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ABSTRACT

This thesis describes the identification of chemical species
responsible for sediment formation during storage of an unstable

diesel fuel.

It is currently not possible to reliably predict the storage
stability characteristics of diesel fuels, ie. to distinguish
between stable diesel fuels, which remain chemically and physically
unchanged during storage, and unstable fuels, which deteriorate
under the same conditions to produce insoluble sediment. This study
was carried out in order to assist with the development of chemical

tests to predict diesel fuel storage stability characteristics.

An unstable diesel fuel was stored under ambient conditions for two
years. The sediment produced during this period was collected and
analysed by TIC, IR, MS, pyrolysis/MS and pyrolysis/GC/MS. Alkyl
derivatives of indole were found to be important constituents of the
sediment. The diesel fuel itself was analysed using ILC, GC, TLC and
MS. Alkylindoles and compounds, confirmed by synthesis to be alkyl
derivatives of indolylphenalene and bis(indolyl)phenalene, were
detected in the fuel. It has been shown that indolylphenalenes and
bis(indolyl)phenalenes are converted by acid into material whose
analytical characteristics are almost identical to those of a major
constituent of sediment. Phenalenone and alkylphenalenones have
also been detected in the fuel. These compounds are thought to
arise in fuel from autooxidation of the corresponding phenalenes.
The observed increase in concentration of indolylphenalenes and

bis (indolyl)phenalenes during fuel storage was attributed to
reaction of alkylindoles with phenalenone and alkylphenalenones.
Addition of phenalene and 2-methylindole to an otherwise stable
fuel, followed by storage for 6 months at 25°C, resulted in the
formation of phenalenone, 2-methylindolylphenalene,
bis(2-methlyindolyl)phenalene and sediment, with analytical
characteristics consistent with those of sediment formed during
storage of the unstable fuel. It is concluded that sediment
formation in the unstable fuel was caused by acid promoted reactions

of alkylindoles with phenalenones.
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CHAPTER ONE

GENERAL INTRODUCTION

1.1 Background

1.1.1 Introduction

The history of the modern petroleum industry is thought to date back
to 1859 when "Colonel" Edwin Drake accidentally discovered oil
whilst sinking a well in search of brine, near Titusville, in
Pennsylvania, USA. Today the industrialised world relies heavily on
petroleum and petroleum-derived products, to such an extent that the
economies of many nations are vulnerable to even modest fluctuations

in the price of crude oil.

Petroleum consists predominantly of a complex mixture of
hydrocarbons, ranging in volatility from light gases to solids, as
indicated in figure 1.1.1-1. The term diesel fuel is usually used
to describe the petroleum distillate fraction which boils between
approximately 180°C and 380°C. Synonymous terms include light gas
oil, DERV (diesel engine road vehicle), heating oil and middle

distillate fuel.

Diesel fuel is produced from crude oil directly by fractional
distillation or indirectly by thermal cracking, catalytic cracking
or hydrocracking of involatile crude oil coirponents. Details of
these and other refining techniques are widely available elsewhere

eg.l.
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Figure 1.1.1-1 1lypical composition and

of crude petroleum.
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Diesel fuel produced simply by distillation of crude oil is usually
referred to as "straight run distillate" whilst fuel produced by
catalytic cracking is sometimes described as "light cycle gas oil"
and fuel produced by thermal cracking, "visbroken gas oil". Diesel
fuel normally consists of either 100% straight run distillate or

blends of cracked stock with straight run distillate.

Diesel fuel is burnt in internal combustion engines or boilers, in
order to provide propulsive power, drive machinery or produce
secondary fuels such as electricity. The quality of diesel fuel is
assessed by measurement of its physical and, to a much lesser
extent, its chemical properties. Table 1.1.1-1, which is a
compilation of three different diesel fuel specifications,
illustrates the range and limits of the properties measured when
selecting diesel fuel for particular uses. These specification
parameters and limits have developed over the years to take account
of practical experience in the combustion and handling of diesel
fuel, optimum use of diesel fuels available in the marketplace and

in the case of sulphur content, environmental legislation.

The detailed chemical composition of diesel fuel can vary quite
considerably. These variations reflect the chemical characteristics
of crude oil originating from different areas of the world and the
nature and extent of refinery processing used to produce diesel fuel
from crude oil. Relatively few attempts have been made to correlate
the detailed chemical composition of diesel fuel with the

specification parameters listed in table 1.1.1-1.
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Table 1.1.1-1 Specifications for diesel fuel quality control
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Over many years the quality of diesel fuel has remained fairly
consistent and therefore there has been little need to change
specifications and investigate alternative and possibly more
discriminating methods of assessment. However, since the "oil
crises” of 1973 and 1979, there has been growing pressure to
optimise the use of petroleum reserves in general. At the same time
the demand for heavy distillate and residual fuel products has
decreased, whilst the demand for the more volatile petroleum
products has increased. In recent years, therefore, the petroleum
industry has made more use of upgrading processes, such as catalytic
and thermal cracking, in order to maximise production of middle and
light distillate fuels. These changes in refinery practice are
increasingly affecting the general quality of diesel fuel. An
explanation of the nature of these quality changes and how they
arise from recent developments in refinery processing is given in a
report by the British Technical Council of the Motor and Petroleum

Industries

The work described in this thesis is concerned with developing a
chemical understanding of one particular property of diesel fuel,

that of "storage stability".

1.1.2 Storage stability of diesel fuel

The storage stability of diesel fuel refers to its resistance to
physical and chemical change during storage, in particular its
tendency to darken in colour and to produce involatile material

(gum) and/or insoluble material (sediment).

A clear distinction should be drawn between storage stability and

20



thermal stability. Storage stability refers to the resistance of
fuel to degradation under ambient conditions of temperature over
time periods ranging from a few weeks to several years, whilst
thermal stability refers to the resistance of fuel to degradation
when exposed to temperatures in excess of approximatley 140°C, for
time periods of a few minutes or less. Thermal degradation of fuel
can result in the formation of gums and lacquers on hot engine
surfaces such as fuel injectors. Good thermal stability is
particularly important for aviation fuel since, prior to combustion,
it is frequently used in heat exchangers as a coolant for aircraft

engine lubricating oil.

Diesel fuel storage stability characteristics can vary enormously.
Stable diesel fuels have been reported to remain virtually unchanged
over storage periods of up to six years”, whilst at the other
extreme, unstable diesel fuels can show evidence of degradation
after only a few weeks in storage”. If the time period between
refinery production and final use is short, then fuel storage
stability characteristics are of little or no consequence. This
rapid turn-over situation usually applies to diesel fuel which is
used in road vehicles (DERV). 1In contrast, diesel fuel which is
used in heating systems, emergency generators or diesel fuel used by
the military, may potentially remain in storage for months or even
years before use. Consequently in these situations it is necessary
to take account of fuel storage stability characteristics. The
importance of storage stability as a parameter of diesel fuel
quality depends to a large extent on the tolerance of particular
engine and fuel systems towards diesel fuel which has degraded

during storage. For example where a high degree of fuel cleanliness
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is required, such as a gas turbine engine, use of degraded diesel
fuel containing significant quantities of sediment (&> 2mg dm ,
particle size <1”™m to 20Mm) can lead to problems of excessively
rapid fuel system filter blockage. However the same fuel could
probably be used with impunity in a system tolerant of a lower
standard of fuel cleanliness, such as a medium or low speed

compression ignition engine.

The problems of filter blockage caused by sediment produced during
the storage of unstable diesel fuel have been highlighted in recent

years by the experience of the Royal Navy

The majority of HM ships burn diesel fuel in aero-derived gas
turbine propulsion units. The diesel fuel, which is also used in
high and medium speed diesel engines and in steam raising plant, is
purchased to the requirements of DBF STAN 91-4/5, details of which
are given in table 1.1.1-1. The operation of gas turbines in a
marine environment can lead to severe corrosion of turbine blades
arising from high temperature reactions involving sodium ions and
oxides of sulphur. In order to minimise this type of corrosion it
is essential to ensure that sea salt is rigorously excluded from
both the fuel and air intake systems. The main source of salt in
the fuel system is contamination of fuel by sea water. Therefore a
series of filters are used to ensure that fuel reaching the gas
turbines is clean, dry and essentially free of sodium ions. These
filters include coalescer elements which are specifically designed
to remove undissolved water from fuel, thereby ensuring that the
sodium ion level reaching the gas turbine via the fuel system does

not exceed 0.3ppm. However it has been found that excessively rapid
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blockage of coalescer elements, 1in some cases after only a few hours
use, 1s caused by organic sediment which forms during storage of
unstable diesel fuel. Figure 1.1.1-2 shows a photograph of a
blocked coalescer element which has been sectioned to illustrate the
accumulation of fuel derived sediment in the glass fibre layer of

the element.

Clearly, where a high standard of fuel cleanliness is required and
where it is necessary to store diesel fuel for periods in excess of
a few weeks before use, it is essential to be able to predict fuel
storage stability characteristics. A number of tests, largely based
upon thermally accelerated aging, have been developed over the years
for this purpose, including one which is currently used by the Royal
Navy in its purchasing specification for diesel fuel, DBF STAN
91-4/5, detailed in table 1.1.1-1. However predictions of fuel
stability based on the results of this test have been found to be

unreliable”.

In order to successfully predict the storage stability
characteristics of diesel fuel, a clear understanding of the
chemical processes leading to sediment formation during storage of
unstable diesel fuel is required. The purpose of the work described
in this thesis is to contribute to the understanding of this

phenomenon.
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Figure 1.1.1-2 A blocked coalescer element, sectioned to
show the accumulation of sediment in the glass

fibre layer.

glass fibre cut from unused

coalescer element
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1.2 Literature review

1.2.1 Introduction

It has been known for many years that hydrocarbon fuels are
susceptible to autooxidation reactions during storage which result
in the formation of soluble and insoluble materials of higher
molecular weight and boiling point than the original fuel.
Hydrocarbon fuels produced directly by distillation of crude oil,
usually referred to as "straight run fuels", are generally more
resistant to oxidative attack than fuels produced by distillation of
cracked crude oil components”. Consequently the storage

stability characteristics of middle distillate fuels (including
diesel fuels) were of little concern until about 1946 when
significant proportions of fuel produced by thermal and catalytic
cracking processes were first blended into straight run middle
distillate fuels. It was assumed that the involatile and insoluble
materials formed during storage of middle distillate fuels were of
the same type as those which were known to occur in gasoline”.
However additives used to control the autooxidation of gasoline were
found to be ineffective when used in middle distillate fuels'”.
Elemental analysis of middle distillate fuel sediments showed that
they contained higher concentrations of sulphur and nitrogen than
the fuels from which they were derivedRKll. This is illustrated
by the data in table 1.2.1-1 taken from Thompson, Chenicek, Druge
and Symono. Therefore much of the early work on the storage
stability of middle distillate fuels was directed towards studying

the role of sulphur and nitrogen conpounds in the formation of fuel

sediments.
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Table 1.2.1-1 Elemental composition of fuels and sediments

fuels sediment
catalytically sulphur nitrogen sulphur nitrogen
cracked stock % % % %
1 1.28 0.01 3.38 3.58
2 0.96 0.02 1.72 0.80

1.2.2 Role of sulphur conpounds

Thonpson, Druge and Chenicek9 investigated the effect of sulphur
compounds on the stability of fuel oils after reports of sludge
formation in fuels consisting of blends of straight run and cracked
components derived from crude oils containing high levels of
sulphur. They found that the sulphur content of the precipitated
sludge was more than five times higher than that of the fuel.
Therefore selected sulphur compounds were added to fuel oils which
were then stored at 37°C. The effect of these sulphur compounds on
fuel stability was measured by the amount of soluble and insoluble
gum (sediment) formed during storage. The results indicated that
thiophenes, aliphatic sulphides and aliphatic mercaptans had little
effect on stablity whereas disulphides, polysulphides and

particularly thiophenol were found to promote sediment formation.

Removal of mercaptans (including thiophenols) present in fuel oil by

extraction with caustic methanol gave a product of enhanced

stability.
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Offenhauer, Brennan and Miller”” likewise found that

catalytically cracked fuel could be stabilised by extraction with
caustic methanol. They also noted that when aromatic thiols, which
had been removed by caustic methanol extraction, were added back to
the stabilised fuel, the instability of the fuel was restored to its
original level. It was stated by these authors that the aromatic
thiol content of a catalytically cracked fuel dropped to zero during
storage of the fuel for three weeks at 43°C and that sediment only
began to form after the thiol content of the fuel had “rc”ped”Below
its original level. However the paper contains no experimental data
to support this statement. It was shown by this group that addition
of diaryIdisulphides to fuel, which had been extracted with caustic
methanol to remove aromatic thiols, did not cause sediment
formation. On the basis of this observation, it was concluded that
diarydisulphides were not intermediates in sediment formation
involving aromatic thiols. Sulphonic acids (precise nature not
given), 1in the presence of oxygen, were found to strongly promote
colour and sediment formation. Other acids, including
dichloroethanoic and trichloroethanoic acids, showed the same
effect. Treatment of fuel sediments with warm alkali followed by
neutralisation of the aqueous extract using a cation exchange resin
and analysis by infrared spectroscopy, indicated that the sediments
contained sulphonic acids. It was suggested that sulphonic acids
were formed by oxidation of aromatic thiols present in fuel. This
conclusion was based on an experiment in which thiols, inherently
present in a catalytically cracked fuel, were removed and replaced
by 2-naphthalene thiol. The presence of 2-naphthalenesulphonic acid
in the sediment formed during storage of the fuel, was demonstrated

by isolation and characterisation of its sulphonamide, thus
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indicating that the thiol had oxidised to sulphonic acid and become

incorporated into the fuel sediment.

Sauver, Weed and Headington”” provided further evidence that the
sulphur in sediments produced by unstable middle distillate fuels
originates from aromatic thiols. A blend of caustic treated
straight run/catalytically cracked fuel was doped with
p-toluenethiol labelled with radioactive 358. Analysis of the
sediment produced during storage of this fuel indicated that its
sulphur content could almost completely be attributed to the thiol
which had been added to the fuel. However the chemical nature of

the sulphur contained in the sediment was not established.

1.2.3 Role of nitrogen conpounds

The origin of the nitrogen found in fuel sediments was considered by
Thompson, Chenicek, Druge and Symono in 1951. They carried out

a number of experiments in which a variety of nitrogen compounds
were added to fuels and their effect on stability assessed by the
amount of sediment formed during storage. They found that pyridines
and quinolines had little effect on fuel stability, an observation
which was later confirmed by Offenhauer, Brennan and Miller”™”.

It was established that instability could not be correlated with the
presence or absence of pyrrole derivatives in fuels. However
deliberate addition of pyrrole derivatives, in particular
2,5-dimethylpyrrole, was found to promote sediment formation during
fuel storage at 43°C. The sediment produced had a nitrogen content
of 11.1% (14.8% in 2,5-dimethylpyrrole), whereas the nitrogen
content of naturally occurring fuel sediment is usually between 1.5

and 2.8%"*". This suggests the experiment did not reproduce the
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reactions which occur in inherently unstable fuels. These workers
also observed that unstable fuels, containing pyrrolic nitrogen
conpounds, could be stabilised by treatment with caustic methanol.
It was noted that a mixture, containing the caustic methanol extract
of an unstable fuel and a fuel free of pyrrole derivatives, was
relatively stable. Subsequent addition of indole to this mixture
resulted in the formation of significant amounts of sediment. This
may indicate that instability arises from the interaction of pyrrole
derivatives with acidic compounds present in fuels. However since
the sediment produced in these experiments was not characterised, it
is impossible to conclude whether or not this interaction
contributes to the formation of sediment during storage of unstable

fuels.

1.2.4 Sediment analysis and mechanisms

Offenhauer, Brennan and Miller”” reported that sediment from a
catalytically cracked middle distillate fuel was soluble in
chloroform and acetone/methanol but insoluble in paraffinic
solvents. It decomposed on heating (experimental details not given)
without melting at temperatures above 175°C. The distillate from
the decomposition products was found to give a positive test for
pyrrolic nitrogen using Ehrlich's reagentlz. These

observations, together with the results this group discussed
earlier, led them to state that "the sediment is believed to be
composed of sulphonic acids formed through oxidation of the aromatic
thiols plus the basic condensate formed by the action of oxygen and
acids on the pyrroles and indoles". However it is not clear from
the paper exactly what is meant by this statement. No evidence is

presented to substantiate the suggestion or to explain how basic
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material forms from reaction of pyrroles and indoles with oxygen and
acids. The authors themselves noted that even assuming that all the
nitrogen and sulphur in the sediment was derived from pyrroles,
indoles and thiols, these species could only account for about half
the weight of the sediment and that the nature of the rest of the

sediment was not known.

Sediments formed during ambient storage of blends of straight run
and catalytically cracked fuels were also analysed by Sauer, Weed
and Headington””. A suirmary of their chemical analysis results
for a variety of sediments are given in table 1.2.4-1.

Table 1.2.4-1 Summary of sediment chemical analysis data11

Analysis Range of wvalues
Carbon 60-78%
Hydrogen 6.0-7.5%
Nitrogen 1.5-2.8%
Sulphur 0.9-3.6%
Oxygen 7.4-17.5%
Relative molecular mass 500

The high carbon to hydrogen ratios showed that the sediments
contained unsaturated ring structures. It was thought that the
oxygen content of the sediment originated from functional groups

formed by air oxidation of fuel components rather than incorporation
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of indigenous oxygen containing species present in the fuel, such as

phenols and carboxylic acids. Chemical and infrared analysis
suggested that the oxygen was present as ester-type linkages. A
variety of aromatic compounds were produced by decomposition of
sediment in the high tenperature inlet of a mass spectrometer.
These included naphthalenes (11%), decalins (7%), pyrroles (8%),

indoles (11%), carbazoles (9%), pyridines (13%) and quinolines

(17%). On the basis of this, it was suggested that a typical

sediment molecule might have the structure indicated diagramatically

below.

CaHo GH3

CH3~%/-C-0-CH2-
CH3 H

CALCULATED ANALYSIS

CARBON 781 %
HYDROGEN 71 %
OXYGEN' 11.6%
NfTROGEN 25%
SAPONIFICATION NO. 202

CARBON/HYDROGEN RATIO 10.0
MOLECULAR WEIGHT 553
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The following mechanism was proposed by Sauer, Weed and

. 11 . . .
Headington for the formation of sediments of this type:

Step 1

Step 2

Step 3

Step 4

The sidechain oxidation of reactive hydrocarbons,
nitrogen and sulphur containing compounds, present
primarily in the catalytically cracked conponent,

is catalysed by thiols to form hydroperoxides.

Some of the hydroperoxides decompose with the
elimination of water to form aldehydes (according to
mechanism proposed by Durham, Wurster and Mosher”")
The aldehydes then react with other hydroperoxides to
form peroxyhemiacetals””.

The peroxyhemiacetals then decompose by two reaction
paths to form monomeric oxidation products and condensed,

esterified, higher molecular weight products.

U

CH3-0-CH3 + OXYGEN CH30 CH200H CH3O0CHO +H20
HYDROCARBON (A) HYDROPEROXIDE ALDEHYDE
NITROGEN COMPOUND(B)
SULFUR COMPOUND (C) A
0
CH3-OCH20O0H+CH3-OCHO CH3-0-CH2-0-0-C-O-CH3
HYDROPEROXIDE  ALDEHYDE H
PEROXYHEMIACETAL
H
0
CH3'A3“CH2“0—0 “ C -0 “CH3
CATALYZED
(4) H (4') BY ACIDS
PEROXYHEMIACETAL 0
CH3-0-CHO + CH30COOH + H2 CH3-0-CH20-C-0O- CH3 + H20
ALDEHYDE ACID ESTER

1(5)

FURTHER OXIDATION, CONDENSATION,6AND
DECOMPOSITION LEADS TO MORE ESTER
BONDING AND THE FORMATION OF COLOR
BODIES AND SEDIMENT.
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Oswald™” proposed that co-oxidation of olefins and mercaptans to
produce hydroperoxide intermediates was to a large extent
responsible for subsequent colour, gum and sediment formation in
untreated cracked petroleum distillates. In later work, Oswald and
Noel”” studied the effects of storing various combinations of
hydrocarbons, mercaptans, hydroperoxides, pyrroles and the products
of mercaptan and olefin co-oxidation reactions, in pure hydrocarbon
solvents. Formation of oxidised pyrrole polymers, often termed
"pyrrole black deposits", was suggested to occur by reaction of
pyrroles with hydroperoxides. It was also suggested that since
hydroperoxides can deconpose to form aldehydes and ketones, these
secondary products of autooxidation may also react with pyrrolic

nitrogen compounds to produce sediments and coloured species.

1.2.5 Prediction of fuel storage stability characteristics

Much of this early work was reviewed and summarised in 1962 by
Nixon” who also described the test methods which were available

at that time for the prediction of middle distillate fuel storage
stability characteristics. Predictions of stability, then as now,
are usually based on measurement of the colour developed, the weight
of sediment produced or the tendency of sediments to block filters,
after exposure of fuel samples to air or oxygen at elevated
temperatures. For practical and economic reasons, it is essential
that refinery quality control tests for predicting stability are
completed within 24 hours. Therefore such tests are usually carried
out at or near 100°C in order to accelerate the fuel aging process.
However the deficiencies of tests using temperatures greatly in
excess of those encountered during normal storage, were pointed out

as early as 1958 when, as a result of an extensive test programme,
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it was reported that no combination of available data would permit
consistent prediction of the storage stability of diesel/distillate

fuels or their blends”™”.

Since that time numerous studies have been carried out in an attempt
to correlate the actual storage stability characteristics of middle
distillate fuels with the results of accelerated test procedures.

In 1965 Ritchie” reported the results of a six year storage test

of six fuels of differing stability. The outcome of this work was a
recommendation that aging of fuels at 50°C for 4 weeks or at 100°C
for 16 hours could be used to predict the amount of sediment which
would form during ambient storage for periods of 12-18 months. In
1973 LePera and Sonnenburg”™” summarised developments in the
prediction of distillate fuels storage stability. The lack of
reliable test procedures was reiterated at this time, following many
reports of problems caused by gums and sediments formed during fuel
storage, such as the malfunctioning of injectors and the blockage of
fuel filters. Extensive studies were carried out in the late 1970's
and early 1980's in which the effects of storage conditions on the
results of accelerated tests were considered. Variations in test
parameters such as storage time, storage media, temperature and
oxygen availability were investigated1R_9 . The only agreed
conclusion of these studies was that storage of middle distillate
fuels at 43°C for 13 weeks correlated well with storage at ambient
temperatures for 1 year. However such a method is of course of no

practical use for quality control of refinery products.
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1.2.6 Storage stability of "syn-fuels"

Concern about diminishing world petroleum reserves, prompted by the
"oil crises" of 1973 and 1979, led to the initiation of many
research programmes to study the production and properties of liquid
fuels from non-petroleum sources. The stability characteristics of
middle distillate "syn-fuels" produced from coa122“26 and oil
shale97f have been investigated. The chemical compositions

of such fuels are significantly different from equivalent present
day petroleum based products. In particular, the concentration of
nitrogen containing compounds in shale-derived fuels is usually many
times higher than in petroleum fuels. Frankenfeld and Taylor29
found that sediments formed during low temperature storage

of crude or partially refined shale liquids with nitrogen contents
of 0.5-2.0% were very similar to the sediments formed by the
addition of 2,5-dimethylpyrrole to model hydrocarbon systems.
Elemental, mass spectrometric and infrared analysis of such
sediments indicated that they were formed by oxidative condensation
of pyrrole derivatives present in the fuel without the participation
of other reactive hydrocarbons. However it was noted that where
shale liquids were severely hydrotreated in order to reduce the
level of nitrogen containing conpounds, the nature of the sediments
formed during storage was somewhat different, suggesting that in
those cases sediments were produced by a different mechanism. This
work shows the need to compare sediments produced during actual fuel
storage with those produced during the storage of simplified model
systems. Few workers have adopted this approach. The main agreed
conclusion of work carried out on the stability of middle distillate
"syn-fuels" was that addition of 2,5-dimethylpyrrole alone or in

combination with thiophenol promotes the formation of sediment under
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a variety of storage conditions.

1.2.7 Recent work

Two publications describing analysis of sediments by mass
spectrometry provide further evidence that the chemistry which
results in sediment formation in shale-derived middle distillate
fuels doped with pyrroles is not related to the chemistry which
gives rise to sediments during normal storage of unstable

petroleum-derived middle distillate fuels.

Malhotra and St John stored four fuels at 80°C for 4-7 weeks.
Three of the fuels were blends of 40% catalytically cracked fuel in
straight run petroleum diesel fuel. The remaining fuel was a
shale-derived diesel fuel doped with 2,5-dimethylpyrrole (450ppm N).
The sediments from these fuels were analysed by pyrolysis/field
ionisation mass spectrometry. The spectrum of the shale/pyrrole
sediment corresponded to ions of m/z 50-300 which were attributed to
pyrrole and its alkyl homologues, together with oxidised derivatives
of these species and coupling products of the dopant,
2,5-dimethylpyrrole. The spectra of sediments from the petroluem
diesel fuels were similar to one another but quite different to the
spectrum of the shale/pyrrole sediment. Ions were observed up to
m/z 600, with ion-current intensities showing distinct periodicity,
indicative of dimeric, trimeric and tetrameric coupling products.
The most abundant ions in the spectra were at m/z 131, 145 and 159.
It was suggested that these ions could be assigned to
dihydroquinolines or methylindoles. The authors noted that the
nitrogen content of the sediment was too low for it to be corrposed

entirely of methylindoles. Although it was not stated in the paper,
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presumably the same arguement would apply if thé ions were actually
attributable to dihydroquinolines. Qualitative comparison of the
spectrum of this sediment with a pyrolysis/field ionisation mass
spectrum of the coupling product formed in a reaction of
tetrahydroquinoline with dihydroxynaphthalene led these authors to
suggest that "methylindoles are probably coupling with phenolic and
other acidic coirponents in the fuel to form the sediments". No
further evidence was given to support this rather speculative

suggestion which therefore must be open to question.

Wright, Kalinoski, Udseth and Smith33 used supercritical fluid
extraction (SFE) followed by mass spectrometry (MS) to analyse
sediments from petroleum diesel fuel which had been stored at 80°C
for 14 days. The spectra of material obtained at the maximum
extraction pressure, 415 atmospheres, indicated ions attributable to
alkylindoles and alkylcarbazoles, together with a series of
homologous ions centred at m/z 353, 468, 524 and 796. The presence
of less abundant ions forming a second honologous series between m/z
440 and 600, 6 Daltons lighter than the major series, was noted.
Since naturally occurring porphyrins show similar fragmentation
characteristics under chemical ionisation conditions it was
suggested that there may be structural similarities between
porphyrins and fuel sediments. SFE/MS analysis of sediments from
similar storage tests of shale-derived diesel fuel doped with
various pyrrolic nitrogen compounds indicated that they were
composed of oxidation products of alkyIpyrroles, since ions
attributable to alkylpyrrole-aldehydes and alkylpyrrole-CH"OH
together with oxidised dimers and trimers of the alkylpyrrole

additives were observed. These spectra showed none of the
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structural features evident in the spectra of the sediment from

petroleum-derived diesel fuel.

Infrared spectroscopy has been used by Powerto investigate

the reasons for the continued failure of the testscurrently used to
predict the storage stability of middle distillatefuels. The
spectra of sediments formed during ambient aging of blends of
catalytically cracked and straight run diesel fuel contained strong
absorptions attributable to skeletal aromatic C=C stretching
vibrations of aromatic ethers (1610cm~") and to C-0 stretching
vibrations of aromatic ethers (1300-1050cm~"), together with C-H
stretching vibrations (3000-2800cm and broad hydrogen bonded

O-H or N-H streching vibrations ( 3250cm"”). By comparison,
absorptions attributable to carbonyl vibrations ( 1700cm~") were

of relatively low intensity. Spectra of sedimentsformed during
accelerated aging of the same fuels showed similar features, but the
extent of oxidation at carbon atome and the proportion of oxygenated
aromatics was lower than for sediments produced during ambient fuel
storage, shown by comparison of the relative intensities of C-H to
aromatic C=C(-0) and aromatic C-0 absorptions. These results
confirm that the products of accelerated aging are not the same as
those of ambient aging. The poor predictions of high temperature
aging tests are therefore not surprising. Powersuggested, on
the basis of infrared data, that sediments formed during ambient
storage might contain aromatic nuclei extensively crosslinked by
ether bridges formed by phenolic oxidative coupling reactions.
However he claimed that other polymerisation mechanisms may be
important since spectra similar to those described above have been

obtained for a phenol-dihydroxynaphthalene-formaldehyde copolymer.
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synthesised as a model for coal structures.

In a related piece of work, Hazlett and Power35 extracted an
unstable catalytically cracked fuel with aqueous sodium hydroxide
and then added the organic part of the extract (after acidification
and re-extraction into dichloromethane) to stable straight run and
hydrotreated catalytically cracked fuels. These were stored at 65°C
and 80°C for periods which were thought to be equivalent to two
years at ambient temperatures. It was shown that the caustic
extract consisted predominantly of alkyl phenols, naphthols and
phenyl phenols. Small amounts of aromatic thiols were also detected
in the extract, but their estimated concentration of 14 ppm was
considered too low to be of significance. Analysis by infrared
spectroscopy again pointed to phenolic oxidative coupling during
fuel aging being responsible for the increased amounts of deposits

formed in the test fuels.

Hazlett, Power, Kelso and Solly3ﬁ'have studied the effect of

acids and bases on the stability of middle distillate fuels. Blends
of catalytically cracked and straight run diesel fuel were used in
storage tests carried out at 65°C and 80°C. The influence of four
acids, decanoic, furoic (isomer unspecified), chloroethanoic and
dodecylbenzenesulphonic acid (isomer unspecified), on the formation
of sediment was found to depend on their acid strength as indicated
by ionisation constants measured in aqueous solution. Thus decanoic
acid exerted the least effect and dodecylbenzenesulphonic acid the
greatest effect. The authors noted that although the extent of
ionisation of these acids in fuel would be less than in water, their

results indicated that acid strength in aqueous solution was a
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useful guide to their relative strengths in fuel. The carboxylic
acids were thought to act catalytically, as a function of their
effective hydrogen ion concentration, since no chlorine was detected
in sediments produced using chloroethanoic acid as a promoter.
However it was suggested that the sulphonic acid contributed
directly to sediment formation as well as acting catalytically since
the sulphur content of sediments promoted by this acid was enhanced.
Thiophenol, although a very weak acid in aqueous systems, was found
to be an effective promoter of sediment formation. This was
explained by suggesting that a small proportion of the thiophenol
was converted to benzenesulphonic acid during the test period. A
proprietary stability additive containing a tertiary amine was found
to reduce the amount of sediment formed in the storage tests. The
mechanism of its action was thought to be by modification of the
acidity of the mediuiri rather than inhibition of free radical
reactions or suppression of the catalytic activity of metals present

in the fuels.

Detailed analyses of diesel fuels and blended components, before and
after aging, have been carried out by Bahn, Green, Brinkman and
Carley38'37 in an attempt to detect differences which could be
related to their storage stability characteristics. Five fuels
covering a range of stabilities were stored at 65°C. It was
concluded that oxidation of hydrocarbons in fuel to polar
intermediates, for example the formation of ketones from partially
hydrogenated or methylene bridged aromatic hydrocarbons, may be a
major pathway for sediment formation and darkening of diesel fuels.
Polar compounds originally present in fuel, such as hydroxyaromatics

and aromatic amines, and those formed by oxidation reactions were
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lost from the fuel during aging, presumably by becoming incorporated
into sediments. The most reactive compounds in a given class were
usually those with highest relative molecular mass and greatest
aromatic character. An exception to this was that indoles were

found to be more active than carbazoles in fuel instability.

1.2.8 Sunrary
Several different reaction mechanisms have been suggested in the
literature to account for the formation of sediments during the
storage of unstable middle distillate fuels. However it is
extremely difficult to compare results of middle distillate fuel
stability studies since the chemical conpositions of these fuels
vary depending on the crude source and the refinery techniques used
in processing. In addition, many authors do not draw clear
distinctions between results obtained at tenperatures below
approximately 50°C which are relevant to storage stability and
results obtained at higher temperatures which are relevant to
accelerated testing or thermal stability measurements. Nonetheless
there are four very basic conclusions which are common to almost all
the studies carried out:
(1) unstable fuels can be stabilised by extraction with
strong alkali.
(1i) of the sulphur compounds present in fuel, aromatic thiols
and sulphonic acids are the most detrimental to stability.
(1ii) of the nitrogen compounds present in fuel, pyrroles and
indoles, are the most detrimental to stability.
(1v) the reactions which lead to sediment formation during
fuel storage at ambient teirperatures cannot siirply be

accelerated by raising the temperature.
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The most informative results in the literature are those in which
the chemical composition of fuel sediments has been investigated.
Using this approach Frankenfeld and Taylor28 have shown that

some of the reactions which give rise to sediment formation in shale
liquids containing high levels of nitrogen can be simulated in model
systems containing 2,5-dimethylpyrrole. However it is also clear
that such model systems do not produce sediments similar to those
obtained from unstable petroleum derived middle distillate fuels. A
proven model simulation of these latter sediments has not yet been

reported in the literature.
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1.3 Project Introducticm

The aim of this study was to identify chemical processes involved in
sediment formation during storage of petroleum derived diesel fuel.
An understanding of these processes could be applied both to the
development of tests to predict storage stability and to the

development of additives to improve diesel fuel stability.

Most previous work has been based on studying the effect of spiking
pure compounds, suspected of contributing to sediment formation,
into either model fuel systems or otherwise stable fuels. Clearly,
to validate experiments of this type, it is essential to demonstrate
that the reactions taking place in artificial systems truly
represent the reactions which occur during storage of "naturally"
unstable fuel. However few workers have reported %$<*troborating
results of this type to support their use of model systems to

investigate fuel storage stability.

Bahn, Brinkman, Green and Carley38 recently described studies

based on an alternative approach. They analysed fuels in detail
before and after aging in an attempt to identify conpounds involved
in fuel degradation reactions. However, despite noting changes in
the concentration of certain fuel components during fuel storage,
they concluded that the effectiveness of the approach was limited by
the magnitude and complexity of analysis required to detect small

changes in the concentration of minor diesel fuel components.

The present study differed from those reported previously since it

included a detailed analysis of sediment formed during storage of
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unstable diesel fuel. This analysis was carried out for two

reasons. First, with a knowledge of the chemical conposition of the

reaction products (sediment), it ought to be possible to deduce the
identity of the reactants (fuel components). Therefore, subsequent

fuel analysis could be targeted for detection and monitoring of

specific compounds, implicated in fuel instability by their presence

in sediment. Second, the analytical data characterising the fuel
sediment forms a reference point against which products of model
systems can be assessed, thereby ensuring that model systems do

actually simulate fuel instability.

In order to minimise analytical complications caused by variations
in the detailed composition of diesel fuels, the results described
here relate only to the storage stability of unstable diesel fuel

produced from a single UK oil refinery.

The three stage approach used in this study can be summarised as

follows:

(1) analysis of sediment produced during the storage of an
unstable diesel fuel in order to identify compounds which
participate in reactions leading to sediment formation;

(1i) analysis of the same unstable diesel fuel, both undegraded
and degraded, to detect and monitor compounds
identified in stage (i);

(iii) synthesis of "sediment" using model systems followed
by analysis and comparison of these with actual

fuel sediments

A systematic approach of this type has not previously been described

in the literature.
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CHAPTER TWO

RESULTS AND DISCUSSION

2.1 Sediment Analysis

2.1.1 Introduction

The aim of this analysis was to identify conpounds which contribute
to the formation of sediment during storage of an unstable diesel
fuel and, in addition, to determine the analytical characteristics
of fuel sediment for subsequent comparison with sediment formed in

model systems.

2.1.2 Origin of sediment

The sediment analysed in this study was produced during storage of
an unstable fuel purchased directly from a UK refinery. The fuel
consisted of a 1:9 blend of catalytically cracked (CC) fuel blended
with straight run (SR) distillate fuel originating from the North
Sea. Properties of the fuel and its unblended components are given

in table 2.1.2-1.
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Table 2.1.2-1 Properties of the diesel fuel and its

unblended CC and SR components

Property

Colour

Density @ 15°C

Distillation IBP (°C)
50% recovery (°C)
90% recovery (°C)
End (°C)

Residue/recovery (%)

Total acidity (mg KOH/Q)
Total nitrogen content (gani)

Basic nitrogen content

Total sulphur content
Hydrogen content (%)

Aromatic content (%)

Fuel blend

(1:9 CC.-SR)

<1

0.8635
220
294
330
352

0.5/99
0.08
169
49

0.28

cC

2.0
0.9398
245
298
350
362
3.0/99
0.01
834
54
0.82
10.34

69.30

SR

<0.5
0.8550
207
301
342
357
1.0/99
0.09
95
48
0.22
13.03

30.75

Two thousand gallons of the blended fuel were stored in vented,

unlined steel tanks for thirteen months at ambient temperatures. On

receipt from the refinery,

contained no insoluble sediments.

the fuel was water white in colour and

The degradation of this fuel was

monitored as part of a series of fuel storage stability trials
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carried out at RAE (Cobham). The fuel began to darken in colour
after only six weeks in storage and significant amounts of sediment
(> 2mg di ) were detected after eight weeks. At the end of the
13 month storage period it was estimated that the total amount of

sediment produced by the fuel was in excess of 50mg dm 3.

4
Detailed results of these trials have been published elsewhere

2.1.3 i”*jpearance and irfiysical properties

Sediment particles, collected by filtration of the fuel, were viewed
under an electron microscope. Photographs of the electron
microscope image are shown in figure 2.1.3-1. Individual sediment
particles are less than Ifxm in diameter, but they agglomerate to

form irregularly shaped "clumps" of up to 20fxm in size.

The sediment, a dark coloured powder, was washed with hexane to
remove entrained diesel fuel. The solubility characteristics of the
sediment were found to be the same as those reported by Offenhauer,
Brennan and Miller””, ie. soluble in chloroform, dichloromethane

and acetone/methanol, partially soluble in toluene and insoluble in
paraffinic solvents. On heating the sediment decomposed without

melting. This observation is also consistent with reports in the

literature”~0'll
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Figure 2.1.3-1 Sediment particles viewed using a scanning

electron microscope

x1000
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2.1.4 Soxhlet extraction

Soxhlet extraction of the sediment, using hexane as solvent,
resulted in a weight loss of 15-20%. Concentration of the extract
followed by gas chromatography/mass spectrometry (GC/MS) analysis
showed it to be composed almost entirely of bicyclic, polycyclic and
heterocyclic aromatic compounds with only wvery low levels of the
major fuel components, namely alkanes and alkyl benzenes. This
suggested that highly aromatic species were selectively adsorbed
from the fuel onto the sediment. Wright, Kalinoski, Udseth and
Smith33 reported that up to 25% of a sediment, produced during
storage of diesel fuel at 80°C, was soluble in supercritical
pentane. They analysed the pentane extract by mass spectrometry and
found that it contained compounds of relative molecular mass up to

400 Daltons. However these compounds were not identified.

2.1.5 Elemental analysis

A sample of the sediment, following Soxhlet extraction, was
dissolved in dichloromethane and filtered to remove any inorganic
contaminants (eg. rust). The solvent was then removed from the
filtrate and the sediment was dried. Analysis of the sediment for
organic elements showed that it contained 78.6% carbon, 5.9%
hydrogen, 3.4% nitrogen, 0.7% sulphur and 11.4% oxygen (by
difference). This corresponds to an empirical formula of

~27 3724 67”0 08"3' normalised to one nitrogen atom.

These figures compare well with published data for other sediments
formed during storage of petroleum-derived diesel fuels. The high
ratio of carbon to hydrogen in the sediment suggested the presence
of unsaturated or possibly aromatic structures. The involvement of

nitrogen, and to a lesser extent sulphur compounds in diesel fuel
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degradation, indicated by concentration of these elements from the
fuel into the sediment, is well known. In this case, the original
nitrogen content of the fuel was 169ppm (49ppm basic nitrogen) and
the sulphur content was 2800ppm. The concentration factor for the
incorporation of nitrogen compounds appeared to be higher than that
of sulphur compounds. However this may be misleading since the most
abundant sulphur compounds in diesel fuel are thiophene derivatives
which are generally thought to be unimportant in sediment forming
reactionsQ'%? The figure for the oxygen content of the

sediment cannot be taken as absolute since it was not determined
directly, but calculated by difference. The trace metal content of
the sediment was determined by flameless atomic absorption
spectrophotometry. Iron, copper and nickel were found to be present
at concentrations of 0.13% w/w, 0.04% w/w and 0.005% w/v

respectively. Vanadium could not be detected in the sediment

(detection limit 0.000002% w/v).

2.1.6 Thin layer chromatogragAiy

The sediment was separated into five fractions of differing polarity
by normal phase thin layer chromatography (TILC) (mobile phase 10%
methanol in dichloromethane). Figure 2.1.6-1 shows the results of

this separation.
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Figure 2.1.6-1 TLC separation of the sediment

1 YELLOW
2 BROWN

3 PINK
4 GREEN

RED

R =1.0
R« =0.9

R' =03
R =02
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Figure 2.1.6-2 TLC separations of sediments produced

during storage of other unstable diesel fuels
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Fraction 1 (Rf 1.0) was unretained in the methanol/dichloromethane
solvent system. However using toluene as the mobile phase, its Rf
decreased to 0.2 and the more polar components of the sediment were
then completely retained at the baseline. Fraction 2 (Rf 0.9)
consisted of an ill-defined band which was brown in colour. The
more polar fractions, 3 (Rf 0.3) and 4 (Rf 0.2) were pink and

green/blue in colour respectively.

The photograph of the separation, figure 2.1.6-1, shows the presence
of an additional green/blue band just above the baseline. This was
in fact an arfefact of the separation. It was established by
re-chromatographing this material, that it actually had the same

retention characteristics as the main green/blue band, fraction 4.

Sediments produced during storage of other diesel fuels were also
analysed using this TLC system. They were found to consist of
similar mixtures of highly coloured materials. The colours observed
include brown, pink, mauve and green. The TLC separations of some

of these sediments are shown in Figure 2.1.6-2.

The use of several TLC visualisation techniques, including
irradiation with ultra-violet light and spraying with sulphuric
acid, indicated that the sediment produced during storage of the
CC/SR diesel fuel blend, had only been separated into the five
coloured fraction listed in figure 2.1.6-1. However it was noted
that fraction 1 changed colour on spraying with a 5% solution of
concentrated hydrochloric acid in methanol. The colour change, from
yellow to green/blue occurred instantaneously. A similar, though

much slower colour change of fraction 1 was observed when the TLC
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plate was sinply left exposed to the laboratory atmosphere for
several hours. The Rf of the green/blue acid derived product of
fraction 1, in the 10% methanol/dichloromethane solvent system, was
found to be 0.2, ie. the same as sediment fraction 4. Acid
treatment had no immediate effect on any of the other sediment

fractions.

A larger scale liquid chromatography separation of the sediment was
carried out in order to prepare a sufficient quantity of each
fraction for further analysis. Gravimetric assessment of the
fractions collected during this separation indicated that fraction 1
accounted for about 10%, fraction 2 about 25% and fractions 3 and 4
together, about 50% by weight of the sediment. Fraction 5 was
irreversibly adsorbed on the stationary phase. This, together with
other losses amounted to 15% by weight of sediment applied to the

column.

The organic element analysis of fractions 1, 2 and, 3 and 4 combined
are given in table 2.1.6-1. The elemental ratios of nitrogen to
carbon and sulphur to carbon for the whole sediment and its

fractions are given in table 2.1.6-2.
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Table 2.1.6-1 Elemental composition of sediment fractions

Fraction no. carbon (%) hydrogen (%) nitrogen (%) sulphur ({%)

1 83.6 6.7 4.9 <0.05
2 78.9 5.8 3.4 0.6
3+4 73.5 5.9 3.0 0.5

Table 2.1.6-2 Elemental nitrogen to carbon ratios and sulphur

to carbon ratios for the sediment and its fractions

Sample nitrogen:carbon sulphur:carbon
Unseparated sediment 1 27 1 : 328

Fraction 1 1 : 20 insignificant
Fraction 2 1 : 24 1 : 329
Fraction 3+4 1 : 29 1 : 307

This data showed that the nitrogen content of the sediment was
distributed fairly evenly between the fractions, although the

highest concentration, relative to carbon, was in fraction 1. The
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concentration of sulphur was very low in all the fractions,

particularly fraction 2.

Fraction 1 was found to give a positive reaction (immediate
development of a pink colouration) with Ehrlich's reagent, commonly
used to detect pyrrolic nitrogen compounds which are unsubstituted in
the a and/or/3 positions on the heterocyclic ring”™"'~". The test
involves reaction of p-dimethylaminobenzaldehyde (1% w/v solution in
methanol-HC1l) with, for example, indole to form a coloured salt as

indicated in eg. 2.1.6-1"".

CH,
S/
/!
indole H© p-dimethylaminobenzaldehyde
eq. 2.1.6-1

=\ /CH,

N® + HzO

~CH,

H red/violet dye

The positive result of this test indicated that pyrrole derivatives
accounted for at least some of the nitrogen in fraction 1. The

other sediment fractions did not react with Ehrlich's reagent.

Further analysis of the sediment fractions is described in the

following sections.
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2.1.7 Infrared spectroscopy

The infrared spectrum (IR) of the sediment, which is shown in figure
2.1.7-1, contained many overlapping absorption bands making detailed
structural assignments difficult. However the aromatic nature of
the sediment was clearly evident from the characteristic absorptions
at 3075, 1625 and 900-750 cm Hydroxyl functional groups
probably contributed to the broad absorption centred at 3275

cm””, which overlapped with another absorption at 3400 cm~".

This spectrum showed a marked similarity to a spectrum of sediment

produced during the ambient storage of a diesel fuel, published by

Power

The absence of strong absorption in the 1870-1650 cm”” region
indicated that carbonyl groups accounted for very little of the
oxygen contained in the sediment. This contradicted the suggestion
made by Sauer, Weed and Headington”” that sediments of this type

are composed of aromatic nuclei bonded together by ester linkages.

The infrared spectra of sediment fractions 2, 3 and 4 were found to
be very similar to the spectrum of the unseparated sediment.
However the spectrum of fraction 1, shown in figure 2.1.7-2,
contained a prominent absorption at 3400 cm It was noted in
section 2.1.6, that fraction 1 gave a positive reaction with
Ehrlich's reagent for partiallysubstitut# oriinsubati”ted pyrrolic
nitrogen compounds (eg. pyrrole and indole but not carbazole). The
N-H stretching vibration in pyrroles usually occurs in the range
3500-3430 cm™“”. The same vibration in indoles is normally

observed between 3480 and 3020 cm"”.
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Figure 2.1.7.1

Infrared spectrum of the sediment
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Figure 2.1.7-2

Infrared spectrum of sediment fraction 1
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Substitution of both pyrroles and indoles with electron withdrawing
groups tends to lower the absorption frequency whereas substitution
with electron donating groups tends to raise the absorption
frequency™”. Therefore the absorption at 3400 cm”” in the

infrared spectrum of fraction 1 may be tentatively assigned to that
of either a pyrrole derivative substituted with electron withdrawing
groups or an indole derivative containing electron donating

substituents such as alkyl groups.

2.1.8 Fast atom bombardment mass spectrometry

Samples of sediment and sediment fractions 2, 3 and 4 were analysed
by fast atom bombardment (FAB) mass spectrometry. Spectra of
samples amenable to FAB analysis are usually indicative of the
formation of pseudomolecular ions, together with some fragment ions,

thus giving both relative molecular mass and structural information.

The spectra obtained during FAB MS analysis of the sediment were
extremely complex, with signals corresponding to ions of virtually
every mass up to m/z 1500. No structural information could be
obtained from these results. The absence of ions between m/z 1500
and 3000 (the upper mass limit of the instrument) indicated that the
relative molecular mass of the sediment may have been less than 1500

Daltons.

The FAB spectrum of fraction 2 was similar to that of the
unseparated sediment. However the FAB spectra of the highly
coloured sediment fractions 3 and 4 showed some very distinctive

features. These spectra are shown in figure 2.1.8-1.
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Figure 2.1.8-1

FAB MS spectra of sediment fractions 3 and 4
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Fraction 3 produced a distinct homologous series of ions with the
most abundant ion at m/z 773. Fraction 4 produced a group of ions
consisting of at least two homologous series at lower mass. The
spacing of 14 Daltons between the most abundant ions in these
spectra 1is characteristic of alkyl homologous series. The lack of
ion currents corresponding to higher masses in either spectrum
suggested that the ion currents shown in figure 2.1.8-1 resulted

from molecular (or pseudomolecular) ions of alkyl substituted

compounds present in fractions 3 and 4. ©No structurally significant

fragment ions were observed at lower mass. The formation of even

mass ions by fraction 4 but odd mass ions by fraction 3 may indicate

that the compounds in fraction 3 contained an additional nitrogen

atom.

2.1.9 Pyrolysis/gas chromatography/mass spectrometry
The aim of the pyrolysis experiments described in this and the

following section was to obtain qualitative information about the

identity or composition of the sediment.

The total ion chromatogram showing the separation of sediment

pyrolysis products is illustrated in figure 2.1.9-1. It is clear

from the chromatogram that a significant proportion of the pyrolysis

products were not resolved during the GC analysis. It was not
possible to interpret the composite mass spectra of co-eluting
species which were recorded in the latter part of the chromatogram.
However the largest peaks in the chromatogram, were identified as
corresponding to alkylindoles (C"H.”" gN n=9-12). Mass

spectra of two of these are shown in figure 2.1.9-1.
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Figure 2.1.9-1 GC/MS total ion chromatogram of sediment

pyrolysis products
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The mass spectra of 11 alkylindoles have been reported by Beynon and
Williams™". Powers”” has reported mass spectra of the 7

isomers of methylindole. It is clear from their work that there are
only very small differences between the spectra of isomeric
alkylindoles. Consequently it was not possible to definitively
assign the substitution patterns of the alkylindoles produced by
sediment pyrolysis. Other minor pyrolysis products were identified
by library matching of mass spectra”” and GC retention index

data, as alkylbenzenes n=7-10), alkylnaphthalenes

C n=10-12), alkylcarbazoles (C

n 2n-1z n 2n-15

n=12-14) and sulphur dioxide.

The presence of alkylindoles amongst the decomposition products of
the sediment was further confirmed by pyrolysis of the sediment
outside the mass spectrometer. The condensable products were
separated by preparative TLC (mobile phase 40% dichloromethane in
toluene). 1Indoles were identified in the pyrolysate by their
characteristic Rf values, their positive reaction with Ehrlich's
reagent and by their mass spectra, obtained by selective removal and
analysis of material from the TLC plate between Rf 0.74 and 0.86.
The pyrolysate also contained highly fluorescent compounds which
eluted behind the indoles in TLC analysis. Samples of these
compounds were also removed from the TLC plate and analysed by mass
spectrometry. It was found that each fluorescent band contained
several compounds. The relative molecular masses of these compounds
and their fluorescence colours are listed in table 2.1.9-1. The

compounds are grouped into homologous series.
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Table 2.1.9-1 Relative molecular masses and fluorescence

TLC Rf

colours of sediment pyrolysis products

Relative molecular mass

131,

145,

159,

(alkylindoles)

230,

184,

182,

180,
182,

184,

180,

244,

198,

19¢,

194,
196

198,

194,

258

212,

210

208,

208,

212,

208,

208,

210,

173

226

222

222, 236\

226 )

222, 236

222 |

224 )

Fluorescence colour

pale green

mauve

orange

orange

green

It was not possible to identify the compounds eluting between Rf

0.35 and Rf 0.16 from these TLC and low resolution MS results.
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However the presence of intense even mass molecular ions, with
little fragmentation other than the formation of M-15 iomns,
suggested that the compounds contained alkylated hydrocarbon
aromatic structures (no nitrogen or an even number of nitrogens).
The fact that they were more strongly retained in normal phase TLC
than indoles, indicated that they contained a polar, possibly

oxygenated, functional group.

2.1.10 Pyrolysis/mass spectrcxnetry

This analysis was carried out to find out whether pyrolysis of the
sediment produced fragments of higher relative molecular mass than
those already observed using pyrolysis/GC/MS. The GC stage in
pyrolysis/GC/MS analysis provided the advantage of separation but

limited the analysis to relatively volatile pyrolysis products.

Pyrolysis of the sediment directly in the source of the mass
spectrometer again showed that the major pyrolytic products were
alkylindoles. The spectra did not contain any evidence of the
aromatic hydrocarbons observed in the py/GC/MS experiments. However
low abundancies of ions of much higher m/z value were observed.
These results are illustrated in figure 2.1.10-1. The distribution
of the high mass ions into distinct mass clusters, within which ions
are separated by 14 Daltons (characteristic of alkyl homologous
series) suggested that the sediment consisted of a structured
polymeric material. The optimum conditions for the production of
these high mass ions were found to be high source *!“perature (350°C)

to minimise condensation and low electron energy to suppress mass

spectral fragmentation.
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Figure 2.1.10-1 Mass spectra showing alkylindoles and higher
relative molecular mass material produced by
pyrolysis of the sediment
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The fractions of the sediment, prepared by liquid chromatography
(ch. 2.1.6) were analysed by pyrolysis/MS. All the fractions
produced alkylated indoles on pyrolysis. The spectra contained no
other distinctive features and were very similar to the spectrum of

the unseparated sediment.

Although these pyrolysis experiments showed that alkylindoles were
the major decomposition products of the sediment, the elemental
analysis data given in ch. 2.1.5 and ch. 2.1.6, indicated that it
could not consist entirely of these species. The ratio of carbon to
nitrogen in the sediment was approximately 28:1, whereas a ratio of
approximately 10:1 would be required for material consisting simply
of an indole polymer (based on the relative molecular mass

distribution of alkylindoles produced during sediment pyrolysis).

Malhotra and St.John32 have described the use of pyrolysis
followed by field ionisation mass spectrometry (FI-MS) for the
analysis of diesel fuel sediments. A sample of the fuel sediment,
which was the subject of this study, was sent to this group for
analysis. The pyrolysis/FI-mass spectrum which they obtained is
shown in figure 2.1.10-2. This compared well with the spectrum
obtained using the pyrolysis/MS system described earlier and shown
in figure 2.1.10-1. Both spectra contained ions of the same
relative molecular mass, although there are differences in their
relative abundancies. This may have been due to the differing
pyrolysis conditions and ionisation techniques used in the
respective analyses. Examples of pyrolysis/FI-MS spectra of
sediments formed in other unstable diesel fuels, reproduced from the

2
work of Malhotra and St.John3 , are shown in figure 2.1.10-3.
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Figure 2.1.10-2 Pyrolysis/FI-mass spectrum of the sediment
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Figure 2.1.10-3 Pyrolysis/FI-mass spectra of sediment and
adherent gum originating from other unstable

diesel fuels??
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2.1.11 Proton nuclear magnetic resonance spectroscqpy
Deuterochloroform solution spectra did not yield any useful
structural information about the nature of the sediment or its
component fractions. The complexity of the sediment made it
unsuitable for analysis by basic NMR techniques. Resonances due to
the many different types of proton present in the sediment canbined

to produce featureless and uninformative spectra.

2.1.12 Summary

The main results and conclusions arising from analysis of sediment,

produced during ambient storage of a 1:9 blend of catalytically

cracked fuel in straight run distillate fuel, can be summarised as
follows:

(1) The sediment contained a high ratio of carbon to hydrogen,
indicating that its structure was predominantly unsaturated
or aromatic.

(11) Infrared spectroscopy provided evidence for the presence
of protons attatched to aromatic ring structures.

(1iii) The sediment contained a significantly higher proportion of
nitrogen than the fuel from which it was derived.

(1v) Normal phase thin layer chromatography was used to
separate the sediment into fractions of differing polarity.

(V) All fractions of the sediment contained nitrogen and
released alkylindoles on pyrolysis.

(vi) The least polar of the sediment fractions showed a strong
infrared absorbance corresponding to indole N-H stretching
vibrations, reacted with Ehrlich's reagent indicating
that it contained at least one proton aor” to the pyrrolic

nitrogen group and reacted with acids to produce a green/blue
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material with the same TLC and IR characteristics as the more
polar cexponents of the sediment.

(vii) Infrared spectroscopy showed that, contrary to suggestions
in the literature, ester linkages did not contribute
significantly to the structure of the sediment.

(viii) Fast atom bombardment mass spectrometry indicated that the
relative molecular mass of the sediment itself and
particularly its more polar components was less than
1500 Daltons.

(1x) Although alkylated indoles appeared to be the major
decomposition products of the sediment, it did not consist
simply of an indole polymer, analogous to the oxidised
polymeric pyrrole sediments found in shale-derived
liquidsza, since the atomic ratio of C:N in the sediment
was found to be approximately 28:1 corrpared with a value of
10:1 expected for a polymerised indole material (based on the
relative molecular mass distribution of indoles produced
during pyrolysis)

(%) The production of sulphur dioxide and aromatic hydrocarbons
in pyrolysis/GC/MS experiments and polar aromatic
hydrocarbons in pyrolysis/TLC/MS experiments indicated
that these species, along with alkylated indoles,

contributed to the structure of the sediment.

The analytical data presented in this chapter did not lead directly
to the assignment of the structure of the diesel fuel sediment.
However the results did provide a basis for further study, since
they gave an indication of the compounds in diesel fuel which

combine together to form sediment.
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2.2 Fuel Analysis

2.2.1 Introduction
The unstable diesel fuel was analysed in order to detect and
identify fuel conponents involved in reactions leading to sediment

formation. The following sections describe;

(1) the detection and identification of alkylindoles in the
unstable diesel fuel

(1i) a storage test using nitrogen compounds selectively
extracted from the unstable fuel

(1ii) the identification of fuel species, other than alkylindoles,

which contributed to sediment formation.

2.2.2 Analysis of diesel fuel using gas chromatography

The unstable diesel fuel consisted of a 1:9 blend of catalytically
cracked (CC) fuel and straight run (SR) fuel of North Sea origin.
Some physical and chemical properties of the fuel and its unblended
components were shown earlier in table 2.1.2-1. Unblended samples
of the SR fuel and CC fuel were analysed using high resolution
capillary gas chromatography in order to survey their general
chemical composition and in particular to examine the distribution

of nitrogen containing compounds in the two fuels.

A flame ionisation detector (FID) was used for universal detection.
A thermionic ionisation nitrogen/phosphorus detector (NPD) and a
flame photometric detector (FPD) were used for selective detection
of nitrogen and sulphur containing compounds respectively.

Williams, Bartle, Mills and Andrews”™” have recently described
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capillary GC analysis of aromatic fractions of diesel fuels using
simultaneous parallel triple detection. They used two two-way
effluent splitters so that flame ionisation, nitrogen/phoshporus and
sulphur selective detectors could be used concurrently. In the
experiments described here, although all three detectors were fitted
on the same gas chromatograph, the analyses were carried out by
transferring the column to each detector in turn. The GC operating
conditions were kept constant for all the analyses described in this

section to allow direct comparison of results.

Figure 2.2.2-1 shows the FID, NPD and FPD chromatograms obtained
from capillary GC analysis of the SR fuel. Table 2.2.2-1 lists the
identification of the chromatographic peaks highlighted in figure
2.2.2-1. CoITpounds were identified using an unpublished library of
retention index and mass spectral data collated at RAE, Cobham. The
major constituents of this fuel, shown in the FID trace were found
to be n-alkanes, ranging from CgH"g to C:"Hgz ' The

chromatographic peaks numbered 11 and 13 corresponded to the
isoprenoid compounds, pristane (2,6,10,14-tetramethylpentadecane)
and phytane (2,6,10,14-tetramethylhexadecane) respectively. These
are well known examples of "biological marker compounds" which are
derived from marine organisms and characteristically occur in fossil
fuels such as petroleum””. The n-alkanes, together with lower
concentrations of branched and cycolalkanes, made up almost 70% by
weight of the fuel and accounted for all the resolved, plus some

unresolved peaks in the FID chromatogram.
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Figure 2.2.2-1

GC analysis of SR fuel with FID (top),

NPD (middle) and FPD (bottom) detection.

Peak identification given in table 2.2.2-

(GC temperature programme, 1 min. @ 50°C,

50-270°C @ 6°C/min., 3 min. @ 270°C)
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Table 2.2.2-1 1Identification of compounds detected in GC
analysis of SR fuel (see figure 2.2.2-1)

Detector Peak number Identification

FID 1 n-Octane
2 n-Nonane
3 n-Decane
4 n-Undecane
5 n-Dodecane
6 n-Tridecane
7 n-Tetradecane
8 n-Pentadecane
9 n-Hexadecane
10 n-Heptadecane
11 2,6,10,14-TetramethyIpentadecane
12 n-Octadecane
13 2,6,10,14-Tetramethylhexadecane
14 n-Nonadecane
15 n-Eicosane
16 n-Heneicosane
17 n-Docosane
18 n-Tricosane
19 n-Tetracosane
20 n-Pentacosane

NPD

FPD 21 Dibenzothiophene
22 Methyldibenzothiphene
23 Dimethyl-) dibenzothiophene

Ethyl-j
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Aromatic conpounds, alkylbenzenes, alkylnaphthalenes and higher
aromatics accounted for 30.75% by weight of the fuel (table
2.1.2-1), but individual compounds of this type were not resolved
into discrete peaks in the FID chromatogram. The total
concentration of nitrogen in the straight run fuel was low, only
95pem. This was clearly reflected by the weak response of the NPD
detector to this fuel, as shown in figure 2.2.2-1. Titration
measurements indicated that about 50% of the nitrogen in this fuel
was associated with basic nitrogen compounds such as aromatic amines
and pyridine derivatives. The distribution of sulphur compounds in
this fuel is illustrated by the FPD chromatogram shown in figure
2.2.2-1. Dibenzothiophene and its alkyl homologues were the only
compounds in this chromatogram which were positively identified.
Wenzel and Aiken48 were one of the first groups to describe the

use of GC with FPD detection to study the distribution of thiophenic
sulphur compounds in petroleum fuels. Their analyses differed from
those reported here, in that other sulphur compounds, such as
sulphides, disulphides and mercaptans, were removed from the fuel
prior to GC analysis, by passing the fuel over an alumina catalyst

at 500°C to decompose non-thiophenic sulphur coirpounds to hydrogen

sulphide.

Figure 2.2.2-2 illustrates the results of a similar FID, NPD and FPD
GC analysis of the CC fuel, with chromatographic peak

identifications given in table 2.2.2-2.
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Figure 2.2.2-2

GC analysis of CC fuel with FID (top),

NPD (middle) and FPD (bottom) detection.
Peak identification given in table 2.2.2-2.
(CC temperature programme, 1 min. @ 50°C,

50-270°C 0 6°C/min., 3 min. 0 270°C)
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Table 2.2.2-2 TIdentification of coirpounds detected in GC
analysis of CC fuel (see figure 2.2.2-2)

Detector Peak number Identification
FID 12 n-Octadecane
14 n-Nonadecane
15 n-Eicosane
16 n-Heneicosane
17 n-Docasane
18 n-Tricosane
19 n-Tetracosane
20 n-Pentacosane
24 n-Hexacosane
25 n-Heptacosane
26 n-Octacosane
27 Naphthalene
28 Methylnaphthalene
29 Dimethyl-) naphthalene
Ethyl-)
NPD 30 Methylindole
31 (CioHiiN)
32 Alkylindoles
33 (Ct2HisN)
34 Carbazole
35 Methylcarbazole
36 Dimethyl-) carbazole
Ethyl-)
FPD 21 Dibenzothiophene
22 Methyldibenzothiophene
23 Dimethyl- ) dibenzothiophene

Ethyl- )



The FID trace was much more complicated than that of the SR fuel.
Only the higher molecular weight unbranched alkanes were discernible
as discrete, well separated peaks in the chromatogram. The complex
mixture of compounds which eluted in the middle part of the
chromatogram consisted predoninantly of isomeric alkylnaphthalenes

(¢

n=11-13). Reference to table 2.1.2-1 shows that
n 2n-1z

the nitrogen content of this fuel was almost nine times higher than
that of the SR fuel. The most intense peaks in the NPD chromatogram
of the CC fuel were found to be attributable to alkylindoles,
carbazole and alkylcarbazoles, as listed in table 2.2.2-2.

Titration measurements showed that basic nitrogen compounds, such as
aromatic amines and pyridine derivatives, accounted for only about
6% by weight of the nitrogen content of the fuel. No GC peaks were
assigned to compounds of this type. The FPD chromatogram shows that
the CC fuel contained a complex mixture of sulphur compounds.
Dibenzothiophene and alkyl homologues of dibenzothiphene, previously
identified in the SR fuel, were also detected in this fuel.

However the isomeric distributions of alkyldibenzothiophenes in the
two fuels were quite different as shown by comparison of the two FPD

chromatograms in figures 2.2.2-1 and 2.2.2-2.

These results, not surprisingly, showed that there were significant
differences in the detailed composition of the SR and CC fuels. The
nitrogen content of the CC fuel was much higher than that of the SR
fuel, and it was found to be predominantly attributable to
alkylindoles and alkylcarbazoles. The presence of alkylindoles in
the CC fuel was particularly significant, since it had already been
shown (ch. 2.1) that these compounds formed part of the structure of

sediment produced during storage of a SR/CC fuel blend. In order to
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establish whether or not alkylindoles were also present in the SR
fuel and to study their distribution in the CC fuel in more detail,
a simple liquid chromatography procedure was developed to extract

and concentrate these compounds from diesel fuel.

2.2.3 Extraction of alkylindoles frcan diesel fuel using

liquid chromatography
A fraction of the CC fuel containing alkylindoles was prepared using
the extraction scheme illustrated in figure 2.2.3-1. The first fuel
fraction collected in this extraction procedure, fraction 1, was
analysed by GC with FID, NPD and FPD detection. The results of this
analysis are shown in figure 2.2.3-2. Comparison of these
chromatograms with those of the whole CC fuel, illustrated in figure
2.2.2-2, showed that fraction 1 contained all the major fuel
components, alkanes and alkylnaphthalenes, together with all the
sulphur compounds previously detected using the FPD detector.
However the absence of peaks in the NPD chromatogram clearly
illustrated that the nitrogen compounds, including alkylindoles, had
been retained on the LC column and therefore separated from the bulk
of the fuel. Fraction 2, eluted with a 1:1 mixture of hexane and
dichloromethane, was collected in 20cm” portions. These were
analysed by normal phase TLC (mobile phase 40% toluene in hexane).
The eluent portions which contained compounds with Rf values
characteristic of alkylindoles and alkylcarbazoles (0.43 -0.57 in
this system) and which also gave a positive reaction with Ehrlich's
reagent (specific for pyrroles and indoles, though not 2,3
disubstituted derivatives) were combined and concentrated to form
fraction 3. This was analysed by GC with FID, NPD and FPD detection

and the results are shown in figure 2.2.3-3.
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Figure 2.2.3-1 Extraction procedure used to prepare CC

fuel fractions 1, 2 and 3.

150cm CC fuel

ILC column 25cmx2.5cm

(silica gel 60)

eluted with :1:.: hexane:

dichloromethane (oo an'

collected in 1oxocm aliquots

FRACTION 2 (i)-(x)

normal phase TLC, combine

aliquots with Rf 0.43-0.57

eluted with hexane

(200 an'

FRACTION 1

FRACTION 3

82



Figure 2.2.3-2

GC analysis of CC fuel fraction 1 with

FID (top), NPD (middle) and FPD (bottom) detection

Peak identification given in table 2.2.2-2.
(CC temperature programme, 1 min. @ 50°C,

50-270°C Q@ ¢ °C/min., 3 min. @ 270°C)

14
15 46 17
12 18 19
28 20
24
27
FID
NPD
21 122
FPD

83



Figure 2.2.3-3 GC analysis of CC fuel fraction 3 with

FID (top), NPD (middle) and FPD (bottom) detection
Peak identification given in table 2.2.2-2.
(GC temperature programme, 1 min. @ 50°C,

50-270°C Q@ ¢ °C/min., 3 min. @ 270°C)

FID

NPD

— FPD
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The close similarity of the FID and NPD traces and the lack of peaks
in the FPD trace, confirmed that fraction 3 consisted almost
entirely of compounds containing nitrogen. Fraction 3 was analysed
in detail by GC/MS. Figure 2.2.3-4 shows the total ion chromatogram
of fraction 3, whilst figures 2.2.3-5 and 2.2.3-6, expanded versions
of figure 2 .2 .3-+, show individual peak assignments, together with
examples of mass spectra. As stated previously (ch. 2.1.9) it was
not possible to definitively assign the structures of isomeric
alkylindoles and alkylcarbazoles. However the presence of
2-methylindole in fraction 3 was confirmed by co-elution with a

reference sample of the conpound.

The same extraction procedure was repeated using the SR fuel. A
series of UV-absorbing (254nm) compounds, with TLC Rf values
characteristic of alkylcarbazoles, were detected amongst the eluent
portions collected from fraction 2. None of these compounds gave a
positive reaction with Ehrlich's reagent. GC/MS analysis of a
concentrate of these coirpounds confirmed that although the SR fuel

contained alkylcarbazoles, it did not contain alkylindoles.

It was concluded from these results that alkylindoles incorporated

into sediment, formed during storage of the unstable SR/CC diesel

fuel blend, originated entirely from the CC conponent of the fuel.
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Figure 2.2.3-4 GC/MS total ion chromatogram of CC fuel
fraction 3.
(GC temperature programme, 2min. @ 100°C,

100-270°C @ 4°C/min., 5 min. 0 270°C)
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R.T. 7:36 15:16 30:33 38:11
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Figure 2.2.3-5 GC/MS total ion chromatogram of CC fuel

fraction 3, showing elution of indoles.
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400
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Figure 2.2.3-6 GC/MS total ion chromatogram of CC fuel

fraction 3, showing elution of carbazoles.

M.
6
TIC
carbazole e ™ 32+
alkylcarbazoles
600
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88



2.2.4 Storage tests using fraction 3 of the CC fuel

A series of speculative experiments were carried out to observe the
effect of storing nitrogen compounds extracted from the CC fuel in

hydrocarbon solvents. This was an attempt to simulate diesel fuel

instability using a simplified model fuel system containing some of

the compounds known to be involved in sediment formation.

The fraction 3 concentrate, extracted from 15Ocm3 of CC fuel and
estimated to contain approximately 300mg of alkylindoles, was
dissolved in l5Ocm3 of a 1:3 mixture of toluene and decane.

This solvent system was chosen to simulate both the
aromatic/aliphatic proportions and the solubility characteristics of
diesel fuel. The solution, hereafter referred to as storage test 1,
was stored at 25°C for 4 weeks, vented to air but excluding light.
At the end of the storage period, the test mixture was found to
contain a quantity of sediment weighing ca. 1Omg. This was analysed
and compared with the sediment produced during storage of the SR/CC

fuel blend.

Figure 2.2.4-1 shows normal phase TLC separations (mobile phase 10%
methanol in dichloromethane) of the sediment formed in storage test
1 and the fuel sediment. It is clear from this that the two
materials had very similar TLC characteristics. Slight differences
were noted in the colours of the low Rf components; in the fuel
sediment this component was green whereas in the sediment from
storage test 1, it was blue/green. The storage test 1 sediment also
contained slightly more material which did not move from the TLC
baseline. The mass spectrum of the pyrolysis products of the

sediment produced in storage test i1, shown in figure 2 .2 u -2,
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Figure 2.2.4-1 TLC separation of sediment produced in storage

test 1 (left) and the fuel sediment (right)
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Figure 2.2.4-2 Mass spectrum of pyrolysis products of storage
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was dominated by ion-currents attributed to alkylindoles. Very low
ion currents occurred in the spectrum at higher relative molecular
masses. Similar spectral features were noted previously (ch.
2.1.10) for pyrolysis/MS analysis of the fuel sediment. The
infrared spectrum of the storage test : sediment, shown in figure
2.2.4-3, also showed good agreement with the infrared spectrum of
the fuel sediment illustrated previously (figure 2.1.7-1). The
elemental composition of the sediment was found to be 78.9% carbon,
6.4% hydrogen, 4.6% nitrogen, 0.8% sulphur and 9.4% oxygen by
difference. These figures agreed well with those obtained for
elemental analysis of the fuel sediment (ch.2.1.5). The nitrogen
content of this sediment was slightly higher than that of the fuel
sediment but still considerably lower than that of alkylindoles

(typically ca. 105%).

Storage test 1 was repeated, and further tests were carried out in
order to observe whether extraction of the solution of fraction s in
toluene/decane (1:3) with base would reduce the amount of sediment
formed during storage, since it has been reported™®

that treatment of this type has a beneficial effect on the storage
stability of diesel fuels. The effect of adding sulphonic acid to
the model fuel system was also monitored, following
reports ' ANITANIAN that acids, including sulphonic acids, are
involved in reactions leading to sediment formation. The results of

these tests are summarised in table 2.2.4-1.
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Table 2.2.4-1 Results of model fuel system storage experiments

Test

number

(all tests stored for 4 weeks at 25°C in the dark,

vented to air)

Composition of

storage test

CC fuel fraction 3 in

150cm”™ toluene/decane (1:3)

CC fuel fraction 3 in
3
150cm toluene/decane (1:3)

extracted with 40% sodium hydroxide

CC fuel fraction 3 in
150cm”™ toluene/decane (1:3)
extracted with 40% sodium hydroxide
plus 3mg (20ppm) 2-naphthalene

sulphonic acid

Weight of

precipitate

10mg

<o .Img

11.7mg

These results clearly showed that removal of acidic species from the

model fuel system inhibited sediment formation whereas deliberate

addition of sulphonic acid promoted sediment formation. The

sediment formed in test 3, ie. sulphonic acid addition, was analysed

by TLC and found to consist almost entirely of the low Rf blue/green
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coiTponent of the sediment formed in test 1. It was later noted that
addition of mineral acids, such as hydrochloric acid, to fraction s
of the CC fuel also promoted rapid formation of the blue/green
component of the sediment. It was considered likely therefore that
sediment formation in test 1 was promoted by trace levels of HC1
which were almost certainly present in the dichloromethane solvent

used to extract fraction 3 from the CC fuel.

From these results, it was concluded that fraction 3 of the CC fuel
contained species which, when dissolved in decane/toluene and stored
at room temperature in the dark for 4 weeks, reacted to form an
insoluble material with analytical characteristics (eofmstent] with
those of the fuel sediment produced by a blend of the CC SR fuels.
The reactions were inhibited by removing acidic compounds and
promoted by addition of acids to the system. Although it has
already been established that alkylindoles and alkylcarbazoles made
up the bulk of fraction 3, only about 3% by weight of this fraction
was converted to insoluble material during storage test 1. In
addition, although pyrolysis experiments showed that the sediment
contained alkylindoles, its nitrogen content was too low for it to
be composed entirely of such compounds. These observations
suggested that fraction 3 contained low levels of hitherto
unidentified compounds which participated in reactions leading to

the formation of sediment.

The following sections describe a more detailed analysis of fraction

3 , ailmed at detecting and identifying such species.
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2.2.5 BAnalysis of organic acids extracted from

CC fuel fracticffi 3
The CC fuel fraction 3 was extracted with 40% agqueous sodium
hydroxide to ensure complete removal of acidic compounds. After
acidification of the aqueous phase with hydrochloric acid, the
organic compounds, hereafter refered to as fraction 3(a), were

extracted into dichloromethane and concentrated.

Analysis of fraction 3(a) by normal phase TLC, using a variety of
different mobile phases, showed that it consisted entirely of
compounds with similar, though on average slightly more polar,
retention characteristics to those of alkylindoles. Analysis of the
fraction by GC/MS revealed the presence of three homologous series
of compounds, which were identified by library matching of mass
spectra43 as alkylphenylphenols ("n”"2n-14"' n=12-14)

together with much smaller amounts of alkylphenols

(C*Hn_so £ n=6-9) and alkylnaphthols (C"Hzn 220,

n=11-12). Figure 2.2.5-1 shows the total ion chromatogram of
fraction 3(a) and the mass spectrum of one of the chromatographic
peaks, an unsubstituted phenylphenol together with the mass spectrum
its library match (1,1'-biphenyl)-2-o0l. This identification was
confirmed by GC and TLC retention measurements with an authentic

sample.
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Figure 2.2,5-1 GC/MS total ion chromatogram of CC fuel
fraction 3(a)
(GC temperature programme, 2 min. @ 30°C,

30-270°C @ 4°C/min., 5 min. @ 270%*0

M ™M 12%
100
TIC
phenylphenols
IIIi*r I+IIr+II+1k; il
240 480 720 960 1200
R.T. 6:49 17:39 26:30 35:20 44:11
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The presence of trace amounts of these compounds in fraction 3 and
the observation that fraction 3 was stabilised after their removal,
does not necessarily implicate them in sediment formation. The
possibility still remained (ch. 2.2.4) that trace acid impurities
originating from solvents contributed to sediment formation in

storage test 1.

2.2.6 Analysis of CC fuel fraction 3 by two dimensional

thin layer chromatography
It has been established that addition of acid to fraction 3 of the
CC fuel promoted the formation of a strongly coloured blue/green
material which produced alkylindoles on pyrolysis. In order to
determine the nature of this material and to identify the compounds
from which it was derived, fraction 3 was analysed in more detail
using two dimensional TLC, normal phase elution (mobile phase 40%
toluene in hexane) followed by reversed phase elution (mobile phase
10% water in methanol). Figure 2.2.6-1 illustrates the results of
this two dimensional separation. Compounds eluting to positions on
the plate labelled 1 to 12 in figure 2 .2 .s—1, were removed in turn

and identified by mass spectrometry, as listed in table 2 .2 .6—1 .
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Figure 2.2.6-1 Two dimensional TLC separation of CC fuel

fraction 3 (see table 2.2.6-1 for

compound identification)

©00 00

( ) reversed phase elution

TLC spots 1-12 detected by illumination of the
plate with UV light (254nm)
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Table 2.2.6-1 Identification of coirpounds separated by

two dimensional TLC (see figure 2.2.6-1)

TLC spot number Identification
1 Carbazole
2 1 CizsHia N
31 CiaHisN
4 ( Alkylcarbazoles y CssHis N
57 CieHi7 N
6\ CgHgN
7 Alkylindoles CioHi3N
s L Ci1Hss N
9 Benzocarbazole
10 7 ICG7HisN
11 Alkylbenzocarbazoles
12 I (GtoH17 N

Although the presence of alkylindoles and alkylcarbazoles had
already been established using GC/MS analysis, compounds of the next
benzologue series, benzocarbazoles, were not detected in earlier

GC/MS analysis because of their relative involatility.

The two dimensional TLC analysis was repeated, deliberately

overloading the TLC plate with respect to the compounds listed in
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table 2 .2 .6—1, in order to optimise the conditions for the detection
of any trace components in the mixture. An acidic TLC spray
reagent, 25% concentrated HCl1 in methanol, was used in an attempt to
locate the compounds in fraction 3 known to react with acid to
produce the blue/green coloured sediment. Figure 2.2.6-2 shows two
photographs of the two dimensional TLC separation, the first taken
immediately after spraying with the acidic spray reagent and the
second showing the same plate several hours later. The first
photograph shows the presence of two groups of compounds (Rf
0.45/0.18 and Rf 0.06/0.13) which reacted rapidly with the spray
reagent to produce blue/green coloured material. These compound
groups are hereafter referred to as fractions s (b) and s (c), as
indicated in figure 2.2.6-2. The major components of fraction 3
reacted with the spray reagent more slowly, but eventually also
produced strongly coloured material as shown in the second

photograph.

The coloured species produced by treatment of fractions 3(b) and
3(c) with methanolic HCl were removed from the TLC plate and
re-chromatographed using normal phase TLC (mobile phase 10% methanol
in dichloromethane) together with the diesel fuel sediment and the
sediments formed in storage tests 1 and 3. The presence of
co—eluting Rf blue/green materials at Rf 0.2 in all the samples
confirmed that fractions 3() and 3(c) of the CC fuel did indeed
contain the compounds which reacted with acid, producing the

coloured, polar component of the diesel fuel sediment.
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Figure 2.2.6-2 Two dimensional TLC separation of CC fuel
fraction 3, immediately after spraying with

acid (top) and several hours later (bottom)

fraction 3(b)

fraction 3(c)
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2.2.7 Analysis of fractions 3(b) and 3(c) of the CC fuel
Fractions 3(b) and 3(c) were selectively extracted from CC fuel
fraction 3 using a combination of low pressure normal and reversed
phase liquid chromatography. This extraction process yielded less

than 3mg of each fraction, equivalent to ca. 1% w/w of fraction 3

and ca. 0.002% w/w of the whole CC fuel.

Fractions 3(b) and 3(c) both gave a positive reaction with Ehrlich's
reagent, which indicated the presence of compounds containing

pyrrolic nitrogen functional groups.

The infrared spectra of fractions 3(b) and 3(c) are shown in figure
2.2.7-1. The absorptions were noted to be generally rather broad,
which suggested that each fraction contained a mixture of compounds.
The presence of absorptions at 3399 cm~", characteristic of
alkylindole N-H stretching vibrations, supported the positive
results of the Ehrlich spot test. Absorptions at 2911 cm~" and
2845 cm~" were attributed to methyl and methylene C-H stretching
vibrations associated with alkyl functional groups. The absorptions
between 800 cm~" and 650 cm~" were attributed to out of

plane aromatic C-H bending vibrations. Although this region of the
spectrum is often used to establish the position of substituents on
aromatic rings, the absorption patterns in these spectra were too
complex and not sufficiently resolved for such interpretation.
Nonetheless, it was clear that there were distinct differences in
the aromatic substitution patterns of compounds in the two

fractions.
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Figure 2.2.7-1 Infrared spectra of CC fuel fractions

3() (top) and 3(c) (bottom)
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Figure 2.2.7-2 Mass

100

80.

80.

20.

25

Table 2.2.7-1 Accurate mass measurement and elemental

spectrum of CC fuel fraction 3(b)

337
308

33

30

32
2 G

350

387

composition of ions present in mass spectrum of

of CC fuel fraction 3(b)

(see figure 2.2.7-2)

Nominal mass Accurate mass Elemental Deviation (mmu)
composition
308 308.1434 Ap3A1gA + 0.5
309 309.1500 Cza3Hio N + 1.7
322 322.1567 C24H20N + 2.8
323 323.1643 CoaHzi N + 3.1
336 336.1736 C2sHz22N + 1.6
337 337.1802 C2sHa3 N + 2.9
350 350.1882 CoeHea N + 2.6
351 351.1979 ADEADES + 0.8
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Figure 2.2.7-3 Mass spectrum of CC fuel fraction 3(c)

*1.

Table 2.2.7-2 Accurate mass measurement and elemental

Nominal mass

451
452
465
466
479
480
493
494
507
508
521
522

H3S

XV

M
JL

JIL Lj_#*

composition of ions present in mass spectrum of

of CC fuel fraction 3(c)

Accurate mass

451.
452
465.
466.
479.
480.
493.
494.
507.
508.
521.
522.

2184

.2230

2311
2369
2485
2532
2661
27738
2732
2840
2897
3002

Elemental

composition

C3z3zH27N2
~33728"72
CsaH29N2
C3zaHso N2
Css H31 N2
Cs s H32 N2
7364332
Cs 6 Haa N2
Cs7 Hss N2
~"37*3672
Cse H372 N2
~38738*72

Deviation

+ + + o+ o+

-

+ o+ o+ o+
w P w N
w U1 o W

w o w N N

(see figure 2.2.7-3)

SN0 O N O

o

(mmu)
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Analysis of fraction 3(b) by electron iirpact (El) ionisation mass
spectrometry showed that it contained small quantities of
alkylbenzocarbazoles. However the largest ion abundancies in the
spectrum, shown in figure 2 .2 .» -2, corresponded to higher relative
molecular mass material. The elemental conpositions of these ions,
determined using high resolution mass spectrometry, are given in
table 2.2.7-1. Fast atom bombardment (FAB) mass spectrometry, a
"soft ionisation" technique, was used to confirm that ions at m/z
309, 323, 337, 351 and 365 n=23-27) were

molecular ions. The mass spectrum of fraction 3(c), shown in figure
2.2.7-3, corresponded almost entirely to ions above 350 Daltons.

The elemental conpositions of these ions are given in table 2.2.7-2.

The ions at m/z 452, 466, 480, 494, 508 and 522

(C

n=33-38) were confirmed to be molecular ions
n 2n-3o0 2

using FAB mass spectrometry. The absence of significant abundancies
of fragment ions in the El spectra of fractions 3(b) and 3(c),
together with the high ratio of carbon to hydrogen found in the
molecular ions, suggested that the fractions contained compounds
with highly aromatic structures. It was noted that the mass
differences between the molecular ions of the two series of
conpounds was equivalent to that which would be expected if the
higher mass series was related to the lowermass series bythe
addition of an alkylderivative of indole. The IR and spot test
results discussed earlier are consistent with the presence of
compounds of this type. 1In addition, if it is assumed that fraction
3(c) contained compounds whose structure incorporated two
alkylindole units and fraction 3(b) contained compounds whose
structure incorporated only one alkylindole unit, then the remaining

unassigned material in each compound group would contain carbon and
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hydrogen in the ratio expressed by the general formula

n“2n-16-

Fraction 3(b) was analysed by GC/MS in an attempt to obtain mass
spectra of single homologues and if possible, single isomers of
compounds present in the fraction. However the major components of
fraction s (b), compounds with the general formula *""2n-27"'

were found to be thermally labile, decomposing in the vapourising
split injector of the GC. The ion chromatogram resulting from this
analysis, shown in figure 2.2.7-4, therefore consisted mainly of the
thermal breakdown products of these compounds, together with
benzocarbazoles present as contaminants in the sample. A small
proportion of the undegraded conpounds eluted through the column at
high temperatures, but the chromatographic resolution in this region
was not good enough to completely separate individual homologues.
Consequently mass spectra corresponding to peaks in this region of
the chromatogram were all composite spectra of at least two
compounds, as shown by the examples illustrated in figure 2.2.7-4.
The peaks in the early part of the chromatogram, shown in more
detail in figure 2.2.7-5, were found to correspond almost entirely
to two homologous series of compounds. Individual peak assignments

are given in table 2.2.7-3.
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Figure 2.2.7-4

GC/MS total ion chromatogram of CC fuel
fraction 3(b).
(GC temperature programme, 2 min. @ 100°C,

100-320°C @ s °C/min., 5 min. @ 320°C)
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Figure 2.2.7-5 GC/MS total ion chromatogram of the thermal

breakdown products of CC fuel fraction 3(b).

Peak identifications given in table 2.2.7-3.

(GC temperature programme,

TIC
50
(0]
100
R.T. 1:43 3:28

5:12

as figure 2.2.7-4)

250
8:42

300
10:26

109



Table 2.2,7-3 Identification of peaks detected by GC/MS
analysis of CC fuel fraction 3(b)

(see figure 2 .2 .7-s)

Peak number Identification
1 methylindole (CgHgN)
, alkylindoles (CIQHIIN)
3) I (CQH""N)
4 (G1Hi3N)
5 (GsHisN)
6 alkylindoles (CGi1Hi13N)
7 (Gi3Hi3N)
8 (G2 HssN)
9 iH-phenalene
10 alkylindole (Cs2HisN)
11 methylphenalene (G Hi:)
12 alkylphenalene  (CisHia)

One series was identified as alkylindoles. The parent member of the
second series, peak number 9, was identified as iH-phenalene (I) by
matching its mass spectrum against a library reference

spectrum””, shown in figure 2.2.7-6. The mass spectra of the

first and second alkyl homologues of phenalene, peak numbers :: and

12 respectively, are also shown in figure 2 .. .7-6.

)

110



Figure 2.2.7-6 Mass spectrum of GC peak 9, library spectrum
of IH-phenalene, and mass spectra of GC

peaks 11 and 12 (see figure 2.2.7-5)
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The presence of alkylindoles amongst the decomposition products of
fraction 3(b), was consistent with earlier results. The elemental
compositions of the other thermal breakdown products, phenalene and
its homologues n=13-15), corresponded precisely to

those of the unidentified hydrocarbon part of the compounds in
fraction 3(b). Table 2.2.7-4 shows that the relative molecular mass
distribution of the compounds in fraction s (b), previously
determined by mass spectrometry and illustrated in figure 2 .2 .7—2,
can be simulated by simple :.: recombination of these thermal

decomposition products.

Table 2.2.7-4 Predicted relative molecular masses of

compounds consisting of alkylindole substituted

on a phenalene or alkylphenalene.

mass of phenalene and alkylphenalenes (-H)

165 179 193
mass of alkyl-
indoles (-H)
130 295 309 323
144 309 323 337
158 323 337 351
172 337 351 365
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These results suggested that the compounds with the general formula
*n"2n-27 ~%“23-27 consisted of alkylindoles directly
substituted on phenalene or alkylphenalene ring systems, ie. alkyl

derivatives of indolylphenalene.

R = alkyl group

Fraction 3(c) was also found to contain thermally labile compounds
which decomposed to mainly alkylindoles, with only very low levels
of phenalene and alkylphenalenes. It was suggested earlier,
following IR and MS analysis, that compounds in fraction 3(c) with
the general formula "n”*2n-3872 "=33-38, may be related

by the addition of a second alkylindole, to compounds with the
general formula n=23-27 found in fraction s (b) and

now tentatively identified as alkylindolylphenalenes. Table 2.2.7-5
shows that compounds of this type, derived from the addition of
alkylindoles to alkylindolylphenalenes, have the same relative
molecular mass distribution as those detected by MS analysis of

fraction 3(c), shown in figure 2.2.7-3.
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Table 2.2.7-5 Predicted relative molecular masses of
compounds consisting of alkylindole

substituted on alkylindolylphenalene.

mass of alkylindolylphenalenes (-H)

294 308 322 336 350 364
mass of alkyl-
indoles (-H)
130 424 438 452 466 480 494
144 438 452 466 480 494 508
158 452 466 480 494 508 522
172 466 480 494 508 522 536

It was deduced from these observations that the compounds in

fraction 3(c) consisted of alkylbis (indolyl)phenalenes.

R R = alkyl group

The virtual absence of phenalenes amongst the thermal decomposition

products of fraction 3(c), was not inconsistent with the

suggestion that the fraction was composed of alkyl derivatives of
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bis(indolyl)phenalenes.
decomposition would produce alkylindoles and alkylindolylphenalenes
rather than alkylindoles and alkylphenalenes since the latter would

require the breaking of both indole/phenalene bonds.

These results did not unequivocally confirm the identification of
compounds in fractions 3(b) and (3c) of the CC fuel as alkyl
derivatives of indolylphenalene and bis(indolyl)phenalene
respectively. Further analytical investigations of these species
were limited by the amount of material available and by the fact
that it was not possible to collect samples of individual conpounds
from the conplex mixture of homolioguesraSd”*i”inecs.
Indolylphenalene, bis(indolyl)phenalene and their alkyl derivatives
are not documented in the literature. Therefore, in order to
confirm or refute these assignments, an alkylindolylphenalene and an
alkylbis (indolyl)phenalene were synthesised, characterised and
compared with the conpounds present in fractions 3(b) and 3(c) of

the CC fuel. These results are discussed in section 2.3.

The CC fuel, from which fractions 3(b) and 3(c) were extracted, had
been stored in sealed 5dm™ metal containers at room tenperature

for several months before the analyses described in the preceding
sections. It was clear from visual examination and filtration of
the fuel that it had deteriorated during this period, since its
colour had darkened and it was found to contain a significant
quantity of insoluble sediment. The question therefore arose, were
the conpounds in fractions 3(b) and 3(c), which reacted with acid to
produce the sediment characteristic of fuel storage instability and

thought to be alkyl derivatives of indolylphenalene and
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bis (indolyl)phenalene, indigenous fuel species or were they formed
during fuel storage by reactions of other indigenous fuel species ?
To answer this question, a fresh, undegraded batch of essentially
the same CC fuel was obtained directly from the refinery and
immediately examined for the presence or absence of these compounds.
3
Small (100cm ) samples of this fresh CC fuel were stored under
liquid nitrogen whilst a larger quantity (40x5dm”) was stored at
-20°C, in order to minimise degradation of the fuel and to provide a

source of relatively undegraded fuel for future analysis.

2.2.8 Analysis of undegraded CC fuel

A sample of CC fuel was analysed when it was less than 48 hours old.
The fuel was found to be very similar to the previous batch of CC
fuel, both in terms of its physical properties and gross chemical
composition. However, as expected for a freshly produced fuel, it
showed no evidence of storage instability. GC analysis with
nitrogen selective detection showed that the distribution of
nitrogen compounds in the fuel, predominantly alkylindoles and
alkylcarbazoles, was almost identical to that observed previously in
the partially degraded fuel. The fuel was separated, as before,
into fractions using liquid chromatography. Fraction 3 was
qualitatively examined for the presence of fractions 3(b) and 3(c)
using the two dimensional TLC technique described in ch. 2.2.6.
After both normal and reversed phase elution, the plate was sprayed
with methanolic HCl. The immediate development of a weak blue/green
colouration at Rf 0.45/0.18 indicated the presence of a low
concentration of fraction 3(b) (containing compounds thought to be

indolyIphenalenes). However the absence of colouration at Rf
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0.06/0.13 indicated that undegraded CC fuel did not contain
detectable amounts of fraction 3(c). An identical analysis of this
fuel was carried out after it had been stored at room temperature
for several months. It was then found to contain a few milligrams

of both fractions 3(b) and 3(c).

The increase in concentration of fractions 3(b) and 3(c) during
storage of the second batch of CC fuel was not quantified.
Nonetheless, it was clear that the compounds in these fractions
(thought to be indolyIphenalenes and bis (indolyl)phenalenes) were
not indigenous fuel species but were produced by reactions of other
fuel components, most probably indoles and derivatives of phenalene,

which occurred during storage of the fuel.

The presence of alkylindoles in both undegraded and degraded CC fuel
has already been established. The analysis of CC fuel for the
presence of phenalene and derivatives of phenalene was pre-empted by
series of experiments carried out by Dr. R.W. Hiley to investigate
the nature of coloured compounds which formed during the storage of
unstable fuel. Several bright yellow compounds were extracted from
partially degraded CC fuel, one of which was identified as

phenalenone (II), an oxidised derivative of phenalene.

(1)

The following section describes the extraction, analysis and

identification of phenalenone and related conpounds present in
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partially degraded CC fuel.

2.2.9 Detection of phenalenone in CC fuel*

A concentrate containing polar compounds, CC fuel fraction 4, was
prepared from a sample of partially degraded CC fuel using the
extraction scheme illustrated in figure 2.2.9-1. This was analysed
by two dimensional TLC, normal phase elution (mobile phase toluene)
followed by reversed phase elution (mobile phase 10 % water in
methanol). This separation showed that fraction 4 consisted almost
entirely of a series of yellow compounds which were clearly visible
on the TLC plate viewed in natural light. The elution
characteristics of these compounds are illustrated diagramatically
in figure 2.2.9-2. Examination of the plate under UV light showed
that the compounds in fractions 4 (1) to 4(7) absorbed strongly at
254nm and exhibited bright green, yellow and blue fluorescence when
illuminated with long wave UV light (365nm). A photograph
illustrating the fluorescence of these compounds is also shown in

figure 2 .2 .9-2.

Fraction 4 of the CC fuel was separated on a larger scale into
sub-fractions 4(1) to 4(7) using normal phase followed by reversed
phase liquid chromatography. The sub-fractions were then analysed

by IR and GC/MS.

*
The work described in this section was carried out by

Dr. R.W. Hiley, Royal Aircraft Establishment, Cobham, Surrey, UK.
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Figure 2.2.9-1 Extraction procedure used to prepare CC

fuel fraction 4.

200cm CC fuel

LC column 15cmx1.8cm eluted with hexane
(Silica gel 60) (200 CIn
FRACTION 1
(discarded)

eluted with 5% propan-2-ol
in dichloromethane

(1oocm )

FRACTION 4
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Figure 2.2.9-2 Two dimensional TLC separation of
CC fuel fraction 4, diagram (top) and

photographed under UV (365nm) light (bottom)

A

I

l.Toluene

2.Melhanol/Water
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Figure 2.2.9-3 1Infrared spectra of CC fuel fraction

4(1) (top) and phenalenone (bottom)

fraction 4(l)

3000 2500 2010 iSO iSO 1400 uid 10SO sO 600 cm”

phenalenone

3000 2500 2000 1800 1600 1400 MO IED SO 600 cm
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Sub-fraction 4(1) was found to consist of a single compound,
identified as phenalenone by matching its TLC, GC, MS and IR
characteristics with those of an authentic sample of this compound.
Figure 2.2.9-3 shows the infrared spectrum of fraction 4(1) together
with that of an authentic sample of phenalenone. The infrared
carbonyl absorption of phenalenone which occurs at a
characteristically low frequency, 1637 cm” , has been cited as
evidence of the unusually high degree of polarisation in the
molecule””. The infrared spectra of the remaining sub-fractions
all showed prominent absorptions betweem 1638 cm”” and 1641

cm which suggested that they also contained compounds with
conjugated carbonyl groups of the phenalenone type. It was
established by GC/MS analysis that sub-fractions 4(2) to 4(5)
contained alkyl derivatives of phenalenone whilst sub-fractions 4(6)
and 4(7) contained 7H-benz (de)anthracen-7-one (III) and a
methylbenz (de) anthracen-7-one respectively. These results are

summarised in table 2 .. .9-1.

(1)

122



Table 2.2.9-1

Sub-fraction

number

4(2)

*

Identification of phenalenone derivatives
detected by GC/MS analysis of CC fuel

sub-fractions 4(1) to 4(7).

Compound identification number of
isomers

*

Phenalenone

Methylphenalenone 3

Dimethyl-/ethylphenalenone 2

~15712°

Methylphenalenone 1

Cl4a"10°

Dimethyl-/ethylphenalenone 2

CisHi120

*
7H-benz (de)anthracen-7-one

~17~10°
Methylbenz (de)anthracen-7-one 3

~18712%

identified by matching MS and GC retention

characteristics with authentic samples
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The presence of two distinct groups of alkylphenalenones, 4(2), 4(3)
and 4(4), 4(5), differing in their normal phase TLC retention
characteristics and fluorescence colours, may arise from alkyl
substitution in aromatic and quinoid rings respectively. However

this has not yet been confirmed experimentally.

R = alkyl

fractions 4(2) and 4(3) fractions 4(4) and 4(5)

The total concentration of phenalenone derivatives in the partially
degraded CC fuel was estimated, using IR absorbance measurements, to
be approximately 200ppm. Similar measurements on a sample of
undegraded CC fuel showed that the concentration of these species

was approximately 50ppm.

Reid™”, 1in a review of the chemistry of phenalene and related
compounds, cited several papers describing the facile formation of
phenalenone by autooxidation or mild chemical oxidation of
phenalene. Boekelheide and Larrabee52 reported that white
crystals of phenalene, when exposed to air, began to discolour
within a few hours and were completely black after a few days.
Phenalenone was identified amongst the autooxidation products of

phenalene.

Therefore it is possible that the increase in concentration of
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phenalenone derivatives observed during storage of CC fuel arose
from autooxidation of hydrocarbons containing the phenalene ring
system. The implication of this would be that undegraded CC fuel
contained phenalene and derivatives thereof. The following section
describes the analysis of undegraded CC fuel, carried out to

investigate this possibility.

It was noted at this point of the study, that the molecular mass,
fluorescence and TLC retention characteristics of CC fuel fractions
4(1) to 4(7) were identical to those of compounds detected, but not
identified, amongst the pyrolysis products of sediment (ch. 2 .1 . ).
The pyrolysis/TLC experiment was therefore repeated, using two
dimensional TLC to separate the pyrolysis products rather than the
one dimensional separation described previously. Figure 2.2.9-4
shows a photograph of the TLC plate, illuminated with UV light
(365nm) . It was clear from comparison of figure 2.2.9-4 with figure
2.2.9-2 (TLC and fluorescence characteristics of CC fuel fractions
4(1) to 4(7)), that some of the previously unidentified sediment
pyrolysis products included phenalenone together with its alkyl- and
benz- derivatives. This finding was entirely consistent with
indications that phenalene derivatives were involved in reactions

leading to sediment formation in the unstable diesel fuel.
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Figure 2.2.9-4 Two dimensional TLC separation of sediment

pyrolysis products viewed under UV (365nm) light.
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2.2.10 Detection of phenalene in CC fuel*

The literature contains no reference to the detection of phenalene
itself in petroleum-derived fuels. However the phenalenyl radical
has been identified, by Stehling and Bartz””, in the aromatic
fraction of a catalytically cracked fuel using electron spin
resonance (ESR) spectroscopy. Bennett””, also using ESR
spectroscopy, found that this unusually stable radical was produced
by pyrolysis of wvarious petroleum-derived materials, noting in
particular that a diesel fuel (of unspecified origin) gave rise to
the radical at a lower pyrolysis temperature (450°C) than other
materials tested such as spectroscopic grade cyclohexane (650-750°
C) . Huckel molecular orbital calculations by Pettit55 and

others, have shown that the stability of the symmetrical phenalenyl
radical can be explained by the gain in resonance energy when it is

formed from the parent hydrocarbon, phenalene.

The analysis for phenalene was carried out using a sample of
undegraded CC fuel which was initially separated into the following
compound classes using normal phase HPLC; fraction la : aliphatics,
fraction 1lb : single ring aromatics (alkylbenzenes), fraction Ic
two ring aromatics (alkylnaphthalenes) and fraction Id : polycyclic
aromatics/heteroaromatics. Figure 2.2.10-1 shows the chromatogram
resulting from this separation. Phenalene and alkyl derivatives of
phenalene, if present in the fuel, would be expected to elute after
alkylnaphthalenes in this chromatographic system. Therefore
fraction Id was collected in five sub-fractions as shown in figure
2.2.10-1.

*The work described in this section was carried out by

Dr. R.W. Hiley. Royal Aircraft Establishment, Cobham, Surrey, UK.
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Figure 2.2.10-1 HPLC separation of CC fuel
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Figure 2.2.10-2 GC/MS total ion chromatogram of CC fuel
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Analysis of these sub-fractions by GC/MS showed that phenalene
eluted as a minor component of fracton 1d(3). Figure 2.2.10-2 shows
the total ion chromatogram of this fraction, together with the mass
spectra of compounds corresponding to the GC peaks numbered 1l and 2.
These compounds were identified as fluorene and

phenalene respectively by matching their mass

spectra and GC retention characteristics with those of authentic
samples. Other compounds eluting in fraction 1d(3) were identified
from their mass spectra as alkyl derivatives of fluorene,
acenaphthene (C”™2 *10 " and biphenyl (C"2"1¢ ™ Alkyl

derivatives of phenalene could not be positively identified in
fraction 1d(3). Their presence in the sample may have been masked

by the high concentration of isomeric alkylfluorenes.

Fraction 1d(3) was evaporated to dryness and stored at 43°C, vented
to air for 24 hours. Under these conditions, thephenaleneknown to
be present in fraction 1d(3), would, according to the

literature”®l, be expected to autooxidise to phenalenone.

Fraction 1d(3) was then analysed by two dimensional TLC, normal
phase followed by reversed phase elution, using the system described
in ch. 2.2.9. It was found to consist mainly of non-polar compounds
(normal phase Rf >0.7). However low levels of more polar, strongly
fluorescent compounds were also detected. The TLC retention
characteristics and fluorescence colours of these compounds were
found to be identical to those of the phenalenones identified in CC
fractions 4(1) to 4(5) and discussed in ch. 2.2.9. There was
insufficient material for further characterisation, but there was
little doubt that these compounds arose from autooxidation of

phenalene and alkylphenalenes present in fraction 1d(3) of the CC
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fuel.

Phenalene and its alkyl derivatives have not previously been
discussed in the context of middle distillate fuel instability,
although aromatic olefins in general are often cited as contributing
to fuel instability”. Likewise, their oxidation products,
phenalenone and alkylphenalenones, have not been mentioned in the
literature on this subject. However Bahn, Brinkman, Green and
Carley38 recently reported the detection of other aromatic

ketones in undegraded and degraded diesel fuels, in particular
9-fluorenone (IV) and its alkyl homologues were detected and

identified by IR and GC/MS analysis.

(IV)

It was suggested that these conpounds were produced via the
oxidation of fluorene and alkylfluorenes. Observed decreases in the
concentration of ketones was put forward as evidence that ketones
act as intermediates in oxidation pathways leading to fuel
instability, although the specific role of ketones in sediment

formation could not be explained.

In the light of the results of these authors, a series of
experiments were carried out to determine whether 9-fluorenone and
alkylfluorenones, which are isomeric with phenalenone and

alkylphenalenones, were present in the CC fuel.
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2.2.11 Analysis of CC fuel for the presence of

9-fluorenone and alkylfluorenones

The TLC, GC, IR and MS characteristics of 9-fluorenone were compared

with those of phenalenone, to ensure that the two compounds could be

unambiguously identified. The mass spectrum of 9-fluorenone was

found to be very similar to that of phenalenone, as shown in figure

2.2.11-1. However their TLC, GC and IR characteristics were quite

different, as illustrated by the data in table 2 .= a1-1 .

Table 2.2.11.1 Analytical characteristics of 9-fluorenone

and phenalenone

9—Fluorenone Phenalenone
Normal phase TLC Rf 0.46 0.09
(mobile phase toluene)
Reversed phase TLC Rf 0.47 0.56
(mobile phase 10 % water in methanol)
Infrared CO absorption 1709 1637
frequency cm
GC Kovats retention index 1704 1859

(12m BP1 0.2mm ID WCOT column)

In order to determine the extraction characteristics of
9-fluorenone, a sample of partially degraded CC fuel was

deliberately spiked with SOppm of this compound.
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Figure 2.2.11-1 Mass spectra of 9-fluorenone (top)

phenalenone (bottom)

9—fluorenone

3% 96

phenalenone

and
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The fuel was then fractionated using the extraction scheme
previously illustrated in figure 2.2.9-1. CC fuel fraction 4

was analysed by GC/MS. The 9-fluorenone spike was readily

detected in the chromatogram. The peak corresponding to
s —fluorenone was well resolved from phenalenone and
alkylphenalenones which were present at much higher concentrations
in the fraction. The extraction and GC/MS analysis was then
repeated using unspiked sample of partially degraded CC fuel.
However indigenous 9-fluorenone or alkylfluorenones could not be
detected (estimated minimum detection limit 5ppm) .

e'e)
Bahn, Brinkman, Green and Carley suggested that 9-fluorenones
may form, by autooxidation of fluorenes, more rapidly than other
ketone types because the "dibenzylic" 9- position of fluorenes
should be more reactive than sites adjacent to only one aromatic
ring. However the absence of 9-fluorenone and its alkyl derivatives
in partially degraded CC fuel, which nonetheless contained
significant quantities of fluorene and alkylfluorenes (ch. 2 .2 .10),
suggested that these compounds do not autooxidise as readily as

their isomers, phenalenes.

2.2.12 Summary

The main results and conclusions relating to the formation of

sediment during fuel storage which arose from the analysis of SR and

CC fuel conponents, can be summarised as follows:

(1) Alkylindoles were present in both undegraded and degraded CC
fuel, but were absent from the SR fuel. This indicated that
alkylindoles incorporated in fuel sediment originated only

from the CC component of the unstable diesel fuel.
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(i)

(1ii)

(1v)

(vi)

(vii)

(viii)

(ix)

Storage of a fraction of CC fuel, consisting predominantly
of alkylindoles and alkylcarbazoles, resulted in

the formation of a sediment virtually indistinguishable
from sediment formed during storage of the whole CC fuel.
The formation of this sediment was inhibited by extraction
of the CC fuel fraction with base before storage.
Naphthalenesulphonic acid and hydrochloric acid both
promoted the formation of the polar, intensely

coloured part of the sediment, by reaction with

trace constituents of the fraction thought to be alkyl
derivatives of indolylphenalene and bis (indolyl)phenalene.
The concentration of these compounds increased during
storage of unstable CC fuel, indicating that they formed by
reaction of indigenous fuel components, possibly
alkyindoles and derivatives of phenalene.

Phenalenone, 7H-benz (de)anthracen-7-one and alkyl
derivatives of these compounds were detected in the CC fuel.
The concentration of these compounds also increased during
storage of the unstable fuel.

Phenalene was detected in undegraded CC fuel.

This compound was extracted into a fraction of the CC fuel.
It was observed to autooxidise to form phenalenone during
storage of the fraction in air at 43°C for 24 hours.

The "aged" fraction was also found to contain
alkylphenalenones, presumably formed by autooxidation

of alkylphenalenes.

An isomer of phenalenone, 9-fluoreneone, reported
elsewhere38 to be involved in reactions leading to fuel

instability, could not be detected in the CC fuel although
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the reduced form of the compound, fluorene, an isomer of

phenalene, was found to be present in the CC fuel.

It was deduced from these results that sediment formation during
storage of the unstable diesel fuel arose, at least in part, from
reactions of fuel species resulting in the formation of compounds
thought to be alkylderivatives of indolylphenalene and
bis(indolyl)phenalene. In order to corroborate this conclusion, it
was necessary first to confirm the identity of these compounds and
secondly to establish the sequence of reactions leading to their

formation in unstable diesel fuel.
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2.3 Synthesis of 2-methylindolylphenalene and

bis (2-methylindolyl)phenalene

2.3.1 Introduction

The syntheses of 2-inethylindolylphenalene (v) and
bis(2-methylindolyl)phenalene (vI) were carried out in order to
confirm the suggested structural assignments of conpounds detected
in CC fuel fractions 3(b) and 3(c) (ch. 2.2.7). Synthetic routes to
these compounds, or indeed the compounds themselves, have not been

reported in the literature.

(V)

(V1)

It is well-known that indoles are highly reactive towards
electrophilic reagents””. This reactivity arises from the fact

that indoles are 7r-excessive heteroaromatic compounds”™”, ie.

the "-electron density on their carbon atoms is greater than that on
the carbon atoms of benzene. A variety of theoretical reactivity
Tndi (5%, including total “-electron densities, localization energies
and superdelocalizabilties, have been applied to the interpretation

of electrophilic substitution in these compounds. All these

indicies successfully predict C*""* to be the preferred site of

137



substitution. This prediction holds for both LCAO-MO and SCF

calculations”™”.

Indoles react readily with both aldehydes and ketones
(electrophiles) in the presence of acid, by nucleophilic attack at
the carbonyl carbon which carries a substantial positive charge
arising from protonation of the carbonyl group. Many reactions of
this type have been recorded in the literature””'”®, involving
carbonyl groups in widely differing chemical environments. For
example, Kamal and Qureshi59 have described the synthesis of a
variety of bis(indolyl)methanes, including V1la-j, which all arise
from condensation reactions of indole with aldehydes in aqueous

solution (pH 1.5 to 7.2).

R
C (V)
R R
(@ H- (£)
() CHs- (g) C"HsCH=CH-
(c) CHs CH=CH- (h) p-NO".CgH"-
@ C655— (1) m-OH.CgH"-
() a-naphthyl: () - () a-furyl-

Oxidation of bis (indolyl)methane derivatives in the presence of acid
usually results in the formation of coloured products. For example
3,3"'-bis(2-methylindolyl)phenylmethane (VIII) is readily converted

by oxygen and acid to "rosindole" (IX)"*"'"®.
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(Vi)

eq. 2.3.1-1

(1X)

The Ehrlich reaction (described in ch. 2.1.6), commonly used as a
"spot test" to detect indoles, 1is another exanple of this type of
reaction. Treibs and co-workers, in attempts to synthesise
dyestuffs, have described the formation of coloured species in
reactions of pyrroles, and to a lesser extent indoles, with many

different carbonyl compounds”.60-63"

In the light of this known reactivity of indoles towards carbonyl
compounds, the following synthetic routes to
2-methylindolylphenalenes (V) and bis (2-methylindolyl)phenalenes

(VI) may be envisaged.
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Reaction 1

NJACHa

2 -methylindole

phenalanone
-H,0
eq. 2.3.1-2
(V)
H
Reaction 2
1 H, "
H
2 —-methylindole
phenalenone
-HP
eg. 2.3.1-3

- (Vi)
0,
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The only reported reaction of a pyrrole derivative with phenalenone
was described by Treibs, Herrmann and Meissner”” in 1958. They
described the formation of a blue dye by reaction of
2,4-dimethylpyrrole with phenalenone in the presence of hydrogen
bromide. They suggested, on the basis of elemental analysis data
only, that the structure of the dye may be either one or a

combination of the isomers Xa-d.

Hs'

2 ,4-dimethylpyrrole

(Xa

(Xc)

phenalenone
eq. 2.3.1-4
) (Xb)
xX2
CH
w
ICH ,CH
(xd)
w
Iz
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2.3.2 Reaction 1. Phenalanone with 2-methylindole
In order to carry out this reaction, it was first necessary to
synthesise phenalanone, since this compound is not available

commercially.

The best known synthesis of phenalanone is the method of Fieser and
Gates64 which involves cyclisation of /3-(l-naphthyl)propionic

acid using anhydrous hydrogen fluoride. However this multi-stage
synthesis appeared to be inconvenient and time consuming. Therefore
the preparation of phenalanone, by direct reduction of commercially

available phenalenone, was investigated.

Phenalenone was subjected to mild catalytic hydrogenation with the
intent of achieving selective reduction of the C=C double bond in
the "peri" ring. However, as observed by other workers P
the major (>90%) product of this reaction was found to be the

saturated alcohol, 1l-hydroxyphenalane (XI).

(X1)

This identification was made on the basis of high resolution MS, IR
and proton NMR analysis. The results of these analyses are
summarised in figures 2.3.2-1, 2.3.2-2, 2.3.2-3. The melting point
of this conpound, after recrystallisation, was found to be 99.5-100°
C, in agreement with the value of 99-100.7°C quoted by Fieser and

Newton”” for i -hydroxyphenalane.
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Figure 2.3.2-1 Mass spectrum of l-hydroxyphenalane

measured mass : 184.0895
calculated mass : 184.0888
for
K
=3
Ak am. O L
& B 128 M 168 18

Figure 2.3.2-2 Infrared spectrum of l-hydroxyphenalane
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Figure 2.3.2-3
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Boudjouk and Johnsonfm“have reported the formation of

phenalanone, in 28% yield, by reduction of phenalenone with
tetramethyldisiloxane. Their synthetic method was repeated and
found to be a convenient route to phenalanone (31.6% yield). This
product was characterised by high resolution MS, IR and bw;#
analysis. The results of these analyses, shown in figures 2.3.2-4,

2.3.2-5 and 2.3.2-6, conpare well with previously published spectra

(IR 68,69, NMR™M'*") .  Other compounds isolated from the
reaction mixuture included phenalene and

1 ~hydroxyphenalane, together with the starting material phenalenone.
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Figure 2.3.2-4 Mass spectrum of phenalanone
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Figure 2.3.2-6 Proton NMR spectrum of phenalanone

3 FFM
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The attempted synthesis of 2-methylindolylphenalene was carried out
according to the scheme illustrated in figure 2.3.2-7.

2 -methylindole was used in this reaction (and in reaction 2 ) in
preference to indole itself since the former compound was known to
be present in the CC fuel (ch. 2.2.3). The reaction mixture,
initially almost colourless, developed a deep blue colouration over
a 24 hour period. Treatment of these coloured products with strong
base, followed by extraction into diethylether, resulted in a colour
change from blue to orange/brown, which was found to be reversible

on re-acidification.

The product mixture, after treatment with base, was analysed by
normal phase TLC (mobile phase toluene) and reversed phase TLC
(mobile phase 10% water in methanol). Figure 2,3.2-8 illustrates
the results of these separations and also shows the elution
characteristics of a number of reference materials. It was clear
from this, that all the :-methylindole was consumed in the reaction
whilst only a trace of phenalanone remained unreacted. The reaction
products eluting with normal phase Rf's of 0.85, 0.75, 0.55, 0.35
and o.1 were separated from one another using flash
chromatography””. Two of the reaction products, Rf 0.85 and Rf

0.1, were identified as phenalene and phenalenone respectively. The
other minor products, together with the major product of this
reaction, Rf 0.75, immediately developed an intense blue colouration
on treatment with methanolic HCI. Similar behaviour was noted (ch.
2.2.6) for CC fuel fractions 3(b) and 3(c), normal phase TLC Rf's of

0.75 and 0.55 respectively.
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Figure 2.3.2-7 Scheme of reaction 1

phenalanone 2 -methylindole p-toluenesulphonic acid

(0.66 mmol) (o.ss mmol) (0.66 mmol)

dissolved in methanol (15cm )

24 hours at RT in the dark

product solution neutralised

with ag. KHCO.

organic material extracted

into diethylether

organic products organic products

analysed by TLC separated by LC
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Figure 2.3.2-8 Normal phase (top) and reversed phase (bottom)

separation of the products of reaction i1 .

0.85 0

0.75 0 0
0.70 0

normal phase elution
0.55 0

0.10 0

0.65

0.57 0

0.50 reversed phase elution

1 = product mixture reaction :
> = phenalanone

3 = phenalenone

4 = 2-methylindole

5 = CC fuel fraction 3(b)

¢ = CC fuel fraction 3(c)
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The major product of this reaction, Rf 0.75, could not be purified
by recrystallisation. The solid form of the compound was found to
readily discolour in contact with glassware even under a nitrogen
blanket. Likewise, the compound proved to be unstable when
dissolved in chlorinated solvents. The most effective means of
preventing deterioration of this material, was found to be storage

under nitrogen in chilled toluene solution.

This compound was analysed by MS, IR, pyrolysis/GC/MS and proton NMR

in order to deduce it chemical composition and structure.

Its mass spectrum is shown in figure 2.3.2-9. The elemental
composition of the ion at m/z 295 was found to be Cz2HjNW,

as expected for the molecular ion M) of 2-methylindolylphenalene.
Other ions in the spectrum were attributed to M-H (m/z 294),
M-CH" (m/z 280) and a number of "half-mass" ions (between m/z
135 and m/z 150) ie. doubly charged ions which appear in the

spectrum at half their true mass.

The IR spectrum of this compound, shown in figure 2.3.2-10,
contained many of the characteristic IR absorptions of both
2-methylindole and phenalene. The IR spectra of these compounds are
shown for comparison in figure 2.3.2-11. The absence of IR
absorbance at 1700 cm_1 or 1640 cm_1 indicated that the

compound did not contain a carbonyl group associated with either a
phenalanone (1700 cm“”") or phenalenone (1640 cm“") ring

system.
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Figure 2.3.2-9 Mass spectrum of the major product
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Figure 2.3.2-11 Infrared spectra of 2-methylindole (top)

and phenalene (bottom).
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Further evidence to suggest that this compound contained

: -methylindole and phenalene ring systems was provided by the
results of a pyrolysis/GC/MS experiment. Figure 2.3.2-12 shows the
pyrolysis/GC/MS total ion chromatogram of this compound, together
with mass spectra of the major pyrolysis products. The ion current
traces of m/z 165 + m/z 166 and m/z 130 + m/z 131 are also shown.
These indicate the elution times of the pyrolysis products,
phenalene and 2-methylindole respectively. Minor chromatographic
peaks correspond to alkylnaphthalenes and alkylbenzenes. These
probably arose from further pyrolytic breakdown of the phenalene and

indole ring systems.

The proton NMR spectrum of the compound is shown in figure 2.3.2-13.
Interpretation of this spectrum was based on known assignments for
phenaleneand 2-methylindole”” which are detailed for

comparison in figures 2.3.2-14 and 2.3.2-15 respectively. The
resonances in the spectrum of the reaction product occurring between
0.5 and were attributed to contamination of the sample with
solvent residues and therefore were not considered further.
Integration measurements, normalised to the methyl resonance centred
at 2.25ppm (3 protons), showed that the compound contained 11
protons with resonances between ¢.s and 7.9ppm ( 10 aromatic and 1
N-K proton), 2 protons with resonances centred at ¢.s and s .Oppm
(vinylic protons) and 1 proton with resonance at 4.Ippm (methine
proton) . Integration of the resonance at 4.2ppn and the resonances
between 3.5 and 4.0gom. showed that together they corresponded to
less than one proton. This also indicated that these resonances
were not associated with the major part of the sample and therefore

they were not considered further.
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Figure 2.3.2-12 Pyrolysis/GC/MS total ion chromatogram
of the major product of reaction i .
(GC temperature programme, 1 min. @ 35°C,

35-200°C 0 s °C/min., 1 min. 0 200°C)
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Figure 2.3.2-13 Proton NMR spectrum of the major product

of reaction 1.
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Figure 2.3.2-14 Proton NMR spectrum of phenalene,
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Figure 2.3.2-15 Proton NMR spectrum of 2-methylindole.
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The only 2-inethylindolylphenalene structure consistent with these

NMR assignments and integrations was 1l-(2-methylindolyl)phenalene

(XII) .

A A (X11)

Other isomeric possibilities were discounted since none of them

contained vinylic and methine protons in the observed ratio of 2:1

The conjugate acid of XII, noted to have an intense blue
chromophore, may have the structure (XIII) illustrated in'eg.
2.3.2-1. However it has not been possible to confirm this

suggestion experimentally.

(XI)

brown

eg. 2.3.2-1

blue (X1r)

Together, these results led to the conclusion that the major product
of reaction 1 was 1-(2-methylindolyl)phenalene. The analytical
dhAr6et6riat$*s of this compound were entirely consistent with those

of compounds detected in CC fuel fraction 3(b) (ch. 2.2.7). These

results therefore provided further corroboration of the earlier

suggestion that CC fuel fraction 3(b) contained alkyl derivatives of

indolyIphenalene.
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Two minor products of reaction 1, conpounds with normal phase TLC
Rf's of 0.55 and 0.35, were also formed in reaction 2. The analysis

and identification of these are discussed in the following section.

2.3.3 Reaction 2. Phenalenone with 2-methylindole

This reaction, an attempt to synthesis

bis (2 -methylindolyDphenalenes, was carried out according to the
scheme illustrated in figure 2.3.3-1. The formation of material
with an intense blue chromophore was apparent within a few minutes
of mixing the reagents. After 24 hours at room tenperature, the
reaction mixture was treated with strong base and extracted into
diethylether. This resulted in a colour change from deep blue to
orange brown, which, as observed in reaction :, was found to be
reversible on re-acidification. Treibs, Herrmann and Meissner”™”
noted that similar colour changes occur with the products of a
related reaction (egq. 2.3.1-4), between phenalenone and

2,4-dimethylpyrrole in the presence of hydrogen bromide.

The product mixture of reaction 2, after treatment with base, was

analysed by normal phase TLC (mobile phase tcSilii%e) and reversed

phase TLC (mobile phase 10% water in methanol). These analyses
revealed an extremely complex distribution of products. Figure

2 .3 .3-2 shows the retention characteristics of only the most
abundant species in the mixture, together with a number of reference
compounds. Traces of unreacted starting materials were detected,
2-methylindole with normal phase Rf 0.7 and phenalenone with normal

phase Rf 0.1.
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Figure 2.3.3-1 Scheme of reaction 2

phenalenone 2 -methylindole p-toluenesulphonic acid

(2 mmol) (4 mmol (2 mmol)

dissolved in methanol (30cm )

24 hours at RT in the dark

product solution neutralised

with ag. KHCO

organic material extracted

into diethylether

organic products organic products

analysed by TLC separated by LC
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Figure 2.3.3-2 ©Normal phase (top) and reversed phase (bottom)

TLC separation of the products of reaction 2.

2 3 4 5
0.90
0.85
normal phase elution

0.65
0.57 0 O reversed phase elution
0.32 ©)
025 O

1 = product mixture reaction

2 = phenalenone

3 = 2-methylindole

4 = CC fuel fraction 3(b)

5 = CC fuel fraction 3(c)
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Reaction products were detected with normal phase Rf's 0.9, 0.85,
0.75, 0.55 (major product), 0.35 and 0.05. The compounds having Rf
0.75 and 0.55 ie. those from the product mixture and those from CC
fuel fractions 3(b) and 3(c), together with the reaction product at
Rf 0.35, all immediately developed a blue colouration on spraying
the TLC plate with methanolic HCl. The acidified forms of these
compounds were all found to have the same normal phase TLC retention

characteristics as the highly coloured component of fuel sediment.

The major product of this reaction (which appeared as a minor
product of reaction 1), with normal phase Rf 0.55, was separated
from the mixture by flash chromatography””. As with the major
product of reaction 1, it was found to be unstable and impossible to
purify further by recrystallisation. The material was analysed by
MS, IR, pyrolysis/GC/MS and proton NMR, in order to deduce its

chemical composition and structure.

Figure 2.3.3-3 shows the mass spectrum of this product. The
elemental compositon of the ion at m/z 424 was found to be
~3172472° expected for the molcular ion M) of

bis (2-methylindolyl)phenalene. The base ion in this spectrum, m/z
423, was attributed to M-H and the ions around m/z 200 to
"half-mass" ions. The measured relative molecular masses of the
ions at 131 and 295 Daltons corresponded to C”H"N,

methylindole and Cz22H27N, methylindolyIphenalene

respectively.

The infrared spectrum of this compound is shown in figure 2.3.3-4.

162



Figure 2.3.3-3 Mass spectrum of the major product of
reaction 2 .
100 423

90 measured mass : 424.1936
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Figure 2.3.3-4 Infrared spectrum of the major product

of reaction 2 .
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It showed many of the same features as the spectrum of
1-(2-methylindolyl)phenalene, illustrated in figure 2.3.2-10,
indicating that the two compounds had distinct structural
similarities. The prominent absorptions at 3399 cm~" were
attributed to pyrrolic N-H stretching vibrations, whilst those at
3031 cm ~ and 2930-2840 an'"” were attributed to aromatic C-H

and methyl C-H stretching vibrations respectively.

Ion chromatograms resulting from pyrolysis/GC/MS of this compound
are shown in figure 2.3.3-5, together with the mass spectrum of the
major pyrolysis product, 2-methylindole. Minor pyrolysis products
were found to be phenalene, alkylbenzenes and alkylnaphthalenes.
These results contrasted to those obtained with
1-(2-methylindolyl)phenalene and CC fuel fraction 3(b), in that very
little phenalene was produced during pyrolysis. However they
compared well with the pyrolysis characterisitcs of CC fuel fraction

3(c) (ch. 2.2.7).

Figure 2.3.3-6 shows the proton NMR spectrum of this compound. The
resonances between 0.75ppm and 1.Sppm were assumed to be associated
with impurities in the sample arising from solvent residues. It was
clear that many of the resonances in the spectrum of the compound
were incompletely resolved. However it was possible to assign the
resonances centred at approximately 2.25ppm to methyl protons, those
between 3ppm and 4.5ppm to methylene and methine protons, those
between S.Sppm and 6.75ppm to vinylic protons and those between

6.75ppm and s .Oppm to aromatic and N-H protons.
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Figure 2.3.2-5 Pyrolysis/GC/MS total ion chromatogram of
the major product of reaction 2 .
(GC tenperature programme, 1 min. @ 35°C,

35-200°C @ &*C/min., 1 min. @ 200°C)
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Figure 2.3.3-6 Proton NMR spectrum of the major product

of reaction 2.

PPM
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The complexity of the spectrum suggested that the sample consisted
of a mixture of compounds, although attenpts to resolve it into
separate components using chromatography failed. The data
nonetheless consistent with that which might be expected for
bis(2-methylindolyl)phenalene. Some of the theoretically possible

isomeric configurations of this compound include X1lVa-j.

X_
XlVa 1,1-... XWVb 1,3-... XlVe 1,4-...
X=
H
Xivd 1,6-... XlVe 1,7-. XIVf 1,9-...
XlVg 3.,4-... XIVh 3,6-... XIVi 3,7-... XIVj 3,9-,

However the NMR spectrum of this material, like the spectra of
phenalene (figure 2.3.2-14) and 1-(2-methylindolyl)phenalene (figure
2.3.2-13), did appear to contain two vinylic resonances, this

limiting the isomeric possibilities to 1,1-..., 1,4..., 1,6...,
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1,7... or 1,9-... configurations, although the 1,1... and 1,09...

configurations may be considered less likely for steric reasons.

Together, these results showed that the general analytical
characteristics of XIV, the major product of reaction 2, were
entirely consistent with those of the compounds detected in CC fuel
fraction 3(c) (ch. 2.2.7), thereby confiming the earlier suggestion
that CC fuel fraction 3(c) contained alkyl derivatives of

bis (indoly: )phenalenes.

The minor product of reaction 2, with a normal phase TLC Rf of 0.75,
was found to be a :-methylindolylphenalene (isomeric configuration
unknown) . A conpound with normal phase TLC Rf of 0.35 was detected
as a minor procduct in both reaction 1 and reaction 2. This
material showed the sairie reversible colour changes when treated with
acid and base as 1-(:-methylindolyl)phenalene and

1,X-bis (2-methylindolyl)phenalene (X=1, 4, ¢, 7 or 9), which
indicated that it may be chemically related to these compounds.
Further characterisation was limited by the small quantity of
material available for analysis, a situation exacerbated by the fact
that, in common with other products of reactions : and 2, the
compound was found to be unstable. However low resolution MS
analysis of a crude sample of this material resulted in the
formation of several ions with relative molecular masses in excess
of 500 Daltons, including one at m/z 553 which may indicate that

this product corresponded to a tris(-methylindolyl)phenalene.
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2.3.4 Rationalisation of reactions 1 and 2

The schemes outlined in eg. 2.3.4-1 to eq. 2.3.4-8 are an attempt to
explain the distribution of products observed in reactions : and : .
None of the proposed intermediates isolated and therefore the
schemes do not constitute a mechanistic interpretation of these
reactions.

Reaction 1

The formation of 1-(2-methylindolyl)phenalene (XII) in reaction 1
can be explained sinply in terms of a reaction involving
nucleophilic attack by 2 -methylindole on the carbonyl carbon of

phenalanone, followed by loss of water.

(X1)
oH® eq. 2.3.4-1

-HzO

(X11)
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The presence of phenalene and phenalenone in the product mixture may
have arisen from a disproportionation reaction involving

1-hydroxyphenalene (XV)

eq. 2 .3.4-2

The phenalenone thus formed may have reacted with 2-methylindole to
form the other observed products of reaction :,
bis (2 -methylindolyl)phenalene and tris (:-methylindolyl)phenalene.

The route to these compounds is outlined in eqg. 2.3.4-3 to eq.

2.3.4-8.
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Reaction 2

Phenalenone, unlike phenalanone, does not undergo many of the
reactions normally associated with ketonic species. For example it
does not form a 2,4-dinitrophenyihydrazone”” and it only forms a
hydrazone73 and an oxime®’ under forcing conditions. The
unusually high polarisation of this compound is reflected by its
dipole moment, 3.89D"" and the low frequency, 1637 cm””

of its infrared carbonyl absorption. Phenalenone is a strongly
basic compound, PKj* = 0.4, and it readily forms stable salts

with strong acids””. In the light of this, it may be postulated
that the formation of 1,X-bis(2-methylindolyl)phenalene X = 1, 4,
¢, 1/ or 9) from phenalenone and 2-methylindole in the presence of
acid resulted from nucleophilic attack by 2-methylindole on the

hydroxyphenalenium cation (XVI).

©
OH

eq. 2.3.4-3

(XVI)

Theoretically nucleophilic substitution could occur at any of the
carbon atoms carrying a partial positive charge. The following

scheme illustrates substitution at

S;~CH

OH

(XV") 171



Dehydration of l-hydroxy-3- (2-methylindolyl)phenalene (XVII) would

be expected to lead to the formation of the

2-methylindolylphenalenium cation (XVIII).

(XVII)

eq. 2.3.4-5

(XVIII) pt 5

Further nucleophilic substitution, to form

bis (2 -methylindolyl)phenalenes, may take place at any of the carbon
centres carrying a partial positive charge. For example the
formation of 1,7-bis(2-methylindolyl)phenalene (X1Ve) may occur as

indicated in eg. 2 .3.4-6.

eq, 2.3.4-6

(XIVe)
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1-Hydroxy-3-(2-methylindolyl)phenalene (XVII) may also undergo a
disproportionation reaction of the type indicated previously in eq.

2.3.4-2. This could explain the presence of a
2-methylindolylphenalene (V) amongst the products of reaction 2.
OH

eq.2.3.4-7

disproport ionat ion
(see eq. 2 .3.4-2)

(XIX)

Further reaction of 3-(2-methylindolyl)phenalenone (XIX) with two
molecules of : -methylindole would account for the observed formation

of tris (2-methylindolyl)phenalene (XX) in both reactions 1 and 2.

J CH;
(XIX)

eq.2.3.4-8

t H (XX)
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Clearly more detailed investigations of both reactions 1 and 2 are
required in order to develop a thorough mechanistic understanding of

the chemical processes which occur in these systems.

Nonetheless the synthesis and characterisation of
1-(2-methylindolyl)phenalene and : ,X-bis (e -methylindolyl)phenalene
(X=1, 4, 6, 1 or 9) provided confirmation that CC fuel fractions
3(b) and 3(c) contained closely related compounds, alkyl derivatives

of indolylphenalenes and bis (indolyl)phenalenes respectively.

2.3.5 Reaction 3. CC fuel fractions 4(1)-4(7) with indole

A series of qualitative experiments were carried out in order to
determine whether the phenalenone derivatives actually present in CC
fuel would react with indole in the presence of acid to produce

coloured products of the same type as those formed in reaction 2 .

It was shown in ch. 2.2.9 that phenalenone itself occurred in
fraction 4(1) of the CC fuel, whilst its alkyl and benzo derivatives
QCGunred 1n| fractions 4(2)-4 (7). Table 2.2.9-1 listed the general
structural assignments of the phenalenone derivatives in CC fuel
fractions 4(1)-4(7). Indole and p-toluenesulphonic acid were added
to methanolic solutions of each of these fuel fractions, which were
then allowed to stand for 18 hours at room temperature. These
experiments were carried out on a very small scale, since only

approximately 2mg of each fuel fraction were available for reaction.

The test solutions involving CC fuel fractions 4(1), 4(2) and 4(3),
which were initially bright yellow in colour (characteristic of

these phenalenone derivtives), produced intensely coloured blue
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material under these reaction conditions. The products were
analysed by normal phase TLC and found to have the same retention
characteristics as the species formed in reaction 2. However the
remaining tests, containing fuel fractions 4(4), 4(5), 4(6) and
4(7), did not develop the characteristic strong blue colouration,
but remained visually indistinguishable from the initial reactant
mixture. The lack of reaction in the test solutions containing CC
fuel fractions 4(4), 4(5), 4(6) and 4(7) was confirmed by TLC at the
end of the reaction period which showed that they contained only the

initial starting materials.

No explanation can be given for the apparent difference in

reactivity of these phenalenone derivatives towards indole.

2.3.6 Sunmary

The main results and conclusions arising from experiments carried

out to synthesise :-methylindolylphenalene and

bis (2 -methylindolyl)phenalene can be summarised as follows:

(1) Mild catalytic hydrogenation of phenalenone yielded
1 ~hydroxyphenalane as the only significant product.

(i) Phenalanone was prepared in modest yield by reduction
of phenalenone with tetramethyldisiloxane.

(iii1) Reaction between 2-methylindole and phenalanone yielded
1-(2-methylindolyl)phenalene as the major product. This
compound was unstable and attempts to recrystallise it were
unsucessful. In the presence of acid it developed an
intense blue chromophore. This colour change was reversible.
Other products formed in this reaction included phenalene

phenalenone and a bis (: -methylindolyl)phenalene.

175



(1v) Reaction between 2-methylindole and phenalenone yielded
1,X-bis (2-methylindolyl)phenalene (X= 1, 4, ¢, 7 of 9).
This conpound was also unstable and showed the same colour
changes under the influence of acid and base as
1-(2-methylindolyl)phenalene. Several other products were
formed in this reaction system. However of these, only
a 2 -methylindolylphenalene was positively identified.

(V) Alkyl derivatives of phenalenone, extracted from the CC

fuel in fractions 4(2) and 4(3), reacted with indole to form

products analogous to those formed by reaction of
phenalenone with 2-methylindole. However the
alkylphenalenones present in CC fuel fractions 4(4)

and 4(5), together with the phenalenone derivatives in
fractions 4(6) and 4(7), did not react with indole under
the same conditions.

(vi) The analytical characteristics of the major products of
reactions 1 and : were found to be consistent with those of
compounds detected in CC fuel fractions 3(b) and 3(c).
This therefore supported the conclusions of ch. 2.2.7
that CC fuel fractions 3(b) and 3(c) contained alkyl

derivatives of indolylphenalene and bis (indolyl)phenalene.

The results of these experiments, together with those arising from
sediment analysis and fuel analysis, have been drawn together to
form a theory, described in the following chapter, to account for
some of the processes leading to sediment formation during storage

of an unstable diesel fuel.
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2.4 Theory to account for sediment formation in

the unstable diesel fuel

2.4.1 Proposed sequence of reacticwis

The formation of sediment during storage of unstable diesel fuel,
which consisted of a 1:9 blend of catalytically cracked (CC) fuel in
North Sea straight run (SR) diesel fuel, can be explained in terms

of the reaction sequence outlined in figure . .4.1-1.

The first stage of the process involved the formation of
phenalenones, by autooxidation of phenalenes originally present in
the CC portion of the fuel blend. The mechanism of this
autooxidation is not known, but it may have involved the unusually
stable phenalenyl radical, previously detected in the aromatic

fraction of catalyticaly cracked fuels using electron spin resonance

techniques

RH eq. 2.4.1-1

OH +

4- RH
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Figure 2.4.1-1 Reaction sequence to account for sediment

formation in the unstable diesel fuel.

\t autooxidation

Phenalenones Indoles
H
R
Indolylphenalenes
(mono-, bis-, tris-)
eg.
R
0 1 »
acids w
Sediment
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Alkylindoles, also originating from the CC portion of the fuel
blend, reacted with phenalenone and some of its alkyl derivatives
(ch. 2.3.5) to form products which included alkylindolylphenalenes
and bis(alkylindolyl)phenalenes. Acids present in either or both
the SR and CC components of the fuel blend may have catalysed these
reactions. The precipitation of sediment occurred when these neutral
products of indole/phenalenone reactions combined stoichiometrically
with acidic species in the CC/SR fuel blend to form the polar
blue/green coloured materials (cf. sediment fraction 4 which

accounted for approximately 50% by weight of the fuel sediment).

Qualitative observations of the relative basicity of the 1:1, 2:1
and 3:1 products of reaction between 2-methylindole and phenalenone
(ch. 2.3.3) suggested that their basicity increased with the number
of indoles substituted on the phenalene ring. Therefore, if the
concentration of acid in fuel was limited, only the most basic
compounds would be expected to form salts. This suggestion is
consistent with the observation that the relative molecular masses
of cations formed during FAB MS analysis of sediment fraction 4 (ch.
2.1.8) were observed to be between 600-700 Daltons. Cations in this
relative molecular mass range would correspond to those derived from
alkyl derivatives of tris(indolyl)phenalenes. Ions corresponding to
indolylphenalene and bis (indolyl)phenalene cations were not observed
in the FAB mass spectrum of sediment fraction 4. This was
presumably because of insufficient acidity in the fuel blend to

precipitate these compounds as salts.

The nature of the acids in the fuel blend which were involved in

these reactions has not been established. It has been suggested in
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the literature that sulphonic acids contribute to sediment formation
in unstable diesel fuels**'""'~*, The detection of sulphur

dioxide amongst the pyrolysis products of the sediment (ch. 2 .1 .9)
supported the suggestion that sulphur contained in the sediment was
in a highly oxidised form. However the low overall sulphur content
of the sediment indicated that sulphur containing compounds, acids

or otherwise, did not form a significant part of this sediment.

Fraction 1, accounting for approximately 10% by weight of the
sediment, was found to have analytical characteristics consistent
with those of the bis- or tris(indolyl)phenalenes found in solution
in the fuel blend. The detection of this material as a component of
the sediment may indicate that it contained additional functional
groups which reduced its solubility in diesel fuel. Alternatively a
proportion of the bis- and tris (indolyl)phenalenes may have simply

co-precipitated with the more polar sediment components.

The nature of fractions 2 and 3 of the sediment remains unclear,
although, in common with the other fractions, they have been found
to contain alkylindoles. It is possible that they are related to
some of the uncharacterised materials formed in reaction 2,
phenalenone with 2-methylindole (ch. 2.3.3). Alternatively they may
either correspond to other materials, derived from indoles and
phenalenones, which form more readily in diesel fuel than in the
more polar and acidic conditions of reaction =, or they may arise
from reactions of indoles with fuel species other than phenalenones

present in CC fuel.
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2.4.2 Further evidence to support the prc*xztsed theory of
sediment formation

A series of fuel storage tests were carried out in order to test the

theory of sediment formation described in ch. 2.4.1.

Compounds, representative of those implicated in sediment formation
and previously detected only in the CC portion of the unstable fuel
blend, were added to 200cm”™ samples of the SR fuel. The
composition of each test is given in table 2.4.2-1. The amount of
phenalene and 2-methylindole added to the SR fuel was chosen to be
approximately equivalent to the expected total concentration of

these species in a 1:9 blend of CC in SR fuel.

Table 2.4.2-1 Composition of storage tests 4, 5, ¢ and 7

Test number Composition of test
4 200 cm® SR fuel
5 20mg phenalene in 200 cm” SR fuel
6 20mg 2-methylindole in 200 cm® SR fuel
7 20mMg phenalene and :20mg 2 -methylindole in

200 cm”® SR fuel

The work described in this section was carried out by
Dr. R.W. Hiley. Royal Aircraft Establishment, Cobham, Surrey, UK.
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The test solutions were filtered after storage for « months at 25°C.
The weights of sediment produced in this relatively brief period of
storage at ambient temperature, were too small for useful
comparative measurements to be obtained. However it was clear from
the appearance of the filter disks, shown in figure . .4..-:, that
test 7, containing both phenalene and 2-methylindole, produced the
largest amount of sediment (approximately :mg) during the storage

period.

The sediment formed in test 7 was analysed by normal phase TLC
(mobile phase 10% water in methanol), MS and IR spectroscopy. TLC
separation of the sediment yielded the characteristic blue/green
bands at low Rf, together with a small quantity of red/brown
material at high Rf. Figure 2.4.2-2 shows a pyrolysis mass spectrum
of the sediment from test 7 which was dominated by ions at m/z 130
and m/z 131, attributed to 2-methylindole. The ion at m/z 165 was
attributed to phenalene, whilst those at m/z 423, m/z 424 and m/z
552, m/z 553 were attributed to bis(2-methylindolyl)- and
tris(2-methylindolyl)phenalene respectively. These spectral
features were consistent with those arising from similar analysis of
sediment formed during storage of the 1:9 CC/SR fuel blend (see
figure 2 .4.2-2), except of course that only species corresponding to
single methyl homologues were present. Figure 2.4.2-3 shows IR
spectra of the sediment from test 7 and, for comparison, the

sediment from the CC/SR fuel blend.

182



Figure 2.4.2-1 Filter disks showing solids produced during

storage tests 4, 5, ¢ and 7
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Figure 2.4.2-2 Mass spectra produced by pyrolysis of sediments
from storage test 7 (top) and storage of the 1:9

CC/SR fuel blend (bottom)
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Figure 2.4.2-3 1Infrared spectra of sediments from storage

test 7 (top) and storage of the 1:9 CC/SR

fuel blend (bottom)
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The spectrum of the fuel sediment was conposed of broad overlapping
absorbances whilst the spectrum of sediment formed in test 7 showed
relatively well resolved absorbances, indicating that it
corresponded to a much sinpler mixture of compounds. Nonetheless it
is clear that the principal regions of absorbance in the two spectra
coincided well, providing further evidence that the sediment
produced by the deliberate addition of phenalene and 2 -methylindole
to the SR fuel was very closely related to the sediment formed

during storage of the CC/SR fuel blend.

Analysis of test 7 at the end of the storage period, showed that

2 —-methylindolylphenalene, bis (:-methylindolyl)phenalene and
phenalenone, together with unreacted phenalene and :-methylindole
were present in solution. These observations suggested that the
formation of sediment in this system may have been limited by an
insufficient concentration of acid. The presence of phenalenone in
test 7 and in test 5, which originally contained only phenalene in
SR fuel, confirmed the earlier suggestion that phenalene

autooxidises in dilute fuel solution to yield phenalenone.

The results of these fuel storage tests clearly supported the theory

of sediment formation described in ch. 2.4.1 and summarised in

figure 2 .4.1-1 .
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CHAPTER THREE

CONCLUSIONS AND RECOMMENDATIONS

3.1 Conclusions

The work described in this thesis was undertaken with the objective
of identifying chemical processes which lead to the formation of

sediment during storage of an unstable, petroleum derived diesel

fuel.

It has been established that the formation of sediment in one
unstable diesel fuel, a 1:9 blend of catalytically cracked (CC) fuel
in straight run (SR) fuel, arose predominantly from a series of
reactions involving compounds which were present in the fuel blend
at concentrations of only a few parts per million. The combined
presence of two compounds classes, indoles and phenalenes, both
originating entirely from the CC portion of the fuel blend, was

found to be particularly deleterious to fuel stability.

The role of alkylindoles in reactions leading to sediment formation
was initially deduced from the results of sediment pyrolysis
experiments (ch. 2.1.9 and ch. 2.1.10). Subsequent analysis of the
unblended CC and SR fuel components, showed that these compounds
were present only in the CC portion of the fuel blend (ch. 2.2.2).
Derivatives of alkylindoles containing the phenalene ring system
were detected in a discrete fraction of the CC fuel (ch. 2.2.6, ch.
2.2.7). These compounds, later confirmed by synthesis to be alkyl

derivatives of indolylphenalene and bis (indolyl)phenalene.
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(ch. 2.3.2 and ch. 2.3.3), were found to react with acid to form
strongly coloured material, insoluble in hydrocarbon solvents (ch.
2.2.4). The analytical characteristics of this material were shown
to be very similar to those of the major component of the sediment
formed during storage of the unstable diesel fuel. The
concentration of indolylphenalenes and bis(indolyl)phenalenes was
observed to increase during fuel storage (ch. 2.2.8). It was
concluded that this increase in concentration resulted from
reactions of alkylindoles with phenalene, alkylphenalenes or

derivatives thereof.

Phenalene and alkylphenalenes were detected in the CC portion of the
unstable fuel (ch. 2.2.10). These compounds were observed to
autooxidise to form the corresponding phenalenone derivatives (ch.
2.2.10 and ch. 2.4.2). Two different classes of alkylphenalenones
were detected in the CC fuel, differing in their fluorescence and
normal phase TLC characteristics and in their reactivity towards
indoles (ch. 2.3.5). It was suggested that these differences arose
from the presence or absence of alkyl substitution in the "peri"
ring (ch. 2.2.9), although this explanantion has neither been

confirmed or rationalised.

The results and conclusions of experiments described in this thesis
have been used to formulate a theory to account for sediment
formation during storage of the unstable diesel fuel (ch. 2.4.1).
This theory suggests that sediment formation resulted from acid
promoted reactions of alkylindoles with autooxidation products of

phenalene and alkylphenalenes.
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3.2 Recommendations for further work

It was stated in ch. 1.3 that the work described in this thesis was
carried out in order to provide a chemical understanding of the
processes leading to sediment formation, which could be used in the
future both to develop tests to predict diesel fuel storage
stability characteristics and to develop additives to stabilise

diesel fuel during storage.

However before further studies towards meeting these practical
objectives are undertaken, it will be necessary to prove the general
applicability of the conclusions, since they refer only to the
stability of one diesel fuel produced from a single UK oil refinery.
To this end, quantitative analysis of a wide spectrum of fuels
should be carried out in order to correlate their storage stability
characteristics with the presence or absence of indoles, phenalenes,
phenalenones and acids. Comparative analysis of sediments from
other unstable fuels could be used to assess the general
applicability of the proposed theory of sediment formation. The
results of such studies would also provide an indication of the
viability of a test method to predict diesel fuel storage stability
characteristics based on the principle of quantitative determination
of certain species known to be involved in sediment formation. For
such a test method to be of practical value, it would be essential
that the quantitative measurements were made using relatively simple
analytical techniques which could be carried out routinely within a

few hours in a quality control laboratory.
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Selection of an appropriate fuel stabilising additive will require a
thorough mechanistic understanding of the reactions leading to
sediment formation. There are several subjects arising directly

from this study which require further investigation. These include

the following;

(1) elucidation of the mechanism of reaction 2 (2-methylindole
with phenalenone), both in pure solvents and in diesel
fuel (ch. 2.3.3 and ch. 2.4.2).

(ii) structural determination of the alkylphenalenones detected
in CC fuel fractions 4(2), 4(3) and 4(4), 4(5) in order to
account for the observed differences in their
fluorescence, polarity and reactivity (ch. 2.2.9 and
ch. 2.3.5).

(1ii) identification of the acids in diesel fuel which contribute

to sediment formation.
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CHAPTER FOUR

EXPERIMENTAL

4.1 Spectroscopic analysis

4.1.1 Mass spectrometry

GC/MS and pyrolysis/MS experiments were carried out using a Kratos
MS25 mass spectrometer. A Data General Eclipse S/120 mini-computer,
running Kratos DS90 software, was used for data processing. Typical

MS operating conditions are given in table 4.1.1-1.

Table 4.1.1-1 Kratos MS25 operating conditions

GC/MS Py/MS
ionisation El, 70ev El, 70eV or 10eV
resolution 600 600
mass range 30-600 at 2kV 30-600 at 2kV or

30-900 at 1.33kV
scan speed 1 second/decade 4 seconds/decade

source temperature 250°C 250°C or 350°C

High resolution El spectra of CC fuel fractions 3(b) and 3(c) (ch.
2.2.7) and low resolution FAB spectra of sediment (ch. 2.1.8), were
obtained by PCMU, Harwell, UK using a VG ZAB-IF instrument. Other
high resolution El1 and FAB spectra were obtained by the School of

Pharmacy, London, UK using a VG ZAB-SE instrument.

191



4.1.2 Infrared spectroscopy

All infrared spectra, except that of phenalanone (ch. 2.3.2), were
obtained using a Perkin Elmer 683 spectrophotometer linked to a
Perkin Elmer 3500 data station. Samples were analysed in the form
of KBr disks. The spectrum of phenalanone was obtained at Royal
Holloway and Bedford New College, Egham, UK, using a Perkin Elmer

1710 FTIR instrument. The sample was analysed in CCl1” solution.

4.1.3 Proton nuclear magnetic resonance spectroscopy
All Spectra were recorded at Royal Holloway and Bedford New College,
Egham, UK, using a Nicolet 200MHz instrument. Samples were analysed

in deuterochloroform solution.

4.1.4 Atomic absorption spectroscopy
The concentrations of iron, copper, nickel and vanadium in the fuel

sediment (ch. 2.1.5) were determined using a Varian AA 875 with a

GTA 95 graphite furnace attachment.

4.2 Chromatographic analysis

4.2.1 Thin layer chromatography

Normal phase TLC was carried out on plates coated with silica gel,
10-12fim particle size, 15nm pore size. Analytical separations used
5cmX20cm plates with 250"m layer thickness (Whatman LK5DF) whilst
preparative separations used 20cm x 20cm plates with 1000"m layer

thickness (Whatman PILKF) .

Reversed phase TLC was carried out on plates coated with C*g
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bonded silica gel, 10-12"# particle size, 6nm pore size. Analytical
separations used 5cm x20cm plates with 200”m layer thickness
(Whatman LKC"gF) whilst preparative separations used 20cm x20cm

plates with 1000”"m layer thickness (Whatman PLKC"gF)

Two dimensional TLC was carried out on 20cm x20cm plates (Whatman
SC5 multi K, K5F/KC"gF) coated with a 3cm x20cm, 250”"m thickness
normal phase layer of silica gel 10-12#m particle size, 15nm pore
size and a 17cm x20cm 250Am thickness reversed phase layer of

Cj"g bonded silica gel, 10-12"m particle size, 6nm pore size.

All solvents used were BDH HPLC grade.

4.2.2 Gas chramatograjAiy

GC analysis was carried out using a Perkin Elmer Sigma 2 gas
chromatograph fitted with FID, NPD and FPD detectors, a
split/splitless capillary column injector and a 25m 0.22mm ID WCOT
vitreous silica capillary column, coated with 0.25Mm BPl stationary

phase (Scientific Glass Engineering, UK, Ltd.)

GC/MS analysis was carried out using a Perkin Elmer Sigma 3 gas
chromatograph, directly coupled to the Kratos MS25 mass spectrometer
described in ch. 4.1.1, fitted with a split/splittless capillary
injector and a 25m 0.22mm ID WCOT vitreous silica capillary column,
coated with 0.25"m BP1l stationary phase (Scientific Glass
Engineering, UK, Ltd.). A 12m 0.22mm ID WCOT vitreous silica
capillary column, coated with 0.10"m BPl1 stationary phase

(Scientific Glass Engineering, UK, Ltd.) was used for
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pyrolysis/GC/MS experiments. Pyrolysis conditions are described in

ch. 4.3.4.

4.2.3 Liquid chromatography

The separation of fuel sediment into fractions 1, 2 and 3+4 (ch.
2.1.6) was carried out by applying the sediment (500mg) to a 15cmx
1.8cm column of Florisil, 100-200 mesh (Aldrich). Fraction 1 (48mg)
was eluted with dichloromethane, fraction 2 (128mg) was eluted with
3% methanol in dichloromethane and fractions 3+4 (258mg) were eluted
together by inverting the column and backflushing it with a mixture

of 10% water and 40% methanol in dichloromethane.

The separation of CC fuel into fractions 1, 2 and 3 (ch. 2.2.3) was
carried out by passing the fuel (150cm™) through a 25cm x 2.5cm
column of silica gel 60, particle size 0.063mm-0.200mm (Merck),
under gravity flow. Fraction 1 was eluted with n-hexane

(200cm3) and fraction 2, collected in 200m3 aliquots,

was eluted with 50% n-hexane in dichloromethane (200cm”). The
aliquots of fraction 2 were analysed by normal phase TLC (mobile
phase 40% toluene in n-hexane) and those found to contain compounds
sensitive to Ehrlich's reagent™"'"*'*" and with Rf's between

0.43 and 0.57, were combined to form fraction 3.

CC fuel fraction 3(b) was extracted from CC fuel fraction 3
(prepared as described above from 150cm”™ of fuel) using normal
phase followed by reversed phase liquid chromatography. Fraction 3
(400mg) was dissolved in 40% n-hexane in toluene (3cm®). This

was injected onto a normal phase Lobar (Merck) size B column, 3lcmx

2.5cm, packed with silical gel 60, particle size 40-63"". This was
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eluted with 40% n-hexane in toluene followed by 50% toluene in
dichloromethane. The mobile phase flow of 7cm”/minute was
maintained using a positive displacement piston pump. The
chromatographic separation was monitored using a UV detector tuned
to 300nm and 1Ocm” aliquots were collected over regions of

maximum absorbance. These were analysed by normal phase TLC (mobile
phase 40% n-hexane in toluene). The plates were sprayed after
elution with 25% concentrated HCl in methanol. The aliquots
containing compounds with TLC Rf's of 0.27-0.31, which also
immediately reacted with the spray reagent producing a green
colouration, were combined and the solvent removed by rotary
evaporation. The solid extract was dissolved in 10% water in
methanol (1cm3) and injected onto a reversed phase Lobar (Merck)
size A column, 24cm xlcm, packed with Cg bonded silica gel,

particle size 43-60"m. This was eluted at 4cm”/minute with 10%
water in methanol. 5cm3 aliquots were collected throughout the
elution. These were analysed by reversed phase TLC (mobile phase
10% water in methanol). Aliquots containing conpounds which reacted
with the acidic spray reagent as described above, were canbined.

After addition of excess water, the organics (CC fuel fraction 3(b))

were extracted into dichloromethane.

CC fuel fraction 3(c) was prepared by passing the CC fuel
(1500m3) through a 25cm x2.5cm column of silica gel 60, particle
size 0.063-0.200mm (Merck) under gravity flow. The column was
eluted with n-hexane (200cm”) followed by 50% n-hexane in
dichloromethane (100cm”) and finally dichloromethane

3

3
(100Ocm ). 20cm aliquots were collected during elution with

n-hexane/dichloromethane and dichloromethane moblile phases. The
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aliquots were analysed using normal phase TLC (mobile phase
toluene). The plates were sprayed with 25% concentrated HC1l in
methanol. Aliquots containing compounds with an Rf of 0.53 which
also reacted with the spray reagent to immediately produce a green
colouration, were combined and concentrated by rotary evaporation.
CC fuel fraction 3(c) was prepared directly from this extract using
the reversed phase liquid chromatography procedure described above

for the preparation of CC fuel fraction 3(b).

CC fuel fraction 4 was prepared by passing 200cm” of CC fuel
through a normal phase liquid chromatography column, 15cm x1.8cm,
packed with silica gel 60, particle size 0.063-0.200mm (Merck).
Compounds eluted with n-hexane (200cm§) were discarded whilst
those subsequently eluted with 5% isopropanol in dichloromethane

(100cm”™) were collected and concentrated, to form CC fuel

fraction 4.

CC fuel fractions 4(1) to 4(7) inclusive, were prepared from CC
fuel fraction 4, by a second normal phase liquid chromatography
separation followed by preparative reversed phase TLC. CC fuel
fraction 4 prepared from 200cm”™ of CC fuel was injected onto a
normal phase Lobar (Merck) size B column, 3lcm x2.5cm packed with
silica gel 60, particle size 40-63"m. This was eluted with 1%
methanol in dichloromethane. The first 25cm” of eluent were

discarded. The remaining eluent was collected successively in
3 3 3

20cm , 25cm  and 150cm aliquots. Analysis of each of
these by two dimensional TLC, normal phase (mobile phase toluene)

followed by reversed phase (mobile phase 10% water in methanol)

showed that the first aliquot contained CC fuel fractions 4(1), 4(2)
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and 4(3), the second aliquot contained CC fuel fractions 4(4) and
4(5) and the third aliquot contained CC fuel fractions 4(6) and
4(7). In order to obtain pure samples of each of these fractions,
the aliquots were applied in turn to preparative reversed phase TLC
plates and eluted with 10% water in methanol. The discretely
separated CC fuel fractions 4(1) to 4(7) were located using UV light

(365ntm) and then removed from the TLC plate.

All solvents used were BDH HPLC grade.

4.2.4 High pressure liquid chromatogr”)hy
A discrete fraction of the CC fuel, containing polycyclic aromatic
hydrocarbons including phenalene (ch. 2.2.10), was prepared using an
HPLC system consisting of two 25cmx0.49cm columns connected in
series, the first packed with Spherisorb S5NH amino-silica and the
second packed with Spherisorb S5W plain silica. The CC fuel (20mMD
was injected and eluted with n-pentane at a flow rate of

3

lcm /minute. Refractive index detection was used to monitor the

progress of the separation.

4.3 Miscellaneous analysis

4.3.1 Fuel properties

The fuel properties, discussed in ch. 2.1.2, were determined as

indicated in table 4.3.1-1.
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Table 4.3.1-1 Methods used to determine fuel properties

Property Method of determination

Colour ASTM D1500

Density ASTM D1298*

Distillation ASTM D86*

Total acidity ASTM D974*

Total nitrogen content Chemiluminescene

Basic nitrogen content Colorimetric titration

Total sulphur content X-ray fluorescence spectrometry
Hydrogen content ASTM D3701%*

Aromatic content HPLC

* 74
Standardised test method for petroleum products

4.3.2 Scanning electron microscopy
Sediment particles were viewed using a CAMSCAN series 4 electron

microscope (ch. 2.1.3).
4.3.3 Elemental analysis

Quantitative carbon, hydrogen, nitrogen and sulphur determinations

were carried out by Butterworth Laboratories Ltd, Teddington, UK.
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4.3.4 Pyrolytic analysis

Pyrolysis/GC/MS experiments were carried out using a Pyrojector
(Scientific Glass Engineering Ltd., UK) constant temperature furnace
operated at 700°C for sediment pyrolysis (ch. 2.1.9) and 350°C for
all other experiments. The Pyrojector was directly coupled to the
injector of the GC/MS system described in ch. 4.2.2. Samples were
applied to a solids injection syringe from solution and the solvent

allowed to evaporate before injection into the furnace.

Pyrolysis/MS experiments were carried out using a Kratos Desorption
Chemical Ionisation probe with the Kratos MS25 mass spectrometer,
described in ch. 4.1.1. The probe tip consisted of a
platinum/iridium filament which was inserted, via the conventional
direct insertion probe vacuum lock, into the MS source and located
in or near the electron beam. The probe was designed, as its name
implies, for use under chemical ionisation conditions. However in
this work it was used entirely for pyrolysis under electron impact
ionisation conditions. Pyrolysis of the sample was achieved by

heating the filament from source temperature to 800°C at 5°C/second.

Pyrolysis of the sediment followed by TLC (ch. 2.1.9) was carried
out by heating a few milligrammes of the sediment in a pyrex tube.
Products which condensed in the cooler parts of the tube were taken
into dichloromethane solution and concentrated prior to TLC

analysis.
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4.4 Storage tests

4.4.1 Storage tests 2 and 3

Test 1 contained CC fuel fraction 3 (extracted from ISOcm” of CC
fuel), dissolved in 25% toluene in decane (ISOcm”). This

solution was stored in a vented pyrex flask for 30 days, 1in a dark
oven held at 25°C. At the end of the storage period, the solution
was subjected to ultrasonic agitation to resuspend insolubles and
then filtered through a pre-weighed glass fibre filter (Whatman
grade GF/C). The filter and sediment collected on it were washed
with 60/80 petroleum spirit (previously filtered through glass
fibre, Whatman grade GF/C), dried for 30 minutes at 90°C and then

weighed.

Tests 2 and 3 each contained CC fuel fraction 3 (extracted from two
ISOcmfportions of CC fuel) which had been treated with 40%

aqueous NaOH to remove acidic species. The NaOH treatment of CC
fuel fraction 3 was carried out by dissolving the fuel components in
SR fuel (500m3, previously passed through a column of silica gel

60 to remove polar fuel components) and shaking this with 40%
aqueous NaOH (25cm3), followed by dilute HC1 (250m3) to

neutralise any entrained NaOH and finally washing the solution with
de-ionised H:20 (25cm3). The solution was then dried, made

up to 300cm”™ with silica treated SR fuel, filtered through a

glass fibre filter (Whatman grade GF/C) and divided equally into two
pyrex containers for storage. One of these aliquots, test 2, was

stored with no further treatment. However 3mg of

2-naphthalenesulphonic acid (Aldrich Chemical Co. Ltd.) dissolved in
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3
propan-2-ol (3cm ) was added to the second aliquot, test 3.
These tests were stored, vented to air, in a dark oven held at 43°C
for 40 days. At the end of the storage period the test mixtures

were worked up as described above for test 1.

4.4.2 Storage tests 4, 5,6 and 7

Storage test 4 consisted ofSR fuel (200cm™), previously

filtered through a glass fibre filter (Whatman grade GF/C). Tests
5, 6 and 7 also contained filtered SR fuel (200cm?), together

with, in the case of test 5, phenalene (20mg, synthesised according
to the method of Boudjouk and Johnson ) and in the case of test

6, 2-methylindole (20mg, Aldrich Chemical Co. Ltd.). Test 7
contained both phenalene (20mg) and 2-methylindole (20mg). These
compounds were dissolved in toluene (lcm ) before addition to

the fuel. All the test solutions were stored in vented pyrex
bottles in a dark oven heldat 25°C for 27 weeks. At the end of the
storage period, the test solutions were vigorously shaken, subjected
to ultrasonic agitation for 20 seconds and then filtered through
glass fibre filters (Whatman grade GF/A). Insoluble sediments
collected on the filters were washed with filtered 60/80 petroleum

spirit and then dried for 30 minutes at 90°C.

An extract of test solution 7 containing 2-methylindolylphenalene,
bis(2-methylindolyl)phenalene, phenalenone, phenalene and
2-methylindole was prepared by passing the test solution (10cm™)
through silica gel (2cm®™), followed by n-hexane (10cm™).
Subsequent elution with 5% propan-2-ol (5cm?) in dichloromethane
yielded a concentrate containing the above compounds which were

identified by normal phase TLC analysis (mobile phase toluene). The
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presence of phenalenone in test 5 was also established using this

method.

4.5 Synthesis

4.5.1 Reaction 1

Phenalanone, (0.66mmol, synthesised using the method of Boudjouk and
JohnsonGR), 2-methylindole, (0.66mmol, Aldrich Chemical Co.

Ltd.) and p-toluenesulphonic acid, (0.66mmol, Aldrich Chemical Co.
Ltd.) were dissolved in methanol (15cm ) and left to stand at

room temperature in the dark for 24 hours. The coloured products
were treated with a saturated solution of aqueous potassium hydrogen
carbonate. Organic products were extracted from the resulting
suspension with diethylether to yield a brown solution which was
dried over sodium sulphate and concentrated by rotary evaporation.
The product mixture was separated by flash chromatography, according
to the method of Still et al””, using a 15cm x2cm column of

silica gel 60 (Merck), particle size 0.040-0.063mm, with 50%

n-hexane in dichloromethane mobile phase.

4.5.2 Reaction 2

Phenalenone, (2mmol, Aldrich Chemical Co. Ltd.), 2-methylindole, (4
imol, Aldrich Chemical Co. Ltd.) and p-toluenesulphonic acid,
(2rmol, Aldrich Chemical Co. Ltd.) were dissolved in methanol
(30cm”) and left to stand for 24 hours in the dark. The product

mixture was treated as described for reaction 1.
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4.5.3 Reaction 3

Indole, (10Omg,Aldrich Chemical Co. Ltd.) and p-toluenesulphonic
acid, (bmg, Aldrich Chemical Co. Ltd.) were added to methanol

(lcmz) containing CC fuel fraction 4(1) (2mg). This was

repeated in turn for CC fuel fractions 4(2) to 4(7) inclusive. The
CC fuel fractions were prepared as described in ch. 4.2.3. The
solutions were left at room temperature in the dark for 18 hours and

then analysed directly by normal phase TLC (mobile phase toluene).
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