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ABSTRACT

This study proposes reaction pathways to explain chemical routes that the fractions of a heavy crude
oil follow during the thermal cracking and low temperature oxidation stages of in situ combustion
(ISC). ISC is an enhanced oil recovery method that has as operating principle a combustion process
inside a reservoir. Coke is produced during this process by thermal cracking and oxidation at low
temperature and reacts to release energy in the form of heat that reduces the viscosity of the crude oil
and facilitates its extraction. Current reaction schemes for ISC do not give details about the chemistry
involved in this process. Based on that, this research studied the process from a chemical point of view
in order to get a better understanding on the products formation and reactions.

Surrogate compounds with physical and chemical properties representative of the different fractions
of a crude oil were carefully selected. Given the complexity of the surrogate molecular structures,
the reactive sites in the molecules were determined from the analysis of bond orders and reactivity
indexes provided by electronic structure calculations. Quantum chemistry simulations of the possible
reaction pathways of these surrogates indicated the most probable reactions that take place during
ISC. Validation of the proposed reaction pathways was undertaken by assessing the agreement of
intermediate species, products and reaction energies with experimental data available in the literature.
The agreement was good and gave confidence that proposed pathways can improve the understanding
of the chemistry associated with the ISC process and, therefore, enhance the probability of success of
new ISC projects.

Keywords: In situ combustion, reaction pathway, thermal cracking, low temperature oxidation, elec-

tronic structure calculations



RESUMEN

El presente estudio propone reaction pathways para explicar las rutas quimicas que las fracciones de
un crudo pesado siguen durante las etapas de craqueo térmico y oxidacion a baja temperatura de la
combustion in situ (CIS). CIS es un método de recobro mejorado de crudo que tiene como principio
operativo un proceso de combustién al interior del yacimiento. El coque es producido durante este
proceso debido al craqueo térmico y la oxidacién a baja temperatura y reacciona para liberar energia
en forma de calor, la cual reduce la viscosidad del crudo y facilita su extraccién. Los esquemas de
reaccion actuales para CIS no proveen detalles sobre la quimica implicada en este proceso. Con base
en ésto, esta investigacion estudié la CIS desde un punto de vista quimico con el fin de obtener un
mejor entendimiento en la formaciéon de productos y las reacciones.
Sucedaneos con propiedades fisicas y quimicas representativas de las diferentes fracciones de un crudo
fueron cuidadosamente seleccionadas. Dada la complejidad de las estructuras moleculares de los su-
ceddneos, los sitios de mayor reactividad en dichas moléculas fueron determinados mediante el analisis
de ordenes de enlace e indices de reactividad provistos por calculos de estructura electréonica. Si-
mulaciones en quimica cudntica de los posibles reaction pathways de estos suceddneos indicaron las
reacciones que mas posiblemente tienen lugar durante la CIS. La validacién de los reaction pathways
propuestos fue realizada mediante la evaluacién de la concordancia entre especies intermedias, pro-
ductos y reacciones con datos experimentales disponibles en la literatura. Se obtuvo un buen acuerdo
entre los resultados y lo reportado, lo que sugiere que los reaction pathways propuestos pueden mejorar
el entendimiento de la quimica asociada con el proceso CIS y por lo tanto, aumentar la probabilidad
de éxito de nuevos proyectos en este campo.

Palabras claves: Combustién in situ, reaction pathway, craqueo térmico, oxidacién a baja tempe-

ratura, calculos de estructura electronica
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Chapter 1

Introduction

Hydrocarbons are still the main energy source of the world. Almost every product and process require
materials or fuels derived from petroleum. Typical reservoirs have been exploited with good results;
however, light oil reservoirs are becoming less abundant [3], which motivates the petroleum industry
to look for other sources. Unconventional reservoirs have been evaluated as one of the main options
to replace the energy supply. These type of reservoirs challenge the industry, because conventional
extraction techniques do not perform properly in their cases [4]. In the last decades a vast amount
of heavy crude oil and bitumen reservoirs have been identified and explored. Some studies estimate
reserves of these resources around 9-13 trillion barrels [3, 5].

In situ combustion (ISC) was developed for Enhanced Oil Recovery (EOR) in order to increase the
recovery factor of heavy crude oil and bitumen and is useful when common or conventional methods are
not enough or appropriate. ISC is a thermal oil recovery technique where a combustion front is formed
and propagated along the reservoir, taking advantage of important physical-chemical phenomena.
ISC has been traditionally divided in three stages: low temperature oxidation (LTO), thermal cracking
and high temperature oxidation [1,4,6-8]. Low temperature oxidation is the first process stage and
has as main products oxygenated compounds and coke. These products undergo an oxidation process
at high temperature, producing combustion gases, carbon monoxide (CO), carbon dioxide (CO2) and
water vapor. Combustion gases propagate through the reservoir and make contact with the cold crude
oil bank, which undergoes an increase in its energy that causes thermal cracking, an important stage,
because, in addition to coke production, upgrades the oil, increasing the fraction of lighter compounds
recovered.

This research proposes reaction pathways that describe, in detail, the chemical evolution of heavy
crude oil fractions during low temperature oxidation and thermal cracking stages of ISC process. The

first step in developing such a mechanism involved the selection of surrogate species representative of
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the most important oil fractions. In addition, the most accepted reaction mechanisms proposed for low
temperature oxidation [9-20], and thermal cracking [21-37] of hydrocarbons were analyzed. Based on
that, it was possible to determine the reactions that could occur under ISC conditions. Furthermore,
in order to study the possible routes that the different species follow, the software Gaussian 09 [38]
was used to obtain optimized structures of surrogate compounds selected, ground-state energies, bond
orders (through Wiberg Index) and a characterization of possible reactive sites (through topological
and electrophilic condensed Fukui Functions). All of these parameters were taken into account to

formulate the reaction pathways.

1.1. Motivation

Physical phenomena associated to ISC technique are well-known by the petroleum industry, particu-
larly those associated with the flow through porous media. The chemical approach of this process,
however, has not been largely explored or described, although chemical phenomena provide key in-
formation for a better understanding of the process [4,11]. Typical reaction schemes to explain ISC
chemistry [1,6-8,39] have been proposed based on experimental data. The reactions that usually inte-
grate them involve pseudocomponents such as maltenes and consider products such as gases. Current
reaction schemes do not give details about most of the products that the complex processes of low
temperature oxidation and thermal cracking form, whereas there is an extensive development of high
temperature oxidation mechanisms for several fuels [40-43]. Taking this into account, this research
attempted to obtain a deeper chemical knowledge for the low temperature oxidation and thermal crac-
king stages of the ISC process, which would improve the performance of simulation tools [4,11], the
understanding of possible environmental consequences of its application and enhance the probability

of success of new ISC projects.

1.2. Objective

To develop a reaction pathway to explain the chemical transformations during in situ combustion

1.3. Specific Objectives

1. To divide the ISC process in stages according to the chemical reactions involved

2. To identify chemical species that, working as surrogates for the most important fractions in a

crude oil, allow the study of the chemical processes in ISC
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3. To propose the chemical reactions responsible for the transformations of the surrogates during

ISC

1.4. Description of the Thesis

This document contains six chapters. The present chapter presents the introduction, motivation and
objectives of this research. Chapter 2 introduces the fundamentals and background studied for the
development of this thesis. The chapter defines in situ combustion and its stages. It presents a brief
compilation of main reaction schemes that have been proposed for the three stage of the process. In
addition, Chapter 2 introduces a definition of reaction mechanisms and types of reactions, and presents
a summary of the most accepted reaction mechanisms formulated for low temperature oxidation and
thermal cracking processes of hydrocarbon molecules. The use of computational chemistry tools was
fundamental to conduct this research, and therefore to describe the current state of the use of these
tools was mandatory. Because this is the first research in ISC that takes advantage of computational
chemistry calculations, Chapter 2 describes briefly the present usage of this kind of tools to study
other processes that involve hydrocarbons chemistry.

Chapter 3 explains the methodology developed to conduct this research. That applied mechanistic-
study methodologies to ISC to develop reaction pathways to explain, in detail, the complex chemical
evolution of crude oil fractions. Three main parts could be identified in the methodology. The first one
that was based on a literature review, which allowed to select surrogates, products and reactions. The
second part involved the computational methodology employed, calculations procedures and analysis
of obtained results. The third part associated the methodology to formulate the reaction pathways.
Results are presented in three chapters. Chapter 4 introduces the surrogate selection and ISC chemical
division processes. Regarding to surrogate selection, the aspects and features identified to describe
SARA fractions of a crude oil and the structures and characteristics of the selected surrogates are
presented. Related to the ISC chemical division process, the way in this thesis divided the stages of ISC
into events is explained. Chapter 5 describes the development of low temperature oxidation pathways.
It begins presenting a methodology diagram that explains the specific procedure to formulate LTO
reaction pathways. Next, compound structures, summary tables and reaction schemes are presented.
Finally, specific conclusions from the mentioned section are presented. In the same way as in the LTO
case, Chapter 6 explains the development of thermal cracking pathways.

Chapter 7 presents the overall conclusions from this research and the future work derived from this
research. Finally, an Appendix that contains extended reaction schemes of the proposed reaction

pathways is presented. The reaction schemes describe the chemical routes followed by hydrocarbon
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species with the related reaction energies.



Chapter 2

Fundamentals and Background

This section presents a description of the main concepts and research advances took into account to
develop this thesis. It introduces the ISC concept focused on the main aspects related to the chemistry
involved in the process. The reaction schemes that have been developed for ISC are described. In
addition, definition for reactions and reaction mechanisms are presented, as well as a summary of the
most accepted reaction mechanisms formulated for low temperature oxidation and thermal cracking.
Finally, a brief background of the use of computational chemistry for modeling analogous processes

that involve hydrocarbon molecules is presented.

2.1. In Situ Combustion (ISC)

In Situ Combustion (ISC) is an Enhanced Oil Recovery (EOR) technique designed to increase the
recovery factor of heavy oils [1,4,44]. This technique has a large theoretical efficiency compared to
other processes such as steam injection [1,6] currently the most employed Enhanced Oil Recovery
method [1,45]. Only some drawbacks have been associated with the performance of this technique,
such as: possible contamination of ground water sources or difficulties for controlling the combustion
front, which could affect areas in the surroundings of reservoirs.

ISC is a thermal oil recovery technique that bases its operation on important physical-chemical phe-
nomena [1,4,6,46]. While some of those phenomena are well-known by the petroleum industry, parti-
cularly those associated with the flow through porous media, the chemical processes in ISC have not
been largely explored or described, although they provide key information for a better understanding
of the extraction process [11,39]. Currently, however, some author’s discussions focus on the question
if it is better to describe this oil recovery technique as a thermal recovery method without emphasizing
in the chemistry of the process or if it is critical to include a rigorous explanation about it [47,48].

Those in the side to improve the chemical knowledge argue that a deeper chemical knowledge of the
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ISC process would improve the performance of simulation tools [11] and the understanding of possible
environmental consequences of the application of this technique to a reservoir.

ISC refers to the burning of fuel inside the reservoir [49] and is frequently associated with air injection
in heavy oil reservoirs. During the process of oil recovery, air or oxygen enriched gas is injected into
the reservoir; the reactive contact between the oil and gas produces heat which ignites the oil around
and allows the formation of a combustion front [1,6,50]. Combustion reactions propagate along the
reservoir facilitating the recovery of the unburned crude by a decrease in its viscosity [1,2]. The support
of the combustion front is the formation of a carbon-rich residue, coke, that has been amply studied
because it constitutes a typical product in any kind of process that involves crude oil, specially when
it is being refined [51]. In the ISC case coke is the fuel for the process. Without coke formation, ISC
is not sustainable [50]. Contrary in a refinery, coke formation constitutes a drawback that challenge
the petroleum industry. It affects equipments performance in a negative form, it obstructs flow zones
and deactivate catalysts, among others drawbacks associated to its production.

Figure 2.1 a) presents a diagram to explain ISC process, while Figure 2.1 b) shows the temperature
profile of ISC zones related to the distance from the injection well in the reservoir. At the beginning
of the process air is compressed and pumped into the reservoir in the injection well. The first zone is
called upstream region. The combustion front previously moved through that region leaving a burned
zone that, in theory, should not contain any remaining crude. In that section of the reservoir only heat
transfer is relevant. The combustion zone is located downstream of the «upstreams» region. Ideally,
all oxygen is consumed in this zone. The reactive contact between oxygen and oil releases a large
amount of energy in form of heat; therefore, this zone registers the maximum temperature, which is
according to the fact that it provides the heat to the other zones of the process. The combustion zone
separates the above mentioned upstream region to the downstream region, which is called the cracking-
evaporating region. In the downstream region, the lack of oxygen combined with high temperatures
promote the evaporation of light compounds and the cracking of heavy compounds producing lighter
species and coke. Vaporized components and combustion gases follow in their way inside the reservoir.
Eventually, those gases arrive to the oil bank, which is the place where the cold crude is immobile.
That contact causes a heat transfer phenomenon that leads to gas condensation and an increase in
the oil bank temperature that produces a reduction in the viscosity and enhances the mobility of the

oil [1,2,6,8]. The temperature maintains an almost constant value through this region.
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Figure 2.1: a) Scheme of the main phenomena involved in ISC. b) Temperature profile of ISC

zones [1,2]

The chemistry related to the ISC process is one of the main difficulties associated to this technique.
Most of the reaction schemes in the literature [6-8,50,52-56] have a modular structure. Focused on
the chemistry of this process, several authors [4,6-8,50,52-56] have proposed two types of reactions as
responsible of the ISC chemical evolution: thermal cracking and oxidation. These reactions take place
in two temperature ranges, up to and over 300°C. Taking this into account, ISC has been traditionally
divided in three stages: low temperature oxidation, thermal cracking and high temperature oxidation
[4,6-8,48]. The first two give rise to the formation of coke that reacts in the third stage to release
energy in the form of heat. Other authors [1,52,57] have named these reactions in other ways such as:
medium temperature reactions, fuel formation reactions or oil-mobilizing bond scission reactions.

Given the complexity of crude oil, and thus the knowledge of its composition, all functional reaction
models have been supported by the concept of pseudocomponents as starting point. Initial models [58]
divided crude oil in two fractions: light and heavy oil. Other models have worked with a pseudocom-
ponent formaulation that includes maltenes, asphaltenes, coke and gases [1,6,8,59,60]. This approach
has been preferred by some authors [8,57] that consider a thorough chemical explanation of ISC as se-
condary. Contrary to this position that simplifies chemistry, recent studies [7,13,50,55,56] that aimed
to obtain a better understanding of the ISC chemistry, proposed mechanisms with a higher number of
pseudocomponents. In this case the authors have used complex groups of pseudocomponents such as
Saturates, Aromatics, Resins, Asphaltenes (SARA fractions) and Coke. Moreover, they have included
new fractions such as HMWG (high molecular weight gas) and some real compounds highly important

in ISC such as carbon monoxide (CO), carbon dioxide (CO2), methane (CHy) [7].
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2.1.1. Thermal cracking reactions

Thermal cracking reactions have been the most studied type of reactions involved in ISC. These reac-
tions are commonly called Cracking reactions, but they have been named as Bond scission reactions,
Medium temperature reactions, Pyrolysis reactions or fuel formation reactions [1].

Two different approaches have been employed to study these reactions. The chemical approach have
identified three main characteristics for thermal cracking reactions. They occur mainly in gas phase
(homogeneous reactions), require great amounts of energy to happen (endothermic reactions) and
usually involve three types of process: dehydrogenation, cracking (bond rupture) and condensation [1].
In a dehydrogenation process, only hydrogen atoms are affected, they are removed from the molecule
while carbon atoms are untouched [1]. During a cracking process, only the carbon-carbon bonds of the
heavier molecules are broken, which results in a formation of hydrocarbon molecules with lower carbon
number [1]. On the other hand, in condensation processes the number of carbon atoms in the molecules
increases, which allows to obtain heavier hydrocarbons [1]. In conclusion, in a common process, short
chain hydrocarbons undergo dehydrogenation and the larger molecules undergo cracking; therefore,
it is possible to say that this process tends to establish a balance in the number of carbon atoms in
the molecules [1,52]. Finally, those dehydrogenated molecules with a medium size recombine to form
heavier molecules that after a prolonged heating or when the temperature is so high produce coke
and volatile hydrocarbon fractions [1,6,52]. Some authors [55] have tried to explain with more detail
these processes that involves radical formation; however, the proposed mechanisms for ISC do not
offer rigorous chemical explanations.

The previous description is one of the most accepted nowadays; however, other authors [52] have
proposed a physical approach to study thermal cracking reactions. These works study and describe
the reaction process from the physical phenomena involved in thermal cracking. From this approach,
these reactions are seen as visbreaking reactions, term that refers to the changes in the viscosity of
crude oil, due to the molecules cracking and it is commonly used in the petroleum industry [52].
Most of the reaction schemes proposed to explain ISC chemistry have been formulated based on
experimental procedures [7,8,50,54-56]. The experiments carried out for mechanism formulation are
usually tests where crude oil is heated under specific conditions of temperature and pressure. The
process is controlled to determine in different times the advanced of the reaction by measuring the
sample and products composition. Given that the presence of oxygen determine the nature of the
reactions, the test environment is also controlled. Finally, by an analysis of sample evolution, reaction
schemes that involve products and kinetic data for these reactions are formulated [7,8,50,53-56, 59].

Reaction 2.1 [6] is the most simple chemical equation used to represent a thermal cracking reaction,
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where coke (C|) and hydrogen are produced by the cracking of a hydrocarbon chain in liquid phase.

(=CHa—)tiquia—C\ + Ha (2.1)

Reaction 2.2 [58] uses the most simple fractions of a crude, heavy and light oil, to explain the thermal
cracking process. According to the reaction the cracking of heavy oil produces lighter compounds and
coke. Stoichiometric coefficients presented in this and other models present below were determined by
mass balance closure in experimental setups. This model raises that thermal cracking of a heavy oil

mol produces 2.8 moles of light oil and 3.6 moles of coke.

HeavyOil(HO)—2.8LightOil(LO) + 3.6Coke(K) (2.2)

Reactions 2.3 to 2.5 [59] constitute the first set of thermal cracking reactions schemes proposed,
which some years later was modified by establishing their stoichiometric coefficients, giving raise to the
formation of a new group integrated by reactions 2.6 to 2.8 [8]. This advance was an important input
because stoichiometric coefficients represent mass balance and the coherence between reactants and
products that are fundamental to employ simulation tools. Reactions 2.6 to 2.8 represent, nowadays,

the most used model by those who prefer simple descriptions of ISC chemistry.

Maltenes— Asphaltenes (2.3)
Asphaltenes—Coke (2.4)
Asphaltenes—Gas (2.5)
Maltenes—0.372Asphaltenes (2.6)
Asphaltenes—83.223Coke (2.7)

Asphaltenes—37.638Gas (2.8)
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Other undetailed model is the one integrated by reactions 2.9 to 2.10 [52]. In this case the approach
that takes into account visbreaking is involved. This model and some of the reactions presented above
have in common the presence of the pseucomponent named as gas. This pseudocomponent is commonly
used by undetailed models to group several type of gases, whereas more detailed models attempt to

extend the amount of specific chemical species related to this pseucodomponent.

CrudeOil—VisbrokenOil + Gas (2.9)

VisbrokenOil—Coke + Gas (2.10)

Some authors [54, 61] have built reactions pathways for explaining, among others, processes such
as coke formation. Banerjee et al. [54] proposed a reaction pathway to explain coke formation that
involves a higher variety of pseudocomponents. In this case, saturates were divided into paraffins and
naphtenes, and other pseucomponents that have not been largely explored like olefins and cycloolefins
were used as well. This study also presented pseudocomponents defined by the authors such as lower
hydrocarbons, large and small aromatics.

Reactions 2.6 and 2.7 [8] make part of an improved model that transforms 2.8 into six new reactions,
reactions from 2.11 to 2.16 [7]. This reaction scheme attempted to get a better understanding, by
being more specific about the chemical species grouped by the pseducomponent gas. It involves real
compounds such as hydrogen (Hz), carbon monoxide (CO), carbon dioxide (COz), methane (C'Hy),
high molecular weight gas (HMW G) and sulphydric acid (H2.S).

Asphaltenes—542.0904H, (2.11)
Asphaltenes—68.1186C Hy (2.12)
Asphaltenes—39.0144CO (2.13)
Asphaltenes—24.8309C'O2 (2.14)
Asphaltenes—32.0644Hy.S (2.15)

Asphaltenes—26.3869H MW G (2.16)
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Given the widespread used of SARA fractions in research applied to the petroleum industry, the most
recent reaction models [55] proposed for ISC take SARA fractions as reactants. The model proposed by
Freitag and Exelby [55] is integrated by four reactions ( 2.17 to 2.20). It involves SARA fractions and
pseudcomponents such as gas and one named by the authors as light ends. Stoichiometric coefficients
for this model are not presented as they were determined as dependent on the composition of the

crude oil.

Saturates—Gas + Light Ends + Aromatics (2.17)
Aromatics—Gas + Light Ends + Saturates + Resins (2.18)
Resins—Gas + Light Ends + Saturates + Aromatics + Asphaltenes (2.19)
Asphaltenes—Gas + LightEnds + Saturates + Aromatics + Resins + Coke (2.20)

Finally, attempting to synthesize the reaction model by Freitag and Exelby [55], other authors [62]
reduced the four reactions to three and eliminate the presence of specific pseudocomponents in some of
the reactions. Reactions 2.21 to 2.23 presents the reduced model, which exclude the thermal cracking
process for saturates and deeply modify the chemical equation to explain the same process for the
aromatic fraction. In addition, the authors assumed that the only gas produced by this process is
water vapor (H20). In addition, this model introduced the psecudomponents Lites and PyrCoke.
Lites groups the hydrocarbons up to four carbon atoms that at environment conditions are gases,

whereas, PyrCoke is used to refer to the carbon rich residue from the pyrolysis of hydrcarbons.

Asphaltenes— Hy0 + Aromatics + Saturates + Lites + PyrCoke (2.21)

Resins— H20 + Asphaltenes + Aromatics + Saturates + Lites (2.22)

Aromatics— Asphaltenes + Lites (2.23)
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2.1.2. Low temperature oxidation reactions (LTO)

Contrary to the vast amount of studies related to cracking reactions, LTO reactions have not been
largely explored probably due to their high complexity [11]. The occurrence of LTO reactions is the
first reactive process in ISC. Main products from this type of reactions are oxygenated compounds
and coke, which are consumed in the high-temperature oxidation stage to produce combustion gas.
In spite of the requirement of LTO reactions to start the ISC process, this type of reactions are not
highly desirable because they consume great amounts of crude oil at high rates [1]. In the ideal case,
LTO reactions only produce the portion of coke required for the formation of the combustion front,
which is fed by the coke formed in the thermal cracking stage. Nevertheless, given the tortuosity of
a reservoir, oxygen may travel through the porous media, avoiding the combustion front and making
contact with other zones in the downstream region [1,6]. That contact may cause the formation of
oxygenated compounds that could be extracted in the production well. A case that could have serious
environmental implications and that have not been largely explored [46].

These reactions are heterogeneous (gas-liquid) and not complete combustion reactions, which means
that their main products are not water and dioxide carbon (C'Oz), although these species may be
produced as well [1,6,48]. LTO reactions have been defined as oxygen-addition reactions. Their ty-
pical products are water and partially-oxygenated hydrocarbons such as carboxylic acids, aldehydes,
ketones, alcohols and hydroperoxides [11,48].

From a chemical point of view, LTO reactions have been defined as condensation reactions as during
this process, low-molecular weight compounds become high-molecular weight products [1,48]. Based
on that, ISC reaction schemes propose that the low temperature oxidation of aromatic compounds
produces resins that eventually form asphaltenes [8,48,53]. These are, clearly two opposite but comple-
mentary points of view. The first one supports the side that considers LTO reactions as inconvenient,
as the content of asphaltenes grows increasing the viscosity of the crude oil, which would affect crude
oil production and the technique performance [1,4]. On the other hand, with a higher asphaltenes
content, coke production would be higher, which contributes to maintain the combustion front [1].
Different authors [1,53,56,63] have studied LTO effects and products based on experiments. The first
proposed reactions proposed have not experienced important transformations through the last decades
and are currently used. As for the thermal cracking case, researches that prefer these reactions look
for undetailed models to save computational time when using simulation tools. In spite of that, other
authors [13] have proposed new models that do not take into account the typical LTO reactions for
ISC. New models change completely the typical vision that traditional models had.

Some of the reactions explained below are part of the reaction schemes that were explained in the
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thermal-cracking-reactions section. In that case this section omits information previously given.

Reactions 2.24 and 2.25 [58] are one of the first proposed inputs in this research field. They describe
the LTO process using the pseudocomponents Heavy and Light oil and, in spite of the low complexity
of this crude oil division, this model involves real compounds such as carbon dioxide (CO3z) and water

(H50).

HeavyOil(HO) + 18.502—12C04 4+ 13H20 (2.24)

LightO’il(LO) + 509—3C 05 + 4H>0 (2.25)

Reactions 2.26 and 2.27 [53] constitute the most important contribution in LTO reaction schemes.
They are the typical LTO reactions that are currently used. Later experiments were carried out
to determine the properties of these pseudocomponents and the stoichiometric coefficients for these

reactions (reactions 2.28 and 2.29 [8]).

Maltenes + Oy— Asphaltenes (2.26)
Asphaltenes + Oa—Coke (2.27)
Maltenes + 3.43102—0.4726 Asphaltenes (2.28)
Asphaltenes + 7.51302—101.539C oke (2.29)

Some studies [56,62], following the objective to propose new reactions, have added other pseudocom-
ponents and reactions to the typical LTO schemes. Reactions 2.30 and 2.33 [56] shows the only set of
low temperature oxidation reactions that is based on the SARA fraction division. It is important to
highlight that compounds such as carbon dioxide (CO2) and water (H20) are included, which results
coherent to the nature of these reactions. However, these reactions involve pseoducomponents such as,
OxdAsph, OxdResAr and OxdSat, which constitute unknown species that have not been completely
characterized by the authors. In addition, coke is not directly produced by these reactions, contrary

to several authors [6,8, 53] that identify coke as the main product from LTO reactions.

Asphaltenes + Os— Hy0 + COy + OxdAsph (2.30)



2.1 In Situ Combustion (ISC) 15

Resins + Oy—Hs0 + COy 4+ OxdResAr (2.31)
Aromatics + Oa—H0 + CO9 + OxdResAr (2.32)
Saturates + Oa—H20 + CO9 + OzdSat (2.33)

A more recent research [63] focused on developing new models taking into account intermediate spe-
cies, which may be fundamental in the ISC performance. Reactions 2.34 to 2.37 [63] constitute the
first reaction set that includes intermediate species and temperature subranges to explain low tempe-
rature oxidation chemistry. In the lowest temperature subrange 50 — 150°C' (reaction 2.34), heavy oil
and oxygen form aldehydes, coke, water, CO and C'Os. In the second subrange 150 — 200°C', aldehy-
des produced in the first subrange form alcohols, ketones and more water. Finally, in the remaining
subranges 200 — 250°C' and 250 — 350°C, aldehydes and oxygen combine with ketones and alcohols,

respectively. Those reactions produce hydroperoxides, carboxylic acids, ketones and water.

Subrange 1: 50 — 150°C'
Heavyoil + Oa—Aldehydes + Coke + Water + CO + CO2 (2.34)
Subrange 2: 150 — 200°C'
Aldehydes + Oy— Alcohols + Ketones + Water (2.35)
Subrange 3: 200 — 250°C'
Aldehydes + Ketones + O2— Hydroperozides + Carboxylicacids + W ater (2.36)
Subrange 4: 250 — 350°C'
Alcohol + Aldehydes + Oy— MoreHydroperoxides + MoreKetones + Water (2.37)

2.1.3. High temperature oxidation reactions (HTO)

High temperature oxidation reactions have been amply studied. Several reaction schemes and extended
reaction mechanisms [40,42] have been proposed for the combustion of coal. Although coke and coal

are not the same, they share structural and chemical characteristics as carbon-rich materials.
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Most of the models proposed to explain the chemistry of HTO during ISC assume coke and oxygen as
reactants. According to their nature, these reactions have been defined as a heterogeneous reactions
in a gas-solid interface where main products are carbon dioxide (CO3), carbon monoxide (CO) and
water (H20) [1,6,8]. They occur in the temperature range from 300°C to 800°C' [1,8]. HTO reactions
are considered as exothermic, which means that energy is released when they occur. HTO is, according
to ISC, where the energy released by combustion reactions reduces the viscosity of the crude to allow
its extraction [1,8].

HTO reactions keep a stoichiometric relation giving by the chemical equation 2.38. In this expression
n is the atomic ratio of hydrogen to carbon and m is the mole percent ratio of produced CO2 to CO

that in the case of a complete combustion becomes zero [6].

2m+1 n 1 m n
CH, + <2(1+m) + 4> Oy — <l—|—m> CO + <m+1> CO2 + §H20 (2.38)

Given the heterogeneous nature of HT'O reactions, several phenomena occur at the same time. Com-
bustion is a surface-controlled reaction that may be divided in five processes. 1. Diffusion of oxygen
from the bulk gas stream to the fuel surface. 2. Adsorption of the oxygen at the surface. 3. Chemical
reaction. 4. Desorption of the combustion products. 5. Diffusion of the products away from the surface
and into bulk gas stream [1]. The identification of the phenomenon responsible for the control over
the process velocity is currently a controversial topic; however, diffusion and reaction steps have been
identified as the most likely ones as they tend to be the slowest processes [1,6].

The conventional reaction schemes [8, 58] formulated to explain HTO chemistry have typically used
a coke consumption reaction, which is represented by the reactions 2.39 , 2.40 and 2.41. Reaction
2.39 introduces the pseudocomponent COx that was proposed by the author as a way for grouping

the compounds CO and COs.

Coke(CHj 13) + 1.23209 — COx + 0.565H20 (2.39)
Coke(k) + 1.2509 — COy + 0.5H20 (2.40)
Coke(CHj 13) 4+ 1.23202 — 0.8995CO2 + 0.1CO + 0.564H20O (2.41)

Later models [50,62] that use SARA fractions as reactants indicate that seven reactions (reactions 2.42
to 2.48 [50]) occur at the conditions: presence of oxygen and temperatures in the range of 300°C' to
800°C). Although, most [6,8,58] reaction models for ISC assume that during the LTO stage all crude

oil is transformed into heavier compounds and coke, leading them as the reactants in the HT'O stage,
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this model takes into account reactants such as, oxygenated compounds and hydrocarbons. All of
the proposed reactions produce water (H20) and carbon dioxide (C'O2), i.e. complete combustion is

assumed.

PyrCoke + Oy — Hs0O + COo (2.42)
OxzdAsph + Oy — H20 4+ CO4 (2.43)
OxdResAr + Oy — H0 4+ COs (2.44)
OzxdSat + Oy — Hy0 + COq (2.45)
Asph + Oy — H20 + COq (2.46)
Resins + Oy — HyO + CO9 (2.47)
Aromatics + Oy — Hy0 + CO9 (2.48)

2.2. Reactions and reaction mechanism

Reactions are generally classified as two types: elementary and overall reactions [17]. An elementary
reaction is defined as the one that occurs on a molecular level and it is represented exactly in the way
it is described by the reaction equation [64]. An elementary reaction comes directly from a collision
process; therefore, only one transition state is involved [64]. In addition, there are three kinds of
elementary reactions: unimolecular, bimolecular and trimolecular, which is determined by the number
of reactants involved in the reaction process [15,64]. On the other hand, overall reaction is a group
of many elementary reactions with a higher complexity [64]. Most of the reaction schemes presented
in the last section explain ISC process based on elementary reactions; however, all ISC stages involve
complex chemical processes where a great amount of reactions and final and intermediate species are
involved.

Radical chain-reaction is an important concept in combustion reactions, all of these reactions imply

the formation of intermediates or radical intermediates that produce other intermediates compounds
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in following steps of the process [9,15,64]. In general, radical-chain reaction has four steps: initiation,
propagation, branching and termination [64], all of them with specific purposes in order to achieve a
final product. From a macroscopic point of view, the overall radical concentration is determined by
a balance between initiation and termination reactions attempting to reduce the complexity in the
process analysis [17], which is common when crude oil or other complex substances are involved.

A reaction mechanism is a group of reactions, elementary and/or overall reactions, which explains or
represents the steps or stages that one or some reactants follow in a chemical process [64]. The design
of a reaction mechanism is still a black art with majority being constructed with intuition and rules
of thumb [17,64]. Combustion chemistry is a science of cases, most of the things have been studied for
some particular cases. Therefore, the use of analogies to develop better explanations for other cases is
common and necessary [64].

Chemical transformations that hydrocarbon molecules undergo in several type of processes may be
very different. Extended mechanisms for the thermal cracking or LTO processes involve thousands of
species and reactions. Numerous researches [9] have studied in detail the chemistry of these processes
and attempted to obtain a global description vision by the identification of reaction pathways, which
are the different reaction routes that a compound may follow in a process. The identification of reac-
tion pathways in a complex reactive process provides critical information about reactants, products,

reaction probabilities, kinetic, etc.

2.2.1. Thermal-cracking reaction mechanisms for hydrocarbons

Several authors [21-37,65] have studied the chemistry of processes that involve the thermal cracking of
hydrocarbon molecules. Detail and extended mechanisms have been proposed for the thermal cracking
hydrocarbon molecules from C1 to C'12 [22-30,32,33,35-37,65]. Those studies have determined that
the chemical evolution of molecules in this process proceeds by the formation of free radicals, which
implies that breaking of bonds is homolytic [35,66,67]. Three main stages have been identified in this

process: initiation, propagation and termination.

» Initiation Stage [22-27,29, 30, 32, 33,35-37,65]: it is usually called activation stage. During its
occurrence three types of reactions take place, C — C' Cleavage, C' — H Cleavage and Reverse
Radical Disproportionation (RRD). Initiation reactions have as reactants hydrocarbon molecules
without dangling bonds, which undergo breaking in bonds or atom transfers in order to produce
free-radical species. The final result of this stage is to produce active species that lead to the
formation of new compounds. The energetic nature of this type of reactions is always endother-

mic, as it constantly occurs with reactions where bonds are broken or where the energetic level
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of species is increased.

» Propagation Stage [22-27, 29, 30, 32, 33, 35-37, 65]: in this stage free radicals from initiation
stage undergo reactions such as intermolecular and intramolecular H-abstraction, S-scission and
isomerization. Reactants in this stage follow two types of routes: to a lower or to a higher energetic
level. The energetic nature of the reactions involved determines the type of process that reactants
experience. (-scission as endothermic reactions, produces species with higher energetic levels,
whereas H-abstraction and isomerization reactions could be classified as endothermic as well as

exothermic. The products from this stage are free radicals.

» Termination Stage [22-27,29, 30, 32, 33, 35-37, 65]: during this stage evolved radicals from the
propagation stage undergo reactions such as intermolecular and intramolecular addition and dis-
proportion. The overall outcome of this stage is the transformation of free radicals into molecules
without dangling bonds by atom transfers and formation of new bonds. The energetic nature of
these reactions is always exothermic because reactants have a higher energy level compared to

products.

The effect of temperature and pressure conditions in these reactions have been analyzed. Some stu-
dies [22,23, 27,29, 30, 32, 33, 65] have determined that a temperature increase favors the occurrence
of unimolecular reactions, whereas an increase in pressure intensifies the occurrence of bimolecular
reactions. Most of the accepted mechanisms [21-37,65] suggest that at least twelve reactions occur

during thermal cracking of hydrocarbons.

= (' — C Cleavage: it has been classified as an unimolecular initiation reaction. Its reactants are
hydrocarbon molecules without dangling bonds, whereas its products are free radicals, which
constitute active species that lead to the formation of new molecules. By the addition of heat
to the molecular system its energy increases, which causes C' — C' bonds to break producing two
dangling bonds. In two atoms that make part of one or two different molecules, which are called
free radicals. the stability of free radicals depends on the bonds of the atoms that host dangling
bonds. An atom with a dangling bond that is bonded to other three carbon atoms is classified
as a tertiary free radical, whereas a host bonded to two C atoms is named as secondary and
so on. Free radical stability decreases with a decreasing in its order, i.e. the number of carbon
atoms bonded to the host, i.e. tertiary is the most stable followed by secondary and finalizing

with primary.

= (' — H Cleavage: as in the C' — C cleavage case, this reaction has been classified as unimolecular

initiation reaction. Its products are two free radicals and one of them is always a hydrogen free
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radical, considered as the least stable free radical, because the hydrogen atom does not have
electronic structural characteristics or bonds with other atoms in order to stabilize. Given that
it involves the production of hydrogen-free radicals, this reaction usually requires higher energies

to occur compared to C' — C breaking.

Reverse Radical Disproportionation (RRD): it is a bimolecular initiation reaction with two unsa-
turated molecules as reactants. The presence of double or aromatic bonds implies an accumula-
tion of electrons in determined zones of olefins and aromatic molecules. Although, those sites are
not free radicals, the mentioned accumulation gives to those zones a reactive character that leads
to a chemical interaction when those molecules make contact. In this process two types of species
are identified, hydrogen donor and hydrogen acceptor. Donor species permits the abstraction of
a hydrogen atom by the acceptor molecule. After this process, the donor molecule keeps the
unsaturated bond or bonds and obtains a dangling bond. In the case of the acceptor molecule,
it acquires a hydrogen atom that connects to an atom in an unsaturated bond, which produces
a species with one dangling bond. The products from this reaction are two free radicals. One of

them is usually stabilized by resonance from an unsaturated bond in the surroundings.

Intermolecular H-abstraction: it has been classified as a bimolecular propagation reaction. Reac-
tants are a hydrocarbon molecule without dangling bonds and a free radical. By the contact
between the reactant species, the free radical abstracts a hydrogen atom from the hydrocarbon
molecule, which forms two new species, a different hydrocarbon molecule without dangling bonds
and a free radical. This reaction is exothermic if the new free radical produced has a higher order
than the starting one. Some authors [21,22,28,34-37] affirm that these reactions only occur when
the abstracting free radical has up to four carbon atoms, they established that, in the case of

longer hydrocarbon chains, steric hindrance becomes an important factor.

Intramolecular H-abstraction: as in the intermolecular H-abstraction case, this reaction consists
in the transference of a hydrogen atom. In this case an atom with a dangling bond abstracts a
hydrogen atom bonded to other atom in the same molecule. This reaction has been classified
as propagation and termination reaction, depending on the nature of the final product. With
a free radical as product, the reaction is considered as propagation, whereas if it produces a
hydrocarbon species without dangling bonds the reaction is considered as termination. The last
case is possible only when the free radical molecule is a biradical, i.e. it is produced by the
breaking of a bond that makes part of a cycle. In the mentioned case, the product from this
reaction is an olefin. This reaction has been considered as a particular case of isomerization

reactions, because the molecule involved preserve all of its atoms and the only change occurs in
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their arrangement.

» (-scission: the presence of a dangling bond in an molecule affects its geometric and electronic
arrangements; however, a specific weakening effect has been identified in the bonds in 8 positions.
This effect enables the breaking of a C' —C or C'— H bond in a free radical compound, producing
an olefin and a free radical. This type of reactions has been largely studied, because they are
considered as main responsible of ethylene (CHy = C'Hsz) production in several processes. As
unimolecular reactions their occurrence increases with an increment in the process temperature.
Their energetic nature is exothermic; however, their exothermicity level depends on the products
and the type of bond broken. The rupture of a C — H bond requires higher energy than a C' — C

breaking, because the first case produces a hydrogen-free radical.

= [somerization: they are characteristic of the propagation stage of a thermal cracking processes
and have as reactants free radicals produced in the initiation stage. By an isomerization reaction
one molecule is transformed in other one that contains the same atoms with a different rearran-
gement. Structural modifications induced by this type of reactions change the energy of free
radical molecules. The energetic nature of isomerization reactions depends on the stability of
the new free radical produced: if it is more stable than the reactants the transformation releases
heat. The most studied case of these reactions is the one where a hydrogen atom is transferred
from one carbon atom to another. Some authors [21,22,28,34-36] have established that at least
two carbon atoms must separate the donor and acceptor atoms, to give rise to the formation of

a cyclic transition state with at least five members.

= Intermolecular addition: they constitute the most important reactions in the termination stage of
a thermal cracking process. Their reactants are two free radicals that form a new bond producing
a larger molecule. This transformation is exothermic because two free radicals with high energy
produce a hydrocarbon molecule without dangling bonds, i.e. with lower energy level. This type
of reactions is the main responsible for the growth of species. Given the constant addition of
heat during a thermal cracking process, compounds produced by these reactions tend to suffer
subsequent activation processes by bond breaking. The ruptures may occur in the bond formed
or in any other bond. The energy released by bond formation is equal to the amount of energy
required to carry out a breaking, a higher exothermicity in these reactions implies a higher

probability for the new bond to stay without disturbance.

There is a specific case of intermolecular addition reactions that is not considered as a termination
stage transformation. In which reactants are an olefin and a free radical. During this process, a

new bond is formed between the atom with a dangling bond in the free radical and one of the
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atoms in the unsaturated bond in the olefin; this interaction leads to the formation of a larger
free radical. Although this reaction produces a radical species, its energetic nature is exothermic.

This reaction have been seen as the contrary transformation to the -scission reactions.

= Intramolecular addition or cyclization: there are two main cases for the formation of a cyclic
molecule in a thermal cracking process. In the case of the intramolecular addition reaction the
reactant is a biradical species. It is generally produced by breaking of a bond in a cyclic molecule,
which leads to the formation of a molecule with two dangling bonds in different atoms. Even-
tually, with the energy increment and the constant molecular vibrations, the two unsaturated
atoms meet and form a new bond producing a cyclic molecule. In the second case, the reactant
molecule must contain one unsaturated bond and a dangling bond into two different atoms. As
in the intramolecular case, the increasing energy of this molecule allows the formation of a bond
producing a cyclic compound, with radical nature. Given the production of radical species, this

type of reaction is considered as propagation.

= Disproportion: they are of common occurrence in the termination stage of a thermal cracking
process and have as reactants two free radicals. As in other reaction cases previously explained,
two types of compounds are distinguished in this reaction: donor and acceptor, both of them
are free radicals. During this process the acceptor radical abstracts a hydrogen atom from the
donor. It transforms the acceptor compound in a molecule without dangling bonds and the donor
into an olefin, because, the hydrogen abstraction takes place in an atom that is located by the
dangling donor bond. Given the formation of species with out dangling bonds from free radicals,

the energetic nature of this reaction is exothermic.

» Diels-Alder [22]: the occurrence of this type of reactions has been largely explored because their
products are six member rings, which are compounds of fundamental importance in organic
chemistry. These reactions cannot be classified as initiation, propagation or termination because
free radical species are not implied in this transformation. Their reactants are species with out
dangling bonds, a diene and one olefin, which combine to produce a larger cyclic compound, a
cyclohexane. These reactions have been identified as unavoidable steps in the routes that explain

the aromatization of alkanes.

2.2.2. Low temperature oxidation mechanisms for hydrocarbons

Several authors [9-20] have studied the chemistry of the low temperature oxidation (LTO) of hydro-
carbon molecules. Detailed mechanisms have been proposed for molecules that contains up to tens of

carbon atoms [9, 12,14, 15,37]. Normal saturates and polycyclic aromatic compounds have been the
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most explored molecules, given their high content in most fuels. In the case of the polycyclic aromatic
compounds, several studies [68,69] have attempted to understand their chemical evolution during a
combustion process that lead to the formation of soot, which constitutes a drawback particularly in
diesel and gasoline combustion processes. Most of the authors [9,11,12,14,15,37] have determined
that a LTO process proceeds by the abstraction of hydrogen atoms from hydrocarbon molecules, which
gives rise to the production of free radicals, activated species with high reactivity. Contrary to the
thermal cracking process, reaction stages have not been clearly defined for LTO. However, the reac-
tions in this process could be classified as initiation, propagation or termination, according to their
reactants and products.

Six reactions have been identified as the main responsible for the chemical evolution of species during

the LTO process [9,12,14,15].

» Intermolecular H-abstraction: it has been recognized as the main initiation reaction during a
LTO process, with hydrocarbon and O, molecules as reactants. The abstracting molecule, which
is also called oxidizing agent, is generally oxygen (Os3). However, other oxidizing agents such as
eOH and HOse may carry out the abstraction process. Actually, the presence of eOH radicals
increases dramatically the oxidation rate in this process, because an H-abstraction reaction by
this molecule produces water, a compound with high stability, which is a final product in an
oxidation process. This reaction is the main responsible for the formation of eR free radicals,
which constitute key compounds in the evolution of an oxidation process due to the electrophilic
character of oxidizing agents, which means that they constantly look for sites with high-electron
density or electron availability. The energetic nature of this reaction is highly dependent on
its reactants, an initiation process by Os is usually endothermic, whereas one with eOH as

abstracting compound is usually exothermic.

= Intramolecular H-abstraction: during the chemical evolution of species in a LTO process, it is
common to find ROQOe radicals. The presence of an O — O bond and the radical nature of one
of those oxygen atoms allow to this type of radicals to undergo internal H-abstraction reaction.
The abstraction of a hydrogen atom from one molecule site to the radical oxygen atom, favors
the formation of a hydroperoxide molecule that contains a dangling bond in one of its carbon
atoms, i.e. a eQQOOH radical. The presence of this type of radicals has been identified as a
requirement for the formation of cyclic ethers. The reaction energies for these transformations

are highly dependent on the reactants and the order of the produced radicals.

= [-scission: these reactions and their characteristics were previously described in the section

that explained thermal cracking reaction mechanisms. Given the low-temperature range of this
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process, the occurrence of [-scission reactions is not common. Some studies, however, have
identified them as the only route that conducts to the formation of lighter hydrocarbons during an
oxidation process. This transformation has two important molecules as products, one olefin and
a e R radical. As it was previously explained, e R radicals are key compounds in the development
of an oxidation process, as high reactive species. In addition, the presence of an double bond
in an olefin constitutes a particular oxidation case. These molecules present some particularities
in their oxidation process, such as the possibility of being activated by intermolecular addition
reactions and the formation of radicals stabilized by resonance, which seriously affect oxidation

rates. The energetic nature of these reactions is always endothermic.

Intermolecular addition: this type of chemical transformation could be classified as propagation
or termination reaction during an oxidation process. When the addition takes place between two
radical species, such as two eR radicals, the product is a heavier hydrocarbon and the reaction
is considered as a termination. This type of intermolecular addition is always an exothermic
reaction. On the other hand, with e R radical and O, molecules as reactants, as it is usually the
case in an oxidation process, a hydroperoxyl radical is the product. Indeed, given the production
of radical species the reaction is classified as a propagation one. The addition of e R radical and O9
molecules is considered as the first step in the route for the production of oxygenated compounds.
The produced ROOQOe radical may proceed by two routes in order to obtain a hydrogen atom to
saturate its dangling bond: abstract it from other compounds such as a hydrocarbon molecule
or a H(Ose radical or obtain it from its own structure. The registered energies for these reactions

are generally exothermic.

Intramolecular addition: as in the intermolecular addition case, this reaction may be classified as
a propagation or termination one. Reactants for this transformation could be ROe or «QOOH
radicals. In the case of the ROe radical, the oxygen with the dangling bond forms a new bond
with the same carbon atom, which leads to the formation of a C' = O bond and the cleavage of
one of the previous C'—C or C'— H bonds. Depending on the type of bonds of the affected carbon
atom and the one that undergoes breaking, this reaction may produce ketones or aldehydes. In
the case for «QOOH radical, the oxygen atom bonded to the ) chain forms a new bond with
the dangling bond in the molecular structure leading to the formation of a cyclic ether and an

eOH radical.

O—0 Cleavage: this chemical transformation is one of the most common reactions in an oxidation
process and is defined as initiation. Although reactants are not hydrocarbon molecules, this

reaction transforms peroxide molecules ROOHor ROOR into ROe and eOH radicals, its main
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result is to produce activated species as the reactions in the initiation stage of a reactive process
always do. The O — O bond is one of the weakest in the organic chemistry, its bond dissociation
energy is much lower than the one associated to C — C, C' — H or C — O bonds. Taking this into
account, hydroperoxide molecules are considered as less stable than other oxidation products
such as ethers and alcohols. In the case of the oxidation processes with Oy as oxidizing agent,
these reactions constitute the only option for the production of eOH radicals that become new
oxidizing agents with important implications in reaction rates. The energetic nature of these

reactions is always endothermic.

Table 2.1 presents the types of free radicals produced in a LTO process, the reactions from which

they originate and the reaction routes that they follow.

Table 2.1: LTO free radicals, production reactions and reaction routes

Free radical Production reactions Reaction routes
R H-abstraction or [-scission,
[B-scission Intermolecular H-abstraction or

Intermolecular addition of Oy or eR

ROOe Intermolecular addition of O9 Intramolecular H-abstraction or

Intermolecular H-abstraction

ROe 0-0 Cleavage Intramolecular addition,
Intermolecular addition of e R or

Intermolecular H-abstraction

e(QOOH Intramolecular H-abstraction Intramolecular addition or

Intermolecular addition of Oy or ¢OH

HOOQOOe Intermolecular addition of Os Intramolecular H-abstraction or

Intermolecular H-abstraction

oU(OOH)y Intramolecular H-abstraction Intramolecular addition or

Intermolecular addition of Oy or ¢ OH

eOH 0-0 Cleavage Intermolecular H-abstraction

Intermolecular addition

HOqe Intermolecular H-abstraction Intermolecular H-abstraction

Clearly, in a LTO process different reaction routes may be followed by several compounds. Some
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authors [9,12,14, 15] have developed reaction schemes that explain in detail, species and reactions in-
volved in the low-temperature oxidation of hydrocarbon molecules. Those studies [9,12,14,15] explain
generalities, reaction pathways and kinetic data for the chemical evolution of many types of com-
pounds: saturates, aromatics, olefins, among others. Battin-Leclerc [9] applied LTO reaction pathways

to complex hydrocarbon mixtures such as gasoline and diesel.

2.3. Computational chemistry to model hydrocarbon species

Quantum chemistry is the branch of chemistry that bases its fundamentals in quantum mechanics.
Quantum mechanics is a branch of physics, which proposes that the solution of the Schradinger
equation is a wavefunction (¥) may be obtained, allowing to calculate important information related
to molecular systems [70, 71]. Unfortunately, it has been established that it is not viable to solve
this equation, except in the case of small molecular systems [71,72]. Taking this into consideration,
different of approximations have been proposed to consider the information that could be obtained
through ¥, such as semi-empirical, ab initio and Density Functional Theory (DFT). Those have been
implemented in a variety of computational packages.

Semi-empirical methods adopt correlations and parameters obtained from experimental data in order
to facilitate calculation processes [70,71]. They provide reasonable qualitative descriptions of molecular
systems [71] with low computational cost requirements. On the other hand, ab initio methods base
calculations only in quantum mechanics laws with mathematically-tested approximations [71, 72],
which provides high quality quantitative predictions that require higher computational costs [71].
Density Functional Theory (DFT) explains the electronic states of atoms and molecules in terms of
the three-dimensional electronic density of the system [71]. It constitutes a great simplification in
wavefunction theory, which consists on 3N-dimensional antisymmetric wavefunction for a system with
N electrons [71,73]. Based on this, it is possible to affirm the important advantage of working with
this method that does not calculate the wavefunction, since it uses the electronic density, which is a
physical observable property of the compounds. The most-employed functionals are called generalized-
gradient approximations (GGAs), including BP86, where B denotes Becke’s 1988 exchange functional
and P86 denotes Perdew’s 1986 correlation functional; BLY P, where LY P denotes Lee-Yang-Parr
correlation functional; PW91, from Perdew and Wang in 1991 [71]. The most popular hybrid functional
particularly for hyrocarbon molecules is B3LY P, which couples Beckes three-parameter exchange
functional (B3) with Lee-Yang-Parr correlation functional (LY P) [71-73].

DFT methods have been, so far, the most used to model hydrocarbon molecules and their reaction

processes, particularly when those molecules contain more than 20 carbon atoms [74-81]. Indeed,
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when the size of a molecular system increases, the computational modeling cost raises. Several studies
[75, 80, 82, 83] have employed DFT methods to obtain optimized geometries, frequencies, energies,
parameters that constitute key information in order to analyze reaction processes. B3LY P has been
the most employed functional and the preferred one to obtain optimized geometries [80,82,83]. Many
authors [75,80,82,83] have used this functional employing several basis sets (4—31G, 4—31Gx*, 6—31Gx,
6 — 311G * *, among others) to model hydrocarbon molecules up to hundreds of carbon atoms and
reactions that involve them, such as, bond cleavage, isomerization, intermolecular additions, hydrogen
abstractions, etc. [75, 80, 82, 83]. The Basis Set is a mathematical representation of the molecular
orbitals within a molecule [71,74]. A larger Basis Set imposes fewer constraints on electrons and a
more accurate approximation to molecular orbitals [71]. Standard basis sets for electronic structure
calculations use linear combinations of Gaussian functions to form the orbitals [71]. The use of a
higher basis set provides more accurate results but, it also requires higher computational costs [80].
In general, good agreement has been found between DFT calculation values and experimental data
for many compounds [74-81].

In the last decade, several computational chemistry studies [75,77-79,81] have focused on the study
of DFT methods and tested the performance of the functional B3LY P, by comparing its results
with those by many other functionals and even other calculation methods. The B3LY P performance
has been compared to M P2, BP86, SVWNb5, G3, MW B1K, MPW1K, B1B95, HF', and recently
developed functionals such as the M06—class [75-77]. These studies carry out strict analysis of the
results provided by these functionals and methods for molecules with up to 12 carbon atoms. They
have found deviations to experimental values from 2 to 10 kcal/mol on reaction energies results for
many types of reactions, when using the B3LY P functional [75]. In addition, many authors [74-81]
have defined B3LY P as a good functional for simulating hydrocarbon compounds when transition
states and weak molecular interactions are not implied [77,78]. Based on that and in spite of some
authors [75] that consider the use of this functional as a shortcoming that lead to obtain inaccurate
results, the mentioned functional is currently the most used one for modeling hydrocarbon species

that contain more than 20 carbon atoms [78].
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Methodology

This section presents the procedure followed to propose reaction pathways for the thermal cracking
and low temperature oxidation (LTO) stages of ISC.

Main studies on ISC chemistry [4,7,8,39,50,55,56] have proposed condensed reaction schemes based
on experimental results. On the other hand, works on mechanistic studies have proposed detailed
reaction mechanisms for molecules up to ten carbon atoms approximately [9,12, 14, 15], using tools
such as computational chemistry, software for automatic generation and experiments. With the overall
objective of propose reaction pathways that describe the chemical transformations that a heavy crude
oil undergoes during ISC, the mentioned procedures did not constitute viable options. The application
of an experimental ISC methodology would not give enough information to describe the chemistry
of this process in detail. On the other hand, following a mechanistic straight methodology did not
constitute an option, given the large variety of species in crude oil and their sizes. Therefore, it
was necessary to propose a new methodology by mixing attributes from each of these options. This
methodology implied the selection of surrogates and the study of the main reaction schemes proposed
for ISC and the typical reaction mechanisms proposed for thermal cracking and LTO processes. That
process enabled to identify reactants and reactions in order to apply electronic structure calculations
that allowed to identify the reaction routes that these compounds follow and the construction of

detailed reaction schemes.

3.1. Surrogate selection

The use of pseudocomponents in research fields related to petroleum is almost mandatory. A division
by pseudocomponents is a classification made on a group of compounds according to specific structural
or reactive characteristics. Most of ISC studies presented before the 90s [1,6,8,59,60], used maltenes

and asphaltenes as the set of pseducomponents to present crude oil. From 2000 and beyond [7,13, 50,
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55,56], most of the authors have reported experimental studies dividing crude oil in SARA (saturates,
aromatics, resins and asphaltenes) fractions. Taking this into account, this study selected SARA
fractions as the group of pseudocomponents for representing crude oil and through a literature review
identified the main characteristics of SARA fractions.

Dividing crude by fractions allowed the selection of surrogates, which is the first step in developing a
reaction pathway. As surrogate is a real compound that represents specific structural characteristics of
a crude oil fraction. Based on that and by a literature review, it was possible to identify representative
species of crude oil fractions. The selection of surrogate compounds allows to describe the chemical
evolution of crude oil fractions during ISC stages with real compounds one of the most important
goals of this research.

In order to determine saturate and aromatic fraction surrogates, different studies [84-92] about crude
oil composition were considered. Two criteria were taken into account to select a specific compound:
the presence and concentration in experiments. These two characteristics and the evaluation of the
most representative characteristics of SARA fractions, determined the selection of two saturated and
two aromatic compounds. In the case of the resin and asphaltene fractions, it has been established
that their structures are highly dependent on the specific crude oil [85], and therefore, other criteria
were used to make a choice.

This thesis is part of the research program entitled «Herramientas tecnolgicas para incrementar el
factor de recobro de crudos pesados». It is integrated by other six graduate thesis with different
theoretical and experimental approaches. This program adopted a specific crude as reference in order to
assemble a global knowledge and compare the results from the different approaches. The selected crude
was Castilla oil that is a heavy Colombian crude oil. Based on that, the study published by Navarro et
al. [85] was the main source to determine resin and asphaltene surrogates. That study proposes resin
and asphaltene structures suggested for Castilla oil, built by theoretical and experimental analysis,
using characterization techniques such as Nuclear Magnetic Resonance (NMR), X-ray Diffraction

(XRD) and elemental analysis.

3.2. 1ISC chemistry study and ISC chemical division

Most of the methodologies developed for the formulation of reaction mechanisms [9, 12, 14, 15, 37],
demand previous knowledge of the reactants and products of the process. This importance stems from
the fact that having start and end points is of great importance in order to trace a route to make the
connection. In addition, chemical evolution of species not only depends on their chemical structures and

characteristics, it is also related to process conditions, i.e. temperature, pressure and the presence of
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other compounds, which condition the chemical response of any species. Based on that, by a literature
review in ISC, it was possible to identify the main recognized products and environment conditions
of the thermal cracking and LTO stages. Although the chemistry of the transformations during ISC
process has not been described in detail, it was possible to recognize a variety of experimental studies
[1,53,56,63] that characterized the different stages of the process by an analysis of their products and
conditions. From this review, the division of the ISC process by thermal cracking, LTO and HTO stages
was adopted. However, attempting to introduce a chemical approach to the process, some events were
added to the description of the evolution in every stage. Those were determined by the exploration of

the most-accepted extended reaction mechanisms proposed for hydrocarbons [9-20].

3.3. Study of typical reaction mechanisms

Connecting reactants and products, demands identification of the type of reaction routes that could
be explored. Routes in the context of this research are mainly sets of reactions, that describe step by
step each chemical transformation. A literature review on mechanistic studies provided the tools to

identify the type of possible reactions that take place during thermal cracking and LTO.

3.3.1. Thermal cracking

The conducted study allowed to determine two facts: i) the thermal cracking process at ISC conditions
proceeds by free-radical production due to homolytic breaking of bonds [35,66,67] ii) there are at least
twelve different types of reactions that describe the chemical evolution of hydrocarbons during thermal
cracking [21-37,65] in ISC. Unimolecular (C'—C and C'—H cleavage) and bimolecular (RRD) initiation
reactions, intramolecular and intermolecular H-transfers, 8-scission, isomerization, intramolecular and
intermolecular addition, disproportion and Diels-Alder [22]. All of them were already described in

Chapter 2.

3.3.2. Low temperature oxidation

The studies considered in the area of mechanistic studies [9-20] indicate that at ISC low tempera-
ture oxidation conditions, the oxidation process proceeds by the interaction of oxygen molecules with
the sites in hydrocarbon molecules where the electronic density is higher. In most of the cases oxygen
(O3) abstracts a hydrogen atom leading to the formation of a new free radical that constitutes a reac-
tive site. At least seven different types of reactions occur during LTO [9,12,14,15]: intermolecular and

intramolecular H-abstraction, -scission, disproportion, intermolecular addition and O-O cleavage.
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3.4. Computational methodology

Quantum chemistry calculations were the main tool used to propose the reaction pathways. The
calculations presented in this thesis were carried out by the use of two versions of the software Gaus-
sian. Gaussian 09, Revision D.01 [38] was provided by the Computational Modeling Group CoMo
(https://como.cheng.cam.ac.uk/) in the head of Prof. Markus Kraft during a research internship per-
formed in The University of Cambridge. Gaussian 09, Revision B.01 [93] was provided by the Qui-
rema research group. QUIREMA (http://quirema-udea.wix.com/quirema) also provided GaussView
5.0.8 [94] as visualizer software, which was used to build molecules and visualize simulation results,
such as, surfaces and optimized structures. Gaussian was employed to calculate molecule energies and
structures, reaction energies, bond orders, atom charges, Mulliken atomic spin densities, Topological
Fukui and Scans.

The use of a software for quantum chemistry calculations require the definition of the «Molecular
system» and the «Model chemistry», which constitute the inputs for any computational package [71,74].
«Molecular system» groups aspects related to the particular molecule such as, geometry, charge and
multiplicity [71,74]. «Model chemistry» integrates the parameters associated to the theoretical, i.e.

Method and Basis set [71,74].

3.4.1. Model chemistry definition

As this thesis is, in the refereed literature, the first that applies computational chemistry tools to
ISC, it was necessary to refer to the computational chemistry literature [74-81] to identify the set
of theoretical parameters, the Method and the Basis Set, most applied when modelling molecules in
crude oil. Several studies [74-81] reported accurate results when compared to experimental results and
reasonable computational cost by the use of the DFT method with the hybrid functional and basis
set B3LY P/6 — 31 + G(d), respectively.

3.4.2. Geometry optimizations

The first step in a computational chemistry study requires an optimization of the molecular geometry
[71,72]. This type of calculations allows to obtain a structure with the lowest energy level in close
proximity to the starting structure [71,72]. The software assumes the molecule in a vacuum atmosphere
at 0°C. The calculation process makes continuous changes in the molecule structure, calculating its
energy until the difference in the energy values obtained from one step to the next one reaches a
tolerance value.

The selected surrogates, reactants and intermediate species proposed during reaction pathways were
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optimized with the method and basis set described above. The optimization calculations gives as
result the energy of the obtain molecules, which allowed to calculate the reaction energies presented
in this thesis. These reaction energies are the difference between products and reactants energies that
provide an idea about energetic nature of reactions. However, it is important to clarify that they do not
constitute reaction enthalpies. The calculation of reaction enthalpies would require the implementation
of frequency calculations, which would allow to correct the energy values at the temperature of process
conditions. Nevertheless, it becomes an unfeasible task due to the high computational cost that the
frequencies calculations demand even for short molecular systems. The implementation of that type
of calculations for large molecules, as the ones studied by this thesis, is probably impossible with
the computational resources available. In spite of this, the consideration of reaction energies could be
considered as a good approximation since they constitute differences between products and reactants

energies.

3.4.3. Natural bond orbital (NBO) calculations

Full NBO energy calculations were carried out for the optimized structures obtained by geometry
optimization calculations. NBO calculations are generally regarded as single point calculations, because
no changes are done in the source structure. But, the simulation calculates energy, electron distribution,
charges, bond orders, among other parameters, for the specified structure.

These calculations provided essential information to study breaking patterns, reactivity sites and
electron distributions. Breaking patterns were studied for the selected surrogates by bond orders
(through Wiberg Index). Bond order values gave a description of the nature of chemical bonds that
allows the identification of the sites that tend to break when the molecule’s energy is increases. During
the development of thermal cracking and LTO pathways, bond orders were also calculated for other
intermediate species in order to evaluate the state of particular bonds that undergo strengthening or
weakening processes. Reactivity sites were determined by the use of atomic charges obtained by NBO
calculations and the condensed Fukui function [95]. This function provides a quantitative measure
of electron accumulation in specific atoms, which leads to identify the sites that tend to undergo an
electrophilic attack. Calculation of electron distribution provided the Mulliken Atomic Spin density.
This parameter was used to identify sites with higher electron density, mainly in the cases of species

with dangling bonds and aromatic character.

3.4.4. Topological Fukui calculations

During the first step of the LTO stage oxygen molecules interact with hydrocarbon species. Oxygen

is an electrophilic compound, which implies that it constantly looks for regions with high electron
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densities. Based on that, in order to identify the most likely places in the surrogate molecules that
undergo an electrophilic attack, the electrophilic topological Fukui function was calculated [95].

The first step to calculate a Topological Fukui was to run single point calculations, modeling the
optimized structures as cation and neutral systems. Next, it was important to save chk files during the
Gaussian calculation process and converting them to fchk format [95]. The formatted files allowed,
by the use of the Cubegen Gaussian application, to form Cube files that contained the electron
density information for each molecule. These cube files were processed using the Cubeman Gaussian
application, in order to subtract the density of the cation system from the density of the neutral one.
The final result from this calculation process was a cube file that contained the difference between those
densities and that was explored using GaussView 5.0.8. The visualizer software allowed to produce
isovalue density surfaces that made evident the most likely places that can undergo an electrophilic
attack.

The Topological Fukui calculation was carried out for the saturate and aromatic surrogates. In the
case of resin and asphaltene molecules, the application of this methodology became unfeasible due to
the great sizes of the related chk files, which makes saving them hardly possible. In addition, as it
was previously explained, this type of calculations produce surface graphics, which are for analyzing
molecular systems with few atoms but that in the case of molecules with hundreds of atoms as those

selected to represent resin and asphaltene fractions, render the analysis impossible.

3.4.5. Condensed Fukui function calculations

Given the qualitative nature of the results provided by Topological Fukui calculations and its limi-
tations for modeling large molecules, condensed Fukui calculations were implemented. This process
allows a quantitative analysis of the reactivity of every atom in the selected surrogates.

Lu et al. [95] have studied ways to quantify the character of reactive sites by the use of the atomic
population number, which is used to represent the electron density distribution around an atom. The
authors [95] have expressed the Fukui function for electrophilic attack as equation 3.1 [95]. In this
expression qjé,_l represents the charge for an atom A when the molecular system has N-1 electrons,
i.e. as cation. In the same way, qf, is the charge for the atom A when the molecular system is neutral,

i.e. it has N electrons.

fa=an-1—an (3.1)

This equation demands the calculation of charges for every atom in the surrogates when modeled

as cation and neutral molecules; therefore, full NBO calculations were carried out for the optimized
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structures with charges 0 and +1. These single point calculations present a summary of the Natural
Population Analysis which, among other data, provides the charges of every atom in the molecular
systems, required to calculate the electrophilic Fukui function. Results from this function quantify
the tendency of a specific atom to undergo electrophilic attack, the higher its value the higher the
possibility [95].

3.4.6. Scans

Activation energy is the minimum amount of energy required for the occurrence of a specific reaction.
Some computational and experimental procedures have been implemented for calculating this and
other kinetic reaction parameters, such as frequency factor. This thesis presents activation energy
graphics calculated for some specific reactions. Only few reactions were objective of these calculations,
because of the computational cost that they imply. Results from this type of calculations were mainly
used to study possible reduction criteria that may be applied to some of the proposed pathways, where
reactions exceed hundreds.

Approximation to activation energy values were obtained by relaxed-scan calculations, which study
the energy of a molecular system in function of variations in structural characteristics, such as bond
angles, bond lengths or dihedral angles. The thermal cracking initiation reactions were analyzed by
this calculation process. These reactions imply breaking of C' — C' or C' — H bonds, and therefore,
bond length was the structural characteristic disturbed. Having the optimized structures as starting
point, specific bonds were extended with elongation distances defined for each case. This was carried
out step by step, optimizing in every step the molecular structure.

The main result from this type of calculations is the set of optimized structures and a plot that
represents the energy behavior as function of the applied variations. The data provided by this type

of plots is used to estimate the activation energy.

3.5. Reaction pathways

The development of the reaction pathways considered the reactants, products, routes and support
tools previously described. A particular consideration was taken for the products of LTO that based
on the most-accepted ISC descriptions [1, 6, 8], were assumed to undergo complete oxidation in the
combustion front. This implies that the LTO products are transformed into combustion gas, this only
affects the oil bank through heat release. Furthermore, both processes, LTO and thermal cracking,
start with the same reactants as this facilitates the comparison of the chemical evolution of the selected

species.
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Based on the relatively large time and length scales in ISC, it seems reasonable to assume that every
crude oil fraction is exposed to the same physical and reactive processes. In fact, several reactions may
occur among different SARA fractions. In spite of that, this thesis assumed that the reaction pathways
are independent for each SARA fraction. A simplification justified by several reasons. In the case of
LTO, most interactions occur between hydrocarbon and oxygen molecules [11]. Interactions among
hydrocarbon molecules are only possible as intermolecular addition reactions between eR radicals
that have as products new hydrocarbon molecules. These molecules would be part of one of the SARA
fractions; therefore, the analysis for the surrogate molecules would be applicable to them, which makes
a deep analysis of their chemical evolution impractical.

In the case of the thermal cracking process, some authors [96] have studied the possible effects of
interactions among SARA fractions, identifying them as negligible. In addition, during the formulation
of thermal cracking reaction pathways a great amount of species were involved, even when neglecting
interactions among SARA fractions. Considering interactions would greatly increase the number of
reactions and species in the process, turning the development of a reaction pathway a hardly possible
task.

Taking into account that the small molecules such as those present in the saturate and aromatic
fractions are part of the large molecules present in the resin and asphaltenic fractions, the results
obtained for the step by step analysis of the former were used to understand the behavior of the latter
in an attempt to describe in a practical way the complex reaction processes associated to resins and
asphaltenes. The fact that [67] simple changes in bonds and other structural characteristics in molecules
of large size only affects their structures in the close surroundings of the modification supports this

approximation.

3.5.1. Low temperature oxidation

The development of reaction pathways for LTO considered a literature review of the most-accepted
reaction mechanisms [9-20] proposed for this process. Several studies [9,12-15,17] established the steps

that follow when hydrocarbon molecules interact with oxygen at temperatures from 50°C to 350°C.

» Initiation: considers two groups of reactions: i) H-abstraction and intermolecular addition and ii)
O — O cleavage. The first group of initiation reactions apply to surrogate compounds. Condensed
Fukui calculations indicated the pathway that every molecule undergoes inthis regime. The main
products from these reactions were eR and hydroperoxyl (HOze) radicals, although ROOe
radicals were also produced. O — O cleavage reactions apply to peroxide molecules (ROOR and

ROOH), that produce hydroxyl (¢OH) and alkoxy (ROe) radicals. This is an initiation step as
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it produces radical species from compounds without dangling bonds. The information required
to study this sort of reactions was provided by NBO calculations (Wiberg Index) through the

analysis of bond orders .

To analyze the chemical evlution of olefins, an intermediate product in various ISC processes a
terminal olefin with seven carbon atoms was selected, 1-heptene. This selection responds to the
fact that S-scission reactions are considered [9] the main responsible for olefin formation during
LTO and always produce molecules with double bonds a the end of hydrocarbon chains, i.e.
terminal olefins. The number of carbon atoms was the same of the molecule selected as normal

alkane in the saturate fraction, n-heptane as this facilitates the analysis of the reaction pathway.

Propagation: it involves the products of the initiation stage in reactions such as (§-scission, in-
termolecular and intramolecular H-abstraction and intermolecular addition. Several interactions
may occur in these steps; however, only those that produce species with dangling bonds, i.e.
radical species, could be considered as part of propagation. Interactions of radicals with not
radical species, such as surrogate compounds or oxygen molecules, which produce other radical
species were also included in the propagation stage. 3-scission and intermolecular H-abstraction
reactions were considered in the production of through olefins, the formation of double bonds in
e R radicals and the interaction between o R radicals and oxygen (O2), respectively. H-abstraction

reactions also produced hydroperoxyl radicals.

Among the variety of reactions in these steps, the most important reaction was the intermo-
lecular addition of eR radicals and oxygen (Oz) molecules, which produces peroxyl (ROOe)
radicals. This reaction has been considered [9] as the first step in the formation of oxygenated
compounds. Depending on the structural characteristics of the ROQe radicals, they could un-
dergo intramolecular H-abstraction reactions, with eQOOH radicals as product. This reaction
route, intramolecular H-abstraction was fundamental in the study of the production of cyclic

ethers.

Termination: intermolecular addition reactions constituted the only transformations involved in
this event that considered the products of the initiation and propagation events as reactants. In
these reactions radicals form species with larger size and without dangling bonds. Several types
of radical species are present in the reactive media of a LTO process and tens of interactions
are likely to occur among them. The process followed to propose a reaction pathway took into
account all possible interactions among radical species, except those that involve two e R radical
species. Two reasons justified this approach: i) the main products from these reactions are

saturate, aromatic, resin or even asphaltene compounds, and therefore, the conclusions or finds
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made for the surrogate structures are applicable to those species. ii) the main source for these
reactions are e R radicals formed during initiation steps. The process for the formation of this
type of radicals is influenced by oxygen concentration, the higher the concentration of Os the
higher the yield of radicals. However, oxygen concentration is considered low during ISC process
because the high presence of aromatic structures in crude oil consumes great amounts of this
compound acting as oxidation inhibitors [11]. Consequently, the low expected concentration of

o R radicals allows to assume this type of reactions as negligible.

3.5.2. Thermal cracking

The development of thermal cracking pathways was based on the study of the most accepted thermal
cracking reaction mechanisms [21-37,65] proposed for hydrocarbon molecules. Those mechanisms have
established the steps that these compounds follow when their energy is increased by a heating process,
as the one in ISC, at temperatures varying from 200°C to 900°C approximately. Contrary to the
LTO case, thermal cracking processes have been clearly divided by stages: initiation, propagation and
termination. The reaction pathways proposed make use of this division.

During the study of the thermal cracking reactions great amount of species were involved, mainly in
propagation and termination stages. Therefore, in order to describe the process in a practical way,
this study used the strategy of dividing the produced species by groups with common structural
characteristics. It facilitated to study the evolution of high importance species in detail and extend

the finds to molecules with similar characteristics, allowing to obtain global conclusions.

» Initiation: two main types of reactions were considered in this event, unimolecular and bimole-
cular initiation reactions. In the case of unimolecular reactions, the reactive process takes places
when the energy of the molecular system is increased, with two free radical species (eR) as
products. The production of only one radical compound by this process is also possible, when
the starting structure is a cyclic molecule that undergo breaking in one of the bonds that make
part of the cyclic structure. In the case of small molecules, and based on the appreciations of
some authors [21-25,27-29, 32, 33,36, 37, 65], this study considered C' — C and C — H cleavage
as initiation reactions. On the other hand, in the case of resin and asphaltene structures, given
the complexity of their structures and variety of researches in ISC thermal cracking [1,4,6] that
have identified C' — C breaking as the main responsible for the activation of these molecules,
those were the only initiation reactions considered. In addition, breaking of C' = C' (both double
as resonant) bonds was not considered, because several studies [22,27,29] report the occurrence

of this reaction at temperatures above 900°C.
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Full NBO calculations provided the information required for the study of unimolecular initiation
reactions. Particularly the bond order of the surrogate structures gave a description of bonds
nature, allowing the identification of the sites that tend to break. Bond orders depend on the
bond nature and therefore, results for the order of C' — C' or C' — H vary in certain range, which
makes difficult the analysis of bond strength solely based on the bond order. In the light of this,
during the study of both types of bond breaking for small molecules, a free-radical-formation
study was developed. This study calculated reaction energies of every possible unimolecular
initiation reaction and provided with another parameter that complemented the information of
bond order to make a better evaluation of the weakest bond. A free-radical formation study, such
as the one described above was not required for the resins and asphaltenes because the C' — C

cleavage was the only initiation reaction considered for these fractions.

Bimolecular reactions were also considered for the initiation event. Bimolecular initiation reac-
tions or reverse radical disproportion (RRD), involve the interaction of two molecules with double
bonds; therefore, this type of reactions was considered when unsaturated compounds interact,
i.e. two olefins, two aromatics or one olefin and one aromatic. RRD has as main products two

o R radicals, one of them commonly stabilized by resonance.

Two types of molecules are identified in an RRD reaction, donor and acceptor. The donor
molecule allows the abstraction of a hydrogen atom by an acceptor molecule. Afterwards, the
donor molecule keeps an unsaturated bond and produces a dangling bond, while the acceptor
molecule acquires a hydrogen atom that forms a bond with one of the atoms in an unsaturated

bond, producing a radical molecule.

During an RRD process, both reactants may act as acceptor and donor molecules. Species that
act as donor molecules experiment the abstraction of a hydrogen atom, i.e. the breaking of a
C — H bond; therefore, the compound with the lowest bond dissociation energy is likely the
one that acts as donor. Considering this, some of the required information for studying these
reactions was provided by the free-radical-formation study. The analysis of the results allowed
the identification of the most stable free radicals from C-H cleavage, which become the species

that likely act as donor in an RRD reaction.

In the case of acceptor molecules, during the reaction process they form a new bond with the
hydrogen atom abstracted from the donor molecule. With an olefin compound as acceptor, there
are two possible atoms to form a bond with the new hydrogen, whereas, in the case of aromatic
compounds, double or resonant bonds make part of many sites in the molecule, which increases

the amount of possible atoms that may undergo the addition process. This highly increases
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the complexity of the analysis for these reactions, forcing the evaluation of all possible sites in
the acceptor molecule structure. Taking this into account, every possible atom in the acceptor
molecule structures was tested, in order to determine the most stable places to form the new

bond. Reaction energies for every possible addition were calculated to determine addition sites.

The addition of new atoms to aromatic structures generates changes in the geometry and elec-
tron distribution of the molecules, with radical species as products. Given the aromatic character
of these molecules, the localization of dangling bonds in their molecular structures is not evi-
dent and, therefore, the calculation of electronic atomic spin density became imperative. This
information was provided by full NBO calculations by the analysis of Mulliken Atomic Spin
Densities. Those parameters allowed to identify specific atoms with higher electron densities,

which constitute the most likely locations for dangling bonds.

= Propagation: the products from initiation reactions were the reactants for this event. During the
formulation of propagation, intermolecular H-transfer, S-scission and isomerization reactions
were studied. In the case of intermolecular H-transfer reactions, they describe the interaction
between a radical and a saturated molecule, i.e. without dangling bonds, to produce two new
species with the same nature, radical and saturation. This study only considered intermolecular
H-transfer reactions with exothermic reaction energies, because products from an endothermic
intermolecular H-transfer reaction are less stable, which implies lower possibilities to be produced

and shorter lifetimes.

[-scission are unimolecular reactions, where the presence of a dangling bond leads to breaking of
a C —C oraC— H bond to form a double bond. They have as products two species, a terminal

olefin and a free radical. These reactions were largely explored.

Contrary to the S-scission case, isomerization reactions were only applied to molecules with the
structural characteristics described by some authors [21,22,28,34-36]. Molecules had to contain
at least four carbon atoms in chain, which implied that most of the aromatic or cyclic molecules
were not allowed to undergo these reactions, unless they had alkyl substituents with at least four
carbon atoms. In addition, for the same reasons explained above for the H-transfer reactions case,
only isomerization reactions with exothermic character were taken into account. Based on these
specifications, isomerization reactions were mainly applied to saturate compounds, not only
the ones from saturate fraction, saturate compounds produced from other fractions were also

analyzed.

= Other intermediate formation and termination events: the products of propagation reactions were

the reactants for these events. This set grouped saturates, olefins and free radical compounds.
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Given the presence of many types of compounds, several reactions take place. The interaction
among stable compounds such as saturates and olefins does not produce any reaction; however,
combining saturates with radicals, olefins with radicals and radicals with radicals produced
different type of species. In addition, radical molecules could undergo transformations without

any other participant, by §-scission and isomerization reactions.

The termination reactions were those that produced new hydrocarbon species without dangling
bonds. Disproportion and intermolecular addition reactions between free radicals met the requi-
rements to be classified as termination reactions. They constituted two different routes. In the
first one, compounds interact keeping their initial sizes and changing structural characteristics
like bonds and atomic distribution; in the second one, intermolecular addition, larger species are
produced by the addition of both reactants. In the case of disproportion, products were saturate

and olefin compounds, whereas, intermolecular addition produced larger hydrocarbons.

The event «Other intermediate formation» has not been defined by the studied mechanisms as
a thermal cracking mechanism stage. The author proposed this event for explaining the routes
followed by some compounds produced by the propagation event, and that did not produce final
products. This event was integrated by a variety of reactions studied for initiation, propagation
and termination events. Species without dangling bonds, saturates and olefins underwent bond
breaking, which implies C'— C' and C'— H cleavage reactions. On the other hand, radical species
tended to experiment typical propagation reactions, S-scission and isomerization. In the case
of bimolecular reactions, combination of the different species produced a variety of compounds.
Two olefins interacting led to the occurrence of an RRD reaction, producing two new radicals.
The union of an olefin with a radical gave rise to a radical-addition reaction, producing a larger
radical. Finally, one saturate and a radical interacted by an intermolecular H-transfer reaction,

producing two new species with the same nature.

Construction of reactive schemes

To have a global vision of the chemical processes involved in LTO and thermal cracking during ISC,

reacti

on schemes were developed. The schemes are available in the Appendix and were built by using

the free software MarvinSketch 15.2.2; 2015, ChemAxon [97]. This software was used for drawing and

calculating the elemental composition of the molecular structures.
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3.6. Thematic DataBase

Several amount of species were involved in the formulation of thermal cracking pathways, mainly for
the saturate and aromatic fractions. Hence, a thematic database was developed in order to count on
an inventory of species and reactions. The database includes and algorithm that reads .txt files that
contain species and reactions and allows to obtain more condensed reaction pathways with different

level of complexity depending on the application of the reaction scheme.

3.7. Validation

Intermediate species, products and reaction energies obtained from this study were compared in as
much as possible with the experimental data available in the scientific literature. This was carried out

as validation of the proposed reaction pathways.



Chapter 4

Surrogate selection and stages

associated to the chemical processes in

ISC

This chapter presents the results from the surrogate selection and addresses the current division of
ISC according to the chemical processes. In the surrogate selection section, the criteria and selected
structures to represent crude oil are explained. In the case of the analysis of the stages in ISC an analysis
was carried out based on the chemical concepts presented in the Fundamentals and Background
chapter. The thermal cracking and LTO processes of ISC were divided into several events such as

initiation, propagation and termination.

4.1. Surrogate selection

Heavy petroleum is an extremely complex substance that contains hundreds of different hydrocar-
bon compounds mainly formed by carbon and hydrogen atoms, although, it may also contain elements
such as nitrogen, sulfur or metals like nickel, vanadium and iron [84]. Several authors [84-88] have stu-
died the composition of complex hydrocarbon mixtures such as crude oil, gasoline or diesel. Methods
such as elemental analysis, small-angle neutron scattering, several fluorescence measurements and nu-
clear magnetic resonance (NMR) have been implemented for studying the molecular characteristics, at
least in average, of petroleum compounds, whereas, detailed description of individual constituents has
not been largely explored [84]. The analysis of crude oil composition has been based on dividing the
material into fractions. The most used division is the one that classifies crude oil compounds by their

polarity and solubility, resulting in four fractions, saturates, aromatics, resins and asphaltenes [84, 86]
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that are described below.

= Saturates: aliphatic hydrocarbons generally known as alkanes or paraffins. All bonds in their
chemical structures are simple, which implies that every carbon atom forms four bonds with
sp3 hybridization. Saturates group normal paraffins, iso-paraffins and cycloparaffins (naphthe-
nes). This fraction usually constitutes the most abundant group of hydrocarbons in many crude
oils [90,98]. It has been found that most of heavy crude oils are rich in normal paraffins and napht-
henes, whereas, iso-paraffins are less abundant [90]. Naphthenes with high molecular weights are
common in heavy crude oils and are typically composed by five and six member rings, being the

six member ones more common [89).

= Aromatics: hydrocarbons with ring molecular structures that alternate single and double bonds,
which confers special electronic and structural attributes. Aromatics are usually the second
group with higher content in heavy crude oils [91,98]. They have been classified as mono, di
and polyaromatic, depending on the number of condensed aromatic rings. Compounds such
as benzene, toluene, xylene, mesitylene and naphthalene have been detected and measured in
petroleum by experimental techniques [87,91]. Benzene constitutes the basic unit for aromatic
molecules. Molecules denominated as poly-aromatic hydrocarbons (PAH) are formed by sets of
condensed benzene rings and are highly stable to thermal degradation processes [87,91]. The
presence of sulfur atoms have been measured in several crude oils and it has been established

that at least benzothiophene and dibenzothiophene could make part of petroleum [87].

» Resins: hydrocarbons soluble on petroleum or excess of pentane and heptane [91,98]. Their basic
structural elements are units of condensed aromatic rings with alkyl substituents [91,92]. These
compounds usually contain five or six membered naphthenic or aromatic rings [91, 92]. Resin
molecules include heteroatoms such as nitrogen, sulfur or oxygen that confer polarity to some

parts of their structures, and therefore to the molecule [91,92].

= Asphaltenes: polar, aromatic, high-molecular-weight, high-boiling-point and low-API-gravity
fractions of crude oil [99]. They have been identified as insoluble in alkanes and crude oil and
soluble in aromatic solvents such as benzene or toluene [99]. These compounds consist of highly
condensed polyaromatic nuclei that are bonded to cyclic or chain substituents. Aromatic nu-
clei usually host heteroatoms such as oxygen, nitrogen, sulfur or even metals [99]. Asphaltenes
structures have been classified depending on their configuration as archipelago and continen-
tal according to their number of large condensed aromatic ring units. A continental structure

contains one condensed aromatic unit whereas an archipelago configuration may contain two
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or more [92,99]. As the heaviest fraction of crude oil, these compounds are usually present on

refining residues.

Based on the characteristics identified for SARA fractions and several studies on crude oil com-
position, six compounds were selected as surrogates to represent a heavy Colombian crude oil. Two
molecules were chosen as saturates, a naphthene and a normal alkane. For the aromatic fraction two
structures were selected, a monocyclic and a bicyclic that includes a sulfur atom. In the case of resin
and asphaltene fractions, one structure was selected to represent each of them as explained below. It is
important to highlight that small molecules, such as those selected to represent the saturate and aro-
matic fractions are part of the resin and asphaltene structures, which is useful in order to extrapolate
most of the results from detailed chemical analysis of simple molecules to the more complex structures
such as those selected to represent the resin and asphaltene fractions. A more detailed explanation of

the criteria used to select the surrogates follows.

» Methylcyclohexane (Cyclic Saturate): a naphthene hydrocabon that consists of a six-member ring
with a methyl substituent. Its molecular formula is C'; H14. This compound has been detected and
measured in some heavy crude oils with APIs between 10 and 20, with a V/V percentage of 1.6,
the highest among the naphthenic compounds followed by methylcyclopentane with 0.87 [88].
Table 4.1 shows the 2D and 3D structures for this compound which for simplicity is called from
now on Cyclic Saturate (CS). The 3D structure that derived from an optimization calculation
indicates that the chair conformation with the methyl group in axial position presents the lowest

energy.

» n-Heptane (Normal Saturate): a linear paraffin composed by seven carbon and sixteen hydrogen
atoms (C7Hj). Some studies [88] have detected and measured up to 2.3 V/V percentage of
this compound in crude oils, the highest among the normal alkanes. As a normal paraffin with
a reasonable length, n-heptane allows to study every type of thermal cracking and oxidation
reactions given its structural characteristics. Therefore, most of the conclusions found for n-
heptane would be applicable to longer linear alkanes. Table 4.1 shows the 2D and 3D optimized

structures for this compound, which is called from now on Normal Saturate (NS).
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Table 4.1: Molecular structures in 2D and 3D of saturate surrogates

Name 2D Structure 3D Structure

Cyclic Saturate (CS)

H -UW;H.
Normal Saturate (NS) ™ '

» Toluene (Monocyclic Aromatic): monocyclic compound that consists of a six member aromatic
ring with a methyl substituent (C7Hg). Its concentration in crude oils has been reported as high
as a V/V percentage of 0.51, the highest among the aromatic compounds [88]. As the basic unit
for aromatic molecules, benzene become an important option to represent an aromatic fraction;
however, most of the aromatic molecules in crude oil in minor and larger structures (resin and
asphaltene) contained aromatic nuclei integrated by benzene with alkyl substituents, making the
selection of toluene reasonable. Table 4.2 presents the 2D and 3D optimized structures for this

molecule that is referred from now on as Monocyclic Aromatic (MA).

» Benzothiophene (Polycyclic Aromatic): polycyclic aromatic compound that contains six and five-
member aromatic rings. The second ring includes a sulfur atom (CgHgS). The refereed literature
did not present an exact measure of the concentration of this species in crude oil; however, some

authors have detected its presence by experimental techniques [87]. In addition, the structures
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selected for resin and asphaltene fractions contained five member aromatic rings with sulfur
atoms. The 2D and 3D optimized structures for this compound are presented in Table 4.2. The
3D optimized structure shows the presence of one double and several resonant bonds. In this

research Benzothiophene was labeled as Polycyclic Aromatic (PA).

Table 4.2: Molecular structures in 2D and 3D of aromatic surrogates

Name 2D Structure 3D Structure

Monocyclic Aromatic (MA)

Policyclic Aromatic (PA)

» Castilla Resin: Navarro et al. [85] carried out an experimental characterization of Castilla resins
and asphaltenes by experiments with the solvent Apiasol, which separated Castilla oil into two
fractions. Those fractions underwent experimental procedures that determined the presence of
two different types of resins named as Resins I and II. Resins I were defined as those in the
insoluble fraction that form aggregates with asphaltene molecules. On the other hand, Resins
IT were identified as those in the soluble fraction, i.e. the resins that make part of the fraction

crude oil typically defined as maltenes, which contains saturates, aromatics and resins. The
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authors [85] proposed molecular structures based on, the results of characterization techniques
such as Nuclear Magnetic Resonance (NMR), X-ray Difraction (XRD), elemental analysis, among
others. The mentioned study also determined percentages of these resin compounds in Castilla
oil. The percentage (W/W) of Resin I content was determined as 2.8, whereas that for Resin II it
was 16.5. In spite of this higher concentration of Resin II, the structure proposed for Resin I was
selected as surrogate compound for the analysis in this thesis as it presents a continental structure
with high aromaticity, the presence of various functional groups and structural characteristics
that are common to asphaltenes. The structure proposed for Resin II was discarded because it
presents an archipelago form with low aromaticity. This type of structures tends to form lower
molecular weight species by processes such as thermal cracking, which lead to new saturate and
aromatic compounds, similar to those already taken into account above. In conclusion, based on
the possible behaviors of these structures under the chemical processes in ISC, it was considered

that the study of the evolution of Resin I could be more intresting than that of Resin II.

Based on the explained reasons, the Resin I structure was selected as surrogate and is named
in this research as Castilla Resin (CR). Table 4.3 presents the CR structure, which contains
five alkyl and one cyclic substituent and a large aromatic nucleus integrated by nine condensed
aromatic rings, one alkoxy group and one sulfur atom. The molecular formula of this struc-
ture is CggHgpOS with molecular weight of 955.53 g/mol. The hydrogen-carbon ratio, which
is a parameter commonly used to characterize hydrocarbon structures is H/C' = 1.32 for this

molecule.

» Castilla Asphaltene: the asphaltene structure proposed by Navarro et al. [85] was selected as
surrogate for the asphaltene fraction. This structure was named in this research as Castilla
Asphaltene (CA) and it is presented in Table 4.3. This compound has an archipelago structure
integrated by two large aromatic nuclei, which were defined as left and right nucleus. The left
nucleus is integrated by eight aromatic rings that contain sulfur and nitrogen atoms, one cyclic
and four branched alkyl substituents. The right nucleus is formed by 15 condensed aromatic
rings also with the presence of sulfur and nitrogen atoms, two cyclic and three branched alkyl
substituents. The molecular formula for this compound is C143H162/N2S53 with 2005.06 g/mol as
molecular weight. The author is aware that most recently developed structures for representing
asphaltene structures are smaller than the one selected and that archipelago structures have not
been lately proposed, however in order to represent a heavy Colombian crude oil, Navarro et

al. [85] work was the only that analyzed that specific case.

Regarding the presented structures for resin and asphaltene fractions, it is important to clarify
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that the resonance illustrated by the structures is not exactly in that way in all the molecule
states. The resonance could be broken in some areas of the structure, however, that only could

be observed in the 3D structures obtained by electronic structure calculations.

Table 4.3: Molecular structures in 2D of resins and asphaltene surrogates

Name 2D Structure

Rasl

H-C

Castilla Resin (CR)

cHy Aasl

Castilla Aspahltene (AR)

Tables 4.1 to 4.3 present the structures for the surrogates selected by this research. In the case of

saturate (Table 4.1) and aromatic (Table 4.2) surrogates, the 3D optimized structures show the labels
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for the atoms implied. This numeration does not depend on the atom nature, i.e. carbon, hydrogen
or sulfur atom. On the other hand, for resin and asphaltene (Table 4.3) surrogates, given the great
amount of atoms involved, the way to label these molecules was to identify zones such as large aromatic
nuclei or alkyl substituents. Based on this, the 2D structures presented for these compounds show the
nomenclature applied to these molecules. The convention begins with «R» (resin) or «A» (asphaltene)
and may contain «as» (alkyl substituent) and «cs» (cyclic substituent). In the case of the asphaltene
structure the label CR (cross linking) was included to refer to the alkyl chain that links the two large

aromatic groups. These labels and conventions apply to all the chapters in this thesis.

4.2. Stages associated to the chemical processes in ISC

Based on the literature review carried out by this research, it was possible to identify the traditional
division that most of the studies [1, 6, 8] have proposed for ISC: thermal cracking, low temperature
and high temperature oxidation stages. Clearly, several authors [6-8, 50, 52-56] have characterized
these ISC stages and have proposed overall reaction schemes to represent them, but only Khansari et
al. [13] have proposed a subdivision by temperature ranges and only for the LTO stage of the process.
Given the extended used of this division, this research adopted it; however, in order to expand the
chemical knowledge of the ISC process, events that subdivided the ISC stages were included. The study
of several studies [9-37,65] on hydrocarbon chemistry identified events that condition the evolution
of hydrocarbon species during the LTO and thermal cracking process, initiation, propagation and
termination. Those were included in the reaction pathways proposed by this study. Indeed, they
constituted a cornerstone in these reaction models as they allowed the determination of the reactions
that take place. In addition to these events that have been already defined by several thermal cracking
studies [?,21-36,65] in hydrocarbons chemistry, the author proposed a new event named «Other
intermediate formation» as this event characterizes the particular dynamic that a chemistry process
may experiment inside a reservoir. Typical chemistry studies assume that most of molecules undergo
all chemical processes at the same time. This seems a good approximation in systems of low size
but not for a reservoir system. It is not possible that all crude oil molecules undergo, for example, a
bond breaking process almost at the same time. Material inside the reservoir does not experiment an
uniform heating and, moreover, there is crude oil flow, which implies the constant mixture of radical
and no radical species leading to the occurrence of many types of reactions.

Following chapters 5 and 6, explain reactions and species involved in the LTO and thermal cracking
pathways. The formulation of those pathways was based on the stage and event divisions explained

above.
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LTO reaction pathways

This chapter presents a diagram that explains the methodology, the main results and conclusions
obtained from the formulation of the LTO reaction pathways, which was divided, as discussed above,
in three events: initiation, propagation and termination. These reaction pathways were developed in
detail for saturate and aromatic surrogates. In the case of resin and asphaltene compounds, only the

probable chemical evolution of some structure sites was analyzed.

5.1. Methodology

Figure 5.1 presents the diagram that explains the process employed for the formulation of LTO
reaction pathways. The chapter 3, which presented the methodology, offers a deeper explanation
about the steps condensed in the diagram. In the Step 1, the surrogate structures are optimized to
obtain ground state structures. The Step 2 considers the performance of NBO simulations to calculate
electrophilic topological and electrophilic condensed Fukui functions. Those results are analyzed during
the Step 3 to determine the most reactive sites. In the Step 4, with surrogate structures as reactants,
initiation reactions are considered obtaining several radicals. The Step 5 takes into account radicals
produced in the Step 4 to apply reactions classified as propagation producing alkenes and peroxyl
radicals. Step 6 involves the radicals produced during the Step 5 as reactants for the reactions in the
termination event producing several oxygenated compounds. In addition, all species considered during
the Steps 4 to 6 are simulated in Step a to obtain optimized structures that allows to calculate reaction
energies (Step b). Finally, all reaction energies calculated in the Step b and the chemical structures

considered during the Steps 1 to 6, feed the Step 7 that involves to construction of reaction schemes.
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Figure 5.1: Methodology diagram for the formulation of the LTO reaction pathways

5.2. Results for saturate and aromatic surrogates

5.2.1. Initiation

The reactants for this event were the surrogate compounds. A study of the most accepted reaction
mechanisms proposed for the LTO of hydrocarbon molecules determined an intermolecular hydrogen
abstraction as the typical initiation step in this process. Given the presence of several hydrogen
atoms in the reactant molecules, electrophilic topological and electrophilic condensed Fukui functions
were calculated in order to identify the most reactive sites. Main result for the topological function
calculations were contours that indicated reactive places, whereas, for the condensed function the
result were values that indicated quantitatively the reactive character of atoms or molecule parts. A
higher value a higher probability for that place to undergo an attack by an oxidant agent. Negative

values indeed indicated a low electron density, and therefore a low probability for oxidant agent to
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interact with the place.

Figures 5.2 to 5.5 show contours for electrophilic topological Fukui function for the CS, NS, MA and
PA molecules. In order to compare the reactivity of different bonds, the figures present contours at an
isovalue of 0.007 that indicate the places where an electrophilic attack is more probable. The larger
the contour the higher the probability for oxygen to interact with atoms in that site of the molecule.
From Figure 5.2 it was possible to determine that in CS, the hydrogen atoms 11 and 12 have the
highest probability of being subtracted. Isocontours associated to bonds between atoms 2-3 and 5-
6 cannot be considered as reactive places given the nature of the initiation reactions associated to
LTO that affect the molecules by the addition and abstraction, which do not occur to bonds. Given
the similarities between the isocontours of atoms 11 and 12 electrophilic condensed Fukui function
(ECFF) results were necessary to determine, in a more quantitatively manner, the reactivity character
associated to atoms 11 and 12. Table 5.1 presents ECFF results for the CS surrogate. Clearly, a value
of 0.14 for the Hydrogen atom 12 compared to a value of 0.11 for 11, indicates that atom 12 is where
hydrogen absraction may take place. The rest of the values presented by the Table 5.1 have an average

0.04, much lower than 0.14.

Figure 5.2: Contours of electrophilic topological Fukui function for Cyclic Saturate (CS)
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Table 5.1: Results of electrophilic condensed Fukui function for Cyclic Saturate (CS)

Element Atom number Electrophilic condensed function

C 1 0.01
2 0.04
3 0.03
4 0.03
5) 0.03
6 0.04
18 -0.01

H 7 0.06
8 0.04
9 0.06
10 0.04
11 0.11
12 0.14
13 0.06
14 0.04
15 0.04
16 0.06
17 0.04
19 0.04
20 0.04
21 0.04

In the case of NS, Figure 5.3 shows that atoms 3 and 23 are the most likely hydrogens to undergo an
electrophilic attack. Based on the ECFF results in Table 5.2, hydrogens 3 and 23 have an identical
value of 0.08, as it was expected given the symmetry of the molecule. Taking this into account, there
was no difference between the intermolecular H abstraction in both sites, and therefore, only the
abstraction of H atom 3 was analyzed. The average value for the rest of the atoms in NS is 0.04 that

is much lower than the value registered for the selected hydrogen atom.
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Figure 5.3: Contours of electrophilic topological Fukui function for Normal Saturate (NS)

Table 5.2: Results of electrophilic condensed Fukui function for Normal Saturate (NS)

Element Atom number Electrophilic condensed function

C 1 0.03
2 0.04
6 0.05
9 0.05
14 0.05
15 0.04
18 0.03

H 3 0.08
4 0.03
5 0.03
7 0.04
8 0.04
10 0.04
11 0.04
12 0.04
13 0.04
16 0.04
17 0.04
19 0.04
20 0.04
21 0.03
22 0.03

23 0.08
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Figure 5.4 presents electrophilic topological Fukui function contours for MA that identify two zones
with higher reactive character: the pi bond and the hydrogen atom 13. The reactive character of pi
bond is represented by the clouds that cover the aromatic part of the MA structure. Given the uniform
electron density in pi orbitals, oxygen may interact with them in order to form a bond, altering the
aromaticity of the molecule. Although the contours in Figure 5.4 almost cover entirely the aromatic
part of the MA molecule, according to the ECFF results presented in Table 5.3, atoms 3 and 6 have
the highest reactivities with values of 0.22 and 0.23 respectively.

Given the high reactive character in carbon atoms 3 and 6, initiation reactions by the formation of
bonds between each of those atoms and oxygen molecules were evaluated. Oxygen was bonded to each
of the carbon atoms; however, optimization calculations always found the isolated structures to be
more stable despite their high reactive character, it was not possible to obtain stable structures from
addition reactions of oxygen to carbons 3 and 6. The possible explanation for these results is that the
formation of bonds in those sites would alter the molecule aromaticity, which requires high reaction
energies. In addition, both reactants are species without dangling bonds, this hinders the process for
the formation of new bonds. This does not reduce the reliability of ECFF results for determining
reactive sites, in the case of pi bonds zone it indicated the site with higher electron density; however,
the reaction could not occur given the stability of the aromatic ring.

According to the ECFF results in Table 5.3, another possible electrophilic attack is the one that may
take place in the hydrogen atom 13. The average value of ECFF for hydrogen molecules in MA is
0.05. The hydrogen 13 presented the highest value, 0.07. This result is explained by the presence of
pi bonds that have an effect over the 13 atom because of its position. Compared to atoms 14 and 15,
13 is significantly displaced from the molecule plane, which in addition to the possibility to form a
radical stabilized by resonance, facilitates the abstraction of hydrogen 13.

Compounds such as the surrogate MA make part of the species typically classified as oxidation in-
hibitors. Given the possibility to obtain radicals highly stabilized by resonance, the H-intermolecular
abstractions for these compounds require lower energies than those for saturate compounds. This sug-
gests that oxygen consumption by monocyclic aromatic compounds consume more oxygen than their

saturate counterpart.
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Figure 5.4: Contours of electrophilic topological Fukui function for Monocyclic Aromatic (MA)

Table 5.3: Results of electrophilic condensed Fukui function for Monocyclic Aromatic (MA)

Element Atom number Electrophilic condensed function

C 1 0.04
2 0.06
3 0.22
4 0.06
5 0.03
6 0.23
12 -0.04
H 7 0.05
8 0.05
9 0.05
10 0.05
11 0.04
13 0.07
14 0.05
15 0.05

The analysis for PA surrogate presented some similarities with the MA case. From Figure 5.5 it was
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possible to identify two main nucleophilic regions, contours associated to the pi bonds from both
aromatic rings and a contour because of the sulfur atom (12). Similar to the procedure followed for
MA, based on the ECFF results for PA (Table 5.4), the addition reactions to the carbon atoms with
the highest values, 1, 4 and 11, were evaluated. As in the MA case, molecular structures produced by
these reactions were not stable and, therefore, were not considered in the analysis.

Taking into account the results in Table 5.4 and with the carbon atoms in the cycles discarded as
possible sites for addition, values for the remaining atoms were analyzed. Typical reaction mechanisms
have identified the hydrogen abstraction reactions as responsible of the start of the LTO process;
however, all hydrogen atoms in this molecule presented ECFF values of 0.04, which are very low
compared to the sulfur atom value of 0.26. Based on this result, the author considered an addition
reaction between oxygen and PA as the initiation step for the oxidation process of this surrogate

molecule.

Figure 5.5: Contours of electrophilic topological Fukui function for Polycyclic Aromatic (PA)
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Table 5.4: Results of electrophilic condensed Fukui function for Polycyclic Aromatic (PA)

Element Atom number Electrophilic condensed function

C 1 0.12
2 -0.03
3 -0.02
4 0.14
5) 0.03
6 0.08
11 0.14
13 0.05
S 12 0.26
H 7 0.04
8 0.04
9 0.04
10 0.04
14 0.04
15 0.04

In the case of the olefin surrogate, 1-heptene, which was specially selected to explain how this type
of compounds acts in the initiation events of the LTO process, it was determined that the process
proceeded by the addition of an oxidant agent to one of the carbon atoms in the double bond. Given
the good agreement found between the results of ECFF and topological Fukui function for all the
surrogates and the consideration of ECFF always as decisive criteria in all cases, for the olefin selected
only the ECFF was calculated. Based on that the Figure 5.6 that shows the molecular structure for the
olefin selected does not present any contours. Considering the ECFF results presented by Table 5.5,
it was possible to define that the carbon atom 14, the highest value was the place for the addition of

the oxidant agent.
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Figure 5.6: Molecular structure of the olefin surrogate

Table 5.5: Results of electrophilic condensed Fukui function for the olefin surrogate 1-heptene

Element Atom number Electrophilic condensed function

C 1 0.009
2 0.014
S 0.017
8 -0.033
13 0.217
14 0.304
18 0.009
H 3 0.019
4 0.022
6 0.025
7 0.025
9 0.033
10 0.030
11 0.037
12 0.075
15 0.044
16 0.038
17 0.035
19 0.018
20 0.042

21 0.018
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The products obtained from the reactions in the initiation event were e R, peroxyl (ROQOe) and hydro-
peroxyl (HOOe) radicals. Figure 5.7 shows the structures of these species and Table 5.6 summarizes
the reactants, products and energies from this event. For the three surrogates that underwent the
initiation process by intermolcular H-abstraction, CS, NS and MA, the reaction energies calculated
were 9.85, 19.54 and 6.13 kcal/mol respectively. As it was expected, the lowest value was registered
for the most stable free radical formed, the one stabilized by resonance, i.e. the radical from the MA
surrogate (Figure 5.7 c¢). On the other hand, the highest energy value obtained was for the most
unstable radical that originated from the NS molecule (Figure 5.7 b).

In the cases of PA and olefin surrogates, where initiation reactions were intermolecular additions, the
reaction energies calculated were 17.88 and -2.27 kcal/mol respectively. The first one was considered
high when compared to the rest of the species because of the changes in the aromaticity of the structure,
which were caused by the formation of a bond between oxygen and sulfur atoms (Figure 5.7 d). In the
case of the olefin surrogate, the energy value obtained was considerably lower than in the other cases.
This result is explained because of the addition of a hydrogen atom in this molecule that formed a

biradical that was stabilized by the formation of a cyclic ether (Figure 5.7 e).

CH;

a | i c T d
S y,

Figure 5.7: LTO Initiation products. a) eR radical from CS. b) eR radical from NS. c¢) eR radical
from MA. d) ROOe radical from PA. e) ROOe radical from Olefin
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Table 5.6: Summary of LTO initiation event with O, as oxidant agent

Route Surrogate Reaction energy Products
(kcal/mol)
Intermolecular H-abstraction CS 9.85 Tertiary free and

hydroperoxyl radicals

NS 19.54 Primary free and
hydroperoxyl radicals
MA 6.13 Primary free radical stabilized by

resonance and hydroperoxyl radical

Intermolecular addition PA 17.88 Peroxyl radical
Olefin -2.27 Cyclic ether radical

During the LTO stage of ISC, the main and starting oxidant agent is molecular oxygen, given its
presence in the gas injected to the reservoir. Nevertheless, during the evolution of the oxidation
process, other oxidant agents are produced, particularly ¢OH and HOse. Although the ISC literature
does not attribute to HOse a high reactive character and the «OH role has not been largely explored,
their effect in the process was analyzed. Table 5.7 presents the energy reaction results during the
initiation event having as oxidant agents e¢OH and H(Ose. All surrogates were analyzed except PA,
because the addition of both oxidant agents did not lead to the formation of stable species as the
optimization calculations showed that the individual species are more stable than when combined.
This analysis was carried out in order to explore changes in reaction energies, routes and species
obtained by the interaction of €O H and H Ose with hydrocarbons; however, it is important to highlight
that the equilibrium concentration of these species has not been determined during ISC and therefore,
it is not possible to determine if they roles are important or not in the dynamic of the process.

From the results in Table 5.7, it was possible to identify O H as an effective oxidant agent with a high
reactivity. Initiation reactions carried out by this agent are exothermic, because it is very unstable
and one of the products from this type of interaction is water, which is a highly stable molecule.
Water is one of the main products in a combustion process, once water molecules are produced, high
energy is required to disturb them. In the case of HOqe, it was identified as a low reactive oxidant
agent. Initiation reactions promoted by this agent required higher energy reactions that in the cases
analyzed for Os. This suggests that the radical HOye is more a hydrogen-transportation species than

as an oxidant agent.
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Table 5.7: Summary of LTO initiation event with ¢OH and HOse as oxidant agents by the intermo-

lecular H-abstraction route

Route Oxidant Agent Surrogate Reaction energy Products
(kcal/mol)
Intermolecular eOH CS -17.61 Tertiary free radical
H-abstraction and water
NS -7.92 Primary free radical
and water
MA -21.33 Primary free radical stabilized
by resonance and water
Olefin -30.27 Secondary free radical
HOse CS 15.37 Tertiary free radical
and hydrogen peroxide
NS 25.06 Primary free radical
and hydrogen peroxide
MA 11.66 Primary free radical stabilized by
resonance and hydrogen peroxide
Olefin - Secondary free radical

5.2.2. Propagation

This event considered as reactants the products of the initiation event in the LTO process (Figu-

re 5.7). The study of the most-accepted reaction mechanisms proposed for LTO indicated four types

of reactions that occur in this event: -scission, intermolecular and intramolecular H-abstraction and

intermolecular addition of Os. Except for the radical produced by the olefin surrogate, the chemical

evolution of all radicals were analyzed during this event. This is because the radical produced by the

alkene compound is a secondary radical that makes part of a normal alkane; therefore, all conclusions

made for the radical produced by the NS apply to the radical obtained from the olefin.

= [-scission: the presence of dangling bonds in hydrocarbon molecules weakens the bonds with

surrounding atoms, which leads to the scission of the S bonds. This type of reactions were

applied to the radicals obtained by the initiation event (Figure 5.7). In the case of the radicals

from MA and PA, the aromatic ones, their structures did not allow the application of this type

of reactions. A [-scission reaction for MA radical would imply a breaking in double or resonant
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bonds that is not possible at ISC conditions. On the other hand, in the case of PA, it would

generate a breaking in the oxygen-sulfur bond, which goes against the oxidation process.

Figure 5.8 presents the radicals and olefins structures produced. In the case of the tertiary cyclic
radical, several options for olefin formation were evaluated. The one presented required the lowest
energy for its formation (Figure 5.8 a). On the other hand, for the terminal radical from NS
surrogate, there was only one option of breaking, which produced ethylene (Figure 5.8 ¢) and a

terminal radical (Figure 5.8 b).

CH.

CH, CH.,
HC/\/\CH;. + H?(:{" ’

CH,

Figure 5.8: LTO propagation products from [-scission reactions. a) Radical olefin from CS. b) eR
radical from NS. ¢) Ethylene from NS

= Intermolecular H-abstraction: depending on the products formed this type of interactions may
be considered as propagation or termination reactions. Reactions that form at least a radical
compound are classified as propagation; the formation of species without dangling bonds as a
termination reaction. In this case, these reactions formed the radical HOye. Figure 5.9 shows
the structures for the products obtained by the study of this type of reactions. Figures 5.9 a
and b presents the two possible olefin structures obtained by the H-abstraction in the tertiary
radical from CS surrogate. On the other hand, from the terminal radical obtained from NS, only

one olefin was likely to produce in an H-abstraction reaction, it is shown in Figure 5.9 c.
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Figure 5.9: LTO propagation products from intermolecular H-abstraction. a) External olefin from

CS. b) Internal olefin (methylcyclohexene) from CS. ¢) Terminal olefin from NS

» Intramolecular H-abstraction: peroxyl radicals (ROQe) contain a dangling bond in one of the
oxygen molecules. Some authors [9,12,14,15] have studied the capacity of those oxygen molecules
to rotate inside a molecular system, which allows to abstract a hydrogen molecule. That type of
abstraction leads to the formation of a peroxide with a dangling bond in a carbon atom in the
same molecule. Figure 5.10 shows the radical molecules obtained by this type of reactions. The
¢(QOOH radicals produced by the surrogates CS, NS, MA and PA are shown by Figures 5.10 a

to d respectively.

Figure 5.10: LTO propagation products from intramolecular H-abstraction. a) «QOOH radical from
CS. b) «QOOH radical from NS. ¢) €QOOH radical from MA. d) eQOOH radical from PA.

= Intermolecular addition of Os: this type of reaction is the most important in the oxidation process
as it allows to from bonds among free radicals (e R) from initiation with oxygen molecules (O2).
It has been considered as the certain first step in an oxidation process, taking into account
that the initiation process is a means to activate hydrocarbon molecules. Figure 5.11 shows the
compounds obtained from intermolecular addition of Os reactions. The products were peroxyl
radicals (ROOQe) from the CS (Figure 5.11 a), NS (Figure 5.11 b) and MA (Figure 5.11 c). This

transformation was already considered in the PA radical case, as the initiation reaction.
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Figure 5.11: LTO propagation products from intermolecular addition of Os. a)ROQe from CS.
b)ROOe from NS. ¢)ROOe from MA.

Table 5.8 summarizes reactants, routes, reaction energies and products from this event. Reaction
energies for [-scission reactions had an average value of 25 kcal/mol. Chapter 6 gives more details
about this type of reactions, given their importance in the thermal cracking process.

The intermolecular H-abstraction reactions, which produced an olefin and a HOye radical, presented
energies of approximately -49 and -44 kcal/mol, for the formation of n-heptene (Figure 5.9 ¢) and
methylcyclohexene (Figure 5.9 b) respectively. In addition, from the CS radical, it was evaluated the
formation of the double bond out of the cycle, which would require 9kcal/mol to occur (Figure 5.9
a). On the other hand, all intramolecular H-abstraction reactions were identified as endothermic, with
energy values from 22 and 32 kcal/mol. The highest value was for the abstraction of a hydrogen atom
inside an aromatic ring (Figure 5.10 c¢) and the lowest for the abstraction in a secondary carbon in
an alkane (Figure 5.10 b). In the case of intermolecular Oy addition reactions, they presented an
exothermic nature, which indicates the higher stability of the new peroxyl radicals formed compared
to the initial free radicals. The most stable radical, the one affected by resonance (Figure 5.11 c),
has the highest energy release for these reactions, which could be assigned to its stability. The energy
releases by bond formation depends on the stability of species implied, the higher the stability the
higher the energy released. That fact explains the energy reaction results in Table 5.8 where the lowest
energy released, -60.46 kcal/mol (Figure 5.11 ¢), was for the most stable radical and the highest one,
-75.14 kcal/mol (Figure 5.11 b), for the most most unstable radical.
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Table 5.8: Summary of LTO propagation event

Route Reactant Reaction energy Products
(kcal/mol)
(-scission Tertiary radical from CS 25.52 Terminal olefin with
a dangling bond
Primary radical from NS 25.1 Alkyl radical and
ethylene
Intermolecular  Tertiary radical from CS -44.22 Olefin with double bond out
H-abstraction of the cycle and HOye
9.44 Cyclohexene and HOye
Primary radical from NS -48.81 1-heptene and HOze
Intramolecular ~ Tertiary radical from CS 23.70 Hydrogen peroxide with
H-abstraction a dangling bond
Primary radical from NS 22.15
Aromatic radical from MA 35.15
Secondary radical from PA 24.28
Intermolecular  Tertiary radical from CS -73.62 Peroxyl radical
O9 addition
Primary radical from NS -75.14
Aromatic radical from MA -60.46

5.2.3. Termination and degenerate branching steps

The peroxyl radicals (Figure 5.11) and the peroxides with dangling bonds (Figure 5.10) formed during

the evolution of the previous event were the reactants for this event. Several pathways were derived

from the possible interactions among the mentioned radicals and other species in the reactive media

such as R — H, eOH, Oy and HQOce. The chemical evolution of each of these radicals constituted

a route that leads to the formation of countless products by the occurrence of several reactions.

Products formed by these radicals led to the formation of other species by the occurrence of subsequent

reactions,. That process has been named by some authors [9,12] as degenerate branching step and is

also explained in this section.

= Peroxides with dangling bonds: given the presence of a dangling bond, several species may inter-

act with this compound. Figure 5.12 presents a reaction scheme that summarizes the routes from
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the different possible interactions among the species in the reactive media. In the Stage 1, the
peroxide radical has four options: to form a cyclic ether by its own or to undergo H-abstraction
or addition reactions with eOH, HOse and Oy producing several oxygenated compounds, those
that are highlighted in the diagram with bold types. In most of the cases, those molecules contai-
ned two or more oxygen atoms that may constitute different functional groups such as, alcohols,
peroxides, ketones, ethers and carboxylic acids. In the Stage 2, the oxygenated compounds were
named as QOOH, those that led to the formation of QOe and eOH radicals, by breaking of
O — O bonds. Those QOe radicals had two options for reacting, producing alcohols, aldehydes,

ketones and new e R radicals.
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Figure 5.12: Reaction scheme for the evolution of radical peroxides
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= Peroxyl radicals: Figure 5.13 presents the possible reaction routes underwent by peroxyl radicals.
In the Stage 1, the evolution of a peroxyl radical proceeded always by the abstraction of a
hydrogen atom, from another molecule that may be a hydrocarbon or a HOze radical. This
stage led to the production of peroxides, compounds that tended to undergo breaking in their
O — O bonds, producing ROe and eOH radicals. Next, the presence of both types of radicals
allowed the formation of ketones, aldehydes and alcohols during the Stage 2. R radicals were

also an important product from this part of the oxidation process.

+HO;* or R-H

L R-O0H + R+ or O,

7\

Figure 5.13: Reaction scheme for the evolution of peroxyl radicals

Figures 5.14 to 5.17 show the structures of the products derived from the evolution of the peroxides
with dangling bonds and peroxyl radicals studied. The species produced by the application of the
reactions defined agreed with those registered data in the literature [9,12-15,63] for ISC.
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Figure 5.14: Termination event products from CS surrogate
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Figure 5.15: Termination event products from NS surrogate
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Figure 5.16: Termination event products from MA surrogate
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Figure 5.17: Termination event products from PA surrogate

Table 5.9 presents the reaction energies calculated for the reactions considered in this event. The
table contains the functional groups formed, the possible interaction with a second reactant, reactions

and the energy range obtained. From the results presented, it was possible to identify six of the nine
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routes as exothermic. The energy varies in the range of 3 to 4 kcal/mol, which could be considered as
very small, except in three cases: formation of alcohols (by intermolecular addition of €O H), ketones-
aldehydes and cyclic ethers. The possible explanation for the mentioned deviations may be the high
dependence in the reactants nature of this type of reactions,e.g. the formation of a cyclic ether depends
on the number of atoms in the ring, whereas the formation of ketones and aldehydes depends on the

bond that underwent the breaking process.

Table 5.9: Summary of LTO termination event

Functional group formed Second reactant Reaction Reaction energy
(kcal/mol)
Alcohol HOye Intermol. H-abstraction 13.37 - 14.44
eOH Intermol. addition -95.11 - -113.03
Peroxide HOye Intermol. H-abstraction 5.92 - 8.21
Intermol. addition -79.67 - -68.09
Olefin eOH Intermol. H-abstraction  -76.27 - -74.09
O Intermol. H-abstraction ~-45.51
Cyclic ether - Intramol. addition -41.46 - -19.23
Aldehydes - Intramol. addition 9.24 - 26.27

and ketones

For more information about the reactions and species explored, please go to the Appendix section at

the end of this thesis.

5.3. Analysis for resin and asphaltene surrogates

Given the complexity of the structures selected as surrogates and the nature of this reactive process
that commonly gives raise to the formation of larger molecules, the analysis was limited to determine
the most reactive sites in their structures, which allowed to make predictions about their behavior
during the oxidation process. In order to define reactive sites, the ECFF was calculated for both

compounds. Figures 5.18 and 5.19 show the identified sites.
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Rasl

Figure 5.18: Reactive sites (circles) in the CR structure with substituent labels

» Castilla Resin (CR): in the case of the CR surrogate, eight sites were identified as highly reactive
(Figure 5.18). In the large condensed aromatic structure, a carbon and a sulfur atoms (Figure 5.18
green circles) presented the highest values. In spite of this, the position of the carbon atom
allowed to discard it as a site for an electrophilic attack, as a reaction in this site would imply
the alteration of the structure aromaticity, which is not a viable option according to the study
carried out above for aromatic molecules (MA and PA). In the case of the sulfur atom, the study
conducted for PA identified this as a possible place for the addition of oxygen; however, during
the evolution of the oxidation process, oxygen tended to leave the sulfur atom to form bonds
with other atoms in the surroundings. Based on that fact, the addition of oxygen to the sulfur

atom may be considered but, oxygen is not expected to stay bonded to that site.

Other sites of the CR structure also presented reactive characteristics. In four (Rasl, Ras2,Resl
and Ras4) of the six substituents the most-reactive atom is one of the H atoms bonded to the
nearest carbon to the large aromatic structure, which was expected because the abstraction of

those types of atoms lead to the production of highly-stable radicals. Based on the type of radical
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that these abstractions may produced, those reactive sites are expected to present the behavior
showed by the molecules produced in the oxidation process of MA (Monocylic aromatic). On the
other hand, in the substituents Ras3 and Ras5, the most reactive sites were found at the end of
the chains. Based on this, an H-abstraction reaction in those places would form primary radicals,
those that were analyzed in the previous sections for the NS (Normal Saturate). Therefore, these

sites of the CR could evolve as the NS surrogate did.
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Figure 5.19: Reactive sites (circles) in the CA structure with substituent labels

» Castilla Asphaltene (CA): given the great size of the surrogate structure, 15 places were identified
as highly reactive (Figure 5.19). In two of those places, those that involve sulfur atoms, the
reactive character is high and, as in the CR case, it is possible that an oxidation process conducted
in this place tends to move to another atoms in the surroundings. The rest of the atoms identified
are hydrogen in different parts of the structure, in the substituents and in the large condensed
structure. Acsl, Acs2, CL, Acs3, Aas4 and Aash presented a behavior closer to the one showed
by the MA surrogate, i.e. the formation of resonance-stabilized radicals. On the other hand,
the places marked with the green circles could be places for an electrophilic attack if the steric

hindrance introduced by the several substituents allows. Given that, during the evolution of MA
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a benzene radical was produced, that information applies to describe the oxidation process in
green sites. Aas2, Aas3, Aas6 and Aas7 are located in sites that allow the formation of primary
radicals. In spite of this, it is not possible to affirm that they may proceed as NS did, because
their structures are branched alkanes and not normal alkanes; therefore, the evolution, energies
and products could change. Finally, in the Aasl substituent, a hydrogen atom in the middle of
the chain was identified as the one with the highest reactivity, result that could not be identified

as similar to another one in this study.

Conclusions

The electrophilic topological and electrophilic condensed Fukui function calculations carried out
for saturates and aromatic surrogates identified the same high reactive sites in the CS, NS, MA

and PA molecules.

The PA and olefin surrogates did not proceed by the H-abstraction route in the initiation event
of the LTO process. Given the presence of a sulfur atom or a double bond, those molecules
underwent the initiation process by the intermolecular addition of Os and even the alternative

oxidant agent eOH.

The role of «OH could be considered by future ISC studies as this species may act as an effec-
tive oxidant agent. Reactions that involve this reactant were highly exothermic, which certainly
increases the lifetime of their products. Nevertheless, it is important to highlight that the con-
tribution of this radical to the oxidation process, depends on its equilibrium concentration and

temperature conditions.

HOse was identified as a compound for the transport of hydrogen atoms. In the beginning of the
process, oxygen abstracts a hydrogen atom from hydrocarbon molecules to form e R and HO-e
radicals. In the subsequent steps, HO2e releases the hydrogen atom to allow the formation of

compounds such as alcohols or peroxides.

Several olefins were formed during the oxidation process by [-scission and intermolecular H-
abstraction reactions, during the propagation and termination events. These routes constituted

the explanation for the formation of lighter hydrocarbons during an oxidation process.

Two types of molecules were identified as fundamental in the oxidation process, peroxyl radicals

and peroxides with dangling bonds. From the evolution of those species several routes such as
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intermolecular and intramolecular H-abstractions and intermolecular additions were identified

to produce many oxygenated products.

= Each of the saturate and aromatic surrogates underwent an oxidation process producing several
oxygenated compounds such as, ketones, peroxides, aldehydes, ethers (cyclic and long chain)
and acids. The products obtained also contained two or more functional groups associated to

oxygen.

= The molecules obtained in the development of the reaction pathways for the LTO process were
in agreement to the results obtained by some ISC studies [13,63], which have attempted to
described, by experimental methodologies, the evolution of species during the ISC oxidation

process at low temperature.



Chapter 6

Thermal cracking reaction pathways

This chapter describes the formulation of the thermal cracking reaction pathways. As in the LTO
case, for saturate and aromatic surrogates, the reactions were studied in detail, whereas, for resin and
asphaltene molecular systems, a less detailed analysis was carried out based on the conclusions made
for the lighter surrogates.

The first section of the chapter presents a methodology diagram, which condenses the step to develop
the LTO reaction pathways. Next, the section that describes the results is presented. In that section
six main topics are discussed: Formation of free radicals, Initiation, Propagation, Other intermediate
formation and termination, Reaction route for coke formation and Thematic Database results. Finally
the chapter finalizes with a section for conclusions .

During the chapter, the author explains the development of the pathways; however, detailed reaction
schemes are in the appendixes. Based on that, for more detail in the structures and reaction energies

obtained from the study of the reactions in the different events see the appendixes of this thesis.

6.1. Methodology

Figure 6.1 shows the diagram that explains the steps followed to analyze the chemical evolution of
species during the thermal cracking process. The chapter 3 presented a more detailed explanation
about the steps condensed in the diagram. In the Step 1, the surrogate structures are optimized to
obtain ground state structures. The Step 2 considers the performance of NBO simulations to calculate
bond orders (through Wiberg Index). During the Step 3, bond orders for all surrogate structures
are analyzed to determine the most probable breaking sites. The Step 4 involves the analysis of the
formation of free radicals, which considers bond orders and reaction energies of bond dissociation
reactions. In the Step 5, initiation reactions are considered with surrogate structures as reactants

and several radicals are the products for the event. Step 6 takes into account the radicals produced
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during the Step 5 to apply propagation reactions, producing alkenes and more radicals (eR). The
Step 7 involves radicals produced during the Step 6 as reactants for the Other intermediate formation
and Termination events, with several radicals and hydrocarbons as products. Additionally, compounds
considered in the Steps 5 to 7 are simulated in the Step a to obtain optimized structures and its energies
in order to calculate reaction energies in the Step b. In the last step, Step 8, chemical structures and
reaction energies considered and calculated during the previous steps were taken into account in order

to build reaction schemes.

1. Obtain optimized structuresfor the selected
surrogates

|

2. Carry out NBO simulations for calculating bond
order through Wiberg Index

I

3. Analize bond orders to determine the most
probable breaking sites

|

4, Study the formation of free radicals for saturate
and aromatic molecules, based on bond order
data and reaction energies

!

5. Apply reactions in the initiation event obtaining

‘R and H- radicals —l

6. Apply to initiation products reactions in the

a. Obtain optimized

. it . . structures and b. Calculate reaction
propagation event giving raise to the formation of , * i
alkenes and more R-radicals . Energies
compound

7. Apply to propagation products reactionsin the |

termination and other intermediate formation
events to produce several hydrocarbons

}

8. Build reactions schemes P

Figure 6.1: Methodology diagram for the formulation of the thermal cracking reaction pathways
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6.2. Results

6.2.1. Formation of free radicals

The most accepted reaction mechanisms [21-36,65] in this field described that at thermal cracking ISC
conditions the chemical evolution of hydrocarbon molecules proceeds by free radical formation. Those
species have as main characteristic dangling bonds that constitute active sites, and its production takes
place by bond breaking. Based on that, the information to analyze the production of free radicals was
obtained from NBO calculations by the analysis of bond orders (through Wiberg index).

For the saturate and aromatic surrogates, the breakings of carbon-hydrogen (C' — H) and carbon-
carbon (C — C) bonds were analyzed based on a radical formation study that identified the weakest
C — C and C — H bonds, linking bond order data with reaction energies. In addition, given the
structures of saturate and aromatic surrogates, it was possible to identify some symmetry planes. The
presence of a symmetry plane in a molecule could imply, atoms in both sides of the plane had the
same characteristics, hence only the breaking of bonds in one the sides of the molecules were studied.
On the other hand, for resin and asphaltene surrogates, since only C' — C bonds breaking were taken

into account, a study as the one mentioned before was not necessary.

= Saturates: the free radical formation study involved the simulation of all possible breaking of
bonds in the molecules: Cyclic Saturate (CS) and Normal Saturate (NS). Starting structures
with their symmetry planes are showed in Figure 6.2 a for the CS surrogate and in Figure 6.2 b
for the NS structure. Tables 6.1 and 6.2 present the results obtained from the free radical study.
They include type of bond, C'— H or C — C, label numbers of the bonded atoms, bond orders
and energy reactions. For both surrogate structures, CS and NS, it was possible to determine
that there were two bonds that were more likely to undergo the breaking process. In the case
of CS, the bonds 7 and 12 were selected; each of them had the lowest bond order and energy
reaction in their type, C'— H and C — C bonds respectively. For NS, the bonds 8 and 11 were
selected. As in the CS case, both bonds presented the lowest bond orders and energy reactions
in their categories. In addition, for NS, it was possible to identify that each of the two hydrogen
atoms bonded to the carbon atoms in the molecule, had the same bond order and reaction
energy , which implies that, as expected, no distinctions have to be done between hydrogen
atoms bonded to the same carbon atom in a normal saturate. It is important to mention that
symmetry restriction were not taking into account during calculations with the aim to obtain

electronic structure information.
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Figure 6.2: Symmetry planes of saturate structures. a) Symmetry planes for the CS surrogate. b)

Symmetry planes for the NS surrogate.

Table 6.1: Results of free-radical formation study for Cyclic Saturate (CS)

Type of bond Bond number Atom 1 Atom2 Bond order Reaction energy (kcal/mol)

C—-H 1 1 10 0.9179 104.19
2 1 11 0.9184 104.19
3 2 8 0.9178 103.80
4 2 9 0.9175 103.80
5 3 7 0.9185 103.97
6 3 17 0.9183 103.97
7 4 12 0.9012 98.61
8 18 19 0.9328 107.09
9 18 21 0.9329 107.09
c-C 10 1 2 1.0125 87.69
11 2 3 1.0121 87.47
12 3 4 0.9972 83.35
13 4 18 1.0112 87.81
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Table 6.2: Results of free-radical formation study for Normal Saturate (NS)

Type of bond Bond number Atom 1 Atom2 Bond order Reaction energy (kcal/mol)

C—-H 1 1 3 0.9336 108.30
2 1 4 0.9334 108.34
3 1 5 0.9334 108.34
4 2 7 0.9173 104.62
5 2 8 0.9173 104.62
6 6 10 0.9168 104.54
7 6 11 0.9168 104.54
8 9 12 0.9165 104.45
9 9 13 0.9165 104.45
c-C 10 1 2 1.0284 93.06
11 2 6 1.0156 89.39
12 6 9 1.0164 89.71
13 9 14 1.0163 89.70

= Aromatics: the free radical formation study for aromatic surrogates, involved the simulation of
all possible C' — C' and C — H bond breakings in the Monocyclic Aromatic (MA) and Polycy-
clic Aromatic (PA) molecules. The scission of C' = C bonds was not analyzed because it was
determined that this type of breaking is not possible at ISC temperatures. A symmetry plane
was identified for the MA structure. Figure 6.3 shows the mentioned plane. In the case of the
PA, the presence of heteroatoms and the mixture of sizes in the aromatic rings did not allow to

identify any symmetry planes.

Tables 6.3 and 6.4 present the results obtained from the free radical study carried out for MA
and PA. For MA surrogate, bond 4 was selected as the weakest one, by the two criteria applied,
bond order and reaction energy. In the PA case, it was possible to identify two C'— H bonds, as
the most likely places for the breaking. Bonds 2 and 5 were selected because, only in this case,
the bond with the lowest bond order was not the one with the lowest energy reaction. Based on
that, the two C — H cleavages were considered, the one with the lowest bond order and the one
with the lowest energy reaction. The author attributes this deviation in the normal behavior of
bond order data to the presence of the sulfur atom in PA, which affects the resonance character

of the aromatic rings.
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Figure 6.3: Symmetry planes of aromatic structures

Table 6.3: Results of free-radical formation study for Monocyclic Aromatic (MA)

Type of bond Bond number Atom 1 Atom2 Bond order Reaction energy (kcal/mol)

C—-H 1 1 7 0.9173 117.23
2 2 8 0.9175 117.12
3 6 11 0.9173 117.70
4 12 13 0.9128 94.90
5) 12 14 0.9278 94.90
6 12 15 0.9282 94.90
c-C 7 3 12 1.0288 104.84

Table 6.4: Results of free-radical formation study for Polycyclic Aromatic (PA)

Type of bond Bond number Atom 1 Atom2 Bond order Reaction energy (kcal/mol)

C—-H 1 1 7 0.9111 117.87
2 4 8 0.9138 117.68
3 5) 9 0.9158 117.87
4 6 10 0.9155 117.80
) 11 14 0.9022 120.14
6 13 15 0.9088 122.16

6.2.2. Initiation

Based on the information provided by the section of study of free radical formation, the initiation

event products were determined for the six surrogates.
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= Saturates: Figure 6.4 presents the structures of the radical species obtained from the selected
C — C and C — H breakings in the CS and NS molecular systems. These species are called, from
now on, Saturate Initiation Products (SIP). Breaking of the CS bonds led a tertiary cyclic radical
(Figure 6.4 b), an alkyl chain biradical (Figure 6.4 ¢) and a hydrogen radical atom (Figure 6.4
a). Free radicals increase their stability directly proportional to their order. Based on that, the
most stable compound produced was the tertiary free radical, followed by the alkyl biradical that
combines a secondary and a primary free radical, and finally, the hydrogen radical atom that is
the least stable. In addition, breaking of NS bonds produced one secondary (Figure 6.4 d), two
primary (Figure 6.4 f and g) and one hydrogen radical (Figure 6.4 ). The most stable compound

produced was the secondary free radical, followed by the two primary and the hydrogen.

5
/ 2\

H

-

Figure 6.4: Saturate initiation products (SIP). a) Hydrogen radical from CS. b) Tertiary cyclic radical
from CS. c) Biradical from CS. d)Secondary radical from NS. e) Hydrogen radical from NS. f and g)

H H
c o +
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Primary radicals from NS

Table 6.5 presents the energy results obtained from the study of the unimolecular initiation
reactions for saturate and aromatic surrogates. For CS, the production of the tertiary and the
hydrogen radical required an energy of 98.61 kcal/mol, whereas, the formation of the biradical
presented an energy of 83.35 kcal/mol. Based on these and other results presented in this chapter,
one can conclude that in general the breaking of a C'— H bond requires a higher energy compared
to the breaking of a C' — C' bond. For the radicals produced from NS, as in the CS case, the
highest reaction energy was calculated for the production of the hydrogen radical atom, 104.44
kcal/mol. On the other hand, the breaking of C'— C bond that led to the formation of two

primary radicals, presented an energy of 89.39 kcal /mol.
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Table 6.5: Summary of unimolecular initiation reactions for saturate and aromatic surrogates

Reactant Route Products Reaction energy (kcal/mol)

CS C — H cleavage Tertiary and hydrogen 98.61
radicals

C — C cleavage Biradical 83.35

NS C — H cleavage Secondary and hydrogen 104.44
radicals

C — C cleavage Two primary radicals 89.39

MA C — H cleavage Stabilized by resonance and 94.90

hydrogen radicals

PA C — H cleavage Secondary and hydrogen 117.68
radicals

Secondary and hydrogen 120.14
radical

= Aromatics: according to the literature review carried out, unsaturated molecules such as olefins
or aromatics could undergo unimolecular and bimolecular initiation reactions. Unimolecular
reactions consist the breaking of C'— C and C'— H bonds, whereas, bimolecular reactions involve
the transference of a hydrogen atom by the contact of two unsaturated molecules, in order to

produce two radical species.

Figure 6.5 presents the structures of the radical species obtained from unimolecular and bi-
molecular initiation reactions. These species are referred, from now on, as Aromatic Initiation
Products (AIP). Breaking in the MA and PA surrogates produced two secondary (Figure 6.5 b
and d), two hydrogen (Figure 6.5 ¢ and e) and one primary radicals (Figure 6.5 a). Contrary to
the theory that describes free radical stability, the primary radical formed by MA (Figure 6.5
a) is the most stable one, because of the resonance from the benzene ring. The flow of electrons
from the aromatic structure mitigates the effect of the dangling bond, which has a big influence
in the radical stability. This result constituted a great contribution from the aromatic reaction
pathway to the study of the chemical evolution of resin and asphaltene surrogates, because, given
the presence of large aromatic nuclei in their structures, those molecules tended to form in most

of the cases radicals stabilized by resonance.

From the bimolecular initiation reactions, different kind of radicals (Figure 6.5) were obtained:
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two primary stabilized by resonance (Figure 6.5 f and h) and four secondary (Figure 6.5 g, i, j
and k). Five of these radicals (Figure 6.5 f, h, i, j and k) were also produced by the unimolecular
initiation reactions previously explained; however, the radical in Figure 6.5 g could be produced
only by a bimolecular iniation reaction, i.e. the addition of a hydrogen molecule to the MA
ring. The production of this radical changed in the aromaticity of MA, which gave rise to the
formation of a dihexene radical from an aromatic molecule, result that constituted an important

fact in order to explain the production of lighter species from aromatic compounds.
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Figure 6.5: Aromatic unimolecular and bimolecular initiation products (AIP). Unimolecular initiation
reactions: a) Stabilized by resonance radical from MA b) Secondary radical from PA ¢) Hydrogen
radical from PA d) Secondary radical from PA e) Hydrogen radical from PA. Bimolecular initiation
reactions: f) Stabilized by resonance radical from MA g) Dihexene radical from MA h) Stabilized by
resonance radical from MA i) Secondary radical from PA j) Secondary radical from PA k) Secondary

radical from PA.
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The reaction energies for the formation of the aromatic radicals by C'— H and C' — C' cleavages
varied from 94.9 to 120.14 kcal/mol. For the bimolecular initiation reactions, reaction energies
presented in Table 6.6 varied from 52.43 to 75.22 kcal/mol. The calculated energies were highly
affected by the stabilization of radicals and the presence of sulfur atoms, which tended to reduce
and increase, respectively, the reaction energies related to the reactions associated to MA and

PA.

Table 6.6: Summary of bimolecular initiation reactions for aromatic surrogates

Reactant 1 Reactant 2 Products Reaction energy (kcal/mol)

MA MA Stabilized by resonance and 65.26
dihexene radicals

MA PA Stabilized by resonance and 52.43
secondary radicals

PA PA Two secondary radicals 75.21

» Castilla Resin (CR): the surrogate structure selected to represent the resin fraction has 168
bonds. Figure 6.6 presents the distribution of bond orders for the 168 bonds. The figure makes
evident the existence of three ranges of bond orders. The red square groups bond orders from
1.09 to 1.53, which represent the double or resonant carbon-carbon bonds and double, resonant
or simple carbon-heteroatom (oxygen or sulfur) bonds. These bond orders have an average value
of 1.3; however, some of them presented lower or higher values, which depends in the aromatic
character, e.g. a double bond has a higher bond order than a resonant bond. In the case of the
carbon-heteroatom bonds, for the two bonds that involved the sulfur, bond order values were 1.09
and 1.2, whereas, for the carbon-oxygen bond was 1.01. In the case of the carbon-sulfur bonds,
although both of them connect with the same sulfur atom, the presence of other substituents in
the surroundings may cause weakening or strengthening, which explains the difference in bond

order values and hence, their reactivity behavior.

The blue square delimits the bond order interval for carbon-carbon bonds. It has an average
value of 1.01. Deviations from this value results from the existence of different types of C — C
bonds in the structure. Some bonds made part of the cyclohexane structures, those had a lower
bond order when compared to the average value. The rest of the bonds made part of alkyl
chains. Three differences were found among those bonds. i) The bond between an alkyl chain
and an aromatic structure was, in most cases, the weakest and presented lower bond orders.

ii) Internal C' — C bonds in alkyl substituents presented values close to the average, with some
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exceptions when chains were branched, which implies changes in the weakest bonds because
breaking of branched chains may lead to the formation of high order radicals. iii) In general,
terminal bonds of the chains presented higher bond orders, because breaking of these type of

bonds would produce methyl radicals, which are highly unstable.

The last interval in Figure 6.6 is the one defined by the green square, which groups bond order
data for C — H bonds. As in the C' — C case, it was possible to identify three different types:
hydrogens near to the aromatic nucleus, hydrogen bonded to internal carbon atoms and terminal
hydrogens. The lowest bond order values were calculated for those near to the aromatic nucleus,

whereas, the highest for terminal hydrogens.
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Figure 6.6: Frequency plot for bond order for the bonds in the CR surrogate

Based on the analysis of these data, the breaking of the C' — C bonds with the lowest value for
each of the parts in the resin structure, was considered. Figure 6.7 shows the resin structure with

the proposed breaking sites as red lines.
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Rasl

Figure 6.7: Castilla Resin structure. The red lines indicate the places where it is more possible that

the bonds break

Table 6.7 summarizes the reactant site, products and reaction energies obtained from the selected
breakings. For the breakings in Rasl, Ras2, Ras3 and Ras4 the energy reaction calculated was
76 kcal/mol. This case constituted the most common one, because the formation of radicals
stabilized by resonance is the most likely breaking event in this type of structures. Due to its
frequent occurrence, the value associated to this kind of breaking was used as a comparison
point. In the case for the opening of the Rcsl structure, the energy required was determined
as 83 kcal/mol, which is higher when compared to the most probable breaking. This result is
explained because the opening in a chair hexane structure produced two radicals and, although
one of the them was also stabilized by resonance, the formation of two radical species required
higher energy. The breaking of the branched chain (Rasb) did not produce stabilized radicals;

therefore, the reaction energy was 84 kcal/mol, higher when compared to the value of 76 kcal /mol.

As it was explained in the Chapter 3, the calculation of a reaction energy imply the performance

of optimization calculations that required high computational costs. Based on that, Table 6.7
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presents approximated reactions energies that were calculated by the simulation of parts of the

molecule.

Table 6.7: Summary of C' — C cleavage as initiation reactions for Castilla Resin (CR)

Reactant site Products Reaction energy (kcal/mol)
Rasl
Ras?2 Stabilized by resonance and primary ~ 76
Ras3 radicals
Ras4
Resl Secondary bonded to the aromatic nucleus and ~ 83

primary radicals

Rash Primary bonded to the aromatic nucleus and ~ 84

secondary radicals

Figure 6.8 shows the structures of the radicals produced by the initiation event for the resin

structure. Those radicals were named Resin Initiation Products (RIP).
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Figure 6.8: Castilla resin initiation products (RIP)

» Castilla Asphaltene (CA): the surrogate structure selected consisted of 335 bonds. For the asp-
haltene molecule, the graphic obtained from bond order data analysis is not presented by this
thesis because, given the similarities between CR and AR structures, the same zones identified

for the CR molecule were shown by this structure. Figure 6.9 presents the most-likely breaking
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sites in the asphaltene structure.
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Figure 6.9: Castilla Asphaltene structure. The red lines indicate the places where it is more possible

that the bonds break

Table 6.8 summarizes the reactant site, products and reaction energies obtained from the selected
breakings for the Castilla asphaltene. In bonds Aasl, Aas3, Aas4 and Aasbh, the fragmentation
left at least one carbon atom bonded to the big aromatic structure and produced a primary or
a secondary free radical; the energy needed for this to occur was calculated as 71 kcal/mol. As
was the case for the CR, this kind of breaking is the most common during the process, because
one of the atoms with the dangling bond is highly stabilized by the electron flow (resonance),

from the big aromatic structure.

A fragmentation in the sites Acsl, Acs2 and Acs3 produced an opening in the chair structure of
a cyclohexane. This reaction has an energy difference of 83 kcal/mol, which is higher compared
to the reference value. Nevertheless, this reaction produces two radical species, one of them

stabilized by resonance. The rise in the reaction energy could be due to the fact that it affects



a cyclic hydrocarbon, which has a chair configuration in its structure. In spite of the proximity
of heteroatoms that usually affect the normal electronic behavior of the big aromatic structure,
the breakings in Aas2 and Aas6 had reaction energies of 67.59 kcal/mol and 68.77 kcal/mol
respectively; which are close to the most common result, 71 kcal/mol. On the other hand, the
breaking in Aas7 needed 79 kcal/mol, a higher amount if it is compared to the most common case.
The reason for this higher value is the production of a methyl radical, which is more unstable
than the other primary radicals produced. In the case of site CL, where the two big aromatic

structures were separated, the energy difference of the reaction is 76.06 kcal/mol, which is also
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near to the reference value.

Table 6.8: Summary of C' — C cleavage as initiation reactions for Castilla Asphaltene (CA)

Reactant site Products Reaction energy
(kcal/mol)
Aasl Stabilized by resonance and primary radicals ~ 71
Aas3
Aas4 Stabilized by resonance and secondary radicals ~ 68
Aash
Acsl Two secondary radicals ~ 83
(come from chair cyclohexane structure opening)
Acs2 Stabilized by resonance and secondary radicals ~T9
Acs3 (come from chair cyclohexane structure opening)
Aas2 Stabilized by resonance (near to a sulfur atom) ~ 68
and secondary radicals
Aas6 Stabilized by resonance (near to a nitrogen atom) ~ 67
and primary radicals
Aas7 Stabilized by resonance and methyl radicals ~ 79
CL Stabilized by resonance and primary radicals ~ 76

(breaking in the alkyl chain that tied the aromatic nuclei)

The radicals obtained from this process are shown in Figure 6.10. Those are referred from now

on as asphaltene iniaition products (AsIP).
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GH,

Figure 6.10: Castilla Asphaltene (CA) initiation products (AsIP)

6.2.3. Propagation

Three types of reactions have been identified in this event: intermolecular H-transfer, -scission and

isomerization.

= Intermolecular H-transfers: important for species that contained less than 20 carbon atoms. In-
termolecular H-transfer reactions did not constitute a probable route when large compounds
were involved, as it would imply a direct contact between two molecular structures; that would
not be easy taking into account the size of the structures selected for the resin and asphalte-
ne fractions and the effect of steric hindrance. The products from this type of reactions were
hydrocarbon species without dangling bonds and radicals. The reaction energies related to this
type of reactions were in the range from -5 to &~ 0 kcal/mol. These reactions did not form final
products, the hydrocarbon species produced by these transformations always tend to undergo

breaking processes as those explained for the initiation event.

= (-scission: constitute fundamental reactions in a thermal cracking process and have been identi-
fied as the main responsible for the formation of terminal olefins during the process. The reaction
energies calculated for -scission reactions were of ~ 25 kcal/mol when breaking a C'—C' /3 bond.

For a C'— H bond the energy required for the breaking was of &~ 44 kcal/mol.

= [somerization: only the exothermic isomerization reactions were studied. Reaction energies for
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these reactions were calculated, obtaining a range from approximately -5 to values near to 0
kcal/mol. These reactions do not occur when resonance radicals are produced. The resonance
effect that made of those radicals stable highly increases the energy required for isomerization
reactions. In addition, the application of these reactions to the large aromatic radicals in Figu-
res 6.8 and 6.10 became impossible given the lack of alkyl susbstituents that may form the cyclic
transition states, which have been defined as a requirement for the occurrence of isomerization

reactions.

6.2.4. Other intermediate formation and Termination

The last steps on the thermal cracking process are the formation of other intermediate species and
termination. During these events, free radicals formed and transformed during previous stages, could
follow three types of routes: i) size reduction because of additional fragmentation by C' — C, C — H
cleavage or [-scission reactions. ii) constant size but changes in the bond structure by intermolecu-
lar H-transfer, disproportion or reverse radical disproportion (RRD) reactions. iii) size increase by

recombination or radical addition reactions.

= Other intermediate formation: given the possible interaction of several compounds inside the
reservoir, most of the reactions previously explored such as, C' — H and C — C cleavages, re-
verse radical disproportion or bimolecular initiations, isomerizations, intemolecular H-transfers
and B-scission reactions were considered once again. This event is named as other intermediate

formation, because its products are mainly radical species.

Table 6.9 summarizes the interactions considered in this event. The presence of saturates and
radical species gave rise to the occurrence of cleavage and [-scission reactions, which produced
oR and eH radicals and terminal olefins. Cleavage reactions presented reaction energies in the
range from 70 to 120 kcal/mol, as expected given the high dependence of the energy for this type
of reactions on reactants and products. The stability of the radicals formed highly condition the
reaction energy of a cleavage reaction. (-scission reactions presented energies between 25 and
44 kcal/mol, where the lowest values, i.e. close to 25 kcal/mol were for the breaking of C' — C
bonds, whereas highest values were calculated for those reactions that involved the breaking of
C — H bonds. This event took into account the interaction between many types of compounds.
The interaction between saturates and radicals gave rise to H-transfer reactions, which presented
reaction energies from -5 to 0 kcal/mol, producing saturates and more stable radical species. The
contact between olefins led to RRD reactions that produced saturates and radical species with

reaction energies from 50 to 75 kcal/mol. Finally, the interaction between olefins and radicals



6.2 Results 93

presented to reaction options: i) radical addition with reaction energies from -44 to -25 kcal /mol
and heavier radicals as products ii) H-transfer with saturates and resonance-stabilized radicals
as products, which presented reaction energies from -20 to -9 kcal/mol. The reaction energies
obtained for the interactions among olefins and radicals were exothermic because from less
stable species such as radicals, higher order radicals and other kind of more stables species
were produced. This did not happen in the cases of cleavage reactions, where stable compounds

such as saturates formed radicals that constituted less stable species leading to endothermic

transformations.
Table 6.9: Summary of Other intermediate formation
Reactant 1 Reactant 2 Route Products Reaction energy
range (kcal/mol)
Saturate - C—Cand C—-H eR and eH radicals ~ 70 - 120
cleavages
Radical - [-scission Terminal olefins and ~ 25 - 44
radicals
Saturate Radical H-transfer New saturates and radical ~-5-0
species
Olefin Olefin RRD Saturates and radical ~ 50 - 75
species
Olefin Radical Radical addition Heavier radicals ~ -44 - -25
Olefin Radical H-transfer Saturates and stabilized ~ -20 - -9

by resonance radical

» Termination: as its name expresses in this event the thermal cracking process terminates. For
this event the interactions between two radical species produces species without dangling bonds.
The reactions considered during this event were intermolecular addition and disproportion. By a
intermolecular addition, two free radical molecules formed a bond producing a new hydrocarbon
molecule. Regarding the disproportion reactions, two free radical molecules interacted producing
an olefin and a saturated molecules. In this case one of the free radicals interacts with the other
one by abstracting a hydrogen atom connected to a carbon atom next to a one with a lack
in its valence, the formation of a double bond between the two carbon atoms is very possible.
The energetic nature of this group of reactions was always exothermic and highly dependent

on the reactants. The more unstable the reactants the higher the reaction energy. Table 6.10
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summarizes the interactions, products and energies for these reactions.

Although both, intermolecular addition and disproportion reactions, were exothermic, clearly
the energy ranges obtained were large compared to those showed for other types of reactions
such as the ones studied in the propagation event. The explanation for those energy results
is the high dependence of these reactions on the reactants involved. For example, the energy
released by the addition of two hydrogen radicals cannot be comparable to the one produced by
the addition of two tertiary radicals. In fact, the formation heats for these reactions depends on

several structural conditions of the reactants, such as the order of the radicals.

Table 6.10: Summary of Termination

Reactants Route Products Reaction energy

range (kcal/mol)

Two radicals Intermolecular addition = Heavier hydrocarbon molecules ~ -109 - -58

Disproportion Olefin and a saturated molecules ~-84--3

6.2.5. Reaction route for coke formation

The chemical evolution of the large aromatic radicals, as those formed by the thermal cracking of resin
and asphaltene compounds led to the formation of coke, which is a carbonaceous material important
in the application of the ISC thermal recovery technique. This section focuses on the description of

the route for coke formation from the asphaltene surrogate, Castilla Asphaltene (CA).

= First step: the formation of large aromatic radicals occur. The energetic nature and characte-
ristics of these reactions were already explained. Figure 6.11 shows the surrogate structure and

the radicals produced.
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~67-83 per each C-C Cleavage

Figure 6.11: First step in the reaction route for coke formation - Initiation reactions. Reaction energies

in kcal /mol

= Second step: the large aromatic radicals underwent (-scission reactions as the only propagation
reaction possible to occur in this type of structures. From this type of reactions some reactive

sites become species without dangling bonds. Figure 6.12 shows the species involved in this step.
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s Third step: for the third step of the process coke molecules were formed. From disproportion
reactions, the remaining reactive sites became saturated and led to the formation of several olefin
compounds, the structures are shown in Figure 6.13. So far, there is not a defined and global
structure accepted to represent the carbon-rich residue called coke. The structure of this material
is highly dependent on the way it was produced. Thermal cracking, catalytic cracking and low
temperature oxidation processes produce coke. In order to characterize and have an idea about
coke composition, different parameters have been established to identify this complex material
and, the hydrogen-carbon ratio (H/C') is one of the most used and it is usually a key parameter
analyzed in coke samples. ISC studies have reported H/C values for coke produced by thermal
cracking processes which are between 0.62 and 1.45. Based on those values and calculating the
H/C ratios for the two aromatic nuclei produced in the reactions in Figure 6.13, it was possible to
say that the compounds produced that have H/C ratios of 0.64 and 0.84, are possible examples of
coke, which has been identified as the most abundant product from asphaltenes thermal cracking

during ISC.
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Figure 6.13: Third step in the reaction route for coke formation - Coke formation

= Fourth step: coke underwent a maturation process due to the increment in its energy through the
heating process. This maturation process involves the release of gases [100] such as methane and
hydrogen. Analyzing the coke structures proposed (Figure 6.13), producing these type of gases

was possible. If the energy of these molecules increases, the only possible route to follow is a new
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fragmentation process by C—C and C'— H bonds cleavage. With the coke structures as reactants,
the available sites to underwent breakings were those carbons bonded to the big aromatic nuclei
and the hydrogen molecules connected to them. Figure 6.14 summarizes the reactions in the
maturation process. In the first step, both coke molecules underwent several breaking processes
to produce an olefin, many methyl radicals and several radicals in the aromatic nuclei. Next, the
methyl radicals obtained by these fragmentation processes could easily make contact to other
saturate, olefin or even saturated sites in the coke structure in order to abstract hydrogen atoms
to produce methane or hydrogen. Another route that the methyl radicals could follow was the
intermolecular addition to form other heavier gases such as ethane or propane. On the other
hand, the radicals produced in the coke structures during the second step of this maturation
process, underwent saturation processes to produce new coke molecules with H/C' ratios of 0.43

and 0.6.
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6.2.6. Thematic DataBase results

The study of the thermal cracking process for the surrogates selected to represent the saturate fraction
of a crude oil derived in a great amount of species. Currently, it is of high importance to count with
reaction models that offer accurate explanations of the chemistry phenomena but that, at the same
time, could be applied for simulation studies. Based on this, it has been common to study reductions
in the size of mechanisms that allow more condensed models. Taking this into account, a Thematic
DataBase was built in order to apply some reduction criteria. The initial pathway presented 332

reactions originated from two surrogates.
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The first criteria studied for carrying out the reduction process was the calculation of approximations
to activation energies for the four initiation reactions underwent by saturate surrogates. Table 6.11
presents the results for relaxed scan calculations. In the case of the CS two routes were considered
as initiation and based on the results, it was possible to eliminate one of the reactions, the one
that produced the tertiary and hydrogen radicals. The approximation to activation energy presented
by these reactions was of 139.19 kcal/mol, whereas, the one that competed with it presented an
approximation to activation energy of 114.37 kcal/mol. Contrary to this case, for NS no reactions
could be eliminated. Both of the possible transformations underwent by NS surrogate, presented

similar approximations for activation energies, 130.82 and 131.20 kcal/mol.

Table 6.11: Summary of results for scan relaxed calculations applied to Saturate surrogates

Reactant Route Products Approximation to activation
energy (kcal /mol)

CS C — H cleavage  Tertiary and hydrogen 139.19
radicals

C — C cleavage Biradical 114.37

NS C — H cleavage Secondary and hydrogen 130.82
radicals

C — C cleavage Two primary radicals 131.20

The second criteria applied for reducing the amount of reactions in the mentioned reaction scheme
was the consideration of the more stable transformations. A pair of compounds could follow several
reactions, e.g. two radicals that make contact may undergo an intermolecular addition or a dispropor-
tion reactions; therefore, based on the reaction energies calculated it was possible to determine the
most stable reaction options. After the application of these reduction criteria, a reaction scheme with
139 reactions was obtained, which meant a reduction of 42 %.

The developed thematic DataBase constitutes a tool to obtain more condensed mechanisms from the
reactions schemes developed in this thesis. Those type of condensed mechanisms have been required for

the performance of simulation tools where the use of extended mechanisms is not possible or practical.

6.3. Validation

Reactions 6.1 to 6.5 present the reaction model by pseudocomponents obtained from the analysis of
the thermal cracking process of ISC. Most of these reactions agree with the reaction scheme based

on experiments and proposed by Freitag and Exelby [55]. The Reaction 6.1 proposes that the ther-
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mal cracking of the saturate fraction led to the formation of gases, saturates, olefins and aromatic

compounds. The cracking of the aromatic fraction (Reaction 6.2) gave rise to the formation of gases,

saturates, aromatics and resins. In addition, resins (Reaction 6.3) that is one of the heavier fractions,

formed several types of compounds such as gases, saturates, olefins, resins, asphaltenes and coke, which

is one the most important species in the ISC process. The Reaction 6.4 presents the products from

the asphaltenic fraction: gases, saturates, olefins, resins, asphaltenes and coke. Finally, coke through

a maturation process produced gasea and coke with lower H/C ratios. Urdn [100] obtained the same

results for coke maturation process by an experimental methodology.

The products obtained by the analysis of the thermal cracking process have been reported by other

three researches [54,55,100], which validates the proposed pathways.

Saturates — Gases + Saturates + Olefins + Aromatics

Aromatics — Gases + Saturates + Aromatics + Resins

Resins — Gases + Saturates + Olefins + Resins + Asphaltenes + Coke

Asphaltenes — Gases + Saturates + Ole fins + Resins + Asphaltenes + Coke

Coke — Gases + Coke

6.4. Conclusions

(6.1)

(6.2)

= In the initiation event, the highest bond dissociation energies were calculated for the C — H

bonds, except in the cases where those formed stabilized by resonance radicals that, given their

high stability, led to the lowest dissociation energies in the thermal cracking process.

= The presence of a sulfur atom in the PA structure affected the bond order data and energy

reactions calculated, as its presence changed the electronic structure of the molecule. For the

PA surrogate, the breaking patterns and reaction energies ranges determined for the rest of the

molecules changed.

= The most stable radicals in the events analyzed were those in a carbon atom tied to aromatic

structures. In the evolution of resin and asphaltene molecules, the formation of those radicals
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was fundamental for explaining coke formation. The carbon atoms bonded to the large aromatic
nucleus underwent breaking during the maturation process leading to produce gases such as,

methane and hydrogen.

» The reverse radical dispropotion reactions (bimolecular initiations) were identified as the possible
reaction route that lead to the formation of saturate and non aromatic compounds from the
aromatic fraction of a crude oil. Given that the breaking of double or resonant bonds is not
possible at ISC temperature conditions, this study is the first one in the referred literature that
takes into account the formation of non-aromatic species from the aromatic fraction of a crude

oil.

= Several olefin compounds were produced and two routes were identified as responsible: dispro-
portion and [-scission reactions. The main difference between these routes is that the olefins
produced by [-scission reactions are always terminal, whereas, those formed by disproportion
reactions may be both terminal or secondary; however, the secondary olefins presented lower

reaction energies.

= Compounds in the saturate fraction of a crude oil follow three different routes during the ther-
mal cracking process: i) formation of lighter species such as methane, ethylene and hydrogen. ii)
production of unsaturated species such as olefins and dienes, that may condense to form cyclohe-
xene compounds that produce aromatic rings. iii) formation of heavier saturated hydrocarbon

species.

= Aromatic species of a crude oil may undergo three reaction routes during the thermal cracking
process: i) formation of gases and lighter species by breaking in C' — C' and C' — H bonds.
ii) reduction of their aromaticity by the addition of a hydrogen radical produce saturated or
olefin compounds. iii) interaction with other aromatic species by intermolecular addition or

disproportion reactions, producing heavier aromatic species.

= Resin and asphaltene molecules, mainly undergo C' — C' breaking reactions to produce gases,

light saturated compounds, olefins and coke.



Chapter 7

Conclusions

This thesis developed a new methodology to formulate reaction pathways by the application of
mechanistic studies theories to the ISC process. The formulated methodology described the evolution
of crude oil fractions during the low temperature oxidation and thermal cracking stages.

Computational chemistry calculations were successfully employed to describe the chemical evo-
lution of crude oil fractions during the ISC process. The exploration of this kind of tools expanded
the computational methodologies traditionally used to study ISC and in general, petroleum processes.
Although high computational capacities are needed to carry out calculations for large molecules, they
are excellent complement to the more traditional experimental methods that are not anymore the only
option to study kinetic and thermodynamic characteristics of the reactions involved in a petroleum
process.

During the LTO stage, oxygenated products such as cyclic ethers, ethers, ketones, aldehydes,
peroxides and carboxylic acids were produced. Two main routes, intermolecular and intramolecular
H-abstraction, were determined as responsible of peroxyl radicals evolution. The intermolecular route
produced in most of the cases most of the mentioned products and also allowed to study the possible
conversion of hydroperoxyl radicals with low reactivity into new oxygen molecules, which contribu-
ted to the advance of the oxidation process. The intramolecular route was the main responsible for
cyclic ethers formation, which was meaningful taking into account that those products have not been
identified by any other ISC chemistry study.

For the thermal cracking stage, it was possible to determine the products from this process as
coke, methane, hydrogen, lighter and heavier saturates and olefins. For coke, which is one of the most
important products in ISC process, H/C ratios from 0.8 to 0.6 were obtained, values that fit into the
ranges found by experimental studies.

Introducing the role of new species such as lighter saturates and olefins improves the typical
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chemical approach of ISC, where the thermal cracking of crude oil fractions only produces asphaltenes,
gas and coke. The fact that these products that have economical value can be produced from all the
SARA oil fractions, even from asphaltenes suggests that it is possible to achieve a partial upgrade
process inside the reservoir. Studies such as the ones in this thesis that improves the understanding
of chemistry of the ISC process are fundamental if such an upgrade is desired.

This thesis proposed approximately 800 thermal cracking reactions and 120 low temperature reac-

tions that aim to get a better understanding on the chemical processes involved in the ISC.

7.1. Future work

This study explored wide research field that apply other simulation tools to study processes that invol-
ve crude oil. The developed reaction pathways help to better understand the chemical processes that
occur during the ISC technique; however, they could be extended and complemented by the incorpo-
ration of new reactions, species or even kinetic data, which could be determined by computational or

experimental methodologies.
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Appendix A

Reaction schemes

If any problem for visualizing these diagrams please visit:
http://minas.medellin.unal.edu.co/gruposdeinvestigacion/biofrun/index.php/2-uncategorised /32-reaction-

pathways-luisa-carvajal .
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Figure A.1: Reaction scheme for the LTO of the CS surrogate
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Figure A.2: Reaction scheme for the LTO of the NS surrogate
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Figure A.3: Reaction scheme for the LTO of the MA surrogate
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Figure A.7: Reaction scheme for the thermal cracking of the asphaltene surrogate
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