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Part 1

Basics






Introduction

1.1 Background

Catalysis, and by now especially the heterogeneous catalysis, is one of the
key technologies of our time!? and the production of many of the products
of our modern world would not be conceivable without it. It was Jons Jacob
Berzelius who, in 1835, was the first to put the basic idea of a catalyst into
words, “the body effecting the changes does not take part in the reaction
and remains unaltered through the reaction”. He also gave this new concept
its name.?* The history of the industrial application of catalysis dates back
to the beginning of the 20" century, when the cooperation of Fritz Haber,
Carl Bosch and Alwin Mittasch, which channeled in the famous Haber-Bosch
process for the production of ammonia, marked a milestone of the research in
this discipline.®® Back then rather small quantities and only few chemicals
were produced by the application of catalysis. Today, however, more than 80
percent 178 of all chemical products make use of a catalyst with the highest
economical contribution resulting from heterogeneous processes.? Different
driving forces and motivations were responsible for the progress in research
in this field within the last century. While in the beginning of the 20" cen-
tury the binding of nitrogen for the use as a fertilizer and the production
of explosives from ammonia and nitric acid were the most important ap-
plication of catalytic processes, the catalytic cracking of petroleum for the
production of fuels and polymers dominated the mid-century. By the end of
the last century until now the environment has also moved into the center
of research interest in heterogeneous catalysis by means of the abatement of



4 1 Introduction

environmental poisons from exhaust gases.?

Recognizing the immense economical potential of catalysis®® the optim-
ization of existing catalysts as well as the finding of new active materials
has become a sector of its own in the chemical industry. However, only by
understanding the processes involved in catalysis in detail, a fundamental
scientific step can be made in obtaining better catalysts. In the beginning of
this field of research most results were obtained by trial and error. The the-
oretical contributions of Langmuir in 1915%! with his theories on adsorption
and later Hinshelwood in 1927 with the presentation of his kinetic theory,!!
however, were responsible for significant improvements because of a better
understanding of the functionality of catalysts.? In addition, when Wheeler 2
in 1951 discovered the impact of diffusion on the activity of catalysts the
main influencing factors in heterogeneous catalysis were highlighted, namely
mass transport, adsorption and chemical reactions on the catalytic surface.
Further significant progress was made with the application of spectroscopic
methods!? and the analysis of surfaces with scanning tunneling spectroscopy
or crystallography.® With the advent of computers and the tremendous devel-
opment of computational resources the modeling of heterogeneous catalysis
has also become feasible and a powerful tool in explaining and predicting
several observable phenomena.!*! In fact, today one often refers to three
different approaches to understand the governing influences of a catalyst.'6
The first approach is dominated by the analysis of the macroscopic response
of a reacting system on pressure, temperature and concentrations. The defin-
ition of high throughput experiments (HTE),” was a significant development
in this field. It allows for the parallelized fast screening of large amounts of
potential catalytic active materials as well as the computer guided in depth
analysis and characterization of selected catalysts. Alwin Mittasch already
used such a kind of screening in order to find an appropriate catalyst for
the Haber-Bosch process.!® The second approach covers the “in situ” ap-
plication of spectroscopic methods in order to directly visualize intermedi-
ates of a reaction. The application of computational based experiments®®
involving quantum chemistry, molecular modeling (Molecular Dynamics or
Monte Carlo methods) and microkinetic modeling is referred to as the third
way.

Because reactions involve the change of the distribution of electrons in
the reacting molecules, the correct description requires an underlying theory
that is capable to describe this phenomenon. Such a theory was put down
by Erwin Schrodinger in terms of his famous equation in 19262 which is the
backbone of several ab initio and semi-empirical models today, capable of de-
scribing reactivity. One of the most widely applied methods among them is
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the Density Functional Theory (DFT) which has evolved into a working horse
in computational chemistry because of its comparatively low computational
demand together with reasonable accuracy.'*?!' More sophisticated and ac-
curate ab initio methods gain importance today but still are restricted to
small-scale systems from computational limitations. Climbing on the ladder
of time and length scales, in the fields of mass transport in porous structures
and adsorption, molecular modeling approaches have been established and
contribute to the understanding of these processes.?? The gap between the
microscopic evaluation to the macroscopic description of reactor devices is
often bridged by the application of microkinetic modeling,?® which can make
use of quantum chemical and molecular modeling results in combination with
the application of statistical thermodynamics.

While today the classical and the in situ methods are still dominant,
the further development of computational tools and the vast progress in
computer power enhances the use of theoretical investigations.?* The ulti-
mate goal would probably be the design from scratch of catalytic devices
with all desired properties based on theoretical methods only. However, this
would generally require the mapping of the complete energy landscape of
a catalyst which is, if ever possible, still decades away.® Nevertheless, the
description of reaction pathways in accordance with experiments and the
evaluation of reactive patterns for elementary steps on active materials is
already possible and significantly increases the understanding of catalytic
functionality.?® With that, heterogeneous catalysis will remain a highly in-
tegrative science based on the three columns as were outlined, because of its
tremendous complexity stretching over several length and time scales. Only a
thorough combination of all available resources according to their designated
benefits is expected to give the best results in optimizing existing catalysts
as well as to facilitate the search for new ones.

1.2 Abatement of NO,

It has become apparent at the end of the last century that there is a nega-
tive impact of exhaust gases of automobiles and industrial production sites on
the environment and legislation has been passed to reduce the hazardous and
toxicological substances of those gases. With that a new branch of research
in heterogeneous catalysis has emerged, dealing with environmental protec-
tion.? One of the important technologies in this field is the abatement of
NO, 2 with the prevailing representatives nitrogen oxide and nitrogen diox-
ide. The main sources of these species are of anthropogenic nature, with the
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combustion of fossil fuels being the main contributor. This mainly involves
the combustion of petroleum in the engines of vehicles as well as the produc-
tion of electricity in power plants.?” The origin of the nitrogen oxides occurs
from the oxidation of molecular nitrogen with oxygen at high temperatures
(above 1300K).?® The oxidation of nitrogen bound in the hydrocarbons of
the fuel plays only a minor role. Especially in diesel engines the production
of nitrogen oxides is significant. Within the industrial sector, a major source
of NOy is the production of nitric acid from the oxidation of ammonia.?’

The negative impact of NOy on the environment can be divided into three
main aspects. In the troposphere, they cause the formation of ozone which
is responsible for photochemical smog. In the stratosphere, however, they
contribute to the depletion of the ozone layer which, here, is in the role of
a protecting agent against UV light. Finally, nitrogen oxides are responsible
for the formation of acid rain.3" Because of these negative aspects, legislation
becomes more and more stringent in most countries to remove nitrogen ox-
ides from exhaust gases.?”3! In Europe by now, the so-called EURO V is in
effect since 2009 and in the USA the most recent regulations were launched
in 2010 which are even more restrictive for heavy duty diesel engines than the
European legislation. In fact, the development of tools for the abatement of
NOy already has a long history that started with the three-way catalyst for
Otto-engines which is until now probably the best known catalyst worldwide.
Because of the stricter legislation the secondary way of reducing emissions of
toxic species in exhaust gases remains of high potential for research. With
respect to nitrogen oxides the Selective Catalytic Reduction (SCR) has be-
come a key technology besides others.3? Several different catalysts were under
investigation in the last two decades as well as different reducing agents. 2533
While in the context of diesel engines vanadium-based catalysts have been
established, the trend goes more and more to the use of metal-containing
zeolites. Here, especially iron or other transition metals, ion-exchanged into
the framework of the zeolite, have proven to be of high potential because of
their applicability over a wider range of temperatures as well as because of
their thermal stability.?* Also, the disposal is less of a problem as compared
to the vanadium-based catalysts. Concerning the reducing agent, ammonia
has been established from the storage in urea in contrast to hydrocarbons
and the reaction follows the following stoichiometry.

One of the main industrial representatives of this concept is the EnviNOx®
process of Uhde, who in cooperation with Stid-chemie, responsible for the
iron-containing catalyst EnviCat®, developed an after-treatment of tail gas
from the nitric acid production.
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The preparation of these catalysts is, in most cases, based on ion ex-
change.3* The zeolite, a porous material that is composed of silicon oxide and
aluminum oxide tetrahedra,® contains Brgnsted acids to balance the nega-
tive charge of the framework aluminum. These can, in general, be exchanged,
but during the protocol usually significant amounts of the Brgnsted acids
either remain or are reformed upon calcination.?® In addition, it is not ex-
actly clear what the exchanged state looks like and what resulting species are
responsible for the activity of the catalyst. Several possible structures have
been proposed with the mostly accepted assumption of a mixture of mono-
and dinuclear species bond to framework aluminum and extra framework
iron oxide clusters.3® Because the parent H-form zeolites were also proven to
exhibit a significant activity for the SCR, with the ion-exchanged state, a
highly complex system is established with at least two different active sites.
The complexity as well as the high potential of this reactive system is also
reflected in the experimental investigations of the last two decades. Des-
pite ongoing efforts in this field only little is known about the mechanism of
the catalyst in terms of a detailed description of the elementary steps and
potential intermediates including the contributions of different active sites.
However, some interesting features have been discovered, being responsible
for subdivisions of the SCR and the related experimental studies. A well-
known subsystem is the so-called fast SCR, which received its name from
the high activity for the case that equimolar amounts of NO and NO, are
present in the reactant gas.3” This is true for the vanadium-based catalysts as
well as for the H-form and the iron-containing zeolites. The overall reaction
stoichiometry is given by:

Because of the significant increase of activity for these reaction conditions
over the standard SCR, an effective preoxidation catalyst prior to the fast
SCR, which is considered as the essential SCR step, is discussed. However,
a further increase of the ratio of NO to NOy > 1 even results in a slight de-
crease of the activity together with the production of unwanted N,O, proving
the active role of NO. For the limiting case of only nitrogen dioxide present
in the exhaust gas, large amounts of nitrous oxide were observed.® For the
H-form zeolites even equimolar amounts of nitrogen and nitrous oxide were
reported.®® In the case of the iron-containing catalysts such a high ratio is
only observed at temperatures between 250°and 300°C and reduces drastic-
ally at elevated temperatures.’ However, these catalysts, in contrast to the
H-form zeolites, are also active for the nitrous oxide decomposition,** which
could explain these deviating observations. In accordance with the obser-
vation of an equimolar production of nitrogen and nitrous oxide from the



8 1 Introduction

principal NO4-SCR, the following stoichiometric equation can be deduced.

Because of the significantly enhancing contribution of NOy in the SCR it
was concluded that the oxidation of nitrogen oxide should be the limiting
step in the standard SCR mechanism. Finally, also the selective catalytic
oxidation of ammonia (SCO)*? was found to be catalyzed by iron-containing
zeolites and a correlation between the activity for the SCR and the selectivity
towards nitrogen in the SCO was observed.*?® With that, the selective cata-
lytic reduction of nitrogen oxides with ammonia on iron-exchanged zeolites
represents a complex system of ambiguous reactive subsystems that cannot
be clarified by experimental methods only. In order to understand the influ-
ences of the different active sites in the SCR, it is necessary to understand
their activities for all subsystems separately and their capability to produce
or remove distinct intermediates. The interest in the clarification of the re-
action mechanism results from the impact of this information in order to
optimize the catalyst with respect to its preparation or the potential addi-
tion of further active sites to increase the velocity of limiting intermediate
steps. However, only by evaluating all relevant elementary steps, responsible
for the macroscopic behavior of the catalyst, the reaction mechanism of the
SCR can be elucidated. The aim of this work is to apply theoretical methods
to clarify the governing reaction pathways within the Fe/H-ZSM5 catalyst,
taking into account mononuclear iron species and Brgnsted acids as active
sites for the technically relevant reactive systems. This is supposed to sig-
nificantly enhance the understanding of the SCR. of nitrogen oxides beyond
the capabilities of pure experiments.

1.3 Outline

The thesis is subdivided into five parts. In the first part (chapter 1) the back-
ground of this work is outlined, covering the general importance of catalysis
and the different approaches to understand their functionality as well as a
short introduction to the significance of the investigated selective catalytic
reduction of nitric oxide. The second part describes the theoretical methods
used to analyze the governing chemistry of the SCR on the Fe/H-ZSM5 cata-
lyst. This contains the description of the general idea of quantum chemical
methods like DF'T, starting with the Schrédinger equation. Furthermore, the
background of the relevant statistical thermodynamics and transition state
theory is described.
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The Fe/H-ZSM5 represents a complex system of at least two different
active sites, namely iron and Brgnsted acids. The analysis of the mechanism
of the SCR on this catalyst was, thus, executed separately for the acid sites
and iron in terms of mononuclear iron species. The third part contains the
investigations of the mechanism on the H-form zeolite with respect to the
Brgnsted acids as active sites. The DFT results for the SCR with a focus on
the industrially relevant contribution to fast and NO, SCR are discussed in
chapter 4 and the oxidation of ammonia (SCO) in chapter 5. The quantitative
comparison against experimental data and final elucidation of the relevant
reactions on the Brgnsted acids is then accomplished in terms of microkinetic
modeling of the system (chapter 6)

The fourth part is concerned with the role of the mononuclear iron sites in
the SCR. Particular emphasis is put on the oxidation of NO to NOs in chapter
7 which is believed to be rate-limiting in the SCR and the influence of water
is analyzed by using DFT. Furthermore, the mechanisms of the fast and the
NO, SCR as well as of the ammonia oxidation are thoroughly discussed in
chapter 8. Finally, the microkinetic model, containing all calculated reaction
steps on the mononuclear iron sites together with the relevant reactions on the
Bronsted acids, is applied to compare the simulations against experimental
conversion data and to elucidate the relevant reaction mechanisms on the
combined catalyst. The influence of the different active sites is discussed
(chapter 9).

The fifth part contains the summary of the essential results of this thesis
(chapter 10) and additional information is provided in the appendix. All the
individual parts are self-contained and include relevant simulation details.
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Theoretical Background






Electronic Energy Calculations

In this chapter a short introduction to quantum chemistry and
its application in computational approaches with a wide spread in
use 1s provided. Based on the Schrodinger equation, this includes
the Hartree Fock method and the Density Functional Theory.

2.1 Introduction

A prerequisite of the description of chemical reactions is the explicit consider-
ation of electrons because they are necessary to describe the fundamentals of
reactivity: the breaking and forming of bonds. In contrast to the modeling of
macroscopic phenomena, which usually relies on a classical description of the
motion of atoms and molecules (e.g. Newton’s laws), chemical bonds need
a description on the basis of quantum mechanics. While in the beginning of
the last century the application of this theory, and especially the Schrodinger
equation, was mainly restricted to the most simple systems, today molecular
systems of practical use can be studied. This can be attributed to the rapid
increase in computational resources but also to the development of additional
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techniques which basically imply certain simplifications and approximations
regarding the governing quantum chemical equations. In this context, two
main branches have been developed: the Hartree Fock method (HF) and
the Density Functional Theory (DFT). The HF method allowed for several
further improvements leading to very accurate and sophisticated methods.
Because this branch generally does not require any additional information
but molecular coordinates, the corresponding methods are referred to as ab
initio. DFT, in contrast, lacks a comparable systematic improvability to-
wards higher accuracy. In addition, within the required functionals, in some
cases a fit to experimental or higher level HF data is incorporated and DFT
is therefore sometimes argued to not be a true ab initio approach. Neverthe-
less, in most cases DF'T exhibits a reasonable accuracy which, in combination
with its high efficiency, made it very popular to molecular descriptions in the
last two decades. By now there are several excellent textbooks available
that cover the scope from basic quantum mechanics to the description of HF
and post-HF methods as well as DFT. Those are for example the works of
Cramer, ' Leach? and Jensen.?® General introductions to quantum chem-
istry can be found in the books of Dahl?® and Levine.*® More advanced de-
scriptions are outlined in the work of Szabo and Ostlund.*” and of Helgaker,
Jorgensen and Olsen.

2.2 The Schrodinger Equation

Quantum mechanics allows for the proper description of the behavior of mi-
croscopic particles, and applied to chemistry is referred to as quantum chem-
istry.*® The general starting point is the governing equation of this concept:
the Schrodinger equation in its full time-dependent form.

R 92 o OU(r, 1)
{—% <@+ 8_y2 + @) +7/} \Il(r,t) —ZHT (2.1)

The central part of this partial differential equation (2.1) is the wave function
U which contains all possible information of the considered system as well
as its evolution in time. Here, the equation is written for a single particle
(e.g. an electron) of mass m, defined by the spatial coordinates r = x,y, z
and time t. 7 denotes an external field which acts on the system, and A
is the Planck’s constant divided by 27. The meaning of the wave function
cannot be related to the state of a system as described by classical mech-
anics which would specify the position of the considered particle and with
that violate the Heisenberg’s uncertainty relation. In contrast, in 1927, Max
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Born?® was able to relate the wave function to the probability of observing
the considered particle around a definite position in space. In most cases
of quantum chemistry, the dependency on time can be neglected and the
consideration of stationary-state wave functions is sufficient. By assuming
that the external field is not dependent on time, one easily obtains the time-
independent Schrodinger equation which corresponds to the version in which
Erwin Schrodinger published it first in 1926.5
——V+7 = FEVY(r 2.2
{-gv b = e (2:2)
Here, E is the system energy corresponding to the stationary state wave
function ¥. By denoting the term in brackets on the left-hand side as
the Hamiltonian operator ., the Schrodinger equation reduces to a more
simplistic representation.

AV = BV (2.3)

With that W is an eigenfunction of the Hamiltonian operator ¢ with the
eigenvalue F. Thus, the main task is to find proper wave functions that solve
the equation (2.3) within deterministic boundary conditions. Switching from
the special case of one particle to the more general case of quantum chemistry,
a molecule with NV electrons and K nuclei, the form of equation (2.3) remains
unaltered and the Hamiltonian operator can be subdivided into five separate
contributions accounting for the kinetic energy of the electrons and the nuclei
as well as for the attraction and repulsion of electrons and nuclei with each
other. Additional terms could be included to account for contributions from
an external electric or magnetic field or relativistic effects which are, however,
not relevant in the context of this work.

H = Zl + L%LU/C + %l—el + %’Luc—nuc + %l—nuc (24)

The operators for the kinetic energies can be expressed as

N p2 N
_ 2 — _ Zv2 2.
and
K h2 K ,
_ . 2.
e = =D ¥ ;ka (2:6)

with m, being the mass of an electron, m;, the mass of the nucleus k and V?
the Laplace operator acting on the i" electron with coordinates r or on the
k™ nucleus with coordinates R. Mj, is the ratio of my; and m.. The repulsion
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of the electrons and of the nuclei among each other is expressed as Coulomb

Iinteractions
1 N N . 1 N N 1
Ve = — =_ — 2.7
[=el 222471'507”1']‘ 2227“1 ( )

and

1 KK €QZkZl . 1 KK ZkZl
%Luc—nuc B 5 g Z 47T€07”k1 - 5 ; ; (28)

Here, e is the charge of an electron, Z is the atomic number, &, is the per-
mittivity of vacuum and r are the interelectronic and internucleus pairwise
distances. Finally, the pairwise attractive potential between electrons and
nuclei is described by

Yot e = gl i Z 2.9
dnuc__;gllﬂ'goﬁk:_;;a ()

The term on the right hand side of the equations refers to the common
notation in atomic units. It should be noted that, because in this general
case N electrons and K nuclei are considered, the wave functions become
a function of both, the coordinates r of the electrons and R of the nuclei:
U(r,R). However, an exact solution of the Schrodinger equation can only be
obtained for a few problems, including the “particle in a box”, the harmonic
oscillator, the rigid rotator and the hydrogen atom. Therefore, it is necessary
to apply certain approximations and techniques to generate solutions to more
complex problems like molecules.

2.3 The Born-Oppenheimer Approximation

An exact solution can only be obtained for up to two interacting particles,
excluding already the Helium atom. To overcome this limitation, one of
the most often applied approximations in quantum chemistry is the Born-
Oppenheimer approzimation (BO) which was proposed by Max Born and
Robert Oppenheimer®! in 1927. The general idea is to decouple the motion
of the electrons and the nuclei because of their substantially different mass
(the mass of a proton is about 1800 times larger than that of an electron)
and the related difference in velocity. It is assumed that, in comparison to
the nuclei, electrons move so fast that they instantaneously adjust to any
change of the coordinates of the nuclei and with that the electrons move in
the field of the fixed protons.*” In consequence, the electronic energy can be
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calculated for a fixed position of the nuclei. Furthermore, the kinetic energy
of the nuclei is considered to be independent of the electrons, the correla-
tion of the motion of electrons and protons is eliminated from the attractive
electron-proton potential energy term and the internuclear repulsion term of
the potential energy becomes a constant. Mathematically, this idea is repres-
ented with a separation of the wave function into an electronic and a nuclear
wave function.

U(r,R) = Wepee(r; R) Urue(R) (2.10)

The semicolon in the electronic wave function emphasizes that it is not a
direct function of the coordinates of the nuclei but depends parametrically
on their position. The separate consideration of electrons and nuclei also
results in the splitting of the Hamiltonian operator. For the electronic part,
the kinetic energy of the nuclei and the internuclear repulsion is neglected.
The neglect of the internuclear repulsion is valid because it is deduced to be
a constant. An operator acting on a constant solely returns that constant
and, thus, its addition just adds to the eigenvalue. The resulting electronic
Hamiltonian reads

N
1
-2.5Vie ZZr—ZZ— (2.11)
with the corresponding electronic Schrodinger equation

f%aeleclpelec = Eelec\Ijelec (212)

The electronic energy is, as a consequence, also parametrically a function of
the coordinates of the nuclei as is the electronic wave function. The total
energy for the case of the fixed nuclei is then the sum of the electronic con-
tribution and the potential energy of the internuclear repulsion.”

K K
1 ZyZ,
Eo - eec 2.13

For the motion of the nuclei, the application of the Born-Oppenheim approx-
imation leads to the separate Schrodinger equation

%wc\llnuc == E\Ijnuc (214)
with
S|
A = — Z —V?+ Bt (2.15)

2m
k k
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The energy F in the nuclear Schrédinger equation (2.14) corresponds to the
molecular energy which would be obtained as the eigenvalue of the unsep-
arated complete Hamiltonian 7. The potential in the nuclear Hamiltonian
(2.15) is equivalent to the total energy Ei (2.13).47 In fact, this is a very
central result far beyond the idea of solely having a simplification for the solu-
tion of the Schrodinger equation at hand, because the total energy represents
a potential energy surface (PES) for the motion of the molecule including
translation, rotation and vibration. These characteristics can be obtained
from the solution of the nuclear Schrodinger equation. However, the transla-
tion and rotation do not change the internuclear distances and with that the
electronic wave function and the internuclear repulsion are independent of
the location and orientation of the molecule in space. In addition, concepts
like the equilibrium and transition state geometries, which are extensively
used in this work, are anchored to the Born-Oppenheimer approximation be-
cause they correspond to stationary points on the potential energy surface.
Because the BO approximation is often referred to as the adiabatic approx-
imation, it should be noted that in fact it is only a special case. If as the
starting point the wave function is expanded as a summation of n products
of an electronic and a nuclear wave function (compare eq. (2.10))

U(r,R) = Veieon (T R) Ve n(R) (2.16)

then a set of coupled differential equations is obtained that has to be solved
in order to determine the nuclear wave functions.?® The coupling can be
expressed in terms of a coupling matrix. In the case that only the diagonal
coupling coefficients are considered, one obtains the adiabatic approximation
in which the electrons adiabatically follow the motion of the nuclei but not
instantaneously as is assumed in the BO approximation. This results in an
additional correction term to the BO potential. In the Born-Oppenheimer
approximation, as a special case of the adiabatic approximation, the coupling
coefficients are neglected completely. >

For most molecules the Born-Oppenheimer approximation is appropriate
if the states investigated refer to the lower potential energy surfaces? (the
electronic Schrodinger equation has multiple solutions for each nuclear geo-
metry) and for most cases studied in this work it can be assumed to be valid.
However, it breaks down in the cases in which the coupling coefficients of
different electronic wave functions cannot be neglected. This is typically the
case when different potential energy surfaces come close together at a certain
nuclear geometry. This poses a significant problem to model systems that
contain reactants and products which, with respect to their spin multiplicity,
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are represented by different potential energy surfaces because a surface-to-
surface crossing within the BO approximation is permitted. In fact, a model
capable to describe such a problem would be required to employ equation
(2.16) as the starting point, but finding solutions to general non-adiabatic
problems remains restricted to simple systems only.!® Thus, usually an al-
ternative approach is applied to the problem of “spin-forbidden” chemical
reactions by calculating hopping probabilities from one spin surface to an-
other. A typical model for such a probability is the Landau-Zener equation
which among others is described in detail by Nakamura®® and Nikitin.%*
The hopping is thought to take place at a minimum energy crossing point
(MECP) which is, in the region of the avoided crossing of two adiabatic po-
tential energy surfaces, described by the crossing of two diabatic surfaces.
At the MECP the diabatic representation overcomes the limitation of the
Born-Oppenheimer approximation of the resulting wave function to be re-
stricted to only one electronic state. Naturally one would assume that a very
flexible high level electronic structure method is needed to obtain MECPs.
However, according to Harvey,? in many cases also single-reference methods
like DFT are capable to yield reasonable results in this context. Thus, it
is assumed that the Born-Oppenheimer approximation is valid throughout
all calculations executed in this work with the handling of “spin-forbidden”
reactions by using DFT for the finding of approximate MECPs together
with surface-hopping probabilities based on the Landau-Zener model. Fur-
ther detailed descriptions to non-adiabtic phenomena can be obtained from
Koseki®®, Drukker®” and Cederbaum et al.?®

2.4 Electronic Wave Functions

Despite the considerable simplification constituted by the Born-Oppenheimer
approximation, the main task of finding electronic wave functions to solve
the corresponding Hamiltonian still remains challenging. Because no exact
solutions can be obtained for more complex quantum chemical problems,
additional approximate methods have to be applied. Besides perturbation
theory the variational principle is one of the most widely applied fundamental
methods in quantum chemistry to create approximate wave functions. Fur-
thermore, the linear combination of atomic orbitals (LCAO) together with
the Slater or Gaussian type orbitals to describe molecular orbitals are crucial
developments to obtain approximate solutions to the electronic Schrodinger
equation. Finally, the application of Slater determinants ensures the anti-
symmetry of the approximate wave functions in poly-electron systems.
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2.4.1 The Variational Method

The Rayligh-Ritz variational method is the basis of many approximate ground
state calculations?® and makes use of the variational theorem. By multiplying
the Schrodinger equation (2.3) from the left side with the complex conjug-
ate of the wave function U* and integrating over all space, one obtains the
expectation value of the Hamiltonian, the energy E. If the wave function
considered corresponds to the ground state of the system (e.g. W), then
the resulting expectation value is the ground state energy FEj,. The vari-
ational method states that the expectation value of any square integrable
trial function ® which is a function of the appropriate electronic and nuclear
coordinates!? will be greater than the true ground state energy.

[ @*H®dr

E = W > Ey (2.17)
Though this is true in general for the full Schrédinger equation, the further
discussion will be confined to the electronic problem as is indicated with the
limitation of the integral over only the coordinates of the electrons. The
equality of the equation (2.17) only holds for the special case that the trial
function is equal to a multiple of the true ground state function ® = c¥,
with ¢ being an arbitrary complex constant. Thus, the variational principle
implies a lower bound of the energy of the ground state that can be obtained
with an arbitrary function. The quality of an approximate wave function
can be evaluated with respect to its associated energy and the requirement
to be as low as possible, which is equivalent to being as close as possible
to the true ground state energy. Furthermore, this method allows for the
introduction of variational parameters in terms of introducing a dependency
of the wave function from parameters ®(«, 3,7, ...). Because this leads to a
dependency of the resulting energy on these parameters as well, the applica-
tion of standard mathematical tools for minimization of the energy leads to
a set of variational parameters which correspond to the best representation
of the wave function that can be obtained from its underlying form.

2.4.2 Molecular Orbitals

With the variational theorem a method is at hand that allows for the judging
and optimizing of the approximate wave functions. This postpones the prob-
lem of finding a proper wave function to the task of finding a trial function
with an appropriate flexibility from variational parameters and mathematical
form. Based on the association of single electrons occupying distinct orbitals,
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a straight forward concept is to relate the final wave function (trial function)
to molecular orbitals (MOs). The term orbital hereby denotes a one-electron
spatial function.?® Furthermore, the molecular orbitals are usually described
by a combination of different atomic orbitals whose functional form is known
from the hydrogenic exact solution of the Schrodinger equation. From these
results, atomic orbitals (AOs) can be described with two independent terms
in spherical coordinates

¢n,l,m = le(T)YLm(e, SD) (218)

with R being the radial and Y the angular contribution with the latter re-
ferred to as spherical harmonics.** The subscripts n,l and m are the prin-
cipal, the azimuthal and the magnetic quantum numbers. For the molecular
orbitals 1; typically, a linear expansion of atomic orbitals ¢ is used.

K
Y = Z Cr,i Pk (2.19)
k=1

Here, 1 denotes a molecular spatial orbital and c;; is the expansion coeffi-
cient of the k' atomic orbital ¢. The coefficients can be used as variational
parameters in the variational method and in the case that they are the only
parameters one refers to the approach as the linear variational method. The
first approach to assemble the single molecular wave functions to the full
solution of the electronic Schrodinger equation is based on Hartree by simple
multiplication, which is known as the Hartree product.

Upp = 192... YN (2.20)

However, it turned out that a further concept, the spin, has to be included
when dealing with electrons in atoms or molecules. Originally it was intro-
duced by George Uhlenbeck and Samuel Goudsmit®® who suggested that an
electron behaves like a spinning top with the z components of the angular
momentum being +A/2. This turned out to be in good agreement with later
results from, first, Wolfgang Pauli® and, then, Paul Dirac® based on the in-
clusion of relativistic modifications into the Schrodinger equation. With the
spin, an additional quantum number m, was introduced which only can take
the values £1/2 with respect to atomic units. With this concept it became
possible to explain the experimentally observed fact that only two electrons
can occupy one atomic orbital which is manifested in the Aufbau principle
from Niels Bohr.?® A central cognition, discovered by Dirac? and Pauli,® is
that electrons are indistinguishable. This implies that the exchange of any
pair of electrons does not change the distribution of the electron density. To-
gether with the interpretation of the wave function by Born, which relates the
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square of the wave function to the electron density,*® the interchange has to
result in either the same or the negative counterpart of the wave function. In
the case of electrons as members of the group fermions the latter is true and
with that the corresponding wave function is called antisymmetric. The spin
of the electrons is commonly introduced to the solution of the Schrodinger
equation by means of spin orbitals. This implies the multiplication of a one-
electron spatial wave function with a spin function which results in two spin
orbitals per spatial orbital.

a(s)
B(s)

Here, x; denotes the spin orbital, v; the spatial molecular orbital and « and
[ are the spin functions of the spin quantum number m, = ¢. Both spin
functions can only have the values 0 or 1 according to a(+1) =1, a(—3) =
0, B(+3) = 0 and B(—3) = 1.** Creating a correct representation of the
wave function that accounts for the required antisymmetry upon exchange
of pairs of electrons from these one-electron spin orbitals is ensured by a

Slater determinant, named after John Clarke Slater.?°

Xi(r,6) = ¥i(r) { (2.21)

Xl(-l"l) X1(332) Xl(xN)
\Il(xl,ajg,...,xN):\/% XQ(:“) XQ(E”) N XZ(‘ETN) (2.22)
(1) xn(z2) ... xw(an)

In this context NN refers to the number of electrons and z; is a variable
that contains both, the coordinates in space and the spin. The term \/LNf' is
a normalization constant. The Slater determinant can be interpreted as a
linear combination of quasi Hartree Products. With the unique properties
of a determinant, not only the antisymmetry is at hand, but also the fact
that every spin-orbital can be accounted for only once. This is equivalent to
Pauli’s exclusion principle which states that “no two electrons can have the
same set of quantum numbers.”

2.4.3 Basis Set

An approximate poly-electronic wave function that accounts for the anti-
symmetry requirement, and with that for the Pauli exclusion principle, can
be created by means of a Slater determinant. The one-electronic spatial
wave functions in this determinant can each be written as an expansion of a
basis set, which usually consists of atomic orbitals. With the application of
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the variational principle on the final poly-electronic wave function, optimal
orbitals can be created. Thus, the discussion so far leads to the question
of the appropriate basis set on which, eventually, the wave function relies.
As already pointed out in equation (2.19), atomic orbitals are a common
choice. Slater proposed, on the basis of the exact solution of the hydrogenic
atom, a functional form which nowadays is referred to as Slater type orbitals
(STO).% In the principle form, they still can be represented as a combination
of a spherical harmonic and a radial function as shown in equation (2.18).
The radial function R, ;(r) was simplified in comparison to the hydrogenic
analytical solution and a correction for the screening of the nucleus from
inner shell electrons included.** This leads to the representation

2¢, )@t 1/2
le(?”) = {—( C(;)n)l } rnfle*Cn,l'T (223)
with 7
Gy = 22 (2.24)
n

( is the orbital exponent and depends on the nuclear charge Z, the principal
quantum number n and the screening constant o for which Slater has de-
veloped rules dependent on the considered electron orbital. While STOs are
reasonably applicable to atomic and diatomic problems, they are not suitable
in more complex molecular calculations. This is because of the centering of
the atomic orbitals to different nuclei within a molecule which leads to signif-
icant problems in the solution of integrals that arise within the calculational
scheme of practical applications of the Schrodinger equation like the Hartree-
Fock-method. Thus, commonly Gaussian type orbitals (GTO) are used in ab
initio calculations with the functional form of Gaussian functions to mimic
the behavior of the atomic orbitals based on the ideas of Samuel Boys.%*
This basically implies a change of the linear to a squared dependency of the
exponential part in the radial function from r. The general form of the GTO
can be represented in Cartesian coordinates as

20\ ¥4 [ (8a)iti+kiljlk1? o2
. k) = z]kfa(z+y+z)
Pzt b (W) [(2i)!(2j)!(2k)!] e
(2.25)

a controls the spread of the Gaussian function and i, j and k are integers
that describe the character of the orbital and, with that, can, in a wider
sense, be related to quantum numbers. This approach significantly simplifies
solving the arising integrals in HF-like methods. A drawback in comparison
to the STOs, however, is a reduced accuracy of a single Gaussian in describ-
ing orbitals because of the functional form. To overcome this problem to a
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great extent, usually linear combinations of several Gaussian functions are
used to describe one atomic orbital. In general, this leads to the additional
variational parameters «; in the Gaussian exponents and the linear expan-
sion coefficients d; for each atomic orbital in the basis set and such sets are
referred to as uncontracted Gaussians.** To reduce the calculational costs,
usually the expansion and the exponential coefficients are predetermined and
held fixed during a calculation. Such a basis set is then referred to consist of
contracted Gaussians. One of the early basis sets relied on fitting contracted
Gaussians to STOs, which resulted in the labeling “STO-MG” with M being
the number of primitive Gaussians used.® In fact, for the case of M = 3 an
optimum balance between accuracy and computational costs was achieved
and the corresponding STO-3G basis functions have been assigned for most
elements.'® However, in these basis sets only one contraction (series of M
Gaussian functions) is used for each occupied spatial orbital and, thus, they
are referred to as minimal basis sets. In order to obtain more flexible and
accurate basis sets a common approach is to assign more than one function
per orbital. In case of two functions, one refers to a double zeta, for three
functions to a triple zeta basis set and so on. This allows for a significant in-
crease in flexibility for calculational schemes like the Hartree Fock method or
the Density Functional Theory with the linear expansion coefficients for the
combination of multiple functions per orbital being automatically obtained
from the applied self consistent field (SCF) calculation. Because the impact
of core orbitals on chemical properties is rather small, a further approach is
to only apply multiple functions for valence orbitals while describing the in-
ner shell with one function only. In this case, one refers to split valence basis
sets. Further improvements are possible with polarization functions which
are based on a higher angular quantum number than the valence orbitals of
the considered molecule to account for distortion of the orbitals (e.g. hy-
brid orbitals). To account for lone pairs in molecules or anionic species, the
assignment of additional sets of diffuse functions can be used. In this work
we applied the TZVP basis set of Ahlrichs et al.,% which is a triple-¢ split
valence basis set with polarization functions. It approximately is equivalent
to the 6-311G** basis set in the established writing of Pople et al.5”

2.5 The Hartree Fock Method

The application of a Hartree product (equation (2.20)) to describe a poly-
electronic wave function was the starting point of this method by Hartree.
By neglecting the electron-electron repulsion in the Hamiltonian, such a wave
function yields the sum of the energies of the individual one-electronic solu-
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tions as eigenvalue because of the separability of the Hamiltonian.

N
H = hi (2.26)
=1
K
h; = —lv? 2 (2.27)
2 — Tik

By including the interelectronic repulsion, the application of the variational
principle with a Hartree product as test function still allows for the separ-
ation of the Hamiltonian into a set of one-electronic Hamiltonians together
with an orbital as eigenfunction.!® However, the Hamiltonian then includes
an additional potential energy term that accounts for the interelectronic re-
pulsion in an averaged way. Because the additional potential energy term
in each one-electronic Hamiltonian depends on the charge density of all the
other electrons in the system, the set of single equations is not linear any-
more and needs to be solved iteratively. Hartree solved this problem with
a ’self consistent field” (SCF) approach.®® Though this approach allowed to
include interelectronic repulsion by still keeping the convenient picture of the
final wave function being related to one-electron orbitals, the antisymmetry
principle was not fulfilled. Thus, it was straight forward to combine this
SCF concept of Hartree with the Slater determinant ensuring the required
antisymmetry of the spin orbitals. This was done by Slater® and Vladimir
Fock™ in 1930, who laid the foundation of the Hartree-Fock (HF) method.
The derivation of the Hartree-Fock equations is based on the application
of the variational principle on a wave function from a Slater determinant.
The minimization of the energy is then executed with the constraint of the
orbitals to be orthonormal, which can be done in terms of a Lagrange mul-
tiplier. This means that the overlap integrals become zero for two different
orbitals. 44

Within several mathematical manipulations, as are described in detail in

several textbooks (e.g. Szabo and Ostlund?”), a standard eigenvalue form
for single orbitals can be obtained.

fixi = €Xi (2'29)

The Fock operator f; is an effective one-electron Hamiltonian for the electron
in a poly-electronic system. As in the results obtained by Hartree, the i*"
fock operator depends on all other electrons j # ¢ in terms of an average
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potential VA% that is experienced by the i" electron because of the presence
of the other electrons.
K
Z

1
fi= —§V? -3 . v (2.30)
k=1 "

The average potential energy can be expressed in terms of the coulomb op-
erator J; and the exchange operator K;, which are defined to compute their
corresponding integrals.

N
VA= {0 - K} (2.31)
j=1
The coulomb operator is defined as
. 1
Ji(@1)xi(z1) = d952Xj($2)EXj(CE2) Xi(21) (2.32)

and represents the local potential from an electron in x; acting on the electron
in x; at the position z;. The exchange operator is defined as

Kot = | [ dre) St (o) (233)

While the coulomb term already arises in the solution based on a Hartree
product as wave function, the exchange term is the result of the antisymmetry
of the Slater determinant. It is only defined by its effect when operating on
the spin orbital x;(z;) and involves the effect of an “exchange” of electron
1 and electron 2.%” The corresponding exchange integral, which is an energy
contribution, reflects the reduced probability of finding pairs of electrons with
the same spin close to one another. In fact, there is a finite probability of
finding two electrons of opposite spin at the same point in space, but for the
same spin this limiting case causes a probability of zero, reflecting the Pauli
exclusion principle. Because of the dependency of the single Fock operators
on all electrons, again only an iterative solution of this nonlinear problem
according to the SCF concept of Hartree is possible. This includes an initial
guess of the orbitals from which the average field V#¥ is calculated. The
solution of the eigenvalue problems (2.30) yields then a new set of orbit-
als. This is continued until self-consistency is reached. A Slater determinant
of the N occupied spin orbitals corresponding to the lowest energies, the
HF ground state wave function, is the best variational approximation of the
ground state of the system that can be obtained from the underlying basis
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set and one single determinant.*”

A significant improvement from a computational point of view was introduced
independently by Roothan™ and Hall” who rewrote the Hartree-Fock equa-
tions in terms of matrix algebra. This was done for closed shell systems (all
occupied spatial orbitals contain two electrons) by using LCAOs (2.19) for
the molecular orbitals. The result can be written in a compact single matrix
equation, the Roothan-Hall-equation.

FC = SCE (2.34)

Here, F is the fock matrix and is related to the one-electron fock operators
(2.30). S contains the overlap integrals with respect to the basis set (2.28).
C represents the expansion coefficients ¢ ; in the linear expansion of basis
functions to molecular orbitals (2.19). Finally, E is a diagonal matrix that
contains the individual orbital energies. The solution is then obtained by a
self-consistent-field method because the Fock matrix elements depend on the
molecular orbital expansion coefficients. More detailed descriptions of the
derivation of the matrix representation of the Hartree-Fock method and its
solution can be obtained from Leach* and Szabo and Ostlund*".

For the case of an unrestricted open shell system (e.g. radicals), Pople and
Nesbet ™ have derived the Pople-Nesbet equations based on the idea of ap-
plying separate sets of spatial orbitals for electrons with o and /3 spin.

F*C® = SC“E“ (2.35)
F°C’ = SC’E’ (2.36)

These two matrix equations are the unrestricted generalization of the Roothaan-
Hall equation with the single matrices being defined in analogy to equation
(2.34), but with the difference to be related to either the spatial orbitals for
the « spin ¢ or to the [ spin %B . Because the two Fock matrices each
depend on the expansion coefficients of both spins, the two equations have
to be solved simultaneously.

From the variational principle it is known that any trial function will al-
ways result in an energy as eigenvalue of the Hamiltonian which is greater
than the true energy but the lowest that can be obtained from the applied
function. By increasing the flexibility of the trial function, which in the case
of a single Slater determinant can be achieved by increasing the size of the
basis set, lower and lower Hartree-Fock ground state energies can be obtained
until a certain level is reached which is known as the Hartree-Fock-limit. This
limiting energy, corresponding to an infinite basis set, still will be higher in
energy than the true eigenvalue of the Hamiltonian because of the simpli-
fications introduced by the Hartree-Fock method. The major drawback of
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this method is the neglect of electron correlation other than the exchange
because of the one-electron description. Thus, the great benefit of the HF
approximation is not only seen for its own sake, but also as a starting point
for more advanced methods that account for the electron correlation. Those
non considered correlations arise for example from the correlated motion of
each electron with each other, which are ’dynamical correlations’. Further-
more, the restriction in the HF method to a single determinant causes the
neglect of 'non-dynamical correlations’ in the final wave function. One idea to
overcome the limitations of the HF method from a single Slater determinant
is, for example, the expansion of the wave function as a linear combination
of multiple determinants. Brief descriptions of several post HF methods in-
cluding the Mgller Plesset perturbation theory, Configurational Interaction
and the Coupled Cluster Theory can be found in reference [19].

2.6 The Density Functional Theory

The Hartree Fock method, together with the expression of the wave function
as a single Slater determinant based on one-electron orbitals, has the great
benefit of a resemblance to the intuitive image of independent electrons.
However, besides the anchored neglect of correlation contributions to the
energy, the Hartree-Fock theory also calculates the full multi-electron wave
function which is a rather abstract formalism. In order to overcome both of
these limitations, an alternative approach to quantum chemistry has been
developed from the attempt to avoid the calculation of the wave function
in favor of a more intuitive and observable quantity. Such an observable
quantity was manifested in the electron density. The central idea of the
resulting Density Functional Theory, in contrast to the HF method, is the
attempt to calculate the electronic energy of the system based on the overall
electron density distribution. While this concept already dates back to the
1920s and the work of Thomas™ and Fermi™, the great breakthrough came
with the proof of two central theorems by Hohenberg and Kohn in 1964.7°
The first one is the FExistence Theorem that states that the ground state
density determines the external potential (e.g. the attraction to the nuclei
in molecules). Thus, the electron density also determines the Hamiltonian,
and the wave function and the energy can thus be computed.'® It can be said
that the electronic energy, F, of the molecule is a unique functional of the
density p(r). The second theorem states that the density obeys a variational
principle and, thus, the essential quantity can be optimized. The energy is
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accordingly written as

Elp(r)] = / Voe(1)p(x)dr + Flp(r)] (2.37)

with the first term describing the interaction of the electrons with the nuclei
and the second term summarizing the kinetic energy of the electrons and
their interaction. The exact ground state density can generally be obtained
now from the application of the variational principle on the energy. However,
this requires the additional constraint that the integral of the density over
all space is equal to the number of electrons, which is a fixed quantity.**

N = /,o(r)dr (2.38)

The striking problem in this approach remained the unknown functional
F[p(r)] in equation (2.37). In 1965, Kohn and Sham™ developed a method-
ology to overcome this drawback and made the DFT applicable in quantum
chemistry. They started with the assumption of a system of non-interacting
electrons that have the same overall ground state density as the real system of
interest. This allows for the separation of the Hamiltonian into one-electron
operators. Thus, as in the HF method, the overall eigenfunction is a Slater
determinant of the one-electronic eigenfunctions and the energy is the sum
of the one-electronic eigenvalues. The functional F[p(r)] is then written as a
sum of three terms.*4

Flo(r)] = Explp(r)] + Enlp(r)] + Exclp(r)] (2.39)

The first term Exg[p(r)] describes the kinetic energy of the non-interacting
N electrons with corresponding orbitals ;.

Exslp / e ( 2) i(r)dr (2.40)

The second term Eg[p(r)] denotes the classical electron-electron repulsion,
which is also known as the Hartree electrostatic energy because it already
arises in the self-consistent approach of Hartree from the application of a
Hartree product (2.20) as wave function. The labels "1’ and '2’ refer to
dummy integration variables over all space to emphasize pairwise interactions
summed over all possible electron pairs.

dr dr 2.41
// |I‘1 - I‘2| 2 ( )
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The third term, Exc[p(r)] is the exchange-correlation energy functional.
This term accounts for the contributions of the correlation and the exchange,
which are so far neglected in the framework of non-interacting electrons. Fur-
thermore, it also contains the difference between the true kinetic energy and
Exg. Finding an appropriate approximation for this term can be seen as
the bottleneck of DFT. Because the overall energy of the system in general
is ezact, the combination of equation (2.37) and (2.39) can be interpreted as
to define the functional Exc[p(r)].**

ZXN:/?/fi(r)( )wz )dr + = // |r1—r2|d dry
/|r—Rk! r)dr + Exclp(r)] (2.42)

In equation (2.42) the external potential is written in the appropriate form to
represent the interaction of the electrons with the K nuclei. And the electron
density p(r) of the system is calculated, according to Kohn and Sham, as the
sum of the square moduli of the one-electron orbitals.

= > lue) (2.43)

In analogy with the HF method, introducing the expression of the electron
density into equation (2.42) and applying the variational principle results in
a set of pseudo-eigenvalue equations which are referred to as the Kohn-Sham
equations:

RSy = el (2.44)

with €; being the orbital energies and the one-electron Kohn-Sham Hamilto-
nians being defined as

pis — _Lge i 2 +/ ) s Vo (2.45)
! 2" i — Ryl r; — 19
Vxc represents the functional derivative of the exchange-correlation energy
Exc
Vel = “Z B0 (2.46)

Because the density is part of the one-electronic Hamiltonian but determined
by using the orbitals, which derive from the solutions of the one-electronic
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eigenvalue equations, again a self-consistent iteration has to be carried out.
In further analogy to the HF method, in the case that the one-electronic
orbitals are again expressed as linear expansions of a basis set (e.g. atomic
orbitals, compare (2.19)), then the Kohn-Sham equations can be expressed
in matrix form similar to the Roothaan-Hall equations.**

HC = SCE (2.47)

Apart from the similarities between HF and DF'T, they differ with respect
to their derivation. DFT is an exact method, but suffers from the problem
of containing an unknown operator, the exchange-correlation energy, which
has to be approximated. In contrast, HF is an approximate theory which
was motivated by the ability to solve the governing equations exactly.

The major problem in DF'T remains to find an appropriate representation
for the exchange-correlation functional. Commonly, this functional is written
in terms of an interaction of the electron density and an energy density exc
which is dependent on the electron density.

Exclp() = [ plr)exclotw))dr (2.48)

The most simple approximation is known as the local density approrimation
(LDA) and is based on the model of the uniform electron gas, in which the
electron density is constant over all space. It is assumed that the exc of
the inhomogeneous electron distribution at the position r has the same value
as in the homogeneous electron gas, corresponding to an electron density
equivalent to p at r. Thus, the real electron density in the vicinity of r is
approximated with a constant electron density with the same value as at
r. The energy density of the uniform electron gas is known accurately from
different approaches like quantum Monte Carlo methods™ at relevant densit-
ies. In most cases, however, the contributions of exchange and correlation are
expressed as separate functions. For example, an early attempt by Slater™
lead to an exchange energy density

N 1/3
exlo)] = 2 (2) o3(r) (2.49)

with « taking a value of 1. The exact solution for the uniform gas results
in a value for a of %.19 For the correlation energy density, a simple exact
solution is not possible but can be obtained from the above stated quantum
Monte Carlo-based results by subtracting the exact known exchange term.
Functional fits to these values were designed for example by Vosko et al.®°
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The potential Vx¢ in equation (2.45) corresponding to the exchange-
correlation energy E'x¢ is obtained from the appropriate first derivative

dexclp(r)]
dp(r)

In order to obtain even better approximations to the exchange-correlation
energy a common extension to the LDA is to make it not only dependent on
the local value of the density but also on its gradient. Such a ‘gradient cor-
rected’ functional is then referred to as generalized gradient approximation
(GGA). In most cases the correction is introduced by adding a term, de-
pending on the density gradient, to the LDA functional. A functional for the
exchange energy from Becke®h%? i

Vxelr] = p(r) + exclp(r)] (2.50)

is very popular in this context, which adds
a correction term to the standard Slater exchange energy (2.49) by fitting a
function to the exact exchange HF energies of the noble gasses. Furthermore,
for the correlation, a widely used functional is based on Lee, Yang and Parr
(LYP)® and the combination of the two contributions is known as BLYP
functional.

The HF method includes an essentially exact treatment of the exchange
energy and, thus, the idea is at hand to combine contributions of HF with
DFT. Because a simple addition of HF exchange energies derived from the
Kohn-Sham orbitals to the correlation energy of DFT failed, Becke intro-
duced a strategy based on a coupling parameter between the two contribu-
tions. This resulted in the establishment of the hybrid functionals. The most
famous upon these functionals is the BSLYP which is a modification of a
3-parameter® dependent functional proposed by Becke, 8586

EBYE — (1 — o) BXPA + aBYY 1 DAES + (1 — ¢)EEPA + cEEYP (2.51)

with @ = 0.20, b = 0.72 and ¢ = 0.81. The contributions to the overall
exchange-correlation energy are E4P4 the exchange energy from the local
density approximation, F¥ the exact HF exchange energy obtained from
the Kohn-Sham orbitals, AE% the gradient correction to the exchange en-
ergy based on Becke, ELP4 the local density approximation to the correlation
energy from Vosko et al. and ELY” the gradient corrected correlation en-
ergy functional from Lee, Yang and Parr. The three parameters a, b and ¢
were optimized by Becke by least square fitting of them to experimental data
for his 3-parameter functional, which used the PW91%" functional instead
of the LYP. For the B3LYP, however, no new optimization was performed.
Although several exchange-correlation functionals have been derived up to
date, the B3LYP remains the most widely used one because it is known to
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perform quite well in most cases. The transferability of more recent func-
tionals that are known to be superior for some model cases is, however, usu-
ally not known and no other functional has proven yet to perform reliably
well over a wide range of systems.®® Nevertheless, the careful choice of the
exchange-correlation functional can significantly improve the quality of the
DFT results. However, the rather crude approximation of it, even including
fitting to experimental data to a certain extent, is the reason why the DFT
is sometimes described as a semi-empirical method.!?

2.7 Compound Methods

In order to overcome the limited accuracy of the Hartree-Fock method and
the Density Functional Theory, several methods, which are essentially im-
provements on the HF approach and, thus, often called post-HF methods,
have been established. However, with superior accuracy, the computational
demand also increases significantly and many methods can be applied only
for rather small systems in practice. To overcome this problem to a certain
extent, several compound methods have been established which attempt to
achieve high accuracy by combining the results of several different calcula-
tions to approximate a single high-level calculation.® Besides the Gaussian-
n methods, the Complete Basis Set (CBS) methods have been shown to
give very accurate results. The CBS method is based on Peterson and co-
workers? who tried to overcome the inaccuracies related to a truncated basis
set. This is achieved by extrapolating from calculations with a finite basis
set to the complete basis set limit by computing second-order and infinite-
order corrections to the energy. The ‘order’ terminus is related to the Mgller
Plesset expansion of the energy

E=FE9 4+ EW 1@ L O ... 4 g (2.52)
—_——

EHF

with the 0! and 1°¢ order terms being equivalent to the Hartree-Fock SCF en-
ergy. In addition, based on the fact that the contributions of the correlation
energy decrease with higher orders of perturbation theory, they concluded
that progressively smaller basis sets could be employed for the higher level
calculations. For the CBS-QB3 method,?"%? applied in this work, as is im-
plemented in Gaussian 03,% the energy calculation involves, as a sequence of
steps, first the geometry optimization and zero-point energy calculation with
DFT employing the BSLYP functional and a double-( basis set followed by a
second order Mgller Plesset (MP2) energy calculation at the DFT geometry
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with a triple-C basis set, together with a CBS extrapolation. Furthermore, a
MP4 and a QCISD (quadratic configuration interaction including singles and
doubles) energy correction with again only double-( basis sets are calculated.
The CBS correction is only applied to the second-order perturbation term
with the second-order correction and to the higher perturbation terms with
the infinite-order correction. The energy terms corresponding to the self-
consistent field calculations are assumed to be sufficiently accurate based on
the application of the rather large basis set and no extrapolation is performed
on them.



Reaction Rates and Equilibrium

In this chapter it is outlined how reaction rates and thermo-
dynamic properties are calculated based on statistical thermody-
namics for quantum chemically optimized geometries. First, the
concept of the potential energy surface is described followed by the
introduction of the partition function and the deriwation of ther-
modynamic properties. Finally, the transition state theory and its
application to microkinetic modeling is explained.

3.1 Potential Energy Surface

Based on the Born-Oppenheimer approximation, the separation of the mo-
tion of nuclei and electrons of a molecule results in the nuclear Schrodinger
equation (2.14). The potential for the motion of the nuclei as is denoted
in the corresponding nuclear Hamiltonian® (2.15) as F,; defines what is re-
ferred to as the potential energy surface (PES). Consisting of the internuclear
repulsion and the electronic energy, the PES is a function of only the coordin-
ates of the nuclei in space. Because the position of each atom is defined by
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three spatial Cartesian coordinates, the energy as a result is a function of
3N coordinates with N being the number of atoms in the molecule. To em-
phasize this multi-dimensionality, one also refers to the PES as a hyperplane.
The application of internal coordinates is a more descriptive mapping of the
degrees of freedom of the potential energy. This implies a fixed coordinate
system which allows for the description of a molecule in 3N — 6 (3N — 5 for
linear molecules) coordinates. Of the complete 3N degrees of freedom, the
position of the molecule in space is defined by three coordinates with respect
to its center of mass.'® The orientation in space with respect to the coordin-
ate system is defined by three further coordinates (two for linear molecules).
The remaining degrees of freedom represent now the positions of atoms re-
lative to each other in terms of bond lengths, bending angles and torsional
angles within the molecule. The two-dimensional projection of the hyper-
plane along the reaction coordinates leads to the common energy diagram*
in chemistry (compare Figure 3.1) to visualize reactions and the concept of
transition state theory (TST). The ’interesting’, stationary points® on these

Minium Energy

Transition State

Energy

Reactant

Reaction coordinate

Figure 3.1: Schematic illustration of an energy diagram for a reaction on
one PES.

curves are the mathematical extrema in which the gradient of the energy
becomes zero. Reactants and products have defined geometries and are re-
lated to local minima on the PES in which, besides a zero gradient of the
energy, the hessian matrix (second derivatives of the energy) is positive def-
inite. The connecting path between the reactants and products is separated
by a saddle point of first order. This corresponds to a maximum in one dir-
ection, namely the reaction coordinate, and to a minimum in all remaining
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degrees of freedom, describing the lowest barrier which separates the stable
reactants and products.'® Mathematically, this implies an indefinite hessian
matrix with one negative (imaginary) eigenvalue and the corresponding ei-
genvector can be interpreted as the reaction coordinate. The point itself is
usually denoted as transition structure. Thus, in general, mapping the com-
plete PES of a set of atoms would represent all possible stable structures in
terms of minima as well as the connection and barriers between them defined
by saddle points. However, the high dimensionality of the hyperplane® and
the anchored computational demand to calculate single point energies re-
ferring to one specific geometry do usually proscribe a full mapping of the
PES in terms of a reasonable numerical grid.** Thus, one is restricted to the
search of local extrema by using numerical algorithms. Because of the vast
amount of minima present on a PES, most search algorithms for the minimiz-
ation of the energy only find the closest local minimum in the vicinity of the
starting configuration and chemical intuition for suitable starting geomet-
ries is thus required. For the finding of connecting first-order saddle points,
global and local algorithms can be distinguished. Global algorithms try to
connect the assumed reactant and product states of an elementary reaction
step by relaxing a number of aligned configurations to the minimum energy
pathway. The nudge-elastic band (NEB)%°7 method and the string®® and
growing string method " 192are typically applied representatives. The crucial
benefit of these methods is that as input parameters only minimum energy
geometries are required, which results in an approximation for the reaction
path and the transition state. The drawback is a rather slow convergence
to the minimum energy path and the approximate character of the result-
ing 'grid’” points. Local algorithms like the partitioned rational optimization
function (P-RFO)!% method, which makes use of the hessian matrix, or
the dimer and improved dimer methods,'% 1% which use minimum mode
following, are capable of converging to transition structures. Although, in
principle, these local methods can also be started from a minimum geometry
resulting in a first-order saddle point, the high dimensionality of the PES
makes this rather unreasonable. Not only would one require a significant
amount of iterational steps, also it is not predefined to what transition struc-
ture the algorithm converges and, thus, to which product state it connects
the reactant. Therefore, a combination of both methods is usually applied to
obtain transition states that connect predetermined minima. The true reac-
tion pathway can then be determined by a reminimization, starting from a
slightly, along the reaction coordinate, perturbed transition structure, apply-
ing the steepest descent method.?! In the case that reactants and products
are located on PESs referring to different spin multiplicities, a description of
this spin-forbidden reaction with the above describe techniques is not pos-
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sible. In fact, the underlying approximation that is required to define the
PES, namely the Born-Oppenheimer approximation, breaks down if the two
hyperplanes get close to each other. To describe this type of reaction, 07110
in analogy to transition state theory on one PES, one can calculate barriers,
separating reactants and products on different PESs by finding the minimum
energy geometry on the seam of the two related diabatic hyperplanes. For
simplicity, the diabatic PESs can, in many cases, be approximated by the
adiabatic PESs.® Finding this minimum energy crossing point (MECP) re-
quires the minimization of the energy on either of the two PESs with the
constraint that the energy is the same on both PESs. Such a constraint is
included by the application of a Lagrange multiplier and many algorithms
have been suggested in the literature, 1981117119

Minima on the hyperplane can be used to obtain thermodynamic proper-
ties of two states relative to each other and the classical motion of the atoms
is related to the non-vanishing gradients of the PES for geometries apart
from a minimum. Finally, the dynamics of a reaction (kinetics) are related
to the transition structure and the height of the energy barrier imposed by the
saddle point with respect to the minima it connects.? However, with respect
to its origin as the potential of the nuclear Schrodinger equation, it has to be
emphasized that the PES is defined at the temperature 7" = 0 K.%* Because
the real world relates to finite, non-zero temperatures, it is necessary to im-
pose the impact of temperature on quantum chemical energy calculations to
bridge the gap between simulation and macroscopic observables. This can be
achieved by the application of statistical thermodynamics on the geometries
that represent extrema of the underlying PES. In addition, it has to be noted
that the definition of a transition state relates to a first-order saddle point
of the Gibbs’ free energy while, in contrast, the transition structure is an ex-
trema on the PES. Despite this discrepancy, the transition structure can be
seen as a good approximation to the true transition state but also techniques
have been developed like the variational transition state theory!20712% that
try to account for this deviation.

Following the overall reaction pathway from reactants to products might
involve several different routes with different intermediates, but the most
probable pathway to be accessed is the lowest in energy. Because an ana-
lytical determination of the lowest energy pathway is not possible, the high
dimensionality of the PES enforces the manual sampling of pathways.
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3.2 Partition Function

Calculating the electronic energy of atoms and molecules is the basis to obtain
the potential energy surface within the Born-Oppenheimer approximation
that governs the motion of the nuclei. Finding minima and first-order saddle
points allows then, in principle, to visualize reactions in terms of relative
energies, namely the heat of reaction and the activation energy. However,
this discussion still refers to single molecules in contrast to the macroscopic
observations of fundamental variables in thermodynamics like enthalpy and
entropy or reaction rates. Also the issue of temperature, which relates to T’ =
0 K for the QM based PES, has to be solved in order to address measurable
quantities. Statistical thermodynamics states the framework that enables
to convert single-molecule potentials into ensemble thermodynamic variables
and the theory is outlined in diverse textbooks.%61:126-128 The macroscopic
state of a system, defined by its boundary conditions, can be interpreted
as the time average over the micro state of the system. The micro states
are thereby defined by the stationary quantum mechanical eigenstates of the
system with energies £;.'2® However, the system properties, averaged over
time, can also be obtained as the statistical average over all micro states.
Thus, the intrinsic energy is the sum over all energies F;, weighted with the
corresponding probability P; to observe the i micro state. The list of all
micro states is the ensemble.

U=(E)=)_ PRE (3.1)

The canonical ensemble is relevant for the calculation of thermodynamic func-
tions corresponding to thermodynamic systems. It is defined by a constant
number of molecules N, a constant Volume V and a constant temperature
T for all of its single systems. The also as (NVT') ensemble denoted system
may exchange energy with the surrounding, but is in thermal equilibrium
with it. This leads, in consequence, to a constant, over time averaged, en-
ergy E(t) which is identical to the internal energy U of the thermodynamic
system. However, the system energy fluctuates with time because of random
crossings of single systems of different energy F;. To develop an expression
for the statistical distribution of the energy eigenstates of such a single sys-
tem, Gibbs'?” considered ensemble micro states of the canonical ensemble
to consist of several copies of the single system, each with equivalent num-
ber of particles and volume but independent quantized energy eigenstate.
The micro states, however, assembled of the single system copies, are re-
stricted to exhibit a constant total energy, differing only in their distribution
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of the quantized energy states of the single systems. From relations of the
micro-canonical ensemble it is at hand, that each micro state of the canon-
ical ensemble is equally likely to be accessed.?® The micro states are then
grouped into macro states of the canonical ensemble which are defined by a
generalization of the distribution of the energy in the single systems. This
implies groups of micro states which contain equivalent amounts of single
systems with the quantized energy FE;. The probability to observe a single
system in the eigenstate FE; is then equal to the sum over the probabilities
to observe a macro state times the probability to observe the state E; within
the macro state.

P = ZPJ-PM) (3.2)

P; is the probability to observe the macro state j and P;(j) the is the prob-
ability to observe the eigenstate F; in the macro state j. Because the micro
states are all equally likely to be accessed, the probability of a macro state is
equal to the fraction of micro states that belong to it. For large numbers of
micro states of the canonical ensemble, only the macro state with the most
probable distribution of micro states needs to be considered in good approx-
imation. Finding the macro state with the maximum number of micro states
with the constraint of the boundary conditions of a constant total energy
and number of particles within the micro states, in terms of Lagrange mul-
tipliers, leads to an expression for the probability of a single system to be in
the quantized energy state £;.1%

exp(—BE;)
Zi exp(—BE;)

The Lagrange multiplier 8 can be related to the Boltzmann constant and
temperature

P = (3.3)

p= 1 (3.4)

k’BT
This is a very central result of statistical thermodynamics, stating an expo-
nential dependency of the occupancy of state i to its corresponding energy
E; and temperature. This result is also known as the Boltzmann distribu-
tion. The sum in the denominator of equation (3.3) is known as the partition
function and can be seen as the fundamental function of statistical thermo-
dynamics comparable to the wave function in quantum mechanics.!® Ther-
modynamic functions can, thus, be expressed in terms of averages of single
energy states over their distribution (3.3) and eventually be related to solely
the partition function (). The sum in the partition function ranges over all
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possible energy levels i.

Q=Y e (— ka) (3.5)

This implies for the internal energy U, the enthalpy H, the entropy S and
the Gibbs’ free energy G

0ln Q

_ 2

U=kgT ( 5T >N7V (3.6)
H=U+PV (3.7)

0lnQ
S=kglnQ+k T( > (3.8)
B B T )y
G=H-TS (3.9)

However, this still requires to know the quantized energies of the single sys-
tems. A common significant approximation is to assume that the single sys-
tems consist of non-interacting particles which allows to express the energy
E; as the sum of the energies () of the single particles.

Zdﬁ] (3.10)

i

Ei:

With that, the thermodynamic functions of an ideal gas can be derived from
its atomistic properties. Considering that results in quantum chemistry usu-
ally refer to single molecules, the above assumption is crucial to bridge the
gap between microscopic and macroscopic properties. With equation (3.10),
the partition function of N non-interacting molecules can be expressed as the
multiplication of the partition functions corresponding to N single systems
that contain only one molecule. In addition, the indistinguishability of the
molecules has to be accounted for, and for the case of a much larger number
of available quantum states than considered particles the partition function
can be approximated as

AN = 17" = [Z eap (— kT)

N

(3.11)

The partition function in this form is known as the Maxwell-Boltzmann stat-
istics for ideal gases.!?® With that, only the quantized energies of the single
molecules have to be expressed to obtain the system partition function from
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the molecular partition function. In a next step, the molecular energy is
assumed to be separable into contributions from translation, rotation, vibra-
tion, electronic energy and others. This also affects the molecular partition
function to be separable into the corresponding single contributions.

€ = Etrans T Erot T Evib T Eelec + - - - (312)
Q(V, T) = Qtrans(vv T) Grot (T) Qvib (T) Gelec (T) e (313)

The translational partition function can be derived from the quantized en-
ergy of translation of the molecule in space, based on the solution of the
Schrodinger equation to the problem of a particle in a box. %!

orMkpT\>?
m) 1% (3.14)

Qtrans(vv T) = ( h2

M is the molecular mass and the volume V' can be expressed as RT/P for
an ideal gas with pressure P and the ideal gas constant R. The repres-
entation of the rotational partition function is commonly derived from the
quantum mechanical solution to the rigid rotator. In a good approximation,
the partition function of a linear molecule can be written as

8m2IkpT T
rot (1) = =
ot (T) o h? 0 Ot
h2
Orot = g7
* T 8n2lkp

(3.15)

with I the moment of inertia, ©,, the rotational temperature and o the
symmetry number of the molecule. The symmetry number represents the
number of indistinguishable orientations of the molecule in space.3%13! For
a non-linear polyatomic molecule, the principle moments of inertia have to
be taken into account and the resulting expression for the partition function

reads
71_1/2( T3 )1/2
Ty = 3.16
g t( ) g @rot,A @rot,B @rot,C ( )

h2
8721, kp

@rot,j =

The expressions for the rotational contribution are referred to as the high
temperature approximation because they are valid only for the case that
B0t < T', which is however true for most molecules already at room temper-
ature. The vibrational contribution to the partition function is commonly
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derived from the quantum mechanical solution to the harmonic oscillator.
By expressing the vibrational motion of the molecule in terms of normal co-
ordinates, a set of independent harmonic oscillators is created. Thus, the
vibrational energy can be written as the sum over the contributions of the
independent oscillators. The partition function is then written as

T exp(—Ouin;/27T)
. , 3.17
wanlT) 1;[1—69529(—9vib,j/T) o
hv;
@vi j =
b.j kg

Similar to the rotation, ©.;, defines the vibrational temperature which in-
cludes the vibrational frequencies v;. The multiplication for N atoms includes
«a = N — 5 vibrational degrees of freedom for linear molecules and &« = N — 6
for non-linear molecules. Finally, the electronic contribution to the partition
function accounts for the contribution of the electrons in the molecule. The
energy of the ground state is usually referenced to the ground state of the
separated atoms and the depth of the electronic state potential is denoted as
D,.. In most cases, the energy difference between the ground state and the
first excited state is much larger than kg7 and, thus, the contributions of the
excited states can be neglected. However, for few molecules (e.g. NO) the
first excited state has to be considered.!?® The resulting electronic partition
function then reads

De —&9
elec (1) = —_— — 1
Gotee(T) = grexp (kBT> + goexp <kBT) + (3.18)

with the degeneracy g; of the j electronic state. As the zero of the electronic
energy is taken to be the separated atoms in their ground states, also the
zero energy of the rotation and vibration has to be fixed. For the rotation
this is naturally the ground state of the rigid rotator in which the rotational
energy is zero. For the vibration, the zero is taken to be the bottom of the
internuclear potential well, and thus the ground state energy of vibration is
not zero but eyp,; = hv;/2 for each independent harmonic oscillator.®* In
consequence, even at T' = 0 K, there is a vibrational contribution to the
internal energy of a molecule which is

modes

1
UO = Eelec + Z Ehyz (319)

with Fee. being the energy of the stationary point on the PES and the sum
over all vibrational modes referred to as the zero-point energy (ZPE).!?
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3.3 Reaction Rates

In order to relate the quantum chemical results that define a reaction path
on the PES to experiments (e.g. conversion of reactants over temperature),
it is necessary to evaluate reaction rates based on them. For the case of an
elementary reaction step on one PES with a first-order saddle point separ-
ating the two minima, which represent the reactant and the product state,
the transition state theory (TST) is most widely used to obtain estimates
for the rate constants.®® The theory dates back to the work of Eyring!®?
and Evans and Polanyi'®® in 1935. Further developments were reviewed by
several authors!?%134136 and it is part of most textbooks, related to chem-
ical kinetics.819:25:61,95,126,128,137° A two-step mechanism is assumed in which,
first, the reactants are in equilibrium with the activated compler and, sub-
sequently, an irreversible reaction leads to the product state. Thus, the rate
of reaction of

Kt ko
A+B= AB* 3 P (3.20)

can be written in terms of the equilibrium constant between the reactants
and the activated complex multiplied with the reaction rate constant of the
irreversible step to the product.

de

=k Kicycep (3.21)

The equilibrium constant is expressed in terms of the partition functions of
the reactants and the activated complex. For the latter, in good approxim-
ation, the properties of a first-order saddle point of the underlying PES can

be used. ( i/V) .
t_ q ¢
e = V) as/V)

¢’ is the standard state concentration. Because the expressions of the parti-
tion functions divided by volume each have the units of molecules per cubic
meter, the reference state also has this unit ¢° = 1 molecule/m?3. The rate k
can be interpreted as the frequency with which the activated complex crosses
the top of the barrier and can, thus, be expressed as a one-dimensional trans-
lational motion. This leads to the final expression of the rate constant for a
generalized stoichiometry

kT (ah/V) <L>AT” (3.23)

(3.22)

h reactants N A

H (a:/V)

)
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with qfnt representing the partition function of the activated complex, but
excluding the translational motion over the top of the barrier. This then
results in a — 1 degrees of vibrational freedom and implies a neglect of the
imaginary frequency allocated to the first-order saddle point. The last term
in the equation (3.23) includes the Avogadro’s number N4, which, together
with the consideration of the stoichiometry in the exponent, accounts for the
correct conversion of the units into moles. Alternatively, the rate constant
can be written in terms of the Gibbs’ free energy difference between the
reactant state and the activated complex.

k8T oA AGH
k=k . ()™ exp (— T (3.24)

The term (¢°)>™ accounts for the correct units related to the stoichiometry
of the reaction. In this context, the standard state concentration is in the
units [mole/m?]. In addition, the transmission coefficient x has been added,
which accounts for additional effects like quantum mechanical tunneling.2®
Furthermore, it allows to account for the possibility that not all activated
complexes lead to products, since some may be reflected back to the reactant
state. The expressions (3.23) and (3.24) are referred to as the canonical TST
which defines the Gibbs’ free energy of the activated complex at the first-
order saddle point on the PES (the transition structure). The variational
transition state theory in contrast moves the reference position along the
minimum energy path (MEP) until the rate constant is minimized, which
accounts for the difference of the transition structure and the true transition
state (the maximum of the Gibbs’ free energy along the MEP%). A detailed
description of the application of this enhancement, for example, is given by
Truhlar et al.'?°124 In this work, only the conventional TST was applied to
estimate reaction rates of elementary steps and the transmission coefficient
K was set to one in all cases. In heterogeneous catalysis, besides the ordinary
reaction steps on one PES, also the dynamics of adsorption and desorption as
well as the crossing of potential energy surfaces of different spin multiplicity
have to be accounted for. In general, the desorption can be described in
analogy to the conventional TST and pre-exponential factors and activation
energies are obtainable from temperature programmed desorption (TPD)
experiments.® From computational chemistry the most simple approach is
to assume the adsorption to be barrier-less, which results in an activation
energy of desorption which is equivalent to the heat of adsorption. 3"

kgT AFE
kdes = T exrp (_ﬁ> (325)
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The activation energy AFE represents the zero-point corrected electronic en-
ergy. The rate of adsorption is then obtained from the equilibrium constant
and the rate constant of desorption according to

Eads = Kdes Keq (326)

However, this approach assumes the ‘quasi’ transition state to exhibit the
same partition function as the adsorbed reactant and, thus, to be of a rather
immobile nature. This does not need to be true and the pre-exponential
factor might be significantly larger than the standard value kgT'/h,® mak-
ing the equation (3.25) a conservative lower bound estimate of the rate of
desorption. An upper bound can be estimated by assuming that the par-
tition function of the ‘quasi’ TST is equivalent to the partition function of
the desorbed state. This can be expressed in terms of the Gibbs’ free energy
difference between the adsorbed and the desorbed state AG in accordance
with equation (3.24).

kdes = % exp (—%) (3.27)
Finally, also for the crossing of potential energy surfaces, the formalism of
TST can be applied to estimate rate constants for spin-forbidden reactions®
and the resulting equation is equivalent to (3.23), using the minimum energy
crossing point (MECP) of the two PESs as a reasonable approximation to a
transition structure. However, the MECP is only a stationary point on the
subspace of the seam of the two PESs, but not on either of them. While
calculating translational and rotational contributions to the partition func-
tion from the structure of the MECP is straight forward and analogous to
a conventional TST, the vibrational contribution requires the calculation of
the second derivative of the energy (Hessian). To account for the difference
of the partition function between MECP and reactant state, Harvey and
Aschi'®® M have proposed the calculation of an effective Hessian.

|g2|
|g1 - g2|

|g1|

Heg =+
g1 — 82|

H, + H, (3.28)
H; and Hj represent the Hessian matrices and g; and g, the gradients of the
energy at the MECP on the PESs with spin state ‘1" and ‘2. It is derived
from the Taylor expansion of a Lagrangian at the MECP as outlined by Koga
and Morokuma 2 and the signs of the two fractions are dependent on the sign
of the Lagrange multiplier. The derivation is shown in Appendix A. Finally,
the translational and rotational degrees of freedom as well as the gradient
difference (g; — g2) have to be projected out of the effective Hessian (see
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Page and Mclver!®® for details). The surface thermally averaged hopping
probability can be calculated from the Landau-Zener theory according to
Eyring and Stearn. '3

Py = /00 (1 — exp{ A My }) Oo@Ip(—UQ/QkBT) dv
0 hv [grad(Ey) — grad(Ey)| | ) [, exp (—v?/2kpT) dv

(3.29)
H5 is the spin-orbit coupling energy, v is the mass-weighted velocity of the
system at the MECP and |grad(F}) — grad(FE>)| is the absolute value of the
difference of the slopes on the PESs ‘1" and ‘2’ at the MECP, in mass weighted
coordinates. The transmission coefficient for the spin inversion is then ob-
tained as

K= 2Py — Doy (3.30)
Although by now more accurate formulas for the transmission probability of
the spin inversion are available (e.g. see Nakamura®®), within the accuracy
of DFT to calculate relative energies the equation (3.29) is expected to be
sufficient for a first estimation of this influence.

3.4 Application of CHEMKIN

In the theoretical investigation of heterogeneous catalytic reactions, quantum
chemistry provides the framework to probe the governing potential energy
surfaces of the system of interest. Potential reactants, intermediates and
products are represented by minima on a PES and the transition states,
which connect them, are first-order saddle points. Statistical thermodynam-
ics allows for the derivation of thermodynamic properties of the gas and
surface species elucidated from quantum chemistry. Finally, the transition
state theory enables to calculate reaction rates for the surface reactions based
on the obtained transition structures. For the comparison with experimental
data, however, the application of these data sets in a reactor simulation,
that allows for a microkinetic description of the surface chemistry, is re-
quired. The Fortran package CHEMKIN, which was originally developed
by Sandia National Laboratories and is, by now, a commercial software dis-
tributed by Reaction Design, provides such a framework. In this work we
use the packages CHEMKIN-II'4 for the thermochemistry of the gas phase
and SURFACE CHEMKIN!! for the thermochemistry of the surface and
the corresponding chemical kinetics. The purpose of these packages is the
incorporation of complex chemical kinetics into simulations of reacting flow,
although CHEMKIN in its original version is not intended to solve specific
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problems but only to provide efficient tools for kinetic modeling. The pack-
ages consist of a preprocessor, called interpreter, which reads the provided
elementary reaction mechanism and the thermodynamic data of the involved
species and stores the information in a linking file. The latter provides all
relevant data to a subroutine library that is capable of returning informa-
tion on elements, species, reactions, thermodynamic properties, and chemical
production rates. 4! The subroutines may be called by the user’s application
code.

The relevant information that need to be provided to CHEMKIN is a
thermodynamic database that includes all gas phase and surface species, the
reaction rates of all elementary steps that represent the reaction mechanism,
and the density of active sites. In general, the thermodynamic data base con-
sists of seven parameters for each species, which result from a simultaneous
fit of the heat capacity, the heat of formation and the entropy of formation
to a polynomial of seven coefficients. This implies for the heat capacity of
the k' species at constant pressure

0

% = ay + a1 + az T? + agT° + a5 T (3.31)

The standard state heat of formation is then given by

T

HO = / C0 dT (3.32)
0

H} Aok, a3k g | Qdk 3 | U5k g | (6K

Ay _ Bk Ghopz | Qkgs | Gokpa | A6k 3.33

BT ayy, + 5 + 3 + 1 + s + T (3.33)

It should be noted that the parameter ag; corresponds to the integration
constant and relates to the standard heat of formation at T = 0K. In
analogy, the standard state entropy is expressed as

T CO
Sy = / 2k qT (3.34)
. T
SO
-~ T + an T + %TQ + %T?’ + %T‘* + an (3.35)

With that, the coefficient ar; is directly anchored to the standard state en-
tropy, only. The thermodynamic database in CHEMKIN allows for the spe-
cification of two sets of the seven parameters to account for different tem-
perature regimes. In this work, we have calculated the heat capacities, the
standard state enthalpy and the standard state entropy for various temper-
atures between 50K and 900K and fitted the values simultaneously to the
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seven parameters with the algorithm by Spitzer et al.'#?. The standard state
enthalpy of the surface species has been anchored to the thermochemistry of
the gas phase.

The forward reaction rates of all elementary steps have to be provided to
CHEMKIN in the format

)
ki = AT iexp | —— 3.36
fi p < RT) (3.36)
A temperature exponent 3 equal to one yields the Eyring equation and with
[ equal to zero, the standard Arrhenius equation is obtained. The reverse
reaction rate constants are internally calculated by CHEMKIN with respect
to the equilibrium constant K., for the i elementary step with

ks,
k,, = K_c (3.37)
The equilibrium constant is determined from the Gibbs’ free enthalpy of
the involved species. For all elementary steps we have calculated the rate
constants at various temperatures between 250K and 800K and fitted them
to either the Arrhenius or the Eyring equation, dependent on the better
representation in terms of least squares.

In the reactor simulations, an additional analysis of the reaction mechan-
isms was conducted in terms of a sensitivity analysis of the pre-exponential
factors of all elementary steps. The log-normalized sensitivity coefficient S;;
is a measure of the impact of a change in the pre-exponential factor A; of
the 7' reaction on the production rate r; of the i component (e.g. Ny in
the SCR). 43

Oy

Y OlnA;

In analogy, the impact of a change of the heat of formation on the production

rate of a distinct component can be evaluated for each species in the mechan-

ism. Furthermore, elementary reactions steps that are in partial equilibrium
can be determined with the partial equilibrium ratio (PER).!*3

(3.38)

PER = — ¢ (3.39)
T+,
The PER is defined by the ratio of the forward reaction rate (r;) of an
elementary step, divided by the sum of the forward and the backward (1)
reaction rate. A value of PER=0.5 implies a partial equilibrium while a
value of one or zero implies an irreversible step in either the defined forward
or backward direction, respectively.
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Theoretical Investigation of the
Selective Catalytic Reduction of

Nitrogen Oxides with Ammonia on
H-ZSM5

The selective catalytic reduction (SCR) of NO, with ammonia in
the presence of oxygen has been investigated on a 5 T-atoms con-
taining portion of the H-ZSM5 framework, by using the Density
Functional Theory, representing H-form zeolites. The analysis of
the potential mechanism was subdivided into a sequence of three
parts. First, the intermediates nitrosamine or nitramide together
with nitrous or nitric acid are formed from a reaction of ammeo-
nia with dimerized nitrogen ozides (NoO, with x = 3,4). In this
context, different configurations of the dimerized nitrogen oxides
were considered (asymmetric (as-) or cis-trans (ct-) for NoOs
and asymmetric or symmetric (sym-) for NoOy). In addition,
it was discriminated between a reaction of the dimerized species
with adsorbed ammonia and the decomposition of NoO, on a void
Bronsted acid, forming an NO; species prior to a reaction with
ammonia. In a second part, the decay of the intermediates nitrous
and nitric acid was studied in terms of bimolecular reactions of
the acids with ammonia or with each other or their decomposition
on a void active site to an NO; species. Finally, the decompo-
sition of nitrosamine and nitramide into water and nitrogen and
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nitrous oxide, respectively, was found to proceed in a “push-pull”
mechanism on the Bronsted acids of the catalyst. For all parts,
the crossing of potential energy surfaces was considered if ne-
cessary. The results of the investigated reaction network are in
agreement with the experimental literature.

4.1 Introduction

Nitrogen oxides are a major source of air pollution as they cause photo-
chemical smog, acid rain and contribute to the greenhouse effect.!** They
are mainly a product of the combustion of fossil fuels in power plants and
automobiles, and emission standards have been legislated to regulate exhaust
gases.?"?8 By now, the most widely applied concept to reduce NO, (x=1, 2)
is the selective catalytic reduction (SCR) with ammonia or hydrocarbons in
the presence of oxygen and it has been in the focus of researchers for the last
two decades.? 33 The generally accepted stoichiometry of the reaction is!4®

A variety of materials have been reported to exhibit catalytic activity for
this reaction and especially vanadium-based 46147 catalysts are commercially
used in SCR units. Zeolites also show a high activity for the SCR and are
particularly promising due to their applicability over a wider range of tem-
peratures. They are more resistant to thermal excursions, and, furthermore,
the disposal of used units is less of a problem.!4’ Pence and Thomas!4®
first reported the catalytic activity of H-mordenite, and subsequently many
groups investigated H-form,383%144,145,1487160 [0 1617165_ 5 Cul%-exchanged
zeolites, among others. Though the Fe-exchanged zeolites show a higher
activity than the corresponding H-form in the standard SCR, the latter has
not been disregarded by researchers because many experimental results in-
dicate that the main steps of the SCR proceeds on both catalysts with a
similar activity. Usually, the Fe-form is prepared by ion exchange, starting
with a parent H-form. Since not all Brgnsted acid sites are removed, the
ion-exchanged catalysts exhibit two different kinds of active sites, iron and
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the Brgnsted acids.'6%157 Brandenberger et al.?* even stated an amount of
at least 30% of the latter one, no matter what technique was used for the
ion-exchange. A crucial finding in the ammonia SCR was the boosting effect
of NO, upon addition to the reactant gas373%156:168,169 o via a preoxidation
step within the SCR converter, especially at lower temperatures (~ 200°C).
The highest conversion is obtained with a NO,/NOy ratio of 50%, which is
known by now as the “fast” SCR according to the stoichiometric equation

This effect is also valid for vanadium-based catalysts and the H-form zeolites
with the difference that the zeolites also show a high activity for an increasing
NO,/NOy ratio above 50%. However, this leads to a slightly reduced activity
and an increased selectivity to unwanted NoO. The “NO,-SCR” 170 marks the
outer boundary with only NO, in the reactant gas. This also leads to the
conclusion that NO might be directly involved in the reaction mechanism
of the SCR and is not solely a source for NO, as an intermediate. While
the standard SCR is known to be much slower on the H-form zeolites than
on the iron-exchanged catalyst, a significantly high activity was observed
for the fast3738:153,157,188,160.161 3 q the NO,-SCR.?° This raised the question
regarding the influence of the Brgnsted acids in iron-exchanged zeolites. Yang
and Long'®! concluded that the iron in Fe/H-ZSMS5 is only responsible for the
oxidation of NO to NO, while the fast SCR is catalyzed by the Brgnsted acids
only. Thus, they attributed the difference of the activity for the standard
SCR to the NO oxidation which is much faster on the Fe-form than on the
H-form. !5 In contrast, Devadas et al.?® and Griinert et al.?” found a higher
activity of the iron-containing zeolite for the fast SCR, too. Nevertheless,
both groups attributed an at least promoting effect of the Brgnsted acid to
the activity of the catalyst.!™172 Sachtler et al.'™!'™ found that Brgnsted
acids in BaNa/Y are active for the decomposition of NH4NO, and Griinert
et al.3" adapted this as an explanation for the promoting effect in Fe-zeolites.
Despite the lower activity as on the iron-form, Halasz et al.!™ showed that
the oxidation of NO to NO, proceeds much faster on H-ZSM5 than the
homogeneous reaction. However, several studies on the H-form suggested,
from the observation that NHjy strongly adsorbs as NH] on Brgnsted acids,
that these sites are blocked for the NO oxidation within the SCR.145:150,152
Considering the assumption that also in ion-exchanged zeolites the remaining
Bronsted acids have a significant impact on the catalytic performance, the
clarification of the mechanism on H-form catalysts should lead to a better
understanding of the mechanism of a vast group of commercially interesting
products. Though several mechanisms have been proposed to explain the
stated phenomena, no clear picture can be drawn yet.
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In this chapter, the results of the investigation of the mechanistic details
of the SCR of NO with NHj3 on H-ZSM5 are presented based on probing the
potential energy surface on a cluster model of this catalyst with the Density
Functional Theory. The intention is to clarify the impact of the Brgnsted
acids in ion-exchanged zeolites. The analysis tries to include most mechan-
istic suggestions from the experimental literature as well as motivations based
on the corresponding gas phase chemistry and related theoretical approaches.
Potential reaction pathways are verified from the perspective of lowest energy
profiles. An often cited suggestion is based on Eng and Bartholomew ! who
proposed that, first a complex is formed by two adsorbed NH3 molecules on
adjacent Brgnsted acids together with one NOs; molecule. Then, an attack
by NO should lead to Ny and H,O as well as an undissociated complex that
remains adsorbed on an acid site. The formation of Ny and HoO might be ex-
plained by a similar mechanism like the high-temperature gas phase reaction
of NO with an amidogen radical (NHy) via nitrosamine (NH3NO). A similar
explanation was used by Yang and Long.'®® The undissociated complex is
assumed to decompose to Ny and 2 HyO, whereas the mechanism is unclear.
Alternatively, an attack of the complex by NO, was stated to form N,O.

Richter et al.'®? proposed the formation of NyOj3 for the fast SCR on H-ZSM5
and the subsequent reaction with water to nitrous acid. The latter species
is supposed to react with ammonia to water and NH;NO which further de-
composes to nitrogen.

NH; + HONO = NH,NO + HyO = Ny + 2 Hy0 (4.7)

This mechanism is supported by Adelmann et al.'”® who reported the forma-

tion of NoO3 in ZSMDb zeolites after the coadsorption of NO and NO,. Several
authors 01179177 3]s suggested the formation of ammonium nitrate and ni-
trite as intermediates. In a series of papers, Tronconi et al. proposed a
mechanism for Fe-zeolites % 179178 adapted from Koebel et al.'#6147 that in-
cludes, first, the disproportion of NO, in analogy to the mechanism of Richter
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et al.1%2
2 N02 — N204 (48)
NH3 + HN03 - NH4N03 — NQO + 2 HQO (411)

In addition, Tronconi et al. explained the influence of NO as a reducing
agent of nitric acid

HNOj; + NO = HONO + NO, (4.12)

in the fast SCR and considered this as the rate-determining step of the overall
mechanism.

By now, there are also several theoretical studies dealing with reaction
mechanisms of the H/N/O system though most apply for the gas phase.
However, they can be used as a motivation for the suggestion of analog
surface reactions. Anstrom et al.'™ and, later, Soyer et al.’® investigated
the decomposition of NHy;NO to Ny and HoO on a V05 catalyst using DET
calculations and assumed that this reactant should be a key intermediate
in the SCR on V,05. In analogy, Li and Li'®' proposed, based on DFT
calculations, a mechanism of the decomposition of NH,NO on the H-ZSM5
by using a very similar push-pull-mechanism like the one used for V50Os.
Furthermore, they presented how this intermediate could result from the gas
phase reactions

NH; + NO + NO, = NH,NO + HONO (4.13)
NH; + 2 NO; = NH,NO + HNO; (4.14)

It was assumed for reaction (4.13) that NyO3 and for reaction (4.14) NyOy
are formed spontaneously from two NO, molecules. For the case of N;O3, the
mechanism was already presented by Hillier et al.'®? and, later, by Morgon
et al.'®. For N,O, an adaptation of this mechanism was used. Furthermore,
it was shown for the gas phase that the side product HONO could react to
form Ny,O3 and water'¥27185 in accordance with (4.6) or HONO could react
with HNOj to yield NoO4 and water 81186 according to (4.9). Besides the
hydrolysis of NyOy4, Tao and Hanway '*7 also studied the hydrolysis of dinitro-
gen pentoxide leading to two nitric acids, which in terms of the dehydration
might be a significant sink of the latter species.
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Furthermore, the formation of the potential intermediate species nitramide
(NH,NO,) was proposed by Musin and Lin'®® from the reaction of ammonia
with nitric acid based on DFT calculations. The subsequent decomposition
of this species in the gas phase to nitrous oxide and water was investigated
by Lin et al. 18

An alternative formation of nitramide was suggested by Frenck and Weis-
weiler 'Y from the reaction of dinitrogen pentoxide with ammonia

NH3 + NQO5 - NHQNOQ + HNO3 (417)

Furthermore, Li and Li'8! also suggested the formation of NHy;NO, from the

reaction of symmetric (sym-) NoO4 with ammonia in the gas phase

but found this step to be less favorable than the corresponding reaction of
asymmetric NoOy to nitric acid and nitrosamine. In addition, Lin et al. 191192
theoretically investigated reactions (4.12) and (4.7) and, finally, Li and Li!8!
proposed the oxidation of NO to NO, in the gas phase according to

2NO + Oy = 2NO, (4.19)

All of the presented mechanisms so far involve as intermediates the form-
ation of a dimerized nitrogen oxide (N,Oy), nitrous and nitric acid and a
species that eventually decomposes to nitrogen or nitrous oxide and water.
The latter species are either nitrosamine and nitramide or ammonium ni-
trate and nitrite. The formation of the acids as key intermediates requires
the reaction of the dimerized nitrogen oxides with either adsorbed water or
ammonia and subsequently for the decay a reaction of the acids with ammo-
nia or with each other. In contrast to these bimolecular reactions, Richter et
al. 12 pointed out that the dehydration of intermediately formed nitrous acid
could form the nitrosyl cation NOT, which is known from organic chemistry
to be capable of attacking amines under the formation of N-nitroso amines.
In the simplest case, the reaction of ammonia with NO™ forms nitrosamine.
In fact, the nitrosyl cations in H-form zeolites are well known from several
studies on the adsorption of NOy in these catalysts!?3 19 and correspond to
an IR band at 2133cm™~!. Lavalley et al. '3 suggested the formation of NO*
from the decomposition of NoO3 adsorbed on a Bregnsted acid by forming
nitrous acid. The latter dehydrates then on a second acid site in analogy to



4.2 Theory 59

the mechanism proposed by Richter et al.'®2. A combination of these sug-
gestions leads to a reasonable reaction pathway for the fast-SCR according
to

ZH" +NO +NOy = ZH" — N,O3 = Z_NO' + HONO (4.20)
ZH" + HONO = Z NO* + H,0 (4.21)
ZNO' + NH; = Z_H" + NH,NO (4.22)

In analogy, one can suggest the formation of a NOJ species balancing the
charge of the zeolite framework as was done by Busca et al.!5". The formation
of this species could then either be explained by the decomposition of nitric
acid in analogy to reaction (4.21) or by the decomposition of adsorbed N,O,
forming nitrous acid in analogy to reaction (4.20).

ZH" +NOy 4+ NO, = Z_H — as-NyO; = ZNOT + HNO, (4.23)
ZH" +NOy 4+ NOy = Z H" — sym-N,0, = ZNOF + HONO  (4.24)
ZH'" + HNO3 = Z_NOJ + H,0 (4.25)
ZNOF 4+ NH3 = Z_H" + NH,NO, (4.26)

In analogy to reaction (4.22), the NOJ species can then react with ammonia
(4.26) to nitramide (NH2NO;) which decomposes to nitrous oxide and water.
Finally, an interchange of the two NOJ species according to

ZNOF +NO = ZNO* + NO, (4.27)

is at hand. The significance of the different suggested reaction mechanisms
as well as the detailed influence of the catalytic surface is not known. In this
chapter, this large network of potential reactions is investigated based on
DFT with the aim to find the most probable reaction pathways within the
H/N/O system on H-form zeolites that account for the overall mechanism of
the SCR in agreement with the experimentally observed phenomena.

4.2 Theory

The ZSM5 (Zeolite Socony Mobil - five) belongs to the group of alumin-
osilicates which are known as zeolites. They consist of [SiO4] and [AlO4]
tetrahedra, are crystalline and highly porous. The chemical composition of
a unit cell of the ZSM5 can, according to Baerlocher et al.,?> be written as
[Al,,Sigs_nO192]-MFI with n < 27 and the pore system can be described as
straight pores in one direction with interconnecting zig-zag pores perpendic-
ular to the straight ones (see Figure 4.1). The catalytic active center and
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Figure 4.1: Schematic representation of the ZSM5 zeolite, taken from ref.
[199], and cluster cut out from the intersection

a part of the zeolite framework was represented by a cluster of 5 T-sites
(Figure 4.2, ST A) cut out of the unit cell at an intersection of a straight
and a zig-zag pore (Figure 4.1). Therefore, all Si atoms were initially placed
at their crystallographic positions, as reported by Olson et al.!%7 As there
is some evidence that Al is not positioned randomly but prefers the T12
site, % we cut our framework cluster from the unit cell, so that it surrounds
this site with Al as its center. The terminal Si atoms were saturated with
hydrogen, whereas the Si-H bonds are oriented in the direction of the former
Si-O bonds. The length of these bonds was set to 1.487 A, representing the
optimal bond length for SiH, at the BSLYP/TZVP level of theory. For all
calculations on the catalyst, the H-atoms were fixed while other atoms pos-
itions were fully relaxed. The Brgnsted acid site is the hydrogen bonded to
the bridging oxygen atom. All quantum chemical calculations were carried
out with the TURBOMOLE suite of programs?% by using gradient-corrected
density functional theory (DFT). To represent the effects of exchange and
correlation Becke’s 3-parameter exchange functional®!' and the correlation
functional of Lee, Yang and Parr®® were used (B3LYP). The triple-¢ basis
set with polarization functions (TZVP)% was used for all atoms together
with a very fine numerical grid size (m5).?"! Structure optimizations were
performed in Cartesian coordinates with an energy convergence criterion of
10~7 Ha and the maximum norm of the Cartesian gradient was converged to
10~* Ha/bohr. These specifications were chosen as a reasonable compromise
between accuracy and computational expenses. Transition states were local-
ized using a combination of interpolation and local methods. First the grow-
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Figure 4.2: T5 cluster model of the acid site in H-ZSM5 (ST A), geometry
of the minimum of adsorbed ammonium in the 2H state (ST B) and in the
3H state (ST C), ammonia with coadsorbed NO, (ST D) and coadsorbed
NO (ST E), adsorbed NO, (ST F), NO* (ST G) and NOj (ST H), and two
NH; (ST J). Bond lengths are in A
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ing string-method® was applied in mass-weighted coordinates, leading to an
approximate saddle point, once the two ends of the growing string had joined.
The refinement of the saddle point was accomplished by the modified dimer
method!'% with a gradient-norm convergence criterion of 5 - 10~ Ha/bohr.
In cases of inaccuracy with this procedure (e.g. more than one imaginary fre-
quency) the PRFO!% method was used for further refinement. To confirm
that the transition states are connected to the correct energy minima, each
transition state was perturbed slightly along the reaction coordinate in the
direction of reactant and product. These perturbed geometries were used as
starting points for energy minimization which revealed that in all cases the
desired energy minimum was found. Because NO and NO, are doublets and
oxygen is a triplet we considered crossing of seams of PESs in the stepwise
adsorption or desorption of these molecules for completion of the mechan-
isms. Those minimum potential-energy structures on the seam of two PESs
were determined with a multiplier penalty function algorithm (see Heyden
et al.? for details). Converged minimum energy crossing point structures
had a maximum energy difference on both PESs of less than 107% Ha. All
subsequent structures were then calculated as closed-shell, as the formation
of singlet structures revealed lower energies than coadsorbed, but separated,
molecules with unpaired electrons.

4.3 Results and Discussion

In the following, the mechanistic details of the reactions (4.5) to (4.27) in-
volving the Brgnsted acid of H-ZSM5 as active catalytic site will be presented
and discussed, including the crossing of PESs. Besides the oxidation of NO
to NOs as a precursor, the reactions are distributed into three main groups.
In a first part, the formation of the intermediates nitrosamine or nitramide
and nitrous or nitric acid via the reaction of dimerized N,O, and ammonia
is discussed. This includes the reactions of two NO, NO and NOs and two
NO, with adsorbed ammonia as well as an intermediate formation of NO* or
NOj (Figure 4.2, ST G and ST H) from the decomposition of a dimerized ni-
trogen oxide on the active site prior to a reaction with ammonia. In a second
part, the decay of the intermediates nitrous and nitric acid is discussed. This
involves the dehydration reactions of two acids as well as their interaction
with adsorbed ammonia. In this context, a discussion on the potential role of
ammonium nitrate and nitrite is included. Furthermore, the question of the
direction of the interaction of two acids, resulting either in the dehydration
or the hydrolysis of the dimerized nitrogen oxides, is addressed. The third
part of discussion covers the decomposition of the intermediates nitrosamine



4.3 Results and Discussion 63

and nitramide. For both, two different pathways are compared. An overview
of the investigated reactive network of the H/N/O system is shown in Fig-
ure 4.3. All energies stated in this chapter are zero-point energy-corrected
(ZPE) electronic energies with respect to single molecules (gas phase) and
the empty zeolite framework. For some transition states, only the electronic
energy differences to either the reactant or the product were taken into ac-
count, because otherwise, with the ZPE-correction, the value was below this
state. This effect can occur when rather small electronic energy differences
are considered. In these cases, it will be stated as a remark in parentheses
including the reference state to which the electronic energy was added.

4.3.1 Formation of NO,

Tsukahara et al.?°? reviewed the chemical kinetics of the gas phase oxidation

of nitric oxide and suggested the occurrence of a chain-like transition state
(TS) with the sequence O-N-O-O-N-O. Li and Li'®! found such a structure
from DF'T calculations but with a non-planar configuration. In Figure 4.4 the
energies of a mechanism for this reaction involving the Brgnsted acid as active
site as well as of the gas phase mechanism are displayed. The corresponding
structures of the catalyzed and the gas phase mechanism, similar to the one
proposed by Li and Li, are shown in Figures B.1 and B.10 respectively.

For the catalyzed oxidation of NO we started the mechanism with the
adsorption of Oy on the surface (ST 1). In the next step NO coadsorbs,
whereas ST 2 is calculated on the PES with spin multiplicity Mg=4, followed
by a crossing of the seam of PESs with Mg=4 and Mg=2. The corresponding
structure for this crossing is denoted as SEAM 1 which reveals a shortening
of the distance between the N atom of NO and O, from 4.8 to 4.0 A and
finally to 2.4 A for ST 3. This process basically leads to a flip in the spin of
the unpaired electron of NO, thus, getting attracted by the oxygen molecule.
Then the coadsorption of another NO molecule was considered, leading to
Mg=3 as shown in ST 4. Up to that point, the energy profile stays rather
constant indicating only a loose binding of the coadsorbed species. The
crossing of the SEAM 2 from Mg=3 to Mg=1 leads to a chain-like structure
(ST 5) including a drop in energy to -9.8 kcal/mol with respect to the gas
phase, indicating a stronger adsorption compared to the single molecules’
state. The barrier for this crossing was calculated to be E*=9.8 kcal /mol. In
the subsequent transition state (TS 1) the bonds ON-OO shorten whereas
the O-O bond in oxygen is prolonged, leading to two NOy (ST 6). Here the
barrier was Ef=>5.4 kcal/mol. Finally, SEAM 3 and ST 7 take into account
that another crossing of PESs from Mg=1 to Mg=3 is necessary to yield two
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L1+ H,0!
+ NH,NO, —— N,O :

+NH,

+NO NH,OH + 2NO
HONO + N,O
+HNO i
N NH,NO NH,NO, — /+H,0
HNNO + H,0
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NH,NO + N,O  NH,NO + NO N,O + HNO

Figure 4.3: Schematic of the combined reaction network of SCO and SCR
on H-ZSM5. Fast and NO,-SCR are accented with red arrows. Grey dotted
boxes refer to an additional collective product for all encircled reaction steps,
which is separated with a slash.
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Figure 4.4: Energy profiles for the oxidation of NO with O,, comparing the
catalyzed (Cat.) and the homogeneous (Gas) reaction mechanism. Energies
are zero-point corrected.

separate NOs molecules. The energy barrier for this process was calculated
to be Ef=0.7 kcal/mol, indicating that this last step can be considered as
spontaneously running.

For the gas phase reaction (Fig. B.10) ST 1g is on the PES with Mg=5,
representing three single molecules. We found that a stepwise crossing of the
PESs leads to the most favorable energy profile. SEAM 1g is the minimum
on the seam of the PESs with Mg=5 and Mg=3. In the latter state (ST 2g)
the distances between the molecules shortened and it should be noted that
one NO and the oxygen molecule exhibit similar structures as was observed
for the catalyst on the PES with Mg=2 (ST 3, Fig. B.1). Again, here the flip
of the spin of the unpaired electron of one NO molecule is the effect of the
crossing of the seam, whereas the spins of the unpaired electrons in oxygen
and the one in the second NO molecule remain in their original configuration.
Up to this state, analogically to the catalyzed reaction mechanism, the energy
profile (Fig. 4.4) hardly changes, leading to the assumption that the steps
prior to ST 2g can be neglected. The crossing of the PESs from Mg=3 to
Mg=1 (SEAM 2g) includes a barrier of E¥=14.6 kcal /mol, being 4.8 kcal /mol
higher than the corresponding barrier on the catalyst, and leads to a chain-
like structure (ST 3g), comparable to the one on the catalyst. Thus it can
be assumed that the benefit of the catalyst here is the facilitation of the
formation of the chain-like intermediate structure on the PES with Mg=1.
Then, via a transition state (TS 1g), exhibiting an energy barrier of E¥=2.2
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kcal/mol this step leads to two NOy molecules (ST 4g). Finally, again the
crossing of PESs with Mg=1 to Mg=3 was taken into account where an energy
barrier of E¥=0.65 kcal/mol needs to be surmounted.

The comparison of the energy profiles of the catalyzed and the homo-
geneous reaction reveals that the first is favorable due to the overall lower
energy. In particular, an enhancement of the formation of the chain like
structure has to be taken into account. Although Tsukahara et al.?? stated
that from the prior literature it is evident that the homogeneous reaction
occurs, our results support the findings of Halasz and Brenner!”™ who stated
that the oxidation of NO is strongly accelerated by H-ZSM5. Furthermore,
their suggestion that the Brgnsted acid is the active site for this reaction is
in agreement with our findings. The comparison of our gas phase transition
state (TS 1g on PES with Mg=1) with the one presented by Li and Li'®! re-
veals that from a structural point of view, they agree very well. Considering
the energy barriers, Li and Li stated here a value of G¥=15.6 kcal/mol at
373K with respect to the separated reactants (two NO and Oj), whereas our
corresponding value is G*=23.7 kcal/mol. The difference can be explained
by the larger basis set used in this work.

4.3.2 Formation of the Intermediates NH,NOyx and HNO,

In this part the formation of the potential intermediates nitrosamine and
nitramide as well as nitroxyl, nitrous and nitric acid is presented from the
reaction of nitrogen oxides with ammonia. This initialization of the main
body of the selective catalytic reduction is subdivided into first, the reaction
of NyOs with adsorbed ammonia, discriminating between the asymmetric
(as-) and the cis-trans (ct-) configuration of the dimerized nitrogen oxide.
Secondly, the analogous reaction of NoOy4 in either the asymmetric or the
symmetric (sym-) configuration with adsorbed ammonia is discussed and
third, the corresponding reaction of NoO, is considered. Finally, the decom-
position of intermediately formed NoO, (with x=3, 4) on a Bregnsted acid,
leading to the formation of NO* or NOJ prior to a reaction with ammonia
or water is analyzed.

Formation of NH,;NO from NO and NO, with Adsorbed NH3;

There is agreement in the experimental literature !5%:154:156 that the SCR pro-
ceeds fastest for an equimolar NO and NO, feed stream. The assumption is
self-evident that not only NO, plays an important role in the mechanism but
also NO. Hillier et al.'®? and Li and Li'®! suggested the formation of N,Os
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as an intermediate in the gas phase, and there is some evidence!™ that this
species might occur in zeolites. In the following, we present a mechanism
involving this intermediate coadsorbed on the catalyst.

The mechanism starts with the strong adsorption of ammonia as NH}
in the 2H mode?* (AE,qs = -18.9 kcal/mol) and the coadsorption of NO,
(Figure 4.2, ST B and D). For the coadsorption of NOy an adsorption energy
of AE,qs = -2.6 kcal/mol with respect to adsorbed ammonia was calculated.
Figure B.2 illustrates the subsequent species, beginning with the additional
coadsorption of NO. In Figure 4.5 the corresponding energies to the structures
are shown. ST 1la is calculated on a PES with spin multiplicity of Mg=3
and corresponds to a state, where both, NO, and NO are considered as
separate molecules. The coadsorption of NO hardly affects the structural
configurations of the previously coadsorbed NO,. Also, the energy profile
for ST 1a reveals that NO should be considered a gas phase species. The
following minimum on the crossing of the two PESs (Mg=3 to Mg=1), SEAM
la, corresponds to the formation of NyOs, with an energy barrier of Ef=5.1
kcal/mol. Within this process, a shortening of the distance between NOq
and NO takes place, ending at 1.962 A for ST 2a. This is close to the
calculated N-N distance of asymmetric (as-) NoOg (1.864A)2%4) indicating
the formation of the latter. In addition, the distance of this molecule to
the adsorbed ammonia reduces drastically during the crossing of PESs (O-H
from 2.115 over 2.086 to 1.859A). Together with a further reduction in energy
(AEaqs = -33.9 kecal/mol) a stable adsorbed structure can be assumed. In
the next step the adsorbed ammonia needs to be activated by reformation
of NH3 via TS 1a. Here, the former NO, takes up a proton, briefly forming
trans-HONO, whereas the N-N bond in N,Og is enlarged and NHj is pushed
off the catalyst. Then, the proton is transferred back to the zeolite and the
N-N bond length reduces again to nearly the former distance as can be seen
in ST 3a. Now, NyO3 is adsorbed on the Brgnsted acid site but also the
short distance between the nitrogen of NH; and the one of the former NO
molecule (2.333A) indicates a rather strong interaction. The activation of
NH; exhibits the highest barrier in the mechanism with E*=22.5 kcal/mol.
Via TS 2a the bond between NH3z and NO is formed and a proton transfer
from ammonia to the remaining adsorbed NO, takes place. This step needs
an activation energy of E*=10.7 kcal/mol followed by a drop in the energy
profile down to AE,4s=-26.9 kcal /mol for adsorbed NHsNO and trans-HONO
(ST 4a). The next reaction step (T'S 3a) is a proton transfer from HONO to
NH5NO which leads to a structure where the latter is adsorbed directly on
the Brgnsted acid site (ST ba) and HONO switches to the cis-configuration.
Because the configurations 4a and 5a exhibit nearly the same energy, none
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of them can be considered superior and, thus, both might occur. The energy
barrier for the proton transfer was calculated to be E¥=10.8 kcal/mol.

Furthermore, in Figure B.2 a one step mechanism (b) for the reaction
of cis-trans (ct-) NoOjz with adsorbed ammonia to yield directly NH,NO
and HONO is illustrated, starting on the PES with Mg=1. The NO, portion
becomes cis-HONO by proton transfer from the ammonia and a bond between
the remaining NO and NHj forms, including a second proton transfer from
NHj; to the zeolite. It can be seen from the energy profile that the ct-N5O3
is less favorable than the as-structure. Furthermore, the activation barrier
with E¥=26.4 kcal/mol is 3.9 kcal/mol higher than the highest barrier in
the two-step mechanism presented earlier, indicating that the latter is more
likely to happen.

For the gas phase reaction, the initial configurations as-N,O3 and ct-N5Og
were investigated (Figure B.3 a) and b) respectively). The first structure
in both cases is calculated on the PES with Mg=3 where a slight drop in
the energy profile compared to single molecules indicates only a weak inter-
molecular interaction. In the next step the crossing of the PESs (Mg=3 to
Mg=1) via SEAM 1_as for as-N,O3 with E*=7.1 kcal/mol and 1_ct for ct-
N,03 with E¥=7.8 kcal /mol includes a rotation of the NOy molecule, leading
to the formation of NoO3. In the case of as-N,Og, the drop in energy cor-
responding to the formation of the N-N bond exceeds that of ct-N;O3 by
AE=6.6 kcal/mol, indicating that it is the more stable configuration. Next,
the formation of an N-N bond between the NO portion of NoO3z and NH3 and
a proton transfer from NHj to the NOy portion via a transition state (TS
1_as and TS 1_ct) leads to NH3;NO and trans-HONO and cis-HONO respect-
ively. The surmounting of the TS includes an activation energy of Ef=15.0
kcal /mol for as-NyO3 and E*=9.4 kcal /mol for ct-N,Os. For as-N,Os, Hillier
et al.1® reported an activation energy of G*=15.8 kcal/mol at 298.15 K and
Li and Li'™® G#=17.8 kcal/mol at 373 K. The corresponding values of this
work at these temperatures are with G*=14.4 kcal /mol for both temperatures
in good accordance. For ct-N,Os Li and Li reported a barrier of Gf=14.7
kcal /mol whereas here, a value of only G¥=10.8 kcal/mol was calculated at
373 K. The difference might be due to the larger basis set used in this work,
as the structural properties of the TS compare quite well.

By comparing the energy profiles (Figure 4.5) of the gas phase and the
catalyzed reaction, one can see that for the latter the energy always stays
below the reference state and also below the energy profile of the gas phase
reaction. This is mainly due to the strongly exothermic adsorption of ammo-
nia as ammonium as well as to the exothermic formation of NoO3. Also, the
stepwise adsorption of the molecules on the catalyst reveals a high stability
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Figure 4.5: Energy profiles for the formation of NHoNO from NO, and
NO, comparing the catalyzed two-step mechanism (Cat. a), the catalyzed
one-step mechanism (Cat. b), the gas phase mechanism with as-N,O3 (Gas
as) and the gas phase mechanism with cis-trans-N,O3 (Gas ct-). Energies
are zero-point corrected.

of the system whereas in the gas phase the three molecules would need to
collide with each other at the same time with the proper orientation for a
successful reaction. Though the activation energy in the gas phase for the
main reaction is 7.5 kcal/mol for as-NyO3 and 13.1 kecal/mol for ct-NoOs
lower than for the catalyzed two-step mechanism the latter is more likely to
occur due to the more favorable overall energy profile.

Formation of NH,NO, from Two NO,; with Adsorbed NHj;

Several groups?®®3%153:158 found that the SCR of NO, proceeds on H-form
zeolites in the absence of NO and O,. Analogous to the proposed mechan-
ism 82 including N,O3 as an intermediate Li and Li'®! suggested a gas phase
reaction pathway by using NoO, as an intermediate structure. Here, a trans-
fer of this basic idea to a catalyzed reaction is presented, comparable to the

one for NyOs.

Again the mechanism is started with the adsorption of ammonia as am-
monium and the coadsorption of NO, (Figure 4.2 ST B and D). The following
structures presented refer to Figure B.4 with the corresponding energies of
the as-route in Figure 4.6. ST 2, calculated on the PES with Mg=3 shows
the coadsorption of a second NOy molecule. From the energy profile it can
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be seen that the coadsorption of the two NO, molecules is rather weak, com-
pared to the strong adsorption of ammonia. In the next step the crossing of
the PESs from Mg=3 to Mg=1 via SEAM 1 and an energy barrier of E¥=19.3
kecal/mol is considered, which leads to the formation of asymmetric N3Oy,
coadsorbed on ammonium (ST 3). The drop in energy for this configuration
compared to the single NO, molecules indicates a more stable state. After
the formation of NoOy the activation of NHJ to NH3 occurs by proton trans-
fer from the ammonium to the NO3 portion of as-N,O4 which then adsorbs as
HNOj; with a hydrogen bridge to the zeolite framework while the NO portion
gets closer to the adsorbed ammonia molecule (ST 4a). The transition state
(TS 1) that has to be crossed exhibits an energy barrier of E*=19.1 kcal /mol.
Then a slight rearrangement of the adsorbed molecules on the catalyst takes
place leading to ST 4b. For this rearrangement, no transition state was found
and growing-string-method tests revealed that a barrier between these two
states is negligible. In the next step, a bond between adsorbed NH3 and NO
is formed while, simultaneously, a proton transfer from NHj3 to the zeolite
takes place (T'S 2). This leads to the formation of adsorbed NH;NO (ST 5).
The calculated energy barrier for this process is E*=0.16 kcal /mol.

For comparison, also the mechanism in the gas phase was investigated,
partially following the suggestions of Li and Li.'®! The corresponding struc-
tures are presented in Figure B.5 a) and the energies in Figure 4.6, denoted
with as. The mechanism is started with an assembly of the three molecules
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Figure 4.6: Energy profiles for the formation of NH;NO (as-route) or
NH2NO, (sym-route) from two NOsg, comparing the catalyzed (Cat.) and
the homogeneous (Gas) reaction mechanisms. Energies are zero-point cor-
rected.
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involved on a PES with Mg=3 (ST 1g) leading to a slight drop in energy
compared to separated molecules. Then, a crossing of the PESs (SEAM 1g)
to Mg=1 leads to the formation of as-N,O, (ST 2g), where an energy bar-
rier of E*=20.2 kcal/mol has to be surmounted. In the next step a bond
between NH3 and the NO portion of N2Oy is formed while a proton transfer
from NHj to the NOj3 portion takes place simultaneously forming HNO3 and
NHoNO (ST 3g). The energy necessary for this step to proceed was calcu-
lated to Ef=4.1 kcal/mol, corresponding to the structure (TS 1g). Li and
Li'8! only presented a transition state for the formation of the final products
starting from N,O, and found an energy barrier of G¥=9.5 kcal /mol at 373K
(G*=5.3 kcal/mol this work at 373K). As the structural properties are in
good agreement, the deviation in energy might be due to the larger basis set
used in this work. Nevertheless, this barrier is not of such importance since
a far higher barrier for the formation of NoO4 was observed. Although the
reaction pathway for the catalyzed reaction exhibits higher energy barriers
than the gas phase reaction its overall energy profile stays below the reference
state and the profile of the homogeneous reaction mechanism. This favor-
able behavior is again due to the strongly exothermic adsorption of ammonia
as ammonium ion on the catalyst, releasing enough energy to overcome the
subsequent barriers. Also the step by step adsorption of the molecules on
the surface has to be seen as beneficial compared to a homogeneous reaction
pathway, involving three molecules as initial state.

Besides the reaction via the asymmetric dimerized nitrogen oxide also
the mechanism for the symmetric isomer, as was proposed by Li and Li!8!
for the gas phase, which leads to nitrous acid and nitramide was analyzed.
The mechanism on the catalyst is compared to the homogeneous reaction.
The structures of the catalyzed reaction are illustrated in Figure B.6 and
the energies are shown in Figure 4.6 (sym-route). After the adsorption of
ammonia and the coadsorption of NO, the coadsorption of a second NOy (ST
2) molecule exhibits a low adsorption energy of AEqags = -1.0 kcal /mol which
indicates rather a gas phase attack for the subsequent reaction. Because
NO, is a doublet, the coadsorbed state of structure ST 2 is calculated on
the PES with Mg=3. Subsequently, the two NOy form sym-N,O, (ST 3),
coadsorbed on the ammonium ion which includes the crossing of the seam
to the PES with Mg=1 (SEAM 1). For this process a barrier of E¥=9.7
kcal/mol needs to be overcome and the following drop in energy indicates a
more stable structure for the dimerized state than for the single molecules.
Then the activation of ammonia takes place as the ammonium ion re-transfers
a proton to the catalytic surface to which now sym-N,O, is hydrogen-bonded
(ST 4). This step exhibits an energy barrier of E¥=16.5 kcal/mol and leads
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to a highly unstable intermediate state as the reverse reaction barrier was
calculated to be only E*=0.11 kcal /mol (electronic energy with respect to ST
4). In the next step via TS 2 and a barrier of E¥=18.9 kcal /mol, nitramide
is formed as the one NOy forms an N-N bond with the ammonia while the
latter releases a proton to the second NOg, forming nitrous acid in the cis-
configuration (ST 5). Because of the instability of ST 4, enough energy needs
to be provided, starting from ST 3, to overcome the internal barrier TS 2
in order to obtain the final products. Thus, lumping these steps together
results in an internal energy barrier of E¥=35.2 kcal /mol for the formation of
the final products. Finally, also the transfer of the nitrous acid into the more
stable trans-configuration was considered by a rotation along the N-O bond
(TS 3). This step exhibits a rather low barrier of E*=8.7 kcal/mol and leads
to a slightly more favorable state indicated by a drop in energy of AE=-
5.6 kcal/mol. Mebel et al.’® also considered the formation of NH,ONO as
intermediate in their investigation on the reaction of NHy with NOy in the
gas phase. Calculations for the formation of such a structure together with
trans-HONO resulted in an activation barrier of E¥ = 72.7 kcal/mol making
the formation of an N-O bond between the ammonia and NO, unlikely (for
details see Briiggemann et al.?%%)

For the corresponding gas phase (Figure B.5 b) the formation of the di-
merized structure takes place (SEAM 1g) by crossing the seam from the PES
with Mg=3 to Mg=1 which exhibits an energy barrier of E*=9.4 kcal/mol.
This is similar to the barrier of the catalyzed reaction and it can be concluded
from the corresponding structures, that ammonia does not contribute to the
formation of sym-N,O4. The subsequent reaction, leading to trans-HONO
and nitramide (ST 3g), exhibits an energy barrier of E*=29.2 kcal /mol which
is even less than it was the case for the catalyzed mechanism. Because it is
known, that the intermediate NoO, is an unstable structure at elevated tem-
peratures a beneficial contribution of the catalyst can be seen in the step-by-
step coadsorption of the single molecules. Nevertheless, a final comparison
of the reaction mechanism via sym-N,O, with the proposed reaction via as-
N2O, reveals that though the formation of sym-N,O, exhibits a lower energy
barrier (AE=9.6 kcal/mol) the subsequent reaction with the ammonia needs
to overcome a significantly higher barrier (AE=16.3 kcal/mol). This indic-
ates, that here the reaction via the asymmetric configuration is more likely
to take place, leading to nitrosamine and nitric acid as intermediates.
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Formation of NH,;NO from Two NO with Adsorbed NHj;

Though there is an agreement in the literature3%150:152.157.160 that the SCR
of NO hardly proceeds on H-form zeolites in the absence of oxygen, there is
no consensus about whether it works at all or not. Figure B.7 illustrates a
mechanism dealing with this question. The energies, corresponding to the
structures are presented in Figure 4.7. The first energy point corresponds to
the adsorbed ammonium and the second to the coadsorbed NO (ST B and
E, Figure 4.2). After the rather loose coadsorption of another NO molecule
(ST 1) the crossing of PESs from Mg=3 to Mg=1 (SEAM 1) was considered.
This process leads to the formation of NyO, via an energy barrier of Ef=4.5
kcal/mol as can be seen in the reduction of the distance between N-N from the
two NO molecules (ST 2). Then, comparable to the cases of NoO3 and N3Oy,
the activation of ammonium to ammonia occurs (TS 1, E¥=12.4 kcal /mol)
and N,Os adsorbs on the Brgnsted acid site (ST 3). In the next, step a
complex forms from NHj3 and NyOq (TS 2) and, simultaneously, a proton
transfer from the NHj portion to the zeolite as well as from the zeolite to
N2O, takes place. This includes the surmounting of an energy barrier of
E#=19.4 kcal/mol. In the last sequence of the mechanism, the N-N bond in
the former NoO, of the adsorbed complex (ST 4) is broken (TS 3), leading
to the coadsorbed NH;NO and nitroxyl (HNO) (ST5) by crossing a barrier
of E¥=10.9 kcal/mol. Though the single energy barriers are not too high
to be unrealistic, the energy profile as a whole (Figure 4.7) reveals that
the process is endothermic and exhibits an apparent activation energy of
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E!,,=20.1 kcal/mol. This finding still does not cancel out the ability of H-
ZSM5 to catalyze this reaction, but in comparison to the energy profiles of

the mechanisms of NyO3 and NyQy it is less likely to be of relevance.

Fast and NO, SCR via NO' and NOj

To account for the potential formation of a nitrosyl species on the catalyst
as proposed by Richter et al.!? and Lavalley et al.'%® the reactions (4.20) to
(4.22) are analyzed. The energies are shown in Figure 4.8 and the structures
are presented in Figure B.8. The mechanism starts with the weak adsorp-
tion of NOj on the Brgnsted acid (ST1). The subsequent coadsorption of NO
reveals only a negligible interaction between the two molecules (ST2). How-
ever, only a small barrier of E¥=1.4 kcal/mol, associated with the crossing
of the seam (S2) from the triplet to the singlet PES, needs to be overcome
to form asymmetric NyO3.(ST4) Alternatively, the slightly less stable cis-
trans NpO3 (ST3) is formed by overcoming a barrier of E*=4.5 kcal/mol
(S1). Subsequently, the dimerized nitrogen oxide decomposes whereby the
NO becomes a nitrosyl ion on the catalytic framework (Z7[NOJ*) and the
NO; takes up the hydrogen from the surface by forming nitrous acid (ST5).
In the case of as-NyOj3 as starting point this process exhibits an activation
energy of E¥=5.3 kcal/mol (TS1) while a barrier of E*=0.1 kcal/mol (TS2)
was calculated for the ct-NoO3. Though the initial formation of the asym-
metric dimerized nitrogen oxide is preferred over the cis-trans configuration,
the subsequent decomposition of the cis-trans species probably is faster be-
cause of the negligible small activation energy. Thus, both pathways can be
expected to be accessible. As the next step, the nitrous acid desorbs from the
catalyst leaving the Z~[NOJ]* (ST6), which involves a heat of desorption of
AE4es=9.7 kcal/mol. Finally, ammonia adsorbs onto this species (ST8) with
a heat of adsorption of AE,4s=10.8 kcal/mol prior to the reactive formation
of nitrosamine (ST10). The ammonia releases one proton to the catalyst by
restoring the Brgnsted acid and the remaining amino radical takes up the
NO™ from the surface leading to NH,NO. The barrier of this step was de-
termined to be Ef=2.9 kcal/mol, represented by TS4. Alternatively, water
coadsorbs onto the Z7[NO]" intermediate (ST7) with a heat of adsorption
AE,g4s= 8.9 kcal/mol. A subsequent reaction, analogous to the mechanism
with ammonia, leads to the formation of nitrous acid (ST9) by overcoming
a barrier of E*=1.4 kcal/mol (TS3). Though the latter step is exothermic
and only exhibits a rather small barrier, within the framework of the SCR
also the reverse reaction could be of significance in terms of a sink for the
intermediate produced nitrous acid from the decomposition of NyOs. This
is especially of interest because also the reverse barrier is rather low with
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E#=5.1 kecal /mol

In the case of the NO,-SCR, the reactions (4.23) to (4.27) are analyzed
and the corresponding energy diagram is displayed in Figure 4.9. The struc-
tures of all species are shown in Figure B.9. After the coadsorption of two
NO, (ST1), the formation of a dimerized NoO, takes place by crossing the
seam from the triplet to the singlet PES in analogy to the fast SCR. Here,
three different structures are possible, a symmetric (sym) (ST3), an asym-
metric (as) (ST5H) or a cyclic planar (cp) NoOy4 (ST 2). The lowest barrier
was calculated for the first case with a barrier of E¥=6.3 kcal /mol (S3), fol-
lowed by the cyclic planar isomer with E*=11.6 kcal/mol (S2) and finally
E#=17.7 kcal/mol (S1) for the asymmetric case. However, the formation of
the cyclic planar isomer is less favorable than the asymmetric or symmetric
N,O, because of an endothermic reaction in contrast to an exothermic heat
of reaction for the latter two cases. The c¢p-NoO, can be transferred into
the asymmetric isomer by overcoming a barrier of E¥=8.9 kcal/mol (TS2),
but as can be seen from the energy diagram no benefit can be deduced from
this alternative route as compared to the direct formation of the as-N,Oy.
Also the symmetric isomer can be transformed into the asymmetric one,
but because this process exhibits a rather high activation energy of E¥=46.1
kcal/mol (TS1) it can be excluded. Starting from the as-N5O,4, the decom-
position of the molecule results in the formation of nitric acid and an NO™ to
balance the negative charge of the zeolite framework (ST10). Here the mech-
anism is in analogy with the Z~[NO]J* formation from the decomposition of
N5Oj3 and the barrier, according to the transition state TS4, was calculated
to be E*=2.0 kcal/mol. Finally, the desorption of nitric acid, with a heat
of desorption of AE4,=9.9 kcal/mol, leaves the nitrosyl ion on the surface
for the reaction with ammonia as described above. Similarly, the decom-
position of sym-N,O, leads to the formation of nitrous acid together with
Z~[NOy|*. This process exhibits a barrier of E*=24.8 kcal/mol (TS3) and
is endothermic by AE=18.5 kcal/mol (ST4). The desorption of the nitrous
acid requires then a heat of desorption of AE4,=7.6 kcal/mol. In analogy
to the reaction with Z~[NOJ*, the Z7[NOy|* (ST6) can also react with both
ammonia and water. In the first case, ammonia only weakly adsorbs with
AE,4s=1.4 kcal/mol (ST8), but the subsequent reaction exhibits a negligible
activation energy of E*=0.6 kcal/mol (T'S7), which leads to the formation of
nitramide (ST13). Also in the case of the reaction with water, only a rather
small barrier of E¥=1.6 kcal/mol (TS6) was calculated. Similarly to the re-
action with ammonia, the heat of adsorption for water is negligible (ST9),
but the formation of nitric acid (ST12) is exothermic. Thus, the Z7[NOy]"
can be seen as a rather short-lived intermediate in the NOo-SCR. Finally,
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an interchange between the two NOJ species is also possible. Starting from
NOj7, a reaction with NO only exhibits a barrier of E¥=1.1 kcal /mol (TS5) to
form NO; together with Z7[NO]* (ST11). Because of the exothermic char-
acter of this reaction, this step might only be accessed within the framework
of the fast SCR, when both overall reactions, the fast and the NO,-SCR,
interact with each other. Similar to our discussion on nitrous acid reactions,
the nitric acid might decompose into water and NOJ in the reverse direction
of the described mechanism involving TS6. This would require to overcome
a barrier of E*=25.3 kcal /mol. Thus, two pathways for the NO,-SCR can be
deduced from this analysis to be of potential importance, depending on either
first the formation of sym-NyO4 or as-NoO4. The formation of the symmetric
isomer is followed by a rather high barrier for the decomposition into nitrous
acid and the NOJ. While nitrous acid decomposes into NOT as described
in the pathway of the fast SCR, NOJ reacts with ammonia to nitramide. In
the case of as-NyOy, the initial barrier for the formation is higher than the
corresponding formation of the symmetric isomer, but the subsequent decom-
position into NO™ and nitric acid exhibits only a negligible activation energy.
The highest barrier in this process is then the decomposition of the nitric acid
with a barrier similar in magnitude to the decomposition of sym-N,Oy4. In
both cases, the stoichiometry leads to the formation of one nitrosamine and
one nitramide which results in the equimolar formation of nitrogen and N,O.
This is in good agreement with the experimentally observed values,® at least
at low temperatures. A comparison of the presented pathways for the fast
and the NOo-SCR in this section reveals, consistent with the experimental
literature 3156 a higher activity for the fast SCR. Both, the formation of the
dimerized nitrogen oxide as well as the decomposition of the resulting acid
exhibit a significantly lower barrier for the fast SCR as for the NO,-SCR.

In summary, the oxidation of NO was found to be enhanced by the cata-
lyst compared to the gas phase reaction in agreement to the findings of Halasz
and Brenner.™ However, the exothermic character of the adsorption of am-
monia is much stronger than the one of oxygen or NO. This leads to the
experimentally well-known effect of ammonia blocking the active site for the
oxidation of NO and thus the inhibiting influence of NH3. For the reaction
of NO and NO; or two NOy with adsorbed ammonia, the main benefits from
the catalyst can be seen in the exothermic adsorption of ammonia and in the
formation of NyO3 or NyQy, lowering the overall energy profiles. Though the
formation of symmetric NoQy is favorable over the asymmetric configuration
the subsequent reaction to nitramide and nitrous acid exhibits a significantly
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higher barrier. Thus, for the NO,-SCR it is more likely that as-N,O, reacts
with ammonia to nitrosamine and nitric acid. In addition, for both N,Oy
it can be assumed that the successive coadsorption to an ammonium ion
and the subsequent reaction to the intermediates should be superior to a
homogeneous termolecular reaction. The energy profiles for NoO3 and N,O,
show that for the coadsorption of the first NO, on NH] there is a sufficiently
high drop in energy involved to interpret this configuration as stable. For
the following coadsorption of NO or NOs, respectively, the additional drop
in energy is negligible suggesting that this final step can be considered to
be of the Eley-Rideal type, eventually leading to the dimerized structure,
coadsorbed on NHJ. A comparison of the above pathways with those via
the nitrosyl ion or NOJ reveals that the formation of the dimerized nitrogen
oxides is slightly lower in energy in the absence of ammonia. Furthermore, in
the presence of ammonia, the first reaction is the activation of the ammonium
ion which releases a proton back to the catalytic surface. This step exhibits
a rather high intrinsic barrier of ~20 kcal/mol. Thus, it can be concluded
that the decomposition of the NyOy species on the Brgnsted acid is favorable
with respect to lower activation energies. However, this process requires the
presence of a void active site for the adsorption of NOy which might exhibit
a low probability because of the strong adsorption of ammonia. This leaves
an uncertainty whether the initial formation of the intermediates nitrous and
nitric acid as well as nitrosamine and nitramide rather takes place from the
interaction of nitrogen oxides with adsorbed ammonia or from the prior de-
composition on a void active site. Nevertheless, the assumption of Li and
Li'8! that a main effect of the zeolite is the storage of ammonia and the
steady release of it to supply a gas phase reaction is rather unlikely in view
of the presented results. For the case of the absence of NOy; and oxygen
in the feed stream, a mechanism for the reduction of NO was shown. The
corresponding energy profile is in agreement with the experimental literature
that this reaction proceeds rather slowly due to its endothermic character.

4.3.3 Decay of the Intermediates Nitrous and Nitric
Acid

In this part the fate of the intermediates nitrous and nitric acid is discussed.
The decomposition of the two acids on a Brgnsted acid constitutes the first
possibility. This is, however, solely the reverse reaction of NO* and NO3 with
water, as described in section 4.3.2 and, thus, is not discussed again in this
context. Furthermore, the potential interaction of the acids with adsorbed
ammonia is outlined. Finally, the bimolecular reactions of two nitrous acids,
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two nitric acids and of nitrous with nitric acid is analyzed.

Reaction of Ammonia with Nitrous and Nitric Acid

No matter what catalyst is used, the appearance of nitrous and nitric acids as
important intermediates and their subsequent reaction with ammonia within
the SCR is assumed in several experimental investigations. 46152170 T,j and
Li'8! found a transition state for the catalyzed reaction of NH; with HONO
on H-ZSM5 but stated at 373 K an energy barrier of E*=46.9 kcal/mol,
which is even higher than the corresponding activation energy found for the
gas phase. Lin et al.!'8%191 investigated the reactions for both acids in the
gas phase and also considered the two different possible structures of HyN,Oo
with either an N-N or an N-O bond for nitric acid. Here, a multi-step mechan-
ism for both dehydration reactions as catalyzed by the H-ZSMb5 is presented.
For the reaction of nitrous acid with ammonia the mechanism starts with
the strong adsorption of the latter. All subsequent structures are presented
in Figure B.11 with the corresponding energies in Figure 4.10. From the
energy profile it is obvious that cissHONO coadsorbs quite strongly to the
ammonium ion (AEg,gs=-13.1 kecal/mol, ST 1a) indicating a stable state.
In the next step via TS 1a the nitrous acid switches its position on the cata-
lyst by enforcing the ammonium ion to release a hydrogen bond with one
of the framework oxygen. This step involves a barrier of E*=6.2 kcal/mol
and leads to an eight-member-ring structure (ST 2a), involving the catalytic
framework. Within this ring, a proton transfer from the nitrous acid to the
catalyst and from the ammonium to the acid takes place next, leading to
trans-HONO and NHjy (ST 3a). This process exhibits an energy barrier of
E*=4.0 kcal /mol (electronic energy only with respect to ST 3a) together with
the corresponding transition state structure TS 2a. The subsequent reaction
steps are identical with the reaction of hydroxylamine with nitroxyl, which
is part of the selective catalytic oxidation (SCO) of ammonia and discussed
in detail in the following chapter 5, section 5.3.3. The protonation of the hy-
droxyl group of the nitrous acid causes the cleavage of its N-O bond (TS 3a)
whereas the final splitting into NO and water is accompanied by a rotation
of the formed HyO (TS 4a), representing the highest energetic state in the
mechanism. Furthermore, the reformation of a hydrogen bond of ammonia
with the catalyst (TS 5a) and, finally, the formation of an N-N bond with
the NO, including the regeneration of the Brgnsted acid (TS 6a) leads to
the products water and NH,NO. The sequence of elementary reaction steps,
starting from the two coadsorbed reactants are all slightly endothermic and
have quite low reverse energy barriers up to TS 4a. The two subsequent
exothermic steps also exhibit only very low energy barriers. Thus, it can be



80 4 Theoretical Investigation of the Selective Catalytic Reduction. ..

concluded from the energy profile that the mechanism of the reaction of am-
monia with nitrous acid can be seen as a one step-reaction, starting from ST
la, via TS 4a to the final products (ST 7a). This lumped process then has to
overcome a barrier of E¥=26.1 kcal /mol (G*=24.6 kcal/mol at 373 K) which
is significantly lower than the barrier stated by Li and Li'®! for their transi-
tion state structure. For the gas phase reaction Lin et al.'”! stated for the
trans-HONO a value of Ef  =24.6 kcal/mol and for the cis-form Ef =26.0
kcal/mol at the B3LYP/6-311G(d,p) level of theory. These values coincide
with results of this work for the gas phase (Ef =258 keal/mol, Ef = 26.7
kcal /mol; for details see Briiggemann et al.?%®). Nevertheless, in terms of ab-
solute internal values and considering that first ammonium nitrite is formed
in the gas phase,'®! it becomes obvious that, here, the catalyst enhances
the reaction by reducing the intrinsic activation energy by AE=9.8 kcal/mol
(with respect to cis-HONO) but also because of the strong coadsorption of

the two reactants.

For the reaction of ammonia with nitric acid we considered the coadsorp-
tion of the latter to the ammonium ion in the 3H state (Figure 4.2, ST C).
All structures are shown in Figure B.12 and the energies in Figure 4.10. It
can be seen from the energy profile that HNOj3 also coadsorbs quite strongly
to the catalyst (AEcoaqs=-13.3 kcal/mol) and we found that this affects the
adsorbed state of the ammonium ion, so that the latter releases two hydro-
gen bonds to the catalytic surface. This effect only occurs if the nitric acid
coadsorbs on one of the upper framework oxygen. In the first reactive step
(TS 1b) the nitric acid releases a proton to the catalytic surface while the
ammonium reorientates to form a hydrogen bond with another framework
oxygen as well as with a different oxygen of the remaining NO3 . This tran-
sition exhibits an energy barrier of E¥=2.1 kcal /mol (electronic energy with
respect to ST 2b) and a negligible reverse reaction barrier of E*=0.3 kcal /mol
indicates the instability of the latter structure. The subsequent step returns
the ammonium to its original position via T'S 2b leading to a product state in
which one oxygen atom of the NOj is twice hydrogen-bonded, by the catalyst
and by the ammonium (ST 3b). For this process a barrier of E*=4.2 kcal /mol
needs to be overcome leaving a slightly more stable intermediate structure
than ST 2b. From the energy profile it can be concluded that the first two
steps can be lumped to one step from ST 1b via TS 2b to ST 3b because
of the instability of ST 2b. The main step of the mechanism is then finally
the cleavage of the internal O-N bond of the NOj3 as the hydrogen-bonded
oxygen gets protonated from the catalyst as well as from the ammonium ion
and water is formed (TS 3b). Furthermore, an N-N bond is formed between
the released NOy and the ammonia, while the latter restores the Brgnsted
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acid. Here, an internal activation barrier of E¥=32.5 kcal/mol has to be sur-
mounted to receive the final products nitramide and water (ST 4b). The
consideration of two further isomers of HoN,O, as proposed by Lin et al., 8
in terms of the reaction of nitric acid with ammonia as well as a nitro ni-
trite rearrangement were found to exhibit significantly higher internal energy
barriers (E*=88.6 kcal/mol and E*=81.7 kcal/mol, respectively). In the case
of the gas phase reaction, the barriers for the formation of nitramide and
for the formation of the N-O isomer were calculated to be E*=50.9 kcal /mol
and E*=70.8 kcal /mol respectively, which is in good agreement with values
stated by Lin and Musin '®® at the B3LYP/6-311G(d,p) level of theory. Thus,
the formation of a NH;ONO structure in this reaction mechanism can be ex-
cluded and for the formation of nitramide the catalyst significantly reduces
the energy barrier by AE=17.5 kcal/mol.

In the experimental literature4”165:169177 for the reaction of ammonia
with nitrous or nitric acid often the intermediate formation of NH4;NOy and
NH4NOj3 respectively is proposed. Ammonium nitrite is known to rather
easily decompose to nitrogen and water whereas the nitrate is assumed to
hinder the DeNOy catalysis at low temperatures.?°® For NH,;NO, Morokuma
et al.2% have shown from calculations that in the gas phase this species does
not exist as ionic geometry and the most stable isomer is the [NHj|[trans-
HONO)]. Also for ammonium nitrate no ionic species could be obtained in
the gas phase but a molecular complex only (for details see Briiggemann et
al.?%%). Both species form barrier less in the gas phase from ammonia and the
corresponding acid. Placing these two structures over the zeolite cluster our
calculations revealed that the adsorbed state of NH4NO, corresponds to ST
3a of Figure B.11 and of NHy;NOj3 to ST 3b of Figure B.12 with the energies
shown in Figure 4.10. Thus, ammonium nitrite adsorbs with AE,qs=13.4
kcal/mol and reacts via TS 4a to nitrosamine and water including a barrier
of E¥=17.2 kcal/mol. However, the decomposition into NHz and HONO is
activated by only E¥=1.2 kcal /mol on the catalyst. In the case of ammonium
nitrate the energy of adsorption was calculated to be AE,35=-19.2 kcal/mol
and the further reaction to nitramide and water exhibits a barrier of E¥=32.5
kcal/mol (TS 3b). The decomposition to ammonia and nitric acid is activated
by E=5.8 keal/mol (TS 2b). These values coincide with the finding that
the nitrite species easily decomposes via nitrosamine to nitrogen and water,
whereas for the corresponding decomposition of the nitrate via nitramide
a significantly higher barrier is observed. Nevertheless, in the scope of the
SCR it has to be considered that both, ammonia and the acids adsorb rather
strongly to the catalytic surface and thus, the consideration of an alternative
route with first the gas phase formation of the nitrite and nitrate prior to
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adsorption and decomposition might be misleading. Especially since in both
cases the decomposition of the adsorbed complex to ammonia and the acids

exhibits only very low barriers.
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Dehydration of Nitrous and Nitric Acid

The dehydration reaction of two nitrous acids and of nitrous acid with nitric
acid or the corresponding reverse reaction, namely the hydrolysis have been
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assumed to be key steps in the SCR by many authors. 146:152:170.181 Byt 3]50
within the investigations of the atmospheric chemistry these two reactions in
terms of the hydrolysis are of high interest because the subsequent photolysis
of nitrous acid rapidly leads to the formation of hydroxyl radicals that pro-
mote ozone formation.?%2%9 The formation of the two acids is assumed to be
heterogeneously catalyzed by urban surfaces or airborne particles.?923 Be-
cause of the importance of the two intermediates within different frameworks
of the H/N/O system there are also several theoretical studies addressing
either the dehydration or the hydrolysis in the gas phase.!8"186 Neverthe-
less, the formation or decomposition of the dimerized structures NoO3 and
N,O,4 were always considered, if at all, to be barrier less. Furthermore, the
hydrolysis of dinitrogen pentoxide was investigated by Tao and Hanaway '87
in the gas phase, because NyOj5 is known to be a reactive atmospheric con-
stituent that acts as a temporary reservoir for NO,. Here, the mechanisms
of the dehydration of nitrous acid in a self-reaction and with nitric acid as
well as the self-reaction of HNO3, catalyzed by the Brgnsted acid of H-ZSM5
is analyzed and the beneficial influence of the catalyst in comparison to the
corresponding gas phase reactions is discussed.

Self-Reaction of Nitrous Acid In the case of the self-reaction of ni-
trous acid the influence of the configurational state of the reactants, namely
the reactions of conformations of cis with cis, trans with trans and cis with
trans was analyzed as well as the difference in terms of which isomer adsorbs
first (trans or cis). It was observed that the isomeric state of the nitrous
acid barely has an impact on the transition barrier; it rather seems to be of
importance how the two reactants initially coadsorb on the surface. Further-
more, the zeolite catalyzes the conformational change, whereas the barrier
for this process was calculated to Ef=4.2 kcal/mol from trans to cis and
E#=2.5 kcal/mol for the reverse reaction (Figure B.13). This indicates the
slightly more stable character of the trans configuration but also that both
species are present in the reacting system. Thus here, only the reaction of
cis- with trans-HONO, in a one-step mechanism (Figure B.14) and of two
trans-HONO in a two-step mechanism (Figure B.15) is presented. The cor-
responding energies to the structures are shown in Figure 4.11 and the results
of the additional investigations on the configurations can be obtained from
ref. [205].

For the one-step mechanism the reaction starts with the adsorption of
cis-HONO which is exothermic by AE,4s=-10.6 kcal/mol (ST 1a), and the
hydroxyl group of the molecule is twice hydrogen-bonded to the catalyst.
The coadsorption of the second nitrous acid in the trans configuration with a
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hydrogen bond to the hydroxyl group of the first molecule still accounts for
an adsorption energy of AE y,qs=-4.6 kcal/mol (ST 2a). In the subsequent
reaction via TS la the hydroxyl group of the cissHONO is protonated by the
second acid and splits off as HoO while the remaining NOy and NO form
asymmetric NoO3. With two hydrogen bonds, the water molecule remains
quite stable attached to the surface, while the NyOg3 is only loosely bond
to the hydrogen of the water (ST 3a). This elementary step exhibits an
energy barrier of E*=9.1 kcal/mol and is slightly exothermic by AE=-5.6
kecal/mol. As the next step the decomposition of the NyO3 species into NO
and NO, was considered, while still being coadsorbed. This step involves
the crossing of the SEAM 1la from the PES with Mg=1 to Mg=3 and an
energy barrier of E*=13.3 kcal/mol, leaving only the NO, hydrogen-bonded
to the water (ST 4a). From the energy profile it can be seen for the de-
sorption of NO (ST 5a) that the interaction of the gas phase NO with the
coadsorbed NOs is negligible (AEq,s=0.6 kcal/mol). But also the subsequent
desorption of NOs only requires a quite low energy of AEg=1.5 kcal/mol
leaving only water on the surface (ST 6a). As an alternative pathway, we
also considered the desorption of as-N5Ojz prior to its decomposition in the
gas phase. The release of the NoO3 only requires an energy of AEqe=3.8
kcal/mol and the subsequent decomposition (Figure B.17, SEAM as-g) needs
to overcome a barrier of E*=11.6 kcal/mol which is even slightly less than
the corresponding decomposition in the coadsorbed state. Thus, together
with the fact that NO4 only loosely bonds to adsorbed water (ST 5a), it can
be concluded that this alternative scenario is more likely to take place. The
final desorption of HyO reveals, that it adsorbs quite strongly on the cata-
lyst with AEges=14.4 kcal/mol. Overall, the dehydration of cissHONO with
trans-HONO was found to be slightly endothermic by AEgr=4.0 kcal/mol.

The two-step mechanism starts with the adsorption of trans-HONO with
an energy of AE,qs=-11.5 kcal/mol and also here the Brgnsted acid forms
a hydrogen bond with the hydroxyl group while the latter bonds with its
hydrogen to a neighboring framework oxygen (ST trans, Figure B.13). The
coadsorption of a second nitrous acid in the trans configuration with a hy-
drogen bond to the empty framework oxygen of the T5 Cluster is also quite
exothermic with AEaqs=-7.4 kcal/mol (ST 2b, Figure B.15). The first el-
ementary reaction step via T'S 1b is the protonation of the hydroxyl group
of the coadsorbed HONO by the Brgnsted acid. This requires the release of
the hydrogen bond of the first adsorbed nitrous acid and leads to an enlarge-
ment of the N-N bond in the protonated acid from 1.4 A to 1.9 A. The latter
is now hydrogen-bonded to two framework oxygen (ST 3b). This process is
activated by E*=8.1 kcal /mol (electronic energy with respect to ST 3b only),
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leaving a highly unstable intermediate structure, because the reverse reaction
exhibits a barrier of only Ef=1.3 kcal/mol and the subsequent elementary
step via TS 2b of only Ef=1.1 kcal /mol (electronic energy with respect to ST
3b only). In this step, the N-N bond in the protonated nitrous acid breaks,
while the other HONO restores the Brgnsted acid and forms cis-trans-NoO3
with the released NO (ST 4b). From the energy profile it can be seen that
this product state is less favorable than the corresponding products of the
one-step mechanism which mainly results from the higher stability of as-N5O3
compared to the cis-trans configuration. Next, the decomposition of N5O3
while it still is adsorbed on the Bronsted acid via SEAM 1b was considered.
This requires to overcome an energy barrier of E*=16.5 kcal/mol, leaving
nitrogen oxide coadsorbed on the adsorbed water, while the NOy can be con-
sidered to be released to the gas phase right away (ST5hb). The desorption of
the NO (ST 6b) only demands an energy of AEg=2.1 kcal/mol. As before
in the one-step mechanism, also the desorption of the c-t-N5Og3 prior to its
decomposition in the gas phase was considered. Here, it was also found that
this is more likely to happen because of a quite low desorption energy of
AEges=4.1 kcal/mol for the dimer. For the decomposition of the ct-NoOg in
the gas phase an energy barrier of E¥=7.6 kcal/mol was calculated which is
significantly lower than the corresponding one on the catalyst. Furthermore,
this barrier is also AE=4.0 kcal/mol lower than the barrier for the asym-
metric configuration, which supports the fact that the latter species is more
stable. Finally, we found here an endothermic reaction energy of AEg=4.9
kcal/mol for the dehydration of two trans-HONO.

A comparison of the energy profiles of the two mechanisms reveals that the
two-step mechanism exhibits a slightly lower energy barrier than the one-step
mechanism for the dehydration. Nevertheless, for the one-step mechanism
this step was found to be exothermic, making the reverse reaction less likely.
In fact, here the reverse reaction would require to overcome a barrier being
AE=11.0 kcal/mol higher than the desorption of as-N,O3. In the case of the
two-step mechanism, the desorption even requires slightly more energy than
the reverse reaction. Thus, the assumption can be stated, that the two-step
mechanism rather describes the hydrolysis while the one-step mechanism fa-
vors the dehydration. Nevertheless, from the perspective of the direction of
the mechanism it has to be concluded, that none of the NO, does strongly
coadsorb on the water. Thus, it can be assumed that the hydrolysis would
in any case require the formation of NyO3 in the gas phase prior to coad-
sorption and reaction with adsorbed water. This dimer structure is quite
unstable, whereas the reactants of the dehydration, nitrous acid coadsorb
rather strongly to the active site. Thus, in the framework of the SCR, the
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dehydration / hydrolysis reaction system can be concluded to serve as a sink
for nitrous acid rather than as a source.

For the gas phase, the reaction of a cis- with a trans-isomer of the nitrous
acid was analyzed. For the HO-NO bond cleavage in the trans-HONO (TS
1g) a barrier of E*=11.8 kcal/mol leading to water and ct-N,O3z (ST 2g)
was calculated which is consistent with the previous works on this gas phase
reaction. #2718 The decomposition of the NyO3 into NO and NO, via SEAM
lg (E*=10.2 kcal/mol) is AE=2.6 kcal/mol higher in energy as without the
water molecule, resulting from a slight interaction of HyO with the dimerized
structure. It can be concluded, that the catalyst only slightly reduces the
activation energy of the dehydration step but not the decomposition of the
intermediate NoO3z. Nevertheless, a beneficial influence of the catalyst for
the dehydration has also to be seen in the strong coadsorption of the two
nitrous acids prior to reaction.

Reaction of Nitrous with Nitric Acid In the case of the reaction of
nitrous with nitric acid the formation of the asymmetric (route “a”, Figure
B.19) as well as of the symmetric (route “b”, structures can be obtained
from ref. [205]) NoO,4 as dehydration intermediate was considered, starting
in both cases with the more stable trans-configuration for HONO. Further-
more, the results of the catalyzed mechanism are compared to the gas phase
reaction with the energies corresponding to the structures presented in Fig-
ure 4.12. The mechanism along route “a” is started with the adsorption of
trans-HONO where we considered the structure and energy of ST trans of
Figure B.13. Then the coadsorption of HNOj is slightly exothermic with
an energy of AE..qs=-4.7 kcal/mol (ST 2a), whereas the nitrous acid is ad-
sorbed to the Brgnsted acid and the nitric acid forms a hydrogen bond with
its hydroxyl group to another framework oxygen. In the subsequent elemen-
tary reaction step, the hydroxyl group of the nitrous acid is protonated by
the catalyst while at the same time the nitric acid releases its hydrogen to the
catalyst (TS 1a). This process exhibits an energy barrier of E*=5.0 kcal /mol
and leads to a complex structure (ST 3a) that is bond to the catalyst by
two hydrogen atoms. Then the protonated hydroxyl group of the complex
rotates along the N-O bond of the former nitrous acid (TS 2a) and forms a
third hydrogen bond to a further framework oxygen (ST 4a). This rotation
only requires to overcome a low energy barrier of E*=0.7 kcal/mol and the
resulting structure can be concluded from the energy profile to be more stable
than ST 3a. Finally, the N-O bond of the nitrous acid is cleaved (TS 3a)
and as-N,Qy is formed together with water. For this, an activation energy
of Ef=4.2 kecal /mol was calculated and the NoOy is pushed off the Bronsted
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acid, only loosely interacting with the adsorbed water molecule (ST 5a). In
order to take into account that NoOy, is an unstable species we also analyzed
the decomposition of the latter species while still interacting with the cata-
lyst. The crossing of the PES with Mg=1 to Mg=3 via SEAM 1la exhibits
a barrier of E*=20.1 kcal/mol. In the resulting state the NOy molecules
can be considered to be in the gas phase, because from the structure ST 6a
their distances to the adsorbed water molecule are too large to account for
a significant interaction. Furthermore, in the energy profile, we also added
the data points of adsorbed water and the bare catalyst to account for the
full cycle. This reveals that the overall dehydration process is slightly en-
dothermic by AEgr=2.3 kcal/mol. In the same way as the influence of the
catalyst on the decomposition of the NyO3 species was considered, also here,
starting from ST 5a, the desorption of the asymmetric NoOy4 is taken into
account. This only requires an energy of AEg,s=2.1 kcal/mol indicating the
weak interaction with the adsorbed water. The subsequent decomposition
into two NOy (SEAM 1las, Figure B.18) requires to overcome an energy bar-
rier of E¥=19.7 kcal/mol, which is about the same value that was found for
the decomposition in the adsorbed state. This indicates that, in this context
the catalyst does not have a beneficial influence and it can be concluded that
as-NoOy4 rather desorbs to the gas phase prior to its decomposition. Thus,
for the hydrolysis in turn, the reaction can only take place when as-N,O,
forms in the gas phase and reacts with adsorbed water. Though the overall
reaction of the dehydration is slightly endothermic and all the barriers of the
elementary reactions of the hydrolysis are also low as can be seen from the
energy profile, in the framework of the SCR, it seems more likely that the
two stable intermediates nitrous and nitric acid dehydrate. This is because
they both adsorb rather strongly on the catalyst while NoOy is known to be
unstable.

An alternative pathway leading to the formation of sym-NyOy4 (route “b”)
requires the cleavage of the OH group of nitric acid which exhibits a signi-
ficantly higher barrier than for the corresponding cleavage in nitrous acid.
Therefore, this route can be neglected and the mechanistic details are presen-
ted elsewhere.??> Though for the reverse direction, the formation of sym-
N,O, in the gas phase only exhibits an energy barrier of E*=10.0 kcal /mol
(SEAM 1sym, Figure B.18) while the barrier for as-N,O, is E*=20.4 kcal /mol
(SEAM 1las, Figure B.18), in the subsequent reaction with adsorbed water
only the pathway along the asymmetric species is reasonable.

For comparison we also investigated the reaction of HONO with HNOg
in the gas phase and the energies in Figure 4.12 correspond to the trans-
configuration. The cleavage of the N-O bond and the formation of water
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(TS 1gt) after the hydroxyl group of HONO is protonated, leading to as-
N,O4 (ST 2gt) exhibits an energy barrier of E*=8.9 kcal/mol. For the cis-
configuration we calculated a value of E*=9.8 kcal /mol, leading to the same
product state as the trans-pathway. For the decomposition (SEAM 1g) no
beneficial influence of the water can be concluded because the calculated
barrier of Ef=21.1 kcal/mol is comparable to the value in the absence of
water (E*=19.7 kcal/mol). Thus, also for the hydrolysis in the gas phase,
either first the formation of as-N,O, in the gas phase is necessary prior to
the reaction with water or a termolecular reaction has to be assumed. Li
and Li'®! also calculated the dehydration step of nitrous with nitric acid
in the gas phase on the B3LYP/6-31G(d,p) level of theory and, with re-
spect to separated reactants, stated activation energies at 373 K of G¥=18.8
kcal /mol and G¥#=16.6 kcal /mol for the cis- and trans- configuration respect-
ively. These values are in good agreement with our results (G¥=18.3 kcal /mol
and G¥=17.4 keal/mol). Furthermore, for the reaction of trans-HONO with
HNOs3, which leads to sym-N,O4 and water, Tao et al.'®® found an energy bar-
rier of E¥=28.3 kcal/mol at the B3LYP/6-3117G(2d,p) level of theory. Thus,
this reaction is rather unlikely to occur also for the gas phase. A compar-
ison of the results of the catalyst and the gas phase reveals that the catalyst
reduces the activation energy but also can be seen as beneficial because of
the strong coadsorption of the two reactants prior to the dehydration. Nev-
ertheless, because of the quite low activation energy, it can be assumed that
this reaction takes place in the gas phase, too. For the hydrolysis reaction,
in both cases the formation of as-N,O,4 can be considered the bottleneck of
the pathway.

Self-Reaction of Nitric Acid For the dehydration of nitric acid, we here
include the reaction of NyOs with ammonia as a possible sink for this inter-
mediate for both the catalyst and the gas phase mechanism. On the catalyst
the mechanism starts with the exothermic adsorption of one nitric acid and
the coadsorption of a second acid. The structures are shown in Figure B.20
with the corresponding energies in Figure 4.13. The coadsorption is nearly as
exothermic as the adsorption of the first HNO3z molecule with AEy.qs=-10.3
kcal/mol and the two acids form a ten-member ring with the surface with
one hydrogen bond between the two reactants and two with the catalyst (ST
1). In the subsequent reaction step the bonding hydrogen between the two
reactants is released by the nitric acid that is attached to the Brgnsted acid of
the surface and protonates the hydroxyl group of the other nitric acid (TS 1).
This leads to the cleavage of the HO-NO5 bond and thus to the formation of
coadsorbed water and NoOjs (ST 2). The energy barrier for this dehydration
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step was calculated to be E*=24.2 kcal/mol and the resulting structure has
to be considered rather unstable because of a comparably low energy bar-
rier for the reverse reaction with E*=4.1 kcal/mol. Because NoOj5 cannot be
considered to simply decompose like NoO3 or NoO,4 we here considered first
the desorption of water (ST 3) and then the coadsorption of ammonia (ST
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4) in order to investigate reaction (4.17) as a potential sink for this dehydra-
tion intermediate. The desorption process requires an energy of AEg4.s=6.6
kecal/mol which is only slightly higher than the barrier for the hydrolysis
and thus also likely to occur. The coadsorption of ammonia in turn is then
slightly exothermic with AE,,qs=4.4 kcal/mol (ST 4). This was found to
be a highly unstable structure as the barrier for the subsequent reaction is
negligible with E*=0.006 kcal/mol. In this reaction step (TS 2), the internal
O3N-ONO; bond is broken again and the ammonia forms with the released
NOj3 nitramide while at the same time protonates the remaining NOj3 to re-
cycle one nitric acid. Because this step is quite exothermic with AEg=-31.8
kcal/mol, the reverse reaction can be neglected. Though the dehydration
itself as elementary step is endothermic, the subsequent sink of NoOs5 in the
fast reaction with NH3 makes the overall process very likely to take place. In
order to analyze the influence of the catalyst we also investigated the com-
plete pathway in the gas phase. A hydrogen bond between the two reactants
(ST 1g, Figure B.21) leads to a slight drop in energy of AE=-3.1 kcal/mol as
compared to the separated acids. Then, similar to the catalyzed mechanism,
the binding hydrogen is transferred from the one hydroxyl group to the one of
the other acid inducing the cleavage of the HO-NOy bond (TS 1g). This step
exhibits an activation energy of E*=23.5 kcal/mol and leads to dinitrogen
pentoxide together with water (ST 2g). A comparison of this barrier with
the corresponding one on the surface reveals that the catalyst is not capable
to reduce this barrier and a beneficial effect can only be seen in the strong
coadsorption of the two reactants prior to the dehydration. For the hydro-
lysis of NyOj in the gas phase, Hanwa and Tao'®” reported an energy barrier
of E*=23.7 kcal/mol at the BSLYP/6-3117*G(d,p) level of theory whereas
our corresponding barrier is only E*=13.8 kcal/mol. The difference in energy
results here from a different structure found for the transition state. From
the corresponding energies to the following exchange of water with ammo-
nia (ST3g and ST4g) it can be concluded that both molecules only slightly
interact with NyOj; in the gas phase (AEg,0=-2.3 kcal/mol, AExy,=-2.6
kecal/mol). In the subsequent reaction of NyOs with NH; via T'S 2g again the
internal O;N-ONOsy bond is broken and an N-N bond between the ammonia
and the NOj is formed while at the same time the NO3 forms nitric acid
(ST 5g). Here, an energy barrier of E*=15.7 kcal /mol was calculated which is
significantly higher than the corresponding one on the catalyst. This reveals
that, though the Brgnsted acid is not capable to reduce the activation energy
for the HO-NO, cleavage in the protonated HNOg, it considerably enhances
the combined pathway of nitric acid dehydration and subsequent reaction
with ammonia.
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Finally, for the formation of nitrous acid from reaction (4.12) the struc-
tures are shown in Figure B.16 and the corresponding energies in Figure
4.13. The mechanism starts with the adsorption of HNO3 which forms two
hydrogen bonds with the surface, one with its hydroxyl group and the other
one with the Brgnsted acid (ST la, AE,qs=-15.4 kcal/mol). From the energy
profile it can be seen, that an added NO (ST 2a) hardly interacts with the
adsorbed HNOj3 and thus the subsequent reaction can be interpreted as one
of the Eley-Rideal type. The nitrogen oxide then attacks the hydroxyl group
of the nitric acid and the HO-NO, bond is broken, while at the same time
the NO forms trans-HONO with the released hydroxyl group (TS 1a). This
process exhibits an activation energy of E*=24.6 kcal/mol and leads to the
products nitrous acid and NO,. The latter species remains adsorbed on the
Brgnsted acid (ST 3a). The desorption of NO, then leads to a reorientation
of the nitrous acid in terms of that its hydroxyl group forms a second hy-
drogen bond with the Brgnsted acid. Because this state is more stable, the
desorption of NOs appears to be exothermic in the energy profile. Thus, it
can be assumed that ST 3a is an unstable state and that NOy desorbs to the
gas phase right after the reaction. Nevertheless, the reaction barrier in the
reverse direction is even slightly lower (E¥=23.0 kcal/mol) indicating that
this reaction is of equal relevance in both directions. An alternative pathway
in which NO is oxidized by the non-hydrogen-bonded oxygen of nitric acid
turned out to have a significantly higher energy barrier of E¥=38.6 kcal /mol,
making it unlikely to take place. Lin et al.'%? stated an energy barrier of
Ef=21.6 kcal/mol at the BSLYP/6-3117*G(d,p) level of theory for the re-
action of nitrous acid with NO, in the gas phase, which is even slightly
lower than our result for the catalyst. This indicates that H-ZSM5 does not
positively affect this reaction.

In summary, we investigated the reaction of nitrous and nitric acid with
ammonia leading to nitrosamine and nitramide respectively and found a sig-
nificant reduction of the activation energies compared to the gas phase. Fur-
thermore, the presented mechanisms also cover the decomposition of am-
monium nitrite and nitrate. The dehydration of two nitrous acids or of
nitrous with nitric acid was shown to exhibit only low energy barriers and
a slight enhancement of the catalyst was observed in comparison to the gas
phase. In both cases, it was concluded that the intermediately formed di-
mers NoOy desorb to the gas phase prior to their decomposition into NO,
and NO. Though the dehydration is slightly endothermic, within the SCR
it is considered favorable over the reverse reaction because neither NOs nor
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NO significantly coadsorb to adsorbed water. Thus, the hydrolysis requires
the formation of the unstable dimers in the gas phase, whereas in the de-
hydration both reactants strongly coadsorb to the catalyst. Furthermore,
we found that the combination of dehydration of two nitric acids to NyOs
and the subsequent reaction with ammonia to HNO3 and NHyNO, is cata-
lyzed by the H-ZSM5. However, as outlined in section 4.3.2 both, nitrous
and nitric acid, can also decompose on the Brgnsted acid to NO™ or NOJ,
respectively, and water. In the case of nitrous acid, this decomposition even
exhibits a slightly lower energy than the bimolecular self-reaction making
the decomposition more favorable. Though the barrier for the decomposi-
tion of nitric acid is within the same order of magnitude as the bimolecular
reaction of two nitric acids, a severe benefit with respect to entropy can
be assumed over the bimolecular reaction which requires the coadsorption
of two molecules. Thus, it can be concluded that, in the framework of the
SCR, the decay of the intermediate acids most probably is either due to the
decomposition on a Brgnsted acid or to the reaction with adsorbed ammonia.

4.3.4 Decomposition of the Intermediates Nitrosamine
and Nitramide

Besides the intermediates nitrous and nitric acid the pathways outlined in
section 4.3.2 also lead to either nitrosamine or nitramide. In this section the
influence of the Brgnsted acid for the decomposition of these two species into
nitrogen or nitrous acid, respectively, together with water is described.

Decomposition of NH,NO

Several groups!®214°216 haye investigated the decomposition of NH,NO in
the gas phase on a theoretical basis. These studies all consider a sequence
of isomerization steps, leading to nitrogen and water. Anstrom et al.l™
and Soyer ¥ examined the influence of hydrogen transfer with a V,Os-based
catalyst for this reaction and found a push-pull mechanism, significantly re-
ducing the activation energy barriers compared to the gas phase. Li and Li!8!
showed that also the H-form catalysts may reduce the activation energies by
a similar mechanism. Below, we will compare the two different mechanisms
as recalculated in this work on H-ZSM5. Figure B.22 illustrates the result-
ing structures, whereas in route “a” we followed the approach proposed by
Anstrom, in “b” we followed the one from Li, with the corresponding energy
profiles in Figure 4.14.

The first structure shows the adsorbed NH;NO on a free Brgnsted acid
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site (ST 1) which was the starting point of both prior investigations. A sim-
ultaneous proton transfer from the zeolite to the O and from NH, to the
zeolite with an activation barrier of E*=4.6 kcal/mol (TS 1, only electronic
energy) (Li G¥=4.8 kcal/mol at 373K) leads to trans-HNNOH (ST 2). In
the following, a rotation of the molecule in the adsorbed state is necessary in
both cases. In route “a” the rotation of trans-HNNOH leads to a structure,
where the molecule is bonded to the catalyst via the HN portion and the
bridging hydroxyl group of the zeolite to the same N-atom (ST 3a). For this
step, an energy barrier of E*=8.3 kcal/mol corresponding to TS 2a has to
be overcome. The following TS 3a is not of relevance for the mechanism
because the subsequent reactions should also proceed starting from ST 3a
instead of ST 4a, then just involving a different framework oxygen for the
following push-pull steps. Thus, this further rotation shown is in purpose
of only considering the two initial framework oxygen atoms for this path-
way. Soyer et al.'® neglected this barrier, solely stating the necessity of a
desorption-readsorption process. In the next step, a proton transfer from
this N-atom to the zeolite and vice versa takes place (TS 4a) with an ac-
tivation energy of E*=7.1 kcal/mol. The product (ST 5a) is cis-HNNOH.
Subsequently, a rotation along the NO bond in HNNOH via (TS 5a) occurs
and the surmounting of E*=5.3 kcal /mol leads to c-HNNO-t-H (ST 6a). This
structure is the same again in both routes.

In route “b” the rotation of trans-HNNOH via TS 2b (E*=10.1 kcal /mol)
leads to a binding of the OH portion to the catalyst framework and the
bridging hydroxyl group of the zeolite to the O-atom (ST 3b). Li and Li'®!
assumed a desorption-readsorption step instead of a rotation and stated an
energy barrier of G*=3.4 kcal/mol for this step. Then, a proton transfer
between oxygen and the zeolite (TS 3b) leads to tr-tr-HNNOH (ST 4b) with
an energy barrier of Ef=2.4 kcal/mol (Li G*=2.6 kcal/mol). In the next
step, again a rotation of the molecule is considered, yielding tr-tr-HNNOH
(ST 5b) bonded to the catalyst with the HN portion. The energy barrier for
this process was calculated to E¥=5.1 kcal/mol, corresponding to TS 4b. Li
and Li considered this again in terms of a desorption-readsorption process
and stated a barrier of G¥=2.1 kcal/mol at 373 K. Another proton trans-
fer (TS 5b) from HN to the zeolite and vice versa with a barrier of E*=6.4
kcal/mol (Li G*=6.9 kcal /mol) yields cis-HNNO-t-H (ST 6b). As ST 6a and
ST 6b only differ by mirror inversion, the following decomposition was not
considered from both starting configurations but only from ST 6a, assuming
that this has no influence on the resulting profile. At this point, Anstrom
et al.'™ actually considered another desorption-readsorption step leading to
a structure with HN being hydrogen-bonded to the zeolite framework and
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HO hydrogen-bonded by the bridging hydroxyl group. Li and Li found that
such a structure barrier-free decomposes to Ny and H,O and could not find
a comparable transition state structure. Thus, we considered a reaction step
leading directly from adsorbed cis-HNNO-t-H to the decomposed products.
TS 6 basically displays another rotation of the molecule on the surface in-
volving an activation energy of E*=9.7 kcal/mol. The final decomposition
step is highly exothermic by AE=-78 kcal/mol ending in adsorbed nitrogen
and water (ST 7). The comparison of the energy profile (Figure 4.14) of
the two mechanisms reveals that route “b” exhibits a slightly more favor-
able one. It also becomes obvious that the rotation of the molecules on the
catalyst cannot be neglected and in route “b” TS 2b and T'S 6 even present
the highest barriers. Comparable values to those, stated by Li and Li'8!
by consideration of a desorption-readsorption process instead of a rotation,
could not be obtained in our work. Nevertheless, a rotation of an adsorbed
molecule seems to be the more realistic viewing of the process rather than
a complete removal of the molecule from the catalytic surface, followed by a
rotation in the gas phase and a readsorption on the active site. The compar-
ison of the heterogeneous reaction to the corresponding gas phase as reported
in the literature 892147216 Jeads to the finding that both mechanisms exhibit
great improvement with respect to activation barriers.

Decomposition of NH,NO,

Because of the similarity in structure between nitrosamine and nitramide the
assumption is at hand that the catalyst might also enhance the decomposi-
tion of NHyNOs with a similar mechanism. Therefore, we probed the PES
for NHoNO, according to our previously presented mechanisms on the de-
composition of NH;NO and compare the results with the corresponding gas
phase. The latter was also theoretically investigated by Mebel et al.'®? in the
context of the combustion of nitramine propellants and the decomposition
of ammonium dinitramide (ADN). The structures of the pathway with lower
energy is shown in Figure B.23. The corresponding energies of the catalyzed
reaction in comparison to the energies of the decomposition of NH;NO are
shown in Figure 4.15.

The mechanism starts with the exothermic adsorption of nitramide (AE, 4=
-15.6 kcal /mol), which forms two hydrogen bonds with the catalyst, one with
the Brgnsted acid to an oxygen and one between the amino group of the mo-
lecule with a surface oxygen (ST 1, Figure B.23). Then, a proton transfer
between the molecule and the catalyst takes place via TS 1 by inverting the
origin of the hydrogen for the corresponding bonds (ST 2), which requires an
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activation energy of E*=7.8 kcal/mol (electronic energy with respect to ST
2). In the next step, the molecule rotates in such a way that the hydrogen
bond to the former amino group is released (TS 2) and the new hydroxyl
group forms a second hydrogen bond with the Bronsted acid (ST 3). This
process exhibits an energy barrier of E*=10.7 kcal/mol. Because the proton
transfer via TS 1 only has a rather low reverse reaction barrier, it can be
concluded from the energy profile that ST 2 can be neglected and for the
step between ST 1 and TS 2 a barrier of E*=17.7 kcal/mol has to be taken
into account. In the next step, the molecule flips via TS 3 from a bend
forward into an upright position. This step has to be seen rather from the
perspective of completeness than as a mechanistic necessity and the barrier
was calculated to be E¥=1.5 kcal/mol. With the subsequent transition state
TS 4, a proton transfer between the catalyst and the hydroxyl group takes
place which only requires to overcome a barrier of E¥=1.0 kcal/mol. ST 5 is
still bond to the surface with two hydrogen atoms. Then, a rotation of the
intermediate with respect to the catalyst via TS 5 first leads to the unstable
ST 6 where the molecule is loosely bond to the Brgnsted acid with its HN
portion. A further rotation (TS 6) leads to ST 7, in which the structure
is tightly bond to the catalyst by two hydrogen and the hydroxyl group is
directed upwards. The first part of the rotation requires a barrier of Ef=5.1
kcal /mol whereas for the second part only a barrier of E*=0.01 kcal/mol was
calculated. This indicates that the rotation can be seen here as one step and
ST 6 and TS 6 can be neglected. Subsequently, a proton transfer between
the former amino group and the catalyst takes place via TS 7. In the result-
ing structure ST 8 the hydrogen of the HN portion is directed towards the
hydroxyl group of the intermediate. Here, we calculated a barrier of E¥=6.5
kcal /mol for the proton transfer. For the subsequent steps we considered ST
8-2 which is merely the mirror inversion of ST 8. Now, the molecule rotates
via TS 8 with respect to the surface, thus, it is bond to the surface twice but
with different groups. In ST 9 the HN part forms a hydrogen bond to a free
framework oxygen while the hydroxyl group attaches to the Brgnsted acid.
This rotation is activated by E*=8.4 kcal/mol and marks the highest point
in the energy profile. Then, in a final step, the molecule decomposes into
N,O and water (ST 10) after the protonation of the hydroxyl group by the
Brgnsted acid. The former amino group restores at the same time the cata-
lytic acid (TS 9). This step requires a barrier of E¥=1.2 kcal/mol (electronic
energy with respect to ST 9) and it can be assumed, that after the rotation
via TS 8, the intermediate decomposes right away.

Starting from ST 2 for route “b”, two rotations lead to a configuration
in which the former amino group is bond to the Brgnsted acid. A proton
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exchange to this group with the catalyst and an internal rotation of the
hydroxyl group then leads to ST 8-2. From the comparison of the energy
profiles of the two pathways it can be concluded that, though route “b”
is slightly higher in energy, both are accessible because the highest overall
barriers with respect to ST 1 (TS 4b and TS 8) deviate only by AE=1.9
kcal /mol. Thus, the mechanism is a sequence of rotations of the intermediates
with respect to the catalyst and proton exchanges with the catalyst in a push-
pull manner, similar to the decomposition of nitrosamine. In fact, the barriers
in the energy profile for the decomposition of nitramide and nitrosamine
refer to the same structural changes and it can be seen that the pathway
for nitramide is only slightly less favorable which is probably because of the
more complex structure resulting from the second oxygen.

For the gas phase decomposition first, there is a proton transfer from the
amino group to one of the oxygen, forming a hydroxyl group and then a
rotation along the N-OH bond takes place. Either a rotation along the N-
NH bond or a proton transfer from the hydroxyl group to the second oxygen
follows. Both steps lead to an equivalent structure. In the last step, a final
proton transfer from the former amino group to the hydroxyl group leads
to NoO and water (Figure B.24). Our results coincide quite well with the
structures and energies presented by Mebel et al.'® at the MP2/6-311G(d,p)
level of theory. For the first proton transfer we found the highest intrinsic
energy barrier with E¥=37.8 kcal /mol, which is significantly higher than even
a lumped barrier on the catalyst from ST 1 to TS 8 (AE=22.8 kcal/mol),
indicating the high activity of H-ZSM5 for this decomposition. The effect
can mainly be seen in the avoidance of bending along the N-N-O or O-N-O
angle during the internal proton transfer. For example it can be seen for
the first proton transfer from the amino group to the oxygen that in the
gas phase this process involves a bending of the corresponding N-N-O angel
from £ 116.38°(ST 1g) to £ 102.87°(TS 1g) whereas on the catalyst bending
is negligible.

4.4 Conclusion

The key steps of the mechanism of the SCR of NO with ammonia in the
presence of Oy on H-form zeolites have been investigated using the Density
Functional Theory. Besides the oxidation of NO the reaction scheme can be
subdivided into three parts. The first one covers the formation of the prin-
cipal intermediates nitrous and nitric acid together with nitrosamine and
nitramide. The second one deals with the decay of the two acids and the
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third one with the decomposition NHyNO and NH;NO,. For step one, three
different pathways were taken into account, starting with two NOy molecules,
one NOy and one NO molecule, and starting with two NO molecules. All
mechanisms have been studied on a cluster of 5 T-atoms and the crossing
of PESs was considered if necessary. It could be shown that in the absence
of oxygen and NO,y the process barely proceeds, whereas in the other two
cases the Brgnsted acid site enhances the reaction compared to possible gas
phase reactions. However, two potential scenarios have to be discriminated
in this context. Either the nitrogen oxides react in dimerized form with ad-
sorbed ammonia or a decomposition of a dimer leads, first, to nitrosyl or
NOJ prior to a reaction with ammonia. While the latter scenario exhibits
lower intrinsic energy barriers, it might be blocked from the strong adsorbing
ammonia as ammonium ion. For the decay of nitrous or nitric acid, three
different sinks were discussed, namely the decomposition into nitrosyl and
NOJ, respectively, together with water, the bimolecular reaction with ad-
sorbed ammonia or the bimolecular dehydration of two acids. A significant
reduction of intrinsic energies was here observed for the reaction of the acids
with ammonia, making this pathway favorable at low temperatures, when
the active sites are expected to be widely covered with ammonia. The lowest
intrinsic barrier for the decay of nitrous acid was however observed for the
decomposition into nitrosyl and water on a void Brgnsted acid, suggesting
this pathway to be most favorable in the presence of free active sites. The
analogous decomposition of nitric acid exhibits a significantly higher barrier
in the order of magnitude of its dehydration reaction to NoOs. Nevertheless,
because the bimolecular reaction does not provide a significant benefit over
the decomposition the latter is more probable. Finally, the ability of the
catalyst to enhance the decomposition of the intermediates nitrosamine and
nitramide into nitrogen and nitrous oxide, respectively, together with water,
by several proton transfer steps was illustrated. The main benefit over the
gas phase decomposition can be attributed to an avoided internal bending of
the molecules due to the proton exchange capability of the catalyst. Thus,
we have presented the mechanism of several SCR key steps, accounting for
many experimentally observed phenomena and demonstrated the ability of
H-form zeolites to enhance these single reactions compared to the gas phase.



Theoretical Investigation of the
Mechanism of the Selective Catalytic
Oxidation of Ammonia on H-form
Zeolites

The selective catalytic ozidation (SCO) of ammonia has been in-
vestigated on a portion of the H-ZSM5 framework which contains
5 T-atoms by using density functional theory, representing H-
form zeolites. The mechanism was subdivided into three main
blocks: (1) the direct reaction of NHs with oxygen, leading either
to HNO or to NHyOH, (2) the decay of nitroxyl (HNO) and (3)
the decay of intermediately produced hydroxylamine (NHyOH).
For the decay of HNO and NH, OH the catalyst is active for re-
actions with both, NO and HNO, which leads to a reaction net-
work with several energetically similar and accessible pathways.
The initial reaction of oxygen with adsorbed ammonia exhibits
the highest energy barrier in the mechanism and thus is likely to
be the rate limiting step. For all three parts, the crossing of poten-
tial energy surfaces was considered if necessary. The investigation
of potential reaction pathways of NoO with NH3 and NO reveals
a low activity of H-ZSM5 for them and thus, they only have a
minor relevance within the SCO. The results of the investigated
reaction network of the selective catalytic oxidation of ammonia
are in agreement with the experimental literature.
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5.1 Introduction

Many chemical processes either use ammonia as a reactant or produce it
as a by-product and thus are potential sources of NHj slips.4?2'7 As am-
monia emissions contribute to the acidification of the environment and its
precursors are responsible for the greenhouse effect and city smog, control
criteria have become stricter concerning waste stream treatment.?'® The se-
lective catalytic oxidation (SCO) of ammonia to nitrogen and water is an
ideal technology to reduce its concentration in gas waste streams to match
legislated emission standards. Ammonia is effectively used in the selective
catalytic reduction (SCR) of NO, (x=1, 2).43219°221 Ty order to prevent am-
monia slip, most processes are carried out under non optimal stoichiometric
conditions (NH3/NO <1) leading to a loss in NO reduction efficiency. Thus,
an SCO step following the SCR of NO would allow for an overall enhanced
result. Nevertheless, the SCO of ammonia also has to be considered as a side
reaction of the SCR which has to be taken into account when optimizing the
performance of waste stream treatment devices. 145:161:163,178.222 Tyyrthermore,
the SCO can be used to remove NH3 impurities from biomass-derived fuels
to prevent the formation of nitrogen oxides during combustion.??3224 Many
types of materials proved to be active for the SCO of ammonia. Noble metals
like Pt, Rh, and Pd exchanged to ZSM5 or supported on Al,Os,225227 Cu
and Fe exchanged to zeolites or supported on Al,03228233 as well as Ni, 24235
V50526 based and silver catalysts?3” were investigated. Several catalysts
have to face the problem of selectivity because in many cases not only Ny
and HyO are produced, but also unwanted NO or N,O. Fe-ZSM5, mainly
known as a promising SCR-catalyst also showed high activity for the SCO
together with a reasonable selectivity towards Ny.4243:217:219 Tn most cases
Fe-ZSM5 is produced by ion exchange of the H-form of the zeolite and thus,
dependent on the grade of exchange, also leaves Brgnsted acids as active
centers in the catalyst. Yang and Long??! investigated the SCO of ammonia
to Ny on several different ion exchanged zeolites in comparison to the H-
ZSM5. Whereas the H-form produced large quantities of NO, the Fe-ZSM5
showed the highest Ny yield compared to the other ion exchanged catalysts.
Furthermore, they studied the influence of the Si/Al ratio, a parameter that
affects the catalyst’s surface acidity in different iron containing zeolites.?*°
It turned out, that with an increase of this ratio the NH3 conversion as well
as the selectivity to Ny decreased significantly. Together with the knowledge
that a high Brensted acidity is favorable for ammonia adsorption as NH},
Yang and Long assumed that this ion plays an important role in the SCO
mechanism on Fe/H-ZSM5. They also found a good correlation between the
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activity of the investigated Fe-zeolites for the SCR of NO with ammonia and
the selectivity of the SCO of NH3 to Ny. They concluded from this finding
that the SCO mainly produces NO and then a reduction to Ny takes place
via the SCR mechanism. Yang and Gongshin**2?' verified this coherency
between SCR and SCO on the Fe-ZSM5. Furthermore, they concluded the
existence of NO and NHj ions during the SCO of ammonia and the reac-
tion of the latter with oxygen from FT-IR results. Akah et al.?2!7 also
investigated the SCO on different Fe-zeolites in comparison to the H-ZSM5.
Though the H-ZSM5 exhibited a lower activity and selectivity than the iron
exchanged catalysts it was also shown that Brgnsted acids are needed for a
good performance. A synthetically created iron-containing catalyst without
any Aluminum in the structure was quite inactive and unselective compared
to the Fe/H-ZSM5. Akah et al. assumed that the Brgnsted acidity helps
in the activation of NH; molecules during the SCO. Like Yang and Long??!
before, they concluded from their findings that the mechanism of the SCO
first leads to NO and the reduction to Ny is achieved by the mechanism of the
SCR. From these results it is obvious that the mechanism of the SCO of am-
monia on Fe/H-ZSM5 not only involves the iron but also the Brgnsted acids
as active sites. Thus, for a complete understanding of this reaction mechan-
ism the influence of both active sites needs to be determined and investigated
separately. So far, there are only very few theories available about detailed
reaction mechanisms of the SCO in general, including possible intermediate
structures. Andrussow?? stated already in 1926 the assumption that one of
the main intermediates of the SCO of NH3 on Pt is nitroxyl (HNO), which
can be illustrated from the stoichiometry of the direct reaction between one
NHj; and one O, molecule.

In 1935, Bodenstein?3%23% extended this mechanism by suggesting the form-
ation of hydroxylamine (NH,OH). Skreiberg et al.?*’ who studied the ho-
mogeneous oxidation of NH3 in terms of a kinetic model, also found HNO
as one of the most important intermediates. Dixon et al.?*! stated that,
besides HNO and NH>OH, the isomeric radicals NH,O and HNOH are also
important intermediates in the atmospheric oxidation of ammonia. Cheskis
et al.?*2 experimentally studied the decay rates of HNO at low and high NO
pressures in the gas phase. For lean NO conditions they mainly found N,O
as a product and concluded that the reaction of two HNO molecules leads
directly to this product by hydrolysis. In the case of NO-rich conditions, a
reaction between NO and HNO was assumed and NO, was found. Lin et
al. 24324 theoretically investigated these two cases as well as a reaction of
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nitroxyl with NO,24 and stated probable reaction mechanisms.

HNO + 2 NO = HN(NO)ONO = HNNO + NO, (
HNO + 2 NO = HN(NO)ONO = HONO + N,O (
HNO + NO; = HONO + NO (
2HNO = trans-(HNO), = --- = N,O + H,O (

2 HNO = trans-(HNO), = --- = HNOH + NO (

(

is proposed here as a further pathway.

This work focuses on the development of a detailed mechanism for the
selective catalytic oxidation of ammonia on H-ZSM5 by probing the potential
energy surface on a cluster model of this catalyst on the basis of the density
functional theory. Calculations were performed dealing with the proposed re-
action to directly oxidize ammonia (5.1) to HNO and water on the Brgnsted
acid. An additional branch within that reaction also was investigated, leading
to NHsOH due to a further reaction with another ammonia molecule. Fur-
thermore, the system of reactions (5.2) to (5.6) was investigated, including a
further step from reaction (5.6) to the potential intermediate hydroxylamine
(NH,OH). In a next step, the decay of NHoOH is discussed on the basis of
reactions (5.7) to (5.11).

NH,OH + HNO = NH,NO + H,0 (5.7)
NH,OH + NO = HNNO + H,0 (5.8)
2 HNNO = NH,NO + N,O (5.9)
HNNO + HNO = NH,NO + NO (5.10)
HNNO + NO = N,0 + HNO (5.11)

The product NH,;NO was shown to decompose to Ny and HyO on the H-ZSM5
in the preceding chapter 4. To account for the interaction of intermediates
resulting from the SCO and the SCR also the reaction of nitric and nitrous
acid with nitroxyl were considered. %!

In a final step, we investigated potential pathways for the reduction of N5O,
because this species is experimentally found in traces only. The investigation
of the SCO on the H-form zeolite is intended to give insight into the potential
role that the Brgnsted acid plays in ion-exchanged zeolites like the Fe/H-
ZSM5.
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5.2 Theory

The applied methodology for the investigation of the SCO mechanism is equi-
valent to the descriptions in the preceding chapter 4. The catalytic active
site and a part of the zeolite framework were represented by a cluster of 5
T-sites (Figure 4.2, ST A) and all Si atoms were initially placed at their
crystallographic positions. The terminal Si atoms were saturated with hy-
drogen, whereas the Si-H bonds are oriented in the direction of the former
Si-O bonds and the length of these bonds was set to 1.487 A. All quantum
chemical calculations were carried out with the TURBOMOLE suite of pro-
grams?? by using gradient-corrected density functional theory (DFT) with
the B3LYP-functional and a triple-( basis set with polarization functions
(TZVP).% Structure optimizations were performed in Cartesian coordin-
ates with an energy convergence criterion of 10~7 Ha and the maximum
norm of the Cartesian gradient was converged to 10~* Ha/bohr. Transition
states were localized from a combined application of first the growing string-
method® and a refinement with either the modified dimer method!% with
a gradient-norm convergence criterion of 5 - 10~* Ha/bohr or the PRFO!%3
method. Crossing of seams of PESs in MECPs were determined with a mul-
tiplier penalty function algorithm which had a maximum energy difference
on both PESs of less than 10~¢ Ha.

5.3 Results and Discussion

In the following, the mechanistic details of the selective catalytic oxidation of
ammonia, involving the Brgnsted acid of H-ZSM5 as an active catalytic site,
will be presented and discussed in accordance with reactions (5.1) to (5.13),
including the crossing of PESs. In order to compare different pathways, deal-
ing with the same reactants, we subdivided the SCO into (I) the formation
of HNO, including a branch to NHyOH, (II) the decomposition of HNO,
(III) the decomposition of NH,OH, (IV) the interaction of nitroxyl with ni-
trous and nitric acid and finally (V) the potential reaction pathways for NoO
within the system. All energies stated in this work are zero-point energy-
corrected electronic energies with respect to single molecules (gas phase) and
an empty zeolite framework. For some transition states only the electronic
energy differences to either the reactant or the product were taken into ac-
count, because otherwise, with the ZPE-correction, the value was below this
state. This effect can occur when rather small electronic energy differences
are considered. In these cases, it will be stated as a remark in parentheses,
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including the reference state to which the electronic energy was added.

5.3.1 Reaction of NH; with O,

Though there is only little known about how the reaction of the SCO pro-
ceeds on H-ZSM5 there is an agreement in the literature 25238241 on ammonia,
oxidation in general that HNO might play an important role as an intermedi-
ate. Because this species can be derived directly from a bimolecular reaction
between oxygen and ammonia, we investigated the catalyzed reaction (5.1)
as a first step (Figure C.1). Furthermore, we investigated the influence of
a second ammonia molecule on the reaction (Figure C.2), which resulted,
besides an intended change in the energy profile, in an additional reaction
branch, directly leading to hydroxylamine. The corresponding energies are
displayed in Figure 5.1.

The mechanism starts with the strong adsorption of ammonia as NH} in
the 2H mode (AE,45=-18.9 kcal/mol; Figure 4.2, ST B) and the coadsorption
of oxygen (Figure C.1, ST 1a). From the energy profile it can be concluded,
that the subsequent interaction between adsorbed ammonia and oxygen can
be neglected and thus O, rather has to be considered as a gas phase species
in this context. Thus, the following direct reaction of gas phase oxygen with
adsorbed ammonium can be considered as of the Eley-Rideal type. This first
step involves a crossing of the PESs with spin multiplicity of Mg=3 to Mg=1
and ammonium needs to be activated to NH3. Subsequently an O-N bond is
formed with the oxygen and O, takes up the proton from the zeolite surface
forming the intermediate species NHsOOH™ (ST 2a). For this process, an
energy barrier of E¥=40.8 kcal/mol was calculated and the corresponding
structure, the minimum on the seam of the two potential energy surfaces, is
denoted with SEAM 1la. ST 2a is AE=16.5 kcal/mol lower in energy than
SEAM 1la and thus can be assumed to be a stable intermediate structure
that does not instantaneously decompose back to the NH3 and O,. Next,
the NHj3 part of the intermediate structure releases one proton to the catalyst
and due to a configurational change within the molecule the distance of the
OH group of now NH,OOH to the Brgnsted acid of the catalyst is shortened
to 2.521 A (ST 3a). The activation energy to overcome the corresponding
TS 1a was calculated to be E*=7.2 kcal/mol. In the next step via TS 2a and
a barrier of E*=3.5 kcal/mol (electronic energy with respect to ST 4a) this
distance is even further shortened to 1.734 A, whereas the intermediate is
now not anymore adsorbed to the Brgnsted acid with the nitrogen but with
the OH group (ST 4a). As a last step, the adsorbed OH group takes up the
proton from the zeolite, forming water and the O-O bond is broken. The
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remaining portion of the molecule returns one hydrogen to the catalyst and
forms adsorbed nitroxyl (ST 5a). This exothermic step via TS 3a has an
activation energy of E*=0.55 kcal /mol. Basically, as can be seen from Figure
4, TS 2a, ST 4a and TS 3a have very close energies and thus, the step from
ST3a to STHa should rather be considered as one step and the intermediate
structure ST4a can be neglected.

An alternative pathway was obtained by starting from two coadsorbed
NH; molecules (Figure 4.2, ST J). The second ammonia molecule also adsorbs
quite strongly as can be concluded from the energy profile (AE,4s=-13.7
kcal/mol with respect to ST B) and forms hydrogen bonds with the catalyst
and with the prior adsorbed ammonium. TPD experiments**161:217 showed
that there are two peaks for ammonia, whereas Long and Yang!®! associated
the one at higher temperature with NHJ, the other one with coordinated
NHj. The presented structure ST J might correspond to these findings. The
reformation of ammonia from ammonium turned out to be the step with the
highest energy barrier not only for route “a” but also for the reactions of
NH; within the SCR (compare chapter 4). Thus, the motivation for this
pathway was the idea to potentially find a reaction mechanism in which this
energy barrier is not needed, by starting with a system, where coordinated
ammonia already exists in a stable state. Adding oxygen in the next step
to the system does not reveal a significant interaction between O, and the
ammonia complex, with respect to the energy. This indicates, as was the case
for route “a” as well, that oxygen can be considered as a gas phase species and
the subsequent reaction mechanism is of the Eley-Rideal type. In the next
step we considered a crossing of PESs from Mg=3 to Mg = 1 via SEAM 1b,
by which the gas phase oxygen enforces the separation of the two ammonia
molecules (ST 2b). For this process an energy barrier of E¥=36.8 kcal/mol
has to be overcome which is slightly lower than the corresponding barrier
for route “a”. In the following step the intermediate structure NH;OOH™
(ST 3b) is formed and from the energy profile it is obvious that the energy
barrier for this process (T'S 1b) can be neglected. Basically, the two processes
of crossing the PESs and the formation of bonds between the oxygen with
the nitrogen on one side and hydrogen on the other side can be considered
as one single step similar to the first step in route “a”. In fact, ST 2b might
solely be a product of numerical noise. Now, a proton is retransferred to the
zeolite structure (TS 2b), which involves a slight barrier of E¥=1.4 kcal /mol
(only electronic energy difference with respect to ST 3b). The desorption of
one ammonia molecule (AEq,s=7.4 kcal/mol) represents the last step, leading
from ST 4b to ST 3a (Figure C.1), which further decomposes to HNO and
water.
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An alternative pathway, starting from ST 4b and leading to two hy-
droxylamine molecules was investigated and is also accessible from route
“a” by considering a coadsorption of ammonia to ST 3a. A slight rota-
tion of the ammonia molecule via TS 3c into an adsorbed state with only
one hydrogen-bond to the zeolite (ST 5¢) exhibits an activation Energy of
E#=0.02 kcal/mol and thus can be considered barrier less. In the next step
the NHyOOH changes its configuration from trans to cis (ST 6¢) and an ac-
tivation energy of E¥=8.9 kcal/mol (TS 4c) has to be overcome. Then, the
OH part from NH,OOH is released and temporarily forms a hydrogen bond
to the catalyst, while the ammonia slightly rotates, being hydrogen-bond to
another framework oxygen. Finally, a bond between ammonia and the re-
leased OH is formed (TS 5¢), accompanied by a proton transfer between the
two forming molecules. This implies that the remaining NH30 part takes up
the hydrogen from the former released OH part and releases instead a hydro-
gen from its nitrogen back to this remaining oxygen atom, which eventually
leads to two coadsorbed hydroxylamine molecules. This last step presents
for this pathway the highest energy barrier with E*=22.4 kcal/mol and it
can be concluded from the energy profile that the decomposition of the in-
termediate NHyOOH into nitroxyl and water is favorable. Nevertheless, the
barrier is especially within the context of the formation of the intermediate
structure low enough to be overcome and thus the formation of NH,OH from
this pathway is not negligible. A benefit of the second ammonia molecule
due to the avoidance of the activation of NH} to NHj was observed within
a lower energy barrier. Nevertheless, the decrease in the energy barrier was
not as significant as expected because of the necessity to break the formed
hydrogen bond within the ammonia complex. Thus, the separation of the
formed ammonia complex in addition to the crossing of the PESs and the
formation of the intermediate NH;OOH™ still exhibits a high energy barrier,
close to the corresponding one with only one NHj (route “a”). This indicates
that the formation of HNO and NHy;OH might be the rate determining step
for the SCO of ammonia on H-ZSM5 and the explanation why the catalyst
is less active for this reaction than ion exchanged zeolites.

5.3.2 Decomposition of HNO

For the gas phase decay of nitroxyl experimental as well as theoretical stud-
ies 2427245247 gygoested a reaction with either a second HNO molecule or with
nitrogen oxide. In the first case, the products NoO and water were found.
Furthermore, Lin et al.?** proposed the competitive dissociation of the di-

mer (HNO), into the radicals NO and HNOH from theoretical investigation.
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For the reaction of nitroxyl with NO Strausz and Gunning?*®?%9 and later

Holmes and Sundarm?**:?%! suggested the formation of HNO3 and nitrogen,
whereas Lin et al. found this mechanism unfavorable compared to their pro-
posed pathway, leading to HNNO and NO,. We investigated the decay of
HNO on H-ZSM5 by first analyzing the self-reaction of nitroxyl leading to
N,O and water (Figure C.3), as well as a pathway leading to the decomposed
products HNOH and NO (Figure C.4). Furthermore, we considered an ad-
ditional reaction, between HNOH and nitroxyl leading to the more stable
hydroxylamine. Because nitrogen oxide is released in the latter reaction, we
also investigated the activity of the catalyst for the reaction of HNO with
NO and NOy (Figure C.5). The corresponding energies to the structures
presented in Figures C.3 to C.5 are shown in Figure 5.2.

Self-reaction of HNO, leading to N,O

The mechanism is started with the adsorption of two nitroxyl molecules on
the catalyst. The first one (Figure C.3, ST 0) is fixed by two hydrogen bonds
with an adsorption energy of AE,3s=-9.1 kcal/mol. The second HNO is only
bond by one hydrogen to the unoccupied framework oxygen (ST 1). Its ad-
sorption energy with respect to the first adsorbed molecule is AE yaqs=-4
kcal/mol and thus it is rather loosely bond. In the next step, the two mo-
lecules exothermically dimerize by forming an N-N bond to trans-(HNO),
(ST 2). The energy barrier corresponding to that process via TS 1 is neg-
ligibly small with E*=1.0 kcal/mol and it can be assumed that the dimer
forms right away if two nitroxyl molecules are present on the active side of
the catalyst. Furthermore, due to the strongly exothermic character of the
dimerization by AE=-30.5 kcal /mol, a reverse step, leading back to two HNO
molecules, is rather unlikely. The following switch in the adsorbed state of
the dimer from one framework oxygen to another (TS 2, ST 3) is not relevant
for the mechanism but rather presented for the purpose of completion. Nev-
ertheless, as can be seen from the energy profile, such a step only has a low
activation barrier (E*=3.4 kcal/mol) and thus eventually takes place quite
often at reaction temperatures. In the next step, a proton transfer takes place
from the catalyst to the oxygen of the dimer and from the nitrogen of the mo-
lecule to the zeolite. This proton transfer (TS 3) is activated by only E*=0.4
kcal/mol indicating that not the dimer trans-(HNO), but structure ST 4 can
be considered as the first rather stable intermediate since the coadsorption
of the two nitroxyl molecules. Now, a slight rotation of the molecule on the
surface (TS 4a) with an activation barrier of E*=15.5 kcal/mol leads to a
structure (ST b5a) which enables another hydrogen transfer with the catalyst
(TS 5a), involving the two nitrogen atoms. The proton transfer exhibits an
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energy barrier of E*=12.1 kcal/mol and leads to a structure (ST 6a) that is
fixed to the catalyst with a hydrogen bond between the reformed N-H part
of the molecule and a framework oxygen and a hydrogen bond between the
Bronsted acid and the O-H part of the molecule. From this structure another
proton exchange with the catalytic surface together with the breaking of the
N-O bond via TS 6a and an energy barrier of E*=14.2 kcal/mol leads to
the formation of water and NoO. This step is exothermically by AE=-59.6
kcal/mol and thus can be considered irreversible. With respect to the energy
profile, the mechanism can be simplified into the nearly barrierless dimeriza-
tion of two HNO and a first proton transfer leading to ST 4, then the slight
rotation and the subsequent proton transfer leading to ST 6a and finally the
decomposition into NoO and water. The second lumped step then exhibits
the highest internal energy barrier which was calculated to be Ef =22.8
kcal/mol (ST4 to TS 5a). Furthermore, it becomes obvious from the energy
profile that the reaction along this pathway (route “a”) can be considered
as to proceed rather fast, because the dimerization already releases enough
energy to overcome the subsequent barriers. From theoretical investigations
of the corresponding gas phase reaction, Uggerud et al.?*” stated an energy
barrier of E*=10.5 kcal/mol for the formation of the dimer indicating, that
the catalyst facilitates this formation. Furthermore, the highest internal en-
ergy barrier for the most favorable pathway was calculated to be Ef=41.3
kecal/mol, indicating that the catalyst also significantly reduces the energy
barriers for proton transfers due to the Brgnsted acid. Thus, the presented
“push-pull” mechanism of the self-reaction of HNO on H-ZSM5, leading to
N2O and Hy0O exhibits great improvement over the corresponding homogen-
eous reaction with respect to the energy barriers.

Self-reaction of HNO, leading to NH,OH

Up to structure ST 4 this mechanism is identical to the above presented
decomposition to NoO and HyO. Then, the molecule changes the state of
adsorbance via TS 4b that the hydrogen bond from the Brgnsted acid is now
not anymore with the molecule’s nitrogen but with the oxygen at the end of
the structure (ST 5b). This molecule shift is activated by E*=9.7 kcal /mol.
Because the resulting structure of minimum energy is now only fixed on the
catalyst with one hydrogen interaction it can be assumed that it is rather
unstable. This is supported by the low energy barrier of E*=0.6 kcal/mol
exhibited by the subsequent rotation of the molecule (TS 5b), leading to a
structure, that has two hydrogen bonds between catalyst and molecule (ST
6b). In fact, it can be assumed that the molecule shift directly leads to
this structure ST 6b and that the two steps can be considered as one step
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because of the negligible second energy barrier. Next, the OH group of the
molecule is slightly rotated via TS 6b to structure ST 7b with a barrier of
Ef=0.1 kcal/mol and the energy profile indicates that this step can occur
in both directions instantaneously. Then, the molecule is rotated along its
vertical axis through the displayed transition state (T'S 7b), leading to a dif-
ferent adsorbed state of the molecule, where the hydrogenated nitrogen is
now twice hydrogen bonded to two framework oxygen atoms (ST 8b). This
process exhibits an activation energy of E*=12.9 kcal /mol and structure ST
8b is only AE=0.3 kcal/mol lower in energy than the prior transition state,
indicating it to be quite unstable. Then, the molecule takes up the proton
from the catalyst and the N-N bond is significantly elongated (TS 8b; N-
N=1.73 A), while the resulting product (ST 9b; N-N=1.83 A) is bonded to
the surface with only one hydrogen. The energy barrier is E¥=7.2 kcal /mol
(only electronic energy with respect to ST 9b) and again, the following drop
in energy of only AE=0.2 kcal/mol on the product side of this step indicates
an unstable state for structure ST 9b. Now, the HONH, part of the molecule
shifts on the catalyst to a new adsorbed state, in which two hydrogen bonds
fix it. This results in a rather stable state with respect to the energy profile
(ST 10b), whereas the energy barrier for the transition state prior to that
structure (E*=1.5 kcal/mol) is negligible. Thus, the steps from ST 7b to ST
10b have to be lumped into one step in terms of that enough energy must
be provided to overcome all intermediate barriers at once, because of the
unstable character of ST 8b and ST 9b. This leads to a concerted energy
barrier of E} | .=21.1 kcal/mol (from ST 7b to TS 9b), presenting the highest
internal barrier of the overall process. In fact, the species ST 10b could also
be interpreted as hydroxylamine adsorbed on Z~[NO]*. Nevertheless, in ac-
cordance with reaction (5.4) we further considered the decomposition of the
structure into HNOH and NO which includes a switch from the PES with
spin multiplicity Mg=1 to the one with Mg=3. The minimum on the seam of
these two surfaces (SEAM 1b) exhibits an energy barrier of E*=9.3 kcal /mol
and the N-N bond is released (ST 11b). As a next step we considered the
desorption (AEg4es=6.0 kcal/mol) of the released NO, while the NHyO in-
stantaneously forms HNOH by proton transfer with the catalyst (ST 12b).
In addition to the fragmentation of the dimer (HNO),, corresponding to the
gas phase reaction proposed by Lin et al.,?*3 we investigated a further reac-
tion step of the remaining HNOH with another nitroxyl molecule leading to
the more stable intermediate NHyOH and NO. Therefore, we considered the
coadsorption of HNO as a next step (ST 13b), which exhibits an adsorption
energy of AEqaqs=-9.0 kcal/mol with respect to adsorbed HNOH. In this
state, NH5O reforms from HNOH at present. Then, via TS 10b, HNO re-
leases its proton directly to the nitrogen of the NH,O, which also takes up the
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Bronsted acid from the catalyst to form NH3OH™. This process exhibits an
energy barrier of E¥=4.4 kcal/mol and is exothermic by AE=-29.7 kcal /mol,
indicating that the reverse reaction is unlikely to occur. A comparison of the
energy profiles of route “a” and route “b” reveals that these two pathways
are competitive and neither one can be concluded to be favorable. In both
cases, the initial dimerization releases enough energy to overcome the sub-
sequent barriers and the highest internal barriers are nearly equal, indicating
that none of the two processes traps a certain intermediate structure more
than the other mechanism does.

Reaction of HNO with NO and NO,

Cheskis et al.?*? found that the decay of HNO in an NO rich environment
follows a different mechanism as stated above. Lin et al.?*> proposed the
reaction to HNNO and NO, whereas Strausz and Gunning?*® and Holmes and
Sundarm?>! proposed the production of HNO3 and Ny. An investigation of
these two mechanisms revealed for the first case an internal activation barrier
of E*=37.0 kcal/mol and for the second case a barrier of E*=39.0 kcal /mol.
(For details on the structures see Briiggemann and Keil.??) In addition an
energetically more favorable pathway, leading to NoO and HONO, was found.
Here the mechanism starts with the adsorption of nitroxyl (ST0, Figure C.3)
as was the case for the self-reaction of HNO. The addition of an NO molecule
then barrierless forms an N-N bond between HNO and NO (ST'1c, Figure C.5)
which is exothermic by AE=-13.6 kcal/mol. Then, another NO is added to
the system (ST2c) which, from a configurational point of view, does not
interact with the adsorbed intermediate as there is a distance of N-O=3.3 A.
This distance is significantly reduced by considering the crossing of the seam
of PESs with Mg=3 to Mg=1 via SEAM 1c (N-O=2.4 A) eventually forming a
loose bond as can be seen from ST 3¢ (N-O=1.9 A). This process needs to be
activated with E*=6.8 kcal/mol and is exothermic by AE=-11.4 kcal/mol.
Next, we considered a proton transfer of the molecule with the catalyst,
leading to a new intermediate isomer with the sequence ONN-OH (ST4c)
and the loosely bond NO. The barrier for this proton exchange via TS 1c is
E#=1.9 kcal/mol (only electronic energy with respect to ST3c). In the last
step the bond between the OH group and the nitrogen of the intermediate
structure is released and forms a bond with the loosely bonded NO (TS
2c). This leads to the final formation of NyO and trans-HONO (ST 5¢) and
exhibits an internal energy barrier of E¥=8.3 kcal/mol. Thus, by comparing
the energy profiles of the presented pathway with the self-reaction of nitroxyl
it can be concluded that the reaction of nitroxyl with NO is slightly more
favorable. Especially in the case of an NO-rich environment as is for example
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the case in the SCR, it can not be neglected.

For the purpose of completion we also considered the reaction of NOy with
nitroxyl, which, in the context of the SCO can be considered to be produced
from the oxidation of NO. It can be seen from ST 1d (Figure C.5) and the
corresponding energy that NOs hardly interacts with the adsorbed HNO. In
the subsequent reaction step, the proton of the nitroxyl is transferred to the
NO,, forming ciss-HONO (TS 1d) which adsorbs directly to the Brgnsted acid,
while the released NO desorbs to the gas phase (ST 2d). The barrier that has
to be overcome for this process was calculated to be E¥=6.2 kcal /mol and an
energy of AE=-29.1 kcal/mol is released, making the reverse reaction rather
unlikely. For the gas phase reaction of NO, with HNO to cis-HONO and NO
at the B3LYP/6-3117"G(d,p) level of theory, Mebel et al.?4¢ only stated an
electronic energy difference of AE=0.4 kcal /mol between transition state and
interacting reactants and found the ZPE-corrected relative energy of it to be
AE=-2.3 kcal/mol below the reactants. Thus, a distinct conclusion about a
beneficial affect of the catalyst from the comparison with these values seems
questionable. Nevertheless, even our calculated barrier of E*=6.2 kcal /mol
can be considered small within the H/N/O network and the reaction can be
assumed to take place, if the reactants are available.

5.3.3 Decomposition of NH,OH

Hydroxylamine is known to be a highly reactive compound?®®2?°* that can
react with other oxides of nitrogen.?® In the following, we present the mech-
anistic details of the decomposition of this species, catalyzed by the Brgnsted
acid of the zeolite according to reactions (5.7) to (5.11). For reaction (5.7),
two different pathways are presented differing in the adsorbed state of hy-
droxylamine as either NH;OH™ (route “a”, Figure C.6) or NH,OH (route
“b”, Figure C.7) prior to the reaction with nitroxyl. Both states can be
considered as existing and the pathway for the interexchange is included in
route “b”. Starting from NHyOH, the reaction with NO according to (5.8) is
presented (“c”, Figure C.7) as well as the further branched progress accord-
ing to reactions (5.9, “d”), (5.10, “€”) and (5.11, “f”). The structures of the
latter reactions are presented in Figure C.8 and the corresponding energy
profiles of the complete decomposition process are displayed in Figure 5.3.

Reaction of NH,OH with HNO

The mechanism for route “a” starts with the adsorbed hydroxylamine in the
NH3OH™ state (ST1, Figure C.7) and the subsequent coadsorption of nitroxyl
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(ST2a, Figure C.6). From the energy profile (Figure 5.3) it can be concluded
that not only hydroxylamine adsorbs stably on the catalyst (AE,q4s=-20.7
kecal/mol) but also the coadsorption of HNO (AEeaqs=-7.4 kcal/mol with
respect to the adsorbed NHoNO) is quite strong. In the next step the nitroxyl
releases its proton while the O-N bond within the hydroxylamine breaks (TS
la). The released OH group takes up the HNO proton and at the same time
releases its own proton to the catalyst. Finally, a bond between the adsorbed
OH and the NO is formed leading to adsorbed trans-HONO and ammonia
(ST 3a). It should be noted that this structure is the same as ST 3a in Figure
B.11 for the reaction of ammonia and nitrous acid (compare section 4.3.3)
and the subsequent reaction steps are for both systems identical. However,
the formation of this structure in this process is the most energy-consuming
internal step of route “a”, exhibiting a barrier of E¥=26.6 kcal/mol, but
the energy stays below the reference state of gas molecules and the bare
catalyst. Furthermore, this step is exothermic by AE=-39 kcal/mol, making
the reverse reaction unlikely. Then, the OH group of the nitrous acid again
takes up the proton from the catalyst (TS 2a), which leads to the formation
of water while the formed O-N bond is broken again (ST 4a). The activation
barrier for this process was calculated to be Ef=8.0 kcal/mol (electronic
energy with respect to ST 4a). Next, the water molecule is rotated via TS
3a so that now not the HoO proton is hydrogen bonded to the ammonia
nitrogen but one proton from the NHj is interacting with the water oxygen.
Furthermore, the NO nitrogen interacts with the ammonia nitrogen as their
distance has significantly reduced to 2.2 A (ST 5a). This change in the
arrangement of the system species exhibits an energy barrier of Ef=11.5
kecal/mol. In the following step, the N-N interaction between NH3 and NO is
further increased as can be concluded from the shortening of the distance to
1.8 A. Furthermore, a hydrogen bond is formed between the ammonia and
the surface by a slight rotation of the latter molecule (ST 6a). The barrier
for this step is negligibly small with E¥=1.8 kcal/mol. ST 6a and ST 7a only
slightly differ with respect to the structure and a string calculation between
the two structures revealed that the energy barrier is negligible for a potential
interchange. Finally, a bond between the NO and the NHj is formed and
one proton is released to the zeolite surface (TS ba), leading to NHoNO and
H,0, adsorbed on the catalyst (ST 8a). The formation of NHoNO exhibits
an activation energy of Ef=1.4 kcal/mol. Thus, from the energy profile it
can be concluded that the reaction proceeds instantaneously starting from
TS 3a to ST 8a.

An alternative pathway for this reaction was investigated by first con-
sidering a change in the adsorbed state of hydroxylamine. Again, here the
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Figure 5.3: Energy profile for the decay of NH,OH, starting from NH;OH™.
Compared are the reactions with HNO, either directly or after prior trans-
formation to NHyOH and with NO. For the formed HNNO the self-reaction
and the reaction with HNO and NO are shown. FKEnergies are zero-point
corrected.

starting point is adsorbed NH,OH in the protonated state (ST 1, Figure
C.7), which owes its high stability from two hydrogen bonds of the NHj
portion of the molecule and one hydrogen bond of the OH part with frame-
work oxygen. A rotation of the molecule (TS 1b), leading to an adsorbed
state with only two hydrogen bonds (ST 2b) exhibits an activation energy
of E*=6.7 kecal/mol. A further rotation and a proton transfer of the mo-
lecule to the catalyst (TS 2b) is activated by E*=0.2 kcal/mol (electronic
energy with respect to ST 3b) and leads to ST 3b, where only the nitrogen
is now hydrogen-bonded to the Brgnsted acid. Then, another rotation of
hydroxylamine together with a slight shift via TS 3b leads to an adsorbed
state where the oxygen of the OH group is hydrogen bond to the Brgnsted
acid and one proton of the NHy portion interacts with one framework oxygen.
This process exhibits an activation energy of E*=9.9 kcal/mol. The following
change in the adsorbed state of NH,OH as presented is only for consistency
of the mechanism and the barrier of only E¥=0.8 kcal/mol indicates that this
switch proceeds nearly barrierless. Thus, for the change from the NH;OH™
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state to NHyOH the process can be merged to one major step, leading from
ST 1 over TS 3b to ST 5b. All intermediate reactions can be neglected due to
the low energy barriers and from the energy profile it can be concluded that
it is not before TS 3b that there is a stable structure that does not directly
react back to the NH3OH™ state. The activation barrier for this lumped step
is E¥=15.8 kcal/mol and endothermic by AE=7.6 kcal/mol. This indicates
that this interchange has to be considered even at lower temperatures as the
internal barrier might already be overcome due to the strong adsorption of
the NH;OH' and the reverse barrier of Ef =8.2 kcal/mol is high enough to
ensure the short-termed stability of NH,OH.

Starting from ST 5b we considered the coadsorption of nitroxyl (AEceaqs=
-6.7 keal /mol with respect to the adsorbed NHoOH) which forms a hydrogen
bond to the framework oxygen but also interacts with the OH part of hy-
droxylamine (ST 6b). Then, in one step, the O-N bond of NH,OH breaks,
the OH part forms water with the Brgnsted acid, the nitroxyl releases its pro-
ton to the surface and an N-N bond between NHy and NO is formed leading
to NHoNO (ST 7b). This process via TS 5b has to overcome an energy bar-
rier of E¥=18.7 kcal/mol and is exothermic by AE=-59.9 kcal/mol. Due to
the slightly lower highest internal energy barrier, the second pathway could
be considered more favorable although from the higher stability of NH;OH™
and the anchored higher availability of this species prior to the reaction with
HNO also pathway “a” might be more favorable. Nevertheless, in both cases
the energy profiles remain at their highest state below the references state
by a comparable value (route “a”: -1.6 kcal/mol, route “b”: -1.1 kcal/mol),
indicating that both pathways are accessible.

Reaction of NH,OH with NO

This reaction pathway is started from adsorbed NH,OH (ST 5b, Figure C.7),
where we considered the addition of an NO molecule to the system (ST 6c).
Because there is no interaction between the nitrogen oxide and the adsorbed
molecule, as can be seen from the energy profile, the following reaction step
can be considered as of the Eley-Rideal type. As with the reaction with
nitroxyl, the O-N bond in hydroxylamine breaks and the OH part forms
water with the catalyst hydrogen (TS 5¢). Furthermore, a bond between the
NO and the released NH, is formed and finally, the formed species releases
one hydrogen to the catalyst, leading to adsorbed water and cissHNNO (ST
7c). This process exhibits an energy barrier of E¥=19.2 kcal/mol, which is
only 0.5 kcal/mol higher as the corresponding barrier for the reaction with
HNO indicating the potential importance of this reaction branch especially
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under NO-rich conditions.

As a next step, we considered the desorption of water from the catalyst,
leaving adsorbed cis-HNNO as the starting point for the three considered
branches according to reactions (5.9) to (5.11), which is shown as ST 8f
(Figure C.8). The self-reaction of HNNO is presented here representatively
as the reaction of one molecule in the cis- and the other one in the trans-
configuration. However, similar results are obtained also for other combin-
ations.?? Trans-HNNO coadsorbs to the ciss HNNO (AE,4,=-4.8 kcal/mol),
by forming a hydrogen bond with one framework oxygen and one with its
counterpart (ST 9d). The subsequent reaction step involves the crossing of
PESs from Mg=3, corresponding to the two radicals HNNO to Mg=1, corres-
ponding to NH,NO and N,O (ST 10d). The energy barrier, corresponding
to the minimum on the seam of the two PESs (SEAM 1d) was calculated to
be E*=8.0 kcal/mol and the process is exothermic by AE=-49.9 kcal/mol,
indicating that a reverse step is negligible. In a similar way we investigated
the reaction of HNNO with nitroxyl, where again the cis-configuration is
considered to be representative for both conformers. Though the addition
of the nitroxyl to the system (ST 9e) leads to the formation of hydrogen
bonds, a significant drop in energy cannot be obtained from the energy pro-
file. In the following reaction step via TS 6e the HNO releases its hydrogen
to the catalytic surface and the HNNO forms NHyNO by taking up the pro-
ton it was adsorbed on (ST 10e). The energy barrier for this step is E*=0.2
kcal/mol (electronic energy with respect to ST 9e), indicating that this re-
action can be considered to proceed spontaneously as soon as the gas phase
nitroxyl hits on adsorbed HNNO. As a last branch we considered the case of
an NO-rich environment. For this case, our representative species is in the
trans-configuration and thus we also present here the catalyzed change in con-
formation for the sake of completeness. Starting from the cis-conformation
(ST 8f), this change is achieved by proton transfer of the molecule with the
catalyst (TS 6f) leading to the trans-HNNO (ST 9f). The activation energy
is E*=2.9 kcal/mol and the energy profile indicates that the trans-state is
slightly favorable. Nevertheless, it can be concluded that both conformers
are present in the system not only as products from similar reaction path-
ways but also due to the presented conformational change. The subsequent
investigation of the reaction of trans-HNNO with NO is started from a state
where nitrogen oxide is adsorbed on the Brgnsted acid and HNNO forms a
hydrogen bond with the catalyst (ST 10f). Then, the crossing of the seam
of the two PESs with Mg=3 to Mg=1 takes place via SEAM 1f and the N-N
distance of NO to HNNO reduces from 2.870 A to 1.868 A (ST 11f). This
process is activated by E¥=5.6 kcal/mol. Finally, a proton transfer between
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the molecules and the catalytic surface leads to the formation of nitroxyl and
N,O (ST 12f), by overcoming an energy barrier of E*=11.3 kcal/mol (TS 7f).

A comparison of the energy profiles of the three branches for the decay
of HNNO reveals that the reaction with nitroxyl has to be considered as
the most favorable due to its nearly barrierless character, but also the self
reaction of HNNO is catalyzed by the H-ZSM5. Although the energy barriers
for the reaction with NO are slightly higher, this reaction still has to be taken
into account, especially in the view of the motivation for this branch, an NO-
rich environment.

5.3.4 Reaction of Nitroxyl with Nitrous and Nitric Acid

In the preceding chapter 4 nitrous and nitric acid have been shown to be
key intermediates in the SCR of nitrogen oxides with ammonia on H-ZSM5.
Because of the high reactivity of nitroxyl this species might significantly
influence the reaction pathways of the fast and the NOy-SCR by reacting
with its intermediates. Thus, we present here the potential impact of nitroxyl
on the two acids with the energies shown in Figure 5.4 and the corresponding
structures in Figure C.9 and C.10.

For the case of the reaction of nitrous acid with nitroxyl the mechanism
starts with the adsorption of trans-HONO and an energy of adsorption of
AE,4s=-11.5 kecal/mol. The following coadsorption of HNO (ST la, Figure
C.9) with AEcoags=-3.4 kcal/mol indicates a rather loose state. In the sub-
sequent reaction step, the Brgnsted acid protonates the hydroxyl group of
the nitrous acid and the HO-NO bond is broken. At the same time, the ni-
troxyl releases its hydrogen to restore the catalytic surface and forms NyO,
together with the released NO™'. This process via TS la exhibits an energy
barrier of only E¥=1.0 kcal/mol indicating a fast reaction between the coad-
sorbed reactants. It is exothermic by AE=-17.0 kcal/mol. In the resulting
product state, water is bond to two framework oxygen with its hydrogen and
the N5O, is hydrogen-bonded to the Brgnsted acid and stabilized by the ad-
sorbed water. Furthermore, we considered the decomposition of the N5O5 in
the coadsorbed state via SEAM 1la including the crossing of PES from Mg=1
to Mg=3. Here we calculated a barrier of E*=3.0 kcal/mol that reveals that
the dimer is very likely to decompose right away. A minimization on the
PES with Mg=3, starting from the SEAM 1a, leads to ST 3a in which the
two NO still are coadsorbed with the water. Nevertheless, this has to be con-
sidered a non-stable state because the desorption of one of the NO directly
leads to the reorientation of the water molecule by pushing the remaining
NO off the Brgnsted acid to which it then bonds (compare ST 6a, Figure
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B.14). This adsorption state is significantly more stable for water, thus, the
desorption of the two NO appears in the energy profile to be exothermic by
AEges=-4.3 kecal/mol. In the case of the corresponding gas phase reaction
with nitrous acid in the trans-configuration a hydrogen transfer from the
HNO to the hydroxyl group of the nitrous acid (TS lag) leads to water and
N0, (ST 2ag). This step exhibits an energy barrier of E¥=17.8 kcal /mol and
it can be concluded that the catalyst tremendously enhances this reaction.
The subsequent decomposition of NyOy was then in turn found to be nearly
barrier less with E*=0.07 kcal/mol via SEAM lag leading to two NO and
water (ST 3ag). For the dehydration of trans-HONO with HNO, Lin et al. !
found a transition state with an activation energy of only E*=11.3 kcal /mol
at the B3LYP/6-31177G(d,p) level of theory. Nevertheless, this still implies
a reduction of the activation energy by one order of magnitude due to the
catalyst.

For the reaction of nitroxyl with nitric acid the mechanism starts with
the exothermic adsorption of HNO (AE,g4s=-9.1 kcal/mol; Figure C.3, ST
0) and the coadsorption of HNOj with AEqs=-7.2 kcal/mol to the free
framework oxygen by forming a hydrogen bond (ST 1b, Figure C.10). Then
the hydroxyl group of the nitric acid is protonated by the Brgnsted acid,
inducing the cleavage of the internal HO-NOy bond (TS 1b). This process
exhibits an energy barrier of E¥=20.8 kcal /mol and then leads to the recycling
of the Bronsted acid as the nitroxyl releases its proton. Furthermore, the
formed water reorientates on the surface by forming a hydrogen bond with
the restored Breonsted acid while the released NOy and NO combine to ct-
N3O3, loosely bond to the adsorbed water (ST 2b). This step is exothermic
with AE=-29.6 kcal/mol and, thus, the reverse reaction can be neglected. For
the subsequent decomposition of the ct-NyO3 we found an activation energy
of E*=10.7 kcal/mol corresponding to the adsorbed state (SEAM 1b). In
comparison, the desorption of the ct-NyO3 needs an energy of AEge=6.1
kcal/mol and the gas phase decomposition is activated by E*=7.6 kcal/mol.
The catalyst does not enhance the decomposition of the dimer structure and
it seems more likely, that first the NyO3 desorbs to the gas phase prior to its
decomposition. The comparison of the two reactions reveals that the nitrous
acid is rapidly consumed by nitroxyl, while the nitric acid is considerably
more stable. Nevertheless, in the context of nitroxyl being mainly produced
within the SCO, which is only of relevance at elevated temperatures, it can
be assumed that also the barrier for the reaction of HNO with HNOj is easily
surmounted.
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5.3.5 Pathway for N,O

Within the experimental literature NoO is mentioned to occur in traces only
during the SCO of ammonia indicating either that none is produced or that
there is a pathway, reducing it to nitrogen. From the so far presented mech-
anism several reaction branches are potential sources of NoO and have to be
considered to be of relevance. On the other hand, it is known that under
certain operation conditions of the SCR significant amounts of NoO are ob-
served, indicating that the H-ZSM35 is far less active for the SCR of NoO with
ammonia, if at all, than for the SCR of NO. Thus, we investigated the po-
tential reactions of NoO with ammonia, also considering two adsorbed NHj
molecules as starting point and the reaction with NO to deal with the ques-
tion whether there is a potential sink for NyO in the system. The structures
are displayed in Figure C.11 and the corresponding energy profiles are shown
in Figure 5.5.

In the first case, we considered the direct reaction of NoO with adsorbed
NH; and the starting point is ST B (Figure 4.2). In the subsequent coad-
sorption of NyO the oxygen of the latter species slightly interacts with one
ammonium hydrogen (ST 1a). Then, the NH} is "pushed off” the catalyst
into the more active coordinated state, forms a bond with the N,O oxygen,
which is released and takes up the catalyst hydrogen to form NH3OH™ (ST
2a). The molecular nitrogen is directly released to the gas phase. The barrier
for this reaction was calculated to be E¥=47.5 kcal/mol (TS 1a), indicating
that the probability for this reaction to proceed is very low.

As for the reaction of ammonia with oxygen we also examined the poten-
tial benefit of two coadsorbed NH3 (ST J, Figure 4.2) molecules as a starting
point for the reaction with NyO. Again, the oxygen of N,O slightly interacts
with one ammonium hydrogen. Then, the hydrogen bond between the two
NHj3 molecules is opened and the coordinated ammonia takes up the oxygen
of N5O, releasing molecular nitrogen to the gas phase. Furthermore, the am-
monium releases one hydrogen to the oxygen (TS 1b), leading to NH;OH*
coadsorbed with NHj (ST 2b). The barrier in this case is E*=41.8 kcal/mol
and thus is slightly lower than for the first case with only one ammonia. A
comparison of the energy barriers with those of the reaction of ammonia with
oxygen reveals that the reduction of NoO might play a minor role within the
SCO. Compared to the energy barriers within the SCR of NO, on the other
hand, these two reactions are negligible.

Finally, we investigated the potential reaction of NoO with NO, leading

to NOy and nitrogen. The pathway is started with the adsorption of NoO
(AE,qs=-4.2 kcal/mol), where the oxygen of the molecule interacts with the
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Brgnsted acid (ST Oc). In the next step NO is added to the system, but
from the corresponding energy profile it can be concluded that it does not
interact with the NoO and thus can be considered as a gas phase species
(ST 1c). Then, NO takes up the oxygen of NoO which becomes molecular
nitrogen that is released to the gas phase and adsorbed NO, remains on
the surface (ST2c). This process via TS 1c exhibits an activation barrier of
E#=36.9 kcal/mol and is thus the lowest within the investigated pathways
for the decay of NoO. Nonetheless, it has to be taken into account that NoO
adsorbs only weakly on the surface in comparison to ammonia, indicating that
this reaction is not necessarily more favorable than the one with ammonia.
Furthermore, as is the case for the reaction with NHj, this reaction cannot
be considered as a significant sink for N,O in the SCR reaction network.

In summary, from the presented results it can be concluded that the
decay of nitroxyl and hydroxylamine are catalyzed by H-ZSM5 leading to
different branches that are all accessible, depending on the availability of the
reactive gas phase species. For the self-reaction of HNO two energetically
similar pathways compete against each other leading either to N,O or via
the radical HNOH to hydroxylamine by releasing two NO. This result is in
accordance with the experimental finding that in the SCO of ammonia on
H-ZSM5 the main side product is NO. Furthermore, nitroxyl spontaneously
forms with NO the intermediate structure H(NO), which reacts with a second
NO, leading to the formation of nitrous acid. Thus, produced NO within the
SCO can readily be consumed by another pathway but also by the complex
reaction network of the SCR. For hydroxylamine, the reaction pathways with
nitroxyl or NO are accessible as well, whereas a slight benefit for the first one
can be concluded from a lower energy barrier. As the Bronsted acid showed
a high activity for the decay of nitroxyl and hydroxylamine, these reaction
mechanisms might also play a significant role in the SCO of ammonia in ion-
exchanged zeolites like the Fe/H-ZSM5 because of the remaining Brgnsted
acids in these catalysts. The direct oxidation of adsorbed ammonium can
be considered as the rate limiting step in the mechanism. The result is in
accordance with the experimental findings that H-ZSM5 is not very active
for the SCO and its relevance has to be seen more in the context of the SCR.
The consideration of two coadsorbed NHj3 molecules prior to a gas phase
attack of oxygen slightly reduced the activation energy. The reaction of NoO
with NH3 can be concluded to be of no relevance in the view of the SCR of
NO due to the high activation energies. Only within the presented reaction
scheme for the SCO it might be of at least minor importance as the activation
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barriers for the reaction of oxygen with NHj reside in the same range. In
Figure 4.3 the complex reaction network of the SCO as it was investigated
and presented is pictorially summarized together with the mechanism of the
SCR.

5.4 Conclusion

The complex network of the selective catalytic oxidation of ammonia on
H-form zeolites was investigated using the density functional theory. The
reaction mechanism can be subdivided into three parts. The first one is the
direct reaction of NH3 with oxygen, the second is the decay of HNO and the
third one is the decay of hydroxylamine (NH,OH). Within each main part,
several branches have been examined as can be obtained from the schematic
of the reaction network 4.3. All mechanisms have been studied on a cluster
of 5 T-atoms, and the crossing of PESs was considered, if necessary. It was
shown that the reaction of ammonia with oxygen either leads to the interme-
diate nitroxyl or directly to hydroxylamine, whereas both pathways exhibit
high energy barriers, indicating that this first part of the mechanism is the
rate determining step. For part two, it was demonstrated that the H-form
zeolite is highly active for the decay of nitroxyl in either a self-reaction or
in the reaction with NO, offering several energetically similar and thus ac-
cessible pathways. Also for the decay of hydroxylamine several pathways are
accessible for the reaction with either nitroxyl or NO, leading to a highly
cross-linked reaction network. Finally, it was shown that H-ZSM5 exhibits
only low activity for the reactions of NoO with NH3 and NO, indicating their
minor relevance within the SCO. Thus, we have presented the complex reac-
tion network of the SCO that accounts for several experimentally observed
phenomena.



Microkinetic Modeling of the Fast
Selective Catalytic Reduction of

Nitrogen Oxide with Ammonia on
H-ZSM5 Based on First Principles

The reaction mechanism of the fast selective catalytic reduction
(SCR) of NO, on H-ZSM5 has been investigated by means of a
microkinetic model based on the DF'T calculations presented in
chapters 4 and 5. The conversion of NO, as calculated with our
model is in good agreement with experimental data over a wide
range of temperature. Reaction path analysis reveals that the
activity of the H-ZSM5 for the fast SCR is based on the reac-
tion sequence via Z~ [NO,[*, from the decomposition of N O, and
the additional subsequent decomposition of nitrous and nitric acid
on void Bronsted acids. The NO; species then react with ammo-
nia to nitrosamine or nitramide which further decompose to water
and nitrogen and nitrous oxide, respectively. At low temperatures
also the reaction of nitrous and nitric acid with adsorbed ammonia
takes place. Ammonia is concluded to block the active sites at low
temperatures while thermodynamic limitations of the equilibrium
of the surface species Ny O, are responsible for the decrease in the
conversion of the fast and the NOy SCR at high temperatures.
Finally, the oxidation of ammonia was found to exhibit only a
minor impact on the fast SCR at the applied reaction conditions.
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6.1 Introduction

Nitrogen oxides (NO, NO,), which are mainly produced in the combustion
of fossil fuels, are significant air pollutants and stringent emission standards
have been legislated to regulate exhaust gases.?"?® The selective catalytic re-
duction (SCR) with ammonia or hydrocarbons has proven to be an effective
technology for the abatement of NO, and has been in the focus of research-
ers for the last two decades.3!33 In particular metal-exchanged zeolites like
the Fe/H-ZSM5 were found to exhibit a high activity for this reaction.3?
The boosting effect of NOy upon addition to the reactant gas33168169 or via
a preoxidation step within the SCR converter was a crucial finding in the
ammonia SCR. The highest conversion is obtained with a NOs/NOy ratio
of 50% which is known by now as the “fast”-SCR. Dosing a ratio above
the 50% results in a slightly reduced activity and an increased selectivity
to unwanted NoO. The “NOy-SCR” '™ marks the outer boundary with only
NO; in the reactant gas. Furthermore, metal-exchanged zeolites were also
found to exhibit a significant activity for the selective oxidation of ammo-
nia (SCO),4243:217.218.231 which has to be considered a side reaction of the
SCR. However, based on the usual preparation from ion exchange to a par-
ent H-form zeolite, the final catalyst usually exhibits two different actives
sites, the exchanged metal and the Brgnsted acid. Brandenberger et al.3!
even stated an amount of at least 30% of the latter one. While the stand-
ard SCR is known to be much slower on the H-form zeolites than on the
iron-exchanged catalyst, a significantly high activity was observed for the
fast 37:38,153:156,157 and the NOo-SCR. 1% Also for the SCO a significant activ-
ity was observed on the Brgnsted acid sites.?!"?2! Thus, the question regard-
ing the influence of the Brgnsted acids in iron-exchanged zeolites has kept
high attention amongst researchers. Yang and Long!® attributed the main
SCR reaction to the Brgnsted acids only. Though in disagreement with this
conclusion, Brandenberger et al.'™ and Griinert et al.'™ attributed an at
least promoting effect of the Brgnsted acid to the activity of the catalyst.
This is, according to Akah et al.,*? also true for the SCO. Thus, in order to
understand the mechanisms of the reactive H/N/O system in iron-exchanged
zeolites, analysis of important elementary steps on both active sites, the iron
and the Brgnsted acid, is crucial. For the H-form zeolite we have presented
in chapters 4 and 5 a reaction network for the SCR using density functional
theory (DFT) that qualitatively accounts for most experimentally observed
phenomena (see Figure 4.3) for both the SCR and the SCO. Nevertheless,
only a direct comparison of the theoretically derived mechanisms with exper-
iments allows for a final conclusion of the relevant pathways. Microkinetic
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modeling has been applied extensively with success in order to provide insight
into the mechanisms of several heterogeneous catalyzed reactions. 23:143:256-259
Results from first principles methods like DF'T can be used to provide the
required parameters for a kinetic model which then closes the gap between
microscopic and macroscopic quantities. The goal of this work is to establish
a microkinetic model based on the results of the chapters 4 and 5 and to
probe all elementary steps of the system in a reactor simulation. In compar-
ison with experimental data, this analysis is supposed to provide significant
insight into the governing elementary steps of the combined SCR and SCO
system on H-ZSM5 and with that to allow for suggestions on interactions of
intermediates in the ion-exchanged zeolites in further studies.

6.2 Theory

As the representation of the active site a cluster of 5 T-atoms was used for the
screening of the reactive H/N/O system. In order to include, at least to a cer-
tain extent, the influence of the pore structure on the reactants and products,
energy minimizations were executed for selected species of the complete re-
active system on a 23 T-sites containing portion of the catalyst (Figure 6.1)
at the B3LYP/TZVP level of theory. From Table D.2 it can be obtained that
the impact of the larger cluster on the electronic energy as compared to the 5
T-atoms containing cluster is only relevant if ammonia, water or hydroxylam-
ine is present. The CBS-QB3 level of theory was applied with Gaussian 0323
in order to obtain sufficiently accurate heats of formation for those gas phase
intermediates for which no reliable experimental data were available. For
the microkinetic modeling, CHEMKIN 149141 was employed. The required
thermodynamic parameters of the species and the kinetic parameters for the
reactions were derived according to standard statistical thermodynamics %!
and transition state theory!®” on the basis of the DFT results, as outlined
in chapter 3. For the ad/desorption processes the theory of absolute rate!37
was applied for the desorption, assuming the barrier to be equal to the zero-
point energy (ZPE) corrected energy difference between the adsorbed and
the desorbed state. This implies a barrierless adsorption for which the rate
is obtained from the equilibrium constant and the rate of desorption. Such
an approach, which relies on the idea of transition state theory, neglects any
difference in entropy of the adsorbed state and an assumed transition state
of desorption. This, however, can result in a significant underestimation by
several orders of magnitude in the pre-exponential factor for loose transition
states as outlined by Chorkendorff and Niemantsverdriet.® Assuming that
transition states of desorption are rather loose in the case of physisorption,



126 6 Microkinetic Modeling of the Fast Selective Catalytic Reduction. ..

HOOE®
Figure 6.1: T23 cluster model of the acid site in the intersection of a straight

and a zig-zag pore of H-ZSM5 with three coadsorbed ammonia molecules.
Dangling bonds are not shown.

the corresponding rates of mechanistic relevant steps can be expected to re-
quire significant fine tuning. Nevertheless, this approach is expected to yield
reasonable first estimates for the model.

The harmonic approximation was applied and contributions for the trans-
lational, rotational, vibrational and electronic partition function were con-
sidered for all gas phase species while for the zeolite cluster only the vibra-
tional and electronic contributions were included. Enthalpy, entropy and
the heat capacity were simultaneously fitted to the in CHEMKIN required
seven-parameter polynomial (compare section 3.4) for all species using the
algorithm of Spitzer et al.'#? In order to calculate rates for the crossing of
PESs, adaptions to adiabatic TST can be used.®>'% According to Harvey,*®
the calculation of the thermal rate constant can be calculated, in good ap-
proximation, as the product of a mean probability of surface hopping and a
hypothetical adiabatic rate constant resulting from a transition state with the
same relative energy and properties of the MECP. While translational and ro-
tational contributions are directly related to the structure of the MECP, the
evaluation of the vibrational contribution to the partition function requires
the calculation of an effective Hessian as described in section 3.3, equation
(3.28). The surface thermally averaged hopping probability can be calculated
from the Landau-Zener theory.'® However, because the direct comparison
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of calculated and experimentally measured reaction rate constants for the
decomposition of NyO3 and N,O4 in the gas phase revealed that the theoret-
ically derived pre-exponential factors of the Arrhenius equation are rather too
low, even without the hopping probability, we set the latter in all cases equal
to 1. Furthermore, it is known that the accuracy of DFT in the calculation of
relative energies as well as for reaction barriers is limited,®® usually allowing
only for a qualitative analysis of reaction pathways. According to Gokhale
et al.,?® DFT can capture the essential aspects of the surface chemistry but
fine-tuning usually needs to be done to obtain a reliable microkinetic model.
Even though there are quantum chemistry techniques that can provide nearly
quantitative results for intrinsic reaction steps, as recently shown by Hansen
et al.?%Y their application to reactive systems with a large number of elemen-
tary steps is not feasible because of the high computational costs. To obtain
reliable heats of formation of the surface species, the values were anchored to
the gas phase species thermochemistry. This was done by relating the heat
of formation of the surface species to the corresponding heat of adsorption of
a gas phase species on the empty active site. For the latter, the heat of form-
ation was set to Hi=0 (denoted as HZSM5 in the thermodynamic database
D.4). Because the heat of formation of the gas phase species is, in the best
case, experimentally measured or at least calculated with high level meth-
ods, inaccuracies in the surface reaction enthalpies, which are computed with
the lower DFT level, can be corrected to a certain extent. Furthermore, it
is known that the generalized gradient approximation (GGA) functionals in
DFT do not include the long-range electron correlations responsible for van
der Waals forces. Grimme?%! has calculated parameterizations for a DFT-
D approach to include damped atom pair-wise dispersion corrections of the
form CgR~C for several functionals. To correct the heats of adsorption, we
have applied this scheme to all surface species using the results from the 23
T-site containing cluster as far as available and approximated values for the
remaining species based on the comparison of the TH vdW contributions.
This was done by either assigning the same vdW values for similar struc-
tures, by adding a T23-T5 vdW difference or by adding a T5 contribution
to a reference state for which a T23 contribution is available. The applied
method is documented for all species in Table D.1. This is a compromise
between accuracy and computational costs for the calculations on the larger
cluster. Finally, a common assumption for the adsorption is the complete
loss of the rotational and translational degrees of freedom of the adsorbate
being transferred into vibrational degrees. While this is reasonable for small
molecules in chemisorption in the case of physisorption it might lead to a sig-
nificant underestimation of the entropy of adsorption. A potential technique
to overcome this problem is the reassignment of restricted translational and
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rotational degrees of freedom in exchange of the corresponding vibrations.
Dumesic et al.?¥ proposed a restricted translation in terms of surface diffu-
sion. Reyniers et al.?? reassigned contributions of the rotation in a zeolite
by including the principle moments of inertia representing the as free con-
sidered motion of the corresponding gas phase species. For translation, a
movement within a plane perpendicular to the active site was considered.
The size of this plane was related to a certain extent to the pore diameter
and to the size of the zeolite cages. We used the methodology of Reyniers
et al.?%2 to obtain an order of magnitude estimate for entropy corrections for
species which are rather loosely adsorbed or coadsorbed. This affects mainly
N, Oy species as well as HNO, coadsorbed to NOY (see Table D.1). The ap-
plied values are based on calculations for physisorbed NO, and asymmetric
N,O4 for which we obtained entropy corrections AS¢ans=3.8 cal/mol /K and
ASi1ans=6.6 cal/mol /K for the 2D translation on a surface of A°/N,=700pm
x 700pm and AS,,=3.1cal/mol/K and AS,,=>5.6 cal/mol/K for a 1D rota-
tion at 600K. It should be noted that according to Cramer!® the exchange
of vibrational frequencies by restricted translations or rotations should also
affect the contribution to the enthalpy. A low frequency which represents
the harmonic oscillator approximation of a frustrated translation or rotation
results into a contribution of RT, but the contribution of a free transla-
tion or rotation contributes only 0.5RT per degree of freedom. Thus, at a
temperature of 600K, the exchange of four degrees of freedom leads to an
underestimation of the heat of adsorption of AE=2.4 kcal/mol. With that,
also the assigned heat of formation of the corresponding surface species is
affected. Though this value is not significant at first glance it might have a
great impact in the case that the overall reaction exhibits a high sensitivity
on such an intermediate. Thus, this energy contribution can also be taken
into account in the fine tuning of a microkinetic model. Despite the dis-
cussed potential corrections that can be applied to improve the model, the
uncertainties of the electronic energy as calculated from DFT still remain
and with that the rather qualitative nature of the values. Nevertheless, sig-
nificant insight into the mechanisms of the reactive H/N/O system can be
obtained from such an approach.

6.3 Results and Discussion

In this section we compare the results obtained from the microkinetic model
with the experimental literature. Reactor simulations were performed in an
ideal plug flow reactor with the catalyst being evenly distributed. The num-
ber of active sites was calculated based on the mass of the catalyst and its
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Si/Al ratio, assuming that the number of aluminum atoms is equal to the
number of active sites. The thermodynamic database of the gas phase species
in CHEMKIN was obtained either from the database of the Gas Research
Institute?6? or created from experimental heats of formations from the lit-
erature?%42% in combination with calculated contributions from translation,
rotation and vibration for the temperature effect. For other gas phase spe-
cies, for which no experimental values were available, the heats of formation
were calculated from related heats of reaction obtained with the CBS-QB3
method. The values of all gas phase species are listed in Table 6.1. For the
surface species the heat of formation can be obtained from the thermody-
namic data (Table D.4). The reference states for the definition of the heat
of formation of the surface species and the calculated corrections are listed
in Table D.1. In the column denoted with “extra” the adjustments of the
heat of formations within the accuracy of the DFT are stated. The reaction
rates of all reversible elementary steps are listed in Table D.3 for the applied
direction. All adjustments on the activation energies and pre-exponential
factors are stated as “Adjust”.

The subsequent discussion is subdivided into the adsorption of ammonia,
the NO,-SCR, the fast SCR and the oxidation of ammonia.

6.3.1 Adsorption of Ammonia

It is well known that ammonia strongly adsorbs on Brgnsted acids by forming
ammonium ions.2%® While this is assumed to block the oxidation of NO to
NO, in the standard SCR,'™ it similarly might also inhibit the fast and
NO,-SCR, depending on the accessed pathways. Therefore, it is expected
that the adsorption of ammonia has a significant impact on the reactivity
of the SCR. We considered the adsorption of ammonia in three layers in
terms of, first, the formation of the ammonium ion NH] with a Brgnsted
acid and, then, the coadsorption of two further ammonia molecules. Based
on the implementation of the kinetics of elementary steps in CHEMKIN, the
ammonia adsorption is described as a Langmuir type isotherm.

mmol] _ Kipyw, + 2K Kopiy, + 3K1 Ko Ksplyy, i {mmoq
g | T+ Kipvm + KiKophogy, + KiKoKaphy, L 9

(6.1)
The isotherm reflects the steady state behavior of the microkinetic model
for the ammonia adsorption in the absence of any reaction. Because of its
potentially strong impact on the SCR, we analyze here whether the enforced
mathematical description of the adsorption in CHEMKIN is capable to de-
scribe ammonia adsorption experiments.

AN H; [
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Table 6.1: Heat of formation of gas phase species.

| | HY [kcal/mol] |

NH; 10.97#
NO 21.56P
NO, 7.91¢
N,O 19.60°
H,O -57.80%
HNO 23.80°¢
t-HONO -18.34¢
HNO; -32.10¢
NH,OH -11.194
NH,;NO 17.794
NH,NO, 0.354
aS—N203 19.80¢
Ct—NgOg 3025d
Sym—N2 O4 2. 19b
as-NoOy 9.134
c-HNNO 53.664
NH,NO, -38.294
NH;4NO3 -55.364
H,NO 11.214

2 Taken from ref. [263]
b Taken from ref. [264]
¢ Taken from ref. [265]
4 Calculated with CBS-QB3

In Figure 6.1 the threefold ammonia coadsorption is shown on an intersec-
tion of the straight and the zig zag pore of the zeolite, including a framework
aluminum. This is in accordance with the experimental literature in which
adsorption sites are correlated to the aluminum content?%6:267 of the zeolite
and a layer-by-layer adsorption is suggested?68272 as is applied here. The
experimental heat of adsorption (144-158 kJ/mol,?™2™ 150 kJ/mol,?7®276
145 kJ/mol,?57 128 kJ/mol?™) is in reasonable agreement with our calcu-
lated value (137 kJ/mol) for the ammonium ion formation. Furthermore,
Dumesic et al.?”® and Gorte et al.?%” both found a sharp drop in the heat of
adsorption (to 70 kJ/mol and 85 kJ/mol, respectively) with increasing cover-
age of ammonia on the surface above a certain limit prior to which the heat
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Figure 6.2: Comparison of simulated and experimentally measured adsorp-
tion isotherms of ammonia on H-ZSM5. Data in a) corresponds to reference
[268] and in b) to reference [276].

remains rather constant. Gorte et al. have correlated this limiting coverage
to the number of Brgnsted acids available in the catalyst and thus with the
formed ammonium ions. For the coadsorption of ammonia to the ammonium
ion we calculated a heat of adsorption of AH¢aqs=100 kJ/mol for the first
and AHgoaqs=68 kJ/mol for the second molecule. These values are in good
agreement with the experimental value, and, thus, can explain the reduced
heat of adsorption at higher coverages.

In Figure 6.2 a) and b) the adsorption isotherms from two independent
experimental studies26%27 are compared to our calculated results of equation
(6.1). In both sets, reasonable agreement is obtained with only slight modi-
fications in the thermodynamic data. Specifically, we have used a slightly
reduced heat of adsorption for the first ammonia (AH.4s=127 kJ/mol), in
agreement with the value of Bonelli et al.?™ For the coadsorption of ammo-
nia, the reduction of heat of formations leads to AHcoags=95 kJ/mol for the
first and AHeoaqs=77 kJ/mol for the second molecule, in reasonable agree-
ment with the experimental data. However, for both isotherm measurements
the Si/Al ratio had to be modified to avoid overestimation of the adsorbed
ammonia. For the data of Valyon et al.,?%® the ratio was modified from 33.4
to 50 and for Auroux et al.?® from 18 to 26. Therewith, our results suggest
that, regardless of the overall aluminum content in the catalyst, a significant
fraction either does not contribute to the surface acidity (e.g., extra frame-
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work aluminum) or is not accessible by ammonia. This finding is supported
by the fact that Auroux et al.?"® found an amount of 720 ymol/g of strong
acid sites from calorimetric measurements, which correlates well with the
modified Si/Al ratio of 26, which corresponds to 640 pmol/g. Also Branden-
berger et al.'™ observed in the SCR a 21% reduced Brgnsted acidity in their
H-ZSMS5 sample, as was expected from the Si/Al ratio. While heterogeneity
of the active sites cannot be excluded, according to Datka and Gil,?"" most
experimentalists report a rather homogeneous acidity of H-ZSM5. 267:275:276 At
low temperatures (T=373 K, Figure 6.2 a) the calculated isotherm suggests
the potential coadsorption of even a fourth ammonia molecule. However, the
isotherms at 473 and 523K can also be represented by considering only two
layers of ammonia per active site and at 623 and 723 K even the ammonium
ions are sufficient. Thus, in the SCR the adsorption in up to two layers is
relevant at temperatures above 500 K.

6.3.2 Modeling of the NO,-SCR

The kinetic modeling of the NO,-SCR is compared to the results of Steven-
son and Vartuli®* who used a tubular reactor with an inner diameter of 3.49
mm, a volume of the catalytic bed of 0.41 cm? and a length of 4.3 cm. 0.019 g
catalyst with a ratio of Si/Al=22 were used at a volumetric flow of 1000 sccm.
The composition of the reactant gas was 500 ppm of both, NO; and NHj,
in 1% oxygen and He as balance. Conversions at 300, 350 and 400 °C were
reported. Regarding the kinetic parameters of the N,O4 formation, compar-
ison of the calculated gas phase decomposition of the symmetric isomer with
experimental data?™ revealed an overestimation of the activation energy by
approximately 5 kcal/mol and a low preexponential factor. Therefore, in all
cases, the activation energy of the formation or decomposition of NoO4 was
reduced correspondingly and the preexponetial factor was increased by one
order of magnitude for both isomers. Our model was tuned further based on
sensitivity analysis of all reactions and the heat of formations of all surface
species, as described by Salciccioli et al.'*3 and in section 3.4. The sens-
itive reaction rates and heat of formations (see Tables D.1 and D.3) were
manually adjusted within accuracy to capture approximately the conversion
of NOy at 350 °C. Figure 6.4 shows the conversion of NO, and the fraction of
active sites occupied by ammonia and the void sites vs. temperature. Very
good agreement between the model and the experimental data is observed.
Reaction path analysis reveals that the main path entails adsorption of NOy
on an empty active site followed by the coadsorption of a second NO, and
the subsequent formation of as-NoO4. The latter decomposes into Z~[NO]™
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Figure 6.3: Reactive cycle of the NO5-SCR mechanism including transition
states (TS) and minimum energy crossing points (S). Numbers are zero-point-
corrected energies relative to the gas phase and the empty catalyst.

and nitric acid, which desorbs to the gas phase. Ammonia then adsorbs to
the nitrosyl ion and forms nitrosamine together with the restoration of the
Brgnsted acid. The nitric acid adsorbs on a free active site and decomposes
into Z~[NO,]™ by forming water, which desorbs to the gas phase. In analogy
to the nitrosyl ion, ammonia adsorbs on the Z7[NOy|" and forms nitram-
ide. Nitrosamine and nitramide then decompose into nitrogen and nitrous
oxide respectively together with water. The main steps of this mechanism
are illustrated in Figure 6.3. A direct reaction of NyO4 with the adsorbed
ammonium can be neglected over the entire range of temperature. The same
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is true for bimolecular reactions of nitric acid. The bimolecular reaction of
nitric acid with an ammonium ion, as described in section 4.3.3, only slightly
contributes to the decay of the acid at low temperatures. However, a slight
reduction of the activation energy of the dehydration step and of the heat of
formation of the adsorbed ammonium nitrate leads to a significantly higher
contribution of this bimolecular reaction to the reduction of nitric acid up
to temperatures of 550 K. Nevertheless, the impact on the overall conver-
sion of NOy is negligible. Thus, a significant contribution of this reaction in
the NOo-SCR mechanism cannot be excluded, but also not proven with our
model. Furthermore, under our conditions, the oxidation of ammonia was
not found to significantly contribute to the conversion. This somewhat con-
tradicts the observed stoichiometry of Stevenson and Vartuli®® who stated a
consumption of about 1.4 mol ammonia per mole NO,, which they partially
attributed to the SCO. In addition, the lack of the ammonia oxidation in
our simulation implies a constant ratio of produced nitrogen to nitrous oxide
(equal to one). This is in agreement with the reports of Eng and Bartho-
lomew ! and Busca et al., " but only at 300 °C for the results of Stevenson
and Vartuli (they observed a decay of the NoO/N, ratio at higher temperat-
ures). This could be due to an additional reaction mechanism relevant in the
NO3-SCR at elevated temperatures or to the partial decomposition of NOy
to NO and oxygen, enforced from thermodynamic equilibrium conditions.

From the sensitivity analysis it can be concluded that the rate-limiting
step is the desorption of nitric acid from Z~[NO]T over the entire range of
temperature. The dependence of conversion on temperature can be explained
based on two main effects. At low temperatures, the reaction is mainly lim-
ited by the strong ammonia adsorption, which blocks the active sites. This
can be seen in Figure 6.4 where a correlation of the left shoulder of the
conversion with the void fraction of active sites is obvious. No other spe-
cies besides ammonia is present on the surface in significant fraction. The
decrease of conversion with elevated temperatures can be traced to the ther-
modynamic equilibrium of as-N,Oy,. A partial equilibrium analysis (PE)*3
over the whole range of temperatures (Figure 6.5) reveals that above 600 K
all the steps prior to the rate-limiting nitric acid desorption are in partial
equilibrium. The equilibrium surface coverages of the corresponding species
vs. temperature show that even though the surface coverage of NOy increases
up to ~750 K, the concentration of the as-N,O, steadily decreases. Accord-
ingly, the concentration of the subsequent intermediate and the reaction rate
of the rate-limiting elementary step decrease with increasing temperature.



6.3 Results and Discussion 135

70 - void - 100
1 90
60
80
— 50
< 70
= 0
c 4
Sao | 60 2
g 1508
§ 30 | L a0z
Sy =
o)
Z 2 | 1 30
4 20
10 |
4 10
0 ' 0

400 450 500 550 600 650 700 750 800 850 900
T[K]

Figure 6.4: Simulated conversion of NOy vs. temperature in comparison to
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6.3.3 Modeling of the Fast-SCR

For the fast-SCR we compared our model against the data of Schwidder et
al.®” with a tubular reactor of 6 mm inner diameter and an assumed length
of 5 cm. The amount of catalyst was 10 mg with a ratio of Si/Al=14 and a
flow rate of Q=183.3 ml/min. The composition of the reactant gas was 500
ppm NO, 500 ppm NO, and 1000 ppm ammonia in 2% oxygen and balance
helium. Similarly, as with the NO,-SCR, comparison of the gas phase decom-
position of as-NyO3 into NO and NO, from experiments?™® with our simula-
tions revealed an underestimation of the preexponential factor by an order
of magnitude. Thus, we have accordingly adjusted all NyO3 decompositions.
Further fine-tuning, as described in section 6.3.2, was accomplished without
further adjustment of the NO,-SCR parameters. The resulting model is
compared against experimental data in Figure 6.7a). It can be seen that the
simulated and the measured conversion curves vs. temperature agree quite
well. Yet, our model slightly underestimates at low temperatures whereas
above 725 K, the NO, conversion significantly deviates. This deviation sup-
ports our discussion on an additional reaction step in the NO,-SCR capable
to convert NOy without the production of nitrous oxide or the partial de-
composition of NOs to NO and oxygen. Figure 6.7b) shows the conversion
of ammonia in comparison to the combined conversion of NO and NO, and
the respective experimental data. While in both cases, the fast and the NO,-
SCR require an equimolar conversion of ammonia and NO,, the combined
NO, conversion curve reflects the ammonia conversion in the absence of its
oxidation. Thus, from the deviation of the two curves the influence of the
SCO can be seen to be rather small, starting at ~600 K. The deviation of
the NO, curve from the experimental data at high temperatures is clearly
related to the deviation of the NOs-SCR described above. It should be noted
from Figure 6.7b) that the experimental NO, conversion is higher than the
ammonia conversion over a wide range of temperature. This reflects also the
uncertainty in the experimental data set, because even in the absence of the
SCO this behavior would require the formation of nitrogen without ammonia
which is not plausible at these reaction conditions. To check the influence of
a potentially reduced amount of accessible Brgnsted acids on the combined
NOy conversion, an additional curve is shown in Figure 6.7b), correspond-
ing to 80% of the amount of active sites derived from the Si/Al ratio. This
analysis is done because the ammonia isotherms (section 6.3.1) indicate a re-
duced amount of Brgnsted acids compared to the total aluminum present in
the catalyst. The value of 80% is related to the experimentally stated value
of Brandenberger et al.'™. It can be seen, that the impact of a reduction of
active sites of about 20% on the conversion is small.
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Figure 6.6: Reactive cycle of the fast SCR mechanism including transition
states (T'S) and a minimum energy crossing point (S). Numbers are zero-
point-corrected energies relative to the gas phase and the empty catalyst.
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Figure 6.7: a) Simulated conversion of NO, NOy and NHj3 vs. temperature
in comparison to data from ref. [37]. b) Simulated conversion of combined
NO, and NHj vs. temperature in comparison to the data of ref. [37].
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Figure 6.8: Equilibrium fractional coverages per active site of selected sur-
face species in the fast SCR (dotted lines) at reactor inlet conditions and
partial equilibrium conditions for corresponding elementary reaction steps
(solid lines).

Reaction path analysis indicates that similarly to the NO,-SCR pathway,
the mechanism proceeds via the adsorption of NOy and coadsorption of NO
prior to the formation of NoO3. Here, the asymmetric isomer is dominant,
though to a certain extent the path via the cis-trans form is accessed, as well.
The decomposition of the dimer leads to Z~[NO|* and nitrous acid, which
desorbs. The nitrosyl ion reacts then with ammonia to nitrosamine which
decomposes to nitrogen and water. The fate of the nitrous acid is dependent
on the temperature. While at elevated temperatures it decomposes on a free
active site into the nitrosyl ion and water, at low temperatures, it, at least
in part, coadsorbs to an ammonium ion and reacts via ammonium nitrite to
nitrosamine and water. The main parts of the mechanism are illustrated in
Figure 6.6. In addition, the NO,-SCR mechanism, as described in section
6.3.2, also contributes to a certain extent to the conversion of NO,, but the
pathway via N5Oj is dominant. The rate-limiting step with respect to the
production of nitrogen was found to change with temperature. At low tem-
peratures up to 550 K, the coadsorption of NO to NOs prior to the formation
of N3Oj3 is limiting. At higher temperatures the desorption of nitrous acid
from Z~[NOJ™ limits the overall reaction. Furthermore, in the range between
600 and 750 K, the desorption of nitric acid from the nirosyl ion becomes
important, i.e., an increase in the desorption rate causes a reduction of the
nitrogen formation. This is obvious in light of this step being rate-limiting for
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Figure 6.9: a) Influence of 5% water on the conversion of NOx. b) Com-
parison of the fast and the NOy SCR at equivalent conditions.

the competing NOo-SCR and given the fact that in this temperature range,
NO, is nearly completely consumed. Thus, an increase of the NOs-SCR rate
would reduce the fast SCR pathway. The left shoulder of the conversion
curve again correlates to the strong adsorption of ammonia, which blocks
active sites at low temperatures. At high temperatures, the decreasing con-
version is due to the thermodynamic limitation of the NoO3 adsorbed on the
surface. Similarly to the NOo-SCR, Figure 6.8 shows that at temperatures
above 650 K, adsorption of NO,, coadsorption of NO and formation of N5O3
are in partial equilibrium. The equilibrium concentration of the latter species
however, has a maximum between 600 and 625K after which it decreases and,
thus, causes the decrease in overall conversion. Anchored to this observation
it appears reasonable to assume that the deviation of the NOy conversion is
indeed due to the decomposition of NOy to NO and oxygen. Because the
curvature of the NO conversion is determined from the partial equilibrium it
is not expected to change with the NOy decomposition. The NOy conversion
curve in contrast would not be determined by its partial equilibrium con-
dition for the as-N5O4 only but also from the rate of decomposition which
increases with temperature as the thermodynamic equilibrium shifts towards
NO.

In Figure 6.9 a) the influence of 5% water on the conversion of NOy in the
fast SCR is shown and it can be obtained that the impact is negligible. The
very slight deviation of the two curves results from an additional blocking of
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the active site by water. In Figure 6.9 b) a comparison between the fast and
the NOy SCR is shown at equivalent conditions (NH3=NO,=1000 ppm). For
the fast SCR, the elementary steps of the NOy SCR have been removed from
the model to eliminate their superimposing effect on the conversion and thus
to illustrate the activity of the actual fast SCR only. Despite the conclusion
drawn from the DFT results and the comparison of the energy diagrams of
the two pathways that the fast SCR should be more active than the NO,
SCR, higher conversions are obtained for the latter. However, by increasing
the pre-exponential factor of the rate constant of the coadsorption of NO to
adsorbed NO, the fast SCR becomes slightly more active than the NOy SCR
up to the maximum of the conversion curve (dotted line in Figure 6.9 b). It
should be noted that within the adjustment of the NOy SCR the analog rate
of the coadsorption of NOy to adsorbed NOs was increased as well. Thus,
these considerations reflect the qualitative character of our model which only
allows for the conclusion that both reactions exhibit a similar activity but
not which one is more favorable. For such a conclusion a refinement of the
relevant elementary steps with higher order quantum chemical calculations as
well as more experimental data for adjustment and validation of the kinetic
parameters would be necessary.

In summary of the reaction path analysis for the NO, and the fast SCR, it
can be concluded that the mechanism, elucidated with our model, combines
aspects of several suggestions in the literature for various types of catalysts.
The most common sequence of reactions includes the disproportionation of
N5O4 to nitrite and nitrate and the subsequent reaction of ammonia with
these intermediates via ammonium nitrite to nitrogen and via ammonium
nitrate to nitrous oxide. The reaction of nitric oxide with a nitrate to nitrite
is the key step in the fast SCR. This was suggested by Weitz et al.?7%280
for Ba-NaY, by Koebel et al.'#6:147 for a vanadium-based catalyst and by
Tronconi et al.,'68170:281 Kricher et al.?* and Iwasaki et al.?® for Fe-ZSM5.
In analogy to these suggestions, we obtained the disproportionation of NoO3
and NyOy, however, not by forming two acids as would be the case for a
reaction with water, but only one acid (nitrous and nitric acid, respectively)
together with a nitrosyl ion as balancing charge on the zeolite framework.
This is only in agreement with the suggestions of Lavalley et al.'®. The
NO™, however, is readily consumed by ammonia to nitrosamine in accord
with Richter et al.'®? rather than reacting with water to nitrous acid. The
proposed reaction of nitrous or nitric acid with adsorbed ammonia via am-
monium nitrite and nitrate was observed to be relevant at low temperatures,
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via the additional intermediate formation of nitrosamine for the nitrite, as
proposed by Richter et al.,'®? and nitramide for the nitrate. At high temper-
atures we found the nitrous acid to decompose on a Brgnsted acid to nitrosyl,
in agreement with Richter et al. and Lavalley et al. and the nitric acid to
decompose to NO; which further reacts with ammonia to nitramide. The
suggested reaction of nitric oxide with a nitrate (here nitric acid) was found
to not proceed at all. The proposed mechanism by Eng and Bartholomew !5
involves the direct attack of nitrogen oxides on adsorbed ammonium ions.
This was found not to proceed in our model, although it has to be men-
tioned that Eng and Bartholomew considered a complex which involves two
adjacent occupied active sites. We only considered the reaction on one single
Brgnsted acid and, thus, the suggestion of Eng and Bartholomew cannot
be excluded. Despite the similarities and deviations of our model with the
widely suggested mechanism, as stated above, it further has to be noted that
these studies mainly refer to ion-exchanged zeolites, or to vanadium-based
catalysts. Deriving an analogy or transferring the mechanism to the H-form
catalyst is very speculative if one does not want to claim that it mainly
proceeds on the same type of site in all catalysts, e.g. the Brensted acids.

6.3.4 Oxidation of Ammonia

In order to account for the potential influence of the oxidation of ammonia as
a side reaction, we have included the SCO reaction mechanism in the discus-
sion on the NO,-SCR and the fast SCR. Fine-tuning of this submechanism
was carried out by comparing to the data of Akah et al.?!” The volumetric
gas flow was set to Q=200 ml/min with a reactant gas composition of 500
ppm ammonia in 2% oxygen and balance helium. Furthermore, 0.1g catalyst
with a ratio of Si/Al=15 was employed, and we assumed a tubular reactor
with 6 mm diameter and 5 cm length as in the modeling of the fast-SCR.
Figure 6.10 shows the conversion of ammonia vs. temperature. Reasonable
agreement between simulation and experiment is found. The mechanism con-
sists of three parts as described in detail in chapter 5. First, oxygen reacts
with adsorbed ammonia forming nitroxyl and water. Then, HNO reacts in
an intramolecular reaction to NO and adsorbed HsNO, which after reaction
with another nitroxyl molecule leads to hydroxylamine and a second nitrogen
oxide. The NH>OH finally reacts with a third HNO to nitrosamine, which
decomposes into nitrogen and water. However, this pathway leads to a de-
viation in the selectivity of the reaction with respect to nitrogen compared
to experiments. While experiments suggest selectivity to nitrogen of about
65%, our model predicts only 50%. Even though we have included poten-
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Figure 6.10: Simulated conversion of NHj3 from reaction with oxygen in
comparison to data from reference [217].

tial reactions of nitroxyl with NO, none of them was found to be significant
at these conditions to account for this deviation. Thus, the most reasonable
explanation is oxidation of part of NO to NO, followed by the fast-SCR mech-
anism. Our proposed mechanism for this oxidation as described in section
4.3.1 is however only capable of accounting for the low temperature conver-
sion (compare Halasz et al.!”™), but not for the high temperature regime.
Nevertheless, the rate-limiting step, the reaction of oxygen with an adsorbed
ammonium ion to adsorbed NHsOOH™, was found to be independent of tem-
perature. Thus, the rates of the subsequent steps producing NO and Ny from
the decay of nitroxyl do not significantly influence the overall reaction rate
of the SCO and thus, oxidation of a fraction of NO to NO, is not expected
to significantly change the conversion vs. temperature. Furthermore, in the
NO,-SCR the oxidation of NO is less relevant because the produced NO di-
rectly reacts with NOs according to the fast-SCR mechanism. Therefore, it
can be concluded that the impact of the ammonia oxidation on the fast and
the NO,-SCR is only minor and is not expected to account for the observed
deviation of the NO,-SCR at high temperatures. In contrast to the SCR
reactions, the ammonium ion does not block the active sites but actively
participates in the reaction. The maximum of the conversion at ~700 K is
related to the decreasing amount of ammonia adsorbed on the catalyst. The
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left shoulder of the curve is related to the rate-limiting initial reaction of
oxygen with the adsorbed ammonium ions.

6.4 Conclusions

The mechanisms of the three major sets of the selective catalytic reduction
of nitrogen oxides, namely the NO,-SCR, the fast SCR and the SCO, were
analyzed using microkinetic modeling. The microkinetic model, which in-
cludes the DFT-calculated reaction mechanisms of the preceding chapters 4
and 5 showed reasonable agreement with different sets of experimental data.
First of all, the crucial adsorption of ammonia on Brgnsted acids indicates
coadsorption of up to four ammonia molecules on an active site at low temper-
atures. In addition, our model suggests that only a fraction of the framework
aluminum is capable to bind ammonia as ammonium ion. This might be ex-
plained by a potential inaccessibility of a certain fraction of Brgnsted acids
within the microstructure of the zeolite. For the NO,-SCR the reaction was
found to proceed in the following sequence. First, NOy adsorbs and a second
NOy coadsorbs prior to the formation of as-N,O, which then decomposes
into nitric acid. The latter then desorbs and leaves a nitrosyl ion on the
catalyst which subsequently reacts with ammonia to nitrosamine. The nitric
acid decomposes on an active site into water and Z~[NOy]™ which reacts
with ammonia to nitramide. Finally, nitramide and nitrosamine decompose
into water and nitrous oxide and nitrogen, respectively. Furthermore, at low
temperatures, nitric acid potentially reacts directly with an ammonium ion
to nitramide and water. The rate-limiting step is the desorption of nitric
acid, leaving the nitrosyl ion on the zeolite. The observed maximum in the
conversion vs. temperature was related to the blocking of sites by ammonia
at low temperatures and to the thermodynamic equilibrium conditions of
the intermediate as-N,O, at elevated temperatures. For the mechanism of
the fast SCR, in analogy to the NO,-SCR, it was concluded that as-N5Os
is formed as intermediate on the active site, which then decomposes into
nitrous acid together with a nitrosyl ion on the zeolite. Here, the decom-
position of the acid leads to a second nitrosyl ion or, at low temperatures,
the acid directly reacts with an ammonium ion to nitrosamine and water. In
addition, the superposition of the NO,-SCR . causes deviation in NO and NO,y
conversion. At high temperatures, the desorption of nitrous acid from the
nitrosyl ion is rate-limiting in analogy to the NO,-SCR mechanism while, at
low temperatures, the coadsorption of NO to NOy prior to the formation of
the intermediate as-NoOjy is rate-limiting. The observed maximum can be re-
lated to the blocking of the active sites by ammonia at low temperatures and
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to the thermodynamic equilibrium of as-N5Og3 at high temperatures. Finally,
the governing pathway of the SCO entails the reaction of oxygen with an am-
monium ion to nitroxyl and water and subsequently a self-reaction of HNO,
which releases NO to the gas phase and leaves HoNO on the active site. The
latter reacts with another HNO to hydroxylamine followed by the reaction
with a third nitroxyl to nitrosamine and water. The limiting factors in this
reaction were found to be the initial elementary step between the ammonium
ion and oxygen and at high temperatures the thermodynamic limitation of
adsorbed ammonia on the active site. The deviation between calculated and
experimentally observed selectivity towards nitrogen in the SCO is attributed
to oxidation of part of the produced NO to NO, followed by the fast SCR
mechanism. However, at the present conditions for the SCR, the ammonia
oxidation was found to have only a minor impact. Thus, the deviation of the
calculated NOo-SCR at high temperatures (above 725 K) may be due to an
additional reaction mechanism or result from the decomposition of NOs to
NO and oxygen followed by the accession of the fast-SCR.

In summary, based on first principles’ microkinetic modeling, we have
elucidated the reaction mechanism of the fast and the NOy SCR on H-ZSM5
with Brgnsted acids as active sites. The results are to a large extent in agree-
ment with experimental data, and although our model is rather qualitative,
several conclusions were drawn beyond experimental findings. Furthermore,
high activities of ion-exchanged and H-form zeolites are observed for the
fast-SCR at equivalent reaction conditions. Considering the fact that metal-
exchanged zeolites usually contain significant amounts of Bregnsted acids,
superposition of contributions of the two different active sites and coupling
in terms of intermediate species or a direct interaction seems reasonable.
Assuming a transferability of the H-ZSMb5 reaction mechanism to other H-
form zeolites, our results might provide new insights and concepts for overall
reaction mechanisms of a large group of zeolite-based catalysts.
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Theoretical Investigation of the
Mechanism of the Oxidation of
Nitrogen Oxide on Fe-form Zeolites in
the presence of Water

The oxidation of NO to NOy by oxygen and the influence of wa-
ter have been investigated on a portion of the Fe-ZSM5 which
contains 5 T-atoms by using the density functional theory. The
iron was considered being a mononuclear species. For the main
reaction pathway it is most likely that NO initially adsorbs on
Z~ [FeOJt forming the nitrite Z~ [FeONOJ™ which includes a spin
change from the septet to the quintet PES. The adsorption of
ozygen and the desorption of NOy leads to Z~ [FeOoJt which is
attacked by NO from the gas phase. Within another spin change
from the septet to the quintet PES, the ligand with the sequence
-OONQO is formed of which NOy desorbs. The latter step is rate-
limiting for the overall mechanism. A final spin change restores
the initial active site on the sextet PES. At the same time, the
nitrite Z~ [FeOoNJt and the nitrate Z~ [FeOyNOJ™ are rapidly
formed and block the active site. Water leads to the formation of,
first, a dihydrozylated iron Z~ [HOFeOHJ* and after the reaction
with NO or NOy to nitrous and nitric acid respectively together
with monohydroxzylated iron Z~ [FeOHJ". The dihydrozylated iron
15 tnactive for the oxidation of NO and the monohydrozylated ex-
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hibits a reduced activity as compared to Z~ [FeOJt. The further
removal of hydrozyl groups by reaction with NO, is also access-
wle, restoring non-hydrozylated iron sites. Furthermore, water
also potentially reacts directly with the surface nitrite and nitrate
leading to nitrous and nitric acid. This explains the phenomena
of a short-term release of significant amounts of NOy upon water
addition in transient experiments. The results of this work are in
agreement with the experimental literature and account for many
observed phenomena.

7.1 Introduction

Within the development of technologies to reduce the emissions of pollutants,
the abatement of NO, has become one of the major fields of research.?”?
Especially the selective catalytic reduction of NO with hydrocarbons or
ammonia has been studied extensively over the last two decades.?™33 Be-
sides vanadium-based catalysts, metal-exchanged and, in particular, iron-
exchanged ZSM5 have been proven to be very active for this reaction.3!
Though the exact mechanism of the SCR is not fully understood, there is an
agreement in the experimental literature on the SCR with ammonia that the
oxidation of NO to NO, is crucial for the SCR and the rate-limiting step of
the overall process.38158,222,282,283

2NO + 0y = 2NO, (7.1)

This assumption is mainly supported by the fact that the fast SCR, in which
equimolar amounts of NO and NO, in the feed stream are reduced by am-
monia, is significantly faster than the standard SCR, in which the feed only
contains NO and O,. Also in case of the SCR with hydrocarbons the oxida-
tion of NO is considered to be of high importance because the hydrocarbons
are assumed to react with adsorbed NO,/NOj3 species,?*+ 287 formed in the
reaction of NO with oxygen. Because of the obvious importance of this reac-
tion in the SCR systems several researchers also included this topic in their
investigations on Fe-ZSM5. Giles et al.?®® found in transient experiments
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at 350 °C that the catalyst exhibits a high storage capacity for NOy and a
high activity for the oxidation reaction. Furthermore, they stated an inhibit-
ing influence of water and assumed from transient studies that HoO replaces
adsorbed NOs or nitrates. They observed a short-term evolution of both,
NO, and NO, after adding H,O to the reactor. Martens et al. 25287 fitted
several Langmuir-Hinshelwood-Hougen-Watson (LHHW) models to kinetic
data and found the best correlation for a type which represents a surface
reaction between adsorbed NO and coadsorbed O,. The fitted adsorption
constant for NO, was found to be much larger than the corresponding terms
for NO and O, which leads to the assumption that NO, inhibits the reaction
due to its strong adsorption. This inhibiting effect was also demonstrated
by experiments including NO, in the feed, which led to significant lower
NO conversion. They also concluded from FTIR and UV-Vis spectra that
isolated Fe3*t cations and binuclear Fe?* complexes are the active sites for
the reaction. Lobree et al.?®® concluded from an in situ infrared study that
in the SCR with propane NO,/NOj species are the relevant intermediate
species and that these are formed from a gas phase reaction of NO with ad-
sorbed oxygen leading either to a nitro or nitrite group adsorbed on FeO or
a nitrate group. Delahay et al.?®? analyzed several Fe-ZSM5 samples with
different iron content and prepared by several methods and found a good
correlation between the activity of NO oxidation and NO SCR with ammo-
nia, supporting the assumption of the NO oxidation being the rate limiting
step. However, they also found that the activity of the catalysts for the SCR
was significantly higher than for the pure NO oxidation, concluding that the
NO, desorption limits the latter reaction. An NOy TPD experiment sup-
ported this finding because NO, adsorbs strongly on the catalyst, if iron is
present, up to a temperature of ~575 K, where the desorption maximum
was found. Long and Yang!®®!'%¢ reported the detection of weakly adsorbed
NO and more strongly adsorbed NO, and nitrate on Fe-ZSM5 in the reacting
system of NO with O,. They also concluded from IR studies that, though the
NO; formation is much smaller than its consumption by NHjs, the Fe-ZSM5
exhibits a high activity for the NO oxidation. Griinert et al.?” also directly
compared the NO oxidation activity with the standard SCR and found, in
agreement with Delahay et al.,?? a significant deviation. Krocher et al.?8
studied in pulse experiments the influence of water on the NO oxidation and
found an inhibiting effect in agreement with Giles et al.?®® Furthermore, they
also observed the storage capacity of the catalyst of considerable amounts
of NO, indicating its strong adsorption. Somewhat contradicting are the
results of Olsson et al.?®® who measured the NO conversion at increasing
temperatures for a kinetic model. They concluded that NOy is hardly stored
on the surface because neither did they observe any time lag between NOj
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inlet and outlet nor any NO, desorption with increasing temperature.

Another major discussion is related to the structure of the iron, exchanged
into the zeolite, and the activity of the different potential species. Most
groups support the finding that three major structures have to be considered,
namely Fe, Oy clusters within the pores and bi- or mononuclear iron, directly
exchanged to the Brgnsted acid of the parent H-form zeolite.36:37:290-294 -
thermore, the activity of iron ions chemically anchored to SiO were suggested
by Zecchina et al.?*>2?% and recently Rosa et al.?7 proposed [FeOl]?*, bal-
ancing the charge of two framework aluminum atoms, as the active species
in analogy to enzymatic systems like P450. However, Lobree et al.2*® and
Krocher et al. 2 found a 1:1 exchange of Brgnsted acids with iron, at least at
low iron contents, favoring mono- or binuclear cationic iron species. Never-
theless, there is an ongoing debate about which of the species is responsible
for the high activity. Recently, Krocher et al.3¢ stated that for the SCR with
ammonia mononuclear sites should be considered the most active species at
low temperatures up to 300 °C and that binuclear species contribute to the
reaction at higher temperatures. In addition, there are several assumptions
stated in the literature about stable intermediate structures of the active
site, depending on the species considered in the reacting system, e.g. O,
NO, NO, and H,0. Thus, Lobree et al.?%52% as well as Krishna and Mak-
kee!%® proposed for mononuclear sites Fe(OH), formed from FeO and water,
as well as FeO,, OFeNO,, and the nitrate FeNO3. Especially the formation
of surface nitrates at low temperatures is proven by many experimental in-
vestigations, as stated by Tronconi et al.'®® Based on a theoretical study
of NO, adsorption on iron exchanged zeolites, Sierraalta et al.??? presented
the formation of a nitrite species in which NOs is bond to the mononuclear
iron ion with both oxygen atoms. Besides this structure, Heyden et al.!9:3%0
also found a stable nitrite with only one oxygen bond to the iron as well as
the nitrate and dihydroxylated site already mentioned by Lobree et al.28%298
Finally, also a single hydroxyl group FeOH was found to be a reasonable
representation of the active site.

Because the oxidation of NO is such a crucial step for the SCR of NO with
ammonia as well as with hydrocarbons, the aim of this work is to present
detailed insight of the reaction mechanism based on density functional the-
ory (DFT). Here we only consider mononuclear active sites, referring to the
findings of Krocher et al.®0 that these species are considered most active at
low temperatures and thus within the regime where the application of the
SCR is wanted. However, a significant contribution of other iron species like
the binuclear sites or iron clusters on the oxidation of NO cannot be ruled
out. Especially, for the binuclear sites it was shown by Hansen et al.?°! and
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also by Guesmi et al.?"? based on DFT calculations that they might have a

significant activity for the decomposition of nitrous oxide. However, a micro
kinetic modeling study of Hansen et al.?*® including both, mononuclear and
binuclear, sites suggested the higher activity for the mononuclear sites. This
would be in general agreement with the experimental conclusions of Krocher
et al.3¢ for the SCR. Thus it seems plausible to consider the mononuclear

sites as to be most promising also for the NO oxidation.

In accordance with the findings of Heyden et al.?® and the experiment-
ally observed nitrites and nitrates we consider different structures as potential
starting points for a catalytic cycle: the structures Z~[FeO]*, Z~[FeONO]T,
77 [FeOqN]*, Z~[FeOoNOJ]* and Z~ [FeOH] " (Figure 7.1). For reasons of sim-
plicity we will further on denote the structures without the “Z~[]*”. We also
describe reaction pathways leading to these species. Finally, we analyze the
influence of water on the active site and its inhibiting effect as stated by Giles
et al. 28 and Krocher et al.?® Addressing the influence of water is especially of
importance with respect to the main application of the NO oxidation within
the SCR in exhaust gas streams. Not only is water a product of the SCR but
it is also usually present in considerable amounts in the exhaust waste gases.
Furthermore, because of the pronounced, experimentally observed, deviation
in activity between NO oxidation and standard SCR, it is assumed?®"?*? that
ammonia rapidly reacts with some intermediates produced in the oxidation
cycle. Thus, this study also might provide insight into the most probable
state of the active site prior to a reaction with ammonia and with that on
the connection between fast and standard SCR. A similar analysis is possible
for the SCR with hydrocarbons, considering the experimental finding that
the reducing agent reacts with a prior oxidized NO, adsorbed to the active
site.

7.2 Theory

The catalytic active center and a part of the zeolite framework were rep-
resented by a cluster of 5 T-sites (Figure 7.1, FeO). Therefore, all Si atoms
were initially placed at their crystallographic positions, as reported by Olson
et al.'% As there is some evidence that Al is not positioned randomly but
prefers the T121% site, we cut our framework cluster from the unit cell, so
that it surrounded this site with Al as its center. The terminal Si atoms were
saturated with hydrogen, whereas the Si-H bonds were oriented in the dir-
ection of the former Si-O bonds. The length of these bonds was set to 1.487
A, representing the optimal bond length for SiH, at the B3LYP /TZVP level
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of theory. For all calculations on the catalyst, the H-atoms were fixed while
other atoms’ positions were fully relaxed. The iron was considered as mono-
nuclear ions which replace the Brgnsted acid site of the parent H-ZSMS5.
Heyden*! has shown for two reactions that the change of the electronic re-
action energy changes only very little when increasing the cluster size to 17
T-sites at the BSLYP/TZVP level and has concluded that the charge transfer
over the zeolite matrix occurs only to a very little extend. In addition we ex-
ecuted a sample calculation for the adsorption of NO on FeO on a 21 T-sites
containing cluster that accounts to a certain extent for the pore structure.
Also in this case we did not observe a significant influence of the cluster (Fig-
ure E.1). Thus, the small T5 cluster is expected to give reliable results of at
least qualitative nature. Concerning the chosen T12 site for the aluminum
in the ZSM5, there is also no clear evidence about a preferred site. Some
early theoretical studies obtain varying results with Fripat et al.393:3%% and
Chakraborty et al.?% suggesting the T12 site, Redondo and Hay3% suggest-
ing the T9 site and Chatterjee and Chandra3°? suggesting both, T9 and T12
site to be most favorable. Studies on the influence of the exchanged T-site on
properties like the adsorption of probe molecules as done by Zhou et al.3%® for
MCM-22 show indeed a deviation in adsorption strength on different sites.
A related influence on catalyzed reaction barriers on ion exchanged ZSM5 as
considered here cannot be excluded. However, we have analyzed the influ-
ence of perturbing the O-Al-O angle of the original Z~ [FeO]™ cluster, prior
to relaxation, and found only a negligible deviation for the heat of adsorption
for NO (Table E.1). This suggests qualitatively, that only a minor impact of
the chosen T-site on relative energies has to be expected in this study.

All quantum chemical calculations were carried out on potential energy
surfaces (PES) with spin multiplicities Mg=2-8, by using the gradient-corrected
density functional theory (DFT) as implemented in the TURBOMOLE suite
of programs.??’ Becke’s 3-parameter exchange functional®' and the correla-
tion functional of Lee, Yang and Parr®® were used (BSLYP) to represent the
effects of exchange and correlation. The triple-( basis set with polarization
functions (TZVP) was used for all atoms together with a very fine numerical
grid size (m5).?°! Structure optimizations were performed in Cartesian co-
ordinates with an energy convergence criterion of 10~7 Ha and the maximum
norm of the Cartesian gradient was converged to 10~* Ha/bohr. Based on
studies on density functionals as executed by Truhlar et al.?%” or of Ramos et
al.®® and references therein it is known that the performance of B3LYP has
its limitations. However, for a wide range of applications the B3LYP func-
tional was shown to provide reliable results as outlined by Shaik et al.3!? and
references therein for metalloproteins, by Leszczynski et al.3!! for the bond-
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ing of atomic oxygen on a ferrous iron center and by Heyden et al.!19:300,301

for the catalytic decomposition of nitrous oxide on Fe-ZSM5. Thus, the spe-
cifications chosen in this work are considered as a reasonable compromise
between accuracy and computational expenses.

Transition states were localized using a combination of interpolation and
local methods. First, the growing string-method® was applied in mass-
weighted coordinates, leading to an approximate saddle point, once the two
ends of the growing string had joined. The refinement of the saddle point was
accomplished by either the modified dimer method!%® with a gradient-norm
convergence criterion of 5-107* Ha/bohr or the PRFO method.!% To confirm
that the transition states are connected to the correct energy minima, each
transition state was perturbed slightly along the reaction coordinate in the
direction of reactant and product. These perturbed geometries were used as
starting points for energy minimization which revealed that, in all cases, the
desired energy minimum was found.

Because NO and NOs are doublets and O is a triplet, the stoichiometry
of reaction (7.1) already dictates the consideration of the crossing of seams
of different PESs. Minimization of the surface species on different PESs re-
vealed that the energy differences are usually significant and only the ground
state needs to be considered. However, in cases with the two PESs being
close to each other, we also considered the crossing of PES in order to obtain
the lowest energy pathway for the catalytic cycle overall. For the excited
states we considered then only the state of lowest energy which in most cases
gives in iron core containing systems with the B3LYP functional relative
energies in good agreement to high-level ab initio quantum mechanical cal-
culations.?" 313 The minimum energy crossing points (MECP) on the seam
of two PESs were determined with a multiplier penalty function algorithm
(see Heyden et al.'' for details). The converged minimum energy crossing
point structures had a maximum energy difference on both PESs of less than
107% Ha. In order to calculate Gibbs’ free energies also for the MECPs we
calculated the vibrational frequencies for the partition function based on an
effective Hessian as stated by Harvey and Aschi!® and outlined in section
3.3 equation (3.28).

Energy barriers obtained from transition state search have limited ac-
curacy and are dependent on the applied density functional as outlined by
Truhlar et al.3" and Ramos et al.®® The same is true for barriers resulting
from MECPs but stated by Harvey® to be at least reliable for a qualitative
comparison with other reaction pathways. Furthermore, the here described
methodology was successfully applied to the investigation of the decompo-
sition of nitrous oxide in Fe-ZSM5 in our institute!!93093% and by Guesmi
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Figure 7.1: T5 cluster model of the different considered active sites
of Fe-ZSM5: Z~[FeO]t, Z~[FeONO|*, Z~[FeOyN]*, Z~[FeO,NOJ* and
Z~[FeOH]". The numbers correspond to the spin multiplicity of the min-
imized species. Dangling bonds are not shown.

et al.3%2 and the results were in both cases to a certain degree even quant-

itatively in agreement with experiments.?*®314315 Thus, it can be assumed
that the accuracy of the methodology applied here is sufficient for at least a
qualitative analysis of the oxidation of nitrogen oxide on Fe-ZSMS5.

7.3 Results and discussion

The mechanism of the oxidation of NO can, in accordance with the stoi-
chiometry of the reaction (equation (7.1)), be interpreted as a sequence of
the adsorption of two NO and O,, the formation of two NO, and the sub-
sequent desorption of the formed species. Here, the exact pathway is of
interest. Because we only considered mononuclear iron as active sites in this
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work, the adsorption of more than two molecules prior to a reaction step
leading to NOs or an intermediate seemed implausible with respect to space
and entropy. Thus, we always started the investigation with either the ad-
sorption of NO and the subsequent coadsorption of O, or vice versa, followed
by the formation of a first NOy and its desorption. Then, the adsorption of
a second NO was considered, forming another NOs. The desorption of the
latter closed the catalytic cycle.

To analyze the appearance of the active site, we first considered the struc-
tures FeO, FeONO, FeOsN and FeO,NO of Figure 7.1 as the starting points
for a catalytic cycle, in accordance with theoretical and experimental find-
ings in the literature. The consideration of a bare iron ion as active site
in an oxygen containing atmosphere was concluded to be negligible based
on DFT calculations which was also shown by Heyden et al.3% In a second
part, we investigated the influence of water on the reaction. This was mainly
considered in terms of the formation of hydroxyl groups on the active site
and, with that, leading to the monohydroxylated iron (FeOH) as the po-
tential starting point for a catalytic cycle. Furthermore, we included the
potential formation of nitrous and nitric acid which provides some insight
into the hydrolysis of NOy and NO as a side reaction. This is also related
to our previous findings on H-form zeolites that these two acids have to be
considered as relevant intermediates of the selective catalytic reduction of
nitrogen oxides with ammonia (see chapter 4).

As part of the investigations, we also considered the crossing of poten-
tial energy surfaces of different spin multiplicities, in order to account for the
different spin state of overall reactants and products as well as to find the en-
ergetically lowest pathway for the catalytic cycle. Thus, the final results are
also supposed to reveal where, within the overall reaction cycle, the crossing
of PESs should be considered to be most probable. The labeling of the struc-
tures involved naming the ligands to the iron. In the case that three ligands
have been considered, one is attached with a minus (“-”). In the case that a
molecule is considered as a gas phase species we used an underline character
(“7) to add it to the tag. Here, only the mechanistic overviews and the en-
ergy diagrams of the different catalytic cycles are shown. All the energies in
the diagrams are zero-point energy-corrected and the values in the overviews
are Gibbs’ free enthalpies calculated at 600 K. The black values refer to the
structures and the blue values to either transition states or to the barrier for
the crossing of a seam between two PESs. The colors of the boxes refer to
the spin multiplicity of the PES as follows: white refers to Mg=3, green to
Mgs=4, blue to Mg=5, yellow to Mg=6 and orange to Mg=7. In both, energy
diagram and overview, the values are given with respect to the stated active
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site structure and gas phase molecules as reference. The value of 600K was
picked in order to consider the entropic effects of the reaction mechanism at
a temperature where also the standard SCR with ammonia shows significant
conversions (compare Figure 2, Schwidder et al.3"). The structures corres-
ponding to the energy diagrams are illustrated in the supporting information
of reference [316]. With respect to the discussion on the accuracy of DFT
in general and on the calculation of energy barriers from transition states
and minimum energy crossing points as discussed in the section 7.2 it should
be emphasized that all the subsequently presented results are of qualitative
nature only.

7.3.1 Activity of Iron Exchanged ZSMJ5 in the Absence
of Water

In order to clearly understand the activity of the mononuclear iron centers
for the oxidation of NO to NO,, we first describe in the following sections
the potential pathways without the consideration of water. Starting with
FeO, we present the formation of the stable nitrite and nitrate structures
and discuss their potential activity for the reaction.

Catalytic Cycle on FeO

The energies of this cycle are shown in Figure 7.3. Figure 7.2 provides the
overview of the reactive network, including the Gibbs’ free enthalpies at
600 K. The ground state of FeO was found to be on the PES with Mg=6,
which was used as the reference state. The adsorption of oxygen to this
structure, leading to OFeQO, is negligible, as can be inferred from ST 4 in
the energy diagram. For the adsorption of NO, leading to FeONO, two
different pathways can be considered which include the crossing of two PESs,
because the ground state of the product was found to be on the quintet.
Either first a spin change of FeO (S 1) to Mg=4 (ST 3) takes place, followed
by a subsequent adsorption of NO or the crossing of the seam is part of
the adsorption itself (S 2). For the first case, a barrier of E*=5.4 kcal/mol
was calculated, while for the second case only E*=0.7 kcal/mol (electronic
energy difference only) was observed. The adsorption process, leading to
FeONO (ST 5) is strongly exothermic with a heat of adsorption of AE,4=-
32.1 kcal /mol indicating a very stable structure. The desorption of NOy from
this structure would lead to a bare iron ion but Heyden et al.3"* found this
to be a very unlikely step because of a very high energy of desorption. For
the subsequent adsorption of molecular oxygen a transition state (TS 2) was
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Figure 7.2: Overview of considered catalytic cycles of the NO oxidation on
Z~[FeO]" as representation of the active site. Stated values are Gibbs’ free
enthalpies calculated at 600 K. Black numbers correspond to the structure,
blue numbers to the transition states (TS) or the minimum on the seam of
two PESs (S). Colors of the boxes correspond to the spin multiplicity.

found leading to O2FeONO on the septet PES (ST 7). The calculated barrier
with E*f= 1.9 kcal/mol is rather small and also the heat of adsorption with
AE,4s= -4.3 kcal/mol indicates a rather loose state. As the next step, we
considered the desorption of NOy for which no transition state was found on
the septet PES and the barrier was calculated to be AEges= 19.9 kcal /mol,
leading to FeOy (ST 12) on the sextet PES. Alternatively, we also investigated
the spin change to the quintet PES with a subsequent desorption of NO, for
this process, followed by another spin change from the quartet structure of
FeO, to its ground state, because here the energy differences were found to
be rather low. The first crossing of the seam (S 3) for O2FeONO to the
potential energy surface with Mg=5 (ST 9) exhibits a barrier of Ef=12.1



158 7 Theoretical Investigation of the Mechanism of the Oxidation of. ..

] st

5| Slgrs T4

o8It s1a LT85

5| sm2s2 I T8t0

: S 8T

10 4 i o, ,
= : ST ST18—=
o .| : TS3 i 'S5 T— TSH 113

15 : 'S8 sT— =
E : : L STIZ= ST19TS12 s1
= -204 : i sT10 8T12sT14 ERRES ‘r___ Sﬂ—.s_m
. ; S3ST9 , : T2a .=
g s T e .1 sTi7 sTao 5;._"135 _TSET_?&---'-
= 30 L sTe— | . N sT3 =
s §T5 TsstT_,.' R '
S 401 ST8 ST15 i

_45 | 8T23

-50

-55

-60 :

65 | §125

-70-
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kcal/mol, while the reverse barrier is negligible. For the desorption of NO,
via the transition state TS 3 another barrier of E*=10.0 kcal /mol needs to be
overcome while the desorbed molecule still slightly interacts with the active
site, as can be seen from the energy corresponding to ST 10. Finally, the
resulting FeOy (ST 11) on the quartet PES is only E=1.2 kcal/mol higher
in energy than the corresponding ground state and a low barrier of E¥=2.3
kcal/mol (S 4) leads to the latter. Thus, the overall energy difference between
the two pathways is rather small as can be seen from the energy diagram,
and both pathways might be accessible. For the subsequent reaction with
NO several different reaction mechanisms were taken into account starting
from both spin states of FeOs, because the quartet and the sextet PES are
very close in energy, here. Adding NO to the gas phase leads to nearly the
same value for the PES with Mg=5 (ST 13) and Mg=7 (ST 14), implying
a slight interaction between the molecule and the active site on the lower
PES, while on the higher one no interaction can be observed. On Mg=5
NO adsorbs strongly to the iron forming OFeNO (ST 15) with a heat of
adsorption of AE,4s=-21.3 kcal/mol. Then, in a reaction via TS 7, the NO
attaches to the adsorbed oxygen and forms the intermediate FeOONO _ct with
the ligand in a cis-trans configuration (ST 17). This process is activated by
E#=25.6 kcal/mol. In a subsequent step with a low energy barrier (E*=1.7
kecal/mol, TS 9) FeOONO_t (ST 20) is formed with the ligand in the trans-
trans configuration and finally a rotation of the NO group with a barrier of
E#=8.8 kcal/mol (TS 12) leads to the trans-cis conformation FeOONO_c (ST
21). In an alternative pathway starting from the quintet OsFeNO the bond
between the two oxygen atoms breaks with a barrier of E*=37.0 kcal /mol (TS
6), which leads to OFeO-NO (ST 19). Then, subsequently with a barrier
of E*=9.2 kcal/mol (TS 11), the NO releases its bond with the iron and
forms adsorbed NO, (ST 23). This species in its ground state on the PES
with Mg=5 has to be considered a rather stable structure because of the
low corresponding energy. Furthermore, we also found a reaction of FeOq
with gas phase nitrogen oxide, leading to the stable structure of OFeONO.
This step involves the cleavage of the adsorbed molecular oxygen and the
direct formation of adsorbed NO, which exhibits an energy barrier of E¥=21.4
kcal/mol (TS 5). Alternatively, the gas phase nirogen oxide can directly react
with the adsorbed molecular oxygen, leading to the -OONO ligand in the
trans-trans configuration (ST 20). This step exhibits a low barrier of E*=2.5
kecal/mol (TS 8). When starting with the sextet PES of FeO, (ST 12), the
cleavage of the oxygen into OFeO (ST 16) was examined which exhibits a
rather high activation energy of E*=21.7 kcal/mol (TS 4). Nitrogen oxide
only loosely interacts here with the iron (ST 18) and thus, the subsequent
reaction step via TS 10 (E*=5.0 kcal/mol), leading to OFeONO (ST 22) on
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the septet PES, should rather be seen as a gas phase attack of NO to the
active site. The resulting intermediate does not correspond to the ground
state but the crossing of the seam from the septet to the quintet PES only
exhibits a very low barrier of E*=1.3 kcal/mol (S 6). Finally, a pathway was
found, starting from FeO, in its ground state with gas phase NO (ST 14).
Here, the spin change (S 5) directly leads to the formation of FFOONO_c (ST
21) on the quintet PES by overcoming a barrier of only E*=2.6 kcal /mol. In
summary it can be stated that, with respect to FeOs, either the cleavage of
the adsorbed molecular oxygen is necessary prior to the reaction with NO
leading to OFeONO (ST 23) which involves rather high barriers (TS 4, 5
and 6) or a reaction between gas phase NO and adsorbed molecular O, takes
place, eventually leading to FeOONO_c with in comparison rather low energy
barriers (S 5, TS 8). In the case of coadsorbed oxygen and nitrogen oxide
the high barrier of T'S 7 can be attributed to the strong prior adsorption of
NO.

As last part of the reactive cycle the desorption of the second NOy was
addressed. Starting from FeOONO_c (ST 21) on the quintet PES, the tran-
sition state T'S 13 results in the cleavage of the O-O bond of the ligand and
NO, is formed (ST 24) which only loosely interacts with the remaining FeO.
This step exhibits an activation energy of E¥=11.2 kcal/mol. The resulting
FeO on the quartet PES easily transforms into its ground state via S 1 as
described in the beginning of the catalytic cycle. In the case of OFeONO
in its ground state (ST 23) on the quintet PES, either NOy desorbs first
from the active site, leading to FeO on the quartet PES by overcoming the
heat of desorption AEg4=19.3 kcal/mol. This requires than the subsequent
spin change of FeO into its ground state. Alternatively, the spin change is
accounted for via S 6 with a barrier of E*=12.6 kcal/mol, followed by the
desorption of NOy on the septet PES with AE4,s=5.6 kcal/mol. Overall, the
latter pathway exhibits a slightly lower barrier.

From the investigation so far, it is most probable that, first, FeONO is
formed including the crossing of the seam either prior to the NO adsorption or
as the reactive step itself. Then, the adsorption of oxygen is required prior to
the desorption of NO5 on the septet PES, leading to FeO,. Subsequently, NO
reacts from the gas phase with the active site, eventually leading to FeOONO
in its cis conformation on the quintet PES. Here again, either first a spin
change of FeOs is considered prior to a reaction with NO (S 4 and T'S 8) or the
crossing of the seam already involves the formation of the -OONO ligand via S
5. Finally, the desorption of NOs takes place (TS 13) and FeO returns with S
1 to its ground state, closing the catalytic cycle. The energies corresponding
to this reduced analysis are presented in Figure 7.4. Furthermore, these
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pathways also exhibit the lowest overall Gibbs’ free enthalpies at 600 K as
shown in Figure 7.2, supporting the concluding remarks, that they present
the most probable pathways on FeO as the active site. It is however worth
mentioning, that the Gibbs’ free enthalpies rather suggest the initial spin
change of FeO prior to the first NO adsorption rather than the combined
process and for the second NO adsorption favors the combined spin change
and -OONO formation over the step by step process.

From the presented results it is obvious, that FeONO has to be con-
sidered a rather stable intermediate, which itself might serve as the starting
point of a catalytic cycle, at least at low temperatures. A rather low en-
ergy barrier of E*=3.3 kcal/mol (TS1) separates this species from the nitrite
FeO3N on the quintet PES and the transformation is slightly exothermic by
AE=-5.5 kcal/mol. Furthermore, the nitrate structure FeO,NO is formed
exothermically from OFeONO (AE=-25.4 kcal/mol) on the PES with Mg=5
after overcoming a barrier of E*=10.5 kcal/mol (TS 14). Thus, the catalytic
cycles on all the three structures have to be further investigated to reveal
their influence on the NO oxidation.

Catalytic cycle on FeONO

An overview of the studied mechanism for the catalytic cycle on FeONO
in its ground state on the quintet PES is shown in Figure 7.5 which also
includes the Gibbs’ free enthalpies of the intermediates and the transitions.
The energies of the reaction network are presented in Figure 7.6 with the
second axis using FeO as the reference state. The cycle on FeONO can be
started again either by the adsorption of NO or of O,. In the latter case, the
transition state TS 1 leads to OoFeONO (ST 4) on the septet PES and for a
following coadsorption of NO a spin change is necessary via S 2 to the quintet
PES (ST 9). Up to this point the pathway is identical to the corresponding
description in FeO. The coadsorption of NO was found here to be preferred
on the molecular oxygen (ST 13) rather than on the iron itself. This results in
a heat of adsorption of AE,4s=-6.9 kcal/mol with respect to the O;FeONO
ground state. A subsequent reaction via TS 6 with an energy barrier of
E#=8.6 kcal/mol leads to the formation of a -OONO ligand in the trans
configuration on the iron (ST 15). Alternatively, first the NO adsorption can
be considered on FeONO (ST 3). However, a subsequent crossing of the seam
from the sextet to the quartet PES is required for ONFeONO (ST 5) to be
in its ground state. The barrier for this process was calculated to be Ef=3.1
kecal/mol (S 1) and the adsorption was found to be significantly stronger than
the Oy adsorption with AE,3s=-19.0 kcal/mol. Then, the coadsorption of
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oxygen was considered on the sextet potential energy surface which exhibits
a barrier of E¥=16.9 kcal/mol (TS 3). Prior to this adsorption oxygen does
not interact with the active site at all (ST 8). Interestingly, the adsorption
leads to an energetically less favorable state (ST 10) which can be attributed
to a loosening of the adsorbed NO. In fact, the energy of O;FeONO in its
ground state (ST 4) is at the same level as ST 10, which indicates that
coming from the reversed adsorption sequence, NO coadsorbed on the iron
does not exhibit any heat of adsorption. With that, the coadsorption of O,
has to be rather seen as pushing the NO off the iron only hindered by the
barrier of the spin change to the ground state. Nevertheless, a subsequent
reaction (TS 5) with an activation energy of E*=7.2 kcal/mol also leads to
the ONOFeOONO_t (ST 15). Similar to the results on FeO, a rotation of
the -NO of the -OONO ligand results in the cis conformation (ST 18). For
this process a barrier of E*=9.5 kcal /mol (TS 8) needs to be overcome which,
in magnitude, is very similar to the corresponding one found for FeO. The
release of NO, to the gas phase occurs by the cleavage of the O-O bond in the
ligand and is activated by E*=10.1 kcal/mol (TS 10). Structure ST 19 can
then be seen as an unstable intermediate, because the removal of NOy from
OFeONO (ST 22) is exothermic. In the next step, a second NO adsorbs to the
free atomic oxygen on the iron and adsorbed NOj is formed (ONOFeONO,
ST 23) on the sextet PES. This step is highly exothermic with a heat of
adsorption of AE,qs= -32.3 kcal/mol, indicating a favorable intermediate.
Finally, NOs desorbs from this structure and closes the catalytic cycle by
restoring the active site. Here, the desorption was calculated to require
AE4es=16.0 kecal /mol.

In addition, the desorption of NOy from ONOFeOONO_t, leaving the -
OONO ligand (ST 16), requires a heat of desorption of AEqs=18.5 kcal/mol.
This is less favorable than the conversion of the -OONO ligand to the cis con-
former and the subsequent release of NO, via TS 8 and TS 10 because of a
higher barrier. Furthermore, we considered the desorption of NO, from the
ground state of the intermediate ONFeONO leading to FeNO on the triplet
PES (ST 6). Here, the calculated energy difference is AEges= 26.3 kcal /mol.
Though this value is rather high, compared to the alternative endothermic
coadsorption of Oy via TS 3, this step might, at least at elevated temperat-
ures, play an important role when the influence of entropy has an increased
impact on the Gibbs’ free enthalpy. Then, oxygen exothermically coadsorbs
to FeNO (ST 11) via the transition state TS 2 and a negligible barrier of Ef=
0.03 kcal/mol which presents a cross-over to the FeO cycle. An additional
NO does not interact with this species (ST 12) and thus the subsequent
formation of the -OONO ligand on FeNO (ST 14) can be seen as of the Eley-
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Rideal type. The activation energy for this process is E¥*=19.8 kcal /mol (TS
4) and with that considerably higher than the barriers for the formation of
this ligand next to the nitrite. Similar as before, a conformational change
of the ligand leads to its cis form (ST 17), of which NOy desorbs (ST 20).
For these steps we found the barriers E¥=8.8 kcal/mol (TS 7) and E*=11.0
kecal/mol (TS 9), respectively. Finally, the remaining ONFeO (ST 21) on the
quintet PES reforms the active site via TS 11 by overcoming a barrier of
E#=3.9 kcal /mol.

An analysis of the Gibbs’ free energies in Figure 7.5 supports the finding
that the coadsorption of oxygen to ONFeONO is rather unlikely but the
desorption of NOy to FeNO might be of importance in terms of a crossing to
the FeO cycle. However, the subsequent cycle on FeNO itself exhibits rather
high Gibbs’ free enthalpies making its relevance unlikely. Furthermore, the
adsorption of NO to OFeONO, leading to the formation of the dinitrite-iron,
is a favorable process also at elevated temperatures. However, the formation
of OFeONO via the intermediate formation of the -OONO ligand again leads
to rather high values of the Gibbs’ enthalpy compared to the cycle on FeO
so that these structures have to be considered less likely to occur.

Catalytic cycle on FeO2N and on FeO2NO

Because of the similarities of not only the structure itself with a twofold oxy-
gen bond to the iron, but also of the reaction mechanism, we combined the
discussion of these two species as potential active sites into one subchapter.
In fact, the described mechanisms here are overall nearly identical with the
pathway on FeONO, mainly differing by the ligand, which defines the act-
ive site. For FeOyN the overview is shown in Figure 7.7 and the energies
are stated in Figure 7.8. The two corresponding Diagrams for FeO;NO are
presented in Figure 7.9 and 7.10. In order to avoid confusion in the following
description of the mechanism, we have added the corresponding energies and
labels of the structures for FeO,NO in brackets.

For both active sites, the start configuration has its ground state on the
quintet PES. As described before on FeONO, also here the significant in-
termediate product, resulting from a reaction between one oxygen and one
nitrogen oxide, is constituted by an -OONO ligand in the trans configura-
tion. In the case that O, adsorbs first, an energy of E*=2.7 kcal/mol (TS 1)
[E¥=2.4 kcal/mol, TS 2] needs to be surmounted. In the resulting adsorbed
state however, the oxygen is only very loosely bond to the actives site with
a heat of adsorption of AE,qs= -1.1 kcal/mol (ST 4) [AE,qs=-1.8 kcal /mol,
ST 4]. For a subsequent reaction with NO a spin change from the septet to
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the quintet PES is required which exhibits a barrier of E¥=10.7 kcal/mol (S
2) [E*=10.7 kcal/mol, S 2] and results in the excited structure ST 6 [ST7].
The addition of nitrogen oxide results in a significant reduction of energy by
AE,gs= -11.9 (ST 8) [AE.qs= -5.8 kcal/mol, ST 8|, due to an interaction of
the NO with the adsorbed oxygen. A subsequent reaction with a negligible
barrier of E¥=0.1 kcal/mol (TS 4) [E*=0.5 kcal/mol, TS 4] eventually leads
to the -OONO ligand in the trans configuration (ST 10) [ST 10]. In the case
that the catalytic cycle is started with the adsorption of NO, a spin change
is required from the sextet to the quartet potential energy surface, to obtain
the ground state (ST 5) [ST 6]. The corresponding energy barrier for this
process is rather small with E*=1.1 kcal/mol (S 1) [E*=2.0 kcal/mol, S 1] and
the adsorbed state can be considered stable because of the significant heat
of adsorption of AE,4=-18.7 kcal/mol on both active sites. In contrast to
the mechanism on FeONQO, the subsequent formation of the -OONO ligand
in this pathway does not require the adsorption of oxygen, but results from
a gas phase attack of molecular oxygen. This involves the highest barrier in
the catalytic cycle with E*=23.9 kcal/mol, corresponding to the transition
state TS 3 [E¥=23.7 kcal/mol, TS 3]. Though this reaction was concluded in
contrast to the FeONO cycle to be of the Eley-Rideal type, it has to be men-
tioned that, from a structural point of view, this transition state is equivalent
to the TS 5 (Figure 7.6). The difference of the reactant state results from the
even lower stability of NO and O, being coadsorbed on FeO,N and FeO,NO
as the active sites. Next, the -OONO ligand transforms from the trans into
the cis conformation (ST 12) [ST 11], which requires to surmount a barrier
of E¥=8.7 kcal/mol (TS 6) [E¥=8.9 kcal/mol, TS 5]. Then, NO is released
via the transition state TS 7 with an activation energy of E*=9.9 kcal /mol
[E¥=9.7 kcal /mol, TS 6]. This results in an unstable intermediate (ST 14 and
ST 12 respectively), because the subsequent release of NO; in the gas phase
is exothermic. For FeO,;N, the -OONO ligand might also form a ring struc-
ture with the free oxygen binding to the iron. This step exhibits a negligible
barrier of E¥=1.7 kcal /mol (TS 8) and the ring structure being slightly lower
in energy compared to the loose ligand (ST 13). Also from the ring structure
NO, can desorb via TS 9 by overcoming a barrier of E*=13.1 kcal/mol. The
NO; desorption eventually leads to OFeO2N (ST 16) [OFeO,NO, ST 13] on
the quintet PES. Then, another NO adsorbs by forming adsorbed NOy with
the remaining atomic oxygen bonded to the iron which is strongly exothermic
by AE.qs=-34.1 kcal/mol (ST 17) [AE,qs=-38.0 kcal/mol, ST 14]. Finally,
the second NOy desorbs from the iron by overcoming the heat of desorption
AEges=14.6 kcal/mol [AE4s=14.9 kcal/mol].
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In addition to the catalytic cycle on the two active sites we also found a
cross-over for FeO,N to the corresponding cycle on FeONO. For the trans-
formation of the stable structure ONFeO,N on the quartet PES into the
ONFeONO first the bond between one oxygen atom and the iron is cleaved,
leading to a cis conformation of the nitrite ligand (ST 7) by overcoming a
barrier of E*=4.4 kcal/mol (TS 2). Then, a rotation of the nitrite leads to the
energetically equivalent trans conformation (ST 11). This process exhibits a
barrier of E*=2.6 kcal/mol (TS 5). Furthermore, NO;FeONO is transformed
into ONOFeONO (ST 18) via TS 10 and a barrier of E*=4.9 kcal/mol. Be-
cause a similar transition for the active sites themselves was also found with
a rather low barrier (TS 1, Figure 7.3), it can be assumed that both nitrite
pathways might interchange within all intermediate structures and the low
barriers suggest equilibrium between them. Furthermore, we also found a
reaction of gas phase NO with FeO;NO, leading to adsorbed NOy on FeO,N
(ST 5, Figure 7.10) on the sextet PES. This step however exhibits a very high
activation energy of E¥=35.7 kcal/mol (TS 1), indicating the high stability
of the nitrate. Furthermore, this barrier is within the same magnitude of the
barrier for the splitting of the nitrate into OFeONO (35.9 kcal/mol). Thus,
this high barrier contradicts somewhat the by Tronconi et al.'®” stated relev-
ance of this reaction for the fast SCR with ammonia because they assumed
this step to be fast also at low temperatures (below 140 °C) but blocked by
ammonia.

A comparison of the reaction pathways on the two potential active sites
with each other but also with the already discussed cycle on FeONO reveals
that they all resemble each other not only from the structural perspective
but also with respect to their energy profiles. In all cases, the highest internal
energy barrier is the reaction of oxygen with ONFeX (X= ONO, OyN and
03NO) with ~20 keal/mol (In the case of ONO the difference between ST
8 and TS 5). Also the subsequent cis-trans change and the NOy desorption
of the -OONO ligand exhibit similar barriers with ~10 kcal/mol. Solely
in the case of the initial adsorption of oxygen, the heat of adsorption on
FeONO was found to be slightly higher with AE,4s=-4.5 kcal/mol compared
to -1.0kcal/mol and -1.7 kcal/mol on FeOsN and FeO3NO respectively.

An analysis of the Gibbs’ free energies as shown in Figures 7.7 and 7.9
for FeOoN and FeO;NO respectively reveals that only the adsorption of NO
to the active site is of relevance and oxygen adsorption can be neglected.
However, the subsequent reaction with oxygen from the gas phase exhibits
significantly high enthalpies for the transition states (49.7 kcal/mol and 48.7
kcal/mol) making such a step rather unfavorable. Also the formation of the
ring structure from the cis -OONO ligand can be considered unlikely, because
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the slight gain in stability with respect to enthalpy is by far consumed by
the corresponding loss in entropy.

It can be concluded from the so far investigated catalytic cycles that
starting from FeO as the principal structure the stable structures FeONO,
FeO3;N and FeO,NO can be formed easily also at elevated temperatures. The
two nitrite structures are similar in energy and are both present on the surface
because they are separated by rather low energy barriers (5-8 kcal/mol).
Furthermore, FeONO is a direct intermediate participating in the catalytic
cycle on FeO. The nitrate structure, however, is significantly lower in energy
compared to the other intermediates and with that has to be considered
as very stable. Thus, once formed, elevated temperatures are needed to
reduce the nitrate back into a nitrite. The adsorption of oxygen to either
the nitrite in the closed form or to the nitrate was found to be very unlikely
because of a very low heat of adsorption. The highest barriers on the nitrite
and the nitrate structures were found to be the reaction of adsorbed NO
with oxygen, leading to the -OONO intermediate which is also shown from
the Gibbs’ free enthalpies to be the main bottleneck of the catalytic cycles
on these structures. On FeO the most probable pathway was concluded to
involve the desorption of NOy from the O3FeONO structure and a subsequent
reactive adsorption of NO forming the -OONO ligand. It is obvious that the
latter ligand is a key species in all the discussed potential active sites so
far and it should be pointed out that also Heyden et al.?°" considered its
cis-configuration in the context of the NO assisted decomposition of N,O for
the same active sites as well as for the hydroxylated iron. The results for
the desorption of NO, from this species are in close agreement with ours.
Overall, it has to be concluded that, especially at high temperatures, the
catalytic cycles on both nitrite and the nitrate structures do not contribute
significantly to the oxidation of NO. However, at least at low temperatures,
the formation of the nitrate is expected to block the active site.

7.3.2 Activity of Iron Exchanged ZSMJ5 in the Pres-
ence of Water

Krocher et al.®® and Giles et al.?®® found water to significantly inhibit the
oxidation of nitrogen oxide. Furthermore, there is agreement in the literat-
ure,38:156,158,282,283 that the NO oxidation is the rate limiting step of the SCR,
which itself produces water. With that, a highly connected system is estab-
lished with the main reaction, the SCR,slowing its rate limiting step down,
the oxidation of NO. Thus, the following analysis of the influence of water
on the above described reactions also aims to provide an insight into poten-
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tial further intermediates and stable structures which might be important
adsorption sites for ammonia within the SCR.
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Heyden et al.''® already showed in their theoretical analysis of the in-
fluence of water on the activity of mononuclear iron sites for the NoO de-
composition that, in a reaction of FeO with adsorbed water, dihydroxylated
sites are created which are rather inactive. Furthermore, they presented a
potential reaction of these sites with NO, leading to nitrous acid and mono-
hydroxylated iron which is active for the NoO decomposition. We also found
that the stable structure HOFeOH (Figure 7.1) with the ground state on the
PES with Mg=6 is easily formed. However, no adsorption of oxygen on this
site was observed and the NO adsorption was rather weak. Thus, no catalytic
cycle for the oxidation of NO on this site was concluded to be reasonable.
However, besides the formation of HOFeOH from water and FeO and the
subsequent formation of nitrous acid and FeOH in accordance with Heyden
et al.,'* we also provide the reaction of NOy with the dihydroxylated iron,
leading to nitric acid in Figure 7.11. Finally, we also considered the reaction
of water with the stable nitrite FeO,N and nitrate FeO,NO, which also leads
to FeOH and nitrous and nitric acid, respectively. In the corresponding en-
ergy diagram (Figure 7.12) we have set each of the different reference states
to zero, allowing for a direct comparison of the single adsorption and reaction
steps. In Figure 7.11, we attributed the different reference states by different
colors of the stated values of the structures, with black representing FeO,
green for FeO,N and red for FeO,NO.

The pathways are started with the adsorption of water to the ground
state of the considered active site. The highest heat of adsorption of water is
obtained for FeO (ST 1a) on the PES with Mg=6 with AE,qs=-22.9 kcal /mol.
In the case of FeO,N (ST 1b) and FeOoNO (ST 1c¢) with Mg=5 the heat of
adsorption was found to be slightly less but very close to each other with
AE,4s=-19.8 kecal/mol and AE,4s=-19.9 kcal/mol. Then, a hydrogen transfer
takes place from the water to an oxygen atom of the respective active site
structure. Thus, via TS1 the nitrate (ST 3) is transformed into nitric acid,
adsorbed on FeOH (ST 9) by overcoming a barrier of E*=26.9 kcal /mol. The
transition state TS 2 describes the corresponding hydrogen transfer from the
water on the nitrite structure (ST 2) to the formation of nitrous acid (ST
10) with a barrier of E¥=22.6 kcal/mol. The higher energy barrier for the
hydrogen transfer on the nitrate structure compared to the nitrite indicates
that though the process itself is very similar for both, the nitrate is more
stable. The lowest barrier for this reaction step is obtained for the FeO as
initial site with E*=13.7 kcal/mol (TS 3) leading to the twofold hydroxylated
iron (ST 5) on the PES with Mg=6. Furthermore, this step was found here
to be strongly exothermic by AE=-21.3 kcal/mol while being endothermic
for the nitrite and nitrate structures with AE=19.5 kcal/mol and AE=23.3
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kcal/mol, respectively. However, for a further reaction of the dihydroxylated
iron with NO or NO, a spin change is necessary because the final product,
nitrous or nitric acid on FeOH has its ground state on the PES with Mg=5
while the reactant state is on the PES with Mg=7. This spin change of
HOFeOH to the PES with Mg=4 via the crossing of the seam S 1 exhibits
an energy barrier of E¥=14.5 kcal/mol with the resulting product (ST 6)
being AE=13.9 kcal/mol higher in energy than the corresponding ground
state. Here, NO directly adsorbs to the iron (ST 8) while NOy only forms
a hydrogen bond with one hydroxyl group (ST 7). The corresponding heats
of adsorption with respect to the excited state are AE,4s=-17.5 kcal/mol for
NO and AE,qs=-16.0 kcal/mol for NO,. Subsequently, the adsorbed species
reacts with one of the hydroxyl groups, forming nitrous (ST 12) or nitric acid
(ST 11). In the case of NO this involves a barrier of E*=9.5 kcal /mol (TS 5)
and for NOy E*=15.1 kcal/mol (TS 4).

In summary, it is obvious that water easily reacts with FeO, forming the
dihydroxylated iron. In the presence of NO or NO, this site will be reduced
to FeOH by forming nitrous or nitric acid respectively, which, overall, is an
exothermic process. On the other hand, the reaction of adsorbed water on
the nitrite or nitrate iron, which forms the two acids is endothermic and thus
less favorable. This finding is also supported by the Gibbs’ free Energies
at 600 K as shown in Figure 7.11. Even at this temperature the reaction
pathway on FeO via HOFeOH to FeOH is strongly favorable including rather
low internal energy barriers while the reactions of the nitrite and nitrate with
water have their equilibrium on the side of the reactants. This leads to the
conclusion that the inhibiting influence of water mainly can be attributed to
the formation of the inactive dihydroxylated iron which eventually transforms
into FeOH. The activity of the latter species will be addressed in the following
section. Nevertheless, because the nitrite and nitrate were concluded to be
very stable surface species, even unfavorable equilibrium conditions might
allow for the acid formation considering that the reactants water and surface
nitrite and nitrate are present in large amounts. The barrier for the reduction
of the surface nitrate with E*=26.9 kcal /mol is significantly lower (by AE=8.8
kcal/mol) than the barrier found for the reaction with NO. Thus, water might
indeed have the potential to reduce the surface nitrate. The acids, however,
then also might form the inactive surface nitrite and nitrate in the reverse
reaction, depending on the amount of FeOH present.
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Figure 7.13: Overview of considered reactions in the main catalytic cycles
of the NO oxidation on Z~ [FeOH] ™ as representation of the active site. Stated
values are Gibbs’ free enthalpies calculated at 600 K. Black numbers corres-
pond to the structure, blue numbers to the transition states (TS) or to the
minimum on the seam of two PESs (S). Colors of the boxes correspond to

the spin multiplicity.
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Catalytic cycle on FeOH

Because it can be expected from the former discussion that water will lead
to the formation of FeOH it is of interest whether this species itself exhibits
a high activity for the NO oxidation or rather blocks the active site. Within
this study, we also found the potential formation of a nitrate species besides
the hydroxyl group. Furthermore, we also included crossings to the non-
hydroxylated structures by considering the formation of nitrous and nitric
acids, similar to their above discussed formation on the dihydroxylated iron.
First, we will discuss the main catalytic cycle which is shown in an overview
in Figure 7.13. The corresponding energies are shown in Figure 7.14. The
second part discusses the potential nitrate structures and the acid formation.

Main Cycle In a similar way as for the cycle on FeONO, we started the
reaction with the adsorption of oxygen onto the ground state of FeOH on the
quintet PES. This step here is also an activated process, exhibits a barrier
of E*=0.6 kcal/mol (TS 1) and is exothermic by AE,q,=-7.3 kcal/mol (ST
4). Then, prior to a reaction with NO, the crossing of the seam between
the septet and the quintet (ST 6) PES is necessary, which includes a barrier
of E¥=9.9 kcal/mol (S 2). NO coadsorbs to this excited structure (ST 7)
and a reaction with an activation energy of only E*=0.8 kcal/mol (TS 3)
leads to the -OONO ligand in the trans configuration (ST 13). Alternatively,
the crossing of the seam can also incorporate the adsorption of the NO, by
overcoming a barrier of E*=0.8 kcal/mol (S 2a). In the adsorbed state NO
is here bond to the adsorbed oxygen (ST 7b) on the sextet PES, while on
the PES with Mg=8 (ST 7a) no interaction between NO and the active site
can be observed. Then, the -OONO ligand forms via TS 3a which exhibits a
barrier of E¥=8.9 kcal/mol. With that, both pathways for the crossing of the
seam, the NO adsorption and the subsequent formation of ST 13 are very
similar with respect to their energy barriers and have to be considered as
being equally accessible. Again, the -OONO ligand might also be obtained
starting first with the adsorption of NO onto FeOH (ST 3). The crossing
of the seam from the PES with Mg=6 to Mg=4 results in the ground state
(ST 5), is activated by E*=0.5 kcal/mol (S 1) and strongly exothermic by
AE=-15.0 kcal/mol. The subsequent adsorption of oxygen is an activated
process including a barrier of E*=14.4 kcal/mol (TS 2) and is endothermic
by AE=9.5 kcal/mol (ST 10), which makes this alternative pathway less fa-
vorable. Nevertheless, via the transition state TS 5 and a barrier of E¥=9.4
kecal/mol also the -OONO ligand is formed in the trans configuration. The
desorption of a first NOy was found to occur from the corresponding cis con-
figuration (ST14) and, thus, we have considered the conformational change.
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This step requires to overcome a barrier of E¥=10.6 kcal/mol (TS 7). So
far, the hydrogen of the hydroxyl group was pointing downwards. For the
product of the subsequent desorption of NO5 however, we found the structure
OFeOH on the quintet PES to be more favorable with the hydrogen pointing
upwards (ST 22) by AE=6.6 kcal/mol. Thus, we considered first the rotation
of the hydroxyl group on the -OONO ligand structure, including a barrier
of E*=0.7 kcal/mol (TS 10). Here, no difference in energy is observed for
the upwards pointing hydrogen (ST 16). For the NOy desorption via TS 12
a barrier of E*=10.1 kcal/mol was calculated and from the energy diagram
it can be concluded that NO, hardly interacts with the remaining OFeOH
(ST 20 vs. ST 22). Alternatively, we also considered first the desorption of
NO; from the downwards pointing hydroxyl group and a subsequent rotation
of the latter. Here, the desorption exhibits an activation energy of E¥=10.4
kcal/mol (TS 9) and the rotation of the hydroxyl group Ef=1.5 kcal/mol
(TS 11). Thus, from an energetic point of view both pathways are equally
accessible. Next, the adsorption of a second NO forms NO, adsorbed on
the FeOH (ST 31) on the sextet PES. This process is activated by E*=0.9
kcal/mol (TS 16) and strongly exothermic by AE,q4s=-30.8 kcal/mol. The
final desorption from this structure then restores the initial active site FeOH
with a desorption energy of AEg,s=19.4 kcal/mol.

Besides this very similar pathway as compared to the one on FeONO,
we found an additional reactive branch starting from the -OONO ligand in
the trans configuration (ST 13). The formation of a ring structure, being
bond with two oxygen to the iron was found via TS 8 by overcoming a
barrier of E¥=8.0 kcal /mol which is about AE=2.5 kcal/mol lower than the
one for the formation of the cis configuration. Also, the resulting structure
itself (ST 17) is AE=3.6 kcal/mol lower in energy than the cis form. For
a following cleavage of the internal O-O bond, leading to NOy adsorbed on
HOFeO (ST 21), a spin change to the quartet PES is necessary first. The
crossing of the seam exhibits a barrier of E¥=14.4 kcal/mol (S 3) and the
resulting state with the lower spin multiplicity (ST 19) has to be considered
rather unstable because the reverse barrier was calculated to only be Ef=0.4
kcal/mol. The O-O cleavage itself exhibits an activation energy of E*=5.0
kcal/mol (TS 13) and, thus, the spin change and the cleavage should rather
be seen as a combined step with a barrier of E¥=19.0 kcal/mol. In the
resulting structure (ST 21) on the quartet PES the adsorbed NO, is bond to
the iron with one oxygen and in a cis configuration while the hydrogen of the
hydroxyl group points downwards. The rotation of the latter group via TS
14 and a barrier of E*=3.9 kcal/mol leads to the corresponding counterpart
which is AE=5.1 kcal/mol lower in energy (ST 24). The rotation of the
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nitrite group into a trans configuration (ST 25) is slightly endothermic and
exhibits a barrier of E*=3.4 kcal/mol (TS 15). Here, two branches are further
possible. A spin change form the quartet to the sextet PES leads to a state
in which NO hardly interacts with the remaining HOFeO (ST 23) and, thus,
can be considered as in the gas phase. The barrier for this spin change is
negligibly small with E¥=0.2 kcal/mol (S 4) and both PESs have nearly the
same energy. Thus, this crossover to the previously described pathway (to ST
22) is very likely. However, the adsorption of NO to ST 25 is quite exothermic
with AE,qs=-13.6 kcal/mol and intermediately forms NyO3 with the nitrite
(ST 27). Then, two low barrier reactions first lead to the formation of two
nitrite ligands (ST 28) and then to the desorption of NOy (ST 29). The NO,
formation exhibits on the quintet PES a barrier of E*=1.0 kcal/mol (TS
17) and the desorption E*=1.4 kcal/mol (TS 18). The remaining HOFeONO
(ST 30) on the quartet PES was only found with the hydroxyl group pointing
upwards. Another spin change to the PES with Mg=6 via the seam S 5 and
by overcoming a barrier of E¥=1.3 kcal /mol leads to the ground state (ST 31)
from which finally the second NO, desorbs as described before. Finally, we
included in this first part the potential formation of nitrous or nitric acid on
FeO,, starting from the structure O;FeOH on the quintet PES (ST 6). For
nitrous acid, the reaction is initiated by the adsorption of NO (ST 10) and
has to overcome a barrier of E¥=9.4 kcal/mol (TS 5) leading to the adsorbed
acid on FeO, (ST 12). The desorption requires then an energy of AEq.=14.1
kcal/mol. In the case of nitric acid, an adsorption of NO,, hydrogen bond
to the hydroxyl group, is the initial structure (ST 9). The formation of the
acid (ST 11) requires to overcome a barrier of E*=16.1 kcal/mol (TS 4) and
the final desorption step AEges=13.1 kcal/mol. Because in both cases the
activation energy as well as the subsequent desorption barrier are within
the order of magnitude of the previously discussed reaction pathways, these
crossings to FeOy in its ground state on the sextet PES have to be considered
accessible.

In summary, all the described pathways are quite similar with respect to
their energy profiles and none can be excluded. However, the most probable
formation of the intermediate -OONO ligand results from first the adsorp-
tion of oxygen prior to a reaction with NO because the alternative pathway
involves a higher internal barrier. For the desorption of the NOs from this
ligand, the pathway via the cis configuration exhibits lower barriers than the
alternative pathway via the ring configuration and is, thus, considered more
favorable. This conclusion is also in agreement with the Gibbs’ free energies
at 600 K stated in Figure 7.13 with the overall lowest values represented by
this pathway. In contrast, the pathway via the ring structure can be con-
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sidered to be rather unlikely based on the Gibbs’ free energies. With that,
we have found a reactive cycle on FeOH for the NO oxidation. However, a
comparison of this reactive pathway with the one on FeO as the starting con-
figuration reveals that the Gibbs’ free energies are significantly lower for the
latter one suggesting its higher activity. In fact, the energies corresponding
to the cycle on FeOH resemble strongly those of FeONO as the active site
for which the conclusion was already drawn that it is less active than FeO.
This finding is in agreement with the experimental results of Giles et al.?%®
and Krocher et al.®® who stated an inhibiting influence of water on the NO
oxidation.

Surface Nitrate and nitric and nitrous acid formation In the second
part of the investigation on monohydroxylated iron we discuss the formation
and stability of a nitrate species as well as the further formation of nitrous
and nitric acid from the dehydroxylation of the iron. The schematic overview
is shown in Figure 7.15 with the energies in Figure 7.16. Here, we started the
discussion with the adsorption of NO; on HOFeO (ST 1) with hydrogen in
the upwards position on the sextet PES (ST 2) and the crossing of the seam
(S 1) to the quartet PES (ST 3). These structures are identical with ST 22,
ST 23, S4 and ST 25 of the main cycle representing the pathway to the initial
structure for the nitrate formation. The latter is then formed in a reaction,
starting from HOFeO-ONO on the PES with Mg=4 (ST 4) by overcoming
a barrier of E¥=4.8 kcal/mol (TS 1). This step is strongly exothermic by
AE=-28.3 kcal/mol. The subsequent crossing of the seam from the quartet
to the sextet PES only exhibits a barrier of E*=0.1 kcal/mol (S 2) and leads
to the ground state of HOFeOsNO (ST 5) which lies AE=17.0 kcal /mol be-
low the corresponding structure on the PES with the lower spin multiplicity.
NO hardly interacts with this structure as can be seen from the negligible
adsorption energy corresponding to ST 6. Thus, the subsequent reaction,
leading to a nitrite species (ST 16) and NO., has to be considered to be of
the Eley-Rideal type. The energy barrier calculated for this step is E¥=38.0
kcal/mol (TS 6) and indicates the high stability of the nitrate. The obtained
nitrite with two oxygen-iron bonds can then be transferred into the nitrite
with only one bond (ST 18) by overcoming a barrier of E¥=4.9 kcal/mol (TS
8). For the nitrate structure we found that the state of the hydroxyl group
does not influence the energy and the reaction with NO was considered with
respect to a downwards pointing hydrogen. Because we referred to the up-
wards pointing hydrogen within the main cycle for HOFeONO on the sextet
PES, we also calculated the rotation of the hydroxyl group on this structure.
The obtained barrier, however, is negligible with E*=0.8 kcal /mol (TS 9) and
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both configurations have nearly identical energies (ST 18 vs. ST19). Finally,
the desorption of NOy leads to the reformation of the initial FeOH on the
quintet PES with a desorption energy of AE4,s=19.4 kcal/mol. An alterna-
tive consumption of the formed nitrate structures starts with the adsorption
of NO, bond with the nitrogen to the iron of the quartet HOFeOyNO. This
process involves a heat of adsorption of AE,4s=-18.5 kcal/mol (ST 8). From
this structure, in a first step, the NO forms nitrous acid, adsorbed on the
nitrate (ST 12) by overcoming a barrier of E*=4.6 kcal/mol (TS 5). In a
second step, the NO forms NOy with one of the nitrate oxygen, bond to the
iron (ST 13), which is readily released to the gas phase, leaving HOFeONO
on the quartet PES (ST 15). The activation energy for this process was cal-
culated to be E*=35.2 kcal/mol (TS 7), being only slightly lower than the
corresponding barrier on the sextet PES. Finally, the crossing of the seam
to the sextet PES involves a barrier of E¥=1.3 kcal/mol (S 3), which leads
to the ground state of HOFeONO (ST 19). With that, we have shown two
pathways for the consumption of formed nitrate on the hydroxylated iron.
However, both pathways exhibit a rather high internal barrier as a limiting
factor which might only be overcome at elevated temperatures. In fact, the
obtained internal barriers are very similar in magnitude to the barrier for the
consumption of non-hydroxylated iron nitrate, indicating that the hydroxyl
group does not contribute to this step.

Besides the reduction of the nitrate species, we also included in our in-
vestigation here the potential interaction of NO and NO, with the hydroxyl
group, forming nitrous and nitric acid, respectively. The reaction pathways
are equivalent to the acid formation on HOFeO,, which was already described
within the main cycle. For HOFeO;NO we already covered the formation of
adsorbed nitrous acid as an intermediate of the nitrate reduction on the
quintet PES. The desorption of the acid from this structure (ST 12), leaving
FeO5NO in its ground state, requires a heat of desorption of AFEgs=15.3
kecal/mol. Similar, the formation of adsorbed nitric acid on the quintet PES
(ST 11), starting from adsorbed NO, (ST 7), involves a barrier of Ef= 11.7
kcal/mol (TS 4) and a heat of desorption of AE4es=13.8 kcal/mol. In the
case of HOFeO,N, the formation of the acids required, first, the crossing of
the seam from the sextet (ST 16) to the quartet PES (ST 17) prior to the
adsorption of NO or NO,. This step exhibits an activation energy of E¥=15.5
kecal/mol (S 4), leaving a very unstable state, because the reverse barrier is
only E*=0.1 kcal/mol. It is worth mentioning here that the formation of the
acids always takes place on the PES which corresponds to the ground state
of the remaining structure after the acid desorption. This is, however, in all
cases not the ground state of the structure prior to the adsorption of NO or
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Stated values are Gibbs’ free enthalpies calculated at 600 K.

Black numbers correspond to the structure, blue numbers to the transition
states (TS) or to the minimum on the seam of two PESs (S). Colors of the
boxes correspond to the spin multiplicity.
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NO,. After the adsorption of NO to the HOFeO,N (ST 23) the formation of
HONO (ST 29) is activated by E*=5.3kcal/mol (TS 15) and the desorption
requires AEges=15.3 kcal/mol. In case of NO,, the adsorbed state (ST 22) is
transferred into the corresponding acid (ST 28) via TS 13 and a barrier of E*=
11.4 kecal/mol. The desorption requires then AEq= 14.4 kcal/mol. Finally,
for HOFeONO on the quartet PES nitrous acid (ST 27) is formed with an
activation energy of E¥=7.7 kcal /mol (TS 14) starting from adsorbed NO (ST
21) and the desorption of the acid requires AEq,s=14.8 kcal/mol. With NO,
being adsorbed (ST 20), the reaction is activated by E*=12.5 kcal/mol (TS
12) and nitric acid desorbs (ST 26) with a heat of desorption of AEge=13.4
kcal/mol. In fact, the desorption of the acids are nearly independent of the
remaining structures with respect to the heat of desorption. For HONO the
value was found to be between 14 and 15 kcal/mol and for HNOj3 between
13 and 14 kcal/mol. But also the activation energies were found to be quite
similar and, thus, rather independent of the structure. For nitrous acid the
energies are between 4.6 and 9.4 kcal/mol and for nitric acid between 11.4
and 16.1 kcal/mol.

At last, we also analyzed the formation of nitrous or nitric acid without
the additional adsorption of NO or NO,, starting from HOFeONO and
HOFeO,NO on the sextet PES. Two reaction mechanisms were considered,
either the transfer of the hydrogen of the hydroxyl group to the nitrite or ni-
trate or the transfer of NO or NO, from the nitrite and nitrate respectively to
the hydroxyl group. The hydrogen transfer exhibits for nitrous acid a barrier
of E*=38.5 kcal/mol (TS 10) and for the NO transfer E*=32.0 kcal/mol (TS
11). For nitric acid the barrier for the hydrogen transfer was calculated to
be E*=49.3 keal/mol (TS 3) and for the NO, transfer E¥=55.3 kcal /mol (TS
2). Thus, for both acids and both cases it has to be concluded that the dir-
ect formation of nitrous or nitric acid from the corresponding hydroxylated
surface nitrite or nitrate can be excluded because of the rather high energy
barriers. However, in the reverse direction, intermediately produced acids
easily decompose on FeO, forming the hydroxylated nitrite and nitrate re-
spectively. Also in case of the previously discussed reaction of NO and NO,
with the hydroxyl groups, the fact that the reaction takes place on the PES
of the ground state of the non-hydroxylated surface species suggests that the
reverse reaction might be even more important.

Also the calculated Gibbs’ free energies in the overview (Figure 7.15) sup-
port the results of the discussion so far. It is obvious from the low barriers
that the nitrate species will easily form and high temperatures are neces-
sary to shift the equilibrium towards a nitrite form. Also, a reaction with
NO involves rather high barriers, making such a step only favorable at high
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temperatures.Thus, similar to the case of the non-hydroxylated iron, nitrate
species have to be considered to block the active site once they are formed.
For the interaction of NO or NOy with the hydroxyl group, also at 600 K,
the Gibbs’ free energies indicate that the equilibrium is on the side of the
reactants in their ground state and, thus, does not favor the acid formation.

In conclusion of the results of the influence of water, it is most probable
that first inactive dihydroxylated iron is produced which is partially trans-
formed into FeOH by producing nitrous acid. The activity of FeOH itself
has to be considered low, compared to FeO as the active site, based on the
comparison of the Gibbs’ free energies at 600 K. This is in agreement with
Giles et al.?®® who found at 350 °C a reduction of the steady state conversion
from 64% to 29% with respect to NO. Partially, the hydroxyl groups can be
removed by the formation of nitrous and nitric acid and with that the fur-
ther contribution of the FeO as active site cannot be excluded. The removal
of formed nitrate species on the other hand is only expected at rather high
temperatures, as was also found for the non-hydroxylated iron.

Furthermore, Giles et al.?®® have shown in a transient experiment that
water, added to the flow of a system in steady state, initially caused a sharp
evolution of NOy which even exceeded the initial NO concentration. They
concluded in accordance with Sachtler et al.?®* that water might displace
nitrate species on the surface. This is in agreement with our findings that
water might react with both structures, FeOoN and FeO,NO, forming nitrous
and nitric acid and FeOH as shown in Figure 7.11. It can be assumed that in
a steady state experiment in the absence of water many active sites will be
blocked by either the nitrite or the nitrate species. Thus, by adding water to
the system these two reactions exhibit large reactant concentrations. With
that, only the question remains about the fate of the nitrous and nitric
acid. Either, they reform hydroxylated nitrite and nitrate species, which
also includes the release of NO and NOs, if the acids are adsorbed on FeO,N,
FeONO or FeO,. Alternatively, they could potentially react with each other
in the gas phase or decompose on the Brgnsted acids as was shown in chapter
6.

7.4 Conclusion

The reaction mechanism of the oxidation of NO to NOy on iron exchanged
ZSM5 and the inhibiting influence of water was investigated using the density
functional theory. All reaction steps were studied on a cluster of 5 T-atoms,
containing a mononuclear iron ion and the crossing of PESs was considered,
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if necessary. Starting from Z~[FeO]" we have shown that the stable ni-
trite structures FeONO and FeO,N as well as the nitrate FeO;NO are easily
formed, in accordance with the experimental literature. 15%:156:169:285 The con-
clusion of the most probable reaction pathway is based on a discussion of the
activation energies of the single reaction steps and the Gibbs’ free energies at
600 K. The reaction involves first the formation of FeONO including a spin
change from the septet to the quintet PES. Then, oxygen coadsorbs and NO,
desorbs, leaving FeO,. This species is then attacked by gas phase NO, which
again includes a spin change, and a ligand of the sequence -OONO is formed.
From this, finally another NO, desorbs and a spin change from the quartet
to the sextet PES transfers FeO back into its ground state. In this pathway,
the highest barrier is observed for the reactive desorption of the second NO,
from the -OONO ligand, thus limiting the overall catalytic cycle. This is in
accordance with Delahay et al.?®? who stated the assumption that the NO,
desorption is rate limiting. In contrast, the activity of the nitrite with two
oxygen bond to the iron as well as of the nitrate has to be considered negli-
gible. Because of their high stability they block the active site. In the case
of the nitrite, the transformation into the active form FeONO only exhibits
a low barrier and thus both will exist in equilibrium. The nitrate however,
once formed, hardly can be removed, at least at low temperatures. This re-
duced pathway together with the nitrite and the nitrate formation is shown
in Figure 7.17 a).

In the presence of water we found the formation of, first, the dihydroxylated
iron and after a reaction with NO or NO, the formation of monohydroxylated
iron together with nitrous and nitric acid respectively. This is in agreement
with the experimental®®®? and theoretical®3% findings in the literature.
HOFeOH was found to be inactive for the oxidation and FeOH was concluded
to exhibit a lower activity for the reaction than FeO. The most probable re-
action pathway for the oxidation of NO on FeOH is shown in Figure 7.17 b).
The interaction of NO and NOs with the hydroxyl group, again producing
nitrous or nitric acid, opens a pathway back to the non-hydroxylated iron
species. However, a clear conclusion whether the remaining activity of the
catalyst in the presence of water is mainly attributed to FeOH as active site
or to FeO, including a reduced number of active sites because of blocking
effects of the hydroxyl groups, cannot be drawn. Considering the potential
surface species for a reaction with ammonia, the stable nitrite and nitrate
structures might be the most interesting, which always will be present in
an NO / NOy / Oy containing system. Also the species observed in the
most probable reaction pathway of the NO oxidation are of potential rel-
evance. This includes the active site FeO itself as well as FeOy, ONFeO,,
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ONFeONO, ONOFeO, and finally the species prior to the rate limiting step,
FeOONO. Because water is a product of the SCR itself, the formation of
the hydroxylated iron species is expected within the framework of the SCR
as well. With that, we have presented a theoretical investigation of the NO
oxidation on mononuclear iron sites, exchanged into ZSMb5, which accounts
for many experimentally observed phenomena.



Theoretical Investigation of the
Mechanism of the Selective Catalytic

Reduction of Nitrogen Oxide with
Ammonia on Fe-form Zeolites

The selective catalytic reduction of NO with NHs has been invest-
1gated on a portion of the Fe-ZSM5 which contains 5 T-atoms
by using the Density Functional Theory. The iron was repres-
ented as a mononuclear species. For the fast SCR and NO,
SCR it is most likely that ammonia adsorbs on Z~ [FeOJt and
a proton transfer leads to Z~ [NHyFeOHJ". A subsequent reaction
with NO or NOy forms nitrosamine or nitramide together with
7~ [FeOH[", which is probably the most abundant surface species.
The reduction of monohydrozylated iron with ammonia leads to
7~ [FeNHy [ and water and a final reaction of the amino group
with NO, to nitrosamine restores the initial site. The interme-
diates nitrosamine and nitramide can be assumed to decompose
on Brgnsted acids to nitrogen and nitrous oxide, respectively, to-
gether with water. For the increase in selectivity of the NOy SCR
to nitrogen with temperature, a decomposition of both intermedi-
ately formed NoO and NOy to NO and oxygen was concluded to be
responsible, rather than an additional high temperature pathway.
With respect to the decomposition of nitric acid on Z~ [FeOHJ*
to dihydroxylated iron and NOy followed by the reaction with am-
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monia to Z~ [NHyFeOH[™ a mechanistic explanation for the new
“enhanced” SCR is also outlined. Finally, the reaction of oxygen
with Z~ [FeNHy [, leading first to the radical HyNO and then via
nitroxyl to NO 1is capable to explain the mechanism of the selective
oxidation of ammonia. The results of this work are in agreement
with the observed phenomena of the experimental literature.

8.1 Introduction

The selective catalytic reduction of nitrogen oxides with ammonia or hy-
drocarbons has become a key technology in the after-treatment of exhaust
gases.??33 Besides the application in the production of nitric acid,? more
stringent legislation for automobiles like the EURO IV and V3! have lead to
an intensification of research in this field for diesel-engined vehicles. Several
materials are known to be active for this reaction, but besides the estab-
lished V,0s5-containing catalysts, by now, metal-containing zeolites appear
to be more favorable with respect to durability and activity.3!” Especially
iron-exchanged ZSM5 has been in the focus of research over the last two
decades.

Several groups3437318319 have examined this catalyst from different per-
spectives in order to understand its governing parameters, which are respons-
ible for the activity, as well as the mechanisms of its surface chemistry. Sev-
eral studies concentrate on the impact of different techniques to introduce the
metal into the zeolite, covering chemical vapor, liquid and solid ion exchange
methods or impregnation. 293329322 The resulting nature of the metal in the
final catalyst and the corresponding activity of the exchanged species is also
a key aspect of these studies. There is an agreement in the literature that,
independent of the applied technique, potentially several different species co-
exist, emphasizing mono- and dinuclear iron sites, exchanged to the Brgnsted
acids of the parent H-form zeolite as well as Fe,Oy iron clusters.??*32* In
most studies, 165318325326 the iron species, resulting from a 1:1 exchange of
the Brgnsted acids?® are believed to be the active species for the SCR and
Krocher et al.3%2% recently stated based on a Poisson distribution analysis
that the isolated sites are most relevant at low temperatures, while dinuclear
iron sites significantly contribute to the reaction at elevated temperatures.
Furthermore, the iron clusters are believed to be especially active for the
unwanted oxidation of ammonia.'642% Finally, also the Brgnsted acids are
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known to be active for the SCR (as discussed in chapters 4 and 6) and their
contribution to the reaction remains under debate. 156:171,172,318,327

Another key aspect of the investigation on the SCR is the underlying
mechanism on the active sites with the intention to better understand the
surface chemistry, but also to develop kinetic models to simulate the reaction.
This is of certain interest in order to optimize the operating parameters of
exhaust gas treatment devices, including heat and mass transfer, but also
to develop control devices for optimal ammonia dosage or NO oxidation in
diesel oxidation catalysts (DOC).328:329 Several macroscopic phenomena are
well established by now, including, besides the stoichiometry of the standard
SCR (8.1), also the boosting effect of NOy3840:1% on the reaction, which
exhibits a maximum in activity for the ratio of NOy/NO,=0.5 and is known

as the fast SCR (8.2).

4NH3 +4NO + Oy = 4 Ny + 6 H,O

2NH;3; + NO +NOy; = 2Ny + 3 H,O
2NH;3 4+ 2NO; = Ny + N,O + H,O

2NH;3; +2NO 4+ NH4;NO3 = 3 Ny + 5 H,O

4NH3 +30, = 2Ny +3H,O

Further increase of this ratio finally leads to the pure NOy SCR (8.3), which
exhibits a slightly reduced activity as compared to the fast SCR and a sig-
nificant production of unwanted N,O is observed. Because the production
of nitrous oxide is strongly dependent on temperatures,3*4%178 additional
different stoichiometric equations are usually attributed with this reaction
suggesting different underlying mechanisms. 732 The accepted explanation
for the boosting effect of NOy on the SCR is the assumption that in the
standard SCR the oxidation of NO to NO, is required and the rate determ-
ining step.3%:158:282,283,330 \With that, the fast SCR can be interpreted to be
the true SCR.'%3 However, a discrepancy in this explanation is devoted to
the fact that water, which is produced in the SCR, strongly inhibits the NO
oxidation 38178288330 and Fe-ZSM5 was found to be significantly less active
for this reaction than for the SCR. Delahay et al.?®? suggested that the rate-
limiting step of the NO oxidation should be the desorption of NO, from the
catalyst and that in the SCR this step is circumvented because ammonia
directly reacts with the adsorbed species. Similarly, Metkar et al.33° recently
suggested the formation of adsorbed nitrous and nitric acid in the presence
of water, which are blocking the NO oxidation. Ammonia is then assumed
to react with the acids and, thus, to remove these limiting agents. Never-
theless, the fact that Metkar et al. found similar activities for the SCR and
the NO oxidation in the absence of water is in disagreement with Delahay et
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al.?®2 and Schwidder et al.,?” who found significantly lower activities for the
oxidation. In the preceding chapter 7, we have outlined that the inhibiting
influence of water on the NO oxidation is related to a change of the active
site from FeO to FeOH. Furthermore, nitrous and nitric acid were shown
to either decompose into an adsorbed hydroxyl group together with NO, or
form a surface nitrite or nitrate, respectively, and are, thus, not expected to
remain adsorbed, as stable molecules, on the mononuclear iron sites. With
respect to an observed inhibition of the SCR. by ammonia, 169331 another ex-
planation for the reduced activity of the standard SCR vs. the fast SCR
is related to a blocking of the active site for the NO oxidation. 32%:330,332,333
Thus, for the connection between the fast SCR and the standard SCR, a
severe interest in the elucidation of the detailed mechanism remains.

Furthermore, Tronconi et al.?3%33 have established a new reaction sys-
tem including ammonium nitrate (or nitric acid) as additional reducing agent
besides ammonia for the SCR (8.4). They observed a significant enhance-
ment of the SCR, compared to the standard case, but not as pronounced
as for the fast SCR. They related the increase in activity to their sugges-
tion that ammonium nitrate is an essential intermediate of the fast SCR.
Also, the oxidation of ammonia (SCO) (8.5) was found to be active on Fe/H-
ZSMb5, 42217221 egpecially at elevated temperatures and Yang et al.43:219:220
observed a correlation between the SCO selectivity towards nitrogen and the
SCR activity. Finally, the decomposition of nitrous oxide, as investigated in
detail by Heyden et al., 19390301 and the SCR of nitrous oxide, as studied by
Coq et al.3367339 and other authors®'%34! have to be mentioned as part of the
complex system of reactions within the SCR as well.

The mechanistic explanation for the standard, fast and NOy SCR is dom-
inated by Tronconi et al.!68170:281 who proposed a sequence of reactions for
iron zeolites in analogy to Koebel et al.'4%!47 for a Vanadium based cata-
lyst. A similar mechanism was stated for a BaNa-Y catalyst by Weitz et
al.2280 The key steps which are claimed to be valid also for V,05 and
Cu-zeolites involve the disproportionation of two NOs, leading eventually to
ammonium nitrite and nitrate which decompose to nitrogen and nitrous ox-
ide. The rate-determining step in the fast SCR is claimed to be the reaction
of NO with a nitrate species to nitrite. The nitrate and nitrite species are
also sometimes written in terms of nitric and nitrous acid, involving water in
the disproportionation sequence of NO,.3*+40 However, the mechanism neg-
lects a discrimination of the coexistence and activity of different active sites
and, thus, keeps a rather macroscopic and speculative character despite the
formulation of a potential intermediate.

A detailed analysis of the elementary steps within the reactive system of
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the SCR on iron as active site that is capable to explain the macroscopic-
ally observed phenomena, has so far only been attempted to a small extent
by Li and Li.?*? Such a study could help to better understand the mechan-
isms of the single systems and their interaction and serve not at last as a
basis for the development of more sophisticated rate expressions for reactor
simulations. Nevertheless, tracing surface chemistry to the elementary steps
is only possible with theoretical methods like DFT. In chapter 7, we have
studied the oxidation of NO on mononuclear iron sites in the absence and
presence of water and could explain the difference in activity with respect to
a change of the structure of the active site from FeO to FeOH. Also, the key
surface species mono- and dihydroxylated iron as well as surface nitrite and
nitrate were identified. The choice of the mononuclear species was related
to results from Krocher et al.?52% who suggested these species to be most
active in the economically favored low temperature regime and also Griinert
et al.?7326343 claimed isolated iron sites to be the active species in the SCR.
In continuation of the preceding chapter, the goal of this chapter is to estab-
lish a reaction network for mainly the fast and the NO, SCR that accounts
for the experimentally observed phenomena on mononuclear iron sites. The
varying stoichiometry and selectivity of the NOy SCR with respect to nitrous
oxide is discussed. In addition, the impact of oxygen on ammonia is presen-
ted allowing for suggestions on the mechanism of the SCO. Similarly, as the
discussion of the H/N/O system on the Bronsted acids as active site (see
Part IIT) the main intermediate gas phase species are assumed to be nitrous
and nitric acid as well as nitrosamine and nitramide within the SCR and
nitroxyl and hydroxylamine in the SCO. Together with the results of chapter
7 a detailed description of the mechanisms in the SCR based on mononuclear
iron sites is outlined.

8.2 Theory

The applied methodology is in close agreement with the one outlined in the
preceding chapter 7. The catalytic active center and a part of the zeolite
framework were represented by a cluster of 5 T-sites (Figure 8.1, FeO) and
all Si atoms were initially placed at their crystallographic positions, as repor-
ted by Olson et al.'%” The terminal Si atoms were saturated with hydrogen.
The iron was considered as mononuclear ions, which replace the Brgnsted
acid site of the parent H-ZSM5. All quantum chemical calculations were car-
ried out on potential energy surfaces (PES) with spin multiplicities Mg=2-8,
by using the gradient-corrected Density Functional Theory (DFT) as im-
plemented in the TURBOMOLE suite of programs?® at the BSLYP/TZVP
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level of theory with a very fine numerical grid size (m5).?°! Structure optim-

izations were performed in Cartesian coordinates with an energy convergence
criterion of 1077 Ha and the maximum norm of the Cartesian gradient was
converged to 107 Ha/bohr. Variations in the choice of the T-site for the
aluminum in the zeolite framework as well as in the size of the representa-
tion of the catalyst were shown to have little impact on the results, as was
outlined in chapter 7. The specifications chosen in this work are considered
as a reasonable compromise between accuracy and computational expenses.
Transition states were localized from a combined application of, first, the
growing string method” and a refinement with either the modified dimer
method!'% with a gradient norm convergence criterion of 5-10~* Ha/bohr or
the PRFO 1% method. Minimizations of the surface species on different PESs
revealed that the energy differences between them are usually significant such
that only the ground state needs to be considered. However, in cases with
two PESs being close to each other, we also considered the crossing of PESs
in order to obtain the lowest energy pathway for the overall catalytic cycle.
For the excited states we then considered only the state of lowest energy. In
iron core containing systems, the B3LYP functional gives results for relat-
ive energies between the ground and the lowest excited state which are in
most cases in good agreement with high-level ab initio quantum mechanical
calculations.3'313 Crossing of seams of PESs in MECPs were determined
with a multiplier penalty function algorithm which had a maximum energy
difference on both PESs of less than 107 Ha. In order to calculate Gibbs’
free energies also for the MECPs, we calculated the vibrational frequencies
for the partition function based on an effective Hessian as stated by Harvey
and Aschi'® and outlined in section 3.3 equation (3.28). Energy barriers
obtained from transition state search as well as MECPs have limited accur-
acy and are dependent on the applied density functional.?®-3% However,
based on the successful application to the investigation of the decomposi-
tion of nitrous oxide in Fe-ZSM5 in our institute!*?3093%1 and by Guesmi
et al.,?"2 which lead in both cases to even quantitative agreement with ex-
periments, 28314315 it can be assumed that the accuracy of the methodology

applied here is sufficient for at least a qualitative analysis of the SCR on
Fe-ZSM5.

8.3 Results and discussion

The mechanism of the selective catalytic reduction of NO with ammonia
can mainly be subdivided into the macroscopic reactions: NO oxidation, the
fast SCR, the NOy SCR, the ammonia oxidation and the decomposition of
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FeO 6 FeOH 5 FeNH, 5

NH,FeOH 6 FeNO 3 HOFeO,NO 6

000000

Fe Al Si N

Figure 8.1: T5 cluster model of the significant intermediates of Fe-
ZSMb5: Z7[FeO|t, Z~[FeOH|", Z~[FeNHy|", Z [NHyFeOH]", Z~ [FeNO]*
and Z7[HOFeO,NO] . The numbers correspond to the spin multiplicity of
the minimized species. Dangling bonds are not shown.

nitrous oxide. The NO oxidation was already discussed in chapter 7 and the
decomposition of N,O investigated in detail by Heyden et al. 41309391 In this
chapter, the main focus is set on the fast and the NO, SCR according to
the equations (8.2) and (8.3) with some additional remarks on the ammonia
oxidation and the crossover to the nitrous oxide decomposition. With respect
to the results of the preceding chapter 7 on the NO oxidation which suggested
FeO and FeOH to be the representations of the active sites we neglect other
surface species as the starting point of a catalytic cycle. In fact, because
hydrogen is introduced into the system by ammonia a clear differentiation
between the active site structure, as was done for the NO oxidation, is not
possible here. In addition, the interaction of ammonia with the as stable
concluded dihydroxylated iron and iron nitrite will be discussed in the context
of their appearance in the considered catalytic cycles. In chapter 6, we have
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shown that the Brgnsted acids are very active for the decomposition of the
intermediates nitrosamine and nitramide into nitrogen and nitrous oxide,
respectively, together with water. We have assumed that these species are
also essential intermediates in the catalytic cycle on the iron as active site
and that their decomposition takes place on the acid sites also in the presence
of iron. The decomposition on the iron cannot be ruled out, but, within this
work, the impact of such an analysis is believed to be negligible. Furthermore,
we have shown that nitrous and nitric acids are produced on the Brgnsted
acids within the fast SCR, but also within the NO oxidation in the presence
of water on the iron sites. Thus, we also consider their potential interaction
with ammonia on the Fe-ZSM5. Finally, for the oxidation of ammonia on the
Brensted acids, the key intermediates were shown in chapter 5 to be nitroxyl
and hydroxylamine and their potential production and consumption on iron
sites will be discussed within the framework of the SCR.

The following discussion will be subdivided into four parts. In the first
part, we focus on the mechanism of the fast SCR. In the second part, the
mechanism of the NOy SCR will be covered with respect to the experimental
finding of a temperature dependent selectivity of the nitrogen vs. nitrous
oxide production. In the third part, we analyze the influence of oxygen on
the system other than the NO oxidation. Finally, in the fourth part aspects
of the ammonia oxidation as well as the interaction with the NoO decompo-
sition will be discussed. As part of the investigations, we also considered the
crossing of potential energy surfaces of different spin multiplicities, in order
to account for the different spin states of overall reactants and products as
well as to find the minimum energy pathway (MEP) for the catalytic cycle.
The labeling of the structures involved naming the ligands to the iron. In
the case that three ligands have been considered, one of them is annotated
with a minus (“-”). In the case that a molecule is considered as a gas phase
species we used an underline character (“”) to add it to the tag. For all
parts, the mechanistic overviews and the energy diagrams of the different
catalytic cycles are provided. All the energies in the diagrams are zero-point
energy-corrected and the values in the overviews are Gibbs’ free enthalpies
calculated at 600 K. The black values refer to the structures and the blue
values to either transition states or to the barrier for the crossing of a seam
between two PESs. The colors of the boxes refer to the spin multiplicity of
the PES as follows: purple refers to Mg=2, white to Mg=3, green to Mg=4,
blue to Mg=5, yellow to Mg=6 and orange to Mg=7. In both, energy dia-
gram and overview, the values are given with respect to FeO as the active
site structure (if not stated differently) and gas phase molecules as reference.
The value of 600 K was picked in order to consider the entropic effects of the
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reaction mechanism at a temperature at which also the standard SCR with
ammonia shows significant conversions.

With respect to the limited accuracy of the DFT in general and on the calcu-
lation of energy barriers from transition states and minimum energy crossing
points, it should be emphasized that all the subsequently presented results
are of qualitative nature only.

8.3.1 Part 1: The Fast SCR

In this part mainly the catalytic cycle of the fast SCR is discussed with FeO
(Figure 8.1) in its ground state on the PES with Mg=6 as the reference struc-
ture. The energies are shown in Figure 8.2 and the schematic overview of the
reactions, including the Gibbs’ free enthalpies at 600 K, is shown in Figure
8.3. The adsorption of ammonia on this structure was found to exhibit a
rather high energy of adsorption of AE,qs=-26.8 kcal/mol (ST2) with the
ammonia attached to the iron by its nitrogen atom and a hydrogen bond to
one of the zeolite framework oxygen. Then, a proton transfer takes place
from the adsorbed ammonia to the oxygen leading to an amino group to-
gether with a hydroxyl group (ST 4). This step exhibits an energy barrier of
E#=23.3 kcal/mol (TS 1) and is exothermic by AE=-12.0 kcal/mol. Thus,
two different species (ST2 and ST4) have to be taken into account as the
resulting adsorbed state of ammonia on the iron with a heat of adsorption
for ST 4 of AE,4s=-38.7 kcal/mol. The species so far were calculated on the
sextet PES. However, the subsequent reactions with either NO or NOs were
found to proceed on the quintet PES, which requires, at this stage, a crossing
from the ground state sextet to the quartet (ST 5) PES via S2 and a barrier
of E*=13.7 kcal/mol (electronic energy only). The adsorption of NO to this
species with the nitrogen bonded to the iron (ST 8) is only weak with respect
to the prior ground state. Nevertheless, a subsequent reaction via the TS 5
with a low barrier of E*=3.4 kcal/mol leads to the formation of nitrosam-
ine, adsorbed on monohydroxylated iron (ST11). Finally, the desorption of
NH,NO with a heat of desorption of AE4,s=8.5 kcal/mol leads to the ground
state FeOH on the quintet PES. Overall, this first formation of nitrosamine
was calculated to be exothermic by AE=-40.3 kcal/mol. It is at hand that
the equilibrium conditions between the ground and the excited state of the
intermediate NHyFeOH dictate only rather small quantities of the quartet
species to be available on the catalyst. However, the fact that the ground
state is rather stable and the gap between the two states is sufficiently small
makes the assumption of the excited state to be present reasonable. Further-
more, the subsequent reaction with NO has to be considered as being fast
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because of the rather low barrier, and, thus, this pathway can be concluded
to be accessible. Alternatively, also NOy can coadsorb on the excited state
of NHyFeOH, although here the nitrogen dioxide is only hydrogen bonded to
the amino group (ST 7). A subsequent reaction in analogy to the formation
of nitrosamine results in nitramide adsorbed on the monohydroxylated iron
(ST12) by overcoming a barrier of E*=4.6 kcal/mol (TS 4). The desorption
of NHoNOy with AEges=11.4 kcal/mol eventually leads to FeOH. In a next
step, ammonia adsorbs on the monohydroxylated iron with, again, the nitro-
gen bonded to the iron and a hydrogen bond to a framework oxygen with
a heat of adsorption of AE,4,=-20.3 kcal/mol. Similar as to TS1, another
proton transfer from the ammonia to the hydroxyl group takes place forming
water coadsorbed to an amino group (ST 14). This step exhibits an activa-
tion energy of E¥=22.2 kcal/mol and is in magnitude quite close to the prior
proton transfer corresponding to TS1. Then, water desorbs with AEq.,s=9.6
kecal/mol and leaves iron with an amino group on the quintet PES, denoted
as FeNH, (Figure 8.1). To complete the catalytic cycle of the fast SCR, the
adsorption of NOs to this species is required, which is strongly bonded to
the iron by one oxygen (ST 18, AE,4s=-24.1 kcal/mol) on the PES with spin
multiplicity Mg=6. The subsequent reaction via TS7 leads to the formation
of nitrosamine adsorbed on the initial active site FeO (ST19) and exhibits
a high barrier of E¥=25.8 kcal/mol. Finally, the desorption of NH,NO with
AEges=12.1 keal /mol restores the initial active site FeO. Although the second
formation of nitrosamine requires to overcome the highest internal barrier of
the complete cycle with TS7 and is endothermic by AE=30.7 kcal/mol (FeO
— ST18), it has to be pointed out that the species NHyFeONO has to be
considered quite stable while the products nitrosamine and FeO are rapidly
consumed. Thus, the equilibrium of this final elementary step will always be
dragged to the product site.

Tronconi et al.1%8170:281 have suggested that the rate-limiting step in the
fast SCR should be the reduction of a surface nitrate with nitric oxide to a
surface nitrite. We have shown in chapter 7 that such a step exhibits a barrier
of E¥=35.7 kcal/mol, which is nearly 10 kcal/mol higher than the highest
internal barrier in our pathway. Despite the fact that this result does not
allow for a conclusion on the mechanism on iron species of higher nuclearity,
for the mononuclear iron sites it clearly indicates that the reaction rather
proceeds via the amino groups than the nitrates. From the energy profile
(Figure 8.2) it has to be noted that FeOH marks a valley in the catalytic
cycle and from this perspective can be assumed to be the dominating surface
species. The potential formation of nitramide, from the reaction of NO, with
NHyFeOH instead of NO, depicts in the final catalytic cycle the NOy SCR
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with the stoichiometry of reaction (8.3). Thus, this pathway can be seen as
the explanation of the high nitrous oxide production within the NO, SCR at
low temperatures.

Alternatively, we also considered the adsorption of NO on FeO together
with a spin change from the septet to the quintet PES (S 1) leading to an
iron nitrite (ST 3) that is bonded with one oxygen to the iron. A low barrier
reaction (TS 2) leads then to the more stable nitrite with two oxygen atoms
bonded to the iron (ST 6). Up to this point the description of the mechan-
ism is equivalent to the discussion in section 7.3.1 of the preceding chapter 7.
Next, ammonia strongly coadsorbs to the nitrite with AE,3,=-23.6 kcal/mol
(ST 9). A hydrogen transfer from the ammonia to the adsorbed nitrite
results in the formation of nitrous acid. The latter remains only hydrogen-
bonded to the formed amino group on the iron (ST 10) and finally desorbs
with AFEges=7.7 kcal/mol. The formation of the acid, however, requires to
overcome a barrier of E*=33.8 kcal/mol (TS 3), which is significantly higher
than the highest barrier of the formerly discussed pathway. Nevertheless, the
exothermicity of the formation of the nitrite and the strong coadsorption of
ammonia suggest the formation of ST 9 in reasonable quantities on the cata-
lyst. With that, this pathway cannot be ruled out. However, the analogous
reaction of water with the nitrite revealed a barrier of only E¥=22.6 kcal /mol
(see chapter 7) leading to FeOH. Thus, in the presence of sufficient amounts
of water, nitrous acid will be produced from the reaction of water with the
surface nitrite rather than with ammonia. In transient experiments and in
the absence of water, the reaction with ammonia might dominate. An ana-
logous transition state for the reaction of ammonia with FeOoNO to nitric
acid and the FeNH, was not found. However, for the reaction of water with
the nitrate we found a barrier of E¥=26.9 kcal /mol which is slightly higher
than the corresponding reaction with the nitrite. With respect to the struc-
tural similarity of the transition structures for the reaction of the nitrite with
either water or ammonia and the reaction of water with the nitrate it can be
assumed that a barrier for the reaction of ammonia with the nitrate should
also be slightly higher than the corresponding reaction with the nitrite.

In the main pathway FeNH, can be interpreted to be a key intermediate
and we also considered the interaction of nitrous and nitric acid with this
species. Both acids adsorb to it with a bond of the oxygen of the hydroxyl
group to the iron and with a hydrogen bond to the zeolite framework (ST 15:
nitric acid; ST 16: nitrous acid) with similar heats of adsorption AE,4s=-12.4
kcal/mol and AE,qs=-12.5 kcal/mol, respectively. Then, via TS 8 and TS
9 the bond between the hydroxyl group of the acid and the corresponding
NOy is broken and NO5; and NO are released. This step exhibits activation
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Figure 8.2: Energy profiles for the catalytic cycles of part one: the fast
SCR on Z~[FeO]". Energies are zero-point corrected.
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Figure 8.3: Overview of considered catalytic cycles of part one: the fast
SCR on Z~[FeO]*". Stated values are Gibbs’ free enthalpies calculated at
600 K. Black numbers correspond to the structure, blue numbers to the
transition states (T'S) or to the minimum on the seam of two PESs (S). Red
numbers refer to the alternative pathway via Z~[FeOyN]*, green numbers
refer to the decomposition of nitrous or nitric acid on Z~[FeNHy|*. Colors
of the boxes correspond to the spin multiplicity.
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energies of E¥=8.5 kcal/mol and E*=4.8 kcal/mol. In the case of the nitric
acid, the released NOy only remains hydrogen-bonded to the hydroxyl group
(ST 21), while for the nitrous acid decomposition the NO forms a bond
with the nitrogen to the iron and the species is analogous to ST 8 of the
main cycle. From a mechanistic aspect as well as with respect to the energy
barriers, the decomposition strongly resembles the decomposition of the acids
on monohydroxylated iron, eventually leading to dihydroxylated iron (see
section 7.3.2 of chapter 7).

Finally, we also include in this context the interaction of nitroxyl with
FeNH, which was shown on the H-ZSM5 to be a significant intermediate
from the oxidation of ammonia and is expected to be relevant also on iron-
containing zeolites. HNO strongly adsorbs with the nitrogen bonding to the
iron with AE,4s=-20.1 kcal/mol (ST 17). Then, prior to a hydrogen transfer
from the nitroxyl to the amino group, a spin change from Mg=5 to Mg=3
(ST 20) is required, because the final product state (ST 22) has its ground
state on the triplet PES and the hydrogen transfer was found to proceed with
a slightly lower barrier on this PES. This step exhibits a barrier of Ef=8.9
kecal/mol (S 3, electronic energy only). For the hydrogen transfer, leading to
ammonia adsorbed on FeNO (ST 22), a barrier of E*=10.5 kcal/mol (TS 10)
was calculated. Because this step is highly exothermic by AE=-41.1 kcal /mol
and the two preceding barriers are sufficiently low, it can be assumed that
nitroxyl reacts rather fast with the FeNH, intermediate, reforming ammonia.

From the Gibbs’ free energies in Figure 8.3 it can be seen, in agreement
with the above discussion, that the pathway of the fast SCR via first the
ammonia adsorption is in favor over the reaction of ammonia with the nitrite
because of the lower overall energy barriers. Also the very stable character
of the intermediate FeOH can be observed from the low Gibbs’ free energy
supporting the suggestion of this species to be dominant on the surface.
Finally, the importance of the formation of FeNO from the reaction of nitroxyl
with the amino group on the iron is supported by the extremely low energy
values. Its accessibility is however anchored to the presence of FeNH, species
in sufficient amounts.

8.3.2 Part 2: The NO, SCR

In part one, in the context of the fast SCR, we have outlined a potential mech-
anism of the NO,-SCR leading to equimolar amounts of nitrogen and nitrous
oxide. From the experimental literature it is known that the selectivity of this
side-reaction towards nitrogen is strongly dependent on temperature3®40:170
with a maximum between 250°C and 300°C. Up to the maximum indeed ap-
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proximately equimolar amounts of nitrogen and nitrous oxide are observed
while at higher temperatures the selectivity drastically shifts towards nitro-
gen. Tronoconi et al.1™ explained this behavior from first the decomposition
of ammonium nitrate to nitrous oxide at low temperatures. Then a reaction
of ammonia with surface nitrates as additional NO,-SCR mechanism to only
nitrogen is suggested to set in at elevated temperatures. Finally, at high tem-
peratures the partial decomposition of NOy into NO and oxygen is proposed
to make the fast SCR accessible. Also Chatterjee et al.?** and Schuler et
al.,??8 assumed different reactions for the NO, SCR, within the kinetic mod-
eling of the SCR, to account for the observed change in selectivity. Thus,
we probed the PES with respect to an additional pathway only resulting in
the production of nitrogen to discuss the potential accessibility to different
mechanisms. Furthermore, a strict differentiation between the sub-reactions
is not reasonable, because of the crossings of the mechanisms, and thus also
the interaction with NO will be discussed in this context. The energies of
the reactions are shown in Figure 8.4 and an overview with the Gibbs’ free
energies at 600 K is shown in Figure 8.5. We start the discussion of the
mechanism with the species NHyFeOH (section 8.3.1, ST 5) on the quartet
PES. Besides the interaction with NOs leading to nitramide as outlined in
the preceding section nitrogen dioxide can also adsorb to this species with
an oxygen bonded to the iron (ST 1). However, it has to be pointed out that
this adsorbed state is energetically less favorable than the hydrogen bonding
to the amino group by AE=8.3 kcal/mol. In the subsequent reaction, the
N-O bond in the adsorbed NO, is broken and nitrosamine forms, adsorbed
on OFeOH (ST 2). This step requires to overcome a barrier of Ef=12.8
kcal/mol (TS 1). Although this barrier is sufficiently low to be surpassed
in comparison to the highest barrier of the fast SCR, compared to the com-
peting reaction to nitramide (E*=4.6 kcal/mol) this step is less favorable.
Nevertheless, nitrosamine easily desorbs with AEqs=8.5 kcal/mol, leaving
OFeOH (ST 3) on the quintet PES. Ammonia adsorbs strongly to this spe-
cies with AE,qs=-22.7 kcal/mol (ST 5) with its nitrogen bonded to the iron.
For a subsequent transfer of a proton eventually leading to the formation
of water, different scenarios were analyzed. For the most straightforward
transfer from the ammonia to the hydroxyl group, only on the septet PES a
transition state was found. This requires the spin change of the NH3-OFeOH
intermediate from its quintet ground state to the excited septet state (ST
6). The barrier for this process was calculated to be E¥=16.1 kcal /mol (S 1,
electronic energy only). The proton transfer via TS 3 exhibits a barrier of
E#=24.4 kcal /mol leading to water, adsorbed on NHyFeO (ST 8) on the sep-
tet PES. Because the initial spin change exhibits only a negligible barrier for
the reverse reaction to the ground state, the hydrogen transfer should rather
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be seen as a combined step, involving the crossing of the seam S 1 together
with the transition state TS 3. This combined step exhibits a barrier of
E#=40.0 kcal /mol and is endothermic by AE=33.4 kcal/mol. Therefore, this
step is rather unlikely to occur. A subsequent desorption of water (ST 11)
and a recrossing to the ground state quintet PES via S 3 to NHyFeO (ST 19)
however only requires to overcome a combined barrier of E¥=6.3 kcal /mol.
Alternatively, starting from the excited state ST 6 a slightly lower barrier of
E#=20.9 kcal/mol (with respect to the ground state E*=36.6 kcal/mol, TS
4) results in a proton transfer to the oxygen, bonded to the iron, forming
a second hydroxyl group. Here, the septet PES corresponds to the ground
state of this intermediate (ST 9) and though also this elementary step is en-
dothermic, the product state is by AE=-20.3 kcal/mol lower in energy than
ST 8. Finally, the proton transfer from the ammonia to the free oxygen was
also determined on the quintet PES. The barrier for this step was calculated
to be E*=36.0 kcal/mol (TS 5), which is nearly the same value as on the
septet PES. The resulting intermediate NHy,-HOFeOH on the quintet PES
(ST 12) is only by AE=0.2 kcal/mol higher in energy as the corresponding
ground state (ST 9), and thus, with respect to accuracy of DFT, it cannot be
concluded on which PES the true ground state is located. Nevertheless, the
barrier from the septet to the quintet PES is negligibly small with Ef=0.8
kcal/mol. Finally, a proton transfer between the hydroxyl groups was con-
sidered which, on the quintet PES, requires to overcome a barrier of E*=16.4
kecal/mol (TS 9) leading, after the desorption of water, to the ground state
of NHyFeO (ST 19). From the energy profile (Figure 8.4) it can be con-
cluded that the formation of water from ammonia and the hydroxyl group
of OFeOH is severely more favorable via the intermediate formation of two
hydroxyl groups. Although it cannot be excluded that the direct protonation
occurs on the quintet PES with a lower barrier, from the prior results it is not
expected to be significantly lower than TS 3 to TS 5. Thus, the significance
of the interaction of ammonia with the intermediate OFeOH is questionable
with respect to the rather high internal barriers.

Besides the final proton transfer between the hydroxyl groups on the
quintet PES, the formation of hydroxylamine was considered from the amino
group and one of the hydroxyl groups as well. Hydroxylamine was found
to be a significant intermediate in the SCO on the Brgnsted acids (compare
chapter 5) and, thus, this reaction step can be seen as a slight excursion
with respect to the ammonia oxidation on iron. NH>OH is formed on the
iron via the transition state TS 8 (E*=18.7 kcal/mol) and remains strongly
adsorbed on the essential monohydroxylated iron (FeOH) with AE,qs=-21.2
kcal/mol (ST 16). Thus, the reverse route, starting from FeOH, involving
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the decomposition of hydroxylamine via TS 8 to ST 12 and the subsequent
formation of water via TS 9 to ST 15 could be of importance in the SCO.

In the energy diagram, ST 17 reflects the species NH;FeONO on the sex-
tet PES, which forms from the strong adsorption of NO on the oxygen of
NHoFeO (ST19) with AE,qs=-31.7 kcal/mol. This species was shown in part
one to further react to nitrosamine and FeO. In contrast, the interaction of
NO; with ST 19, to complete the catalytic cycle of the NO,-SCR, was found
to be quasi endothermic for two different reactions. It has to be noted in
this context that the intermediates ST 20 and ST 21, which both include
the interaction with NO,, were obtained by descending the minimum energy
pathway, starting from the transition states, of the corresponding subsequent
reactions. Thus, it can be assumed in both cases that an additional transition
to some adsorbed state of NO, exists, which is lower in energy than NHyFeO
(ST 19). For the subsequent reactions, however, this is assumed to not be
of importance. With ST 20, an adsorbed state of NO, is illustrated, which
exhibits one bond between its oxygen and the iron on the sextet PES. The
subsequent reaction via TS 11 leads to the formation of an additional N-N
bond between the adsorbed nitrogen dioxide and the amino group (ST 23).
This step exhibits an energy barrier of E¥=3.7 kcal/mol (TS 11), but, with
respect to the prior quasi endothermic adsorption of NO,, has to be corrected
to E¥=16.1 kcal/mol. This value can then be interpreted as the barrier of
the reaction of NOy with NHyFeO according to an Eley-Rideal type mechan-
ism. The subsequent cleavage of the internal N-O bond of the adsorbed NO,
results in nitrosamine adsorbed on OFeO (ST 26). The barrier for this step
was calculated to be E¥=9.1 kcal/mol (TS 14). The remaining species OFeO
was shown in chapter 7 to easily recombine to FeOy and oxygen might desorb
after a coadsorption of NOy. This corresponds to species ST 3 of part one
(Figure 8.2) and the closure of the NOy reactive cycle without the production
of nitrous oxide is contained in that part. Alternatively, the reaction of NOg
with NHyFeO might also lead to adsorbed nitramide on FeO (ST 24) which
exhibits even a slightly lower barrier E*=14.0 kcal/mol (TS 12) with respect
to NHyFeO. Furthermore, this step is exothermic in contrast to the endo-
thermic pathway to nitrosamine. With that, not only is the initial formation
of nitrosamine via TS 1 less likely than the formation of nitramide and the
intermediate formation of water via TS 3 to TS 5 questionable with respect
to high internal barriers, also the second formation of nitrosamine via TS
11 and TS 14 is less likely than a competing formation of nitramide. From
these results, it has to be concluded that the assumption of a pure NO, SCR
mechanism that avoids the production of nitrous oxide, even at high tem-
peratures, is questionable on mononuclear iron sites. This is also supported
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by the corresponding Gibbs’ free energies at 600 K as shown in Figure 8.5,
which are substantially higher in comparison to the values of part one (Fig-
ure 8.3). Thus, it remains indeed most plausible to assume the mechanism
of the NOy SCR to proceed at low temperatures via the pathway as outlined
in part one, including the production of equimolar amounts of nitrogen and
nitrous oxide and at elevated temperatures the partial decomposition of NO,
in accordance with Tronconi et al.!”™ and Epling et al.,?* which enables then
the fast SCR mechanism. Furthermore, the decomposition of intermediately
produced nitrous oxide could take place at high temperatures and this will
be briefly discussed in the fourth part.

Assuming that at high temperatures at least partially the initial step via
TS 1 might take place, we also considered the interaction of NO with the
resulting intermediate OFeOH (ST 3) on the quintet PES. Already in the pre-
ceding chapter 7 this interaction was shown as part of the NO oxidation on
monohydroxylated iron, which eventually leads to the formation of a nitrite
next to the hydroxyl group (ST 7), is strongly exothermic with AE=-30.8
kcal/mol and only exhibits a very small barrier (TS 2, E*=0.94 kcal/mol).
Thus, this species and the following pathways can also be seen in two fur-
ther different contexts. First of all, HOFeONO on the sextet PES can be
formed from the adsorption of NOy on monohydroxylated iron and marks an
alternative pathway in the fast SCR as the one outlined in part one. Second,
within the standard SCR Delahay et al.?®? have stated the assumption that
ammonia should react with some intermediate of the NO oxidation. This
was intended to explain the observed significant deviations in activity of the
catalyst for the NO oxidation and the standard SCR by an avoided desorp-
tion of NOy in the presence of NH3z. Also at 600 K, the species HOFeONO
was shown to exhibit the lowest Gibbs’ free energy within the NO oxidation
cycle on FeOH (Figure 7.17 b) and could, thus, be the limiting nitrite spe-
cies assumed by Delahay et al. Ammonia strongly coadsorbs to it (ST 10)
with AE,qs=-17.8 kcal/mol. Subsequently, two different reactions, involving
a hydrogen transfer were considered. The first one involves the transfer from
the ammonia to the hydroxyl group, forming water (TS 7) by overcoming
a barrier of E*=22.1 kcal/mol. The desorption of the produced water leads
again to NHoFeONO (ST 17), which is the precursor of a subsequent form-
ation of nitrosamine. Alternatively, the proton transfer can take place to
the adsorbed NO; by forming nitrous acid (ST 13). This step exhibits an
activation energy of E*=25.0 kcal/mol. Either the nitrous acid then desorbs
to the gas phase or further reacts from a transfer of its NO group to the
amino group, which results in nitrosamine adsorbed on dihydroxylated iron
(ST 18). This second step requires to overcome a barrier of E¥=9.1 kcal /mol.
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The desorption of NH;NO eventually leads to the dihydroxylated iron in its
ground state on the sextet PES. In both cases, the proton transfer exhibits
a barrier, which is even slightly higher than the hydrogen transfer from am-
monia, adsorbed on monohydroxylated iron as described in part one (Figure
8.2, TS 6). Within the fast SCR context, however, this would be the step
potentially circumvented by first the adsorption of NOy prior to the proton
transfer. It has to be concluded that this is from an energetically aspect not
beneficial, but it reveals from a mechanistic view that NO, also does not
block the further reaction. This implies that at lower temperatures the fast
SCR indeed might partially proceed via TS7 or TS8. Within the NO oxida-
tion we have already shown that dihydroxylated iron can react with NOy by
forming nitrous or nitric acid. It also might react with ammonia after adsorp-
tion of the latter with the nitrogen bonded to the iron (ST 22) and a heat of
adsorption of AE,qs=-15.2 kcal/mol. A hydrogen transfer from the ammonia
to one of the hydroxyl groups results in the formation of water, adsorbed on
NH,FeOH (ST 25) and exhibits a barrier of E*=21.2 kcal/mol. This barrier
is about 2 kcal/mol lower in energy than the formation of NHyFeOH from
a hydrogen transfer of adsorbed ammonia on FeO, which was the initializa-
tion of the fast SCR mechanism of part one. In the preceding chapter 7, we
have shown that the formation of dihydroxylated iron from a reaction of FeO
with water exhibits in comparison a rather low barrier of E*=13.7kcal/mol
and concluded that this species potentially blocks the active site for the NO
oxidation in the presence of water. Here, it can be seen that the occurrence
of dihydroxylated iron is not expected to inhibit the SCR reaction, because
it is removed by ammonia.

8.3.3 Part 3: Impact of Oxygen

Oxygen was shown by Yang et al.!** to be vital for the standard SCR. to
proceed on Fe/H-ZSM5 and it is believed that it serves the oxidation of
NO to NO, as the rate-limiting step 98163282 of the overall reaction prior to
accessing the mechanism of the fast SCR. Furthermore, oxygen also causes
the oxidation of ammonia as an unwanted side reaction.*? This section is
intended to discuss on one hand the potential occurrence of a pathway for
the standard SCR that is integrated into the described mechanism of the fast
SCR rather than assuming a pure combination of the separated sub-reactions,
NO oxidation and fast SCR. On the other hand, a potential initialization of
the SCO of ammonia is outlined. The energies of all species are illustrated
in Figure 8.6 and an overview of the reactions is shown in Figure 8.7. In part
one it was shown, that monohydroxylated iron marks, from an energetic point
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of view, a valley and that the reaction of ammonia with it leads to an amino
group (Figure 8.2, FeNHs) on the quintet PES. Within the presented catalytic
cycle of the fast SCR this would be the adsorption site for the NOy and thus
is the relevant initial species for the consideration of a further pathway of the
standard SCR in the absence of nitrogen dioxide. The adsorption of oxygen
to this species is activated by a very low barrier of E¥=0.4 kcal/mol (TS 1)
and slightly exothermic by AE=-10.3 kcal/mol (ST 3). However, in order
to further react with a nitrogen oxide, a spin change from the septet ground
state to the quintet PES is required. This is in analogy to the mechanism of
the NO oxidation on monohydroxylated iron (see section 7.3.2). The crossing
of the seam between the two PESs exhibits a barrier of E*=9.2 kcal/mol (S
2) (electronic energy only) and the excited state (ST 5) is AE=8.8 kcal/mol
higher in energy than the ground state. The adsorption of NO, bonded
with the nitrogen to the iron (ST 10), is rather weak with respect to the
ground state precursor. An alternative pathway up to this state was studied
based on first the adsorption of NO to the FeNH,. The ground state of the
species NHoFeNO was found to be on the quartet PES (ST 4) and, thus, a
spin change is required via S 1 and a negligible barrier of E¥=0.1 kcal/mol.
The adsorption of NO can be considered to be quite strong with a heat of
adsorption to the ground state of AE,qs=-22.8 kcal/mol. Oxygen does not
interact with this species as can be seen from the energy profile of ST 7
in comparison to ST 4. Thus, the chemisorption of oxygen to the iron is
an activated process illustrated with TS 4. This step exhibits an activation
energy of E*=15.5 kcal /mol leading also to ST 10 in which both, oxygen and
NO, are coadsorbed on the iron. This alternative pathway to ST 10 appears
to be slightly more favorable because of the initial strong adsorption of NO.
In a next step, the amino group and the adsorbed NO react by forming an N-
N bond, which leads to nitrosamine, adsorbed on FeOy (ST14). The barrier
for this process is rather low with Ef=4.1 kcal/mol and in analogy to the
formation of nitrosamine on FeOH as outlined in part one. The desorption
of nitrosamine leads to FeOy on the sextet PES.

Alternatively, starting from NHyFeO, on the quintet PES (ST 5), we also
considered the interaction of NO in terms of the formation of an -OONO lig-
and with the adsorbed oxygen in the trans configuration, followed by a con-
version to the cis configuration and finally the desorption of NOy (not shown).
These steps are in complete analogy to the mechanism of the NO oxidation
on FeOH and very similar barriers for the three steps on the two different
adsorption sites were observed. However, in comparison to the formation of
nitrosamine from NO with the amino group no benefit could be deduced.

In the pathway leading eventually to FeO,, to this point, the oxygen
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only served as an additional adsorbate, not interacting with the formation
of nitrosamine. With respect to the strong adsorption of NO on FeNH,, it
is thus at hand to consider the direct formation of nitrosamine without the
coadsorption of the oxygen. The heat of reaction, leading to a bare iron
site together with gas phase nitrosamine was calculated to be AEg=65.1
kcal/mol. This value is too high to be reasonable for the reactive system,
even at high temperatures and, thus, can be excluded. Alternatively, a second
NO could adsorb on NHsFeNO in its ground state. This, however, was found
to require the prior transfer to the doublet PES (ST 6) via the MECP S 3
by overcoming an activation energy of E¥=10.4 kcal/mol (electronic energy
only). The subsequent adsorption of NO with the nitrogen bonded to the
iron (ST 11) only exhibits a rather small heat of adsorption with respect to
the precursor ground state (ST 11 vs. ST 4). Then, nitrosamine forms from
the amino group and one of the nitrogen oxides (ST 15) and desorbs, leaving
FeNO in its ground state on the triplet PES. The barrier for this process was
calculated to be E*=3.8 (TS 8) kcal/mol, which is again comparable to the
formation of nitrosamine on FeOH or on FeO,. However, due to the required
spin change to the doublet PES prior to the adsorption of NO this pathway
is not severely beneficial over the above described pathway. In fact, from the
related energies, a higher probability has to be concluded for a re-desorption
of the first adsorbed NO over the coadsorption of a second one.

Assuming from the discussion above that FeO, on the sextet PES has
formed after the reaction of the amino group with coadsorbed NO, the fur-
ther formation of NOy from a reaction with NO was outlined in the context
of the NO oxidation on FeO (section 7.3.1). Alternatively, also ammonia can
adsorb to this species (ST 16) with AE,4s=-22.3 kcal/mol and its nitrogen
bonded to the iron. For a subsequent hydrogen transfer, first, the cleavage of
the two oxygen atoms in the adsorbed molecule is necessary (ST 17). This
requires to overcome a barrier of E*=20.3 kcal/mol (TS 9), which is only
slightly lower than the corresponding cleavage in the absence of ammonia
(AE=1.4 kcal/mol) and, thus, a beneficial influence of the ammonia cannot
be observed. For the proton transfer from the adsorbed ammonia to one of
the oxygen atoms (ST 18), we calculated a very high activation energy of
E#=45.9 kcal/mol (TS 10) making this step very unlikely to proceed. Thus,
the subsequent formation of hydroxylamine from the remaining amino group
and the previously formed hydroxyl group (ST 20) via TS 11 and a barrier of
E#=8.6 kcal/mol might rather be of interest in a different context than from
the initial reaction of ammonia with FeO,. Alternatively to the proton trans-
fer, NO can coadsorb on one of the oxygen atoms, forming adsorbed NO,
(ST 19). The ground state of this species is however located on the quintet
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Figure 8.6: Energy profiles for the catalytic cycles of part three: the influ-
ence of oxygen. Energies are zero-point corrected.
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Figure 8.7: Overview of considered catalytic cycles of part three: the influ-
ence of oxygen. Stated values are Gibbs’ free enthalpies calculated at 600 K.
Black numbers correspond to the structure, blue numbers to the transition
states (T'S) or to the minimum on the seam of two PESs (S). Colors of the
boxes correspond to the spin multiplicity.
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PES (ST 22) rather than on the septet and is obtained from a spin change
via S 4 (E*=0.6 kcal /mol, electronic energy only). The adsorption energy to
the ground state was calculated to be AE,qs=-32.0 kcal/mol. However, the
desorption of NOy from this species results in an excited state of NH3FeO
on the quartet PES (ST 23) and another crossing of the seam to the sextet
PES (ST 26) is required, which exhibits a barrier of E¥=6.7 kcal /mol. Thus
overall, the desorption would require to overcome a barrier of AE4,=30.0
kcal/mol. NOs can however also desorb directly from the excited state of
NH;3-OFeONO (ST 19), which is an activated process via TS 12 (E*=2.8
kecal/mol). With respect to the ground state, the NOy desorption requires
to overcome AFg,=19.2 kcal/mol, making the latter pathway more favor-
able. Finally, we also considered the proton transfer from the ammonia to
the oxygen atom on the iron on ST 19 and found the barrier via TS 13
with E¥=35.2 kcal/mol to be substantially less favorable than the desorption
of NO,. Thus, with respect to the interaction of ammonia with FeOy the
most favorable pathway resulted eventually solely in the oxidation of NO to
NO, and it has to be concluded that this rather proceeds in the absence of
ammonia directly on FeO, via the -OONO ligand as outlined in section 7.3.1.

In summary, the described formation of nitrosamine from adsorbed NO
and the initially considered amino group, eventually leading to FeOs could
be significant in the standard SCR. Integrated into the mechanism of the
fast SCR, it allows for the access to the NO oxidation in the absence of wa-
ter for one further molecule of nitric oxide, which is significantly faster than
the NO oxidation on monohydroxylated iron as described in the preceding
chapter. This, however, also depends on the fraction of available FeNH, on
the catalyst, which can only be answered from a microkinetic model, which
will be discussed in the next chapter. Furthermore, a major drawback in
the considered formation of the intermediate FeO, together with nitrosam-
ine remains the necessary initial coadsorption of NO and O, on FeNH,. With
respect to entropy, this is a rather unfavorable process at elevated temperat-
ures, considering that the combined heat of adsorption of the two molecules
is rather low (ST10 vs. FeNHs). In contrast, an interaction of ammonia with
FeO, can be excluded within the standard SCR. This is also supported by
the rather high Gibbs’ free energies as shown in Figure 8.7.

While a reaction of the amino group with only NO resulted in a bare iron
ion and was energetically excluded, the interaction of the amino group with
adsorbed oxygen can potentially be seen as the initialization of the ammonia
oxidation. Two different pathways were analyzed in this context. In the first
one, the cleavage of the oxygen molecule into two oxygen atoms on the iron
(ST 8) was considered, starting from ST5. This process exhibits an activation
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energy of E*=34.6 kcal /mol (TS 2) and is endothermic by AE=20.1 kcal /mol.
A subsequent formation of a bond between one of the oxygen atoms and the
amino group leads to the adsorbed radical HoONO (ST 13) by overcoming a
barrier of E*=8.9 kcal/mol (TS 5). The rather high desorption energy with
AE4s=28.0 kcal/mol of the radical, resulting in FeO on the quartet PES
indicates the high stability of the adsorbed state. Alternatively, we found a
mechanism for the formation of the HoNO radical from first the formation of a
bond between the amino group with the oxygen molecule. Here, the barrier
is significantly lower with E*=23.4 kcal/mol (TS 3) leading to a state, in
which an -OONH; ligand is twofold bonded to the iron with the nitrogen
and one oxygen (ST 19). Breaking the iron-nitrogen bond exhibits a barrier
of E*=6.7 kcal/mol (TS 6) and the final desorption of HoNO also leads to
FeO on the quartet PES. The produced radical was already shown on the
H-form catalyst to be a significant intermediate in the NHj3 oxidation (see
chapter 5) and its further decomposition will be discussed in the fourth part.
It can be concluded that the formation of this radical is significantly more
favorable from the reaction via the -OONH; in analogy to the mechanism of
the NO oxidation shown in chapter 7. Although the energy profiles in Figure
8.6 as well as the Gibbs’ free energies at 600 K shown in Figure 8.7 indicate
that the formation of H,NO is not favorable over the pathway to FeO, within
the SCO these steps might be significant and at temperatures above 600 K
also become dominating because of the impact of entropy.

8.3.4 Part 4: Aspects of SCO and N,O Decomposition

In part three, we have shown with respect to the influence of oxygen that
the radical HoNO can be formed from a reaction of the intermediate FeNH,
of the fast SCR with O,. Because this radical also occurs within the SCO
of ammonia on the Brgnsted acids (see chapter 5), we assumed its formation
on the mononuclear iron site to mark the potential initialization of the SCO
on iron. In this part, we focus on the fate of HoNO and outline potential
pathways that account for the SCO of ammonia and involve, in analogy to the
results on the Brgnsted acids, also the formation of the intermediate nitroxyl.
Furthermore, in part one, the formation of nitrous oxide in the NO5-SCR
from the formation and decomposition of nitramide was discussed. As it is
known that NyO decomposes on Fe-ZSM5, 119:300-302315 hyt is also reduced
in a SCR with ammonia, 333 we also outline here some aspects of the fate
of nitrous oxide. This should, however, rather be seen in the context of the
NO,-SCR than as standing for itself. An overlap to the SCO is evident in
view of the explanations of Coq et al.?3% for the mechanism of the N,O-SCR,
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which involves the oxidation of ammonia from the released oxygen of nitrous
oxide.

For the potential decay of the radical HoNO and the subsequently pro-
duced nitroxyl, we considered the interaction with first FeO and then with
FeOH. For the interaction with FeO, the energies are shown in Figure 8.8
and the overview in Figure 8.9. The adsorption of HyNO on FeO (Mg=6)
in its ground state with the oxygen bonded to the iron exhibits a quite high
heat of adsorption of AE,qs=-23.8 kcal/mol (ST 1). However, on the septet
PES this species OFeONH, does not represent the ground state, and the
crossing to the quintet PES is required. The barrier for this step was found
to be negligible with E*=0.3 kcal/mol (electronic energy only) and the final
ground state on the quintet PES (ST 3) is only AE=0.7 kcal/mol lower in
energy than on the septet PES. In fact, based on DFT, such a small dif-
ference is not sufficient to conclude the true ground state but this is not of
significant relevance within the qualitative discussion on the reaction mech-
anism. Subsequently, a proton transfer from the HoNO to the oxygen of FeO
takes place, which involves an energy barrier of E*=5.6 kcal/mol (TS 2) and
is exothermic by AE=-18.8 kcal/mol. This leads, in consequence, to nitroxyl
being adsorbed on monohydroxylated iron (ST 5) with its oxygen bonded to
the iron. The final desorption of nitroxyl requires to overcome the heat of de-
sorption AEgs=12.2 kecal/mol. Besides its interaction with FeNH, as shown
in part one, the produced nitroxyl can also interact with FeO. However, for
the adsorbed nitroxyl as well as for the subsequent reaction, we found the
ground state to be on the quartet PES. In the preceding chapter 7 we have
shown that FeO on the quartet PES is only slightly higher in energy than
the ground state (AE=3.8 kcal/mol, ST 2) and the barrier for the crossing
is rather low as well (E*=5.4 kcal/mol, S1). Nitroxyl adsorbs then rather
strongly to FeO with AE,4s=-23.9 (ST 4) with respect to the ground state
of the initial active site. In fact, similar as for HoNO, it can be assumed
that nitroxyl also directly adsorbs to FeO on the sextet PES and that a sub-
sequent MECP can transfer the reactant OFeHNO to the required quartet
PES, but this is believed to be of minor significance in this context. Simil-
arly, also HoNO could have been considered to directly adsorb to the quartet
FeO, leading to ST 3. Nevertheless, the hydrogen transfer from the adsorbed
nitroxyl in OFeHNO to the free oxygen leads to the ground state of NO, ad-
sorbed on monohydroxylated iron (ST 6). This step is strongly exothermic by
AE=-49.5 kcal/mol after overcoming a barrier of E¥=16.5 kcal/mol (TS 1).
For the desorption of nitric oxide, however, another spin change to the sextet
PES is required, because monohydroxylated iron is in its ground state on
the quintet PES. This barrier via S 3 was calculated to be E*=15.8 kcal /mol
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Figure 8.8: Energy profiles for the decay of HoONO and HNO on Z~[FeO]™.
Energies are zero-point corrected.

? i o W° Ts14.8 j o j o
l 875 I o 8 o ,-©.5-348 o -
N, .~ ~, +HNO g Fe _Fe
0.0 3.0 1.4 516 144
-NO
H H H NeH
- H-0 _
o My S04 o N TS82 5 o o
N NI N +—— e
+H2No */Fe\* */Fe\* */Fe\* =HNO */ \* 30.2
-0.8 1.7 -22.0

4][s][e][7]

Figure 8.9: Overview of the decay of HoNO and HNO on Z~ [FeO]*. Stated
values are Gibbs’ free enthalpies calculated at 600 K. Black numbers corres-
pond to the structure, blue numbers to the transition states (TS) or to the
minimum on the seam of two PESs (S). Colors of the boxes correspond to
the spin multiplicity.

and NO then subsequently desorbs. With that, it was shown that intermedi-
ately produced HyNO easily decomposes on FeO to monohydroxylated iron
and nitroxyl. The latter potentially reacts with another FeO to nitric oxide
and FeOH. Also the Gibbs’ free energies, as shown in Figure 8.9, reveal that
both pathways exhibit rather low barriers and are strictly exothermic making
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them very likely to occur. Produced NO can be consumed further within the
mechanism of the standard SCR. The main bottleneck in the context of the
SCO, however, has to be seen in the low probability of FeO being present as
a free site for the adsorption because the high concentrations of the reactant
ammonia make it certainly more likely to be blocked by the latter.

Furthermore, we have analyzed the interaction of the two intermediates
HoNO and HNO with monohydroxylated iron. The corresponding energies
are displayed in Figure 8.10 and the schematic overview is shown in Figure
8.11. In contrast to all prior discussed pathways, the energies in both figures
are here calculated with respect to FeOH as the active site rather than FeO.
The radical HoNO adsorbs to the FeOH with its oxygen bonded to the iron
and a heat of adsorption of AE,qs=-19.5 kcal/mol (ST 1) representing the
ground state of the adsorbed species on the sextet PES. For a subsequent
reaction, it was found necessary to consider a spin change to the quartet PES
which is, however, only slightly higher in energy (ST 4). Also the barrier for
the crossing was found to be rather low with E*=1.9 kcal/mol (S 2). Then, a
reaction with nitric oxide forms nitrosamine together with HOFeO. From the
energy profile it can be concluded that NO hardly interacts with the surface
species (ST 5) and, thus, the reaction can be interpreted to be of the Eley-
Rideal type. For the barrier of the cleavage of the O-N bond in the adsorbed
radical HoNO together with the simultaneous formation of a N-N bond with
the gas phase nitric oxide a value of E*=19.3 kcal/mol (TS 1) was obtained.
After the desorption of nitrosamine, the remaining HOFeO could react with
another NO to from NO, together with monohydroxylated iron. However,
the high Gibbs’ free energy at 600 K for the transition state suggests that
this formation of nitrosamine is rather unlikely. The reason can be seen in
the required coadsorption of two molecules prior to the reaction causing a
high loss in entropy in the transition state as compared to the reactant state.
Alternatively, we considered the decomposition of the adsorbed HoNO. In a
first step, starting from ST 4, the radical forms a second bond to the iron with
its nitrogen (ST 6). The barrier for this process is E*=11.1 kcal /mol (TS 3)
and the product is only slightly higher in energy by AE=4.9 kcal/mol. The
cleavage of the internal O-N bond (ST 10) in contrast was found to be highly
endothermic by AE=33.8 kcal/mol, dictating in addition a quite high energy
barrier for this step with E*=42.7 kcal/mol (TS 4). Although a subsequent
adsorption of NO on the free atomic oxygen (ST 14) and the subsequent
desorption of NOy from the remaining NHyFeOH is strongly exothermic the
intermediate formation of the HOFeO-NH, (ST 10) is rather unlikely and
can be excluded. This is also expressed in the high Gibbs’ free energies for
this pathway as shown in Figure 8.11. Finally, the proton transfer from
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the adsorbed HoNO to the hydroxyl group on the iron remains, leading to
coadsorbed water and nitroxyl. For this process two different pathways were
analyzed on the quartet PES. The first one starts from ST 4, in which the
radical is only bonded to the iron with its oxygen. The proton transfer
exhibits a barrier of E*=20.2 kcal/mol (TS 6, electronic energy only) and the
resulting product has to be considered rather unstable because of a negligible
reverse barrier. In fact the desorption of water from this product state (ST
11) was found to be endothermic (ST 11 vs. ST 13), which suggests a further
reaction step prior to the water desorption. Alternatively, the proton transfer
and the desorption of water to the gas phase can be interpreted as a combined
step. The second pathway starts with a proton transfer from the twofold
bonded radical (ST 6) which includes a barrier of E¥=19.5 kcal/mol (TS
5). The resulting product state (ST 12) requires a heat of desorption for
the water of AEges=15.1 kcal/mol (ST 13). The remaining nitroxyl on the
iron can be exchanged with oxygen by coadsorption of the latter (ST 16)
and desorption of HNO to FeO, which is part of the NO oxidation pathway.
Overall, both pathways for the proton transfer are energetically similar and
can be accessed. Also with respect to the Gibbs’ free energies at 600 K it has
to be concluded that the most probable decay of HoNO on monohydroxylated
iron results from the proton transfer to the hydroxyl group eventually forming
nitroxyl. In comparison to the analog proton transfer on FeO, however, the
barrier is significantly higher and thus the impact of this pathway remains
anchored to the surface concentrations of FeO and FeOH.

A slightly different behavior was found for the interaction of nitroxyl with
the monohydroxylated iron. It also adsorbs quite strongly to the active site
(AE,45=-20.3 kcal/mol, ST 2) with its nitrogen bonded to the iron. Then, a
spin change from the quintet to the triplet PES is required prior to the sub-
sequent reaction because the final product has its ground state on the lower
PES. The crossing of the seam exhibits a barrier of E*=12.1 kcal/mol (S 1,
electronic energy only) and the excited state (ST 3) is AE=10.9 kcal/mol
higher in energy than the ground state. In the subsequent reaction, a proton
transfer from the nitroxyl to the hydroxyl group takes place, which leads to
water adsorbed on FeNO (ST 8) on the triplet PES. For this transfer, a bar-
rier of E*=7.0 kcal /mol needs to be overcome and a reverse reaction is rather
unlikely because of its strong exothermicity (AE=-31.2 kcal/mol). Finally,
water desorbs, leaving FeNO as the surface species. In fact, this pathway is in
close analogy to the reaction of nitroxyl with FeNHs, as described in part one,
with respect to both, the mechanism and the corresponding barriers. Fur-
thermore, the combined barrier of spin inversion (S 1) and proton transfer is
with E*=17.9 kcal/mol quite similar to the barrier of the proton transfer on
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FeO. Thus, for the decay of nitroxyl the impact of available surface concen-
trations, as was outlined for HoNO, is less significant. The produced FeNO
can be transferred back to FeO within the mechanism of the NO oxidation as
outlined in the preceding chapter 7. Alternatively, a reaction with the rad-
ical HoNO can take place after its strong adsorption (AE.qs=-21.5 kcal/mol)
with the oxygen bonded to the iron (ST 9). The formation of an N-N bond
between the amino group of the adsorbed radical and the NO leads to the
formation of nitrosamine, which remains bonded with a nitrogen to the iron
(ST 15). This step exhibits a barrier of E*=12.5 kcal/mol (TS 7) and the
final desorption of nitrosamine (AEges=20.9 kcal/mol) restores FeO in the
quartet state. This final process certainly might be of significant impact for
both, the further decay of the radical HoNO and the intermediately produced
surface species FeNO, as can be also concluded from the low Gibbs’ free ener-
gies in Figure 8.11. However, the high oxygen concentrations in the reactant
feed gas of the SCO make the consumption of FeNO from Oy more probable.
Nevertheless, starting from the production of the radical HoNO as described
in part three, the consumption of ammonia to first nitroxyl and then to NO
can be concluded to be a reasonable explanation of the mechanism of the
SCO in accordance to the suggestions of Akah et al.?!” and Yang et al.?!
A closure of the reactive cycle is obtained with respect to the production
of FeNHs, as the precursor to the HoNO formation, as outlined in part one.
Produced NO is consumed in the pathway starting from FeO via FeOH to
finally FeNH,.

For the decay of nitrous oxide, as is produced in the NO,-SCR, the re-
lease of its oxygen to the catalytic surface is the most reasonable concept
as was shown by Heyden et al.''%3% In Figure 8.12, the schematics with
the corresponding zero-point corrected energies (red) and the Gibbs’ free
energies at 600 K are shown for this step on the initial sites FeO, FeOH
and FeNH,. While the barrier for the oxygen release is severely higher on
FeO with E*=31.1 kcal/mol they are rather similar for the two other species
(FeOH: E*=21.8 kcal/mol; FeNH,: E*=19.3 kcal/mol). Thus, for the latter
two species, the barriers are within the order of magnitude of the two highest
internal barriers within the presented fast and NOy-SCR mechanism in part
one and, with that, can be concluded to be accessible. With respect to the
fact that in part one, monohydroxylated iron was concluded to probably be
the most abundant intermediate, at elevated temperatures, the decay of ni-
trous oxide on this species to a certain extent is likely. Heyden et al.3%* have
shown for the NO assisted NoO decomposition on mononuclear iron sites
that a crucial step is the decomposition of NOs on HOFeO via an -OONO
ligand. The initial surface species was the product of the oxygen release of
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Z~[FeOH]". Energies are zero-point corrected.
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seam of two PESs (S). Colors of the boxes correspond to the spin multiplicity.

N2O on FeOH. In fact, this step via the -OONO ligand also marks a crucial
point in the NO oxidation on FeOH as described in chapter 7, although in
the reverse direction. However, it can be derived from this analysis, that
in the NOy SCR the decreasing selectivity to nitrous oxide with increasing
temperature can be related to two different reactions. The thermodynamic
equilibrium dictates the decomposition of NO; to NO and oxygen to a cer-
tain extent. On the other hand, formed nitrous oxide might decompose on
monohydroxylated iron forming HOFeO together with nitrogen. This latter
produced surface species, however, is also the adsorption site for a second
NO; molecule within the decomposition cycle of nitrogen dioxide on FeOH.
With that, a mixture of NOy and NoO decomposition, with the latter making
use of the significantly higher activity of the NO assisted pathway, can be
deduced to explain the decrease in observed nitrous oxide in the NO, SCR
with increasing temperature.
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In summary, we have studied several pathways on the basis of the DFT
within the SCR of NO, with ammonia on Fe-ZSMb5. Iron was represented
as mononuclear iron sites and it was assumed that NHoNO, are essential
intermediates that decompose on the Brgnsted acids as shown in chapter 6.
In part one, a low energy pathway was presented in accordance with the stoi-
chiometry of the fast SCR. In analogy, a pathway for the NO, SCR, leading
to equimolar amounts of nitrogen and nitrous oxide, can be concluded to be
equivalent to the fast SCR in its main steps, but to differ in the formation
of one nitramide from a reaction of a surface amino group with NO, rather
than the formation of nitrosamine from NO. For the fast SCR, Li and Li3*?
have proposed a pathway that also leads to the intermediate formation of
nitrosamine and involves mononuclear FeO and FeOH. However, as essential
steps, they assumed the coadsorption of NO and ammonia on FeO and FeOH
prior to a direct formation of nitrosamine. The initial adsorbed state of NO
on FeO, as presented in their work, was concluded in chapter 7, section 7.3.1
to be highly unstable, because only a low barrier of E*=3.9 kcal /mol needs
to be overcome to form the significantly more stable nitrite. Thus, the initial
state of the mechanism has to be considered rather unlikely to be available
for the subsequent coadsorption of ammonia. Furthermore, with respect to
the loss of entropy from adsorption, the assumption of the coadsorption of
two molecules prior to a reaction, as done by Li and Li, is less likely than
the here outlined mechanism which always considers, first, the formation of
an amino group on the iron prior to a subsequent interaction with NO,.
For the change of selectivity in the NOy SCR towards molecular nitrogen with
increasing temperature, it was found in part two that an additional reaction
mechanism, leading directly to Ny, is unlikely to proceed. This behavior can
rather be explained by a combined decomposition of intermediately produced
N5O and of the reactant NO5 into NO and oxygen as outlined in part four.
In part three, a potential reaction mechanism for the standard SCR, integ-
rated into the steps of the fast SCR, was addressed. Nitrosamine might
be formed after the coadsorption of NO and oxygen on FeNH,. This can
be interpreted to be in accordance with Schwidder et al.,3” who concluded
from the observed strong deviation between NO oxidation and standard SCR
activity that the latter might not solely be a combination of NO oxidation
followed by the fast SCR. Although our proposed mechanism would circum-
vent this crude combination of sub-reactions in series, some doubt is left with
respect to an unfavorable impact of entropy for the required coadsorption of
NO and Os. A final conclusion on this question can only be drawn from
microkinetic modeling of the system as will be discussed in chapter 9.

In addition, we have also shown that from a reaction of oxygen with the
FeNH, the intermediate radical HyNO can be formed, which further decom-
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poses to nitroxyl and eventually is reduced to NO as outlined in part four.
Thus, the formation of the HyNO can be seen as the potential initialization
of the SCO with the intermediately formed NO being consumed within the
standard SCR. This is in agreement to the conclusions of Akah et al.4227
and Yang et al.?!” who proposed, first, the oxidation of ammonia to nitric
oxide and its subsequent consumption by ammonia to molecular nitrogen
within the standard SCR.

The proposed mechanisms for the SCR schemes in the literature are all quite
similar. 3440:168170 Tt is assumed that ammonium nitrate and nitrite or surface
nitrates and nitrites are formed, which are created from the disproportiona-
tion of two NO,. The reduction of the nitrates by NO is believed to be the
rate-determining step in the fast SCR. In reference to the preceding chapter
7, section 7.3.1 we have outlined that such a step exhibits a significantly
higher barrier than the highest internal barrier in our proposed mechanism.
Thus, it was concluded that the significant role of the nitrate reduction as
stressed by Tronconi et al.'®® is rather unlikely. Also, the concept of the
disproportionation of two NO, and the formation and decomposition of am-
monium nitrite and nitrate rather fits to our mechanism concluded for the
fast and NOy SCR on the Brgnsted acids as outlined in chapter 6 than to
the outlined pathway on the iron sites. However, it has to be emphasized
that our presented mechanism only refers to the analysis of mononuclear iron
sites, while on dinuclear iron or iron clusters the mechanism could be com-
pletely different.

Furthermore, Tronconi et al.?3*33% have presented a new “enhanced” SCR in
which, besides ammonia, also ammonium nitrate is applied as reducing agent
and they observed a significantly higher conversion as for the standard SCR.
An explanation of this mechanism can also be derived from our mechanism
as outlined in part one within the assumption that evaporated ammonium
nitrate decomposes into ammonia and nitric acid. Following the sequence of
steps in Figure 8.3, it is at hand that from two ammonia molecules and one
NO the species FeNH; is easily produced together with water and nitrosa-
mine. Then, nitric acid adsorbs to this species and releases NO, to the gas
phase, which restores the species NHyFeOH for the reaction with another NO.
Eventually, again the species FeNH, is produced, which now reacts with the
previously released NO,. After the desorption of the produced nitrosamine
to the gas phase the catalytic cycle is closed. Thus, the schematic directly
also explains the new “enhanced” SCR within the observed stoichiometry
(equation (8.4)). Alternatively, the nitric acid could also adsorb on mono-
hydroxylated iron forming dihydroxylated iron after the release of NOy. In
part two, it was shown that ammonia reacts with the dihydroxylated iron by
forming water and again the intermediate NHoFeOH.
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8.4 Conclusion

The reaction mechanism of the selective catalytic reduction of nitrogen ox-
ide on iron-exchanged ZSM5 was investigated using the Density Functional
Theory. All reaction steps were studied on a cluster of 5 T-atoms, containing
a mononuclear iron ion. The crossing of PESs was considered, if necessary.
While the NO oxidation, which is considered as the rate-determining step of
the standard SCR3%:158:282283.330 wag already discussed in detail in chapter
7, we have presented here a mechanism for the fast and NOy SCR starting
from Z~[FeO]" as a representation of the active site on the sextet PES. It
was concluded that most probably, first, ammonia adsorbs to the active site
and a proton transfer takes place to the oxygen forming an amino group
next to a hydroxyl group. Then, either NO or NO, react with this interme-
diate forming nitrosamine or nitramide respectively and monohydroxylated
iron remains. The reaction with another ammonia results in the formation
of water and an amino group remains on the iron. The latter finally reacts
with NOs to nitrosamine and the active site is restored. Nitrosamine and
nitramide are assumed to decompose on Brgnsted acids into nitrogen and ni-
trous oxide, respectively, together with water. To account for the increasing
selectivity of the NO,-SCR to nitrogen over nitrous oxide with temperature,
we concluded that not an additional reaction mechanism, leading directly
to only nitrogen, is responsible for this behavior. It is rather the result of
an interacting combination of nitrous oxide decomposition and NOy decom-
position from thermodynamic limitations,!"*3%? on monohydroxylated iron.
In this context, the analogy to the NO assisted nitrous oxide decomposition
was outlined. 3 Furthermore, it could be shown that the additional consid-
eration of the decomposition of nitric acid on either the Z~[FeNHs]™ or on
monohydroxylated iron also allows for the explanation of the mechanism of
the recently proposed new “enhanced” SCR.?** For the impact of oxygen,
starting from the intermediate surface species Z~ [FeNH,|", the formation of
the radical HoNO was proposed to mark the initialization of the selective
catalytic oxidation of ammonia on the catalyst. The radical was shown to
further decompose to nitroxyl and eventually lead to NO. Nitric oxide might
then further be consumed within the mechanism of the SCR in accordance
with the experimental literature.2!”2!% Finally, we have also discussed an al-
ternative pathway for the standard SCR, integrated into the scheme of the
fast SCR rather than requiring the NO oxidation separately. Starting from
the intermediate Z~ [FeNH,] T, after the coadsorption of NO and O, the reac-
tion of the amino group with nitric oxide forms nitrosamine. The remaining
adsorbed oxygen reacts with NO to NOy, which is released and restores the
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initial active site. Thus, only half of the separate NO oxidation is required,
but takes place via the mechanism of the water-free NO oxidation, which is
significantly faster than on monohydroxylated iron. The impact of such an
additional pathway can however only be revealed from microkinetic model-
ing. With that, we have presented a theoretical investigation of the SCR of
NO with ammonia on mononuclear iron sites, exchanged into ZSM5, which
accounts for many experimentally observed phenomena.






Microkinetic Modeling of the
Selective Catalytic Reduction of

Nitrogen Oxide with Ammonia on
Fe/H-ZSM5 Based on First Principles

The reaction mechanism of the Selective Catalytic Reduction (SCR)
of NO, on Fe/H-ZSM5 has been investigated by means of a mi-
crokinetic model based on the DFT calculations presented in the
chapters 7 and 8 together with the model on the Bronsted acids
described in chapter 6. The conversion of NO, (z=1, 2) as cal-
culated with our model 1s in good agreement with experimental
data over a wide range of temperature. The NO ozidation pro-
ceeds via an -OONQO ligand and the negative impact of water
relates to the switch of the active site from Z~ [FeOJ" to less active
Z~ [FeOHJ*. The fast and the NOy SCR proceed via the forma-
tion of amino groups on the iron, which subsequently react with
NO, to NHyNO,. Nitrosamine and nitramide decompose on the
Bronsted acids to nitrogen and nitrous oxide respectively. In both
sub-reactions the Bronsted acids exhibit a strong impact on the
conversion between 500 K and 700 K. The lower activity of the
NOy SCR in comparison to the fast SCR is related to the pro-
duction of nitric acid on the Bronsted acids that cause blocking

nitrates on the iron sites. The new “enhanced” SCR appears to
bear aspects of both, the fast and the NOy SCR. The decompo-
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sition of added nitric acid releases NOo, which makes the fast
SCR accessible, but also causes the consumption of an additional
molecule of NO. At low temperatures, the nitric acid forms block-
ing surface nitrates in analogy to the NOy SCR. The fast SCR
and the related NOy and “enhanced” SCR appear to be catalyzed
by mononuclear iron sites only. The simulations of the standard
SCR and the ammonia oxidation (SCO), however, were only in
agreement with experiments for catalysts with low iron loading,
suggesting an important contribution of dinuclear iron sites and
wron clusters for these reactions. The SCO proceeds on the mono-
nuclear iron sites via the intermediate HoNO, which reduces to
nitroxyl and eventually to nitric oxide. The latter is consumed
within the SCR. At low temperatures, the Bronsted acids exhibit
a significant influence owing to the formation of nitroxyl, which
then decomposes on the iron sites. The standard SCR was found
to be in agreement with the believed combination of NO oxidation
and fast SCR in series only at low temperatures. At elevated tem-
peratures, an increase in conversion is anchored to aspects of the

SCO.

9.1 Introduction

The abatement of NO, from exhaust gases has become a major field in envir-
onmental research reflecting the more stringent legislation established within
the last decade.? Caused mainly by sources like power plants or automo-
biles, catalysis is widely applied to reduce polluting compounds.346 While for
gasoline engines the three-way catalyst (TWC) is well established, for diesel
engines, the SCR with ammonia on zeolite based catalysts has been accep-
ted.3! Especially iron exchanged ZSM5 is known for its high activity and
durability.3!” While the SCR on various catalysts is already in the focus of
research for more than two decades®?33 and correspondingly many phenom-
ena have been elucidated by now, a detailed understanding of the mechanism
on iron-exchanged zeolites is still missing. This certainly is attributed to the
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significant complexity of the reactive system.

From the preparation of the catalyst by ion exchange to a parent H-
form zeolite, at least two different active sites are available, namely the iron
and the remaining Brgnsted acids. Krocher et al.?* stated an amount of
at least 30% of the latter to remain in the catalyst independent of the ap-
plied ion exchange method. In addition, there is an ongoing debate of the
active structure of the iron with a certain agreement !6%318:325:326 by now
that mainly mono- and dinuclear iron centers, 1:1 exchanged to the former
Bronsted sites, are responsible for the activity of the catalyst for the SCR.
Krocher et al.?62% recently concluded the isolated iron sites to be most active
at temperatures up to 300 °C, while the dinuclear sites are claimed to signi-
ficantly contribute to the activity at higher temperatures. The influence of
the Brgnsted acids, in contrast, remains under debate,"1172318:327 although
the well known fast and NO,-SCR proceed with significant activity on the
iron-free zeolite, too. 3739156

Besides the complexity of the underlying catalyst itself, the reactive
system also includes several macroscopic reactions that are known to co-
exist. The fast SCR is the most relevant, which corresponds to a ratio
of NO3/NO4=0.5 in the reactor inlet and its name reflects the signific-
antly enhanced activity over the standard SCR in the absence of external
NQ,.37:38:158,319,333 Fyrthermore, it is believed that the oxidation of NO to
NO, is the rate-limiting step3%158:282283,330 in the standard SCR with a sub-
sequent access to the fast SCR mechanism. However, a pure feed of NO,
without NO, which is denoted as NOy SCR, exhibits a reduced reactivity as
compared to the fast SCR and produces, dependent on the temperature, sig-
nificant amounts of nitrous oxide.3%4%1™ Finally, also the selective catalytic
oxidation (SCO) of ammonia is known to be of certain relevance on the iron
zeolite catalysts as a side reaction. 42217347

Recently, several experimental studies28%-328,330,333,344,348,349 iy, c]yded mod-

eling of the SCR system based on fitting of rate expressions for the different
observed relevant macroscopic reactions. The rate expressions for the stand-
ard SCR usually include, to some extent, the coarse mechanistic suggestions
of Tronconi et al.'%170:281 op gimilar ones from Brandenberger et al.3* or
Iwasaki et al.*? Special attention is also ascribed to the adsorption of am-
monia to reflect its strong adsorption on the acid sites and to account for
an inhibition effect, observed at low temperatures. 3?34 While those models
are suitable for the application in reactor design, analysis of the contribu-
tion of the macroscopic reactions or the parametrization of ammonia supply
devices,3?® their transferability to a catalyst other than the investigated one,
is very limited because of the neglect of different active sites and their relat-
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ive amounts. Although, some more detailed suggestions like the intermediate
formation of ammonium nitrite and nitrate®'? are usually incorporated in the
applied rate expressions, it has to be noted that this can also be interpreted
to provide an increased mathematical flexibility together with sufficient fit
parameters to reproduce the experimental data.

Microkinetic modeling is, in general, capable to elucidate not only the
detailed reaction mechanism in agreement with macroscopic observable phe-
nomena, but also allows for the transferability to different catalysts, provided
that all necessary elementary steps on all active sites are included. The para-
metrization of such a microkinetic model can be achieved by the application
of quantum chemical tools like the DFT in combination with statistical ther-
modynamics as was done in several studies so far.?3143:256-259 Iny chapter 7
and 8, we have outlined in detail potential mechanisms that cover the ox-
idation of NO, the fast and the NOy SCR, the new “enhanced” SCR from
Tronconi et al.33%33° as well as the oxidation of ammonia on mononuclear
iron sites based on the DFT. In chapter 6, we have presented the microkin-
etic modeling of the SCR on the H-form zeolite. The aim of this chapter is
to apply the obtained DFT results for the isolated iron sites in a microkin-
etic model together with the prior results on the Brgnsted acids. This leads
to a comprehensive consideration of two different active sites in the com-
plete reaction system of the SCR on Fe/H-ZSM5. From this approach it is
expected to obtain detailed information about the exact mechanism of all
the macroscopic observable sub-reactions, including the impact of the two
different active sites, in accordance with the experimentally observed phe-
nomena. Besides a better understanding of the performance of Fe/H-ZSM5,
the results of this study are also aimed to allow for the establishment of more
profound coarse grained mechanisms for kinetic fitting as well as to serve as
the basis for a refinement of the relevant reaction steps from higher level ab
initio methods.

9.2 Theory

The applied methodology in this chapter is in close agreement with the de-
scriptions in chapter 6. As a representation of the active site a cluster of 5
T-atoms was used for the screening of the reactive H/N/O system with a
mononuclear iron oxide balancing the negative charge of the zeolite frame-
work, caused from an aluminum in the T12 position. For the microkinetic
modeling, CHEMKIN %141 was employed. The required thermodynamic
parameters of the iron surface species and the kinetic parameters for the
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corresponding reactions were derived according to standard statistical ther-
modynamics?%! and transition state theory!3” on the basis of the DFT re-
sults, as outlined in chapter 3. To account for the influence of the Brgnsted
acids in the complete catalyst, the relevant reaction mechanisms, as con-
cluded in chapter 6, were applied here, too. The thermodynamic data for
the gas phase species are the same as in chapter 6. For the ad- and desorp-
tion processes the theory of absolute rate!3” was applied for the desorption,
assuming the barrier to be equal to the zero-point (ZPE) corrected energy
difference between the adsorbed and the desorbed state. This implies a barri-
erless adsorption for which the rate is obtained from the equilibrium constant
and the rate of desorption. Because of the neglect of any difference in en-
tropy of the adsorbed state and an assumed transition state of desorption,
this approach has to be considered as a conservative approximation, but is
expected to yield reasonable first estimates for the model. The harmonic
approximation was applied to account for the vibrational contributions for
the zeolite cluster, together with its electronic energy. Enthalpy, entropy and
the heat capacity were simultaneously fitted to the in CHEMKIN required
seven-parameter polynomial for all species using the algorithm of Spitzer et
al'*? (see Table F.2). Approximations for the rates of the crossing of PESs
can be calculated as the product of a mean probability of surface hopping
and a hypothetical adiabatic rate constant resulting from a transition state
with the same relative energy and properties of the minimum energy crossing
point (MECP).5® For the evaluation of the vibrational contribution to the
partition function at the MECP, an effective Hessian as described in section
3.3, equation (3.28) was applied. For the surface thermally averaged hopping
probability, the Landau-Zener theory, % in terms of equation (3.29) was used
for those elementary steps which were concluded to contribute to the overall
reaction from reaction path analysis. The required spin orbit coupling ener-
gies were estimated with H;2=825 J/mol based on the results from Danovich
and Shaik?3" for the oxidative activation of Hy by FeO*. This approach,
though only roughly approximating the hopping probabilities Pjo, was also
successfully applied by Heyden et al.''?3!4 in the microkinetic modeling of
the related nitrous oxide decomposition on Fe-ZSMb5 as well as recently by
Bell et al.?>! The transmission coefficient was then obtained according to '
—2

Kk =2Py — P, (9.1)

However, in the case that the electronic energy differences were low between
the excited state and the MECP, similarly as to regular transition states on
one PES, the consideration of the zero-point error correction from the effect-
ive hessian sometimes resulted in a slightly negative activation energy. In
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those cases, usually also the consideration of the hopping probability caused
a negative activation energy in the fitting to standard kinetic expressions
and, thus, both contributions were neglected. Although the accuracy of DFT
in the calculation of relative energies and for reaction barriers®® is limited,
according to Gokhale et al.,?® it at least captures the essential aspects of
the surface chemistry but fine-tuning usually needs to be done to obtain a
reliable microkinetic model. Even though there are quantum chemical tech-
niques that can provide nearly quantitative results for intrinsic reaction steps,
as recently shown by Hansen et al.,?%" their application to reactive systems
with a large number of elementary steps is not feasible because of the high
computational costs. To obtain reliable heats of formation of the surface
species, the values were anchored to the gas phase species thermochemistry.
This was done by relating the heat of formation of the surface species to
the corresponding heat of adsorption of a gas phase species on the empty
active site. For the latter, the heat of formation was set to Hi=0. For the
iron species, the empty active site corresponds to Z~[FeO]t on the sextet
PES (denoted as FeO_6 in the thermodynamic database in Table F.2) and
is denoted for the empty Bronsted acid as HZSMb5. It should be noted that
with respect to the uncertainties of the electronic energy as calculated from
DFT and the rather small representation of the active site, the final model
keeps a qualitative character to a certain extent and should rather be seen
as a detailed screening for relevant elementary steps, which can further be
optimized. In addition, the final model only accounts for mononuclear iron
sites and Brgnsted acids, but the influence of other species, especially dinuc-
lear iron sites, remains speculative. Nevertheless, significant insight into the
mechanisms of the reactive H/N/O system can be obtained from such an
approach.

9.3 Results and Discussion

The microkinetic model was applied in reactor simulations in an ideal plug
flow reactor with the catalyst being evenly distributed. For the comparison
to the results of the experimental literature, the number of active sites was
anchored to the mass of the catalyst and its Si/Al ratio, assuming that the
number of aluminum atoms is equal to the number of Brgnsted acids. The
active iron sites were assumed to be mononuclear species, ion-exchanged to
the Brgnsted acids and the amount was related to the stated Fe/Al fraction.
The thermodynamic database of the gas phase species and for the surface
species on the Brgnsted acids is the same as used in chapter 6. For the
surface species related to the mononuclear iron sites, the heat of formation
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can be obtained from the thermodynamic data (Table F.2). Adjustments
on the heat of formations of relevant species are outlined in the text of the
corresponding reactions where it was conducted. The reaction rates of all
reversible elementary steps on the iron sites are listed in Table F.1 for the
applied direction together with any adjustments (column “Adjust”). The
following discussion is subdivided into five parts. First, the oxidation of NO
to NOy and the influence of water on this reaction will be discussed. Second,
the oxidation of ammonia as a side reaction is studied. The third part will
cover the fast SCR with special emphasis on the influence of the Brgnsted
acids in the system vs. the iron. In the fourth part, the NOy; SCR is ana-
lyzed with special attention on the temperature dependence of the selectivity
towards nitrogen as well as to the observed reduced activity in comparison
to the fast SCR. In a fifth part, we comment on the new “enhanced” SCR
and, finally, the mechanism of the standard SCR is discussed. The specifica-
tions of the simulated experiments are summarized in Table 9.1, assuming a
tubular reactor. However, for a quantitative comparison with experimental
data, exact information about the applied catalyst is necessary with respect
to the Si/Al ratio, the iron content and the absolute mass, as well as of the
applied conditions, flow and feed gas composition and parameters of the re-
actor. Thus, despite the immense amount of experimental literature available
on the SCR on Fe-ZSM5, only few papers contain sufficient information to
qualify for direct comparison.

9.3.1 Modeling of the NO Oxidation

There is a wide agreement in the literature that the oxidation of NO to
NO; is the crucial step in the standard SCR and is considered to be rate-
limiting for the overall process. However, the activity of the catalyst for
the NO oxidation was found to be significantly lower than for the standard
SCR,*"%2 although Metkar et al.?3° recently observed similar activities for
both reactions. The fact that water significantly inhibits the NO oxidation is
beyond controversy. 163288330 Within the SCR, which mainly produces water
and nitrogen, this would imply that the SCR itself slows the rate-limiting
step down. Delahay et al.?®? suggested that in the NO oxidation, the NO,
desorption is rate-limiting and that in the standard SCR ammonia directly
reacts with the adsorbed nitrogen dioxide. Metkar et al.?3" suggested that,
in the presence of water, nitrous and nitric acid block the active site for
the limiting NO oxidation and are removed by ammonia in the standard
SCR. Finally, Schwidder et al.3” proposed that the SCR might not solely
be a combination of NO oxidation and subsequent fast SCR, but exhibits
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a complete different mechanism. This illustrates the demand for a detailed
understanding of the mechanism of the NO oxidation in order to understand
its influence in the SCR. First we present the kinetic modeling in the absence
of water and then discuss the impact of water on the active site and the
reaction pathway.

For the case of the water-free NO oxidation, we compared our results to
four independent sets of experimental data from the literature. 15%:172,282,288
Our model was slightly adjusted in comparison to the set of data from Dela-
hay et al.,?®2 based on a sensitivity analysis'4? of all reactions and the heat of
formations of all surface species. This method was also applied in chapter 6
for the reactions on the Brgnsted acids. With respect to the surface species,
the tuning resulted in an increase of the heat of formation of the surface ni-
trite Z~ [FeOoN]™ by AE=2 kcal/mol. Adjustments on the reaction rates are
outlined in Table F.1 in “NO oxidation on FeO”. The comparison between
our model and the four sets of data is shown in Figure 9.1 a) to d). In all four
cases, a good agreement between simulation and experiments is observable
and with that over a wide range of conditions. Only at elevated temperatures,
a slight tendency to overestimate the conversion is present. The limitation of
the conversion at high temperatures is clearly related to the thermodynamic
equilibrium between NO and NO, in the gas phase. While the data repres-
ented in a), b) and ¢) correspond to steady state conversions, the data in d)
was obtained from temperature programmed surface reaction (TPSR). It can
be assumed that in the high temperature regime no equilibrium between the
surface and the gas phase is reached, explaining the experimentally observed
higher production of NOy than thermodynamically allowed.

Reaction path analysis reveals that the mechanism for the conversion is
dependent on temperature. At low temperature the dominating pathway
starts with the adsorption of NO on the active site FeO by forming the ni-
trite FeONO, which subsequently transfers to the more stable nitrite with two
oxygen bonded to the iron (FeOyN). Then, another nitric oxide coadsorbs on
the nitrite and NOy desorbs after first transforming back to the more loose
bonded state. Now, oxygen coadsorbs to the remaining FeNO and the nitric
oxide is released back to the gas phase from which it directly attacks the oxy-
gen by forming an -OONO ligand in the cis-conformation. The desorption of
a second NO, from this ligand restores the active site and the catalytic cycle
is closed. It should be noted that the somewhat unconventional desorption
of NO prior to its attack on the oxygen is probably an artifact of the imple-
mentation of the reactions. It should be interpreted as the suggestion that in
the reactant state, prior to the -OONO ligand formation, nitric oxide rather
interacts with the adsorbed oxygen than with the iron. The direct reaction
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Figure 9.1: Simulated conversion of NO and coverage of the dominant
surface species vs. temperature in comparison to data from a) Giles et al.?%®
b) Long and Yang'®® c¢) Brandenberger et al.'™ and d) Delahay et al.?52

pathway to the characteristic ligand with NO adsorbed on the iron in the
reactant state hardly contributes to the conversion at all. While the initial
nitrite formation and the final -OONO formation from FeOy with NO pre-
vail over the whole range of temperature, the amount of nitrite that transfers
into the more stable configuration becomes less. This is related to the higher
degree of mobility which, with respect to entropy, becomes more favorable
with increasing temperature. Thus, oxygen coadsorbs more dominantly to
the nitrite, which desorbs as NOs to the gas phase. The schematic of the
described reactions together with the corresponding spin multiplicities are
shown in Figure 9.2 a).

A sensitivity analysis revealed that the rate-determining step for the NO
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oxidation is the desorption of NO, from the -OONO ligand. This is true over
the complete range of temperature and independent of the conditions applied.
Furthermore, it is apparent from Figure 9.1 that the dominating species on
the surface is the nitrate FeO3NO. Because it does not contribute to the
reaction at all, it blocks the active site, in agreement to the conclusions drawn
in chapter 7 based on the DFT results. The rate of reduction of this species
by nitric oxide to a nitrite species was found from the reaction path analysis
to be up to ten orders smaller in magnitude than the rate-determining step
in the catalytic cycle. Thus, even with respect to the rather qualitative
character of our model, from the DFT results a significant contribution of
such a step as suggested by Tronconi et al.'® as the rate-limiting step of
the fast SCR has to be excluded based on this result. The shape of the
surface coverage with the nitrate over temperature is clearly anchored to the
production of NOy and can be interpreted as an equilibrium concentration
with respect to the gas phase. Furthermore, the surface coverages of the
two nitrite species FeONO and FeOyN are shown. The elementary reaction
step for the transformation between these two species was found to be in
partial equilibrium over the whole range of temperature. From the shape of
the concentrations, the temperature dependence of the mechanism can be
explained. At low temperatures, the more stable nitrate is dominant and
the probability of nitric oxide to coadsorb on it is significantly higher than
that oxygen adsorbs on FeONO. With that, the following reaction pathway
is also predetermined. At higher temperatures, the equilibrium between the
two nitrites shifts in favor of the more loose state anchored to the shift of
the attribute “more stable” to “more restricted with respect to entropy”
for FeOyN. This also enables the shift in the dominance of the mechanism
responsible for the NO oxidation via the intermediate OoFeONO. In addition,
it can be seen that the surface concentrations of the nitrites are limited by
the dominant nitrate species, which also explains their maximum above 700
K when the reduced production of NO,, from the thermodynamic limitation,
also reduces the nitrate surface coverage. Furthermore in this regime, the
initial active site FeO (compare Figure 9.1 d) becomes the dominant surface
species when the gain in entropy from the desorption of nitric oxide from the
nitrites outbalances the heat of desorption.

For the NO oxidation in the presence of water, no sufficiently defined set
of experimental data was available for comparison with our model. However,
Krocher et al.'63 have shown the influence of water in comparison to the
water-free case on an unspecified, commercial catalyst and later!™ measured
the conversion in the absence of water for a well-defined catalyst at the same
conditions (compare Figure 9.1 ¢). A comparison between the two experi-
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Figure 9.2: Schematic of the relevant reaction pathways in the oxidation of
NO to NOj in a) the absence and b) the presence of water. Numbers refer
to the spin multiplicities of the species.
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mental data sets in comparison to our model, parametrized according to the
well-defined catalyst shows that, as a rough approximation, the two catalysts
can be assumed to be equivalent. Thus, the influence of water on the well-
defined catalyst should accordingly be very similar as on the commercial one.
In consequence we have adjusted the essential surface species and reactions to
obtain the conversion at approximately 750 K measured by Krocher et al. 163
Within the fine tuning, the heats of formation of HOFeOH on the sextet and
FeOH on the quintet PES were increased by AE=3 kcal/mol, of O,FeOH_NO
on the sextet PES reduced by AE=-2 kcal/mol and of HOFeOONO_t on the
sextet reduced by AE=-1 kcal/mol. Adjustments on the reaction rates are
outlined in Table F.1 in “NO oxidation on FeOH”. In Figure 9.3 a), the com-
parison between the two data sets, based on the different catalysts and the
impact of water, is shown together with the results of our model. Further-
more, the surface coverages of the dihydroxylated and the monohydroxylated
iron are shown for the case of the presence of water. In Figure 9.3 b), the
conversion in the presence of water is shown comparing the results of the
complete catalyst with a virtually only iron containing catalyst.

It can be seen that a very good agreement of the model with the ex-
perimental data is obtained. It is true that this comparison is somewhat
arbitrary from the perspective that the specifications of the catalyst are not
known and are only assumed to be similar to the one used in the model.
However, from the comparison of the water-free experiment with our model,
it is at hand that the assumption of similar catalysts is reasonable. Fur-
thermore, it should be noted that the fine tuning of our model was executed
with respect to only one experimental conversion measurement at 750 K.
The subsequent agreement with the data set over the complete temperature
range proves the validity of the approach.

From reaction path analysis, it can be obtained that over the complete
range of temperature the conversion follows the same mechanism with mono-
hydroxylated iron functioning as the active site. First, oxygen adsorbs on the
iron and then reacts with NO by forming the characteristic -OONO ligand
in the trans configuration. After a transfer to the cis-isomer, the desorption
of NO, takes place and another nitric oxide forms with the remaining oxy-
gen atom on the iron a nitrite. The desorption of this second NOy closes
the catalytic cycle. The pathway is outlined in the schematic of Figure 9.2
b). From Figure 9.3 a), it can be obtained that the dominating surface spe-
cies are the di- and the monohydroxylated iron. With respect to the fact
that the dihydroxylated iron is inactive, for the NO oxidation it becomes
obvious that the activity in the presence of water is anchored to the available
monohydroxylated surface species and is blocked, especially at low temperat-
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ures by HOFeOH. At elevated temperatures, the monohydroxylated species
becomes thermodynamically more favorable causing its higher availability
as active site. The maximum in the conversion curve results from the re-
quired adsorption of oxygen on the monohydroxylated iron. Although the
content of FeOH significantly increases with temperature, the concentration
of HOFeO, decreases again above 800 K, which can be explained by the in-
creasing influence of entropy at higher temperatures, favoring the desorbed
state. Finally, also in the presence of water, the thermodynamic limitation
of the NO oxidation determines the conversion at even higher temperatures.
The rate-limiting step of the reaction was found to be the internal conversion
of the -OONO ligand from the trans- to the cis-configuration.

It should be noted that, in the so far discussed model, we have included
the reactions on the Brgnsted acid that were found relevant in the fast SCR
(compare chapter 6). In addition, the conversion in the absence of the con-
tribution of the Brgnsted acids is presented in Figure 9.3 b) (e, “w/o Z-H”)
and a significant deviation between the two conversion curves is apparent at
low temperatures. The reason for this deviation is the production of nitrous
acid on the Bregnsted acids from the decomposition of NoOgs, which further
decomposes on the monohydroxylated iron by forming the dihydroxylated
species. This reduces the amount of available active sites significantly for
the case of the consideration of the full system in comparison to the only
iron-considering catalyst. In Figure 9.3 b), the concentration of HONO in
the reactor outlet is shown over temperature for both cases. The deviation in
conversion is eliminated, as soon as the production of this species is the same
for both catalysts at temperatures above 640 K. While the consideration of
the Brgnsted acids is obviously required in our model to correctly account
for the conversion curve, an uncertainty remains if there really is a negative
influence of the Brgnsted acids or if this is only an artifact of our model,
resulting from an underestimated production of HONO on the iron species.

The discussion so far did not address the nuclearity of the iron species.
Good agreement between the model and experimental data was obtained
for various iron loadings. However, especially at high iron loadings, also
other species than the mononuclear ones are present.?” In Figure 9.4, the
impact of the Fe/Al ratio is shown in comparison to the conversion curve
in the absence of water for the specifications as in Figure 9.1 d). It can be
seen that a further increase in iron does not significantly further enhance
the conversion, while a decrease of Fe has a more pronounced impact. It
could be suggested from this result that the NO oxidation is dominated by
mononuclear iron species and that in the modeling of catalysts of higher iron
contents the amount of present active sites is overestimated which, however,
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Figure 9.3: a) Simulated conversion of NO in the absence and presence
of water in comparison to experimental data of a specified catalyst ( O ref.
[172]) and an unspecified catalyst (o and A ref. [163]) and surface coverages
of the dominant surface species vs. temperature. b) Impact of Bronsted
acids on the NO oxidation in the presence of water vs. temperature.

then only has a minor impact. Alternatively, it could be suggested that iron
species of higher nuclearity exhibit a similar activity for the NO oxidation,
which makes the distinction between the sites dispensable.

In summary, the reaction mechanism for the NO oxidation was elucid-
ated for both cases, in the absence and in the presence of water. The strong
inhibiting influence of water on the system is related to the formation of
dihydroxylated iron species from the reaction of water with FeO, which are
inactive for the NO oxidation. The reaction itself proceeds on the mono-
hydroxylated iron species, which exhibits a lower activity for the reaction,
as was already concluded from the comparison of the energy profiles of the
two mechanisms in chapter 7. To explain the discrepancy of the activity of
the Fe-ZSM5 for the NO oxidation and the standard SCR, Delahay et al.2%
assumed that the rate-limiting step of the NO oxidation is the desorption
from NO, and that ammonia reacts with the adsorbed species to eliminate
the desorption step in the SCR. Although the rate-limiting step was found
in the absence of water to be the desorption of NO, from the -OONO ligand
the coverage of this species is negligible. In the presence of water, which is
a product of the SCR, the surface is dominated by the hydroxylated iron
species and, thus, it is more likely that ammonia reacts with these than with
a surface nitrite. Furthermore, also no adsorbed nitrous or nitric acid are
obtained as relevant surface species in contrast to the suggestions of Metkar
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et al.33 It could be argued that the general idea of ammonia retransfer-
ring the active site to the more active FeO within the SCR still might be
plausible in view of the results of the preceding chapter 8. It was shown,
based on the DF'T, that the fast SCR mechanism includes both species, FeO
and FeOH and that ammonia also reacts with the dihydroxylated iron spe-
cies. However, the energy profile of the fast SCR suggested that, again,
the monohydroxylated iron species will be dominating and the more active
FeO is probably not available in sufficient amounts for the NO oxidation. A
more detailed discussion on that issue is presented in the subsection on the

standard SCR.

9.3.2 Modeling of the NH;3; Oxidation (SCO)

The oxidation of ammonia is known to be an unwanted side reaction of the
SCR, which is also fairly well catalyzed by the Fe-ZSM5.%2! However, within
the after-treatment of applications that use ammonia, the SCO was also
found useful to prevent ammonia slip. The benefit of the iron-exchanged
zeolite for this reaction is the favorable selectivity towards nitrogen as op-
posed to noble metal containing catalysts that produce NO and N;O in
significant amounts.*? From a mechanistic aspect, this beneficial selectivity
is related to the parallel proceeding SCR, which is capable to convert in-
termediately produced nitric oxide to nitrogen.?!"2!9 This is supported by
Yang et al.**?2° who found a good correlation between SCR activity and



9.3 Results and Discussion 237

SCO selectivity towards nitrogen. In analogy to the discussion of the relev-
ant active site species for the SCR, also within the SCO it can be assumed
that different species are involved with differing activity. Akah et al.?!7 con-
cluded that binuclear iron sites are responsible for the oxidation of ammonia
to nitrogen, while Fe;Og3 clusters predominately cause nitric oxide. This is in
agreement, with the conclusion of Long and Yang??° that a low ratio of Si/Al
together with a high iron content is favorable for the SCO. Also Branden-
berger et al.?® concluded that the ammonia oxidation is primarily catalyzed
by lower clustered oligomers and most likely binuclear species, based on the
correlation of statistically estimated iron species concentrations with activity.
Thus, it is at hand that our model, which only accounts for the mononuclear
iron sites, is not the best choice to describe the SCO in general. However,
Akah et al.*? analyzed a catalyst with a very low iron content (Fe/Al=0.08,
Si/Al=15) for which, in comparison to a similar catalyst from Brandenber-
ger et al.,?% the conclusion can be drawn that a high fraction of about 80%
of the iron is present as monomeric species. Furthermore, Akah et al.?!”
also observed an enhancing influence of the Brgnsted acids with respect to
activity and selectivity and although the H-ZSM5 was found to be less active
and selective for the SCO, (compare chapter 6, section 6.3.4) its interaction
with the iron is not known. Here, we compare our model against the data
presented from Akah et al.*? to analyze the impact of the Brgnsted acids
and the mononuclear iron sites on the SCO. We have adjusted the heat of
formations of essential surface species and relevant reaction rates to obtain
approximately the conversion at 725 K measured by Akah et al.#2. This
resulted for the surface species in an increase of the heats of formation of
the sextet NHyFeOH by AE=2 kcal/mol and of the HOFeH,NO by AE=3
kcal /mol and in a reduction for the quintet species NHyFeOo, and FeOONH,
by AE=-3 kcal/mol. Adjustments on the reaction rates are outlined in Table
F.1 in “SCR on Fe-ZSMb5; Part 4”. From the comparison in Figure 9.5 a),
a reasonable agreement between the model and the experimental data can
be observed. However, not a distinct smooth curve of S-shape is obtained
but rather a double S-shape. This already indicates the overlapping of two
different mechanisms to be responsible for the conversion, dependent on tem-
perature. Whether this effect truly exists, with respect to the potential ob-
servability on a catalyst that only exhibits mononuclear iron sites, or rather
is an artifact of our model, which does not sufficiently smoothly account for
the crossing between mechanisms, cannot be concluded. However, also the
data presented by Metkar et al.?*° for the ammonia oxidation can be inter-
preted in terms of the occurrence of two different regimes with a sharp bend
upwards at approximately 400°C.
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From reaction path analysis, the main contribution of the ammonia oxida-
tion interestingly starts on the Brgnsted acids with the oxidation of ammonia
to nitroxyl. In chapter 6, this was concluded to be the rate-limiting step in
the SCO on H-ZSMb5. However, the subsequent bimolecular reactions of ni-
troxyl on the acid sites do not proceed at all anymore in the presence of the
iron. The nitroxyl mainly adsorbs on the monohydroxylated iron and, by a
proton transfer, forms FeNO together with water, which desorbs. To a certain
extent, the analogous reaction takes place on FeNH, with the reformation
of ammonia together with FeNO. To this surface species oxygen coadsorbs
and nitric oxide as intermediate is released to the gas phase, leaving FeO,.
Parts of the NO (approximately half of it) is oxidized to NO via the forma-
tion of the -OONO ligand from the reaction with FeO,. The produced NO,,
in turn, decomposes within the reverse mechanism of the NO oxidation on
FeO as described in the preceding section 9.3.1. In detail that implies coad-
sorption of the NOy on another FeO,, desorption of oxygen which leaves the
nitrite FeONO and, finally, the desorption of nitric oxide. Thus, the inter-
mediately produced NOs solely serves to consume the surface species FeOs.
Ammonia coadsorbs to the eventually produced FeO and forms NHoFeOH,
which reacts with nitric oxide to nitrosamine. After the desorption of the lat-
ter, monohydroxylated iron is restored. Nitrosamine eventually decomposes
on the Brgnsted acids to nitrogen and water. At elevated temperatures, the
initialization of the SCO on the Brgnsted acid is reduced because of the
decreasing amount of adsorbed ammonia on these sites. The correlation of
this effect can be seen in the change of the conversion curve from convex to
concave at the onset of a steep decrease in ammonia coverage on the acid
sites (Figure 9.6 a). An additional mechanism sets in on the iron sites to
further convert ammonia to nitrogen. Parts of the monohydroxylated iron
are transferred in a reaction with ammonia to FeNH, by proton transfer to
the hydroxyl group and the subsequent desorption of water. To this species
oxygen coadsorbs and via a chain-like ligand, similar to the one in the NO
oxidation, -OONH,, the radical HoNO is released to the gas phase. Next,
it adsorbs on a free FeO, but with the oxygen now bonded to the iron, and
transfers a proton to the free oxygen leading to nitroxyl adsorbed on FeOH.
The remaining consumption of the nitroxyl is analogous to the low temper-
ature behavior. However, related to the increasing formation of water, now
also parts of the FeO are not only consumed by ammonia, but also by wa-
ter, producing dihydroxylated iron, which further leads to the formation of
nitrous acid on monohydroxylated iron. Furthermore, parts of the interme-
diately formed nitrite FeONO transform into the more stable nitrite FeO,N,
which reacts with water to FeOH and nitrous acid. The fate of the thus pro-
duced HONO is anchored to the increasing number of free Brgndsted acids
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Figure 9.5: a) Simulated conversion of NH; and coverage of the dominant
surface species vs. temperature in comparison to data from Akah et al.*?
b) Impact of Brgnsted acids and water on SCO. Surface coverage refers to
simulated water influence.

from ammonia desorption. It decomposes into water and NO™ on the zeolite
and further reacts with ammonia to nitrosamine. The relevant reactions on
the iron are represented in the schematic of Figure 9.6. The pathway from
FeNO to finally FeO is outlined in Figure 9.2 a) and the formation of nitrous
acid from the interaction of water with FeOsN and from nitric oxide with di-
hydroxylated iron is shown in Figure 9.2 b). Nevertheless, the transfer from
the low to the high temperature mechanism is a rather smooth function and
both pathways coexist over a wide range of temperature. The kink in our
conversion curve is thus the representation of a narrow temperature window
in which the activity for the low temperature mechanism decreases faster
than the activity of the high temperature mechanism increases. The dom-
inating surface species on the iron sites is, over a wide range of temperatures,
the dihydroxylated iron. At low temperatures, it is not as dominant because
of the lack of water from the ammonia conversion. Thus here, NHyFeOH is
dominant, which can be interpreted as adsorbed ammonia on FeO. At high
temperatures, a shift towards the monohydroxylated iron takes place result-
ing from an increased reactivity of both, ammonia and nitric oxide with the
dihydroxylated iron.

In Figure 9.5 b) the conversion of ammonia is shown for only the iron sites
in comparison to accounting for both active sites. While above 850 K the
iron sites are the only relevant species, the significant impact of the Brgnsted
acids is apparent below that temperature. Furthermore, it is known 63330
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Figure 9.6: Schematic of the relevant reaction pathways in the oxidation of
NH;. Numbers refer to the spin multiplicities of the species.

that water has an inhibiting influence on the SCO. The impact of 1% water
on the ammonia conversion is also shown in Figure 9.5 b). While the influence
is rather moderate at low temperatures, at high temperatures, it even causes
a decrease in conversion with temperature. This can be explained with the
shown coverages of the iron sites. Here, the dominance of the dihydroxylated
iron is significantly more pronounced, which suppresses the onset of the iron-
catalyzed formation of HoNO and its subsequent transfer to nitroxyl. At low
temperatures, the production of the nitroxyl is governed by the Brgnsted
acids and the decomposition of this intermediate on the iron is only slightly
influenced by water. However, the formation of nitrous acid as outlined for
the regular high-temperature mechanism is now significantly present over
the whole temperature range with its decomposition on the Brgnsted acids.
It should be noted that the experiments of Devadas et al.'%® and Metkar
et al.?3" in the presence of water did not result in a decrease of ammonia
conversion at elevated temperatures. Furthermore, while a comparison with
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the low iron-containing catalyst yielded reasonable agreement to experiments,
the performance of a catalyst with significantly higher iron content, as also
presented by Akah et al.,*? could not be simulated. Both deviations support
the analysis of Brandenberger et al.?¢ that the SCO is mainly catalyzed by
iron species other than the mononuclear sites. This, however, does not mean,
that there is no contribution from the mononuclear iron sites, but solely that
the impact of these sites is less pronounced than the influence of other iron
species. With that, the reduction in activity from water could, in fact, still
be related to the break down of the contribution of the mononuclear sites,
although this conclusion remains rather speculative in the absence of related
experimental data.

9.3.3 Modeling of the Fast SCR

It is well established that NO, exhibits a boosting effect on the activity for the
selective catalytic reduction of nitric oxide with ammonia with a maximum
at equimolar amounts of NO and NO,, known as the fast SCR.37:38319,333
This finding was a main contributor to the suggestion that in the standard
SCR the NO oxidation is the rate-limiting step'®® and Krocher et al. %% even
concluded the fast SCR to be the true SCR. In diesel engines, this boosting
effect is available because of the installation of preoxidation units prior to
the addition of ammonia as reducing agent in exhaust gas treatment.!70:329
In any case, the fast SCR can be interpreted as the central part within the
SCR. Schwidder et al.?” concluded that mononuclear iron sites are sufficient
for the activity of Fe-ZSM5 for the fast SCR. Furthermore, the fast SCR
also proceeds on the Brgnsted acids with significant activity,3"3%1°¢ but the
influence of these sites in the iron exchanged catalyst is not known. Finally
for the fast SCR, Iwasaki et al.?33 observed a change in apparent reaction
order of ammonia at low temperatures from positive to negative and Tronconi
et al.1% found a blocking effect of ammonia from transient experiments. In
this section, we compare our model against the data from Schwidder et al.37
to elucidate the governing mechanism for the fast SCR. In addition, the
impact of the two different active sites is analyzed based on a variation of
the iron content as well as from simulating a virtually Brensted acid-free
catalyst. We adjusted our model to approximately obtain the experimentally
measured NO conversion at 525 K based on a sensitivity analysis of the heats
of formation and the reaction rates. The values for the quintet NH,FeOH-NO
and for the quartet HOFeO-ONO_tu have been reduced by AE=-3 kcal/mol
and for the sextet HOFeO,NO increased by AE=3 kcal /mol. Adjustments on
the reaction rates are outlined in Table F.1 in “SCR on Fe-ZSM5; Part 17.
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Figure 9.7: Simulated conversion of NH; (A), NO (o) and NO, (O) vs. tem-
perature in comparison to data from Schwidder et al.?” a) Tron and Brgnsted
acids b) Only Iron.

In Figure 9.7 a) the comparison between the experiment and the mi-
crokinetic model is shown. Good agreement between the conversion curves
for NO, NOy and NH3 can be observed over the complete range of tempera-
ture. Above 650 K, experiments suggest that the conversion of NH3 should
be slightly higher than the NOs conversion, which is related to the more
dominant oxidation of ammonia. In our model, this is not the case but can
be explained by the fact that we only considered the mononuclear sites. It
can be assumed that in the true catalyst species of higher nuclearity also
exist which cause the oxidation of ammonia, as was discussed in the preced-
ing section 9.3.2. Furthermore, the stoichiometry of the fast SCR suggests
a one-to-one consumption of NO and NOy. The deviation, as is observed at
elevated temperatures in the simulation as well as in the experimental data,
can be related to the NOy SCR which proceeds in parallel, as will be further
discussed in the subsequent section 9.3.4. In Figure 9.7 b) the comparison of
only the contribution of the iron sites with the experimental data is shown.
While in general also for this case a quite good agreement can be stated,
there is a region between 500 K and 700 K in which the Brgnsted-free cata-
lyst represents the increase in conversion too shallowly as compared to the
curves accounting for both active sites. Thus, our data clearly shows that
there is a non-negligible contribution from the Brgnsted acids on the fast

SCR.

From reaction path analysis, it is obtained that the mechanism on the iron
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proceeds mainly via the adsorption of ammonia on FeO, followed by a proton
transfer to NHoFeOH. This species reacts with nitric oxide to nitrosamine ad-
sorbed on monohydroxylated iron. Another ammonia molecule coadsorbs to
the latter and a hydrogen transfer leads to the formation of water on FeNH,.
The amino group is consumed after the coadsorption of NOy, followed by
the formation of a second nitrosamine. The original active site FeO is re-
stored upon desorption of the NH;NO. Because of the fact that both species,
FeO and FeOH, are accessed within the reactive cycle it is rather arbitrary
which species is denoted as the representation of the active site. For the
initialization of the formation of NHoFeOH, which reacts further with nitric
oxide, two further pathways via the intermediate formation of dihydroxylated
iron are also accessed. Partially, water decomposes directly on FeO to form
HOFeOH. Furthermore the surface nitrite FeOyN is formed from the adsorp-
tion of nitric oxide on FeO, prior to a reaction with water, leading to nitrous
acid. The latter decomposes again on monohydroxylated iron, resulting in
the dihydroxylated iron together with gas phase NO (compare schematic in
Figure 9.2 b). The dihydroxylated iron is then consumed by ammonia to the
intermediate NH,FeOH. This shows that, here, the dihydroxylated iron does
not block the active site as was the case in the NO oxidation in the presence
of water and neither does a nitrite species concentrate on the surface. Fur-
thermore, the barrier for the formation of the intermediate NHyFeOH from
the reaction of ammonia with FeO is even slightly higher than for the hydro-
gen transfer of ammonia to dihydroxylated iron. The relevant reactions on
the iron as active site are shown in the schematic of Figure 9.8.

In the presence of both active sites, it is at hand that also the mechan-
ism of the H-ZSM5 is accessed and parts of the NO, are converted via the
intermediate formation of NO™ from the decomposition of NyOs and NyOy4
on the Brgnsted acids, because of the large amount of available active sites.
While at approximately 500 K this contribution is, to a large extent, blocked
by the strong adsorption of ammonia, its impact increases steadily. In fact,
at about 600 K nearly 75% of the conversion of the NO, proceeds on the
Brgndsted acids. That does not imply that without the acids the conversion
would be significantly less, which can be seen in Figure 9.7 b) to not be
the case, but solely that in this regime the pathway via the Brgnsted acids is
more favorable. A further interaction between the two active sites takes place
via the intermediately formed nitrous and nitric acid. At low temperatures,
acids, formed on the Brgnsted centers, partially decompose on FeOH to form
the dihydroxylated iron, which reacts further with ammonia to NHyFeOH.
At high temperatures, however, produced nitrous acid from the reaction of
water with the nitrite FeO;N decomposes partially on the Brgnsted acids to
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Figure 9.8: Schematic of the relevant reaction pathways in the fast and
NO5 SCR. Numbers refer to the spin multiplicities of the species.

water and NO*, which further reacts with ammonia to nitrosamine. Des-
pite the impact of the Brensted acids, the coadsorption of nitric oxide to
the species NHyFeOH prior to the formation of nitrosamine was found to
be the rate-determining step on iron as the active site. This indicates that
a significant further increase in nitrogen production is anchored to the iron
sites. In Figure 9.9 a), the conversion of NOy (NO+NO,) is shown for the
cases of only iron sites, only the H-ZSM5 and the combined catalyst in com-
parison to the data from Schwidder et al.3” The difference in the conversion
curves points out again the impact of the Brgnsted acids in contrast to the
iron sites within the region between 500 K and 700 K. Below and above this
temperature, the conversion curves of the true and the “only iron” catalyst
coincide, illustrating the fact that, here, the contribution of the Bregnsted
acids is negligible. From the comparison with the curve of the H-ZSM5, it is
apparent that the positive influence of the Bronsted acids on the Fe/H-ZSMb5
coincides with the regime of maximum activity of the H-ZSM5. In Figure 9.9
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Figure 9.9: a) Simulated conversion of NO, on the iron sites only, on
the Brgnsted acids only and on the combined catalyst in comparison with
experimental data (ref. [37]) vs. temperature. b) Comparison of simulated
NH; and NO, conversion and coverage of the dominant surface species vs.
temperature.

b), the dominant surface species on the iron sites are shown together with
the NO, conversion of the regular case. At the very low temperatures, prior
to which an observable conversion takes place, the surface is covered with
ammonia adsorbed on the nitrite FeO;N. Here, mainly the nitrite blocks the
active site because the reaction with ammonia is not yet active. As soon
as the conversion of NO, is initiated, the surface transfers to mono- and
dihydroxylated iron species, with a peak of the latter at approximately 560
K. This is the regime when sufficiently amounts of water are present from
the increased conversion of ammonia to form the dihydroxylated species. At
higher temperatures the monohydroxylated iron is the only dominant surface
species. In addition, the conversion of ammonia is shown in comparison to
the NO, conversion. While in the fast SCR the stoichiometric conversion
of ammonia and NO, equals one, the deviation of the two curves, starting
slightly at 600 K and becoming significant above 700 K, marks the onset of
ammonia oxidation. From comparison with the experimental data this effect
should be more strongly pronounced. This underestimation of the ammonia
oxidation illustrates again the limited capability of mononuclear iron sites to
catalyze the SCO.

The analysis of the influence of the iron content on the conversion is shown
in Figure 9.10 in comparison to the original catalyst (Fe/Al=0.18). Overall,
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Figure 9.10: Simulated conversion of NO, with varying iron content. Num-
bers refer to the Fe/Al ratio.

the influence is rather moderate. However, a reduction of the iron content
appears to cause a stronger pronounced decrease in activity than an increase
does rise the conversion at lower temperatures. Thus, with a certain amount
of mononuclear iron sites present in the catalyst, high conversions can be
achieved in the fast SCR and a further increase of the iron content has a
rather low impact. This is in agreement with Schwidder et al.?” who, for the
fast SCR, found the difference in iron content for three catalysts prepared
by liquid ion exchange to be nearly negligible. The fact that our model is in
good agreement with the experimental data, even though it only accounts for
the mononuclear iron sites, strongly supports the suggestion of Schwidder et
al.®” that only mononuclear iron sites are required for the fast SCR. Epling
et al.?? recently found from spatial resolution experiments that while the
fast and the NOy SCR proceed in parallel, the onset of the standard SCR
will be negligible until the reactants for the fast SCR are consumed. Thus,
even for zeolites containing a very high amount of iron no significant increase
in activity for the fast SCR can be obtained because only the mononuclear
sites contribute to the conversion and their sensitivity to the iron content
appears to be rather low. The fact that there already is a strong impact of
the rather small addition of iron (Fe/Al=0.05) in comparison to the parent
H-ZSMS5 is, in turn, in agreement to the finding of Schwidder et al.3” and
Devadas et al.®® that iron also contributes to the reaction of the fast SCR
and does not only serve for the oxidation of NO to NOs.

To analyze the reported ammonia inhibition effect at low temperatures,



9.3 Results and Discussion 247

its concentration was varied at 470 K from 300 to 2000 ppm in analogy to the
experiment of Iwasaki et al.33? for the above discussed set up. In Figure 9.11
a), the conversion over the ammonia concentration is shown for both cases,
the catalyst with both active sites, iron and Brgnsted acids and the catalyst
with only iron as active site. While the only iron catalyst shows a decrease in
NOy conversion over the complete range, the catalyst with both active sites
is in perfect agreement with the behavior reported by Iwasaki et al.?3? First,
an increase of the conversion with ammonia concentration up to a maximum
slightly before the correct stoichiometric concentration is obtained, followed
by a decrease in conversion. The reason for this behavior can be related to
the steady state surface coverages. While the conversion requires the mono-
hydroxylated sites, at low ammonia content, the surface is covered with the
nitrate species FeO;NO and HOFeOo,NO, which block the active site. The
interesting fact is that the nitrates result from the decomposition of nitric
acid on the iron, which is produced from the decomposition of NyO,4 on the
Bronsted acids. With lower ammonia concentration in the feed, the acid sites
are less strongly blocked by adsorbed ammonia at this temperature and, thus,
catalyze the decomposition of NoOy. Thus, with increasing ammonia con-
centration the production of nitric acid on the Brgnsted acids is reduced and
less surface nitrates are formed on the iron. A further increase of ammonia
causes the dominating adsorption of ammonia on the nitrite FeO,N, which
blocks the active site as ammonia is not sufficiently capable to reduce the
nitrite at this temperature. This again causes the decrease in conversion.
With only the iron sites present as active sites, the formation of nitrates is
rather negligible as can be seen in Figure 9.11 b) and, thus, at low ammonia
content, the monohydroxylated iron sites dominate with an increased con-
version. With higher ammonia concentrations, however, it is this additional
production of nitrous and nitric acids on the Brgnsted centers which serve
as shuttles for hydroxyl groups and cause a higher flexibility in the system,
making the combined catalyst superior over the only iron-containing catalyst.
Furthermore, the additional conversion on the Brgndsted acids also causes a
higher concentration of water, which triggers the consumption of the surface
nitrite and, with that increases the number of unblocked active sites.

In summary, it was shown that the mechanism on the mononuclear iron
sites, starting from FeO, involves the intermediate formation of amino groups
from adsorbed ammonia, which further react with NO, to nitrosamine. Within
the mechanism, water is produced directly on the iron from the interaction
of ammonia with monohydroxylated iron and dihydroxylated iron sites are
easily consumed by ammonia rather than blocking the active site. Further-
more, it was shown that between 500 K and 700 K the reaction on the
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Figure 9.11: Influence of ammonia concentration on the conversion of NO,
at 470 K and on the coverage of the dominant surface species. a) Both active
sites b) Only iron.

Bronsted acids significantly contributes to the overall conversion and cannot
be neglected. Besides the obvious additional conversion of NOy, the inter-
action between the active sites with respect to production or consumption
of nitrous and nitric acid was highlighted. In agreement with the data of
Schwidder et al.,3" the iron content was shown to only have a moderate im-
pact on the activity and it can be assumed that mainly mononuclear iron sites
are responsible for the catalysis of the fast SCR. However, the by Tronconi
et al. 198170281 claimed significance of a reaction of nitric oxide with a surface
nitrate as rate-limiting step could not be confirmed. Although present to a
certain extent at low temperatures, the nitrates were not found to contribute
to the reaction path. In fact, their proposed reaction mechanism for the fast
SCR via the disproportionation of NyOy, the formation of ammonium nitrite
and the decomposition of the latter has strong resemblance to the mechanism
on the Bronsted acids as described in chapters 4 and 6. On the mononuclear
iron sites, however, the reaction appears to require the intermediate forma-
tion of amino groups on the surface.

9.3.4 Modeling of the NO, SCR

The impact of NOy, was not only found to be enhancing in the limit from
NOy/NOx= 0 to 0.5, but to exhibit a maximum in the equimolar ratio of
NO and NOy denoted as the fast SCR. Further increase of the NO4 content
is known to decrease the activity of the catalyst compared to the fast SCR
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and to cause the production of nitrous oxide.3¥40:178:352 At the boundary of
the pure NO, SCR, the lowest activity and the highest production in N,O is
observed for the case of NOy/NOy > 0.5. However, the production of nitrous
oxide was found to exhibit a maximum at medium temperatures with nearly
equimolar amounts to nitrogen, followed by a significant decrease at high
temperatures. Based on the proposed mechanism from Tronconi et al.!™
the production of nitrous oxide is explained from the decomposition of am-
monium nitrate. Furthermore, they speculate about the direct consumption
of surface nitrates with ammonia to nitrogen, representing an additional NOg
SCR mechanism. At high temperatures, the further increase in selectivity
to nitrogen is attributed to the decomposition of NOy to NO, followed by
the access of the fast SCR. Iwasaki et al.? further suggested the increased
reduction of produced nitrous oxide from a NoO SCR. For the H-ZSM5, we
have shown in chapter 6 that the production of nitrous oxide is related to the
decomposition of nitric acid on Brensted acids to NOJ prior to the formation
of nitramide from a reaction with ammonia. The latter decomposes to N,O
and water.

To elucidate the mechanism on the iron-containing catalyst, we used the
same set up as applied in the fast SCR and discussed the results on a qualit-
ative basis with the experimental literature. In Figure 9.12 a), the conversion
of NOy is shown in comparison to the fast SCR for the case of only the iron
being the active site and for both active sites. In agreement with the exper-
imental literature, the activity is lower as compared to the fast SCR with
respect to a higher light-off temperature. Similarly as for the fast SCR, the
impact of the Brgnsted acids on the conversion of NO, is observed at mod-
erate temperatures between 550 K and 700 K. At lower temperatures, the
only iron-containing catalyst appears even slightly superior. At high tem-
peratures, from the overlap of the two conversion curves, it can be concluded
that only the iron sites are responsible for the conversion. For the mechan-
ism on the iron sites, we found a strong resemblance to the mechanism of
the fast SCR from reaction path analysis. From the interaction of ammo-
nia with either FeO or the dihydroxylated iron, the intermediate NHoFeOH
is formed after a proton transfer. NO, reacts with this species by forming
adsorbed NHy;NO, on monohydroxylated iron. The nitramide decomposes
on the Bregnsted acids to nitrous oxide and water. The remainder of the
mechanism is equivalent to the fast SCR. Ammonia reacts with FeOH to
FeNH, followed by the reaction of another NO,, which forms nitrosamine
and restores the active site. Thus, the striking difference is the formation
of one nitramide rather than a nitrosamine. The details are outlined in the
schematic of Figure 9.8 together with the mechanism of the fast SCR. This,
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however, dictates the equimolar formation of nitrogen and nitrous oxide. The
change of this ratio is anchored to the decomposition of NO, into NO and
O5 on FeOH in the reverse direction as described for the oxidation of NO
in section 9.3.1. To a rather small extent, also produced nitrous oxide de-
composes on monohydroxylated iron leading to HOFeO, which is part of the
decomposition pathway of NOs. Thus, the NoO decomposition produces the
precursor of the subsequent decomposition of a NOy molecule. From a mech-
anistic aspect, this correlates with the decomposition of nitrous oxide in the
presence of NO as outlined by Heyden et al.3%

In the presence of both active sites, however, the reaction is, at low tem-
peratures, mainly catalyzed by the Brgnsted acids via the decomposition of
asN,O4 to NO™T and nitric acid. The latter decomposes to a certain extent
on the Brgnsted acids but also on the iron sites, which mainly causes the
formation of surface nitrates. At slightly higher temperatures, the nitric acid
behaves similar to the nitrous acid in the fast SCR by forming dihydroxylated
iron from the decomposition on FeOH. In this moderate temperature regime,
also the nitrates decompose and release NOy. This is represented by the
surface coverages shown in Figure 9.12 a) as well. At low temperatures,
the iron species are nearly completely covered with nitrates (FeO,NO and
HOFeO;NO), which are further enforced from the production of nitric acid
on the Brgnsted acids. At medium temperatures, the nitrates decompose
or react with water to nitric acid. Furthermore, the decomposition of nitric
acid on monohydroxylated iron forms, to a large extent, dihydroxylated iron,
making it the dominating species. Also in this regime, the contribution of the
Bronsted acids is dominating the reaction. Similarly, as for the fast SCR, this
does not imply that the reaction cannot proceed on the iron, but solely that
it is more favorable on the Brgnsted acids in this temperature range. It is
at hand that also the rate-determining step in this regime is anchored to the
Bronsted acids with the adsorption of ammonia on NO™, while at higher tem-
peratures the adsorption of NO; to NHyFeOH becomes dominant. Finally,
at high temperatures, the surface is covered with the monohydroxylated iron
sites. The lower activity of the NOy SCR, as compared to the fast SCR, can
be related to the fact that, at low temperatures, surface nitrates form on the
iron and block it as active site. This is further enhanced by the production of
nitric acids on the Brgnsted acids, which then decompose on the iron sites to
nitrates. At moderate temperatures, the two surface nitrates are still formed
from a first decomposition of nitric acid on FeOH to FeOsNO and the de-
composition of a second nitric acid on this species by releasing a NO,. This
causes the second observed nitrate HOFeO,NO, which further decomposes to
NO, and HOFeO. Thus, at elevated temperatures, the formed nitrates only
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Figure 9.12: a) Simulated conversion of NOy on the iron sites only and
on the full catalyst in comparison with the simulated NOx conversion in the
fast SCR and coverage of the dominant surface species vs. temperature b)
Comparison of simulated NO, conversion at different NO,/NOy ratios and
corresponding production of NoO vs. temperature.

serve in the decomposition of nitric acid back to the reactant NOs, without
directly contributing to the conversion to nitrogen. The schematic of this
sequence is illustrated in Figure 9.13.

In Figure 9.12 b), the conversion of the fast SCR, the NO, SCR and an
intermediate case with a ratio of NOs/NO,=0.75 is shown together with the
corresponding production of nitrous oxide versus temperature. In agreement
with the experimental literature,384%:170:178 the activity decreases with an in-
crease of the NO4/NOy ratio together with an increase of the NoO production.
The somewhat twisted shape of the curve of the conversion corresponding
to a ratio of 0.75 is clearly related to the difference in activity of the fast
and the NOy SCR. At low temperatures, the shape is governed by the fast
SCR mechanism, because the NOy SCR is not yet active. With increasing
temperature and activity, the shape more and more adapts to the NOy SCR
mechanism, because the further increase of NO, conversion is anchored to it.
Also the formation of nitrous oxide in the NO, SCR is in general agreement
with the experimental data,3®%° with the maximum strictly related to the
increasing conversion and an absolute value between 40% and 50% of the
converted reactants. To further emphasize the difference in nitrogen versus
nitrous oxide production, we have included the Ny production curve in Fig-
ure 9.12 b) for the NOy SCR together with the equilibrium curve for NO,
and NO. The deviation of the Ny and NoO curve below 530 K results to a
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Figure 9.13: Schematic of the formation of nitrates from HNOj3 decompo-
sition. Numbers refer to the spin multiplicities of the species.

certain extent from non-decomposed nitric acid and might be an artifact of
our model. However, above this temperature, the deviation is caused by the
decomposition of NOy to NO and oxygen making the fast SCR mechanism
accessible. While at the low temperatures, this effect is still rather low, its
impact significantly increases with temperature when the equilibrium fur-
ther shifts to the favor of nitric oxide. Thus, our model suggests that the
true mechanism of the NO; SCR should be seen in close analogy to the
fast SCR with an equimolar production of nitrogen and nitrous oxide. The
macroscopically observed deviation from this ratio mainly results from the
decomposition of NOy to NO. A further partial decomposition of produced
N5O, as described above, or a further benefit from the NoO-SCR cannot be
excluded, however, an additional mechanism for the direct conversion of NO,
to only nitrogen with ammonia appears not to be required.

9.3.5 Modeling of the New “Enhanced” SCR

Recently, Tronconi et al.?34335 have proposed a new reaction system for the
SCR, applying ammonium nitrate as additional reducing agent besides am-
monia. They found a significant increase in activity at low temperatures in
comparison to the standard SCR, which was even close to the fast SCR. The
benefit of such a system is the rather simple supply of the ammonium ni-
trate in aqueous solution and its availability. It was pointed out that injecting
such an additional boosting agent might be superior to an upstream oxida-
tion catalyst that partially transforms the nitric oxide to NOy for the fast
SCR. In fact, they also found the same result for the injection of nitric acid,
which corresponds in its stoichiometry to equation (8.4) by considering the
ammonium nitrate to decompose into ammonia and nitric acid. Assuming a
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barrierless decomposition in the gas phase for the ammonium nitrate, we sim-
ulated the conversion of NO according to the stoichiometry of equation (8.4)
and compared the result to the fast and the NO, SCR. It should be noted
that for the reason of accurate comparison, we also included the ammonium
nitrate in the ammonia conversion balance as well as in the NO, balance.
While this is at hand for ammonia with respect to the decomposition of am-
monium nitrate, it also has to be considered that nitric oxide accounts for a
NO; molecule and, thus has to be included into a NO, balance. In Figure
9.14 a), the comparison between the reactive systems is shown. It can be
seen that up to 600 K, a significant conversion is obtained, similar as to the
fast SCR in agreement with the observation from Tronconi et al.33%33° in a
stoichiometric consumption of ammonia and the combined NOy (Figure 9.14
b). Interestingly, between 510 K and 580 K, the conversion curves of the fast
and the enhanced SCR come very close to an overlap. Also, the production
of nitrous oxide is rather low up to 600 K in agreement with Tronconi et
al.33 However, above 600 K the NO, conversion exhibits a maximum and
decreases together with a significant increase in the production of nitrous
oxide. Already the low amounts of NoO below 600 K are related to the de-
composition of nitric acid on the Brgnsted acids according to the NOy SCR
mechanism on H-ZSM5 as shown in chapter 6 and the subsequent formation
and decomposition of nitramide. Above this temperature, the desorption of
ammonia unblocks large amounts of Brgnsted acids for the decomposition of
nitric acid as can be seen in Figure 9.14 b) from the good correlation of the
decreasing ammonia coverage and the decreasing NO, conversion. Whether
this is an artifact of our model resulting from an overestimation of nitric acid
decomposition on the Brgnsted acids cannot be concluded, because only ex-
perimental data up to 350 °C is published. However, by taking into account
that the low temperature regime is the one of interest for application and
the good qualitative agreement with experiments in this regime, it can be
concluded that our model appears suitable to explain the mechanism of the
new enhanced SCR as well.

From reaction path analysis, it can be obtained that on the iron sites
the catalytic cycle involves, first, the adsorption of nitric acid on mono-
hydroxylated iron sites. In parts, it decomposes in terms of the release of
NOs,, leaving dihydroxylated iron. The latter reacts with ammonia, as out-
lined in the fast SCR schematic, to NHoFeOH and then with nitric oxide
to nitrosamine and monohydroxylated iron. Summarizing this short cycle,
the nitric acid from the ammonium nitrate has two effects. From its de-
composition on FeOH, it causes the formation of the relevant precursor for
the reaction with nitric oxide of the fast SCR. In addition, an NOy molecule
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Figure 9.14: Simulated NO conversion of the new “enhanced” SCR. a)
In comparison with simulated fast and NOy SCR together with the N,O
production vs. temperature. b) In comparison to the ammonia conversion
and with the coverage of the dominant surface species vs. temperature. NH,
refers to the Brgnsted acids.

is released, which, within the fast SCR stoichiometry, consumes a second
nitric oxide in agreement with the overall stoichiometry of the enhanced
SCR. In addition, nitric acid also decomposes on FeOH via the surface ni-
trates FeOo,NO and HOFeO;NO as outlined in the preceding section 9.3.4
and shown in Figure 9.13. Here internally, mainly NO, is produced, with
the decomposition of two molecules nitric acid forming three molecules of
NOsy. The benefit from this decomposition results from the caused oxidation
of one NO to NOs. Because each of the NOy molecules causes in turn the
consumption of one nitric oxide in the fast SCR, the balance of the overall
stoichiometry is obtained again: two nitric acids consume four nitric oxide
molecules. With that, from a mechanistic point of view, the enhanced SCR
can be interpreted as a mixture of the fast and the NOy; SCR by accessing
the relevant pathways of both reactions. It is at hand that the interaction
with the Brgnsted acids also here proceeds in analogy to the mechanisms
outlined for the fast and the NOy SCR. In 9.14 b), we have included the
coverages of the dominant surface species. Clearly related to the nitric acid
from the ammonium nitrate, the surface is blocked with surface nitrates at
low temperatures. This is in close analogy to the NO, SCR and can also be
seen as the reason why the enhanced SCR is less active than the fast SCR.
At intermediate temperatures, the dihydroxylated iron sites appear and, fi-
nally, the mononuclear sites dominate the surface at high temperatures. In
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the moderate regime the surface organization strongly resembles the one of
the fast SCR, which further supports our interpretation of the enhanced SCR
being a mixture of the NO, and the fast SCR. With that, our results strongly
suggest that also the enhanced SCR mainly proceeds on mononuclear iron
sites. The increase in conversion at high temperatures is related to the onset
of ammonia oxidation and the standard SCR as well as the partial decompo-
sition of produced nitrous oxide on monohydroxylated iron to HOFeO, which
further causes the oxidation of NO to NOs (see Figure 9.13). This last part
can be interpreted in the view of the NoO SCR.

9.3.6 Modeling of the Standard SCR

The standard SCR is commonly separated into diverse subsystems with the
center piece represented by the fast SCR and the rate-determining step rep-
resented by the oxidation of NO.38:158,282.283.330 The NO, SCR, responsible for
the production of unwanted nitrous oxide, and the SCO, responsible for the
unwanted additional consumption of ammonia, are rather considered as side
reactions that have to be accounted for. Thus, in general, the combination
of a correct mechanism for the NO oxidation with the fast SCR should be
capable to account for the standard SCR. However, from the observed dis-
crepancy between activity of NO oxidation and standard SCR doubts have
been stated towards such a simplistic combination. Delahay et al.?®? sug-
gested the reaction of ammonia with adsorbed NO, in terms of a nitrite to
overcome this discrepancy. Metkar et al.?3" recently claimed that the NO
oxidation is only less active than the standard SCR in the presence of water
and that ammonia neutralizes the water inhibition by reaction with adsorbed
nitrous and nitric acid on the iron sites. Schwidder et al.,?” in contrast, rather
assumed a complete different mechanism in the standard SCR as compared
to the fast SCR. Furthermore, the nature of the present iron species appears
to be of significance. While the fast SCR can be concluded to predominantly
proceed on mononuclear iron sites as suggested by Schwidder et al.3” and
supported by our model in section 9.3.3, Brandenberger et al.?® concluded
that above 300°C the contribution of dinuclear iron sites becomes significant

in the standard SCR.

To analyze the impact of the mononuclear iron sites and the Brgnsted
acids on the standard SCR, we compared our model with the same set-up
as for the fast SCR against the corresponding data from Schwidder et al.37
as well as against the conversion for a catalyst of very low iron content of
Brandenberger et al.?0 The results are shown in Figure 9.15 a) and b). In
comparison to the data from Schwidder et al.,” it becomes apparent that
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Figure 9.15: Simulated NO and NHj3 conversion in the standard SCR and
the dominant surface species vs. temperature. In comparison to a) Schwidder
et al.?”, b) Brandenberger et al.

a description with only the mononuclear iron sites is not capable to repro-
duce the conversion correctly. Only up to a temperature of about 575 K,
an agreement is observed while at higher temperatures a significant under-
estimation of our model is obtained. This is, however, in perfect agreement
with the conclusions of Brandenberger et al.?® who related the contribution
of the mononuclear iron sites to the conversion in the standard SCR to below
300°C. The real catalyst with an exchange degree of Fe/Al= 0.18 certainly
exhibits to a large extent also dinuclear iron sites and probably even clusters
of higher nuclearity. Thus, as a first conclusion, in contrast to the fast SCR,
the standard SCR certainly also requires iron species other than mononuc-
lear iron sites to exhibit a significant activity. The real catalyst used for
the simulation of the conversion shown in Figure 9.15 b), however, exhibits
nearly exclusively mononuclear iron sites with an exchange degree of Fe/Al=
0.02 according to Brandenberger et al.?® And in fact, a very good agree-
ment of our model with the experiments is obtained for the NO conversion
up to 675 K. Above this temperature, several aspects might be responsible
for the increasing deviation. First of all, also the H-ZSM5 becomes active
and contributes to the conversion as is shown by Brandenberger et al.3¢ As
a rough approximation, we have subtracted this contribution from the data
for the Fe-ZSM5 and added these data points (O) to the graph. Our conver-
sion curve comes quite close to the reduced data-point at 775 K. Because a
correct accounting for the standard SCR is not included in our model, the
deviation starting above 675 K could partially be attributed to a conversion
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on the Brgnsted acids. Furthermore, a decrease in conversion is observed
with our model above 700 K. By also taking into account the significantly
higher conversion of ammonia at this temperature, it is obvious that here
the ammonia oxidation plays a distinct role. The latter, however, was found
to exhibit a decreasing behavior at elevated temperatures in the presence
of water with our model. Because the modeling here contains 5% water in
the feed, the decreasing conversion can be explained from the relation to the
ammonia oxidation. It has to be noted that the standard SCR is known to
be rather insensitive to water in the feed.?®!78339 However, no experimental
data is available that also certifies this finding for only mononuclear iron sites
and, thus, it remains highly speculative whether this behavior of our model
is just an artifact or truly existing, as was already discussed in the context
of the SCO. Finally, even in a catalyst of very low iron exchange degree, as
compared to here, it cannot be excluded that also higher clustered iron spe-
cies are present that become sufficiently active at the higher temperatures to
account for the deviation between our model and the experiment.

Nevertheless, assuming that our model accounts at least qualitatively
correct for the standard SCR on mononuclear iron sites, some interesting
aspects can be concluded from the reaction path analysis. In the absence of
water, which was modeled in the case of 9.15 a), the mechanism in the low
temperature regime (~ 500 K) can indeed be summarized by the oxidation
of NO to NOy on monohydroxylated iron sites as described in section 9.3.1
and the subsequent fast SCR. Although the oxidation proceeds on the mono-
hydroxylated sites, which corresponds to the lower activity in the presence
of water, a severe difference to the simulation of only the NO oxidation is
observed in the representation of the active site. While for the NO oxidation
the surface was mainly covered with inactive dihydroxylated iron sites, here,
with the onset of the conversion, the monohydroxylated sites dominate nearly
exclusively. Thus, ammonia also causes a significant increase of available act-
ive sites for the NO oxidation from the reaction with HOFeOH to NHyFeOH.
However, an interaction of ammonia directly with adsorbed NO,, as created
in the oxidation cycle, was not observed. At temperatures above 600 K, the
NO conversion curve in our model exhibits a bend upwards together with
the onset of the deviation to the ammonia conversion curve. The bend in
the NHj3 conversion is obviously related to its oxidation, but interestingly,
this also causes an increase in the NO conversion. With increasing temper-
ature, the mechanism shifts further away from the assumed combination in
series of NO oxidation and fast SCR. The detailed mechanism, responsible
at the elevated temperature, mainly includes three cycles, starting on mono-
hydroxylated iron as shown in the schematic in Figure 9.16. First, ammonia
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transfers the FeOH to FeNH, and water desorbs. Then, oxygen reacts with
that species to FeO, releasing the radical HoNO as was described in the con-
text of the SCO. The transfer of FeO back to monohydroxylated iron follows
the partial mechanism of the fast SCR in a reaction with ammonia and NO
via NHyFeOH. In a second cycle, the radical H,NO adsorbs on FeOH and
after a proton transfer water is released, leaving nitroxyl adsorbed on iron
(FeHNO). After the coadsorption of oxygen and the desorption of the ni-
troxyl FeO,, an intermediate of the NO oxidation cycle in the absence of
water, remains. A reaction with NO forms NO, and the remaining FeO is
again transferred to FeOH. In the third cycle, nitroxyl decomposes on FeOH
to water and FeNO. The latter is then, by exchange with oxygen, transferred
to FeOy and the released NO oxidized to NO,y, which again leaves FeO.
Within these three cycles, two molecules NOy are produced, which consume
two further molecules of NO within the fast SCR. In combination, this leads
to the following stoichiometry for this superimposing SCR mechanism,

8 NH; 4 6 NO + 30, = 7N + 12 H,O (9.2)

Because the first and the third cycle were also relevant in the SCO of am-
monia as described in the section 9.3.2, this pathway can be interpreted that
NO is burned in the fire of the ammonia oxidation. The significant benefit
of this pathway is the reformation of surface species that can be directly
consumed from nitric oxide, namely FeO and FeOs with the first one being
relevant in the fast SCR and the second one in the high activity NO oxidation
mechanism in the absence of water. This is also the severe benefit over the
ammonia oxidation itself, because, here, the NO is externally provided and
does not need to be produced as an intermediate as was outlined in section
9.3.1. With that, it is also at hand that the rate-limiting step at ~700 K is
with the reaction of oxygen and FeNH; to HoNO related to the SCO mech-
anism. However, also on the Brgnsted acids the oxidation of ammonia takes
place leading directly to nitroxyl. Because this species only causes the slight
benefit of the third cycle, but not of the first and the second one, this partial
oxidation leads to a less beneficial stoichiometry for the SCR. In fact, for the
SCO, we found the formation of HoNO on the iron site to be suppressed in
the presence of water. This is also the case in the comparison of our model
against the data of Brandenberger et al.?% for the standard SCR at elevated
temperatures. Furthermore, this is emphasized by the high amount of di-
hydroxylated iron sites (Figure 9.15 b). Thus, the further increase in NO
conversion is here only related to the oxidation of ammonia on the Brgnsted
acids and the accession of the third cycle. This also causes the significantly
more pronounced deviation in the conversion curves of NO and NH3 in com-
parison to the absence of water (Figure 9.15 a).
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Figure 9.16: Schematic of the standard SCR on mononuclear iron sites
at elevated temperatures, according to the stoichiometry of equation (9.2).
Numbers refer to the spin multiplicities of the species.

In summary, it has to be concluded from the analysis of the standard SCR
that in contrast to the fast SCR, iron species of higher nuclearity are essential
for a high activity. This is in agreement with the observations from Branden-
berger et al.3¢, but also by Long and Yang!®® who found a ratio of Fe/Al=
0.193 to be optimal in the SCR performance and with that a catalyst that
exhibits diverse iron sites. With respect to the mechanism for mononuclear
iron sites, the general agreement of the NO oxidation to be the rate-limiting
step, followed by the fast SCR is only true at low temperatures, anchored to
low conversions. But also here, the oxidation proceeds on monohydroxylated
sites, which were found to be the less active sites for the NO oxidation in the
presence of water. In contrast to the assumption of Metkar et al.,?3 ammonia
only exhibits the capability to increase the available amount of these sites,
but does not cause the NO oxidation to proceed on the representation of
the active site in the absence of water (FeO). At elevated temperatures, our
simulation strongly suggests the occurrence of a complete different reaction
scheme, related to the oxidation of ammonia via the radical HoNO and in
accord to the stoichiometry of equation (9.2). This supports the conclusion
of Schwidder et al.,3” who suggested that the standard SCR might indeed
follow a complete different pathway than the combined NO oxidation and
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fast SCR. Furthermore, it would answer the question on the observed dis-
crepancy of the NO oxidation and standard SCR activities. Nevertheless, it
has to be emphasized that the results discussed here only apply to mononuc-
lear iron sites and the mechanism on other iron species might be significantly
different. Whether on those sites a pathway is also accessed that is related
to the ammonia oxidation remains speculative.

9.4 Conclusion

Based on the DFT calculations as described in chapters 7 and 8, a microkin-
etic model for the selective catalytic reduction of NO with ammonia on Fe/H-
ZSM5 has been established, which, in combination with the results from
chapter 6, accounts for the contribution of mononuclear iron sites as well as
of the Brgnsted acids. For the oxidation of NO to NOy in the absence of
water, the mechanism proceeds on Z~[FeOl]" via the intermediate formation
of an -OONO ligand and is inhibited by the formation of surface nitrates
(schematic 9.2 a). In the presence of water, the surface coverage changes by
forming inactive dihydroxylated iron together with monohydroxylated iron
sites, which then function as active sites with a lower activity than Z~ [FeO]™.
The mechanism proceeds in this case in close analogy to the water-free reac-
tion with the difference of the additional hydroxyl group bonded to the iron
(schematic 9.2 b). Interestingly in this case, the Brgnsted acids were found to
exhibit a negative impact on the NO oxidation at low temperatures, resulting
from the production of nitrous acid that causes an increase in the blockage
of the iron sites by dihydroxylated iron. For the oxidation of ammonia, an
agreement with experimental data was only obtained for a catalyst with low
iron content correlated to the dominance of mononuclear iron sites. This em-
phasizes that the ammonia oxidation rather proceeds on higher nuclear iron
species. On mononuclear sites, the mechanism proceeds via, first, the forma-
tion of the radical HoNO from the interaction of an amino group Z~[FeNH,]™
with oxygen. This is then further reduced to nitroxyl and, finally, to NO and
consumed by ammonia (schematic 9.6). At low to intermediate temperatures,
the conversion of ammonia to nitroxyl mainly takes place on the Brgnsted
acids, which are further consumed on the iron sites. A severe negative impact
of water was observed related to the suppression of the formation of HoNO on
the iron sites. For the fast SCR on the iron, we found the mechanism to be
initialized on Z~[FeOl]" by, first, the formation of an amino group from the
interaction with ammonia (Z~[NHyFeOH]™), followed by a reaction with NO
to nitrosamine. The resulting monohydroxylated iron site is transferred with
ammonia to the amino group containing iron Z~[FeNHy|*, which reacts with
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NO; to a second nitrosamine. The NO; SCR mechanism is in close analogy
with the fast SCR, differing in the formation of nitramide from a reaction of
NO; with the first amino group rather than nitrosamine (schematic 9.8). Ni-
trosamine and nitramide both decompose on the Brgnsted acids to water and
nitrogen and nitrous oxide, respectively. In both cases, the Brgnsted acids
were found to significantly enhance the conversion in a temperature window
between approximately 500 K and 700 K. Furthermore, nitrous and nitric
acid interact between the two active sites with respect to their production
and consumption. This implies, at low temperatures for the fast SCR, that
nitrous acid, produced on Brgnsted acids, decomposes on the iron sites to
either surface nitrite or to dihydroxylated iron by releasing nitric oxide. In
the NOy SCR, it is mainly nitric acid, produced on the Brgnsted acids, that
decomposes to nitrates on the iron sites. This was also concluded to be the
reason for the higher activity of the fast SCR over the NOy SCR, because at
low temperatures the nitrates block the active site stronger than the nitrite.
However, a reaction of nitric oxide with a surface nitrate, which was sugges-
ted by Tronconi et al.1%® as the rate-determining step in the fast SCR, was
found to be of no relevance. The nitrates formed in the NOy SCR decompose
to gas phase NOy and atomic oxygen, bonded to the iron, at elevated tem-
peratures. At intermediate temperatures, the governing surface species are
the dihydroxylated iron sites, which, in contrast to the NO oxidation in the
presence of water, do not inhibit the reaction but are consumed by ammonia.
At high temperatures, the monohydroxylated iron sites are dominant. For
the increase in selectivity to nitrogen over nitrous acid in the NOy SCR with
temperature, the decomposition of NOy to NO and oxygen, followed by the
access to the fast SCR, was found to be responsible. The results suggest
from comparison to experimental data that mononuclear iron sites are most
likely to be the active species for the fast and the NO, SCR. Also, the sim-
ulation of the new “enhanced” SCR was qualitatively in agreement with the
experimental literature and the mechanism exhibits aspects of both, the fast
and the NOy SCR. At low temperatures, the formation of surface nitrates,
in analogy to the NOy SCR via nitric acid causes a reduced activity. The de-
composition of the nitric acid releases, in turn, NO, and causes the oxidation
of NO to NO,, making the fast SCR mechanism accessible. In conclusion,
also this enhanced SCR probably proceeds on mononuclear sites only. The
standard SCR was, however, found to require the consideration of higher
nucleated iron sites as well. Furthermore, a combination of NO oxidation
and fast SCR mechanism in series is only relevant at low temperatures for
mononuclear iron sites. At elevated temperatures, aspects of the ammonia
oxidation cause an increasing conversion via the intermediate formation of
HoNO, which results in a modified stoichiometric equation (9.2).
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Our model was shown to be capable of accounting for many experiment-
ally observed phenomena and emphasizes the importance of the consideration
of both, the iron and the Brgnsted acid as active sites. Especially the de-
viation in the standard SCR with respect to experimental data also reflects
the necessity to differentiate the contributions of different iron sites in the
establishment of a quantitative model. However, the additional accounting
for iron species of higher nuclearity is at least as demanding as the analysis
of relevant reaction pathways on the mononuclear iron sites, as shown here
and in chapter 7 and 8, and is with that beyond the scope of this work. Des-
pite a remaining qualitative character of our microkinetic model, the results
are believed to contribute significantly to the understanding of the extremely
complex chemistry of the SCR.
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Summary

In this thesis, the Selective Catalytic Reduction (SCR) of NOy (x=1, 2) with
ammonia in the presence of oxygen on Fe/H-ZSMb5 has been investigated by
means of the Density Functional Theory (DFT) and microkinetic modeling.
Two different active sites, namely Brgnsted acids and mononuclear iron sites,
have been accounted for and their influence has been discussed. The results
are of relevance for the better understanding of the performance of one of
the most important catalysts in the exhaust gas treatment of nitric acid
production plants and diesel-engined vehicles. The methodology of using
the DFT in combination with microkinetic modeling belongs to the field of
multiscale modeling and, in this work, serves the purpose of a vast screening
of potentially significant reactions in order to elucidate the most relevant
ones. The complexity of the system requires the subdivision of the reactive
H/N/O system into the oxidation of NO to NOg, the fast and the NOy SCR
and the oxidation of ammonia, which mainly gather to the standard SCR.

For the reaction mechanism of the SCR on the Brgnsted acids, a key
aspect was found to be the formation and consumption of the intermediates
nitrous and nitric acid and nitrosamine and nitramide. The formation of the
intermediates was probed in two different scenarios. Either the reaction of
a dimerized nitrogen oxide species (NyOy; y=3,4) with adsorbed ammonia
leads directly to nitrous or nitric acid together with nitrosamine, or the de-
composition of NoOy, on a free Brgnsted center results in the acid together
with nitrosyl on the zeolite framework. The latter is consumed by ammonia
to nitrosamine. While the second scenario exhibits slightly lower internal
energy barriers, the strong adsorption of ammonia as ammonium ion on the
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Bronsted acids was concluded to exhibit the capability of blocking this path-
way. For the fate of the acids, bimolecular dehydration reactions between
two acids, the reaction with adsorbed ammonia and the decomposition on
Brgnsted acids to nitrosyl from nitrous acid or to NOj from nitric acid were
considered. While the bimolecular dehydrations appeared not to be bene-
ficial in comparison to the corresponding gas phase reactions, the barriers
in the reaction with ammonia were significantly reduced by the catalyst.
The lowest barriers, however, were obtained for the decomposition on the
Brensted acids. In analogy to the nitrosyl, a reaction of NOJ with ammonia
leads to nitramide. It was concluded that at low temperatures the reaction
of the acids with adsorbed ammonia to nitrosamine or nitramide and water
are most probable because of the presence of large amounts of ammonium,
while at higher temperatures the decomposition of the acids dominates. Fi-
nally, the decomposition of the intermediates nitrosamine and nitramide to
nitrogen and nitrous oxide, respectively, exhibit significantly lower barriers
than in the gas phase because of an avoided internal bending in the proton
transfer.

For the SCO, as a side reaction, the studied mechanism can essentially
be separated in three sequences. First, nitroxyl is formed from the initial
oxidation of adsorbed ammonia, then HNO reacts in a bimolecular reaction
via HoNO to hydroxylamine and, finally, a reaction between the two inter-
mediates leads to nitrosamine. Because nitric oxide is also produced in the
pathway for the decay of nitroxyl, the potential energy surface for the inter-
action between NO and the intermediates was analyzed.

Based on the DFT results, reaction rates were calculated from the tran-
sition state theory and the temperature dependency of the enthalpy and
entropy of the surface species from statistical thermodynamics. Microkinetic
modeling, including all calculated elementary steps, has shown that the fast
and the NOy SCR proceed via the decomposition of the dimerized nitrogen
oxide on a void Bregnsted acid and are blocked by adsorbed ammonia at low
temperatures. The decay of the nitrous and nitric acid was confirmed to be
dependent on temperature, with a consumption from adsorbed ammonia at
low temperatures via ammonium nitrite and nitrate and the decomposition
to nitrosyl and NOJ at high temperatures. The decomposition of the in-
termediates nitrosamine and nitramide to nitrogen and nitrous oxide takes
place instantaneously at all temperatures. For both cases, the shape of the
conversion curve was found to be anchored to the blocking of the active site
by ammonia at low temperatures and to the thermodynamic limitation of
the formation of the dimerized nitrogen oxide NyOy at high temperatures.
The onset of the ammonia oxidation was found to be anchored to the initial
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formation of the intermediate nitroxyl and at high temperatures limited by
the decreasing amount of adsorbed ammonia present on the surface for reac-
tion. Its contribution to the conversion at fast SCR conditions is, however,
of minor importance.

Within the SCR on iron exchanged zeolites, the oxidation of NO to NO,
is believed to be rate-determining. On mononuclear iron sites, we studied
the NO oxidation for the two cases of absence and presence of water with
DFT. In both cases, a catalytic cycle, involving the intermediate formation
of an -OONO ligand and a nitrite was concluded to be the most probable
pathway based on the internal energy barriers and the corresponding Gibbs’
free energies at 600 K. While the reaction proceeds in the absence of wa-
ter on Z~[FeOJ]", in the presence of water the active site changes to mono-
hydroxylated iron Z~[FeOH|*. The internal barriers and Gibbs’ free energies
were found to be higher on the latter suggesting its lower activity. In ad-
dition, the stable but inactive surface nitrates and dihydroxylated iron sites
were concluded to exhibit the capability of blocking the active sites. Fur-
thermore, the interaction of water with surface nitrites and nitrates as well
as of NOy with hydroxyl groups was shown to open a vast range of potential
reactions involving the essential intermediates of the SCR, nitrous and nitric
acid.

For the fast and the NOy SCR, a similar reaction pathway on mononuc-
lear iron sites was outlined, which involves both active species of the NO
oxidation, Z~ [FeO|t and Z~[FeOH]*. The interaction of ammonia with the
first one results in the formation of an amino and a hydroxyl group. The
reaction of either NO or NO, with the amino group leads to nitrosamine or
nitramide, respectively. Both intermediates are assumed to decompose on
Bronsted acids, also in the presence of iron. The interaction of a second
ammonia with the monohydroxylated iron again forms an amino group and
releases water. The reaction of NOs with the remainder amino group leads to
a second nitrosamine and restores the catalytic surface. An additional high-
temperature mechanism for the NOy SCR to only nitrogen was concluded to
be unlikely because of higher internal barriers. Instead, the decomposition
of NOy and partially of the formed N,O is responsible for the decreasing
amount of produced nitrous oxide with increasing temperature. The mech-
anism of the more recently introduced new “enhanced” SCR,?3*3% including
ammonium nitrate as additional reducing agent, could also be explained from
the proposed mechanism of the fast SCR together with the decomposition of
nitric acid on the iron sites. Finally, aspects of the ammonia oxidation on
mononuclear iron sites were highlighted in terms of the formation of, first, the
radical HoNO from oxygen and the amino group containing iron Z~[FeNH,]"
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and its further reduction to nitroxyl and eventually to nitric oxide.

Microkinetic modeling of the NO oxidation on the catalyst, which con-
tains mononuclear iron sites, confirmed, in comparison to experimental data,
the mechanism via the -OONO ligand, suggested from DFT. In the absence
of water, the dominating surface species is the blocking nitrate and surface
nitrites, which however participate in the reaction mechanism. In the pres-
ence of water, the dominating surface species is the blocking dihydroxylated
iron besides active monohydroxylated iron sites. For the correct description
in the presence of water at low temperatures, however, the contribution of
the Brgnsted acids was found necessary to be accounted for in terms of the
additional production of nitrous acid, which causes blockage of the active
sites. Also for the fast and the NO, SCR, mononuclear iron sites appeared
to be reasonable representatives for the active iron species. The reaction
proceeds along the pathway as concluded to be relevant from the DFT re-
sults. However, the conversion of NO, on the Brgnsted acids was in both
cases found to be relevant between 500 K and 700 K. Furthermore, the two
active sites communicate via nitrous and nitric acid in terms of the local
variation of their formation and decomposition with temperature. Thus, the
lower activity of the NOy SCR is mainly the result of the formation of sur-
face nitrates on the iron from the decomposition of nitric acid formed on the
Brgnsted acids. The new “enhanced” SCR from Tronconi et al.?34335 could
be interpreted as a mixture of fast and NOy SCR mechanism. The release of
NO; from nitric acid decomposition makes the fast SCR accessible, but the
formation of surface nitrates in analogy to the NOy SCR makes it less active
than the fast SCR. In the context of this interpretation, the “enhanced” SCR
can be concluded to only require mononuclear iron sites as well. Both, the
SCO and the standard SCR, however, were only found in agreement with
experiments for comparison with low iron-containing catalysts for which the
assumption of a dominance of mononuclear iron sites is reasonable. This sup-
ports suggestions from the literature that for these reactions higher nuclear
iron species are required. Nevertheless, for the conversion of ammonia on the
mononuclear sites a severe interaction with the Brgnsted acids was observed.
At low temperatures, the intermediate nitroxyl is mainly produced on the
acid sites and decomposes on the iron. At elevated temperatures, the ni-
troxyl is also produced on the iron sites via the radical HoNO. A remarkable
conclusion had to be drawn for the standard SCR on mononuclear sites. The
widely accepted suggestion that the NO oxidation to NOs is rate-determining
and followed by the fast SCR was only found to be true at low temperatures,
anchored to low conversions. At elevated temperatures, a new mechanism,
related to the ammonia oxidation with the intermediate formation of HyNO,
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becomes relevant.

The results of this work are capable of explaining many experimentally
observed phenomena, although not all. The importance of the consideration
of more than one representative of the active site was already emphasized
in terms of the interaction between Brgnsted acids and mononuclear iron
sites, but certainly iron species of higher nuclearity have to be considered as
well to account for the full catalytic capabilities of the introduced iron. In
this context, special emphasis should be laid on the standard SCR and the
SCO. The screening and highlighting of relevant elementary reactions and
surface species should allow for the derivation of better kinetic expressions
for fitting to experimental data. It further presents the starting point for
higher level calculations on a reduced set of reactions for a refinement of the
model. Finally, established opinions on the mechanism of the SCR should
be reconsidered in the light of these results, especially with respect to the in
the literature suggested importance of the surface nitrates in the mechanism
of the fast SCR and the role of the NO oxidation in the standard SCR.






Supporting Information for Chapter 3

In this section the derivation of the effective Hessian (3.28) as
outlined in section 3.3 is presented. In addition to the original
formula an analogous equation is derived which accounts for the
in this work applied method to find the minimum energy crossing

point.
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Here, we show the derivation of the effective Hessian as was proposed by
Harvey et al. 1! based on the work of Koga and Morokuma.!'? In addition,
we show the corresponding derivation for the algorithm applied in this work

for finding minimum energy crossing points. Basis is the Lagrangian equation
L for the determination of the MECP

L(R,)) = Ei(R) — A (Ei(R) - Ex(R)) (A1)

by minimizing the energy F; on one PES with the constrained that the
energies are identical on both PESs at the coordinates R* of the MECP. The
PESs only differ in the assigned spin state. At the MECP the energy E; and
the Lagrangian L are equal and with that their respective Taylor expansions
in the vicinity of this point with a displacement AS along the hyperline of
the crossing of the PESs (seam). The seam can be defined as the 3N — 7
dimensional subspace of both PESs with the vector

x=VE|(R) - VE;(R) = g1 — g (A.2)

being orthogonal to the seam at the MECP. The derivatives of the Lagrangian
with respect to the coordinates R are

OL(R, A
<0R : = VRL(R,A) = g1 — A+ (g1 — g2) = O[r-r- (A.3)
LR, A
0 8(1%2’ ) = VQRL(Ra A) = V%{El —A- (V%{El — V%{Ez)

=VRE - (1 =)+ VRE; -\ (A.4)

With these expressions the Taylor expansion of the energy E at the MECP
can be written as

By (R* + AS) = L(R* + AS, \)
1
= L(R*, \*) + AST - VR L(R*, \*) + 5 AST . VHEL(R*, \*) - AS

1
= B (R, \) + 5 AST . VHEL(R* \*) - AS (A.5)

by noticing that the first derivative of the Lagrangian at the coordinates
of the MECP is zero as a requirement of the definition of this point to be
a minimum on the hyperline of the crossing PESs. Thus, in the Taylor
expansion of the energy E; on either of the two PESs the second derivative
of the energy, and with that the Hessian, can be expressed in terms of the
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second derivative of the Lagrangian which combines contributions from both
PESs according to (A.4). Finally, only the Lagrange multiplier needs to be
determined. It is directly obtained if the corresponding search algorithm
(A.1) for finding of the MECP is applied. However, it can also be calculated
independently of the algorithm from equation (A.3). A cannot be obtained
directly from this equation, but only its absolute value by making use of the
norm of the two gradients.

gi(R") = A" - (21 (R") — g2(R"))
g1 (R)| =[] - |g1(R7) — g2(R)]

I |81(RY)| _ g1
g1(R*) — g2(R*)| x|
In analogy, the separation of the two gradients prior to applying the norm
yields in combination with (A.6)

(A.6)

g2(RY)| _ 82|
g1 (R*) — g2(R7)|  [x]

The reintroduction of the Lagrange multiplier in equation (A.3) allows for
the determination of its correct sign. Inserting the two expressions (A.6)
and (A.7) in (A.4) results in the expression of the effective Hessian (3.28).
However, from a practical point of view it is straight forward to only calculate
the value of the Lagrange multiplier together with its sign and then directly
apply it in (A.4) rather than calculating the absolute value of (1 — \), as
well. The latter case would also require the distinction of cases in order to
obtain the correct sign for the difference.

11— x| =

(A7)

In this work we applied an algorithm with the governing equation for the
Lagrangian

L(R,)\) = Ei(R) + E2(R) — A (E1(R) — E»(R)) (A.8)

which minimizes the sum of the energies of the two PESs with the constraint
that the energies are equal at the coordinates of the MECP. This results in
the corresponding derivatives

OL(R, A
’L(R, \
% = VRL(R,\) = VRE, + VRE; — \ - (VRE, — VR E»)

=VRE - (1 =\ +VaEy-(1+))  (A.10)
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For the Taylor expansion, it has to be kept in mind that the Lagrangian
minimizes the sum of the energies of the two PESs.

E(R" +AS) = %L(R* +AS,\)

1 1
=3 {L(R*, ) + AST . VR L(R*, ) + B AS" - VHLR*\) - AS}

1
= B(R*,\") + 1 AST . VEL(R*, \*) - AS (A.11)

For the Lagrange multiplier one obtains the absolute value

g1 (R") + g2(RY)|
lg1(R*) — g2(R¥)|

and with that for the effective Hessian of the MECP

= (- [ (1 [B ) )
2 181 — 82| g1 — 82|

Both expressions, equation (3.28) and (A.13) yield the same result in the
frequency analysis of the MECP. Though the equation of Harvey et al. 198111
is simpler at first, depending on the applied algorithm, it might make sense
to derive an alternative expression as shown here and to use the optimized
Lagrange multiplier from the MECP search algorithm. Furthermore, this
approach allows for the validation of the Lagrange multiplier or the applica-
tion of a corresponding equation like (A.6) or (A.12) to obtain a better start
value in the search algorithm. It should be pointed out that the gradients
and second derivatives are used in mass weighted coordinates.

V| = (A.12)
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This appendiz contains the structures of the minima, transition
states and minimum energy crossing points between two potential
enerqy surfaces corresponding to the discussion of the selective
catalytic reduction on H-form zeolites in chapter 4
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B.1 Formation of NOy;, NH;NO, and HNO,
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Figure B.1: Geometries of the minima (ST), transition states (T'S) and
minima on the seam of two PESs (SEAM) in the oxidation of NO with Oy
over the zeolite cluster. Bond lengths are in A. Dangling bonds are not
shown.
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Figure B.2: Geometries of the minima (ST), transition states (TS) and
minimum on the seam of two PESs (SEAM) in the formation of NH,NO
from NO, and NO in a two-step mechanism over the zeolite cluster. Bond
lengths are in A. Dangling bonds are not shown.
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Figure B.3: Geometries of the minima (ST), transition state (TS) and
minimum on the seam of two PESs (SEAM) in the homogeneous formation
of NHsNO from NO, and NO. Bond lengths are in A.



B.1 Formation of NOy, NH,NO, and HNO, 279

8T2 SEAM 1

ST3 TS1 ST 4a

1.200
1.378

ST 4b T8 2

*0e00

Figure B.4: Geometries of the minima (ST), transition states (TS) and
minimum on the seam of two PESs (SEAM) in the formation of NH;NO from
two NOs in a two-step mechanism over the zeolite cluster. Bond lengths are
in A. Dangling bonds are not shown.
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Figure B.5: Geometries of the minima (ST), transition state (TS) and
minimum on the seam of two PESs (SEAM) in the homogeneous formation
of NHsNO or NHsNO; from two NO,. Bond lengths are in A.
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Figure B.6: Geometries of the minima (ST), the transition states (TS) and
the minimum on the seam of two PESs (SEAM) in the reaction of sym-NsOy4
with NH; over the zeolite cluster. Bond lengths are in A. Dangling bonds
are not shown.
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Figure B.7: Geometries of the minima (ST), transition states (TS) and
minimum on the seam of two PESs (SEAM) in the formation of NH,NO
from two NO over the zeolite cluster. Bond lengths are in A. Dangling bonds
are not shown.



B.1 Formation of NOy, NH,NO, and HNO, 283

S N

- \ \ N
ST1 NO, ST2NO,_NO S1 NO,_NO S2NO,_NO
ct-N,Os as-N,0;

ST3ct-N,0, ST4 asN,0, TS1as-N,0, TS2ct-N,0,
ZNO_HONO ZNO_HONO

‘05 B

STS5ZNO_HONO ST6ZNO ST7ZNO_H,0 ST8ZNO_NH;

TS3NOZ_H,0 TS4ZNO_NH; ST9HONO ST10 NH,NO
HONO NH,NO
Al Si N O H

Figure B.8: Geometries of the minima (ST), the minima on the seam of
two PESs (S) and the transition states (TS) for the fast SCR via Z7[NO]™.
Dangling bonds are not shown.
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Figure B.9: Part one
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Figure B.9: Geometries of the minima (ST), the minima on the seam of
two PESs (S) and the transition states (TS) for the NOo-SCR via Z7[NO,] ™.
Dangling bonds are not shown.
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Figure B.10: Geometries of the minima (ST, transition states (TS) and
minima on the seam of two PESs (SEAM) in the homogeneous oxidation of

NO with O,. Bond lengths are in A.
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B.2 Decay of HONO and HNOj;
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Figure B.11: Geometries of the minima (ST) and the transition states (TS)
of the reaction of cissHONO with NHj over the zeolite cluster. Bond lengths
are in A. Dangling bonds are not shown.
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Figure B.12: Geometries of the minima (ST) and the transition states (TS)
of the reaction of HNO3 with NHj3 over the zeolite cluster. Bond lengths are
in A. Dangling bonds are not shown.
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Figure B.13: Geometries of the minima (ST) and the transition state (TS)
of the configurational change between trans- and cis-HONO over the zeolite
cluster. Bond lengths are in A. Dangling bonds are not shown.
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Figure B.14: Geometries of the minima (ST), the transition state (TS)
and the minimum on the seam of two PESs (SEAM) of the self-reaction
of HONO (cis with trans) in a one-step mechanism over the zeolite cluster.

Bond lengths are in A. Dangling bonds are not shown.
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Figure B.15: Geometries of the minima (ST), the transition states (TS)
and the minimum on the seam of two PESs (SEAM) of the self-reaction of
HONO (trans with trans) in a two-step mechanism over the zeolite cluster.
Bond lengths are in A. Dangling bonds are not shown.
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Figure B.16: Geometries of the minima (ST) and the transition state (TS)
of the formation of nitrous acid from the reaction of HNO3 with NO over the
zeolite cluster. Bond lengths are in A. Dangling bonds are not shown.



290 B Supporting Information for Chapter 4

ST 1ct SEAM 1ct ST 2ct

Figure B.17: Geometries of the minima (ST) and the minima on the seam
of two PESs (SEAM) of the decomposition of as-N,O3 and ct-NoOj in the
gas-phase. Bond lengths are in A.
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Figure B.18: Geometries of the minima (ST) and the minima on the seam
of two PESs (SEAM) of the decomposition of as-N»O, and sym-N,Oy in the
gas-phase. Bond lengths are in A.
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Figure B.19: Geometries of the minima (ST), the transition states (TS)
and the minimum on the seam of two PESs (SEAM) in the reaction of trans-
HONO with HNOj via as-NyO,4 over the zeolite cluster. Bond lengths are in

A. Dangling bonds are not shown.
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Figure B.20: Geometries of the minima (ST), the transition states (TS)
and the minimum on the seam of two PESs (SEAM) in the reaction of trans-
HONO with HNOj via as-N,O,4 over the zeolite cluster. Bond lengths are in
A. Dangling bonds are not shown.
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Figure B.21: Geometries of the minima (ST) and the minima on the seam
of two PESs (SEAM) of the decomposition of as-NoO, and sym-N,Oy in the
gas-phase. Bond lengths are in A.
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Figure B.22: Geometries of the minima (ST) and transition states (TS) in
the decomposition of NHyNO to Ny and HyO for two pathways. Attached
“a” refers to “route a”, “b” refers to “route b”. In case of no attachment
structures refer to both routes. Bond lengths are in A. Dangling bonds are
not shown.
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Figure B.23: Geometries of the minima (ST) and the transition states (TS)

of the decomposition of NH;NO, over the zeolite cluster. Bond lengths are
in A. Dangling bonds are not shown.
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Figure B.24: Geometries of the minima (ST) and the transition states (TS)
of the decomposition of NHsNOs in the gas-phase. Energies are in kcal /mol,

zero-point corrected and with respect to NHyNOs.
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This appendiz contains the structures of the minima, transition
states and minimum energy crossing points between two potential
enerqy surfaces corresponding to the discussion of the selective
catalytic oxidation on H-form zeolites in chapter 5
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C.1 Reaction of NH; with O,
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Figure C.1: Geometries of the minima (ST), the transition states (TS) and
the minima on the seam of two PESs (SEAM) in the formation of HNO from
NH; and O, over the zeolite cluster. Bond lengths are in A. Dangling bonds
are not shown.
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Figure C.2: Geometries of the minima (ST), the transition states (TS) and
the minima on the seam of two PESs (SEAM) in the formation of HNO and
NH,OH from 2 x NH3 and O, over the zeolite cluster. Bond lengths are in
A. Dangling bonds are not shown.
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C.2 Decay of HNO
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Figure C.3: Part one
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Figure C.3: Geometries of the minima (ST) and the transition states (TS)
in the self-reaction of HNO leading to N5O and H,O over the zeolite cluster.
Bond lengths are in A. Dangling bonds are not shown.
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Figure C.4: Geometries of the minima (ST), the transition states (TS) and
the minima on the seam of two PESs (SEAM) in the self-reaction of HNO
leading to NH,OH and NO over the zeolite cluster. Bond lengths are in A.
Dangling bonds are not shown.
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Figure C.5: Geometries of the minima (ST), the transition states (TS) and
the minima on the seam of two PESs (SEAM) in the reaction of HNO with
2x NO leading to HONO and N,O as well as the reaction with NOs; to HONO
and NO over the zeolite cluster. Bond lengths are in A. Dangling bonds are
not shown.
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C.3 Decay of NH,OH
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Figure C.6: Geometries of the minima (ST) and the transition states (TS)
in the reaction of NH3OH™ with HNO over the zeolite cluster. Bond lengths
are in A. Dangling bonds are not shown.
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Figure C.7: Geometries of the minima (ST) and the transition states (TS)
in the rotation of NHy;OH and its reactions with HNO and NO over the
zeolite cluster. Bond lengths are in A. Dangling bonds are not shown.
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Figure C.8: Geometries of the minima (ST), the transition states (TS) and
the minima on the seam of two PESs (SEAM) in the self-reaction of HNNO
and the reactions of HNNO with HNO and NO over the zeolite cluster. Bond
lengths are in A. Dangling bonds are not shown.
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Figure C.9: Geometries of the minima (ST, the transition state (T'S) and
the minimum on the seam of two PESs (SEAM) of the reaction of HNO with
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Figure C.10: Geometries of the minima (ST), the transition state (TS) and
the minimum on the seam of two PESs (SEAM) of the reaction of HNO with
HNOj; over the zeolite cluster. Bond lengths are in A. Dangling bonds are
not shown.
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Figure C.11: Geometries of the minima (ST) and the transition states (TS)
of the reactions of NyO with one and with two ammonia molecules and with
NO over the zeolite cluster. Bond lengths are in A. Dangling bonds are not
shown.
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In this section the reaction rate expressions, the thermodynamic
data and an overview on the assignment of the heat of formation
for all surface species are presented.
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Comments on Table D.1

The column “Cluster” refers to the DFT calculation executed on either the
5 or the 23 T-atoms containing cluster.

In the column “van der Waals” the reference state is stated for which the
Grimme add term is calculated. This includes some approximations in the
case that no T23 calculation was available. Statements with “from” imply
that the vdW energy was taken from a related or similar species. Statements
with “T5 on” imply a T5H based vdW energy calculated as the difference of
a gas-phase species with respect to the stated reference species, for which a
T23 calculation is available. The complete vdW contribution includes then
the T5 term plus the T23 addition from the reference state (column ref_add).
Finally, the statement “T5 4 species T23-T5” implies a comparison of the
T5 vdW energies of related structures. To the TH vdW energy of the spe-
cies of interest, the difference of the T23 and T5 vdW energy of the related
structure is added (column ref_add).

The two columns “Gas” and “Site” define the reference state for the calcu-
lation of the heat of formation of the surface species. In case of a surface
site other than “H”, which stands for the void active site, the definition of
the heat of formation is defined with respect to the adsorption of the stated
gas-phase species on the stated surface species. This implies an indirect cor-
rection of the heat of formation because via the referencing surface species a
T23 cluster contribution is inserted.

In the column “t23_add” either the T23-T5 difference is stated as calculated
from DFT (see column “Egp.”, it should state T23) or a contribution from a
similar structure or potential reference structure is added.

In the column “Extra” the modifications during the fine tuning of the model
are stated.

In the column “Entropy” approximated modifications of the entropy of the
surface species are stated based on restricted translation and rotation (com-
pare Reyniers et al. [262] and description in section 6.2).
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Table D.2: Electronic energy differences for the heat of formation of selected
surface species between the 23 T-atoms and the 5 T-atoms containing cluster.

Species AT23-T5 Species AT23-T5
[S] [keal /mol] [S] [keal /mol]
NH3 -7.7 NOZ_HONO -0.3
NH3x2 -9.8 NOZ_HNO3 1.7
NH3x3 -11.7 NOZ_NH3 -6.9
NH3_NO2 -7.7 NOZ_H20 -3.7
HONO -0.7 02 -0.1
HNO3 1.2 OONO -0.3
HNO 0.1 ONOONO -2.2
H20 -3.3 NH3_asN204 -3.7
NH20H -5.7 NH3_asN203 -3.6
NH2NO -0.5 NH3_HONO -2.5
NH2NO2 0.7 NH3_HNO3 -6.3
NO2 0.8 ZNO2 -0.6
NO2_NO 0.8 ZNO2_HONO 3.1
asN203 0.6 ZNO2_H20 -2.9
NO2_.NO2 -1.7 ZNO2_NH3 -5.8
asN204 3.8 NH3OOH+ -5.6
NO202N 0.2 NH3OH+_HNO -7.1
NOZ -2.5

Table D.3: Reaction rates of gas phase and surface reactions.

Reactant Product B E. Adjust
[[]  |kcal/mol] Ax E,

Gas phase Reactions

asN203 = NO + NO2 3.729E+12 1 9.08 10

ctN203 = NO 4 NO2 1.692E+12 1 5.55 10

asN204 = NO2 + NO2 2.256E+412 1 13.81 10 -5

symN204 = NO2 + NO2 7.577TE+13 1 12.36 10 -5

NH4NO2 = NH3 4+ HONO 2.084E+10 1 9.62

NH4NO3 = NH3 + HNO3 2.084E4+10 1 12.80

General Adsorption

NH3(S) + HZSM5(B) = HZSM5(S) + NH3 2.084E+10 1 32.00

NH3x2(S) = NH3(S) + NH3 2.084E+10 1 23.45

NH3x3(S) = NH3x2(S) + NH3 2.084E+10 1 15.85

NH3_NO2(S) = NH3(S) + NO2 2.084E+10 1 7.25

HONO(S) + HZSM5(B) = HZSM5(S) + HONO 2.084E4+10 1 17.66

H20(S) + HZSM5(B) = HZSM5(S) + H20 2.084E+10 1 22.01

HZSM5(B) + HNO3(S) = HZSM5(S) + HNO3 2.084E4+10 1 19.52

HNO(S) + HZSM5(B) = HZSM5(S) + HNO 2.084E+10 1 14.71

HZSM5(B) + NH20H(S) = HZSM5(S) + NH20H 2.084E+10 1 35.68

HZSM5(B) + NH2NO(S) = HZSM5(S) + NH2NO 2.084E+10 1 25.43
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Table D.3: (continued)

Reactant Product A B Ea Adjust
[1/s] [[]  [kcal/mol] Ax E,

HZSM5(B) + NH2NO2(S) HZSM5(S) + NH2NO2 2.084E+10 1 25.69

NH2NO_alt(S) + HZSM5(B) HZSM5(S) + NH2NO 2.084E+10 1 15.24

NH2NO2_alt(S) + HZSM5(B) HZSM5(S) + NH2NO2 2.084E+10 1 18.67

NO2(S) + HZSM5(B) HZSM5(S) + NO2 2.084E+10 1 8.24

NH3_NH2NO(S) NH3(S) + NH2NO 2.084E+10 1 18.51

NH3_NH2NO(S) NH2NO(S) + NH3 2.084E+10 1 20.90

NH3_NH2NO2(S) NH3(S) + NH2NO2 2.084E+10 1 18.33

NH3_NH2NO2(S) NH2NO2(S) + NH3 2.084E+10 1 21.10

NO oxidation

NO(S) + HZSM5(B) HZSM5(S) + NO 2.084E+10 1 4.85

02(S) + HZSM5(B) HZSM5(S) + 02 2.084E+10 1 3.42

ONOO(S) 02(S) + NO 2.084E+10 1 2.16

ONOO(S) NO(S) + 02 2.084E410 1 2.16

ONOO-NO(S) ONOO(S) + NO 2.084E+10 1 2.95

ONOONO(S) ONOO_NO(S) 3.424E+12 1 15.03 10

ONOONO(S) NO202N(8S) 1.553E+13 0 5.79

NO202N(S) NO2(S) + NO2 2.084E+10 1 0.71

fast SCR and NO; SCR

NO2_NO(S) NO2(S) + NO 2.084E+10 1 8.10

NO2_NO(S) asN203(S) 4.232E+10 0 1.43 10

NO2_NO(S) ctN203(S) 6.939E+11 0 4.63 10

asN203(S) NOZ_HONO(S) 2.084E+10 1 6.05

ctN203(S) NOZ_HONO(S) 1.749E+12 0 0.36

NOZ_HONO(S) HONO + NOZ(S) 2.084E+11 1 11.14 10 -7

NOZ_NH3(S) NH3 + NOZ(S) 2.084E+11 1 22.89 10 -2

NOZ_H20(S) H20 + NOZ(S) 2.084E+10 1 18.30

NOZ_NH3(S) NH2NO_alt(S) 9.614E+12 0 2.96

NOZ_H20(S) HONO(S) 3.220E+12 0 1.46

NO2_NO2(S) NO2(S) + NO2 2.084E+11 1 8.15 10 -2

asN204(S) NO2.NO2(S) LO81IE+14 1 22.57 10 -5

NO2_NO2(S) symN204(S) 7.297E+409 1 1.08 10 -5

asN204(S) NOZ_HNO3(S) 2.084E+10 1 2.28

NOZ_HNO3(S) HNO3 + NOZ(S) 2.084E+11 1 13.21 10 -10

symN204(S) ZNO2_HONO(S) 1.609E+11 0 24.92

ZNO2_HONO(S) HONO + ZNO2(S) 2.084E+10 1 7.59

ZNO2_NH3(S) NH3 + ZNO2(S) 2.084E+11 1 9.79 10 -3

ZNO2_H20(S) H20 + ZNO2(S) 2.084E+11 1 6.50 10 -3

ZNO2_NH3(S) NH2NO2_alt(S) 5.539E+11 0 0.49

ZNO2_H20(S) HNO3(S) 2.003E+13 0 2.14

NO202N(S) asN204(S) 2.519E+11 0 9.21

symN204(S) asN204(S) 1.255E+15 0 47.16

NOZ(S) + NO2 ZNO2(S) + NO 1.789E+08 1 17.87

asN203_ST3(S) asN203(S) + NH3 2.084E+10 1 6.07

ctN203.10c(S) NOZ_HONO(S) + NH3 2.084E+10 1 11.04

ctN203_10¢(S) NOZ_NH3(S) + HONO 2.084E+10 1 10.53

ctN203_10c(S) NH2NO_HONO(S) 1.102E+13 0 0.84

asN204_ST3b(S) NOZ_HNO3(S) + NH3 2.084E+10 1 10.17

asN204_ST3b(S) NOZ_NH3(S) + HNO3 2.084E+10 1 10.00

symN204_ST3(S) symN204(S) + NH3 2.084E+10 1 5.77

NH3_asN204(S) NH3_NO2(S) + NO2 4.844E+12 1 19.44 10 -5

NH3_asN204(S) asN204_ST3b(S) 2.290E+11 1 19.51

NH2NO_HNO3(S) asN204_ST3b(S) 1.869E+11 0 8.85

NH2NO_HNO3(S) NH2NO_alt(S) + HNO3 2.084E+10 1 11.11




318 D Supporting Information for Chapter 6
Table D.3: (continued)
Reactant Product A B Ea Adjust
[1/s] [[]  [kcal/mol] Ax E,
NH2NO_HINO3(S) HANO3(S) + NH2NO 2.084E+10 1 5.54
NH2NO(S) NH2NO_alt(S) 2.084E+10 1 10.19
NH3(S) + NO2 NH20H(S) + NO 1.599E+07 1 39.13
NH3_symN204(8) NH3_NO2(S) + NO2 5.207E+13 1 13.45 10 -5
NH3_symN204(S) symN204_ST3(S) 1.895E+11 1 16.53
symN204_ST4(S) symN204_ST3(S) 6.910E+10 0 25.84
symN204_ST4(S) NH2NO2_HONO(S) 2.910E409 1 8.35
NH2NO2_HONO(S) NH2NO2_alt(S) + HONO  2.084E+10 1 8.02
NH2NO2_HONO(S) HONO(S) + NH2NO2 2.084E+10 1 6.52
NH2NO2(S) NH2NO2_alt(S) 2.084E+10 1 7.02
NH3_asN203(S) NH3_.NO2(S) + NO 3.772E+14 1 14.71 10
NH3_asN203(S) asN203_ST3(S) L762E+11 1 23.26
asN203_ST3(S) NH2NO_HONO(S) 6.037E+11 0 10.29
NH2NO_HONO(S) NH2NO_alt(S) + HONO  2.084E+10 1 8.79
NH2NO_HONO(S) HONO(S) + NH2NO 2.084E+10 1 4.19
NH:>NO decomposition
NH2NO(S) NH2NO_ST2(S) 2.748E+12 0 3.32
NHQNO,STQ(S) NH2NO,ST3b(S) 3.961E+10 1 10.27
NH2NO_ST3b(S) NH2NO_ST4b(S) TALE+11 0 2.42
NH2NO_ST4b(S) NH2NO_ST5b(S) 7.367TE+10 1 5.16
NH2NO_ST6b(S) NH2NO_ST5b(S) 2.506E+11 0 5.41
NH2NO_ST6b(S) H20_N2(S) 9.572E+10 1 9.81
H20_N2(S) H20(S) + N2 2.084E+10 1 2.67
NH>NO3 decomposition
NH2NO2_ST2(S) NH2NO2(S) 2.084E+10 1 0.85
NH2NO2_ST2(S) NH2NO2_ST3(S) 4.354E+10 1 10.71
NH2NO2_ST3(S) NH2NO2_ST4(S) 5.524E+12 0 1.82
NH2NO2_ST5(S) NH2NO2_ST4(S) 9.157E+11 0 1.31
NH2NO2_ST5(S) NH2NO2_ST7(S) 3.265E4+11 1 5.33
NH2NO2_ST7(S) NH2NO2_ST8(S) 4.704E+11 0 6.60
NH2NO2_STS8(S) NH2NO2_ST9(S) 6.935E4+09 1 8.20
NH2NO2_ST9(S) H20_N20(8) 2.084E+10 1 1.19
H20_N20(S) H20(S) + N20 2.084E+10 1 3.49
NHs; + HONO / HNOs3
NH3_HONO(S) NH3(S) + HONO 2.084E+10 1 21.62
NH3_HONO(S) NH3_HONO_2(S) 2.172E+13 0 6.73
NHANO2(S) NH3_HONO_2(S) 2.084E+10 1 1.21
NH3_HONO_4(S) NHANO2(S) 2.084E+10 1 2.36
NH3_HONO_4(S) NOZ_H20(S) + NH3 2.084E+10 1 13.52
NH3_HONO_4(S) NH3_HONO_5(S) 9.566E+11 1 12.37
NH3_HONO_5(S) NH3_HONO_6(S) 2.754E+12 0 1.92
NH3_HONO_6(S) NOZ_NH3(S) + H20 2.084E+10 1 10.16
NH3_HONO_6(S) H20(S) + NH2NO 2.084E+10 1 1.37
HZSM5(B) + NHANO2(S) HZSM5(S) + NHANO2 2.084E+10 1 17.00
NH3_HNO3(S) NH3(S) + HNO3 2.084E+10 1 21.79
NH3_HNO3_2(S) NH3_HNO3(S) 2.084E+10 1 0.31
NH3_HNO3_2(S) NHANO3(S) 7.683E+13 0 4.80
NH4N03(S) NH2NOQ,H20(S) 2.371E+4+09 1 32.40
NH2NO2_H20(S) NH2NO2_alt(S) + H20 2.084E+10 1 14.49
NH2NO2_H20(S) H20(S) + NH2NO2 2.084E+10 1 10.28
NH4NO3(S) + HZSM5(B) HZSM5(S) + NH4NO3 2.084E+10 1 26.19
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Table D.3: (continued)

Reactant Product A B Ea Adjust
[1/s] [[]  [kcal/mol] Ax E,
Bimolecular reactions of HNOy
HONOx2_a(S) HONO(S) + HONO 2.084E+10 1 4.66
HONOx2_a(S) H20_N203_a(S) 3.736E+10 0 8.64
H20_N203_a(S) H20(S) + asN203 2.084E+10 1 4.96
HONOx2_b(S) HONO(S) + HONO 2.084E+10 1 10.89
HONOx2_b2(8S) HONOx2_b(S) 2.084E+10 1 1.26
HONOx2_b2(S) H20_N203_b(S) 2.084E+10 1 1.11
H20_N203_b(S) H20(S) + ctN203 2.084E+10 1 8.59
HNO3_HONO(S) HNO3(S) + HONO 2.084E+10 1 6.79
HNO3_HONO(S) HONO(S) + HNO3 2.084E+10 1 8.97
HNO3_HONO(S) HNO3_HONO_3(S) 8.825E+10 O 4.90
HNO3_HONO_4(S) HNO3_HONO_3(S) 1.028E+12 0 3.25
H20_asN204(8S) HNO3_HONO_4(S) 2.084E+10 1 2.13
H20_asN204(S) H20(S) + asN204 2.084E+10 1 7.00
HNO3x2(S) HNO3(S) + HNO3 2.084E+10 1 14.69
HNO3x2(S) H20_N205(S) 4.938E+11 0 24.88
H20_N205(S) N205(S) + H20 2.084E+10 1 9.08
NH3_-N205(S) N205(S) + NH3 2.084E+10 1 6.40
NH3_N205(S) NH2NO2_HNO3(S) 2.084E+10 1 0.04
NH2NO2_HNO3(S) HNO3(S) + NH2NO2 2.084E+10 1 11.09
NH2NO2_HNO3(S) NH2NO2_alt(S) + HNO3 2.084E+10 1 13.88
HONO_HNO(S) HONO(S) + HNO 2.084E+10 1 6.44
HONO_HNO(S) HNO(S) + HONO 2.084E+10 1 8.91
HONO_HNO(S) N202_H20(S) 1.269E+11 0 0.74
N202_H20(S) H20(S) + 2 NO 6.321E+10 1 0.66
HNO_HNO3(S) HNO(S) + HNO3 2.084E+10 1 11.91
HNO_HNO3(S) HNO3(S) + HNO 2.084E+10 1 8.25
HNO_HNO3(S) H20_ctN203(S) 5.032E4-07 1 19.94
H20_ctN203(S) H20(S) + ctN203 2.084E+10 1 9.33
NO + HONO / HNOs3
HNO(S) + NO2 HONO(S) 4+ NO 2.150E4+09 1 6.23
HNO3(S) + NO HONO(S) + NO2 5.902E+07 1 21.46
NH3 4 Oq
NH3OOH+(S) NH3(S) + 02 3.345E+12 1 16.25 10 3
NH3OOH+(S) NH20O0H(S) 7.700E4+13 0 7.47 10
NH20O0OH(S) HNO_H20(S) 2.658E+10 1 3.91
HNO_H20(S) HNO(S) + H20 2.084E+10 1 13.59
HNO_H20(S) H20(S) + HNO 2.084E+10 1 8.51
NH3x2_02(S) NH3x2(S) + 02 2.084E+10 1 0.01
NH3OOH_NH3(S) NH3x2_02(S) 3.000E+10 1 5.56
NH300H_NH3(S) NH200H_NH3(S) 2.084E+10 1 1.37
NH20OH_NH3(S) NH20OH(S) + NH3 2.084E+10 1 9.87
NH20OH_NH3(S) NH200OH_NH3_2(S) 4.312E+12 0 8.26
NH20OH_NH3_2(S) NH20Hx2(S) 3.566E+11 0 22.32
NH20Hx2(S) NH20H(S) + NH20H 2.084E+10 1 13.57
HNO + HNO
HNOXQ(S) HNO(S) + HNO 2.084E+11 1 7.62 10
HNOx2(S) HNOx2-2(S) 2.826E+12 0 0.64 10
HNOx2_2(S) HNOx2_3(S) 1.393E+13 0 3.93
HNOx2_3(S) HNOx2_4(S) 2.084E+10 1 0.38
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Table D.3: (continued)
Reactant Product A B Ea Adjust
[1/s] [[]  [kcal/mol] Ax E,
HNOx2_5a(S) HNOx2_4(S) T123B+13 0 5.33
HNOx2_6a(S) HNOx2_5a(S) 1.516E+12 0 16.41
HNOx2_6a(S) H20(S) + N20 8.836E+09 1 13.87
HNOx24(S) HNOx2_7b(S) 9.360E+10 1 9.70
HNOx2_8b(S) HNOx2_7b(S) 4.699E+12 0 0.67
HNOx2.9b(S) HNOx2_8b(S) 2.084E+10 1 0.18
HNOx2_9b(S) HNOx2_10b(S) 9.223E+11 0 1.66
HNOx2_10b(S) NOZ(S) + NH20H 2.084E+10 1 25.66
HNOx2_10b(S) HNOH(S) + NO 1.038E+12 1 9.10
HNOx2_4(S) HNOx2_5{(S) 2.561E+10 1 7.11
HNOx2_5(S) HNOH(S) + NO 6.234E+10 1 15.85
HNOH,HNO(S) HNOH(S) + HNO 2.084E+10 1 11.67
HNOH_HNO(S) NH20H_NO(S) 6.223E+10 0 3.56
NH20H_NO(S) NH20H(S) + NO 2.084E+10 1 0.80
HNO + 2 NO
HNO-NO(S) HNO(S) + NO 2.084E+10 1 478
HNO-NO(S) HNONO(S) 4.243E409 0 1.92
HNO_2NO(S) HNONO(S) + NO 1.313E+12 1 15.67
HNO_2NO(S) HNO_2NO_2(S) 2.084E+10 1 1.93
HNO_2NO_2(8) HONO(S) + N20 2.533E+409 1 7.98
NH>OH + HNO
NH3OH+,HNO(S) NHQOH(S) + HNO 2.084E+10 1 13.68
NH30H+_HNO(S) NH4NO2(S) 1.809E+10 1 23.56 3
NH20H_2(S) NH20H(S) 9.950E+10 1 0.22
NH20H_2(S) NH20H_3(S) 2.084E4+10 1 1.03
NH2OH_3(S) NH20H_4(S) 1.808E+09 1 9.47
NH20H_4(S) NH20H_5(S) 7.823E+12 0 1.13
NH20H_HNO(S) NH20H_5(S) + HNO 2.084E+10 1 10.16
NH20H_HNO(S) NH2NO_H20b(S) 3.110E+11 0 18.41
NH2NO_H20b(S) NH2NO(S) + H20 2.084E+10 1 11.95
NH2NO_H20b(S) H20(S) + NH2NO 2.084E+10 1 15.75
NH;OH + NO
H20_c-HNNO(S) NH20H_5(S) + NO 3.985E+12 0 39.78
H20_c-HNNO(S) C—HNNO(S) + H20 2.084E+10 1 8.78
H20_c-HNNO(S) H20(S) + ¢-HNNO 2.084E+10 1 5.66
HZSM5(B) + c-HNNO(S) HZSMS5(S) + c-HNNO 2.084E+10 1 14.58
HNNOx2(S) cHNNO(S) + c-HNNO  2.084E+10 1 13.43
HNNOx2(S) NH2NO_N20(S) 9.416E+08 1 4.13
NH2NO_N20(S) NH2NO_alt(S) + N20 2.084E+10 1 471
HNNO_HNO(S) HNNO(S) + HNO 2.084E+10 1 4.52
HNNO_HNO(S) HNO(S) + ¢-HNNO 2.084E+10 1 6.49
HNNO_HNO(S) NH2NO_alt(S) + NO L176E+13 1 0.34
HNNO_NO(S) «-HNNO(S) + NO 2.084E+10 1 3.89
HNNO_NO(S) HNNO_NO_2(S) 5.216E+10 0 2.75
HNNO_NO_2(S) HNO(S) + N20 2513E+11 0 11.27
N2O abatement
NH3_N20(S) NH3(S) + N20 2.084E+10 1 5.12
NH3_N20(S) NH20H(S) + N2 1LO72E+09 1 47.34
NH3x2_N20(S) NH3x2(S) + N20 2.084E+10 1 2.24
NH3x2_N20(S) NH20H_NH3(S) + N2 9.350E+06 1 41.14
NH20H_NH3(S) NH20H(S) + NH3 2.084E+10 1 15.59
NH20H_NH3(S) NH3(S) + NH20H 2.084E+10 1 14.81
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Table D.3: (continued)

Reactant Product A B Ea Adjust
[1/s] [[]  [kcal/mol] Ax E,

HZSM5(B) + N20(S) = HZSM5(S) + N20 2.084E+10 1 6.70

N20(S) + NO —  NO2(S) + N2 7.649E4+08 1 37.88
Comment on Table D.3
The reaction rate is calculated according to

E
k:A-T’B-ea:p(—Ra> (D.1)

It should be noted that in this expression the exponent 3 refers to the absolute
temperature in K, not to a relative temperature.

Table D.4: Thermodynamic database of gas and surface species on H-ZSM5
as is used in CHEMKIN.

THERMO
300.000
HE
2.50000000E+00
-7.45375000E+02
0.00000000E+00
02
3.28253784E+00
-1.08845772E+03
-9.68129509E-09
H20
3.03399249E+00
-3.00042971E+04
-5.48797062E-09
NH3
0.26344521E+01
-0.65446958E+04
-0.22808887E-07
N2

1000.000 5000.000

L10/90HE 1

.00000000E+00 0.
.28723974E-01 2.
.00000000E+00-7

TPIS890 2

.48308754E-03-7.
.45323129E+00 3.
.24372837E-12-1.

L 8/89H 20

.17691804E-03-1.
4.96677010E+00 4.
LT7197817E-12-3.

J 6/77N 1H

.56662560E-02-0.
.65662928E+01 0
.82638046E-11-0.

121286N 2

G 200.000 6000.000 1000.000
00000000E+00 0.00000000E+00 0.00000000E+00
50000000E+00 0.00000000E+00 0.00000000E+00

.45375000E+02 9.28723974E-01 0.00000000E+00

G 200.000 3500.000 1000.000
57966669E-07 2.09470555E-10-2.16717794E-14
78245636E+00-2.99673416E-03 9.84730201E-06
06394356E+03 3.65767573E+00
1 G 200.000 3500.000 1000.000
64072518E-07-9.70419870E-11 1.68200992E-14
19864056E+00-2.03643410E-03 6.52040211E-06
02937267E+04-8.49032208E-01
3 G 200.000 6000.000 1000.00
17278676E-05 0.23867161E-09-0.12578786E-13

.42860274E+01-0.46605230E-02 0.21718513E-04

67417285E+04-0.62537277E+00

G 300.000 5000.000 1000.000

EF D WN R B WNDR, D WN R D WD
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0.02926640E+02 0.
-0.09227977E+04 0.
0.05641515E-07-0
asN203
0.44589581E+01 0.
0.80152462E+04 0O
0.12087326E-07-0
ctN203
0.49129524E+01 0.
0.13181110E+05 0O
0.48387436E-08-0
asN204
0.29177018E+01 O
0.27369185E+04 0.
0.18310383E-07-0
HNO
0.48118726E+01-0
0.10725747E+05 0O
-0.21445428E-07 0O
H2NO
0.54949788E+01-0
0.41445223E+04-0.
-0.35072443E-07 0.
HNO3
0.11627672E+01 O
-0.17372754E+05 0.
0.51195717E-08 O.
HONO
0.21114031E+01 0.
-0.10417679E+05 0.
0.76267635E-08-0.
N20
0.22072581E+01 0.
0.87988304E+04 0.
0.13526520E-07-0
NH2NO
0.31167892E+01 O
0.75946240E+04 O
-0.18492429E-07 0O
NH2N02
0.10556348E+01 0
-0.10632378E+04 0.
-0.55902046E-08 0
c-HNNO
0.29574165E+01 0O
0.25832254E+05 0.
-0.16680459E-07 0O
NH20H
0.37440889E+01-0

.62234017E+01 O
.39487747E-11 0.

.45915613E+01 0O
.53134934E-12 0.

14879768E-02-0.
05980528E+02 0.

.02444854E-10-0.

ownN 20
17208337E-01-0.

ownN 20
15585551E-01-0.

ownN 20

.27657701E-01-0.

13554673E+02 0.

.47370354E-11 0.

ownH 1N

.75547898E-02 0.
.55003233E+00 0O
.72914172E-11 0.

ownH 2N

.78556663E-02 0.

16844634E+01 0.
13858958E-10 0

ownH 1N

.22981426E-01-0.

19402697E+02 0.
10053149E-11-0.
ownH 1N
15147976E-01-0.
13957299E+02 0.
13395676E-11-0.
ownN 20
11981395E-01-0.
10925271E+02 0.

.47576399E-11 0.

ownH 2N

.89948306E-02 0.
.98634863E+01 0.
.92626838E-11 0.

ownH 2N

.23384395E-01-0.

19157917E+02 0.

.57116615E-11-0.

ownH 1N

.59130306E-02 0.

11158529E+02 0.

.78938262E-11 0.

ownH 3N

.43434715E-03 0.

05684760E-05 0.10097038E-09-0.06753351E-13
03298677E+02 0.14082404E-02-0.03963222E-04
10208999E+04 0.03950372E+02

3 G 300.000 900.000 900.00
18228849E-04 0.12087326E-07-0.39487747E-11

.44589581E+01 0.17208337E-01-0.18228849E-04

80152462E+04 0.62234017E+01
3 G 300.000 900.000 900.00
13010158E-04 0.48387436E-08-0.53134934E-12

.49129524E+01 0.15585551E-01-0.13010158E-04

13181110E+05 0.45915613E+01

4 G 300.000 900.000 900.00
30730848E-04 0.18310383E-07-0.47370354E-11
29177018E+01 0.27657701E-01-0.30730848E-04
27369185E+04 0.13554673E+02

10 1 G 300.000 900.000 900.00
22530409E-04-0.21445428E-07 0.72914172E-11

.48118726E+01-0.75547898E-02 0.22530409E-04

10725747E+05 0.55003233E+00

10 1 G 300.000  800.000 800.00
31214563E-04-0.35072443E-07 0.13858958E-10
54949788E+01-0.78556663E-02 0.31214563E-04

.41445223E+04-0.16844634E+01

10 3 G 300.000 900.000 900.00
19329102E-04 0.51195717E-08 0.10053149E-11
11627672E+01 0.22981426E-01-0.19329102E-04
17372754E+05 0.19402697E+02

10 2 G 300.000 900.000 900.00
15263788E-04 0.76267635E-08-0.13395676E-11
21114031E+01 0.15147976E-01-0.15263788E-04
10417679E+05 0.13957299E+02

1 G 300.000 900.000 900.00
16470265E-04 0.13526520E-07-0.47576399E-11
22072581E+01 0.11981395E-01-0.16470265E-04
87988304E+04 0.10925271E+02

20 1 G 300.000 900.000 900.00
73587755E-05-0.18492429E-07 0.92626838E-11
31167892E+01 0.89948306E-02 0.73587755E-05
75946240E+04 0.98634863E+01

20 2 G 300.000 900.000 900.00
11780224E-04-0.55902046E-08 0.57116615E-11
10556348E+01 0.23384395E-01-0.11780224E-04
10632378E+04 0.19157917E+02

20 1 G 300.000 900.000 900.00
82578748E-05-0.16680459E-07 0.78938262E-11
29574165E+01 0.59130306E-02 0.82578748E-05
25832254E+05 0.11158529E+02

10 1 G 300.000 900.000 900.00
27872502E-04-0.38583574E-07 0.16892271E-10
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-0.69096614E+04 0.
-0.38583574E-07 0.
NH4NO02
0.64356725E+01 0.
-0.21796357E+05-0
-0.18386394E-07 0
NH4NO3
0.50552872E+01 0O
-0.30330219E+05 0O
-0.19502192E-07 O.
NO
0.42220868E+01-0
0.97216843E+04 0O
-0.85550037E-08 0
NO2
0.39011106E+01-0.
0.27780600E+04 0
-0.20952636E-07 O
symN204
0.35221523E+01 0
-0.90024613E+03 0
0.13155854E-07-0
NH3(S)
0.34153955E+01-0.
-0.21868413E+05-0.
-0.10635391E-07 O
NH3x2(S)
0.53578627E+01 0.
-0.39986822E+05-0
-0.19493208E-08-0
NH3x3(S)
0.77208748E+01 0
-0.56201981E+05-0
0.13519824E-07-0
NH3_N02(8)
0.81724371E+01 O
-0.24329964E+05-0
-0.23420743E-07 0O
NH3_asN204(S)
0.72111864E+01 O
-0.28836070E+05-0
0.22640006E-07-0
asN204_ST3b(S)
0.56623163E+01 O
-0.23035883E+05-0.
0.13612680E-07-0
NH2NO_HNO03(S)
0.48227961E+01 0
-0.23220343E+05-0

60608528E+01 0.
16892271E-10-0.
ownH 4N
12794692E-01 0.

.27432294E+00 O.
.89658671E-11-0.

ownH 4N

.21739979E-01 0.
.60864774E+01 O.

10681324E-10-0.
ownN 10

.45506383E-02 0.
.22433766E+01 0O
.24850503E-11 0.

ownN 10
14461602E-02 0.

.65021481E+01 0.
.85468611E-11 0.

ownN 20

.25869201E-01-0.
.92234989E+01 0.
.31446438E-11-0.

2.5+3H 4N
10909889E-04 0.
12108870E+02 0.

.24426438E-11-0.

+3.5H 7N
12778370E-01 0

H+1H 10N

.26566341E-01-0.
.32013985E+02 0.
.60715948E-11-0.

modH 4N

.28399271E-02 0.
.23659935E+02 0.
.76801273E-11-0.

modH 4N

.36578763E-01-0.
.20644593E+02 0.
.75423750E-11-0.

modH 4N

.40424492E-01-0.

17512254E+02 0.

.22804832E-11-0.

modH 4N

.38879585E-01-0.
.99180624E+01 0.

37440889E+01-0.43434715E-03 0.27872502E-04
69096614E+04 0.60608528E+01

20 2 G 300.000 900.000 900.00
69851431E-05-0.18386394E-07 0.89658671E-11
64356725E+01 0.12794692E-01 0.69851431E-05
21796357E+05-0.27432294E+00

20 3 G 300.000 900.000 900.00
15086560E-05-0.19502192E-07 0.10681324E-10
50552872E+01 0.21739979E-01 0.15086560E-05
30330219E+05 0.60864774E+01

1 G 300.000  900.000 900.00
10431499E-04-0.85550037E-08 0.24850503E-11

.42220868E+01-0.45506383E-02 0.10431499E-04

97216843E+04 0.22433766E+01

2 G 300.000 900.000 900.00
16313410E-04-0.20952636E-07 0.85468611E-11
39011106E+01-0.14461602E-02 0.16313410E-04
27780600E+04 0.65021481E+01

4 G 300.000 900.000 900.00
25182181E-04 0.13155854E-07-0.31446438E-11
35221523E+01 0.25869201E-01-0.25182181E-04
90024613E+03 0.92234989E+01

1 S 300.000  900.000 900.00
12879187E-04-0.10635391E-07 0.24426438E-11
34153955E+01-0.10909889E-04 0.12879187E-04
21868413E+05-0.12108870E+02

2 S 300.000 900.000 900.00

.83315851E-06-0.19493208E-08-0.51970204E-12
.203564517E+02 0.
.51970204E-12-0.

53578627E+01 0.12778370E-01 0.83315851E-06
39986822E+05-0.20354517E+02

3 S 300.000  900.000 900.00
16922024E-04 0.13519824E-07-0.60715948E-11
77208748E+01 0.26566341E-01-0.16922024E-04
56201981E+05-0.32013985E+02

20 2 S 300.000  900.000 900.00
21146828E-04-0.23420743E-07 0.76801273E-11
81724371E+01 0.28399271E-02 0.21146828E-04
24329964E+05-0.23659935E+02

30 4 S 300.000  900.000 900.00
34491322E-04 0.22640006E-07-0.75423750E-11
72111864E+01 0.36578763E-01-0.34491322E-04
28836070E+05-0.20644593E+02

30 4 S 300.000  900.000 900.00
32608312E-04 0.13612680E-07-0.22804832E-11
56623163E+01 0.40424492E-01-0.32608312E-04
23035883E+05-0.17512254E+02

30 4 S 300.000  900.000 900.00
16524823E-04-0.13145264E-07 0.11037212E-10
48227961E+01 0.38879585E-01-0.16524823E-04
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D Supporting Information for Chapter 6

-0.13145264E-07 0.
NH2NO_alt(S)
0.22719513E+01 0.
-0.10791971E+03-0
-0.81229042E-08 0
NH3_asN203(S)
0.92147709E+01 0O
-0.22314488E+05-0
0.11562505E-07-0
asN203_ST3(S)
0.72405931E+01 0
-0.13864876E+05-0
0.24438978E-07-0
NH2NO_HONO(S)
0.60333879E+01 0
-0.15208713E+05-0.
-0.45762382E-08 0
NH2NO(S)
0.26879229E+01 0
-0.53142617E+04-0
-0.27686806E-07 0.
NH2NO_ST2(S)
0.29583034E+01 0
-0.31321372E+04-0
-0.41886824E-07 O.
NH2NO_ST3b(S)
0.24545049E+01 0.
-0.67489210E+03-0
-0.22418611E-07 O.
NH2NO_ST4b(S)
0.24552770E+01 0.
-0.14616836E+04-0
-0.23317925E-07 0.
NH2NO_ST5b(S)
0.30416439E+01 0.
-0.15508989E+04-0
-0.26993767E-07 O.
NH2NO_ST6b(S)
0.32479181E+01 0.
-0.11406177E+04-0
-0.25725589E-07 O.
H20_N2(S)
0.54180329E+01 0.
-0.43938873E+05-0.
0.19008312E-07-0
02(8)
0.49376889E+01-0
-0.29076932E+04-0.
-0.94963208E-08 0.

11037212E-10-0.

modH 3N

17531706E-01-0.
.47767791E+01 O.
.57981895E-11-0.

modH 4N

.21061026E-01-0.
.30473234E+02 0.
.551564289E-11-0.

modH 4N

.33703786E-01-0.
.24532872E+02 0.
.78235912E-11-0.

modH 4N

.31589155E-01-0.
16360792E+02 0.
.59047686E-11-0.

modH 3N

.98111887E-02 0.
.78215416E+01 0.
12781457E-10-0.

modH 3N

.46414946E-02 0.
.82993374E+01 0.
17996162E-10-0.

modH 3N

13183122E-01 0.
.54704959E+01 O.
11522674E-10-0.

modH 3N

12797224E-01 0.
.57979224E+01 0.
11850932E-10-0.

modH 3N

10371414E-01 O.
.77140627E+01 0.
13012027E-10-0.

modH 3N

10058691E-01 0.
.85717905E+01 0.
12304902E-10-0.

modH 3N

15061519E-01-0.
14713401E+02 0.
.75177116E-11-0

modH 10

.21718920E-02 0.
.49376889E+01-0.21718920E-02 0.89794450E-05
33940720E-11-0.

11184724E+02 0

23220343E+05-0.99180624E+01

20 1 S 300.000  900.000 900.00
53946394E-05-0.81229042E-08 0.57981895E-11
22719513E+01 0.17531706E-01-0.53946394E-05
10791971E+03-0.47767791E+01

30 3 S 300.000 900.000 900.00
14756324E-04 0.11562505E-07-0.55154289E-11
92147709E+01 0.21061026E-01-0.14756324E-04
22314488E+05-0.30473234E+02

30 3 S 300.000  900.000 900.00
35619363E-04 0.24438978E-07-0.78235912E-11
72405931E+01 0.33703786E-01-0.35619363E-04
13864876E+05-0.24532872E+02

30 3 S 300.000  900.000 900.00
16627765E-04-0.45762382E-08 0.59047686E-11
60333879E+01 0.31589155E-01-0.16627765E-04
15208713E+05-0.16360792E+02

20 1 S 300.000  900.000 900.00
14476136E-04-0.27686806E-07 0.12781457E-10
26879229E+01 0.98111887E-02 0.14476136E-04
53142617E+04-0.78215416E+01

20 1 S 300.000  900.000 900.00
28419935E-04-0.41886824E-07 0.17996162E-10
29583034E+01 0.46414946E-02 0.28419935E-04
31321372E+04-0.82993374E+01

20 1 S 300.000  900.000 900.00
74042203E-05-0.22418611E-07 0.11522674E-10
24545049E+01 0.13183122E-01 0.74042203E-05
67489210E+03-0.54704959E+01

20 1 S 300.000  900.000 900.00
83321093E-05-0.23317925E-07 0.11850932E-10
24552770E+01 0.12797224E-01 0.83321093E-05
14616836E+04-0.57979224E+01

20 1 S 300.000  900.000 900.00
12689698E-04-0.26993767E-07 0.13012027E-10
30416439E+01 0.10371414E-01 0.12689698E-04
15508989E+04-0.77140627E+01

20 1 S 300.000 900.000 900.00
12256716E-04-0.25725589E-07 0.12304902E-10
32479181E+01 0.10058691E-01 0.12256716E-04
11406177E+04-0.85717905E+01

20 1 S 300.000  900.000 900.00
20065576E-04 0.19008312E-07-0.75177116E-11
54180329E+01 0.15061519E-01-0.20065576E-04

.43938873E+05-0.14713401E+02

2 S 300.000  900.000 900.00
89794450E-05-0.94963208E-08 0.33940720E-11

29076932E+04-0.11184724E+02
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ON0O(S)
0.80002591E+01 0.
0.25365195E+04-0
0.47152591E-08-0

ONOO_NO(S)
0.11263508E+02 0
0.97484328E+04-0
0.10607852E-08-0.

ONOONO(S)
0.50024823E+01 0
0.46708919E+04-0
0.51866366E-07-0.

NO202N(S)
0.68612381E+01 0.

-0.11611615E+04-0.

-0.24897842E-08 0

NO(S)
0.41620691E+01 0.
0.71654398E+04-0.
0.26913049E-08-0.

NH3_symN204 (8)
0.79185976E+01 0

-0.30161429E+05-0
0.10184785E-07-0

symN204_ST3(S)
0.82673409E+01 0

-0.17828614E+05-0
0.18276792E-07-0

symN204_ST4(S)
0.53897166E+01 0

-0.22453152E+05-0.

-0.25185326E-07 O.

NH2N02_HONO (S)
0.51427107E+01 O

-0.25315692E+05-0.

-0.69003099E-08 0

NH2N02_alt (S)
0.16151176E+01 0

-0.10542920E+05-0

-0.15257743E-07 0

NH3_HONO(S)
0.62694876E+01 0.

-0.42300175E+05-0

-0.96300147E-08 0

NH3_HONO_2(S)
0.65982149E+01 0.

-0.38689721E+05-0

-0.19696850E-07 O.

NH4N02(S)

modH 1N

58821967E-02-0.
.235569584E+02 0.
.22930028E-11 0.

-210H 1N

.36951313E-02 O.
.25337266E+02 0.
16462214E-11 0.

S10H 1IN

.38159172E-01-0.
.92228341E+01 0.
.46708919E+04-0.92228341E+01

18365159E-10 0
S10H 1IN

19577602E-01-0.
13485890E+02 0.
.30886997E-11-0.

modH 1N

17879972E-02-0.
.41620691E+01 0.17879972E-02-0.15832619E-05
16267716E-11 0.

10813588E+02 0

modH 4N

.29919529E-01-0.
.23748319E+02 0.
.37335698E-11-0.

modH 4N

.35927688E-01-0.
.26544433E+02 0.
.47636896E-11-0.

modH 4N

.33540944E-01-0
12931292E+02 0.
15339619E-10-0.

modH 4N

.38796914E-01-0.
11771312E+02 0.
.79203634E-11-0.

modH 3N

.22888501E-01-0
.95111757E+00 O.
.96938038E-11-0.

modH 5N

15012702E-01 O.
.23440460E+02 O.
.35434348E-11-0

modH 5N

12342515E-01 0.
.22586671E+02 0.
75152630E-11-0.

modH 5N

10 3 S 300.000  900.000 900.00
52284794E-05 0.47152591E-08-0.22930028E-11
80002591E+01 0.58821967E-02-0.52284794E-05
25365195E+04-0.23559584E+02

20 4 S 300.000  900.000 900.00
20420373E-06 0.10607852E-08-0.16462214E-11
11263508E+02 0.36951313E-02 0.20420373E-06
97484328E+04-0.25337266E+02

20 4 S 300.000  900.000 900.00
60340545E-04 0.51866366E-07-0.18365159E-10
50024823E+01 0.38159172E-01-0.60340545E-04

20 4 S 300.000  900.000 900.00
10520266E-04-0.24897842E-08 0.30886997E-11
68612381E+01 0.19577602E-01-0.10520266E-04
11611615E+04-0.13485890E+02

10 1 S 300.000  900.000 900.00
16832619E-05 0.26913049E-08-0.16267716E-11

71654398E+04-0.10813588E+02

30 4 S 300.000  900.000 900.00
20005628E-04 0.10184785E-07-0.37335698E-11
79185976E+01 0.29919529E-01-0.20005628E-04
30161429E+05-0.23748319E+02

30 4 S 300.000  900.000 900.00
33100530E-04 0.18276792E-07-0.47636896E-11
82673409E+01 0.35927688E-01-0.33100530E-04
17828614E+05-0.26544433E+02

30 4 S 300.000  900.000 900.00

.40969616E-05-0.25185326E-07 0.15339619E-10

53897166E+01 0.33540944E-01-0.40969616E-05
22453152E+05-0.12931292E+02

30 4 S 300.000 900.000 900.00
20045861E-04-0.69003099E-08 0.79203634E-11
51427107E+01 0.38796914E-01-0.20045861E-04
25315692E+05-0.11771312E+02

20 2 S 300.000  900.000 900.00

.42455271E-05-0.15257743E-07 0.96938038E-11

16151176E+01 0.22888501E-01-0.42455271E-05
10542920E+05-0.95111757E+00

20 2 S 300.000  900.000 900.00
31763386E-05-0.96300147E-08 0.35434348E-11
62694876E+01 0.15012702E-01 0.31763386E-05

.42300175E+05-0.23440460E+02

20 2 S 300.000  900.000 900.00
11798175E-04-0.19696850E-07 0.75152630E-11
65982149E+01 0.12342515E-01 0.11798175E-04
38689721E+05-0.22586671E+02

20 2 S 300.000  900.000 900.00
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D Supporting Information for Chapter 6

0.60186557E+01 0.
-0.35689580E+05-0
-0.19980651E-07 0
NH3_HONO_4(S)

0.51495317E+01 0
-0.37750452E+05-0

0.36265181E-07-0.
NH3_HONO_5(S)

0.55903040E+01 0
-0.35274711E+05-0

0.63204213E-07-0
NH3_HONO_6(S)

0.45624875E+01 0
-0.37199414E+05-0.

0.44451277E-07-0.
NH3_HNO3(S)

0.56113315E+01 0.
-0.51186245E+05-0.
-0.24205204E-07 0
NH3_HNO3_2(S)

0.60086122E+01 0.
-0.50361412E+05-0
-0.41303301E-07 O.
NH4N03(S)

0.60964144E+01 0.
-0.51090795E+05-0
-0.43749004E-07 O.
NH2N02_H20(S)

0.36020360E+01 0
-0.48292657E+05-0
-0.15285178E-08 0
NH2N02(S)

0.12846530E+01 0
-0.14094796E+05-0.
-0.12706411E-07 0
NH2N02_ST2(S)

0.16925684E+01 0.
-0.10603704E+05-0
-0.30982149E-07 O.
NH2N02_ST3(S)

0.72599101E+00 0.
-0.68922273E+04 0.
-0.92194577E-08 0.
NH2N02_ST4(S)

0.71827702E+00 O.
-0.65276967E+04 0.
-0.67534063E-08 0.
NH2N02_ST5(S)

0.69303781E+00 0.

.32157434E-01-0
.20808094E+02 0.

13099032E-01 0.

.20850098E+02 0.
.86368497E-11-0.

modH 5N

13427316E-10-0.
modH 5N

.39681580E-01-0.
.22313727E+02 0.
.23992347E-10-0.

modH 5N

.36883601E-01-0.
.45624875E+01 0.36883601E-01-0.51368966E-04

17870182E+02 0O
16101997E-10-0.
modH 5N
18081299E-01 0.
18669567E+02 0.

.98709214E-11-0.

modH 5N
13556053E-01 0.

.21331889E+02 0.

17194195E-10-0.
modH 5N
12573630E-01 0.

.20537822E+02 0.

17888039E-10-0.
modH 5N

.34772072E-01-0.
.89266359E+01 0.
.48009754E-11-0

modH 3N

.24179352E-01-0.

10984169E+01 0.

.86533322E-11-0.

modH 3N
16950970E-01 0.

.28454004E+01 0.

14804488E-10-0.
modH 3N
27315721E-01-0.
22263483E+01 O.
78463665E-11-0.
modH 3N
28052878E-01-0.
26406440E+01 0.
68769274E-11-0.
modH 3N
27886987E-01-0.

99169736E-05-0.19980651E-07 0.86368497E-11
60186557E+01 0.13099032E-01 0.99169736E-05
35689580E+05-0.20850098E+02

20 2 S 300.000  900.000 900.00

.41795941E-04 0.36265181E-07-0.13427316E-10

51495317E+01 0.32157434E-01-0.41795941E-04
37750452E+05-0.20808094E+02

20 2 S 300.000  900.000 900.00
66141439E-04 0.63204213E-07-0.23992347E-10
55903040E+01 0.39681580E-01-0.66141439E-04
35274711E+05-0.22313727E+02

20 2 S 300.000  900.000 900.00
51368966E-04 0.44451277E-07-0.16101997E-10

37199414E+05-0.17870182E+02

20 3 S 300.000  900.000 900.00
11760695E-04-0.24205204E-07 0.98709214E-11
56113315E+01 0.18081299E-01 0.11760695E-04
51186245E+05-0.18669567E+02

20 3 S 300.000  900.000 900.00
25794605E-04-0.41303301E-07 0.17194195E-10
60086122E+01 0.13556053E-01 0.25794605E-04
50361412E+05-0.21331889E+02

20 3 S 300.000  900.000 900.00
28537986E-04-0.43749004E-07 0.17888039E-10
60964144E+01 0.12573630E-01 0.28537986E-04
51090795E+05-0.20537822E+02

20 3 S 300.000  900.000 900.00
20284805E-04-0.15285178E-08 0.48009754E-11
36020360E+01 0.34772072E-01-0.20284805E-04

.48292657E+05-0.89256359E+01

20 2 S 300.000 900.000 900.00
66948695E-05-0.12706411E-07 0.86533322E-11
12846530E+01 0.24179352E-01-0.66948695E-05
14094796E+05-0.10984169E+01

20 2 S 300.000  900.000 900.00
12434780E-04-0.30982149E-07 0.14804488E-10
16925684E+01 0.16950970E-01 0.12434780E-04
10603704E+05-0.28454004E+01

20 2 S 300.000  900.000 900.00
11841441E-04-0.92194577E-08 0.78463665E-11
72599101E+00 0.27315721E-01-0.11841441E-04
68922273E+04 0.22263483E+01

20 2 S 300.000  900.000 900.00
14073903E-04-0.67534063E-08 0.68769274E-11
71827702E+00 0.28052878E-01-0.14073903E-04
65276967E+04 0.26406440E+01

20 2 S 300.000 900.000 900.00
13600650E-04-0.71409048E-08 0.69803893E-11
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-0.67101340E+04 O.
-0.71409048E-08 0.
NH2N02_ST7(S)
0.17685816E+01 0.
-0.66880330E+04-0.
-0.97641597E-08 0
NH2N02_ST8(S)
0.17725247E+01 0
-0.69203317E+04-0.
-0.55065537E-08 0
NH2N02_ST9(S)
0.18115358E+01 0
-0.62871934E+04-0
0.60769719E-08 0.
H20_N20(S)
0.42209868E+01 0
-0.34461898E+05-0
0.27049202E-07-0
HONOx2_a(8)
0.64347131E+01 0
-0.32441873E+05-0.
0.83495663E-08-0
H20_N203_a(S)
0.64299613E+01 0
-0.33783087E+05-0.
0.29197865E-07-0
H20(8)
0.95994974E+00 0.
-0.41441666E+05-0
0.14857599E-07-0
HONO(S)
0.26541718E+01 0.
-0.19462701E+05-0
0.33031693E-08 0
HONOx2_b(S)
0.59027306E+01 0
-0.35530562E+05-0.
0.76965873E-08 0
HONOx2_b2(S)
0.53958485E+01 0
-0.33454050E+05-0.
0.39047823E-07-0.
H20_N203_b(8)
0.66835513E+01 0
-0.32607369E+05-0
0.39987808E-07-0.
HNO3_HONO(S)
0.50567022E+01 0
-0.41349515E+05-0.

.38415117E-01-0

24816240E+01 O.
69803893E-11-0.
modH 3N
24784918E-01-0.
12310580E+01 0.

.76880121E-11-0.

modH 3N

.26104893E-01-0.

10688831E+01 0.

.60390941E-11-0.

modH 3N

.28865661E-01-0.
.39389533E+01 0.

11268633E-11-0.
modH 3N

.26154109E-01-0.
.81730798E+01 0
.95499943E-11-0.

modH 3N

.30773576E-01-0.

16077808E+02 0.

.77426589E-13-0.

modH 3N

.33665682E-01-0.

16326866E+02 0.

.99597573E-11-0.

modH 30
13806087E-01-0.

.35940628E+01 0.
.53181662E-11-0

S+3H 2N
15925104E-01-0.

.53207872E+01 0.
.34211348E-12-0.

modH 3N

.32162205E-01-0.

15132312E+02 0.

.68236870E-12-0.

modH 3N

17610506E+02 0.

13722891E-10-0.
modH 3N

.37897624E-01-0.
.23127625E+02 0.

13426698E-10-0.
modH 3N

.38082013E-01-0.

11766563E+02 0.

69303781E+00 0.27886987E-01-0.13600650E-04
67101340E+04 0.24816240E+01

20 2 S 300.000  900.000 900.00
96819516E-05-0.97641597E-08 0.76880121E-11
17685816E+01 0.24784918E-01-0.96819516E-05
66880330E+04-0.12310580E+01

20 2 S 300.000  900.000 900.00
13596938E-04-0.55065537E-08 0.60390941E-11
17725247E+01 0.26104893E-01-0.13596938E-04
69203317E+04-0.10688831E+01

20 2 S 300.000  900.000 900.00
23054132E-04 0.60769719E-08 0.11268633E-11
18115358E+01 0.28865661E-01-0.23054132E-04
62871934E+04-0.39389533E+01

20 2 S 300.000  900.000 900.00
33323040E-04 0.27049202E-07-0.95499943E-11

.42209868E+01 0.26154109E-01-0.33323040E-04

34461898E+05-0.81730798E+01

20 4 S 300.000 900.000 900.00
25003575E-04 0.83495663E-08-0.77426589E-13
64347131E+01 0.30773576E-01-0.25003575E-04
32441873E+05-0.16077808E+02

20 4 S 300.000  900.000 900.00
39199154E-04 0.29197865E-07-0.99597573E-11
64299613E+01 0.33665682E-01-0.39199154E-04
33783087E+05-0.15326866E+02

1 S 300.000 900.000 900.00
17706789E-04 0.14857599E-07-0.53181662E-11
95994974E+00 0.13806087E-01-0.17706789E-04

.41441666E+05-0.35940628E+01

10 2 S 300.000  900.000 900.00
12039555E-04 0.33031693E-08 0.34211348E-12
26541718E+01 0.15925104E-01-0.12039555E-04
19462701E+05-0.53207872E+01

20 4 S 300.000  900.000 900.00
25984540E-04 0.76965873E-08 0.68236870E-12
59027306E+01 0.32162205E-01-0.25984540E-04
35530562E+05-0.15132312E+02

20 4 S 300.000  900.000 900.00

.48890536E-04 0.39047823E-07-0.13722891E-10

53958485E+01 0.38415117E-01-0.48890536E-04
33454050E+05-0.17610506E+02

20 4 S 300.000  900.000 900.00
50834240E-04 0.39987808E-07-0.13426698E-10
66835513E+01 0.37897624E-01-0.50834240E-04
32607369E+05-0.23127625E+02

20 5 S 300.000  900.000 900.00
24075726E-04-0.11957793E-08 0.53834227E-11
50567022E+01 0.38082013E-01-0.24075726E-04
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-0.11957793E-08 0.
HNO3_HONO_3(S)
0.39720266E+01 0.
-0.43041291E+05-0.
0.41277241E-07-0.
HNO3_HONO_4(S)
0.43050851E+01 0
-0.44036334E+05-0.
0.50716485E-07-0.
H20_asN204(S)
0.60916074E+01 0
-0.41312365E+05-0.
0.35031268E-07-0.
HND3(S)
0.15041294E+01 0
-0.27276626E+05 0
-0.39882067E-08 0
HN03x2(S)
0.38234608E+01 0
-0.52223729E+05-0
-0.97684891E-08 0.
H20_N205(S)
0.61504142E+01 0
-0.44926631E+05-0.
0.53656860E-07-0.
N205(S)
0.40231347E+01 0
-0.87271232E+04-0
0.26977084E-07-0
NH3_N205(S)
0.75840930E+01 0
-0.18880017E+05-0
0.29226765E-07-0
NH2NO2_HN03(S)
0.38735970E+01 0
-0.35079820E+05-0
-0.15176671E-07 O.
HONO_HNO(S)
0.79981743E+01 0.
-0.12180273E+05-0
0.40195622E-10 0
N202_H20(S)
0.57615260E+01 0
-0.20792368E+05-0
0.54136071E-07-0
HNO_HNO3(S)
0.57399182E+01 0
-0.20879564E+05-0.
-0.49243075E-08 0.

53834227E-11-0
modH 3N

51355324E-01-0.
11679456E+02 0.
.43041291E+05-0.11679456E+02

11584624E-10-0
modH 3N

.53105674E-01-0.
.43050851E+01 0.53105674E-01-0.69586244E-04
.44036334E+05-0.12868810E+02

12868810E+02 0O
15593590E-10-0
modH 3N

.44321007E-01-0.
13899106E+02 0.
.41312365E+05-0.13899106E+02

10152104E-10-0
S+3H 2N

.22943495E-01-0.
.45608369E+00 O.
.46405562E-11-0.

modH 3N

.44461183E-01-0.
.67585788E+01 0.
10176807E-10-0.

modH 3N

.56105880E-01-0.
18116992E+02 0.
.44926631E+05-0.18116992E+02

16563924E-10-0
modH 1N

.40055309E-01-0
.55960716E+01 O
.68637051E-11-0.

modH 4N

.47856634E-01-0
.22392371E+02 0.
.74429196E-11-0.

modH 4N

.45974989E-01-0.
.60377581E+01 0.
12784939E-10-0.

modH 3N

16825401E-01-0.
.24687736E+02 0.
.89948060E-12-0.

modH 3N

.36668148E-01-0.
.20283338E+02 0.
.20182215E-10-0.

modH 3N

.26920515E-01-0.
16365541E+02 0.
47092478E-11-0.

.41349515E+05-0.11766563E+02

20 5 S 300.000  900.000 900.00
62059441E-04 0.41277241E-07-0.11584624E-10
39720266E+01 0.51355324E-01-0.62059441E-04

20 b5 S 300.000 900.000 900.00
69586244E-04 0.50716485E-07-0.15593590E-10

20 5 S 300.000  900.000 900.00
52296675E-04 0.35031268E-07-0.10152104E-10
60916074E+01 0.44321007E-01-0.52296675E-04

10 3 S 300.000  900.000 900.00
12190930E-04-0.39882067E-08 0.46405562E-11
15041294E+01 0.22943495E-01-0.12190930E-04
27276626E+05 0.45608369E+00

20 6 S 300.000  900.000 900.00
22827933E-04-0.97684891E-08 0.10176807E-10
38234608E+01 0.44461183E-01-0.22827933E-04
52223729E+05-0.67585788E+01

20 6 S 300.000  900.000 900.00
73714636E-04 0.53656860E-07-0.16563924E-10
61504142E+01 0.56105880E-01-0.73714636E-04
20 5 S 300.000

900.000 900.00

.45227732E-04 0.26977084E-07-0.68637051E-11
.40231347E+01 0.40055309E-01-0.45227732E-04

87271232E+04-0.55960716E+01

30 5 S 300.000  900.000 900.00

.49776743E-04 0.29226765E-07-0.74429196E-11

75840930E+01 0.47856634E-01-0.49776743E-04
18880017E+05-0.22392371E+02

30 5 S 300.000  900.000 900.00
19831055E-04-0.15176671E-07 0.12784939E-10
38735970E+01 0.45974989E-01-0.19831055E-04
35079820E+05-0.60377581E+01

20 3 S 300.000 900.000 900.00
80572448E-05 0.40195622E-10 0.89948060E-12
79981743E+01 0.16825401E-01-0.80572448E-05
12180273E+05-0.24687736E+02

20 3 S 300.000  900.000 900.00
59021028E-04 0.54136071E-07-0.20182215E-10
57615260E+01 0.36668148E-01-0.59021028E-04
20792368E+05-0.20283338E+02

20 4 S 300.000  900.000 900.00
12134193E-04-0.49243075E-08 0.47092478E-11
57399182E+01 0.26920515E-01-0.12134193E-04
20879564E+05-0.16365541E+02
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H20_ctN203(S)
0.69391080E+01 0.
-0.34303699E+05-0
0.36083115E-07-0.
NH300H+(S)
0.22750966E+01 0.
-0.18584275E+05-0
-0.18438723E-07 0
NH200H (S)
0.23199637E+01 0.
-0.18557295E+05-0
-0.20150170E-07 O.
HNO_H20(S)
0.57860485E+01 0.
-0.34768114E+05-0
0.10056301E-07-0
NH3x2_02(S)
0.65233435E+01 0
-0.24850410E+05-0
0.15976069E-07-0
NH300H_NH3(S)
0.62201447E+01 0.
-0.27893490E+05-0
-0.33009259E-07 O.
NH200H_NH3(S)
0.59497959E+01 0
-0.28016053E+05-0
-0.26704699E-07 0.
NH200H_NH3_2(S)
0.59686148E+01 0.
-0.29961357E+05-0
-0.32594863E-07 O.
NH20Hx2 (S)
0.78536323E+01 0.
-0.40895646E+05-0
-0.70916698E-07 0
HNO(S)
0.34281493E+01 0
0.32081490E+04-0.
-0.41563808E-08 0.
HNOx2(S)
0.77152867E+01 0
0.89145574E+04-0
-0.92238272E-08 0
HNOx2_2(S)
0.34729637E+01 0.
-0.51429833E+04-0.
-0.33908132E-07 O.
HNOx2_3(S)

modH 3N
35264507E-01-0

S+3H 4N

14838587E-01 0.
.65802457E+01 0.
.855661165E-11-0.

modH 4N
17109347E-01 O

modH 4N

15413992E-01-0.
.20991919E+02 0.
.40603813E-11-0.

modH N

.28159509E-01-0.
.23954866E+02 0.
.61232740E-11-0.

modH N

15429265E-01 0.
.23192433E+02 0.
13318018E-10-0.

modH N

.21702710E-01 O.
.20711182E+02 0.
13285649E-10-0.

modH N

19140542E-01 0.
.21304854E+02 0.
15046079E-10-0.

modH N

15194912E-02 0.
.28115019E+02 0.
.28732267E-10-0

modH 2N

.40213917E-02 O.
12184076E+02 0.
11872508E-11 0.

-26H 3N

.67045438E-02 0.
.24843838E+02 0.
.27294996E-11 0.

modH 3N

10659540E-01 0.
11767516E+02 0.
14540900E-10-0.

modH 3N

20 4 S 300.000  900.000 900.00

.45401409E-04 0.36083115E-07-0.12581860E-10
.22463673E+02 0.
12581860E-10-0.

69391080E+01 0.35264507E-01-0.45401409E-04
34303699E+05-0.22463673E+02

0 2 S 300.000  900.000 900.00
66791039E-05-0.18438723E-07 0.85551165E-11
22750966E+01 0.14838587E-01 0.66791039E-05
18584275E+05-0.65802457E+01

10 2 S 300.000  900.000 900.00

.41786856E-05-0.20150170E-07 0.10655633E-10
.72269543E+01 0.
10655633E-10-0.

23199637E+01 0.17109347E-01 0.41786856E-05
18557295E+05-0.72269543E+01

10 2 S 300.000  900.000 900.00
13096384E-04 0.10056301E-07-0.40603813E-11
57860485E+01 0.15413992E-01-0.13096384E-04
34768114E+05-0.20991919E+02

20 2 S 300.000  900.000 900.00
22415746E-04 0.15976069E-07-0.61232740E-11
65233435E+01 0.28159509E-01-0.22415746E-04
24850410E+05-0.23954866E+02

20 2 S 300.000  900.000 900.00
20416194E-04-0.33009259E-07 0.13318018E-10
62201447E+01 0.15429265E-01 0.20416194E-04
27893490E+05-0.23192433E+02

20 2 S 300.000  900.000 900.00
83466076E-05-0.26704699E-07 0.13285649E-10
59497959E+01 0.21702710E-01 0.83466076E-05
28016053E+05-0.20711182E+02

20 2 S 300.000  900.000 900.00
14993117E-04-0.32594863E-07 0.15046079E-10
59686148E+01 0.19140542E-01 0.14993117E-04
29961357E+05-0.21304854E+02

20 2 S 300.000 900.000 900.00
55108931E-04-0.70916698E-07 0.28732267E-10
78536323E+01 0.15194912E-02 0.55108931E-04

.40895646E+05-0.28115019E+02

10 1 S 300.000  900.000 900.00
28833413E-05-0.41563808E-08 0.11872508E-11
34281493E+01 0.40213917E-02 0.28833413E-05
32081490E+04-0.12184076E+02

20 2 S 300.000  900.000 900.00
69395781E-05-0.92238272E-08 0.27294996E-11
77152867E+01 0.67045438E-02 0.69395781E-05
89145574E+04-0.24843838E+02

20 2 S 300.000  900.000 900.00
20091405E-04-0.33908132E-07 0.14540900E-10
34729637E+01 0.10659540E-01 0.20091405E-04
51429833E+04-0.11767516E+02

20 2 S 300.000  900.000 900.00
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0.37970500E+01 0.
-0.51770628E+04-0.
-0.40144772E-07 O.
HNOx2_4(S)

0.31067238E+01 0.
-0.85072492E+04-0
-0.18890663E-07 0
HNOx2_5a(8)

0.37557539E+01 0.
-0.26072512E+04-0.
-0.11268615E-07 0
HNOx2_6a(S)

0.36180429E+01 0.
-0.49549402E+04-0.
-0.18150955E-07 0
HNOx2_7b(S)

0.41472448E+01 0.
-0.89003600E+04-0.
-0.30303460E-07 O.
HNOx2_8b(S)

0.39621464E+01 0.
-0.23655459E+04-0.
-0.75542562E-08 0
HNOx2_9b(S)

0.62636204E+01 0
-0.10918970E+03-0
-0.19963377E-07 0
HNOx2_10b(S)

0.42203767E+01 0.
-0.50833267E+04-0.
-0.84175902E-08 0
HNOH(S)

0.25833408E+01-0
-0.79013076E+04-0
-0.40662388E-07 O.
HNOH_HNO(S)

0.88564201E+01 0
-0.35766754E+04-0
-0.23731126E-07 0
NH20H_NO(S)

0.64566514E+01-0
-0.15998565E+05-0.
-0.44861507E-07 O.
HNOx2_5f (S)

0.25667818E+01 0
-0.51334493E+04-0
-0.36248433E-08 0.
HNO-NO(S)

0.86489028E+01 0.

.956392322E-11-0

.38277181E-02 0O

81304392E-02 0.
12415098E+02 0.
16756342E-10-0.
modH 3N
17423439E-01 0.

.94740820E+01 0.
.98487633E-11-0.

modH 3N
19558377E-01-0
11099357E+02 0.

.73203252E-11-0.

modH 3N
16831774E-01 0.
11691201E+02 0.

modH 3N
11172694E-01 0.
11328874E+02 0
13387728E-10-0.

modH 3N
19850364E-01-0.
11863475E+02 0.

.55914711E-11-0.

modH 3N

.83093532E-02 0.
.21217573E+02 0.
.81454951E-11-0.

modH 3N
15072978E-01-0.
15324919E+02 0

modH 3N

.28369833E-02 0.
.70434145E+01 0.

15820000E-10-0.
modH 4N

.39000826E-02 0.
.30618911E+02 0.
.87176485E-11-0.

modH 4N

19356067E+02 0.

16098359E-10-0.
modH 3N

.23824493E-01-0.
.56936868E+01 0.

44681607E-11-0.
modH 2N
17991859E-03 0.

26385224E-04-0.40144772E-07 0.16756342E-10
37970500E+01 0.81304392E-02 0.26385224E-04
51770628E+04-0.12415098E+02

20 2 S 300.000  900.000 900.00
33477793E-05-0.18890663E-07 0.98487633E-11
31067238E+01 0.17423439E-01 0.33477793E-05
85072492E+04-0.94740820E+01

20 2 S 300.000  900.000 900.00

.45073879E-05-0.11268615E-07 0.73203252E-11

37557539E+01 0.19558377E-01-0.45073879E-05
26072512E+04-0.11099357E+02

20 2 S 300.000  900.000 900.00
29766711E-05-0.18150955E-07 0.95392322E-11
36180429E+01 0.16831774E-01 0.29766711E-05

.49549402E+04-0.11691201E+02

20 2 S 300.000  900.000 900.00
16559348E-04-0.30303460E-07 0.13387728E-10

.41472448E+01 0.11172694E-01 0.16559348E-04

89003600E+04-0.11328874E+02

20 2 S 300.000  900.000 900.00
69536674E-05-0.75542562E-08 0.55914711E-11
39621464E+01 0.19850364E-01-0.69536674E-05
23655459E+04-0.11863475E+02

20 2 S 300.000  900.000 900.00
12057281E-04-0.19963377E-07 0.81454951E-11
62636204E+01 0.83093532E-02 0.12057281E-04
10918970E+03-0.21217573E+02

20 2 S 300.000  900.000 900.00
17700740E-06-0.84175902E-08 0.39266183E-11

.42203767E+01 0.15072978E-01-0.17700740E-06
.39266183E-11-0.

50833267E+04-0.15324919E+02

10 1 S 300.000 900.000 900.00
33697573E-04-0.40662388E-07 0.15820000E-10
25833408E+01-0.28369833E-02 0.33697573E-04
79013076E+04-0.70434145E+01

20 2 S 300.000  900.000 900.00
19143226E-04-0.23731126E-07 0.87176485E-11
88564201E+01 0.39000826E-02 0.19143226E-04
35766754E+04-0.30618911E+02

20 2 S 300.000  900.000 900.00

.40670010E-04-0.44861507E-07 0.16098359E-10

64566514E+01-0.38277181E-02 0.40670010E-04
15998565E+05-0.19356067E+02

20 2 S 300.000  900.000 900.00
12425343E-04-0.36248433E-08 0.44681607E-11
25667818E+01 0.23824493E-01-0.12425343E-04
51334493E+04-0.56936868E+01

20 2 S 300.000 900.000 900.00
13661103E-04-0.13482363E-07 0.39171719E-11
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0.10317904E+05-0
-0.13482363E-07 0O
HNONO(S)

0.36553338E+01 O.
0.55491558E+04-0.
.39295533E-11 0.

-0.51766093E-08 0
HNO_2NO(S)
0.42791460E+01 0

0.85125669E+04-0.
0.22181033E-08 O.

HNO_2N0_2(S)
0.40855587E+01 0

0.72964504E+04-0.

0.12296667E-07-0
NH20H(S)
0.31593311E+01 0O

NH20H_2(S)
0.38084549E+01-0

NH20H_3(S)
0.53496965E+01-0

-0.61526692E-07 0O
NH20H_4(S)
0.38999998E+01 0

NH20H_5(S)
0.36046575E+01 0O

NH20H_HNO(S)
0.76924525E+01 0O
-0.16521848E+05-0

NH2NO_H20b(S)
0.42901490E+01 0

-0.43388385E+05-0.
.49320679E-11-0

-0.51149932E-08 0
NH30H+_HNO(S)
0.70199013E+01 0
-0.23797626E+05-0
-0.28375886E-07 0
H20_c-HNNO(S)
0.49121453E+01 0

.28762764E+02 0.
.39171719E-11 0.

modH 2N
17037186E-01-0.
10488186E+02 0.

modH 2N

.28211211E-01-0.
.42791460E+01 0.28211211E-01-0.17891066E-04

12494618E+02 0
15019354E-11 0.
modH 2N

.31983126E-01-0.
.40855587E+01 0.31983126E-01-0.28066503E-04
.20271298E-11 0.

10528739E+02 0

modH 4N

.44416721E-04 O.
-0.25106083E+05-0.
-0.36516672E-07 O.

12194312E+02 0.
14108545E-10-0.
modH 4N

.51313715E-02 0.
-0.21028411E+05-0.
-0.43587860E-07 O.

14316506E+02 0.
16461609E-10-0.
modH 4N

.86993633E-02 0.
-0.20838027E+05-0.
.24518007E-10-0.

17432483E+02 0.

modH 4N

.31615372E-02 0.
-0.19806743E+05-0.
-0.32938619E-07 0.

14186818E+02 0.
14224001E-10-0.
modH 4N

.29408151E-02 O.
-0.19848982E+05-0.
-0.37098858E-07 0.

12204254E+02 0.
16119193E-10-0.
modH 5N

.53741764E-02 0.
.27855579E+02 0.
-0.41215624E-07 O.

16813792E-10-0.
modH 5N

.25749253E-01-0.
.42901490E+01 0.25749253E-01-0.11157015E-04
.43388385E+05-0.14173030E+02

14173030E+02 0

-33H 5N

.64843833E-02 0.
.235565600E+02 0.
.995637836E-11-0.

modH 4N

.23099313E-01-0.
-0.18690694E+05-0.

14750547E+02 0.

86489028E+01 0.17991859E-03 0.13661103E-04
10317904E+05-0.28762764E+02

20 2 S 300.000  900.000 900.00
64665698E-05-0.51766093E-08 0.39295533E-11
36553338E+01 0.17037186E-01-0.64665698E-05
55491558E+04-0.10488186E+02

30 3 S 300.000  900.000 900.00
17891066E-04 0.22181033E-08 0.15019354E-11

85125669E+04-0.12494618E+02
30 3 S 300.000  900.000 900.00
28066503E-04 0.12296667E-07-0.20271298E-11

72964504E+04-0.10528739E+02

10 1 S 300.000  900.000 900.00
30136543E-04-0.36516672E-07 0.14108545E-10
31593311E+01 0.44416721E-04 0.30136543E-04
25106083E+05-0.12194312E+02

10 1 S 300.000 900.000 900.00
38521031E-04-0.43587860E-07 0.16461609E-10
38084549E+01-0.51313715E-02 0.38521031E-04
21028411E+05-0.14316506E+02

10 1 S 300.000  900.000 900.00
51794456E-04-0.61526692E-07 0.24518007E-10
53496965E+01-0.86993633E-02 0.51794456E-04
20838027E+05-0.17432483E+02

10 1 S 300.000 900.000 900.00
22905956E-04-0.32938619E-07 0.14224001E-10
38999998E+01 0.31615372E-02 0.22905956E-04
19806743E+05-0.14186818E+02

10 1 S 300.000  900.000 900.00
25718549E-04-0.37098858E-07 0.16119193E-10
36046575E+01 0.29408151E-02 0.25718549E-04
19848982E+05-0.12204254E+02

20 2 S 300.000  900.000 900.00
30050768E-04-0.41215624E-07 0.16813792E-10
76924525E+01 0.53741764E-02 0.30050768E-04
16521848E+05-0.27855579E+02

20 2 S 300.000  900.000 900.00
11157015E-04-0.51149932E-08 0.49320679E-11

20 2 S 300.000  900.000 900.00
23244919E-04-0.28375886E-07 0.99537836E-11
70199013E+01 0.64843833E-02 0.23244919E-04
23797626E+05-0.23555600E+02

20 2 S 300.000  900.000 900.00
15206607E-04 0.34989459E-08 0.56559730E-12
49121453E+01 0.23099313E-01-0.15206607E-04
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D Supporting Information for Chapter 6

0.34989459E-08 0.
c-HNNO(S)
0.32712464E+01 0.
0.18332222E+05-0
-0.16820361E-07 0
HNNOx2(S)
0.79637613E+01 0.
0.37142118E+05-0
-0.44054953E-07 O.
NH2NO_N20(S)
0.64255390E+01 0
0.61445936E+04-0.
0.28957097E-08 0
HNNO_HNO(S)
0.65897168E+01 0.
0.25552495E+05-0
-0.26824062E-07 0.
HNNO_NO(S)
0.84790893E+01 0
0.25883239E+05-0
-0.16130472E-07 0
HNNO_NO_2(S)
0.42449710E+01 0O
0.24647571E+05-0.
0.10565324E-07-0
NH3_N20(S)
0.61618842E+01 0.
-0.16920316E+05-0.
0.96870338E-08-0
NH3x2_N20(S)
0.86306452E+01 0
-0.33800620E+05-0
0.16613441E-07-0
NH20H_NH3(S)
0.60302427E+01 0
-0.39675214E+05-0
-0.36398628E-07 0.
N20(S)
0.26726268E+01 0.
0.53402334E+04-0
0.18479440E-07-0
N02(S)
0.47080697E+01 0
-0.15015947E+04-0.
-0.15824356E-07 0
NO2_NO(S)
0.99784625E+01 0
0.64603915E+04-0
-0.19071706E-07 O.

56559730E-12-0.
modH 2N
84441370E-02 O.

.85615295E+01 0.
.79604418E-11 0.

modH 3N
11388724E-01 0.

.23037886E+02 0.

19916487E-10 0.
modH 3N

.28014772E-01-0.

16606079E+02 0.

.20038155E-11 0.

modH 3N
11615105E-01 0.

.21716739E+02 0.

11056178E-10 0.
modH 2N

.800564291E-02 0.
.26305906E+02 0.
.70905460E-11 0.

modH 2N

.250564114E-01-0.
.42449710E+01 0.25054114E-01-0.22340472E-04
.21250512E-11 0.

12691387E+02 0

modH 4N
15551065E-01-0.
19193388E+02 0.

.50881427E-11-0.

modH N

.26529925E-01-0.
.24815478E+02 0.
.73244896E-11-0.

modH N

LTTTTT939E-02 0.
.22977751E+02 0.

13982413E-10-0.
modH 1N
15458659E-01-0.

.42629688E+01 0.
.64676822E-11 0.

modH 1N

.23493158E-02 0.
.47080697E+01 0.23493158E-02 0.10273021E-04
.67719578E-11-0.

10871134E+02 0

S+9H 1IN

.26263955E-03 0.
.20836035E+02 0.

72563170E-11 0.

18690694E+05-0.14750547E+02

20 1 S 300.000  900.000 900.00
73571478E-05-0.16820361E-07 0.79604418E-11
32712464E+01 0.84441370E-02 0.73571478E-05
18332222E+05-0.85615295E+01

40 2 S 300.000 900.000 900.00
25236219E-04-0.44054953E-07 0.19916487E-10
79637613E+01 0.11388724E-01 0.25236219E-04
37142118E+05-0.23037886E+02

40 2 S 300.000  900.000 900.00
19290640E-04 0.28957097E-08 0.20038155E-11
64255390E+01 0.28014772E-01-0.19290640E-04
61445936E+04-0.16606079E+02

30 2 S 300.000  900.000 900.00
15526002E-04-0.26824062E-07 0.11056178E-10
65897168E+01 0.11615105E-01 0.15526002E-04
25552495E+05-0.21716739E+02

30 2 S 300.000  900.000 900.00
82150227E-05-0.16130472E-07 0.70905460E-11
84790893E+01 0.80054291E-02 0.82150227E-05
25883239E+05-0.26305906E+02

30 2 S 300.000  900.000 900.00
22340472E-04 0.10565324E-07-0.21250512E-11

24647571E+05-0.12691387E+02

30 1 S 300.000  900.000 900.00
10254195E-04 0.96870338E-08-0.50881427E-11
61618842E+01 0.15551065E-01-0.10254195E-04
16920316E+05-0.19193388E+02

40 1 S 300.000  900.000 900.00
20074736E-04 0.16613441E-07-0.73244896E-11
86306452E+01 0.26529925E-01-0.20074736E-04
33800620E+05-0.24815478E+02

20 1 S 300.000  900.000 900.00
27940706E-04-0.36398628E-07 0.13982413E-10
60302427E+01 0.77777939E-02 0.27940706E-04
39675214E+05-0.22977751E+02

20 1 S 300.000  900.000 900.00
22226913E-04 0.18479440E-07-0.64676822E-11
26726268E+01 0.15458659E-01-0.22226913E-04
53402334E+04-0.42629688E+01

10 2 S 300.000  900.000 900.00
10273021E-04-0.15824356E-07 0.67719578E-11

15015947E+04-0.10871134E+02

20 3 S 300.000  900.000 900.00
15352116E-04-0.19071706E-07 0.72563170E-11
99784625E+01 0.26263955E-03 0.15352116E-04
64603915E+04-0.20836035E+02
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asN203(S)
0.51138711E+01 0.
-0.21326931E+04-0.
0.10930876E-07-0
ctN203(S)
0.58034984E+01 0.
0.22521649E+04-0.
0.11148009E-07-0
NO2_N02(S)
0.99114446E+01 0.
-0.31261830E+04-0
-0.35821302E-07 O.
asN204(8S)
0.39991462E+01 0
-0.11498490E+05-0
0.21351964E-07-0
symN204(S)
0.50493716E+01 0
-0.92342913E+04-0
0.14366517E-07-0
NOZ(S)
0.20694296E+01 0
0.17650991E+05-0
0.27801307E-07-0.
NOZ_HONO(S)
0.55851600E+01 0.
-0.37396893E+04-0.
0.16359272E-07-0
NOZ_HNO3(S)
0.47676314E+01 0
-0.10994861E+05-0.
0.17797086E-07-0
NOZ_NH3(S)
0.34432326E+01 0
-0.17259837E+04-0.
0.36217036E-07-0.
NOZ_H20(S)
0.27470154E+01 0
-0.21950648E+05-0
0.55260800E-07-0
ctN203_10c(S)
0.64566089E+01 0
-0.17672591E+05-0
0.19643541E-07-0
ZND02(S)
0.18380622E+01 0.
0.17454741E+05-0
0.13947165E-07-0
ZNO2_HONO(S)

S+7H 1IN
19044502E-01-0.
14342027E+02 0.

.34342426E-11-0.

S+7H 1N
18396183E-01-0.
16245086E+02 0.

.33241620E-11 0.

-312H 1IN
15453165E-03 0.

.23255248E+02 0.

14648681E-10-0.
-310H 1IN

.31635942E-01-0.
.72710397E+01 O.
.58444396E-11-0.

S10H 1IN

.26768150E-01-0.
.96041535E+01 0.
.36968377E-11-0.

modN 10

.88151926E-02-0.
.756563143E+01 0.

12014194E-10 O.
-35H 1IN
18394972E-01-0.
17960755E+02 0.

.64691654E-11-0.

-45H 1N

.27661404E-01-0.
.47676314E+01 0.27661404E-01-0.28497962E-04
.54483732E-11-0.

12866004E+02 0

S+4H 3N

.23614717E-01-0.

11362451E+02 0.
14169560E-10-0.
S+4H 2N

.28228976E-01-0.
.93973681E+01 0.
.21532490E-10-0.

modH 4N

.33923915E-01-0.
.23253177E+02 0.
.56804579E-11-0.

modN 10
12405259E-01-0.

.52422587E+01 0.
.51581607E-11 0.

modH 1N

20 3 S 300.000  900.000 900.00
18135772E-04 0.10930876E-07-0.34342426E-11
51138711E+01 0.19044502E-01-0.18135772E-04
21326931E+04-0.14342027E+02

20 3 S 300.000  900.000 900.00
18345838E-04 0.11148009E-07-0.33241620E-11
58034984E+01 0.18396183E-01-0.18345838E-04
22521649E+04-0.16245086E+02

20 4 S 300.000  900.000 900.00
26711023E-04-0.35821302E-07 0.14648681E-10
99114446E+01 0.15453165E-03 0.26711023E-04
31261830E+04-0.23255248E+02

20 4 S 300.000  900.000 900.00
34829609E-04 0.21351964E-07-0.58444396E-11
39991462E+01 0.31635942E-01-0.34829609E-04
11498490E+05-0.72710397E+01

20 4 S 300.000  900.000 900.00
26345097E-04 0.14366517E-07-0.36968377E-11
50493716E+01 0.26768150E-01-0.26345097E-04
92342913E+04-0.96041535E+01

1 S 300.000  900.000 900.00
23439092E-04 0.27801307E-07-0.12014194E-10
20694296E+01 0.88151926E-02-0.23439092E-04
17650991E+05-0.75653143E+01

20 3 S 300.000  900.000 900.00
20341705E-04 0.16359272E-07-0.64691654E-11
55851600E+01 0.18394972E-01-0.20341705E-04
37396893E+04-0.17960755E+02

20 4 S 300.000  900.000 900.00
28497962E-04 0.17797086E-07-0.54483732E-11

10994861E+05-0.12866004E+02

20 1 S 300.000 900.000 900.00
37438054E-04 0.36217036E-07-0.14169560E-10
34432326E+01 0.23614717E-01-0.37438054E-04
17259837E+04-0.11362451E+02

10 2 S 300.000  900.000 900.00
54828740E-04 0.55260800E-07-0.21532490E-10
27470154E+01 0.28228976E-01-0.54828740E-04
21950648E+05-0.93973681E+01

30 3 S 300.000  900.000 900.00
32365730E-04 0.19643541E-07-0.56804579E-11
64566089E+01 0.33923915E-01-0.32365730E-04
17672591E+05-0.23253177E+02

2 S 300.000 900.000 900.00
17012805E-04 0.13947165E-07-0.51581607E-11
18380622E+01 0.12405259E-01-0.17012805E-04
17454741E+05-0.52422587E+01

20 4 S 300.000  900.000 900.00
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D Supporting Information for Chapter 6

0.52419488E+01 0.
0.10618470E+04-0.
0.15182621E-07-0
ZN02_H20(S)
0.27643618E+01 0
-0.19356459E+05-0
0.53938450E-07-0
ZNO2_NH3(S)
0.57210765E+01 0
0.24526520E+04-0.
0.23293474E-07-0
NH3_NH2NO(S)
0.58276540E+01 0.
-0.26457775E+05-0
-0.17699280E-07 0
NH3_NH2N02(S)
0.49742474E+01 0
-0.35363964E+05-0.
-0.10529971E-07 0
HZSM5(S)
-0.35524778E+01 0.
-0.28193329E+04 0
0.15664527E-06-0
HZSM5 (B)
-0.35524778E+01 0.
-0.28193329E+04 0
0.15664527E-06-0

27098668E-01-0.
13085625E+02 0.
.37525996E-11 0.

-35H 2N

.31989674E-01-0.
.96183301E+01 O.
.20393132E-10-0.

-36H 3N

.21177818E-01-0.
19078080E+02 0.
.88268441E-11 0.

modH 6N

17377629E-01 0.
.21329732E+02 0.
.76602281E-11-0.

modH 6N

.27933099E-01-0.
.49742474E+01 0.27933099E-01-0.57713958E-05
.61978183E-11-0.

156831413E+02 0

ownH 1

11980479E+00-0.
.58990408E+01-0.
.50206795E-10-0.

ownH 0

11980479E+00-0.
.58990408E+01-0.
.50206795E-10-0.

27487697E-04 0.15182621E-07-0.37525996E-11
52419488E+01 0.27098668E-01-0.27487697E-04
10618470E+04-0.13085625E+02

10 3 S 300.000  900.000 900.00
56703512E-04 0.53938450E-07-0.20393132E-10
27643618E+01 0.31989674E-01-0.56703512E-04
19356459E+05-0.96183301E+01

20 2 S 300.000  900.000 900.00
26910917E-04 0.23293474E-07-0.88268441E-11
57210765E+01 0.21177818E-01-0.26910917E-04
24526520E+04-0.19078080E+02

30 1 S 300.000  900.000 900.00
69614703E-05-0.17699280E-07 0.76602281E-11
58276540E+01 0.17377629E-01 0.69614703E-05
26457775E+05-0.21329732E+02

30 2 S 300.000  900.000 900.00
57713958E-05-0.10529971E-07 0.61978183E-11

35363964E+05-0.15831413E+02
S 300.000  900.000 900.00

19456364E-03
35524778E+01
28193329E+04

S
19456364E-03
35524778E+01
28193329E+04

0.15664527E-06-0.50206795E-10
0.11980479E+00-0.19456364E-03
0.58990408E+01

300.000  900.000 900.00
0.15664527E-06-0.50206795E-10
0.11980479E+00-0.19456364E-03
0.58990408E+01

P ONE PP ONRPE,PDPONERE P ODNDNERE P ONEREPDPONEREPDODN



Supporting Information for Chapter 7

This appendiz contains the structures of the minima of the active
site and the nitrite on a 23 T-atoms containig cluster and a study

on the influence of the O-Al-O angle on the adsorption energies

for NO.
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T21 Cluster

000000

Fe Al Si

Figure E.1: Geometries of the minima of FeO (a) on the PES with Ms=6
and FeONO (b) on the PES with Mg=5 on a 21 T-atoms containing cluster
of the zeolite. Dangling bonds are not shown.

Table E.1: Influence of the zeolite framework on the adsorption energy of
NO on FeO. Angles and bond length refer to the relaxed FeO on the PES
with Mg=6 (T5-cluster). The energies are the electronic energies only. The
third row corresponds to the unperturbed original active site.

0-Al-O Si-Al-Si Si-O O0O-Al AEglec
[deg] [deg] [A] [A]  [kcal/mol]
88.51 130.02 1.67 1.78 -35.19
89.40 132.54 1.67 1.78 -35.02
90.60 135.42 1.68 1.78 -34.83
91.45 137.33 1.68 1.78 -34.71
92.53 139.63 1.69 1.79 -34.56
93.64 141.88 1.69 1.79 -34.42
94.76 144.05 1.70 1.79 -34.28



Supporting Information for Chapter 9

In this section the reaction rate expressions and the thermody-
namic data for all surface species on Fe-ZSM5 are presented.
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Table F.1: Reaction rates of surface reactions on mononuclear iron sites.

Reactant Product A B Ea. Adjust
[1/s] [[] [kcal/mol] Ax E,
NO oxidation on FeO
FeO_4(S) = FeO_6(S) 2.39E+12 0 1.82
FeO_NO_7(S) = FeO_6(S) + NO 2.08E+10 1 1.07
FeONO_5(S) = FeOA4(S) + NO 2.08E+10 1 36.99
FeO_NO_7(S) = FeONO_5(S) 2.08E+10 1 0.65
FeONO_5(S) = FeO2N_5(S) 9.14E+12 0 3.51
0O2FeONO_7(S) = FeONO_5(S) + O2 3.89E+10 1 5.93
O2FeONO_7(S) = 0O2FeONO_5(S) 2.98E4-09 1 11.97
0O2FeONO_5(8) = Fe02.4(S) + NO2 1.16E4+14 0 10.53
02FeONO_7(S) = Fe02.6(S) + NO2 2.08E4+10 1 19.92
FeO2.4(S) = Fe02.6(S) 8.72E+12 0 2.73
FeO2_6(S) = OFeO0_6(S) 4.99E+12 0 22.04
OFeO-NO_7(S) = OFeO_6(S) + NO 2.08E+10 1 2.73
OFeO-NO_7(S) = OFeONO_7(S) 1.03E+13 0 5.46
OFeONO_7(S) = FeO_6(S) + NO2 2.08E+10 1 5.61
FeOONO_c_5(S) = Fe02.6(S) + NO 2.01E+13 1 13.14
FeOONO_t_5(S) = Fe024(S) + NO 2.40E+10 1 8.98
FeOONO_t_5(S) = FeOONO_c5(8) 8.09E+12 0 9.21
FeOONO_c_5(S) = FeO.4(S) + NO2 1.32E+12 1 11.73
O2FeNO_5(S) = Fe024(S) + NO 2.08E+11 1 22.52 10
O2FeNO_5(8) = FeONOO_5(S) 2.70E+12 0 25.70
FeONOO_5(S) = FeOONO_t_5(S) 248E+13 0 2.02
O2FeNO_5(S) = OFeO-NO_5(S) 2.42E+13 0 37.56
OFeO-NO_5(S) = OFeONO_5(S) 1.36E+12 0 9.19
OFeONO_7(S) = OFeONO_5(S) 6.00E+13 0 2.07
OFeONO_5(S) = FeOA4(S) + NO2 2.08E+10 1 20.67
OFeONO_5(S) = FeO2NO._5(8S) 5.46E+12 0 10.80
NO oxidation on FeONO
ONFeONO_6(S) = FeONO_5(S) + NO 2.08E+10 1 1.98
ONFeONO_4(S) = ONFeONO_6(S) 6.17E+12 0 19.72
ONFeONO_4(S) = FeNO_3(S) + NO2 2.08E+10 1 26.28
FeNO_02.5(S) = FeNO_3(S) + 02 2.08E+10 1 0.21
O2FeNO_5(S) = FeNO_02.5(S) 1.44E+14 0 13.92
ONFeONO-02_6(S) = ONFeONO_4(S) + 02 7.63E+12 0 2.79
ONFeONO-02_6(S) = ONOFeOONO_t_6(S) 8.20E+11 0 7.01
ONOFeOONO_t_6(S) = FeOONO_t_5(S) + NO2 2.08E+10 1 18.50
O2FeONO-NO_6(S) = 0O2FeONO_5(S) + NO 2.08E+10 1 19.05
O2FeONO-NO_6(S) =  ONOFeOONO_t_6(S) 6.00E+12 0 9.01
ONOFeOONO_t_6(S) =  ONOFeOONO_c_6(S) 1.03E4+13 0 9.90
ONOFeOONO_c_6(S) = OFeONO_5(S) + NO2 1.08E4+13 0 10.48
ONOFeONO_6(8S) = OFeONO_5(S) + NO 2.08E+10 1 32.33
ONOFeONO_6(S) = FeONO_5(S) + NO2 2.08E+10 1 16.01
ONFeOONO_t_6(S) = 02FeNO.5(S) + NO 2.16E4+13 0 9.64
ONFeOONO_t_6(S) = ONFeOONO_c_6(S) 7.79E+11 0 9.17
ONFeOONO_c_6(S) = ONFeO_5(S) + NO2 6.94E+12 0 11.40
ONFeO_5(S) = FeONO_5(S) 2.32E+12 0 3.93
NO oxidation on FeOsN
O2FeO2N_7(S) = FeO2N_5(S) + O2 5.27E4+13 0 4.15
O2FeO2N_5(S) = O2FeO2N_7(S) 2.08E+10 1 0.02
ONFeO2N_6(S) = FeO2N_5(S) + NO 2.08E+10 1 1.05
ONFeO2N_4(S) = ONFeO2N_6(S) 1.31E+11 1 18.40
O2FeO2N_NO_6(S) = 02Fe02N_5(S) + NO 2.08E+10 1 11.94
02FeO2N_NO_6(S) = NO2FeOONO_t_6(S) 4.29E+10 1 0.03
NO2FeOONO_t_6(S) = ONFeO2N_4(S) + 02 1.49E+410 1 12.87
NO2FeOONO_t_6(8) = NO2FeOONO_c_6(S) 1.10E+12 1 9.18
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Table F.1: (continued)

Reactant Product A B Ea. Adjust
[1/s] [[] [kcal/mol] Ax E,
NO2FeOONO_c_6(S) = NO2FeO_5(S) + NO2 1.72E4+13 0 10.34
NO2FeOONO_c_6(S) = NO2FeOONO_R._6(S) 1.03E+11 0 1.59
NO2FeOONO_R_6(S) = NO2FeO._5(8S) + NO2 2.08E4+13 0 13.42
NO2FeONO_6(S) = NO2FeO_5(S) + NO 2.08E+10 1 34.15
NO2FeONO_6(S) = FeO2N_5(S) + NO2 2.08E+10 1 14.62
ONOFeONO_6(S) = NO2FeONO_6(S) 8.02E+11 0 0.71
ONFeONO_4(S) =  ONFeONO_c_4(S) 3.96E+12 0 1.89
ONFeONO_c_4(S) = ONFeO2N_4(S) 5.94E+12 0 4.77
NO oxidation on FeO>,NO
0O2FeO2NO_7(S) = FeO2NO._5(S) + 02 1.67E4+13 0 3.77
O2FeO2NO_5(S) = 0O2FeO2NO_7(S) 7.77TE+11 0 6.17
ONFeO2NO_6(S) = FeO2NO._5(S) + NO 2.08E+10 1 1.46
ONFeO2NO_6(8S) = ONFeO2NO_4(S) 2.78E+12 0 2.15
0O2FeO2NO_NO_6(8S) = 02FeO2NO._5(S) + NO 2.08E+10 1 5.81
02Fe0O2NO_NO_6(S) = ONO2FeOONO_t6(S) 5.36E+10 1 0.30
ONO2FeOONO_t6(S) = ONFeO2NO_4(S) + 02 2.63E+11 0 13.78
ONO2FeOONO_t6(8S) =  ONO2FeOONO_c6(S) 5.85E+12 0 9.41
ONO2FeOONO_c6(S) = OFeO2NO5(S) + NO2 1.55E+13 0 10.10
ONOFeO2NO_6(S) = OFeO2NO_5(S) + NO 2.08E+10 1 37.99
ONOFeO2NO_6(S) = FeO2NO_5(S) + NO2 2.08E+10 1 14.90
NO2FeONO_6(S) = FeO2NO._5(S) + NO 5.80E+11 0 44.90
NO oxidation; H2O influence
H20FeO_6(S) = FeO_6(S) + H20 2.08E+10 1 22.91
H20FeO_6(S) = HOFeOH_u_6(S) 2.24E+13 0 14.06
HOFeOH_4(S) =  HOFeOH_u_6(S) 6.45E4+12 0 1.01
HOFeOH-NO_5(S) = HOFeOH_4(S) + NO 2.08E+10 1 17.46
HOFeOH-NO_5(S) = HONOFeOH_5(S) 6.65E+11 0 9.17
HONOFeOH_5(S) = FeOH_5(S) + HONO 2.08E4+10 1 13.07
HOFeOH_NO2_5(S) = HOFeOH_4(S) + NO2 2.08E+10 1 15.98
HOFeOH_NO2_5(S) = HNO3FeOH_5(S) 1.16E+11 0 15.24
HNO3FeOH_5(S) = FeOH_5(S) + HNO3 2.08E+10 1 12.83
H20FeO2N_5(S) = FeO2N_5(S) + H20 2.08E+10 1 19.81
HOFeHONO_5(S) = H20FeO2N_5(S) 6.29E+11 0 3.08
HOFeHONO_5(S) = FeOH._5(S) + HONO 2.08E+10 1 8.50
H20FeO2NO_5(S) = FeO2NO_5(S) + H20 2.08E+10 1 19.87
HOFeHNO3.5(8S) = H20FeO2NO_5(S) 5.71E409 1 3.80
HOFeHNO3.5(8S) = FeOH_5(S) + HNO3 2.08E+10 1 10.89
NO oxidation on FeOH
O2FeOH_7(S) = FeOH_5(S) + 02 3.74E414 0 8.85
O2FeOH_5(S) = O2FeOH_7(S) 6.26E4+12 0 5.19
O2FeOH_NO_6(S) = O2FeOH.5(S) + NO 2.08E+11 1 5.58 10
O2FeOH_NO_6(S) = HOFeOONO_t_6(S) 3.79E+409 1 0.42
ONFeOH_6(S) = FeOH.5(S) + NO 2.08E+10 1 3.88
ONFeOH_6(S) = ONFeOH_4(S) 2.08E4+10 O 1.61
ONFeOH-02_6(S) = ONFeOH_4(S) + 02 3.52E+13 0 5.29
ONFeOH-02_6(S) = O02FcOH.5(S) + NO 2.08E+10 1 6.71
ONFeOH-02_6(S) = HOFeOONO_t_6(S) 1.56E+12 0 9.16
HOFeOONO_t_6(S) =  HOFeOONO_c_6(S) 8.09E+13 0 10.00 10 -1
HOFeOONO_c_6(S) =  HOFeOONO_cu_6(S) 4.24E4+12 0 1.05
HOFeOONO_c_6(S) = HOFeO_d_5(S) + NO2 5.84E4+13 0 10.82 10
HOFeOONO_cu_6(S) =  HOFeO_u5(S) + NO2 8.18E+13 0 10.40 10
HOFeO_d_5(8) =  HOFeO_u5(S) 1.08E+14 0 2.29
HOFeO_NO_6(S) =  HOFeO_u5(S) + NO 2.08E+10 1 1.52
HOFeO_NO_6(S) = HOFeONO_u_6(S) 6.89E+12 0 1.29
HOFeONO_u_6(S) = HOFeONO_d_6(S) 1.23E4+13 0 1.12
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Table F.1: (continued)
Reactant Product A B Ea. Adjust
[1/s] [[] [kcal/mol] Ax E,
HOFeONO_u_6(S) FeOH 5(5) + NO2 2.08E+10 1 19.44
HOFeONO_d_6(S) FeOH_5(S) + NO2 2.08E+10 1 19.60
HOFe02-NO_6(S) 02FeOH_7(S) + NO 276E+11 1 7.82
HOFeO2-NO_6(S) HOFeOONO_t_6(S) 8ISE+12 0 9.37
HOFeOONO_t_6(S) HOFeO_d_5(S) + NO2 L75E413 0 26.54
HOFeOONO_t_6(S) HOFeOONO_R_6(S) 1.57TE+12 0 8.29
HOFeOONO_R_4(S) HOFeOONO_R._6(S) 275412 0 0.58
HOFeOONO_R_4(S) HOFeO-ONOcd_4(S) 6.42E+13 0 5.64
HOFeO-ONOcd_4(8S) HOFeO-ONOcu_4(S) 4.92E+13 0 4.54
HOFeO-ONOtu_4(S) HOFeO-ONOcu_4(S) 1.20E+13 0 0.94
HOFeO-N203_5(S) HOFeO-ONOtu-4(S) + NO 2.08E+10 1 13.64
HOFe(ONO)2_5(S) HOFeO-N203_5(S) 520E+11 0 2.64
HOFe(ONO)2.5(S) HOFeONO_uA4(S) + NO2  6.25E412 0 1.71
HOFeONO_u_4(S) HOFeONO_u_6(S) 346E+12 0 1.70
HOFeO-ONOtu_6(S) HOFeO_u_5(S) + NO2 2.08E+10 1 0.23
HOFeO-ONOtu_4(S) HOFeO-ONOtu_6(S) 2.08E+10 1 0.15
HOFeO-ONOtu_4(S) HOFeO2NO_4(S) 460E+12 0 2.70 10 -2
HOFeO2NO_4(S) HOFeO2NO_6(S) 2.08E+10 1 0.10
HOFeO2NO-NO_5(S) HOFeO2NO_4(S) + NO 2.08E+10 1 18.50
HOFeO2NO-NO_5(S) HONOFeO2NO_5(S) 434E+11 0 411
HONOFeO2NO_5(S) FeO2NO_5(S) + HONO 2.08E+10 1 15.33
HONOFeO2NO_5(S) HOFeONO_uA(S) + NO2  4.59E+14 1 37.08
HOFeO2NO_6(S) + NO HOFeO2N_6(S) + NO2 6.89E+07 1 38.21
HOFeONO_d_6(S) HOFeO2N_6(S) 3.83E+11 0 0.63
ONFeOH-02_6(S) HONOFeO2.6(S) 1.51E+11 0 8.69
HONOFeO2_6(S) FeO2.6(S) + HONO 2.08E+10 1 14.15
HOFeO2_NO2_6(S) 02FeOH_5(S) + NO2 2.08E+10 1 6.20
HOFe02.NO2_6(S) HNO3FeO2_6(S) 7ATE+09 0 15.26
HNO3FeO2_6(S) Fe02.6(S) + HNO3 2.08E+10 1 13.11
HNO3FeO_6(S) HOFeO2NO_6(S) 7.14E409 1 15.66
HNO3FeO_6(S) FeO_6(S) + HNO3 2.08E+10 1 16.61
OFeHNO3_6(S) HOFeO2NO_6(S) 468E+11 0 1.84
OFeHNO3_6(S) FeO_6(S) + HNO3 2.08E+10 1 8.67
HOFeONO-NO_5(8) HOFeONO_u_4(S) + NO 2.08E+10 1 14.40
HOFeONO-NO_5(S) HONOFeONO_5(S) 648E+11 0 7.25
HONOFeONO_5(S) FeONO_5(S) + HONO 2.08E410 1 14.81
HOFeONO-NO2_5(S) HOFeONO_uA(S) + NO2  2.08E+10 1 12.14
HOFeONO-NO2_5(S) HNO3FeONO_5(S) 1.77E+10 0 12.42
HNO3FeONO_5(S) FeONO_5(S) + HNO3 2.08E+10 1 13.45
OFeHONO_6(S) HOFeONO_u_6(S) 7.87E+11 0 5.96
OFeHONO_6(S) FeO_6(S) + HONO 2.08E4+10 1 12.59
HONOFeO_6(S) HOFeONO_d_6(S) 8.99E+11 0 6.00
HONOFeO_6(S) FeO_6(S) + HONO 2.08E410 1 18.93
HOFeO2N-NO_5(S) HOFeO2N_4(S) + NO 2.08E+10 1 16.99
HOFeO2N-NO_5(S) HONOFeO2N_5(S) 453E+11 0 4.80
HONOFeO2N_5(S) FeO2N_5(S) + HONO 2.08E+10 1 15.27
HOFeO2N_4(S) HOFeO2N_6(S) 2.08E+10 1 0.07
HOFeOQN—NOQ,E)(S) HOFeO2N_4(S) + NO2 2.08E+10 1 16.62
HOFeO2N-NO2_5(S) HNO3FeO2N_5(S) 2.75E407 1 10.66
HNO3FeO2N_5(S) FeO2N_5(S) + HNO3 2.08E410 1 13.69
HOFeO2NO-NO25(S) HOFeO2NO_4(S) + NO2  2.08E+10 1 18.10
HOFeO2NO-NO25(S) HNO3FeO2NO_5(8S) 2.87TE+07 1 10.87
HNO3FeO2NO_5(S) FeO2NO_5(S) + HNO3 2.08E+10 1 13.76
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Table F.1: (continued)

Reactant Product A B Ea. Adjust
[1/s] [[] [kcal/mol] Ax E,
SCR on Fe-ZSM5; Part 1
NH3FeO_6(S) = FeO_6(S) + NH3 2.08E4+10 1 26.75
NH3FeO_6(S) = NH2FeOH_6(S) 1.31E+10 1 22.81
NH2FeOH_4(S) = NH2FeOH_6(S) 2.08E4+10 1 0.16
NH2FeOH-NO_5(S) = NH2FeOH_4(S) + NO 2.08E+11 1 13.28 10 -3
NH2FeOH-NO_5(S) = NH2NOFeOH_5(S) 1.83E+12 0 3.24
NH2NOFeOH_5(S) = FeOH_5(S) + NH2NO 2.08E+10 1 8.51
NH3FeOH_5(S) = FeOH_5(S) + NH3 2.08E+10 1 20.31
NH2FeOH2_5(S) = NH3FeOH_5(S) 3.12E+11 0 2.05
NH2FeOH2_5(S) = FeNH2.5(S) + H20 2.08E+10 1 9.64
NH2FeONO_6(S) = FeNH2.5(S) + NO2 2.08E4+10 1 24.06
NH2NOFeO_6(8S) = NH2FeONO_6(S) 9.43E4+10 1 6.87 10
NH2NOFeO_6(S) = FeO_6(S) + NH2NO 2.08E+11 1 9.08 10 -3
NH2FeOH_NO2.5(S) = NH2FeOH_4(S) + NO2 2.08E4+10 1 13.59
NH2FeOH-NO2_5(S) = NH2NO2FeOH_5(S) 1.29E+12 0 4.75
NH2NO2FeOH_5(S) = FeOH_5(S) + NH2NO2 2.08E4+10 1 11.41
NH3FeO2N_5(S) = FeO2N_5(S) + NH3 2.08E+10 1 23.56
NH2FeHONO_5(S) = NH3FeO2N_5(S) 1.32E+10 1 0.83
NH2FeHONO_5(S) = FeNH2.5(S) + HONO 2.08E4+10 1 7.74
HONOFeNH2_5(S) = FeNH2.5(S) + HONO 2.08E4+10 1 12.54
HONOFeNH2_5(S) = NH2FeOH-NO._5(S) 1.12E4+12 0 5.01
HNO3FeNH2.5(S) = FeNH2.5(S) + HNO3 2.08E4+10 1 12.38
HNO3FeNH2_5(S) = HOFeNH2_NO2.5(S) 1.60E+10 1 8.54
HOFeNH2_NO2_5(S) = NH2FeOH_4(S) + NO2 2.08E+10 1 14.78
NH2FeHNO_5(S) = FeNH2.5(S) + HNO 2.08E+10 1 20.13
NH2FeHNO_3(S) = NH2FeHNO_5(S) 9.02E4+12 0 0.29
NH2FeHNO_3(S) = NH3FeNO_3(S) 2.66E+11 1 10.58
NH3FeNO_3(S) = FeNO_3(S) + NH3 2.08E4+10 1 20.66
SCR on Fe-ZSM5; Part 2
NH2-ONOFeOH_5(S) = NH2FeOH_4(S) + NO2 2.08E410 1 5.30
NH2-ONOFeOH_5(S) = NH2NO-OFeOH_5(S) 1.34E+12 0 12.48
NH2NO-OFeOH_5(S) = HOFeO_u5(S) + NH2NO 2.08E+10 1 8.47
NH3-HOFeONO_6(S) = HOFeONO_u_6(S) + NH3 2.08E4+10 1 17.82
NH3-HOFeONO_6(S) = NH3FeOH_5(S) + NO2 2.08E+10 1 16.95
NH3-HOFeONO_6(S) = NH3-OFeOH_5(S) + NO 2.08E4+10 1 27.46
NH3-HOFeONO_6(S) = NH2FeOH-HONOG6(S) 1.34E+11 1 25.05
NH2FeOH-HONOG6(S) = NH2FeOH_6(S) + HONO 2.08E4+10 1 7.62
NH2FeOH-HONOG6(S) =  HOFeOH-NH2NOG6(S) 1.82E4+08 1 9.00
HOFeOH-NH2NO6(S) = HOFeOH_u-6(S) + NH2NO 2.08E+10 1 10.15
NH3-HOFeONO_6(S) = NH2FeONO-H206(S) 2.44E+10 1 21.81
NH2FeONO-H206(S) = NH2FeONO_6(S) + H20 2.08E+10 1 8.25
NH3-HOFeOH_6(S) = HOFeOH_u_6(S) + NH3 2.08E4+10 1 15.24
NH3-HOFeOH_6(S) = NH2FeOH-H20_6(S) 3.06E+10 1 20.92
NH2FeOH-H20_6(S) = NH2FeOH_6(S) + H20 2.08E4+10 1 7.76
NH3-OFeOH_5(S) = HOFeO_u5(S) + NH3 2.08E4+10 1 22.71
NH3-OFeOH_5(S) = NH2-HOFeOH_5(S) 6.46E+411 1 36.68
NH3-OFeOH_7(S) = NH3-OFeOH_5(S) 5.37TE+11 0 2.20
NH3-OFeOH_7(S) = NH2-HOFeOH_7(S) 9.41E409 1 20.51
NH3-OFeOH_7(S) = NH2FeO-OH2_7(S) 5.51E409 1 23.67
NH2FeO-OH2_7(S) = NH2FeO.7(S) + H20 2.08E410 1 5.43
NH2FeO_7(S) = NH2FeO_5(S) 2.08E4+10 1 0.92
NH2-HOFeOH_7(S) = NH2-HOFeOH_5(S) 6.33E+11 0 0.81
NH2-HOFeOH_5(S) = NH20HFeOH_5(S) 3.69E+12 0 18.73
NH20HFeOH_5(S) = FeOH_5(S) + NH20H 2.08E+10 1 21.15
NH2-HOFeOH_5(S) = NH2FeO-OH2.5(S) 1.57E+12 0 16.02
NH2FeO-OH2_5(S) = NH2FeO_5(S) + H20 2.08E4+10 1 10.92
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Table F.1: (continued)
Reactant Product A B Ea. Adjust
[1/s] [[] [kcal/mol] Ax E,
NH2NO2Fe0_6(3) — NH2FeO5(S) + NO2 T80E+13 1 31.70
NH2NO2FeO_6(S) = FeO_6(S) + NH2NO2 2.08E+10 1 14.97
NH2NO2FeO-d_6(S) = NH2FeO_5(S) + NO2 3.50E410 1 471
NH2NO2FeO-d_6(S) = NH2NO-OFeO_6(S) 2.14E+10 1 9.14
NH2NO-OFeO_6(S) =  OFe0_6(S) + NH2NO 2.08E+10 1 10.26
SCR on Fe-ZSM5; Part 3
FeNH2.02.7(3) = FeNH2.5(S) + 02 2.08E+10 1 0.23
FeNH2_02.7(S) = NH2FeO2.7(S) 1.03E+10 0 0.15
NH2Fe02.7(S) =  NH2FeO2.5(S) 1.20E+12 0 8.60
NH2FeNO_6(S) =  FeNH2.5(S) + NO 2.08E+10 1 4.49
NH2FeNO_6(S) = NH2FeNO_4(S) 2.08E+10 1 0.64
NH2-ONFeO2_6(S) = NH2FeNO_4(S) + 02 242E+13 0 5.20
NH2-ONFeO2_6(S) = NH2FeO2.5(S) + NO 2.08E+10 1 10.34
NH2-ONFeO2_6(S) = NH2NOFeO2.6(S) 3.10E+12 0 3.99
NH2NOFeO2_6(S) = Fe02.6(S) + NH2NO 2.08E+10 1 8.42
NH3FeO2.6(S) =  Fe02.6(S) + NH3 2.08E+10 1 22.32
NH3FeO2_6(S) = NH3-OFeO_6(S) 3.16E+12 0 20.53
NH3-OFeO_6(S) = OFeO_6(S) + NH3 2.08E+10 1 24.29
NH2-OFeOH_6(S) =  NH3-OFeO_6(S) 2.15E+12 0 21.48
NH2-OFeOH_6(S) = NH20HFeO_6(S) 9.56E+10 0 7.63
NH20HFeO_6(S) = FeO.6(S) + NH20H 2.08E+10 1 27.84
NH2-OFeOH_6(S) = NH2-OFeOH_4(S) 2.39E+13 0 0.73
NH2-HOFeONO_5(S) = NH2-OFeOH.4(S) + NO 2.08E+10 1 41.85
NH3-OFeONO_7(S) = NH3-OFeO_6(S) + NO 2.08E+10 1 15.58
NH3-OFeONO_7(S) = NH3FeO_NO2.7(S) L77E+09 1 2.20
NH3FeO_NO2_7(S) = NH3FeO_6(S) + NO2 2.08E+10 1 3.14
NH3-OFeONO_7(S) = NH2FeOH_6(S) + NO2 5.78E+10 1 18.53
NH3-OFeONO_7(S) = NH3-OFeONO_5(S) 2.08E+10 1 0.55
NH3-OFeONO_5(S) = NH3FeO_4(S) + NO2 2.08E+10 1 23.30
NH3FeO_4(S) = NH3FeO._6(S) 1.65E+10 1 6.53
NH3FeO_4(S) = FeO_4(S) + NH3 2.08E+10 1 22.13
NH3-OFeONO_5(S) =  NH2-HOFeONO_5(S) 1.51E+10 1 29.36
NH2-HOFeONO_5(S) =  NH2FeOH_4(S) + NO2 2.08E+10 1 2.37
NH3-OFeONO_5(S) = OFeONO._5(S) + NH3 2.08E+10 1 24.77
NH3-OFeONO_7(S) =  OFeONO_7(S) + NH3 2.08E+10 1 10.64
NH2FeO2_NO_6(S) = NH2FeO2.5(S) + NO 2.08E+10 1 10.06
NH2Fe02_NO_6(S) =  NH2FeOONO_t_6(S) 1L69E+12 1 4.16
NH2FeOONO_t_6(S) = NH2FeOONO_c_6(S) 3.66E+11 1 10.96
NH2FeOONO_c_6(S) = NH2FeO_NO2.6(S) 247E+09 1 10.45
NH2FeO_NO2_6(S) = NH2FeO_5(S) + NO2 2.08E+10 1 2.03
NH2FeONO_6(S) = NH2FeO_5(S) + NO 2.08E+10 1 31.68
NH3-HOFeNO_4(S) =  ONFeOH_4(S) + NH3 2.08E+10 1 14.22
NH3-HOFeNO_4(S) = NH2FeNO-H20_4(S) 1.09E410 1 18.39
NH2FeNO-H204(S) = NH2FeNO_4(S) + H20 2.08E+10 1 3.20
NH2FeNO_2(S) =  NH2FeNO_4(S) 2.08E+10 1 0.23
NH2FeNO-NO_3(S) = NH2FeNO_2(S) + NO 2.08E+10 1 21.34
NH2FeNO-NO_3(S) = NH2NOFeNO_3(S) 1.93E+12 0 3.50
NH2NOFeNO_3(S) = FeNO_3(S) + NH2NO 2.08E+10 1 8.51
SCR on Fe-ZSM5; Part 4
NH2Fe02.5(S) =  NH200Fe_5(S) 1.90E+14 0 20.12 10 -35
FeOONH2.5(S) = NH20OFe 5(S) 4.14E+12 0 0.52 10
FeOONH2.5(S) = FeO4(S) + H2NO 2.08E+10 1 1.64
NH2FeO2_5(S) = NH2-OFeO_5(S) 4.25E+09 1 34.05
NH2-OFeO_5(S) =  OFeH2NO._5(S) 6.36E+09 1 8.19
OFeH2NO_5(8) = FeO_4(S) + H2NO 2.08E+10 1 28.01
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Table F.1: (continued)

Reactant Product A B Ea. Adjust
[1/s] [[] [kcal/mol] Ax E,

H2NOFeO_5(S) FeO_4(S) + H2NO 2.08E+10 1 28.25
H2NOFeO_7(S) FeO_6(S) + H2NO 2.08E+11 1 23.80 10
H2NOFeO_7(S) H2NOFeO_5(S) 2.08E+10 1 0.32
H2NOFeO_5(S) HNOFeOH_5(S) 2.93E+11 0 5.16
HNOFeOH_5(S) FeOH_5(S) + HNO 2.08E+10 1 12.21
HOFeHNO_5(S) FeOH_5(S) + HNO 2.08E+10 1 20.27
HOFeHNO_3(S) HOFeHNO_5(S) 2.08E4+10 O 1.20
HOFeHNO_3(S) H20FeNO_3(S) 1.03E+12 1 7.49
H20FeNO_3(S) FeNO_3(S) + H20 2.08E+10 1 16.65
HOFeONH2_6(8S) FeOH_5(S) + H2NO 2.08E+10 1 19.47
HOFeONH2_6(S) HOFeONH2_4(S) 2.08E+10 1 1.94
HOFeONH2_4(S) HOFeH2NO_4(S) 6.21E409 1 9.16
NH2-OFeOH_4(S) HOFeH2NO_4(S) 9.00E+12 0 9.28
HOFeONH2-NO_5(S) HOFeONH2 4(S) + NO 2.08E+10 1 1.52
HOFeONH2-NO_5(S) HOFeO-NH2NO_5(S) 7.21E+08 1 18.63
HOFeO-NH2NO_5(S) HOFeO_d_5(S) + NH2NO 2.08E+10 1 8.59
OFeHNO_4(8S) FeO_4(S) + HNO 2.08E+10 1 27.73
OFeHNO _4(8S) ONFeOH_4(S) 3.52E+11 1 16.78
H2NOFeNO_4(S) FeNO_3(S) + H2NO 2.08E+10 1 21.50
H2NOFeNO_4(S) OFeNH2NO_4(S) 4.68E+11 0 12.49
OFeNH2NO_4(S) FeO_4(S) + NH2NO 2.08E+10 1 20.92
HOFeH2NO_4(S) H20FeHNO_4(S) 3.87E+11 1 19.95
H20FeHNO_4(S) FeHNO_4(S) + H20 2.08E+10 1 15.13
HOFeONH2_4(S) FeHNO_4(S) + H20 6.76E4-07 1 17.31
O2FeHNO_6(S) FeHNO_4(S) + 02 2.08E+10 1 4.08
O2FeHNO_6(S) FeO2.6(S) + HNO 2.08E+10 1 12.77
FeOH_5(S) + N20 HOFeO_u_5(S) + N2 4.01E4-08 1 21.78
OFeONN_6(S) FeO_6(S) + N20 2.08E+10 1 5.69
OFeONN_6(S) OFeO_6(S) + N2 2.55E4-09 1 30.84
NH2FeONN_5(S) FeNH2.5(S) + N20 2.08E+10 1 1.58
NH2FeONN_5(S) NH2FeO_5(S) + N2 1.49E4-09 1 19.01
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Table F.2: Thermodynamic database of the surface species on Fe-ZSMb5 as
is used in CHEMKIN.

THERMO
300.000
Fe0_6(S)
0.21207151E+01 O.
-0.94108211E+03-0
0.20932753E-07-0
Fe0_4(S)
0.18243632E+01 0.
0.93479793E+03-0
0.34182593E-07-0.
FeO_NO_7(8)
0.61483594E+01 O
0.81389168E+04-0.
0.20122510E-07-0
FeONO_5(S)
0.39963600E+01 0O
-0.79744861E+04-0
0.33371560E-07-0.
FeD2N_5(S)
0.42023246E+01 O.
-0.98004851E+04-0.
0.12949136E-07-0
02Fe0ONO_7(8)
0.64258586E+01 0O
-0.11480552E+05-0.
0.53263595E-07-0.
02Fe0ONO_5(8)
0.55585411E+01 O
-0.53666423E+04-0.
0.65808105E-07-0
Fe02_4(S)
0.16674785E+01 0O
-0.33971065E+04-0
0.45392764E-07-0.
Fe02_6(S)
0.32052407E+01 O.
-0.40644325E+04-0
0.32209258E-07-0.
0Fe0_6(S)
0.15038051E+01 O
-0.21694553E+03-0
0.51007470E-07-0.
0Fe0-NO_7(8)
0.62152100E+01 0.

1000.000 5000.000

own(0 1

10463324E-01-0.
.40356463E+01 0.
.7T7637614E-11-0.

own0O 1

14561339E-01-0.
.42422156E+01 0.
13176580E-10 0.

ownN 10

.95567718E-02-0.
14203773E+02 0.
.82097635E-11 0.

ownN 10

.21291353E-01-0.
.93199498E+01 0.
12088795E-10-0.

H+2N 10

15973858E-01-0.
.42023246E+01 0.15973858E-01-0.20205617E-04
.35764082E-11-0.

11033868E+02 0

ownN 10

.34169647E-01-0.
18703416E+02 0.
19163123E-10-0.

ownN 10

.39848957E-01-0.
16954712E+02 0.
.23812376E-10-0.

ownO 2

.24941799E-01-0
.36151541E+01 O.
16454451E-10-0.

own0O 2

17528495E-01-0.
.82474520E+01 0.
.40644325E+04-0.82474520E+01

11832585E-10-0
own0O 2

.26998854E-01-0.
.21470075E+01 0.
18606385E-10-0.

ownN 10

28001727E-01-0.

S 300.000 800.000 800.00
21954231E-04 0.20932753E-07-0.77637614E-11
21207151E+01 0.10463324E-01-0.21954231E-04
94108211E+03-0.40356463E+01

S 300.000 800.000 800.00
33628357E-04 0.34182593E-07-0.13176580E-10
18243632E+01 0.14561339E-01-0.33628357E-04
93479793E+03-0.42422156E+01
2 S 300.000 800.000 800.00
19335407E-04 0.20122510E-07-0.82097635E-11
61483594E+01 0.95567718E-02-0.19335407E-04
81389168E+04-0.14203773E+02
2 S 300.000 800.000 800.00
37341429E-04 0.33371560E-07-0.12088795E-10
39963600E+01 0.21291353E-01-0.37341429E-04
79744861E+04-0.93199498E+01
2 S 300.000  800.000 800.00
20205617E-04 0.12949136E-07-0.35764082E-11

98004851E+04-0.11033868E+02

4 S 300.000 800.000 800.00
59802087E-04 0.53263595E-07-0.19163123E-10
64258586E+01 0.34169647E-01-0.59802087E-04
11480552E+05-0.18703416E+02

4 S 300.000 800.000 800.00
72524296E-04 0.65808105E-07-0.23812376E-10
55585411E+01 0.39848957E-01-0.72524296E-04
53666423E+04-0.16954712E+02

S 300.000  800.000 800.00

.48984580E-04 0.45392764E-07-0.16454451E-10

16674785E+01 0.24941799E-01-0.48984580E-04
33971065E+04-0.36151541E+01

S 300.000 800.000 800.00
34489113E-04 0.32209258E-07-0.11832585E-10
32052407E+01 0.17528495E-01-0.34489113E-04

S 300.000  800.000 800.00
54327781E-04 0.51007470E-07-0.18606385E-10
15038051E+01 0.26998854E-01-0.54327781E-04
21694553E+03-0.21470075E+01
3 S 300.000 800.000 800.00
56300715E-04 0.55074597E-07-0.20974987E-10

N =D WNEFEDPPONDEPDPONE D ONEEDPONDNEDPONDEPDPONE,E D ONEREDPONDEE DO
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0.79994855E+04-0.
.20974987E-10 0.

0.55074597E-07-0
0Fe0ONO_7(S)
0.49485643E+01 0O

-0.74658572E+03-0.

0.58847884E-07-0
Fe0OONO_c_5(S)
0.27579648E+01 0O
0.10143065E+04-0
0.56551088E-07-0
FeOONO_t_5(S)
0.42403832E+01 O
0.24794221E+04-0

02FeNO_5(S)
0.60157020E+01 0O

FeONOO_5(S)
0.33189773E+01 0O
0.25640491E+04-0

0Fe0-N0O_5(S)
0.50077347E+01 0

0.67177043E-07-0
OFe0ONO_5(8S)
0.38120429E+01 0

0.56997810E-07-0
Fe02NO_5(S)
0.26419489E+01 0O
-0.19041518E+05-0
0.25900134E-07-0
ONFeONO_6(S)
0.86672760E+01 0O
0.48797111E+03-0

0.34087808E-07-0.

ONFeONO_4(S)
0.63031002E+01 0

0.59128166E-07-0
ONFeONO-02_6(S)

0.10492078E+02 0
-0.19893359E+04-0
0.62404713E-07-0
ONOFeOONO_t_6(S)

0.73096029E+01 0

.34726412E-01-0
-0.63799605E+04-0.
.20596857E-10-0.

17027756E+02 0.

ownN 10

.32736454E-01-0.
.49485643E+01 0.32736454E-01-0.62658976E-04
.21795225E-10-0.

13496201E+02 0

ownN 10

.34752536E-01-0.
.55227383E+01 0.
.20377757E-10 O.

ownN 10

.32431765E-01-0.
.94327145E+01 O
0.52452764E-07-0.

18941709E-10 0.
ownN 10

.26801012E-01-0.
-0.52335882E+04-0.
0.50945227E-07-0.

19679097E+02 0.
19584678E-10-0.
ownN 10

.35645988E-01-0.
.72577304E+01 0.
0.55548686E-07-0.

19743699E-10 0.
ownN 10

.33981320E-01-0.
0.43634366E+04-0.
.25521209E-10 0O

16450712E+02 0.

ownN 10

10307760E+02 0.

ownN 10

.29431186E-01-0.
.42449962E+01 O.
.71970674E-11-0.

ownN 20

.21625105E-01-0.
.26930845E+02 0.
.48797111E+03-0.26930845E+02

13050244E-10 O
ownN 20

.33808618E-01-0.
-0.79928216E+04-0.
.22416216E-10-0.

19287468E+02 0.

ownN 20

.38115137E-01-0.
.34700052E+02 0.
.233569075E-10-0.

ownN 20

.50462730E-01-0.
-0.42450482E+04-0.

18990303E+02 0.

62152100E+01 0.28001727E-01-0.56300715E-04
79994855E+04-0.17027756E+02

3 S 300.000 800.000 800.00
62658976E-04 0.58847884E-07-0.21795225E-10

74658572E+03-0.13496201E+02

3 S 300.000 800.000 800.00
62709752E-04 0.56551088E-07-0.20377757E-10
27579648E+01 0.34752536E-01-0.62709752E-04
10143065E+04-0.55227383E+01

3 S 300.000 800.000 800.00
58192280E-04 0.52452764E-07-0.18941709E-10

.42403832E+01 0.32431765E-01-0.58192280E-04

24794221E+04-0.94327145E+01

3 S 300.000  800.000 800.00
52228795E-04 0.50945227E-07-0.19584678E-10
60157020E+01 0.26801012E-01-0.52228795E-04
52335882E+04-0.19679097E+02

3 S 300.000 800.000 800.00
62799490E-04 0.55548686E-07-0.19743699E-10
33189773E+01 0.35645988E-01-0.62799490E-04
25640491E+04-0.72577304E+01

3 S 300.000 800.000 800.00
68709818E-04 0.67177043E-07-0.255621209E-10
50077347E+01 0.33981320E-01-0.68709818E-04

.43634366E+04-0.16450712E+02

3 S 300.000  800.000 800.00

.62964094E-04 0.56997810E-07-0.20596857E-10

38120429E+01 0.34726412E-01-0.62964094E-04
63799605E+04-0.10307760E+02

3 S 300.000 800.000 800.00
38827995E-04 0.25900134E-07-0.71970674E-11
26419489E+01 0.29431186E-01-0.38827995E-04
19041518E+05-0.42449962E+01

3 S 300.000 800.000 800.00
36633894E-04 0.34087808E-07-0.13050244E-10
86672760E+01 0.21625105E-01-0.36633894E-04

3 S 300.000 800.000 800.00
62274959E-04 0.59128166E-07-0.22416216E-10
63031002E+01 0.33808618E-01-0.62274959E-04
79928216E+04-0.19287468E+02

5 S 300.000 800.000 800.00
67340016E-04 0.62404713E-07-0.23359075E-10
10492078E+02 0.38115137E-01-0.67340016E-04
19893359E+04-0.34700052E+02

5 S 300.000 800.000 800.00
86749527E-04 0.76611090E-07-0.27357121E-10
73096029E+01 0.50462730E-01-0.86749527E-04

WNEFL, PO, PO, P ONEPPONRE,PODNDNEEPODNDNERE PP OONEREPPONEREPODNDNE PP OONEREPDPONREP®
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0.76611090E-07-0
ONOFeOONO_c_6(S)
0.67716724E+01 O

-0.53920189E+04-0.

0.82099271E-07-0
02Fe0NO-NO_6(S)
0.67329992E+01 0

-0.52084558E+04-0.

0.91546309E-07-0
ONOFeONO_6(S)
0.66310434E+01 0

-0.12944977E+05-0.

0.68693812E-07-0
FeNO_3(S)

0.36455396E+01 O.
0.25733511E+04-0.
0.35452308E-07-0.

FeN0O_02_5(8)

0.80405605E+01 O.

0.13173504E+04-0
0.22678366E-07-0
ONFe0OONO_t_6(S)
0.88438779E+01 0
0.99060431E+04-0
0.54301935E-07-0
ONFe0ONO_c_6(S)
0.84713643E+01 0
0.84429178E+04-0
0.58384438E-07-0
ONFe0_5(S)

0.54918143E+01 O.
0.167105681E+04-0.
0.41610253E-07-0.

ONFeONO_c_4(S)
0.49326486E+01 0O

-0.84050405E+04-0.

0.56753082E-07-0
02Fe02N_7(S)

0.66446068E+01 0
-0.12559984E+05-0
0.26614547E-07-0
02Fe02N_5(S)

0.50757772E+01 0

-0.71851228E+04-0.
0.43516999E-07-0.

ONFe02N_6(S)

0.93374503E+01 O.

-0.17598138E+04-0
0.11189203E-07-0

.27357121E-10-0

ownN 20

.53246831E-01-0.
16539427E+02 0.
.29360008E-10-0.

ownN 20

.55493213E-01-0.
18535869E+02 0.
.33340472E-10-0.

ownN 20

.43243989E-01-0.
16799831E+02 0.
.24967436E-10-0.

ownN 10

14848880E-01-0.
10934190E+02 0.
14422153E-10 0.

ownN 10

10913374E-01-0.
.21016198E+02 0.
.97922799E-11 0.

ownN 20

.33302042E-01-0.
.24817405E+02 0.
.20339958E-10 0.

ownN 20

.35356071E-01-0.
.21900553E+02 0.
.21812047E-10 O.

ownN 10
19156061E-01-0

ownN 20

.34442160E-01-0.
.49326486E+01 0.34442160E-01-0.61428626E-04
.21114288E-10-0.

15027185E+02 0

ownN 10

.27340469E-01-0.
.20378781E+02 0.
.80140302E-11-0.

ownN 10

.35926547E-01-0.
16952717E+02 0.
14116928E-10-0.

ownN 20

14526742E-01-0.
.25389203E+02 0.
.36910640E-11-0.

.42450482E+04-0.18990303E+02

5 S 300.000 800.000 800.00
92506822E-04 0.82099271E-07-0.29360008E-10
67716724E+01 0.53246831E-01-0.92506822E-04
53920189E+04-0.16539427E+02

5 S 300.000 800.000 800.00
10025214E-03 0.91546309E-07-0.33340472E-10
67329992E+01 0.55493213E-01-0.10025214E-03
52084558E+04-0.18535869E+02

4 S 300.000 800.000 800.00
76122444E-04 0.68693812E-07-0.24967436E-10
66310434E+01 0.43243989E-01-0.76122444E-04
12944977E+05-0.16799831E+02

1 S 300.000 800.000 800.00
33247664E-04 0.35452308E-07-0.14422153E-10
36455396E+01 0.14848880E-01-0.33247664E-04
25733511E+04-0.10934190E+02

3 S 300.000 800.000 800.00
20875255E-04 0.22678366E-07-0.97922799E-11
80405605E+01 0.10913374E-01-0.20875255E-04
13173504E+04-0.21016198E+02

4 S 300.000 800.000 800.00
58635167E-04 0.54301935E-07-0.20339958E-10
88438779E+01 0.33302042E-01-0.58635167E-04
99060431E+04-0.24817405E+02

4 S 300.000  800.000 800.00
62938894E-04 0.58384438E-07-0.21812047E-10
84713643E+01 0.35356071E-01-0.62938894E-04
84429178E+04-0.21900553E+02

2 S 300.000 800.000 800.00

.40624234E-04 0.41610253E-07-0.16443892E-10
17106348E+02 0.
16443892E-10 0.

54918143E+01 0.19156061E-01-0.40624234E-04
16710581E+04-0.17106348E+02

3 S 300.000 800.000 800.00
61428626E-04 0.56753082E-07-0.21114288E-10

84050405E+04-0.15027185E+02

4 S 300.000 800.000 800.00
37549115E-04 0.26614547E-07-0.80140302E-11
66446068E+01 0.27340469E-01-0.37549115E-04
12559984E+05-0.20378781E+02

4 S 300.000 800.000 800.00
55410409E-04 0.43516999E-07-0.14116928E-10
50757772E+01 0.35926547E-01-0.55410409E-04
71851228E+04-0.16952717E+02

3 S 300.000 800.000 800.00
16534281E-04 0.11189203E-07-0.36910640E-11
93374503E+01 0.14526742E-01-0.16534281E-04
17598138E+04-0.25389203E+02
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ONFe02N_4(S)
0.64241703E+01 0.
-0.10746240E+05-0
0.37537225E-07-0.
02Fe02N_N0O_6(S)
0.94305505E+01 0
-0.36308298E+04-0
0.39641070E-07-0.
NO2Fe00NO_t_6(S)
0.63142363E+01 0
-0.60559341E+04-0.
0.53410418E-07-0.
NO2Fe00NO_c_6(S)
0.65945373E+01 0
-0.74212449E+04-0.
0.60546935E-07-0
NO2Fe00ONO_R_6(S)
0.45595185E+01 0
-0.81193907E+04-0.
0.57609062E-07-0.
NO2Fe0_5(8)
0.32773925E+01 0
-0.76301586E+04-0
0.35188304E-07-0.
NO2FeONO_6(S)
0.65489569E+01 0
-0.15104409E+05-0.
0.45957996E-07-0.
02Fe02N0_7(S)
0.53693406E+01 0
-0.21151754E+05-0.
0.36802446E-07-0.
02Fe02N0_5(S)
0.51308626E+01 0
-0.18841709E+05-0.
0.39323165E-07-0.
02Fe02N0_NO_6(S)
0.86899586E+01 0
-0.12164627E+05-0
0.43203323E-07-0.
ONFe02N0_6(S)
0.69332431E+01 0
-0.10208654E+05-0.
0.22433512E-07-0
ONFe02N0_4(S)
0.52458114E+01 0
-0.18905592E+05-0.
0.46558187E-07-0.
OND2Fe00NO_t6(S)

ownN 20
28356629E-01-0

ownN 20

.33251456E-01-0
.30769102E+02 0.
13534892E-10-0.

ownN 20

.44994688E-01-0.
18250632E+02 0.
17552769E-10-0.

ownN 20

.48626565E-01-0.
17707251E+02 0.
.20164276E-10-0.

ownN 20

.53838814E-01-0.
.45595185E+01 0.53838814E-01-0.77954467E-04
17631432E-10-0.

12691440E+02 0

ownN 10

.31179037E-01-0
.918568413E+01 0.
11032953E-10-0.

ownN 20

.38070772E-01-0.
18990319E+02 0.
15340611E-10-0.

ownN 10

.39323690E-01-0.
13990390E+02 0.
10647671E-10-0.

ownN 10

.40642571E-01-0.
14720054E+02 0.
11541754E-10-0.

ownN 20

.42270297E-01-0.
.25474215E+02 0.
13651624E-10-0.

ownN 20

.27116544E-01-0.
17595831E+02 0.
.66996480E-11-0.

ownN 20

.39877211E-01-0.
14846311E+02 0.
15550177E-10-0.

ownN 20

3 S 300.000 800.000 800.00

.44275044E-04 0.37537225E-07-0.13389639E-10
.20652498E+02 0.
13389639E-10-0.

64241703E+01 0.28356629E-01-0.44275044E-04
10746240E+05-0.20652498E+02

5 S 300.000 800.000 800.00

.49316372E-04 0.39641070E-07-0.13534892E-10

94305505E+01 0.33251456E-01-0.49316372E-04
36308298E+04-0.30769102E+02

5 S 300.000 800.000 800.00
67772457TE-04 0.53410418E-07-0.17552769E-10
63142363E+01 0.44994688E-01-0.67772457E-04
60559341E+04-0.18250632E+02

5 S 300.000 800.000 800.00
75250125E-04 0.60546935E-07-0.20164276E-10
65945373E+01 0.48626565E-01-0.75250125E-04
74212449E+04-0.17707251E+02

5 S 300.000 800.000 800.00
77954467E-04 0.57609062E-07-0.17631432E-10

81193907E+04-0.12691440E+02

3 S 300.000 800.000 800.00

.46506129E-04 0.35188304E-07-0.11032953E-10

32773925E+01 0.31179037E-01-0.46506129E-04
76301586E+04-0.91858413E+01

4 S 300.000 800.000 800.00
57649402E-04 0.45957996E-07-0.15340611E-10
65489569E+01 0.38070772E-01-0.57649402E-04
15104409E+05-0.18990319E+02

5 S 300.000 800.000 800.00
53198416E-04 0.36802446E-07-0.10647671E-10
53693406E+01 0.39323690E-01-0.53198416E-04
21151754E+05-0.13990390E+02

5 S 300.000 800.000 800.00
55908653E-04 0.39323165E-07-0.11541754E-10
51308626E+01 0.40642571E-01-0.55908653E-04
18841709E+05-0.14720054E+02

6 S 300.000 800.000 800.00
58382736E-04 0.43203323E-07-0.13651624E-10
86899586E+01 0.42270297E-01-0.58382736E-04
12164627E+05-0.25474215E+02

4 S 300.000 800.000 800.00
33346934E-04 0.22433512E-07-0.66996480E-11
69332431E+01 0.27116544E-01-0.33346934E-04
10208654E+05-0.17595831E+02

4 S 300.000 800.000 800.00
58847666E-04 0.46558187E-07-0.15550177E-10
52458114E+01 0.39877211E-01-0.58847666E-04
18905592E+05-0.14846311E+02

6 S 300.000  800.000 800.00
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F Supporting Information for Chapter 9

0.57869277E+01 0.
-0.14718783E+05-0.
0.66723346E-07-0
ONO2Fe00NO_c6(S)
0.54739537E+01 0
-0.15885032E+05-0.
0.68896014E-07-0
OFe02N0_5(S)
0.20182036E+01 0
-0.14076082E+05-0
0.46334115E-07-0.
ONOFe02NO_6(S)
0.52020255E+01 0
-0.23474092E+05-0.
0.56722563E-07-0.
FeOH_5(S)
0.21914037E+01 0
-0.24858774E+05-0
0.45729947E-07-0.
02Fe0H_7(8)
0.42644485E+01 0
-0.31430316E+05-0.
0.62976992E-07-0
02Fe0H_5(8)
0.45135276E+01 0
-0.29019892E+05-0.
0.60223452E-07-0
02Fe0H_NO_6(S)
0.78933498E+01 0
-0.23257668E+05-0
0.66310942E-07-0
ONFeOH_6(S)
0.67833130E+01 0
-0.18793819E+05-0
0.48594262E-07-0.
ONFeOH_4(S)
0.40176462E+01 0
-0.26427128E+05-0.
0.73101511E-07-0
ONFeOH-02_6(S)
0.81663124E+01 0
-0.22938166E+05-0
0.75707299E-07-0
HOFe0OONO_t_6(S)
0.48696548E+01 0
-0.24700010E+05-0.
0.87218896E-07-0
HOFe0OONO_c_6(S)
0.41566270E+01 0.

58408560E-01-0.
12646506E+02 0.
.21365571E-10-0.

ownN 20

.59800733E-01-0.
11775918E+02 0.
.22083634E-10-0.

ownN 10

.43480678E-01-0.
.31216845E+01 0.
14020607E-10-0.

ownN 20

.50439428E-01-0.
11874914E+02 0.
18151054E-10-0.

H+3H 10

.21425091E-01-0
.56566541E+01 0.
17087810E-10-0.

ownH 10

.34627488E-01-0.
.42644485E+01 0.34627488E-01-0.67565913E-04
.22839491E-10-0.

13443324E+02 0

ownH 10

.33371003E-01-0.
.45135276E+01 0.33371003E-01-0.64843988E-04
.21776026E-10-0.

14362266E+02 0

H-2H 1N

.36000402E-01-0.
.25608915E+02 0.
.24729432E-10-0.

ownH 1N

.22665470E-01-0
.20827651E+02 0.
18881920E-10-0.

ownH 1N

.35608260E-01-0.
.40176462E+01 0.35608260E-01-0.73779886E-04
.27846447E-10-0.

12802367E+02 0

ownH 1N

.39761534E-01-0.
.28937495E+02 0.
.28513866E-10-0.

H-1H 1N

.51835033E-01-0.
.48696548E+01 0.51835033E-01-0.95806751E-04

12517658E+02 0

.31281048E-10-0.

ownH 1N

55362997E-01-0.

86561114E-04 0.66723346E-07-0.21365571E-10
57869277E+01 0.58408560E-01-0.86561114E-04
14718783E+05-0.12646506E+02

6 S 300.000 800.000 800.00
89104407E-04 0.68896014E-07-0.22083634E-10
54739537E+01 0.59800733E-01-0.89104407E-04
15885032E+05-0.11775918E+02

4 S 300.000 800.000 800.00
63078882E-04 0.46334115E-07-0.14020607E-10
20182036E+01 0.43480678E-01-0.63078882E-04
14076082E+05-0.31216845E+01

5 S 300.000 800.000 800.00
74007782E-04 0.56722563E-07-0.18151054E-10
52020255E+01 0.50439428E-01-0.74007782E-04
23474092E+05-0.11874914E+02

1 S 300.000 800.000 800.00

.46471913E-04 0.45729947E-07-0.17087810E-10

21914037E+01 0.21425091E-01-0.46471913E-04
24858774E+05-0.56566541E+01

3 S 300.000 800.000 800.00
67565913E-04 0.62976992E-07-0.22839491E-10

31430316E+05-0.13443324E+02
3 S 300.000 800.000 800.00
64843988E-04 0.60223452E-07-0.21776026E-10

29019892E+05-0.14362266E+02

10 4 S 300.000 800.000 800.00
69514392E-04 0.66310942E-07-0.24729432E-10
78933498E+01 0.36000402E-01-0.69514392E-04
23257668E+05-0.25608915E+02

0 2 S 300.000 800.000 800.00

.47878559E-04 0.48594262E-07-0.18881920E-10

67833130E+01 0.22665470E-01-0.47878559E-04
18793819E+05-0.20827651E+02

10 2 S 300.000 800.000 800.00
73779886E-04 0.73101511E-07-0.27846447E-10

26427128E+05-0.12802367E+02

10 4 S 300.000 800.000 800.00
78268865E-04 0.75707299E-07-0.28513866E-10
81663124E+01 0.39761534E-01-0.78268865E-04
22938166E+05-0.28937495E+02

10 4 S 300.000 800.000 800.00
95806751E-04 0.87218896E-07-0.31281048E-10

24700010E+05-0.12517658E+02
10 4 S 300.000 800.000 800.00
10287870E-03 0.93819947E-07-0.33654894E-10

N> ONDNEFE PDPONE P ONE DR ONEDPONDEPDPOONE, DR ONEDPONDEPDPONDNE PP ONE D ONDEDODN



349

-0.25353738E+05-0
0.93819947E-07-0
HOFeOONO_cu_6(S)

0.43466444E+01 O

-0.25291978E+05-0.

0.92897108E-07-0
HOFe0_d_5(S)
0.77503566E+00 0

0.59023247E-07-0
HOFeO_u_5(S)
0.70387949E+00 0
-0.26380649E+05 0
0.58550307E-07-0
HOFeO_NO_6(S)
0.54784083E+01 0

0.56699524E-07-0
HOFeONO_u_6(S)
0.40547622E+01 0O

-0.33036723E+05-0.

0.77956081E-07-0
HOFeONO_d_6(S)
0.41938812E+01 0

-0.33109066E+05-0.

0.77802238E-07-0
HOFeOONO_R_6(S)
0.23040203E+01 0
-0.27084651E+05-0
0.90171884E-07-0
HOFeOONO_R_4(S)
0.37410985E+00 0

0.10077394E-06-0
HOFe0-0NOcd_4(S)
0.44145886E+01 0O

-0.22778647E+05-0.

0.61320706E-07-0
HOFe0-0NOcu_4(S)
0.40166682E+01 O

-0.25332580E+05-0.

0.63029388E-07-0
HOFe0-0ONOtu_4(S)
0.54624848E+01 0

HOFe0-N203_5(S)
0.51949945E+01 0O

.91336573E+01 O.
.33654894E-10-0.

ownH 1N

.54629586E-01-0.
.43466444E+01 0.54629586E-01-0.10169470E-03
.33367653E-10-0.

10235379E+02 0

ownH 10

.35542563E-01-0.
-0.23106675E+05 0.
.20548734E-10-0.

19712669E-01 0.

ownH 10

.35626152E-01-0.
.58701411E+00 O.
.20300742E-10-0.

ownH 1N

.35009662E-01-0.
-0.17494667E+05-0.
.20203591E-10-0.

13271652E+02 0.

ownH 1N

.44625369E-01-0.
.40547622E+01 0.44625369E-01-0.84345939E-04
.28251495E-10-0.

10698641E+02 0

ownH 1N

.44231166E-01-0.
.41938812E+01 0.44231166E-01-0.83928221E-04
.28257878E-10-0.

10273916E+02 0

ownH 1N

.59900891E-01-0.
.49757608E+01 0.
.30901647E-10-0.

ownH 1N

.67310373E-01-0.
-0.19901638E+05 0.
.34400987E-10-0.

15331218E+01 0.

ownH 1N

.45613523E-01-0.
.44145886E+01 0.45613523E-01-0.73924868E-04
.20639466E-10-0.

12733346E+02 0

ownH 1N

.47074392E-01-0.
.40166682E+01 0.47074392E-01-0.76225893E-04
.21135302E-10-0.

10970512E+02 0

H-3H 1N

.39628668E-01-0.
-0.25470935E+05-0.
0.48103970E-07-0.

14377284E+02 0.
15620956E-10-0.
ownH 1N

.64569171E-01-0.
-0.21150099E+05-0.

16166399E+02 0.

41566270E+01 0.55362997E-01-0.10287870E-03
25353738E+05-0.91336573E+01

10 4 S 300.000 800.000 800.00
10169470E-03 0.92897108E-07-0.33367653E-10

25291978E+05-0.10235379E+02

2 S 300.000 800.000 800.00
66231227E-04 0.59023247E-07-0.20548734E-10
T77503566E+00 0.35542563E-01-0.66231227E-04
23106675E+05 0.19712669E-01

2 S 300.000 800.000 800.00
66027964E-04 0.58550307E-07-0.20300742E-10
70387949E+00 0.35626152E-01-0.66027964E-04
26380649E+05 0.58701411E+00

10 3 S 300.000 800.000 800.00
62957925E-04 0.56699524E-07-0.20203591E-10
54784083E+01 0.35009662E-01-0.62957925E-04
17494667E+05-0.13271652E+02

10 3 S 300.000 800.000 800.00
84345939E-04 0.77956081E-07-0.28251495E-10

33036723E+05-0.10698641E+02
10 3 S 300.000 800.000 800.00
83928221E-04 0.77802238E-07-0.28257878E-10

33109066E+05-0.10273916E+02

10 4 S 300.000 800.000 800.00
10460287E-03 0.90171884E-07-0.30901647E-10
23040203E+01 0.59900891E-01-0.10460287E-03
27084651E+05-0.49757608E+01

10 4 S 300.000 800.000 800.00
11729072E-03 0.10077394E-06-0.34400987E-10
37410985E+00 0.67310373E-01-0.11729072E-03
19901638E+05 0.15331218E+01

10 4 S 300.000 800.000 800.00
73924868E-04 0.61320706E-07-0.20639466E-10

22778647TE+05-0.12733346E+02
10 4 S 300.000 800.000 800.00
76225893E-04 0.63029388E-07-0.21135302E-10

25332580E+05-0.10970512E+02

10 4 S 300.000 800.000 800.00
60735589E-04 0.48103970E-07-0.15620956E-10
54624848E+01 0.39628668E-01-0.60735589E-04
25470935E+05-0.14377284E+02

20 5 S 300.000  800.000 800.00
11015994E-03 0.96333028E-07-0.33896814E-10
51949945E+01 0.64569171E-01-0.11015994E-03

WNEFE, PO, PO, PONEREPONRE,PPODNDNEEPODNDNE PP OONEREPPONEREPODNDNE PP ONEREPDPONPREP®



350

F Supporting Information for Chapter 9

0.96333028E-07-0
HOFe (ON0)2_5(S)
0.48328984E+01 0

-0.21947867E+05-0.

0.12411727E-06-0
HOFeONO_u_4(S)
0.16196437E+01 O
-0.27335539E+05-0
0.84795629E-07-0
HOFe0-0NOtu_6(S)
0.55440201E+01 O

-0.23914017E+05-0.
0.46923438E-07-0.

HOFe02N0_4(S)
0.59130039E+00 0O

-0.35583178E+05 0.

0.66979576E-07-0
HOFe02N0_6(S)

0.31391986E+01 0
-0.42774365E+05-0

0.61748977E-07-0.

HOFe02NO-NO_5(S)
0.67742594E+01 0
-0.35505354E+05-0
0.75875046E-07-0

HOFe02N_6(S)
0.45768467E+01 0

-0.35342730E+05-0.
0.49947467E-07-0.

HONOFe02_6(S)
0.63395793E+01 0O

-0.21899517E+05-0.
0.45531006E-07-0.

HNO3Fe0_6(S)
0.41063860E+01 0
-0.26891291E+05-0
0.26457459E-07-0
OFeHN03_6(S)
0.43331739E+01 0
-0.22858141E+05-0

0.43713597E-07-0.

HONOFe02NO_5(S)
0.50316043E+01 0

-0.37461117E+05-0.
0.37655407E-07-0.

HOFeONO-NO_5(S)

0.77435873E+01 0O
-0.25141195E+05-0
0.92411757E-07-0

.33896814E-10-0.

ownH 1N

.73646737E-01-0.
.48328984E+01 0.73646737E-01-0.13553699E-03
.44891638E-10-0.

14631650E+02 0

ownH 1N

.52287305E-01-0.
.30387063E+01 0.
.29948197E-10-0.

ownH 1N

.39134785E-01-0.
13829708E+02 0.
15162728E-10-0.

ownH 1N

.56938026E-01-0.
10981124E+01 0.
.20898842E-10-0.

H+3H 1IN

.49487878E-01-0.
.75076051E+01 0.
.42774365E+05-0.75076051E+01

19906686E-10-0
ownH 1N

.556652187E-01-0.
.22071530E+02 0.
.26021237E-10-0.

ownH 1N

.36662085E-01-0.
.45768467E+01 0.36662085E-01-0.60305665E-04
16692725E-10-0.

14293025E+02 0

ownH 1N

.35468916E-01-0.
18815897E+02 0.
15638450E-10-0.

ownH 1N

.35254353E-01-0
.95778188E+01 0
.71532426E-11-0.

ownH 1N

.40484971E-01-0.
.67676346E+01 0O
13578642E-10-0.

ownH 1N

.46414476E-01-0.
14132425E+02 0.
10405348E-10-0.

ownH 1N

.50782071E-01-0.
.25408190E+02 O.
.34521235E-10-0.

21150099E+05-0.16166399E+02
20 5 S 300.000 800.000 800.00
13553699E-03 0.12411727E-06-0.44891638E-10

21947867E+05-0.14631650E+02

10 3 S 300.000 800.000 800.00
94832128E-04 0.84795629E-07-0.29948197E-10
16196437E+01 0.52287305E-01-0.94832128E-04
27335539E+05-0.30387063E+01

10 4 S 300.000 800.000 800.00
59594090E-04 0.46923438E-07-0.15162728E-10
55440201E+01 0.39134785E-01-0.59594090E-04
23914017E+05-0.13829708E+02

10 4 S 300.000 800.000 800.00
86917777E-04 0.66979576E-07-0.20898842E-10
59130039E+00 0.56938026E-01-0.86917777E-04
35583178E+05 0.10981124E+01

10 4 S 300.000 800.000 800.00
T77673883E-04 0.61748977E-07-0.19906686E-10
31391986E+01 0.49487878E-01-0.77673883E-04

20 5 S 300.000 800.000 800.00
90109536E-04 0.75875046E-07-0.26021237E-10
67742594E+01 0.55652187E-01-0.90109536E-04
35505354E+05-0.22071530E+02

10 3 S 300.000  800.000 800.00
60305665E-04 0.49947467E-07-0.16692725E-10

35342730E+05-0.14293025E+02

10 4 S 300.000 800.000 800.00
54846826E-04 0.45531006E-07-0.15638450E-10
63395793E+01 0.35468916E-01-0.54846826E-04
21899517E+05-0.18815897E+02

10 4 S 300.000 800.000 800.00

.41881346E-04 0.26457459E-07-0.71532426E-11
.41063860E+01 0.35254353E-01-0.41881346E-04

26891291E+05-0.95778188E+01
10 4 S 300.000 800.000 800.00
58254962E-04 0.43713597E-07-0.13578642E-10

.43331739E+01 0.40484971E-01-0.58254962E-04

22858141E+05-0.67676346E+01

20 5 S 300.000 800.000 800.00
57519985E-04 0.37655407E-07-0.10405348E-10
50316043E+01 0.46414476E-01-0.57519985E-04
37461117E+05-0.14132425E+02

20 4 S 300.000 800.000 800.00
96993268E-04 0.92411757E-07-0.34521235E-10
77435873E+01 0.50782071E-01-0.96993268E-04
25141195E+05-0.25408190E+02
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HONOFeONO_5(S)
0.73217008E+01 0.
-0.26124813E+05-0
0.42656030E-07-0.
HONOFeO_6(S)
0.49970786E+01 0
-0.21172713E+05-0.
0.39535175E-07-0.
OFeHONO_6(S)
0.54166346E+01 0
-0.17961874E+05-0.
0.50204573E-07-0.
HOFe02N-N0O_5(S)
0.83226824E+01 0
-0.26572762E+05-0
0.64227121E-07-0
HONOFe02N_5(S)
0.69561367E+01 0
-0.29201065E+05-0
0.32270013E-07-0
H20Fe0_6(S)
0.24504107E+01 0
-0.42881102E+05-0
0.53050896E-07-0.
HOFeOH_u_6(S)
0.24579138E+01 0
-0.52114984E+05-0
0.86300091E-07-0
HOFeOH_4(S)
0.35025128E+00 0
-0.46456804E+05 0
0.88608237E-07-0
HOFeOH-NO_5(S)
0.50878847E+01 0
-0.45836458E+05-0.
0.10776249E-06-0
HONOFeOH_5(S)
0.55176822E+01 0
-0.43630155E+05-0.
0.54727870E-07-0.
H20Fe02N_5(8)
0.40999588E+01 0
-0.51148321E+05-0.
0.46714210E-07-0.
HOFeHONO_5(S)
0.50233632E+01 0
-0.41266570E+05-0.
0.60206399E-07-0
H20Fe02N0_5(S)

ownH 1N

37946897E-01-0.
.209564574E+02 0.
14175591E-10-0.

ownH 1N

.30584067E-01-0

14363602E+02 0

ownH 1N

.33064066E-01-0.
13855104E+02 0.
17743086E-10-0.

ownH 1N

.42542908E-01-0.
.292563619E+02 0.
.22946184E-10-0.

ownH 1N

.36423355E-01-0
.21599777E+02 0.
.96500193E-11-0.

ownH 20

.32360586E-01-0.
.T4718589E+01 0.
.42881102E+05-0.74718589E+01

18870977E-10-0
H+3H 20

.43231984E-01-0.
.74326478E+01 0.
.31679981E-10-0.

ownH 20

.49142716E-01-0.
.53561347E+00 O.
.31522767E-10-0

ownH 2N

.53785306E-01-0.
17705469E+02 0.
.40355219E-10-0

ownH 2N

.37910560E-01-0.
16790924E+02 0.
.43630155E+05-0.16790924E+02

19103666E-10-0
ownH 2N

.39118833E-01-0.
.40999588E+01 0.39118833E-01-0.58690351E-04
15282760E-10-0.

12918045E+02 0

ownH 2N

.41210501E-01-0.
13115974E+02 0.
.20786677E-10-0

ownH 2N

20 4 S 300.000 800.000 800.00
54269081E-04 0.42656030E-07-0.14175591E-10
73217008E+01 0.37946897E-01-0.54269081E-04
26124813E+05-0.20954574E+02

0 3 S 300.000 800.000 800.00

.47602155E-04 0.39535175E-07-0.13510467E-10
.49970786E+01 0.30584067E-01-0.47602155E-04
13510467E-10-0.

21172713E+05-0.14363602E+02

10 3 S 300.000 800.000 800.00
56956659E-04 0.50204573E-07-0.17743086E-10
54166346E+01 0.33064066E-01-0.56956659E-04
17961874E+05-0.13855104E+02

20 4 S 300.000 800.000 800.00
72586664E-04 0.64227121E-07-0.22946184E-10
83226824E+01 0.42542908E-01-0.72586664E-04
26572762E+05-0.29253619E+02

20 4 S 300.000  800.000 800.00

.46471187E-04 0.32270013E-07-0.96500193E-11

69561367E+01 0.36423355E-01-0.46471187E-04
29201065E+05-0.21599777E+02

2 S 300.000 800.000 800.00
58546202E-04 0.53050896E-07-0.18870977E-10
24504107E+01 0.32360586E-01-0.58546202E-04

2 S 300.000 800.000 800.00
89695574E-04 0.86300091E-07-0.31679981E-10
24579138E+01 0.43231984E-01-0.89695574E-04
52114984E+05-0.74326478E+01

2 S 300.000 800.000 800.00
96034426E-04 0.88608237E-07-0.31522767E-10
35025128E+00 0.49142716E-01-0.96034426E-04

.46456804E+05 0.53561347E+00

10 3 S 300.000 800.000 800.00
11033370E-03 0.10776249E-06-0.40355219E-10
50878847E+01 0.53785306E-01-0.11033370E-03

.45836458E+05-0.17705469E+02

10 3 S 300.000 800.000 800.00
63021581E-04 0.54727870E-07-0.19103666E-10
55176822E+01 0.37910560E-01-0.63021581E-04

10 3 S 300.000 800.000 800.00
58690351E-04 0.46714210E-07-0.15282760E-10

51148321E+05-0.12918045E+02

10 3 S 300.000 800.000 800.00
69639182E-04 0.60206399E-07-0.20786677E-10
50233632E+01 0.41210501E-01-0.69639182E-04

.41266570E+05-0.13115974E+02

10 4 S 300.000  800.000 800.00
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F Supporting Information for Chapter 9

0.29973049E+01 0.
-0.59417371E+05-0
0.54056844E-07-0.
HOFeHNO3_5(S)
0.30195219E+01 0
-0.49285622E+05-0
0.38675452E-07-0.
HOFe02N_4(S)
0.27332606E+01 0
-0.27469335E+05-0
0.58498966E-07-0.
HOFeONO-N02_5(S)
0.84037702E+01 0
-0.30853311E+05-0
0.62799996E-07-0
HNO3FeONO_5(S)
0.63678503E+01 0
-0.32328545E+05-0.
0.32748095E-07-0
HOFe02N-N02_5(S)
0.82986493E+01 0
-0.33204224E+05-0
0.37887475E-07-0.
HNO3Fe02N_5(S)
0.59755949E+01 0
-0.35291317E+05-0.
0.21203828E-07-0
HOFe02N0-N025 (S)
0.69584655E+01 0
-0.42129794E+05-0.
0.48535825E-07-0.
HND3Fe02N0_5(S)
0.48617786E+01 0
-0.43571177E+05-0.
0.28431178E-07-0
HOFeOH_N02_5(8)
0.52334650E+01 0
-0.51851293E+05-0.
0.79577983E-07-0
HNO3FeOH_5(8)
0.43889477E+01 0
-0.50389560E+05-0.
0.45628117E-07-0.
HOFe02_N02_6(S)
0.86768427E+01 0
-0.29456888E+05-0
0.53505413E-07-0.
HNO3Fe02_6(S)
0.55559514E+01 0.

50033452E-01-0.
.70310970E+01 O.
16783969E-10-0.

ownH 2N

.43590898E-01-0.
.21167023E+01 O.
.49285622E+05-0.21167023E+01

10894456E-10-0
ownH 1N

.43444597E-01-0.
.83621143E+01 0.
19320774E-10-0.

ownH 1N

.45946491E-01-0.
.20357669E+02 0.
.21889915E-10-0.

ownH 1N

.43485978E-01-0.
15915887E+02 0.
.91321390E-11-0.

ownH 1N

.40311464E-01-0.
.21236858E+02 0.
11326524E-10-0.

ownH 1N

.41827778E-01-0
16753585E+02 0.
.41031015E-11-0.

ownH 1N

.52619731E-01-0.
14817175E+02 0.
.42129794E+05-0.14817175E+02

14098636E-10-0
ownH 1N

.52718654E-01-0.
.48617786E+01 0.52718654E-01-0.55495735E-04
.43571177E+05-0.10885604E+02

10885604E+02 0

.55714555E-11-0

ownH 2N

.50668212E-01-0.
12100507E+02 0.
.28028067E-10-0.

ownH 2N

.44169421E-01-0.
.43889477E+01 0.44169421E-01-0.61132703E-04
14273131E-10-0.

11099914E+02 0

ownH 1N

.39788131E-01-0.
.24813208E+02 0.
18357387E-10-0.

ownH 1N
39383881E-01-0

71705049E-04 0.54056844E-07-0.16783969E-10
29973049E+01 0.50033452E-01-0.71705049E-04
59417371E+05-0.70310970E+01

10 4 S 300.000 800.000 800.00
56672765E-04 0.38675452E-07-0.10894456E-10
30195219E+01 0.43590898E-01-0.56672765E-04

10 3 S 300.000 800.000 800.00
71249435E-04 0.58498966E-07-0.19320774E-10
27332606E+01 0.43444597E-01-0.71249435E-04
27469335E+05-0.83621143E+01

20 5 S 300.000 800.000 800.00
73900372E-04 0.62799996E-07-0.21889915E-10
84037702E+01 0.45946491E-01-0.73900372E-04
30853311E+05-0.20357669E+02

20 5 S 300.000 800.000 800.00
51241413E-04 0.32748095E-07-0.91321390E-11
63678503E+01 0.43485978E-01-0.51241413E-04
32328545E+05-0.15915887E+02

20 5 S 300.000 800.000 800.00
53691161E-04 0.37887475E-07-0.11326524E-10
82986493E+01 0.40311464E-01-0.53691161E-04
33204224E+05-0.21236858E+02

20 5 S 300.000 800.000 800.00

.42600328E-04 0.21203828E-07-0.41031015E-11

59755949E+01 0.41827778E-01-0.42600328E-04
35291317E+05-0.16753585E+02

20 6 S 300.000 800.000 800.00
69919525E-04 0.48535825E-07-0.14098636E-10
69584655E+01 0.52619731E-01-0.69919525E-04

20 6 S 300.000 800.000 800.00
55495735E-04 0.28431178E-07-0.55714555E-11

10 4 S 300.000 800.000 800.00
89582273E-04 0.79577983E-07-0.28028067E-10
52334650E+01 0.50668212E-01-0.89582273E-04
51851293E+05-0.12100507E+02

10 4 S 300.000 800.000 800.00
61132703E-04 0.45628117E-07-0.14273131E-10

50389560E+05-0.11099914E+02

10 5 S 300.000 800.000 800.00
63864916E-04 0.53505413E-07-0.18357387E-10
86768427E+01 0.39788131E-01-0.63864916E-04
29456888E+05-0.24813208E+02

10 5 S 300.000 800.000 800.00

.47466114E-04 0.31231036E-07-0.90507273E-11
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-0.28304517E+05-0.
.90507273E-11-0.

0.31231036E-07-0
HOFe02-NO_6(S)
0.41366106E+01 0O

-0.24948743E+05-0.

0.10506189E-06-0
NH3Fe0_6(S)
0.36030296E+01 0

NH3Fe0_4(S)
0.30659433E+01 0

0.28122009E-07-0
NH2FeOH_6(S)
0.22844753E+01 0O
-0.26263477E+05-0
0.87573118E-07-0
NH2FeOH_4(S)
0.16805328E-01 0

0.88146996E-07-0
NH2FeOH-NO_5(S)
0.52674592E+01 0

0.10653531E-06-0
NH2NOFeOH_5(8)
0.52182240E+01 0

FeNH2_5(S)
0.26515498E+01 0O
0.18275656E+04-0

NH2FeONO_6(S)
0.39754122E+01 0O

0.76517195E-07-0
NH2NOFe0_6(S)
0.47222310E+01 0

0.38719546E+03-0.

0.17889086E-07-0
NH2-0NOFeOH_5(S)
0.34732537E+01 0

0.11742649E-06-0
NH2NO-0FeOH_5(S)

0.25208385E+01 0
-0.23219714E+05-0

.37116534E-01-0
-0.23214686E+05-0.
0.35986309E-07-0.

.21983616E-01-0
.70689323E+01 0.
0.42049544E-07-0.

15766296E+02 0.

ownH 1N

.57951393E-01-0.
.41366106E+01 0.57951393E-01-0.11201031E-03
.38417715E-10-0.

11648385E+02 0

ownH 3N

.25201202E-01-0.
-0.21298195E+05-0.
0.31039902E-07-0.

11409781E+02 0.
10721575E-10-0.
ownH 3N

.25620179E-01-0.
-0.17056280E+05-0.
.93219095E-11-0.

10199019E+02 0.

H+2H 3N

.46645883E-01-0.
.65439888E+01 0.
.32022878E-10-0.

ownH 3N

.52385141E-01-0.
-0.20280823E+05 0.
.31128827E-10-0.

18253085E+01 0.

H-3H 3N

.55784643E-01-0.
-0.20628533E+05-0.
.39832758E-10-0.

18431313E+02 0.

ownH 3N

15805850E+02 0.

10785151E-10-0.
ownH 2N

15678749E-10 0.
ownH 2N

.47196474E-01-0.
-0.75506005E+04-0.
.27479475E-10-0.

10065903E+02 0.

ownH 2N

.28718510E-01-0.
.47222310E+01 0.28718510E-01-0.31302679E-04
.41487223E-11 0.

13496777E+02 0

ownH 3N

.70907081E-01-0.
-0.20434872E+05-0.
.41886862E-10-0.

11496343E+02 0.

ownH 3N

.57454009E-01-0.
.64893997E+01 0.

55559514E+01 0.39383881E-01-0.47466114E-04
28304517E+05-0.15766296E+02

10 4 S 300.000 800.000 800.00
11201031E-03 0.10506189E-06-0.38417715E-10

24948743E+05-0.11648385E+02

10 1 S 300.000 800.000 800.00
36971948E-04 0.31039902E-07-0.10721575E-10
36030296E+01 0.25201202E-01-0.36971948E-04
21298195E+05-0.11409781E+02

10 1 S 300.000 800.000 800.00
35372801E-04 0.28122009E-07-0.93219095E-11
30659433E+01 0.25620179E-01-0.35372801E-04
17056280E+05-0.10199019E+02

10 1 S 300.000 800.000 800.00
92046564E-04 0.87573118E-07-0.32022878E-10
22844753E+01 0.46645883E-01-0.92046564E-04
26263477E+05-0.65439888E+01

10 1 S 300.000 800.000 800.00
97080914E-04 0.88146996E-07-0.31128827E-10
16805328E-01 0.52385141E-01-0.97080914E-04
20280823E+05 0.18253085E+01

20 2 S 300.000 800.000 800.00
10994934E-03 0.10653531E-06-0.39832758E-10
52674592E+01 0.55784643E-01-0.10994934E-03
20628533E+05-0.18431313E+02

20 2 S 300.000 800.000 800.00

.49620449E-04 0.35986309E-07-0.10785151E-10

52182240E+01 0.37116534E-01-0.49620449E-04
23214686E+05-0.15805850E+02

1 S 300.000 800.000 800.00

.43369652E-04 0.42049544E-07-0.15678749E-10

26515498E+01 0.21983616E-01-0.43369652E-04
18275656E+04-0.70689323E+01

20 2 S 300.000 800.000 800.00
84330802E-04 0.76517195E-07-0.27479475E-10
39754122E+01 0.47196474E-01-0.84330802E-04
75506005E+04-0.10065903E+02

20 2 S 300.000 800.000 800.00
31302679E-04 0.17889086E-07-0.41487223E-11

38719546E+03-0.13496777E+02

20 3 S 300.000 800.000 800.00
12919379E-03 0.11742649E-06-0.41886862E-10
34732537E+01 0.70907081E-01-0.12919379E-03
20434872E+05-0.11496343E+02

20 3 S 300.000  800.000 800.00
82213990E-04 0.61672657E-07-0.18848381E-10
25208385E+01 0.57454009E-01-0.82213990E-04
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F Supporting Information for Chapter 9

0.61672657E-07-0.

NH3-HOFeONO_6(S)
0.40030922E+01 0O

-0.49212904E+05-0.
.27845674E-10-0

0.82247535E-07-0
NH2Fe0H-HONO6 (S)
0.36751905E+01 0
-0.41598054E+05-0
0.86803420E-07-0
NH2FeONO-H206 (S)
0.55027758E+01 0

0.10736394E-06-0
HOFeOH-NH2N06 (S)
0.30684117E+01 0
-0.51049124E+05-0
0.77108722E-07-0
NH3-HOFeOH_6(S)
0.18763189E+01 0
-0.68032599E+05-0
0.10944610E-06-0
NH2FeOH-H20_6(S)
0.22764859E+01 0
-0.61564122E+05-0
0.12910541E-06-0
NH3-0FeOH_5(S)
0.14137927E+01 0
-0.44679433E+05-0
0.75435941E-07-0
NH3-0Fe0H_7(S)
0.38451383E+01 0

0.80920788E-07-0
NH2-HOFeOH_7(S)
0.21857504E+01 0
-0.38170032E+05-0
0.13291314E-06-0
NH2-HOFeOH_5(S)
0.74506022E+00 0

0.12722067E-06-0
NH20HFe0H_5 (S)
0.44131805E+01 0

NH2-0NFe02_6(S)
0.71136178E+01 0O
0.40704679E+04-0
0.85800225E-07-0

.35706997E-01-0
-0.44061935E+05-0.
0.35153172E-07-0.

18848381E-10-0.
ownH 4N

.62137456E-01-0.
.40030922E+01 0.62137456E-01-0.98113629E-04
.49212904E+05-0.12326341E+02

12326341E+02 0

ownH 4N

.63044422E-01-0.
.67363778E+01 0.
.29491769E-10-0

ownH 4N

.66019518E-01-0.
-0.42251554E+05-0.
.38564142E-10-0

19363655E+02 0.

ownH 4N

.65061579E-01-0.
.51346092E+01 0.
.24383801E-10-0.

ownH 5N

.66405309E-01-0.
.61479267E+01 0.
.39064727E-10-0.

ownH 5N

.71937142E-01-0.
.79732135E+01 0.
.46824155E-10-0.

ownH 4N

.54101555E-01-0.
.39695170E+01 O.
.25671994E-10-0

ownH 4N

.49519532E-01-0.
-0.36962393E+05-0.
.29169015E-10-0.

13014312E+02 0.

ownH 4N

.705562279E-01-0.
.65348763E+01 0.
.48447735E-10-0.

ownH 4N

.72714889E-01-0.
-0.37947455E+05-0.
.45301186E-10-0.

16383066E+01 0.

ownH 4N

13483057E+02 0O

10707608E-10-0
ownH 2N

.47711482E-01-0.
.25262658E+02 0.
.32099846E-10 O.

23219714E+05-0.64893997E+01
20 3 S 300.000 800.000 800.00
98113629E-04 0.82247535E-07-0.27845674E-10

20 3 S 300.000 800.000 800.00
10234735E-03 0.86803420E-07-0.29491769E-10
36751906E+01 0.63044422E-01-0.10234735E-03

.41598054E+05-0.67363778E+01

20 3 S 300.000 800.000 800.00
11779430E-03 0.10736394E-06-0.38564142E-10
55027758E+01 0.66019518E-01-0.11779430E-03

.42251554E+05-0.19363655E+02

20 3 S 300.000 800.000 800.00
98191111E-04 0.77108722E-07-0.24383801E-10
30684117E+01 0.65061579E-01-0.98191111E-04
51049124E+05-0.51346092E+01

10 2 S 300.000 800.000 800.00
11979283E-03 0.10944610E-06-0.39064727E-10
18763189E+01 0.66405309E-01-0.11979283E-03
68032599E+05-0.61479267E+01

0 2 S 300.000 800.000 800.00
13749177E-03 0.12910541E-06-0.46824155E-10
22764859E+01 0.71937142E-01-0.13749177E-03
61564122E+05-0.79732135E+01

10 2 S 300.000  800.000 800.00
88412116E-04 0.75435941E-07-0.25671994E-10
14137927E+01 0.54101555E-01-0.88412116E-04

.44679433E+05-0.39695170E+01

10 2 S 300.000 800.000 800.00
88143305E-04 0.80920788E-07-0.29169015E-10
38451383E+01 0.49519532E-01-0.88143305E-04
36962393E+05-0.13014312E+02

10 2 S 300.000 800.000 800.00
13993451E-03 0.13291314E-06-0.48447735E-10
21857504E+01 0.70552279E-01-0.13993451E-03
38170032E+05-0.65348763E+01

10 2 S 300.000 800.000 800.00
13814138E-03 0.12722067E-06-0.45301186E-10
74506022E+00 0.72714889E-01-0.13814138E-03
37947455E+05-0.15383066E+01

10 2 S 300.000 800.000 800.00

.47575772E-04 0.35153172E-07-0.10707608E-10
.44131805E+01 0.35706997E-01-0.47575772E-04
.44061935E+05-0.13483057E+02

20 3 S 300.000 800.000 800.00
89881394E-04 0.85800225E-07-0.32099846E-10
71136178E+01 0.47711482E-01-0.89881394E-04
40704679E+04-0.25262658E+02
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NH2NOFe02_6(S)
0.59288515E+01 0.
-0.90437719E+03-0.
0.28389206E-07-0
NH3Fe02_6(S)
0.47911867E+01 0
-0.22210249E+05-0.
0.42142620E-07-0.
NH3-0Fe0_6(S)
0.28648758E+01 0
-0.19371615E+05-0.
0.65840301E-07-0
NH2-0Fe0H_6(S)
0.27679648E+01 0
-0.71565960E+04-0
0.10911442E-06-0
NH2-0Fe0H_4(S)
0.39884185E-01 0
-0.12350138E+05 0
0.10737998E-06-0
NH3Fe02N_5(S)
0.55742552E+01 0
-0.29545574E+05-0.
0.23659763E-07-0
NH2FeHONO_5(S)
0.33555081E+01 0
-0.12549175E+05-0
0.49395311E-07-0.
NH3FeOH_5(S)
0.39274250E+01 0
-0.43463358E+05-0.
0.55021448E-07-0.
NH2Fe0H2_5(S)
0.32034561E+01 0
-0.33376914E+05-0
0.79630197E-07-0
NH2Fe02_7(S)
0.39517685E+01 0
-0.46399270E+04-0.
0.65997571E-07-0
NH2Fe02_5(S)
0.22453537E+01 0
-0.16436651E+04-0
0.81783819E-07-0
NH2FeNO_6(S)
0.61803924E+01 0
0.90808090E+04-0.
0.54778802E-07-0
NH2FeNO_4(S)

.31857766E-01-0

.23808940E-10-0

ownH 2N
35244460E-01-0
18260005E+02 0.

.79821252E-11-0.

ownH 3N

16204197E+02 0

14821657E-10-0.
ownH 3N

.43389095E-01-0.

10163758E+02 0.

.23416276E-10-0.

ownH 3N

.58362543E-01-0.
.89274295E+01 0.
.39823323E-10-0.

ownH 3N

.64640515E-01-0.
.86187534E+00 0.
.37729215E-10-0.

ownH 3N

.30963705E-01-0.

18184084E+02 0.

.68142818E-11-0.

ownH 3N

.41585182E-01-0.
.55108785E+01 0.

16460828E-10-0.
ownH 4N

.35248349E-01-0.

13065948E+02 0.
19866815E-10-0
ownH 4N

.44831208E-01-0.
.85522749E+01 0.
.29129544E-10-0.

ownH 2N

.38904799E-01-0.

11920889E+02 0.

H-3H 2N

.47492186E-01-0.
.66934205E+01 O.
.29403493E-10-0.

ownH 2N

.28352492E-01-0.

19840413E+02 0.

.21112975E-10 O.

ownH 2N

20 3 S 300.000 800.000 800.00

.42872147E-04 0.28389206E-07-0.79821252E-11

59288515E+01 0.35244460E-01-0.42872147E-04
90437719E+03-0.18260005E+02

0 2 S 300.000 800.000 800.00

.48999218E-04 0.42142620E-07-0.14821657E-10
.47911867E+01 0.31857766E-01-0.48999218E-04

22210249E+05-0.16204197E+02

10 2 S 300.000 800.000 800.00
73754867E-04 0.65840301E-07-0.23416276E-10
28648758E+01 0.43389095E-01-0.73754867E-04
19371615E+05-0.10163758E+02

10 2 S 300.000 800.000 800.00
11507568E-03 0.10911442E-06-0.39823323E-10
27679648E+01 0.58362543E-01-0.11507568E-03
71565960E+04-0.89274295E+01

10 2 S 300.000  800.000 800.00
11912196E-03 0.10737998E-06-0.37729215E-10
39884185E-01 0.64640515E-01-0.11912196E-03
12350138E+05 0.86187534E+00

20 2 S 300.000 800.000 800.00
35707930E-04 0.23659763E-07-0.68142818E-11
55742552E+01 0.30963705E-01-0.35707930E-04
29545574E+05-0.18184084E+02

20 2 S 300.000 800.000 800.00
61085716E-04 0.49395311E-07-0.16460828E-10
33555081E+01 0.41585182E-01-0.61085716E-04
12549175E+05-0.55108785E+01

10 1 S 300.000 800.000 800.00
60186596E-04 0.55021448E-07-0.19866815E-10
39274250E+01 0.35248349E-01-0.60186596E-04

.43463358E+05-0.13065948E+02

10 1 S 300.000 800.000 800.00
84281136E-04 0.79630197E-07-0.29129544E-10
32034561E+01 0.44831208E-01-0.84281136E-04
33376914E+05-0.85522749E+01

10 2 S 300.000 800.000 800.00
71762180E-04 0.65997571E-07-0.23808940E-10
39517685E+01 0.38904799E-01-0.71762180E-04

.46399270E+04-0.11920889E+02

10 2 S 300.000 800.000 800.00
88888659E-04 0.81783819E-07-0.29403493E-10
22453537E+01 0.47492186E-01-0.88888659E-04
16436651E+04-0.66934205E+01

20 1 S 300.000 800.000 800.00
55122995E-04 0.54778802E-07-0.21112975E-10
61803924E+01 0.28352492E-01-0.55122995E-04
90808090E+04-0.19840413E+02

20 1 S 300.000  800.000 800.00
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F Supporting Information for Chapter 9

0.37879470E+01 0.
-0.39592663E+02-0.
0.75190956E-07-0
NH20HFe0_6(S)
0.38531398E+01 0
-0.22005356E+05-0.
0.14765525E-07-0
FeNH2_02_7(S)
0.80545644E+01 0.
0.55663721E+03-0.
0.29063139E-07-0.
NH2FeOH_N02_5(S)
0.68265612E+01 0
-0.24589215E+05-0.
0.70042546E-07-0
NH2NO2Fe0OH_5(S)
0.43517294E+01 0
-0.33390527E+05-0.
0.36791555E-07-0.
OFeONN_6(S)
0.51023943E+01 0
0.47960457E+04-0.
0.44061060E-07-0.
NH3-0Fe0N0O_5(S)
0.43758599E+01 0
-0.26103959E+05-0.
0.67490378E-07-0
NH2-HOFeONO_5(S)
0.36462050E+01 0
-0.18913283E+05-0.
0.11520127E-06-0
NH3-0FeON0_7(S)
0.60152806E+01 0
-0.17854728E+05-0.
0.65472077E-07-0
NH2-HOFeONO_7(S)
0.47722630E+01 0
-0.19862795E+05-0.
0.11574453E-06-0
NH3Fe0_N0O2_7(S)
0.87778202E+01 0
-0.20284435E+05-0
0.17264381E-07-0
NH2Fe02_NO_6(S)
0.60119441E+01 0
0.43972628E+04-0.
0.59028335E-07-0
NH2Fe0ONO_t_6(S)
0.37340012E+01 0.

39344011E-01-0.
11858795E+02 0.
.28518113E-10-0.

ownH 3N

.27099232E-01-0.
10865008E+02 0.
.29818486E-11-0.

ownH 2N

17957437E-01-0.
19111500E+02 0.
10968663E-10 0.

ownH 3N

.46961031E-01-0.
17839622E+02 0.
.24732813E-10-0.

ownH 3N

.45132630E-01-0.
.43517294E+01 0.45132630E-01-0.55707262E-04
10065947E-10-0.

11302075E+02 0

ownN 20

.26744546E-01-0
12979824E+02 0.
.47960457E+04-0.12979824E+02

16150014E-10 O
ownH 3N

.52114330E-01-0.
.43758599E+01 0.52114330E-01-0.80479719E-04
.23166322E-10-0.

14152674E+02 0

ownH 3N

.69936141E-01-0.
10549160E+02 0.
.41007956E-10-0.

ownH 3N

.47792205E-01-0.
18071859E+02 0.
.23011730E-10-0.

ownH 3N

.67369472E-01-0.
.47722630E+01 0.67369472E-01-0.12534386E-03
.41777168E-10-0.

13837361E+02 0

ownH 3N

.27434358E-01-0.
.26433057E+02 0.
.47982459E-11-0.

ownH 2N

.34179441E-01-0.
18954118E+02 0.
.22018733E-10 0O

ownH 2N

54987048E-01-0.

76892306E-04 0.75190956E-07-0.28518113E-10
37879470E+01 0.39344011E-01-0.76892306E-04
39592663E+02-0.11858795E+02

10 2 S 300.000 800.000 800.00
27751892E-04 0.14765525E-07-0.29818486E-11
38531398E+01 0.27099232E-01-0.27751892E-04
22005356E+05-0.10865008E+02

10 2 S 300.000 800.000 800.00
30784164E-04 0.29063139E-07-0.10968663E-10
80545644E+01 0.17957437E-01-0.30784164E-04
55663721E+03-0.19111500E+02

20 3 S 300.000 800.000 800.00
79321299E-04 0.70042546E-07-0.24732813E-10
68265612E+01 0.46961031E-01-0.79321299E-04
24589215E+05-0.17839622E+02

20 3 S 300.000 800.000 800.00
55707262E-04 0.36791555E-07-0.10065947E-10

33390527E+05-0.11302075E+02

2 S 300.000 800.000 800.00

.48017900E-04 0.44061060E-07-0.16150014E-10

51023943E+01 0.26744546E-01-0.48017900E-04

20 3 S 300.000 800.000 800.00
80479719E-04 0.67490378E-07-0.23166322E-10

26103959E+05-0.14152674E+02

20 3 S 300.000 800.000 800.00
12705594E-03 0.11520127E-06-0.41007956E-10
36462050E+01 0.69936141E-01-0.12705594E-03
18913283E+05-0.10549160E+02

20 3 S 300.000 800.000 800.00
75818316E-04 0.65472077E-07-0.23011730E-10
60152806E+01 0.47792205E-01-0.75818316E-04
17854728E+05-0.18071859E+02

20 3 S 300.000 800.000 800.00
12534386E-03 0.11574453E-06-0.41777168E-10

19862795E+05-0.13837361E+02

20 3 S 300.000 800.000 800.00
28206372E-04 0.17264381E-07-0.47982459E-11
87778202E+01 0.27434358E-01-0.28206372E-04
20284435E+05-0.26433057E+02

20 3 S 300.000 800.000 800.00
62336430E-04 0.59028335E-07-0.22018733E-10
60119441E+01 0.34179441E-01-0.62336430E-04

.43972628E+04-0.18954118E+02

20 3 S 300.000 800.000 800.00
97374100E-04 0.87547152E-07-0.31224343E-10
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0.22030458E+04-0
0.87547152E-07-0
NH2Fe00NO_c_6(S)
0.40255796E+01 0
0.85278830E+03-0
0.94766967E-07-0
NH2Fe0_N02_6(S)
0.67971998E+01 0

NH2Fe0_5(S)
0.15116954E+01 0
-0.92667627E+03-0

NH2Fe0_7(S)
0.23508654E+01 0
0.51434800E+04-0
0.70887366E-07-0

NH2FeONN_5(S)
0.57089642E+01 0O

0.63745500E-07-0
NH2NO2Fe0_6(S)

0.39330047E+01 0
-0.97642204E+04-0

NH2N02Fe0-d_6(S)
0.57185112E+00 0

0.65879609E-07-0
NH2NO-0Fe0_6(S)
0.39251428E+01 0O

NH2Fe0-0H2_7(S)
0.30645629E+01 0O

0.95415233E-07-0
NH2Fe0-0H2_5(S)
0.23125502E+01 0
-0.36636112E+05-0
0.95047317E-07-0
NH3-HOFeN0O_4(S)
0.52296250E+01 0

0.84203969E-07-0
NH2FeNO-H20_4(S)
0.53145555E+01 0O

.90471610E+01 O.
.31224343E-10 0.

ownH 2N

.58641670E-01-0.
.76294451E+01 O
.33865181E-10 O.

ownH 2N

.37253492E-01-0.
0.68135765E+03-0.
0.40808277E-07-0.

17165599E+02 0.
13073362E-10 0.
ownH 2N

.35884628E-01-0.
.32332813E+01 0.
0.56386397E-07-0.

19637876E-10-0.
ownH 2N

.37382061E-01-0.
.59226199E+01 O.
.26181122E-10 0.

ownH 2N

.37578199E-01-0.
0.96719448E+04-0.
.23569937E-10 O.

14718880E+02 0.

ownH 2N

.35721708E-01-0.
.90715060E+01 O.
0.14897989E-07-0.

18102541E-11-0.
ownH 2N

.59791153E-01-0.
0.63174811E+04 O.
.20197597E-10 0.

14017882E+01 0.

ownH 2N

.46762540E-01-0.
0.19987817E+04-0.
0.51793951E-07-0.

12159306E+02 0.
16458652E-10 0.

ownH 4N

.51653496E-01-0.
-0.28038763E+05-0.
.35188508E-10-0.

10553439E+02 0.

ownH 4N

.583567710E-01-0.
.71276773E+01 O.
.33686705E-10-0.

ownH 4N

.51373668E-01-0.
-0.40444743E+05-0.
.31061287E-10-0

18616584E+02 0.

ownH 4N

.57522922E-01-0.
-0.32082563E+05-0.

17617307E+02 0.

37340012E+01 0.54987048E-01-0.97374100E-04
22030458E+04-0.90471610E+01

20 3 S 300.000 800.000 800.00
10493432E-03 0.94766967E-07-0.33865181E-10

.40255796E+01 0.58641670E-01-0.10493432E-03

85278830E+03-0.76294451E+01

20 3 S 300.000 800.000 800.00
53043344E-04 0.40808277E-07-0.13073362E-10
67971998E+01 0.37253492E-01-0.53043344E-04
68135765E+03-0.17165599E+02

10 1 S 300.000 800.000 800.00
63721860E-04 0.56386397E-07-0.19637876E-10
156116954E+01 0.35884628E-01-0.63721860E-04
92667627E+03-0.32332813E+01

10 1 S 300.000 800.000 800.00
73997135E-04 0.70887366E-07-0.26181122E-10
23508654E+01 0.37382061E-01-0.73997135E-04
51434800E+04-0.59226199E+01

30 1 S 300.000 800.000 800.00
67890767E-04 0.63745500E-07-0.23569937E-10
57089642E+01 0.37578199E-01-0.67890767E-04
96719448E+04-0.14718880E+02

20 3 S 300.000 800.000 800.00
34248593E-04 0.14897989E-07-0.18102541E-11
39330047E+01 0.35721708E-01-0.34248593E-04
97642204E+04-0.90715060E+01

20 3 S 300.000 800.000 800.00
87463854E-04 0.65879609E-07-0.20197597E-10
57185112E+00 0.59791153E-01-0.87463854E-04
63174811E+04 0.14017882E+01

20 3 S 300.000 800.000 800.00
67386202E-04 0.51793951E-07-0.16458652E-10
39251428E+01 0.46762540E-01-0.67386202E-04
19987817E+04-0.12159306E+02

10 2 S 300.000 800.000 800.00
99809797E-04 0.95415233E-07-0.35188508E-10
30645629E+01 0.51653496E-01-0.99809797E-04
28038763E+05-0.10553439E+02

10 2 S 300.000 800.000 800.00
10502124E-03 0.95047317E-07-0.33686705E-10
23125502E+01 0.58357710E-01-0.10502124E-03
36636112E+05-0.71276773E+01

20 2 S 300.000 800.000 800.00
90281015E-04 0.84203969E-07-0.31061287E-10
52296250E+01 0.51373668E-01-0.90281015E-04

.40444743E+05-0.18616584E+02

20 2 S 300.000  800.000 800.00
10816819E-03 0.10342437E-06-0.38479175E-10
53145555E+01 0.57522922E-01-0.10816819E-03
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0.10342437E-06-0
NH2FeNO_2(S)
0.13311269E+01 0
0.97678959E+04-0
0.84682769E-07-0
NH2FeNO-NO_3(S)
0.70884556E+01 0
0.83585547E+04-0
0.92225197E-07-0
NH2NOFeNO_3(S)
0.67118331E+01 0
0.57017665E+04-0
0.25017086E-07-0
NH200Fe_5(S)
0.24522669E+01 0
0.34335555E+04-0
0.29793041E-07-0
FeOONH2_5(S)
0.25747003E+01 0
0.50489500E+04-0
0.28529934E-07-0
HOFeHNO_3(S)
0.13360514E+01 0
-0.20281412E+05-0
0.62878458E-07-0
HOFeHNO_5(S)
0.42744107E+01 O

-0.25905907E+05-0.

0.60414363E-07-0
H2NOFe0_7(S)
0.47042286E+01 0O

-0.89009454E+04-0.

0.28075534E-07-0
H2NOFe0_5(8)
0.51045538E+01 0O

-0.92407438E+04-0.

0.24418239E-07-0
HNOFeOH_5(S)
0.48919836E+01 0

-0.21894496E+05-0.

0.58715835E-07-0
H20FeN0_3(S)
0.42997908E+01 0

-0.36205053E+05-0.

0.63313664E-07-0
HOFeONH2_6(S)
0.47421800E+01 O

-0.32083107E+05-0.
0.52266085E-07-0.

.38479175E-10-0.

ownH 2N

.47785644E-01-0.
.33003705E+01 O.
.31278732E-10 O.

ownH 2N

.47271512E-01-0.
.25304127E+02 0.
.35674203E-10 0.

ownH 2N

.30196527E-01-0.
.21671064E+02 0.
.78993676E-11 0.

ownH 2N

.32219290E-01-0
.42352629E+01 0.
.84385914E-11 0.

H-3H 2N

.29046843E-01-0.
.562877810E+01 0.
.84872715E-11 0.

ownH 2N

.43934656E-01-0.
.35298862E+01 0.
.21537319E-10-0.

ownH 2N

.35908592E-01-0.
.42744107E+01 0.35908592E-01-0.65309082E-04
.22048377E-10-0.

12784640E+02 0

ownH 2N

.25372403E-01-0.
.47042286E+01 0.25372403E-01-0.35625032E-04
.93250818E-11-0.

14322794E+02 0

ownH 2N

.23473760E-01-0.
156890399E+02 0.
.79757041E-11-0.

ownH 2N

.34890091E-01-0.
.48919836E+01 0.34890091E-01-0.63925317E-04
.21184231E-10-0.

15441897E+02 0

ownH 2N

.34715949E-01-0.
.42997908E+01 0.34715949E-01-0.65402893E-04
.23989199E-10-0.

14975507E+02 0

ownH 3N

.36530130E-01-0.
.47421800E+01 0.36530130E-01-0.60163887E-04
18198517E-10-0.

13939939E+02 0

32082563E+05-0.17617307E+02

20 1 S 300.000 800.000 800.00
89741344E-04 0.84682769E-07-0.31278732E-10
13311269E+01 0.47785644E-01-0.89741344E-04
97678959E+04-0.33003705E+01

30 2 S 300.000 800.000 800.00
92596036E-04 0.92225197E-07-0.35674203E-10
70884556E+01 0.47271512E-01-0.92596036E-04
83585547E+04-0.25304127E+02

30 2 S 300.000 800.000 800.00
35617826E-04 0.25017086E-07-0.78993676E-11
67118331E+01 0.30196527E-01-0.35617826E-04
57017665E+04-0.21671064E+02

10 2 S 300.000 800.000 800.00

.42882571E-04 0.29793041E-07-0.84385914E-11

24522669E+01 0.32219290E-01-0.42882571E-04
34335555E+04-0.42352629E+01

10 2 S 300.000 800.000 800.00
39486000E-04 0.28529934E-07-0.84872715E-11
25747003E+01 0.29046843E-01-0.39486000E-04
50489500E+04-0.52877810E+01

0 2 S 300.000 800.000 800.00
73494800E-04 0.62878458E-07-0.21537319E-10
13360514E+01 0.43934656E-01-0.73494800E-04
20281412E+05-0.35298862E+01

10 2 S 300.000  800.000 800.00
65309082E-04 0.60414363E-07-0.22048377E-10

25905907E+05-0.12784640E+02
10 2 S 300.000 800.000 800.00
35625032E-04 0.28075534E-07-0.93250818E-11

89009454E+04-0.14322794E+02

10 2 S 300.000 800.000 800.00
31795293E-04 0.24418239E-07-0.79757041E-11
51045538E+01 0.23473760E-01-0.31795293E-04
92407438E+04-0.15890399E+02

10 2 S 300.000 800.000 800.00
63925317E-04 0.58715835E-07-0.21184231E-10

21894496E+05-0.15441897E+02
10 2 S 300.000 800.000 800.00
65402893E-04 0.63313664E-07-0.23989199E-10

36205053E+05-0.14975507E+02
10 2 S 300.000 800.000 800.00
60163887E-04 0.52266085E-07-0.18198517E-10

32083107E+05-0.13939939E+02
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HOFeONH2_4(S)
0.51832510E+01 0.
-0.31372537E+05-0.
0.48765028E-07-0.
HOFeH2N0_4(S)
0.11708976E+01 0
-0.27845778E+05-0.
0.53337932E-07-0.
HOFeONH2-NO_5(S)
0.53610253E+01 0
-0.22347609E+05-0.
0.57427721E-07-0.
HOFeO-NH2NO_5(S)
0.38046522E+01 0
-0.20678098E+05-0
0.41501779E-07-0.
0FeHNO_4(S)
0.27995303E+01 0
-0.23056324E+04-0
0.35436296E-07-0.
HONOFeNH2_5(S)
0.57661852E+01 0
-0.15199315E+05-0.
0.53622739E-07-0.
HNO3FeNH2_5(S)
0.46858314E+01 0
-0.21991326E+05-0.
0.44102920E-07-0
HOFeNH2_N02_5(S)
0.55257918E+01 0
-0.25906220E+05-0.
0.78550791E-07-0
NH2FeHNO_5(S)
0.46633377E+01 0
0.23777882E+04-0.
0.57321592E-07-0
NH2FeHNO_3(S)
0.21703672E+01 0
0.61370109E+04-0
0.63846595E-07-0
NH3FeNO_3(S)
0.55012430E+01 0
-0.14718543E+05-0.
0.42021732E-07-0.
NH2-0Fe0_5(8)
0.16798346E+01 0
0.10032829E+05-0
0.74623461E-07-0
0FeH2N0_5(S)

.28487284E-01-0
.81023508E+01 0.

.27711708E-01-0

ownH 3N
33996580E-01-0.
16891631E+02 0.
17238412E-10-0.

H+3H 3N

.46184496E-01-0.

12780820E+01 0.
16556980E-10-0.
ownH 3N

.47167771E-01-0.

15065738E+02 0.
19519406E-10-0.

ownH 3N

.49198565E-01-0.
.74182658E+01 0.

11039942E-10-0.
ownH 1N

11888448E-10-0.
ownH 3N

.39565608E-01-0.

18421948E+02 0.
18715134E-10-0.
ownH 3N

.45652584E-01-0.
.46858314E+01 0.45652584E-01-0.60158739E-04
.13679702E-10-0.

12657461E+02 0

ownH 3N

.52298167E-01-0.

13111636E+02 0.

.27668472E-10-0.

ownH 3N

.36984277E-01-0.
.46633377E+01 0.36984277E-01-0.63086967E-04

13660734E+02 0

.20765204E-10 0.

ownH 3N

.44803218E-01-0.
.74111889E+01 0.
.22241091E-10 O.

ownH 3N

19222488E+02 0.

16128942E-10-0.
ownH 2N

.47252251E-01-0.
.47245588E+01 0.
.26010533E-10 O.

ownH 2N

10 2 S 300.000 800.000 800.00
55542289E-04 0.48765028E-07-0.17238412E-10
51832510E+01 0.33996580E-01-0.55542289E-04
31372537E+05-0.16891631E+02

0 2 S 300.000 800.000 800.00
69050132E-04 0.53337932E-07-0.16556980E-10
11708976E+01 0.46184496E-01-0.69050132E-04
27845778E+05-0.12780820E+01

20 3 S 300.000 800.000 800.00
69975965E-04 0.57427721E-07-0.19519406E-10
53610253E+01 0.47167771E-01-0.69975965E-04
22347609E+05-0.15065738E+02

20 3 S 300.000 800.000 800.00
62773637E-04 0.41501779E-07-0.11039942E-10
38046522E+01 0.49198565E-01-0.62773637E-04
20678098E+05-0.74182658E+01

10 2 S 300.000  800.000 800.00

.43655224E-04 0.35436296E-07-0.11888448E-10

27995303E+01 0.28487284E-01-0.43655224E-04
23056324E+04-0.81023508E+01

20 2 S 300.000 800.000 800.00
62379987E-04 0.53622739E-07-0.18715134E-10
57661852E+01 0.39565608E-01-0.62379987E-04
15199315E+05-0.18421948E+02

20 3 S 300.000 800.000 800.00
60158739E-04 0.44102920E-07-0.13679702E-10

21991326E+05-0.12657461E+02

20 3 S 300.000 800.000 800.00
89004708E-04 0.78550791E-07-0.27668472E-10
55257918E+01 0.52298167E-01-0.89004708E-04
25906220E+05-0.13111636E+02

20 1 S 300.000 800.000 800.00
63086967E-04 0.57321592E-07-0.20765204E-10

23777882E+04-0.13660734E+02

20 1 S 300.000 800.000 800.00
73609998E-04 0.63846595E-07-0.22241091E-10
21703672E+01 0.44803218E-01-0.73609998E-04
61370109E+04-0.74111889E+01

20 1 S 300.000 800.000 800.00

.44450747E-04 0.42021732E-07-0.16128942E-10

55012430E+01 0.27711708E-01-0.44450747E-04
14718543E+05-0.19222488E+02

10 2 S 300.000 800.000 800.00
84271753E-04 0.74623461E-07-0.26010533E-10
16798346E+01 0.47252251E-01-0.84271753E-04
10032829E+05-0.47245588E+01

0 2 S 300.000  800.000 800.00
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0.22750273E+01 0.
-0.88817043E+04-0
0.30141405E-07-0
H2NOFeNO_4(S)
0.70099243E+01 0
-0.41380899E+04-0
0.21666703E-07-0
OFeNH2N0_4(S)
0.26631377E+01 0
-0.25686260E+04-0
0.38907609E-07-0.
FeHNO_4(S)
0.24068906E+01 0
0.75335802E+04-0
0.31717594E-07-0.
H20FeHN0O_4(S)
0.39409313E+01 0
-0.30516457E+05-0.
0.50982888E-07-0.
02FeHNO_6(S)
0.58745125E+01 0
0.11284829E+03-0.
0.39442922E-07-0.

32824925E-01-0

ownH 2N

.22897547E-01-0.
.22312266E+02 0.
.73046565E-11-0

ownH 2N

.39363089E-01-0.
.76505864E+01 0.
11908408E-10-0.

ownH 1N

.22540598E-01-0.
.60949102E+01 O.
10937082E-10 0.

ownH 3N

.36867539E-01-0.
11220464E+02 0.
17984197E-10-0.

ownH 1N

.29591231E-01-0
18579245E+02 0.
13538484E-10 0.

Alternative assignment with Bulk

Fe0_6(S)
0.11204458E+00 O.
-0.40710169E+04-0.
0.15090565E-06-0.
Fe0_6(B)
-0.35524778E+01 0.
-0.28193329E+04 O.
0.15664527E-06-0.

own0O 1

11947028E+00-0.
45946458E+01 0.
.40710169E+04-0.45946458E+01

47480764E-10-0
own0O 1

11980479E+00-0.
58990408E+01-0.
50206795E-10-0.

Comment on Table F.2

.43657399E-04 0.30141405E-07-0.84489946E-11
.45062776E+01 0.
.84489946E-11-0.

22750273E+01 0.32824925E-01-0.43657399E-04
88817043E+04-0.45052776E+01

20 2 S 300.000 800.000 800.00
28527153E-04 0.21666703E-07-0.73046565E-11
70099243E+01 0.22897547E-01-0.28527153E-04

.41380899E+04-0.22312266E+02

20 2 S 300.000 800.000 800.00
53304970E-04 0.38907609E-07-0.11908408E-10
26631377E+01 0.39363089E-01-0.53304970E-04
25686260E+04-0.76505864E+01

10 1 S 300.000 800.000 800.00
37220934E-04 0.31717594E-07-0.10937082E-10
24068906E+01 0.22540598E-01-0.37220934E-04
75335802E+04-0.60949102E+01

0 2 S 300.000 800.000 800.00
58696009E-04 0.50982888E-07-0.17984197E-10
39409313E+01 0.36867539E-01-0.58696009E-04
30516457E+05-0.11220464E+02

10 3 S 300.000 800.000 800.00

.47148645E-04 0.39442922E-07-0.13538484E-10

58745125E+01 0.29591231E-01-0.47148645E-04
11284829E+03-0.18579245E+02

species for Iron:

S 300.000  800.000 800.00
19081333E-03 0.15090565E-06-0.47480764E-10
11204458E+00 0.11947028E+00-0.19081333E-03

S 300.000 800.000 800.00
19456364E-03 0.15664527E-06-0.50206795E-10
35524778E+01 0.11980479E+00-0.19456364E-03
28193329E+04 0.58990408E+01

The original FeO_6(S) as used in this work is implemented without the use of
a bulk species in CHEMKIN. However, an alternative set is supplied as well
for FeO_6, togehter with a corresponding bulk species which should enable a

transfer.
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