistency with analysis of reaction R1. Weak
NO adsorption on the substrate is not considered following
the findings of Lietti et al.'® and Sivachandiran et al.**

The desorption activation energies E;;, and E;g, depend
on the type of catalyst and, arguably, the substrate and
composition of the exhaust gas; using a single value for
either in this model is, by necessity, a compromise aiming at
applicability to several catalyst types. Adsorption and
desorption of NO were studied quite extensively, in particular
in relation to the oxidation on platinum catalysts, e.g. Ghosh
et al,”® Crocoll et al,*® and storage in absorbers, e.g
villamaina et al.,*” Ambast et al.*® It was found that increase
of water vapour or carbon monoxide coverage fraction of the
catalyst inhibits the desorption while oxygen promotes it. For
example, for dry and oxygen saturated Pt catalysts, desorption
activation energies of 114 and 104 kJ per mole, respectively,
were reported by Crocoll et al*® At the same time,
experiments of Lietti et al.'® reported virtually no adsorption
of NO in vanadia catalysts thus indicating a very small
desorption activation energy and a strong shift of equilibrium
in reaction R17 to the left. Work of Wentworth et al.** quoted
the range of 90-140 kJ per mole and, accepting temperature
as a proxy for the coverage fraction, proposed an expression
for desorption activation energy decreasing from 105 to
approximately 75 kJ per mole over the range of temperatures

This journal is © The Royal Society of Chemistry 2025
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encountered in an automotive SCR. Very strong suppression
of NO adsorption by water vapour was noticed by Despres
et al.>® Adsorption of NO in Cu-exchanged zeolites proceeds
through formation of copper mono- or dinitrosyls with the
bond energies dependent on the zeolite structure and
coordination of the N-O bonds: clearly, no single value may
be attributed to the diverse cases. A binding energy of 22 kcal
per mole average over different configurations is reported by
Treesukol et al.>" for Cu-exchanged ZSMS5 zeolite. Therefore,
a compromise value of E;,, of 78 kJ per mole is adopted here
from pragmatic considerations that this value should
describe the equilibrium shift in reaction R17 from strong
absorption at low temperatures to nearly complete desorption
at higher temperatures of typical automotive SCR conditions.
If one defines the equilibrium constant for reaction R17 as

k E
[CatONO]  yy77ki7y exp ( ﬂ) (20)

Ko = —
des T INOJ[CatO]  kuzp RgT

and takes into account that fugacity coefficients for the surface
species are very close to one, one may see that a nearly complete
desorption means Ky, ~ [NOJ; where the typical NO
concentration in the exhaust gas is [NO], ~ 10™® mole per cm®.
Estimating the pre-exponential factors as y;ki7¢ = 3 x 10" 7'
em® per mole per s and k37, = 2 x 10" 1 s (Baetzold and
Somorjai),>® and assuming that at 500 K there is no appreciable
adsorption, one may obtain E;7, = 78 kJ per mole. This value is
about 20% less than the 105 kJ per mole calculated with ab
initio methods in Zhanpeisov et al.>* for Cu+ model zeolites, but
very close to the values obtained in Treesukol et al>' and
experiments discussed therein.

Strong chemisorption of NO, on Cu-f zeolite was noticed in
Wilken et al® The reversible reaction R18 describes
chemisorption and desorption of gaseous NO, on a modified
active site; thus, its forward step is non-activated and the
activation energy for the reverse step is the same as the heat of
NO, adsorption, reported as 65 kJ per mole for Cu—f3 zeolite in
Wilken et al.>* The pre-exponential factors may be estimated as
Yrgrkigr= 1.5 x 10" 7% em® per mole per s and kyg = 2 x 10" 1
s . Accepting these values and the results of experiments of
Sivachandiran et al.** showing that most (97%) NO, is strongly
absorbed on tungsta with a desorption temperature of about
580 K leads to the value of E;g;, = 120 kJ per mole and this value
is adopted here. The rate of bimolecular association, reaction
R19, is determined by the non-activated surface diffusion of
NO,(8), k1o = 3 x 10" cm® per mole per s, Eqo = 0.

Reactions with either gaseous or physiosorbed ammonia
transform the complex CatONO representing nitrates back to
the Brgnsted acid site CatOH, the departure point for the
redox cycles envisaged here:

CatONO + NH; = CatOH + N, + H,0 (R20)
CatONO + NH;,(s) 3' CatOH + N, + H,0  (R21)

As follows from the DFT simulations of Arnarson et al.,’
reaction R20 should have an activation barrier, Ep,, = 7.9 kcal
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per mole and its pre-exponential factor is the same as of
reaction R1. The pre-exponential factor of the non-activated
reaction R21 is determined by the surface diffusion of
NH;(s), k1 ~ 4 x 10" cm® per mole per s.

Nitrogen dioxide is involved in the fast SCR cycle and
reactions of oxidation of nitric oxide and ammonia. Within
the postulated set of species, the following reactions may be
envisaged for the fast SCR cycle, see the green lines in Fig. 1:

CatONH, + NO,(g) 2 CatO + N, + 2H,0 (R22)
CatONH, + NO,(g) = CatONH, + NO + H,0  (R23)

together with their counterparts involving physiosorbed
NO,(s). To reflect the greater reactivity of NO, compared to
NO in the lower temperature range, the activation energy for

. . 2
each of the two above reactions is taken as E,, = E,; = §E12.

The pre-exponential factors for these reactions are taken
equal to those of reaction R18. The reactions involving
physiosorbed NO,(s) will have zero activation energy and
their pre-exponential factors equal one for reaction R19.

Finally, development of this kinetic mechanism is
completed with inclusion of further three reactions, the first
two for oxidation of the CatONO site with oxygen and the last
one for adsorption of NO, on the substrate:

CatONO + O, "' CatO + NO, (g) + O(s) (R24)
CatONO + O(s) % CatO + NO,(g) (R25)
NO,(g) + 2 = NO(s) (R26)

the rate constants of which are estimated in the same
manner as for similar reactions considered above, with the
only exception of a lower accommodation factor taken as
0.05 for reaction R26.

The values of the rate constants given in this section
were taken as the base line common for all types of
catalysts but some adjustments proved necessary in order to
achieve quantitative agreement with the measurements used
for the assessment of the scheme: this procedure is
described below. The complete mechanism with the
recommended values of the catalyst-dependent rate
constants may be found in the ESL}

3 Model assessment: numerical
implementation

The developed kinetic model is assessed using simulations of
a one-dimensional adiabatic plug reactor representing very
common micro-reactor experimental setups. The simulated
plug flow reactor has a volume of 1 ¢cm® and length of 1 cm
with its inlet taken as the origin x = 0 cm and outlet situated
at x = 1 cm where x is the direction of the flow. The total
amount of catalyst placed in this reactor was taken as 1 g.
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The temperature and pressure were constant and for each
species an unsteady transport equation was solved for its
molar concentration Y neglecting the changes in the density
p of the gas flow caused by variations of the molecular weight
caused by chemical reactions:

aYl-(x, t) tu aYl'(x, t)
ot ox

=KR; (21)
where i is the species number, u is the gas flow velocity for
the species in the gas phase and u = 0 for the surface species
and R; is the total rate of change of the i-th species molar
concentration. As the amount of catalyst in the simulations is
assumed constant, in order to match conditions of different
experiments, ¥ in eqn (21) is taken as the inverse specific
residence time, ie. space velocity per unit mass of catalyst.
The initial conditions for the surface species were calculated
assuming constant total molar surface concentration ng = 1.5
x 10° mole per cm® and values of either CatOH or CatO
proportional to the molar fraction of catalyst sites. Thus, a
catalyst is characterised in this formulation with its specific
surface area and catalyst loading only, hence, in order to
match the experimental conditions the specific area of this 1
¢ of catalyst was taken as the total area of catalyst used in the
experiments. This procedure ensured that the simulations
use exact total molar amounts of active catalytic sites and
residence times as used in the experiments chosen for the
model assessment.

Eqn (21) was discretised over a grid of N nodes in the x
direction using a simple finite volume method with a first-
order upwind difference (Patankar);>> most simulations
shown below were conducted with either 100 or 200 nodes;
100 nodes were sufficient to achieve grid independence. Time
integration of eqn (21) was performed using SEULEX software
implementing an extrapolation algorithm with variable step
size based on a linearly implicit Euler method, Hairer and
Wanner.”® The final simulation time was set so as to ensure
achievement of stationary outlet gas composition and it was
typically of the order of a few thousand seconds. The time
step Jt for the simulations was set to satisfy the Courant-
Friedrichs-Lewy (CFL) condition, udt < dx = 1/(N - 1), that is
the gas flow advanced less than one grid node during one
time step.

4 Model assessment: results and
discussion

The proposed generic kinetic mechanism was assessed by
simulating several experimental studies of SCR operation
performed with different catalysts with varying catalyst
loading, surface area, feed gas composition, temperatures
and GSHY, i.e. residence time. The first application has been
done for copper-exchanged zeolites, SSZ-13 and SAPO-34
studied by Leistner et al.,*> see Fig. 2-4. These experiments
used 30 mg of SSZ with a BET area of 4.39 x 10° cm* g™* and
60 mg of SAPO-34 with a BET area of 5.44 x 10° cm” g™,
hence, the surface area of the simulated 1 g catalyst, and §
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was set equal to 1.32 x 10° em? for SSZ-13 and 3.26 x 10° cm?
for SAPO-34. Catalyst loading was determined from the molar
ratios of copper to other elements and the initial surface
molar fraction of CatO was set to Xcaro = 0.045 and Xgao =
0.012 for SSZ-13 and SAPO-34, respectively. The initial molar
fraction of other species was set to zero. The GSHV for both
zeolites was given as 30300 h™' corresponding to the
residence time of 0.12 s and the linear gas velocity of u = 84
cm s for the simulated 1 cm-long catalyst.

Fig. 2 shows the temporal variation of the composition
of the gas and concentration of the surface species at the
outlet of the Cu/SAPO-34 catalyst at low, medium and high
temperature in the range typical of the SCR operation.
Clearly, the substrate surface sites have the highest molar
concentration, followed by nitrogen. At the initial period, all
ammonia but very little NO are adsorbed, and the duration
of this transient period depends on the temperature: the
longest duration is at medium temperatures corresponding
to the optimum SCR conversions. At low temperature, after
approximately 500 s, [NH;] and [NO] at the outlet stabilise
at the same value: this demonstrates that the proposed
scheme does respect the stoichiometry of the normal SCR
conversion. The catalyst sites, initially all in the CatO state,
shown as diamonds in Fig. 2, transition to, in order of

decreasing concentrations, CatONH, (shown there as
triangles pointing left), Cat (triangles up), CatONH,
(triangles right), and CatONH; (stars), while the

concentrations of CatOH and NHj(s) are at least two orders
of magnitude smaller than the latter and the concentrations
of other surface species are negligible. This distribution of
the catalytic sites strongly suggests that the redox cycle
proceeds through the sequence of reactions R4, R12, R1
and R6, with the oxidation step concluding the cycle in
reactions R8 and R15. Large amounts of CatONH, and Cat
indicate that either reaction R8 or reaction R6 is a limiting
step for the entire cycle; the combination of NO conversion
well below 100% and abundance of molecular oxygen
suggests that the rate limitation is caused by the slowness
of the chemical reaction rather than mass transfer. Hence,
under these conditions the rate of conversion will scale
linearly with the catalyst loading or total amount and
inversely with the residence time.

The reaction sequence suggested above for the low
temperature is corroborated with the calculation of the
reaction rates shown in Fig. 3. It is seen that the rates of
formation of ammonium and physisorption of ammonia are
much larger than the rates of the reactions in the redox cycle
and they therefore are equilibrated with their reverse
reactions of desorption. The reactions of the main redox
cycle, see the figure in the top right of Fig. 3, have
progressively diminishing, but approximately the same, rates:
reaction R12 (triangles right), reaction R4 (bold dotted line),
reaction R6 (large circles), but the oxidation reaction RS
producing surface atomic oxygen is much slower; reaction
R15 consuming O(s) is slower still. Thus, for this low
temperature the catalyst re-oxidation is the limiting step.

This journal is © The Royal Society of Chemistry 2025
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being N,. The inlet gas velocity is 8.4 cm s,

Returning to the concentration of species shown in Fig. 2,
one may see that the temperature increase to 350 °C resulted
in a very large increase of CatOH (squares) and a very strong
decrease in concentration of Cat (triangles up) thus indicating
that now the active site reduction reaction R6 is gradually
replacing oxidation as the redox cycle limiting step. Indeed,
this is confirmed by direct comparison of the rates: reaction R6

This journal is © The Royal Society of Chemistry 2025

(large circles) and reaction R8 (straight crosses) now proceed at
the same rate, noticeably slower than other parts of the redox
pathway operational at low temperatures. As may be expected,
the rate of every individual step is very much increased with
the temperature rise, however, it is noticeable that the reaction
rates in a steady-state operation decrease significantly, by
nearly three orders of magnitude towards the catalyst exit; a
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cms

simple explanation to this fact is that the overall amount and
increased reactivity of the active sites at this temperature
consume most of the ammonia closer to the inlet, thus one
may safely assume that under these conditions the conversion
rate close to 100% may be maintained even for considerably
larger gas debits, i.e. much smaller residence times. Finally, it

558 | Catal Sci. Technol.,, 2025, 15, 547-562

should be noticed that now much faster oxidation step reaction
R8 produces amounts of O(s) sufficient to trigger a second
alternative redox pathway proceeding with oxidation of
CatONH, via reaction R14 (dash-dot-dot line) and resulting in
the rate of reduction via reaction R11 comparable with the total
conversion rate of the low temperature cycle.

This journal is © The Royal Society of Chemistry 2025
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400 ppm, xo, = 8%, xn,0 = 5% with the rest being N. The inlet gas
velocity is 8.4 cm s™. Symbols are measurements of Leistner et al.**®

Further temperature increase to 550 °C, see the bottom
row of Fig. 2 and 3, leads to sub-optimal SCR operation with
the NO conversion rate decreasing by more than 20%, see
Fig. 4. The concentration of the active states in the
intermediate states CatONH,, CatONH; and CatONH, drops
by two orders of magnitude compared with the case of 350
°C: this indicates that the redox cycle rate is now limited by
the ammonia desorption and ammonium dissociation with
the equilibrium of both reactions R1 and R2 shifted to the
left. In principle, temperature increase may slow down the
low-temperature redox cycle, owing to the equilibrium of
reaction R17 and R18 shifted to the left, but this factor is not
important under the investigated conditions. Thus, the
overall efficiency of SCR conversion does not seem to have a
single limiting factor, and the changing competition between
the different pathways may, at least qualitatively, explain the
“sea-gull shape” of the efficiency dependency upon
temperature for a given catalyst, Gao et al.””

Comparing predictions of this mechanism with the
measurements of Leistner et al,*® see Fig. 4, one may see
that SSZ-13 exhibits a drop of SCR efficiency at high
temperatures smaller than SAPO-34 does; while differences in
catalyst loading and the surface explain a part of this
difference, c¢f. solid and dashed lines in Fig. 4, a noticeable
difference remains. Both zeolites are copper-exchanged, thus
the reason is unlikely to be related to the reactivity of the
active sites. Based on predictions of the present model, one
may suggest that the very likely reason for this difference is
that SSZ-13 has a slightly larger activation barrier to weakly
bound ammonia desorption: a modest increase of activation
energy of reverse reaction R2 allows a very good match of the
SCR efficiency (not shown) observed with this zeolite.

One of the base assumptions in the development of this
mechanism was that different active catalytic sites may be
characterised with the same rate constants; while this
assumption is very convenient for estimation of rate
constants, it is clearly inaccurate: as may be seen from Fig. 5,
the SCR conversion observed for Fe-exchanged zeolite is

This journal is © The Royal Society of Chemistry 2025
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N>. The inlet gas velocity is 15.3 cm s %, § = 2.46 x 10° cm?, the initial
catalyst loading is Xcato = 0.008. Symbols are measurements of Hahn
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much worse at low temperatures than that for Cu-exchanged
ones considered previously and simulations with the rate
constants of the base model (not shown) overpredict the
performance for the temperatures below 300 °C in
comparison with measurements of Hahn et al'® These
measurements employed a reactor with a much larger total
catalyst amount, and hence, a total area of 2.46 x 10° cm?,
catalyst loading Xc,i0 = 0.008 and twice larger GSHYV, yielding
a linear feed velocity of u = 15.3 cm s, the value matching
their residence time. The higher amount of catalyst sites may
explain the superior performance at temperatures of 450 °C
and above, but it cannot account for poor low-temperature
conversion; thus, the question arises of how many alterations
are required for the base mechanism to represent this type of
catalyst. According to the above rate analysis, the conversion
rate at low temperatures is limited by reaction R8, therefore,
the rate of the latter is the defining factor for the degree of
conversion. It proved that the increase of the activation
energy of this reaction from 80 to 95 kJ per mole brings the
low-temperature conversion for Fe-exchanged zeolite into the
correct range, see Fig. 5. While the agreement is not ideal, it
is remarkable that a change of a single kinetic parameter
allows one within the present kinetic mechanism to reconcile
iron and copper zeolite-based catalysts.

Compared to zeolites, catalysts on the TiO, substrate, such
as vanadia-tungsta ones, have much smaller specific surface
areas, hence, for comparable catalyst loading, they have
smaller concentration of active sites, yet they are widely used
when the size of the SCR converter is not very important, e.g.
in marine and power generation applications. Two such
catalysts, CeO, and V,0s on the TiO, substrate, were
simulated here for conditions of experiments of Huang
et al.’® and the outcomes are shown in Fig. 6. For V,05 the
experimental conditions were matched with the simulated
catalyst area of § = 5.89 x 10" cm?, catalyst loading of Xcawon
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=0.03 and for CeO,: § = 1.26 x 10° ecm? with Xcaon = 0.1, ie.
the latter had approximately 6 times more active sites.
Similar to Fe-exchanged zeolite, and despite the relatively
high active site concentration, the cerium dioxide catalyst
exhibits poor low-temperature conversion for both SCR
operation and NH; oxidation not captured with the baseline
set of rate constants. However, as it was the case with the Fe-
exchanged zeolite, the increase of the activation energy for
reaction R8 to 90 kJ per mole has allowed a reasonably good
agreement to be achieved with the measurements of Huang
et al.°® with the exception of ammonia oxidation at 450 K
underpredicted by approximately 10%.

Of all the catalysts simulated so far, the vanadia-tungsta
on titania one of Huang et al.>® has the lowest surface and
active site concentration and the highest residence time; at
higher temperatures the measurements showed a significant
decrease of NO conversion, while the NH; consumption
remained nearly complete. The baseline set of the rate
constants showed in this case a good agreement at lower
temperatures, but at high temperatures the predicted
conversion of both NO and NH; was smaller than those
measured for both SCR and NH; oxidation. The reaction rate
analysis showed that in this case the high temperature redox
pathway proceeding through oxidation of CatONH,, rather
than the Cat intermediate see Fig. 1, was very slow.
Therefore, activation energies for reactions R7 and R9 were
decreased to 85 and 95 kJ per mole, respectively; the results
are shown in Fig. 6. While this change allowed one to obtain
a fairly good agreement for NH; conversion under all
conditions, the present kinetics still overpredicted NO
conversion at temperatures above 400 °C. The diverging
degrees of ammonia and nitric oxide conversion were,
however, shown in Huang et al’® to be caused by the
formation of nitrous oxide N,O, the detailed mechanism of
which has so far not been considered in SCR chemical
kinetic mechanisms. Clearly, inclusion of the chemical

560 | Catal Sci. Technol., 2025, 15, 547-562

pathways for nitrous oxide formation would be a desirable
next step in the development of SCR kinetic schemes.
Another aspect well worthy of comment and a further
investigation is representation of the role of water in the
exhaust gas.

The current formulation assumes that the water in the
exhaust or flue gas is chemically inert; it is formed as a product
in the redox cycles but its concentration does not affect the
reaction rates. At the same time, there does exist experimental
evidence that water concentration in the gas phase affects the
SCR reaction rates. Work of Nova et al.®® demonstrated that
addition of up to 5% vol. of H,O decreases SCR conversion
efficiency in a vanadia-tungsta catalyst but it does not affect the
rates of NH; adsorption or desorption. Because of this it was
argued that its role cannot be reduced to surface coverage
competition. DFT simulations of Broclawik et al.®® of the same
type of catalyst demonstrated the possibility of low temperature
water dissociation leading to the formation of active hydroxyls
bound to tungsten ions; however, this process creates stronger
Brgnsted sites and thus it should promote rather than inhibit
SCR conversion. This finding explains that addition of tungsta
to vanadia catalysts significantly improves low-temperature SCR
performance but it does not explain the inhibiting effect of
increasing water concentration in the flue gas to be scrubbed.
At the same time, addition of a fixed amount of water markedly
increased NO conversion in several Cu-exchanged zeolites at
higher, above 400 °C, temperatures, Fedyna et al,*" while at
lower, between 100 and 200 °C, temperatures water could
inhibit, promote or leave the conversion unchanged. The
promotion of catalytic activity was attributed to transition of
isolated copper ions and their dimers to Cu®>-OH" centres,
Fedyna et al.,*" as confirmed spectroscopically. The proposed
mechanism does have distinct low and high-temperature
pathways but the question to which extent reactions on the
different structures with copper cations may be lumped
together in the adopted generalised kinetics scheme should at

This journal is © The Royal Society of Chemistry 2025
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present be considered open. It is worth mentioning that
formation of metal-hydroxyl groups was associated with the
N,O reactions in DFT simulations of Song et al.®* performed for
a Mn-doped ceria catalyst thus indicating that the N,O and H,O
pathways should be considered together in the subsequent
developments of this, or indeed, any other kinetic scheme for
SCR catalysts.

5 Conclusions

It is remarkable that a patently wrong departure point,
namely assuming the same reactivity for different SCR
catalytic sites, has proved rather fruitful in allowing to
develop a new generic chemical kinetic scheme aimed at
exploiting similarities in reduction-oxidation catalytic cycles
for nitric oxide reduction to nitrogen by ammonia. This
generic scheme comprises 28 reactions involving 16 species
where a catalytically active site may be in 7 states. The rate
constants for these reactions were estimated through analysis
of the individual sub-processes and identifying the overall
rate with the rate of the limiting sub-process. The chemical
kinetics so developed was used to simulate operation of
several catalysts through matching catalyst concentration and
residence times. These simulations show that, after taking
into account differences in feed gas composition, active site
concentration and residence time, varying only one kinetic
parameter, namely activation energy for the low-temperature
pathway allows one to reconcile the observed differences
between copper and iron exchanged zeolites and cerium
dioxide on tungsta. These simulations show that it is
plausible that differences in the operating regime of a
catalytic converter matter at least as much as the nature of
the catalyst sites.

In what concerns the development of this chemical
kinetics, vanadia on TiO, appears different from other
catalysts as achieving a similar agreement of its simulations
with the observed rates of SCR conversion required changes
of activation energy of two high-temperature active site
oxidation reactions. Its simulations have also identified
pathway(s) of nitrous oxide formation as essential for
description of its high-temperature behaviour and
consideration of effects of addition of water to the gas to be
scrubbed indicates that this pathway should be considered
alongside water adsorption and dissociation on the catalyst
surface.
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