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Abstract

Non-condensed structures in vitrinites and sporinites, prepared
from high- to medium-volatile bituminous coals, have been studied both
by extraction and degradation. Additionally, seven concentrates of
alginites, resinites and cutinite were studied.

Analyses of extractable vitrinite and sporinite alkanes showed
that their yields increased markedly between 83.3% and 83.9% C

vitrinite

(d.a.f.), and reached maximum values at 85.4% C (d.a.f.).

vitrinite
n-Alkane distributions showed increasingly lower average molecular
weights with increasing rank, and the CPI's (57C23 to E;Css) decreased

to almost unity at 83.9% C (d.a.f.). This occurred while indi-

vitrinite
vidual homologues progressively increased in concentration, Pyrolytic
and oxidative degradation of the extracted and saponified maceral resi-
dues showed that n-alkyl chains with more than 20 carbon atoms, attached
peripherally to the 'kerogens', generally had even-dominated distribu-
tions. Thus, during natural diagenesis of these materials, the genera-
tion of long-chain n-alkanes showing an even-carbon-number preference
may be the cause of the observed decreasing CPI values.

The branched/cyclic alkanes of vitrinites and sporinites also
showed progressive distributional changes with increasing rank, mani-
fested by relative decreases in the yields of polycycloalkanes and
increases in the yields of lower molecular weight constituents, parti-
cularly the 014 to C20 acyclic isoprenoid alkanes.

Hopane-type triterpanes with 27, 29, 30 and 31 carbon atoms have
been identified among the higher molecular weight constituents, and gc
retention data suggest a remarkable constancy in the distributions of
these compounds between the two macerals. Pyrolysis showed that further

quantities of these compounds could be produced after extraction of the

macerals.



The extractable alkanes of alginites and cutinite were also
composed of complex mixtures of normal and branched/cyclic alkanes,
and iso- and anteiso-alkanes were identified in one glginite fraction.
Resinite alkanes were unique in type, showing restricted gc distribu-
tions confined generally to the sesqui- and diterpane regions.

Small yields of carboxylic acids were obtained by saponification
of both extracts and residues. Fatty acids from all the macerals
except resinite contained palmitic and stearic acids as prominent con-
stituents, and, in general, the distributions of fatty acids could not
be related to those of the alkanes obtained by extraction or pyrolysis.
Carboxylic acids from resinites were again unique in type, and analysis
of these compounds from one of the resinites has shown that they con-
sist of diterpenoid acids, including agathic acid, pimaric acid and
isomers, and dehydroabietic acid.

Straight-chain, saturated =, w-dicarboxylic acids, with up to 28
carbon atoms, were found only in alginite and cutinite. These macerals
were deposited in more fresh-water environments than vitrinite and
sporinite, and the presence of dicarboxylic acids in fossil lipid
mixtures may be indicative of an early phase of aerobic decomposition
during diagenesis.

Oxidative degradation of extracted and saponified sporinite,
alginite and cutinite residues showed that polymethylene chains in the
"kerogens" generally contained up to 15 carbon atoms; although chains
with up to 24 carbon atoms were detected. In sporinites, the amounts
decreased with increasing rank, and were scarcely detectable above ca.

85% C

vitrinite (d.a.f.). Loss of these linear structures at higher

ranks may be associated with the approaching coalification break of

sporinites in medium- to low-volatile bituminous coals.
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Introduction

There have been two major coal-forming periods in the history
of the Earth since the development of an extensive land flora. The
first and more extensive period began in the Carboniferous and term-
inated during Permian times. At the present time Permo-Carboniferous
coals are dominantly bituminous to anthracitic in rank. A subordin-
ate period of coal formation occurred during Eocene to Pliocene
times, and these deposits are generally lignites to brown coals at
the present time., Coals are known to occur in all geological per-
iods from the Devonian to the Pleistocene however, and their geo-
graphical distribution is reviewed by Francis (1961).

It is widely accepted that there is a continuous series of
materials extending from peats to anthracites via brown and bitum-
inous coals. Chemical progression along the series is marked by,
among other things, increasing carbon contents and increasing calo-
rific values. This process of coalification is basically controlled
by the geological factors of time, temperature and prossure, although
the relative importance of these is subject to dispute. However the
maturation of sedimentary kerogens is generally believed to be temp-
erature-rather than pressure-controlled (Philippi, 1969), and it
seems not unreasonable to suppose that coalification is similarly
controlled.

Many of the world's major coalfields were formed by successive
peat accumulations in paralic basins. Evidence of palaeogeography
is provided by transgressive marine sediments intercalated in coal
measures. However paralic basins are not prerequisites for the
eventual formation of coal. Many environments exist where peat can
accumulate, but preservation is perhaps more important. Inland
limnic basins are equally suitable, provided that subsidence and

sedimentation operate together to ensure burial of peat layers by



impervious layers of sediment. Prolonged aerial exposure leads to
oxidation, decomposition and dispersal of organic debris.

Most coal seams have accumulated in situ'and the coal is often
a member of a cyclothemic series of sediments. They may be under-
lain by seat-earths in which roots are often well preserved, and
overlain by roof-shales rich in fossilized plant structures. Sand-
stones may separate successive roof-shales and seat-earths but
where subsidence is sufficiently extensive clear-water limestones
may be developed.

Plant debris undergoes microbiological degradation in peats.
The degree of degradation is controlled by the nature and level of
the swamp waters. The more oxidative the environment the greater
the decomposition. Fungal remains in coals testify to aerobic con-
ditions. However the morphological humification of cellular struc-
tures indicate basically stagnant conditions. Once an accumulated
peat layer is inundated and sealed under a layer of sediment, micro-
biological activity will rapidly cease and the peat becomes subject
to geochemical alteration.

Bituminous coal is composed of a variety of microscopically-
identifiable components termed macerals, which occur in definite
interassoci.itlons tormed microlithotypes. The macroscopically-
recognizable constituents of banded coals are called lithotypes.
These terms are based on the Stopes-Heerlan classification adopted
in Europe (ICCP, 1963).

Macerals are grouped into three types: vitrinite, exinite and
inertinite, each of which contains more than one constituent. Vitri-
nite is the most abundant component of most banded authochthonous
coals, and is derived from woody tissues. Two types are disting-
uished. Collinite is botanically structureless while telinite

shows variably-preserved cellular structure. Cell cavities are



Tink
filled often with collinite, occasionally with resinite. lgo&itntts

is thought to have formed by mummificatiog of wood under stagnant
conditions. The structureless form of?gggggiee has led to the
suggestion that it may be formed from dopp}erite or some gelifi-
cation of decayed wood. The fact thatigxiﬂitee can occur as fissure
infills certainly suggests some period of at least somifluidity.

The origin of vitrinite has been variously ascribed to cellu-
lose and lignin, but in reviewing the subject van Krevelen (1963)
suggests that attempting a distinction may be fruitless as both
lignins and cellulose, with protein, are each capable of producing
humic degradation products under suitable conditions. In a later
review article Cooper and Murchison (1969) state that vitrinite is
the product of degradation of lignin, cellulos; and nitrogen-
containing compounds.

A number of macerals, known as fusinite, soemifusinite, micri-
nite and sclerotinite, are classified in the inertinite group be-
cause of their inert behaviour on heating. They exhi’ it higher
reflectivity than a corresponding vitrinite. Fusinite and semi-
fusinite are undoubtedly derived from wood as cellular structures
are preserved. Unlike vitrinite however cell cavities are either
empty or filled with mineral matter. Fusinite is formed under much
drier conditions than vitrinite, and is considered to have been
formed at a relatively higher temperature with a concomitantly
higher carbon content. Semifusinite appears intermediate in appear-
ance between vitrinite and fusinite, suggesting that the latter two
macerals are the end members of a continuous series of preservational
conditions.

Micrinite is generally considered to be of aerobic origin, and

despite lack of botanical structure it has been considered to be

derived from woody material which has undergone extensive degradation



(van Krevelen, 1961). Stach (1968) considers massive micrinite to
be inert detrital plant material while granular micrinite, through
common association with microspores, may be derived from proto-
plasm. Sclerotinite is a minor coal constituent and is of fungal
origin.

The exinite group of macerals has four constituents: sporinite,
cutinite, resinite, and alginite, of self-evident derivation. They
all exhibit lower reflectivity than a corresponding vitrinite. On
carbonisation they give high tar yields and leave little coke.
Sporinite is geneeslly the most abundant exinite in authochthonous
coals. Although flattened parallel to the bedding the resilience
of spore exines often leads to good morphological preservation,
making these macerals valuable in stratigraphic correlations of
coals and sediments. Whole spore assemblages can be distinctive,
and have proved valuable in palaeoecological studies (Smith, 1962).
Cutinite and resinite are generally minor constituents of coals,
but accumulations of cuticles are known, producing the foliaceous
so-called paper coals. Alginite is unusual in authochthonous coals
but can be concentrated in drift deposits of torbanite (boghead
coal), where it is often associated with other detrital vegetable
and mineral matter. Exinites are derived from aliphatic-rich plant
constituents and hence have a higher hydrogen content than other
associated macerals. In industrial carbonisation processes they are
the major contributors to tar and gas production.

The respective macerals are quite distinctive in bituminous
coals, but as coalification advances through to anthracite they be-
come more similar to each other in their optical, and presumably
chemical, properties as individual morphological identity is lost.

Distinctive associations of macerals can be recognized in the

microscopic examination of banded bituminous coals. By definition



these microlithotypes must occur in bands of at least S0 microns
width (ICCP, 1963). Vitrite, fusite and sporite are monomaceralic
microlithotypes, classified on the basis of 3 958 purity of their
respective macerals. Clarite (vitrinite ¢ exinite), durite (inert-
inite + exinite) and vitrinertite (vitrinite + inertinite) consist
of at least 95% of two macerals, the proportion of each being
greater than that of other constituents. Clarodurite and duro-
clarite are microlithotypes in which components of all three maceral
groups occur in greater than 5% amounts. The distinction between
the two is dependent on whether vitrinite exceeds inertinite or
vice versa.

Microlithotypes are finally grouped into four lithotypes,
which are the visible constituents of coal. They are vitrain,
fusain, clarain and durain. Vitrain is black, hard and lustrous,
clean to the touch, and occurs in bands and lenses. Fusain on the
other hand is often very friable and usually occurs in lensoid form.
It resembles charcoal in appearance. Clarain is also black and shiny
but contains very fine dull striations by which it is distinguished
from vitrain. Durain is often mat black and very hard, and resembles
carbonaceous shale. This lithotype generally has a higher mineral
matter content than the others and can grade laterally into cannel
or boghead coals, or carbonaceous shale.

The diagenesis of coals is called coalification. Carbon, hydro-
gen and oxygen are basic elements of all living organisms, and con-
comitantly of coal. Nitrogen and sulphur together generally account
for no more than 2% of most coals. The major effect of coalification
is an increase of carbon content at the expense of all other ele-
ments, while the main products are water, methane and carbon dioxide.
The atomic H/C ;-.O/C diagram, introduced by van Krevelen (1950),

presents coalification in a graphical manner. The above atomic



ratios of vitrinites of increasing rank produce a curving line

~ trending towards the origin of the graph, the so-called vitrinisation
band. The course of vitrinisation involves initially the basic
chemical process of dehydration, followed by decarboxylation and
demethanation. Compilations of data of all macerals allow each

group to be plotted on coalification diagrams, thus clearly demon-
strating the convergent compositions of individual types as coali-
fication advances (Dormans et al., 1957; van Krevelen, 1961, 1963).

A variety of other parameters are employed, other than elemental
compositions, to delineatc rank. They include moisture content,
volatile matter content, calorific value and reflectance. These are
generally applied to vitrite or vitrinite because the wide oeccurrence
of this material makes it useful for correlation purposes. The opti-
mum rank ranges for the use of these parameters have been outlined
by Teichmuller and Teichmuller (1968). Reflectance is useful in its
own right as the technique may be applied to vitrinite particles
which occur in a wide variety of sediments other than coal. As
organic matter is a very sensitive indicator of geothermal conditions,
observable changes occur in the reflectance of vitrinite before in-
organic matter shows any diagenetic alteration.

It has long been established that coal progressively increases
in rank with depth in a given vertical profile (Hilt's Law), unless
local igneous effects have been operative. The agents responsible
are temperature, pressure and geological time. Maximum palaeotempe-
ratures and the time-span of the heating are considered of prime
importance in the maturation of all sedimentary organic matter, and
the inter-relationship of rank with time and temperature hus been
presented graphically by Karweil (1955). The effect of overburden
or tectonic pressure is considered to be relatively unimportant in

promoting chemical changes, but may contribute to the organisation of



a layered structure with coalification.

Coal is a chemically-complex heterogeneous material and a wide
variety of scientific techniques have been employed to elucidate
structural parameters and the changes which occur during coalifi-
cation. The majority of such work has been done on vitrinite be-
cause of the ease of obtaining high purity concentrates.

Dryden (1963) has comprehensively reviewed the qualitative and
quantitative results of many chemical and physical investigations of
the macerals, and combined the data into numerical parameters with
which any proposed bituminous coal structure must comply. Dryden
tabulates carbon content, volatile matter, hydrogen distributions,
aromatic carbon distributions, aromatic nuclei configurations, oxygen
distributions, free radical contents and aromaticities for two vitr-
iattes of 82.5 and 90.0% C(d.a.f), respectively. Exinite and micri-
nite data, where known, are correlated with vitrinite.

Given (1960) proposed a dihydroanthracene-based structure for
a vitrinite of 82% C, with aromatic nuclei linked essentially by
single methylene bridges. This was later modified by replacing
dihydroanthracene with dihydrophenanthrene structures (Given, 1961),
because NMR investigations of vacuum distillates of coals failed to
indicate isolated methylene bridges in the structures (Brown et al.,
1960; Brown § Ladner, 1960). Earlier, Montgomery et al. (1956), had
noted a predominance of phenanthrene over anthracene nuclei in coal
oxidation products.

The three-dimensional complexity of Given's structural model
readily explains why coal shows a disordered structure, but it can
only be regarded as representing an average molecular unit because
coal contains significant proportions of both smaller and larger
condensed aromatic units (Dryden, 1963). Advancing coalification

causes an increase in aromaticity and development of orientated



stacks of aromatic clusters.

X-ray diffraction analyses of coals have provided an insight
into the physical structure, resulting in the recognition of three
basic structural stages of coalification (Hirsch, 1954; Brown §
Hirsch, 1955; Carts et al., 1956). High-volatile bituminous coals
have an "open structure' built up of cross-linked aromatic clusters
showing no preferred orientation. Medium- to low-volatile bitumin-
ous coals pass through a "liquid structure' where cross-linking
systems are broken down and aromatic clusters achieve some orient-
ation. Low-volatile bituminous to anthracitic coal develops an
"anthracitic" structure where strong preferred orientation of clus-
ters build up and cross-linking material is lost. The clusters do
not themselves increase significantly in size, but are orientated
into crystallites or lamellae of increasing dimensions. Interest-
ingly a recent investigation of sedimentary kerogens by high-
resclution electron microscopy has shown that both naturally- and
artificially-metamorphosed kerogens undergo a similar attainment of
order without growth of individual aromatic clusters (Oberlin et al.,
1974).

The aromaticity of macerals increases with rank, except for
fusinite which has a fairly constant composition. High-volatile
bituminous exinites have a much lower aromaticity than corresponding
vitrinites, which in tqr? are less aromatic than corresponding micri-
nites. At a rank of cﬁ.ﬁsst C complete aromaticity of all macerals
is attained (van Krevelen, 1963). While the chemical processes
taking place to attain complete aromaticity may be the same in all
macerals, they must clearly operate at different relative rates in
order to achieve the same end-point at similar ranks.

The aliphatic structures in coal contain the greater part of the

hydrogen present up to low-volatile bituminous rank. Dryden quotes an



Har/Hal average ratio of 0.54 for a vitrinite containing 90% C (d.a.f.),

with ca. 23% of this occurring in methyl groups. Most of the remuining
aliphatic hydrogen is generally considered to be in alicyclic/hydro-
aromatic structures, as shown in Given's molecular model of vitrinite.
Certainly oils obtained by hydrogenolysis and low-temperature carbon-
isation tars contain high proportions of cyclic compounds, although
compositions vary widely with the petrology and rank of the parent
coal. Reviewing available data from chemical and spectroscopic
analyses, Francis (1961) concludes that much of the aliphatic part

of the vitrinite structures are actually hydroaromatic, existing as
highly substituted ring systems,

The problem gf the origin of petroleum has stimulated extensive
research into the geclogical fate of organic mattor which is depos-
ited in sedimentary rocks. That petrolecum is basically of organic
origin is currently generally accepted because of the biological
affinities or propertics exhibited by some petroleum constituents.
Optical activity has been observed in petroleum distillates (Hills
§ Whitehead, 1966), C13/C12 carbon isotope ratios often more closely
resemble those of biological systems than of inorganic carbonates
(Silverman, 1967), and a wide variety of biological structures have
been detected (e.g. porphyrins, isoprenoid alkanes and cyclic
terpenoids).

Petroleum generation is considered to be an essentially temperature-
controlled reaction, the hydrocarbon components being derived from the
1ipid components of kerogen (Philippi, 1969). The geothermal condi-
tions required for petroleum formation have been delineated (Pusey,
1973).

The constitution of kerogen has been widely investigated by
chemical and spectruscopic methods, but the generally amorphous nature

of the material renders microscopic petrographic evaluation unrewarding.



Nevertheless, recognizable organic detritus can be found in kerogens,
although the amounts are usually small. Knowledge of the organic in-
put of kerogens is desirable in relating source materials to geo-
chemical products. In a recent investigation of petroleum hydro-
carbon distributions, Philippi (1974) considers the relative contri-
butions of terrestrial and marine organic matter as important
controls.

An investigation carried out in this laboratory (Powell, 1969)
related the compositions of organic extracts of a variety of Carbon-
iferous sedimentary rocks to the visible petrographic organic compo-
sition. The sediments ranged from fresh water to marine-deposited.

A surprisingly good quantitative correlation was found between extrac-
tabilities and the amounts of terrestrial organic matter (macerals),
irrespective of depositional environment. The rank of the samples
was also found to be an important control.

This thesis is concerned with the organic geochemistry of coal
macerals, both from the point of view of maceral structures and the
potential of terrestrial organic detritus to contribute to sedimen-
tary hydrocarbons. A series of vitrinite and exinite concentrates
were prepared from bituminous coals of ranks ranging from 77.1 to
86.6% C ;. (d.8.£.). The exinito concentratos were predoninantly
sporinite. In order to compare individual macerals within the
exinite group, concentrates of alginite, resinite and cutinite were
also examined, although these were of lower rank than the sporinites,

Infra-red spectra were recorded before chemical work began, and
the samples were then extracted thoroughly for the examination of
soluble hydrocarbons and fatty acids. The maceral "kerogens" were
further analysed by controlled degradations. All extracted samples
were saponified to remove bound fatty acids and alcohols. Selected

samples from each maceral group were subsequently pyrolysed in an
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autoclave under low-temperature, inert conditions (27S° and 37S°C).
Qualitative and quantitative examinations of the pyrolysates were
carried out. In addition, selected exinite residues were oxidatively
degraded with alkaline potassium permanganate and the acid products
were examined. |

The degradative work carried out is considered to affect basi-
cally the non-condensed structures in coals, i.e. those parts of
the structure often referred to in the literature as 'amorphous
material" or "disordered carbon", Furthermore, the pyrolytic con-
ditions employed were relatively mild and may simulate reactions
which would occur during natural diagenesis. At all stages of the
work microscopic examinations were carried out in order to evaluate
the effects of the chemical work on the physical appearances and

optical properties of the macerals.



Chagter 1

Samples: their origin, method of concentration and
petrographic and elemental analyses of
the maceral concentrates,

Infra-red spectroscopy of the maceral concentrates.



Sagples

Vitrinite and 8porinite

The samples used in this investigation were of Englishk and
Scottish origin. The rank range represented extends from high-
volatile bituminous into medium-volatile bituminous coals. Avail-
ability of suitable materials was the major factor in sample selec-
tion. As far as possible, both vitrains and spore-rich durains were
collected together from vertically-adjacent horizons within indivi-
dual seams to minimise vertical and lateral environmental variations.
Eleven concentrates of both vitrinite and sporinite were eventually
prepared. One vitrinite, from Westfield Opencast, and one sporinite,
from Donibristle, have no corresponding sporinite or vitrinite
respectively.

Prior to maceral concentration, selected blocks of vitrain and
durain were examined microscopically by incident white light and
ultraviolet radiation to determine the petrclogical constitution of
the samples., To this end, specimens were mounted in resin and
relief-polished on rotating alumina laps. Techniques of block-making
and polishing are given in a later section. Microscopic examination
ensured that only materials containing the highest proportions of
the desired macerals were ultimately selected for maceral concent-
ration. This was found to be especially important when dealing with
durains in which the content of sporinite was highly variable,.

The following descriptions of individual samples are a compi-
lation of data from the examination of a number of polished speci-
mens from each seam, and do not represent petrographic seam profiles.
The following headings give seam names where known, with localities

in parentheses.
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A number of durains and cannels were collected from this site,
but were found upon examination to contain insufficient quantities
of sporinite to make concentration viable. Samples of vitrain were
also collected from which a vitrinite concentrate was prepared.

The Westfield coals occur in an isolated basin approximately
1000m. in diameter which is fault-bounded on the northern side. The
coal seams are of exceptional thickness in the centre of the basin
and generally thin out towards the edges. It is thought that move-
ment on the north-bounding fault could be responsible for development
of the basin contemporaneously with peat accumulation (Blenkinsop,
1973).

A sample of a spore-rich durain from Donibristle was supplied
by a local museum. The sample was unjuinted, and the material used
was cut from the inner portion of the block to minimise any effects
of contamination and oxidation which might have occurred during the
long period of storage in the museum. The coal was brown in colour
with a rather granular appearance, reflecting the high content of
megaspores which it contained.

Microscopical examination showed that the sporinite content was
dominated by abundant thick-walled megaspores, dark-grey in colour
but showing orange/gold internal reflections. They were generally
fragmented and compressed so that the original internal cavities
were distinguishable either as dark lines or as fine bands of gran-
ular micrinite. The spores were mainly in a matrix of fusinite with
lesser amounts of semifusinite. Quartz was often associated with
inertinite. A few stringers of vitrinite occurred within the durain,
sufficient for a reflectivity determination to be made. Pyrite was

present to a small extent in small rounded grains.
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High Hazles

Samples of High Hazles coals of variable ranks were collected
from three localities, and were examined as individual samples. The
localities were Gedling, in Nottinghamshire, and Warsop and Whitwell,
in Derbyshire. Durains from Warsop and Whitwell were dominantly
durite, with bands of very spore-rich material. Crassispores and
megaspores predominated, often showing good morphology. Sporinite
was present in a matrix of fusinite and semifusinite, with granular
micrinite in association with some spores. The Whitwell sample
graded occasionally into clarodurite. Resinite and pyrite were minor
components of both.

Durain from Gedling was also mainly durite, but graded occasion-
ally through clarodurite to duroclarite. The sporinite content of
this sample was much lower than in the other two, but therc were some
local concentrations of crassi- and tenuispores. These generally
showed rather poor morphology and often appeared corroded. The
disseminated megaspores were better preserved, and spore-coat orna-
mentation could be seen. Large lenses of fusinite in this sample
sometimes showed excellent '"bogenstruktur'.

Durain from the Shallow seam was almost exclusively composed of
durite, with high local concentrations of crassispores in a matrix
of fusinite and semifusinite. Inertinite-rich durite also occurred
in which the sporinite content was very low. Occasional transitions
to clarodurite occurred, and these bands contained little sporinite.
Megaspores, usually fragmented, occurred throughout the durite and
were sometimes locally concentrated. Granular micrinite was associ-
ated with some of these. Large spore-free lenses of fusinite were

present in the durite. Resinite and pyrite were minor constituents.
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Durain from the Clowne seam was composed of durite and claro-
durite. The total sporinite contenﬁ of the rwo microlithotypes was
not high, apart from some local concentrations in nairow laminae.
Microspores were both thin- and thick-walled, sometimes appearing
rather corroded. Megaspores were Cisseminated throughout, usually
fragmented and showing internal reflections through the dark grey
body colour. Fusinite and semifusinite were the major components of
the durite along with lesser vitrinite and micrinite in the claro-
durite. Resinite was a minor constituent.

Pyrite was abundant in the Clowne durain, ouccurring as small
discrete globules and as large aggregates. The Clowne seam has a
marine roof, characterised by the presence of Lingula sp., (Spink
and Ford, 1968). This cculd lead to strong reducing conditions
within the original peat (Francis, 1961; Williams and Keith, 1963),
anl the observed high pyrite content is probably a reflection of
intense anaerobic bacterial activity.

Durain from the Deep Hard seam was composed of durite of rather
uniform appearance, with an estimated content of sporinite of about
50% in the richer bands. Crassispores were dominant in a matrix of
fusinite and semifusinite. Elongate lenses of fusinite occurred
showing good "bogenstruktur''. Megaspores were dispersed throughout
the durite and were usually fragmented. In the lesser compressed
megaspores, the internal cavities were filled with microspores and
inertinite, or granular micrinite if they were not ruptured. Resi-
nite was a minor component.

This durain contained numerous laminae of almost pure sporinite

consisting of masses of microspcres compressed to the extent that



outlines of individual spores were often indistinct. Less spore-rich
bands were composed dominantly of sporinite and semifusinite, with
occasional fine stringers of vitrinite. Megaspores occurred through-
out, but were often indistinct in the spore-rich bands. Inner cavi-
ties were filled with granular micrinite when the spores were un-
broken. Both resinite and pyrite were seen in only trace quantities
in this durain.

Durain from the Barnsley seam was composed of durite, claro-
durite and duroclarite, the former being the most predominant micro-
lithotype. The sporinite content was not high and varied between
the microlithotypes. Crassi- and tenuispores were present, but mega-
spores were not abundant and were usually fragmented. Sporinite
occurred in a matrix of fusinite and semifusinite in durite, with
increasing amounts of vitrinite in the other microlithotypes.
Lamellae and lenses of pure fusinite were seen in durite. Resinite
was only a minor constituent, as was pyrite.

This durain was composed mostly of durite which had a highly-
variable, but often low, sporinite content. Crassispores predomi-
nated over tenuispores. Megaspores were not common, and were dis-
persed throughout the durite. The sporinite was light grey in colour
and showed variations in shade and relief, testifying to the higher
rank of this coal. The durite was composed of fusinite and semi-
fusinite along with the sporinite, with some micrinite usually in
association with the sporinite. Resinite and pyrite were minor
constituents.

Durain from the Silkstone seam had a high sporinite content in

the durite, with variations in the sporinite content producing a
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banded appearance when viewed microscopically. Spores were light grey
in colour and showed variable relief. Crassispores were more abundant
than tenuispores. Megaspores occurred throughout, usually fragmented
and infilled with spore-rich durite. Sporinite was found in a matrix
of sewmifusinite and micrinite in the durite, with vitrinite lamellae
producing gradations to clarodurite. Resinite was only identified in
trace quantities.

Alginite

Three torbanites have been used as a source of the exinite mace-
ral alginite. Microscopical examination of the samples showed that
all three had a high content of alginite and variable traces of vitri-
nite, inertinitc and sporinite, along with variable amounts of argi-
llacecus material. Because of the inherently high algal content of
the torbanites, the samples were not pre-treated in any way to remove
contaminants.

The origin of torbanites has heen a matter of much discussion in
the past and a number of theories have been proposed for the origin
of the microscopically-observable "yellow bodiés" (Bertrand and
Renault, 1892a, 1892b; Jeffrey, 1909; Conacher, 1917). An algal
origin is now generally accepted, the actual alga found in many tor-
banites being closely related to the extant form Botryococcus braunil
(Blackburn and Temperley, 1936). The torbanites used in this work
were from Scotland, South Africa and Australia.

Torbanchill, near Bathgate, is the type locality for torbanite
which, along with asscciated oil shales, was the source material for
a oncc-flourishing shale-oil industry}

Alginite was the major component of the torbanite, along with
minor amounts of fusinite, semifusinite, vitrinite and sporinite.

These contaminating macerals usually occurred as small angular frag-
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ments dispersed throughout the mass, but occasional larger cellular
fragments of semifusinite and stringers of vitrinite were seen.
Interstices between algal masses were infilled with mineral matter.
Pyrite occurred in only trace quantities.

Torbanehill torbanite is of Carboniferous age, occurring within
a sequence where the autochthonous bright coals have achieved bitum-
inous rank (Millais and Murchison, 1969). It is thought to have
originated through extensive algal growth in fresh water pools and
lakes within the coal-forming swamps. Occasional teeth, spines and
scales of fresh water fish have becn found. Water level within the
pools would presumably be maintained by rainfall and influx of sur-
face waters percolating through the surrounding peat, which would
act as a filter removing much coarse plant debris (MacGregor, 1938).
Under quiet conditions, the slow movement of water would in itself
inhibit the transport of all but the finest moterial. Nutrient
supply would be in the form of dissolved mineral matter. Algal
growth took place in the upper aerated layers of the pools, dead
algal material sinking to form a rich sapropel, as well as accumu-
lating around the pool margins.

The Australian torbanite appeared quite strongly compressed
and was very rich in alginite. There were however numerous fine
stringers of fusinite, semifusinite and vitrinite, plus occasional
microspores. Argillaceous material infilled spaces between the
algae, although this appeared to be small in quantity.

The origin and distribution of New South Wales torbanites have
beeh thbrﬁughly investigated (Dulhunty, 1942, 1944). Numerous lenti-
cular deposits occur within Coal Measure sequences of Permian age.
The algae proliferated in isolated pools marginally-located within

the coal-forming swamps., Water was probably supplied by seasonal
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 “torrential streams draining adjacent upland areas which would perc-

olate through the accumulating peats and supply nutrients necessary

for algal growth.

This sample appeared microscopically to be almost pure alginite,
with only occasional minute fragments of possible inertinite. Micro-
spores were also present in trace quantities only. The alginite was
quite strongly compressed and there was little visible evidence of
interstitial argillaceous material. Pyrite was quite common, some-
times occurring as small ovoid nodules. Uncompressed individual
algae were seen in these nodules, indicating syngenetic pyrite form-
ation in unconsolidated sediment, possibly as a re;ult of bacterial
activity. The torbanite is of Permian age. No information is
currently available to the author on the distribution of South
African torbanites, but it seems likely that they originated in con-
ditions similar to those described previously for other torbanites.
Resinite

Three samples of resinite have been used in this work. The
concentrates were all of high purity, having been isolated from
lignites. Unfortunately they are of very low rank but it is hoped
to show essential constitutional differences between resinite and
other members of the exinite maceral group. In a strict sense, the
samples used here should properly be regarded as intermediate pro-
ducts in an incipient stage of coalification,

A sample of Yallourn resin, already isolated, was available in
this Department. It was a brownish, opaque, brittle material occurr-
ing as lumps up to about 2cm across. It is found as pockets, and
bands, within extensive lignite deposits (Francis, 1961) of Oligocene

age (Thomas, 1969). Microscopically it appeared very homogeneous,
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but showed internal oriented bubbles and cracks which are probable
indicators of the material having flowed.

A significant contributor to the Yallourn lignite deposits is
closely related to Agathis australis, which is known to produce at
least five constitutionally-different resins (Thomas, 1969). In view
of the size of the lumps of this sample and of its flow structures,
bled resin is a probable source material.

Yallourn resin is very similar to amber, kauri and copal in
elemental composition (Francis, 1961), indicating that the material
has undergone little coalification.

Bitterfeld resin was a brownish, hard, translucent material,
which occurs in Tertiary lignite deposits (Murchison and Jones, 1963).
No information is available to the author upon its mode of occurrence
within the lignites or upon its parent plant material. Microscopically
it was a homogeneous material with no internal structures.

Maghara resin occurs as ovoid lenses and cell infillings in a
lignitous coal of Liassic age (Powell Duffryn Tech. Serv. Rpt., 1963),
the lenses being of sufficient size for the resin to be isolased
macroscopically. The resin content of the whole coal was about 4.0%,
and the dominant microlithotype was clarite. The resin itself was a
brown, hard, translucent substance which was homogeneous micro-
scopically.

Cutinite

Cutinite is the fourth constituent of the exinite maceral group
and occurs as 3 minor constituent of many coals. It is rarely
found in any abundance however, and only one sample, from the Indiana
(USA) paper coal, vas available to the author. This coal was dis-

covered in Indiana in 1958. The seam was approximately 18" thick at



outcrop, the upper 6' being very rich in leaf cuticles and spores

embedded in vitrinitic attritus. Oxidation and mechanical weathering
. oy

of the matrix had 1éft almost pure cuticular material (Guennel and
Neavel, 1959). The coal was of low rank and produced a high yield
of tar, gas and oil upon distillation because of the high exinite

content (Neavel and Miller, 1960).

The high exinite content was ‘clearly observable when the coal
was examined microscopically. Sporinite was present in only minor
quantities. The vitrinitic material was of very low reflectance
and showed strong rectilinear patterns of desiccation cracks. Much
of the coal had a rather dirty amorphous appearance.

In view of the friable nature of the available sample, isolation

of pure cutinite was straightforward.



Maceral Concentration

SEorinite

The problem of separating sporinite from bituminous coal was
reviewed and studied by"the author in an earlier project (Allan,
1970), where small quantities of coal were used. The method used was
to suspend crushed durain in solutions of zinc chloride of variable
density to concentrate sporinite (Dormans et al., 1953). The speci-
fic gravities of coal macerals vary between the maceral groups, and
also vary within each group with rank (ICCP, 1963). These variations
are shown in Fig., 1. The differences between exinites and the other
maceiral groups are sufficiently great, up to low-volatile bituminous
rank, for effective separation of exinite.

Difficulties are encountered at higher ranks where the specific
gravities of sporinite and vitrinite converge. At this stage of
coalification(cvit.ca. 87% d.a.f.) exinite undergoes a coalification
break (Stach, 1953), the reflectance of sporinite increases rapidly
and it becomes indistinguishable from vitrinite. The change in
appearance of sporinite is accompanied by the evolution of consid-
erable quantities of methane. Once sporinite has undergone this
transformation, spores cannot be retrieved from coals even by
maceration techniques (Stach, 1968).

Zinc chloride solution has been used successfully as a heavy,
separatory liquid, after extensive crushing of spore-rich durain in
a ball mill (Dormans et al., 1953). Zinc chloride is very soluble in
water (432 gms/100 mls cold water) and a specific gravity of 1.30 is
readily attainable. Furthermore it is easily removed from the coal
after use by washing. Alternative separatory liquids, such as
Thoulet's solution, become strongly adsorbed on to coal and are
therefore unsatisfactory, while organic liquids could not be used

since partial extraction of the samples would have occurred. Although
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suspension in heavy liquids is adequate for separation of exinites
from other macerals, it is not viable as a method for concentrating
one exinite componert from other members of the group. Thus it is
essential that the required component, in this case sporinite, occurs
in great excess over other exinite macerals in the starting materials.
The samples of durain used in this work ell fulfilled this criterion.
Resinite occurred in nearly all the samples, but always as a minor
component. Neither cutinite nor alginite were observed in any of

the selected durains.

A second contributory factor towards a successful concentration
of sporinite is the manner in which the durain is crushed prior to
the heavy liquid separation. Despite earlier work in which coal was
ground for long periods in a ball mill, it has been found that con-
trolled crushing of the initial material, together with constant
fractionation by size can lead to substantial increases in the spor-
inite content of certain fractions. In fact, one sporinite concen-
trate of high purity has been produced by crushing alone (Allan,
1970).

The components of coal vary in their hardness, and sporinite is
one of the most resilient macerals. Sequential crushing and sieving
will preferentially break up and remove the more friable components
from the whole coal, nnd they will tend to concentrate in the finest
fractions. The tougher spore exines will be slowly freed from the
coal matrix, and their degree of fragmentation will be less than for
the other macerals. Thus they will become relatively more concen-
trated in the coarser fractions. The final consideration here is that
a high degree of particle homogeneity must be achieved to effect final
adequate concentration. This can be followed during the separation
process by microscopical examination under high magnification.

The following is an outline of the final method employed in
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sporinite concentrations. It is emphasized however that each sample
of coal must be treated individually. This applies especially to
the stepwise float/sink separations. Microscopical examination of
the product and an estimation of its composition is a useful guide
to the next logical step.

Method

The outer edges of the blocks of durain were removed with a
rotary saw and contaminating bands of vitrain and clarain were also
cut out. The blocks were then broken down into 1 to 13 inch lumps.
These were exmmined and any that contained visible vitrain and/or
clarain were discarded. As vitrinite has a specific gravity fairly
close to that of sporinite, it was considered advisable to remove
as much vitrinite as possible in the early stages. The remaining
material chosen for concentration was washed ultrasonically in
methanol for 10 minutes to remove any surface organic contamination
due to handling, storage, etc. During the following separation pro-
cedure, strict precautions were taken to ensure that the samples
were kept free from organic contaminants.

Durain was crushed in a disc mill for 10 seconds (TEMA Mach-
inery Ltd) and sieved through a B.S. 120 mesh sieve on an automatic
shaker (Endecott Test Sieve Shaker). Material greater than 120 mesh
size was returned to the mill with a further aliquot of fresh durain.
The -120 mesh material was sieved to pass 240 mesh, and collected.
The fraction greater than 240 mesh was returned to the disc mill.
Each crushing period, of fresh material with admixed sieved material,
was limited to 10 seconds to prevent excessive pulverisation of the
spore exines. This process was continued until all the material
passed through the 240 mesh sieve.

A problem was encountered in-sieving the powder through the 240

mesh sieve. It rapidly became blocked with adherent powder unless
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very small quantities were used. Because large quantities of mate-
rial required sieving (up to 1 Kg. per sample), it was clearly im-
practicable to use the automatic shaker. To overcome the problem
the 240 mesh sieve was mounted centrelly, with a receciver under-
neath, on a gramophone turntable, using a rubber mat to prevent
slipping. Two soft brushes (fine copper wire and bristle) were
clamped above the sieve so that they just contacted its surface as
it was rotated, ancd they were so arranged that any powder on the
sieve was continually swept across the surface. The resulting siev-
ing action was found to be quite rapid and reasonably efficient.
Practice determined the length of time necessary for each aliquot to
be treated in this way. If brushing was continued for too long the
larger particles were pushed through, thus distorting the sieve and
rendering the process inefficient.

Early in the project it was ccnsidered desirable to sieve the
-240 fraction through a B.S. 400 mesh sieve. Much of the fusinite
an] semifusinite in the durains was rapidly pulverised to this size
in the disc mill. Sieving through a 400 mesh should relatively
remove some of this material, and enrich the coarser grade in the
required components. Furthermore, early difficulties were encoun-
tered in wetting very finely-powdered durain which rendered sink/
float scparations in the zinc chloride solution ineffective, because
of rapid flocculation. This became less of a problem if the -400
mesh powder was first removed. Consequently, threc samples were con-
centrated using powder treatod in this way, but final yiolds of con-
centrate were small. Obviously much sporinite was discarded in the
-400 mesh fraction, although relatively more inertinite was removed.
Once the wetting problem was overcome (sec telow), the remainder of

the durains were only sieved down to -240 mesh.
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The constitution of the various sieved fractions was monitored
by visual examination under high magnification. Fractions of +120
mesh were composed of dominantly heterogeneous particles, with
spores contaminated with, or enclosed in, other macerals. The -120
+240 mesh fractions still showed a high degree of heterogeneity of
particles, although some fragments, especially of megaspores, were
relatively clean. At -240 mesh, many particles were monomaceralic.
Fragments of spore exines occurred quite free of other adherent
material or with partial rims of attached vitrinite and inertinite.
Granular micrinite in spore cavities was not removed by this process,
but amounts of this maceral were small. At this stage the material
was ready for heavy liquid separations.

Solutions of zinc chleride were made up to specific gravities
of 1.25 and 1.30 respectively. They were acidified with a few drops
of concentrated hydrochloric acid to prevent precipitation of insol-
uble zinc hydroxide.

20 gm aliquots of sample were dispersed into 100 mls of zinc
chloride solution of S$.G. 1.30. This was rapidly and effectively
achieved using a high-speed, motor-driven propeller. The powder was
settled onto the surface of the liquid in a centrifuge tube, the
propeller created a vortex in the liquid and the powder was impelled
through the blades to become quickly dispersed. The problem of flocc-
ulation was not encountered at all using this method., The suspension
was centrifuged at 2500 r.p.m. for 15 minutes. The "floats'" layer
and all the liquid (which usually contained a relatively small pro-
portion of suspended material) were decanted into a Buchner funnel
and filtered. The zinc chloride was recovered and the residue was

washed thoroughly with acidified water. The collected "floats' were



dried at GOQC.

Microscopical examination of these fractions showed a partial
removal of much of the inertinites and the retention of pure spore
fragments, spore fragments with attached macerals, vitrinitic part-
icles and some inertinites in the free state. The "'sinks" from this
step were discarded. The amounts of retained material from this
step varied greatly between samples.

The recovered, dried material was then susponded in a solution
of S.G. 1.25. Initially, an intermediate separation using a solution
of S.G. 1.275 was employed, but fractionation of the material was not
generally improved by this treatment and the step was omitted. The
samples were repeatedly processed in solutions of S.G. 1.25 until the
amount of "sinks' became minimal. The number of steps required to
achieve this varied between samples.

The constitution of the concentrate was determined by qualita-
tive microscopic examination. Usually, it was found that much con-
taninating material was still attached to the exine fragments,
either as partial rims or enclosed within the inner cavities of
spores. Material attached peripherally was removed by further
grinding in the disc mill for 5 to 10 seconds, followed by successive
treatments in liquid of 1.25 specific gravity until the amount of
"sinks'" again became minimal. Successive crushings and suspensions,
with constant monitoring of the product microscopically, were conti-
nued until the concentration of sporinite did not significantly
increase any further. The limitations of the process are the relative
inefficiency of the sink/float technique and the inability of the
crushing process to achieve complete particle purity. The former
would probably be improved by decreasing the ratio of powder to liquid
when carrying out the specific gravity separations and the latter by

decreasing the particle size of the starting material. Time however



- 3 -

becomes a limiting factor when a number of large samples required
processing.

Nevertheless, using the above procedure, concentrations of
sporinite of 90 to 95% purity were obtained from low rank bituminous
coals. Difficulties seemingly increasad directly with the rank of
the coal, and a concentrate of about 77% purity only was obtained
from Parkgate durain, one of the higher rank samples.

Quantitative examination of the concenfrates (Table 1) was
undertaken microscopically, using the automatic point-count method.
A 500 point count was done on a relief-polished block, under oil
immersion, at a magnification of x500. This has an accuracy of
:é-s% (ICCP, 1963). Full details of the concentrations are given
in the experimental section.

Vitrinite

Vitrinite concentrates were produced by hand-picking of vitrain
bands lying in close contact with the durains used for sporinite
concentrations. The vitrain bands were initially removed from the
coal using a vibrating engraver (Burgess Model VT 62 Electric En-
graver). This was very successful in view of the brittle nature of
vitrain. Selective hand-picking of the resulting fragments ensrred
that good concentrates of vitrinite were produced.

After cleaning the fragments for organic analysis, they were
crushed in a disc mill to pass a B.S. 100 mesh sieve. Maceral anal-
yses were again done by point-counting over 500 points. In nearly
all samples a high petrographic purity was found, the major contam-
inants being inertinites (Table 1). However, the Beeston concentrate
contained ca. 5% sporinite, which was considered unacceptable for
the project. It was therefore ground to pass a B.S. 240 mesh sieve,
and suspended in zinc chloride solution of S.G. 1.25. The suspension

was centrifuged at 2500 r.p.m. for 15 minutes, the resulting "floats"
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layer and supernatant liquid decanted, and the ''sinks'' were recovered.
After washing and drying, analysis showed that much of the sporinite
had been removed.

Other exinite macerals

Three alginites, three resinites and one cutinite have also been
used in this work, as discussed earlier in this chapter. The isolation
of these samples has been detailed in the discussion upon the origin
and occurrence of the source materials.

The petrographic analyses of all the maceral concentrates ob-

tained are given in Table 1.

Maceral analysis

Petrographic analyses of the maceral concentrates are shown in
Table 1. All were made by the point-count method, using 500 points.
Vitrinite and sporinite counts were carried out using incident white
light only, but alginites were examined under both visible and ultra-
violet radiation. The exinitic content of these concentrates was
determined under ultraviolet radiation, while the non-exinitic con-
stituents were determined under white light.

The resinite concentrates were all of high petrographic purity
when examined microscopically, probably in the order of 99% pure,
and it was considered unnecessary to carry out point-counts for thenm.
The sample of cutinite was also petrographically very pure, with only
trace quantities of visible vitrinite and sporinite along with some
pyrite and clay minerals. Consequently this sample was also nct

point-counted.

Elemental analysis

Ultimate and proximate analyses (Table 2) of vitrinites,
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Table 1: Petrographic analyses of maceral concentrates

Vitrinite Vitrinite Exinite Inertinite

concentrates % % %

Westfield 95.5 0.8: sporinite 3.7: dominantly granular
micrinite

High Hazles 93.5 1.6: sporinite 4.9: granular micrinite>

(Gedling) fusinite

Clowne* 92.7 1.0: sporinite 6.2: granular micrinite

Shallow 91.5 0.9: sporinite 7.6: granular micrinite

High Hazles 97.0 0.7: sporinite > 2.3: semifusinite and

(Warsop) resinite fusinite

Deep Hard 90.3 2.0: sporinite 7.7: micrinite > fusinite

High Hazles 97.0 0.2: sporinite 2.8: dominantly semi-

(Whitwell) fusinite

Beeston 93.9 0.5: sporinite 5.6: dominantly gran-
ular micrinite

Barnsley 89.1 0.3: sporinite 10.6: dominantly micrinite

Parkgate 96.0 2.2: sporinite 1.8: semifusinite > micri-
nite > fusinite

Silkstone” 94.5 1.1: sporinite  4.2: micrinite> fusin-

Pyrite counted to less than 1%.

ite > semifusinite

] . . : Mineral
Alginite Alginite Sporinite Inertinite Vitrinite
concentrates % % % g ma;ter
Scotland 90.8 0.4 4.9 3.0 0.9
South Africa 95.5 tr. 0.3 none 4.2
New South Wales 93.0 0.3 3.1 2.1 1.5

tr.

traversed during the point count.

Sporinite observed in this sample but no particles were




Table 1 (cont'd.)

*k
Sporinite " Sporinite Nitrinite Inertinite

concentrates % % %

Donibristle 95.6 1.0 3.4: fusinite

High Hazles 94.3 0.4 5.3: micrinite > fusinite

(Gedling)

Clowne 91.2 0.4 8.4: somifusinite and
micrinite

Shallow 88.1 1.4 10.5: semifusinite >
micrinite

High Hazles 94.6 0.2 5.2: semifusinite and

(Warsop) micrinite

Deep Hard 93.0 tr. 7.0: micrinite and
fusinite

High Hazles 94.3 0.2 5.5: dominantly semi-

(Whitwell) fusinite

Beeston 94.3 0.3 5.4: fusinite and
micrinite

Barnsley 89.7 1.1 9.2: semifusinite >
micrinite

Parkgate 77.5 2.0 20.5: semifusinite >
micrinite +
fusinite

Silkstone 89.7 1.0 9,.3: micrinite and
fusinite

L1
Resinite is a trace component of most of these samples.

tr. Vitrinite was observed in this sample but no particles
were traversed during tne point count.
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Table 2: Ultimate and proxiiato analyses of the maceral

concentrates
Ultimate analysis Proximate analysis
c H S N+0 Volatile Fixed
matter carbon
% (d.a.f.) % (d.a.f.)
Vitrinite
High Hazles 77.1 4.9 0.8 17.2 50.75 49,25
(Gedling)
Westfield 77.2 4.8 0.5 17.5 52.5 47.5
Clowne 77.5 5.1 1.5 15.9 48.6 51.4
Shallow 77.7 5.2 0.8 16.3 46.8 53.2
High Hazles 79.6 5.4 0.9 14.1 43.6 56.4
(Warsop)
Deep Hard 81.9 4.4 0.5 13.2 52.4 47.6
High Hazles 82.3 5.0 1.1 11.6 46.0 54.0
(Whitwell)
Beeston 83.3 5.1 1.1 10.5 48.3 51.7
Barnsley 83.9 5.1 0.9 10.1 47.8 52,2
Parkgate 85.4 5.3 1.0 8.3 46.8 §3.2
Silkstone 86.6 5.5 1.0 6.9 47.0 53.0
Sporinite
Donibristle 78.5 7.5 0.9 13.1 81.8 18.2
High Hazles 80.9 7.0 1.1 11.0 65.6 34.4
(Gedling)
Clowns 81.1 7.1 1.2 10.6 65.1 34.9
Shallow 80.6 6.7 1.2 11.5 63.1 36.9
High Hazles 82.2 6.8 1.4 9.6 71.1 28.9
(Wursop)
Deep Hard 83.3 6.8 0.8 9.1 70.4 29.6
High Hazles 83.0 7.4 1.3 8.3 76.7 23.3
(Whitwell)
Beeston 81.6 6.8 1.0 10.6 68.8 31.2
Barnsley 84.2 6.9 0.9 8.0 70.5 29.5
Parkgate n.d. n.d.

Silkstone 87.1 6.4 0.4 6.1 56.5 43.5




Table 2 (cont'd.)

Ultimate analysis Proximate analysis
Cc H S N+0O Volatile Fixed
matter cardcn
% (d.a.f.) % (d.a.f.)
*
Alginite
Scotland 82.8 10.8 0.4 6.0 97.8 2.2
South Africa 80.5 11,1 0.8 7.6 100.0 -
New South 84.0 10.7 0.5 4.8 98.8 1.2
Wales
Resinite
Yallourn!  79.1  10.1 n.d. n.d. n.d.
Bitterfeld® 79.7  10.0 n.d. n.d. 100.0 -
Maghara n.d. n.d.
Cutinite
Indiana® - 74.7 8.1 0.2 17.0 94.8 5.2

Samples demineralised prior to analysis.

Francis (1961)

Murchison and Jones (1963)
Neavel and Miller (1960)
n.d. not determined:

d.a.f. All analyses have been corrected to a dry,
ash-free basis.
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*
sporinites and demineralised alginites were done commercially but
the results for the resinite and cutinite samples have been quoted

from the literature, where available.

Reflectance

The reflectivities of the vitrinite concentrates were deter-
mined by 50 rotational measurements, and calculated against cali-
brated glass standards. The results, shown in Table 3, are given
as mean maximum reflectances (Emax)' Also shown in the table are
the reflectivities of vitrinite particles or stringers associated
with the alginite and cutinite samples., These are given as mean
reflectances (R), determined without rotation of the microscope

stage.

Table 3: Vitrinite reflectance of maceral sources

Sample Rax
Westfield 0.47
High Hazles (Gedling) 0.51
Shallow 0.56
Clowne 0.60
High Hazles (Warsop) 0.62
Deep Hard 0.63
Beeston 0.64
High Hazles (Whitwell) 0.68
Barnsley 0.91
Silkstone 1.04
Parkgate 1.12

R

Indiana cutinite 0.42 (20 readings)
Scottish torbanite 0.27 (31 readings)
New South Wales torbanite 0.18 (20 readings)
South African torbanite n.d.

n.d. not determined.

United Analysts Ltd.



Infra-red spectroscopy

Infra-red spectroscopy is a technique standarcly employed in
coal analysis, despite the difficulties involved in obtaining good
spectra. Spectra are obtained mostly in the 2.5 to 15 micron range
(4000 to 670 wavenumbers).

A number of techniques are availablc for obtaining coal spectra.
Thin sections, although difficult to prepare because of the friable
nature of coal, have becn employed. Alternatively, powdered samples
can be mulled with agents such as '""Nujol" and hexachlorobutadiene,
although such materials themselves absorb characteristically in the
2.5 to 15 micron range. A commonly used method is tl.e halide disc
teclhnique, where the powdered sample is mixed with XBr or KCl1 and
pressed into a translucent disc. The main problems in making discs
are achieving sufficiently fine particle size and the elimination
of water. In a thorough qualitative and quantitative investigation
a combination of techniques is desirable.

Previous work

The first extensive investigation of coals by infra-red spec-
troscopy (Cannon and Sutherland, 1945a, 1945b) used thin sections
(0.01 mm thick). Since then, much information has become available
on coals and macerals (Gordon et al., 1952; Fried:l and Pelipetz
1953; Bergmann et al., 1954; van Vucht et al,, 1955; Monnot and
Ladam, 1955; Friedel and Queiser, 1956; van Krevelen and Schuyer,
1957; Roy, 1957; Brooks et al., 1358a; Murchison, 1966; Ratajczak,
1968; Millais and Murchison, 1969), coal extracts (Orchin et al.,
1951; Kirby et al., 1954; Roy, 1957; den !lertog and Berkowitz, 1958;
Brown, 1959), changes during coalification (Cannon, 1953; Brown
1955a; Brown and Hirsch, 1955; Kinney and Douchette, 1958; Bent and
Brown, 1961), as well as detailed work on the assignments of specific

adsorptions to coal structures. Excellent rcviews on infra-red
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spectroscopy in coal research have been given by Tschamler and de
Ruiter (1963) and Friedel (1966).
Vitrinite

Vitrinite is the maceral most extensively studied by infra-red
spectroscopy, presumably because of the ease with which high-purity
concentrates can be attained throughout a wide rank range.

In the present project a representative selection of vitrinite
concentrates was examined, using the halide disc technique. The
samples used were the Clowne, Shallow, High Hazles (Whitwell), Barns-
ley, Parkgate and Silkstone vitrinites. The spectra are shown in
Fig. 2. The differences in the spectra were generally of differing
intensities rather than of changing absorption frequencies. There
was a general broad region of absorption decreasing from 4000 to
2000 cm'1 which has been ascribed to electronic scattering by the
vitrinite particles in the halide disc (Friedel, 1966) and/or
structureless absorption (Brown, 1955a) due to the growth of ''graph-
itic-type" structures. Superimposed on this absorption in the lower-
rank samples was a strong band centered at 3300 cm'1 due to hydrogen-
bonded -OH groups, and distinct bands at 2920 and 2860 en”! due to
aliphatic C-H absorptions (Bellamy, 1964; Friedel and Queiser, 1956;
Kinney and Douchette, 1558; Brooks et al., 1958a; Tschamler and de

1

Ruiter, 1963; Friedel, 1966). A shoulder on the 2520 cm ~ band at

2950 cn”! has been assigned to -CH, groups (Friedel, 1966). In the

3
spectra of the Barnsley, Parkgate and Silkstone vitrinites, the

absorption at 3300 cm'1 was much reduced in intensity, although it
may be partially obscured by increasing general absorption in this

region. Also the 2860 cm'1 band in the Parkgate sample was only

discernible as a shoulder on the 2920 cm” !

cm‘1 was not apparent which would indicate a reduction of -CH3 groups.,

band. The shoulder at 2950

The broad absorption at 3300 cm'1 due to hydrogen-bonded -OH
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groups can be cnly attributed in part to the vitrinites. It has

been shown that grinding of pure KBr produces a strong absorption

at this wavelength, attributed to KBr-H20 groups, the intensity of
the absorption being directly related to the time of grinding (Friedel
and Retcofsky, 1963; Friedel, 1966). Only under the most stringent
conditions of preparation can this be a3 best reduced. Other spur-
ious absorptions due to KBr-Hzo bonding may occur at 2040 cm'1 and

1630 cm™ L.

Within the scope of this work it was not considered nece-
ssary to attempt elimination of these absorptions. However, the
fact that the absorption at 3300 cm'1 decreased with increasing rank
of the samples would indicate that it was certainly in part a func-
tion of the vitrinite structure,

In all the samples investigated, there was a strong absorption
band centered at 1610 cm°1 which is a constant feature of many coal
spectra, but which is the source of much discussion. The absorption
has been variously assigned in part to aromatic CaC bonds in poly-
nuclear condensed ring systems (Kinney and Douchette, 1958; Brooks
et al., 1958s; Cannon and Sutherland, 1945b; Brown, 1955a) and to
conjugated oxygenated systems (Friedel and Queisar, 1956; Given
and Peover, 19t28; Fujii, 1963). More recently it has been proposed
that this absorption may be partly due to the growth of non-
crystalline graphitic structures in coals (Friedel and Carlson, 1971;
Friedel and Carlson, 1872). The inIra-red spectrum of ground graph-
ite shows a broaid area of absorption between 1800 and 900 cm-l, with
peaks at 1590 and 1360 cm'l. Yet another contribution may be from
carboxylate ions chemically-bound to inorganic elements in coal
(Brooks et al., 1958a), Finally, KBr-H20 absorption can enhance the
total intensity of the 1610 <:m'1 band when spectra are recorded
through KBr discs, unless rigorous drying precautions are taken

(Durie et al., 1967; Friedel and Retcofsky, 1963).
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A number of weak-intensity absorption bands occurred in the
vitrinites, mostly seen as shoulders only, at about 1560, 1542, 1508

and 1490 cm!

, Which may be assigned to aromatic C=C absorptions.

A medium-intensity absorption band at 1450 em! and weak-
intensity absorption band at 1380 cm-1 are due to aliphatic C-H
bonds (Brown, 1955a; Friedel and Queiser, 1956; Brooks et al., 1958a;
Kinney and Douchette, 1958; Bent and Brown, 1961; Friedel, 1966).
The weakness of the 1380 cm.1 band has been interpretced as showing
a paucity of -CH3 groups (Friedel and Queiser, 1956; Brooks et al.,
1958a;Bent and Brown, 1961). The relative intensities of these
absorptions were almost constant throughout the rank range invest-
igated.

A broad band of absorption, generally of rather weak intensity,
between 1300 and 1000 c:m'1 is generally assigned to various C-0O
functions, although specific assignments are difficult, owing to the
diffuse nature of the absorption (Cannon and Sutherland, 1935b; Brown,
1955a; Friedel and Queiser, 1956; Roy, 1957).

Absorption bands due to aromatic groups occurrcd in the 900 to
700 cn ! region of the spectra. All the vitrinites showed three
weak absorptions occurring at 860, 815 and 750 cm-l. In the lower-
rank samples, the 815 cm°1 band was slightly stronger than the other
two, but at the higher-rank end of the series the bands were¢ of
approximately equivalent intensities. These bands have been inter-
preted both as a mcan spectrum of polynuclear condensed aromatic
systems (van Vucht et al., 1955), and specific substitutional con-
figurations on single benzene rings (Friedel and Queiser, 1956).
Sporinite

The samples used in the infra-red investigation of sporinites

were concentrates from the Donibristle, Clowne, Shallow, High lazles

(Whitwell), Barnsley, Parkgate and Silkstone seams (Fig. 3).
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The spectra obtained showed 4 great similarity to the corre-
sponding vitrinite spcetra. Aliphatic C-H absorptions at 2929 and
2860 cm“1 were more intense than in the vitrinites, especially in
the lower-rank samples, which could indicate a greater propertion
of aliphatic groups in the sporinites.

The major difference between the sporinite and vitrinite
spectra was the presence of distinct absorption at 1700 cm'l,
assigned to C=0 functiones (Friedel and Queiser, 1956; Bent and
Brown, 1961). In the lower rank samples this absorption was of
medium intensity and quite distinct from the broad band at 1610 cm—l.
With increasing rank the intensity of the C=0 absorption decreased
markedly. The spectrum of the Barnsley sporinite showed the 1700 <:m'1
band only as a shoulder on the broad 1610 em band, and at higher
ranks the former was not discernible. This relationship with rank
has been noted in other work (Bent and Brown, 1961), although the
absorption was possibly ascribed to oxidation effects introduced
during sample preparation.

Infra-red spectra of sporinite and vitrinite exhibited some
differences in the 900 to 700 cm™* region. Although the peaks
occurred at similar frequencies, (i.e. 860, 815 and 750 cm'l), the
relative intensities were different. The most intense of these

1

peaks in sporiniie spectza was the 750 cm © band. With increasing

rank all three absorptiong became more intense, although within the

range studied, the 750 en?

band was always the strongest. If
these absorptions were produced by C-H out-of-plane vibrations on
single benzene rings, then the relatively-greater intensity of the

750 cm !

band in sporinites would indicate a lesser degree of aro-
matic substitution than in vitrinites, at least at these rank levels.
Resimite

Infra-red spectra of the three resinites were obtained (Fig. 4)



and were quite different to those of vitrinite and sporinite, most
notably in the absence o any absorption at ca. 1600 cm-l. However,
the samples used all were below bituminous rank, and the spectra of
resinites of bituminous coals do show this absorption (Murchison,
1966).

The resinites used in this work all showed strong- to medium-
intensity absorptions at 2920, 2860, 1460 and 1375 cm™ >, due to
aliphatic C-H bonding, but there was little evidence of aromatic
structures. Bitterfeld resinite produced a weak absorption band at
833 cm-l, and Maghara resinite produced a weak band at 812 em” L,

Both of these absorptions may possibly be due to aromatic structures.

Strong-intensity C=0 absorption in the 1740 to 1700 cm ) region
was present in all three spectra, In the spectrum of Maghara resin-
ite this absorption was resolved into two peaks at 1698 cm'l, poss-

ibly -COOH absorption (Brooks et al., 1958a), and at 1723 cm), with

a shoulder at 1735 cm'l. The 1735 cm"1 absorption may be ascribed

1

to ester groups, while the 1723 cm ~ band may be due to aldehyde or

ketone functions. Bitterfeld resinite produced maximum absorption
at 1735 cm'l, with a shoulder at 1720 cm™l. Yallourn resinite showed

a broad undifferentiated band of absorption in this region with a

maximum at 1720 cm'l.

The three resinites also exhibited more or less complex patterns
of absorption between 1250 and 1000 cm"1 which can probably be
ascribed to C-O groups and -OH functions. Strict allocations of
these absorption bands would require elucidation by specific chemical
and infra-red work.

Bitterfeld resinite produced only a very weak absorption due to
-OH functions in the region of the spectrum above 3000 cm'l, whereas
the other two samples exhibited broad bands with maxima close to

3440 cm'l.
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Cutinite

The sample of Indiana cutinite produced an infra-red spectrum
(Fig. 4) rather similar to those of low-rank sporinites. Aliphatic
C-H bonding was indicated by strong absorption bands at 2920 and

2860 cm }

, medium-intensity absorption at 1460 cm'1 and woak-intensity
absorption at 1380 cm’l. Absorption due to C=0 gave a strong-
intensity peak at 1705 cm"1 and a broad absorption band centercd at

1

1620 cm = was also present,

Broad intense absorption occurred at the short-wavelength end

of the spectrum, centered at 3400 cm'1 with a shoulder at 3600 cm"1

and a peak of weak-intensity at 3680 e, These bands are attri-
buted to hydrogen-bonded -OH groups and this region of the spectrum
was more complex than in other macerals. However, there was prob-
ably a partial contribution from KBr-HZO bonds.

In the 1100 to 900 cm* region of the spectrum, a number of
medium- to strong-intensity absorptions occurred, which were prob-
ably due to contaminating mineral matter in the sample. Below 900
el three weak bands were present at 797, 752 and 692 cm-1 due to
aromatic structures. However, as only one sample of cutinite was

available, the effects of rank in this region of the spectrum could

not be studied.
Alginite

Infra-red spectra of three alginites were recorded before and
after demineralisation of the samples (Fig. 5). The infra-red
spectrum of fresh S. African glginite indicated very little evi-
dence of mineral matter. The spectrum of the demineralised sample
showed only minor differences in the loss of weak-intensity absorp-
tions between 1120 and 925 cm !
The spectra of New South Wales and Scottish alginites origin-

ally showed intense absorption bands in the range 1250 to 750 cm'l,
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ascribed to inorganic material. These bands were not present in
the spectra of the demineralised samples. The absorptions ascribed
to mineral matter in fresh Scottish alginite corresponded closely
with the spectrum of kaolinite (Millais and Murchison, 1969). The
mineral matter absorptions in New South Wales alginite were less
definitive, although illite may be a part contributor,

The spectra of the demineralised alginites showed virtually
no absorptions in the 1250 to 750 cm-1 region, indicating effective
removal of mineral matter., Strong-intensity absorption bands
occurred at 2920, 2860 and 1460 cm ' due to aliphatic C-H bonds.
Absorption, similarly assigned, at 1365 to 1370 c:m'1 was weak.

1 the absorption patterns of the samples after

Above 3000 cm”
demineralisation showed bands centered at 3040 and 3160 en”! which
were not apparent in the untreated samples. These bands were prob-
ably due to -OH and NH4+ ions adsorbed by the organic matter
during the demineralisation process. Absorptions due to -OH in
untreated samples were of weak-intensity and rather broad, centered
at about 3460 cm .

Rather broad medium-intensity absorption occurred in all the

1, and is ascribed to C=0

alginites centered at 1705 to 1710 cm™
groups. This band has previously been noted in alginite spectra
(Millais and Murchison, 1969). In the spectrum of Scottish algi-
nite the band had maximum intensity at 1703 cm™! but was otherwise
diffuse. In the other two samples a definite shoulder was apparent
at 1735 cm! which may be attributable to ester groups. There was
also a superimposed weak-intensity band at 1775 cm'1 which is of
unknown derivation.

Only Scottish alginite showed an absorption band near 1600 cm-l,

which was observed in all the spectra of vitrinite and sporinite.

In this sample the maximum absorption was at 1625 cm"1 and the band
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was of weak-intensity. Assignments of this band have been prev-
iously discussed. The other two alginites showed more specific
absorptions, although very weak, between 1660 and 1630 cm'l, which
may be assigned to C=C functions. These differences may be attri-
butable to the samples being of lower rank, but the rank differences
are small. Generally, however, there was little evidence of unsat-
urated bonds in the spectra, other than a very weak band at 880 em™?
in New South Wales alginite and at 895 cm-1 in Scottish alginite.

A medium-intensity absorption band at 720 cm°1 was common to
all three samples. In view of the lack of evidence for aromatic
functions and the strong absorptions at other wavenumbers for ali-
phatic C-H, this band is probably due to -(CHz)n-chains, where
n ¥ 4 (Nakanishi, 1964).

The presence of carbonyl absorptions in the alginites is thus
now a common factor of all the low-rank exinite macerals examined
and is the most notable difference between the exinite and vitri-
nite maceral groups. Modern resins are known to contain variable
proportions of acidic and neutral material which is susceptible to
polymerisation when deposited in a sediment (Thomas, 1969; Brooks
and Steven, 1967). The polymerisation of acid- and ester-containing
materials has been variously proposed for the origin of sporinite
(Brooks and Shaw, 1968a), cutinite (Neavel and Miller, 1960) and
alginite (Dulhunty, 1944)., Infra-red spectroscopy of these mace-
rals certainly indicated the presence of carbonyl functions at low
rank levels, and, in the case of sporinite, a reduction of these
groups with increasing coalification.

Spurious absorptions in the infra-red spectra of the three
alginites were noted after demineralisation. There was a medium-
intensity band at 1410 cm'1 which may be attributed to NH.Y or

4

CO, " ions (Nakanishi, 1964). In view of other weaker spurious

3
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1

absorptions between 3300 and 3000 cm =, adsorption of NH4* during

demineralisation was the more likely source. Continued washing of

one sample by refluxing in hot water reduced the intensity of the

1

1410 cm ~ band, but failed to eliminate it. Washing with hot dilute

hydrochloric acid followed by hot water effected the removal of the

1

spurious bands between 3300 and 3000 cm -, The lower (1410 cm'l)

band was again relatively weaker in intensity and had shifted to

1405 cm”}

. It would seem that the presumed NH4+ ions were strongly
adsorbed on the organic matter and rather vigorous treatment would
be required to remove them. This would introduce the risk of

chemical alteration of the organic matter.



Experimental

Sporinite concentration

The method employed to produce sporinite-rich concentrates
from selected durains has been outlined earlier in this chapter.
The complete experimental details of the separations are given in
Table 4. Each sample was fractionated once by a density separation
in zinc chloride solution of S.G. 1,30 to produce '"floats" and
"sinks'' fractions. This step was identical for each sample and, as
such, has been omitted from Table 4, where it is understood that
the detailed separations in zinc chloride solution of §.G. 1.25
follow the separation at S.G. 1.30.

Preparation of samples for microscopical examination

The constitutions of the various sieved fractions, of the pro-
ducts of the successive heavy liquid separations, and of the final
maceral concentrates were determined by microscopical examination.
Samples were mounted in Bakelite resin and first ground on wet 220-
and 600- grades carborundum paper, successively. This was followed
by relief-polishing on rotating "Selvyt" cloth laps, using success-
ively 5/20, 3/50 and "Gamma' polishing alumina.

When a rapid cursory examination was required, a portion of
sample was mixed on a microscope slide with melted "'Santolite" resin
(m.p. 62°C). This solidifies immediately on cooling, and can be
rapidly relief-polished in a similar menner to Bakelite resin.

Microscopical examinations were carried out under oil immersion
(R.I. immersion oil 1.516). If point-counts were beingvcarried out,
a magnification of x500 was used. In other cases where only a
visual check was required, a magnification of x200 was used.

Infra-red spectroscopy

Infra-red spectra were recorded using a Hilger and Watts Infra-

scan Mk. 2 H900 Recording Infra-red Spectrophotometer. The recording
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Table 4: Experimental details for the sink/float
concentration of sporinites
*
Size Fractionation at S.G. 1.25
sample  (B.S. "?”‘; No. of Final
mesh) gn. st;pS' Details wt "
| (gm.)
Donibristle -240 to n.d. 1: concentrate of high purity 40.0
+ 400 achieved immediately.

High Hazles -240 to 352 2: only 19 gm. "floats" ob- 21.5

(Gedling) +400 tained from first separa-
tion and "sinks" re-
separated to recover a
further 2.5 gm.

High Hazles -240 ca. 1000 4: successive separations 70.0

(Warsop) carried out without further
crushings.

High Hazles -240 Eu. 1000 5: successive separations 60.0

(Whitwell) carried out without further
crushings

Clowne -240 ca. 1000 2: most material lost at first 27.0
separation, as ''sinks'.

Shallow -240 ca. 1000 1: concentrate of high purity 558.0
achieved immediately

Deep Hard -240 900 8: "floats'" re-ground in disc 65.0
mill after steps 1, 4 and
5 because of particle
heterogeneity.

Beeston -240 700-800 4: successive separations 56.0
carried out without further
crushings.

Barnsley -240 ca. 1000 3: successive scparations 46.0
carried out without further
crushings.

Silkstone -240 to 399 9: "floats'' re-ground in disc 41.1

+400 mill after stops 3, 5, 6
and 7 because of particle
heterogeneity.

Parkgate -240 ca. 1000 7: much cifficulty found with 17.0

this sample in removing
inertinite. It appeared to
flocculate but this was not
confirmed by microscopy.
After 7th step little sample
left and nrocess discontin-
ued, but poor concentrate
obtained. No further crush-
ings were carried out as
contaminating inertinite
was in a free state mainly.

The sink/float separations were constantly monitored by micro-

scopical examination to determine if further crushing of samples
was required to achieve particle homogeneity, or if contaminants
were in a free state.

** Maceral analyses of all concentrates are given in Table 1.
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chart was linear in wavenumbers between 4000 and 600 cm'l. A trans-

mission scale of 1:1 was used, with energy range 1 and a scan time
of 8 minutes. Selected ranges of some spectra were also recorded
with a transmission scale of 5:1 and energy range 2. The 1603 cm'l
absorption band of polystyrene film was used as a wavenumber
standard.

The spectra were recorded using maceral dispersions in KBr
discs, pressed under 15 tons/sq. in. for 10 minutes, the die being
attached to a vacuum pump. For vitrinites and sporinites, a ratio
of 1 mg. of maceral to 250 mg. of KBr was used, the two being
ground in an agate mortar to achieve an intimate mix. The ratio
for resinites, alginite and cutinite was 3 mg. maceral to 250 mg.
KBr. The KBr was used directly from an oven maintained at ca.
120°c.

Demineralisation of alg;nites

The three alginite samples were demineralised by sequential
digestion with hydrochloric and hydrofluoric acids (Forsman and
Hunt, 1958). Digestion in hot concentrated HCl was carried out for
2 hours followed, after filtration and washing, with two 7 hr.
periods of digestion with hot 40% HF. Following neutralisation of
excess HF, samples were filtered and washed with hot 50% HCl and
saturated NH,OH solution to remove fluorides. Final washings with

4
water were followed by oven-drying at ca. 45° under vacuum for 24

hours.



Chapter 2

Organic extraction of the maceral concentrates:

aliphatic hydrocarbons.



Introduction

Extraction with organic solvents was the first step in the
chemical investigation of the maceral concentrates. Although there
are specific solvents which will dissolve large proportions of
vitrinite and sporinite particularly, the resultant extracts closely
resemble the original maceral in many respects, and there is little
apparent direct information to be gained from them. One of the
basic objects of this work was to study individual macerals both
from the point of view of their respective structures as components
of coal and also as organic constituents of sedimentary rocks,
using the modern analytical techniques available to the organic geo-
chemist. Consequently, common organic solvents were used for the
extractions, but as later degradative work was to be carried out the
extractions were run for considerable periods of time to remove as
much as possible of the soluble organic matter, in the accepted
sense of the term. The extracted residues could then be regarded
as individual contributors to sedimentary kerogens of terrigenous
origin, and the results obtained from the degradations could be
interpreted with respect to changes occurring in the maceral matrices
during diagenesis and also to changes which might occur in terre-

strially-derived kerogens in sedimentary rocks,

Extraction

The vitrinite and exinite maceral concentrates were exhaustively
extracted with an azeotropic mixture of chloroform, acetone and
methanol (47%, 30% and 23% respectively) to provide total organic
extracts. The extracts of vitrinites, sporinites and cutinite were
black, tarry gums, fhose of alginites were brown gums, while resi-
nites yielded red to brown viscous liquids. The ylelds of extracts

varied considerably between macerals, and for vitrinites and spori-
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nites they also varied with rank. Extractibilities are given in
Table 5. There was no definite correlation between extractibility
and rank, although in general terms it showed an overall decrease
with increasing rank (Fig. 6). This is partly in agreement with
Dryden (1963) who reviewed data on coal extractibility. For
benzene-type solvents he concluded that there was a rapid decline
in extractibility above 88.9% C, but at lower ranks no definite
relationship existed. For pyridine-type solvents it decreased at
the high rank end of the coalification series, while at lower
ranks yields were variable. These generalisations would seem to be
more applicable to vitrinite than sporinite with respect to the
samples used in the present work.

An investigation of coals from the Saar district of Germany
showed a direct relationship between rank and diethyl ether oxtracts,
with yields reaching.a maximum at a rank of ca. 30% volatile matter
(Leythaeuser and Welte, 1969). This is at a rank equivalent to ca.
86% C in vitrinite on a dry, ash-free (d.a.f.) basis. However coal
is a chemically-complex material and many non-specific solvents
will produce an extract that is not representative of the whole of
the coal structure. Hence relationships between extractibility and
rank should be viewed with some care.

Table 5 shows that there was considerable variation of extract-
ibilities of the alginites, resinites and cutinite. The latter
sample produced an extract of a similar order to that of a low rank
sporinite. Alginites yielded very low amounts, while resinites
proved to be exceptionally soluble.

The fractionation scheme used to isolate aliphatic hydrocarbons
and carboxylic acids from the total extracts is shown in Fig. 7.
Complete experimental details are given at the end of the relevant

chapters,



Table 5: Yields of organic extracts from the maceral

concentrates
Extractibility
(mg/gm)
Vitrinite
High Hazles Gedling 91.3
Westfield 100.6
Clowne 145.3%
Shallow 147.5
High Hazles Warsop 130.4
Deep Hard 95.2
High Hazles Whitwell 111,2
Beeston 169.6
Barnsley 108.7
Parkgate 20.8
Silkstone 24.3
Sgorinite
Donibristle 44.5
High Hazles Gedling 63.3
Clowne 55.0
Shallow 55.6
High Hazles Warsop 41.5
Deep Hard 39.5
High Hazles Whitwell 48.4
Beeston 40.1
Barnsley 51.3
Parkgate 36.2
Silkstone 41.5
Alginite
Scotland 5.9
South Africa 3.2
New South Wales 15.6
Resinite
Yallourn 856.8
Bitterfeld 345,7
Maghara 535.1
Cutinite

Indiana 79.6




FIG.6. YIELDS OF ORGANIC EXTRACTS FROM VITRINITES
AND SPORINITES
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Fig, 7: Flow diagram for the extraction of maceral
concentrates
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The treatment of t'e total methyl ester fraction of resinite
extracts differed from that for the other maceral extracts;
full details are given in the relevant experimental section.



Hydrocarbons

Introduction

Hydrocarbons have been isolated from a wide variety of gcological
environments and have been identified in sedimentary sequences more
than 3,000 million years old (Hoering, 1965; Hoering, 1967; Barg-
hoorn and Schopf, 1967; MacLeod, 1968; Calvin, 1969; Oro and Nooner,
1970). Sedimentary hydrocarbons vary greatly both quantitatively
and qualitatively within the lithosphere, compesitiens being affected
by the type of organic matter incorporated in a particular sediment,
depositional environment and subsequent geological history. Of
great economic importance are local concentrations of hydrocarbons
which occur throughout the Earth's continental crust as petroleum
accumulaticns. Thesc hydrocarbon-rich deposits rarely occur in
rocks older than the Cambrian (Leverson, 1967).

Petroleum accumulations however result from the phenomenon of
migration. The amounts of hydrocarbons which can be extracted from
the majority of sedimentary rocks in general constitute a very small
proportion of the whole rock, and also in turn represent a small
proportion of the total organic content of a given rock. The origin
of the organic material in rocks is mainly the debris of the life
processes of the biosphere which is re-distributed variously between
the biosphe—+ and geosphers, Once in-orpore%ed in an accumulating
sediment, organic matter is subject to both biochemical and geo-
chemical degradation, the former terminating when the sediment is
sufficiently buried to produce a sterile environment. The ultimate
products of gecchemical action are considered to be methane and a
metamorphosed residue which is ingested into the mantle.

The origin of sedimentary hydocarbons is a subject of great

interest in organic geochemistry. As investigations continue, it is
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becoming apparent that many plants and animals biosynthesize ali-
phatic hydrocarbons, but the proportion produced is usually only a
small part of the total lipid fraction of a particular organism.
Thus there will be a direct input of hydrocarbons into sedimentary
sequences which contain organic debris, but of these a variable pro-
portiocn may be chemically and biochemically degraded in the early
stages of sedimentation. However, sediments can often produce
hydrocarbons, both naturally, and artificially in the laboratory, in
quantities vastly in excess of the amount of the original hydrocarbon
input. Therefore other sources must exist in the organic material
that are capable of generating hydrocarbons under peclogical
conditions.

The aliphatic hydrocarbons in many living crganisms have been
investigated and certain broad distributional patterns are apparent,
although by no means definitive. As this thesis is concerned with
the organic geochemistry of coal macerals, it will be apposite to
consider briefly the occurrence of hydrocarbon types in biological
materials that become incorporated into coals.

Hydrocarbons have been isolated from the surface waxes of many
higher land plants. Waxes occur as surface coatings of the leaves,
flowers, seeds and stems of most plants and they generally consist of
a complex mixture of aliphatic long-chain hydrocarbons, acids, alco-
hols, esters and related compounds (.:ylas and Eglinton, 1966).
Both straight- and branched-chain alkanes, and unsaturated hydro-
carbons, have been isolated from various plant waxes. This has been
the subject of much research and two comprehensive reviews on the
distribution of alkanes are availablc (Eglinton and Hamilton, 1963;
Douglas and Eglinton, 1966). In general, higher plant-wax n-alkanes
exhibit a predominance of odd carbon-numbered chain lengths, with a

large proportion of the total n-alkane fractions lying between 27025
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and n-C,c. Within this range the dominant homologues often are
E?C27: Efczg’ 27631 and 57C33’ while the even-carbon numbered homo-
logues are usually minor compenents.

There are also reports available indicating the occurrence of
generally smaller amounts of lower molecular weight n-alkanes in
higher plant tissues. The leaves of Trifolium pratense contain
n-alkanes in the Efcls to E'CZS range which show only a slight pre-
dominance of odd-numbered homologues (Weenink, 1962), while the
internal lipids of Spinacia oleracea leaves contain 27C28 to E7C33
n-alkanes showing a typical higher plant distribution but, in
28 n-alkanes which have a

smooth distribution (Kaneda, 1969). Herbin and Robins (1969) have

addition, smaller amounts of n-C, to n-C

stated that where n-alkanes formonly a small proportion of the
lipids of leaf cuticular waxes, the preference of odd- over even-
nunbered homologues tends to disappear.

Tubers of Dioscorea deltoidea contain a low proportion of
n-C;g to n-C;. n-alkanes in the external lipids which show an odd-
dominated distribution between 57C22 and 2;029, but the distribu-
tional maximum lies at n-Cy,. The combined external and internal
lipids have a maximum at 27C19 (Hardman and Brain, 1971). Analyses
of the lipids of several woods have shown the occurrence of smooth
distributions of n-alkanes up to n-C,. (Cocker and Shaw, 1963;
Cocker et al., 1965; Grice et al., 1963), and typical odd-dominated
higher n-alkane patterns with lesser amounts of lower molecular
weight homologues showing smooth distributions (Del Castillo et al.,
1967).

The wax n-alkanes of many lower plants contain relatively high
amounts of lower molecular weight n-alkanes in the n-C,. to n-C,;
range which have almost smooth distributions (Stransky et al., 1967).

Branched alkanes isolated from higher plants are usually present
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in small amounts compared to the n-alkanes. However, in the wax of

Plantago ovata seeds the anteiso-C,_, hydrocarbon was the most abun-

18
dant single constituent and constituted 10% of the total hydrocarbon
fraction (Gelpi gt al., 1969). Tobacco leaf wax has been shown to
contain odd-numbered iso-alkanes in the C27 to C33 range with i§g;C31
as the major component of the homology, as well as even-numbered

anteiso-alkanes in the C,g to C;, range, with anteiso—C72 as the

34
major component (Mold et al., 1963).

Iso- and anteiso-alkanes are known to be present in a number of
leaf waxes, and a number have been identified in the C13 to C33
range (Eglinton and Hamilton, 1967). In natural waxes it has been
generally concluded that iso-alkanes contain an odd number of carbon
atoms while anteiso-alkanes contain an even number (Wollrab et al.,
1967) . Monomethyl-branched hydrocarbons, other than iso- or
anteiso-alkanes,have also been identified in natural plant waxes
(Stransky and Streibl, 1969).

Olefinic hydrocarbons also occur in plant lipids, the content
varying between species and between individual plant parts. A
review paper reports the occurrence of three types of olefins in
plant waxes, namely straight-chain terminal, probable branched chain,
and cis- disubstituted olefins (Stransky and Streibl, 1969). Acyclic
isoprenoid alkenes, usually polyunsaturated, are known. Apple wax
has been shown to contain the C15 alkene farnesene (Murray et al.,
1964), and squalene, or an isomer, was isolated from seeds of
Balanites sp. (Hardman et al., 1970). Alkenes of carotenoid-type
can be isolated from many plants where they are components of the
pigments of flowers and fruits. Carotenes, especially B-carotene,
also occur in plant photosynthetic tissues.

Mono-, sesqui- and diterpenoid hydrocarbons are minor compo-

nents of plant resins which are often minor constituents of coals.



. [

The resins are composed of esters, acids, alcohols, aldehydes and
hydrocarbons, but normal or simple branched hydrocarbons have not
been identified (Thomas, 1969).

Lower organisms are also contributors to coals. Algae are
common but usually minor autochthonous coal constituents. Occasion-
ally, however, algal-rich coals are found, often in association with
normal bright coals, and algae are also contributors to the organic
matter of many oil shales. Bacteria and fungi must proliferate in
coal-forming swamps, and although morphological remains rarely are
preserved, the metabolic products of these organisms will be ubi-
quitous minor contributors to the organic debris. Fungal spores,
sclerotia and hyphae have been identified in coal.

Of particular relevance to coal studies are the analyses of the
hydrocarbons of the fresh water alga Botryococcus braunii. This
organism exhibits two distinct physiclogical states. In the brown
resting state, ca. 76% of the dry weight of the alga was composed
of hydrocarbons, the bulk of which was composed of two isomeric,
multibranched, polyunsaturated olefins of empirical formula C34H58,
termed botryocaccene and iso-botryococcene (Maxwell et al., 1968).

A structure has recently been proposed for botryococcene (Cox et
al., 1973). In the green growing state, ca. 20% of the dry weight
of the alga was extractable as hydrocarbons, less than 5% of which
were botryoccccenes. Analysis of these hydrocarbons showed that
three homologies were present, two of which were of the general
formula CnHZn-Z (5 compounds) and CnHZn-A (4 compounds) (Knights et
al., 1970). Iaboratory polymerisation of Botryococcus algae by
exposure to the air produced a rubbsry material rather like cooron-
gite, the presumed precursor of many torbanites. This can occur in
both the green and brown states of the alga. A recent proposition

is that coorongite, and hence torbanite, is the result of the poly-



merisation of the alkenes of the green growing state (Cane and
Albion, 1973).

Olefins have been reported in the lipid fractions of other
C

algae. Mono- and polyunsaturated n-alkenes of C g and Cyy
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chain lengths have been identified from a variety of marine algae
(Blumer et al., 1970; Youngblood et al., 1971). Mono- and di-enoic
chls and §;C17 hydrocarbons are quoted as being common constituents
of many marine algae (Youngblood et al., 1971).

Broad recurring patterns are distinguishable in the distri-
butions of n-alkanes which have been isolated from algal sources.
Both marine and fresh water algal n-alkanes often contain n-C;g or
3;C17 as the major component of the homology (Clark, 1966; Oro et
al., 1967; Stransky et al., 1968; Han et al., 1968a; Winters et al.,
1969). The total range of n-alkanes is quite variable between
genera, but when longer chain (i.e. higher than 27023) homologues
are present there is no marked preference for odd- or even-
numbered chain lengths (Clark, 1966). This is in direct contrast
to the distributions found in higher plant waxes. Simple branched
alkanes have also been reported from algal sources (Han et al.,
1968a; Stransky et al., 1968; Han and Calvin, 1970).

Hydrocarbons have been isolated from bacteria and fungi.
n-Alkanes extracted from waxes of fungal spores show distributions
similar to thuse of higher plant waxes (Oro et al., 1966; Laseter
et al., 1968). Branched chain hydrocarbons have also been reported
as fungal lipid constituents (Weete, 1972). Bacterial hydrocarbons
are often corolox mixtures of normal, branched, saturated and un-
saturated isomers (Weete, 1972). However, few analyses are available
from which general deductions can be made. The n-alkanes of Desulph-

ovibrio desulphuricans showed a smooth distribution in the C25 to

C35 range with a maximum at Efczg (Davis, 1968). However the relative



compositions of cultured bacterial lipids can be affected by the
nature of the culture medium (Tornabene et al., 1967). In this
respect, it has been demonstrated that the n-alkane patterns of
higher plants may show variations between identical species collected
at different localities (Stransky et al., 1967). It has been sugge-
sted that photosynthetic and non-photosynthetic bacteria may show
distributionally different n-alkane patterns (Han et al., 1968b;
Calvin, 1969).

Biological alkane patterns, generally of the predominantly odd
higher plant type, can often be recognised in extracts of Recent
sediments, older sediments which have had a mild thermal history,
peats and low rank coals. As maturation proceeds the indigenous
hydrocarbons become less dominant in the total distribution as a
secondary generation of hydrocarbons proceeds, producing a decrease
in the predominance of odd-numbered n-alkanes and in the average
molecular weight of the hydrocarbon fractions.

Coal is a material sensitive to change under progressive dia-
genesis, and the hydrocarbon patterns obtainable from coals of
various rank levels provide evidence of these changes. Hydrocarbons
have been isolated from many brown coals which are of commercial
interest because of the '"montan wax'' which can be extracted from
them. The n-alkane constituents of montan waxes generally show a
predominance of odd- over even-numbered carbon chains in the higher
molecular weight range (Wollrab et al., 1962; Maxwell, 1967; Wollrab
and Streibl, 1959; Dungworth, 1972). n-Alkanes showing a smooth
distributicn in the 2;023 to chss range were isolated from an
unspecified montan wax (Edwards et al., 1963) but the method of
isolation of the wax was not given, and in view of the other evidence
this result may be erroneous.

Branched and cyclic alkanes and unsaturated hydrocarbons have
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been reported as montan wax constituents. Cyclic di- and triter-
penoid alkanes have been isolated from Czechoslovakian lignites
(Maxwell, 1967) and from Bovey Tracey lignite (Dungworth, 1972),
while simple branched alkanes have been reported from a Bohemian
lignite (Wollrab and Streibl, 1969). Neither pristane nor phytane
have been identified from soft brown coals but the presence of ClS’
C18 and C19 acyclic isoprenoid hydrocarbons in low-temperature brown
coal tar has been noted (Kochloefl et al., 1963). Simple straight-
chain olefins, of probable direct plant origin, in the range C11 to
C40, have been isolated from Bohemian lignite along with trace
quantities of branched unsaturated hydrocarbons (Wollrab and

Streibl, 1969).

During the course of progressive coalification from brown coal
through bituminous coal to anthracite, thermal maturation produces
quantitative and qualitative changes in the organic extracts of
coals. In a study of Australian coals ranging from low (66.6%

C d.a.f.) to high(®5.7% C d.a.f.) rank, n-alkane distributions in
the C23 to C33 range were found to become smoother and, at the same
time, show a continuous decrease in the average molecular weight of
the mixture (Brooks and Smith, 1967). The rate of change of the
hydrocarbon distribution was greatest in the soft-brown to sub-
bituminous range. The samples used in the investigation were of
quite diverse origins, including foussil wood, pollen-rich coals,
vitrains and whole coals. Nevertheless, the results indicated that
processes do occur, probably essentially thermally-controlled, which
lead to progrescive alterations in n-alkane distributions.

In a study of German coals ranging in rank from sub-bituminous
to medium-volatile bituminous, the yield and distribution of n-alkanes
could again be related to the degree of coalification (Leythaeuser

and Welte, 1969). The samples used were of whole coals and petro-
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graphic variations led to some variability in results. The authors'
findings were that the alkane contents of the diethyl ether extracts
decreased progressively as the rank increased. The predominance of
odd-numbered n-alkanes, in the range ETCZS to 57C29’ also progress-
ively decreased while a relatively greater proportion of the series
occurred below 3;023. At the highest ranks studied, some of the
samples showed a reversal of the trend towards lower average mole-
cular weight.

In contrast, the alkane contents of acetone/dichloromethane
extracts of bituminous coals of N.E. England exhibited a marked
maximum at 85.2% C (calculated from the reflectivity of the
vitrain) (Cooper, 1973).

Much information is available in the literature on the hydro-
carbon types that can be extracted from coals or macerals, but the
majority of analyses have been made on individual samples. n-
Alkanes have been identified in extracts of vitrinite (Halleux and
de Greef, 1963; Powell, 1969; Allan, 1970), vitrain-rich whole coal
(Ouchi and Imuta, 1963; Vahrman, 1970), and spore-rich exinite
(Kroger et al., 1964; Powell, 1969; Allan, 1970). Acyclic iso-
prenoid alkanes have been identified in a variety of coals (Ley-
thaeuser and Welte, 1969; Birkofer and Pauly, 1969; Powell, 1969;
Vahrman, 1970). A relationship has been shown to exist in Austra-
lian coals correlating the relative concentrations of pristane and
phytane with rank (Brooks et al., 1969). Iso-alkanes have also
been identified as coal components (Birkofer and Pauly, 1969;
Vahrman, 1¢72). along with cycloalkanes (Vahrman, 1972). Gas-
chromatographic-mass spectrometric identification of triterpanes
from a vitrinite-rich coal has been made (Birkofer and Pauly, 1969)
and recently, adamantane was identified for the first time in a

bituminous coal extract (Ouchi and Imuta, 1973).
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Unsaturated aliphatic hydrocarbons are not often quoted as
bituminous coal constituents but their occurrence has been noted
(Kroger et al., 1964; Powell, 1969). Alk-l-enes and alk-2-enes
have been reported from one particular coal (Spence and Vahrman,
1965; Vahrman, 1970). The general distribution of the alkenes
was said to be similar to the corresponding n-alkanes, although
they occurred in very much smaller quantities.

Aromatic hydrocarbons usually occur in coal extracts to a
much greater extent than aliphatic hydrocarbons. However the
complexity of these fractions makes identifications difficult.
Nevertheless alkylated mono- and di-cyclic aromatic compounds and
unsubstituted polycyclic aromatics have been identificd (Ouchi and
Imuta, 1963; Halleux and de Greef, 1963; Kroger et al., 1964;
Birkofer and Pauly, 1969; Vahrman, 1972).

Few analyses of thc¢ hydrocarbons of algal coals are available.
A Scottish torbanite, of high-volatile bituminous rank, contained
n-alkanes in the n-C,, to n-C,, range showing a smooth distribution
and a maximum at n-C,,. Pristane and phytane were identified as
branched alkane components (Maxwell, 1967; Douglas et al., 1969b).

Coorongite, an intermediate stage in the formation of torbanite,
has been shown also to contain n-alkanes in the n-C,, to n-C,,
range, and these also showed a smooth distribution. Pristane,
phytane and the C18 acyclic isoprenoid alkane were also identified.
Alkenes were present in the 1lipid fraction of the coorongite and
an homology of n-alk-l-enes ranging from C16 to C28 was identified

(Maxwell, 1957).



Results

Total alkanes

A fraction containing alkanes only (total alkanes) was isolated
from cach maceral extract, except Yallourn resinite, and was examined
by gas chromatography. Vitrinite, sporinite, cutinite and alginite
alkanes were further separated into normal and branched/cyclic
alkanes by 5A mclecular sieve. Quantitative data for maceral alk-
anes are given in Table 6.

Gas chromatographic (gc) analyses of the total alkanes from
vitrinites (Figs. 8 and 8a) and sporinites (Figs. 9 and 9a) showed
that they all contained alkanes generally in the range Efcls to
ca. ETCSS' However the experimental methods employed in this work
produced losses of lower-boiling components below about Cyg» SO
that the lower limits of these distributions were experimentally
and not naturally produced. Therefore, quantitative comparisons
of results below C15 cannot be made. n-Alkanes were apparent up
to ca. E;CSO in the gc traces of the total alkanes, and they showed
distributional changes with increasing rank of the samples. Branched
and cyclic components occurred bimodally, mainly in the sterane/
triterpane region and below CZO’ and these compounds also showed
changes with increasing rank. Pristane was the major single compo-
nent of the total alkanes throughout most of the investigated rank
range. The distributions of normal and branched/cyclic alkanes from
all the macerals are individually discussed below in more detail.

The total alkanes of Indiana cutinite (Fig. 10) had a bimodal
distributioci due to the occurrence of two distinct ranges of
branched and cyclic compounds. n-Alkanes were however apparent
between n-C, . and n-C,o. Pristane was again a dominant component.

Alginite total alkanes (Fig 11) had dissimilar distributions
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Table 6: Alkanes isolated from the paceral concentrates

Total n- Branched/ Alkanes b/c
alkanes Alkanes cyclic Extract n
alkanes Alkanes
(mg/gm) (mg/gm) (mg/gm)
Vitrinitec
High Hazles Gedling 0.11 0.02 0.10 0.12 6.12
Westfield 0.14 0.02 0.11 0.14 6.94
Clowne 0.79 0.10 0.58 0.36 4,88
Shallow 0.12 0.02 0.07 0.08 4.93
High Hazles Warsop 0.17 0.03 0.09 0.13 3.03
Deep Hard 0.23 0.04 0.16 0.24 3572
High Hazles Whitwell 0.10 0.01 0.07 0.09 7.00
Beeston 0.38 0.07 0.26 0.23 3.64
Barnsley 1.06 0.42 0.58 0.98 1.37
Parkgate 1.11 0.58 0.44 5.24 0.75
Silkstone 0.69 0.34 0.29 2.82 0.84
Sporinite
Donibristle 0.22 0.02 0.15 0.49 8.06
High Hazles Gedling 0.68 0.06 0.56 1.10 9.00
Clowne 1.26 0.17 0.82 1.36 4.88
Shallow 0.34 0.04 0.21 0.61 5.55
High Hazles Warsop 0.38 0.05 0.23 0.93 4.30
Deep Hard 0.92 0.14 0.57 2.33 3.95
High Hazles Whitwell 0.77 0.19 0.56 1.60 2.99
Beeston 0.80 0.08 0.58 1.99 7.25
Barnsley 2.98 0.91 1.35 5.81 1.48
Parkgate 3.46 0.66 1.97 9.55 2.97
Silkstone 2.53 0.97 1.27 6.10 1.30
Alginite
Scotland 1.96 0.63 0.85 33.28. 1.36
South Africa 0.44 0.04 0.31 13,77 7.85
New South Wales 4.41 1.25 2.45 28.34 1.96
Cutinite
Indiana 0.23 0.05 0.14 0.29 2.80
Resinite
Yallourn n.d. n.d. n.d. n.d. n.d.
Bitterfeld 0.09 n.d. n.d. 0.03 n.d.
Maghara 10.11 n.d. n.d. 1.85 n.d.

n.d. not determined



Fig. 8. Total alkanes of vitrinites
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Fig 8a. Total alkanes of vitrinites
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Fig. 9. Total alkanes of sporinites
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Fig. 9a. Total alkanes of sporinites
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Fig. 10. Total alkanes of cutinite
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Fig. 11. Total alkanes of alginites
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Fig. 12. Total hydrocarbons of Yallourn resinite and
total alkanes of Bitterfeld and Maghara resinites
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to those of vitrinite and sporinite. Scottish and New South Wales
alginite alkanes were dominated by normal components between n-Cy¢

and n-C 0’ with branched/cyclic compounds also occurring throughout

3
this range. n-Alkanes were less prominent constituents of the
total alkane fraction of South African alginite, which produced a
number of major non-normal components above CSO‘

The total alkanes from resinites (Fig. 12) showed a third
type of distribution. The hydrocarbon fraction of Yallourn resinite
was not separated into saturated and unsaturated fractions because
of the small quantity of material available. However analytical
argentatious thin-layer chromatography of this sample showed that
the total hydrocarbons were prcdominantly alkanes. All three resi-
nites produced very complex mixtures of alkanes in the C16 to sz
range, and Maghara resinite also produced a small quantity of
lower molecular weight material.

The gc's of Yallourn resinite total hydrocarbons and Bitter-
feld total alkanes indicated that there may be small amounts of
n-alkanes present in the 2;C20 to EfCSO range. No previous reports
of the identification of n-alkanes from resinites have been located

by the author.

n-Alkanes

n-Alkenes were separated from the total alkane fractions of
vitrinites, sporinites, alginites and cutinite, using 5A molecular
sieve.

Generzlly, vitrinite n-alkane distributions (Figs. 13 and 13a)
showing a predominance of odd-numbered homologues at lower ranks
changed to ones that were much smoother at higher ranks., This is
reflected in the carbon preference indices (CPI: Bray and Evans,

1961), measured in the range £7C23 to E;C33 and shown in Table 7,
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*
Table 7: CPI values of the maceral n-alkanes

CPI
Vitrinite
High Hazles Gedling 1.56
Westfield 1.42
Clowne 1.28
Shallow 1.21
High Hazles Warsop 1.17
Deep Hard 1.21
High Hazles Whitwell 1.15
Beeston 1.20
Barnsley 1.08
Parkgate 1.04
Silkstone 1.07
Sporinite
High Hazles Gedling 1.35
Donibristile n.d.
Clowne 1.28
Shallow 1.14
High Hazles Warsop 1.05*"
Deep Hard 1.17
High Hazles Whitwell 1%20
Beeston 1.18
Barnsley 1.04
Parkgate 1.04
Silkstone 1.02
Alginite
Scotland 1.11
South Africa 1.26
New South Wales 1.14
Cutinite
Indiana 1.12

CPI's calculated by gc peak-height measurement in the
range §7C23 to ETCSS'

n.d. not determined

*
This value may be incorrect as the n-alkane distri-
bution obtained after treatment with 5A molecular
sieve did not correspond to the apparent distribution
in the total alkane chromatogram - there was an
apparent reduction in the predominance of higher
molecular weight odd-numbered homologues.
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which can be seen to progressively decrease from 1.56 at low rank
to almost unity at high rank. In the lower rank samples, 2¢C27
appeared as the major component, but with increasing coalification
ETCZI became the major homologue. A general change was also evi-
dent in the average molecular weight distributions, which were pre-
dominantly high at lower ranks and predominantly low at higher
ranks. In the two samples of highest rank, n-C, ¢ and n-C;g were

the major n-alkanes, but these lower molecular weight ranges are
susceptible to preferential losses during laboratory procedures and
the true maxima may be much lower. This preferential loss can be
seen by comparing the n-alkane distribution of Parkgate vitrinite
(Fig. 13a) with the apparent distribution of these components in the
total alkane chromatogram (Fig. 8a) of the same sample.

Sporinite n-alkane distributions (Figs. 14 and 14a) showed
changes of pattern with increasing rank generally similar to those
observed in vitrinite n-alkanes. The major component changed from
n-Cyg at low rank to n-C,, at high rank, although these highest
rank distributions have been severely affected by laboratory pro-
cedures (¢f. Fig. 9a for the apparent distribution of n-alkanes in
the total alkane chromatogram of Parkgate sporinite). The CPI
values of the sporinite n-alkanes, again measured in the range
BTCZS to 2;033, changed from 1.35 at low rank to 1.02 at high rank,
accompanied by a change to increasingly lower average molecular
weight distributions.

n-Alkanes from the three alginites (Fig. 15) exhibited three
different distributional patterns. South African alginite produced
n-alkanes from n-C,q to n-C,., with n-C,, and n-C,9 as the dominant
homologues. The remainder of the distribution showed a much more
reduced preference for odd carbon-numbered homologues. Alginite

from New South Wales yielded n-alkanes ranging from 97C17 to E:css



Fig. 13. n-Alkanes of vitrinites
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Fig. 14. n-Alkanes of sporinites
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Fig. l4a. n-Alkanes of sporinites
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Fig.15. n-Alkanes of alginites
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with 57C23 as the major component. This sample showed the greatest

preference of odd-numbered members of all three alginites. Scottish
alginite produced a smoother distribution of n-alkanes ranging from

n-C;s to n-Czq, with n-C,, as the main constituent. CPI values for

alginite n-alkanes are shown in Table 7.

Indiana cutinite produced n-alkanes in the range n-C,q to n-C,e,
with a distributional maximum at ETCZI' Although there was no major
preference for odd-numbered homologues the distribution showed a
subsidiary maximum at ETC27’ and the n-alkanes had a CPI of 1.12.
This value was considerably lower than those of the low rank

sporinites.

Branched/cyclic alkanes

All the branched/cyclic alkane fractions were examined by gas
chromatography and some representative chromatograms are reproduced
in Figs. 16 to 19.

Vitrinite branched/cyclic alkanes (Figs. 16 and 16a) showed
distributional changes with increasing rank. The two lowest rank
samples (High Hazles Gedling and Westfield) had bimodal distributions

with material in the sterane/triterpane and in the C16 to C,, ranges.

22
The higher molecular weight range was more complex in Westfield than
in High Hazles Gedling vitrinite.

In the rank range 77.5 to 83.3% C (d.a.f.), these cycloalkanes
(Fig. 16, middle and bottom gc's) became less dominant members of
the fractions. The gc fingerprints of these compounds in this rank
range were very similar, and subsequent measurements of their Kovats
indices on 100m. OV-101 and SOm. Dexsil 300 capillary columns respec-
tively strongly suggested that the same compoundﬁ occurred in each
sample. Preliminary gc-ms work has confirmed that they included

triterpanes of the hopane type, with 27 to 31 carbon atoms (but
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excluding the C28 triterpane). No identifications have yet been

made on the compounds with more than 31 carbon atoms. C c

27 ~29°

C30 and C31 triterpanes have been identified by gc-ms in a French
bituminous coal (Ensminger et al., 1973), and these were also of

the hopane type.

At ranks higher than 83.3% C (d.a.f.) the gc's indicated that
there was a continual reduction in the relative concentrations of
triterpanes with rank and a concomitant increase in the concent-
rations of material of lower molecular weight (Fig. 16a). Triter-
pane constituents did not disappear entirely however in the highest
rank samples analysed.

Acyclic isoprenoid alkanes occurred throughout the rank range
in vitrinite. Westfield and High Hazles Gedling vitrinite branched/
cyclic alkanes contained the C18’ C19 and C20 acyclic isoprenoid
alkanes but they were minor constituents compared to the higher
molecular weight polycyclic material. With further coalification,
they became major components of the branched/cyclic alkane frac-
tions in which acyclic isoprenoids from C15 to C20 (with the
possible exception of 017) were found. In all samples analysed
pristane was the dominant branched compound.

In general it could be seen that with increasing coalification
there was a decrease in the average molecular weight distribution
of compounds and a bimodal distribution at lower ranks slowly
changed to a unimodal distribution at the highest ranks.

Branched/cyclic alkane fractions of sporinites (Figs., 17 and
17a) were generally similar to those of vitrinites. Donibristle
sporinite was unusﬁal however in that a greater part of the fraction
occurred in the c16-022 region, but a secondary distributional maxi-
mum occurred in the sterane/triterpane region. High Hazles Gedling
sporinite had a greater proportion of material in the higher molecular



Fig. 16. Branched/cyclic alkanes of vitrinites
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Fig. 16a. Branched/cyclic alkanes of vitrinites
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Fig. 17. Branched/cyclic alkanes of sporinites
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Fig. 17a. Branched/cyclic alkanes of sporinites
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weight range, and in the clﬁ'CZZ region the CIG‘ ClO’ ‘19 and C20
acyclic isoprenoid alkanes were predominant, with pristane as the
major component,

Increasing coalification produced similar trends to those
observed in the vitrinite branched/cyclic alkane fractions. Indeed,
the most interesting point was that chromatograms of the branched/
cyclic alkanes of sporinites were qualitatively very similar to
those of the corresponding vitrinite fractions throughout the invest-
igated rank range. The Kovats indices of the compounds in the
triterpane regions suggested that the major components were the same
as those found in the vitrinites, but this has not yet been confirmed
by mass spectrometry.

Indiana cutinite branched/cyclic alkanes showed a similar bi-
modal distribution to those of low rank sporinites and vitrinites.
Once again pristane was the major single constituent.

Branched/cyclic alkane fractions of algiﬁites (Fig. 18)
appeared to be quite unlike those of vitrinites and sporinites.

The Scottish and New South Wales samples appeared somewhat quali-

tatively similar to each other in the C14 to C ¢ range although

2
above about C26 the chromatograms were not comparable since the New
South Wales sample had a relatively greater amount of material in
this range than the Scottish sample. Both fractions were excep-
tionally complex throughout, and packed column gc suggested that

at least three homologies were present. Pristane was present in
both samples. South African alginite branched/cyclic alkanes showed
a different distribution in that most of the fraction occurred above
C27. with sma’ler amounts only in the C16 to 627 range. It was how-
ever as equally complex a mixture as those isolated from the other

alginites.

The Scottish alginite branched/cyclic alkanes were analysed on



Fig. 18. Branched/cyclic alkanes of alginites
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Fig. 19. Capillary gas chromatogram of branched/cyclic alkanes of Scottish alginite
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a high resolution capillary column (Fig. 19), and coinjected with
iso- and anteiso-alkanes in the C15 to C22 range, and n-alkyl-
substituted cyclohexanes in the C15 to C21 range. The results indi-
cated that homologies of both iso- and anteiso-alkanes in the C15

to C24 were present, and examination of the packed column gc's shows
that thesc homologies probably extended up to ca‘CSO' The evidence
for the presence of n-alkyl-substituted cyclohexanes was equivocal.
The similarity of the gc's of the branched/cyclic alkanes of Scottish
and New South Wales alginites suggests that iso- and anteiso-alkanes
may be present in the latter sample, and also possibly relatively
small amounts in South African alginite.

Branched/cyclic alkanes fractions were not isolated for resin-
ites. The total alkane chromatograms (Fig. 12) showed highly
complex mixtures of compounds in the C16 to sz ranges, with some
lower molecular weight material in Maghara resinite. The material
in the C16-sz range may perhaps be cyclic diterpanes from their
position in the chromatograms, while the lower molecular weight

Maghara material lay in the sesquitcrpane region. However no

structures have been determined for any of the resinite compounds.

Alkenes

Alkenes were detected in the extracts of the three resinites,
Westfield and High Hazles Gedling vitrinites, and New South Wales
alginite. They were subsequently isolated from all these samples
except Yallourn resinite, where the total amount of aliphatic hydro-
carbons was toc small to attempt further fractionations. The yields
of alkenes reccvered from the other samples are shown in Table 8.

Gec analysis of the Bitterfeld and Maghara (Fig. 20) resinite
alkenes showed a complex mixture of compounds occurring in the

sesqui- and diterpene regions of the chromatogram, paralleling the



Table 8: Alkenes isolated from the maceral concentrates

Alkenes Alkenes
Extract
(mg/gm) -

Resinite

Bitterfeld 0.04 0.01
Maghara 7.31 1.34

_Vitrinite

Westfield 0.06 0.06
High Hazles Gedling 0.02 0.02

Alginite
New South Wales 0.06 0.36
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alkane constituents of these macerals.

Gc analysis of the two vitrinite alkene fractions (Fig. 21,
top and middle chromatograms) indicated the presence in each of what
appeared to be a dominating homologous series of compounds and a
more complex region, probably of cyclic material, distributed about
the C_, region. Westfield vitrinite yielded an homology in the C19

30
to C,, range with a smooth distribution and a marked maxiimm at C28‘

43
In High Hazles Gedling vitrinite, an homology was confined to the
C20 to C30 range, again with a smooth distribution and a maximum at
Cog-

New South Wales alginite alkenes (Fig. 21, bottom chromatogram)
were also dominated by an homologous series of compounds, ranging
from C16 to ng. In contrast to the vitrinites, this Jistribution
had a maximum at C18 and in the higher molecular weight range (C24
to ng) showed a predominancc of even- over odd-numbered chain
lengths. Above C25 other non-homologous material was present in
lesser amounts,

Hydrogenation of New South Wales alginite and Westfi:ld vitri-

nite alkenes converted the predominant homologies to n-alkanes

(confirmed as such by coinjection of standards), indicating that

the original compounds were n-alkenes.



Fig. 20. Alkenes of Maghara resinite
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Fig. 21. Alkenes of vitrinite and alginite
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Discussion

Saturated hydrocarbons were isolated from all the maceral con-
centrates except Yallourn resinite. Yields varied widely with mace-
ral type and also with rank in the vitrinites and sporinites as
depicted in Fig. 22. The variation with rank was not uniform however.
Both vitrinite and sporinite from the Clowne coal had anomalously
large amounts of alkanes relative to other samples of similar rank,
whereas High Hazles Whitwell vitrinite gave a rather low yield. The
Clowne values probably reflect the environmental conditions following
deposition of the peat precursor, as both the vitrinite and sporinite
were anomalous. As the peat was buried under marine sediments, de-
composition under highly anaerobic conditions could give a product
relatively enriched in hydrogen. Strong bacterial activity was
indicated by the high pyrite content of this coal.

The low content of alkanes in High Hazles Whitwell vitrinite was
not reflected in the corresponding sporinite and cannot be explained
therefore as environmental conditions affecting the seam as a whole.
Microscopically this vitrinite appeared very similar to those of the
other samples, and no reason is apparent for its low content of
alkanes.

Alkane yields from vitrinite and sporinite were greatest in the
higher rank samples. Throughout the rank range examined, sporinite
yielded a greater quantity of alkanes than the corresponding vitri-
nite. It has long been accepted that exinites have a more aliphatic
structure than vitrinites up to the rank level of the coalification
break (Boyer et al., 1961; Francis, 1961; Tschamler and de Ruiter,
1966) . The higher content of alkanes in the sporinites is acceptable
on this basis provided that complete extraction had taken place.
There is perhaps the possibility that in two different structural

matrices the abllity of a solvent to penetrate them may be variable,



FI1G, 22,

mg/qgm

alkanes

Total

YIELDS OF TOTAL ALKANES FROM VITRINITES

AND SPORINITES
3.5 .
A
/ \
// \
3.0 4 /
' 1
)
|
|
2-5 - sporinilc:
|
|
.'
2.0 - |
|
|
.'
1.5 - o
- |
H |
09/} ! |
I\ /,\\.____.1
b 4
| 7/
0.5 = |‘ // . vitrinite
| ____.._0/ ®
P
| T | SR | | L i L '
17 79 8l 83 85 87



and hence the meaning of ''total extraction'' may also be variable.

The other exinite macerals investigated showed a wide diver-
gence in the amounts of alkanes they contained (Table 6). Surpris-
ingly, the richest of all the samples was Maghara resinite, which
yielded more than twice the amount of alkanes than the next richest
sample (New South Wales alginite). Conversely, the other two resi-
nites provided exceptionally low, but comparable, amounts of alkanes.
However resinite hydrocarbons were rather unique in type when compared
to those of the other macerals, and would not give rise to the usual
n-alkane-dominated hydrocarbon patterns associated with many sedi-
mentary rocks (Meinschein, 1961; Martin et al., 1963). They must
therefore be considered as minor contributors to sedimentary hydro-
carbons.

The threc alginite samples produced widely differing amounts
of alkanes and the highest value exceeded those of the richest
sporinites. It is difficult however to generalise upon the role
of algae as geological hydrocarbon sources from these results, as
the phenomenon of torbanite formation is presently linked only to
one specific alga. Clearly however this particular material has
the potential to produce large amounts of hydrocarbons during matu-
ration. The three alginites had carbon contents between 80.5% and
84.0% C (d.a.f.), and the yields of alkanes may be partly dependent
on rank anc partly on the relative states of reduction of the accum-
ulating algal detritus., However, Brooks and Smith (1967) showed
that the rate of change of alkane distributions of coals, and hence,
presumably, of rate of production, was greatest in the sub-bituminous
to high-volatile bituminous rank range. Samples of alginites of
higher rank would be required to investigate more thoroughly their
potential for generating alkanes.

The CP1 values of the n-alkanes (measured above n-C,;) of vitri-
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nites and sporinites decreased to almost unity with increasing coali-
fication (Fig. 23). This trend has also been demonstrated in other
studies (Brooks and Smith, 1967; Leythaeuser and Welte, 1969; Cooper,
1973). In the present investigation data showed that the CPI
decrease was caused by a continued relative increase in concentration
of each n-alkane in the n-C,; to n-C,; range. Individual n-alkane
concentrations are listed in Tables 9 and 10.

In vitrinites, each alkane in the n-C,, to n-C,q range increased
in concentration up to a rank of 83.9% C (d.a.f.) while EVCSO and
n-Cq, increased up to 86.6% C (d.a.f.) (Figs. 24 and 25). At a rank
of 83.9% C the CPI had decreased to 1.08. In sporinites, n-alkanes
in the n-C,g to n-C;, range increased in concentration up to a rank
of 86.6% C (d.s.f.), although ETCSI reached a maximum concentration
at a lower rank of 83.9% C (d.a.f.). The CPI's of the sporinite
n-alkanes at these rank levels were close to unity. It can be seen
therefore that the mechanism of CPI decrease is dominated by the
generation of long-chain hydrocarbons, and not by degradation of the
pre-existing patterns.

It is not possible, with this data, to determine the distribu-
tion of the alkanes that were actually being generated. If they had
a CPI of unity and were produced in sufficiently large amounts they
would dilute the pre-existing pattern to produce a smooth distribution.
On the other hend, if n-alkanes with a CPI of less than unity were
produced, the same effect would be achieved. However it might then
be expected that even-dominated n-alkane distribut’.ns would occur
commonly in nature. In fact, such distributions are rare, although
some have been found (Albaiges and Torradas, 1974; Cooper, 1973;
Grantham, 1974; Welte and Waples, 1973).

In a study of the changes in the distributions of n-alkanes

/
with depth in the Green River shale, Robinson et al., (1965), postu-
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Table 9: Concentrations of n-alkanes isolated from
vitrinites (mg/gm x 1073
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n-Alkane
carbon no,

17 - - 1.0 - 0.6 0.4 - 0.4 25.0 55.0 21.0
18 - 0.1 9.6 0.2 2,0 1.8 0.2 2.3 37.0 55.1 33.2
19 - 0-4 605 1-0 3.7 3.4 0-7 506 46.1 47.5 3905
20 0.1 0.7 9.6 1.4 3.2 3,6 0.9 6.2 45.2 42.0 36.6
21 0.7 1.1 8.4 2.0 4.1 4.7 1.1 8.1 46.9 39.8 37.3
22 0.9 1.3 6.5 1.5 2.3 3.6 0.8 6.6 39.2 32.5 30.4
23 1.1 1.7 7.8 1.6 2,3 3.9 0.9 7,2 36.1 29.2 28.1
24 1.2 1.5 8.4 1.3 2.2 3.5 0.9 6.5 31.5 26.1 23.9
25 1.5 1.9 9.6 1.5 2.1 3.7 0.9 6.7 28.3 23.0 21.5
26 1.6 1.4 9.4 1.1 1.9 3.3 0.9 5.8 23.5 19.7 17.7
27 2.8 2,213.0 1.4 2.1 3.9 1.0 6.6 20.3 16.8 15.8
28 .7 0.9 6.4 0.8 1.3 2.6 0.6 3,7 14.1 1.8 1.7
29 2.4 1.6 5.5 0.8 1.2 2,6 0.5 3.3 10.6 8.4 9.4
30 0.9 ¢.4 1.9 0.3 0.4 1.0 0.2 1.4 S5.,1 8.1 5.8

31 0.9 0.4 1.6 0.2 0.2 0.7 0.1 0.9 2.3 3.6 4.1
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Table 10: Concentrations of n-alkanes isolated from
sporinites (mg/gm X 10-3)
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17 - 6.3 0.2 1'0 404 106 017 4901 56.8 8-5
18 - 9:6 152 2.8 - 7.8: -7.1:. 3.6 64,8 58,8 47.3
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20 2.1 13:5 351 04030115 80015.3 1847 86,7 55.7 117.1
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23 4.4 13.2 3.5 4.4 12.8 16.9 9,3 79.9 43.7 95.4
24 4.5 11.1 3.0 4.4 11.1 14.9 7.3 70.5 39.8 84.1
25 4.8 12.5 2.9 4.3 11.1 15,3 6.7 60.6 36.6 75.6
26 5.8-11.2 2.9 4.5 10.1 14.4 5.1 50.0 31.4 65.1
27 7.4 14.5 3.2 4.4 11.2 16.2 5.4 40.7 27.8 54.8
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31 3.9 13060150, 1R 0SR20 78390 1051 8.4 7.2 7.6




FIG.24. VARIATION OF CONCENTRATION OF ODD-NUMBERED n-ALKANES OF VITRINITE WITH RANK
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FIG.25. VARIATION OF CONCENTRATION OF EVEN-NUMBERED n-ALKANES OF VITRINITE WITH RANK
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lated that the observed changes could be explained by the gencration
of even-dominated n-alkanes. It will be shown later (Chapter 4)
tliat pyrolysis of the extracted vitrinite and sporinite residues,
under mild conditions, produced even-dominated distributions of
n-alkanes. However the fact that natural even-dominated distribu-
tions are rare has to be explained.

The relative proportions of the vitrinite n-alkanes lying above
and below n-Cyz (Fig. 26), changed markedly at the point where the
higher n-alkanes showed maximum concentrations. At lower ranks,
more than 60% by weight of the n-alkane fractions lay above ETC23
(with the exception of High Hazles Warsop vitrinite). At the point
where the CPI was reduced to 1.08 and the higher n-alkanes showed
their highest concentrations (i.e. Barnsley vitrinite), only ca. 40%
of the whole fraction lay above ETCZS' This relationship was more
tenuous in sporinites where the level of maximum higher (i.e.
greater than g;sz) n-alkane concentration was at a higher rank than
in vitrinites. However the trend towards lower average molecular
weights with increasing rank was still found (Fig. 26).

The foregoing evidence indicates that the distribution of n-
alkanes in vitrinites and sporinites may have been dependent on
processes which produced two distinct effects at different stages
during coalification, Initially the trend towards decreasing CPI's
and increasing higher n-alkane contents must have been a stage where-
by alkanes were being generated from, possibly, the kerogenic matri-
ces of the maceral:, without undergoing extensive concomitant frag-
mentation to shorter chain lengths. Figs. 24 and 25 show that the
rate of increase in concentration of individual homologues was slow
up to a rank of 83.3% C (d.a.f.), but accelerated rapidly between
83.3% and 83.9% C (d.a.f.), and then the concentrations began to

decline. However the amounts of total n-alkanes continued to increase
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above this rank, and increasing amounts of the lower molecular weight
constituents began to appear in the extracts. If the insoluble
matrices of the macerals were showing a greater response to the pre-
vailing geothermal conditions above a rank of 83.3% C (d.a.f.) by
the thermal cracking of greater quantities of alkyl chains from the
kerogens, then there is no a priori reason why the already-soluble
material should not become more susceptible to thermal degradation
at the same time. Thus, although long-chain n-alkanes may still be
cracking from the kerogens, they could also be undergoing further
fragmentation to shorter chain homologues to produce the n-alkane
distributions that were obscrved in the highest rank samples. It
has been shown in laboratory experiments that n-alkanes degrade
thermally to a smooth series of n-alkanes and n-alkenes of lower
molecular weight (Henderson et al., 1968). Thercfore, during coali-
fication, thermal cracking of the generated n-alkanes would cause
the CPI's of the distributions to remain close to unity, despite any
inherent preference for odd- or even-numbered chain lengths. The
source of the alkanes must be speculative, but possible precursors
are wax lipid components, especially esters, acids and alcohols, as
well as indigenous alkanes of primary plant material.

If indigenous n-alkanes are considered as a partial source of
the higher odd-numbered n-alkanes of coals, then their release into
the soluble fraction of a particular coal must be governed by the
structure of the coal matrix. As the matrix changes in response to
increasing coalification the number of sites where stable alkanes
could be physically entrapped may decrease. Some experimental evi-
dence has been advanced to show that the order of removal of hydro-
carbons from coal by solvent extraction was governed by the molecular
size and shape of the hydrocarbons (Vahrman, 1970) and that complete

removal, especially of n-alkanes, required a considerable period of time.



- 80 -

Fat and wax esters are possible hydrocarbon precursors which
occur in abundance in nature. In Recent sediments however the
extractable content of these materials is generally low compared to
the input (Abelson, 1963). This has been used as an argument for
either their rapid incorporation into the insoluble fraction of the
organic matter, or their equally rapid biological degradation by
nicro-organisms. Undoubtedly both of these factors are applicable
to variable extents.

Wax esters contain straight-chain aliphatic carboxylic acids
and alcohols with chain lengths of the alkyl moieties usually in

the C2 to C34 range (Mazliak, 1969). They show a strong predomi-

0
nance of even-carbon-numbered chain lengths. They are nct found

in any great quantity, if at all, in bituminous coal extracts
however (Brooks and Smith, 1969). If, therefore, these compounds
are present in bituminous coals, they must either be bound in such

a way to the matrix that hydrolysis of the ester linkage is insu-
fficient to release the moieties, or hydrolysis may have taken

place naturally to leave the moieties individual linked to the
matrix, possibly through terminal oxygen functions or C-C linkages.
Infra-red studies (previous chapter) showed that carbonyl groups
were present in exinites almost to medium-volatile bituminous rank,
but were not detectable in the vitrinites. This may be a reflection
of the greater lipid input into exinites.

The production of alkanes by the decarboxylation of fatty acids
has been postulated as an organic geochemical process (Cooper and
Bray, 1963; Jurg and Eisma, 1970; Kvenvolden, 1966, 1970), and labo-
ratory studies have indicated that thermal treatment of esters, and
sediments, can produce n-alkanes which, under suitable conditions,
can show odd- or even-dominated or smooth distributions (Douglas et

al., 1970b; Maxwell, 1967; Mitterer and Hoering, 1968; Connan, 1970;
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Dungworth, 1972; Connan, 1973; Coates, 1973; Stanbridge, 1973;
Esnault, 1973). In dealing specifically with coals Brooks and Smith
(1969) have effectively demonstrated that extracted coal residue
itself acts as a catalyst in the decarboxylation of even-numbered
acids to produce odd-numbered n-alkanes. In addition they showed
that, while simple thermal treatment of esters produced even-numbered
alkenes from the alcohol moieties, addition of the extractable
acetone-soluble branched and cyclic esters of coal converted the
alkenes to alkanes.

If n-alkane generation and their subsequent thermal cracking
were of sequential importance during coalification, it is difficult
to explain why the two processes were more sharply delineated in
vitrinites than in sporinites. This could be an environmental
factor as the sporinites were isolated from durains and the vitri-
nites from vitrain. Durains often have a higher content of clay
minerals than vitrains, and clay catalysis may have been of greater
importance in the sporinites, influencing the rates and temperatures
at which the reactions proceeded. It would be of interest to com-
pere the n-alkane concentrations of sporinites isolated from cla-
rains and durains to see if such factors do in fact have any
detectable effect.

The composition of the branched/cyclic alkane fractions of
vitrinite and sporinite also seemed to be dependent on rank. There
is, therefore, a possibility that this part of the hydrocarbons,
extractable from geological samples, could be used for maturation
studies as are n-alkanes. Unfortunately, quantifying the data and
identifying the constituent compounds is not as straightforward as
it is for n-alkanes because of the wide diversity of compound types
that are present in these fractions.

Three major progressive changes occurred with increasing
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coalification, manifested in the increase in amounts of acyclic

C.. to CZO isoprenoid alkanes, the decrease in the amounts of poly-

15
cyclic compounds of high molecular weight, and increasing complexity
of the fractions as a whole below about C23.

The concentrations of the C

C19 (pristanc) and C (phytane)

18°

20

acyclic isoprenoid alkanes are shown in Table 11. Examination of

the gc's of the total alkane fractions showed that the C,. and C

15 16
isoprenoid compounds alsoc increased in concentration with increas-
ing coalification, but the absolute amounts of these two compounds
have not been calculated because of their greater susceptibility to
loss during analysis.

The variation of pristane:phytane ratios with increasing coal-
ification was elucidated for a series of Australian coals (Brooks
et al., 1969), where it was found that the ratio increased to a
maximum at a rank of ca. 83% C (d.a.f.), and subsequently decreased
with further coalification. Pristane:phytane ratios from the re-
sults of the present investigation are given in Table 11. Fig. 27
shows that sporinites produced a trend substantially in agreement
with the work of Brooks and co-workers. The vitrinite trend was
more random. Furthermore, sporinites produced a higher maximum
ratio than vitrinites. A variation such as this in a particular
parameter which is being applied to the problem of geochemical
maturation underlines the importance of gaining some knowledge of
the composition of the organic matter which is being investigated.

Brooks et al., demonstrated by thermal degradation experiments
that phytanic acid is more likely than phytol to produce a dominance
of pristane over phytane in sediments. The pristane:phytane ratios
therefore may be used as an indicator of the relative degree of oxi-
dation which has occurred in the early diagenesis of sediments. The

mechanism of the generation of these alkanes, from the respective
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Table 11: Concentrations of acyclic isoprenoid alkanes

in vitrinites and sporinites (mg/gm x 10'3),

and pristane:phytane ratios

€18 C19 €20 C19/C20
Vitrinite
High Hazles Gedling - 0.53 0.18 2.94
Westfield - 0.62 0.24 2.58
Clowne 4.50 42.00 4,20 10.00
Shallow 0,53 6.90 0.85 8.20
High Hazles Warsop 0.80 7.20 0.80 9.00
Deep Hard 0.45 5.00 0.75 6.67
High Hazles Whitwell 0.12 2.10 0.44 4.80
Beeston 0.40 5.90 0.70 8.43
Barnsley 2.40 14,60 2.40 6.08
Parkgate 5.90 21.80 3.30 6.61
Silkstone 2.60 11.90 1.60 7.44
Sporinite
High Hazles Gedling 3.60 25.50 5.10 5.00
Clowne 9.90 72.80 7.10 10.25
Shallow 1.30 9.20 1.30 7.08
High Hazles Warsop 2.50 19.50 2.00 9:75
Deep Hard 5.90 43.20 4.10 10.54
High Hazles Whitwell 4.60 37.40 3.70 10.11
Beeston 6.40 46.80 4.40 10.64
Barnsley 10.30 45,50 5.80 7.84
Parkgate 14,50 54.50 9.10 5.99
Silkstone 7.90 37.50 4,50 8.33




FIG. 27. VARIATION OF PRISTANE/PHYTANE RATIOS OF

VITRINITE AND SPORINITE WITH RANK
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acid and alcohol precursor, is similar to that proposed by Brooks
and Smith (1969) in their studies of n-alkane formation. In a
recent study on the effect of laboratory thermal degradation of a
Recent marine sediment, Ikan et al., (1975), proposed two routes
for the production of pristane from phytol, both requiring an oxi-
dative step in the process. Tihe suggested mechanisms were based on
the analysis of the reaction products, but one proposed pathway re-
quired the formation of phytenic acid, which they had failed to
identify.

The greater dominance of pristane in sporinites provides there-
fore some evidence that in the formation of spore-rich durains the
contributing plant matter underwent a greater degree of initial oxi-
dative degradation than that which was directly incorporated, with-
out transport, into a purely terrestrial peat, to eventually produce
vitrain and clarain.

The content of the C 8 isoprenoid began to increase markedly at

1
a rank of ca. 84% C (d.a.f.). This is at a similar rank to that at
which generated higher n-alkanes began to crack to shorter chains.
It may be reasonable to assume therefore that the isoprenoids below
C19 were produced by thermal cracking of pristane and phytane or
their intermediates. However, as the concentrations of pristane and
phytane continued to increase above this level of maturation it
would seem that the coal residue had the capacity to generate them
at a rate greater than that at which subsequent cracking took place,
at least to a rank of 85.4% C (d.a.f.). This is contrary to the
behaviour of higher n-alkanes, which began to decrease in amounts at
a rank of ca. 84% C (d.a.f.).

The thermal stability of hydrocarbons decreases as the size of

the molecule increases. Hence, long-chain n-alkanes might be expected

to crack to shorter-chain, more stable homologues. Furthermore,
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n-alkanes are less resistant to thermal breakdown than branched and
cyclic alkanes, and so under purely thermal conditions pristane and
phytane will be more stable than n-alkanes of corresponding chain
lengths. However, if catalytic cracking is effective, isoprenoid
alkanes, which contain tertiary carbon atoms, will be expected to
crack much more readily than their corresponding n-alkanes (Gruse
and Stevens, 1960).

Triterpanes became less dominant components of the branched/
cyclic alkane fractions with increasing coalification. Consideration
of gas chromatograms can be misleading however as such a decrease may
only be an apparent one, caused by dilution of the fractions with in-
creasing amounts of lower molecular weight material. However, if
the relative amounts of the polycyclic alkanes in the chromatograms
(Figs. 16, 16a, 17 and 17a) are considered along with concentrations
of the branched/cyclic alkane fractions shown in Table 6, then it
would seem that this diminution may, in fact, be a real trend.

The decrease in the triterpane content was accompanied by an
increase in both the amount and complexity of compounds of lower
molecular weight. In a study of Jurassic shales, cyclic alkanes
containing up to three cyclohexane rings were found to be relatively
more stable than tetra- and pentacyclic alkanes (Tissot et al., 1971).
Simulated progressive diagenesis of natural asphalts from the Aqui-
taine basin (France) and of Yallourn lignite (Australia) also con-
firmed that steranes and triterpanes decreased in concentration with
increasing maturation of the sedimentary organic matter (Connan,
1972, 1673). The increasing predominance of compounds below about
C28 in the vitrinite and sporinite branched/cyclic alkane fractions
may have been due in part to the formation of cyclic material from
the fragmented tetra- and pentacyclic alkanes. However an equally

possible fate for these compounds may have been aromatisation. An
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increasing concentration of, probably, alkylcyclohexanes has been
noted in the extracts of Northumberland coals of higher ranks
(Jones and Cooper, 1970). They were¢ presumed to be derived from
the aliphatic bridging structures between aromatic centres in the
coal matrix.

It is interesting to note that the increase in the complexity
of these fractions began at about the same rank that higher n-
alkanes reached maximum concentrations, i.e. when thermal cracking
became a controlling factor in n-alkane distributions. As cracking
produces radicals from which olefins may be formed, they may in
part undergo isomerization and cyclisation under the influence of
catalysts, and thus may have contributed to the branched and cyclic
components (Henderson et al., 1968).

The ratio of branched and cyclic to n-alkanes in vitrinite and
sporinite extracts decreased greatly from low to high rank (Table 6),
If extractable material reflects a qualitative picture of the type
of aliphatic structures present in the maceral matrices, then one
effect of coalification was that these aliphatic structures became
morc straight-chain in type as maturation proceeded. It must be
borne in mind however that non-normal compounds have been thermo-
catalytically produced from n-alkanes in laboratory experiments, as
pointed out above.

Where scdimentary hydrocarbons are considered to have been
derived from “errestrial organic matter, their source has often been
attributed to wax-rich components (spores, pollen and cuticular
material). T is therefore of intercst to note that at ranks of
83.9% C (d.a.”.) and higher, the yicids from sporinites were only
three to four times greater than those of their corresponding
vitrinites, and in each case the hydrocarbon distributions were

like that of a mature oil. Clearly, vitrinitic material in sediments



TS T B

should not be disregarded as a potential hydrocarbon source. The
qualitative similarity in the alkane distributions of the two
macerals implies somec degree of structural equivalence in those parts
of the maceral kerogens which ultimately gave rise to hydrocarbons
during coalification.

Continuing investigations of sedimentary hydrocarbons through-
out the world are showing that their generation often occurred
within a definite range of geothermal conditions. Pusey (1973) has
stated that nearly all of the world's major oil deposits were formed
within a "liquid window', which correlates depth of burial and geo-
thermal gradient. The upper and lower temperature limits of this
"window" are 132°C and 66°C respectively. Philippi (1965) concluded
that oil generation in the Los Angeles and Ventura Basins (California)
occurred at a temperature of not less than 115°C, while Albrecht and
Ourisson (1969) found that a temperature of 75°C was sufficient to
generate hydrocarbons in the Douala Basin (Cameroun).

A number of parameters, specified by physical examination of
the host sedimentary rocks, have been used to define the conditions
required for oil generation. The colour changes that organic matter
undergoes during maturation have been used as an index (Correia,
1969; Staplin, 1969), while ESR studies of kerogen can be used to
deduce palaeotemperatures (Pusey, 1973). Reflectivity measurements
on vitrinite have received wide application in this field, the advan-
tage being that very small particles can give accurate results and
no separation of an organic fraction from the host rock is required.
Hence o0il and gas production can be related to coalification, and
coal is a very sensitive indicatoxr of geothermal changes.

The results of this investigation have shown that az;xgﬁﬁi
increase in the alkane content of sporinite and vitrinite occurred

at a rank of 83.9% C (d.a.f.) (mean maximum reflectance, Rmax’ 0.91%).
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Qualitatively the n-alkane distributions were mature at this rank,
(i.e. they had a CPI value near unity), and thereafter they showed
a trend of decreasing average molecular weight (i.e. produced
lighter fractions).

The geochemical zones of hydrocarbon generation have been out-
lined in other investigations using vitrinite reflectance. In the
Atlantic Provinces of Canada, oil generation occurred between RO.3
to 0.8%, followed by gasification at higher ranks (Hacquebard and
Donaldson, 1970). A range of R from 0.5 to 1.35%, with the main
phase occurring between 0.7 and 1.0%, was given in an investigation
of the phases of o0il generation (Vassoyevitch et al., 1969), with
gasification dominating above R 1.35%. Teichmuller (1971) delimited
oil generation to between R 0.3 and 1.0% and gas generation to
between R 0.7 and 2.0% for sedimentary basins in Germany, while in
Australia the given limits were R 0.5 to 1.3% for oil and R > 1.3%
for gas (Brooks, 1970; Shibaoka et al., 1973).

These figures are at some variance with each other. If it is
accepted that reflectivity is an absolute measurement, whether on
vitrinites from Australian, European or North American sources, then
other controlling factors must, in part, govern oil and gas genesis.
The tectonic history of a sedimentary basin cannot be expressed
simply in terms of a reflectivity measurement. The rate of heating,
maximum temperature, time and pressure effects must be taken into
account. Differences in rock facies can affect the rate of hydro-
carbon generation (Powell and McKirdy, 1973), while the nature of
the organic matter and its preservational history must themselves
influence hydrocarbon production (Vassoyevitch et al., 1969;
Philippi, 1974). This latter fact is one which, seemingly, has
often received scant attention.

Evidence for the presence of extractable olefinic hydrocarbons
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was obtained for Westfield and High Hazles Gedling vitrinites, New
South Wales alginite and the three resinites. Alkenes have previ-
ously been isolated in a high-volatile bituminous coal (Spence and
Vahrman, 1965) and Vahrman (1972) identified them as alk-l-enes and
alk-2-enes. Trans-disubstituted and trisubstituted alkenes were
reported in both High Hazles Gedling vitrinite and sporinite (Powell,
1969). In the present investigation alkenes have not been found in
this sporinite.

The resinite alkenes were not identified structurally but n-
alkenes were identified as the predominant compounds in unsaturated
fractions of the vitrinites and alginite. The source of the vitri-
nite alkenes is problematical. The two possibilities are that they
were either of direct plant origin or diagenetic products of matu-
ration. In favour of the former source is the fact that they were
of high molecular weight, but a predominance of odd chain lengths
might have been expected in the n-alkene homologies (Stransky and
Streibl, 1969). It is worth noting that they were only found in
the two lowest rank samples.

In studies of simulated diagenesis, long-chain alcohols have
been considered as a possible source of even-numbered long-chain
n-alkanes (Brooks and Smith, 1969). The reaction produces an
alkene with the same number of carbon atoms as the source alcohol.
Pyrolysis experiments on geological samples can produce, under
suitable conditions, alkene fractions which show a predominance of
even-numbered alkenes (Douglas et al., 1970b; Coates, 1973).
Douglas et ai. have discussed a number of reaction pathways whereby
even- and cdi-numbered alkenes may be formed. Henderson et al.,
(1968) have shown that an n-alkane degraded thermally to homologous
series of n-alkanes and n-alkenes of lower molecular weight and

both series had smooth distributions. While such a process would
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produce a smooth distribution of olefins, the earlier discussion on
n-alkane generation concluded that thermal cracking of long-chain
hydrocarbons was not a significant process at low ranks.

By contrast, New South Wales alginite produced dominantly
even-numbered n-alkenes, although the extractable n-alkanes of this
sample had a CPI greater than unity. These olefins may therefore be
of predominantly diagenetic origin, despite the low rank of the
sample. Pyrolysis results of these and other macerals are discussed
in Chapter 4.

The three resinite samples all yielded alkenes, considered to
be probably sesqui- and diterpenes. Like resinite alkanes they were
probably derived directly from oxygenated resin compounds by defunc-
tionalisation. As many resin components contain one or more double
bonds in the ring systems (Thomas, 1969) alkenes will be initially
produced by dehydration or decarboxylation of the resin alcohols
and acids. It is also known however that resin acids can undergo a
diagenetic change whereby an aromatic and a saturated hydrocarbon
of similar ring configurations are produced (Streibl and Herout,
1969). Terpenoids are also known to react with sulphur to produce
aromatic hydrocarbons (Douglas and Mair, 1965). There is undoubtedly
further scope for a detailed investigation of resinite hydrocarbons
which, because of their relative high stability, may be of use both
as biological markers and in the elucidation of diagenetic pathways

during maturation.



Experimental

Prior to concentration and extraction of the macerals certain
procedures were followed, routinely, to minimise the effects of
contamination from the samples, solvents and apparatus.

Pre-cleaning of the durain samples has already been described
(previous chapter). Torbanite samples were obtained as large un-
jointed lumps, from which the outer 3" to 1" layer was removed;
they were then washed ultrasonically in methanol. Vitrain, resin
and cutin samples could not be mechanically cleaned because of the
small fragment sizes and were simply washed ultrasonically in
methanol.

Vitrinite and alginite samples were crushed in a disc mill
(TEMA) to pass 100 mesh. Resinite and cutinite samples were crushed
in a mortar because of the small amount of material available. The
resinites were crushed to pass 100 mesh but the cutinite proved to
be a rather pliable material, and was finally extracted in a mildly
disaggregated state.

All glassware was cleaned in chromic acid and/or washed ultra-
sonically in detergent, then rinsed in distilled water. All sol-
vents, except diethyl ether and chloroform, were distilled in the

laboratory through a 30 plate Oldershaw column.

Extraction

Macerals were extracted in a soxhlet apparatus with an azeo-
tropic mixture of chloroform (47.0%), methanol (23.0%) and acetone
(30.0%) usii; pre-cleaned thimbles. Extraction was considered
complete when the residue, after subsequent ultrasonic extraction
with the azeotropic mixture (1 hr.), yielded less than 1% by weight
of the extract obtained by soxhlet extraction. Full data are given

in Table 12.



Table 12: Analytical data for the extraction of the
maceral concentrates
Weight .Time Total solvent Weight of
volume extract
(gm) (hr) (m1) (gm)

Vitrinite
High Hazles Gedling 23.1 232 1000 2.1097
Westfield 63.1 275 1600 6.3506
Clowne 43.8 1025 1800 6.3623
Shallow 65.0 1025 1900 9,5850
High Hazles Warsop 62.0 1025 1800 8.0859
Deep Hard 66.4 689 2400 6.3223
High Hazles Whitwell 61.6 1025 2100 6.8491
Beeston 26.0 683 2100 4.40838
Barnsley 9.9 562.5 9500 1.0757
Parkgate 48.6 573 1200 1.0130
Silkstone 61.1 164 1200 1.4880

Sporinite
Donibristle 40.0 102 1200 1.7807
High Hazles Gedling 21.5 228.5 1600 1.3394
Clowne 23.1 292 800 1.2708
Shallow 45.0 292 800 2.5041
High Hazles Warsop 45.0 292 800 1.8689
Deep Hard 57.9 306 1200 2.2849
High Hazles Whitwell 46.3 292 800 2.2410
Beeston 50.0 228.5 1600 2.0052
Barnsley 45.0 292 800 2.3088
Parkgate 14.2 204 800 0.5143
Silkstone 41.1 228.5 1600 1.7062

Alginite
Scotland 53.0 117 400 0.3122
South Africa 50.4 117 400 0.1598
New South Wales 50.1 120 400 0.7800

Resinite
Yallourn 18.3 48.5 800 15.6793
Bitterfeld 13.6 48,5 800 4.7016
Maghara 8.6 48.5 800 4.6022

Cutinite
Indiana 16.0 384 2200 1.2729




Column chromatography

An aliquot of each extract was chromatographed on silica gel
(BDH, 60-120 mesh) activated at ca. 120° for 1 hr. Columns were
slurry-packed in petroleum ether and the extract, adsorbed on a
small amount of silica gel from solution in methanol/chlioroform, was
added to the top of the column after washing the column with excess
petrolceum ether. Columns were eluted with petroleum ether followed
by methanol. Weights of extract and silica gel used are shown in

Table 13; the ratio of silica gel to extract was always > 20:1,

Thin-layer chromatopraphy

Petroleum ether e¢luates and the first 10 mls of each methanol
eluate were monitored by analytical argentatious thin-layer chroma-
tography (tlc), using a standard 1:1 mixture of octadecane and
octadec-1l-ene as reference compounds. Analytical plates, prepared
by slurrying silica gel (Keiselgel G; 6 gms/plate) in a 5% AgNO
solution, coated to a thickness of 0.25 mm {Shandon spreader) and
activated at ca. 1200, were developed in petroleum ether (b.p. 40-
60°). After development they were sprayed with 50% sulphuric acid
and charred for 10 min. at 250°C.

By comparison with the standards, all petroleum ether eluates
were found to ccntain alkanes (Rf 0.8-0.9) and none were detected
in the methanol eluates. Unsaturated compounds were detected in six
samples, namely Westfield vitrinite (Rf 0.45-0.20), High Hazles
Gedling vitrinite (Rf 0.45-0.20), New South Wales alginite (Rf 0.45-
0.15), Bitterfeld resinite (Rf 0.51-0.08), Maghara resinite (Rf 0.65-
0.08) and Yallourn resinite (Rf 0.43-0.00).

Alkane and alkene fractions were isolated from these samples,
except Yallourn resinite, by preparative tlc, using plates coated

to a thickness of 0.50 mm (10 gms silica gel/plate) and pre-cleaned
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Table 13: Analytical data for the column chromatography
of the maceral extracts

Extract SiO Eluant volume Eluate yield
Petroleum Methanol Petroleum Methanol
ether ether
(gm) (gm)  (ml) (m1) (mdy) (md)
Vitrinite
High Hazles Gedling 0.5624 20.0 30.0 150.0 0.8 267.7
Westfield 0.6351 20.0 30.0 100.0 2.6 279.6
Clowne 1.0333 20.0 30.0 200.0 5.6 442.1
Shallow 0.9937 20.0 30.0 200.0 0.8 394.8
High Hazles Warsop 1,2939°.25.0  30.0 200.0 1.7 506.2
Deep Hard 0.8899 20.0 30.0 100.0 2.1 299.4
High Hazles Whitwell 1.1127 25.0 30.0 200.0 1.0 370.6
Beeston 057113 %:20: 059300 100.0 1.7 184.5
Barnsley 0.4902 20.0 30.0 200.0 4.8 243.1
Parkgate 0.3356 © 15,0 °,30:0 150.0 17.6 141.3
Silkstone 0.4960 20.0 30.0 100.0 14.0 107.3
Sporinite
Donibristle 0.2671 26.0 30.0 100.0 1.2 17725
High Hazles Gedling 0.2005 20.0 30.0 100.0 222 107.8
Clowne 0.5381 20.0 30.0 200.0 12,8 350.5
Shallow 0.8693 20.0 30.0 200.0 5.3 487.0
High Hazles Warsop 0.8433 20.0 30.0 200.0 7.8 440.4
Deep Hard 0.6440 20.0 30.0 100.0 15,5 282.9
High Hazles Whitwell 0.8320 20.0 30.0 200.0 13.3 338.9
Beeston 0.2052 20.0 30.0 200.0 4.0 166.5
Barnsley 0.7228.:20.0° .30.0 150.0 42.0 231.2
Parkgate 0.2189 15.0 30.0 100.0 20.9 109.4
Silkstone 0.2559 24.0 30.0 100.0 15.6 113.9
Alginite
Scotland 0.0625 6.0 20.0 80.0 20.8 23.4
South Africa 0.0639 6.0 20.0 50.0 8.8 46.0
New South Wales 0.3900 20.0 30.0 -100.0 112.2 115.7
Resinite
Yallourn 1.3806 10.0 35.0 40.0 0.3 1256.5
Bitterfeld 0.7791 10.0 35.0 40.0 1.0 719.5
Maghara 0.8595 10.0 35.0 40.0 59.4" 425.4
Cutinite
Indiana 0.5092 20.0 30.0 100.0 1.5 267.7

Infra-red spectroscopy indicated that C=0 groups were present
in this fraction, :
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by development in ethyl acetate. After development in petroleum
ether, plates were sprayed with Rhodamine G and examined under an
ultraviolet lamp. Separated bands werc marked and removed, and
the hydrocarbons were recovered from the gel with petrcleum
ether (Table 14). Yallourn resinite hydrocarbons were not frac-
tionated by preparative tlc because of the very small weight of

material.

Molecular sieve

Total alkane fractions of all macerals, except resinite, were
sub-divided into normal and branched/cyclic fractions by trcatment
with 5A molecular sieve (Union Carbide Int. Co.).

Sieving was carried out by boiling thc fractions under reflux
for 24 hrs in dry benzene with pre-extracted molecular sieve,
activated at 300-4000C, using a sieve to sample ratio of 100:1.
The supernatant liquid, containing branched/cyclic alkanes, was then
removed, the sieve was washed with fresh benzene, and the washings
were combined with the branched/cyclic fraction. n-Alkanes were
recovered by dissolving the sieve in 40% HF, under benzene. The
aqueous phase was extracted with benzenc (x3) after neutralisation

of excess HF with boric acid solution. Data are piven in Table 1S5.

Gas chromatography

Hydrocarbon fractions were analysed by temperature-programmed
gas chromatography. In general, packed columns were used (ca. 400
to 800 plates/ft), with OV-1 and OV-101 silicone gums as stationary
phases. Internal standards were used for compound identifications.
In addition capillary columns (150,000 to 250,000 effective plates,
measured at 37034) were employed to identify, by co-injection, acyclic

isoprenoid alkanes and alginite iso- and anteiso-alkanes.



Table 14: Separation of alkanes and alkenes by preparative
thin-layer chromatography

Petroleum ether Alkanes Alkenes

eluate
(mg) (mg) (mg)
Vitrinite
High Hazles Gedling 0.8 0.7 0.1
Westfield 2.6 1.8 0.4
Alginite
New South Wales 112.2 110.5 1.4
Resinite
Bitterfeld 1.0 0.2 0.1
Maghara 59.4 15.9 11.5
Yallourn 0.3 n.d. n.d.

The petroleum ether eluate of this sample was shown
to contain non-hydrocarbon material by infra-red
spectroscopy (absorption band at 1704 cm-l). The
low recovery was because the material at the origin
of the tlc plate was not recovered to remove the
non-hydrocarbons.

n.d. Not fractionated because of the small quantity of

material, but analytical tlc showed that both
alkanes and alkenes were present in the petroleum
ether eluate,
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Table 15: Separation of normal and branched/cyclic alkanes
by molecular sieve

Total Branched/cyclic
alkanes n-Alkanes alkanes
(mg) (mg) (m3)
Vitrinite
High Hazles Gedling 0.7 0.1 0.6
Westfield 1.8 0.2 1.4
Clowne 5.6 0.7 3.4
Shallow 0.8 0.1 0.5
High Hazles Warsop 1.7 0.3 0.9
Deep Hard 2.1 0.4 1.5
High Hazles Whitwell 1.0 0.1 0.7
Beeston 1.6 0.3 1.1
Barnsley 4.8 1.9 2.6
Parkgate 17.6 9.3 7.0
Silkstone 14.0 7.0 5.9
Sporinite
Donibristle 1.2 0.1 0.8
High Hazles Gedling 2.2 0.2 1.8
Clowne 12.8 1.7 8.3
Shallow 5.3 0.6 3.3
High Hazles Warsop 7.8 1.1 4.7
Deep Hard 15.5 2.4 9.5
High Hazles Whitwell 13.3 3.2 9.6
Beeston 4.0 0.4 2.9
Barnsley 40.0 12.2 18.1
Parkgate 20.9 4.0 11.9
Silkstone 15.6 6.0 7.8
Alginite
Scotland 18.5 5.9 8.0
South Africa 6.7 0.6 4.7
New South Wales 18.0 5.1 10.0
Cutinite
Indiana 1.5 0.3 0.9
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Pristane and phytane concentrations were obtained by co-
injection of branched/cyclic fractions with an accuratecly-determined

amount of n-hexadecane.

Infra-red spectroscopy

Infra-red spectra of alkanes from Barnsley and Parkgate vitri-
nites and Clowne, Barnsley and Parkgate sporinites had absorption
bands at 2960-2965 (—CHS), 2920-2925 (-CHZ-), 2850-2858 (-CHz-),
1460-1465 ('CHS’ -CHZ-), and 1375-1378 cm—1 ('CHS)’ with very weak
absorption at 718-720 cm'1 (-(CHz)n-, where n 2 4). Alginite
branched/cyclic alkanes produced a much stronger 720 <:m.1 absorp-
tion band than other macerals, indicating less cyclic material.

Spectra were run as thin films between NaCl discs (Hilger
and Watts Infra-red Spectrometer), from 400C to 650 cn !, The

1603 cm"1 absorpticn band of polystyrene was used as an internal

standard.

Hydrogenation of alkenes

The alkene fractions isolated from Westfield vitrinite and
New South Wales alginite were hydrogenated with hydrogen over
palladium charcoal catalyst (ratio of catalyst to sample was 30:1)
in ethyl acetate. Gas chromatography of the products on a 40m.
capillary column, capable of resolving n-alkanes from their respec-
tive n-alk-1l-enes, showed that the homologous series in the alkene

fractions had been converted quantitatively to n-alkanes.



ChaEter 3

Carboxylic acids from the maceral extracts

and the extracted maceral residues.



Introduction

The distribution of oxygen in coals, especially vitrains, has
been extensively investigated. The greater part of the oxygen content
of bituminous vitrains is present as hydroxyl and carbonyl groups,
with the remainder probably occurring mainly in heterocyclic and aro-
matic ether structures. Oxygen in carboxyl and methoxyl groups is
considered to be negligible in high-volatile bituminous and higher
rank coals (Blom et al., 1957; van Krevelen, 1961; Francis, 1961;
van Krevelen, 1963). The presence of saponifiable ester groups has
been demonstrated in brown coals but they are rare in bituminous
coals (Brooks and Smith, 1969).

Infra-red spectra of the bituminous vitrinites and sporinites
used in this investigation showed some differences in oxygen function
content. Spectra of the sporinites contained a carbonyl absorption
band close to 1700 cm'1 which decreased in intensity with increasing
coalification, and disappeared, or merged into a broad absorption area
centered near 1600 cm_l, at a rank of ca. 84% C (d.a.f.). Absorption
at 1700 cm”1 was not observed in spectra of the vitrinites. As the
sporinites contained less oxygen than the corresponding vitrinites,
this could be indicative of a wide discrepancy in the relative abun-
dances of -OH and C=0 functional groups in the investigated high-
volatile bituminous rank range (i.e. 77% to 84% C, d.a.f.).

In order to determine the presence of saponifiable ester groups
in the macerals used in this investigation, both the methanol eluates
from the column chromatography of total extracts and the extracted
maceral residues were saponified with boiling methanolic KOH solution.
Very small quantities of fatty aciis were thus isolated from vitri-
nites, sporinites, alginites and cutinite. In addition, straight-chain
«, w-dicarboxylic acids were isolated from the alginites and the cuti-

nite. Higher yields of carboxylic acids were isolated from the



resinites, but these produced rather complex mixtures of probable

cyclic diterpenoid acids and no simple fatty acids were found.
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Results and Discussion

The yields of acidic saponification products isolated by tic,
and subsequently methylated, are given in Table 16. The results of
the saponification of the three resinites, in which a different
scheme of fractionation by tlc was employed (see experimental), are

shown in Table 18.

Fattz acids

The highest yield of extractable fatty acids was obtained from
the cutinite, but they accounted for only 0.01% by weight of the
maceral. The yields from the sporinites and vitrinites were all
very small, and showed no significant variations with rank. Spori-
nite yields ranged from 0.009% to 0.001%, while for vitrinites they
varied between 0.008% and 0.001%. The lower limit of these values
was at the limit of accuracy of measurement. Yields of a similar
order were obtained from the alginites. In general, fatty acid
yields from the extracted residues were lower than those from the
extracts.

Gas chromatographic analyses of the fatty acid fractions (as
methyl esters) from sporinite and vitrinite extracts showed broadly
similar distribution patterns, and those shown in Fig. 28 are
representative. Many, although not all, of the samples had a res-
tricted range of n-acids, strongly even-dominated between 3;C14 and
ggczz, with palmitic acid as the major straight-chain component. A
non-normal component, nresent in all the fractions, was possibly
methyl phytanate, by comparison of its retention data with that of
the‘authentic compound. Only three extracts (Clowne vitrinite,
High Hazles Whitwell vitrinite and Parkgate sporinite) produced
detectable quantities of even-dominated long-chain n-fatty acids,

extending up to g,czs. A similar pattern of n-fatty acids was



Fig. 28. Methyl esters of fatty acids of sporinite
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Table 16: Yields of mono- and dicarboxylic acids from
maceral extracts and extracted residues (as
methyl esters)
Extracts Residues
Mono-acid Di-acid Mono-acid Di-acid
fraction fraction fraction fraction
(mg/ gm) (mg/ gm) (mg/ gm) (mg/ gm)
Vitrinite
High Hazles Gedling 0.08 - 0.009 -
Westfield 0.03 - 0.002 -
Clowne 0.01 - 0.0C5 -
Shallow 0.03 - 0.004 -
High Hazles Warsop 0.03 - 0.004 -
Deep Hard 0.02 - 0.002 B
High Hazles Whitwell 0.02 - 0.002 -
Beeston 0.05 - 0.004 -
Barnsley 0.04 - 0.012 -
Parkgate 0.01 - 0.005 -
Silkstone 0.01 - 0.002 -
Sporinite
Donibristle 0.03 - 0.013 -
High Hazles Gedling 0.09 - 0.010 -
Clowne 0.02 - 0.024 -
Shallow 0.02 - 0.002 -
High Hazles Warsop 0.01 - 0.010 -
Deep Hard 0.01 - 0.011 -
High Hazles Whitwell 0.03 ~ 0.007 -
Beeston 0.02 - 0.008 -
Barnsley 0.02 - 0.007 -
Parkgate 0.02 - 0.043 -
Silkstone 0.02 - 0.010 -
Alginite
Scotland 0.02 0.01 0.008 0.02
South Africa .04 0.05 0.002 0.09
New South Waics 0.06 0.19 0.075 0.12
Cutinite
Indiana 0.11 0.06 0.030 0.90
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isolated from High Hazles Gedling coal by Powell (1969).

Some of the extractable fatty acid mixtures contained variable
amounts of branched/cyclic material, other than phytanic acid, while
others contained virtually none. Where present with n-acids, this
material was of low molecular weight (up to ca. C16) and was very
complex.

The distributions of fatty acids obtained from the extractced
residues were generally similar to those obtained from the extracts,
except that no n-fatty acids with chain lengths greater than 22
carbon atoms appeared to be present in any significant amount. A
representative selection of chromatograms are shown in Fig. 29.

The extract and residue n-fatty acid distributions obtained in
these analyses suggest that contamination from recent biological
material has taken place. All but two of the original coal samples
were collected underground in working deep mines, which are notor-
iously subject to percolating ground water. Although rigorous pre-
cleaning of all the samples was carried out prior to extraction,
and strict precauticns were observed to prevent laboratory contam-
ination, this explanation remains a possibility, especially in view
of the very low yields obtained.

On the other hand, the occurrence of lauric, palmitic and stearic
acids in sporinite residues would not be unexpected in a structure
composed, at least in part, of sporopollenin (Brooks and Shaw, 1968a),
or in any other material which may have had, for example, a high
glyceride input. However, these samples extended up to medium-
volatile bituminous rank and the retention of such specific biolog-
ical patterns is surprising, but interesting, if they are indigenous
to the samples. Equally surprising, however, is the fact that the
sporinites, supposedly rich in waxes, should not have yielded uni-

formly distinctive evidence of wax esters, especially in view of the



Fig. 29. Methyl esters of fatty acids of sporinite and

vitrinite residues
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extractable and pyrolytic alkane patterns produced by these macerals.
Extractable fatty acids from alginites (Fig. 30) were also re-
covered in very low yields, ranging between 0.006% and 0.002% by
weight of the macerals. However, their distributions differed in
some respects from those of the vitrinites and sporinites. Scottish
and South African alginite n-fatty acids were dominated by the 27C16
and g;clg members but the homologies ranged from 27C11 to E;CSI in

the former sample and from n-C,, to n-C,, in the latter. The higher

27
range of the n-acid distributions were smooth envelopes with maxima
at 57C21 or ETCZZ' Branched and cyclic material was present in both
fractions and was relatively abundant in South African alginite
acids. In contrast, the extractable fatty acids of New South Wales
alginite had a very restricted range between ca. C10 and CIS’ with
normal fatty acids predominating. These showed a smooth distribution
with Efcls as the major component (Fig. 30).

The striking difference between the fatty acids of New South
Wales alginite and the other two alginites is not readily explicable.
Fatty acids of Scottish alginite have been previously investigated
(Douglas et al., 1970a) and the distribution observed here was in
substantial agreement with their work. All three samples are thought
to have been derived from the alga Botryococcus braunii, and they
were all of fairly similar carbon contents (i.e. between 80.5 and
84.0% C, d.a.f.). As this particular orpz2nism exhibits different
physiological states it is possible that the different distributions
of acids may be so attributed. The fatty acids of a winter bloom
of this alga wore found to range from C14 to 030’ with major BTCIG
and Efcls corponents (Douglas et al., 1969a). However there wés
little apparent structural difference in the microscopical appear-
ance of the three materials, A point of interest is that the dis-

tribution of fatty acids isolated from New South Wales alginite



Fig. 30. Methyl esters of fatty acids of alginite
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closely resembled those of Tasmanites from Alaska and Tasmania
(Burlingame et al., 1969), suggesting perhaps some relationship
between the two materials.

Fatty acids isolated from the extracted residue of New South
Wales alginite showed a similar distribution to the extract acids
and were obtained in a similar amount (i.e. 0.007% by weight of the
residue). Yields of acids from the other two alginite residues
were very small (less than 0,001% by weight). However, both con-
tained smooth envelopes of n-fatty acids between n-C, ) and n-C,,
with n-C

or n-C, . as the maximum component, and then relatively

12 13
small quantities of EfC16, E;CIB and ETCZO homologues. The Scottish

sample alone produced n-acids above n-C 0 and their distribution

2
(Fig. 31) was similar to those of the free acids (Fig. 30).
Cutinite acids, both free and bound, were complex mixtures in
which n-fatty acids were not major components. Both distributions
were confined to the Cis to C24 range approximately, with the Ciq

to C,, normal fatty acids present (Fig. 32).

20

Dicarboxylic acids

A dicarboxylic acid fraction was isolated from alginites and
cutinite only, in which straight-chain «,w-dicarboxylic acids were
predominant constituents. Both free and bound acids were found in
each sample. «,w-Dicarboxylic acids have been previously reported
from Scottish alginite (Douglas et al., 1970a), Tasmanites (Burl=-
ingame et al., 1969) and Green River shale (Haug et al., 1967,
Burlingame et al., 1969). Quantitative yiclds of these compounds,
although small, cannot be sta%cd accurately as the tlc fractions
containing them also contained variable quantities of other mate-
rial. Only the diacid fractions of South African alginite appeared

to be virtually pure saturated, straight-chain «,w-dicarboxylic



Fig. 31. Methyl esters of fatty acids of alginite residues
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Fig. 32. Methyl esters of fatty acids of cutinite
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acids (Fig. 33).

The distributions of alginite «,w-dicarboxylic acids showed
minor variations between samples. They were generally confined to
the C9 to C27 range and usually showed smooth distributions with
maxima varying between C12 and C16 (Figs. 32 and 34). The major
exception was South African alginite which produced a bimodal dis-
tribution about C;, and C,;, with a minimum at C;e+ Cutinite
«, w-dicarboxylic acids were confined to the C10 to C18 range
(Pig. 35).

« w-Dicarboxylic acids are rare in nature, but have been iden-
tified in such diverse matecrials as Japan wax (Lamberton, 1961),
spores of Equisetum species (Adams and Bonnet , 1971) and as con-
stituent acids of cranberry cuticles (Croteau and Fagerson, 1972).
Their restriction to alginites and cutinite here is puzzling and,
as these two materials are diverse in origin, they may be of non-
maceral origin. The alginites are considered to be of fresh water
origin (MacGregor, 1938; Dulhunty, 1942, 1944) and Indiana cuti-
nite is considered to have been deposited during a marine trans-
gression in an otherwise fresh water sequence (Neavel and Guennel,
1960). Interestingly, Green River shale is also thought to be a
fresh water deposit and this has yielded free «,w-dicarboxylic
acids. There is, therefore, the possibility that their occurrence may
be an indication of bacterial oxidation of alkanes or fatty acids
(Kester and Foster, 1963; McKenna and Kallio, 1964, 1965) during
early diagenesis (Johns and Onder, 1975). All but one of the
samples (South African alginite) had inherently high contents of
mineral matter, and it has not becn determined in this work if
the diacids were combined with organic or inorganic material.

The structures of the =,w-dicarboxylic acids of all the

fractions were confirmed by combined gas chromatography-mass



Fig. 33. Dimethyl esters of «w-dicarboxylic acids
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Fig. 34. Dimethyl esters of «,w-dicarboxylic
acids of alginite residues
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Fig. 35. Dimethyl esters of «,«w -dicarboxylic acids

of cutinite
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spectrometry, the spectra showing excellent correlations with the
fragmentation patterns of these compounds, as shown in Table 17
(Ryhage and Stenhagen, 1959, 1965). Typical spectra, from South

African alginite (Fig. 33), are shown in Fig. 36.

Resinite acids

Significant quantities of free and bound carboxylic acids were
isolated from the three samples of resinite (Table 18), although
Maghara resinite produced small quantities relative to the other
two.

Resins (and their constituent compounds) were once of wide
commercial interest in the production of varnish and similar mate-
rials, but the natural product has been largely superseded by syn-
thetic materials. However, a great deal of work has been carried
out on the composition of natural resins and the chemistry of their
constituents. Yallourn resinite is perhaps the most extensively
investigated of the fossil materials used in this work, and it is
considered to be mainly a product of the coniferous genus Agathis,
of which a variety of species are found in Australasia and Malaysia
at the present time. They are not however found in south-east
Australia where the Yallourn lignites, of Oligocene age, are located.
A major contributor to the Yallourn deposits is thought to be closely-
related to the extant Agathis australis, although this particular
species is not found in any part of Australia today.

The present-day Agathis australis produces at least five diffe-
rent resins from different parts of the plant, of which bled resin,
originating in the bark, is probably the most abundant. Bled resin
has five major diterpene acid constituents (Fig. 37), which are
agathic acid, cis- and trans-communic acids, sandaracopimaric acid

and abietic acid (Thomas, 1966, 1969). The -acids of the bled resins
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Table 17: Mass spectral fragmentation patterns of the
dirmethyl esters of saturated, straight-chain
«,w-dicarboxylic acids: data from Ryhage and

Stenhagen (1959, 1965)
m/e Assignment Comment
M parent ion often very small and
may not be seen
M-31 loss of -OCH3 all esters
M-60 e -COOCH3+H short chain only
M-63 THsiEct) —(OCH3)2+H short chain only
M-64 1) Sl -(OCH3)2+2H all esters except C6 diacid
ester
M-73 it -CHZ-COOCH3 all esters
M-91 LAE -COOCH3+OCH3+H (
((M-92) > (M~91) above C9
M-92 LRl -COOCH3+OCH3+2H (
M-105 Lo -CHZ-COOCH3+OCH3+H increases after C6
M-106 i 4 -CHZ-COOCH3+0CH3+2H long chain only
27+(14)n probable hydrocarbon type all esters
59+(14)n H3COOC-(CH2)n all esters
/ N
H2C~—- CH2
84 ‘ l all esters
H,C CH
2Ny !
& .
N o 7
84+(14)n as above + (CH2)n ell asters
+ +
NG \\\
H CH iH,C 'CH
2 l 2 2' ' 2 2.1 esters, and is often
98 oL the base peak
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Table 18: Yields of carboxylic acids isolated from
resinites (as methyl esters)

Extracts Residues
Wt. methyl esters Wt. methyl esters
Sample recovered from tlc recovered from tlc
fractionation fractionation

(mg/ gm) (mgz/ gm)
Yallourn 2535 13.6
Maghara 2.1 1,2
Bitterfeld 53.1 14.6

of other Agathis species may show differing constitutions (Carman
and Dennis, 1964; Thomas, 1969).

Fresh resin from Agathis australis is almost completely soluble
in acetone. Polymerisation in air takes place, initially fairly
quickly, to produce an acetone-insoluble polymer which Carman and
Cowley (1967) describe as a poly-communic acid with some communol
units. Thus, deposited resin more than a few years old becomes
depleted in communic acid and the acids of the remaining acetone-
soluble portion are mainly agathic, abietic and sandaracopimaric
acid (Gough, 1964; Thomas, 1969).

Brooks and Steven (1967) have investigated resinite from
Yallourn lignite and have concluded that the basic structure is
derived from agathic acid, a dibasic acid with C4 and Cl4 carboxyl
substituents. The fossilised material is composed of oligomers with
molecular weights of up to 1200 in which the Cl4 carboxyl group has
been lost, and cross-linking has been acliieved by double bond conden-
sation. Some correlations have been attempted between fresh Agathis
resins and fossil (i.e. Tertiary) resinites on the basis of chemical
constitution, but only A. ovata has been definitely distinguished

from A. australis so far in fossil samples (Thomas, 1969). However,
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Australian Agathis species of the present day do not contain abietic-
type compounds, in contrast to species from New Zealand and ilalaysia,
and biogenetic differences such as this may aid correlative work
(Thomas, 1969). At the present time, only one Miocene resinite from
New Zealand shows a reasonable chemotaxonomic relationship with the
living A. australis. Agathic and sandaraccopimaric acids have been
identified in this resinite, along with another major acidic compo-
nent which may be abietic acid (Thomas, 1969).

The free and bound acids isolated in this work from the three
resinites were methylated and fractionated by preparative tlc, which
produced up to nine individual fractions (experimental data are
given at the end of the chapter). Considerable simplification of
the esters of the free acids was obtained, and Figs. 38 and 38a
illustrate the gc's of the tlc bands separated from the total methyl
ester fraction (Fig. 39) of Yallourn resinite. Mass spectra of
many of the components of all three resinites have been obtained,
but their complete interpretation is beyond the scope of the present
investigation.

The mass spectra of many methyl esters of diterpenoid acids
have been published in the literature, and a few of the spectra ob-
tained from the Yallourn sample showed good correlations with some
of the published data. Fig. 40 (A, B and C) shows the mass spectra
of gc peaks 1, 2 and 3 of tlc band 2 (Fig. 38), and the mass spectrum
(D) of authentic methyl 8, 15-isopimaradien-18-oate for comparison,
provided by the Mass Spectrometry Data Centre, (MSDC) Aldermaston,
Berkshire. All three compounds show a similar basic fragmentation
pattern to that of the authentic compound, and are probably closely
structurally-related to it. Their similarity of behaviour to tlc
and gc support this. However, other isomers such as methyl 8, 15-

pimaradien-18-oate and methyl 7, 15-isopimaradien-18-oate (MSDC)



Fig. 38. Methyl esters of tlc fractions of Yallourn resin acids
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Fig. 38a. Methyl esters of tlc fractions of

Yallourn resin acids
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Fig. 39. Total methyl esters of Yallourn resin acids
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Fig. 40. Mass spectra of methyl esters of some
resin acids extracted from Yallourn
resinite
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Fig. 41. Mass spectra of methyl esters of some
resin acids extracted from Yallourn

resinite
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also give very similar spectra to those illustrated. The information
so far available is insufficient to determine the absolute configu-
rations of the unknown compounds without reference to other authentic
standards.

Fig. 41(A) shows the mass spectrum of gc peak 4 of tlc band 3
in Fig. 38, identified as either methyl pimarate (8(14),15-pimaradien-
18-0ate) or sandaracopimarate (8(14),15-isopimaradien-18-oate); the
structures are labelled on the figure. Fig. 41(B) shows the mass
spectrum obtained from gc peak 5 of tlc band 4 in Fig. 38. This
component has also been identified as either methyl pimarate or
sandaracopimarate. These two isomeric acids give almost identical
mass spectra (Biemann, 1962; Chang et al., 1971; MSDC). Despite
being separated by tlc, the two resinitec compounds had identical
Kovats indices when measured on a 40m. capillary column coated with
0V-101, and both gave peak enhancement when coinjected with authen-
tic methyl pimarate and sandaracopimarate respectively. However,
Hudy (1959) has shown that these two isomers can be separated by
using Apiezon N as stationary phase. Tlc of authentic methyl pima-
rate and sandaracopimarate showed that the former had a slightly
greater Rf value than the latter, when run under the conditions
used for the fractionation of the Yallourn resinite constituents.
Nevertheless, unequivocal evidence for isomeric assignments of
structures to the fossil compounds h2s not yet been obtained.

Figs. 41(C) and 41(D) show the mass spectra of gc peaks 6 and
7 in Figs. 38a and 33 respectively. That of Fig, 41(C) corresponds
with the mass spectrum of dimethyl agathate (Znzell and Ryhage,
1965), as shown on the figure, but this has not been confirmed by
coinjection on gc with the authentic compound. A number of spectra
of other compounds showing molecular ions at m/e 362 and 364 were

also obtained which do not correspond to any published spectra, and
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they may represent derivatives of agathic acid which have undergone
diagenetic changes.

Fig. 41(D) shows that peak 7 in Fig, 33 is a mixture of two
compounds with molecular ions at m/e 312 and 314. The predominant
spectrum in the mixture is very similar to that of methyl dehydro-

abietate (8,11,13-abietatrien-18-oate) (Enzell and Wahlberg

<

1969;
Chang et al., 1971; MSDC). The gc peak was enhanced when coinjected
with authentic methyl dehydroabietate. The other compcnent of the
mixture, with a molecular ion at m/e 312, appears to have a similar
fragmentation pattern to that of methyl dehydroabietate, and prob-
ably has the same basic configuration, but the location of the
additional double bond is not known. Location in the C6-C7 position
extends the conjugation, but this compound (methyl 6,3,11,13-
abietatetraen-18-oate) has a rather different fragmentation pattern
to that of methyl dehydroabietate and shows a base peak at m/e 141
due to a stable naphthyl ion (Chang et al., 1971). Another position
extending the conjugation is in the isopropyl side-chain at Cl13.
This side-chain is retained in all the major fragment peaks above
m/e 230 in the mass spectrum of methyl dehydroabietate (Enzcll and
Wahlberg, 1969), and so the unknown compound may have this configu-

ration.
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Experimental

Free acids in maceral extracts

Aliquots of the total extracts were fractionated by column
chromatography into petroleum ether and methanol eluates. The meth-
anol eluates were saponified with 6% methanolic KOH by boiling under
reflux for 24 hrs, and the products were separated into neutral and
acidic fractions. The acidic fractions were purified by preparative
tlc using silica gel plates (Keiselgel G) impregnated with KOH
(Douglas and Powell, 1969). The carboxylic acids were recovered from
the silica gel and methylated with ethereal diazomethane. The resul-
ting esters were fractionated by preparctive tlc on sil:.a gel
(developer 90:10 petroleum ether : diethyl ether), recovcred and
analysed by gc. All diacid fractions were also analysed by combined
gc-ms which confirmed that the dominant horology in each fraction
was composed of saturated, straight chain «,w-dicarboxylic acids.

Data are given in Table 19.

Bound acids in maceral residues

Each maceral residue, after extraction, was saponified with 6%
methanolic KOH to release bound acidic material. Mono- and di-
carboxylic acid fractions were obtained as methyl esters by the pro-

cedure outlined above for free acids. Data are given in Table 20.

Resinite acids

Resinite extracts, and the extracted rosinite residues, were
examined for free and bound acids. Aliquot: of the total extracts
were saponified directly without prior fractionation by column
chromatography. The procedure for obtaining purified acids, and

preparation of their methyl esters, was the same as that outlined
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Table 19: Experimental data for the isolation of free
acids from macerals other than resinites

Weight Weight Tlc fractionation of
methanol acidic methylated acids
eluate™ fraction M A S
Tacovered ono-acids Di-acids
(mg) (mg) (mg) (mg)
Vitrinite
High Hazles Gedling 267.7 23.4 0.5 -
Westfield 279.6 41.1 0.2 -
Clowne 442.1 6.2 0.1 -
Shallow 394.8 14.9 0.2 -
High Hazles Warsop 506.2 755 0.3 -
Deep Hard 299.4 22,1 0.2 -
High Hazles Whitwell 370.6 331 0.2 -
Beeston 184.5 35.9 0.2 -
Barnsley 243.1 4.2 0.2 -
Parkgate 141.3 8.6 0.2 -
Silkstone 107.3 4.7 03 -
Sporinite
Donibristle 177.5 78.1 0.2 -
High Hazles Gedling 107.8 62.7 0.3 -
Clowne 350.5 28.2 0.2 -
Shallow 487.0 38.4 0.3 -
High Hazles Warsop 440.4 33.5 8 P 3 -
Deep Hard 282.9 36.3 0.1 -
High Hazles Whitwell 338.9 47.3 0.6 -
Beeston 166.5 D750 0.3 -
Barnsley 231.2 19.3 0.3 -
Parkgate 109.4 15.4 0.1 -
Silkstone 113.9 11.7 0.1 -
Alginite
Scotland 23.4 12 0.2 0.1
South Africa 46.0 21.2 0.8 1.1
New South Wales 1315%7 61.0 125 4.7
Cutinite
Indiana 267.7 31.7 0.7 0.4

* See Table 14 for isolation of methanol eluates from column
chromatography.
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Table 20: Experimental data for the isolation of bound
acids from macerals other than resinite
Weight Weight Tlc fractionation of
maccral acidic methylated acids
residue fraction M id Di id
e i ono-acids i-acids
(gm) (mg) (mg) (mg)
Vitrinite
High Hazles Gedling 21.3 23.4 0.2 -
Westfield 57.5 16.2 0.1 -
Clowne 40.5 19.3 0.2 -
Shallow 53.6 9.9 0.2 -
High Hazles Warsop 54,2 24.2 0.2 -
Deep Hard 59.7 18.0 0.1 -
High Hazles Whitwell 56.6 19.3 0.1 -
Beeston 24,2 i1l 0.1 -
Barnsley 8.6 1.6 0.1 -
Parkgate 44,2 17.0 0.2 -
Silkstone 56.1 14.1 0.1 -
Sporinite
Donibristle 38.2 91.4 0.5 -
High Hazles Gedling 20.2 138.6 0.5 -
Clowne 21.1 8.2 0.5 -
Shallow 42.4 12.4 0.1 -
High Hazles Warsop 41.5 33.9 0.4 -
Deep Hard 57.0 31.0 0.6 -
High Hazles Whitwell 43.5 10.8 0.3 -
Beeston 49,7 10.4 0.4 -
Barnsley 42.6 6.7 0.3 -
Parkgate 11.6 3.0 0.5 -
Silkstone 38.3 8.5 0.4 -
Alginite
Scotland 51.4 24.1 0.4 0.9
South Africa 48.9 22.9 0.1 4.4
New South Wales 48.3 22.1 3.6 5.7
Cutinite
Indiana 10,0 64.5 0.3 9.0
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for acid fractions of the other macerals. All but one of the total
ester fractions (i.e. Yallourn resinite extract acids) were then
fractionated by preparative tlc using hexane:acetone (70:30) as the
developing solvent (Thomas, 1969). This produced separations into
seven fairly distinct bands for Maghara and Bitterfeld free acid
esters, and into three and four bands respectively for the residue
acid esters. Yallourn extract acid esters were not fractionated
cleanly into distinct bands by this solvent system, and they were
consequently fractionated by developing twice in petroleum ether:
diethyl ether (95:5). This produced nine separate tlc bands.
Experimental data are given in Tables 21 and 22. All the fractions
were recovered from the silica gel and examined by gc and combined

gC'mS .



- 117 -

Table 21: Experimental data for the isolation of free
acids from resinites

Weight Weight Tlc fractionation of
extract acidic methylated acids
fraccion Band  Wt. [
recovered
(mg) (mg) (mg)
Yallourn 784.0 137.6 1 0.5 0.70
2 0.8 0.61
3 1.0 0.55
4 0.7 0.47
5 0.2 0.39
6 0.1 0.28
7 0.4 0,21
8 1.1 0.16
9 18.5 0.15-0.00
Total = 23.3
Maghara 1104.0 50.6 1 0,2 0.86
2 0.9 0.79
3 1.2 0.71
4 0.4 0.50
5 0.5 0.35
6 0.5 0.30
7 0.6 0.21-0.00
Total = 4.3
Bitterfeld 376.4 171.3 1 3.9 0.81
2 5.1 0.73
3 3.7 0.68
4 4.1 0.62
5 6.6 0.56
6 27.2 0.52-0.18
7 8.5 0.16-0.00

Total = 59.1
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Table 22: Experimental data for the isolation of bound
acids from resinites
Weight Weight Tlc fractionaticn of
extrocted acidic methylated acids
residue fraction
T Band Wt. RE
(gm) (mg) (mg)
Yallourn 2.7 108.3 1 12:.6°10.70
2 2.8 0.55
3 4.3 0.48
4 16.9 0.44-0.00
Total = 36.6
Maghara 5.4 12.7 1 2.6 0.73
2 }+350:55
3 2.8 0.50-0.00
Total = 6.7
Bitterfeld 10.1 465.1 1 23.6 0.70
2 21.1 0.56
3 26,3 0.45
4 76 . 9 0 . 4 1-0 . w

Total = 147.9
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Introduction

Pyrolysis of coal has long beon of commercial interest be-
cause of the wide variety of products that can be obtained.
Industrial processes are usually carried out at temperatures in
excess of 500°C, i.e. above the decomposition temperature of coal.
Pyrolysis in an inert atmosphere (i.e. carbonisation) at tempe-
ratures in the 450° to 700°C range has been defined as low-
temperature carbonisatiocn, the products being primary tar and
semi-coke (Wilson and (lendenin, 18063). At these temperatures
the aliphatic edge-groupings are cracked from the coal matrix to
yield primary tar and gas, but the residue, semi-coke, retains
much of its aromatic hydrogen. Semi-coke is used as a smokeless
fuel, while the tars provide raw materials for the organic
chemical industries. High-temperature carbonisation, at tempe-
ratures up to ca. IOOOOC, produces coal gas, and coke from which
virtually all the hydrogen has been removed. Although the
petroleum and natural gas industries have been steadily under-
ming the economic viabilizy of ccal as a primary source material,
the recent long-term predictions about the limited future of
the world's petroleum reserves have already begun to revive
interest in the science and technology of coal.

Pyrolysis is an important technique in the elucidation of
coal structure. The basic mechanisms involved in the thermal
conversion of coal to soluble products have been summarized by
van Krevelen (1961), who divided the process into primary (less
than 500°C) and secondary (greater than 500°C) carbonisation.
The major sojuble product of the primary stage is tar, and the
residue is semi-coke. The controlling mechanisms are depoly-

merisation and disproportionation involving aliphatic hydrogen
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only (van Krevelen et al., 1960). The hydrogen-enriched frac-
tion produces mainly tar, with lesser quantities of gas, while

the residue gives a semi-coke. During secondary carbonisation
semi-coke is reduced to coke through the loss of aromatic hydrogen
while primary tar is pyrolysed to gas and lighter oils. The

yield and nature of the evolved products vary with the composition
and rank of the coal, as well as with the conditions of carbon-
isation.

Berkowitz (1967) divided pyrolysis into three temperature-
dependent phases. The first phase terminates between 350°C and
400°C, and induced structural changes in bituminous coals have
been compared with those which would occur during natural coali-
fication (Cavell and Berkowitz, 1960). These essentially involve
the loss of -COOH, --OCH:5 and some -OH groups. The distribution
of oxygen functions with the rank of coal has been outlined by
Blom et al., (1957). At ranks greater than about 80% C, oxygen
in -COOH and -OCH3 groups has largely been eliminated naturally.
In agreement, pyrolysis of coals of ranks higher than ca. 80% C
induces little elimination of oxygen below 400°C (Bergman et al.,
1954; Brown, 1955b; Brooks and Maher, 1957). On the other hand,
reactions involving -COOH and -OH groups have been noted in brown
coals at temperatures below 300°C (Brooks et al., 1958b).

Differential thermal analysis of bituminous coals provides
evidence of mild exothermic reactions taking place below 350°C
which, because of their independence of rank, are interpreted as
involving some C-C scission (Whitehead and Breger, 1950; Glass,
1954; Berkowitz, 15857). On the other hand, Kréger and Pohl
(1957) report no cxothermic reactions below 410°C in similar

investigations of maceral concentrates. Measurement of changes
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in electron spin resonance (ESR) signals with pyrolysis indicate
that some homolytic fission occurs below 400°C, but major changes
only occur at higher temperatures (Ingram et al., 1954; Smidt and
van Krevelen, 1959; Austen et al., 1966).

The second phase of carbonisation as defined by Berkowitz
occurs between 400° and 650°C, and is characterised by the evolu-
tion of abundant volatile matter. This is the temperature range,
as indicated by ESR, where the concentration of free radicals
increases markedly before falling virtually to zero at the higher
temperature. The origin of the evolved material is the aliphatic
and hydro-aromatic bridging structures between condensed aromatic
centres; by 650°C, most of these bridging structures have been
cleaved. The final carbonisation phase, occurring above 650°C
and terminating at about 1000°C, is marked by the loss of aro-
matic hydrogen, growth of condensed aromatic systems and progre-
ssion towards quasi-graphitic structures.

Vahrman (1972) considers that much of the low molecular
weight material, (i.e. molecular weights below 1000), which gives
rise to primary tars is in fact present primarily as adsorbed
material restricted within the micropores of coal and is thus
not recoverable by solvent extraction at ordinary temperatures.
The effect of primary carbonisation is simply to release this
material through decomposition of the remainder of the structure.

Mazumdar and Chatterjec (1973) have considered the formation
of pyrolysis products in relation to industrial and laboratory
practice. Using a carbon balance procedure, they concluded that
during primary carbonisation (below 600°C) gaseous products are
formed from aliphatic carbon (mainly -CHS), tar is generated

from hydroaromatic carbon, while the aromatic carbon is retained
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in the residue. This division only occurs under ideal condi-

tions. Obscrved departures from the ideal in industrial pro-

cesses are thought to be due mainly to the interaction of pri-
mary tar and the residue, as gas yields are less affected.

The degree of interaction is considered to be dependent mainly
on the physical dimensions of the coal sample in the crucible.

Low-temperature tars are composed of many compounds, com-
positions varying with the type and rank of the source coal and
upon the cor’i“ions of carbonisation. A short review by Karr
(1963) lists many low boiling aliphatic and aromatic hydro-
carbons, phenols, pyridines, thiophenes, anilines and ketones
which have beon identified.

Products of the rapid pyrolyses of coals have been evalu-
ated by pyrolysis gas chramatography, the principles of the
process being flash pyrolysis of small samples with immediate
injection of a part of the volatilised product into a gas
chromatograph (Evans and Raphaely, 1964; Bricteux, 1967;
Romovacek and ¥ubat, 1968)., BRecause of the high temperatures
involved, the coal substance is instantly degraded to rela-
tively small moleculcs, and it is claimed that socondary reac-
tions are unimportant because the primary products are instantly
removed from the coal by a carrier gas. The method appears use-
ful in comparative werk on pyrolytic oil and gas compositions,
but is of more restricted velue in the elucidation of the ori-
ginal structure ol the ceal.

Using a similaxr principle, but applying much lower tempe-
ratures which lead ¢o a more controlled degradation, pyrolysis
products have been fed directly into a mass spectrometer

(Holden and Robb, 1958, 1960a, 1960b). With this technique,
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the temperature-dependence of evolved compounds has been
investigated. Gas chromatographic analysis of evolved hydro-
carbons produced by a step-wise heating of coals up to 700°¢C
has been used by Girling (1963). Evaluations were made on
the temperatures of evolution of different hydrocarbons, and
the pyrolysis products of vitrinites and sporinites were
compared.

Exinites have been investigated by successive low-
temperature pyrolyses in reclation to oil and gas production
(Combaz, 1971) and by progressive heating at very slow incre-
mental rates (Macrae, 1943), Frosh spore and coalified spor-
inite pyrolysis products have been compared (Archari et al.,
1973), while Dungworth et al., (1971) examined the aliphatic
hydrocarbons produced by hydrogenolytic degradation of extrac-
ted and saponified sporinites.

A number of invasztigations have been carried eut on the
hydrocarbon products of law-terperature thermal degradation
of coals and macerals. Royer et al., (1961), identified long-
chain n-alkanes in tar produced at 550°C from an unextracted
exinite-rich coal. 7he n-alkanes had a virtually smooth dis-
tribution, but n-alkenes also identified had an even-numbered
predominance in the n-C,, to n-C,, range. Kroger et al.,

- (1964), identified n- and biranched/cyclic alkanes, olefins
and aromatic hydrocarbons in an extensive investigation of
tars produced by low-temperature pyrolysis of bituminous
vitrinites and exinites. Smooth distributions of n-alkanes
were reported. n-Alkanes and n-alkenes, both having smoeth
distributions as demonstrated by gc, were produced in rela-

tively large quantitios in a 500°C pyrolysis of unextracted
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alginite (Henderson, 1968). Alkanes produced by temperature-
programmed pyrolysis of unextracted vitrinites of various
ranks have been investigated by Barker (1974), but only the
shorter-chain homologues (i.e. lower than Clo) were identified.
Brooks and Smith (1969) demonstrated that heating both
fresh and extracted brown coal at 330°C with water generated
n-alkanes which showed a predominance of even-carbon-numbered
chains in the 2;623 to g;Cso range, while Connan (1973) found
that pyrolysis of another sample of coal from the same sequ-
ence (Yallourn lignites, Australia) produced odd-dominated
n-alkane distributions in the absence of water. Palmer and
Vahrman (1972a, 1972b) extended the earlier work of Spence
and Vahrman (1967) to conclude that true extractable n-alkane
distributions in bituminous coals at low ranks are petroleunm-
like, showing smooth distributions and maxima well below
These conclusions were based on analyses of tars
produced at 600°C. However, as has already been discussed,
this temperature is sufficiently high to crack aliphatic
material from the coal matrix, and it is considered by the
present author that at least a part of the lower molecular
weight n-alkanes observed by Palmer and Vahrman may have been
derived from n-alkyl chains in the coal structure. The con-
ditions of pyrolysis employed by Palmer and Vahrman were such
that rapid condensation of the evolved tar occurred. Data
presented by Mazumdar and Chatterjee (1973) indicate that
this can virtually eliminate further degradation of primary
molecular fragments. It seems, therefore, that pyrolysis at
rather elevated temperatures can be & useful technique in

structural investigatiens.
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Volatile thermal-degradation products of recent and
fossil spore exines and related substances were investigated
by Combaz (1971), using successive short-term pyrolyses at
280°C. Alkanes and aromatic hydrocarbons were identified,
but the published information only concerned n-alkanes up to
about ETczo' Hydrogenolytic degradation at 380°C and
2000 p.s.i. of both fresh pollens and Carboniferous sporinite,
pre-extracted and saponified, yielded significant quantities
of alkanes (Dungworth et al., 1971), Total alkane fractions
were of rather low molecular weight, with maxima in the Ci4
to C,, range, but n-alkanes up to n+C,; were present in the
products of two fresh pollens and one Carboniferous sporinite
of bituminous rank. In the E;Czo to 97C28 range they showed
a marked predominance of even-numbered chain lengths.

In this investigation, selected samples of vitrinite
and sporinite of ranks between 77.1% and 86.6% C (d.a.f.),
together with other low-rank exinites besides sporinite, were
pyrolysed at 275° and 375°C under an inert atmosphere in an
autoclave. All the samples were extracted and saponified
prior to pyrolysis. The conditions of pyrolysis lie within
phasc one of carbonisation, as defined by Berkowitz, and, as
such, may simulate those reactions which occur during natural
coalificationr.

The exiractable material liberated from the macerals was
removed and fractionated chromatographically into aliphatic
and aromatic hydrocarbons, and asphalts. Data from the
respective macerals have been compared, and alkane yields and
distributions have been examined in conjunction with extract-

able alkanes from these macerals. Their potentials as con-
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tributors to sedimentary hydrocarbon sources has also been

discussed.
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Results

Vitrinite: pyrolysis at 375°C

Seven selected vitrinite residues (i.e. vitrinites that had
been extracted and saponified) were pyrolysed at 375°C for 24 h»s,
and then extracted with dichloromethane. The extracts were chroma-
tographed on columns containing silica gel to give aliphatic hydzn-
carbons (petroleum ether eluate), aromatic hydrocarbons (benzene
eluate) and asphalts (methanol eluate). Data are given in Table
23, Petroleum ether eluates were fractionated into saturated and
unsaturated fractions, using argentatious tlc, and the aikanes were
further separated into n- and branched/cyclic alkanes with 5A
molecular sieve (Table 24).

The aliphatic hydrocarbons were examined by packed-column gc.
The total alkane fractions of all the samples contained material
generally in the Ci4 to ca. 030 range, the fractions being complex
mixtures of both normal and branched/cyclic alkanes (Figs. 42 and
42a). The apparent distributions of n-alkanes from each sample
were similar, showing maxima in the C17 to C20 region. Primary
qualitative differences in the hydrocarbon products of pyrolyses
at 375°C may of course be masked by secondary reactions occurring
during the pyrolyses.

Alkene fractions (Fig. 43) contained compounds in the same
carbon number range as the total alkanes. Despite their general
complexity, an homologous series of n-alkenes occurred in all the
fractions except that from High Hazles Gedling vitrinite. n-
Alkenes occurred in the n-C,o to n-C,; range in general,

Gas chromatographic analyses of the n-alkanes provided evidence
of some differences in distribution that were not apparent in the

total alkane chromatograms. n-Alkanes were found up to about
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Table 23: Quantitative extraction and chromatographic
data for vitrinites pyrolysed at 375°C

Total Column eluates Wt. lost
extract Petroleum Benzene Methanol as
ether volatiles

(mg/gm)  (mg/gm) (mg/gm) (mg/gm)  (mg/gm)™

Vitrinite
High Hazles Gedling 24.10 1521 8.90 9.69 241.5
Clowne 12,21 0.92 3.79 7.22 277.9
Deep Hard 24.67 1.71 8.79 9.25 228.3
High Hazles Whitwell 15.40 0.91 5.18 6.54 210.7
Barnsley 11.69 0.87 4,04 5.63 133.7
Parkgate 31.18 2.19 13.46 9,58 104.6
Silkstone 33.76 2.26 15,50 12,55 76.3

*
(mg/gm) refers to mg material/gm of extracted and
saponified maceral.

Table 24: Alkane and alkene fractions isolated from
vitrinites pyrolysed at 3750C

Total Branched/
AT n-Alkanes cyclic Alkenes
alkanes

(mg/gm)  (mg/gm) (mg/gm)  (m2/gm)

Vitrinite
High Hazles Gedling 0.30 0.12 0.18 0.12
Clowne 0.18 0.09 0.18 0.18
Deep Hard 0.97 0.30 0.55 0.29
High Hazles Whitwell 0.49 0.04 0.38 0.18
Barnsley 0.51 0.08 0.25 0.22
Parkgate 1.25 0.30 0.79 0.25
Silkstone 1.28 0.27 0.82 0.20
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ggcss, mostly showing a maximum at g;Czo. Parkgate vitrinite n-
alkanes were unique in showing a bimodal distribution about Efczo
and ETCZQ' There was some evidence for a trend towards lower
average molecular weight with increasing rank of the samples in
that a relatively greater proportion of the fractions occurred
above E;CZO in the lower rank samples (Figs. 44 and 44a).

The most interesting featurc of the n-alkane distributions was
the predominance of the n-Cy4s n-Cye and n-C,s compounds in the
higher molecular weight range. In all the samples the CPI values
calculated for the n-C,; to n-C;; ranges were less than unity.
Although there was quite a wide variation in CPI values (Table 25),
they did not appear to be rank-related.’

Branched/cyclic alkane fractions were very complex (Figs. 45
and 45a). Gas chromatograms obtained on 5 ft packed columns showed

broad envelopes of peaks tailing off at about C,g to C 0 in most

3
fractions. High Hazles Gedling vitrinite was an exception to this
in that it produced a relatively greater yield of higher molecular
weight compounds (i.e. above C26) than the other samples. Acyclic
isoprenoid alkanes (C18, C19 and CZO) were minor components of

this fraction. At higher ranks the average molecular distribution
shifted to a lower range and the isoprenoid alkanes showed a rela-
tive increase in concentration. The C,g and Cig isoprenoids
occurred in approximately equal concentrations, and were between one
and two times more abundant than phytane. Parkgate and Silkstone
fractions showed a large relative increase in the concentration of
pristane, which became the major component of these fractions.

The relative concentrations of the C18 and C20 isoprenoids were
little changed however. Clowne vitrinite was somewhat exceptional

in that it produced a branched/cyclic alkane fraction comparable

to those of higher rank samples, except for a predominance of
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Fig. 44a. n-Alkanes of vitrinites after pyrolysis
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Fig. 45. Branched/cyclic alkanes of vitrinites
after pyrolysis at 375°
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Gas chromatographic conditions as in Fig. 42.



Fig. 45a. Branched/cyclic alkanes of vitrinites

after pyrolysis at 375°
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