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Abstract

Deposition of carbonaceous materials on internal surfaces of spark ignition
engines is a long-standing problem that can seriously impact engine
performance. For gasoline fuel, deposit control additives ( 6det er gent
comprising nitrogen-based detergents are commonly used to inhibit
deposition and minimise its effects. However, the molecular basis of their
detergency is still poorly understood. The most commonly quoted mechanistic
hypothesis assumes that gasoline detergents inhibit deposit formation via
surface passivation. i.e. by forming an adsorbed 2D thin film phase that
protects the metal surface. The present work constitutes a first step towards
establishing a systematic protocol for analysing the molecular mechanisms
leading to the macroscopically observable detergency effect. This was done
by synthesising a model fuel system that contained carbonaceous material
(6gumbé) that can de pgrst,saimethodfarthe syrhedisofs ur f a c
gum by a radical oxidation of mono- and diolefin components with air was
developed. This established a reproducible method for oxidising gasoline
surrogate to create gum. FTIR spectroscopy along with other analytical
characterisation techniques were employed to validate the formulation and
oxidation methods, the resulting oxidation product, and their deposits on steel
surfaces. Then, the influence of a model detergent, 1-octadecylamine (ODA),
on the oxidised fuel was studied. In solution, it interacts strongly with polar
groups of the gum, likely solubilising it and thereby shifting any interfacial
adsorption equilibrium towards the solution state. Gum deposition and
detergency were then examined by using 316 stainless steel substrates. The
ODA concentration was found to not only influence the adsorption equilibrium,
but also the morphology of deposits on the surfaces, minimising the surface
area covered by them. A systematic experimental design was developed to
investigate the solid-liquid interactions at the stainless steel/solution interface
in more detail. X-ray photoelectron spectroscopy was extensively used as the
main surface sensitive technique to gain insight into the molecular basis of
adsorption and detergency in this system. The results revealed that the
detergency process was related mainly to solubilisation of gum in the solution
phase, rather than surface passivation by formation of an adsorbed ODA
layer. Adsorbed ODA was only evident when unrealistically high ODA
concentrations were used.
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Chapter 1 Introduction

1.1 Background

Fossil fuel has been used by mankind as a resource for lighting and energy for
millennia. Advancements in science and technology in the 19" and 20" centuries
have opened up numerous other applications of fossil fuels, making them one of
the main pillars of the world economy. Petroleum derived fuels are complex
mixtures of hydrocarbon compounds that are capable of generating power and
energy. Gasoline fuel in particular is dominant in the automotive industry.
However, markets around the world differ in their gasoline product specification
in a number of aspects including, but not limited to, hydrocarbon composition,
sulphur content, and octane number. Specifications and fuel composition
contribute significantly to fuel quality and hence engine performance. (1) During
gasoline fuel refining processes, functionalised chemical additives are blended
with the fuel, fulfilling functions such as tackling combustion complications,
enhancing gasoline performance and stability, and controlling sulphur levels. (2-
4) Gasoline combustion is a complex process in spark ignition (SI) engines.
By-products formed in the combustion cycle have received extensive attention
from engines manufacturers and researchers. Their impact on ignition, fuel
economy, and hydrocarbon emissions is well established. For instance, materials
deposition on engine internal parts (e.g. combustion chamber (CC), intake valves
(IV), and port fuel injectors (PFIl)) has the potential to severely impact on the
combustion cycle and lead to practical complications (Figure 1). (5-8) This is
because the accumulation of deposits can drastically increase engine
temperature causing uncontrolled ignition, knocking, and higher CO exhaust
emissions. (9)
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Figure 1 Cross sectional image of a typical Sl engine (10), showing engine
conditions leading to deposits accumulation on IV surfaces (far right).



Deposit control additives (DCAs) are therefore widely applied to treat
post-combustion materials and control their deposition, which promotes fuel
economy. (11) Within the chemical additives industry, DCAs hold a market share
of approximately 40% i 50%. In most modern applications, engine internal parts
are treated in two consecutive stages. Stage one, clean up, involves removing
accumulated deposits with a high concentrated DCAs dosage. Stage two, keep
clean, ensures continuous treatment to engine internal parts with lower
concentration dosages. (12)

1.2 Motivation

DCAs utilised with gasoline fuel contain three main ingredients, namely detergent
as active ingredient (Al), solvents, and a carrier fluid, with a typical formulation
containing 30%, 30%, and 40% v/v of these components. The functional groups
within the Al possess the utmost influence over the deposited materials. Several
studies have discussed the positive effects of amine functional groups (-NH2) in
gasoline detergents. Furthermore, nitrogen-based detergents have been tested
in several commercial products and showed promising results. However, the
relationship between nitrogen concentration in the additive and the function of
detergency remains an area of considerable research. (13-16) The interactions
of gasoline detergents with engine metal surfaces and gum deposits in fuel
require further extensive studies at microscopic and molecular levels. (17) Hence,
the research question underlined by this study is: How do nitrogen-based DCAs
inhibit (or minimise) gum adsorption from gasoline fuels? A deep
understanding of the attachment mechanism as well as of the detergent and
deposit chemical structures is vital to achieve successful and reliable results in
this field. The association mechanism of amines in complex hydrocarbon systems
was studied and characterised by various analytical techniques to better
understand the influence of such compounds on engine deposits. (18, 19)
Infrared spectroscopy has been particularly utilised in the characterisation of fuel
and fuel additives. (15, 20) Various hypotheses have been developed over the
years to explain the action mechanism of amine-based detergents. Current
understanding (and the most extensively used hypothesis) focuses on
passivationor6 st i ¢ k ma mskranearid (Figure 2), in which active ingredients
within the additive (i.e. the amine functional polymer) forms a thin adsorbed layer
on the metal surface to prevent deposit accumulation. (5) However, competing
with their adsorption is the surfactant nature of the Al in DCAs, which stabilises
them colloidally in solution.
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Figure 2 Schematic representations of the hypotheses developed to explain
DCAs behaviour in eliminating deposit and gum formation in gasoline fuels.

The Al molecules (i.e. R-NH2) can form micelles and solubilise gum and deposit
particles in the gasoline (Figure 2), prohibiting precipitation on the metal surfaces.

(21) This mechanism willber ef erred t o as O6écapture and
well-known 6 hu-mpf ect 6 phenomeonbOAs im hasoiine fuelsl

(Figure 3) is the observation that fuels treated with very low concentrations of

DCA can create more deposits than entirely untreated fuels. This suggests that

the Al additive only starts to solubilise gum when it is present in concentrations
sufficient for colloidal action. At lower concentrations it may even promote more

gum deposition by binding both to gum (through its non-polar groups) and the

metal surface through its polar headgroups, acting as an O0ancho
metal surface. (22, 23)

To provide a brief overview of the hump-effect phenomenon, performance of
commercial detergents was evaluated at Saudi Aramco Research and
Development Centre (R&DC) using intake valve deposits apparatus (IVDA)
developed by Southwest Research Institute (SWRI®). (24) Experiments were
conducted at various DCA concentrations using the same gasoline product to
understand the impact of concentration over IV deposits (Figure 3). Test runs
were repeated three times for each concentration and all low, medium, and high
results were recorded. The test, in principle, calculates IV deposits gravimetrically
based on the ASTM D-6201 standard test method for dynamometer evaluation
of unleaded spark-ignition engine fuel for intake valve deposit formation. (25) It
was clearly evident that at lower concentrations, higher amount of deposits have
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accumulated on the outer surface (tulip) of the intake valves. Once the DCA
concentration has exceeded 200 ppm (w/v), a clear reduction in deposition was
observed, indicating good and reliable 6 k e e p ¢ | e a néffec.d26)er gency
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Figure 3 IVDA experimental results showing a hump-effect at lower
concentrations (< 100 ppm w/v).

Based on the above discussions, both mechanisms depicted in Figure 2 are
plausible scenarios. In fact, one may well envision their concurrent action.
However, no fundamental studies have been conducted at the molecular level to
investigate and pinpoint whether, or when, one or the other predominates, and
what the balance between these two mechanistic pathways may be. (13-19)
Therefore, this research focused on devising a systematic approach to
fundamentally answer the research question stated above. Due to the complexity
of the reactions involved in gum and deposits formation from gasoline fuels, it
was decided that a model system needed to be developed to facilitate a
fundamental study at the molecular level. The model system was primarily
designed to mimic the components and interactions depicted in Figure 2. Thus, it
was comprised of four components, namely a fuel model, synthesised deposits
(gum), a model nitrogen-based detergent, and a metal substrate. Solid-liquid
interactions at the substrate interfaces were then investigated using X-ray
photoelectron spectroscopy (XPS) as a main surface sensitive technique.
Probing the uppermost layers of the substrates at the nanometer scale was
expected to allow a deeper molecular-level understanding of the attachment and
detergency mechanisms of the nitrogen-based additive. The resulting study
would thus be at the interface of applied research and fundamental surface
science.



1.3 Research objectives

The overall aim of this research was to fundamentally investigate the effect of
gasoline detergents on gum adsorption on metallic surfaces. The passivation
hypothesis and t he oO0stick and Eiguien?) ara widety
supported in the previous literature. (5, 21, 27) It therefore appears sensible to
orient the studies towards testing and evaluating this hypothesis. A systematic
programme of work comprising a series of mechanistic studies was set out to
mimic and investigate gum adsorption/inhibition behaviour. The specific
objectives were as follows:

1 To establish a method for reproducibly formulating a simple gasoline fuel
surrogate.

1 To establish a reproducible method for synthesising model deposits (gum)
from the formulated surrogate.

1 To characterise the physical and chemical properties of the synthesised
gum, as well as of the formulated surrogate fuel.

1 To establish reproducible methods to prepare metallic surfaces for gum
adsorption studies and surface sensitive analyses.

1 To establish a laboratory scale method for gum adsorption on metallic
surfaces.

1 To introduce a nitrogen-based model detergent capable of inhibiting (or
minimising) gum adsorption.

1 To investigate the ability of the model detergent to adsorb onto metallic
surfaces and consequently eliminate gum adsorption.

1 To investigate the ability of the model detergent to remove adsorbed gum
from the surface.

1 To investigate the effects of the liquid-liquid interactions between the
synthesised gum and the detergent on the adsorption behaviour.

me c



1.4 Thesis structure

The body of this thesis is divided into five main chapters as briefly outlined in
below.

Chapter 2 Literature review: Provides insight into the theoretical concepts and
background knowledge relevant to the methods, materials, principles, and
techniques applied throughout the course of this research.

Chapter 3 Experimental materials and methods: Describes the experimental
methods, frameworks, and reproducibility studies designed for each phase of the
project.

Chapter 4 Oxidative formation of gum in model surrogate fuel: Presents and
discusses the results obtained pertaining the formulation and characterisation of
the surrogate fuel and the synthesised gum.

Chapter 5 Addition of ODA into oxidised surrogate fuel: Presents and
discusses the results obtained following the addition of the model detergent into
the gum-containing surrogate fuels. This chapter serves as a proof of concept to
the interactions between the model detergent, surrogate fuel, and gum.

Chapter 6 Systematic studies of interfacial behaviour by XPS: Presents and
discusses the results obtained pertaining the systematic studies designed to
extensively investigate the adsorption, detergency, and interactions behaviours
within the model system.



Chapter 2 Literature review

Gasoline fuel is a complex mixture of hydrocarbons in the range of C4 1 C2o
(boiling points of 30 i 220°C), which is used primarily in SI engines. Chemical
composition of a typical gasoline product would include olefinic, paraffinic, and
aromatic compounds as well as small contents of oxygenates to enhance fuel
performance (e.g. ethanol as octane number booster). As a result of the refining
of gasoline fuel, it contains traces of metals, sulphur, and nitrogen which in large
concentrations can adversely affect fuel quality and provoke harmful exhaust
emissions such as NOx and SOx.(17, 28-32) Therefore, legislation and monitoring
programs have been developed to minimise environmental impact and regulate
gasoline products specifications. (1) Following the combustion reaction in Si
engines, certain products accumulate on engine metal surfaces such as intake
valves and port fuel injectors affecting engine performance, combustion cycle,
and fuel economy. Such products are commonly described in the literature as
engine deposits and they have been widely investigated. (5, 7, 17, 33-36) One of
the most common and effective solutions to tackle engine deposits is the use of
gasoline detergents. (1, 5, 6, 37, 38) In the following, the four components of the
model system designed to investigate the mechanism of nitrogen-based
detergents in inhibiting deposits formation will be reviewed, followed by a review
of the relevant literature on surface interactions.

2.1 Surrogate fuel model

Several surrogate fuels have been developed to study gasoline behaviour before
and after the combustion cycle. Among formulated gasoline surrogates, toluene
reference fuel (TRF) has been widely used in combustion and simulation studies.
TRF is a hydrocarbon mixture based on primary reference fuel (PRF: n-heptane
and iso-octane) with the addition of toluene to enhance the research octane
number (RON) and the motor octane number (MON)of t he bl end
sensitivity (S =RON T MON). The RON value is determined at low engine speed
and intake temperature of 600 rpm and 52°C, respectively, whereas the MON
value is determined at 900 rpm and 149°C to represent motorway driving modes.
(39-41) The following table illustrates the octane numbers for each component
(42).

and
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Table 1 Knock resistance values for TRF blend components.

Component RON MON

Toluene (tol) 120 109
n-Heptane (nH) 0 0
Iso-octane (io) 100 100

Alternative methods for creating gasoline surrogates have considered different
blending components and ratios. For instance, Vanhove et al. suggested
formulating ternary gasoline surrogates using toluene, iso-octane, and
1-hexene. (43) Moreover, additional compounds may be added to gasoline
surrogate blends to mimic certain properties. Numerous studies have discussed
the addition of olefin compounds as well as other classes of chemicals and
functional groups to formulate more complex surrogates. (44-50) When
compared to a basic TRF surrogate, complex TRF blends would allow for more
advanced studies and investigations to be conducted. Matching surrogate
properties to that of gasoline product is a key parameter when formulating
alternative fuels. The RON and MON are essential values when it comes to TRF
blends performance. Morgan et al. have developed a mathematical model to
calculate volume fractions needed to formulate any TRF blend with targeted RON
and MON, and hence predictt h e b lkeagitidty. 2) The work was based on
a series of engine experiments using several TRF blends to identify knock
resistance values (i.e. RON and MON). (51-54) Three models were developed to
determine blends sensitivity, namely linear by volume (LbV), second order, and
modified linear by volume (MLbV). The LbV model proposes linear addition of
components to achieve targeted RON and MON values. However, it has been
observed that such a model lacks the ability to adequately take interactions
between the blend components into account, and while RON and MON values
are reasonably well predicted, their difference (i.e. their sensitivity) might deviate
significantly from the experimentally observed values. The following equation
describes the proposed LbV model.

Equation 1
YOO & &v W & 0 8

Wheraéd ODepresent s t theeconip@nbintsvistet in €ablé loarn &b 0
is the corresponding volume fraction. Figure 4 illustrates how the proposed model
predicts RON and MON values based on toluene volume fraction in the blend.
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Figure 4 Prediction of octane number as a function of toluene volume
percentage in TRF blends using LbV model. Data points are experimental, lines
are calculated LbV values (42)

A second order model was developed to provide a more precise account to the
influence of components on sensitivity. The model includes an interaction
parameter to describe the interaction between toluene and PRF. (42) Due to the
complexity of this model, a third model was proposed to address all interactions
parameters and provide a more accurate definition for fuel system sensitivity
prediction. The MLbV model pbs evdh i & hp daamarnradisetr rc e &
PRF volume fraction into the model according to

Equation 2

and hence,
Equation 3

YOU 08 © 8 W a W & &
Where all the coefficients can be defined as per the following table (42).

Table 2 Coefficients of the MLbV model using response surface model for RON,
MON, and Sensitivity.

Coefficient ap atol atol2 atol,p
RON 100 142.79 -22.651 -111.95
MON 100 128.00 -19.207 -119.24

Sensitivity 0 14.79 -3.444 7.29




10

Further validation of the MLbV method led to a method that allows to predict the
exact composition of any TRF blend to achieve a targeted RON value. A
validation equation was developed to ensure precise matching between TRF
blend properties and that of gasoline fuel. Figures 5-7 illustrate how TRF
components affecta b | eROM, MON, and sensitivity values (42).

120

RON

0.4 0.6
i-octane

Figure 5 RON contour plot in ternary gasoline surrogate (TRF), reconstructed
using MLbV model. (42)

MON

0.0 0.2 0.4 06 0.8
i~octane

Figure 6 MON contour plot in ternary gasoline surrogate (TRF), reconstructed
using MLbV model. (42)
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Figure 7 Sensitivity contour plot in ternary gasoline surrogate (TRF),
reconstructed using MLbV model. (42)

The following equations describe the final model.

Equation 4

YOO © &b O &
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Equation 5
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Where subSécraRdd el@ ndét e s e n s vauesyrespegtivetyn d
which were defined in Table 2.

By implementing the MLbV model, it was possible to produce a TRF blend in
accordance with the British and European standards of unleaded petrol (EN-228)
(55). Similar TRF surrogate fuels were used as the gasoline models for this PhD.

Table 3 TRF blends compositions in volume percentage with 95 RON and 85
MON using the MLbV model.

Blend no. Toluene n-Heptane Iso-octane

1 60.54 18.82 20.65
2 71.37 22.04 22.04

RO
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2.2 Gum and deposit formation in Sl engines

2.2.1 Definition

In the gasoline f u e | i ndust ryjsusedcte descebe the itsguble) 6
polymeric, and non-volatile products resulting primarily from oxidation of
hydrocarbons in the fuel by oxygen absorbed from the atmosphere. It occurs due
to the undesired changes in fuel stability either during storage or when exposed
to high temperatures. Fuel (or storage) stability can be controlled by introducing
sufficient inert gas into fuels storage tanks (e.g. nitrogen blanket) or via the use
of oxidation inhibitors. Moreover, exposing light hydrocarbon fuels such as
gasoline to high temperatures affects the fuel ability to resist changes in physical
and chemical properties. (17) Table 4 defines the common terms used in
literature to describe gum formation in fuel.

Table 4 Vocabulary used to identify different types of gum in testing practice.

Expressions Definition

Non-volatile product left following fuel and toluene/acetone

Soluble gum
g washing and evaporation. (56)

Product deposited to the sample flask after removing fuel,
Insoluble gum | soluble gum, and any precipitates (calculated
gravimetrically). (56)

Potential gum | Sum of the soluble and insoluble gum. (56)

Residue following aviation fuel evaporation, without any

Existent gum
further treatment. (57)

Product collected after evaporation, distillation, filtration, or

Residual gum )
extraction. (58)

Heptane-insoluble, residue of gasoline fuel evaporation.

Washed gum
(57)

Residue of motor gasoline and non-volatile additives

Unwashed gum .
evaporation. (57)

2.2.2 Nature and composition

Gum is believed to be one of the main precursors of post-combustion deposits
on Sl engines. During the combustion cycle, gum can react within the complex or
combust to form solid carbonaceous materials, which in turn precipitate as
deposits on engine metal surfaces. (36, 59) Several studies have discussed the
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nature, composition, and adverse effects of gum and deposit formation on engine
performance. (5, 17, 41, 60) Gum formation is a complex process and is affected
by numerous factors. Temperature variations at engine surfaces and the actual
surface chemistry play a major role in determining the nature and composition of
the formed gum. Forexample, sur f ace temperatures
just over 100°C, whereas in the combustion chamber they may vary from 250°C
to over 600°C at the exhaust valves. (5, 6, 8, 61, 62) Gasoline composition is also
a key factor in gum formation. Certain compounds are notorious for increasing
the tendency of gum formation in fuel. In increasing order, the following chemical
families trigger the formation reaction: paraffins, naphthenes, iso-paraffins,
aromatics, olefins, aromatic olefins, and diolefins. The presence of such
compounds within the complex induce the oxidation reaction to occur, forming
oxygenated products which in turn produce the undesired resinous gum either
via thermal condensation or polymerisation reactions caused by free radicals in
the system. (60) Other elements such as sulphur, nitrogen, and traces of metals
can also act as a catalyst to the oxidation reaction. (5, 60) Details of the formation
mechanism will be discussed in section 2.2.3. The oxidation reaction is also
governed by the surface interactions between the metal surfaces and the
produced particles. In a study conducted by Tseregounis, more particles were
deposited on clean steel surfaces when compared to surfaces covered by thick
oxide films. (36) The surface interactions are very poorly understood and thus
remain an area requiring considerable research, especially to generate molecular
level mechanistic insight. (5, 17)

The chemical composition of gum varies depending on fuel composition,
formation process, and location inside the engine. IR spectroscopy and NMR
have revealed that gum in gasoline fuel are highly aromatic compounds with a
molecular weight in the range of 200 i 500 g.mol*. (17, 63) Moreover, elemental
analysis confirmed the presence of oxygen, sulphur, nitrogen, carbon, and
hydrogen in different concentrations. In a comparable study conducted on
cracked naphtha, Kawahara illustrated that sulphur compounds present in the
gum are mainly in the form of thioethers. Other components include dialkyl
peroxides, hydroperoxides, ether and ester groups, acids, carbonyl, and hydroxyl
groups. (64) However, it is important to mention that gum composition has
changed drastically due to the strict legislations in controlling sulphur content in
gasoline fuel. Current regulation states that sulphur content in unleaded gasoline
and diesel fuels should not exceed 10 ppm. (65)

at

t
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2.2.3 Formation and reaction mechanism

Gum in gasoline fuel is a product of the oxidation reaction occurring within the
system. Unsaturated species such as olefins exhibit higher rate of oxidation
among other constituents. (66) Several experimental studies have replicated the
process of gum formation on metal surfaces to understand the reaction and
attachment mechanisms. (35, 36, 60) In 1988, Tseregounis developed an
oxidation rig to study thin deposit films from oxidised gasoline on steel surfaces.
(36) The gasoline used was specially blended for deposition studies. (61) Full
specification can be found in Table 5.

Table 5 Unleaded gasoline specifications for PFI testing. (61)

Property Value
Octane number, (RON+MON) / 2 87 (min.)
Existent gum 5 mg/100 ml (max.)
Sulphur content 0.097 0.11 mass %
Olefins 2071 25 vol %
Aromatics 3071 40 vol %
Reid Vapour Pressure (RVP) 11.5 psi (max.)
10% (60°C max.) 50% (77 - 116°C)
Distillation
90% (185°C max), 100% (205 - 225°C)

440C chromium steel coupons were used as a metal substrate. Prior to the
experiment, coupons were polished with 6um diamond paste on nylon cloth,
using lapping oil as a lubricant. The oxidation rig setup and the experimental
parameters are illustrated in Figure 8 and Table 6, respectively. The experimental
setup consisted of a round bottom flask with a stirring rod, air inlet, condenser,
and a thermometer. The stirring rod was attached to a coupon holder and rotated
using an overhead stirrer. Prior to the experiment, the blend was heated to 100°C
to remove lighter components and coupons were heated in air to 200°C. (36)
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Figure 8 Experimental setup of the gum formation rig. (36)

Table 6 Experimental parameters of gum formation from oxidised gasoline fuel.

Condition Value
Fuel temperature 100°C
Air flow rate 30 ml/min
Condenser fluid temperature 221 24°C (Water)
Experiment duration 24 h
Rotation speed 150 rpm
Fuel quantity 200 ml

Deposition of thin brown layers was observed on the metal substrates. The
coupons were then placed in a desiccator for further analysis. Figure 9 shows the
scanning electron microscope (SEM) image of the formed deposits.
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e 52

Figure 9 SEM image of deposits formed on a polished 440C steel surface. (36)

The outcome of this study confirmed the possibility of inducing gasoline fuel to
undergo controlled oxidation reaction and to deposit resulted products onto steel
surfaces.

Researchers have proposed different mechanisms of gum formation in
hydrocarbon fuels. The general and current understanding is that the reaction
undergoes several free radical chain processes, where the olefins react through
the addition of peroxide radicals to the double bonds. (66, 67) Impurities such as
moisture and metal ions in the fuel can catalyse the decomposition of the
peroxides into radical species. (17) It was observed that the hydroperoxide
formation reaction is extremely slow. However, once there is sufficient
hydroperoxide within the system, the consequent formation of oxygenated
products can be fairly fast; as alkyl radicals can also be an additional source to
the hydroperoxide and peroxy decomposition. (68, 69) The overall mechanism of
the reaction is usually described as follows:

Initiation: RH Y RA + HA (1)
Propagation: RA #Y OROOA (2)
ROOA+ RH Y ROHOH + R (3)
Termination: RA + RIAR Y R (4)
ROOA+ RAY ROOR (5)

ROOA+ ROOAY Product s (6)
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Where O6RHO is unsaturateddhijdreacamabdoa(e.
istheper oxy radical, and O6ROOHO® is the hydr
from the unsaturated hydrocarbon, during the initiation reaction (step 1). During

the propagation stage (steps 2 and 3), the free radicals react with oxygen to form

a peroxy radical, which consequently reacts with another hydrocarbon molecule

yielding additional free radicals into the system (chain process). The chain
oxidation process continues until it is completed by one of the termination
reactions (steps 4, 5, or 6). (17) A more detailed mechanism was proposed by

Pereira et al. (70) where they showed a complete oxidation reaction for 2,4-
hexadiene, a diolefin capable of forming allylic radicals (H2C=CH-CH2RA, which
contributes significantly to gum formation in gasoline fuels. It was emphasised

that the reaction force is governed by the stability of the allylic radicals. In other

words, the longer the radical exists, the higher the potential of gum formation.

(17, 70) The suggested mechanism was described as follows.

Initiation: RH + ROOAY ROOH A+ R (7)
Propagation:RA Y OROOA (8)
H
/W + ROOAY XX + ROOH 9)
RN NN 5 AF (10)
H
H
NN 2ROOAY """+ 2ROOH (11)
NN g I (12)
IXNF
0
. .. |
XN 10,V o) (13)
ARNNF
o)
e Y )\/\/
Termination: ROOA + RA Y ROOR (15)
R-C R-C’ D
ROOR Y OH or OR or R-C-R

Although researchers have proposed several oxidation mechanisms for different
species in gasoline fuel, the exact and overall gum formation mechanism is still
an area of research.
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2.2.4 Effects on emissions and engine performance

The adverse effects of gum formation and engine deposits are well established.
Deposits at different locations within the engine result in various complications,
which increase the difficulty to pinpoint problems and prime causes. Moreover,
qguantitative engine deposition tests (e.g. IVDA) are notorious for poor
repeatability and reproducibility. However, significant efforts have been made to
qualitatively explain the deposition effects. (41) There are three main locations
where deposition mostly occurs: port fuel injectors, intake valves, and most
critically the combustion chamber. The following table shows the most common
effects noted in literature.

Table 7 Effects of deposit formation on engine performance and emissions.

Effects on

Location Effects on
engine performance emissions
Port fuel Restricts fuel flow, causing Disruption of fuel spray

injectors (PFI) major power disruption. (6, leads to an increase in CO
8,61, 71) levels as well as
particulates and fuel
consumption. (72, 73)

Intake valves Reduces air flow to engine Increase in combustion
\) causing power loss. (8, 71) rates leading to an
increase in NOx emissions.
(8, 74)
Combustion Deposits form hot spots due  Deposits are estimated to
chamber to heat stored during the increase bulk gas
(CO) combustion cycle. (41) temperature by 50°C (heat

transfer modelling),
increasing NOx by
approximately 44%. (75)

Deposits occupy volume,
which increases
compression ratio. (41)

2.3 Metal substrates

Surface interactions between fuel, deposits, and engine metals affect the
deposition mechanism and, hence, deposition rate. Numerous studies have
demonstrated how different metal substrates can interact with deposit particles
within oxidised fuels. (35, 36) However, the detailed mechanism of surface
interactions at the molecular level is still largely unexplored. (17) In most gum
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formation studies, martensitic carbon/chromium stainless steel (AISI 440C) is
used as a metal substrate due to its heat resistance and durability. (76) Elemental
analysis showed the following chemical composition (36).

Table 8 Chemical composition of 440C steel coupons used in gum formation
studies. (36)

Element Mass % Element Mass %
Chromium, Cr 16.07 18.0 Phosphorous, P 0.040

Carbon, C 0.957 1.20 Sulphur, S 0.030

Silicon, Si 1.0 Molybdenum, Mo 0.75

Max.77.98
Manganese, Mn 1.0 Iron, Fe
(balance to 100)
Nickel, Ni 0.0

Another metal grade used for similar applications is the AISI C1010, which has a
lower carbon content in the range of 0.08 - 0.13 mass% and a high iron content
(max. 98.86 mass%); as this grade does not contain chromium. (77) Metal
coupons used for fouling and deposition studies usually come with a mounting
hole at one end, pre weighed, blast finished, and stencilled with part number to
facilitate robust workflows and recording of data. The following picture shows an
example of C1010 coupons.

Figure 10 Back and front of AISI C1010 coupons. Dimensions: L: 14 mm,
W: 9 mm. Mounting hole diameter: 3 mm, and thickness: 1 mm.

Since the fuel surrogate described in chapter 2.1 is a simple blend formulated
primarily for systematic simulation studies, it was reasonable to use a basic metal
substrate for this project. A common stainless steel (SS) grade used in
hydrocarbon processes and applications (e.g. corrosion monitoring) is SS316.
Elemental analysis of SS316 showed similar elements to that of 440C, but with
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different composition (mass%). The following table illustrates the composition of
a typical SS316 substrate (78). Figure 11 shows an example of the SS316
coupons used in this study.

Table 9 Typical chemical composition of a 316 SS coupon used in corrosion
monitoring. (78)

Element Mass % Element Mass %
Chromium, Cr 16.07 18.0 Phosphorous, P 0.045 max.
Carbon, C 0.08 max. Sulphur, S 0.030 max.
Silicon, Si 0.75 max. Molybdenum, Mo 2071 3.0
Manganese, Mn 2.0 max. Nitrogen, N 0.10 max.
. : . Max.62.00
Nickel, Ni 10.07 14.0 Iron, Fe
(balance to 100)

]/2”

2”

.
4

Figure 11 Unpolished 316 SS coupon used throughout this project, showing
stencilled side (left) and dimensions (right).

2.4 Gasoline fuel additives

Gasoline fuel additives have been utilised since the 1920& to improve fuel quality
and engine performance. Examples of common commercial additives include
corrosion inhibitors, anti-oxidants, deposit control additives, and octane boosters.
(37) Other additives may be blended with fuels for legal purposes. For example,
dyes and fuel markers are being added to distinguish and track fuels in an attempt
to minimise fuel smuggling. (79) This section is devoted to discussing the fuel
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additives utilised to control and minimise deposits and gum formation in gasoline
fuels.

2.4.1 Deposit control additives

As stated previously, deposit formation on engine internal parts can harm engine
performance, decrease fuel economy, and seriously affect the environment.
Thus, control measures have to be in place. Engine deposits can be controlled
by different methods, and the engine design can be a key factor in minimising
material deposition. For instance, direct injection spark ignition (DISI) engines
used to exhibit high levels of intake valves deposits. This issue was resolved by
re-designing the exhaust gas recirculation system and oil flow down the valve
stem. Another method of controlling engine deposits is to manipulate the fuel
composition. For example, an increase in olefin and sulphur content generally
leads to higher deposit formation rates. (60) However, it is often economically
difficult to improve fuel quality by manipulating the composition. (41) As a result,
the use of DCAs is the most practical solution to minimise deposit formation in Sl
engines, especially PFl and IV systems. (8, 71)

DCAsare usually applied in two modes,
is used at higher concentrations to remove existing deposits accumulated in
engines. It is believed that in this mode the additive associates with the deposits
and eventually dissolves the soluble parts. A considerable fraction of additive is
spent this way reactively and removed from the engine, and consequently, a
higher concentration of the additive is needed to compensate for the lost amount.
(27,41) Oncethe6 c | e an Ungs beemappdiex for a sufficient period of time,
typically 3 7 6 months, the DCA dosage is reduced to moderate 6 k e e p
levels (< 200 ppm). (12, 41)

Several mechanisms were developed to explain the behaviour of DCAs in
controlling deposition in Sl engines. As illustrated in Figure 2, the general
consensus is that the polar head groups are either attached towards the engine
metal surfaces (i.e. forming a thin film) or to the gum molecules (i.e. forming a
micelle), whereas the hydrocarbon tails are projected towards the fuel. (21, 27)
Molecular weight (MW) of the additive is mainly dependent on the length of the
hydrocarbon tail. It was reported that high MW additives (D 1000 MW) exhibit
better detergency in gasoline; as the long hydrocarbon tail allows for easier
dissolution. On the other hand, additives of < 500 MW showed better adsorption
on metal surfaces. (27)

The chemical composition of a typical DCA is consisted of a detergent as active
ingredient, a carrier fluid, and a solvent. The active ingredients are in the form of
a polymeric material consisting a polar head group and a hydrocarbon-soluble

cl
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tail. Common compounds used in DCA formulations include amino amides,
polyether, polybutene amines (e.g. polyisobutylene amine, PIBA), and
polybutene succinimides. Figure 12 shows the chemical structures for two of the
most widely used active ingredients in DCA formulations. (80)

CHy CHa GHs © H
H,C—C CHz—C:ﬁ—CHz'NH—R' WHZC_QqCHZ-C “NHCH,CH,[NH,
CHs CHs X
n n

Figure 12 Chemical structures of PIBA (left) and polyisobutylene succinimide
(right). (80)

Long chain alkylamines and di-amines (Cs i Cz2) are also widely used in the oil
and fuel industry. Depending on their chain length, polar head, and degree of
saturation, they can be applied as surfactants, corrosion inhibitors, gasoline and
fuel oil additives, or even as asphalt emulsifiers. (81, 82) In gasoline fuels, primary
amines with chain length of Cis such as octadecylamine (ODA, CisH3zoN) and
9-octadecenylamine (Oleylamine, CisHs7N) are used as DCAs active ingredients
or detergent precursors. (82, 83) Due to the simple composition of the gasoline
surrogate formulated for this PhD project, it was preferable to use a primary
amine as a detergent model rather than a polymeric surfactant such as PIBA.
Moreover, upon reviewing the physical and chemical properties of ODA and
oleylamine, it was found that ODA is more stable than oleylamine at ambient
conditions (melting points = 53°C vs 21°C, respectively). (82) Therefore, ODA
was chosen as a model detergent throughout this study.

2.4.2 Oxidation inhibitors

Gasoline refining processes such as thermal and catalytic cracking can result in
high volume of olefinic components in the final product. The stability of olefins,
and especially diolefins, is considered very low, as they can easily undergo
aerobic or radical oxidation reactions, forming undesired oxidation products
(gum). (66) Therefore, oxidation inhibitors are blended into gasoline fuels to
compete with the gum formation kinetics, especially by neutralising free radicals
in the system. Conventional active ingredients used as oxidation inhibitors are
aromatic amines (e.g. phenylenediamine) and hindered phenols. (37) Anti-
oxidants and DCAs can both be used to target gum and deposits precursors and
consequently minimise engine deposits. (84) However, anti-oxidants do not act
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as detergents to clean accumulated deposits on engine surfaces. Thus, anti-
oxidants are mainly used to enhance storage stability of hydrocarbon fuels. (85)

2.5 Surface interactions

Several studies have discussed the adsorption behaviour and surface
interactions of long chain alkylamines on various metallic and non-metallic
substrates. (86-93) ODA (Figure 13) is a saturated, hydrophobic mono-amine
capable of forming superhydrophobic layers that can act as corrosion inhibitors
in oil pipelines and water desalination units. (82, 94, 95) To establish a complete
understanding of known alkylamine adsorption behaviour and surface
interactions, this section will now be divided into two main categories, namely
structural orientation of adsorbed alkylamines (fundamental research) and
adsorption behaviour on metal surfaces (applied research).

—

petancet)] BFBA

Figure 13 Geometry-optimised chemical structure of octadecylamine
(ODA, CisHs9N) showing a head-to-tail molecule length of approximately
22.7 A. Carbon, hydrogen, and nitrogen are shown in black, white, and blue
respectively.

2.5.1 Structural orientation of adsorbed alkylamines

The adsorption mechanism, including packing information, of long chain
alkylamines on minerals was of a great interest to industrialists back in the period
from 1960 into the 1980s. Particularly, mono-alkylammonium salts were widely
used during the treatment process of silicates. (96, 97) Several techniques have
been employed to investigate the surface interactions of alkylamines, including
surface force, contact angle, and flotation recovery. It was found that at neutral
and slightly acidic conditions, alkylamine molecules became ionised, whereas the
surface became negatively charged, increasing adsorption potential. (98-100)
However, the amine concentration plays a major role in surface adsorption. For
instance, at low amine concentrations the surface is characterised by a low
contact angle (i.e. low hydrophobicity) due to the poor structural packing of the
amine ions at the surface. The area taken up by adsorbed amine on the surface
was found to be greater than 134 A%/molecule, whereas the theoretical area
needed for a close-packed monolayer is approximately 25 A2/molecule. (101-
103) At such low concentrations, amine ions adsorb far apart from each other
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and thus cannot maintain a hydrophobic state of the surface. Moreover, even at
higher amine concentrations, where the electrostatic interaction between the
amine cations and the negatively charged surface steeply increases, the surface
is still poorly hydrophobic. (102-105) The poor hydrophobicity in such instances
is attributed to the disordered packing of the amine molecules on the surface,
which can be caused by steric hindrance between the hydrocarbon chains (tails)
and the repulsion between the charged amino groups (polar heads). (96, 106)
Only when the amine concentration at the interface surpasses the critical micelle
concentration (CMC), molecules begin to orderly pack themselves and form a
mono-layer at the surface; in which the head groups are attached to the surface
and the hydrocarbon tails are oriented towards the liquid phase. (107, 108)

Structural orientation and adsorption behaviour of dodecylamine (Ci2) and
hexadecylamine (Cis) on silicate quartz (SiO2) were evaluated in (96) using XPS
and FTIR spectroscopy. The quartz substrates were treated with dodecylamine-
acetate (DAAc) and hexadecylamine-acetate (HAAc) solutions for 5 min. It was
found that at low amine concentrations, surface silanol groups (SiOH) interacted
with the amine head groups via hydrogen bonding (R-NHs*- - -OHSI), at
concentrations insufficient to form a densely packed mono-layer of ordered
material on the surface (Figure 14, region Il). The point at which a dense, ordered
mono-layer is formed on the surface was referred to as the critical hemimicelle
concentration (CHC). At the CHC point, molecular as well as protonated amines
were adsorbed onto the surface, with the hydrophobic hydrocarbon tails oriented
outward and upright at an angle of ~30°, which increases surface hydrophobicity.
At concentrations greater than the CHC point, amine precipitation beyond a
mono-layer occurs and bulk molecular amine starts to pack on the surface (Figure
14, region 1ll). The surface elemental composition on the quartz substrates was
quantified using XPS analysis. Substrates treated with DAAc (Ci12) solution
showed higher carbon and nitrogen content in comparison to those treated with
HAAc (Cais) solution, despite containing the same amine concentration of 0.2 mM.
Table 10 lists the XPS data obtained for the adsorbed amines on the studied
substrates. (96)

Table 10 XPS binding energy (B.E) and concentration of carbon and nitrogen on
the quartz surfaces as a function of amine solutions. (96)

Element DAAc (at%) B.E (eV) HAACc (at%) B.E (eV)
Carbon (C 1s) 43.08 285.0 33.1 285.0
0.64 399.5
Nitrogen (N 1s) 1.23 400.1
0.54 401.4




25

The observed carbon (C 1s) emission at a binding energy around 285.0 eV in XP
spectra (Table 10) stems from aliphatic C-C in the hydrocarbon chains. (109, 110)
The nitrogen (N 1s) peak at 400.1 eV observed on the surface treated with DAAc
arises from amine head groups (NH2). (86, 111) A shift in N 1s binding energy to
about 401.4 eV indicated protonation on the surface (NHs*). (86, 90, 93, 112, 113)
Such chemical speciation has indicated that at equal concentration of amine
solutions (0.2 mM), Cis molecules have adsorbed via hydrogen bonding and
formed a hydrophobic mono-layer on the surface. The presence of molecular
amine groups (NHz at 400.1 eV) as well as the higher carbon content on the
surface treated with DAAc solution was indicative of admicelles formation on the
surface. Other studies have postulated that further molecular amine precipitation
could lead to the formation of other admicelles (bilayers) or even full micelles on
the surface, especially in the case of shorter chain lengths (Ci01 Ci4). In such
cases, polar, hydrophilic head groups could be oriented towards the solution and
thus the surface would revert to and/or stay in a hydrophilic state. (102, 114, 115)

regionl, C,< Cyp (> Counter ion

£ Water molecule
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Q Q Ammc head group
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+

region III, C; = Cy dsion

Molecular amine microphase

Figure 14 Schematic representation of long chain alkylamines adsorption on
silicate quartz as depicted in (96). Regions I, Il, and Ill represent amine
concentrations below, at, and above the CHC point respectively.
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Similar, but more recent, work was conducted on ODA (Cis) to investigate its
packing information and adsorption behaviour on mica surfaces, using XPS and
ATR-FTIR spectroscopy. (86) Nitrogen-free, double cleaved mica substrates
were immersed in a 15 mM ODA/chloroform solution for 1 minute. Once removed,
they were allowed to dry under dry N2 for 217 3 min and then to ripen in contact
with air from few hours to 7 days. (86, 116) Structural packing information
retrieved from IR spectroscopy was complemented by molecular dynamic (MD)
simulations. Analysis revealed that self-assembled ODA mono-layers were
orderly packed with a tilt angle (q) of 157 20° (Figure 15). Adsorption mechanism
and findings from this study were in agreement with the observations discussed
above for Cis molecules. In particular, XPS analysis confirmed the presence of
protonated amine species (-NHs* at 401.7 eV) on the surface of all samples,
regardless of amine concentration or ripening time. Authors, however, postulated
adsorption via acid-base reaction with adsorbed water layer on the surface. (86)
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Figure 15 MD simulations output showing ordered arrangement of ODA
molecules on a flat surface with intermolecular distance of 4.7 A. (86) Polar
head (NH2) and CHn groups are represented as red spheres and green bonds,
respectively.
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Fundamental studies on long chain alkylamines (2 Ci2) have shown a positive
affinity towards adsorption and formation of ordered structures on mineral-based
surfaces. In industrial and chemical processing applications, formation of such
hydrophobic layers via grafting of film-forming amines can provide robust surface
protection in corrosive environments. (117, 118) Thus, it was of great interest to
review the mechanistic effects of film-forming amines from a more applied
perspective to the oil and gas industry.

2.5.2 Adsorption on metallic surfaces

Several studies have employed surface and near-surface characterisation by
XPS, ATR-FTIR, and SEM to investigate the adsorption behaviour of alkylamine
self-assembled mono-layers on stainless steel and other iron-based surfaces.
(119-121) In a study conducted on 316L stainless steel, long chain alkylamines
(C10, C12, C16, and Cis) were dissolved in various polar and non-polar solvents
including isopropanol, toluene, ethanol, and hexane. (119) Mechanically polished
substrates (average surface roughness ce
solutions for times ranging from 30 min i 3 h, at room temperature. All coating
processes were conducted under a nitrogen blanket. FTIR characterisation of the
coated surfaces showed stronger -CH2- and -CHs (2800 i 3000 cm-?) absorption
bands as a function of amine chain length (Figure 16), which indicates effective
coating. XPS analyses were performed on the coated surfaces to gain a better
understanding of the adsorption behaviour at atomistic levels. The substrate
coated with ODA (Cis) was compared to a blank substrate and found to exhibit
different features, especially in the nitrogen (N 1s) region (Figure 17). Immersion
in ODA-containing solution resulted in an increase in intensity of the -NHz peak
at 400.5 eV and a distinctive shoulder at 397 eV, which was assigned to nitrogen
bound to the metals (i.e. Cr-N and Fe-N) at the substrate. (122) Other studies
have attributed the observed shoulder to chemisorption of nitrogen-containing
compounds to Cr and Fe. (111, 123, 124) The build-up in nitrogen intensity was
accompanied by an increase in carbon (C 1s) content and an attenuation in
substrate elements (Cr and Fe). Contact angles of deionised water were
measured on the polished reference substrate and compared to those coated
with Cio, Ci12, Ci16, and Cis alkylamines. Indications of a hydrophobic effect of the
coatings were observed. Advancing contact angles on the bare reference were
45° + 2°, whereas values measured for the coated coupons were 90° = 2°,
92° + 2°,104° + 2°, and 109° + 1° for C10, C12, C16, and C1s molecules (in hexane),
respectively. (119) Although quoted measurements agree in principle with
literature values reported elsewhere (111, 118, 125), the alkylamine
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concentration in solution was believed to be extremely high (50 mM), which may
have resulted in physical precipitation of bulk amines, rather than chemisorption
on the surface. Nevertheless, the obtained FTIR and XPS data presented
evidence that supports substrat e i mmer si on as a Vvi .
technique. Other studies have also adopted this method (113, 126) and thus it
was considered throughout this PhD.
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Figure 16 ATR-FTIR spectra of stainless substrates coated with alkylamine
films of different chain lengths. Spectral lines represent C1oNH:2 (solid), C12NH2
(dotted), and C1s6NH2 (dashed). (119)
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Figure 17 N 1s XPS spectra of a) the reference stainless steel substrate

compared to b) the ODA coated surface, showing appearance of an Fe-N
shoulder around 397 eV. (119)
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Superior coating methods such as magnetron sputtering (90) or plasma
polymerisation using monomeric organic molecules (127, 128) have been
employed in other adsorption studies. In a study conducted to investigate the
adsorption behaviour of hexadecylamine (Cis) at the iron oxide-oil interface (90),
the use of reactive magnetron sputtering allowed for the iron oxide layer to be
uniformly sputtered on a silicon substrate to a thickness of 20 nm. Such level of
precision in surface sensitive applications is extremely valuable; as it allows for
accurate quantification and better understanding of the studied systems. In the
hexadecylamine study, a combination of a solution-depletion isotherm and XPS
measurements was performed to explore the solid-liquid interactions and
adsorption behaviour as a function of concentration. (90) The adsorption isotherm
of deuterated hexadecylamine was found to be steeply increasing with
concentration until it reached a plateau at approximately 1 x 10-3 M. The adsorbed
layer thickness was determined to be 16 + 3 A at lower amine concentrations
(1.03x10% and 4.18 x 10 M) and 20 + 3 A in the steady state ([amine]c° 1 x 103
i 2.5 x 102 M), at maximum surface coverage (adsorbed area © 3 x 10°® mol.m2).
Adsorption via protonation was also evident upon investigating the surface by
XPS. The nitrogen (N 1s) spectrum revealed the distinctive peak of protonated
amine species (-NHs*) at a binding energy of about 401.1 eV. Geometric
calculation based on the surface thickness at the plateau and a chain length of
21.5 A revealed a tilt angle for the hydrocarbon chain of approximately 22~ (90),
which can be compared to the tilt angle range of 157 20 measured for ODA in
(86).

One limitation to adsorption on metallic surfaces is the instant formation of oxide
layers upon exposure to atmosphere. (129) Researchers have dealt with such
limitations in various ways. For instance, an attempt was made to
electrochemically reduce the substrates used in (119) to minimise the oxide levels
on the surface. Walczak et al. designed an oxygen-free system and attached it to
the XPS instrument to prepare and analyse the samples in the least oxidised
state. (129) Argon-ion etching under vacuum (XPS) is another effective method
to obtain oxide-free surfaces. (130) On the other hand, other studies have
demonstrated that the formed oxide layers are of distinctive and characteristic
features of the real-world systems, which in turn allowed for accurate
determination and quantification of features arising from other adsorbed layers.
(131, 132) Although minimising post-immersion oxidation was demonstrated to
be feasible in XPS applications (129, 130), it was impractical to adopt such
methods throughout this PhD.
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Chapter 3 Experimental materials and methods

3.1 Materials

Tables 11-12 list all chemicals and materials used throughout the research
reported in this dissertation.

Table 11 Description of the chemicals used for TRF formulation and oxidation.

Chemical Supplier Description (Purity%)
Toluene Sigma Aldrich Certified AR for analysis (99.8%)
n-heptane Fisher Scientific B.P. 98°C (99%)
Iso-octane Fisher Scientific B.P. 98-99°C (99%)
1-pentene Fisher Scientific Acroseal (97%)
1-octene Sigma Aldrich 100 ml. (98%)
2,4-hexadiene Fluorochem 25 ml mixture of isomers (95%)
Tertiary butyl .
hydroperoxide (tBHP) VWR Int. 70% solution in water
Octadecylamine Sigma Aldrich 25 g (99% GC)
Thermal fluid (H335) Julabo Range = +40°C to +335°C

Table 12 Description of the materials used in preparing and polishing the SS
substrates used in the gum adsorption experiments.

Material Supplier Description (Dimensions)

Stainless steel (SS) Rose Corrosion  Strip weight loss coupons in 316
coupons Services SS (L=2" x W=0.5" x H=0.0625").
Limited (RCSL) Pre weighed, pre numbered, blast
finished. Each packed in a VCI
envelope with 1x (8=0.1875"
clearance) mounting hole at one
end, centred at 0.25" from end.

Silicon carbide MetPrep Adhesive backed discs (0=8").
grinding papers Grit size P120, P320, P600, and
P1200.
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Material Supplier Description (Dimensions)
Polishing cloths Buehler Magnetic backed discs (3=8").
MicroFloc.
Aquapol-P diamond Kemet Water-based polycrystalline
suspension B .
Polishing and finishing Arco Automax rolled sheets (L=36 cm,
cloths W=26 cm, weight=60 gsm).

3.2 Experimental

3.2.1 TRF oxidation setup

The TRF oxidation rig (Figure 18) consisted of a 3-neck round bottom flask, a
thermometer, an adjustable Drechsel bottle head, a double surface condenser,
an air pump (max. flow rate 120 I/hr), an oil bath, a heating and stirring plate, and
a chiller (Thermal Exchange CS20).

1 Needle air out

Oilbath _/

Hot and stirring plate

Figure 18 Single-batch TRF oxidation rig which connects to an air pump to
bubble air through at a rate of 60 ml/min, via the air inlet at the top of the
Drechsel bottle head.
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Experimental conditions during the single-batch TRF oxidation process were as
follows.

Table 13 Conditions chosen for the TRF oxidation process

Condition Value

85°C (mono-olefins)
Oil bath temperature
75°C (diolefins)

Air flow rate 60 ml/min
Condenser fluid temperature 10°C (95:5 Water:Ethylene glycol)
Experiment duration 48 h
Blend quantity 100 ml

The process was optimised by using a Radley Carousel 6 Plus Reaction

St at i EigurE 19] to perform six parallel oxidation reactions. The instrument

was manually fitted with 1/ 160 P-hubbingTef | c
in all flasks. It was also fitted with needle outlets to ensure pressure equilibrium
throughout the reaction time. The station was placed in a fume hood to ensure

no off-gases were released into the laboratory.

(DL
Temperature

thermocouple «s
and controller

Water
cooled

Stirring

and ®T Reaction flasks |

heating B 6 riticd with
plate

= %% | PTFE tubes for
A @‘ 4"
‘ - 9 “ bubbling.

Figure 19 Radley multi-batch reaction system.
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3.2.2 Gum content tests

Quantification measurements of the oxidation products (gum) were done using a
modified lab-scale ASTM D381 (Standard Test Method for Gum Content in Fuels
by Jet Evaporation). (57) Once the TRF oxidation experiment was terminated,
50 ml of the oxidised TRF was collected in a beaker and placed in an oil bath at
120°C for approximately 30 7 45 min (Figure 20). The beaker was weighed before
and after the experiment to determine the gum content. All calculations were done
as per the equations stated in the ASTM D381 standard method.

Beaker with
oxidised TRF

B
t

‘//
"

il

—

=5 Oil bath ESSSSS=="" Gum starting to form

Figure 20 Gum content evaluation setup showing oxidised TRF at different
stages during the evaporation process. Gum appeared at the bottom of the
beaker as a brown resinous material.

3.2.3 Gum adsorption experiments

3.2.3.1 Preparation for SEM/EDX and XPS measurements

Gum adsorption experiments conducted for the short studies described in
sections 5.4.3 and 5.4.4, later in this thesis, were performed by immersing five
stainless steel substrates in oxidised TRF blends containing various ODA
concentrations (zero, 50, 500, 1000, and 2000 ppm wi/v). Immersion was
performed in a fume hood at room temperature for 10 s. Once a coupon was
taken out, it was left to dry in the fume hood prior to analysis. No further
treatments were performed.
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3.2.3.2 Preparation for XPS studies

Adsorption experiments conducted and described in sections 6.3.1, 6.3.2, and
6.3.3 were performed by immersing 1 x 1 cm? stainless steel substrates in TRF
blends for 24 h, at room temperature. Composition and components
concentrations varied depending on the objectives of the experiment. Full details
are described in the relevant sections. Once taken out, substrates were soaked
a few times in neat TRF to remove any heavy polar hydrocarbon residue on the
surface. Finally, substrates were rinsed with heptane to remove any nonpolar
residues. Such treatment allowed for better analysis to the chemisorbed species.

3.3 Analytical and characterisation techniques

3.3.1 Attenuated total reflectance — Fourier transform infrared
(ATR-FTIR) spectroscopy

Reference materials and TRF blends, both neat and oxidised, were analysed
using a Thermo Scientific Nicolet iIS10 FTIR Spectrometer equipped with a
Diamond/Zinc Selenide (ZnSe) ATR sampling accessory. Briefly, the IR source
provides a light beam, focused via several mirrors, which illuminates the sample.
The amount of absorbed light is determined as shown in Figure 21. Knowledge
of absorbed and incident beam intensity determines the absorbance (A) or
percentage transmittance (%T) as a function of the light wavelength (400 i 4000
cm?). Characteristic peaks correspond to specific molecular vibration
frequencies. FTIR spectroscopy was a primary technique throughout this PhD;
as it is capable of fast turnaround and providing quick analysis of the influence of
experimental variations on samples.
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Collimating mirror

IR source ——»

~ Beam splitter

Detector Sample Moving mirror

Fixed mirror

Figure 21 Schematic diagram of the basic principle of FTIR spectroscopy. (133)

The absorbance (A) is calculated using the following equation. (133)
Equation 6
A C;TO aeg QO ag QO

Where doGs the incident light intensity and d6is the transmitted light intensity.

Spectra can also be plotted as percentage transmittance (%T).

Equation 7

b4 pnﬁ)l

In ATR-FTIR applications, the IR beam travels through a crystal of high refractive
index (nc) into the sample which has a lower refractive index (ns) (Figure 22). The
difference in refractive indices results in light internal reflectance depending on
the incidence angle (qi). If the incidence angle is small, the light will partially reflect
internally creating an angle of reflectance (qr) as well as a refracted beam, which
travels through the sample. The angle the refracted beam travels against the
surface normal is called the angle of refraction (gr). The relationship between g
and gr is proportional. (134) However, at certain giangles, gr becomes 90° which
results in no refracted beam to travel through the sample. Hence, the term total
internal reflectance was introduced. The minimum g which allows for internal
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reflectance is called critical angle (qc). In other words, internal reflectance occurs
whenever gi? gc. The critical angle (qc) correlates to the refractive indices of the
crystal (nc) and sample analysed (ns) in accordance to the following equation.
(133)

Equation 8

Angle of refraction, By

Refracted beam,

B, <8, - / Surface normal
i T — 1-- = Sanlple' ns
/7 N
ATR crystal, n_
Internally reflected beam, IR beam

Total if 6, = 6,

Angle of

reflectance, 8, Angle of incidence, 6,

Figure 22 Schematic diagram representing the basic principle of ATR internal
reflectance. (133)

3.3.2 Gas chromatography coupled with mass spectroscopy
(GC-MS)

3.3.2.1 Validation of the TRF formulation method

TRF blending was verified via GC-MS analysis using a PE Clarus 500 GC and
PE Clarus 560S MS, with a 30 m long column (PE Elite 5 ms, 250 um 1.D). GC-
MS is a technique used to separate components using a temperature-controlled
column and detect the fragmented species using a mass spectrometer. The
resulted chromatogram quantifies components within the sample (i.e. area under
the curve) against the time taken for each component to travel through the
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separation column and reach the detector (i.e. retention time). For accurate
quantification, parameters in Table 14 were applied to the method detailed in
Table 15 in order to calibrate the instrument and analyse the studied systems. All
calibration standards were prepared by adding 10 ul of sample to 1 ml of
n-pentane followed by 5 pl of n-decane as an internal standard.

Table 14 Parameters of GC-MS method developed to characterise the TRF
blends.

Injection

Carrier Gas Flowrate Split ratio Temperature
temperature
40°C, 6min,
Helium (He) 1 ml/min 50:1 200°C 100°C at

20°C/min, 3min

Table 15 GC-MS calibration standards composition in volume percentage.

Blend no. Toluene Iso-octane n-Heptane Sample type
1 10 45 45 Reference
2 50 25 25 Reference
3 90 5 5 Reference
4 45 10 45 Reference
5 25 50 25 Reference
6 5 90 5 Reference
7 45 45 10 Reference
8 25 25 50 Reference
9 5 5 90 Reference

10 62 19 19 Check sample

Based on this method, the composition of the prepared TRF blends was
validated, indicating a composition of 61.02, 19.30, and 18.95 vol% for toluene,
iso-octane, and n-heptane, respectively. This shows excellent correlation
between actual and calculated compositions. The calibration curves for the
reference materials can be found in the appendices (Figure A 1, Figure A 2, and
Figure A 3).
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3.3.2.2 Characterisation of oxidation products (gum)

1 mg of gum was dissolved in 1 ml of acetone and analysed using a HP
6890/5973 GC-MS with the method summarised in Table 16.

Table 16 Parameters of the GC-MS method developed to characterise the gum
product.

Carrier Split Injection _
Flowrate i Temperature profile
Gas ratio temperature
Helium 2.6 40°C, 5min, 200°C at
, 100:1 250°C . ,
(He) ml/min 12.5°C/min, 17min

3.3.3 Ultraviolet and visible (UV-Vis) spectroscopy

UV-Vis spectroscopy is an analytical technique used to characterise materials
based on their ability to absorb light waves. In simple terms, a light source is used
to radiate electromagnetic waves in the visible region of the electromagnetic
spectrum (390 7 780 nm). A monochromator is then used to separate the lights
into different wavelengths, which transfer through the sample. Depending on the
sample material, an aliquot of light gets absorbed and/or scattered.
Spectrophotometer detectors then measure the intensity of the transmitted light
(I) and compare it to the original intensity (lo). A reference material can be used
to remove background absorption (e.g. by air) from the sample spectrum. (135)

Reference cell

_’ I
< < -
Light source Monochromator Beam Isplitter

(prism) Samplecell Detectors

v

A J

Figure 23 Schematic representation of the basic principle of a UV-Vis
spectrometer. (136)

The ratio between the light intensities before and after the analysed sample (1/lo)
can be calculated as a percentage transmittance (T). However, UV-Vis spectra
are conventionally plotted as absorbance (A) over wavelength. Absorbance,
which is a dimensionless quantity, can be calculated as per the following
equation. (135)
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Equation 9
! 114
In all UV-Vis measurements conducted in this study, approximately 2 ml of
sample was placed in a rectangular 3.5 ml quartz cuvette (Agilent Technologies

5061-3387), using glass Pasteur pipettes. The cuvette was rinsed with toluene
three times between runs to ensure no cross contamination between samples.

3.3.4 Thermogravimetric analysis (TGA)

TGA is an analytical technique in which the mass of a sample is monitored via a

very sensitive balance as a functon of sampl eds temperatur

Temperature profile can be recorded as a function of constant heat rate
introduced to the sample (dynamic measurement) or as a function of a specific
temperature the sample is held at (isotherm measurement). TGA results are
conventionally plotted as mass percentage against time or temperature. The first
derivative of the TGA curve with respect to time (or temperature) usually
complements the TGA data by showing the mass change rate. The resulting
curve is denoted as differential thermogravimetric (DTG) curve. Sample mass
changes as it interacts with the surroundings in the presence of temperature and
processing gas. This change leads to steps in the TGA curve and events (or
peaks) in the DTG curve. (137) Methods and details of processing gases used in
this study are described in chapter 4.3.4.2.

3.3.5 Dynamic light scattering (DLS)

In colloidal and suspension systems, DLS is a powerful technique used to
determine the size, size distribution, and shape of the studied particles. The
technique uses a monochromatic laser beam to hit the particles and create
scattered light. The change in wavelength between the scattered and unscattered
light provides information about size, distribution, structure, and shape of the
particles. (138) In all DLS measurements conducted in this study, approximately
2 ml of sample was placed in a rectangular 3.5 ml quartz cuvette (Agilent
Technologies 5061-3387), using glass Pasteur pipettes. The cuvette was rinsed
with toluene three times between runs to ensure no cross contamination between
samples.
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3.3.6 Contact angle

Contact angle (g) and diameter (d) of deionised water droplets on polished 316

stainless substrates were measured using a pendant drop camera (KSV Modular

CAM200 Optical Angle) and a Surface Tension meter with a Sensirion sensor

and a Firewire camera. A single water droplet was placed on the substrate using
Hamilton 10 ¢l syringe with cemented nee
at a fast rate of 1 frame/second. Analysis was performed using Biolin Scientific

software (Attension® Theta).

3.4 Surface analysis techniques

3.4.1 Scanning electron microscopy (SEM) with energy-dispersive

analysis of X-rays (EDX)

SEM is a microscopic imaging technique capable of providing information on the
morphology, topography, and sometimes also crystallographic properties of the
sample. In comparison to optical microscopy (OM), magnification in SEM
applications can be orders of magnitude higher (2x10°%x vs 500 i 1500x) with a
resolution down to 0.4 nm, compared to O
electron beam to scan samples and interact with electrons. Following this
interaction, beam electrons undergo elastic and inelastic scattering. Electrons
exhibiting elastic scattering change their direction, but they do not lose energy,
whereas inelastically scattered electrons do lose part of their energy. Other
effects of the interaction between the electron beam and the sample include
emission of secondary electrons, backscattered electrons, and X-ray emissions.
Emission of secondary electrons is the most reoccurring effect and thus
contribute the most to the SEM imaging signal. As the name suggests,
backscattered electrons are being reflected as a result of the elastic collision
between the electron beam and the atom. Intensity of the generated signal is then
displayed as a black and white image, depending on the atomic weight of the
detected element. The heavier the element, the brighter the region. (139)

In EDX spectroscopy, the incident energetic electrons excite electrons in atomic
core levels. The decay of these excited states generates characteristic
fluorescent photons in the X-ray range. The wavelength of the emitted X-rays is
characteristic for the chemical element and thus can be used for elemental
microanalysis. The resolution of the output spectrum depends on the energy of
the emitted X-rays as well as the atomic weight of the detected element.
Generally, elements with higher atomic humber generate stronger EDX signals
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due to higher probabilities of core hole decay under emission of fluorescent
photons. (140-142)

The instrument used for SEM/EDX analysis in chapter 5.4.3 was a Carl Zeiss
EVO MA15 (Tungsten gun) coupled with Oxford Instruments AZtecEnergy EDX
system with 80 mm X-Max silicon drift detectors (SDD) for secondary and
backscattered imaging and EDX elemental mapping. Samples were mounted on
standard specimen stubs using double sided carbon tape and analysed at
accelerating voltage of 5 kV.

3.4.2 X-ray photoelectron spectroscopy (XPS)

XPS is a surface sensitive technigue based on the photoemission principle, with
X-ray photons exciting electrons from the valence and core levels of atoms
(Figure 24). Due to the high cross section for inelastic losses and re-absorption
in condensed matter, only photoelectrons generated near the surface (i.e. 20 i
50 A) are capable of escaping without energy loss. (143) The binding energy of
each atomic core level is characteristic for each element, permitting elemental
analysis through quantitative analysis of the intensities of the characteristic
photoemission lines. For a given photon energy, the binding energy (B.E, Es)
can be, in a first approximation, calculated as the difference between the photon
energy and the measured Kkinetic energy (K.E., Ek) of the detected
photoelectrons. The electron spectrometer is designed to provide a high
resolution spectrum of the photoemission line intensities (plotted as absolute
counts or counts per seconds, CPS) as a function of the kinetic energy.
Conventionally, the photoelectron spectra are therefore plotted as intensity as a
function of electron energy (either the measured Kkinetic energy or, more
commonly, the derived binding energy), calculated via (144)

Equation 10
"% Bu +% 7

OWO6 is the spectr, whnhch tegresenty the differéncerbetweeno n
the Fermi level and the vacuum level. It can be determined spectroscopically by
measuring the difference between the Fermi level and the cut-off at the low kinetic
energy scale. (145) Subtracting the work function from the photon excitation
energy should, by definition, corresponds to a binding energy of 0 eV, with
reference to the Fermi edge. Thus, the work function can be used in calibrating
the B.E scale. (146) B.E is usually expressed in electron volt (eV) units. Final
state effects, e.g. due to core hole relaxation during the emission, influence the
measured value of the B.E as well, but this is a secondary effect.
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Photoelectron spectra produced in terms of binding energy can give insight into
the electronic structure of the studied element. Excited or ejected electrons which
escape from the core level contribute to characteristic peaks at specific binding
energy values. Once a photoelectron has been ejected, the atom undergoes a
relaxation process via fluorescent emission of X-ray photons, or radiationless
decay through Auger electron emission. (144)
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Figure 24 Schematic diagram of the XPS principle illustrating photoemission
process of an atom by the incident X-ray beam, resulting in an ejected core-
level electron. (144)

XPS allows for quantification of elemental and chemical state composition. The
photoemission intensity is the area under the curve of the produced photoelectron
emission peak. Once a set of peak areas has been calculated, intensity can be
interpreted as atomic percentage (at%) of the studied elements. However,
several factors have to be taken into consideration to ensure accurate
guantification. Of these factors, the relative sensitivity factor (F) which is element
dependent and includes the photoelectron cross-section, instrumental factors,
and electron attenuation depth (1), typically up to 5 nm. Once all these
parameters have been determined, surface composition in terms of at% can be
calculated by dividing the peak area (la) by the sensitivity factor (Fa) and
expressing it as a fraction of the summation of all normalised intensities (S I/F).
(144)

Equation 11
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It is important to mention that the above equation assumes that the area analysed
by XPS is homogeneous and representative of the whole sample. Therefore, a
systematic study was applied to the analysed stainless steel substrates to verify
and confirm surface homogeneity (section 3.5.3).

The spectral lineshapes resulting from the core level photoemission process are
Lorentzian, with an asymmetric tail towards high binding energy, as described by
Doniach-Sunjic theory. However, the natural lineshape is influenced by several
factors. The Ka X-ray source, for example, contributes towards a Lorentzian line-
shape, while spectrometer broadening gives rise to Gaussian broadening.
Moreover, variations in intermolecular relaxation processes can account for an
increase in linewidth (FWHM). (109, 110) In other words, lower-energy emission
lines typically lead to narrower FWHMs. The FWHM of the peak can also be
artificially affected (i.e. broadened and with asymmetrical features) as a result of
surface charging. (110)

The notation followed in XPS applications is conventionally in the formula of @l;6
where n is the principal quantum number (e.g. 1, 2, 3, etc.), | is the angular
momentum number of the electron (e.g.0=s,1=p,2=d,and 3 =f),andj = |l + |
(where s is the spin angular momentum number, which can be either +1/2 or -1/2).
Therefore, XPS spectral peaks derived from orbitals with angular momentum
() >0 (i.e. p, d, or f) typically split into two peaks (i.e. spin orbit splitting). For
instance, an electron from orbital p would have a j value of 3/2 (I + s) or 1/2 (17 s)
(e.g. in the case of iron, Fe 2psz and Fe 2p12). An electron from a d orbital, on
the other hand, would result in j values of 5/2 and 3/2. (144)

The angle at which the sample is analysed at is also of great importance in XPS
applications. Although conventional XPS is considered as advanced surface
sensitive technique, analysis depth may be varied based on the angle of
measurement. Thin surfaces of up to 3 nm can be accurately probed by tilting the
surface to increase the surface area exposed to the X-ray beam. (144) This
method is called surface angle measurements and allows for more sensitive
analysis of the surface (Figure 25). The angle between the surface normal and
the direction in which the photoelectrons leave the surface towards the analyser
is called the electron take-off angle (g). At g = 0°, the X-ray beam can penetrate
the surface to deeper levels and partially probe the bulk material as well. This
method is called bulk angle measurements.
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Bulk angle Surface angle
measurements measurements
Analyser Analyser
nozzle nozzle
1 Surface normal
\ Emission angle
Surface Analysis depth, d Electron attenuation depth, %

: Electron attenuation depth, i

Electron take-off angle, 6 = 80° - emission angle
6 = 0°in bulk angle measurements
6 typically varies between 10 — 80° in
surface angle measurements

Figure 25 Schematic representation of bulk vs surface angle measurements in
XPS applications showing deeper | at g = 0°.

Intensity of emitted electrons (I) from all depths can be then calculated as per the
following equation. (144)

Equation 12

i
) ) APPrETLo

Wher® &k the electron intensity lbnitshehl
attenuationmbddept hheawflamglet r on t ake

Since the objective of this PhD was to study the attachment of ODA and gum on
stainless steel, bulk angle was used in all XPS measurements to understand,
both, bulk and surface properties within the studied systems.

3.4.2.1 Ultrahigh vacuum (UHV) XPS

UHV-XPS measurements were performed on FlexMod ( SPECSEXPSUHYV
system wusing Aluminium (Al) Ku unfocused twin anode (XR 50) and
monochromatic (FOCUS 500) X-ray sources (400 W, 14.99 kV) within a
rectangular area of approximately 3.5 x 1 mm? (Figure 26). Standard lens iris
diameter of 60 mm was applied in conjunction with the hemispherical analyser
(PHOIBOS). Samples were mounted onthei n s t r ustaadart gasple plates

with an electron take-off angle (q) of 0° using high purity double sided carbon

tape (Figure 27). Measurements were conducted at analysis chamber pressure

of 7x10-1° mbar. Charge neutralisation was done using ions flood gun (FG 15/40)

at 2 eV energy, 25 ¢A Afilamentaureent. emi ssi on,
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Figure 26 Actual image of the UHV-XPS system used, showing key
instrumental components.
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Figure 27 Samples layout as seen from the analysis chamber windows.
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Figure 28 lllustration of the charge correction process in near-ambient XPS
applications. (147)
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3.4.2.2 Near ambient pressure XPS (NAP-XPS)

Analysis was perfor melde cotnr ofin vs r eocEtSrCoAnke t e
Surface Nano Analysis GmbH) using Aluminium (Al) Ko micro-focused
monochromator (hn = 1486.7 eV) over a circular area of approximately 300 pm.

Samples were mounted on standard specimen stub using high purity double
sidedcarbon t ape and placed in the instrument
electron take-off angle (q) of 0°. Measurements were conducted at analysis

chamber pressure of 9x107 mbar. Sample charge is neutralised by generation of
electron/ion pairs in the gas phase as shown in Figure 28.

Figure 29 Cross-section view of the EnvrioESCAE system showing A)
hemispherical analyser, B) differential stage pump, C) analysis column with
pumping stages and transfer lenses, D) X-ray generating system, E) digital

microscopes, F) analysis chamber, and G) sample transfer environment. (148)
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3.4.2.3 Harwell XPS

XPS measurements presented in chapter 5.4.4 were performed on a Thermo
Fisher Scientific K-alpha+ spectrometer. Samples were analysed using a micro-
focused monochromatic Al X-ray source (72 W) over an area of approximately
400 microns. Data was recorded at pass energies of 150 eV for survey scans and
40 eV for high-resolution scans with 1 eV and 0.1 eV step sizes respectively.
Charge neutralisation of the sample was achieved using a combination of both
low energy electrons and Ar+ ions. Data analysis was performed in CasaXPS
using a Shirley background and Scofield cross sections, with an energy
dependence of -0.6.

3.5 Methodology

The experimental framework set up for the methods established to formulate the
TRF surrogate fuels used in chapter 4 will be summarised in section 3.5.1.
Sections 3.5.2 and 3.5.3 will discuss in detail the reproducible polishing and
cleaning methods established to prepare the substrates for the adsorption
experiments and concurrently the surface sensitive analyses conducted
throughout this PhD. The applied methods allowed for quantitative measures to
ensure roughness uniformity and cleanliness across all substrates.

Any further optimisations to the methods detailed in this chapter will be discussed
and justified in the relevant chapters.

3.5.1 Fuel model formulation

A gasoline surrogate was formulated based on the TRF fuel model described in

chapter 2.1. Equation 4 was rearranged to a quadratic equation to generate a
general formula that give the exact volume percentages needed to make any TRF

blend at a certain RON value (R) and a normalised PRF volume ratio (P).

Mat hemati cal computing soft walcalculatibrs.p| e E
(149) The new equation can be described as follows:

Equation 13

nm 0zdépzc Gozc Ggzc  pmIW Y

Where al, a2, and a3 are constants awlp, awl, and awl2 respectively, as described
in Table 2 (chapter 2.1). ¢ = total volume.
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Equation 5 was used to validate the sensitivity of the generated blends.
Acceptable blends would typically have a sensitivity (S) in the range of 81 10.
(42) The following TRF blend was formulated based on the generated equations.

Table 17 TRF blend compositions in volume percentage with 95 RON and 1:1
normalised PRF ratio (P = 0.5) using the rearranged equation of MLbV model.

Toluene n-Heptane Iso-octane Sensitivity

61.8 19.1 19.1 9.04

TRF composition was first based on engine performance calculations to meet
RON values of > 95. However, meeting such RON values required very high
aromatic contents, which resulted in unrealistic gasoline surrogates. Composition
was adjusted to meet the maximum aromatic and olefin content values as per the
EN-228 specifications for unleaded gasoline.

Table 18 TRF surrogate fuel composition based on engine performance
calculations compared to EN-228 gasoline specifications.

Initial composition (vol%) Optimised composition (vol%)
Component

(Engine performance) (EN-228 specification)
Toluene 54.5 35.0
n-heptane 15.0 22.6
Iso-octane 25.0 22.6
tBHP 0.5 1.8
1-octene -- 13.0
2,4-hexadiene 5.0 5.0

Full TRF blend calculations retrieved from Maple software can be found in
Appendix 1. Furthermore, Equation 6 can be rearranged to calculate the RON
value of any generated TRF blend by manipulating toluene and PRF composition.
The sensitivity equation can be also applied for validation. An example of a
calculation can be found in Appendix 2.
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3.5.2 Substrates preparation methods

16 x grade 316 SS coupons were wet-polished using Buehler BETA Grinder-

Polisher (Figure 30). Consecutive courses of silicon carbide papers were used to

polish the coupons (Grit P120, P320, P600, and P1200). 3y water-based
polycrystalline diamond suspension (Aquapool 3-WP) was used in combination

with a MicroFloc polishing cloth to achieve the final mirror-finish of the surface.

All coupons were polished manually by holding the coupons perpendicularly onto

t he desk lapgos3i todoenl,ocwi th sl i ght alternat
positions to ensure polishing uniformity. This method was repeatedly performed

across all coupons.

Figure 30 Generic image of the Buehler B.ETA polisher used for coupons
preparation. (150)

3.5.2.1 Polishing and finishing effects

Coupons were weighed pre- (as received) and post-polishing using a micro-gram

scale as a mean to aid in recording all physical changes on the prepared
substrates. Average masses of neat and polished coupons were 7.1768 g and
6.9915 g respectively, with an average mass loss of 185.35 mg (2.58%). 12 out

of the 16 polished coupons fellwithin+1standar d devi ati on (St .
loss, which indicated a reproducible polishing procedure. The following table lists

the raw values for all polished coupons.
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Table 19 Measured and calculated mass values of all polished coupons.

Coupon Mass before Mass after Mass loss Percentage

number (@) (@) (mg) loss (%)

Reference

oolished 7.2136 6.9803 233.30 3.23
1 7.1964 7.0770 119.40 1.66
2 7.2056 6.9150 290.60 4.03
3 7.2017 6.9924 209.30 291
4 7.1979 7.0579 140.00 1.95
5 7.1984 7.0324 166.00 2.31
6 7.1960 7.0267 169.30 2.35
7 6.9565 6.7818 174.70 251
8 7.2043 7.0605 143.80 2.00
9 7.1678 6.9977 170.10 2.37
10 7.1938 6.8196 374.20 5.20
11 7.1705 7.0452 125.30 1.75
12 7.1844 6.9192 265.20 3.69
13 7.1766 7.0606 116.00 1.62
14 7.1716 7.0318 139.80 1.95
15 7.1943 7.0657 128.60 1.79

Average 7.1768 6.9915 185.35 2.58

St. Dev. 0.0584 0.0862 70.89 0.97
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The following figure compares the unpolished side in one of the SS coupons to
the polished side.

Figure 31 Left: Unpolished, rough surface on the back side of the coupon
compared to (right) mirror-polished front side, reflecting surroundings as the
photo was taken.

SEM images were taken to visualise the difference in couponso6 surf
roughness at a micrometer scale.

5.00 kV 100 pm

-

v

$5.00kV. 4 20pm

Figure 32 SEM images of polished (a and b) compared to unpolished (c and d)
stainless steel coupons at 100 anc



53
3.5.2.2 Surface roughness measurements

Due to the restricted availability of the surface profilometer and the high
repeatability of the established polishing method, it was decided to randomly
select three samples for surface roughness analysis. Therefore, average surface
roughness (Ra) measurements were determined for coupons number 4, 8, and
13 using a Taylor-Hobson Talysurf [20-L Profilometer (Figure 33).

Sample. -
stage—— -

Granite base

Figure 33 Actual image of the Talysurf profilometer used for roughness
measurements, detailing key parts of the instrument.

X-Y directional surface roughness was measured at six different sites on each
coupon, three sites on each direction (Figure 34). Analysis length was 8 mm with
a cut-off value at 0.8 mm and a measurement angle of 0°. Average X and Y axes
Ra value calculated for the three coupons, and reported to two significant digits,
was 0.01 um. Surface roughness for the unpolished (as received) reference
coupon (denoted as Ref.U in Table 20) was also determined and found to be
1.15 um. This demonstrates the efficacy of the polishing procedure. The following
schematics illustrate the sites and directions where each measurement was
taken, followed by tabulated roughness values of the profiled coupons.
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6
21 3 4
5

Figure 34 Schematic diagram of a stainless steel coupon indicating an

approximation of the three measured sites (in red) at Y and X axes, left and
right respectively. Blue arrow indicates the direction of profiling.

The following table lists the raw surface values measured for each coupon, where
Ra = Arithmetic average height, Rsk = Skewness, Rp = Maximum peak height,
Rq
Rt

Root mean square roughness, Ry = Maximum valley depth, and
Maximum height of the profile. (151)

Table 20 Values of surface roughness parameters measured for each coupon.

Coupon
Ra Rp Rq Rv Rt .
number (um) Rsk (um) (um) (um) (um) AXIis
(site) H H H H H
Ref.U (1) 1.01 0.10 3.60 1.30 3.17 9.56 Y

RefU (2) 1.17 0.15 3.82 1.46 3.73 9.63
RefU(3) 1.21 0.30 4.27 1.583 3.50 10.24 Y

Average 1.13 0.18 3.90 1.43 3.46 9.81
Ref.U (4) 1.14 -0.04 3.63 1.43 3.62 9.72 X
Ref.U (5) 1.17 0.09 4.08 1.45 3.35 9.41 X

Ref.U (6) 1.18 -0.03 3.72 1.47 3.74 10.14 X

Average 1.16 001 381 145 357 9.76
13(1) 002 -005 005 002  0.04 0.12 Y
13(2) 002 -084 005 003 007 0.22 Y
13(3) 002 -1.33 005 002  0.08 0.35 Y

Average 0.02  -0.74 005 002 0.6 0.23

13 (4) 0.01 -0.07 0.02 0.01 0.03 0.09 X
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Coupon
Ra Rp Rq Rv Rt .
number (um) Rsk (um) (um) (um) (um) AXis
(site) H H H H H
13 (5) 0.01 0.11 0.02 0.01 0.03 0.07 X
13 (6) 0.01 0.20 0.02 0.01 0.02 0.07 X
Average 0.01 0.08 0.02 0.01 0.03 0.08
4 (1) 0.02 0.11 0.04 0.02 0.06 0.19 Y
4(2) 0.02 -0.22 0.04 0.02 0.07 0.19 Y
4 (3) 0.01 -0.36 0.04 0.02 0.04 0.14 Y

Average 0.02 -0.15 0.04 0.02 0.06 0.17

4 (4) 001 004 002 001  0.03 0.08 X
4 (5) 001 -163 003 002 005 0.19 X
4 (6) 001 013 002 001 003 0.10 X

Average 0.01 -0.49 0.03 0.02 0.04 0.12

8 (1) 001 013 003 001 003 0.08 Y
8 (2) 001 003 004 002 004 0.10 Y
8 (3) 001 -002 003 001 003 0.08 Y

Average 0.01 0.05 0.03 0.01 0.03 0.09

8 (4) 0.01 -0.12 0.02 0.01 0.02 0.06 X

8 (5) 0.01 0.20 0.02 0.01 0.02 0.06 X

8 (6) 0.01 -0.05 0.02 0.01 0.02 0.06 X
Average 0.01 0.01 0.02 0.01 0.02 0.06

Figure 35 compares the average Ra values of the polished coupons to the
reference point.
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Figure 35 Average surface roughness (Ra) of unpolished vs. 3 polished
coupons, showing ca. 99% reduction in roughness (Reference vs. average).

Due to the relatively large size of the coupons, it was decided at a later stage of

the project to laser-cut each coupon into three smaller substrates (Figure 36).

Reducing coupons size allowed for better optimisation for the adsorption
experiments as well as all the consequent surface sensitive analyses.

O

1cm

+—>
1cm

Figure 36 Schematic drawing of a stainless steel coupon (left) showing
locations where the laser cutting was performed. Right: 1x1 cm laser-cut

coupon.

3.5.2.3 Substrate cleaning method

It is vital in surface analysis to establish a rigorous, reproducible cleaning method
to achieve reliable results. (152-154) Surface elemental composition is a key
factor contributing to chemical interactions at the interface. (155, 156) In this
study, a cleaning method utilising a solution of polar and non-polar solvents was
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established to ensure removal of both polar and non-polar contaminants. The
solution was consisted of toluene, acetone, and methanol (TAM) in 1:1:1 ratio.
Five substrates at a time were immersed in a Duran bottle containing the TAM
solution and placed in a water-filled ultrasonic bath for 15 min, at room
temperature. Coupons were the taken out of solution, rinsed individually with
acetone, and wiped thoroughly with a finishing cloth. This cleaning cycle was
repeated for three times with the TAM solution being changed and the Duran
bottle cleaned in between each run. Following the last cycle, coupons were
allowed to dry in an oven for 3 h at 65°C to ensure removal of any residual
acetone. The following figure shows the effectiveness of the established method
in cleaning the stainless steel substrates.

TAM cleaned

Figure 37 Uncleaned (left) compared to a TAM-cleaned (right) substrate
showing noticeable improvements, especially around the edges.

XPS was utilised to compare the cleaning efficiency of TAM solution against that
of acetone, on two SS substrates. Data were collected as per the following
parameters.

Table 21 XPS scanning parameters used to probe the surfaces of the acetone
and TAM cleaned coupons

Pass energy Dwell time  Step size Number of
Scan range
(eV) (s) (eV) scans
Survey 100 0.1 1 1
High-resolution 4, except for
10 0.4 0.1
(C, N, O, Fe) N 1s (8)

Binding energy (B.E) scale was calibrated to aliphatic C-C emission at 285.0 eV.
(109, 110) Data analysis was performed in CasaXPS using Scofield cross
sections, Shirley background, and Gaussian-Lorentzian line shape, GL(30),
unless otherwise stated. Wide range survey scans resulted in the same major
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elements (i.e. C, N, O, Cr, and Fe), except where 1.55 atomic percentage (at%)
of fluorine (F1s) was found on the surface of the TAM cleaned coupon. It was
believed that this was due to the use of a fluorinated solvent bottle to contain the
TAM solution. Figure 38 compares the elemental composition of both coupons.
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Figure 38 Elemental composition obtained from survey scans for the acetone
and TAM-cleaned coupons.

It can be seen from Figure 38 that iron (Fe 2ps2) and nitrogen (N 1s), which are
integral to the substrate, (123, 156, 157) showed 6.66% and 26.42% increase
respectively, in favour of the TAM cleaning method. However, it was imperative
to investigate the adventitious layer elements, especially carbon (C 1s) and
oxygen (O 1s), in more details to gain a wider understanding of chemical species
behaviour on the surface.

Upon deconvoluting the high-resolution C 1s spectra (Figure 39), three main
peaks were assigned for the adventitious carbon layer, namely aliphatic C-C at
285.0eV, C-Oat286.271 286.5eV,and C=0 at 288.4 1 288.6 eV. (156) Carbonyl
species on the surface showed an attenuation of 5.15 at% in the favour of TAM
cleaning. On the other hand, O 1s high-resolution spectra (Figure 40) was fitted
to a Lorentzian function line shape, LF(1,1,25,280), and deconvoluted into three
main peaks, metal oxides at 529.9 eV, C-O at 531.3 i 531.4 eV, and C=0 at
532.7 7 532.9 eV. (146) Adventitious C-O and C=0 showed an attenuation of
3.21 and 4.97 at% respectively, in the favour of TAM cleaning. Moreover, the
metal oxide peak increased by 8.19 at% with TAM cleaning, which indicated more
exposure of the surface. Table 22 lists the C 1s and O 1s core level binding
energies (B.E), full width at half maximum (FWHM), peak area, and atomic
percentage (at%) for each component.
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Table 22 Carbon (C 1s) and oxygen (O 1s) XPS core level binding energy,
FWHM, and peak intensities as a function of cleaning method.

Acetone cleaned TAM cleaned
) B.E )
Species FWHM at% FWHM at%
(eV) area (eV) area
Cls
C-C 285.0 1.2 144.07 61.57 | 285.0 1.1 180.05 66.53
C-O 286.2 2.7 36.52 15.61 | 286.5 1.3 42.75 15.80
C=0 288.4 15 53.40 22.82 | 288.7 2.0 47.81 17.67
O 1s
Metal
. 529.9 1.1 116.01 41.54 | 529.9 1.1 141.60 49.73
oxides
C-O 531.3 1.9 126.40 45.26 | 531.4 1.9 119.73 42.05
C=0 532.7 1.8 36.86 13.20 | 532.9 1.8 23.42 8.23
1250 :2%”’&“& Acetone c1s :gi;vdata TAM C1s 1250
— & —&
-—— Background —— Background
—— Fitted data Fitted data
1000 — — 1000
S
S
2 750 - 750
[72]
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Q
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Figure 39 Carbon (C 1s) high-resolution spectra of acetone vs. TAM cleaned

coupons.
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Figure 40 Oxygen (O 1s) high-resolution spectra of acetone vs. TAM cleaned
coupons.

Following establishing the above discussed cleaning method, it was crucial to
statistically evaluate the consistency of producing clean substrates with
comparable elemental composition. Section 3.5.3 discusses the reproducibility of
post-cleaning surface composition.
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3.5.3 Reproducibility of surface elemental composition

Due to the nature of this PhD in using XPS as the main technique to probe the
solid-liquid interactions at the interface and the large number of substrates used,
it was time consuming and costly to scan three sites at each coupon. Thus, a
systematic study was conducted to evaluate the compositional uniformity within
each coupon (i.e. Intra-surface composition) and across various coupons
(i.e. Inter-surface composition). Outcomes of this study allowed for better
optimisation to the scanning time, by reducing number of sites to one or two, while
maintaining high levels of confidence and reliability of the collected data.

3.5.3.1 Intra-surface composition study

A single TAM-cleaned coupon was survey scanned at six different positions using

an EnviroESCAE el ectron spectr omet aersinaabte 213 s

denoted as P17 P6 throughout this section, to quantify the elemental composition
on the surface. Average composition was calculated for each element, with an
error margin of = 1 standard deviation (Figure 43). Elemental composition from
central position (i.e. P1) was compared to the average of position 2 i position 6
(P21 P6). Analysis showed good correlation between P1 and average P2 i P6
on the surface (Figure 44), which suggested that P1 was representative of the
surface and hence was chosen as an optimum scanning site.

pel
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Figure 41 Survey spectra collected at six different positions on a single TAM-
cleaned coupon. Positions are denoted P11 P6.
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Figure 42 Intra-surface elemental composition, showing clear variation within
the same coupon.

Table 23 lists the elemental composition plotted in Figure 42 as a function of
scanning position. By examining the calculated regions, it can be seen that
nitrogen (N 1s) and calcium (Ca 2p) were not detectable in all positions, which
indicated that those two elements were not uniformly distributed across the
surface. Moreover, high levels of iron (e.g. P2 and P6) were associated with high
levels of oxygen at the same positions, which suggested that metal oxides were
the main constituent of oxygen (O 1s) on the surface. Such observation validates
the postulation proposed in section 3.5.2.3 to consider contents of metal oxides
on the substrate as a mean to evaluate surface exposure to the X-ray beam, in
addition to iron content.

Table 23 Composition of surface elements in atomic percentage calculated from
survey scans (Figure4l) . Green cell s fall within an

Position C1ls Nl1s O 1s Fls Ca2p Cr2ps32 Fe2pae

P1 39.74 244  47.37 1.55 0.00 1.85 7.05
P2 3147 0.00 5384 235 0.00 2.87 9.47
P3 4210 0.00 4460 4.10 0.00 2.35 6.84
P4 43.22 043 46.79 141 0.69 1.94 5.53
PS5 50.23 1.70 3824 289 0.15 1.20 5.59
P6 36.09 0.00 4966 241 0.00 3.06 8.78
Average 4048 0.76 46.75 2.45 0.14 2.21 7.21

St. Dev. 5.86 0.96 4.76 0.90 0.25 0.63 1.48
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Figure 43 Average intra-surface elemental composition for all positions,
showing acceptable error margin
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Figure 44 Bar chart comparing composition of major surface elements at P1
against average of positions P27 P6.Errormargin - ( N 1 &) shown on
signifies how P1 composition varies in comparison to the surrounding positions
(P21 P6). Schematic representation of positions is illustrated on the top right
corner.
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3.5.3.2 Inter-surface composition study

Based on the outcomes from the intra-surface composition study, it was sensible

to I mpl ement a comparabl e approach

reproducibility across various coupons. Thus, six blank, polished coupons were
treated using the TAM cleaning method described in chapter 3.5.2.3. Wide range
XPS survey scans were taken at two central sites within each coupon to quantify
elemental compositions on the surface. Average elemental composition was
calculated for each coupon (Figure45)and an error mar gi n
to better understand elemental composition variation across the coupons (Figure
46). Full spectra and table of raw values can be found in the appendices (Figure
A 4, Figure A5, and Table A 1).
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Figure 45 Average inter-surface elemental composition calculated from survey
scans at two sites on each coupon.

Table 24 lists the average elemental compositions plotted in Figure 45, for all
measured coupons. Similar observations found to those in section 3.5.3.1 were
also valid and evident in this study. For instance, in coupons 2, 3, and 4 no
nitrogen (N 1s) content was detected by XPS, which agrees with the previous
findings to suggest that nitrogen is not uniformly distributed on the surface.
Correlation between iron and oxygen levels were also in agreement with the
postulations proposed in sections 3.5.2.3 and 3.5.3.1. In such instances, high
levels of iron found on the surface of coupon 3 contributed towards the high levels
of oxygen on the same coupon; as metal oxides were believed to be the main
constituent of the oxygen peak in the spectra.

of
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Table 24 Average elemental composition per coupon in atomic percentage
calculated from survey measurements of two sites on each coupon. Green cells

o

fall within an error margin of N 1 & (St.

Coupon C1s N 1s O 1s Fls Caz2p Cr2pse Fe 2psn2

1 32.66 0.95 53.75 2.80 1.16 0.49 8.20
2 34.76 0.00 51.15 3.25 0.26 2.81 7.78
3 29.11 0.00 56.27 3.27 0.00 0.92 10.44
4 35.66 0.00 50.07 3.11 0.85 2.52 7.81
5 33.44 0.97 53.34 3.11 0.43 0.00 8.73
6 35.51 1.14 48.81 3.47 0.83 2.96 7.30
Average 33.52 0.51 52.23 3.17 0.59 1.62 8.38
St. Dev. 2.24 0.51 2.50 0.20 0.39 1.18 1.02
60.00
52.23
9
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Figure 46 Average inter-surface elemental composition of coupons 17 6,
showing acceptable error margin

Average elemental composition of coupon 1 was then compared to the average
of coupons 2 i 6. Results revealed acceptable correlation across various
coupons, which validates the TAM cleaning method to produce comparable
surfaces with regard to elemental composition.
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Figure 47 Bar chart comparing average composition of major surface elements
at coupon 1 against average of coupons 27 6 . Error margin
the graph signifies how the average composition of coupon 1 varies in
comparison to coupons 2 i 6. Schematic representation of the two measured
sites on each coupon is illustrated on the top right corner.

Overall, section 3.5.2 discussed the surface preparation methodology with
respect to polishing, finishing, and cleaning. Ra values measured for the three
polished coupons showed significant reduction in surface roughness when
compared to the unpolished reference, 1.15 vs. 0.01 pum.

XPS was employed to compare the cleaning effects of the TAM solution against
acetone. Results showed reduction in adventitious carbonyl species (C=0) in
both C 1s and O 1s XP spectra, in favour of the TAM cleaning method. In addition,
higher levels of iron content (Fe 2psi2) and metal oxides were found on the surface
of the TAM cleaned coupon, which indicated more exposure of the surface to the
X-ray beam, or in other words a cleaner surface.

The reproducibility of the TAM cleaning method was then evaluated throughout
a comprehensive set of inter- and intra-surface composition studies (section
3.5.3). Analysis from the intra-surface composition study revealed that central
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position (i.e. P1) is representative of the surface and can be confidently chosen
as an optimum scanning site. The inter-surface study, on the other hand, showed
acceptable correlation of elemental composition across various coupons treated
using the TAM cleaning method. More importantly, both studies have indicated
that nitrogen was not uniformly distributed across the surface of the coupons.
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Chapter 4 Oxidative formation of gum in model surrogate fuel

4.1 Introduction

In this chapter, TRF surrogate formulation and oxidation methods as well as
analytical characterisation of the oxidation products (gum) are described and
discussed. The TRF formulation method was based on the surface response
model discussed in chapter 2.1. The development of the oxidation process was
based on the gum formation mechanism described in chapter 2.2.3. ATR-FTIR
spectroscopy was used as a main analytical technique to investigate changes in
chemical composition by detecting characteristic functional groups on the
oxidised TRF as well as the formed gum. GC-MS, SEM and TGA were used to
characterise the synthesised gum.

4.2 Surrogate fuel components

As already discussed in Chapter 2 and Chapter 3, surrogate fuels are typically
used in engine performance predictions and combustion simulations. (39, 42)
Conventionally, iso-octane and dodecane are used as single-compound
surrogates to represent gasoline and diesel fuels, respectively. However, such
single component surrogates cannot realistically represent real fuel systems that
are much more complex, especially for combustion studies. (158, 159) In this
study, as a compromise, blends of toluene, n-heptane, and iso-octane were
chosen to represent the typical mixture of aromatics and saturated alkanes in
gasoline fuels. Blending volumes were initially calculated to be compatible with
reasonable engine performance (i.e. RON and MON values), as per the fuel
design principles reviewed in chapter 2.1. (42) For the envisaged studies of gum
deposition and detergency, the TRF blend composition had to be extended to
include gum. It is well established that reactions of olefins are associated with
aerobic oxidation of gasoline fuels. (17, 60, 70) Consequently, 1-octene and 2,4-
hexadiene, representing mono- and diolefins, respectively, were added to the
blend to facilitate a simulated fuel oxidation process to form the model gum. Final
blending composition were optimised and adjusted as per the British and
European standards of unleaded petrol (EN-228). (55)
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4.3 Formulation and oxidation of TRF blends

4.3.1 FTIR signatures of the TRF formulation and its components

The TRF blend was initially prepared as per the composition detailed in Table 17.
Figure 48 illustrates the FTIR spectra of the TRF blend and the reference
materials, followed by a discussion explaining the observed characteristic IR
absorption bands.
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Figure 48 Y-axis offset stacked FTIR spectra comparing reference materials
against formulated TRF blend.

The FTIR spectrum of the TRF blend exhibited the characteristic strong
absorption bands of aromatic mono-substituted benzene rings at 693 and
727 cmt. The two intense peaks at the lower end of the spectrum are
characteristic of the adjacent =CH out of plane bonds deformation (i.e. change in
bond angle) vibration in toluene rings. (160) In-plane deformation vibration of the
same molecules appeared as two weak peaks at 1030 and 1081 cm™.

Unique branched methyl (i CHs) groups at the 2,2 position in the iso-octane (2,2,4
tri methyl pentane) vibrated symmetrically at 1365 and 1393 cm™. The bend
deformation at 1365 cm™ is stronger, which explains the intensities at these
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wavenumbers in the TRF blend spectrum. Moreover, due to the third aliphatic
methyl group attached to the carbon atom at position 2 in the iso-octane
molecule, a third weak peak was found at 1379 cm. (160) Similar vibration
response within the same region was expected to be arisen from the two aliphatic
methyl groups in the n-heptane molecule. CHs bend vibration of the methyl
groups in iso-octane and n-heptane appeared in the TRF blend spectrum at
1466 cm™,

C=C in electron donor mono-substituted benzene rings (e.g. toluene) have a very
unique deformation mode at D1500 cm™. (160) A relatively strong peak at
1496 cm* was observed in the spectrum. Characteristic C=C stretch in the
toluene ring also appeared at 1604 cm™. Furthermore, it is typical for mono-
substituted benzene rings to show combination bands and overtone vibration
(four small consecutive peaks) in IR spectroscopy at 1660 7 2000 cm due to the
=CH out of plane deformation. Toluene overtone peaks appeared in the TRF
blend spectrum at 1735, 1800, 1856, and 1940 cm™. It is important to mention
that C=C bonds in olefins and C=0 in carbonyl groups may interfere with these
bands around the 1600-1650 and 1700-1750 cm?, respectively.

The aliphatic methyl groups stretch vibration resulted from the i CHs in iso-octane
and n-heptane was observed at 2871 and 2956 cm. An iso-octane molecule has
more aliphatic CHs groups than a n-heptane molecule (5 vs 2), which explains
the higher intensity found at 2956 cm™. Similarly, the stretch vibration at
2925 cm? corresponds primarily to the acyclic 1 CH2i groups in the n-heptane
rather than that of iso-octane (5 vs 1), which explains the comparable intensity to
that of CHs vibrations around 2956 cm. The relatively small peaks at the far end
of the spectrum (> 3000 cm?) correspond mainly to the =CH stretch in toluene
ring. All three peaks are due to the mono-substitution in the benzene ring.
According to literature, the number of peaks decrease with the increase in
substitution. (160)

Finally, formation of undesired products during blending can affect consequent
oxidation reactions. FTIR characteristic absorption bands of the reference
materials appeared unchanged in the formulated TRF blend spectrum (Table 25),
confirming that no reactions have took place during blending. Therefore, the
formulated TRF blend can be used in all consequent experimental stages.
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Table 25 Details of characteristic IR absorption bands of the formulated TRF
blend. Reference IR regions retrieved from (160).

Sample Region (cm™) Frequency (cm™) Assignment
670-710 693 =CH in toluene
720-820 727 =CH in toluene
1000-1040 1030 =CH in toluene
1050-1085 1081 =CH in toluene
1350-1395 1365 2,2, CHsbend in i-octane
1370-1390 1379 T CHs rock in i-oct & n-hep
TRF 1350-1395 1393 2,2, CHsbend in i-octane
blend 1435-1475 1466 CHsbend ini-oct & n-hep
1470-1525 1496 i C=Ci intoluene
1590-1625 1604 i C=Ci intoluene
2865-2875 2871 CHs stretch in i-oct & n-hep
2915-2940 2925 i CH2 stretch in n-heptane
2950-2975 2956 CHs stretch in i-oct & n-hep
3000-3105 3028 =CH stretch in toluene

Full details of the ATR-FTIR spectra of iso-octane, n-heptane, and toluene can
be found in the appendices (Table A 2, Table A 3, and Table A 4, respectively).

4.3.2 Experimental development of TRF oxidation method: Overview

Following the formulation of the neat TRF blend, several methods were carried
out to induce oxidation of the mono- and diolefin components added to the blend.
Previous research had demonstrated that such olefins components can be
oxidised and hence trigger gum formation in gasoline fuel (5, 17, 60). A
diagrammatic overview of the TRF oxidation development process is given in
Figure 49.
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Figure 49 Colour-coded flow chart of the preliminary work conducted to oxidise

the TRF surrogate.
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Initially, the TRF oxidation rig shown in Figure 18 was used for this work. Its
construction was informed by gum formation research reported in the literature.
(35, 36) Preliminary work with this rig started by bubbling air at 120 I/h through
the neat formulated TRF mixture in an open system, using an INTERPET AP1
agua air pump at room temperature for 20 h to evaluate the possibility of oxidising
the system without the aid of olefins. However, evaporative losses from the open
system were too substantial to allow this approach. For example, direct oxidation
with air was attempted with 1 vol% of 1-pentene, a typical olefin susceptible to
oxidation in gasoline fuel. (161) Once the experiment was completed, residual
materials on the flask were dissolved in acetone and analysed using FTIR.
Spectra showed typical TRF absorbance with no signs of oxidation products.
Moreover, no sign of olefin composition was found which indicates a complete
loss of pentene during the reaction, mainly due to the considerably high vapour
pressure of 1-pentene (0.82 bar at 24°C). (162)

For subsequent experiments, a quasi-closed system approach was taken, using
a double surface condenser to capture and re-feed evaporated components. A
water-based cooling fluid was circulated throughout the system at 10°C using a
Thermal Exchange CS20 circulation chiller. Olefin content was increased to 5
vol%, but the mixture had still evaporated completely from the reaction flask with
no sign of oxidation products in the IR spectra of the residual materials (not
shown).

To reduced evaporative losses further, the air flow rate was controlled and
adjusted to 100 ml/min to prevent excessive evaporation. A sintered Drechsel
bottle head was used to enhance bubbling uniformity. 90% of the blend was
thereby retained after 44 h. However, IR spectra showed no sign of oxidation
products (data not shown).

4.3.3 Results

4.3.3.1 Mono-olefin oxidation in TRF

As an initial study, different TRF blends were investigated in flasks 1 i 6 of the
multi-reaction system (Figure 19), with compositions summarised in Table 26. It
was found that 1-octene (vapour pressure 0.02 bar at 24°C) (163) showed better
response compared to that of 1-pentene. The reduction on the FTIR band at
1365 cm indicated that the concentration of branched CHz functional groups
from iso-octane had been reduced as a result of the reaction (Figure 50).
Moreover, the extent of the peak intensity reduction was found to scale with the
olefin and radical addition. More precisely, CHs bands were present in flask 1
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(4 vol% olefin) spectra whereas flasks 5 (12 vol% olefin) and 6 (0.5 vol% tBHP)
did not show any absorbance at the same IR region. This pattern suggests that
an oxidation reaction has occurred. Further analysis in the carbonyl vibration
region can validate these observations and help to identify any oxidation
products.

Table 26 Initial TRF blend compositions by volume percentage (vol%), as utilised
in the Radley carousel reaction system.

Flask no. Toluene Iso-octane n-heptane l-octene
1 62 17 17 4
2 62 16 16 6
3 62 15 15 8
4 62 14 14 10
5 62 13 13 12
6 62 12 12 5+ 0.5 tBHP

Normalised transmittance (%)

[ 1365
86 CH rock
84 1 1 1 1 1 1 ]
1385 1375 1365 1355

Wavenumber (cm™)

Before Flask 1 Before Flask 2 Before Flask 3
Before Flask 4 --------- Before Flask 5 Before Flask 6
After Flask 1 After Flask 2 After Flask 3
After Flask 4 After Flask 5 After Flask 6

Figure 50 Pre and post-reaction FTIR absorption bands of in the symmetrical
deformation region of the CHs group (1365 cm™?).



76

Indeed, the spectra revealed that addition of tBHP resulted in the formation of a
product with a carbonyl group (C=0) (Figure 51 and Figure 52), as one would
expect as a result of oxidation (chapter 2.2.3). It appeared that some other blends
showed a response similar to that observed for flask 6, around the same carbonyl
vibration region (e.g. flask 5). Therefore, further analysis of the spectra was
needed. Pre-reaction absorption bands were subtracted to analyse bands which
will only appear as a result of the reaction. The generated spectra confirmed that
the C=0 band only appeared in flask 6 post-reaction spectrum.

Normalised transmittance (%)
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———— After Flask 1 After Flask 2 After Flask 3
After Flask 4 After Flask 5 ——— After Flask 6

Figure 51 Pre and post-reaction FTIR absorption bands at the beginning of the
C=0 stretching region of carbonyl groups (1700 i1 1750 cm™).
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Figure 52 TRF blends difference FTIR spectra showing the positive response
following the addition of tBHP and 1-octene.

According to the mechanism illustrated in chapter 2.2.3 and the reagents used in

this reaction, it was believed that the oxidation product will be in the form of a
0

ketone (R'é_R). The carbonyl stretching vibrations in unsaturated ketones
generally occur in the 1660 7 1700 cm™ region. (160) In Figure 51, the C=0 band
was observed at 1707 cm™. According to the literature, the methyl vinyl ketone
(Butenone) carbonyl stretching vibration appears at 1707 cmt. (164) However,
additional analytical techniques are needed to confirm the chemical structure of
the oxidation product.

Following the promising results achieved by adding tBHP to the composition of
flask 6 (Figure 52), TRF blends were further optimised as per the composition
detailed in Table 27.
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Table 27 Optimised TRF blend compositions by volume percentage (vol%), as
utilised in the Radley carousel reaction system.

Flask no. Toluene Iso-octane n-heptane  1-octene tBHP
1 62 17.35 17.35 3 0.3
2 62 15.70 15.70 6 0.6
3 62 14.05 14.05 9 0.9
4 62 12.40 12.40 12 1.2
5 62 10.75 10.75 15 1.5
6 62 9.10 9.10 18 1.8

Moreover, the influence of temperature was examined to ensure sufficient heat
is provided to initiate the radical reaction. Several experimental studies have
previously discussed the oxidation reaction of 1-octene using molecular oxygen
or other oxidants such as tBHP. Temperatures quoted in literature varied between
80, 90, and 120°C depending on reaction conditions (e.g. pressure and catalyst
used). (165, 166) Consequently, the reaction temperature was adjusted to match
that of literature. The main constraint was the boiling point of tBHP (96°C) (167),
and thus the reaction temperature was set to 85°C to avoid evaporation of the
reactant during the reaction. After 48 h reaction, the appearance of blends
containing higher olefin and tBHP concentrations has changed. A yellowish-
brown colour was clearly apparent in the samples collected from flasks 5 and 6
(Figure 53), when compared to the clear colourless liquids in flasks 1 and 2.
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Figure 53 Top: TRF blends prior to oxidation reaction. Bottom: TRF blends
following oxidation reaction.
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FTIR absorption bands measured for the blends showed a similar response to
that of previous experiment. Branched methyl groups at 1365 cm™ have
disappeared for flasks 2 7 6 following the free radical reaction. Figure 54
illustrates the resulting spectra.
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Figure 54 FTIR absorption bands of TRF blends with 1-octene and tBHP
showing clear difference between the branched CHs bands at 1365 cm-.

This behaviour is expected due to the higher reactivity of tertiary alkyl groups
(r C(CHs)3) compared to the other alkyl groups within the system. Bond energies
provide a predictive indication of reactivity, as molecules with low bond energies
are easier to transform into radicals. (168) Their radical forms are then more
stable compared to radicals from molecules with higher bond energy. Table 28
lists the dissociation energies which are generally associated with alkyl groups.

Table 28 Absolute bond dissociation energies (kJ/mol) for branched alkyl groups.
(168)

Methyl Primary Secondary Tertiary
i CHs T C(CHs) I C(CHz3)2 i C(CHs)3

439 423 410 397
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Another region of interest is the region of C=C vibrations. It has been established
that the radical reaction in olefin oxidation is governed by the stability of the allylic
radicals. (17, 70) Therefore, allylic absorbance, near the 1640 cm region,
following the reaction should indicate the magnitude of the radical transformation
(i.e. oxidation reaction). Figure 55 shows the FTIR transmittance of the C=C
region.
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Figure 55 Pre and post-reaction FTIR spectra showing the vibrational response
at the isolated alkenes stretching region (1640 cm™?).

It can be seen that prior to the reaction, the C=C vibrational band intensity
increases with olefin concentration in each blend, as one would expect. However,
the spectrum has slightly changed following the reaction. It can still be seen that
flask 1 has lower C=C intensity compared to flask 5 (3 vol% vs. 15 vol%), but a
relatively stronger decrease for flask 5 indicated that the reaction had resulted in
more radical transformation. Consequently, there should also be more oxidation
product in flask 5, and this is indeed borne out by higher intensity, compared to
other flasks in the carbonyl vibration region (Figure 56).
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Figure 56 Pre and post-reaction FTIR spectra comparing the intensities of the
carbonyl groups resulted from the oxidation reaction.

The post-reaction FTIR analysis similarly indicated that no oxidation products
were observed in blends with low concentrations of olefins and tBHP (e.g. flasks
1 and 2). Although it was expected that flask 6 will have the highest intensity,
calibration curve of the bands at 1707 cm! showed that reactions in flasks 4 and
6 did not follow the expected pattern. Periera et al. argued that the oxidation
reaction force is governed by the stability of the allylic radicals. In other words,
the longer the radical exists, the higher the potential of gum formation. (17, 70)
Further analysis of the carbonyl (C=0) region (1700 i 1750 cm) was used to
examine the oxidation reaction. Figure 57 and Figure 58 illustrate the FTIR
transmittance patterns of the TRF blends oxidised using 1-octene at the C=C
(1640 cm™) and C=0 (1707 cm™) IR regions.
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Figure 57 Intensity of the isolated alkenes C=C stretching band absorptions of
the reaction product as a function of initial 1-octene concentration. Data derived
from Figure 55.
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Figure 58 Intensity of the carbonyl group C=0 stretching band absorptions of
the reaction product as a function of initial 1-octene concentration. Data derived
from Figure 56.

Overall, it can be concluded that the employed TRF blend oxidation method led
to the formation of oxygenated compounds, including carbonyl species, but no
evidence for high molecular weight compounds resembling gum was observed.
The formation of 2-octenal has previously been reported for the oxidation of

1-octene in the presence of tBHP, (169) and this would be compatible with the
observations made here.
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The following mechanistic model could explain the anticipated radical
transformation (where I: Initiation, P: Propagation, and T: Termination) leading to
1l-octenal and ketones. However, there was no indication that the reaction
proceeded beyond the formation of light oxygenated products, which is perhaps
not too surprising given the monofunctional nature of 1-octene.

) 4\ o} 4\ OH
(|):/\/\/\) + o) \% o~ + T 1)

. : g e Oy

(P)-M\/+OZY = fe) (2)
H

M + /\/\/\/O\O' \% B e 3)

MO\OH

P ey NN (4)
H

o g PO ¢ AN, (5)

2 WV\/O\OH

/\/.\/\/. 5 NN\

= 7 = 7 = (6)

. O\O
NN +0 ¥ X 7)
/\/’\/\/
%o %o ®)
F -

/\)\/\/+ T Y H,C

(T) : ROOA+ RAY ROOR

/\/’\/\/

o

ol O 0]
H2C/\/\/\/ v i%\/\/\/ + i) /\)J\/\/ (9)

4.3.3.2 Diolefin oxidation in TRF

Only a small amount of gum was observed with 1-octene (see section 4.3.3.3),
presumably due to its monofunctional nature that does not allow for extensive
condensation and cross-linking of several hydrocarbon components.
2,4-hexadiene was therefore added to the formulation to allow the gum formation
process. The addition of diolefins resulted in a noticeable response with respect
to C=0 group formation due to the formation of allylic radicals. FTIR spectra were
collected for the neat and oxidized TRF blends to emphasise on the formed



84

chemical groups. The following spectrum shows the subtracted transmittance
near the carbonyl region.

1750 1730 1710 1690 1670 1650
Wavenumber (cm)

Noramlised subtracted transmittance

——1-Octenen —— 1-Octene + 2,4-hexadiene

Figure 59 Subtracted FTIR spectra showing C=0 bond formation at 1709 cm™.
Negative y-axis values indicate less transmittance from the oxidised TRF blend.

In a similar previous study, base gasoline samples were spiked with different
mono- and diolefins namely 1l-octene, 1-hexene, cyclohexene, 1,5-hexadiene,
and 2,4-hexadiene to evaluate the effect of each component on gum formation.
It was found that cyclic and conjugated olefins forming secondary allylic radicals
(i.,e. cyclohexene and 2,4-hexadiene) contributed the most towards gum
formation. Mono- and non-conjugated olefins did not exhibit similar effects (70),
as observed in the 1-octene experiment in this study (flask 6 in Figure 57 and
Figure 58).
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4.3.3.3 Gum content evaluation

It is well established that mono- and diolefins tend to increase the tendency of
gum and deposit formation in gasoline fuels. Several studies have illustrated that
olefinic molecules have higher susceptibility towards oxidation and consequently
formation of gum precursors, typically in the form of polymerised ketones,
aldehydes, carboxylic acids, or esters. (17, 35, 60, 170) For gum quantification,
a sample beaker was weighed before and after the modified lab-scale gum
content method explained in chapter 3.2.2. Calculation as per the ASTM D-381
(57) revealed formation of 110 mg / 100 ml of oxidation products (gum). Figure
60 show the resinous formed products.

Gasoline gum

~ -

Figure 60 Oxidation products collected using the lab-scale gum content method
(left) compared to actual gasoline gum obtained using standard ASTM D-381
method (right). Act ual gasol i ne @&wdfpmAnton Raardldly. r et r

Further systematic experimental repeats were conducted to ensurethemet hod 6 s
reproducibility. Quantified gum increased to an average of 452.9 mg / 100 ml

( & 12.7 mg/ 100 ml) within three consecutive repeats. It is important to mention

that the 110 mg / 100 ml sample was produced from a TRF blend oxidised using
mono-olefins. Once diolefins were introduced into the blends, gum content has
increased significantly (Figure 61).
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4.3.4 Physical and chemical characterisation of oxidation products

(gum)

4.3.41 ATR-FTIR analysis

1

Gy .

Formulated gum was analysed using FTIR spectroscopy to pinpoint the chemical
functional groups of the oxidation products and eventually enable chemical
structure prediction. It was suspected that the mono- and diolefin compounds will
combine to form tri-olefin species within the oxidation products. The fingerprint
region of the spectrum showed C=C vibration bands at 968 and 1621 cm-*, which
correlate with tri-olefins IR bands from literature (987 and 1621 cm). (172) It can
also be deduced that the transmittance spectrum does not follow that of a
carboxylic acid, where the OH vibration band is usually observed within the same
region of the CH stretching (D3000 cm™). (160) The following table lists the
characteristic IR peaks observed for the fingerprinting chemical functional

groups.

Table 29 Characteristic ATR-FTIR band assignments of oxidation products.

Chemical group Wavenumber Assignment
C=Cw 1605-1640 Olefinic C=C stretch
C=0s 1707 Carbonyl stretch
CHm 2858-2957 CHh stretch region
OHDb 3379-4446 Hydroxyl stretch

Legend: (w) weak, (s) strong, (m) medium, and (b) broad.
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FTIR spectra were collected for the oxidised TRF blend and the gum product
throughout different stages of the gum content experiment to observe the
changes in functional groups as a function of time. The first sample was taken
prior to the gum content experiment (i.e. for the oxidised TRF blend at zero
minute). The second sample was a gum-concentrated TRF, which was collected
after 20 min from the start of the experiment. The same sample was further
concentrated by adding gum product, which was collected at the end of the
experiment, to verify that the observed C=0 (Figure 62) and OH (Figure 63)
absorption bands increase as a function of gum content. Full spectra can be
found in the appendices (Figure A 6).
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Figure 62 Alkenes (C=C) and carbonyl (C=0) FTIR absorption bands from the
oxidised TRF blends and oxidation products (gum) collected at different times.
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Figure 63 Aliphatic (CHn) and hydroxyl (OH) FTIR absorption bands from the
oxidised TRF blends and oxidation products (gum) collected at different times.

4.3.4.2 Thermogravimetric analysis (TGA)

Thermal degradation of the oxidation products was also taken into consideration
when analysing the formed gum. The decomposition profiles is crucial to
understand the structural integrity of the formed products. Analysis was
conducted using Mettler Toledo TGA/DSC 1 thermogravimetric analyser. Two
samples of oxidation product (gum) were heated under nitrogen (357 400 C) and
nitrogen/air (3517 200 C /200 i 400 C) respectively. The first sample (N2) was
subjected to 10 min isotherm at 200 C, whereas the N2/air sample was subjected
to 3 min isotherm at 200 C followed by 20 min isotherm once air was introduced.
Data analysis was performed using Mettler Toledo STARe Evaluation Software.
The following figures illustrate the decomposition behaviour of the oxidation
products (TGA) in addition to the differential thermogravimetric (DTG) curve as a
time derivative (dx/dt).
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Figure 65 Thermal degradation profile of the oxidation products heated under
nitrogen/air, showing gum decompo s i t i on o f40@°C) M4 sifa 5
mass loss (43%) between 150-200°C.

TGA and DTG curves of both samples exhibited a thermal event between
approximately 150 i 200 C. Another event was only observed in the N2/air
sample (~ 250 C). A similar number of events were observed for actual gasoline
gum samples heated under nitrogen and air. (31) However, onset and endset
temperatures were slightly higher due to the complex composition of gasoline in
comparison to the formulated/oxidised TRF. Table 30 lists the thermal events and
decomposition values.
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Table 30 TGA results calculated for the gum samples processed under nitrogen
and nitrogen/air.

Gas Event Onset T Endset T Mass loss Residual mass
(©) () (%) (%)
N2 1 159 195 48 o5
1 153 200 43
No/Air 26
2 241 328 20

In comparison, onset and endset temperatures for actual gasoline gum heated
under nitrogen were 208 and 268 C respectively. Samples heated under air
recorded two thermal events with onset and endset temperatures of 207 1 278 C
and 512 i 578 C respectively. (31) In Sl engines, surface temperatures at fuel

i njectorsodo tips would typically bustmch | u

chamber may vary between 250°C to over 600°C at the exhaust valves. (5, 6, 8,
61, 62) Thus, the observed mass losses between 150 i 200°C indicate that gum
or gum precursors would decompose and form hard deposits on t he i
and intake valves tulips (outer surface). Since the aim of this work was to study
gum behaviour prior to combustion, it was decided to evaluate the decomposition
profile to a maximum temperature of 400 C

4.3.4.3 Gas chromatography coupled with mass spectroscopy (GC-MS)

Following the results obtained from TGA, it was of a great benefit to identify the
components which constitute most of the oxidation products. The obtained mass
spectrum revealed that the most abundant molecule within the oxidation products
has a molecular weight (MW) of 208.1 g.mol! with a retention time of 13.14 min.
Typical MW values of gum in gasoline fuel varies in the range of 200 7 500
g.mol?. (63) Since the oxidation products were formed from relatively low MW
components, representing the light fraction of gasoline fuel, it was expected to be
at the lower end of the typical range. Actual m/z values (208.1: 100%, 209.1:
15.8%) retrieved from OpenChrom (173) following the analysis of the mass
spectrum showed good correlation with that of theoretical values calculated by
ChembDraw. Moreover, the MW of the fragmentation shown in Figure 66 (i.e. 71,
97, 123, and 165 g.mol') match that of the calculated fragment ions for the
anticipated chemical structure (Ci3H2002), shown in Figure 67. The following
figure illustrates the fragment ions of the subject molecule, including the parent
peak (M+).

nj ect
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Figure 66 Fragment-ion mass spectrum of the abundant molecule in the gum
product.

It was expected from the radical chain reaction with 1-octene and 2,4-hexadiene
to produce a tri-olefin molecule, which was also suggested by the obtained FTIR
spectroscopy. C=0 and OH functional groups were also confirmed to be present.
Hence, based on the above described analyses, the following chemical structure
was expected to be most relevant to the synthesised gum (or gum precursor).

0]

)J\/\/\/\/\/\/OH

Chemical Formula: C13H2002
Molecular Weight: 208.30
m/z: 208.15 (100.0%), 209.15 (14.1%)

Figure 67 Predicted chemical structure of the most abundant molecule found
within the oxidation product.

The observed molecular masses also correlate to the fragment ions of the
predicted molecule.

Table 31 Fragment ions and molecular weights as calculated from the predicted
molecule.

Fragment ion MW (g.mol?) Fragment ion MW (g.mol?)
CaH70% 71 C11H170% 165
CsHoOA 97 C13H2002 (M*) 208
CeH110% 123
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4.3.4.4 IR frequency prediction

In support of the predicted structure, Density Functional Theory (DFT)
calculations were performed to predict the IR frequency of the proposed gum
structure shown in Figure 67. Geometry of the predicted molecule was initially
optimised using molecular modelling and visualisation package (Avogadro 1.1.1).
(174) The force field chosen for the molecule was MMFF94 with a steepest
descent algorithm. (175) Cartesian coordinates were then used for tighter
geometry optimisation and IR frequency calculation using quantum chemistry
software (ORCA 3.0.3). (176) Optimisation was converged using B3LYP
functional and def2-TZVP basis set with a maximum SCF iterations of 125. (177)
A RIJCOSX approximation with def2-TZVP/J auxiliary basis set was applied to
the calculations to speed up the Hartree-Fock step. (178) ORCA_mapspc
function was then called to extract the IR frequency and plot the spectrum as per
the following values (-w = 25, -x0 = 650 cm, -x1 = 4000 cm?, and -n = 3476).
Where -w is Gaussian width, -x0 and -x1 are wavenumbers representing the start
and end of the spectrum, and -n is number of points. Scale factor of 0.965 was

applied. (179) The predicted IR frequency was found to be in good correlation
with the actual spectrum of gum.
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Figure 68 Actual vs predicted IR frequencies of gum sample and predicted
molecule respectively.



93
4.3.4.5 Scanning electron microscope (SEM)

Microscopic images of the oxidation products were taken using Carl Zeiss EVO

MA15 SEM instrument. Mirror-polished 316 stainless steel (SS) coupon (surface
roughness, Ra = 0.01 um) was immersed into oxidised TRF blend for 10 seconds

at room temperature. Once taken out, the coupon was allowed to dry in fume

hood prior to scanning. Images revealed circular islands of gum distributed over

the meta | substrate. Gum depbaindg ekhebitewdi
in the observed ring shape (Figure 69, b). The rings inner diameter was
approximately 907 1 00 & m. I n a comparabl e sfuiebdy c
gum deposits were also found to form clusters on the steel surface (Figure 9).

(36) However, unlike the TRF gum, gasoline gum deposits were in the form of

fused spherical particles.

Polished
surface

o |

Gum deposits

5.00 kV 100pm 5.00 kV 20pm

Figure 69 SEM images of residual gum on top of a 316 SS coupon at 100 and
20 em scale, a and b respectiyv
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4.4 Conclusion

In summary, a TRF surrogate fuel has been formulated using toluene, n-heptane
and iso-octane as primary components. Mono-olefinic component (1-octene) was
added to the blend to trigger the oxidation reaction. Tertiary butyl hydroperoxide
was used as a radical initiator in a 1:10 radical to olefin ratio. Oxidation process
was then further optimised by the addition of 2,4-hexadiene; as diolefins are more
susceptible towards oxidation. All volumes were optimised and adjusted as per
the EN-228 gasoline specification.

Presence of oxidation products containing carbonyl (C=0) functional group was
confirmed by ATR-FTIR spectroscopy. Analysis of TRF blends oxidised using
diolefins showed better response with regard to the C=0 peak (1709 cm™),
compared to 1-octene. Gum content evaluation also showed significant increase,
in favour of 2,4-hexadiene (110 vs 453 mg / 100 ml).

FTIR analysis of the oxidation products showed sharp intense C=0 peak at 1707
cm?® as well as a characteristic OH peak at ~ 3440 cm™. The thermal
decomposition profile of gum showed significant mass loss of 48% and 43%
between 150 i 200 C for samples heated under nitrogen and nitrogen/air
respectively. GC-MS analysis suggested that the molecular weight of the most
abundant molecule was approximately 208 g.mol! with an expected chemical
formula of C13H2002. Computed IR frequency was in agreement with the obtained
FTIR spectra for the oxidation products. SEM images of deposits on stainless
steel substrat es myandomgedistrikuted onegthebsurfade. g u



4.5 Recap
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