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Abstract

The production of oilsands bitumen from mining operations requires its recovery from the mineral
matter through a hot water extraction process, which generates a bitumen froth comprising about
60 wt% bitumen, 30 wt% water, and 10 wt% mineral solids. The challenging separation of water
and solids from bitumen is achieved in the froth treatment unit employing a light hydrocarbon
solvent. The bitumen product, after solvent recovery, is very viscous and dense, requiring dilution

and/or upgrading to be transported through pipelines.

The thermal treatment of bitumen froth has potential to integrate froth treatment and partial
upgrading of bitumen. With this prospect in mind, the current thesis investigated the impact of
water and oilsands minerals on the bitumen properties and the reaction chemistry during the

thermal treatment of bitumen froth at 400 °C.

The visbreaking of bitumen in the presence of water and solids, with and without solvent addition,
was investigated at 400 °C. While visbreaking of froth led to a bitumen product with lower density
and viscosity, it was surprising that the treatment in the presence of water and/or solids resulted in
a bitumen product with slightly higher viscosity and density as compared to visbreaking of bitumen
alone. This finding was contrary to reports in literature that claimed improved quality of the
bitumen product when bitumen was thermally treated in the presence of water and solids. Changes
in the physicochemical properties of bitumen indicated a decreased aromatic H content when
bitumen was treated in the presence of water and/or solids as compared to bitumen alone, a sign
that hydrogen transfer reactions were influenced by these components. The study found that it was
advantageous to perform bitumen visbreaking in the presence of a lighter hydrocarbon solvent (n-

hexane) when compared to a heavier solvent (kerosene) or visbreaking without a solvent.
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To gain a better fundamental understanding of the influence of water and minerals on bitumen
conversion in froth, a-methylstyrene (AMS) was employed as a probe molecule. The presence of
water during the treatment resulted in decreased AMS conversion, lowered the formation of
addition products, and favored hydrogen transfer reactions. However, it was unclear if water had a
direct effect on influencing these changes or if it altered the system properties, which subsequently
resulted in the observed changes. There was evidence that the froth minerals favored hydrogen
transfer during the treatment, which can potentially be advantageous to bitumen upgrading by
suppressing coke formation. The Bronsted-Lowry acidity of clays found in oilsands, such as
kaolinite, was expected to enable cationic conversion during the treatment. Nevertheless, due to
the complexity of a reaction medium containing bitumen, it was not possible to distinguish between
free radical and cationic conversion, which motivated the use of simpler model systems to facilitate

interpretation of the results.

The specific contributions of water and kaolinite to the reaction rates and pathways during thermal
treatment of a model system comprising AMS, tetralin, and n-pentadecane were studied through
detailed characterization of the reaction products. The dilution of the reaction medium by water
was presented as a potential effect that resulted in decreased conversion rates of AMS. This finding
highlighted a possible deleterious effect of water during thermal treatment. Although water affected
the conversion rates and promoted the hydration of unsaturated species, there was no evidence that
water was a net hydrogen donor during the treatment. The choice of the model systems allowed for
differentiating between free radical and cationic conversion. The Brensted-Lowry acidity of
kaolinite had an impact on the reaction pathways by enabling cationic dealkylation to form benzene
and cationic dimerization to form the tricyclic AMS dimer 1,1,3-trimethyl-3-phenyl indane. The

presence of kaolinite also resulted in increased reaction rates and favored hydrogen transfer
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reactions. Although kaolinite was catalytically active during the conversion, its catalytic sites were

rapidly fouled due to its low surface area.

It can be concluded that visbreaking of bitumen froth at 400 °C, particularly in the presence of a
light solvent such as n-hexane, has the potential to combine froth treatment and upgrading. Water
and mineral matter caused a minor suppression of conversion, but at the same time improved

hydrogen transfer, with kaolinite also being responsible for limited cationic conversion.
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Chapter 1

Introduction

1.1 Background

Road transportation, aviation and shipping, as well as industry and petrochemicals, are the primary
drivers of the increase in global oil demand. Unconventional oil sources, such as extra-heavy oil and
bitumen, play an important role in meeting current and future demand scenarios and are expected
to increase production from 3.7 million barrels per day in 2021 to 6.2 million barrels per day in

2050 [1].

The Canadian oilsands are one of the largest proven oil reserves in the world [2]. Oilsands bitumen
is classified as unconventional oil due to its low fluidity at reservoir conditions and its tendency
to strongly interact with mineral matter. These characteristics pose significant challenges for both
the recovery and transportation of bitumen, often making them impractical through conventional
methods [3]. The method employed for oilsands recovery depends on the depth of the reservoir.
Shallow deposits, typically at depths of 30 meters or less, are recovered through mining, whereas

deeper deposits require subsurface recovery methods such as cyclic steam stimulation [4].

Roughly 50% of the bitumen produced in Alberta is derived from mining operations [5]. The
Athabasca oilsands comprise a mixture of mineral solids, water, and bitumen. A typical ore com-
prises approximately 612 wt% bitumen, 5-6 wt% water, and the remaining portion as solids, cat-
egorized as fines and coarse solids. Fines (i.e., solids with a diameter less than 44 m) include very
fine quartz, clay minerals (predominantly kaolinite and illite), and small amounts of heavy minerals

like rutile. Coarse solids are primarily composed of silica sand (quartz) with some feldspar [4, 6].

A simplified overview of the bitumen production process from mining is illustrated in Figure 1.1.
When bitumen is produced through mining, it needs to be disengaged from the bulk of the mineral

matter through a process known as hot water extraction. In this process, crushed oilsands ores are



pumped with warm water (40-50 °C) through a conditioning pipeline, forming a slurry of oilsands
and water. Subsequently, this slurry undergoes further separation steps to produce a froth composed

of 45-65 wt% bitumen, 20-35 wt% water, and 5—15 wt% mineral solids [7].

Crushed Solvent Upgraded
oilsands addition oil

Hot Water Froth .
| ‘ __ High Viscosity
Bitumen Water Solids > 10% mm2/s
60 wit% 30 wt% 10 wt%
| High Density
> 1000 kg/m?

Figure 1.1: Simplified block flow diagram of bitumen production process from mining.

The separation of water and mineral solids from bitumen froth is challenging because bitumen
and water have similar densities, which makes gravitational separation impractical. Also, the high
viscosity of bitumen hinders the separation of fines, while water-in-oil emulsions are stabilized by
natural surfactants in bitumen and by the fines, impeding the separation of water [8]. In order to
achieve such separation, a light solvent is added to the froth in the froth treatment unit. Depending
on the type of solvent used, the froth treatment can be classified as either paraffinic froth treatment
(PFT) or naphthenic froth treatment (NFT). In the NFT, the addition of naphtha enables solids and
water separation from bitumen, yielding a bitumen product that still contains some residual water
and solids and therefore requires further separation steps. In the PFT, the addition of a paraffinic
solvent (usually a mixture of pentane and hexane) results in the precipitation of some asphaltenes,

yielding a clean bitumen product that does not need further separation steps [4, 8].

After the separation of water and solids in the froth treatment and solvent recovery, the resulting
bitumen product exhibits high density and viscosity. Three primary methods can be utilized to
transport the bitumen product to its primary market, namely, refineries: (1) dilution with a light

hydrocarbon solvent; (2) full upgrading of bitumen, transforming it into a higher quality/value

2



synthetic crude oil (SCO); and (3) partial upgrading of bitumen as an intermediate option between
dilution and full upgrading [9, 10]. Although partial upgrading is not an industrially applied method

at present, it is an approach that has attracted attention.

The primary goal in partial upgrading of bitumen is to decrease its density and viscosity to a level
where the required amount of diluent for transportation is minimized, at a lower cost than that of
the bitumen dilution alone (i.e., dilution without any upgrading benefit) and that of full upgrading
[9]. One of the technologies that can be applied for partial upgrading of bitumen is visbreaking,

which is a thermal cracking process.

The aforementioned stages of mining, hot water extraction, froth treatment, and upgrading, repre-
sent the typical steps in oilsands bitumen production. The majority of research associated with the
froth treatment process has focused on enhancing the efficiency of separation in the process (i.e.,
the removal of water and solids from bitumen). There has been little emphasis on investigating
potential physicochemical changes in the bitumen phase throughout the process [11, 12]. Froth
treatment is usually operated in the temperature range of 70-90 °C, which is too low to achieve any
upgrading benefit. However, intrigued by the possible integration of the froth treatment step and
upgrading, a previous study investigated the impact of the hydrothermal treatment of froth at 250
°C on the physicochemical changes in the bitumen phase [13]. The study revealed that the treat-
ment did not result in any partial upgrading benefits. Instead, an increase in bitumen’s viscosity
and density was observed in the presence of water and mineral solids, which pointed out that both

water and minerals played a role during the treatment, influencing changes in the bitumen phase.

The thermal treatment of bitumen and heavy oils in the presence of water and mineral solids has
been mainly explored in studies related to subsurface upgrading of these oils. Studies that subjected
bitumen to thermal treatment in the presence of sub- and supercritical water have reported benefits
such as coke suppression and increased yields of liquid products [14, 15]. Nevertheless, it remains
unclear whether water actively participates as a reactant in the process of bitumen upgrading or if
the observed effects are a result of water dilution in the reaction medium. Also, numerous studies
in this regard involved extended reaction times and elevated pressures, which may not be practical

for industrial applications in on-surface installations.



Studies that investigated the thermal conversion of bitumen in the presence of oilsands minerals
suggested that some of these minerals act as catalysts during the oil conversion, affecting reaction
rates and influencing the composition of the resulting products [16]. Some of the minerals found in
oilsands possess surface acidity. Clays, such as kaolinite, possess Brgnsted-Lowry and Lewis acid-
ity, whereas non-clays, such as rutile, possess mainly Lewis acidity. The acidity of these minerals
could potentially influence reaction pathways, enabling, for instance, cationic conversion during

the treatment.

While the individual effects of water and minerals during the thermal treatment of bitumen have
been explored, only a few studies have concentrated on the potential results of thermally treating
froth. Additionally, there is a limited body of research addressing the influence of water and min-
erals on the properties, reaction chemistry, and composition of the bitumen product. The role of
water is still unclear. The effect of oilsands minerals on specific reactions with relevance to bitumen

upgrading, such as cracking, hydrogen transfer, and addition reactions, is also little explored.

In the present thesis, the thermal treatment of bitumen froth at 400 °C was investigated, with em-
phasis on the impact of water and minerals on the physicochemical properties and composition of
the resulting bitumen product, as well as their influence on the reaction rates and pathways dur-
ing the conversion. It has been reported that visbreaking of bitumen can be effectively conducted
at 400 °C, a temperature milder than those commonly employed in oil refining [17]. The froth
used in this study was obtained from the Canadian oilsands mining industry. The specific reaction
pathways impacted by water and minerals were investigated by thermally treating both froth and

organic model compounds.

1.2 Objectives

The main objective of this work was to investigate the impact of water and oilsands minerals on
the physicochemical changes on the bitumen phase during thermal conversion of bitumen froth at
400 °C, as well as their influence on the reaction chemistry taking place during the conversion. To

achieve the main objective, the following sub-objectives were proposed:

(a) To investigate the role of water, minerals, and solvent dilution on the physicochemical changes



in the bitumen phase during visbreaking of froth at 400 °C, with focus on identifying if the presence

water, minerals, and solvent dilution could improve the quality of bitumen (Chapter 3);

(b) To evaluate the impact of water and minerals on cracking, hydrogen transfer, and addition

reactions during thermal treatment of froth at 400 °C (Chapter 4);

(c) To assess the role of water and typical oilsands minerals on the reaction rates and pathways
during the thermal conversion of model systems at 400 °C (Chapter 5). Model systems were
employed instead of bitumen froth with the objective of limiting the number of species involved
during the conversion while at the same time capturing relevant information about the reaction

chemistry.

1.3 Scope of work

Chapter 2 contains a literature review on the key topics used for concept development, experimen-
tal design, and the interpretation and discussion of the works presented in this thesis. The covered
topics include factors that influence the physicochemical properties of bitumen, particularly focus-
ing on density and viscosity and examining the effects of dilution on these properties. Additionally,
the literature review explores the composition of bitumen froth, addressing challenges encountered
in the separation of water and minerals. It also explores the technologies utilized for froth treat-
ment, bitumen upgrading, and the influence of minerals and water during the thermal conversion

of both bitumen and model compounds.

Chapter 3 investigated the impact of water, mineral solids, and solvent on the physicochemical
changes in the bitumen phase during the thermal conversion of froth at 400 °C. The primary focus
was on evaluating whether the presence of water, solids, and/or minerals during the treatment could
improve the quality of bitumen by lowering its density and viscosity. A froth sample obtained from
the Canadian oilsands mining industry was used in this study. Mineral solids and water were
removed from the froth, whenever necessary, in order to decouple the effects of each of these
components during the treatment. The effect of bitumen dilution with both a paraffinic and a
naphthenic solvent (n-hexane and kerosene, respectively) during the thermal conversion was also

evaluated in this study.



Chapter 4 evaluated the impact of water and minerals on reactions with relevance to bitumen
upgrading, including cracking, hydrogen transfer, and addition reactions, during the thermal con-
version of froth at 400 °C. Although the outcomes from Chapter 3 indicated that the presence
of water and minerals did not enhance the density and viscosity reduction of bitumen, there were
indications that these components did influence the physicochemical changes during the treatment.
In order to understand the influence of water and minerals on the reaction chemistry taking place
during the thermal treatment of froth, Chapter 4 focused on evaluating the individual and collec-
tive contributions of water and minerals to reactions with relevance to bitumen upgrading. This was
performed by monitoring selected chemical species identified in the feed and thermally converted
products. The possible free radical and cationic pathways for the conversion of chemical species
were assessed by analyzing the product composition of various reaction systems. The same froth
sample used in Chapter 3 was employed in this study. a-Methylstyrene was added to the feed as a

probe molecule.

Chapter 5 explored the effect of water and typical minerals found in oilsands, including kaolin-
ite, rutile, and quartz, on the reaction rates and pathways during the thermal conversion of model
systems at 400 °C. The outcomes from Chapter 4 indicated that water and minerals had an impact
on the conversion of a-methylstyrene and the selectivities to specific products during the thermal
treatment of froth. However, the complexity of a reaction medium containing bitumen made it
challenging to attribute the impact of water and minerals to specific reaction pathways. Therefore,
simpler model systems (one containing a-methylstyrene, tetralin, and n-pentadecane, and another
comprising a-methylstyrene alone) were employed in Chapter S instead of bitumen froth. Addi-
tionally, there was an interest in determining whether the minerals were catalytically active during
the conversion process. Previous studies had suggested that both water and minerals influence

reaction rates during the thermal conversion of oil and organic model compounds.
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Chapter 2

Literature Review

2.1 Introduction

The Canadian oilsands are the world’s third-largest proven oil reserve, accounting for 97% of
Canada’s oil reserves [1]. In 2021, Canada’s oilsands were responsible for 3.8% of the total world
oil supply, which was double compared to 2010 [2]. Despite its impressive abundance, bitumen
exploration and production from oilsands is challenging and costly due to its physicochemical
properties. The high viscosity and density of bitumen, along with its high heteroatom and metal
content, associated with substantial amounts of heavy components, have driven the development of
technologies to make bitumen processing economical in both upstream and downstream applica-

tions.

The bituminous material is found impregnated in shallow sand and sandstone strata [3]. The re-
quired method for oilsands recovery depends on the depth of the deposit [4]. Surface mining and
subsurface (or in situ) production are the two primary methods for recovering oilsands. When the
deposits are too deep to be mined, subsurface recovery methods, such as steam-assisted gravity
drainage (SAGD), are used. When the deposits are close enough to the surface, oilsands bitumen
are recovered through mining. For example, the mineable oilsands of northern Alberta are deposits
with approximately 30 m of depth, which is considered feasible for mining operations [5]. About
half of the bitumen production in Alberta comes from mining operations [6]. This chapter focused

on bitumen recovery through mining.

An overview of bitumen production process from mining is shown in Figure 2.1. The bitumen
contained in the mined oilsands ores needs to be extracted from the bulk of the mineral matter.
The oilsands ores are crushed and sieved, resulting in oilsands lumps of about 5 cm in diameter.
These lumps are pumped through a conditioning pipeline with warm water (40-50 °C), in a process

known as hot water extraction. The temperature of the warm water serves to decrease the viscosity



of bitumen, allowing it to separate from the sand grains and bond with air bubbles in the flow. If the
quantity of entrained air in the ores is insufficient, external air can be introduced into the pipeline.
The product from the hot water extraction process is a conditioned oilsands-and-water slurry. In the
separation unit, this conditioned slurry undergoes mixing and aeration in flotation cells, generating
a froth containing bitumen, water, and minerals. Then, bitumen needs to be extracted from the
froth, which is accomplished in the froth treatment process. In the froth treatment unit, the froth
is combined with either a naphthenic (naphthenic froth treatment) or paraffinic (paraffinic froth
treatment) solvent and passed through separation units, removing water and solids and yielding a
“clean bitumen” product [5]. The recovery of solvent added during the froth treatment can take
place either in the upgrader or as part of the froth treatment unit. In naphtha-based operations, froth
treatment plants are colocated with the upgrader, and naphtha is recovered within the upgrader. In
paraffin-based operations, diluted bitumen is fed to the solvent recovery unit, and complete solvent
recovery is achieved only when a distinct diluent is employed for pipeline transportation [7]. At

the upgrader, bitumen is converted into a higher-quality and higher-value synthetic crude oil that is

ready to be refined.
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Figure 2.1: Overview of bitumen production process from mining operations.

The separation of bitumen from water and minerals in froth is challenging because: (i) bitumen
and water have similar densities, making separation by gravity impractical [8]; (i1) the water-in-oil
emulsions, formed during the hot water extraction, are stabilized by natural surfactants in bitumen
and fine mineral particles [9]; (iii) the high density and viscosity of bitumen hinder the separation

of fine mineral solids dispersed throughout the bitumen phase [9].

The aforementioned overview of bitumen production highlighted the key topics addressed in this



chapter. Since bitumen dilution is critical during froth treatment and bitumen transportation, the
effect of solvent addition to bitumen is emphasized in many topics of this chapter. First, the physic-
ochemical properties of bitumen are presented, with a focus on the effect of dilution on these prop-
erties (Section 2.2). Then, the froth characteristics are introduced, along with the current applied
technologies for the froth treatment and a review of recent studies aiming for process improvements
(Section 2.3). Next, a review of bitumen upgrading is presented, with an emphasis on the chain
reactions taking place during the treatment but also presenting the effects of performing bitumen
upgrading in the presence of water and minerals (Section 2.4). All of these topics were relevant to

laying the foundations for the experimental chapters presented in this thesis.

2.2 Physicochemical properties of bitumen and bitumen/solvent mixtures

2.2.1 Bitumen’s composition

Before looking into the physicochemical characteristics of bitumen, it is crucial to understand the
key components of bitumen’s composition that contribute to its properties. Oilsands bitumen is
classified as an unconventional oil source due to its low fluidity (density > 1000 kg/m?® and viscosity
> 10° mPa-s) at reservoir conditions, making conventional production and transportation unfeasible
[4]. The challenges encountered as a result of bitumen’s properties are a direct consequence of its

composition.

Bitumen is a complex mixture of hydrocarbons and heteroatom-containing compounds with a sim-
ilar chemical composition compared to typical crude oils but with different relative abundances of
the chemical species. The main compound classes found in bitumen are paraffins (alkanes), naph-
thenes (cycloparaffins), aromatics, and heteroatom-containing compounds. A well-known charac-
teristic of bitumen is its high amount of heavy material (little or no material boiling below 250 °C
and around 50 vol% of vacuum residue) in its composition [5]. The substantial concentration of

heavy substances in bitumen results in its categorization as an extra-heavy crude oil.

The hydrogen-to-carbon atomic ratio (H:C) is an important property of bitumen, as it serves as
an indicator of both the degree of aromaticity and the propensity for coke formation during the

upgrading process. A low H:C ratio is indicative of a high presence of aromatics in its composition
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and a great tendency for coke production. The H:C ratio of crude oils varies in the range of 1.4-1.9,
with bitumen having a H:C ratio that tends to be situated at the lower end of this range. For instance,
Athabasca bitumen has a H:C ratio of 1.53 [10]. The low H:C ratio of bitumen indicates that it has a
higher aromatic content compared to many conventional oils and also suggests challenging bitumen

processing during upgrading due to its expected higher tendency to form coke.

Bitumen is also recognized for its high heteroatom (S, O, and N) and metal content. The heteroatom
content of bitumen varies in the range of 4.17-5.90 wt% of S, 0.88-1.61 wt% of O, and 0.34-0.51
wt% of N. The most abundant heteroatom in bitumen is sulfur, which is found mainly in the forms
of thiols, thioethers, and thiophenes. When compared to conventional oils, bitumen has a higher
metal content, including Ni, V, Fe, and Zn. Ni and V are mostly found in porphyrin complexes

[10].

Table 2.1 contains some characterization properties of bitumen alongside a well-recognized bench-
mark crude oil, namely WTI (West Texas Intermediate). Table 2.1 illustrates some of the signifi-
cant differences between the properties of bitumen and those of conventional oils. The density of
Athabasca bitumen is significantly higher in comparison to WTI and similar to the density of water.
The viscosity of Athabasca bitumen is five orders of magnitude higher than that of WTT at 15.6 °C.

In contrast to WTI, Athabasca bitumen has higher concentrations of sulfur, nitrogen, and metals.

The distillation characteristics of Athabasca bitumen and WTI are also presented in Table 2.1.
Bitumen exhibits a high initial boiling point (260 °C) and a low amount of material collected at
the atmospheric distillation unit (9 vol%). Conversely, WTI has a lower initial boiling point (60
°C) and around 70 vol% of material being collected at atmospheric pressure. Half of the volume of
Athabasca bitumen is made of non-distillable material, whereas the non-distillable fraction of the

WTI accounts for only 10 vol%.

A traditional characterization method used for the quantification of the relative amounts of chemical
classes in bitumen is the SARA (saturates, aromatics, resins, and asphaltenes) solubility classifi-
cation recommended by ASTM D-2007 [11]. When assessing the solubility classes of bitumen
using the SARA classification, the results are typically in the range of 15-21 wt% of saturates,
18-19 wt% of aromatics, 4446 wt% of resins, and 16-20 wt% of asphaltenes [10]. The high lev-
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els of resins and asphaltenes in bitumen are indicative of a substantial amount of complex, polar,

large-sized molecules within its composition.

Table 2.1: Characterization properties of Athabasca bitumen and West Texas Intermediate (WTI)
(4,5, 12].

Property oil

Athabasca bitumen WTI
Density at 15.6 °C (kg/m?) 1007 820
Viscosity at 15.6 °C (Pa-s) 402 0.004
Sulfur Content (Wt%) 4.8 0.34
Nitrogen Content (wt%) 0.4 0.08
Metals Content — V and Ni (wppm) 290-390 4
Distillation data
Initial boiling point (°C) 260 60
Cumulative distilled at atmosphere 9 20
(material collected up to 360 °C, vol%)
Non-distillable material (vol%) 50 10

The asphaltenes fraction is defined as a solubility class (i.e., components that are soluble in toluene
and insoluble in n-alkanes) composed of aromatic polycyclic clusters variably substituted with
alkyl groups and containing heteroatoms and metals in its structure [13]. The characteristics of
the asphaltenes precipitated from the bitumen phase vary according to the nature and amount of
the solvent used for their precipitation. The high asphaltenes content in bitumen is problematic not
only from the perspective of bitumen’s processing but also from the perspective of its transportation

because the precipitation of asphaltenes can lead to the fouling of equipment and pipelines [14].

Another important and intriguing aspect of bitumen is that it naturally contains free radicals in its
composition (commonly referred to as persistent free radicals), but these highly reactive species are

surprisingly stabilized in the medium [15]. This is further discussed in Section 2.4.2.1.
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2.2.2 Implications of bitumen’s composition on transportation and
processing

Transporting crude oils to the market is most efficiently and economically achieved through pipelines.
The crude oil must meet some requirements in order to ensure proper flow rates, preserve product
quality, and maintain the integrity of the pipeline [5, 16]. The Canadian pipeline specifications are

shown in Table 2.2.

Table 2.2: Canadian pipeline specifications [17].

Property Pipeline Specification
Viscosity < 350 cSt at the pipeline temperature®
Density < 940 kg/m?
Gravity > 19 °API
Bottom solids and water < 0.5 vol%
Olefin content < 1 wt%
Reid vapor pressure < 100 kPa

“ Pipeline temperature varies in the range of 7.5-18.5 °C

throughout the year.

Due to its poor fluidity at ambient conditions, straight-run bitumen is usually diluted with a light
solvent (C5—C7) to meet pipeline specifications for density and viscosity. The addition of light
paraffinic solvents to bitumen affects the stability of the oil phase, making it more susceptible to

asphaltenes precipitation [18].

The quality of a solvent has an impact on asphaltenes aggregation. In this context, the terms
good and poor solvents refer to the solvent’s ability to dissolve or not dissolve asphaltenes. When
a solvent is added to bitumen at a high dilution, the solubility parameter of the bulk liquid is
changed to be near that of the solvent. In general, the increase in the difference between the
solubility parameters of the asphaltenes and the bulk liquid promotes an increase in the attraction
between the asphaltenes molecules. Poor solvents for heavy polar species, like the n-paraffins,

change the solubility parameter of the bulk liquid in such a way that they facilitate the formation of
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asphaltenes aggregates [19]. The addition of a poor solvent increases the adhesion forces between
the asphaltenes, increasing the aggregates’ size. When a good solvent (e.g., toluene) is added to
bitumen, the adhesion forces are weak and repulsion forces dominate, creating smaller asphaltenes

aggregates [20, 21].

2.2.3 Bitumen’s density: effect of composition, dilution, and temperature

2.2.3.1 Relation between bitumen’s density and composition

The density of pure hydrocarbons typically increases as the hydrogen content decreases. Aromatic
compounds, for example, are more hydrogen-depleted than paraffins with comparable carbon num-
bers and hence have a higher density [22]. Bitumen density is also strongly dependent on its hy-
drogen content; however, carbon and hydrogen content alone are insufficient to predict bitumen’s
density. Other elements, such as nitrogen, oxygen, and sulfur might also impact bitumen’s density
[5]. Metals, such as vanadium and nickel, are present at low concentrations, and their influence on

bitumen’s density is expected to be minor.

A correlation between the density of Alberta heavy oils and bitumen and its bulk elemental com-
position is shown in Eq. 2.1, where p is the density of the oil in kg/m®, H is the hydrogen content
in wt%, S is the sulfur content in wt%, and N is the nitrogen content in wt%. This correlation
was established by combining data from several sources of hydrocarbons, including residues from
Alberta crudes (such as Athabasca, Cold Lake, and Peace River), hydroconversion products, deas-
phalted residual oils, and hydrotreated gas oils. Each component in Eq. 2.1 (i.e., H, S, and N) was

found to make a significant contribution to the density prediction [23].

p = 1033 — 13.69H + 13.855 + 115.7TN (2.1)
In order to meet the density requirement for pipeline transportation (see Table 2.2), bitumen needs

to be diluted with a light solvent. A brief review of the mixing rules used to predict the density of

diluted bitumen is presented next.
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2.2.3.2 Density prediction of bitumen/solvent mixtures

The dilution of bitumen with a light hydrocarbon contributes to a decrease in the average molecular
weight of the mixture containing bitumen, thereby causing a decrease in the density of the resulting
mixture. Density prediction of bitumen/solvent mixtures is essential in applications where density

measurements are not practical.

The volumes of hydrocarbons in a mixture are not necessarily additive, resulting in a non-zero ex-
cess volume of mixing. Nevertheless, the excess volumes observed in liquid hydrocarbon mixtures
are relatively small [24]. Two primary methods are used to predict the density of hydrocarbon
mixtures, namely equations of state (EoS) and mixing rules [25]. Detailed information on each of

these methods is presented as follows.

(a) Equations of state (EoS)

The equations of state are widely employed to model the phase behavior and volumetric properties
of petroleum fluids. These equations rely on the critical properties of each pure component in
the mixture combined with mixing rules. A common example found in the literature is the Peng-
Robinson cubic equation of state (PRCEOS). Nonetheless, it is necessary to estimate the critical
properties of bitumen and heavy oils, as they cannot be measured directly due to thermal conversion
occurring below their critical temperatures [26]. Therefore, the use of an EoS to predict the density
of bitumen/solvent mixtures is dependent on another estimated value, namely the critical properties

of bitumen.

The application of EoS to predict bitumen and bitumen/solvent mixtures shows high deviations in
density prediction at high pressures and close to the critical point. In order to get more accurate
predictions, the EoS model needs to be modified or tuned to fit experimental density data for the
mixtures of interest [24]. EoS are a better method for predicting the density of mixtures of bitumen
and dissolved gases (e.g., bitumen/CO5 mixture), but the mixing rules method is a simpler method

to be applied when bitumen is diluted with liquid solvents [25].

(b) Mixing rules

The use of mixing rules is a more practical approach for predicting the density of bitumen/solvent
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mixtures (p,,). It depends on knowledge of the densities of each component as well as data on
the volumetric changes upon mixing. Regular (or ideal) solutions have additive volumes, and the
mixing rule for this case is based only on the density (p) and the weight fraction (w) of bitumen

(subscript B) and solvent (subscript S), as indicated in Eq. 2.2.

1
Wy 1 — w,
+—

Pm = (2.2)

Ps PB

Normally, the addition of light hydrocarbons to bitumen forms nearly regular solutions, and the
regular mixture model can be applied to give estimated density values with an average absolute
relative deviation (AARD) of about 2% [24]. However, any application that requires more accurate
predictions could make use of the excess volume model. In this approach, the deviations from the
ideal mixture assumption are measured in terms of excess volumes. A positive excess volume indi-
cates volume increase upon mixing, whereas a negative excess volume indicates volume shrinkage
upon mixing [25]. The value of the excess volume term depends on the size and interaction forces
among each component in the mixture, and consequently, it varies with the bitumen composition

and type of solvent used for bitumen dilution [25].

In the excess volume mixing rule, the regular solution equation (Eq. 2.2) is modified in order to
account for volume changes upon mixing by the introduction of a binary interaction parameter (3;;),
as shown in Eq. 2.3. The value of 3;; is determined through regression analysis of experimental

density data collected for various mixture compositions [25].

The density of mixtures of bitumen and aromatic solvents, such as toluene and xylene, can be
accurately described by the use of the ideal mixture model (Eq. 2.2) in a wide range of solvent
concentrations [27, 28]. On the other hand, the dilution of bitumen with paraffinic solvents results
in a volume shrinkage upon mixing, and correlations that introduce correction factors for the mix-

ture volume would better predict the mixture density. Practical examples of density prediction for

bitumen/solvent mixtures are presented in the following subsection [29, 30].
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2.2.3.3 Impact of dilution on the density of bitumen/solvent mixtures

Density is not as sensitive to dilution as viscosity (discussed in Section 2.2.3). In this section,
practical examples from the literature on the density prediction of bitumen/solvent mixtures are
presented, as well as the impact of solvent concentration on the ideality or non-ideality of the
mixtures. The thermal dependence of the density of bitumen/solvent mixtures is addressed in

Section 2.2.3.4.

Nourozieh et al.[29-31] studied the density behavior of bitumen/n-alkane mixtures in the range
from Cj; to C;. Figure 2.2 shows the densities of non-diluted bitumen and mixtures of bitumen/n-
pentane (Cs) and bitumen/n-heptane (C;) at different concentrations and temperatures. The highest
reductions in density, when comparing non-diluted bitumen and bitumen/solvent mixtures with
the same solvent concentrations, were observed in the presence of n-pentane. This is attributed
to the lower density of n-pentane in comparison to n-heptane (i.e., the densities of n-pentane and

n-heptane at 25 °C and 1 atm are 621 and 679 kg/m?®, respectively).

Some models for predicting the density of bitumen mixtures with C; to C; were examined in
the studies developed by Nourozieh et al.[29-31]. The mixtures deviated from the ideal mixture
behavior at solvent concentrations greater than 20 wt%. In these cases, the mixture densities were
better predicted using the excess volume mixing rule (average absolute relative deviation, AARD,
of 1% compared to 1.7% using the ideal mixture assumption). The mixtures presented a shrinkage
upon mixing, and the higher the solvent concentration, the higher the deviation from the ideal

mixture assumption.

Excess volume tends to be negative when bitumen is diluted with light paraffins (e.g., C5 and Cy)
but positive when bitumen is diluted with toluene. Nevertheless, as mentioned earlier, the positive
excess volume for aromatic compounds, such as toluene, is typically minimal (i.e., bitumen/toluene
presented an excess volume of about +0.0009 cm?®/g compared to -0.0118 cm®/g in bitumen/pen-
tane), and the ideal mixture model (Eq. 2.2) accurately predicts the density of bitumen and aromatic

compound mixtures [25].
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Figure 2.2: Density of bitumen/C5; and bitumen/C; mixtures at various concentrations and temper-
atures. Density measurements were performed at 4 MPa, and the mixture concentrations are given
in wt% of solvent [29, 31].

Sanchez-Lemus et al.[25] studied the density modeling of mixtures of deasphalted oil (DAO) with
commercial naphtha and natural gas condensate. Both solvents presented a positive excess volume
upon mixing, and the use of the excess volume model yielded better predictions than the regular

mixing model (AARD of 0.4% compared to 0.6—1%).

2.2.3.4 Thermal dependence of density in bitumen/solvent mixtures

The linear relationship between the density of bitumen and bitumen/solvent mixtures and temper-
ature is expressed in Eq. 2.4, where d, represents the density (in kg/m®) at temperature T, (in
°C), d; is the density at temperature T;, and « denotes the slope. The temperature dependence of

Athabasca bitumen was found to be well described by a slope («) value of 0.62 [10].

dg = dl + Oé(Tl — T2) (24)

The impact of temperature on the density of bitumen and bitumen/solvent mixtures is also shown

in Figure 2.2. The slopes and coefficients of determination of the trendlines shown in Figure 2.2
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are listed in Table 2.3. The densities of most of the mixtures of of bitumen/Cs and bitumen/C- de-
creased linearly with temperature (i.e., most of the bitumen/solvent mixtures presented a R? higher
than 0.999; refer to Table 2.3). However, a clear deviation from linearity was observed for the
bitumen/Cs mixture at a concentration of 50 wt%, which trendline presented a R2 of 0.9912. The
nature of that deviation was not discussed by the authors but could be related to any factor affecting
the density measurements, such as phase separation due to solvent volatilization or precipitation of

Cs-insolubles.

Table 2.3: Slopes and coefficients of determination of the linear regressions of density vs. temper-
ature of bitumen, bitumen/pentane, and bitumen/heptane. The trendlines are shown in Figure 2.2.

Linear relation between density

Components” and temperature
Slope R?

Bitumen -0.601 1
Bit/Cs5 (10 wt%) -0.660 0.9998
Bit/Cs (30 wt%) -0.783 0.9992
Bit/Cs5 (50 wt%) -0.996 0.9912
Bit/C; (10 wt%) -0.634 1
Bit/C7 (30 wt%) -0.711 0.9998
Bit/C; (50 wt%) -0.770 0.9997

“ Solvent concentration in parenthesis

The slopes of the linear relationship between density and temperature can potentially indicate vari-
ations in the composition of the medium. In the studies by Nourozieh et al.[29, 31], the slopes
of density vs. temperature (given in Table 2.3) exhibited an increase with higher solvent con-
centrations, likely reflecting alterations in the medium’s composition following the addition of the
solvent. The authors noticed that at a fixed solvent concentration, the higher the temperature, the
higher the volume change upon mixing, and, consequently, a high deviation from the regular solu-
tion behavior was observed. In fact, when the temperature approaches the critical temperature of

the solvent, large negative deviations from the ideal behavior are expected [32].

19



Nourozieh et al.[29-31] also tested the accuracy of a prediction method for the bitumen/solvent
density, which relies on known density data of the raw bitumen at a given temperature and pressure,
and calculated density of the pure n-alkane solvent using effective liquid density correlations. The
authors used the ideal mixture model (Eq. 2.2) to combine the known density of bitumen at a given
temperature and pressure with the density of the pure n-alkane calculated using the effective liquid
density equations given in Table 2.4. The effective liquid density is a function of temperature and
pressure. The authors claimed that this method gave the best prediction results as compared to the
other prediction methods in their studies (AARD in the range of 0.31% to 0.63%). However, the
authors did not address how the results obtained using the effective liquid density differed from the
measured density values for the bitumen/Cs mixture at 50 wt%, where a noticeable deviation from

the linearity of density vs. temperature was observed (see Figure 2.2).

Table 2.4: Effective liquid density equations for n-alkanes from Cs to C;. p in kg/m®, T in K, and
P in MPa [29-31].

Solvent Effective liquid density equation for pure n-alkanes

n-Pentane p = 878.006 - 0.828177 + (- 0.0923 + 2.6481 x 10~*) T") P
n-Hexane  p=901.512-0.80985T + (- 0.142 +2.6846 x 107> T)) P
n-Heptane  p=918.603 - 0.79155T + (- 0.177 + 2.6919 x 10~ T") P

2.2.4 Bitumen’s viscosity: effect of composition, dilution, and temperature

Bitumen is a complex mixture, and, as expected, it presents a complex rheological behavior. Not
all factors governing bitumen’s viscosity are known. However, there is evidence in the literature

that bitumen’s viscosity is influenced by its chemical composition and asphaltenes content [33, 34].

2.2.4.1 Relation between bitumen’s viscosity and composition

The molecular weight of the species within a fluid, along with the intermolecular interactions be-
tween these species, have a significant influence on the fluid’s viscosity. The higher the density and
molecular weight of a petroleum fraction, the higher its viscosity [5, 35]. Bitumen has larger molec-

ular weight components than conventional oils, which contributes to its higher viscosity (ranging
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from 10* to 10° mPa-s at 25 °C) [5].

The high viscosity of bitumen is also attributed to its high asphaltenes content. As noted in Section
2.2.1, asphaltenes are characterized as a solubility class, encompassing species that are insoluble
in n-alkanes but soluble in toluene. The molecular weight of asphaltenes is relatively high, and
their structure consists of polycyclic species containing multiple branches. These characteristics,
along with the presence of structural sites that allow for the formation of both weak and strong
intermolecular forces such as London forces and hydrogen bonds, contribute to an increase in

resistance to flow and, consequently, result in a high viscosity [13, 36, 37].

Previous research has shown that asphaltenes content and inter-particle interactions have a signifi-
cant impact on bitumen viscosity [33, 34]. Asphaltenes molecules connect to one another via 7 —
stacking due to the large number of polycondensed aromatic rings in their structures. Furthermore,
the presence of polar groups and metal complexes increases the surface activity of asphaltenes,

favoring their aggregation.

The effect of asphaltenes concentration on the viscosity of reconstituted heavy oils was studied by
Luo and Gu [34], who discovered that as the volume fraction of n-pentane asphaltenes increased
above 12.2%, the relative viscosity increased faster. The authors concluded that as asphaltenes
molecules get closer to each other, they become entangled due to stronger inter-particle interactions,

resulting in increased viscosity.

The asphaltenes are found in bitumen in the form of aggregates. When the aggregates are solvated,
some molecules of the continuous-phase fluid might be trapped in the solvated aggregates. The
aggregates concentration can be quantified by the calculation of an effective volume fraction (®.¢y)
which takes into account both the asphaltenes aggregates and the trapped molecules in the solvated

aggregates [33, 38].

The viscosity of bitumen (1) is a function of the effective volume fraction of the aggregates and can
be related to the viscosity of the maltenes fraction (,,,) by the use of the Roscoe-Brinkman model
(Eq. 2.5) [33, 39, 40]. This model is based on Einstein’s viscosity equation, which specifically
applies to highly diluted suspensions of hard spheres and neglects particle-particle interactions. In

contrast, the Roscoe-Brinkman model considers the hydrodynamic interactions between particles,

21



providing accurate predictions for the relative viscosity of hard sphere suspensions at low to mod-
erate concentrations of the dispersed phase [41]. According to Eq. 2.5, the viscosity of bitumen
rises with an increase in the effective volume of asphaltenes, which accounts for both asphaltenes
aggregates and the species trapped from the continuous phase within these aggregates. The Roscoe-

Brinkman model tends to underestimate viscosity when the volume fraction of the dispersed phase

is high [33, 42].

Ho

L= (1 — Dupp)>° (2.5)

2.2.4.2 TImpact of dilution on the viscosity of bitumen/solvent mixtures

The addition of even a small amount of a solvent to bitumen has a significant impact on the mix-
ture’s viscosity. The dilution of bitumen with common n-paraffins is illustrated in Figure 2.3. For
example, at a solvent/bitumen ratio of 10 wt%, the viscosity drastically decreased by 1-2 orders of
magnitude. The general observation is that the mixture’s viscosity follows an exponential decrease
with the increase in the solvent-to-bitumen ratio, suggesting that bitumen dilution could be mod-
eled by a relation of the type logu X ws, where p is the dynamic viscosity of the mixture and w; is

the bitumen-to-solvent mass ratio.
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Figure 2.3: Viscosity of bitumen/n-alkanes (C5-C;) mixtures at 50 °C and 2 MPa [31, 43, 44].

As the n-alkanes used for bitumen dilution shown in Figure 2.3 have similar chemical natures and
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similar viscosities, the decrease in bitumen viscosity when adding C; to C; followed a similar trend.
The slight difference in the diluted bitumen viscosity values when the three solvents are compared is

due to small differences in the dynamic viscosities of the pure compounds (i.e., pio, < piey < foy)-

Employing mixing rules to predict the viscosity of bitumen/solvent mixtures is essential for im-
provements to processes that involve bitumen dilution [45]. Table 2.5 provides examples of com-
mon mixing rules used for predicting the viscosity of bitumen/solvent blends. The simplest types
of mixing rules are those that require only the dynamic viscosities of the individual components
and the composition of the mixture, such as the Arrhenius (Eq. 2.6) and Centeno et al. (Eq. 2.7)
models. The Chirinos et al. model (Eq. 2.8) requires not only the dynamic viscosities but also the
densities of the individual components. The power law model (Eq. 2.9) requires the calculation of
the parameter “z” (flow behavior index) by regression analysis. The value of “z” depends on the

type of compositional parameter chosen for the correlation and how the fluid molecules reorganize

their structure due to flow (i.e., Newtonian or non-Newtonian behavior) [46].

A comprehensive study on the viscosity behavior of bitumen/n-alkane mixtures (C; to Cg) in a
wide range of concentrations was conducted by Nourozieh et al. [31, 43, 44] and Ghao et. al.
[47]. Viscosity predictions for bitumen dilution using low-chain paraffins in the temperature range
from 25 to 190 °C were best represented by the power law model (Eq. 2.9) once an appropriate
value of ’z’ was found by regression. The best predictions were obtained for bitumen dilution with
n-pentane, n-hexane, and n-heptane (with AARD in the range of 7-14%) while a higher deviation

from measured to predicted values was obtained for n-octane (AARD of 34%).

Wallace et al.[48] studied the viscosity of different types of bitumen diluted with naphtha and con-
cluded that the viscosity of the mixtures could be modeled by the Cragoe equation (Eq. 2.13).
The predicted viscosities were, in general, within 20% of the measured values. A model with bet-
ter predictions when using naphtha as a diluent was developed in the study done by Miadonye et
al.[49]. In their study, the authors tested their model using mixtures of bitumen and some hydrocar-
bon solvents (condensate, naphtha, toluene, and diesel) in concentrations up to 80 wt% of solvent.
Miadonye et al.’s model (Eq. 2.10-2.12) was able to predict the mixtures’ viscosities with a lower
overall average absolute deviation (AAD of 13.5%) than Cragoe’s equation (22.6%) and Chirinos
et al.’s model (16.9%).

23



Table 2.5: Examples of mixing rules used to predict the viscosity of bitumen/solvent mixtures.

Author Mixing Rule”

Arrhenius logpim x5 logps + xp logup (2.6)
Centeno et al.[50] log (log (pm + 1)) = Zwi log [log (pi + 1)] (2.7)
Chirinos et al.[49] log (log (vm + 0.7)) = Y _w; log [log (vi + 0.7)] (2.8)

Power Law[29] f = [z iz + (1 — ) ) (2.9)

U = exp(exp(a(l — wg)) + In(vs) — 1) (2.10)

Miadonye et al.[49] a = In (In(vg) — In(vs) + 1) (2.11)

Ug
= 2.12
" 0.9029 vg + 0.1351 (12)
1 Wy Wy

= 2.13

Cragoe [51] In (20005,)  In (20005,) © In (2000p) 2.13)
logv;

BI;, = 2.14

v 3 + logv; @19

Chevron [52] VBI; = Y x;VBI (2.15)
aVBIB

§o= 10775 (2.16)

“ List of symbols: ,,,, dynamic viscosity of mixture (mPa-s); y,, dynamic viscosity of solvent

(mPa-s); pup, dynamic viscosity of bitumen (mPa-s); 1;, dynamic viscosity of component ¢

(mPa-s); =, volume fraction of solvent; x5, volume fraction of bitumen; w,, mass fraction

of solvent; wp, mass fraction of bitumen; w;, mass fraction of component 7; v,,,, kinematic

viscosity of mixture (cSt); v,, kinematic viscosity of solvent (cSt); vp, kinematic viscosity

of bitumen (cSt); v;, kinematic viscosity of component ¢ (cSt); z, flow behavior index;

V' B1I;, viscosity blending index of component ¢; V' 513, viscosity blending index of mixture.
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Miadonye et al.’s model has also been reported to be one of the top-performing mixing rules for
predicting bitumen mixtures with diverse hydrocarbon solvents, including paraffins, naphthenes,
and aromatics. It predicted mixture viscosities with AARD values of approximately 30% [28]. The
straightforward requirements of Miadonye et al.’s model, involving only the viscosity, density, and
mass fraction of both bitumen and solvent, made it a suitable choice for use in the current thesis.
The model was employed to estimate the unknown viscosity of pure bitumen based on solvent and

diluted bitumen data, whenever necessary.

2.2.4.3 Thermal dependence of viscosity in bitumen/solvent mixtures

The viscosity of bitumen and light hydrocarbon solvents has a logarithmic dependence on tem-
perature, and correlations of the type Inu x 71" are commonly reported in the literature [53]. The
general form of the MacCoull equation (Eq. 2.17), similar to that suggested in ASTM D341 [54],
can be used to examine the linear relationship between the viscosity and temperature of bitumen or
bitumen-solvent mixtures. In Eq. 2.17, p is the viscosity of bitumen (mPa-s), a and b are the slope

and intercept of the linear regression, respectively, and 7" is the temperature (/).

In (In(n) =a-In(T) + b (2.17)

The viscosity of bitumen and bitumen/n-pentane mixtures as a function of temperature is illustrated
in Table 2.6. The more diluted the bitumen the less the effect of temperature on the mixture’s
viscosity. For a variation in temperature from 27 to 103 °C, the viscosity decreased 60 times
compared to 8 times when the dilution went from 0.1:1 to 0.3:1 wt/wt. Additionally, at higher
temperatures, the effect of dilution on bitumen’s viscosity is lowered [43, 55]. These observations
are in agreement with the fact that the viscosity vs. temperature relationship of bitumen-solvent
mixtures over the total mixture range is the same as that for the viscosity vs. temperature of bitumen

or solvent on its own.

The regression data, presenting the linear correlation between viscosity and temperature based on
Eq. 2.17, is also given in Table 2.6 [43]. The coefficient of determination was higher than 0.996

for both pure bitumen and the n-pentane/bitumen mixture (0.1:1 wt/wt). The slope in Eq. 2.17 has
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the potential to be employed as an indicator for tracking changes in the composition of a medium.
A slight increase in the slope observed when comparing pure bitumen with the n-pentane/bitumen
mixture (0.1:1 wt/wt) — from -3.83 to -4.10 — may suggest a change in composition due to dilution.
The viscosity vs. temperature data for the n-pentane/bitumen mixture (0.3:1 wt/wt) showed non-
linearity, indicated by an R? value of 0.8830 (refer to Table 2.6). This deviation from linearity could
be attributed to many possible effects, such as inconsistencies in the dataset, the occurrence of phase

separation with varying temperatures, and reactive changes at elevated temperature measurements.

Table 2.6: Dependence of bitumen and diluted bitumen viscosity on temperature. Viscosity was
measured at 4 MPa [43].

_ ) Mixture
Viscosity (mPa-s)

n-pentane/bitumen n-pentane/bitumen

bitumen
(0.1:1 wt/wt) (0.3:1 wt/wt)

27 °C - 1384 17.1
53°C 15900 187 7.77
103 °C 234 22.9 2.26
152 °C 33.5 6.21 1.06
190 °C 12.2 3.29 0.68
Slope -3.83 -4.10 -10.75

R? 0.9995 0.9964 0.8830

Bazyleva et al.[56] studied the dependence of Athabasca bitumen’s viscosity on temperature in the
range of -43 to 137 °C. One important finding in this study was the irreversibility of bitumen’s
viscosity upon heating and cooling (i.e., the viscosity measurements yielded different values at
the same temperature reading when comparing the heating and cooling experiments) in the higher
temperature range (67—-137 °C). The measured viscosity values were higher in the cooling cycle
subsequent to the heating cycle. The authors suggested that the observed irreversibility was pos-
sibly due to changes in the physicochemical properties of the asphaltenes during the heating and
cooling processes. Also, asphaltenes are very reactive species, and evidence of conversion taking
place in the low-temperature range (100-150 °C) has been reported before [57]. When measuring

the viscosity of bitumen at elevated temperatures, it is important to account for the possibility that
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changes due to reactions could lead to irreversible alterations in the original bitumen’s viscosity.

Comprehending the factors that influence bitumen’s density and viscosity, as well as the effect
of bitumen dilution using paraffinic and naphthenic solvents, provides a fundamental basis for

understanding the steps required for the froth treatment that are presented in the next section.

2.3 Froth treatment

During the early stages of the oilsands mining process, bitumen needs to be extracted from the
mineral matter. The extraction process is accomplished via the Clark hot water extraction. During
this process, the crushed oilsands ores undergo conditioning with hot water (50—80 °C) and a minor
amount of NaOH through a hydrotransport pipeline. Subsequently, aeration is applied to the slurry,
leading to the separation of bitumen from the sand as it attaches to the air bubbles forming the
froth. A gravity separator is then used to recover the bitumen-rich froth. This froth comprises not

only bitumen but also free water, emulsified water, and suspended mineral solids [5, 9].

The separation of water and solids is achieved through the froth treatment. Water and mineral solids
must be removed from the bitumen phase because they are deleterious to downstream operations.
Solids clog and poison catalysts in upgrading and refining processes, whereas water contains dis-
solved salts (primarily sodium chloride), which can cause major corrosion issues in equipment and
pipelines [9]. The separation of water and solids from bitumen is challenging for many reasons,
including the high viscosity of bitumen, the slight density difference between bitumen and water,
and the presence of water-in-oil emulsions in the froth, which are stabilized by natural surfactants

in bitumen (e.g., asphaltenes and resins) and the fine solids [5, 9].

In this section, the composition of froth is reviewed, along with the current froth treatment ap-
proaches. Lastly, a review of the studies developed to improve the froth treatment process is pre-

sented.
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2.3.1 Froth composition

The froth that originates from the hot water extraction has a composition that varies in the range of
45-65 wt% bitumen, 20-35 wt% water, and 5—-15 wt% mineral solids [7]. The mineral solids and
water content of bitumen froth are dependent on the process conditions employed during the hot
water extraction, such as extraction shear rates, extraction temperature, and NaOH concentration

[58].

The minerals found in froth are classified as clays and non-clays. Clay minerals (such as kaolinite
and illite) are the major components in froth solids (40-60 wt% of the total solids), while the
remaining portion is constituted by non-clay minerals such as quartz, rutile, and siderite [59-61].

The crystalline structures of some of the main minerals present in froth are shown in Figure 2.4.

Clay minerals are alumino-silicates, and the majority of them are composed of layers of tetrahe-
dral silica and octahedral alumina sheets [62]. Due to their structure, clays possess both adsorptive
and catalytic properties. For instance, kaolinite (Figure 2.4a) consists of a 1:1 layered phyllosili-
cate with the formula Al;Si,05(OH),, formed by many stacked layers of one silicon-based (silox-
ane) tetrahedral sheet bound to one aluminum-based (aluminol) octahedral sheet through hydrogen
bonding and dipolar interactions. Kaolinite shows strong adsorption properties because the silox-
ane surfaces carry an overall negative charge while the aluminol surfaces carry an overall positive

charge [63, 64].
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Figure 2.4: Crystalline structures of (a) Kaolinite[64], (b) Rutile[65], and (c) Quartz[66].

There are two types of acid sites on the clay’s surface: Brgnsted-Lowry acid sites (proton donors)
and Lewis acid sites (electron pair acceptors). The hydrated and dehydrated cations in the interlayer
spaces are the sources of Brgnsted-Lowry and Lewis acidity [67]. As kaolinite does not present
interlayer cations, its Lewis acidity arises from the coordinately unsaturated Al*" ions at the edges
of its external surface [67, 68], while Brgnsted-Lowry acidity is developed from hydroxyl groups
located between aluminum and silicon-occupied oxygen tetrahedra [69]. In kaolinite, the hydroxyl
groups (-OH) are bonded to the aluminum atoms (Al) in the alumina octahedral layer. The elec-
tronegativity difference between oxygen and hydrogen is such that the oxygen atom tends to pull
the shared electrons closer to itself, creating a partial positive charge on the hydrogen atom, making
it susceptible to dissociation. The acidity of clays has an impact on bitumen recovery during hot
water extraction. For instance, the acidity of illite clay contributed to a decrease in the bitumen

flotation recovery at 25 and 35 °C [70].

The non-clay minerals found in the oilsands can be classified into different classes, including oxides
(e.g., hematite, rutile, and anatase), sulfides (e.g., pyrite, bornite, and sphalerite), carbonates (e.g.,
siderite, calcite, dolomite, and magnesite), and silicates (e.g., quartz, garnet, and zircon) [10]. Non-
clays found in froth also present acidic properties. For example, rutile (Figure 2.4b) presents strong

Lewis acid sites while presenting very low Brgnsted-Lowry acidity in its structure [71, 72].
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The particle size distribution of the mineral solids in the froth was measured by Kaminsky et al.[59]
The analysis revealed that almost 50% of the solid particles in the froth sample used in that study
were classified as fine solids (diameter < 44 pm). Furthermore, it was observed that within this
subset of fine solids, 18% consisted of extremely small particles (diameter < 2 um). In a separate
investigation conducted by Chen et al.[61], it was shown that almost 85% of the solid particles had
chord lengths below 10 ym. The aforementioned studies have demonstrated that the fine solids
account for a significant portion of the froth solids. The presence of these fines contributes to the
challenges encountered in the separation process during froth treatment since they are known to

stabilize water-in-oil emulsions.

The water composition from froth contains the major cations and anions found in the connate
and process water from the oilsands extraction, such as sodium, potassium, calcium, magnesium,
chloride, sulfate, phosphate, nitrite, and nitrate. Turuga and de Klerk [73] reported the composition
of the water separated from the froth sample used in their study. The major ions found in the
aqueous phase were sodium and chloride (concentrations of 722 ug/g and 812 mg/L, respectively).
The amounts of calcium (Ca), magnesium (Mg), and iron (Fe) ranged from 5 to 10 ppm, while the
remaining cations (Al, K, Ni, Ti, and V) exhibited quantities below 1 ppm. The concentration of
sulfates, phosphates, nitrites, and nitrates among the anions exceeded 50 ppm. The pH of the water

was approximately 8.3, indicating mild alkalinity.

Another important characteristic to take into consideration when analyzing the main characteristics
of froth is the interaction between solids and water, measured by the solids’ wettability (i.e., the
ability of a solid surface to maintain contact with a liquid). Because solid particles have a strong
inclination to remain at the water-oil interface, they modify the characteristics of the interface
of emulsion droplets and create a barrier to the coalescence of droplets through steric hindrance
[74, 75]. Typically, solids that exhibit a water-wet nature have a tendency to stabilize oil-in-water
emulsions, while oil-wet solids tend to stabilize water-in-oil emulsions. Because the surface of the
fine solids in froth is coated with organic components from bitumen, they are biwettable. Both
water-in-oil and oil-in-water emulsions can be stabilized by these biwettable fine solids. Moreover,
the particles adsorbed at the interface of oil and free water create a “rag” layer with asphaltenes.
The “rag” layer is a middle phase located between the top organic phase and the bottom aqueous

phase, which can build up with time and become a thick and viscous layer that can inhibit the
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separation of water droplets and solid particles [75, 76].

2.3.2 Froth treatment technologies

In the previous sections, it was highlighted the main challenges to separating water and solids
from the bitumen froth, which is accomplished in the froth treatment unit. The two main froth
treatment approaches are paraffinic froth treatment (PFT) and naphthenic froth treatment (NFT).
Both technologies rely on froth dilution with light hydrocarbons. Naphtha is used as a diluent in
the NFT to reduce bitumen’s viscosity and density and allow for the separation of water and solids.
A paraffinic solvent (typically C; and Cg) is utilized in the PFT for the same aim of bitumen’s
viscosity and density reduction; however, asphaltenes precipitation also takes place during the PFT,
yielding a cleaner bitumen product [5]. Asphaltenes precipitation plays a critical role in enhancing
separation efficiency in the PFT. Consequently, to achieve asphaltenes precipitation, the volume
of solvent needed in the PFT is approximately three times greater than that required in the NFT.
The precipitation of asphaltenes is not substantial until the solvent/bitumen (S/B) volume ratio
reaches around 1. However, with an increase in the solvent volume up to a S/B volume ratio of 5,

approximately 90% of the asphaltenes precipitate [7].

Some of the operational conditions of both PFT and NFT, as well as the quality of the final bitumen
product, are summarized in Table 2.7. The temperatures of operation of both technologies are
comparable, but the amount of solvent used in the PFT is higher than in the NFT. Because the
solvent employed in the PFT has a lower density and higher volatility, it requires a higher vessel
pressure than the NFT. The PFT is somehow a carbon rejection technology since some asphaltenes
precipitate due to the addition of the paraffinic solvent. The precipitation of asphaltenes during
the PFT yields a cleaner bitumen product (as compared to the NFT product) that does not require
further separation steps but leads to a lower bitumen recovery (about 4-10% reduction in bitumen
recovery) than the NFT process. Because of the higher amount of solvent necessary for the PFT
and the reduced bitumen recovery throughout the treatment, the NFT is the most widely used

industrial-scale process in Alberta’s oilsands industry [9, 75].
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Table 2.7: Summary of operational conditions used in the naphthenic (NFT) and paraffinic (PFT)
froth treatment [9, 75].

Operational condition NFT PFT
Solvent Naphtha  Pentane/Hexane
Solvent/Bitumen ratio (w/w) 0.6-0.8 1.5-2
Solvent density (kg/m®) 750-800 625-670
Temperature (°C) 75-85 70-90

Lower than Higher than
in the PFT in the NFT

Operating pressure

Residual water in the bitumen

2-5 <0.5

product (wWt%)

Residual solids in the bitumen

0.5-1 <0.3

product (wt%)
Asphaltenes precipitation No Yes

Further treatment

Yes No

required for product

The addition of a diluent in both NFT and PFT results in the formation of four different layers:
(1) a top layer containing mostly diluted bitumen; (2) an intermediate layer at the bitumen-water
interface containing stable emulsions of water and hydrocarbons with fine particles (called the “rag
layer”); (3) a separated water phase; and (4) the tailing, which contains solid particles (including
fine solids in both PFT and NFT and asphaltenes in the PFT), hydrocarbons, and water [75]. The
undesirable stable emulsions in the “rag layer” make it a viscous and thick phase that can accu-
mulate over time, inhibiting the settling of water droplets and solid particles, which impacts the

efficiency of the process and can result in process disruptions [76].

2.3.2.1 The naphthenic froth treatment (NFT)

The simplified overview of the NFT is depicted in Figure 2.5. A demulsifier is added to the froth
in the NFT, in addition to the diluent (naphtha), to facilitate the separation of water and solids.

The demulsifier assists in breaking the water-oil emulsions that are stabilized by the asphaltenes,
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resins, and fine solids. The inclined plate settlers (IPS) act as a primary separation step. The IPS
are gravity separation vessels with a cone bottom and internal plates that provide a large surface
area for the settling of solids and water. They provide a high-quality overflow with minimal solids
and water content (less than 2%). However, there is still a large amount of bitumen and naphtha in
the IPS underflow, which must be treated through the centrifuge plant. The IPS underflow enters
a dual-stage centrifugation system made of solid bowl scroll centrifuges and disc centrifuges. In
the scroll centrifuges, coarse solids (larger than 44 pm) are removed, while most of the water and
some of the fine solids are removed in the disc centrifuges. Besides the centrifuge plant, cyclones
are used to assist in the clean-up of the IPS underflow. Due to the high cost associated with the
operation of centrifuges, new extraction plants are opting for more IPS stages and reducing the

number of centrifuges [5, 75, 77].

The residual solid content (0.5—1 wt%) and residual water content (2-5 wt%) of the bitumen product
from the NFT are still too high to allow pipeline transportation. The residual water and naphtha
diluent can be removed in a distillation column, but the bitumen product still contains all of the fines
and any dissolved salts that were originally found in the process water. As long as the concentration
of salt is not too high, the bitumen product containing the residual solids can be fed to coker-based

facilities [5].
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Figure 2.5: Simplified overview of the naphthenic froth treatment (NFT) [5, 75, 77].
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2.3.2.2 The paraffinic froth treatment (PFT)

The simplified overview of the PFT is illustrated in Figure 2.6. The addition of a paraffinic solvent
to the froth results in the formation of aggregates composed of water droplets, fine solids, and
precipitated asphaltenes. These aggregates are separated by conventional settlers [9]. The diluted
froth is sent to the first stage of gravity separation vessels (Settler). The overflow of the first-stage
settler is the final bitumen product diluted with the added solvent. That stream is then sent to the
solvent recovery unit (SRU), where it yields a clean bitumen product that does not need to be further
purified since it contains less than 0.5 wt% of residual water and less than 0.3 wt% residual solids.
However, the underflow of the first-stage settler still contains a significant amount of bitumen and
water and needs to be sent to a second-stage settler. The underflow of the second settler contains
almost all the solids and water from the original froth sample, the asphaltenes precipitated from
bitumen (around 7-9 wt% of bitumen is precipitated as asphaltenes), and a small portion of solvent

that is recovered in the tailings solvent recovery unit (TSRU) [5, 75, 78].

As a result of the extra asphaltenes component, the TSRU tailings stream has a high energy level.
However, these asphaltenes are contaminated with a high concentration of solids (typically a 2:1
w/w ratio of solids to bitumen). Before the asphaltenes could be used as fuel or a gasifier feedstock,

the tailings stream would need to be treated to minimize the mineral concentration [5].
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Figure 2.6: Simplified overview of the paraffinic froth treatment (PFT) [5, 75, 78].

34



2.3.3 Improvements to the froth treatment process

This section presents an overview of studies that have focused on improving the froth treatment
process, specifically the separation efficiency of the treatment. The main objectives in these studies
were to maximize bitumen recovery (i.e., less carbon rejection as asphaltenes in the PFT), maximize
bitumen quality (i.e., minimize the water and fines content in the bitumen product), and at the
same time minimize the energy requirements for the process [79]. Three major factors affect the
efficiency of the froth treatment: temperature, solvent type/amount, and demulsifier properties.
Both temperature and solvent type/amount have a direct impact on the energy requirements of the

process [8, 75].

The effect of temperature on bitumen recovery and quality depends on the solvent selection for the
froth treatment. Shelfantook [8] showed that an increase in temperature in the NFT from 80 to 130
°C was followed by an increase in the quality of the bitumen product but no significant change in
the bitumen recovery, while the increase in temperature in the same range improved the bitumen
recovery in the PFT but did not affect the product quality. However, the decision to increase the

process temperature also needs to take into account the energy cost and equipment limitations.

The dilution ratio influences product recovery and quality in froth treatment. Romanov et al.[80]
studied the effect of the solvent-to-bitumen (S/B) ratio during the froth treatment in the presence
of an aromatic (toluene) and a paraffinic (n-heptane) solvent. The authors found that increasing
the S/B ratio increased bitumen recovery and quality up to an optimum S/B ratio, after which
increasing dilution had little effect on both processes. The optimum S/B ratio varied with solvent
type, extraction temperature, oilsands quality, and extraction time. In general, the optimum S/B

ratio varied within the range of 0.4-0.9 wt/wt for toluene and 1.1-1.9 wt/wt for n-heptane.

Some studies focused on the settling properties of aggregates during the froth treatment, which
have a direct impact on the effectiveness of the process. Kosior et al.[81, 82] investigated the
influence of process temperature, solvent type, and S/B ratio on the settling rates of aggregates in
the PFT. Three paraffinic solvents were used in their study: isopentane, n-pentane, and n-hexane.
The authors observed that an increase in temperature and S/B ratio resulted in an increase in the

settling rates of the aggregates, irrespective of the solvent used. The increase in temperature from
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30 to 90 °C increased the settling rates by one order of magnitude. The authors suggested that the
formation of more compact aggregates at higher temperatures had a major influence on the settling
rates. The effect of increased dilution on the settling rates was significant but not as pronounced
as the effect of temperature. The solvent type also influenced the settling rates. When compared at
the same temperature and S/B ratio, isopentane promoted the highest settling rates, while n-hexane
promoted the lowest ones. The authors proposed that the governing factors influencing the settling
rates were more likely associated with the aggregate structures, such as aggregate densities, than

the density and viscosity of the oil phase.

The mixing energy input to the PFT also has an effect on the performance of the process. Zawala et
al.[83] studied the effect of the mixing energy (by means of the energy input through the duration
of mixing and the speed of an impeller) on the composition and settling rates of aggregates during
the mixing of solvent (n-pentane and n-heptane) and froth at 80 °C in the PFT. The aggregates
formed during the study consisted mainly of mineral particles and precipitated asphaltenes since
the high temperature favored the coalescence of water droplets and the separation of free water. The
authors found that increased mixing energy resulted in a higher concentration of mineral particles
in the aggregates without affecting the aggregate’s size, which resulted in an increased density of

the aggregate and, consequently, increased settling rates.

Improvements related to the asphaltenes precipitation during the PFT have been investigated [84—
87]. The main focus of these studies was on the application of either traditional or novel solvents
during the PFT, the effect of temperature on the asphaltenes precipitation, and the optimum S/B ra-
tio that would lead to less material rejection while yielding a high-quality bitumen product. Booran
et al.[85] and Xu [86] tested the cofeed of CO, with traditional paraffinic solvents in the PFT and
observed that the CO, injection resulted in the precipitation of asphaltenes at a lower paraffinic sol-
vent to bitumen ratio, suggesting a potential decrease in the amount of paraffinic solvent required
for the process. Although the exact mechanism leading to those results was unclear, the authors
presented some speculations. These included the formation of carbonic acid, which lowers the
pH of the aqueous medium, thus destabilizing asphaltenes at the oil/water interface and causing

asphaltenes precipitation.

Xu [86] also observed a slight effect of temperature on the amount of precipitated asphaltenes using
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n-pentane, isopentane, and neopentane. The amount of precipitated asphaltenes decreased with an
increase in temperature from 20 °C to 90 °C, and this effect was higher when using lower S/B
ratios. No explanation was presented for the observed effect of temperature on the asphaltenes

precipitation.

Lin and Pang [87] identified a correlation between settling rates of aggregates and deasphalting in
the PFT using n-heptane: the higher the amount of precipitated asphaltenes, the higher the settling
rates of the aggregates. The authors suggested that the structure and size of the aggregates were not
significantly affected during the tests and that the enhanced settling rates observed with increased

deasphalting were likely attributed to alterations in the density and viscosity of the oil phase.

Hristova et al.[88, 89] used a bench-scale froth treatment settling unit to investigate the effect of a
solvent mixture containing naphtha and n-pentane at different compositions in order to couple the
strengths of the NFT (i.e., no carbon rejection) and the PFT (i.e., cleaner product). The authors
observed the existence of a transition region with solvent composition varying from 20 to 50 vol%
naphtha, in which the bitumen product is clean (as comparable to the product from the PFT) but

without bulk asphaltenes precipitation (as comparable to the NFT).

Efforts on improvements to the NFT also dedicated attention to studies on the use of commercial
and newly developed demulsifiers in the process [90-93]. Improvements related to the application
of demulsifiers are important contributions to the separation efficiency of the NFT, in which highly
stable emulsions are formed (e.g., the “rag layer”). Kailey [90] studied the effect of three ethylene
and propylene oxide copolymer demulsifiers (DMO A, DMO B, and DMO C) on the separation
efficiency of the NFT. The three studied demulsifiers resulted in different removal efficiencies,
with DMO C yielding the highest levels of water and solids removal and the lowest hydrocarbon

rejection during the treatment.

Laplante et al.[92] investigated the effect of mixing energy and demulsifier injection concentration
on the removal of water and solids from naphtha-diluted bitumen using a mixing test cell. The
authors showed that the effectiveness of the demulsifier was increased by increasing mixing time
and intensity. The same study also highlighted the relevance of knowing the optimum mixing

conditions and injection concentration level in order to minimize the amount of demulsifier needed
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for water/solids separation.

Recent studies have focused on the integration of froth and thermal treatment in a single step. Chen
et al.[61] investigated the thermal treatment of froth in the temperature range 300—400 °C and iden-
tified that it improved the separation of minerals from bitumen through filtration. The best filtration
result was obtained after the thermal treatment at 390 °C for 30 min. The authors suggested that a
change in the surface properties of the fine solids facilitated the stacking of clays, which made the
filter cake more permeable and, consequently, improved the solids filtration. Turuga and de Klerk
[73] evaluated the physicochemical changes in the bitumen phase during hydrothermal treatment
of froth at 250 °C. Their research found that when bitumen was treated with solids and/or water,
its viscosity increased compared to untreated bitumen. They also noticed changes in the H/C ratio,
n-heptane insoluble content, and total acid number (TAN), all of which are strong indicators that

minerals and water influenced the changes in the bitumen phase during the treatment.

Once bitumen is free from water and minerals, the next step in bitumen production is its upgrading,

which is detailed in the following section.

2.4 Bitumen upgrading

The challenges encountered during bitumen transportation and processing are a consequence of
bitumen’s physicochemical properties, as highlighted in Sections 2.2 and 2.3. Both the quality and
value of bitumen need to be improved before it is ready to be sent to its final market, the refineries.
This section starts with an overview of the upgrading objectives, followed by a description of the
relevant reactions that take place during the treatment. Additionally, it includes a review of the

upgrading of bitumen in the presence of water and froth minerals.

2.4.1 Upgrading objectives

A number of technologies have been used for upgrading bitumen, including visbreaking, coking,
catalytic cracking, hydrocracking, hydrotreating, and solvent deasphalting. These technologies

have the aim of achieving one or more of the following: (1) reduce bitumen’s density and viscosity;
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(2) increase the H/C ratio of the bitumen product; (3) increase the amount of lighter boiling material

in the product; (4) remove heteroatoms [5].

Some of the upgrading technologies aim for full upgrading of bitumen (e.g., coking), while others
are selected to achieve only partial upgrading (e.g., visbreaking). Partial upgrading of bitumen is
the term used for the low conversion of bitumen to improve its physicochemical properties to an
extent that decreases the amount of solvent needed for bitumen dilution in order to meet pipeline
specifications, given in Table 2.2 [17]. From the properties listed in Table 2.2, viscosity, density,
and bottom solids and water have already been discussed in the previous topics. The olefin content
is not a concern when handling raw bitumen since olefins are absent in its composition; neverthe-
less, olefin formation during thermal treatment was claimed to pose a risk of gum formation and,
consequently, clogging of pipelines and equipment. However, the fouling tendency of thermally-
cracked bitumen is likely not solely due to the olefins formed during treatment but also due to their

interactions with other components in bitumen [94].

The term “severity” usually employed during bitumen upgrading is related to both reaction tem-
perature and time. The upgrading severity depends on the objective of the thermal treatment (e.g.,
partial or full upgrading). Visbreaking, for example, is considered a mild-severity thermal treatment
since the main target is to achieve viscosity reduction while at the same time avoiding coke forma-
tion. On the other side, high severity is needed for coking, in which a high conversion of heavier
material into lighter components is expected at the cost of carbon rejection through coke formation.
Table 2.8 shows the evolution of the coke, liquid, and gas yields of the thermal treatment of Cold
Lake bitumen at 400 °C and varying reaction times. The higher the severity (by means of increased

residence times), the higher the amount of coke formed and the lower the liquid yield [95].
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Table 2.8: Coke, liquid, and gas yields during thermal treatment of Cold Lake bitumen at 400 °C
and varying reaction times [95].

. , _ Yield (wt%)
Residence time (min)

Coke Liquid Gas
Feed 1.3+£0.1 98.74+04 -
30 1.8£03 975+04 0.7£0.3
60 1.5+04 941+03 41402
90 50+21 888+17 34+24
180 80+03 8424+13 77+1.1
270 11.7£02 81.5+19 69+1.7

Studies on the thermal treatment of bitumen usually report the residence time for a constant tem-
perature defined at the design stage of the investigation. Many of these studies have frequently
neglected the heating and cooling profiles of the reaction medium, which can lead to an under-
estimation of the actual severity of the treatment. An alternative approach for reporting a more
realistic severity during the upgrading of bitumen is the use of the equivalent residence time (ERT),
as defined by Yan [96]. By monitoring the temperature of the reaction media at defined time inter-
vals, the ERT at a reference temperature can be calculated according to Eq. 2.18, where At; are
defined time intervals consisting of two recorded temperatures (T; and T, 1), T, is the reference
temperature for which the ERT is being calculated, E, = 209500 J mol ', and R = 8.314 J mol *
K.

- E 1 1
ERT atT,ey = At; X exp <——a> - (2.18)
z‘zl R Tz +2T‘i+1 Tref
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2.4.2 Chain reactions during bitumen upgrading

Bitumen upgrading relies on the conversion of some of the vacuum residue material into lighter
products. For this objective, the chemical bonds of the heavy material need to be broken, yielding
lighter compounds. This can be achieved by either thermal or catalytic cracking. However, there

are several other reactions that take place concurrently with cracking during bitumen upgrading.

Bitumen upgrading proceeds through the traditional steps of free radical chain reactions, including
initiation, propagation, and termination. Although initiation is listed as the first step in chain reac-
tions, it is important to highlight that bitumen naturally contains free radicals in its composition,
but these species are somehow stabilized at ambient conditions (persistent free radicals). Figure
2.7 illustrates the simplified mechanisms for each of the chain reaction steps that are detailed in the

next subsections.

(a) Initiation: R—R, — R;-+ R,:
Propagation

(by Crackingby p oy _CH,—CH—R, —= R,—CH, + H,C—=CH—R,
[3-Scission: - -

(c) H-Transfer: R,—CH,—CH—R, + R;—CH,—CH,—R, == R;—CH,—CH,—R, + R;—CH,—CH—R,

* RI_C.HE_CH_RE
(d) Radical addition: R,—CH,—CH—R, + Ry;—CH=CH—R,; —=

R_z_C'H _CH _R_]_
Termination

(e) Combination: R—CH, + R;—CH; — R;—CH,—CH,—R,

Hydrogen

f . - , .
M disproportionation: R;—CH,—CH—R, + R;—CH,—CH—R, —= R,—CH,—CH,—R, + R;—CH=CH—R,

Figure 2.7: Free radical chain reaction mechanisms [97].

2.4.2.1 Free radical initiation

The lack of reactions taking place in bitumen in its natural state was explained by Acevedo et
al.[15] in terms of the “caging effect”, a theory in which the persistent free radicals naturally found

in bitumen are “caged” by aggregates of asphaltenes. It was also suggested that mobility restrictions

41



caused by the medium’s high viscosity play a role in radical caging [98]. However, the study by
Alili et al.[99] demonstrated that persistent free radicals in asphaltenes were reactive. The authors
argued that free radical persistence could not be solely explained by cage effects facilitated by
either steric protection or the high viscosity of the medium. While cage effects, solvent effects,
steric protection, and radical stabilization collectively influence the reactivity of free radicals in
bitumen, these factors alone are insufficient to explain the persistence of free radicals in bitumen.
A more plausible explanation is likely to be provided by considering the dynamic equilibrium

involving the dissociation and association of free radicals [100].

Therefore, the initiation of radicals (Figure 2.7a) is an important step to promote bitumen upgrad-
ing. This step requires high activation energy for bond dissociation. A typical example is thermally
induced homolytic bond dissociation, which is a monomolecular free radical decomposition reac-
tion. The bond dissociation energies for the main covalent bonds that are typically broken during
bitumen upgrading are shown in Table 2.9. The weakest bonds are those between carbon and het-
eroatoms (S, N, and O) and those of aliphatic C—C, while aromatic C—H bonds are the strongest

ones [97, 101].

Table 2.9: Bond dissociation energies for typical bonds found in bitumen composition [102].

Chemical Bond  Energy (kJ/mol)

C—C (aliphatic) 344 + 4
C-H (primary) 411 + 4
C-H (secondary) 398 +4
C-H (aromatic) 464 + 8
C-S 307 £ 8
C-N 342 + 8
C-O0 344 + 4

Homolytic bond dissociation plays an important role in radical initiation but cannot be seen as
the only mechanism for free radical formation during upgrading. In the liquid phase, bimolecu-

lar interactions are more pronounced than in the vapor phase, and free radical initiation through

42



molecular-induced homolysis might also take place [57, 101].

Although the initiation step is energy-intensive, once the radicals are formed, a lower activation

energy is required for the free radical propagation that is discussed next [97].

2.4.2.2 Free radical propagation

The most relevant types of radical propagation during bitumen upgrading are cracking, hydrogen
transfer, and free-radical addition (refer to Figures 2.7b—d). Details on each of these reactions are

given next.

(a) Cracking by [3-scission

Cracking is at the core of the bitumen upgrading processes, in which one of the main objectives is
to crack heavy materials, yielding an increase in lighter fractions. Once a molecule becomes a free
radical, the other bonds of the molecule are weakened, and cracking can readily take place, forming
an alkene and a smaller free radical species. The process of free radical cracking occurs through the
homolytic dissociation of the 5-bond in relation to the free radical position. When large molecules
are cracked, the formation of the most stable alkyl free radical species is favored in the following

order: tertiary > secondary > primary radical [5].

Although thermal cracking yields desirable lighter species, it also produces undesirable olefinic
species that can be detrimental during bitumen processing. The olefinic compounds can undergo
radical addition to form a gum that can foul and clog pipelines and equipment. For this reason,
the cracked products need further treatment (e.g., hydrotreating) in order to saturate the olefins
and reduce the propensity for gum formation [103]. However, it is important to highlight that the
olefins alone might not be responsible for the fouling tendency of cracked bitumen. It is likely that
the synergetic effect of high-molecular-weight olefins and other heavy components in bitumen,

such as asphaltenes, plays a role in the fouling mechanism [94].

The severity of the thermal treatment has a major influence on the extent of cracking of heavy
materials into lighter ones. Figure 2.8 contains the boiling point distribution of feed and visbroken

products of a deasphalted vacuum residue sample at two different severities. As the severity of the
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treatment increased, the amount of the lighter fractions also increased, followed by a decrease in
the residue fraction [104]. However, pushing the severity of the thermal treatment beyond coke

formation can result in material rejection during the treatment.
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Figure 2.8: Boiling point distribution of feed and products of a deasphalted vacuum residue sample
thermally treated at 417 °C for 0 and 30 min (heat-up and cool-down times are excluded) [104].

(b) Hydrogen transfer

Another relevant class of propagation reactions are those involving hydrogen transfer (refer to Fig-
ure 2.7c¢). Hydrogen transfer during bitumen upgrading enhances the probability of free radical
chain transfer reactions compared to free radical addition and, consequently, influences the like-
lihood of heavy product formation [105]. These reactions have a major influence on the overall
rate and outcome of chain reactions. The contribution of propagation reactions becomes even more
pronounced below the temperature threshold of 380—400 °C, as the rate of transfer reactions in-
creases relative to the rate of cracking as the temperature drops. This increase in the propagation
rate might have a significant impact on compositional changes in bitumen because the transfer re-
actions produce free radical species that require less activation energy for cracking [101]. Although
hydrogen transfer is more frequently mentioned in the bitumen upgrading literature, methyl transfer

also takes place during both intramolecular and intermolecular transfers [105].

44



The relevance of hydrogen transfer reactions at temperatures below the typical operating temper-
atures of upgrading processes has been demonstrated in works that investigated the reactivity of
bitumen-derived asphaltenes in the temperature range of 100-250 °C [57, 106]. In these studies,
probe molecules were employed to evaluate the extent of hydrogen transfer in the asphaltenes.
There was evidence of hydrogen transfer at temperatures as low as 120 °C. These studies high-
lighted the hydrogen transfer capability of the asphaltenes, which acted as both hydrogen donor

and acceptor during thermal treatment.

The use of hydrogen donors in upgrading processes has been recognized for many years. Hydrogen
donors are chemical compounds (with a low oxidation potential) that can easily transfer hydrogen
to bitumen, which has the advantage of improving hydrogenation and, consequently, suppressing
coke formation during thermal treatment. Tetralin and 9,10-dihydrophenanthrene are both good

examples of hydrogen donor solvents commonly used in bitumen upgrading investigations [107].

(c) Free radical addition

Free radical addition (Figure 2.7d) is undesirable from the perspective of bitumen upgrading since
it produces heavier compounds, which is the opposite of what is intended in the process. The
addition reactions involving olefinic compounds take place at the operational temperatures of up-
grading; however, addition reactions are thermodynamically favored at low temperatures [101].
Both intramolecular and intermolecular additions are possible. Intramolecular addition leads to an
increase in the degree of cyclization of the product but no change in its molecular weight. On the
other side, intermolecular addition results in an increase in the molecular weight and can impact the
solubility of the products in the medium. In this sense, polymerization promoted by the addition of
olefinic compounds can build high-molecular-weight materials that are detrimental to many of the

upgrading operations [97, 101].

2.4.2.3 Free radical termination

Two typical routes are expected for free radical termination: combination (Figure 2.7e) and dis-
proportionation (Figure 2.7f). Combination is the reverse of homolytic bond dissociation and,
therefore, is exothermic. The newly combined species, although stable, might still undergo bond

scission depending on the energy input of the process. Termination by disproportionation consists
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of the transfer of a hydrogen or methyl group from one radical species to another in such a way that
both species become stable. Termination by disproportionation, likewise cracking by (-scission,

produces olefins that might undergo polymerization [97, 101].

The conversion levels during bitumen upgrading are determined by the relative rates of free radical
initiation, propagation, and termination. In this context, any variable that would increase the rate

of termination during the process of bitumen upgrading could hinder the conversion of bitumen.

2.4.3 Influence of water during thermal treatment of bitumen and model
compounds

The thermal processing of bitumen with water at different temperature levels is encountered right
from the initial stages of bitumen exploration. Both surface mining and subsurface production in-
volve, at some point, heating bitumen in the presence of water, which includes both connate and
process water. This practice is observed in processes such as cyclic steam stimulation in subsurface
production and hot water extraction in surface mining [3, 17]. The concomitant processing of bitu-
men and water is also found in upgrading operations, such as steam stripping within the fractionator

of visbreaker units [108].

Research examining the influence of water in the thermal conversion of organic model compounds
provides valuable insights for understanding the specific role of water in treating more complex
systems, such as bitumen. For this reason, this section was divided into two subsections: the first
focused on the literature on the influence of water during the thermal conversion of organic model
compounds with relevance to bitumen upgrading, while the second covered studies on the effect of

water during the thermal treatment of bitumen.

2.4.3.1 Influence of water during the thermal conversion of model compounds

The application of sub- and supercritical water as either a solvent or a reactant in organic reactions
has been extensively reported in the literature [109-114]. As the temperature increases, changes
in the physicochemical properties of water, such as the decrease in its dielectric constant and the

increase in its self-dissociation constant, make it a more compatible medium for organic reactions
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[110, 111]. The advantages of introducing water during the thermal conversion of organic com-
pounds include reducing waste production by replacing conventional organic solvents, accelerating
reaction rates, and enabling control over the selectivity of certain products [109]. Some of the re-
actions affected by high-temperature water include hydrolysis, hydration of alkenes, condensation,

elimination, and addition reactions [111, 112].

In a collaborative effort, the research groups headed by Katritzky and Siskin extensively investi-
gated the influence of hot water (encompassing temperatures ranging from 250 to 500 °C, which
included both sub- and supercritical water) during the thermal conversion of organic model com-
pounds [115-121]. Their studies primarily focused on gaining insights into the transformations
involving kerogen, and the chosen model compounds included a wide range of aliphatic, carbo-
cyclic, heterocyclic, and their substituted derivatives. These components are representative of the
structures found in oil shale kerogen but are also pertinent to the field of bitumen conversion. In
many of these studies, the authors compared the reactions in the presence of hot water with the
same reactions carried out in cyclohexane. This comparative approach aimed to differentiate ther-
mal (radical) chemistry from aqueous (ionic) chemistry. Some of the relevant findings to bitumen

conversion from their work are summarized below:

* The presence of water during thermal conversion had a significant influence on the reaction
chemistry taking place during the treatment. It had an impact not only on the reaction rates
but also on the reaction pathways [115, 116]. For instance, in the study of the conversion
involving benzenoid hydrocarbons and their oxygenated derivatives, there was evidence that,
although radical conversion remained the primary pathway during the treatment of benzenoid
hydrocarbons in the presence and absence of water, variations in product yield indicated
water’s ability to influence radical reactions. Also, when examining the thermal conversion
of oxygen-containing benzenoids, such as cyclohexyl phenyl ether, water functioned as an

acid catalyst and facilitated ionic conversion [115];

* When increasing the temperature of the reaction medium, transitioning water from a sub- to

a supercritical state only affected the reaction rates and not the reaction pathways [115, 117];

* Pure water has the capacity to catalyze ionic conversions, such as hydrolysis. Nevertheless,
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the authors suggested that the introduction of external agents such as brine and acidic clays

somehow facilitated the ionic conversion and specific acid-catalyzed reactions [117-120];

* The presence of water increased the selectivity to certain products. For example, the en-
hanced selectivity to products from the Diels-Alder reaction was attributed to the hydropho-
bic effect of water, which is the inclination of non-polar species to cluster in an aqueous

solution, thereby reducing the interfacial area between hydrocarbons and water [116, 117].

In addition to the noteworthy contributions by Katritzky and Siskin, other relevant research on
the conversion of model compounds in the presence of water can be found in the literature. The
work by Chen et al.[122] demonstrated that when cracking a model a-olefin (1-dodecene) in the
presence of water, the conversion initially decreased by 20% under subcritical conditions. However,
the conversion gradually increased to levels similar to those attained in the absence of water as
the water transitioned from subcritical to supercritical conditions. The authors suggested that the
decreased conversion in the presence of subcritical water might be related to the cage effect of

water on the bimolecular hydrogen abstraction between C radicals and 1-dodecene.

Daud et al.[123] and Arcelus-Arrilaga et al.[124] performed studies on the oxidative cracking of
polycyclic aromatic hydrocarbons (PAHs) in both sub- and supercritical water. It was observed that
pure water, in the absence of an oxidant, did not significantly promote the cracking of the PAHs.
However, in the presence of an oxidant, higher selectivity to lighter organic-soluble products was
found under supercritical conditions, whereas heavier insoluble products predominated in subcriti-
cal water. The authors attributed this phenomenon to the enhanced solubility of the PAHs in water

as the water transitioned from sub- to supercritical conditions.

Most studies in the literature that investigated the influence of water in the thermal conversion of
organic compounds primarily focused on the application of supercritical water during the conver-
sion process. It is noteworthy that supercritical water requires not only high temperatures but also
high pressures (i.e., T > 374 °C and P > 22 MPa), which could potentially present a limitation for

practical industrial applications.
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2.4.3.2 Influence of water during the thermal treatment of bitumen

Studies on the upgrading of bitumen and heavy oils in the presence of sub- and supercritical water
have been frequently cited in the literature as aquathermolysis, a term used to refer to both catalytic
and non-catalytic thermal treatment of bitumen in the presence of steam or hot water [125-131].
The majority of these studies focused on the kinetic modeling of the aquathermolysis process, with

minor emphasis on the specific role of water during the treatment.

In this subsection, the main objective was to review the impact of water during the thermal con-
version of bitumen. Therefore, this review was limited to studies that conducted hydrothermal

treatment of bitumen without the use of any added catalyst.

The authors who conducted studies on the non-catalytic aquathermolysis of bitumen and heavy oils

have claimed some benefits of having water in the reaction medium, such as:

* Coke suppression — Caniaz et al.[132] studied the upgrading of bitumen in supercritical water
at 440 °C and 30 MPa with reaction times varying in the range of 15—120 min and noticed that
the use of supercritical water during the treatment suppressed coke formation when compared
to the pyrolysis of bitumen alone. Liu et al.[133] investigated the upgrading of a residual oil
in the presence of sub- and supercritical water in the temperature range of 380—440 °C and
water densities varying in the range of 50—200 kg/m?. The authors observed that the reaction
rates and coke formation were influenced by varying the density of water. Increasing the
water density from 100 to 200 kg/m3 resulted in increased reaction rates and suppression of
coke formation. These authors claimed that the dissolution of heavy components and coke

precursors in supercritical water resulted in the observed coke suppression;

* Increased yield of lighter products — Wahyudiono et al.[134] conducted the upgrading of bi-
tumen with supercritical water at 400 °C and pressures above 22.1 MPa with reaction times
ranging from 5 to 120 min and observed that the conversion of heavy components into lighter
ones was higher when bitumen was reacted with water. Sato et al.[135] showed that upgrad-
ing asphalt with supercritical water at 400 °C resulted in an increased yield of maltenes as

compared to upgrading without water;
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* Hydrogen exchange/donation — The role of water as a potential hydrogen donor solvent dur-
ing bitumen upgrading has also attracted some attention but is still unclear. Some authors
suggested the potential hydrogen donation from water during thermal treatment [135-138],
while other studies claimed that the effect of water was not as a reactant but only as a diluent
[139, 140]. Dutta et al.[138] used deuterated steam during thermal cracking of bitumen and
reported hydrogen exchange between steam and hydrocarbons, preferentially at the benzylic
position. Schlepp et al.[137] attributed the coke suppression and higher yield of lighter com-
ponents to the potential hydrogen donation from water during aquathermolysis. However, the
incorporation of deuterium into bitumen does not imply that water acts as a direct hydrogen
donor. For instance, Ovalles et al.[141] provided evidence that, while hydrogen from water is
transferred to bitumen, the consumption of water during the treatment is minimal (< 1 wt%).
This indicated that water acted as a hydrogen transfer agent rather than a hydrogen donor

under the conditions of their study.

There is also evidence in the literature indicating that water has the capacity to impact the alterations
in physicochemical properties during the thermal conversion of heavy oils and bitumen. Fan et
al.[142] studied the effect of water content during the thermal conversion of heavy oils at 240 °C
for 48 h and reported that the presence of water resulted in a product with decreased viscosity and
average molecular weight as compared to the treatment without water. On the other side, the study
by Turuga and de Klerk [73], which performed thermal treatment of bitumen at 250 °C for 2 h,
demonstrated that the presence of water during the treatment resulted in a bitumen product with

increased viscosity as compared to the feed and to the thermal treatment of bitumen alone.

Although there is vast literature on the topic of aquathermolysis of bitumen, many of these studies
did not compare the compositional changes in bitumen in the presence of water to those in the ther-
mal treatment of bitumen alone, making it difficult to properly grasp the specific contributions of
water in the aquathermolysis process. Besides, many studies combined water with other chemicals
or catalysts without performing any control reactions, making it challenging to distinguish if the
observed effects on bitumen properties or composition were due to water alone or to the presence
of these additives. Therefore, many questions remain unanswered about the role of water in the
thermal treatment of bitumen, providing ample opportunities for further research and exploration

in this field.
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2.4.4 Influence of minerals during thermal conversion of model compounds
and bitumen

The chemical and structural properties of some minerals found in bitumen froth were discussed in
Section 2.3.1. The catalytic properties of these minerals, frequently attributed to the presence of
Brgnsted-Lowry and/or Lewis acid sites in their structure, are expected to play a role during the
upgrading of bitumen. In this section, some studies that presented evidence on the potential effects

of minerals during the thermal treatment of organic model compounds and bitumen are reviewed.

2.4.4.1 Influence of minerals on the thermal conversion of organic model compounds

Several studies in the field of oil and natural gas geochemistry have investigated the catalytic role
of minerals in the formation and transformation of hydrocarbons through thermal simulation ex-
periments [143-146]. There is extensive literature on the impact of minerals during the thermal
conversion of organic matter, with a primary focus on elucidating the mechanisms involved in
the formation of kerogen from organic-rich sediments [144, 145, 147-149]. Clays have been the
primary minerals of interest due to their predominance in source rocks and their recognized cat-
alytic properties, which can promote a series of reactions during pyrolysis, including cracking,
isomerization, polymerization, and heteroatom removal [143]. For instance, Smolen and Hren
[150] investigated the thermal maturation of a sedimentary organic matter in the temperature range
of 100-300 °C in the presence of two clays, namely kaolinite and montmorillonite. The compo-
sition of the formed n-alkanes was significantly affected by the type of clay, with the presence of
kaolinite leading to a yield of n-C,5—Cj33 that was three times higher at 300 °C than in the presence
of montmorillonite. Also, the conversion in kaolinite yielded more unsaturated products, whereas
montmorillonite led to the formation of more branched and cyclic products. The authors suggested
that the differences in the nature and concentration of acid sites on the surfaces of kaolinite and

montmorillonite led to distinct mechanisms during the conversion of organic matter.

Given the intricate composition of sedimentary organic matter and kerogen, some authors have ex-
amined the influence of minerals on the thermal conversion of organic model compounds that are
representative of the structures found in those more complex systems. These studies are pertinent

not only for the geochemistry field but also for advancing the understanding of the potential influ-
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ence of minerals during the thermal conversion of bitumen. Some of the main outcomes from the

conversion of model compounds in the presence of minerals are summarized next:

* Research on the effect of clay minerals during the pyrolysis of long-chain carboxylic acids
(e.g., octadecanoic acid) demonstrated that the clays influenced the reaction pathways, which
consequently impacted the composition of the products. The Brgnsted-Lowry acid sites
of the clays promoted cationic cracking and isomerization, yielding more branched, lower-
molecular-weight hydrocarbons compared to pyrolysis in the absence of clays, whereas the

Lewis acid sites promoted decarboxylation [151-153];

* Clays reduced the temperature needed for the thermal decomposition of dodecanoic acid and
12-aminododecanoic acid [154—-156]. Clays of varying acidity levels, including montmo-
rillonite, kaolinite, illite, and rectorite, affected the thermal decomposition temperature to
different extents. The higher the number of acid sites on the surface of the mineral, the lower
the decomposition temperature, indicating that the minerals were catalytically active during

the treatment [156];

» Kaolinite and illite favored addition reactions of a-methylstyrene, 1-octene, and toluene dur-
ing thermal conversion at 250 °C. When pyridine was added to the reaction medium, these
reactions were suppressed, indicating that even under alkaline conditions, the clays were able

to promote cationic addition [157];

* The surface area of alumino-silicate clays is able to reduce the orientational freedom degree
of the adsorbed species by aligning monomers along a 2-dimensional surface, facilitating
reactions such as dimerization and polymerization [158]. Solomon and Rosser [159] stud-
ied the polymerization of styrene catalyzed by clays and suggested that the polymerization
mechanism has the characteristics of both a free radical and an ionic mechanism. In their
proposed mechanism, one electron is transferred from styrene to clay, forming a radical car-
bonium that rapidly dimerizes, and then propagation and termination take place by a cationic

mechanism;

* [ron-containing minerals are able to catalyze various types of reactions. Yang et al.[160]

demonstrated that the presence of iron-containing minerals during the hydrothermal conver-
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sion of dibenzyl ketone favored the formation of cracking and addition products when iron
oxides (hematite and magnetite) were used, while the iron sulfide (troilite) mineral favored

the reduction of the model ketone;

* Choudhury and Misra [161] demonstrated the application of clays as catalysts in the Friedel-

Craft alkylation of benzyl chloride with toluene;

* Some authors have proposed that clay minerals could impact hydrogen and methyl transfer,

but the pathways for these transformations remain unclear [162, 163].

The findings obtained from studies on the impact of minerals during the conversion of organic
compounds suggest that their catalytic effects may have the potential to influence reaction rates and
pathways in bitumen conversion. The following subsection addresses this topic with an emphasis

on minerals found in bitumen froth.

2.4.4.2 Potential effects of minerals on the thermal conversion of bitumen

A number of studies on in situ upgrading (ISU) and bitumen pyrolysis have shown that minerals
present in oilsands might have a catalytic effect on the compositional changes in bitumen that
can influence the yield of coke and gases, as well as the distribution of the relative amounts of
the different fractions produced in the liquid phase [164—168]. Many of these works consisted of
kinetic studies, which reported that, in the presence of the mineral matrix, the activation energies

of product formation were reduced.

Phillips et al.[164] studied the effect of the sand matrix on the thermal cracking of Athabasca bitu-
men from 360 to 420 °C and identified that the coke and gas yields were greater when bitumen-sand
mixtures were converted as opposed to the conversion of bitumen alone. The authors also found
that the mineral matter affected the yields of other pseudo-components in bitumen (defined by the
authors as distillables, heavy oils, and asphaltenes for kinetic modeling purposes) and that the acti-
vation energies of cracking were lower in the presence of the sand matrix. Although some authors
claimed that the acidity of clays is able to promote cracking, Rong and Xiao [169] investigated the
catalytic cracking effect of clays belonging to the kaolin group (kaolinite, dickite, and halloysite)

and concluded that their cracking activity was mostly influenced by their structure (surface area,
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pore size, and volume) rather than by their chemical composition. The specific surface area of the

minerals used in their study varied in the range of 9-89 m?/g.

The study by Zheng et al.[170] investigated the effect of montmorillonite clay on the coke forma-
tion during thermal treatment of heavy oils under an inert and oxidizing atmosphere at temperatures
ranging from 300 °C to 600 °C. The authors concluded that montmorillonite shortened the induc-
tion of coking and catalyzed aromatization and polymerization under the inert atmosphere, while

oxygen addition was catalyzed by the clay under the oxidizing atmosphere.

Fan et al.[142] reported that the addition of a mixture of minerals representative of reservoir rocks
(including quartz, potassic feldspar, and clays) during the hydrothermal treatment of heavy oils at
240 °C and 48 h resulted in a higher viscosity reduction as compared to the hydrothermal treatment
alone. However, Turuga and de Klerk [73], reported that thermal treatment of bitumen at 250 °C
for 2 h in the presence of froth minerals resulted in increased viscosity and density as compared to

the treatment of bitumen alone.

There is extensive literature on the aquathermolysis of bitumen and heavy oils in the presence of
minerals [171-174]; however, limited attention has been directed towards the specific contributions
of minerals to the observed changes in oil properties and composition during the conversion. More-
over, the frequent inclusion of additives beyond water and minerals during the experiments adds
complexity, making it challenging to isolate the effects of each component in the reaction system.
Therefore, the comprehension of the role played by minerals in the thermal conversion of bitumen

remains an area that requires further investigation.
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Chapter 3

Visbreaking of Bitumen Froth: Influence of Minerals, Water, and Solvent on
the Physicochemical Changes in the Bitumen Phase

Abstract

Thermal treatment of oilsands bitumen froth has the goal of not only improving the separation pro-
cess during froth treatment but also accomplishing bitumen upgrading. There is evidence that both
water and minerals have an effect on the physicochemical transformations taking place during the
treatment. However, little is known about the nature of these transformations and whether the pres-
ence of mineral solids and water can be beneficial. The current study investigated the visbreaking
of froth at 400 °C with an average equivalent residence time of 30 min. The froth elements (mineral
solids and water) were either separated or maintained in the mixture to assess their effects during
visbreaking. Visbreaking was performed in the absence and presence of hydrocarbon solvents (n-
hexane and kerosene). Viscosity, density, refractive index, elemental composition, persistent free
radical content, and nature of hydrogen and carbon content were evaluated before and after the
treatment. The products from froth visbreaking on a solvent-free bitumen basis had a kinematic
viscosity in the range 1-4x10®> mm?/s at 7.5 °C and a density in the range 990-1000 kg/m? at
15.6 °C. When visbreaking was performed in the presence of n-hexane, the products had a lower
increase in aromatic C, lower viscosity, and lower density on solvent-free basis compared to the
products from visbreaking performed in kerosene or without a solvent. The presence of mineral
solids and/or water during bitumen visbreaking consistently yielded a bitumen product with nu-
merically higher viscosity and density compared to visbreaking of bitumen alone. Mineral solids
and water affected hydrogen transfer reactions during visbreaking, which could be seen in terms of
the relative change in aromatic H and C content in the products. When mineral solids were present,
some products were adsorbed on the solids, which also affected the H/C and free radical content of

the liquid product.
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3.1 Introduction

During the early stages of bitumen production from mining operations, bitumen needs to be disen-
gaged from the bulk of mineral matter in a process known as hot water extraction. In this process,
crushed oilsands ores are mixed with warm water (50-80 °C) and pumped through hydrotransport
pipelines, which promote the breakage of the oilsands lumps and facilitate the release of bitumen
from the mineral matter. Then, the resulting slurry is sent to primary separation vessels, generating
a mixture named froth, which consists of bitumen (~60 wt%), water (~30 wt%) and minerals (~10

wt%) [1, 2].

Water and minerals removal is achieved through the froth treatment process, in which the addition
of a solvent facilitates the separation of these components by lowering the density and viscosity
of bitumen [3]. Two main technologies are currently used for treating froth and are classified
according to the type of solvent used during the process, namely paraffinic froth treatment (PFT)
and naphthenic froth treatment (NFT). The treated bitumen product contains less than 2 wt% of

water and less than 0.5 wt% of minerals [3, 4].

To produce oilsands bitumen as a marketable product, both froth treatment [3, 5, 6] and upgrading
[7-9] processes have been individually investigated. However, intrigued by the possible outcomes
from a synergetic perspective, the following question was posed: What would be the benefits of

upgrading bitumen in the presence of froth minerals and/or water?

For instance, Chen et al.[10] investigated the direct thermal treatment of froth in the temperature
range 300—400 °C and identified that it improved the separation of minerals from bitumen. The
best filtration result was obtained after the thermal treatment at 390 °C for 30 min, which decreased
the filtration time from infinity (non-thermally treated froth plugged the filter membrane and was
not able to be filtered) to 150 s. The authors suggested that a change in the surface properties of
the fine solids facilitated the minerals separation through filtration, forming a product with a lower
solids content. The main findings used to corroborate the authors’ claim were: a) hydrothermal
treatment at 390 °C increased the coverage of organic matter on the minerals’ surface, modifying
the wettability of the fine solids, which became more hydrophobic; b) the changes on the minerals’

surface allowed the release of bulk bitumen and ultrafine solids that were trapped inside mineral
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aggregates before thermal treatment; c) these ultrafine minerals got attached to the clay particles,
altering the stacking of clays, making the filter cake more permeable, and, consequently, improving

the solids filtration.

There is evidence that thermal treatment of bitumen in the presence of fine minerals not only im-
proves the separation of solids but also contributes to changes in the chemical nature of the bitumen
phase. For example, Sanaie et al.[11] showed that thermal treatment of bitumen at 380—400 °C in
the presence of native clays reduced the coke yield by 25% compared with a mineral-free feed.
Other related studies [12, 13], investigated the role of mineral solids in the kinetics of coke forma-
tion during coking of a bitumen vacuum residue at 430 °C. The authors identified that the presence
of minerals suppressed coke formation compared with a solids-free feed and suggested that the
decrease in the rate of coke formation was due to a stabilization mechanism in which the minerals

participated as dispersant agents for coke precursors.

The upgrading of bitumen in the presence of water has also been explored. The term aquathermol-
ysis has been cited many times in the literature, referring to both non-catalytic and catalytic thermal
conversion of bitumen (or heavy oils) in the presence of steam/hot water [14—17]. Most of these
studies are related to subsurface upgrading of oilsands and were performed in the temperature range
of 200-350 °C for long reaction times. Qu et al.[16] studied the non-catalytic hydrothermal treat-
ment of oilsands bitumen in the temperature range 200-350 °C with reaction times varying from 6
to 24 h. The authors found that hydrothermal treatment provided a higher viscosity reduction when

compared to thermal treatment without water at the same temperature and reaction time.

It was also suggested that the mineral matrix might present a catalytic effect during hydrothermal
treatment. Fan et al.[18] studied the synergetic effects of minerals and steam on the physicochem-
ical changes of three types of heavy oils after hydrothermal treatment at 240 °C for 24 hours. The
authors found out that the presence of minerals during the treatment changed the concentration of
solubility classes, specifically increasing the amount of saturates and aromatics and reducing the
amount of resins and asphaltenes when compared to the treatment in the absence of minerals. In
other studies, the presence of minerals during hydrothermal treatment of heavy oils also had an
impact on the composition of the formed gas phase [19, 20]. No direct evidence was presented in

any of these studies that the effect of minerals was catalytic, although it was clear that the minerals
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affected the reaction. More recently, it was reported that kaolinite and illite, two clay minerals in

bitumen froth, caused predominantly cationic conversion at 250 °C [21].

The present study aimed to investigate the role of water, minerals, and solvent dilution on the
physicochemical changes in the bitumen phase during froth visbreaking. The main objectives of
this study were: 1) to identify whether minerals and water can improve bitumen quality during
upgrading by lowering its viscosity and density; and 2) to study the effect of froth dilution with a

paraffinic and a naphthenic solvent on the changes in bitumen properties during visbreaking.

Initially, it was considered to combine the froth treatment and upgrading in a single step by in-
creasing the froth treatment temperature to 250 °C (the maximum temperature achievable by steam
heating without resorting to the use of a furnace). However, a previous investigation showed that
this temperature was insufficient to improve the bitumen’s properties [22]. Therefore, the present
study is not a proposal to modify the current froth treatment technologies but rather an investigation

into the effects of froth elements (minerals and water) during bitumen thermal treatment.

The current study focused on the visbreaking of non-diluted and diluted froth (and decoupled el-
ements from froth) at 400 °C in order to evaluate the possible influences of minerals, water, and

solvents on bitumen properties during thermal conversion.

3.2 Experimental Section

3.2.1 Materials

The froth used in this study was obtained from the Canadian oilsands mining industry. The char-
acterization of the froth and froth components is reported as part of the Results section. Additional
characterization of the froth components has been reported before [22]. The list of chemicals and

cylinder gases used in this study is listed in Table 3.1.

The solids found in the froth used in this study were previously characterized [22]. The two most

abundant minerals were quartz (53 wt%) and kaolinite (26 wt%).
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Table 3.1: List of chemicals and cylinder gases used in the study.

Compound Formula CASRN”  Purity (%) Supplier
Chemicals

n-Hexane CeHy4 110-54-3 95 Sigma Aldrich
Benzene CgHg 71-43-2 99.8 Sigma Aldrich
Hydranal composite 5 - - - Honeywell
Tetrahydrofuran C,HgO 109-99-9 99.9 Fisher Scientific
Toluene C,Hg 108-88-3 99.9 Fisher Scientific
Chloroform-d CHCl; 865-49-6 99.8¢ Acros Organic
2-2-diphenyl-1-picrylhydrazyl = 1 N0y 1898-66-4 ; Sigma Aldrich
(DPPH)

Cylinder gas

Nitrogen Ny 7727-37-9  99.999¢ Praxair

“ Chemical Abstracts Services Registry Number (CASRN);
® Purity of material provided by the supplier. Material was not further purified;
¢ Atom D purity; ¢ Mol% purity

A commercial naphthenic kerosene obtained from a Canadian petroleum refinery, n-hexane, and
benzene were used to dilute the froth before the visbreaking reactions and to facilitate water and
solids separation whenever necessary. The choice of n-hexane to represent a light paraffinic solvent
as opposed to using a light straight-run naphtha (C;—Cg mixture) was a pragmatic decision for ease

of experimental work and reduced risk of evaporative solvent loss.

The characterization of these solvents is shown in Table 3.2. Viscosity, density, and refractive
index were measured at three different temperatures for each solvent (kerosene — 25, 40 and 60 °C;
n-hexane and benzene — 25, 30 and 35 °C) in order to allow the correction of these properties for the
bitumen/solvent mixtures after visbreaking (i.e., by removing the effect of the solvent and reporting
the properties of bitumen on a solvent-free basis). The linear dependence of density and refractive
index with temperature was also calculated, and the slopes (dp/dT and dn/dT) and the coefficients
of determination (R?) are reported in Table 3.2. This information was useful in determining the

internal consistency of the measurements.
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Table 3.2: Characterization of the solvents used in the study.

Property Solvent
Kerosene n-Hexane Benzene
Viscosity - 1 (mPa-s)*
25 °C 1.3 0.29 0.60
30 °C - 0.27 0.56
35°C - 0.26 0.52
40 °C 1.0 - -
60 °C 0.78 - -
Density - p (kg/m?)
25 °C 805.1 654.4 873.6
30 °C - 650.3 868.2
35°C - 645.7 862.7
40 °C 794.2 - -
60 °C 779.2 - -
dp/dT -0.7405 -0.8700 -1.090
R? 0.999 0.999 1
Refractive Index - n
25 °C 1.4479 1.3720 1.4974
30 °C - 1.3693 1.4942
35°C - 1.3665 1.4911
40 °C 1.4413 - -
60 °C 1.4328 - -
dn/dT -4.3E-4 -5.5E-4 -6.3E-4
R? 0.999 0.999 0.999
Boiling Point (°C) 199.4 —295.3 69.0 80.1
Elemental composition (wt%)
C 86.2 83.6" 96.3"
H 13.8 16.4 7.7°
N <0.2 0° 0°
S 0 0 0’
o) 0 0 0
H Content (%)
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Property Solvent

Kerosene n-Hexane Benzene
Aliphatic 95.8 100.0° 0°
Aromatic 4.2 0° 100.0°
Bromine number (g Br,/100 g) 0 0° 0°

“ The temperature dependence of viscosity could not be fitted using the general form of
the MacCoull equation used in ASTM D341[23] because it requires the viscosity, and
1 (viscosity), to be higher than 1 mPa-s. Refer to Section 3.2.4 for more details.

® Theoretical value, not measured by any technique. ¢ Naphthene-aromatic species with
hydrogen transfer ability were identified in the kerosene through gas chromatography
mass spectrometry. To cite, the relative area of tetralin compared to the area of the

entire chromatogram was 0.10%, while the relative area of indane was 0.06%.

3.2.2 Equipment and Procedure

3.2.2.1 Froth composition

The quantification of bitumen, water, and solids in the froth used in this study was performed using
a Dean-Stark apparatus. The froth sample was contained in a 2-L jar and presented free water
separated from the bitumen/solids mixture. The sub-sampling of froth proceeded by heating up the
jar to 70 °C (using a water bath) to facilitate the homogenization of froth by using a spatula. Then,

eight froth samples were collected for characterization through Dean-Stark extraction.

For this extraction, around 25-78 g of froth sample were placed in an empty and previously weighed
thimble (filtering container). The solvent used for the extraction was toluene (200 mL), and the
temperature of the heating plates was set to 225 °C (the internal temperature was determined by
refluxing toluene at around 110 °C). The refluxing continued until the toluene dripping from the
thimble was colorless and the water level in the trap was stable for at least 3 hours. Then, the sep-
arated water was collected from the trap into a plastic bottle and weighed. The thimble containing

solids and toluene was placed in the fume hood for 3 days to evaporate the toluene.
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Next, the solids weight was obtained by weighing the thimble containing the dry solids and taking
the difference from the empty thimble weight. The flask containing diluted bitumen was cooled to
room temperature, and its contents were transferred into a 250-mL flask. Additional toluene was
added to the flask to reach the 250-mL mark. Then, 5 mL of diluted bitumen was poured over a
weighed filter paper, which was left in a ventilated fume hood to evaporate the solvent. The increase
in weight of the filter paper times 50 gave the mass of bitumen in the original froth sample. The

composition of the eight froth samples is reported in the Results (Section 3.3.1).

3.2.2.2 Separation of water and solids from bitumen in froth and feed preparation

Four types of systems containing froth, or elements from froth, were used as feed in the reactions
performed in this study: froth (B+W+S), bitumen + water (B+W), bitumen + solids (B+S) and
bitumen alone (B). For this reason, bitumen, water, and solids were isolated from each other in

order to allow control over the composition of the different types of feed.

The froth sample was originally contained in a 2-L jar with two separate phases: a top layer con-
taining free water and a bottom layer containing a semi-solid mixture of bitumen, solids, and emul-
sified water. First, the free water was carefully collected using a glass pipette and transferred into
a 500-mL jar. Then, the remaining semi-solid mixture was heated to approximately 70 °C to fa-
cilitate homogenization through the use of a spatula, and aliquots of the mixture were transferred
into 25-mL jars. These aliquots were used to prepare the feed for reactions containing B+W+S and

B+S.

For the preparation of the feed containing B+W and only bitumen (B), further separation steps were
necessary to remove the solids and emulsified water. Three solvents were selected for this purpose
(kerosene, n-hexane, and benzene; the solvents were individually used and not mixed together),
and the type of solvent used for each feed preparation depended on the experimental group (refer

to Section 3.2.2.3 for more details) that used that specific feed.

This solvent-facilitated separation was performed by diluting bitumen with kerosene, n-hexane,
or benzene (20 wt% of solvent in relation to bitumen when kerosene and benzene were used as
diluents; 13 wt% of solvent in relation to bitumen when n-hexane was used as diluent), heating up

the solution to 80 °C (when kerosene was used as solvent) or 50 °C (when n-hexane or benzene
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were used as solvents), and centrifuging it using an Eppendorf Centrifuge 5430 at 7000 rpm for
30 min. The samples were placed in the centrifuge while still hot, but were allowed to cool down
during centrifugation. After centrifugation, three phases were visible in the centrifuge tube: a top
supernatant layer containing diluted bitumen, an intermediate thin layer of water, and a bottom layer
consisting of a pellet of solids. Then, the diluted bitumen in the supernatant was transferred using
a pipette (avoiding touching the water phase and the solids pellet at the centrifuge tube bottom) to
a filtration system built with 316 stainless steel Swagelok tubing, fittings, and a tee-type filter of
0.5 pm (Figure A.1 in Appendix A). The entire system was then pressurized with nitrogen up to 5
MPa, and the filtrate was collected in a 50-mL jar. This filtration was necessary to remove the fine

solids that remained in suspension after the centrifugation.

A schematic diagram showing the separation of the froth elements used to prepare the feed for the

visbreaking reactions containing diluted bitumen is shown in Figure 3.1.

For reactions containing non-diluted bitumen, benzene was the solvent used to allow water and
solids separation following the abovementioned procedure. Then, non-diluted bitumen was ob-
tained by removing benzene through rotary evaporation for 6 hours at a temperature of 65 °C and
an absolute pressure of 10 kPa. The residual benzene content in the bitumen feed was measured by

thermogravimetric analysis and was found to be lower than 1 wt% after the rotary evaporation.

3.2.2.3 Froth visbreaking

Visbreaking of froth and froth components was carried out using a 53-mL batch microreactor built
with 316 stainless steel Swagelok tubing and fittings, equipped with a pressure gauge and a ther-
mocouple (Figure A.2 in Appendix A). The feed consisted of four types of systems (Table 3.3)
containing different elements from froth in order to decouple the effects of water and solids during

the thermal treatment.

Three groups of experiments were performed for each reaction system: Group I contained bitumen
diluted with kerosene as part of the reaction feed; Group II contained bitumen diluted with n-

hexane; and Group III contained non-diluted bitumen.

For the reactions of Group I, the feed was diluted with 20 wt% of kerosene in relation to bitumen
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Figure 3.1: Schematic diagram of the separation of froth elements used to prepare the feed for
visbreaking reactions containing diluted bitumen.

(i.e., 20 wt% of kerosene taking into account the amount of kerosene and bitumen alone). For the
reactions of Group II, the feed was diluted with 13 wt% of n-hexane in relation to bitumen. This
dilution was necessary to allow solids and water removal (the same procedure described in Section
3.2.2.2) for both feed and product analysis preparation. For the group of experiments containing
non-diluted bitumen (Group III), 10 wt% of benzene (in relation to bitumen) was added to the
untreated bitumen and products of all reaction systems after the visbreaking reaction to allow water
and solids removal (whenever necessary) and for analysis preparation. In order to avoid the loss of
light components that might have been formed during visbreaking, benzene was not removed from

the products before further characterization.

In a typical reaction, around 24-27 g of feed was loaded into the reactor, which was then closed,
purged with nitrogen, and pressurized to 1 MPa under a nitrogen atmosphere at ambient temper-
ature. The microreactor was then inserted in a fluidized sand bath heater (Omega Fluidized Bath
FSB-3), which was preheated to a temperature of 400 °C. The temperature inside the reactor was

monitored throughout the reaction time using an internal thermocouple. The reaction proceeded
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Table 3.3: Feed composition used in the visbreaking reactions. B — Bitumen; W — Water; S -
Solids.

Content (wt%)

Diluted bitumen® or

System ) ) , Water Solids
non-diluted bitumen

B+W+S 78 13 9

B+W 87 13 -

B+S 89 - 11

B 100 - -

“Groups I and II experiments. *Group III experiments.

for about 30 min. The reactor was then removed from the sand bath and cooled using a compressed

air stream at ambient temperature.

In a typical experiment, the temperature inside the reactor varied in the range 400 £ 5 °C throughout
the reaction time. The temperature profile inside the reactor during a typical experiment is shown
in Figure A.3 in Appendix A. In order to report a residence time that includes both the heat-up
and cool-down times, and the temperature variations during the reaction period, the equivalent
residence time (ERT), as defined by Yan [24], was calculated for each reaction according to Eq.
3.1, where At; are defined time intervals consisting of two recorded temperatures (T; and T;,,),
T,.s 1s the reference temperature for which the ERT is being calculated, E, = 209500 J mol %,
and R = 8.314 T mol ™! K™!. Details on how the ERT calculation was performed are described in

Appendix A (Section A.4). The ERT for each reaction is presented in the Results (Section 3.3).

& E 1 1
ERT at T,y = At; X exp <——a) — (3.1)
; R % Tre

After the product was collected from the reactor, minerals and water (whenever present) were
removed from the bitumen before the analyses, so that the reported properties refer to the bitumen
phase only. The removal of water and minerals before analysis was performed following the same

steps of centrifugation, bitumen transfer, and filtration as described in Section 3.2.2.2.
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3.2.2.4 Analyses

Viscosity measurements were performed using an Anton Paar RheolabQC viscometer. Around 4 g
of sample was loaded into a concentric cylinder measuring cup (CC17/QC-LTC) with an internal
diameter of 16.664 mm and a length of 24.970 mm. The temperature of the sample was controlled
by a circulating heater/chiller (Julabo F25-EH) connected to the measuring cup. For the products
of Group I, the measurements were performed at 25, 40, and 60 °C, with shear rates varying from
100 to 1000 s~'. For the products of Groups II and III, the measurements were performed at 25,
30, and 35 °C, with shear rates varying from 100 to 600 s™*, to avoid loss of solvent because of
the high volatility of n-hexane and benzene. Next, the shear stress values were plotted against the
corresponding shear rate values to confirm the Newtonian behavior of the mixture. The dynamic
viscosity was then calculated by extracting the slope of the linear regression from the shear stress

versus shear rate curve.

Density measurements were carried out on an Anton Paar density meter (DMA 4500M). The in-
strument temperature control was able to keep the temperature constant to within 0.01 °C. Around
1 ml of sample was injected in the instrument by using a syringe, and measurements were taken at

25, 40, and 60 °C for Group I experiments and 25, 30, and 35 °C for Groups II and III.

Refractive index analyses were carried out on an Anton Paar Abbemat 200. Measurements were
performed at the same temperatures as the density analyses. For Group I products, the measure-
ments did not vary with time at all measured temperatures (25, 40, and 60 °C). However, the refrac-
tive index measurements at 25, 30, and 35 °C for Groups II and III did not stabilize due to solvent
evaporation. The measurement variation with time was probably caused by the high volatility of
n-hexane and benzene, the small amount of sample used for the measurement (~0.1 mL), and the
fact that the measurement cell is an open system. For this reason, the following methodology was
applied for Groups II and III samples: the equipment temperature was set at 35 °C and refractive
index measurements were taken every 10 min at that temperature; at the 60-min mark (when sol-
vent evaporation ramped down), the measurements at the other temperatures (25 and 30 °C ) were

also taken.

Water content was determined by Karl Fischer (KF) titration using a KF titrator V20S equipped

with a DM-143 SC electrode. In a typical analysis, around 5 g of sample was dissolved in 10 mL
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of tetrahydrofuran (THF), and the weights of both sample and solvent were noted. Next, a known
amount of diluted sample was titrated with Hydranal Composite 1, and the amount of titrant at the
end point was used to calculate the amount of water in the diluted sample. The amount of moisture
in THF was also determined using the same method in order to determine the water content of the

bitumen sample.

Elemental analysis of kerosene and bitumen samples was performed at the Analytical and Instru-
mentation Laboratory of the Department of Chemistry at the University of Alberta. The equipment

used was a Thermo Flash 2000 Elemental Analyzer.

The olefin content of kerosene was determined by bromine number analysis, following the ASTM
D1159 standard [25]. The equipment used was a Mettler Toledo titrator T70 equipped with a DM-
143 SC electrode.

Thermogravimetric analysis of bitumen-coated solids was carried out using a Mettler Toledo TGA/DSC1.
Around 10 mg of sample, inserted in a 70 L alumina crucible, was used for each analysis. The
temperature program was set to determine the weight loss in three regions: first, the sample was
heated from 25 to 600 °C at a rate of 10 °C/min under a nitrogen atmosphere; second, the tempera-
ture was kept constant at 600 °C for 30 min under a nitrogen atmosphere; and third, the temperature

was kept constant at 600 °C for 1 h under an air atmosphere.

Proton nuclear magnetic resonance ("H NMR) spectra were collected using a Nananalysis 60 MHz
benchtop spectrometer (NMReady-60). The analysis preparation consisted of diluting around
0.10-0.15 g of sample in 700 L of chloroform-d and then inserting it in 5 mm NMR tubes. A
total of 32 scans were collected for each sample, with a scan delay of 20.0 s and a spectral width of
12 ppm. The area in the shift range of 0.10 < § < 3.5 ppm was assigned to saturated hydrogen while
the area in the shift range of 6.6 < § < 8.3 ppm was assigned to aromatic hydrogen. The regions

outside of these ranges contained no peaks.

Carbon-13 nuclear magnetic resonance (‘*C NMR) spectra were collected at the Analytical and
Instrumentation Laboratory of the Department of Chemistry at the University of Alberta by using
an Agilent/Varian Innova 400 MHz spectrometer. Samples were prepared by diluting around 0.35

mL of bitumen sample in 0.36 mL of 0.2 mM chromium (III) acetylacetonate in chloroform-d.
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Once completely dissolved, the sample was transferred into a 5 mm NMR tube. The sample was
scanned 2000 times within -10.0 to 270.0 ppm, with an acquisition time of 0.5 s and a relaxation
time of 2 s. The area in the range of 2.5 < § < 60.0 ppm was assigned to aliphatic carbon, and the

area in the range of 110.0 < § < 160.0 ppm was assigned to aromatic carbon.

The persistent free radical content was determined from the electron spin resonance (ESR) spectra
obtained using an Active Spectrum micro-ESR. Around 20 mg of sample was diluted in 600 pL of
toluene and transferred into a 5 mm-diameter PQ tube. Equipment parameters were 1.2 Gauss coil
amplitude, a digital gain of 12 dB, and a microwave power of 15 mW. The spectra were obtained as
the average of 7 scans with a sweep delay of 30 s. The free radical content was quantified by using

a calibration curve prepared using 2,2-diphenyl-1-picrylhydrazyl in toluene.

3.3 Results

3.3.1 Froth Characterization

A total of eight froth samples were extracted using the procedure mentioned in Section 3.2.2.1,
and the froth composition is shown in Table 3.4. The main challenges found during the separation
of froth components are the same as those encountered during bitumen separation in an industrial
froth treatment unit. First, water and bitumen are of similar densities, rendering gravity separation
impracticable. Second, the high viscosity of bitumen and the presence of biwettable fine solids,
which increase the stability of water-in-oil emulsions, make the separation of the froth components
very difficult. The total material balance varied in the range of 91-98 wt%, meaning that some

material losses were associated with the extraction procedure and content determination.

One of the possible reasons for material loss is that some drops of water might get trapped inside the
condenser during the separation, resulting in a loss of water. Additionally, the methodology used to
determine the bitumen content (by getting a bitumen sample, filtering it, and applying a multiplier
factor to the weight of the residual material on the filter) can lead to a magnification of errors
that could potentially result in an underestimation of the total bitumen content. Consequently, the
uncertainty expressed in terms of the standard deviation was higher for bitumen and water than for

the solids content.
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Table 3.4: Composition of the froth sample used in the study. The numbers 1-8 represent the total
number of extractions performed.

Froth Content (wt%)*?
component 1 2 3 4 5 6 7 8 X s
Bitumen 599 64.7 650 648 695 664 658 658 652 2.7
Water 22.1 24.0 241 195 174 217 212 173 209 26
Solids 87 86 91 89 64 81 86 89 84 09
Total 90.8 97.3 982 93.1 933 962 956 920 94.6 2.6

“ Numbers 1-8 represent the content of each performed extraction.

b Average (x) and sample standard deviation (s) of the eight extractions.

3.3.2 Froth Visbreaking

3.3.2.1 Gas formation and residual water content

The gas yield and amount of water trapped in the bitumen phase after thermal conversion are
reported in Table 3.5. As the type and concentration of solvent varied for each group of reactions,
three different “untreated bitumen” samples were submitted to the same dilution as the feed used for
the reactions in each group. For this reason, each experimental group has an “untreated bitumen”
sample reported in Table 3.5 and in the other results in this section. As a result, each "untreated
bitumen" result provides a more solid foundation for comparing property changes in the same group
before and after visbreaking. Differences among the results of the “untreated bitumen” samples of
different groups are related to either the separation efficiency of water (as observed in the water
content values in Table 3.5) or the methods used for correction of property values in order to

remove the effect of dilution (as observed in the other results presented in this section).

The ERT at 400 °C was calculated for each visbreaking reaction in order to account for the residence
time of the three regions shown in the time-temperature profile inside the reactors (Figure A.3 in
Appendix A). The time-temperature profiles were reasonably repeatable, but the variation indicated
a general shortcoming with the use of fluidized sand bath heaters. Once the four reaction systems
had different heating up times and also different temperature variations in the target range (400 £
5°C), the use of the ERT provided a more reliable basis for comparison of the changes in bitumen

properties after the visbreaking reactions.
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Table 3.5: ERT at 400 °C of visbreaking reactions, final pressure of reactors, estimated formed gas
based on the ideal gas law, and residual water content in untreated bitumen and bitumen products.

Formed Gas

) Residual Water
ERT at 400 °C  Final Pressure (pmol of gas/g
System ) b ) Content
(min) (MPa)*® of diluted .
bitumen)“? (W)
X S
Group I

Solvent: kerosene

Untreated Bitumen - - - <0.1/
B+W+S 31.6 1.25 165 1.80 0.13
B+S 30.5 1.20 110 0.16 0.14
B+W 28.9 1.10 95 0.31 0.11
B 27.3 1.10 70 0.80 0.18

Group 11

Solvent: n-hexane

Untreated Bitumen - - - 1.82 0.02
B+W+S 32.0 1.40 260 0.41 0.04
B+S 30.3 1.20 70 0.86 0.06
B+W 28.4 1.20 135 0.58 0.10
B 26.6 1.20 140 0.50 0.04

Group IIT

No added solvent’

Untreated Bitumen - - - 0.41 0.05
B+W+S 31.0 1.40 145 0.80 0.03
B+S 31.8 1.40 200 0.40 0.02
B+W 28.5 1.40 180 1.48 0.06
B 28.0 1.30 150 0.62 0.04

“Starting pressure was 1 MPa for all systems. "Final pressure measured at

room temperature. “Group III unit is ymol of gas/g of bitumen.

YBitumen diluted with 20 wt% of kerosene (Group 1) or 13 wt% of

n-hexane (Group II). “Average (x) and sample standard deviation (s) of analyses
in duplicate. “Below the detection limit of the equipment. YSolvent was not
added prior to the reaction, but 10 wt% of benzene was added to the untreated

bitumen and visbroken products prior to analyses.
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Table 3.5 shows the ERT of the visbreaking reactions, which ranged from 26.6 to 32.0 min. The
system containing B+W+S presented the highest ERT in Groups I and II (31.6 and 32.0 min, respec-
tively), while the highest ERT in Group III was observed for the system B+S. For all experimental
groups, the system containing only bitumen (B) had the lowest ERT (ranging from 26.6 to 28 min-
utes). It became clear that without the ERT calculation, the reaction time of 25 min indicated by

the experimental protocol would have underreported the actual severity of the reactions.

After the visbreaking reactions, the internal pressure of the reactors was measured at room tem-
perature and increased in the range of 0.10-0.40 MPa compared to the initial pressure of 1 MPa.
This small increment in pressure is anticipated in mild thermal treatment processes, such as vis-
breaking, in which low-severity thermal cracking takes place, forming a low amount of gases [26].
The pressure increase was then translated into the amount of gas formed per amount of diluted bitu-
men by using the ideal gas law and the volume occupied by the gas inside the reactor. Although gas

formation was identified after reactions, the composition of the formed gas phase was not analyzed.

When comparing the reaction systems of each group, the highest gas yield was observed in the
diluted systems (Groups I and II) for the reactions containing the combination of water and solids
(B+W+S). The same was not observed for the non-diluted bitumen (Group III), in which the com-
bination of water and solids presented the lowest gas yield compared to the other systems in the
same group. The reactions of Groups I and III presented an increase in the gas yield for the re-
actions containing only solids (B+S) and only water (B+W), compared to the systems containing
only bitumen (B). This trend was not observed for reactions in Group II, in which the systems B+S

and B+W presented the lowest gas yield.

Although the separation of water and solids was carefully performed as described in Section
3.2.2.2, some residual water was still observed in the bitumen products after separation. The resid-
ual water content of untreated and reacted bitumen was determined by Karl Fischer titration, and
the results are reported in Table 3.5. Most of the products presented a water content below 1 wt%,
except for the bitumen samples from systems B+W+S (Group I), untreated bitumen (Group II), and
B+W (Group III), which presented residual water content varying between 1.48 and 1.82 wt%. The

water content of each feed was not measured prior to reactions.
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3.3.2.2 Elemental composition

The elemental composition of the untreated bitumen and the bitumen phase after thermal conver-
sion is reported in Table 3.6. The values reported in Table 3.6 have been corrected for solvent and
water content and are reported on a solvent-free and water-free basis. The raw data is presented
in Section A.5 in Appendix A, together with details on how the corrections were applied. The
residual mass not accounted for by the CHNS analysis was assumed to correspond to the amount
of oxygen, and the values shown in the table were calculated by the difference to give a 100% mass
balance. Oilsands bitumen typically has an oxygen content of around 1 wt% [27]. The calculation

of the molar element ratios (H/C, N/C and S/C) was also performed and is listed in Table 3.6.

Changes in the H/C ratio and heteroatom content are expected when bitumen is subjected to thermal
treatment, and the magnitude of these changes depends on the severity of the treatment. This is to
be expected considering the low gas yield (Table 3.5). After visbreaking, only minor differences
in the average elemental composition were observed. The H/C ratio of the majority of the reacted
systems decreased after visbreaking. The highest decrease in the H/C ratio for Group I reactions
was achieved by the systems B+W+S and B+W (from 1.49 to 1.40). Similarly to Group I, the
system B+W in Group II reactions also presented the highest decrease in the H/C ratio (from 1.41
to 1.31). However, the same system (B+W) in Group III presented a smaller decrease in the H/C
ratio (from 1.49 to 1.44) if compared to the ones obtained in groups I and I, and this decrease was

equal to other systems in Group III (B+W+S and B).

When observing the H/C ratio results in the three experimental groups, there is an indication of
a combined contribution of solids and water to the changes that affected that ratio. For instance,
the H/C ratio of B+W+S in Group II (H/C = 1.34) was higher than that of B+W (H/C = 1.31) and
similar to that of B+S (H/C = 1.33). This combined effect was also observed in the N/C ratio of
Groups I and III. Changes in the S/C and the N/C ratios were very small among the systems in the

same group.

3.3.2.3 Thermogravimetric analysis of bitumen-coated solids

The presence of mineral solids in bitumen can lead to the accumulation of organic matter on the

surface of the mineral particles through mechanisms such as capillary retention, physisorption,
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and chemisorption. Previous studies showed that the amount of organic content coating mineral
particles is affected by thermal treatment [22, 28] and that mineral solids are able to induce coke
formation over their surface [29]. For this reason, the solids collected by centrifugation in this
study, before and after reactions, were analyzed through TGA in order to get information about the

relative amount of organic material that remained on the surface of mineral solids.

The TGA results (Table 3.7) are reported in terms of the weight loss in the three regions of the
thermogram program as described in Section 3.3.2.4. No water separation was performed before
collecting the solids for TGA analyses, and, therefore, the weight loss from 25 to 150 °C was
considered to be due to water evaporation and that of residual n-hexane or benzene in samples from
Groups II and III. The weight loss associated with the increase in temperature from 150 to 600 °C
plus the loss at 600 °C for 30 min, both under a nitrogen atmosphere, was considered to be due to
volatile organic matter that volatilized throughout the temperature increase in an inert atmosphere.
In these regions, the volatilized material corresponded to the evaporation of light compounds plus
the cracking of heavy compounds, followed by the evaporation of the formed lighter components.
On the other side, the mass loss due to the constant temperature heating at 600 °C under an air
atmosphere was considered to be due to fixed carbon material on the solids’ surface, which went
through combustion and released its combustion products. Mineral content was then calculated

from the balance for non-volatilized material.

The amount of organic matter associated with the untreated froth solids after centrifugation (i.e.,
weight loss from 150-600 °C under a nitrogen and air atmosphere) ranged from 27.6 to 45.3 wt% in
all experimental groups. The variation in these values when comparing different groups was most
likely due to solids sampling for TGA analyses. The supernatant was drained after centrifugation,
and the bitumen-coated solids at the bottom of the tube were mixed before the TGA sample was
collected with a spatula. It is possible that the amount of bitumen that remained coating the solids
after the supernatant was drained differed from group to group, which would explain the high
variation of the organic matter associated with untreated solids from different groups. Furthermore,
the sampling of the same systems (TGA analyses performed in triplicate) in each experimental
group could have resulted in the high standard deviations observed, especially for the thermogram

region of 25-600 °C/Ns.

84



The volatile carbon per fixed carbon ratio and the fixed carbon per mineral content ratio were
calculated and are shown in Table 3.7. Solids from systems containing B+W+S and B+S showed
an increase in both ratios when compared to untreated froth solids in all three experimental groups.
The high variation when comparing volatile carbon to fixed carbon ratios could also be attributed to
the aforementioned sampling challenges. It is noteworthy that the fixed carbon to mineral content
ratio in the system B+W+S in Group II (1.04) was double that of the same system in Groups I and
III (0.50 and 0.37, respectively).
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Table 3.6: Corrected Elemental Analysis (wt%) and molar element ratios of untreated bitumen and bitumen separated from visbroken
products.”

Corrected Elemental Analyses (wt%)
System C H N S O° H/IC N/C S/C

Group I
Solvent: kerosene
Untreated bitumen 82.89 048 10.38 0.14 0.53 0.01 476 0.03 144 1.49 0.0055 0.0215

B+W+S 84.55 0.34 993 0.07 060 0.01 4.62 0.09 031 1.40 0.0061 0.0205

B+W 83.57 0.06 9.84 0.04 0.58 0.01 4.69 0.10 131 1.40 0.0060 0.0210

B+S 83.86 0.08 10.11 0.02 0.55 0.01 455 0.04 094 1.44 0.0056 0.0203

B 82.62 0.34 10.00 0.03 056 0.02 4.69 023 213 1.44 0.0058 0.0213
Group II

Solvent: n-hexane
Untreated bitumen 83.11 0.25 9.85 0.21 0.61 0.15 504 0.08 139 141 0.0063 0.0227

B+W+S 8446 0.06 948 0.22 0.55 0.01 477 0.07 0.75 134 0.0056 0.0211
B+W 84.73 0.14 932 0.18 0.58 0.01 5.17 0.17 020 131 0.0058 0.0228
B+S 84.46 024 945 0.21 055 0.01 491 0.12 0.63 1.33 0.0056 0.0218
B 84.54 020 9.36 0.13 058 0.03 485 0.16 0.66 1.32 0.0059 0.0215
Group IIT

No added solvent®

Untreated bitumen 82.34 0.64 1029 0.05 052 0.02 497 0.03 1.89 1.49 0.0054 0.0226
B+W+S 83.58 0.09 10.13 0.29 056 0.01 4.66 0.04 1.08 1.44 0.0057 0.0209
B+W 84.25 0.14 10.19 0.21 0.53 0.01 4.65 0.06 038 1.44 0.0054 0.0207

Continues on the next page
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Corrected Elemental Analyses (wt%)

System C H N S o° H/IC N/IC S/IC

X S X S X S X S X X X

B+S 8349 0.09 1034 0.06 0.54 0.00 498 0.02 0.65 148 0.0056 0.0223
B 83.12 0.15 10.06 0.07 0.51 0.01 463 023 1.68 144 0.0053 0.0209

“Average (x) and sample standard deviation (s) of analyses in duplicate.
Oxygen amount calculated by difference. “Solvent was not added prior to the reaction,

but 10 wt% of benzene was added to the untreated bitumen and visbroken products prior to analyses.
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Table 3.7: Weight loss obtained from the TGA analysis of solids coated with bitumen and residual water.

System Weight loss (%)* Mineral Volatile Fixed Carbon/
25-150 °C/  150-600 °C/ 600 °C/ 30 600 °C/ 60 Content Carbon/ Mineral
N, N, min / N, min/Air  (wt%) Fixed Carbon Content
X s X s X s X s
Group 1
Solvent: kerosene
Untreated Froth Solids 0 - 161 33 09 <0.1 106 0.8 72.5 1.59 0.15
B+W+S 36.0 12.7 455 100 05 0.1 6.0 09 11.9 7.65 0.50
B+S 92 22 551 04 08 02 107 0.6 24.2 5.24 0.44
Group 11
Solvent: n-hexane
Untreated Froth Solids 0 - 325 07 14 0.1 114 0.7 54.7 2.98 0.21
B+W+S 228 4.0 479 43 07 <0.1 14.6 0.6 14.0 3.32 1.04
B+S 11.5 38 511 78 07 0.1 104 04 26.3 4.98 0.40
Group IIT
No added solvent
Untreated Froth Solids 0 - 216 54 14 01 95 04 67.6 2.83 0.14
B+W+S 240 57 491 33 07 01 70 04 19.2 7.46 0.37
B+S 1.2 14 437 72 10 0.1 158 46 38.3 3.23 0.41

“ Average (x) and sample standard deviation (s) of analyses in triplicate. "Solvent was not added prior to

the reaction, but 10 wt% of benzene was added to the untreated bitumen and visbroken products prior to analyses.
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3.3.2.4 Viscosity

The first objective of this study was to identify if the presence of solid minerals and water could
significantly influence changes in viscosity and density after froth visbreaking. Previous studies,
mentioned in the introduction section, pointed out that both solids and water could influence the
changes in these properties during upgrading. The second objective was to identify if the type of
solvent (paraffinic or naphthenic) used to dilute the froth during visbreaking could influence the

changes in viscosity and density as well.

The corrected viscosity values for untreated froth and reacted systems are shown in Table 3.8. In
this table, the viscosity values were corrected for the solvent content in the untreated bitumen and
reaction products. The corrected viscosity that is given in Table 3.8 is the solvent-free viscosity
of the bitumen and visbroken bitumen. The measured viscosity values and the equations used for

viscosity correction are reported in Appendix A (Section A.6).

The general form of the MacCoull equation (Eq. 3.2), similar to that utilized in ASTM D341
[23], was used to examine the relationship between the corrected viscosity values and temperature.
In Eq. 3.2, i is the viscosity of bitumen (mPa-s), a and b are the slope and intercept of the linear
regression, respectively, and T is the temperature (K). The slope (a), intercept (b), and coefficient of
determination (R?) of the linear regressions are also reported in Table 3.8. All the curves presented
R%>0.992, which is in accordance with the literature [1, 22]. The R? values are also a valuable
resource to check the internal consistency of the viscosity data as a means of identifying if any
event (e.g., phase separation, solvent evaporation, etc.) affected the viscosity measurements, which

would consequently result in a deviation from the linear relationship.

In(in(pn)) = a-In(T) + b (3.2)

Before comparing the viscosity results of different systems within the same experimental group, it
is important to remember that viscosity changes are dependent on the severity of visbreaking and
that the ERT of the reaction systems varied, as shown in Table 3.5. Therefore, fair comparisons
of viscosity decrease or increase from different systems must always account for the visbreaking

severity measured by the ERT of each system.

89



Except for the system B+W in Group III, the presence of water and/or solids during visbreaking
resulted in a higher viscosity compared to the system containing only bitumen (B). It is noteworthy
that system B had the lowest ERT in each group (i.e., the lowest severity), making the previous

comparison possible.

When the viscosity data of the systems reacted in the presence of water and/or solids in Group
I were examined, the viscosity values were consistent with the severity of the treatments, i.e.,
H(system B+W+S) < H(system B+S) < M(system B+w) While  ERT (system Byw) < ERT (system B+5) <
ERT (system B+w+s)- In other words, the lower the severity in those systems, the higher the viscosity.
The same trend, however, was not observed for the same systems in Groups II and III. These
findings suggest that, in addition to the severity of the treatment, the presence of water and solids

also affects viscosity changes during visbreaking.

3.3.2.5 Density and refractive index

The corrected density data of untreated bitumen and visbroken products on a solvent-free basis
is shown in Table 3.9. The raw density data and details on how these values were corrected for

solvent presence are reported in Section A.7 of the Appendix A.

The linear dependence of density with temperature was evaluated according to Eq. 3.3, where p is
the density (kg/m3), T is the temperature (°C), and ¢ and d are the slope (dp/dT) and intercept of
the linear regression, respectively. The values of slope, intercept, and R? are also reported in Table
3.9. The R? of the linear regressions for the majority of the reacted systems was close to unity,
indicating that the density varied linearly with temperature, as expected from the literature [30].
This result was also important for verifying the reliability of the density measurements, since any
deviation from the linear behavior could point out inconsistent values. One inconsistent data point

was observed for the system B+S in Group II reactions, which presented an R? of 0.987.

p=cT +d (3.3)
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Table 3.8: Corrected solvent-free viscosity of bitumen feed and bitumen separated from visbroken
products at different temperatures.

Corrected Viscosity (Pa-s)

System )
25°C 30°C 35°C 40°C 60°C Slope,a Intercept,b R

Group I
Solvent: kerosene
Untreated bitumen 78 - - 15 3 -3.073 19.931 0.999
B+W+S 0.79 - - 0.29 0.10  -3.302 20.709 0.999
B+W 1.2 - - 049 0.14 -3.342 21.009 0.994
B+S 1.1 - - 0.38 0.13  -3.339 20.972 1
B 0.41 - - 0.17 0.071 -3.110 19.508 0.999

Group 11
Solvent: n-hexane
Untreated bitumen 70 45 33 - - -2.100 14.376 0.992
B+W+S 042 034 0.28 - - -2.170 14.165 1
B+W 0.63 047 0.39 - - -2.400 15.535 0.992
B+S 029 023 0.19 - - -2.209 14.316 0.999
B 0.17 0.14 0.12 - - -2.049 13.303 0.998
Group IIT

No added solvent”
Untreated bitumen 48 29 18 - - -2.893 18.858 1
B+W+S 097 0.69 0.51 - - -3.020 19.133 0.999
B+W 0.61 046 0.36 - - -2.539 16.323 0.999
B+S .11 079 0.58 - - -2.929 18.636 0.999
B 0.62 047 0.35 - - -2.824 17.954 1

“Solvent was not added prior to the reaction, but 10 wt% of benzene was

added to the untreated bitumen and visbroken products prior to analyses.
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Table 3.9: Corrected density (p) of bitumen feed and bitumen separated from visbroken products at different temperatures.

Corrected Density (kg/m?®)

System 25°C  30°C  35°C  40°C  60°C Slope,c¢ Intercept,d RZ
Group I
Solvent: kerosene
Untreated bitumen  1010.34 - 100094 98833 -0.629 102609 1
B+W4S 993.37 i i 983.31 970.10 -0.665  1009.95 1
B+W 997.71 i i 987.69 97450 -0.663 101425 1
B+S 993.28 i i 98321 969.99 -0.665  1009.87 1
B 988.64 i i 978.51 96513 -0.672  1005.41 1
Group 11

Solvent: n-hexane

Untreated bitumen 1006.47 1003.49 1000.65 -0.582 1021.00 0.999

B+W+S 984.05 980.79  977.67 - - -0.638 999.98 0.999
B+W 981.01 977.83 974.78 - - -0.623 996.58 0.999
B+S 964.61 961.17 956.04 - - -0.857° 986.32 0.987
B 971.20 96791 964.74 - - -0.647 987.35 0.999
Group III

No added solvent”

Untreated bitumen  1005.37 1001.50 997.64 - - -0.773 1024.70 1
B+W+S 088.87 984.83  980.78 - - -0.809 1009.10 1
B+W 082.47 97843 97441 - - -0.807 1002.64 1
B+S 989.84 985.81 981.60 - - -0.824 101047  0.999
B 985.56  981.38  976.66 - - -0.890 1007.91  0.999

“Solvent was not added prior to the reaction, but 10 wt% of benzene was added to the
untreated bitumen and visbroken products prior to analyses. “Inconsistency in dataset.
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The density of bitumen is a function of its composition [1]. As a result, changes in the derivative
dp/dT indicate compositional changes in the bitumen phase. All the products presented an increase
in slope if compared to the untreated bitumen. The slope increase was near-similar for products
in Group I but was more varied for products in Group II and III. System B in Group III had the
greatest variation in slope (from -0.773 to -0.890). In all groups, the product from system B had

the most negative slope compared to the rest of the products.

As observed in the viscosity results, the systems with solids and/or water had higher densities than
the system with only bitumen (B), except for system B+W in Group III. It is important to highlight
one more time that this comparison is valid once system B had the lowest ERT in all experimental

groups.

The corrected refractive index of the untreated bitumen and visbroken products is reported in Table
3.10. The raw data and details on how the corrections were applied are reported in Section A.8 of

the Appendix A.

The linear dependence of refractive index with temperature was evaluated following Eq. 3.4, where
n is the refractive index, 7T is the temperature (°C), and e and f are the slope and intercept of the
linear regression, respectively. The values of slope (dn/dT) and R? for the regressions are also

reported in Table 3.10.

n==¢e¢l + f (3.4)
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Table 3.10: Corrected refractive index (n) of bitumen feed and bitumen separated from visbroken
products at different temperatures.

Corrected Refractive Index

System )
25°C 30°C 35°C 40°C 60°C dn/dT R
Group I

Solvent: kerosene

Untreated bitumen 1.5751 - - 1.5695 1.5623 -3.7E-04 0.999

B+W+S 1.5793 - - 1.5740 1.5671 -3.5E-04 0.999

B+W 1.5817 - - 1.5761 1.5685 -3.8E-04 1

B+S 1.5763 - - 1.5716 1.5657 -3.0E-04 0.999

B 1.5727 - - 1.5671 1.5601 -3.6E-04 0.999

Group II

Solvent: n-hexane

Untreated bitumen  1.5854 1.5836 1.5818 - - -3.7E-04  0.999

B+W+S 1.6086 1.6068 1.6050 - - -3.6E-04 0.999

B+W 1.5942 1.5925 1.5909 - - -3.4E-04 0.999

B+S 1.6119 1.6102 1.6085 - - -3.4E-04 1

B 1.6245 1.6226 1.6210 - - -3.5E-04 0.997

Group III

No added solvent”

Untreated bitumen  1.5695 1.5674 1.5654 - - -4.1E-04 0.999

B+W+S 1.5810 1.5790 1.5770 - - -3.9E-04 0.999

B+W 1.5714 1.5695 1.5674 - - -4.0E-04 0.999

B+S 1.5686 1.5671 1.5652 - - -3.5E-04 0.997

B 1.5719 1.5699 1.5678 - - -4.1E-04 0.999

“Solvent was not added prior to the reaction, but 10 wt% of benzene

was added to the untreated bitumen and visbroken products prior to analyses.
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Previous work showed that the dn/dT values are correlated to the molecular weight, density, and
viscosity of bitumen-derived products [31]. Thus, the values of dn/dT contain valuable information
regarding the composition of bitumen. In the present study, only small variations of dn/dT were
identified for the majority of systems when comparing the untreated bitumen and the reacted sys-
tems of the same group. The highest slope variations were observed for the systems B+S in Groups
I and IIT (from -3.7x10™* to -3.0x10™* in Group I and from -4.1x10™* to -3.5x10~* in Group
III). All the reacted systems presented a R%>0.997, which is consistent with the linear dependence
of refractive index with temperature. The least negative slope was consistently found for the B+S
system. The majority of the visbroken products (B+W+S, B+W, and B+S) presented an increase in
the refractive index if compared to the untreated bitumen, except for system B in Group I and B+S

in Group III, which were slightly lower.

3.3.2.6 Free radicals content

Free radicals are naturally occurring species in oilsands bitumen [32]. The free radical concentra-
tion in bitumen might be affected by changes in the bulk liquid properties by means of the addition
of a solvent or changes in composition due to thermal cracking [33]. In this study, electron spin res-
onance was used to measure the free radical content of the untreated bitumen and products of Group
I only, and the corrected results are shown in Figure 3.2. The analyses were performed at the same
analyte concentration. The raw and corrected data, as well as details on how the corrections were
applied are reported in Appendix A (Section A.9). For the two reaction systems containing solids
(B+W+S and B+S), a slight decrease in the free radical content was observed after visbreaking if
compared to the untreated bitumen, whereas a slight increase in the radical content was identified

for the reaction systems without solids (B+W and B).

3.3.2.7 Nature of hydrogen content

By monitoring the aliphatic and aromatic hydrogen content during bitumen upgrading, it is pos-
sible to get more information regarding the reaction chemistry taking place during the process.
More specifically, changes in the nature of the hydrogen content after visbreaking could point out
if hydrogen transfer reactions are affected or not by the presence of solids and/or water during

visbreaking. In this study, proton nuclear magnetic resonance was applied to obtain the aliphatic
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Figure 3.2: Corrected free radical content of untreated bitumen and bitumen separated from vis-
broken products in Group I experiments. The data points represent the average, while the error bars
represent the standard deviation of analyses in triplicate.

and aromatic hydrogen content before and after visbreaking. The corrected results are shown in
Table 3.11. Corrections to the raw data (presented in Table A.7 in Appendix A) were performed
by applying material balance, taking into consideration the amount of solvent in the samples and

its aliphatic and aromatic hydrogen content.

The hydrogen content data indicated that in Group I reactions, the visbreaking of the systems con-
taining water and/or solids (B+W+S, B+W, and B+S) kept the aliphatic hydrogen content unaltered
within the experimental uncertainty (i.e., 92.9 £ 0.3%, 92.5 + 0.3%, and 92.4 + 0.3%). The aliphatic
hydrogen content of all the reacted systems in Group II decreased compared to the untreated bitu-
men value, while no directional behavior was observed for the products of Group III. Nevertheless,
within each group, the visbroken product obtained with bitumen (B) had the lowest or second

lowest aliphatic hydrogen content.
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Table 3.11: Corrected aliphatic and aromatic hydrogen content based on 'H NMR spectra of un-
treated bitumen and visbroken products.

System Aliphatic H Content (%)” Aromatic H Content (%)*
X s X s
Group I

Solvent: kerosene

Untreated bitumen 929 0.3 7.1 0.3
B+W+S 92.9 0.3 7.1 0.3
B+W 92.5 0.3 7.5 0.3
B+S 92.4 0.3 7.6 0.3
B 90.9 0.3 9.1 0.3

Group 11

Solvent: n-hexane

Untreated bitumen 95.1 0.1 4.9 0.1
B+W+S 92.3 0.5 7.7 0.5
B+W 94.1 0.6 5.9 0.6
B+S 94.2 0.3 5.8 0.3
B 92.9 0.1 7.1 0.1

Group IIT

No added solvent’

Untreated bitumen 95.8 0.6 4.2 0.6
B+W+S 96.1 0.4 3.9 0.4
B+W 95.2 0.9 4.8 0.9
B+S 97.6 0.6 2.4 0.6
B 94.5 0.3 5.5 0.3

“Average (x) and sample standard deviation (s) of analyses in triplicate.
bSolvent was not added prior to the reaction, but 10 wt% of benzene

was added to the untreated bitumen and visbroken products prior to analyses.
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3.3.2.8 Nature of carbon content

In this study, the nature of the carbon content (aliphatic and aromatic) before and after visbreaking
was obtained through "*C-NMR. The corrected results are shown in Table 3.12. Material balance
was applied to correct the measured data (Table A.8 in Appendix A) by taking into account the

amount of solvent and its respective aliphatic and aromatic carbon content.

All the reacted systems presented an increase in their aromatic carbon content compared to the
untreated bitumen. The highest variation in the aromatic carbon content was observed for the
system B+W+S in the diluted bitumen experiments (from 25.4 to 35% in Group I and from 31.9
to 37.5% in Group II). These were also the two experiments with the longest ERT (Table 3.5)
in Groups I and II. The changes in the aromatic carbon content did not follow a similar pattern
compared to the changes in the aromatic hydrogen content (compare Table 3.11 and Table 3.12).

This finding is consistent with the literature [34].
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Table 3.12: Corrected aliphatic and aromatic carbon content based on *3C NMR spectra of un-
treated bitumen and visbroken products.

System Aliphatic C Content (%)*  Aromatic C Content (%)"
Group I

Solvent: kerosene

Untreated bitumen 74.6 25.4
B+W+S 65.0 35.0
B+W 67.3 32.7
B+S 67.0 33.0
B 69.3 30.7

Group II

Solvent: n-hexane

Untreated bitumen 68.1 31.9
B+W+S 62.5 37.5
B+W 67.2 32.8
B+S 66.5 33.5
B 64.7 35.3

Group IIT

No added solvent

Untreated bitumen 70.6 294
B+W+S 67.4 32.6
B+W 67.0 33.0
B+S 67.5 32.5
B 66.4 33.6

“ Analysis performed on a single sample. °Solvent was not added prior to the
reaction, but 10 wt% of benzene was added to the untreated

bitumen and visbroken products prior to analyses.
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3.4 Discussion

3.4.1 Internal consistency of data

This first topic in the discussion aimed to examine the internal consistency of the data in order to
describe what types of errors might have influenced the study’s results and to highlight how the

data should be interpreted in light of the limitations of the methods and calculations performed.

Although the slopes of the viscosity dependence with temperature (Table 3.8) indicated that the
viscosity measurements were consistent, the viscosity data revealed an intriguing point: the cor-
rected viscosities at 25 °C of the untreated bitumen from the three experimental groups differed (in
the range 48-78 Pa-s) when they were expected to be the same. The same holds true for all the

other corrected properties in this study (e.g., density, refractive index, etc.).

The divergence in corrected property values of the untreated bitumen samples could be caused by
two major sources of error: first, the handling of samples containing solvent makes them susceptible
to solvent volatilization; second, the use of mixing rules for correcting some of the properties has

limitations that are inherent to the particular model used for the corrections.

Because of the low boiling points of n-hexane and benzene (69.0 and 80.1 °C, respectively), solvent
volatilization could have a greater effect on Groups II and III samples. Although every precaution
was taken to reduce solvent volatilization (e.g., not leaving the sample containers open for extended
periods of time, fast sampling, and product analyses as soon as possible after the reactions have
been completed), some evaporation is expected when dealing with a solvent/bitumen mixture. As

a result, the solvent content used to correct the analyzed properties may have been overestimated.

According to the viscosity and density data (Table 3.8 and Table 3.9), the untreated bitumen in
Groups II and III had the lowest values for these properties. Overestimation of solvent content
in these groups could account for their lower values when compared to Group I, which was less

susceptible to volatilization.

The use of mixing rules for property correction is the second possible source of error for the correc-

tion of properties. For viscosity correction, the mixing rule proposed by Miadonye et al.[35] was
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used in this study. It was reported that for solvent concentrations ranging from 1 to 10 wt%, this
mixing rule consistently provided the best viscosity estimation with an absolute average relative
deviation (AARD) that varied in the range 0-35%, depending on the solvent used [36]. In the same
study, it was also observed that viscosity overestimation increased with solvent content and that,
within the uncertainty of the estimation, there was no effect of the chemical nature of the solvent

on viscosity prediction.

The wide AARD range presented by the mixing rule by Miadonye et al.[35] when different types
of solvents are used, as well as the observation of viscosity overestimation with increased solvent
content, highlight the limitations for viscosity estimation. Also, the nature of the solvent is ignored
in this model, which is based solely on the viscosity and density data of the pure solvent, bitumen,
and the solvent/bitumen mixture. It is, however, still one of the best options for bitumen/solvent
blends. That being said, the different solvent contents in Groups I, II, and III and the chemical
nature of the solvents used (i.e., kerosene — naphthenic, n-hexane — paraffinic and benzene — aro-
matic) might have affected the viscosity estimation by the mixing rule, resulting in the different

corrected viscosities of the untreated bitumen samples in the current study.

Density corrections were performed using the ideal mixing assumption (i.e., no volume change
upon mixing). Mixtures of bitumen and light n-alkanes are known to deviate from the ideal mix-
ture assumption, as pointed out in the work of Nourozieh et al.[37] The authors found a negative
volume change upon mixing for pentane/bitumen mixtures, and this deviation from an ideal mix-
ture increased with temperature. At ambient temperature, the deviation between the density of ideal
mixing and the actual density was less than 1%. This would have a minor impact on the corrections
to density data from Group II experiments using n-hexane as the solvent. Because of the small
AARD typically obtained for predicting density using the ideal mixture assumption, there is a high
likelihood that deviations in the density estimation of the untreated bitumen samples were caused

by solvent volatilization rather than the mixing rule’s accuracy.

The density measurements in the B+S system of Group II revealed an inconsistency, with a R* of
0.987 for the linear dependence of density with temperature. Because the same system produced
consistent values for viscosity and refractive index measurements (Table 3.8 and Table 3.10, re-

spectively), this inconsistency is most likely due to a deviation in one of the measured density
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points. All the other systems presented consistent values for the density measurements.

After highlighting the limitations of the density and viscosity correction methods, it is worth noting
that a more reliable interpretation of the changes in viscosity and density before and after reactions
should be performed within the reacted systems of a specific experimental group and the untreated
bitumen of that same group. By doing so, the errors due to solvent type and solvent volatilization

are comparable.

3.4.2 Physicochemical changes upon froth visbreaking

3.4.2.1 Viscosity and density changes

The main question that led to the current investigation was whether the presence of mineral solids
and water in froth could somehow improve the quality of bitumen during visbreaking. Previous
studies, as mentioned in the Introduction, suggested that the presence of these froth components
could influence the viscosity and composition of bitumen during thermal treatment. As a conse-
quence, any further viscosity and density reduction that could be promoted by the presence of solids

and/or water during visbreaking would be beneficial.

The relative viscosity and density reduction that was achieved compared to the untreated bitumen
is summarized in Table 3.13. However, conclusions cannot be drawn solely from this data without
taking into account the variation in the ERT of each system across the three experimental groups
(refer to Table 3.5). Previous research demonstrated that changes in the ERT of ~0.4 min at 427 °C
(i.e., ~1.6 min for the ERT at 400 °C) resulted in a noticeably lower viscosity [38]. Thus, viscosity

differences between reaction systems, even at small changes in the ERT, cannot be neglected.

102



Table 3.13: Calculated viscosity and density reduction at 25 °C compared to the untreated bitu-
men’s viscosity and density.

Viscosity Reduction at 25 °C (%)* Density Reduction at 25 °C (%)

System

Groupl GroupIl  GroupIll  Groupl GroupIl  Group III
B+W+S  99.0 99.4 98.0 1.7 2.2 1.6
B+W 98.5 99.1 98.7 1.3 2.5 2.3
B+S 98.6 99.6 97.7 1.7 -b L.5
B 99.5 99.8 98.7 2.2 3.5 2.0

“Viscosity and density reduction compared to the untreated bitumen

values of each experimental group. *Inconsistency in dataset.

Ideally, the viscosity and density of the reacted systems should be adjusted to the same levels of
ERT to allow a fair comparison of the viscosity and density data from different systems. However,
the literature is scarce on models that predict viscosity based on the severity of visbreaking. One of
the challenges is that the relationship between product viscosity and residue conversion is complex
and has been shown to change after about 20% conversion [38, 39]. Marquez et al.[40] developed
a model that could correlate the viscosity and density of a Western Canadian bitumen with con-
version, but the same model presented large deviations when applied to a chemically different oil.
Therefore, Marquez et al.’s[40] model is very specific to the bitumen specimen for which it was

designed and would not be accurate for the current study.

The modeling of viscosity and density with ERT was beyond the scope of the current study, but
comparisons of viscosity and density data from different systems were made, taking the severity of
those systems into account. A previous study found that visbreaking bitumen at 400 °C resulted in
decreased viscosity for 30 minutes, where it reached an approximately constant level but began to
vary after 1 hour, achieving new maximum and minimum viscosity levels with increased severity
[41]. From these observations, it was tentatively assumed that there was a consistent decrease in
viscosity with severity in the current study, which presented an average ERT of 29.6 min for the
reacted systems. As a result, the comparisons on viscosity and density changes assumed that the
only effect of increased severity was to push viscosity and density reduction, and any deviation
from that behavior was influenced by the presence or absence of water and/or solids in the reaction

media.
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From the viscosity reduction data shown in Table 3.13, two observations are immediately apparent.
First, the highest viscosity reduction was achieved in all experimental groups when bitumen was
reacted on its own, i.e., in the absence of water or solids. Second, the viscosity reduction achieved in
Group II experiments, which contained 13 wt% n-hexane in the reaction mixture, was consistently

greater than that found in Group I and III experiments.

All three reacted systems (B+W+S, B+W and B+S) that formed products with a higher viscosity
than the system containing only bitumen (B) also presented higher ERT values than system B.
Thus, from the perspective of visbreaking severity, it was expected that systems with higher ERT
would achieve further viscosity reduction, but the opposite was observed, confirming that solids

and/or water hindered bitumen viscosity reduction.

Low-temperature (250 °C) hydrothermal treatment of froth for 2 hours in the presence of water
and/or solids resulted in increased viscosity [22]. Some potential explanations for the effects of
water and/or solids on the viscosity increase included the dissolution of lighter polar compounds
into water, the formation of carboxylate ions, free radical polymerization, and acid-catalyzed ad-
dition reactions. Subsequently, it was confirmed that cationic conversion due to clays, despite the

slightly alkaline conditions, was definitely a contributing factor [21].

As anticipated, visbreaking is very effective at reducing viscosity, but it does not have a big impact
on density changes. The density reduction after visbreaking (Table 3.13) reached low levels of
1.3-3.5% at 25 °C, compared to the density of the untreated bitumen. In the current study, the
same trend observed for viscosity was also observed for bitumen density, i.e., the bitumen products
from reactions in the presence of solids and/or water exhibited a higher density when compared to

bitumen visbreaking without these components.

Because bitumen’s viscosity and density are both influenced by its composition, changes in bitu-
men composition caused by visbreaking have a direct impact on these properties. Moreover, any
potential influence of solids and water on bitumen composition during froth visbreaking would

result in different levels of viscosity and density reduction, as observed in this study’s results.

The addition of a light hydrocarbon solvent has a direct impact on the bulk properties of bitumen.

For example, it may alter the interaction of asphaltene aggregates in the bitumen suspension, af-
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fecting the bitumen’s viscosity and density. When the solvent used is paraffinic, it might result in
asphaltene precipitation [42, 43]. Although the amount of n-hexane used in this study was signifi-
cantly less than what was needed for asphaltene precipitation [44], the alterations to the aggregation
levels of asphaltenes in different solvents could have interfered with how the reactive species inter-
acted during bitumen visbreaking. However, the measurement of asphaltene content and its level

of aggregation were not within the scope of this study.

Visbreaking is industrially operated in the temperature range of 430-490 °C with residence times in
the range 1-30 min to avoid the onset of coke formation [45]. In comparison to industrial processes,

the temperature conditions used in this study were lower.

The temperature dependence of viscosity and density can potentially be used to identify composi-
tional changes in the bitumen phase. When compared to the slope of the untreated bitumen in each
experimental group, the majority of the systems containing solids and/or water showed different
slopes for viscosity and density with respect to temperature (Table 3.8 and Table 3.9) after vis-
breaking. A change in du/dT and dp/dT indicates a change in composition, as these relationships

are dependent on the nature of the species in the converted product.

Although the slopes of viscosity and density provided evidence that the compositional changes of
the bitumen phase are affected by water and/or solids, the chemical nature of these changes cannot
be inferred from these data alone. Therefore, it was of interest to investigate the compositional
changes during froth visbreaking based on refractive index, elemental analysis, and the nature of
hydrogen and carbon. This is covered in Section 3.4.2.2. The possible influence of water and solids

on the viscosity, density and aromatic content changes are discussed in Section 3.4.3.

3.4.2.2 Compositional changes upon froth visbreaking

The refractive index is another useful property for detecting compositional changes in bitumen
after visbreaking. Because the refractive index of a mixture is affected by the molecular size and
structure of the components in the mixture, compositional changes in bitumen after upgrading can

be detected by comparing the refractive index values before and after the treatment [46].

The variation in the slope values of the temperature dependence of refractive index (Table 3.10)
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of the reacted systems is in agreement with the previously stated claim that the froth elements

influenced how bitumen composition was changed during visbreaking.

When a medium’s composition remains constant, its refractive index rises as its density increases,
for example, when the temperature of the measurement decreases. Once the density and refractive
index results from this study were compared, it was found that, at the same measurement tempera-
ture, most of the products (except system B in Group I and B+S in Group III) had higher refractive

index values while their densities were lower when compared to the untreated bitumen values.

This counterintuitive increase in refractive index values in relation to a decrease in density was also

observed in a study of partial bitumen upgrading in the temperature range 150-300°C [47].

In general, within a narrow boiling range, low refractive index values indicate the presence of more
paraffinic compounds, whereas high values indicate the predominance of aromatic compounds [46].
The same conclusion is also drawn when making use of the refractivity intercept (n - 1/2 p), which
directionally changes from low values for paraffins and polycyclic naphthenes to high values for
aromatics and conjugated unsaturated species [48]. Thus, the increased refractive index results
of the reacted products might suggest that these products had a higher aromatic and unsaturated

species content after visbreaking.

The elemental analysis data (Table 3.6) was also useful to get more information regarding the
compositional changes taking place during froth visbreaking. Because the formation of H-rich
light ends during visbreaking contributes to a decrease in the amount of hydrogen in the bitumen

product, the observed decrease in the H/C ratio for all products was already expected [49].

However, when some of the reacted systems were compared, the decrease in the H/C ratio was
not always accompanied by an increase in the amount of formed gas. For instance, system B+S in
Group I had a higher H/C ratio than system B+W (1.44 vs. 1.40), but the amount of gas formed in
B+W (95 pmol of gas/g of diluted bitumen) was less than in B+S (110 pmol of gas/g of diluted bi-
tumen). This is tentatively interpreted in terms of low H/C material deposited on the solids [10—12],
for which supporting evidence is provided in Table 3.7. Other systems in the three experimental
groups displayed similar behavior. As a result, it became clear that the formation of light ends is

not the only factor to consider when observing changes in the H/C ratio of the reacted systems.
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Another reason for the decrease in H/C ratio observed in the visbroken products is an increase in
the relative amount of hydrogen-depleted species after visbreaking. In this sense, the decrease in
the H/C ratio could point out an increase in the content of unsaturated species, such as olefins and

polycondensed aromatic components [9].

Because olefinic compound formation is typical of thermal upgrading processes, an increase in
olefins was already expected during visbreaking. One of the dominant classes of reactions taking
place during bitumen upgrading is cracking by S-scission, in which large hydrocarbon molecules
crack, forming smaller radical species and olefins. Consequently, the decrease in the H/C ratio in

this study was clearly influenced by olefin formation during visbreaking.

Furthermore, a decrease in the H/C ratio, associated with the aforementioned increase in refractive
index values, might indicate an increased aromatic content after visbreaking in the majority of the
reacted systems. Additional evidence of an increased aromatic content for the reacted systems in
this study was observed from the data on the nature of hydrogen (Table 3.11) and carbon content
(Table 3.12). After visbreaking, all the products presented an increased aromatic carbon content,
while the majority of the products presented an increased aromatic hydrogen content. Typically,
the aromatic content of bitumen is an indication of the severity of thermal conversion, and therefore

some increase in the aromatic content was expected upon visbreaking [50, 51].

The relative change in aromatic H and aromatic C with respect to ERT is plotted in Figure 3.3.
At first glance, it appears that the variation in aromatic H decreases as the ERT increases (Figure
3.3a). However, when analyzing that data, two factors should be kept in mind: First, a fixed
relationship between aromatic content and ERT during thermal treatment is not expected [34];
second, the supposed outliers represented by Group II - B+W+S and Group III - B+S suggest that
other variables than ERT (i.e., the presence or absence of solids, water, and solvent) may have
influenced the changes in aromatic H content during visbreaking. The latter is further supported by

the scattered distribution of the variation in aromatic C with respect to ERT (Figure 3.3b).

The effect of water, solids, and solvent on the varying degrees of aromatization identified in the 1*C
NMR data implies that these components may have specific contributions to hydrogen transfer re-

actions, which resulted in different changes to the aromatic C content. For example, when bitumen
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Figure 3.3: Relative change in (a) aromatic H and (b) aromatic C compared to the untreated bi-
tumen values. The reacted systems are represented by (¢) B+W+S, () B+W, (A) B+S, and (o)
B. Data labels refer to the type of solvent used: I — Group I experiments (kerosene), II — Group II
experiments (n-hexane), and III — Group III experiments (no solvent).
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visbreaking was performed in the presence of an organic solvent (kerosene or n-hexane), hydrogen
transfer was increased in the combined presence of solids and water, resulting in higher aromatic

content (Figure 3.3b). The nature of these contributions was not investigated in this study.

The data in Figure 3.3b also revealed that visbreaking in the presence of kerosene resulted in the
largest increase in aromatic C for all the reacted systems. A tentative explanation for this finding is
that the addition of kerosene to bitumen increases, among other components, the naphthene content
of bitumen as compared to the addition of n-hexane (Group II) or the lack of solvent (Group III).
The increased naphthene content in bitumen is then prone to aromatization, which could explain

why the aromatic C content increased the most in the Group I experiments.

The persistent free radical results for Group I experiments provided additional evidence that water
and solids influenced bitumen compositional changes during visbreaking (Figure 3.2). The changes
in free radical content following visbreaking did not follow any trend in relation to the ERT of the
reacted systems. Water and solids influenced the compositional changes in a way that resulted in
different free radical concentrations after the thermal treatment. As a general observation, the free
radical content in the liquid products was lower after visbreaking in the presence of solids. This is

congruent with the observation that low H/C material was deposited on the solids.

3.4.3 Effect of minerals and water during bitumen visbreaking

Although it is clear that water and solids had an impact on the transformations that occurred during
bitumen visbreaking, the current investigation did not provide support for any specific explanation
for the nature of these effects. As a result, the topics presented in this section are just speculative

but provide ideas for future studies on froth visbreaking.

3.4.3.1 Viscosity and density increase in the presence of water

As pointed out in the introduction section of this paper, a number of studies have claimed the
benefits of using water during bitumen thermal treatment [15, 16]. The presence of water in the
current investigation resulted in increased viscosity and density of bitumen after visbreaking when

compared to the system containing only bitumen. This observation was true whether or not a
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solvent was added to the reaction system. The goal of this discussion is not to judge the validity
of studies claiming a benefit during conversion in the presence of water or the industrial practice to
co-feed steam, but to provide a counterpoint to tentatively explain the results in this study and why

water can have a negative impact during bitumen visbreaking.

Three tentative explanations for the increased viscosity and density in the presence of water during

visbreaking are described next:

(a) Water bridging in asphaltenes aggregates

Bitumen’s viscosity reduction mechanism is based not solely on the cracking of heavy bitumen
molecules into smaller species but also on the cleavage of crosslink interactions between bitumen’s
components forming aggregates [52]. The development of water bridges could operate as an en-
ergy barrier, preserving crosslink interactions and so hindering bitumen viscosity reduction during

visbreaking [53-55].

(b) The hydrophobic effect of water on addition reactions

Despite the fact that water is a polar entity, it has been widely used as a solvent in organic syn-
thesis, even in reaction systems containing non-polar reactants. Water, for example, has been used
as a solvent in cycloaddition reactions (Diels-Alder reactions) to increase reaction rates [56, 57].
The rate acceleration observed in cycloaddition reactions in the presence of water is attributed to
the hydrophobic effect, which forces the organic components in the reaction medium to aggregate,
reducing their surface area and resulting in an increased reaction rate [56]. The same hydropho-
bic effect could have played a role during bitumen visbreaking, favouring addition reactions and

resulting in the greater viscosity and density reported for the systems containing water.

(c) Vapor-liquid equilibrium

When water is present in the reaction medium, the system is thermodynamically non-ideal, and
the amount of lighter products in the organic liquid phase is decreased because the partial pressure
requirement for their vaporization is lowered. The decreased concentration of lighter products

from the liquid phase due to water stripping changes the composition of the bulk liquid and could
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somehow affect the outcome of viscosity reduction. The beneficial effect of lighter organic species
on suppression of coke was reported, even for species that have no hydrogen donor potential, such

as naphthalene [58].

The addition of a solvent changes the bulk properties of bitumen and can influence how the re-
actions progress [59]. As previously stated, the Group II products (n-hexane—paraffinic solvent)
showed the greatest levels of viscosity and density reduction (Table 3.13). The present study
provided additional empirical evidence that indicates the beneficial effect of retaining light hydro-

carbons in the organic liquid phase during thermal conversion.

3.4.3.2 Viscosity and density increase in the presence of solids

The presence of mineral solids in the current study resulted in higher viscosity and density values
when compared to the visbreaking of bitumen alone. Two tentative explanations for this observation

are presented next:
(a) Free radical termination on the surface of mineral solids

The termination of free radicals over the minerals surface has previously been reported in the lit-
erature [60, 61]. The extent of conversion during thermal cracking of bitumen is influenced by the
relative rates of free radical initiation, propagation, and termination. In this regard, any factor that

increases the rate of termination during bitumen upgrading could also hinder bitumen conversion.

In the current study, the presence of solids during bitumen visbreaking resulted in a lower free radi-
cal content (Figure 3.2) for the systems B+W+S (1.70x 10'® spins/g) and B+S (1.61 x 10'® spins/g)
compared to the untreated bitumen and the other reaction systems (1.79-2.03 x 10'® spins/g). This
observation could point to an increase in termination reactions over the solids’ surface during bitu-
men visbreaking, which could have resulted in a decrease in the conversion of heavy materials into
lighter ones, resulting in increased density and viscosity for solid-containing systems. Termination

by radical addition is also possible, which leads to the next point.

(b) Addition reactions over clay minerals
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Polymerization addition reactions are reportedly enhanced in the presence of both Lewis and
Brgnsted-Lowry acids, which are found in clay structures such as kaolinite, which was found to
be abundant in the froth used in this study [61]. It has been reported that heavier materials can be
formed during thermal treatment in the presence of clays via acid-catalyzed addition reactions, in-
cluding dimerization of alphamethylstyrene and 1-octene [21]. These reactions were found despite
the slight alkaline nature of the froth. In this regard, acid-catalyzed addition over clays during bitu-
men visbreaking in the presence of mineral solids, followed by the migration of the formed heavier
compounds into the bitumen phase, could be a possible explanation for the increased viscosity and
density observed for the systems containing solids. Thus, irrespective of whether the formation
of heavier products on the solid surface was due to radical termination or acid-catalyzed addition,

some of the heavier products may still dissolve in the bulk liquid.

3.4.4 Froth visbreaking and bitumen pipeline transportation

One of the primary goals of visbreaking is to improve bitumen flowability so that it can be readily
transported. Bitumen’s properties make pipeline transportation extremely difficult. As a result,

bitumen must be upgraded and/or diluted with a light solvent before it can be transported.

According to the Canadian pipeline specifications, bitumen must have a maximum kinematic vis-
cosity of 350 mm?/s at 7.5 °C (the temperature requirement during the Canadian winter) and a
density of 940 kg/m?® at 15.6 °C [39]. To determine whether the visbroken bitumen products in this
study met the viscosity and density requirements for pipeline transportation, these properties were
calculated at the reference temperatures, and the results are shown in Table 3.14. These calcula-
tions were performed by taking the corrected viscosity and density data on a solvent-free basis, and
combining it with the data on the temperature dependence of these properties (Table 3.8 and Table

3.9).
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Table 3.14: Calculated viscosity (at 7.5 °C) and density (at 15.6 °C) of the visbroken products.

Calculated viscosity and density

System , — . 3 : . 3
Kinematic viscosity at 7.5 °C (mm~/s) Density at 15.6 °C (kg/m~)

Group I

B+W+S 3370 999.58

B+W 6293 1003.91

B+S 5310 999.50

B 1363 994.93

Group II

B+W+S 1004 990.03

B+W 1705 986.86

B+S 644 972.95

B 326 977.26

Group IIT

B+W+S 3776 996.48

B+W 1754 990.05

B+S 4306 997.62

B 2100 994.03

From the data shown in Table 3.14, only the product from system B in Group II met the viscosity
requirement for pipeline transportation, while none of the products met the density requirement.
However, the reduction in viscosity and density achieved through froth visbreaking may result in a

reduction in the amount of solvent required for bitumen transportation.

3.5 Conclusions

The current study examined how water, minerals, and solvent affected the physicochemical prop-
erties of bitumen during froth visbreaking at 400 °C. There was evidence that all elements in the
froth influenced to some extent the transformations taking place in the bitumen phase. The follow-
ing parameters were evaluated: viscosity, density, refractive index, free radical content, elemental

composition, and nature of hydrogen and carbon content.

The main outcomes from this study were:
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(a) The presence of mineral solids and/or water during bitumen visbreaking consistently yielded a
bitumen product with numerically higher viscosity and density when compared to the treatment of
bitumen alone. Although these differences may be within experimental uncertainty, they revealed
a consistent bias. Changes in du/dT and dp/dT suggested that the presence of mineral solids and/or
water during visbreaking resulted in compositional changes different from those in their absence.
The lower viscosity and density obtained at the same severity of visbreaking in the absence of

mineral solids and water were ascribed to a difference in the nature of the products formed.

(b) Mineral solids and water affected hydrogen transfer reactions during visbreaking, which could

be seen in terms of the relative change in aromatic H and C content in the products.

(c) The H/C ratio of the visbroken products decreased, and the extent of the decrease in H/C at
comparable severity was affected by the presence of mineral solids. Low H/C products could be
adsorbed on the mineral solids, leading to a higher H/C ratio liquid product when compared to
other liquid products at comparable gas yields, as well as a liquid product with lower persistent

free radical content.

(d) This study tentatively found that there was benefit to performing the visbreaking in the pres-
ence of a light hydrocarbon solvent (n-hexane) when compared to a heavier hydrocarbon solvent
(kerosene) or in the absence of a solvent, irrespective of whether mineral solids or water were
also present with the bitumen. After accounting for the effect of the solvent on the properties of
the product, the solvent-free bitumen product from visbreaking in n-hexane had a lower increase
in aromatic C, a lower viscosity, and a lower density at comparable severity to the products from

visbreaking in kerosene or without a solvent.

(e) Visbreaking of oilsands bitumen froth (i.e., B+ W+S) at an equivalent residence time of 30 min
at 400 °C resulted in products that, on a solvent-free bitumen basis, had a kinematic viscosity in

the range 1-4x 103 mm?/s at 7.5 °C and a density in the range 990-1000 kg/m? at 15.6 °C.
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Chapter 4

Hydrothermal Treatment of Oilsands Bitumen Froth at 400 °C: Influence of
Minerals and Water on Hydrogen Transfer, Cracking, and Addition
Reactions

Abstract

Following prior evidence that water and mineral solids influenced the physicochemical properties
of the products derived from the visbreaking of bitumen froth at 400 °C, the present study aimed to
explore the effect of water and minerals on the reaction chemistry taking place during the thermal
conversion of froth. The current study investigated the relative impact of water and mineral solids
on hydrogen transfer, cracking, and addition reactions during the thermal treatment of froth at 400
°C. a-Methylstyrene (AMS) was employed as a probe molecule, and selected chemical species
identified in the feed and thermally converted products were monitored. Water had a major effect
on suppressing the conversion of AMS, whereas the hinderance of AMS conversion by mineral
solids seemed to be minor. Substantial evidence of hydrogen and methyl transfer, hydration, and
addition reactions was observed through the formation of specific AMS-derived products. The
potential free radical and cationic pathways for the conversion of AMS were evaluated based on
the product composition of the different reaction systems. There was indication that the availability
of hydrogen donors also influenced the conversion pathways of AMS. Both water and mineral
solids favored the extent of hydrogen transfer during the treatment. However, their specific effect
on promoting transfer hydrogenation could not be determined. AMS was not a good probe for
cracking under the conditions of this study. Evidence of hydration was observed in the water-
containing systems. The presence of water suppressed the formation of addition products, resulting
in an overall formation of these products that was half of that observed in the absence of water.
The presence of minerals during the treatment seemed to have a minor impact on the selectivity
profile of addition products, although it had no apparent influence on the overall formation of these

products.
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4.1 Introduction

The recovery of bitumen from mined oilsands bitumen ores is industrially performed with hot
water, producing a bitumen froth that contains around 60 wt% bitumen, 30 wt% water, and 10 wt%
mineral solids. The froth is then heated to 70-90 °C in the froth treatment unit and combined with
either a naphthenic or a paraffinic solvent to facilitate the phase separation of bitumen from water

and mineral solids [1-4].

The bitumen recovered in the froth treatment unit can be upgraded to improve its properties and,
consequently, its value [1, 5-7]. It was suggested that it may be possible to upgrade the bitumen
froth directly, which could potentially make the phase separation easier while concomitantly re-
ducing the amount of solvent required for phase separation. Chen et al.[8] found that hydrothermal
treatment of froth at 390 °C modified the wettability of the fine mineral solids to become more
hydrophobic, resulting in improved solids filtration from bitumen. Thermal treatment at 250 °C
was too low temperature to upgrade the bitumen, and the presence of water and minerals during
the treatment resulted in a bitumen product with increased density and viscosity compared to the
feed [9]. The thermal treatment of froth at 400 °C resulted in bitumen upgrading, but the pres-
ence of water and minerals during the treatment was detrimental to the quality of the final bitumen
product. The treatment of bitumen with water, minerals, or a combination of both resulted in a
slightly higher viscosity and density when compared to the treatment of bitumen on its own [10].
Although the physicochemical changes in the bitumen phase during thermal treatment of froth at
400 °C were explored, the influence of water and minerals on the reaction chemistry taking place

during the treatment was not investigated.

The detrimental effect of water on the thermal conversion of bitumen at 400 °C was a surpris-
ing observation [10]. Steam is not only used to increase the linear velocity of oil in the coil of
visbreaker units [11], but near-critical and supercritical water were also considered beneficial for
thermal conversion of oil [12—17]. The presence of water during the thermal treatment of bitumen
could potentially affect how the reactions progress, influencing the compositional changes in the
bitumen phase [18]. It has been reported that the use of sub- and supercritical water during thermal
treatment of bitumen and heavy oils influenced the product characteristics, resulting in suppressed

coke formation, increased light liquid oil yield, and increased reactivity rates [19-21]. Furthermore,
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some studies indicated the potential hydrogen transfer from water during thermal treatment [22—
24], while other studies claimed that the effect of water was not as a reactant but only as a diluent
[25, 26]. The presence of water and minerals during the thermal treatment of froth at 400 °C also
influenced the degree of aromatization of the bitumen product, suggesting that these components

may have specific contributions to the extent of hydrogen transfer during the treatment [10].

The first objective of this study was to investigate the claim that water influenced hydrogen transfer
as opposed to just being a diluent. Related to this, it was also of interest to determine if minerals
from froth influenced hydrogen transfer reactions during thermal conversion. For this purpose,
a-methylstyrene (AMS) was employed as a probe molecule to determine the relative extent of
hydrogen transfer during thermal conversion of froth and decoupled elements from froth (i.e., water
and minerals) at 400 °C. It has been demonstrated that AMS is a good hydrogen acceptor molecule,
and when transferable hydrogen is available, it can be converted into cumene [27]. The froth
used for the treatment was diluted with kerosene in order to resemble the dilution used during the

naphthenic froth treatment and to facilitate the separation of solids and water for the experiments.

The second objective of this study was to investigate the relative contributions of water and minerals
to other reactions taking place during thermal treatment of froth at 400 °C. In this study, AMS
served as a probe molecule not only for hydrogen transfer but to evaluate cracking and addition
reactions as well. Once cumene is formed from the hydrogenation of AMS, it can be cracked to
form lighter species such as ethylbenzene and toluene [28]. Besides, AMS can readily undergo
addition reactions, such as dimerization [29]. Cracking and addition can take place as free radical

reactions as well as catalytic reactions.

The minerals found in froth are classified as clays and non-clays. Clays, such as kaolinite and il-
lite, are the major components in froth solids (40-60 wt% of the total solids), while the remaining
portion is constituted by non-clay minerals, such as quartz, rutile, and siderite [8, 30, 31]. These
minerals have adsorptive and catalytic properties that could influence the reaction pathways dur-
ing the thermal treatment of bitumen [32-34]. From the perspective of bitumen upgrading, two
important classes of reactions that directly affect the physicochemical properties of bitumen are
cracking and addition. The acidic properties of some minerals found in froth could influence both

cracking and addition reactions [33]. During thermal conversion of froth at 250 °C, it was possible

121



to differentiate between free radical and cationic addition, and it was reported that conversion in
the presence of mineral solids was predominantly cationic despite the froth being slightly alkaline

[9, 29].

In this study, selected chemical species were monitored in order to get detailed information on how
water and minerals influenced hydrogen transfer, cracking, and addition reactions during thermal

treatment of froth.

4.2 Experimental Section

4.2.1 Materials

The froth used in this study was obtained from a Canadian oilsands mining plant. The character-
ization of the bitumen phase separated from the froth is shown in Table 4.1 [9]. The amount of
bitumen, water, and solids in the froth sample was 65.24+2.7 wt%, 20.94+2.6 wt%, and 8.4+0.9
wt%, respectively [10]. The composition of the solids separated from froth has been previously re-
ported and revealed quartz (53 wt%) and kaolinite (26 wt%) as the most abundant minerals [9]. The
characterization of the water phase extracted from froth has also been reported in a prior study, re-
vealing a slightly alkaline nature (pH = 8.3) and identifying the primary ions within its composition
as Na™ (722 pg/g) and C1~ (812 mg/L) [9]. The simulated distillation profile of bitumen is shown
in Figure 4.1. At the final boiling point given by the simulated distillation analysis, 80 wt% of the
material had been distilled. The initial boiling point of 187 °C and the amount of non-distillable
fraction (50 wt% material with an atmospheric equivalent boiling point higher than 550 °C) for the

bitumen used in the study are in agreement with the distillation characteristics of bitumen [1].

A commercially produced kerosene (obtained from a Canadian refinery) was employed to resemble
the dilution used during the naphthenic froth treatment and to allow the separation of mineral solids
and water for the preparation of the reaction feed. The characterization of kerosene is also shown in
Table 4.1 [10]. The simulated distillation profile of kerosene is shown in Figure 4.1. The kerosene
used in the study presented a boiling point distribution that ranged from 96 to 273 °C, and it is

strictly speaking a heavy naphtha and kerosene fraction.
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Table 4.1: Characterization of the kerosene and bitumen used in the study.

Property” Kerosene Bitumen

Viscosity at 25 °C (Pa-s) 1.3x107° 78
Density at 25 °C (kg/m?) 805.1 1010.3
Refractive index at 25 °C 1.4479 1.5751
Elemental composition (wt%)

C 86.2 82.9

H 13.8 104

N <0.2 0.5

S 0 4.8

O 0 1.4b
Aromatic H Content (%) 4.2 7.1
Aromatic C Content (%) 12.1 25.4

“Details on the equipment and methodology employed for obtaining each characterization

property have previously been reported [10]. “Oxygen amount calculated by difference.

The chemicals used for feed preparation and feed and product analyses, as well as the cylinder gases
used in this study, are listed in Table 4.2. The commercial standards used to verify the identity of

species in the chromatograms are listed in Table B.4 in Appendix B.
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Figure 4.1: Simulated distillation profiles of bitumen and kerosene used in the study.

Table 4.2: List of chemicals and cylinder gases used in the study.

Compound Formula ~ CASRN®  Purity (%)" Supplier
Chemicals
AMS (a-methylstyrene)  CgHyg 98-83-9 99 Sigma Aldrich
biphenyl Ci2Hyp 92-52-4 99.5 Sigma Aldrich
carbon disulfide CS, 75-15-0 99.99 Fisher Scientific
cumene CoH;9 98-82-8 98 Sigma Aldrich
methanol CH;0H 67-56-1 99.9 Fisher Scientific
Cylinder gases
nitrogen Ny 7727-37-9 99.999¢ Praxair
air 0s/Ny  132259-10-0 - Praxair
hydrogen H, 1333-74-0 99.999¢ Praxair
helium He 7440-59-7 99¢ Praxair

“Chemical Abstracts Services Registry Number (CASRN); *Purity of material
provided by the supplier. Material was not further purified; “Mol% purity.
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4.2.2 Equipment and Procedure

4.2.2.1 Separation of water and solids from bitumen for preparation of experiments

Water and solids separation from bitumen froth was necessary to prepare the feed for the experi-
ments as well as the products for analysis. For this separation, it was necessary to dilute bitumen
with kerosene (20 wt% of kerosene in relation to bitumen). The complete protocol for water and
solids separation has been reported before [10]. The kerosene-diluted bitumen free from water and

solids is referred to as diluted bitumen (DB).

Four types of reaction systems were used in the experiments for the thermal treatment: diluted
bitumen + water + solids (DB+W+S), diluted bitumen + water (DB+W), diluted bitumen + solids
(DB+S), and diluted bitumen alone (DB). All the products had solids and water removed prior to
analyses, whereas kerosene was kept in the feed and products of all reaction systems (i.e., there
was no kerosene removal before or after the reactions). The water content in the bitumen products
from a prior study, which employed the same separation protocol, has been reported to be less than

1 wt% for most of the products [10].

4.2.2.2 Thermal treatment and control experiments

The thermal treatment of the samples described in Section 4.2.2.1 was carried out using a 25-
mL batch microreactor built with 316 stainless steel Swagelok tubing and fitting, equipped with
a pressure gauge and an inserted thermocouple. The feeds for the four types of reaction systems
investigated in this experimental setup are listed in Table 4.3. AMS was added to all reaction
systems at a concentration of 30 wt% AMS in relation to the amount of diluted bitumen (DB),

which comprised of 80 wt% bitumen and 20 wt% kerosene.
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Table 4.3: Feed composition of materials used in the thermal treatment.

Content (wt%)

System” - - ; -
Bitumen mixture Water Solids
DB+W+S 83 10 7
DB+W 91 9 -
DB+S 92 - 8
DB 100 - -

“DB - Diluted Bitumen (80 wt% bitumen + 20 wt% kerosene); W — Water;
S — Solids. °56 wt% bitumen, 14 wt% kerosene, and 30 wt% AMS.

In a typical reaction, around 14 g of feed was loaded into the reactor, which was then closed,
purged three times with nitrogen (purging pressure of 5 MPa), and then pressurized to 1 MPa (the
same initial pressure was used for all reaction systems). The reactor was subsequently placed in a
fluidized sand bath heater (Omega Fluidized Bath FSB-3), which had been preheated to 400 °C. The
reactor was kept at near-isothermal conditions for around 3 min after the reaction medium inside
the reactor reached 400 °C. The reactor was then withdrawn from the sand bath and cooled using
a room-temperature compressed air stream. The temperature inside the reactor was monitored
throughout the entire reaction time, and the temperature was recorded every 1 minute from the
moment the reactor was immersed into the sand bath until it was removed and cooled to 50 °C. The

reactions were carried out in duplicate.

In order to decouple the relative contributions of bitumen and kerosene to the conversion of AMS
during thermal treatment of DB, a total of four control experiments were carried out in the absence
of any water or solids: bitumen + kerosene (B+K), bitumen + AMS (B+AMS), kerosene alone (K),
and kerosene + AMS (K+AMS). The bitumen used in the control experiments was also obtained
from the original froth sample, and separation of water and solids followed the same method men-
tioned in Section 4.2.2.1, except for the system B+AMS, in which AMS was used to dilute the

bitumen and allow solids and water separation rather than kerosene.

The feeds used for the control reactions are shown in Table 4.4. The concentration of each com-
ponent followed the same relative concentration between the components as used in the thermal
treatment experiments. For instance, AMS was added to the feed of the thermal treatment experi-

ments at a concentration of 30 wt% in relation to the amount of kerosene-diluted bitumen (20 wt%
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of kerosene in relation to bitumen), which corresponded to a concentration of 35 wt% of AMS
in relation to bitumen alone. One additional control experiment with bitumen and cumene (B+C)
analogous to B+AMS was performed (not shown in Table 4.4) to determine cumene conversion. It
was previously reported that cumene was a terminal product at 250 °C [35], but that was unlikely

to be valid for conversion at 400 °C.

The same reactor and conditions used in the thermal treatment experiments were applied to the
control experiments. The reaction systems containing B+AMS and K+AMS were performed in

duplicate, while only one reaction was carried out for the systems B+K and K.

Table 4.4: Feed composition used for the control experiments.

Content (wt%)

System® —

Bitumen Kerosene AMS
B+K 80 20 -
B+AMS 65 - 35
K - 100 -
K+AMS - 32 68

B — Bitumen; K — Kerosene.

The quantification of AMS and cumene for the purpose of evaluating the conversion of AMS and
the extent of hydrogen transfer during the thermal treatment experiments and the control experi-
ments was performed through gas chromatography with flame ionization detection (GC-FID). The
changes in bitumen composition due to the thermal treatment were evaluated through gas chro-

matography coupled with mass spectrometry (GC-MS).

The extraction of compounds from bitumen was performed with methanol at ambient conditions.
The choice of methanol as the extraction solvent had the dual objective of minimizing the dilution
of the heaviest species in bitumen and ensuring effective extraction of AMS and its products. A
previous study has demonstrated the feasibility of methanol to extract AMS and its products from

asphaltenes [35].

Prior to stirring for 15 min, a known amount of biphenyl was added to the product/methanol mixture

as an internal standard to all the samples to be analyzed through the GC-FID. The extraction of
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products for GC-FID analyses was performed by diluting the product with a product-to-methanol
mass ratio of 1:7.6, while the extraction for GC-MS analyses was performed by diluting the product
with a product-to-methanol mass ratio of 1:3.8. Details on the extraction efficiencies are given in

the Results section. Only the methanol extracts were analyzed by gas chromatography.

4.2.2.3 Analyses

Simulated distillation was carried out through gas chromatography on an Agilent 7890B with a
flame ionization detector. The column used was the DB-HT-SIMDIS column (5 m x 0.53 mm X
0.15 pm). The injection volume was 0.5 pL., and helium was used as a carrier gas. The samples
were prepared by dissolving 100 mg of the analyte in approximately 12 g of CS,. The temperature
program started at 50 °C with no hold time, after which the temperature was increased to 425 °C at

arate of 15 °C/min, at which temperature was kept constant for 10 min.

The instrument used for GC-FID analyses was an Agilent 7890A, and separation occurred in an Ag-
ilent J&W VF-200ms capillary column (30 m x 0.25 mm x 0.25 um). A split/splitless injector was
employed with a split ratio of 100:1 and an injection volume of 0.2 L. The injector temperature
was 250 °C. Nitrogen was used as the carrier gas with a flow rate of 1.5 mL/min. The temperature
program started at 100 °C with no hold time, after which the temperature was increased to 220
°C at a rate of 10 °C/min and then increased from 220 °C to 300 °C at a rate of 5 °C/min, being
held at 300 °C for 5 min. The samples obtained from the methanol extraction (refer to Section
4.2.2.2) were injected into the GC-FID without any further dilution. Calibration curves for AMS
and cumene in methanol were built for the quantification of these compounds and are reported in

Appendix B (Tables B.1-B.2 and Figures B.1-B.2, in Section B.1).

The instrument used for GC-MS analyses was an Agilent 7820A coupled with a 5977E mass spec-
trometer, and separation was performed in a HP-PONA column (50 m x 0.20 mm X 0.5 pm), using
hydrogen as carrier gas with a flow rate of 1 mL/min, an injection volume of 0.5 pL, and a split
ratio of 23:1. The injector temperature was 250 °C. The temperature program started at 36 °C with
a hold time of 5 min, after which the temperature was increased to 125 °C at a rate of 3 °C/min
and then increased to 325 °C at a rate of 4 °C/min, being held at 325 °C for 5 min. The methanol

extraction samples were injected without any additional dilution. The NIST MS Search 2.0 pro-
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gram was used to identify compounds in the feed and reaction products by matching their mass
spectra to those found in the National Institute of Standards and Technology (NIST) mass spectral
library. The identity of specific peaks suggested by the NIST library was confirmed using commer-
cial standards that were added to some of the thermally treated products and then analyzed in the
GC-MS. Confirmed identities through the use of commercial standards are indicated to distinguish

those from identities based only on mass spectral assignment.

4.2.2.4 Calculations

The temperature recorded every 1 minute inside the reactor during the entire reaction period was
used to calculate the equivalent residence time (ERT) at 400 °C, as specified by Yan [36] and
shown in Eq. 4.1, where At; are the 1-minute intervals containing two recorded temperatures (7
and T11), Trep = 673.15 K (400 °C), E,, = 209500 J mol~', and R = 8.314 J mol ' K~'. The ERT

for each reaction is presented in the Results section.

” E, 1 1
ERT at Thy = Z; At; x exp (_E) T+Tn T (4.1)
B 2

A quantitative indication of the extent of hydrogen transfer reactions was obtained by determining
the selectivity of AMS conversion to cumene, which was calculated according to Eq. 4.2 by using

the mass (m, g) of cumene and AMS obtained through calibrated GC-FID quantification.

- m j duct
Selectivity to cumene (%) = e x 100 (4.2)
MAMS in feed — TVAMS in product

A semi-quantitative assessment of the relative amounts of compounds identified in the GC-MS
chromatogram was obtained by comparing the area of the compounds to the total area of the chro-
matogram. The areas under the peaks were obtained by using the Agilent MassHunter Qualita-
tive Analysis software, version B.06.00. The total area of the GC-MS chromatogram (A;y:q;) Was
used to calculate the relative area percentage (RAP) of selected compounds from the area of each
compound (Acompound) according to Eq. 4.3. The total area excluded the areas of methanol and

biphenyl in the chromatogram because these compounds were added during the extraction (see
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Section 4.2.2.2).

ACO’ITL OUTY
RAP(%) = ﬁ x 100 (4.3)

4.3 Results

4.3.1 Reaction severity and gas formation

The temperature profile inside the reactor during the thermal treatment and control experiments
was recorded throughout the entire reaction time. The intention was to perform all the experiments
at the same severity by keeping the reactor at near-isothermal conditions at 400 °C for 3 min (refer
to Section 4.2.2.2), but practically thermal conversion starts at temperatures way below 400 °C,
and the impact of heating and cooling periods had to be accounted for in terms of ERT (eq. 4.1).
The ERT at 400 °C values calculated from the measured temperature versus time data are reported

in Table 4.5.

Although all the reaction systems were pressurized to 1 MPa prior to the reaction, the water-
containing systems were expected to reach higher pressures at the reaction temperature (400 °C). In
order to report the actual pressure during the reaction in a near-isothermal condition, the pressure
achieved at 400 °C for each experiment is listed in Table 4.5. The contribution of auto-generated
pressure because of water in systems DB+W+S and DB+W increased their pressure to values that
were equal to or higher than double the auto-generated pressure in systems DB+S and DB. The
auto-generated pressure during the control reactions increased to similar levels (from 1 MPa to

2.5-2.8 MPa).

Gas formation is expected during the thermal treatment of bitumen and is usually noticed as an
increase in reactor pressure at the end of the reaction. However, after the reaction was completed
and the reactor was cooled to room temperature, no change in pressure was observed (i.e., the gauge
reading indicated exactly the same initial pressure of 1 MPa). Nevertheless, the characteristic smell
of hydrogen sulfide was still present in the liquid samples even after releasing the pressure from the

reactors inside the fumehood, indicating the formation of gases during the thermal treatment. The
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not-detected increase in pressure at the end of the reactions could be a result of dissolved gases in

the liquid phase at 1 MPa.

The gas phase was not analyzed to narrow the scope of the study, which primarily focused on the
analysis of the liquid phase. However, the gas was quantified by subtracting the weight of the open
reactor containing the products (after the reactor was cooled to room temperature and the gases
were released in the fumehood) from the weight of the open reactor plus feed. The gas formation
during thermal treatment and control experiments is reported in Table 4.5. Because of the high
variability in the amount of gas formed during the thermal treatment, it was not possible to identify
if the presence of water and solids had any effect on the formation of gas during the treatment. The
presence of AMS in the control systems B+AMS and K+AMS resulted in a slightly higher amount
of formed gas compared to the systems in the absence of AMS. The main gases expected from the

AMS conversion are hydrogen, ethylene, propylene, and C;—-C4 [37].

Table 4.5: ERT at 400 °C, maximum pressure achieved during reaction, and amount of generated
gas after cooling to room temperature for the thermal treatment and control reactions.

ERT at 400 °C  Pressure at 400 °C Gas formation (mg of

System v b ) "
(min) (MPa) formed gas/g of bitumen)

Thermal Treatment x S X s
DB+W+S 4.6 1 4 12.7 5.9
DB+W 4.9 0.1 4.5 26.7 7.8
DB+S 4.2 0.2 2 38.2 7.3
DB 3.6 0.2 2 454 9.8
Control Reactions

B+K 4.7 -¢ 2.5 6.9 -
B+AMS 4.9 0.2 2.5 27.4 9.3

K 4.7 - € 2.5 9.3¢ -©
K+AMS 48 0.1 2.8 18.3¢ 8.4

“Average (x) and sample standard deviation (s) of experiments in duplicate.
’Initial pressure was 1 MPa for all reaction systems. “Only one reaction

was carried out for this reaction system. “Unit of mg of formed gas/g of kerosene.
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4.3.2 Material balance

Due to the nature of the separation of solids and water as described in Section 4.2.2.1, the overall
material balance to account for gas, liquid (diluted bitumen and water), and solids in the product
was not performed. First, the centrifuged solids at the bottom of the centrifuge tube were coated
with bitumen and some trapped water (in the water-containing systems), making accurate mass
measurements of different phases difficult. Second, the amount of solids and residual liquid that
remained trapped inside the filtration system (including the filtration vessel, the tubing, and the
tee-type filter) also made the material balance impractical. However, the lack of data on the overall
material balance of the performed reactions was not detrimental to the results needed to achieve the

proposed objectives of this study.

Although an overall material balance was impractical in this study, a semi-quantitative material bal-
ance on AMS in the feed and unconverted AMS + AMS-derived products was done and is reported
in Table 4.6. This material balance was calculated based on the RAP of AMS and AMS-derived
products obtained from the GC-MS results (see Tables B.13 and B.14 in Appendix B). The main
AMS-derived products used for the material balance calculations were determined by monitoring
variations in the RAP of feed and products of control reactions (Table B.14 in Appendix B). Near-

complete extraction of AMS in methanol was observed (refer to Section B.2 in Appendix B).
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Table 4.6: Material balance on AMS in the feed and AMS + AMS-derived products.

Relative area percentage (%)

System AMS balance (%)
AMSin AMSin  Total AMS-derived
the feed the product  products formed”
Thermal Treatment
DB+W+S 75.6 42.5 26.2 91
DB+W 75.6 34.2 31.8 87.3
DB+S 75.6 14.5 56.3 93.7
DB 75.6 12.8 56.9 92.3
Control Reactions
B+AMS 99.4 10.6 86.2 97.4
K+AMS 78.4 41.4 39.5 103.3

“Total AMS derived products based on the amount of benzene, toluene, ethylbenzene,
cumene, n-propylbenzene, tert-butylbenzene, sec-butylbenzene, m-cymene, p-cymene,
2-phenyl-2-propanol, and products with a retention time higher than 50 min. *The
AMS balance was calculated based on the amount of total products formed plus the
unconverted AMS, divided by the amount of AMS in the feed.

4.3.3 AMS conversion and cumene selectivity

Previous studies in the bitumen-related literature have already shown the suitability and application
of AMS as a probe molecule to evaluate, both qualitatively and quantitatively, hydrogen transfer
reactions during bitumen conversion [27, 35]. Natural hydrogen donor species are already present
in bitumen, and, therefore, no external hydrogen source was added during these experiments [38].
The partitions of AMS and cumene in methanol and the bitumen phase were analyzed, and near-

complete extraction was observed for both components, as shown in Table B.3 in Appendix B.

The conversion of AMS and the selectivity of AMS conversion to cumene during thermal treat-
ment are shown in Table B.4. The results of the control reactions containing AMS (B+AMS and

K+AMS) are also reported in the same table.
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Table 4.7: AMS conversion and selectivity to cumene measured by GC-FID.

System AMS Conversion (%)* Selectivity to cumene (%)*
Thermal treatment’ X s X s
DB+W+S 32 5 87 1
DB+W 47 5 73 3
DB+S 77 5 84 2
DB 84 2 65 0
Control Reactions
B+AMS 90 3 63 2
K+AMS 52 2 8 1

“ Average (x) and sample standard deviation (s) of experiments in duplicate. "AMS
concentration was kept constant for all thermal treatment experiments (30 wt% of AMS
in relation to the amount of diluted bitumen, which was the same as 35 wt% of AMS in

relation to bitumen alone and 68 wt% of AMS in relation to kerosene alone).

The conversion of AMS (Table 4.7) varied in the range of 32-90%, while the severity (by mea-
surement of the ERT at 400 °C, shown in Table 4.5) of the reactions varied in the range of 3.6—4.9
min. However, the increase in ERT was not necessarily followed by an increase in conversion
because the systems with the lowest severities (DB+S and DB) presented the highest AMS con-
versions. These results indicated that the components in the reaction systems had an influence on

AMS conversion, as expected.

The different components in the reaction systems had an impact not only on the conversion of AMS
but also on the selectivity of AMS conversion to cumene. For instance, at a near-similar conver-
sion, the systems DB+W and K+AMS had an order of magnitude difference in their selectivity to

cumene.

4.3.4 Compositional changes in the bitumen phase

A detailed monitoring of the species formed during the thermal treatment in this study was carried
out to evaluate the impact of water and mineral matter on the reaction pathways in the reaction

network during the treatment.
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The composition of species in the methanol extract after thermal conversion of the thermal treat-
ment experiments and control experiments was determined by GC-MS. Out of the 83 monitored
compounds, 77 had their identities confirmed using commercial standards. Table B.4 in Appendix
B lists the commercial standards utilized in this study by their ascending order of retention time

(RT) in the GC-MS chromatograms.

The chromatograms for all the thermal treatment reactions and control experiments B+AMS and
K+AMS are shown in Figures B.3-B.18 in Appendix B. The monitored components were assigned
peak identifiers to improve the readability of the peaks labeled in the chromatograms. Although
some of the monitored compounds were not detected (ND) in the chromatograms, the peaks at the
exact retention times where they would elute were labeled with their respective peak identifiers to
indicate that these compounds were not present in the sample or in such a low concentration that it

was below the detection limit of the GC-MS equipment.

The relative abundance of the monitored compounds was calculated before and after the treatment
in terms of the relative area percentages (RAP) based on Eq. 4.3. Although the list of monitored
components was extensive, in this section only the components relevant to the objectives of the
study are presented, which will be justified in the Discussion Section. Complete lists of all the
monitored components in the thermal treatment experiments and the control reactions are shown in

Tables B.13 and B.14 in Appendix B.

The results of the RAP of selected compounds for both thermal treatment and control experiments
are presented in this section. The results were divided by two regions of the chromatogram to
improve the data presentation: compounds with retention times (RT) less than and higher than
50 min. The division at 50-min retention time was chosen because most compound identities
were confirmed using commercial standards in the RT < 50 min region, whereas most compound
identification in the RT > 50 min region was done solely by mass spectral assignment. The RAP of
selected compounds with retention times lower than and higher than 50 min in the thermal treatment
experiments are reported in Tables 4.8 and 4.9, respectively. Tables 4.10 and 4.11 contain the RAP
of selected compounds from the control experiments with RT lower than 50 min and RT higher than
50 min, respectively. Figure 4.2 illustrates the tentative structures of the species listed in Tables

4.9 and 4.11. The interpretation of the mass spectra and reasoning that led to the manual structure
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assignments in Figure 4.2 can be found in Section B.5 in Appendix B.

There was some evidence of on-column cracking of heavier addition products [39]. For example,
compounds H2 and H3 had mass spectra similar to compounds G7 and G8 (i.e., C;gHyy isomers
with tentative structures shown in Figure 4.2). The elution of the species indicated as Hy and Hj
at higher retention times despite having mass spectra corresponding to C;gHyo isomers indicated
that on-column cracking was likely. While evidence of on-column cracking of heavy products was
observed, the results from the B+AMS control system (refer to Table 4.10) indicated that there was

no on-column cracking of AMS during the GC-MS analyses.

To assess the reactivity of cumene, a control experiment including the thermal treatment of bitumen
with cumene (B+C) was also carried out. The cumene was mostly unconverted, although a small
amount of ethylbenzene (0.1 wt%) and n-propylbenzene (0.2 wt%) were found in the reaction
product. Given the limited number of species identified in this reaction system, the results were

reported in a separate table (Table B.15 in Appendix B) to improve the readability of Table 4.10.

136



Table 4.8: Abundance of selected compounds in the methanol extract from the thermal treatment experiments with a retention time lower
than 50 min.

Peak Retention Relative area percentage (%)
Compound Formula

identifier Time (min) Feed DB+W+S DB+W DB+S DB

benzene CsHg A2 6.3 0.01 ND° 0.02 0.06  0.06
toluene C,Hg A6 11.0 0.09 0.06 0.37 035 0.32
ethylbenzene CsHyg B2 16.2 0.03 1.28 2.40 513 5.22
styrene CgHg B5 17.7 ND ND ND ND ND
cumene CyoHy» B8 20.0 0.04 19.15 2232 38.09 38.41
n-propylbenzene CoHio C2 21.7 0.11 0.23 0.36 0.77  0.67
AMS CoHyg C6 23.1 75.57 42.54 34.19 1451 12.81
tert-butylbenzene CioHiy C7 23.9 0.66 0.65 0.77 0.65 0.68
isobutylbenzene CioH14 C8 24.8 ND ND ND ND ND
sec-butylbenzene CioH1s C9 24.9 0.10 0.62 0.78 1.54 141
m-cymene CioH1s C13 25.6 0.10 0.11 0.14 0.14  0.15
p-cymene CioH1s Cl4 25.7 0.12 0.17 0.17 0.22 0.23
indane CyHyp Dl 26.0 0.08 0.08 0.09 0.07  0.06
indene CoHg D2 26.4 ND ND ND ND ND
o-cymene CioH14 D3 26.5 ND ND ND ND ND
n-butylbenzene CioH1s D8 27.3 0.09 0.09 0.12 0.14 0.14
2-phenyl-2-propanol  CyH;2,0 D11 28.4 ND 0.23 0.08 ND ND
tetralin CioH1o D18 32.8 0.11 0.08 0.08 0.04 0.04
naphthalene CioHg D20 33.7 ND 0.01 0.02 0.03 0.03

Continues on the next page
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Peak Retention Relative area percentage (%)

Compound Formula
identifier Time (min) Feed DB+W+S DB+W DB+S DB
2-methylnaphthalene  C;1Hjg E3 38.8 0.15 0.22 0.25 0.22  0.23
I-methylnaphthalene  C;1Hjq E4 39.5 ND 0.07 0.09 0.13 0.12

“Peak identifier according to the labelled compounds in the chromatograms shown in Section B.4
in Appendix B. °ND = Not detected.

Table 4.9: Abundance of compounds with retention times higher than 50 min in the methanol extract from the thermal treatment
experiments.

Compound Formula Peak RT (min) Relative area percentage (%)

identifier” Feed DB+W+S DB+W DB+S DB
C1gHyo — isomer* C15Hyp Gl 532  ND’ ND ND ND ND
Cy7H5 — isomer® Cy7Hyg G2 54.8 ND 0.09 0.13 0.28 0.26
Cy3Hgs — isomer® CigHso G3 55.2 ND 0.66 0.76 1.35 143
C13Hgs — isomer® CigHso G4 55.5 ND 0.67 0.76 1.39 149
dicumene* C1gHa, G5 56.0 ND ND ND ND ND
Cy3Hyg — isomer® Ci3Hag G6 56.6 ND 0.22 0.18 0.18 0.16
Cy5Hyy — isomer® C15Hy G7 59.2 ND 0.63 0.78 1.56 145
Cy3Hyo — isomer® CisHs G8 59.4 ND 0.60 0.76 1.57 144
Cy3Hig — isomer® CigHig G9 60.0 ND 0.34 0.46 0.91 1.19
C,7Hy4 —isomer® Ci7His G10 60.1 ND 0.05 0.04 0.14  0.09
Cy5H1g — isomer® CisHis Gl1 60.6 ND 0.14 0.17 0.37 047

Continues on the next page
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Peak Relative area percentage (%)

Compound Formula RT (min)
identifier” Feed DB+W+S DB+W DB+S DB
ClgHQO — isomer® ClgHQO H1 63.1 ND 0.02 0.02 0.04 0.04
D iti duct isti f
ecomp.051 ion products consisting o e o 4.8 ND ND ND ND ND
C,sHy( isomers “¢
Decomposition products consisting of
-° H3 75.0 ND ND ND ND ND
CisHjy isomers®©
Total ds with RT bet
ot compounas wi crweetl i i i ND 483 542 10.16 10.54
50 and 62 min
Total compounds with RT between
- - - ND 0.18 0.19 0.4 0.52
62 and 80 min

“Peak identifier corresponding to the labelled peaks in the chromatograms shown in Section B.4 in Appendix B.
’ND = Not detected. “Compound identification based on mass spectral assignment, and not through

the use of commercial standard. “Commercial standard used for compound identification. “The MS spectra of
these compounds (Figures B.30 and B.31 in Appendix B) is similar to those of C;5Hsy isomers but

their elution at high retention times indicated that they might be product from in-column cracking of heavier species.
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Table 4.10: Abundance of selected compounds in the methanol extract from the control experiments with a retention time lower than 50
min.

Peak Retention Relative area percentage (%)
Compound Formula : dentifier? Time B+K B+AMS K K+AMS
(min) Feed Product Feed Product Feed Product Feed Product
benzene CsHg A2 6.3 ND? ND ND 0.06 002 0.01 ND 0.01
toluene C,Hg A6 11.0 098 097 ND 025 035 034 007 0.16
ethylbenzene CsHyo B2 16.2 0.41 0.33 ND 6.13 0.15 0.11 0.03 255
styrene CgHg B5 17.7 ND ND ND ND ND ND ND ND
cumene CoHy5 B8 20.0 0.19  0.18 ND 6603 019 022 004 355
n-propylbenzene CoHio C2 21.7 0.54 048 ND 053 038 037 008 0.20
AMS CoHyo C6 23.1 ND ND 99.39 1060 ND ND 78.35 41.40
tert-butylbenzene CioH1y Cc7 23.9 309 290 0.03 007 241 237 049 044
isobutylbenzene CioH1s C8 24.8 ND ND ND ND ND ND ND ND
sec-butylbenzene CioHis c9 24.9 0.41 0.36  0.03 145 046 045 0.09 0.26
m-cymene CioH1s C13 25.6 042 042 ND 005 033 035 007 0.15
p-cymene CioH1y Cl4 25.7 029 028 0.03 0.18 031 033 007 0.13
indane CoHyo D1 26.0 025 024 ND ND 0.17 0.18 0.06 0.02
indene CyHg D2 26.4 ND ND ND ND ND ND ND ND
o-cymene CioHy D3 26.5 ND ND ND ND ND ND ND ND
n-butylbenzene CioH1s DS 27.3 0.25 0.36 ND 0.05 028 027 005 0.06
2-phenyl-2-propanol  CgH;5,0 DI11 28.4 ND ND ND ND ND ND ND ND
tetralin CioHi1o D18 32.8 0.52 042 ND ND 045 044 0.09 0.12
naphthalene CioHg D20 33.7 ND 0.02 ND ND ND ND 0.00 0.03

Continues on the next page
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Retention Relative area percentage (%)

Compound Formula idel::?i;(er“ Time B+K B+AMS K K+AMS
(min) Feed Product Feed Product Feed Product Feed Product
2-methylnaphthalene  C;;H;g E3 38.8 0.68 0.71 ND ND 0.73 0.70  0.15 0.15
1-methylnaphthalene  C;;H;g E4 39.5 ND ND ND ND 0.11 0.13 0.02  0.10

“Peak identifier according to the labeled compounds in the chromatograms shown in Section B.4 in the
Appendix B. °ND = Not detected.

Table 4.11: Abundance of compounds with retention times higher than 50 min in the methanol extract from the control experiments
B+AMS and K+AMS.

Relative area percentage (%)“
Peak RT

Compound Formula e 4 . B+AMS K+AMS
identifier® (min)
Feed Product Feed Product
C15Hag — isomer® C15Hao Gl 53.2 ND’ ND ND 0.10
Cy7Hy — isomer® C17Hy G2 54.8 ND 0.34 ND 0.54
C13Hgs — isomer® CigHao G3 55.2 ND 1.84 ND 0.44
C13Hgs — isomer® CigHao G4 55.5 ND 1.9 ND 0.52
dicumene® Ci3Hoo G5 56.0 ND ND ND ND
Cy8Hy — isomer® Ci5Ho G6 56.6 ND 0.16 ND 12.72
C13Hy — isomer® C15Ha G7 59.2 ND 1.4 ND 4.54
C13Hy — isomer® C15Hag G8 59.4 ND 1.39 ND 33
C,sH;5 — isomer® CisHis G9 60.0 ND 1.37 ND 1.78

Continues on the next page
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Relative area percentage (%)“

Peak RT
Compound Formula e 4 . K+AMS
identifier® (min)
Feed Product Feed Product
C,7Hy4 —isomer® Ci7Hyy G10 60.1 ND 0.16 ND 0.02
Clngg — isomer® Clngg Gl11 60.6 ND 0.59 ND 1.92
C19H20 — isomer® C19H20 H1 63.1 ND 0.06 ND 0.72
Decomposition product consisting of /
i - H2 74.8 ND ND ND 0.44
C,5Hyo isomers®f
Decomposition product consisting of /
i - H3 75.0 ND ND ND 0.62
C15Hyp isomers®/
Total compounds with RT between
- - - ND 11.45 ND 28.58
50 and 62 min
Total compounds with RT between
- - - ND 0.7 ND 4.41

62 and 80 min

“None of the listed compounds were detected in the feed or products of systems B+K and K, and to improve readability,

those results were omitted from the table. "ND = Not detected. “Compound identification based on mass spectral

assignment only, and not through the use of commercial standard. Peak identifier corresponding to the labeled peaks in

the chromatograms shown in Section B.4 in Appendix B. “Commercial standard used for compound

identification. /The MS spectra of these compounds (Figures B.30 and B.31 in Appendix B) is similar to

those of C;gHyg isomers but their elution at high retention times indicated that they might be product from in-column

cracking of heavier species.
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Figure 4.2: Tentative structures of species identified in regions G and H of chromatograms
(Figures B.15-B.18 in Appendix B). Assignment of G5 as dicumene was confirmed with a com-

mercial standard. Structures of other species were based on mass spectra as discussed in Sections
B.7 and B.8 in Appendix B.
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4.4 Discussion

4.4.1 Influence of the system on AMS conversion

When comparing the AMS conversion of different reaction systems in the thermal treatment ex-
periments (Table 4.7), two observations became immediately apparent. First, the highest AMS
conversion (84 + 2%) was achieved in the absence of water and solids (i.e., system DB). This was
found despite DB being the thermal treatment experiment with the shortest ERT (Table 4.5). Sec-
ond, the presence of water in the water-containing systems caused a major decrease in the AMS

conversion while the presence of solids caused only a minor decrease in the AMS conversion.

The high AMS conversion achieved in system DB (84 + 2%) was comparable to the one achieved
in the control reaction B+AMS (90 + 3%). It is important to remember that the system B+AMS was
not diluted with kerosene. Therefore, the similar conversions between these two systems suggested
that the dilution of bitumen with kerosene, as applied in all the thermal treatment experiments,

did not significantly impact the overall AMS conversion. However, the conversion of AMS with
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kerosene (K+AMS) resulted in a lower AMS conversion (52 + 2%) at comparable ERT than the
system B+AMS. This finding suggested that, in addition to the species found in kerosene, other
compounds within bitumen may have played a role in the chemical transformations involved in

AMS conversion. This is further discussed in Section 4.4.4.

4.4.1.1 Impact of water on AMS conversion

The conversion of AMS during the thermal treatment of bitumen is expected to rise as the resi-
dence time increases [35]. However, the highest AMS conversions during the thermal treatment
experiments were observed for the systems that presented the shortest residence times (i.e., DB and
DB+S, with AMS conversions of 84 + 2% and 77 + 5%, and ERT of 3.6 + 0.2 min and 4.2 + 0.2
min, respectively), whereas the lowest AMS conversions (32 + 5% and 47 + 5%) were achieved
in the water-containing systems. These results indicated that the presence of water definitely sup-
pressed the conversion of AMS and that the lower conversions obtained in the water-containing

systems were not due to the small differences in the severity of the treatment.

The results did not provide clarity on whether water had a direct effect (such as through direct
chemical or physical interaction with AMS) in lowering the AMS conversion or if water had an
indirect influence on other properties of the reaction medium, which subsequently led to the lower
AMS conversion. Water interfered with several types of reactions taking place during the treatment.
Evidence for this can be found in products that were observed only when water was present in the
system. This is discussed in Section 4.4.2.4. Beyond this, only speculative explanations for the

observed suppression of AMS conversion by water can be offered.

One potential indirect effect of water that could have influenced AMS conversion was the higher
pressure in the water-containing systems. The auto-generated pressure of water during the thermal
treatment (Table 4.5) resulted in higher pressure in the systems DB+W+S and DB+W (4.0 and 4.5
MPa, respectively) as compared to the maximum pressure achieved in the systems DB+S and DB
(2 MPa). The critical temperature and pressure of AMS are 372 °C and 3.55 MPa, respectively,
indicating that it became a supercritical fluid in the water-containing systems but remained sub-
critical in systems DB+S and DB [40]. Fluid properties such as viscosity, diffusivity, dielectric

constant, and solubility are known to change drastically at supercritical conditions and can thus
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affect reaction rates [41, 42]. The changes in properties of AMS at supercritical conditions as
compared to subcritical conditions could have resulted in a decreased conversion of AMS in the
water-containing reaction systems, but further pursuit of this line of investigation was beyond the

scope of this study.

4.4.1.2 TImpact of mineral solids on AMS conversion

The presence of mineral solids in systems DB+S, which had similar ERT to system DB (Table 4.5),
did not appear to have influenced the AMS conversion (77 = 5% in system DB+S and 84 + 2% in
system DB, Table 4.7). The system DB+W+S had a lower conversion than DB+W (32 + 5% vs.
47 £ 5%), but it also had the highest standard deviation in its ERT (s = 1.0 min) when compared
to the other systems, making it difficult to affirm that the lower conversion in that system was due
to the presence of solids rather than the variation in its ERT. These results suggested that, if solids
had any impact in suppressing AMS conversion, this impact was minor when AMS was reacted in

the presence of solids alone.

One potential mechanism by which mineral solids from froth could hinder the conversion of AMS
is by amplifying free radical termination by acting as radical scavengers. The primary minerals
identified in the froth solids used in this study were quartz and kaolinite, constituting 53 wt%
and 26 wt%, respectively (refer to Section 4.2.1). Clays like kaolinite are recognized for their
ability to both donate and accept electrons [43]. On the other side, quartz is chemically inert
and has a very stable crystalline structure [44]. Rutile and anatase, present in smaller proportions
within the froth solids, are acknowledged for their ability to donate electrons [45]. If the rate of
electron acceptance surpasses electron donation, free radical termination over these solids could be
heightened in comparison to free radical initiation or propagation, potentially resulting in a decrease
in AMS conversion. This effect is likely to be minor during thermal conversion in the presence of

mineral solids.

4.4.1.3 Synergistic effect of water and mineral solids on AMS conversion

After discussing the individual impacts of water and solids on AMS conversion, there was also an
interest in assessing the potential synergistic effect of both water and solids on AMS conversion.

Fan et al [46]. Suggested that minerals and steam had a synergistic effect on the composition and
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viscosity of heavy oils during thermal treatment at 240 °C. In the current study, the observed hin-
drance of AMS conversion by mineral solids appeared to be somewhat more pronounced in the
presence of water, even when accounting for variability in severity and conversion across other re-
action systems. Minerals present in bitumen froth, including both clays like kaolinite and non-clay
minerals such as rutile and calcite, can undergo hydration [47-49]. This process has the potential
to alter the surface properties of these minerals and, as a result, may influence their interactions
with organic matter. However, exploring the changes in the minerals properties due to hydration

were not within the scope of this study.

4.4.1.4 Verification of semi-quantitative RAP data

The pattern of AMS conversion (quantitatively calculated through calibrated GC-FID data, Table
4.7) among the thermal treatment experiments (i.e., AMS conversion in: DB — 84% > DB+S - 77%
> DB+W - 47% > DB+W+S — 32%) was consistent with the RAP (semi-quantitatively calculated
from GC-MS data, Table 4.6) of non-converted AMS in the thermally treated products (i.e., RAP
of AMS in products: DB — 12.8% < DB+S — 14.5% < DB+W — 34.2% < DB+W+S — 42.5%).
This result provided an additional consistency check for the use of the RAP as a semi-quantitative
assessment of the abundance of species in the methanol extract from feed and products of the

experiments in this study.

The material balance on AMS and its products (Table 4.6) was a critical consistency check for the
semi-quantitative analyses done in this study through the use of the RAP of AMS and its products.
The AMS balance varied from 87.3 to 93.7% in the thermal treatment experiments and from 97.4 to
103.3% in the control experiments. The comparable AMS balance within each type of experiment
was an indication that the differences in RAP of the monitored species in the feed and reaction
products were due to the chemical changes during the treatment rather than poor product extrac-
tion from the bitumen phase by methanol. The products from the control reactions were nearly
completely recovered, while some products from the thermal treatment experiments (around 6.3
to 12.7%) were not recovered by the methanol extraction. The unrecovered products could be the
result of their partitioning between the methanol and bitumen phases, as some of these products

may have remained dissolved in the bitumen phase.
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4.4.2 Reaction pathways for conversion of AMS

The conversion of AMS in this study could proceed through two distinct reaction intermediates,
namely free radicals [50] and, when minerals are present, cationic intermediates [29, 51]. Be-
fore discussing the specific influence of water and minerals on the conversion of AMS as a probe
molecule in bitumen, it is useful to look at potential reaction pathways and evidence that the con-
version of AMS proceeded through these pathways. This can then serve as a roadmap to assist with

the interpretation of the results.

It is also necessary to be aware of the self-reactions of AMS. These are reactions that can take
place during thermal conversion in the absence of bitumen. The main products from the thermal
self-conversion of AMS could be identified by monitoring the changes in the RAP of the feed
and product of the control experiment in kerosene. The kerosene (K) itself was little affected by
thermal conversion. When AMS was converted in kerosene (K+AMS), the main products from the
thermal conversion of AMS were ethylbenzene, cumene, and dimerization products (Table B.14 in
Appendix B). Minor products included toluene, n-propylbenzene, sec-butylbenzene, and cymene

isomers.

4.4.2.1 Evidence of hydrogen transfer

Evidence of hydrogen transfer in this study was the conversion of AMS into cumene (Table 4.7).

Since both free radical and cationic conversion are considered, both pathways will be discussed.

The first potential pathway is the free radical pathway for the transfer hydrogenation of AMS,
which is shown in Figure 4.3, paths A—B. The cumyl radical might be initiated through hydrogen
transfer from any of the various hydrogen donor species in bitumen to AMS (Figure 4.3, path A),
since these species react readily with olefinic groups at high temperature [38, 50]. Initial hydrogen
transfer can also take place by hydrogen disproportionation of two AMS molecules, with the result
that the cumyl radical and an allylic methylstyrene radical are formed (not shown in Figure 4.3).
Hydrogen disproportionation becomes more relevant when there are few hydrogen donor species
available, for example, in the absence of bitumen, such as in the control experiment with kerosene

(K+AMS). The second hydrogen transfer step to form cumene (Figure 4.3, path B) takes place in
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an analogous way.

Figure 4.3: Possible pathways for the free radical and cationic transfer hydrogenation of AMS to
cumene.

The second possible pathway for cumene formation is the cationic conversion of AMS into cumene
(Figure 4.3, paths C-D). Alkenes are readily protonated by Br¢nsted-Lowry acids, forming a car-
bocation that can engage in various reactions, including isomerization, cracking, and addition [52].
Once the cumyl carbocation is formed by the protonation of AMS (Figure 4.3, path C), there are
consequently many reaction possibilities. However, forming cumene is challenging because it re-
quires a hydride ion transfer (Figure 4.3, path D). The hypothetical pathway shown in Figure 4.3,
paths C-D, requires both a nucleophile and a hydride donor [53]. The importance of hydride trans-
fer during cationic polymerization and catalytic cracking is well documented in the literature [52,
54-57], but it is usually a significant reaction pathway only under specific conditions, such as those

found in aliphatic alkylation and aromatization processes.

Irrespective of the path followed, the conversion of AMS to cumene requires the transfer of two hy-
drogens, which means that other species in the reaction mixture become more hydrogen-depleted.
This is difficult to discern in bitumen, but there was evidence for the formation of hydrogen-
depleted species in the identified products. For example, the decrease in the RAP of tetralin was
followed by an increase in the RAP of naphthalene in all the thermal treatment experiments and the
control reaction B+K (see Tables 4.8 and 4.10). Also, the AMS dimerization products contained

hydrogen-depleted species, which included C;5H;g isomers.
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4.4.2.2 Evidence of methyl transfer

Besides hydrogen transfer, the importance of intermolecular methyl transfer during the thermal
conversion at 400 °C has been pointed out before [27]. This is a free radical pathway analogous to

hydrogen transfer but involving a methyl radical instead of hydrogen.

Cationic methyl transfer is found in acid-catalyzed reactions such as the intramolecular isomeriza-
tion of alkyl aromatics and the intermolecular methyl disproportionation of alkyl aromatics [58].
Methyl cation transfer is also involved in acid-catalyzed methylation of aromatics [59]. These re-
actions are limited to bond breaking and bond formation between methyl groups and an aromatic

ring.

In this study, there was evidence of methyl transfer through the conversion of AMS to ethylbenzene
and the formation of C,-alkyl benzenes, such as sec-butylbenzene. These products are the result of
reactions involving the alkyl group attached to the aromatic ring, rather than reactions between the
alkyl group and the aromatic ring itself. This type of reaction can only be explained in terms of a

free radical pathway, and it does not appear to have a realistic equivalent cationic pathway.

Methyl transfer can take place from species such as a cumene, or a cumyl radical, which in the
present study would explain the formation of ethylbenzene (peak identifier B2 in Tables 4.8 and
4.10). When a methyl radical is transferred to AMS (Figure 4.4), it can take place first, as shown in
paths A and B, or it can be transferred to a cumyl radical as a second step, as shown in paths C and
D. The contributions of paths B and C in Figure 4.4 were not expected to be significant because
they result in the formation of an energetically unfavorable primary radical. It was expected that
most of the reactions would proceed through paths A and D in Figure 4.4, because the radicals

formed are in the benzylic position and resonance-stabilized by the adjacent aromatic ring.

The high increase in the RAP of sec-butylbenzene across all the reaction systems containing AMS,
in contrast to the near constant RAP of zert-butylbenzene (peak identifiers C9 and C7 in Tables
4.8 and 4.10), indicated that path A in Figure 4.4 was the dominant pathway. In the present
investigation, evidence of methyl transfer as the initial step in the formation of sec-butylbenzene

(Figure 4.4, path A) reinforced the significance of methyl transfer in promoting chain reactions.
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Figure 4.4: Possible free radical pathways for the conversion of AMS into sec-butylbenzene and
tert-butylbenzene.

4.4.2.3 Evidence of cracking

In thermal conversion where the objective is to decrease the average molecular weight of the prod-
uct compared to the feed, conditions are deliberately selected to favor free radical cracking. This
type of cracking forms the basis of industrial processes such as visbreaking and is described in the
literature [57, 60]. The type of free radical "cracking" that can be observed with AMS is illustrated
by pathway A in Figure 4.5, which is a methyl transfer reaction and not free radical (-scission,

which is normally associated with thermal cracking.

In the presence of mineral matter, cracking can potentially also take place through a cationic path-
way involving a carbocation intermediate. This type of acid-catalyzed cracking forms the basis of
industrial processes such as fluid catalytic cracking and is described in the literature [57, 61]. Acid-
catalyzed conversion of AMS proceeds by protonation to yield the cumyl carbocation illustrated by
pathway B in Figure 4.5. At 400 °C, the cumyl carbocation will not lead to cracking. Dealkylation
by acid-catalyzed cracking proceeds when the carbon attached to the aromatic is not unsaturated,

as illustrated by pathway C in Figure 4.5 [62].

AMS is not a useful probe molecule for studying either free radical or acid-catalyzed cracking. In-
stead, what appears as "cracked" products are actually products of methyl transfer (Section 4.4.2.2)

and not cracking by (3-scission.
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Figure 4.5: Possible pathways at 400 °C for the (A) free radical cracking of AMS to yield ethyl-

benzene, (B) no acid catalyzed cracking when AMS is protonated, and (C) acid catalyzed cracking
of cumene to yield benzene.

4.4.2.4 Evidence of hydration

A total of 17 oxygenated compounds were monitored in this study (refer to Tables B.13 and B.14
in Appendix B), but only 2-phenyl-2-propanol was detected during the treatment. The formation of
that compound was only observed in the water-containing systems (DB+W+S and DB+W). Figure

4.6 illustrates the hydration of AMS into 2-phenyl-2-propanol.

H
N, 5
O 207 OH

Figure 4.6: Hydration of AMS to yield 2-phenyl-2-propanol.

The hydration of olefins can take place in superheated water, even in the absence of an acid catalyst.
It was reported that the equilibrium shown in Figure 4.6 is rapidly established, and the conversion

is typically low [63]. If this is indeed the case, then the difference in amount of 2-phenyl-2-propanol
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(RAP of 0.08% in B+W vs. 0.23% in B+W+S, Table 4.8) is not meaningful and within the range

of analytical uncertainty.

The addition of water to alkenes is favored by changes in the physicochemical properties of water
as it approaches its critical point. As the temperature of water increases, its dissociation constant
(K, also increases, making it an effective medium for acid- and base-catalyzed organic reactions
[64]. However, in the case of hydration, which is exothermic, an increase in temperature would

also imply that the equilibrium concentration of the alcohol would be lower.

4.4.2.5 Evidence of addition reactions

There was substantial evidence of addition reactions involving AMS during the thermal conversion.
Most of the addition products were identified at high retention times of the chromatograms (RT >
50 min), and some of them are listed in Tables 4.9 and 4.11, with tentative structures shown in
Figure 4.2. All species listed in Tables 4.9 and 4.11 were not detected in the feed but were formed

during thermal conversion.

Addition reactions involving AMS can take place by free radical and carbocation intermediates as

shown in Figure 4.7.

There are three potential pathways for addition reactions involving AMS dimerization, all of which
are illustrated in Figure 4.7. These are: (1) hydrogen transfer to AMS to form a cumyl free rad-
ical; (ii) a concerted reaction passing through a diradical species followed by 1,5-intramolecular

hydrogen transfer; and (iii) acid-catalyzed protonation of AMS to form a cumyl carbonation.

The AMS dimers (C;gHso isomers) identified in this study were the species G1, G6, G7, and G8.
Compound G1 corresponded to the cyclic AMS dimer [29, 52]. It was exclusively detected in the
control system K+AMS (Table 4.11). The C,3Hy, isomers are informative because they are primary

products from AMS dimerization that also provide information about the reaction pathway.
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Figure 4.7: Possible free radical and cationic addition pathways for the formation of AMS dimers
and their derivatives.

Hydrogen transfer to form a cumyl radical with the radical in the terminal position as opposed to
the benzylic position is energetically unfavorable (pathway A in Figure 4.7). Although it cannot be
ruled out completely, it appears more likely that terminal bond formation that forms two benzylic
radicals as a diradical intermediate is more likely (pathway B in Figure 4.7). The diradical inter-
mediate is an example of the general class of 1,4-diradical intermediates described in the literature
[65]. There is support for such a concerted mechanism involving AMS in the work by Riichardt
et al. [66]. The concerted bimolecular reaction through path B is favored in a reaction environ-
ment low in hydrogen donors. This could be seen from Tables 4.9 and 4.11, where there was a
higher abundance of compound G6 in the system K+AMS (RAP of 12.72%) compared to the other

reaction systems containing bitumen (RAP of 0.16-0.22%).

The main difference between the formation of compound G6 through pathway B in Figure 4.7
and that of compound G8 (not shown) is the way in which hydrogen migration takes place to form
the olefinic dimer as a product. For compound G6, the process involves a 1,5-hydrogen transfer,

whereas for compound GS8, it requires a 1,2-hydrogen migration.

Free radical addition starting with hydrogen transfer to AMS (pathway F in Figure 4.7) leads to

compound G7. However, this cannot be differentiated from cationic addition of AMS (pathway D
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in Figure 4.7) that leads to the same product, compound G7.

Cationic addition of AMS was reported both for acid catalysts and minerals present in bitumen
froth [29, 67]. When comparing the RAP of compound G7 in the thermally converted products
without solids and with solids (Table 4.9) there was no directional change to suggest that cationic

addition contributed meaningfully to the formation of compound G7.

Hydrogen transfer to the AMS dimers (paths C, E, and G in Figure 4.7) leads to the formation
of the corresponding saturated C;sHs, isomers, compounds G3 and G4. The mass spectra of G3
and G4 (Figures B.21 and B.22 in Appendix B) were almost identical, making it challenging to
specifically assign their structures. Whatever the specific assignment, the RAP in the products of

all the reaction systems were comparable (Tables 4.9 and 4.11).

When comparing the yield of compounds G3 and G4 in the control systems B+AMS and K+AMS
(Table 4.11), it became evident that they were formed to a greater extent in the system B+AMS,
with RAP of 1.84—-1.90%, in contrast to K+AMS, where their RAP was lower (0.44-0.52%). This
difference was observed despite the ample availability of G6 and G7 in the K+AMS system. It
is worth noting that kerosene lacks hydrogen donors, which are present in bitumen [38], and this
limited availability of an effective hydrogen source might have hindered the hydrogenation of G6
and G7 into G3 and G4 in the K+AMS system. This observation also provided additional support
for the assignment of compounds G3 and G4 as the hydrogenated products of AMS dimers.

4.4.3 Influence of water and mineral solids on hydrogen transfer reactions

The first objective of this study was to evaluate the effect of water and minerals on hydrogen
transfer taking place during the thermal treatment of froth. From the data on the selectivity of AMS
conversion to cumene (Table 4.7), there was substantial indication that the presence of mineral

solids and water both favored hydrogen transfer during the treatment.

When comparing the systems that had comparable AMS conversions (B+AMS, DB, and DB+Y5),
the presence of mineral solids in the system DB+S resulted in an increased selectivity to cumene of

about 20% (from 63-65 + 2% in B+ AMS and DB to 84 + 2% in DB+S). Additionally, the presence

154



of minerals in the water-containing systems also resulted in an increased selectivity to cumene (73

+ 3% in DB+W vs. 87 4+ 1% in DB+W+S).

The observed changes in selectivity could not be ascribed just to differences in conversion. For
example, in comparing the system DB+S+W to the system DB+S (Table 4.7), the former presented
lower conversion (32 + 5% vs. 77 + 5%), yet both systems had comparable selectivity to cumene

(87 + 1% in DB+S+W vs. 84 + 2% in DB+S).

The effect of water in favoring hydrogen transfer during thermal treatment of bitumen has been
suggested in the literature [22-24]. Some of these studies employed deuterated water to demon-
strate that hydrogen is transferred from water to bitumen during hydrothermal treatment [24, 68].
Some authors have claimed that water acted as a hydrogen donor solvent, while other claimed that

water acted as a hydrogen transfer agent rather than a hydrogen donor [68, 69].

In this study, it was not clear whether water and mineral solids suppressed alternative reaction path-
ways to favor hydrogen transfer or whether water and mineral solids increased hydrogen transfer

in some way. This aspect is left unresolved.

There was no apparent synergistic effect of water and mineral solids on hydrogen transfer under

the conditions of this study.

4.4.4 Influence of water and mineral solids on cracking and addition reac-
tions

The second objective of this study was to investigate the contributions of water and solids to crack-
ing and addition reactions during the thermal treatment of froth. In this respect, AMS was not a
useful probe molecule for assessing cracking (Section 4.4.2.3), but it was informative as a probe

molecule for assessing addition (Section 4.4.2.5).

When analyzing the effect of mineral solids and water on the formation of addition products (Table

4.9), there were two noticeable observations.

First, when comparing the thermal conversion of bitumen without solids (DB) and with mineral
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solids (DB+S), the latter appeared to have a slightly different selectivity profile, but there was no

apparent effect on the overall formation of addition products.

Second, the presence of water during the thermal conversion suppressed the formation of AMS-
derived addition products. The overall formation of addition products in the water-containing
systems was about half of those obtained in the absence of water (RAP of 5.01-5.61% versus
10.20-11.06%, Table 4.9). This result is in agreement with previous studies which reported that

water suppressed coke formation during thermal treatment of bitumen [20, 21, 24].

The RAP of most of the reported addition products listed in Table 4.9 was lower in the system
DB+W+S as compared to the system DB+W. The reduced RAP of these species in the presence of
both water and solids may be attributed to their synergistic effect on AMS conversion, as discussed

in Section 4.4.1.3.

Finally, it was noteworthy that the conversion of AMS in the control experiment K+AMS showed
a substantially higher selectivity to addition products when compared to all the reaction systems in
this study (the total RAP of compounds with RT between 50 and 80 min was 33%, see Table 4.11).
Most of the compounds that eluted in region H of the K+AMS chromatogram (Figure B.18 in
Appendix B) were not detected for the other reaction systems (see Tables 4.9 and 4.11). This was
an important observation because kerosene had the opposite effect on AMS selectivity to addition

products than water. The reason for this difference was not determined.

4.4.5 Implications of hydrothermal treatment of froth for bitumen upgrad-
ing

The hydrothermal treatment of froth as a means of achieving bitumen upgrading in the presence of
water and mineral solids was investigated in a prior study conducted at 400 °C [10]. The viscos-
ity and density of the thermally treated bitumen in the presence of water and solids were slightly
higher than in the treatment of bitumen on its own. It was expected that these macroscopic observa-
tions could be related to a decrease in hydrogen transfer activity or an increase in addition product
formation in the presence of water and mineral solids. The present study provided no evidence to

support that. In fact, the findings from this study indicated that the opposite was true.
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It was found that water suppressed conversion somewhat (Section 4.4.1.1), but selectivity to prod-
ucts relying on hydrogen transfer increased (Section 4.4.3) and selectivity to addition products
decreased (Section 4.4.4). Also, the presence of mineral solids during the treatment may have re-
sulted in a minor decrease in conversion (Section 4.4.1.2), but the selectivity to products relying
on hydrogen transfer increased (Section 4.4.3) and selectivity to addition products was unaffected

(Section 4.4.4).

4.5 Conclusions

The present study investigated the impact of water and mineral solids on hydrogen and methyl
transfer, cracking, and addition reactions taking place during hydrothermal treatment of oilsands
bitumen froth at 400 °C. AMS was employed as a probe molecule, and its potential conversion
pathways were discussed from the perspective of both free radical and cationic conversions. Al-
though the products resulting from the AMS conversion provided evidence of most of the reactions
of interest in this investigation, it was observed that AMS was not suitable for examining cracking
under the specific experimental conditions of this study. There was substantial evidence that both
water and mineral solids influenced the conversion of AMS and, consequently, the composition of

the final products.

The main findings derived from this study are summarized as follows:

(a) Water hindered the AMS conversion and had an influence on various types of reactions taking
place during the treatment. An example of this influence was the exclusive formation of 2-phenyl-
2-propanol in the water-containing systems. Mineral solids, on the other hand, seemed to have a

minor impact on lowering the AMS conversion.

(b) Three potential pathways for the free radical conversion of AMS into cumene were presented.
Hydrogen transfer from hydrogen donors is a preferred route for initiating the cumyl radical in
the reaction media containing bitumen, while hydrogen disproportionation between two AMS
molecules would be favored in an environment low in hydrogen donors. The cationic conver-
sion of AMS to cumene is challenging and unlikely to occur under the conditions of this study.

Regardless of the pathway, the conversion of AMS to cumene was followed by the formation of
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hydrogen-depleted species in the product mixture.

(c) Evidence of methyl transfer as the first step in the conversion of AMS into sec-butylbenzene

highlighted the importance of methyl transfer in promoting chain reactions.

(d) The pathways for AMS dimerization appeared to be influenced by the availability of hydrogen
donors in the reaction medium. There was evidence of two potential free radical pathways: one
involved a concerted bimolecular reaction between AMS molecules, which is potentially favored in
a reaction medium with limited hydrogen donors, and the other involved the initiation of the cumyl
radical through hydrogen transfer, which seemed to be favored in bitumen. Based on product for-
mation, it was not possible to distinguish between free radical and cationic addition. The formation
of hydrogenated products from the AMS dimers appeared to be constrained when hydrogen donors

were limited.

(e) There was substantial evidence that both water and mineral solids favored hydrogen transfer
during the thermal conversion. Nevertheless, it remained unclear whether this influence was a
result of the suppression of alternative reaction pathways or if water and mineral solids actively

promoted hydrogen transfer in some way.

(f) The presence of water hindered the formation of AMS-derived addition products, while kerosene
favored the formation of those species. The presence of mineral solids appeared to have a minor
effect on the selectivity profile of the addition products, but there was no apparent impact on their

overall formation.
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Chapter 5

Role of Water and Kaolinite on Conversion Rate and Reaction Pathways
during Thermal Conversion of a-Methylstyrene at 400 °C

Abstract

Research examining the impact of water and mineral matter on the thermal conversion of crude oil
has indicated that retaining these components during treatment affects cracking, hydrogen transfer,
and addition reactions. However, the complex nature of a reaction medium containing crude oil
poses a challenge in relating the influence of water and minerals to particular reaction pathways.
To enhance understanding of the specific contributions of water and minerals to reaction chemistry
during thermal conversion, a practical approach is to make use of simpler model systems to capture
relevant information for petroleum processing. The current study explored the impact of water
and kaolinite on the reaction rates and pathways during the thermal conversion of a model system
comprising a-methylstyrene (AMS), tetralin, and n-pentadecane at 400 °C for 1, 5, 10, and 30 min.
The effect of kaolinite at different concentrations was also compared to that of rutile and quartz
during the conversion of AMS alone. Water and kaolinite, individually and collectively, affected
the reaction rates. Water suppressed the AMS conversion rates, but no evidence was found that
water affected reaction pathways. Kaolinite increased the conversion rates of both AMS and tetralin
while also enhancing the formation rates of cumene and naphthalene. This suggested that kaolinite
somehow favored hydrogen transfer during the treatment. The presence of kaolinite also increased
the formation rates of benzene by dealkylation and the tricyclic AMS dimer 1,1,3-trimethyl-3-
phenyl indane, indicating that kaolinite was catalytically active, influencing reaction pathways by
promoting cationic conversion. The adsorption of water on the surface of kaolinite appeared to
contribute to reduced reaction rates when reacting AMS in the presence of both water and kaolinite.
The deposition of carbonaceous material on kaolinite suggested that the mineral is rapidly fouled

during the conversion.
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5.1 Introduction

Several studies have investigated the conversion of crude oil in the presence of water and/or mineral
matter [1-10]. Some studies asserted that the beneficial effects of water during the conversion,
such as increased liquid product yield and coke suppression, are a result of its role as a reactant,
while others argued that the water influence was due to physical solvent effects [11-13]. While the
impact of mineral matter during oil conversion has received less attention compared to the influence
of water, some studies in the literature have explored this aspect [4-6, 14—17]. These studies have
covered a range of topics, including catalytic cracking and subsurface combustion of heavy oils,

thermal oxidation of oils, and the thermal treatment of bitumen froth.

Because of the complex nature of oil properties and the concurrent reactions involving several
species during thermal conversion, attributing the observed impact of water and mineral matter to
any specific reaction pathway involved some level of speculation. In this context, gaining a deeper
understanding of how water and mineral matter contribute to the reaction chemistry during thermal
conversion is pertinent to applications involving the thermal treatment of crude oil in the presence

of these components.

The interpretation of the works conducted on the influence of water and mineral matter on petroleum
conversion relies on insights derived from the reaction chemistry of simpler systems. For this pur-
pose, investigators made use of model systems, which are selected in a way to elucidate specific

aspects concerning the impact of water and minerals during the conversion process.

Several studies have explored the conversion of organic model compounds representative of species
typically found in petroleum in the presence of water at temperatures around 350450 °C, a range
where thermal conversion becomes significant [18-27]. The collaborative research conducted by
the Katritzy and Siskin groups systematically studied the reactivity of various organic compounds
in the presence of sub- and supercritical water [28—-34]. Some notable outcomes from their research,
with relevance to petroleum conversion, were as follows: (1) The presence of water during the
thermal conversion enabled additional reaction pathways as compared to the absence of water [34].
(2) Ionic reactions, such as hydrolysis, were observed in pure water but were enhanced in the

presence of brine and acidic clays [28-31]; (3) Transitioning from sub- to supercritical water altered
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reaction rates rather than reaction pathways. While the presence of water enabled cationic pathways

for certain reactions, free radical pathways still remained relevant [28, 33].

The existing body of research on the influence of minerals during the conversion of organic matter at
elevated temperatures (300—450 °C) is extensive [35-38]. Most of these studies primarily centered
on clay minerals such as kaolinite, illite, and montmorillonite, due to their abundance in source
rocks and their recognized Brgnsted-Lowry and Lewis acidity, which is known to catalyze various

reactions, including cracking, isomerization, decarboxylation, and addition reactions [39—41].

Numerous studies have been conducted to explore the impact of mineral matter during the con-
version of organic model compounds [42—47]. The main findings with relevance to oil conversion
included the following: (1) Studies on the pyrolysis of carboxylic acids revealed that clay minerals
played a significant role in influencing the reaction pathways, promoting cationic cracking and iso-
merization [48-50]; (2) Kaolinite and illite promoted cationic addition of c-methylstyrene (AMS)
during its conversion at 250 °C [51]; (3) The presence of minerals seemed to influence hydrogen

and methyl transfer during thermal conversion [52-54].

Previous studies that focused on the thermal treatment of bitumen froth evaluated the impact of
water and oilsand minerals on the physicochemical properties and composition of the thermally
treated products [4, 5, 54]. Thermal conversion of froth at 400 °C, employing AMS as a probe
molecule, indicated that water and minerals lowered the conversion of AMS and favored hydrogen
transfer. Additionally, the presence of water hindered the formation of addition products, including
AMS dimers [54]. However, attributing the influence of water and minerals to specific reaction
pathways during the treatment was not possible due to the complex nature of reaction systems in-
volving bitumen, water, and a mixture of minerals. For this reason, in the present study, the thermal
conversion of model systems containing AMS was carried out. This approach aimed to limit the
number of species formed while at the same time capturing relevant information to understand the

role of water and minerals during the thermal conversion.

The first objective of the present study was to evaluate if water and kaolinite affect the rate of AMS
conversion during thermal treatment at 400 °C. There were claims in the literature that both min-

erals and water had an impact on the rate of product formation during the thermal conversion of
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oil and organic model compounds [7, 28, 55]. To investigate these claims, thermal conversion of a
mixture of AMS, tetralin, and n-pentadecane was performed at 400 °C and reaction times of 1, 5,
10, and 30 min in the presence of water and/or kaolinite. AMS was selected as a probe molecule
because its thermal conversion encompasses relevant reactions to oil conversion, as illustrated in
Figure 5.1. Tetralin and n-pentadecane were added to the model system to provide a source of
transferable hydrogen and alkyl groups. Kaolinite was chosen because of its prevalence in oil-
sands and its acidic properties, which were expected to impact the reaction pathways during AMS
conversion. More specifically, the Brgnsted-Lowry acidity of kaolinite was anticipated to promote
cationic conversion during the treatment. Cationic conversion in the context of this study refers to

conversion by H'.

The second objective of this study was to investigate if minerals found in oilsands have a catalytic
effect on the dimerization of AMS at 400 °C. Previous studies at lower temperature levels (240-250
°C) suggested that the mineral matrix had a catalytic effect on the conversion of heavy oils [7], and
that kaolinite and illite promoted cationic dimerization of AMS [51]. However, when performing
the thermal conversion of bitumen at 400 °C in the presence of oilsand minerals and using AMS
as a probe molecule, it was not possible to differentiate between cationic and free radical conver-
sion [54]. To investigate the claim that minerals found in oilsands have a catalytic effect during
thermal conversion, self-reaction of AMS at 400 °C was carried out for 10 min in the presence of
kaolinite, rutile, and quartz at two concentration levels. These minerals were selected because they
are commonly found in oilsands and present different acidity characteristics. The Brgnsted-Lowry
acidity of kaolinite was expected to promote cationic dimerization of AMS, while the Lewis acidity
of rutile and the lack of acidity of quartz were not expected to catalyze dimerization. In this sense,
the thermal conversion of AMS in the presence of rutile and quartz served as control experiments

to assess the potential catalytic effect of kaolinite during the conversion.

The current study aimed to advance the understanding of the influence of water and minerals on
the reaction chemistry during the thermal conversion of organic compounds. A better knowledge
of this field is beneficial to practical applications in crude oil exploration and processing, including
the thermal treatment of bitumen froth and the subsurface (or in situ) upgrading of heavy oils and

bitumen.
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Figure 5.1: Potential AMS conversion pathways.
5.2 Experimental Section

5.2.1 Materials

The chemicals used for feed preparation and feed and product analyses, the commercially acquired
minerals, and the cylinder gases used in this study are listed in Table 5.1. The characterization of

the minerals used in this study is reported in Table C.1 in Appendix C.

The water used as feed in the water-containing reaction systems consisted of both connate and
process water isolated from a bitumen froth sample obtained from the Canadian oilsands production
in Alberta, Canada. The choice of process water rather than deionized water was done to mimic
a water environment that would be relevant to processes involving the hydrothermal treatment of
petroleum. The same water sample was used as feed in a previous study, and its characterization
has been reported before [4]. The water was slightly alkaline (pH = 8.3) and contained mostly Na™

and Cl™ ions in its composition.
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Table 5.1: List of chemicals, minerals, and cylinder gases used in the study.

Compound Formula CASRN®  Purity (%)° Supplier
Chemicals
AMS (a-methylstyrene) CoHyp 98-83-9 99 Sigma Aldrich
biphenyl Ci2Hqg 92-52-4 99.5 Sigma Aldrich
methanol CH3;0H 67-56-1 99.9 Fisher Scientific
n-pentadecane Ci5Haso 629-62-9 99 Acros Organics
tetralin (1,2,3,4- . .

CioH1o 119-64-2 99 Sigma Aldrich

tetrahydronaphthalene)
Minerals
kaolinite Al,O;Si5-2H,O0  1318-74-7 - Sigma Aldrich
rutile TiO, 1317-80-2 99.5 Alfa Aesar
quartz Si0, 14808-60-7 99.99 Sigma Aldrich
Cylinder gases
air 03/N, 132259-10-0 - Praxair
hydrogen H, 1333-74-0 99.999¢ Praxair
nitrogen Ny 7727-37-9 99.999¢ Praxair

® Chemical Abstracts Services Registry Number (CASRN); ® Purity of material
provided by the supplier. Material was not further purified; © Mol% purity.

5.2.2 Equipment and Procedure

5.2.2.1 Thermal conversion of AMS and separation of products

Two sets of experiments involving the thermal conversion of AMS were carried out. Details on the
feed, reaction time, and number of performed reactions for both sets of experiments are given in

Table 5.2.

The first set of experiments consisted of the thermal conversion of a mixture of AMS, tetralin, and
n-pentadecane with and without water and/or kaolinite. In the present study, this set is referred
to as ATP experiments (i.e., ATP stands for AMS, Tetralin, and n-Pentadecane). The second set
of experiments involved the thermal conversion of AMS in the presence and absence of kaolinite,
rutile, quartz, and water. These experiments are referred to as AWM experiments (i.e., AWM stands

for AMS, Water, and Minerals).

169



Table 5.2: Feed composition, planned reaction time, and number of performed experiments for the
ATP and AWM experiments.

Number of
] Planned
Experiment a . performed
] ) Feed reaction time )
identifier ) reactions (per
at 400 °C (min) ) )
reaction time)
ATP
experiments

ATP AMS (30 wt%) + tetralin (20 wt%) 1.5.10 & 30 .
+ n-pentadecane (50 wt%)
AMS (29 wt%) + tetralin (19 wt%)
ATP+K + n-pentadecane (48 wt%) 1,5,10 & 30 1
+ Kaolinite (4 wt%)

AMS (28 wt%) + tetralin (18 wt%)

ATP+W + n-pentadecane (46 wt%) 1,5,10 & 30 1°
+ Water (8 wt%)
AMS (27 wt%) + tetralin (17 wt%)
ATP+W+K + n-pentadecane (45 wt%) + 1,5,10 & 30 1°
water (7 wt%) + kaolinite (4 wt%)
AWM
experiments
AMS AMS (100 wt%) 10 2
AMS+K(3) AMS (97 wt%) + kaolinite (3 wt%) 10 2
AMS+K(9) AMS (91 wt%) + kaolinite (9 wt%) 10 2
AMS+R(5) AMS (95 wt%) + rutile (5 wt%) 10 2
AMS+R(13) AMS (87 wt%) + rutile (13 wt%) 10 2
AMS+Q(9) AMS (91 wt%) + quartz (9 wt%) 10 2
AMS+Q(23) AMS (77 wt%) + quartz (23 wt%) 10 2

“ The relative concentration of AMS, tetralin, and n-pentadecane were kept constant
in all the ATP experiments. ° Duplicates of reactions were performed for the 30-min

experiments only.
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In all the ATP experiments, the relative amounts of AMS, tetralin, and n-pentadecane were kept
constant (i.e., AMS : tetralin : n-pentadecane = 30 wt% : 20 wt% : 50 wt%). This standardization
was meant to ensure that any observed differences (either in product formation or in the monitored
physicochemical properties) due to the thermal conversion were primarily attributed to differences
in the reaction time, or the presence or absence of water and kaolinite, rather than variations in
the relative concentrations of the species in the feed among the systems. The selection of water
and kaolinite concentrations in the ATP experiments was guided by a prior study that examined
the influence of water and minerals during the thermal treatment of bitumen froth [54]. As the
current study aimed to gain insights to enhance the understanding of phenomena observed in that
previous work, it was considered beneficial to utilize similar concentrations of water and minerals

as employed in that study.

Two concentration levels were tested for each mineral in the AWM experiments in order to evaluate

if the presence of minerals had any catalytic effect during the dimerization of AMS.

Because of the significant number of reactions designed for the ATP experiments, duplicates were
conducted only for the ATP+W and ATP+W+K experiments at 30-min reactions. This was done to
provide an indication of the level of experimental variability within this specific set of experiments.

Duplicates of reactions were performed for all the reaction systems in the AWM experiments.

In a typical reaction, approximately 12-14 g of feed was loaded into a 25-mL batch microreactor
built using 316 stainless steel Swagelok tubing and fitting. This reactor was equipped with a pres-
sure gauge (with a measurement range of 0—15 MPa and a precision of 0.2 MPa) and an inserted
thermocouple. After loading, the reactor was sealed, purged three times with nitrogen at 5 MPa, and
then pressurized to an initial pressure of 1 MPa. Next, the reactor was inserted into a fluidized sand
bath heater (Omega Fluidized Bath FSB-3), which had been preheated to 400 °C. The temperature
of 400 °C was chosen for this study because it has been reported that mild visbreaking of bitumen
froth can be effectively conducted at this temperature level [5]. Also, previous research demon-
strated that relevant reactions involved in bitumen upgrading, such as hydrogen transfer, methyl
transfer, and addition reactions, were influenced by the presence of water and oilsands minerals
during thermal treatment of froth at 400 °C [54]. The temperature inside the reactor was carefully

monitored and recorded every 1 minute from the moment the reactor was immersed into the sand
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bath until it was removed and cooled to 50 °C with the assistance of a room-temperature air stream.

To ensure that the reaction times were consistent across different reaction systems with the same
planned reaction time (see Table 5.2), it was necessary to take into account the duration of each
of the thermal events during the reaction (i.e., heating up time to 400 °C, reaction time at near-
isothermal conditions, and cooling down time to 50 °C). To accomplish this, the equivalent resi-
dence time (ERT) concept, which is typically used to assess the severity of the thermal conversion
of oils, was applied [56]. Details on how the ERT was calculated are given in Section 5.2.2.3. The
temperature recorded in a digital thermometer was input to the ERT equation every minute so that
the reactor was removed from the sand bath with an ERT at 400 °C as close to the planned reaction
time as possible. The ERT for each reaction performed in this study is reported in the Results

section.

After the reaction was completed and the reactor had cooled to room temperature, the products of
the reaction systems that contained minerals or water were placed into a 15-mL centrifuge tube and
then centrifuged using an Eppendorf Centrifuge 5430 at 7000 rpm for 15 min. After centrifugation
of the systems including both water and kaolinite, three distinct phases were observed: a major
top layer consisting of an organic phase, a minor intermediate layer of an aqueous phase, and wet
solids at the bottom of the tube. For systems including either water or minerals, two phases were
found. Most of the organic layer was carefully transferred with a pipette into a 25-mL flask while
avoiding contact with the water phase and solids. The organic phase transfer was conducted rapidly
to minimize the loss of light components. To avoid carrying some water with the organic product,
the organic phase near the aqueous-organic interface was not transferred. The aqueous product was
not analyzed in this study in order to narrow the scope and maintain the focus on the conversion of

the organic phase, particularly the transformations involving AMS.

The identification of species in the products of the organic liquid phase was performed through gas
chromatography coupled with mass spectrometry (GC-MS), while the quantification of selected
species was performed through gas chromatography with flame ionization detection (GC-FID).
Around 0.5 g of product, the exact mass noted, and 0.05 g of biphenyl (added as an internal stan-
dard) were diluted in approximately 1.9 g of methanol. The mixture was then homogenized at

ambient conditions by mechanical stirring for 5 min. Next, this mixture was transferred into a GC
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insertion vial that was used for both GC-FID and GC-MS analyses.

5.2.2.2 Analyses

The identification of reaction products by GC-MS was performed using an Agilent 7820A coupled
with a 5977E mass spectrometer. The separation of components was performed in a HP-PONA
column with dimensions of 50 m x 0.20 mm x 0.5 pum (length, inner diameter, and film thickness,
respectively). The carrier gas was hydrogen with a flow rate of 1 mL/min, an injection volume
of 0.5 uL, and a split ratio of 23:1. The injector temperature was 250 °C. The products diluted
in methanol (refer to Section 5.2.2.1) were injected without any further dilution. The temperature
program started at 36 °C with a 5-min hold, followed by an increase to 125 °C at a rate of 3 °C/min.
Subsequently, the temperature was raised to 325 °C at a rate of 4 °C/min and maintained at 325
°C for 5 minutes. The NIST MS Search 2.0 software was used for compound identification in the
reaction products by matching their mass spectra to those in the NIST mass spectral library. The
identities of selected species with retention time (RT) lower than 50 min were confirmed by using
commercial standards. The list containing the commercial standards used for identity confirmation
of products is shown in Table C.2 in Appendix C. The identification of species with RT higher than
50 min, particularly the AMS dimers (C;5Hss isomers) and their hydrogenated derivatives (CigHyg
isomers), involved substantial effort to assign tentative structures to their mass spectra. Details on
the reasoning behind the tentative structure assignment of these isomers have been reported in a

previous study [54].

The quantification of compounds by GC-FID was carried out on an Agilent 7890A coupled to an
FID detector. The GC-FID analyses used the identical column, sample injection, and run conditions
as previously reported for the GC-MS analysis. The quantification of compounds identified in the
reaction products, for which commercial standards were available, was made through calibrated
GC-FID data. The calibration curves for these species were built using methanol as a solvent and
biphenyl as an internal standard. The concentration and area ratios between the compound to be
quantified and biphenyl were used to build the calibration curves, and the regression data is reported
in Table C.3 in Appendix C. The semi-quantitative evaluation of species with identification based
only on mass spectral assignment was performed by calculating the relative area percentage (RAP)

of those species using the GC-FID data, as detailed in Section 5.2.2.3.
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Microscope pictures of the minerals before and after reaction were taken using a Carl Zeiss Stereo-
Microscope Discovery V2.0 using a plan apochromatic objective lens. Images of minerals were

taken at 30x magnification.

5.2.2.3 Calculations

5.2.2.3.1 Equivalent residence time

The equivalent residence time (ERT) at 400 °C, as specified by Yan [56], was calculated according
to Eq. 5.1, where A¢; are 1-minute intervals consisting of two recorded temperatures (7; and
Tit1), Trep = 673.15 K (400 °C), E, =209500 J mol ™!, and R = 8.314 J mol ' K™'. The activation
energy (E,) of 209500 J/mol is typically used to evaluate the thermal conversion of oil [56]. In
the current study, the same activation energy was selected not to reflect the actual activation energy
of any individual compound within the model mixtures. Instead, the goal was to ensure consistent
severities across different reaction systems with similar planned reaction times (see Table 5.2).
Additionally, there is evidence in the literature that supports the use of the selected activation energy
for the ERT calculation: (1) A prior investigation indicated that employing the ERT with parameters
identical to those in the current study resulted in small variability of AMS conversion in bitumen
for slight variations in the ERT [54]; (2) The E, of 209500 J/mol corresponds to the activation
energy of the thermal cracking of gas oils with 15 carbon atoms [56]. Since the ATP experiments
made use of about 50 wt% of n-pentadecane, it seemed reasonable to use an activation energy that

closely approximates the conversion of that compound.

- E, 1 1
2

5.2.2.3.2 Gas formation

The amount of gas formed during each reaction was determined by measuring the weight of the

open reactor containing the feed and then measuring the weight of the reactor with the products
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after it had cooled to room temperature, its pressure had been released in the fumehood, and the
reactor had been opened. The loss of gas after releasing the pressure from the reactor impacts the
actual concentration of species in the products. For this reason, the recorded amount of formed gas

was used to correct the concentration of the species reported in this study.

5.2.2.3.3 Concentration of species in the products

The concentration of a specific compound was determined by combining the mass of that com-
pound, obtained through GC-FID calibrated data, with the volume of the product sample containing
the compound, using the measured product density at 25 °C. The concentration of each compound
was corrected to take into account the volume loss due to gas formation during the thermal treat-

ment.

5.2.2.3.4 Rates of feed conversion and product formation

The reaction rates of selected compounds were calculated for three distinct time regions of the
concentration versus ERT curve, namely the initial reaction rate (measured at the time interval 0—1

min), the reaction rate at 5 min, and the reaction rate at 10 min.

The initial reaction rate was calculated according to Eq. 5.2, where r,, ¢ is the initial reaction rate of
compound w in kg/(m*h), AC,, is the variation in concentration of compound w in kg/m® between
the time interval O—1 min (i.e., the difference in concentration of compound w in the feed and at
an ERT of about 1 min), and At is the time interval between the planned reaction time of 0-1
min, expressed in terms of the calculated ERT at 400 °C, in units of h. The concentration used
for calculating the reaction rates was based on the volume of the organic phase only, excluding the

volume of water and minerals.

Two = —— & (5.2)

The approach used for assessing the reaction rates at 5 min (r,,5) and 10 min (r,, 10) involved the

following steps: (1) First, the concentration of a selected species w, denoted as C,,, as a function of
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the ERT (i.e., C,, = f(t)), was determined using the Lagrange interpolating polynomial with three
data points, as described by Eq. 5.3 [57]. In this equation, C,, represents the concentration of com-
pound w in kg/m?, t is the ERT in minutes, and (x, y) denotes the measured ERT vs. concentration
data points. The interpolating polynomial was built using three adjacent data points to minimize
oscillation of the polynomial and better represent the concentration vs. ERT trend curve. The data
points at the ERT of 1, 5, and 10 min were used to obtain the interpolating polynomial to calculate
the r,, 5, while the data points at the ERT of 5, 10, and 30 min were used to obtain the polynomial
to calculate the r, ;9. The coefficients of the polynomials were obtained by using the software
Mathematica Online by Wolfram Research Inc. and are reported in the Results section; (ii) Then,
the reaction rates at 5 and 10 minutes were calculated using the first derivative of the polynomial
function C,(t), as outlined in Eq. 5.4, where r,, ;, represents the reaction rate of species w at a
specific time k (either 5 or 10 min) in units of kg/(m3 h), and k is the ERT in units of min. The

multiplying factor of 60 in Eq. 5.4 is just a conversion factor from units of minutes to hours.

3
t—
) =3 w (= — (5.3)
=0 ’

=0
oy
dC,,
= v 60 5.4
Twk dt |,_, % (5.4)

5.2.2.3.5 Conversion and selectivity

The conversion reported in the present study was calculated on a mass basis. The conversion of a
selected species w was calculated according to Eq. 5.5, where m,, represents the mass of species

w.

. My duct
Conversion of w (%) = o prote x 100 (5.5)
My in feed — Maw in product

The selectivity to specific products from AMS and tetralin conversion were calculated according to

Eq. 5.6, where z represents the target compound for which the selectivity was calculated, m, is the
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mass of the target compound, and m,, is the mass of the parent molecule (either AMS or tetralin).
The mass inputs in Eq. 5.6 were calculated by using calibrated GC-FID data. The data on the

calibration curves is given in Table C.3 in Appendix C.

Selectivity to z (%) = Mz in product x 100 (5.6)
My in feed — Mpin product
The relative area percentage (RAP) shown in Eq. 5.7 was used as a semi-quantitative evaluation of
products for which commercial standards were not available. The area inputs in Eq. 5.7 correspond
to the peak area of a specific compound (A .opouna) in the GC-FID chromatogram and the total area
under the peaks (A;t;) of the GC-FID chromatogram, excluding the areas of the solvent (methanol)
and of the standard (biphenyl).

A
RAP (%) = # x 100 (5.7)

5.3 Results

5.3.1 Thermal conversion during the ATP experiments

5.3.1.1 ERT and gas formation during the ATP experiments

As mentioned in Section 5.2.2.1, the thermal history can be divided into three periods from the
moment the reactor was immersed in the sand bath until it was cooled, namely heating up time
to 400 °C, reaction time at near-isothermal conditions, and cooling down time to 50 °C. The tem-
perature profiles of the ATP experiments conducted at a reaction time of 10 min are illustrated in
Figure C.2 in Appendix C. The systems ATP and ATP+K achieved the reaction temperature of
400 °C in approximately 10—-12 min, whereas the water-containing systems required a longer time,
approximately 14—16 min, to reach the same reaction temperature. The longer time required for
the water-containing systems to reach the reaction temperature was likely due to the water phase
affecting the heat transfer during the experiment. The air-assisted cooling down to 50 °C required
about 5—7 min in all the reaction systems. The use of the ERT concept was essential to account for

the significant heating up and cooling down periods during the reactions in the present study.
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The comparison between the planned reaction times versus the ERT at 400 °C for all the reac-
tion systems in the ATP experiments is plotted in Figure 5.2. By taking real-time measurements
of the temperature inside the reactor throughout the entire reaction time, it was possible to stop
the reactions at comparable ERT among different reaction systems with the same planned reaction
times. The deviation in ERT among systems with the same planned reaction times was less than
0.3 minutes. Employing this approach was important to guarantee that the evaluation of differences
in reaction rates and product composition was attributed to the components in the reaction systems
(i.e., water and/or kaolinite) rather than being influenced by substantial variations in reaction sever-
ities.

35
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Figure 5.2: ERT at 400 °C vs. planned reaction time for the ATP experiments.

The maximum pressure achieved in each reaction system in the ATP experiments is given in Ta-
ble 5.3. The maximum pressure was independent of the total reaction time. The auto-generated
pressure due to the presence of water in the systems ATP+W and ATP+W+K raised the pressure
from 1 MPa to 4.2-4.5 MPa. This range exceeds the critical point of AMS (372 °C and 3.5 MPa)
[58]. In contrast, the auto-generated pressure in the remaining systems increased from 1 MPa to 2
MPa only. Once the reaction concluded and the reactor cooled to room temperature, there was no
readable pressure change in the gauge (i.e., the pressure returned to 1 MPa at the end of the reac-
tions) for all the reaction systems. This result did not imply the absence of gas formation during
the treatment; rather, it suggested that the quantity of generated gas was low, and considering the

precision of the gauge of 0.2 MPa, it might have not resulted in a readable pressure. Also, some of
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the gases may have dissolved in the liquid phase. A similar finding was reported in a prior study
where bitumen froth, containing AMS as a probe molecule, underwent thermal treatment at 400 °C

for about 5 min [54].

Figure 5.3 illustrates the amount of gas generated in the ATP experiments, calculated from the
difference in the reactor weight containing the feed and the reactor weight containing the products
after gas release (refer to Section 5.2.2.3.2). The measurement variability for the formed gas,
derived from duplicate reactions of the systems ATP+W and ATP+W+K (both at a reaction time of
30 minutes), ranged approximately between 30 and 50 mg of formed gas per gram of ATP. Because
of this high variability, it was not possible to conclusively determine if water and kaolinite had any
effect on the gas formation during the ATP experiments. However, the decrease in weight across all
the reaction systems indicated that gases were formed, even though there was no readable change
in the reactor pressure at room temperature before and after the treatment. The gas phase was not
analyzed to limit the scope of the study, which primarily concentrated on the analysis of the liquid

phase.

Table 5.3: Maximum pressure achieved during reaction at near-isothermal temperature of 400 °C.

i Pressure at 400 °C
Reaction system

(MPa)®®
ATP 2
ATP+K 2
ATP+W 45
ATP+W+K 4.2

“ Initial pressure was 1 MPa for all reaction systems.
® The maximum pressure achieved at 400 °C was
independent of the reaction time in the ATP

experiments.

The amount of gas generated in each experiment is also listed in Table C.4 in Appendix C to
provide the reader with the exact amount of gas used to correct the concentration of species in the

liquid products of the ATP experiments.
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Figure 5.3: Gas formation vs. ERT at 400 °C for the ATP experiments. Error bars were included
for duplicate reactions in the systems ATP+W (30 min) and ATP+W+K (30 min).

5.3.1.2 Rates of AMS, tetralin, and n-pentadecane conversion

The concentration and conversion of AMS, tetralin, and n-pentadecane (n-C15) versus ERT at 400
°C are plotted in Figure 5.4. The data used for calculating the concentration of species in the
products, including the exact mass of the liquid product sample used for GC-FID quantification,
the mass loss due to gas formation, the product density data at 25 °C, and the corrected volume
used for calculating the concentration in each reaction system, are given in Table C.4 in Appendix
C. The mass fraction of AMS, tetralin, and n-pentadecane in the product, obtained by calibrated

GC-FID quantification, and the concentration of these species in each reaction system are given in

Tables C.5-C.7 in Appendix C.

The conversion of AMS (Figure 5.4B) increased with time for all the reaction systems. The stan-
dard deviation measured for the systems ATP+W+K and ATP+W at 30-min reaction varied in a
narrow range of 1.6-2.7%, suggesting that the differences observed in AMS conversion were influ-

enced by the presence of water and/or kaolinite in the reaction medium.
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Figure 5.4: Plots of concentration and conversion versus ERT at 400 °C of AMS (A & B), tetralin
(C & D), and n-pentadecane (E & F). Error bars were included for the systems ATP+W (30 min)

and ATP+W+K (30 min). Some of the error bars may not be visible because they are too small.
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The conversions of tetralin and n-pentadecane (Figures 5.4D and 5.4F, respectively) also increased
with time for all the reaction systems. The conversion of tetralin in the systems ATP+W (30 min)
and ATP+W+K (30 min), differed 0.5-0.9%. The conversion of n-pentadecane increased with
time, with the standard deviation varying from 0.4% to 1.2% in the systems containing duplicate

reactions.

The concentration versus ERT plots, illustrated in Figures 5.4A, 5.4C, and 5.4E were employed to
determine the initial rate of reaction (r,,) and the reaction rates at 5 and 10 min (r,, 5 and r,, 10,
respectively) for each component in the feed, as described in Section 5.2.2.3. The coefficients of

the polynomials and regression plots are given in Table C.8 and Figures C.3—C.5 in Appendix C.

The rates of AMS, tetralin, and n-pentadecane conversion are given in Table 5.4. As anticipated, the
highest conversion rates were noted during the O—1 min time interval (i.e., the initial reaction rate,
rw,0)- When evaluating the rates within this time frame, it is necessary to consider that, although
this interval may seem brief, it actually encompassed the entire heating-up period, as detailed in

Section 5.3.1.1.

The experiments were not designed to determine kinetic expressions for the thermal conversion
of AMS, tetralin, and n-pentadecane. Nevertheless, plots of the natural logarithm of concentration
versus time and the inverse of concentration versus time were generated. These results can be found
in Figures C.18-C.23 in Appendix C. The AMS conversion in the water-containing systems (i.e.,
ATP+W and ATP+W+K) appeared to follow a second-order reaction, as indicated by coefficients
of determination exceeding 0.996 in the linear regressions of the plots depicting the inverse of
AMS concentration versus time (see Figure C.19 in Appendix C). The conversion of AMS in
the remaining reaction systems, as well as the conversion of tetralin and n-pentadecane in all the
reaction systems in the ATP experiments, did not exhibit characteristics indicative of either a simple

first- or second-order reaction.
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Table 5.4: Rates of AMS, tetralin, and n-pentadecane conversion during the ATP experiments.

Rate of conversion (kg m™> h™)®

Compound / System

Tw,0 Ty,5 Tw,10

AMS
ATP -3818 -828 -500
ATP+K -5444 -745 -424
ATP+W -3441 -749 -499
ATP+W+K -4671 -840 -430
tetralin
ATP -1621 -172 -157
ATP+K -1835 -155 -134
ATP+W -1507 -163 -128
ATP+W+K -1748 -192 -125
n-pentadecane

ATP -5467 -179 -104
ATP+K -4506 -288 -70
ATP+W -4703 -297 -220
ATP+W+K -5069 -303 -93

“The concentration used for calculating the reaction rates was
based on the volume of the organic phase only, excluding

the volume of water and minerals.

5.3.1.3 Selectivity and rate of products formation during the ATP experiments

5.3.1.3.1 Formation of products with RT lower than 50 min

The GC-MS chromatograms containing the compounds with RT lower than 50 min for all the ATP

experiments with a reaction time of 10 min are presented in Figures C.24-C.27 in Appendix C.

The selectivity of AMS and tetralin conversion to selected compounds with RT lower than 50 min
is given in Figure 5.5. The error bars were included for the systems ATP+W and ATP+W+K at
30-min reactions. Some of the error bars are not clearly visible in Figure 5.5 because the standard

deviation varied within a narrow range.
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The selectivity of AMS conversion to benzene (Figure 5.5A) was consistently higher in the system

ATP+K at all reaction times.

A previous study showed that the primary product of AMS conversion at 400 °C was cumene [54].
The selectivity of AMS conversion to cumene is shown in Figure 5.5B. It is a potential indicator of
hydrogen transfer during the treatment. The systems containing kaolinite (ATP+K and ATP+W+K)
presented a significant increase in selectivity to cumene of about 10% for all the reaction times over

a wide range of conversion.

The selectivity of tetralin conversion to naphthalene is shown in Figure 5.5F. The presence of
kaolinite during thermal conversion resulted in a consistent higher selectivity of tetralin conversion

to naphthalene at all reaction times.

n-Pentadecane was added to the model system in the ATP experiments as a source of methyl and
alkyl groups. n-Alkanes in the range from hexane to tetradecane were formed during the treatment
(refer to Figures C.24—C.27 in Appendix C), indicating that n-pentadecane was an effective source
of alkyl groups. The total RAP of n-alkanes in the range from hexane to nonane is given in Figure

C.33 in Appendix C.

The rates of formation of benzene, toluene, ethylbenzene, n-propylbenzene, cumene, and naph-
thalene at various time intervals are given in Table 5.5. The coefficients of the polynomials and
regression plots are given in Table C.9 and Figures C.6—C.11 in Appendix C. The formation of

these compounds did not exhibit the characteristics of a simple first- or second-order reaction.

Table 5.5: Rates of formation of selected compounds with RT lower than 50 min during the ATP
experiments.

Compound / System Rate of formation (kg m > h™!)®

Iy,0 Iy5 I'yw,10
benzene
ATP ND? 0.2 0.3
ATP+K 39 0.6 1.1

Continues on the next page
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Compound / System Rate of formation (kg m™® h™1)*

Iw,0 Iy5 I'yw,10
ATP+W ND ND 0.1
ATP+W+K 1.9 0.3 0.3

toluene
ATP 12 4.4 6.3
ATP+K 3.8 4.1 43
ATP+W 9.3 3.5 34
ATP+W+K 3.5 4.9 4.5
ethylbenzene
ATP 247 106 81
ATP+K 197 106 74
ATP+W 230 100 81
ATP+W+K 220 126 72
n-propylbenzene
ATP 12 14 13
ATP+K 12 13 11
ATP+W 11 13 13
ATP+W+K 14 14 10
cumene
ATP 203 105 90
ATP+K 859 165 125
ATP+W 174 91 85
ATP+W+K 680 194 118
naphthalene

ATP 51 37 39
ATP+K 205 62 55
ATP+W 49 34 39
ATP+W+K 170 83 55

% The concentration used for calculating the reaction rates
was based on the volume of the organic phase only, excluding

the volume of water and minerals. ® ND — Not Detected

185



SATP =ATP+K 3¢ATP+W -=ATP+W+K SATP =ATP+K >ATP+W <ATP+W+K

o
©
N
)

Loz 9
S 1.0
506 S
0.5 go8
3 e
S04 ~ — 206
>
,50.3 504
£0.2 gOZ
o D,
$0‘1 S & .
0.0 —— 0.0
0 5 10 15 20 25 30 35 0 5 10 15 20 25 30 35
ERT at 400 °C (min) ERT at 400 °C (min)
(A) (B)
SATP =ATP+K <ATP+W <ATP+W+K SATP =ATP+K ATP+W < ATP+W+K
16 _25
& S
o 14 220
g12 g
810 5 1.5
> 2
<
<8 1.0
L6 i}
> .05
2 4 s
% 2 0.0
o0 5 10 15 20 25 30 35 6 0 5 10 15 20 25 30 35
ERT at 400 °C (min) ERT at 400 °C (min)
(C) (D)
oATP =ATP+K >ATP+W =ATP+W+K =ATP =ATP+K =<ATP+W -ATP+W+K
30 ~40
= S
i'\,25 ®35
2 530
S o
220 £25
3 =
15 820
by c
€10 215
: Z10
8 ° 58
0 0
0 5 10 15 20 25 30 35 0 5 10 15 20 25 30 35

ERT at 400 °C (min) ERT at 400 °C (min)
(E) (F)

Figure 5.5: Selectivity of AMS conversion to (A) benzene, (B) toluene, (C) ethylbenzene, (D)
n-propylbenzene, (E) cumene, and selectivity of tetralin conversion to (F) naphthalene during the
ATP experiments, based on quantification using calibrated GC-FID data. Error bars were included
for the systems ATP+W (30 min) and ATP+W+K (30 min). Some of the error bars may not be
visible because they are too small.
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5.3.1.3.2 Formation of products with RT higher than 50 min

The present study also aimed to examine how minerals and water might influence the reaction
pathways of AMS dimerization. The GC-MS chromatogram containing the selected species within
an RT higher than 50 min during the ATP experiments with a reaction time of 10 min is shown
in Figure C.31 in Appendix C. Figure 5.6 contains the structures of the AMS dimers (C;gHy
isomers) and their hydrogenated derivatives (CigHso 1somers), as identified in a previous study

[54].

E1 E2/E3 E2/E3
C,sH,, isomer CygH,; 1somer CysH,, isomer
E4 E5 E6
. \g
CgH,, isomer C,sH,( isomer C,sHso isomer

Figure 5.6: Structures of AMS dimers and their hydrogenated derivatives identified during the ATP
and AWM experiments.

The change in concentration expressed as relative area percentage (RAP) with time of the species
E1-E6 formed during the ATP experiments is shown in Figure 5.7. None of these species were
detected in the reaction feed but were formed after the thermal treatment. The AMS dimer El
(1,1,3-trimethyl-3-phenyl indane) was only identified in systems containing kaolinite. The error
bars included for the systems ATP+W+K and ATP+W at 30-min reaction showed that the RAP of
the selected compounds varied within a narrow range. Most of the selected compounds presented
an increase in RAP with time, while the RAP of compound E4 decreased with time in all reaction

systems within the range of 1-30 min.

The rates of formation and conversion of compounds E1-E6 are given in Table 5.6. The rates
of these compounds were calculated using the same methodology as described in Section 5.2.2.3,

but the concentration term (C,,), shown in Eq. 5.2-5.4, was replaced by the RAP values. The
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Figure 5.7: RAP of species (A) E1, (B) E2, (C) E3, (D) E4, (E) ES, and (F) E6 formed during the
ATP experiments. The structures of species E1-E6 are illustrated in Figure 5.6. Error bars were
included for the systems ATP+W (30 min) and ATP+W+K (30 min). Some of the error bars may
not be visible because they are too small.
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coefficients of the polynomials and regression plots are given in Table C.10 and Figures C.12-C.17
in Appendix C. Examining the plots of the natural logarithm of concentration versus time and the
inverse of concentration versus time, it was evident that the formation or conversion of compounds

E1-E6 could not be described by simple first- or second-order kinetic models.

The AMS dimer E1, which was detected exclusively in the kaolinite-containing systems, and the
AMS dimer E4 presented higher initial rates of formation (i.e., r,, ¢ in the range of 81-222 RAP/h)
compared to the AMS dimers E5 and E6 (i.e., r, in the range of 28-47 RAP/h). The species
E2 exhibited a higher initial rate of formation in the system containing kaolinite in the absence of
water (i.e., system ATP+K) as compared to the other reaction systems. In all reaction systems, the
AMS dimer E4 exhibited the greatest initial formation rates compared to the other isomers. Despite

this, the RAP of dimer E4 consistently decreased over time, as shown in Figure 5.7D.

Table 5.6: Rates of formation and conversion of selected compounds with RT higher than 50 min
during the ATP experiments.

Compound / System  Rate of formation or conversion (RAP h™')

Low,0 Tw.5 Lw,10
E1l
ATP ND* ND ND
ATP+K 163 -2.0 -1.3
ATP+W ND ND ND
ATP+W+K 81 8.8 3.3
E2
ATP 2.8 1.6 1.4
ATP+K 18 -0.6 0.3
ATP+W 2.3 1.3 1.1
ATP+W+K 6.5 0.7 0.7
E3
ATP 3.5 2.5 2.0
ATP+K 3.7 1.9 1.1
ATP+W 2.9 2.0 1.5

Continues on the next page
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Compound / System  Rate of formation or conversion (RAP h™%)

Tw,0 Iy5 Iy,10
ATP+W+K 4.8 2.0 0.9
E4
ATP 222 -10 -14
ATP+K 141 -8.3 -12
ATP+W 197 -9.7 -13
ATP+W+K 88 -8.0 -2.9
ES
ATP 47 16 8.1
ATP+K 42 11 2.5
ATP+W 42 14 7.5
ATP+W+K 41 11 4.6
Eé6
ATP 32 12 7.1
ATP+K 28 8.2 2.7
ATP+W 28 11 6.6
ATP+W+K 28 9.0 4.3

% ND — Not Detected.

5.3.1.4 Microscope images of the minerals in the ATP experiments

The microscope pictures of kaolinite after the reactions during the ATP experiments are shown in
Figure 5.8. Notably, in the ATP+K system, the organic material deposited on kaolinite appeared to
darken with increasing reaction time. In contrast, the water-containing system ATP+W+K did not

exhibit the presence of dark organic matter covering kaolinite.

In order to assess the amount of organic matter deposited over the minerals’ surface after reaction,
the minerals in the ATP experiments were subjected to thermogravimetric analysis (TGA), and
the results are shown in Table C.19 in Appendix C. The fixed organic matter deposited on the

minerals’ surface was lower than 1 wt% across all reaction systems. Considering the low surface
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area of the minerals (i.e., BET surface area less than 10 m%/g, refer to Table C.1 in Appendix C)

this was to be expected.

(D) (E) (F)

Figure 5.8: Microscope pictures at 30x magnification of kaolinite after reaction in the systems (A)
ATP+K (1 min), (B) ATP+K (5 min), (C) ATP+K (30 min), (D) ATP+W+K (1 min), (E) ATP+W+K
(5 min), and (F) ATP+W+K (30 min).

5.3.2 Thermal conversion during the AWM experiments

5.3.2.1 ERT at 400 °C, gas formation, and reaction pressure

The ERT at 400 °C, the gas formation per mass of AMS, and the maximum pressure achieved
during reaction in the AWM experiments are listed in Table 5.7. The ERT at 400 °C varied in the
range of 9.8—10.3 min. It was a narrow range compared to the planned reaction time of 10 min for
those experiments, indicating that the reacted systems were subjected to similar thermal conversion
severities. The amount of gas formed varied in the range of 6—18 mg of formed gas/g of AMS
and presented a high standard deviation, making it challenging to identify any effect of minerals
or water on the gas formation during the treatment. The maximum pressure achieved at isothermal
conditions at 400 °C was 2.5 MPa for most of the reaction systems, except for the water-containing

system (AMS+W), in which the pressure reached 5 MPa.
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Table 5.7: ERT at 400 °C, gas formation, and maximum pressure achieved at 400 °C during the
AWM experiments. The mineral content (wt%) is shown in parenthesis, as noted in Table 5.2.

. Gas formation (mg of Pressure at
System ERT at 400 °C (min)
formed gas / g of AMS) 400 °C (MPa)
X s s
AMS 10.3 0.1 9 8 2.5
AMS+K (3) 10.2 0.1 14 11 2.5
AMS+K (9) 10.2 0.2 5 2 2.5
AMS+R (5) 9.8 0.1 8 2.5
AMS+R (13) 9.8 0.1 13 1 2.5
AMS+Q (9) 9.9 0.1 15 2 2.5
AMS+Q (23) 10.2 0.3 18 9 2.5

5.3.2.2 AMS conversion and formation of compounds with RT lower than 50 min during
the AWM experiments

The conversion of AMS during the AWM experiments is listed in Table 5.8. The AMS conversion

varied in the range of 89.2-97.3%.

The chromatograms containing the compounds with RT lower than 50 min identified after the
thermal conversion in the AWM experiments are shown in Figures C.28-C.30 in Appendix C.
The selectivity of AMS conversion to selected products with RT lower than 50 min is reported in

Table 5.8.

5.3.2.3 Formation of compounds with RT higher than 50 min during the AWM experiments

The chromatogram containing the species with an RT higher than 50 min formed during the AWM
experiments is shown in Figure C.32 in Appendix C. Table 5.9 contains the RAP of the species
E1-E6, including the AMS dimers and their hydrogenated derivatives (C;sHsy and CygHs, isomers,
with structures shown in Figure 5.6). The RAP of the AMS dimer E1 was substantially higher in

the reaction systems containing kaolinite as compared to the other reaction systems.
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Table 5.8: AMS conversion and selectivity to compounds with retention time lower than 50 min for the AWM experiments.

AWM experiments”
AMS AMS+K AMS+K AMS+R AMS+R AMS+Q AMS+Q
3 9) (5) (13) 9) (23)
x s x s x s x s x s x s x s
Conversion (%)
AMS 89.5 0.6 904 05 922 07 904 06 916 18 892 0.1 91.7 0.6
Selectivity (%)
cumene 171 02 166 0.1 142 1.1 186 0.1 200 04 17.1 05 174 04
benzene 006 001 025 000 046 0.05 0.06 0.00 0.06 0.01 0.05 0.00 0.06 0.01
toluene 0.65 0.14 044 0.00 080 0.58 0.57 0.05 1.17 0.85 053 002 0.59 0.18

ethylbenzene 71 01 59 02 51 01 78 01 73 07 71 02 64 0.6
n-propylbenzene 045 0.01 035 0.00 032 0.01 045 0.04 040 0.04 045 0.01 043 0.05
sec-butylbenzene 0.88 0.01 0.81 0.01 0.71 0.03 095 0.02 098 0.05 088 0.02 086 0.04

“ Average (x) and standard deviation (s) of experiments in duplicate.
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Table 5.9: RAP of selected compounds with RT higher than 50 min formed during the AWM experiments.

RAP (%)
Compound AMS AMS+K  AMS+K  AMS+R  AMS+R  AMS+Q  AMS+Q
3) 9) (5) 13) 9) (23)

X S X S X S X S X S X S X S

El 004 004 1576 1.84 1924 003 003 001 003 004 023 003 066 0.16
E2 255 002 171 013 178 013 238 002 238 020 239 021 289 002
E3 283 002 198 015 206 012 272 004 276 022 265 023 320 001
E4 380 028 257 038 237 043 292 013 262 066 382 018 333 048
ES 532 015 463 005 412 013 503 019 494 017 504 036 530 0.1l
E6 476 005 409 003 365 011 446 0.19 439 022 445 033 476 0.15
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5.3.2.4 Microscope images of the minerals in the AWM experiments

The microscope pictures of kaolinite, rutile, and quartz before and after the reactions in the AWM
experiments are illustrated in Figure 5.9. Following the reactions, only kaolinite exhibited a coating
of dark organic matter. The change observed in the rutile’s texture was likely due to the initial
microscope image capturing a dry mineral, while the post-reaction image featured a product-wet
rutile. The brown color observed on quartz after the reaction corresponded to the color of the liquid

product.

The fixed organic matter over the minerals’ surface after reaction in the AWM experiments was

lower than 1 wt%, as reported in Table C.19 in Appendix C.

(D) (E) (F)

Figure 5.9: Microscope pictures at 30x magnification of (A) kaolinite, (B) rutile, and (C) quartz
before reaction and (D) kaolinite, (E) rutile, and (F) quartz after reaction in the AWM experiments.

5.4 Discussion

5.4.1 Effect of water on AMS conversion

The first objective of this study was to examine how water and kaolinite affect the rate of AMS

conversion. The impact of water is discussed first.

The most noticeable effect of water was its impact on AMS conversion (Figure 5.4B), with the sys-
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tem ATP+W consistently showing the lowest AMS conversions. This decreased AMS conversion
in the presence of water aligns with findings from a previous study [54]. Also, Baumann and Metz
[59] reported that water decreased the reactivity of AMS polymerization induced by ~y-radiation.
The presence of water in the system ATP+W not only led to a lower overall AMS conversion com-
pared to the system ATP but also caused a reduction of 377 kg m~® h™! in the initial rate of AMS
conversion (i.e., decrease in the r,, o from -3818 to -3441 kg m~3 h™!; refer to Table 5.4) and a
reduction of 79 kg m~3 h™! in the conversion rate at 5 min (i.e., decrease in the Iy 5 from -828
to -749 kg m > h™'). The AMS conversion rate at 10 min was comparable in the presence and

absence of water (i.e., r,, o of about -500 kg m > hh.

A potential factor influencing the decreased rates of AMS conversion in this study might be the
physical impact of water as a solvent. The phase behavior of mixtures containing water and hydro-
carbons is complex. Brunner et al.[60] investigated the phase behavior of binary mixtures compris-
ing various aromatic hydrocarbons with water, many of which were identified in the products of the
ATP experiments, such as benzene, toluene, and polyaromatics. Based on their findings, numerous
binary mixtures exhibited a single homogeneous gas phase under the temperature and pressure con-
ditions corresponding to the reactions in the water-containing systems in the current study (i.e., 400
°C and 4.2-4.5 MPa). Therefore, it is likely that components in the ATP+W reactions, including
AMS in its supercritical state, were diluted by water within a single gas phase. Dilution by water
likely contributed to the observed decrease in reaction rates in that system because it decreased the
concentration of the reactants. It is recognized that the ionic strength and dissolved ionic species in

the water could affect the conversion, but this aspect was not investigated.

When evaluating the influence of water on the selectivity of AMS conversion to products with RT
lower than 50 min (Figure 5.5), the presence of water in the system ATP+W yielded comparable

selectivities to the ATP system for all the products listed in Section 5.3.1.3.1.

Importantly, there was no change in the selectivities to cumene and naphthalene (Figures 5.5E and
5.5F, respectively), which serve as indicators of hydrogen transfer during the treatment. Cumene
can be formed via the transfer hydrogenation of AMS, while naphthalene can result from the dona-
tion of hydrogens by tetralin. In a prior study, the presence of water appeared to somehow favor the

conversion of AMS into cumene, albeit within a more complex reaction system involving oilsands
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bitumen [54]. Nevertheless, in the current study, the same trend was not observed for the simpler
model system comprising AMS, n-pentadecane, and tetralin. Prior studies investigating the role
of water in oil conversion have suggested that water functions as a net hydrogen donor during the
process [61]. However, there is also evidence suggesting that water is not consumed during the
process; rather, it acts more as a hydrogen transfer agent than a hydrogen donor. In the current
study, there was no evidence to indicate that water affected the reaction network and product selec-
tivity beyond the impact of water dilution on the rate of AMS conversion. This finding provided a

counterpoint to the role of water as a net hydrogen donor during the thermal conversion of oil.

The only oxygenate product identified in this study was 2-phenyl-2-propanol, exclusively identified
in the water-containing systems and formed at very low concentration levels. The hydration of AMS
is exothermic, and given the temperature conditions of this study, its equilibrium concentration was
anticipated to be low [54]. No evidence was found to indicate that 2-phenyl-2-propanol was an

intermediate product that noticeably affected the product selectivity of the hydrocarbon products.

It appears that the water dilution in the ATP+W system influenced the kinetics of AMS conversion.
However, there is no evidence to suggest that water affected the reaction pathways or hydrogen

transfer reactions during the treatment.

5.4.2 Effect of kaolinite on AMS conversion

The presence of Brgnsted-Lowry and Lewis acid sites in the kaolinite structure is expected to fa-
cilitate additional conversion pathways for AMS, including cationic conversion [6, 62]. It was
anticipated that the acid-catalyzed conversion in the presence of kaolinite could impact both reac-

tion rates and the formation of specific products.

The first apparent impact of kaolinite was observed in the AMS conversion. The kaolinite-containing
systems exhibited the highest AMS conversions (Figure 5.4B) across various reaction times. The
inclusion of kaolinite into the reaction medium led to a 22-42% relative increase in the initial con-
version rates of AMS compared to the ATP system (i.e., an increase in r,, o from -3818 kg m~>
h™! in ATP to -5444 kg m > h™! in ATP+K, and to -4671 kg m~® h™! in ATP+W+K; refer to Ta-

ble 5.4). The initial conversion rates of tetralin were also enhanced by the presence of kaolinite,
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showing an increase in the range of 8—13% (i.e., an increase in r,, from -1621 kg m > h~!in
ATP to -1835 kg m® h™! in ATP+K, and to -1748 kg m > h™! in ATP+W+K; refer to Table 5.4).
These results align with prior evidence indicating that kaolinite can accelerate reaction rates during
thermal conversion. Kaolinite has been reported to increase the conversion rates during the thermal
oxidation of crude oils and hydrolysis of organic compounds [63—65], although the surface inter-
mediates involved are not necessarily the same. An intriguing finding in this study was that while
kaolinite enhanced the initial conversion rates of AMS and tetralin, their conversion rates at 5 and
10 min were slightly lower in the system ATP+K when compared to the system ATP. A potential

explanation for this observation is discussed in Section 4.4.

The Brgnsted-Lowry acidity of kaolinite not only plays a role in enhancing reaction rates during
the thermal conversion of organic compounds but is also expected to influence product selectivity

and reaction pathways [51, 54].

When examining the impact of kaolinite on the selectivities and reaction rates of AMS and tetralin
conversion to products with RT lower than 50 min (Figure 5.5 and Table 5.5), two observations
became immediately apparent. First, the highest selectivities and reaction rates of AMS conversion
to cumene and tetralin conversion to naphthalene were attained in the kaolinite-containing systems.
Second, the presence of kaolinite in the system ATP+K resulted in increased selectivity and reaction

rates of AMS conversion to benzene.

Figure 5.10 illustrates two potential pathways for the conversion of AMS into cumene. The free
radical pathway (paths A-B in Figure 5.10) involves an initial hydrogen radical transfer to AMS,
resulting in the formation of a cumyl radical, followed by a subsequent transfer of another hydrogen
to produce cumene. The cationic pathway (paths C—D in Figure 5.10) involves the protonation of
AMS, resulting in the formation of a cumyl carbocation. This first step readily takes place in the
presence of Brgnsted-Lowry acids. However, it also necessitates the challenging step of hydride

transfer, which is unlikely under the conditions of this study [66].

The selectivities of AMS conversion to cumene (Figure 5.5E) were approximately 10% higher in
the kaolinite-containing systems compared to the system ATP. This result suggests that kaolinite

somehow enhanced the transfer hydrogenation of AMS into cumene, a finding also observed in a

198



(E)

+2 H‘ +H' @ i
- C,H,

0] )]

+H" -H"
<A = 3
\A - C3H6

(D ?)

(A) (B)

Figure 5.10: Possible reaction pathways for the (A-B) free radical transfer hydrogenation of AMS
to cumene, (C-D) cationic transfer hydrogenation of AMS to cumene, (A—E-F) free radical con-
version of AMS to ethylbenzene, (G—H) cationic dealkylation of ethylbenzene to yield benzene,
and (I-J) cationic dealkylation of cumene to yield benzene.

previous study where AMS was thermally treated in the presence of bitumen and oilsands minerals
containing kaolinite [54]. There was no apparent synergic effect of water and kaolinite on the

selectivity to cumene.

Also, the initial rates of formation of cumene (Table 5.5) were about 3—4 times higher in the
presence of kaolinite as compared to the system ATP (i.e., r,, 0 of 203 kg m~ h™' in ATP vs. 859
kg m™® h™! in ATP+K vs. 680 kg m™® h™' in ATP+W+K). While the formation rates of cumene
at 5 and 10 min were also higher in the presence of kaolinite, the enhancement of the rates by
kaolinite diminished as the reaction progressed (i.e., the initial formation rate of cumene, r,, o, was
four times higher in the presence of kaolinite, whereas r,, 5 and r,, 1o were only approximately 1.5
times higher). Other clay minerals, including smectite and illite, have been documented to impact
hydrogen transfer during thermal treatment [53]. One avenue of speculation is that redox reactions
on minerals are facilitating hydrogen transfer, analogous to radical ion formation found during
oxidation by multivalent metals [67]. Another possible mechanism by which kaolinite might have
favored hydrogen transfer during the treatment could involve the protonation of AMS by kaolinite
(Figure 10, path C), followed by a hydride transfer step (Figure 10, path D). The occurrence of the
hydride transfer step has been reported in works related to cationic polymerization and catalytic

cracking [68, 69]. However, it is typically a relevant pathway under specific conditions, such
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as those found in aliphatic alkylation and aromatization. The specific mechanism by which the

increase in hydrogen transfer rate occurs remains unresolved.

The selectivities of tetralin conversion to naphthalene were also higher in the presence of kaolin-
ite, with increased selectivities to naphthalene of 10-15% in the systems ATP+K and ATP+W+K
compared to the other reaction systems (see Figure 5.5F). Additionally, the rates of formation of
naphthalene were consistently higher in the kaolinite-containing systems (see Table 5.5). As noted
for cumene, the effect of kaolinite on enhancing the formation rates of naphthalene was more pro-
nounced at the beginning of the conversion and decreased as the reaction progressed. Tetralin is
well-recognized as a good hydrogen donor [70-72]. For every one mol of tetralin converted into
naphthalene, four moles of transferable hydrogen are made available in the reaction medium, as
shown in Figure 5.11. The increased rates of formation of naphthalene in the presence of kaolinite

indicated that tetralin was an important source of hydrogen during AMS conversion.

-4H-
o=

Tetralin Naphthalene

Figure 5.11: Conversion of tetralin into naphthalene.

The thermal conversion of alkyl aromatics, such as cumene, into benzene is an energy-intensive
process typically requiring reaction temperatures above 600 °C [73]. Consequently, significant
formation of benzene through a free radical mechanism was not expected under the temperature
conditions of this study. Although benzene was not initially detected in the ATP and ATP+W
systems, small amounts were formed as the reaction progressed (i.e., the formation rates of benzene
at 10-min, r,, 19, varied in the range of 0.1-0.3 kg m~> h~! in the ATP and ATP+W systems; refer
to Table 5.5).

However, a higher selectivity to benzene was observed in the presence of kaolinite in the ATP+K
system, while the presence of water hindered the formation of benzene (refer to Figure 5.5A). The
rwo of benzene in the system ATP+K was 39 kg m™ h™! and in the system ATP+K+W was 1.9
kg m—® h™!, while benzene was not initially detected in the absence of kaolinite (see Table 5.5).

The acid-catalyzed dealkylation of alkyl aromatics readily takes place in the presence of Brgnsted-
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Lowry acids at temperatures as low as 180 °C [74, 75]. The increased reaction rate of benzene in

the system ATP+K was evidence that kaolinite facilitated cationic conversion during the treatment.

Figure 5.10 illustrates two potential cationic pathways for the formation of benzene in this study.
The acid-catalyzed dealkylation of ethylbenzene into benzene is depicted in paths G—H, while the
acid-catalyzed dealkylation of cumene into benzene is shown in paths I-J. Evidence of both path-
ways is documented in the literature [74, 75]. The relative contributions of cumene, ethylbenzene,
or other species to the formation of benzene in the ATP+K system remain unclear. Nevertheless,
an intriguing finding was that the selectivities to ethylbenzene in the system ATP+K (Figure 5.5C)
were consistently lower than in the other systems, indicating that some ethylbenzene was possibly

converted into benzene in the presence of kaolinite.

When assessing the impact of kaolinite on the dimerization of AMS by looking at products with
RT > 50 min, two observations were noteworthy. First, the tricyclic AMS dimer E1 was only
detected in the presence of kaolinite (see Figure 5.7A). Second, the presence of kaolinite resulted
in consistent lower selectivity and formation rates for the AMS dimer E4 (see Figure 5.7D and

Table 5.6).

Two potential pathways for the dimerization of AMS into the dimers E1 and ES are depicted in
Figure 5.12. The free radical pathway (Figure 5.12, path A) advances through the formation of an
intermediate cumyl radical species, while the cationic dimerization of AMS (Figure 5.12, path B)

proceeds through the formation of a cumyl carbocation species [76].

The exclusive detection of dimer El in the kaolinite-containing systems (refer to Figure 5.7A)
provided evidence that cationic conversion promoted by kaolinite was critical for the formation of
that dimer in the present study. The acid catalyzed formation of E1 from AMS was also reported
for acidic resin catalysts and mordenite [77, 78]. This outcome contrasts with the findings of a
study where AMS was thermally treated at 250 °C in the presence and absence of kaolinite, and the
tricyclic dimer was only detected when AMS was treated in the absence of kaolinite [51]. In that
study, kaolinite favored the formation of the dimer ES (with two potential dimerization pathways

illustrated in Figure 5.12) but hindered the formation of E1. The observed formation of E1 only in
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Figure 5.12: Possible (A) free radical and (B) cationic pathways for the dimerization of AMS to
yield the dimers E1 and ES. The structures of the dimers E1 and ES are given in Figure 5.6.

the presence of kaolinite in the current study could be a consequence of the higher temperature, 400
°C, as it has been reported that the formation of the tricyclic dimer is favored at higher temperatures

[77]. Nevertheless, the formation of E1 was reported at temperatures as low as 60 °C [78].

The formation of dimer E4 is likely to proceed through the hydrogen disproportionation of two
AMS molecules. A potential concerted bimolecular mechanism for the formation of E4, involving
a 1,4-diradical intermediate, has been reported before [54]. Consequently, it was not anticipated
that a cationic pathway promoted by kaolinite would favor the formation of this dimer. In fact,
the lowest RAPs for E4 were observed in the kaolinite-containing systems (see Figure 5.7D). The
lower initial rates of formation of E4 in the presence of kaolinite (i.e., ry, o of 88—141 RAP/h in the
kaolinite-containing systems vs. 197-222 RAP/h in the absence of kaolinite; see Table 5.6) were
possibly influenced by the higher rates of hydrogen transfer attained in the presence of kaolinite to

form the corresponding CysHyo isomer as product.

5.4.3 Effect of kaolinite+water on AMS conversion

Based on the results discussed thus far, a noteworthy finding is that the presence of water in the
system ATP+K+W consistently led to lower initial reaction rates (r,, o) compared to the system
ATP+K for the conversion of AMS and tetralin, as well as for the formation of cumene, naphtha-

lene, and benzene (refer to Tables 5.4 and 5.5). There was also evidence that the presence of water
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in the system ATP+W+K hindered the formation of the dimers E1 and E4 (refer to Table 5.6).

The hindering effect of water on the reactivity of the previously mentioned compounds may be
attributed to the dilution effect of water, as discussed in Section 5.4.1. Nevertheless, another con-
tributing factor, such as the interaction of water with the acid sites on the kaolinite surface, could
also have played a role in affecting the conversion process. The impact of water on organic reactions
taking place on the surface of kaolinite has been reported before. For example, the hydrolysis rate
of parathion, an organophosphate pesticide, on the surface of kaolinite decreased with an increase

in water content beyond 11 wt% [79].

The surface of kaolinite exhibits both hydrophobic and hydrophilic characteristics. The strong
hydrophobicity is attributed to the siloxane structures, whereas hydrophilicity arises from the hy-
droxyl groups on the kaolinite’s surface [80]. In this context, water attached to the hydrophilic
hydroxyl groups, which are also the groups responsible for the Brgnsted-Lowry acidity of kaoli-
nite, may have impeded the interaction of other chemical species in the reaction medium with
kaolinite, leading to the observed lower initial reaction rates in the ATP+W+K system. Addition-
ally, the microscope pictures of kaolinite after reactions, shown in Figure 5.8, revealed the presence
of dark organic matter deposited over kaolinite in the ATP+K systems at all reaction times. How-
ever, the same dark organic matter was not found on the surface of kaolinite in the ATP+W+K
systems. This finding suggested that water might have adhered to the surface of kaolinite, hin-
dering the conversion of organic matter on its surface. Differently put, competitive adsorption of
water on kaolinite resulted in lower AMS and tetralin conversion, as well as lower formation of

carbonaceous deposits.

Another possible interaction of water and kaolinite that might have resulted in decreased conver-
sion and reaction rates is the hydration of kaolinite [81]. This process has the potential to modify
the surface properties of kaolinite, which could subsequently impact its interaction with organic

matter.
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5.4.4 The catalytic effect of minerals on AMS conversion

The second objective of this study was to evaluate assertions regarding the catalytic effect of min-
erals commonly found in oilsands during thermal conversion. Kaolinite exhibits both Brgnsted-

Lowry and Lewis acidity; rutile presents Lewis acidity; and quartz does not have acidity [6, 82].

The minerals employed in this study exhibited a BET surface area lower than 10 m?/g (see Table
C.1 in Appendix C). As a consequence, even minimal amounts of organic matter deposition can
rapidly foul the mineral, decreasing its catalytic activity. The evaluation of the catalytic effect of

the minerals used in this study was conducted in light of this context.

There was no clear impact of minerals on the overall conversion of AMS at both low and high
mineral concentration levels in the AWM experiments compared to the self-reaction of AMS (see
Table 5.8). At the same time, due to the high AMS conversion, it was difficult to discern such
an impact. However, in the ATP experiments, the presence of kaolinite resulted in an increase of
24-42% in the initial rates of AMS conversion (see Table 5.4), while the AMS conversion rates at

5- and 10-min were comparable in both the presence and absence of kaolinite.

Polovor et al.[76] reported the deposition of condensation products from the conversion of AMS,
referred to by the authors as coke, on the surface of an aluminosilicate catalyst. The formation
of coke-like material originating from the conversion of cumene on the surface of acid catalysts
has also been reported [74, 83]. The microscope pictures of kaolinite after reaction in the ATP
experiments (Figure 5.8) revealed the formation of dark carbonaceous material over the kaolinite’s
surface, which seemed to darken with increased reaction time. These findings suggest that the
deposition of organic material can rapidly foul kaolinite, making its catalytic effect only apparent
at the initial stages of AMS conversion. As the reaction progressed, the fouling of kaolinite could
have led to the observed decreased conversion rates of AMS and tetralin at 5 and 10 min, along
with the reduced enhancement in the formation rates of cumene and naphthalene at 5 and 10 min

compared to the initial rates.

Additional evidence that kaolinite was catalytically active during the thermal conversion in this

study was observed through the formation of benzene and the AMS dimer E1 in the AWM exper-
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iments. The selectivity of AMS conversion to benzene increased with a higher concentration of
kaolinite in the reaction medium (i.e., selectivity to benzene was 0.25+0.00% in AMS+K(3) vs.
0.46+0.05% in AMS+K(9); refer to Table 5.8). Also, the RAP of El in the AWM experiments
(see Table 5.9) was pronouncedly higher in the presence of kaolinite. However, increasing the
concentration of kaolinite from 3 to 9 wt% did not result in a proportional increase in the RAP of

El.

There was no indication that either rutile or quartz were catalytically active during the AWM ex-
periments. The selectivities to products with RT lower than 50 min (Table 5.8) and the RAP of the
AMS dimerization products (Table 5.9) were comparable in the absence of minerals (i.e., system
AMS) and in the presence of both rutile and quartz. Moreover, no carbonaceous material was found

to be deposited on either rutile or quartz (see Figures 5.9E and 5.9F, respectively) after reactions.

5.4.5 Relevance to petroleum processes

Previous investigations into petroleum conversion have suggested advantages of processing oil in
the presence of water, such as increased viscosity reduction, a higher yield of light liquid products,
and coke suppression [13, 84, 85]. However, many of these studies were conducted over extended
reaction times (6—24 hours), under supercritical conditions, and in the presence of added catalysts.
At the conditions of the current study (400 °C, 0.5 h), no beneficial impact of water was identified.
In fact, the results indicated that water reduced reaction rates during thermal conversion. When con-
sidering thermal recovery methods like steam-assisted gravity drainage (SAGD) and cyclic steam
stimulation (CSS) that are conducted at lower temperatures than those employed in this study and
focus on extraction rather than upgrading, the findings of the present study suggest that the use
of steam during extraction may not interfere with the original composition of the oil. However,
from the perspective of oil upgrading, such as those found in hydrothermal treatment of oil and
subsurface upgrading in the presence of water, no beneficial or deleterious effect of water could be

inferred from this study.

This outcome does not invalidate previous claims about the benefits of incorporating water during

thermal treatment of oil, but suggests that the positive effect of water might be dependent on other
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variables, such as medium composition, reaction times, and the presence or absence of catalytically
active materials in the medium. This highlights that although there is extensive literature on the
influence of water during the thermal treatment of oil, the precise role of water in this process
remains unclear. Future studies on the relationship between the physical effect of water as a diluent
during the process and its implications for the properties and composition of the final product could

contribute to advancing knowledge in this field.

The results of this study suggested that the presence of kaolinite enhanced hydrogen transfer during
thermal treatment when a good hydrogen donor is available in the reaction medium. This finding
aligns with prior research involving the treatment of bitumen with oilsands minerals containing
kaolinite [5, 54]. Increasing the rate of hydrogen transfer during oil conversion can be beneficial as
it contributes to suppressing coke formation [86]. Future research on the collective impact of other
clay minerals such as illite and montmorillonite (i.e., clays frequently found in oil reservoirs) during

thermal oil treatment could offer valuable insights into the role of these minerals in oil conversion.

Several studies in the literature have reported the catalytic effect of kaolinite during the thermal
conversion of oil, influencing reaction rates and decreasing activation energies [16, 64, 87]. In this
study, there was evidence that kaolinite facilitated the cationic conversion of AMS. The enabling
of additional conversion pathways by kaolinite, including cationic dealkylation to produce benzene
and cationic dimerization to form the tricyclic AMS dimer 1,1,3-trimethyl-3-phenyl indane, could
potentially impact the composition of the final products during oil conversion. Works regarding the
in situ combustion of heavy oils have also reported the impact of kaolinite in enhancing reaction
rates and influencing product composition [16, 88]. However, the rapid deactivation of kaolinite
due to the deposition of carbonaceous material during conversion and the low surface area of kaoli-
nite meant that the potential catalytic contribution of kaolinite was limited. Therefore, although
kaolinite performed acid-catalyzed reactions, its impact on the overall conversion during petroleum
processing is likely to be minor due to the fast deactivation of the mineral. At the same time, this
study suggests that mineral matter may be retained in petroleum feed for thermal conversion, as

long as it does not pose any risk to any equipment or process operation.
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5.5 Conclusions

The current study explored the influence of water and kaolinite on reaction rates and pathways
during the thermal conversion of AMS at 400 °C. Both water and kaolinite had an impact on the
reaction rates, while kaolinite also influenced the pathways to the formation of specific products
during the conversion process. There was evidence that kaolinite was catalytically active during

the thermal treatment.

The main findings from this study are summarized as follows:

(a) The inclusion of water during the thermal treatment led to a reduction in the conversion rates of
AMS. The dilution of the reaction medium by water could be a potential factor contributing to the
decreased rates. Despite the impact of water on AMS conversion rates, no evidence was found to

suggest that water affected reaction pathways, hydrogen transfer, or products selectivity.

(b) The presence of kaolinite resulted in increased conversion rates of both AMS and tetralin. The
reaction rates and selectivities of AMS conversion to cumene and tetralin conversion to naphtha-
lene were higher in the kaolinite-containing systems, suggesting that kaolinite somehow favored

hydrogen transfer during the treatment.

(c) The higher rates of formation and selectivities of AMS conversion to benzene and the tricyclic
AMS dimer E1 (1,1,3-trimethyl-3-phenyl indane), observed in the presence of kaolinite, indicated
that kaolinite influenced the reaction pathways during the thermal treatment by facilitating cationic

conversion.

(d) In addition to the dilution effect of water, the competitive adsorption of water on the surface of
kaolinite might have played a role in decreasing the conversion rates of both AMS and tetralin, as
well as the decreased formation rates of several products, including benzene and the AMS dimer

El.

(e) When comparing the impact of kaolinite to that of rutile and quartz on AMS conversion, only
kaolinite was catalytically active during the treatment. However, the formation of carbonaceous

deposits on the surface of kaolinite in combination with its low surface area suggests that the
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mineral can become rapidly fouled, making its catalytic effect apparent mainly at the initial stages

of AMS conversion.
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Chapter 6

Conclusions

6.1 Introduction

When bitumen is recovered from mined oilsands deposits, it needs to be disengaged from the
bulk of the mineral matter and recovered through a hot water extraction process. Bitumen is then
recovered as a bitumen froth comprising about 60 wt% bitumen, 30 wt% water, and 10 wt% mineral
solids. Separating water and minerals from bitumen presents challenges due to the comparable
density of bitumen and water, as well as the high viscosity of bitumen, which hinders the separation
of fines. In order to achieve this separation, a light solvent is added to the bitumen froth in the froth
treatment unit. The resulting bitumen product, after solvent recovery, is still highly viscous and

dense, requiring dilution and/or upgrading for transport through pipelines.

Some authors explored the potential advantages of thermally treating bitumen froth, not only aim-
ing to enhance the separation of water and solids but also to achieve partial upgrading of bitumen.
However, hydrothermal treatment of froth at 250 °C was too low temperature to yield any partial
upgrading benefits, such as reduced density and viscosity of the bitumen product. Nevertheless,
other studies unrelated to bitumen froth have reported advantages in thermally treating bitumen in
the presence of water and minerals at temperatures exceeding 250 °C, including higher viscosity

reduction and an increased yield of lighter products.

The current thesis investigated the outcomes of retaining water and minerals during the thermal
treatment of bitumen froth at 400 °C. The main objective was to explore the influence of water
and mineral solids on the physicochemical properties of the bitumen product and the conversion

chemistry.

Following previous claims that thermally treating bitumen in the presence of water and minerals

could result in benefits from the perspective of bitumen upgrading, the first study in this thesis
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(Chapter 3) evaluated the impact of water, minerals, and solvent on the physicochemical changes
of the bitumen phase during visbreaking of froth at 400 °C. It was expected that retaining water
and solids during visbreaking could lead to improvements in the quality of the bitumen product,
including enhanced density and viscosity reduction. Although the presence of water and miner-
als did not result in any partial upgrading benefits (i.e., the presence of these components resulted
in increased bitumen’s density and viscosity as compared to visbreaking of bitumen alone), the
physicochemical changes of bitumen observed in Chapter 3 indicated that water and minerals af-
fected the conversion process. For instance, there was evidence that hydrogen transfer was affected

by water and mineral solids.

While the findings from Chapter 3 revealed that the presence of water and minerals in bitumen
froth influenced the reactions taking place during visbreaking, that study was not designed to assess
details regarding the conversion chemistry. Therefore, it was of interest to explore in Chapter 4
the influence of water and minerals on reactions relevant to bitumen upgrading, such as cracking,
hydrogen transfer, and addition reactions. This was achieved by thermally treating bitumen froth
at 400 °C, a reaction medium similar to the reaction systems studied in Chapter 3, but including
a-methylstyrene (AMS) as a probe molecule to interrogate the reaction chemistry. The thermal
treatment of froth and control systems in Chapter 4 showed evidence that both water and minerals
had an impact on the reaction chemistry, specifically by influencing feed conversion and product

composition.

The studies covered in Chapters 3 and 4 indicated that water and minerals affected the reaction
chemistry during the thermal treatment of froth. However, due to the complexity of the reaction
medium containing bitumen, it was not possible to relate the influence of water and minerals to
specific reaction pathways. In this sense, the third study presented in this thesis (Chapter 5) inves-
tigated the specific contributions of water and kaolinite, a common clay mineral found in oilsands,
to the reaction rates and pathways during the thermal treatment of a simpler model system contain-

ing AMS, tetralin, and n-pentadecane.

The main findings and conclusions derived from the studies covered in this thesis are presented in

the following section.
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6.2 Major conclusions and insights

The first objective of this thesis was to evaluate if visbreaking of bitumen at 400 °C in the presence
of water and solids from froth, with and without solvent addition, could result in partial upgrading
benefits such as higher viscosity and density reduction as compared to the treatment of bitumen
alone (Chapter 3). By design this was an applied investigation using industrially obtained materi-

als.

As anticipated, visbreaking of bitumen froth resulted in a bitumen product with lower density and
viscosity (i.e., on a solvent-free basis, the density of bitumen at 25 °C varied from 1005-1010
kg/m?® in the feed to 964-998 kg/m?® in the products, while the viscosity of bitumen at 25 °C varied
from 48—78 Pa-s in the feed to 0.17—1.2 Pa-s in the products).

However, it was surprising that the visbreaking of bitumen in the presence of water and/or solids,
with and without solvents, resulted in a bitumen product with a slight higher density and viscosity as
compared to the treatment of bitumen alone (i.e., on a solvent-free basis, the density and viscosity
of the bitumen product at 25 °C in systems containing water and/or solids were approximately
3-13 kg/m?® and 0.1-0.8 Pa-s higher, respectively, compared to the bitumen product in the systems
containing bitumen alone). This finding contrasts with prior literature, which indicated that the
quality of the bitumen product improved with the presence of water and minerals during thermal

treatment within the temperature range of 250-430 °C and prolonged reaction times (1.5-24 h).

In Chapter 3, the changes in the physicochemical properties of bitumen treated in the presence
of water and/or mineral solids suggested that these components individually and collectively influ-
enced the composition of the bitumen product. For instance, variations in the aliphatic and aromatic
hydrogen content indicated that hydrogen transfer was affected by the presence of water and min-
erals. In most reaction systems containing water and/or mineral solids, the aromatic H content was
0.7-3.1% lower compared to the treatment of bitumen alone. This provided clear evidence that the

reaction chemistry was influenced by both water and minerals.

There was indication of free radical termination on the surface of mineral solids during visbreak-

ing of bitumen. This could have a direct impact on the extent of thermal conversion of bitumen
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since the solids might increase the rate of termination relative to initiation and propagation during

visbreaking.

Regarding the effect of solvent during visbreaking of bitumen froth, the findings from Chapter 3
suggested potential advantages of conducting visbreaking of bitumen in the presence of a lighter
hydrocarbon solvent (n-hexane) when compared to a heavier solvent (kerosene) or visbreaking in
the absence of a solvent. On a solvent-free basis, the lowest viscosity and density values when
comparing the visbreaking of bitumen alone were obtained in the presence of n-hexane (i.e., vis-
cosity and density at 25 °C of 0.17 Pa-s and 971 kg/m?® in the presence of n-hexane vs. 0.41 Pa-s
and 989 kg/m? in the presence of kerosene vs. 0.62 Pa-s and 986 kg/m® in the absence of a solvent).
This finding indicated that the changes in the bulk properties of bitumen promoted by the addition
of a solvent have a direct impact on the conversion chemistry during the treatment and the quality

of the bitumen product. The nature of this impact was not investigated.

The results obtained in Chapter 4 corroborated the evidence presented in Chapter 3, highlighting
the influence of water and minerals on the reaction chemistry during the thermal treatment of froth
at 400°C. In Chapter 4, the use of AMS as a probe molecule allowed for evaluating the impact
of water and minerals on relevant reactions to bitumen upgrading, such as hydrogen transfer and

addition reactions.

The presence of water in the reaction medium resulted in reduced AMS conversion and decreased
formation of addition products, while at the same time favoring hydrogen transfer. Nevertheless, it
remained unclear whether water directly caused these changes or if water affected other properties
in the reaction medium, which in turn resulted in the observed changes. Although many authors
have emphasized the beneficial effect of water in promoting hydrogen transfer and suppressing the
formation of heavy products, the effect of water on the overall bitumen conversion received less
attention. The decreased AMS conversion in the presence of water, noticed in Chapter 4, could

indicate that water might have a direct impact on bitumen conversion during thermal treatment.

There was also strong evidence that mineral solids somehow favored hydrogen transfer during
the treatment. This was an important contribution to the field since the literature is scarce on

the effect of oilsands minerals on hydrogen transfer. Besides, the mineral solids did not seem to
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have any impact on the overall formation of addition products. These are beneficial aspects from
the perspective of bitumen upgrading, since the enhancement of hydrogen transfer during thermal
conversion can potentially suppress coke formation and increase the yield of lighter liquid products.

The mechanism by which mineral solids enhanced hydrogen transfer remained unresolved.

The findings from Chapter 4 also highlighted the impact of hydrogen donors on the suppression
of addition products during the thermal treatment of bitumen. The overall formation of addition
products was higher in a reaction medium with limited hydrogen donors (i.e., the control reaction
using kerosene as feed) compared to a medium abundant in hydrogen donors (i.e., the reaction

systems containing bitumen).

The presence of clays, such as kaolinite, in the froth solids was anticipated to facilitate cationic
conversion, including cationic dimerization. While potential cationic pathways were discussed
in Chapter 4 based on the products identified from the AMS conversion, this study could not
distinguish between free radical and cationic conversion. This was one of the reasons that motivated

the work performed in Chapter 5.

The presence of water in the study presented in Chapter S led to reduced conversion rates of AMS,
a finding that was consistent with the suppressed AMS conversion in the presence of water within
a more complex system containing bitumen (Chapter 4). The dilution of the reaction medium by
water might have played a role in contributing to the decrease in conversion rates. This finding was

supporting evidence of a potential deleterious effect of water during thermal conversion.

While water favored hydrogen transfer reactions during the thermal conversion of AMS in the
presence of bitumen (Chapter 4), there was no evidence that it facilitated hydrogen transfer un-
der similar reaction conditions during the thermal conversion of AMS in a simpler model system
(Chapter S). This result was surprising given the extensive literature claiming that water is a hy-
drogen donor solvent. The combined findings from Chapters 4 and 5 provided evidence of the
hydration of unsaturated compounds and the likely impact of dilution by water on decreasing the

conversion rates; however, there was no evidence to support that water was a net hydrogen donor.

Kaolinite was catalytically active during the thermal treatment. There was evidence that the Brgnsted-

Lowry acidity of kaolinite affected reaction pathways by enabling cationic conversion, such as
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cationic dealkylation to form benzene and cationic dimerization of AMS to form the tricyclic dimer
1,1,3-trimethyl-3-phenyl indane. The choice of a simpler model system in Chapter S enabled suc-
cessful differentiation between free radical and cationic AMS conversion, which was not achievable

in a system containing bitumen (Chapter 4).

The addition of kaolinite in the reaction media resulted in increased reaction rates and clearly fa-
vored hydrogen transfer. This finding also implies that the presence of kaolinite in the froth solids
used in Chapters 3 and 4 could have contributed to the observed increase in hydrogen transfer in
those studies. However, the deposition of carbonaceous material on the surface of kaolinite sug-
gested that while the mineral was catalytically active during treatment, it was rapidly fouled. These
findings indicate that although the clays in oilsands minerals might have an important catalytic role
at the early stages of thermal conversion of oil, the catalytic sites of these minerals might rapidly

foul, hindering their effect during prolonged thermal conversion.

6.3 Recommended future work

6.3.1 Specific role of water during oil conversion

Despite the extensive literature on the potential impacts of water during the thermal conversion of
oil, the precise role of water in this process remains unclear. While some studies suggest water’s
role as a hydrogen donor reactant, evidence indicates that water is not consumed during the process.
Therefore, it is more likely that water serves as a hydrogen transfer agent rather than a hydrogen
donor. Furthermore, the relation between the physical effect of water as a diluent during the process
and its implications for the properties and composition of the final product has not been thoroughly

investigated.

While numerous studies in the literature have reported the advantages of thermally treating oil in
the presence of water, the studies presented in this thesis highlighted potential drawbacks associated
with water during the treatment. These included increased density and viscosity during visbreaking
(Chapter 3), reduced conversion (Chapter 4), and decreased reaction rates (Chapter 5). These
outcomes do not detract from the studies that claimed the benefits of having water during the

treatment but highlight that there is ample opportunity for research to advance the understanding of
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the role of water during the process.
The following questions are recommended for future research:

(a) How does the phase behavior of a mixture of water and oil affect the reaction chemistry during

thermal conversion?
(b) What is the mechanism by which water favor hydrogen transfer during oil conversion?

(c) How does the dilution effect of water during the thermal conversion of oil differ from that of
a hydrocarbon solvent in terms of the impact on the properties and composition of the thermally

treated product?

(d) What is the mechanism by which water hinders the formation of addition products during the

thermal conversion of 0il?

6.3.2 Contribution of froth minerals to increased density and viscosity dur-
ing bitumen conversion

The presence of froth minerals during thermal conversion resulted in increased density and viscos-
ity of the bitumen product compared to the treatment of bitumen alone (Chapter 3). Two tentative
explanations for these findings were proposed. The first involved potential free radical termina-
tion on the surface of solids, while the second suggested the potential formation of acid-catalyzed
addition products in the presence of the solids. However, the results from Chapter 4 indicated
that the overall formation of addition products was not influenced by the solids. Consequently, the
role of froth minerals in increasing density and viscosity remained unresolved but holds practical

implications when considering the thermal treatment of oils in the presence of mineral solids.
The following questions are recommended for future research:

(a) What is the impact of froth solids on free radical quenching during the thermal conversion of

oil?
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(b) How does the impact of froth solids on the bitumen product composition relate to changes in

density and viscosity during thermal conversion?

6.3.3 Impact of the thermal treatment of froth on the separation of solids
and water

While the thermal treatment of bitumen in the presence of water and minerals did not result in
partial upgrading benefits beyond what can be obtained by thermal treatment of bitumen on its
own, the reduction in density and viscosity of the bitumen phase could potentially enhance the
separation of solids and water in the froth treatment unit. For instance, performing visbreaking
of bitumen froth could potentially reduce the amount of solvent required in the froth treatment
unit. Additionally, the deposition of heavy hydrocarbons on the solids’ surface could potentially

facilitate their gravity separation in the froth treatment unit, resulting in a cleaner bitumen product.
The following questions are recommended for future research:

(a) What is the impact of froth visbreaking on the amount of solvent required for the separation of

solids and water in the froth treatment unit?

(b) How does froth visbreaking impact the efficiency of solids and water separation in the froth

treatment unit?

6.3.4 Mechanism by which froth solids and kaolinite favor hydrogen trans-
fer

All the studies presented in this thesis indicated that the minerals found in froth somehow favored
hydrogen transfer during thermal conversion at 400 °C. However, the mechanism by which this
occurs remains unresolved. An exploratory path could involve investigating if froth minerals could
facilitate hydride transfer, similar to mechanisms found in cationic polymerization and catalytic

cracking.

The following questions are recommended for future research:
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(a) Is hydride transfer a possible step during thermal conversion at 400 °C in the presence of min-

erals from froth?

(b) Is the Brgnsted-Lowry or Lewis acidity of clays, such as kaolinite, somehow involved in favor-

ing hydrogen transfer during thermal conversion at 400 °C?
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Appendix A: Supporting information for Chapter 3

A.1 Filtration setup

Pressurized N, D q

Reservoir

(53 mL)

Tee-type filter
(0.5 um)

Collector vessel
(50 mL)

Figure A.1: Filtration setup used for solids removal.
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A.2 Reactor setup for visbreaking

Thermocouple .
TI
Pressurized N, &_ g
1

Reactor
(53 mL)

1

Figure A.2: Reactor setup used for visbreaking. TI — Temperature indicator; PI — Pressure indicator
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A.3 Typical temperature profile inside the reactor during visbreaking
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Figure A.3: Typical temperature profile inside the reactor during the visbreaking reactions.
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A.4 Equivalent residence time (ERT) calculation

The ERT, as defined by Yan [3], was calculated for each time interval (1 min interval) through all
the reaction times (including heat-up and cool-down times). The ERT was calculated according to
equation Eq. A.1, where At; are defined time intervals consisting of two recorded temperatures (T;
and T;;1), T,y is the reference temperature for which the ERT is being calculated, E, = 209500 J
mol ', and R = 8.314 J mol~ " K™'. Then, the ERT of the reaction was obtained by adding all the

ERT of each time interval.

u E, 1 1
ERT at T,ep = Z; At; X exp (_E> T+Tn T (A.1)
- 2
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A.5 Measured Elemental Analyses of bitumen samples and procedure for data correction

Table A.1 contains the measured elemental analysis of untreated bitumen and reacted systems. The analyzed bitumen samples contained
solvent and residual water that had an impact over the measured results. Mass balance together with the solvents elemental composition,
and the residual water content (Table 3.6), were used in order to correct the measured values and obtaining the elemental composition of

bitumen only (Table 3.7).

Table A.1: Measured Elemental Analysis (wt%) and molar element ratios of untreated bitumen and bitumen separated from visbroken
products. These bitumen samples reported in these results contain kerosene and residual water.”

Measured Elemental Analyses (wt%)
System C H N S O® H/C N/C S/C

X S X S X S X S X X X

Group I
Solvent: kerosene
Untreated bitumen 83.55 0.38 11.07 0.11 042 0.01 3.81 0.02 1.15 1.58 0.0043 0.0171

B+W+S 83.77 0.27 10.71 0.06 047 0.01 3.65 0.07 140 1.52 0.0048 0.0163

B+W 83.84 0.05 10.64 0.03 046 0.01 3.74 0.08 132 1.51 0.0047 0.0167

B+S 84.19 0.06 10.85 0.02 044 0.01 3.63 0.03 0.89 1.54 0.0045 0.0162

B 82.67 0.27 10.76 0.02 044 0.02 3.72 0.18 241 1.55 0.0046 0.0169
Group II

Solvent: rn-hexane
Untreated bitumen 81.67 0.21 10.70 0.18 0.52 0.13 430 0.07 2.80 1.56 0.0055 0.0197
B+W+S 84.00 0.05 1038 0.19 048 0.01 4.13 0.06 1.01 1.47 0.0049 0.0184

Continues on the next page
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Measured Elemental Analyses (wt%)

System C H N S o° H/C N/C S/IC
X S X S X S X N X X X
B+W 84.10 0.12 10.24 0.16 0.50 0.01 4.47 0.15 0.69 1.45 0.0051 0.0199
B+S 83.62 0.21 10.35 0.18 048 0.01 424 0.10 131 1.47 0.0049 0.0190
B 84.00 0.17 1028 0.11 0.50 0.02 420 0.14 1.02 1.46 0.0051 0.0187
Group IIT

No added solvent®

Untreated bitumen  82.34 0.64 10.29 0.05 0.52 0.02 497 0.03 1.89 1.44 0.0048 0.0201
B+W+S 83.58 0.09 10.13 0.29 0.56 0.01 4.66 0.04 1.08 1.41 0.0051 0.0186
B+W 84.25 0.14 10.19 0.21 0.53 0.01 4.65 0.06 038 1.42 0.0048 0.0184
B+S 8349 0.09 10.34 0.06 0.54 0.00 498 0.02 0.65 143 0.0050 0.0199
B 83.12 0.15 10.06 0.07 0.51 0.01 4.63 023 1.68 1.40 0.0047 0.0186

“ Average (x) and sample standard deviation (s) of analyses in duplicate. "Oxygen amount calculated by difference.
“Solvent was not added prior to reaction, but 10 wt% of benzene was added to the untreated bitumen and visbroken

products prior to analyses.
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A.6 Measured viscosity of bitumen samples and method for viscosity correc-
tion

The dynamic viscosity of the samples was calculated by extracting the slope of the linear regression
from the shear stress versus shear rate curve. All the samples presented Newtonian behavior. One
example of a shear stress vs. shear rate curve from the product of the system B+S in group I

experiments is shown in Figure A.4.

100
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40
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0

y = 0.0906x
R2=10.9999

Shear Stress (Pa)

0 200 400 600 800 1,000 1,200
Shear Rate (s!)

Figure A.4: Shear stress vs. shear rate curve of system B+S - Group I - measurement at 25 °C.

The measured viscosity values for the diluted bitumen samples is shown in Table A.2. In order to
remove the dilution effect of the added solvents over the bitumen product viscosity, the correlation
proposed by Miadonye et al.[2] was applied, and the results are shown as "Corrected Viscosity" in
Table 3.9. The equations used to correct bitumen viscosity are listed in Eq. A.2-A.4, where v, ; is
the kinematic viscosity of diluted bitumen (in cSt), v, is the kinematic viscosity of solvent (in cSt),

vy, 1s the kinematic viscosity of bitumen (in ¢St), and w; is the mass fraction of solvent.

Uprs = exp (exp(a(l — wl)) + In(vs) — 1) (A.2)

a = In (In(v) — In(vs) + 1) (A.3)
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Vs
_ Ad
"= 0.00290, + 0.1351 (A4)

Table A.2: Measured viscosity of bitumen feed and bitumen separated from visbroken products at
different temperatures.

Measured Viscosity (Pa-s)

System )
25°C 30°C 35°C 40°C 60°C Slope Intercept R

Group I
Solvent: kerosene

Untreated bitumen 0.83 0.29 0.10 -3416 21.370 1

B+W+S 0.076 - - 0.037 0.017 -3.790 23.062 1

B+W 0.096 - - 0.049 0.020 -3.799 23.176  0.995

B+S 0.091 - - 0.043 0.019 -3.805 23.187 0.999

B 0.053 - - 0.027 0.014 -3.664 22253 0.999
Group II

Solvent: n-hexane

Untreated bitumen 049 035  0.27 - - -3.112 19.555  0.999

B+W+S 0.033 0.027 0.022 - - -3.454 20926 0.999

B+W 0.041 0.032 0.027 - - -3.641  22.051 0.999

B+S 0.026 0.022 0.018 - - -3.550  21.409 0.999

B 0.019 0.016 0.014 - - -3.456  20.770 1
Group III

No added solvent”

Untreated bitumen 1.9 1.2 0.84 - - -3.455 21708  0.999

B+W+S 0.14 0.11 0.082 - - -3.658  22.444 1

B+W 0.10 0.082 0.066 - - -3.222  19.896  0.999

B+S 0.16  0.12 0.090 - - -3.568  21.951 1

B 0.11 0.083 0.064 - - -3.492 21436 0.999

“Solvent was not added prior to reaction, but 10 wt% of benzene was added

to the untreated bitumen and visbroken products prior to analyses.
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A.7 Measured density of bitumen samples and method for density correc-
tion

The measured density values for the diluted bitumen samples are shown in Table A.3. The ideal
mixture rule (Eq. A.5) was used for correcting bitumen density by removing the solvent contribu-
tion to the density of the mixture. In Eq.A.S, p;., is the density of diluted bitumen, w, and w;, are
the mass fractions of solvent and bitumen, while p, and p,, are the densities of solvent and bitumen,

respectively.

1

Pot+s = (ws> (wb)
— + _
Ps Pb

(A.5)
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Table A.3: Measured density (p) of bitumen feed and bitumen separated from visbroken products
at different temperatures.

Measured Density (kg/m?)

System
25°C  30°C 35°C 40°C 60°C Slope Intercept R?
Group I

Solvent: kerosene

Untreated bitumen  961.33 - - 951.41 93798 -0.667 978.05 1
B+W+S 948.99 - - 9038.61 92479 -0.691 966.27 1
B+W 952.15 - - 941.8 92798 -0.691 969.42 1
B+S 948.92 - - 938.54 92471 -0.692 966.21 1
B 945.53 - - 935.11 921.17 -0.696 962.94 1

Group II

Solvent: n-hexane

Untreated bitumen  940.68 937.31 933.91 - - -0.677  957.61 1
B+W+S 923.57 920.01 916.42 - - -0.715  941.45 1
B+W 921.24 917.74 914.21 - - -0.703  938.82 1
B+S 908.62 904.93 899.82 - - -0.880  930.86 0.991
B -0.719  931.68 1

Group IIT

No added solvent”

Untreated bitumen  990.43 987.05 983.67 - - -0.676  1007.33 1
B+W+S 975.99 97245 968.89 - - -0.710  993.74 1
B+W 970.38 966.83 963.29 - - -0.709  988.10 1
B+S 976.84 973.31 969.61 - - -0.723 99494  0.999
B 973.09 969.42 965.27 - - -0.782  992.72  0.999

“Solvent was not added prior to reaction, but 10 wt% of benzene was

added to the untreated bitumen and visbroken products prior to analyses.
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A.8 Measured refractive index of bitumen samples and method for refrac-
tive index correction

The measured refractive index (RI) values for the diluted bitumen samples are shown in Table A .4.
As already mentioned in the experimental section of the paper, the RI measurements of group I
experiments did not vary with time. However, the measurements of groups II and III experiments
presented solvent evaporation, and a different procedure for taking the measurements had to be

used.

In order to correct the RI values (by removing the contribution of the added solvent) from group
I experiments, the Eykman correlation (Eq. A.6) was used [1]. In Eq. A.6, n,,, is the refractive
index of the diluted bitumen, n, and n, are the refractive indices of bitumen and solvent, while
wp and ¢, are the volume fractions of bitumen and solvent, respectively. Eq. A.7 was used to
determine the volumetric fraction of the solvent in the mixture, where ¢, is the volumetric fraction
of solvent, w and wy, are the mass fractions of solvent and bitumen, and p, and p; are the densities
of solvent and bitumen, respectively. The values used for p, were the corrected bitumen densities

shown in Table 3.11.

2 2 2
Ny, — 1 ny — 1 n; —1
Mo 72 (T ) o (e A6
n2,.+04 7 (ng +o04) TP \zt0a (4.6)
ws
Ps = ﬁ (A7)
Ps Po

For groups II and IIT experiments, measurements were taken at 35 °C every 10 min, from 10 to 60
min. At the 60-min mark (when solvent evaporation ramped down), measurements at 25 and 30
°C were also taken. Then, the variation of the refractive index value between 10 and 60 min (at 35
°C) was used to estimate the solvent evaporation during that period. Once the loss of solvent was
estimated, the residual solvent in the samples was calculated, and this value was used to find the
volumetric fraction of solvent to be used in Eq. A.6 to correct the RI values at 25, 30, and 35 °C.

The estimation of the loss of solvent during the 10-60 min time period at 35 °C is detailed in the
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following steps:

1- The refractive index values at 10 and 60 min were input in the Eykman correlation (Eq. A.8),
where n; is the refractive index of the bitumen/solvent mixture at 35 °C after 10 min and g is the

measurement after 60 min.

2 2 2
—_— = —_ s | ————— A.8
2,104 7 (n§0+o.4> T (n§+0.4) (A.8)

2- As both the refractive index and volumetric fraction of solvent varied at the same time in the 10-
60 min period, the ideal mixture rule for density (Eq. A.9) and the volumetric fraction of solvent
(A.7) were solved simultaneously with the Eykman correlation to give the mass fraction of solvent
that evaporated in that period. The values used for the mixture density (p+s) in Eq. A.9 were the

measured density values shown in Table A.3.

Pots = w, Wy (A9)

Ps Pb

3- The difference between the initial solvent content and the evaporated solvent was calculated and
the residual solvent in the mixture was used to correct the RI values at 25, 30 and 35 °C by using

Eq. A.6 and A.7. The residual solvent after 60 min for each system is shown in Table A.5.
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Table A.4: Measured refractive index (n) of bitumen feed and bitumen separated from visbroken
products at different temperatures.

Measured Refractive Index

System )
25°C 30°C 35°C 40°C 60°C dn/dT R
Group I
Solvent: kerosene
Untreated bitumen 1.5423 - - 1.5363 1.5286 -3.9E-04 0.999
B+W+S 1.5458 - - 1.5400 1.5325 -3.8E-04 0.999
B+W 1.5474 - - 1.5414 1.5334 -4.0E-04 1
B+S 1.5436 - - 1.5383 1.5315 -3.5E-04 0.999
B 1.5411 - - 1.5351 1.5276 -3.9E-04 0.999
Group II
Solvent: n-hexane
Untreated bitumen 1.5475 1.5454 1.5432 - - -4.3E-04 0.999
B+W+S 1.5697 1.5676 1.5655 - - -4.2E-04 1
B+W 1.5633 1.5613 1.559%4 - - -3.9E-04 0.999
B+S 1.5707 1.5687 1.5667 - - -4.0E-04 1
B 1.5769 1.5747 1.5727 - - -4.2E-04 0.999
Group IIT
No added solvent”
Untreated bitumen 1.5650 1.5628 1.5607 - - -4.3E-04 0.999
B+W+S 1.5760 1.5739 1.5719 - - -4.2E-04 1
B+W 1.5690 1.5670 1.5649 - - -4.1E-04 0.999
B+S 1.5635 1.5618 1.5598 - - -3.7E-04 0.998
B 1.5696 1.5676 1.5654 - - -4.2E-04 0.999

“Solvent was not added prior to reaction, but 10 wt% of benzene was

added to the untreated bitumen and visbroken products prior to analyses.
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Table A.5: Refractive index values at 10 and 60 min and residual solvent in groups II and III.

Refractive Index at 35 °C Solvent content after
System

10 min 60 min evaporation (wt%)
Group 11
Solvent: n-hexane
Untreated bitumen 1.5365 1.5432 10.7
B+W+S 1.5552 1.5655 9.9
B+W 1.5450 1.5594 8.5
B+S 1.5584 1.5667 10.5
B 1.5671 1.5727 11.4
Group IIT
No added solvent”
Untreated bitumen 1.5567 1.5607 5.2
B+W+S 1.5671 1.5719 5.0
B+W 1.5586 1.5649 2.8
B+S 1.5566 1.5598 6.1
B 1.5589 1.5654 2.6

“Solvent was not added prior to reaction, but 10 wt% of benzene was

added to the untreated bitumen and visbroken products prior to analyses.
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A.9 Measured and corrected free radical content

The measured free radical content for the bitumen samples diluted with kerosene is shown in Table
A.6. The kerosene added to the feed did not contain any free radicals in its composition, and, there-
fore, the corrected free radical content (also shown in Table A.6) was obtained by mass balance to

report the radicals concentration per mass of bitumen only.

Table A.6: Measured and corrected free radical content of untreated bitumen and bitumen sepa-
rated from visbroken products in group I experiments.

Measured Free Radical Content

Corrected Free Radical Content

System . . . . . .
(10" spins/g of diluted bitumen)® (10'® spins/g of diluted bitumen)®
x s x s
Untreated bitumen 1.43 0.03 1.79 0.03
B+W+S 1.36 0.04 1.70 0.06
B+W 1.63 0.07 2.03 0.08
B+S 1.29 0.03 1.61 0.03
B 1.59 0.02 1.98 0.03

“Average (x) and sample standard deviation (s) of analyses in triplicate.
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A.10 Measured aliphatic and aromatic hydrogen content

Table A.7: Measured aliphatic and aromatic hydrogen content based on 'H NMR spectra of vis-
broken products.

Aliphatic H Content (%)® Aromatic H Content (%)"

System
X s X s
Group I

Solvent: kerosene
Untreated bitumen 93.5 0.3 6.5 0.3
B+W+S 93.5 0.3 6.5 0.3
B+W 93.2 0.3 6.8 0.3
B+S 93.1 0.2 6.9 0.2
B 91.9 0.2 8.1 0.2

Group II

Solvent: n-hexane
Untreated bitumen 95.8 0.1 4.2 0.1
B+W+S 93.3 0.4 6.7 0.4
B+W 94.9 0.5 5.1 0.5
B+S 94.9 0.2 5.1 0.2
B 93.9 0.1 6.1 0.1

Group IIT

No added solvent”
Untreated bitumen 86.2 0.6 13.8 0.6
B+W+S 86.5 0.3 13.5 0.3
B+W 85.6 0.8 14.4 0.8
B+S 87.9 0.5 12.1 0.5
B 85.1 0.2 14.9 0.2

“Solvent was not added prior to reaction, but 10 wt% of benzene was

added to the untreated bitumen and visbroken products prior to analyses.
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A.11 Measured aliphatic and aromatic carbon content

Table A.8: Measured aliphatic and aromatic carbon content based on >C NMR spectra of visbro-
ken products.

System Saturated (aliphatic) C Content (%)® Aromatic C Content (%)*
Group I

Solvent: kerosene
Untreated bitumen 77.2 22.8
B+W+S 69.6 30.4
B+W 71.4 28.6
B+S 71.2 28.8
B 73.0 27.0

Group 11

Solvent: n-hexane
Untreated bitumen 72.2 27.8
B+W+S 67.4 32.6
B+W 71.4 28.6
B+S 70.9 29.1
B 69.3 30.7

Group IIT

No added solvent®
Untreated bitumen 63.6 36.4
B+W+S 60.7 39.3
B+W 60.3 39.7
B+S 60.8 39.2
B 59.7 40.3

“ Analysis performed on a single sample. *Solvent was not added prior to reaction,
but 10 wt% of benzene was added to the untreated bitumen and

visbroken products prior to analyses.
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Appendix B: Supporting information for Chapter 4

B.1 Calibration curves for AMS and cumene quantification through GC-

FID

The acquired data for building the calibration curves for AMS and cumene in methanol is shown
in this section. Tables B.1 and B.2 contain the concentration of each compound to be quantified
(Cams and C ypene) and the concentration of the internal standard biphenyl (Cy;,p,) in the methanol
extract, as well as the areas obtained under the peaks of each interest compound and biphenyl
in the GC-FID chromatogram. The concentration and area ratios were calculated and used to
plot the calibration curves (Figures B.1 and B.2). Once the calibration curves had been plotted,

linear interpolation was applied to get the equations (Eq. B.1 and B.2) that were used for product

quantification.

B.1.1 Calibration curve for AMS

Table B.1: Concentration and areas used for the AMS calibration curve.

Cans Wt%)  Cpiph (Wt%)  Aams  Avipn Cams/Criph Aanrs!/Aviph
0.00562 0.01292 1424 353.1 0.4350 0.4033
0.01566 0.01305 3944 351.5 1.1996 1.1220
0.03125 0.01257 742.5 320.6 2.4860 2.3160
0.05190 0.01267 1305.5 337.6 4.0951 3.8670
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Figure B.1: Calibration curve for AMS.

y = 1.0633x

B.1.2 Calibration curve for cumene

Table B.2: Concentration and areas used for the cumene calibration curve.

Ceumene (W) Cpiph, (W) Acumene  Aviph  Ceumene/Thriph  Acumene! Aviph
0.0054 0.0131 140.8  362.5 04118 0.3884
0.0169 0.0129 440.8 361.6 1.3106 1.2190
0.0316 0.0126 776.5 331.8 2.5025 2.3403
0.0531 0.0123 1309.6 319.1 4.3210 4.1040
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Figure B.2: Calibration curve for cumene.

y = 1.0753z (B.2)

B.2 Extraction efficiency of AMS and cumene in methanol

In order to evaluate the extraction efficiency of AMS and cumene in methanol, three extractions
were performed for each component following the procedure described in Section 4.2.2.2 of the
manuscript. A known amount of AMS and cumene were individually added to bitumen, extracted

using methanol, and quantified through GC-FID. The results are shown in Table B.3.

Table B.3: Extraction efficiency of AMS and cumene in methanol.

Extraction efficiency (%)*

Compound
Extraction 1 Extraction 2 Extraction 3 X S
AMS 107.0 105.0 103.8 1053 1.6
cumene 105.9 104.4 102.7 1043 1.6

“Average (x) and sample standard deviation (s) of three extractions.
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B.3 Commercial standards used for peaks identification in the GC-MS spectra

A total of 77 commercial standards were used for compound identification in the GC-MS spectra. The list of these commercial standards,

their molecular weight, and their retention times (RT) in the GC-MS spectra are shown in Table B.4.

Table B.4: Commercial standards used for compound identification through GC-MS.

Compound Formula CASRN* Purity Supplier Molecular R
(%)° weight (g/mol)  (min)

hexane CgHis 110-54-3 95 Sigma Aldrich 86.18 4.7

benzene CsHg 71-43-2 99.8 Sigma Aldrich 78.11 6.3

cyclohexane CsHyo 110-82-7 99.9 Sigma Aldrich 84.16 6.6

heptane C;Hyg 142-82-5 98 Fisher Scientific 100.21 8.3

methylcyclohexane C;Hyy 108-87-2 99 Acros Organics 98.19 9.2
toluene C-Hg 108-88-3 99.9 Fisher Scientific 92.14 11.0
octane CsHig 111-65-9 95 Fisher Scientific 114.23 13.5
ethylcyclohexane CsHig 1678-91-7 99 Sigma Aldrich 112.21 15.2
ethylbenzene CsHyo 100-41-4 99 Sigma Aldrich 106.16 16.2
m-xylene CsHip 108-38-3 99 Sigma Aldrich 106.17 16.7
p-xylene CgHio 106-42-3 99 Sigma Aldrich 106.17 16.8
styrene CgHg 100-42-5 99 Sigma Aldrich 104.15 17.7

Continues on the next page
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Purity Molecular RT

Compound Formula CASRN* Supplier

(%) weight (g/mol)  (min)
o-xylene CsHyo 95-47-6 99 Sigma Aldrich 106.17 18.0
nonane CyHyg 111-84-2 99 Thermo Scientific 128.26 194
cumene CoHio 98-82-8 98 Sigma Aldrich 120.19 20.0
isopropylcyclohexane CoHis 696-29-7 99 TCI 126.24 204
propylcyclohexane CoHig 1678-92-8 98 TCI 126.24 20.9
n-propylbenzene CoH2 103-65-1 98 Sigma Aldrich 120.2 21.7
3-ethyltoluene CoHyo 620-14-4 98 TCI 120.2 22.1
4-ethyltoluene CoHio 622-96-8 97 Thermo Scientific 120.2 22.2
mesitylene (1,3,5-trimethylbenzene) CoHi2 108-67-8 98 Sigma Aldrich 120.19 22.6
2-ethyltoluene CoHy, 611-14-3 99 Sigma Aldrich 120.2 23.1
AMS (alphamethylstyrene) CoHip 98-83-9 99 Sigma Aldrich 118.18 23.1
1,2,4-trimethylbenzene CoHio 95-63-6 98 Sigma Aldrich 120.19 23.9
tert-butylbenzene CioHi4 1998-06-06 99 Sigma Aldrich 134.22 23.9
isobutylbenzene CioHi4 538-93-2 99 Sigma Aldrich 134.22 24.8
sec-butylbenzene CioHi4 135-98-8 99 Sigma Aldrich 134.22 249
decane CioHas 124-18-5 94 Sigma Aldrich 142.28 25.1
1,2,3- trimethylbenzene CoyH1o 526-73-8 - Sigma Aldrich 120.19 25.4
phenylacetaldehyde CsHgO 122-78-1 95 Sigma Aldrich 120.15 25.5
m-cymene CioHi4 535-77-3 99 Sigma Aldrich 134.22 25.6

Continues on the next page
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Purity Molecular RT

Compound Formula CASRN* Supplier

(%)° weight (g/mol)  (min)
p-cymene CioHi4 99-87-6 99 Sigma Aldrich 134.22 25.7
indane CyHy 496-11-7 95 Acros Organics 118.18 26.0
indene CoHg 95-13-6 90 Sigma Aldrich 116.16 26.4
o-cymene CioHyy 527-84-4 98 Sigma Aldrich 134.22 26.5
acetophenone CsHgO 98-86-2 98 Sigma Aldrich 120.15 26.9
1-phenylethanol CsH; 0O 98-85-1 98 Sigma Aldrich 122.16 27.1
3-propyltoluene CioHi4 1074-43-7 99 TCI 134.22 27.2
4-propyltoluene CioHi4 1074-55-1 99 TCI 134.22 27.3
n-butylbenzene CioHis 104-51-8 99 Sigma Aldrich 134.22 27.3
decalin (decahydronaphthalene (cis/trans)) CioHig 91-17-8 99 Sigma Aldrich 138.25 27.9 & 30.1
2-propyltoluene CioHis 1074-17-5 98 TCI 134.22 28.1
2-phenyl-2-propanol CoH120 617-94-7 98 TCI 136.19 28.4
2-phenylpropionaldehyde CoH;0O 93-53-8 95 Sigma Aldrich 134.18 29.1
2-phenylethanol CsHi0O  1960-12-08 98  Thermo Scientific 122.17 29.8
undecane Ci11Hay 1120-21-4 99 Sigma Aldrich 156.31 30.6
1-phenyl-2-propanol CoH120 698-87-3 98 Sigma Aldrich 136.19 30.9
3-phenylpropionaldehyde CoH,00 104-53-0 95  Thermo Scientific 134.18 31.9
propiophenone CoH;1,0 93-55-0 99 Sigma Aldrich 134.18 32.3
tetralin (1,2,3,4-tetrahydronaphthalene) CioHi2 119-64-2 99 Sigma Aldrich 132.2 32.8

Continues on the next page
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Purity Molecular RT

Compound Formula CASRN* Supplier

(%)° weight (g/mol)  (min)
n-pentylbenzene Ci11His 538-68-1 96 Alfa Aesar 148.24 329
naphthalene CioHg 91-20-3 99 Sigma Aldrich 128.17 33.7
3-phenyl-1-propanol CoH,5,0 122-97-4 98 Sigma Aldrich 136.19 35.6
dodecane CioHog 112-40-30 99 Honeywell 170.33 35.7
2-methylnaphthalene Ci11Hio 91-57-6 97 Alfa Aesar 142.2 38.8
1-methylnaphthalene Ci11Hiyo 90-12-0 96 Alfa Aesar 142.2 39.5
tridecane Ci3Hos 629-50-5 99 Acros Organics 184.37 399
cis-decahydro-1-naphthol CioH150  207127-50-2 99 Sigma Aldrich 154.25 40.4
[-tetralone C10H100 530-93-8 98 Sigma Aldrich 146.19 40.8
1,5-dimethyltetralin CioHig  21564-91-0 90 Sigma Aldrich 160.26 41.5
a-tetralone Ci10H;1p0 529-34-0 97 Sigma Aldrich 146.19 41.5
biphenyl C12Hip 92-52-4 99.5 Sigma Aldrich 154.21 42.1
2,6-dimethylnaphthalene CioHio 581-42-0 99 Sigma Aldrich 156.22 43.2
2,7-dimethylnaphthalene Ci2Hyo 582-16-1 99 Sigma Aldrich 156.23 43.3
tetradecane C14H50 629-59-4 99 Alfa Aesar 198.39 43.9
5,6,7,8-tetrahydro-1-naphthol CioH12O  529-35-1 98 TCI 148.21 44 .4
1,4-dimethylnaphthalene CioHis 571-58-4 95 Sigma Aldrich 156.23 44.4
5,6,7,8-tetrahydro-2-naphthol CioH1oO  1125-78-6 98 Thermo Scientific 148.2 45.0
1,8-dimethylnaphthalene CioHio 569-41-5 95 Sigma Aldrich 156.22 45.5

Continues on the next page
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Purity ) Molecular RT

Compound Formula CASRN* Supplier
(%)° weight (g/mol)  (min)
1-naphtol C10HsO 90-15-3 -4 Sigma Aldrich 144.17 46.2
2-naphthol C10HsO 135-19-3 98 Sigma Aldrich 144.17 46.6
pentadecane Ci5Hss 629-62-9 99 Acros Organics 212.42 47.2
2,4-diphenyl-4-methyl-1-Pentene CisHyg 6362-80-7 97 Sigma Aldrich 236.35 55.2

dicumene ((1,1,2-trimethyl-2- J ) )
CisHis 1889-67-4 - Sigma Aldrich 238.38 56.0

phenylpropyl)benzene)

1-phenylnaphthalene CigHio 605-02-7 97 Thermo Scientific 204.27 56.6
1-benzylnaphthalene Ci7Hyy 611-45-0 -d Sigma Aldrich 218.3 60.0
2-benzylnaphthalene Ci7Hi4 613-59-2 - Sigma Aldrich 218.3 60.6

“Chemical Abstracts Services Registry Number (CASRN). *Purity of material provided by

the supplier. Material was not further purified. “Mol% purity. “The supplier does not guarantee purity.
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B.4 GC-MS chromatograms from thermal treatment experiments and con-
trol experiments B+AMS and K+AMS

To improve clarity for peak reading and labeling, the chromatograms obtained by GC-MS from the
thermal treatment and the control experiments B+AMS and K+AMS were split into eight sections
(A to H). The chromatograms for each region with an RT between 4.2 and 80 minutes are shown in
the next subsections. The peaks were assigned peak identifier codes, which are listed in the tables

in each of the following subsections.

B.4.1 Region A — RT between 4.2 and 14.5 min

Table B.5: Peak identifier and RT of compounds identified in the region A of the GC-MS chro-
matograms.

Compound Peak identifier RT (min)

hexane Al 4.7
benzene A2 6.3
cyclohexane A3 6.6
heptane A4 8.3
methylcyclohexane AS 9.2
toluene A6 11.0
octane A7 13.5
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Figure B.3: GC-MS chromatograms from thermal treatment experiments - Region A (RT between
4.2 and 14.5 min).

Abundance

A5 A6 ‘

|
, ﬂ [\

| 1
DO W VI SN W VU U VY N JFL ] LL__;M __J".,_,"\_J L_»\“JHMJJ ‘l\ﬁL.J\.,J’U‘/\,J\ (U

P U SN W RO | VY )L_____;nL_ —‘A«\_M_/\_/\_A_AJ
b An A e - N A/\_,_;\ A

A3

4.2 4.7 5.2 3.7 6.2 6.7 7.2 7.7 8.2 8.7 9.2 9.7 10.2 107 112 1.7 12.2 127 132 137 142
Retention Time (min)
—B+AMS (Feed) —B+AMS (Product) —K+AMS (Feed) — K+~AMS (Product)

Figure B.4: GC-MS chromatograms from control experiments B+AMS and B+K - Region A (RT
between 4.2 and 14.5 min).
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B.4.2 Region B — RT between 14.5 and 20.5 min

Table B.6: Peak identifier and RT of compounds identified in the region B of the GC-MS chro-
matograms.

Compound Peak identifier RT (min)
ethylcyclohexane Bl 15.2
ethylbenzene B2 16.2
m-xylene B3 16.7
p-Xylene B4 16.8
styrene B5 17.7
o-xylene B6 18.0
nonane B7 194
cumene B8 20.0
isopropylcyclohexane B9 20.4
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Figure B.5: GC-MS chromatograms from thermal treatment experiments - Region B (RT between
14.5 and 20.5 min).
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Figure B.6: GC-MS chromatograms from control experiments B+AMS and B+K - Region B (RT
between 14.5 and 20.5 min).
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B.4.3 Region C — RT between 20.5 and 26 min

Table B.7: Peak identifier and RT of compounds identified in the region B of the GC-MS chro-
matograms.

Compound Peak identifier RT (min)
propylcyclohexane C1 20.9
n-propylbenzene C2 21.7
3-ethyltoluene C3 22.1
4-ethyltoluene C4 22.2
mesitylene (1,3,5-trimethylbenzene) C5 22.6
AMS & 2-ethyltoluene Cco6 23.1
tert-butylbenzene & 1,2,4-trimethylbenzene C7 23.9
isobutylbenzene C8 24.8
sec-butylbenzene c9 24.9
decane C10 25.1
1,2,3- trimethylbenzene Cl1 25.4
phenylacetaldehyde Cl12 25.5
m-cymene C13 25.6
p-cymene Cl4 25.7
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Figure B.7: GC-MS chromatograms from thermal treatment experiments - Region C (RT between

20.5 and 26 min).
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Figure B.8: GC-MS chromatograms from control experiments B+AMS and B+K - Region C (RT
between 20.5 and 26 min).
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B.4.4 Region D — RT between 26 and 34.5 min

Table B.8: Peak identifier and RT of compounds identified in the region D of the GC-MS chro-
matograms.

Compound Peak identifier RT (min)

indane DI 26.0
indene D2 26.4
o-cymene D3 26.5
acetophenone D4 26.9
1-phenylethanol D5 27.1
3-propyltoluene D6 27.2
4-propyltoluened D7 27.3
n-butylbenzened D8 27.3

decalin (decahydronaphthalene (cis/trans)) D9 27.9 & 30.1
2-propyltoluene D10 28.1
2-phenyl-2-propanol DI11 28.4
2-phenylpropionaldehyde D12 29.1
2-phenylethanol D13 29.8
undecane D14 30.6
1-phenyl-2-propanol D15 30.9
3-phenylpropionaldehyde D16 31.9
propiophenone D17 32.3
tetralin (1,2,3,4-tetrahydronaphthalene) D18 32.8
n-pentylbenzene D19 329
naphthalene D20 33.7
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259 26.4 26.9 274 279 284 289 294 29.9 30.4 30.9 314 319 324 329 334 33.9 344

Retention Time (min)
—Feed —DB+W+S —DB —DB+S —DB+W

Figure B.9: GC-MS chromatograms from thermal treatment experiments - Region D (RT between
26 and 34.5 min).

D2

Abundance

D7 D14

D16 D18
D20

Figure B.

289 294 299 30.4 30.9 314 31.9 324

Retention Time (min)
—B+AMS (Feed) —B+AMS (Product) —K+AMS (Feed) —K+AMS (Product)

10: GC-MS chromatograms from control experiments B+AMS and B+K - Region D (RT

between 26 and 34.5 min).
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B.4.5 Region E — RT between 34.5 and 42 min

Table B.9: Peak identifier and RT of compounds identified in the region E of the GC-MS chro-
matograms.

Compound Peak identifier RT (min)
3-phenyl-1-propanol El 35.6
dodecane E2 35.7
2-methylnaphthalene E3 38.8
I-methylnaphthalene E4 39.5
tridecane E5 39.9
cis-decahydro-1-naphthol E6 40.4
[-tetralone E7 40.8
1,5-dimethyltetralin + «-tetralone E8 41.5
. E2 Es
E El\ ‘ . y E6 . e

| —— N \.'I 'J—«\_.,_\,f ‘w——-\,_f\d-h,_.r-‘—-ﬂ‘./\ﬁ/\_/\,—/\vx/\m—f

344 349 354 359 36.4 36.9 374 37.9 384 38.9 394 39.9 404 40.9 414 41.9
Retention Time (min)
—Feed —DB+W+S —DB —DB+S —DB+W

Figure B.11: GC-MS chromatograms from thermal treatment experiments - Region E (RT between
34.5 and 42 min).
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< ‘ E3 E4 E7
El\ E6 ‘ E8
344 34.9 354 359 36.4 36.9 374 37.9 384 38.9 39.4 39.9 40.4 40.9 41.4
Retention Time (min)
B+AMS (Feed) —B+AMS (Product) —K+AMS (Feed) —K+AMS (Product)

Figure B.12: GC-MS chromatograms from control experiments B+AMS and B+K - Region E (RT
between 34.5 and 42 min).

B.4.6 Region F — RT between 42 and 50 min

The chromatograms in the region F for the thermal treatment of froth and the control experiments
B+AMS and K+AMS are shown in Figures B.13 and B.14, respectively. For the froth experiments,
biphenyl was included as an internal standard only for the GC-FID analyses, and for this reason, the
peak for biphenyl is not shown in Figure B.13. For the control experiments, biphenyl was added
for both the GC-MS and GC-FID analyses, and for this reason, the peak for biphenyl is shown in
Figure B.14. However, the peak area of biphenyl was not included for the calculation of RAP in

the control experiments.
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Table B.10: Peak identifier and RT of compounds identified in the region F of the GC-MS chro-
matograms.

Compound Peak identifier RT (min)
biphenyl F1 42.1
2,6-dimethylnaphthalene F2 43.2
2,7-dimethylnaphthalene F3 43.3
tetradecane F4 43.9
5,6,7,8-tetrahydro- 1-naphthol F5 444
1,4-dimethylnaphthalene F6 44.4
5,6,7,8-tetrahydro-2-naphthol F7 45.0
1,8-dimethylnaphthalene F8 45.5
I-naphthol F9 46.2
2-naphthol F10 46.6
pentadecane F11 47.2
F4
Fl11
F3
_§ ?1 F2 y i F7 F8 Fo h ‘
E H / \
At RS/ S VATRY Y W ———

42 425 43 43.5 44 445 45 45.5 46 46.5 47 47.5 48 48.5 49 49.5 50
Retention Time (min)
—TFeed —DB+W+S8 —DB —DB+S —DB+W

Figure B.13: GC-MS chromatograms from thermal treatment experiments - Region F (RT between
42 and 50 min).
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F1

Abundance

! F4
' F11

I F3

F6 F9

| "
| F5 F8 F10

41.8 423 428 433 43.8 443 448 453 458 46.3 46.8 473 47.8 483 48.8 493 49.8

Retention Time (min)

Figure B.14: GC-MS chromatograms from control experiments B+AMS and B+K - Region F (RT
between 42 and 50 min).

B.4.7 Region G — RT between 50 and 62 min

The compounds identified in the RT between 50 and 62 min are listed in Table B-11. From that list,
compounds G3, G5, G6, GY, and G11 had their identities confirmed through the use of commercial

standards, while the others were obtained by suggestion from the GC-MS library.
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Table B.11: Peak identifier and RT of compounds identified in the region G of the GC-MS chro-
matograms.

Peak RT ) d
Compound Formula Tentative structure
identifier (min)

o
QO

C18H20 — isomer” ClgHgo G1 53.2

C17H20 — isomer” C18H20 G2 54.8

2,4-diphenyl-4-methyl-

L ootengh CisHyy ~ G3 552
-pentene”

C18H22 — isomer® C18H22 G3¢ 55.2

or

C18H22 — isomer® C18H22 G4° 55.5

:

dicumene’ C1sHoo G5 56.0

Continues on the next page
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Compound

Peak RT . d
Formula Tentative structure

identifier (min)

1-phenylnaphthalene”®

C,sHyo — isomer®

C,sHyo — isomer®

C,sHyo — isomer®

1-benzylnaphthalene”*

CigH;g — isomer”

Ci6Hiz G6 56.6
CisHog Go6 56.6 %
e -
CisHao G7 59.2
‘ S O
CisHao G8 59.4
Ci7Hy4 G9 60.0
‘ N O
CisHis G9 60.0

Continues on the next page
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Peak RT . d
Compound Formula Tentative structure
identifier (min)
C,7Hy4 — isomer? Ci7Hyy G10 60.1
2—benzylnaph‘thaleneb’C Ci7H14 Gl11 60.6
C18H18 — isomer® C18H18 Gl11 60.6

“Compound identification based on mass spectral assignment only, and not through

the use of commercial standard. Refer to Section B.5. "Commercial standard used

for compound identification. “Although there is a peak at the same retention time

for this component, the MS spectra did not indicate its presence. ?Structure of

confirmed compounds by using commercial standards and tentative structures

for unconfirmed compounds based on mass spectra assignment. “The mass spectra

of G3 and G4 were almost identical, and their structure assignment corresponded

to both isomers depicted in their tentative structures.
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Retention Time (min)
—Feed —DB+W+§ —DB —DB+S —DB+W

Figure B.15: GC-MS chromatograms from thermal treatment experiments - Region G (RT between
50 and 62 min).
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i |

Gl10 ‘

L gy
_J\J\“ — J‘\ . ,'H'\ ,JIL_ﬁ_ J\;\\ ,l”'._ PR - ,"ll)‘lt,_ ,J | __.n.)PL/\»\/I V\N'\»—”\-\#J\ﬁf’l \._)’Ln S/ _) (IR o T R
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50 505 51 515 52 525 53 535 54 545 55 555 56 565 57 575 58 585 59 595 60 605 61 615 62
Retention Time (min)
—B+AMS (Feed) —B+AMS (Product) ~—K+AMS (Feed) ~——K+AMS (Product)

Figure B.16: GC-MS chromatograms from control experiments B+AMS and B+K - Region G (RT
between 50 and 62 min).
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B.4.8 Region H — RT between 62 and 80 min

The compounds identified in the RT between 62 and 80 min are listed in Table B.12. The identifi-

cation of all the compounds in that list was based on mass spectral assignment only.

Table B.12: Peak identifier and RT of compounds identified in the region H of the GC-MS chro-
matograms.

Peak RT .
Compound Formula Tentative structure

identifier (min)

Ci9Hy¢ — isomer? CioHsog H1 63.1

Decomposition product

consisting of CygHyg b H2 74.8 -

isomers®®

Decomposition product

consisting of CygHyg b H3 75.0 -

isomers®®

“Compound identification based on mass spectral assignment only, and not through
the use of commercial standard. Refer to Section B.5. *The MS spectra of these
compounds (Figures B.30 and B.31) is similar to those of C;gHy, isomers but
their elution at high retention times indicated that they might be product

from in-column cracking of heavier species.
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H1

Abundance

62 63 64 65 66 67 68 69 7O T 72 V3 74 75 76 77 78 79 80
Retention Time (min)

Feed —DB+W+S DB —DB+S DB+W

Figure B.17: GC-MS chromatograms from thermal treatment experiments - Region H (RT between
62 and 80 min).

H3

H1
H2

Abundance

O | S A S S

62 63 64 65 66 67 68 69 70 T4 72 73 74 75 76 77 78 79 80
Retention Time (min)

B+AMS (Feed) —B+AMS (Product) —K+AMS (Feed) —K+AMS (Product)

Figure B.18: GC-MS chromatograms from control experiments B+AMS and B+K - Region H (RT
between 62 and 80 min).
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B.5 Relative area percentages (RAP) of the monitored compounds

The relative area percentages (RAP) of the monitored compound from the thermal treatment and control experiments are shown in Tables

B-13 and B-14, respectively.

Table B.13: RAP of monitored compounds during the thermal treatment experiments.

Peak RT RAP (%)
Compound

identifier (min) Feed DB+W+S DB+W DB+S DB

hexane Al 4.7 0.01 0.01 0.03 0.06  0.05
benzene A2 6.3 0.01 0.00 0.02 0.06  0.06
cyclohexane A3 6.6 0.02 0.01 0.02 0.02  0.02
heptane A4 8.3 0.07 0.06 0.10 0.14  0.13
methylcyclohexane AS 9.2 0.12 0.10 0.13 0.12  0.12
toluene A6 11.0 0.09 0.06 0.37 035 032
octane A7 13.5 0.23 0.22 0.29 0.31 0.29
ethylcyclohexane Bl 15.2 0.10 0.10 0.11 0.11  0.11
ethylbenzene B2 16.2 0.03 1.28 2.40 5.13 5.22
m-xylene B3 16.7 0.16 0.12 0.17 0.20 0.20
p-xylene B4 16.8 0.05 0.05 0.05 0.04 0.05
styrene B5 17.7 ND° ND ND ND ND
o-xylene B6 18.0 0.12 0.11 0.15 0.16 0.16
nonane B7 19.4 0.72 0.75 0.87 0.76  0.78
cumene B8 20.0 0.04 19.15 2232  38.09 38.41

Continues on the next page
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Peak RT RAP (%)

Compound
identifier (min) Feed DB+W+S DB+W DB+S DB
isopropylcyclohexane B9 20.4 0.04 0.04 0.05 0.04  0.04
propylcyclohexane Cl1 20.9 0.17 0.18 0.20 0.18 0.18
n-propylbenzene C2 21.7 0.11 0.23 0.36 0.77  0.67
3-ethyltoluene C3 22.1 0.24 0.21 0.27 0.26  0.26
4-ethyltoluene C4 22.2 0.09 0.09 0.11 0.12  0.12
mesitylene (1,3,5-trimethylbenzene) C5 22.6 0.18 0.22 0.26 023 024
AMS* C6 23.1 75.57  42.54 34.19 1451 12.81
2-ethyltoluene” C6 23.1 ND ND ND ND ND
tert-butylbenzene” C7 23.9 0.66 0.65 0.77  0.65 0.68
1,2,4-trimethylbenzeneb C7 23.9 ND ND ND ND ND
isobutylbenzene C8 24.8 ND ND ND ND ND
sec-butylbenzene C9 24.9 0.10 0.62 0.78 1.54 141
decane C10 25.1 0.97 1.09 1.22 1.03  1.07
1,2,3- trimethylbenzene Cl11 25.4 0.22 0.25 0.29 0.27 0.27
phenylacetaldehyde Cl12 25.5 ND ND ND ND ND
m-cymene C13 25.6 0.10 0.11 0.14 0.14  0.15
p-cymene Cl4 25.7 0.12 0.17 0.17 0.22 0.23
indane Dl 26.0 0.08 0.08 0.09 0.07  0.06
indene D2 26.4 ND ND ND ND ND
o-cymene D3 26.5 ND ND ND ND ND
acetophenone D4 26.9 ND ND ND ND ND
1-phenylethanol D5 27.1 ND ND ND ND ND
3-propyltoluene D6 27.2 0.05 0.13 0.16 0.14 0.15

Continues on the next page
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Peak RT RAP (%)

Compound

identifier (min) Feed DB+W+S DB+W DB+S DB
4-propyltoluened D7 27.3 0.16 0.31 0.29 0.22  0.21
n-butylbenzened D8 27.3 0.09 0.09 0.12 0.14 0.14
decalin (decahydronaphthalene (cis/trans)) D9 27.9&30.1 0.07 0.09 0.07 0.08 0.07
2-propyltoluene D10 28.1 0.09 0.10 0.12 0.10  0.10
2-phenyl-2-propanol DI11 28.4 ND 0.23 0.08 ND ND
2-phenylpropionaldehyde D12 29.1 ND ND ND ND ND
2-phenylethanol D13 29.8 ND ND ND ND ND
undecane D14 30.6 0.77 0.93 1.05 0.86 0.89
1-phenyl-2-propanol D15 30.9 ND ND ND ND ND
3-phenylpropionaldehyde D16 31.9 ND ND ND ND ND
propiophenone D17 32.3 ND ND ND ND ND
tetralin (1,2,3,4-tetrahydronaphthalene) D18 32.8 0.11 0.08 0.08 0.04 0.04
n-pentylbenzene D19 32.9 ND ND ND ND ND
naphthalene D20 33.7 ND 0.01 0.02 0.03  0.03
3-phenyl-1-propanol El 35.6 ND ND ND ND ND
dodecane E2 35.7 0.64 0.81 0.91 0.74  0.78
2-methylnaphthalene E3 38.8 0.15 0.22 0.25 0.22 0.23
I-methylnaphthalene E4 39.5 ND 0.07 0.09 0.13  0.12
tridecane ES 39.9 0.51 0.65 0.74 0.60  0.63
cis-decahydro-1-naphthol E6 40.4 ND ND ND ND ND
[-tetralone E7 40.8 ND ND ND ND ND
1,5-dimethyltetralin + «-tetralone E8 41.5 ND ND ND ND ND

biphenyl F1 42.1 h = = h h

Continues on the next page
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Peak RT RAP (%)

Compound
identifier (min) Feed DB+W+S DB+W DB+S DB
2,6-dimethylnaphthalene F2 43.2 ND ND ND ND ND
2,7-dimethylnaphthalene F3 43.3 ND ND ND ND ND
tetradecane F4 43.9 0.35 0.40 0.45 0.34  0.37
5,6,7,8-tetrahydro- 1-naphthol F5 44 4 ND ND ND ND ND
1,4-dimethylnaphthalene F6 44.4 ND ND ND ND ND
5,6,7,8-tetrahydro-2-naphthol F7 45.0 ND ND ND ND ND
1,8-dimethylnaphthalene F8 45.5 ND ND ND ND ND
I-naphthol F9 46.2 ND ND ND ND ND
2-naphthol F10 46.6 ND ND ND ND ND
pentadecane F11 47.2 0.25 0.32 0.40 0.30 0.31
C,sHjyo — isomer® Gl 54.1 ND ND ND ND ND
Cy7Hyg — isomer® G2 54.8 ND 0.09 0.13 0.28 0.26
2,4-diphenyl-4-methyl-1-pentene’9 G3 55.2 ND ND ND ND ND
Cy3Hyy — isomer® G3 55.2 ND 0.66 0.76 1.35 1.43
CisHgo — isomere G4 55.5 ND 0.67 0.76 1.39 149
dicumene’ G5 56.0 ND ND ND ND ND
1-phenylnaphthalene’"9 G6 56.6 ND ND ND ND ND
Ci3Hyg — isomer® G6 56.6 ND 0.22 0.18 0.18 0.16
Cy3Hyg — isomer® G7 59.2 ND 0.63 0.78 1.56  1.45
Cy3Hyg — isomer® G8 594 ND 0.60 0.76 1.57 144
Cy3H;5 isomer® G9 60.0 ND 0.34 0.46 091 1.19
1-benzylnaphthalene* G9 60.0 ND ND ND ND ND
Cy7H;4 — isomer® GI10 60.1 ND 0.05 0.04 0.14  0.09

Continues on the next page
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Peak RT RAP (%)

Compound

identifier (min) Feed DB+W+S DB+W DB+S DB

CisH;5 isomer® Gl11 60.6 ND 0.14 0.17 0.37 047
2-benzylnaphthalene’*/ Gl1 60.6 ND ND ND ND ND

Cy9Hyg — isomer® H1 63.1 ND 0.02 0.02 0.04  0.04

Decomposition product consisting of C;sHyg isomers®*  H2 74.8 ND ND ND ND ND
Decomposition product consisting of C,sHyg isomers®*  H3 75.0 ND ND ND ND ND
Compounds with RT between 50 and 62 min - 50-62 ND 4.83 542 10.16 10.54
Compounds with RT between 62 and 80 min - 62-80 ND 0.18 0.19 040 052

“AMS and 2-ethyltoluene eluted at the same RT, but only AMS was detected in the MS spectra. ”1,2,4-trimethylbenzene
and rert-butylbenzene eluted at the same RT, however only zert-butylbenzene was detected in the MS spectra.

°ND = Not Detected. “merged peaks: 4-propyltoluene on the left and n-butylbenzene on the right. “Compound
identification based on mass spectral assignment only (Figures B.19-B.31). /Commercial standard used for compound
identification. Y Although there is a peak at the same retention time for this component, the MS spectra did not indicate
its presence. "The area of biphenyl was not included in the total area used for the calculation of RAP. ‘The peak at

the same retention time corresponded to C;sH;g isomers and not 1-benzylnaphthalene. ’The peak at the same

retention time corresponded to C;sH;g isomers and not 2-benzylnaphthalene. *The MS spectra of these compounds
(Figures B.30 and B.31) is similar to those of C;gHyo isomers but their elution at high retention

times indicated that they might be product from in-column cracking of heavier species.
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Table B.14: RAP of monitored compounds during the control experiments.

RAP (%)
Compound Pealk KT B+K B+AMS K K+AMS
identifier (min)
Feed Product Feed Product Feed Product Feed Product
hexane Al 4.7 0.13 0.16 ND° 003 004 005 0.01 0.01
benzene A2 6.3 ND ND ND 006 002 001 000 0.01
cyclohexane A3 6.6 0.06  0.06 ND ND 0.06 006 0.01 0.02
heptane A4 8.3 141 031 ND 0.04 054 030 0.06 0.07
methylcyclohexane AS 9.2 049 044 ND 0.01 047 047  0.10 0.11
toluene A6 11.0 098 097 ND 025 035 034 007 0.16
octane A7 13.5 092 0.89 ND 004 088 087 018 0.20
ethylcyclohexane Bl 15.2 042 042 ND ND 042 040 0.08 0.09
ethylbenzene B2 16.2 0.41 0.33 ND 6.13 0.15 0.11 0.03 255
m-xylene B3 16.7 0.79 0.79 ND 002 060 059 0.12 0.11
p-xylene B4 16.8 0.17  0.18 ND 0.04 0.12 0.16 004 0.04
styrene BS5 17.7 ND ND ND ND ND ND ND ND
o-xylene B6 18.0 0.64  0.64 ND 002 047 047 0.09 0.09
nonane B7 194 282  2.67 ND 0.03 281 277 056  0.60
cumene B8 20.0 0.19  0.18 ND 6603 0.19 022 0.04 355
isopropylcyclohexane B9 20.4 0.07  0.06 ND ND 0.17  0.18 0.04  0.04
propylcyclohexane C1 20.9 0.67  0.60 ND ND 0.67 065 0.13 0.13
n-propylbenzene C2 21.7 0.54 048 ND 053 038 037 008 0.20

Continues on the next page
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RAP (%)

Compound Peak KT B+K B+AMS K K+AMS
identifier  (min)
Feed Product Feed Product Feed Product Feed Product
3-ethyltoluene C3 22.1 1.25 1.22 ND ND 0.71 0.74 0.15 0.18
4-ethyltoluene C4 22.2 0.53 0.53 ND ND 0.14 0.10 0.02 0.06
mesitylene s 26 109 104 ND ND 104 106 021 024
(1,3,5-trimethylbenzene)
AMS* C6 23.1 ND ND 99.39 10.60 ND ND 7835 41.40
2-ethyltoluenea Co6 23.1 ND ND ND ND ND ND ND ND
tert-butylbenzene’ C7 23.9 309 290 003 007 241 237 049 044
1,2,4-trimethylbenzene” C7 23.9 ND ND ND ND ND ND ND ND
isobutylbenzene C8 24.8 ND ND ND ND ND ND ND ND
sec-butylbenzene C9 24.9 041 036 0.03 145 046 045 009 0.26
decane C10 25.1 3.63 342 ND 003 376 373 076 0.79
1,2,3- trimethylbenzene Cl1 254 .12 1.10 ND 004 08 087 017 0.16
phenylacetaldehyde C12 25.5 ND ND ND ND ND ND ND ND
m-cymene C13 25.6 042 042 ND 005 033 035 007 0.15
p-cymene Cl4 25.7 029 028 003 018 031 033 007 0.13
indane Dl 26.0 025 024 ND ND 0.17 0.18 0.06 0.02
indene D2 26.4 ND ND ND ND ND ND ND ND
o-cymene D3 26.5 ND ND ND ND ND ND ND ND
acetophenone D4 26.9 ND ND ND ND ND ND ND ND
1-phenylethanol D5 27.0 ND ND ND ND ND ND ND ND

Continues on the next page
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RAP (%)

Peak RT
Compound B+K B+AMS K K+AMS
identifier (min)
Feed Product Feed Product Feed Product Feed Product
3-propyltoluene D6 27.2 0.68 0.63 ND ND 0.51 0.49 0.10 0.10
4-propyltoluene? D7 27.4 0.45 0.39 ND ND 1.09 1.07 022 024
n-butylbenzene® D8 27.4 0.25 0.36 ND 005 028 027 005 0.06

decalin
D9 279&30.1 0.30 0.28 ND ND 0.36 0.35 0.07 0.07

(decahydronaphthalene (cis/trans))

2-propyltoluene D10 28.0 0.48 0.45 ND ND 0.62 057 0.11 0.13
2-phenyl-2-propanol D11 28.3 ND ND ND ND ND ND ND ND
2-phenylpropionaldehyde D12 29.0 ND ND ND ND ND ND ND ND
2-phenylethanol D13 29.6 ND ND ND ND ND ND ND ND
undecane D14 30.5 2.83  2.69 ND ND 328 324 0.66 0.68
1-phenyl-2-propanol D15 30.9 ND ND ND ND ND ND ND ND
3-phenylpropionaldehyde D16 31.9 ND ND ND ND ND ND ND ND
propiophenone D17 32.3 ND ND ND ND ND ND ND ND
tetrain DIS 326 052 042 ND ND 045 044 009 0.1
(1,2,3,4-tetrahydronaphthalene)
n-pentylbenzene D19 32.7 ND ND ND ND ND ND ND ND
naphthalene D20 33.7 ND 0.02 ND ND ND ND ND 0.03
3-phenyl-1-propanol El 35.6 ND ND ND ND ND ND ND ND
dodecane E2 35.7 233 216 ND ND 309 3.06 0.62 0.63
2-methylnaphthalene E3 38.8 0.68 0.71 ND ND 073 070 0.15 0.14

Continues on the next page

293



RAP (%)

Compound Peak KT B+K B+AMS K K+AMS
identifier  (min)
Feed Product Feed Product Feed Product Feed Product
1-methylnaphthalene E4 39.5 ND ND ND ND 0.11 0.13 0.02 0.09
tridecane ES 39.9 1.70 1.64 ND ND 2.61 255 053 053
cis-decahydro-1-naphthol E6 40.4 ND ND ND ND ND ND ND ND
[-tetralone E7 40.8 ND ND ND ND ND ND ND ND
1.5-dimethyltetralin & E8 415 ND ND ND ND ND ND ND ND
a-tetralone

biphenyl Fl 42.1 h h h h h h h h
2,6-dimethylnaphthalene F2 43.2 ND ND ND ND ND ND ND ND
2,7-dimethylnaphthalene F3 43.3 ND ND ND ND ND ND ND ND
tetradecane F4 43.7 1.06  0.96 ND ND 208 200 044 0.39
5,6,7,8-tetrahydro-1-naphthol F5 44 .4 ND ND ND ND ND ND ND ND
1,4-dimethylnaphthalene F6 44.4 ND ND ND ND ND ND ND ND
5,6,7,8-tetrahydro-2-naphthol F7 45.0 ND ND ND ND ND ND ND ND
1,8-dimethylnaphthalene F8 45.5 ND ND ND ND ND ND ND ND
1-naphthol F9 46.2 ND ND ND ND ND ND ND ND
2-naphthol F10 46.6 ND ND ND ND ND ND ND ND
pentadecane F11 47.2 0.80 0.81 ND ND 1.70 1.67 0.35 0.57
Ci3Hyg — isomer® Gl 53.2 ND ND ND ND ND ND ND 0.10
Cy7Hyg — isomer® G2 54.8 ND ND ND 0.34 ND ND ND 0.51

Continues on the next page
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RAP (%)
Peak RT
Compound B+K B+AMS K K+AMS

identifier  (min)
Feed Product Feed Product Feed Product Feed Product

2,4-diphenyl-4-methyl-

G3 55.2 ND ND ND ND ND ND ND ND
1-pentene’
Ci3Hyo — isomer® G3 55.2 ND ND ND 1.84 ND ND ND 0.42
Cy3Hyy — isomer® G4 55.5 ND ND ND 1.90 ND ND ND 0.50
dicumene’ G5 56.0 ND ND ND ND ND ND ND ND
1-phenylnaphthalene”? G6 56.6 ND ND ND ND ND ND ND ND
C,3Hyo — isomer® Go6 56.6 ND ND ND 0.16 ND ND ND 12.16
Cy3Hyg — isomer® G7 59.2 ND ND ND 1.40 ND ND ND 4.34
C,8Hy — isomer® G8 594 ND ND ND 1.39 ND ND ND 3.16
CisH;g isomers® G9 60.0 ND ND ND 1.37 ND ND ND 1.71
1-benzylnaphthalene/* G9 60.0 ND ND ND ND ND ND ND ND
Cy7H;4 — isomer® GI10 60.08 ND ND ND 0.16 ND ND ND 0.02
C,sH;s isomers® Gl1 60.6 ND ND ND 0.59 ND ND ND 1.84
2-benzylnaphthalene”~ - 60.6 ND ND ND ND ND ND ND ND
Cy9Hyg — isomer® H1 63.1 ND ND ND 0.06 ND ND ND 0.72
Decomposition product consisting o 4.8 ND ND ND ND ND ND ND 044
of Cy5Hyg isomers®*
Decomposition product consisting H3 750 ND ND ND ND ND ND ND 0.62

of Cy3Hyg isomers®*

Continues on the next page
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RAP (%)
Peak RT
Compound B+K B+AMS K K+AMS

identifier  (min)
Feed Product Feed Product Feed Product Feed Product

Compounds with RT between
50 and 62 min

- 50-62 ND ND ND 1145 ND ND ND  28.58

Compounds with RT between
62 and 80 min

- 62-80 ND ND ND 0.70 ND ND ND 4.41

“Both compounds eluted at the same RT, but only AMS was detected in the MS Spectra. “Both compounds eluted

at the same RT, however only fert-butylbenzene was detected in the MS spectra. °ND = Not Detected. “merged

peaks: 4-propyltoluene on the left and n-butylbenzene on the right. “Compound identification based on mass spectral
assignment only (Figures B.19-B.31). /Commercial standard used for compound identification. ¢ Although there is a
peak at the same retention time for this component, the MS spectra did not indicate its presence. "The area of biphenyl
was not included in the total area used for the calculation of RAP. “The peak at the same retention time corresponded
to C13H;5 isomers and not 1-benzylnaphthalene. Y The peak at the same retention time corresponded to C;gH;5 isomers
and not 2-benzylnaphthalene. *The MS spectra of these compounds (Figures B.30 and B.31) is similar to those

of CisHy( isomers but their elution at high retention times indicated that they might be product from

in-column cracking of heavier species.

296



B.6 Reactivity of cumene during thermal treatment of bitumen

The thermal treatment of bitumen with cumene (B+C) was an important control reaction to evaluate
if cumene could be converted into other products (including AMS) during the conditions of this
study. Because the amount of species in the products was limited, the results of that control reaction

were reported in a separate table (Table B.15) instead of Table B.14.

Table B.15: RAP of the thermal treatment of cumene with bitumen (B+C).

RAP (%)
Compound“ Peak identifier RT (min) B+C
Feed Product

toluene A6 11.0 0.65 0.65
ethylbenzene B2 16.2 ND 0.08
cumene B8 20.0 97.89 98.23
n-propylbenzene C2 21.7 ND 0.21
AMS C6 23.1 1.44 0.62

“These compounds were the only species identified in system B+C.
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B.7 Mass spectra of selected species from regions G and H of the chro-
matograms

This section contains the mass spectra of selected species from regions G and H. The tentative

structures for those species are illustrated in Figure 4.2 in the manuscript.
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Figure B.19: Mass spectrum of compound G1.
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Figure B.20: Mass spectrum of compound G2.
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Figure B.21: Mass spectrum of compound G3.
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Figure B.22: Mass spectrum of compound G4.
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Figure B.23: Mass spectrum of compound G6.
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Figure B.24: Mass spectrum of compound G7.
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Figure B.25: Mass spectrum of compound G8.
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Figure B.26: Mass spectrum of compound G9.
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Figure B.27: Mass spectrum of compound G10.
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Figure B.28: Mass spectrum of compound G11.
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Figure B.29: Mass spectrum of compound H1.
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Figure B.30: Mass spectrum of compound H2.
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Figure B.31: Mass spectrum of compound H3.

B.8 Mass spectral assignment of selected species from regions G and H of
the chromatograms

This section comprises the analysis of the mass spectra of selected compounds in the regions G and
H of the chromatograms, which led to the assignment of the tentative structures shown in Figure
4.2 of the manuscript. In addition to the MS library suggestions, a comprehensive analysis of the
most abundant fragments in the mass spectra was performed, also taking into account energetic

considerations.

B.8.1 C;sH,, isomers

Compounds G1, G6, G7, and G8 presented a molecular ion peak at an m/z of 236, indicating
that these species are products of AMS dimerization (CigHyg isomers). The possible structures for
AMS dimers are shown in Figure B.32. The isomer with structure II in Figure B.32 corresponds to
2,4-diphenyl-4-methyl-1-pentene, for which a commercial standard was available, but that isomer

was not detected in the chromatograms.

The AMS dimer I in Figure B.32 was previously identified in the study by Turuga and de Klerk,[1]
on the thermal treatment of AMS at 250 °C in the presence of clays. The authors performed a

comprehensive analysis of the MS spectrum to attribute structure I to one of the AMS dimers
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identified in their study. In the present study, the mass spectra of compound G1 (Figure B.19)
precisely matched the spectra associated with structure I, as identified by Turuga and de Klerk [1].

This compound presented an intense peak at an m/z of 221, corresponding to its tricycle nature.

Figure B.32: Possible C,sHs, isomers.

When comparing the RAP of compounds G6, G7, and G8 in the control reaction K+AMS (Table
B.14), G6 was the most abundant product among them. Because the system K+AMS lacks hydro-
gen donors, it is likely that AMS dimerization in that system is initiated by hydrogen disproportion-
ation between two AMS molecules. If this dimerization occurs within the cage (see Figure B.33),
it is suspected that the primary product would be 2,5-diphenyl-1-hexene (structure IV in Figure
B.32). The dimer G6 has a dominant peak at an m/z of 118 (Figure B.23), but it lacks heavier
fragments, which suggests that the decomposition product of that species most easily forms cumyl-
type fragments but does not readily lead to unsymmetrical fragmentation. Considering this feature
of the G6 spectrum and the likelihood that structure IV is a product of a concerted bimolecular

reaction (as depicted in Figure B.33), it is probable that G6 corresponds to the dimer with structure

IV in Figure B.32.
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Figure B.33: Potential route for the AMS dimerization in the control system K+AMS.

Both isomers G7 and G8 have other noticeable features beyond the prominent 118 m/z fragment.
For isomer G7 (Figure B.24), the most abundant peaks were the grouping around 118 > 91~143
> 158~104~236 m/z. For isomer G8 (Figure B.25), the most abundant peaks were around 118
> 91~236 > 104~143 > 221 m/z. The noticeably higher peak at an m/z of 158 implies that frag-
mentation to lose the phenyl group directly is a meaningful decomposition pathway. For this to be
stable, the fragmentation should typically have the C—phenyl bond fragment to create a stabilized
C. This would make sense if that C could form an allylic radical conjugated to the remaining phenyl

fragment, which suggests structure III in Figure B.32 is a likely assignment for dimer G7.

The prominence of the peak at 236 m/z in compound G8 (Figure B.25) suggests that this is an
isomer where the decomposition of the molecular ion is more challenging than in any other C;5Hy
isomers. The isomers II and V in Figure B.32 are readily fragmented to produce allylic and ben-
zylic radicals, making them less probable structures for G8. Since the C=C in structure VI is not
conjugated with any of the phenyl groups, it could hinder fragmentation due to its position. This
feature could explain the prominence of 236 m/z and the near absence of 158 m/z in the spectrum

of compound G8, suggesting that structure VI is likely the G8 dimer.

In summary, the AMS dimers G1, G7, G8, and G9 were assigned to structures I, IV, 111, and VI in
Figure B.32, respectively.

B.8.2 C;sHy, isomers

Compounds G3 and G4 presented a molecular ion peak at an m/z of 238, indicating that they cor-

respond to hydrogenated AMS dimers (C,3Hs, isomers). It is reasonable that the saturated dimers
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must have skeletal structures derived from those of the C;gHy, isomers, excluding isomer G1. The
isomers G3, G4, and G5 represent primary-primary, primary-tertiary, and tertiary-tertiary addition
products, as shown in Figure B.34. Compound G5 (structure III in Figure B.34) is dicumene, and
a commercial standard was available for its identification; however, it was not detected in any of

the reaction systems.

Q‘OQ

Figure B.34: Possible C;gHy, isomers.

The mass spectra of G3 and G4 (Figures B.21 and B.22) are almost identical. Also, their relative
abundance in the products (Tables B.13 and B.14) were comparable, not allowing for any consid-
eration on the likelihood of specific compound formation. Therefore G3 and G4 could be any of

the species depicted in structures I and II in Figure B.34.

B.8.3 C;sH;s isomers

Compounds G9 and G11 presented a molecular ion peak at an m/z of 234 (Figures B.26 and B.28),
indicating that they correspond to C18H18 isomers. The possible products from AMS addition that

could correspond to C15H;5 isomers are the diene species shown in Figure B.35.
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Figure B.35: Possible C;3H;g isomers.

Compound G9 has a dominant peak with 219 m/z (Figure B.26), while all the other peaks are
notably smaller. This suggests a compound that would readily lose a methyl group, which matches

structure I in Figure B.3S. Thus, it is likely that structure I corresponds to isomer G9.

The defining feature in the spectrum of isomer G11 (Figure B.28) is that its structure is resistant
to fragmentation, with the peak at 234 m/z being the most abundant peak. This would rule out
structure IV in Figure B.35, which would readily fragment. Based on energetic reasoning, con-
jugated dienes are expected to be more abundant than isolated ones, increasing the likelihood that

compound G11 corresponds to structure II in Figure B.35.
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Appendix C: Supporting information for Chapter 5

C.1 Characterization of minerals

The characterization properties of the minerals used in this study (i.e., kaolinite, rutile, and quartz)

are given in Table C.1.

The particle size distribution was analyzed in the Institute of Oil Sands Innovation laboratory in the
chemical engineering department at the University of Alberta. The equipment used was a Malvern
Mastersizer 3000. Reverse osmosis water was used as a dispersant fluid. The particle size was

measured in the range of 0.01 to 3500 xm at an acquisition rate of 10 kHz.

Table C.1: Characterization properties of kaolinite, rutile, and quartz used in this study.

Mineral
Property

kaolinite rutile quartz

Particle diameter range (um) 0.7-67 0.2-4 163-670
Particle diameter (1m)

10 vol% <2 <0.4 <242
50 vol% <7 <1 <314
90 vol% <22 <2 <417
BET surface area (m?/g) 9.37 5.18 1.53

Cumulative pore volume

s 3 6.4 2.9 0.2
(x107° m°/kg)

The specific surface area and pore volume were assessed through nitrogen gas adsorption using a
Quantacrome Autosorb iQ. This analysis relied on the Brunauer-Emmet-Teller (BET) theory for
specific surface area determination. Around 0.5 g of sample was inserted in a 9-mm quartz cell and
outgassed at 150 °C for 2 hours. Following this, the surface area and pore volume were determined

using 7 BET, 21 adsorption, and 20 desorption data points.
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The stereo-microscope pictures of the minerals used in this study are shown in Figure C.1.
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Figure C.1: Stereo-microscope pictures of (A) kaolinite, (B) rutile, and (C) quartz at 30x magnifi-
cation.

C.2 Commercial standards used for identity confirmation of compounds de-
tected in the GC-MS spectra

The list of commercial standards used for identity confirmation of products in this study is shown

in Table C.2.

Table C.2: Commercial standards used for compound identification through GC-MS.

' Molecular
Purity . )
Compound Formula CASRN“ X Supplier weight ‘
(%) (min)*
(g/mol)
Sigma
hexane CegHyy 110-54-3 95 86.18 4.7
Aldrich
Sigma
benzene CeHg 71-43-2 99.8 78.11 6.3
Aldrich
Fisher
heptane C;Hyg 142-82-5 98 100.21 8.3
Scientific
Fisher
toluene C;Hg 108-88-3 99.9 92.14 11.0
Scientific
Fisher
octane CgHis 111-65-9 95 114.23 13.5
Scientific

Continues on the next page
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Molecular

Purity . RT
Compound Formula CASRN“ ) Supplier weight .
(%) (min)*
(g/mol)
Sigma
ethylbenzene CsHy 100-41-4 99 106.16 16.2
Aldrich
Sigma
styrene CgHg 100-42-5 99 104.15 17.7
Aldrich
Thermo
nonane CyHy 111-84-2 99 128.26 194
Scientific
Sigma
cumene CoHy5 98-82-8 98 120.19 20.0
Aldrich
Sigma
n-propylbenzene CyHy» 103-65-1 98 120.2 21.7
Aldrich
AMS Sigma
CyHy 98-83-9 99 118.18 23.1
(alphamethylstyrene) Aldrich
Sigma
tert-butylbenzene CioHis  1998-06-06 99 134.22 23.9
Aldrich
. Sigma
isobutylbenzene CioHyy 538-93-2 99 134.22 24.8
Aldrich
Sigma
sec-butylbenzene CioHis 135-98-8 99 134.22 249
Aldrich
Sigma
decane CioHoo 124-18-5 94 142.28 25.1
Aldrich
) Acros
indane CyHy 496-11-7 95 118.18 26.0
Organics
. Sigma
indene CyHg 95-13-6 90 116.16 26.4
Aldrich
Sigma
n-butylbenzene CioHi4 104-51-8 99 134.22 27.3
Aldrich
decalin ) 27.9
Sigma
(decahydronaphthalene CioHig 91-17-8 99 138.25 &
Aldrich
(cis/trans)) 30.1
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Molecular

Purity . RT
Compound Formula CASRN“ ) Supplier weight .
(%) (min)©
(g/mol)
2-phenyl-2-propanol CoH1,0  617-94-7 98 TCI 136.19 28.4
Sigma
undecane Ci1Hoy  1120-21-4 99 156.31 30.6
Aldrich
tetralin (1,2,3,4- Sigma
CIOH12  119-64-2 99 132.2 32.8
tetrahydronaphthalene) Aldrich
Sigma
naphthalene CioHg 91-20-3 99 128.17 33.7
Aldrich
dodecane CioHgg  112-40-30 99 Honeywell 170.33 35.7
Alfa
2-methylnaphthalene Ci11Hio 91-57-6 97 142.2 38.8
Aesar
Alfa
1-methylnaphthalene C11Hio 90-12-0 96 142.2 39.5
Aesar
. Acros
tridecane Ci3Hog 629-50-5 99 184.37 39.9
Organics
) Sigma
biphenyl CioHyg 92-52-4 99.5 154.21 42.1
Aldrich
Alfa
tetradecane C4Hjsg 629-59-4 99 198.39 439
Aesar
) Sigma
1,4-dimethylnaphthalene  Ci5H;» 571-58-4 95 156.23 444
Aldrich
Acros
pentadecane Ci5Hso 629-62-9 99 212.42 47.2
Organics

@ Chemical Abstracts Services Registry Number (CASRN).? Purity of material provided

by the supplier. Material was not further purified. ¢ Retention time (RT).
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C.3 Calibration data for compounds quantification through GC-FID

Table C.3 contains the linear regression data obtained from the calibration curves built for selected
species in this study. Each calibration curve was obtained from four data points of concentration
ratios (concentration of the compound to be quantified divided by the concentration of the internal
standard) versus area ratios (area of the compound to be quantified divided by the area of the

internal standard) using biphenyl as an internal standard and methanol as a solvent.

Table C.3: Linear regression data from calibration curves for selected species that were quantified
through GC-FID.

Compound Slope (b)* R?
AMS 1.0212 0.9999
benzene 1.0969 0.9998
cumene 1.0541 0.9998
ethylbenzene 1.0443 0.9998
n-pentadecane 1.0913 0.9999
naphthalene 0.9851 0.9995
n-propylbenzene 1.0264 0.9998
sec-butylbenzene 1.0358 0.9997
tetralin 1.0270 0.9999
toluene 1.1211 0.9995

% Slope (b) in the linear regression y = bx, where y is the concentration ratio
between the species to be quantified and biphenyl, and x is the area ratio

between the species to be quantified and biphenyl.

C.4 Temperature profiles inside the reactor

The temperature profiles of the ATP experiments conducted at a reaction time of 10 min are illus-
trated in Figure C.2. The systems ATP and ATP+K achieved the reaction temperature of 400 °C in
approximately 10—12 min, whereas the water-containing systems required a longer time, approxi-
mately 14—-16 min, to reach the same reaction temperature. The air-assisted cooling-down process

took approximately 5—7 min to reach 50 °C in all the reaction systems. Although only the tem-

314



perature profiles inside the reactor of the ATP experiments with a 10-min reaction time are shown
in Figure C.2, it is noteworthy that all the other experiments exhibited comparable heating and

cooling profiles.
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Figure C.2: Temperature profiles inside the reactors during the ATP experiments with planned
reaction times of 10 min.

C.5 Data used for concentration calculations in the ATP experiments

The exact amount of product sample used for GC-FID quantification, the mass of formed gas,
the density data at 25 °C, and the corrected sample volume used to calculate the concentration of
species in the ATP experiment are listed in Table C.4. The mass of the formed gas during the
reactions, which was lost after the reactor was opened, was added to the mass of the liquid sample
used for GC-FID quantification, and the product density at 25 °C was used to calculate the volume
of the corrected product sample volume. The density of the liquid product was assumed to not

significantly change because of the small amount of gas formed during the experiments.

The mass fractions of AMS, tetralin, and n-pentadecane obtained through calibrated GC-FID data
and the concentrations of each of these compounds are listed in Tables C.5, C.6, and C.7, respec-

tively.
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Table C.4: Data used for calculating and correcting the product sample volume used for concentration calculations.

Mass of product  Relative mass Product Corrected
Total mass Mass of product )
System sample used for of formed of formed  sample + Mass density product
GC-FID gas (mg of gas at 25 °C sample
quantification (g) / g of ATP) gas (g) of formed gas (g) (g/cm3) volume (cm?®)
ATP
1 min 0.4960 7 0.0035 0.4995 0.8417 0.5935
5 min 0.4966 6 0.0031 0.4997 0.8474 0.5897
10 min 0.5047 12 0.0058 0.5105 0.8502 0.6005
30 min 0.4935 33 0.0162 0.5097 0.8503 0.5994
ATP+K
1 min 0.4978 2 0.0011 0.4989 0.8429 0.5919
5 min 0.4993 2 0.0010 0.5003 0.8478 0.5901
10 min 0.5067 9 0.0045 0.5112 0.8495 0.6018
30 min 0.5045 14 0.0069 0.5114 0.8493 0.6021
ATP+W
1 min 0.4988 4 0.0022 0.5010 0.8412 0.5955
5 min 0.4983 4 0.0020 0.5003 0.8463 0.5911
10 min 0.4980 32 0.0158 0.5138 0.8490 0.6052
30 min 0.4904 9 0.0046 0.4950 0.8499 0.5824
30 min (rep)” 0.5024 40 0.0201 0.5225 0.8503 0.6145
ATP+W+K
1 min 0.5013 12 0.0060 0.5073 0.8418 0.6027
5 min 0.4939 18 0.0088 0.5027 0.8469 0.5936
10 min 0.4925 18 0.0090 0.5015 0.8489 0.5908
30 min 0.4970 22 0.0111 0.5081 0.8476 0.5995
30 min (rep)” 0.5115 69 0.0353 0.5468 0.8480 0.6448

“ “rep” stands for replicate.
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Table C.5: Mass fraction of AMS and AMS concentration (in kg/m®) in the products of the ATP

experiments.
Mass fraction Mass of AMS in AMS
System of AMS in the the product sample concentration
product (wt/wt) (g) (kg/m?)*
ATP
1 min 0.2241 0.1111 187.28
5 min 0.1415 0.0703 119.16
10 min 0.0838 0.0423 70.44
30 min 0.0233 0.0115 19.22
ATP+K
1 min 0.1905 0.0948 160.19
5 min 0.1150 0.0574 97.33
10 min 0.0663 0.0336 55.79
30 min 0.0157 0.0079 13.14
ATP+W
1 min 0.2311 0.1153 193.57
5 min 0.1600 0.0797 134.88
10 min 0.1046 0.0521 86.10
30 min 0.0441 0.0216 37.11
30 min (rep)” 0.0373 0.0187 30.49
ATP+W+K
1 min 0.2081 0.1043 173.06
5 min 0.1197 0.0591 99.62
10 min 0.0683 0.0337 56.98
30 min 0.0345 0.0171 28.60
30 min (rep)” 0.0230 0.0118 18.28

¢ AMS concentration in the feed was calculated based on measured

mass of AMS when preparing the feed and the density of feed at
25 °C (836.4 kg/m®) and was found to be equal to 250.9 kg/m*

for all reaction systems. ” “rep” stands for replicate.
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Table C.6: Mass fraction of tetralin and tetralin concentration (in kg/m?®) in the products of the
ATP experiments.

Mass fraction ~ Mass of tetralin in tetralin
System of tetralin in the the product sample  concentration
product (wt/wt) (g) (kg/m>)*
ATP
1 min 0.1678 0.0832 140.27
S min 0.1537 0.0763 129.47
10 min 0.1358 0.0685 114.12
30 min 0.1193 0.0589 98.21
ATP+K
1 min 0.1625 0.0809 136.70
S min 0.1495 0.0746 126.45
10 min 0.1347 0.0683 113.45
30 min 0.1161 0.0586 97.29
ATP+W
1 min 0.1697 0.0847 142.16
5 min 0.1549 0.0772 130.55
10 min 0.1436 0.0715 118.19
30 min 0.1245 0.0610 104.80
30 min (rep)” 0.1262 0.0634 103.16
ATP+W+K
1 min 0.1661 0.0833 138.15
5 min 0.1477 0.0730 122.93
10 min 0.1328 0.0654 110.70
30 min 0.1215 0.0604 100.76
30 min (rep)” 0.1193 0.0610 94.67

“ Tetralin concentration in the feed was calculated based on measured
mass of tetralin when preparing the feed and the density of feed at
25 °C (836.4 kg/m?), and was found to be equal to 167.3 kg/m®

b“

for all reaction systems. ~ “rep” stands for replicate.

318



Table C.7: Mass fraction of n-pentadecane and n-pentadecane concentration (in kg/m?®) in the

products of the ATP experiments.

Mass fraction

Mass of n-pentadecane

n-pentadecane

System of n-pentadecane in  in the product sample  concentration
the product (wt/wt) (g) (kg/m?)*
ATP
1 min 0.3913 0.1941 327.08
S min 0.3692 0.1833 310.88
10 min 0.3600 0.1817 302.61
30 min 0.3174 0.1566 261.28
ATP+K
1 min 0.4080 0.2031 343.11
S min 0.3692 0.1843 312.34
10 min 0.3640 0.1844 306.45
30 min 0.3397 0.1714 284.65
ATP+W
1 min 0.4057 0.2024 339.82
5 min 0.3765 0.1876 317.42
10 min 0.3607 0.1796 296.80
30 min 0.3162 0.1551 266.25
30 min (rep)” 0.3084 0.1549 252.15
ATP+W+K
1 min 0.4012 0.2011 333.72
5 min 0.3635 0.1795 302.42
10 min 0.3532 0.1739 294.44
30 min 0.3283 0.1632 272.21
30 min (rep)” 0.3315 0.1695 262.94

® n-Pentadecane concentration in the feed was calculated based on measured

mass of n-pentadecane when preparing the feed and the density of feed at
25 °C (836.4 kg/m®), and was found to be equal to 418.2 kg/m®

for all reaction systems.

b“

rep” stands for replicate.
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C.6 Polynomial coefficients and plots of selected species

The coefficients of the interpolating polynomials that describe the concentration of selected species
in feed and products as functions of the ERT at 400 °C for the time intervals of 1-10 min and 5-30
min are given in Tables C.8—-C.10. These polynomial functions were used to evaluate the rates
of reaction at 5 and 10 min. Since the interpolating polynomials were built to contain the exact
data points used for obtaining their coefficients, it was not feasible to calculate the error associated
with their data prediction. For this reason, the polynomials were graphed on concentration vs.
ERT plots to facilitate a visual inspection of the trends they represented. The results are shown
in Figures C.3-C.17. The trends described by the polynomial functions were consistent with the

trends suggested by the measured concentration vs. ERT data points.
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C.6.1 AMS, tetralin, and n-pentadecane

Table C.8: Coefficients of the polynomial functions of AMS, tetralin, and n-pentadecane, describ-
ing concentration over ERT at 400 °C within the time intervals of 1-10 min and 5-30 min.

Compound Polynomial coefficients // C,, = at?>+bt+c *°
/ System At = 1-10 min At = 5-30 min
AMS a b c a b c
ATP 0.809 -21.887 208.36 0.287 -14.054 182.25
ATP+K 0.823 -20.653 180.02 0.247 -12.013 151.22

ATP+W 0.546 -17.950 210.97 0.286 -14.041 197.94
ATP+W+K 1.092 -24915 196.88 0.274 -12.638 155.96

tetralin
ATP -0.041 -2.453 142776 0.091 -4.435 149.37
ATP+K -0.004 -2.537 139.24 0.072 -3.675 143.03

ATP+W 0.048 -3.189 1453 0.070 -3.529 146.43
ATP+W+K 0.151 -4.711 14271 0.072 -3.524 138.75
n-pentadecane
ATP 0.266 -5.647 33246 -0.016 -1.407 318.32
ATP+K 0.724 -12.035 354.42 0.003 -1.231 31841
ATP+W 0.164 -6.584 346.24 0.090 -5.470 342.53
ATP+W+K 0.692 -11.978 345.00 0.010 -1.747 310.90

® Cw in units of kg/m® and t in units of min. ® The independent
variable t in the interpolating polynomial corresponds
to the ERT at 400 °C.
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Figure C.3: Plot of the polynomial functions describing the AMS concentration over time for the
time intervals of (A) 1-10 min and (B) 5-30 min.
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Figure C.5: Plot of the polynomial functions describing the n-pentadecane concentration over time
for the time intervals of (A) 1-10 min and (B) 5-30 min.

C.6.2 Benzene, toluene, ethylbenzene, n-propylbenzene, cumene, and naph-
thalene

Table C.9: Coefficients of the polynomial functions of benzene, toluene, ethylbenzene, n-

propylbenzene, cumene, and naphthalene, describing concentration over ERT at 400 °C within
the time intervals of 1-10 min and 5-30 min.

Compound / Polynomial coefficients // Cy, = at® + bt + ¢*°
System At = 1-10 min At = 5-30 min
a b c a b c

benzene
ATP 0.0005 -0.0024 0.0018 -0.0001 0.0069 -0.0290
ATP+K 0.0019 -0.0092 0.6672 -0.0006 0.0301 0.5322
ATP+W - - - 0.0002 -0.0030 0.0100
ATP+W+K -0.0002 0.0070  0.0249  0.0000 0.0048 0.0324

toluene
ATP 0.0087 -0.0131 0.2078 -0.0023 0.1507 -0.3382
ATP+K 0.0011 0.0575 0.0053 -0.0005 0.0819 -0.0762
ATP+W -0.0013 0.0716  0.0854 0.0008 0.0398 0.1914
ATP+W+K -0.0008 0.0894 -0.0304 -0.0006 0.0871 -0.0225

ethylbenzene

ATP -0.0481 2.2528 1.9074 -0.0347 2.0508 2.5807
ATP+K -0.0686 2.4462 0.9009 -0.0362 1.9605 2.5201

Continues on the next page
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Compound / Polynomial coefficients // Cy, = at® + bt + ¢*°
System At = 1-10 min At =5-30 min
a b c a b c
ATP+W -0.0235 1.8976  1.9527 -0.0389 2.1287 1.1824
ATP+W+K -0.1412 35102  0.3045 -0.0369 1.9452 5.5212
n-propylbenzene
ATP 0.0005 0.2282 -0.0228 -0.0043 0.3002 -0.2628
ATP+K -0.0033  0.2568 -0.0586 -0.0039 0.2660 -0.0892
ATP+W 0.0033 0.1842 0.0038 -0.0043 0.2990 -0.3791
ATP+W+K -0.0097 0.3316 -0.0867 -0.0031 0.2329 0.2422
cumene
ATP -0.0195 1.9373 1.4627 -0.0286 2.0735 1.0087
ATP+K -0.0881 3.6252 10.7746 -0.0445 29706 12.9567
ATP+W -0.0037 1.5614 1.3423 -0.0189 1.7894  0.5822
ATP+W+K -0.1938 5.1724  6.3486 -0.0585 3.1425 13.1150
naphthalene
ATP 0.0144 04774 0.3621 -0.0096 0.8373 -0.8375
ATP+K -0.0084 1.1154 23135 -0.0160 1.2303 1.9306
ATP+W 0.0215 0.3557 0.4468 -0.0070 0.7836 -0.9795
ATP+W+K -0.0677 2.0613  0.8352 -0.0251 1.4231 2.9625

¢ Oy in units of kg/m?® and t in units of min. ® The independent variable

t in the interpolating polynomial corresponds to the ERT at 400 °C.
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Figure C.6: Plot of the polynomial functions describing the benzene concentration over time for
the time intervals of (A) 1-10 min and (B) 5-30 min.
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Figure C.7: Plot of the polynomial functions describing the toluene concentration over time for
the time intervals of (A) 1-10 min and (B) 5-30 min.
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C.6.3 Species with retention time higher than 50 min (E1-E6)

Table C.10: Coefficients of the polynomial functions of species E1-E6, describing concentration
over ERT at 400 °C within the time intervals of 1-10 min and 5-30 min.

Compound / Polynomial coefficients // Cyy = at® + bt + ¢
System At = 1-10 min At = 5-30 min
a b c a b c
El
ATP - - - - - -
ATP+K -0.0001 -0.0316 2.7455 0.0022 -0.0671 2.8639
ATP+W - - - - - -
ATP+W+K -0.0119 0.2648 1.0915 -0.0065 0.1835 1.3626
E2
ATP 0.0002  0.0248 0.0209 -0.0009 0.0417 -0.0355
ATP+K 0.0030 -0.0397 0.3313 0.0000 0.0055 0.1804
ATP+W 0.0001  0.0200 0.0176 -0.0007 0.0332 -0.0266
ATP+W+K 0.0004  0.0081 0.0992 -0.0005 0.0213 0.0552
E3
ATP -0.0003 0.0441 0.0138 -0.0013 0.0600 -0.0393
ATP+K -0.0025 0.0573 0.0061 -0.0005 0.0277 0.1048
ATP+W -0.0004 0.0372 0.0122 -0.0010 0.0458 -0.0162
ATP+W+K -0.0028 0.0617 0.0203 -0.0008 0.0310 0.1227
E4
ATP -0.0203  0.0323 3.6845 0.0073 -0.3816 5.0639
ATP+K -0.0198 0.0598 2.3156 0.0078 -0.3544 3.6963
ATP+W -0.0185 0.0240 3.2726 0.0075 -0.3668 4.5753
ATP+W+K 0.0153 -0.2863 1.7392 0.0016 -0.0805 1.0535
E5
ATP -0.0187 0.4453 0.3592 -0.0062 0.2579 0.9841
ATP+K -0.0254 0.4284 0.2887 -0.0011 0.0640 1.5033
ATP+W -0.0162 0.3932 0.3142 -0.0051 0.2274 0.8670
ATP+W+K -0.0182 0.3683 0.3326 -0.0035 0.1467 1.0714
E6

Continues on the next page
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Compound / Polynomial coefficients // C'y, = at® + bt + ¢*°

System At = 1-10 min At = 5-30 min
a b c a b c
ATP 0.0120 03219 02232 -0.0047 02130 0.5860
ATP+K -0.0174 03103 0.1801 -0.0010 0.0644 0.9998
ATP+W -0.0101 02805 0.1957 -0.0039 0.1884 0.5026

ATP+W+K -0.0131 0.2811 0.1995 -0.0027 0.1255 0.7183

“ C'w was calculated using the relative area percentage (RAP)

of each species. * The independent variable t in the

interpolating polynomial corresponds to the ERT at 400 °C.

ATP+K o ATP+W+K ATP+K o ATP+W+K
3.5 3.5
3.0 3.0
_25 ; _25
® 5 ®
=20 =20
Ll Ll
o115 o115
1.0 { 1.0 4
0.5 0.5
0.0 0.0
0 5 10 15 20 25 30 35 0 5 10 15 20 25 30 35
ERT at 400 °C (min) ERT at 400 °C (min)
(A) (B)

Figure C.12: Plot of the polynomial functions describing the RAP of E1 over time for the time
intervals of (A) 1-10 min and (B) 5-30 min.

329



CATP AATP+K XATP+W < ATP+W+K CATP AATP+K xATP+W < ATP+W+K

0.5 0.5
o 0.4 ®
% 50_3 ; e “i
8 o et
& getied &
o Lt
< 0.2 -_.I'.
o et
0.1 x
%4
0.0
0 5 10 15 20 25 30 35 0 5 10 15 20 25 30 35
ERT at 400 °C (min) ERT at 400 °C (min)
(A) (B)

Figure C.13: Plot of the polynomial functions describing the RAP of E2 over time for the time
intervals of (A) 1-10 min and (B) 5-30 min.
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Figure C.14: Plot of the polynomial functions describing the RAP of E3 over time for the time
intervals of (A) 1-10 min and (B) 5-30 min.
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Figure C.15: Plot of the polynomial functions describing the RAP of E4 over time for the time

intervals of (A) 1-10 min and (B) 5-30 min.
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Figure C.16: Plot of the polynomial functions describing the RAP of ES over time for the time

intervals of (A) 1-10 min and (B) 5-30 min.

331



oATP A ATP+K xATP+W < ATP+W+K oATP A ATP+K xATP+W < ATP+W+K

3.0 3.0

25 * 25 .......... ,*
_ T - .,55"_."‘ R RTE TR TP
320 ; 320 RN ¢
© © et
w 1.5 w 1.5 T
o .':e' o X
& 1.0 - & 1.0

05 |@ 05 |%

0.0 0.0

0 5 10 15 20 25 30 35 0 5 10 15 20 25 30 35
ERT at 400 °C (min) ERT at 400 °C (min)

(A)

(B)

Figure C.17: Plot of the polynomial functions describing the RAP of E6 over time for the time

intervals of (A) 1-10 min and (B) 5-30 min.

C.7 Concentration versus time plots of AMS, tetralin, and n-pentadecane
conversion in the ATP experiments

C.7.1 Concentration versus reaction time plots of AMS

The plot of the natural logarithm of the AMS concentration versus time and the plot of the inverse

of the AMS concentration versus time are shown in Figures C.18 and C.19, respectively. The

linear regressions were calculated for each reaction system and the R? of the regressions are given

in the figures.
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Figure C.18: Plot of the natural logarithm of AMS concentration vs. reaction time.
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Figure C.19: Plot of the inverse of AMS concentration vs. reaction time.

C.7.2 Concentration versus time plots of tetralin

The plot of the natural logarithm of the tetralin concentration versus time and the plot of the inverse

of the tetralin concentration versus time are shown in Figures C.20 and C.21, respectively. The

linear regressions were calculated for each reaction system and the R? of the regressions are given

in the figures.
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Figure C.20: Plot of the natural logarithm of tetralin concentration vs. reaction time.
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Figure C.21: Plot of the inverse of tetralin concentration vs. reaction time.

C.7.3 Concentration versus time plots of n-pentadecane

The plot of the natural logarithm of the n-pentadecane concentration versus time and the plot of
the inverse of the n-pentadecane concentration versus time are shown in Figures C.22 and C.23,
respectively. The linear regressions were calculated for each reaction system and the R? of the

regressions are given in the figures.
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Figure C.22: Plot of the natural logarithm of n-pentadecane concentration vs. reaction time.
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Figure C.23: Plot of the inverse of n-pentadecane concentration vs. reaction time.

C.8 GC-MS chromatograms with RT lower than 50 min from the ATP ex-
periments

To improve clarity for peak identification, the chromatograms from the ATP experiments obtained
by GC-MS in the region with a retention time (RT) between 4.2 and 50 minutes were split into
four regions (A to D). The chromatograms for each region are shown in the next subsections. The
peaks were assigned peak identifiers, which are listed in the tables contained in each one of the
following subsections. The compounds with an RT lower than 50 min were identified by the use
of the commercial standards that were listed in Table C.2. Only the chromatograms containing the
experiments with reaction time of 10 min were reported in this section because they contained all

species identified in the other reaction times as well.
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C.8.1 Region A — RT between 4.2 and 14.5 min

Table C.11: Peak identifier and RT of compounds identified in the region A of the GC-MS chro-
matograms of the ATP experiments.

Compound Peak identifier RT (min)

hexane Al 4.7
benzene A2 6.3
heptane A3 8.3
toluene A4 11.0
octane AS 13.5
Al A2 A3 Ad A5
E A A A A A A A

4.2 4.7 5.2 5.7 6.2 6.7 7.2 7.7 8.2 8.7 9.2 9.7 10.2 107 1.2 117 122 127 132 137 142
Retention time (min)
——Feed ATP ATP+K ATP+W ——ATP+W+K

Figure C.24: GC-MS chromatograms from the ATP experiments (reaction time of 10 min) - Region
A (RT between 4.2 and 14.5 min).
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C.8.2 Region B — RT between 14.5 and 20.5 min

Table C.12: Peak identifier and RT of compounds identified in the region B of the GC-MS chro-
matograms of the ATP experiments.

Compound  Peak identifier RT (min)

ethylbenzene Bl 16.2
styrene B2 17.7
nonane B3 194
cumene B4 20.0

B4

81\ ' ™~

B2 B3

Abundance

14.5 15 15.5 16 16.5 17 17.56 18 18.5 19 19.56 20 205
Retention time (min)
—Feed ATP ATP+K ATP+W ——ATP+W+K

Figure C.25: GC-MS chromatograms from the ATP experiments (reaction time of 10 min) - Region
B (RT between 14.5 and 20.5 min).

C.8.3 Region C - RT between 20.5 and 34.5 min
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Table C.13: Peak identifier and RT of compounds identified in the region C of the GC-MS chro-
matograms of the ATP experiments.

Compound Peak identifier RT (min)
n-propylbenzene Cl 21.7
AMS Cc2 23.1
sec-butylbenzene C3 24.9
decane C4 25.1
n-butylbenzene C5 27.3
2-phenyl-2-propanol Co 28.4
undecane C7 30.6
tetralin C8 32.8
naphthalene Cc9 33.7
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Figure C.26: GC-MS chromatograms from ATP experiments (reaction time of 10 min) - Region C
(RT between 20.5 and 34.5 min).
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C.8.4 Region D - RT between 34.5 and 50.0 min

Table C.14: Peak identifier and RT of compounds identified in the region D of the GC-MS chro-
matograms of the ATP experiments.

Compound Peak identifier RT (min)
dodecane D1 35.7
2-methylnaphthalene D2 38.8
1-methylnaphthalene D3 39.5
tridecane D4 39.9
biphenyl D5 42.1
tetradecane D6 43.9
1,4-dimethylnaphthalene D7 44.4
pentadecane D8 47.2
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Figure C.27: GC-MS chromatograms from ATP experiments (reaction time of 10 min) - Region

D (RT between 34.5 and 50 min).

C.9 GC-MS chromatograms with RT lower than 50 min from the AWM ex-

periments

Although several common products were formed in both the ATP and AWM experiments, there
were some species that were exclusively formed in only one of the experiments because their feed
differed. To improve clarity, different labels for the regions with RT lower than 50 min were used

for both experiments, even for common products. The chromatograms from the AWM experiments

were split into three regions (I, J, and K).
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C.9.1 Region I - RT between 4.2 and 20.5 min

Table C.15: Peak identifier and RT of compounds identified in the region I of the GC-MS chro-
matograms of the AWM experiments.

Compound  Peak identifier RT (min)

benzene I1 6.3
toluene 12 11.0
ethylbenzene I3 16.2
styrene 14 17.7
cumene I5 20.0

Abundance
~

'}
L I

Jl ] { 1 ]

4.2 5.2 6.2 7.2 8.2 9.2 10.2 1.2 12.2 13.2 14.2 15.2 16.2 17.2 18.2 19.2 20.2
Retention time (min)
Feed ——AMS AMS+K AMS+R ——AMS+Q ~——AMS+W

Figure C.28: GC-MS chromatograms from AWM experiments - Region I (RT between 4.2 and
20.5 min).
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C.9.2 Region J — RT between 20.5 and 34.5 min

Table C.16: Peak identifier and RT of compounds identified in the region J of the GC-MS chro-
matograms of the AWM experiments.

Compound Peak identifier RT (min)
n-propylbenzene J1 21.7
AMS J2 23.1
sec-butylbenzene I3 24.9
n-butylbenzene J4 27.3
2-phenyl-2-propanol J5 28.4

J2
™~ J3
J1
8
=
[+
©
2 J4
2 Js5
A Jl ‘= ‘Jué%@‘”‘;““::g\““w_‘“ e
\ J l |
I\ _— Jl‘f\ A\ A A S ]
~ | : ;_;UU }A A
20.4 214 224 234 24.4 254 26.4 27.4 28.4 204 30.4 31.4 324 33.4 344
Retention time (min)
——Feed ——AMS AMS+K AMS+R ——AMS+Q ——AMS+W

Figure C.29: GC-MS chromatograms from AWM experiments - Region J (RT between 20.5 and
34.5 min).
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C.9.3 Region K — RT between 34.5 and 50.0 min

Table C.17: Peak identifier and RT of compounds identified in the region K of the GC-MS chro-
matograms of the AWM experiments.

Compound Peak identifier RT (min)

biphenyl K1 42.1

K1

A \J‘ﬁmL_ ) __AJA|_4H l‘ﬂdﬁb._uul Lo M A M

_.:’\JI'L__,,‘ —_— A A — Jﬁ_ﬂ - J s Y A ——

Abundance

344 354 36.4 374 384 304 40.4 41.4 42.4 434 44.4 45.4 46.4 47.4 48.4 49.4
Retention time (min)
——Feed AMS AMS+K AMS+R  ——AMS+Q ——AMS+W

Figure C.30: GC-MS chromatograms from AWM experiments - Region K (RT between 34.5 and
50 min).

C.10 GC-MS chromatograms with RT higher than 50 min from ATP and
AWM experiments

The selected compounds in the chromatogram region with an RT higher than 50 min were identified
through mass spectral assignment only. These selected compounds, detected in both ATP and AWM
experiments, were assigned the same peak identifier. This standardization was applied to improve
clarity in data presentation and to facilitate the comparison of identical species across different

experiments.
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The selected compounds in the Region E of the chromatograms are shown in Table C.18.

Table C.18: Peak identifier and RT of compounds identified in the region E of the GC-MS chro-
matograms from the ATP and AWM experiments.

Peak RT . b
Compound” Formula Tentative structure

identifier (min)

C,gsHsg — isomer
(1,1,3—trimethy1—3— C18H20 El 53.2
phenyl indane) . O

C18H22 — isomer C18H22 E2° 55.2 or
C18H22 — isomer C18H22 E3¢ 55.5 or
C18H20 — isomer C18H20 E4 56.6 ‘j‘/\)\.

Continues on the next page
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Peak RT . b
Compound” Formula Tentative structure

identifier (min)

O

C,gsHsg — isomer CisHyg E5 59.2

e

C18H20 — isomer C18H20 E6 59.4

@ Compound identification based on mass spectral assignment only. * Tentative structures
for unconfirmed compounds based on mass spectral assignment. © The mass spectra of E2
and E3 were almost identical, and their structure assignment corresponded to both isomers

depicted in their tentative structures.
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Figure C.31: GC-MS chromatograms from the ATP experiments (reaction time of 10 min) - Region
E (RT between 50.0 and 62.0 min).
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Figure C.32: GC-MS chromatograms from the AWM experiments - Region E (RT between 50.0
and 62.0 min).
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C.11 Total RAP of n-alkanes from hexane to nonane
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Figure C.33: Total RAP of n-alkanes in the range of C6 to C9 in the ATP experiments.

C.12 Thermogravimetric analyses (TGA) of minerals after the reactions in
the ATP and AWM experiments

Thermogravimetric analysis of solids was carried out using a Mettler Toledo TGA/DSC1. Each
analysis used approximately 10 mg of sample placed in a 70 pL. alumina crucible. The temperature
program encompassed three phases: first, the sample was heated from 25 to 600 °C at a rate of 10
°C/min under a nitrogen atmosphere; second, the temperature was held constant at 600 °C for 30
minutes under a nitrogen atmosphere; and third, the temperature was maintained at 600 °C for 1

hour under an air atmosphere.

The TGA results for the minerals collected after reactions in the ATP and AWM experiments are

given in Table C.19.
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Table C.19: Weight Loss Obtained from TGA Analysis of solids separated from products.

Weight loss (wt%)* Mineral  Fixed organic
Experiment Fixed organic matter content matter / Mineral
250-600 °C / 600 °C /Ny / (wt%) content
Ns 30 min i .
600 °C / Air / 60 min
X s X s X s
ATP+K
1 min 40.7 0.2 1.0 0.0 0.5 0.1 57.7 0.009
5 min 44.8 0.2 0.9 0.0 0.3 0.0 53.9 0.006
10 min 47.5 1.0 0.9 0.1 0.5 0.1 51.2 0.009
30 min 44.0 0.3 0.9 0.0 0.5 0.1 54.6 0.010
ATP+W+K
1 min 13.1 0.5 1.5 0.0 0.4 0.0 85.0 0.005
5 min 15.2 0.5 1.5 0.1 0.4 0.1 82.8 0.005
10 min® 61.2 1.7 0.7 0.0 0.3 0.1 37.9 0.008
30 min 355 0.3 1.0 0.1 0.6 0.0 62.9 0.009
AMS+K 49.8 3.2 0.8 0.1 0.7 0.0 48.7 0.014
AMS+R 31.8 3.1 0.1 0.0 0.0 0.7 68.1 0.000
AMS+Q 14.7 0.2 0.0 0.0 0.1 0.0 85.2 0.001

“ Average (x) and standard deviation (s) of experiments in duplicate for the AWM experiments and analyses

in duplicate for the ATP experiments. * Most of the solids from the ATP+W+K experiment at 10-min reaction

were left inside the reactor and only a small amount was collected in the centrifuge tube. As a consequence,

the relative high amount of volatized organic matter in that system is probably due to sampling of more organic

matter than solids for the TGA analysis.
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