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Abstract

The present PhD thesis considers an alternative theoretical framework based on Varia-
tional Transition State Theory (VTST) for estimating Arrhenius parameters for adsorp-
tion reactions. The estimation of rate data suitable for microkinetic analysis of reaction
pathways in heterogeneous catalytic systems typically requires sticking coefficients. The
use of VI'ST enables the construction of chemical mechanisms without the dependency
on experimental data for sticking coefficients, for the final determination of the rate
parameters. The energetics of the surface reactions are derived using the Unity Bond
Index-Quadratic Exponential Potential (UBI-QEP) method.

A comprehensive chemical mechanism is developed for the description of the surface
reactions associated with the catalytic removal of the three principal oxides of nitrogen
(NO, NO, and N,O) from automotive exhaust gases through the use of supported plat-
inum catalysts. The reference five-step Pt catalytic mechanism [1] for NO removal has
been updated to 21 reversible reaction steps featuring all principal oxides of nitrogen.
Gas phase reactions are considered, via a comprehensive C/H/O/N mechanism that in-
cludes ammonia. The NO, reduction mechanism was applied under nearly stoichiometric
conditions, various metal loadings and coat amounts. A rigorous comparison with ex-
perimental data [2], obtained by Toyota Motor Europe, for nine different Test Cases was
performed along with the analysis of modifications to the energetics and rate parameters.
The outcomes obtained for CO, NO and C;Hy conversion against temperature present a
promising agreement with the experimental data [2].

The same framework, with the absence of the nitrogen and propene containing catalytic
chemistry, is implemented to study the ethane auto-thermal catalytic cracking in a quartz
lined tubular reactor. The validation of the mechanism was carried out via experimental
measurements provided by BP Chemicals [3]. The absence and presence of CO in the
feed stream were studied to further explore the catalytic activity of the chemical system.

The work provides a framework for the development of heterogeneous reaction mecha-
nisms, without the reliance on experimental sticking coefficients, focusing on the reduction
of NOx emissions from the automotive exhaust gases. The proposed method can be fur-

ther augmented and used for the generation of novel heterogeneous reaction mechanisms.
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Chapter 1

Introduction

In this Chapter, the background and motivation of the research presented in this dis-
sertation are given. The fundamentals on the exhaust gas pollutants and the reaction
mechanisms for the heterogeneous catalytic removal of oxides of nitrogen along with the
auto-thermal cracking (ATC) catalytic process for olefins production are reported in the
literature review. Then, the contribution of the current investigation and the structure

of the thesis, are outlined.

1.1 Background and motivation

The continuous quest for improvements in vehicle efficiency leads to a requirement of
careful control of combustion processes for reliable and stable operation - be it in a con-
ventional or hybrid configuration. Therefore, a proper understanding of the effects of
heterogeneous chemistry interactions can be expected to support the development of bet-
ter technologies. The field of surface chemistry constitutes an area of significant scientific
interest to the design of internal combustion engines, and is of particular importance to
the fields of catalysis, electrochemistry and geochemistry.

A catalyst is a compound that affects the rate of reaction without itself being consumed
in the progress [4]. The key concept of catalysis is thus that the reactants associate with
the catalytic material, undergo a chemical transformation and finally dissociate from the
catalyst. Although, there are different kinds of catalysts, the main focus of the current
work is based on heterogeneous catalysts and the corresponding gas-surface kinetics. A
heterogeneous catalyst can be envisioned as a relatively large extended surface composed
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of active sites, that are local positions on which a molecule can adsorb, react and finally
desorb. Well-defined single crystal surfaces of catalytically active materials (e.g. Pt, Rh,
Pd) find wide-spread application in a number of industrial processes (e.g. development
of battery technologies), as well as in exhaust emission control devices (e.g. catalytic
converters) for the purification of exhaust gases from the internal combustion engines.

It is well known that combustion engines are a significant source of harmful pollutants.
Gasoline represents an indicative paradigm as it consists of hydrocarbons containing ap-
proximately 45% alkenes and alkynes, 35% aromatic compounds and 20% butanes and
pentanes [5]. Consequently, the understanding of chemical kinetic mechanisms that take
place on metal surfaces and the development of computational models are of vital impor-
tance for improving the efficiency of industrial catalytic processes and reducing harmful
gaseous emissions from exhaust pipes. Accurate and predictive models can prevent from
the high experimental cost, the material placement and the catalyst aging.

A microscopic picture of kinetics in terms of molecular level properties can be il-
lustrated by two important theories, collision theory and Variational Transition State
Theory (VTST). According to collision theory, the reacting species are assumed to be
hard spheres that collide with each other in order to allow a reaction to occur. This
can be realized if the chemical species that collide, possess a certain minimum value of
internal energy, equal to the activation energy of the reaction. The number of collisions
occuring for the products’ formation per second per unit volume can be expressed through
the collision frequency. In adsorption processes, the rate constants are calculated using
sticking coefficients, sy, that describe the ratio of the number of adsorbate atoms on the
metal surface to the total number of atoms that collide with the metal sites. Their value
varies between 1 (all impinging atoms stick) and 0 (no atoms stick). The coefficient can
be a function of surface temperature, surface coverage (6) and structural details. When
arriving at a site on a surface, an adatom has three options. There is a probability that
it will adsorb to the surface (P,), a probability that it will migrate to another site on the
surface (P,,), and a probability that it will desorb and return to the bulk gas (P,). For
an empty site (§ = 0) the sum of these three options is unity: P, + P, + P; = 1.

As the accurate determination of sticking coefficients is a time consuming process that
requires an experimental investigation, the introduction of a theoretical method able to

predict chemical reaction rates and mechanisms is of a significant importance. Variational
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Transition State Theory (VTST) is here used for this purpose, as a more accurate form
of the Transition State Theory (TST). The TST applies statistical thermodynamics to

derive expressions for rate coefficients, through the Eyring equation [6],

k= ]{:B—TeAT?gie’Aﬁifﬁt (1.1)
h
where k is the reaction rate constant, T is the absolute temperature, kg is Boltzmann’s
constant, h is Planck’s constant, AH?* is the enthalpy of activation, R is the gas constant,
and AS* is the entropy of activation. As the change of the Gibbs free energy, AG =
AH — T AS, is related to the molecular partition function, @), the Eyring equation can
be replaced by the Arrhenius equation, leading to Eq. (1.2),

kT
k= BT%(;?% (1.2)

with Q1 and Q,cqc being the partition functions of the transition state and the reactant
phase, respectively and E 4 the activation energy. Therefore, molecular partition func-
tions, that describe the sum of all possible energy states in the various degrees of freedom
of a molecule, are directly applied for the evaluation of reaction rate constants, instead
of experimental based sticking coefficients.

Detailed microkinetic modelling enables a description of the chemical kinetics dominat-
ing a studied system and becomes the method of choice for heterogeneous systems due to
its potential to complement and generalize experimental findings. The coupling of a com-
putational fluid dynamics (CFD) framework with detailed microkinetic analysis explores
the interactions of the fluid flow with the chemistry of the system. Microkinetic models
for heterogeneous reactions in the low coverage limit typically use the extended Arrhenius
form (k = ATPe=Fa/fT) o express reaction rates, where A is the pre-exponential factor,
S the temperature dependency, F 4 the activation energy and R the gas constant. Accord-
ingly, the three terms A, § and E4 must be determined. The latter can, for example, be
obtained using Density Functional Theory (DFT) [7, 8, 9] or via semi-empirical methods
such as the Unity Bond Index-Quadratic Exponential Potential (UBI-QEP) method [10].

Vincent et al. [11] established a consistent class based method to investigate the pro-

duction of ethylene through the selective dehydrogenation of ethane in short contact time
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reactors (SCTR) featuring a supported platinum catalyst. The study also suggested that
altering gas phase conditions can result in ethylene consumption, leading to methane
and carbon deposition. The gas phase chemistry used was developed by Lindstedt and
co-workers [12, 13]. The estimation of chemisorption energetics and surface reactivity
was based on the UBI-QEP formalism, integrated with DFT and experimental values
for a limited number of species [11]. The rate constants were determined using colli-
sion theory with experimentally derived or estimated sticking coefficients. Kraus and
Lindstedt [14, 15] introduced a theoretical framework for the determination of direct ad-
sorption and desorption rate constants, without any dependency on experimental values,
through an innovative application of Variational Transition State theory (VI'ST). It has
been shown [11, 14, 15] that both systematic approaches can reproduce complex partial
oxidation data over transition metals such as Pt and Rh.

The aim of the current investigation is to (i) develop a comprehensive C/H/O/N
reaction mechanism, by further extending the pre-existing reaction schemes [11, 14, 15] for
the removal of all major oxides of nitrogen via the contribution of Pt calalysts supported
by Al,O4 foams (Pt/Al,O;), at nearly stoichiometric conditions and low temperatures
(400 K - 800 K) and (ii) implement the C/H/O reaction mechanism on Pt/Al,O, catalysts
for the investigation of the effect of CO co-feed on the performance of an auto-thermal
catalytic cracking reactor, under fuel rich conditions and a higher temperature window
(844 K - 1300 K). The applied mechanism developed using VT'ST, follows the Kraus and
Lindstedt [14, 15] framework, in conjuction with some assumptions [16] and modifications
for particularly sensitive reactions in order to better reproduce the chemical system.
Platinum can be used both as a reduction and oxidation catalyst and its choice was made
based on the comparatively comprehensive studies and experimental data available for

validation.

1.2 Literature review

1.2.1 NO, removal from automotive exhaust gases

Environmental studies related to air pollution have indicated that certain constituents

(e.g. hydrocarbons (HC) and oxides of nitrogen (NO, )) in automotive exhaust gases play
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an important role in the formation of photochemical smog, acid rain and ground-level
ozone precursors [17]. As the oxides of nitrogen originate from the combustion processes
taking place in vehicles, their minimization is of paramount significance from biological
and ecological point of view.

Catalytic converters, containing noble metals (platinum, palladium, rhodium, gold,
silver) or base metals (nickel, zinc, iron etc) and coated on to a porous medium in order
to broaden the chemically active surface, are used to control harmful emissions. Three
way catalysts (TWC) were firstly installed in 1979 [5] and their latest generation seems
to perform quite well under stoichiometric conditions. For example, the conversion of
NO, to N, is very effective by using a TWC for a stoichiometric gasoline engine, while for
lean-burn engines and diesel engines is not so effective due to the exhaust gas composition
and/or temperature. For example, unburned hydrocarbons (HCs) prefer to unfavourably
oxidise with a large oxygen content in the exhaust rather than reduce NO, to N, [18].

Several experimental studies have investigated the effect of platinum catalysts on the
reduction of NO, emissions along with the existance of a reductant (e.g. ammonia,
oxygenated hydrocarbon, hydrocarbon), through the method of Selective Catalytic Re-
duction (SCR). The SCR system can use an external hydrocarbon (HC) as reductant
by injection, or a HC emitted by the combustion engine. Kumar et al. [19] studied the
suitability of cordierite/Pt catalyst for light and medium duty vehicles, as well as, the
effect of selective catalytic reduction on bio-diesel blends in order to reduce the oxides of
nitrogen in a single cylinder diesel engine. A maximum NO, and NH, conversion of 60%
and 34%, respectively, was found.

Selective catalytic reduction of NO, emissions from diesel engines in the presence of
hydrocarbons over Ag-Pt/Al,O, catalysts, have been explored by Resitoglu et al. [20], at
different engine loads and exhaust gas temperatures, under actual operating conditions.
It was concluded that a HC reductant consisting of 15% biodiesel and 85% ethanol had
the highest conversion performance. A study of catalytic removal of nitric oxide with
hydrogen and carbon monoxide in the presence of excess oxygen was conducted by Yokota
et al. [21]. The Pt/zeolite catalyst used, presented a high NO, conversion efficiency,
but the strong poisoning by CO and C;Hg, as well as the formation of N,O by NO,
were reported as significant disadvantages. Thus, an improved type of catalyst, Pt-Mo-

NaSiO,, was introduced, with a higher temperature range for NO, conversion and a
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lower N,O formation obtained. As illustrated above, numerous research developments
have been made to achieve desirable conversion rates in NO, emissions through the use
of HC reductants along with different types of platinum catalysts in order to eliminate

the critical pollutants.

1.2.2 Reaction mechanisms for the heterogeneous catalytic re-

moval of nitrogen oxides

Despite the relative wealth of studies of nitrogen containing species interacting with
catalytic Pt sites, detailed microkinetic models for the removal of oxides of nitrogen
from exhaust gases over Pt remain incomplete. Chatterjee et al. [1] produced a reaction
mechanism for NO removal in a three-way catalyst based on five reaction steps using a
collision theory based approach [22]. The s appearing in the reactions below denotes the

catalyst site.

Table 1.1: Five-step reaction mechanism for NO removal produced by Chatterjee et
al. [1].

No. Reactions

1 NO(g) + s — NO(s)

2 NO(s) — NO(g) + s

3 N(s) + N(s) — Ny(g) + 2s
4 NO(s) + s — N(s) +O(s)

5 N(s)+ O(s) — NO(s) + s

A similar reaction mechanism was proposed for NO reduction over Rh. Despite the
simplicity, encouraging agreement with experimental data was obtained. More recent
studies, including the review by Sun et al. [23] covering a wider range of materials for
the catalytic decomposition of NO to N, and O, outlines the need to consider additional
NO, and N,O reaction pathways. However, the proposed reactions were schematic in
nature (reaction rate parameters were not determined) and hence not developed with
microkinetic modelling in mind. The issue is, however, important as competitive oxidative
pathways for NO may lead to NO, and N,O formation. Furthermore, additional surface

reactions were proposed leading to the need to consider associated reactions.
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The inclusion of such reaction steps describing the catalytic oxidation of NO to NO,
and N,O is arguably essential as combinations such as Pt/Al,O, can be used for nitric
acid production [24]. There are also studies that outline the reaction of NO and O, to NO,
over Pt in the context of reaction pathways as well as catalyst deactivation [25]. Studies
of NO over Pt(111) are more plentiful and include data on adsorption and desorption [26].
At temperatures above 400 K, the dissociative adsorption of NO, (9) is more likely to
occur [27]. In addition, the reverse reactions of reaction steps (7) and (8) need to be
considered along with the direct adsorption of N,O on the surface. Further surface
reactions, such as reaction (10) below, are required. Data on the adsorption of N,O on

Pt(111) are also available [28].

Table 1.2: Nitrogen containing reactions already proposed in previous studies [24, 25,
26, 27].

No. Reactions
6 NO(s) + NO(s) = O(s) + N,O(s)
7 N,0O(s) = Ny(g) + O(s)

8 NO,(g) + s = NOy(s)

9 NO,(g) + 25 = NO(s) + Ofs)

Table 1.3: Additional surface reaction that has to be considered.

No. Reaction

10 NO(s) + O(s) = NyO(s) + s

Table 1.4: Direct adsorption and desorption reactions studied and compared to exper-
imental data, where available.

Reactions

NO(g) + 3s = NO(s3)

NOQ(g) + s = NOQ(S)
Ny(g) + 2s = Ny(sy)
NQO(g) + 2s = NQO(SQ)

N(g) + s = N(s)
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In the current Thesis, the above direct adsorption and desorption reactions are studied
with results compared to experimental data, where available, as presented in Chapter 3.
The additional nitrogen containing surface reactions, outlined above, are included along
with the additional chemical pathways that need to be considered due to the inclusion
of all major oxides of nitrogen in the mechanism. The applied surface configurations of
adsorbed nitrogen based species have been informed by the VTST computations outlined

below and the related literature data.

1.2.3 Auto-thermal catalytic cracking for olefins production

Steam cracking is a process of decomposition of higher molecular weight organic com-
pounds into smaller molecular fragments by imposing high temperature and, industrially,
high pressure. This process is a non-catalytic, thermal cracking process for the produc-
tion of light olefins (e.g. ethylene, propylene), performed in the presence of steam at high
temperatures (700°C - 950°C) and short residence times, ranging from a few seconds to
a fraction of a second. More than 150 million metric tons of ethylene and propylene are
annually worldwide produced via the steam thermal cracking process [29]. Ethylene is
typically produced by steam cracking of ethane leading to 60% ethane conversion and
85% ethylene selectivity at high temperatures of approximately 800°C, to provoke the

following homogeneous pyrolysis reaction [30].

The major disadvantages of the steam cracking process is the formation of coke deposits
on the tube walls and the high energy consumption. Although the presence of steam
reduces the carbon formation, the periodic shutting down of the reactor results in a loss
of productivity [30].

The presence of a catalyst allows the dehydrogenation process to be carried out at
lower pressures and temperatures (550°C), as well as provides a higher selectivity towards
a single olefin [30]. The use of short contact time reactors (SCTRs) enables the production
of comparable results to the steam cracking, with a high resistance to coking [22]. Schmidt
and co-workers [31, 32, 33] produced competitive selectivity and conversion rates through

the use of Pt/Sn for SCTRs, compared with the conventional steam crackers. They also
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outlined that the oxidative dehydrogenation processes of alkanes occured in SCTRs have
residence times between 107! s and 107 s.

A theoretical framework for investigations of SCTRs was established by Deutschmann
and co-workers [34, 35], by applying a 2D elliptic model with laminar flow and heteroge-
neous chemistry featuring a noble metal coated monolith. Vincent et al. [11] developed
and applied a semi-automatic class-based framework for generating reaction mechanisms
to the study of the ethane dehydrogenation over alumina supported platinum catalyst
in SCTRs. Different inlet velocities, reactor lengths and catalytic loadings were stud-
ied [11, 36].

Bodke et al. [30] emphasized that the addition of hydrogen to the feed stream, in a
2:1 Hy:0, (v/v) ratio, favored the ethylene selectivity by diverting the oxygen to water
vapour formation and consequently, reduce the alkanes oxidation. The same amount of
hydrogen co-feed was used in the BP Chemicals [3] experimental study on auto-thermal
catalytic cracking of ethane over a 3% Pt/Al,O4 catalyst in a quartz lined tubular reactor,

presented in Chapter 5.

1.3 Current contribution

The current study addresses a detailed microkinetic analysis of reactions in the C/H/O/N
chemical system over platinum. In particular, it proposes a model for multi-scale sim-
ulations of nitrogen oxides removal from automotive exhaust gases through the use of
supported platinum catalysts. A large number of existing studies in the broader liter-
ature have examined the interactions of nitrogen containing species with catalytic plat-
inum sites. However, detailed microkinetic models for the removal of oxides of nitrogen
from exhaust gases over platinum remain incomplete. Additionally, the C/H/O reaction
mechanism on Pt/Al,O; is also examined and validated via experimental data at dif-
ferent stoichiometric conditions and temperature ranges aiming to further establish the
performance and functionality of the mechanism.

The basis of the work is the model produced by Kraus and Lindstedt [14, 15] who
developed a systematic and theoretical framework through the use of VI'ST for the de-
termination of rate constants for adsorption reactions. In particular, use of VITST for

rate constant evaluation was applied for the C,Hy/H, /O, /Pt system to investigate of the
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partial oxidation of ethane over platinum and methane over platinum and rhodium. This
work extends the model proposed by Kraus and Lindstedt [14, 15] by augmenting the
reaction mechanism and altering the evaluating method applied to adsorption reactions.
At the same time, it focuses on the heterogeneous catalytic removal of oxides of nitrogen.
A further analysis of related sticking coefficient data is also presented. The reference five-
step state-of-the-art platinum catalytic mechanism, developed by Chatterjee et al. [1], for
NO removal via three-way catalysts has been updated to 21 reversible reaction steps fea-
turing all principle oxides of nitrogen. A detailed investigation on the significant impact
of the diffusion transport limitations in porous media was also conducted.

Data regarding the CO, NO and C;H, conversion against temperature was provided by
Toyota Motor Europe [2] for nine different test cases, for this purpose. The datasets con-
tain experimental results at different platinum loading configurations and Al,O; disper-
sions. Furthermore, experimental data for auto-thermal cracking of ethane were offered
by BP Chemicals [3] to explore the impact of CO co-feed on the ATC reactor efficiency.
This data was used in the development and validation of the updated model for the ex-
amination of ethane/oxygen conversion and methane/ethylene selectivity against oxygen
to carbon (O/C) feed ratio. The current investigation further extends the temperature
window applied, compared to that corresponding to the NOx removal from automotive
exhaust gases. The outcome also ensures the consistency of the proposed reaction mech-
anism and its capability to be successfully reproduced under different (more extreme)
conditions.

Thus, this study refines the pre-existing VI'ST based framework [14, 15] by including
some modifications/assumptions that better determine the adsorption rate constants and
consequently, better describe the behaviour of the studied chemical system. Hence, the
Thesis presents a step towards developing a robust methodology for catalytic systems.
The production of a validated reaction mechanism, capable of predicting the chemical
evolution of catalytic heterogeneous systems and removing harmful exhaust gases, can
offer a better insight of the catalytic reduction mechanisms and set the basis for the
continued extension of the model to other supported catalysts, such as rhodium and

palladium.
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1.4 Thesis outline

In Chapter 1, the background and motivation of this PhD Thesis are presented. A
representative literature review on nitrous oxide removal from automotive exhaust gases,
along with the heterogeneous catalytic reaction mechanisms developed for this purpose,
is presented. The auto-thermal catalytic cracking process for olefin production was also
reviewed. Subsequently, the current contribution and the thesis outline are presented.

In Chapter 2, the theoretical framework and, in particular, the computational and
mathematical modelling are introduced along with the gas phase and the catalytic chem-
ical mechanisms. The impact of diffusion transport limitations on the metal surface is also
discussed. Finally, the methods for the determination of the pre-exponential Arrhenius
factors and activation energies are outlined.

Chapter 3 is concerned with the rate parameter determination of direct, dissociative
and Eley-Rideal adsorption reactions. The investigation of mobile or immobile transition
state of the adsorbing species on the platinum surface, through the evaluation of the
corresponding sticking coefficients, constitutes a core contribution of this study. At the
end of this chapter, a comparison of the proposed mechanism with previously developed
reaction frameworks [11, 14, 15] is presented.

Chapter 4 is devoted to a rigorous comparison of the developed mechanism with ex-
perimental data provided by Toyota Motor Europe (TME) [2] for CO, NO and C,;Hg
conversion against temperature, for nine different test cases. A multi-scale simulation was
performed for the removal of harmful constituents from the automotive exhaust gases,
through the use of Pt/Al,O; catalyst, at different metal loadings and coat amounts. The
impact of diffusion limitations is also discussed.

In Chapter 5, the heterogeneous platinum mechanism outlined in Chapter 4, without
the inclusion of nitrogen and propene catalytic reactions, is applied to simulate the auto-
thermal catalytic cracking of ethane over a 3% Pt/Al,O4 catalyst in a quartz lined tubular
reactor at different stoichiometric conditions and temperature ranges compared to the
corresponding ones used in Chapter 4. According to the experimental data provided
by BP Chemicals [3], carbon monoxide was added to the auto-thermal cracking reactor
aiming to explore the degree of catalytic contamination. The case of the absence of CO

co-feed was also compared to the corresponding experimental data [3].
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Finally, in Chapter 6 the thesis concludes with a summary of the critical findings of

the present work and suggestions regarding future research directions.



Chapter 2

Theoretical framework

This Chapter outlines the computational and mathematical modelling which constitutes
a further extension of the pre-existing contributions [11, 14, 15]. Firstly, the physical
framework is presented, along with the corresponding properties, equations and assump-
tions. A detailed description on the diffusion mechanisms applied in the current work is
also included. Subsequently, the gas-phase and catalytic chemistries are analysed, as the
two foundations of this investigation. Finally, the methods for the determination of the
pre-exponential Arrhenius factors, derived from partition functions, and the energetics

used for the chemical kinetic model, are illustrated.

2.1 Computational methods

A 2D parabolic FORTRAN code [12] was used to simulate a single, virtual, represen-
tative axisymmetric or planar pore [11] corresponding to the experimental device. This
reduction of the simulation domain to a representative pore, allows for simpler modelling
and faster computations. As shown in Fig. 2.1, the pore is typically simulated as a cylin-
drical channel divided into three different sections. The first corresponds to the inert
section that is typically not included in the simulations, if appropriate initial conditions
are available. The second refers to the catalytic section and its support of Al,O,, which
is the main focus of the current thesis. In this section, the gas-phase chemistry is coupled
with the surface chemistry, while the third section of the pore belongs to the outflow,

where only gas-phase reactions occur.

42



Chapter 2. Theoretical framework 43

Catalytic foam

(—*—\ Reactor

I

Q 0) Catalytic pore )

Y

Fig. 2.1: Schematic of a catalytic pore inside the reactor: i. Inert section, ii. Catalytic
section, iii. Gas-phase section

As the pores were approximated by a cylindrical or planar (r=1) geometry, the flow
field has been processed by the two-dimensional boundary layer equations, as implemented
by Vincent et al. [11]. The following differential equations concern the conservation of
mass, momentum, species and enthalpy with Eq. (2.5) expressing the mass fluxes for the

axi-symmetric geometry.
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Ox 5 or 0 (2.1)
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— Ji = pD; <E - Y;EW) — pucY; (2.5)

In the above equations, x and r are, the axial and radial coordinates, respectively.
Similarly, u, v are the components of velocity for axial and radial direction, while p is the
density of the fluid, h,, is the enthalpy of the mixture, C), is the specific heat capacity
at constant pressure, u is the viscosity, A, is the thermal conductivity, n* is the inverse
of the mean molecular weight and P is the pressure. The gas phase mass fractions are
denoted by Y;. The species are characterized by their respective enthalpy h;, molar mass

M, ;, diffusion coefficients D;, diffusive flux J; and net rate of formation R;. Finally, the
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term v, is a correction velocity chosen so that the sum of all fluxes is zero at the cell
interfaces.

The system of boundary layer equations described above depends on the assumption
that the axial dimension of the flow field is substantially larger than the radial. Thus,
the viscous forces of the boundary layer are dominant within the narrow radial direction
of the flow. Additionally, the axial velocity within the flow is of the order of the free
stream velocity, while a non-slip condition (zero fluid velocity relative to the boundary)
is applied at the wall.

The axial diffusive fluxes diminish compared to the radial diffusive flux and convective
transport, while the radial momentum equation neglects pressure variations along the
(narrow) pore radius. These approximations determine a transition from an elliptic to a
parabolic set of equations which entails a much simpler algorithm.

Raja et al. [37] discuss the case of applying this method by comparing it, in a catalytic
monolith channel simulation, to a full set of Navier-Stokes equations and a plug-flow
approximation in which axial diffusive terms are omitted. It was concluded that the
boundary layer approximation provides a much reduced computational cost compared
to the Navier-Stokes simulations and greater applicability, in terms of Reynolds number
range, than the plug flow model. The boundary layer equations are thus considered
appropriate for work in the porous foam.

Summarizing, the main disadvantage with the parabolic approach is that it does not
account for heat transfer flow back upstream inside the support material as it is a down-
stream marching computation. On the other hand, an advantage with the approach
is that the detailed gas and catalytic surface chemistry can be applied with reasonable
computational expense along with good grid resolution along the wall.

The surface chemistry is balanced with the gas phase chemistry through the Eq. (2.6),
Ji + PY;US - neRiMw,i (26)

where the J; + pYjus term represents the flow of each gas phase species ¢ at the gas-

wall interface, while the neRiMw,i term is the mass-weighted production rate of ¢ at the
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catalytic wall. The Stefan velocity ug is defined as,

i— N m

Uy = % S RiM,, [—] (2.7)

S

The efficiency factor 7, accounts for diffusion limitations, as shown in Section 2.3.2, and
can be determined according to the size of the pores given by available experimental data,
or based on values already used in the literature. The sensitivity was previously studied
for values in the range 0.1 <7, < 0.4 (e.g. [11, 14, 15]). In general, on metal monolayer
surfaces without a microporous structure 7, = 1. Concerning the modeling of the relevant
computational domains, 40 geometrically radial cells, refined in the proximity of the wall,
are used in the simulations. Every NMESH* timesteps the code performs an advanced
adaptive remeshing of the grid structure. This is based on the local value of the fluid
flux and allows for improved numerical stability. The typical size of the grid mesh width
varies typically from about 2 pm to 20 pm. In cases where the wall and exit temperatures
are not known, the energy balance at the wall, for both gas phase species, N, and surface
species, Ny, can be calculated from Eq. (2.8),

i—Ng i—Ns +Ng

MNAT, = > (Ji+ pYaug) hi = Aot ATy — Y RiMy b, (2.8)

where the A\jAT, and the A,x1AT, correspond to the heat transfer from the wall to
the gas phase and from the bath (environment) to the wall, respectively. The thermal
conductivities A\, and A, as well as, the x; were treated as by Vincent et al. [11]. More
specifically, k1 depends on the direction of heat transfer at the bath-wall interface, with
k1 = 1if AT, <0, otherwise k; = 0 [11].

Finally, the catalytic site density I' and the radiative heat loss factor ko were adjusted
according to the case examined. The radiative heat loss ko typically ranges from 0 to

0.15 and can be introduced in the system, for each cell, via Eq. (2.9),

Todiap \ *
T = Tadiab 1 — K9 ( (jdmb) s (29)
Tadiab

*typically NMESH=50
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where T”

Y siap 1S the maximum value of the adiabatic temperature for the reactant mixture

concerned assuming chemical equilibrium [38].

2.2 Thermodynamic properties

The required thermodynamic properties describing the elementary chemical reactions and
species are the specific heat capacities C), the enthalpies H and the entropies S. Their
evaluation is based on the use of the standard seven coefficient JANAF polynomials [39]

using the following temperature dependent formulas:

C.
Ep = a1+ a7 + asT? + a, T3 + asT* (2.10)
H° as as ay as ag

_ G2 O3 | Qg G50 06 2.11
7 R S IS ¥ (2.11)
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= = alT+al+ %W n %T?’ + %T‘l tar (2.12)

The fits of the seven coefficients a; - a; cover two temperature ranges, 7" < 1000 K
and T" > 1000 K. The first five polynomial coefficients, as well as the seventh are the
same for both gas and surface phase. However, the sixth term ag for surface species was

adjusted as in Eq. (2.13),
Qa,
R

(A, = A6A, — (2.13)

where the ag4, is the sixth coefficient of the gas phase molecule A, and Q) 4, is the heat
of adsorption of the corresponding surface species.

In general terms, the equilibrium constant K, of a reaction, which is only a function
of temperature, can be obtained from the Gibbs free energy AG = RT In K.,. An ideal
process would be to calculate the Gibbs free energy of a reaction on both surface and
gas phase, and then calculate the equilibrium constant K.,. Given the fact that the
equilibrium constant, as well as the forward constant k; calculated from the Arrhenius

equation, are known, the reverse rate constant k, can be found from the Eq. (2.14).

k
K.y = k—f k= ky - K (2.14)



Chapter 2. Theoretical framework 47

Consequently, the reverse rate constant is also a function of the temperature for a
given reaction. The change in the Gibbs free energy is calculated using thermodynamic
properties of species via AG = AH — T AS. Therefore, AG is linked with AS and AH.
Concerning reactions that occur on the surface, Eq. (2.13) provides a correction for the
value of enthalpy with the contribution of the coefficient ag. The estimation of the entropy
is more difficult. Nevertheless, Sellers et al. [40, 41] found a strong correlation between
the standard entropy of adsorption of small molecules and Trouton’s rule [42] for small gas
phase molecules on metal surfaces. Trouton’s rule states that the entropy of vaporization
is almost the same value, about 85-88 JK~!mol~!, for various kinds of liquids at their
boiling points. The entropy of vaporization is defined as the ratio between the enthalpy
of vaporization and the boiling temperature. It is named after Frederick Thomas Trouton

and it can be mathematically expressed as,

where R is the gas constant. In addition, Zhao et al. [43] considered the entropy of
vaporization for 477 different organic compounds and predicted a comparatively narrow
range of 73-102 JK~'mol~!. There are, however, several exceptions. For example, the
entropies of vaporization of hydrogen (45 JK 'mol™!), water (118 JK 'mol™!) and
methanol (113 JK~' mol™!) are far from the predicted values [44, 45].

2.3 Physical properties

This section is concerned with the description of the transport properties applied in the
current chemical system with a significant mention of diffusion phenomena associated

with catalytic porous materials.

2.3.1 Transport properties

The following transport properties, used as input values in order to describe the transport

of chemical species, are based on the approach of Jones and Lindstedt [46].

1. The Lennard-Jones potential V7 ; = 4ep [(22)"? — (2£2)5], where €1, is the depth

of the potential well, which is the region surrounding a local minimum of potential
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energy, o,y is the finite distance at which the inter-particle potential is zero and r

is the distance between the particles. These are parameters for a particular species.
2. The rotational collision number, Z,;.

3. A normalized heat capacity contribution from rotational modes, C,;. The C,.,; =1

is used when more accurate data is unavailable.

4. The viscosity of each species, p;. The Lennard-Jones parameters, o5, €5 and Z,,
can be obtained from databases, for each species. The viscosity is calculated using

the Chapman-Enskog equation [47],

(Mw,iT)l/2

Wi = 2.6693
U%Jf(T)

(2.16)

where f(T) = % and kg is Boltzmann’s constant.

5. Molecular weight of each species M,, ;. The mean molecular weight, M,,, is calcu-
lated as the sum of the molecular weight of each mixture constituent multiplied by

the corresponding fractional amount.

6. The thermal conductivity, A;, which is related to the viscosity, p;, the molecular
weight, M, ;, the diffusion coefficient, D;, the rotational collision number, Z,,, and

the rotational heat capacity, C.., is expressed according to the Eq. (2.17),

Ag Moy i

7 = ftrans Ctrans + fint Oint7 (217)

where fi..ns 18 the translational factor, f;,; is the factor of internal energy, Ciqns is
the heat capacity distribution from translational modes and Cj,; is the heat capacity
distribution from the internal energy. Equation (2.17) fits reasonably well for non-
polar molecules and may be expressed in terms of an Eucken factor, fg, derived
from Eq. (2.18), with fians = 5/2 and Cirans = (3/2) R. Furthermore, the transport
of internal energy will be a simple diffusion process, and f;,; = pD;/u, where p is
the density and D; the diffusion coefficient. Therefore, the Eucken factor can be

expressed as,

fe

Ay My, ; D, 3/5 D;\ R
_ 2o Mwi P (__p ) (2.18)

i Cy 2% 2\2 12 C_V
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Many polyatomic molecules and all polar molecules give experimental values of
AgMy, i/ 1Cy that are consistently lower than predicted by Eq. (2.18). Mason and
Monchick [48] tried to explain this quantitatively on the assumption that, in these
cases, comparatively rapid energy transfer between translational and internal modes
renders the Eucken assumption invalid. Starting from semi-classical kinetic theory,
making simplifying assumptions and taking into account collision numbers Z,,; and
Zyip for internal energy transfer, an alternative function Eq. (2.19) was derived by

Chang and Uhlenbeck [49]:

2
)\ng,z 2 <5 pDz) [Crot+cvzb:| (219)

fMM: ,uiC’V B E_WCV 2 Hi Zrot Zyib

Due to the fact that, pD;/p; ~ 1/Ng., where Ny, is the number of species on the
surface and the heat capacity, at a constant volume, can be expressed as Cy =
C, — R, the result can be written as in Eq. (2.20):

MMy, 1[G, 3/5 1 2 (5 1\ [Crwt Cu
A _ et e S 2.2
,U,ZR Nsc |:R :| * 2 (2 Nsc) <2 Nsc) |:Zrot * Z'uib ( 0>

It is at once clear that only very rapid relaxation, leading to small values of Z,,;
and Z,;, would be expected to produce a significant effect, which means that, for
most molecules, only rotational modes come into consideration. Therefore, the final
equation, Eq. (2.21), represents the relation used for the calculation of the thermal
conductivity.

MMy, 17C, 5] 15 2(5 1 \*[Cu/R
= {_ ‘]*Z %(5 NSC) lZm (221)

2.3.2 Diffusion in porous media

In heterogeneous processes, the reactants of a system are in different phases and the
reaction proceeds in the boundary layer, at the phase interface. As the heterogeneous
systems consist a combination of a solid with gaseous or liquid phases, the transportation
of a substance from the bulk of a gas or liquid to the solid surface is especially important.

Diffusion describes the transport of mass in gases, liquids and solids under the influence

of the concentration gradient and proceeds spontaneously due to microscopic movement
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of mass. The diffusion mechanisms differ for gases or liquids and solids. More specifically,
for gases or liquids a statistical movement according to the temperature can be observed,
while for solids direct exchange of lattice places, movement via lattice sites, vacancies,
defects or movement on the grain surface are apparent.

The characteristic diffusion coefficient (D;) can be described as a molecular transport
quantity. The simplest way to model diffusion in the gas phase is via Fick’s model, which
describes the transport as a product of the diffusion coefficient and the concentration
(mass fraction) gradient of a particular component. The form below is valid for dilute

mixtures, (e.g. gas phase) with no change in the mean molecular weight.

9Y;

J; = pD;—
p or

(2.22)

Diffusion in porous catalysts is of a major importance to the understanding of catalytic
systems. There is a wide variety of porous materials both in nature and industry, such
as sand stone, porous rock, filter paper, nanotubes etc. Their main characteristic is the
cavities observed in a solid matrix, that can be partially or fully connected. A porous
surface can include cavities, channels, cells or pores. Porous catalysts are used in order to
provide a very large catalytic surface in a small volume, at low cost. More specifically, the
pore size (pore width) is defined as the distance between two opposite walls of the pore and
can be classified according to the standards adopted by the International Union of Pure
and Applied Chemistry (IUPAC). Pores with a diameter <2 nm are named micropores,
with 2-50 nm are mesopores and with >50 nm macropores. Following this terminology,
the micro- and mesopores are at the nanoscale while macropores at the micro-scale.

The diffusive-reactive balance in a catalyst pore inside a porous material, where the
convective fluxes can be ignored, may be written as,

% B _

M, R; (2.23)

J; = D?ff
p 7 ar )

In Eq. (2.23), the average reaction rate has been introduced along with the simplified
version of Fickian diffusion. The above equation includes the assumption that the diffu-
sion coefficient inside a micro porous structure is the same as in the gas phase. This is

well known to be incorrect as most studies suggest that the (average) effective diffusivity
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is around one order of magnitude less [11, 50, 51]. This can be solved by introducing an

efficiency factor 7, so that DY = 5, D/ Therefore,

pD;!! % = neM, R; (2.24)

The diffusion process is restricted by two asymptotic regimes, the molecular/bulk/-
continuum diffusion, where molecule — molecule interactions play the most significant role
and the Knudsen diffusion, where molecule — wall interactions determine the process.

A typical diffusion coefficient for a molecule in the gas phase is in the range of 107¢ to
1075 m?/s. Depending on the pores size measured experimentally, the appropriate porous
media diffusion mechanism must be selected.

Micro-scale simulations can be performed in order to evaluate the diffusion coefficients
and a combination of reaction-diffusion processes inside the washcoat layer can accord-
ingly be simulated. The system consists of a gas phase and a solid phase composed by
individual catalyst support microparticles. The binary diffusion coefficient, D;;, for a

mixture of two gases [52] can be written as,

732 1.86-1072 | My + M, ; 2
DZ] = . 5 ? + »J |:m_:| (225)
P Q(l,l) (Ui -;O'j ) Mw’i de S

where T' is the temperature in K, P is the pressure in Pa, M; and M; are the molecular

weights of molecules i and j in kg/kmol, o* the collision diameter of gases i and j in m,
and QY is the collision integral which is a function of temperature.

The mixture average diffusion coefficient, implemented in the 2D parabolic FORTRAN
code [12, 14, 15], can be expressed via Eq. (2.26),

fof _

_t=h {”ﬂ (2.26)

Siipia L
where Y; is the mass fraction of molecule i, X; is the mole number Y;/M,, in units
kmol/kg, D;; is the binary diffusion coefficient in m?/s and n; is the mole number of j in
kmol/kg.

The above effective gas phase diffusivity has to be compared with Knudsen diffusion,

which prevails in micro- and meso-scale pores. For a characteristic cylindrical pore the
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Knudsen diffusion can be defined as,

2 T 2 T 2
SR SR [m ] (2.27)

DE = Zy ~ —r

v 3P\ M, 37V M,
where 7, is the pore radius, while the approximation of using the mean molecular weight,
M,,, is only valid for species with similar molecular weights. For porous solids, such as

in the present work, the media porosity (¢,) and the tortuosity factor (7,) have to be

considered. Hence, the “average” Knudsen effective diffusion coefficient is defined as,

2
pierf _ 2%, |8RT {m } (2.28)
S

3 74 P\ 7w, s

If the molecular weight is accounted for each species separately, without using the mean

molecular weight approximation, the expression is written as,

2
DEelf _ 29, |8RT {ﬂ} (2.29)

37, "\ 7M.,

The porous media porosity ¢, can be geometrically calculated from Eq. (2.30) [11], as-

suming that the idealized pore is treated as a cylindrical channel,

204

o= p(1 = dg)

(2.30)

where S, is the specific surface area (SSA) per total volume. The (micro-) tortuosity is
in the absence of further data, considered as the reverse of the porous media porosity
(unimodal pores), 7, = 1/¢, [53, 54]. An alternative way of computing the porous media
porosity via the cubic cell model, was proposed by Giani et al. [55] based on Eq. (2.31),

providing lower values of porosities, as shown in Table 4.4.

V375,
Sy = m (2.31)

Finally, for heterogeneous reactions in a porous solid, the conditions may be such that
the system is located between the Knudsen and molecular diffusion limits. For conditions
where the mean free path length is roughly equal to the pore diameter, an additional

formula for the evaluation of the diffusion coefficient is required. Typically, the diffusion
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coefficient in the transition region is evaluated through the Bosanquet formula [56] given
in Eq. (2.32). It may be noted that D/ o T%/2 while D/// o« T'/? and, accordingly,

the balance of the contributions will change in the transition regime.

—1
_ 1 1 m?

eff -0
D = ( oI + K’eff> { 5 } (2.32)

2.3.2.1 Representation of diffusion coefficients

The Knudsen diffusion prevails micro- and meso-scale porous structures, as mentioned
before, and its application on the current study depends on the size of pores measured
experimentally. For example, Knudsen diffusion is not a limiting factor for the ethane
auto-thermal catalytic cracking data [3] explored in Chapter 5, while the TME data [2],
validated in Chapter 4, demonstrate that Knudsen diffusion limitations dominate species
transport inside catalytic material due to the small size of pores measured experimentally.
In particular, the maximum pore size of the porous surface was 21.3 nm (mesopores) for
all Test Cases, examined in Chapter 4. The average of pore diameter is 17.8 nm, 18.1 nm
and 18.8 nm for 0.5 wt% Pt, 1 wt% Pt and 3 wt% Pt, respectively. Consequently, the
Knudsen porous media diffusion mechanism must be selected, as analyzed in Section 2.3.2.
As shown in Table 2.1, for the system studied in Chapter 4, the diffusion coefficient can
be expected to be limited by Knudsen diffusion which ranges from around 107 to 1077,
depending on each chemical species. Table 2.1 presents an indicative relationship at a
specific temperature of 600 K, where the specific surface area (SSA) per total mass, S,,, is
110 m? /g, the total specific pore volume per grams of catalyst is 0.52 cm®/g and the pore
radius, rp, is 9.05 nm [2]. Thus, the porosity and tortuosity are equal to 0.49 and 2.04,
respectively, as calculated from Eq. (2.30). A comparison of the D/ DFe/F and DY
diffusion coefficients for NO, CO,, C;Hg, Hy and N, against temperature is illustrated in
Fig. 2.2.

The Knudsen diffusion efficiency factor, 7, is defined by the ratio D{ 1 / Dief 7 while the
respective mean value 7). of selected chemical species, for each temperature and Pt loading
is shown in Table 2.2. The temperature dependence of 7, is accounted in the simulations

presented in Chapter 4. The selection of the species aims to present the different ranges

of DT DI DT and DY /DY to which the chemical species belong. Molecular
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Table 2.1: Mixture average diffusion coefficients fo 7 (m?/s), Knudsen effective dif-
fusion coefficients DiK’ef 7 (m?/s), Bosanquet formula [56] fo 7 (m?/s) and Knudsen
diffusion efficiency factor fo ! / fo 7 for selected species, for all the Test Cases pre-
sented in Chapter 4, at 600 K. The values of porosities were obtained from Eq. (2.30).

Species DT (m?/s) DI (m2/s) DT (m?/s) DT pett
N, 3.17-107° 9.76 - 1077 9.47-1077 2.99-1072
0, 2.92-107° 9.13-1077 8.85-1077 3.03 - 1072
CcO 2.90-107° 9.76 - 1077 9.44-1077 3.26-1072
NO 2.87-107° 9.43-1077 9.13-1077 3.18-1072
CO, 2.18-107° 7.79-1077 7.52-1077 3.45 - 1072
H,O 3.39-107° 1.22-1076 1.18 1076 3.47-1072
CyH, 1.63- 107 7.96-1077 7.59-1077 4.66 - 102
C,H, 2.28-107° 9.75-1077 9.35-1077 4.10 - 1072
NO, 2.45-107° 7.61-1077 7.38-1077 3.01- 1072
H, 1.07-1074 3.64-1076 3.52-1076 3.29-1072
, 5.0x1076
1.0x107 =
3.0x1076 o
. S~ —— C3Hg
= 4.0x107° < —
Q 3.0x107° = — N
2.0%x10~5 1.0x 10754 —
1.0x107° - - 5.0x1077 - -
500 600 700 800 500 600 700 800

5.0x1076 6.0x1072

3.0%x10 ———

eff

=~ 4.0x1072

D¢

\

1.0x10~%4 ——
5.0x1077 : : : : 2.0x1072 . . . .
500 600 700 800 500 600 700 800
T [K] T [K]

Fig. 2.2: Comparison of fo 7 DiK eff fo " diffusion coefficients for representative
chemical species as a function of temperature. The Knudsen diffusion efficiency factor
fo i D; 7 is also illustrated against temperature.



Chapter 2. Theoretical framework 55

Table 2.2: Variation of the average Knudsen efficiency factor values with the temper-
ature, for different Pt loadings. The values indicated in a bold font are applied in
Chapter 4, apart from Section 4.3.4 which illustrates the effect of the different metal
loadings. The values of porosities were obtained from Eq. (2.30).

T [K] fle [-] (0.5 wt%) fe [-] (1 wt%) fe [-] (3 wt%)
450 3.19-1072 3.00-102 3.36-1072
500 3.36-1072 3.15.1072 3.53- 1072
550 3.51-1072 3.30-1072 3.70-1072
600 3.66- 1072 3.44 -1072 3.86-1072
650 3.81-1072 3.58.1072 4.01-1072
700 3.95-1072 3.71-1072 4.15-1072
750 4.08-1072 3.84-1072 4.29-1072
800 4.21-1072 3.96 .10~ 2 4.43 1072

hydrogen is a light element, with a low M, presenting higher D/ D¢/f and DY

diffusion coefficients compared to the other chemical species, as expected.

2.4 Gas phase chemistry

Two gas phase mechanisms, consisting of C,-C,-C4-N and C,-C,-C4-C, , have been used
in the simulations presented in Chapters 4 and 5, respectively. The C,-C, [57, 58, 59],
which constitutes the basic mechanism for all the cases studied, is applied without any
modifications to maintain consistency with previous work [14, 15]. The C5-N [57, 58, 59,
60, 61, 62, 63, 64] and C,4-C, [57, 58, 59] containing gas phase mechanisms are introduced
in Chapters 4 and 5, respectively, along with the corresponding thermochemical and

transport data used for the study of the chemical systems.

2.5 Catalytic chemistry

The framework of the catalytic chemistry is based on the determination of pre-exponential
Arrhenius factors and the calculation of the activation energies. The determination of the
pre-exponential Arrhenius factors includes a thorough derivation of mobile and immobile

sticking coefficients based on Variational Transition State Theory (VTST) calculations.
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The work builds on the approach outlined by Tsopelakou et al. [65] who derived reaction
rates for C/H/O/N adsorption reactions covering a temperature range of 298 — 2000 K.
The implementation of all the other reactions, surface bimolecular, surface unimolecular
with and without additional sites, isomerisations with and without additional sites, direct
desorption and recombination, is based on previous work [14, 15]. Concerning the -N,
-C3Hy and C3H; containing part of the current mechanism, all the geometrical charac-
teristics, (e.g. radii, projected areas), of the above reaction classes, have been calculated
using Steric [66]. The temperature of the vibrational partition function is typically fixed
at 298 K based on agreement with available experimental data for sticking coefficients.
However, the choice is not a limitation of the method and alternative choices are discussed
in Chapter 3. The considered adsorption reactions feature one, two or three Pt sites and
provide an insight into the expected value range associated with mobile and immobile
transition states. From a general point of view, the adsorption of atoms and molecules
need to distinguish the cases of direct or indirect adsorption. The direct (immobile) ad-
sorption describes a process where a particle collides with the surface and stays at the
point of impact as an adsorbed species, while during the indirect (mobile) adsorption a
particle firstly adsorbs in a weakly bound precursor state, in which it moves freely until
the formation of a bond with an adsorption site. All the reaction data derived in the
current work use the extended Arrhenius form for pre-exponential factors, temperature

dependencies and activation energies.

2.5.1 Determination of pre-exponential Arrhenius factors

The evaluation of the pre-exponential factors, A, constitutes a significant step for the
determination of the rate constants through the extended Arrhenius equation. The 2D
collision theory based method used by Vincent et al. [11] requires estimates and/or ex-
perimental data on sticking coefficients. By contrast, in the VI'ST approach applied by
Kraus and Lindstedt [14, 15] all the adsorption and desorption reactions parameters were
obtained using the position of a transition state which is variationally determined by
minimizing the desorption rate using the canonical variational criterion method [67]. The
pre-exponential factors were then calculated from the ratio of partition functions of the

transition state and reactant phase. The VST approach is also applied in the current
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work for the Pt system to evaluate the pre-exponential factors via partition functions as

outlined below.

2.5.2 Determination of partition functions

Partition functions are here used to estimate rate and equilibrium constants for adsorption
reactions. The considered moieties typically have some translational degree of freedom.
However, molecules also possess internal degrees of freedom (e.g. via vibration and rota-
tion) in the gas phase, in the transition state, as well as, in the adsorbed state. Partition
functions for gas phase and adsorbed species are accordingly required to determine the
pre-exponential factors for adsorption processes. The overall molecular partition function
Q = ¢'q"q"q° is given by the product of the translational, ¢!, rotational, ¢", vibrational, ¢*
and electronic, ¢¢ partition functions which are calculated using well established classical

formulas [8]. The following are examples of partition functions for reactants (X) and

transition states (1),

1 1

Qi/S=qi ¢4 ¢ {El (2.33)
" ]_

Qx/V =4q, 4,4, 4; [El (2.34)

where t indicates the translational, r the rotational, v the vibrational and e the electronic

partition functions. The corresponding expressions for the surface are given below.

Qs)/S = q(s) ) U(s) [—] (2.35)
Qa(sm) /S = Lr(s,) La(sn) Ta(sm) ] (2.36)

The electronic partition functions are assumed unity and the above expressions suggest
that atoms in the catalyst are fixed (do not translate), but may have vibrational and
rotational partition functions. The same applies to surface bonded species, where the
transition state may be considered fixed or mobile. The translational 1D, 2D and 3D

partition functions are:
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’ Y\ 27Tm*kf T 1 |
¢'/L=q" =" — (2.37)
m_
” 27Tm*k T 1 T
G/S=q"= TB {E (2.38)
" QWm*kBT 3/2 1
./V=q"'= {—hQ } — (2.39)

The effective mass of a reacting pair is evaluated as,

S M’LU M’U)S k
mt = X ) g M= X e [ g}

2.40
mx + ms) My x + Mw7(5) kmol ( )

where the molecular weight, M,,, has been introduced. The general expression for the

reduced mass of k reactants can be written as,

k k
1 1 1 1 M, ;

P DI VoD S and - m; = —7= (2.41)
The rotational partition function for linear species is written in term of the moment

of inertia, I, and the symmetry factor, o.

 8m2TksT 2
- oh?

T

q (2.42)

For non-linear molecules, the moments of inertia around the three principal axis (x,y,z)

are used.

872\ /813, 1,1, (kgT)>?
g = VL, 1 (heT) - (2.43)

oh3

For atoms ¢" = 1. The vibrational partition function, with the imaginary leading
frequency omitted for the transition state, is given below. The Pitzer-Gwinn correction

factor (Veor-) has been also introduced.

hv;

qv = VcorrHi(l - e_kﬂﬁ)il [_] (244)
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The moments of inertia, I, and the vibrational frequencies, v;, were obtained using
Gaussian09 [67] and based on the configuration of each chemical species participating in
the reaction. Three sets of vibrational frequencies are required. One for the gas phase,
one for the adsorbed state and one for the transition state forming part of the adsorption
process. The gas phase vibrational frequencies are determined using the M06-2X density
functional [68] with the 6-31G(2df,p) basis set following an initial structure optimization
at the same level of theory. Adsorbed species are modelled as attached to  metal atoms
and as required by their surface coordination, using the M06 functional, as the additional
exchange in M06-2X made convergence difficult. More advanced metal cluster approaches
have not been applied in the current work. The choice of a simplified instead of an
idealised "bulk” surface treatment was retained form previous work [14, 15] as it leads to
a reduction in computational cost and enables a semi-automatic calculation of electronic
structures. The 6-311G(d,p) basis set was implemented for C, O, H and N. The Stuttgart-
Dresden (SDD) and Los Alamos National Laboratory 2-double-z (LANL2DZ) effective
core potential methods were used for the surface [69]. In general terms, the effective core
potentials reduce the computational cost for systems with multiple centres and describe
relativistic effects in deep core electrons. Therefore, they are suitable for heavy transition
metals such as Pt, Rh and Pd.

Figure 2.3 illustrates a potential energy surface (PES) which desribes the energy of
a system consisting of atoms/molecules in terms of their relative position in the phase
space. In particular, the local minima correspond to the bond lengths of the stable
molecule at a fixed bond angle and the transition state (saddle point) demonstrates the
passage from one minimum to a neighbouring one, by crossing the intermediate barrier. It
is assumed that, the potential energy surface of molecular systems is sufficiently smooth,
i.e. without discontinuities. However, such surfaces can be complex due to the interplay
of the available molecular degrees of freedom, posing multiple local minima and maxima.

In the current approach, the transition state was found by a relaxed potential energy
surface scan starting from the adsorbed species, moving along the predicted direction of
desorption. The above combination of the M06 functional with 6-311G(d, p) and SDD
or LANL2DZ basis sets was used for this search. The position of the transition state was
based on the shape of the PES, ensuring it has a single imaginary frequency acting along

the direction of the breaking bond. In adsorbed and transition state phases, hindered
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initial state

final state

Fig. 2.3: Schematic of a potential energy surface (PES) in the vicinity of two minima,
divided by a barrier. The initial and final states correspond to the reactant-gas phase
and product-adsorbed phase of a molecule, respectively. The passage from the one
phase to the other occurs through a dividing surface located at the saddle point.

rotors, were treated automatically using Pitzer and Gwinn method [70], as implemented
in Gaussian09 [67]. The hindered rotors represent the internal rotational effects that are
inherent in most molecules, when one part of a molecule can rotate with respect to the
others and, at high excitation energies, begins to rotate freely. The internal rotation in
the transition state is here treated using a “frozen transition state” approximation, by
implementing a fixed value for the bond distance between the gas phase atom and the

metal atom, for the determination of the transition state in the optimisation.

2.5.3 Binding configurations and bond lengths of species for Pt
catalysts

The first step in producing a reaction mechanism for heterogeneous catalysis involves
the determination of the bonding configuration for all chemical species on the catalyst.
The configurations examined in the current work include adsorption of different species
on top, bridge or on hollow sites. Smaller species with free valence electrons tend to be
chemisorbed on the surface, with the most stable state preferring the highest order of
coordination. Larger molecules with full valence shells will weakly bond to the surface
on an on-top site. All species behave within the spectrum between these two extremes,
with surface coverage, pressure and temperature also influencing the chemistry. Species

may have multiple binding modes which must be considered depending on the model



Chapter 2. Theoretical framework 61

parameters. The choice of the configuration and the number of metal sites used for each
nitrogen containing and CyHg, C;H;, C,H;CH, C,H;C molecules depend on the accurate
location of transition state and the required convergence obtained by Gaussian09 [67].
Figure 2.4 illustrates the adsorption of a C;Hy molecule on Pt(111). The pi-bond of
C4Hg splits, while the resulting molecules, C,H; and CHj, attach on the metal surface.
The bond length information is useful both in the context of VI'ST calculations, as well
as, for estimating the geometric characteristics of the adsorbed molecules on a metal
surface. The five nitrogen containing species along with the C;Hg, C3H;, C,H;CH and
C,H;C are shown in Table 2.3, where the configuration on the Pt surface and the bond
lengths are presented. The study of C;Hy on the surface and its alternative adsorbate
mode C,H;C, result as an outcome from the C;Hy and C,H,CH dissociation adsorption

reactions and have to be included in the current mechanism for reasons of completeness.

C,H, /Pt (111)

Propane - gas phase molecule

. .. Dissociation
high reactivity

split of pi-bond
on the surface

Transition State Chemisorbate

Fig. 2.4: Schematic of C3Hg adsorption on Pt(111).

2.6 Determination of temperature dependencies, (3

In general, the temperature dependency of the vibrational partition function consists of
an exponential function which would require a curve fitting in order to be estimated for

the overall temperature dependency. Such a determination can be made quite readily and



Chapter 2. Theoretical framework 62

Table 2.3: Molecular weight, bond type, bond sites, configuration and bond lenghts [71]
of NO, NO,, N,O, Ny, N, C3Hg, C3H;, CoH;CH and CoH;C on gas phase and Pt
surface. When an atom within a molecule is bonded directly to the surface, is indicated
in a bold font.

Species Mw Bond type Bond sites Configuration Bond length (A) Bond length (A)

Gas Surface

NO 3001 N-O N(s,) in bridge 1.40 2.12

O(s) on-top 1.55

NO, 2801 N-O O(s) on-top 1.40 1.55
N=0O 1.21

N,O 4401 N-N N(sy) in bridge 1.45 2.12
N=0O 1.21

N, 46.05 N=N N(s) in bridge 1.25 2.12

N(s) 2.12

N 14.01 N N(s) on-top 2.12

CHy 4208 C-C C(s) in bridge 1.54 1.97

C(s) 1.97
C-H 1.09

C3Hy 4107 C-C C(s) on-top 1.54 1.97
C-H 1.09
Cc=C 1.34

C,H;CH 42.08 C-C C(sq) in bridge 1.54 1.97
C-C 1.54
C—-H 1.09

C,H;,C 41.07 C-C C(s3) in hollow 1.54 1.97
C-C 1.54
C-H 1.09

different approaches are presented in Chapter 3. The temperature dependencies of the
translational and rotational partition functions can be evaluated directly for both mobile
and immobile transition states. The temperature dependency, /3, can be 0, 1/2, 1 or 3/2

depending on the geometry and state of the species.

2.7 Calculation of reaction activation energies

The determination of activation barriers for the generation of reaction mechanisms, is

based on the Unity Bond Index-Quadratic Exponential Potential (UBI-QEP) method
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which is the most general two-body interaction potential. The latter [10] provides heats
of adsorption of molecules in different coordination modes as well as the correspond-
ing activation energies. First-principles ab initio and Density Functional Theory (DFT)
methods can be used for the calculation of reaction barriers. However, they do not offer
a systematic way to obtain a sufficient level of accuracy for the current purposes. Both
quantum mechanical methods describe the structural characteristics of molecules (e.g.
bond lengths and angles, vibrational frequencies, charge moments etc.), though their ap-
plication in the current formulations remains challenging due to the computational cost.

The model parameters used for the evaluation of surface energetics should be of ther-
modynamic origin and treat both energy minima (molecular chemisorption energies) and
maxima/saddle points (reaction activation barriers). The analytic phenomenological ap-
proach initially developed by Shustorovich [72], and used for this purpose was the Bond
Order Conversion-Morse Potential (BOC-MP) method. After some changes, implemented
by Shustorovich and Sellers [10], the formalism evolved to the UBI-QEP method which
introduces a bond index of a two-center bond, x(r), constituting an exponential function
of the two center bond distance, r, and postulate its conservation at unity, as shown in
Eq. (2.45), for all active bonds involved [10]. Subsequently, direct algebraic operations
of minimizing the total energy of the chemisorbed system are performed and described
by Eq. (2.46), in terms of the maximum atomic binding energies Q) 4, @ and gas-phase
molecular bond dissociation energies, D 45. By optimizing the energy with respect to x4

and z g, the minimum-energy path in terms of x4p is described by the Eq. (2.47).

Ta+xp+axag=1 (2.45)

EX]?I_QEP = QA(iL‘Z‘ —224) + Qp(ry — 27p) + DAB(xiB — 21 4R) (2.46)

Bl = [QaQB/(Qa+ Qp) + Daglaiis + [2Q4Q5/(Qa + Qp) — 2D ap|zap

+ QaQB/(Qa+Qp) —Qa— QB (2.47)
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The UBI-QEP method is unique among the current theoretical approaches and has
been successfully applied in various complex systems, where mechanisms might com-
prise tens or hundreds of intermediates and elementary steps. These include processes
of real chemical interest, such as industrial heterogeneous catalytic reactions. Finally,
it should be stressed that the UBI-QEP method is complementary to the use of (more
accurate) quantum mechanical and hybrid approaches that combine data obtained with
both methods [11]. This approach to barrier calculations was also applied by Kraus and
Lindstedt [14, 15] for the formulation of comprehensive C/H/O mechanisms over Pt and
Rh.

Finally, the input values required by the UBI-QEP method are the heats of adsorption
for monoatomic, diatomic and polyatomic molecules on different configuration modes
and the total gas phase bond energies, E. Subsequently, the activation energies, F 4, in

a thermodynamically consistent way can be determined.

2.7.1 Atomic heats of adsorption

The atomic heats of adsorption correspond to the heat of adsorption of a single atom
on top of a single metal surface. The atomic heats of adsorption for H, O, C and N on
Pt, used in the current work, are obtained from Shustorovich and Sellers [10] and are

presented in Table 2.4.

Table 2.4: UBI-QEP atomic binding energy Qo4 (kJ/mol). All values presented are for
a fcc(111) Pt surface and are taken at the zero-coverage limit. The values used in the
current work are indicated in a bold font. The following values were also obtained via
an estimation from other studies [73, 74, 75].

Atoms Qoa (kJ/mol)
H 153.1 [10, 72, 76, 77]
0 213.4 [10, 72, 76, 77]
C 376.6 [10, 72, 76, 77]
N 291.2 [10, 72, 76, 77]
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2.7.2 Dissociation and total bond energies

The bond dissociation energy, D, is one measure of the strength of a bond. Except for
diatomic molecules, the bond dissociation energy differs from the total bond energy, E.
While the bond dissociation energy, is the energy of a single chemical bond, the total
bond energy, is the bond dissociation energies of all bonds in a molecule. The total bond

energies can be calculated through the enthalpies of formation [78].

Table 2.5: Total bond energies (kJ/mol) calculated from tabulated enthalpies of forma-
tion [78].

Species Total bond energies E4p (kJ/mol)
NO 585.56
NO, 892.71
N,O 1022.94
N, 945.33
N 0
O, H, 3435.04
C,H, 3038
C,H;CH 3208
CyH;C 2792

2.7.3 Heats of adsorption

The heat of adsorption is an indicator of the strength of the interaction between an adsor-
bate and a solid adsorbent. The corresponding values are evaluated by direct application
of the UBI-QEP method [10], while additional values from literature sources are also
provided in Table 2.6, along with the number of metal sites (s) involved in the process
of adsorption. However, the adsorption mode used for the different chemical species may
differ from the corresponding one used in bibliography, leading to possible discrepancies
on the heat of adsorptions presented in Table 2.6. For example, N,O is attached in a
bridge configuration in this study, while Avery [28] proposed an on top configuration on
the platinum surface, through the N atom. The heats of adsorption of H, O, C (C,-C,)
containing species are retained from previous work [11], while the NO, NO,, N,O, N,,

C;Hg, C3H;, C,H,CH and C,H;C adsorbates are estimated in the current work.
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Table 2.6: Heats of adsorption of chemical species on a platinum surface. The values
used in the current work are indicated in a bold font.

Adsorbates Heats of adsorption (kJ/mol)
H(s) 255 [10, 11, 79, 80], 267 [81], 281 [82]
0(s) 356 [10, 11, 79, 80], 311 [82], 316 [83]
C(ss) 628 [11], 627 [10, 79, 80], 659 [84], 636 [85]
N(s) 485, 496 [S6]

NO(s4) 71.8, 80.7 [87]

NO,(s) 41.2, 46 [88], 61 [87]

N,O(s,) 72.6, 23.4-25.3 [89], 21.9 [28]

N, (s,) 45.2, 46 [10], 50.2 [90], 40 [91], 38 [92]
CyHq (s,) 39.1, 32.8 [93], 48.9 [94], 72.4 [1]
CyHs(s) 41.52

C,H,CH(s,) 84.33
CyH,C(s3) 115
C,H, (s,) 99 [11], 48.9 [79], 46 [80], 99 [95], 151 [85], 171 [96, 97]

For the calculation of the heats of adsorption, the atomic heat of adsorption )y of a
single atom on top of a single site, is required. The corresponding values for H, O, C and
N on Pt, are presented in Table 2.4. In Table 2.7, the Qg4 corresponds to the atomic
heat of adsorption of A, the ()4 is the maximum atomic binding energy, which is the
observable atomic heat of adsorption for atom A in the zero coverage limit, Q4 is the
heat of adsorption of a molecule AB and @) 4, is the heat of adsorption of a homonuclear
diatomic molecule. The total bond energy E 45 symbolises the bond energy of atoms A
and B, while the value of n depends on the nature of the configuration assumed and it can
be equal to 1, 2 or 3 for on-top, in bridge or hollow configurations. A relevant schematic
of the latter configurations is illustrated in Fig. 2.5.

The diatomic adsorption can be expressed through three different formulations based
on the binding strength (weak, strong, medium bonding) of the chemical species attached
to the metal (e.g. Pt) surface. The moderate binding strength is calculated by an interpo-
lation of the two extremes, as shown in Table 2.7. The UBI-QEP method can treat more
complex adsorption cases. An indicative paradigm is the bridging geometry of diatomic

molecules, where the chemical species can adsorb with more than one contact atom, as
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Table 2.7: Expressions of heats of adsorption according to the metal surface coordina-

tion of the adsorbate. [72]

Molecular coordination type

Heats of adsorption

Monoatomic

Qa = (2— ;) Qoa

Diatomic - homonuclear

o Qba
Diatomic - weakly bonded = "ia
’ Qap Qoa/n+ Eap
Diatomic - strongly bonded Qup = Qif%‘
Qa+ Eap
1 Q2 Q2
Diatomic - medium bonded == 04 + A
Qas =35 <QOA/n +FEap  Qa+ Eap
ab(a +b) + Eap(a — b)?
Qap = ab+ Exp(a+0)
Bridged geometry
Y Qa+2Qp o Qp+2Q4
(Qa+Qp)? P(Qp +Qa)?
Ou = ab(a+b) + Exa(a —b)?
27 T ab + Eaala + b)

9Q04

3
=b=- leading t =
“ 4QA’ caciig 1o QA2 (6QOA + 16EAA)

ab(a + b) + Exp(a — b)?

Chelation

Qap =" + Eap(a+b)
Quasi-diatomic o= (1 B mQox )
Qos mQoa + Qox
m/'Qoy )
b= 1l—-—
Qos < m'Qop + Qoy
QaxQpx

Qaxp = Qax +Q@px — m

the O, adsorption on Pt surface. The adsorption of N,O on the metal surface via the in

bridge -N attachment on Pt is also presented in Fig. 2.6.

The polyatomic adsorbates with a structure X,, — A— B —Y,,» can be treated as quasi-

diatomic, assuming that the molecule is attached to the surface via A and B featuring also

X and Y secondary groups with m, m’ showing the number of the different types of atoms
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br1d*llow

Pt @ Adsorbate

Fig. 2.5: Adsorbate configurations (on-top (n=1), in bridge (n=2), hollow (n=3)) on

fece(111) Pt surface.
(B)

(A)

Fig. 2.6: Adsorption modes: (A) Bridging geometry of O, on Pt, (B) in bridge -N
adsorption on Pt for N,O.

bonded to A and B. Finally, the binding of chelates, M — A— X — B — M, is treated as a
special case of quasi-diatomic binding, where the two contact atoms (e.g. oxygen atoms)
are not bonded to one another, but with the X group (e.g. CH;—C) which is far from the
surface, as shown in Fig. 2.7. The chelating coordination is not used in the current work,
as chelating compounds are not included in the studied reaction mechanism. Acetate
(CH;COOQ) exhibits this form of bonding with oxygens as the contact atoms and carbon

as the non-interacting atom.

2.7.4 Reaction barriers

Following the calculation of the heats of adsorption of reactants, (Jr, the activation
barriers, E4, can be determined based on the type of reaction examined. For direct

adsorption reactions, the UBI-QEP method assumes F4 = 0 and for desorption reactions
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©

Fig. 2.7: Chelating mode of CH3;COO on Pt surface.

the activation energies are assumed to be equal to the heat of adsorption of the desorbing
species, F4 = QQr. For all other processes, the activation energy equals to the surface
enthalpy, F4 = AH,, or is assumed as 0 when E, < 0 for exothermic reactions on
the surface. Concerning endothermic reactions, the surface enthalpy, the reduced heat
of adsorption and the surface barrier have to be evaluated. For heterogeneous surface
phase reactions the correction for gas phase reactants, has also to be taken into account.
More specifically, the surface enthalpy is given by Eq. (2.48), where R and P indicate the

reactants and products, respectively.

AH, =Y (Er+Qr)— Y (Ep+Qp) (2.48)

Vr Vp

The reduced heat of adsorption can be calculated from Eq. (2.49).

[, @p
Qrea = <7 (2.49)
And finally, the surface barrier E4 s is determined by Eq. (2.50).
1
EA,S - §(AHS + Qred) (250)

The energy barriers provided by the UBI-QEP method tend to overestimate the true
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activation energies, as the value of the bond index at the transition state can not be
accurately determined and a zero xap s is initially applied for the derivations as the
dissociated fragments are independent of each other and not linked via the UBI condition.
Thus, the energy difference between the transition state and the chemisorbed state can
not give the correct value of the barrier height. Since the AB dissociation energy profile
is described by a quadratic expression, presented in Eq. (2.47), two solutions can be
obtained. However, only one extremum corresponds to the AB chemisorption minimum.
The second solution is usually an illegitimate value of x4 or xp (e.g. outside the legitimate
range of 0<x<1).

On the dissociation side of energy minimum, the energy increases, while the z4p
decreases until the end of the range is encountered, as illustrated in Fig. 2.8. Given the fact
that the bond distance is finite, in the true transition state and therefore, the bond index
must be greater than zero, a value of x 45 75 = 0.5 is applied. Hence, the simplest possible
interpolation is made between the enthalpy change of the reaction and the reduced heat
of adsorption of the products. In principle, the location of the transition state can be
determined more accurately through the use of VTST, which can also determine the

nature of the transition state (e.g. loose or strong).

Eq

04| Vacuum

_DAB ﬁ\} AE'ABQ AB gas phase

N
T T v d
\AEAB,S/XAB’TV XAB
-Dyp - Qap \/ AB surface
-Qa- Q5 -

[ A+B surface (chemisorption)

Fig. 2.8: Multi-dimensional UBI potential diagram, where the reaction coordinate
xABTs is the A-B bond index at the transition state.
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The surface barrier calculated with the correction for gas phase reactants given by

Eq.(2.51), provides the final result, where the sum is over all gas phase reactants, ;.

Ex=FEa.— ) Qr (2.51)

Vrg

For exothermic reactions, the forward barrier Efx,s can be calculated from the reverse
(endothermic barrier) E7 ; and the enthalpy, using the energy conservation with the

correction for gas phase reactants included.

B, =FE,,+ AH] (2.52)
Ex=E\,-> Qr (2.53)
Vrg

For isomerisation reactions with and without a catalyst site, the UBI-QEP method
can not explain definitely the estimation of surface activation energies. The current es-
timation method is based on the gas phase isomerisation barriers as used by Vincent et
al. [11]. The method is applied for a reaction where Qr <Qp and features the following
steps.

e Interpolation of the heats of adsorption.

Qp(Qp — Qr)
Qp+Qr

Qrst = Qr + (2.54)

e (Calculation of the surface barrier for the forward direction where Ef; , refers to the
gas phase g.
El = E, — Qrsr + Qr (2.55)

e (alculation of the surface barrier for the reverse direction.

EYy=FE,,—Qrsr+Qp (2.56)
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2.7.4.1 Surface diffusion barriers

Shustorovich and Sellers [10] proposed a further diffusion correction to the reaction barrier
which is particularly significant when the apparent activation barrier is competitive or
smaller than the diffusion barrier of the most strongly bound species. The implementation
of the diffusion correction remains from Vincent et al. [11]. The diffusion barrier is applied
to the surface bimolecular, surface unimolecular with and without site and recombination
reactions for which the UBI-QEP method predicts a non-zero barrier.

Experimental studies [98] of the diffusion barrier Ey; s demonstrate values between § =
10% and 0 = 20% of the Q g, where R corresponds to C, H, O, N reactants. Based on DFT
calculations for different transition metals, Nilekar et al. [99] suggested a diffusion barrier
at 6 = 12% of the heat of adsorption, which is also used in the current work, given the fact
that it has provided on an adequate estimation in past work [11]. However, the higher
value of 8 = 20% [100] of the heat of adsorption, was also examined for the investigation of
stronger transport limitations associated with the movement of chemical species between
catalyst sites. Such limitations directly impact the reactions on the surface. Both cases
are analytically presented in Chapter 4. More specifically, the diffusion barrier for each

reactant species is estimated from expression of the kind shown in Eq. (2.57).

Erairy = 0xQr (2.57)

Therefore, the mutual diffusion barrier for the reaction has the form of an interpolation

between the diffusion energies of the two reactants and is given by Eq. (2.58).

1 Braiss (2.58)

Eairr = 1
5> Eraigs

The value of the mutual diffusion barrier is bounded by the values of its component
barriers and in contrast to the apparent activation barrier, it takes the value of the lesser
of the two component barriers when one is much larger than the other. The scaling

parameter 1 is estimated as,

Ey4

v = Ei i+ Ediff

(2.59)
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while the correction of E, for diffusion is evaluated from Eq. (2.60).

Exdgiff =VEs+ (1 —¢)Egiyy (2.60)

2.7.5 Comparison of activation energy data

A comparison of activation energy data obtained with the UBI-QEP method [10] and the
current VT'ST approach, as presented in Chapter 3, has been made for a set of nitrogen
containing reactions. The reaction barriers that correspond to the VI'ST approach, are
determined from the total thermal energies at the three different phases (gas phase,
transition state and adsorbed state) calculated from the respective partition functions
(translational, vibrational, rotational, electronic). The M06-2X density functional with
6-31G(2df,p) and M06 functional with 6-311G(d,p) basis set, were applied for the gas and
adsorbed phase, respectively, via Gaussian09 software [67]. As shown in Table 2.8, the

two different activation energy data can be termed very satisfactory.

Table 2.8: Comparison of the activation energies AE4 (kJ/mol) obtained from the
UBI-QEP method [10] and VTST based approach, through the application of M06
functional and 6-311G(d, p) basis set via Gaussian09 software [67] for direct desorption

reactions.
No.  Reaction AFE 4 AFE s (Gaussian09)
R1 NO(g) + 3s = NO(s3) f. 0
71.8 63.8
R2 NOy(g) + s = NOy(s) f 0
r. 41.2 44.6
R3  N,O(g) + 2s = NyO(sy) f 0
r. 72.6 65.4
R4 Ny(g) + 2s = Ny(sy) f. 0
r. 45.2 46.9

2.8 Observables

In this Section, the two major observables, namely the species conversion and selectivity,

used in the data analysis and interpretation, are described. Validation using available
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experimental data is performed in Chapters 4 and 5. The oxygen to carbon ratio (O/C)

as used in Chapter 5, is also presented.

2.8.1 Conversion

The species conversion C; characterizes the progress of the reaction. The downstream
conversion of a species ¢ is given by the mass flow difference of the inlet ;¢ and the
selected position &; . In particular, the mass flow requires a radial integration per unit

area, and the formula performed here is the following,

C, = b0~ i 6_0&’6 =1 - g—z (2.61)
Neeuls 1
Eo= Y (- ri-)5 (PYiU)je+ (PYil)j0), (2.62)
j=1

where r; is the transverse (or radial) position of node j. Furthermore, Y; is the mass
fraction of species i, while p and U are the density and the velocity of the fluid respec-

tively [14, 15].

2.8.2 Selectivity

The species selectivity 57 provides a measure of the products distribution. In principle,
a high selectivity towards k, means that k is produced more exclusively from species 1.

In the current work, the following definition is applied,

= m%Nf“"“’g (2.63)
(Zm¢i ga,m,ﬁ) - &m,e

Ncell.s /
2 : 1 Ng, me,a
fone = = m(r; = 171)5 (PYeml)ie + (0YeuU)i10)s Yoo = Yon Moy (2.64)

where S} includes the ratio of the radially integrated mass flux of the selected product
k over the fluxes of all products m minus the flux of species i. A further scaling of the
mass fractions by nj,, M, , is required, corresponding to the total weight of atoms a in

species m. Finally, summing all the selectivities for all atoms will give unity [14, 15].
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2.8.3 Oxygen to Carbon ratio

The O/C ratio, given by Eq. (2.65), is the ratio of the mass of atomic oxygen to the mass
of carbon in the feed. The nO; and nC}; correspond to the number of oxygen and carbon
atoms in species ¢, while the M,, o and M, ¢ are the molecular weights of oxygen and
carbon, respectively. The X is the molar fraction. The O/C mass ratio is used as an input
parameter in the 2D parabolic FORTRAN code [12], when related experimental data are
available for comparison. However, the O/C ratio, presented in Chapter 5, corresponds
to the oxygen to carbon mole ratio.
mo _ Yr4(n0; - Myo - Xi)

0/C = =X = 2.65
/ mc Zi\[:gl (TLCZ . Mw,C . X@) ( )

The above nomenclature has been introduced for consistency with previous studies and

common practice in the field of ATC.
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Rate parameter determination

The determination of rate constants for direct, dissociative and Eley-Rideal adsorption
reactions, as well as, the final estimation of the reaction rate parameters of the corre-
sponding reaction classes, constitute the main objectives of the current Chapter. A range
of chemical adsorption reactions have been selected in order to investigate the mobile or
immobile transition state of the adsorbing species on the platinum surface. The valida-
tion was obtained through the use of related experimental values from literature. The
sticking coefficients that are here expressed through a theoretical framework emerging
from VTST, represent the means of this verification. Finally, selected rate constants for
adsorption and desorption reactions, calculated by both the previous developed reaction

mechanisms [11, 14, 15] and the current approach, have been compared and discussed.

3.1 Determination of rate constants for adsorption
reactions

The pre-exponential temperature-dependent factor for adsorption reactions is typically
determined using collision theory combined with experimentally derived or estimated
sticking coefficients, sg, that describe the probability of a molecule attaching to the sur-
face [7, 8, 9, 10, 11]. However, published values, even for well-studied reactions and
adsorbates, often differ by one order of magnitude or more. More specifically, investi-
gations for the adsorption of H, on Pt (111) present differences by orders of magnitude

between studies. Vincent et al. [11], following a review, preferred sy = 0.046, with Kasemo
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et al. [101] suggesting sy = 0.62. However, values of sq in the range 3.8-107° to 6.5-10~*
have been reported at very low pressure for a range of temperatures (313 — 473 K) [102].
Similarly, Carrington et al. [103] and Kasemo et al. [101] reported values of sy = 5.6-107*
and sy = 0.38 for O, on Pt (111), respectively. Subsequently, a difference of one order
of magnitude can be noticed in the values of sticking coefficients applied for some hydro-
carbons on Pt surfaces between the studies conducted by Mhadeshwar and Vlachos [104]
and Vincent et al. [11]. By contrast, the reported values for CO on Pt (111) vary from
0.5 [105] to 1 [103] with sop = 0.84 [1, 11] the most recent value — a comparatively modest
range. Regarding the nitrogen containing species, the sticking coefficient data, suitable
for validation of the current approach, are scarce. Chatterjee et al. [1] and Brown [106]
provided the experimental sticking coefficients of 0.85 and 0.20 for the NO adsorption
reaction, respectively. Additionally, Segner et al. [27] and Koop and Deutschmann [87]
proposed sticking coefficient values at 0.97 and 0.90 for the corresponding NO, adsorption
reactions.

Consequently, the use of experimental data for sticking coefficients can be subject to
conjecture even for well-studied reactions, as shown in the latter case of NO adsorption
reaction. The formulation of self-consistent reaction mechanisms that can demonstrate an
efficient alternative that avoids/reduces the dependency on conjectural data is accordingly
beneficial. The systematic framework of Kraus and Lindstedt [14, 15] does in principle
overcome the need for experimental parameters through the application of Variational
Transition State Theory (VTST) for the determination of adsorption and desorption
reactions. The approach can be combined with increasingly accurate energy data for
surface reactions.

The current work is applying the approach, defined in terms of classical transition state
theory, to develop a comprehensive C/H/O/N mechanism for various applications, but
with a ultimate purpose, the removal of all major oxides of nitrogen using Pt catalytic
support on Al,O,. In comparison with the previous VI'ST based mechanism [14, 15]
the outlined approach offers the advantage of overcoming the difficulty on the estimation
of the rotational partition function, included in the rate constant expression, through
the use of an approximation introducing by Sprowl et al. [16], as outlined below. The
approach can be combined with classical TST to derive limiting sticking coefficients for

mobile and immobile transition states [107].
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In adsorption processes, the sticking coefficient describes the ratio of the number of
atoms that adsorb on a surface to the total number of atoms that impinge upon that
surface during the same period of time. Free molecules in the gas phase “hit” metal
sites and either return back to their initial state or are accommodated. In the latter
case, the precursor-molecule leads to either mobility or immobility of the transition state.
Figure 3.1 illustrates the adsorption of CO molecule on Pt (111). The CO precursor-
molecule is mobile and presents both loose (1st) and strong (2nd) transition states as
obtained with Gaussian09 [67]. Finally, the CO molecule dissociates and chemisorbs.

Different theoretical structures of the base planes of platinum (e.g. Pt(100), Pt(110),
Pt(111)) imply different electrochemical surface behaviours e.g. for microcrystalline elec-
trodes. The Pt(111) structure constitutes the prevailing choice in the current work, as a
non-reconstructed close packed surface that enables species adsorption in its fcc hollow
sites. The latter base plane better represents the surface kinetics of the technical Pt

particles due to its geometrical consideration (e.g. very dense structure) and morphology.

A CO /Pt (111)

jgo™
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Dissociate

A Accommodate
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%o
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Chemisorbate

Free molecule Precursor (mobile)
Free substrate

Initial Gaussian geometries
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Fig. 3.1: Schematic of CO adsorption on Pt (111) with the related bond lengths in
A [71, 108).

The current mechanism evaluates the VI'ST framework for estimating sticking coeffi-

cients and rate constants via the mobile and immobile transition states. Concerning the
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adsorption of CO, the mobile sticking coefficient is estimated at 5.3 - 1072 with an immo-
bile equivalent of 8.2-107% at 800 K. The corresponding value used by Vincent et al. [11]
was (.84 which is broadly consistent with a mobile transition state. The pre-exponential

factor that arises from VTST [14, 15] is given by the following expression:

B (Q:/9) m
=V 5] .

From the classical theory of reaction rates, it follows that the crossing frequency to

k(T):\/E % H (3.2)

where m* is the effective mass of the complex in the direction of the reaction coordinate

products may be written as,

and 0 is length of the top of the barrier. Equation (3.1) includes the assumption that
the vibrational partition function for the catalyst (not the adsorbate) is unity. If the
characteristic distance used in the evaluation of the partition function is assumed to be
0 in the direction perpendicular to the catalyst surface, along the reaction coordinate,
and the surface area is S, then the volume is V= ¢ - S. It is common to remove
one degree of freedom from the translational partition function in order to eliminate d.
The following results if the translational motion in the one degree of freedom, along the
reaction coordinate, is extracted from ();.

The imposition of @, = Qf demands that § (= A, the thermal de Broglie wavelength)

follows as,

1 h
= — = —nu-— 3.3

From Eq. (3.2) is noted that §~! is the one-dimensional component of the translational
partition function ¢* [m~!]. It follows from Eq. (3.1) - Eq. (3.3) that the pre-exponential

factor can be expressed as,
kpT (Q4/5) m
h

AT =5 5 H (3.4)
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The expression in Eq. (3.4) assumes, and is restricted to, an irreversible reaction on the
surface and partial equilibrium between reactants and the transition state. In collision

theory-based approaches [27, 28] the pre-exponential factor can be expressed as,

k‘B T m
- L T2 |
( ) 50 2rm* S (3 5)
From Eqns. (3.4), (3.5) and the extracted degree of freedom, 0, it follows that:
1(Q,/9)  dfa'qa} gy
_ i I T e S [_] (3.6)

S0 = < — 77 -
0 (Qx/V) ' g

The resulting values for the sticking coefficient are consistent with the movement of
the adsorbed molecules along the catalyst surface, which are free to rotate and vibrate.
The translational partition functions cancel in this case. Naturally, if no changes occur
in the internal coordinates ¢i = ¢, and ¢f = ¢, the sticking coefficient will become
unity. Hence, according to the transition state theory, adsorption becomes more likely if
the molecule in the mobile physisorbed precursor state retains its freedom to rotate and
vibrate as it did in the gas phase. This situation corresponds to minimal entropy loss in
the adsorption process. In general, the transition from the gas phase into a confinement in
two dimensions will always be associated with a loss in entropy and the sticking coefficient
is normally smaller than unity. If the transition state complex is assumed fixed, qgt, then
Eq. (3.7) follows from the translational partition functions,

q:? So ~ I q:? —T* 't q;

S0,1 = 17 r v 1" r T 0 e oo )
(@ S)arqs (" 9d  "qa 4 @ q

(3.7)

where S is the projected area, which depends on the catalyst structure (e.g. type of
metal), and I'* the site density [sites/m?]. The immobile sticking coefficient, sq, for
the direct adsorption process describes a molecule that lands immediately at its final
adsorption site without the possibility of moving over the surface. In this case, only the
vibrational degrees of freedom of the molecule remain in the transition state. Given the
fact that a considerable amount of entropy is lost when the molecule is “frozen in” on

an adsorption site, the values of immobile sticking coefficients are small compared to the
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mobile equivalent. In cases where the rotational partition function is difficult to determine
(e.g. through consideration of hindered rotors and translations), the relationship of Sprowl

et al. [16] shown in Eq. (3.8) and described in detail below, is particularly useful.

(@) =% sq =1 (3.8)

Sprowl et al. [16] proposed a new theoretical method to estimate partition functions
and entropies of adsorbed species based on the evaluation of the hindered translator and
rotor models associated with motions parallel to the surface. The potential energies sur-
faces were estimated through Density Functional Theory (DFT), for the evaluation of the
entropies. The harmonic transition state theory assumes that an adsorbate is a localized
oscillator with only vibrational modes [109, 110, 111, 112, 113, 114], underestimating the
experimental entropies due to the existence of translations and rotations parallel to the
surface.

Consequently, a hindered translator and rotor method was applied for the calculation of
the respective partition functions without taking into account any adsorbate-adsorbate
interactions [16]. The partition function for a 2D hindered translator was calculated
based on Hill’s [115] implementation for the potential energy function describing the

two-dimensional (xy) motion, as shown in Eq.(3.9),

E! 2 E 2
Viz,y)=Vy+ ;”” (1 — cos %) + ;y <1 — cos %) (3.9)

where EY | Eﬁly are the translational energy barrier at x and y direction, respectively,
associated with the linear decomposition of the 2D potential energy function, while b is
the nearest neighbour distance between surface atoms, assumed to be the same for both
directions. The EY and Egy are assumed the same at Sprowl et al. [16] approach, for
simplicity reasons, as shown in Fig. 3.2.

At high temperatures, the adsorbate freely translates on the surface, while at low tem-
peratures it vibrates about the local minima. However, at intermediate temperatures,
where the transition occurs from one kind of adsorption to the other, the respective trans-

lational partition function, q;;y, is described by the classical partition function geassical, the
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Fig. 3.2: Schematic of the potential energy surface of Eq.(3.9) with Ef% = Efqy.

quantum harmonic oscillator partition function gy, as presented below, and the classical

harmonic oscillator partition function ggo_classical, Shown in Eq.(3.10).

qzy = qclassicaIQH—o (310)

GHO—classical
The Gelassical cOrresponds to the partition function coming from the ideal gas model [115]

expressed through the following equation,

Gclassical = r- (WTxTx)e_%Boz |:27; :| 5 (311)

where I'* indicates the number of surface (Pt) sites per area [m?], r, is the ratio of
the energy barrier height to the vibrational frequency times Plank’s constant r, =
EY /hvy, T, is the dimensionless temperature defined as T, = kT/hv,, while By[z] =
5 ¢ dt exp(% (t — 1))t is the zero-order Bessel function of the first kind.

The single harmonic oscillator oscillating in two directions, x and y, which are assumed

identical, is expressed by Eq. (3.12).

1 2
L e T
4o = ( _1> (312)
l—e T
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In the classical limit (7}, — o00), the terms in the numerator and denominator of Eq. (3.12)

are expanded via Taylor series to a first order approximation concluding in Eq. (3.13).

2

1— 1

: . 2T,

Qf{O—classical = Thinoo QEO ~ Thinoo (m) ~ Ta? (313)
x T TI

Combining Eqns. (3.11)-(3.13) the final equation obtained is described by Eq. (3.14).

I (ﬂrw/Tz)e_%e_Tilng [2%}
N2
=

The use of Padé approximant for the zero-point energy, AE?? presented by Eq. (3.15),

(3.14)

t
qu_

is particularly useful as it accounts for the overestimation of the zero-point energy in the
harmonic oscillator function. McClurg et al. [116] implemented this approximant in the
related expression for hindered rotors, described below in order to accurately calculate
the zero-energy point contribution at low temperatures. However, the partition function

qf(y is accurate at higher temperatures.

hv,
AE® = %
2+ 16r,

(3.15)
Therefore, the partition function for the translator, according to Sprowl et al. [16], is the
following, where the factor 2 indicates the two degrees of freedom z and y, which have

the same potential energy function.

t t oAE™

q" = g e’ T (3.16)

By substituting the corresponding Equs. (3.14) and (3.15) for 7, into Eq. (3.16), the

following equation can be obtained.

1’\* Ty e—%e—%B2 Tz
Ty 0 |21,

— } T (3.17)
(=)

The interpolation function f* is defined by Eq. (3.18), which is analogous to the hindered

t _ t TR —
q — qu6(2+167‘x)T3; —

rotor interpolation function of McClurg et al. [116], described by Eq. (3.23). However,
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the ¢' is divided by I'*, as it refers to the whole surface consisted of T'* sites, whereas ¢f;,

is defined here for a single harmonic oscillator site.

t F*
=i (3.18)
qHo
Dividing Eq. (3.17) by Eq. (3.12), the interpolation function can be calculated,
ft = Pte@romt (3.19)
where
t
q Ty _re r
Pt — Xy — T Ty B2 i 320
o T 0 [2TJ (3.20)

Analogously the above implementation for the hindered translator partition function
can be applied for the evaluation of the respective hindered rotor partition function [16].
The potential energy function for hindered rotation, based on McClurg et al. [116], is
expressed by Eq. (3.21), where the E7 is the rotation energy barrier and m is the number
of equivalent minima in a full rotation. Only the hindered rotation of the whole adsorbate

about an axis perpendicular to the surface is considered in the following analysis.

V(g) = E;‘(l ~ cos(ma)) (3.21)

The ratio of the energy barrier height to the harmonic oscillator frequency times Plank’s
constant is given by 7, = E’ /hv,, while T, is defined as T,, = kT /hv,. Subsequently,
the quantum harmonic oscillator partition function is expressed by the Eq. (3.22), which
is identical to Eq. (3.12) for the hindered translator case. However, the square observed
in Eq. (3.12) for the accounting of two modes, is not applied here due to the existence of

one rotational mode.

o = ——= (3.22)

The respective interpolation function for hindered rotations [116] is given below, where
McClurg et al. [116] concluded to Eq. (3.24) through the use of Padé approximant for the

zero-point energy, AE?P| as described for the hindered translators.

(3.23)
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fr = PT@A%;}) = PT€(2+1617-T)TT (324)

The P" corresponds to the approximation of ¢" /¢, introduced by Pitzer and Gwinn [70]

and is given by Eq. (3.25).
mr Tr T
Pr=,|—e B _ 2
T e 277 B, [QTT] (3.25)

Combining the Eq. (3.22) — (3.25), the partition function for hindered rotors can be
obtained from Eq. (3.26).

Tr 1
L = 31y 0~ 315 Tr
Toe e + By [2Tr

¢ =" Xquo = ] T, (3.26)

l—e %
Equations (3.26) and (3.17) look very similar, however a difference based on the number
of modes used in the partition functions of hindered translators and rotors indicate that
they are not the same. In particular, the interpolation function f* equals to ( f”)Q, which
is squared as there are two translational modes and one rotational mode. Therefore,
Eq. (3.8) can be extracted from the respective partition functions. The latter equation
was determined by Sprowl et. al [16] and used in the current work for the consideration
of hindered rotors and translators.

Consequently, by calculating the ratio of Eqns. (3.6) and (3.7) and applying Eq. (3.8)

a simple relationship between the limiting sticking coefficients can be evaluated,

/llt

So = SOJW (327)

The mobile and immobile rate constants are here evaluated through the use of the cor-
responding sticking coefficients in order to obtain the pre-exponential factor that will
be used for the calculation of the reaction rates. The computational implementation of
surface reactions typically features a division of the rate constant by "~ where n is
the reaction order in surface sites/species. However, in adsorption reactions the order
will be I'". Therefore, the rate constant for a mobile transition state can be calculated

by Eq. (3.28), where, for example, I' = 2.72 - 10~ kmol/m? [124], for platinum, n is the
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k(T) =

1 1 S0 k’BT
[e=Y | Tz 2rm*

m3 Hl2 n—1
2
[kmol S:| [kmol} (3:28)

number of metal sites and x is the surface coordination of the adsorbing species. The

latter factor, %, was also included in the expressions of mobile and immobile sticking
coefficients for consistency reasons with published mechanisms [11, 14, 15]. However, the
inclusion of the factor depends on the nature of the transition state. The rate constant for
the immobile transition state follows by simply replacing sy with the immobile sticking

coefficient s ;.

3.2 Determination of mobile and immobile transition

state

In an attempt to identify whether the examined chemical species feature mobile or im-
mobile transition states, experimental data from bibliographic sources are utilized for
validation. The choice of mobile or immobile sticking coefficients for the calculation of
rate constants is inextricably connected with the nature of the transition state assumed.
Given the fact that experimental data concerning some chemical species are scarce, the
validation was achieved for some of the cases presented below. More specifically, data for
sticking coefficients of -N and -HC containing species on transition metals are compar-
atively rare. Hence, the more comprehensive data sets available for C/H/O species are

considered in order to validate the approach.

3.2.1 Determination of sticking coefficients for C/H/O contain-
ing species

Sticking coefficients for mobile and immobile transition states, for H,, O, and CO adsorp-
tion on a Pt (111) surface against temperature are shown in Figs. 3.3-3.8. The s, 2s, 3s
denote a single, two and three Pt sites, respectively. The species have been selected due to
the availability of several data sets for comparisons. The immobile sticking coefficient was

evaluated using Eq. (3.7), while the mobile sticking coefficient for the two effective core
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potentials [69], follows from Eq. (3.27), based on the approximation of Sprowl et al. [16].
The comparison of SDD and LANL2DZ effective core potentials for metal surfaces did
not show significant difference. However, the LANL2DZ was additionally examined for
reasons of completeness. Both sy and sy ; were evaluated over a wide temperature range
with the temperature for the vibrational partition function, Tj», fixed at 298 K, as shown
in Eq. (2.44). The latter consideration is applied in Chapters 4 and 5, as a base case.
However, an additional evaluation of mobile and immobile sticking coefficients is con-
ducted in this Chapter, at T;» = 800 K, as suggested by Kraus and Lindstedt [14, 15].
The impact of T;» = 800 K was also examined in Chapters 4 and 5.

In the current Section, a comparison with published experimental data on sticking
coefficients of Hy, Oy, CO, NO, NO,, C;H; and C,H, has been included for Tj., set at
both 298 K and 800 K. The mobile and immobile transition state of O,, CO and NO was

also examined with a variable Tj» from 298 K to 800 K, as presented in Section 3.2.4.
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Fig. 3.3: Comparison of mobile sy and immobile sq ; sticking coefficients for SDD and
LANL2DZ effective core potentials [69] with experimental data (Johansson et al. [102]
(+), Kasemo et al. [101] (x), Seebauer et al. [117] (V),Verheij et al. [118] (), Poelsema
et al. [119] (e)), for H, adsorption on one Pt site, at Tj;» = 298 K. The data aligns with
an immobile transition state.

Figures 3.3 and 3.4 strongly suggest that the sticking coefficient of H, on Pt (111)
corresponds to an immobile transition state. A possible explanation is that H, is a
light element with a significant probability to stick on the catalyst (c.f. inside the metal
structure) and remain immobile. The respective mobile transition state demonstrates
values of so > 1 for both T)» = 298 K and T, = 800 K, constituting an unphysical

outcome. The latter results from the application of the Sprowl et al. [16] approximation
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Fig. 3.4: Comparison of mobile sy and immobile sg; sticking coefficients for SDD
effective core potential [69] with experimental data (Johansson et al. [102] (4), Kasemo
et al. [101] (x), Seebauer et al. [117] (V),Verheij et al. [118] (), Poelsema et al. [119]
(o)) for Hy adsorption on one Pt site, at T;,» = 800 K. The data aligns with an immobile
transition state.
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Fig. 3.5: Comparison of mobile sy and immobile sq ; sticking coefficients for SDD and
LANL2DZ effective core potentials [69] with experimental data (Kasemo et al. [101]
(x), Carrington et al. [103] (o), Zafiris et al. [105] (W), Elg et al. [120] (A)) for O,
adsorption on two Pt sites, at Tj» = 298 K.

for the determination of the rotational partition function, through the consideration of

hindered rotors and translators and appears exclusively in the case of H, adsorption on

the surface. All the other species adsorption on Pt surface, present sticking coefficient

values lower than one, for the base case of T;» = 298 K. Both mobile and immobile

transition states of H, have been examined in Chapters 4 and 5 in order to investigate

the impact on the chemical system. Subsequently, as observed in Fig. 3.5, O, shows

that there is a good agreement between experimental data and a mobile transition state,
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Fig. 3.6: Comparison of mobile sy and immobile sg; sticking coefficients for SDD
effective core potential [69] with experimental data (Kasemo et al. [101] (x), Carrington
et al. [103] (o), Zafiris et al. [105] (M), Elg et al. [120] (A)) for Oy adsorption on two
Pt sites, at Tj;» = 800 K. The blue line is scaled by a constant factor 0.04 derived from

the measurements at 220 K.
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Fig. 3.7: Comparison of mobile sy and immobile sq ; sticking coefficients for SDD and
LANL2DZ effective core potentials [69] with experimental data (Kasemo et al. [101] (x),

Carrington et al. [103] (o), Zafiris et al. [105]

(M), Seebauer et al. [117] (V), Chatterjee

et al. [1] (A)) for CO adsorption on two Pt sites, at T,» = 298 K. The blue line is scaled
by a constant factor 7.06 derived from the measurements at 160 K.

at Tp = 298 K. However, the choice of T;» = 800 K for the evaluation of mobile and

immobile sticking coefficients for the O, adsorption reaction, does not favour neither the

mobile nor the immobile transition state, based on the available experimental data.

Regarding the case of CO adsorption on two Pt sites, the experimental data seem to

successfully reproduce the calculated mobile sticking coefficients at T+ = 800 K, while

the respective values, at T;» = 298 K under-predict the experimental data. In the latter
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10°! —
102 |
1073 — _____________
10 b Lemn T

10° l l l l l I

sticking coefficient

1000/T [1/K]

Fig. 3.8: Comparison of mobile sy and immobile sq ; sticking coefficients for SDD and
LANL2DZ effective core potentials [69] with experimental data (Kasemo et al. [101] (x),
Carrington et al. [103] (o), Zafiris et al. [105] (M), Seebauer et al. [117] (V), Chatterjee
et al. [1] (A)) for CO adsorption on two Pt sites, at Tge = 800 K.

case, the predicted values follow the trend of a mobile transition state, as shown by the
blue line. This suggests that a single, accurate, data point at 160 K would be sufficient to
reproduce the experimental data. The discrepancy between CO and the other chemical
species is not clear at present. Finally, the use of different effective core potentials in the
internal configuration of H,y, O, and CO does not significantly affect the obtained results,

as shown in Figs. 3.3, 3.5 and 3.7.

3.2.2 Determination of sticking coefficients for nitrogen con-
taining species

Limited sticking coefficient data are available for the nitrogen containing species (NO,
NO,, N,O and N,) considered here. For NO, Chatterjee et al. [1] used a constant value
of 0.85 consistent with the value of around 0.90 cited by Haug et al. [26]. However,
it is also notable that more recent work featuring alternative measurement techniques
(e.g. molecular beam scattering) at 300 K suggests a value of 0.20 [106]. The current
prediction, obtained using VTST, based on the approximation by Sprowl et al. [16] and
adsorption via the N atom on two Pt sites and via the O atom on one Pt site, is 0.14 at
298 K with the temperature dependency shown in Fig. 3.9. The value of 0.14 at 298 K is

more in line with more recent data [106], while the case of T,» = 298 K represents better
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the experimental data compared to 7T+ = 800 K, where the unphysical result of sq > 1 is

obtained.

NO(g) + 3s — NO(s3)
10! E
g 100 F A
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ﬁ 10_5 é‘ _________ Tqu:298K __- )
6 F" Tgo =800 K ——
107 L L L L d | ==
0.5 1 1.5 2 2.5 3 3.5

1000/T [1/K]

Fig. 3.9: Comparison of mobile sy (—) (—) and immobile so; (——) (——) sticking
coefficients for SDD effective core potential [69] with experimental data (Chatterjee et
al. [1] (A), Brown [106] (x)) for NO adsorption on three Pt sites, at Tye = 298 K (black
line) and Tz» = 800 K (green line).

The computed sticking coefficients for NO, are 1.0 - 1072 and 3.1-107° for sy and s ;
at 298 K, respectively, for the single Pt site configuration. Segner et al. [27] suggest a
sticking coefficient of 0.97 at 298 K, while Koop and Deutschmann [87] proposed a value
of 0.90. The reasons for the discrepancy, mainly for T;» = 298 K, can not be established
with certainty in the absence of further data. However, it is clear that a mobile transition
state applies.

There are no corresponding measurements of the sticking coefficient for N,O attached
on two platinum sites. However, Koop and Deutschmann [87] suggested a sticking coef-
ficient of 0.025 for N,O attachment on one Pt site. This value is in a good agreement
with the so equal to 0.015 at 298 K obtained through the application of T, = 298 K. An
adsorption through the terminal N atom has been also suggested by Avery [28], without
providing a sticking coefficient value. The latter study also suggests that the adsorption
is weak with an initial heat of adsorption around 6 kcal/mol. Accordingly, the predicted
sticking probability associated with a mobile transition state as shown in Fig. 3.11, is
used in the current investigation.

Sticking coefficients for N, on Pt are scarce. There are two major configurations: (i) a

chemisorbed o-bonded arrangement with N, vertical to the surface and (ii) a chemisorbed
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Fig. 3.10: Comparison of mobile sy (=) (—) and immobile sg; (——) (——) sticking
coefficients for SDD effective core potential [69] with experimental data (Segner et
al. [27] (¢), Koop and Deutschmann [87] (LJ)) for NO, adsorption on one Pt site, at
Ty =298 K and T» = 800 K.
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Fig. 3.11: Mobile sg (=) (—) and immobile so ; (——) (——) sticking coeflicients through
the use of the SDD effective core potential [69] for N,O adsorption on two Pt sites, at
Ty =298 K and T,» = 800 K.

m-bonded state that is nearly parallel to the surface [121]. Alternative measurement
techniques (e.g. thermal desorption spectroscopy) suggest a sticking coefficient equal
to 0.15 [91] which better agrees with the sy values calculated at T, = 298 K. Hence,
significant uncertainties prevail for Pt and the current values for immobile and mobile

sticking coefficients are shown in Fig. 3.12.
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Fig. 3.12: Mobile s (=) (—) and immobile so ; (——) (——) sticking coefficients through
the use of the SDD effective core potential [69] for N, adsorption on two Pt sites, at
Ty =298 K and T,» = 800 K.

3.2.3 Determination of sticking coefficients for hydrocarbons

Sticking coefficients for mobile and immobile transition states, for the most representative
hydrocarbons of the current work, C;Hg, C3;H; and C,H, attached on a Pt (111) surface
against temperature, are shown in Figs. 3.13-3.15, at T, = 298 K and T;» = 800 K.

Limited experimental data are available for comparison. However, Chatterjee et al. [1]

C3Hg(g) + 25 — C3Hg(s2)
(1L — a
510!k
2102 p——
b= 3
e T T
[>) E e am=
20 104 E ST
g sE--"" _  aaam==-
j_j 18'6 5 ___________ Tqr=298 K ——
.- Tqv =800 K ——
1077 ! ! ! | [
0.5 1 1.5 2 2.5 3 35

1000/T [1/K]

Fig. 3.13: Comparison of mobile sy (=) (—) and immobile sg; (——) (——) sticking
coefficients for SDD effective core potential [69] with experimental data (Chatterjee et
al. [1] (A), Perger et al. [122] (W)) for C3Hg adsorption on two Pt sites, at Tjp = 298 K
(black line) and T,» = 800 K (green line).

suggested a sticking coefficient equal to 0.98 for C;Hy adsorption on two platinum sites,

and Perger et al. [122] proposed a value of 0.29, determined under heterogeneous ignition
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temperatures. Both sources are located between the calculations of the mobile transition
state at Tip = 298 K and T;;» = 800 K. Related experimental data for the C;H; adsorption
on one Pt site are not available but a mobile transition state can be assumed, as results
from other similar hydrocarbons. The C,H, adsorption on two Pt sites suggests a mobile
transition state determined at T, = 298 K validated by the experimental data [22], as
shown in Fig. 3.15. Hence, for reasons of consistency the corresponding values for C;Hg

and C;H; are used.

C3Hs(g) +s — C3Hs(s)
100 g
o 10—
“o“é 107 F
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Fig. 3.14: Mobile sg (=) (—) and immobile so ; (——) (——) sticking coefficients through
the use of the SDD effective core potential [69] for C3H; adsorption on one Pt site, at
Ty =298 K and T,» = 800 K.
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Fig. 3.15: Comparison of mobile sy (=) (—) and immobile sg; (——) (——) sticking
coefficients for SDD effective core potential [69] with experimental data (Zerkle et al. [22]
(o)) for C,H, adsorption on two Pt sites, at Tj» = 298 K and Ty = 800 K.
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3.2.4 Effect of variable 7. on sticking coefficients determination

The mobile and immobile transition state of O,, CO and NO are examined below, when
the temperature of the vibrational partition function, T, is not fixed, but varies from

298 K to 800 K together with temperature.

Ox(g) +2s — Ox(sy)

0 _ So sbD
L so1 = = -
E X

1072 — -

103 F

sticking coefficient
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Fig. 3.16: Comparison of mobile sy and immobile sg; sticking coefficients for SDD
effective core potential [69] with experimental data (Kasemo et al. [101] (x), Carrington
et al. [103] (o), Zafiris et al. [105] (M), Elg et al. [120] (A)) for Oy adsorption on two
Pt sites, with a variable T,» =T [K].

CO(g) +2s — CO(sy)
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Fig. 3.17: Comparison of mobile sy and immobile sq ; sticking coefficients for SDD
effective core potential [69] with experimental data (Kasemo et al. [101] (x), Carrington
et al. [103] (o), Zafiris et al. [105] (M), Seebauer et al. [117] (V), Chatterjee et al. [1]
(A)) for CO adsorption on two Pt sites, with a variable T, =T [K].
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The behaviour of a mobile transition state for O,, CO and NO, shown in Figs. 3.16 —
3.18, is not supported by the corresponding experimental data. Therefore, a fixed tem-
perature for the vibrational partition function appears a reasonable choice. The similar
trend observed in Figs. 3.16 — 3.18, is attributed to the temperature dependency of mobile
(8 =-1/2) and immobile (8 = -2) transition state, which is the same for all the adsorption

reactions studied with a variable 7.

NO(g) + 3s — NO(s3)
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= 100 F \KA
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Fig. 3.18: Comparison of mobile sy and immobile sq ; sticking coefficients for SDD ef-
fective core potential [69] with experimental data (Chatterjee et al. [1] (A), Brown [106]
(%)) for NO adsorption on three Pt sites, with a variable T;e =T [K].

3.3 Reaction class based estimation of reaction rate
parameter

The reaction classes (direct adsorption, dissociative adsorption, Eley-Rideal adsorption,
surface bimolecular, surface unimolecular with or without additional surface sites, isomeri-
sations with or without additional surface sites, direct desorption and recombination) are
presented in Table 3.1, along with the way of calculation the energy barriers via the
UBI-QEP formalism [10], which remain unchanged from Kraus and Lindstedt [14, 15].
However, the different treatment of rate constants for the adsorption reactions, based on
the approximation for the rotational partition function derived by Sprowl et al. [16] as
outlined above, is used due to difficulties in estimating hindered rotors impacted by the

surface.
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Table 3.1: Reaction classes and equations for the determination of rate constants and

activation energies.
follows the Eq. (3.27).

The evaluation of the reaction-dependent sticking coefficient sg

Reaction classes

ATP

Ey

Direct adsorption

A+ x(s) = A(S)s

S0 1 k?BT
z* T'p; V 2em*

Dissociative adsorption

AB 4 x(s) = C(s)y + D(s)-

so 1 [ kBT
zxT'py V 2em*

E4qor AHg or 0

Eley-Rideal adsorption

A+ B(s)g = C(8)y + D(s)-

so 1 | kT Aps),

2® Tpy V 2rm* Appe

E gor AHsor 0

Direct desorption

A(8)e = A+ (8)s

kT Qay
h Qags),

Qa

Isomerisations with site

A(8)x + (8)y = C(s)-

2(ra(s), Trmt) | TRT
3x% Ay QMA(S)

E4iso or 0

Isomerisations without site

A(s)z = C(s)y

ikBT
v h

Episo or 0

Surface bimolecular

A(8)g + B(s)y — C(s)y + D(s):

2(raes), +7B(s),) [ 7RT

3z Apre 2Mcq

EA,dif or AHS or 0

Surface unimolecular with site

A(s)y + (8)y = C(s)y + D(s)-

2(ra(s), T M) | TRT

Eqif or AH, or 0

Surface unimolecular without site

A(s)y = C(s)y + D(5)-

3z% Ay QMA(S)
i kT
x* h

E4 or AHg or 0

Recombination

A(s)y + B(s)y = AB + z(s)

2(raes), t+B(s),) [ 7RT

3T Apy 2M,cq

EA,dif or AHS or 0
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The rate constants A - T? for direct adsorption and dissociative adsorption reactions,
as shown in Table 3.1, are calculated through the same expression. However, the partition
functions used for the evaluation of sy and s ; correspond to different products, depend-
ing on the type of adsorption reaction, even if the reactants are the same. Furthermore,
for the calculation of the rotational and vibrational partition functions for the transition
state, the product with the biggest molecular weight, M, is preferred in the determi-
nation of the sticking coefficients. The pre-exponential factor in Eley-Rideal adsorption
reactions contains an extra term consisting of the ratio of the projected areas of the ad-
sorbate and the catalytic site, % [14, 15]. For surface bimolecular, recombination,
surface unimolecular and isomerisation reactions involving a surface site, the molecular
radii of the reactants, r (), and rp(), and the projected areas of the adsorbate, Ag,),,
are calculated using Steric [66]. Using the molecular configuration and connectivity as
the main inputs, the radial profile and the projected areas for the nitrogen containing and
C4Hg, C3H;, C,H,CH, C,H;C species, can be obtained. The molecular radius of a reac-
tant is considered as the radius of the smallest sphere fully covering the whole molecule.
Figure 3.19 represents the Tolman cone including the molecular nitrogen attached on two

platinum sites, where a is the Tolman cone angle and 7y, rp; the atomic nitrogen and

platinum radii. Table 3.2 presents the corresponding geometrical parameters.

D ——

Fig. 3.19: Representation of the Tolman cone including the N, attached on two Pt sites.

Furthermore, for the above reaction classes, the reduced molecular weight of the re-
acting pair can be calculated as M,cq = [[ Mw r/>_ My r. A factor % is used as a scaling

factor of the rate constant in order to maintain the consistency with Vincent et al. [11]
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Table 3.2: Geometrical parameters calculated from Steric [66]. The projected area and
radius of Pt are Ap; = 6.07 A2 and rp; = 1.75 A.

Species Projected area (A?)  Radius (A)
NO(s5) 10.82 2.12
NO,(s) 14.44 2.41
N,O(s,) 15.03 2.53
Ny (s,) 11.31 2.18
N(s) 7.55 1.55
CyHy(sy) 26.18 4.67
C4H (s) 23.91 3.73
C,H, CH(s,) 25.12 3.63
C,H,C(s4) 29.59 3.98

Table 3.3: Possible combinations of partition functions for the evaluation of the expo-
nent 4 based on Eq. (3.7) and Eq. (3.27). The vibrational partition functions do not
present any temperature dependency if the temperature is fixed.

Possible combinations of partition functions I}
¢t (2.38), ¢ (2.39), ¢" (2.43) (non linear species) -1
gt (2.38), ¢ (2.39), ¢" (2.42) (linear species) -0.5
gt (2:38), ¢ (2.39), ¢" (atom) 0.5
gt (2.38), ¢t (2.38), ¢" (2.43) (non linear species) -1.5
gt (2.38), ¢t (2.38), ¢" (2.42) (linear species) -1
gt (2.38), ¢ (2.38), ¢" (atom) 0

and, consequently, Nilekar et al. [99]. More specifically, the pre-exponential factors calcu-
lated from Vincent et al. [11] at 1050 K vary from 3 x 10'? to 3 x 10'® while those proposed
by Nilekar et al. [99] are estimated at the range 3.9 x 10'? to 5.2 x 10'2. The - factor
constitutes an additional scaling, where x corresponds to the number of metal atoms re-
quired for a reaction. The two scaling factors were retained from previous work [14, 15]

and are not included in direct desorption reactions. The x% scaling can be questioned for



Chapter 3. Rate parameter determination 100

adsorption reactions, in particular for mobile transition states, when the impact becomes
significant for n > 3, as discussed below. The reaction rate data for a reaction j featuring

ng gas phase and n, surface species is presented in the following form,
/{:f g f ;
Rl =55 HX HZ (3.29)

where ny indicates the sum of all the reactants involved in a reaction, [le | corresponds to
the gas phase concentration of species i and Zif to the surface coverage, which takes into
account the number of Pt sites occupied by species i. The units of the resulting reaction
rate are (kmol m~2 s7!). The impact of the sticking coefficients resulting from different

partition function forms, on the 8 factor, are shown in Table 3.3.

3.3.1 Comparison of selected rate constants

Comparison of selected direct adsorption and desorption rate constants, are shown in
Figs. 3.20 — 3.27. The current rate constants were calculated using the Sprowl et al. [16]
approximation, for the rotational partition functions, as described in Section 3.1. The
determinations of Kraus and Lindstedt [14, 15] and Vincent et al. [11] rely on a direct
application of the VT'ST and collision theory, respectively, for both adsorption and des-
orption reactions.

Table 3.4 presents the different treatment of direct, dissociative and Eley-Rideal ad-
sorption reactions in the VI'ST approach of Kraus and Lindstedt [14, 15] and the current
mechanism. The desorption reactions shown were determined similarly to the previous
work [14, 15]. A fixed temperature of 298 K instead of 800 K used by Kraus and Lind-
stedt [14, 15], is applied in the current mechanism for the evaluation of the vibrational
partition function. However, an investigation on the effect of T» = 800 K in the rate
constants determination, presented in Figs. 3.22 — 3.26 and considered in Chapter 4,
is conducted. The rate constants, of all the other reaction classes (isomerisations with
and without site, surface bimolecular, surface unimolecular with and without site and
recombination) are calculated as in the previous VITST approach [14, 15].

The value of the mobile sticking coefficient sy for the different reaction classes is ex-

pressed through the immobile sticking coefficient, s¢ ;, and the corresponding partition
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Table 3.4: Comparison of the rate constants of different reaction classes for Kraus and
Lindstedt [14, 15] mechanism and the present work.

Reaction classes

Kraus and Lindstedt [14, 15]

Present Work

. . 1 kT Q4 so 1 kT
Direct adsorption kE(T) = 7 h kE(T) = 2T\ 2o
1 kgT 1 kT

Dissociative adsorption  k(T') = 1L kT Qy kE(T) = S0 2 B
x® h Qg 2 Tpy V 2rm*

. . 1 kT Q1 AB(s) so 1 kT Ap(s)
Eley-Rideal adsorpt E(T)= ———=>—-% ET)= 22— o)
ey-Rideal adsorption (T) v h 0, Aui (T) T\ 2 Ay

kT kgT
Direct desorption k(T) = 22~ Q. k(T) = “2= Q.
h Qacs), h Qags).
Ox(g) +2s <> Ox(sy) 0 Oy(g) +2s <> Ox(s7)
1077 g
1012 ;,2 Fe
Eos N Kges o2 h Kges
Tlo0p 7 “2
Eﬂ 10 £ Sy . kads g : : 8
T o0tk R g 108 R
§‘10 e ~:: g Kads ”::~
- 106 . s N s 8 - ~ 8 : =
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Fig. 3.20: Direct adsorption (—) (=) (—) and desorption (——) (——) (——) O, rate

constants. The temperature ranges are 298 K — 2000 K (left) and 400 K — 800 K (right).
Rate parameters from the current mechanism (—), Kraus and Lindstedt [14, 15] (—)
and Vincent et al. [11] mechanism (—) are presented. The Tio is fixed at 298 K for

the current mechanism. The units of rate constants are in |

adsorption and desorption reactions, respectively.

and [1] for direct

m3
kmols ]

functions, as shown in Eq. (3.27). Regarding the collision theory based approach [11],

experimentally derived or estimated sticking coefficients have been used for the determi-

nation of rate constants in adsorption reactions. The applied temperature range for the

related Arrhenius plots varies from 298 K to 2000 K. However, a narrower temperature

range, from 400 K to 800 K, is also presented in Figs. 3.20, 3.21 and 3.26, constituting

the selected temperature window studied in Chapter 4, due to the availability of related

experimental data [2].
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constants. The temperature ranges are 298 K — 2000 K (left) and 400 K — 800 K (right).
Rate parameters from the current mechanism (—), Kraus and Lindstedt [14, 15] (—)
and Vincent et al. [11] mechanism (—) are presented. The Tio is fixed at 298 K for

the current mechanism. The units of rate constants are in |

adsorption and desorption reactions, respectively.
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Fig. 3.22: Direct adsorption (—) (—) and desorption (——) (——) O, and CO rate
constants, at T,» = 298 K and Tiw = 800 K, for the current mechanism. The units

of rate constants are in [ﬁjls] and [1] for direct adsorption and desorption reactions,

respectively.

S

Regarding the direct adsorption and desorption of oxygen and carbon monoxide, pre-

sented in Figs. 3.20 and 3.21, the current mechanism demonstrates a two orders of magni-

tude higher adsorption rate constant, compared to the corresponding rate obtained from

Kraus and Lindstedt [14, 15], where the VT'ST formalism along with a T} fixed at 800 K

was applied for the determination of rate constants, without the use of Sprowl et al. [16]

approximation for the treatment of rotational partition functions. Vincent et al. [11],

following the collision theory based approach, illustrates almost the same behaviour with
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Fig. 3.23: Direct adsorption (—) (—) and desorption (——) (——) NO and NO, rate
constants, at Tpr = 298 K and Tw = 800 K, for the current mechanism. The units

of rate constants are in [%;S] and [1] for direct adsorption and desorption reactions,
respectively.
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Fig. 3.24: Direct adsorption (—) (—) and desorption (——) (——) N,O and N, rate
constants, at T,» = 298 K and Tiw = 800 K, for the current mechanism. The units

of rate constants are in [%;S] and [1] for direct adsorption and desorption reactions,

respectively.

the other approaches, for the CO adsorption rate and seems to favour the adsorption of
O, at lower temperatures. Additionally, the desorption rates are in a broad agreement
over all the temperature range for all mechanisms. A comparison of direct adsorption and
desorption O, and CO rate constants at 7T;,» = 298 K and T,» = 800 K, is presented in
Fig. 3.22. Although the direct desorption rate constants do not obviously differ between
the two cases, the effect of Tj. is significant for the O, adsorption rate constant, with a
difference of one order of magnitude. For both O, and CO desorption reactions, a higher

rate constant can be noticed at higher temperatures for the respective range.
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Fig. 3.25: Direct adsorption (—) (—) and desorption (——) (——) C3Hy and C3H; rate
constants, at Tpr = 298 K and Tw = 800 K, for the current mechanism. The units

of rate constants are in [%;S] and [1] for direct adsorption and desorption reactions,

respectively.
CoHy(g) +2s <> CyHy(sy) CoHy(g) +2s <> CyHy(sy)
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Fig. 3.26: Direct adsorption (—) (=) (—) and desorption (——) (——) (——) Cy,H, rate
constants. Rate parameters from the current mechanism (—), Kraus and Lindstedt [14,
15] (=) and Vincent et al. [11] mechanism (—) are presented. The Ty is fixed at 298 K
for the current mechanism while the temperature range is 400 K — 800 K (left). Direct
adsorption (—) (—) and desorption (——) (——) C,H, rate constants, at T,» = 298 K
and Ty» = 800 K, for the current mechanism (right).

As nitrogen containing reaction pathways were not included in the previous VI'ST [14,
15] and collision theory based approach [11], the related rate constants were only eval-
uated through the current work. All the nitrogen containing reactions outline that the
determination of the current mechanism favours desorption with the gradual increase of
temperature, while the NO, and N,O adsorption reactions are favoured at temperatures
below 1000 K, as shown in Figs. 3.23 and 3.24, for both T)» = 298 K and T;» = 800 K.

The rate constants of the NO and N, direct adsorption reactions are constant in the
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Fig. 3.27: Direct adsorption (—) (=) (=) and desorption (——) (=—=) (=—=) O, and NO,
rate constants, at Ty,v = 298 K, T;» = 800 K and a variable Ty = T [K], for the current

mechanism. The units of rate constants are in [%;S] and [2], for direct adsorption and
desorption reactions, respectively.

whole temperature range, due to the zero temperature dependency, .

Representative hydrocarbon containing reaction pathways are shown in Figs. 3.25 and
3.26 for the two different 7j» examined. A sharp decline of the C;H, adsorption rate
constants can be noticed for lower temperatures for both Ti., due to the application
of a global irreversible C;Hg direct adsorption reaction, described in Chapter 4. Both
C;H; and C,H, adsorption reactions are favoured at lower temperatures. Finally, the
adsorption and desorption reactions of O, and NO, are illustrated in Fig. 3.27 when

T,

q

v = 298 K, Tj» = 800 K and T, is not fixed, but varies from 298 K to 800 K
together with temperature 7' [K]. The latter case is located between the two extreme
fixed temperatures for both direct adsorption and desorption reactions, indicating that
while the T,» increases a higher O, and NO rate constant is obtained. However, as a
curve fitting is required for the estimation of overall temperature dependency, the choice
of a fixed temperature for the evaluation of the vibrational partition function facilitates
the calculations with arguably acceptable accuracy, while maintaining agreement with

measured sticking coefficients.

3.3.1.1 Treatment of C,H, catalytic chemistry

The operating conditions of the catalytic converter, described in Chapter 4, features a
different temperature window, from 400 K to 800 K, compared to the cases studied in

the past, which feature temperatures higher than 800 K [14, 15]. As a result the C,H,
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catalytic chemistry was reviewed in order to deal with the C,H, conversion, which can
affect the whole chemical system and especially the C4Hy conversion.

The C,H, and C3Hy molecules convert in a similar way when they interact with the
metal surface, by breaking the pi-bond and permitting the unsaturated bond to dominate
the conversion. Following a rate analysis based on C,H, surface chemistry, a hindered
conversion was noticed due to the complete desorption of C,H, at higher temperatures.
This suggests a mobile transition state which permits the omission of the xix scaling factor

from the C,H, direct adsorption reactions presented in Table 3.5.

Table 3.5: Updated CoH, direct adsorption reactions

Reactions

CyHy(g) + 25 — CyHy(so)

CQH4(g) + 25 — CHCH3(82)

Furthermore, as discussed in Chapter 5, the approximated isomerisation reactions on the
surface, introduced by analogy to the gas phase [11], are not sufficiently accurate and

have hence been omitted.

3.4 Summary

The evaluation of rate constants for adsorption reactions through the determination of
the mobile and immobile transition state of the adsorbing species on the platinum surface,
are analytically presented in the current Chapter. Section 3.1 establishes the methodol-
ogy used for the calculation of rate constants via the Sprowl et al. [16] approximation,
which accounts for hindered rotors and translators. This approach was validated with
various experimental studies used for representative chemical species, in order to study
the respective mobility on the metal surface.

Apart from the H, adsorbing species which sticks on the surface and remains immobile,
as resulting from the comparison of the proposed methodology with experimental stud-
ies [101, 102, 117, 118, 119], the remaining species correspond to a mobile transition state.
However, both cases of mobility and immobility of H, on the Pt surface are examined in

Chapters 4 and 5, as a means of comparison. Subsequently, a complete evaluation of both
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sticking coefficients and rate constants for the selected species, considered in the current
Chapter, is undertaken for three different cases related to the respective temperature of
the vibrational partition function. In particular, a comparison of a fixed T7» at 298 K and
800 K, and a variable T,», with available experimental data [1, 101, 103, 105, 106, 117, 120]
enhances the use of T)» = 298 K as the prevailing choice. Given the fact that T, = 800 K
seems to be a consistent choice for the CO adsorption reaction, both 7,» = 298 K and
Ty = 800 K have been considered for the calculation of rate constants. The impact of
the T;,» = 800 K application, exclusively on the CO direct adsorption reaction, as well as,
on the whole surface chemical network is studied in Chapter 4.

Figures 3.20, 3.21 and 3.26 illustrate the O,, CO and C,H, direct adsorption and
desorption rate constants of the proposed reaction mechanism along with the respective
rate constants obtained from the previous VTST [14, 15] and collision theory based
mechanisms [11] at two different temperature ranges 298 K — 2000 K and 400 K — 800 K
for the O, and CO reactions. The temperature range presented for the C,H, adsorption
and desorption reactions for all the mechanisms is 400 K — 800 K. The use of a narrower
range contributes in a better identification of the compared mechanisms. The difference
of the corresponding rate constants evaluated for each mechanism ranges from one to
three orders of magnitude, depending on the reaction examined. The rate constants
calculated by the VI'ST based approach [14, 15] differ by around two to three orders of
magnitude from the respective rates of the proposed mechanism, while a smaller difference
of around one order of magnitude can be observed with the rate constants of the collision
theory based mechanism [11]. The former difference can be attributed to difficulties in
determining the rotational partition function on the surface. Therefore, based on these
calculations, higher reaction rates are expected, while the slower ones correspond to the
VTST based approach [14, 15]. The latter imposes inevitable changes on the treatment
of representative rate constants (e.g. C,H, catalytic reactions) calculated in previous
works [11, 14, 15], as shown in Section 3.3.1.1.

Finally, an important addition outlined in the current Chapter is the evaluation of the
—N containing and C;Hg, C3H; rate constants, through the determination of their mobile
or immobile transition state. As described in Sections 3.2.2 and 3.2.3 all the -N containing

and C;Hg, C;H; chemical species present a mobile transition state, when compared with
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available experimental studies. This sub-mechanism included in the current reaction

mechanism is extensively validated in Chapter 4, via a series of Test Cases.



Chapter 4

Multi-scale simulation of NOx

removal using Pt/Al,O, catalysts

The removal of the three principal oxides of nitrogen (NO, NO, and N,O) from automotive
exhaust gases through the use of supported Pt catalysts is a topic of significant practical
interest and amenable to studies using heterogeneous microkinetic catalysis. This Chapter
is devoted to a rigorous comparison of the proposed reaction mechanism, introduced in
Chapters 2 and 3, with experimental data obtained by Toyota Motor Europe (TME) [2] for
nine different Test Cases. The results obtained for CO, NO and C3H, conversion against
temperature were first used in a fully predictive mode followed by related adjustments
described in Section 4.3.1. The choice of a Pt/Al,O4 catalyst was made due to the

availability of related experimental data [2].

4.1 Experimental Data

An experimental investigation of the conversion rates of the pollutants CO, NO and C;Hg
as a function of temperature, using a Pt/Al,O, catalytic packed reactor, at different metal
loadings and coat amounts, was provided by TME [2]. Errors related to the experimental
measurements [2] were not available and some uncertainties remain regarding the impact

of the catalyst preparation (e.g. calcination, sintering and dispersion) on the final activity.

109
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4.1.1 Experimental Setup

The experimental conditions used in the current work comprise nine different Test Cases [2].
The Pt loading corresponds to 0.5, 1 or 3 wt% depending on the case examined. The
reactor bed consists of a 50 mm long catalytic section with a diameter of 30 mm. The
washcoat is supported by a substrate with a cell density of 400 cpsi (number of cells per
square inch) and the channel diameter was estimated as 1.246 mm with a wall thickness
of 0.4826 mm. The flow velocity was determined as 0.47 m/s, while the noble metal
loading, the coat amount and the ratio of the active metal surface per geometrical area,
vary according to the Test Case applied. The species inlet mol fractions used for the
simulations follows the mixture provided by TME [2] as shown in Table 4.1, while the
experimental conditions are presented in Table 4.2. Experiments [2] were conducted at

atmospheric pressure.

Table 4.1: Initial mixture composition provided by TME [2].

Species Mol fractions
CO 0.0065
CO, 0.1
C3Hg 0.001

NO 0.0015

(028 0.0068
H,O 0.03

Ny 0.8542

Table 4.2: Experimental conditions provided by TME [2].

Experimental Conditions

Cell density 400 cells/inch?
Channel diameter 1.246 mm
Channel length 50 mm
Velocity 0.47 m/s
Temperature at the entrance of the catalytic converter 3715 K

Temperature range 450 — 800 K
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The Knudsen porous media diffusion mechanism was selected for the respective im-
plementations, due to the small size of pores measured experimentally, as described in
Section 2.3.2.1. The specific surface area (SSA) of supported material along with the val-
ues related to the pore distribution, at different Pt loadings, are presented in Table 4.3.
As the latter physical quantities measured experimentally [2] show a slight discrepancy
for the different Pt loadings, the mid-point case corresponding to 1 wt% Pt was used
for the evaluation of the porosity and tortuosity implemented in the current simulations,
for the calculation of the Knudsen effective diffusion coefficients, DiK eff However, the
porosities and tortuosities obtained at 0.5 wt% Pt and 3 wt% Pt, are also evaluated and

included in Table 4.4 for the purpose of completeness.

Table 4.3: Experimental measurements [2]| of pore distribution at different Pt loadings
and coat amounts.

Pt Coat amount Total pore volume Average of Maximum
SSA (m?/gr)
loading (g/L) (cm?/gr) pore diameter (nm) pore size (nm)
05wt %  118.2 60 0.4975 17.818 21.3
1wt % 110.1 92 0.5192 18.099 21.3
3wt % 114.3 171 0.5131 18.791 21.3

Table 4.4: Calculated porosities, tortuosities and site densities based on TME measure-
ments [2], at different Pt loadings. The values applied in the current simulations are
indicated in a bold font.

Pt ) ) i CO adsorption  Site density
Porosity [11] Tortuosity [11] Porosity [55]

loading amount (cm®/gr)  (kmol/m?)

0.5 wt % 0.51 1.96 0.32 0.1691 1.01-107%

1wt % 0.49 2.04 0.28 0.3130 2.11-10710

3wt % 0.51 1.96 0.32 1.1415 7.33-1071°

Additionally, two different approaches of porosities calculation are shown in Table 4.4
based on the geometrical [11] and Giani et al. [55] expressions presented in Section 2.3.2.
The latter approach substantially reduces the Knudsen diffusion efficiency factor, resulting
from the lower values of porosities obtained. The site density I" is a measure of the amount
of available catalyst sites per unit area and constitutes a fundamental parameter in the

estimation of the heterogeneous reaction rates. The actual value of I can be evaluated
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via Eq. (4.1) [11], where p; is the average density of the catalyst (3.2 - 10° kg/m?), S, is
the specific surface area per unit volume of solid and the M, corresponds to the maximum
molar uptake of the catalyst, calculated by the CO adsorption amount (cm?/gr), shown
in Table 4.4 for each Pt loading.

ps M,

= (4.1)

Given the fact that the Pt content is not perfectly dispersed as individual atoms, the
site densities listed in Table 4.4 for each Pt loading are further reduced by a factor related
to the loss in calculated areas due to the agglomeration. The volumes of the Platinum
Group Metal (PGM) particle are shown in Table 4.5, for each Pt loading, while the volume
of a single Pt atom is equal to 1.11-1072 m3, for r, = 1.38-1071° m. The number, n, of Pt
atoms packed into the larger volume results from the volume ratio. However, atoms are
approximated as hard spheres, and the maximum packing density is selected at 0.74 [123]

for a face-centered cubic surface, concluding to the n,; values presented in Table 4.5.
Table 4.5: Calculated volumes (Vpy) , projected areas (Ap¢) and number of Pt atoms

for PGM particles (n,¢), based on TME measurements [2], at different Pt loadings.
The calculation of n,; considers a packing density of 0.74.

Pt PGM

Vpy (m?) Ap; (m?) Npf  Npp/2
loading particle diameter (m) [2]
0.5 wt % 3.85-107° 2.99-10726  2.33-10717 1987 993
1wt % 4.16 -107° 3.77-10726  2.72.107'7 2506 1253
3wt % 3.42-107° 2.09-10726  1.84-107'" 1393 696

Assuming that the Pt loading is distributed as half spheres on the surface, the n,s/2
is taken into account for the final calculation of the area loss. The latter is evaluated
as the ratio of the atomic projected area, A,, over the PGM particle projected area of
the surface perimeter, Ap;, divided by the n,s/2. The dispersion efficiency factors, np,
shown in Table 4.6 for each Pt loading, are considered as the inverse of the area loss
and are used in order to be consistent with the experimental data [2] for CO adsorption
adsorption amount. The values of 7p, especially for 0.5 wt% and 1 wt% Pt loading, agree

comparatively with the respective value presented by Chatterjee et al. [1] at 0.33.
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Table 4.6: Calculated loss of area and dispersion efficiency factor (np), at different Pt

loadings.
. AU«
Pt loading Ap /(o /2) J(nyr/2) D
0.5 wt % 2.57 0.39
1wt % 2.78 0.36
3wt % 2.28 0.44

Finally, the average Knudsen efficiency factor, 7., originates from the corresponding
average value of D 1y D; I ratio of the selected species, listed in Table 2.1. The values
of the average Knudsen efficiency factor are indicative and slightly differ based on the

temperature and Pt loading applied, as shown in Table 2.2.

4.2 Computational Methods

A 2D parabolic FORTRAN code [12] adapted for heterogeneous applications [11, 14, 15],
was used to simulate a single, virtual, representative axisymmetric pore corresponding
to the experimental device. The simulation contained 40 geometrically refined cells in
the radial direction, corresponding to 1 um resolution close to the catalytic surface. The
gas temperature at the entrance of the reactor was set to 371.5 K with wall and exit
temperatures set according to the experimental data [2] ranging from 450 K to 800 K.
The area ratios, F', presented in Table 4.7, correspond to the ratio of the catalytic
active surface area over the geometrical area as calculated based on the experimental
data [2] for each Test Case. Particularly, the catalytic active surface area is evaluated
from the product of the Pt metal projected surface, for the radius of a Pt atom, r, =
1.38-107!% m and the CO adsorption amount, while the geometrical area results from the
product of the channel perimeter, cell density (e.g. number of cells) and channel length.
An experimental factor of 1.43 [2], resulting from the assumption of an average of more
than one Pt site per CO molecule adsorbed, is further taken into account. The inclusion
of the dispersion efficiency factor np, results in the area ratio denoted F’ in Table 4.7.
The alternative value, F”, contains only the factor of 1.43, omitting the consideration

of dispersion and, as such, indicates an upper limit. Each Test Case corresponds to a
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different value of the area ratio due to the different coat amounts applied, even for the

same Pt loading. The upper limit area ratio, F”, is applied in Sections 4.3.2 and 4.3.3.

Table 4.7: Calculated area ratios (F') and (F’). The values of F” include the dispersion
efficiency and the 1.43 experimental factor, associated with the average number of Pt
sites, related to CO adsorption amount. Different experimental Pt loadings and coat
amounts, are shown. Finally, F” only contains the factor of 1.43 scaling, and thus
constitutes an upper limit.

Test Cases Pt loading Coat amount (g/L) D F F’ F"
1 0.5 wt % 60 0.39 6.94 3.87 9.92
2 0.5 wt % 92 0.39 10.50 5.85 15.01
3 0.5 wt % 171 0.39 19.52 10.87 27.91
4 1wt % 60 0.36 12.84 6.61 18.36
) 1wt% 92 0.36 19.43 10.00 27.79
6 1wt % 171 0.36 36.13 18.60 51.67
7 3wt % 60 0.44 46.82 29.46 66.96
8 3wt % 92 0.44 70.87 44.59 101.34
9 3wt % 171 0.44 131.77 82.91 188.43

As shown by Chatterjee et al. [1] (e.g. Eq. (4.2)), the mass-weighted production rate
at the catalytic wall includes the average diffusion efficiency factors listed in Table 2.2.
The product of the area ratio, e.g. F', for each Test Case and the net rate of formation

R; provides the effective applied reaction rate.

Ji + vazus = neFRiMw,i & Ji+ PY;US = neRiMw,i (42)

The catalytic site density for Pt, (I' = 2.72 - 107% kmol/m? [124]), was directly imple-
mented in the expression of the rate constant, shown in Eq. (3.28), and corresponds to a
pure Pt surface with 100% metal dispersion. The upper limit area ratios, F”, without the
consideration of the dispersion efficiency factor, are applied in Sections 4.3.2 and 4.3.3
following an adjustment for the site density ratio (= 7.75 - 1073) resulting from the mid-
point case at 1% Pt loading shown in Table 4.4. The current maximum Knudsen efficiency
factor, obtained from the geometrical approach [11], is presented in Section 2.3.2.1. A
comparison of the Knudsen efficiency factors including the expression proposed by Giani

et al. [55], is shown in Table 4.8. The above parameter choices hence correspond to the
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maximum expected catalytic activity and it was found necessary, based on Test Case 5,
to reduce the effective reaction rate by a constant factor of 4.44. The latter is similar as
to the impact of dispersion and the reduced Knudsen diffusion efficiency and was applied
to computations in Sections 4.3.2 and 4.3.3. Furthermore, some uncertainties prevail in
relation to the catalyst preparation (e.g. the impact of calcination, sintering and loss
of activity over time). The impact of dispersion is further considered in Section 4.3.4.

Finally, radiative heat loss was not imposed in the computations.

Table 4.8: Calculated Knudsen efficiency factors, at different Pt loadings, via the geo-
metrical [11] and Giani et al. [55] approach, at 600 K.

Pt loading Ne [11] Ne [55]
0.5 wt % 3.66 - 1072 1.43-1072
1wt % 3.44 -1072 1.24-1072
3wt % 3.86 - 1072 1.70 - 1072

4.2.1 Gas phase chemistry

A detailed mechanism which stems from the work of Leung and Lindstedt [12], Lindstedt
and Skevis [59], Lindstedt and Meyer [13], Sun et al. [125], Vincent et al. [11] and Kraus
and Lindstedt [14, 15] was adopted as the basis of the gas phase chemistry along with the
corresponding thermochemical and transport data. The aim of the current investigation
is not the gas phase kinetics, but the surface chemistry, so no attempt was made to
develop the C;-C, mechanism further.

The C;-C, basis gas-phase mechanism comprises 271 reactions and 44 gas phase
species: H,, O,, H, OH, O, H,0, HO,, H,0,, C,H;, C,H;, C,H,, C,H,, CH,, CHj,
CH,s, CH,t, CH, C,, CO, CO,, CH,0, CHO, CH;0H, CH,;0, CH,OH, C,0, C,H, C,HO,
C,H,0, C,H,, CH;CHO, CH,CO, C,, CH,CHO, H,C,, CH;00, CH;00H, CHCH,O,
C,H,0, C,H,00H, C,H;0, C,H,00, C,H,O0OH, N,. However, it is further augmented
by a comprehensive -C; [12] and -N [60, 61, 62, 63, 64] containing mechanism which is
composed of 431 additional reactions and 62 additional species : C;H, C;H,, C;H,1, C;H;,
C;H,a, C3Hyp, C3H, b, C;H a, C3H,s, CsHqt, CsHyb, CsHgb, C3Hg, CsHon, C3H- i, CyHg,
C;H,0, C;H,0, C;H,0, C;H,0, C;H,Op, C;H,0t, C;H,Oa, C;HO, C;H,Oa, C;HiOp,
C;H,0i, C3H,On, C;H,OH, C;H,O0Hi, C;H,OOHn, C;H.00i, C;H,O0n, C;H,;OO0H,
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NH,, NH,, NH, N, N,H,, NNH, HNO, NO, NO,, N,O, HCN, CN, NCO, HNCO, HOCN,
HNO,, H,CN, HCNO, HNC, CH;NO,, CH,NO,, N,, N;, NO,, N,O,, N,O,;, HNO;,
N,O,, HN;. The mechanism has been comprehensively validated [60, 61, 62, 63, 64]
with particular emphasis on the performance under SNCR (selective non-catalytic re-
duction) conditions for NO removal in the presence of ammonia [60, 61, 62]. Hence, it
provides a link between two alternative technologies and, more importantly in the cur-
rent context, also permits the computation of interconversion of oxides of nitrogen in the
exhaust pipe after to the catalytic converter. The mechanism has also been found to

perform well under more extended conditions [126].

4.2.2 Surface chemistry

The surface chemistry applied in this chapter, constitutes an extension of Kraus and
Lindstedt [14, 15] catalytic chemistry based on VTST calculations, as mentioned in
Chapter 2. The basis surface mechanism comprises 320 reversible catalytic reactions
and 34 surface species: CoHg(s,), CH,CH,4(s), CoH,(s), CoH,(s,), CHCH,4(s,), CHCH,(s),
CHCH,(s;3), CCHg(s3), CCH,(s,), CCHy(s3), CoHy(s3), CHy(s), CHy(s,), CH(s), CO(sy),
CO,(s,), CH;0H(s), CH;0(s), CH,OH(s), CH,O(s), CHOH(s,), CHO(s), CCH(s), C(s3),
COH(s3), COOH(s), Hy(s), Oy(sy), O(s), OH(s), H(s), H,O(s), OOH(s), HyO4(s,). How-
ever, it is further augmented by a comprehensive -C; and -N element based mechanism
which is composed of 32 additional reversible catalytic reactions and 7 additional surface
species: C3Hg(sy), C3Hs(s), N(s), NO(s3), NO,(s), NyO(s,), Ny(sy). The latter -C; sur-
face mechanism was further updated by 11 reversible catalytic reactions and 2 additional
surface species: C,H;CH(s,) and C,H;C(s;).

The applied surface configurations of the 9 additional surface species along with the
corresponding bond type and bond lengths are included in Table 2.3. Additionally, the
respective total bond energies are presented in Table 2.5. The geometrical parameters,
used as input data, for the determination of recombination, surface bimolecular, surface
unimolecular and isomerisations with site reaction classes, are calculated by the Steric

program [66], as illustrated in Table 3.2.
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4.3 Results

4.3.1 Methodology

The methodology applied to model the TME data [2] is based on the determination of
mobile and immobile sticking coefficients via VIST and the application of Sprowl at
al. [16] approximation for the treatment of rotational partition functions, as discussed in
Chapter 3. Apart from the molecular adsorption reactions of NO and C,H,, which were
treated using a mobile transition state prior to surface attachment, resulting in the omis-
sion of the x% scaling factor from the rate constant expression, shown in Eq. (3.28), the
C;Hg and C,H;CH direct adsorption reactions, are also subject to the same consideration

along with the adjustments presented in Sections 4.3.1.1 and 4.3.1.2.

4.3.1.1 Global catalytic C;Hy step sub-mechanism

The overall surface chemistry for C;Hg adsorption and decomposition is not well es-
tablished at present. The analysis performed below and applied in the simulations of
Section 4.3.2.6, suggests a global activation energy of 39.4 kJ/mol. This is broadly con-
sistent with the value of 41 kJ/mol estimated by TME [2]. Therefore, an energy correc-
tion € to the activation energy E4 of the C;H, adsorption reaction was introduced to
better describe the C4Hg behaviour on the Pt surface, in the whole temperature range
(450 K < T < 800 K). The value of 39.4 kJ/mol is evaluated based on the following
expression, where Ty = 450 K and 7 = 800 K.

T T,
e=R—"" In100 ~ 39.4kJ /mol. (4.3)
T, —1Tp

= ) can be absorbed into the

Consequently, from Eq. (4.4), the constant term exp ( 5T

pre-exponential factor A, as shown in Eq. (4.5).

E
keff = AT’B exp (— %;8> exp <RLT) (44)
0

(4.5)

E
keﬁr:A/Tﬂ exp (— A+€)

RT
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Therefore, the pre-exponential factor used for the C;Hy direct adsorption reaction is given

by Eq. (4.6),

A= A exp <RLT> : (4.6)
0

where ¢ is the constant value of energy, given by the Eq. (4.3) for the temperature
interval between Ty and Tj. Subsequently, for the intermediate temperatures T in the
Ty < T < T, interval, Eq. (4.5) allows for a smooth monotonic interpolation of keg.
Hence, an irreversible C;Hy adsorption reaction was used.

The surface reversible reactions, with the exception of the initial adsorption, involved
in the C4Hg sub-mechanism are presented in Table 4.9, where the global C;Hy direct
adsorption reaction has been included. The surface bimolecular reaction (4), shown in
Table 4.9 was also disabled following a sensitivity analysis for the identification of the
rate-limiting steps [127]. The values of the rate constants were evaluated based on the

implementation of a T, fixed at 298 K.

4.3.1.2 Towards detailed C3Hg4 catalytic chemistry

Given the fact that a use of a global irreversible adsorption reaction of C;H, does not allow

for a detailed and completely accurate description of the proposed chemical mechanism,

CsHe(s2) CsHs(s)
H
H
H H
oA Hw /C/—Ci—H
H—C==Cc—C—H c” H
AN
H |
C;H5CH(s;) C,H;5C(s3)
H H
H / H /
N\ _C—H \_C—H
/C \H /C \H
H | H” |
¢c—H

C
I l

Fig. 4.1: Schematic of the adsorbate geometry of C3Hg, C3Hy, CoH;CH, CoH5C. These
diagrams do not accurately represent the molecular interaction.
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Table 4.9: Global catalytic C3Hg step sub-mechanism at 6 = 20% [100] of the magnitude
of Qc.m.0.n- The units of the pre-exponential factors, A, are [kmol, m?, s], depending
on the reaction class and the activation energies, F 4, are evaluated in kJ/mol.

# Reactions A I} Ey
1 CsHg +2s — CsHg(s2) 1.33006E+14 | -0.50 | 39.40
2 CsHg(s2) — CsHg +2s 0.00000E+00 | 1.00 |39.13
3 CsHg(s2) — CHs(s) + CHCHa(s) 2.08366E+10 | 1.00 | 100.47
4 CHj(s) + CHCHa(s) — CsHg(s2) 0.00000E+00 | 0.50 | 0.00
5 s + C3Hsa — Cs3Hs(s) 4.21289E+09 | -0.50 | 0.00
6 C3Hs(s) — CsHsa + s 1.10134E+11 | 1.00 | 41.52
7 CsHs(s) +4s — CCHs(sg) + CHa(s2) 1.32573E+07 | 0.50 |113.74
8 CHa(s2) + CCHs(ss) — CsHs(s) +4s 6.02307E+09 | 0.50 | 60.54
9 C3Hs(s) + 25  — CHy(sy) + CHCHy(s) | 8.48464E+08 | 0.50 | 85.98
10 CHa(s2) + CHCHa(s) — CsHs(s) + 2 6.28757E+09 | 0.50 | 37.66
11 C3Hs(s) + 35  — CoHa(sy) + CHs(s) 1.25698E-+08 | 0.50 | 0.00
12 CHj(s) + CoHa(s3) — CsHs(s) + 2 6.35120E-+09 | 0.50 | 63.07
13 C3Hs(s) +3s — C(s3) + CH2CHs(s) 1.25698E+08 | 0.50 | 6.70
14 C(s3) + CHoCHs(s) — CsHs(s) + 3 s 6.03919E+09 | 0.50 | 101.66
15 O(s) + CsHsa + 3s  — CyHy(s) + COH(ss) 4.69320E+08 | -0.50 | 0.00
16 CoHy(s) + COH(s;) — CsHsa + O(s) + 3 s 5.37732E+09 | 0.50 |97.43
17 OH(s) + CsHsa + 3s — CHCHs(s2) + CHOH(s2) | 3.89821E+07 | -0.50 | 34.44
18 | CHCHs(s2) + CHOH(s2) — CsHsa + OH(s) + 3 s 5.38703E+4-09 | 0.50 |45.46
19 OH(s) + C3Hs(s) — CsHg + O(s) + s 6.38270E+09 | 0.50 | 0.00
20 s+ O0(s) + CsHg  — C3Hs(s) + OH(s) 1.70040E+10 | -0.50 | 15.39
21 C3Hg(so) — CsHs(s) + H(s) 2.08366E+10 | 1.00 | 87.68
22 H(s) + C3Hs(s) — CsHg(sa) 1.97271E+10 | 0.50 | 0.00

further investigation has to be conducted towards this direction. Alternative propene

and propenyl adsorption modes on the Pt surface have been determined based on the

configurations suggested by Chatterjee et al. [1]. More specifically, based on the previous

approach, described in Section 4.3.1.1, the C;Hy attaches on two Pt sites through a
bridged configuration by breaking of the pi-bond. On the other hand, the C,H,CH
isomer requires a hydrogen transfer as the carbon atom attaches directly on two Pt sites,
as illustrated in Fig. 4.1.

Both configurations are included in the more detailed C4;Hg reaction network. An

alternative surface configuration of C,H.C on the metal surface was also explored via a



Chapter 4. Multi-scale simulation of NOx removal using Pt/Al,O4 catalysts 120

dissociative adsorption on three Pt sites and also incorporated in the mechanism. The new
reactions added in the previous reaction scheme correspond to the (23) - (42) presented
in Table 4.10. In order to decouple the rates of the desorption steps related to the
thermodynamics applied for C;Hg(s,) and C,H;CH(s,), the isomerisation reactions (25)
and (26) were removed due to potential inaccuracies as highlighted for the -C, mechanism
in Section 3.3.1.1. The oxidation pathways (35) - (42) are included as they enable a more

sophisticated order of magnitude estimates, while the dissociative adsorption sequence

(33) - (34) is also considered for the mitigation of the H bond split via the respective heat

of adsorption.

Table 4.10: Detailed C3H surface reaction sub-mechanism at 6 = 20% [100] of the
magnitude of Qc m,0,n. The units of the pre-exponential factors, A, are [kmol, m?,
s|, depending on the reaction class and the activation energies, F4, are evaluated in

kJ/mol.

# Reaction A I} Ey
1 CsHg +2s — C3Hg(sa) 3.55043E+10 | -0.50 | 0.00

2 CsHg(s2) — CsHg + 25 1.25250E+09 | 1.00 | 39.13
3 C3Hg(sz) — CHs(s) + CHCHay(s) 2.08366E+10 | 1.00 | 100.47
4 CHs(s) + CHCHa(s) — CsHg(se) 6.13949E409 | 0.50 | 0.00

5 s + C3Hsa — C3Hs(s) 4.21289E4-09 | -0.50 | 0.00

6 CsHs(s) — CsHsa +s 1.10134E+11 | 1.00 | 41.52
7 CsHs(s) +4s — CCHs(ss) + CHa(se) 1.32573E+07 | 0.50 | 113.74
8 CHy(ss) + CCHs(ss) — CsHs(s) +4s 6.02307E+09 | 0.50 | 60.54
9 C3Hs(s) + 28  — CHy(sz) + CHCHa(s) 8.48464E408 | 0.50 | 85.98
10 CHa(s2) + CHCHa(s) — CsHs(s) + 2 6.28757E409 | 0.50 | 37.66
11 CsHs(s) +3s — CgoHa(ss) + CHs(s) 1.25698E+08 | 0.50 | 0.00
12 CHs(s) + CoHa(ss) — CsHs(s) +2s 6.35120E+09 | 0.50 | 63.07
13 C3Hs(s) +3s  — C(s3) + CH2CHs(s) 1.25698E+08 | 0.50 | 6.70
14 C(s3) + CH2CHs(s) — CsHs(s) +3s 6.03919E+409 | 0.50 | 101.66
15 O(s) + CsHsa + 35 —  CoHy(s) + COH(ss) 4.69320E+08 | -0.50 | 0.00
16 CoHy(s) + COH(ss) — CsHsa + O(s) + 3 s 5.377T32E+09 | 0.50 | 97.43
17 OH(s) + CsHsa + 3s — CHCHs(sy) + CHOH(sy) | 3.89821E+07 | -0.50 | 34.44
18 CHCHs(s2) + CHOH(s2) — CsHsa + OH(s) + 3 s 5.38703E+409 | 0.50 | 45.46
19 OH(s) + C3Hs(s) — CsHg + O(s) + s 6.38270E-+09 | 0.50 | 0.00
20 s+ O(s) + C3Hg — C3Hs(s) + OH(s) 1.70040E+10 | -0.50 | 15.39
21 CsHg(s2) — CsHs(s) + H(s) 2.08366E+10 | 1.00 | 87.68
22 H(s) + C3Hs(s) — CsHg(se) 1.97271E+10 | 0.50 | 0.00
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# Reaction A I} E4
23 C3Hg +2s — CoHs5CH(se) 9.82480E+10 | -0.50 | 0.00
24 CyH5CH(s2) — C3Hg +2s 1.35849E+10 | 1.00 | 84.33
25 C3Hg(s2) — CoH5CH(ss) 0.00000E+00 | 1.00 | 0.00
26 CoH5CH(sy) —  CsHg(ss) 0.00000E+00 | 1.00 | 0.00
27 CoH5CH(sz) + 25 — CH,CHs(s) + CH(ss) 8.22495E+08 | 0.50 | 47.67
28 CH(s3) + CHoCHs(s) — CoHsCH(so) + 2 6.26159E+09 | 0.50 | 59.76
29 CoHsCH(ss) + 25— CoHsC(ss) + H(s) 8.22495E+08 | 0.50 | 104.79
30 H(s) + CoHsC(ss) — CoHsCH(sy) + 25 2.07501E+10 | 0.50 | 0.00
31 s+ CoHsC(s3) — C(ss) + CHyCHs(s) 3.55218E+09 | 0.50 | 0.00
32 C(sy) + CHoCHs(s)  —  CoHsC(s3) + s 6.03919E+09 | 0.50 | 177.76
33 CsHo +4s — CoHsC(sy) + H(s) 5.41354E+09 | -0.50 | 156.58
34 H(s) + CoHsC(s3) — CsHg + 4 s 2.07501E+10 | 0.50 | 0.00
35 O(s) + CoH5CH(sy) — CHCHs(s) + CHO(s) +s | 6.00026E+09 | 0.50 | 0.00
36| s+ CHO(s) + CH,CHs(s) — CoHs;CH(se) + O(s) 5.29470E+09 | 0.50 | 126.98
37 OH(s) + CoH5CH(sy) — CHoCHs(s) + CHyO(s) + s | 6.24300E+09 | 0.50 | 0.00
38 | s+ CH,O(s) + CHoCHs(s) — CoHsCH(sy) + OH(s) 5.274T1E+09 | 0.50 | 98.01
39 O(s) + CoH5C(s3) — CHoCHy(s) + CO(s0) + 6.43992E+09 | 0.50 | 0.00
40| s+ CO(s2) + CHoCHs(s) — CoHsC(ss) + O(s) 5.20069E+09 | 0.50 | 276.71
41 OH(s) + CoH5C(ss) — CHyCHs(s) + CHO(s) + 2 s | 6.67484E+09 | 0.50 | 0.00
42 | CHO(s) + CHoCHs(s) + 25  — CyHsC(ss) + OH(s) 1.32368E-+09 | 0.50 | 162.29

4.3.2 Mechanism evaluation for nine different test cases

The results presented below show computations featuring the use of the developed re-

action mechanism. The key point is a one-to-one comparison of CO, NO and C;Hy

conversion against temperature, with the experimental data [2]. The square symbols cor-

respond to experimental data [2], while the lines to the calculations, for the temperature

range of 450 K - 800 K. The diffusion limitations of § = 12% [99] and § = 20% [100] of

the bond energy holding the chemisorbed species to the surface are explored. Given the

fact that, the species migration from one lattice site to a neighbouring, depends on the

diffusion barrier, an investigation of a low and upper limit 6 of the Q¢ m o n allows the

study of the species mobility on the catalytic surface.
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The experimental conditions [2] used below, are presented in Table 4.2. The composi-
tion of the inlet gas mixture is nearly stoichiometric, while in each of the following Test
Cases, three experimental parameters (noble metal loading, coat amount and the ratio
of active catalyst to geometrical surface area) are varied, as shown in Tables 4.12-4.20.
In a link to the Chapters 2, 3 and 5 the effect of different parameters on the current ex-
perimental conditions [2] are presented in Sections 4.3.2.1-4.3.2.5, for the mid-Test Case
5 [2], at the low and upper limit of § = 12% [99] and 6 = 20% [100] of the Qc.mo.n,
respectively. The C;Hy catalytic chemistry considering a global irreversible C;Hy direct

adsorption reaction is applied below.

4.3.2.1 Effect of alternative heat of adsorption for N,O(s,)

Test Case 5

An alternative value for the heat of adsorption of N,O(s,), suggested by Avery [28], is

implemented in the following computations for the study of its impact on the current

Table 4.11: Experimental conditions provided by TME [2] for Test Case 5.

Pt loading 1 wt%
Al,O5 coat amount 92 g/L
Ratio of active catalytic surface to geometrical area 27.79
100 0 = 19% /____'_...l..l.-l-l.l.l 100 6 =20% “.-‘l'.!.lla.!
= i = I E
T 75 ,'l . ? 75 - A
§ lll L] 2 - ‘l‘
£ 50 i £ 50 . 4
é lll -. é .. '/
8 25 /l » ---= 72.6 kJ/mol 8 25 - ‘/‘ ---- 72.6 kJ/mol
ey “=++ 21,9 kJ/mol . “=++ 21,9 kJ/mol
8 "';'—,“_f /my 8 ____._‘,g_".—" /my
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Fig. 4.2: Conversion of CO at the reactor outlet against the wall temperature. Im-
plementation of Ec p.o ndiff at 6 = 12% [99] and 6 = 20% [100] of the magnitude of
Qc,n,0,n- Comparison of the heat of adsorption (Qn,0(s,) = 72.6kJ/mol) applied in
the current computations with an alternative value (Qn,0(s,) = 21.9kJ/mol) [28], along
with the related experimental data provided by TME [2] for Test Case 5.
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chemical system. The Qn,0(s,) used in the following Test Cases is equal to 72.6 kJ/mol
and constitutes the input value applied in the proposed reaction mechanism. However, a
large discrepancy with the respective value at 21.9 kJ/mol [28], presented in Table 2.6,
leads to a further investigation. Figures 4.2 and 4.3 show a complete identification of the
two cases examined. Therefore, the use of a lower heat of adsorption for N,O(s,) does

not influence the CO, NO and C4Hy conversion.
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Fig. 4.3: Conversion of NO and C3;Hg at the reactor outlet against the wall temperature.
Implementation of Ec go ndiff at @ = 12% [99] and 6 = 20% [100] of the magnitude
of Qc,u,0,n. Comparison of the heat of adsorption (Qn,0(s,) = 72.6kJ/mol) applied
in the current computations with an alternative value (Qn,0(s,) = 21.9kJ/mol) [28],
along with the related experimental data provided by TME [2] for Test Case 5.

4.3.2.2 Effect of different CO desorption energies

Test Case 5

The effect of different CO desorption energies is examined in this Section. In particular,
the previous applied CO desorption activation energy, evaluated at 134 kJ/mol [11, 14, 15]
was compared to an updated value of 187 kJ/mol [128]. As illustrated in Fig. 4.4, no

difference between the two cases is observed, however a slight impact of the 187 kJ/mol
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in the chemical system is outlined in Chapter 5, resulting in this examination. The same

experimental conditions shown in Table 4.11 are applied.
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Fig. 4.4: Conversion of CO, NO and C3Hg at the reactor outlet against the wall tem-
perature for different desorption energies set at 134 [11, 14, 15] and 187 kJ/mol [128].
Implementation of Ec o ndfr at @ = 12% [99] and § = 20% [100] of the magnitude
of Qc,m,0,n. Comparison with the experimental data provided by TME [2] for Test
Case 5.
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4.3.2.3 Effect of vibrational partition function fixed at 800 K, for CO direct

adsorption reaction

Test Case 5

The effect of a vibrational partition function fixed at 800 K [14, 15] exclusively for CO
direct adsorption reaction is examined below. For the rest of catalytic reactions a fixed

Ty at 298 K is applied.
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Fig. 4.5: Conversion of CO, NO and C3Hg at the reactor outlet against the wall tem-
perature. Implementation of Ec g o ndifr at @ = 12% [99] and 6 = 20% [100] of the
magnitude of Q¢ m,0,n. Comparison of the Tj,» = 298 K applied in the main computa-
tions with Tiv = 800 K [14, 15], exclusively for the CO adsorption reaction. Comparison
with the experimental data provided by TME [2] for Test Case 5.



Chapter 4. Multi-scale simulation of NOx removal using Pt/Al,O4 catalysts 126

As shown in Fig. 3.8 for T;» = 800 K, the CO adsorption on two Pt sites presents a
mobile transition state, as in the case of T;» = 298 K, however a better reproduction of the
experimental data was obtained. Therefore, a related comparison over the experimental
data provided by TME [2] can underline the performance of CO adsorption reaction at
both T,» on the current system. Figure 4.5 demonstrates a slight difference between the
two Ty for CO adsorption reaction, mainly for the NO and C4;Hy conversion. The case
of chvo = 800 K agrees better with the experimental data [2] at the upper limit diffusion
barrier (0 = 20% [100]) indicating a faster conversion compared to the low limit diffusion
barrier.

In general terms, despite the larger discrepancy with the related experimental sticking
coefficients shown in Fig. 3.7, the present results do not impose an alteration of the general
methodology used at T)» = 298 K, for all the species. However, the chvo = 800 K can be
adopted for CO direct adsorption reaction, for more accurate and consistent results. The

same experimental conditions shown in Table 4.11 are applied.

4.3.2.4 Effect of vibrational partition function fixed at 800 K

Test Case 5

The effect of vibrational partition function fixed at 800 K, as proposed by Kraus and
Lindstedt [14, 15] is examined below. A comparison between a fixed T,» at 298 K and
800 K, concerning the whole catalytic reaction mechanism, is presented in Fig. 4.6. The
two different cases of Tj» seem to completely agree at lower temperatures for both 6 =
12% [99] and 6 = 20% [100], especially for the CO adsorption. However, the T,» = 298 K,
seems to better predict the experimental data [2]. This could be a reasonable outcome
based on the results shown in Chapter 3, where the evaluated sticking coefficients of the
most representative chemical species reproduce better the experimental data obtained
from literature sources, at T,» = 298 K. The same experimental conditions shown in

Table 4.11 are applied.



Chapter 4. Multi-scale simulation of NOx removal using Pt/Al,O4 catalysts

127

1001 5 199 " A
< H III .f.
= 75 e
= v
2 Iim
% 50 ’,5", :
= /
g 25 S —--- T =208K
S | g e
400 500 600 700 800 900
T [K]
1001 9 = 12% [
X / ,,' . " .
- 75 H K l. e,
o] I [
2 [ .
2 = ]! [ ]
= 50 e .
g F n
S 25 v, - T =208 K
o - —mm T =800K
Z e L
400 500 600 700 800 900
T [K]
__ 1007 9 =129 [ e
[} 75 II /I ...
.S AN
@ 50 I/I /1 .I
< o .
é I’I III
Q ;o -
22 VAV ---- T, =298K
= - ——== T =800 K
© 400 500 600 700 800 900
T [K]

100

75

50

25

CO conversion [%]

NO conversion [%)]

0 =20%

— T, =208K
— T, =800K

400

500

800 900

100

75

50

25

C3Hg conversion [%]

0 =20%

— T, =208K
— T, =800K

800 900

Fig. 4.6: Conversion of CO, NO and C3Hg at the reactor outlet against the wall tem-
perature. Implementation of Ec g o ndiff at 0 = 12% [99] and 6 = 20% [100] of the
magnitude of Q¢ ,7,0,n. Comparison of the Tj» = 298 K applied in the current com-
putations with Tj,» = 800 K [14, 15]. Comparison with the experimental data provided

by TME [2] for Test Case 5.
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4.3.2.5 Effect of immobile TS for the H, direct adsorption reaction

Test Case 5

In the context of the determination of mobile or immobile T'S of chemical species, H,

was found to present an immobile TS when it adsorbs on the Pt surface, based on an

extensive comparison with experimental data from literature sources, shown in Fig. 3.3.
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Fig. 4.7: Conversion of CO, NO and C3Hg at the reactor outlet against the wall tem-
perature. Implementation of Ec go ndiff at 0 = 12% [99] and 6 = 20% [100] of the
magnitude of Q¢ p,0,n. Comparison of the mobile and immobile T'S of H, adsorption
reaction, along with the related experimental data provided by TME [2] for Test Case 5.
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Practically, the rate constant of the H, immobile TS of adsorption reaction is not eval-
uated based on the Sprowl et al. [16] approximation and the respective expression of
sticking coefficient, described by Eq. (3.27). Equation (3.7) for the immobile sticking
coefficient is directly applied in the expression of the rate constant, via Eq. (3.28). The
comparison of the two transition states of H, does not lead to any alteration in the final
outcome. Therefore, the nature of the H, adsorption on the metal surface does not influ-
ence the conversion of CO, NO and C3Hg. The rest of the H, adsorption reaction classes
(e.g. dissociative adsorption, Eley-Rideal adsorption) included in the proposed reaction
mechanism are determined via the assumption of a mobile TS retained from previous

works [14, 15]. The same experimental conditions shown in Table 4.11 are applied.

4.3.2.6 Test Cases

In the context of the previous investigations of Test Case 5, shown in Sections 4.3.2.1-
4.3.2.5, the alternative values Qn,0(s,) = 72.6 kJ/mol and Qco(s,) = 187 kJ/mol are
preferred in the surface reaction mechanism. However, no appreciable differences were
noticed when compared with alternative values. Additionally, the case of a fixed Tj» at
298 K is implemented in the following Test Cases. However, following the examination of
the effect of the Tj» fixed at 800 K, exclusively for the CO direct adsorption reaction and
for the whole catalytic mechanism, presented in Sections 4.3.2.3 and 4.3.2.4, respectively,
the need to identify the corresponding impact for all the Test Cases arose. Section 4.3.2.7
demonstrates the effect of a T, = 800 K on CO direct adsorption reaction based on
the related behaviour shown in Fig. 3.8. It should be noted that the revised value for
CO adsorption also provides agreement with experimental data for sticking coefficients
as discussed in Section 3.2.1. Finally, as shown in Section 4.3.2.5 the use of an immobile
TS for the H, direct adsorption reaction instead of a mobile does not affect the obtained
results. Therefore, the respective mobile TS is retained from Kraus and Lindstedt [14, 15].
The C;Hg catalytic chemistry considering a global irreversible CsHy direct adsorption

reaction is applied below.
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Test Cases 1 - 3

The conversion rates of CO, NO and C;Hy as a function of temperature are shown in
Figs. 4.8-4.10, for the Test Cases 1, 2 and 3, corresponding to the lower Pt loading at
0.5 wt%. Diffusion barriers set at 6 = 12% [99] and 6 = 20% [100] of the magnitude of
bond energy holding the chemisorbed species to the surface, are examined.

Concerning the Test Case 1, shown in Fig. 4.8, the conversion of NO and C;H, starts
at 450 K and increases up to 100%. The CO conversion begins in the same temperature
as the two other chemical species, but it can not reach the maximum of 100%. The NO
and C3Hy are completely converted at 700 K. Although, CO conversion shows a good
agreement with experimental data [2] at low temperatures, its conversion evolves at a
low rate, especially when a higher diffusion barrier, Ec g0 n4diff, is imposed. The NO
and CyHg profiles agree with the experimental data [2] for the same case. As noted in
Section 4.3.2.7, the use of a higher sticking coefficient resulting from a fixed 7T;» = 800 K
for the CO adsorption reaction improves the agreement significantly.

Figure 4.9 presents the CO, NO and C;Hy conversion against temperature, for Test
Case 2. The CO conversion reproduces the experimental data [2] to a satisfactory degree,
mainly for the intermediate temperatures, for the case of § = 12% [99]. The NO and
C,Hg conversions qualitatively seem to follow the trend of the experimental points [2]
and the case of § = 20% [100] contributes to better agreement.

As shown in Fig. 4.10 corresponding to Test Case 3, the CO conversion reproduces the
experimental data [2] to an adequate level, when a lower diffusion barrier is applied, while
the computational lines of NO and C;Hg conversions indicate the case of 8 = 20% [100],
as a method of choice.

Summarizing, a consistent behaviour of the species conversion against temperature
for the corresponding diffusion barriers can be noticed, for the Test Cases 1 - 3. The
low Pt loading impacts to a more significant degree the CO conversion compared to
NO and C3Hy. More specifically, as shown in Fig. 4.8, the low Pt loading leads to a
poor conversion level of CO for the lowest coat amount between the three cases, and
subsequently ratio of active catalytic surface to geometrical area. A gradual increase of
the two latter parameters can be observed for Test Cases 2 and 3, leading to a better

performance of CO against temperature. The higher coat amount enables the expansion
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of the Pt surface leading to a more efficient metal dispersion. This favours the completion
of CO conversion in Test Case 3 for both 6 = 12% [99] and 6 = 20% [100], and in Test
Case 2 for the lower diffusion barrier.

Figures 4.8-4.10 show that the NO and C;Hy are converted slower, under a higher
diffusion barrier, following the trend of experimental data [2]. Given the fact that, the
diffusion barrier equals the value of the potential barrier that has to be overcome by
the molecule in order to occupy a new balanced position on a neighbouring atom of the
catalytic surface, it is possible that CO may need a lower diffusion barrier for a better
reproduction of the experimental data [2]. The diffusion energy barrier of an atom or
molecule is correlated with the respective binding energy on the metal surface. The
higher binding energy of CO at 187 kJ/mol leads to a lower diffusion rate on the surface,
compared to the respective values at 71.8 kJ/mol and 39.1 kJ/mol of NO and CjH,.

However, the impact of the CO sticking coefficient is also significant, as outlined above.
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Test Case 1

Table 4.12: Experimental conditions provided by TME [2] for Test Case 1.

Pt loading 0.5 wt%
Al,O4 coat amount 60 g/L

Ratio of active catalytic surface to geometrical area 9.92
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Fig. 4.8: Conversion of CO, NO and C3Hg at the reactor outlet against the wall
temperature, for the global catalytic C3Hg step sub-mechanism. Implementation of
Ec voNdiff at 0 =12% [99] (=) and @ = 20% [100] (——) of the magnitude of Qc,m,0,N-
Comparison with the experimental data provided by TME [2] for Test Case 1.
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Test Case 2

Table 4.13: Experimental conditions provided by TME [2] for Test Case 2.

Pt loading 0.5 wt%
Al,O3 coat amount 92 g/L

Ratio of active catalytic surface to geometrical area 15.01
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Fig. 4.9: Conversion of CO, NO and C3Hg at the reactor outlet against the wall
temperature, for the global catalytic C3Hg step sub-mechanism. Implementation of
Ecrondiffat 0 =12% [99] (=) and 8 = 20% [100] (——) of the magnitude of Q¢ x,0.N-
Comparison with the experimental data provided by TME [2] for Test Case 2.



Chapter 4. Multi-scale simulation of NOx removal using Pt/Al,O4 catalysts 134

Test Case 3

Table 4.14: Experimental conditions provided by TME [2] for Test Case 3.

Pt loading 0.5 wt%
Al,O3 coat amount 171 g/L

Ratio of active catalytic surface to geometrical area 27.91
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Fig. 4.10: Conversion of CO, NO and C3Hg at the reactor outlet against the wall
temperature, for the global catalytic C3Hg step sub-mechanism. Implementation of
Ecrondiffat0=12% [99] (—) and 8 = 20% [100] (——) of the magnitude of Q¢ x,0.N-
Comparison with the experimental data provided by TME [2] for Test Case 3.
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Test Cases 4 - 6

The following Test Cases 4 - 6, correspond to an intermediate Pt loading at 1 wt%,
while the coat amount changes gradually from 60 g/L to 171 g/L, as also shown for Test
Cases 1 - 3. However, the values corresponding to the ratio of active catalytic surface to
geometrical surface present higher values compared to the ones illustrated in Tables 4.12-
4.14, due to the higher metal loading applied.

Figure 4.11 illustrates the conversion rates of the studied species, for Test Case 4.
As the metal loading increases from 0.5 wt% to 1 wt%, the CO and NO conversion
better follow the trend of the experimental points [2], especially for the lower diffusion
barrier corresponding to 8 = 12% [99]. The case of § = 20% [100] for C;Hy presents a
better agreement with the experimental data [2], mainly at lower temperatures, up to
600 K. Additionally, a decrease of NO conversion rate can be noticed after 660 K, in the
experimental data [2] of the following Test Cases, as well as in Test Cases 1 and 3. The
latter behaviour is not reflected in the current computations as complete conversion of
NO was obtained. The incorporation of HC-NH; processes into the reaction mechanism,
occuring on the catalytic surface, may explain this behaviour noticed in some of the
examined Test Cases. Such an inclusion opens a window towards the study of HC-N
catalytic reactions based on the recent observations outlined by TME [2]. Furthermore,
interactions between some of the oxygenated compounds from the catalytic converter and
nitrogen in the gas phase, may also lead to this outcome.

The CO, NO and C3Hy conversions as a function of temperature are also shown in
Fig. 4.12, for Test Case 5. In this Test Case, an additional calculation was added as
a means of comparison. In particular, a different diffusion consideration was imposed
based on the element-based reactant. For C, H, O - element based reactants a lower
diffusion barrier, Ec p.0.4iff, Was applied through 0 = 12% [99] of the magnitude of the
corresponding heat of adsorption Q¢ g0, while for the N - element based reactants a
higher diffusion barrier, Ey q;ry was used via a § = 20% [100] of Q. As also observed
in the Test Case 4, the lower diffusion barrier favours the CO conversion towards the
respective experimental data [2], while the NO and C;H, represent better the experiments

when the higher diffusion barrier is applied. The implementation of a "mixed” diffusion
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barrier depending on the type of reactant, illustates that an extensive analysis of diffusion
barriers and their coupling to activation energies could further improve agreement.
Almost the same behaviour for Test Case 5, can be observed in Fig. 4.15 for Test
Case 6, for all the species conversions examined at 6 = 12% [99] and 6§ = 20% [100]. As
the Al,O4 coat amount increases gradually from Test Case 4 to Test Case 6, allowing a
better dispersion of Pt sites, the catalytic activity is automatically impacted leading to a
better representation of species conversion towards the experimental data [2]. The C;Hg

successfully reproduces the experimental data [2] at § = 20% [100].
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Test Case 4

Table 4.15: Experimental conditions provided by TME [2] for Test Case 4.

Pt loading 1 wt%
Al,04 coat amount 60 g/L

Ratio of active catalytic surface to geometrical area 18.36
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Fig. 4.11: Conversion of CO, NO and C3Hg at the reactor outlet against the wall
temperature, for the global catalytic C;Hg step sub-mechanism. Implementation of
EcvoNdiff at 0 =12% [99] (=) and @ = 20% [100] (——) of the magnitude of Qc,m,0,N-
Comparison with the experimental data provided by TME [2] for Test Case 4.
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Test Case 5

Table 4.16: Experimental conditions provided by TME [2] for Test Case 5.

Pt loading

Al,O3 coat amount

Ratio of active catalytic surface to geometrical area

1 wt%
92 g/L
27.79
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Fig. 4.12: Conversion of CO, NO and CzHg at the reactor outlet against the wall
temperature, for the global catalytic C3Hg step sub-mechanism. Implementation of
Ec monNdiff at 0 =12% [99] (—) and § = 20% [100] (——) of the magnitude of Qc,m,0,N-
An additional case of E¢ pg.0.4iff and En gifs evaluation at c o = 12% [99] and Oy
= 20% [100] (—=-—) of the magnitude of Qc .m0 and Qu, respectively, is included.
Comparison with the experimental data provided by TME [2] for Test Case 5.
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In Figs. 4.14.1-4.14.3, the mol fractions of CO, NO and CsHy at 550 K, 650 K and
750 K are shown, for the different implementation of the diffusion barrier, Ec .0 n.4diff
at @ = 12% [99] (left column) and 6 = 20% [100] (right column) of the magnitude of
Qc.mon- The input and experimental data [2] correspond to the Test Case 5. The y
range demonstrates the radial position, while the downstream distance corresponds to the
length of the simulated catalytic bed. The computational domain simulates the upper
half, i.e from 0.0 to 0.623 mm, while the lower half, which is the symmetric counterpart,

is simply the mirrored data from the upper half, and was included for aesthetic reasons.
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Fig. 4.14.1: Flow fields of the CO mol fractions at 550 K, 650 K and 750 K, for Test
Case 5. The two columns correspond to the implementation of the diffusion barrier,
Ec.monNdiffs at 0 = 12% [99] (left) and 6 = 20% [100] (right) of the magnitude of

Qc,H0,N-
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The mol fraction profiles show that with the gradual increase of the temperature, the
species conversion occurs at a greater rate. In particular, the NO and C5H are converted
within the first millimeters at 750 K, and then vanish, for both 8 = 12% [99] (left column)
and 6 = 20% [100] (right column) cases. The higher value of Ec g0 n.4iff applied through
the 6 = 20% [100] (right column) of the magnitude of Q¢ i.0,n, consists a higher diffusion
limitation compared to the respective § = 12% [99] case, leading to a slower conversion,
for all temperatures and especially for 550 K and 650 K. The CO conversion is much
slower and smoother, with a complete consumption at around 20 mm and 30 mm, for

= 12% [99] (left) and 6 = 20% [100] (right), respectively, at 750 K.
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Fig. 4.14.2: Flow fields of the NO mol fractions at 550 K, 650 K and 750 K, for Test
Case 5. The two columns correspond to the implementation of the diffusion barrier,
EcmonNdiffs at 0 = 12% [99] (left) and 6 = 20% [100] (right) of the magnitude of
Qc,HON-
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Fig. 4.14.3: Flow fields of the C3Hg mol fractions at 550 K, 650 K and 750 K, for Test
Case 5. The two columns correspond to the implementation of the diffusion barrier,
Ec.moNdiffs at 0 = 12% [99] (left) and 6 = 20% [100] (right) of the magnitude of
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Test Case 6

Table 4.17: Experimental conditions provided by TME [2] for Test Case 6.

Pt loading 1 wt%

Al,O5 coat amount 171 g/L

Ratio of active catalytic surface to geometrical area 51.67
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Fig. 4.15: Conversion of CO, NO and C3Hg at the reactor outlet against the wall
temperature, for the global catalytic C3Hg step sub-mechanism. Implementation of
Ecrondiffat0=12% [99] (—) and 8 = 20% [100] (——) of the magnitude of Q¢ x,0.N-
Comparison with the experimental data provided by TME [2] for Test Case 6.
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Test Cases 7 - 9

The last three Test Cases 7 - 9 corresponding to the highest Pt loading at 3 wt%,
indicate that the use of the diffusion barrier at the upper limit of § = 20% [100] better
describes the experimental measurements [2] for all the species conversion. A larger devi-
ation can be observed when a lower diffusion barrier is applied. The higher metal loading
shows that less species diffusion is required under the given experimental conditions [2].
The NO and C;Hg conversions present a sharper slope after the light-off temperatures, for
the low diffusion barrier applied. As the active catalytic surface increases, the chemical
system is activated more rapidly, resulting to complete conversion earlier, compared to
the experimental data [2]. Therefore, by accounting for a higher diffusion limitation a
better agreement with the experimental data [2], can be obtained.

To sum up, the majority of the Test Cases investigated, follow qualitatively the trend
of the experimental points [2] with discrepancies mainly observed because of the diffusion
barriers applied, in conjuction with the inclusion of the scaling factor 1/z* in the adsorp-
tion reactions. The latter, may affect, in some cases, the calculation of rate constants,
as the impact for mobile transition states may be significant. The implementation of a
higher diffusion barrier favours the NO and C3;Hg conversion in all the Test Cases, while
at lower Pt loadings, the CO conversion presents a better agreement with the experimen-
tal data [2], under the use of lower diffusion barriers. This allows the freely movement
of the adsorbed species over the surface. However, at higher temperatures and lower Pt
loadings the experimental data [2] are under-predicted, as the diffusion barrier prevents
the complete CO conversion. Finally, all the Test Cases presented are based on compu-
tations under a fixed temperature at 298 K for the vibrational partition function and an

assumption of a mobile TS for H, retained from previous studies [11, 14, 15].
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Test Case 7

Table 4.18: Experimental conditions provided by TME [2] for Test Case 7.

Pt loading

Al,0O3 coat amount

Ratio of active catalytic surface to geometrical area

3 wt%
60 g/L
66.96

0
= o]
= i
S ;
£ 50
>
a
S 25 / - 0=12%
@) — 9=20%
@)
400 200 600 700 800 900
T [K]

100+
= 75
o I
2 /
92} ]
GE 501 !
o
S 25 --—- 6=12%
®) — §=20%
. . : : :

400 500 600 700 800 900

C3Hg conversion [%]

900

Fig. 4.16: Conversion of CO, NO and C3Hg at the reactor outlet against the wall
temperature, for the global catalytic C3Hg step sub-mechanism. Implementation of
Ecrondiffat0=12% [99] (—) and 8 = 20% [100] (——) of the magnitude of Q¢ x,0.N-
Comparison with the experimental data provided by TME [2] for Test Case 7.
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Test Case 8

Table 4.19: Experimental conditions provided by TME [2] for Test Case 8.

Pt loading

Al,0O3 coat amount

Ratio of active catalytic surface to geometrical area

3 wt%
92 g/L
101.34
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Fig. 4.17: Conversion of CO, NO and C3Hg at the reactor outlet against the wall
temperature, for the global catalytic C3Hg step sub-mechanism. Implementation of
Ecrondiffat0=12% [99] (—) and 8 = 20% [100] (——) of the magnitude of Q¢ x,0.N-
Comparison with the experimental data provided by TME [2] for Test Case 8.
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Test Case 9

Table 4.20: Experimental conditions provided by TME [2] for Test Case 9.

Pt loading

Al,O5 coat amount

Ratio of active catalytic surface to geometrical area

3 wt%
171 g/L
188.43
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Fig. 4.18: Conversion of CO, NO and C3Hg at the reactor outlet against the wall
temperature, for the global catalytic C3Hg step sub-mechanism. Implementation of
Ecrondiffat0=12% [99] (—) and 8 = 20% [100] (——) of the magnitude of Q¢ x,0.N-
Comparison with the experimental data provided by TME [2] for Test Case 9.
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4.3.2.7 Effect of vibrational partition function fixed at 800 K, for CO direct

adsorption reaction - Test Cases 1 - 9

The following Test Cases illustrate the effect of T;,» = 800 K exclusively applied on
the CO direct adsorption reaction, while a T = 298 K was used, in the remaining
catalytic mechanism. The discussion developed in Section 4.3.2.6 applies also here, with
the advantage of a better prediction of the CO conversion through the implementation of
an alternative T,» value. Test Case 5 is omitted as it is already presented in Section 4.3.2.3,
while 6 = 20% [100], is used in the current investigation, due to the better performance
demonstrated in Section 4.3.2.6. The global irreversible C;Hy direct adsorption reaction
is applied. The application of 7T;;» = 800 K for the CO direct adsorption reaction favours
the agreement for CO conversion for the whole range of Pt loadings, while the respective
NO and C;Hg conversions show a slight discrepancy between the two approaches at
Ty = 298 K and Tj,» = 800 K. Finally, the current investigation sets the scene for defining
the optimum conditions for the application of the detailed C3H catalytic chemistry.
Test Case 1
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Fig. 4.19: Conversion of CO, NO and C3Hg at the reactor outlet against the wall
temperature, for the global catalytic C3Hg step sub-mechanism, at 6 = 20% [100].
Comparison of the T,» = 298 K with Tj» = 800 K [14, 15], for the CO direct adsorption
reaction. Comparison with the experimental data provided by TME [2] for Test Case 1.
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Fig. 4.20: Same as in Fig. 4.19 for Test Case 2.
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Fig. 4.21: Same as in Fig. 4.19 for Test Case 3.
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Test Case 4
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Fig. 4.22: Same as in Fig. 4.19 for Test Case 4.
Test Case 6
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Fig. 4.23: Same as in Fig. 4.19 for Test Case 6.
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Test Case 7
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Fig. 4.24: Same as in Fig. 4.19 for Test Case 7.
Test Case 8
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Fig. 4.25: Same as in Fig. 4.19 for Test Case 8.
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Test Case 9
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Fig. 4.26: Same as in Fig. 4.19 for Test Case 9.

4.3.3 Implementation of the detailed C;Hg catalytic chemistry

The current Section is devoted to a comparison of experimental data [2] with the pro-
posed reaction mechanism featuring detailed C;Hg catalytic chemistry, as described in
Section 4.3.1.2. The optimal conditions of the higher diffusion barrier along with the
Ty» = 800 K for the CO adsorption reaction, are selected based on their desirable per-
formance in the previous results. The systematic deviation of CO conversion from the
experimental data [2], especially at the low Pt loadings remains, but is particularly im-
proved through the use of the T, = 800 K. The removal of the 1/z” factor from the
CO adsorption reaction, resulting in an increase of the rate by a factor of 4, constitutes
a future step towards the elimination of the discrepancy observed. The factor 1/x%, is
not included in the sticking coefficient definition applied in Section 3.1. The present in-
vestigation also shows a systematic early onset of the C;Hy conversion at the higher Pt
loading. Figure 4.27 illustrates the major reaction pathways of C;H, on the surface, for

Test Case 8 at 500 K. The C4Hg is adsorbed on the surface by 26.5% and 73.5% leading
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to C3Hg(s,) and C,H CH(s,), respectively. Additionally, the C3Hg(s,) adsorbate almost
exclusively desorbs to produce Cy;Hg, while the C,H,CH(s,) forms CH,CH;(s) by 50%
and CHO(s), CH,O(s) totally by 50%. Therefore, C;H, adsorbs on the surface at high
rate despite the low temperature. This may be attributed to the high Pt loading that
facilitates this behaviour. However, C;Hy is likely to have a lower value for Knudsen

diffusion due to its larger size. The latter should be considered in future work.
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Fig. 4.27: Reaction pathway analysis of C3Hg on the surface.
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Fig. 4.28: Comparison of the Tpe = 298 K with T, = 800 K [14, 15], for the CO
adsorption reaction, at # = 20% [100]. Comparison with the experimental data provided
by TME [2] for Test Case 1.
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Test Case 2
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Fig. 4.29: Same as in Fig. 4.28 for Test Case 2.
Test Case 3
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Fig. 4.30: Same as in Fig. 4.28 for Test Case 3.
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Test Case 4
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Fig. 4.31: Same as in Fig. 4.28 for Test Case 4.
Test Case 5
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Fig. 4.32: Same as in Fig. 4.28 for Test Case 5.
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Test Case 6
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Fig. 4.33: Same as in Fig. 4.28 for Test Case 6.
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Fig. 4.34: Same as in Fig. 4.28 for Test Case 7.
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Test Case 8
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Fig. 4.35: Same as in Fig. 4.28 for Test Case 8.
Test Case 9
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Fig. 4.36: Same as in Fig. 4.28 for Test Case 9.
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4.3.3.1 Effect of residence time

A potentially significant factor that may influence the accuracy of the results for the NOx
removal, particularly at higher temperatures, is the residence time between the end of
the catalytic converter of the packed bed reactor and the probe sampling location, where

the exhaust gases samples are obtained for analysis.
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Fig. 4.37: Surface plots of NO, and HNO, concentrations [ppm]| obtained from the
plug flow reactor model for Ec go naifr equal to § = 12% [99] of the magnitude of
Qc,H,0,N, for Test Case 5.

As the distance between the two locations may be substantial, a greater amount of NO
will be converted to NO,. A plug flow reactor model was used to investigate the impact

of increased residence time in the gas phase for reactants and products. By using the
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final mixture composition at the exit of the catalytic converter, for Test Case 5, as the
initial composition for the plug flow reactor model, the impact of the residence time in
the sampling line can be assessed. The sampling assumed is adiabatic, therefore, no heat
losses are assumed.

As shown in Figs. 4.37 and 4.38, catalytic converter temperatures, from 500 to 800 K,
have been considered to derive the behaviour of NO, and HNO, concentrations as a
function of time, based on the implementation of the diffusion barrier of each reactant

species, Ec go naiff- The latter range from 0 to 1 sec.
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Fig. 4.38: Surface plots of NO, and HNO, concentrations [ppm| obtained from the
plug flow reactor model for Ec g o ndiff equal to 8 = 20% [100] of the magnitude of
Qc,m,0,n, for Test Case 5.
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The NO, concentration increases up to 600 K and after a decrease in the range of
650 K to 700 K, a slight increase can be observed until the 750 K, for the case of 0 =
12% [99]. As observed in Fig. 4.38, the NO, concentration increases up to 700 K and then
decreases sharply until the 800 K, for the 6 = 20% [100] case. The HNO,, concentration
rises up to around 700 K for both # = 12% [99] and 6 = 20% [100], respectively and
then declines until 800 K, as shown in Figs. 4.37 and 4.38. The difference in the peak
temperatures of HNO, formation for § = 12% [99] and 6 = 20% [100] is attributed to
the different implementation of diffusion barriers Ec g0 naiff, in the computations. The
amount of HNO, presents a peak at around 150 ppm and 190 ppm for 0 = 12% [99]
and 6 = 20% [100], respectively, that can not be neglected. This reflects a potential
route to NO5 and HNO, formation. The inclusion of HNO; is also useful due to the H,O

complexes formation.

Table 4.21: Gas phase reactions describing the NO conversion to NOy and HNO,.

Reactions A I3 E4
NNH + NO —  HNO + N, 9.10000E+-08 0.00 0.00
HNO+M — H+ M + NO 1.26000E+13 | -0.43 207.03
HNO+H — Hs + NO 4.50000E+4-08 0.72 2.75
OH + HNO — H2O + NO 1.30000E+4-04 1.88 -4.01
HNO + 0 — NO + OH 3.60000E+10 0.00 0.00
HNO + NHy; — NH; + NO 2.00000E+10 0.00 4.20
NO + HNO — N2O + OH 2.00000E+-09 0.00 109.20
HNO 4+ O, — HO2 + NO 3.16000E+4-09 0.00 12.60
HNO 4+ NO, — HNO2 + NO 6.02200E+4-08 0.00 8.35
NO + HO, — NO2 + OH 2.17000E+-09 0.00 -2.25
NO+O+M — M + NO2 3.26000E+-09 0.30 0.00
NO;+H — NO + OH 2.41000E+11 0.00 2.84
O+ NOy — NO + Oy 3.90000E+-09 0.00 -1.00
2NO, — 2NO+ 0O 1.62600E+-09 0.00 109.72
NOy; + HO; — HNO2 + Oo 4.64000E+08 0.00 -2.02
NO+M+OH — HNO; + M 1.99000E+11 -0.05 3.03
HNO; + H — Hy + NOo 1.20000E4-10 0.00 25.04
OH + HNO; — H20 + NO2 1.51000E+-09 0.00 -2.17
O + HNO; —  NOs + OH 1.20000E+10 0.00 30.88
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Therefore, the related gas phase chemistry was applied in the current reaction mech-
anism for completeness, as described in Section 4.2.1. Table 4.21 presents the gas phase

reactions that take place in the NO to NO, and HNO, conversion.
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Fig. 4.39: Comparison of NO (—), NOy (——), HNO4 (---), NO3 (—-—), HNO; (—--—)
concentrations [ppm| against time [s] for § = 12% [99] and 6 = 20% [100].
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A third body M is used in some of the gas phase reactions of the current mechanism to
stabilize the excited product by collision. It can be any inert molecule in the atmosphere
(e.g. Ny, O,) that can remove the energy of the excited product and dissipate it as heat.

A comparison of NO, NO,, HNO,, NO; and HNO; concentrations as a function of
temperature, after a residence time of 1 sec, are presented in Fig. 4.39, for 6 = 12% [99]
and 6 = 20% [100]. The computations outline a temperature window of 650 K - 700 K,
where NO; can be formed, for both cases. Figure 4.40 illustrates the mol fractions of the
studied nitrogen containing species as a function of temperature, for both § = 12% [99]
and 6 = 20% [100]. The results confirm that there is an interconversion of NO, NO,,
HNO, and NO,, mainly at temperatures above 550 K and 600 K, for § = 12% [99] and

6 = 20% [100], respectively.
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Fig. 4.40: Comparison of NO (=), NOy (——), HNO, (---), NO3 (—-—), HNO3 (—--—)
mol fractions [-] against temperature [-] at the exit of the catalytic converter, for 6§ =

12% and 6 = 20% [100].
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Fig. 4.41: Comparison of NO and NOx conversions with the experimental data provided
by TME [2], for Test Case 5, for 6 = 12% [99] and 6 = 20% [100].

Consequently, the impact of NO, and HNO, were considered on the NOx conver-
sion, additionally to NO, for the Test Case 5, as an indicative paradigm. Figure 4.41
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demonstrates the evaluation of conversion based on the different implementation of the
Ec mondiff, by taking into account the NO, NO, and HNO, concentrations at the outlet
of the catalytic converter. The inclusion of NO, and HNO, outputs in the calculation of
the conversion, reduces its efficiency and concludes to a potentially significant production

of NO,.

4.3.4 Consideration of metal dispersion

The impact of dispersion is investigated below using the area ratio, F’, which includes the
platinum dispersion efficiency and the 1.43 [2] site density factors. The mid-point value
of F’, corresponding to Test Case 5, was applied along with the estimated site densities,

shown in Table 4.4, for each Pt loading.
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Fig. 4.42: Conversion of CO, NO and C3Hg at the reactor outlet against the wall tem-
perature, for the detailed catalytic C3Hg sub-mechanism, at # = 20% [100]. Comparison
with the experimental data provided by TME [2] for Test Case 1.
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Test Case 5
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Fig. 4.43: Conversion of CO, NO and C3Hg at the reactor outlet against the wall tem-
perature, for the detailed catalytic C3Hg sub-mechanism, at § = 20% [100]. Comparison
with the experimental data provided by TME [2] for Test Case 5.

The applied reaction mechanism features the detailed C;Hy catalytic chemistry, along
with the optimal conditions of the T;» = 800 K for the CO adsorption reaction and the
higher diffusion barrier corresponding to 6 = 20% [100]. Results for Test Cases 1, 5 and
9, corresponding to the lower, median and higher Pt loading are shown in Figs. 4.42—
4.44. The overall efficiency factor hence corresponds to the product of the constant F”,
a temperature-dependent Knudsen efficiency factor and the case dependent estimated
Pt loading. The computations are further based on the porosities obtained from the
geometrical expression, i.e. Eq. (2.30), and the same process can be applied using data
obtained with the approach of Giani et al. [55]. The corresponding Knudsen efficiency
factors are listed in Table 4.22. The inclusion of the dispersion efficiency reduces the
uncertainty factor applied to provide optimal agreement for Test Case 5 to 1.58. The latter
value is well within the uncertainties associated with the Knudsen diffusion efficiency. The

results obtained suggest encouraging agreement with the experimental data [2].
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Table 4.22: Application of a constant area ratio (F’), at different Pt loadings and coat
amounts, considering the dispersion efficiency factor (np). The values (F' = 27.79, np
= 0.36, F’ = 10.00 for Test Case 5) indicated in a bold font are applied for all the Test
Cases. The Knudsen efficiency factors (n.) for the geometrical [11] and Giani et al. [55]
approach correspond to 600 K.

Test, Pt Coat ,
D F r Tle [11] Tle [55]

Cases loading amount

1 0.5 wt % 60 1.01-10710 366-1072 1.43-10"2

5 1wt % 92 27.79 0.36 10.00 2.11-107'0 3.44-1072 1.24-102

9 3wt % 171 7.33-10719 3.86-1072 1.70-1072
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Fig. 4.44: Conversion of CO, NO and C3;Hg at the reactor outlet against the wall tem-
perature, for the detailed catalytic C3Hg sub-mechanism, at # = 20% [100]. Comparison
with the experimental data provided by TME [2] for Test Case 9.

4.4 Summary

The developed class-based framework for heterogeneous reaction mechanisms described

in Chapters 2 and 3 has been successfully applied and validated for the removal of the
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principal oxides of nitrogen through the use of supported Pt catalysts. Two compre-
hensive -N and -C4Hy - C3H; containing catalytic sub-mechanisms were constructed for
the investigation of CO, NO and C;Hy conversions against temperature. The latter were
validated with experimental data obtained by TME [2] for nine Test Cases varying in the
noble metal loading (0.5 wt%, 1 wt%, 3 wt%), Al,O4 coat amount and the ratio of active
catalytic surface to geometrical area. The Knudsen porous media diffusion mechanism,
described in Section 2.3.2, was selected for the current computations due to its poten-
tial to describe the molecule-surface interactions for the size of catalytic pores measured
experimentally.

Apart from the surface chemistry, the gas phase mechanism was also updated from the
previous used by Kraus and Lindstedt [14, 15] considering -N and -C; containing gas phase
species and reactions. Concerning the validation of the -N containing sub-mechanism an
adjustment related to the treatment of NO molecular direct adsorption reaction using
a mobile transition state prior to surface attachment was adopted, by removing the w%
scaling factor from the rate constant expression, shown in Eq. (3.28).

On the other hand, the C;Hg catalytic chemistry required an extended investigation
for an accurate establishment. A first step was realized through the use of a global
irreversible C;Hy adsorption reaction with an activation energy calculated at 39.4 kJ/mol.
The latter value is broadly consistent with the respective value of 41 kJ/mol estimated by
TME [2]. Consequently, several computations based on the latter C;Hg implementation
were conducted for validation, along with a comparison of two diffusion limitations at 6
= 12% and 6 = 20% of the magnitude of the heat of adsorption, Qc mo.nN-

Subsequently, the effect of different parameters analysed or listed in previous Chapters,
was initially explored for a representative Test Case. In particular, Test Case 5 was
selected as the mid-point case. Two different N,O(s,) heats of adsorption were examined
along with alternative CO desorption energies for diffusion barriers, of 6 = 12% [99] and
0 = 20% [100]. No difference was noticed from the comparison of the H, mobile and
immobile transition state. However, the effect of a fixed T;,» at 800 K either exclusively
on CO direct adsorption reaction, or on the whole catalytic reaction network, was distinct.
Following a comparison shown in Figs. 4.5 and 4.6, the application of a fixed T)» = 800 K
proved to improve the agreement with the experimental measurements [2] for the CO

conversion at # = 20% [100]. Thus, it was adopted in the remaining Test Cases presented



Chapter 4. Multi-scale simulation of NOx removal using Pt/Al,O4 catalysts 166

in Section 4.3.2.7, showing the superiority of this approach compared to the case of a fixed
Ty = 298 K for CO adsorption. The latter is also linked with the improved agreement
of the calculated sticking coefficients with the experimental values, for the CO direct
adsorption reaction, at T,» = 800 K, illustrated in Fig. 3.8.

The nine Test Cases provided by TME [2] are categorized based on the measured Pt
loading. The low Pt loading cases (Test Cases 1 - 3) reproduce the experiments [2] less
well compared to the higher Pt loadings. The higher Pt loading and thicker layers result
in a better performance of the computed species conversions, while the case of the higher
diffusion barrier corresponding to = 20% [100] improves the agreement between the
computational and experimental data [2]. An extended analysis of the fractional diffusion
barrier 6 (%) of the binding energy, Q¢ m0,n, may further improve predictions. However,
the comparisons already performed highlight that a 6 close to 20 % better describes the
stronger transport limitations associated with the movement of chemical species between
catalyst sites. Nevertheless, it must be noted that the quantitative agreement is subject
to uncertainties associated with the catalyst preparation.

Finally, a significant step towards the resolution of the initial C;Hg catalytic sub-
mechanism accounting for a global irreversible C;H direct adsorption reaction has been
done via the creation of a detailed C;H; surface mechanism. An updated version was sug-
gested through the consideration of alternative configurations of propene and propenyl
on the metal sites (e.g. C,H;CH(s,) and C,H;C(s3)), as illustrated in Fig. 4.1. The
corresponding surface reactions, presented in Table 4.10, were taken into account. Ad-
justments related to the omission of - scaling factor from the C3Hy and C,H;CH rate
constants of direct adsorption reactions were made.

The detailed C;Hg surface reaction sub-mechanism was validated for the optimal con-
ditions corresponding to the higher diffusion barrier and high CO sticking coefficient as
shown in Section 4.3.3. A better agreement of CO conversion with the experimental
data [2] can be highlighted, especially at low Pt loadings, where the deviation is more
significant. This discrepancy can be also attributed to the inclusion of 1/2” scaling factor
in the expression of the CO rate constant in earlier work [11, 14, 15]. The removal of
1/2* factor constitutes a future development towards the elimination of discrepancies of
CO conversion with experimental data [2] and refinement of the detailed C3H catalytic

chemistry.



Chapter 5

Ethane auto-thermal catalytic

cracking over Pt/Al,O, catalysts

This Chapter describes the evaluation of an extended heterogeneous chemical kinetic
mechanism for the modeling of C,-C,-C,;-C, reacting flows over a platinum catalyst.
The mechanism has been validated with the aid of experimental investigations of the
auto-thermal catalytic cracking of ethane over a 3% Pt/Al,O4 catalyst in a quartz lined
tubular reactor. According to the provided experimental data [3], CO co-feed was added
to the auto-thermal cracking (ATC) reactor aiming to investigate the degree of catalytic
poisoning, leading to reduced efficiencies. The addition of hydrogen to the feed stream,
in a 2:1 Hy:O, (v/v) ratio, was also included in the experiments [3] conducted and was

considered in the outlined computations.

5.1 Experimental Data

Experimental investigation of auto-thermal cracking of ethane was conducted by BP
Chemicals [3] in order to study the catalytic activity in addition of CO to the feed stream.
Out of the extensive collection of data sets, a case representing a Pt loading of 3% on
Al, O, was selected to investigate the impact of the current revised chemical mechanisms.

Errors related to the experimental measurements [3] were not available.

167
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5.1.1 Experimental Setup

The catalytic auto-thermal cracking of ethane was studied in a quartz lined tubular
reactor with a metal loading of 3% Pt on Al,O; foam. The experimental implemented

conditions are presented in Table 5.1.

Table 5.1: Experimental conditions provided by BP Chemicals [3].

Experimental Conditions

Foam porosity 45 pores/inch
Catalytic bed diameter 15 mm
Catalytic bed length 60 mm
GHSV 500000/h
Pressure 1.8 bar
Hydrogen co-feed H,:0, @ 2:1 (v/v)
Carbon monoxide co-feed 9 vol% in H,
Oxygen to carbon mol ratio (O/C) 0.45 - 0.65

A number of trials were carried out with the reaction stability limits investigated by
co-feeding carbon monoxide to the ATC reactor [3] with ethane and hydrogen. The
diameter and depth of the examined catalytic bed are 15 and 60 mm, respectively. The
Pt catalyst formulation features a catalytic foam with 45 pores per linear inch (ppi). The
individual single — pore channels therefore featured an average diameter around 0.55 mm

including a wall thickness of about 80 pum.

Table 5.2: Initial mixture composition provided by BP Chemicals [3].

Species Mol fractions
CO 0.03
CyHg 0.363

0O, 0.169

H, 0.338

N, 0.1

A subset of the experimental data set is considered here with the hydrogen to oxygen

volume ratio (H,/O,) set to 2 and the oxygen to carbon mol ratio (O/C) of the feed
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varying from 0.45 to 0.65. The reactor pressure was set to 1.8 bar, while the volumetric
flow rate of the gas phase species entering the reactor was set to 88 standard liters per
minute. Experiments were also performed by using a CO co-feed at 9% by volume added
to the hydrogen stream. The species inlet mol fractions used for the simulations follow

the mixture provided by BP Chemicals [3], as shown in Table 5.2.

5.2 Computational Methods

A purpose-written, 2D parabolic FORTRAN code [12], introduced in Section 4.2, was
used to model the relevant computational domain, corresponding to the top half of the
duct reactor bounded by a catalytic wall. The simulation contained 40 geometrically
refined cells in the radial direction, with 1 wm resolution close to the catalytic surface.
The gas phase temperature at the entrance of the catalytic reactor was set to 298 K, while
the wall and exit temperatures were both equal to 844 K. The catalytic site density (I")
and the radiative heat loss factor (ky) were retained at their median values of 7.5 - 1078

kmol/m? and 7% [11], respectively.

5.2.1 Gas phase chemistry

A previously applied [11, 14, 15] C,-C, gas phase mechanism [12, 13, 59, 125] described
in Section 4.2.1 was further augmented for the implementation of the current simula-
tions. Following a reaction rate analysis, the CH, CH,, CH; and C,H; radicals sug-
gest that a further product outlet is required in the gas phase. Therefore, a C;-C,
mechanism [12, 59], comprised of 497 additional gas phase reactions and 71 gas phase
species, such as, C;H, C;H,, C;H,1, C;H,, C;Hya, CsH,p, C;Hyb, C3Hza, C;Hys, CsHit,
C;H;b, C;Hgb, C3Hy, C;H.m, C;H;i, C3Hg, C,H,0, C;H,0, C;H,0, C;H0, C;H;Op,
C;H,0t, C3H;0a, C;H0O, C;HiOa, C;H,Op, C;H,0i, C;H,On, C;H,OH, C;H,OOHi,
C;H,O0Hn, C;H,00i, C;H,0O0n, C;H,OOH, C,H, C,H,, C,H;n, C,H.i, C,H,, C,H;s,
C,H;t, C,H,i, C,Hgs, C,Hgt, C,Hgt, C,Hib, C,Hym, C,H-i, C,H.n, C,H;s, C,Hi, C,Hgn,
C,Hgs, C,Hyi, C,Hyt, C,Hyn, C,Hys, C,H,n, C,H,,i, C,H,0, C,H,0, C,H,Ox, C,H;Oy,
C,H;Ob, C,H,0Oa, C,H,0Ox, C,H,Om, C,H,Ox, C,H,Om, C,H;OHi, O,C,H,O was ap-

plied along with the corresponding transport and thermochemical properties. Therefore,
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the respective formation pathways can feature the CH, CH,, CH,, C,H; radicals and
reduce the methane selectivity which is tested in the current simulations. The -C; gas
phase mechanism has been also applied in Chapter 4, while the nitrogen containing gas

phase chemistry was not used in the present investigation.

5.2.2 Surface chemistry

The surface catalytic reactions applied in this Chapter retained from the previous pub-
lished mechanism [14, 15], as the NOx removal mechanism was not applied due to the
absence of related experimental data. However, the determination of the adsorption re-
actions was based on the mechanism outlined in Chapter 3, for T, = 298 K. Following
a sensitivity analysis, the efficiency factor, accounting for diffusion limitations within the
microporous structure of the catalytic wall, was set to 0.05 and hence comparatively
close to the 1, = 0.1 value used by Vincent et al. [11]. Wanker et al. [129] suggested also
the value of 7. = 0.1 for catalytic temperatures above 800 K, while Kraus and Lindst-
edt [14, 15] set the respective value at 0.4. A current sensitivity analysis was performed

in the range of 0.05 [65] < n. < 0.4 [14, 15], presented in Section 5.3.1.2.

5.3 Results

5.3.1 Methodology

The methodology applied to model the experimental data from BP Chemicals [3] is based
on the determination of mobile and immobile sticking coefficients via VI'ST and the ap-
plication of Sprowl at al. [16] approximation for the treatment of rotational partition
functions, as discussed in Chapter 3. The update of the C,H, catalytic chemistry, de-
scribed in Section 3.3.1.1, was also applied in the current investigation as it provided a
significant improvement in the validation of ethylene and methane selectivities against
(O/C) ratio, with the related data [3], as shown in Section 5.3.2. Additionally, the pres-
ence of CO in the feed stream, resulting from the experimental data [3], poisons the
catalyst more than the current model suggests. A sensitivity analysis on the efficiency
factor (0.05 [65], 0.08, 0.1 [11], 0.2, 0.4 [14, 15]) and activation energy used for CO desorp-

tion reaction, were implemented. The initial value of 134 kJ/mol, suggested by Vincent



Chapter 5. Ethane auto-thermal catalytic cracking 171

et al. [11] provides a starting point. However, a higher value of E4 may be required. A
range of values (145 kJ/mol, 171 kJ/mol, 174 kJ/mol), cited by Vincent et al. [11] were
examined along with the value of E4 = 187 kJ/mol proposed by Brown et al. [128]. The
latter energy barrier was also applied in Chapter 4, for consistency reasons. Finally, the
implementation of the higher limit diffusion barrier at 6 = 20% [100] of the magnitude
of the bond energy holding the chemisorbed species to the surface is considered in the

following computations, as a slight difference is observed when 6 = 12% [99] is applied.

5.3.1.1 Effect of diffusion barrier

A comparison between the two diffusion barriers corresponding to 6 = 12% [99] and 6
= 20% [100] of the magnitude of Q¢ g on is provided below. A slight difference can
be observed between the two cases mainly for C,H, and CH, selectivities in presence
and absence of CO co-feed. Therefore, both diffusion barriers can be applied under the
current experimental conditions [3]. However, the § = 20% [100] was used for consistency

reasons with Chapter 4, where a strong impact was noted due to the low temperatures.
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Fig. 5.1: Conversion of CoHg and O, at the reactor outlet against the (O/C) feed ratio,
at a low (0 = 12% [99]) and high (0 = 20% [100]) diffusion barrier, in the absence
and presence of CO co-feed. Comparison with the experimental data provided by BP
Chemicals [3].
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Fig. 5.2: Selectivity to CoH, and CH, at the reactor outlet against the (O/C) feed
ratio, at a low (6 = 12% [99]) and high (6 = 20% [100]) diffusion barrier, in the absence
and presence of CO co-feed. Comparison with the experimental data provided by BP

Chemicals [3].

5.3.1.2 Effect of efficiency factor

A various range of efficiency factors has been examined in the context of a sensitivity

analysis aiming to improve the mechanism performance and confirm its validity through

the use of the available experimental data [3]. As described in Section 5.2.2; the n, = 0.1

and 1. = 0.4 applied by Vincent et al. [11] and Kraus and Lindstedt [14, 15], respec-

tively, were considered along with lower and intermediate values, as presented in Figs. 5.3

and 5.4. The n, = 0.4 [14, 15] shows a disagreement over the experimental data [3] com-

pared with the other lower efficiency factor values. The discrepancy can be attributed to

the difficulties in determining the rotational partition functions described in Section 3.1.

The latter behaviour is more significant in the cases of C,H, and CH, selectivities, where

lower values close to 0.1 [11] successfully reproduce the experimental data [3]. Following

the analysis below, a value of . = 0.05 was selected as the base case.
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5.3.1.3 Effect of H, immobile TS

The effect of the H, immobile transition state was also examined through the use of the
current experimental data provided by BP Chemicals [3] in the absence and presence of
CO in the feed stream. This investigation is useful due to the existence of hydrogen co-
feed in the experimental conditions [3]. However, following a comparison between the two
transition states for the H, direct adsorption reaction, no difference has been observed
for C,Hg, O, conversion and C,H, selectivity, while a very slight discrepancy is noticed
for CH, selectivity, with and without CO co-feed. The same outcome was also illustrated

in Section 4.3.2.5.
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Fig. 5.5: Conversion of CoHg and O, at the reactor outlet against the (O/C) feed ratio,
for H, mobile and immobile TS, in the absence and presence CO co-feed. Comparison
with the experimental data provided by BP Chemicals [3].

5.3.2 Mechanism evaluation in the absence and presence of CO

co-feed

The results presented in Figs. 5.8 and 5.10 follow an extensive data production through the
use of the developed reaction mechanism along with the updates outlined in Section 5.3.1.

The key point is a one-to-one comparison of ethane, oxygen conversion and ethylene,
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for Hy mobile and immobile TS, in the absence and presence CO co-feed. Comparison
with the experimental data provided by BP Chemicals [3].

methane selectivity with experimental data provided by BP Chemicals [3], for the cases
of absence and presence of CO co-feed. The conditions to initiate the setup are based on
the experimental conditions [3] shown in Table 5.1. In Figs. 5.8~ 5.10, the square symbols
correspond to experimental data [3], while the solid red and blue lines to the calculations,
for the (O/C) ratio range examined. The 7. = 0.05 was applied in all the cases. The
temperature distribution at the wall and the middle of the duct reactor (channel) is

described in Section 5.3.2.4.

5.3.2.1 Ethane and oxygen conversion against the O/C feed ratio

The ethane and oxygen conversion against the O/C feed ratio, ranging from 0.45 to
0.65, with and without CO in the feed stream, are shown in Fig. 5.8, for the two different
desorption energies of CO, at 134 kJ/mol [11] and 187 kJ/mol [128]. For the case without
CO co-feed, the computations successfully reproduce the experimental data [3], mainly at
higher O/C ratios. Concerning the case where CO co-feed is added, the ethane conversion
follows the same trend but over-predict by 45% and 24% the experimental data [3], at
the lowest and highest O/C ratio, respectively. The significant over-prediction of C,Hg
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conversion by 45%, at low O/C ratios may be attributed to the absence of available Pt

sites, and subsequently to a potential ”poisoning” of the metal surface. The latter leads

to a reduced catalytic efficiency and can result, for example, from carbon deposition.
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Fig. 5.7: Reaction pathway analysis of CO on the surface, in presence of CO co-feed,
at O/C = 0.525.
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A surface reaction pathway analysis of CO, shown in Fig. 5.7, verifies the previous

assumption and demonstrates the existence of another reaction pathway that removes

the CO from the surface, resulting in COH(s;). The measured conversion of oxygen

increases from 79% to 96% in presence of CO co-feed, and from 94% to 98% in absence

of CO co-feed. The oxygen is fully consumed, based on the computations, for the whole

O/C range, while larger deviations with the experimental data [3] can be observed as the
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O/C ratio decreases. The over-prediction of the oxygen conversion may also be influenced
by overall heat losses. The release of heat is the key driver in the activation of gas phase
reactions, which start in the vicinity of the catalytic wall and then propagate towards
the centre of the pore. No impact can be observed based on the different energy values

of CO desorption, presented in Fig. 5.8.

5.3.2.2 Ethylene and methane selectivity against the O/C feed ratio

The ethylene and methane selectivity against the O/C feed ratio with and without CO in
the feed stream are shown in Fig. 5.10, for the different desorption energies of CO, at 134
kJ/mol [11] and 187 kJ/mol [128]. The high conversion of ethane, results principally in the
formation of ethylene. The more oxygen is present in the feed, the higher the conversion
of fuel and the lower the selectivity to ethylene. In particular, the experimental selectivity
to ethylene is found to decrease slightly, from 65% to 60% for the case of CO co-feed and
from 72% to 61%, for the no CO co-feed case over the O/C range, in favour of a rise in
methane from 6.4% to 10.3% for CO co-feed and from 7.1% to 11.2%, in absence of CO
co-feed. The ethylene selectivity presents remarkable agreement with the BP Chemicals
data [3], for both values of CO desorption energy, in presence and in absence of CO co-feed.
The ratio of C,Hg(s,) conversion on the surface to CH;(s) and CH,CH,(s) substantially
determines the CH,/C,H, ratio.

— —
CaHs 10% CHs(s) ga%. L CHa
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Fig. 5.9: Reaction pathway analysis of CyHg on the surface, in presence of CO co-feed,
at O/C = 0.525.

The updates considered for the ethylene catalytic chemistry, described in Section 3.3.1.1,
were also included in the current simulations and favoured the behaviour observed. In
absence of CO co-feed, the methane selectivity presents an over-prediction of around 3%,
particularly at low O/C ratios, but in general terms follows the trend of the experimental

data [3]. On the other hand, a slight improvement can be noticed on the addition of CO
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Fig. 5.10: Selectivity to C,H, and CH, at the reactor outlet against the (O/C) feed ra-
tio, for two different desorption energies of CO, at 134 kJ/mol [11] and 187 kJ/mol [128],
in the absence and presence of CO co-feed. Comparison with the experimental data
provided by BP Chemicals [3].

in the feed stream, as it directly affects the methane production. This is also apparent
through the use of the higher CO desorption energy at 187 kJ/mol [128]. Overall, the
formation of both ethylene and methane is exclusively due to the surface chemistry and
their relative proportion is a key parameter in determining the viability of a practical
industrial process.

More specifically, the simulation and study of ethane conversion play a significant role
as it constitutes the primary input (fuel) to the chemical mechanism. Ethane is adsorbed
on the surface, mostly molecularly. The ethane adsorbate, C,Hg(s,) almost exclusively
desorbs to produce C,Hy and in a quite lower percentage methyl (CH,(s)) and ethyl
radicals (CH,CHj(s)). Subsequently, the methyl radical desorbs from the surface to
mainly produce methane, while the production of ethylene, is throughout the catalyst,

due to the desorption of CH,CHj(s). These pathways are displayed in Fig. 5.9.



Chapter 5. Ethane auto-thermal catalytic cracking 179

5.3.2.3 Mol fractions distribution

Figure 5.11 indicates the mol fraction distribution of ethane, oxygen, ethylene and methane
at O/C = 0.525, in addition of CO co-feed. The CO desorption energy applied, was 187
kJ/mol [128], as the impact of different CO desorption energies on the current chemical
system is low. The computations are based on the proposed mechanism and the gas phase
chemistry, described in Section 5.2.1. All the cases illustrate the evolution of the studied
species along the catalytic bed length. The vertical axis expresses the radial distance.
The computational domain features the upper half, i.e from 0.0 to 0.275 mm, while the
lower half, which is the symmetric counterpart, is simply the mirrored data from the
upper half, and was included for aesthetic reasons. Evidently, the ethane and oxygen are
consumed by the end of the catalytic duct reactor, while the ethylene and methane are
produced. The consumption of ethane and oxygen are predominantly through catalytic
reactions almost at the entrance of the pore. The ethylene is produced more rapidly close

to the catalytic wall, compared to methane.

CO co-feed CO co-feed
= 3.24E- — 1.80E-01
srol 2 0B o1
o 268E-01 1.40E-01
= 240E01°C € 1.20E-01
& © —
= 212E-01 % & 1.00E-01
2= ISIE0L S E 800E-02 &S
E 1.56E-01 = 6.00E-02
g 1.28E-01 = 4.00E-02
< —0.2 3
e 1.00E-01 o~ 2.00E-02
40 60 7.20E-02 m 60 0.00E+00
Downstream distance [mm)] Downstream distance [mm]
CO co-feed CO co-feed
144F-01 2.88E-02
g 1.28E-01 = 2.56E-02
2 9.60E-02 = g 12(258?) -
= SO0E-02 & = L60E-02
Z GAER 5 128E-02
s S e
02 LooEe2 & 02 3 20E-03
o~ . ~02 ot 20E-
0 20 40 0.00E+400 0 20 10 0.00E+400
Downstream distance [mm] Downstream distance [mm]

Fig. 5.11: Flow fields of C,Hg, Oy, CyH,, CH, mol fractions at O/C = 0.525, in presence
of CO co-feed.
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5.3.2.4 Temperature and velocity distribution

The temperature and velocity contour plots, shown in Fig. 5.12, constitute a demonstra-
tion of temperature and velocity distribution along the catalytic reactor. Both correspond
at O/C = 0.525 in presence of CO co-feed. The CO desorption energy applied, was 187
kJ/mol [128]. The temperature profile emphasizes the key role of the catalyst in releasing
heat from the surface into the gas phase. The velocity field is an example of a pipe flow
that features a laminar profile. The velocity is zero on the wall and maximum at the

centerline, where it gradually increases.
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Fig. 5.12: Contour plots of temperature and velocity at O/C = 0.525, in presence of
CO co-feed.

The wall temperature and the temperature at the middle of the duct reactor (channel)
as a function of the downstream distance and O/C ratios are shown in Figs. 5.13 and
5.14, in the absence and presence of CO co-feed, respectively. The lines correspond to the
six different O/C ratio cases. The temperature profiles are computed using a heat loss
set at 0.07, retained from previous work [11]. The temperature comes to equilibrium and
becomes constant before the reactor exit at 60 mm. A gradual drop in the temperature
by about 20 K for both the wall temperature and temperature at the middle of the duct
reactor, is recorded as the flow exits the catalytic section of the pore. The temperature
distributions for both cases are almost identical. This is partly due to the fact that the
temperature on the outside of the wall and the temperature in the entrance of the duct
reactor are the same for both cases. However, it is also clear that the temperature reduces

significantly as the mixtures get progressively more fuel rich.
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Fig. 5.13: Wall and centerline reactor temperatures as a function of the (O/C) feed
ratio in absence of CO co-feed.
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Fig. 5.14: Wall and centerline reactor temperatures as a function of the (O/C) feed
ratio in presence of CO co-feed.

5.4 Summary

The catalytic auto-thermal cracking of ethane in a quartz lined tubular reactor with
a metal loading of 3% Pt on Al,O, foam was explored. The addition and absence of
CO to the feed stream were studied, aiming to explore the degree of catalytic poisoning
leading to reduced efficiencies. For this purpose, a comparison of the developed C/H/O
heterogeneous chemical kinetic mechanism with related experimental data [3] provided
by BP Chemicals was conducted, focusing on the study of ethane, oxygen conversion and
ethylene, methane selectivity.

The sensitivities to different diffusion barriers and physical parameters (e.g. the ef-
ficiency factor) related to the diffusion limitations established within the microporous
structure of the catalytic wall, as well as, chemical parameters (e.g. desorption energies
of CO, application of H, immobile TS) were investigated for a better understanding of
the model behaviour and for a more effective analysis. In particular, the choice of either a

low (0 = 12% [99]) or higher (0 = 20% [100]) diffusion barrier slightly impacts the species
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conversions and selectivities under the current experimental conditions [3]. However, Sec-
tion 5.3.1.2 demonstrates that the effect of the efficiency factor plays a significant role
on the interpretation of the experimental measurements [3]. As illustrated in Figs. 5.3
and 5.4, values close to 7. = 0.1 [11] better reproduce the experimental data [3] in the
presence and absence of CO co-feed, while the n. = 0.4 [14, 15] presents a major dis-
agreement for all the cases. Therefore, the n. = 0.05 was selected as a base case for the
further investigation on the impact of different CO desorption energies, on the chemical
system.

Concerning the CO heat of adsorption and activation energy sensitivity analysis, a
thorough comparison of ethane, oxygen conversion and ethylene, methane selectivity
against the O/C ratio, with experimental data [3], for a CO desorption energy equal
to 134 kJ/mol [11] and 187 kJ/mol [128], was conducted. The alteration of the activation
energy of CO desorption reaction, directly impacts the ethylene and methane selectivities,
examined. More specifically, the use of E4 = 187 kJ/mol proposed by Brown et al. [128],
seems to favor the methane selectivity with and without CO co-feed, while the application
of E4 = 134 kJ/mol retained from Vincent et al. [11] work, contributes to a successful
agreement of the ethylene selectivity computations with the data [3], mainly in presence
of CO in the feed stream. However, the final outcome of the species conversions and
selectivities against the O/C ratio, is not greatly influenced by the current variation on
E 4 values of CO desorption reaction. Therefore, both activation energies are compatible
with the current reaction mechanism.

The model correctly reproduces the ethane conversion in absence of CO co-feed, es-
pecially at high O/C ratios. However, a significant discrepancy can be observed in the
presence of CO co-feed, mainly at low O/C ratios, due to the absence of available Pt
sites that enable the desorption in the gas phase. The latter case, indicates a reduced
catalytic efficiency as CO(s,) results in COH(sy) by 94.7% and not in gas phase. On the
other hand, the oxygen conversion does not seem to be affected by the increase of oxygen
content, as it is totally consumed in the whole O/C range examined, due to heat losses.
The O, consumption leads mainly to molecular, O,(s,), and atomic oxygen adsorbates,
O(s), by 37% and 30%, respectively, while the conclusion to CO(s,), CO,(s,) and OOH(s)

constitute less significant reaction pathways.
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The updated catalytic C,H, chemistry, presented in Section 3.3.1.1, and basically
1

the omission of = scaling factor from the C,H, direct adsorption reactions as well as
the decoupling of C,H, isomerisation reactions on the surface, proved to improve the
ethylene and methane selectivity. The latter reactions were based on an analogy with the
gas phase and are not sufficiently accurate. As shown in Fig. 5.10, the ethylene selectivity
successfully reproduces the experimental data [3] in presence of CO co-feed. The ethane
conversion increases and leads to the formation of C,H, with the aid of additional CO in
the feed stream, while the major production of CH, comes from the dissociative desorption
of CH,(s) + H(s) by 84%. Sensitivity analyses indicate that under the current conditions
the methane selectivity is relatively insensitive to the adsorption of methane.
Summarizing, the result of this study can be described as a working reaction mecha-
nism for the heterogeneous chemical modelling of ethane, oxygen conversion and ethylene,
methane selectivity over alumina supported platinum catalysts in ATC reactors. Addi-
tionally, this study investigates the sensitivities of the system to both physical and chem-
ical parameters and presents the impact of CO addition or absence from the feed stream.

Finally, the over-prediction of ethane conversion at low oxygen content, in presence of

CO co-feed demonstrates a potential poisoning of the catalytic surface.



Chapter 6

Conclusions and Future Perspectives

In this Chapter, an overview of this thesis is presented along with a synopsis of the
methods and findings described in the previous Chapters. Recommendations for further

research are also discussed.

6.1 Conclusions

The present thesis focuses on the development of comprehensive heterogeneous reaction
mechanisms considering an alternative theoretical framework based on the VTST for es-
timating Arrhenius parameters for adsorption reactions. Detailed microkinetic modelling
describes the chemical kinetics dominating the studied system and uses the extended
Arrhenius form to express reaction rates, while the VI'ST enables the construction of
chemical mechanisms without, or with reduced, dependence on experimental data for the
determination of rate parameters. Given the fact that the VI'ST used by Kraus and Lind-
stedt [14, 15], was found to be more systematic and quantitatively superior, compared to
collision theory [11], was maintained in the current research. The energetics were calcu-
lated based on the UBI-QEP method [10, 72] as applied in previous works [11, 14, 15]. A
computational fluid dynamics (CFD) framework was coupled with detailed microkinetic
analysis through the use of an in-house 2D parabolic FORTRAN code [12] aiming to
explore the interactions of the fluid flow with the chemistry of the system.

Diffusion limitations in porous media were also considered in the developed model,
depending on the nature of the experimental data provided. Thus, the efficiency factor
bridging the difference between the diffusion coefficients applied in the gas phase and

184
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microporous catalytic surface, results from different diffusion mechanisms. Particularly,
Knudsen diffusion limitations, applied in Chapter 4, can dominate species transport in-
side catalytic material due to the small size of pores. Averaged values of 7, of selected
chemical species for each temperature, were presented in Section 2.3.2.1 and applied in
Chapter 4. On the other hand, Knudsen diffusion does not constitute a limiting factor for
the ethane auto-thermal catalytic cracking data [3], where a sensitivity analysis of effi-
ciency factors already used [11, 14, 15] resulted in the efficiency factor value implemented
in the respective simulations.

The core of the current work is the establishment of a comprehensive chemical mech-
anism methodology for the creation of catalytic reactions associated with the removal of
the oxides of nitrogen from automotive exhaust gases through the use of supported Pt
catalysts. At the beginning of the computational process, the pre-exponential factors of
the extended Arrhenius equation, for C/H/O/N adsorption reactions were determined
through the evaluation of the partition functions. The initial step of binding configu-
rations and bond lengths of the chemical species, was required for the most accurate
description of molecular interactions with the catalytic surface. The moments of inertia
and the vibrational frequencies were obtained using Gaussian09 [67] software and based on
the configuration of each chemical species participating in the reaction. The gas and ad-
sorbed phase vibrational frequencies are determined using the M06-2X [68] and M06 [68]
density functionals, respectively, along with the corresponding basis sets 6-31G(2df,p)
and 6-311G(d,p). Subsequently, the mobile and immobile sticking coefficients were de-
termined. The approximation of the Sprowl et al. [16] for the treatment of the rotational
partition functions, was considered. More specifically, a detailed investigation of the mo-
bile and immobile transition state of selected chemical species (H,, O,, CO, NO, NO,,
N,O, N,, C;Hy, C3H;, C,H,) at different T», was conducted for two different effective
core potential methods (SDD and LANL2DZ). However, no discrepancy was observed
between the two alternatives. The comparison of a fixed T,» at 298 K and 800 K, and a
variable T,», with available experimental data obtained from literature sources, enhances
the use of a fixed T;» = 298 K, as the prevailing choice for all the species adsorption
examined, apart from CO. Following the study of the respective species mobility on the

surface, except for H, which shows immobility when attached on the surface, the rest of
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the chemical species investigated, present a mobile transition state.

This investigation constitutes an extension of the model developed by Kraus and Lind-
stedt [14, 15], that suggests a valid methodology for the modelling of heterogeneous chem-
istry over noble metals in industrial reactors. However, apart from the alteration of the
evaluating method of adsorption reactions, a further revision of the catalytic chemistry,
particularly for C,H, surface reactions, was necessary for an efficient representation of
the chemical system.

A rigorous comparison of results obtained with the developed C/H/O/N reaction mech-
anism, featuring two newly developed sub-mechanisms for the -N and C3Hy - C3H; sys-
tems, and experimental data [2], was performed, at nearly stoichiometric inlet mixture
conditions and specific temperature window (400 - 800 K). The impact of different Pt
loadings and coat amounts on the CO, NO and C;Hy conversion was examined, while
errors resulting from experimental measurements were not provided. Different scenarios
based on the previous analysis for sticking coefficients and rate constants determinations,
were considered. In particular, the use of T)» = 800 K instead of T)» = 298 K for the
whole catalytic chemistry, or exclusively for the CO direct adsorption reaction, the im-
plementation of an immobile transition state for H, adsorption, as well as the application
of alternative values of heat of adsorption, constitute additional investigations.

A positive impact on the agreement between experimental [2] and computational data
followed from the implementation of a higher sticking coefficient for the CO direct ad-
sorption reaction arising from a fixed temperature of the vibrational partition function at
800 K. For this species alone, the use of the higher temperature of the vibrational partition
function brings the computed sticking coefficient in better agreement with experimental
data. This case was further explored for several Test Cases provided by TME [2]. Ad-
ditionally, a critical investigation towards a detailed C3Hy catalytic chemistry, without
the reliance on a global irreversible C;H,; direct adsorption reaction was conducted. The
latter was validated via the experimental data [2], for all the Test Cases, under the op-
timal conditions of the high diffusion barrier and high CO sticking coefficient resulting
from the application of T, = 800 K. A promising step towards the complete and detailed
description of the C;H surface chemistry was realized.

In the final case study, the C/H/O proposed mechanism, without the inclusion of
the two additional -N and C;Hy - C3H; sub-mechanisms, was validated with the aid of
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experimental investigations on the auto-thermal catalytic cracking of ethane over a 3%
Pt/Al, O, catalyst in a quartz lined tubular reactor, conducted by BP Chemicals [3].
A higher temperature window was examined (844 - 1200 K) in a fuel rich environment
instead of a nearly stoichiometric one, emphasizing the flexibility and functionality of
the proposed surface mechanism in a different experimental environment. An extended
analysis of different parameters (e.g. diffusion barriers, efficiency factors, CO desorption
energies, assumption of an immobile TS for the H, adsorption reaction) was illustrated
in Chapter 5, for a better understanding of the chemical system through the use of the
developed reaction mechanism methodology under alternative experimental conditions [3].
The addition of CO on the feed stream was studied for the investigation of the reduced

catalytic efficiency, due to the surface contamination.

6.2 Future Perspectives

Due to scope of the research carried out, many recommendations for future work can
be proposed. An obvious starting point would be the refinement and extension of the
developed catalytic reaction mechanism in order to be used for the generation of novel
heterogeneous reduction chemical networks.

Concerning the refinement of the proposed chemical mechanism, sensitive reaction
pathways, identified as part of the current work, could be further studied along with
higher accuracy computational methods. An indicative paradigm constitutes the detailed
investigation of the reaction pathways leading to catalytic poisoning.

Improvement of the current mechanism can be also achieved via the validation with a
wider range of conditions and datasets, where available. For example, the high surface
occupation of CO on Pt has been already studied, however a larger variation of carbon
monoxide in the feed stream would provide a better picture of the effect of this co-feed.
It will also shed more light on whether and by which mechanisms catalyst deactivation
occurs. It would be also conceivable to incorporate some measure of coverage dependency
in the model as suggested by Shustorovich and Sellers [10], and also presented by Chat-
terjee et al. [1]. Therefore, the zero coverage limit assumption that this model makes,

necessites a further research.
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Another interesting proposition would be the consideration of HC - NH, catalytic
processes, that have not been studied yet. This will enable a spherical interpretation
of the outcome already obtained and will possibly explain some of the discrepancies ob-
served. Another critical aspect is the implementation of an improved and more complete
mass transport model of chemical species in the porous support structure, accounting for
Knudsen diffusion limitations. The latter will offer a better reproduction of the related
experimental data [2], with higher accuracy.

The effectiveness of platinum metal on the emissions reduction mechanism has been
already examined for a wide range of experimental cases provided by TME [2]. How-
ever, the validation of the proposed mechanism on other noble metals (e.g. Rh, Pd), or
bimetallic catalysts including Pd/Pt [130] or Rh/Pt [131] would complement the current
work and further validate the developed framework. Additionally, the usage of alternative
metals as catalysts (e.g. Ir, Au, Ag, Ru) evaluated separately or in combination with
Pt/Rh constitutes a further recommendation. The latter application can be extremely
useful for industrial needs, due to the potential of cost reduction, after gaining a deeper
understanding of the detailed reaction mechanisms associated with precious metal cata-
lysts, enabling for their minimization. The use of alternative support materials to Al,O4
may also be pursued. Finally, coupling the heterogeneous chemistry interaction with
CFD modelling of turbulent flows, will enable a more detailed and accurate description

of combustion systems.
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Appendix A

Surface reaction mechanism

This Appendix contains the rate parameters of the surface mechanism developed for the
current work. The mechanism listed is comprised of 320 reversible catalytic reactions,
as implemented in Chapter 4 and shown in Tables A.1 and A.2, for § = 12% [99] and 0
= 20% [100] of the magnitude of Q¢ m o N, respectively. The global catalytic C;Hy step
sub-mechanism is included in Tables A.1 and A.2, while Tables A.3 and A.4 correspond
to the detailed C4Hg reaction sub-mechanism for § = 12% [99] and 6 = 20% [100] of the
magnitude of Q¢ mo0,n, respectively. The reaction mechanism used in Chapter 5 is just
composed by the first 288 reversible catalytic reactions of Tables A.1 and A.2 for the two
different 6 examined.

The catalytic sites (s) correspond to platinum sites. The activation barriers, Fy,
and the pre-exponential factors, A, were calculated, as described in Chapters 2 and 3,
respectively. The units of A are [kmol, m?, s|, depending on the reaction class and the F4
are evaluated in kJ/mol. The number (#) of the reactions accompanied by an asterisk
(%), corresponds to the reactions that have been removed from the current surface reaction
mechanism.

Table A.1: Surface reaction mechanism corresponding to 6 = 12% [99] of the magnitude
of Qc,m,0,n- The global catalytic C3Hg step sub-mechanism is considered.

# Reaction A B E4
1 CoHg +2s —  CyHg(s2) 4.76569E410 | -0.50 | 0.00
2 CoHg(s2) — CoHg + 25 4.06295E+11 | 1.00 | 36.10
3 s+ O(s) + CoHg  — CHoCHs(s) + OH(s) 2.39624E409 | -0.50 | 0.00
4 CH,CHj(s) + OH(s) — CyHg + O(s) + s 5.55266E+09 | 0.50 27.19
5 s + OH(S) + CoHg — CHQCHg(b) + HQO(&) 2.86372E4+09 | -0.50 | 3.29
6 CH,CHy(s) + HoO(s) —  CoHg + OH(s) + s 5.59873E+09 | 0.50 | 11.85
7 CoHg +2s — 2 CHs(s) 2.29579E4-08 | -0.50 | 50.31
8 2 CHs(s) — GCoHg +2s 6.05457E4-09 | 0.50 | 0.00
9 CoHg +2s — CHyCH3(s) + H(s) 5.00971E408 | -0.50 | 32.91
10 CHQCH3(S) + H(b) —  CoHg + 25 1.58541E+10 | 0.50 27.54
11 s+ CyHs — CHyCHj(s) 2.34877E408 | -0.50 | 0.00
12 CH2CHs(s) — CoHs + s 2.60107E+10 | 1.00 | 163.00
13 CoHs +2s  —  CyHy(s) + H(s) 3.23465E4-07 | -0.50 | 0.00
14 CoHy(s) + H(s) — CoHs +2s 1.58188E+10 | 0.50 25.62
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# Reaction A B E4
15 CoHs; +3s  —  CoHy(sy) + H(s) 3.51341E+07 | -0.50 | 0.00
16 CoHy(s2) + H(s) — CoHs + 3 s 1.50167E+10 | 0.50 | 46.22
17 CoHs +3s —  CHa(ss) + CHs(s) 3.98655E+06 | -0.50 | 139.22
18 CHs(s) + CHa(sy) — CoHs + 35 6.16870E+09 | 0.50 | 0.00
19 H(s) + CoHs +2s — CHCHs(sy) + Ha(s) 1.55736E+08 | -0.50 | 131.54
20 CHCHj(sg) + Ha(s) — CoHs + H(s) + 2s 1.20373E+10 | 0.50 | 0.00
21 CHy +2s — CHCH;s(so) 3.13138E+10 | -0.50 | 0.00
22 CHCHjs(sy) — CoHy +2s 2.05882E+10 | 1.00 | 294.00
23 CoHs; +3s — CCHs(ss) 1.94448E+09 | -0.50 | 0.00
24 CCHs(ss) — CoHs+3s 1.92432E+09 | 1.00 | 405.00
25 s+ CoH; — CHCHs(s) 8.26077E+08 | -0.50 | 0.00
26 CHCHy(s) — CoHsz +s 2.93508E+10 | 1.00 | 184.00
27 CoHs +3s — CHCHa(ss) 9.44764E4-08 | -0.50 | 0.00
28 CHCHa(ss) — GCoHsz +3s 1.07488E+10 | 1.00 | 129.00
29 CoHs +3s  —  CCHa(sy) + H(s) 1.00172E+08 | -0.50 | 78.09
30 CCHy(sy) + H(s) — CoHs + 3 1.48937E+10 | 0.50 | 31.48
31 CoHs +4s  —  CoHy(ss) + H(s) 1.26275E+08 | -0.50 | 59.61
32 CoHa(ss) + H(s) — CoHs +4s 1.63611E+10 | 0.50 | 18.29
33 CoHs +4s  —  C(s3) + CHs(s) 2.16839E+06 | -0.50 | 77.76
34 CHs(s) + C(ss) — CoHs+4s 5.82816E+09 | 0.50 | 27.82
35 CoHs +5s —  CHy(sy) + CH(ss) 3.34229E+05 | -0.50 | 299.38
36 CHa(s2) + CH(ss) — CoHs + 55 6.25503E-+09 | 0.50 | 0.00
37 CoHy +2s — CCHy(se) 7.84804E+08 | 0.00 | 0.00
38 CCHy(s2) — CoHs + 25 2.22914E+10 | 1.00 | 299.00
39 CyHy +3s — CCHa(ss) 1.00146E+09 | 0.00 | 0.00
40 CCHa(s3) — CoHs +3s 1.97263E409 | 1.00 | 149.00
41 s+ CHs; — CHs(s) 2.07540E+10 | -0.50 | 0.00
42 CHs(s) — CHjs+s 3.21604E+10 | 1.00 | 159.00
43 CHs +3s — CHy(sp) + H(s) 1.44628E+09 | -0.50 | 84.47
44 CHy(sy) + H(s) — CHs + 3 s 1.35262E+10 | 0.50 | 28.99
45 CHat +2s —  CHy(sy) 1.12362E+10 | -0.50 | 0.00
46 CHa(s;) — CHat + 25 2.24567E+10 | 1.00 | 283.00
47 CHot +4s — CH(ss) + H(s) 1.63237E+09 | -0.50 | 43.57
48 CH(ss) + H(s) — CHyt+4s 1.31483E+10 | 0.50 | 49.02
49 CH+3s — CH(ss) 2.83595E+09 | 0.00 | 0.00
50 CH(ss5) — CH+3s 6.42738E409 | 1.00 | 407.00
51 CH+4s — C(s3) + H(s) 1.77138E+08 | 0.00 | 0.00
52 C(ss) + H(s) — CH+4s 1.19364E+10 | 0.50 | 134.42
93 Cl+3s — C(s3) 8.12015E+07 | 1.00 | 0.00
54 C(ss) — Cl+3s 9.19010E+09 | 1.00 | 628.00
55 s+ 0(s) 4+ CO  —  COy(s2) 4.87946E+09 | 0.00 | 0.00
56 COs(s3) — CO + O(s) + s 2.08366E+10 | 1.00 | 77.30
57 OH(s) + CO +2s — COa(sp) + H(s) 1.45784E+09 | 0.00 | 8.62
58 COs(s2) + H(s) — CO + OH(s) + 2s 1.53187E+10 | 0.50 | 36.25
59 s + CH,O(s) + CO — 2 CHO(s) 1.61064E4-09 | 0.00 | 150.39
60 2 CHO(s) — CHy0(s) + CO + s 4.90873E+09 | 0.50 | 0.00
61 CH50(s) + CO +3s — CHa(ss) + COa(s0) 3.60274E+08 | 0.00 | 99.39
62 COy(s2) + CHa(sy) — CHyO(s) + CO + 3 s 5.74322E+09 | 0.50 | 0.00
63 CoHg(s2) + CO  —  CH,CHj(s) + CHO(s) 3.76156E+09 | 0.00 | 4.95
64 CHO(s) + CHyCHg(s) —  CoHg(sy) + CO 5.29470E409 | 0.50 | 0.00
65 s+ HyO(s) + CO  — CHO(s) + OH(s) 1.01333E+09 | 0.00 | 11.88
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66 CHO(s) + OH(s) — CO + Hy0(s) + s 5.09820E+09 | 0.50 | 0.00
67 CH,CHs(s) + CO + 2s  —  CyHy(sy) + CHO(s) 5.00147E+08 | 0.00 | 117.67
68 CHO(s) + CoHy(s2) — CH2CHj(s) + CO + 25 5.12390E+09 | 0.50 | 0.00
69 CHCHj(sz) + CO +2s  — CCHs(sz) + CHO(s) 4.33680E4-08 | 0.00 | 3.04
70 CHO(s) + CCHs(s3) — CHCHs(s2) + CO + 25 5.16949E+09 | 0.50 | 0.00
71 s + CH30H(s) + CO — CH,0H(s) + CHO(s) 4.44638E+09 | 0.00 | 0.81
72 CH,OH(s) + CHO(s) — CH3OH(s) + CO + s 4.86242E+09 | 0.50 | 0.00
73 s + CHyCH3(s) + CO  —  CoHy(s) + CHO(s) 2.00059E+09 | 0.00 | 148.67
74 CHO(s) + CoHy(s) — CHyCHs(s) + CO + s 5.33279E+09 | 0.50 | 0.00
75 s+ OH(s) + CO — CHO(s) + O(s) 9.65546E+4-08 | 0.00 | 34.19
76 O(s) + CHO(s) — CO + OH(s) + s 4.79132E+09 | 0.50 | 0.00
77 s+ C(ss) + COy  — 2 CO(sy) 9.77443E+08 | 0.00 | 0.00
78 2CO(s2) — C(s3) + COq +s 4.70876E4-09 | 0.50 | 80.62
79 s+ O(s) + CH,O — CHO(s) + OH(s) 2.12670E+09 | -0.50 | 0.00
80 CHO(s) + OH(s) — CH20 4+ O(s) +s 5.09820E+09 | 0.50 | 47.06
81 s+ OH(s) + CH,0 — CHO(s) + HyO(s) 2.54159E+09 | -0.50 | 0.00
82 CHO(s) + H,O(s) — CH,0 + OH(s) + s 5.15363E+09 | 0.50 | 35.24
83 CH;O +2s — CHO(s) + H(s) 4.44619E4-08 | -0.50 | 0.53
84 CHO(s) + H(s) — CH:0 + 25 1.43087E+10 | 0.50 | 44.52
85 s+ CHO — CHOC(s) 1.66541E+09 | -0.50 | 0.00
86 CHO(s) — CHO +s 2.52417E+10 | 1.00 | 167.00
87 CHO +3s — COf(s2) + H(s) 1.57308E+08 | -0.50 | 0.00
88 CO(s2) + H(s) — CHO + 35 1.37609E+10 | 0.50 | 107.45
89 H(s) + CHO +2s — CO(s2) + Ha(s) 7.91383E+08 | -0.50 | 0.00
90 CO(sp) + Ha(s) — CHO + H(s) + 2s 1.05821E+10 | 0.50 | 100.42
91 s+ CH;0H — CH;0H(s) 1.12314E409 | -0.50 | 0.00
92 CH30H(s) — CH30H + s 3.29727E+10 | 1.00 | 44.10
93 s+ O(s) + CHsOH — CH;OH(s) + OH(s) 9.34579E4-08 | -0.50 | 0.00
94 CH,OH(s) + OH(s) — CH3OH + O(s) + s 5.07843E+09 | 0.50 | 31.72
95 s+ O(s) + CH;OH — CH;3O(s) + OH(s) 9.22896E+08 | -0.50 | 1.87
96 CH;0(s) + OH(s) — CH3;OH + O(s) + s 5.06500E+09 | 0.50 | 46.22
97 s+ CH30 — CH30(s) 3.94297E+09 | -0.50 | 0.00
98 CH30(s) — CH3O +s 2.64242E+10 | 1.00 | 173.00
99 CH30 +2s — CHs(s) + O(s) 2.89297E+08 | -0.50 | 31.88
100 CHs(s) + O(s) — CHs0 + 25 5.15078E+09 | 0.50 | 33.92
101 CH30 + 2s — CH,O(s) + H(s) 4.24720E+08 | -0.50 | 0.00
102 CH,O(s) + H(s) — CH;0 + 2 1.44089E+10 | 0.50 | 34.04
103 CO(s3) + CH30 — CH»O(s) + CHO(s) 2.54115E+09 | -0.50 | 116.55
104 CH20(s) + CHO(s) — CH30 + CO(s2) 4.89255E4-09 | 0.50 | 0.00
105 H(s) + CHsO — CHs;OH(s) 4.27655E+09 | -0.50 | 0.00
106 CH3;0H(s) — CHs0 + H(s) 2.08366E+10 | 1.00 | 79.57
107 s+ CH — CCH(s) 9.06087E+08 | 0.00 | 0.00
108 CCH(s) — GCyH +s 2.85007E+10 | 1.00 | 287.00
109 Cy+6s — 2C(s3) 2.22964E+05 | 0.00 | 0.00
110 2C(s3) — Co+6s 5.50717E409 | 0.50 | 377.85
111 CoHg(sy) — 2 CHs(s) 2.08366E+10 | 1.00 | 86.42
112 2 CH3(s) — CoHg(se) 6.05457E4-09 | 0.50 | 0.00
113 H(s) + CoHg(s2) — CHyCHs(s) 4+ Ha(s) + s 1.54829E+10 | 0.50 | 52.87
114 s + CH3CHs(s) + Ha(s) —  CoHg(se) + H(s) 1.20294E+10 | 0.50 | 0.00
115 ( ) + CQHG(SQ) — CHg(S) + CHy + 25 1.54829E+10 | 0.50 32.74
116 CHs(s) + CHy + 2s  —  CyHg(ss) + H(s) 3.13089E+12 | -0.50 | 0.00
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117 CQH6(52) + O(S) —  CoHs + OH(S) +2s 5.11340E+09 | 0.50 6.54
118 OH(S) + CoHy +2s — CQHG(SQ) + O( ) 7.98272E4+09 | -0.50 | 27.29
119 O(S) + CQH6(52) — CHQCHg( ) + OH( ) 5.11340E+409 | 0.50 6.54
120 s + CHoCHs(s) + OH(s) —  CyHg(s2) + O(s) 5.55266E+09 | 0.50 27.19
121 OH(s) + CaHg(ss) — CHoCHs(s) + H2O(s) + s | 5.40841E+09 | 0.50 14.41
122 s + CH2CH3( ) + H2O(s ) — CgHg(Sg) + OH(S) 5.59873E+09 | 0.50 11.85
123 CHj3(s) + CoHg(s2) — CH2CHz(s) + CHy + 2s | 5.92480E+09 | 0.50 | 8.34
124 CHyCHj3(s) + CHy +2s  —  CgoHg(sz) + CHs(s) 4.58655E+12 | -0.50 | 10.79
125 CyHg(s2) — CHCHs(s) + H(s) 2.08366E+10 | 1.00 69.01
126 CH2CHs(s) + H(s) —  CyHg(s2) 1.58541E+10 | 0.50 27.54
127 O( ) + C2H6( 2) — CHg(S) + CHgO(S) + s 5.11340E+09 | 0.50 65.83
128 s + CH30(s) + CH3z(s) — CQH@(SQ) + O(S) 5.56880E+09 | 0.50 16.67
129 OH(s) + C3Hg(ss) — CHoCH3(s) + HoO + 25 5.40841E4-09 | 0.50 14.41
130 CH2CHs(s) + HoO +2s  —  CoHg(se) + OH(s) 3.88003E+12 | -0.50 | 0.00
131 CH2CHs(s) — CoHy + H(s) 2.08366E+10 | 1.00 22.76
132 H(S) + CoHy — CHQCHg(S) 2.62333E+09 | -0.50 | 8.17
133 H(s) + CHyCH3(s) — 2 CHs(s) 1.58541E+10 | 0.50 64.51
134 2 CHs(s) — CHyCHs(s) + H(s) 6.05457E409 | 0.50 20.84
135 O(s) + CH3CH3(s) — CoHy + OH(S) + s 5.25663E+09 | 0.50 23.55
136 s + OH(s) + CoHy — CHyCHs(s) + O(s) 5.03010E4-09 | -0.50 | 24.92
137 O(s ) + CH2CHj(s ) — C2H4( ) + OH( ) 5.25663E+09 | 0.50 23.55
138 CoHy(s) + OH(s) — CHyCHj(s) + O(s) 5.57766E409 | 0.50 83.23
139 s+ O(s) + CH3CH3(s) — CoHy(se) + OH(s) 5.25663E+09 | 0.50 24.21
140 CyHy(so) + OH(s) — CHoCHs(s) + O(s) + s 5.33523E+09 | 0.50 96.05
141 O(s) + CH2CHs(s) — CHyO(s) + CHs(s) 5.25663E+09 | 0.50 39.81
142 CHQO( ) + CHg(S) — CHQCH?,( ) + (S) 5.60134E+09 | 0.50 58.00
143 s + OH(s) + CHyCH3(s) —  CyHy(sz) + HoO(s) 5.55266E+09 | 0.50 19.65
144 CoHy(s2) + HoO(s) — CHyCHs(s) + OH(s) + s 5.38793E+09 | 0.50 80.48
145 CH2CHs(s) +2s  —  CyHy(se) + H(s) 8.22089E+08 | 0.50 16.07
146 CQH4(SQ) + H(s) — CHyCHs(s) +2s 1.50167E+10 | 0.50 46.22
147 s + H(S) + CHQCHg(S) — C2H4(Sg) + HQ(S) 1.58541E+10 | 0.50 44.56
148 CoHy(s2) + Ho(s) — CHyCHs(s) + H(s) + s 1.14546E+10 | 0.50 41.64
149 CyHy(s) + H(s) — CHyCHs(s) + s 1.58188E+10 | 0.50 25.62
150 s + CHoCHs(s) —  CyHy(s) + H(s) 3.28836E+09 | 0.50 22.76
151 CoHy(s) — CoHy +s 5.00567E+10 | 1.00 68.00
152 s+ CHy — C2H4(S) 1.93895E+09 | -0.50 | 0.00
153 s+ O(s) + CoHy(s) — CHa(se) + CH20(s) 5.27779E+09 | 0.50 57.16
154 CH,0(s) + CHa(s2) —  CoHy(s) + O(s) + s 5.74122E409 | 0.50 0.00
155 OH(s) + CaHy(s) — CH.O(s) + CHs(s) 5.57766E+09 | 0.50 47.01
156 CHQO(S) + CH3(S) —  CoHy(s) + OH(s) 5.60134E+09 | 0.50 0.00
157 s + CQH4(S) — CHCHQ(S) + H(S) 3.34198E4-09 | 0.50 98.96
158 CHCHay(s) + H(s) — CoHy(s) + s 1.58249E+10 | 0.50 21.47
159 CoHy(s) +3s — CHCHa(ss) + H(s) 1.23777TE+08 | 0.50 115.86
160 H(s) + CHCHy(s3) — CoHy(s) + 3s 1.50255E+10 | 0.50 0.00
161 OH(S) + CQH4(S) — CHCHQ(S) + H20(s) 5.57766E+09 | 0.50 46.61
162 CHCHQ(S) + HQO(S) —  CoHy(s) + OH(s) 5.66776E+09 | 0.50 0.00
163 CQH4(SQ) + H, O — CHQCHg(S) + OH(S) 1.53139E+11 | -0.50 | 46.13
164 OH(s) + CHoCHs(s) —  CyHy(se) + H20 5.55266E+09 | 0.50 19.65
165 CoHy(se) — CoHy + 25 1.40786E+11 | 1.00 99.00
166 CoHy +2s — CQH4<82) 3.55395E410 | -0.50 | 0.00
167 CQH4(SQ) — CHCHQ(S) + H(s) 2.08366E+10 | 1.00 114.46
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168 CHCH,(s) + H(s) — CoHy(sa) 1.58249E+10 | 0.50 | 0.00
169 O(s) + CoHy(s2) — CHa(s2) + CHy0(s) 5.03030E4+09 | 0.50 | 79.51
170 CH,O(s) + CHa(ss) — CoHy(se) + O(s) 5.74122E409 | 0.50 | 0.00
171 OH(s) + CoHy(s2) — CHoO(s) + CHs(s) + 5.33523E4+09 | 0.50 | 68.17
172 s + CH,O(s) + CHs(s) — CoHy(sz) + OH(s) 5.60134E409 | 0.50 | 0.00
173 CoHy(sp) +2s  — CHCHy(ss) + H(s) 7.98328E+08 | 0.50 | 131.36
174 H(s) + CHCHa(s3) — CoHy(sa) + 25 1.50255E+10 | 0.50 | 0.00
175 CHCHs(s2) + H(s) — CoH; + 35 1.58531E+10 | 0.50 | 29.82
176 CoHs +3s — CHCH;(ss) + H(s) 3.09566E+07 | -0.50 | 84.31
177 CHCHs(s) + H(s) — CH,CHs(s) + 25 1.58531E+10 | 0.50 | 29.82
178 CH,CHs(s) + 2s  — CHCH;(so) + H(s) 8.22089E+08 | 0.50 | 110.43
179 CHCH3(s2) — CyHy(s2) 2.08366E+10 | 1.00 | 0.00
180 CoHy(s2) —  CHCHs(so) 2.08366E+10 | 1.00 | 176.52
181 CHCHs(ss) + 25 — CHCHa(ss) + H(s) 8.37085E+08 | 0.50 | 69.62
182 H(s) + CHCHy(s;) — CHCHs(se) + 2's 1.50255E+10 | 0.50 | 18.58
183 s+ H(s) + CHCHs(sy) — CCHjs(ss) + Ha(s) 1.58531E+10 | 0.50 | 75.93
184 CCHs(ss) + Ha(s) — CHCHs(so) + H(s) + 1.14559E+10 | 0.50 | 40.55
185 CHCHj(sy) + 25  — CCHs(ss) + H(s) 8.37085E+08 | 0.50 | 77.74
186 CCHj(ss) + H(s) — CHCH;s(ss) + 2 1.50058E+10 | 0.50 | 65.43
187 CHCHs(ss) — CHCH,(s) + H(s) 2.08366E+10 | 1.00 | 52.73
188 H(s) + CHCHa(s) — CHCH;(so) 1.58249E+10 | 0.50 | 44.99
189 CCH3(s3) — CHCHa(s) + 2s 2.08366E+10 | 1.00 | 0.00
190 CHCH,(s) + 2s — CCH;(ss) 8.51652E+08 | 0.50 | 77.94
191 CHCH,(s) + H(s) — CoHy+2s 1.58249E+10 | 0.50 | 21.47
192 CyHy +2s — CHCHa(s) + H(s) 6.00099E4-08 | -0.50 | 30.96
193 CHCHa(s) + 3s  — C(ss) + CHs(s) 1.26171E+08 | 0.50 | 44.81
194 CHs(s) + C(s3) — CHCH(s) + 3 s 5.82816E+09 | 0.50 | 68.09
195 s+ H(s) + CHCHy(s) — CCHa(ss) + Ha(s) 1.58249E+10 | 0.50 | 48.57
196 CCHa(ss) + Ha(s) — CHCHay(s) + H(s) + s 1.13873E+10 | 0.50 | 43.66
197 O(s) + CHCHa(s) — CoHs + OH(s) + s 5.31391E+09 | 0.50 | 29.09
198 s+ OH(s) + CoH, — CHCHy(s) + O(s) 1.37021E+09 | 0.00 | 121.26
199 OH(s) + CHCH,(s) — CoHy + HoO(s) + s 5.61761E+09 | 0.50 | 21.26
200 s+ HyO(s) + CoHy  —  CHCH,(s) + OH(s) 1.43802E+09 | 0.00 | 90.69
201 CHCH,(s) + 2s — CCHa(ss) + H(s) 8.51652E+08 | 0.50 | 50.35
202 H(s) + CCHa(s2) — CHCHy(s) + 2s 1.48037E+10 | 0.50 | 72.38
203 CHCHy(s) + 3s —  CoHa(ss) + H(s) 1.26171E+08 | 0.50 | 16.22
204 H(s) + CoHa(ss) — CHCHy(s) + 3 s 1.63611E+10 | 0.50 | 60.12
205 H(s) + CHCHy(s) — CoHy + Ha(s) + s 1.58249E+10 | 0.50 | 41.25
206 s+ Ho(s) + CoHy — CHCH(s) + H(s) 9.78993E+08 | 0.00 | 8.16
207 O(s) + CoHa(s3) — CH(ss) + CHO(s) 5.51825E+09 | 0.50 | 83.22
208 CH(ss) + CHO(s) — CyHa(ss) + O(s) 5.76374E+09 | 0.50 | 25.22
209 s+ O(s) + CoHa(s;) — C(s3) + CHOH(sy) 5.51825E+09 | 0.50 | 66.94
210 C(ss) + CHOH(sy) — CoHa(ss) + O(s) + s 5.61672E+09 | 0.50 | 60.03
211 O(s) + Colla(s;) —  CHay(ss) + CO(s2) 5.51825E4+09 | 0.50 | 0.00
212 CHy(sy) + CO(s2) —  CaHay(ss) + O(s) 5.59733E+09 | 0.50 | 95.91
213 O(s) + CoHa(ss) —  C(s3) + CHo0(s) 5.51825E+09 | 0.50 | 0.00
214 C(s3) + CH,O(s) —  CoHa(ss) + O(s) 5.53252E+09 | 0.50 | 41.99
215 O(s) + Cola(sy) + 25 — CH(ss) + COH(ss) 1.37956E+09 | 0.50 | 117.07
216 CH(s3) + COH(ss) — CoHa(ss) + O(s) + 28 5.81989E+09 | 0.50 | 47.79
217 O(s) + CoHy(ss) — CCH(s) + OH(s) + 2s | 5.51825E+09 | 0.50 | 93.78
218 OH(s) + CCH(s) + 2s — CoHa(s3) + O(s) 1.38112E+09 | 0.50 | 28.44
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219 CHCH,(s) + 3s — CCHa(ss) + H(s) 1.26171E+08 | 0.50 | 103.57

220 H(s) + CCHy(s3) — CHCHy(s) + 3's 1.50168E+10 | 0.50 | 0.00
221 H(s) + CHCHy(s3) — CoHy +4s 1.50255E+10 | 0.50 | 0.00
222 CoHy +4s —  CHCHa(ss) + H(s) 2.89540E+08 | -0.50 | 47.86
223 CHCHa(ss) — CHCHa(s) +2s 2.08366E+10 | 1.00 | 0.00
224 CHCHy(s) + 2s — CHCHy(ss) 8.51652E+08 | 0.50 | 0.00
225 CHCHsy(s;) — CCHs(ss3) 2.08366E+10 | 1.00 | 20.57
226 CCHs(s;) — CHCHa(ss) 2.08366E-+10 | 1.00 | 0.00
227 CHCHa(s;) — CCHy(se) + H(s) 2.08366E+10 | 1.00 | 22.86
228 CCHa(sp) + H(s) — CHCH(ss) 1.48937E+10 | 0.50 | 96.50
229 s + CHCHy(s3) — C(ss) + CHs(s) 3.25564E+09 | 0.50 | 17.31
230 CHj(s) + C(ss) — CHCHy(ss) + s 5.82816E+09 | 0.50 | 92.36
231 H(s) + CHCHy(s3) — CyHy + Ha(s) + 3 s 1.50255E+10 | 0.50 | 17.27
232 Hy(s) + CoHy + 3s  —  CHCHa(ss) + H(s) 1.11965E+09 | 0.00 | 63.16
233 H(s) + CHCHQ( 3)  —  CoHy(ss) + Hay(s) 1.50255E+10 | 0.50 | 17.27
234 CsHa(s3) + Ha S) — CHCHQ(Sg) ( ) 1.24112E+10 | 0.50 69.77
235 H(s) + CHCHy(s3) — CCHy(sy) 4 Ha(s) + s 1.50255E+10 | 0.50 | 20.53
236 s+ Ho(s) + CCHa(sy) — CHCHa(s3) + H(s) 1.13873E+10 | 0.50 | 60.25
237 H(s) + CHCHy(s3) — CCHy(sy) + Hy + 25 1.50255E+10 | 0.50 | 20.53
238 CCHQ(S )+ Hy +2s — CHCHy(ss) + H(s) 7.07027E+11 | 0.00 | 38.37
239 H(s) + CHCHy(s3) — CaHa(ss) + Hy + s 1.50255E+10 | 0.50 | 17.27
240 s + CoHa(s3) + Ho  — CHCHsy(s3) + H(s) 4.34190E+12 | 0.00 | 47.61
241 s 4+ CCHs(ss) — C(s3) + CHs(s) 3.25193E+09 | 0.50 | 44.60
242 CHs(s) + C(ss) — CCHs(ss) + s 5.82816E+09 | 0.50 | 68.28
243 H(s) + CCHs(ss) — C(s3) + CHy + s 1.50058E+10 | 0.50 | 36.19
244 s+ C(ss) + CH; — CCHjy(ss) + H(s) 4.22250E+12 | -0.50 | 96.67
245 CCHs(s3) + H(s) — CCHa(so) + Ha(s) + s 1.50058E+10 | 0.50 | 68.99
246 s + Hy(s) + CCHa(ss) — CCHs(ss) + H(s) 1.13873E+10 | 0.50 | 68.28
247 H(s) + CCHy(sy) — CCHjs(ss) 1.48937E+10 | 0.50 | 72.56
248 CCHg(Sg) —  CCHy(sg) + H(s) 2.08366E+10 | 1.00 | 50.14
249 CCHy(sy) — CCH(s) 4 H(s) 2.08366E+10 | 1.00 | 133.72
250 CCH(s) + H(s) — CCHa(sp) 1.52488E+10 | 0.50 | 31.20
251 s+ H(s) + CCHy(sy) — C(s3) + CHs(s) 1.48937E+10 | 0.50 | 52.90
252 CHs(s) + C(s;) — CCHa(so) + H(s) + s 5.82816E+09 | 0.50 | 52.87
253 s+ O(s) + CCHy(sy) —  CHy(sy) 4+ CO(s2) 5.05950E+09 | 0.50 | 33.04
254 CO(s2) + CHy(sy) —  CCHay(sp) + O(s) + 5.59733E-+09 | 0.50 | 136.00
255 O(s) + CCHy(sy) — CCH(s) + OH(s) + 5.05950E+09 | 0.50 | 95.34
256 s + OH(s) + CCH(s) — CCHa(ss) + O(s) 5.52448E+09 | 0.50 | 41.55
257 s+ O(s) + CCHa(s2) —  C(s3) + CH,0(s) 5.05950E+09 | 0.50 | 42.22
258 CH,0(s) + C(s3) — CCHa(ss) + O(s) + 5.53252E-+09 | 0.50 | 108.77
259 O(s) + CCHy(sy) —  CHy(sy) + CO + s 5.05950E+09 | 0.50 | 33.04
260 s 4+ CHa(sy) + CO  —  CCHa(sy) + O(s) 5.00710E409 | 0.00 | 18.35
261 O(s) + CCHy(s2) —  C(s3) + CH,0 5.05950E+09 | 0.50 | 42.22
262 C(s3) + CH,O0 —  CCHa(sz) + O(s) 1.13438E+10 | -0.50 | 70.80
263 s + OH(s) + CCHa(sy) — C(s3) + CH,OH(s) 5.37310E+09 | 0.50 | 56.59
264 CH,OH(s) + C(s3) — CCHy(sy) + OH(s) + s 5.52043E+09 | 0.50 | 49.63
265 CCHa(sz) +3s  —  C(s3) + CHy(sy) 1.22021E+08 | 0.50 | 139.61
266 CHa(s2) + C(s3) — CCHay(sy) + 3 s 5.92507E+09 | 0.50 | 51.51
267 CCHa(ss) + H(s) — CoHs+4s 1.50168E+10 | 0.50 | 0.00
268 CoHs +4s — CCHa(ss) + H(s) 9.10007E+07 | -0.50 | 228.09
269 CCHy(ss) — CCHy(sp) + s 2.08366E+10 | 1.00 | 0.00
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270 s+ CCHy(sy) — CCHy(ss) 3.29456E+09 | 0.50 | 0.00
271 H(s) + CCHy(ss) — CHCHy(ss) + s 1.50168E+10 | 0.50 | 20.54
272 s + CHCH,(s3) — CCHa(s3) + H(s) 3.25564E4+09 | 0.50 | 76.07
273 H(s) + CCHa(s;) — CCHs(s) + s 1.50168E+10 | 0.50 | 0.00
274 s+ CCHs(ss) — CCHa(ss) + H(s) 3.25193E+09 | 0.50 | 103.35
275 H(s) + CCHy(s;) — CCH(s) + Hy + 3 s 1.50168E+10 | 0.50 | 51.35
276 CCH(s) + Hy + 3s — CCHa(ss) + H(s) 8.95897E+10 | 0.00 | 5.40
277 H(s) + CCHay(s;) — C(s3) + CHs(s) 1.50168E+10 | 0.50 | 0.00
278 CHs(s) + C(s;) — CCHa(ss) + H(s) 5.82816E+09 | 0.50 | 119.12
279 CyHa(s3) + H(s) — CHCHa(ss) + s 1.63611E+10 | 0.50 | 85.43
280 s+ CHCHa(s3) — CoHay(s3) + H(s) 3.25564E409 | 0.50 | 0.00
281 CoHy(ss) —  CCHa(s) + s 2.08366E+10 | 1.00 | 73.96
282 s+ CCHa(sy) — CoHa(ss) 3.29456E+09 | 0.50 | 0.00
283 CyHa(ss) — CoHo + 35 3.91827E+10 | 1.00 | 134.00
284 CoHy +3s —  CyHa(ss) 1.38965E+09 | 0.00 | 0.00
285 s+ CCH(s) + H(s) — CCHy(ss) 1.52488E+10 | 0.50 | 63.22
286 CCHa(s;) — CCH(s) + H(s) + s 2.08366E+10 | 1.00 | 58.72
287 | H,O(s) + CCH(s) +2s — CoHy(ss) + OH(s) 1.39557E+09 | 0.50 | 0.00
288 OH(s) + CoHa(s3) — CCH(s) + HoO(s) + 25 | 5.82278E+09 | 0.50 | 63.61
289 H,O(s) + CCH(s) — CyHy + OH(s) + s 5.58227E+09 | 0.50 | 0.00
200 s+ OH(s) + CoH, — CCH(s) + HyO(s) 2.11772E+09 | 0.00 | 115.60
201 H(s) + CCH(s) — CoHy + 2 1.52488E+10 | 0.50 | 0.00
292 CoHy +2s — CCH(s) + H(s) 3.70468E4-08 | 0.00 | 8.96
293 s+ H(s) + CCH(s) — CyHa(ss) 1.52488E+10 | 0.50 | 0.00
204 CoHy(ss) — CCH(s) + H(s) + s 2.08366E+10 | 1.00 | 142.96
205 s+ O(s) + CCH(s) — CH(ss) + CO 5.20866E+09 | 0.50 | 0.00
206 CH(ss) + CO  — CCH(s) + O(s) + s 2.03430E+09 | 0.00 | 60.97
297 s+ O(s) + CCH(s) — C(s3) + CHO 5.20866E+09 | 0.50 | 0.00
208 C(ss) + CHO — CCH(s) + O(s) + s 5.01442E+09 | -0.50 | 18.13
299 O(s) + CCH(s) + 2s  —  C(s3) + CHO(s) 1.30216E+09 | 0.50 | 0.00
300 CHO(s) + C(s;) — CCH(s) + O(s) + 2 s 5.52482E+09 | 0.50 | 162.72
301 s + H,O(s) + CCH(s) — CCHa(ss) + OH(s) 5.58227E+09 | 0.50 | 15.81
302 CCH,(s;) + OH(s) — CCH(s) + HoO(s) + s 5.37310E4+09 | 0.50 | 97.91
303 s+ Ha(s) + CCH(s) — CCHa(sg) + H(s) 1.16456E+10 | 0.50 | 0.00
304 CCHa(sy) + H(s) — CCH(s) + Ha(s) + s 1.48937E+10 | 0.50 | 136.99
305 CCH(s) + 55 — C(ss) + CH(ss) 1.09826E+06 | 0.50 | 121.12
306 CH(ss) + C(s3) — CCH(s) +5s 5.87571E+09 | 0.50 | 104.52
307 CHs(s) + OH(s) — CH;O0H +2s 5.53948E+09 | 0.50 | 31.92
308 CH;0H + 2s — CHs(s) + OH(s) 5.87013E+07 | -0.50 | 15.30
309 CHs(s) + HyO(s) — CH3;OH + H(s) + s 5.63757E+09 | 0.50 | 21.29
310 s+ H(s) + CH;OH — CHjs(s) + HyO(s) 2.57065E+08 | -0.50 | 0.00
311 H(s) + CHs(s) — CH4 +2s 1.34946E+10 | 0.50 | 23.90
312 CHy +2s — CH;(s) + H(s) 7.46193E+09 | -0.50 | 48.55
313 s+ H(s) + CHs(s) — CHQ(S ) + Ha(s) 1.34946E+10 | 0.50 | 65.46
314 Hy(s) + CHa(sy) — CHs(s) + H(s) + s 1.06151E+10 | 0.50 | 0.00
315 O(s) + CHs(s) — CH,O + H(s) + s 5.15078E+09 | 0.50 | 23.25
316 s+ H(s) + CH,O — CHs(s) + O(s ) 1.04152E+09 | -0.50 | 44.34
317 O(s) + CHs(s) — CH,OH(s) + 5.15078E+09 | 0.50 | 26.45
318 s + CH,OH(s) — CHs(s) + O(s) 2.94435E+09 | 0.50 | 83.39
319 O(s) + CHs(s) — CH;0(s) + s 5.15078E+09 | 0.50 | 33.92
320 s+ CH;0(s) — CHs(s) + O(s) 2.93637E+09 | 0.50 | 70.89
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321 O(s) + CHs(s) — CH,0(s) + H(s) 5.15078E+09 | 0.50 | 23.25
322 CH,O(s) + H(s) — CHs(s) + O(s) 1.44089E+10 | 0.50 | 83.35
323 OH(s) + CHs(s) — CHy + O(s) + s 5.53948E+09 | 0.50 | 46.90
324 s+ O(s) + CHy — CHs(s) + OH(s) 3.32184E+10 | -0.50 | 15.02
325 H,O(s) + CHs(s) — CHy + OH(s) + s 5.63757E+09 | 0.50 | 6.49
326 s+ OH(s) + CH;, — CHs(s) + HQO(S) 5.83150E+10 | -0.50 | 14.08
327 OH(s) + CHs(s) — CH3OH(s) + 5.53948E+09 | 0.50 | 31.92
328 s + CH;OH(s) — CHa(s) + OH( ) 3.05521E+09 | 0.50 | 59.40
329 s+ CHs(s) + H,O — CHsOH(s) + H(s) 2.27206E+11 | -0.50 | 13.22
330 H(s) + CH;OH(s) — CHs(s) + HoO + s 1.53610E+10 | 0.50 | 10.84
331 H,O(s) + CHs(s) — CH3OH(s) + H(s) 5.63757E+09 | 0.50 | 21.29
332 H(s) + CH30H(s) — CHs(s) + HoO(s) 1.53610E+10 | 0.50 | 10.84
333 CHa(ss) + H,O(s) — CHy(s) + OH(s) + s 5.75301E+09 | 0.50 | 19.76
334 s+ OH(s) + CHz(s) — CHa(sz) + HoO(s) 5.53948E+09 | 0.50 | 60.95
335 CH,(sy) + OH(s) — CH,OH + 3 s 5.64976E+09 | 0.50 | 30.03
336 CH,OH + 3s — CHa(s) + OH(s) 1.26734E+07 | -0.50 | 75.47
337 H(s) + CHy(sy) — CHs(s) + 2s 1.35262E+10 | 0.50 | 28.99
338 CHs(s) +2s — CHy(sy) + H(s) 9.79879E+08 | 0.50 | 109.30
339 O(s) + CHa(ss) — CHO + H(s) + 25 5.25018E4+09 | 0.50 | 0.00
340 H(s) + CHO + 2s — CHay(s2) + O(s) 2.43827E+08 | -0.50 | 163.08
341 OH(s) + CHay(sy) — CH,O + H(s) + 2's 5.64976E+09 | 0.50 | 27.29
342 H(s) + CHO +2s — CHy(sy) + OH(s) 2.69922E408 | -0.50 | 64.63
343 CH,(so) + HoO(s) — CH;OH(s) + 2 5.75301E+09 | 0.50 | 0.00
344 CH;0H(s) + 25 — CHa(ss) + HaO(s) 7.63801E+08 | 0.50 | 53.23
345 OH(s) + CH2(52) —  CH,O(s) + H(s) + s 5.64976E+09 | 0.50 | 27.29
346 s+ H(s) + CHO(s) — CHy(ss) + OH(s) 1.44089E+10 | 0.50 | 103.34
347 s+ CHy(so) + H(s) — CH(ss) + Ha(s) 1.35262E+10 | 0.50 | 94.60
348 Ho(s) + CH(ss) — CHa(s) + H(s) + s 1.03779E+10 | 0.50 | 18.26
349 OH(s) + CHa(ss) — CH,OH(s) + 28 5.64976E+09 | 0.50 | 30.03
350 CH,OH(s) + 2s — CHy(sy) + OH(s) 7.36089E+08 | 0.50 | 103.68
351 CHa(ss) + HoO(s) — CH,OH(s) + H(s) + 5.75301E409 | 0.50 | 24.42
352 s+ H(s) + CH,OH(s) — CHa(ss) + H,O(s) 1.44461E+10 | 0.50 | 57.65
353 CH(ss) + H(s) — CHa(ss) + 2 1.31483E+10 | 0.50 | 49.02
354 CHa(sy) +2s — CH(sy) + H(s) 1.01650E+09 | 0.50 | 100.17
355 H(s) + CH(ss) — C(s3) + Ha(s) 1.31483E+10 | 0.50 | 35.65
356 C(ss) + Ha(s) — CH(ss) + H(s) 9.54955E+09 | 0.50 | 117.77
357 H(s) + CH(ss) — C(s3) + Ha + s 1.31483E+10 | 0.50 | 35.65
358 s+ C(ss) + Ho  —  CH(ss) + H(s) 9.82745E+11 | 0.00 | 96.55
359 O(s) + CH(s;) — CHO +4s 5.21415E4+09 | 0.50 | 0.00
360 CHO +4s — CH(ss) + O(s) 5.11175E+06 | -0.50 | 31.28
361 OH(s) + CH(ss) — CHO + H(s) + 3 s 5.62821E+09 | 0.50 | 32.35
362 H(s) + CHO +3s — CH(s3) + OH(s) 3.74463E+07 | -0.50 | 140.78
363 OH(s) + CH(s;) — CHO(s) + H(s) + 2 s 5.62821E+09 | 0.50 | 32.35
364 CHO(s) + H(s) + 2s — CH(ss) + OH(s) 3.57717TE+09 | 0.50 | 129.87
365 OH(s) + C(ss) — CHO +4s 5.31413E+09 | 0.50 | 72.26
366 CHO +4s — C(s3) + OH(s) 5.29908E4-06 | -0.50 | 3.63
367 C(ss) + H(s) — CH(sy) +s 1.19364E+10 | 0.50 | 134.42
368 s+ CH(ss) — C(ss) + H(s) 4.11933E+09 | 0.50 | 22.10
369 O(s) + C(s;) — CO+4s 4.87970E+09 | 0.50 | 54.10
370 CO+4s — Cs3) + Ofs) 2.07378E+06 | 0.00 | 92.77
371 O(s) + C(ss) — CO(sy) + 25 4.87970E+09 | 0.50 | 54.10
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372 CO(s2) +2s — C(ss) + O(s) 7.44321B+08 | 0.50 | 226.77
373 OH(s) + C(ss) — CHO(s) +3s 5.31413E+09 | 0.50 | 72.26
374 CHO(s) +3s — C(s3) + OH(s) 1.11978E+08 | 0.50 | 90.45
375 OH(s) + C(s3) — CO +H(s) +3s 5.31413E+09 | 0.50 | 36.91
376 H(s) + CO +3s — C(sy) + OH(s) 1.51916E+07 | 0.00 | 34.87
377 OH(s) + C(s3) — CO(sz) + H(s) + s 5.31413E+09 | 0.50 | 36.91
378 s+ CO(s2) + H(s) — C(s3) + OH(s) 1.37609E+10 | 0.50 | 152.47

379 C(ss) + 02— CO(s2) + O(s) 3.95122E+09 | 0.00 | 0.00
380 CO(s2) + O(s) —  C(sy) + Oy 4.65178E+09 | 0.50 | 199.67
381 H,0(s) + C(ss) — CH(sy) + OH(s) 5.43728E+09 | 0.50 | 154.97
382 OH(s) + CH(ss) — C(s3) + H20(s) 5.62821E409 | 0.50 | 0.00
383 CH,0(s) + C(s3) — CHa(s) + CO(sp) 5.53252E+09 | 0.50 | 0.00
384 CO(s0) + CHQ(SQ) —  C(s3) + CHy0(s) 5.59733E4+09 | 0.50 | 46.91
385 CO(s3) — CO+2s 1.89929E+10 | 1.00 | 187.00
386 CO+2s — COfsq) 4.30773E408 | 0.00 | 0.00
387 O(s) + CO(sy)  — COs(s) + s 4.65178E+09 | 0.50 | 21.84
388 s+ COy(sy) — CO(sp) + O(s) 2.62137E+09 | 0.50 | 77.30
389 O(s) + CO(sy) — COs +3s 4.65178E+09 | 0.50 | 21.84
390 CO; +3s — CO(ss) + O(s) 2.42025E+07 | 0.00 | 62.20
391 OH(s) + CO(s2) — COs(s) + H(s) 4.96572E+09 | 0.50 | 39.57
392 COs(s2) + H(s) — CO(so) + OH(s) 1.53187E+10 | 0.50 | 36.25
393 s+ CO(ss) + Os  —  COs(s2) + O(s) 9.35703E409 | 0.00 | 0.00
394 COs(s5) + O(s) —  CO(s2) + Os + 8 4.81019E+09 | 0.50 | 126.64
395 CH;0(s) + CO(ss) — CH;(s) + COs(s2) 4.75611E+09 | 0.50 | 22.16
396 COy(ss) + CH3(s) — CH;0(s) + CO(s) 5.58743E+09 | 0.50 | 47.54
397 OH(s) + CO(s2) — COOH(s) + 2 4.96572E+09 | 0.50 | 47.79
398 COOH(s) +2s — CO(sy) + OH(s) 6.48603E+08 | 0.50 | 29.32
399 s+ Hy(s) + CO(s2) — COH(s3) + H(s) 1.05821E+10 | 0.50 | 125.40
400 H(s) + COH(s;) — CO(sy) + Ha(s) + s 1.44796E+10 | 0.50 | 28.86
401 COs(sy) — COy+2s 4.99858E+07 | 1.00 | 15.10
402 COz+2s —  COg(s2) 3.86874E+08 | 0.00 | 0.00
403 H(s) + CH;OH(s) — CHy + OH(s) + s 1.53610E+10 | 0.50 | 7.62
404 s+ OH(s) + CH; — CH;OH(s) + H(s) 1.89891E+11 | -0.50 | 7.35
405 H(s) + CH;0H(s) — CH,OH(s) + Ha(s) 1.53610E+10 | 0.50 | 51.36
406 CH,OH(s) + Ha(s) — CHsOH(s) + H(s) 1.10366E+10 | 0.50 | 0.00
407 O(s) + CH30H(s) — CH,OH(s) + OH(s) 5.03071E+09 | 0.50 | 8.04
408 CH,OH(s) + OH(s) — CH;OH(s) + O(s) 5.07843E+09 | 0.50 | 31.72
409 H(s) + CH3;0(s) — CH;OH + 25 1.44009E+10 | 0.50 | 24.13
410 CH;0H + 2s — CH;0(s) + H(s) 1.92046E+08 | -0.50 | 35.47
411 H(s) + CH30(s) — CHs(s) + OH(s) 1.44009E+10 | 0.50 | 30.45
412 CHs(s) + OH(s) — CHs0(s) + H(s) 5.53948E+09 | 0.50 | 57.07
413 CH;0(s) + H,O(s) — CH;OH(s) + OH(s) 5.11649E+09 | 0.50 | 8.08
414 OH(s) + CH30H(s) — CH;0(s) + Hy0(s) 5.32122E+09 | 0.50 | 24.35
415 H(s) + CH;0(s) — CHy + O(s) + s 1.44009E+10 | 0.50 | 36.18
416 s+ 0(s) + CHy — CH;0(s) + H(s) 1.09186E+11 | -0.50 | 35.18
417 H(s) + CH;O(s) — CH3;OH(s) + s 1.44009E+10 | 0.50 | 24.13
418 s+ CH;0H(s) — CH;0(s) + H(s) 3.05521E4+09 | 0.50 | 79.57
419 CH30(s) — CH0 + H(s) 2.08366E+10 | 1.00 | 0.00
420 H(s) + CH,0 — CH;0(s) 3.54884E+09 | -0.50 | 40.29
421 H(s) + CH30(s) — CH,O(s) + Ha(s) 1.44009E+10 | 0.50 | 45.62
422 CH,0(s) + Ha(s) — CH30(s) + H(s) 1.10178E+10 | 0.50 | 44.62
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423 s+ CH30(s) — CHO(s) + H(s) 2.93637E-+09 | 0.50 | 0.00
424 CH,O(s) + H(s) — CH30(s) + s 1.44089E+10 | 0.50 | 34.04
425 H(s) + CH,OH(s) — CH3OH + 25 1.44461E+10 | 0.50 | 29.49
426 CH3;0H + 2s — CHyOH(s) + H(s) 1.95388E+08 | -0.50 | 20.59
427 CH,OH(s) — CHOH + s 2.36220E+10 | 1.00 | 160.00
428 s+ CH,OH — CHyOH(s) 1.13896E+09 | -0.50 | 0.00
429 H(s) + CH,OH(s) — CHs(s) + OH(s) 1.44461E+10 | 0.50 | 37.38
430 OH(s) + CHs(s) — CH2OH(s) + H(s) 5.53948E-+09 | 0.50 | 44.46
431 CH2O0H(s) + H2O(s) — CH30H(s) + OH(s) 5.12966E-+09 | 0.50 | 17.28
432 OH(s) + CH30H(s) — CHyOH(s) + HyO(s) 5.32122E+09 | 0.50 | 13.92
433 H(s) + CH,OH(s) — CH3OH(s) + s 1.44461E+10 | 0.50 | 29.49
434 s + CH3OH(s) — CH,OH(s) + H(s) 3.05521E+09 | 0.50 | 64.69
435 CH,OH(s) — CH,O0 + H(s) 2.08366E-+10 | 1.00 | 12.09
436 H(s) + CH,O — CH,OH(s) 3.59376E-+09 | -0.50 | 15.29
437 H(s) + CH,OH(s) — CH2O(s) + Ha(s) 1.44461E+10 | 0.50 | 54.08
438 CH,O(s) + Ha(s) — CH2OH(s) + H(s) 1.10178E+10 | 0.50 | 30.00
439 O(s) + CH,OH(s) — CH20 + OH(s) + s 4.77901E409 | 0.50 | 22.27
440 s+ OH(s) + CH,O — CHyOH(s) + O(s) 6.89087E+09 | -0.50 | 49.07
441 CH2OH(s) + 2s — CHOH(s2) + H(s) 7.36089E-+08 | 0.50 | 79.28
442 H(s) + CHOH(sz) — CHOH(s) +2s 1.46587E+10 | 0.50 | 30.15
443 s + H(s) + CH,OH(s) — CHOH(s2) + Ha(s) 1.44461E+410 | 0.50 | 81.72
444 Ho(s) + CHOH(se) — CHoOH(s) + H(s) + s 1.11917E+10 | 0.50 | 4.70
445 s + CHOH(s) — CH2O(s) + H(s) 2.94435E+09 | 0.50 | 12.09
446 CH2O(s) + H(s) — CH20H(s) + s 1.44089E+10 | 0.50 | 22.78
447 CH,O(s) + H(s) — CH;OH + 2s 1.44089E+10 | 0.50 | 22.78
448 CH,OH + 2s — CHyO(s) + H(s) 1.21150E+08 | -0.50 | 0.00
449 CHyO(s) — CHO0 +s 2.52101E+10 | 1.00 | 46.70
450 s+ CH,O — CHO(s) 2.05161E+09 | -0.50 | 0.00
451 s+ CHyO(s) — CHO(s) + H(s) 2.98841E+09 | 0.50 | 47.23
452 CHO(s) + H(s) — CHO(s) + s 1.43087E+10 | 0.50 | 44.52
453 H(s) + CH20(s) — CHO(s) 4+ Ha(s) 1.44089E+10 | 0.50 | 34.27
454 CHO(s) + Ha(s) — CH2O(s) + H(s) 1.09557E+10 | 0.50 | 0.00
455 O(s) + CH20(s) — CHO(s) + OH(s) 4.79404E+09 | 0.50 | 0.00
456 CHO(s) + OH(s) — CH20(s) + O(s) 5.09820E-+09 | 0.50 | 47.06
457 OH(s) + CH50(s) — CHO(s) + HyO(s) 5.09689E-+09 | 0.50 | 0.00
458 CHO(s) + HoO(s) — CH20(s) + OH(s) 5.15363E+09 | 0.50 | 35.24
459 OH(s) + CH20(s) — CHO(s) + H2O + s 5.09689E-+09 | 0.50 | 0.00
460 s+ CHO(s) + HoO — CHyO(s) + OH(s) 6.80071E+10 | -0.50 | 0.31
461 CHOH(sz) +2s — COH(s3) + H(s) 7.58334E+08 | 0.50 | 41.43
462 H(s) + COH(s3) — CHOH(s2) +2s 1.44796E+10 | 0.50 | 86.41
463 CHOH(ss) — CHO(s) + H(s) 2.08366E-+10 | 1.00 | 16.35
464 H(s) + CHO(s) — CHOH(sy) 1.43087E+10 | 0.50 | 71.13
465 s+ H(s) + CHOH(s2) — COH(s3) + Ha(s) 1.46587TE+10 | 0.50 | 40.80
466 Ha(s) + COH(ss) — CHOH(s2) + H(s) + s 1.10747TE+10 | 0.50 | 58.64
467 H(s) + CHOH(s2) — CHO(s) + Ha(s) + s 1.46587E+10 | 0.50 | 38.63
468 s + Ha(s) + CHO( ) — CHOH(s2) + H(s) 1.09557E+10 | 0.50 | 61.84
469 CHO(s) + 2s — CO(sq2) + H(s) 7.55853E+08 | 0.50 | 0.00
470 CO(s2) + H(s) — CHO(s) +2s 1.37609E+10 | 0.50 | 107.45
471 H(s) + CHO(s) — CO + Ha(s) + s 1.43087E+10 | 0.50 | 0.00
472 s+ Ha(s) + CO  — CHO(s) + H(s) 6.89865E+08 | 0.00 | 109.61
473 s+ H(s) + CHO(s) — CO(s2) + Ha(s) 1.43087E+10 | 0.50 | 0.00
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474 CO(s2) + Hy(s) — CHO(s) + H(s) + s 1.05821E+10 | 0.50 | 100.42

475 H(s) + CHO(s) — CO(sy) + Hy 1.43087E+10 | 0.50 | 0.00
476 CO(s2) + Hy — CHO(s) + H(s) 6.41855E+10 | 0.00 | 78.46
477 s+ O(s) + CHO(s) — CO(s2) + OH(s) 4.79132E+09 | 0.50 | 0.00
478 CO(s3) + OH(s) — CHO(s) + O(s) + s 4.96572E+09 | 0.50 | 151.94
479 s 4+ OH(s) + CHO(s) — CO(s2) 4+ HyO(s) 5.09820E+09 | 0.50 | 0.00
480 CO(sy) + HoO(s) — CHO(s) + OH(s) + s 5.02610E+09 | 0.50 | 139.18
481 COH(ss) — CO(sy) + H(s) 2.08366E+10 | 1.00 | 0.00
482 H(s) + CO(SQ) —  COH(ss) 1.37609E+10 | 0.50 | 68.96
483 COOH(s) + 28  — COy(sz) + H(s) 6.48603E+08 | 0.50 | 0.00
484 H(s) + COa(s;) — COOH(s) + 2 s 1.53187E+10 | 0.50 | 14.66
485 s + H(s) + COOH(s) — COf(s2) + H20(s) 1.53322E+10 | 0.50 | 27.08
486 H,0(s) + CO(sy) — COOH(s) + H(s) + s 5.02610E+09 | 0.50 | 83.50
487 s+ O( ) + COOH(s) — COs(sz) + OH(s) 4.80082E+09 | 0.50 | 28.53
488 OH(s) + COa(s3) — COOH(s) + O(s) + s 5.07670E+09 | 0.50 | 106.16
489 s+ OH( ) + COOH(s) — COs(s2) + HaO(s) 5.06567E+09 | 0.50 | 28.64
490 20(s) + COz(s2) — COOH(s) + OH(s) + s 5.10838E+409 | 0.50 | 82.16
491 s+ Hy — Hsy(s) 3.48078E+10 | 0.00 | 0.00
492 Ho(s) — Ho+s 3.16156E+410 | 1.00 | 26.80
493 s+ O0(s) + Hy, — H(s)+ OH(s) 4.17970E+10 | 0.00 | 0.00
494 OH(s) + H(s) — Hy+ O(s) + s 1.24298E+10 | 0.50 | 101.31
495 Os(s2) + H,  — H(s) + OOH(s) 1.32798E+11 | 0.00 | 0.00
496 OOH(s) + H(s) — Ha + Oa(s2) 1.39551E+10 | 0.50 | 117.25
497 O2+2s —  Ogy(se) 7.92136E+08 | 0.00 | 0.00
498 Os(s2) — Oy +2s 1.91839E+10 | 1.00 | 44.30
499 s+ H(s) + 0y, —  O(s) + OH(s) 6.28814E+08 | 0.00 | 0.00
500 OH(s) + O(s) — H(s) + Oy +s 4.66121E+09 | 0.50 | 166.38
501 O2+2s — 20() 2.03469E+-08 | 0.00 | 0.00
502 20(s) — O2+2s 4.26627E+09 | 0.50 | 147.81
503 H(s) + O, — OOH(s) 1.30300E4-09 | 0.00 | 0.00
504 OOH(s) — H(s) + O, 2.08366E+10 | 1.00 | 73.94
505 s+ OH — OH(s) 5.32909E4-09 | 0.00 | 0.00
506 OH(s) — OH +s 3.25484E+10 | 1.00 | 247.00
a07 s+0 — Of) 1.89986E+08 | 1.00 | 0.00
508 O(s) — O-+s 3.12808E+10 | 1.00 | 356.00
509 s+ 0(s) + H,O  — 2 OH(s) 2.81013E+10 | -0.50 | 6.26
510 2 OH(s) — Hy0 + O(s) + s 5.03981E+09 | 0.50 | 63.87
511 s+ H(s) + HbO — Ha(s) + OH(s) 1.75147E+10 | -0.50 | 13.15
512 OH(s) + Ho(s) — H,0 + H(s) + s 9.77616E+09 | 0.50 | 0.00
513 s+ HO2 — OOH(s) 2.05387E+09 | -0.50 | 0.00
514 OOH(s) — HOz +s 2.60085E+10 | 1.00 | 204.00
515 HO: +2s — Of(s) + OH(s) 2.47795E408 | -0.50 | 0.00
516 OH(s) + O(s) — HO, + 25 4.66121E+09 | 0.50 | 114.82
517 HOs +3s —  H(s) + Oy(s2) 1.37866E+08 | -0.50 | 110.13
518 H(s) 4+ Oa(ss) — HOy + 3's 1.35635E+10 | 0.50 | 0.00
519 HoOs +2s —  Hy045(s9) 2.70654E+09 | -0.50 | 0.00
520 H205(s2) — H209 4+ 2s 7.12037E409 | 1.00 | 27.10
521 s+ H(s) + H0,  —  Hy0(s) + OH(s) 4.59391E+08 | -0.50 | 0.00
522 H,O(s) + OH(s) — HyO, + H(s) + s 5.13543E+09 | 0.50 | 150.64
523 Hy02 +2s — 2 OH(s) 1.04903E4-08 | -0.50 | 0.00
524 2 0H(s) — Hy05 + 25 5.03981E+09 | 0.50 | 168.33
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525 Hy,05 +2s — HyO(s) + O(s) 1.54095E+08 | -0.50 | 0.00
526 HyO(s) + O(s) — H03 +2s 4.76774E409 | 0.50 | 123.39
527 s+ H(s) + H,0s — Ha(s) + OOH(s) 6.48039E+08 | -0.50 | 0.00
528 OOH(s) + Ho(s) — HOn + H(s) + s 1.06844E+10 | 0.50 | 18.08
529 O(s) + Ho(s) — H(s) + OH(s) 8.84834E+09 | 0.50 | 6.08
530 OH(s) + H(s) — Ha(s) + O(s) 1.24298E+10 | 0.50 | 101.31
531 s+ Ha(s) — 2 H(s) 8.92735E409 | 0.50 | 40.13
532 2H(s) — Ho(s) +s 1.34184E+10 | 0.50 | 72.64
533 H(s) + Oa(ss) — O(s) + OH(s) + s 1.35635E+10 | 0.50 | 0.00
534 s+ OH(s) + O(s) — H(s) + Oa(s2) 4.66121E+09 | 0.50 | 166.38
535 Oa(32) — 20(s) 2.08366E+10 | 1.00 | 4.33
536 20(s) — Oa(se) 4.26627E+09 | 0.50 | 147.81
537 H(s) + Oa(sy) — OOH(s) + 2’ 1.35635E+10 | 0.50 | 0.00
538 OOH(s) + 25 — H(s) + Os(so) 6.94856E+08 | 0.50 | 73.94
539 O(s) + Hs) — OH+2s 1.10870E+10 | 0.50 | 38.72
540 OH+2s — H(s) + O(s) 1.28517E4+09 | 0.00 | 65.87
541 H,0(s) + O(s) — 2 OH(s) 4.767TAE+09 | 0.50 | 40.52
542 2 OH(s) — H,0(s) + O(s) 5.03981E+09 | 0.50 | 63.87
543 O(s) + H(s) — OH(s) + s 1.10870E+10 | 0.50 | 38.72
544 s+ OH(s) — H(s) + O(s) 3.46268E409 | 0.50 | 107.22
545 OH(s) + H(s) — H,0(s) +s 1.24298E+10 | 0.50 | 39.09
546 s+ H,0(s) — H(s) + OH(s) 3.47731E4+09 | 0.50 | 80.38
547 OH(s) + H(s) — Hy0+2s 1.24298E+10 | 0.50 | 39.09
548 H,0 +2s — H(s) + OH(s) 5.87502E4+09 | -0.50 | 40.18
549 2H(s) — Ho+2s 1.34184E+10 | 0.50 | 72.64
550 Hy +2s — 2H(s) 8.42938E+09 | 0.00 | 13.34
551 H(s) — H+s 3.51899E+10 | 1.00 | 255.00
552 s+H — Hs) 1.89986E+08 | 1.00 | 0.00
553 Hy0,(s0) + H(s) — HoO + OH(s) + 2 1.43342E+10 | 0.50 | 0.00
554 OH(s) + HyO + 2s — HyOu(s2) + H(s) 2.16617E+11 | -0.50 | 117.91
555 OOH(s) + H(s) — Hy0 + O(s) + s 1.39551E+10 | 0.50 | 0.00
556 s+ 0(s) + H,O — H(s) + OOH(s) 5.82302E+10 | -0.50 | 96.65
557 OOH(s) + H(s) — HyOy + 25 1.39551E+10 | 0.50 | 74.90
558 H,0, + 25 — H(s) + OOH(s) 2.17374E+08 | -0.50 | 0.00
559 H,O(s) + H(s) — Hy(s) + OH(s) 1.20285E+10 | 0.50 | 47.27
560 OH(s) + Ha(s) — HoO(s) + H(s) 9.77616E+09 | 0.50 | 0.00
561 OOH(s) + H(s) — H,0(s) + O(s) 1.39551E+10 | 0.50 | 0.00
562 H,0(s) + O(s) — H(s) + OOH(s) AT6TTAE+09 | 0.50 | 129.21
563 Hy0,(s0) + H(s) — HoO(s) + OH(s) + s 1.43342E+10 | 0.50 | 0.00
564 s+ HyO(s) + OH(s) — HyOa(se) + H(s) 5.13543E409 | 0.50 | 150.64
565 OOH(s) + H(s) — 2 OH(s) 1.39551E+10 | 0.50 | 0.00
566 2 OH(s) — H(s) + OOH(s) 5.03981E+09 | 0.50 | 132.16
567 OOH(s) + H(s) — HyOs(s0) 1.39551E+10 | 0.50 | 74.90
568 H,0s(s2) — H(s) + OOH(s) 2.08366E+10 | 1.00 | 23.92
569 HoO(s) — Hy0 +s 3.23181E+10 | 1.00 | 40.20
570 s+ HO —  Hy0(s) 3.45201E410 | -0.50 | 0.00
571 s+ OOH(s) — O(s) + OH(s) 2.77942E+09 | 0.50 | 10.38
572 OH(s) + O(s) — OOH(s) + s 4.66121E+09 | 0.50 | 114.82
573 H,05(s5) — 2 OH(s) 2.08366E+10 | 1.00 | 0.00
574 2 0H(s) — Ha04(ss) 5.03981E+09 | 0.50 | 168.33
575 HyOs(s2) — HoO(s) + O(s) 2.08366E+10 | 1.00 | 0.00
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576 H,0(s) + O(s) — H04(s2) 4.76774E+09 | 0.50 | 123.39

577 NoO +2s —  NO(s2) 7.16064E4-09 | -0.50 | 0.00
578 NoO(s2) — NyO + 25 1.34252E+10 | 1.00 | 72.57
579 NoO(s2) + 25— N(s) + NO(s3) 6.40833E-+08 | 0.50 | 7.69
580 NO(s3) + N(s) — NoO(sa) + 2 s 4.70745E+09 | 0.50 | 46.27
581 N2O +3s  —  No(sz) + Os) 2.86198E+07 | -0.50 | 0.00
582 O(s) + Na(s2) — NoO + 35 4.59599E+09 | 0.50 | 137.15
583 NO +3s — NO(s3) 1.94052E+10 | 0.00 | 0.00
584 NO(s3) — NO +3s 2.17814E409 | 1.00 | 71.76
585 NO +2s — N(s) + O(s) 1.18545E+08 | 0.00 | 0.00
586 O(s) + N(s) — NO +2s 4.45895E+09 | 0.50 | 165.31
587 No +2s —  Ny(se) 6.65374E4-08 | 0.00 | 0.00
588 Na(s2) — No+2s 1.10244E+10 | 1.00 | 45.23
589 No+2s — 2N(s) 2.75883E4-08 | 0.00 | 86.05
590 2N(s) — No+2s 4.64959E4-09 | 0.50 | 93.14
591 Na(s2) — 2N(s) 2.08366E+10 | 1.00 | 131.28
592 2N(s) —  No(s) 4.64959E+09 | 0.50 | 93.14
593 s+ NO; — NOs(s) 1.34133E+09 | -0.50 | 0.00
594 NO2(s) — NO2 +s 1.48835E+10 | 1.00 | 41.16
595 NOo(s) +3s — NO(s3) + O(s) 9.01317E+07 | 0.50 | 0.00
596 O(s) + NO(s3) — NO(s) + 3 s 4.46634E+09 | 0.50 | 60.15
597 s+ N — N 1.89986E-+08 | 1.00 | 0.00
598 N(s) — N+ 3.29696E+10 | 1.00 | 485.33
599 N2O(s2) + O —  N(s) + NO4(s) 2.04982E+09 | 1.00 | 32.31
600 N(s) + NOy(s) — NoO(sa) + O 4.79495E+09 | 0.50 | 7.62
601 Oa(s2) + NO  —  NOs(s) + O(s) 3.78737E+09 | 0.00 | 0.00
602 O(s) + NOs(s) — NO + Os(so) 4.52578E+09 | 0.50 | 56.70
603 Na(s2) + O —  NyO(ss) 3.16605E+10 | 1.00 | 251.05
604 NoO(s3) —  Na(sp) + O 2.08366E+10 | 1.00 | 0.00
605 O(s) + NOa(s) +3s  —  NO(s3) + Oa(s2) 1.67622E+08 | 0.50 | 56.70
606 Oa(s2) + NO(s3) — NOo(s) + O(s) + 3 s 4.33016E+09 | 0.50 | 0.00
607 N(s) + NOo(s) + 458 — 2 NO(s3) 1.87303E+07 | 0.50 | 64.21
608 2 NO(ss) — N(s) + NOo(s) + 4 s 4.33450E+09 | 0.50 | 0.00
609 s+ O(s) + NaO(s2) —  Na(sa) + Oa(so) 4.69799E+09 | 0.50 | 0.00
610 Oa(s2) + Na(s2) —  NyO(s2) + O(s) + s 4.47063E+09 | 0.50 | 66.39
611 N(s) + NoO(s2) + 25— Na(so) + NO(s3) 1.24337E+09 | 0.50 | 0.00
612 Na(s2) + NO(s3) — NaO(sp) + N(s) + 2 s 4.47357TE+09 | 0.50 | 59.66
613 NO(s;) — N(s) + O(s) + s 2.08366E+10 | 1.00 | 10.68
614 s+ N(s) + Os) — NO(s3) 4.45895E+09 | 0.50 | 165.31
615 N(s) + NO(s3) — Na(s2) + O(s) + s 4.70745E409 | 0.50 | 0.00
616 s+ O(s) + Na(ss)  —  N(s) + NO(s3) 4.59599E+09 | 0.50 | 124.88
617 O(s) + NO(s3) — N(s) + Oo(ss) + 8 4.46634E+09 | 0.50 | 13.68
618 s+ N(s) + Oa(s3) — NO(s3) + O(s) 4.74084E+09 | 0.50 | 22.97
619 CsHg +2s — CsHg(s2) 1.33006E+14 | -0.50 | 39.40
620* CsHg(ss) — CsHg+2s 1.25250E-09 1.00 | 39.13
621 CsHg(sy) — CHs(s) + CHCHy(s) 2.08366E+10 | 1.00 | 100.47
622+ CHs(s) + CHCH,(s) —  CsHg(s2) 6.13949E-09 | 0.50 | 0.00
623 s+ CsHsa —  CsHs(s) 4.21289E409 | -0.50 | 0.00
624 CsHs(s) — CsHsa+s 1.10134E+11 | 1.00 | 41.52

*Removed reaction
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625 CsHs(s) + 4s — CCHg(ss) + CHy(sz) 1.32573E+07 | 0.50 | 113.74
626 CHa(s) + CCHs(ss) — CsHs(s) +4s 6.02307E+09 | 0.50 | 47.31
627 C3Hs(s) + 28—  CHay(se) + CHCHa(s) 8.48464E+08 | 0.50 | 85.98
628 CHa(ss) + CHCHa(s) — C3Hs(s) + 2's 6.28757E+09 | 0.50 | 26.16

629 C3Hs(s) +3s  —  CoHa(sy) + CHs(s) 1.25698E-+08 | 0.50 | 0.00
630 CHs(s) + CoHa(ss) — CsHs(s) + 2's 6.35120E+09 | 0.50 | 65.12
631 C3Hs(s) +3s —  C(ss) + CHyCH;(s) 1.25698E+08 | 0.50 | 6.70
632 C(sy) + CH,CHs(s) —  CaHs(s) + 3 s 6.03919E+09 | 0.50 | 104.20
633 O(s) + Cs3Hsa + 3s  —  CoHy(s) + COH(sy) 4.69320E+08 | -0.50 | 0.00
634 CoHy(s) + COH(s;) — CsHsa + O(s) + 3 s 5.37732E409 | 0.50 | 101.82
635 OH(s) + CsHsa +3s — CHCHs(s2) + CHOH(sy) | 3.89821E+07 | -0.50 | 34.44
636 | CHCHs(sy) + CHOH(sy) — CsHsa + OH(s) + 3 s 5.38703E+09 | 0.50 | 37.29
637 OH(s) + C3Hs(s) — CsHg + O(s) + s 6.38270E+09 | 0.50 | 0.00
638 s+ 0(s) + CsHg  —  C3Hs(s) + OH(s) 1.70040E+10 | -0.50 | 15.39
639 C3Hg(s2) —  CsHs(s) + H(s) 2.08366E+10 | 1.00 | 87.68
640 H(s) + C3Hs(s) —  CsHg(s2) 1.97271E+10 | 0.50 | 0.00
Table A.2: Surface reaction mechanism corresponding to 8 = 20% [100] of the magnitude
of Qc,m,0,n- The global catalytic C3Hg step sub-mechanism is considered.
# Reaction A B E4
1 CoHg +2s —  CyHg(s2) 4.76569E410 | -0.50 | 0.00
2 CyHg(s2) — CoHg + 25 4.06295E+11 | 1.00 | 36.10
3 s+ 0O(s) + CoHlg  — CH,CH;(s) + OH(s) 2.39624E+09 | -0.50 | 0.00
4 CH,CH;(s) + OH(s) — CyHg + O(s) + s 5.55266E-+09 | 0.50 | 35.27
5 s + OH(S) + CoHg — CHQCHg(b) + HQO(S) 2.86372E409 | -0.50 | 3.29
6 CH,CHs(s) + HoO(s) — CoHg + OH(s) + s 5.50873E+09 | 0.50 | 13.53
7 CoHg +2s — 2 CHs(s) 2.29579E+08 | -0.50 | 50.31
8 2 CHs(s) — GCoHg+2s 6.05457E4-09 | 0.50 | 0.00
9 CoHg +2s — CH,CHs(s) + H(s) 5.00971E+08 | -0.50 | 32.91
10 CH,CHj(s) + H(s) — CoHg + 25 1.58541E+10 | 0.50 | 35.72
11 s+ CyHs — CHyCHj(s) 2.34877E408 | -0.50 | 0.00
12 CH2CHs(s) — CoHs + s 2.60107E+10 | 1.00 | 163.00
13 CoHs +2s  —  CyHy(s) + H(s) 3.23465E+07 | -0.50 | 0.00
14 CoHy(s) + H(s) — CoHs + 2 1.58188E+10 | 0.50 | 27.05
15 CoHs +3s —  CoHyso) + H(s) 3.51341E+07 | -0.50 | 0.00
16 CoHi(so) + H(s) — CoHs + 35 1.50167E+10 | 0.50 | 46.14
17 CoHs +3s —  CHa(sz) + CHs(s) 3.98655E+06 | -0.50 | 139.22
18 CHs(s) + CHy(sy) — CoHs + 3 s 6.16870E+09 | 0.50 | 0.00
19 H(s) + CoHs +2s — CHCHgz(s2) + Ha(s) 1.55736E+08 | -0.50 | 131.54
20 CHCHj(s2) + Ha(s) — CoHs + H(s) + 2 1.20373E+10 | 0.50 | 0.00
21 CoHy +2s — CHCHs(sg) 3.13138E+10 | -0.50 | 0.00
22 CHCHjs(s) — GCoHy +2s 2.05882E+10 | 1.00 | 294.00
23 CyHs +3s — CCHs(ss) 1.94448E4-09 | -0.50 | 0.00
24 CCHjs(s3) — CoHz +3s 1.92432E+409 | 1.00 | 405.00
25 s+ CyHy — CHCHy(s) 8.26077E408 | -0.50 | 0.00
26 CHCHa(s) — CgoHs +s 2.93508E+10 | 1.00 | 184.00
27 CHs +3s — CHCHy(ss) 9.44764E+08 | -0.50 | 0.00
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28 CHCHy(s;) — CoHz +3s 1.07488E+10 | 1.00 | 129.00
29 CoHs +3s — CCHa(sy) + H(s) 1.00172E+08 | -0.50 | 78.09
30 CCHay(sp) + H(s) — CoHs + 3 1.48937E+10 | 0.50 | 46.18
31 CoHs +4s  —  CoHy(ss) + H(s) 1.26275E+08 | -0.50 | 59.61
32 CQHQ(Sg) + H(S) — CyHz +4s 1.63611E+10 | 0.50 29.11
33 CoHs +4s —  C(ss) + CHs(s) 2.16839E+06 | -0.50 | 77.76
34 CHs(s) + C(ss) — CyHs +4s 5.82816E+09 | 0.50 | 42.21
35 CoHs; +5s — CHa(sz) + CH(ss) 3.34229E405 | -0.50 | 299.38

36 CHy(sy) + CH(ss) — CoHs +5s 6.25503E+09 | 0.50 | 0.00
37 CyHy +2s — CCHa(se) 7.84804E+08 | 0.00 | 0.00
38 CCHa(sy) — CoHs +2s 2.22914E+10 | 1.00 | 299.00
39 CoHy +3s — CCHy(ss) 1.00146E4-09 | 0.00 | 0.00
40 CCHy(s3) — CoHs +3s 1.97263E+09 | 1.00 | 149.00
41 s+ CH; — CHs(s) 2.07540E+10 | -0.50 | 0.00
42 CHs(s) — CHs + s 3.21604E+10 | 1.00 | 159.00
43 CH3 +3s — CHa(se) + H(s) 1.44628E+09 | -0.50 | 84.47
44 CHy(sp) + H(s) — CHs 4 3s 1.35262E+10 | 0.50 | 44.54
45 CHat +2s — CHs(so) 1.12362E+10 | -0.50 | 0.00
46 CHa(ss) — CHat+ 25 2.24567E+10 | 1.00 | 283.00
A7 CHyt +4s — CH(ss) + H(s) 1.63237E+09 | -0.50 | 43.57
48 CH(ss) + H(s) — CHat+4s 1.31483E+10 | 0.50 | 59.81
49 CH+3s — CH(ss) 2.83595E+09 | 0.00 | 0.00
50 CH(s3) — CH+3s 6.42738E4-09 | 1.00 | 407.00
51 CH+4s — C(s3) + H(s) 1.77138E+08 | 0.00 | 0.00
52 C(s3) + H(s) — CH+4s 1.19364E+10 | 0.50 | 132.12
53 Cl4+3s — C(s3) 8.12015E+407 | 1.00 | 0.00
54 C(s3) — Cl1+43s 9.19010E+09 | 1.00 | 628.00
55 s+ 0(s) + CO  —  COs(ss) 4.87946E+09 | 0.00 | 0.00
56 COz(s2) — CO 4 O(s) + s 2.08366E+10 | 1.00 | 77.30
57 OH(s) + CO +2s — COs(sy) + H(s) 1.45784E+09 | 0.00 | 8.62
58 COsy(sy) + H(s) — CO + OH(s) + 2s 1.53187E+10 | 0.50 | 34.87
59 s + CH,O(s) + CO  — 2 CHO(s) 1.61064E+09 | 0.00 | 150.39
60 2 CHO(s) — CH,0(s) + CO + s 4.90873E+09 | 0.50 | 0.00
61 CHQO(S) +CO+3s — CHQ(SQ) + COQ(SQ) 3.60274E+08 | 0.00 99.39
62 COy(s2) + CHa(sy) — CHy0(s) + CO + 3's 5.74322E+09 | 0.50 | 0.00
63 CoHg(s2) + CO —  CH,CHj(s) + CHO(s) 3.76156E+09 | 0.00 | 4.95
64 CHO(s) + CHyCHg(s) —  CayHg(sy) + CO 5.29470E+09 | 0.50 | 0.00
65 s + HyO(s) + CO  — CHO(s) + OH(s) 1.01333E+09 | 0.00 | 11.88
66 CHO(s) + OH(s) — CO + HyO(s) + s 5.09820E409 | 0.50 | 0.00
67 CHyCHs(s) + CO +2s  —  CyHy(sy) + CHO(s) 5.00147E+08 | 0.00 | 117.67
68 CHO(s) + CoHy(s2) — CHoCHs(s) + CO +2s | 5.12390E+09 | 0.50 | 0.00
69 CHCHj(sy) + CO +2s  —  CCHs(ss) + CHO(s) 4.33680E+08 | 0.00 | 3.04
70 CHO(s) + CCHs(s3) — CHCHz(sy) + CO +2s | 5.16949E409 | 0.50 | 0.00
71 s + CH30H(s) + CO  — CH,OH(s) + CHO(s) 4.44638E+09 | 0.00 | 0.81
72 CH,0H(s) + CHO(s) — CH3OH(s) + CO + s 4.86242E+09 | 0.50 | 0.00
73 s + CHyCHj(s) + CO  —  CoHy(s) + CHO(s) 2.00059E+09 | 0.00 | 148.67
74 CHO(s) + CoHy(s) — CH,CHy(s) + CO + s 5.33279E+09 | 0.50 | 0.00
75 s+ OH(s) + CO — CHO(s) + O(s) 9.65546E+08 | 0.00 | 34.19
76 O(s) + CHO(s) — CO + OH(s) + s 4.79132E+09 | 0.50 | 0.00
77 s+ C(ss) + COy,  — 2 CO(sy) 9.77443E+08 | 0.00 | 0.00
78 2 CO(s2) — C(s3) + COy + s 4.70876E+09 | 0.50 | 77.22
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79 s+ O(s) + CH,O — CHO(s) + OH(s) 2.12670E+09 | -0.50 | 0.00
80 CHO(s) + OH(s) — CHy0 4 O(s) + s 5.09820E+09 | 0.50 | 49.81
81 s 4+ OH(s) + CH,O — CHO(s) + HoO(s) 2.54159E+09 | -0.50 | 0.00
82 CHO(s) + H,O(s) — CH,0 + OH(s) + s 5.15363E+09 | 0.50 | 33.83
83 CH,O +2s — CHO(s) + H(s) 4.44619E+08 | -0.50 | 0.53
84 CHO(s) + H(s) — CHyO +2s 1.43087E+10 | 0.50 | 47.96
85 s+ CHO — CHO(s) 1.66541E+09 | -0.50 | 0.00
86 CHO(s) — CHO +s 2.52417E+10 | 1.00 | 167.00
87 CHO +3s — COf(sy) + H(s) 1.57308E+08 | -0.50 | 0.00
88 CO(sz) + H(s) — CHO + 3 s 1.37609E+10 | 0.50 | 102.88
89 H(s) + CHO +2s — CO(sy) + Hy(s) 7.91383E408 | -0.50 | 0.00
90 CO(s2) + Ha(s) — CHO + H(s) + 2's 1.05821E+10 | 0.50 | 97.72
91 s+ CHs;OH — CH3O0H(s) 1.12314E+09 | -0.50 | 0.00
92 CH30H(s) — CH30H + s 3.29727E410 | 1.00 | 44.10
93 s+ O(s) + CHsOH — CH,OH(s) + OH(s) 9.34579E+08 | -0.50 | 0.00
94 CH,OH(s) + OH(s) — CH3OH + O(s) + s 5.07843E+09 | 0.50 | 37.95
95 s+ O(s) + CHsOH — CHs0(s) + OH(s) 9.22896E+08 | -0.50 | 1.87
96 CH;0(s) + OH(s) — CH3OH + O(s) + s 5.06500E+09 | 0.50 | 49.41
97 s+ CH3;O — CH;30(s) 3.94297E4-09 | -0.50 | 0.00
98 CH30(s) — CHsO +s 2.64242E+10 | 1.00 | 173.00
99 CH;0 +2s — CHs(s) + O(s) 2.89297E4-08 | -0.50 | 31.88
100 CHj(s) + O(s) — CH30 + 25 5.15078E+09 | 0.50 | 41.64
101 CH30 + 2s — CHyO(s) + H(s) 4.24720E+08 | -0.50 | 0.00
102 CH,O(s) + H(s) — CH30 + 2 1.44089E+10 | 0.50 | 33.05
103 CO(s2) + CH3;0 — CH,O(s) + CHO(s) 2.54115E409 | -0.50 | 116.55
104 CH,0(s) + CHO(s) — CH30 + CO(sy) 4.89255E409 | 0.50 | 0.00
105 H(s) + CH;0 — CH3O0H(s) 4.27655E4-09 | -0.50 | 0.00
106 CH30H(s) — CH30 + H(s) 2.08366E+10 | 1.00 | 79.57
107 s+ CH — CCH(s) 9.06087E+08 | 0.00 | 0.00
108 CCH(s) — GCoH +s 2.85007E+10 | 1.00 | 287.00
109 Cy+6s — 2C(s3) 2.22964E+05 | 0.00 | 0.00
110 2C(s3) — Co+6s 5.50717E+09 | 0.50 | 361.88
111 CoHg(sy) — 2 CHs(s) 2.08366E+10 | 1.00 | 86.42
112 2 CHs(s) — CaHg(ss) 6.05457E+09 | 0.50 | 0.00
113 H(s) + CoHg(sy) — CHyCHs(s) + Hao(s) +s | 1.54829E+10 | 0.50 | 50.55
114 s + CHyCHs(s) + Ho(s) —  CoHg(s2) + H(s) 1.20294E+10 | 0.50 | 0.00
115 ( ) + CQH6(52) — CHg(S) + CHy + 25 1.54829E+10 | 0.50 31.49
116 CHs(s) + CHy + 25  —  CoHg(ss) + H(s) 3.13089E+12 | -0.50 | 0.00
117 CoHg(ss) + O(s) —  CyHs + OH(s) + 2's 5.11340E+09 | 0.50 | 11.32
118 OH(s) + CoHs +2s  —  CyHg(s2) + O(s) 7.98272E+09 | -0.50 | 27.29
119 O(s) + CoHg(sy) — CHyCHs(s) + OH(s) + s | 5.11340E+09 | 0.50 | 11.32
120 | s+ CH,CHs(s) + OH(s) — CoHg(sa) + O(s) 5.55266E+09 | 0.50 | 35.27
121 OH(s) + CoHg(s2) — CHyCHs(s) + HyO(s) + s | 5.40841E+09 | 0.50 | 15.38
122 | s + CH,CHs(s) + HyO(s) —  CoHg(ss) + OH(s) 5.59873E+09 | 0.50 | 13.53
123 CHj(s) + CoHg(s2) — CHyCHg(s) + CHy + 2s | 5.92480E409 | 0.50 | 10.68
124 | CHyCHs(s) + CHy +2s —  CyHg(so) + CHs(s) 4.58655E+12 | -0.50 | 10.79
125 CoHg(s2) — CH,CHs(s) + H(s) 2.08366E+10 | 1.00 | 69.01
126 CH,CHs(s) + H(s) — CoHg(so) 1.58541E+10 | 0.50 | 35.72
127 O(s) + CoHg(sy) — CHs(s) + CH30(s) +s | 5.11340E+09 | 0.50 | 63.07
128 s + CH30(s) + CHs(s) —  CyHg(s2) + O(s) 5.56880E-+09 | 0.50 | 27.66
129 OH(s) + CaHg(s2) — CHoCHgz(s) + HoO + 2's | 5.40841E+09 | 0.50 | 15.38
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130 CHQCHg(S) +H,O0+2s — CQH6(SZ) + OH(S) 3.88003E+12 | -0.50 | 0.00
131 CHQCH?,(S) —  CoHy + H(s) 2.08366E+10 | 1.00 22.76
132 H(s) + CocHy — CHyCHs(s) 2.62333E409 | -0.50 | 8.17
133 H(s) + CH3CHs(s) — 2 CHs(s) 1.58541E+10 | 0.50 64.39
134 2 CHs(s) — CHyCHs(s) + H(s) 6.05457E409 | 0.50 27.90
135 O(s) + CHQCH?,(S) —  CoHy + OH(S) +s 5.25663E+09 | 0.50 37.05
136 s + OH(s) + CoHy — CHyCHj(s) + O(s) 5.03010E409 | -0.50 | 24.92
137 O(s) + CH3CH3(s) — CoHy(s) + OH(s) 5.25663E+09 | 0.50 37.05
138 CoHy(s) + OH(s) — CHyCHs(s) + O(s) 5.57766E+09 | 0.50 79.56
139 s+ O(s) + CH2CHs(s) — CoHa(se) + OH(s) 5.25663E+09 | 0.50 41.82
140 CQH4(SQ> + OH(S) —  CHyCHs(s) + (S) + s 5.33523E+09 | 0.50 91.85
141 O(s) + CHyCH3(s) — CHQO( ) + CH3(s) 5.25663E+09 | 0.50 45.99
142 CH20(s) + CH3(s) — CHCHs(s) + O(s) 5.60134E4-09 | 0.50 55.45
143 s + OH(s) + CHyCHjs(s) —  CyHy(sz) + HaO(s) 5.55266E+09 | 0.50 32.92
144 CoHy(s2) + HoO(s) — CHyCHs(s) + OH(s) + s 5.38793E+09 | 0.50 77.57
145 CHQCHg(S) +2s — CQH4(52) + H(S) 8.22089E4-08 | 0.50 16.07
146 CQH4(S2) + H(S) — CHQCHg(b) +2s 1.50167E+10 | 0.50 46.14
147 s + H(s) + CHoCH3(s) —  CoHy(s2) + Ha(s) 1.58541E+10 | 0.50 47.81
148 CaHy(s2) + Ha(s) — CHyCHs(s) + H(s) + s 1.14546E+10 | 0.50 39.88
149 CyHy(s) + H(s) — CHyCHs(s) + s 1.58188E+10 | 0.50 27.05
150 s + CHQCH?,(S) — C2H4(S) + H(S) 3.28836E+09 | 0.50 22.76
151 CoHy(s) — CoHy + s 5.00567E+10 | 1.00 68.00
152 s+ CHy —  CoHy(s) 1.93895E+09 | -0.50 | 0.00
153 s+ O(s) + CoHy(s) —  CHa(s2) + CH20(s) 5.27779E+09 | 0.50 55.04
154 CH2O(s) + CHa(s2) —  CaHy(s) + O(s) + s 5.74122E4+09 | 0.50 0.00
155 OH(S) + CQH4(S) — CHQO(S) + CHg(S) 5.57766E+09 | 0.50 45.57
156 CH20(s) + CH3(s) — CoHy(s) + OH(s) 5.60134E4-09 | 0.50 0.00
157 s + CoHy(s) — CHCHy(s) + H(s) 3.34198E+09 | 0.50 98.96
158 CHCHs(s) + H(s) —  CoHy(s) + s 1.58249E+10 | 0.50 37.31
159 CoHy(s) +3s — CHCHa(ss) + H(s) 1.23777E+08 | 0.50 115.86
160 H(S) + CHCHQ(Sg) — C2H4(S) +3s 1.50255E+410 | 0.50 0.00
161 OH(s) + CaHy(s) — CHCHaz(s) + HaO(s) 5.57766E+09 | 0.50 45.20
162 CHCHay(s) + HoO(s) —  CoHy(s) + OH(s) 5.66776E+09 | 0.50 0.00
163 CoHy(so) + HO —  CHyCHs(s) + OH(s) 1.53139E+11 | -0.50 | 46.13
164 OH(s) + CHyCHs(s) — CQH4(SQ) + H,O 5.55266E+09 | 0.50 32.92
165 CQH4(SQ> — CoHy + 25 1.40786E+11 | 1.00 99.00
166 CoHy +2s  —  CyHy(s2) 3.55395E410 | -0.50 | 0.00
167 CyHy(s2) — CHCHy(s) + H(s) 2.08366E+10 | 1.00 114.46
168 CHCHs(s) + H(s) —  CaoHy(sa) 1.58249E+10 | 0.50 0.00
169 O( ) + CQH4(52) —  CHa(s2) + CHQO(S) 5.03030E+09 | 0.50 76.49
170 CHQO( ) + CHQ( 2) — C2H4<52) ( ) 5.74122E+09 | 0.50 0.00
171 OH(s) + CaHy(sy) —  CH,O(s) + CHs(s) + 5.33523E+09 | 0.50 65.76
172 s + CH2O(s) + CHsz(s) — CoHy(se) + OH(s) 5.60134E4-09 | 0.50 0.00
173 CoHy(s2) +2s — CHCHs(ss) + H(s) 7.98328E+08 | 0.50 131.36
174 H(s) + CHCHQ(SS) — 2H4(Sg) +2s 1.50255E+10 | 0.50 0.00
175 CHCH?,(SQ) + H(S) — CyHs +3s 1.58531E+10 | 0.50 45.40
176 CoHs +3s — CHCHs(s2) + H(s) 3.09566E4-07 | -0.50 | 84.31
177 CHCHs(sz) + H(s) — CHyCHs(s) +2s 1.58531E+10 | 0.50 45.40
178 CH2CHs(s) +2s — CHCHs(s2) + H(s) 8.22089E+08 | 0.50 110.43
179 CHCHg(Sg) — CQH4(82) 2.08366E410 | 1.00 0.00
180 CQH4(82) —  CHCHj3(s2) 2.08366E410 | 1.00 176.52
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181 CHCHj(sy) + 25 — CHCHy(ss) + H(s) 8.37085E+08 | 0.50 | 69.62
182 H(s) + CHCHa(s3) — CHCHs(ss) + 28 1.50255E+10 | 0.50 | 28.45
183 s+ H(s) + CHCHz(ss) — CCHjy(ss) + Ha(s) 1.58531E+10 | 0.50 | 77.64
184 CCHs(ss) + Ha(s) — CHCHs(sp) + H(s) +s | 1.14559E+10 | 0.50 | 38.77
185 CHCHs(ss) + 25— CCHy(sy) + H(s) 8.37085E+08 | 0.50 | 77.74
186 CCHj(s3) + H(s) — CHCHs(ss) + 28 1.50058E+10 | 0.50 | 71.58
187 CHCH;(s;) — CHCHy(s) + H(s) 2.08366E+10 | 1.00 | 52.73
188 H(s) + CHCHa(s) — CHCH;(so) 1.58249E+10 | 0.50 | 49.12
189 CCHs(ss) — CHCHa(s) + 2s 2.08366E+10 | 1.00 | 0.00
190 CHCH,(s) + 2s — CCH;(ss) 8.51652E+08 | 0.50 | 77.94
191 CHCHa(s) + H(s) — CoHy+2s 1.58249E+10 | 0.50 | 37.31
192 CoHy +2s — CHCHy(s) + H(s) 6.00099E+08 | -0.50 | 30.96
193 CHCHa(s) + 3s — C(s3) + CHs(s) 1.26171E+08 | 0.50 | 44.81
194 CHj(s) + C(s;) — CHCH,(s) + 3 s 5.82816E+09 | 0.50 | 70.10
195 s+ H(s) + CHCHy(s) — CCHa(sz) + Ha(s) 1.58249E+10 | 0.50 | 51.91
196 CCHy(ss) + Ha(s) — CHCHa(s) + H(s) + s 1.13873E+10 | 0.50 | 41.77
197 O(s) + CHCHa(s) — CoHs + OH(s) + s 5.31391E+09 | 0.50 | 48.50
198 s+ OH(s) + CoH, — CHCH,(s) + O(s) 1.37021E+09 | 0.00 | 121.26
199 OH(s) + CHCH,(s) — CoHy + HoO(s) + s 5.61761E+09 | 0.50 | 37.00
200 s+ HyO(s) + CoHy  —  CHCHy(s) + OH(s) 1.43802E+09 | 0.00 | 90.69
201 CHCHa(s) + 2s — CCHy(sy) + H(s) 8.51652E+08 | 0.50 | 50.35
202 H(s) + CCHa(s2) — CHCH(s) + 2 s 1.48937E+10 | 0.50 | 74.81
203 CHCH,(s) + 3s —  CoHa(ss) + H(s) 1.26171E+08 | 0.50 | 16.22
204 H(s) + CaHa(s;) — CHCHa(s) + 3 1.63611E+10 | 0.50 | 59.61
205 H(s) + CHCHy(s) — CoHy + Ha(s) + s 1.58249E+10 | 0.50 | 46.29
206 s+ Hy(s) + CoHy  —  CHCHa(s) + H(s) 0.78993E+08 | 0.00 | 8.16
207 O(s) + Cola(sy) — CH(ss) + CHO(s) 5.51825E4+09 | 0.50 | 80.83
208 CH(s;) + CHO(s) —  CoHa(sy) + O(s) 5.76374E+09 | 0.50 | 39.26
209 s+ 0(s) + CoHa(s;) —  C(s3) + CHOH(s,) 5.51825E+09 | 0.50 | 66.34
210 C(s3) + CHOH(sy) — CoHa(ss) + O(s) + s 5.61672E+09 | 0.50 | 66.81
211 O(s) + CaHa(s3) —  CHa(s) + CO(so) 5.51825E+09 | 0.50 | 0.00
212 CHa(ss) + CO(s2) —  CoHa(sy) + O(s) 5.59733E4+09 | 0.50 | 92.17
213 O(s) + Cola(sy) —  C(s3) + CHyO(s) 5.51825E4+09 | 0.50 | 0.00
214 C(ss) + CH,O(s) —  CoHa(ss) + O(s) 5.53252E4+09 | 0.50 | 40.50
215 O(s) + CoHa(ss) + 2s  —  CH(s3) + COH(s3) 1.37956E+09 | 0.50 | 112.12
216 CH(ss) + COH(s3) — CoHay(ss) + O(s) + 2 5.81980E+09 | 0.50 | 64.41
217 O(s) + Cola(sy) — CCH(s) + OH(s) + 2 5.51825E+09 | 0.50 | 90.46
218 OH(s) + CCH(s) + 2s — CaHay(s3) + O(s) 1.38112E+09 | 0.50 | 44.04
219 CHCH,(s) + 3s — CCHa(ss) + H(s) 1.26171E+08 | 0.50 | 103.57
220 H(s) + CCHa(s3) — CHCH,(s) + 3 s 1.50168E+10 | 0.50 | 0.00
221 H(s) + CHCHz(s3) — CoHy+4s 1.50255E+410 | 0.50 | 0.00
292 CoHy +4s — CHCHy(s3) + H(s) 2.89540E+08 | -0.50 | 47.86
223 CHCHa(s3) — CHCHa(s) +2s 2.08366E+10 | 1.00 | 0.00
224 CHCHa(s) + 2s — CHCHa(ss) 8.51652E+08 | 0.50 | 0.00
225 CHCHs(s;) — CCHj(ss) 2.08366E+10 | 1.00 | 20.57
226 CCHjs(s3) — CHCHa(s3) 2.08366E+10 | 1.00 | 0.00
297 CHCH,(s;) — CCHa(se) + H(s) 2.08366E+10 | 1.00 | 22.86
298 CCHa(ss) + H(s) — CHCHa(ss) 1.48037E+10 | 0.50 | 95.41
229 s+ CHCHy(s3) — C(ss) + CHs(s) 3.25564E409 | 0.50 | 17.31
230 CHs(s) + C(s3) — CHCHa(s3) + s 5.82816E+09 | 0.50 | 90.94
231 H(s) + CHCHa(s3) — CoHy + Ha(s) + 3 s 1.50255E+10 | 0.50 | 28.58
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232 Hy(s) + CoHy +3s  —  CHCHy(ss) + H(s) 1.11965E+09 | 0.00 | 63.16
233 H(s) + CHCHy(ss) — CoHy(ss) + Ha(s) 1.50255E+10 | 0.50 | 28.58
234 CQHQ(S3) + HQ(S) — CHCH2(53) + H(S) 1.24112E+10 | 0.50 67.39
235 H(s) + CHCHy(s3) — CCHa(sy) + Ha(s) + s 1.50255E+10 | 0.50 | 29.11
236 s+ Hy(s) + CCHa(sy) — CHCHy(ss) + H(s) 1.13873E+10 | 0.50 | 57.92
237 H(s) + CHCHy(s3) — CCHy(sy) + Hy 4 25 1.50255E+10 | 0.50 | 29.11
238 CCHa(sy) + Hy +2s  — CHCHy(ss) + H(s) 7.07027E+11 | 0.00 | 38.37
239 H(s) + CHCHy(s3) — CoHa(ss) + Hy + s 1.50255E+10 | 0.50 | 28.58
240 s 4+ CyHy(s3) + Hy  —  CHCHy(ss) 4 H(s) 4.34190E+12 | 0.00 | 47.61
241 s + CCHg(ss) — C(ss) + CHs(s) 3.25193E409 | 0.50 | 44.60
242 CHs(s) + C(ss) — CCHs(ss) + s 5.82816E+09 | 0.50 | 70.25
243 H(s) + CCHs(ss) — C(ss) + CHy + s 1.50058E+10 | 0.50 | 52.65
244 s+ C(ss) + CHy — CCHs(ss) + H(s) 4.22250E+12 | -0.50 | 96.67
245 CCHj(s3) + H(s) — CCHa(ss) + Ha(s) + s 1.50058E+10 | 0.50 | 74.34
246 s + Hy(s) + CCHa(sy) — CCHs(ss) + H(s) 1.13873E+10 | 0.50 | 65.79
247 H(s) + CCHy(sy) — CCHs(ss) 1.48937E+10 | 0.50 | 74.96
248 CCHs(s3) — CCHa(sa) + H(s) 2.08366E+10 | 1.00 | 50.14
249 CCHs(s;) — CCH(s) + H(s) 2.08366E-+10 | 1.00 | 133.72
250 CCH(s) + H(s) — CCHy(s) 1.52488E+10 | 0.50 | 52.77
251 s+ H(s) + CCHy(sy) — C(ss) + CHs(s) 1.48937E+10 | 0.50 | 59.45
252 CHj(s) + C(ss) — CCHa(sp) + H(s) + s 5.82816E+09 | 0.50 | 57.90
253 s+ O(s) + CCHa(s) — CHa(se) + CO(s2) 5.05950E+09 | 0.50 | 57.59
254 CO(sz) + CHa(sy) — CCHa(ss) + O(s) + s 5.59733E+09 | 0.50 | 130.00
255 O(s) + CCHay(sy) — CCH(s) + OH(s) + s 5.05950E+09 | 0.50 | 96.60
256 s+ OH(s) + CCH(s) — CCHa(sy) + O(s) 5.52448E+09 | 0.50 | 50.67
257 s+ O(s) + CCHy(sy) —  C(s3) + CHyO(s) 5.05950E+09 | 0.50 | 56.82
258 CH,O(s) + C(s3) — CCHa(ss) + O(s) + 5.53252E+09 | 0.50 | 104.60
259 O(s) + CCHy(s2) — CHa(ss) + CO + s 5.05950E+09 | 0.50 | 57.59
260 s + CHa(s2) + CO  — CCHa(s2) + O(s) 5.00710E+09 | 0.00 | 18.35
261 O(s) + CCHa(sy) —  C(s3) + CH,0 5.05950E+09 | 0.50 | 56.82
262 C(s3) + CH,O — CCHa(sg) + O(s) 1.13438E+10 | -0.50 | 70.80
263 s+ OH(s) + CCHa(ss) — C(s3) + CH,OH(s) 5.37310E+09 | 0.50 | 61.90
264 CH,OH(s) + C(s3) — CCHa(ss) + OH(s) + s 5.52043E+09 | 0.50 | 55.54
265 CCHa(s2) +3s — C(s3) + CHy(ss) 1.22021E+08 | 0.50 | 139.61
266 CHy(sy) + C(ss) — CCHy(sy) + 3's 5.92507E+09 | 0.50 | 68.66
267 CCHa(s3) + H(s) — CoHz +4s 1.50168E+10 | 0.50 | 0.00
268 CoHs +4s —  CCHa(ss) + H(s) 9.10007E+07 | -0.50 | 228.09
269 CCHa(s;) — CCHa(ss) + s 2.08366E-+10 | 1.00 | 0.00
270 s 4+ CCHay(sy) — CCHa(ss) 3.29456E409 | 0.50 | 0.00
271 H(s) + CCHy(s3) — CHCHy(ss) + s 1.50168E+10 | 0.50 | 31.27
272 s + CHCHy(s3) — CCHy(ss) + H(s) 3.25564E+09 | 0.50 | 76.07
273 H(s) + CCHy(s3) — CCHg(ss) + s 1.50168E+10 | 0.50 | 0.00
274 s 4+ CCHs(ss) — CCHa(ss) + H(s) 3.25193E409 | 0.50 | 103.35
275 H(s) + CCHy(ss) — CCH(s) + Hy + 38 1.50168E+10 | 0.50 | 52.68
276 CCH(s) + Hy +3s — CCHa(ss) + H(s) 8.95897E+10 | 0.00 | 5.40
277 H(s) + CCHa(s3) — C(ss) + CHs(s) 1.50168E+10 | 0.50 | 0.00
278 CHj(s) + C(s3) — CCHa(ss) + H(s) 5.82816E+09 | 0.50 | 115.06
279 CoHa(s3) + H(s) — CHCHa(ss) + s 1.63611E+10 | 0.50 | 82.37
280 s + CHCHy(ss) — CyHa(ss) + H(s) 3.25564E409 | 0.50 | 0.00
281 CoHa(ss) — CCHa(s2) + s 2.08366E+10 | 1.00 | 73.96
282 S + CCHQ(SQ) — CQHQ(SS) 3.29456E+09 | 0.50 0.00
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# Reaction A B E4
283 CoHa(ss) — CoHa +3s 3.91827E+10 | 1.00 | 134.00

284 CoHa +3s  —  CoHa(ss) 1.38965E4-09 | 0.00 | 0.00
285 s+ CCH(s) + H(s) — CCHa(ss) 1.52488E+10 | 0.50 | 67.07
286 CCHa(s;) — CCH(s) + H(s) + s 2.08366E+10 | 1.00 | 58.72
287 | H,O(s) + CCH(s) + 2s — CaHa(ss) + OH(s) 1.39557E+09 | 0.50 | 0.00
288 OH(s) + CyHy(s3) — CCH(s) + HyO(s) +2s | 5.82278E+09 | 0.50 | 62.60
289 H,O(s) + CCH(s) — CyHy 4+ OH(s) + s 5.58227E409 | 0.50 | 0.00
290 s+ OH(s) + CoH, —  CCH(s) + HyO(s) 2.11772E+09 | 0.00 | 115.60
291 H(s) + CCH(s) — CoHy +2s 1.52488E+10 | 0.50 | 0.00
292 CoHy +2s —  CCH(s) + H(s) 3.70468E+08 | 0.00 | 8.96
293 s+ H(s) + CCH(s) — CoHa(s3) 1.52488E+10 | 0.50 | 0.00
294 CoHa(ss) — CCH(s) 4+ H(s) + s 2.08366E+10 | 1.00 | 142.96
205 s+ O(s) + CCH(s) — CH(ss) + CO 5.20866E-+09 | 0.50 | 0.00
296 CH(s;) + CO  — CCH(s) + O(s) + s 2.03430E+09 | 0.00 | 60.97
297 s+ O(s) + CCH(s) — C(s3) + CHO 5.20866E+09 | 0.50 | 0.00
298 C(s3) + CHO — CCH(s) + O(s) + s 5.01442E+09 | -0.50 | 18.13
299 O(s) + CCH(s) +2s — C(s3) + CHO(s) 1.30216E+09 | 0.50 | 0.00
300 CHO(s) + C(s3) — CCH(s) + O(s) + 2's 5.52482E+09 | 0.50 | 155.77
301 s + HyO(s) + CCH(s) — CCHa(sz) + OH(s) 5.58227E409 | 0.50 | 16.96
302 CCHa(s2) + OH(s) — CCH(s) + HoO(s) + s 5.37310E+09 | 0.50 | 96.47
303 s + Ha(s) + CCH(s) — CCHa(s2) + H(s) 1.16456E+10 | 0.50 | 0.00
304 CCHs(ss) + H(s) — CCH(s) + Ha(s) + s 1.48937E+10 | 0.50 | 131.95
305 CCH(s) + 5s — C(s3) + CH(s3) 1.09826E+06 | 0.50 | 121.12
306 CH(s3) + C(s;) — CCH(s) + 5 5.87571E+09 | 0.50 | 113.93
307 CHs(s) + OH(s) — CH30H + 2's 5.53948E-+09 | 0.50 | 38.02
308 CH;0H + 2s — CHg(s) + OH(s) 5.87013E+07 | -0.50 | 15.30
309 CH;(s) + HoO(s) — CH3OH + H(s) + s 5.63757E+09 | 0.50 | 21.19
310 s+ H(s) + CHsOH — CHs(s) + HyO(s) 2.57065E+08 | -0.50 | 0.00
311 H(s) + CHs(s) — CHy+2s 1.34946E+10 | 0.50 | 33.48
312 CHy; +2s — CHs(s) + H(s) 7.46193E+09 | -0.50 | 48.55
313 s+ H(s) + CHs(s) — CHa(so) + Ha(s) 1.34946E+10 | 0.50 | 65.09
314 Ha(s) + CHay(sy) —  CHy(s) + H(s) + s 1.06151E+10 | 0.50 | 0.00
315 O(s) + CHs(s) — CH,O + H(s) + s 5.15078E+09 | 0.50 | 36.43
316 s 4+ H(s) + CH,O —  CHs(s) + O(s) 1.04152E+09 | -0.50 | 44.34
317 O(s) + CHs(s) — CHyOH(s) + s 5.15078E-+09 | 0.50 | 37.40
318 s + CH,OH(s) — CHs(s) + O(s) 2.94435E+09 | 0.50 | 83.39
319 O(s) + CHs(s) — CH30(s) +s 5.15078E+09 | 0.50 | 41.64
320 s+ CH30(s) — CHjs(s) + O(s) 2.93637E+09 | 0.50 | 70.89
321 O(s) + CHs(s) — CH,O(s) + H(s) 5.15078E+09 | 0.50 | 36.43
322 CH,O(s) + H(s) — CHs(s) + O(s) 1.44089E+10 | 0.50 | 79.92
323 OH(s) + CHs(s) — CHy + O(s) + s 5.53948E-+09 | 0.50 | 49.34
324 s+ O(s) + CH; — CHs(s) + OH(s 3.32184E+10 | -0.50 | 15.02
325 H,O(s) + CHs(s) — CHy + OH(s) + s 5.63757E+09 | 0.50 | 10.69
326 s+ OH(s) + CH, — CHs(s) + HyO(s) 5.83150E+10 | -0.50 | 14.08
327 OH(s) + CHs(s) — CH30H(s) + s 5.53948E-+09 | 0.50 | 38.02
328 s + CH3OH(s) — CHg(s) + OH(s) 3.05521E+09 | 0.50 | 59.40
329 s + CHs(s) + H,O — CH3OH(s) + H(s) 2.27206E+11 | -0.50 | 13.22
330 H(s) + CH;0H(s) — CHs(s) + HyO + s 1.53610E+10 | 0.50 | 13.76
331 H,O(s) + CHs(s) — CH3OH(s) + H(s) 5.63757E+09 | 0.50 | 21.19
332 H(s) + CH30H(s) — CHjs(s) + HyO(s) 1.53610E+10 | 0.50 | 13.76
333 CHy(sy) + HoO(s) — CHy(s) + OH(s) + s 5.75301E+09 | 0.50 | 20.17
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334 s+ OH(s) + CHs(s) — CHy(ss) + Hy0(s) 5.53948E+09 | 0.50 | 61.08
335 CHy(ss) + OH(s) — CH,OH + 3's 5.64976E+09 | 0.50 | 44.20
336 CH,OH + 3s — CHa(ss) + OH(s) 1.26734E+07 | -0.50 | 75.47
337 H(s) + CHy(sy) — CHs(s) + 2s 1.35262E+10 | 0.50 | 44.54
338 CHs(s) +2s —  CHa(se) + H(s) 9.79879E+08 | 0.50 | 109.30
339 O(s) + CHy(sy) — CHO + H(s) + 2s 5.25018E409 | 0.50 | 0.00
340 H(s) + CHO +2s — CHa(s) + O(s) 2.43827E+08 | -0.50 | 163.08
341 OH(s) + CHy(sy) — CH,O + H(s) + 2's 5.64976E+09 | 0.50 | 43.73
342 H(s) + CHyO + 25  — CHy(s) + OH(s) 2.69922E+08 | -0.50 | 64.63
343 CH,(sy) + HoO(s) — CH3OH(s) + 2 s 5.75301E+09 | 0.50 | 0.00
344 CH3;0H(s) + 2s  — CHa(so) + HoO(s) 7.63801E+08 | 0.50 | 53.23
345 OH(s) + CHay(sy) — CH,O(s) + H(s) + s 5.64976E+09 | 0.50 | 43.73
346 s+ H(s) + CH,O(5) — CHa(ss) + OH(s) 1.44089E+10 | 0.50 | 99.46
347 s+ CHy(so) + H(s) — CH(ss) + Ha(s) 1.35262E+10 | 0.50 | 93.47
348 Hao(s) + CH(ss) — CHa(so) + H(s) + s 1.03779E+10 | 0.50 | 17.99
349 OH(s) + CHay(sy) — CH,OH(s) + 2s 5.64976E+09 | 0.50 | 44.20
350 CH,OH(s) + 2s — CHa(ss) + OH(s) 7.36089E+08 | 0.50 | 103.68
351 CHa(ss) + HoO(s) — CH,OH(s) + H(s) + 5.75301E4+09 | 0.50 | 24.18
352 s+ H(s) + CH,0H(s) —  CHa(ss) + H0(s) 1.44461E+10 | 0.50 | 58.41
353 CH(s3) + H(s) — CHa(so) + 25 1.31483E+10 | 0.50 | 59.81
354 CHy(ss) +2s — CH(ss) + H(s) 1.01650E-+09 | 0.50 | 100.17
355 H(s) + CH(ss) — C(s3) + Ha(s) 1.31483E+10 | 0.50 | 52.53
356 C(ss) + Ho(s) — CH(sy) + H(s) 9.54955E+09 | 0.50 | 114.65
357 H(s) + CH(s;) — C(ss) + Hy + s 1.31483E+10 | 0.50 | 52.53
358 s+ C(ss) + Ho — CH(ss) + H(s) 0.82745E+11 | 0.00 | 96.55
359 O(s) + CH(s;) — CHO +4s 5.21415E4+09 | 0.50 | 0.00
360 CHO +4s — CH(ss) + O(s) 5.11175E4+06 | -0.50 | 31.28
361 OH(s) + CH(s;) — CHO + H(s) + 3 s 5.62821E+09 | 0.50 | 56.25
362 H(s) + CHO + 3s — CH(sy) + OH(s) 3.74463E+07 | -0.50 | 140.78
363 OH(s) + CH(ss) — CHO(s) + H(s) + 2's 5.62821E+09 | 0.50 | 56.25
364 CHO(s) + H(s) + 2s — CH(ss) + OH(s) 3.57717E+09 | 0.50 | 124.25
365 OH(s) + C(s;) — CHO +4s 5.31413E4+09 | 0.50 | 79.67
366 CHO +4s — C(s3) + OH(s) 5.29908E+06 | -0.50 | 3.63
367 C(ss) + H(s) — CH(s3) + s 1.19364E+10 | 0.50 | 132.12
368 s+ CH(ss) — C(s3) + H(s) 4.11933E+09 | 0.50 | 22.10
369 O(s) + C(s3) — CO+4s 4.87970E4-09 | 0.50 | 90.45
370 CO+4s — Cs3) + Os) 2.07378E+06 | 0.00 | 92.77
371 O(s) + C(ss) — CO(so) + 28 4.87970E+09 | 0.50 | 90.45
372 CO(s2) + 25 — C(sy) + O(s) 7.44321E+08 | 0.50 | 226.77
373 OH(s) + C(s3) — CHO(s) + 3's 5.31413E+09 | 0.50 | 79.67
374 CHO(s) +3s — C(ss) + OH(s) 1.11978E+08 | 0.50 | 90.45
375 OH(s) + C(s;) — CO + H(s) + 3 s 5.31413E4+09 | 0.50 | 64.29
376 H(s) + CO +3s — C(sy) + OH(s) 1.51916E+07 | 0.00 | 34.87
377 OH(s) + C(s3) — CO(sz) + H(s) + s 5.31413E409 | 0.50 | 64.29
378 s+ CO(s2) + H(s) — C(s3) + OH(s) 1.37609E+10 | 0.50 | 145.84
379 C(ss) + Os  —  CO(s2) + O(s) 3.95122E409 | 0.00 | 0.00
380 CO(s2) + O(s) — Cf(ss) + Os 4.65178E+09 | 0.50 | 191.36
381 H,0(s) + C(s3) — CH(ss) + OH(s) 5.43728E+09 | 0.50 | 150.53
382 OH(s) + CH(s;) — C(s3) + HyO(s) 5.62821E+09 | 0.50 | 0.00
383 CH,0(s) + C(s3) — CHa(s) + CO(s0) 5.53252E4+09 | 0.50 | 0.00
384 CO(s2) + CHa(s2) — Cf(sy) + CHyO(s) 5.59733E+09 | 0.50 | 48.68
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385 CO(s2) — CO+2s 1.89929E+410 | 1.00 | 187.00
386 CO+2s — CO(s2) 4.30773E408 | 0.00 | 0.00
387 O(s) + CO(s2) — COs(ss) + 5 4.65178E+09 | 0.50 | 32.52
388 s+ COs(ss) —  CO(s2) + O(s) 2.62137E+09 | 0.50 | 77.30
389 O(s) + CO(s2) — COs + 35 4.65178E+09 | 0.50 | 32.52
390 COs +3s — CO(s2) + O(s) 2.42025E+07 | 0.00 | 62.20
391 OH(s) + CO(s2) — COa(so) + H(s) 4.96572E4+09 | 0.50 | 42.27
392 COs(s2) + H(s) — CO(s2) + OH(s) 1.5318TE+10 | 0.50 | 34.87
393 s+ CO(ss) + Oy —  COs(s) + O(s) 9.35703E409 | 0.00 | 0.00
394 COs(s5) + O(s) —  CO(s2) + Os + 8 4.81019E+09 | 0.50 | 124.64
395 CH;0(s) + CO(ss) —  CHs(s) + COq(so) AT5611E4+09 | 0.50 | 27.88
396 COs(s2) + CHs(s) — CH30(s) + CO(ss) 5.58743E4+09 | 0.50 | 46.01
397 OH(s) + CO(ss) — COOH(s) + 2's 4.96572E+09 | 0.50 | 48.96
308 COOH(s) + 25 — CO(s2) + OH(s) 6.48603E408 | 0.50 | 29.32
399 s+ Hao(s) + CO(s2) — COH(ss) + H(s) 1.05821E+10 | 0.50 | 122.55
400 H(s) + COH(s3) — CO(so) + Ha(s) + s 1.44796E+10 | 0.50 | 49.27
401 CO2(s2) — CO2+ 25 4.99858E4-07 | 1.00 | 15.10
402 CO2+2s — COgy(s2) 3.86874E-+08 | 0.00 | 0.00
403 H(s) + CH;0H(s) — CH, + OH(s) + s 1.53610E+10 | 0.50 | 12.52
404 s+ OH(s) + CHy — CH;OH(s) + H(s) 1.89891E+11 | -0.50 | 7.35
405 H(s) + CH;OH(s) — CH,OH(s) + Hy(s) 1.53610E+10 | 0.50 | 49.11
406 CH,OH(s) + Ha(s) — CH;OH(s) + H(s) 1.10366E4+10 | 0.50 | 0.00
407 O(s) + CH;0H(s) — CH,OH(s) + OH(s) 5.03071E+09 | 0.50 | 14.03
408 CH,OH(s) + OH(s) — CH;OH(s) + O(s) 5.07843E+09 | 0.50 | 37.95
409 H(s) + CH;0(s) — CH;0H + 2's 1.44009E+10 | 0.50 | 34.79
410 CHsOH + 2s — CH;0(s) + H(s) 1.92946E+08 | -0.50 | 35.47
411 H(s) + CH;0(s) — CHy(s) + OH(s) 1.44009E+10 | 0.50 | 38.18
412 CHi(s) + OH(s) — CH30(s) + H(s) 5.53948E+09 | 0.50 | 57.77
413 CH;0(s) + H,O(s) — CH;OH(s) + OH(s) 5.11649E+09 | 0.50 | 11.21
414 OH(s) + CH;0H(s) — CH;0(s) + H,O(s) 5.32122E+09 | 0.50 | 24.30
415 H(s) + CH;0(s) — CHy + O(s) + s 1.44009E+10 | 0.50 | 42.02
416 s+ 0(s) + CHy —  CHs0(s) + H(s) 1.09186E+11 | -0.50 | 35.18
417 H(s) + CH;0(s) — CH;OH(s) + s 1.44009E+10 | 0.50 | 34.79
418 s+ CH;0H(s) — CHz0(s) + H(s) 3.05521E+09 | 0.50 | 79.57
419 CH;0(s) — CH,O + H(s) 2.08366E+10 | 1.00 | 0.00
420 H(s) + CH,0 — CH;0(s) 3.54884E+00 | -0.50 | 40.29
421 H(s) + CH;0(s) — CHoO(s) + Ha(s) 1.44009E+10 | 0.50 | 49.10
422 CH,O(s) + Ho(s) — CH;O(s) + H(s) 1.10178E+10 | 0.50 | 42.94
423 s+ CH;0(s) — CH,O(s) + H(s) 2.93637E+09 | 0.50 | 0.00
424 CH,O(s) + H(s) — CH;0(s) + 1.44089E+10 | 0.50 | 33.05
425 H(s) + CH,OH(s) — CH;OH + 2 s 1.44461E+10 | 0.50 | 36.70
426 CH;OH +2s — CH,OH(s) + H(s) 1.95388E-+08 | -0.50 | 20.59
427 CH,OH(s) — CH20H + s 2.36220E+10 | 1.00 | 160.00
428 s+ CH,OH — CH2OH(s) 1.13896E+09 | -0.50 | 0.00
429 H(s) + CH3O0H(s) — CHs(s) + OH(s) 1.44461E+10 | 0.50 | 42.16
430 OH(s) + CHs(s) — CH,OH(s) + H(s) 5.53948E+00 | 0.50 | 47.39
431 CH,OH(s) + HoO(s) — CH3OH(s) + OH(s) 5.12966E+09 | 0.50 | 17.78
432 OH(s) + CH;0H(s) — CH,OH(s) + HyO(s) 5.32122E409 | 0.50 | 15.83
433 H(s) + CH,OH(s) — CH;OH(s) + s 1.44461E+10 | 0.50 | 36.70
434 s + CH;0H(s) — CH,OH(s) + H(s) 3.05521E+09 | 0.50 | 64.69
435 CH,OH(s) — CH,O + H(s) 2.08366E+10 | 1.00 | 12.09
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436 H(s) + CH,O — CH,OH(s) 3.59376E+09 | -0.50 | 15.29
437 H(s) + CH,OH(s) — CH,O(s) + Ha(s) 1.44461E+10 | 0.50 | 55.41
438 CH,O(s) + Ha(s) — CH,OH(s) + H(s) 1.10178E+10 | 0.50 | 28.69
439 O(s) + CH,OH(s) — CH,O + OH(s) + s 4.77901E+09 | 0.50 | 36.81
440 s+ OH(s) + CH,O — CH,OH(s) + O(s) 6.89087E+09 | -0.50 | 49.07
441 CH,OH(s) + 2s — CHOH(sy) + H(s) 7.36080E+08 | 0.50 | 79.28
442 H(s) + CHOH(s;) — CH,OH(s) + 2s 1.46587E+10 | 0.50 | 39.75
443 s+ H(s) + CH,OH(s) — CHOH(sz) + Hy(s) 1.44461E+10 | 0.50 | 79.54
444 Ha(s) + CHOH(s;) — CH,OH(s) + H(s) + s 1.11917E+10 | 0.50 | 8.05
445 s + CHQOH(S) —  CH,O(s) + ( ) 2.94435E+09 | 0.50 | 12.09
446 CH,O(s) + H(s) — CH,OH(s) + 1.44089E+10 | 0.50 | 23.14
447 CH,O(s) + H(s) — CH,OH +2s 1.44089E+10 | 0.50 | 23.14
448 CH,OH + 2s — CH,O(s) + H(s) 1.21150E4+08 | -0.50 | 0.00
449 CH20(s) — CH30 +s 2.52101E+10 | 1.00 | 46.70
450 s+ CH,0 — CHyO(s) 2.05161E+09 | -0.50 | 0.00
451 s + CHyO(s) — CHO(s) + H(s) 2.98841E409 | 0.50 | 47.23
452 CHO(s) + H(s) — CHyO(s) + s 1.43087E+10 | 0.50 | 47.96
453 H(s) + CH,O(s) — CHO(s) + Ha(s) 1.44089E+10 | 0.50 | 33.26
454 CHO(s) + Ha(s) — CH,O(s) + H(s) 1.09557E+10 | 0.50 | 0.00
455 O(s) + CH,O(s) — CHO(s) + OH(s) 4.79404E+09 | 0.50 | 0.00
456 CHO(s) + OH(s) — CH,O(s) + O(s) 5.00820E+09 | 0.50 | 49.81
457 OH(s) + CH,O(s) — CHO(s) + Ha0(s) 5.00689E+09 | 0.50 | 0.00
458 CHO(s) + HO(s) — CH,O(s) + OH(s) 5.15363E+09 | 0.50 | 33.83
459 OH(s) + CH,O(s) — CHO(s) + HyO + s 5.09689E+09 | 0.50 | 0.00
460 s+ CHO(s) + H,0 — CH,O(s) + OH(s) 6.80071E+10 | -0.50 | 0.31
461 CHOH(ss) + 25 — COH(ss) + H(s) 7.58334E+08 | 0.50 | 41.43
462 H(s) + COH(s;) — CHOH(sy) + 25 1.44796E+10 | 0.50 | 87.34
463 CHOH(s;) — CHO(s) + H(s) 2.08366E+10 | 1.00 | 16.35
464 H(s) + CHO(s) — CHOH(s,) 1.43087E-+10 | 0.50 | 70.28
465 s + H(s) + CHOH(sy) — COH(ss) + Ha(s) 1.46587E+10 | 0.50 | 46.74
466 Ho(s) + COH(ss) — CHOH(sy) + H(s) + s 1.10747E+10 | 0.50 | 56.33
467 H(s) + CHOH(sy) — CHO(s) + Ha(s) + s 1.46587E+10 | 0.50 | 45.20
468 s + Ha(s) + CHO(s) —  CHOH(s,) + H(s) 1.09557E+10 | 0.50 | 59.55
469 CHO(s) + 25 — CO(so) + H(s) 7.55853E+08 | 0.50 | 0.00
470 CO(s2) + H(s) — CHO(s) +2s 1.37609E+10 | 0.50 | 102.88
471 H(s) + CHO(s) — CO + Ha(s) + s 1.43087E+10 | 0.50 | 0.00
472 s+ Ho(s) + CO  — CHO(s) + H(s) 6.89865E-+08 | 0.00 | 109.61
473 s+ H(s) + CHO(s) — CO(s) + Ha(s) 1.43087E+10 | 0.50 | 0.00
474 CO(s2) + Ha(s) — CHO(s) + H(s) + s 1.05821E+10 | 0.50 | 97.72
475 H(s) + CHO(s) — CO(so) + Hy 1.43087E+10 | 0.50 | 0.00
476 CO(s2) + Hy — CHO(s) + H(s) 6.41855E-+10 | 0.00 | 78.46
47T s+ O(s) + CHO(s) — CO(se) + OH(s) 4.79132E409 | 0.50 | 0.00
478 CO(s2) + OH(s) — CHO(s) + O(s) + s 4.96572E+09 | 0.50 | 145.34
479 s+ OH(s) + CHO(s) — CO(sy) + HoO(s) 5.09820E+09 | 0.50 | 0.00
480 CO(s2) + HoO(s) — CHO(s) + OH(s) + s 5.02610E+09 | 0.50 | 135.45
481 COH(s;) — CO(ss) + H(s) 2.08366E+10 | 1.00 | 0.00
482 H(s) + CO(ss) — COH(s3) 1.37609E+10 | 0.50 | 67.43
483 COOH(s) + 25 — COs(ss) + ( ) 6.48603E-+08 | 0.50 | 0.00
484 H(s) + COa(sy) — COOH(s) + 2 s 1.53187E-+10 | 0.50 | 14.10
485 s+ H(s) + COOH(s) — CO(s2) + HyO(s) 1.53322E+10 | 0.50 | 39.14
486 H,0(s) + CO(s2) — COOH(s) + H(s) + 5.02610E+09 | 0.50 | 80.41
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# Reaction A B E4
487 s+ O(s) + COOH(s) — COx(s2) + OH(s) 4.80082E+09 | 0.50 | 44.20
488 OH(s) + COy(s3) — COOH(s) + O(s) + s 5.07670E+09 | 0.50 | 104.24
489 s+ OH(s) + COOH(s) — COs(ss) + HyO(s) 5.06567E+09 | 0.50 | 39.44
490 H,0(s) + COa(s3) — COOH(s) + OH(s) +s | 5.10838E+09 | 0.50 | 80.68
491 s+ Hs —  Hs(s) 3.48078E+10 | 0.00 | 0.00
492 Ha(s) — Hy +s 3.16156E+10 | 1.00 | 26.80
493 s+0(s) + H, — H(s)+ OH(s) 4.17970E+10 | 0.00 | 0.00
494 OH(s) + H(s) — Hy + O(s) + s 1.24208E+10 | 0.50 | 98.82
495 Oa(s2) + H, — H(s) + OOH(s) 1.32798E+11 | 0.00 | 0.00
496 OOH(s) + H(s) — Hy + Os(so) 1.39551E+10 | 0.50 | 112.76
497 O24+2s —  Oa(se2) 7.92136E4-08 | 0.00 | 0.00
498 O2(s2) — O2+2s 1.91839E+10 | 1.00 | 44.30
499 s+ H(s)+ 0, —  O(s) + OH(s) 6.28814E-+08 | 0.00 | 0.00
500 OH(s) + O(s) — H(s) + Oy + s 4.66121E+09 | 0.50 | 159.53
501 O2+2s — 20(s) 2.03469E+08 | 0.00 | 0.00
502 20(6) — O2+4+2s 4.26627E409 | 0.50 | 143.87
503 H(s) + O, — OOH(s) 1.30300E+09 | 0.00 | 0.00
504 OOH(s) — H(s) + O, 2.08366E+10 | 1.00 | 73.94
505 s+ OH — OH(s) 5.32909E4-09 | 0.00 | 0.00
506 OH(s) — OH +s 3.25484E+10 | 1.00 | 247.00
507 s+0 —= 0Of) 1.89986E+408 | 1.00 | 0.00
508 O(k) — O-+s 3.12808E+10 | 1.00 | 356.00
509 s+0(s) + HbO — 2 OH(s) 2.81013E+10 | -0.50 | 6.26
510 20H(s) — HyO+4+O(s) +s 5.03981E+09 | 0.50 | 66.24
511 s+ H(s) + Ho0  —  Ha(s) + OH(s) 1.75147E+10 | -0.50 | 13.15
512 OH(s) + Ha(s) — HoO + H(s) + s 9.77616E+09 | 0.50 | 0.00
513 s+ HO; — OOH(s) 2.05387E+09 | -0.50 | 0.00
514 OOH(s) — HOs +s 2.60085E+10 | 1.00 | 204.00
515 HO, +2s —  O(s) + OH(s) 2.47795E+08 | -0.50 | 0.00
516 OH(s) + O(s) — HO, + 25 4.66121E+09 | 0.50 | 112.23
517 HO, +3s — H(s) + Oa(s0) 1.37866E+08 | -0.50 | 110.13
518 H(s) + Oa(s) — HOs +3s 1.35635E+10 | 0.50 | 0.00
519 HoO3 +2s —  Hy04(se) 2.70654E4-09 | -0.50 | 0.00
520 Hs03(s2) — H205 4+ 2s 7.12037E+09 | 1.00 | 27.10
521 s+ H(s) + HO, —  HyO(s) + OH(s) 4.59391E+08 | -0.50 | 0.00
522 H,O(s) + OH(s) — Hy0 + H(s) + s 5.13543E+09 | 0.50 | 146.51
523 HyO2 +2s — 2 OH(s) 1.04903E+08 | -0.50 | 0.00
524 20H(s) — Hy09 +2s 5.03981E+09 | 0.50 | 160.96
525 HoO5 + 25 —  HyO(s) + O(s) 1.54095E+08 | -0.50 | 0.00
526 H,O(s) + O(s) — Hy0p + 2 4.76774E+09 | 0.50 | 119.41
527 s+ H(s) + HO, — Hy(s) + OOH(s) 6.48039E+08 | -0.50 | 0.00
528 OOH(s) + Ha(s) — HoO, + H(s) + s 1.06844E+10 | 0.50 | 17.72
529 (s) 4+ Hy(s) — H(s)+ OH(s) 8.84834E+09 | 0.50 | 8.52
530 OH(s) + H(s) — Hy(s) + O(s) 1.24298E+10 | 0.50 | 98.82
531 s + Hg(s) —  2H(s) 8.92735E+09 | 0.50 | 40.13
532 H(s) — Ha(s) +s 1.34184E+10 | 0.50 | 73.96
533 H(s) + 02( 5) —  O(s) + OH(s) + s 1.35635E+10 | 0.50 | 0.00
534 s+ OH(s) + O(s) — H(s) + Oa(s2) 4.66121E+09 | 0.50 | 159.53
535 ( ) = 20(s) 2.08366E+10 | 1.00 | 4.33
536 O(s) — Os(so) 4.26627E+09 | 0.50 | 143.87
537 H(s) + 02( ,) — OOH(s) +2s 1.35635E+10 | 0.50 | 0.00
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538 OOH(s) + 2s — H(s) + Oa(s2) 6.94856E+08 | 0.50 | 73.94
539 O(s) + H(s) — OH+2s 1.10870E+10 | 0.50 | 52.01
540 OH +2s — H(s)+ O(s) 1.28517E+09 | 0.00 | 65.87
541 H,0(s) + O(s) — 2 OH(s) A767TAE+09 | 0.50 | 38.87
542 2 OH(s) — H,0(s) + O(s) 5.03981E+09 | 0.50 | 66.24
543 O(s) + H(s) — OH(s) + s 1.10870E+10 | 0.50 | 52.01
544 s+ OH(s) — H(s) + O(s) 3.46268E+09 | 0.50 | 107.22
545 OH(s) + H(s) — H,0(s) +s 1.24208E+10 | 0.50 | 47.77
546 s+ H0(s) — H(s) + OH(s) 3.47731E+09 | 0.50 | 80.38
547 OH(s) + H(s) — Hy0+2s 1.24298E+10 | 0.50 | 47.77
548 H,O +2s — H(s) + OH(s) 5.87502E+09 | -0.50 | 40.18
549 2H(s) — Hs+2s 1.34184E+10 | 0.50 | 73.96
550 Hy +2s — 2H(@s) 8.42938E+09 | 0.00 | 13.34
551 H(s) — H+s 3.51899E+10 | 1.00 | 255.00
552 s+H — H(s) 1.89986E+08 | 1.00 | 0.00
553 Hy04(s0) + H(s) — HyO + OH(s) + 2 s 1.43342E410 | 0.50 | 0.00
554 OH(s) + HO +2s — HyOs(s2) + H(s) 2.16617E+11 | -0.50 | 117.91
555 OOH(s) + H(s) — H,O + O(s) + s 1.39551E+10 | 0.50 | 0.00
556 s+ 0(s) + 1O — H(s) + OOH(s) 5.82302E+10 | -0.50 | 96.65
557 OOH(s) + H(s) — HyOs + 25 1.39551E+10 | 0.50 | 74.58
558 Hy02 +2s — H(s) + OOH(s) 2.17374E408 | -0.50 | 0.00
559 H,O(s) + H(s) — Hay(s) + OH(s) 1.29285E+10 | 0.50 | 45.20
560 OH(s) + Ho(s) — HoO(s) + H(s) 9.77616E+09 | 0.50 | 0.00
561 OOH(s) + H(s) — H,0(s) + O(s) 1.39551E+10 | 0.50 | 0.00
562 H,O(s) + O(s) — H(s) + OOH(s) AT6TTAE+09 | 0.50 | 125.16
563 Hy04(s0) + H(s) — HyO(s) + OH(s) + s 1.43342E410 | 0.50 | 0.00
564 s + H,O(s) + OH(s) — HyOs(s2) + H(s) 5.13543E4+09 | 0.50 | 146.51
565 OOH(s ) L HG) — 2 OH(s) 1.39551E+10 | 0.50 | 0.00
566 OH(s) — H(s) + OOH(s) 5.03981E+09 | 0.50 | 126.95
567 OOH(s ) H(s) — HyOa(so) 1.39551E+10 | 0.50 | 74.58
568 H202( ) — H(s) + OOH(s) 2.08366E+10 | 1.00 | 23.92
569 20(s) — H0 +s 3.23181E+10 | 1.00 | 40.20
570 s + HQO —  HyO(s) 3.45201E+10 | -0.50 | 0.00
571 s+ OOH(s) — O(s) + OH(s) 2.77942E+09 | 0.50 | 10.38
572 OH(s) + O(s) — OOH(s) + s 4.66121E+09 | 0.50 | 112.23
573 HyO5(s2) — 2 OH(s) 2.08366E+10 | 1.00 | 0.00
574 2 OH(s) — Hy0s(so) 5.03981E+09 | 0.50 | 160.96
575 Ho0s(s2) — HoO(s) + O(s) 2.08366E+10 | 1.00 | 0.00
576 H,O(s) + O(s)  —  HyOu(so) AT6TTAE+09 | 0.50 | 119.41
577 NoO +2s —  Ny0(sy) 7.16064E+409 | -0.50 | 0.00
578 N2O(s2) — NyO+2s 1.34252E+10 | 1.00 | 72.57
579 NoO(s2) + 28— N(s) + NO(s3) 6.40833E-+08 | 0.50 | 7.69
580 NO(s3) + N(s) — NaO(s2) + 2 s 4.70745E+09 | 0.50 | 45.49
581 NoO + 35  —  Ny(s) + O(s) 2.86198E+07 | -0.50 | 0.00
582 O(s) + Na(s2) — N0 +3s 4.59599E+09 | 0.50 | 132.73
583 NO +3s — NO(s3) 1.94052E+10 | 0.00 | 0.00
584 NO(s3) — NO +3s 2.17814E4-09 | 1.00 | 71.76
585 NO +2s — N(s) + O(s) 1.18545E+08 | 0.00 | 0.00
586 O(s) + N(s) — NO+2s 4.45895E+09 | 0.50 | 161.29
587 No+2s — Ngy(se) 6.65374E408 | 0.00 | 0.00
588 Na(s2) — Na+2s 1.10244E+10 | 1.00 | 45.23
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589 No+2s — 2N(s) 2.75883E4-08 | 0.00 | 86.05
590 2N(s) — Ny +2s 4.64959E409 | 0.50 | 104.72
591 No(sg) — 2 N(s) 2.08366E+10 | 1.00 | 131.28
592 2N(s) — Na(s2) 4.64959E4-09 | 0.50 | 104.72
593 s+ NO2 — NOafs) 1.34133E+09 | -0.50 | 0.00
594 NO3(s) — NOz +s 1.48835E+10 | 1.00 | 41.16
595 NOs(s) +3s — NO(s3) + O(s) 9.01317E+07 | 0.50 | 0.00
596 O(s) + NO(s3z) — NOg(s) + 3 s 4.46634E+409 | 0.50 | 57.91
597 s+ N — N(s) 1.89986E+08 | 1.00 | 0.00
598 N(s) — N+ 3.29696E+410 | 1.00 | 485.33
599 N2O(s2) + O —  N(s) + NOa(s) 2.04982E+09 | 1.00 | 32.31
600 N(s) + NOy(s) — NyO(ss) + O 4.79495E+09 | 0.50 | 13.24
601 O2(s2) + NO  —  NOs(s) + O(s) 3.78737E+09 | 0.00 | 0.00
602 O(s) + NOo(s) — NO + Oqz(s2) 4.52578E4-09 | 0.50 | 54.20
603 Nao(sz) + O —  N2O(s2) 3.16605E+410 | 1.00 | 251.05
604 NoO(sy) — Na(sp) + O 2.08366E+10 | 1.00 | 0.00
605 O(s) + NOy(s) + 3s  — NO(s3) + Oa(s2) 1.67622E+08 | 0.50 | 54.20
606 O2(s2) + NO(s3) — NOa(s) + O(s) + 3 s 4.33016E4+09 | 0.50 | 0.00
607 N(s) + NO2(s) +4s — 2 NO(s;3) 1.87303E+07 | 0.50 | 61.40
608 2NO(s3) — N(s) + NOy(s) +4s 4.33450E4-09 | 0.50 | 0.00
609 S + O(S) + NQO(SQ) — NQ(SQ) + Og(SQ) 4.69799E+09 | 0.50 0.00
610 O2(s2) + Na(s2)  —  NoOf(sy) + O(s) + s 4.47063E4-09 | 0.50 | 64.05
611 N(s) + NoO(s2) +2s —  Noa(sz) + NO(s3) 1.24337E+09 | 0.50 | 0.00
612 Na(s2) + NO(s5) —  NyO(s2) + N(s) + 2 s 4.47357E+09 | 0.50 | 57.22
613 NO(ss) — N(s) + O(s) +s 2.08366E+10 | 1.00 | 10.68
614 s+ N(s) + O(s) — NO(s3) 4.45895E+09 | 0.50 | 161.29
615 N(s) + NO(s3) — Na(s2) + O(s) + s 4.70745E4-09 | 0.50 | 0.00
616 s+ O(s) + Na(s2) —  N(s) + NO(s3) 4.59599E4-09 | 0.50 | 120.61
617 O(s) + NO(s3) — N(s) + Oa(s2) + s 4.46634E+09 | 0.50 | 20.04
618 s+ N(s) + Oa(ss) — NO(s3) + O(s) 4.74084E+09 | 0.50 | 23.42
619 CsHg +2s — CsHg(se) 1.33006E+14 | -0.50 | 39.40
620* C3Hg(s2) — CsHg + 2 1.25250E-09 | 1.00 | 39.13
621 CsHg(s2) — CHs(s) + CHCHy(s) 2.08366E+10 | 1.00 | 100.47
622* CHs(s) + CHCHa(s) — CsHg(sa) 6.13949E-09 | 0.50 | 0.00
623 s+ CsHsa —  CsHs(s) 4.21289E409 | -0.50 | 0.00
624 C3Hs(s) — CsHsa + s 1.10134E+11 | 1.00 | 41.52
625 C3Hs(s) +4s — CCHs(ss) + CHa(so) 1.32573E+07 | 0.50 | 113.74
626 CHa(s2) + CCH3(s3) — CsHs(s) +4s 6.02307E4-09 | 0.50 | 60.54
627 CsHs(s) +2s — CHa(s2) + CHCHs(s) 8.48464E4-08 | 0.50 | 85.98
628 CHy(ss) + CHCHy(s) — CsHs(s) + 2 6.28757E+09 | 0.50 | 37.66
629 CsHs(s) +3s  —  CyHa(sy) + CHsl(s) 1.25698E-+08 | 0.50 | 0.00
630 CHs(s) + CaHa(sz3) — CsHs(s) +2s 6.35120E4-09 | 0.50 | 63.07
631 CsHs(s) +3s — C(s3) + CHyCHs(s) 1.25698E+08 | 0.50 | 6.70
632 C(ss) + CH2CHs(s) — CsHs(s) +3s 6.03919E+4-09 | 0.50 | 101.66
633 O(s) + CsHsa +3s  —  CoHy(s) + COH(ss) 4.69320E+08 | -0.50 | 0.00
634 CoHy(s) + COH(s;) — CsHsa + O(s) + 3 5.37732E+09 | 0.50 | 97.43
635 OH(s) + C3Hsa +3s — CHCHj(s2) + CHOH(sz) | 3.89821E+07 | -0.50 | 34.44
636 CHCHs(s2) + CHOH(so) — CsHsa + OH(s) + 3 s 5.38703E+09 | 0.50 | 45.46
637 OH(s) + CsHs(s) — CsHg + O(s) + s 6.38270E4-09 | 0.50 | 0.00

*Removed reaction
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638 s+ O(s) + C3slHg — CsHs(s) + OH(s) 1.70040E+10 | -0.50 | 15.39
639 CsHe(s2) — CsHs(s) + H(s) 2.08366E+10 | 1.00 | 87.68
640 H(s) + C3Hs(s) —  CsHe(so) 1.97271E+10 | 0.50 | 0.00

Table A.3: Detailed C3Hg reaction sub-mechanism corresponding to 6 = 12% [99] of
the magnitude of Q¢ m,0,N-

# Reaction A B E4
1 CsHg +2s — CsHg(s2) 3.55043E+10 | -0.50 | 0.00
2 C3Hg(s2) — CsHg +2s 1.25250E4+09 | 1.00 | 39.13
3 C3Hg(sy) — CHs(s) + CHCH,(s) 2.08366E+10 | 1.00 | 100.47
4 CHj(s) + CHCHs(s) — CsHg(so) 6.13949E+09 | 0.50 | 0.00
5 s+ C3Hza  —  CsHs(s) 4.21289E+09 | -0.50 | 0.00
6 C3Hs(s) — CsHsa +s 1.10134E+11 | 1.00 | 41.52
7 CgH5(S) +4s — CCHg(Sg) + CHQ(SQ) 1.32573E4+07 | 0.50 113.74
8 CHa(so) + CCHs(ss) — CsHs(s) +4s 6.02307E+09 | 0.50 | 47.31
9 C3Hs(s) + 25— CHay(sy) + CHCHy(s) 8.48464E+08 | 0.50 | 85.98
10 CHa(ss) + CHCHy(s) — CsHs(s) + 2's 6.28757E+09 | 0.50 | 26.16
11 C3Hs(s) +3s  —  CoHa(ss) + CHa(s) 1.25698E+08 | 0.50 | 0.00
12 CHS(S) + CQHQ(Sg) — CgH5(S> + 2s 6.35120E+409 | 0.50 65.12
13 C3Hs(s) +3s  —  C(ss) + CHyCHs(s) 1.25698E-+08 | 0.50 | 6.70
14 C(s3) + CHoCHs(s) — CyHs(s) + 3 s 6.03919E4+09 | 0.50 | 104.20
15 O(s) + CsHsa + 35  —  CoHy(s) + COH(ss) 4.69320E-+08 | -0.50 | 0.00
16 CoHa(s) + COH(s;) — CsHsa + O(s) + 3 s 5.37732E409 | 0.50 | 101.82
17 OH(s) + CsHsa + 3s — CHCHs(ss) + CHOH(s,) 3.80821E+07 | -0.50 | 34.44
18 CHCHs(s2) + CHOH(s;) — CsHsa + OH(s) +3s 5.38703E+09 | 0.50 | 37.29
19 OH(s) + C3Hs(s) — CsHg + O(s) + 6.38270E+09 | 0.50 | 0.00
20 s+ O0(s) + C3Hg  —  CsHs(s) + OH(s ) 1.70040E+10 | -0.50 | 15.39
21 C3Hg(s2) — CsHs(s) + H(s) 2.08366E+10 | 1.00 | 87.68
22 H(s) + C3Hs(s) —  CsHg(so) 1.97271E+10 | 0.50 | 0.00
23 C3Hg +2s — CyH5CH(ss) 9.82480E+10 | -0.50 | 0.00
24 CHsCH(ss) —  CaHg + 25 1.35849E+10 | 1.00 | 84.33
25* CsHo(ss) —  CoH5CH(sy) 2.08366E-10 | 1.00 | 0.00
26* CoHsCH(sy)  —  CsHg(se) 2.08366E-10 | 1.00 | 0.00
27 C2H5CH(82) +2s — CHQCH?,(S) + CH<S3) 8.22495E+08 | 0.50 47.67
28 CH(ss) + CHyCHs(s) — CoHsCH(ss) + 28 6.26150E+09 | 0.50 | 56.93
29 CoHsCH(ss) + 25— CoHsC(s3) + H(s) 8.22495E+08 | 0.50 | 104.79
31 s + CoH;5C ( ) —  C(s3) + CH,CHs(s) 3.55218E+09 | 0.50 | 0.00
32 C(s3) + CHoCHs(s) —  CoHsC(ss) + s 6.03919E+09 | 0.50 | 185.95
33 C3Hg + 45 —  CoHsC(s) + H(s) 5.41354E+09 | 050 | 156.58
34 H(s) + CoHsC(s3) — CyHg + 4s 2.07501E+10 | 0.50 | 0.00
35 O(s) + CoH5CH(s;) — CH,CHs(s) + CHO(s) +s | 6.00026E+09 | 0.50 | 0.00
36 | s+ CHO(s) + CHoCHs(s) — CoHsCH(sz) + O(s) 5.20470E+09 | 0.50 | 132.81
37 OH(s) + CoH5CH(sy) — CHoCHg(s) + CHoO(s) + 5 | 6.24300E+09 | 0.50 | 0.00
38 | s+ CHoO(s) + CHoCHa(s) —  CoHsCH(se) + OH(s) 5.27471E4+09 | 0.50 | 101.70
39 O(s) + CoHs5C(s3) — CH,CHy(s) + CO(ss) + 6.43992E+09 | 0.50 | 0.00

*Removed reaction
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40 s + CO(sy) + CHyCHs(s) — CoHsC(s3) + O(s) 5.20069E+09 | 0.50 | 285.20
41 OH(s) + CoH5C(ss) — CHyCHs(s) + CHO(s) + 2's | 6.67484E+09 | 0.50 | 0.00
42 | CHO(s) + CH,CHj(s) + 25 —  CoHsC(ss) + OH(s) 1.32368E+09 | 0.50 | 169.33

Table A.4: Detailed C3Hg reaction sub-mechanism corresponding to 6 = 20% [100] of
the magnitude of Q¢ m,0,N-

# Reaction A B E4
1 CsHg +2s — CsHg(s2) 3.55043E+10 | -0.50 | 0.00

2 C3Hg(s2) — CsHg +2s 1.25250E4+09 | 1.00 | 39.13
3 C3Hg(sy) — CHs(s) + CHCHy(s) 2.08366E+10 | 1.00 | 100.47
4 CHs(s) + CHCHa(s) —  C3Hg(so) 6.13949E+09 | 0.50 | 0.00

5 s+ C3Hsa  —  CyHs(s) 4.21289E409 | -0.50 | 0.00

6 CsHs(s) — CsHsa +s 1.10134E+11 | 1.00 | 41.52
7 CgH5(S) +4s — CCHg(Sg) + CHQ(SQ) 1.32573E4+07 | 0.50 113.74
8 CHa(s2) + CCHs(ss) — CsHs(s) +4s 6.02307E+09 | 0.50 | 60.54
9 C3Hs(s) +2s  —  CHay(sz) + CHCHa(s) 8.48464E+08 | 0.50 | 85.98
10 CHa(sy) + CHCHy(s) — CsHs(s) + 2s 6.28757E+09 | 0.50 | 37.66
11 CsHs(s) +3s —  CyHa(ss) + CHs(s) 1.25698E-+08 | 0.50 | 0.00
12 CHS(S) + CQHQ(Sg) — CgH5(S> + 2s 6.35120E+409 | 0.50 63.07
13 CsHs(s) +3s  —  C(ss) + CHyCHs(s) 1.25698E-+08 | 0.50 | 6.70
14 C(s3) + CHoCH;3(s) —  CsHs(s) + 3 s 6.03919E+09 | 0.50 | 101.66
15 O(s) + CsHsa + 3s  —  CyHy(s) + COH(ss) 4.69320E+08 | -0.50 | 0.00
16 CoHy(s) + COH(ss) — CsHsa+ O(s) + 3 s 5.37732E409 | 0.50 | 97.43
17 OH(s) + CsHsa +3s — CHCHj(sy) + CHOH(sy) 3.89821E+07 | -0.50 | 34.44
18 CHCHs(sz) + CHOH(s3) — CsHsa + OH(s) +3s 5.38703E+09 | 0.50 | 45.46
19 OH(s) + C3Hs(s) — CsHg + O(s) + 6.38270E+09 | 0.50 | 0.00
20 s+ 0(s) + C3Hg  —  CsHs(s) + OH(s ) 1.70040E+10 | -0.50 | 15.39
21 CsHg(s2) —  CsHs(s) + H(s) 2.08366E+10 | 1.00 | 87.68
22 H(s) + C3Hs(s) — CsHg(sz) 1.97271E+10 | 0.50 | 0.00
23 C3Hg +2s — CyH5CH(ss) 9.82480E+10 | -0.50 | 0.00
24 CoH;CH(sy) — CsHg + 25 1.35849E+10 | 1.00 | 84.33
25* CsHg(sy) —  CoHs5CH(ss) 2.08366E-10 | 1.00 | 0.00
26* CoHsCH(se) —  CsHg(sa) 2.08366E-10 | 1.00 | 0.00
27 C2H5CH(82) +2s — CHQCH?,(S) + CH<S3) 8.22495E+08 | 0.50 47.67
28 CH(ss) + CH,CHs(s) — CoHsCH(sp) + 2 6.26159E+09 | 0.50 | 59.76
29 CoHsCH(sp) + 25  —  CyHsC(ss) + H(s) 8.22495E+08 | 0.50 | 104.79
31 s + CoH5C ( ) —  C(s3) + CHyCH(s) 3.55218E+09 | 0.50 | 0.00
32 C(Sg) + CHQCHg( ) — CQH5C(S3) + s 6.03919E+09 | 0.50 177.76
33 s —  CHsC(ss) + H(s) 5.41354E+09 | -0.50 | 156.58
34 H(s) + CoHsC(s3) — CsHg + 45 2.07501E+10 | 0.50 | 0.00
35 + CoH5CH(s;) — CHoCHj(s) + CHO(S) +s | 6.00026E+09 | 0.50 | 0.00
36 s + CHO(s) + CHyCHs(s) —  CyHsCH(sy) + O(s) 5.29470E+09 | 0.50 | 126.98
37 OH(s) + CoH5CH(s;) — CHyCHs(s) + CHxO(s) + s | 6.24300E409 | 0.50 | 0.00
38 | s+ CH,O(s) + CHyCHs(s) — CoH;CH(ss) + OH(s) 5.27471E+09 | 0.50 | 98.01
39 O(s) + CoH5C(s3) — CHoCHs(s) + CO(ss) + 6.43992E+09 | 0.50 | 0.00

*Removed reaction




231

Appendiz A
# Reaction A B E4
40 s+ CO(s2) + CH,CHs(s) — CoHsC(ss) + O(s) 5.20069E+09 | 0.50 | 276.71
11 OH(s) + CoH5C(ss) — CHyCHs(s) + CHO(s) + 2's | 6.67484E+09 | 0.50 | 0.00
42 | CHO(s) + CH,CHs(s) + 28— CoHsC(s3) + OH(s) 1.32368E4+09 | 0.50 | 162.29
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Surface species data

The current Appendix includes the surface species data applied in Chapter 4 for the

evaluation of the surface mechanism presented in Appendix A. The -N and -C; containing

surface species data are omitted from Chapter 5 due to the scarcity of related experimental

data. The left column corresponds to adsorbed species’ data, while the right one is related

to the transition states. The units of vibrational frequencies v; and rotational constants

I, are given below in cm™! and Hz, respectively. The rotational symmetry number o and

the Pitzer-Gwinn hindered rotor correction v,,,, are unitless. The heat of adsorption @) 4
and the total bond energy E are both in kJ/mol. The surface area of the platinum site
Ap; is presented in A2 The Q4, E and Ap; have the same value for the adsorbed and

transition state.

Adsorbed species

Transition state

CoHy(s3)

{vi}:

46.0, 68.9, 155.2, 275.5, 442.6, 445.7,
582.9, 614.1, 784.0, 826.1, 929.6,
1073.2, 1279.2, 3091.5, 3110.2 [cm ™!

0.69, 0.47, 0.29 [Hz]

2.0, Veorr: 1.000

~161.7, 53.9, 64.8, 154.9, 259.2. 364.6,
541.0, 586.3, 708.3, 775.6, 887.3,
1024.7, 1331.0, 3071.7, 3188.1 [cm™!]

0.68, 0.46, 0.29 [Hz]

1.0, veorr: 1.000

Q4: 134.0 kJ/mol, E: 1641.0 kJ/mol, Ap;: 15.3 A2

CQH4(S)

{vit:

469.0, 495.6, 685.3, 795.5, 895.0,
985.7, 1003.2, 1188.6, 1203.0, 1420.6,
1498.7, 3083.4, 3089.7, 3162.7, 3182.6

[em™]

23.16, 5.13, 4.45 [Hz

4.0, Veorr: 1.000

-27.5, 420.6, 513.0, 790.2, 911.4,
926.4, 960.6, 1199.0, 1222.0, 1414.8,
1506.5, 3063.1, 3136.4, 3147.9, 3242.8
[em™]

25.42, 3.94, 3.58 [Hz

2.0, veorr: 1.000

Qa: 68.0 kJ/mol, E: 2252.7 kJ /mol, Ap;: 18.1 A2

232
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Adsorbed species Transition state
CoHy(s2)

{v;}: -24.4, 170.8, 243.5, 553.0, 613.4, {v;}: -49.4,72.4, 165.6, 294.7, 564.5, 590.8,
639.3, 796.7, 947.1, 1046.1, 1057.1, 794.0, 904.0, 904.4, 1057.4, 1112.9,
1104.3, 1203.9, 1397.2, 1435.6, 3005.0, 1207.9, 1401.7, 1458.7, 3000.7, 3079.3,
3011.6, 3075.8, 3096.3 [cm™1] 3103.5, 3207.8 [em™]

I.  4.65,0.75, 0.65 [Hz] I.  3.96,0.74, 0.63 [Hz]
o 4.0, Veorr: 1.000 o: 2.0, veorr: 1.000

Q4: 99.0 kJ/mol, E: 2252.7 kJ /mol, Ap;: 16.9 A2

CQH5CH(SQ)

{vi}: 67.5,140.8, 160.0, 178.8, 246.0, 440.3, {v;}: -66.9, 45.5, 83.4, 158.8, 241.9, 302.1,
492.0, 615.5, 736.7, 893.0, 901.7, 452.2, 713.8, 742.1, 879.8, 983.6,
1013.7, 1055.4, 1106.6, 1237.0, 1260.4, 1039.8, 1051.3, 1175.0, 1259.2, 1320.5,
1340.4, 1391.6, 1414.6, 1457.0, 1467.7, 1382.9, 1416.6, 1458.4, 1465.0, 1496.2,
2971.2, 3005.5, 3014.5, 3020.5, 3103.8, 2826.8, 2967.2, 3016.2, 3017.3, 3097.3,
3104.5 [em ™! 3101.5 [em™!]

I: 1.81, 0.74, 0.57 [Hz] I: 1.94, 0.74, 0.58 [Hz]
o: 3.0, Veorp: 3.197 o: 6.0, veopr: 3.117

Qa: 84.3 kJ/mol, E: 3208.0 kJ/mol, Ap;: 25.1 A2

CQH5C(83)
{v;}: 22.0, 31.5, 76.1, 102.0, 145.0, 168.0, {v;}: -60.2, 30.9, 36.7, 81.3, 96.3, 124.0,

277.8, 291.1, 352.9, 376.3, 405.8, 191.6, 203.6, 232.8, 285.5, 410.3,
478.1, 534.3, 647.3, 801.8, 986.0, 436.8, 465.4, 552.3, 627.2, 867.9,
1004.7, 1022.8, 1231.8, 1292.9, 1410.2, 915.2, 989.9, 1203.8, 1299.0, 1388.0,
1634.7, 2102.3, 2291.7, 3115.2, 3149.4, 1497.7, 2334.6, 2388.6, 3122.6, 3133.2,
3225.3 [em™!] 3240.9 [em™!]

I: 1.30, 0.19, 0.18 [Hz] I: 1.07, 0.20, 0.17 [Hz]

o: 1.0, veorr: 1.000 o: 2.0, veorr: 1.000

Q4: 115.0 kJ/mol, E: 2792.0 kJ /mol, Ap;: 29.6 A2
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Adsorbed species

Transition state

C2H6(82)

{v;}: -252.0,-85.6,86.1, 108.2, 187.7, 213.6, {v;}: -60.9, 12.4, 123.9, 157.3, 199.1, 222.7,
342.7, 748.0, 821.1, 1001.7, 1109.1, 349.3, 777.3, 819.9, 1030.0, 1146.3,
1196.1, 1285.8, 1378.5, 1420.7, 1451.0, 1199.8, 1332.0, 1386.7, 1439.9, 1448.8,
1453.6, 1547.5, 2484.6, 3013.7, 3028.0, 1455.2, 1476.2, 2751.5, 2907.3, 3036.2,
3083.6, 3095.0, 3114.9 [cmfl] 3061.0, 3081.5, 3114.7 [cm’l]

I: 2.15, 0.84, 0.61 [Hz] I: 1.91, 0.86, 0.60 [Hz]
o: 6.0, veorr: 1.000 o: 3.0, veorr: 1.000
Qa4: 36.1 kJ/mol, E: 2825.0 kJ/mol, Ap;: 17.7 A2
C3H5(S)

{v;}: 122.4, 1825, 214.3, 336.7, 535.1, {v;}: -574.2, 11.2, 156.1, 203.1, 487.3,
625.5, 704.1, 754.1, 766.5, 956.9, 549.6, 658.1, 799.0, 953.4, 976.0,
964.7, 1176.1, 1191.8, 1252.0, 1413.8, 1116.9, 1186.7, 1257.2, 1385.0, 1484.5,
1483.2, 2343.7, 3081.8, 3127.3, 3138.6, 1777.9, 2330.5, 3096.0, 3118.8, 3136.1,
3232.9 [em ™! 3227.4 [em ™!

I: 35.56, 1.47, 1.41 [Hz| I: 24.95, 1.33, 1.26 [Hz]
o: 1.0, veorr: 1.015 o: 2.0, veorr: 1.015
Qa: 41.5 kJ/mol, E: 3038.0 kJ/mol, Ap;: 23.9 A2
CgHG(S>

{vi}: 209.7, 2253, 397.6, 454.3, 4973, {v;}: -10.9, 112.3, 121.2, 231.4, 320.3,
768.6, &877.1, 914.2, 973.3, 980.9, 423.4, 540.3, 644.4, 865.1, 918.6,
1051.8, 1170.8, 1214.4, 1369.0, 1398.6, 941.6, 1041.0, 1115.4, 1223.1, 1389.0,
1447.7, 1457.4, 1499.0, 3005.0, 3077.8, 1427.2,1454.1, 1701.5, 2395.3, 2992.2,
3079.6, 3093.7, 3116.8, 3167.5 [cmfl] 3056.6, 3075.5, 3090.7, 3227.7 [cmfl]

I 9.97, 2.60, 2.23 [Hz| I: 10.52, 1.69, 1.47 [Hz]
o: 3.0, veorr: 1.071 o: 6.0, veorr: 1.175

Q4: 37.2 kJ/mol, E: 3435.0 kJ /mol, Ap;: 26.6 A2
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Adsorbed species

Transition state

CsHg(s2)

{v;}: 33.6, 65.4, 149.7, 165.7, 171.5, 190.1, {v;}: -71.2, 83.3, 159.9, 170.1, 179.7, 353.2,
335.9, 343.6, 460.0, 633.2, 676.3, 396.5, 448.9, 536.9, 624.8, 707.6,
892.9, 929.6, 1022.2, 1040.4, 1185.4, 920.7, 924.7, 1026.7, 1044.6, 1189.0,
1289.5, 1379.9, 1442.7, 1451.2, 1655.1, 1296.3, 1381.5, 1444.5, 1445.0, 1626.2,
2425.7, 3005.4, 3069.8, 3079.4, 3097.6, 2341.1, 3009.5, 3073.1 [cm™!]

3108.4 [em™!]
I.  1.74, 0.66, 0.51 [Hz] I.  1.79,0.73, 0.56 [Hz]
o: 3.0, veorr: 1.121 o: 6.0, veorr: 2.220
Qa: 39.4 kJ/mol, E: 3435.0 kJ/mol, Ap;: 26.2 A2
CsHg(s3)

{vi}: 16.4, 39.2, 58.2, 104.5, 130.8, 169.4, {v;}: -202.7, 29.0, 37.8, 65.5, 107.2, 141.1,
173.5, 193.7, 302.3, 453.7, 465.4, 174.7, 180.7, 191.8, 252.8, 467.7,
511.9, 606.6, 683.0, 866.8, 906.7, 503.3, 519.5, 644.0, 684.1, 905.8,
982.3, 1002.8, 1009.5, 1076.5, 1298.6, 986.1, 1001.7, 1009.3, 1081.4, 1300.4,
1313.4, 1401.8, 1539.5, 1643.2, 2175.2, 1317.9, 1403.0, 1643.8, 2006.7, 2169.4,
3049.0, 3109.9, 3122.6, 3227.2 [cm™}] 3048.1, 3117.1, 3127.3, 3230.1 [cm™}]

I 0.69,0.36, 0.25 [Hz] I.  0.71,0.36, 0.25 [Hz]
o: 3.0, veorr: 1.000 o: 6.0, veorr: 1.000
Qa: 39.8 kJ/mol, E: 3435.0 kJ/mol, Ap;: 21.8 A?
CCHQ(SQ)

{v;}: 161.9, 193.9, 320.6, 375.3, 491.7, {v;}: -160.5, 157.0, 201.2, 301.0, 361.6,
550.7, 771.8, 925.5, 1329.3, 1664.3, 525.3, 782.1, 840.0, 1308.4, 1695.1,
3102.4, 3189.8 [em™ 1] 3101.4, 3199.3 [em™1]

I 3.93,0.77, 0.64 [Hz] I.  3.30,0.76, 0.62 [Hz]
o: 2.0, veorr: 1.000 o: 2.0, veorr: 1.000
Qa: 299.0 kJ/mol, E: 1457.6 kJ/mol, Ap;: 9.9 A?
CCH2(83>

{v;}: 10.5, 62.5, 154.9, 175.1, 361.1, 462.1, {v;}: -95.0, 55.7, 121.3, 160.4, 183.2, 444.1,
544.1, 567.1, 685.7, 908.2, 962.1, 467.5, 515.2, 533.7, 798.2, 950.5,
1288.5, 1424.5, 3073.5, 3164.2 [cm™1] 1304.0, 1454.4, 3113.7, 3220.1 [cm™]

I.  0.69,0.42, 0.28 [Hz] I.  0.66, 0.50, 0.32 [Hz]
o 2.0, veorr: 1.000 o: 2.0, veorr: 1.000

Qa: 149.0 kJ/mol, E: 1457.6 kJ/mol, Ap;: 15.9 A2
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Adsorbed species Transition state

CCHg(Sg)

{v;}: 25.2, 93.8, 153.2, 156.0, 183.9, 192.6, {v;}: -49.0, 48.0, 120.4, 136.0, 163.9, 211.2,
445.2, 515.8, 600.6, 972.1, 1009.0, 289.7, 500.0, 566.6, 914.6, 957.9,
1146.8, 1351.8, 1415.4, 1422.7, 3002.5, 968.6, 1305.8, 1413.4, 1419.2, 3013.4,
3084.1, 3092.2 [em™1] 3101.7, 3130.3 [em™]

I.  0.62,0.53, 0.33 [Hz] I 0.61,0.55, 0.34 [Hz]
o 3.0, veorr: 3.425 o: 3.0, veorr: 1.000
Qa: 405.0 kJ/mol, E: 1569.2 kJ/mol, Ap;: 10.7 A2
CCH(s)
{v;}: 194.8, 233.9, 500.4, 521.7, 701.9, {v;}: -140.1, 217.9, 217.9, 666.8, 666.8,
1851.4, 3413.6 [em™}] 2063.0, 3430.8 [cm 1]
I.  3.26 [Hz] I.  2.04 [Hz]
o: 1.0, veorr: 1.000 o: 1.0, veorr: 1.000
Qa: 287.0 kJ/mol, E: 1082.1 kJ/mol, Ap;: 9.3 A?
CHQCHg(S)

{v;}: 236.9, 245.7, 517.7, 673.7, 923.6, {v;}: -20.7, 240.9, 247.8, 625.6, 844.2,
944.1, 1043.9, 1183.4, 1224.8, 1379.4, 881.0, 1020.0, 1091.4, 1204.4, 1375.3,
1429.3, 1456.2, 1464.2, 2999.6, 3023.2, 1441.6, 1445.4, 1461.6, 2974.5, 3077.5,
3076.7, 3077.3, 3108.7 [cm ] 3102.6, 3121.8, 3190.5 [cm™!]

I 30.56, 2.96, 2.79 [Hz] I 27.68,2.29, 2.18 [Hz]
o: 1.0, veorr: 1.058 o: 1.0, vegrr: 1.054
Qa: 163.0 kJ/mol, E: 2404.5 kJ/mol, Ap;: 18.0 A2
CHQOH(S)

{v;}: 216.4, 404.1, 577.9, 720.7, 1091.0, {v;}: -35.4, 286.1, 429.2, 691.8, 981.0,
1112.7, 1202.9, 1359.0, 1442.1, 2960.2, 1097.1, 1225.5, 1371.3, 1474.1, 3089.1,
3073.0, 3878.2 [cm™] 3211.0, 3879.3 [cm™]

I.  35.64, 3.19, 3.01 [Hz] I 35.74, 2.22, 2.13 [Hz]
o: 1.0, veopr: 2.157 o: 1.0, veorr: 2.138

Qa: 160.0 kJ/mol, E: 1636.8 kJ/mol, Ap;: 14.5 A2
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Adsorbed species Transition state
CHQO(S)
{vi}: 379.8, 435.9, 672.0, 1061.0, 1183.2, {v;}: -113.3, 347.4, 388.6, 1042.2, 1207.6,
1364.5, 1530.8, 2942.7, 3031.3 [cm™!] 1447.9, 1594.0, 2947.7, 3042.3 [cm™!]
I: 31.31, 4.81, 4.30 [Hz| I: 35.65, 3.77, 3.49 [Hz]
o: 2.0, veorr: 1.000 o: 2.0, veorr: 1.000

Qa: 46.7 kJ/mol, E: 1510.4 kJ/mol, Ap;: 14.5 A?

CHQ(SQ)
{vi}: 172.3, 499.1, 667.2, 709.5, 713.5, {v;}: -84.3, 170.8, 542.2, 666.4, 729.8,
982.8, 1349.6, 3011.5, 3098.7 [cm™!] 873.4, 1319.3, 3067.7, 3184.1 [em™!]
I: 13.97, 0.79, 0.75 [Hz] I: 11.27, 0.78, 0.74 [Hz]
o 2.0, veorr: 1.000 o: 2.0, veorr: 1.000

Qa: 283.0 kJ/mol, E: 761.4 kJ/mol, Ap;: 10.5 A2

CH30H(S)

{vi}: 175.4, 199.6, 325.5, 498.2, 1048.0, {wv;}: -93.7, 132.9, 173.5, 377.2, 1051.7,
1064.1, 1164.7, 1326.2, 1440.3, 1455.6, 1075.1, 1166.2, 1334.1, 1452.4, 1459.8,
1465.5, 3013.3, 3098.8, 3151.8, 3870.1 1470.4, 2998.6, 3071.6, 3128.9, 3897.0
[em™!] [em™!]

I: 36.08, 2.66, 2.53 [Hz| I: 30.60, 2.06, 1.97 [Hz|
o: 1.0, veorr: 1.094 o: 1.0, veorr: 1.095
Qa: 44.1 kJ/mol, E: 2038.7 kJ/mol, Ap;: 14.7 A?
CHgo(S)

{vi}: 121.8, 247.0, 561.3, 1058.1, 1152.8, {v;}: -212.7, 175.8, 182.0, 1047.6, 1051.0,
1210.5, 1423.8, 1435.6, 1444.2, 2973.8, 1148.6, 1371.3, 1387.1, 1474.9, 2898.0,
3062.3, 3064.9 [cm 1] 2952.1, 2961.5 [cm™!]

I: 47.34, 3.17, 3.03 [Hz| I: 36.84, 2.35, 2.25 [Hz|
o 3.0, veorr: 1.169 o: 3.0, veopp: 1.117

Qa: 173.0 kJ/mol, E: 1598.8 kJ/mol, Ap;: 12.3 A2
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Adsorbed species Transition state
CH3(S)
{v;}: 558.7, 772.0, 773.8, 1192.7, 1416.9, {v;}: -156.2, 632.6, 640.5, 942.1, 1388.9,
1419.6, 3024.3, 3134.3, 3139.5 [cm™!] 1393.0, 3082.3, 3252.1, 3255.5 [cm™!]
I: 155.17, 7.94, 7.94 [Hz] I: 147.94, 5.19, 5.19 [Hz]
o: 3.0, veorr: 1.000 o: 3.0, veorr: 1.000

Qa: 159.0 kJ/mol, E: 1224.9 kJ/mol, Ap;: 12.3 A2

CHCHQ(S)

{vi}: 247.9, 469.8, 530.1, 933.9, 968.2, {v;}: -121.4, 262.2, 443.7, 860.5, 876.7,
1008.9, 1180.3, 1330.9, 1508.5, 3088.9, 933.5, 1062.8, 1359.2, 1651.4, 3067.4,
3126.8, 3198.3 [em™ 1] 3186.4, 3211.4 [em™1]

I 52.20, 3.40, 3.19 [Hz] I 47.88,2.31, 2.21 [Hz]
o: 1.0, veorr: 1.000 o: 1.0, veorr: 1.000

Q4: 184.0 kJ/mol, E: 1790.6 kJ /mol, Ap;: 14.5 A2

CHCHQ(Sg)

{v;}:  31.9, 92.6, 149.0, 238.5, 292.3, 500.3, {v;}: -271.0, 70.2, 99.8, 153.4, 204.3, 278.2,
563.6, 619.0, 659.1, 774.3, 943.8, 477.3, 519.4, 592.4, 756.8, 858.5,
1028.8, 1097.1, 1131.8, 1404.6, 2992.2, 942.4, 1099.3, 1196.2, 1418.5, 2972.1,
3010.6, 3064.6 [cm™1] 3072.3, 3171.6 [cm™1]

I.  0.63, 0.57, 0.33 [Hz] I.  0.63, 0.56, 0.34 [Hz]
o: 1.0, veorr: 1.000 o: 1.0, veorr: 1.000

Qa: 129.0 kJ/mol, E: 1790.6 kJ/mol, Ap;: 15.9 A2

CHCHg (Sg)

{v;}: 167.2, 171.0, 190.4, 288.7, 491.0, {v;}: -29.9, 158.1, 174.5, 204.4, 288.8,
583.4, 859.2, 948.1, 998.1, 1084.3, 592.4, 775.8, 933.3, 957.1, 1112.0,
1257.7,1357.9, 1432.4, 1447.0, 2984.2, 1243.8, 1357.1, 1428.2, 1441.7, 2984.0,
3027.4, 3043.7, 3123.9 [Cm_l] 3051.1, 3082.8, 3133.2 [Cm_l]

I: 3.56, 0.77, 0.65 [Hz] I: 3.19, 0.75, 0.62 [Hz]
o: 1.0, veorr: 1.098 o: 1.0, veorr: 1.106

Qa: 294.0 kJ/mol, E: 1934.2 kJ/mol, Ap;: 15.6 A2
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Adsorbed species Transition state
CHOH(SQ)

{v;}: 165.2, 190.6, 313.0, 326.8, 534.1, {v;}: -81.9, 164.7, 246.7, 322.1, 412.4,
607.1, 922.5, 1157.5, 1202.3, 1380.8, 626.7, 835.7, 1192.6, 1240.3, 1389.0,
2980.2, 3833.0 [cm™}] 3039.2, 3813.3 [cm™!]

I: 3.67, 0.77, 0.65 [Hz] I: 3.25, 0.76, 0.63 [Hz]
o: 1.0, veorr: 3.394 o: 1.0, veorr: 3.226

Qa: 200.0 kJ/mol, E: 1295.3 kJ/mol, Ap;: 13.0 A2

CHO(s)
{v;}: 266.3, 571.8, 803.7, 1188.5, 1835.1, {v;}: -53.0, 343.8, 759.0, 1136.5, 1914.9,
2775.0 [em™1] 2860.6 [cm™1]
I.  77.88, 3.47, 3.33 [Hz] I 69.73, 2.54, 2.45 [Hz]
o: 1.0, veorr: 1.000 o: 1.0, veorr: 1.000

Qa: 167.0 kJ/mol, E: 1141.5 kJ /mol, Ap;: 12.4 A2

CH(ss3)
{vi}:  23.9, 91.3, 156.6, 500.8, 603.9, 657.7, {v;}: -246.2, 63.4, 109.3, 162.2, 622.2,
864.4, 865.4, 3072.4 [em~!] 667.9, 732.7, 890.4, 3132.5 [cm™}]
I: 0.71, 0.59, 0.33 [Hz] I: 0.75, 0.59, 0.34 [Hz]
o: 1.0, veorr: 1.000 o: 1.0, veor: 1.000

Qa: 407.0 kJ/mol, E: 338.8 kJ/mol, Ap;: 9.1 A2

COs(s2)
{v;}: 145, 32.5, 67.0, 75.5, 213.7, 676.8, {v;}: -0.3, 127.5, 155.9, 263.9, 342.7, 611.0,
687.0, 1410.5, 2502.5 [cm™] 742.5,1199.9, 1840.3 [cm™!]
I 1.02, 0.83, 0.46 [Hz] I 262, 0.69, 0.54 [Hz|
o: 2.0, Veorr: 1.000 o: 2.0, veorr: 1.000

Qa4: 15.1 kJ/mol, E: 1608.5 kJ/mol, Ap;: 14.3 A?
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Adsorbed species Transition state
COH(Sg)

{vi}: 6.0, 92.8, 152.4, 206.2, 231.4, 338.6, {v;}: -211.3, 54.8, 116.7, 164.1, 217.8,
440.4, 550.4, 668.8, 1200.6, 1291.9, 229.6, 374.1, 494.8, 714.9, 1208.1,
3797.1 [em™!] 1396.3, 3789.1 [em™!]

I: 0.63, 0.52, 0.32 [Hz] I: 0.64, 0.54, 0.34 [Hz]

o: 3.0, veorr: 3.408 o: 1.0, veorr: 3.361

Qa: 337.0 kJ/mol, E: 965.6 kJ/mol, Ap;: 9.9 A2

COOH(s)
{vi}: 281.2, 304.0, 461.9, 600.1, 701.9, {v;}: -21.6, 216.1, 446.2, 585.8, 590.1,
1124.2, 1258.2, 1900.2, 3829.0 [cm~!] 1121.3, 1247.8, 2000.8, 3809.4 [cm~!]
I: 11.82, 2.28, 1.91 [Hz] I: 11.69, 1.66, 1.45 [Hz]
o: 1.0, veorr: 1.018 o: 1.0, veorr: 1.016

Qa: 213.0 kJ/mol, E: 1646.0 kJ /mol, Ap,: 14.4 A2

CO(s)
{v;}: 154.9, 229.3, 416.6, 456.7, 582.6, {v;}: 314.0, 314.0, 2157.3 [em~!]
1950.2 [em™1]
I: 4.11, 0.75, 0.63 [Hz] I: 2.57 [Hz]
o: 1.0, veorr: 1.000 o: 1.0, veor: 1.000

Q4: 134.0 kJ/mol, E: 1076.3 kJ/mol, Ap;: 9.1 A2

CO(s2)
{v;}: 154.9, 229.3, 416.6, 456.7, 582.6, {v;}: -48.9, 148.8, 291.4, 406.6, 540.2,
1950.2 [em™1] 2027.6 [em™!]
I 4.11,0.75, 0.63 [Hz] I.  3.60,0.74, 0.61 [Hz]
o: 1.0, veorr: 1.000 o: 1.0, veorr: 1.000

Qa4: 134.0 kJ/mol, E: 1076.3 kJ/mol, Ap;: 9.1 A?

C(ss)
{v;}: 36.8,123.8,219.2,249.0, 618.8,1011.1 {v;}: -46.8, 57.7, 151.1, 277.9, 692.3, 702.0
[em™] [em™]
I: 0.76, 0.39, 0.26 [Hz] I: 0.75, 0.31, 0.22 [Hz|
o: 1.0, veorr: 1.000 o: 1.0, veorr: 1.000

Q4: 628.0 kJ/mol, E: 0.0 kJ/mol, Aps: 9.1 A2
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Adsorbed species Transition state
HO4(s2)

{vi}: 38.7,104.3,134.2, 174.7, 293.8, 527.2, {v;}: -51.6, 111.1, 117.4, 168.6, 181.5,
603.8, 641.6, 983.9, 1108.3, 3695.3, 302.0, 493.8, 608.0, 920.3, 987.3,
3816.4 [cm™1] 3723.0, 3824.1 [cm™ 1]

I: 4.27,0.72, 0.63 [Hz] I: 3.40, 0.72, 0.62 [Hz]
o: 1.0, veorr: 1.009 o: 1.0, veorr: 1.009

Qa: 27.1 kJ/mol, E: 1070.2 kJ/mol, Ap;: 12.9 A?

HyO(s)
{v;}: 331.9, 490.6, 548.0, 1565.0, 3816.3, {v;}: -102.2, 339.2, 350.1, 1579.5, 3845.7,
3927.4 [em™1] 3961.0 [em™]
I 299.70, 6.32, 6.26 [Hz] I 282.81, 4.28, 4.26 [Hz]
o: 2.0, veorr: 1.000 o: 2.0, veorr: 1.000

Qa: 40.2 kJ/mol, E: 927.0 kJ/mol, Ap;: 9.1 A2

Hy(s)
{v;}: 700.7, 2328.5, 2386.4 [cm~!] {v;}: -235.1, 717.4, 2453.4 [cm™]
I: 245.92, 193.45, 108.28 [Hz] I: 228.19, 122.41, 79.67 [Hz|
o: 2.0, veorr: 1.000 o: 2.0, veorr: 1.000

Qa: 26.8 kJ/mol, E: 436.0 kJ/mol, Ap;: 6.2 A2

H(s)
{v;}: 2227.0 [em™}] {v;}: -83.6 [em™!]
I.  213.78 [Hz] I.  126.58 [Hz]
o: 1.0, veorr: 1.000 o: 1.0, veor: 1.000

Qa: 255.0 kJ/mol, E: 0.0 kJ/mol, Ap;: 4.5 A2

NyO(ss)
{vi}: 90.7,127.2,144.2, 145.0, 319.4, 432.6, {v;}: -274.1, 41.5, 103.0, 276.0, 324.8,
548.1, 1277.2, 2095.8 [cm™] 420.0, 850.5, 1415.5, 1774.1 [em™}]
I: 1.56, 0.72, 0.49 [Hz] I: 1.84, 0.73, 0.52 [Hz]
o: 2.0, Veorr: 3.232 o: 2.0, veorr: 3.164

Q4: 72.6 kJ/mol, E: 1022.9 kJ/mol, Ap;: 15.0 A2
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Adsorbed species Transition state
Na(s2)
{v;}: 132.0, 312.2, 328.0, 458.5, 532.3, {v;}: -103.1, 220.6, 257.8, 462.3, 1130.3,
1841.1 [em™ 1] 1797.3 [em™1]
I: 5.79, 0.71, 0.63 [Hz] I: 7.18, 0.68, 0.62 [Hz|
o: 2.0, veorr: 1.000 o: 2.0, veorr: 1.000

Qa: 45.2 kJ/mol, E: 945.3 kJ/mol, Ap;: 11.3 A2

NOQ(S)
{v;}: 123.1, 144.0, 3725, 791.8, 847.3, {v;}: -108.6, 89.4, 252.1, 572.0, 1039.6,
1723.0 [em™1] 1931.6 [em™1]
I 5297, 1.58, 1.53 [Hy] I 5841, 1.61, 1.56 [Hz]
o 2.0, veorr: 1.028 o: 2.0, veorr: 1.000

Qa: 41.2 kJ/mol, E: 892.7 kJ/mol, Apy: 14.4 A2

NO(Sg)
{v;}: 279,382, 111.7, 196.3, 244.1, 390.1, {v;}: -23.5,39.7, 112.2, 195.9, 272.9, 377.1,
461.0, 703.7, 1790.1 [cm™1] 498.9, 827.1, 1766.0 [em™}]
I.  3.61,0.19, 0.18 [Hz] I 4.20,0.19, 0.18 [Hz]
o: 1.0, veorr: 1.000 o: 1.0, veorr: 1.000

Qa: 71.8 kJ/mol, E: 585.6 kJ/mol, Ap;: 10.8 A2

N(s)
{v;}: 899.0 [cm~1] {v;}: -409.4 [em™!]
I.  13.34 [H7] I.  8.32[H7
o: 1.0, veorr: 1.000 o: 1.0, veorr: 1.000

Q4: 485.3 kJ/mol, E: 0.0 kJ/mol, Ap;: 7.5 A2

Os(s2)
{v;}: 144.5,208.6,283.9, 528.0, 635.6, 941.6  {v;}: -152.7, 148.0, 236.0, 328.1, 567.6,
[em™1] 1091.1 [em™1]
I: 5.08, 0.74, 0.65 [Hz] I: 4.06, 0.73, 0.62 [Hz]
o: 2.0, Veorr: 1.000 o: 2.0, veorr: 1.000

Qa: 44.3 kJ/mol, E: 498.4 kJ/mol, Ap;: 11.1 A2
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Adsorbed species Transition state
OH(s)
{v;}: 613.0, 884.9, 3806.5 [cm™!] {v;}: -96.0, 692.3, 3831.1 [cm™!]
I: 637.69, 8.69, 8.57 [Hz| I: 584.20, 5.62, 5.57 [Hz|
o: 1.0, veorr: 1.000 o: 1.0, veorr: 1.000

Qa: 247.0 kJ/mol, E: 429.9 kJ/mol, Ap;: 8.7 A2

OOH(s)
{v;}: 205.1, 305.2, 599.3, 940.5, 1350.9, {v;}: -130.6, 200.7, 328.3, 1021.9, 1397.9,
3799.7 [em™] 3725.8 [em™]
I.  51.99, 3.15, 2.99 [Hz] I 41.98,2.57, 2.44 [Hz]
o: 1.0, veorr: 1.063 o: 1.0, veorr: 1.051

Qa: 204.0 kJ/mol, E: 703.8 kJ/mol, Ap;: 8.4 A2

O(s)
{vi}: 803.4 [em™!] {vi}: -121.5 [em™!]
I: 10.99 [Hz] I: 7.17 [Hz]
o: 1.0, veorr: 1.000 o: 1.0, veorr: 1.000

Q4: 356.0 kJ/mol, E: 0.0 kJ/mol, Ap;: 7.3 A2
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Gas phase reaction mechanisms

The following Tables contain the rate parameters, the modified collision dependencies and
the fall-off parameters for the gas phase mechanisms used in this work. The C;-C,-C,
mechanism listed in Table C.1 is applied in Chapters 4 and 5, while the additional gas
phase reactions presented in Tables C.4 and C.7 are implemented in Chapters 4 and 5,
respectively.

The modified collision dependencies and the fall-off parameters for the C, - C, - Cg, -N
and -C, containing gas phase reactions are shown in Tables C.2 - C.3, C.5- C.6 and C.8 -
C.9, respectively. The units of the pre-exponential factors are in [kmol, m?, s], depending
on the reaction order and the activation barriers are given in [kJ/mol]. The number (#)
of the reactions accompanied by an asterisk (x), corresponds to the reactions that have
been removed from the current gas phase reaction mechanisms.

Table C.1: Gas phase mechanism (C; - Cy - C3) implemented in Chapters 4 and 5.

# Reaction A 15} FEa
1 O:+H — O+ OH 3.55000E+12 | -0.41 69.50
2 O+H, — H+OH 5.12000E+01 | 2.67 26.30
3 OH+H, — H+ H;O 1.00000E+05 | 1.60 13.80
4 20H —» H,O+0 3.57000E+4-01 | 2.40 -8.84
5 O, +H — HO, 4.65000E4-09 | 0.40 0.00
6 O, +H — HO, 4.65000E4-09 | 0.40 0.00
7 H+HO, — 2O0H 6.00000E+10 | 0.00 1.23
8 H+ HO; — Hs+ Oy 1.66000E+10 | 0.00 3.43
9 OH + HO; — H0 + O, 2.89000E+10 | 0.00 -2.08
10 H+HO;, — HO+O0 3.00000E+4-10 | 0.00 7.20
11 O+ HO; — O3+ OH 3.19000E+410 | 0.00 0.00
12 2HO; — H305 + Og 1.86000E+09 | 0.00 6.44
13 H,O, +H — H>;O + OH 1.00000E+10 | 0.00 15.00
14 H,O, + H — Hs + HO 4.82000E4+10 | 0.00 33.28
15 H,O0, + O — HO; + OH 6.60000E4-08 | 0.00 16.60
16 H,O, + OH — H0 + HO, 1.75000E+09 | 0.00 1.33
17 H,O, — 2O0H 2.95000E+14 | 0.00 202.64
18 M+2H — Hy+M 6.53000E+11 | -1.00 0.00
19 M+2H — Hy+M 9.20000E4-10 | -0.60 0.00
20 M+2H — Hy+ M 6.00000E+413 | -1.25 0.00
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# Reaction A B E4
21 M+4+2H — Hy+ M 5.49000E+14 | -2.00 0.00
22 OH+M+H — HO+M 2.20000E+16 | -2.00 0.00
23 M+20 — M+0, 1.00000E+11 | -1.00 0.00
24 OH+Cl1 —» CO+H 5.00000E+10 | 0.00 0.00
25 0;+C1 —» CO+0O 1.20000E+11 | 0.00 16.71
26 M+2Cl — GCyo+M 1.80000E+15 | -1.60 0.00
27 M+CH — Cl+H+M 1.00000E+11 | 0.00 267.95
28 CH+H — Cl+H 3.00000E+10 | 0.00 0.00
29 O+CH — CO+H 4.00000E+4-10 | 0.00 0.00
30 OH+CH — C1+ HyO 4.00000E4-04 | 2.00 12.55
31 OH+CH — CHO+H 3.00000E4-10 | 0.00 0.00
32 CH+0; — CHO+O 7.50000E+10 | 0.00 0.00
33 H, O+ CH — CH;OH 5.73000E+09 | 0.00 -3.15
34 CO;, +CH — CHO + CO 3.40000E4-09 | 0.00 2.90
35 CHss+ M —  CHot+ M 1.00000E+10 | 0.00 0.00
36 CHys+H — CH+ Hy 7.00000E+10 | 0.00 0.00
37 O+CHys — CO+4+2H 1.50000E+10 | 0.00 0.00
38 O+ CHyss — CO+ H, 1.50000E+10 | 0.00 0.00
39 OH + CHys — CH:0 + H 3.00000E+4-10 | 0.00 0.00
40 CHss +Hy, — CHs+H 7.23000E+10 | 0.00 0.00
41 CHys + 0, — CO+ H+ OH 3.00000E+10 | 0.00 0.00
42 CO; + CHys — CH30 + CO 3.00000E+4-09 | 0.00 0.00
43 M+CHst — Cl+Hy+ M 1.14800E+11 | 0.00 233.70
44 CHst+H — CH+ Hy 1.10000E+11 | 0.00 0.00
45 O+4+CHyt — CO+4+2H 4.88000E+410 | 0.00 0.00
46 O+ CHst — CO+ H, 3.25000E+410 | 0.00 0.00
47 OH 4+ CHyt — CH + H,O 1.13000E+04 | 2.00 12.56
48 OH + CHyt — CH;O+H 2.50000E+10 | 0.00 0.00
49 CHst +C1 — GCH+H 5.00000E+10 | 0.00 0.00
50 CHot + CH — CoHs + H 4.00000E4-10 | 0.00 0.00
51 2CHst — CoHy +2H 1.20000E+11 | 0.00 3.32
52 CHst+H, — CH;+H 3.00000E+4-06 | 0.00 0.00
53 CHyt + 0, — CO+ H+ OH 1.64200E+18 | -3.30 12.00
54 CHst + O — CO + Hy0 2.24000E+19 | -3.30 12.00
55 CHat + O, — CO;+2H 3.28500E+18 | -3.30 12.00
56 CHat + O — CO3 + Hy 2.63000E+18 | -3.30 12.00
57 CHet + 0Oy — CH20 + O 3.28500E+18 | -3.30 12.00
58 CO + CHst —  CoH2O 6.03000E4-05 | 0.00 0.00
59 CO3 + CHst —  CH0 + CO 1.10000E+08 | 0.00 4.18
60 CH;+M — CHys+H+ M 1.90000E+13 | 0.00 382.44
61 CH;+H — CHy 2.10000E+11 | 0.00 0.00
62 O+ CH; — CH;O-+H 8.43000E+410 | 0.00 0.00
63 OH + CH; — CHss + H,0O 4.00000E+410 | 0.00 10.47
64 OH + CH; — CH;0 + Hj 1.02400E+09 | 0.00 0.00
65 OH+ CH; — CH;OH+H 1.50000E+11 | 0.00 34.46
66 OH+ CH; — CH30+H 5.74000E409 | -0.23 58.28
67 OH + CH; — CH30H 6.00000E+410 | 0.00 0.00
68 CH; + HO, — CH30 + OH 1.80000E+11 | 0.00 0.00
69 CH; +C1 — CyHy; +H 5.00000E+10 | 0.00 0.00
70 CH; +CH — CyH3+H 3.00000E4-10 | 0.00 0.00
71 CH3; + CHss — CoHy + H 1.80000E+10 | 0.00 0.00
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# Reaction A B E4
72 CH; + CHt — CoHy+ H 4.00000E4-10 | 0.00 0.00
73 2CH; — CoHs+H 8.02000E+11 | 0.00 111.00
74 2CHs; — CqoHg 2.27600E+12 | -0.69 0.73
75 CHs; + O, — CH20 + OH 1.10000E+08 | 0.00 37.41
76 CHs; + O — CH30+ 0O 1.32000E+11 | 0.00 131.36
77 CH; + O — CH300 2.06000E+06 | 1.10 0.00
78 CH,+H — CHs;+ H; 3.86000E4-03 | 2.11 32.42
79 O+ CHy — CHjs+ OH 9.03300E+4-05 | 1.56 35.50
80 OH + CHy — CHjs + HO 1.56000E+04 | 1.83 11.60
81 CHy + HO; —  CHs + H04 9.03300E4-09 | 0.00 103.09
82 CH,+CH — CyHy+H 6.00000E+4-10 | 0.00 0.00
83 CHy + CHss — 2 CHg 4.27000E4-10 | 0.00 0.00
84 CH; + O — CHs + HO9 3.97000E+410 | 0.00 238.00
85 O+CO+M — CO;+M 3.00000E4-08 | 0.00 12.55
86 OH+CO — COs+H 1.00000E+10 | 0.00 66.89
87 OH+CO — COs+H 9.00000E4-08 | 0.00 19.11
88 OH+CO — COs+H 1.01000E+08 | 0.00 0.25
89 CO +HO; — (CO; + OH 1.15000E+02 | 2.28 73.37
90 CO+0; — CO;+0 2.50000E+09 | 0.00 200.00
91 CHO+M —- CO+H+M 1.86000E+14 | -1.00 71.13
92 CHO+H — CO+H; 1.11000E+11 | 0.00 0.00
93 CHO+0O0 — (CO + OH 3.00000E+10 | 0.00 0.00
94 CHO+0 — COs+H 3.00000E+410 | 0.00 0.00
95 CHO +OH — CO + Hy0O 1.00000E+11 | 0.00 0.00
96 CHO + CH3 — CHy + CO 1.20000E+11 | 0.00 0.00
97 CHO + 0, — CO + HO,q 1.20000E+07 | 0.81 -3.04
98 M+ CH,O — CHO+H+M 1.26000E+13 | 0.00 326.00
99 H+ CH;O — CHO + Hy 1.26000E+05 | 1.62 9.06
100 O+ CH,O — CHO + OH 4.15000E4-08 | 0.57 11.56
101 OH + CH,O — CHO + H2O 3.43000E4-06 | 1.18 -1.87
102 HO; + CH,O — CHO + Hy0q 2.00000E+09 | 0.00 48.97
103 CH + CH.O — CyH.O +H 9.46000E+410 | 0.00 -2.16
104 CH; + CH,O — CH4 + CHO 4.09000E4-09 | 0.00 37.00
105 O, + CHb O — CHO + HOq 6.00000E+410 | 0.00 170.00
106 CH,OH4+M — CH;O+H+ M 4.40000E4-12 | 0.00 125.52
107 CH,OH+H — CH;O0 + H, 3.00000E4-10 | 0.00 0.00
108 O+ CH,OH — CH;O + OH 4.22000E+4-10 | 0.00 0.00
109 OH + CH;OH — CH;0 + H»0O 2.40000E+10 | 0.00 0.00
110* CH;OH 4+ O, — CH:20 + HOq 4.56000E-09 5.94 -18.99
111 M+ CH;O — CH;O+H+M 5.45000E+10 | 0.00 56.50
112 M+ CH30 — CH;OH+ M 3.01000E4-08 | 0.00 17.04
113 H+ CH;0 — CH;O + Hs 2.00000E+10 | 0.00 0.00
114 O+ CH;0 — CH;0O + OH 6.00000E4-09 | 0.00 0.00
115 OH + CH30 — CH30 + H,0 1.80000E+10 | 0.00 0.00
116 O; + CH30 — CH;0 + HO, 6.60000E4-07 | 0.00 10.88
117 M + CH3;0H — CHss + H,b O+ M 7.00000E+12 | 0.00 277.99
118 M+ CH;OH — CH;OH+ H+ M 2.00000E+14 | 0.00 315.89
119 CHsOH+H — CH;OH + H, 1.44000E+10 | 0.00 25.50
120 CHsOH+H — CH30 + Hj 4.00000E4-09 | 0.00 25.50

*Removed reaction




Appendiz C 247
# Reaction A B E4
121 O+ CH;s0H — CH,OH + OH 3.88000E+02 | 2.50 12.90
122 O+ CHs0H — CH30 + OH 1.00000E+10 | 0.00 19.59
123 OH + CH30H — CH;OH + H,0O 3.00000E+4-01 | 2.65 -3.70
124 OH + CH3OH — CH30 + HyO 5.30000E400 | 2.65 -3.70
125* CHs; + CH30H — CH,OH + CHy4 3.19000E-02 3.20 30.00
126 Oy + CH3sOH — CH;OH + HO, 2.05000E+10 | 0.00 188.00
127 CH3;0H + HO, — CH,0H + H50- 3.98000E+4+10 | 0.00 81.22
128 CH;00 + CHy — CHj3 + CH300H 3.00000E4-09 | 0.00 95.00
129 CH3;00 + CH,O — CH300H + CHO 3.00000E+4-09 | 0.00 52.00
130 CH500 + HO, — CH300H + O4 2.47000E+08 | 0.00 -6.57
131 2 CH;00 — 2 CH30 + Oy 5.48000E407 | 0.00 -3.49
132 CHs + CH3;00 — 2 CH30 1.00000E+10 | 0.00 0.00
133 CyHg + CH300 —  CyHy; + CH300H 3.00000E4-08 | 0.00 62.50
134 CH;00H — CH30 + OH 6.00000E+14 | 0.00 177.09
135 Co+0 — C1+CO 3.61000E411 | 0.00 0.00
136 Co+0;, — 2CO 8.97000E+4+09 | 0.00 4.10
137 O+CH — CH+ CO 1.00000E+10 | 0.00 0.00
138 OH+ CH — CyHO + H 2.00000E+10 | 0.00 0.00
139 Hy, + C;cH — CyH, + H 5.67000E4-07 | 0.90 8.34
140 O, +CH — 2CO+H 9.04000E4-09 | 0.00 -1.91
141 H,O+C,H — CyH,O+H 1.14000E+10 | 0.00 1.66
142 H+CH — Cy+ Hs 3.61000E410 | 0.00 118.25
143 2C,H — Cy + CyHy 1.81000E+09 | 0.00 0.00
144 M+ CHy, — GCH+H+M 4.20000E413 | 0.00 448.00
145 M+ CHy —  HyCo + M 2.50000E+12 | -0.64 207.95
146 O+ CyHy — CHst+ CO 2.89300E+03 | 2.09 6.53
147 O+CyHy, — CyHO+H 4.33900E+4+03 | 2.09 6.53
148 OH + CoHy —  CoH + H,O 3.37000E+404 | 2.00 58.57
149 OH + CoH, — CyH,O+ H 3.75000E4-03 | 1.70 4.18
150 CoHy + HO, —  CoH,O + OH 6.00000E+06 | 0.00 33.52
151 Oy + CyHy —  CyH + HO» 1.20000E+10 | 0.00 311.70
152 H.Cs + O —  CHst + COq 5.00000E+10 | 0.00 0.00
153 O+ HyCy — CHst 4+ CO 3.00000E+4-10 | 0.00 0.00
154 OH + H,C; —  CHsyt + CHO 2.00000E+10 | 0.00 0.00
155 H,Cy + O — 2 CHO 1.00000E+10 | 0.00 0.00
156 CHs; — CoHs +H 2.00000E+14 | 0.00 166.28
157 CHs; +H — CoHy; + Hy 3.00000E+410 | 0.00 0.00
158 O+ CyHy — GCyH,O+H 3.00000E+410 | 0.00 0.00
159 OH + CoH; —  CyHsy + HO 2.00000E+10 | 0.00 0.00
160 CoHs; + HO, — CH3CO + OH 3.00000E+10 | 0.00 0.00
161 CH + CoH; —  CsHs + CHat 5.00000E+10 | 0.00 0.00
162 CyHs; + CoH — 2 CyHy 3.00000E+410 | 0.00 0.00
163 Oy + CoH3; —  CH30 + CHO 1.64000E+18 | -2.78 10.56
164 Oy + CoH3 —  CyHy + HO9 1.66000E+11 | -0.83 10.63
165 Oy + CyH3; — CHyCHO + O 2.50000E409 | 0.06 3.97
166 Oy + CyH3; — CH3CO + O 1.50000E+08 | 0.00 -1.00
167 CH,+M — CoHs3+H+M 2.60000E+14 | 0.00 404.00
168 CHy+H — CoHs + Hy 4.00000E+4+-03 | 2.53 51.22
169 CoHy + H —  CyHj 3.97400E4-06 | 1.28 5.40

*Removed reaction
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# Reaction A B E4
170 CHy + 0 — CH3 + CHO 8.10000E+4-03 1.88 0.76
171 CoHy+0 — CH,CHO + H 4.70000E+4-03 1.88 0.76
172 CoHy + 0O —  CoHs0 + Ho 6.75000E4-02 | 1.88 0.76
173 CHy + OH — CyH3z + H0O 2.05000E+10 | 0.00 24.86
174 CoHy + HO; —  CoHsz 4+ HyOo 1.12000E+10 | 0.00 127.30
175 CoHy + HO,  — CH3;CHO + OH 6.03000E+-06 0.00 33.26
176 CoHy + HO,  — CoH4O + OH 2.23000E4-09 0.00 71.90
177 CoHy + Oy — CoHs + HO» 4.22000E+10 0.00 241.12
178 2CyHy — CoHsz + CoHj 5.01000E+11 | 0.00 271.00
179 H+ CH; — CoHy 4+ Ho 4.50000E+10 | 0.00 0.00
180 O+ CHy — CH>O + CHj; 6.60000E+10 0.00 0.00
181 O+ CH; — CoHy + OH 3.06000E+410 0.00 0.00
182 O+ CyHs — CH3CHO + H 6.60000E+4-10 | 0.00 0.00
183 O + CoHs — CH3CHO + OH 1.94620E+09 | -0.48 32.47
184 Oy + CoHy — CoHy + HOo 2.43000E+14 -1.90 18.52
185 Oy + CoHy — CoHy + HOo 1.02000E+17 | -2.97 36.13
186 Oy + CoHy — CoH4O + OH 1.93900E+17 | -3.08 36.13
187 Oy, + CoHs — CyH4,OO0H 8.84000E+34 | -9.33 42.48
188 O, + CoHs —  C3H;00 9.42000E4-33 | -8.01 25.50
189 2 CyHp — CoHy + CoHg 1.72322E+14 -1.66 4.59
190 CoHg — CoHs + H 8.85000E+420 | -1.23 427.70
192 O+ CHg — CoHs + OH 1.00000E+06 | 1.50 24.30
193 OH + CoHg —  CoHs + HoO 7.22600E+03 | 2.00 3.61
194 CoHg + CHys —  CyHs + CHg 1.14000E+11 | 0.00 0.00
195 CoHg + Oy  — CoHs + HOo 6.02300E+410 0.00 217.00
196 CoHg + HO; —  CoHs + HyOo 1.32000E+10 | 0.00 85.64
197 CHs + CoHg¢ —  CoHs + CHy 1.50000E-10 6.00 25.27
198 C,O+H — CH+ CO 5.00000E+10 | 0.00 0.00
199 C,O+0 — 2 CO 5.00000E+10 0.00 0.00
200 C:O+0OH — 2CO+H 2.00000E+10 0.00 0.00
201 C,0O+0;, — 2CO+0 2.00000E+10 | 0.00 0.00
202 Co:HO+H — CHss + CO 1.00000E+11 | 0.00 0.00
203 O+ CHO — 2CO+H 9.63500E+10 | 0.00 0.00
204 OH 4+ CoHO — C20 + H,O 3.00000E+10 0.00 0.00
205 CH 4+ CoGHO — CoHs + CO 5.00000E+10 0.00 0.00
206 CHyt + CocHO —  CyHjz + CO 3.00000E+4-10 | 0.00 0.00
207 2CoHO — CyH; +2CO 1.00000E+10 | 0.00 0.00
208 0O, + CCHO — 2CO + OH 1.00000E+10 | 0.00 0.00
209 0Oy + CCHO — CO+ CO; +H 1.00000E+10 0.00 0.00
210 CoH,O+H — CH3 + CO 1.11000E+04 2.00 8.36
211 CH,O+H —  CyHO + Hy 1.80000E+11 | 0.00 35.98
212 O+ CoH O —  CHat + COq 2.00000E+10 | 0.00 9.60
213 O+ CyH,O — CyHO 4+ OH 2.00000E+04 | 2.00 41.68
214 OH + CoH,O — CH,OH + CO 1.02000E+10 0.00 0.00
215 CoH;0O + CHps  — CoHy + CO 1.26000E+11 0.00 0.00
216 CHs + CoH,O —  CyH; + CO 9.00000E4-07 | 0.00 0.00
217 CHs + CoH,O —  C3HO + CHy 7.50000E+09 | 0.00 54.39
218 OH + CoH, O —  C3HO + H0 1.00000E+04 | 2.00 12.56

*Removed reaction
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219 CHCH,O — CH3CO 8.50000E+14 | 0.00 58.60
220 CHCH,O — CH,;CHO 1.00000E+14 | 0.00 58.60
221 CH,CHO — CH3CO 1.00000E+13 | 0.00 184.10
222 CH,CHO — CyH,O+ H 1.58000E+13 | 0.00 196.65
223 OH 4+ CH,CHO — C3H,0 + H,0 1.00000E+10 | 0.00 0.00
224 O + CH,CHO — CyH,O + OH 1.00000E+11 0.00 0.00
225 CH,CHO + O, — CH,0O + CO + OH 1.81000E+07 | 0.00 0.00
226 CHs; + CH,CHO — CsHg + CO 6.10000E4-09 | 0.00 0.00
227 CH;CHO+ M — CHsz+ CHO +M 7.08000E+15 | 0.00 342.15
228 CH;CHO + H — CH3CO + Hs 2.10000E4-06 1.16 10.09
229 O + CH3CHO — CH3CO + OH 5.00000E+09 | 0.00 7.50
230 OH + CH3CHO — CH3CO + H»O 2.30000E407 | 0.73 -4.66
231 CH3CHO + HO, —  CH3CO + H504 3.00000E4-09 | 0.00 49.87
232 CH3CHO + CHot —  CHsz + CH3CO 2.50000E+09 | 0.00 15.89
233* CH3 + CH3CHO — CH3CO + CHy4 2.00000E-09 5.64 10.31
234 CH3CHO + Oy — CH3CO + HO» 4.00000E+410 | 0.00 164.19
235 CH3;CO — CHjs + CO 2.80000E+13 | 0.00 71.75
236 H + CH3CO — C3H0 + Hs 1.15000E+10 | 0.00 0.00
237 H + CH3CO — CH3 + CHO 2.15000E+10 | 0.00 0.00
238 OH 4+ CH3CO — C3H,0 + H,0 1.21000E+10 | 0.00 0.00
239 O + CH3CO — CHsz + COqy 1.54400E+11 0.00 0.00
240 O + CH3CO — (C3H,0 4+ OH 3.86000E+4-10 | 0.00 0.00
241 CH3; + CH3CO — CyHg + CO 5.00000E+10 | 0.00 0.00
242 CoH4O — CHz + CHO 3.40000E+13 | 0.00 241.90
243 CoH4O — CH3CHO 5.84000E+11 0.00 219.10
244 Co,H,O+H — CHCH50O + Hs 7.90000E+10 | 0.00 41.00
245 OH + CoH4,O — CHCH;O + H,O 1.78000E+10 | 0.00 15.10
246 CH4O + HO, — CHCH20 + Hy0Os 1.12000E+10 | 0.00 127.30
248 CHs; + CoH4O —  CHy + CHCH,O 1.07000E+09 | 0.00 49.50
249 CoH4,O + CH30 — CH30H + CHCH>O 1.20000E+08 | 0.00 28.30
250 CH300 + CoH4O —  CH300H 4+ CHCH50O 1.12000E+10 | 0.00 127.30
251 C,H,O0H — CyH,O + OH 1.49000E+41 | -9.51 94.47
252 CoH,OOH —  CoHy 4+ HOo 6.58000E+41 | -9.70 96.28
253 CoH,O0H — CyHy + HO9 5.65000E+41 | -10.90 110.78
254 C,H,OO0H — CH3CHO + OH 3.10000E+4-37 | -10.10 119.56
255 CyH50 —  CH,0 + CHj; 1.00000E+15 | 0.00 90.40
256 CyH50 — CH3CHO + H 2.51000E+14 | 0.00 97.90
257 O; + CoHsO —  CH3CHO + HOq 6.03000E+4-07 | 0.00 6.90
258 C,Hs0O0 — CyH4OOH 4.55400E451 | -13.30 184.53
259 CoHs00 —  CyHy + HO» 6.46300E4+30 | -6.06 146.98
260 CHs00 — CyHy + HOo 4.47000E+42 | -10.10 187.08
261 C;H;00 — (CyH40 4+ OH 3.01500E+42 | -10.00 188.66
262 CoHs00 —  CH3CHO + OH 2.13400E+41 | -9.81 192.03
263 HO,; + CoH;00 —  CyH500H + O 1.63000E+08 | 0.00 -8.31
264 CH,O + CoH;00 — CyH500H + CHO 2.00000E+09 | 0.00 48.80
265 CHy + CoHs00 —  CyH500H + CHg 1.12000E+10 | 0.00 103.20
266 CyHy + CoHs00 —  CoH4O0 + CoH50 2.82000E+09 | 0.00 71.60

*Removed
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268 CyHg + CoH;00  —  CyHy + CoH;00H 1.70000E+10 | 0.00 85.60
269 CoH4 0 + CoH;00  — CoH5O0H + CHCH,O 1.12000E+10 0.00 127.30
270 CoHsOOH —  C3H50 4+ OH 4.00000E+15 | 0.00 179.60
271 CH;0H + C2H;00H —  CyH500 + CH30H 3.01060E4-06 | 0.00 10.80
272 CH + C;H, —  CsH + Hp 3.15000E+410 | 0.00 -0.51
273 CH+ CHy, — CgHy +H 1.78500E+11 | 0.00 -0.51
274 CHys + CoHy, — CsHz + H 8.00000E+410 | 0.00 0.00
275 CHzs + CoHy —  CgHyb 8.00000E+410 | 0.00 0.00
276 CoHy + CHys —  CsHg 6.60000E+410 | 0.00 0.00
277 CHst + CoHy —  CsHyb 1.20000E+10 | 0.00 27.70
278 CoHy + CHot —  CsHg 1.80000E+07 | 0.00 0.00
279 CH,CHO + CH3 — CyHg + CO 0.00000E4-00 | 0.00 0.00
280 CH; + C;cH — CsgHs +H 2.41000E+10 | 0.00 0.00
281 CoHO + C;H, —  CgHs + CO 1.00000E+08 | 0.00 12.60
282 CH; + CobH, — CsHya+ H 9.68000E+410 | 0.00 117.13
283 CsHyp +H —  CoHsy + CHj 4.26000E+4-07 | 1.00 28.90
284 CH;3 + CoHy —  CsHss 1.61000E+37 | -8.58 85.06
285 CH;3 + CoHy, —  CsHsa 2.68000E+50 | -12.82 | 150.00
286 CH + CsH; —  CsHs + Hso 3.15000E+410 | 0.00 -0.51
287 CH+ CHy; — CsHs +H 1.78500E+11 | 0.00 -0.51
288 CHss + CoH3 —  C3Hs + Ho 8.00000E+10 | 0.00 0.00
289 CHss + CoH3 —  CsHyb + H 8.00000E+410 | 0.00 0.00
290 CHot + CoH3 — CsHyb+ H 1.20000E+10 | 0.00 27.70
291 CoHy + CH — CsHs + Ho 3.15000E+410 | 0.00 -0.51
292 CHy +CH — CsH4sb+H 1.78500E+11 | 0.00 -0.51
293 CoHy + CHys —  CsHyb + Ho 8.00000E+10 | 0.00 0.00
294 CoHy + CHys — CsgHsb+ H 8.00000E+410 | 0.00 0.00
295 CoHy + CHot — CgHsb+ H 1.20000E+10 | 0.00 27.70
296 O+CsH — CyH 4+ CO 6.80000E+10 | 0.00 0.00
297 OH+ CsH — CgHs + CO 6.80000E410 | 0.00 0.00
298 O+ C3H —  CoH + COq 9.04000E+4-09 | 0.00 -1.91
299 H,O+CsH — C3H,O + H 1.15000E+10 | 0.00 1.66
300 CsHy, —  CzHsl 1.00000E+13 | 0.00 272.00
301 CsHo, +H — C3sH + Hy 1.00000E+11 | 0.00 0.00
302 H,O + CsHy —  C3H,0 + Hs 5.73000E4+09 | 0.00 -3.16
303 O+CsHy — GCH+CO+H 1.40000E+11 | 0.00 0.00
304 OH + C3Hy — CsH + H,0 6.00000E+410 | 0.00 0.00
305 CsHy + O —  CyHy + COq 2.00000E+09 | 0.00 0.00
306 CsHy + O — C3H;0+ O 2.00000E+09 | 0.00 0.00
307 CsHol+H —  CsH + Hy 1.00000E+11 | 0.00 0.00
308 OH + C3Hsl —  CsH + H,0 2.00000E+10 | 0.00 0.00
309 CsHs +H —  C3Hsol 4+ Ho 1.00000E+10 | 0.00 9.00
310 O+ Cs3Hy — C3H,O+H 1.40000E+11 | 0.00 0.00
311 OH + C3Hs — C3H,0 + Hs 4.00000E+410 | 0.00 0.00
312 CsHs + O — C3H;0 + CHO 3.00000E+4-07 | 0.00 12.00
313 H>O + C3H3; — C3H,O+ H 1.15000E+10 | 0.00 100.66
314 CsHqa+H —  CsHst 8.50000E+4-09 | 0.00 8.37
315 CsHsa+H —  CsHsa 4.67000E4+48 | -11.50 | 89.30
316 CsHya+H — CsHs + Hs 1.00000E+09 | 0.00 6.28
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317* CsHgsa+ 0O — CyH3z + CHO 1.10000E-05 4.61 -17.80
318 OH + C3Hya — CyH,O + CHj 3.12000E4-09 | 0.00 -1.66

319 OH + C3H4a —  CzHsz + H,O 1.00000E+09 | 0.00 6.28
320 CsHya + O, —  CsHz + HO» 4.00000E+410 | 0.00 257.50
321 C3Hja + CH3; — CsHs + CHy 2.00000E+09 | 0.00 32.20
322 CsHya + CoH —  CoHs + C3Hj 1.00000E+10 | 0.00 0.00
323 2 C3H4ga — C3Hsz + CsHsa 5.00000E+11 0.00 270.88
324 CsHja+M — CsHs+H+M 2.00000E+15 | 0.00 334.72
325 CsH4b — CsHua 1.51300E+14 | 0.00 211.00
326 CsH4sb —  CsHyp 7.08000E+13 | 0.00 182.96
327 CsHyp+H —  CsHst 6.50000E4+09 | 0.00 8.37
328 CsHyp+H — CsHss 5.80000E+09 | 0.00 12.98
329 CsHyp+H — CzHs + Hy 1.00000E+09 | 0.00 6.28
330 CsHypp+ 0O —  CyH0 + CHot 6.40000E4-09 | 0.00 8.41
331 CsHyp — CsHua 5.15000E+60 | -13.93 | 381.49
332 CsHygp+M — CsHsa+ M 6.27000E+4+14 | -0.91 42.20
333 CsHyp+ O — CyHsz + CHO 3.20000E4-09 | 0.00 8.41
334 CsHyp+ 0O — CyHO + CHj 6.30000E4-09 | 0.00 8.41
335* C3Hsp+ OH — CyHy + CHO 5.00000E-07 4.50 -4.19
336 C3Hsp+ OH — CzHsz + HyO 3.00000E+4-00 | 3.00 0.84
337 CsHyp + O — CoHO + CHot + OH 6.15385E+04 1.50 126.00
338 CsHyp + O — C3Hsz + HOs 5.00000E+09 | 0.00 213.00
339 CsHyp + CH3; — CzH3 + CHy 2.00000E+09 | 0.00 32.20
340 CsHyp + CcH  —  CyH, + C3Hs 1.00000E+10 | 0.00 0.00
341 CsHipp+M — CsH3+H+M 4.70000E+15 | 0.00 334.17
342 CsHsa+H — CsHia + Ho 1.81000E+10 | 0.00 0.00
343 CsHsa+ 0 — C3H4O+ H 6.00000E+4-10 | 0.00 0.00
344 CsHsa + Oy — CsHya + HO, 1.21000E+09 0.00 56.70
345 C3Hsa + O, — C3H40 4+ OH 8.42000E+4-05 | 0.00 -9.62
346 C3Hsa + O, — CH;0 4+ CH3CO 1.19000E+12 | -1.01 84.27
347 CsHsa + CH; — CsHya + CHy 3.00000E+09 -0.32 -0.55
348 CsHsa + HO, —  CsHz + CH>,O + OH 6.60000E4-09 | 0.00 0.00
349 CsHsa + CoH3 —  CyHy + C3Hya 2.41000E+09 | 0.00 0.00
350 CsHsa + CoH; —  CoHg + Cs3Hya 9.60000E+4-08 | 0.00 -0.55
351 2 C3Hsa — CsHia + C3Hg 8.43000E+4+07 | 0.00 -1.10
352 CsHsa+H — Cs3Hg 2.29000E4+10 | 0.00 0.20
353 Cs3Hsa+ OH — CsHy + CH>O + Hy 1.50000E+10 | 0.00 0.00
354 CsHsa + HO, —  C3H50 + OH 4.45500E4-09 | 0.00 0.00
355 C3Hss+H —  CsHja + Ho 1.81000E+10 | 0.00 0.00
356 O+ C3Hss —  CyH0 + CHs 1.80700E+11 0.00 0.00
357 CsHss + O, —  C3H40 + OH 2.17000E409 | 0.00 0.00
358 CHs + C3Hss — CsHja + CHy 1.00000E+08 | 0.00 0.00
359 CsHss + CoHy —  CoHy + C3Hya 1.00000E+08 | 0.00 0.00
360 C3Hss + CoH; —  CoHg + CsHya 1.00000E+08 | 0.00 0.00
361 CsHss + O — CH,0O + CH3CO 2.17000E+09 | 0.00 0.00
362 Oy + C3Hst —  CH,0 + CH3CO 2.17000E409 | 0.00 0.00
363 CsHst + H —  CzHja + Ho 1.81000E+10 | 0.00 0.00
364 O+ CsHst — CyHO 4+ CH; + H 1.80700E+11 0.00 0.00
365 O, + C3Hst — C3H4O0 + OH 2.17000E+09 | 0.00 0.00

*Removed reaction
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366 CHj3 + C3Hst —  CsHua + CHy 1.00000E+08 | 0.00 0.00
367 CoHs + C3Hst —  CoHy + CsHya 1.00000E+08 | 0.00 0.00
368 CsHst + CoH; —  CyHg + CsHya 1.00000E+08 | 0.00 0.00
369 CsHsb —  CsHsa 1.00000E+10 | 0.00 0.00
370 CsHsb+H —  CsHyb + Ho 1.00000E+11 | 0.00 0.00
371 OH + C3Hsb —  CsHyb + HyO 2.00000E+10 | 0.00 0.00
372 O+ CsHsb —  CsHyub 4+ OH 3.67000E4-10 | 0.00 0.00
373 O+ CsHsb —  CsHy 4+ CHO 1.10000E+11 | 0.00 0.00
374 OH + C3Hg — CHj3 + CH3CHO 3.46000E4-08 | 0.00 0.00
375 HOs; + C3Hg —  CsHsa + Hy0 9.64000E4-00 | 2.60 58.20
376 M+ CsH¢y — CyHs +CH3+ M 1.10000E+21 | -1.20 408.84
377 CsH¢ — CsHss+ H 7.59000E+14 | 0.00 424.12
378 CsH¢ — CsHst+ H 1.45000E+15 | 0.00 410.56
379 H+ C3Hg — CsHsa + Hso 1.72800E+02 | 2.50 10.43
380 H+ CsHg — CsHss + Hs 4.10000E4-02 | 2.50 40.98
381 H+ C3Hg¢ — CsHst + Ho 8.03600E+4-02 | 2.50 51.39
382 O+ CsH¢ — CoHs 4+ CHO 5.21700E+04 | 1.57 -2.63
383 O+ CsH¢ — CoHy 4+ CH0 3.48400E4-04 | 1.57 -2.63
384 O+ Cs3H¢ — 2CHz+ CO 6.96000E4-04 | 1.57 -2.63
385 OH + CsHg — CsHsa + HsO 3.10000E4-03 | 2.00 -1.25
386 OH + C3Hg —  CsHss + HO 4.10000E4-09 | 0.00 28.87
387 OH + C3Hg —  CsHst + HO 4.10000E+4-09 | 0.00 28.87
388 Oy + C3Hg¢ — CsHsa + HO,q 1.95000E+09 | 0.00 163.28
389 Oy + C3Hg —  CsHss + HOq 2.00000E+10 | 0.00 199.29
390 O, + CsHg —  CsHst + HOq 2.00000E+10 | 0.00 184.22
391* CH3 + C3sHs — CsHsa + CHy 2.21600E-03 3.50 23.74
392* CH3; + CsHy —  C3Hss + CHy 8.42000E-04 3.50 48.77
393* CHs + CsHg —  CsHst + CHy 1.35100E-03 3.50 53.76
394* CoHs + C3Hg — CoHg + C3Hsa 2.22000E-03 3.50 27.77
395 H+ C3Hg — CoHy + CHj 2.60000E+05 | 1.50 8.36
396 HOs; + C3Hg — C3HgO + OH 1.29000E+09 | 0.00 62.38
397 OH + C3Hg — CsHgOH 2.75000E-11 0.00 -4.35
398 H+ CsH¢ — CsHm 7.23000E+09 | 0.00 12.14
399 CsHg — CsHss + H 0.00000E4-00 | 0.00 0.00
400 CsHgb —  CszHg 8.04000E+414 | 0.00 267.50
401 CsHeb+ H —  CsHsb + Hy 1.62000E+11 | 0.00 49.00
402 CsHgb + OH —  CsHsb + HyO 7.04000E+04 | 1.50 4.33
403 CsHeb + O —  CoHg + CO 6.30000E4-05 | 1.45 -3.59
404 CsHm+H — CsHg + Ho 1.81000E+09 | 0.00 0.00
405 OH + C3Hm —  CsHg + H2O 2.41000E+10 | 0.00 0.00
406 O+ CsHm — C3HgOp+ H 8.30000E+10 | 0.00 0.00
407 O+ CsHm —  CsHs 4+ CH0 1.40000E+10 | 0.00 0.00
408 Oy + C3Hmm —  C3H7OOn 1.00000E+09 | 0.00 0.00
409 CsHm+H — CsHg 2.00000E+10 | 0.00 0.00
410 O; + C3Hn —  CsHg + HO» 1.00000E+09 | 0.00 20.91
411 M+ C3Hm — CoHy + CH3; + M 1.23000E+13 | -0.10 126.37
412 CsH;i+ H — CsHsg 2.00000E+10 | 0.00 0.00
413 CsH7i + Oy —  CsHg + HO- 1.00000E+09 | 0.00 12.50
414 CsH7;i —  CyHy + CHs 2.00000E+10 | 0.00 123.50
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415 CsH;i+M — CsHg+H+ M 8.76000E4-07 | 1.76 148.57

416 CsH7i+ O —  C3H;00i 6.62000E4-09 | 0.00 0.00
417 OH + C3H7i — CsHg + HO 2.41000E+10 | 0.00 0.00
418 CsH7;i+ H — CsHg + Ho 3.61000E4-09 | 0.00 0.00
419 O+ C3H7i — C3HgOa + H 4.82000E+10 | 0.00 0.00
420 O+ C3H7i — CHjz + CH3CHO 4.82000E4-10 | 0.00 0.00
421 O, + C3Hg — CsHyi + HO» 3.97000E4-10 | 0.00 199.54
422 Oy + C3Hy — CsHyn 4+ HO, 3.97000E+4-10 | 0.00 212.85
423 M+ CsHg — CsHs + CH; + M 1.10000E+17 | 0.00 353.00
424 Cs3Hgs +H — CsHyn + Hy 1.30000E+11 0.00 40.60
425 CsHgs + H — CsH7i + Hy 1.00000E+11 0.00 34.90
426 O+ CsHgy — CsHymn + OH 3.00000E4-10 | 0.00 24.10
427 O+ C3Hy — CsH7i + OH 2.60000E+10 | 0.00 18.70
428 OH + C3Hg — CsH7n + H,0O 5.75400E4-05 1.40 3.56
429 OH + C3Hy — CsH7i + H20 4.78600E4-05 1.40 3.56
430* CH3 + C3sHg — CszHyn + CHy 9.03300E-04 3.65 29.90
431* CHs; + C3Hg —  CsH7i + CHy4 1.50550E-03 3.46 22.90
432 C3sH.O — CyHy + CO 8.51000E+14 | 0.00 297.00
433 C3H,O+0 — C3HO + CHO 1.00000E+10 | 0.00 0.00
434 OH + C3H, 0O — C3H;0 4+ CHO 1.00000E+10 | 0.00 0.00
435 C3H3;0 —  CyHs + CO 1.00000E+12 | 0.00 138.27
436 C3HsO+H — C3H;0 + Hs 6.00000E+4-10 | 0.00 0.00
437 C3HsO+ 0O — (C3H;0 4+ OH 7.83000E+10 | 0.00 0.00
438 CsH,O — CyH3 4+ CHO 1.00000E+14 | 0.00 422.00
439 H+ C3H,O — C3H30 + Hy 3.98000E+10 | 0.00 17.58
440 O+ C3H,O — C3H30 4+ OH 5.00000E+09 | 0.00 7.50
441 OH + C3H,O0 — C3H30 + Hy0 1.00000E+10 | 0.00 0.00
442 HO,; + C3H4,O —  C3H30 + Hy0- 1.69800E+09 | 0.00 44.80
443 CsH50 —  CyH,0 + CHg 1.51000E+14 | 0.00 250.62
444 C3HsO — CyHy + CHO 2.45000E+14 | 0.00 244.76
445 C3HsO —  CyH3 + CH,O 3.24000E4-13 | 0.00 246.02
446 C3HsO —  C3H50p 1.84000E+14 | 0.00 244.76
447 C3H50 —  C3H50t 1.84000E+14 | 0.00 244.76
449 C3H50t —  CyHy + CHO 8.00000E+413 | 0.00 83.68
450 C3H50t + Oy — C3H40 + HO9 1.73700E+08 0.00 7.33
451 C3H;0a —  CyH>0 + CHj 8.00000E+413 | 0.00 108.78
452 CsHeO — C3H50 + H 8.00000E+14 | 0.00 383.92
453 CsHgO — CHjs + CH3CO 8.00000E+15 | 0.00 384.93
454 C3HgO + H — C3Hs50 + Hy 5.00000E+09 | 0.00 6.28
455 OH + C3HgO — C3H50 4+ H,0 2.00000E+10 | 0.00 12.80
456 O+ C3HgO — C3H50 + OH 3.00000E+4-10 | 0.00 21.76
457 C3HgO —  C3HgOa 1.01000E+14 | 0.00 250.62
458 CsHgO —  C3HgOp 1.84000E+14 | 0.00 244.76
459 C3H¢O + HO, — C3H50 + Hy04 3.24000E+4-08 0.00 62.34
460 C3H¢Oa+ M — CH3 + CH3CO + M 2.48000E+16 | 0.00 340.58
461 C3HgOa +H — C3H50a + H 2.00000E+11 0.00 37.66
462 OH + C3HgOa —  C3H50a + H,0O 1.02000E+09 | 0.00 4.99
463 CsHgOa+ O —  C3H;0a + OH 1.00000E+10 | 0.00 24.94
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# Reaction A B E4
464 C3HgOa + CH; — C3H50a 4+ CHy 5.00000E4-09 0.00 33.47
465 C3HgOp+ M — CoHs + CHO + M 7.25000E+16 0.00 344.76
466 C3HgOp+ M — CHsz + CH3CO + M 4.78000E+16 | 0.00 351.46
467 C3HgOp+H — C3HsOp + Ho 1.00000E+11 | 0.00 37.66
468 C3HgOp +H — C3H;50t + Hy 1.00000E+11 | 0.00 37.66
469 C3HgOp + O — C3H5;0p + OH 5.68000E4-09 0.00 6.45
470 C3HgOp + O — C3H50t + OH 5.68000E4-09 0.00 6.45
471 C3HgOp + OH —  C3H50p + H,O 1.21000E+10 | 0.00 0.00
472 C3HgOp + OH — C3H;0t 4+ H2O 1.21000E+10 | 0.00 0.00
473 C3HgOp + CH3 — C3H;Op + CHy 5.00000E+09 | 0.00 33.47
474 C3HgOp + CH3; — C3H50t + CHy 5.00000E+09 0.00 33.47
475 C3HgOH — CoHs + CH>O 1.41000E+09 0.00 72.00
476 C3HgOH — CHs; + CH3CHO 1.00000E+09 | 0.00 72.00
477" CsH¢OH + O, — CH30 + CH3CHO + OH | 1.00000E-11 0.00 -4.60
478 C3HgOOH — C3HgO + OH 3.98100E+15 | 0.00 179.91
479 O; + C3H;On — C3HgO + HO, 3.16200E+08 0.00 16.74
480 Oy + C3H;On — C3HgOp + HO4 3.16200E+08 0.00 16.74
481 C3H;On — CyHs + CH>O 3.98100E+14 | 0.00 71.96
482 C3H;0i + O, — C3HgOp + HO, 3.16200E4-08 | 0.00 16.74
483 C3H70i + Oy — C3HgOa + HO9 3.16200E+08 0.00 16.74
484 C3H;01i — CHj3 + CH3CHO 3.98100E+14 0.00 71.96
485 C3H;,00i — CH3CHO + CH30 1.00000E+13 | 0.00 104.60
486 C3Hg + C3H;00i —  C3H;OOHi + C3H~i 1.00000E+09 | 0.00 71.55
487 C3Hg + C3H,00i — C3H;OOHi + C3Hn 1.00000E+09 | 0.00 81.17
488 CH3CHO + C3H;00i — C3H;OOHi + CH3CO 1.00000E+09 | 0.00 37.66
489 C3H,O0On — C3HgOOH 1.25900E+12 0.00 158.99
490 C3H;OOn + C3Hy — C3H,OOHn + C3zH7n 1.00000E+09 | 0.00 81.17
491 C3H7;OOn + C3Hy — C3H;OOHn + C3H~i 1.00000E+09 | 0.00 71.55
492 C3H;00n + CH3CHO — C3H;OOHn + CH3CO 1.00000E+09 | 0.00 37.66
493 C3sH,OOHn — C3sH,On + OH 3.98100E+15 0.00 179.91
494 C3H,OOHi — C3H,0i + OH 3.98100E+15 0.00 179.91
495 CsHyp+H — CyHy + CHj 0.00000E4-00 | 0.00 16.63
496 CHs + CoH, —  CoH + CHy 1.81000E+08 | 0.00 72.34
497 OH + C3H3; — CyH3 + CHO 0.00000E+4-00 | 0.00 0.00
498 OH + C3H3; — CoHy + CO 0.00000E+00 0.00 0.00
499 CsHja+H — CsHsa 3.32000E+4+30 | -5.80 89.30
500 CoHs + C3Hy —  CoHy + C3Hri 0.00000E4-00 | 0.00 0.00
501 CoHs + C3Hg —  CoHy + C3Hyn 0.00000E4-00 | 0.00 0.00
502 CsHg + CoH; —  CoHg + C3H~i 0.00000E+4-00 | 0.00 0.00
503 C3Hg + CoH; — CoHg + C3H7n 0.00000E+00 0.00 0.00
504 C3Hg + HO, — C3sH7n + HoO9 0.00000E+4-00 0.00 0.00
505 CsHg + HO, —  CsHri + Hy09 0.00000E4-00 | 0.00 0.00
506 HO; + CoH; —  C3;H50 4+ OH 3.20000E+4-10 | 0.00 0.00
507 CH300 + CoHs —  CoH50 + CH30 7.00000E+09 | 0.00 -4.18
508* C3HgOH — CsHg + OH 2.28100E—42 -9.47 146.61
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Table C.2: Modified collision dependencies. The numbering in the first column refers
to the corresponding reactions shown in Table C.1. The default value of the collision
dependency is 1.0 unless otherwise stated.

# Modified collision dependencies

5 H,: 1.49, CO: 1.9, CO4: 2.4, HyO: 0

6 Default: 0.0, H,O: 1.0

17 H,: 2.5, CO: 1.9, CO,: 3.8, H,O: 12.0

18 H,: 0.0, CO,: 0.0, H,O: 0.0

19 Default: 0.0, Hy: 1.0

20 Default: 0.0, H,O: 1.0

21 Default: 0.0, CO,: 1.0

22 H,: 3.0, CO: 2.0, CO4: 5.0, H,O: 6.5, O,: 2.5

23 H,: 2.5, CO: 1.9, CO,: 3.8, H,O: 6.5

35 Ny: 0.36, CO: 0.36, CO4: 0.36, HyO: 4.0, CH,: 0.7, C,H,: 5.0, CoH,: 1.4, CoHy: 2.2
61 H,y: 2.0, Oy: 1.5, CO: 1.5, CO,4: 3.0, Hy,O: 6.0

85 H,y: 2.5, CO: 1.9, CO4: 3.8, H,O: 12.0

91 H,: 1.89, CO: 2.5, CO,4: 2.5, H,O: 6.5

111 CH;O0H: 1.0

156 H,: 2.0, CO: 2.0, CO4: 3.0, H,O: 5.0, O,: 1.5

169 Ny: 0.36, CO: 0.36, CO4: 0.36, HyO: 4.0, CH,: 0.7, C,H,: 5.0, CoH,: 1.4, CoHyg: 2.2
190 H,: 1.1, Ny: 1.6, Oy 1.9, CO: 1.9, CO,: 3.3, HyO: 5.7

332 Default:0.0, H: 1.0

Table C.3: Fall-off parameters. The numbering in the first column refers to the cor-
responding pressure dependency reactions listed in Table C.1. The units of the pre-
exponential factors are in [kmol, m?, s] depending on the reaction order and the acti-
vation barriers are given in [kJ/mol].

# Fall-off parameters A 15} FE4
5 F. = 0.57 2.65000E+13 -1.30 0.00
6 F.=0.81 3.63000E+13 -1.00 0.00
17 F. = 0.50 1.20000E+14 0.00 190.37
61 F. = 0.63e(=71/3315.0) 4 (j 37¢(~T/61.0) 6.30000E+17 -1.80 0.00
67 F. = 0.18e(~T/200.0) 4 () g9¢(~T/1438.0) 1.59500E+38 -8.20 0.00
74 F. = e(=T/570) 4 (.00e(~T/1.00) 8.04800E+25 -3.75 4.11
77 F.=0.27 5.31000E+19 -3.30 0.00
156 F.=0.35 4.16000E+38 -7.50 190.40
169 F. = 0.24e(=1/40.0) 4 () 76¢(=T/1025.0) 4.71400E+12 0.00 3.16
190 F. = —46.6e(~T/16182.0) 4 47 §e(=T/3371.0) 4.90000E+39 -6.43 448.40
235 F. = 1.000 6.03000E+12 0.00 58.86
376 F. = 0.30e(T/1600.0) 4 (—1400/T) 0.20000E+12 0.00 0.00
411 F, = 2.17e(=25L.0/T) 4 o(=T/1.0) 5.40000E+46 -12.00 149.65
415 F.=0.35 2.16000E+14 0.00 118.06
423 F. = 0.76e(~T/38.0) 4 (.24¢(~T/1946.0) 7.82800E+15 0.00 217.19
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Table C.4: Additional gas phase mechanism (-N) implemented in Chapter 4.

# Reaction A 8 E4
1 M+ NH; — H+ M + NH, 1.40000E+13 0.06 380.52
2 NH; +H — Hs + NH, 6.36000E+4-02 2.39 42.72
3 OH + NH; — H>;O + NH, 2.04000E4-03 2.04 2.38
4 O+ NH; — NH,; + OH 2.10000E+-10 0.00 37.80
5* NOs; + NH; — HNO; + NHo 2.45100E-03 3.41 125.00
6 H+ NH, — H, + NH 5.67000E+-08 0.59 15.32
7 OH + NH, — H>,O + NH 9.00000E+-04 1.50 -1.92
8 O+ NH, — NH + OH 7.00000E+-09 0.00 0.00
9 O+ NH;, — H + HNO 9.90000E+11 -0.50 0.00
10 O+ NH;, — H; + NO 5.00000E4-09 0.00 0.00
11 N+ NH, — 2H + Ny 7.20000E+10 0.00 0.00
12 NO + NH, — H>O + N 2.77000E417 -2.65 -5.26
13 NO + NHy, — NNH + OH 3.10000E+-10 -0.48 4.94
14 NO + NH, — Hy + N,O 5.00000E+-10 0.00 102.82
15 O; + NH, — HNO + OH 1.51000E+09 -0.39 151.62
16 O, + NH, — HO, + NH 1.00000E+11 0.00 209.99
17 NH; + HO, — NHj3 + O 4.52000E410 0.00 0.00
18 NH; + NH — H + NyH, 1.00000E+12 -0.50 0.00
19 2NH, — Hs + NoHoy 4.00000E+410 0.00 49.74
20 2NH, — NH + NH; 5.00000E+10 0.00 41.73
21 H+NH — Hy + N 1.00000E+10 0.00 0.00
22 O+NH — H + NO 7.00000E+10 0.00 0.00
23 O+NH — N + OH 7.00000E4-09 0.00 0.00
24 OH+ NH — H.O + N 2.00000E+-06 1.20 0.03
25 OH+NH — H + HNO 4.00000E+10 0.00 0.00
26 O;+NH — NO + OH 1.00000E+10 -0.20 20.12
27 O, +NH — HNO + O 4.61000E4-02 2.00 27.30
28 N+NH — H + Ny 3.00000E+-10 0.00 0.00
29 NO+NH — H + N,O 2.94000E+11 -0.40 0.00
30 NO +NH — Ny + OH 2.16000E+-10 -0.23 0.00
31 NO+NH — NNH + O 5.60000E+4-09 0.21 45.65
32 2NH — 2H + Ny 2.54000E+10 0.00 0.00
33 N+0O, — NO + O 6.40000E4-06 1.00 26.38
34 N+ OH — H + NO 3.80000E+10 0.00 0.00
35 N+NO — Ny + O 3.30000E+-09 0.30 0.00
36 N3+ 0 — N,O + NO 3.61300E+4-01 0.00 0.00
37 O+ N3 — N> + NO 6.74500E4-09 0.00 0.00
38 2Ns — 3 No 9.03300E4-08 0.00 0.00
39* NO + Oy — NO;3 3.40300E-16 -1.75 0.00
40 M 4+ NoHy — H+ M + NNH 1.17000E+14 0.00 210.00
41 NoHy +H — Hs + NNH 5.00000E+10 0.00 4.20
42 NO + NHy, — N>O + NH, 3.00000E4-09 0.00 0.00
43 NNH+M — H+ M+ Ny 1.70000E+09 0.00 60.09
44 NNH + OH — H>O + No 5.00000E+10 0.00 0.00
45 NNH + NO — HNO + Ny 9.10000E+-08 0.00 0.00
46 NNH + NH — Ny + NH» 5.00000E+10 0.00 0.00
47 NNH+O — N> + OH 1.00000E+10 0.00 21.00

*Removed reaction
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# Reaction A 8 E4
48 H+ N,O — Ny + OH 2.23000E+11 0.00 70.35
49 H+NO — NNH + O 2.40000E+16 -1.26 197.80
50 O+ NO — 2 NO 2.90000E410 0.00 97.30
51 O+ NO — No + O 1.40000E+09 0.00 45.39
52 M+ N, O — M+ Ny + O 1.30000E+11 0.00 250.37
53* OH + N,O — HO5 + Ny 1.30000E—-05 4.72 153.55
54 HNO+M — H+ M+ NO 1.26000E+13 -0.43 207.03
55 HNO+H — Hs; + NO 4.50000E+08 0.72 2.75
56 OH + HNO — H,O 4+ NO 1.30000E+04 1.88 -4.01
57 HNO+0O — NO + OH 3.60000E+10 0.00 0.00
58 2 HNO — H,O 4+ N>,O 3.90000E+09 0.00 210.00
59 HNO + NHy, — NH; + NO 2.00000E+10 0.00 4.20
60 NO + HNO — N.O + OH 2.00000E+09 0.00 109.20
61 HNO + O, — HO5 + NO 3.16000E+09 0.00 12.60
62 HNO + NO;, — HNO, + NO 6.02200E+08 0.00 8.35
63 NO + HO, — NO, + OH 2.17000E+09 0.00 -2.25
64 NO+O+M — M + NO, 3.26000E+09 0.30 0.00
65 NO; +H — NO + OH 2.41000E+11 0.00 2.84
66 O+ NOy, — NO + O 3.90000E+09 0.00 -1.00
67 2NO, — 2 NO + Oq 1.62600E+09 0.00 109.72
68 NO; + HO;, — HNO;5 + Os 4.64000E+08 0.00 -2.02
69 NO + NO;, — N3O + O 1.00000E+09 0.00 252.96
70 N3 + NO; — 2 NoO 1.20400E+08 0.00 0.00
71 N3 + NOy; — N; + 2 NO 3.61300E+408 0.00 0.00
72* O+M+ NOy — M + NOs 4.09900E-07 -1.50 0.00
73 O+ NO; — NOj3 3.52400E+09 0.24 0.00
74 NO; + NO3 — N-,O5 3.73000E4-07 0.60 0.00
75 NO + NOy, — NyO3 1.60500E+06 0.00 0.00
76 H,O + N,O3 — 2 HNO» 1.29000E+07 0.00 37.17
e H,O + N,O5 — 2 HNO3 5.10000E-05 0.00 0.00
78 2NOy — N,O4 6.02200E+05 0.00 0.00
79* NO + H,O + NOy — 2 HNO, 5.15300E-10 0.00 0.00
80* N +NH — HNj3 6.02200E-18 0.00 0.00
81 N; +Cl — CN + N 6.62400E+10 0.00 0.00
82 N3 + CO — N, + NCO 1.07800E+09 0.00 0.00
83 NO+M+OH — HNO,; + M 1.99000E+11 -0.05 3.03
84 HNOy; +H — Hs + NO, 1.20000E+10 0.00 25.04
85 OH + HNO, — HyO + NO, 1.51000E+09 0.00 -2.17
86 O + HNO, — NO,; + OH 1.20000E+10 0.00 30.88
87 NO+Cl1 — CO + N 2.80000E+10 0.00 0.00
88 NO+Cl — CN + O 2.00000E+10 0.00 0.00
89 NO+CH — HCN + O 4.80000E+10 0.00 0.00
90 NO+CH — CO + NH 5.00000E+09 0.00 0.00
91 NO+ CH — H + NCO 1.80000E+10 0.00 0.00
92 NO+CH — CHO + N 2.60000E+10 0.00 0.00
93 NO + CHat — H + HCNO 2.50000E+09 0.00 25.10
94 NO + CHat — HCN + OH 5.01200E+08 0.00 12.05
95 NO + CHys — HCN + OH 3.30000E+09 0.00 0.00
96 NO + CHys — H + HCNO 6.60000E+09 0.00 0.00
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# Reaction A 8 E4
97 NO + CH; — H>O + HCN 1.20000E+11 0.00 121.76

98 NO + CHO — CO + HNO 1.08500E+09 0.10 -2.01
99 NO + CH,O0O — CHO + HNO 1.02300E+10 0.00 171.42
100 NO + CH;30 — CH;0 + HNO 1.30000E+11 -0.70 0.00
101 NO + CoHO — CO5 + HCN 1.63000E+12 -0.74 4.36
102 NO + CoHO — CO + HCNO 5.65200E410 0.00 3.55
103 NO + CoH  — CO + HCN 6.00000E+-10 0.00 2.40
104 CH + NOy; — CHO + NO 1.01000E+11 0.00 0.00
105 CHs + NOy, — CH30 + NO 1.30000E+10 0.00 0.00
106 CHy + NOy, — CH3 + HNO; 1.20000E+10 0.00 126.00
107 CHO + NOy, — CO + HNO, 1.70000E+10 0.00 0.00
108 CO +NO;, — CO; + NO 9.03300E+10 0.00 141.88
109 Cl +N,O — CN + NO 1.00000E+10 0.00 0.00
110 CO +NO — CO2 + No 3.20000E4-08 0.00 85.32
111 N+ CH — HCN + N 3.68000E+-04 1.42 87.04
112 Ny + CHot  — HCN + NH 1.00000E+09 0.00 310.18
113 N+CH — CN + H 1.30000E+10 0.00 0.00
114 N + CHat — H + HCN 5.00000E+-10 0.00 0.00
115 N+ CH; — H, + HCN 7.00000E+-09 0.00 0.00
116 N+ CHy — CHs + NH 1.00000E+10 0.00 100.80
117 CH+NH — H + HCN 5.00000E+10 0.00 0.00
118 CHot + NH — H + HyCN 3.00000E+-10 0.00 0.00
119 O+ HCN — CN + OH 4.20000E4-07 0.40 86.83
120 O+ HCN — CO + NH 5.40000E+-05 1.21 31.46
121 O+ HCN — H + NCO 2.00000E+-05 1.47 31.88
122 OH + HCN — CN + H,0 3.90000E+03 1.83 43.22
123 OH + HCN — H + HNCO 4.80000E4-08 0.00 46.20
124 OH + HCN — H + HOCN 9.20000E+-09 0.00 63.00
125* OH + HCN — CO + NH, 7.83000E-07 4.00 16.80
126 O+CN — CO+ N 7.70000E+10 0.00 0.00
127 CN+ Hy, — H + HCN 3.00000E+-02 2.45 9.40
128 OH+ CN — H 4+ NCO 6.00000E+-10 0.00 0.00
129 CN+0Oy — NCO + O 6.62000E4-09 0.00 -1.71
130 CN + NOy — NCO + NO 3.00000E+10 0.00 0.00
131 CN + N.O — Ny + NCO 1.00000E+10 0.00 0.00
132 CN+CHy — CHs + HCN 2.17000E+10 0.00 5.14
133 N+CN — Cl + Ny 1.04000E+12 -0.50 0.00
134 NO+CN — CO + Ny 1.08000E+11 0.00 33.72
135 NO +CN — N + NCO 9.64000E+10 0.00 176.94
136 NCO+M — CO+M+ N 1.02000E+12 0.00 196.14
137 NCO+H — CO + NH 5.00000E+-10 0.00 0.00
138 NCO+0O — CO + NO 5.60000E+-10 0.00 0.00
139 NCO +OH — CHO + NO 5.00000E+-09 0.00 63.04
140 NCO + NO — CO + N,O 6.20000E+14 -1.73 3.21
141 NCO + NO — CO3 + Ny 7.80000E+14 -1.73 3.21
142 NCO+ N — CO + Ny 2.00000E+410 0.00 0.00
143 NCO + HNO — HNCO + NO 1.80000E+10 0.00 0.00
144 2NCO — 2 CO + N, 1.80000E+10 0.00 0.00
145 NCO + O — CO5 + NO 2.00000E+-09 0.00 84.06
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# Reaction A 8 E4
146 M + HNCO — H+ M+ NCO 5.00000E+12 0.00 500.75
147 H 4+ HNCO — Hs + NCO 5.50000E+11 0.00 114.34
148 H 4+ HNCO — CO + NH, 2.08900E+11 0.00 70.94
149 O + HNCO — NCO + OH 2.23000E+-03 2.11 47.99
150 O + HNCO — CO5 + NH 9.60000E+-04 1.41 35.81
151 O 4+ HNCO — CO + HNO 1.50000E+05 1.57 184.97
152 OH + HNCO — H>O + NCO 3.45000E4-04 1.50 15.10
153 OH + HNCO — CO2 + NH, 3.63000E4-03 1.50 15.10

154 CN + HNCO — HCN + NCO 1.50000E+10 0.00 0.00
155 NH + HNCO — NCO + NH; 2.00000E+10 0.00 50.06
156 M + HOCN — HNCO + M 3.10000E4-05 0.84 8.05
157 H + HOCN — CO + NH, 1.20000E+05 0.61 8.72
158 H + HOCN — H; + NCO 2.40000E4-05 1.50 27.79
159 O+ HOCN — NCO + OH 1.70000E+05 1.50 17.36
160 OH + HOCN — H,0 + NCO 1.20000E+03 2.00 -1.04
161 HCNO+M — HNCO + M 2.10000E+12 -0.69 11.98
162 HCNO+M — HOCN + M 1.40000E+08 -0.19 10.43
163 HCNO+H — HCN + OH 2.70000E4-08 0.18 8.89
164 HCNO+H — CO + NH, 1.70000E+11 -0.75 12.14
165 HCNO+ O — CHO + NO 7.00000E+10 0.00 0.00
166 OH + HCNO — CH,0 + NO 4.00000E410 0.00 0.00
167 N+ CH; — H + HyCN 7.10000E+10 0.00 0.00
168 NO + CH; — H>,CN + OH 5.20000E4-09 0.00 101.82
169 CH; + NH — Hy + HoCN 7.10000E+10 0.00 0.00
170 H,CN+H — Hy; + HCN 1.00000E+11 0.00 0.00
171 OH + HobCN — H,O + HCN 1.00000E+11 0.00 0.00
172 H,CN+M — H + HCN + M 3.00000E+11 0.00 92.40
173 N + H,CN — CHat + Ny 2.00000E+10 0.00 0.00
174 HCN+M — HNC + M 1.60000E+23 -3.23 208.23
175 O+ HNC — CO + NH 4.60000E+4-09 0.00 9.18
176 OH + HNC — H 4+ HNCO 2.80000E+10 0.00 15.52
177 CH3NO; — CHj + NOgy 1.03300E+48 -10.33 284.81
178 CH3NO,; — CH30 + NO 4.93200E+47 -10.64 280.92
179 CH3NO; + H — CHjs + HNO9 3.30000E+-09 0.00 15.61
180 CHj3 + CH2NOy,  — CoHs + NO2 5.00000E+10 0.00 0.00
181 O + CH3NOy; — CH3;NO>; + OH 1.51000E+10 0.00 0.00
182 OH + CH3NO; — CH3;NO; + H,0 5.00000E+-02 2.00 4.18
183 OH + CH3NO, — CH30H + NOq9 2.00000E4-07 0.00 -4.18
184 CH3NO; + 0, — CH3NOs + HOo 2.00000E+10 0.00 238.50
185 CHyt + CH3NOy, — CH3;NO,; + CHj 6.50000E4-09 0.00 33.06
186 CH3NO, + H — CH5NO, + Hsy 7.50000E+-09 0.00 41.84
187 CHj3 + CH3NO, — CH3NO; + CHy 7.08000E4-08 0.00 46.61
188 CH3NO; + CH30 — CH3;NO,; + CH30H 3.00000E+-08 0.00 29.29
189 CH3NO; + CoH;  — CoHg + CH3NO, 3.00000E+-08 0.00 48.96
190 CH3NO,; + HO, — CH3NO;, + Hy0, 1.50000E+08 0.00 62.76
191 CH3;NO, — CH,0 + NO 1.00000E+13 0.00 150.63
192 H + CH3NO;, — CHj + NOg 5.00000E+-10 0.00 0.00
193 O 4+ CH3NO;, — CH50 + NOg 5.00000E+-10 0.00 0.00
194 OH + CH3NO,  — CH,OH + NOq 1.00000E+10 0.00 0.00
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Table C.5: Modified collision dependencies. The numbering in the first column refers
to the corresponding reactions shown in Table C.4. The default value of the collision

dependency is 1.0 unless otherwise stated.

# Modified collision dependencies

1 Default: 0.0, H,O: 6.5

52 Default: 0.0, N,O: 5.0, H,O: 5.0
54 Default: 0.0, Hy: 1.25, H,O: 4.1
156 Default: 0.0, H: 1.0

161 Default: 0.0, H: 1.0

162 Default: 0.0, H: 1.0

Table C.6: Fall-off parameters. The numbering in the first column refers to the cor-
responding pressure dependency reactions listed in Table C.4. The units of the pre-
exponential factors are in [kmol, m?, s] depending on the reaction order and the acti-
vation barriers are given in [kJ/mol].

# Fall-off parameters A E4
52 F. = 1.17815e(-T/7995.95) _ () 17815e(~T/0-1) 7.20000E+14 -0.73 263.70
64 F. = 0.95874e(~T/8159.75) 1 () 04126e(~"T/0-1) 3.30000E+14 -1.60 0.00
83 F. = e(~T/1420.00) 5.08000E+17 -2.51 0.2841
Table C.7: Additional gas phase mechanism (-C,) implemented in Chapter 5.

# Reaction A I6] E4
1 2CH — CsH+H 1.00000E+11 0.00 0.00
2 2CyHy, — C4Hsn + H 1.00000E+09 0.00 276.14
3 2 CyHy, — C4Hsi + H 2.00000E+09 0.00 268.00
4 CoHy + CoH  — C4H, + H 1.20000E+11 0.00 0.00
5 CyHs; + CoH — C4Hy 1.00000E+11 0.00 0.00
6 CyHs + CoHy — C4H, + H 4.68000E+09 0.00 21.70
7 2 CoH; — C4Hgt 1.00000E+10 0.00 0.00
8 CoHy + CoH  — C4H, + H 1.21000E+10 0.00 0.00
9 2 CoHs — C4H0n 6.89290E+14 -1.66 4.59
10* CoHy + CoHy  — C4+Hgn 7.93436E-01 2.44 22.43
11 CH+C3H — CsH+H 7.00000E+10 0.00 0.00
12 CHys + CsH  — C4Hy +H 8.00000E+10 0.00 0.00
13 CHyt + C3H — C4H> + H 8.00000E+10 0.00 0.00
14 CHs; + C3H — C4Hsi + H 4.00000E+10 0.00 0.00
15 CHs + C3Hy — C4Hs + H 4.00000E+10 0.00 0.00
16 Cs3Hy + CHos  — C4Hsi + H 8.00000E+10 0.00 0.00
17 C3Hy + CH — C4Hy +H 7.00000E+10 0.00 0.00
18 CsHy + CHot — C4Hsi + H 8.00000E+10 0.00 0.00
19 CsHs; + CH — C4Hsn + H 7.00000E+10 0.00 0.00
20 Cs3H; + CH — C4Hsi + H 7.00000E+10 0.00 0.00
21 CHst + C3H; — C4Hys +H 8.00000E+10 0.00 0.00
22 CHsys + CsH;  — CsHys +H 8.00000E+10 0.00 0.00
23 CsHysa + CH — C4Hy + H 2.77000E+11 0.00 0.00

*Removed reaction
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24 CsHya + CHgys  — C4Hgb 1.60000E+11 0.00 0.00
25 CsHja + CHot — C4Hgb 1.60000E+10 0.00 0.00
26 CsHyp + CHys — C4Hgb 1.60000E+11 0.00 0.00
27 CsHyp+ CH — C4Hy +H 2.77000E+11 0.00 0.00
28 CsHyp + CHot — C4Hgb 1.60000E+10 0.00 0.00
29 CiH+H, — C4Hs + H 4.07400E4-02 2.40 0.84
30 C4Hy — CisH+H 7.80000E+14 0.00 502.40
31 CiH+0O0 — CsHy + CO 9.00000E+-08 0.00 0.00
32 C4H; +OH — C4H-O0 + H 6.69000E+-09 0.00 -1.72
33 M + C4Hsn — CsHo + H+ M 1.00000E+14 0.00 150.72
34 CsHsn+H — C4H> + Hs 3.00000E+10 0.00 0.00
35 OH + C4Hsn — C4Hs + H20O 3.00000E+10 0.00 0.00
36 C4Hzi — C4Hsn 1.50000E+13 0.00 283.45
37 CiH3zsi+ M — CiHy+H+ M 1.00000E+14 0.00 150.62
38 CiHzsi+H — C4Hy + Hy 3.00000E+10 0.00 0.00
39 O+ C4Hzi — C4Hs; + OH 2.00000E+10 0.00 0.00
40 OH 4+ C4H3i — C4Hs + H2O 3.00000E+10 0.00 0.00
41 C4Hzi+ O — C4Hy + HOo 1.00000E+09 0.00 12.55
42 C4sHy — Cy4Hsi+ H 8.63000E+-09 0.00 246.86
43 H+CHy — C4Hsn + Hy 2.00000E+-04 2.00 25.17
44 O0+C4Hy — CsHya + CO 2.95000E+-09 0.00 0.00
45 OH + CHy — C4Hsn + H50O 1.00000E+04 2.00 12.60
46 CiHy + CH — CoHy + C4Hsi 3.98000E+10 0.00 0.00
47 M + C4Hss — CsHy +H+M 1.00000E+14 0.00 209.20
48 H+ C4Hss — C4Hs + Ho 1.00000E+11 0.00 0.00
49 OH + C4Hss — C4H, + H20O 2.00000E+04 2.00 4.18
50 C4Hzs — C4Hst 1.50000E+13 0.00 283.45
51 O; + C4Hss — C3H30 + CH>O 4.15000E4-07 0.00 10.50
52 O+ C4Hszs — CoH20 + CyHg 1.80700E+11 0.00 0.00
53 CiHst + M — CiHs, +H+M 1.00000E+14 0.00 154.90
54 CoHs + CoHy  — C4Hst 9.30000E+-35 -8.76 50.21
55 C4Hst + Oy — C4H50y + O 3.00000E+-08 0.29 0.05
56 C/iHst+H — C4Hy + Hy 1.00000E+11 0.00 0.00
57 CyHst + OH — C4Hy + H20 2.00000E+-04 2.00 4.18
58 C4Hst + 02 — C2H,0 + CH3CO 2.00000E+-09 0.00 0.00
59 C4Hst + Oy — C3H4O0 + CHO 5.00000E4-08 0.00 0.00
60 CiHst+0 — CsHya + CHO 1.80700E+11 0.00 0.00
61 C4Hst + Oy — C4H4O0 + OH 5.00000E+-08 0.00 0.00
62 C4Hst + HO, — CsHya + CHO + OH 8.91000E+-09 0.00 0.00
63 C4Hst + Oy — C4H4 + HOo 1.00000E+10 0.00 0.00
64 CiHst+H — C4H4 + Ho 0.00000E+-00 0.00 0.00
65 Oy + C4Hs1i — C4Hy4 + HOo 1.66000E+11 -0.83 10.63
66 Oy + C4Hsi — CoH20 + CH3CO 4.15000E4-07 0.00 10.50
67 O+ C4Hsi — CoH,0 + CyHg 1.80700E+11 0.00 0.00
68 C4Hsi — C4Hst 1.50000E+13 0.00 283.45
69 M+ C4Hsi — CsHy +H+ M 1.00000E+14 0.00 209.34
70 CiHsi+H — C4Hy + Ho 1.00000E+11 0.00 0.00
71 OH + C4Hsi — C4Hy4 + H20 2.00000E+-04 2.00 4.18
72 C4Hgt — C4Hsi+ H 4.40000E+15 0.00 397.92
73 CiHet + H — C4Hst + Ho 6.30000E4-07 0.70 25.10
74 CiHet + H — CoHs + CoHy 2.00000E+10 0.00 20.92
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# Reaction A B E
75 OH + C4He¢t — C4Hst + H2O 2.00000E+04 2.00 20.93
76 C4Hgt + O — C4Hst + HOo 4.00000E+10 0.00 242.00
7 C4Hgt + CoH; — CoHy + Cy4Hst 6.31000E+10 0.00 60.70
78 C4Het + C3H; — CsHya + C4Hst 2.00000E+-09 0.00 75.31
79 C4Het + C3Hs — CsHyp + C4H5t 1.00000E+10 0.00 75.31
80 CiHet + H — CsHya + CHjg 6.00000E+09 0.00 29.71
81 OH + C4Hgt — CsHsa + CH,0 2.81000E+09 0.00 -3.66
82 OH + C4Hgt — CsH40 + CHj 2.81000E+09 0.00 -3.66
83 OH + C4He¢t — CoHy + CH3CO 2.81000E+09 0.00 -3.66
84 O+ C4Het — C2H20 + CoHy 1.00000E+09 0.00 0.00
85 O+ C4Hgt — CsHyp + CH20 1.00000E+09 0.00 0.00
86 C4Hgt + HO; — CsH4O + CH,O + H 1.30000E+09 0.00 62.60
87 O+ C4Het — C4Hst + OH 2.27000E+12 -0.48 29.42
88 C4Het — C4Hst + H 7.00000E+14 0.00 397.46
89 C4Het + 02 — C4Hsi + HOq 1.40000E+09 0.00 211.85
90 O+ C4Hgt — C4Hsi + OH 4.53000E+12 -0.47 29.42
91 OH + C4Hgt — C4Hsi + HyO 3.10000E+03 2.00 1.80
92 CHet + H — C4Hsi + Hy 6.65000E4-02 2.53 38.69
93 O+ C4Het — C4H50x + H 1.50000E+05 1.45 -3.60
94 CyHgt — C4Hgm 2.10000E+13 0.00 304.29
95 C4Hgt — C4Hgs 2.18776E+75 -17.56 484.46
96 C4Hegt — C4Hgb 4.20000E+11 0.00 178.75
97 CyHgs — C4Hgm 7.00000E+12 0.00 263.72
98 CyHgs — CsHs + CHj 2.00000E+11 0.00 248.95
99 C4Hgs — C4Hsi+ H 4.20000E+15 0.00 387.10
100 CiHgs +H — CoHs + CoHy 4.00000E+08 0.00 0.00
101 C4Hgs + H — Cy4Hss + Ho 1.00000E+11 0.00 60.71
102 OH + C4Hgs — C4Hss + HoO 1.62000E+10 0.00 0.00
103 CHs + C4Hgs — Cy4Hss + CHy 7.00000E+10 0.00 25.00
104 CsHs + C4Hgs — CsHya + C4Hss 1.00000E+10 0.00 25.00
105 C3Hs + C4Hgs — CsHyp + CyHss 1.00000E+10 0.00 25.00
106 C4Hgs +H — CsHya + CHj 6.00000E+-09 0.00 8.79
107 O+ C4Hgs — CsH30 + CHj 3.58000E+09 0.00 0.00
108 C4Hgb — Cy4Hgs 3.00000E+13 0.00 183.00
109 C4Hgb — C4Hgm 5.25000E+12 0.00 158.00
110 C4Hgb — CoHy + CoHy 1.40000E+15 0.00 301.80
111 CsHgm + H  — CsHyp + CHj 6.50000E+4-01 2.50 4.18
112 0+ CyHgm — CsHg + CO 6.00000E+10 0.00 7.48
113 CyHgf — Cy4Hgs 2.50000E+13 0.00 271.96
114 CyHeft +H — CsHya + CHjs 1.30000E+02 2.50 4.18
115 CyHef + H — CyHy + CoHjp 6.50000E401 2.50 4.18
116 CyHgf — CsHs + CHj 3.00000E+13 0.00 317.15
117 CiHet + O — CsHg + CO 2.00000E+10 0.00 6.94
118 CiHm + 0y — Cy4Hgt + HO4 1.00000E+08 0.00 0.00
119 C4sHm — CoHs + CoHy 5.00000E+13 0.00 159.10
120 CisHm+H — CyHgt + Ho 3.16000E+09 0.00 0.00
121 CsHmm — C4Het + H 2.48000E+53 -12.30 217.57
122 C4Hmm +OH — C4Het + HyO 4.00000E+10 0.00 0.00
123 CsHm+0 — C4Het + OH 4.00000E+10 0.00 0.00
124 CsHn+M+H — C4Hgn + M 3.60000E+10 0.00 0.00
125 HO; 4+ C4H7i — C4H;0x + OH 4.50000E+09 0.00 0.00
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126 CH300 + C4H7i — C4H;0x + CH30 2.00000E+-09 0.00 -5.02
127 C4H7i — CsHya + CHj3 2.00000E+13 0.00 209.52
128 C/iH;ss+H — C4Hgs + Hy 3.16000E+4-09 0.00 0.00
129 OH + C4H7s — C4Hgs + HO 4.00000E+10 0.00 0.00
130 O+ CsHss — C4Hgs + OH 4.00000E+10 0.00 0.00
131 C4Hgi — CsHst + CHj 3.30000E+21 -1.20 408.86
132 C4Hgi — C4H7i+ H 1.06000E+47 -9.30 437.44
133 C4Hgi + O — C4+H7i + HOq4 1.44000E+10 0.00 161.21
134 Cy4Hgi + HOy — C4H7i 4+ Ho04 3.00000E+-08 0.00 59.37
135 C4Hgi + HO, — C4HgOx + OH 1.02000E+09 0.00 62.61
136 C4Hgi + OH — C4H~i + H,O 6.00000E+03 2.00 -0.25
137 C4Hgi + OH — C4HgOHi 3.40000E+20 -3.59 8.71
138 C4Hgi+ O — C4H7i + OH 3.00000E4-05 1.28 -4.51
139 CiHgi+ O — CsH7i + CHO 5.00000E4-05 1.28 -4.51
140 C4Hgi+ O — C4HgOx 1.00000E+05 1.28 -4.51
141 C4Hgi+ H — C4H~i 4+ Hsy 1.72000E+11 0.00 33.47
142 C4Hgi+H — C3sHg + CHs 1.72000E+10 0.00 15.06
143* C4Hgi + CH; — C4H7i 4+ CHy 4.42000E-03 3.50 18.49
144 C4Hgi + CHO — C4H~7i + CH0O 3.30000E+-08 0.00 25.98
145 C4Hgi + CoH3 — CoHy + C4H7i 1.00000E+10 0.00 54.39
146 C4Hgi + C3Hza — CsHg + C4H~i 7.94000E+08 0.00 85.77
147 C4Hgi + C3Hss — CsHg + C4H~7i 7.94000E+08 0.00 85.77
148 C4Hgi + C3Hst  — CsHg + C4H7i 7.94000E+08 0.00 85.77
150 O; + C4Hgn — C4H7n + HO» 1.44000E+10 0.00 250.21
151 O; + C4Hgn — CoHy + 2 CH20O 0.00000E+00 0.00 10.00
152 HO; + C4Hgn — C4H7n 4+ Hy0, 3.00000E4-08 0.00 148.37
153 CyHgn — CsHsa + CHj3 1.00000E+16 0.00 305.43
154 OH + C4Hgn — C4H7n + HyO 6.00000E+-03 2.00 -0.25
155 O+ C4Hgn — C4H7m + OH 3.00000E4-05 1.28 -4.51
156 O+ C4Hgn — CsH7n + CHO 5.00000E4-05 1.28 -4.51
157 H+ C4Hgn — C4H7n + Hy 1.72000E+11 0.00 88.47
158 H+ C4Hgn — CsHg + CHj; 1.72000E+10 0.00 32.06
159* CHs; + C4Hgn — C4H7n + CHy 4.42000E-03 3.50 73.49
160 CHO + C4Hgn — C4H7n + CH20 3.30000E+-08 0.00 80.98
161 CoHs + C4Hgn — CoHy + C4Hyn 1.00000E+10 0.00 109.92
162 CsHsa + C4Hgn — CsHg + C4H7n 7.94000E+08 0.00 140.77
163 C3sHss + C4Hgn — CsHg + C4H7n 7.94000E+08 0.00 140.77
164 C3Hst + C4Hgn — CsHg + C4H7n 7.94000E+08 0.00 140.77
165 C4Hgs + Oy — C4H7s + HO, 1.44000E+10 0.00 250.21
166 C4Hgs + HO, — C4H7s + HyOo 3.00000E+-08 0.00 148.37
167 C4Hgs — C4H7s + H 3.98000E+15 0.00 356.05
168 CyHgs — CsHss + CHg 3.16000E+417 0.00 415.46
169 OH + C4Hgs — C4H7s + H2O 6.00000E+-03 2.00 -0.25
170 O + C4Hgs — C4H7s + OH 3.00000E+405 1.28 -4.51
171 O+ C4Hgs — CsH~i + CHO 5.00000E4-05 1.28 -4.51
172 CsHgs+H — C4H7s + Hy 1.72000E+11 0.00 88.47
173 CiHgs+H — CsHg + CHj; 1.72000E+10 0.00 32.06
174* CHj3 + C4Hgs — C4H7s + CHy 4.42000E-03 3.50 73.49

*Removed reaction
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175 CHO + C4Hgs — C4H7s + CH50 3.30000E+-08 0.00 80.98
176 C4Hgs + CoH;  — CoHy + C4Hys 1.00000E+10 0.00 109.92
177 CsHsa + C4Hgs — CsHg + C4H7s 7.94000E+-08 0.00 140.77
178 C3sHss + C4Hgs — CsHg + C4H7s 7.94000E+08 0.00 140.77
179 C4Hgs + C3Hst — CsHg + C4Hrs 7.94000E+08 0.00 140.77
180 CiHgs+ M — C3Hg + CH3 + M 2.67000E+10 1.06 129.48
181 C4Hgs — C4Hgs + H 3.16000E+12 0.00 154.38
182 C4Hgs — C4Hgn + H 1.58000E+13 0.00 165.68
183 C4Hgs + Oy — C4Hgn + HO- 5.11000E4-07 0.00 0.00
184 CsHgs + Oy — Cy4Hgs + HO9 7.80000E+07 0.00 0.00
185 OH + C4Hgs — C4Hgn + H>O 1.80000E+10 0.00 0.00
186 OH + C4Hgs — C4Hgs + H2O 1.80000E+10 0.00 0.00
187 CiHgs+H — C4Hgn + H, 5.40000E+-09 0.00 0.00
188 CiHogs+H — C4Hgs + Ho 5.40000E+-09 0.00 0.00
189 O+ C4Hgs — C4Hgn + OH 4.16000E+11 0.00 0.00
190 O+ C4Hgs — C4Hgs + OH 4.16000E+11 0.00 0.00
191 CHs + C4Hgs — C4Hgn 4+ CHy 1.26000E+10 0.00 -2.49
192 CHj3 + C4Hgs — C4Hgs + CHy 1.26000E+10 0.00 -2.49
193 C4Hgi — CsHg + CHg 2.00000E+13 0.00 125.31
194 C4Hoi — C4Hsi + H 1.91000E+29 -5.25 166.35
195 C4Hgi + O — C4Hgi + HOo 2.40000E4-07 0.00 0.00
196 C4Hgi + HO, — CsH7i + CH,0 4+ OH 2.41000E+10 0.00 0.00
197 C4Hot — C4Hgi + H 2.90000E+51 -11.53 220.16
198 CH300 + C4Hot — CsHgOa + CHs + CH30 1.30000E+10 0.00 0.00
199 C4Hgt — CsHg + CHg 3.00000E+14 0.00 193.72
200 C4Hgt + Oy — C4Hgi + HO9 4.80000E+4-08 0.00 0.00
201 C4Hgt + HOy; — C3HgOa 4+ CH3 + OH 1.80000E+10 0.00 0.00
202 OH + C4Hgt — C4Hsgi + H20O 1.80000E+10 0.00 0.00
203 CiHot + H — Cy4Hsi + Hy 5.40000E+-09 0.00 0.00
204 O+ C4Hot — Cy4Hsi + OH 4.16000E+11 0.00 0.00
205 O+ C4Hgt — C3HgOa + CHj 1.04000E+11 0.00 0.00
206 CHs + C4Hot — C4Hgi + CHy 1.26000E+10 0.00 -2.49
207 OH + C4Hgn — C4Hgn + H,O 1.80000E+10 0.00 0.00
208 C4sHgn — CsHg + CHg 1.26000E+12 0.00 113.38
209 C4Hgn — C4Hgn + H 1.00000E+14 0.00 160.24
210 O; + C4Hgn  — C4Hgn + HO» 2.70000E4-08 0.00 0.00
211 H+ C4Hgn — C4Hgn + H, 5.40000E+-09 0.00 0.00
212 O+ C4Hygn — C4Hgn + OH 4.16000E+11 0.00 0.00
213 CH; + C4Hgn — C4Hgn + CHy 1.26000E+10 0.00 -2.49
214 C4H10i — C3H~7i + CHj3 1.10000E+26 -2.61 377.99
215 H+ C4H00 — C4Hoi + Ho 1.81000E+03 2.54 28.27
216 H+ C4H0i — C4Hot + Ho 6.02000E4-02 2.40 10.81
217 OH + C4H,0i — C4Hyi + H50O 2.29000E+-05 1.53 3.24
218 OH + C4H.0i — C4Hot + H2O 5.73000E4-07 0.51 0.27
219 O+ C4Hi0i — C4Hoi + OH 4.28000E+-02 2.50 15.25
220 O+ C4Hi0i — C4Hot + OH 1.56000E+02 2.50 4.66
221 C4H.0i + HO; — C4Hgi + Hy09 3.01000E4-01 2.55 64.85
222 C4H.0i + HO; — C4Hgt + H204 3.61000E+-00 2.55 44.07
223 C4HiOn — C4Hgn + H 1.58000E+16 0.00 410.02
224 C4HiOn — C4Hos + H 1.00000E+16 0.00 397.46
225 CsHiOn — CsHyn 4+ CHs 1.00000E+17 0.00 354.37
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226 C4HOn+H — C4Hgn + Hy 5.62000E+-04 2.00 32.22
227 CiHOn+H — C4+Hgs + Hy 2.00000E+11 0.00 34.90
228 OH + C4H;0n — C4Hgn + H,O 4.13000E+4-04 1.73 3.15
229 OH + C4H;0n — C4Hgs + H50O 2.57000E+-06 1.25 2.93
230 C4Hin +0 — C4Hgn + OH 3.00000E+10 0.00 24.00
231 C4sHOn +0 — C4Hgs + OH 5.20000E+10 0.00 18.60
232 C4H1On + HOy, — C4+Hgn 4+ H50, 1.12000E+10 0.00 81.16
233 C4H:0n + HO, — C4Hgs + H204 5.00000E+-08 0.00 43.92
234 C/HiOn + O — C4Hgn 4+ HO, 2.51000E+10 0.00 205.00
235 C4HiOn + Oy — Cy4Hgs + HO9 3.98000E+10 0.00 199.00
236 OH + C4H, O — CoHy +2CO+ H 1.00000E+12 0.00 0.00
237 c4:H,O0 — CsHyp + CO 1.78000E+15 0.00 324.26
238 C4H, O — CoHs + C3H,0 5.01000E+14 0.00 324.26
239 C4H;0x — CsHss + CO 1.00000E+14 0.00 125.60
240 C4H50y — CsHsa + CO 1.00000E+14 0.00 104.67
241 C4HgOa — C4+HgOb 1.35000E+15 0.00 211.71
242 C4HgOa — CyoH3 + CH3CO 1.00000E+16 0.00 284.51
243 C4HgOb — CsHg + CO 1.09000E+16 0.00 305.43
244 C4HgOb — C4Hst + OH 0.00000E+-00 0.00 203.06
245 C4HgOb — C4H4O + Hy 5.30000E+12 0.00 203.06
246 CiH,Om +M — CsH7i+ CO + M 8.64000E+12 0.00 60.25
247 C4H,0x — CsHst + CH,O 5.00000E+15 0.00 104.60
248 C4H;O0x — CsHsa + CH-0 1.00000E+15 0.00 104.60
249 C4HgOx — C4HgOm 4.00000E+13 0.00 239.32
250 C4HgOx — CsH7i + CHO 6.00000E+13 0.00 239.32
251 C4HgOm — CsH7i + CHO 2.44000E+16 0.00 351.99
252 C4HgOm + Oy — C4H70m + HO, 3.01000E+10 0.00 163.79
253 C4HgOm + HO, — C4H70m + H50,4 3.01000E+-09 0.00 49.89
254 C4HgOm + OH — C4H70Om + H,0O 3.37000E+-09 0.00 -2.58
255 C4HgOm + O — C4H7;Om + OH 5.00000E4-09 0.00 7.50
256 C4HgOm + H — C4H7Om + H, 4.00000E+410 0.00 17.60
257 C4HgOHi + O, — 0,C4HyO 3.25000E+-23 -4.69 17.97
258 0,C4HyO — C3HgOa 4+ CH,0 + OH 1.00000E+16 0.00 104.60
259 CHst + CsHy — C4Hsi 8.00000E+10 0.00 0.00
260 CHys + C3H3 — C4Hsi 8.00000E+10 0.00 0.00
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Table C.8: Modified collision dependencies. The numbering in the first column refers
to the corresponding reaction shown in Table C.7. The default value of the collision
dependency is 1.0 unless otherwise stated.

# Modified collision dependencies
124 H,y: 2.0, CO: 1.5, CO4: 2.0, Hy,O: 6.0, CHy: 2.0, CyHy: 3.0

Table C.9: Fall-off parameters. The numbering in the first column refers to the cor-
responding pressure dependency reactions listed in Table C.7. The units of the pre-
exponential factors are in [kmol, m?, s] depending on the reaction order and the acti-
vation barriers are given in [kJ/mol].

# Fall-off parameters A I6] Ey

33 F. = 1.00 1.00000E+11 0.00 125.52
37 F.=1.00 1.00000E+11 0.00 125.52
47 F.=1.00 2.00000E+12 0.00 175.73
53 F.=1.00 1.00000E+11 0.00 125.52
69 F. = 1.00 2.00000E+12 0.00 175.73
124 F, = e(-1314.0/T) 4 o(=T/1.0) 3.01000E+42 -9.32 24.41

180 F. = 1.01e(7206.0/T) 4 o(=T/0.196) 2.30000E+60 -14.30 153.80




Appendix D

Gas phase transport and
thermochemical properties

This Appendix illustrates the gas phase transport and thermochemical properties as ap-
plied in Chapters 4 and 5. The gas phase transport and thermochemical properties shown
in Tables D.1 and D.4 are implemented in both Chapters 4 and 5, while the ones presented
in Tables D.2 and D.5 are exclusively included in Chapter 4. The additional -C, contain-
ing gas phase transport and thermochemical properties, shown in Tables D.3 and D.6,
are applied in Chapter 5. Finally, the thermochemical data are represented as the high
and low temperature JANAF polynomials, described in Section 2.2.

Table D.1: Gas phase (C; - C, - C3) transport properties implemented in Chapters 4
and 5.

Species oLy €LJ Zrot Crot Hi
H, 2.83 59.7 280 1 8.92E-06
(O 3.46 107.4 3.8 2 2.06E-05
H 2.71 37 1000 1 7.49E-06
OH 2.75 80 10 1 1.97E-05
(0] 2.75 80 1000 1 1.89E-05
H,O 2.61 572 4 1 1.10E-05
HO, 3.46 107.4 3 1 9.82E-06
H,0, 3.46 107.4 3 2 9.82E-06
C,Hg 4.30 252.3 2 1.5 9.47E-06
C,Hjy 4.30 252.3 2 1.5 1.02E-05
C,H, 3.97 280.8 2 15 1.02E-05
C,H, 41 209 2.5 1.5 1.03E-05
CH, 3.75 141 13 1 1.12E-05
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Species oLy €rJ Dot Crot fhi
CH, 3.8 144 13 1.5 1.12E-05
CHys 3.8 144 13 1 1.12E-05
CHyt 3.8 144 13 1 1.12E-05
CH 2.75 80 2 1 1.55E-05
C, 2.75 80 2 1 1.55E-05
CcO 3.65 98 1.8 4 1.77E-05
CO, 3.76 244 2.1 1.5 1.52E-05
CH,O 3.59 498 2 1.5 1.83E-05
CHO 3.59 498 2 1.5 1.83E-05
CH,;0OH 3.63 481.8 1 1.5 9.82E-06
CH;0 3.59 498 2 1.5 1.83E-05
CH,OH 3.59 498 2 1.5 1.83E-05
C,0 2.5 150 2 1.5 8.74E-06
C,H 4.1 209 2.5 1.5 1.03E-05
C,HO 2.5 150 2 1.5 8.74E-06
C,H,0 3.97 436 2 15 8.74E-06
C,H, 4.1 209 2 1.5 1.03E-05
CH;CHO 3.97 280.8 2 1.5 1.02E-05
CH;CO 3.97 280.8 2 1.5 1.02E-05
C, 3.91 78.8 1 1 1.52E-05
CH,CHO 3.97 280.8 2 1.5 1.02E-05
H,C, 41 209 2.5 1.5 1.03E-05
CH;00 3.63 481.8 1 1.5 9.82E-06
CH;00H 3.63 481.8 1 1.5 9.82E-06
CHCH,O 3.63 481.8 1 1.5 9.82E-06
C,H,0 3.63 481.8 1 15 9.82E-06
C,H,00H 3.63 481.8 1 15 9.82E-06
C,H,0 3.63 481.8 1 1.5 9.82E-06
C,H;00 3.63 481.8 1 1.5 9.82E-06
C,H;O0H 3.63 481.8 1 1.5 9.82E-06
C;H 4.1 209 1 1.5 8.86E-06
C;H, 4.1 209 1 1.5 8.86E-06
C,H,1 41 209 1 1.5 8.86E-06
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Species oLy €rJ Dot Crot fhi
C,H, 4.76 252 1 1.5 8.86E-06
CsHya 4.76 252 1 1.5 8.86E-06
CsH,p 4.76 252 1 1.5 8.86E-06
C;H,b 4.76 252 1 1.5 8.86E-06
CyHa 4.76 252 1 15 8.86E-06
CsH;s 4.76 252 1 1.5 8.86E-06
C,Hst 4.76 252 1 1.5 8.86E-06
CsHsb 4.76 252 1 1.5 8.86E-06
CyHgb 4.76 252 1 1.5 8.86E-06
C3Hg 4.98 266.8 1 1.5 8.95E-06
CyHon 4.98 266.8 1 1.5 8.27E-06
C,yHyi 4.98 266.8 1 1.5 8.27E-06
C,4H, 4.98 266.8 1 1.5 8.27E-06
C,H,0 4.1 209 1 1.5 8.86E-06
C,H,0 4.76 252 1 1.5 8.86E-06
C;H,0 4.76 252 1 1.5 8.86E-06
C,H,0 4.76 252 1 1.5 8.86E-06
C3H;Op 4.76 252 1 1.5 8.86E-06
C3H; 0Ot 4.76 252 1 1.5 8.86E-06
C,H,0a 4.76 252 1 1.5 8.86E-06
C;HgO 4.76 252 1 1.5 8.86E-06
C3HgOa 4.76 252 1 1.5 8.86E-06
C3HgOp 4.76 252 1 1.5 8.86E-06
C3H-O1i 4.76 252 1 1.5 8.86E-06
C,H,0n 4.76 252 1 15 8.86E-06
C,H,OH 4.76 252 1 1.5 8.86E-06
C3H,OOHi 4.76 252 1 1.5 8.86E-06
C,H,00Hn 476 252 1 1.5 8.86E-06
C3H,00i 4.76 252 1 1.5 8.86E-06
C,H,00n 4.76 252 1 1.5 8.86E-06
C;H;O0OH 4.76 252 1 1.5 8.86E-06
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Table D.2: Additional gas phase (-N) transport properties implemented in Chapter 4.

Species oLJ €LJ Zrot Chrot i
NH, 2.92 481 10 1 9.19E-06
NH, 2.65 80 4 1 9.19E-06
NH 2.65 80 4 1 1.89E-05

N 3.30 71.4 1 1 1.89E-05
N,H, 3.80 714 1 1 9.19E-06
NNH 3.80 71.4 1 1 9.19E-06
HNO 3.49 116.7 1 1 1.78E-05

NO 3.62 97.53 4 1 1.78E-05
NO, 3.5 200 1 1 1.33E-10
N,O 3.83 232.4 1 1 1.36E-05
HCN 3.63 569 1 1 2.01E-05
CN 3.86 75 1 1 2.01E-05
NCO 3.83 232.4 1 1 2.01E-05

HNCO 3.83 232.4 1 1 2.01E-05

HOCN 3.83 232.4 1 1 2.01E-05

HNO, 3.5 200 1 1 1.33E-10

H,CN 3.63 569 1 1 2.01E-05

HCNO 3.83 232.4 1 1 2.01E-05
HNC 3.86 75 1 1 2.01E-05

CH;NO, 3.63 481.8 1 1.5 0
CH,NO, 3.63 481.8 1 1.5 0

N, 3.62 97.53 4 1 0

Ny 3.83 232.4 1 1 2.01E-05
NO;, 4.11 390 1.5 2.1 1.6E-05
N,O 4.11 390 1.5 2.1 1.6E-05
N,O4 4.11 390 1.5 2.1 1.6E-05

HNO, 4.11 390 2.1 1.5 1.6E-05
N,O4 4.11 390 1.5 2.1 1.6E-05
HN, 3.83 232.4 1 1 2.01E-05
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Table D.3: Additional gas phase (-C,) transport properties implemented in Chapter 5.

Species oLy €Ly Zrot Crot i
C,H 5.18 357 1 1.5 7.55E-06
C,H, 5.18 357 1 1.5 7.55E-06

C,Hsn 5.18 357 1 1.5 7.55E-06
C,Hsi 5.18 357 1 1.5 7.55E-06
C,H, 5.18 357 1 1.5 7.55E-06

C,Hys 5.18 357 1 1.5 7.55E-06
C,Ht 5.18 357 1 15 7.55E-06
C,H;i 5.28 330 1 1.5 7.55E-06

C,Hgs 5.28 330 1 1.5 7.55E-06
C,Hgt 5.28 330 1 1.5 7.55E-06
C,Hgf 5.28 330 1 1.5 7.55E-06

C,Hgb 5.28 330 1 15 7.55E-06

C,Hym 5.28 330 1 1.5 7.55E-06
C,Hi 5.28 330 1 1.5 7.55E-06

C,H;n 5.28 330 1 1.5 7.55E-06

C,H;s 5.28 330 1 1.5 7.55E-06
C,Hgi 5.28 330 1 1.5 7.55E-06

C,Hgn 5.28 330 1 1.5 7.55E-06

C,Hgs 5.28 330 1 1.5 7.55E-06
C,Hyi 5.28 330 1 1.5 7.55E-06
C,Hgyt 5.28 330 1 1.5 7.55E-06

C,Hgn 5.28 330 1 1.5 7.55E-06

C,Hgs 5.28 330 1 1.5 7.55E-06

C,H,on 5.28 330 1 1.5 7.55E-06

C,H, i 5.28 330 1 1.5 7.55E-06

C,H,0 5.49 374 1 1.5 7.18E-06

C,H,0 5.49 374 1 1.5 7.18E-06

C,H;0x 5.49 374 1 1.5 7.18E-06

C,H;Oy 5.49 374 1 1.5 7.18E-06

C,HgOb 5.49 374 1 1.5 7.18E-06

C,Hg0a 5.49 374 1 1.5 7.18E-06

C,H,0x 5.49 374 1 1.5 7.18E-06
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Species oLJ €LJ Zyot Crot i
C,H,Om 5.49 374 1 1.5 7.18E-06
C,HyOx 5.49 374 1 1.5 7.18E-06
C,H,Om 5.49 374 1 1.5 7.18E-06
C,HgOHi 5.49 374 1 1.5 7.18E-06
0,C,H,0 5.49 374 1 15 7.18E-06

Table D.4: Gas phase thermochemical properties implemented in Chapters 4 and 5.

H,
T > 1000K  0.29328305E+4-01 0.82659802E-03 -0.14640057E-06 0.15409851E-10 -0.68879615E-15 -
0.813055820E+03 -0.102431640E+-01
T < 1000K 0.23443029E4-01 0.79804248E-02 -0.19477917E-04 0.20156967E-07 -0.73760289E-11 -
0.91792413E+03 0.68300218E+00
%
T > 1000K  3.66096083E+00 6.56365523E-04 -1.41149485E-07 2.05797658E-11 -1.29913248E-15 -
1.21597725E+03 3.41536184E+00
T <1000K  3.78245636E4-00 -2.99673415E-03 9.84730200E-06 -9.68129508E-09 3.24372836E-12 -
1.06394356E+03 3.65767573E+00
H
T > 1000K  0.25000000E+-01 0.0000000E4-00 0.0000000E+00 0.00000000E+-00 0.00000000E4-00
0.25473660E+05 -0.44668285E+00
T < 1000K  0.25000000E+-01 0.0000000E4-00 0.0000000E+00 0.00000000E+-00 0.00000000E4-00
0.25473660E+05 -0.44668285E+00
OH
T > 1000K  2.83853033E+400 1.10741289E-03 -2.94000209E-07 4.20698729E-11 -2.42289890E-15
3.69780808E+03 5.84494652E+00
T <1000K  3.99198424E+400 -2.40106655E-03 4.61664033E-06 -3.87916306E-09 1.36319502E-12
3.36889836E+-03 -1.03998477E-01
0)
T > 1000K  0.25420597E+01 -0.27550619E-04 -0.31028033E-08 0.45510674E-11 -0.43680515E-15
0.29230803E+05 0.49203081E+01
T < 1000K 0.29464288E+-01 -0.16381665E-02 0.24210317E-05 -0.16028432E-08 0.38906963E-12

0.29147644E+05 0.29639949E4-01
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T > 1000K 0.26770389E+01 0.29731816E-02 -0.77376889E-06 0.94433514E-10 -0.42689991E-14 -
0.29885894E4-05 0.68825500E+4-01
T <1000K 0.41986352E+01 -0.20364017E-02 0.65203416E-05 -0.54879269E-08 0.17719680E-11 -
0.30293726E4-05 -0.84900901E+00
T > 1000K 0.41722659E+01 0.18812098E-02 -0.34629297E-06 0.19468516E-10 0.17609153E-15
0.61818851E4-02 0.29577974E+-01
T <1000K 0.43017880E+01 -0.47490201E-02 0.21157953E-04 -0.24275961E-07 0.92920670E-11
0.29480876E+-03 0.37167010E+4-01
H202
T > 1000K  4.57977305E+00 4.05326003E-03 -1.29844730E-06 1.98211400E-10 -1.13968792E-14 -
1.80071775E404 6.64970694E-01
T <1000K 4.31515149E+00 -8.47390622E-04 1.76404323E-05 -2.26762944E-08 9.08950158E-12 -
1.77067437E+04 3.27373319E+00
CyHg
T > 1000K 4.04666411E+00 1.53538802E-02 -5.47039485E-06 8.77826544E-10 -5.23167531E-14 -
1.24473499E+04 -9.68698313E-01
T < 1000K  4.29142572E+00 -5.50154901E-03 5.99438458E-05 -7.08466469E-08 2.68685836E-11 -
1.15222056E+04 2.66678994E-+00
CoH;
T > 1000K 0.42878814E+01 0.12433893E-01 -0.44139119E-05 0.70654102E-09 -0.42035136E-13
0.12056455E4-05 0.84602583E4-00
T <1000K 0.43058580E+01 -0.41833638E-02 0.49707270E-04 -0.59905874E-07 0.23048478E-10
0.12841714E4-05 0.47100236E+4-01
CQH4
T > 1000K  3.99182724E+00 1.04833908E-02 -3.71721342E-06 5.94628366E-10 -3.53630386E-14
4.26865851E4-03 -2.69081762E-01
T < 1000K 3.95920063E4-00 -7.57051373E-03 5.70989993E-05 -6.91588352E-08 2.69884190E-11
5.08977598E+03 4.09730213E4-00
CZHQ
T > 1000K 4.65878489E+00 4.88396667E-03 -1.60828888E-06 2.46974544E-10 -1.38605959E-14
2.57594042E+04 -3.99838194E4-00
T <1000K 8.08679682E-01 2.33615762E-02 -3.55172234E-05 2.80152958E-08 -8.50075165E-12

2.64289808E+04 1.39396761E4-01
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CH,
T > 1000K 1.65326226E+00 1.00263099E-02 -3.31661238E-06 5.36483138E-10 -3.14696758E-14 -
1.00095936E4-04 9.90506283E4-00
T <1000K 5.14911468E+00 -1.36622009E-02 4.91453921E-05 -4.84246767E-08 1.66603441E-11 -
1.02465983E4-04 -4.63848842E+00
CH,
T > 1000K 0.28440516E+01 0.61379741E-02 -0.22303452E-05 0.37851608E-09 -0.24521590E-13
0.16437808E+-05 0.54526973E+-01
T <1000K 0.24304428E+01 0.11124099E-01 -0.16802203E-04 0.16218287E-07 -0.58649526E-11
0.16423781E4-05 0.67897939E+-01
CHys
T > 1000K 3.13501686E+00 2.89593926E-03 -8.16668090E-07 1.13572697E-10 -6.36262835E-15
5.05040504E+-04 4.06030621E4-00
T <1000K 4.19331325E+00 -2.33105184E-03 8.15676451E-06 -6.62985981E-09 1.93233199E-12
5.03662246E4-04 -7.46734310E-01
CH, t
T > 1000K 3.14631886E+00 3.03671259E-03 -9.96474439E-07 1.50483580E-10 -8.57335515E-15
4.60412605E+4-04 4.72341711E4-00
T <1000K 3.71757846E+00 1.27391260E-03 2.17347251E-06 -3.48858500E-09 1.65208866E-12
4.58723866E+-04 1.75297945E4-00
CH
T > 1000K 0.25209369E+01 0.17653639E-02 -0.46147660E-06 0.59289675E-10 -0.33474501E-14
0.70946769E4-05 0.74051829E4-01
T <1000K 0.34897583E+01 0.32432160E-03 -0.16899751E-05 0.31628420E-08 -0.14061803E-11
0.70612646E4-05 0.20842841E4-01
G,
T > 1000K  0.26055830E+01 -0.19593434E-03 0.10673722E-06 -0.16423940E-10 0.81870580E-15
0.85411742E4-05 0.41923868E+-01
T < 1000K  0.25542395E+01 -0.32153772E-03 0.73379223E-06 -0.73223487E-09 0.26652144E-12
0.85442681E4-05 0.45313085E4-01
CO
T > 1000K 0.30484859E+01 0.13517281E-02 -0.48579405E-06 0.78853644E-10 -0.46980746E-14 -
0.14266117E4-05 0.60170977E4-01
T <1000K 0.35795335E+01 -0.61035369E-03 0.10168143E-05 0.90700586E-09 -0.90442449E-12 -

0.14344086E-+05 0.35084093E4-01
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Co,
T > 1000K 0.46365111E+01 0.27414569E-02 -0.99589759E-06 0.16038666E-09 -0.91619857E-14 -
0.49024904E4-05 -0.19348955E4-01
T <1000K 0.23568130E+01 0.89841299E-02 -0.71220632E-05 0.24573008E-08 -0.14288548E-12 -
0.48371971E4-05 0.99009035E+4-01
CH,O
T > 1000K 0.31694807E+01 0.61932742E-02 -0.22505981E-05 0.36598245E-09 -0.22015410E-13 -
0.14478425E4-05 0.60423533E4-01
T <1000K 0.47937036E+01 -0.99081518E-02 0.37321459E-04 -0.37927902E-07 0.13177015E-10 -
0.14308955E+05 0.60288702E4-00
CHO
T > 1000K  3.92001542E+00 2.52279324E-03 -6.71004164E-07 1.05615948E-10 -7.43798261E-15
3.65342928E4-03 3.58077056E4-00
T <1000K 4.23754610E+00 -3.32075257E-03 1.40030264E-05 -1.34239995E-08 4.37416208E-12
3.87241185E4-03 3.30834869E4-00
CH,0H
T > 1000K 0.36012593E+01 0.10243223E-01 -0.35999217E-05 0.57251951E-09 -0.33912719E-13 -
0.25997155E4-05 0.47056025E4-01
T < 1000K 0.57153948E+01 -0.15230920E-01 0.65244182E-04 -0.71080873E-07 0.26135383E-10 -
0.25642765E+05 -0.15040970E+01
CH,0
T > 1000K 4.75779238E+00 7.44142474E-03 -2.69705176E-06 4.38090504E-10 -2.63537098E-14
3.78111940E+02 -1.96680028E4-00
T <1000K 3.71180502E+00 -2.80463306E-03 3.76550971E-05 -4.73072089E-08 1.86588420E-11
1.29569760E+03 6.57240864E+00
CH,OH
T > 1000K  5.09314370E+00 5.94761260E-03 -2.06497460E-06 3.23008173E-10 -1.88125902E-14 -
4.03409640E4-03 -1.84691493E+00
T < 1000K 4.47834367E+00 -1.35070310E-03 2.78484980E-05 -3.64869060E-08 1.47907450E-11 -
3.50072890E+03 3.30913500E4-00
C,0
T > 1000K  5.42468378E+00 1.85393945E-03 -5.17932956E-07 6.77646230E-11 -3.53315237E-15
3.31537194E+04 -3.69608405E4-00
T <1000K 2.86278214E+00 1.19701204E-02 -1.80851222E-05 1.52777730E-08 -5.20063163E-12

3.37501779E4+-04 8.89759099E4-00
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C,H
T > 1000K 0.36646060E+01 0.38218694E-02 -0.13650743E-05 0.21324828E-09 -0.12309430E-13
0.67297055E4-05 0.39134973E4-01
T <1000K 0.29018020E+01 0.13285982E-01 -0.28050886E-04 0.28930184E-07 -0.10744742E-10
0.67190326E4-05 0.61723506E+4-01
C,HO
T > 1000K 5.80668033E+00 3.63140881E-03 -1.28197024E-06 2.04562706E-10 -1.21475486E-14
1.94243191E+04 -4.44501759E4-00
T <1000K 2.50499402E+00 1.94889354E-02 -3.30041888E-05 2.96410713E-08 -1.02822778E-11
2.00662139E+4-04 1.11211692E4-01
T > 1000K 0.57577901E+01 0.63496507E-02 -0.22584407E-05 0.36208462E-09 -0.21569030E-13 -
0.79786113E+04 -0.61064037E+01
T <1000K 0.21401165E+01 0.18088368E-01 -0.17324216E-04 0.92767477E-08 -0.19915011E-11 -
0.70430509E+04 0.12198699E+-02
C,H,
T > 1000K 4.15026763E+00 7.54021341E-03 -2.62997847E-06 4.15974048E-10 -2.45407509E-14
3.38566380E+-04 1.72812235E4-00
T <1000K 3.36377642E+00 2.65765722E-04 2.79620704E-05 -3.72986942E-08 1.51590176E-11
3.44749589E+-04 7.91510092E4-00
CH,CHO
T > 1000K  5.25190093E+00 1.18574124E-02 -4.27442759E-06 6.91482701E-10 -4.14491372E-14 -
2.24327033E+04 -2.48438587E4-00
T <1000K 5.08801432E+00 -6.39393756E-03 5.50299788E-05 -6.47002177E-08 2.44610814E-11 -
2.14638582E+04 2.91845026E+00
CH,CO
T > 1000K 0.53137165E+01 0.91737793E-02 -0.33220386E-05 0.53947456E-09 -0.32452368E-13 -
0.36450414E4-04 -0.16757558E+-01
T < 1000K 0.40358705E+01 0.87729487E-03 0.30710010E-04 -0.39247565E-07 0.15296869E-10 -
0.26820738E4-04 0.78617682E+-01
Gy
T > 1000K 4.12492246E+00 1.08348338E-04 1.57252585E-07 -4.24046828E-11 3.25059373E-15
9.81882961E+04 7.97432262E-01
T <1000K -1.96261001E400 5.76822247E-02 -1.58039636E-04 1.72462711E-07 -6.57913199E-11

9.82538219E+04 2.33201223E4-01




Appendiz D 277
CH,CHO
T > 1000K 0.59756699E+01 0.81305914E-02 -0.27436245E-05 0.40703041E-09 -0.21760171E-13
0.49032178E4-03 -0.50320879E4-01
T <1000K 0.34090624E+01 0.10738574E-01 0.18914925E-05 0.71585831E-08 0.28673851E-11
0.15214766E+04 0.95714535E4-01
T > 1000K 0.42780340E+01 0.47562804E-02 -0.16301009E-05 0.25462806E-09 -0.14886379E-13
0.48316688E+05 0.64023701E4-00
T <1000K 0.32815483E+01 0.69764791E-02 -0.23855244E-05 -0.12104432E-08 0.98189545E-12
0.48621794E4-05 0.59203910E4-01
CH,00
T > 1000K  5.92505819E+00 9.00194542E-03 -3.24254309E-06 5.24362718E-10 -3.14263003E-14 -
1.53258958E+03 -4.93669747EA00
T <1000K 4.76597792E+00 -3.51077148E-03 4.54394152E-05 -5.66763729E-08 2.21591482E-11 -
4.82401289E4-02 4.76095141E+00
CH,00H
T > 1000K  7.76538058E+00 8.61499712E-03 -2.98006935E-06 4.68638071E-10 -2.75339255E-14 -
1.82979984E+04 -1.43992663E+-01
T < 1000K  2.90540897E+00 1.74994735E-02 5.28243630E-06 -2.52827275E-08 1.34368212E-11 -
1.68894632E+04 1.13741987E+01
CHCH,0
T > 1000K 1.07995416E+01 5.72671347E-04 8.02782550E-07 -2.53454280E-10 2.09044767E-14
1.52021967E4-04 -3.37254674E+01
T <1000K 2.67776365E+00 9.77160821E-03 1.10328958E-05 -1.85799046E-08 7.04008273E-12
1.84922455E4-04 1.24178161E4-01
C,H,0
T > 1000K 0.54887641E+01 0.12046190E-01 -0.43336931E-05 0.70028311E-09 -0.41949088E-13 -
0.91804251E4-04 -0.70799605E+-01
T < 1000K 0.37590532E+01 -0.94412180E-02 0.80309721E-04 -0.10080788E-06 0.40039921E-10 -
0.75608143E4-04 0.78497475E4-01
C,H,00H
T > 1000K 9.74660000E+00 0.01084240E+00 -3.13022000E-06 3.83694000E-10 -1.60474000E-14 -
3.94819063E+02 -2.07656245E4-01
T < 1000K  2.10863000E+00 0.03341860E+00 -2.66198000E-05 1.03835000E-08 -1.41770000E-12

1.56528996E4-03 1.81813376E+01
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C,H,0

T > 1000K 0.66889982E4-01 0.13125676E-01 -0.47038840E-05 0.75858552E-09 -0.45413306E-13 -
0.47457832E4-04 -0.96983755E+01

T < 1000K 0.43074268E+01 0.64147205E-02 0.31139714E-04 -0.43314083E-07 0.17276184E-10 -
0.34027524E+04 0.59025837E4-01

C,H,00

T > 1000K 8.05957692E4-00 1.52921019E-02 -5.54442603E-06 9.00496195E-10 -5.41302799E-14 -
7.31028500E4-03 -1.59992904E+01

T < 1000K 5.21694144E4-00 1.24160003E-04 6.15529492E-05 -7.94505636E-08 3.12101317E-11 -
5.41455775E+03 4.22381533E4-00

C,H,00H

T > 1000K 8.99519146E4-00 1.52768090E-02 -5.42345537E-06 8.64392953E-10 -5.12061321E-14 -
2.34335955E4-04 -1.78995702E+01

T <1000K 6.95135129E4-00 2.46459348E-03 5.06621132E-05 -6.73457524E-08 2.69294264E-11 -
2.20224273E4-04 -3.02023422E+00

C,H

T > 1000K 6.14184491E4-00 3.39661013E-03 -1.21915444E-06 1.97782838E-10 -1.18312807E-14
8.44225753E+04 -6.44480148E+00

T <1000K 3.34917187E+00 1.65822626E-02 -2.77115653E-05 2.51382364E-08 -8.85285352E-12
8.49863168E+04 6.80362439E4-00

C3H,

T > 1000K 5.69445684E4-00 6.53821901E-03 -2.35907266E-06 3.82037384E-10 -2.29227460E-14
5.49264274E4-04 -6.96163733E+00

T <1000K 3.18167129E4-00 -3.37611741E-04 3.95343765E-05 -5.49792422E-08 2.28335240E-11
5.61816758E4-04 9.06482468E4-00

CyH,]

T > 1000K 6.42557170E4+00 5.57113530E-03 -1.93729414E-06 3.05883061E-10 -1.80270714E-14
6.99539184E+04 -8.83877867E+00

T <1000K 2.51874113E+00 1.96318981E-02 -2.17479988E-05 1.29990854E-08 -3.05445698E-12
7.08679212E+4-04 1.05212804E+-01

C3Hj

T > 1000K 7.14221719E4-00 7.61902211E-03 -2.67460030E-06 4.24914904E-10 -2.51475443E-14
3.95709594E4-04 -1.25848690E+01

T <1000K 1.35110873E400 3.27411291E-02 -4.73827407E-05 3.76310220E-08 -1.18541128E-11
4.07679941E4-04 1.52058598E4-01
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CgH4a

T > 1000K

T < 1000K

0.63168722E+4-01 0.11133728E-01 -0.39629378E-05
0.20117495E4-05 -0.10995766E+02

0.26130445E4-01 0.12122575E-01 0.18539880E-04
0.21541567E4+05 0.10226139E4-02

0.63564238E-09

-0.34525149E-07

-0.37875540E-13

0.15335079E-10

C3H4p

T > 1000K

T < 1000K

0.60252400E4-01 0.11336542E-01 -0.40223391E-05
0.19620942E+-05 -0.86043785E+01

0.26803869E+01 0.15799651E-01 0.25070596E-05
0.20802374E+-05 0.98769351E+-01

0.64376063E-09

-0.13657623E-07

-0.38299635E-13

0.66154285E-11

T > 1000K

T < 1000K

6.28078872E4-00 1.12393798E-02 -4.01957416E-06
3.03415080E+-04 -1.11420363E+01

2.24666571E400 5.76237942E-03 4.42080338E-05
3.21284389E+04 1.33451493E4-01

6.46920405E-10

-6.62906810E-08

-3.86433056E-14

2.81824735E-11

CsHya

T > 1000K

T < 1000K

7.05019790E+00 1.30417133E-02 -4.62341683E-06
1.69162444E4-04 -1.41334291E4-01

1.36322505E+00 2.00030606E-02 1.22366530E-05
1.88365517E4-04 1.71382540E+01

7.39605232E-10

-3.34032456E-08

-4.39893394E-14

1.59644171E-11

CsH;s

T > 1000K

T < 1000K

6.05091412E4-00 1.34052084E-02 -4.73450586E-06
2.90860210E4-04 -6.73692060E+00

3.33277282E400 1.06102499E-02 2.17559727E-05
3.03404530E+-04 9.78922358 E4-00

7.55380897E-10

-3.47145235E-08

-4.48421084E-14

1.44476835E-11

C,yHst

T > 1000K

T < 1000K

6.17467558E4-00 1.35842068E-02 -4.86523676E-06
2.72013596E+04 -7.02846541E+00

4.82883324E4-00 8.99954001E-04 4.44768198E-05
2.83786431E+04 3.89995688E4-00

7.83574439E-10

-5.67019197E-08

-4.68222090E-14

2.21267105E-11

T > 1000K

T < 1000K

6.62512238E4-00 1.36577057E-02 -4.90066661E-06
3.03239999E+-04 -1.31845240E+01

2.15143774E4+00 3.80171682E-03 6.14538989E-05
3.24689062E+04 1.48309194E4-01

7.90436486E-10

-8.83383102E-08

-4.72860275E-14

3.70565687E-11
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C4Hgb
T > 1000K  6.33778554E+00 1.64174480E-02 -5.85359278E-06 9.40111948E-10 -5.60727359E-14
3.28971390E4-03 -1.41848666E4-01
T <1000K 2.57234000E+00 -2.50916956E-03 8.62737013E-05 -1.16111392E-07 4.75602007E-11
5.54899161E4-03 1.18019800E4-01
CSHG
T > 1000K 5.86511931E+00 1.62909053E-02 -5.78250953E-06 9.25734966E-10 -5.50869091E-14 -
6.52412479E4-02 -7.28859556 E+00
T <1000K 4.14122102E+00 1.04671677E-03 5.52224672E-05 -7.11940972E-08 2.80278554E-11
7.71957427E4-02 6.38058062E4-00
CsHon
T > 1000K  6.49636579E+00 1.77337992E-02 -6.24898046E-06 9.95389495E-10 -5.90199770E-14
8.85973885E4-03 -8.56389710E+00
T <1000K 4.08211458E+00 5.23240341E-03 5.13554466E-05 -6.99343598E-08 2.81819493E-11
1.04074558E+404 8.39534919E4-00
CyH,i
T > 1000K 6.10103510E+00 1.85252265E-02 -6.63451675E-06 1.06844391E-09 -6.38396464E-14
7.53376696E+03 -6.77594633E+4-00
T <1000K 7.17878202E+00 -1.63182405E-02 9.96703136E-05 -1.15074793E-07 4.35402866E-11
8.75779397E+03 -4.71632586E+00
T > 1000K 6.46876392E+00 2.07740138E-02 -7.41974628E-06 1.19269771E-09 -7.11713650E-14 -
1.61396855E4-04 -1.15613433E+01
T <1000K 4.34772075E+00 3.58595707E-03 6.14128031E-05 -7.96781660E-08 3.12762429E-11 -
1.44205640E+-04 4.98218695E4-00
C,H,0
T > 1000K 8.31837925E+00 6.29241735E-03 -2.23673278E-06 3.58419038E-10 -2.13415819E-14
1.24699728E+04 -1.64469649E+-01
T <1000K 3.31113539E-01 4.22486648E-02 -6.51735418E-05 4.99681989E-08 -1.46632942E-11
1.39839966E+04 2.13631640E+01
T > 1000K  6.90703955E+00 1.02341927E-02 -3.65649593E-06 5.87914100E-10 -3.51359226E-14
7.62708561E4-03 -7.29856114E+00
T <1000K 4.11237192E+00 5.05829116E-03 3.17832265E-05 -4.55489258E-08 1.86325507E-11

8.99713585E+03 1.01743843E4-01
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C,H,0
T > 1000K  7.31820729E+00 1.27398510E-02 -4.60112009E-06 7.44735077E-10 -4.46993049E-14 -
1.16137229E4-04 -1.11884734E+01
T <1000K 3.98487241E+00 3.40751550E-03 4.81227535E-05 -6.61399005E-08 2.67817331E-11 -
9.83297241E4-03 1.03960574E+4-01
C,H.0
T > 1000K 8.79584189E+00 1.43678209E-02 -5.15086817E-06 8.30425063E-10 -4.96670802E-14
4.54840599E+03 -2.22910017E+01
T <1000K 1.70176691E+00 1.81714690E-02 3.24069942E-05 -6.06152090E-08 2.71285315E-11
7.14713827E+03 1.78178812E+01
C3H;Op
T > 1000K  6.52325448E+00 1.54211952E-02 -5.50898157E-06 8.85889862E-10 -5.28846399E-14 -
7.19631634E4-03 -5.19862218E+00
T <1000K 6.25722402E+00 -9.17612184E-03 7.61190493E-05 -9.05514997E-08 3.46198215E-11 -
5.91616484E4-03 2.23330599E4-00
C,H. Ot
T > 1000K 8.19121321E+00 1.40061388E-02 -5.00831912E-06 8.03961104E-10 -4.79449403E-14 -
1.02130206E+03 -1.33490112E4-01
T < 1000K 7.54792894E4-00 -7.02219530E-03 6.80989676E-05 -8.26664815E-08 3.19868293E-11
2.27709482E4-02 -4.61588282E-+00
C3H;Oa
T > 1000K  7.54410697E+00 1.43443222E-02 -5.08381081E-06 8.13200521E-10 -4.83673315E-14 -
7.48672286E4-03 -1.14792587E+01
T <1000K 4.70187196E+00 5.51653762E-03 4.27505858E-05 -5.94680816E-08 2.40685378E-11 -
5.92845491E4-03 7.12932590E4-00
C,H0
T > 1000K 8.95739587E+00 1.60217198E-02 -5.65131014E-06 9.01550505E-10 -5.35370086E-14 -
1.65852904E+04 -2.45939234E4-01
T < 1000K 2.12818440E+00 8.44261433E-03 6.99012101E-05 -1.04542243E-07 4.42460530E-11 -
1.36496693E+04 1.64564771E+01
C3HgOa
T > 1000K  7.34483390E+00 1.74962257E-02 -6.28532764E-06 1.01447594E-09 -6.07151779E-14 -
3.01532755E+04 -1.27759736E+4-01
T <1000K 5.14509588E+00 4.67026325E-04 6.25054589E-05 -7.97481327E-08 3.11400443E-11 -

2.84186997E+04 4.17376406E4-00
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C3HgOp

T > 1000K  7.46481253E+00 1.73054253E-02 -6.18909444E-06 9.94186575E-10 -5.93176585E-14 -
2.56962482E4-04 -1.18908315E+01

T <1000K 7.04863211E4-00 -9.12731989E-04 5.08259482E-05 -5.85807754E-08 2.11349394E-11 -
2.45211143E4-04 -4.74556661E+00

C,H,0i

T > 1000K 8.80421897E4-00 1.88114477E-02 -6.74383714E-06 1.08690817E-09 -6.49826929E-14 -
9.96635265E+03 -2.04194805E+01

T < 1000K 4.06975593E4-00 1.57818571E-02 3.26769683E-05 -5.24145601E-08 2.17797338E-11 -
7.85093901E4-03 7.97686302E4-00

C3H,On

T > 1000K 8.87053269E4-00 1.87153354E-02 -6.69616386E-06 1.07443755E-09 -6.40016274E-14 -
8.85691524E+03 -1.96438956E+01

T < 1000K 4.09403015E+00 1.14654143E-02 4.94218617E-05 -7.37440702E-08 3.06629042E-11 -
6.60221489E4-03 9.79969944E4-00

C,HzOH

T > 1000K 8.21028051E+00 1.85492319E-02 -6.56857220E-06 1.04665387E-09 -6.20423973E-14 -
1.09219055E4-04 -1.24556007E4-01

T <1000K 6.27529305E4+00 5.74998842E-03 4.43255747E-05 -5.66432538E-08 2.14679493E-11 -
9.43553334E+-03 2.11046046E+-00

C,H,OO0Hi

T > 1000K 1.20456150E+01 2.00609758E-02 -7.14988442E-06 1.14410241E-09 -6.79756845E-14 -
2.93586148E4-04 -3.37253315E+01

T <1000K 5.33794019E4-00 2.76687712E-02 1.27589136E-05 -3.73171105E-08 1.75843187E-11 -
2.70062593E+-04 3.45478108E4-00

C3;H,OOHn

T > 1000K 1.13659898E+01 2.09104854E-02 -7.54558182E-06 1.21408112E-09 -7.23348512E-14 -
2.69948187E+04 -2.79668904E+01

T <1000K 7.72592798E+00 7.00071376E-03 6.31053345E-05 -8.74966515E-08 3.55373150E-11 -
2.48944233E+04 -3.57008863E+00

C,H,00i

T > 1000K 1.01751084E+01 1.99154854E-02 -7.17577191E-06 1.15641116E-09 -6.90571155E-14 -
1.24254561E+04 -2.34403543E4-01

T <1000K 6.27854157TE4-00 9.67831116E-03 4.97219807E-05 -6.92781488E-08 2.76014913E-11 -
1.03016894E+04 1.82502336E+00
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C3H7OOH
T > 1000K 1.00126671E+01 2.02489787E-02 -7.37478477TE-06 1.19344117E-09 -7.13933622E-14 -
9.88113441E+03 -2.09357644E+-01
T <1000K 7.01899874E+00 -3.60956122E-04 7.97640943E-05 -1.03233840E-07 4.08206117E-11 -
7.70037244E4-03 1.37035175E4-00
C,H,00H
T > 1000K 1.12645108E+01 1.83702458E-02 -6.64465781E-06 1.07024893E-09 -6.38038186E-14 -
2.96405270E+03 -2.41355971E+01
T <1000K 1.08227752E+01 -1.44735606E-02 1.06410370E-04 -1.29121248E-07 5.03582068E-11 -

1.32195120E+03 -1.39762404E+-01

Table D.5: Additional gas phase thermochemical properties implemented in Chapter 4.

NH,

T > 1000K

T < 1000K

0.24619040E4-01 0.60591660E-02 -0.20049765E-05 0.31360031E-09 -0.19383170E-13 -

0.64932695E+04 0.74720969E4-01

0.22043516E4-01 0.10114765E-01 -0.14652648E-04 0.14472350E-07 -0.53285089E-11 -

0.65254883E+04 0.81271381E4-01

NH,

T > 1000K

T < 1000K

0.29613111E+01 0.29326989E-02
0.21919767E+05 0.57778778E+4-01

0.34324929E+01 0.32995399E-02
0.21772277E+05 0.30901105E4-01

-0.90636001E-06

-0.66136003E-05

0.16172574E-09 -0.12042002E-13

0.85909466E-08 -0.35720467E-11

NH

T > 1000K

T < 1000K

0.27602491E+01 0.13753462E-02
0.42078281E+05 0.58571992E+-01

0.33397579E+01 0.12530086E-02
0.41850473E+05 0.25071807E+-01

-0.44519143E-06

-0.34916459E-05

0.76927915E-10 -0.50175923E-14

0.42188119E-08 -0.15576178E-11

N

T > 1000K

T < 1000K

0.24502683E+01 0.10661458E-03
0.56116039E+05 0.44487581E4-01

0.25030713E+01 -0.21800181E-04
0.56098902E+05 0.41675663E4-01

-0.74653371E-07

0.54205287E-07

0.18796523E-10 -0.10259839E-14

-0.56475602E-10 0.20999044E-13

N,H,

T > 1000K

T < 1000K

0.33711853E+01 0.60399682E-02
0.24181719E+05 0.49805851E+-01

0.16179994E4-01 0.13063121E-01
0.24675263E+05 0.13794670E4-02

-0.23038535E-05

-0.17157115E-04

0.40627889E-09 -0.27131444E-13

0.16056079E-07 -0.60936386E-11
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NNH

T > 1000K

T < 1000K

0.44153423E4-01 0.16143878E-02 -0.16328943E-06
0.27880293E+05 0.90428883E4-00

0.35013444E+01 0.20535865E-02 0.71704096E-06
0.28333468E+05 0.63918371E4-01

-0.85598459E-10 0.16147909E-13

0.49213477E-09 -0.96711701E-12

HNO

T > 1000K

T < 1000K

0.36151440E+4-01 0.32124857E-02 -0.12603369E-05
0.10661911E+05 0.48102636E4-01

0.27844026E+01 0.66096461E-02 -0.93002227E-05
0.10918779E+05 0.90356293E4-01

0.22672976E-09 -0.15362357E-13

0.94379802E-08 -0.37531462E-11

NO

T > 1000K

T < 1000K

0.32454355E4-01 0.12691383E-02 -0.50158900E-06
0.98008398E+04 0.64172935E4-01

0.33765416E4-01 0.12530633E-02 -0.33027506E-05
0.98179609E+04 0.58295898E4-01

0.91692834E-10 -0.62754193E-14

0.52178102E-08 -0.24462628E-11

NO,

T > 1000K

T < 1000K

0.46828589E+01 0.24624290E-02 -0.10422585E-05
0.22612922E4-04 0.98859846E4-00

0.26706004E+01 0.78385006E-02 -0.80638647E-05
0.28962905E+04 0.11612071E4-02

0.19769024E-09 -0.13917168E-13

0.61617147E-08 -0.23201501E-11

N,O

T > 1000K

T < 1000K

0.47189769E4-01 0.28737138E-02 -0.11974957E-05
0.81658110E+-04 -0.16572504E+01

0.25430577E4-01 0.94921933E-02 -0.97927750E-05
0.87650996E+04 0.95112219E4-01

0.22505515E-09 -0.15753369E-13

0.62638445E-08 -0.19018259E-11

HCN

T > 1000K

T < 1000K

0.36500778E+01 0.34609979E-02 -0.12742787E-05
0.14767374E+05 0.23932204E4-01

0.24904623E+01 0.86112805E-02 -0.10310342E-04
0.14991802E+05 0.79049816E4-01

0.22176556E-09 -0.14771773E-13

0.74814981E-08 -0.22291095E-11

CN

T > 1000K

T < 1000K

0.37201197E+01 0.15183506E-03 0.19873811E-06
0.51619846E+05 0.28885972E+-01

0.36632042E4-01 -0.11565291E-02 0.21634089E-05
0.51784763E+05 0.37390156E+-01

-0.37983713E-10 0.13282296E-14

0.18542082E-09 -0.82146952E-12




Appendiz D 285
NCO
T > 1000K 0.50120454E+01 0.26267732E-02 -0.11082433E-05 0.20938602E-09 -0.14603469E-13
0.14058271E4-05 -0.18300752E4-01
T <1000K 0.28303203E+01 0.88714901E-02 -0.89456362E-05 0.58769185E-08 -0.19077346E-11
0.14691845E4-05 0.94988308E+-01
HNCO
T > 1000K 0.62118668E+01 0.22971372E-02 -0.22161288E-06 -0.12220437E-09 0.22724061E-13 -
0.16447649E+05 -0.80166330E+01
T <1000K 0.36940591E+01 0.66572362E-02 -0.50544681E-07 -0.34734115E-08 0.13605694E-11 -
0.15596693E4-05 0.57127418E4-01
HOCN
T > 1000K 0.56456074E+01 0.22982065E-02 -0.21626292E-06 -0.12148013E-09 0.22386362E-13 -
0.22525005E+04 -0.35902631E4-01
T <1000K 0.36282923E+01 0.56641842E-02 -0.11702056E-06 -0.23486386E-08 0.80164022E-12 -
0.15503163E+04 0.74768252E4-01
HNO,
T > 1000K 0.54868927E+01 0.42180647E-02 -0.16491426E-05 2.97187663E-10 -2.02114801E-14 -
1.12686465E+04 -2.99700189E4-00
T < 1000K  2.29041290E+00 1.40992226E-02 -1.36787176E-05 7.49878026E-09 -1.87690532E-12 -
1.04319453E+04 1.32807694E+01
H,CN
T > 1000K 0.34037385E+01 0.40840562E-02 -0.18275330E-05 0.42478668E-09 -0.41025766E-13
0.28581176E4-05 0.36877346E+4-01
T <1000K 0.26118708E+01 0.77789519E-02 -0.83243649E-05 0.54564659E-08 -0.14789024E-11
0.28720859E4-05 0.73935413E4-01
HCNO
T > 1000K 5.91979744E+00 4.00114600E-03 -1.42063343E-06 2.27569621E-10 -1.35504870E-14
1.80385534E+04 -8.26935223E4-00
T <1000K 6.07949401E-01 2.82182431E-02 -4.60451618E-05 3.82559486E-08 -1.23226501E-11
1.90714209E+04 1.69199098E+01
HNC
T > 1000K 0.36500778E+01 0.34609979E-02 -0.12742787E-05 0.22176556E-09 -0.14771773E-13
0.22320564E4-05 0.23932204E4-01
T <1000K 0.24904623E+01 0.86112805E-02 -0.10310342E-04 0.74814981E-08 -0.22291095E-11

0.22544992E-+05 0.79049816E4-01




Appendiz D 286
CH,NO,

T > 1000K 0.72579584E+01 0.97425506E-02 -0.32998314E-05 0.49756554E-09 -0.27304449E-13 -
0.12274141E4-05 -0.12651306 E+02

T <1000K 0.16658440E+01 0.18138818E-01 0.12019345E-05 -0.12436082E-07 0.56004723E-11 -
0.10272887E4-05 0.18234782E4-02

CH,NO,

T > 1000K 7.67214886E+00 7.04674142E-03 -2.55301211E-06 4.14646979E-10 -2.49316782E-14
1.52307521E+04 -1.22510821E4-01

T <1000K 2.46754293E+00 1.56130407E-02 4.71686464E-06 -2.05123642E-08 1.02705094E-11
1.69015807E+04 1.59016345E+01

N,

T > 1000K  2.95257637TE+00 1.39690040E-03 -4.92631603E-07 7.86010195E-11 -4.60755204E-15 -
9.23948688E+02 5.87188762E+-00

T < 1000K 3.53100528E+00 -1.23660988E-04 -5.02999433E-07 2.43530612E-09 -1.40881235E-12 -
1.04697628E+03 2.96747038E+00

Ny

T > 1000K 4.64110774E+00 2.76960647E-03 -1.04917579E-06 1.75340743E-10 -1.07482727E-14
5.28079884E4-04 -9.40233115E-01

T < 1000K 2.86063087E+00 4.24883043E-03 5.14574004E-06 -1.01478684E-08 4.41879795E-12
5.34787743E+-04 9.11586663E4-00

T > 1000K  7.48347734E+00 2.57772041E-03 -1.00945831E-06 1.72314072E-10 -1.07154015E-14
5.70919428E4-03 -1.41618155E4-01

T <1000K 2.17359310E+00 1.04902697E-02 1.10472650E-05 -2.81561854E-08 1.36583958E-11
7.39219877E4-03 1.46022098E4-01

T > 1000K 1.31108082E+01 4.87435791E-03 -1.87548389E-06 3.16374121E-10 -1.95926845E-14 -
3.11634700E+03 -3.46877692E+01

T < 1000K 3.68767444E+00 3.92120798E-02 -5.53770029E-05 4.20097833E-08 -1.31260710E-11 -
8.30291184E4-02 1.21967866E+-01

T > 1000K 9.08583845E+00 3.37756330E-03 -1.31583890E-06 2.30762329E-10 -1.47151267E-14
7.27160146E4-03 -1.55361904E+01

T <1000K 5.81083964E+00 1.43330962E-02 -1.96208597E-05 1.73060735E-08 -6.46553954E-12

8.19184453E+03 1.20461321E4-00




Appendiz D 287
HNO,
T > 1000K  8.03098942E+00 4.46958589E-03 -1.72459491E-06 2.91556153E-10 -1.80102702E-14 -
1.93138183E4-04 -1.62616537TE+01
T <1000K 1.69329154E+00 1.90167702E-02 -8.25176697E-06 -6.06113827E-09 4.65236978E-12 -
1.74198909E+-04 1.71839838E4-01
N204
T > 1000K 1.15752899E+01 4.01616086E-03 -1.57178323E-06 2.68274309E-10 -1.66922019E-14 -
2.92191226E+03 -3.19488439E+01
T < 1000K 3.02002308E+00 2.95904321E-02 -3.01342458E-05 1.42360407E-08 -2.44100049E-12 -
6.40040162E4-02 1.18059606E+-01
HN,
T > 1000K 5.14700198E+00 4.30561405E-03 -1.52704650E-06 2.46295940E-10 -1.47144292E-14
3.31533377TE+04 -2.25528569E4-00
T <1000K 2.88510835E+00 9.44343949E-03 -3.87921021E-06 -1.89401832E-09 1.60183173E-12

3.38421425E4-04 9.71687992E4-00

Table D.6: Additional gas phase thermochemical properties implemented in Chapter 5.

C,H

T > 1000K

T < 1000K

6.80958026E+00 5.53720360E-03 -1.99731156E-06
9.55410750E4-04 -9.27742185E+00

1.61853523E4-00 2.42334896E-02 -2.92435255E-05
9.67816455E+04 1.65122775E4-01

3.23402907E-10 -1.94028936E-14

1.90475677E-08 -5.00259472E-12

C,H,

T > 1000K

T < 1000K

8.68978130E4-00 6.69732229E-03 -2.34774865E-06
5.19942624E+04 -2.20010465E+01

-5.84768273E-01 5.33506727E-02 -9.50805952E-05
5.36111160E+04 2.09878997E+-01

3.72759231E-10 -2.20554548E-14

8.37959674E-08 -2.80912179E-11

C4H3n

T > 1000K

T < 1000K

8.67518979E+00 8.99760032E-03 -3.18870421E-06
6.19699844E+04 -1.87973407E+01

7.12909471E-01 3.86307007E-02 -4.72486887E-05
6.38015128E+04 2.04653602E4-01

5.10080852E-10 -3.03404906E-14

3.09706868E-08 -8.10178201E-12

C,H,i

T > 1000K

T < 1000K

8.51181244E4-00 9.03337808E-03 -3.17602594E-06
5.71046116E+04 -1.51017769E+01

3.37964170E4-00 2.70498840E-02 -2.90761572E-05
5.83688723E+04 1.05464883E4-01

5.05276458E-10 -2.99379699E-14

1.83027765E-08 -4.81164203E-12




Appendiz D

288

C,H,

T > 1000K

T < 1000K

7.98456038E+00 1.20558816E-02 -4.23587475E-06
3.11993029E+-04 -1.67958975E+01

1.37368786E4+00 2.88801256E-02 -1.46863874E-05
3.30633344E+04 1.75941274E4-01

6.73646140E-10 -3.99059864E-14

-3.91045446E-09 4.78133572E-12

C4H58

T > 1000K

T < 1000K

8.40733458E+00 1.40059672E-02 -4.95807494E-06
3.44768074E+04 -1.65735377E+01

3.28671229E+00 2.27907195E-02 -8.19784841E-07
3.61697749E+04 1.12012879E4-01

7.92402949E-10 -4.71000236E-14

-1.48809448E-08 7.82382760E-12

O, Hat

T > 1000K

T < 1000K

1.05908873E+4+01 1.20520192E-02 -4.25436532E-06
3.85927282E4-04 -3.08524262E+01

1.91541514E4+00 2.07457141E-02 3.19954425E-05
4.14719044E4-04 1.69577125E+4-01

6.78465925E-10 -4.03132920E-14

-6.69258254E-08 3.12959476E-11

C,Hsi

T > 1000K

T < 1000K

8.84861310E+00 1.41333440E-02 -5.02167996E-06
3.37711137E+04 -2.10173757E+01

1.87535071E4-00 2.65030231E-02 1.96342023E-06
3.59775585E+04 1.65021732E4-01

8.04623264E-10 -4.79136957E-14

-2.45970811E-08 1.29722739E-11

C,Hgs

T > 1000K

T < 1000K

7.91693669E+00 1.72036050E-02 -6.12682850E-06
1.56644026E+04 -1.64630702E4-01

3.97325190E4+00 1.19311387E-02 3.67647333E-05
1.75256264E+04 7.76349546E-+00

9.83121060E-10 -5.85980280E-14

-5.58850964E-08 2.31342088E-11

C,Hyt

T > 1000K

T < 1000K

1.04197067E4-01 1.47876391E-02 -5.21635362E-06
8.54812076E+03 -3.23589750E+01

3.42577713E+00 4.55942735E-03 8.23041857E-05
1.16047119E+4-04 1.00999028E+01

8.31059701E-10 -4.93320213E-14

-1.20416724E-07 5.09000540E-11

C,Hf

T > 1000K

T < 1000K

8.43880732E4-00 1.65900125E-02 -5.87209474E-06
1.61699434E+04 -1.92895245E4-01

2.32743471E400 2.59076877E-02 4.14601953E-06
1.82119400E+-04 1.40456299E-+01

9.38337857E-10 -5.57662624E-14

-2.47406550E-08 1.23988097E-11




Appendiz D 289
C,Hyb
T > 1000K  8.20335300E+00 1.69495299E-02 -6.03753174E-06 9.69060562E-10 -5.77756231E-14
2.65189274E+04 -1.93243077E+01
T <1000K 2.96302031E+00 1.31820550E-02 4.22616015E-05 -6.65521728E-08 2.81721321E-11
2.87776133E404 1.19421372E4-01
C,Hgm
T > 1000K 7.16249995E+00 1.79678340E-02 -6.42169543E-06 1.03280570E-09 -6.16552906E-14
1.42079893E+04 -1.33397082E4-01
T < 1000K 5.45022262E+00 2.76407277E-03 5.23661192E-05 -6.66978269E-08 2.57972012E-11
1.56870959E+04 4.10301778E-01
T > 1000K  8.97924987E+00 1.89314502E-02 -6.74883879E-06 1.08370764E-09 -6.46277001E-14
1.19605358E+04 -2.22521993E4-01
T <1000K 1.01003603E+00 3.02533518E-02 9.27971616E-06 -3.58385260E-08 1.74763632E-11
1.46483074E+04 2.13831640E+01
C,H;n
T > 1000K 8.49073768E+400 1.91056974E-02 -6.74370664E-06 1.07343267E-09 -6.36251837E-14
2.04659294E4-04 -1.74555814E+-01
T < 1000K 5.07355313E+00 5.27619329E-03 6.23441322E-05 -8.54203458E-08 3.45890031E-11
2.24615054E4-04 5.60318035E4-00
C,Hs
T > 1000K 8.77047624E+00 1.92187729E-02 -6.87542705E-06 1.10663532E-09 -6.61028746E-14
1.20695085E4-04 -2.08842606E+01
T <1000K 4.16630233E+00 8.96330982E-03 5.79781450E-05 -8.30895850E-08 3.41361824E-11
1.43921546E+04 8.26375850E+00
C,Hgi
T > 1000K  8.06269034E+00 2.20765179E-02 -7.90114313E-06 1.27198170E-09 -7.59864193E-14 -
6.16389292E+03 -1.83725208E+01
T < 1000K 5.16031440E4-00 5.63178326E-03 6.25749118E-05 -8.20550258E-08 3.21220767E-11 -
4.13902874E+03 2.60924249E4-00
C,Hgn
T > 1000K 8.37176539E+00 2.17689316E-02 -7.77572559E-06 1.24747571E-09 -7.43321930E-14 -
4.28560037E+03 -1.81843440E4-01
T <1000K 5.48963814E+00 1.37802066E-03 7.79778572E-05 -1.01585586E-07 4.02781850E-11 -

2.15478324E+03 3.42836316E4-00




Appendiz D 290
C4HSS
T > 1000K  7.88750247TE+00 2.22988814E-02 -7.99637187E-06 1.28899533E-09 -7.70725949E-14 -
5.45955297E4-03 -1.70739220E4-01
T <1000K 6.85844649E+00 -6.51094213E-03 9.08047195E-05 -1.09617044E-07 4.18667549E-11 -
3.62153801E4-03 -4.07345440E+00
O, Hyi
T > 1000K 9.61250942E+00 2.28581786E-02 -8.06391309E-06 1.28556553E-09 -7.62730799E-14
4.15218608E+03 -2.66485099E+01
T <1000K 3.34476784E+00 2.31869650E-02 3.28261040E-05 -5.96398514E-08 2.58980820E-11
6.66201200E+03 9.68860372E4-00
T > 1000K  6.72557390E+00 2.53649194E-02 -9.05306262E-06 1.45474620E-09 -8.67934112E-14
2.57430692E4-03 -8.89920414E+00
T <1000K 6.45910754E+00 -1.02015930E-02 1.06310577E-04 -1.25717030E-07 4.75543216E-11
4.43420391E+03 1.30648608E+00
C,Hgn
T > 1000K 8.97401527E+00 2.39704154E-02 -8.48703645E-06 1.35644127E-09 -8.06234913E-14
5.19161526E+03 -2.31075609E+01
T < 1000K 4.73737837TE+400 9.69051565E-03 6.63846383E-05 -9.24799302E-08 3.74006099E-11
7.57382332E+03 4.91063455E+00
C,Hgys
T > 1000K  7.72287211E+00 2.43427284E-02 -8.65476475E-06 1.38712529E-09 -8.26084187E-14
4.15004489E+03 -1.43949625E4-01
T <1000K 5.42089393E+00 -9.12146870E-04 8.84998581E-05 -1.12115531E-07 4.38222782E-11
6.28927311E4-03 5.04210029E4-00
C,H,on
T > 1000K  8.92213454E+00 2.62597428E-02 -9.42142441E-06 1.51500444E-09 -9.03538061E-14 -
1.98790900E+04 -2.23198916E+-01
T < 1000K 6.84977207E+00 -1.75116891E-03 9.48605428E-05 -1.19284063E-07 4.65100207E-11 -
1.76822354E+04 -3.51832851E4-00
C,H,i
T > 1000K 9.76991697TE+00 2.54997141E-02 -9.14142587E-06 1.47328201E-09 -8.80799697E-14 -
2.14052667E+04 -3.00329670E+401
T <1000K 4.45479140E+00 8.26058864E-03 8.29886433E-05 -1.14647616E-07 4.64569994E-11 -

1.84593929E+04 4.92740653E+00




Appendiz D

291

C,H,0

T > 1000K

T < 1000K

9.40908701E+00 8.64021882E-03 -3.12908612E-06 5.07868742E-10 -3.05160749E-14
2.24615264E4-04 -2.18745001E+01

2.15973548E400 3.72020987E-02 -5.14278090E-05 4.03137307E-08 -1.28501835E-11
2.41419803E+04 1.37260239E4-01

C,H,0

T > 1000K

T < 1000K

9.61322922E+00 1.39225141E-02 -5.05874715E-06 8.23043284E-10 -4.95420588E-14
5.87078239E+02 -2.66451271E+01

1.78782779EA+00 1.73722022E-02 3.80649464E-05 -6.80589897E-08 3.00845106E-11
3.50676877EA+03 1.78264604E+-01

C4H5 OX

T > 1000K

T < 1000K

1.00109193E401 1.56609245E-02 -5.64859331E-06 9.14217653E-10 -5.48218361E-14
3.70525874E4-03 -2.37578616E+01

5.01239905E4-00 1.50193265E-02 2.82372524E-05 -4.74581120E-08 2.00717803E-11
5.79705805E4+03 5.56182744E4-00

C,H;0y

T > 1000K

T < 1000K

1.05082001E+4-01 1.56939134E-02 -5.67000455E-06 9.18897935E-10 -5.51590124E-14 -
5.18511078E+02 -2.90238850E+01

3.28894051E+00 1.95544826E-02 2.97994330E-05 -5.57675403E-08 2.45205321E-11
2.20378942E+-03 1.20012623E+-01

T > 1000K

T < 1000K

1.04017539E4-01 1.91801473E-02 -7.15850045E-06 1.17439803E-09 -7.08810109E-14
1.75011636E+04 -3.00059373E4-01

3.94073764E4-00 2.32480563E-02 1.80932390E-05 -3.81207793E-08 1.63656642E-11 -
1.49548630E+04 6.92065946E+00

C,HgzOa

T > 1000K

T < 1000K

1.06955708E+-01 1.76034072E-02 -6.31551730E-06 1.01520407E-09 -6.05533529E-14
3.74306952E+-03 -3.07187354E+01

2.43462425E4-00 2.77197540E-02 1.56055031E-05 -4.30249223E-08 2.02031524E-11 -
8.90012699E+02 1.48831206E4-01

C,H,0x

T > 1000K

T < 1000K

1.03519991E401 2.03385849E-02 -7.35907392E-06 1.18946887E-09 -7.11844228E-14
1.75561028 E+03 -2.59117862E4-01

4.80290347E4-00 1.26829060E-02 5.37008113E-05 -7.94047836E-08 3.26679573E-11
4.37998505E4-03 8.22571029E4-00




Appendiz D 292
C4H7Om
T > 1000K  9.95812346E+00 2.00549144E-02 -7.19396488E-06 1.15740437E-09 -6.91060030E-14 -
1.17601480E+-04 -2.24695101E+01
T <1000K 4.68146299E+00 1.86787473E-02 2.95246310E-05 -4.97395546E-08 2.07620847E-11 -
9.47693435E4-03 8.75509363E4-00
C,HgOx
T > 1000K 1.01453808E+01 2.30313259E-02 -8.27843616E-06 1.33674487E-09 -8.00286667E-14 -
2.18459352E4-04 -2.86842582E+-01
T <1000K 4.91524246E+00 1.07110614E-02 6.48871041E-05 -9.10021090E-08 3.66436878E-11 -
1.91042078E+04 4.78044074E+00
C,HgOm
T > 1000K 9.74197781E+00 2.30221779E-02 -8.28513329E-06 1.33580581E-09 -7.98631500E-14 -
3.08246201E+04 -2.35538706E+-01
T <1000K 6.85713509E+00 1.73287406E-03 7.75498242E-05 -9.87341435E-08 3.83292752E-11 -
2.85711183E+04 -1.49989282E4-00
C,HgOHi
T > 1000K  1.20408349E+01 2.27109222E-02 -8.09318390E-06 1.29534127E-09 -7.69845061E-14 -
1.47279195E+04 -3.27518521E4-01
T < 1000K  3.50432963E+00 4.36215967E-02 -2.32342059E-05 1.29922560E-09 2.68598392E-12 -
1.21533089E+04 1.21840368E+01
T > 1000K 1.58754061E+01 2.45143718E-02 -9.02792662E-06 1.47136702E-09 -8.84192089E-14 -
3.37499714E+04 -4.87350426E+4-01
T <1000K 1.20350104E+01 4.07786695E-03 8.13917304E-05 -1.06870642E-07 4.21108331E-11 -

3.11855572E4-04 -2.14156628E+01




Appendix E

Knudsen efficiency factors

The following Table includes the average Knudsen efficiency factors for the temperature
range of 450 < T[K] < 800 , at different Pt loadings [2]. The mean values originate from
the corresponding values of DY /DY ratios of the selected species, shown in Table 2.1.

Table E.1: Variation of the average Knudsen efficiency factor values with the tem-
perature, for different Pt loadings. The values indicated in a bold font are applied
in Chapter 4, apart from Section 4.3.4 which illustrates the effect of the different Pt

loadings.

T [K] fle [-] (0.5 wt%) fle [-] (1 wt%) fle [-] (3 wt%)
450 3.19-1072 3.00-102 3.36 - 1072
460 3.22-1072 3.03-1072 3.39-1072
470 3.26-1072 3.06 - 1072 3.43-1072
480 3.29- 1072 3.09.102 3.46 - 1072
490 3.32.1072 3.12.1072 3.50 - 1072
500 3.36-1072 3.15-1072 3.53-1072
510 3.39-1072 3.18.102 3.57 - 1072
520 3.42-1072 3.21.102 3.60 - 1072
530 3.45-1072 3.24.1072 3.63- 1072
540 3.48-1072 3.27.1072 3.67-1072
550 3.51-1072 3.30-1072 3.70 - 1072
560 3.55-1072 3.33.1072 3.73-1072
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T [K] fle [-] (0.5 wt%) fle [-] (1 wt%) e [ (3 wt%)
570 3.58-1072 3.36-1072 3.76 - 1072
580 3.61-1072 3.39.1072 3.79 1072
590 3.64-1072 3.42.1072 3.83.1072
600 3.66 - 1072 3.44.1072 3.86 - 1072
610 3.69-1072 3.47-1072 3.89-1072
620 3.72-1072 3.50 - 102 3.92- 1072
630 3.75- 1072 3.53.102 3.95- 1072
640 3.78-1072 3.55-1072 3.98 1072
650 3.81-1072 3.58.102 4.01-1072
660 3.84-1072 3.61-1072 4.04-1072
670 3.86-1072 3.63-1072 4.07-1072
680 3.89-1072 3.66 - 1072 4.10- 1072
690 3.92-1072 3.68-1072 4.12-1072
700 3.95-1072 3.71-1072 4.15-1072
710 3.97 - 1072 3.74.1072 4.18 - 1072
720 4.00-1072 3.76 .10~ 2 4.21-1072
730 4.03-1072 3.79-1072 4.24-1072
740 4.05 - 1072 3.81-1072 4.26-1072
750 4.08-1072 3.84.102 4.29 - 1072
760 4.11-1072 3.86-1072 4.32-1072
770 4.13-1072 3.88-1072 4.35-1072
780 4.16-1072 3.91.102 4.37 - 1072
790 4.18-1072 3.93.102 4.40-1072
800 4.21-1072 3.96 - 1072 4.43-1072
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