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Abstract

Jet fuel is used as a coolant for lubricants and oils, and receives heat from the burner
feed arm before combustion. The thermal stress received by the fuel, in combina-
tion with dissolved oxygen, results in reactions yielding carbonaceous deposits on
fuel-wetted surfaces. These deposits can cause efficiency and safety issues as they
grow on critical components. The initial stage of the deposition process involves
a well understood autoxidation mechanism, leading to a series of well character-
ized oxidized molecules. However, it is less clear what chemical mechanisms lead
to the agglomeration of these oxidized molecules producing deposits. The aim of
this thesis is to gain a more fundamental understanding of the agglomeration and
deposition process. Density functional theory (DFT) and experimental techniques
including gas/liquid chromatography mass spectroscopy (GC/LC-MS) were used
to investigate these processes. Additionally, kinetic analysis using pseudo-detailed

mechanisms were performed throughout to explore competing pathways.

The Soluble Macromolecular Oxidatively Reactive Species (SMORS) mechanism has
previously been proposed as a universal mechanism for deposition, but has received
little mechanistic scrutiny. Our DFT calculations performed here showed that the
originally proposed SMORS mechanism involving electrophilic aromatic substitution
(EAS) was kinetically and thermodynamically prohibited. Instead, it was found a
homolytic aromatic substitution (HAS) mechanism could allow C-C bonds to form
to lead to agglomerated species. Additionally, the SMORS mechanism neglects to
elucidate the role of indigenous fuel sulfur compounds, which have a major influ-
ence on deposit formation. Using surrogate fuels and deposit characterization with
GC/LC-MS, it was shown that the addition of sulfur containing compounds to 5-
membered fuel nitrogen heterocycles led to oligomers containing nitrogen-nitrogen
compounds. This implied sulfur compounds were able to catalyze the coupling. In-
digenous fuel sulfurs were also was shown to play a crucial role in the early stage of

deposition. DFT calculations showed that compared to other fuel oxygenated com-



pounds, sulfur acids formed from autoxidation of indigenous sulfurs have the highest
adsorption energy on stainless steel surface oxides. Exploring the heterogeneity of
stainless steel surface oxides, sulfur acids had a higher adsorption energy on CryO3
and carboxylic acids had a higher adsorption energy on Fe;O3. Other oxygenated
and indigenous fuel components were found to physisorb at lower adsorbtion ener-

gies.

Finally, using the mechanistic findings from this thesis, 6 pseudo-detailed kinetic
mechanisms were built using DFT calculate barriers, each representing a fuel con-
taining a common antioxidant/heteroatom. The calculated mass of deposit dimer
from our mechanisms correlated well with the measured mass of deposit formed
from 6 equivalent surrogate fuels. The results here show how DFT can be used to
build deposition mechanisms from first principles. The chemical mechanistic find-
ings throughout this whole thesis will help guide future researchers to build new

predictive models for deposition from first-principles.
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Chapter 1

Introduction

1.1 Jet Fuels and Energy

Energy generation and supply is an essential component of our modern industrial
lives. As of 2017, burning of oil represented 31.7% of the worlds energy production
with air transportation using 7.5% of that consumption. Oil demand for aviation
reached 6 MB/d in 2016 and is expected to rise to 8.9 MB/day by 2040 [1]. As
the world begins to face the problems of climate change driven by anthropogenic
COs generation and depletion of fossil fuel reserves, the array of sources from which
we derive energy has expanded out of necessity. Since 1973, reliance on natural
hydrocarbon reserves has fallen from making up almost 100% our energy supply to
~75% of the total in 2015, with increasing energy sources being derived from nuclear
and bio-fuels.[2] There is also increasing intergovernmental pressure on industry itself

to move towards carbon neutrality [3].

In general, emissions can be defined as being from:
1. Point sources, where the emissions are localized, e.g. a coal power plant stack.

2. Mobile sources, where the emissions are produced from a moving source e.g.

a car exhaust.[4]

Decarbonization of point sources has already gained significant momentum with vi-
able alternatives like nuclear power being well established and renewable generation
increasingly cost effective.[5] With regards to mobile sources, trains have undergone
electrification across many countries and commercial electric cars are becoming in-

creasingly common. However, the prospect of COo-free generation for aircraft is still



beyond the horizon due to the limitations of technological alternatives to traditional

kerosene-powered gas turbines. These alternatives include:

e Hydrogen-powered aircraft, which have faced issues of safety as well as volume
of storage required for fuel. Although hydrogen is almost 3 times as energy

dense than kerosene it requires 4 times the volume of storage [6].

e Electrified aircraft, which if powered by batteries or solar power, face serious
energy density issues, even with extrapolated projected improvements within
the next 50 years.|[7]

It is clear that for the foreseeable future conventional jet fuels will remain as the
main energy source for air travel. Mitigation of the environmental and supply issues
instead focuses on the production of the fuel itself, which will be discussed in the

next section.

1.2 Jet Fuels and Aviation

During the first few years after the development of the jet engine, the fuel of choice
was a mixture of kerosene and gasoline known as a 'wide cut’. This was discarded
in the 1970s for a purer kerosene fraction due to the unfavorable vaporization of
gasoline at higher altitudes. This led to the development from the JP-4 wide cut
to the JP-8 kerosene cut. Within the commercial sector, wide cuts (Jet-B) are still
used in certain areas where gasoline blends offer favorable performance in colder

climates (Jet-A-1) but again kerosene majority blends (Jet-A) dominate.[§]

Now the industry is fully established across the globe, aviation is an important sec-
tor in the world economy. In 2018 $871 billion was spent on air travel, an increase
of 5.3% from the previous year; further consistent growth is expected into the fu-
ture. Aviation represents roughly 1% of global GDP, up from 0.9% in 2016. From
a logistical point of view, the aircraft industry transports 4,358 million passengers
per year. Kerosene, its operation within jet engines and its production is an integral
part of this industry, with 356 billion liters of kerosene burnt in 2018.[9)

Kerosene itself refers to a specific fraction of distilled crude oil between the boil-
ing range of 205 °C-260°C.[I0] Depending on its source it can have a wide variety

of chemical compositions. Jet fuel originating from crude typically has a composi-



tion of 20% n-alkanes, 40% iso-alkanes, 20% cycloalkanes, and 20% aromatics.|11]
Synthetic jet fuels, like Fischer-Tropsch derived fuels, are generally composed of a
greater number of straight chain alkanes and fewer aromatics. Moreover, biofuels
are highly dependent on their feedstocks.[12] The composition of jet fuels will be
discussed in detail in section [L.3.1]

Fuel composition allowances are tightly controlled by a series of governmental bod-
ies, and require an extensive approval process by the American Society for Testing
(ASTM) International Committee, which has historically taken up 10 years for a
new fuel pathways of production to be approved.|[I3] This is done to ensure the new
jet fuel has the desirable physical and chemical properties to operate safely and
economically within existing jet engine designs. Currently, there are a number of
alternative fuels approved for usage within jet engines, including a 50/50 mix of

conventional Jet A-1 fuel with Fischer-Tropsch produced fuel.[14]

Commercially, jet fuel is available in a number of grades which broadly fall into
civil or military usage. Their categorization can be defined based on the demands
of their local climate, engine specifications, or particular fuel chemistry or even a
combination of these categories. Table summarizes some of the most common

grades with their specifying bodies shown alongside.

In order to meet the different requirements the properties can be modified by
changing the bulk hydrocarbon concentration, as seen with Jet-B where a wider cut
allows for a lower vapor pressure and a lower freeze point. Alternatively, as is seen
with JP-84100, additives can be added to the fuel to help improve thermal oxidative
stability.



Fuel Specifying Bodies Remarks

Jet A-1 UK Specification DEF STAN  Common outside of the USA, commercial
91-91 and ASTM specifica- jet fuel. Flash point of

tion D 1655 38°C. Freeze point minimum —47°C
Jet A ASTM D 1655 Only available in the USA. Higher freeze
point of —40°C. Commercial.
Jet B ASTM D 1655 and CAN 3.23 Wider cut, with a lower vapor pressure,

which improves cold starts. Commercial.

Freezing point at —50°C.

JP-8 NATO Code F-34 Dominant military jet fuel for NATO forces.

Equivalent to Jet A-1 with addition of

corrosion inhibitor and anti-icing component.

JP-8+100 NATO Code F-37 JP-8 with additional antoxidants
TS-1 Russian Jet A-1 specification  Russian grade with lower freeze point
GOST 52050-2006 of —57°C and low flash point of 28°C

Table 1.2: Key Jet Fuel Grades Available Worldwide [I5]

1.3 Origins and Composition of Jet Fuel

Jet fuel can be classed as being derived from renewable and non-renewable feedstocks. [10]

Non-renewable feedstocks refer to fossil fuels, most typically crude oil, which under-
goes distillation and refining processes. Renewable feedstocks refer to sources that
are replenishable in the short term (see Figure . Consequently, fuel derived from
these feedstocks are termed Sustainable Aviation Fuels (SAFs).

Distillation refers to the boiling of crude oil under atmospheric or vacuum conditions,
where different 'fractions’ condense at different temperatures. The most common
fraction within jet fuel, kerosene, falls in the 145 —300°C condensation range. It
typically has a carbon chain length ranging from Cg-Cig.[18] Fuel produced directly
from distillation is known as "straight run" fuel.[19]. Heavier fractions, longer chains,

can be 'cracked’ to shorter hydrocarbons using high temperatures and/or a catalyst.

Natural gas and coal feedstocks also fall under the definition of non-renewable

sources. They can be converted to jet fuel using the Fischer-Tropsch (FT) pro-
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Figure 1.1: A simplified overview of the various feedstocks and production pathways
[16, [17]

cess in a series of sequential steps:

2C + H,0 — 2CO + H, (1.1a)
H,; + nCO — (CHg)H + HHQO (11C)

Adjusting processing conditions in the FT process gives excellent control in repro-
ducing the kerosene fractions as well as the degree of branching and presence of
impurities. In contrast, fuel from natural crude oil produced via distillation tend to
be more heterogeneous in their composition and hydrocarbon mix.[I6] This will be

elucidated in the next section.

Renewable feedstocks are commonly derived from three main sources: industrial /municipal
wastes, biomass and bio oils (Figure . Since many renewable fuels originate
from biological matter, they allow for a carbon recycle loop appreciable in a human
lifetime. As a consequence, they are often described as being carbon neutral.|20]

However, this is frequently disputed since the production of such fuels is often more



carbon-intensive than the carbon offset which it provides.|[14] Renewables have the
distinct advantage in that their production is not limited to any particular location,

so many security-of-supply issues can be overcome. [2]]

Solid wastes undergo a conversion process known as pyrolysis whereby they are
heated under high temperature (500°C) and pressure. This process breaks down
longer chain hydrocarbons in the wastes to shorter chains to form oils or gases.
These can be sent to FT conversion processes to form jet fuels.[22] Bio-oils, from
animal and plant sources, have also received attention as a renewable source of fuel.
Waste grease, animal fats, vegetable oils, and algal oil have all been used to produce
jet fuel. The main production route, known as hydroprocessing, involves remov-
ing oxygen from the fatty acids and esters in these oils to produce shorter chain
hydrocarbons via reaction with hydrogen gas. Water is produced as a by-product.
These can be cracked and broken down further to produce carbon chains of optimum
length for jet fuel.|23]

1.3.1 Composition of Fuels
1.3.1.1 Conventional Distillate Fuels

Due to the heterogenous nature of crude oil, fuel produced via distillation contains
thousands of species.[§] Naming each one would become intractable, as a conse-
quence it is better to group them into categories based on similar chemical proper-

ties.

First, the bulk component in fuel comprises alkanes, alkenes, and aromatic com-
pounds. Their composition is summarized in Figure N-alkanes refer to straight-
chain alkenes whereas iso-alkanes are branched, cyclo-alkanes refer to non-aromatic
saturated compounds.|24] The average alkane chain length is C12.[25] N-alkanes
have higher freeze points due to greater Van der Waals forces between the molecules
as they are able to pack more tightly than iso-alkanes. However, the high lubric-
ity of n-alkanes makes pumping more difficult, therefore most fuels also contain
iso-alkanes. The aromatics present are of a wide variety, and can include polyclic
aromatic rings, such as naphthalenes.[26] Aromatics are known to improve lubricity

as well as improve seal swelling. [27]
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Figure 1.2: Bulk species found in conventional distillate fuel, average of 48 locations
across the world, adapted from [28§]

The minor components consist of heteroatomic impurities and additives. Het-
eroatomics represent a wide variety of compounds. They have a large effect on
thermal-oxidative stability, even though they represent less than 1% of fuel composition.[29]
They can be split into polar species, sulphur species, nitrogen containing species, and
metals. Polar species include phenols and hydroperoxides. They get their polarity
from oxygen containing functional groups like carbonyl and hydroxyl groups. Nitro-
gen species include aromatics like indoles and carbazoles. Sulphur can be present in

both elemental form and within organic molecules like thiols and sulfides.[24] 29]

A number of metals are known to be present in conventional distillate fuels.
These include copper, manganese, magnesium, iron and zinc, present in the ppb-

ppm range.[30] It has been noted that where the copper concentration is high the
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Figure 1.3: Examples of heteroatomics found in fuel

manganese concentration tends to be lower.[24]

Figure 1.4: Organometallic Salt in Fuel, Copper Naphthanate

Along with the components naturally found in fuel, a number of additives are
seen in military grade fuels. Dispersants, icing inhibitors, metal deactivators and
antioxidants are all present in the JP-8+4100 package, and can all be classified as
thermal stability enhancers.[31], [15, 32].

1.3.1.2 Hydroprocessed and Fischer-Tropsch Produced Fuels

In contrast to conventional distillate fuels, the production methods of hydropro-
cessed and FT fuels results in simpler mixtures, with fewer constituent compounds. [33]
FT and hydroprocessed fuels tend to be formed of mainly iso and normal alkanes.
However, the composition is heavily dependent on the production pathway. Cyclo-
alkanes also feature in small quantities in certain F'T blends, such as Sasol IPK.[14]
A jet fuel arising from hydroprocessed cellulose matter can contain aromatics.|34]

Hydroprocessed and FT fuels in general contain almost no heteroatomics. [33]
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OH HO
CHy
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Figure 1.5: Examples of Additives Within Fuel

1.4 Jet Fuels and Thermal Oxidative Stability

Jet engines produce heat during their operation. To cool the engines a combina-
tion of airflow and unburnt fuel is used.|33] In supersonic aircraft where air friction
presents another heat source and the use of air cooling systems are limited, fuels are
put under even greater thermal stress.[35] Cooling is essential to prevent thermal
expansion of components, which is detrimental to the safe operation of the engine.
However, not only components need to be cooled, oil within the jet engine system
also undergoes extensive temperature increases due to heat of friction generated by

by moving parts. Fuel cooling systems play a direct role by cooling the oil with heat
exchangers to deal with excess heat (Figure [L.6).

In the future there will be an increasing need to boost the thermal efficiency of jet
engines, allowing aircraft to consume less fuel per km as well as boosting power out-
puts. However, this will increase the heat load on components and lead to greater
thermal stressing of the fuel.[36] Greater heat loads can lead to a series of chain reac-
tions initiated by oxygen, known as autoxidation. The outcome of these reactions is
that fuel-insoluble deposits within the engine will begin to form.[32] The ability for
a fuel to resist oxidative deposition is known as thermal oxidative stability. Ther-
mal oxidative deposition occurs between the temperature ranges of 150 —425°C. At
higher temperatures pyrolytic thermal decomposition occurs which can also lead to
deposits.[37] However, this thesis is primarily concerned with the oxidative region

of deposition.

Since 2000 deposits formed from autoxidation reactions have been known to block
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Figure 1.6: An oil cooling system where unburnt fuel acts as the heat sink.[13]

filters at an increasing rate.[38] These blockages are often caused by insoluble solids
originating from thermal oxidative instability, which deposit on the mesh fuel filters.
Thus, it is possible for contaminants to shut down the engine, if abnormal engine

performance is noticed by the pilot after the bypass has been opened.[39].

Deposits can also decrease heat exchanger efficiency in parts of the aircraft where
fuel is used as a coolant. Deposits can begin to foul the walls of the matrix assembly,
shown in Figure [1.6| Even a small carbonaceous layer forming on the walls of heat
exchangers can have a dramatic effect. For example, at 500 °C the conductivity of
thermal coke is around 3000 times lower than that of copper.[33] In other parts of
the aircraft, insolubles can create irregular fuel injector nozzle spray patterns by
blocking small apertures or distorting the shapes of the exit channels.[40] This re-
sults in fuel not correctly reaching optimum mixing zones as shown in Figure
This can result in asymmetric temperature zones in the engine. Irregular temper-
atures zones lead to in poor engine efficiency, as well as compromising safe engine
operation. Furthermore, deposits have the potential to block up pipes within the
engine architecture leading to system failure.[41] Deposition throughout pipes and

injector nozzles increases the rate of servicing required to clean the engine. Finally,
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autoxidation products have been suggested to increase particulate emissions.[42]

To understand these issues in more detail, it is necessary to build up a detailed chem-
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- o
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.1..\ 3. Fuel is Atomized and

Mixed with Air in Shear Layer
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Secondary Swirler Flows

Fuel

Flow for Primary Swirler
(Clockwise Swirl)

Flow for Secondary Swirler
(Counterclockwise Swirl)

Figure 1.7: The Effect of Deposits on Fuel Spray Nozzle Patters [40]

ical mechanism of the deposit formation. Detailed chemical mechanisms will allow
researchers to devise ways to minimize their formation and impact. Furthermore, the
importance of understanding the mechanisms behind deposition will increase since
conventional fuel stocks are becoming increasingly heterogeneous in their chemical
composition with lower thermal stability.[43] By contrast, the increasing uptake of
low-heteroatom SAF will likely be blended with conventional aviation fuel, which
often leads to non-linear deposition behavior.[44] Deeper chemical understanding of
deposition will enhance understanding of these blends. Finally, a detailed chemical
mechanism will be able to be integrated into computational fluid dynamic (CFD)

simulations to predict deposit formation over time within complex geometries.

1.5 Generalized Deposition Process

The formation of autoxidative deposits in/on critical fuel components has received
considerable attention since the 1950s. A greater understanding of the deposition

process leads to greater predictive and preventative capabilities. Engine designers
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are able to integrate mechanisms into computational fluid dynamics (CFD) software
and locate the magnitudes and location of deposits,[45] depending on the accuracy
of the chemical kinetic model supplied. The accuracy of deposition models are a
function of a number of crucial points: understanding of what chemical reactions are
responsible for deposition, accurate thermochemical rate parameters and appropri-
ate sensitivity to starting conditions. Of course, the accuracy of the mechanism can
also limited by the size of the mechanism, which is limited by the computational re-
sources available. In order to simplify models without compromising predictability,
appropriate mechanism reduction techniques can be applied such as lumping [46]
and grouping species into classes.[24] However, this thesis is primarily concerned
with elucidating the chemical reactions leading up to deposition, with emphasis on

the agglomeration of reactants leading to deposits.

The deposition process has been described as a multi-step mechanism.[47] Recent
work [38] 48] has added increasing evidence to this postulation, with the deposition
process being characterized by an initial rapid autoxidation stage forming a number
of oxidatively-reactive products followed by the agglomeration of these products into

larger molecular weight species.

The generalized autoxidation mechanism is presented in Figure [I.8 Step 1 shows
the formation of an alkyl radical (R-) from the bulk fuel. This happens via a
poorly-understood initiation step, which is believed to be related to the catalytic
characteristics of the fuel wetted surface.[49] This alkyl radical subsequently reacts
with dissolved oxygen (Oy), leading to the formation of a peroxy radical (ROO - ). In
step 2 the peroxy radical (ROO -) will abstract hydrogen from indigenous bulk fuel
compounds (RH), leading to an alkyl radical (R-) and a hydroperoxide molecule
(ROOH). Chain-breaking phenolic antioxidants (AH) can also undergo hydrogen
abstraction, forming stable radical species (A - ), which are thought to participate in
the formation of insoluble species in the later stages of fuel thermal degradation.|24]
In step 3 heteroatomic species (such as nitrogen and sulfur-containing species) are
oxidized via reactions with hydroperoxides (ROOH). Of these heteroatoms species,
indigenous sulfur compounds are shown to be strongly deleterious to fuel thermal
stability. In particular, thiols [50, 51l 52], successively react with hydroperoxides to
form sulfenic (RSOH), sulfinic (RS(=0)OH) and sulfonic (RS(=0),H) acids.[53] [54]
At step 4 unreacted hydroperoxides will readily undergo homolytic fission in the

presence of dissolved metals and /or heat, forming hydroxyl (RO - ) and alkoxy (HO -)

12



radicals.[55] At step 5 alkoxy (RO-) and hydroxy (HO -) radicals individually re-
act with bulk fuel (RH), resulting in water and oxygenated compounds including
ketones/aldehydes (RHO), alcohols (ROH) and carboxylic acids (RCOOH).[24]

H20 Initiation

ROH RH

RCHO . , .

5 Oxygenated Autoxidation RCOOH l 02 7 Alkyl Radical Reaction With
Products Dissolved Oxygen
Re
RH
RO+« + <OH ROO-

Hydroperoxide Formation
2 and Reaction With Fuel
Species and Antioxidants

M+ RH, AH
4 Hydroperoxide Decomposition
" ROOH Re, As
ROH K// \
RSOH RSH
RS5(=0)OH
RS(=0),0H

3 Formation of Sulfur Acids
Via Succesive Reactions With Hydroperoxides

Figure 1.8: Generalized Autoxidation Mechanism

From a macro-molecular perspective deposition/fouling reactions occur at the
wall and within the bulk, demonstrated in Figure[L.9] It is thought that soluble (A)
and insoluble (B) oxidized species formed in the bulk diffuse the the wall layer and
adhere to the wall. There is also the growth of deposits directly on the wall from
surface reactions, these reactions are exacerbated by the fact that the fuel at the
wall experiences much greater residence times.[45] The formation of insoluble species

B in the bulk and at the wall eventually adhere to the wall forming deposit species C.

The initial stage of autoxidation has been well studied [57, 58] and the prod-
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Figure 1.9: Generalized scheme for chemical fouling presented in [50]

ucts arising from the autoxidation from many species found in jet fuel have been
measured. [59, 20, [60] The second stage, the agglomeration of autoxidation products,
has received considerably less attention. This is reflected in the existing chemical
mechanisms [24 38] which are mainly composed of autoxidation reaction steps com-
pared to a small number of highly-generalized one step reactions leading to deposits
in both the bulk and on the wall. Only the most recent mechanism [61] presented in
the literature begins to add more details to the agglomerations steps, with a a num-
ber of pseudo-species detailing a multi-step pathway to deposits. In order to build
more robust models a greater understanding of the reactions leading to deposits is
required, with an understanding of the final deposit structure forming a key part of
this task.

The existing dominant theory [24] for the formation of deposits states that an-
tioxidants, namely heteroatomic species, are involved in the agglomeration reactions
responsible for deposits. The involvement of antioxidants in deposition highlights the
importance in understanding the distinction between autoxidation and deposition.
Antioxidants have been shown to increase deposition but slow down the autoxi-
dation process, and this has been highlighted in the inverse relationship between
oxygen consumption (rapid oxygen consumption meaning rapid autoxidation) and

total deposits for various fuels.[62] This inverse relationship is demonstrated by Fig-
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Figure 1.10: Formation of gum, depletion of oxygen and formation of hydroperoxides
in a Jet-A, Dodecane and Dodecane/15% Cumene [52]. Laser induced Fluorescence

(LIF) intensity corresponds to the formation of deposits.

ure m Here, a pure n-dodecane (average alkane chain length of jet fuel) oxidizes
far more rapidly than a conventional jet-A and yet produces no deposits (deposits
correspond to LIF intensity), and vice versa. Nevertheless, there are exceptions to
this rule. For example, nitrogen containing species often have little/no effect on the
rate of deposition, and yet have consistently been shown to increase deposition.[63)]
Adding complexity to the picture is the synergistic deposition enhancement between

species, particularly seen between nitrogen and sulfur-containing species. [64]

Particular emphasis has been placed on phenol as an antioxidant responsible for

deposition.[65] As to what form these reactions take place, only the SMORS mech-
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anism provides a theory.[32] The SMORS mechanism was formulated on characteri-
zation work based on diesel deposits. Later characterization work has attempted to
add credence to this mechanism. |38 [66] However, the SMORS theory has received

little mechanistic scrutiny.

In recent years quantum chemistry has emerged as a powerful tool to understand
fundamental molecular interactions. As a consequence, it has enabled researchers
to explore complex reaction mechanisms which would difficult to achieve in an ex-
perimental setting. Nevertheless, the role that experiments play is still important.
Real and surrogate fuels can be thermally stressed in controlled settings, allowing
deposits to be characterized. Retrosynthetic techniques can then be used to propose
mechanisms based on the structures characterized. It is the aim of this thesis to
use these tools to gain a more fundamental understanding of the agglomeration and
deposition process. Emerging from these findings will be a deeper knowledge of how

the chemical composition of current and future fuels affect the deposition process.

1.6 Thesis Outline

e Chapter [0 will present published work from this thesis.

e Chapter [2| will present a detailed literature survey, where the res earch ques-

tions of this thesis will emerge.

e Chapter |3 will present the quantum chemistry theory relevant to the calcula-

tions performed in this thesis.

e Chapter (4| will present modelling and experimental work on the SMORS mech-

anism.

e Chapter [5| will present experimental work on the synergistic effects of nitrogen

and sulfur compounds in fuel.
e Chapter [ will present modelling work on fuel-surface interactions.

e Chapter [7] will present work using DFT methods to predict the formation of

insolubles from thermal oxidative reactions.

e Chapter |8 will present a general discussion on the work performed, future work

and conclusions.
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e Chapter 10 is the appendix, where extra information for each chapter is pre-

sented in sections.

17



Chapter 2
Literature Review

This literature review is split into three sections. Firstly, the experimental and
computational methods used to investigate thermal oxidative stability will be ex-
plored. An understanding of the advantages and disadvantages of experimental rigs
is essential to critically evaluate studies attempting to understand thermal stability.
Additionally, an understanding of the existing methods helped to inform the design
studies in this thesis. The second section will review papers trying to understand the
variables, both chemical and physical, affecting deposition. In addition, proposed
chemical and physical pathways to deposit will be reviewed. The third section will
then review the existing attempts to generalize the deposition process for predictive
purposes. Additionally, the third section will explore limitations of existing gener-
alized mechanisms, in the context of the existing understanding of fuel deposition
factors explored in section 2. These limitations, will allow the key research questions

of this thesis to emerge.

2.1 Methods used to Investigate Thermal Stability

2.1.1 Experimental Methods for Investigating Autoxidation

and Deposit Formation

To understand the processes behind jet fuel thermal degradation, rigorous testing
procedures and apparatus have been designed. It would be impractical, costly,
and dangerous to rely on in-flight tests to generate conditions for deposit formation.
Additionally, there would be little control of variables like temperature and pressure.
As a consequence, rigs of varying size and complexity have been designed; from

small-scale static rigs, to medium-scale flowing rigs and finally large scale rigs. This
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section will elucidate the experimental test methods that have been employed to

study jet fuel.

2.1.1.1 Static Rigs

The term static tests refers to tests where small volumes of fuel are heated for
short amounts of time. They tend to be bench scale tests with a temperature
ranging from 140 —250°C. Static rigs are easy to set up and are useful for exam-
ining the purely chemical contributions to autoxidation because flow regime vari-
ables are removed. In all the static rigs, post-test analysis of the fuel mixture
can be achieved with techniques like Liquid-Chromatography Mass Spectroscopy
and /or Gas-Chromatography Mass Spectroscopy (LC-MS/GC-MS) depending on

the species of interest.[67]

Flask oxidation tests involve heating the fuel in a container, and are cheap
and easy to set up. Flask oxidation tests can either be open to the air [38] or
under a controlled atmosphere.[68] Examples in previous studies have used glass
[38, 69 [70] in order to the limit metal surface catalytic effects.[38] Aliquots can
be taken from the vessels throughout each run to study kinetics. The solution can
also be filtered at the end of the experiment and subject to gravimetric analysis to
determine the total deposits. Lack of precise control of oxygen availability is the
main disadvantage of this equipment, since the diffusion of oxygen from the head

space into the fuel was identified as a potential rate limiting step in autoxidation.|71]

Quartz Crystal Microbalance Tests (QCM), sometimes referred to as Parr
Bomb systems, are sealed containers which allow greater control and monitoring
than flask oxidation tests. Firstly, with the container being sealed, the rate of reac-
tion can be monitored precisely by saturating the fuel with oxygen at the start and
measuring the decrease in concentration over time.[40] Furthermore, the rate of de-
posit production can be determined through time with accuracy less than 1pgcm—2
by using the change in the oscillation frequency of the microbalance to measure the
mass variance per unit area.[72] Several other parameters like pressure and tem-

perature can be measured with excellent precision. Nevertheless, QCM devices are

costly, with only limited production worldwide.

PetroOxy the petroOxy device is a special type of flask oxidizer designed to
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Figure 2.1: An example of a flask oxidizer, produced from [70]

monitor the rate of autoxidation of a given fuel sample. A petroOxy device heats a
small volume of fuel (typically 5 mL) and monitors the oxygen partial pressure in a
headspace above the fuel volume. As oxygen is consumed in the fuel volume, oxygen
in the headspace diffuses into the liquid. It is assumed that the rate of oxygen partial
pressure depletion in the headspace is related to the rate of autoxidation.[73] Gold
walls are often employed in petroOxy devices, ensuring an inert container. Several
studies have deployed the petroOxy device to investigate the oxidation rate of real

fuels, [74][75] pure hydrocarbon solvents,[76] and surrogate fuels.[77]

2.1.1.2 Flowing Rigs

A wide variety of flowing rigs exist to investigate the formation of deposit in condi-
tions more realistic to fuel in aircraft compared to static rigs. Nevertheless, flowing

rigs tend to have higher levels of complexity, introduce physical variables, and make
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chemical effects harder to study in isolation. Fluid dynamic effects can be varied
in flowing rigs, where the flow can be adjusted between laminar, transition and
turbulent regimes. Furthermore, fuel within jet engines receives heat from fuel-oil
heat exchangers and before burner feed arms in pipes,[13] so these can be simulated
easily within these rigs along with the same wall materials to investigate any surface
effects. The generalized design of all these rigs includes a heated section of pipe
where fuel is passed through. The fuel is often saturated with air or an inert gas
dependent on the conditions required (Figure .

————— Q,airin

Fuel

Reservoir — ImertGasin

Heated Section
L

Filter

@
Fuel Sump

Thermocouples

Figure 2.2: Generic flow system diagram

There are several design considerations which must be taken into account, when
designing flowing rigs. Firstly, the phases of the heated region must be considered,
i.e. whether a fuel is entirely internal flow or two phase annular flow is used. This
choice is based on what section of the fuel system is being modelled, with sections
with headspace (e.g. fuel tanks) more suitable to annular flow and internal flow

being reserved for single phase sections (e.g. burner feed arm).|33|

The material of choice for the pipe must reflect that of the internal flowing
systems of the aircraft, since metal surfaces are known to influence autoxidation
chemistry.[78] If the chemistry of the bulk reactions is the sole point of investiga-
tion, an inert layer, like silicon steel, can be added to the internal walls to passivize

any surface effects.[79]
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There are a number of different in-line and post-experiment measurements that
can be done to study the reactions. Quantification of the surface deposits is usually
done by carbon burn-off analysis or a surface carbon analyzer (which also relies
on carbon burn-off, but at higher temperatures).[61] Deposits can be character-
ized macromolecularly using scanning electron microscope (SEM) images, which
can give useful information about the growth of deposits on walls.[80] Since de-
posits form in the bulk too, filters can be added at the outlet of the heated zone
where they can be quantified by pressure drop or carbon burn-off.[81] Oxygen con-
sumption due to autoxidation reactions, can be measured in-line in a continuous
gas-chromatography system. This system is also able to measure other gases like
methane and hydrogen.[82][61] For other species, aliquots can be taken throughout
the run and analyzed after. Hydroperoxides, for instance, can be quantified by the
addition of triphenylphosphine.[83] Once again, post-test chemical analysis using
GC-MS/LC-MS/GCxGC can be performed. Due to the low concentrations of het-
eroatomics in real fuels, pre-concentration methods such as liquid-liquid extraction
(LLE) [84] or solid-phase extraction (SPE) [85] can be used to improve analysis.
Pre-concentration methods are more successful in flowing rigs than static rigs due

to the larger fuel to extractant ratio, a result of the larger volume of fuel used.

2.1.1.3 Large Scale Rigs

Larger scale rigs aim to offer an even-closer simulation of the real life situation faced
with fuel, where complex geometries are utilized, often closely replicating a real
internal flow system of a jet engine. Longer test durations are another advantage
of large scale rigs. However, as a result of the lengthy duration (days or weeks)
the fuel consumption is higher.[40] Moreover, due to the complexity of these tests,
where temperature varies in different sections, there is limited scope for production
of chemical kinetic data as seen in flowing rigs. Instead, large scale rigs have fo-
cused on developing empirical models.[86], 87] A few examples of large scale rigs are
presented below. Much like flowing tests, carbon burn off and visual inspection is

used for quantification.

Aviation Fuel Thermal Stability Test Unit (AFTSTU) test rig closely mod-
els the zones seen in a real jet engine, with careful choice of materials and compo-

nents. This rig has the capability for single flow, spill flow and full re-circulation.
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The system is split into low (0-96.85°C) and high temperature (0-226.85°C) areas
and a sparging system is employed to oxygenate the fuel.[88] Methods of analysis
include carbon-burnoff, giving the total mass of deposit.[89, O0]

Extended Duration Thermal Stability Test (EDTST) is simpler in geom-
etry, similar to those seen in flowing rigs. The key difference is the time duration of

test. It can run for long periods, greater than 96 hours. The system is able to run

up to 218°C and could be automated.[91]

2.1.2 Computational Methods for Investigating Autoxidation

and Deposit Formation

A key disadvantage associated with all experimental rigs is the difficulty controlling
independent variables. Even in static rigs, low ppb concentrations of metal can affect
the final result, without the researcher even being aware of the contaminant. 33| In
addition, construction of chemical mechanisms from flowing/static rigs can lead to
the production of thermochemical and kinetic data with non-chemical contributions

from physical effects (flow velocity, turbulence etc.) idiosyncratic to the rig.

To overcome these challenges, computational methods have become an increas-
ingly popular tool to understand chemical reactions at the molecular scale. Iso-
lation of particular reacting species allows thermochemical and kinetic data to be
produced from ab-initio (or semi-empirical in some cases) calculations. Moreover,
computational techniques allow extremely rapid free-radical chemical mechanisms to
be studied in a step-wise manner. Nevertheless, computational methods have their
drawbacks. As elucidated in Chapter 3 different quantum chemical techniques have
to weighed up in terms of cost and accuracy of the calculation. In relation to jet fuel,
quantum chemistry is an emerging tool, where experimental techniques are still dom-
inant. Nonetheless, a combination of computational and experimental techniques

will become increasingly common in the future.

2.1.2.1 Density Functional Methods

Density functional theory has been used extensively to study the autoxidation phase
of fuel thermal oxidative degradation.[48][76][29] Throughout a majority of the work,
this widely popular B3LYP functional was employed. However, differing basis set
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sizes and inclusion of solvent effects has become the standard for recent work. Specif-
ically, the PCM solvent model has been used, with n-hexane being chosen as the

representative solvent. [76][48]

Early work by Zabarnick et al. used B3LYP//6-31G(d) to relate bond dissoci-
ation energies (BDEs) to the hydrogen abstraction barriers. In general increasing
the size of the basis set from 6-31G(d) successively up to 6-311G(3df,2p) moved the
calculated phenol and BHT O-H bond strengths towards the experimentally calcu-
lated values.|29] Building on these findings, Dwyer employed the larger cc-pVTZ
basis set.[26] As elucidated in Chapter [3 the Dunning basis sets are correlation con-
sistent, and are designed to converge to the basis set limit for post-HF methods. In
general, the Dunning basis sets converge smoother to the basis set limit than Pople
basis sets employed in Zabarnick et al.’s study, albeit at a higher computational
cost.[92] Furthermore, Dwyer employed broken symmetry basis sets which was in-

cluded to recover correlation energy in open shell radical systems.|26]

Aside from the basis sets, to further improve on accuracy, Dwyer used a PCM
solvent model and added corrections to the enthalpy using the goodvibes script.|[93]
Inclusion of the PCM solvent model allowed effects of the fuel bulk to be approxi-
mated. Additionally, the correction applied using the goodvibes script helps over-
come inaccuracies arising from the rigid-rotor harmonic oscillator treatment, which
is standard in electronic structure programmes. Dwyer’s work added thermochemi-
cal and kinetic data to a new chemical kinetic mechanism. The new mechanism was

able to accurately predict the oxygen depletion in a simple solvent. [48]

Recent work by Parks et al. also employed the popular BSLYP functional with a
mixed deployment of the cc-pVTZ and SDD basis set to explore the reactivity of
metals towards hydroperoxides in fuel. In Parks et al.’s study, the SDD basis set,
which adds a core potential to the non-valence shell of the copper atoms studied,
saving computational cost. The newer M06 functional was used as a comparison to
the B3LYP functional to compare the calculated energetic pathways.[94] Although
MO6 produced different thermochemical and kinetic values, the general reactivity
trends were found to be the same. In related work by Mielczarek et al., usage
of more modern M06-2X functionals was shown to be preferable for the genera-
tion of accurate thermochemical and kinetic mechanisms.[95] On the other hand,

for the investigation of reactivity, and comparing competing deposit pathways, the
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B3LYP//cc-pVTZ method has shown to be a well proven method. Nonetheless,
Mielczarek et al. correctly asserts that dispersion should be applied to B3LYP to

correct for its poor treatment of long-range interactions. [95]

2.1.2.2 Post-HF methods

A key disadvantage of DFT methods is the single reference nature of the calculation.
Because radical chemistry, and thus open-shell systems, dominate the autoxidation
process, treatment of the system as single reference leads to inaccuracies. As ex-
plained in the previous section, broken symmetry DFT can recover some correlation
energy. Multi-reference methods, particularly MCSCEF, are specifically designed
to recover static correlation from open-shell systems (see Chapter [3| Section [3.10)).
MCSCF//def2-SVP was employed by Dwyer to study the homolytic fission of methyl
hydroperoxides. Pure MCSCF was found to be good at recovering static correlation,
but dynamic correlation, arising from the movement of electrons as the O-O bond
is broken was handled poorly. As a consequence, Rayleigh-Schréodinger perturba-
tion corrections were applied allowing the methyl hydroperoxide homolytic fission
barrier to be calculated within 2kcal mol™* of the literature value. [48] However, key
disadvantage of the MCSCF method is the computational cost required. Systems
larger than methyl hydroperoxides become too costly for most post-HF methods,
meaning studying the formation of larger deposit structures precludes the use of

many post-HF methods.

2.1.3 Concluding Remarks on Experimental and Computa-

tional Methods used to Investigate Thermal Stability

A variety of computational and experimental tools now exists to study the thermal
oxidative stability of jet fuel. Each method has advantages and disadvantages, and
is useful for studying thermal stability at different scales. Static rigs are the most
useful tool for studying the chemistry of deposition experimentally. The removal of
fluid flow effects in static rigs allows focus solely on the chemical effects. Flowing
and large scale rigs increses in size and complexity, which allow fluid effects to be

studied in conjunction with chemical effects.

Computational techniques to study deposition have become more popular in
recent years because of larger computational resources available. Density functional

theory has proven to be a particularly useful tool to explore reaction mechanisms
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and isolate thermochemical and kinetic parameters from fluid effects. Nonetheless,
both computational and experimental techniques should be employed to complement
each other. Computational chemistry techniques are often limited by the accuracies
of the method, and require an understanding from real experiments to have a basis
for the perform calculations. On the other hand, experimental techniques can be
limited in their ability to completely control all independent variables, particularly
in the case of complex free-radical chemistry. The complexity of the deposition and
autoxidation process will be highlighted in the next section, which will explore these

physical and chemical factors in detail.

2.2 Factors Affecting Autoxidation and Deposit For-

mation

Since the 1950s work has been conducted using previously described methods and
equipment to understand the mechanisms behind autoxidation and deposit forma-
tion. This has mainly been done by correlating the starting species with the rate of
deposit formation, characterization of deposit and oxygen consumption experiments
in variety of rigs. Computational techniques have assisted in testing the validity
of mechanisms. Since deposit formation is governed by both chemical and physical

process; factors like flow, temperature and pressure will also be discussed.|33]

2.2.1 Oxygen

Dissolved oxygen tends to be at a concentration 50-60 ppm in jet fuel at room
temperature and pressure.[96] An early investigation demonstrated that dissolved
oxygen was a crucial species in deposit formation in fuels. Conventional fuel sparged
with nitrogen before being sent through a flowing kinetic unit yielded no deposits,
conversely fuel saturated with oxygen formed deposits readily.[35] Dissolved oxygen
versus deposit deposition profiles show that there is often a lag before deposits are
observed.|[81] This is suggests that rather than there being a single step from oxygen

+ fuel —— deposits, there is a series of chain reactions leading to deposits.

The effect of oxygen concentration on deposit formation seems to attract conflict-
ing findings. Some studies indicate that lower oxygen concentrations leads to fewer

deposits,[72] whereas other research indicates that deposition is zeroth order with
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respect to oxygen concentration moving to first order at limiting concentrations,|97]
with one paper even demonstrating that a decreased oxygen concentration resulted
in higher deposits.[98] The conclusion of later studies is that merely assigning zeroth
order dependence on deposit formation was a simplification of the chain reactions
occurring. Lower oxygen concentration broadly decreases deposit formation, but
there are some cases where this effect is not observed as strongly which is attributed
to the specific fuel chemistry.|71], 99 24]

The latest work indicates that decreasing oxygen concentration in fuel leads to a
first-order relationship in the reduction of deposits.[63] The consensus that emerged
is that oxygen is involved with a crucial first step in the autoxidation process by
forming alkyl peroxyl radicals, which go on to form peroxides by abstracting hydro-
gens from the hydrocarbon mixture in fuel (Figure [2.3).]26, 29, 24]
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Figure 2.3: Alkyl Peroxyl Radical Formation Process [100]

The uncatalyzed homolytic fission of hydroperoxide, owing to the comparatively
weak O-O bond (bond dissociation energy 30 —40 kcal mol '), can produce two free
radicals.[101]

ROOH — RO - + HO- (2.1)

Hydroperoxide has been shown to be the initiation step for a series of further
radical reactions leading to deposits in jet fuel [I02] such that even small ppb con-
centrations have severe deleterious effects on the fuel oxidative stability.[24] Hy-
droperoxide has also shown to be initiators in other oxidative chain reactions in

other fields including wine aging[103| and within the body as a mechanism for DNA
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damage. [104]

2.2.2 Bulk Hydrocarbon Composition

When considering the fuel chemistry (details in Section[1.3.1.1), let us first consider
the main bulk compounds, alkanes. These consist of iso-,n- and cylco-alkanes. A
study using QCMs to compare alternative fuels composed only of iso- and n- alkanes
showed that the degree of branching had a negligible effect on thermal stability.|[12]
Nonetheless, a fuel containing highly-branched species would be expected to oxidize
slower due to the higher stability of tertiary carbons.[20] In related research, three
distinct stages of oxidation of alkanes in fuels have been identified: a first stage where
only oxygen contributes to the main oxidation reactions, a second stage where the
oxidation of fuel by alkyl-peroxy radicals form polyfunctional alkyl-peroxy radicals
and a third stage where polyfunctional alkyl-peroxy radicals form larger molecular

weight products. [105]

The chain length of the bulk fuel alkane had little effect on the type of autoxida-
tion products. These included oxygenated hydrocarbons like ketones, alcohols, and
acids as well as alkenes and alkanes from the first stage of autoxidation. Products
from subsequent stages included lactones and furanones.[105][106] These findings are
supported by earlier work [107] and by GCx GC analysis of oxidized fuel mediums as
shown in Figure[2.4] Nevertheless, increasing chain length showed improved thermal
stability for alkanes until 12 carbons, where any further improvement was found to
be negligible.[I08] Cyclic alkanes have been shown to have little effect on thermal
stability compared to straight chain compounds. However, they increase fuel density
compared to iso-alkanes so can be seen as a favorable addition to fuel chemistry.|26]
Recent work focusing on the deposition mechanisms of a decalin (cyclic alkane) jet
fuel under oxygenated stress proposed a number of deposition mechanisms for bulk
hydrocarbons. After thermal stressing a pure decalin flask oxidizer, LC-ESI-MS
analysis of the deposits suggested that condensation reactions and/or polymeriza-

tion reactions were responsible for the formation of deposit.[74]

Aromatics are also present in fuels (Figure . They have been implicated in
increasing the total amount of deposits, but in also decreasing the rate of deposit
formation.[I09, 110] Alkyl peroxyl (ROO-) and alkyl hydroxyl (RO-) (Equation
radicals both abstract hydrogens from the fuel hydrocarbons. DFT work has
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Figure 2.4: GCxGC analysis of stressed Jet-A fuels. Multistep oxidation stages

shown, where three distinct regions of oxidation products are identified [27]

shown weaker C—H bonds in benzylic species compared to alkyl C—H bonds.[29] In
fact, a DFT study employing B3LYP//6-31G(d) noted that the higher calculated
barrier to abstract a hydrogen from n-butane compared to aromatic ethylbenzene
meant the aromatic molecule was 65 more times likely to react with radical species.
This means that they are more susceptible to oxidation than straight chain species
[30], as exemplified in Figure The stabilizing delocalization effects of aromatic
rings make the subsequent radical species more stable than alkyl radicals, creating a
‘chain-breaking’ effect. As a consequence, the resultant aromatic radical species are
less likely to react leading to a slower rate of oxidation of the rest of the fuel.[100] A
similar effect is seen with the antioxidant BHT (see Figure [1.5)). Here, the methyl
group adds extra stability to the already stable ring system, when the hydrogen
atom on the phenol group is abstracted.[111]

The increased deposit formation overall can be explained by the propensity of
aromatic radicals to form larger molecules (oligomers). These oligomers are, in gen-
eral, less soluble in solution. Moreover, they can undergo further oligomerization

reactions to form even larger macromolecules.[42] Thus, diaromatics form more de-
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posits than single aromatic ringed species, given that for the former there are fewer
successive steps to insoluble deposits.[27] However, further elucidation of the chem-
ical mechanisms to deposit is needed, since some aromatics have shown to decrease

both the total amount of deposit formed as well as the rate of deposit formation. [TTT]

Antioxidant Species

HyC H;C
0 s NH
y A
C CH
H3C’ > 3 _
c c

Calcuated X-H bond 96.4 9.6 83.0 78.9 731 85.4

dissociation energies
(kcal/mol)

X X X
Dissociation of the radical CH
round the ring | | |
<> >
s
[
| H

l

Coupling reactions to larger molecular weight species

Figure 2.5: Stabilizing effect of antioxidants and aromatics, the bond dissociation

energies are calculated using DFT with a B3LYP functional [29]

2.2.3 Physical Conditions
2.2.3.1 Flow Conditions

Flow conditions, namely shear stress and velocity, have been shown to have an im-
pact on the formation of deposits.[112, 113, 114, [115] Shear stress can be said to be
a function of velocity, pipe geometries, wall roughness, and flow viscosity.[116] Flow
velocity is treated separately here, since it not only influences shear stress but has

an effect on residence time and heat transfer coefficient. Experiments in flowing rigs
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have shown that an increase in velocity increases the amount of deposits,|[117, [113]
which can be explained by increased mixing at higher velocities which leads to bet-
ter mixing of reactants and increased heat transfer. A secondary effect of increased
velocity is a higher shear stress on the walls, which could lead to ’scrubbing off” of
the deposits. Moreover, increases in velocity lead to a reduced residence time, pos-
sibly reducing the total deposits formed. However, both these secondary effects do
not have as strong an influence as the enhanced heat and mass transfer (see Figure
. One paper found that at very low laminar velocity flows, the peak deposition
rate occurs at a lower temperature, due to the increased residence time, but higher

flow rates still resulted in greater overall deposits.|[112]
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Figure 2.6: Effect of Flow Velocity on Deposit Forming Process [117]

With regard to the effects of shear stress, since the viscosity of jet fuel is roughly
kept constant, surface roughness and pipe geometries are the key avenues of inves-
tigation. Decreasing the pipe diameter increases the shear stress on the walls if all
other variables are kept constant, and has been shown to increase the amount of
deposits.[117] Once again, despite the increase in shear stress, the higher Reynolds
flows produced by small diameters leads to greater mass and heat transfer conditions,
increasing deposit formation. The effect of increased surface roughness, increasing
shear stress, results in greater deposit formation in the turbulent region only. This

is due to roughness projecting roughness elements into the bulk flow and increas-
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ing mass and heat transfer. So once again, the effect of shear stress is negligible
here. [118)]

2.2.3.2 Temperature

Temperature is one of the most important factors affecting thermal oxidative sta-
bility. Although fuels are known to degrade over time in ambient conditions,[1T9]
ambient fuel degradation is a slow process requiring months of testing time to pro-
duce deposit.[120] By contrast, the temperatures experienced by fuel in aircraft are
in excess of 100 °C, with temperatures at around 160 °C at the fuel injector.[38] The
increase in temperature leads to the build up of deposit measured in hours. To
begin with, research by Zabarnick et al. has shown that the autoxidation of fuel ac-
celerates above ambient temperatures (Figure [2.7)).[121] Increased autoxidation rate
is due to the rate increase for several reactions. However, crucially, hydroperoxides
undergo homolytic fission (Figure at much greater rates at higher temperatures.
Additionally, higher temperatures allow for the increased hydroperoxide formation

from the reaction:

RH + O, — ROOH, (2.2)

due to the high energies required to break the C—H bond. In turn, the higher levels of
hydroperoxides produces will then further decompose to more radical species.[100] [60] [122]

Although it is clear deposit formation is greatly accelerated above ambient
conditions,[IT3] the rate of deposition has been found not to increase with temper-
ature indefinitely. Early work by Taylor and Wallace indicated a linear relationship
between temperature and the rate of deposition in a flowing rig for both conventional
fuels [35] and pure hydrocarbons.[I10] Nonetheless, the researchers noted that, at a
certain temperature unique to each fuel, the rate of deposition suddenly leveled off
or even decreased.[35] A similar observation was found by Balster et al., where the
mass of deposit generated by several conventional fuels in a near-isothermal flowing
reactor was lower at 225°C compared to 185°C. It is important to note at 225°C
the rate of deposition dropped was lower that in Taylor and Wallace’s study, which
found temperatures in excess of 450 °C were required to observe a drop in deposition
rate, potentially due to a different starting chemistry of the fuel. Nevertheless, in
order to explain these effects, the Balster et al. study noted two possible effects.

The first effect is a chemical one. The authors propose that the direct reaction of
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Figure 2.7: Effect of Temperature on Oxygen in Fuel [12]]

hydroperoxides with antioxidants is the key step to deposition, but at higher temper-
atures, the decomposition of hydroperoxides is accelerated reducing their availability
to directly form deposits. The second effect proposed is physical, where the increase
from 180°C to 225°C leads to a higher solubility potential.[123]

2.2.3.3 Pressure

Because an aircraft experiences varied pressure as it moves through various altitudes
during its operation, the effect of pressure on deposition and autoxidation has been
studied. Since the dissolved oxygen concentration in fuel is related to Henry’s law,
and thus related to the total pressure and partial pressure of oxygen, the rate of

autoxidation and deposition will decrease at higher altitudes.[124][35]

In relation to the pressure of the fuel, work has shown that higher pressures have
a negligible influence on deposition.[125|[112][79] Ervin et al. found that thermal
oxidative deposits from a conventional fuel did not change significantly as the system

pressure was increased from 3.89 MPa to 6.31 MPa. Interestingly, the effect of
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pressure of the fuel had a much more pronounced effect on pyrolytic deposition.|79)
Similarly, Marteney and Spadaccini found no strong relationship between deposition
and pressure with a JP-5 fuel in a flowing rig. The authors highlight that fuels should
only exhibit significant changes in deposition regimes below the critical point.[112]
As Hazlett indicates, fuels below the critical point will produce abnormal deposition
regimes due to the emergence of a vapor phase.[33] Nonetheless, the typical operating
pressures of fuel systems means that it is unlikely fuels will ever drop below their

critical pressure. [126]

2.2.4 Heteroatomics

The heteroatom component of fuel is typically less than >0.1% of the fuel body,
and therefore make up a minor component of the fuel mixture.|33] The main het-
eroatoms present in fuel can be split into sulphur, nitrogen, dissolved metals, and,
oxygen-containing species. Despite their low concentrations within the fuel, they are
known to have a significant impact on deposit formation. This is why synthetic fuels
containing almost no heteroatoms are known to yield almost no deposits, despite
their vulnerability to quick autoxidation. The inverse effect is again highlighted in
Figure where a single component dodecane oxidizes quickly but yields no de-
posit. This section will explore the effects of the heteroatoms in fuel, and attempt to

separate their role in the autoxidation process and subsequent agglomeration steps.

2.2.4.1 Sulfur Species

Early investigations found sulfur levels at a higher concentration in deposits, sug-
gesting that they play a role in deposit formation.[35] Other authors postulate that
acid-forming sulfur species are a catalyst for condensation reactions observed in
fuels.[I127] The total sulfur is limited in a number of standards.[128] [129] However,
a comparison by Rawson et al. in Figure clearly demonstrates that the total
sulfur content is a poor predictor for amount of deposits. In order to fully under-
stand the role that sulfur plays in jet fuel deposition the sulfur class must be split
into its constituent species, each with their own influence on the autoxidation and

deposition chemistry on fuel.

The main classes of sulfur species are: mercaptans/thiols, sulfides, disulfides, and
thiophenes. Each compound has a varying effect on the amount of deposit and rate of

autoxidation, even within specific classes. Moreover, there are often contradictory

34



2.5

= FT149 - 786
—FT157 - 294
= FT151-769
—FT150- 1242
- FT160 - 162
e FT155 - 14
= FT156 - 1190

Mass of deposit microgramsfcm2

ww Model Fuel

0.5 2.5 4.5 6.5 8.5 10.5 12.5 14.5
Time under thermal stress, Hours

Figure 2.8: Total Sulfur and Mass of Deposit in a QCM, the total sulfur is given to
the right of the fuel names in ppm. Taken from [51]

results between the same compounds, reflecting the sensitivity between the test
conditions and thermal oxidative stability. This section will explore the studies
investigating the sulfur species classes has on thermal oxidative stability, and then

compare each of the classes with one another.

SH

R

Figure 2.9: Generic Thiol Structure

Thiols/Mercaptans Thiols/Mercaptans are end-chain sulfur species. They are
the only class of sulfur species to have limits placed on their maximum concentrations
by jet fuel standards. where they are limited to a maximum concentration of 0.003
w/w% in Jet-A-1 in the DEFSTAN standard.[129] This is because they are thought
to reduce the thermal oxidative stability in fuel even at low concentrations.|33]
Therefore, a process to convert thiols to disulfides known as ’sweetening’ is em-
ployed at the refinery stage to reduce the concentration of thiols below maximum

specification levels.[§]
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First, the effect thiols have on autoxidation will be examined along with their
subsequent products. Naegeli et al. found that 50 ppm of thiophenol added to
dodecane at 433 K for 4 h in a static aluminum vessels slowed down the rate of
autoxidation. A straight-chain thiol was then tested, which had a smaller effect on
slowing autoxidation. 50 ppm of hexanethiol at the same conditions had little effect
on the autoxidation rate, but 200 ppm slowed the rate to a similar extent as 50 ppm
of thiophenol.[52] By contrast, Rawson and colleges found that a straight chain thiol
reduced the autoxidation rate to a greater degree than thiophenol. In their study,
20 mmol L' of decanethiol and 39mmol L=! of thiophenol was added to a model
80% dodecane- 20% toluene fuel for 15 h at 413 K in a stainless steel static vessel.
The pure model fuel reached 0% oxygen concentration in the headspace after 4 h
but decanethiol slowed the rate of autoxidation significantly more, with a drop from
45% to 38% oxygen in the headspace after 15 h stressing. On the other hand, unlike
Naegeli’s study, the aromatic thiophenol slowed the rate of autoxidation to a lesser
degree, with a drop of 43% to 17% oxygen in the headspace after 15h stressing.|[51]
The contradictory results here could be initially attributed to the time length of
tests, since it has been shown that aromatic thiols behave differently under longer
stressing conditions compared to straight chain thiols.[I30] However, since Naegeli
et al’s experiments run to complete oxygen depletion, this can be ruled out as a
possibility. Alternatively, there is the possibility that Rawson et al.’s model fuel is
not representative enough of the Jet-A fuel employed in Naegeli et al’s study, or the
different vessel wall materials have an influence. Nevertheless, both studies show

the retarding effect thiols have on autoxidation.

Direct measurement of hydroperoxides, a key initiating species in the autoxida-
tion radical chain reaction, provides another method of measuring the antioxidant
effects of species. Watkins et al. found that concentrations of thiophenol in the
range 0.03-0.1% in a Jet-A fuel at 65°C inhibited hydroperoxide formation for a
number of weeks, until all thiophenol was depleted. The tests were carried out
in glass vessels.[I31] In another study, 1000 ppm of hexadecyl thiol was added to
Jet-A-1 at 160°C for 30 minutes in a glass flask. Hexadecyl thiol reduced peroxide
formation by two orders of magnitude compared to Jet-A-1.[69] From these studies,

it is clear thiols can act as antioxidants by decomposing hydroperoxides.

Several mechanisms are proposed to explain the thiol antioxidant properties.

Chien et al. propose that sulfonic acids, arising from the oxidation of thiols, decom-
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pose hydroperoxides via the following mechanism:

H* + ROOH — ROOH,* (2.3)
R—OOHQ+ e R+ + H202 (24)
R" 4+ ROOH — ROOR + H* (2.5)

[132] However, the role that these acids play in decomposing hydroperoxides attracts
contrasting results. On the one hand, Rawson et al. demonstrate, that the direct
addition of sulfonic acid to a fuel seemed to have little effect on the rate of autoxi-
dation of fuel.[51] Moreover, the termination product from the above reactions will
still be unstable due to the peroxide linkage, leading to the scission of the O-O bond
and production of hydroxy (RO -) radicals.[133] On the other hand, the addition of
an acid inhibitor additive by Naegeli et al. into Jet-A led to an increased rate of
autoxidation.[52] However, there could be several mechanisms whereby the inhibitor
itself could be displaying antioxidant characteristics here. Other studies outside the
area of fuels demonstrate the power of strong sulfuric acids to decompose cumene

hydroperoxides to phenols and acetone via the following reaction:

AI'—C(CHg)Q—OOH + H30+ — Ar—OH + (CHg)QOC + H30+. (26)

[134]
However, these reactions were carried out in an aqueous solvent, and could ex-
plain the lack of autoxidation inhibition when sulfonic acid was added to the non-

aqueous fuel phase, as observed by Rawson et al.[51]

Another way that thiols can act as antioxidants in fuels is as hydroperoxide sinks.
In a step-wise manner, they are able to react to form sulfinic (2.7al), sulfenic (2.7b))
and eventually sulfonic acids (2.7¢]):

RSH + ROOH — RSOH + ROH (2.7a)
RSOH + ROOH — RS(=0)(OH) + ROH (2.7b)
RS(=0)OH + ROOH — RS(=0),0H + ROH. (2.7¢)

[70L [135] It also proposed that hydroperoxides decompose via the following mecha-

nism, forming disulfides:

2 RSH + ROOH — RSSR + ROH + H,0. (2.8)
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[136, 137, [138] With regards to the formation of disulfides from thiol, Mushrush et
al. demonstrated that a n-nonanethiol added to a JP-5 fuel oxidized through this
(equations pathway preferentially over the acid forming pathway (equations
[2.7).[139, [140] Mushrush et al. were also able to demonstrate that alcohols were the
major product when hydroperoxides react with sulfides, with acetone as a minor

product.[140] They propose the following scheme for the oxidation of thiols:

SH
R
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‘ [oxidation] R [oxidation] |
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Figure 2.10: Proposed autoxidation pathways for thiols, presented in [139]

Sulfonic acids, and other sulfur organic acids, are known to greatly increase de-
position, and are regarded as a key species whereby thiols influence the formation
deposits by a number of authors.[127, T41] An early study looking at the influence of
thiols by Taylor and Wallace, demonstrated that 1000 ppm of hexadecanethiol and
dodecanethiol added to Jet-A fuel increased the deposition rate, and that this rate
increased exponentially from 456 to 500 K.[142] Another study showed the removal
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of thiophenol, shown in Naegali et al.’s study [52] to have a strong inhibiting effect on
autoxidation, to below 10 ppm significantly reduced the formation of deposits.|[143]
Further evidence of the deleterious impact of thiols on oxidative stability is provided
by a study by Daniel and Heneghan, where the addition of 10 pg L™! of butane, pen-
tane and benzene thiol to Jet-A in a glass walked container at 408 K all increased
deposits above the pure fuel control.[62] Daniel and Heneghan’s work also suggests
that straight-chain thiols are the most problematic species for thermal oxidative
stability. Straight chain thiols were also found to be more problematic in Naegeli
et al.’s study, where 50 ppm of hexane thiol increased the formation of gums to
a greater extent than 50 ppm of benzene thiol under same conditions.[52] This is
interesting since in the same study showed that benzene thiol had the greatest re-
tarding effect on autoxidation, suggesting that it would have formed a larger amount
of sulfonic acid via reactions This could add further support for the non-acid
forming antioxidant mechanism like that presented in equation competing for

the formation of sulfonic acid pathways.

Not all studies point to thiols as being problematic for the fuel. In recent work,
Rawson and colleagues added 20 mmol L™ of decanethiol and 39 mmol L' of thio-
phenol to a model 80% dodecane- 20% toluene fuel for 15 h at 413 K.These produced
similar amounts of deposits to the un-doped model fuel. However, when sulfonic acid
was directly added to the model fuel, the amount of deposit was greatly increased.
Like Naegeli et al.’s work, this could suggest that thiols either form small quantities
of acid (Figure or an alternate pathway. Interestingly, Rawson et al. found
when investigating several real Jet-A fuels characterized by their total thiol content,
that the fuels with the highest thiol content were not significant depositors.|[51] This
highlights the divide in literature and the sensitivity to the individual testing con-
ditions. Additionally, as will be discussed in Section [2.2.4.3] sulfur compounds may

require nitrogen species to produce deposits.

The mechanism whereby sulfonic acids, arising from thiol oxidation, form de-
posits on the wall and the bulk has been explored by a number of authors. Firstly,
within the bulk fuel, early studies suggest that sulfonic acid catalyze esterification
reactions in the heating fuels.[I44] There is evidence for the presence of esterification
products in bulk fuels,[105] where strong sulfonic acids could catalyze their produc-
tion. Acid-base reactions between sulfur and basic nitrogen compounds within hy-

drocarbon fuels are also proposed in later work.|[145] [63] However, a study correlating
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the basicity of nitrogen compounds and total deposits found that it was the non-
basic compounds that caused the formation of the highest amount of insolubles. [146]
The role that nitrogen species will be discussed in further detail in Section[2.2.4.3] It
has also been suggested that acids catalyzing the formation of phenols play a role in
forming phenols (see equations[2.6)),[69, 147] which have been shown to be extremely
deleterious to thermal oxidative stability by multiple studies (Section .

Sulfonic acids from thiols are also implicated in playing a role in the adhesion to
the wall. Kauffman et al. hypothesized that sulfonic acids are crucial to first stage

of deposition:

Acidic Sulfur Oxide + Metal Surface — Initial Deposition (2.9)

[69] The authors demonstrated that the treatment of steel wires with various acid
neutralizing compounds reduced deposits. Increasing levels of ferric oxide (12, 25,
50 ppm) and calcium oxide (50, 100 ppm) were able to successively reduce deposit
thickness on the steel wires down from 1800 nm untreated to a minimum of 80nm
treated. By contrast, powders known to be unreactive towards acid like silicon diox-
ide and aluminum oxide had little on the thickness of the deposit. These result
highlight the importance of a judicious selection of wall material for testing deposi-
tion. Overall, it is clear there is a large body of work implicating sulfur based acids

in the formation of deposits.

Not all authors believe acids, arising from autoxidation of thiols, play a significant
role in the formation of fuels. Hardy and Wechter,[148] discovered that measuring
the total acidity alone was not a predictor for the formation of bulk deposits in diesel.
Moreover, the addition of an organic base (trialkylamine) to neutralize these acids
increased deposits. In a different study, the addition of tridodecylamine, another
organic base, also increased the formation of deposits, but in this case the authors
pose that the suppression of hydroperoxide decomposing acids (see equations 2.5/ and
equations as to the reason why deposits increase.[52] By contrast, Hazlett et al.
showed the addition of piperidine, an organic base, was able to decrease the amount
of deposition.[127] With such contrasting results, and acids possibly affecting au-
toxidation and later agglomeration stages in different ways, it becomes difficult to
conclude the mechanism of acid catalyzed deposition from just the addition of basic

nitrogen compounds. Especially since nitrogen heteroatoms have been implicated
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in the formation of deposits themselves (see Section [2.2.4.3]).

One study which is particularly critical of the acid theory of deposition used a
solvent extraction gravimetric technique to examine the effect of acids on fuel. In
this work, Hardy and Wechter were able to show that addition of dodecylbenzene
sulfonic acid (DBSA) to a diesel fuel had no significant effect on deposition. In their
study, acids had no influence on deposits whether polars were kept in or removed
from the diesel fuel, suggesting that sulfonic acids do not catalyze reactions between
polar constituents in fuel. Moreover, unlike many other studies, upon addition of
the acid the fuel was immediately filtered to remove any immediate acid-induced
precipitate. The workers deemed precipitates produced instantaneously upon addi-
tion of acids were not reflective of real deposit masses, but rather solvency effects
from adding a strong acid to the non-polar fuel. It was shown that the precipitate
immediately generated was of a similar mass to the added DBSA. Nevertheless,
one of the fuels stressed for 90°C from fuel filtered immediately after the addition
of acids, was shown to increase deposits by two fold.[I49] In summary, it is not
clear still as to what role acids play in bulk deposition, and whether acid-catalyzed
pathways contribute to a large portion to the formation of bulk deposits. But this
is most likely reflective of the fact that bulk deposition occurs through multiple
mechanisms as highlighted by Hazlett in an extensive review into jet fuel thermal

oxidative stability.|33]

R1 R2

\S/

Figure 2.11: Generic structure of a sulfide

Sulfides Sulfides as a species class are not limited by their composition in fuel,
apart from being encompassed in the total sulfur specification for Jet-A.[128] [129]
Sulfides are characterized by singular sulfur atoms taking the place of a carbon atom,

analogous to an ether when compared to oxygen.

First, looking at the effect of sulfides have on autoxidation. Naegeli et al. found
that the addition of 50 ppm of thioanisole to a dodecane-15%cumene model fuel had

no effect on autoxidation.[52] Another study by Rawson and workers found similar
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results, where butyl sulfide (23 mmol L™!) and phenyl sulfide (24 mmol L.™!) had no
effect on autoxidation in an 80% dodecane- 20% toluene. The tests were performed
in a steel vessel 15 h at 413 K.[5I] By contrast, another study by Mielczarek et al.
found that when dibutyl sulfide was added to dodecane in a petrOoxy, the rate of
autoxidation was significantly slowed. Dibutyl sulfide and dodecane were combined
in a 1:500 volume ratio in a PetroOxy device at 423 K, in this study the PetroOxy
device automatically switches off after a 10% pressure drop, giving the total resi-
dence time. The addition of dibutyl sulfide increased the residence time by +43%
compared to neat dodecane, slowing autoxidation. [I15] Kauffman et al. were able
to show that the addition of 1000 ppm benzyl phenyl sulfide to Jet-A was able to
reduce the amount of hydroperoxides.[69] The variation in results here highlights the
sensitivity to the specific structure of the sulfide compound, as was also highlighted

in a study exploring sulfur constituents in gasoline fuels.[130]

In order to examine the autoxidation behaviors of sulfide containing fuels, their
oxidation mechanism can be explored. When sulfides are oxidized they form sulfox-

ides and then sulfones in successive steps shown in Figure

Mushrush et al. were able to demonstrate that sulfoxides were the major prod-
uct of sulfide oxidation,|[139] whereas sulfoxides were the minor components. The
authors also showed that alcohols were the main product when hydroperoxides re-
acted with sulfides with acetone as a minor product.[140] Epping et al. showed that
sulfones and sulfoxides, formed from sulfide oxidation, were shown to have no effect
on deposition in fuels. When 0.1 mol L™! of pentamethylene sulfide was added to a
model fuel sample in a steel autoclave at 4.5 bar of air for 24 h at 120°C, the amount
of deposit decreased by almost half compared to the un-doped fuel.[68] In another
study, 10 pg L™! of dibutyl and dipentyl sulfide was added to Jet-A in a glass walked
container at 408 K both reduced deposits after 168h thermal stressing.[150]

Not all studies indicate sulfides as effective deposit reducers. Naegeli et al. found
that 50 ppm of thioanisole added to Jet-A fuel for 180 min at 433 K had no effect on
the amount of deposit. These were tested in an aluminum static vessel.[52] Addition-
ally, recent work by Zabarnick et al. showed that 100 mg L~ di-n-hexyl sulfide had
no effect on deposition when added to a simple commercial solvent in a steel walled
QCM.[63] By contrast, Taylor and Wallace found that 1000 ppm of thioanisole and
phenyl propyl sulfide doped in Jet-A for 4 h at 436 K increased deposition in a tita-
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Figure 2.12: Oxidation of sulfides in a Benzene solvent containing 3 x 10=* M of
t-butylhydroperoxide and 9 x 10~ M hexyl sulfide.[139]

nium alloy (Ti-8A1-1Mo-1V) walled flowing rig.[142] The difference in concentration
here as well as longer testing time and wall effects may have played a role in the
difference from Naegeli’s study. Taylor and Wallace’s study also demonstrate the
effect structure has on the sulfide deposition characteristic, with 1000 ppm of diben-
zyl disulfide and benzyl phenyl disulfide had no effect on deposition. Here, there is a
clear difference between the diaryl and single ringed sulfide. The increased inductive
effects, adding to the strength of the C-S bond, could be a key explanation for the
difference in deposition characteristics between the di-aryl and single-ringed system.
Taylor and Wallace propose that the scission of C-S bonds in the deposit leading to

sulfides being part of the mechanism of deposition:

RSR —> RS- +R-. (2.10)

[142] However, little is presented in the literature as to how these species then form
insoluble products. One pathway could be the direct reaction of RS- with other
fuel species, or even lead to the formation of acids via the formation of thiols which

can then be oxidized. Moreover, Mushrush et al. [139] point to the resistance of
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sulfoxides and sulfones to form acids, which could explain why some studies discussed

previously found they had a minimal effect on deposition.

R1 S
N7 R

Figure 2.13: Generic structure of a disulfide

Disulfides Like sulfides, disulfides are not specifically limited as a class by stan-
dards, but are encompassed in the total sulfurs class.[128| Disulfides are naturally
found in fuels, but also arise out of the sweetening process, where sulfides are con-
verted to disulfides. [33]

Most studies indicate that disulfides slow the rate of autoxidation. Naegeli et
al. investigated the addition of ¢-butyl disulfide to dodecane with 15% cumene for
180 minutes at 433 K in an aluminum vessel. Increasing concentration of 8, 20,
50 and 300 ppm of t-butyl disulfide led to successively lower oxygen consumption,
slowing autoxidation.[52] In another study dibutyl disulfide was added to dodecane
in a volume ratio 1:500 in a PetroOxy device with gold plated walls, the temperature
was 423 K. The addition of dibutyl disulfide increased the residence time by +320%

compared to neat dodecane, slowing autoxidation.[115]

The oxidation products arising from disulfides in decane, a simple jet fuel surro-
gate solution, were analyzed by Rawson et al..[51] In their study 400 uL of diphenyl
disulfide and 200 pL ¢-butyl hydroperoxide (at a concentration of 5-6 mol dm™) was
added to decane and stressed for 2 h at 413 K. The products were characterized using
GC-MS and GC-AED. The dominant product was thioanisole, a sulfide, suggesting
the scission of the S-S disulfide bond. No evidence of thiosulfonate or thiosulfinate
products was found, as were suggested in Figure 2.10 However, in earlier work,
Mushrush et al. identified thiosulfinates and thiosuflonates at 338 K when 0.03% of
diphenyl disulfide was added to JP-5.[139] The different products between Rawson’s
and Mushrush’s study highlights the sensitivity to the testing conditions, and the
potential role of sulfonate and sulfinates as intermediate species to further oxidized
products. The addition of t-butyl hydroperoxide in Rawson et al.’s study could have

led to exaggerated oxidation conditions, compared to the Mushrush et al.’s study
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which relied on the formation of peroxides in-situ from dissolved oxygen.

The mechanisms whereby disulfides slow autoxidation are explored by Naegeli et
al., who proposed that disulfones produced from the autoxidation of disulfides were

responsible for slowing the rate of autoxidation via:

RCHgCHQS(:O)QS<:O)QCH2CH3R — 2 RCHgCHQS(:O)Q . (211)

[52] Here, SO produced is proposed to react with also produced alkenes, leading
to polysulfone deposits. Moreover, SOy could react with trace water in fuels and
form sulfuric acids. The formation of sulfuric acids via the oxidation of the disul-
fones, as shown in Figure , will also decompose hydroperoxides (see equation
[2.6). Decomposition of hydroperoxides from disulfides can be seen in the results of
Kauffman et al.’s study in which 1000 ppm of diphenyl disulfide was able to reduce
peroxides from 5.5mmol L~! in un-doped fuel to 1.5mmol L~!. Interestingly, the
addition of disulfides also lead to increased levels of phenols, which have been shown
to greatly increase deposition.[69] Counter to this hypothesis, once again Wechter et

al.’s work can be cited,[I49] which argues against acids in fuel due to solvency effects.

Looking at the effect of disulfildes on deposit formation. An early study by
Taylor and Wallace explored the deposition characteristics of dibenzyl disulfide and
dibutyl disulfide in 1000 ppm in a conventional jet fuel. They found that both com-
pounds increased the deposition formation rate, with dibenzyl disulfide having the
greatest effect.[35] In one study, n-butyl disulfide and diphenyl disulfide was added
to a Jet-A fuel and a dodecane solvent for 180 min at 433K in an aluminum vessel.
Both the sulfur compounds increased deposition.[52]. When Rawson et al. doped
2.1mmol L=t of diphenyl disulfide in Jet-A-1 fuel deposit were greatly increased
compared to the un-doped fuel at 12000 ug mol™" at the end of 15 h stressed. This
is even in comparison to a fuel with 1.6 mmol L=! of sulfonic acid which produced
around 6000 pmol " after 15h.[51] Overall, it is clear that disulfides have a deleteri-

ous impact on fuel deposition.

The mechanism for disulfide deposit formation can be presumed to be similar
to deposition from the thiol class since disulfides eventually form sulfonic acids, see
Figure Rawson et al. also studied the role that disulfides had on deposition.
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Although no acid production was directly measured, there was evidence of sulfonic

acids by the presence of sulfonic acid esters.[51]

@

S

Figure 2.14: Generic structure of a Thiophene

Thiophenes Thiophenes are thought to be a relatively benign sulfur species by
some authors, [151], [152], [153] but like many of the previous sulfur compounds other
studies disagree.[I50, [I30] There are no limits placed on thiophenes specifically in jet
fuel standards,[I128] but are limited through the wider sulfur fuel limit. Thiophenes

are often identified as the most abundant sulfur compound class in jet fuel.[154]

Let’s first consider the autoxidation behavior of fuels containing thiophenes.
Rawson et al. found that 58 mmol L™! of tetrahydrothiophene doped in Jet-A-1
for 14 h at 433 K slowed down the rate of autoxidation.[51] Thiophene autoxidation
products were studied by Epping and colleagues in model fuels containing aromat-
ics and straight chain compounds, thiosulfoxides and thiosulfones were the only two
products detected by ESI-MS.[68] Here, thiophenes slow the rate of autoxidation by
acting as a radical sink, a preferential site for oxidation rather than direct reduction
of hydroperoxides compared to the other sulfur species. This was demonstrated by
Kauffman et al.. who showed that sulfones and sulfoxides in fact increase the con-
centration of hydroperoxides.[69] Mushrush et al. also highlights the phenomena of
thiophenes increasing hydroperoxide concentration, but it is unclear as to how this

occurs. [139]

The deposition characteristics of fuels containing thiophenes has been investi-
gated by several authors, where there seems to be disagreements on their effect on
the formation of deposits. In an early study, Taylor and Wallace found that 1000
ppm of dibenzothiophene added to a conventional jet fuel had no discernible effect
on the deposition rate over the temperatures 456-500 K.|35] Mushrush et al. point
to thiophenes being low-deposit promotors due to their low reactivity towards hy-
droperoxides, where they found that less than 1% of thiophenes react in a 2-fold
molar excess of t-butyl hydroperoxide. However, since it has been shown that thio-

phenes have a retarding effect on autoxidation, this is unlikely to be direct evidence
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for low deposition characteristics.[141] Nevertheless, in a later study comparing the
deposition tendencies of two Jet-As, one containing 0 ppm of sulfur and one contain-
ing 4200 ppm of dibenzo and benziothiophenes showed that both fuels had almost
identical deposit concentrations after heating for 363 K in a glass container for 16
h.[154] Despite evidence presented here suggests that thiophenes are innocuous to

fuels, a few studies find the opposite is the case.

Looking at studies showing thiophenes increasing deposition, Daniel and Heneghan
found that adding 10 pg L=! of dibenzothiophene to Jet-A in a glass walled container
at 408 K increased average deposition over an un-doped fuel.[I50]. A later study by
Epping et al. doped 0.1mol L™t of dibenzothiophene in fuel showed that deposition
increased by 60% compared to the clean fuel.[68] Outside the jet fuel area, one study
demonstrates that a number of different thiophene compounds increase deposits in

gasoline, with dibenzothiophene being especially deleterious.[130)]

Exploring a possible mechanism that thiophenes may lead to deposits may help
explain the conflicting results between the above studies. As was highlighted evi-
dence from Epping et al., thiophenes tend to form non-acid products like sulfones and
sulfoxides.[68] Moreover, elemental analysis from deposits produced in fuel doped
with thiophenes show no increase in sulfur compared to deposits from an thiophene-
free fuel, suggesting thiophenes themselves do no take part in directly in deposit
forming reactions. However, the ability of thiophenes to increase the concentration
of hydroperoxides as shown by Kauffman et al. and Mushrush et al.,[69], 139)] could
mean that fuels with other components known to produce deposits in the presence of
increased hydroperoxides are responsible for the increased deposition. Because even
conventional fuels are hugely varied in composition, trace compounds other than
the thiophene component could explain the observation that some studies show no

effect on deposition whereas others show an increase.

2.2.4.2 Oxygenated Species

Various oxygen-containing species are present in jet fuel, the key classes are: ketones,
aldehydes, alcohols, carboxylic acids and phenolic species.[33] Many of these species
are formed in storage by low temperature autoxidation or are found as indigenous
species.[I55] When the fuel undergoes autoxidation and dissolved oxygen forms hy-

droperoxides, oxygenated species are formed at various proportions depending on
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the physical and chemical properties of the bulk medium.|[27] Several papers have
attempted to correlate the presence of these species to the formation of deposits in

order to better understand their role in deposition mechanisms.

Ketones, Aldehydes and Carboxylic Acids The oxygenated species- ketones,
aldehydes and carboxylic acids - arise from the majority of autoxidation reactions
from hydrocarbons, albeit in different proportions, so studying their specific effect
on deposits has been difficult.[I0I] Nonetheless, several authors have studied their
effect on deposition- either by correlating their initial concentrations to their influ-

ence on the fuel or by doping fuels with them.

An investigation by Taylor and Frankenfield looked into the effect of oxygenated
compounds in low oxygen conditions. Removal of oxygen from the fuel simulates
the depletion stage experienced by fuel in a closed system (Figure . In this way
the ability of autoxidation products to oligomerize/polymerize into larger species
can be studied in isolation from their effect on autoxidation. Nonetheless, removal
of oxygen also precludes any free-radical deposition effects, which may be required
for agglomeration of oxygenated species. The base fuel chosen was a JP-5, a US
military grade fuel, with less than 1ppm thiol sulfur, 234 ppm total sulfur and 1
ppm total nitrogen. In each case, the compounds were added to deoxygenated JP-5
bring the total oxygen heteroatom level to 100 ppm. A flowing 316 steel walled
rig at 69 atm was employed with 4 zones at 371 °C, 427 °C, 482 °C and 538 °C
respectively. Several classes of oxygenated compounds were investigated as shown
in Table[2.1} The hydroperoxides tested increased deposit compared to the base fuel
as they act as initiators to the radical chain mechanism in the absence of oxygen.
Presumably these radical products would begin to form products with the impurities
in the JP-5 fuel. N-dodecanoic acid also showed increased deposit in relation to the
base fuel, the other acids tested also slightly increase deposition with the exception
of 2-ethylbutyric acid.[I56] Within the context of sulfurs, acids have been suggested
to take part in condensation reactions in the bulk phase and/or play a role in the
adhesion of deposits to metal walls (see Section [2.2.4.1)). Carboxylic acids have been

suggested to take part in similar mechanisms.[74]

Antonio et al. found that carboxylic acids tend to chemisorb to iron in model

diesel fuels in.[49] In another study, Hazlett et al. found carboxylic acids- dode-
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canoic, furoic and chloroacetic- all increased the amount of bulk deposits in straight
run distillate fuel. The fuels were aged over 2 weeks at 80°C in a glass walled vessel.
Interestingly, the H" concentration in aqueous solution for each acid was able to
predict the total amount of deposits produced (Figure . However, this corre-
lation broke down when comparing strong (sulfonic) and weak acids (carboxylic).
Nonetheless, authors note that it is surprising that such an analytical approach
would be successful due to the extent of acid dissociation in non-polar media. The
authors state that fact that such a correlation was able to be produced is suggestive
of some limited dissociation in organic media. Furthermore, since no chlorine was
found in the final deposits when chloroacetic acid was added, the authors indicate

that the acids are acting as catalysts in deposit formation.|[127]

The other compounds demonstrating significant deposit enhancement in Taylor
and Frankenfield’s study were methyl benzoate and 5-nonanone, whereas phenols
and aliphatic alcohols demonstrated a moderate increase (Table . By contrast,
aromatic esters and other naphthenic compounds were mostly inert or low depos-
itors. The authors note that the naphthenic compounds, which tend to produce
lower levels of deposits, are known to have a lower resistance to pyrolysis. There-
fore, they explain the low deposition characteristics through the enhanced solubility
of the naphthenic compounds towards polar agglomeration products compared to
their aliphatic counterparts.[I56] In another study, Tseregounis also proposes that
oxidative species formed from autoxidation, are inhibiting deposit formation due to
solvency effects. Tseregounis proposed that oxygenated compounds may increase
the solubility of deposit precursors in fuels, therefore delay deposit formation.|[130)]
It has been shown in other papers that jet fuel deposits are soluble in alcohols and
mixtures of alcohols and ketones, albeit at much higher concentrations that would
be formed from the autoxidation of fuel.[I57) [158§]

Phenols Phenolic compounds have long been known as autoxidation inhibitors in
fuel, but inversely are known to increase deposition.[I59] Phenols are present in fuel
as indigenous components,[24] as antioxidants in fuel,[78] and are even thought to
form from thermal autoxidative stressing of fuel.[24] The antioxidant capabilities of
phenols in fuels are due to two main factors: the bond strength of the O—H moiety

and the ability of phenoxy radicals to stabilize themselves. Firstly, the bond disso-
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Table 2.1: Effect of various oxygenated compounds of jet fuel deposition, recreated

from [156]

20

Total Deposits

Class of Added

Oxygen  Com-

pound

Peroxide

Carboxylic acid

Phenol

Furan

Alcohol

Ketone

Ester

Added Compound

Di-tert-butylperoxide
Cumene hydroperox-
ide

tert-
Butylhydroperoxide
Cyclohexanecarboxylic
acid

n-Decanoic acid
Cyclohexanebutyic
acid

2-Ethylbutyric acid
2,4-Dimethylbenzoic
acid

2-Methylphenol
2,6-Dimethylphenol
2,4,6-Trimethylphneol
Benzo(b)furan
Dibenzofuran
n-Dodecyl alcohol
4-Methylcyclohexanol
5-Nonanone

4-
Methylcyclohexanone
Cyclo formate
Methyl benzoate
Pentyl formate

Base fuel

Oxygen
Content,
ppm of Oy
0.2

0.1

0.2

0.1

0.1
0.2

0.2
0.3

0.2
0.1
0.1
0.2
0.2
0.9
0.3
0.7
0.3

0.2
0.7
0.8
0.4

ng of car-

bon fuel
2878 1.49
7219 3.73
8934 4.62
1563 0.82
2997 1.54
1730 1.54
1291 0.67
1801 0.93
1561 0.81
2048 1.06
1451 0.75
1505 0.78
1410 0.73
2046 1.06
1356 0.70
2422 1.26
1244 0.64
1318 0.68
2488 1.29
1894 0.98
1485 0.77

As ppm based on
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Figure 2.15: Correlation between total deposits and net hydrogen concentration,
taken from [33]

ciation energy (BDE) of the O-H bond compared to the aliphatic C-H bond shown
to be 79 kcal mol™! and 96-83 kcal mol™! respectively from DFT calculations.[29]
The difference in O-H and C-H BDE means the phenolic hydrogen preferentially
abstracted compared to the bulk fuel. In addition, alkyl-substituted phenols have
enhanced stability due to inductive effects adding electron density to the ring as
shown in Figure [2.16] The enhanced stability of phenoxy radicals allows them to

act as a thermodynamic sink, slowing the free-radical chain reaction (’chain break-

ing’).

First the effect that phenols have on autoxidation will be explored. Zabarnick et
al. were able to show that the addition of BHT to Jet-A fuel slowed the rate of
autoxidation significantly. The doped run led to a far slower drop in headspace
pressure, indicative of slower oxygen consumption.[I59] A later study by Kerkering

et al. showed that various substituted phenols were able to slow the rate of autox-
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Figure 2.16: Resonance stabilization of the phenoxy radical and BHT

idation significantly in several model fuels. The results show that all the phenolic
compounds employed slowed down the rate of autoxidation as shown in Figure [2.17]
Moreover, the greater degree of methyl substitution the greater the stability, due to
inductive effect described in Figure [2.16 The opposite effect is seen in the case of
2-phenylphenol (2-PhP on Figure [2.17p), where the electron withdrawing capabili-
ties of the phenyl group lead to a lower retarding effect on autoxidation compared
to methyl groups.[160] Overall, it is clear both indigenous and additive phenols have

an influence on slowing the rate of autoxidation.

In contrast to their retarding effect on autoxidation, phenols have consistently
been shown to enhance deposition. Studies correlating constituent and doped phe-
nols with final deposits are numerous. Early work by Hazlett et al. employed
caustic extraction techniques to isolate natural phenol components form real fuels,
and demonstrated that the addition of these phenol-rich caustic extracts to stable
fuels increased deposition. In their study, several Bass Strait fuels were aged at 80°C
for 42 days in a glass-walled reactor and total insolubles were measured after. A fuel
(LCO-II) with known high phenolic content was selected for caustic extraction- the
light brown extract representing 0.9 g L=! of the total fuel contained almost no or-

ganic acids and high concentrations of substituted and non-substituted phenols. The
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authors highlighted that absence of indigenous acids meant that any acid catalyzed
formation of deposits could be discounted. However as highlighted previously, acids
could still from autoxidation reactions during aging.[123] When LCO-II extract was
added to a low depositing fuel (ACO), the total insolubles at the end of testing in-
creased from 20mg L~ to almost 50 mg L~!. When the neat LCO-II was compared

with the LCO-II after caustic extraction, the total insolubles were also reduced.|[161]

Further exploring phenolic deposition effects, Zabarnick et al. found that pas-
sivization of the reactive portion of the phenol molecule by silylation agents (Figure
2.18) were able to significantly reduce deposits. Several Jet-A fuels were doped with
hexamethyldisilazane (HMDS) in the range of 0.1 —0.5 mL/60 mL fuel and stressed
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in a QCM device. Interestingly, for some of the fuels, before a variable thresh-
old concentration of HMDS, deposition was higher. However, above the HDMS
concentration thresholds lower insolubles were produced for all the fuels tested,
attributed to blocking activity of the phenolic —OH group. Nevertheless, a solid
phase extraction technique, similar to the caustic extraction technique as described
in Hazlett et al.’s study above, showed that removing phenols was more effective
at reducing deposition.[I62] Both Hazlett et al.’s [I61] and Zabarnick et al.’s [162]
extraction/passivization studies demonstrate that phenols contribute significantly
to deposition. Correlations between initial phenol concentration and final deposit

also indicate phenol’s role in deposition.
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Figure 2.18: Silylation of phenols and its effect on Jet-A deposition in a QCM at
140°C [162]

In the 2000s, two studies testing a large suite of fuels with varying heteroatomic
components showed initial phenol concentrations were a strong predictor for depo-
sition. The first study by Balster et al. quantified the total polar concentrations of
20 fuels and the distributions of the polars. Quantification and classification was
achieved via solid phase extraction followed by HPLC then GC-MS (SPE-HPLC-
GC-MS). Each fuel was stressed and total deposits were measured in a QCM at 140
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°C for 15 h. For the 20 fuels tested, total phenols gave the strongest correlation
with total deposits, but only an extinction coefficient (R?) of 0.21. However, when
several outlier fuels were excluded (defined by strong deviations between total polars
and deposit amount) in this class, this increased to 0.60. The other polar classes
quantified in Balster et al.’s study were the nitrogen compounds indoles, carbazoles,
pyridines, anilines, and other oxygenates. All these gave poor correlations before
‘unusual’ fuels were excluded.[65] Poor correlations could be due to the fact that
other heteroatoms known to cause deposition were excluded in the analysis. The
unusual fuels could also have contained high amounts of reactive sulfur and/or dis-

solved metals skewing the data.

The second study, by Sobkowiak et al., quantified the polar content in 4 Jet-A
fuels and 1 Fischer-Tropsch (FT) fuel and correlated the composition against total
deposits produced in a flowing reactor. The 4 Jet-A fuels were used in the previous
study by Balster et al., but the FT fuel was used to create fuel blends in order
to adjust the total polars. When the 4 neat fuels were tested alongside 4 1/1 FT
blends in the flowing reactor at 550°C, an R? of 0.8354 coefficient of determination
was produced between total concentration of phenols and mass of deposit. FT fuels
tend to be completely free of heteroatoms, so when blended with conventional fuels
they will act as a diluent for fuel heteroatoms. When one outlier fuel was removed,
a coefficient of determination of 0.9777 was given. The authors compare this to the
R? of 0.5855 of the total polars to deposits in Balster et al.’s study. However, since
their selection of fuels is itself a subset of Balster et al.’s study, the comparison is
invalid. The inclusion of 4 1/1 FT blends of the original study helps to artificially
increase the data set size for the phenol deposits correlation. The inclusion of the
blends highlights a linear relationship between phenol concentration and total de-
posits within specific fuels- rather than specifically showing a stronger correlation
between indigenous phenols and total deposits.[163] The linear relationship between
FT blend and thermal oxidative instability was not observed in a previous study
where blending gave a complex non-linear relationship.[44] Despite the deficiencies
of the second study, both demonstrate that indigenous phenol concentration gives
reasonable prediction for oxidative deposits. However, since thermal oxidative de-
composition is a complex multi-component process, outlier fuels had to be excluded
in order to produce significant correlations in both studies. Outlier fuels may contain
other components like sulfurs or dissolved metals which were not quantified prior to

stressing.
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Table 2.2: Studies correlating phenols with mass of deposit

Reference Coefficient of Deter- Coefficient of Deter-
mination (R?) mination  Excluding

Unusual Fuels (R?)

[65] 0.21 0.60
[163] 0.8353 0.9777

Not all studies indicate that phenols exhibits large amounts of deposit . A
study by Clark and Smith quantifying deposits generated from doped fuels using a
JFTOT and carbon burn-off technique showed phenols only very slightly elevated
deposit formation. A clean conventional Jet-A-1 fuel yielded 10 pg of deposit at
623 K. The same fuel and conditions doped with 100mg L~ of 3,5-dimethylphenol
and 2,6-dimethylphenol produced 14 and 15 ug deposit respectively. The levels of
deposit generated by phenols are low in contrast to the other compounds tested
such as ethane sulphonic acid, which generated 225 pg of deposit. Furthermore, the
phenol deposit levels are lower than all the nitrogen and sulfur species tested.|[164]
The results here are not explicitly contradictory with the work highlighted previous
work showing phenols as depositors. However, the work here shows that the influ-
ence phenols have on deposition may be lower than for other species. Moreover,
the flowing configuration in the JFTOT device may not provide enough residence
time for phenols to form deposits, despite being a closer representation of a real fuel
system. As highlighted in Figure 2.22] some phenols only exhibit deposits after a
long stressing time. Interestingly, Clark and Smith found that phenols combined
with strong and weak acids lead to a synergistic effect of deposit formation. The
synergistic effect manifests in higher levels of deposits than the sum of individual

total deposits forming from phenols and acid separately.

The studies demonstrating phenols as high depositors in Table [2.2] neglected
to test for the presence of sulfur components. Naegeli et al. suggests the abil-
ity of phenols to form deposits could be reliant on the presence of acids. Naegeli
et al. compared the LIF spectra of a phenolic resin and deposits generated from
a stressed Jet-A fuel (Figure . Phenolic resin was formed by acid-catalyzed
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cross-coupling reactions between and aldehydes.[I147] Nonetheless, a recent study by
Zabarnick et al. showed that sulfide suppresses phenol deposit interactions (Figure
2.22)). However, the identity of the sulfur compounds could have a varying effect
on the interaction. Further characterization work needs to be done to understand

phenol-sulfur interactions.

Work characterizing the structure of deposits from a surrogate fuel [68] and a
low-heteroatom phenol-containing middle-distillate [I55] has indicated phenols ox-
idatively couple. In each study, deposits were generated with a flask oxidizer, and the
resultant deposit was analyzed using soft-ionization mass spectroscopy techniques.
The compounds detected match generic phenolic oxidative-coupling products pre-
sented in Figure 2.19) In the case of the middle distillate fuel tested, the authors
suggest copper and pyridine could catalyze the oxidative-coupling reactions, en-
hancing the amount of deposit.[I55] Oxidative coupling occurs in the presence of
free-radicals, and are known to occur for a large number of compounds, particularly

aromatic compounds. [165]

OH (0]
HC CHy HC CHy
O '
C CH
Hy 3 CHy |
(6]
(0] ‘
CHy HyC CH,
(0]

Formula: CgHz0, Formula: C;gH,00, Formula: C.H..O
: Ci6H160;

Figure 2.19: Products from 2,6-dimethylphenol stressing produced an autoclave
autoxidizer detected by ESI-MS [68]

Despite the relationship between indigenous phenols and deposits, the phenolic
antioxidant BHT is added to military grade fuels as a way of reducing thermal oxida-
tive deposits. Its widespread usage as a deposit reducer highlights the importance
understanding the link between the structure of the phenolic species and its ten-
dency to form deposits. In a series of flowing tube tests Ervin et al. clearly showed

that BHT has a strong influence in reducing deposition.[167]| Since BHT is a sub-
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Figure 2.20: LIF spectra of Jet-A deposits and a Phenolic Resin [160]

stituted on the ortho- and para- positions on the ring structure as shown in Figure
2.16] there is a large steric penalty for any oxidative coupling on these sites. The
effect that substituted methyl groups have on the binding sites of oxidative coupling
can be seen in the production of polyphenylene ethers (PPEs). Here PPEs are made
with the 2,6-dimethyl phenol monomer as the methyl groups prevent binding on the
ortho- and meth- sites of the phenol, yielding polymer chains bonded only on the
para- sites.[I65] However, Zabarnick et al. showed that BHT will eventually form
oxidative deposits greater than a neat fuel via coupling reactions if the residence
time is long enough. In Zabarnick et al.’s study, a neat Jet-A was tested and with
25mg L~! BHT in a QCM device at 140 °C for 15 h. Initially the BHT doped fuel
gave a lower rate of deposition but after around 8h the BHT-doped fuel gave greater
amounts of deposit.[I59] Comparing it to Ervin et al.’s study where BHT-doped
fuels gave significantly lower deposition in a flowing rig, it is likely fuels in a flowing
rig, and in a real fuel system, will have far lower residence times than the 15 h static

test undertaken in Zabarnick et al.’s study.

2.2.4.3 Nitrogen Species

Nitrogen species tend to be at a lower concentration in fuels than oxygenated and
sulfur-containing species. Nonetheless, nitrogen has often been found at higher lev-
els in deposits than in the parent fuel.[I68] The most commonly found nitrogen
species in jet fuels are: indoles, carbazoles, anilines, pyridines, and amines.|[28] [24]
In general, the majority of literature has demonstrated that nitrogen-containing

compounds exhibit varying antioxidant capabilities, and has adverse effect on ther-
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mal oxidative stability. The effect that nitrogen species have on the autoxidation
of fuels has received little attention, but they have been extensively investigated in

relation to their effects on deposition.

Despite limited studies on the effect of nitrogen species on autoxidation, work
by Smith and Clark provides some insight into differing antioxidant properties of
nitrogen compounds in fuels.[169] In Smith and Clark’s study, 2,5-dimethyl pyrrole
demonstrated mild antioxidant properties whereas several quinolines promoted oxi-
dation. Interestingly, indole displayed neither antioxidant or pro-oxidant character-
istics. All compounds were added as 40 ppm of nitrogen to conventional Jet-A-1 and
were tested in the flask oxidizer pictured in Figure[2.1|at 433 K.[170] A later study by
Zabarnick and workers reinforced the findings that indoles have a neutral effect on
the rate of oxidation. In their study a QCM device was employed with measurable
headspace oxygen. The QCM test demonstrated that the oxygen consumption did
not change when 100 mg L=! of indole was added to a jet fuel-like solvent (Exxsol
D80), compared to the clean solvent. In the same study, several other nitrogen
compounds were investigated for their effect on oxidation rate. None of the nitrogen
compounds- carbazoles, anilines, quinolines and pyridines -demonstrated significant
antioxidant or pro-oxidant characteristics.[63] It is clear that more work needs to be

done on elucidating the role that nitrogen compounds play in the autoxidation stage.
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Figure 2.22: QCM test on Exxsol D80 solvent doped with various nitrogen, sulfur
and phenolic compounds. The numbers adjacent to the species names are the per-

centage of remaining reactant at the end of the run [63].

An early investigation by Thompson et al. on distillate fuels demonstrated that
pyrroles promoted the greatest amount of deposit compared to an array of common
nitrogen compounds. Thompson and workers selected two distillate fuels: fuel 1
with poor storage stability and high sulfur content, and fuel 2 with better storage
stability and low pyrrole and sulfur content. The fuels were stored in a glass flask
at 311 K for periods of up to 315 days, and doped with pyrroles, quinolines and
pyridines. Both fuels exhibited greater levels of deposit when doped with all classes
of nitrogen compounds. In fuel 1, pyrroles produced 0.105mgL~! of insoluble gum
compared 0.070 mg L~! when an equivalent amount of isoquinoline was added. The
same test was not performed for fuel 2. Nonetheless, when fuel 2 was tested with
indole (a substituted pyrrole) and aminopyrridine (a 6-membered nitrogen hetero-
cycle similar to quinoline) the indole produced around twice the amount of insoluble
material. The authors investigated whether the increased acidity the 5-membered
heterocycles was responsible for enhanced deposition, but a caustic wash had no ef-
fect on deposition. Elemental analysis of all the deposits indicated that the deposit
was not entirely composed of the nitrogen species coupling with each other, but the
main fuel was involved in deposits too.[I71] A possible explanation for these results,
not indicated by the authors, is that 5-membered rings have a greater propensity
for coupling with electrophilic species than 6-membered rings due to the stability of

the pyrrole intermediate.

The deleterious effect of nitrogen compounds on fuel oxidative stability was rein-
forced by Antoine. Antoine found that nitrogen compounds universally decrease

break-point temperatures in a JFTOT.[I72] Jet-A doped with indole and pyrrole
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(5-membered heterocycles) exhibited the most extreme drop in break-point temper-
ature. By contrast, pyridine, quinoline and 4-ethyl-pyridine (6-membered hetero-
cycles) solutions only lowered the break-point temperature slightly.[172] In another
study, a survey of twenty conventional fuels correlating the mass of deposit with
measured heteroatom species found that indole and carbazole were correlated with
the mass of deposit, but pyridines, anilines, and quinolines had no correlation. In
the survey, total polars were detected via a SPE-HPLC-GC-MS system, and the fu-
els were stressed in a QCM. When outlier fuels were excluded, indole and carbazole
gave correlation coefficients of 0.38 and 0.37 respectively. On the other hand, pyri-
dine, aniline and quinoline gave no correlation, with coefficients of 0.04, 0.00 and
0.02 respectively.[65] The work here further demonstrates the higher propensity of

5-membered nitrogen heterocycles to form deposits compared to 6-membered rings.

Expanding on the work on 5-membered rings by Thompson et al., Oswald and Alexis
studied the effect 5-membered pyrroles had on bulk deposition in fuels. Pyrrole alone
added at 0.3mol L™! did not generate when doped into solutions of tetrahydronaph-
thenate, hexadecane and xylene in glass containers at 316 K. However, when thiols
were added, the combination of thiol and pyrrole lead to deposition. The deposition
observed with thiols and pyrrole was the highest for the aromatic solvents xylene
and tetrahydronaphthenate. Investigating the reactions between pyrroles and thiols
further, the authors reacted two methyl-substituted pyrroles with a thiol with a
hydroperoxide initiator, and analyzed the the insoluble product. The product con-
tained OH/NH, CO, and sulfone groups. In addition, elemental analysis suggested
the insoluble product contained 3 nitrogens for every 1 sulfur, indicating the thiol
is directly coupling with the nitrogen species. The work here also ruled out the
action of acids in the formation of deposits, since no acidity increase was found in
any of the test solutions after the stress periods. In fact, Oswald and Alexis suggest
the agglomeration mechanism between the pyrroles and thiols tested were free rad-
ically polymeric. In addition, the authors indicate acid-free condensation reactions
between pyrroles and oxygenated species could also lead to deposit (summarized
Figure [2.23).[64] However, since the characterization of the deposits was limited to
elemental analysis and IR spectroscopy, the mechanism leading to insolubles is still

unclear.

The synergistic effect between nitrogen species and sulfur species was further high-
lighted by Zabarnick et al.. In this study, the addition of hexyl sulfide to a fuel
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surrogate (Exxsol D80) containing various 5- and 6-ring nitrogen heterocycles uni-
versally increased deposition tendency, with the exception of carbazole, whereby
hexyl sulfide in fact decreased deposition. This synergistic deposition effect between
nitrogen and sulfide compounds is highlighted in Figure[2.22] where the combination
of indole and hexylsulfide led to a large increase compared to the mono-component
indole run. Nevertheless, in Zabarnick et al.’s study, there seems to be no clear
trend between the deposition tendancy of 5- or 6-membered nitrogen compounds.
Contrary to Oswald and Alexis, Zabarnick et al. propose an acid-base condensation
reaction as the origin of the N+S interaction.[63] Bolstering the acid-base theory,
the 5-membered nitrogen compounds have been shown to have lower basicity than
the less problematic 6-membered nitrogen compounds.[I73] Nevertheless, basicity
was found to correlate with deposition tendency within each nitrogen class, but this
trend broke down when comparing between classes.[174] What is clear is that further
characterization work needs to be completed in order to understand the mechanism

of nitrogen-sulfur interactions.

In fact, limited work has focused on the mechanisms of the deposit formation mech-
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anisms of nitrogen species as a whole. Nevertheless, recent characterization work
on a surrogate fuel containing indole species by Epping et al. indicated oxidative
coupling products, analogous to phenol coupling (Figure . In Epping et al.’s
study, a model fuel was employed where 0.1 mol L™! of 1-methylindole was added to
a fuel surrogate in a flask oxidizer. Soft-ionization mass spectroscopy was employed
and was able to identify the probable chemical formula of the products. Due to exact
knowledge of the starting components in the surrogate, the authors were able to offer
likely chemical structures as shown in Figure [2.24] Oxidative coupling between ni-
trogen species has also been observed outside the fuels literature in non-polar media
under oxidizing conditions, for pyrrole [I75] and quinone.[I76] Thus, this appears to
be a plausible route to deposit formation for nitrogen species. Nevertheless, further

characterization work is needed to confirm this.

Formula: C;gH;¢N,O

Formula: C,;H,3N;0,

Figure 2.24: Indole coupling products produced in autoclave oxidizer detected by
ESI-MS [68§]

2.2.5 Wall Effects

The problem of jet fuel deposition ultimately concerns deposit growth on metal
surfaces. A variety of metals come into contact with the heated fuel throughout the
engine architecture, including 316 stainless steel, aluminum, and brass.[13] Deposits
on the heated surfaces on jet fuel components have consistently been observed as
being varnish like and difficult to remove.|[33] [115] 5] Moreover, studies employing
thermal gravimetric analysis (TGA) of the deposits found that deposit layers on steel

surfaces only begin to be removed at 350 °C, with the entire layer being removed 750
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°C. Results from TGA analysis and the strong adhesion to metal surfaces implies
strong chemisorption of oxidized fuel constituents to the surfaces as the predominant
means of adsorption.[I77] The metallurgy of the surface has been shown to influence
the magnitude and nature of deposits greatly, and thus the degree of adsorption. [I7§]
The metal surfaces have also been thought to influence autoxidation at the initiation

stage:

M+RH — R- + MH (2.13)

where M represents the metal wall.[33] In the propagation stage the decomposition

of hydroperoxides has been shown to be catalyzed on metal surfaces:

M + ROOH — M(O) + H,0 (2.14)

with the resultant metal oxide also able to decompose hydroperoxides:

M(O) + ROOH — M + O, + H,O (2.15)

thus completing the catalytic cycle.[123] [179] Various studies have attempted to
understand the deposition mechanisms by correlating specific metal surfaces with

deposit magnitudes and autoxidation.

Starting with the effects on autoxidation, Jones and Balster found that fuel ex-
posed to steel tubes led to faster rate of autoxidation compared to 304 stainless steel
treated with an inert siloxane polymer mono layer. In their investigation a flowing
rig at 185 °C was used to test 16 fuels of varying sulfur and dissolved metal content.
Autoxidation for most fuels was slowed down by the presence of the inert mono-
layer. The authors posit that the dissociation of hydroperoxides is catalyzed on the
metal surfaces, leading to an accelerated rate of autoxidation. It is also highlighted
that a small amount of uniform deposit on the surfaces passivates further autoxida-
tion enhancement.|[123] Ervin and workers also found that silica-based layers 10,000
Athick led to the reduction of autoxidation rate. Here, two fuels were employed in
a flowing rig, a neat Jet-A fuel and the same Jet-A with BHT and MDA additives.
Autoxidation was studied by measuring the fraction of dissolved oxygen remaining
at the end of the tube at temperature points in the 373-513 K range. With the neat
Jet-A test, the silica-treated tubes allowed a higher maximum bulk temperature of
10 K before full oxygen consumption. The Jet-A fuel, with thermal stability addi-
tives had a 20 K higher bulk temperature before full oxygen consumption.|[167]
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An early investigation by Kendall and Mills showed that a greater weight of
deposits formed on stainless steel surfaces compared to aluminum surfaces. seven
fuels with varying sulfur content were tested in a JFTOT device with aluminum
tubes and stainless steel tubes at 623 K.[I78] Both aluminum and stainless steel
form passivization layers in air, so it is these layers where initial deposit growth
will occur. For aluminum, layers are composed of Al;O3, whereas with 316 steel
these layers are composed of mainly ferric oxides, ferric hydroxides and CryO3 [180)].
A later study by Kauffman et al. initially appears to contradict the Kendall and
Mills study since they showed that ferric oxide powders had a far lower depositing
propensity than aluminum oxide powders layered onto stainless steel.[69] However,
as highlighted in an earlier paper, the lower deposition propensity of aluminum is
most likely due to the migration of magnesium (present in many magnesium alloys)
when the tube undergoes thermal stressing.[I81] Nonetheless, oxide layers tend to
reduce deposition regardless of the species involved. Antonio et al. highlights this
in a recent study comparing the rate of deposition on polished (no oxide layers),
annealed (partial oxide layer) and fully oxidized layers. The polished surface yielded
the greatest amount of deposits in a hexadecane solution at 473 K after 72 h of
testing.[49] Overall, it is clear that the reactivity of the oxidized surface plays a key

role in determining the rate of deposition.
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Figure 2.25: Wall material effect on deposition in a JFTOT [178]

An understanding of the chemical mechanisms of adhesion of deposits to fuel
system surfaces remains limited. As highlighted in section [2.2.4.1] Kauffman et

al. have proposed that sulfur acids, formed from the oxidation of indigenous sulfur
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compounds, could play a role in the deposition process. This seems plausible, par-
ticularly as sulfur acids have been used for self-assembled monolayers (SAM) outside
the fuel literature.[I82] Nevertheless, other indigenous and oxygenated fuel species
may also attach to the wall.[I82] In particular, carboxylic acids formed from au-
toxidation (section could attach to the wall, particularly as they have been
used as SAMs on stainless steel.[I83] Further mechanistic investigations need to be

undertaken to understand deposit-wall interactions.

2.2.6 Metals in Situ

Dissolved metals, or metals present as sma