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Abstract

The development of economically viable processes for processing and transporting of heavy crude
oil and bitumen are critical for continued development in the Canadian oil sands. Current
technologies for preparing such crudes for transport to market include full upgrading to synthetic
crude oil, or dilution before transport. An emerging family of technologies collectively referred to
as partial upgrading can convert low-API gravity heavy crude oil into a refinery- and pipeline-
grade product, with lower capital and operating expenses relative to current processes such as full
upgrading or dilution. The processing goal of these technologies is to reduce both viscosity and
density to enhance bitumen transportability while significantly reducing or avoiding the use of
diluents. One key process in partial upgrading is the selective hydrogenation of the complex
polycyclic aromatic molecules found in the asphaltene fraction. This approach alters the heavy oil
structure, and thus reduces the viscosity and density of the oil, potentially resulting in a pipeline-

ready product.

Developing efficient, practical, and economically viable catalytic processes for partial
hydrogenation of heavy crude oils is an important research priority. [ron-based catalysts systems
are ideal in this regard. Iron is earth-abundant, non-toxic, and inexpensive, making its utilization
in heavy crude oil upgrading more attractive. Iron catalysts are usually less active than cobalt,
nickel, or platinum-group transition metals for hydrogenation of aromatic molecules, but this is an
advantage in partial upgrading. Selective hydrogenation and limited defunctionalization are
preferred to more complete reactions mediated by commercially available hydroprocessing

catalysts.

In this thesis, I explored partial hydrogenation and limited desulfurization reactions mediated by

known air-stable, petroleum-soluble, and well-defined diiron sulfido complex, FexS>(CO)es.



Several polycyclic aromatic and heteroaromatic compounds were hydrogenated and desulfurized
using Fe>S»(CO)s as a precatalyst in a batch microreactors coupled with an agitator. The behavior
of the catalyst system was evaluated over a wide range of temperatures, gas pressures, solvent
systems, catalyst supports and metal loadings. The active phase, consisting of iron sulfide
nanoparticles, was prepared from purified Fe>S»(CO)s in toluene; no sulfur additive is required.
The precatalyst is simple to prepare and recyclable, while the behavior of the system is highly
reproducible. The results demonstrate that Fe>S>(CO)e precatalyst leads to partial hydrogenation
of polycondensed aromatics under moderate conditions using a carbon support. The reactivity
trends show self-consistent substrate dependence, varying with the resonance energy stabilization
of the starting compounds and partially saturated intermediates coupled with the surface adsorption

enthalpy of the aromatic ring system.

Selective hydrogenation and defunctionalization of carbocyclic and heterocyclic aromatic heavy
oil model compounds were also explored using unsupported Fe>S>(CO)s exclusively. The
reactivity of the anthracene series is governed by stereoelectronic effects imposed by the phenyl
substituents, decreasing in the order anthracene > 9-phenylanthracene > 9,10-diphenylanthracene.
Nitrogen- and sulfur-containing heterocycles are partially hydrogenated, with limited heteroatom
removal for benzothiophene, showing that the unsupported iron sulfide catalyst is well-suited for
the selective partial hydrogenation and limited defunctionalization, which are key for catalytic
partial upgrading of heavy petroleum. The unsupported iron sulfide also catalyzes hydrogenation
of mixed “feeds” comprising combinations of model compounds, demonstrating that carbocyclic
and heterocyclic molecules can be processed simultaneously with little self-inhibition in overall

activity, a key requirement for compositionally challenging bitumen feeds.



Hydrogen donor solvents can be substituted for hydrogen gas in these partial upgrading reactions.
Unsupported iron sulfide catalysts derived from Fe>S»(CO)s mediate transfer hydrogenation of
carbocyclic- and N-heterocyclic aromatic compounds for the first time. Readily available
hydrogen donors, including tetralin, 2-propanol, indane, indoline, and tetrahydroquinoline were
tested. Using tetralin, indane or 2-propanol resulted in only limited hydrogenation of the target
molecules, while indoline and tetrahydroquinoline hydrogen donors afforded near quantitative
conversions. The thermodynamically favorable adsorption of N-heterocycles to the catalyst
surface leads to facile dehydrogenation and hydrogen atom transfer to the substrate. The results
demonstrate that a dual hydrogen donor system outperforms single donor systems to permit
efficient transfer hydrogenation of various polycyclic aromatic and heteroaromatic compounds
under moderate reaction conditions with good tolerance for alkyl and aryl substituents. Partially
hydrogenated products are obtained in high yields with no “oversaturated” side products formed.
This approach provides a cost-effective and viable catalytic protocol for partial upgrading of the
challenging asphaltene fraction present in heavy crude oil, which requires partial saturation but

limited heteroatom removal.
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Chapter 1: Introduction
1.1. Background

Crude oil is the most widely used and one of the most reliable energy sources in the world. Despite
an intensifying transition to more renewable fuels sources, the International Energy agency (IEA)
projects that crude oil use is expected to increase by 21% before 2040. This will largely be driven
by continued growth in the economies of developed countries coupled with rising standards of
living and consumption in emerging economies.! This increasing demand for crude oil in
conjunction with stringent regulations on emissions of greenhouse gases from the petrochemical

industry will drive significant innovations in extraction and processing of crude oil globally.

Of the global total estimated crude oil reserves more than half are described as unconventional
crude oil deposits.? This means that development and utilization of these unconventional petroleum
resources is crucial for meeting current and the future global energy demand. Unconventional
crude includes resources which require enhanced methods of extraction and processing beyond the
typical well to pipeline to refinery routine. Examples include bitumen, heavy and extra-heavy
crude oil, oil sands, and oil shale.? These unconventional crude oil reserves are predominantly
found in Canada, the United States of America, Venezuela, Asia, and Russia.>> Ongoing
geopolitical instability makes resource development in Russia and Venezuela financially risky and
thus less attractive. Canadian oil sands which represent the third-largest proven oil reserves in the
world, enjoy an ideal combination of relative insulation from geopolitical conflicts and relatively
low cost of development and extraction.>*” In 2020, production in the Canadian oil sands
contributed 4.04 million barrels of crude oil per day to the global market.® This amount is
increasing with Canadian crude oil production rising by 2.6 million barrels per day over the last

three decades, largely because of the continuous growth in supply from the oil sands.



Oil sands are a natural mixture of water, mineral solids (clays and quartz), and bitumen.®!° Canada
oil sands have three main deposits located across Alberta and Saskatchewan, namely Athabasca,
Cold Lake, and Peace River. Although majority of the oil is found deeper underground, some is
located within 70 meters (200 ft) of the surface. The method of extraction depends on the depth of
the oil deposits. For deeper deposits, wells are drilled, and the oil pumped to the surface, usually
with the assistance of heated fluids to reduce viscosity and improve flow. Shallow deposits are
mined and then the oil is separated from the sandy matrix in which it is entrained. About 80% of
the oil in the Canadian oil sands is extracted by the drilling, while the remaining 20% is surface

mined using large shovels and trucks.

The recovery, processing, and transportation of Alberta crude to refineries presents a series of
challenges for the petroleum industry.!! This is principally due to the density, viscosity, API
gravity, and chemical composition of the petroleum deposits.'? Classification of the various crude
oil based on these key properties is shown in Figure 1.1. Compared to the most important North
American benchmark crude, the West Texas Intermediate (WTI), oil sands crude oils are denser
and more viscous. As a result, oil sands crude typically trades at a significant discount relative to
WTI. More importantly the natural density and viscosity of oil sands crude are much greater than
the maximum pipeline specifications, and so further processing is required before transportation

through established pipeline networks.
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Figure 1.1. Heavy crude oil comparison based on density and viscosity (adapted from ref 10).

To meet pipeline specifications for transport to refineries, heavy crude oils must be upgraded in
an energy- and greenhouse gas-intensive process to produce less dense and less viscous products.
The Alberta Energy Regulator (AER) estimates that in 2020 about 1.3 million barrels of bitumen
were transported for upgrading in Canada each day. This represents 42% of total bitumen

production.’

The remaining 58% of crude is blended with diluents to achieve pipeline
specifications, then transported to refineries. Developing more economical and environmentally

friendly processing technologies for the upgrading of heavy crude oil is critical for supporting

continued growth in oil sands production to meet both Canada’s and global energy demands.

The main aim of heavy oil/ bitumen upgrading is to increase the hydrogen to carbon atomic ratio
(H/C) thus lowering viscosity and density. To accomplish this task, various upgrading technologies

have been developed and are classified as separation, carbon rejection, or hydrogen addition



processes (Figure 1.2). The degree to which any of these processes is done determines whether the

bitumen is fully or partially upgraded, and the choice is usually based on prevailing economic
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Figure 1.2. Generic process flow diagram for a typical bitumen upgrader (adapted from ref 14)

Separation processes are used largely to remove the heaviest and most problematic fraction from
heavy crude oils: asphaltenes. For analysis, crude oils can be divided into several components
based on polarity, saturates, aromatics, resins and asphaltenes. The saturates and aromatics fraction
consists of low polarity aliphatic and small aromatic molecules. Resins and asphaltenes contain
polar substituents with the distinction between the two fractions being that resins are miscible with

pentane and n-heptane; asphaltenes are not. Asphaltenes contain the heaviest and most polar



fraction of crude oil. This fraction is soluble in aromatic solvents, such as benzene and toluene,
and insoluble in linear n-alkanes, such as n-pentane and n-heptane.!> The high polarity and
complex composition of asphaltenes results in a highly aggregated supramolecular structure which
easily forms precipitates and is difficult to unravel. As a result, precipitated asphaltenes are
responsible for blocking pipelines, deactivating catalysts, and causing deposition on the internal
surface of reservoirs.'® Understanding the chemical structure and behavior of asphaltenes remains
crucial for improving production processes of heavy crude oil. Asphaltenes are typically removed
from crude oil by precipitation in the presence of paraffinic solvents. The yield of asphaltenes
during precipitation is influenced by temperature, pressure, solvent polarity, molecular weight,
ratio of solvents to asphaltenes, aromaticity (presence of polynuclear aromatic compounds), and
precipitation time.!” Mitchell and Speight!® extracted asphaltenes from Athabasca bitumen via
precipitation using various solvents and their blends and reported that the different yields of the
asphaltene fraction correlated linearly with the variations in the solubility parameter of the
solvents. Importantly, asphaltenes were removed from bitumen by addition of 40 volumes of the
solvent. To produce high asphaltene yields, it is important to make use of the following parameters:
n-pentane or n-heptane as solvents, 8-10 h contact time, minimum of 30 mL solvent per gram
feedstock, and employ a precipitation sequence to remove any adsorbed resin from the asphaltene

fraction.'®

The second method for upgrading heavy crude oil is carbon rejection. Carbon rejection uses
thermal processes to separate heavy crudes into coke and lighter crude oil. These processes have
been used in the petroleum industries since 1913 and includes catalytic thermal cracking (fluid
catalytic cracking, FCC) and non-catalytic cracking (delayed coking, visbreaking, and fluid

coking).!%?° They are also used to upgrade vacuum residue; the fraction remaining after heavy oil



is processed by a vacuum distillation column. Thermal conversion is the oldest but still the most
popular choice used globally to process bitumen and vacuum residue owing to its relatively low
operating costs. An increasing focus on greenhouse gas emissions and the associated carbon

pricing regimes can change these economics significantly.

Thermal cracking relies on high temperatures (> 400°C) to convert large molecules into smaller
more volatile fragments via a complex free-radical chain reaction mechanism.?! Thermodynamics
governs bonds breakage and the minimum energy required to cleave a stable chemical bond is

shown in Table 1.1.

Table 1.1. Common bond dissociation energies in upgrading®?

Chemical bond Energy, kJ/mol

C-C (aliphatic) 344
C-H (primary) 411
C-H (secondary) 398
C-H (aromatic) 464
C-S 307
C-N 342
C-O0 344

Fluid catalytic cracking is a process used for cracking high-boiling distillates to gasoline and diesel
fuel in the presence of a fine-powdered catalyst in fluid beds. This process is limited to good quality

feedstock mainly due to rapid catalyst deactivation by asphaltene rich feeds.'®*

Visbreaking is a mild thermal, non-catalytic cracking process in which heavy oil is heated in a
furnace (450-500°C at furnace outlet) with a residence time of 1-3 minutes to reduce its
viscosity.?*?* The severity is controlled to favor low coke formation and avoid sediment deposition
during storage.?® Delayed coking is a semi-batch process used to transform various oil feeds into
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gases, distillates, and coke at long reaction times and temperatures up to 500°C. Although it
produces significant yields of coke, it is the most widely used technology for refiners to convert
residues principally due to its simplicity, good feed flexibility, and relatively low capital
expenditure and operating costs.?? Fluid coking is a continuous process operated at a short reaction
time relative to delayed coking and uses hot coke particles to increase the feed temperature up to
about 510-550°C. Unfortunately, the process liberates significant amounts of sulfur dioxide from
combustion of coke particles.'® Detailed operating conditions for the various non-catalytic thermal

processes is illustrated in Table 1.2.

Table 1.2. Summary of industrial non-catalytic thermal processing technologies!®?

Temperature  Pressure Capital

Technology (°C) (MPa) cost Severity Conversion
Visbreaking  450-500 0.3-2.1 low low low
Delayed 450-500 0.6 low high high

coking

Fluid coking 510-560 0.7 medium  high high

The final class of upgrading technologies is hydrogen addition. Adding hydrogen converts heavy
crude into higher value oil at the expense of increased hydrogen costs. Adding hydrogen is
achieved by wusing either hydroconversion, hydrocracking, or hydrotreating processes.
Hydroconversion uses high temperature (> 410°C) and catalyst to promote thermal cracking and
aromatics hydrogenation while suppressing coke formation. Hydrocracking processes use catalyst
along with high-pressure hydrogen to induce significant cracking of chemical bonds along with
hydrogenation of unsaturated molecules. Hydrotreating typically operates at lower temperatures
(< 410°C) which prevent significant cracking reactions. Instead, a catalyst and a high partial

pressure of hydrogen promote removal of heteroatoms (S, N, and O) and metals (Ni and V) from



feeds.?’”-?° This process lowers the polarity and hence aggregation in the feed, leading to a less
viscous product. Fixed-bed, ebullated-bed, and slurry phase reactors are all used in
hydroprocessing with the selection depending on the process objective, feedstock characteristics,

operating conditions, and refinery requirements.?%!

A combination of the technologies described so far can convert raw bitumen to synthetic crude oil
(SCO) (Figure 1.2), a high-grade product resembling light crude oil. Typically, SCO is produced
via feed separation (distillation, desalting, and desaphalting), primary upgrading (thermal
cracking, coking, and hydroconversion), and secondary upgrading (hydrotreating and
hydrocracking).!® Generally, SCO production is capital intensive, and the product competes in a
crowded marketplace dominated by light crude producers in the United States of America.* In
2017, nearly 40% of raw bitumen was sent for upgrading,>* however, the existing full upgrading
facilities are complex and expensive to operate. The estimated cost in 2013 of the proposed Suncor
Voyager Full Upgrader, a 60,000 bbl/day facility was $11.5 billion.>* The project was eventually
cancelled. Similarly, the operation of CNOOC’s upgrader at the Long Lake in situ project was
suspended in 2016 after an accident damaged the facility.*> Currently, there are only four full
upgraders operating in Alberta, which processes 42% of crude produced in the province. Because
of high costs investing in new facilities adjacent to bitumen extraction sites is economically

unattractive.

The majority of heavy crude oil that is not upgraded in Alberta is blended with natural gas
condensate, naphtha, or SCO prior to transporting to petroleum refineries. Most of the bitumen
shipped to U.S refining markets via pipelines is diluted bitumen (dilbit). The cost of diluent used

to transport bitumen to the U.S Gulf Coast (USGC) in the second quarter of 2017 was about



US$14/bbl of bitumen (Figure 1.3). The current cost of natural gas condensate is US$84 in

November, 2022.%
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Figure 1.3. Diluent cost in transporting bitumen (adapted from ref 34).

Additionally, diluent occupies 30-50% of pipeline effective volume, limiting transportable
bitumen and costs of recovering and recycling the diluents is high. Dilution is therefore costly and
unattractive though necessary approach to transporting heavy crude oil (Figure 1.4).>* To address
the economic constraints of both full upgrading and dilution, a new set of technologies haven been
proposed which avoids the high capital costs of full upgraders and the high ongoing costs and

complex logistics of dilution. This new direction is referred to as partial upgrading.
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Figure 1.4. Flow diagram of bitumen production to the refinery: Two paths for Alberta’s diluted bitumen
(adapted from ref 14)

Ideally, partial upgrading technologies convert bitumen to stable and pipeline-ready oil with high
liquid yields, but at lower costs relative to either diluted bitumen or SCO.!>* The primary
processing goal of partial upgrading is the reduction of viscosity and density to enhance bitumen
transportability while avoiding the use of diluents.>* The minimum pipeline specifications are as
follows: viscosity (<350 cst at 7°C), API gravity (>19°API), density (<940 kg/m), and total olefin
content (<1 wt% 1-decene equivalence, based on '"H NMR test methods).!>*"3® Achieving the
technical requirements via an economically viable process requires significant research and
investment. The potential benefits associated with this technology are enormous. Partially
upgraded bitumen is less expensive and greenhouse gas-intensive to process and its higher quality
relative to heavy crude or diluted bitumen translates into a higher commodity price. Because

partially upgraded bitumen can be transported by pipeline, marine or rail networks with zero or
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minimal dilution, this process permits shipping of higher volumes of bitumen through the existing
pipeline network, thus lowering pipeline tolls per barrel of extracted bitumen and allowing for

more oil to be shipped by reducing the volumes of diluent.!>*

Despite the clear advantages of partial upgrading, the associated technology has not yet been
commercialized. Uncertainty associated with a new technology and the current petroleum averse
social and regulatory climate limit the capital investments needed. Nevertheless, investments from
the Provincial Government of Alberta, particularly through its Energy Diversification Act (2018)
and Petroleum Marketing Act (2000), is supporting development of new partial upgrading
capacity.’® Currently, there are several partial upgrading technologies in different stages of
development. Canadian based companies including MEG Energy, Expander Energy, Field
Upgrading, Value Creation Inc., Fractal Systems Inc., and ETX Systems Inc. are all exploring or

developing partial upgrading projects in the Alberta oil sands.

Although majority of the emerging partial upgrading technologies are based on either thermal

40-43 44-46

conversion or partial deasphalting, such technologies suffer from notable limitations.

Thermal cracking proceeds via a free radical mechanism and produces olefins,?!

resulting in
unstable liquid products. Furthermore, for the product to have improved density, significant coking

is necessary. This naturally reduces volumetric yield of the process. Removing a portion of

asphaltene results in reduced viscosity and density, but the volume loss is significant.

Hydroprocessing under moderate conditions*’*3

represents a better approach to bitumen
upgrading. Hydroprocessing involves the use of low-cost catalysts and hydrogen gas under
relatively mild conditions to convert bitumen to meet flow properties. It offers advantages such as

coke reduction, increased liquid yield, viscosity and density reduction, and significant decrease in

olefins formation. Conversion of the bitumen during partial upgrading must be limited to what is

11



necessary for meeting viscosity, density, and olefins content requirements. In one prominent
example of this process, raw bitumen was converted to refinery- and pipeline-grade product using
NiMo/Al>O3 catalyst under moderate (400°C and 6.9 MPa H») hydroprocessing in a fixed-bed
reactor.*’” While the product was desirable, the catalyst resulted in elevated hydrogen consumption
levels due to its high affinity for hydrodesulfurization (HDS) and hydrodenitrogenation (HDN).
This NiMo/Al,O3, can be modified to limited defunctionalization activity under similar reaction

conditions, producing transportable product without excessive use of hydrogen consumption.*®

While there are many mature hydroprocessing methods, widespread use of this method for partial
requires costs reduction. An important element in hydroprocessing is the type of catalyst used.
Existing catalysts used for heavy oil hydroprocessing are mostly made of transition metals such as
Ni, 0 Mo 3153 W, 355 Fe 3660 C,6162 P93 or Pd.4% However, the high cost of noble metals (Pd
and Pt) coupled with their continuous deactivation by heteroatoms in petroleum feedstocks makes
them undesirable catalyst for deployment in bitumen upgrading. The ideal hydroprocessing
catalysts for partial upgrading must be cost-effective and possess sufficient hydrogenation activity
to suppress coke formation and reduce liquid density, but with limited hydrodesulfurization and
hydrodenitrogenation activity. Although iron is much less active than most metals,*®6%56 it fits
these criteria. Iron is highly abundant, not toxic, exhibits excellent arenes hydrogenation

67,68

activity, and its ore is significantly less expensive ($81.19/ton) than nickel ($11,800/ton),

molybdenum ($14,500/ton), cobalt ($29,200/ton), and platinum-group metals ($13,500,000/ton).*

Whether iron or any another transition metal is used as a hydroprocessing catalyst in petroleum
upgrading, metal sulfidation is indispensable. Iron sulfides have been studied by physicists,
chemists, biologists, engineers, and material scientists for many decades.”® They usually exhibit a

wide range of chemical, physical, and electronic properties and find applications in
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electromagnetic devices,”! solar cells,’”” crude oil upgrading,’® and wastewater treatment.”
Currently, iron sulfide compounds have at least nine known discrete crystallographic phases via
the formation of different stoichiometric ratios: mackinawite (FeSix), amorphous iron sulfide,
(FeS), troilite (FeS), cubic iron sulfide (FeS), smythite (Fes+xS4), greigite (Fe3S4), marcasite (FeSa,
orthorhombic), pyrite (FeS», cubic), pyrrhotite (Fei«S) (Table 1.3). Of these, pyrite and pyrrhotite
are the most abundant in nature and important for catalysis. Marcasite is only common in
hydrothermal systems and sedimentary rocks, amorphous FeS does not exist naturally, and
mackinawite can only be formed from solution under inert atmosphere since it oxidizes rapidly

upon exposure to air therefore requiring special handling.”*"”

Table 1.3. Summary of the various iron sulfide phases’*”

Phase Composition Crystal structure Properties

Mackinawite FeSix Tetragonal, 2D layer Metastable, initial observed
corrosion product.

Amorphous FeS FeS Nanocrystalline/ Unstable, converts smoothly
amorphous into mackinawite.
Troilite FeS Hexagonal Stoichiometric end member of

the Fe1xS group.

Cubic FeS FeS Cubic Unstable, transforms to pyrite,
mackinawite, or pyrrhotite.

Smythite Fes+xS4 Trigonal-hexagonal Metastable, sub-phase from
Fe1xS group.
Greigite FesSa Cubic Metastable, contains both Fe**

and Fe*" ions.
Marcasite FeS> Orthorhombic Metastable, commonly

observed in hydrothermal
systems and sedimentary rocks
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Pyrite FeS» Cubic Thermodynamically stable,
stoichiometric iron disulfide.

Pyrrhotite FeixS Monoclinic or hexagonal =~ Thermodynamically stable,
nonstoichiometric iron-deficient
monosulfide.

Under certain conditions, such as high temperature and/or pressure, transformation from one phase
to another can occur and some of these phases become unstable, acting as transition states.”® The
crystal structures and phase transitions of iron-sulfur compounds are complex and dynamic. For
example, pyrite the most abundant form of iron sulfide on the earth’s surface is converted to either
hematite (Fe2O3) or magnetite (Fe3Os) in air, it is transformed to pyrrhotite under inert atmosphere
between 500°C and 600°C, and remains stable as pyrrhotite even at 900°C. However, under CO>
an intermediate pyrrhotite is first formed at low pressure, and further transformed to magnetite and
hematite, mainly due to dissociation of CO, into CO and O».”” Mackinawite can convert to other
crystal structures under H>S environment; the transition sequence at 120 °C is as follows:
mackinawite — troilite — pyrrhotite — pyrite.”® The thermodynamic data predicts the stable
phases (pyrite and pyrrhotite) to predominate eventually (Table 1.3). This discussion is limited to

pyrite and pyrrhotite because they are most widely studied for petroleum upgrading.”-%*

Pyrite is an iron (II) disulfide with structure similar to rock salt (NaCl). While Fe atoms occupy
the corners and face centers of the units, the two sulfur atoms form a dumbbell-shaped [S2]*
structure and are positioned at the cube center and the midpoints of cube edges. Each sulfur atom
is bonded to its dimer and three Fe?" ions, while each Fe?* cation in the bulk is coordinated to six
sulfur atoms forming a distorted octahedral (Figure 1.5). The pyrite unit cell comprises four FeS»
formula units, which is characterized by the cell parameter or cell wall length, a, and the S

coefficient, u, characterizing the coordinates of each S atom in the unit cell. The unit cell
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parameters are now generally accepted as ao = 0.5417 nm and u = 0.0385 nm. Average Fe-S

distance is 0.2259 nm. Pyrite stability is attributed to the strong S-S bond and the symmetric cubic

73,74,85

crystal structure.

Figure 1.5. Cubic pyrite unit cell (adapted from ref 74).

Pyrrhotite is a set of iron sulfides commonly found in nature with the general formula Fe;..S, where
x ranges from 0 (FeS, troilite) to 0.125 (FesSsg). It adopts various superstructures based on the NiAs
structure, which depicts a hexagonal closed packing structure, and exhibits nonstoichiometric
composition due to a system of ordered vacancies within the iron lattice (Figure 1.6). Two basic
subgroups are known: hexagonal pyrrhotite, an iron-rich group (47.4-48.3 at.%) generally denoted
as Fei0S11, and monoclinic pyrrhotite, a less iron-rich crystal structure (46.5-46.8 at.%) with
general formula Fe;Ss. The average Fe-S distance is 0.250 nm.”*#47 Both pyrrhotite and pyrite

minerals are ubiquitous and utilized mainly in mining industries.
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Figure 1.6. NiAs-like unit cell, common for all pyrrhotites (adapted from ref 88).

There are several iron sulfide catalyst systems that have been studied for petroleum processing and
Table 1.4 shows their various operating conditions and feeds used. The majority of the reactions
in these studies were conducted at temperatures above the onset of coking (> 400°C) and usually
require a sulfiding agent to convert the catalyst precursors to its active form prior to reaction. In
heavy crude oil processing, catalyst sulfidation is indispensable for efficient upgrading.'®® To
address these problems, relevant parameters were considered in selecting the iron precatalyst
including stoichiometric composition, thermal stability under reaction conditions, sulfiding state
of the compound, solubility in petroleum feedstock, and effectiveness in ensuring broad dispersal

of the resulting bitumen-supported heterogeneous catalysts.

The well-defined and air-stable dinuclear iron sulfide complex Fe>S2(CO)s is a good fit and was
selected for the study throughout this thesis. It exhibits high solubility in crude oil feedstock,
possesses a predetermined Fe to S ratio, and is thermally stable only up to a temperature of 70°C.*°
Importantly, this stoichiometrically presulfided iron precatalyst is straightforward to prepare’! and
can produce nanoparticles of active catalyst under solvothermal conditions,’? making it a good

candidate for further development and use in petroleum processing.
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Table 1.4. Summary of various iron sulfide catalyst systems in crude oil processing.

Feed Catalyst Support Temp Press (MPa) Time Ref
precursor O (min)
Mexican heavy  Iron (III) none 380 4.41 60 56
crude acetylaceto-
nate
Liaohe vacuum  FeCl3, NiCl, none 430 7 60 57
residue
Saudi Arabian Iron none 420 8.5 60 58
vacuum gas oil naphthenate
Belayin vacuum  Iron none 410-460 8-20 1-120 66
residue naphthenate
Coal, Athabasca FeSOq4 none 400-490 3.4-24.1 - 93
bitumen
Atmospheric and  Iron (III) alumina  400-500 3.5-24 - 94
vacuum residue  oxide
1,3,6,8- Iron (IIT) alumina, 430 5 30 95
tetrahexylpyrene nitrate glass
nanohydrate beads
Heavy crude Iron (III) none 355-425 1-5 20-80 96
oxide

Temp: temperature, Press: pressure, Ref: reference

In addition to focusing on less expensive and more efficient catalyst systems for partial upgrading,
substantial research attention focuses on utilizing alternative sources of hydrogen. While typical
hydrogenation, with molecular hydrogen, is widely used because of its simplicity and atom-
efficiency, there are challenges with such systems. Molecular hydrogen is expensive and its often
considered as a hazardous gas due to its extremely flammable nature,®’ particularly after the Tesoro

Anacortes refinery disaster on April 2, 2010, that claimed the lives of seven (7) workers.”® One
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common alternative to molecular hydrogen is the use of hydrogen donor molecules to drive
hydrogenation of unsaturated bonds. This process is referred to as transfer hydrogenation. While
hydrogenation involves the reduction of multiple bonds using hydrogen gas and a catalyst,”
transfer hydrogenation utilizes hydrogen-rich compounds to perform reduction reactions.'® Ideal
hydrogen donors are inexpensive and readily available small molecules that can be readily
dehydrogenated under reaction conditions. Common hydrogen donor molecules include tetralin,
acridine, indole, decalin, naphthalene, indoline, indane, 9,10-dihydroanthracene, ethanol, 1,2,3,4-
tetrahydroquinoline, pyrene, and 9,10-dihydrophenanthrene.!°! Dehydrogenating such compounds
liberates hydrogen atoms that are transferred to heavy hydrocarbons in the crude oil, preventing
the polymerization of the heavy molecules, therefore suppressing coke formation. A

1 102

comprehensive review by Zhao et al. ">~ covers much of the accumulated knowledge on the role of

hydrogen donors in upgrading heavy oil and bitumen.

Table 1.5 shows selected studies on crude oil upgrading using various hydrogen donors. Tetralin
is ubiquitous in transfer hydrogenation reactions relevant to heavy crude oil processing. It is
recognized that the presence of tetralin decreases coke forming tendency and promote both
viscosity and API reduction.'®-1% However, the literature lacks the extensive use of inexpensive
and earth-abundant element such as iron in transfer hydrogenation reactions as well as the study
of mixed hydrogen donors for petroleum processing. Chapter 4 of this thesis focuses on addressing

these challenges.
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Table 1.5. Petroleum upgrading using hydrogen donors.

Feed Hydrogen Catalyst Temp (°C) Press (MPa) Ref
donor
West Texas Tetralin, AlLOs- 450 4.1-18.3 103
residue decalin, Cr03
benzene,
cyclohexane
Athabasca Tetralin none 195-390 0.1 104
asphaltene
Athabasca Tetralin, Ni-Mo/ 400 8.4 105
bitumen hydrogen gamma
alumina
Mexican heavy Tetralin, none 420 1.1 106
crude decalin,
naphthalene
Polycyclic arenes ~ Tetralin, Sulfided 425 6-8 107
9,10- ferric
dihydroanth- oxide
racene

Temp: temperature, Press: pressure, Ref: reference

For initial studies on catalyst effectiveness and during process optimization, it is often useful to
study model petroleum systems before authentic crude feeds. Authentic crudes are complex
mixture, which can undergo numerous changes under reaction conditions, making analysis of
products recognizing the effects of the catalyst challenging. The model compounds must be chosen
carefully to reflect the types of molecular architectures present in heavy crude oil. Because the
asphaltenes in bitumen contain significant amount of polycyclic aromatic carbocycles and
heterocycles, the model compounds selected for this study therefore are typically small polycyclic

aromatic hydrocarbon substructures typically found in the non-distillable fraction of heavy crudes.
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1.2. Research goals and thesis organization

The chapters that follow describe the use of well-defined iron catalyst for the hydrogenation of
various polycyclic aromatic compounds, as well as hydrogenolysis of C-S and C-N bonds, which
are key reactions for the partial upgrading of heavy crude oil. In chapter 2, the use of a
hydrocarbon-soluble molecular iron sulfide precatalyst for partial hydrogenation of simple
condensed arenes, which are representative of small polycyclic units dominant in lighter
asphaltenes, is discussed. High conversions were only achieved by utilizing a support to effectively
disperse the iron precatalyst. Chapter 3 explores the use of this iron precatalyst for hydrogenation
and defunctionalization of some key structural units present in heavy crude oil, which do not
require incorporation of a catalyst support. Chapter 4 addresses the alternatives to hydrogen gas
for crude oil upgrading. In this study, the unsupported iron precatalyst and mixed hydrogen donors
were employed to perform transfer hydrogenation and defunctionalization reactions of wide range
of polyaromatic carbo- and heterocycles under nitrogen. Finally, chapter 5 summarizes the
findings and key contributions from the studies above, as well as recommendations for future

research.
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Chapter 2: Sulfided Homogeneous Iron Precatalyst for Partial Hydrogenation and

Hydrodesulfurization of Polycyclic Aromatic Model Asphaltenes

Published in Energy & Fuels

2.1. Introduction

Hydrogenation of cyclic unsaturated hydrocarbons and polynuclear heteroaromatic compounds
over homogeneous'-? or heterogeneous catalysts® has been studied intensively and used extensively
for the production of commercial chemicals,* refined petroleum and petrochemicals,’ and coal.® In
an appropriate matrix, i.e., support substructure or ligand sphere, transition metals make excellent
catalysts for the catalytic hydrogenation of arenes,””® with noble metal catalysts (Pd, Pt, Rh, Ir, etc.)
exhibiting the highest activity and best selectivity. However, platinum-group metals are very
expensive, generally toxic, and easily poisoned by heteroatoms in petroleum streams, leading to
minimal use in commercial applications on any substantial scale. Fundamental advances in the
design of high-activity catalysts comprised of earth-abundant metals such as Mo, Fe, Co, and Ni

promise reduced catalyst costs and reduced environmental footprints for many industries.”!!

Although traditional iron-based catalysts are much less active than most metals, the potential use
of this ubiquitous and nontoxic element has received extensive attention.>!!"!> Kelly and Matos!®
reported a rough comparison of various bulk metal prices, showing that in 2015 iron ore
($81.19/ton) was significantly more affordable than molybdenum ($14500/ton), cobalt

($29200/ton), nickel ($11800/ton) and any of the platinum-group metals (~$13500000/ton).

Many iron catalysts have been used for hydrogenation of condensed arenes, including simple

Fe(Ill) salts (e.g., naphthenate, acetylacetonate, 2-ethylhexanoate, stearate, and nitrate)'*!> and
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zero-valent organometallic precursors, principally Fe(CO)s.!*!” For petroleum upgrading, sulfided
precatalysts are indispensable,'®!” leading us to pursue sulfided iron compounds for this purpose.
To maximize catalyst dispersion and increase metal reactivity, very small metal sulfide
nanoparticles were considered to be critical for the effective processing of heavy, highly
aggregated crude oils and coal.?*?! To control chemical composition, structural morphology, and
particle size of the active catalysts, we have investigated the use of hydrocarbon-soluble molecular
iron sulfide precatalysts for partial hydrogenation of simple condensed arenes. We selected air-
stable iron sulfido clusters of known Fe/S ratio, high solubility in hydrocarbon media, and
relatively modest thermal stability to ensure efficient formation of an oil-supported nanocatalyst
under reaction conditions. Four model compounds (Figure 2.1), which are representative of the

22-24

small polycyclic aromatic hydrocarbon units dominant in lighter asphaltenes,” " were selected for

this investigation of catalytic aromatic hydrogenation and hydrodesulfurization.

o o o

1 2 3 4

Figure 2.1. Model heavy crude oil compounds used to evaluate hydrogenation using Fe2S2(CO)s.

The known diiron sulfido complex, Fe>S>(CO)g, fits our criteria and was selected for the study.
Wei and Dahl? first isolated Fe»S2(CO)s from the reaction of elemental sulfur and Fe(CO)s; the
structure was determined by X-ray crystallography and is comprised of a disulfide (S2) ligand
symmetrically bridged between two Fe(CO)3 units. The complex is isolated as red-brown air-stable
crystals, which sublimes at room temperature under high vacuum and dissolves readily in nonpolar
solvents.?*?” A low melting solid (46 °C), the precatalyst decomposes conveniently at 70 °C.

Although FexS2(CO)s has been used for electrocatalytic molecular hydrogen evolution from
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neutral water,?® to the best of our knowledge, this is the first reported use of this complex for
catalytic hydrogenation of condensed aromatic and heteroaromatic compounds under heavy oil

upgrading conditions.

2.2. Experimental section
2.2.1. Materials

Pyrene (98%), phenanthrene (98%), naphthalene (>99%) and benzothiophene (98%) were
obtained from Sigma-Aldrich and used without further purification. Toluene (reagent grade, Fisher
Scientific) was used as solvent for all experiments. Commercial ethylbenzene (99.8%), FeS (95%),
9,10-dihydrophenanthrene  (94%), 1,2,3,4-tetrahydronaphthalene ~ (99%), 1,2,3,6,7,8-
hexahydropyrene (97%), and 1-methylnaphthalene (95%) were purchased from Sigma-Aldrich, as
was iron pentacarbonyl (>99.99%), and elemental sulfur (>99.5%). Methanol, hexane, ammonium
chloride, and magnesium sulfate (all reagent grade) were purchased from Caledon. High-purity
silica gel and y-alumina were obtained from Sigma-Aldrich. Activated carbon was obtained from

Strem.

2.2.2. Precatalyst preparation

Fe»S2(CO)s was synthesized according to published procedures.?*?’?° A two-necked, 2 L round-
bottom flask fitted with a mechanical stirrer was connected to a N> inlet adapter and sealed with a
septum. About 25 mL (0.190 mol) of Fe(CO)s [Caution: carbon monoxide!] was introduced into
the nitrogen-purged flask, followed by 125 mL of degassed methanol and 75 mL of degassed 50%
aq KOH. The resulting orange-red solution was stirred vigorously for 30 min, cooled to 0 °C in an

ice bath, and treated with 32.67 g (1.02 mol) of sulfur over 5 min, leading to formation of a dark-
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brown mixture, which was allowed to stir for 1 h. The mixture was quenched with 300 mL of
degassed distilled water, 750 mL of degassed hexane, and 84.5 g (1.58 mol) of NH4Cl. An Extra
precaution was taken to manage the evolution of gaseous H>S. Subsequently, the ice bath was
removed and the reaction mixture was allowed to stir at room temperature for 16 h, forming a dark
oily aqueous phase and a brownish-red hexane layer. The hexane fraction was collected using a
separatory funnel. Remaining organics were exhaustively extracted from the aqueous phase using
fresh hexane in 200 mL portions until the aqueous fraction was nearly colorless (1.2 L of hexane
in total). The combined organic fractions were filtered through celite and rinsed with 200 mL of
fresh hexanes. The solution was washed with an equal volume of deionized water, dried over
anhydrous MgSOys, and gravity-filtered to produce a dark red solution. The volatiles were removed
under reduced pressure and the crude solid was purified by sublimation (room temperature, 107
Torr). FexS2(CO)s was obtained as the red-brown crystalline sublimate [9.7 g; 30% based on

Fe(CO)s]. A schematic illustration of this procedure is presented in Figure 2.2.

2.2.3. Characterization techniques

2.2.3.1. Thermogravimetric analysis (TGA)

TGA was conducted on a Mettler Toledo thermogravimetric analyzer (TGA)/ Differential
Scanning Calorimeter (DSC) 1 Star System. Between 6 and 8 mg of the precursor was placed in
the sample holder heated at 10 °C/min from 25 to 600 °C with nitrogen (60 mL/min) as a purge

gas.
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2.2.3.2. Elemental analysis

Combustion analysis (CHNS) was conducted on a Thermo Scientific Flash 2000 elemental
analyzer. The run time was 12 min, and the Eager Xperience software package generated the area

count data was used to calculate the percentage of carbon and sulfur in the precursor.

2.2.3.3. Fourier transform infrared spectroscopy (FT-IR)

IR spectra were recorded on a Nicolet 8700 Fourier transform infrared (FT-IR) spectrometer at

ambient temperature, 650-4000 cm™ at a resolution of 4 cm™'.

2.2.3.4. X-ray diffraction (XRD)

Powder X-ray diffraction (XRD) analysis was performed using a Rigaku Ultima IV diffractometer
(38 kV, 38 mA) equipped with a D/Tex ultra detector, Co Ka radiation source (A = 1.78900 A)
and 20 ranging from 5° to 90°, operating at a scanning rate of 2° min' and a step size of 0.0200°.
XRD peak identification and baseline correction were done using JADE 9.0 software coupled with

the ICDD database.

2.2.3.5. X-ray photoelectron spectroscopy (XPS)

XPS measurements were performed using a Kratos Axis 165 X-ray photoelectron spectrometer
with mono Al Ka radiation as the excitation source, operating at 15 mA and 14 kV. Background
subtraction (Shirley-type), smoothing, and peak fitting were carried out using the CasaXPS
software package. All binding energies were corrected with the C 1s peak at 284.7 eV. Electron

flood neutralizer was applied to compensate sample charging.
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2.2.3.6. Scanning transmission electron microscopy (STEM)

Recovered in situ-generated catalyst was characterized by scanning transmission electron

microscopy (STEM) and high-resolution STEM (HR-STEM) using a JEOL JEM-ARM200cF

scanning transmission electron microscope operating at the 200 kV accelerating voltage.

2.2.3.7. Scanning electron microscopy (SEM)

A Hitachi S-2700 scanning electron microscope operating at an accelerating voltage of 200 kV

was employed to image recovered catalysts. EDX mapping was conducted by SEM equipped with

a Princeton Gamma-Tech (PGT) IMIX digital imaging system and a PGT PRISM Intrinsic

Germanium (IG) detector.

rotary evaporation
—_—
sublimation Fe;S;(CO),

powder

Figure 2.2. Schematic illustration of the synthesis of Fe,S>(CO)s. Colors are approximate.
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2.2.4. Catalytic activity determinations

Both control experiments and catalytic reactions were conducted in a 20 cm? stainless-steel tubular
batch microreactor, coupled to a high-temperature Swagelok severe-service Bonnet needle valve.
For each experiment, the reactor was charged with 5 mL of a solution containing about 2.9 wt %
of the reactant dissolved in toluene, followed by addition of 0.1 g of activated carbon. The
precatalyst loading was varied between 1000 and 8000 ppm Fe. After leak testing, the microreactor
was purged five times with hydrogen to ensure that the reactor was devoid of oxygen. The reactor
was pressurized (2—10 MPa) at room temperature, sealed, and immersed in a preheated agitated
sand bath to ensure hydrogen saturation, efficient mass-transfer, and uniform temperature profile.
The interior of the reactor reached reaction temperature (250-350 °C) within 5 min, as determined
by a thermocouple. The transformation of the catalyst precursor to dispersed iron sulfide occurs
rapidly. After the reaction period, the microreactor was cooled to room temperature by a cold air
circulator to suppress further reaction. Each experiment was conducted at least in duplicate; data

reproducibility was quite good.

Solid and liquid products were separated by filtration. Reaction products and unreacted substrate
were identified by gas chromatography/mass spectrometry (GC/MS, Agilent 6850) equipped with
an HP-5 (5% phenyl)-methylpolysiloxane capillary column (Agilent). Quantification of product
distribution was achieved by GC with flame ionization detection (GC-FID, Agilent 6890N), also
using the HP-5 (5% phenyl)-methylpolysiloxane column (Agilent). Yields were determined

relative to 1-methylnaphthalene, used as the internal standard.
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2.3. Results and discussion
2.3.1. Precatalyst characterization

The thermal behavior of the iron precatalyst was studied using TGA (Figure 2.3). As reported, the
complex is thermally unstable above 70 °C,%° decomposing in a single-stage process over the range
70-125 °C. The mass loss of 48.9 wt % corresponds exactly with the desorption of all CO ligands
in the complex Fe>S>(CO)s. Heating beyond 125 °C does not lead to a further decrease in mass,

indicating that the iron sulfide produced in situ is thermally stable at higher temperatures.
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Figure 2.3. TGA of Fe;S»(CO)e.

The elemental composition determined by CHNS analysis confirms the data obtained from TGA.
The weight percent of C and S in the solid catalyst, 21.12 and 19.08 wt % respectively, again
corresponds to the complete loss of CO from Fe>S2(CO)s. The solution Fourier transform infrared
(FT-IR) spectrum of FexSy(CO)s in toluene reveals three distinct, strong absorptions in the

carbonyl region, at 2083, 2036, and 1987 cm™! (Figure 2.4), consistent with previous reports.>%?
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Figure 2.4. FT-IR spectrum of Fe;S>(CO)e.

2.3.2. Catalyst characterization

Iron sulfide nanoparticles obtained from thermal decomposition of Fe2S2(CO)s were analyzed by
TEM and SEM. Solvothermal synthesis of unsupported FeS nanoparticles from Fe;S>(CO)s using
octylamine as both reaction solvent and particle growth regulator has been reported to produce
polydisperse hexagonal FeS nanoparticles with sizes ranging from 50 to 500 nm.?® Under our
modified solvothermal synthesis conditions, however, we obtained roughly spherical FeS
nanoparticles on a carbon support with sizes ranging from 45 to 110 nm (Figure 2.5a,d). The
nanoparticles were generated under reaction conditions and were therefore deposited in-situ on the
activated carbon. Transmission electron microscopy imaging revealed the formation of irregularly
shaped polydisperse iron sulfide nanoparticles ranging from 42 nm to 106 nm in size (Figure
2.5e,g). The SEM-EDX mapping images (Figure 2.5b,c) show that the nanoparticles consisted

primarily of Fe and S, despite the absence of an added source of sulfur in the system. The
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distribution of the signals for iron and sulfur is strongly correlated, confirming the presence of a

uniform iron sulfide phase.
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Figure 2.5. (a-d) SEM, EDX mapping images, and corresponding size distribution as well as (e-g) TEM
and HR-TEM images coupled with particle size distribution of the FeS nanoparticles produced at 300 °C
and 5000 ppm Fe. Inset: fast Fourier transform (FFT) pattern.

Powder X-ray diffraction (XRD) provided further insights into the structure of the iron sulfide
particles formed from the solvothermal treatment of Fe2So(CO)s. The iron sulfide deposited is
highly crystalline (Figure 2.6) with key reflections at 35, 39.7, 51.6, and 62.8°, indicating the
presence of a pyrrhotite (FeixS) phase (Jade 9.0 PDF No. 98-000-0368). High-resolution

transmission electron microscopy (HR-TEM) imaging also confirms the crystallinity of the
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deposited iron sulfide (Figure 2.5f). The strong reflection having 26 value of 30.9° results from
the underlying carbon support (Jade 9.0 PDF No. 98-000-0231). The importance of pyrrhotite
phases in iron sulfide catalysis has been well established in the literature, with several reports
suggesting that the common pyrite phase of iron sulfide is inactive and must be converted to the
active pyrrhotite phase by loss of H>S before catalytic hydrogenation and hydrocracking reactions

can proceed.'>!?
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Figure 2.6. XRD patterns of carbon-supported FeS nanocatalyst produced at 300 °C, 6 MPa cold Ha, and
5000 ppm Fe.

Further insight into the chemical composition and structure of the iron sulfide nanoparticles was
obtained using X-ray photoelectron spectroscopy. XPS spectra reveal iron and sulfur in a variety
of chemical environments, with Fe(Il) (707.0 eV) and Fe(III) (710.0 eV and 711.7 eV) being the
most prominent species in the Fe 2p3 2 spectrum (Figure 2.7a). In the S 2ps spectrum, S* (161.0
eV) and S»> (162.3 eV) dominate, although a small proportion of polysulfide(s) (163.7 eV) was

also indicated (Figure 2.7b). The presence of Fe(IIl) may be ascribed to surface oxidation during
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sample handling, but the relatively high concentration of iron in this chemical environment
suggests that the Fe(Ill) is actually integral part of the bulk structure of the particles.>**? XPS
analysis of comparable FeS nanoparticles has revealed similar patterns, with Fe(IIl) signals
persisting even after extensive surface etching under an inert atmosphere.®* Similarly, disulfides
and polysulfides are anticipated to be important core structural elements in the nanoparticles, rather

than surface artifacts.3%-3334
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Figure 2.7. XPS spectra for (a) Fe 2ps and (b) S 2ps, from the FeS nanocatalyst produced at 300 °C and
5000 ppm Fe.

2.3.3. Catalytic activity

The iron sulfide nanocatalyst was investigated for the partial hydrogenation of unsubstituted
polycyclic arenes with varying aromatic stabilization energies and cleavage of thiophenic carbon-
sulfur bonds. Pyrene hydrogenation was initially assessed, the products of which were readily
identified (Figure 2.8).%3-*” Reductions were run under uniform conditions, with pyrene (2.9 wt %
solution in toluene) heated to 300 °C for 60 min under 6 MPa (cold) hydrogen pressure in the
presence of the iron precatalyst (5000 ppm Fe). The solvent is inert to hydrogenation under the

reaction conditions.
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Figure 2.8. Structures of the products from pyrene hydrogenation.

Using FezS2(CO)s as the catalyst precursor, 13.1 % conversion of pyrene (1) was observed, giving
mostly 4,5-dihydropyrene 5 (11.6 mol %), along with minor amounts of more saturated products
6-8 (Table 2.1, entry 2). By contrast, the use of Fe(CO)s in the absence of added sulfur gave just
3.6 % conversion (entry 3). No conversion is obtained upon heating in the absence of the catalyst
(entry 1) indicating that the walls of the reactor had negligible catalytic activity. The importance
of an iron sulfide phase in active hydrogenation catalysts is demonstrated by in situ sulfidation of
Fe(CO)s using elemental sulfur (entry 4), which gave 46.5 % conversion, a significant
improvement. This dramatic increase relative to unsulfided Fe(CO)s alone is consistent with the
literature, which clearly establishes the key role that sulfur plays in catalytic arene
hydrogenation.'*!>!17 Although the active catalyst derived from Fe(CO)s (entry 6) is slightly better
than that from Fe;S»(CO)s (entry 5) on comparable conditions (1:1 equivalence of Fe to S),
Fe(CO)s is air-sensitive, generates equilibrium concentrations of higher clusters and CO gas even
on short-term storage, and requires special handling procedures to use on any scale. For end users
in chemical- or oil-processing industries, an air- and thermally stable, low-toxicity, one-step, and

easy-to-handle precatalyst is highly desirable.
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Table 2.1. Catalytic effects of iron precatalysts and elemental sulfur on pyrene hydrogenation.

Catalyst Yield (%)
Entry precursor Conversion (%) 5 6 (7 +38)

1 None 0.0 0.0 0.0 0.0

2 Fe2S2(CO)s 13.1 (0.1) 11.6 (0.4)  0.5(0.1) 0.8 (0.1)
3 Fe(CO)s 3.6 (0.5) 2.9(0.1) 0.0 0.3 (0.1)
4 Fe(CO)s-S® 46.5 (2.6) 347(2.0) 3.2(0.4) 8.4 (0.3)
5 Fe2S2(CO)e6* 29.0 (1.1) 23.9(0.5)  0.8(0.1) 4.0 (0.2)
6 Fe(CO)s-S*¢ 36.7 (2.9) 27.6 (1.1)  2.3(0.8) 6.3 (1.1)
7 Fe(CO)s-S*P 59.7 (1.9) 43.7(0.9) 4.6(0.1) 11.2 (1.0)
8 Fe(CO)s5* 11.8 (0.9) 10.0(0.9)  0.3(0.1) 1.0 (0.1)
9 FeS*® 2.3(0.2) 2.1(0.1) 0.0 0.0

10 Fe2S2(CO)e! 27.0 (1.2) 22.5(1.6)  0.7(0.1) 3.7 (0.5)
11 FexS2(CO)6° 28.8 (1.4) 24.4(0.8)  0.9(0.1) 3.0(0.1)

Reaction conditions: temperature, 300 °C, Fe loading, 5000 ppm; initial H2, 6 MPa; 2.9 wt % pyrene in
toluene; time, 60 min. *Activated carbon, 0.1 g added. °Fe/S molar ratio, 0.333 mol/mol. °Fe/S molar ratio,
1.0 mol/mol. YAlumina, 0.1 g added. °Silica, 0.1 g added. Data are mean values for n = 2. Standard error
values in parenthesis are one standard deviation.

Switching from an unsupported catalyst to the use of FeS nanoparticles dispersed on activated
carbon provided a dramatic enhancement in conversion. For Fe>S»(CO)s, pyrene conversion more
than doubles (entry 5), presumably reflecting a greater number of active sites in the dispersed
catalysts. A similar trend is evident when Fe(CO)s is used as the precatalyst, both in the presence
(entry 6,7) and absence (entry 8) of added sulfur. An iron sulfide active phase, however, remains
crucial to achieving high conversions (entries 5,6); a high concentration of the sulfiding agent
increases the effectiveness of the catalyst derived from Fe(CO)s (entry 7). Finally, unmodified
commercial iron sulfide is a poor catalyst for the hydrogenation of pyrene (entry 9), likely a result
of significantly lower dispersion coupled with the presence of inactive crystalline phases.!”

Physical pretreatment or milling of this ‘bulk’ iron sulfide prior to use is anticipated to yield
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smaller, higher-surface-area catalyst particles, but Fe>S»(CO)s remains our preferred precatalyst
because the hydrocarbon solubility of the precursor should allow the creation of even smaller
nanosized particles than milling would allow, with superior dispersion into a complex asphaltene
matrix. It is noteworthy that Fe>S»(CO)s is the first arene hydrogenation precatalyst of iron that
does not require an external sulfiding agent to produce highly active catalyst. The distribution of
products from the partial hydrogenation of pyrene is typical for hydrogenation catalysis, with 4,5-
dihydropyrene (5) as the major product. While our data are not sufficient to establish a conclusive
pathway for further hydrogenation, 4,5,9,10-tetrahydropyrene (6) and 1,2,3,3a.4,5-
hexahydropyrene (7) are present,*’" as is 1,2,3,6,7,8-hexahydropyrene (8), which can be formed
directly from pyrene or by olefin isomerization of 7.17%° Indeed, the purified hexahydropyrene 7
isomerizes primarily to 8 under the reaction conditions, also returning a minor amount of
disproportionation products pyrene 1 and dihydropyrene 5. We conclude that the

thermodynamically driven isomerization®>4°

of 7 is the principal source of 8 in our reaction. The
high yield of dihydropyrene 5 relative to other products is unusual. The hydrogenation of pyrene
to the dihydropyrene intermediate is thermodynamically favorable, but further hydrogenation to
4,5,9,10-tetrahydropyrene 6 is also thermodynamically driven;*' the total resonance stabilization
energy increases as pyrene is hydrogenated to the biphenyl core tetrahydropyrene.’>-¢ At that
point, further hydrogenation is kinetically prohibitive, but the products continue to equilibrate by
dehydrogenation/rehydrogenation and nonhydrogenative alkene migration, giving the observed
product distribution.?” Ting et al.>” further suggests that the torsional strain energy in the skew-

chair saturated rings of tetrahydropyrene 6 lowers the activation barrier to isomerization and

further hydrogenation to the hexahydropyrenes 7 and 8.
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The higher activity observed for supported catalysts derived from Fe>S>(CO)s remains consistent
across several dispersants (Table 2.1, entries, 5, 10, and 11), suggesting that the increase in
catalytic activity is due to smaller particle size and resistance to sintering rather than metal-support
synergies.*> Other unsupported Fe precursors have been used to reduce pyrene at temperatures
ranging from 380 to 425 °C,'® but the highest conversion is reported to be 12 %. Much higher
conversion (31 %) was reported by Suzuki et al.!” from the combination of Fe(CO)s, elemental
sulfur and activated carbon, which was reproduced as a control for this study. Previous studies*-
% have asserted that the support plays a critical role, mediating metal-free hydrogenation of some
PAHs. The data suggest otherwise; no background support-induced hydrogenation was detected

in the absence of an iron source.

2.3.4. Optimization and scope of catalytic arene hydrogenations

2.3.4.1. Influence of iron concentration on the hydrogenation of pyrene (1)

Prior to addressing the scope of arene hydrogenations using the presulfided iron catalyst, the
effects of operating conditions on the activity of the supported catalyst were assessed, beginning
with studying the effects of catalyst concentration on pyrene hydrogenation. The conversion of
pyrene is directly dependent on catalyst loading, but only to a point (Figure 2.9). The relationship
between substrate conversion and catalyst loading is a key indicator of mass-transfer limitations
in heterogeneous catalysis.*® The reactor used in this study is a vibrating-type batch reactor that
was operated at 14 Hz with a relatively long amplitude of 17.5 mm. When operated in this mode,
the vibrational pressure easily overcomes the hydrostatic pressure and enables excellent mixing

within the vessel. Visualization experiments using a similar clear reactor showed chaotic mixing
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with complete suspension of a powdered solid catalyst and incorporation of the gas phase into the
mixture.*® These types of systems have been shown to have very high gas-liquid mass-transfer
rates.*”* In this case, the proportional increase in conversion up to ~5000 ppm establishes that
external mass-transfer limitations are likely negligible under typical catalyst loadings. Indeed, the
small particle size (62 + 10.6 nm) of the putative active FeS phase is expected to suffer but minimal

internal mass-transfer limitations (Figure 2.5).%°
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Figure 2.9. Relationship between Fe>S>(CO)s loading and product distribution of pyrene. Reaction

conditions: temperature, 300 °C; cold H,, 6 MPa; activated carbon, 0.1 g; time, 60 min.

The inflection point observed at ~4400 ppm and change in the slope reveals the onset of catalyst
saturation or particle agglomeration to form larger, less active, superstructures. Beyond 5000 ppm

Fe, the conversion per metal is suppressed (Figure 2.10), supporting the notion of iron mobility on
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the surface of the support or by solvation/readsorption of molecular clusters at high temperatures.

A precatalyst loading of 5000 ppm was adopted for all subsequent experiments.
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Figure 2.10. Ratio of pyrene conversion and iron mass against Fe loading. Reaction conditions: temperature,
300 °C; cold H», 6 MPa; activated carbon, 0.1 g; time, 60 min.

2.3.4.2. Influence of pressure and temperature on hydrogenation rate and conversion

The effect of initial hydrogen pressure on the conversion and product distribution obtained from
pyrene hydrogenation is displayed in Figure 2.11a. As expected, pyrene conversion increases with
increasing hydrogen partial pressure, rising from 11.7 to 40 % conversion with an increase from 2
and 10 MPa. Hydrogen gas dissolves in the liquid phase and adsorbs onto the catalyst surface more
readily at higher H» pressure. Dissociation of the adsorbed gas produces an ample supply of

hydrogen atoms to drive the reduction reactions forward. The effect of higher pressures on the
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hydrogenation of pyrene diminishes beyond 6 MPa; the yield of 5 increased by 150 % (from 9.24
to 23.16 %) between 2 and 6 MPa but only by 35 % (from 23.16 to 31.62) between 6 and 10 MPa.
It is likely that at higher H» pressure, there is competitive adsorption with the substrate, causing a
decrease in substrate-catalyst coordination. Additional experimental work is required to verify this

hypothesis, but based on these data, 6 MPa H» pressure was used for most reactions.
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Figure 2.11. (a) Pyrene pressure profile and influence of temperature on (b) pyrene (c) phenanthrene and
(d) naphthalene hydrogenation over Fe;S2(CO)s. Reaction conditions: temperature; 250-350 °C; cold Ha,
2-10 MPa; activated carbon, 0.1 g; time, 60 min.

The catalytic hydrogenation responds to temperature variations in a typical fashion; very little
conversion is observed at 250 °C, but conversion increases dramatically above this, increasing to

29 % at an optimal temperature of 300 °C. Higher conversions are obtained beyond this
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temperature, but the plateau is severe (Figure 2.11b). This stagnation in conversion at very high
temperatures is not uncommon and is generally attributed to competitive entropically driven
dehydrogenation. Alternatively, it is also possible that a thermally induced shift in the Langmuir
adsorption isotherm favors desorption of pyrene and/or molecular hydrogen. Similar observations

38,50

have been reported by others,”>" with some evidence supporting the competitive dehydrogenation

option.

2.3.4.3. Scope of aromatic hydrogenation

The iron sulfide catalyst promotes hydrogenation of other polycyclic aromatic molecules, with
mixed results (Figure 2.12). Phenanthrene is hydrogenated to 9,10-dihydrophenanthrene (9) as the
major product, along with a very small quantity of 1,2,3,4-tetrahydrophenanthrene (10) (Figure
2.11c). It has been suggested that the dihydrophenanthrene 9 is formed first then subsequently
converted to tetrahydrophenanthrene (10)°! but control reactions starting with 9 as a substrate show
that it is more likely to revert to phenanthrene 2 by dehydrogenation.’>>* Mathematical modeling

54-56

of first- and second-rank Delplots also confirms that tetrahydrophenanthrene is a primary

product, derived directly from phenanthrene, not from an intermediate (Figure Al in Appendix A).

oo 00 CO

Figure 2.12. Phenanthrene and naphthalene hydrogenation products.

In contrast to pyrene and phenanthrene, naphthalene (3) strongly resists hydrogenation at any
temperature (Figure 2.11d), giving low conversion (4.3 %) to 1,2,3,4-tetrahydronaphthalene (11)

at 350 °C. This is as expected, given the high activation barrier for disruption of the aromaticity.
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No dihydronaphthalene was detected, a consequence of rapid subsequent hydrogenation to 1,2,3,4-
tetrahydronaphthalene, as verified by control reactions. Once formed, the isolated aromatic ring in
1,2,3,4-tetrahydronaphthalene strongly resists further hydrogenation, reflecting the intrinsic
stability of the “perfectly aromatic” isolated benzene ring. Precious metal catalysts (e.g., Pd, Pt)
are generally required to readily convert such rings to the saturated hydrocarbon.’” The differences
between naphthalene conversion and the yields of 1,2,3,4-tetrahydronaphthalene (Figure 2.11d)

are not statistically significant within a 95% confidence interval.

2.3.4.4. Hydrodesulfurization of benzothiophene

Sulfur removal from petroleum is vital for meeting pipeline and refinery standards, as well as
reducing harmful emissions from combustion.” Desulfurization catalysts containing molybdenum,
nickel, and cobalt are widely used in the industry, but low-cost iron hydrodesulfurization catalysts
are highly desirable, if elusive.'’*® The iron sulfide nanoparticles described here catalyze both
hydrogenation and subsequent hydrodesulfurization of benzothiophene to 2,3-

dihydrobenzothiophene (12) and ethylbenzene (13) (Figure 2.13a).
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Figure 2.13. (a) Benzothiophene hydrodesulfurization products and (b) relationship between temperature
and product distribution for the hydrodesulfurization of benzothiophene over Fe,S;(CO)s. Reaction
conditions: temperature, 250-350 °C; cold H», 6 MPa; activated carbon, 0.1 g; time, 60 min.

The temperature dependence of the reaction is typical, with the exception of the unusual rate
acceleration for ethylbenzene formation simultaneously with the plateau in the yield of the simple
hydrogenation product (Figure 2.13b). This suggests either a rapid conversion of 2,3-
dihydrobenzothiophene to ethylbenzene at this temperature or alternatively a competitive direct
desulfurization pathway. Both have been established for other catalysts.**%3 For comparison, while
mineral pyrite from coal is active for hydrogenation of the heterocyclic ring in benzothiophene, it
is much less effective for sulfur removal.®* Both the trinuclear iron cluster (Fe3(CO)12)®° and a

t59

sulfided iron naphthenate-derived catalyst™® promote desulfurization of benzothiophene to

ethylbenzene but require much more forceful conditions than required for the FexS>(CO)s

51



11,58

precatalyst. The present study results, along with past reports, strongly suggest that the

development of inexpensive iron catalysts for direct desulfurization is indeed feasible.

2.4. Conclusions

In this work, we demonstrated that a synthetic “single-source” iron precatalyst is effective for the
hydrogenation of condensed aromatic and heterocyclic compounds representative of heavy crude
oil. The active pyrrhotite FeS nanoparticles are very selective for partial hydrogenation and limited
desulfurization, making them suited for development in petroleum partial-upgrading processes.
The ease of preparation and exceptional air stability of the "earth-abundant" metal precatalyst,
coupled with the moderate hydroprocessing conditions, make iron catalysts good candidates for
further development and use in petroleum processing. Further optimization and applications of the

catalyst system to the hydroprocessing of authentic petroleum feeds is essential.
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Chapter 3: Selective Hydrogenation and Defunctionalization of Heavy Oil Model

Compounds Using an Unsupported Iron Catalyst

Published in Fuel

3.1. Introduction

The Canadian oil sands industry extracts, processes, and transports large volumes of highly viscous
heavy crude oil. Because of this, research in bitumen and heavy oil upgrading is growing rapidly,
with a keen focus on developing more economically viable and environmentally friendly
processing technologies. One of the major challenges is the transportation of bitumen to refineries.
This challenge is because the density and viscosity of extracted crude bitumen (7-10 °API) is
insufficient to meet pipeline standards (> 19 °API). For transportation, the feedstock must be
upgraded to pipeline-compatible synthetic crude oil (SCO) or blended with diluents prior to market
delivery. Although SCO is more valuable than diluted bitumen, capital expenses, operating costs,
and greenhouse gas (GHG) emissions associated with current bitumen upgraders make continued
investments in such ventures unattractive.! The use of diluent for transporting bitumen is also
undesirable, principally due to recovery and recycling costs, as well as the lower quality of the
recovered bitumen, which retails at steep discounts relative to benchmark crude oils. More
importantly, the diluent occupies 30-50% of pipeline volume, severely limiting the quantity of
bitumen that can be transported over existing pipeline and rail networks.? Recent volatility in oil
prices, coupled with ongoing limited pipeline capacity has driven the industry to explore emerging
technologies for reducing or eliminating bitumen dilution, while avoiding the traditional upgrading

process. Partial upgrading is an ideal term to apply to such objectives.
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Partial upgrading encompasses any process that converts low-API gravity bitumen or heavy oil
into a product that meets the density and viscosity specifications for transport by pipeline with
limited or, more preferably, no use of diluents.®> This technology has gained momentum among
academic researchers and commercial processors because it can produce refinery- and pipeline-
grade feedstocks with lower capital and operating expenses compared to either full upgrading or
dilution. The high-boiling components in heavy oil such as asphaltenes are mainly responsible for
its high viscosity,* therefore partial upgrading technologies focus on compositional modification
of asphaltene fractions to reduce viscosity. Currently, most emerging partial upgrading

> or partial deasphalting.':S

technologies rely on high-temperature thermal conversion
Unfortunately, such thermal treatments produce reduced volumetric yields of unstable liquid
products, which may require further processing in order to prevent pipeline fouling. Partial
deasphalting produces a more stable and transportable product, but volume loss is even more
severe.! Hydroprocessing under moderate conditions’ is a more desirable approach to bitumen
partial upgrading because this process can, in principle, provide higher liquid yields of a more
stable product with significant improvement in transport properties. These selective hydrogenation

and limited defunctionalisation reactions of the polycyclic aromatic compounds in heavy oil can

lead to the compositional changes that are known to significantly reduce viscosity.'®

Slurry-phase hydrogenation is among the most effective hydroprocessing methods for partial
upgrading. In this process, highly-dispersed unsupported transition metal catalysts, typically Fe,
Ni, Co, and Mo, are used to produce high quality distillates.”!> Colloidal catalysts are preferred

over supported catalysts for partial upgrading, because the former is more easily dispersed in the
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viscous feed. In addition, colloidal catalysts promote rapid uptake of hydrogen, making them more
resistant to deactivation from coke formation.'*'® Because of their small size and dispersion in the
reaction medium, colloidal catalysts used in slurry-phase hydrogenation are not usually recovered
or recycled, but instead removed in waste streams. For this reason, inexpensive, earth-abundant
and environmentally benign transition metals such as iron make ideal catalysts.!” While catalyst
separation and recycling were outside the scope of this study, in an industrial process, the iron
catalyst would likely be collected in any unconverted reside, recycled, and mixed with fresh feed

and make-up catalyst.

Unsupported iron sulfide catalysts derived from precursors such as Fe3O4,'® Fe(CO)s,'” Fe,03,%
Fe(CO)o,?! and iron naphthenate?” have been used for hydroconversion of coal. The molecular

23-26

similarities between coal and heavy crude oils suggest that comparable iron catalysts are likely

to be well-suited for hydroprocessing bitumen into a partially upgraded product.

To model slurry-phase hydrogenation reactions in heavy oils, the investigation of representative
model compounds is critical. Typically, the model compounds are small aromatic carbocycles and
heterocycles, including pyrene, phenanthrene, naphthalene, anthracene, quinoline and
benzothiophene, which are representative of key structural units, if not actual bitumen constituents,
present in heavy crude oil (Figure 3.1).>’?° The behavior of these small molecules reveals
structure-activity relationships pertinent to the optimization of catalyst design and reaction
conditions. Model feeds containing both carbocyclic and heterocyclic aromatic hydrocarbons are
particularly important because these mixtures better mimic the complex composition of heavy

crude oil.
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In chapter 2, it was demonstrated that colloidal and supported iron sulfide catalysts derived from
a homogeneous presulfided single-component precursor, Fe>S>(CO)s, catalyzes partial
hydrogenation of heavy oil model compounds, including pyrene, phenanthrene, and naphthalene,
along with partial hydrodesulfurization of benzothiophene. For all these model compounds, the
incorporation of a catalyst support was required to achieve high conversions, severely limiting
potential applications of this methodology to partial upgrading. This led us to re-explore the
hydrogenation of heavy oil model compounds using colloidal iron sulfide exclusively. Commonly
studied polycyclic aromatic hydrocarbon heavy oil model compounds will be the principal targets

in this work.

In this report, it was shown that unsupported iron sulfide particles also derived from Fe>S2(CO)s
can provide an active catalyst for partial hydrogenation of substituted anthracenes, as well as an
extended range of nitrogen and sulfur heterocycles, including quinoline, acridine, benzothiophene
and phenoxathiin. Yields of partially hydrogenated products are high while the reaction conditions
are moderate. The effects of aromatic substituents at the 9- and 10- positions of anthracene are
evaluated and model feeds containing mixtures of carbocyclic and heterocyclic aromatic
compounds investigated for inhibition or synergy. Catalyst composition, including the use of

cobalt as an adjunct metal, was also assessed in this slurry-phase strategy for partial upgrading.

62



2 3
S
0 o o
N s 0 N”
4 5 6 7

Figure 3.1. Heavy crude oil model compounds used to evaluate hydrogenation using unsupported catalyst
from FCzSz(CO)e.

3.2. Experimental section

3.2.1. Materials

Anthracene (99%), 1-methylnaphthalene (95%), 9,10-dihydroanthracene (97%), FeS (95%),
benzothiophene (98%), quinoline (98%), 1,2,3,4-tetrahydroquinoline (98%), elemental sulfur
(>99.5%), and iron (0) pentacarbonyl (>99.99%) were purchased from Sigma-Aldrich and used as
received. Reagent-grade toluene (Fisher Scientific), dicobalt octacarbonyl (95%, ACROS
organics), 9,10-diphenylanthracene (99%, Alfa Aesar), and both phenoxathiine (>98% TCI) and
9-phenylanthracene (98%, TCI) were also used as received. Reagent-grade ammonium chloride,

hexanes, magnesium sulphate, and methanol were obtained from Caledon Laboratory Chemicals.
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3.2.2. Methods

A graphical representation of the experimental program is presented in Figure 3.2. The

experimentation can be generalized as a catalyst preparation stage, followed by reactions with a

variety of carbocycles and N- and S-heterocycles. After reactions, the products were separated

from the catalyst phase, and each were analyzed.

* Carbocycles

Catalyst
Preparation

* N-, S-Heterocycles

Reactions * H,
-Variablet & T * Solvent
Product
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—

Liquids
* GC-FID
* GC_MS
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* TEM
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Materials and
~— Experimental
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Reactions and
Product Collection

Characterization

Figure 3.2. Graphical representation of the methods used for experimentation.

3.2.3. Precatalyst preparation

The procedure for the synthesis of Fe2S2(CO)s is detailed in a previous report. The isolated yield

of the purified red-brown, crystalline, and air-stable Fe>S>(CO)g sublimate was 9.7 g (30% based

on Fe(CO)s). The procedure for preparing Co2FeS(CO)y is found in Khattab et al.>°
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3.2.4. Catalytic procedures, product, and catalyst recovery

Batch hydrogenation reactions were carried out in a 10 cm stainless-steel tubular microreactor
attached to a high-temperature Swagelok severe service union/Bonnet needle valve. The volume
of the microreactor was approximately 20 cm® and its schematic is shown in Figure 3.3. For a
typical experiment, the reactor was charged with a model compound (0.2 mmol), Fe2S2(CO)s (0.12
mmol Fe), and toluene solvent. Total solution volume was 5 mL. After sealing the vessel, the
microreactor was purged six times using hydrogen gas, then pressurized with hydrogen (6 MPa
cold) at ambient temperature and tested for gas leaks. The pressurized microreactor was then
immersed in a preheated sand bath and agitated vertically at 850 rpm, to ensure thorough mixing.
Reaction temperature inside the microreactor was attained within 5 min, as determined by a
thermocouple. After the specified reaction time had elapsed, the reactor was rapidly cooled to room

temperature using cold air.

{ l [ SS-3NBS4 Swagelok Severe Service
el Union-Bonnet Needle Valve

< S5-T4-5-065 Tube (20 cm)

-«—— 55-1210-6-4 Reducing Union

<« 55-T12-5-083 Tube (10 cm)

-4+——55-1210-C Cap

Figure 3.3. Schematic diagram of the batch microreactor.
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The molar ratio of substrate to active metal (Fe) was kept constant in all experiments at 1.67
mol/mol. For reactions in the presence of quinoline, between 0.5 and 4 equivalents of quinoline
per substrate was added to the reactor. For some reactions, elemental sulfur was used as a sulfiding
agent, with between 1 to 10 equivalents of sulfur per Fe2S2(CO)s added to the reactor. All reactions

were performed in duplicate.

Liquid products from the reactor were separated via filtration using a 0.22 um filter paper. The
catalytic solids were retained on the 0.22 um filter paper used to separate the products. The filter
paper and supporting mesh were weighed prior to filtering the reaction products. The recovered
catalyst together with the filter paper and the mesh were oven dried until constant mass, weighted
and then the mass yield of filterable solids determined. Typically, the catalyst was recovered with

only a 0.5 to 1% loss.

3.2.5. Liquid product characterization

Liquid reaction products were analyzed by gas chromatography with flame ionization detection
(GC-FID) on an Agilent 6890N gas chromatograph equipped with HP-5 (5% phenyl)-
methylpolysiloxane capillary column (30 m length x 0.32 mm inner diameter x 0.25 pm film
thickness, helium as carrier gas) using 1-methylnaphthalene as an internal standard. The
temperature program was 1 min at 100 °C, 100 to 300 °C (20 °C/min), and held at 300 °C for 2
min. The reaction products and unreacted substrate were identified by comparing GC retention
times with those of pure commercially available standards. Compounds for which no pure
standards were available, were instead identified by GC-mass spectrometry using an Agilent 6850

gas chromatograph equipped with HP-5 (5% phenyl)-methylpolysiloxane capillary column.
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3.2.6. Catalytic solids characterization techniques
3.2.6.1. Scanning electron microscopy

The recovered catalyst was imaged by scanning electron microscopy (SEM) using a Hitachi S-
2700 scanning electron microscope operating at 200 kV accelerating voltage. SEM equipped with
a Princeton Gamma-Tech (PGT) IMIX digital imaging system and a PGT PRISM Intrinsic

Germanium (IG) detector was employed to obtain EDX mapping images.
3.2.6.2. Transmission electron microscopy

A JEOL JEM-ARM200cF scanning transmission electron microscopy (STEM) and high-
resolution TEM (HR-TEM) operating at an accelerating voltage of 200 kV was used to take images
of the recovered in situ-generated catalyst. The HRTEM images were processed using Gatan
Digital Micrograph software or ImageJ. TEM samples were prepared by depositing a droplet of a
well-dispersed sample onto an ultra-thin carbon-coated copper grid obtained from Ted Pella. The

grid was dried at least 24 h prior to data collection.
3.2.6.3. X-ray diffraction

A Rigaku Ultima IV diffractometer (38 kV, 38 mA) equipped with a Co Ka radiation source (A =
1.78900 A) and 20 ranging from 5° to 90°, D/Tex ultra-detector, operating at a scanning rate of 2°

min " and a step size of 0.0200° was used to perform powder X-ray diffraction (XRD) analysis on

the recovered iron sulfide catalyst. Phase identification was done using JADE 9.0 software coupled

with the ICDD database.
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3.3. Results and discussion

3.3.1. Catalyst characterization

As reported in chapter 2, thermogravimetric analysis (TGA) shows that the Fe2S2(CO)s
decomposes at 70 °C, releasing all CO ligands in a single-step, with the remaining FeS being stable
at higher temperatures. Solvothermal decomposition of FexS2(CO)s yields roughly spherical,
polydisperse (55 to 182 nm) iron FeS nanoparticles, as revealed by SEM and TEM analysis (Figure
3.4a,e). High-resolution transmission electron microscopy (HR-TEM) imaging shows that the iron
sulfide nanoparticles are crystalline (Figure 3.4f). These unsupported FeS nanoparticles are
slightly larger than those obtained when Fe;S>(CO)s is processed in the presence of activated
carbon (45 to 110 nm) (chapter 2). SEM-EDX measurements (Figure 3.4b,c) confirm the presence
and uniform dispersion of iron and sulfur in the nanoparticles. Powder X-ray diffraction indicates
a crystalline pyrrhotite (Fei.xS) iron sulfide phase (Jade 9.0 PDF No. 04-011-1582) with the major

reflections observed at 35.0, 39.7, 51.6, and 62.8° (Figure 3.5).%!
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Figure 3.4. (a-d) SEM, EDX mapping images, and corresponding size distribution as well as (¢) TEM and
(f) HR-TEM images of the FeS nanocatalyst at 300 °C and 60 min.
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Figure 3.5. XRD pattern of unsupported FeS nanoparticles at 300 °C and 60 min.

3.3.2. Hydrogenation of anthracenes over unsupported Fe2S2(CO)s

Catalytic hydrogenations of anthracene (1), 9-phenylanthracene (2), and 9,10-diphenylanthracene
(3) (Figure 3.1) were studied over the unsupported FeS catalyst. Under reaction conditions adopted
from chapter 2 on supported catalysts (300 °C, 6 MPa cold H» pressure, and 1.67 mol/mol substrate
to Fe ratio), anthracene is hydrogenated near-quantitatively (98.4%) to a mixture of 9,10-
dihydroanthracene 8 (95.6%) and 1,2,3,4-tetrahydroanthracene 9 (2.4%) after one hour. The very
small amount of tetrahydroanthracene 9 detected is likely formed by further hydrogenation and
isomerization of 9,10-dihydroanthracene. The higher conversion obtained for anthracene using the
unsupported FeS catalyst stands in contrast to the conversion obtained for pyrene (13%) and
phenanthrene (4%) under identical conditions. This is explained by the intrinsically higher
hydrogen acceptability of anthracene®? and its thermodynamically favourable adsorption to the

catalyst surface compared to other polycyclic aromatic hydrocarbon molecules.>**
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The concentrations of anthracene hydrogenation products 8 and 9 do not change significantly after
1h, suggesting that equilibrium conversion is attained or, equally likely, the catalyst is deactivated
(Figure 3.6a,b). Compositional analysis of the spent catalyst reveals that an iron sulfide phase
remains at the end of the reaction, while electron microscopic imaging did not reveal any extensive
catalyst agglomeration. Furthermore, a control reaction using fresh catalyst and 8 results in
minimal hydrogenation to tetrahydroanthracene 9 (2%), with the final equilibrium concentrations
of 8 and 9 being nearly identical to that observed when hydrogenating anthracene. These data
appear to rule out catalyst deactivation, and instead support competitive entropically-driven
dehydrogenation of the reaction products as the reason for the halt in conversion of anthracene.?>-*
Indeed, replacing hydrogen with an inert gas induces a dramatic shift in equilibrium in favor of
dehydrogenation; under a nitrogen atmosphere, 8 is almost completely dehydrogenated to
anthracene (91%). Such iron-catalyzed dehydrogenation reactions have been implicated in various
catalytic reactions of hydrocarbons in the absence of exogenous hydrogen.*”** Control reactions
under these conditions show that in the absence of the iron source no conversion of any substrate

is observed. Investigations of iron-catalyzed dehydrogenation and, in particular, hydrogen transfer

continue.
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Figure 3.6. Conversion time profiles of (a) anthracene, 9-phenylanthracene, and 9,10-diphenylanthracene
as well as their product distribution (b-d), respectively. Reaction conditions: temperature, 300 °C; cold Ha,
6 MPa; substrate to active metal (Fe) molar ratio, 1.67 mol/mol; time, 15-180 min.

The distribution of products from hydrogenating 9-phenylanthracene and 9,10-diphenylanthracene
over the FeS nanoparticles largely mirrors that seen for anthracene, albeit with lower equilibrium
concentrations of the partially hydrogenated products (Figure 3.6¢, d). The major products remain
9,10-dihydroanthracenes (10, 13, and 14), with very small quantities of 1,4-dihydroanthracenes
(11 and 15), and 1,2,3,4-tetrahydroanthracenes (12 and 16) are also detected (Figure 3.7). The 1,4-
dihydroanthracenes are likely hydrogenated further to 1,2,3,4-tetrahydroanthracenes, independent
of 9,10-dihydroanthracene formation (Figure B1 and B2, in Appendix B). For diphenylanthracene,
both cis and trans-9,10-dihydro-9,10-diphenylanthracene (13/14) are obtained; the isomers were

differentiated by the relative abundance of each of their molecular ions in mass spectra.’*** The

trans isomer is formed preferentially because of the lower torsional strain in the molecule relative
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to the cis isomer.*! The lower overall conversions of the substituted anthracenes 2 and 3 relative
to anthracene reflect the stereoelectronic influence of the phenyl substituent(s); adsorption of the
sterically-encumbered anthracenes onto the catalyst surface is not favorable®* — the phenyl
substituents cannot attain a co-planar conformation without encountering severe torsional distress.
The phenyl groups are thus strongly electron withdrawing, reducing the ‘hydrogen acceptability’
of these reactants.*’ The products from hydrogenating anthracenes show that the in situ-generated
FeS catalyst is well-suited for the limited hydrogenation of polycyclic aromatic molecules. In
contrast, catalytic hydrogenation of anthracene over precious metal catalysts typically affords
highly hydrogenated tetra-, octa- and per-hydroanthracenes.** Selective hydrogenation is desirable

in many applications and is critical in potential partial upgrading schemes.*’
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Figure 3.7. Structures of the products from the hydrogenation of anthracene, 9-phenylanthracene and 9,10-
diphenylanthracene.

3.3.3. Mixed feeds: carbocyclic and N- and S-heterocyclic compounds

To better model complex petroleum streams, the FeS catalyst was used to hydrogenate mixtures
of small polycyclic aromatic hydrocarbons, which are usually present in heavy crude oils. Iron
based catalysts for the hydrogenation of N- and S-heterocyclic compounds are not well
developed.** Feeds containing a sulfur or nitrogen heterocycle together with a carbocyclic
substrate were evaluated. Conversions of anthracene and substituted derivatives 2 and 3 decreased
when hydrogenated in the presence of either quinoline or benzothiophene, with the most dramatic
effect observed at high heterocycle concentrations (Figure 3.8a,b). Inhibition of hydrogenation is
more pronounced for the sterically hindered phenyl-substituted anthracene derivatives. Smaller,
more basic, N- and S-heterocycles easily outcompete the aromatic hydrocarbons for binding to
active metal active sites. The products of quinoline and benzothiophene partial hydrogenation are
themselves significant inhibitors to conversion of the carbocycles.*> In our case, 1,2,3,4-
tetrahydroquinoline was the most effective inhibitor, causing a greater decrease in anthracene
conversion than quinoline.*!**® Mixtures containing benzothiophene return even lower conversions
of anthracene, likely due to strong binding of the sulfur atom with sulfur vacancies formed at the
active sites. These results stand in contrast to the established literature, where N-heterocycles are

usually the most effective catalyst inhibitors.*”*®
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Figure 3.8. Effect of combining carbocycles with (a) quinoline and (b) benzothiophene on hydrogenation
under unsupported Fe>S,(CO)s. Reaction conditions: temperature, 300 °C; cold H,, 6 MPa; substrate to Fe
molar ratio, 1.67 mol/mol; time, 60 min.

Nitrogen and sulfur heterocycles are not simply catalyst poisons since heteroaromatics also
undergo competitive hydrogenation, as well as some hydrodesulfurization of benzothiophene.
Quinoline is converted to 1,2,3,4-tetrahydroquinoline (86%); benzothiophene is slowly converted
to 2,3-dihydrobenzothiophene (18) (19 %), along with a trace of ethylbenzene (19) (Figure 3.9).
No products from denitrogenation were isolated. Interestingly, when hydrogenating quinoline and
benzothiophene in the presence of added anthracene, conversion of the heterocycles suffers from
competitive binding of the carbocycle. As noted above, higher concentrations of the competitive
inhibitors decrease overall conversion of the target substrate; the effect is more significant for
benzothiophene than for quinoline. The extensive hydrogenation of quinoline and benzothiophene
(Figure 3.10a, b) under such mild conditions over the colloidal FeS catalyst is remarkable. This
result is in contrast to that from Curtis et al.* which showed that unsupported sulfided iron
naphthenate- or acetylacetonate-derived heterogeneous catalysts do not promote hydrogenation or
desulfurization of benzothiophene under comparable conditions. Iron catalysts are known to

hydrogenate quinoline, but this methodology involves the use of homogeneous organometallic
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precatalysts or supported iron.’® Furthermore, reaction times are generally reported in days,

incompatible with continuous processing.

sollsolien
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Figure 3.9. 1,2,3 4-tetrahydroquinoline, 2,3-dihydrobenzothiophene, and ethylbenzene.
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Figure 3.10. Conversion of (a) quinoline and (b) benzothiophene in the presence of either anthracene, 9-
phenylanthracene, or 9,10-diphenylanthracene. Reaction conditions: temperature, 300 °C; cold H», 6 MPa;
substrate to active metal (Fe) molar ratio, 1.67 mol/mol; time, 60 min.

3.3.4. Hydrotreating phenoxathiin and acridine

Hydrogenations of phenoxathiin 6 and acridine 7 are illuminating because the compounds are
heteroatom-substituted structural analogues of anthracene, but bear enthalpically-distinct carbon—
heteroatom bonds. Under standard reaction conditions (300 °C, 6 MPa cold H; pressure, 60 mins,
1.67 mol/mol substrate-to-Fe ratio), phenoxathiin is partially converted (10%) to diphenyl ether

20 (Figure 3.11) while acridine is converted nearly completely (96%) to 9,10-dihydroacridine 21
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along with minor amounts of 1,2,3,4-tetrahydroacridine (22), 1,2,3,4,4a,9,9a,10-octahydroacridine
(23), and 1,2,3,4,5,6,7,8-octahydroacridine (24). For phenoxathiin, the weak C—S bond (65
kcal/mol) cleaves readily, while the much stronger C—O bond (86 kcal/mol) resists hydrogenolysis.
No hydrogenation of the residual benzene-like aromatic rings was observed.*! Hydrogenation of a
combination of anthracene and the two heterocycles maintains high conversions for anthracene

(98%) and acridine (95%), but the conversion of phenoxathiin is significantly inhibited (3%).
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Figure 3.11. Phenoxathiin hydrodesulfurization and acridine hydrogenation products.

Taken together, these results demonstrate that this unsupported FeS catalyst is well-placed to
challenge partial hydrogenation and hydrogenolysis of complex petroleum feeds, simultaneously
processing an inestimable number of distinct carbocyclic and heterocyclic compounds. In such
feeds, the data suggest that the relative activity of the catalyst increases in the order phenoxathiin
< benzothiophene << diphenyl anthracene < phenyl anthracene < quinoline < acridine <
anthracene. This trend is near-ideal for partial upgrading, where limited desulfurization combined
with selective hydrogenation is desired, sufficient to convert viscous crude oils into pipeline grade
liquids without overprocessing.! Further hydrogenation or hydrotreatment requires a return to

traditional upgrading catalysts and thermal coking,! or the use of expensive precious metals.>
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3.3.5. Effects of extraneous sulfur

The bulk structure of the nanoparticles remains unchanged during the reaction, but the chemical
composition of the active sites is not indefinitely stable under hydrogen pressure. Exhaustive
hydrogenolysis can eventually convert active surface sites to sulfur-free domains which are less

effective for catalysis,>>

requiring extraneous sulfur to maintain reactivity. To assess the impact
of possible catalyst decomposition on conversion, the concentration of an external sulfiding agent,
in this case elemental sulfur, was varied and the effects on the conversions of phenyl-substituted
anthracenes determined. For both molecules, a 1: 5 molar ratio of precatalyst to sulfur was optimal;
conversions increased by 6.7 % for 2 and 21.1 % for 3 compared to conversion in the absence of
sulfur. These results confirm that a stable active FeS phase is maintained longer in the presence of
the sulfiding agent (Figure 3.12). For typical heavy oils, continuous infusion of an external
sulfiding agent is expected to become unnecessary; organosulfur molecules entrained in the feed
can, in principle, provide sufficient elemental sulfur to maintain the nanoparticle active phase. As

expected, higher loadings of sulfur (>5 S per Fe2S2(CO)s) is deleterious. At such high levels, sulfur

outcompetes substrate(s) for adsorption onto the catalyst surface, effectively acting as a poison.
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Figure 3.12. Effect of sulfur concentration on the catalytic hydrogenation of 9-phenylanthracene and 9,10-
diphenylanthracene. Reaction conditions: temperature, 300 °C; cold H,, 6 MPa; time, 60 min. Standard
error values are one standard deviation.

3.3.6. Effects of precatalyst on anthracene hydrogenation

Typical homogeneous iron precatalysts were compared to FexS»(CO)s for anthracene
hydrogenation. The composition of the precursor has a dramatic effect on both conversion and
product distribution. The unsulfided catalyst derived from Fe(CO)s mediates deep hydrogenation
of anthracene, yielding tetra- and octa-hydroanthracenes as major products (Table 3.1, entry C, see
Figure B4 for structures 25 and 26 in Appendix B). Highly reduced products are typically obtained
from Mo, Ni, or precious metal catalysts*>>!-> Differences in active-site structures for sulfided and
unsulfided pre-catalysts, as well as variations in binding mode(s), account for the divergent
reactivity and longevity. In contrast, sulfidation of Fe(CO)s (entries D, E) in situ leads to nearly
identical product distributions as those obtained from Fe>S>(CO)s (entries B, F). Although the iron

active carbide phase (Figure B5 in Appendix B) obtained from Fe(CO)s alone is highly active, the
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active sites almost certainly revert to those of a sulfided iron under heavy crude oil processing

conditions, but perhaps not of similar dimensions. The placement of cobalt as an adjunct metal in

a trinuclear precatalyst*® (entry G) has no effect on conversion or product distribution. Bulk FeS

(entry H) was also ineffective, as were ball-milled FeS crystallites (entry I). It is important to note

that the prepared Fe>S>(CO)s is a stable powder, and it can be stored indefinitely and handled

without the use of special air-free techniques. By contrast, Fe(CO)s is pyrophoric and generates

equilibrium concentrations of higher clusters and CO gas, rendering it unsuitable as a precatalyst

for most industrial applications.

Table 3.1. Hydrogenation of anthracene over iron precatalysts.

Yield (%)
Catalyst Conversion 8 9 25 26
Entry precursor (%)

A none 0.0 0.0 0.0 0.0 0.0

FexS2(CO)s - 98.4(0.1) 95.6 (0.3) 2.4(0.2) 0.0 0.0
C Fe(CO)s 100.0 209 (1.1) 48.6 (0.3) 0.8 (0.1) 29.5(1.1)
D Fe(CO)s-S* 100.0 90.6 (0.6) 9.1(0.5) 0.0 0.0
E Fe(CO)s-S®  99.2 (0.1) 90.2 (0.8) 8.8 (0.3) 0.0 0.0
F FexS2(CO)6*  100.0 96.6 (0.4) 3.2(0.3) 0.0 0.0
G CooFeS(CO)9 98.8 (0.3) 95.3 (0.1) 2.3(0.2) 0.0 0.0
H FeS 5.0(0.2) 4.4 (0.3) 0.0 0.0 0.0
I FeS® 8.5(0.3) 8.3(0.2) 0.0 0.0 0.0

Reaction conditions: temperature, 300 °C; substrate to Fe molar ratio, 1.67 mol/mol; initial H», 6 MPa; total reactant

solution, 5 mL; solvent, toluene; time, 60 min. ?Fe/S molar ratio, 0.333 mol/mol. ®Fe/S molar ratio, 1.0 mol/mol. °Ball

milled prior to use. Data are mean values for n = 2. Standard error values in parenthesis are one standard deviation.
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3.4. Conclusions

Colloidal iron sulfide derived solely from a presulfided homogeneous iron complex, Fe2S2(CO)s
is active for partial hydrogenation of anthracene, 9-phenylanthracene, 9,10-diphenylanthracene,
and N- and S-heterocyclic aromatic hydrocarbons. Anthracene hydrogenation proceeds nearly
quantitatively, but lower conversions are obtained for phenyl-substituted analogues, showing that
substrate steric and electronic profile plays a significant role in the susceptibility to hydrogen-
transfer. Importantly, this nanoscale colloidal FeS catalyst simultaneously processes mixtures of
carbocycles and heterocycles, making it suitable for further optimization and investigations of
authentic feeds. The activity of the unsupported iron catalyst decreases in the order anthracene >
acridine > quinoline > phenylanthracene > diphenylanthracene >> benzothiophene > phenoxathiin.
Addition of extraneous sulfur leads to increase in conversion, but at high levels sulfur competes
with the substrates for adsorption onto the catalyst surface, causing inhibition. We anticipate that
this cost-effective catalyst derived from Fe2S2(CO)s will disperse readily into viscous aromatic

feeds introduced into a slurry-phase process for partial upgrading.
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Supporting information is provided in Appendix B

Reaction networks proposed for all substrates (Figure B1-B3), structures of 1,2,3,4,4a,9,9a,10-
octahydroanthracene (25) and 1,2,3,4,5,6,7,8-octahydroanthracene (26) (Figure B4), and XRD

pattern of unsupported catalyst derived from Fe(CO)s (Figure BS5).
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Chapter 4: Efficient Unsupported Iron Catalyst for Transfer Hydrogenation of

Carbocyclic and Heterocyclic Aromatic Compounds Using Mixed Hydrogen Donors

To be Submitted to Industrial & Engineering Chemistry Research

4.1 Introduction

Catalytic hydrogenation of unsaturated molecules is a ubiquitous chemical transformation with
applications in diverse industrial processes such as crude oil refining, pharmaceutical synthesis,
food processing, and plastics manufacturing.! One challenging subset of hydrogenation reactions
is the conversion of energetically stable aromatic molecules into their saturated congeners, a
transformation critical in petroleum refining.? Catalytic hydrogenation can be accomplished via
two methods, direct hydrogenation using a low- or high-pressure of hydrogen gas or transfer
hydrogenation, ideally using small organic molecules as hydrogen donors. Direct hydrogenation
using H> is most widely used because of its superior atom economy and absence of undesired side
products. Nevertheless, producing hydrogen via traditional methods is both energy- and carbon-
intensive. Furthermore, handling hydrogen at the typical severe processing conditions required for
hydrogenation presents serious safety and cost issues, although the former is less of an issue from
an engineering perspective. In contrast, the hydrogen donor molecules used in transfer
hydrogenation, such as alcohols, hydrazines, tetralin, tetrahydroquinoline, and decalin, are
typically low cost, readily available, and easy-to-handle compared to molecular hydrogen. As a
result, transfer hydrogenation is a convenient, powerful, and attractive method to access various

saturated compounds and has been described as experiencing a “golden age”.>
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Transfer hydrogenation reactions have been studied for over a century and continue to find wide
application in industrial and academic processes. Transfer hydrogenation was first described in
1903 by Knoevenagel, who reported that a heterogeneous Pd catalyst promotes disproportionation
of dimethyl 1,4-dihydroterephthalate to dimethyl terephthalate and cis-hexahydroterephthalate.’
Since then, the field of transition metal-catalyzed transfer hydrogenation has developed steadily,
with catalysts based on precious metals such as Pd, Pt, Ru, and Rh demonstrating the greatest
activity, versatility, and selectivity.> The high costs of these metals, coupled with their low natural
abundance and the severe environmental impact associated with refining metal ores, has led to a
dramatic shift towards utilization of less-expensive earth-abundant metals in catalysis. This trend
is reflected in the increasing reliance on three first-row transition metals, iron,’ cobalt,® and nickel’
as catalysts for transfer hydrogenation. Of these, iron is the most attractive because of its high

natural abundance, affordability, and negligible toxicity.

There are numerous reports of iron-catalyzed transfer hydrogenation reactions, the vast majority
describing saturation of alkenes,” alkynes,!” aldehydes,!!"!? ketones,'* and imines.!* However,
there are considerably fewer reports of iron-catalyzed transfer hydrogenation of more
thermodynamically stable aromatic molecules. Complete or partial saturation of aromatic
molecules is of great importance in numerous industries ranging from pharmaceutical and fine
chemical synthesis to renewable and conventional crude oil refining. In particular, hydrogenation
of polycyclic aromatic molecules under moderate to severe reaction conditions represents one of
the most critical challenges for processing heavy petroleum feedstocks into readily transportable
liquid products. Polycyclic aromatic hydrocarbons (PAHs) constitute an important class of

compounds in heavy crude oil due to its limited transformative behavior during upgrading. '
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There is significant precedent for transfer hydrogenation of polycyclic aromatic hydrocarbons
using a base metal catalyst. Phillipov and coworkers'® reported that Raney Ni catalyst could
smoothly convert selected arenes under mild hydrogen transfer conditions, but only after elongated
treatment. Other catalytic transfer hydrogenation systems, including NiMo/y-Al,O3'7 or BF3/SiO»-
Al,03'8 have been investigated but produced lower yields of aromatic hydrogenation. Examples
of transfer hydrogenation of aromatic hydrocarbons catalyzed by iron mostly involve
homogeneous organometallic compounds supported by exotic ligand systems. These reactions
often require rigorous exclusion of air and moisture and are incompatible with “dirty” industrial
processes such as crude oil upgrading/refining.”!” There are very few examples of iron-catalyzed

1.2 demonstrated that ferric

transfer hydrogenation of polycyclic aromatic hydrocarbons. Li et a
oxide can be sulfided in situ to produce an active catalyst for partial hydrogenation of polycyclic
arenes under relatively harsh reaction conditions. In chapter three of this thesis, a presulfided iron
compound, Fe2S2(CO)s, was described that catalyzes hydrogenation/dehydrogenation of

polycyclic aromatic molecules such as 9,10-dihydroanthracene and anthracene under a nitrogen

atmosphere, suggesting considerable potential as a transfer hydrogenation catalyst.

In this chapter, the use of the well-defined unsupported iron precatalyst, Fe>S2(CO)gs, is developed
for efficient transfer hydrogenation of a range of polycyclic aromatic compounds. The yields of
partially hydrogenated products are surprisingly high, and the process delivers an unprecedented
distribution of products under moderate reaction conditions. This synthetic, single-source, pre-
sulfided precatalyst is straightforward to prepare at any scale and indefinitely stable to air and
water, making the complex a good candidate for further development and use in petroleum
processing. To the best of my knowledge, this is the first reported use of Fe2S>(CO)s for transfer

hydrogenation of polycyclic arenes.
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4.2. Experimental section
4.2.1. Materials

Tetralin (99%), quinoline (98%), quinoxaline (>98%), phenazine (98%), indane (95%), indoline
(99%), anthracene (99%), 2-ethylanthracene (98%), 9,10-dihydroanthracene (97%), acridine
(97%), 9-methylacridine (95%), 7,8-benzoquinoline (97%), 2-propanol (>99.5%), 3-
methylquinoline (99%), 4-methylquinoline (98%), 1,2,3,4-tetrahydroquinoline (98%), 1,2,5,6-
dibenzanthracene (97%), elemental sulfur (>99.5%), iron (0) pentacarbonyl (>99.99%), 6-
methylquinoline (>98%), 8-methylquinoline (97%), isoquinoline (97%), 2,6-dimethylquinoline
(98%), 2,7-dimethylquinoline (99%) were obtained from Sigma-Aldrich and used as received.
Reagent-grade toluene (Fisher Scientific), 1,2,3,4-dibenzanthracene (97%, Fisher Scientific),
9,10-diphenylanthracene (99%, Alfa Aesar), and 9-phenylanthracene (98%, TCI) were also used
without further purification. Magnesium sulphate, methanol, hexanes, and ammonium chloride (all

reagent-grade) were purchased from Caledon Laboratory Chemicals.
4.2.2. Precatalyst preparation

Detailed procedure for preparing Fe2S>(CO)s is reported in chapter 2. The purified iron complex
was obtained as red-brown, crystalline, air- and moisture-stable sublimate [9.7 g; 30% based on

Fe(CO)s].
4.2.3. Transfer hydrogenation reactions

Transfer hydrogenation reactions were carried out in a 10 cm stainless-steel tubular batch
microreactor with approximate volume of 20 cm?, and equipped with a high-temperature Swagelok
severe service union/Bonnet needle valve. For a typical experiment, the reactor was filled with a
reaction solution containing 0.2 mmol substrate, 2.5 mL toluene, and 2.5 mL hydrogen donor (for
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dual donor system this volume is varied between the two compounds), followed by addition of
FexS2(CO)s (0.12 mmol Fe). Each experiment had a constant substrate to active metal (Fe) molar
ratio of 1.67 mol/mol. Following rigorous leak testing, the microreactor was purged five times
with ultrahigh purity (99.999%) nitrogen gas purchased from Praxair Canada. The reactor was then
pressurized (6 MPa cold) at room temperature with nitrogen, and immersed in a preheated sand
bath equipped with vertical agitator (850 rpm) for thorough mixing. The reactions were performed
in the 200 to 350°C temperature range under 30 min, with the inside of the microreactor reaching
reaction temperature within 5 min, as determined by a thermocouple. After 30 min, the
microreactor was quickly cooled to room temperature under a high-pressure cold air. Each transfer

hydrogenation reaction was performed in duplicate.

The transfer hydrogenation liquid products and unreacted substrate were identified by gas
chromatography (GC) using 1-methylnaphthalene as an internal standard, after separating it from
the catalyst via filtration with a 0.22 um filter paper. The GC was equipped with flame ionization
detection (FID) on a calibrated Agilent 6890N gas chromatograph coupled with HP-5 (5% phenyl)-
methylpolysiloxane capillary column (30 m length x 0.32 mm inner diameter X 0.25 pm film
thickness, helium as carrier gas) for quantitative analyses. The oven temperature was initially
maintained at 100°C for 1 min, and then increased to 300°C at a ramp rate of 20°C/min, and finally
maintained at 300°C for 2 min. GC-mass spectrometry using an Agilent 6850 gas chromatograph
equipped with HP-5 (5% phenyl)-methylpolysiloxane capillary column was used for qualitative

analyses of compounds with no pure standards.
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4.3. Results and discussion

Developing on the previous chapter, which showed equilibrium dehydrogenation/hydrogenation
of 9,10-dihydroanthracene and anthracene by Fe>S2(CO)s under nitrogen pressure, we initially
investigated partial saturation of anthracene using an exogenous hydrogen donor molecule. The
hydrothermal decomposition of Fe2S2(CO)s and full characterization of the resulting active iron
sulfide nanoparticles have been reported in chapters 2 and 3. Tetralin was initially studied as the
hydrogen donor, because it is used ubiquitously in transfer hydrogenation reactions relevant to
petroleum processing.?%?> All of the experiments in this chapter used a reaction time of 30 minutes.
In chapter 3, using H> at 300°C, the experiments were in the kinetic regime at 30 min, as can be
seen in Figure 3.6. By choosing a reaction time in the kinetic regime, differences between

conditions and hydrogen donors will be observable.

The active colloidal catalyst derived from Fe>S»(CO)s, with no added sulfur promotes transfer
hydrogenation of anthracene by tetralin, responding to temperature variations in typical fashion
(Figure 4.1a). No conversion is observed at 200°C, while 45% conversion to 9,10-
dihydroanthracene is obtained at 350°C. Only a trace of tetrahydroanthracene was detected by GC-
MS. In contrast, we previously showed that the same catalyst leads to 98% conversion of
anthracene to a mixture of partially saturated products at just 300°C using molecular hydrogen (6
MPa cold) as the reducing agent. For transfer hydrogenation, elevated reaction temperatures are

required to drive the dehydrogenation of tetralin,'®

ensuring a sufficient concentration of
hydrogen on the catalyst to promote saturation of anthracene. As anticipated, dehydrogenation of

tetralin and reduction of anthracene do not procced to any appreciable level (1.3%) in the absence

of the iron catalyst at 350°C. Toluene, a much more stable aromatic molecule, resists
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hydrogenation even in the presence of the catalyst at elevated temperature and therefore acts as an

inert solvent.
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Figure 4.1. (a) Anthracene conversion as a function of temperature using tetralin as hydrogen donor and (b)
tetralin conversion with temperature in the absence of a hydrogen acceptor. Reaction conditions:
temperature, 200-350°C; cold N», 6 MPa; Fe,S>(CO)s (Fe, 0.12 mmol); Substrate to Fe molar ratio, 1.67
mol/mol; time, 30 min; anthracene, 0.2 mmol; toluene, 2.5 mL; tetralin, 2.5 mL in (a) and 0.20 mmol in

(b).

To assess the effect of competitive dehydrogenation on the distribution of products at end of the
reaction, control reactions starting with dihydroanthracene under the same conditions afforded
50% conversion to mostly anthracene. This result is similar to the that obtained when using
anthracene as the substrate (56/44 anthracene to dihydroanthracene) suggesting that they are
approaching an equilibrium conversion of anthracene. The similarity of these results reveals that
catalytic hydrogenation and dehydrogenation are competitive processes in the presence of tetralin

and the catalyst.

To assess catalyst inhibition, a potential catalyst poison was introduced to the system. Basic
nitrogen donors such as quinoline were anticipated to bind to the most active sites on the catalyst

27-29

surface, which if effective would limit catalyst activity. As expected, in this system quinoline

effectively suppressed overall catalyst activity, reducing hydrogenation of anthracene to just 33%
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(Table 4.1, entry 6), suggesting that quinoline adsorption onto the catalyst surface is much stronger

than either anthracene or tetralin.

More effective hydrogen donors than tetralin were also explored to improve the efficiency of the
catalytic transfer hydrogenation. In particular, hydrogen donor compounds containing basic lone
pairs such as tetrahydroquinoline,’*3! 2-propanol,'® and indoline*? were evaluated to determine if
strong adsorption would promote rapid dehydrogenation, and promote facile transfer of hydrogen
to anthracene. Each hydrogen donor was evaluated for transfer hydrogenation in the absence of
the iron sulfide catalysts; in each case no or trace conversion was observed (Table 4.1, entries 1-
5). This lack of reactivity is as anticipated, confirming the essential role of the colloidal iron

catalyst generated in situ at low temperatures.

Table 4.1. Screening of optimal reaction conditions.

Fe,S,(CO)g
+ hydrogen donor >
N,, additive, toluene

anthracene dihydroanthracene tetrahydroanthracene
volume
entry  catalyst precursor hydrogen donor  (mL) additive  conversion (%)
1 none tetralin 2.5 1.3 (0.0)
2 none indane 2.5 0.9 (0.0)
3 none 2-propanol 2.5 1.2 (0.0)
4 none THQ 2.5 3.6 (0.1)
5 none indoline 2.5 4.8 (0.1)
6 FexS2(CO)s tetralin 2.0 quinoline® 33 (0.4)
7 FexS2(CO)s tetralin 2.5 44 (0.5)
8 FexS>(CO)s indane 2.5 39 (0.6)
9 FexS>(CO)s 2-propanol 2.5 46 (0.3)
10 Fe2S2(CO)s THQ 2.5 90 (0.6)
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11 FexSy(CO)s indoline 2.5 99 (0.2)

12 Fe2S2(CO)s indoline 2.0 98 (0.2)
13 Fe2S2(CO)s indoline 1.5 97 (0.1)
14 FexS2(CO)s indoline 0.5 58(0.2)
15 Fe2S2(CO)s THQ 0.5 50 (0.4)
16 FexS>(CO)s 2-propanol 2.0 indoline® 62 (0.7)
17 FexS>(CO)e tetralin 2.0 THQP 88 (0.3)
18 FexS2(CO)e tetralin 2.0 indoline® 97 (0.3)

Reaction conditions: temperature, 350 °C; cold N,, 6 MPa; time, 30 min; anthracene, 0.2 mmol; toluene, 2.5 mL;
hydrogen donor, 0.5-2.5 mL; additive, 20.03 mL and 0.5 mL; Fe,S2(CO)s (Fe, 0.12 mmol; Fe to substrate ratio, 0.6
mol/mol). Data are mean values for n = 2. Standard error values in parenthesis are one standard deviation. Structure:
1,2,3,4-tetrahydroquinoline (THQ).

These results reveal that strongly basic tetrahydroquinoline and indoline are the most effective
hydrogen donors tested (Table 4.1, entries 10,11), smoothly converting anthracene to
dihydroanthracene nearly quantitatively. Both 2-propanol and indane returned conversions similar
to that obtained from tetralin (Table 4.1, entry 7-9). In the case of indoline or tetrahydroquinoline,
greater than 50% anthracene hydrogenation was observed when the concentration of hydrogen
donor molecule was reduced by 80% (Table 4.1, entries 14,15). It is noteworthy that the lower
concentration of the N-heterocyclic donors still leads to greater anthracene conversion than when
high concentrations of tetralin, indane or 2-propanol were used. This trend is consistent with that
observed for other transfer hydrogenation systems® and is likely due to the high adsorption
enthalpies of nitrogen heterocycles onto the iron surface, which in turn boosts the rate of
dehydrogenation of these hydrogen donors and subsequent hydrogen atom transfer. We confirmed
this by following the progress of dehydrogenation of low concentrations of each donor compound.

As seen in Figure 4.2, the heterocycles were rapidly converted to the corresponding
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dehydrogenated congeners (>80%) while no more than 7% conversion was observed for tetralin,

indane or 2-propanol.
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Figure 4.2. Iron-catalyzed dehydrogenation of various hydrogen donor compounds. Reaction conditions:
temperature, 350 °C; cold N2, 6 MPa; Fe,S>(CO)s (Fe, 0.12 mmol); Hydrogen donor to Fe molar ratio, 1.67
mol/mol; time, 30 min; hydrogen donor, 0.20 mmol; toluene, 2.5 mL.

Although indoline emerged as the most efficient hydrogen donor for the catalytic transfer
hydrogenation, these donors are incompatible with authentic petroleum feeds. High concentrations
of nitrogen heterocycles in petroleum lead to rapid deactivation of downstream refining
catalysts.*>® To address this problem, we sought to reduce concentration of indoline needed to
promote transfer hydrogenation by addition of a high concentration of tetralin or 2-propanol, both
less active hydrogen donors (Table 4.1, entries 16-18). A 4 : 1 mixture of tetralin and indoline was
as effective as the use of indoline alone, producing nearly quantitative hydrogenation of anthracene
(compare entry 18 with entries 11-13). In contrast, a mixture 2-propanol and indoline (4 : 1) returns

a conversion of only 62% under these conditions (entry 16). These results stand in contrast to
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Raney nickel-catalyzed transfer hydrogenation, wherein 2-propanol is generally a much superior

hydrogen donor for the reduction of polycyclic aromatic compounds.'®

The indoline-tetralin ratio in the dual hydrogen donor system was varied to determine the
minimum amount of the nitrogen heterocycle necessary for efficient reduction of anthracene. As
shown in Figure 4.3a, over 80% conversion is returned using a 40:1 tetralin-indoline mixture. As
expected, conversion increases proportional to the indoline concentration with 97% anthracene

hydrogenation using a 4:1 tetralin-indoline mixture.
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Figure 4.3. Anthracene conversion as a function of (a) indoline concentration at 350 °C and (b) temperature.
Reaction conditions: temperature, 250-350 °C; cold N, 6 MPa; anthracene, 0.2 mmol; toluene, 2.5 mL;
tetralin, 2.0 mL; indoline, 0.05-0.5 mL; Fe, 0.12 mmol; time, 30 min.

This tetralin-indoline mixed hydrogen donor system allows the transfer hydrogenation to proceed
at lower reaction temperatures than seen for tetralin alone. At 250 °C, 6% of the anthracene is
hydrogenated in the presence of a 10:1 tetralin-indoline mixture (Figure 4.3b), compared to no
conversion for tetralin alone (see Figure 4.1a,b). As the temperature was increased in this mixed
donor system, anthracene conversion responded in typical fashion;*’*® increasing from 6% at
250°C, to 90% at 325°C. Above 325°C, the conversion of anthracene plateaus (Figure 4.3b). This

result suggests a transition from the kinetic regime to one of equilibrium conversion at the higher

96



rates associated with elevated temperatures, in this regime there is likely greater desorption of

anthracene, tetralin, and/or indoline at the higher temperature.>*4°

4.3.1. Scope of catalytic transfer arene hydrogenations

With optimized conditions in hand, I explored the scope of iron-catalyzed transfer hydrogenation
of polycyclic aromatic compounds related to those found in heavy crude oil. Alkyl-substituted
anthracene was smoothly converted (Table 4.2, entry 1). Limited conversions were obtained for
phenyl substituted and fused benzene ring anthracene derivatives (Table 4.2, entry 2-5). This is
generally due to the electron-withdrawing bulky arene substituents, which do not favor facile
adsorption of substrate onto the catalyst surface,*' leading to slower hydrogenation of 9-
phenylanthracene (72%), 9,10-diphenylanthracene (46%), 1,2,3,4-dibenzanthracene (26%), and

1,2,5,6-dibenzanthracene (21%).

Larger fused nitrogen polycyclic aromatic compounds are efficiently hydrogenated using the iron
sulfide/indoline-tetralin system. Both acridine and 9-methyl acridine were converted to the
corresponding tetrahydro acridine in greater than 90% conversion (Table 4.2, entry 6,7). The
hydrogenation of 7,8-benzoquinoline is less facile, converting 78% to the partially hydrogenated
product (Table 4.2, entry 8). Finally, the pyrazine-based molecules quinoxaline and phenazine are

readily converted to partially hydrogenated products (Table 4.2, entry 9,10).
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Table 4.2. Substrate scope of carbocyclic and heterocyclic aromatic compounds under unsupported
iron-catalyzed transfer hydrogenation using mixed hydrogen donors.

entry substrate product conversion (%)
2 O O 72 (0.8)
3 ® >
46 (0.6)
4 O O 26 (0.4)
5 ‘ ‘ 21 (0.8)
6 e
—
N
93 (0.4)

W,

A/

W,

% g
Iz Iz
WA,
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8 O X O 78 (0.6)
—
N N
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T OO oo

97 (0.2)

98 (0.1)

Reaction conditions: substrate, 0.2 mmol; temperature, 325 °C; cold N,, 6 MPa; toluene, 2.5 mL; tetralin, 2.0 mL;
indoline, 0.2 mL; Fe>S2(CO)s (Fe, 0.12 mmol); time, 30 min. Data are mean values for n = 2. Standard error values in
parenthesis are one standard deviation.

Gratifyingly, this catalytic transfer hydrogenation is readily applicable to a much more challenging
class of polycyclic aromatic compounds: quinoline-based heterocycles. Quinolines are ubiquitous
in heavy oils and hydrogenation of quinolines is believed to be a key reaction for petroleum
processing. All of the quinoline compounds were transformed to their corresponding 1,2,3,4-
tetrahydroquinolines in good to excellent conversion (Table 4.3). Quinoline itself was
hydrogenated to tetrahydroquinoline in 99% conversion at 325°C using the indoline-tetralin donor
system (Table 4.3, entry 1). Both mono- and dimethylquinolines were also smoothly transformed,
irrespective of the substitution pattern on the quinoline core (Table 4.3, entry 2-7). Surprisingly,
each of the substrates returned a single product. For instance, 4-methylquinoline is hydrogenated
to only 4-methyl-1,2,3,4-tetrahydroquinoline. This is interesting because the formation of 4-
methyl-5,6,7,8-tetrahydroquinoline product is also highly feasible and has been reported in
literature.*> Reduction of isoquinoline also produced remarkable conversion, 95% (Table 4.3, entry

8).
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Table 4.3. Unsupported iron-catalyzed transfer hydrogenation of quinoline derived substrates
using mixed hydrogen donors.

entry substrate product conversion (%)
OO GGG
—
N N
H
ooy oy
=
N N
H
3
o 98 (0.3)
—
N N
H
OGRS
=
N N
H
5 X Q\/j 98 (0.3)
=
N N
H
R OOUR OOt
=
N N
H
—
N N
H
8 X 95 (0.7)
_N NH

Reaction conditions: substrate, 0.2 mmol; temperature, 325°C; cold N», 6 MPa; toluene, 2.5 mL; tetralin, 2.0 mL;
indoline, 0.2 mL; Fe>S2(CO)s (Fe, 0.12 mmol); time, 30 min. Data are mean values for n = 2. Standard error values in
parenthesis are one standard deviation.
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The highly efficient reduction of the quinoline- and pyrazine-based heterocycles renders this iron
sulfide transfer hydrogenation system highly attractive beyond the realm of petroleum processing.
Tetrahydroquinolines and tetrahydropyrazines are critical substructures in active pharmaceutical
molecules and agrochemicals.** With further optimization, this method for selective hydrogenation

of nitrogen heterocycles has potential to be applied in the manufacture of fine chemicals.

4.3.2 Catalyst recycling

The heterogeneous iron sulfide transfer hydrogenation catalyst was evaluated for deactivation and
reuse. As shown in Figure 4.4, the unsupported, in situ-generated iron catalyst was reused up to
four times for quinoline hydrogenation with only modest decrease (25%) in activity. The catalysts
were isolated and recycled using simple filtration, with no efforts made to exclude air or moisture,
and without further sulfidation. Notably, the iron-based catalyst does not display the usual steep
loss in activity between the first and second cycles that is often observed with conventional NiMoS
or CoMoS catalysts. The sustained activity reflects the chemical and structural robustness of the
iron sulfide phase, key requirements for deployment in any large-scale industrial process. This
robustness is particularly important for potential use of this catalyst in the partial upgrading of

heavy crude oil, where a cheap, reusable, and relatively active catalyst is required.'
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Figure 4.4. Catalyst recycling for the transfer hydrogenation of quinoline to tetrahydroquinoline. Reaction
conditions: substrate, 0.2 mmol; temperature, 325 °C; cold N», 6 MPa; toluene, 2.5 mL; tetralin, 2.0 mL;
indoline, 0.2 mL; Fe,S,(CO)s (Fe, 0.12 mmol); time, 30 min.

4.4. Conclusions

In summary, we have developed an efficient single-source unsupported iron catalyst for selective
transfer hydrogenation of carbocyclic and heterocyclic aromatic compounds using mixed
hydrogen donors modeling key structures and functionality found in petroleum. The data suggest
that this and related iron sulfur complexes may be suitable for deployment in partial upgrading
processes, where selective hydrogenation with limited heteroatom removal is the objective. Under
moderate reaction conditions, a dual hydrogen donor system outperforms single donor systems
with good tolerance for alkyl and aryl substituents. Tetrahydroquinolines have a range of important
applications for both pharmaceutical and agrochemical industries. Broad substrate scope,
inexpensive and nontoxic catalyst, good reproducibility and repeatability, moderate reaction
conditions, cost-effective hydrogen donors, and simple operations make this protocol potentially

scalable and competitive alternative to existing transfer hydrogenation methods.
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Chapter 5: Conclusions and Recommendations for Future Work

5.1. Conclusions

This thesis focused primarily on iron-catalyzed partial hydrogenation and limited
defunctionalization of key polycyclic and heteroaromatic substructures readily present in heavy
crude oil, which are important reaction requirements in partial upgrading processes. The iron
catalyst discussed build on work by Habib and coworkers from Professor Emeritus Murray R.
Gray’s research group (University of Alberta). Both supported and unsupported sulfided iron
catalysts were reported to significantly suppress addition reactions during thermal cracking under
hydrogenation conditions using a model compound. Importantly, the group showed the
significance of utilizing a low-cost iron-based catalyst, relative to nickel- or molybdenum-based
catalyst for coke reduction in thermal cracking processes under hydrogen. In this thesis, the
hypothesis was that nanosized iron catalysts can significantly promote partial hydrogenation and
limited desulfurization and denitrogenation of several key polycyclic aromatic and heteroaromatic
compounds during partial upgrading of heavy crude oil, potentially resulting in pipeline-

compatible product.

In chapter 2, I have described the synthesis and characterization of a presulfided iron precatalyst
Fe>S>(CO)s, which is the backbone of all catalytic reactions in this thesis. The iron sulfide complex
is formed from the reaction of elemental sulfur and Fe(CO)s, and isolated as red-brown air-stable
crystals with high solubility in hydrocarbon media. The active phase, consisting of iron sulfide
nanoparticles, was in situ-generated from Fe>S>(CO)s in toluene, with no added sulfur. This

chapter established the dramatic importance of a support for catalyzed partial hydrogenation and
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desulfurization of pyrene, phenanthrene, naphthalene, and benzothiophene under Fe>S>(CO)e.
Activated carbon, y-alumina, and activated silica were all effective dispersants for the Fe
precatalyst in obtaining high conversions of the polycondensed aromatics under moderate
conditions. In contrast, unsupported Fe>S»(CO)s produced relatively low partially reduced
products. The reactivity depicted self-consistent substrate dependence, varying with the resonance
energy stabilization of the starting compounds and partially saturated intermediates coupled with
the surface adsorption enthalpy of the aromatic ring system. Generally, the Fe precursor
demonstrated high selectivity for partial hydrogenation and limited desulfurization, making it
desirable in potential partial upgrading schemes. However, further optimization and applications

of the catalyst system to the hydroprocessing of authentic petroleum feeds in future is essential.

Chapter 3 describes a facile procedure which utilizes unsupported Fe;S»(CO)s exclusively to
explore the selective hydrogenation and defunctionalization of carbocyclic and heterocyclic
aromatic heavy oil model compounds. The active catalyst derived from Fe>S>(CO)s were highly
effective for the partial hydrogenation of substituted anthracenes and aromatic nitrogen and sulfur
heterocycles. The phenyl substituents significantly influenced the reactivity of the anthracene
series primarily via stereoelectronic effects, with conversions decreasing with size of substituents.
Several polyaromatic heterocycles were partially hydrogenated as well as mixed feeds, comprising
of combinations of model compounds, with limited desulfurization or denitrogenation, increasing
in the order phenoxathiine < benzothiophene << diphenylanthracene < phenylanthracene <
quinoline < acridine < anthracene. The results showed that the in situ-generated unsupported iron
sulfide nanoparticles are well-suited for selective partial saturation and limited defunctionalization,
which are key requirements for catalytic partial upgrading of heavy crude. Introduction of

extraneous sulfur must be well controlled to prevent inhibition since it easily competes with the
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substrates for adsorption onto the catalyst surface. Future work on this unsupported catalytic
system should be focused on enhancing its activity by introducing a second inexpensive metal and
then using that to evaluate a variety of complex model compounds readily available in heavy crude
oil. Also, applications of this protocol to the partial upgrading of various heavy crudes are

important to authenticate this catalytic system.

In chapter 4, the background of transfer hydrogenation was introduced. The recent advances of
iron-catalyzed transfer hydrogenation were reviewed. Readily available hydrogen donor solvents,
including tetralin, 2-propanol, indane, indoline, and tetrahydroquinoline were substituted for
hydrogen gas to partially hydrogenate carbocyclic- and N-heterocyclic aromatic compounds. Basic
nitrogen compounds resulted in near quantitative conversions of anthracene, while the two
carbocyclic donor compounds (tetralin and indane) and 2-propanol produced limited conversions.
The results demonstrated that a dual hydrogen donor system outperforms single donor systems to
permit efficient transfer hydrogenation of the various polycyclic aromatic substrates under
moderate reaction conditions with good tolerance for alkyl and aryl substituents. The reactivity of
the catalyst is governed by the thermodynamically favorable adsorption of N-heterocycles to the
catalyst surface, which in turn allows for facile dehydrogenation, followed by rapid hydrogen
atoms transfer to the substrate. This protocol presents an inexpensive and viable catalytic system
for partial reduction and limited defunctionalization of key polycyclic aromatic hydrocarbon units

dominant in heavy crude oil.
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Appendix A: Chapter 2 Supporting Information
A.1. Product ranks and reaction network schemes

While no attempts have been made to establish mechanistic pathways for these arene
hydrogenations, close inspection of the available data using the Delplot technique'- reveals some
information about the order of appearance of each reaction product in the catalytic reactions. First-
rank Delplots display product selectivity (product yield/ conversion) as a function of reactant
conversion, with primary products possessing a positive intercept, whereas nonprimary ones have
intercepts equal to zero. This technique has been used to classify products of hydrocracked
asphaltene over NiMo/y-Al>0s,* and is being adopted by a number of catalysis researchers.’” In
the present study, examination of the first-rank Delplot intercepts (Figure Ala-c) provide
discrimination between products, suggesting that dihydropyrene (5), dihydrophenanthrene (9),
tetrahydrophenanthrene (10), and dihydrobenzothiophene (12) were primary products whiles
tetrahydropyrene (6) and ethylbenzene (13) were secondary products, as reported in previous
studies.!®!* The data for the hexahydropyrenes (7 and 8) were inconclusive; therefore, second-
rank Delplots, which displays product yield/conversion® ratio, were plotted against reactant
conversion. In this plot, secondary products are identified by a curve with a finite non-zero y-
intercept, while primary products are identified by the divergent behavior of the representative
line.> As seen in Figure Ald-f, divergent behavior of the curves representing the dihydropyrene,
dihydrophenanthrene, tetrahydrophenanthrene, and dihydrobenzothiophene confirms that these
are primary products. Conversely, the line for hexahydropyrenes has a positive intercept (Figure
A1d) indicating secondary product status. These identifications are preliminary and based on the
limited data currently available; further experiments are necessary to establish conclusively the

product rankings. Naphthalene hydrogenation produced a single product; hence its reaction
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network was straightforward. The proposed reaction networks for all substrates are presented in

Figure A2.
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Figure Al. First-rank Delplots of (a) pyrene and (b) phenanthrene, and (c) benzothiophene. Second-rank
Delplots of (d) pyrene, (e) phenanthrene, and (f) benzothiophene. Reaction conditions: temperature; 250-

350 °C; cold H», 6 MPa; activated carbon, 0.1 g; time, 60 min.
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Figure A2. Reaction networks proposed for (a) pyrene, (b) phenanthrene, and (c) naphthalene,
hydrogenation, and (d) benzothiophene hydrodesulfurization over Fe;So(CO)s. Structures: 4,5-
dihydropyrene (5), 4,5,9,10-tetrahydropyrene (6), 1,2,3,3a,4,5-hexahydropyrene (7), 1,2,3,6,7,8-
hexahydropyrene (8), 9,10-dihydrophenanthrene (9), 1,2,3,4-tetrahydrophenanthrene (10), 1,2,3.4.-
tetrahydronaphthalene (11), 2,3-dihydrobenzothiophene (12), and ethylbenzene (13).

135



References to Appendix A

10.

11.

12.

. Bhore, N. A.; Klein, M. T.; Bischoff, K. B. The Delplot Technique: A New Method for

Reaction Pathway Analysis. Ind. Eng. Chem. Res. 1990, 29, 313.
Bhore, N. A.; Klein, M. T.; Bischoff, K. B. Species Rank in Reaction Pathways: Application
of Delplot Analysis. Chem. Eng. Sci. 1990, 45, 2109.

. Klein, M. T.; Hou, Z.; Bennett, C. Reaction Network Elucidation: Interpreting Delplots for

Mixed Generation Products. Energy Fuels 2012, 26, 52.

Zhao, Y.; Yu, Y. Kinetics of Asphaltene Thermal Cracking and Catalytic
Hydrocracking. Fuel Process. Technol. 2011, 92, 977.

Miller, J. H.; Bui, L.; Bhan, A. Pathways, Mechanisms, and Kinetics: A Strategy to Examine
Byproduct Selectivity in Partial Oxidation Catalytic Transformations on Reducible
Oxides. React. Chem. Eng. 2019, 4, 784.

Sheehan, J. D.; Savage, P. E. Reaction Pathways and Kinetics of Tryptophan in Hot,
Compressed Water. Chem. Eng. J. 2020, 390, 124600.

Smith, C. M.; Savage, P. E. Reactions of Polycyclic Alkylaromatics: 5. Pyrolysis of
Methylanthracenes. AIChE J. 1993, 39, 1355.

Yun, G. N.; Ghampson, I. T.; Movick, W. J.; Vargheese, V.; Kobayashi, Y.; Oyama, S. T.
Applicability of the Delplot Method for the Determination of Catalytic Reaction Sequences:
Hydrodeoxygenation of y-valerolactone on Ni,P/MCM-41. Chem. Eng. Sci. 2020, 223,
115697.

Schachtl, E.; Zhong, L.; Kondratieva, E.; Hein, J.; Gutiérrez, O. Y.; Jentys, A.; Lercher, J.
A. Understanding Ni Promotion of MoS2/y-AlbOs and Its Implications for the
Hydrogenation of Phenanthrene. ChemCatChem 2015, 7, 4118.

Schachtl, E.; Yoo, J. S.; Gutiérrez, O. Y.; Studt, F.; Lercher, J. A. Impact of Ni Promotion
on the Hydrogenation Pathways of Phenanthrene on MoS»/y-Al20s. J. Catal. 2017, 352,
171.

Lin, Q.; Shimizu, K. I.; Satsuma, A. Hydrogenation of Pyrene Using Pd Catalysts Supported
on Tungstated Metal Oxides. Appl. Catal., A 2010, 387, 166.

Curtis, C. W.; Chen, J. H.; Tang, Y. Hydrodesulfurization of Model Systems Using Slurry-
Phase Catalysts. Energy Fuels 1995, 9, 195.

136



13. Yang, H.; Wang, Y.; Jiang, H.; Weng, H.; Liu, F.; Li, M. Kinetics of Phenanthrene
Hydrogenation System over CoMo/Al,O3 Catalyst. Ind. Eng. Chem. Res. 2014, 53, 12264.

Appendix B: Chapter 3 Supporting Information
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Figure B1. Reaction networks proposed for (a) anthracene and (b) 9-phenylanthracene hydrogenation over
unsupported Fe;S>(CO)e. Structures: anthracene (1), 9-phenylanthracene (2), 9,10-dihydroanthracene (8),
1,2,3,4-tetrahydroanthracene (9), 9,10-dihydrophenylanthracene (10), 1,4-dihydrophenylanthracene (11),
and 1,2,3,4-tetrahydrophenylanthracene (12).
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Figure B2. Reaction networks for hydrogenation (a) 9,10-diphenylanthracene (b) quinoline as well as
hydrodesulfurization of (¢) benzothiophene over unsupported Fe2S2(CO)6. Structures: 9,10-
diphenylanthracene (3), quinoline (4), benzothiophene (5), trans-9,10-dihydro-9,10-diphenylanthracene
(13), cis-9,10-dihydro-9,10-diphenylanthracene (14), 1,2,3,4-tetrahydrodiphenylanthracene (15), 1,4-
dihydrodiphenylanthracene (16), 1,2,3,4-tetrahydroquinoline (17), 2,3-dihydrobenzothiophene (18), and
ethylbenzene (19).
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Figure B3. Reaction networks for hydrotreating of (a) phenoxathiine and (b) acridine.1,2 Structures:
phenoxathiin (6), acridine (7), diphenyl ether (20), 9,10-dihydroacridine (21), 1,2,3,4-tetrahydroacridine
(22), 1,2,3,4,4a,9,9a,10-octahydroacridine (23), and 1,2,3,4,5,6,7,8- octahydroacridine (24).
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Figure B4. Structures of 1,2,3,4,4a,9,9a,10-octahydroanthracene (25) and 1,2,3,4,5,6,7,8-
octahydroanthracene (26).
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Figure B5. XRD pattern of unsupported catalyst derived from Fe(CO)s at 300 °C and 60 min. It is ascribed
to iron carbide phase (Jade 9.0 PDF No. 00-036-1248).
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