
Composition, Geochemistry 
and Conversion of Oil Shales 



NATO ASI Series 
Advanced Science Institutes Series 

A Series presenting the results of activities sponsored by the NATO Science Committee, 
which aims at the dissemination of advanced scientific and technological knowledge, 
with a view to strengthening links between scientific communities. 

The Series is published by an international board of publishers in conjunction with the NATO 
Scientific Affairs Division 

A Life Sciences Plenum Publishing Corporation 
B Physics London and New York 

C Mathematical and Physical Sciences Kluwer Academic Publishers 
D Behavioural and Social Sciences Dordrecht, Boston and London 
E Applied Sciences 

F Computer and Systems Sciences 
G Ecological Sciences 
H Cell Biology 
I Global Environmental Change 

Springer-Verlag 
Berlin, Heidelberg, New York, London, 
Paris and Tokyo 

PARTNERSHIP SUB-SERIES 
1. Disarmament Technologies 
2. Environment 
3. High Technology 
4. Science and Technology Policy 
5. Computer Networking 

Kluwer Academic Publishers 
Springer-Verlag 
Kluwer Academic Publishers 
Kluwer Academic Publishers 
Kluwer Academic Publishers 

The Partnership Sub-Series incorporates activities undertaken in collaboration with NATO's 
Cooperation Partners, the countries of the CIS and Central and Eastern Europe, in Priority Areas of 
concern to those countries. 

NATO-PCO-DATA BASE 

The electronic index to the NATO ASI Series provides full bibliographical references (with keywords 
and/or abstracts) to more than 30000 contributions from international scientists published in all 
sections of the NATO ASI Series. 
Access to the NATO-PCO-DATA BASE is possible in two ways: 

- via online FILE 128 (NATO-PCO-DATA BASE) hosted by ESRIN, 
Via Galileo Galilei, I-00044 Frascati, Italy. 

- via CD-ROM "NATO-PCO-DATA BASE" with user-friendly retrieval software in English, French 
and German (© WTV GmbH and DATAWARE Technologies Inc. 1989). 

The CD-ROM can be ordered through any member of the Board of Publishers or through NATO-
PCO, Overijse, Belgium. 

Series C: Mathematical and Physical Sciences - Vol. 455 



Composition, Geochemistry 
and Conversion of Oil Shales 
edited by 

Colin Snape 
Department of Pure and Applied Chemistry, 
University of Stratchclyde, 
Glasgow, Scotland, U.K. 

Springer-Science+Business Media, B.V. 



Proceedings of the NATO Advanced Study Institute on 
Composition, Geochemistry and Conversion of Oil Shales 
Akcay, Turkey 
18-31 July 1993 

Library of Congress Cataloging-in-Publication Data 

ISBN 978-94-010-4140-9 ISBN 978-94-011-0317-6 (eBook) 
DOI 10.1007/978-94-011-0317-6 

Printed on acid-free paper 

All Rights Reserved 
© 1995 Springer Science+Business Media Dordrecht 
Originally published by Kluwer Academic Publishers in 1995 
Softcover reprint of the hardcover 1 st edition 1995 
No part of the material protected by this copyright notice may be reproduced or 
utilized in any form or by any means, electronic or mechanical, including photo
copying, recording or by any information storage and retrieval system, without written 
permission from the copyright owner. 



Preface 

Oil shales are broadly dermed as petroleum source rocks containing sufficiently high contents of 
organic matter (above ca 10-15 wt.%) to make utilisation a possibility. Like coal, the world's 
reserves of oil shales are vast being many times larger than those proven for crude oil. Indeed, 
some of the largest deposits occur in the USA and Europe where Estonia and Turkey have large 
reserves. The first recorded interest in oil shale retorting was an English patent in 1694 (Eele, 
Hancock and Porter, No. 330) which refers to distilling noyle from some kind of stone". The oil 
shale retorting industry dates back to the middle of the last century, notably Scotland, Estonia, 
France and Sweden in Europe. Indeed, my own Department at the University of Strathclyde has a 
historical link with James "Paraffin" Young, the founder of the Scottish oil shale industry who 
endowed a chair in Applied Chemistry. The growth of the oil industry saw the demise of the oil 
shale industry in most countries with the notable exception of Estonia, where kukersite has 
continued to be used for power generation and retorting. However, oil shale utilisation has 
attracted renewed attention since the early 1970s as a source of transport fuels and chemical 
feedstocks due to the the long term uncertainties over crude oil supplies. Indeed, the last 15 years 
has seen the development of a number of innovative process concepts, such as fluid-bed pyrolysis 
and hydroretorting which have enabled considerably higher oil yields to be obtained than by the 
classic retorting procedures. 

The yield of shale oil obtained from retorting is governed by the organic matter content and 
maturity of the shale (crudely classified into Types I, II and III on the basis of atomic HlC and OIC 
ratios), the retorting regime and interactions between the organic material and the minerals present 
To understand these phenomena, detailed structural information is clearly required on the organic 
matter present Although microscopy and reflectance measurements enable the visibly distinct 
organic classes - macerals and the overall thermal maturity to be assessed no information is 
provided on the chemical structure. The facts that most of the organic matter is insoluble in 
common organic solvents (kerogen is the generic term used to describe this insoluble matter) and 
the organic matter occurs in a mineral matrix pose considerable problems for detailed 
characterisation. Indeed, the problems are more acute than for coals where the mineral 
concentrations are much lower. Nonetheless, the organic geochemistry and analytical chemistry 
communities have made considerable strides in the application of gas chromatography, mass 
spectrometry, nuclear magnetic resonance and a number of other advanced analytical methods to 
assess the structure and biological origins of kerogens. Therefore, it was considered timely to 
bring together leading scientists from the analytical/geochemistry and chemical engineering 
communities involved in fossil fuel research for this NATO ASI. 

The aim of the ASI was to provide a comprehensive coverage of oil shale chemistry and 
conversion technology emphasing the key role oil shale could have in the future for helping to meet 
the increasing world's demand for transport fuels and chemical feedstocks. The major themes of 
the ASI were the (i) composition and geochemistry encompassing microscopy, advanced 
specroscopic and pyrolysis techniques, biomarkers and mineral matter and (ii) conversion 
including static and fluid-bed retorting, hydropyrolysis, co-processing, gasification. beneficiation. 
upgrading strategies and environmental considerations. The reviews in first two sections of the 
book reflect these major themes. In addition to the review lectures, over 25 research contributions 
were presented as posters at the ASI which contributed greatly to the success of the scientific 
programme. A number of these have been included the third section of the book. 

Special thanks are due to Ekrem Ekinci of Istanbul Technical University for his invaluable 
assistance in helping me organise the NATO ASI. Further, I wish to acknowledge the 
contributions from E. Putun, F. Yardim, H. Atakul and D. Ercikan - the local organising 
committee in Turkey - and that from my wife, Anne who acted as secretary, in helping to make the 
ASI a success. 

v 

Colin E. Snape 
9.10.94 
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ORGANIC PETROGRAPHY: PRINCIPLES AND TECHNIQUES 

Adrian C Hutton 
University of Wollongong 
Wollongong, NSW, 2522 
Australia 

1. Introduction 

Organic petrography is the study of the organic constituents, known as macerals, in 
sedimentary rocks, that is, the description and terminology of the properties of the 
organic matter, whether the rocks be, for example, coal, petroleum source-rocks and oil 
shales (all of which contain abundant organic matter) or limestone, sandstone and shale 
(all with minor dispersed organic matter (DOM». 

Traditional petrographic studies utilise transmitted light microscopy for thin-sections 
and strew mounts (as in palynological and kerogen studies) or incident (also called 
reflected) white light microscopy for polished blocks. In the last two decades, organic 
petrography has advanced significantly with the development of fluorescence mode 
microscopy. Fundamental to fluorescence microscopy is the phenomenon where 
hydrogen-rich organic matter absorbs wavelengths within the ultraviolet-blue (UV-blue) 
light range and re-emits longer wavelengths (that is, energy of a lower frequency) that 
are within the visible light spectrum. This fonn of fluorescence is known as primary 
fluorescence or autofluorescence and should be distinguished from secondary fluorescence 
which relates to fluorescence produced from fluorochromes or chemicals used to "stain" 
nonfluorescing organic matter, a technique used in biological sciences. 

Macerals which have similar properties are placed in groups just as minerals are placed 
in groups. For minerals, feldspar, amphibole, pyroxene and mica are commonly-known 
groups. However, whereas there are many groups of minerals, there are only three 
maceral groups - vitrinite, inertinite and liptinite. 

Vitrinite macerals, derived from the cells of plant tissue and precipitated gels, are 
generally grey, in low rank rocks, becoming light grey to greyish-white in very high rank 
rocks. In very low rank samples, vitrinite exhibits weak green, orange or red 
fluorescence grading to weak orange-brown fluorescence at higher rank to no 
fluorescence in very high rank samples. Several classifications have been developed for 
the vitrinite group with the most commonly used being the Stopes-Heeden system, also 
known as the International Committee for Coal and Organic Petrology (abbreviated to 
ICCP) system. (The ICCP was known as the International Committee for Coal Petrology 
until 1990.) This system separates and distinguishes between huminite (low rank 
'vitrinite' commonly found in brown coal) and vitrinite ('vitrinite' in higher rank 

C. Snape (ed.). Composition. Geochemistry and Conversion of Oil Shales. 1-16. 
© 1995 Kluwer Academic Publishers. 
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bituminous coal). 
Compared to vitrinite, liptinite is dark grey and has a lower reflectance in incident 

white light. Most liptinite fluoresces relatively strongly, with much stronger intensities 
than for vitrinite in the same sample. Fluorescence intensity of liptinite decreases with 
increasing rank and there is a shift in the wavelength from the blue end to the red end 
of the spectrum. The fluorescence of liptinite may change after prolonged irradiation. 
This change may be either a positive or negative shift in both wavelength and intensity. 
Liptinite is derived from hydrogen-rich precursors such as fats, oils, waxes, spores, 
cuticle and algal precursors. 

Compared to vitrinite, inertinite macerals are light grey to white and have higher 
reflectance. Inertinite has only very weak fluorescence and generally this can only be 
observed with special techniques. Inertinite is derived from the cells of plant tissue with 
initial coalification in a more oxygen-rich environment than for vitrinite. 

Organic petrography is particularly useful in the coal industry, the petroleum industry 
and the oil shale industry. Coal petrography commenced when researchers attempted to 
determine the origin of coal and to review coal properties that influenced coke 
manufacture. Of the many concepts used in coal petrography, the two most important 
are type and rank. Type refers to the nature, that is, variety and abundance of organic 
matter. Thus type is a function of both the variety of precursor organic matter that was 
deposited in the pre-peat stage and the nature and degree of alteration that the 
components of peat underwent during the early stages of diagenesis. ' 

Rank refers to the stage of coalification that the organic matter has reached. Thus 
rank is determined by the degree to which physico-chemical reactions have coalified or 
metamorphosed the organic matter in response to time and/or temperature. The 
reflectance of vitrinite increases almost linearly with rank and thus vitrinite reflectance is 
a good rank parameter. Reflectance of a maceral is the percentage of light reflected 
from a polished surface of the maceral and is measured relative to standards of known 
reflectance and under a narrow set of conditions including specific wavelength of the 
incident light and temperature. 

In coal, macerals rarely occur alone but commonly with other macerals, mineral matter 
or the same maceral. An assemblage of one or more macerals, where the width of the 
assemblage is greater than 50 microns, is called a microlithotype. 

Whereas coal petrography is quite an old science dating from the early work of Stach, 
Thiessen and Stopes, oil shale and petroleum source rock petrography are relatively 
young sciences being not yet three decades old. In the petroleum industry, vitrinite 
reflectance is used to determine maturity (a term synonymous with rank) which in tum is 
used to determine the thermal history and other details such as the nature, timing and 
degree of hydrocarbon generation. Type and abundance of the organic components 
determines source rock potential. As the organic components are macerals derived from 
plants, including terrestrial plants and algae, organic petrography is an important 
technique for studying source rocks. 

Oil shale petrography was born of coal petrography and has been nurtured by coal 
petrographers since its inception. The development of fluorescence microscopy has been 
of great benefit because many of the liptinite macerals are difficult to distinguish from 
mineral matter in incident white light, especially in samples of low rank. Petrographic 
studies of oil shales are basically studies of liptinite macerals (the hydrogen-rich 
macerals) and an understanding of coal petrography is essential for success and 
competency in this field. 
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2. Organic Constituents of Rocks 

Over the past twenty years, applications of coal petrography have been extended to 
include, firstly, the study of oil generation, especially maturation of the organic matter 
and the thermal history of basins, and more recently, the study of oil shales. 
Consequently we now see that most organic microscopists are organic petrographers 
(rather than coal petrographers) who study organic matter is all types of rocks. Most 
leam the art by studying coals initially because this gives a good background in the 
principles and techniques. 

Petrographers are aware that organic matter is just part of a rock; in coal the organic 
matter is, by definition, the most abundant part of the rock. In oil shale the organic 
matter constitutes much less than 50% (by volume) of the bulk rock; in petroleum source 
rocks, the organic matter constitutes as little as 5% (by weight) of the rock. The 
message is simple, petrographers need to be aware of the mineral matter as well as the 
organic matter - the organic constituents are not the only components of the rock 
examined. One way of looking at the composition of any sedimentary rock is to regard 
it as comprising one or more of six components, some that are organic and others that 
are inorganic (detailed definitions of the organic components are given elsewhere): 

Vitrinite 
Inertinite 

Primary Liptinite 

Secondary Liptinite 

Allochthonous Minerals 

Autochthonous Minerals 

organic matter derived from woody tissue 
organic matter derived from woody tissue in an 
oxidising environment 
organic matter derived from hydrogen-rich plant 
tissue 
liptinite derived from primary organic 
components; includes bitumen and oil 
clastic mineral matter, commonly from outside 
the basin 
authigenic mineral matter precipitated in the 
basin 

3. Techniques Used in Organic Petrography 

As with any science, the results obtained and the subsequent importance of any 
petrographic study is dependent on two factors: 

i. the expertise and equipment used in the preparation of the samples that are to 
be studied, and 

ii. the expertise and equipment used to make the observations. 
Polished blocks can be prepared from outcrop, drill core, sidewall core or cuttings 

samples and as little as a few grams is all that is required for detailed characterisation of 
a sample. However, it should be noted that detailed characterisation refers to the interval 
covered by the sample in the block, however small, and not the seam or deposit. 

3.1. SAMPLE PREPARATION 

Organic petrography of coal is well documented and the techniques used, including those 
for sample preparation, have been in use for many years. 

Thin sections have been used extensively in the past but tend to be less useful than 
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polished blocks. The main disadvantages of thin sections are : 
i. aberrant UV -blue radiation is a major hazard; 

ii. larger samples are sometimes required; 
iii. many clay-rich samples do not hold together during preparation and the thin 

sections produced are commonly of poor quality; and 
iv. cover slips used to protect the thin section reduces fluorescence intensity. 

Strew mounts (or kerogen mounts) are important to a palynologist but of limited value 
for the organic petrographer. Removal of the mineral matter tends to cause the organic 
matter to form a mat which may impede examination. Demineralisation is first carried 
out with hydrochloric acid (HC1) to remove carbonates and then hydrofluoric acid (HF) 
to remove silicates and other mineral groups. Disadvantages of the strew mounts 
include: 

i. the organic-mineral relationships are commonly destroyed; 
ii. the cover slip reduces fluorescence intensity; 

iii. oxidation of the organic matter may take place and this alters the fluorescence 
intensity and chemical composition; and 

iv. comminution of the sample may destroy the properties of the palynomorphs. 

Polished blocks and reflected light microscopy have the following advantages: 
i. the technique is rapid; 

ii. the technique is easy to learn; 
iii. blocks are easily stored for later use; and 
iv. the amount of sample to prepare a polished block need not be large. 

Methods for preparing and polishing samples are given in most text books and it is 
not proposed to detail these here. No method is prescriptive and many laboratories 
modify the steps given in text books. For example, a number of laboratories still use 
manual polishing whereas many others have gone to automated equipment. Some 
laboratories use alumina powder, others use diamond pastes and others use chromium and 
magnesium oxides. Likewise the choice of the mounting medium is commonly personal 
preference. As a general rule, the solid mounting medium should be approximately the 
same hardness as the sample. 

The following points are important. 
1. Sample selection is critical; samples mayor may not be representative. Whole rock 

samples (core, outcrop and sidewall core) provide data on mineral-organic textures and 
boundary features; cuttings samples allow characterisation of larger intervals. 

2. Sample preparation is important. Samples should be dry and should not be heated 
above 50 to 60"C, especially if reflectance data are being taken. 

3. All samples should be evacuated before the embedding resin sets as this will make 
polishing easier; larger grains from preceding polishing steps may be trapped in air 
bubbles and released during later steps. 

4. Samples which contain swelling clays, such as smectite, may have to polished in an 
alcohol carrier rather than water. 

3.2. ANALYSIS OF SAMPLES 

Which microscope should be chosen? The answer is difficult and really depends on the 
budget and the availability of suppliers. Personal choice may also play a large part in 
microscope selection. Some researchers prefer digital readout for reflectance 
measurements, others prefer galvanometers or prefer that data to be input to a computer. 
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Figure 1. Schematic Light Path for Reflected Light Microscope Using 
Fluorescence Mode. 
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Oculars and objectives should be clean. Smears and oil drops can be removed with 
lens tissue or a clean piece of polystyrene. All samples should be examined in white 
light as well as fluorescence mode. The fluorescence properties observed in oil 
immersion are commonly quite different with respect to intensity and even colour, if the 
same field is observed in air immersion. Likewise changing the filter system changes the 
fluorescence colours. A commonly used filter system for a Leitz microscope (Fig. I) 
comprises a 4 mm BG38 red suppression filter, a 5 mm BG12 excitation filter, a TK400 
dichroic mirror and a K490 suppression or barrier filter; fluorescence colours change if 
one or more of the filters is changed. We commonly forget that colours perceived by 
the petrographer are rather subjective and quite often few petrographers will give the 
same colour description when observing the same liptinite. Although standard colour 
charts have been used, these appear to have had little success in some countries. 

It is difficult to describe a 'standard microscope' as manufacturers do not standardise 
their equipment. Essential components for fluorescence microscope (Fig. 1) are the red 
suppression or heat filter to reduce the heat energy given off by the lamp, the excitation 
filter to give a narrow excitation spectrum and the barrier filter to remove harmful 
primary UV -blue wavelengths that are not absorbed by the sample. 

Good photography is an asset to the organic petrographer and the ability to shoot a 
'good' photograph improves with experience. Exposure times may be of the order of 
minutes, especially for fluorescence mode, and fast film speeds are needed - at least ISO 
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200/24°; ISO 400/27° is better. 
Quantitative maceral analyses are usually obtained with standard point count methods 

using both white light and fluorescence mode counts. Each count should be at least 500 
points with the step and traverse intervals calculated to give at least 90% coverage of the 
block. Percentages should be quoted to realistic figures. In a count of 500, each point 
represents 0.2% by volume; any figure corrected to 0.1 % or less is meaningless. As a 
general rule the lowest objective magnification should be x32 and preferably x50. 

Reflectance measurement should be taken in accordance with a standard. Details of 
the methods are given in reference books. 

4. Organic Petrography of Coal 

4.1. BRIEF HISTORY OF COAL PETROGRAPHY 

Coal petrography initially employed transmitted light techniques utilising thin sections 
(TL). Many advances were made using these techniques and amongst those who 
contributed significantly to the understanding of coal petrography were Thiessen and 
White who stressed the need for microscopic studies. TL techniques were used 
extensively in Europe and the USA; benchmark publications came from Reinhardt 
Thiessenl and Mary Stopes2, both of whom were palaeobotanists. H and R Potonie were 
important contributors in Germany. 

Reflected light examination of coal was initiated in 1913 and was used in the 1920s 
and early 1930s by Stach, Thiessen, Stopes, Duparque, (France), Seyler (England) and 
Hoffman and lenkner (Germany) who pioneered reflectance measurement and its use as a 
measure of rank. Two major advances came in 1935. Stach3 published his textbook on 
coal petrology, which was updated 40 years later and issued as a third edition in 19824 , 

and a meeting of leamed coal scientists met at Heerlen (The Netherlands) to resolve 
some of the many difficulties that had arisen because of the many and varied approaches 
that had been adopted up to this time. Several ideas on classification had evolved and 
confusion had arisen over concepts and terminology. At the Heerlen meeting, Mary 
Stopes proposed her concept of "maceral" to designate the fundamental microscopic 
constituents of coal. From this meeting was born the Stopes-Heerlen nomenclature 
system which forms the basis of the present International and the Australian Standards 
systems of nomenclature. 

In the 1950s, the ICCP was formed with the aim of advancing the science of coal 
petrology through standardisation of methodology and terminology. These attempts have 
contributed greatly to standardisation but there is still a long way to go. Within the la~t 

two decades, automated microscopy and fluorescence microscopy have developed and are 
now standard techniques in many laboratories. For example whereas subjective estimates 
of fluorescence colour and intensity were given for liptinite macerals, it is now possible 
to show a spectrum of wavelengths for fluorescence and quantitative intensities. 

Coal petrology is now a multidisciplinary study which includes the petrology of peat, 
evaluation and causes of rank, detailed studies of coal chemistry and physical properties 
of coal, technological applications of coal including liquefaction, combustion and 
carbonisation (coking), petrological studies of coal seam sedimentology and petrological 
studies of oil shales and petroleum source rocks. 

Maceral terminology was first developed for coal and then extended to include 
petroleum source rocks and oil shales. Coal is an heterogeneous rock that is composed 
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of organic matter derived from mostly terrestrial plant matter with minor mineral matter 
of either an authigenic or allochthonous origin. 

Today. coal petrography is the study of coal using one or more of the following: 
i. examination of a polished surface in reflected light to identify the vitrinite and 

inertinite components and in fluorescence mode to determine the type and 
abundance of liptinite macerals; 

ii. measurement of the vitrinite reflectance to determine rank; the reflectance of 
other macerals can also be determined although vitrinite reflectance is the 
accepted rank determiner; and 

iii. estimation of volumetric abundance of macerals; the latter can be either a point 
count or a .visual estimate; many laboratories also measure the wavelength of 
the fluorescence radiation. 

Whilst it is possible to give a number of suggestions. it should be realised that. 
although the maceral definitions are quite rigidly defined. in practice there is great 
diversity in the properties of the individual macerals. Experience is the best teacher! 

4.2 WHAT IS COAL? 

Coal is composed primarily of vegetal matter that was deposited in a number of 
environments. The vegetal matter forms peat which then changes to coal given suitable 
conditions. The type and composition of the peat is determined by both contributing 
plants and the conditions of peat accretion. Both reflect. to a large degree. the position 
of the water table relative to the swamp surface. It follows that coal will be the end
product of plant type and both physico-chemical and biochemical reactions. 

4.3 MACERAL TERMINOLOGY 

Maceral terminology and classification is a three-tiered hierarchal system whereby 
maceral groups are divided into macerals which are further subdivided into sub- macerals. 
Where very detailed terminology is required. such as in genetic studies. some 
submacerals are divided into maceral varieties. 

It is important to realise from the beginning. that maceral terminology for vitrinite 
macerals. is not absolute. that is. some vitrinite macerals have more than one name. 
Maceral terminology is essentially a classification system erected for the description and 
classification of organic matter in coal. As such. several parameters can be used as the 
basis for the classification and as a consequence. there are several maceral terminologies 
in use. 

The maceral terminology used in coal petrography has evolved over the years with 
several of the maceral names suggested by Stopes being adopted at the Heerlen Congress 
held in 1935. The terminology which has developed under this system has been termed 
the Stopes-Heerlen system. later adopted. with some revisions. as the International System 
by the ICCpS·6.7. The Stopes-Heerlen system is widely used by petrographers in Europe. 
USA and Australia. 

One significant historical factor relating to terminology has important consequences; 
terminology was developed for coals formed in the Northern Hemisphere. especially the 
Carboniferous bituminous coals and the brown to sub-bituminous coals of Mesozoic and 
Tertiary age of Europe. As coal petrography spread. it was found that some of the telms 
did not suit the Permian bituminous coals of the southern hemisphere. Consequently. 
coal petrogmphers from a number of countries. especially those living south of the 



8 

Equator, began to amend the original descriptions and nomenclature to suit the coals, 
research needs and applications as required. 

4.3.1. Basic Concepts. Phyteral - The term phyteral was proposed by Cadt for use 
where referring to coal fossils or coalified plant fossils. For example, a coalified plant 
spore is a phyteral; the optically-recognisable coalified spore is referred to as the maceral 
sporinite; a coalified root is a phyteral that may be composed of several of the vitrinite, 
inertinite or liptinite macerals. Phytoclast is sometimes used synonymously with 
phyteral; however phytoclast now is used commonly to define an isolated phyteral or part 
of a phyteral in non coaly rocks. 

Maceral - The definition of a maceral as given by the ICCP is: "Coal macerals evolve 
from the different organs or tissues of the initial coal-forming plant materials during the 
course of the first stage of carbonification. However, because of variable but severe 
alteration, it is not always possible to recognise the precursors. Macerals are the 
microscopically recognisable individual constituents of coal and depending on their 
quantitative participation and their association, they control the chemical, physical and 
technological properties of a coal of given rank. In a sense macerals 'may be likened to 
the minerals of rocks '" . A simple definition is - 'a maceral is an elementary microscopic 
constituent of coal that can be recognised by its morphology and optical properties, that 
is, by its morphology, reflectance and fluorescence where this occurs'. 

The term maceral was introduced by Stopes2 to refer to the elementary organic 
microscopic constituents of coals. Macerals are analogous to the minerals of rocks where 
the term mineral refers to the elementary microscopic inorganic constituents. 

Coal macerals evolve from different organs or tissues of coal-forming plants during the 
biochemical stage of coalification, and depending on the type, quantity and association of 
the floral components, these determine the chemical, physical and technological properties 
of a coal. 

All macerals have the suffix '-inite'. 

Maceral Group - a maceral group complises several macerals each of which has a set of 
optically and chemically similar properties. Thus macerals are similar to one another but 
distinctly different from macerals of another maceral group. Just as minerals which have 
similar properties, are referred to as groups (for example, feldspars, amphiboles) some of 
the macerals have similar properties and are grouped into one of three maceral groups -
inertinite, liptinite (formerly called exinite) and vitrinite. 

The maceral group terms are used in two ways - formally when used as the maceral 
group name and less formally when used as a general term when specificity of the 
macerals is not required (for example "vitrinite-rich", "trace liptinite"). 

4.3.2. Properties of Vitrinite. Vitrinite macerals are commonly the most abundant 
macerals, generally constituting 40 to 90% of most humic coals; vitrinite is derived from 
cell walls, cell contents or precipitated gels. Other properties are: 
* Density - in the range of 1.2-1.8 g/ml. 
* Coking Properties - react during carbonisation to form the bulk of the coke 
groundmass. 
* Chemistry - carbon and hydrogen contents of vitrinite at any given rank below low 
volatile bituminous coal rank, are intermediate between those of inertinite and liptinite. 
* Toughness - after polishing, vitrinite macerals mostly show negative relief. 
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* Reflectance - in any given coal below the rank of low volatile bituminous coal, 
vitrinite macerals have a reflectance between that of liptinite and inertinite; in brown 
coal the reflectance ranges from about 0.2 to 0.5%; in bituminous coal the reflectance 
ranges from 0.5 to 2%; in anthracite reflectance ranges from 2 to 5%. 
* fluorescence - some vitrinite macerals in coals of low rank show a weak fluorescence. 

4.3.3. Vitrinite Terminology. It was stated above that terminology for vitrinite is not 
absolute, that is, some types of vitrinite have more than one name. The reason one 
maceral can have two or more names is simply that several classifications or 
terminologies have developed in much the same way that there are several languages in a 
country; for example. an object will have a different name in each language. The 
important point is - a change of name does not change the object. This is the same with 
vitrinite - a change of name does not change the optical, chemical or physical properties 
of the vitrinite entity. 

A brief look at three terminology systems for vitrinite will illustrate some of the 
complexities of terminology. Once again it should be remembered that although several 
systems are used, the organic matter being examined is the same irrespective of the 
system in use. Each system has a specific name or term that is used for a given 
maceral and another system has another name (in some cases, the same name may be 
used in different systems). In summary, no matter what terminology is used, the various 
macerals are the same and have the same set of optical properties. Confusion arises 
when the terminology from one system is used with terminology from another system. 

A. ICCP (Stopes-Heerlen or International) System 
The ICCP (Table 1) is used extensively in most parts of the world, even in the USA 

and Australia where other systems developed. Because of its widespread use, all 
petrographers should be familiar with the ICCP system which distinguishes between three 
classes of petrographic entities - macerals, microlithotypes and lithotypes. 

The ICCP system distinguishes between vitrinite macerals in brown coals and vitrinite 
macerals in bituminous coals (also called hard coals). Vitrinite is the maceral group 
name for bituminous coal and huminite is the maceral group name for brown coal. It 
should be noted that several of the maceral terms used for brown coal refer to macerals 
that are the precursors of other macerals in bituminous coal but which are then given 
different maceral names. For example, textinite is used for 'structured vitrinite' in brown 
coal but telinite is the term used for 'structured vitrinite" in bituminous coal. The two 
macerals differ only in that one is found in low rank coal and the other in high rank 
coal. Thus the textural or morphological properties are the same but the optical 
(especially reflectance and fluorescence) and chemical properties are quite different. 

Corresponding huminite macerals become vitrinite macerals when coalification has 
reached the rank of bituminous coal. Correlation between the brown and bituminous coal 
equivalents is not agreed to by all petrographers and thus some equivalent terms in a 
given publication are at variance with those given by another author. 

One major difficulty with the ICCP System is evident with coals within the rank range 
between 0.35% and 0.6% vitrinite reflectance. The change in rank is gradational and it is 
difficult to see any significant change in optical, chemical or physical property of many 
vitrinite macerals over this range. However, immediately the reflectance or rank changes 
from 0.49% to 0.5%, a different term must be used even though the properties of the 
organic matter do not change. (It should be noted that when the ICCP terminology was 
first detailed, only European coals had been examined and there was evidence of a 
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Table 1. Maceral Tenninology for the Stopes-Heerlen System 

Maceral Group Maceral 

VITRINITE telinite 
collinite 

vitrodetrinite 

UPTINITE alginite 

cutinite 
resinite 
sporinite 
suberinite 
bituminite 
exsudatinite 
fluorinite 

li ptodetrinite 

INERTINITE fusinite 
semifusinite 

sclerotinite 
macrinite 
micrinite 
inertodetrinite 

- telocollinite 
- corpocollinite 

- gelocollinite 
- desmocollinite 

- telalginite 
- lamalginite 

Precursor 

cell walls 
homogeneous layers 
homogeneous sphaeroidal or 
ovoid bodies 
gels 
homogeneous groundmass 
vitrinite fragments 

large algae 
small algae 
cuticle 
resins, fats, oils, waxes 
spores, pollen 
suberinized walls of cork tissue 
altered algae and humic materials 
secondary sweated 'resinite' 
intensely fluorescing secondary 
'resinite' 
fragments of other liptinite 

well-preserved tissue 
cellular to almost homogeneous, 
~ one cell 
fungal tissue and fungal spores 
homogeneous bodies 
"granular" inertinite 
fragments, less than one cell 

significant change in chemical and physical properties between 0.4 and 0.6%. 

B. Spackman System 
Whereas Stopes introduced the term maceral to distinguish the organic components of 
coal from the inorganic components, Spackman9 defined macerals as " ... organic 
substances, or optically homogeneous aggregates of organic substances, possessing 
distinctive physical and chemical properties, and occurring naturally in the sedimentary, 
metamorphic, and igneous materials of the earth." 

Spackman terminology is based on the concept that each maceral is a substance with a 
distinctive set of properties which change not only because of type but as a result of 
rank as well. Consequently, whereas the JCCP tenninology implies that the properties of 
the macerals change with rank (and thus the same maceral of vitrinite, for example, can 
exist in bituminous coals as well as in anthracites), the Spackman maceral has a narrow 
range of properties (thus vitrinite, in a bituminous coal, is a different maceral from 
vitrinite in an anthracite because the two have different sets of properties). Crelling and 
DutcherlO compared the JCCP and Spackman systems as form versus substance. The 
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practical significance of the Spackman concept is that it: 
i. avoids the proliferation of maceral names based on morphology; 

ii. takes into account the fact that macerals change with rank; 
iii. provides a framework of classification that can express the current knowledge 

of the various properties of the different macerals; and, 
iv. can be easily adapted for special purposes, such as palaeobotany, by the use of 

proper adjectives. 

C. Australian Standards Association System 
The 'Gondwana coals' of Australia, South Africa and India are of Permian age and are 

highly variable. Many of the ICCP descriptions apply to these coals and a number of 
"intermediate forms of the organic constituents"l1 are not adequately covered by the 
existing terminology. Consequently a number of the original terms were amended to 
suite research needs or applications to industry and a proliferation of terminology 
resulted; standardisation of terminology, as well as results, was difficult. 

In 1979, under the sponsorship of the South African Council for Scientific and 
Industrial Research, a project to produce an illustrated and annotated catalogue of the 
common ruicroscopic constituents of Permian coals in South Africa was initiated. Falcon 
and Snyman published the results of this projectll • 

In response to difficulties with maceral terminology experienced by the Australia coal 
industry, the Standards Association of Australia set up a subcomruittee to prepare a 
standard for use in Australia. After a number of meetings which attempted to modify 
the ICCP system, the subcommittee decided to adopt a new system. Under the new 
system, the liptinite and inertinite groups were essentially unaltered but the vitrinite group 
was revised. The results are a significant departure from the commonly-accepted ICCP 
maceral terminology but the advantages of the system are: 

i. it provides a more cohesive description of macerals than the ICCP system; 
ii. it is applicable to coals ranging from low brown coal rank to the low volatile 

bituruinous coals; 
iii. the number of maceral terms is significantly reduced; and, 
iv. the macerals groups are genetic categories. 

A summary of the Australian Standards Association system is given in Table 2. 
The Australian Standards Association system uses the same maceral groups and 

macerals as the ICCP system but differs in the maceral subgroup terminology. 
Telovitrinite comprises phyterals or phytoclasts of plant tissue, especially woody plants, 
which have undergone little or only ruinor change to the cell wall structure during 
sedimentation and peatification. Detrovitrinite comprises finely comruinuted plant debris. 
This debris may have been comruinuted either during transport or in situ. Gelovitrinite 
is derived from a gel which may have been produced by the living plant, by diagenesis 
during peatification or metamorphism after burial and is commonly found in fractures and 
pores and commonly assumes the form of the host (such as a cell infilling); gelovitrinite 
may be porous or massive. 

4.3.4. Properties of Inertinite. Inertinite is derived from plant material that has been 
strongly altered and degraded in an oxygen-rich environment during the peat stage of 
coal formation or has been derived from oxidised plant tissue such as charcoal. Inertinite 
macerals comprise <5% to 60% of most coals; it is claimed, although some dispute this, 
that inertinite is more abundant in Permian Gondwana coals than in Carboniferous Euro
American coals. Other properties of inertinite are: 
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Table 2. Australian Standards Association Maceral System 

Maceral 

Textinite* 
Texto-ulminite* 
Eu-ulminite* 
Telocollinite 

Attrinite* 
Densinite* 
Desmocollinite 

Corpogelinite 
Porigelinite* 
Eugelinite 

Alginite 
Bituminite 
Cutinite 
Exsudatinite 
Fluorinite 
Liptodetrinite 
Resinite 
Sporinite 
Suberinite 

Fusinite 
Semifusinite 
Sclerotinite 
Inertodetrinite 
Micrinite 
Macrinite 

Maceral Subgroup 

Telovitrinite 

Detrovitrinite 

Gelovitrinite 

Telo-inertinite 

Detro-inertinite 

Gelo-inertinite 

Maceral Group 

VITRINITE 

LIPTINITE 
(Exinite) 

INERTINITE 

* Density - varies greatly but usually ranges from that of vitrinite to higher values. 
* commonly only occur in low rank coals 
* Coking Properties - many inertinite macerals are inert in the coking process. 
* Chemistry - inertinite macerals have the highest carbon and lowest hydrogen contents 
of any maceral. 
* Toughness - after polishing, inertinite generally shows strong positive relief. 
* Reflectance - inertinite macerals have the highest reflectance in coals of rank lower 
than low volatile bituminous coal. 
* Fluorescence - the inertinite macerals generally do not fluoresce. 

4.3.5. Properties of Liptinite. Liptinite (formerly called exinite) macerals are derived 
from the waxy, lipid-rich and resinous parts of plants such as spores, cuticles, and resins. 
The macerals generally constitute about 5-15% of many North American or European 
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coals but are considerably less in Australian coals. 
At a reflectance of 1.3-1.4% or higher, liptinite macerals cannot be distinguished from 

vitrinite or inertinite macerals. Other properties are: 
* Density - have the lowest density of any maceral group (1.18 to 1.28 glml). 
* Coking Properties - liptinite macerals may devolatilise as gases and tars but may also 

contribute to the coke groundmass. 
* Chemistry - in any given coal the liptinite macerals have the highest hydrogen content 

and the lowest carbon content. 
* Toughness - after polishing, liptinite macerals generally show positive relief. 
* Reflectance - in any given coal liptinite macerals have the lowest reflectance. 
* Fluorescence - all liptinite macerals, except in coals of very high rank, fluoresce. 

s. Microlithotypes 

Macerals are not scattered randomly throughout coal but are generally grouped in layers 
in which one or other maceral group predominates. As early as 1954, Seyler12 suggested 
that a number of typical maceral assemblages could be defined. After recognition of 
these assemblages the concept of microlithotype was introduced. 

The following description of microlithotypes is taken from JCCP': 
"Three types of microlithotypes, mono-, bi- and trimaceral, can be distinguished on the 
basis of their compositions and depending on whether they contain macerals of one, 
two or three maceral groups ". 
With the various possibilities for composition and band width of associations that could 

exist, the JCep was forced to introduce definitions for the microlithotypes with suitable 
limiting values such as: 

i. the minimum band width of a microlithotype band is 50 microns (0.05 mm), 
ii. the monomaceral and bimaceral microlithotypes contain not more than 5% from 

maceral groups which are not characteristic of them by definition; the 
trimaceral microlithotypes contain more than 5% of each maceral group. 

A summary of microlithotypes is given in Tables 3 and 4. 

6. Mineral Matter 

Most coals contain mineral matter. In many coals the mineral matter may constitute 
10 to 20% of the coal and can be ubiquitous or restricted to layers where it occurs 
mostly in one of the microlithotypes. The ICCP and Stach et al. 3•4 introduced 
terminology for mineral-rich microlithotypes (Table 4). 

7. Lithotypes 

Lithotypes are the terminology applied to macro-petrographic or hand-specimen entities 
of coal. They are distinguished and logged on the basis of lustre, fracture pattern, 
colour, streak, texture and type of stratification. Thus in the words of Stopes, lithotypes 
are the "visible ingredients in banded bituminous coals", Difficulty is experienced when 
applying lithotype terminology to coals as several problems with the use of the 
terminology are related to the fact that the terminology was based on a limited number 
of coals. Lithotypes are related to types (although relationships are somewhat tenuou's) 
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Table 3. Summary of Microlithotypes (after Stach et al.4) 

Microlithotype 

Monomaceral 
Collinite 
Telinite 
Vitrodetrinite 
Sporinite 
Cutinite 
Resinite 
Alginite 
Liptodetrinite 
Macrinite 
Semifusinite 
Fusinite 
Sclerotinite 
Inertodetrinite 

Bimaceral 
V + Sporinite 
V + Cutinite 
V + Resinite 
V + Alginite 
V + Liptodetrinite 
V + Macrinite 
V + Semifusinite 
V + Fusinite 
V + Sclerotinite 
V + Inertodetrinite 
I + Sporinite 
I + Cutinite 
I + Resinite 
I + Alginite 
I + Inertodetrinite 

Trimaceral 
V> I, L 
L> V, I 
I> V, L 

> 95% Collite+ 
> 95% Telite+ 
> 95% 
> 95% Sporite 
> 95% Cutite+ 
> 95% Resite+ 
> 95% Algite 
> 95% 
> 95% Macroite 
> 95% Semifusite 
> 95% Fusite 
> 95% Sclerotite+ 
> 95% Inertodetrite 

> 95% Sporoclarite 
> 95% Cuticloclarite 
> 95% Resinoclarite+ 
> 95% Algoclarite+ 
> 95% 
> 95% 
> 95% 
> 95% 
> 95% 
> 95% 
> 95% 
> 95% 
> 95% 
> 95% 
> 95% 

> 95% Duroclarite 
> 95% Vitrinertoliptite 
> 95% Clarodurite 

Group 

Vitrite 

Liptite 

Inertite 

Clarite 

Vitrinertite 

Durite 

Trimacerite 

+ - terms are proposed but are not at present commonly used. 

and thus to precursor vegetal matter. 
Because of the differences in the hand-specimen properties of brown coals compared to 

bituminous coals, it has been necessary to devise a lithotype classification for brown 
coals as well as bituminous coals. 
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Table 4. Mineral-rich Microlithotypes (after Stach et al.4) 

Microlithotype Composition Group 

Carbargilite Coal + 20-60 vol % clay minerals 

Carbankerite Coal + 20-60 vol % carbonate 
Carbominerite 

Carbosilicite Coal + 20-60 vol % quartz 

Carbopolyminerite Coal + 20-60 vol % mineral matter 

8. Coalification 

Coal begins as plant matter deposited in wet peat swamps. On a gross scale the 
typeof plant matter, that is, whether the plants are forest trees, swamp herbs or marsh 
reeds, will determine the type of coal that is formed. For example, marsh reeds give rise 
to light brown coals in which the phyterals are small; vitrodetrinite is abundant. Woody 
forests give rise to dark brown coals with an abundance of large coalified trunks and 
branches; structured vitrinite, such as telinite derived from woody stems, is abundant. 
On a smaller scale the type of plant detritus derived from each of the plant communities 
will determine the composition of the resulting coal. For example, an abundance of 
resins, fats, waxes and oils will give rise to resinite-rich coals whereas an abundance of 
pollen and spores will give sporinite-rich coals. 

Once the plant matter has been deposited, it is covered with clastic sediment or 
additional plant matter. Where the plant matter is continually covered with water, little 
oxygen is available for decay reactions and the coal tends to be vitrinite-rich. If the 
plant matter is periodically exposed, the plant matter may oxidise giving rise to 
inertinite-rich coal. 

On a larger scale, coals which form in troughs of rapidly subsiding basins will tend to 
be covered continually with water and the coals will be rich in vitrinite (and the 
microlithotype vitrite). Australian coals of Permian and Triassic age belong to this 
category (Smyth13 fluvio-deltaic environments of cratonic basins, coals tend to be 
vitrinite-poor. The composition of coal may change within a seam. This occurs where 
the water level changes. For example, some Australian Permian coals are vitrinite-rich at 
the bottom of the seam and inertinite-rich at the top. This is taken to indicate more 
exposure to an oxidising environment as the later stages of the plant matter was 
deposited. 

After deposition, the plant matter changes into peat which in tum changes through the 
brown coal stage, bituminous coal stage to anthracite. These changes are known as 
coalification and the stage that a coal has reached is referred to as the rank as discussed 
previously. The various changes which occur to the coal during coalification are given 
in many texts (Stach et alY; Bustin et alY). 

Increased coalification leads to homogenisation of the macerals; this is usually 
manifested as fewer and smaller cell lumens (cavities), fewer textural differences between 
macerals and an increase in reflectance - inertinite is white to yellowish white instead of 
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pale grey-white, vitrinite is pale grey instead of medium grey-grey and liptinite is grey 
instead of dark grey-black. 
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ORGANIC PETROGRAPHY OF OIL SHALES 

1. Introduction 
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The term oil shale is a misnomer and little agreement nas oeen possible, in the past, as 
to a definition of oil shale or the nature and origin of the organic matter. Many 
definitions of oil shale have been published but few address the fundamental feature of 
oil shales which is the nature and abundance of organic matter. The volume of oil 
produced during pyrolysis and the chemical composition and subsequent physical 
properties of the derived oil, are dependent on the nature and abundance of organic 
matter. It should be noted rocks best termed oil shale, coal, limestone and claystone 
may all occur in the same sequence. With respect to organic matter, all are end 
members of transitions, for example, oil shale->limestone and oil shale->claystone. This 
means that the percentage of organic matter ranges from a minimum (= 0 or at the 
most «1 %) in claystone and limestone to a maximum in oil shale or coal. 

In this paper, an oil shale is defined as a sedimentary rock that contains organic 
matter that, when retorted, produces sufficient oil to produce more energy than the 
energy required to produce the oil initially. Where a more rigid definition is required, 
a cut-off of 5 volume percent (vol%) oil-producing organic matter is accepted as the 
minimum level. This definition is given because in organic petrography abundance is 
measured in vol % and we are concerned not with a definition of oil shale but with the 
components of oil shales and how oil shale petrography can be used in our studies of 
oil shales. 

Organic matter in oil shales can be studied by normal organic petrographic 
techniques either as macerates devoid of mineral matter or as the whole rock. The 
latter is considered preferable because the inter-relationships between organic matter and 
mineral matrix in macerates are lost, as are the inter-relationships between the various 
organic constituents. Whole-rock petrographic analysis is also preferable because it 
permits easier identification of the organic constituents, has a minimal effect upon 
soluble organic matter and can reveal phenomena such as the adsorption of organic 
matter onto clay minerals. Incident light examination of 'whole-rock' samples has the 
advantage of allowing simultaneous determination of maturation (diagenesis) parameters 
such as vitrinite reflectance and liptinite fluorescence. Together with an estimation of 
organic matter type and quantity, these data are a necessary adjunct to shale oil studies 
both between and within various deposits. 
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The dominant organic matter in oil shale is derived from three primary sources • 
terrestrial plants, lacustrine algae and marine organisms (including algae, acritarchs and 
dinoflagellates); all are lipid-rich precursors which, in oil shales, are recognised as 
liptinite macerals. Vitrinite and inertinite macerals are generally minor components. 
Alginite can be divided, using morphology and fluorescence characteristics, into two 
types - telalginite and lamalginite. 

A petrographic classification of oil shales, based on the type and abundance of 
liptinite is advocated in preference to chemical classifications or classifications based on 
both petrography and chemistry. The primary division of oil shales into terrestrial, 
lacustrine and marine oil shales, is based on the source of the liptinite whereas 
secondary sub-divisions are based on the type of liptinite. Secondary oil shale groups 
recognised are cannel coal, torbanite, lamosite (which can be further subdivided into 
Rundle-type and Green River-type lamosites), marinite, tasmanite and kukersite. A 
petrographic classification has the advantages that the components are easily recognised 
and all groups are related to their origin. 

Organic petrography has many uses in oil shale studies including assessment of the 
various oil shales as potential feedstocks (particularly to assess if an oil shale can be 
upgraded to produce a higher grade feedstock), oil shale characterisation, spent shale 
studies and predictions of shale oil yield . 

2. Classification of Oil Shales 

For most oil shales, animal precursors cannot be sustained and by elimination, this 
leaves plants as the pre-dominant, if not only, precursors. The organic matter in oil 
shale is sometimes referred to by two terms - bitumen, the soluble component, and 
kerogen (or kerobitumen), the insoluble component. Bitumen is a minor component in 
most oil shales and the use of either the nature or abundance of bitumen in a 
petrographic classification of oil shales is not warranted. 

Kerogen is not a suitable discriminatory term because it has a chemical 
connotation. The term was first introduced by Cum Brown in 1912 to denote the 
insoluble organic matter. Cane l noted that specificity of the term had been lost and 
kerogen is now a collective and commonly confusing term for all or any organic matter 
in oil shale. Kerogen studies generally relate to bulk rock studies and anyone or all of 
the maceral groups may be constituents of the rock. 

Where organic petrographic techniques are used to study oil shales, maceral 
terminology, based on vitrinite, liptinite and inertinite, is the logical language for 
describing the organic matter. 

2.1. MACERAL TERMINOLOGY 

Most oil-producing organic matter in oil shale is derived from lipid-rich precursors 
rather than humic constituents derived from woody plants. Thus vitrinite and inertinite 
macerals are generally minor components of oil shales and specificity of the individual 
macerals is not required; the vitrinite and inertinite components can be referred to by 
the maceral group name. Where these components are abundant, commonly-used 
terminology, such as defined by the International Committee for Coal and Organic 
Petrology (ICCP), adequately encompasses these macerals. Likewise, maceral 
terminology for liptinite derived from terrestrial plants is also adequate. 
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Much of the liptinite is derived from algae. Such organic matter is referred to as 
alginite which was defined originally for algal matter in coals. The alginite was 
thought to have been derived from algae related to, or synonymous with, Botryococcus, 
(such as Reinschia and Pita) and to a lesser extent Tasmanites, Cladiscothallus and 
Gloeocapsomorpha. Except in boghead coals, alginite is a minor component of coals 
and little need for revision of the term was needed until, with the aid of fluorescence 
microscopy, it was realised that many algae are preserved in rocks other than coals and 
that many of these are not large, well-structured colonies. The term as defined for 
coals is not adequate and revision is needed. 

The terms alginite A and alginite B were first used for the two types of alginite 
that can be recognised in oil shales. These terms convey little meaning and 
subsequently, the terms telalginite and lamalginite were introduced for the two 
respectively. 'Tel' is derived from the Latin 'tela' meaning tissue whereas 'lam' is 
derived from lamellar, the characteristic shape in sections perpendicular to bedding. 

Telalginite is derived from large colonial or thick-walled unicellular algae, has 
strong fluorescence at low rank and exhibits distinctive external botanical structure, and 
in many cases, internal structure, when viewed in sections perpendicular to bedding. 

Lamalginite is derived from small, thin-walled colonial or unicellular planktonic or 
benthonic algae, generally has weaker fluorescence than telalginite at low rank 
(especially where both occur in the same sample) and a distinctive lamellar form with 
little recognisable structure in sections perpendicular to bedding. 

Absolute fluorescence intensity has not been included in the definitions. The 
fluorescence intensity of alginite derived from the same precursor is often quite variable, 
even in the same sample. If absolute intensity is to be a criterion in the definition, the 
range of values would either be too large to be meaningful, or alternatively, the range 
for each group would be too narrow to allow the inclusion of two clearly similar forms 
of telalginite and a proliferation of groups would result. 

Where telalginite and lamalginite occur in the same sample, for example in 
Australian Tertiary oil shales and marine oil shales of Europe and eastern USA, 
fluorescence intensity of the telalginite is generally much more intense than that of 
lamalginite. An exception is in oil shale from the Devonian Huron Member of the Ohio 
Shale (Kentucky, USA) where telalginite derived from Foerstia has very weak intensity, 
much weaker than the intensity from either telalginite derived from tasmanitids or 
lamalginite derived from acritarchs and dinoflagellates. 

In Australian Tertiary oil shales, lamalginite is derived from three precursors -
algae, acritarchs and dinoflagellates. The fluorescence intensity from the acritarchs and 
dinoflagellates is much stronger than that from algae. Part of this stronger intensity is 
related to the thickness of the algal walls but part is also thought to be related to the 
structure of the phyteral. If alginite was defined using absolute intensity as a criterion, 
the alginite from the acritarchs and dinoflagellates would be placed in the telalginite 
group for some samples and in lamalginite for others. Resolution of the dilemma is 
relatively simple; the acritarch and dinoflagellates have the typical lamellar morphology 
and hence lamalginite is the better term. 

2.2. PETROGRAPHIC CLASSIFICATION OF OIL SHALES 

Classifications facilitate the study of populations if used sensibly because like members 
of a given population are placed within the same group as they have the same 
properties or characteristics; unlike members of the population are placed in separate 
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groups. Most classifications, including rock and petrographic classifications, use an 
hierarchical scheme involving three operations: 

i. recognising and describing individuals of a population; 
ii. placing like members of the population into formal hierarchical groups; and, 

iii. providing names for the various groups and constituents. 
No classification adequately accounts for all members of its population and several 

classifications can be constructed for the same population. Oil shales are no exception. 
Using type of organic matter as the dominant criterion, organic-rich rocks can be 

divided into three groups - humic coal (including carbonaceous shale), oil shale and 
bitumen-impregnated rock (including tar sands and petroleum reservoirs). This division 
allows any of the presently-used coal or bitumen classifications to be incorporated. Tar 
sands are not included in the oil shale group because the organic matter is bitumen or 
oil of secondary origin; it has been derived through the alteration of primary organic 
matter by degradation, metamorphism or maturation of organic matter. Organic matter 
in tar sands is a petroleum substance not a maceral and, strictly speaking, not kerogen 
as originally defined. 

Because the dominant oil-producing organic matter in oil shales is liptinite, it 
follows that a natural subdivision should be based on types of liptinite and 
environments of deposition as the fundamental discriminatory criteria. Such a 
subdivision was implied by Yen and Chilingarian2 when they stated "oil shales were 
probably deposited in bodies of tranquil, either marine or fresh-water, depositional 
environments, such as isolated marine basins, lakes or deltaic swamps." 

Three primary groups of oil shales (Fig. 1) are: 
Terrestrial Oil Shale - oil shale composed of liptinite derived from terrestrial plants. 
Lacustrine Oil Shale - oil shale composed of liptinite derived from lacustrine (including 
brackish, saline or freshwater) algae. 
Marine Oil Shale - oil shale composed of liptinite derived from marine algae, acritarchs 
and dinoflagellates. 

Type and abundance of liptinite are the criteria for dividing the primary groups into 
secondary groups (Fig. 1). Secondary groups of oil shale are referred to as types of oil 
shale hereafter. 

2.3. TYPES OF OIL SHALES 

Cannel Coal - a brown to black, homogeneous oil shale composed of liptinite (mostly 
resinite, sporinite, cutinite, suberinite and/or liptodetrinite) derived from terrestrial 
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vascular plants with vitrinite and inertinite. (Note that the term 'cannel coal' is already 
used in relation to coal. The cannel coals that are oil shales are the same rock as the 
cannel coals that contain abundant liptinite (and as defined by Stach et alY) , we are 
only using the same term in two classifications or different contexts.) 

Torbanite - a black to greenish-black oil shale in which the principal liptinite is 
telalginite derived from Botryococcus-related, lacustrine algae; sporinite and liptodetrinite 
are minor liptinite components; vitrinite and inertinite occur in variable amounts. 

Lamosite - a pale brown to dark greyish-brown or olive green oil shale in which the 
principal liptinite is lamalginite derived from lacustrine algae and other phytoplankton; 
minor components include vitrinite, inertinite, telalginite and bitumen. 

Marinite - a grey to dark-greyish black oil shale in which the principal liptinite is 
lamalginite derived from marine algae and other phytoplankton, andlor bituminite 
derived from marine precursors; vitrinite, inertinite, sporinite, telalginite and bitumen are 
minor components. 

Tasmanite - a brown or dark grey to black oil shale in which the principal liptinite is 
telalginite derived from tasmanitids; lamalginite, vitrinite, inertinite and sporinite art': 
minor components. 

Kukersite - a brown oil shale in which the principal liptinite is telalginite derived from 
Gloeocapsomorpha prisca. 

A petrographic classification of oil shales is useful as it groups oil shale that have 
similar organic constituents. Oil shales placed in the same group will behave in a 
similar manner when retorted and will produce oils that have similar properties. 

2.3.1. Lamosite. Lamosite was originally defined as a compact laminated organic-rich 
rock composed of alginite B (now lamalginite) as the dominant organic entitf·6. Many 
lamosites are massive rather than "compact laminated" rocks and do not fit the original 
definition. In addition, lamalginite can be divided into two types: 
- discrete lamalginite; thin-walled lamalginite that occurs as discrete entities (generally 
less than 0.5 mm long) and surrounded by mineral matter in all but very rich oil shale: 
and 
- layered lamalginite; layers composed of numerous sheet-like lamalginite, some or all 
of which may have been biogenically or physico-chemically degraded. 

Oil shales characterised by layered lamalginite, such as Green River lamosite, arc 
generally composed of distinctive lamalginite-rich and mineral-rich laminae whereas 
laminae are not well developed in lamosite, such as Rundle lamosite, that contains 
discrete lamalginite. Where specificity is required, the adjectives "Rundle-type" and 
"Green River-type" are used. 

Precursors of discrete lamalginite have been identified to genus level and include 
the stellate, colonial green alga Pediastrum, the acritarch Cleistosphaeridium and the 
dinoflagellate Septodinium. 

The two types of lamosite should be recognised because: 
i. compared to Rundle-type lamosite, Green River-type lamosite was formed under 

more saline conditions; and 
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ii. organic matter in Green River-type lamosite was probably derived from blue green 
algae whereas that in Rundle-type lamosite was derived from green algae, acritarchs 
and dinoflagellates; and, 

2.3.2. Carbonaceous Oil Shale. Many deposits of Rundle-type lamosite contain 
laminae with abundant vitrinite and lamalginite and commonly grade into 'normal' 
lamosite. This subgroup of lamosite is an important oil shale type because the 
abundant vitrinite significantly alters the properties of the oil shale and the derived 
shale oil. A new term is not required as the additional organic matter is not liptinite. 
The adjective "carbonaceous' as used in relation to coal and carbonaceous shale, 
overcomes any difficulty in signifying this oil shale. The minimum volume of vitrinite 
in a carbonaceous oil shale is taken to be 5 vol%. 

'Carbonaceous' could also be used in other instances where an oil shale contains 
>5 vol% vitrinite and/or inertinite, for example carbonaceous torbanite. 

2.3.3. Mixed Oil Shale. The term mixed oil shale was previously used for marinite in 
the Julia Creek and other marine deposits5 because it was believed that these oil shales 
contain a mixed assemblage of organic matter dominated by lamalginite, telalginite, 
sporinite and vitrinite, that is, liptinite derived from terrestrial and lacustrine precursors. 
Later studies have shown that bituminite is abundant in many of these oil shales; 
lamalginite is sparse to abundant and sporinite and vitrinite are generally minor 
components. Consequently this type of oil shale does not contain a mixed liptinite 
assemblage. The term as defined originally is quite misleading. 'Mixed oil shale' is 
only valid where liptinite derived from different precursors are co-dominant. 

2.4. MICROLITHOTYPES 

In coal petrography, microlithotypes have been defined for maceral associations or 
maceral-mineral associations that are thicker than 0.05 mm wide. Apart from cannel 
coals and torbanites, most oil shales contain a very high proportion of mineral matter 
and the standard terminology for microlithotypes is difficult to apply to oil shales. 

Using ICCP and Stach et alY systematics, two types of microlithotypes, telalgite 
and lamalgite, are genetically possible. Both terms have limited use as microlithotypes 
comprising >95% telalginite and >95% lamalginite rarely occur. Of the two, telalgite is 
more common, occurring in torbanite and less commonly tasmanite. Lamalginite-rich 
layers composed of greater than 95% lamalginite are found in the Green River lamosite 
but the layers, are usually less than 0.05 mm thick. . 

Torbanite commonly contains subequal telalginite, vitrinite and inertinite. 
Microlithotypes of this assemblage are called vitrinertoliptite and presumably, if 
convention is followed, the alginite microlithotype in torbanite called vitrinerto-algite. 

Microlithotypes containing greater than 20 to 60% mineral matter are called 
carbominerite. Many oil shales, such as lamosite and marinite, commonly contain less 
than 40% organic matter and if nomenclature is strictly followed, these should bee 
called carbominerite with many, because of the high mineral content, regarded as waste. 
Carbominerite microlithotypes need revision if they are to be useful in oil shale studies. 

2.5. OTHER CLASSIFICATIONS 

Any classification of rocks should be based primarily on easily recognisable properties 
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of the key constituents and for oil shales, these constituents are the organic constituents. 
Many early classifications of oil shales paid little attention to the organic matter. 
Criteria such as industrial use, mineral matter, physical properties, chemical properties 
of the organic matter or combinations of two or more of these should not be used in a 
petrographic classification. Particularly common has been the van Krevelen diagram. 

Robert7•8 devised a classification of organic matter in source rocks but it is 
applicable to coal, oil shale and any rock containing organic matter. The classification 
contains three groups - primary identifiable biological constituents, primary shapeless 
matter and secondary products produced by the thermal transformation of the first two 
groups. The 'primary identifiable biological constituents' comprise the JCCP macerals 
with the exception of alginite. Algal components were listed as "microscopic algae". 
The 'secondary products' group included bitumen and the JCCP macerals known to be 
of secondary origin, such as exsudatinite. The 'primary shapeless matter' group 
contained bituminite, alginite, sapropelic groundmass and humic groundmass. 

Although the classification recognises that organic matter in coal and source rocks 
is derived from a number of precursors, it places algal components into two groups. 
Recognition of the term "amorphous alginite" is contradictory to the definition as 
originally defined by the JCCP which based the definition on algae with well-preserved 
structure. Robert distinguished between "microscopic algae" and "alginite", the latter 
referring to Botryococcus and lamalginite respectively. 

Alpem9.10 advocated a "universal classification of solid fuels" and argued that the 
classification "deals with fossil fuels as geological products". It was basically a coal 
classification, including washed and raw coal, but also included oil shales and source 
rocks. Oil shales are divided into two groups, one of which is further subdivided into 
low, medium and high grade whereas the second contains bogheads, sapropelites and 
cannels. Features of the classification are: 

i. it groups rocks on the basis of type, rank and facies; 
ii. the three categories of rank are lignite, bituminous and anthracite with each further 

subdivided into hypo-, meso- and meta-; and, 
iii. the three facies divisions are coal, mixtures ("mixte") and shales. 

The major problem with this classification is the subdivision of oil shales into 
grade categories. Any classification based on grade must inherently separate oil shales 
which have the same organic assemblages. It is possible that two adjacent samples 
from any deposit, whether it be Green River-type, a torbanite or a marine oil shale, 
would be placed at either end of the oil shale group despite having the same maceral 
assemblage and same relative abundances of each organic constituent. 

Cookll published a classification that "develops a systematic treatment of occurrence 
and chemistry of the organic matter in oil shales". Presumably both organic 
petrography and chemistry (elemental data) are used as discriminatory criteria. Any 
classification using discriminatory criteria from different disciplines introduces a large 
number of categories, which this classification does. This makes use of the classification 
difficult and at times academic at best. 

Classifications, including a petrographic classification of oil shales, have advantages 
and disadvantages. The tests of any classification are: 
1. How well do the populations fit into the groups? 
2. Do additional or new data fit into the groups without modification? 
3. Can the results of work using other techniques be predicted using the groups of 

the classification? 
For a petrographic classification, chemical properties of the oil shale and derived 
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oils should be predictable and indeed they are. Rigby et al. 12 characterised Australian 
oil shales using nitrogen isotope abundances and found that tasmanite, torbanite, 
marinite, cannel coal and lamosite plotted separately as would be predicted from the 
petrography. 

Ekstrom et aI. 13 discussed the chemical and retorting properties of selected 
Australian Tertiary oil shales and found two apparently anomalous results for two 
samples. When reviewing the shale oils, the authors commented that the phenolic 
content of the oils from two samples "is characteristic of brown and bituminous coals, 
and it appears that the kerogen from the carbonaceous shales contains a substantial 
proportion of material of lignin origin". The oil yields for the two samples were high, 
69 and 232 litres per tonne (0 % moisture), the kerogens had low HIC ratios and both 
gave low oil yields per unit carbon. These properties are predictable given that the 
samples were taken from stratigraphic units that contain carbonaceous shales and cannel 
coals which have high liptinite contents. The high oil yields are related to the 
terrestrial liptinite in the samples and the high carbon contents and low HlC ratios are 
related to the abundance of vitrinite. In another study, Gannon et al. 14 reported on 
carbon conversion relationships in oil shales from Condor, Duaringa and Stuart (Tertiary 
Australian lamosites). They found that where the oil shales were lamosites, conversion 
of carbon to oil was 52% or higher (maximum of 62%) whereas samples from 
carbonaceous shales and cannel coals had carbon conversions of 30 to 40%. For the 
latter samples they presumed that the kerogen was a mixture of Types I and II. In this 
case, as for the study by Ekstrom et al. l3, the results are entirely predictable given the 
types of oil shale used. Where oil shales contain abundant liptinite, more hydrogen is 
available to produce low molecular weight hydrocarbons whereas with abundant vitrinite 
and inertinite, less hydrogen per unit organic matter is available and more carbon 
remains in the char. 

3. Petrography and Geochemistry of Oil Shales. 

The geochemistry of oil shales and the derived oils have been studied for a much 
longer period than has the petrography of oil shales. This is logical given the need for 
characterisation prior to and during the use of retort oils. 

Elemental analysis was one of the earliest standard methods of chemical 
characterisation and the data were, and still are, commonly shown on a van Krevelen 
diagram. This diagram has been used to show the effects of weathering, comparison of 
data from different oil shales and maturation paths of the organic matter. The 
e.volutionary paths of the types of kerogen, Types I, II, ill (and sometimes IV), are 
generally shown. Interpretation of several inconsistencies relating to the use of the term 
kerogen and the interpretation of kerogen plots can be understood using organic 
petrography. 

The major problem with van Krevelen diagrams, as it is with any technique that 
uses bulk rock properties, lies in the very nature of the kerogen (and thus the nature of 
the oil shales themselves when the diagram is used for oil shales). Oil shale kerogen is 
derived from at least two, and commonly many more, chemically different components. 
Almost without exception oil shales contain liptinite and vitrinite and/or inertinite, the 
latter being minor components in many oil shales. Notwithstanding this, the relative 
hydrogen content of vitrinite is much lower than that of liptinite and correspondingly, 
the oxygen content of vitrinite is higher; the hydrogen content of inertinite is lower 
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than that of vitrinite. Therefore it is to be expected that the relative abundance of 
hydrogen and oxygen in any kerogen will be dependent on the proportions of vitrinite, 
liptinite and inertinite as much as factors such as maturation level and weathering. 

It is interesting to note that the van Krevelen diagram was initially used for coal 
and later for the composition of kerogen derived from demineralised oil shale. Van 
Krevelen diagrams given for coal and oil shale show three clearly defined zones, 
corresponding to alginite, liptinite and vitrinite, with a fourth zone sometimes added for 
inertinite. Clearly, the position of a sample on the van Krevelen plot depends on the 
relative abundance of each maceral group. Comparing the coal and oil shale kerogen 
plots, the distribution of Types I, II, m and IV kerogen shows a close relationship 
between the maceral group distributions and the kerogen type distributions. This is not 
surprising given that the kerogen or organic matter in both coal and oil shale is 
composed of macerals. The chemical composition of kerogen should be the same as 
for chemical composition of the organic matter in the whole rock apart from any loss 
of organic matter during demineralisation. 

3.1. TERTIARY LAMOSITES 

An examination of various published van Krevelen diagrams for oil shale kerogen 
shows that it is difficult to divide the data into clearly defined domains although this is 
sometimes attempted and is implied by demarcation of Types I, II and m. 
Considerable overlap of data is evident; this is not a problem if one accepts that oil 
shales have varying compositions and the position at which an oil shale plots depends 
on the kerogen composition, that is, the maceral composition. Rapid petrographic 
examination commonly clarifies apparently anomalous plots. 

An excellent example is a kerogen plot for Australian Tertiary lamosite deposits. 
A lamosite is defined as an oil shale that contains predominantly lamalginite. These oil 
shales should plot as Type I kerogen, and in the alginite field, on the van Krevelen 
diagram. Although this is generally the case, exceptions are common. Some samples 
always plot near the Type II kerogen field and some samples, called 'carbonaceous oil 
shales' plot as Type m. For the latter, the apparent anomaly is easily explained as the 
carbonaceous oil shales are resinite-rich cannel coals of brown coal rank. It is therefore 
only logical that these brown coals with abundant resinite would plot between Types II 
and m, or if the resinite content is low, they would plot as Type m. As for the oil 
shales that plot near Type II, these are carbonaceous lamosites. 

The apparent anomalous plots for carbonaceous lamosites from the Rundle, Stuart, 
Nagoorin and Lowmead deposits of Queensland shales, defined previously as a 
lamosites containing >5 vol% vitrinite and/or inertinite, is one of the major reasons for 
introducing the term carbonaceous oil shale. Most of these oil shales plot as Type II 
kerogen and this is clearly misleading as carbonaceous lamosite, although a lamosite by 
virtue of the abundant liptinite, contains an assemblage of liptinite and vitrinite. 
Carbonaceous lamosites must plot as Type II kerogen because of the very high vitrinite 
content. Reference to Type II kerogen in carbonaceous lamosite is uninformative and is 
of little value. 

It can be argued that a van Krevelen diagram shows the average chemical 
composition of the maceral assemblage rather than the chemistry of a single kerogen 
type. Subdivision of Tertiary lamosite on the basis of elemental composition is quite 
arbitrary because of the wide range of chemical compositions; each group is separated 
by a thin line which represents insignificant changes in chemical compositions. 



26 

Torbanites would show similar patterns because as well as containing telalginite 
which plots as classic Type I kerogen, they also contain abundant vitrinite and/or 
inertinite. Alginite abundance ranges from 5 vol% to 95+ vol%. Kerogen plots would 
reflect this composition; plots ranging from Type I (alginite) to Types IT and probably 
Type ill are theoretically possible. Examination of data for torbanites in Crisp et al. 15 

show that as the relative abundance of humic macerals increases, the plot shifts from a 
position of high hydrogen-low oxygen to one of lower hydrogen-higher oxygen. 

3.2. MARINITE 

Kerogen derived from marinite mostly plots as Type IT or between Types I and IT on 
the van Krevelen diagram. However, petrographic studies show that marinites are 
composed dominantly of lamalginite and/or bituminite with minor vitrinite, sporinite, 
inertinite. Marinites thus contain a mixed marine liptinite assemblage and again the 
kerogen plot is showing this rather than plotting as a single kerogen type. 

Some samples of the Devonian Ohio Shale are unusual in that they contain more 
abundant tasmanitid telalginite than either lamalginite or bituminite. The kerogen for 
samples which have lamalginite and/or telalginite more abundant than bituminite would 
obviously plot either as Type I or close to Type I whereas sam~les in which bituminite 
is the more abundant maceral would plot nearer to Type IT. 

Two factors emerge from elemental data and HlC and OIC ratios for marine oil 
shales. Firstly, the composition of kerogen reflects the maceral assemblage and 
secondly, it is possible to shed some light on the nature and origin of bituminite. As 
most marinites which contain abundant bituminite plot as Type n or close to this field, 
bituminite has higher oxygen and lower hydrogen contents than lamalginite. One 
explanation for the high oxygen content is bituminite may be derived from alginite, 
either planktonic or benthonic (although the former appears to be more plausible), 
which, after deposition, was degraded by mechanical, physico-chemical or biogenic 
means such as bacteria and blue-green algae. This process could directly alter the 
relative abundances of oxygen and hydrogen or, indirectly, the remains of the organic 
matter could be oxidised before compaction thus increasing the oxygen content and 
reducing the hydrogen content. It also explains the presence of bacterial biomarkers in 
marine oil shales. 

3.3. SHALE OILS 

Because liptinite macerals have the highest specific shale oil yields, most of the shale 
oil comes from liptinite macerals with lesser amounts from vitrinite and gas or very 
small amounts of oil derived from inertinite. Given that liptinite derived from terrestrial 
plants is chemically different to that derived from algae, it follows that the oils formed 
should also have different, if only slightly, chemical properties. Also given the very 
marked difference in the compositions of vitrinite and inertinite compared to liptinite, 
there should also be significant differences in the compositions of the oils sourced by 
the three maceral groups. Thus, if an oil shale is examined petrographically before 
analysis, it should be possible to predict the nature of the retort oil unless significant 
cracking occurs during pyrolysis or immediately afterwards. 

Crisp et al. 15 and Hutton et al. 16 presented comparative data for twenty six oil 
shales and shale oils, mostly from Australian deposits. Two types of oils were analysed 
- that produced by modified Fischer assay retorting and that produced by 56O"C flash 
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pyrolysis. Analysis of the oils using gas chromatographic techniques showed that in 
most cases there was a strong correlation between the composition of the two oils. 

Five groups of oils were recognised with a strong correlation between the 
composition of the pairs of oil and the types of oil shales. Clearly the oil compositions 
were related to the maceral compositions. 

Group 1 - flash pyrolysate characterised by alkene/alkane homologues which are 
most abundant at higher carbon numbers; I-pristene, phenols and other aromatics are 
also abundant; oil with very high oxygen contents indicating a terrestrial plant origin; 
Fischer oil with abundant low carbon alkene/alkane homologues. 
Petrography. With the exception of one sample, the oils were produced from cannel 
coals which contain mostly liptinite derived from terrestrial plants (resinite, sporinite, 
cutinite and liptodetrinite) with vitrinite and trace inertinite in some of the samples. 
The exception was an oil from the Tertiary Stuart deposit. The oil contained phenols 
and aromatic compounds. The apparently atypical composition of the oil is easily 
explained when the petrography of the samples are reviewed. The parent oil shale was 
a carbonaceous lamosite composed of interlarninated lamosite and cannel coal, the latter 
containing abundant vitrinite which gives the apparently atypical molecular signature. 

Group 2 - both the pyrolysate and the Fischer oil are typically aliphatic and 
dominated by homologous alkene/alkane homologues with the Fischer oil showing a 
monotonous decline in the relative abundance of components having carbon number 
greater than C l7; the alkenes/alkanes in the flash pyrolysate generally with a slightly 
bimodal distribution with a low carbon number maximum and a second maximum at, or 
beyond, C l7; homologous alkene/alkane pairs indicate an algal source; oils contained the 
lowest sulphur content of any of the oils analysed. 
Petrography. The samples were torbanites, dominated by the maceral telalginite which 
is derived from Botryococcus-related algae. 

Group 3 - both oils dominated by alkene/alkane doublets with the pyrolysate oils 
having a greater proportion of alkenes and a much higher proportion of higher carbon 
number (>C l7) homologues; I-pristene and 2-pristene generally more abundant in the 
flash pyrolysate than in the Fischer oil; oils typically with low oxygen and sulphur. 
Petrography. The oil shales were lamosites in which the organic matter was sourced 
mostly from lamalginite derived from Pediastrum. 

Group 4 - oils characterised by complex chromatographic profiles below C20 arising 
from a large aromatic content, including alkyl-substituted thiophenes and 
benzothiophenes; latter relatively more abundant in the flash pyrolysate, especially 
beyond C17; oils had the highest sulphur content of any of the oils analysed and this is 
thought to confirm a marine origin for the bulk, if not all, the organic matter. 
Petrography. The oil shales were marinites which contain mostly bituminite and 
lamalginite. 

Group 5 - both traces dominated by alkene/alkane pairs in the range C6 to C20 with 
a maximum at ~; tricyclic diterpoids show prominent peaks in the range C19 to C20 

which were more pronounced in the flash pyrolysate suggesting that the Fischer oil may 
have undergone thermal cracking; pristenes are not detectable and the concentration of 
aromatic compounds extremely low, reflecting an algal source. 
Petrography. The oil shale was a tasmanite in which the dominant liptinite is telalginite 
derived from tasmanitid algae. 

The analytical data for shale oils show that the not only are the chemical propelties 
of the oil shale dependent on the maceral composition but so also are the chemical 
properties of the shale oils. Saxby and Sato l7 carried out a simple experiment which 
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demonstrated this for Rundle lamosite. The experiment also showed that chemical 
properties have limited use for defining boundaries when rocks are composed of two 
maceral types. 

Saxby and Sato compared the properties of oil derived from synthetic mixtures of 
coal and lamosite with naturally occurring carbonaceous lamosite from Stuart. Using 
mixtures containing 0, 25, 50, 75 and 100% 1amosite, it was found that modified 
Fischer assays were linearly dependent on the composition of the synthetic mixture and 
most parameters of oil quality also varied linearly. Oil parameters that did not vary 
linearly included HIC ratios which, for the mixtures, were slightly lower than predicted. 

As the percentage of lamosite in the mixture decreased, the relative abundance of 
vitrinite macerals increases because of the addition of a component with a much higher 
vitrinite content. The experimental data clearly showed the variations in properties with 
increasing vitrinite content and from this it is easy to deduce that there is no single 
vitrinite content which brings about a significant change in properties of either oil 
shales or derived oils. 

4. Other Uses of Organic Petrography for Oil Shales 

Fluorescence microscopy allows the researcher to see the organic matter in an oil shale. 
This is fundamental to many studies as visual observations of the end products or 
intermediate products can be highly beneficial during interpretive stages. 

4.1. SHALE OIL YIELDS 

The modified Fischer assay is the normal method for shale oil yield determination. 
Estimated errors for this method are not expected to be greater than 5% relative. 
Organic petrography provides an alternative method for oil yield determinations with 
approximately the same relative error. 

Huttonl8 showed that oil yield (as determined by modified Fischer assay [in litres 
per tonne at 0% moisture, LTOMD is linearly related to the percentage of alginite 
(lamalginite + telalginite) for five Australian Tertiary lamosite deposits. Correlation 
coefficients ranged between 0.91 and 0.96. For three deposits (Duaringa, Rundle and 
Stuart) the intercept on the y axis was negative but for the other two deposits (Byfield 
and Condor) the intercept was positive. The negative intercept was interpreted as 
indicating that either incomplete pyrolysis had occurred or alternatively, not all the oil 
was recovered. It has been shown that oil shales with high clay mineral contents give 
low oil yields and this is the most likely of the two reasons. The positive intercept 
was thought to be related to an increase in oil volume as a result if cracking of the oil 
before it was remove from the pyrolysis vessel. 

As with many techniques, the petrographic method for oil yield determination 
requires calibration; the method must be standardised for each deposit. It is unrealistic 
to expect that each of the six types of oil shales would have the same specific oil 
yield. For example, Green River lamosite contains abundant bitumen as well as layered 
lamalginite, Rundle lamosite contains discrete lamalginite and marinite contains 
bituminite which has a lower specific oil yield than alginite. 

Notwithstanding the above, petrographic oil yield determinations provide an easy 
and rapid method for oil yield determination with approximately the same relative error 
as the standard modified Fischer assay. 
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4.2. BENEFICIATION STUDIES 

One of the problems hindering development of an oil shale industry in Australia and 
elsewhere is low grade of the oil shale. Beneficiation to increase the grade of the 
retort feedstock would greatly improve the economics of an oil project and many 
studies have been carried out to review beneficiation techniques. Organic petrography 
is a useful technique for reviewing beneficiation experiments because it allows 
observation of both the mineral-organic relationships, grain size determination and 
microscale variations in components. 

Hutton19 studied several beneficiation trials on Australian lamosites, which had 
shown that upgrading was technically feasible, and compared the results with predictions 
for torbanite and marinite. It was concluded that upgrading depended on the 
abundance, type, distribution and size of both the organic and mineral components. 
Given that lamalginite is less than 0.002 rom thick and generally less than 0.08 rom 
long, it was concluded that liberation of lamalginite would require a grain size of less 
than 5 microns to provide significant separation of the mineral matter from the organics. 
The very small grain size required for separation is a limitation on beneficiation of 
lamosite. 

It was concluded that similar results would be obtained for marinite as for lamosite, 
especially as bituminite is an amorphous maceral and the lamalginite is also very small. 
Tasmanitid telalginite would be more readily separated from the mineral matter but it is 
such a minor component that liberation of this maceral would not greatly enhance 
beneficiation of marinite. It was concluded that torbanite would be more easily 
beneficiated because of the larger size of the Botryococcus telalginite. 

One limitation of petrographic studies of beneficiation products is the difficulty in 
preparing samples for optical analysis. Where the grain size is less than 2 microns, the 
mineral and organic components form an incoherent mass which is difficult to resolve 
optically. 

4.3. PARTIAL PYROLYSIS OF OIL SHALES 

Just as it is possible to identify the components of oil shales, it is also possible to 
recognise the constituents of spent (retorted) shales. Spent shale from the partial 
pyrolysis of Tertiary lamosite has a bitumen impregnated rim to the grains and for one 
sideritic oil shale, microfractures developed within the rim. The reason for the 
development of the microfractures is not known; it was noted however, the oil shale 
evolved 82% of the total recoverable oil whereas the oil shales which did not develop 
microfractures only evolved 64 % of the total Oil16• 

A closely-related study involved petrographic examination of lamosite samples from 
near a sill which had intruded the Stuart deposieo. The aureole from the sill averages 
46 m with a maximum of 64 m. Four zones, with gradational boundaries, are 
recognised within the aureole. As the sill is approached, there was a dramatic decrease 
in fluorescence intensity associated with, closer to the sill, a marked shift towards the 
red end of the spectrum in the fluorescence colours. The lamellar form of the 
lamalginite was retained within these two zones. In zone 3, the lamalginite is distinctly 
brown and towards the sill end of this zone, the lamellae become ragged and 
decomposition is apparent. In the fourth and closest zone, lamalginite is not 
recognisable but abundant pyrolytic carbon is present. 
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Near the sill, vitrinite reflectance increases rapidly but in zone 2, the reflectance 
decreases noticeably; this corresponds with a zone of bitumen which accumulates where 
porosity is quite high. 

4.4. SPENT SHALE STUDIES 

Organic petrography of spent shales is a field that invites research as it may provide an 
insight into mechanisms of pyrolysis. For example, pyrolysed torbanite comprises a 
network of organic and mineral matter with numerous large ovoid pores where the 
telalginite was located prior to pyrolysis. There is no recognisable remains of 
telalginite and this indicates that the alginite has completely devolatilised; there is no 
fluorescence except for small residual droplets and thin films of presumed high 
molecular, relatively immobile oiIlbitumen fractions which are in and coat pores and 
fractures. 

The very interesting aspect is the composition of the spent shale - homogeneous 
inert grains, a mozaic and, less commonly, sulphides. Homogeneous inert grains are 
angular to rounded, have a high reflectance, have diameters ranging from <0.05 mm to 
0.5 mm and are enclosed within the mozaic. All grains take a good polish, exhibit a 
uniform texture or have cell structure and reflectance. Some of the grains have 
significantly higher relief than the mozaic. 

These grains are analogous to the inerts in cokes, produced from bituminous coal, 
both in appearance and reflectance and as for the inerts in coke, are derived from 
inertinite, especially inertodetrinite. The homogenous texture of the grains suggests that 
they remain relatively unchanged during pyrolysis and probably produced only gas, if 
anything; the reflectance increases marginally. 

The mozaic consists of an interlocking mesh of elongate to subequant fine-grained, 
anisotropic particles of 0.001 to 0.002 mm dimensions which enclose not only the 
homogeneous inert grains but also patches of isotropic vitrinite-like organic matter that 
has a lower reflectance than the inert grains but a significantly higher reflectance than 
the vitrinite in the parent torbanite. The anisotropic mozaic is similar in appearance to 
the mozaic of coke and as with coke, it is clearly shown using an antiflex objective or 
crossed polars. The ratio of anisotropic to isotropic mozaic is quite variable within any 
field of view; generally the anisotropic mozaic occurs as a rim around the large pores 
previously occupied by telalginite or as rims around and irregular veins throughout the 
remaining mozaic. 

The mozaic probably develops in either of two ways - condensation of gases 
derived from the algal components or alteration of vitrinite. The anisotropic character 
of the mozaic is similar to that of pyrolytic carbon, a relatively common constituent of 
many organic-rich rocks and products which are thought to form from a gaseous phase. 
Whilst this mode of formation is an option, especially as it is known that oil shale 
vapours can form residues during pyrolysis, thus reducing the effective yields, it is not 
favoured. The texture, composition of the mozaic and association of large pores and 
mozaic suggests that it is derived from vitrinite, especially desmocollinite that is 
interstitial to the tel alginite in the parent torbanite. 

Whereas pyrite is the only sulphide in torbanite, both pyrite and pyrrhotite occur in 
the pyrolysed torbanite residue. The small pyrite grains that in filled and partly replaced 
the telalginite in the torbanite are still recognisable in the voids remaining after the 
devolatilisation of the tel alginite but is same cases, have thin rims of pyrrhotite. 
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4.5. 'FORENSIC' PETROGRAPHY 

The main advantage of organic petrography is that the organic components can be 
recognised and any variations in the morphology or optical properties of any organic 
constituent is readily noted. Two examples clearly illustrate the usefulness of organic 
petrography in problem solving. 

One Australian company, trialing innovative retorting technology, sent a sample of 
oil shale overseas for testing. Before shipment, samples were sent for modified Fischer 
assaying and on arrival at its destination, a second sample was sent for analysis. The 
latter sample indicated approximately lO% lower grade for the sample. The results 
were confirmed with duplicate samples. Petrographic examination of a sample of the 
shipment indicated that many grains possessed a dark, nonfluorescing, partial pyrolysis 
rim. similar to that identified in the partial pyrolysis study of Hutton et al. Further 
investigation revealed that the samples had been dried in an oven, probably at a much 
higher temperature that recommended! 

The second case study is that of the American Creek deposit, at Mount Kembla, 
near Wollongong (New South Wales, Australia) which was the site of Australia's first 
commercial oil shale project. The industry commenced in the 1860s and finished in the 
early 18708. This deposit was reported to be a torbanite deposit. However, 
examination of available data showed that oil yields were much lower that expected for 
a torbanite. Petrographic examination of a suite of samples showed that far from being 
a torbanite, the 'oil shale' was a carbonaceous shale that was impregnated with orange 
fluorescing bitumen. Clearly, the Mount Kembla 'torbanite' was not a torbanite! 

5. Petrography of Selected Oil Shales 

5.1. AUSTRALIAN TERTIARY LAMOSITES 

Australian Tertiary oil lamosites are the Rundle-type lamosite with abundant discrete 
lamalginite and minor Botryococcus telalginite, vitrinite, inertinite and trace sporinite. 
For most Australian Tertiary deposits, the organic assemblages are such that six 
'organic' lithologies are recognisable. 
1. Lamosite. Massive or laminated oil shale containing ~5% lamalginite and <5% 
humic macerals. Lamalginite is of three types: 
* Type I - lamalginite derived from Pediastrum, a stellate colonial alga; fluorescence 
varies from weak to moderately strong yellow to dull orange but dominantly yellowish
orange to orange; generally <0.002 mm thick and <0.08 mm long but rarely 0.1 mm 
long. 
* Type IT - minor component constituting <5% of the total alginite; derived from 
acritarchs such as Cleistosphaeridium and dinoflagellates such as Septodinium; 
moderately strong yellow or green fluorescence, generally <0.08 mm long. 
* Type ill - minor component constituting <10% of the alginite; intense green. 
greenish-yellow or yellow fluorescence, ranging from 0.05 to 0.4 mm long, commonly 
composed of several interconnected lamellae; origin is unknown but possibly represents 
fragments of large multicellular sheet-like algal thalli. 
2. Carbonaceous Lamosite - massive or laminated lamosite (>5% lamalginite) with 
>5% humic macerals; two types: that composed of interlaminated lamosite and coal 
laminae and that predominantly a lamosite with >5% ubiquitous vitrinite and/or 
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inertinite. 
3. Claystone/Shale - fine-grained clastic rock with <5% liptinite; vitrinite-inertinite 
rare. 
4. Carbonate - dolomitic or sideritic rocks with <5% liptinite; rare vitrinite-inertinite. 
5. Coal - laminated or massive rock composed of >50% organic matter with 
predominantly vitrinite-inertinite; where liptinite is >5% (and always derived from 
terrestrial plants) best termed a cannel coal; alginite mostly absent. 
6. Carbonaceous Shale - laminated or massive rock composed of <50% organic matter 
comprising mostly vitrinite-inertinite and <5% liptinite. 

5.2. GREEN RIVER LAMOSITE 

Green River lamosite is composed of interlayered pale mineral-rich and brown to dark 
brown organic-rich laminae ranging in thickness from 0.05 to 10 mm. Higher grade 
samples contain thicker and more organic-rich layers. 

Lamalginite is the dominant submaceral with layered lamalginite much more 
abundant than discrete lamalginite. Layered lamalginite has weak to moderately intense 
yellow, yellowish-green or rarely green to greenish-brown fluorescence. In sections 
perpendicular to bedding, the layered lamalginite appears to be composed of numerous 
lamellae which are continuous over several millimetres suggesting a blue-green algal 
mat origin. In sections parallel to bedding, the sheets appear to envelop mineral grains. 
Bitumen is a significant component and occurs as pods and blebs or as an interstitial 
matrix to minerals grains. It has yellow to yellowish-orange fluorescence and is 
generally brown or pale brown in reflected light. Minor components include sporinite, 
vitrinite and inertinite. 

6. Summary 

The organic matter in oil shales has been studied using many methods including 
elemental analysis, chemical oxidation, thermogravimetric analysis, infrared spectroscopy, 
electron microscopy, electron spin resonance, nuclear magnetic resonance and optical 
microscopy. Of the methods listed above, identification of the organic matter in oil 
shales is best achieved using a combination of white light and fluorescence mode 
incident microscopy or organic petrography. With petrographic studies it is possible to 
characterise and quantify the organic matter, including each type of organic matter, 
whereas bulk rock chemical methods do not allow separation of the components and 
thus the properties given are an average of several sets of properties. Organic 
petrography should be an integral part of any kerogen study. Such integration of 
techniques is commonly missing in many published chemical accounts of kerogen in oil 
shales. 

The importance of the organic matter in oil shales should not be overlooked as it 
is the type and abundance of the organic constituents that not only determine the 
chemical and physical properties of the oil shale, but the oil yield. chemistry and 
physical properties of the derived shale oil. Data pertaining to probable yield. seam 
thickness. environment of deposition and both lateral and vertical variation in the type 
and abundance of organic matter can be obtained using organic petrographic methods. 
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ABSTRACT. Although there are exceptions, the abundance of kerogen is generally small in most oil 
shales and petroleum source rocks. The presence of the inorganic matrix, which constitutes most of the 
rock, complicates both the characterization of the kerogen and investigation of pyrolysis chemistry. 
Kerogen isolation and subsequent separation of its components, or macerals, is important to gaining a 
fundamental understanding of its chemistry. Techniques to separate kerogen from rocks include both 
physical and chemical methods. Chemical methods are more effective but may alter the organic matter. 

The mineralogy of the rock, for the most part, determines the overall effectiveness of the demineralization 
reagents. Oil shale contains three broad classes of minerals: carbonates, silicates, and sulfides. The 
common carbonates are soluble in dilute acids; silicates are soluble in HF. Common sulfides include pyrite 
and marcasite which are resistant to HCl/HF attack but can be removed with oxidizing or reducing agents. 
A new procedure for demineralization has been developed which uses HF and HB03 to form aqueous Bp3 
which is used to remove neo-formed salts. This approach is effective and reduces organic matter 
alteration. 

High speed density gradient centrifugation (DGC) is used to remove pyrite and isolate and concentrate 
the different kerogen maceral groups. This technique utilizes a dense media of CsClloaded into a spinning 
centrifuge to form an in-situ density gradient. Demineralized kerogen particles are then dispersed across 
the gradient. This method effectively segregates the principal macerals present. Analytical pyrolysis and 
Ff-Lr. analysis on feedstock and separated treated macerals do not indicate any strong alteration of 
organic matter by this approach. 

Our research has focused primarllyon Upper Devonian oil shales, including the New Albany Shale from 
the lliinois basin and the Cleveland Member of the Ohio Shale from the Appalachian basin. These shales 
are classified as marinites and contain a mixed maceral assemblage. The most abundant maceral present 
in both shales is bituminite, with both primary forms of alginite, telealginite and lamalginite present in 
abundance. Vitrinite is an important constituent in both shales. Inertinite is also abundant in the Cleveland 
but sparse in the New Albany. 

The various maceral components fell in all three geochemical type trends. With the alginites plotting in 
the Type I field, the bituminites in Type II and the inertinites in Type III. Compared to terrestrially 
deposited macerals of similar rank, the marine materials were found to be considerably enriched in 
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hydrogen. Comparisons between the New Albany and Cleveland materials found the New Albany 
macerals to be petrographically and geochemically more degraded than the Cleveland. The New Albany 
alginites were "red shifted" and had less hydrogen that the alginites of the Cleveland. The New Albany 
vitrinites were higher in hydrogen than those of the Cleveland suggesting that more of this maceral was 
derived from the degradation of bituminite precursors. 

The relative states of preseIVation are ascribed to the depositional environment, with the Cleveland 
deposited under upwelling conditions and the New Albany under stagnant density stratified basin 
conditions. The Cleveland also had iron limited pyrite, while that of the New Albany had much high 
concentrations of carbon limited pyrite. More reactive organic matter was consumed in the formation 
pyrite in the New Albany than the Cleveland resulting in a higher degree of degradation. This and the 
general enrichment of hydrogen in the shale illustrates the importance of the environment of deposition 
relative to material source in determining the overall chemistry and oil generating capacity of the kerogen. 

1. Introduction 

The study of kerogen chemistry and pyrolysis is difficult due to the highly complex heterogeneous nature 
of oil shales and petroleum source rocks. The inorganic matrix may be composed of a variety of minerals, 
and the kerogen frequently contains several microscopically identifiable maceral types. Attempts to define 
fundamental chemical reactions are made complex by interactions among these components. 

Complex systems can be better understood by separating them into more fundamental components. 
Removal of the mineral matrix is the first step in this process. The usual approach is to macerate the 
mineral by attack with a series of acids, typically HCl followed by HCl in combination with HF. Reducing 
or oxidizing reagents may be used to remove sulfides. This approach results in the highest purity of organic 
concentrates but induces chemical alteration of the organic matter. 1,2,3 

Many kerogens are comprised of a variety of maceral types. Each of these has distinctive chemical and 
pyrolytic properties that are difficult to differentiate in bulk. Separation and analysis of these macerals 
can enhance our understanding of the geochemical and pyrolytic properties of the parent oil shale. 

2. Chemical Maceration of Mineral Matter 

Oil shale contains many different minerals, which can generally be grouped into three classes: carbonates, 
silicates, sulfides. Phosphates are an important minor component in some shales. Commonly occurring 
carbonates are calcite, dolomite and siderite. Common silicates include quartz, feldspars and clay 
minerals. Sulfides include pyrite and marcasite. The mineralogy of the rock determines the effectiveness 
of the reagents used in demineralizing. 

2.1. REMOVAL OF CARBONATES 

2.1.1. HelAttack. Although there are several maceration procedures which use HCl, that of the Institut 
Fran~ais du Petrole (IFP) will be cited here, as it is well documented and widely used.4 The first step in 
this procedure is the removal of carbonates with a strong acid, HCl. Two attacks with 6N HCI solutions 
are made; the first for 2 hours, followed by a water wash, then a second overnight treatment. This step 
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is important as calcium or magnesium ions will react with the HF, used later, to form insoluble fluoride 
salts. 

2.1.2. Removal of Carbonates by Resin. Strong acids are not necessary to remove carbonates. They also 
bring with them an anion, such as Cl, which can result in undesired reactions. One way to avoid the 
potentially reactive anion is to use cation exchange resin. We conducted a series of experiments at the 
Center for Applied Energy Research (CAER) to determine if oil shales with a carbonate matrix can be 
deashed at moderate pH and low ionic strengths using resin. Two oil shales were selected, a sample of 
the Green River oil shale from the western U.S. and the Rotem oil shale from Israel. The carbonates in 
the Green River are primarily dolomite (CaMg(C03h.), and those in the Rotem, calcite (CaC03). 

The deashingmedia was FisherRexyn 101(H+), 
a sulfonated polystYrene copolymer cationic 
exchange resin. The resin was sieved to +40 
mesh using a plastic screen (the H+ charged 
resin will attack brass) and the raw shale sam
ples were ground to pass a 100 mesh screen. 

The resin was added to the oil shale at a weight 
ratio ofS: 1, resin to shale, in 2000 ml of distilled 
water. This was reacted at ambienttemperature 
for 3 days. The solution equilibrated after 1 day 
at a pH of -3.3 and conductivity of -250 pS 
(Figure 1). This conductivity is less than that of 
the tap water in our laboratory. The resin acts 
to maintain the low ionic strength of the solution 
by exchanging protons for dissolved cations, 
e.g., calcium ions from calcite, as in equation I: 
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Figure 1. Conductivity and pH of Solution 
from Resin Demineralization. 
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The carbonate acts to buffer the solution. The net effect is acid dissolution of the carbonates under 
moderate pH conditions and low ionic strengths. 

The resin was then separated from the oil shale by washing the reactants through a 100 mesh plastic screen 
which retained the resin and passed the deashed shale. A total of 59 wt% of the Rotem shale and 43% of 
the Green River Shale was eliminated by the resin. Tests conducted on blanks using reagent grade calcite 
found a low level of cross contamination with this technique, i.e., less than 0.04%. 

When compared to samples from the 6N solution HCI attack, similar levels of organic carbon 
concentration are achieved (Table I). Thus, the carbonates can be effectively removed in very dilute 
solutions of acid. Although the described approach is too labor intensive and expensive for routine use, 
it is of value for research and illustrates that strong acid solutions are not required for carbonate removal. 

2.1.3. The HF-BF3 method. The use of strong acids such as HCl is undesirable, as strong acids can 
hydrolyse the organic matter. Chlorination reactions are also possible, particularly for thermally immature 
(low ranked) sediments. HCl is not a necessary reagent in the demineralization process, as HF, a much 
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Table I. Comparison of Oil Shales Demineralized by 
Different Methods. 

Resin and HCL Deashed Shale 

Carbon Ash Ash/C 
Original 12.0 62.6 5.2 
HCL 27.5 56.1 2.0 
Resin 26.8 56.9 2.1 

Qr~~n Riv~ 
Carbon Ash Ash/C 

Original 15.1 64.3 4.3 
HCL 24.1 59.0 2.4 
Resin 22.4 61.3 2.7 

Ash in HF·HeL (lFP) and HF·BF3 Methods 

HF-HCL HF-BF3 
Nagoorin 9.82 2.26 
Rotem 10.71 8.88 
Stuart 10.69 8.32 
Toarcian 25.00 22.49 
Irati 33.17 28.70 

weaker acid, can seIVe to dissolve 
carbonates. The primary role ofHCl 
is to form water soluble Ca and Mg 
salts with chloride which are easily 
removed, thereby suppressing insol
uble fluoride salt formation in the 
silicate dissolution step. An alter
nate strategy, discussed below, per
mits the formation of the insoluble 
fluoride minerals during HF attack, 
then later utilizes aqueous BF3 for 
their removal. S 

2.2. REMOV AI.. OF SILICATES 

The chemical removal of silicates 
requires the use of hydrofluoric acid. 
HF is a weak acid which reacts with 
silica to form SiF4, a volatile gas: 

Because it is a weak acid (pK=3.45), 
HF leaves the organic matter largely 
unaltered. 

2.2.1. HCI in silicate removal. In addition to reacting with silicates, HF also reacts with other ions, such 
as Ca and Mg, to form fluoride salts, such as ralstonite (-Na(Mgl,AlS)#'12(OH)6-3H20) and fluorite 
(CaFv, the latter being highly insoluble and difficult to remove once formed. 

In the IFP procedure, a 1: 1 mixture of 48 % HF and 6N HCl is used in the silicate removal step. In aqueous 
solution, HCI is fully ionized and its presence suppresses the ionization of HF. This retards fluoride ion 
activity which suppresses fluoride salt formation. 

2.2.2. The HF-BF3 method. The overall strategy of the HF-BF3 method is to remove silica by HF attack 
and allow fluoride salts to form. The HF is converted to BF3, a highly water soluble gas, by the addition 
of excess H3B03: 

H3B03 + 3HF +::! BF3 + 3HzO (3) 

If H3B03 is not in excess. the following reaction will take place: 

(4) 

This is undesirable as HBF4 is a strong acid (mixtures ofHF and BF3 are considered superacids).6 

In an aqueous system at low FIB ratios, BF3 does not form a strong acid. The aqueous BF3 is thus free 
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to react with the neofonned fluoride salts to fonn soluble fluoride tetrafluoroborate complexes as in eq. 5: 

BF3 + CaF 2 .: CaFBF 4 (5) 

The solubility of these kinds of salts is difficult to detennine, but experimental work suggested a solubility 
of about 0.25 MIL for CaFBF 4. It was also found that the sample to reagent concentration for the method 
must be low, i.e., 20 grams of sample to 800 ml of 24% HF, to provide the lowest ash samples. 

The method has been tested on a wide variety of oil shale types including carbonate based shales such as 
the Rotem (Israel) and Toarcian (Luxembourg) and high silicate shales such as the Stuart and Nagoorin 
(Australia), and Irati (Brazil). Comparative studies found that the HF-BF3 method yielded kerogens with 
lower ash contents (Table I). In addition, significantly lower chlorine contents suggest that this approach 
results in less alteration of the organic matter. For example, chloride concentrations ofO.22% and 0.15% 
were measured in the Toarcian and Rotem oil shales using the IFP procedure and less than 0.01 % in the 
same shales macerated with HF-BF3.5 

2.3. REMOVAL OF SULFIDES 

After the removal of carbonates and silicates, the principal inorganics left are small quantities of resistant 
minerals, such as rutile and zircon, and sulfides, primarily pyrite and marcasite. The sulfides are difficult 
to remove without significant chemical alteration of the organic matterl -4. Oxidants such as nitric acid 
cause nitration and oxidation. Reductants such as lithium aluminum hydride (LiAlH4) reduce C=O and 
C=N groups. These changes are undesirable and for many purposes unacceptable. 

Two promising methods for pyrite removal have been reported. One is based on attack on the pyrite by 
acidic solutions of cerium (IV) 1 and the other uses acidic chromous chloride (6).8 

This latter method appears to achieve significant reductions in pyrite without substantially altering the 
organic matter, atleast as indicated by elemental ratios and FT-Lr. spectra. There does, however, appear 
to be some chlorination and possibly incorporation of chromium. We have not yet evaluated this method 
in our own laboratory. 

In lieu of chemical dissolution, the approach taken at the CAER is to reduce the sulfide content by 
centrifugation using dense solutions of CsO Chemical attacks on the other minerals disrupts the 
association between the organic matter and sulfides which facilitates this approach. However, in some 
shales pyrite is intimately mixed with the organic matter, and clean separations are not easily obtained. 

3. Kerogen Maceral Separation by Density Gradient Centrifugation 

3.1. INTRODUCTION 

The isolation of maceral types in coal has, until recently, been only partially successful. Macerals such 
as vitrinite, which often occur in bands large enough to pennit hand-picking, have been physically and 
chemically described.9 However, isolation of other maceral types, which may be small and/or dispersed, 
are not amenable to this approach. Isolating macerals from oil shale by hand-picking is even more difficult 
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due to the larger amount of mineral matter and its intimate association with the organics. 

Density gradient centrifugation (DOC) as first described by DyIkacz and co-woIkerslO•ll and later 
reviewed by Crelling 12 provides an effective approach to the separation of macerals. Our own approach 
has been similar to those cited with certain modifications, the more significant being the use oflarger feed 
particles and the omission ofRO during demineralization. 13. 14. 15. 16 The advantages of these changes are 
suppressed organic alteration, more rapid processing, and more reliable petrographic analyses, particu
larly for the differentiation of maceral types within a given group. One disadvantage is a higher residual 
ash due to additional encapsulation of minerals in the larger feed particles. Another disadvantage is an 
increase in the number of mixed maceral particles and a decrease in maceral purity. We feel that the more 
reliable petrographic analyses and increased throughput more than offset these disadvantages. 

3.2. PROCEDURES FOR THE SEPARATION AND CONCENTRATION OF KEROGEN MACERALS 

3.2.1. Study Samples. Much of our 
woIk on kerogen maceral separation 
and concentration has been with oil 
shale from the New Albany Formation -
and Oeveland Member of the Ohio 
shale. These are Devonian oil shales 
from northwestern and northeastern 
Kentucky, respectively. These shales 
along with particulars of the maceral 
concentration techniques have beenpre
viouslydescribed.14•15 WealsowoIked 
with a high-vol A bituminous coal from 
the LowerElkhorn Seam of Pike Coun
ty (eastern) Kentucky (Table 11),13 

The Oeveland sample was screened to 
16x60 mesh whereas the New Albany 
and coal samples were ground to -100 
mesh prior to demineralization. Demi
neralization was based on commonly 
used HF digestion procedures with cer
tainmodifications I4•15includingomis
sion ofRO normally used for carbon
ate dissolution. The chemical removal 
of iron sulfides was omitted in order to 
minimize organic alteration.4 A sepa
ration schematic as applied to the Oeve
land oil shale is shown in Figure 2. The 
New Albany kerogen and coal samples 
were processed in a similar manner, 
only for these separations, selected den
sity fractions were recombined and re
processed by DGC to enhance the 
maceral concentrate purities. 

TABLE ll. Selected Properties of the DOC Study 
Samples. (on an as-Determined basis.) 

New Albany Oeveland Coal 3761 
%C 14.1 14.0 71.0 
%H 1.66 1.78 4.60 
%N 0.46 0.44 1.19 
%St 5.3 1.96 0.99 
% moisture 0.8 1.9 0.5 
% Ash(HTA) 77.7 76.2 17.1 
%MineralC 0.3 0.1 
FIsher Assay (g/t) 13.7 14.6 
% Liptinites 12.6 35.8 30.6 
% Bituminite 78.4 41.0 0.0 
% Vitrinites 7.6 10.4 31.9 
%Inertinites 1.4 12.8 37.5 

Raw Shale (16 x 60 mesh) 

I HF (Silicate Dissolution) 
Boric Acid (Mineral Fluoride Removal) 

Kerogen + Bitumin + Pyrite 

I 
Bitumin 

I I 

Bitumin Extraction 
(Benzene - MeOH) 

I . 
Kerogen + Pynte 

High Speed Density 
Gradient Centrifugation 

Liptinites Bituminite Vitrinites 
I 

Inertinites 
I 

Pyrite 

Figure 2. Separation Scheme for the Cleveland Member 
Kerogen. 
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3.2.2. Density Gradient Centrifugation (DGC). A DGC method entails pumping aqueous CsCl salt 
solutions of successively higher density to the outer wall of a spinning centrifuge rotor to form a density 
gradient in-situ. An aliquot of demineralized sample dispersed in a surfactant solution is loaded to the 
center of the spinning rotor. The macerals are then forced to disperse across the density gradient at forces 
ranging up to 25.000xg. Sample loadings ranged from 6-8 g per run. Numerous DGC runs were needed 
to provide sufficient sample for subsequent analysis. 

3.2.3. Methods of Analysis. Methods have been discussed in detail elsewhere. Only a summary is 
presented hereP-lS 

Kerogen petrographic classifications were based on those of Hutton. I? ,18 Alginite (-98%) and sporinite 
(-2%) were grouped as liptinites. The bituminite maceral. normally classified as a liptinite. was treated 
separately due to both high abundance and substantial differences in chemistry and pyrolytic behavior. 
The vitrinite group included vitrinite and degrado-vitrinite. The inertinite group included fusinite, 
semifusinite, and granular micrinite. Since no density fraction from the New Albany separation contained 
more than about I % total inertinites, these counts were added to the vitrinites to which they were most 
similar in density. 

A CDS analytical pyrolysis unit was used to pyrolyze small 1-2 mg samples. This unit utilized a FID 
detector to monitor hydrocarbon evolution and could be configured to monitor total hydrocarbon yield, 
relative partitioning of the hydrocarbon components between oil and gas, or interfaced with a capillary 
GC to determine the relative production of individual oil components. 

Ff-i.r. transmittance spectra were obtained from I: I 00, kerogen or coal:KBr pellets. Spectral subtrac
tions were conducted after the parent and demineralized sample pellets were normalized to a unit carbon 
basis. 

3.3. INVESTIGATION OF CHEMICAL ALTERATION OF THE KEROGEN 

Many of our investigations of roc generated maceral concentrates have focused on the nature of the 
starting kerogen and its behavior during pyrolysis. Thus, it is important that the maceral concentrates be 
representative of the parent kerogen. Measuring or estimating the extent of chemical alteration induced 
by demineralization is not easy. For example, there was no significant change measured in the organic 
HlC or N/C molar ratios before and after demineralization. However, there is sufficient analytic 
uncertainty in these determinations to mask small but potentially significant changes. Changes in the 
organic SIC or O/C are more difficult to measure since the analytical uncertainties for Sand 0 
determinations are higher. 

Analytical pyrolysis andFt -i.r. spectroscopy were also used to evaluate chemical alteration of the kerogen 
during processing. Ff -i.r. was used to examine kerogen functional group changes, particularly oxidation, 
and to ensure that the surfactant employed during DGC was completely removed from the maceral 
surfaces. Analytical pyrolysis was used to,verify that the pyrolysis products were unaffected by the 
demineralization and to again probe for evidence of surfactant residue. 

Unfortunately, evaluating kerogen alteration by either of these techniques is made difficult by the high 
levels of mineral matter. In the case of Ff -i.r., mineral matter in the parent shale reduces the level of 
absorption by the organic matrix rendering small changes difficult to measure. During pyrolysis, the 
presence of mineral matter results in secondary reactions. making it difficult to differentiate between 
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changes induced by mineral matter and those resulting 
from demineralization. For these reasons, the extent of 
organic alteration was evaluated with a high liptinite coal 
which contained considerably less mineral matter than a 
typical oil shale. 

Ff -Lr. spectra of the parent and demineralized coal, three 
maceral group concentrates derived from that coal, and 
Bri j-35 surfactant are shown in Figures 3a and 3b. These 
spectra are shown expanded between 1800 and 900em-i to 
focus on carbonyl bands, 1760-1690 cm-i ; C-O stretch, 
1300- 1000 cm-i ; C-F stretch, 1400-1000 cm-i ; and the 
strong Brij-35 absorption peak: at 1115 cm-i . The parent 
and demineralized spectra (Fig. 3a) are essentially the 
same in the carbonyl stretch region indicating no measur
able oxidation attributable to the demineralization. These 
same spectra are also indistinguishable between 1600 and 
1200 cm-i . However, they diverge between 1200 and 
1000 em-I due to increased absorption by mineral compo
nents, principally illites, in the parent coal. Examination 
of the three maceral concentrate spectra in Figure 3b 
reveals no evidence of residual surfactant. 

Examination of capillary gas chromatograms from the 
parent and demineralized coal samples reveal no qualita
tive differences in their pyrolysis products (Figure 4). 

a)~ 
b) 

C)~ 
1800 1600 1400 1200 1000 

Wavenumber 

Figure 3. Ff-i.r. Spectra of coal 3761 
Samples. a) Parent; b) Demineralized; 
c) Parent minus demineralized; 
d) Liptinites; e) Vitrinites; 1) Inertinintes 
g) Brij-35 Surfactant. 

Parent 

Demineralized 
Coal 

Figure 4. Pyrograms of (A) Parent and (B) Demineralized Coal Samples. 
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Total HC pyrolysis yield per unit carbon was also essentially the same; 1.16 ± 0.03 for the parent versus 
1.19 ± 0.04 for the demineralized sample (relative to an external standard). As a more precise check, the 
GC area% values for 33 of the major pyrolysis products were summed, normalized to 100%, and grouped 
according to hydrocarbon class. 13 No significant differences were discerned between the demineralized 
and parent samples with the exception of the l-alkene/n-alkane ratio: 0.89 in the parent versus 0.83 for 
the demineralized sample. This small difference and the difference in total hydrocarbon yield are most 
likely a result of the removal of the mineral matrix as the minerals tend to both reduce total pyrosolate 
production and selectively deplete alkenes relative to alkanes.19 

4. Chemistry and Organic Petrography of the DGC-Separated Kerogen Macerals 

4.1. ORGANIC PElROGRAPHY OF THE CLEVELAND AND NEW ALBANY SHALES 

The New Albany and Cleveland Member kerogens are composed of varying proportions of terrestrially 
and marine derived organic matter. The terrestrial components are preserved as vitrinites, inertinites, and 
trace sporinites. Algal and bacterial decay products were preserved in the form of alginite and bituminite 
which comprised the bulk of both kerogens. Over 98 % of the liptinites (excluding bituminite), consisted 
of alginite for each kerogen. Both lam alginite and telalginite18 were present. The telalginite consisted 
primarily ofT asminites which exhibited a wide range of preservation. On average, the Cleveland alginites 
were better preserved and more brightly fluorescing than those from the New Albany. The New Albany 
kerogen contained only trace amounts ofinertinites. This may have been due to settling out of these denser 
units prior to reaching the New Albany depositional site which was thought to be farther from the Catskill 
delta, the source of terrigenous material for both shales.20,21 

Bituminite was the most abundant maceral in both shales, accounting for about 41 vol % of the Cleveland 
and 84% of the New Albany. The term bituminite as used here follows that of Hutton. 18 It is the same 
material described as "sapropelic kerogen" by Barrows.22 Under Hutton's classification, bituminite is 
a liptinite. We have treated it independently due to its high abundance and substantial differences in 
chemistry and pyrolytic behavior from alginite. 

4.2. MACERAL PARTITIONING BY DENSITY GRADIENT CENlRlFUGATION 

The maceral distributions for both the New Albany and Cleveland shales are shown in Figure S as a 
function of gradient density. Bituminite recovery maximized at approximately 1.21 g/mL and skewed 
toward higher densities. This resulted in lower purities for the macerals recovered at higher density in both 
separations. The cause for this bituminite tailing was identified as contamination of the bituminite with 
denser materials. Bituminite recovered at a gradient density near 1.21 g/mL was relatively clean of foreign 
materials; whereas that recovered at a higher density was often associated with either denser macerals or, 
commonly, with finely disseminated iron sulfides. This observation was confirmed by an increase in the 
ash/pyrite content of the higher density fractions (Figure 6). X-ray diffraction indicated that residual 
mineral matter in both kerogens was composed of iron sulfides, pyrite and marcasite, and titanium 
dioxides, primarily rutile. The concentration of ash and pyrite was about twice as great for the 
corresponding New Albany density fractions and accounts for a more pronounced tailing of bituminite 
(Fig. Sa). 

Vitrinite enrichment was low for both shales, maximizing around 1.25-1.30 g/mL forthe New Albany and 
1.28-1.34 g/mL for the Cleveland. The highest vitrinite concentrations from the Cleveland were about 
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Figure 5. Petrographic Analyses of the Density Frac
tions Recovered from the New Albany (top) and Cleve
land Member (bottom) Kerogens Separations. 
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Figure 6. Pyrite and Ash Content of Density Fractions 
from the Cleveland Member Separation. 

twice that from the New Albany. This 
low enrichment is attributed to the pro
nounced tailing of bituminites to higher 
densities resulting in dilution of the 
vitrinitic fractions as well as lower over
all abundance. 

4.2.1. FT-i.r. Ff-Lr.spectraobtainedon 
four selected density fractions from the 
Oeveland separation are shown in Fig
ure 7. One notable feature of these 
spectra is the increase in intensity of the 
1630 cm-I relative to the 2930 and 2860 
em-I bands. The former is attributed to 
the carbon-carbon vibrational stretch of 
aromatic carbons (C=C) while the latter 
corresponds to the carbon-hydrogen 
stretch of aliphatic materials (the aliphat
iccarbon- carbon stretch centered at 1450 
em-I exhibited the same trend). The in
crease in this ratio is thus an indicator of 
the greater aromaticity of the higher den
sity fractions. 

There is a readily apparent decline in 
relative intensity of the carbonyl stretch 
at 171 0 cm-I . Not as evident, due to the 
overall lower absorption of the inertinite 
concentrate, is a corresponding increase 
in the intensity of the broadband at 3300-
3500 cm-I assigned to hydroxyl func
tionalities. This is interpreted as a shift in 
relative abundance of carbonyl oxygen in 
the liptinites to hydroxyl oxygen in the 
higher density macerals. Due tothe greater 
aromaticity of the higher density frac
tions, hydroxyl oxygen in these denser 
macerals is more likely present as phenol
ic oxygen rather than aliphatic alcohols. 

4.2.2. Proximate and Ultimate Analysis. Organic elemental ratios for the DGC generated density 
fractions are shown in Figure 8 for both kerogens. Organic HlC and N/C molar ratios for the New Albany 
density fractions changed rapidly up to a gradient density of about 1.20 glmL but remained relatively 
constant at higher densities. The corresponding Oeveland plots exhibited a continuous decrease in the 
HlC ratio across the gradient The Oeveland O/C and N/C ratios increased up to about 1.2-1.3 g/mL, 
corresponding to the maximum frequency of bituminite and vitrinite, and remained relatively constant or 
declined slightly at higher gradient densities. There was insufficient sample to determine the organic sulfur 
content of the New Albany fractions but the organic SIC ratios for the Cleveland fractions were essentially 
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constant across the gradient. The differences in analo
gous New Albany and Cleveland elemental ratio plots 
are thought to reflect both improved separation efficien
cy (less bituminite tailing - Fig. Sa) and a significant 
contribution from inertinite macerals in the Cleveland 
kerogen at higher densities. 

The New Albany fractions exhibited little change in 
fixed carbon/total carbon or volatile matter/total carbon ratios beyond about 1.2 g/mL as contrasted to 
inverse variation of these parameters in the Cleveland density fractions, i.e., increasing %FC, decreasing 
% VM at higher densities.14 The mineral matter corrected (dmmt) organic densities for the New Albany 
fractions showed anincrease up to about 1.2 g/mL, maximized at a density near that of maximum vitrinite, 
and then declined slightly in the higher density fractions_ This small decline at higher density corresponded 
to a decreased vitrinite and increased liptinite content. This, too, was in contrast to the dmmf-Cleveland 
densities which exhibited a continuous increase across the density gradient, again attributed to the 
contributions of inertinites in the higher densities Cleveland fractions. 15 

The relatively constant values for organic elemental ratios, fixed carbon, volatile matter, and organic 
density for the higher density fractions in the New Albany separation imply that the alginites and 
bituminites which partitioned to these higher density fractions were not necessarily chemically different 
than the equivalent macerals in lighter fractions. Rather, partitioning of these macerals to higher density 
is thought to merely reflect their frequent association with mineral matter. 
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4.3. CALCULATION OF PURE MACERAL PROPERTIES 

Selected density fractions from the New Albany separation were reprocessed by DGC in an effort to 
improve maceral type purity priorto calculating individual or 'pure' maceral properties.14 This resulted 
in liptinite, bituminite, and vitrinite concentrates of 84.4, 95.7, and 38.5 vol%, respectively (83.4, 95.7, 
and 39.5 wt%). The concentrates used to calculate pure maceral properties from the Cleveland Member 
contained 95.5, 90.0, 36.2, and 46.9 vol% (92.7,89.4,38.0,51.8 wt%) liptinite, bituminite, vitrinite, and 
inertinite, respectively. 

Calculating pure maceral properties entailed correcting the empirical density values for each of the 
maceral concentrates to obtain mineral matter free organic density values.23 The organic density values 
coupled with petrographic analyses were then used to calculate pure maceral group densities. These in tum 
were utilized to convert the volume% petrographic data to a weight% basis thereby permitting the 
calculation of other pure maceral properties via simultaneous equations. 

The results of these calculations, shown in Table III, indicate that the average New Albany liptinite density 
was significantly higher (1.09 g/mL) than the Cleveland liptinites (1.02 g/mL). Conversely, the average 
vitrinite density for the New Albany (1.21 glmL) was lower tltan for tlte Cleveland (1.26 g/mL). Pure 
maceral organic molar ratios exhibited similar trends in both kerogens; that is, the HlC ratios declined with 
increasing maceral group density, the N/C ratios maximized in tlte bituminite macerals, and the O/C ratios 
increased from liptinite to vitrinite. The data in Table III without exception, indicate that the average 
alginite and vitrinite properties in tlte New Albany maceral groups are similar to those of bituminite 
relative to analogous Cleveland maceral groups. 

TABLE m. New Albany and Cleveland Member Maceral Properties (Corrected to a 100% Maceral 
Group and dmmf Basis). 

Liptinites Bituminites Vitrinites Inertinites 
NA CLE NA CLE NA CLE NA CLE 

Density (glmL) 1.09 1.02 1.17 1.16 1.21 1.26 1.40 

%orgC 82.72 81.68 80.19 78.69 78.77 75.67 83.14 

%orgH 9.19 10.14 7.84 7.40 7.59 6.54 4.53 

%orgN 178 1.43 2.80 3.12 2.63 2.47 2.13 

%orgS 1.07 174 1.68 1.89 176 2.22 178 

%orgO 5.24 5.00 7.47 8.91 9.29 13.1 8.42 

orgH/C 1.32 1.48 1.16 1.12 1.15 1.03 0.65 

orgN/C 0.019 0.D15 0.030 0.034 0.029 0.028 0.022 

orgS/C 0.0048 0.0081 0.0078 0.0094 0.0084 0.011 

orgO/C 0.048 0.046 0.070 0.085 0.089 0.133 0.076 

FOorgC 0.25 0.10 .0.46 0.46 0.482 0.69 0.90 

Pyrolysis Yield 
HCliquids 1.35 1.67 1.10 1.18 0.86 0.65 0.58 

HCgases 1.10 078 1.29 1.26 1.06 1.20 0.98 



Figure 9 shows the calculated pure maceral 
group molar ratios plotted on an elemental 
molar ratio diagram. Three major fields are 
plotted. Type I is derived from the maturation 
trend of the Green River Shales of the Uinita 
Basin; Type II is derived from the maturation 
trend of the Lower Toarcian shales of the Paris 
Basin; and Type III is characteristic of the 
Cretaceous shales of the Douala Basin.24 The 
Cleveland maceral group ratios are plotted as 
a range of values detennined by using the 
density fractions with the highest concentra
tions of the respective maceral groups as well 
as other fractions exhibiting significant maceral 
enrichment. The New Albany ratios are from 
the three maceral group concentrates obtained 
by reprocessing of the initial New Albany 
fractions as discussed above. Alginites from 
both kerogens plotted in the Type I field; 
bituminites as Type II; vitrinites plotted be
tween Types II and III; and the inertinites from 
the Cleveland as Type III. 

5. The Geochemistry of the Separated 
Kerogen Macerals 
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Figure 9. van Krevelen Diagram of Calculat
ed 'pure' Maceral Elemental Ratios 
(1illJ -CLE,. - NA) 

5.1. COMPARISON BETWEEN MARINE AND TERRESTRIAL KEROGEN MACERALS 

The marine deposited vitrinites separated from the Devonian kerogens exhibit a higher HlC molar ratio 
(0.2-0.3) relative to coal vitrinites ofthesimilarrank (Figure 9). Though not as clear due to greater analytic 
uncertainty, the Cleveland inertinites also appear to be hydrogen enriched relative to coal inertinites.25 

This hydrogen enrichment has a bearing on the relative importance of depositional environment and 
material source. For example. Breger and Brown concluded that Devonian black shales similar to those 
in this study contained too much terrestrially derived humic material to be considered a good petroleum 
source rock and should instead be considered a "coaly" material.26 This may be compared to the view 
of Demaison, who emphasizes the importance of the depositional environment and relates kerogen type 
primarily to sedimentation rate and the oxygen content of the overlaying water column (aerobic vs. 
anaerobic). 27 ,28 The hydrogen enrichment of the vitrinite and inertinite support the importance of the 
deposition environment in controlling the chemistry of the kerogen. 

The specific mechanism for the hydrogen enrichment is uncertain. Humic matter may be adsorbed and 
incorporated in lipid-rich materials during transport or deposition in the marine environment. 29 Alterna
tively. hydrogen incorporation may take place shortly after deposition during the vitrinite gel phase.30 

This latter is supported by evidence that the HlC ratio of coal vitrinites is influenced by the amount of 
associated liptinites. 31,32 At any rate, comparison of kerogen and coal maceral chemistries indicates that 
one must be cautious in drawing conclusions based solely on petrographic analysis. 
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5.2. COMPARISON BETWEEN THE NEW ALBANY AND CLEVELAND KEROGEN MACERALS 

The New Albany and Oeveland kerogens are similar in many respects. Both are comprised of the same 
maceral types and have similar bulk chemical compositions. However, the New Albany kerogen contains 
a much higher proportion of bituminite as well as measurable differences in the chemical composition of 
the other maceral types. 

The New Albany alginites exhibited a lower hydrogen content and higher density relative to the Oeveland 
alginites. Attempts to re-centrifuge the New Albany alginite concentrates indicated that these parameters 
are inherent and not due to maceral or mineral impurities.14 On average, the New Albany alginites 
appeared to be more degraded and exhibited longer wavelength fluorescence (red shifted) than their 
Oeveland counterparts. Further, there was a continuum in both morphology and wavelength of maximum 
fluorescence from highly figured, bright-yellow fluorescing alginites to non- or dimly-fluorescing, 
amorphous bituminites. Visually, the red shift in fluorescence correlated with the extent of morphologic 
degradation. If the bituminites are derived from degraded alginite precursors as it appears, itis reasonable 
to expect a continuum in chemical properties which coincide with the extent of precursor degradation. The 
convergence of chemical parameters between the New Albany alginites and bituminites relative to the 
same maceral types in the Oeveland can be explained by the fact that, on average, the New Albany alginite 
precursors appear to have been more extensively degraded. 

The New Albany vitrinites were found to contain more hydrogen, were oflower density, and produced 
more HC product during pyrolysis than did their Oeveland analogues. Similar to the alginite/bituminite 
continuum, a continuum in morphology and reflectance between vitrinite and bituminite was observed. 
This, along with the convergence in chemical parameters, suggests that either vitrinite precursors were 
converted to bituminite precursors during deposition or, more likely, that the New Albany bituminite 
precursors were more degraded, leading to their petrographic identification as vitrinites. The relatively 
high hydrogen content of the vitrinites and other chemical and pyrolytic differences between like macerals 
in the two kerogens also support the significance of the environment of deposition in determining the 
chemistry of the kerogen. 

The differences in chemistry of analogous maceral types in these kerogens may be due to a difference in 
rank, differences in the precursor or source chemistry, or differences in the environments of deposition. 
Since both shales show similar vitrinite reflectance (Ro -0.55), similar pyrolysis response, and both are 
Upper Devonian in age, we believe that most of the differences in chemistry can be attributed to the relative 
extent of decomposition of the maceral precursors during deposition and early digenesis. 

Chemically, the most striking difference between the New Albany and Cleveland is the higher sulfur 
content and lower carbon to sulfur ratio in the New Albany (3.4 versus 2.7% S, and 1.8 versus 3.9 CIS 
for the Huron and Cleveland respecitively).33 This difference is a function of the environment of 
deposition. The Cleveland was deposited under upwelling conditions as indicated by the presence of 
phosphate nodules as well as the trace element composition.34,35 The New Albany, however, was 
deposited under stagnant basin conditions similar to the present day Black Sea.36 As in the Black Sea 
sediments, a strong positive correlation and positive intercept is found between organic carbon and total 
sulfur and organic carbon and degree of pyritisation (DOP) for the New Albany. No correlation is found 
for the Cleveland. 

Pyrite deposition was "carbon limited" in the New Albany and "iron limited" in the Oeveland. That is, 
the amount of pyrite formed was a function of the availability of reactive organic matterin the New Albany. 
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In the Oeveland, where upwelling provided large amounts of orgainic carbon, the amount of pyrite was 
limited by the availability of iron. Organic matter and pyrite are chemically linked, as the organic matter 
is the source of the electrons necessary to reduce the sulfate to sulfide and form pyrite. Thus, the higher 
degree of degradation in the New Albany is a function of the control of pyrite formation in its depositional 
environment 
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ALKANE BIOMARKERS. GEOCHEMICAL SIGNIFICANCE AND 
APPLICATION IN OIL SHALE GEOCHEMISTRY 
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ABSTRACT. The application of alkane biomarkers for source, palaeoenvironmental 
reconstruction, maturity and biodegradation of sedimentary organic matter is briefly 
reviewed. Data on the extractable biomarker composition of a Spanish oil shale, as well 
as some considerations on future work in biomarker geochemistry are also included. 

1. Biomarkers. Concept and Applications 

In spite of the progress made in the last decades, understanding the origin and fate of 
organic compounds in Nature still remains an intriguing and difficult task. However, 
the concept of using organic compounds as measures of events and processes in the 
natural world is now widely accepted and applied in a wide range of disciplines. 

The organic substances present in recent and ancient sediments are thought to reflect 
the source inputs and the environmental conditions, including microbial activity, at the 
time of deposition. A restricted number of these organic substances, the so-called 
molecular fossils or biological markers (biomarkers for short), are molecules directly 
inherited from the organisms living at the time of deposition which have been preserved 
without subsequent alteration, or with only minor changes, so that their basic carbon 
skeleton remains intact (1,2) 

The term biomarker stems therefore from the similarity of certain chemical structures 
in the sedimentary record to precursor molecules which occur in unique biosynthetic 
products of specific groups of organisms in the natural environment. Compounds whose 
biological origin is uncertain but whose structural specificity makes them useful as 
correlation parameters in source diagnosis are also referred to as biomarkers. Small 
changes in the structures of these biomarkers are due to microbial transformations in 
the water column and in recent sediments or chemical reactions during diagenesis in 
ancient sediments. It should be emphasized that, although the inputs contributing to the 
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sedimentary organic matter are deduced from the presence of specific biomarkers, their 
absence does not necessarily imply that the biosynthetic precursors and the 
corresponding biota were not present in the depositional environment. 

The biomarker approach, i.e. isolation and recognition of biomarkers from different 
environments, constitutes a powerful tool in many areas of geochemistry. The use of 
biomarkers has moved from an academic pursuit (assessement of the nature of the 
different organic inputs into a sediment, reconstruction of paleo-environments, study 
of the processes of early diagenesis and thermal maturation, etc) to a highly applied 
analytical technique in technological fields such as petroleum and gas exploration, based 
mainly on the determination of source, maturity, migration and biodegradation of 
hydrocarbons. In all cases, conclusions based on biomarker distribution data are 
stronger than those based on any single compound or class of compounds. 

2. Extraction,Isolation and Analysis of Biomarkers 

Biomarker determinations provide a challenge for the analytical chemist. In general, the 
biomarkers of greatest interest are present in relatively low concentrations in crude oils 
and rock extracts, which are complex mixtures of organic compounds. 

Extraction of biomarkers from sediments and oils is,. normally accomplished by 
conventional solid-liquid extraction procedures using different solvents or mixtures of 
them in Soxhlet apparatus. Over recent years new extraction techniques based on the 
use of ultrasonic agitation (3) and supercritical fluids (4) have been developed. The 
supercritical fluid extraction (SFE) seems to have a promising future, since it offers 
considerable advantages regarding extraction time and elimination of environmental 
hazards. 

After removal of asphaltenes, insoluble in n-pentane, the extracts are usually 
fractionated into saturated, aromatic and polar components by adsorption 
chromatography on column or on modern solid phase extraction cartridges (5) • 

The 1l-alkanes are usually the most abundant compounds in the saturated fractions of 
crude oils and rock extracts, and sometimes it is necessary to remove them as an 
analytical step to effectively enhance the concentration of other more specific 
biomarkers, such as branched and cyclic alkanes. Many concentration techniques have 
been used quite effectively. Amongst them the clatration with urea and the use of 
molecular sieves seem to be the most useful to separate n-alkanes from their 
branched/cyclic congeners. 

The most common methods for detection and identification of biomarkers in complex 
mixtures are the computerised Gas Chromatography-Mass Spectrometry (GC-MS) 
systems, which became readily available and are today indispensable for routine analysis 
of crude oils and sediment extracts (6). Relatively different new techniques, such as GC
MS-MS and Supercritical Fluid Chromatography (SFC)-MS have introduced a number 
of alternative methods for the analysis of stereoisomers and high molecular weight 
biomarkers. 
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3.Geochemical Significance of the Various Molecular Classes of Hydrocarbons 
Found in Sediment Extracts and Petroleum 

A comprehensive review of all the areas of biomarker geochemistry which have 
undergone a number of important reevaluations in the past decade (2,7-10) is beyond the 
scope of this report. Rather this chapter will essentially comprise an overview of 
existing data (taken from the above monographs, and only recent references to illustrate 
trends and developments are included) on those aspects of alkane biomarker distribution 
which relate to the type of organic matter, the depositional environment, the thermal 
maturity and indications for biodegradation. Another useful application of biomarkers 
in oil exploration are the oil-oil and oil-source rocks correlations, as well as the 
determination of relative migration distances of expelled hydrocarbons. Structures 
marked throughout the text with Roman numbers are presented in Appendix 1. 

3.1. NORMAL ALKANES 

N-alkanes are trace constituents of biological lipids. However, these compounds have 
excellent preservation characteristics and may therefore be regarded as biomarkers. The 
most common application of n-alkanes is to infer the source of the organic material. 
Input of terrigenous source material is indicated by a strong predominance of high 
molecular weight odd-numbered alkanes (n-C27 , n-C29 and n-C31 ), which are associated 
with leaf waxes. Marine algae are known to produce lower molecular weight n-alkanes 
with maximum at n-C17 and without any odd or even chain length preference. 
Freshwater algae synthesize longer chain length n-alkanes, with a predominance similar 
to that in higher land plants. Studies of bacteria have shown them to produce n-alkanes 
in the n-C15 to n-C28 region with no marked odd/even preference. 

The distribution of n-alkanes have been used to infer specific depositional 
environment of source rocks. For example, the occurrence of n-alkane distributions with 
an even-number preference is usually assumed to reflect evaporitic facies or marine 
carbonate environments (10,11). This is probably a function of the highly reducing nature 
of the depositional environment which causes reduction rather than decarboxylation of 
the biologically-derived even carbon numbered fatty acids (12). The observation of 
even/odd predominance in well-oxygenated systems has prompted other authors to 
suggest a possible bacterial autochthonous origin for these alkanes (13,14). 

Maturity and biodegradation can also influence the distribution of n-alkanes. Thus, 
as maturity increases the odd/even or even/odd predominance decreases. Bacterial 
degradation of crude oils causes progressive removal of n-alkanes beginning from the 
low molecular weight homologues. 

3.2. BRANCHED ALKANES 

3.2.1. Monomethyl branched alkanes. These compounds occur mainly as the iso- (2-
methyl) and anteiso- (3-methyl) alkanes, and derive from plant waxes (C2S-C31 with an 
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odd chain predominance) or bacteria (C13-CI9 iso, C17 and CI8 anteiso). 
Mid-chain branched alkanes, in particular methyl heptadecanes (CIS), with the methyl 

substituent at C71 or Cs have been proposed as biomarkers of cyanobacteria and hence 
possibly of hypersaline environments (",16) 

3.2.2. Acyclic Isoprenoids. These compounds are known constituents of plants, animal 
tissues and bacterial cell walls and have been reported in all classes of geological 
samples. The phytol side chain of chlorophyll-a accounts for the widespread occurrence 
of acyclic isoprenoids in the biosphere. They are chemically formed from various 
combinations of Cs isoprene units (!) through three main types of linkages : head-to-tail 
(the most common, and include compounds such as pristane CI9(lI), phytane C20(lII) and 
homologues up to C4S), tail-to-tail (squalane, perhydro-.6-carotane, lycopane, etc), and 
head-to-head (C32-C40 typical of thermophilic and other archaebacteria). 

Isoprenoids, and in particular the ratio of pristane to phytane, have been widely used 
to obtain information on depositional environments on the premise that both pristane 
and phytane are derived from phytol. Diagenesis of C20 phytol produces by reduction 
and dehydration in C20 phytane in highly reducing conditions, whereas in less anoxic 
conditions oxidation and decarboxylation prevail yielding CI9 pristane. However, some 
important limitations on the use of the pristane/phytane ratio as an indicator for oxygen 
levels have arisen (9.11), and should be taken into consideration before using this 
parameter. 

Since most Recent hypersaline environments are characterised by reducing conditions, 
the pristane/phytane ratio has also been suggested as an indicator for salinity (18). 

Specific acyclic isoprenoids associated with particular environments, such as the regular 
C2S isoprenoid and botryococcane (lY), have been reported by different authors (9). 

3.3. MONOCYCLIC ALKANES 

It is assumed that n-alkylcyclohexanes and n-alkyl,methylcyclohexanes arise from 
cyclization of biologically-derived fatty acids (19). Their distribution in crude oils and 
sediment extracts follows normally the n-alkane distribution with a large odd over even 
carbon number predominance. 

Alkyl cyclohexanes with isoprenoid side chains are probably derived from 
carotenoids, which are abundant in algae and some higher plants, or are generated from 
bacterial reworking of previously sedimented acyclic isoprenoids (20). The distribution 
and catagenesis of cycloalkanes in oils has been recently reviewed (21). 

3.4. BICYCLIC ALKANES (SESQUITERPENOIDS) 

These compounds have been identified in fossil resins, sediments and petroleum (22). The 
two main types of bicycloalkanes identified are the drimanes (Y) and the eudesmanes 
(YD. The latter are believed to be derived from eudesmanol, an alcohol found present 
in higher plants, whereas drimanes are though to be derived from the degradation of 
polycyclic alkane precursors in bacteria and appear to be Ubiquitous. The large 
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number of isomers present in the samples also raises the possibility of stereochemical 
interconversion as a result of diagenesis and maturation. 

3.5. TRICYCLIC ALKANES.DITERPENOIDS AND TRICYCLYC TERPANES 

The presence of diterpenoid hydrocarbons in fossil fuels and sediments is a very strong 
indication of a terrigenous input to the oils or source rocks, since these structures are 
predominant constituents of higher plant resins and supportive tissues, especially in 
conifers. The skeletal structure types found in fossil fuels consist primarily of 
derivatives of the abietane (Yll), pimarane (YllI) and labdane (IX) series. 

Another series of tricyclic alkanes commonly found in marine sediments and crude 
oils is the homologous series of extended tricyclic terpanes (X) in the range from CI9H34 

to C4~H86, and possibly higher. They are not reported to be found in terrestrial source 
rocks or oils derived from terrigenous source material. Different natural precursors, 
such as the tricyclohexaprenol, formed anaerobically from an ubiquitous cell 
constituent, hexaprenol, have been proposed for this series (23). 

The tricyclic terpane distribution can be related to the nature of the depositional 
environment. Thus, oils source from carbonate source rocks usually show a dominant 
C23 homologue (24). On the other hand, several authors have proposed the potential use 
of tricyclic terpanes as a maturity indicator in the lower maturity levels on the basis of 
the variation in the relative amount of tricyclic terpanes to hopanes (25), and changes 
observed in the isomers stereochemistry (26). Tricyclic terpanes are especially useful in 
correlating nondegraded to biodegraded crude oils since they survive even severe 
biodegradation processes (24). 

3.6. TETRACYCLIC ALKANES 

3.6.1. Non-Steroidal Tetracyclic Terpanes. The main types of tetracyclic alkanes found 
in sediment and crude oils originate from different sources: a) kaurane (Xl), beyerane 
(XlI) and phyllocladane (XIII) are produced by diagenesis of tetracyclic alkenes 
characteristics of conifer resins; b) the series of 4,5-secotriterpanes (XIV) is thought to 
be formed from plant derived pentacyclic triterpenoids by thermal cracking, and c) the 
17,21-secohopanes (xy) and 8,14-secohopanes (XYI) derived from pentacyclic 
hopanoids by cleavage of the 17(21) and 8(14) bonds respectively, taking place either 
by microbial activity during early diagenesis or by thermocatalytic degradation of 
hopanes (27). 

Tetracyclic terpanes are usually present in a series from C24 to C27 • Differences in 
probable precursors of tetracyclic and tricyclic terpanes makes the ratio of c,.. 
tetracyclic terpane over c,.6 tricyclic terpane a source parameter (8). 

3.6.2. Steroidal Tetracyclanes. Steranes. Steranes commonly found in mature sediments 
and crude oils are derived via diagenesis from sterols (XYll) which are widely 
dispersed in plants and microrganisms, with the C27 and C28 sterols most abundant in 
marine organisms and the en sterols in higher plants (28). C30 4-desmethylsterols occur 
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in marine invertebrates and marine algae (II), and 4-methylsterols are significantly 
present in dinoflagellates (29). 

Generally specific information on the organisms which relies on the position of 
double bonds and functional groups will be lost, prior to oil generation. However, most 
of the diagnostic information available from steranes in fossil fuel studies is mainly 
based on the stereochemical complexity of their basic skeleton, which is often retained 
and is observed in sediment extracts and oils. 

Biomarker maturity determinations are generally based upon changes in steranes and 
triterpanes (7). Sterols generally contain a 5,6 double bond and occur naturally as the 
20R epimer with the 14a(H), 17a(H) configuration. As diagenesis progresses the double 
bond is hydrogenated and a new epimeric center with a mixture of 5a(H) and 56(H) is 
formed with a predominance of the 5a(H) epimer due to its greater thermal stability. 
As the level of maturity increases the 146(H),176(H) isomers are formed as a mixture 
of the 20R and 20S epimers. 

Some low molecular weight steranes, such as C21 pregnane and C22 homopregnane 
(XYIID have been used as indicators of hypersaline and carbonate environments (30,31). 

Many parameters involving the complex sterane distribution for source, depositional 
environment, maturation, migration and biodegradation indicators have been proposed 
(2,1,32). However, some cautions concerning the use of some indicators has been 
enphasized by different authors (33,34). In Table 1 the most widely used parameters are 
summarized (2) 

Diasteranes (XIX) present in oils and source rocks in relatively low abundances are 
formed by acid-clay-catalyzed rearrangement of regular steranes, and therefore can be 
used for depositional environment determinations. 

3.7. PENTACYCLIC ALKANES 

3.7.1. Hopane-type triterpanes (XX). These constitute the group of triterpanes most 
extensively used in biomarker studies. Their naturally occurring precursors, diploptene 
and C3S tetrahydroxyhopane, are widely distributed among bacteria, blue-green algae, 
some grasses and lichens and several ferns (2). 

Diagenesis and maturation of organic material containing the precursors leads to 
defunctionalization and change of the biological 176(H),216(H) stereochemistry to the 
thermodynamically more stable 17a(H),216(H) configuration. At the same time, 
formation of another series of hopane analogs, known as moretanes (XXI), with the 
176(H),2Ia(H) configuration occurs. 

The C31 and higher homologues can occur as either 22S and 22R epimers due to the 
chiral center at position C22 • Increasing maturation leads to mixtures of 22S and 22R 
(naturally occurring) epimers with an equilibrium ratio of approximately 3:2. The ratio 
of the en 17a(H)-hopane (Tm), over the Cz7 18a(H) (Ts), more resistant to thermal 
maturation than Tm, is used as a maturity parameter of oil and source rocks samples. 

Most of the samples show the presence of regular hopanes from C27 to C3S , with the 
absence of the C2K homologue. The detection of this compound in a few notable 
exceptions have been associated with the specific environment of deposition, such as 
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mat structures formed by sulphide oxidizing bacteria in upwelling areas (35,36). 
In evaporite facies the enhanced reducing character of the environments leads to a 

greater preservation of the hopane side chain during diagenesis. In hypersaline settings 
the occurrence of C:J.j and! or C3, hopanes is characteristic and are found in higher 
concentrations than the other homobopanes (30). A very strong predominance of C31 

hopanes has been reported to occur in samples derived from peats and coals. This has 
been attributed to decarboxilation of Cn hopanoic acids which are abundant in such 
samples. High concentrations of moretanes have also been noted in them and result 
from the direct input of moretanol and moretanone into the sediment from land plant 
sources. 

Hopanes having an additional methyl substituent in ring A have been reported by 
numerous authors to occur in crude oils and sediments, most of them deposited in 
carbonate and/or hypersaline environments. Summons and Jahnke (37) have recently 
shown that the most commonly reported methylbopanes are 2-methylbopanes. The most 
significant parameters involving the hopanes are also included in Table 1 (2). 

3.7.2. Non-hopane type triterpanes. Lupanes (XXII), oleananes (XXIII), fernanes 
(XXIY) and ursanes (XXV) biomarkers characteristic of plant triterpenoids have been 
frecuently found in coals and oils derived from terrigenous source materials. Tbeir 
precursors are widely distributed in higher plants. C30 bicadinanes (XXYJ.) found in oils 
have been shown to be characteristic cracking products of angiosperm fossil resins. The 
18a(H)-oleanane has been observed in a number of deltaic sediments and crude oils 
related to them (24,31,38). The biogenic precursors of oleanane are presumed to be oleanene 
triterpenoids such as 6-amyrin, which are associated with highly specialized terrigenous 
plants. 

The origin of gammacerane (xxyu), pentacyclic triterpane, often used as an 
indicator for salinity, is still unclear. Tetrahymanol, the only pentacyclic triterpenoid 
found in protozoa and fungus, is the only known potential biological precursor of 
gammacerane (39). As Gammacerane is present in many samples from various 
environments, its use as a biomarker for salinity is not based on its occurrence, but 
rather on its relative abundance (31). 

3.8. HEXACYCLIC HOPANOID ALKANES 

C3I-c,s hexacyclic hopanoid alkanes (XXVIII) have been used as an indicator for anoxic 
paleoenvironments (40.41). Tbese authors have suggested that hexacyclic alkanes were 
derived from bacteriohopanetetrol (C,s) precursors through cyclisation of the side cbain 
of extended hopanoids during early diagenesis. 

The bexacyclic hopanes are very resistant to bacterial attack and may be very useful 
for defining palaeoenvironments and biodegradation degree of source rocks and oils. 
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4. Use of Biomarkers in Oil Shale Geochemistry. Case study of the Puertollano 
(Spain) Oil Shale 

For many years organic-geochemical studies were largely limited to the most 
economically important organic materials found buried in the Earth, namely coals, oil 
shales and petroleum. Oil shales have a special geochemical interest both as potential 
source rocks and as an energy resource in themselves, although most oil shale mining 
projects are currently non-viable commercially. 

Oil shales are a complex group of rocks which were deposited in a wide range of 
sedimentary environments and have a wide range of largely alginite-dominated maceral 
assemblages. According to a recent classification of oil shales as regards to their relative 
abundance of macerals (42), they overlap with both coals and petroleum source rocks so 
that any classification of oil shales has to take these other types into account. In this 
context the use of biomarker distribution as an alternative to the precise classification 
of the different types of oil shales might be taken into consideration. 

Bitumens are present in some oil shales such as the Green River Formation of the 
U.S.A. and the Irati Formation of Brazil. The bitumens can impregnate and may 
partially replace some macerals (43). Past work on the biomarkers in oil shale has 
involved characterization of the biomarkers in bitumen and determination of the manner 
in which their quantity varied with depth and other characteristics of the shale within 
a given core. Many outstanding works on the application of biomarkers for source 
rocks-oil correlations have been carried out on these sedimentary rocks (44). 

To show the utility for oil shale geochemistry of the biomarker approach, we have 
taken as specific case study the Puertollano deposit, the most important in the Iberian 
Peninsula, which until now has been only partially characterized from the geochemical 
viewpoint (4S). 

Table 3 shows the composition of the aliphatic extractable hydrocarbon fraction of 
this deposit. Experimental methods were similar to those recently used for 
characterization of peat and coal deposits (46). 

The hydrocarbon distribution in the Puertollano Oil Shale is dominated by n-alkanes, 
n-alkylcyclohexanes, n-alkyl,methylcyclohexanes and mid-chain mono methyl alkanes. 
The cyclohexanes showed a distribution very similar to that of n-alkanes suggesting a 
common origin. Triterpenoid distributions showed a major contribution of bacterially 
derived hopanoids. The compounds identified comprised C27-C3S hopanes (no C28), C27-

C32 8, 14-secohopanes, C29-C32 ring-D aromatized 8, 14-secohopanes, C32-C3S 

beozohopanes and a C31 hexacyclic saturated hopane. The conifer and angiosperm 
derived material is expressed in two different groups of diagenetic compounds. 

Diterpenoid compounds as abietane, norabietane, simonellite, retene and the 
sesquiterpenoid cadalene are characteristics of the conifer resins, whereas the terpanes 
with oleanane and ursane skeleton are characteristics of angiosperms. It is concluded 
from these results that the Puertollano oil shale has been formed in a lacustrine 
environment with significant input of higher plant derived organic material. 

Some parameters, such as a) the abundance of the C29 and C30 primary terpanes 
relative to the other members of the series, b) the ratio of C30 176(H),21a(H)-moretane 



gj
 

Ta
bl

e 
2.

-M
ai

n 
se

ri
es

 o
f 

co
m

po
\U

lds
 d

et
ec

te
d 

in
 t

he
 s

at
ur

at
ed

 f
ra

ct
io

n 
of

 t
he

 P
ue

rto
lla

no
 O

il 
Sh

al
e 

ex
tr

ac
ts

. 

Se
rie

s 
Ra

ng
e 

M
ain

 
0

/0
01

 
st

ru
ct

ur
e2

 
co

m
po

ne
nt

 

n-
al

ka
ne

s 
(1

3-
(3

9 
(2

3 
42

0 
is

o-
al

ka
ne

s 
(1

6-
(3

2 
2~
 

an
te

 is
o-

al
ka

ne
s 

(1
6-

(3
2 

20
 

m
id

-c
ha

in
 m

et
hy

l 
al

ka
ne

s 
(1

6-
(3

2 
40

 
ac

yc
lic

 i
so

pr
en

oi
ds

 
(1

S-
(2

0 
(1

9 
70

 
I,

II
 

n-
al

ky
l-c

yc
lo

he
xa

ne
s 

(1
3-

(2
8 

80
 

m
et

hy
l-n

-a
lk

yl
-c

yc
lo

he
xa

ne
s 

(1
8-

(2
8 

80
 

bi
cy

cl
ic

 t
er

pa
ne

s 
(1

4-
(1

6 
(1

6 
40

 
V,

VI
 

di
te

rp
an

es
 

(1
9-

(2
0 

35
 

V
II

,V
II

I,I
X

 
tr

ic
yc

li
c 

tr
i t

er
pa

ne
s 

(1
9-

(2
8 

(2
3 

40
 

X
I-X

V
II 

te
tr

a c
yc

lic
 t

er
pa

ne
s 

(2
4 

(2
4 

10
 

te
tr

ac
yc

lic
 1

7,
21

 s
ec

oh
op

an
es

 
(2

~ 
(2

4 
10

 
XV

 
8,

14
 s

ec
oh

op
an

es
 

(2
7-

30
 

5 
XV

I 
id

. 
rin

g-
D

 a
ro

m
at

iz
ed

 
(2

f(
31

 
(2

9 
5 

st
er

an
es

 
(2

f(
29

 
10

 
XV

II-
XI

X 
pe

nt
ac

yc
lic

 h
op

an
es

 
(2

7-
(3

5 
(3

0 
10

0 
XX

 
be

nz
oh

op
an

es
 

(3
r(

35
 

(3
2 

10
 

he
xa

cy
cl

ic
 h

op
an

es
 

31
 

(3
1 

5 
XX

VI
II 

(1
) 

re
la

ti
ve

 a
b\

U
ld

an
ce

s 
(2

) 
Ro

ma
n 

n1
.lll

be
rs 

re
fe

rs
 t

o 
th

e 
st

ru
ct

ur
es

 s
ho

wn
 i

n 
A

pp
en

di
x 

1 



61 

to 17a(H),218(H)-hopaoe (0.37), c) the predominance of Tm over Ts, and d) the 
predominance of the biologically occuring aaR isomers over the maturation induced 66-
isomers in the mixture of regular and rearranged steranes are indicative of the low 
maturity level of this oil shale and the absence of biodegradation. 

5. Future Work on Biomarkers 

The promising future seen for biomarkers by Eglinton two decades ago (47) in basis to 
the development of a number of applications has been largely realized. Today, now that 
many of the molecular methods and fIndings have been adsorbed by the industry 
(common use of the so-called "biomarker strategy" in exploration studies), the interest 
in biomarkers has again moved to new applications and extensions of the basic 
molecular organic geochemical approach. Thus, biomarkers have been applied in the 
study of recent sediments, to marine sciences, archaeological chemistry, biogeochemical 
ecology, biomolecular paleontology, molecular stratigraphy, etc. 

Important progress in biomarkers geochemistry is expected from future investigations 
on nonhydrocarbon polar fractions and in particular sulphur biomarkers having well 
established structural relationships with known precursors (48). It has been noted, 
however, that the "natural sulphurization" during the early stages of diagenesis may 
lead to selective removal of the specifIc hydrocarbon biomarker precursor, and therefore 
to biased palaeoenvironmental reconstruction (49,SOJ 

Of especial interest at present is the use of biomarkers in environmental and pollution 
studies, since these compounds provide information on the chemical and biological 
degradation of organic molecules in modern environments. Improved abilities to 
monitor and control waste disposal from modern demands, ranging from the disposal 
of sewage to improved understanding of landfIll waste disposal should be included. 
Biomarkers have also been useful for fmgerprinting the source of oil spills and other 
organic wastes and tracing the source of this pollution. 

A particular goal is to link the patterns of the geological record to the behaviour of 
the atmosphere, increasing our understanding of the fundamental causes of climate 
change. An outstanding precedent of these investigations is the use of biomarkers from 
certain marine algae for paleoclimatic reconstructions based on their ability to synthesize 
long chain unsaturated ketones (C37-C39) with the degree of unsaturation depending on 
the ocean water temperature ('1). 

The interest in biomarkers depends on the distribution of biochemical precursors in 
presently living organisms. It should be emphasized, however, that knowledge of the 
distribution of different precursors in contemporaneous organisms is still insufficient. 
Progress in this fIeld and consequently in biomarkers geochemistry are dependent on 
the development and improvement of new tecbnologies and novel analytical schemes 
to study the complex mixtures of chemicals in geological samples. 

Good examples for the new frontiers in biomarker geochemistry are the recent 
identifIcation of biomarkers of high molecular weights ( > C40) by using high
temperature capillar gas chromatography ('2), and the development of reliable 
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instruments for determination of carbon isotopic compositions of individual components 
of oils and rock extracts (53), which seem to be a useful parameter in the correlation of 
oil to oil or oil to source rock and as indicator to identify the precursor of biomarkers. 
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SOLID·STATE ISC NMR IN OIL SHALE RESEARCH: 
AN INTRODUCTION WITH SELECTED APPLICATIONS 

FRANCIS P. MIKNIS 
Western Research Institute 
Box 3395 
Laramie, WY 82071 
USA 

ABSTRACT. An introduction to solid-state 13C NMR techniques and their applications to 
oil shale research are discussed. Techniques include cross polarization and magic-angle 
spinning with high-power decoupling, single pulse excitation, dipolar dephasing, and 
sideband suppression at high magnetic fields. The quantitative reliability of solid-state 13C 
NMR measurements is discussed also. Results from recent studies on coals show that 
single pulse methods give more reliable carbon aromaticities than those obtained using 
cross polarization. This is because a greater percentage of the total carbons are observed in 
the single pulse experiment than in the cross polarization experiment. Similar comparisons 
for oil shales have not been made. However, because oil shales generally are more aliphatic 
than coals, differences in measured carbon aromaticities and percentages of carbons 
observed may not be as serious a problem for oil shales. Selected applications of solid-state 
13C NMR techniques to oil shale resource evaluation, oil shale conversion, and structure are 
presented. 

1. Introduction 

Oil shales are fine-grained sedimentary rocks that contain organic matter, which 
upon heating can be converted to liquid shale oils. The shale oils can then be 
refined into a slate of products that is similar to that obtained from refining of 
petroleum crude oil. There are two fractions of organic matter in oil shale: 1) 
bitumen, which is that fraction that is soluble in organic solvents; and 2) kerog~!l, 
which is that portion of the organic matter that is insoluble in common organic 
solvents. Generally, kerogen constitutes the major portion of the organic matter 
(-90% or greater), and its insolubility is one reason why an oil shale must be 
heated to produce liquid products. For an introduction and review of oil shales and 
kerogen, the reader is referred to books that are available (1-6). Also, Hutton (this 
monograph) describes methods for classifying oil shale. 

Because of kerogen's insolubility, it has been very difficult to obtain information 
about the chemical structure and composition of kerogen. Compositional data can 
be acquired after first carrying out laborious and time-consuming preparation of 
kerogen concentrates. The development of solid·state NMR techniques of cross 
polarization (CP) and magic-angle spinning (MAS), circa 1976, changed this 
situation dramatically. With solid-state NMR techniques, information can now be 
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obtained about the carbon structure of the kerogen in oil shale without the need for 
preparation of kerogen concentrates. Some of the first CPIMAS l3C NMR spectra 
that were published were of coals (7,8) and oil shales (9,10), materials that are 
largely insoluble and for which few good techniques existed at the time to probe the 
carbon structure of these fossil fuels. 

In this chapter, an introduction to solid-state NMR and its applications to the 
study of oil shales are presented. This chapter does not include a comprehensive 
review of the literature, nor does it concern itself with the more exotic NMR 
techniques that might have some application, but are best left in the hands ofNMR 
experts. The objectives are to introduce the concepts of solid-state NMR to the 
researcher who wishes to acquire an understanding of some of the concepts and 
terminology that are most often encountered in the literature. While most solid
state NMR studies of fossil fuels have been concerned with coals, in this chapter 
examples have been taken from oil shale studies, where appropriate, to illustrate 
these concepts. Omission of relevant literature is an oversight of the author, and is 
purely unintentional. A number of books (11-13,) symposia proceedings (14-16), 
and reviews (17-19) have been written. These should be consulted for more 
comprehensive discussions of solid-state NMR techniques applied to fossil fuels 
materials. 

2. NMR in Solids 

In most forms of spectroscopy, sensitivity and resolution are primary concerns. 
This is particularly true for the observation of l3C NMR spectra in solids such as 
oil shales. Because the l3C isotope is - 1% naturally abundant NMR sensitivity is 
already low. Coupled with the fact that a "rich" oil shale might contain only 10-15 
wt% organic matter, the remaining being mineral matter, it becomes evident that 
signal averaging must be employed in order to observe an NMR signal. There are 
also other factors that must be considered for observation of NMR in solids as 
described in the next sections. 

The pursuit of sensitivity and resolution in the solid-state has led to a variety of 
NMR techniques that are now available to the oil shale researcher. The birth of 
these techniques is attributable to the development of cross polarization by Pines, 
Gibby and Waugh (20), coupled with magic-angle spinning (21). The combination 
of these techni~ues solved a number of the prohlems associated with sensitivity and 
resolution of 3 C NMR in solids. Cross polarization overcomes some of the 
problems associated with sensitivity while magic-angle spinning overcomes some 
problems of resolution. 

There are three major problems that must be overcome in order to acquire NMR 
spectra that provide useful information about the carbon structure of the organic 
matter in oil shales. These are: 1) the lH_13C dipole-dipole interaction, 2) the 
chemical shift anisotropy, and 3) the long-spin lattice relaxation times in solids. 
Problems 1) and 2) need to be overcome to improve spectral resolution, 3) needs to 
be overcome to improve sensitivity. 
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2.1 HIGH POWER DECOUPLING 

In solids, the major source of line broadening for l3C is the dipole-dipole interaction 
between a nearby proton, lH, and the l3C nucleus. The interaction is of the form 

(1) 

where J.I is the magnetic moment of the proton, r is the internuclear distance 
between the proton and the l3C nucleus, and 9 is the angle between r and the 
applied magnetic, Ho. The l 3C nucleus experiences a magnetic field given by the 
above expression that adds to or subtracts from the main field, Ho. The strength of 
the interaction depends on the third power ofthe separation between the nuclei, so 
that carbons that have protons attached feel a strong dipolar interaction. The net 
result of this interaction is a l3C NMR spectrum that is very broad and featureless 
because of the large number of protons that would be strongly coupled to the 
carbons in a solid. 

The line broadening caused by lH_l3C interactions is largely eliminated by 
irradiating the lH nuclei with a strong radio frequency field at their Larmor 
(resonance) frequency. This induces rapid transitions between the proton enerl!, 
levels, i.e. spin flips, so that the protons cannot interact strongly with the 1 C 
nucleus. Thus, the l3C nuclei do not feel the strong dipolar interaction because 
they have been decoupled from the protons. Hence, the term high-power 
decoupling 

2.2 MAGIC-ANGLE SPINNING 

While high-power proton (lH) decoupling removes the dipolar line broadening, the 
l3C NMR spectra of solids are still much broader than solution spectra of the same 
material. This residual broadening is due to chemical shift anisotropy (CSA), and 
without its removal, the spectral lines exhibit anisotropic line shapes that prevent 
resolution of carbon types that are useful for structural studies. 

The chemical shift anisotropy arises from the nonspherical electron density 
around the l3C nuclei, and is particularly prominent for aromatic and carbonyl 
(C=O) carbon types. These carbon types experience different shieldings of the 
magnetic field depending whether the bond axes are parallel or perpendicular to 
the external magnetic field. For polycrystalline or amorphous materials all 
orientations are possible, including these two extremes. 

Magic-angle spinning is the one known method that can remove the broadening 
due to chemical shift anisotropy, while preserving the isotropic chemical shift that 
is observed in solution. This is accomplished by orienting the sample at an angle of 
54.7 0 with the external magnetic fi,eld. In the theoretical descri~tion of chemical 
shift anisotropy, the broadening is proportional to a term, 3cos 9-1. The angle. 
54.7 0 , makes this term zero, hence removing the broadening from chemical shift 
anisotropy. However, simply orienting the sample at this angle in the magnetic 
field is not sufficient. The sample must then be rotated about this axes at a rate 
comparable to the magnit.ude of the CSA broadening, which for aromntic and 
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carbonyl carbons can be the entire width ofthe chemical shift range, i.e. -200 ppm. 
This has important consequences on the strength of the magnetic field used to 
observe 13C signals in solids such as oil shales. For example, for a magnetic field 
strength of 2.3T, equivalent to a 13C NMR frequency of 25 MHz, 200 ppm 
corresponds to 5,000 Hz. This means that to remove the CSA the sample must be 
spun about the magic-angle axis at the rate of 5,000 revolutions per secondl For a 
field strength twice this (50 MHz 13C frequency), the spinning rate would have to 
be twice as great, i.e. 10,000 Hz. Although such rates are achievable, most 
CPIMAS 13C NMR spectra of oil shales and coals have been acquired using field 
strengths of 1.4 to 2.3T and spinning rates of - 3 to - 4 kHz. Increases in 
sensitivity that might be gained at higher fields are offset by the use of large
volume spinners at the lower fields (22). 

The effect of magic-angle spinning on the 13C NMR spectra of oil shales is 
shown in Figure 1. The improvement in resolution is clearly evident, particularly 
for shales that have a sizable aromatic component. This is because aromatic 
carbons have a larger chemical shift anisotropy than the aliphatic carbons. In the 
absence of spinning, the aromatic carbons yield broad anisotropic line shapes. Note 

Nova Scotia Australia 
I 

A) C) 

Non-spinning 

B) D) 

Spinning 

Aromatic AliphatiC Aromatic Aliphatic 

Figure 1. Effect of magic-angle spinning on the laC NMR spectra of oil shales. 
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Figure 2. Comparison ofNMR spectra of Powhatan coal obtained at 15.1,24.1 and 
50.3 MHz. (Reprinted from ref. 23 by permission ofthe Amer. Chem. Soc.) 

also that for the spinning spectra, the maximum intensity of the aromatic band 
shifts to the isotropic value which lies between the perpendicular and parallel 
components ofthe chemical shift tensor. 

If the sample is not rotated fast enough to remove the chemical shift anisotropy, 
artefacts known as spinning sidebands, are introduced in the spectra that can 
interfere with the measurements of carbon aromaticities. An example ofthe effect 
of sidebands on CPIMAS spectra of a coal for different field strengths is shown in 
Figure 2(23). All spectra were recorded at a spinning rate of 4.2 kHz. The 
aromatic carbon sidebands occur at -300 and --30 ppm in the 15 MHz spectrum, 
and do not interfere with the aliphatic signal intensity. At 25 MHz the high field 
sideband appears as a shoulder in the aliphatic carbon region near 0 ppm. 
However, at 50 MHz, the high field sideband is under the aliphatic carbon 
envelope, and thus gives a non-representative aliphatic carbon resonance. The 
sidebands are symmetrical about the respective aromatic carbons giving rise to the 
signal, so that the position of the interfering sideband under the aliphatic envelope 
can be inferred from the spectrum. 
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2.2.1. Techniques for sideband removal. A number ofingenious pulsed techniques 
have been devised to eliminate sidebands from high field spectra so that "normal" 
CP/MAS spectra are generated(24). These are referred to as PASS<r.hase 
~lternated §.ideband §.uppression) and TOSS(Total §.ideband §.uppression) 
techniques. An example of the use of TOSS to suppress sidebands from the 
aromatic carbons in Illinois No.6 coal is shown in Figure 3(25). Two different 
spinning rates were used to acquire the CP/MAS spectra. The spectra were 
recorded at 50 MHz so that a 10 kHz spinning speed would be required to obtain 
spectra free of spinning sidebands. The apparent advantages of using TOSS to 
suppress sidebands is evident. However, the spectra are misleading because of the 
issue of the quantitative reliability of these spectra (11,22,26). Advantages and 
disadvantages of the sideband removal pulse sequences have been discussed by 
Axelson (11). 

Conventional 
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Figure 3. Use of TOSS to suppress sidebands in Illinois No.6 coal. (Reprinted from 
ref. 25 by permission of the Amer. Chem. Soc.) 
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The main reason for acquiring NMR spectra of oil shales and coals at higher 
magnetic fields is that, in principle, greater resolution and sensitivity should be 
achievable at the higher fields. In practice, this need not be the case as 
demonstrated in Figure 2, which shows comparable resolution for 15 and 50 MHz 
spectra, respectively. Oil shale spectra, especially those of raw shales typically 
yield only broad aliphatic and aromatic components so that higher fields may not 
provide any benefits in resolution. There is a gain in sensitivity in going to higher 
fields (23), but this is partially offset by the fact that smaller sample sizes must be 
used to achieve the higher spinning rates needed to remove the sidebands. The use 
of large-volume spinners (22,27,28) at lower fields compensates for the gains in 
sensitivity at higher fields. The use of large-volume spinners is increasing, mainly 
because single pulse spectra can be acquired in reasonable times using these 
spinners. For quantitative work, single pulse methods have been recommended 
(22,29,30). 

2.3 CROSS POLARIZATION 

Because 13C has a low natural abundance, NMR measurements on this nucleus 
require signal averaging. The spin lattice relaxation time,T l' determines how 
rapidly a single pulse 13C NMR experiment can be repeated. The rule of thumb is 
to repeat the experiment every aT 1 to 5T l' Suppose the T 1 of a 13C nucleus is 2 
min. The single pulse experiment would be repeated very 6 to 10 min. If 1000 
signals must accumulated to obtain a reasonable signal to noise ratio (SIN), the 
total experiment time would be between 100 and 167 hrsl Fortunately cross 
polarization overcomes the problems of the long T l's and consequent limited 
sensitivity. 

Cross polarization NMR relies on the presence of an abundant slin system (IH) 
to enhance the observation of a signal from a dilute spin system (1 C). The idea is 
to transfer polarization (hence signal intensity) from the abundant IH spins to the 
dilute 13C spins. The CP experiment consists of four basic timed sequences of radio 
frequency (rf) pulses (Figure 4). The left portions of Figure 4 represent the 
experimental timing sequence and the right portions depict what happens to the 
nuclei in the sample under the action of the pulses. The four-part procedure 
consists of (1) polarization of the 1 H spin system, (2) spin-locking in the rotating 
frame, (3) establishment of 13C_1 H contact and (4) observation of the 13C free 
induction decay (FID). 

The sample is "prepared" by applying a 90 0 pulse of intensity HlH at the In 
resonance frequency. The action of this pulse rotates the magnetization 90 0 into 
the x'y' plane, along y'. Immediately after the 90 0 pulse, a 90 0 phase shift is 
applied to the field, HlH to bring it colinear with the IH magnetization. This 
causes the protons to precess about HIH at a frequency, wH = yHH I . During the 
proton spin-lock, a second radio frequency field, HI is applied at the II3C resonance 
frequency. Although there may not be substantia{bC magnetization initially, the 
13C nuclei in the sample will precess about HIC at a frequency, we = YeHlC' By 
adjusting the power levels so that wH = wC, then the frequencies of the oscillating 
components will be the same, i.e. we = wHo By making we = wH' a means is 
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Figure 4. Timing sequence of cross polarization experiment: a) polarization of IH in 
rotating frame, b) spin locking of IH in rotating frame, c) 13C_1H contact 
under Hartmann-Hahn conditions, and d) observation of l3C free induction 
decay. 
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established to efficiently transfer magnetization from the abundant 1H spins to the 
dilute 13C spin system. This transfer is called cross polarization. The Hartman
Hahn condition is maintained for a time, T ,the contact time so that a significant 
buildup in 13C magnetization (dotted line, Figure 4c) is available for detection as a 
13C free induction decay (dotted line, Figure 4d). The fourth part of the CP 
experiment is to terminate the 13C pulse and observe the free induction decay, 
while maintaining the 1H field for decoupling (Figure 4d). The entire fourt-art 
procedure is repeated many times until a suitable signal-to-noise ratio for I C is 
obtained. The resultant FID is then Fourier transformed to give the more common 
frequency domain spectrum. For solids, the IH - 13C is far more efficient than 13C 
spin-lattice relaxation so that a CP experiment can be repeated at intervals shorter 
than 3-5T I' For oil shales pulse repetition rates of 1 s and contact times of 1 ms 
are typicaL 

3. Dipolar Dephasing 

Solid-state 13C NMR spectra of oil shales, obtained by CPIMAS with high-power 
decoupling are broad because of the multitude of resonances from the different 
carbon types found in these complex materials. A number of approaches have been 
taken to improve the resolution of solid-state NMR of fossil fuels. Discussions can 
be found in the work of Sullivan (23,31),reviews by Miknis (18), Davidson (19) and 
Wilson et al.(32), and the book by Axelson (11). Such techniques include variable 
temperature studies, variable frequency studies, mathematical enhancements and 
deconvolution techniques, and relaxation rate methods. The most popular method 
of enhancing solid-state NMR spectra is a relaxation rate method called dipolar 
dephasing (DD)(33), or sometimes referred to as interrupted decoupling (31,34). 
Wilson et al. (32) have reviewed the exploitation of relaxation in CP NMR of fossil 
fuels. 

Dipolar dephasing is a variation of cross polarization and the timing sequence 
is shown in Figure 5. The variation is the switching off of the 1 H decoupler for a 
time, t l , after the cross polarization contact time. During t l , the signals from 
different carbon types decay at different rates depending on the strength of the IH_ 
13C dipolar interactions. the characteristic time for this decay is T 2' the spin-spin 
relaxation time. Carbons that that are directly attached to hydrogen (primary, 
secondary, and tertiary carbons) experience strong IH_13C interactions and decay 
more rapidly than carbons without attached hydrogen (quaternary carbons). When 
the decoupler is switched on after a time, t 1, the resultant signal is due primarily to 
quaternary carbons. However, methyl groups (CH3) are not completely suppressed 
because of their rapid rotation in the solid state and appear in the aliphatic carbon 
signal. These carbons can be distinguished from the other quaternary aliphatic 
carbons on the basis of chemical shifts. 

In the DD experiment signals are recorded for a series of dephasing times,tl , in 
order to establish the relaxation behavior of the system. Generally, the signal 
decay is characterized by two components, a rapidly and a slowly relaxing 
component. Murphy et a1. (33) found that the rapid decay is best characterized by 
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Figure 5. Timing sequence for dipolar dephasing experiment. 

a Gaussian or second-order exponential function, and the slow decay is hest fit with 
a Lorentzian of first-order exponential function (Figure 6). 

In order to determine the amounts of protonated and nonprotonated carbons, 
the intensities ofthe various carbons must be extrapolated to zero dephasing time, 
t l = O. The mathematical expression describing the signal decay is given by, 

(2) 

where the subscripts, g and I refer to Gaussian and Lorentzian components, 
respectively. At tl = 0, 1(0) = Ig ° + II' which is the signal intensity for a normal CP 
spectrum. 

For a sufficiently long t 1(>40 /1s) the observed signal is due to the Lorentzian 
component, so that equation (2) reduces to, 

(3) 

By extrapolating this curve to zero time, the contribution of nonprotonated 
carbons,Ilo, to the total signal is obtained. The contribution of protonated carbons 
is obtained by difference, 

(4) 
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Some applications of dipolar dephasing to oil shales are discussed in the next 
section. 

4. Quantitation 

4.1 CROSS POLARIZATION 

The issue of quantitation in cross polarization has been recogni7.ed from the 
beginning of its application to fossil fuels (11,19,35-42), has been debated (43), and 
is still a concern in solid-state NMR (22,29,30). The main concerns are whether all 
carbons are observed equally in the CP experiment, and whether the fraction of 
carbons observed at true signal intensity are a faithful enough representation so as 
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Figure 6. Schematic representation ofthe Gaussian-Lorentzian two-component decay 
in a dipolar dephasing experiment. (Reprinted from ref. 11 by permission 
of the Canadian Government Publishing Centre.) 
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to be able to ignore the small loss of signal from carbons that are not observed. 
Other concerns relate to such things as sample heterogeneity, spinning sidebands, 
unpaired electrons, magic-angle spinning, and the recycle delay. Wind et a1. (22) 
have recently reviewed the problems associated with quantitation of l3C NMR in 
carbonaceous solids. 

The buildup of signal during cross polarization depends on two relaxation 
processes (Figure 7), the cross polarization transfer time, T CH' and the proton spin
lattice relaxation time in the rotating frame, TIp' Figure 7 shows that the l3C 
signal intensity builds exponentially at a rate characteristic of T CH' while at the 
same time the signal is being truncated by another exponential function, TIp' The 
analytic form of the curve in Figure 7 is, 
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Figure 7. Idealized behavior of the carbon magnetization as a function of the 
experimental contact time in the cross polarization experiment. (Reprinted 
from ref. 35 by permission of the Amer. Chem. Soc.) 
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where b = 1 - T CHIT 1 . The condition T CH « T CP « T Ip would be the ideal 
situation. Instrumenfally, the contact time, T CP' should be set at the time that 
correspond to the maximum in the signal intensity. 

Questions of quantitation arise because different carbon types have different 
TCH and T Ip' Generally, T CH depends on the number of protons attached to the 
carbons. Tlius, aliphatic carbons, aromatic carbons, and carboxylate carbons, for 
example, should all have different TCH's. By observing the signal at a single 
contact time, the true signal intensity of all the carbons types may not be observed, 
in which case, non representative carbon distributions would be measured. To 
overcome this problem, CPIMAS spectra should be recorded at different contact 
times in order to construct curves such as Figure 7, for each carbon type (35). By 
extrapolating these curves to zero time, the correct signal intensity of each carbon 
type is obtained, from which the true carbon type distributions can be obtained. 

In practice, generating carbon magnetization curves at different contact times 
can be time consuming. Wilson et a1. (44) compared aromaticities for coaly source 
rocks from the Brent group (North Sea), acquired at a 1 ms contact time, with 
aromaticities obtained by varying the contact between 10 /.Is and 8 ms, and 
calculating the true intensities by curve-fitting. In seven of eight cases, there was 
excellent agreement between aromaticities determined by the two methods. They 
concluded that a contact time of 1 ms could be used with confidence for source rock 
studies. These conditions are probably acceptable for oil shales, because oil shales 
are generally aliphatic in nature. 

Internal standards can be mixed with oil shale and coals to determine the 
percentage of carbons observed in CP and single pulse NMR measurements. 
Hexamethyl benzene has been used successfully (35). An excellent reference 
material is tetrakis( trimethylsilyl)silane (TKS)(45, 46). Furthermore, treatment 
with samarium (II) iodide selectively reduces the free radical content which can 
lead to an increase in the percentage of observable carbon (45,47). For example, 
treatment of Wyodak sub bituminous coal with samarium (II) iodide has been 
shown to increase the percentage of observable carbons by 27 %, leading to an 
increase in the carbon aromaticity of -10 % from 0.66 to 0.73. 

4.2 SINGLE PULSE EXCITATION 

Single pulse excitation (SPE), also referred to as Bloch decay, can be employed as 
an independent check on the quantitative reliability of CP/MAS aromaticity 
measurements. In these experiments, the NMR signal is observed after a 90 0 

pulse using magic-angle spinning and high-power decoupling. The SPE 
experiments do not enjoy the sensitivity advantage of cross polarization; 
consequently, they require much longer times to record a spectrum of suitable 
quality. The signals from SPE experiments arise from different relaxation 
mechanisms than those in the CP experiment. Therefore, agreement between 
aromaticities from the two measurements suggest that both measurements are 
observing the same amounts of carbon, even though the relaxation mechanisms for 
signal detection are different. In SPE experiments, delay times should be -5 times 
the longest T 1 in order to observe all the carbons at full magnetization. 



82 

SPE experiments, as checks on the reliability of CP measurements of coals and 
oil shales, have been employed for some time (32,48,49). However, such 
measurements were made without the use of spin counting techniques for 
quantitating the amounts of carbon observed in a CP and SPE experiment. Recent 
work (29,30,35-37) has demonstrated that generally more carbon is observed in 
SPE than in CP experiments on coals. The main reason is that paramagnetic 
centers cause the TIl! of the protons to relax too quickly for efficient cross 
polarization to be acliieved. Usually, this is more of a problem with aromatic 
carbons. However, the relationship between aromaticities and observable carbon is 
not straightforward (Table 1). For example, Bloch decay measurements detect 
more carbon and generally give higher aromaticities than CP measurements. Yet, 
the aromaticities observed by CP agree fairly well with SPE values, even though 
considerably less carbon is observed in the CP experiment. A similar trend was 
noted by Franz et al. (29), with the greater discrepancies appearing in the 
aromaticities of low rank coals. Love et al. (30) have also found that SPE 
measurements combined with dipolar dephasing gave higher values of 
nonprotonated aromatic carbons than CP with dipolar dephasing. 

With regard to oil shales, quantitative comparisons between CP and SPE 
experiments have not been done. However, because oil shales are generally 
aliphatic materials, a greater percentage of the total carbon should be observed in 
oil shales than in coals. Carbon aromaticities of most oil shales should probably lie 
hetween the resinite and sporinite values in Table 1. Also, because of the overall 
lower percentage of aromatic carbons in an oil shale, incomplete observation would 
not be as big a factor in the measured aromaticity and CP measurements should be 
reliable. 

Table 1. Carbon Aromaticities and Percentage of Carbon Observed in Single 
Pulse and Cross Polarization ExperimentsQ 

Sample 

resinite 
sporinite 
vitrinite (Illinois) 
fusinite 
lignite 
Illinois hvC bituminous 
Oklahoma mv bituminous 

Aromaticity 
CP SP 

0.16 
0.56 
0.70 
0.82 
0.55 
0.67 
0.81 

0.15 
0.57 
0.73 
0.92 
0.58 
0.67 
0.84 

% Carbon obed. 
CP SP 

105 
90 
38 
26 
55 
56 
40 

100 
90 
59 
43 
65 
73 
70 

Q Source: modified from Botto et aI., Energy & Fuels, 1, 173 (1987). 
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5. Selected Applications 

As mentioned earlier, CPIMAS measurements on coals (7,8) and oil shales (9,10) 
were among some of the first published applications of the techniques to solids. 
The main impetus for this was that the CP/MAS techniques provided information 
about the organic carbon distribution in intractable solids such as coals and oil 
shales. In addition, the measurements are direct and non destructive, and can be 
applied to whole rock samples without the prior need to prepare organic 
concentrates. As with coals, the major parameter obtained by CP/MAS is a 
measurement of the carbon aromaticity, i.e., the fraction of total carbon that is 
aromatic. The fraction of aliphatic carbon is obtained also by integration of the 
appropriate region of the NMR spectrum. 

5.1 OIL SHALE RESOURCE EVALUATION 

The quality of the organic matter in oil shale largely determines its potential to 
produce oil upon heating. CP/MAS l3C NMR has proven useful for oil shale 
resource evaluation because these techniques provide a direct measurement of the 
carbon distribution (quality) of an oil shale. Examples of CP/MAS l 3C NMR 
spectra of oil shales from different worldwide deposits are shown in Figure 8. 
These range from highly aliphatic to highly aromatic. Aliphatic carbons are 
hydrogen rich compared to aromatic carbons. Therefore, oil shales that have a 
highly aliphatic carbon fraction produce a greater fraction of liquids upon heating 
than do oil shales that have a highly aromatic carbon (hydrogen deficient) 
structure. 

A number of studies have shown that the aliphatic carbon content of an oil shale 
correlates with the potential oil yield determined by the Fischer assay(50-55). The 
aromatic carbon content has also been shown to correlate with the carbon 
remaining after pyrolysis (53-55,58). A correlation between aliphatic carbon and 
volatile matter is shown in Figure 9. Coals of rank lignite to bituminous and oil 
shales of different depositional environments are included in the sample set (53). 
For the coals, volatile matter is obtained from the proximate analyses. For oil 
shales, volatile matter is the sum of the oil and the gas determined by Fischer 
assay. Although the oil shale data are obtained at 500 0 C, and the coal volatile 
matter at 950 0 C, the correlation is very good,considering the extreme variation in 
carbon structure and carbon contents of the samples comprising the sample set. 
The larger variations are attributed to low rank coals which evolve substantial 
amounts of CO2. These carbons would not be expected to correlate with aliphatic 
carbons because the source of the CO2 carbon is probably the carboxylate carbons. 
It is significant that, despite the continuum of organic matter types from widely 
different, source materials and depositional environments, a single correlation can 
be used to evaluate an aspect of the thermal decomposition offossil fuels. 



84 

AroMatic Aliphatic 
_egion a.gioft 

Figure 8. Examples of CPIMAS 13C NMR spectra of oil shales from different 
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5.2 OIL SHALE CONVERSION 

The combination of solid- and liquid-state NMR with elemental analyses and mass 
balance data provides a powerful methodology to gain insight into some of the 
chemistry that occurs during oil shale conversion. For example, during pyrolysis 
there is a net increase in the total aromatic carbon in the products (oil plus residue) 
over that of the starting material. The increase comes from aromatization of the 
aliphatic carbon moieties and the associated release of light, high hydrogen content 
aliphatic species. By combining solid- and liquid-state NMR measurements with 
elemental and mass balance data, the extent of aromatization during pyrolysis can 
be determined (54,59-61). 

Hershkowitz et al. (59) were the first to quantify the increase in the aromatic 
carbon formed during pyrolysis of Colorado oil shale. Their experiments were 
conducted at a slow heating rate under high pressure (2600 kPa) N2 or H2, up to 
600 o C, followed by a 10 min soak period at this temperature. In a N2 atmosphere, 
the total aromatic carbon in the products increased by 83% over that in the raw 
shale. In H2 the increase was only 17%. In addition, 87% of the raw shale carbon 
was recovered in the oil when heated under H2, compared to 67% under N 2. 
Burnham and Happe (60) also observed an increase in aromatic carbon of about 
83% in their pyrolysis studies of Green River oil shale at heating rates of 1 to 
720 0 CIhr to 500°C. 

The increase in aromatic carbon during isothermal pyrolysis of a Colorado and a 
Kentucky oil shale is shown in Figure 10. The increase in aromatic carbon is 29 
and 17% for the Colorado and Kentucky oil shale, respectively. An interesting 
feature of the data in Figure 10 is that the aromatization reaches its maximum 
value fairly early during thermal decomposition. The Kentucky oil shale, which is 
an aromatic shale, reaches its limiting value earlier than the Colorado oil shale. 
Similar results have been observed during coal pyrolysis (61). Thus, aromatization 
ofthe aliphatic moieties appears to be a facile chemical reaction. It is not possible 
from the data to determine whether the aromatization reactions occur directly in 
the residue or produced oils. However, if the aromatization of aliphatic carbons 
occurs mostly in the solid oil shale, then these reactions represent an oil loss 
mechanism. By understanding the kinetics and mechanisms of these reactions, it 
may be possible to devise methods for preventing their occurrence, thereby 
enhancing the oil yields. 

5.3 STRUCTURE STUDIES 

By its nature, a CPIMAS l3C NMR spectrum provides information about the carbon 
functionalities of an oil shale. However, oil shales contain mostly mineral matter 
(>-85 %) and usually the spectra consist mostly of a broad aliphatic and a broad 
aromatic band. For detailed studies of carbon structure, NMR spectra should be 
acquired on kerogen concentrates which are prepared by removing the mineral 
matter with HCLlHF treatment. The effects of acid treatment on the NMR spectra 
of a Colorado and a Kentucky oil shale are shown in Figure 11. Carbonate 
minerals, if present, are removed by HCL; silicates by HF treatment. Spectra of 
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Figure 11. Effects of acid treatment on the CP/MAS l3C NMR spectra of oil shales. 

kerogen concentrates are always sharper than those of raw shale. Even simple 
washing with HCI improves the quality of the spectra of oil shales (28), particularly 
spent shales (54). 

Schmitt and Sheppard (62) used dipolar dephasing techniques to derive 
structural parameters for a subbituminous coal, and a Colorado, Tennessee and a 
Kentucky oil shale. Their measurements were obtained on raw shales. Differences 
in carbon structure among the oil shales were revealed as were some similarities 
between the eastern shales and the coal (Table 2). The data in Table 2 illustrate 
the type of carbon center information provided by dipolar dephasing. 

Trewhella et al.(63) used curve fitting and dipolar dephasing techniques to 
determine the amount and types of carbons in a Green River Formation oil shale 
kerogen. A peak synthesis procedure, based on fourteen representative carbon 
functionalities was used to derive an average structure for the kerogen. Their 
analysis showed the kerogen to be composed of long chain aliphatic structures and 
polycondensed saturated ring structures, which although known from other 
m~asurements, were not quantifiable without the use of solid-state NMR. 

Solum et al. (64) have used normal CP/MAS, variable contact time and dipolar 
dephasing to derive a set of 12 parameters related to the carbon skeletal structure 
of coal. The same procedure is applicable to oil shale. Variable contact time 
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Table 2. NMR Data and Calculated Results for Coal and Shale Samples8 

Green Chatta- New 
Wyodak River nooga Albany 

Coal Shale Shale Shale 

NMR data (Relative areas) 
Total aromatic C 65 16 43 43 
Quaternary aromatic C 46 12 32 28 
Methyl plus quaternary 

aliphatic C 12 34 26 17 
Carbon centre (mole fractions) 

Methyl 16 13 11 25 
Aliphatic CH and CH2 21 59 38 34 
Quaternary aliphatic 0 11 7.8 0 
Aromatic CH 19 4.2 11 14 
Quaternary aromatic 45 12 32 27 

Methyls per aromatic ring 1.5 4.9 1.6 3.7 
Quaternary aromatics per ring 4.2 4.4 4.5 3.9 
Minimum aliphatic chain length 2.2 7.0 5.1 2.2 
Aliphatic chain length per methyl 2.4 6.3 5.1 2.2 

8 Source: Schmitt and Shephard, Fuel, 63, 1241 (1984). 

experiments are performed to correct the aliphatic and aromatic signal intensities 
for relaxation effects. 

Using the twelve carbon functionality parameters, a number of structural 
parameters can be calculated, such as the aromatic cluster size, the attachments 
per cluster, and the molecular weight of the cluster. 
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Introduction 

Mass spectrometry is a sensitive analytical technique that separates ions 
according to mass and measures the intensity of the signal derived from ions of each 
mass. The ions, or ion fragments are generated by bombarding molecules with 
electrons or other charged particles. A typical mass spectrum is a graphical or 
tabular report of the measured masses and their corresponding intensities usually 
normalized to the most intense specie (base peak) in the sample under investigation. 
Owing to the great sensitivity of most mass spectrometers, as little as a microgram 
of sample can afford a good spectrum. 1 

Much can be learned about a sample through the accurate interpretation of its 
mass spectrum. The molecular weight of an individual compound or a component 
in a mixture often can be easily determined. Also, elemental composition and some 
structural elucidation is possible. In addition, more detailed analyses employing 
variations in the mass spectrometric technique can provide such physical information 
as ion kinetics, stability, ion-molecule reactivity, and thermodynamic properties. 1-3 

The numerous methods of sample introduction, ion generation, and analysis lend 
themselves to the variety of mass spectrometric techniques that have been developed 
to accommodate the unique physical properties of certain analytes. 

Mass Spectrometer Construction 

The general construction of a mass spectrometer consists of a sample 
introduction system, a source or ionization chamber, ion accelerator, analyzer, 
detector-amplifier, and recorder (data system) (Fig. 1). The sample introduction 
system in its simplest form must allow both liquids and volatile solids to enter the 
mass spectrometer source in the vapor phase. The sample inlet system can also be 
heated to admit compounds of lower volatility and prevent the sample from 
recondensing. To maintain the necessary high vacuum in the ion source, some 
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sample inlet systems incorporate a differentially pumped vacuum lock mechanism for 
delivering a sample at atmospheric pressure to source pressure. This often consists 
of an elaborate system of magnetically actuated valves with precision ground glass 
seats, glass to metal seals, and other plumbing. Samples having very low volatilities 
can be introduced by means of a heated probe apparatus. The heated probe contains 
a small sample well at its tip, which when inserted through a vacuum lock 
mechanism is in close proximity to the electron beam. 

The source is where ionization occurs. The most common form of mass 
spectrometry, electron impact (EI), employs an incandescent wire or ribbon filament 
constructed of tungsten or rhenium as a source of electrons to bring about the 
ionization of neutral sample molecules. A typical magnetic sector mass spectrometer 
source usually operates at high potentials. These high potentials (- 8kV) between 
adjacent parts and heated surfaces in evacuated spaces require that insulating 
materials be constructed of high resistivity glass or ceramic. All sample transfer 
lines and parts associated with the inlet system and in contact with source parts must 
be constructed with this in mind. 

Mass analyzers are most commonly magnetic sector or quadrupole units. The 
magnetic sector instrument (single focusing) has a fixed wedge-shaped geometry and 
functions by dispersing the ion beam into its components (Fig. 2). This is 
accomplished due to the fact that the trajectories of charged particles in a magnetic 
field and theiJ lli2SS are related by the expression: 

m= B2r2 
e 2V 

where mle is the mass-to-charge ratio for a singly charged ion, B is the magnetic 
field strength, r is the radius of curvature of the magnetic sector, and V is the 
accelerating voltage. Scanning the magnetic sector instrument involves sweeping the 
magnetic field. The quadrupole mass analyzer is considerably more complex in 
theory. In simple terms, mass segregation is afforded by varying the frequency of 
R.F. voltages applied to the rods in the x and y directions as depicted in Figure 3. 
Ions entering the analyzer from the source and traveling along the z direction 
encounter these oscillations resulting in a wobbling motion. There is a specific field 
oscillation for each mle that permits the ion to travel the entire length of the 
analyzer without striking one of the rods. Mass scans are accomplished by sweeping 
the R.F. Voltage. Quadrupole instruments can scan a given mass range much faster 
than magnetic sector instruments. In both types of instruments, the entire flight 
path, or space in which the ions traverse, is maintained under high vacuum 
(_lO-5_ lO-8 torr) to minimize collisions with other molecules. 

All types of mass spectrometers require responsive detectors. Typically, the ion 
current reaching the detector is quite small (as low as lO-15 A), and the detector must, 
therefore, exhibit superior amplification and noise shielding qualities. The most 
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common type of detector used for mass spectrometers is an electron mUluplier. 
Electron multipliers contain stages of emissive surfaces (dynodes) that, upon 
collision with an ion at the first stage, cause a cascading of electrons. The resulting 
signal gain can be 1 Cf' or greater. 

Electron Ionization (EI) 

EI is the most common form of mass spectrometry and will be a focal point for 
further discussion. In the usual scenario of events, a small stream of neutral sample 
molecules enters the source via the sample inlet system through a tiny orifice 
(molecular leak) directed into the path of the electron emission. Ionization occurs 
when electrons emitted from the filament collide with sample molecules. The 
mutually repulsive forces between the filament electrons and sample molecules cause 
an electron to be jettisoned by some portion of the sample molecules, resulting in a 
net positive charge (Eq. 1).14 

Equation 1. 
Formation of a molecular ion. 

The specie is referred to as the molecular ion. The molecular ion is frequently 
the most abundant high mass peak in the spectrum of a chemically pure compound. 
Not all molecules exhibit prominent molecular ions. Some compounds show none. 
The presence of M+' in the mass spectrum is largely dependent on its stability. 
Since W' is a cation-radical, and thus, electron deficient, its stability generally 
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reflects that of other organic cations and radicals. Compounds having electron-rich 
substituents and those capable of stabilization though resonance often provide a mass 
spectrum in which W' is the base peak.4 

The energy of the emitted electron beam is largely dependent on the difference 
in potential between the fIlament and the ion block or cage in the source. Normally, 
70eV electrons are used to ionize the sample. This is sufflcient energy to bring 
about the ionization of a statistically large population of most if not all molecules. 
The excess energy imparted to the molecules is the major contributor to 
unimolecular decompositions which in tum give rise to the familiar fragmentation 
patterns characterizing most mass spectra. Discussion of the numerous postulated 
mechanisms and interpretative methods to explain the occurrence of commonly 
observed ion fragments is beyond the scope of this paper. 

Even though the molecular ion may be the most abundant high mass ion in the 
mass spectrum of a compound, for most organic compounds there are higher mass 
features of lesser abundance having special importance. These peaks are called 
isotopic satellites. The intensity of these peaks closely approximates the statistical 
abundance of the naturally occurring isotopes. All organic compounds contain at 
least two elements that have more than one naturally occurring isotope (Table 1). 
Analysis of these isotopic satellite peaks appearing in the mass spectra of compounds 
showing prominent molecular ions can provide clues in determining the molecular 
formula. These ion clusters are often all that is necessary to determine the elemental 
compositions of ions observed in the mass spectra of some compounds. In some of 
the more advanced EI techniques used in fossil fuel analysis, isotopic satellites of the 
molecular ion are routinely used to verify the molecular composition of certain 
components, particularly organosulfur compounds (vide irifra). 

y 
z 

Figure 3. 
Quadrupole mass analyzer rod arrangement. 
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Low-Voltage Electron Impact 

Mass spectrometers are traditionally operated at 70eV in the EI mode to 
optimize the ionization process and to generate characteristic fragmentation spectra 
that are then compared to libraries of existing spectra for identification purposes. 
By deliberately reducing the ionization voltage, the energy imparted to the ions and 
the response or sensitivity of the instrument are considerably lowered. Yet, the low
voltage mass spectrometry (L VMS) technique has several advantages. Low ionizing 
voltage enhances the detection of the molecular ion (M+' ) by reducing 
fragmentation. If a mixture such as a petroleum fraction or coal-derived material is 
analyzed at 70eV, the resulting mass spectrum in most cases is entirely too complex 
to derive much useful information. However, if the ionization voltage is lowered to 
10-12eV, numerous homologous series of molecular ions from different classes of 
compounds become obvious. In addition, since the ionization potentials for certain 
compounds in fossil fuels are lower than others, selective ionization can be 
accomplished. This method is especially true for fuels rich in aromatic hydrocarbon 
compounds which typically ionize easier than saturates. 

Field Ionization 

Field ionization mass spectrometry (FIMS) is considered to be a soft ionization 
technique, producing spectra that are similar in appearance to L VMS. 5,6 Ionization 
occurs when a strong electric field (107-108 V/cm) is applied across two points, one 
of which contains the sample. After an electron is stripped from the analyte 
molecules, the resulting low energy ions are analyzed in a manner similar to 
conventional EI mass spectrometry. FIMS spectra consist primarily of molecular 
ions. The technique has been extensively applied to fossil fuel analysis, with a 
particular emphasis on the high molecular weight components. The ionization 
efficiency of FIMS is lower than L VMS. 

Chemical Ionization 

The configurations of chemical ionization mass spectrometers (CIMS) are very 
similar to EI mass spectrometers. 5-7 The primary difference occurs in the 
construction of the source. The source ionization chamber for CIMS is designed to 
operate at locally higher pressures (-1 torr). The ionization voltages are typically in 
the range of l00-400eV. In addition, the inlet system has provisions for metering 
certain reagent gases into the source. Ionization occurs when the sample molecules 
react with charged species generated by ionization of the reagent gas (Fig. 4). A 
proton is abstracted by a sample molecule having a higher proton affinity than the 
reagent ion resulting in an (M+H)+ ion instead of the molecular ion (M+·). The 
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e- + 
(1) CH4 100-400eV ~ CH4 • + 2e-

resulting quasimolecular ion specie 
(M + H) +, which is located 1 amu 
higher in the spectrum, is then 
extracted from the source, 
accelerated, and analyzed in the usual 
fashion. Some elMs instruments 
have the added capability of 
analyzing both positive and negative 
ions. elMS is also considered a soft 
ionization technique with some 
important advantages. In many 
instances, a compound that will not 
produce a molecular ion in an EI 
spectrum will produce a prominent 
(M + H) + by elMS. Selective 
ionization can also be achieved using 
elMs along with the appropriate 
reagent gas. 

(2) CH;· + CH4 --.~ CHs+ + CH3 • 
reagent ion 

High-Resolution Mass Spectrometry 

(3) CHs+ + M ---;~~ MH + + CH4 

quasimolecula- ion 

Figure 4. 
Methane chemical ionization scheme. 

The high-resolution mass spectrometer (HRMS) combines a magnetic sector 
mass analyzer with an electrostatic kinetic energy analyzer to achieve high resolving 
power and precise mass measurements. A very high degree of energy focusing is 
achieved by the electrostatic analyzer (ESA) which stabilizes and homogenizes the 
ion beam before entry into the magnetic analyzer. The magnetic analyzer then 
performs essentially the same function as in low-resolution magnetic sector 
instruments. The performance of the ESA is independent of the accelerating voltage 
so that a wide range in mass can be scanned. A common design employs a double 
sector (1800 ) configuration (Fig. 5). HRMS instruments are usually scanned from 
high mass to low mass and much slower than other mass spectrometers.3-6 

The resolving power (R) required to baseline separate a pair of ions (doublet) 
having the same nominal mass is defined by 

R=~ 
Am 

where M is the nominal mass of both ions in the doublet, and Am is the absolute 
difference in mass. Resolutions in excess of 1 part in 100000 are possible with 
these instruments. However, in practical use HRMS instruments are operated at 
about 1 part in 25000.8,9 Even at these high resolving powers, the highest mass in 
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which baseline resolution can be affected is lower than one might expect (Table 2). 
It is not necessary, however, to baseline resolve a multicomponent peak as long as 
the center of mass of the components can be accurately approximated. The precise 
mass measuring accuracy for a HRMS can be better than Immu (O.OOlamu) for ions 
up to l000amu under optimum conditions. The major advantages of HRMS are not 
only the ability to separate close ions commonly occurring at the same nominal 
mass, but also to determine the elemental compositions of these ions from their 
precise mass measurements (Table 3). Table 4 provides an example of the output 
from an atom combinatorial program used to calculate permutations of molecular 
formulae for a multicomponent peak detected in a Spanish lignite extract by 
LVHRMS (vide infra). 

Low-Voltage, High-Resolution Mass Spectrometry 

Low-Voltage, ffigh-Resolution Mass Spectrometry (LVHRMS) provides a 
rapid, efficient method for identifying the numerous classes of volatile and 
semivolatile organic compounds in matrices as complex as fossil fuels. L VHRMS is 
well suited for determining how changes in experimental parameters are reflected in 
the product, or at some other stage in a process, on a molecular level. Low-voltage 
electron ionization (EI) accomplishes this by reducing fragmentation resulting from 
unimolecular decomposition reactions (vide supra). 

LVHRMS is well suited for the analysis of fossil fuels, and in particular, coal
derived materials.7-10 This is because the composition of a typical coal-derived 
material is hydrogen deficient, i.e., most hydrocarbon and heteroatom compounds 
are mainly aromatic, hydroaromatic, or olefinic. These types of molecules, when 
subjected to a low voltage (10-12 eV) electron beam, provide intense molecular ions. 
Precise mass measurements of these molecular ions allows direct calculation of the 
molecular formulae of all detected ions generated from the sample. Once the 
relative responses for various classes of compounds typically found in fossil fuels 
have been reasonably estimated under a given set of operating conditions, the 
semiquantitative determinations of sample composition are possible. Data arrays 
consisting of precise mass measurements and their corresponding integrated peak 
intensities, now having the added dimension of elemental composition, can easily be 
converted into detailed formula class analyses. The computation of elemental 
analyses, carbon number distributions, and number average molecular weights can 
be derived from these data. Based on these properties, successful characterizations 
of numerous chemical components in coal-derived materials and aromatic fractions 
of petroleum are all possible. The complexity of fossil fuels, however, imposes 
special demands, and sets limits even on as powerful a technique as L VHRMS. 
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Table 1. 
Isotopic abundances and precise masses of selected elements. 

Element S:tmb~ Nomln:! Mass PrecIse Mass ~l.lDdam,~ 
Hydrogen H 1 1.0078 99.99 

D 2 2.014 0.01 

Carbon I~ 12 12.0000 98.91 
13C 13 13.0034 1.09 

Nitrogen I~ 14 14.0031 99.6 
I'N 15 15.0001 0.04 

Oxygen I<IQ 16 15.9949 99.76 
170 17 16.9991 0.04 
110 18 17.9992 0.20 

Sulfur nS 32 31.9721 95.02 
DS 33 32.9715 0.76 
34g 34 33.9679 4.22 

Chlorine :l5CI 35 34.9689 75.77 
37CI 37 36.9659 24.32 

Bromine ~r 79 78.9183 50.5 
IIBr 81 80.9163 49.5 

Fluorine F 19 18.9984 monoisotopic 

Iodine I 127 126.9045 monoisotopic 

Phosphorus P 31 30.9738 monoisotopic 

Table 2. 
Highest baseline-resolved mass for selected doublets at a resolution of 1 part in 25000. 

Doublet .:1 Mass Highest Resolved Mass 
(25000 x .:1Mass) 

Ca. - 0 

32S - O2 

13CH - N 

C3 - 32Sa. 

0.0939 

0.0905 

0.0364 

0.0277 

0.0081 

0.0034 

2347 

2263 

910 

692 

203 

85 



103 

Table 3. 

Possible atomic compositions and precise masses for molecular ions at nominal mass 148. 

CllH16 148.1252 G,H160 3 148.1099 

CIOH 12O 148.0888 G,HI6OS 148.0922 

CJiS02 148.0524 G,H..N20 2 148.0273 

C7HsN4 148.0750 C~1204 148.0735 

CJi12N2 148.1001 C~N40 148.0386 

C~1202S 148.0558 CSHS03S 148.0194 

CSH17CI 148.1019 C3HFsO 147.9947 

CsHsN20 148.0637 C2H3Cl3O 147.9249 

CSH40 3 148.0160 C2Cl3F 147.9049 

C.;IsS 148.0347 CBrF3 147.9135 
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Table 4 
Multiplet detected at nominal mass m/z 268 
in Mequinenza lignite pyridine extract. 

Measured Calculated Molecular Dev. %of 
Mass Mass Formula (milli-amu) Base Peak 

268.2146 268.2151 CuHzsNzOz -0.5 18.01 

268.1463 268.1463 C1sHzoOz 0.0 11.34 
268.1497 ClSH2P2S -3.4 

268.1291 268.1286 C1sH20S 0.5 20.01 
268.1299 ClsH2P234S -0.8 
268.1312 ClSH24S2 -2.9 
268.1252 C21H16 3.9 

268.0918 268.0922 C17H16OS -0.4 21.35 
268.0888 C20H1P 3.0 

268.0718 268.0724 Cl,H14034S -0.6 7.34 

268.0705 C12H16N20S2 1.3 

268.0541 268.0524 C19Hs02 1.7 13.34 

268.0558 CuiH120 ZS -1.7 

268.0362 268.0360 C16HlOO234S 0.2 19.35 

268.0347 C19HsS 1.5 
268.0380 C16H12SZ -1.8 
268.0394 C13H1402S34S -3.2 
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AN INTRODUCTION TO OPEN-TUBULAR GAS CHROMATOGRAPHY-
ANALYSIS OF FOSSIL AND SYNTHETIC FUELS 

C. M. WHITE 
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PITTSBURGH ENERGY TECHNOLOGY CENTER 
P.O. BOX 10940 
PITTSBURGH, PA 15236 USA 

ABSTRACT 

High resolution open-tubular gas chromatography will be introduced, and instrumental 
aspects will be discussed, along with a substantial amount of practical information 
concerning its applications. Sample introduction systems, detectors, and column 
technology will be presented. A block diagram of a gas chromatograph depicting the 
various components will be shown. Several sample introduction systems will be 
described including split, splitless, and on-column injection. The concept of retention 
indices will be introduced, as will the use of gas chromatography for measuring 
thermophysical properties, such as boiling point and heat of vaporization. Lastly, a 
molecular topological parameter called molecular connectivity will be presented and it 
will be shown that it can be used to predict the gas chromatographic retention 
characteristics of aromatic compounds. 

1. Introduction 

Chromatography is a word coined by its inventor, M. S. Tswett, and is derived from 
two Greek words, chroma meaning color, and graphien meaning to write. 1-3 All forms 
of chromatography have two things in common, i. e., they consist of a mobile or moving 
phase and a stationary phase. The many forms of chromatography differ from one 
another based upon the state of the mobile phase and stationary phase. In this chapter, 
we are concerned with gas chromatography (GC), where the mobile phase is a gas, and 
the stationary phase is either a liquid or a solid. Specifically, we are concerned with 
open-tubular (frequently called capillary) gas chromatography where the chromatographic 
column is an open tube or capillary having an immobile stationary phase coated on the 
inside surface of the tube. Gas chromatography is an analytical technique used to 
separate mixtures of substances that are volatile and thermally stable at the operating 
temperature by moving the vapor phase mixture in a carrier gas over a stationary phase 
in which the components of the mixture dissolve. Some mixture components are more 
soluble in the stationary phase than others. The compounds that are least soluble in the 
stationary phase spend less time dissolved in it and elute (emerge) from the column frrst. 
Those constituents that are more soluble in the stationary phase spend more time 
dissolved in it and take longer to elute from the end of the column. The result is that 
what entered the column as a mixture elutes from the column as individual compounds. 

107 

C. Snape (ed.J, Composition, Geochemistry and Conversion o/Oil Shales, 107-123. 
© 1995 Kluwer Academic Publishers. 



108 

A block diagram of a gas chromatograph is shown in Figure 1 and consists of (1) a high 
pressure cylinder of mobile phase commonly called the carrier gas, (2) flow controllers 
and pressure regulators that reduce the pressure from the cylinder and maintain a smooth 
delivery of carrier gas to the chromatograph, (3) an injection port where the mixture to 
be separated and analyzed is introduced to the chromatograph, (4) the chromatographic 
column that has the stationary phase coated on its inside surface and performs the 
separation of analytes, (5) the column oven that heats the column at either constant 
temperature or in a temperature programmed fashion, (6) the detector that detects the 
compounds when they elute from the column, and (7) the recorder that records the 
detector signal. The permanent record of the detector signal is called the chromatogram. 

A chromatogram consists of a series of peaks arising from a baseline where each peak 
ideally represents a single compound. The time from sample introduction to the peak 
maxima is called the retention time and is usually different for each component in the 
mixture. As described later, the retention times assist in identification of the compounds 
in the mixture, while ideally, the peak area is directly proportional to the amount of that 
compound in the mixture. More detailed and complete information concerning various 
aspects of gas chromatography and open-tubular gas chromatography can be found in 
texts by Perry,3 Jennings,4 McNair,S Hyver,6 and Klee7. 

2. Instrumental And Operational Aspects 

2.1 SAMPLE INTRODUCTION (INJECTION) 

The sample is injected into the chromatograph using a calibrated syringe. A measured 
volume of sample is drawn into the syringe and introduced to the gas chromatograph 
usually by piercing a rubber septum with the needle point, inserting the needle to the 
base of the syringe barrel, depressing the syringe plunger, and depositing the liquid 
contents of the syringe into the hot, helium-swept injection port. The syringe is then 
removed from the septum, allowing the septum to reform a gas tight seal. This is a 
general description of the mechanics involved in sample injection. Many variations exist 
depending on the kind of injection hardware mounted in the chromatograph. Some 
common injection systems used in open-tubular gas chromatography include the 
following: split injection (vaporizing), splitless injection (vaporizing), and cool on
column (not vaporizing). Other injection techniques are used, but these are the more 
common ones. Upon injection into a vaporizing injector the liquid sample is converted 
to a gas via flash vaporization of the solvent andlor volatile sample components in the 
hot injector, and carried out of the injector by the carrier gas (e.g. helium). Klee has 
written an excellent book on inlet (injection) systems used in gas chromatography. 7 A 
much more complete coverage of the topic can be found there and in Hyver's book. 6 
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2.1.1 Split Injection. A split injection system is shown in Figure 2.6 An open-tubular 
column contains a very small amount of stationary phase, and thus can dissolve only 
very small amounts of sample, usually submicroliter amounts. Sample amounts this 
small are obtained by injecting much larger amounts (0.1 to 1.0 ILL) and splitting the 
carrier gas stream containing the sample so that the major portion of the stream is vented 
and only a small fraction of the stream reaches the chromatographic column. The split 
ratio is the ratio of the sum of the flow through the split vent plus the flow through the 
column to the flow through the column. The injection process is swift, the syringe is 
removed from the hot injector immediately after depression of the plunger, so that a 
small slug of sample is delivered to the column in as short a time as possible. Split 
injection generally results in the narrowest possible peaks. Split injectors vaporize the 
sample and protect the column from the nonvolatile sample components, which deposit 
in the injector. The heated injector also causes thermal decomposition of some analytes 
and discriminates against high boiling sample components as shown in Figure 3, and 
discussed below. Discrimination is a phenomenon that can occur in vaporizing injectors 
where the higher boiling sample components are not quantitatively transferred from the 
syringe to the chromatograph. 

2.1.2 Splitless Injection. This injection technique allows much larger sample volumes 
to be delivered to the chromatographic column (l to 10 ILL). This injection technique 
is used when the analytes of interest are very dilute. The oven housing the 
chromatographic column is held about 15· C below the boiling point of the sample 
solvent so that the solvent condenses and floods the first few coils at the front of the 
column. During splitless injection, the carrier-gas flow through the split vent is turned 
off, and the entire contents of the vaporizing injector are swept onto the column. After 
20 to 100 seconds the split vent is turned back on and any remaining vapors in the 
injector are vented. During this entire time the syringe is left in the hot injection port. 
This would normally result in broad peaks, but because the analytes are refocussed at the 
front of the column by dissolution into the solvent flooding the front of the column, the 
peaks are narrow. When the column temperature is increased, the solvent vaporizes and 
elutes from the column followed by narrow analyte peaks. Splitless injectors vaporize 
the sample, and protect the column from the nonvolatile sample components, which 
deposit in the injector. The heated injector also causes thermal decomposition of some 
analytes and discrimination as in the case of split injection. 

2.1.3 CoolOn-Column Injection. In this injection technique, the liquid sample is 
deposited directly into the capillary column by inserting the syringe needle tip into the 
end of the column and depressing the plunger. The front of the column may be either 
cool or cold. The sample is not exposed to high temperature during introduction as in 
vaporizing injectors. Several designs of this injector exist. This injection technique has 
many advantages over other sample introduction methods, such as (1) providing the 
highest accuracy and reproducibility, (2) eliminating thermal decomposition of analytes 
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in the hot ~ector, (3) transferring the syringe contents to the column more 
quantitatively, (4) eliminating discrimination of high boiling sample components, (5) 
eliminating the rubber septa used for other injection techniques, thus removing a major 
source of injector and column contamination. The column oven temperature used in on
column injection can be much higher than that used in splitless injection. 

An example of the extent of discrimination against high boiling sample components in 
a mixture of n-alkanes injected using three different injection techniques is shown in 
Figure 3.8 A mixture of n-alkane standards was prepared so that each was present in 
nearly identical amounts. Chromatogram A was obtained using split injection where the 
liquid sample was present in both the syringe needle and the syringe barrel. Upon 
injection, the syringe plunger was immediately depressed after inserting the needle into 
the syringe barrel and the syringe removed from the injection port. Chromatogram B 
was obtained using split injection with the entire sample in the syringe barrel, and the 
syringe needle was allowed to warm in the heated injection port for several seconds 
before the plunger was depressed. Chromatogram C was obtained by coolon-column 
injection. Both types of split injection clearly result in discrimination against higher 
boiling n-alkanes, while coolon-column injection is relatively discrimination free. 

2.2 ANALYTE DETECTION 

The most common detector used in open-tubular gas chromatography is the flame 
ionization detector (FlO). The FlO responds to almost all organic compounds. The 
FlO responds uniformly to most hydrocarbons on a weight basis. Its response is 
decreased toward analytes containing oxygen, nitrogen, and other heteroatoms. Element 
specific detectors, which work well with open-tubular columns include the flame 
photometric detector (FPD), which is specific for analytes containing either sulfur or 
phosphorus; the nitrogen-phosphorus detector (NPD); the electron capture detector 
(ECD) , which responds selectively to halogen containing compounds; and the atomic 
emission detector, which detects the individual elemental composition of each analyte as 
it elutes. Spectroscopic detectors including the mass spectrometer, the infrared 
spectrophotometer and others are also used in combination with open-tubUlar gas 
chromatography. Operating conditions for commonly used detectors for capillary GC 
are listed in Table 1. 

The FlO, shown in Figure 4, will be more fully described because it is the detector most 
commonly used with open tubular columns. The detector is fed a stream of hydrogen 
and a stream of air or oxygen that are mixed and combusted at the tip of the FlO. The 
chromatographic column extends to the tip of the FlO and as the analytes elute from the 
column they enter the flame and are combusted. Two electrodes at opposite ends of the 
flame measure the current in the flame. The apparent electrical conductivity of a gas, 
such as helium, is directly related and proportional to the number of ions in it.. When 
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no analytes are eluting from the column, only helium is entering the flame and the 
number of ions in the flame is constant. This is called the background current. As an 
analyte elutes from the column, it combusts in the flame creating a large number of ions 
causing current to flow between the electrodes. This produces a signal that is recorded 
and is called the chromatogram. 

The sensitivity of the FlO depends upon the hydrogen and air flow rates as well as the 
use of make-up gas (adding extra helium or nitrogen). This is shown graphically in 
Figure 5. FlO sensitivity is also a function of the ratio of carrier gas (helium) to 
hydrogen. 

The exact position of the capillary column in the FlO can have a dramatic effect on the 
observed chromatogram. Ideally, the end of the capillary column is placed about 1 mm 
from the end of the FlO tip to minimize analyte contact with the metal surface of the 
FlO. As shown in Figure 6, adsorptive analytes that are even slightly polar will adsorb 
on active surfaces of the FID before they reach the detector. 

3. Column Considerations 

3.1 COLUMN DIMENSIONS AND MATERIALS OF CONSTRUCTION 

Almost all open-tubular columns used today are constructed from fused silica that is 
coated on the outside with either polyimide or aluminum. Aluminum coated capillaries 
are used for very high temperature operations (above about 380°C). Less than one 
dozen stationary phases are in common usage for capillary gas chromatography. Some 
of them are listed in Table 2 along with their polarity, temperature limits, and some 
applications. These stationary phases are available on commercial columns in various 
film thicknesses, column lengths, and diameters. A column coated with a stationary 
phase from one manufacturer may not display the same retention characteristics as one 
coated with the same stationary phase available from a different manufacturer. The 
reasons for this are complex and are due, in part, to batch-to-batch chemical variations 
in the stationary phase and different column deactivation procedures used by different 
manufacturers, as shown in Figure 7.6 

The column internal diameter directly affects the number of theoretical plates (efficiency) 
of the column. Commercially available columns have internal diameters ranging from 
0.1 to 0.75 mm. Generally, the smaller the internal diameter the more theoretical plates 
per meter the column will have. However, smaller inside diameter columns contain less 
stationary phase, and can accommodate smaller amounts of individual analytes before 
overloading occurs and performance is degraded. 

3.2 COLUMN TEMPERATURE 
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Most capillary gas chromatographs in use today are capable of operating in either 
isothermal or temperature programmed modes. They are equipped with very 
sophisticated ovens and thermostats that allow column temperatures to be controlled to 
within 0.1 0 C or better. They are also capable of extremely accurate and reproducible 
temperature programming rates. The retention of analytes is directly related to column 
temperature. The effect of temperature on retention and the effect of temperature 
programming on the observed chromatogram is shown in Figure 8.9 As the isothermal 
operating temperature is increased, retention time of the analytes decreases. When the 
sample under analysis consists of a wide boiling range of substances, temperature 
programming is used to elute the highest boiling analytes in a reasonable operating time. 
Generally, under temperature programmed operation, the slower the temperature 
programming rate, the better the observed separation. 

4. Treatment Of Retention Data: Qualitative Analysis 

4.1 RETENTION INDICES 

Two pieces of information are obtained with each peak in the chromatogram, the 
retention time, and the peak: area. Modem gas chromatographs are capable of 
reproducing the retention times of peaks that elute within the first hour of operation to 
within a few hundredths of a minute. Retention information is most conveniently 
expressed as either relative retention or as a retention index. The retention index system 
proposed by KovatslO is strictly for isothermal operation and has been modified by van 
den 0001 and Kratz for linear-temperature-programmed operation. 11 In the van den 
Dool and Kratz method, the retention index of a substance is calculated relative to the 
retention time of two bracketing standards that are n-alkanes, equation 1. 

T - T 
I = 100 R (subs tance) Rn + 100 n 

TRn+l - TRn 
(1) 

In equation 1, I is the retention index of the substance of interest, T R( substance) is the 
retention time of the substance of interest, T Rn is the retention time of the n-alkane that 
elutes before the substance of interest, T Rn+ 1 is the retention time of the bracketing n
alkane that elutes just after the substance of interest, and n is the number of carbons in 
the first bracketing n-alkane. Experimentally, a mixture of n-alkanes is added to the 
sample, injected and chromatographed. The retention indices are calculated by inserting 
the experimentally determined retention times into equation 1, and solving for l. When 
using carefully controlled conditions, the calculated retention indices are reproducible 
within anyone lab to about +/- 0.5 index units, and within about 1.5 index units from 
one lab to another. The retention indices of hundreds of compounds have been measured 
and are reported in the literature. 12 By comparing the experimentally determined 
retention indices from the sample with the measured indices in the literature, compounds 
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in the sample can sometimes be tentatively identified. 

The technique of using retention indices to tentatively identify unknown compounds in 
a synthetic gasoline sample is illustrated in Figure 9 and Table 3. 13 The retention 
indices of the unknown compounds are printed next to the previously published retention 
indices of known compounds. The comparison between the values is excellent, and 
allows the analyst to tentatively identify the unknown compounds. When this initial 
identification is combined with spectral information on the same peaks obtained from 
combined gas chromatography-mass spectrometry and/or combined gas chromatography
infrared spectrophotometry, then identification of the compounds can be positive. 

4.2 MOLECULAR CONNECTIVITY 

Sometimes the retention index of a compound of interest may not be in the literature, 
or a pure sample of the compound may not be available for measurement. The retention 
index of a compound of known structure can be sometimes be estimated using a concept 
called molecular connectivity, X, which is a molecular topological index that can be 
easily calculated for any compound that can be drawn. Molecular connectivity is a 
description of molecular structure based on a count of skeletal atoms, and weighted by 
degree of skeletal branching. More detailed information concerning the concept of 
molecular connectivity can be found in a book by Kier and HaUl4 and a publication by 
White. IS The first order valence molecular connectivity, lXv, is calculated according 
to equation 2 . 

(2) 

Each atom is assigned a value (5), which is the number of bonds to that atom, ipt0ring 
bonds to hydrogen. Atoms i and j are bonded. An example calculation of Xv for 
phenanthrene is given in Figure to, and examples of how molecular connectivity can be 
used to estimate thermophysical properties of planar aromatic hydrocarbons are 
illustrated. The IXv value correlates directly with the molecule's gas chromatographic 
retention index and its thermophysical properties. Once IXv is computed, the 
compound's boiling point, T b' and heat of vaporization, i!:t. Hv ' can be directly calculated 
using equations 3 and 4. 

Tb = 76.21 IXv + 225.7 (3) 

i!:t.Hv = 6.6464 IXv + 25.147 (4) 

The planar aromatic hydrocarbon's boiling point can be estimated using equation 5, and 
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Table 1. Operating CQndiUQnll fQr D~ectQrll CQmmonl~ Used in ClIDill~ 
Gall ChrQmato&m1'!h~. (AdaPted from a table in referen~e tl.) 

Flow Rate 
(ml/min) 

Type Typical Samples Sensitivity Carrier 
Range + H2 Air 

Makeup 

FID Hydrocarbons 10-100 pg 20-60 30-40 200-
500 

TCD General 5-100 ng 15-30 n.a. n.a. 

ECD Organohalogenates 0.05-1 pg 30-60 n.a. n.a. 

NPD Organonitrogen and 0.1-10 pg 20-40 1-5 70-100 
Organophosphorus 
Compounds 

FPD Sulfur Compounds 10-100 pg 20-40 50-70 60-80 
(393 nm) 

FPD Phosphorus 1-10 pg 20-40 120- 100-
(526 nm) Compounds 170 150 
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Table 2. Common StationllJ}: Phil~ Coatini:S for Eused-Sili!;;il CapillllJ}: 
Columns, (Adapted from il tabl~ in r~feRm;~ (l) 

Phase with 

Composition Polarity 
Similar Temperature 
McReynold's Limits 
Constants 

1. 100% Nonpolar OV-l _60°C to 400°C 
dimethylpolysiloxane SE-30 
(Gum) 

2. 100% Nonpolar OV-101 O°C to 280°C 
dimethylpolysiloxane SP-2100 
(Fluid) 

3. 5% diphenyl95% Nonpolar SE-52 _60°C to 325°C 
dimethylpolysiloxane OV-23 

SE-54 

4. 14% cyanopropyl Intermediate OV-1701 _20°C to 280°C 
phenyl polysiloxane 

5. 50% phenyl 50% Intermediate OV-17 60°C to 240°C 
methyl polysiloxane 

6. 50% cyanopropylmethyl Intermediate OV-225 60°C to 240°C 
50% 
phenylmethylpolysiloxane 

7.50% trifluoropropyl Intermediate OV-21O 45°C to 240°C 
50% dimethylpolysiloxane 

8. polyethylene glycol- Polar OV-351 60°C to 240'C 
TPA modified SP-lOOO 

9. polyethylene glycol Polar Carbowax 20M 60°C to 220°C 
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TABLE 3. ComJlQunds Identified in th~ LiQuid CQnd~nsat~ and Their APll[Qxima~ 
CQn~entration in the Liqyid CQndensate, The LiQuid CQndensat~ is 
APllrQximat~l~ ~7 W~igbt 19 Qf the TQtal Produ~t, 

Method of Identificati.on Estimated 

Peak # Com.pound Hame GC-MS FTIR Measured Known Weight 

R.I:. R.I. Percent 

6 Ch1oroethane 423.96 424.09 0.003 

9 !.-Pantene 483.67 483.39 0.004 

10 2-Chloropropane x x 490.72 491..40 0.012 

11 2-Methyl-1-butene x 493.79 493.58 0.009 

13 (B)-2-Pentene 505.09 504.91 0.027 

14 (Z)-2-Pentene 510.30 510.35 0.014 

17 2"'Chloro-2-methylpropane x 530.66 530.04 0.146 

18 cyc1open'tane x x 554.24 554.13 0.022 

23 2-Ch1orobutane x 598.87 598.38 0.030 

25 (B) -3-Hexane 601.03 601.42 0.014 

26 ( Z ) -3-Rexene 602.28 602.19 0 .. 037 

30 Methylcyclopentane 620.67 620.81 0.296 

33 2-Chloro-2-lI.ethylbutane 647.89 647.88 0.91.1 

34 Cyc10hexane x 651.09 651.14 0.016 

35 2-Methyl.hexane x 661.02 661.15 0.165 

38 cycl.ohexene 667.76 667.80 0.021 

39 3-Hethy~hexane 670.56 670.60 0.162 

54 Hethylbenzene x 748.65 749.00 2.452 

55 2-Methylbeptane x 763.50 763.03 0.078 

56 4-Methylheptane x x 764.38 764.57 0.044 

63 Ethylbenzene x x 844.50 844.74 1.473 

6. l,3-Di.et.hy1benzene x 853.85 853.38 8.789 

65 l,4-Dia.thy1benzene 854.85 854.75 4.847 

67 l,2-Di •• thy1benzene 875.88 875.89 4.041 

72 1,3,5-Triaethylbenzene x 954 .. 28 954 .. 69 0.701 

74 1,2,4-Tri •• thylbenzene x 980.80 978.78 45.343 

77 1,2,3-Trimetbylbenzene 1004.87 1005.04 0.382 

90 1,2,4,5-Tetraaethylbenzene x 1102.07 1101.84 5.381 

91 1,2,3,S-Tetraaethylbenzene x 1104.97 1104.26 0.717 

94 1,2,3,4-Tetrahydro 1140.47 1140.85 0.120 
naphthalene 

95 HaEhthalene x 1160.26 1158.51 0.150 
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Bonte Enlarged eros Section 

Fig. 1 Block diagram of a gas chromatograph. Reprinted with permission from 
reference 1. 
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Fig. 2 Drawing of a split injector. Reprinted with permission from reference 6. 
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Fig. 3 Discrimination against n-alkanes as a function of injection technique. Reprinted 
with permission from reference 8. 
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Fig. 4 Schematic diagram of a flame ionization detector. Reprinted with permission 
from reference 6. 
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Fig. 5 Sensitivity change of a flame ionization detector toward heptane as a function 
of H2 flow rate. Reprinted with permission from reference 5. 
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Fig. 6 The relationship between the column terminus in the FID and the quality of the 
observed chromatogram. Reprinted with permission from reference 6. 
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Fig. 7 Chromatograms of a test mixture on four commercially available columns all 
coated with cross-linked Carbowax 20M. Reprinted with permission from 
reference 6. 

I.Jr-------------~ 

i 1 I 'oolhe,mal , 

i .lA· ,3 }\ • I:~;":Y 
~ 'Q~ 
"'WC~ J~. 

o 1020 30 

TIME. min 

Fig. 8 The effect of different isothermal operating temperatures in the observed 
chromatograms is displayed in a and b. Chromatogram c shows the effect of 
temperature programming. Reprinted with permission from reference 9. 
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Fig. 9 High resolution gas chromatogram of a synthetic gasoline obtained using a 100m 
x O.25mm open-tubular column coated with a 0.5 I'm film of 
dimethylpolysiloxane. The column was temperature programmed from 30 0 C to 
2200 C at 10 C per minute. Some numbered chromatographic peaks are 
identified in Table 3. Reprinted with permission from reference 13. 
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Fig. 10 An example calculation of a first order molecular connectivity for phenanthrene. 
Reprinted with permission from reference 15. 
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its retention index can be estimated, with a standard error of estimate of 8.8 index units, 
using equation 6. Thus, the thermophysical properties of an aromatic compound can be 
accurately estimated using these techniques. 

Tb = 1.0672 1+ 282.82 

I = 69.69 lXv - 41.93 

(5) 

(6) 

Information concerning the fundamental physical, chemical, and thermodynamic 
properties of fossil fuels and individual components present in fossil fuels is needed to 
properly design and operate fossil fuel processing plants. Since many of these values 
have not been measured, the estimation techniques illustrated above are particularly 
useful for engineers designing fossil fuel processing equipment. 
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ABSTRACT. The recent advances that has been achieved with X-ray techniques, 
temperature programmed reduction (TPR) and oxidation (TPO) and selective chemical 
modification for the speciation of organic sulphur forms present in solid fuels are reviewed. 
Although each of these approaches has its limitations, a consistent overall picture is 
beginning to emerge on the nature of organic sulphur groups in solid fuels and heavy oil 
fractions. As might be anticipated, the more stable sulphur groups are most abundant in the 
more mature coals and petroleum source rocks. Further, the use of these advanced 
techniques has enabled the changes to be monitored that occur in the refming of heavy oils 
and chemical treatments being developed to reduce the sulphur levels of coals. 

1. Introduction 

Coal and petroleum are derived from sedimentary organic matter of vastly different 
composition but both contain varying amounts of sulphur. Sulphur was incorporated into 
oil shales and coals during the early stages of diagenesis via the products obtained from the 
bacterial reduction of sulphate ions (i.e. So, H2S, HSx-) (1-3). In sediments where iron 
was abundant, pyrite was the predominant form of FeS2 (1) produced with the remainder of 
the sulphur being bound into the organic structure. During maturation of both coal and 
petroleum source rocks, the distributions of organic sulphur groups are thought to alter 
markedly with sulphides being converted into thiophenes and the degree of condensation of 
the thiophenic moieties increasing markedly (2-5). Further, the ease of sulphur removal 
from oil fractions during petroleum refming processes is known to be heavily dependent on 
the nature of the organic sulphur groups present (6). Thus, their speciation is important 
from the standpoints of being able to fully understand maturation and also to effectively 
model refmery processes, particularly catalytic cracking and hydrotreatment. 

Standard methods are available for the determination of total sulphur contents in all 
fuels, together with pyritic sulphur in coals (ATSM 02492) (1,7). Many studies have 
addressed the molecular characterisation of individual sulphur compounds in (i) light oils 
and (ii) extracts and pyrolysis products of petroleum source rocks and coals using gas 
chromatography-mass spectrometry (GC-MS) after appropriate pre-fractionation via liquid 
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chromatography. The reviews by Sinnnighe Damaste and de Leeuw provide a 
comprehensive coverage of this topic (2,3) but, in general, only small proportions of the 
organic sulphur actually present in coals and petroleum source rocks are actually observed. 
Indeed, until recently, virtually no information was available on the overall distributions of 
the thiophenic and non-thiophenic (sulphidic) forms in fossil fuels and the need for suitable 
techniques has provided a major challenge to the analytical chemist. This review covers the 
significant advances achieved primarily over the past 5 years using X-ray techniques (8-18), 
temperature programmed reduction (TPR) (19-27) and pyrolysis (28-30), temperature 
programmed oxidation (TPO) (31-33) and selective chemical modification [34-401. The latter 
approach comprises oxidation (34), reduction (35-39) and quatemisation reactions (40) and 
invariably involves the use of appropriate techniques, such as nuclear magnetic resonance 
(NMR) to monitor the resultant changes. Space precludes a comprehensive coverage of all 
the research on organic sulphur conducted using these techniques but it is hoped that the 
review illustrates the benefits that can arise from using a variety of analytical approaches to 
address a complex structural challenge and provides a platform for further reading. For a 
more detailed account of the application of these techniques to coal, the reader is referred to 
the recent article by Davidson (7). 

2. General aspects 

As well as pyritic and organic sulphur, sedimentary organic matter (particularly coal) is 
likely to contain significant amounts of both sulphatic and elemental sulphur. However, 
there is now overwhelming evidence to indicate that these are both oxidation products from 
pyrite (71. In such weathered samples, it is likely that some of the labile non-thiophenic 
organic sulphur forms have also been oxidised which gives rise to sulphoxides and 
sulphones from sulphides and sulphonic acids from di/polysulphides and thiols (Section 
3). Hence, it is extremely important to ensure that appropriate handling precautions are 
taken to avoid oxidation. 

The presence of pyrite in sedimentary organic matter poses a problem for most of 
the techniques described here and its removal prior to analysis is thus desirable. Pyrite can 
be removed via oxidation with dilute nitric acid as in the standard procedure (ASTM D 
2492) for its determination and via reduction using lithium aluminium hydride (41,42) 
(LiAlH4). However, care is required with both procedures as some of the organic sulphur 
forms can be affected; nitric acid can oxidise non-thiophenes whilst LiAlH4 cleaves 
poly/disulphides to yield thiols. As a result, researchers have preferred to work with 
samples low in pyrite, for example, the two-high sulphur lignites, Mequienza and Rasa 
which both contain ca 10% organic sulphur but less than 0.5% w/w pyrite. Further, for 
coals, it has proved relatively easy to compare the results from the different analytical 
approaches as most researchers have also used the samples across the rank range supplied 
through the Argonne Premium Coal Sample (APCS) programme. For crude oils and 
petroleum source rocks, high-sulphur samples have again attracted the most attention, 
particularly for reductive studies [35-371 where a seep oil from Utah (Rozel Point, 14% w/w 
sulphur) and a Middle East shale (Jurf Ed Darawish, 16% w/w sulphur) have received the 
most attention. 
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3. X-ray techniques 

3.1 X-RAY PHOTOELECTRON SPECTROSCOPY 

Sulphur at or near the surface or particles (electron escape depth is ca 3 nm) can be 
observed via X-ray photoelecton spectroscopy (XPS) using the S 2p peak [8.10.34]. The 
binding energies of all sulphur compounds fall within a narrow range of less than 10 e V 
(Table 1) and the differences in binding energy between thiopheneslaromatic sulphides and 
aliphatic sulphides (sulphur bound to at least 1 sp3 carbon) are only ca 1 eV (Table 1). 
Further, the S 2p peak comprises a 2P312 and a 2P1l2 component which have a 2: 1 intensity 
ratio and are separated by 1.2 eV. In addition, there does not appear to be one unique 
binding energy for thiophenic/aromatic and aliphatic Sulphur (Table 1). Not surprisingly, 
the first investigators to apply XPS to fuels [8,34] both concluded that it was not feasible to 
resolve thiophenic and different sulphidic environments directly by XPS and both proposed 
the use of selective oxidation to first convert sulphides into sulphones (Section 5). This 
gives rise to visually observable differences of 5-6 eV between the resultant sulphones and 
non-oxidised forms. 

Figure 1 shows the XPS spectrum of Rasa coal obtained by Kelemen et al (9) that 
has been fitted to two signals with binding energies of 164.1 and 163.3 eV corresponding 
to those of thiophenes and alkyl sulphides, respectively (Table 1). From the peak fitting 
procedure, they concluded that thiophenic sulphur accounts for 70% of the organic sulphur 
present in this coal. Diaryl (aromatic) sulphides were not explicitly accounted for with 
polyphenylene sulphide having a binding energy of 163.7ppm midway between those 
above for thiophenes and alkyl sulphides. Nonetheless, after air oxidation (5 days at 
125°C) to convert the non-thiophenes in to a mixture of sulphoxides, sulphones and 
sulphonic acids, thiophenic component still accounted for 69% of the sulphur with most of 
the sulphides (23% out of the original 30% of the sulphur) having been oxidised. 

For coals containing significant quantities of pyrite, the peak-fitting procedure 
becomes more complex with a third component having to be included although the surface 
concentration of pyrite appears to be less than in the bulk (10). Despite the obvious 
uncertainties concerning the absolute accuracy of the peak-fitting procedure, the proportion 
of the thiophenic sulphur component has been found to increase with rank for the Argonne 
coals (lO).(Table 2). 

3.2 X-RAY ABSORPTION NEAR EDGE STRUCTURE SPECTROSCOPY 

X-ray absorption near edge structure (XANES) spectroscopy has now been used by a 
number of research groups (10-18) to distinguish between the different organic sulphur 
forms in coals and heavy oil fractions. However, the requirement of a synchrotron source 
to provide the intense X-ray beam limits the availability of the technique. Until the very 
recent report of the sulphur L-edge (17,18), all the studies on fuels have involved 
observation of the sulphur K-edge where electrons are ejected from the Is shell (10-16). 
Table 3 summarises the positions of the first inflection points for a number of sulphur 
compounds and, as with XPS, there is good resolution between sulphones, sulphoxides 
and non-oxidised sulphur forms. XANES differs from XPS in that data can be obtained in 
modes to reflect either the surface or the bulk of a material. Further, Table 3 indicates that 
the edge energies of thiophenes and diarylsulphides coincide but are resolved from those of 
aliphatic sulphides (sulphur bound to one or two sp3 carbons) and disulphides. However, 
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Table 1 XPS sulphur 21' bindin~ ener~ies for some model compounds 

Compound 

Dibenzothiophenesulphone 
Polyphenylene ether sulphone 
DL-Methionine sulphoxide 
6-Ethoxy-2-mercaptobenzothiazole (thiazole) 
Dibenzothiophene polymer 
1,2-Benzodiphenylene sulphide 
Sulphur 
Polyphenylene sulphide 
S-Methyl-L- cysteine 
DL-Cysteine 
6-Ethoxy-2-mercaptobenzothiazole (mercapto) 

Taken from Kelemen et al (ref. 9). 

Binding energy, eV 

168.2 
168.2 
165.8 
164.2 
164.1 
164.0 
163.7 
163.7 
163.3 
162.7 
162.1 

labl" 2 CQIDpilri&lD Qf :iwphidic (nQn-thiQpbenic} :mlpblJI ~Q1ll!<nl:i derived b~ 
different techni~ fQ[ some ~QW.:i 

% of organic sulphur 

Rasa Mequinenza Illinois No.6 Wyodak Upper Freeport 

C, % dmmf basis 80.2 68.4 80.7 76.0 88.0 

Total sulphur 11.8 9.0 4.8 0.63 2.3 
Pyritic sulphur 0.4 0.4 2.8 0.17 0.5 
Organic sulphur 1l.4 8.0 2.0 0.43 1.8 
(%w/w dry basis) 

High pressure TPR 35 25 25 20 <10 
XPS (a) 30 66 31 37 19 
XANES 26 48 33-37 33-44 5-15 
Fluid-bed pyrolysis (a) 47 67 36 
TPQ<a) 12 36 26 43 37 

(a) = refers to aliphatic sulphides with the implication that the total sulphidic content may 
be significantly higher. 
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as with XPS, the energy differences between the different thiophenic and sulphidic 
environments are small (0.5-1.0 eV, Table 3) meaning that there is virtually no visible 
resolution observed in the region 2470 eV for fuels which is demonstrated in Figures 2 and 
3 for heavy petroleum and coal samples, respectively. Thus, curve fitting procedures once 
again come into play for quantification. The two approaches that have been used to 
estimate aromatic and aliphatic-bound sulphur involve (i) taking the third derivatives of the 
spectra (Figure 2) and using the heights of the features at.2469.8 and 2470.4 eV [1()"13] and 
(ii) least-squares analysis of the near-edge structure into a series of components (Figure 3) 
for pyrite, the aromatic and aliphatic-bound sulphur, sulphoxide, sulphone and sulphate 
(15.16). If oxidised sulphur forms are present, calibrations need to be carried out as the 
observed intensities increase with oxidation state making peaks from sulphoneslsulphates 
look pronounced even when their concentrations are fairly small (Figure 3). 

Within the estimated accuracy of both fitting procedures (ca ± 10% of the organic 
sulphur), remarkably close agreement has been achieved for the Argonne coals (Table 2) 
with the fraction of aromatic-bound sulphur increasing from ca 60% in sub-bituminous 
coals to over 85% in low-volatile bituminous coal (7.10.12.15). Although, for the reasons 
outlined above, the results from XPS and XANES are probably not strictly comparable, 
good agreement has generally been achieved for heavy petroleum fractions and coals 
investigated by both techniques (Figure 4) (7.11). However, there is evidence to suggest 
that XANES might underestimate aromatic-bound sulphur. For example, it appears 
unrealistic that lignites and sub-bituminous coals (7.11) contain similar proportions of 
aliphatic sulphur to heavy petroleum fractions despite being significantly more aromatic in 
character. Further, although the high temperature in-situ measurements conducted by 
Huffman et al (16) have shown the anticipated decrease in the proportion of aliphatic 
sulphur with increasing temperature, significant amounts remain above 5000C which is 
certainly not expected from their thermal behaviour. As with XPS, the use of selective 
oxidation in which non-thiophenic/aromatic sulphur forms only are converted into 
sulphoxides and sulphones (SII and SIV species) gives rise to vastly improved the 
resolution in XANES. Where air oxidation has been used to acieve this, the agreement 
between XPS and XANES has again been fairly good (13). 

Sulphur forms can also be examined by L-edge XANES spectra in which 
transitions from the 2p orbitals are observed and the first spectrum of a coal was published 
recently (17). Although distinct peaks are visible because the linewidths are narrower and 
photon resolution is greater, considerable overlap occurs between thiophenes and the other 
forms and curve-fitting is still required. In fact, the distribution of 70% thiophenic and 
30% arylsulphide which gave the best fit (17) was considerably at variance with that derived 
from the K-edge spectra (18) and was seen as unrealistic by Calkins, Gorbaty and their 
coworkers (44), However, this apparent discrepancy probably arises from the fact that not 
enough standards have yet been analysed under the high-vacuum conditions required for L
edge XANES (18). 

4. Thermal techniques 

4.1 REDUCTIVE TECHNIQUES 

4.1.1 Low pressure TPR TPR is based on the principle that different organic sulphur 
forms present in solid fuels have different characteristic reduction temperatures at which 
hydrogen sulphide (H2S) evolves. Calibration with model compounds has indicated that 
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Table 3 Sulphur K-ed&e ener&ies in XANES spectra for some model compounds 

Compound Energy at fIrst inflection point, e V Formal 
Actual value ReI. to eI. S Ox. state 
(ref. 11) (refs. 11 and 15) 

Dibutylsulphone - (7.5) 4 
Diphenylsulphone 2474.8 4.7 4 
Dibenzothiophenesulphone 2474.7 4.6 4 
Dibenzylsulphoxide - (3.4) 2 
Dimethylsulphoxide 2472.8 2.7 2 
Benzothiophene 2470.4 1.3 0 
Dibenzothiophene 2470.4 1.3 (1.3) 0 
Diphenylsulphide 2470.4 1.3 0 
Thiaanthrene 2470.2 1.1 0 
Dioctylsulphide 2470.1 1.0 0 
Benzylphenylsulphide 2469.9 0.8 0 
Dibenzylsulphide 2469.8 0.7 (0.7) 0 
Cysteine 2469.2 0.1 0 
Diphenyldisulphide 2469.2 0.1 (0.1) 0 
Suphur 2469.1 0 0 
Pyrite 2468.4 -0.7 (-0.5) -1 

Values taken from Gorbaty et al (ref. 11) and, in brackets, from Huffman et al (ref. 15). 

Table 4 TMAX for solid calibrants used in hi&h pressure TPR 

Calibrant 

Silica-immobilised dibenzothiophene 

Silica-immobilised diphenylsulphide 

Silica-immobilised phenylbenzylsulphide 

Silica-immobilised thioanisole (S-CH3) 

Di/polysulphides in vulcanised coal tar pitch 

Thiol, cysteine 

470 

350 

300 

250-350 

150-250 

180 
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the ease of reduction is in the order of thiols > aliphatic sulphides> aromatic sulphides > 
thiophenes (19) (Table 4). The method for coals was pioneered by Attar (19,20) and has 
been used by others (21-23) with few modifications to the original design of the reactor in 
which coal is refluxed in a mixture of low-boiling solvents and H2S is swept from the 
reactor by a stream of carrier gas; a condenser prevents the escape of tar. Attar originally 
used lead acetate paper to detect H2S but later workers have used potentiometry (21,22) and 
flame photometric detection (23), However, only limited success has been achieved thus far 
primarily because only the labile non-thiophenic forms have actually been observed with 
sulphur balances being poor. Virtually all the thiophenic sulphur remains in the char due to 
the use of low hydrogen partial pressures (max. 1 atm.) and inappropriate low boiling 
reducing agents, such as tetralin. Further, no account has been taken of the reduction of 
pyrite to pyrrhotite and retrogressive reactions including the conversion of sulphides into 
thiophenes which are extremely likely due to the long residence time of tar in the reactor. 
Nevertheless, Attar (19,20) was confident enough to estimate the concentrations of thiolic 
and aliphatic and aromatic sulpidic sulphur directly from the TPR traces. However, the 
reported thiol concentrations ( ca 20% of the organic sulphur in bituminous coals) are now 
considered to be unrealistically high (7) whilst those for aromatic sulphides of below 10% 
are probably too low. 

The application of low pressure TPR to study chemical desulphurisation of solid 
fuels is described in the contribution by Franco and coworkers in this volume. 

4.1.2 High pressure TPR The extent of desulphurisation in the pyrolysis of sedimentary 
organic matter generally increases with hydrogen pressure (44) and typically, in a fixed-bed 
reactor at a pressure of 150 bar with a dispersed sulphided molybdenum (Mo) catalyst, 
over 95% of the organic sulphur in both lignites and bituminous coals can be released. 
Moreover, only about 20% is released as thiophenic compounds in the tars with the 
remaining 75-80% appearing in the gas phase as H2S. These findings prompted the 
authors to overcome the inherent drawbacks of TPR by using a high pressure technique, in 
which the evolved H2S is measured with a quadrupole mass spectrometer (24,25). Pyrite 
contributes significantly to the H2S profiles and, where present in high concentrations, it 
has been removed with LiAlA4. 

Figure 5 compares the high pressure TPR traces for Mequinenza lignite and a 
liptinite concentrate (H rich) separated by density gadient centrifugation [451. The H2S 
evolution profiles comprise a broad shoulder between 200 and 4O{)OC from non-thiophenic 
sulphur forms followed by the dominant peak above 4{)()OC attributable to thiophenes. 
These reduction temperatures have been confirmed using novel silica-immobilised sulphur 
compounds (261 and other appropriate solid calibrants (Table 4). Indeed, the reduction 
temperature at which H2S evolution reaches a maximum (TMAX) of 4800c for immobilised 
dibenzothiophene is close to those of low-rank coals. Given that the TMAX for 
diphenylsulphide is ca 35()oC, it can be concluded that much of the non-thiophenic sulphur 
in both Mequinenza and Rasa lignites (ca 30% of the total, Rasa gives a similar trace to 
Mequinenza [261) occurs as aliphatic sulphides and disulphides with approximately half of 
the H2S below 4{)()oC evolving between 200 and 3200C (Figure 5). That below 2500c is 
attributed to disulphides but the lack of any intensity much below 200°C suggests that 
thiols are not present in significant concentrations. The resolution is thus considerably 
superior to that achieved for X-ray techniques, and as might be anticipated from its lower 
aromaticity, the liptinite contains a greater proportion of non-thiophenic sulphur forms than 
the whole lignite. Further, T MAX for the thiophenic sulphur in the liptinite occurs at a much 
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lower temperature strongly suggesting that single ring thiophenes are the dominant form 
present (Figure 5) compared to probably a mixture of 1-3 ring structures in the whole 
lignite. These, together with the parallel trends for the distributions of thiophenic 
compounds in the TPR tars [27] indicate the potential of high pressure TPR to give a good 
indication of the average ring size of the thiophenic structures present. 

The high pressure technique has been applied to Rasa and Mequinenza and 
indicated that thiophenic forms account for ca 70% of the total (24,25) (Table 2). In 
common with XPS and XANES and other pyrolysis methods, high pressure TPR indicates 
that thiophenic sulphur increases with rank. However, the proportions of thiophenic 
sulphur derived from high pressure TPR are consistently higher than by the X-ray 
techniques with bituminous coals containing no more than 10% of the organic sulphur in 
non-thiophenic forms (Table 2). The contribution by Mitchell et al in this volume describes 
the application of high pressure TPR to oil shales. 

4.1.3 Flash pyrolysis Calkins and coworkers (28-30) studied the reduction behaviour of a 
number of sulphur compounds in a fluidised-bed reactor as a function of temperature. The 
results summarised in Figure 6 indicate that the reduction of aliphatic sulphides, thiols 
(mercaptans) and disulphides is nearly completed by 8{)()oC whilst aromatic sulphides are 
stable until higher temperatures are reached and thiophenes are only partially reduced above 
900°C. These cut-off points were used for coals to estimate the proportions of aliphatic 
and aromatic sulphides/thiols. The proportions of aliphatic sulphides derived by this 
method are generally higher than those from both X-ray and TPR techniques (Table 2) with 
surprisingly low values for aromatic sulphides (7). These differences might arise from the 
fact that the desulphurisation behaviour of solids is probably different to that of volatile 
species in fluidised-beds in that their residence times are much longer implying that some 
aromatic-bound sulphur may evolve as H2S below 8000C. 

4.2 1EMPERA1URE PROGRAMMED OXIDATION 

The principal of TPO is the same as that of TPR except the sulphur forms are being 
oxidised to yield primarily sulphur dioxide (small amounts of COS are also released) at 
characteristic temperatures, the evolved S02 being monitored by Fourier transform infra
red spectrometry. The technique has been developed by LaCount and co-workers (31-33) 
over a number of years and is now referrred to as "controlled-atmosphere programmed 
temperature oxidation" (CAPTO). To limit heating effects, coals are diluted in an excess of 
tungsten oxide (W~) which also acts as a combustion catalyst Early work was conducted 
using a mixture of 10% v/v of oxygen in helium (31), but it was found that pyrite produced 
S02 in the temperature range, 250-3800C, the same as that for aliphatic sulphide polymers. 
This problem was solved using pure oxygen which curtails pyrite oxidation until above 
4700 C (32,33) which is beyond the oxidation temperature found for aryl sulphides and 
thiophenes of ca 4200C. Typical CAPTO traces for samples of untreated and biotreated 
Illinois coal are shown in Figure 7 which shows the distinct peaks obtained for aliphatic 
and aromatic-bound sulphur (290 and 4200c) and pyrite (480 and 5800C). The particular 
biotreatment used has removed all the pyrite, together with some of the aliphatic and 
aromatic-bound sulphur (Figure 7). 

Table 2 and the information presented by Davidson (7) indicate that, compared to the 
other techniques described, the estimates of aliphatic sulphide contents from CAPTO occur 
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across a relatively narrow range (10-35%) and there is no clear rank trend. It seems 
surprising that a low-volatile bituminous coal, such as Upper Freeport (fable 2), contains 
similar or greater proportions of aliphatic sulphides than lower rank coals, such as Rasa 
and Mequinenza lignites. These apparent anomolies might be a consequence of the limited 
number of standards that have been used to calibrate the technique. As with high pressure 
TPR, only solid calibrants which will not soften upon heating can be used in the well
swept fixed-bed reactor. 

s. Chemical modification 

5.1 OXIDATION 

The selective oxidation and reduction of particular non-thiophenic sulphur forms prior to 
analysis offers an attractive approach for speciation. It has already been described how 
simple air oxidation appears to be fairly effective for non-thiophenic forms (Section 3). Of 
the many available oxidising agents, t-butylhydroperoxide oxidises aliphatic sulphides 
selectively to sulphoxides (34). This approach was used in conjunction with XPS and 
LiAlH4 reduction (see following) to show that asphalt contains approximately 50% 
thiophenic sulphur which appears to be reasonably consistent with direct XPS (9) and 
XANES results (11), albeit for different samples. 

For heavy oils, selective oxidation of the sulphides present to sulphoxides has also 
been achieved in solution using tetrabutylammonium periodate (46). Chromatographic 
separation of the resultant sulphoxides and subsequent reduction with LiAlH4 to regenerate 
the sulphides provided concentrates for GC-MS analysis. After separation of the sulphides 
from the n-heptane souble fractions, the remaining thiophenes were then treated in a similar 
manner but being selectively oxidised using the stronger reagent, m-chlorobenzoic acid. 
For the suite of samples investigated, the proportions of thiothenes and sulphides varied 
significantly and the compositions of the sulphur fractions were complex although a good 
coorrelationwas found between the depth of burial and a maturity index based on the 
pattern of alkyl substitution for the dibenzothiophenes. Stepwise perchloric acid oxidation 
has been used to determine pyritic and total organic sulhur contents of coals (40 and this 
approach shows promise in attempting to resolve sulphidic and thiophenic sulphur [48). 
However, as for the reduction of insoluble macromolecular organic matter, there is always 
going to be the uncertainty over accessibility of reagents. 

5.2 REDUCTIONIHYDRODESULPHURISATION 

The points of sulphur incorporation into sedimentary organic matter during diagenesis has 
been a topic of great interest to organic geochemists (see, for example, refs. 35-37). For 
high-sulphur oils and source rocks, the hydrocarbons released using relatively specific 
reducing agents or desulphurisation catalysts indicate the actual moieties involved in 
sulphur linkages as well as helping to identify the depositional environment For kerogens 
(insoluble material in petroleum source rocks), soluble reducing are clearly going to be 
more effective than solid desulphurisation catalysts, such as Raney nickel, which is 
nonetheless effective for sulphides and simple thiophenes in heavy oil fractions. Indeed, 
the alkane products obtained using nickeioceneILiAIH4 and lithium in ethyl amine 
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(LilEtNH2) have been found to be similar to those with Raney Ni for heavy oil fractions 
(36,37). Moreover, the use of deuterated reducing agents enables the points of attachment of 
the released alkanes to be assigned with some certainty. As an example of this elegant 
approach, Figure 8 shows the reconstructed ion chromatogram, together with the partial 
rnJz 218 mass chromatogram which is indicative of the sterane distribution for the alkane 
fraction from LilEtND2 treatment of the Jurf EdDarawish (JED) kerogen (37). The 
deuterium labelled products identified were dominated by the steranes of algal origin with 
the positions of deuterium incorporation providing confirmatory evidence of sulphide 
linkages. In contrast, the labelled products from a bituminous kerogen (Serpiano) were 
dominated by hopanes of bacterial origin which were liked via the side chain (37). The 
contribution by Hefter and coworkers in this volume is a further example of this approach 
where deuterated nickel borohydride is used as the reducing agent. 

For coals, Lochmann's base, an equimolar mixture on n-butyllithium and 
potassium t-butoxide has been used to reduce sulphides in what ,from XANES evidence, 
appears to be in a fairly selective manner (38); a 30% reduction in organic sulphur was 
achieved for the Illinois No.6 coal from the Argonne suite. The Lochmann's base 
treatment was followed by potassium naphthelenide in tetrahydrofuran which converts 
dibenzothiophene to sulphur-free products (39). This subsequent treatment reduced the 
organic sulphur content of Illinois No.6 coal by a further 0.55% w/w leaving 0.7% w/w in 
the final product which suggests that, possibly due to a combination of mass transfer and 
chemical factors, it is only partially effective for the thiophenic sulphur in coals. 

5.3 QUATERNISATION 

The low receptivity of 33S and the fact that it has a quadrupole has made it extremely 
difficult to observe organic sulphur in fuels directly by NMR. However, for oils and 
extracts, quaternary iodide salts can readily be formed in solution from the sulphur species 
present and if 13C-enriched iodomethane is used, then 13C NMR can be used to estimate 
the concentrations of non-thiophenic forms present (40). We have applied this approach to 
the chloroform extract of Mequinenza lignite and Figure 9 shows the 13C NMR spectra of 
the extract before and after quaternisation with 13C-enriched iodomethane. The aliphatic 
region in the quaternised fraction is dominated by methyl peaks from the S+-CH3 groups 
formed and most of the intensity occurs in the region, 20-30 ppm where peaks from non
thiophenes occur (40). Indeed, from the intensity of this region, it is estimated that non
thiophenes account for over 60% of the total sulphur which is not surprising in light of the 
low carbon aromaticity of this particular fraction (ca 1% w/w) in relation to the whole 
lignite (0.25 cf. 0.75). 

6. Conclusions 

Although each of the approaches described here has its limitations, a consistent overall 
picture is beginning to emerge on the nature of organic sulphur groups in sedimentary 
organic matter and fuels. As might be anticipated, the more stable thiophenic sulphur 
forms are most abundant in the more mature coals and petroleum source rocks. Further, 
the X-ray and pyrolytic techniques described are now at the stage that the changes in 
organic sulphur distributions which occur during the formation and refining of heavy oils 
and the chemical desulphurisation treatments for coals can be monitored effectively. 



140 

, i 

ppm 110 

Figure 9 

Quarternlsed 

L ) -
160 IZO 

i i i. • i 

lCO 100 .. • 0 

100 MHz 13(: NMR Spectra of the chloroform extract of Mequinenza lignite 
before and after quatemisation with 13C-enriched iodomethane. 



141 

7. References 

1. C-L Chou, 'Geochemistry of sulphur in coal'. In Geochemistry of Sulphur in Fossil 
Fuels. Am. Chern. Soc. Syrnp, Ser. No. 429, Eds. W.L. Orr and C.M. White, Am. 
Chern. Soc., Washington, 1990, p 30. 
2. I.S. Sinninghe Damste and I.W. de Leeuw, Fuel Process Technol, 1992,30, 109 
and references therein. 
3. I.S. Sinninghe Damste and I.W. de Leeuw, Ore. Geochern., 1990, 16, 1077 and 
references therein. 
4. B.P. Tissot and D.H. Welte, 'Petroleum Formation and Occurence', 2nd Ed., 
Springer, Heidelberg, 1984. 
5. T.I. Eglinton, I.S. Sinninghe Damste, M.E.L. Kohnen, I.W. de Leeuw, S.R Larter 
and RL. Patience. Analysis of maturity-related changes in the organic sulphur 
composition of kerogens by flash pyrolysis-gas chromatography. In Geochemistty of 
Sulphur in Fossil Fuels. Am. Chern. Soc. Symp. Ser. No. 429, Eds. W.L. Orr and C.M. 
White, Am. Chern. Soc., Washington, 1990, p 529. ' 
6. I-F LePage, Applied Heteroeeneous Catalysis, IFP EditionsTechnip, Paris, 1987. 
7. RM. Davidson, Organic sulphur in coal, lEA Coal Research CRl60, August 1993. 
8. RB. lones, C.B. McCourt and P. Swift, Proc. 1981 Int. Coal Sci. Conf., Verlag 
Gluckauf, Essen, 1981, p 657. 
9. S.R Kelemen, G.N. George and M.L. Gorbaty, Eud, 1990,69,939. 
10. M.L. Gorbaty, G.N. George and S.R Kelemen, Direct determination and 
quantification of sulphur forms in heavy petroleum and coal: sulphur K-edge X-ray 
absorption and X-ray photoelectron spectroscopic approaches. In Coal Science II, Am. 
Chern. Soc. Symp. Ser. No. 461, Eds. H.H. Schobert, K.D. Bartle and L.I. Lynch, Am. 
Chern. Soc., Washington, 1991, Chapter 2, p 127. 
11. M.L. Gorbaty, G.N. George and S.R. Kelemen, fuel, 1990,69,945. 
12. G.N. George, M.L. Gorbaty, S.R. Kelemen and M. Sansome, Enerey & Fuels. 
1991,5,93. 
13. M.L. Gorbaty, S.R. Kelemen, G.N. George and P.I. Kwiatek, EDd, 1992,11, 
1255. 
14. R. Fiedler and D. Bendler, fuel, 1992, li, 751. 
15. G.P. Huffman, S.Mitra, F.E. Huggins, N. Shah, S. Vaidya and F. Lu, Enerey & 
~, 1991, 5, 574. 
16. M.M. Taghiei, F.E. Huggins, N. Shah and G.P. Huffman, Enerey & Fuels, 1992, 
6,293. 
17. I.R Brown, M. Kasrai, G.M. Bancroft, K.H. Tan and I.M. Chen, EYd, 1992,71, 
649. 
18. I.R. Brown, M. Kasrai, G.M. Bancroft, K.H. Tan and I.M. Chen, EDd, 1993,72, 
900. 
19. A. Attar, Sulphur groups in coal and their determinations. In Ana]ytical Methods for 
Coal and Coal Products. yol ill, Academic, 1979, Ch.56 and DOEIPC/30145TI Technical 
Report. 
20. A. Attar and F. Dupois, Data on the distribution of organic sulphur functional groups 
in coals. In Coal Structure, Adv. in Chern. Ser., No. 192, Eds. M.L. Gorbaty and K. 
Ouchi, Am. Chern. Soc., Washington, 1981, p 239. 
21. B.B. Majchrowicz, 1. Yperman, G. Reggers, I.M. Gelan, H.I. Martens, 1. Mullens 
and L.C. van Poucke, Fuel Process. Technol., 1987, 15, 363. 



142 

22. B.B. Majchrowicz, J. Ypennan, H.J. Martens, 1M. Gelan, S. Wallace, C.l Jones, 
M. Baxby, N. Taylor and K.D. Bartle, Fuel Process. Techno!., 1990, 24, 195. 
23. B.T. Dunstan and L.V. Walker, Final Report to Australian Nat. Energy Res. Dev. and 
Dem. Council (1988). 
24. c.J. Lafferty, S.c. Mitchell, R. Garcia and C.E. Snape, Elua, 1993, ll, 367. 
25. S.C. Mitchell, C.E. Snape and R. Garcia, Elua, 1994, 73, 1159. 
26. S. Mitchell, C.J. Lafferty, R. Garcia, K. Ismail, C.E. Snape, AC. Buchanan III,P.E. 
Britt and E. Klavetter, Prepr. Am. Chern. Soc. Diy. Fuel Chern., 1992,37(4), 1691 and 
Proc. 1993 Int. Conf. on Coal Sci., in press. 
27. R. Garcia, S.C. Mitchell, C.E. Snape, S. Moinelo and K.D. Bartle, Proc. 1993 Int. 
Conf. on Coal Sci vol I. P 445. 
28. W.H. Calkins, Enerl:Y & Fuels, 1987,1,59. 
29. RJ. Torres-Ordonez, W.H. Calkins and M.T. Klein, Distribution of organic-sulphur 
containing structures in high organic sulphur coals. In Geochemistry of Sulphur in Fossil 
~, Am. Chern. Soc. Symp. Ser. No. 429, Eds. W.L. Orr and C.M. White, Am. 
Chern. Soc., Washington, 1990, p 287. 
30. W.H. Calkins, R.J. Torres-Ordonez, B. Jung, M.L. Gorbaty, G.N. George and S.R. 
Kelemen, ~ 1991 Int. Conf. on Coal Sci., Butterworth-Heinnman p 985 and Enerl:Y & 
~, 1992,6,411. 
31. R.B. LaCount, R.R Anderson, S. Friedman and S. Blaustein, Eud, 1987,66,909. 
32. RB. LaCount, D.G. Kern, W.P. King, T.K. Trulli and D.K. Walker, Prepr. Am. 
Chern. Soc. Diy. Fuel Chern., 1992, 37(3), 1083. 
33. RB. LaCount, D.G. Kern, W.P. King, RB. LaCount Jr., D.J. Miltz Jr., A.L. 
Stewart, T.K. Trulli, D.K. Walker and R.K. Wicker, Eud, 1993,72, 1203. 
34. J-M Ruiz, B.M. Carden, LJ. Lena and E-J Vincent, Anal. Chern., 1982,54,688. 
35. M.E.L. Kohnen, J.S. Sinninghe Damste, AC. Kock-van-Dalen and lW. de Leeuw, 
Geochim Cosmochim Acta, 1991,55,1375. 
36. H.H. Richnow, A Jenisch and W. Michaelis, Geochim Cosmochim Acta, 1992, and 
in Ady. in Qre. Geochem., Eds. C.B. Eckard et al, Pergamon, Qxford, 1991, p 351. 
37. I.c. Hofmann, J. Hutchinson, J.N. Robson, M.I. Chicarelli and J.R. Maxwell, Qrg.. 
Geochem., 1992, 19,371. 
38. K. Chatterjee and L.M. Stock, Enerl:Y & Fuels, 1991,5, 704. 
39. K. ChatteIjee, R Wolny and L.M. Stock, Enerey & Fuels, 1990,4,402. 
40. T. Green, W.G. Lloyd, L.Gan, P. Whitely and K. Wu, Prepr. Am. Chern. Soc. Div. 
Fuel Chern., 1992, 37(2), 664 
41. D.L. Lawlor, J.I. Fester and W.E. Robinson, Eud, 1963,42, 239. 
42. lW. Smith, N.B. Young and D.L. Lawlor, Anal.Chem., 1964,36, 618. 
43. W.H. Calkins, M.L. Gorbaty and S.R. Kelemen, fyd, 1993,72,900. 
44. R Garcia, S.R Moinelo, CJ. Lafferty and C.E. Snape, Enerey & Fuels, 1991,5, 
582. 
45. D.N. Taulbee, S.H. Poe, T.L. Robl and B. Keogh, Enerey & Fuels, 1989, 3, 662. 
46. J.D. Payzant, T.W. Mojelsky and Q.P. Strausz, EDerey & Fuels, 1989,3, 449. 
47. C.W. McGowan and R Markuszewski, Elld, 1988,67, 1091. 
48. R. Markuszewski, X. Zhou, and C.D. Chriswell, Prepr. Am. Chern. Soc. Div. Fuel 
~, 1992,37(1),417. 
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ABSTRACT. The hydrocarbon, oxygen and nitrogen functionalities in Rundle Ramsay 
Crossing oil shale (RXOS) and Green River oil shale (GROS) have been characterized and 
quantified using selective/nondestructive chemical derivatizations with isotopically labeled 
reagents followed by solid state 13C_ and 29Si-NMR analysis. In addition, in-depth MS 
and NMR characterization of the structural features associated with shale oils produced 
from RXOS and GROS under mild conditions which afford high organic conversions 
(>85%) have been carried out. The results of these studies have been combined and 
incorporated into molecular models of the structure of the representative organic material 
in RXOS and GROS. The models agree well with experimental values for elemental 
composition, aromaticity, distribution of chain lengths and ring system sizes, hydrocarbon 
and heteroatom functionalities and the proportion of kerogen and bitumen. 

1. History 

Oil shale organics are largely present as kerogen, an insoluble and non-volatile material, 
which is finely disseminated in the rock matrix of the shale, and which must be 
depolymerized in order to recover shale oil from the rock. l This is difficult and expensive. 
Therefore, there has been intense interest in understanding the molecular structure and 
chemistry of oil shale kerogens and over the past twenty-five years several research groups 
have attempted to elucidate the structure of the kerogen of the Green River formation. 

Burlingame, et. a12 ,3 carried out the oxidation of a Green River kerogen concentrate 
(65.9%) with 3 M chromic acid in sulfuric acid under reflux for 3-48 hours. Most of the 
organic carbon was converted to carbon dioxide; the remainder, which amounted to only 
about 9%, was extracted and analyzed by MS and GC. Based upon analysis of these 
results, the authors proposed a structural model for Green River oil shale organics. 
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Djuricic, et. a1. 4 carried out the oxidation of a Green River kerogen concentrate in 
aqueous alkaline potassium permanganate. The corresponding methyl esters were 
analyzed by GCIMS. Since 70% of the carbon skeleton was converted into carboxylic 
acids, Djuricic concluded that the "nucleus" probably consisted oflong polymethylene 
bridges connected at tertiary or quaternary branching centers. 

Schmidt-Collerus and Prien5 used a combination of controlled micropyrolysis and mass 
spectrometry to investigate the structure of Green River kerogen. They identified (a) 
normal and branched alkenes, (b) alkyl decalins and tetralins, (c) alkyl-substituted tricyclic 
terpenoid or phenanthroid type derivatives in the shale oil product. Based upon these 
results they proposed a generalized kerogen structure with alkyl-substituted decalins or 
tetralins interlinked by normal or branched alkane bridges (Figure 3). In a kerogen matrix 
the many sub-units are connected by alkane or ether linkages. There are also trapped sub
units within the matrix. While this model is more detailed than previous models, it is 
obvious that many of the observed compounds represent secondary pyrolysis reaction 
products. 

Yen and co-workers6 recovered over 90% by weight of the original organic carbon 
content of a Green River kerogen concentrate after mild stepwise alkaline permanganate 
oxidations. Ten successive fractions were taken and studied by GC, MS, NMR and IR. 
The carbonate-free oil shale was analyzed by XRD, ESR and ESCA. They concluded that 
aromatic carbon systems are either absent or present in minute quantities in kerogen and 
that the bulk of the carbo skeleton is naphthenic and contains 3-4 rings possibly linked by 
heterocyclic atoms or randomly-substituted short branched hydrocarbon chains.7,8 A 
conceptual model was proposed, largely to accommodate the accumulated physical and 
chemical evidence. 

McGowan and co-workers based their structural model of Green River oil shale kerogen 
upon characterizations of extracted bitumen, retorted shale oil, and the products obtained 
by oxidizing the kerogen concentrate with perchloric acid.9 The oxidations were carried 
out by heating the kerogen for 1.5 h in constant-boiling aqueous perchloric acid mixtures. 
At boiling points up to 150°C (7.99 NHCI04), little oxidation was found; C02 yields 
were less than 2% and essentially all of the kerogen was undissolved. As the boiling point 
of the perchloric acid was increased from 161°C (8.97 NHCI04) to 180°C (10.18 N 
HCI04) the C02 yield increased from 8.3% to 39.8%, and the amount of undissolved 
material decreased from 77.4% to 1.9%. At temperatures of 169-180°C, where more than 
one-half of the kerogen was not insoluble, less than one-half of the starting mass was 
accounted for in the isolated products. Nevertheless, the products were analyzed. After 
methylation to convert acids into the corresponding esters, products identified by GC and 
GC-MS included: methyl esters ofC14-C19 fatty acids, phthalate esters, C1S-C27 
alkanes, and aromatic hydrocarbons (mostly phenanthrene and substituted phenanthrenes). 
Based upon these results, a model for the structure of the Green River oil shale kerogen 
was proposed. 

Workers at the Institute Francais du Petrole (IFP) have taken a distinctly different 
approach to kerogen modeling. The studies discussed above were directed toward 
modeling the structure of kerogen in a particular oil shale. In contrast, Behar and 
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Vandenbroucke have constructed generalized models representative of Type I kerogen at 
the beginning of diagenesis, and the end of catagenesis. 10 

These models are based upon the results of elemental, IR and 13C-NMR analyses, 
pyrolysis (Rock Eval, artificial maturation) and electron microcopy (fringe analysis) 
results. Even though the IFP models are generalized and not intended to precisely 
represent the structure of any particular kerogen, it is useful to point out some key 
features. First, these models emphasize large, 4+-ring aromatics. There is now general 
agreement that most ring systems are fully aromatized until late in the maturation 
sequence. Second, based primarily upon electron diffraction results, the IFP models 
depict aromatic moieties as parallel sheets. Even pure aromatics, especially those of 1-4 
rings likely to be important in oil shales, crystallize in a "herringbone" arrangement that 
maximized edge-to-face interactions. The highly substituted aromatic units in kerogens 
are even less likely to arrange in parallel sheets. The implications of this kind of ordering 
to coal structure (Type III kerogen) are important, as recently pointed out by Cody et 
aI. II The implications for oil shale kerogen structure should be similar, and no less 
important. Certainly, the X-ray diffraction patterns of amorphous materials, such as 
kerogens, are properly interpreted in terms of the Debye scattering formalism rather than 
the diffraction formalism of Bragg. This argument should also apply to electron 
diffraction. Perhaps reinterpretation using the correct formalism would yield a structure 
with more physical meaning. Finally, the trends in functional group distributions do not 
seem unreasonable, but it must be remembered that the details of the IFP models reflect an 
average over many samples and were not intended to represent any particular kerogen. 

Only one attempt to characterize the oxygen functional groups in Green River oil shale 
kerogen is reported in the literature. Fester and Robinson use acid demineralization 
(successive treatments with HCI and HF) to prepare a Green River kerogen concentrate 
containing 14 wt% mineral matter, and wet chemical methods to determine the 
distribution of oxygen functional groups. 12 Later, Robinson and Dinneen applied this 
procedure to a series of twelve oil shales from around the world. 13 While directionally 
correct, the reported results did not take into account the organic structural changes which 
may have occurred during the preparation of the kerogen concentrate or during the 
derivatization reactions, nor did they consider the inabilities of aqueous reaction media to 
wet and swell the non-porous kerogen concentrates. 

2. Introduction 

The difficulty of achieving quantitative and selective reactions of insoluble organic solids 
under mild conditions, and the scarcity of good methods for probing the structures of such 
materials, have discouraged attempts to characterize the molecular structure of the organic 
material in solid oil shales. Technical advances in solid state 13C- and 29Si-NMR now 
provide powerful new methods for characterizing hydrocarbon structure and heteroatom 
functionalities in the solid state 14,15. Although questions persist about the quantitative 
reliability of the cross-polarization NMR technique in coals, compositional effects 
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responsible for non-quantitative data collection are less common in oil shales and in the 
bitumen and derivatized samples produced from these materials. Using mild and selective 
derivatizations with isotopically labeled reagents followed by solid state BC- and 
29Si-NMR analysis has enabled a comprehensive study to chemically characterize the 
organic functionalities in Rundle Ramsay Crossing oil shale (RXOS) from Queensland, 
Australia and Green River oil shale (GROS) from the Colony Mine, Parachute Creek, 
Colorado. Combining this data with in-depth MS and NMR analyses on shale oils 
produced under mild conditions led to the development of detailed structural models of 
the organic material. 

3. Experimental Results And Discussion 

The Ramsay Crossing oil shale used in this work contained 18.69 wt.% organic material 
finely dispersed in a mineral matrix. Solid state BC NMR employing CPIMAS indicated 
an aromaticity of23% which includes contributions from olefin and carbonyl carbon types. 
Exhaustive Soxhlet extraction with THF removed 7.6 wt.% of the organics as bitumen. 
The as-received moisture content was >20%. After drying at 50°C in a nitrogen purged 
vacuum oven, RXOS has little surface area (16.6 m2/g) or porosity «0.05 cc/g), hence it 
is very impermeable to organic solvents and reagents. As a result, organic reactions which 
do not dissolve the minerals proceed slowly and often do not go to completion. To 
circumvent this mass transf<0rt limitation, acid demineralization of the oil shale, using 
aqueous HClIHF at 20°C, 6 to produce the corresponding swellable kerogen concentrate 
(RXOS-KC) was carried out prior to chemical reactions for derivatization of organic 
functionalities. The BC NMR aromaticity and the bitumen content of the kerogen 
concentrate were unchanged from the raw shale values. However, elemental analysis 
indicated that the bitumen had a significantly higher hydrogen content, was lower in 
nitrogen and sulfur than RXOS-KC and had an aromaticity of<I%. Analyses by GC, MS 
and GC-MS indicated that aliphatic carboxylic acids, esters and ami des with long 
paraffinic chains comprised the major portion of the bitumen. Examination of the 
empirical formulas for the organics in the raw shale (CIOOH 161 N2.3S0.70x) and in the 
kerogen concentrate (CIOOH 161 N1.85S0. 709.2) indicate that 0.45 N's/100 C's were lost 
during the preparation of the kerogen concentrate. 

The Green River oil shale used in this work contained 21.4 wt% organic material, 14.7 
wt% of which is bitumen. Solid state BC NMR indicates that 74 wt% of the organic 
carbon is aliphatic and this value was unchanged after preparation of the kerogen 
concentrate. GROS also has a low pore volume (-0.005 cc/g) and also required 
demineralizationn to overcome mass transport problems during quantitative 
derivatizations. The empirical formulas for the organic material in GROS and its kerogen 
concentrate are CI00H 157N3.1 SO.70x and ClOOHI56N2.2S0.703.0 respectively, 
indicating that 0.9 N'silOO C's were lost during preparation of the kerogen concentrate. 
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3.1 HYDROLYZABLE NITROGEN 

Nitrogen bases liberated during the acid washings would be retained in the acid solutions 
as the corresponding ammonium salts. To recover and identify these free bases all of the 
acid washings were basified with 50% aqueous KOH under a nitrogen sweep. Any 
volatile free base evolved during basification was swept through HCI solutions where it 
was trapped as the corresponding hydrochloride. Solvent extraction of the basic solutions 
and evaporation of the HCI solutions to dryness under reduced pressure recovered 
dissolved salts (RXOS; %C, 0.39; %H, 7.63; %N, 25.79; %K, 0.21; %CI, 65.43. GROS; 
%C, 0.48; %H, 3.85; %N, 13.05; %K, 22.4; %CI, 62.81). Theoretical forNH4CI (%H, 
7.54; %N, 26.18; %CI, 66.28). The very low carbon content ruled out the presence of 
major amounts of organic amine hydrochlorides. A portion of the salts treated with 
benzoyl chloride under Schotten-Bauman conditions yielded benzamide as the only 
nitrogen compound by GC analysis, confirming that ammonia was the only nitrogen base 
eliminated by the concentration procedure. Powder pattern X-ray analysis further 
confirmed that ammonium chloride was the major constituent of the salts. In the case of 
RXOS over 75% of the total ammonia was liberated during the HCI treatments indicating 
the presence of primary amides which are hydrolyzed by the aqueous acids. The rest of 
the ammonia liberated during the HF treatment is due to ammonium ions associated with 
the silicate minerals l7-20 and this accounted for about 90% of the ammonia liberated 
fromGROS. 

3.2 NON-HYDROLYZABLE NITROGEN: UNHINDERED AND HINDERED 
BASIC NITROGEN 

Quaternization of unhindered basic nitrogen compounds (e.g. pyridines) with iodomethane 
at 50°C in THF gives the corresponding quaternary ammonium methiodides. Under these 
conditions hindered nitrogen bases (e.g., 2,6-disubstituted pyridines) do not react, or react 
slowly. Non-basic nitrogen compounds (e.g., pyrroles) do not react. Thus, methylation 
with iodomethane (90% 13C enriched) was used to quantify unhindered nitrogen bases. 
The reaction was followed for 28 days by 13C NMR. Most of the methyl groups were 
added to oxygen ( as esters) appearing at 51 ppm and to carbon sites at -15 ppm. Nitrogen 
methyls were added slowly, but after 14 days 0.1 N-methyls/lOO C's had been added at 
-40 ppm and this value did not increase with additional reaction time. 

Total Basic Nitrogen - Unhindered Basic Nitrogen = Hindered Basic Nitrogen. A sample 
ofO.lN KOH washed (to remove any amine hydrochlorides) RXOS-KC was treated with 
anhydrous HCI in methylene chloride at _70°C for times of 5, 10 and 15 min. The number 
of chlorine atoms added at each reaction time was obtained by elemental analysis. At the 
low temperature used, olefin hydrochlorination to give the corresponding alkyl chloride 
should be much slower than protonation (neutralization) of the basic nitrogen groups. 
Consequently, the data were extrapolated to zero time to correct for the small interference 
of the olefin reaction. This gave 1.0 basic N'sll 00 C's as an estimate of the total basic 
nitrogens in RXOS-KC. As discussed above, 0.1 unhindered N-bases/lOO C's were 
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identified as the methiodides. Accordingly, the remainder, 0.9 NS/100 C's are ascribed to 
sterically hindered basic nitrogen functionality. There were 1.1 basic Ns/1 OOC's in GROS 
of which 0.3 were unhindered and 0.8 hindered basic nitrogen functionality. 

3.3 NON-HYDROLYZABLE NITROGEN: PYRROLES (AND ALCOHOLS) 

Although pyrroles and indoles are not methylated under PT -0 methylation conditions 
(below), even highly hindered pyrroles can be quantitatively methylated under more severe 
conditions of Phase Transfer Catalyzed - Nitrogen methylation (PTC-N methylation) using 
methyl tosylate as the methylating reagent, 50% NaOH as the base and 
tetrabutylarnrnonium bromide (TBAB) as the phase transfer catalyst21 . PTC-N 
methylation ofRXOS-KC with methyl tosylate (90% 13C-enriched in the methyl group) 
was carried out for 48 h under reflux. 13C NMR indicated addition of3.1 methyls/100 
C's; 2.2 0-methylS/100 C's, 0.3 N-methylS/100 C's and 0.6 C-methylS/100 C's. The 2.2 
O-methyis/IOO C's correspond to the 1.6 esters observed during PT-O methylation at 51 
ppm. The additional intensity corresponding to 0.6·0-methylS/100 C's c.a. 56.5 ppm are 
assigned to derivatives of aliphatic alcohols generally observed in the range of 55-59 ppm. 
Like pyrroles and indoles, alcohols are much less acidic than carboxylic acids and phenols 
which are methylated under less severe (weaker base, tetrabutylarnrnonium hydroxide 
(TBAR» PT-O methylation conditions. The assignment of the carbon resonance at 57 
ppm to derivatives of aliphatic alcohols is also supported by the results of29Si NMR 
studies of the silylated derivatives. The 0.3 methylS/1 00 C's correspond to derivatives of 
carbazole-like compounds (0.2 N-methylS/100 C's), plus methyl derivatives ofpyrroles 
and indoles (0.1 N-methyis/IOO C's) which were formed under more severe PTC-N 
methylation conditions. When this PTC-N methylated sample was subjected to 
quaternization conditions (CH3I, 50°C, in THF, no base) 0.1 N-methylS/100 C's were 
again added at 40 ppm confirming that N-bases are not derivatized under strongly basic 
PTC-N methylation conditions. PTC-N methylation ofGROS-KC adds 1.7 methylS/lOO 
C's of which 0.5 N-methyis/IOO C's are assigned to pyrrolic N-derivatives. 

3.4 CARBOXYLIC ACIDS AND PHENOLS 

The quatemization reaction described above was carried out in the absence of base. 
Under the influence of a moderately strong hydroxide base, such as TBAR, acidic 
O-functionalities, carboxylic acids and phenols, can be quantitatively methylated to give 
the corresponding methyl esters and methyl ethers. This reaction when carried out in 1: 1 
THF:CH30H at 20°C is very selective for O-methylation. PT -0 methylation of 
RXOS-KC showed by 13C NMR to add 2.1 methylS/100 C's. The methyls were 
distributed as 1.6 esters/100 C's at 51 ppm, 0.3 C-methylS/lOO C's and 0.2 N-methylS/100 
C's. Results on GROS reveals that 1.0 methyl groups per 100 C's were assigned as methyl 
esters of aliphatic carboxylic acids at 51 ppm and a small shoulder at 60 ppm indicates 
only a trace (-0.05/l00 C's) of aryl methyl ethers derived from phenols. The difference 
spectrum indicated essentially no N-, S-, or C-methylation occurred. 
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3.5 KETONES 

Sodium borohydride is a very mild reducing agent which selectively reduces ketones in the 
presence of esters, carboxylic acids and carboxylate salts. The resulting alcohols can then 
be converted into the corresponding trimethylsilyl (TMS) derivatives by silylation. A 
sample ofRXOS-KC was treated with O.5N sodium borohydride in diglyme 
(2-methoxyethyl ether) for 72 h at 20°C. It was then silylated with MSTFA 
(N-methyltrimethylsilyltrifluoromethylacetamide) in THF for 1 week at 50°C. Analysis of 
the resulting silyl derivative by 13C NMR indicated the presence of3.9 TMS groupS/IOO 
C's, corresponding to 2.5 TMS/IOO C's derived from acids, alcohols and pyrrolic 
N-compounds initially present in RXOS, plus an additional 1.4 TMS/I00 C's assigned to 
alcohols derived from the corresponding ketones. Therefore, ketones (1.4 C=O's/100 C's) 
comprise a major fraction (15%) of the total organic oxygen in the solid RXOS. These 
carbonyl carbons, as well as those from acids, amides and carboxylates overlap with the 
aromatic carbons in the 13C NMR and must be subtracted from the aromaticity value. 
Sodium borohydride reduction followed by silylation of GROS-KC showed the absence of 
easily reduced ketone and aldehyde functionalities in the GROS organics. 

3.6 ESTERS 

Lithium aluminum hydride is a powerful reducing agent which rapidly and quantitatively 
reduces carboxylic acids, esters and ketones to the corresponding alcohols. Consequently, 
reduction with LiAlH4 in THF for 16 h at 20°C, followed by silylation with MSTFA and 
analysis of the silyl derivative was chosen to quantify ester functionalities in RXOS-KC. 
The disappearance of the strong IR absorption characteristic of -OH and -NH groups and 
the disappearance of the large resonance at c.a. 20.5 ppm due to the solid state 29Si NMR 
resonance of TMS derivatives of carboxylic acids were monitored to assure complete 
reaction. The appearance ofa very large resonance at c.a. 13.5 ppm in the 29Si spectrum 
was observed and is consistent with the presence of TMS derivatives of alcohols. 
Quantification ofTMS groups in the silylated reduction product by 13C NMR indicated 
the presence of6.1 TMS/IOO C's. Of these 3.9 TMSIIOO C's were observed as the TMS 
derivatives ofpyrroles, alcohols and carboxylic acids in the 13C NMR spectrum of the 
NaB~ reduced derivative. The number ofpyrroles and alcohols in the two reduced 
RXOS-KC derivatives should be identical since these groups are not reduced by either 
NaBH4 or Li~. However, each acid TMS derivative, and each alcohol TMS 
derivative, contain one silicon atom. Hence, LiAlH4 reduction of carboxylic acids should 
have no effect on the total number ofTMS groups in the silylated RXOS-KC reduction 
product. Thus the 13C NMR result indicated the presence of2.2 TMSIIOO C's arising 
from the LiAlH4 reduction of esters in RXOS-KC. Since LiAlH4 reduction produces two 
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alcohols per ester group, it follows that RXOS-KC contains 1.1 esters/100 C's. The 
procedure repeated on GROS-KC was also negative as in the sodium borohydride case 
and shows that all of the carbonyl-containing moieties reduced by LiAlH4 are carboxylic 
acids or carboxylate groups. 

3.7 OLEFINS 

Olefins rapidly react in the dark with bromine in carbon tetrachloride at C=C to produce 
the corresponding dibromides. Interference from phenol bromination was ruled out 
because only traces of phenols were detected during PT -0 methylation. Also, 
bromination of ketones should be slow in a nonpolar solvent and in the dark. Bromination 
of one of the double bonds in conjugated dienes or polyenes would result in an undercount 
of aliphatic unsaturation. Bromination afforded a derivative containing 3.14 Brl1 00 C's in 
RXOS-KC and 3.4 Brl1 00 C's in GROS-KC.. Since conversion of an olefin into the 
corresponding dibromide requires two bromine atoms per olefin, it follows that the 
RXOS-KC contains 1.5 C=C1100 C's and the GROS-KC contains 1.7 C=C/lOO C's. Also, 
these olefinic C's/100 C's must be subtracted from the total aromaticity value seen by BC 
NMR. 

3.8 THE DISTRIBUTION OF FUNCTIONALITIES 

Combining the hydrolyzable nitrogen results with the characterizations on the RXOS-KC 
and GROS-KC enable a comprehensive description of the distributions of hydrocarbon, 
and 0- and N-heteroatom functionalities in the solid oil shales (Figures 1 and 2). It should 
be noted that values for the non-derivatizable functionalities, ethers and N-alkylpyrroles, 
were obtained by difference. 

3.9 NON-DERIVATIZABLE FUNCTIONALITIES - ANALYSIS OF LIQUIDS 

The selective derivatization chemistries described above led to quantification of 76% of 
the oxygen (6.95 of the 9.2 O'sl100 C's) and 78% of the nitrogen (1.85 N's of2.3 N's/lOO 
C's) present in RXOS and 86% of the oxygen (2.55 of the 2.95 O's/lOO C's) and 80% (2.5 
N's of the 3.1 N's/lOO C's) present in GROS .. The balance of the oxygen and nitrogen, 
and essentially all of the sulfur (0.7 S's/100 C's in both shales) are present in functional 
groups which are not easily derivatized. Identification of the bulk of these functionalities 
was based upon analyses ofliquids produced by thermal treatment at 425°C for 1 h, 
followed by THF Soxhlet extraction of the residue22, which afforded >85% recovery of 
the total organic matter as liquids and gas. High resolution MS and NMR analyses of the 
liquid products, and of the fractions separated from these products using HPLC 
techniques, indicated that these liquids contained appreciable amounts of furans, 
thiophenes, and pyrroles bearing a substituent group on nitrogen. These results also 
provided the distribution functions of aromatic condensation, alkyl chain length, and 
provided information about the average pattern of aromatic substitution. 
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Key features of the RXOS liquids showed that paraffins (average C23) and oletins 
(average C20) were essentially all linear, and each comprised about 8% of the HPLC 
saturates. X-ray analysis of the RXOS-KC (and GROS-KC as well) indicated the 
importance of paraffin-paraffin interactions (gamma band), and the unimportance of 
aromatic stacking (no 002 band), in the secondary organic structure. Also the observation 
of a sharp band corresponding to a spacing of 4. 2A, characteristic of waxy paraffins 
having long, linear chains, reinforces the importance of the paraffin interactions. Alpha
and beta- oletins in approximately equal amounts comprised the bulk of the oletins, with 
smaller contributions from gamma- and trisubstituted-oletins. Additional oletins were 
found as oletinic side chains on aromatics (20% of the liquids), and almost all of these 
oletins were conjugated with the aromatic nucleus. Condensation of the aromatics in the 
RXOS liquids averaged 4-6 rings. The average aromatic nucleus bears one methyl group, 
remnant of the benzylic cleavage of ethylene bridges, and one very long side chain about 
30 carbons long. Side chains in RXOS are very linear. 

Among the oxygen-containing compounds found in the liquids, there were no carboxylic 
acids, alkyl ethers or alcohols. Thermal treatment results in decarboxylation of acids to 
form alkanes, cleavage and dehydration of ethers to form alkanes and oletins and 
dehydration of alcohols to oletins. Small amounts of esters were present. Long chain 
methyl ketones (average 20 C's) were prevalent. Most of the observed furans were 2- and 
3- ring benzologs. Three ring furans existed as naphthalenofurans. 

All of the sulfur in the liquids were present as derivatives of thiophene benzologs. The 
3-ring thiophenes (mostly dibenzothiophene S) comprised about half of the total, with 
contributions from 1-, 2-, and 4-ring derivatives. 

Among the nitrogen derivatives found in the liquids were benzologs of pyridine and 
pyrroles, nitriles and N,O-compounds. Indole derivatives comprised 25% of these 
N-derivatives - the largest single fraction - followed by pyridines, quinolines and 
carbazoles. Aliphatic nitriles and smaller amounts of aromatic nitriles (1- and 2-ring) were 
found. The aliphatic nitriles were essentially linear with very long alkyl chains (average 
C40). These aliphatic nitriles were probably produced during thermal treatment ofRXOS 
(e.g., by dehydration of primary amides), as no nitrile absorption was detected in FTIR 
spectra ofRXOS. Smaller amounts of di-nitrogen compounds and compounds containing 
both N- and 0- heteroatoms (e.g., 2-pyridone) were also found. 

Key features of the GROS liquids show that isoprenoid chains are more abundant in oils 
produced under mild conditions (425°C vs 500°C). The low level of oxygen in the liquids 
(0.48 O's/IOO/C's) indicates ether cleavage followed by dehydration to alkenes and 
dehydration of naphthenic alcohols followed by dehydrogenation. As such, diaryl ether 
species and cyclic diaryl ethers represent the only major oxygen types present in the shale 
oil product. The low oxygen content of the shale also reinforces the absence of extended 
hydrogen bonding interactions which was veritied by lack of increased extractability on 0-
methylation. Over 70% of the heterocyclic rings and aromatic rings in the oil are one- and 
two-ring systems. Most of the nitrogen heterocycles in the oil are sterically hindered by a 
long chain averaging about six carbons adjacent to the nitrogen with two or three methyl 
groups on the remainder of the molecule. Methyl groups are also abundant on aromatics in 
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the oil. Both cases are consistent with cleavage of aliphatic bridges and benzylic type 
bonds. Acid catalyzed hydrogenolysis is very effective in depolymerizing this kerogen. 
Many of the pyrrolic compounds are N-substituted. Aniline bases represent about 10% of 
the nitrogen content, but <3% of the oil. Aromatic nitriles, not long chain nitriles are 
present in low concentration. The 425°C oil contains 0.72 wt% thiophenes, 94% of which 
are equally distributed at thiophenes and benzothiophenes. A retorted oil contains 2.2 wt% 
thiophenes, over 90% of which are single ring thiophenes. These results imply that higher 
temperatures lead to cyclization, e.g. of alkyl sulfides and mercaptans. 

4. Results 

Representative structural models of organic material in solid Rundle Ramsay Crossing and 
Green River oil shales have been constructed based upon the functional group analyses in 
the solid state and detailed characterization of shale oils produced under relatively mild 
conditions representing >85% of the oil shale organics. The models (Figures 3 and 4) 
with a formula weight of30,000 daltons (and an empirical formula of 
CIOOHI60N2.2S0.6809.22) and 9045 daltons (and an empirical formula of 
C10aR 155N3.lOSO.620 2.17) was required to accommodate the large range of 
heteroatom functionalities in both shales and the long side chains present in RXOS. It was 
not possible to accurately represent the range of compound types in the bitumen because 
of its small amount (8.5% and 12%) and the need to maintain a finite model size. Because 
carboxylic acids comprise the major part of the RXOS bitumen, all the bitumen in the 
model was represented as carboxylic acids. 

Most of the organic material is insoluble kerogen. From its insolubility and swellability 
(not discussed here) we infer the presence within the kerogen of a 3-dimensional network 
structure which must be disrupted prior to dissolution. Accordingly, the models represent 
one tetrafunctional cross link in an essentially infinite macromolecular network. The 
linkages comprising the network may be covalent bonds, bonds between heteroatom 
functionalities (e.g., carboxylates, amines) and minerals, hydrogen bonds, or, (if chains are 
very long) physical entanglements. We believe that most key linkages are covalent bonds 
between organic moieties. This is because the bitumen contents of both shales and their 
KC's are virtually identical after >90% of the minerals were removed which makes it 
unlikely that organic-mineral interactions are a key to kerogen solubility. Methylation to 
"cap oft" groups (e.g. acids, phenols) which can participate in hydrogen bonding is more 
significant in RXOS because it increased RXOS-KC extractability from 8.5% to 21 % but 
did not produce complete dissolution of either kerogen. There is no evidence for the very 
long chains which would be needed to prevent extraction via physical entanglements. 
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5. Conclusions 

Detailed molecular models of the structure of representative organic material in Rundle 
Ramsay Crossing oil shale and Green River oil shale have been developed. They are based 
upon characterization results which have (a) non-destructively elucidated the composition, 
structural features, and significance of hydrocarbon, oxygen and nitrogen functionalities in 
the solid oil shales and (b) unraveled the structural features associated with the 
heterocyclic molecules in the shale oils produced under mild conditions which afford high 
organic conversions. The models agree well with experimental values for elemental 
composition, distribution of hydrocarbon and heteroatom functionalities (Figures 1 and 2) 
and the proportion of kerogen and bitumen. 
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Fig. 1. Comparison of distribution of functionality in Rundle Ramsay Crossing oil shale 
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Fig.3. Section of the model of representative organic material in solid Rundle Ramsay 
Crossing oil shale. 
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Fig. 4. Model of representative organic material in solid Green River oil shale. 
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ECONOMIC CONSIDERATIONS OF THE OIL SHALE AND RELATED 
CONVERSION PROCESSES 
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ABSTRACT 
Economical criteria for the evaluation of oil shales depends on the process of 
utilisation. For combustion the economic grade oil shale is defined as that 
having a minimum upper calorific value of 750 kcallkg on dry basis. For 
pyrolysis, in general, the limiting kerogen content is a function of a lot of 
parameters but the lower quoted value is 5 % organic content which 
corresponds to oil yield of 25 IIton of rock or 6 US gallons per short ton. Shale 
oil cost components include; mining, crushing, beneficiation and retorting of oil 
shale, and refining and upgrading of products. The fraction of mining, crushing 
and beneficiation costs are minor compared to the rest of the items. The grade 
and type of kerogen directly influences the economics ot the process. Oil shale 
beneficiation, by-product credits from sulphur utilisation and electric power 
generation are another contributing factor to economics; Efficient combustion 
adds to revenues and solves solid residues problem. Refining is one of the 
most important component of cost items of shale oil processing due to high 
hydrogen consumption. It is generally accepted that proportion of refining cost 
is about 20-40% of the total cost of production of oil from oil shale. 

1.0. Introduction 

The economical criteria for the evaluation of oil shales utilisation depend on 
nature of the process. Organic matter content is the general parameter to 
evaluate the economical limit but in one report, it was claimed that the sulphur 
content of low grade fuel was economically more appropriate than the organic 
content(1). Also, for special low ash and high organic content oil shales, such as 
Alpha torbanite of Austuralia and G6ynOk of Turkey, the adsorbent carbon 
produced from their pyrolysis residues may be much more valuable than the 
total syncrude potential(2). This comparison is striking when one considers that 
both G6ynOk and Alpha torbanite are classified as "very highly economical 
grade" oil shales according to their Fisher Assay (FA) results. 
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2.0. Evaluation of Oil Shale Economics 

2.1. COMBUSTION 

Before technical and processing studies, it is necessary to establish the grade 
of the oil shale to be utilised. However, this depends on choice of technology. 
For combustion, the economic grade oil shale is defined as that having a 
minimum upper calorific value of 750 kcallkg dry basis (db)(3). This limiting 
calorific value is determined on the basis of heat balance considerations. Of 
course, this analysis assumes no additional cost load from mining. Further, for 
surface mined oil shales, this calorific value limit also assumes a minimum 
thickness of 5 m seams. 

No doubt, the choice of combustion technology also affects the limiting calorific 
value of economic grade oil shales. For example, this limit for fluidised bed 
combustion of coal washery wastes was investigated in a 2.6 m x 1.6 m bed. La 
Nauze et.al(4) calculated the lower operating conditions and heat available for 
external use for the fluidised bed for different fuels in a nominal plant design 
with conditions of 2.4 mls fluidising velocity, 850°C bed temperature, 20% 
excess air, 85% carbon utilisation and a 5% heat loss to the surroundings. The 
Turkish oil shales, Goynuk and Seyitomer, are included in the La Nauze graph 
in Figure 1. It is understood from figure that oil shales falling above the solid 
line evolves heat for recovery. The economics of fuels improve as they are 
situated away from the solid line. Among the fuels plotted on Figure 1, Goynuk 
oil shale has got the most available extractable heat. 

2.2. PYROLYSIS 

One of the key economic factors is that oil shale is required to yield energy to 
process the rock. Taking 500 °C as a typical pyrolysis temperature one would 
require about 250 cal g-1 for rOrJf heating. If the calorific value of kerogen is 
typically around 10 000 kcal g-1 ,then 2.5% by weight of the kerogens total 
calorific value is required to heat the shale. This value may be taken as a 
theoretical threshold for oil shale to be considered as an energy input. The 
limiting kerogen content is a function of many parameters but the lower quoted 
value is 5 % organic content which corresponds to an oil yield of 25 liter ton-1 
(liton) of rock or 6 US gallons per short ton (gpt). Ton here is defined as 2000 
pounds weight. 

To standardise the economical criteria for synthetic oil production capacity from 
oil shale mineral, modified FA is used. According to FA procedures, 100 g of 
2.38 mm particle oil shale are fed to the standardised retort in which a heatin~ 
rate of 12°C/min up to 500°C and a soaking time of 40 minutes are employed(S . 
The classification of oil shales into different economical grades according to FA 
oil yields is shown in Table 1. 
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Figure 1. Effect of compositi on on the combustibility of oil shales 

Table 1. Classification of Oil Shales into Economical Classes (9) 

Uneconomical 

Oil Yield (gal/ton) 10.5 

Oil Yield (% weight) 4.0 

Medium 
Economical 

26.7 

10.4 

Highly 
Economical 

36.7 

13.8 

Very Highly 
Economical 

61.8 

23.6 

The distribution of some of the USA oil shale reserves are shown in Table 2. 
According to FA oil yields the vast majority of then fall into the category of 
overwhelmingly low economic grade deposits. Combustion seems to be the 
only suitable process for utilising the 5-10 gpt oil yielding reserves. 



162 

Table 2. Distribution of the Main Oil Shale Reserves of the World into 
Economic Classes(1O). 

Liquid Fuel Yield Total Reserves millions tonnes 

Ilton 21-42 42-104 104 - 417 
gpt 5-10 10-25 25-100 

Green River 636 445 191 

Central and Eastem USA 318 159 

Alaska wide 32 40 

Other Regions 21300 3537 80 

Total 22254 4173 311 

3.0. Economics of Conversion Processes 

The main purpose of producing of shale oil is to meet the shortage in the crude 
reserves and, therefore, the main factor which govems the economics is the 
price of crude oil. Johnson(11) visualised a stable oil shale derived synthetic fuel 
option for crude prices at the level of 50 $/barrel based on 1980 prices. 

For calculating the price of shale oil, a number of parameters determine wether 
shale oil will challange production of natural crude. The price of raw shale in 
tum is determined by the type of mining involved. It is well known that direct 
operating costs per unit excavated by surface mining are lower than for any 
other mining method. These are dependent upon the characteristics of specific 
oil shale reserves and include room and pillar mining, caving, sublevel stopping 
and vertical modified in-situ mining. 

The second important price determining factor is sample preperation which may 
be size reduction and/or pretreatment. The pretreatment may involve 
beneficiation(1) or drying(12). The third and the most important factor is the 
retorting of oil shales. For example, the choice of hydro-retort processing may 
increase the oil yield up to 2.5 times compared FA at the expence of elevated 
temperature and pressure. Therefore, the capital investment and processing 
costs of this route is considerably higher than standard retorting techniques. 

For a sound comparison between synthetic crude, from oil shale and natural 
crude the comparative refinery costs should also be considered. 
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3.1. SHALE OIL COST COMPONENTS 

3.1.1. Mining 

Open pit mining involves a number of different operations depending on the 
reserve and rock characteristics. The costs of these operations were compiled 
by Banks et. al(13) in 1977 using the US $. The cummulative direct operating 
cost of open pit mining of oil shale is comparable to copper mines which 
averages between 0.40 and 0.80 $/ton of rock. 

3. 1.2. Crushing 

Crushing is generally divided into primary and secondary crushing. The first or 
primary size reduction operation is concerned with the suitability of the oil shale 
for transportation. The tough and laminated oil shale rock requires 
considerable crushing work. The most widely used crushers for the primary 
crushing are gyratory and jaw types. 

Table 3. Mining Cost Components (14) 

Activity The Cost ($/ton) 

Overburden Oil Shale 

Drilling 0.016 0.019 

Blasting 0.076 0.082 

Loading 0.077 0.068 

Haulage 

Truck 0.13 

Conveyors 0.06 

Primary Crushing 0.071 

Waste Disposal 

Spreader 0.026 

Mining dewatering 0.00042 

Crushing run-of-mine shale to -240 mm size is expected to range from 2-5 
cents/ton of oil shale. The capital cost of primary crushers per ton-hr is 
expected to range between $ 600 - 1000 in 1978 prices. As operational cost, 
0.03-0.15 kwh per ton of throughput and to control the dust, 0.75 % of the 
weight of oil shale equivalent of water should be considered(14). 
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Secondary crushing, regulates the size requirement for the processing stage 
together with sieving. The mostly used types are impact crushers, hammer 
mills, jaw crushers, toothed rolls and cane crushers. The particle size 
requirement for a retort running on fine oil shales is -13 mm and that for coarse 
retorts is 76 to 100 mm top size and 6 to 10 mm bottom size. The cost of 
crushers depend on the degree of reduction needed which can be specified on 
case-by-case basis. The power requirement is expected to be between 2-3 
kw/h/ton and a similar amount of water as used in primary crushers is needed 
for dust control(14). 

3. 1.3. Beneficiation 

Shale beneficiation by way of ash reduction reduces the required retort space 
which lowers the capital investment. On the other hand, operating costs 
increase due to material handling and beneficiation{l). The calculated 
production cost dropped 17 % with increasing shale grade from 11.8 to 15.6 gpt 
for the case of Eastern Oil Shales of US. 

The two main ways for increasing the organic content of oil shale are heavy 
media density seperation and size reduction. Beneficiation may also help the 
retorting process by i) lowering water content as needed in some retorts(12), ii) 
giving less spent shale for disposal and iii) the availibility of controlled particle 
sizes. 

The cost of heavy media density seperation is reported to be comparable to 
conventional aggregate and gravel seperation which are less than $ 0.501ton in 
1978 prices(14). 

Beneficiation by size reduction was applied to Mahoner shale by Bureau of 
Mines which improved the average oil yield by 2 gpt{13. On the other hand, 
coarse cuttings which Gulf has analysed from drilling and boring operations 
tend to be 3 to 5 gpt richer than the integral core. This is due to undercutting 
and crushing of more friable lean material, thus translates as a favourable 
economic operation(19). 

The cost of beneficiation by size reduction method is the cost of removed parts. 
The overall cost of beneficiation is close to zero or less than normal 
considering the increase in yield of retorting. 

4.0. Oil Shale Retorting Economics 

The retorting step is the heart of oil shale processing. It is also the most 
important cost item among the various components. There are also great 
differences between the types of retorting operation chosen. Surface retorting 
and in-situ processes have great differences in costs and relative commercial 
applicabilities. Also, within each of these categories, the procedure of retorting 
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manifests great differences such as heat transfer mechanism, heat recovery 
applications, waste disposal and utilisation, gas utilisation, by-product 
production and synthetic crude stabilization. 

Further factors include the grade of oil shale, kerogen extraction, thermal 
efficiency, make-gas processing requirements, flue gas processing 
requirements, water processing, retort design and operability, and spent shale 
processing. 

Some of the better known processes that have been either operated 
commercially or have commercial potential will be evaluated. 

4.1. PARAHO RETORTING PROCESS 

This process based on limestone calcination practice. The process has the 
capability of direct combustion or extemal heating using the recycle gases. The 
oil yield was reported to range between 85-93 % db on organic rich oil shales 
(35 gpt) for which the process is best suited. As a part of commercial 
demonstration a plant of 24 full-size Paraho retorts having a capacity of 100000 
bbllday producing either crude oil or syncrude was basis for economical 
evaluation. The basis of analysis was 100 % equity, 15 % rate of interest (ROI), 
no price control entitlements, bonuses and/or other economic constraints. The 
overall result may be summarized as: cost of 148 million $/year and crude 
shale oil price of 11.50 $/barrel ($/bbl). For other sets of assumptions 
investment, operating cost and crude prices are calculated among which the 
highest values are found to be 1.6 billion $, 195 $ million $/yr and 19.35 $/bbl, 
respectively(15). 

4.2. SUPERIOR OIL SHALE PROCESS - CIRCULAR GRATE RETORTING 
PROCESS 

This process was adopted from some kiln applications where by the bed of oil 
shale rotates in the heating zone in which oil is evolved and removed by the 
circulating gas. The system has fast shut down and start up periods. For a 20 
000 ton per stream day (tpcd) using a 24 gpt oil shale and 300 operating days 
per year a fixed capital investment of 74 million $ for direct heated and 85 
million $ (1978 prices) for indirect heated retort was quoted(I5). Total annual 
operating cost was calculated to be 14.66 and 12.32 million $ respectively for 
the direct and indirect heated cases(15). 

4.3. TOSCA II RETORTING PROCESS 

In this process, indirect heating by ceramic balls in a separate retort is 
employed. It has been developed for high grade shales and also applicable to 
other solid fuels including coal, tar sands and some solid wastes. 
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Taking a 34.8 gpt shale, 44 400 barrels per stream day of hydrotreated shale 
oil and liquid petroleum gas, sulphur, ammonia and coke by-products into 
account, an investment of 1.050 million $ (1977 prices) and a total operating 
cost of 92 million $Iyear were determined. The selling price of crude oil for 10 
and 15 % discounted cash flow (DCF) rate of return was found to be 16.10 and 
24.50 $/bbl respectively. The breakdown of the contribution of the major items 
on the cost of produced oil is given in Table (4). 

Table 4. Colony Project Direct Operating Costs (September 1977 US $) (19) 

Cost Center 
Mining, crushing, and spent shale 

disposal 
Plant operating labor 
Plant maintenance, excluding mining 
Electrical power costs, excluding mining 
Catalysts and chemicals 
Administrative 
Taxes and insurance 
Miscellaneous 
License fee 
Contingency 
Total operating costs 

By-product credits 
Ammonia 
Sulfur 
Coke 
Total by-product credits 

Net operating costs 

Thousands $ 
per Year 

35.600 
2.300 

12.500 
15.800 
7.800 
2.800 
7.600 
1.500 
3.600 
2.500 

92.700 

6.300 
2.900 
2.400 

11.600 
80.400 

$ 
per Barrel 

2.27 
0.15 
0.80 
1.00 
0.50 
0.18 
0.48 
0.08 
0.23 
0.16 
5.85 

0.41 
0.18 
0.15 
0.74 
5.11 

4.4. SPHER PROCESS (SHELL PELLET HEAT EXCHANGE RETORTING) 

Spher is a fluidised bed retorting process. Two types of inert pellets used in a 
fluidised and entrained state which was developed in 1980. The process 
utilises rapid stage heating to enhance kerogen conversion. 

The cost analysis for a 51 100 bbllday plant resulted in a $ 870 million and 
another $ 130 million is spent over the 25-year life of the project to replace 
mining equipment. The brakedown of the operating costs and costs per barrel 
of shale oil are given in Table 5. 



Table 5. Operating Costs For Spher Retorting Process(16) 

Operating costs 
Mining, crushing, disposal 
Utilities 
Catalyst, chemicals, balls 
Operating labor 
Maintenance 
Overhead, taxes, insurance 
By product credits 
Total 
Capital charge (15 % DCF) 
TOTAL 

Million $ 
per Year 

44.1 
28.6 
7.0 
2.6 

24.4 
20.2 
(4.6) 
122.3 
248.0 
370.3 

$ 
per Barrel 

2.63 
1.70 
0.42 
0.15 
1.45 
1.20 

(0.27) 
7.28 
14.77 
22.05 

4.5. IGT PRESSURIZED FLUIDISED BED HYDRORETORTING 
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Institute of Gas Technology (IGT) has carried out a long series of pressurised 
fluidised bed (PFB) process development work commissioned by the 
Department of Energy (DOE). The economic analysis of the PFB hydroretorting 
project is based on 50.000 bpd of raw shale capacity using (1992 prices). The 
principal components of cost items are taken as: capital, operating, utility, and 
shale costs. Also credits from sulphur and ammonia recovery and production of 
power and sulphuric acid are considered(l7). 

According to the overall economics a total capital investment of 1926.2 million 
$, total annual coperating cost of 474.7 million $ and annual by-product credit 
of 163.8 million $ was found. These economic figures meant a raw shale oil 
price of 33.62 $/bbl. Given the current crude oil prices it is clear that economics 
of oil shale processing can be appealing with the support of value added 
products runing side by side with synfuel production. 

4.6. SOME OTHER RETORTING TECHNIQUES 

In-situ retorting is similar to in-situ gasification apart from the target product is 
oil as opposed to gas. Therefore, there is a higher risk of plugging due to heavy 
oil condensation. Due to the slow heating for in-situ processes as compared to 
FA, the oil yields are reduced. Of course, there is the theoretical advantage of 
reducing the initial investment. There has been a couple of development 
projects namely Rubble in-Situ Extraction (Rise) costing 93 million $(18) and the 
Oxy Modified in-situ process constructed and operated at 57 000 bbllday 
capacity by Shell Oil Companl5). Cost comparisons of surface and in-situ 
retorting and combination of these by Shell Oil Company are summarised in 
Table 6. 
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Table 6. Coml2arisons of Surface, In-situ and Combination for Surface and In-
situ Retorting I2rocesses (1976 I2rices)(l9) 

Surface In-Situ Combination 
Retortin~ Retortin~ 

Capital investment, million $ 
Initial 775 300 620 
Deferred 150 230 220 
Total 925 530 840 

Operating cost, million $/year 51 60 69 
Annual rate of return, 
% (oil at $ 12.50/bbl) 9.5 8.9 11.8 
Required oil price for 10 % annual 
rate of return, $/bbl 13.10 13.40 10.90 
Production 

million bbl 330 290 510 
bbl/stream day 52.300 30.500 54.100 
Project life, yr 20 30 30 

In these comparisons, among other assumptions, the prices of by-product coke 
and sulfur were taken as 20 and 10 $/ton, respectively(15). 

True in-situ processes are large projects at earlier stages of development. For 
this reason, they have received less interest due to the unfavorable research 
climate for oil shales. 

In order to explore the benefits of H2 from the water gas shift reaction, 
Parkinson and Merson(20) conducted semi-continuous laboratory experiments 
on high performance carbon monoxide {COl-steam processing of an oil shale. 
Even though this process resulted in extremely high carbon recovery due to the 
high pressure retorting section, it was evaluated as an expensive process. Cost 
comparison studies on Praho (severe hydrotreating), Occidental (severe 
hydrotreating) and Co-steam process resulted in 18.90, 32.20 and 33.70 $/bbl 
respectively, using the 1980 prices. 

4.7 FACTORS AFFECTING RETORTING ECONOMICS 

The richness and the type of kerogen directly influences the economics of the 
process. As was pOinted out in the earlier sections, the oil shale reserves are 
classified between uneconomical and very highly economical classes. Oil 
shale beneficiation is also an important factor since it reduces the capital cost 
due to reactor volume but increases the operating costs due to material 
handling costs. The calculated production cost for a low grade Eastern Oil 
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Shale dropped by 17% with an increase in the oil shale grade from 11.8 to 15.6 
gtp. However, for lower grade oil shales, the sulphur content may have a more 
important effect on the cost. For example, for beneficiated Eastern Oil Shale 
the calculated production cost dropped by 62% due to an increase in the 
sulphur content from 2.4 to 7.8 wt% after beneficiation for H2S04 credits. By -
product credits from electric power generation is another contributing factor 
since an efficient combustion adds to revenues and solves solid residues 
problem which is classified as hazardous waste(21). Shadle et.al(1), on the other 
hand, quotes an initial plant capital of 3.84 billion $ and $ 25/bbl of produced oil 
from raw shale feed at a plant capacity of 58000 bbl/d. For the same capacity, 
the capital investment and operating costs are $ 2.96 billion and $ 35/bbl, 
respectively, for the beneficiated oil shale. 

Graham et.al(2) reported preliminary results for the production of adsorbent 
carbons from the high grade G6ynuk oil shale. For the pyrolysis residue, 
steam-gasified char and acid treated plus steam-gasified char gave 
progressively higher specific N2-BET surface area, as seen in Table 7. 

Table 7. Specific Surface Area Measurements of Adsorbent Carbons Produced 
From G6ynuk and Alpha Oil Shales 

Pyrolysis Residue 

Steam Gasified Residue (4 hrs) 

Acid Treated Steam Gasified 
Residue 

Specific Surface Area, m2/g 
G6ynuk Alpha 

8.7 

180 

350-400 

10 

170 

200-350 

Provided that the process characteristics are met, the price of the G6ynuk 
adsorbent C is expected to be about 200 $/ton which is two orders of 
magnitude higher than the economic potential of synthetic crude. In this 
process, the gasification stage produces H2 which may be used to stabilize the 
synthetic crude oil. 

4.8 REFINING - UPGRADING COSTS 

Production of oil from oil shale demands relatively milder conditions as 
compared to coals. However, there are extra difficulties associated with oil 
shale as compared to coal-based processes. The most severe difficulties are 
high nitrogen content, viscosity and pour point. Oxygen and sulphur contents 
are, on the average, the same as natural crudes. Organo-arsenic and 
vanadium compounds may cause some concern as well(22). The unsaturated, 
aromatic and nitrogen compounds tend to form gums during storage and 
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therefore need hydrogenation. At this stage, production of light ends requires 
more effort and higher cost as compared to natural crude. 

Depending on the nature of the shale oil at hand, various upgrading and 
refining techniques may be employed which also depend on the target 
products. A general sequence of treatment processes for upgrading may be 
given as: 

deasphalting-vacuum distillation 
arsenic removal 
hydrotreatment 
dewaxing 
denitrogenation 

Sutikno(23) investigated the costs of three different shale oil to transportation 
fuel refining costs. The processes selected were: hydrotreating-hydrocracking, 
hydrotreating-fluid catalytic cracking and delayed coking-hydrotreating. The 
basis for investment costs were 100 000 bbllday feed (1980 prices), working 
capital as 15% of the fixed capital, and economic values of by products 
(ammonia, sulphur, and coke) were not taken into account. The operating costs 
included utilities, maintanence, taxes and insurance, labour, chemicals, catalyst 
and royalties. The refining cost includes rate of return on investment. The 
results of the refining cost of Paraho oil shale are summarised in Table 8. 

Table 8. Refining costs of Shale Oil (1980 prices)(23). 

Route Barrel of Product 
Per Barrel of Feed 

Hydrotreating-Hydrocracking 0.96 

Hydrotreating-Fluid 
Catalytic-Cracking 1.02 

Delayed Coking 
Hydrotreating 0.83 

$ Per 
Product Barrel 

10.38 

9.16 

8.48 

Using hydrotreatment process for 100.000 bbl/day for Rocky Mountain shale oil 
resulted in a 6.50 $/bbl processing cost. The total investment and operating 
costs were 600 and 56 million $ (1978 prices), respectively<19). 
A technical and economic assesment of petroleum heavy oil, shale oil and coal 
liquid refining was carried out by Sikonia et.al(24) and their results are 
summarised in Table 9. 
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Table 9. Comparison of Heavy Oil, Shale Oil and Coal Liguid(25) 

Refinery Feed Refining Total 
Stock ($lbarrel) ($lbarrel) ($/barrel) 

Arabian Light 25.15 9.71 34.86 

Mexican Maya 20.80 10.20 31.00 

Coal Liquid 22.77 10.20 32.97 

Shale Oil 19.17 12.81 31.98 

5.0. Comparison of Oil Shale With Other Fossil Fuel Alternatives 

Green(25) made a comparative display of oil shale, tar sand, donor solvent and 
H-coal options as synfuel alternatives. The tar sands cost data were based on 
a 100.000 bpd plant at Mildred Lake. The oil shale cost data was based on 
50.000 bpd Tosco II retorting with 35 gpt shale. H-Coal technology was 
assumed to be operating in fuel oil mode in Illinois and Exxon Donor solvent 
process cost was on 50.000 barrel/day crude equivalent. The error range for 
the engineering calculations was estimated to go up to ± 20%. 

The range of capital investment, hydrogen consumption and amortised 
manufacturing costs are shown in Table 10 and the distribution of capital 
among process steps are given in Table 11. 

Table 10. Range of Manufacturing CostS(25) 

Process Capacity Hydrogen Range of Manufacturing 
Capital Costs 15 % 

DCF ($lbarrel) 

Tar sands 100000 1050 2020-3030 24-34 

Oil Shale 50000 1600 1640-2460 31-43 

Exxon Donor Solvent 50000 4500 1430-2140 38-51 

H Coal 50000 6200 1760-2635 50-57 

Table 11. Percent Distribution of Capital Among Process Steps, Green(25) 

Operation Tar Sands Oil Shale Coal 

Reserve Acquistion 3 7 5 

Mining 53 14 17 

Conversion 16 51 78 

Upgrading 28 28 
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Comparison of Arabian light, Mexican Maya, coal liquid and shale oil show that 
the total $/bbl price of oil shale is third expensive eventhough it has the highest 
refinning cost per barrel. Hydrogen consumption in shale oil refinning is greater 
than tar sands but smaller than both of the two coal processes listed in Table 
10. The distribution of capital investment is allocated mostly to conversion 
followed by upgrading, mining costs and reserve acquisition for oil shale which 
showes considerable difference to tar sands and coals. 
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OIL SHALE BENEFICIATION FOR PROCESSING 

J.G. GROPPO 
University of Kentucky 
Centre for Applied Energy Research 
3572 Iron Works Pike 
Lexington, Kentucky, 40511, U.S.A. 

ABSTRACT. Physical beneficiation has frequently been proposed as a method for 
upgrading oil shale feedstocks in order to improve the economic feasibility of exploiting 
these resources to produce synthetic fuels. Oil shales typically contain four to six times 
as much ash- forming minerals as oil-forming kerogen; hence large amounts of inorganic 
material need to be processed along with the kerogen during retorting which increases 
the subsequent problems of waste disposal and management. The reduction of 
inorganic material prior to retorting offers the attractive alternative of reducing the capital 
and operating costs . 

The Simplest conceptual method for obtaining higher grade feedstocks is the selective 
mining of higher grade zones within an ore body. Although this seems feasible, in 
practice it would be quite difficult, given the large areal extent of the deposits. 
Beneficiation offers a route to provide consistent, high grade material for retorting. 

The beneficiation technologies that can be applied are similar to those employed for 
concentrating low-grade, finely disseminated metallic ores. The extent to which 
beneficiation is carried out is a function of the physical and chemical properties of the ore. 
Oil shale is a special case since the kerogen is finely disseminated in an inorganic mineral 
matrix and there are essentially no distinct grain boundaries between desirable and 
undesirable mineral components in the shale. 

In order to effectively beneficiate any ore, it is first necessary to liberate the desired 
mineral components from the gangue minerals in a series of comminution stages. 
Coarse crushing is carried out in cone, roll or gyratory crushers. Although some 
liberation of coarse minerals may occur during this stage, there is little, if any liberation 
of finely disseminated kerogen. Finer grinding is accomplished with rod mills, ball mills, 
semi-autogeneous (SAG) mills or stirred ball mills until the desired level of liberation is 
achieved. 

Once liberated, various separation processes can be used to isolate the kerogen in a 
more concentrated form. If a sufficient differences in the specific gravities of mineral (and 
organic) components exist, gravity-based processing methods such as jigging or dense 
medium separation can be utilized. For oil shales, the presence of significant amounts 
of near-gravity material precludes the use of jigs in most cases. Near-gravity material is 
defined as the weight percent of material that is within ± 0.10 specific gravity units of the 
desired separation gravity. An attractive alternative to gravity-based separation is froth 
flotation which exploits the surface chemical differences between mineral components, 
and, most particularly, wetting behavior. 

Flotation is extensively practiced for the recovery of fine mineral ores, and utilizes two 
types of flotation devices; conventional agitated cells and column cells. Columns have 
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been shown to be particularly advantageous for very fine particles «25 /.1m). 
The use of each of these beneficiation processes and their applicability to oil shale will 

be described. The description will include principles of operation, equipment types, and 
results that have been obtained on a variety of oil shales. While no single unit operation 
may be capable of producing the high grade material desired from a given shale, there 
are specific advantages to each operation which can enable the optimum design of a 
circuit to maximise upgrading at minimum cost. 

1. Comminution 

1.1. COMMINUTION FUNDAMENTALS 

The purpose of comminution in mineral processing schemes is to reduce particle size, 
liberate mineral constituents, increase surface area and generate fresh surfaces. 
Comminution is generally carried out in a series of stages beginning with crushing where 
the top size of the ore is reduced to achieve a uniform feed for the next stage of size 
reduction by grinding or pulverising. The distinction between the different stages of 
comminution is somewhat arbitrary. However crushing typically produces a top size of 
approximately 1 cm. while grinding reduces the material to approximately 10 /.1m. 
Pulverizing reduces material to approximately 1 /.1m. 

The energy consumption for comminution is a major component of the cost of 
processing and depends upon the hardness of the ore. For a brittle ore, crushing and 
grinding requires approximately 0.5 to 2 kwhr/ton, while for fine grinding the energy 
requirements exceed 10 kwhr/ton. For a harder ore, energy requirements are more in 
the range of 10 to 30 kwhr/ton. 

Of the numerous theories that exist to quantify the amount of work required to grind 
rocks, the most widely used is the Bond Equation or Crack Length Theory. It is 
applicable to intermediate grinding which covers most commercial grinding operations 
and is widely used in designing ball and rod mills. The most widely used measure of 
grindability is the Bond Work Index (Wi) which is tabulated for a variety of ores. The 
expression for Bond's Equation is given by 

(1 ) 

where E is the energy requirement of the mill (kwhr/t), while F and P are the sizes at 
which 80% (by weight) of the feed and product, respectively, pass. The experimentally 
determined value of WI for oil shale is 15.84.' Grinding studies of two specific U.S. oil 
shales (western Anvil Points and eastern Michigan Antrim formation) found values of Wi 
to be 23 and 13.6 respectivell which illustrates the variability in the physical properties 
of oil shales. For comparison, other values of Wi are: quartz, 13.57; granite, 15.05; shale, 
15.87; and gneiss, 20.13.' 

For finer grinding, the more applicable theory is Charles' Law which is given by 

(2) 

where A and a are constants and P and F are the 50% passing size of the product and 
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feed respectively. 

1.2. COMMINUTION EQUIPMENT TYPES 

Primary crushing of run of mine ore is usually conducted at the mine site; underground 
locations are common. The top size of the feed may be as large as 60 inches and the 
product size can be 6 to 10 inches. The reduction ratio (R,) or ratio of feed size to 
product size in this case would be 60/6 (Le. 10) or 60/10 (Le. 6). Normally this stage is 
carried out with jaw or high capacity gyratory crushers. If secondary crushing is 
employed, the feed would be the product from the primary crushers with a product top 
size of 2 to 3 inches or a reduction ratio of approximately 3. Gyratory or cone crushers 
are typical for secondary crushing. If tertiary crushing is employed, R, can be in the 
range 8 and is produced with cone crushers. The product from one or more stages of 
crushing is fed into a grinding circuit of tumbling mills or stirred media mills. 

Tumbling mills utilise the attrition and impact of a medium within a rotating mill which 
is classified by the type of media used. Rod mills use steel rods, ball mills use steel or 
ceramic balls, autogeneous mills use the ore itself as medium while semi-autogenous 
(SAG) mills use both coarse ore and steel balls. Stirred media mills differ in that the 
medium is stirred by impellers rather than by rotating the mills. In general ore 
processing, rod mills are used for coarse grinding and the product is fed into ball mills 
for finer grinding. The use of autogeneous or SAG mills is very ore specific (generally for 
softer ores) and has the distinct advantage of lower medium consumption. Stirred media 
mills are used for very fine grinding « 1 0 J,Lm) and because of their high energy 
consumption are only used industrially for high unit value materials such as calcium 
carbonate or Ti02• 

1.3. COMMINUTION APPLICATIONS 

A detailed study on coarse crushing of high and low grade Green River oil shales found 
that the feed ~rade (20.7 to 24.9 GPT by Fischer assay) had little or no effect on crusher 
performance. Power requirements were essentially the same for the three types of 
crushers evaluated (gyratory cone, impact and roll crushers) as shown in Table 1. All 
crusher types had a throughput of near 70% of the rated capacity and the comminution 
and wear properties were found to be similar to those encountered with a medium hard 
limestone. 

The South Africa Torbanite and Refining Company, Ltd. (circa 1950) used coarse 
crushing in the beneficiation of a South African torbanite, and primary crushing to 15 cm. 
(6 in.) was accomplished with single roll crushers.4 Secondary crushing to 7.6 to 10 cm. 
(3 to 4 in.) was provided with a smaller single roll crusher, while tertiary crushing to 2.5 
cm. (1 in.) and smaller was done with a double roll crusher. There was no screening 
between crushing stages and the final product was screened into two products. The 
+2.5 cm. (1 in.) was charged to Davidson retorts while the -2.5 cm. (1 in.) fines were 
charged to Salerno retorts. All of the shale was retorted in this particular process. 

In the Petrosix process,4 primary, secondary and tertiary crushing are accomplished 
with gyratory and cone crushers with double-deck screens between stages to produce 
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0.63 and 6.3 cm. (0.25 in. and 1.27 in.) charges for retorts while fines are discarded to 
the mine with the spent shale from the retort. 

There is reasonable consistency in published reports to the effect that the liberation of 
western U.S. oil shales can be achieved with a grind size of 80% passing 15 to 20 101m or 
finer. To achieve this grind size with ball or SAG mills, the energy consumption has been 
reported to be 40 to 50 kwhr/ton.5 Optimization tests to minimise power consumption in 
a stirred ball mill were determined to be a pulp density of 52 percent solids by weight with 
85 percent of the mill volume filled with the medium.6 With 3 mm. stainless steel beads 
as the medium, a dgo of 21.9 101m was achieved at an energy consumption of 61.35 
kwhr/ton. Using 2 mm. stainless steel beads, the same grind was achieved with only 
39.42 kwhr/ton. In addition, the mill capacity was increased with the smaller beads. 
Lower mill speeds reduced the power requirements while higher speeds increased the 
mill throughput. 

The optimization of comminution circuits is dependent on the extent of beneficiation that 
is required. The obvious conclusion from this discussion is that comminution should be 
carried out in a series of stages to achieve the desired results, and the minimization of 
flows through energy-intensive grinding stages will reduce the overall energy 
requirements. . 

2. Gravity Concentration 

2.1. GRAVITY CONCENTRATION FUNDAMENTALS 

Gravity concentration exploits the differences in specific gravity between desirable and 
undesirable mineral components. It is widely accepted that each type of gravity 
concentrator has its own characteristic performance curve when treating a given size of 
material? These curves effectively measure the efficiency of the equipment, and can be 
used to predict performance. The most widely used performance curve is the Tromp 
curve or partition curve as shown in Figure 1. To determine the curve for a particular 
cleaning operation, one needs to know the recovery of product (weight %) as well as a 
float-and-sink analysis of both the product and tailings. The cut point (d50) is the gravity 
at which a particle has an equal probability of reporting to the product or tailings. The 
sharpness of the separation is the Ecart Probable Moyen or Epm determined by 

Epm =---- (3) 
2 

In general, the lower the Epm' the sharper the separation. An important aspect of gravity 
separation is the amount of near gravity material or the amount of material within ± 0.1 0 
specific gravity units of the specific gravity of separation. Inefficiencies in gravity-based 
separation processes result in some material with similar, but not the same, specific 
gravity being recovered with the product. The more near gravity material that is contained 
in the feed, the more efficient the process must be to make a sharp separation at the 
desired specific gravity. 
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2.2. GRAVITY CONCENTRATION EQUIPMENT TYPES 

Relatively simple gravity separation « 15% near gravity material) can be accomplished 
with a variety of devices including jigs, shaking tables and spirals. Jigs produce a 
stratification of heavy and light material by pulsating water in a bath, while shaking tables 
and spirals effectively wash lighter materials away from the heavier ones by moving a 
slurry across a table with rifts or along a spiral path. While these units are cheap to 
operate, they find little application in oil shale processing because of the relatively high 
proportions of near gravity material. 

Heavy media devices such as baths and cyclones are more suitable to gravity 
concentrate oil shale. Rather than using water as a separating medium, a suspension of 
finely-ground «37 I'm) magnetite is prepared to effectively create a heavy liquid. The 
higher the magnetite concentration, the higher the suspension gravity. The advantage 
of these processes is that the specific gravity of separation can be controlled preCisely, 
and magnetite can be recovered by magnetic separators. Heavy media baths are used 
to separate coarse material (>0.5 mm) while heavy media cyclones are used to separate 
finer ores. The principle of operation in heavy media cyclones is essentially the same as 
for any classifying cyclone, except that the specific gravity of the separating fluid can be 
increased by magnetite addition. 

2.3. GRAVITY CONCENTRATION EXAMPLES 

A detailed float-and-sink analysis was conducted on Green River oil shale for various size 
fractions.8 An example of the washability curves for the 3/8" X 28 mesh size fraction is 
shown in Figure 2. A major conclusion of this study was that this shale contained 20 to 
40% near gravity material. Because of this, only the most efficient gravity-based 
beneficiation equipment (heavy medium baths and cyclones) would be suitable for 
effective separation. At a separation gravity of 2.3, the yield to the float product would 
be 72 weight percent. The float product quality would be approximately 27 GPT oil, while 
that of the refuse product would be 8.3 GPT from a feed containing 13.1 GPT. 
Washability data that is obtained in a float-and sink analysis indicates the theoretical 
quality of products that can be achieved with gravity-based separation. Performance 
curves for specific types of equipment can be used to predict the actual separation 
efficiencies that can be obtained, determined by the Epm. Calculated values of Epm for 
heavy medium cyclones at different separation gravities for two different feed sizes are 
shown in Table II. Note that as the specific gravity of separation increases, the Epm also 
increases for both size fractions. In this study, sharper separations were obtained with 
coarser material at each separation gravity. For comparison, the Epm values for a Batac 
jig on several size fractions is shown in Table III. The high values for Epm (0.08 to 0.12) 
are indicative of inefficient separation or large amounts of near-gravity material contained 
in the product. 

Crushing Green River oil shale to various sizes, grade vs. recovery curves were 
determined using E"m values for heavy medium cyclone separation and are summarized 
in Figure 3. A slight improvement in process efficiency was observed as the top size was 
reduced. At a concentrate grade of 27 GPT, recovery increased from 85 to 86% as the 
top size was reduced from 1-1/2 inches to 3/8 inch. Using the less efficient Batac jig and 
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five different grinding schemes (Figure 4), at the same concentrate grade (27 GPT), 
recoveries of 70 to 79% were achieved. 

3. Flotation Concentration 

3.1. FLOTATION FUNDAMENTALS 

Flotation is a versatile surface-based separation process that exploits differences in 
surface chemical properties between desirable and undesirable mineral components. The 
principle surface property of concern in this process is the wetting behavior of the solids. 
In order for flotation to occur, it is first necessary to form a stable bubble-particle 
aggregate. The condition for bubble-particle adhesion is expressed by 

~G = Ysv - (YLV + YsJ (4) 

where Ysv, YLV and YSL are the interfacial tensions at the solid/Vapor, liquid/vapor and 
solid/liquid interfaces, respectively. Adhesion occurs if the ~G is negative. 

Young's Equation describes the equilibrium between interfacial energies or: 

Ysv = YLV cos e + YSL (5) 

where e is the contact angle between the solid and air interfaces. Combining these 
equations gives: 

~G = YLV (cos e - 1). (6) 

The more negative the value for ~ G, the higher the probability of flotation. Also, the larger 
the contact angle, the more negative ~G becomes. 

Many kerogen-containing oil shales are naturally hydrophobic and will form a finite 
contact angle with air bubbles, hence they are amenable to flotation. Hydrophobicity can, 
in some cases, be increased by the addition of flotation collectors such as fuel oil, which 
when adsorbed on the particle surface can increase the contact angle. 

3.2. FLOTATION EQUIPMENT TYPES 

Two distinct types of flotation equipment are commercially available; conventional agitated 
cells and column cells. Simplified schematic diagrams of both types of cells are shown 
in Figure 5. These devices differ in their applicability to ores but rely exclusively on the 
ability to form stable bubble-particle aggregates to separate hydrophobic minerals from 
hydrophilic gangue. 

Conventional agitated cells have been used extensively in the mineral industry for many 
years. They consist of a large tanks or cells agitated by a mechanical impeller to prevent 
particles from settling. Air is introduced into the cell and fine air bubbles are produce by 
the shearing action of the impeller. Surface tension reducing frothers are added in most 
cases to produce smaller bubbles and to increase their surface area. HydrophobiC 
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particles attach to the air bubbles and are transported to the top of the cells by 
buoyancy. At the top of the cells, coalescence of the mineral-laden bubbles occurs and 
a stable froth is formed. Entrained gangue minerals and water drain from the froth and 
the hydrophobic minerals are removed by scraping the froth from the top of the cells. 
These types of cells are commonly used for most mineral separations by flotation. 

Column cells were introduced into the mining industry in the early 1960's and by the 
mid 1980's were used extensively on a variety of ores. They differ from agitated cells in 
that there is no mechanical impeller to mix particles and bubbles. Rather, particles settle 
in a column of slurry against a stream of constantly rising air bubbles. The "quiescent" 
mixing has been shown to be more conducive to fine particle recovery. Another distinct 
difference is that columns utilise a much deeper froth zone (2 to 4 feet) than agitated cells 
(4 to 6 inches). The deeper froth zone allows for more effective drainage of entrained 
gangue from the froth which can be enhanced by counter-current wash water. Bubbles 
are produced in column cells by a variety of bubble-generating devices, the simplest of 
which is a sparging rod. Sparging rods are porous rubber or sintered metal tubes at the 
base of the column cell through which pressurized air is forced to produce fine air 
bubbles. 

3.3. FLOTATION EXAMPLES 

Froth flotation of oil shale has been the subject of numerous investigations. Although the 
results differ significantly, most of these studies have shown that it is first necessary to 
grind the oil shale to very fine sizes to achieve flotation. A general conclusion is that it 
is necessary to grind to about 80% passing 15 to 20 JLm to achieve liberation.5 Most 
studies have used a flotation feed containing 5 to 15 percent solids by weight and a 
retention time of 3 to 1 0 minutes. 

Fahlstrom5 investigated the flotation of Green River oil shale (16.3% kerogen) and 
produced a concentrate containing 56% kerogen at 95% recovery. Increasing the 
concentrate grade to 66% kerogen reduced the recovery to 90%. These results were 
obtained with high grade material from the Mahogany Zone. Similar material was 
upgraded from 24 GPT to 50 GPT with 80% recovery by Krishnan et al.2 Three 
additional stages of grinding and flotation produced a final concentrate containing 90 GPT 
with a recovery of only 47%. At the other extreme, flotation of the Stuart oil shale in 
Australia was not satisfactory even after grinding to -22 JLm.9 The most successful 
example of flotation in the oil shale industry is a kerogen concentrate produced from the 
Estonian kukersite; this is a commercial process where the flotation product is used as 
filler for plastics and rubber.'o 

Conventional flotation of Devonian shales in the U.S. showed that a shale containing 
12 GPT could be concentrated to 36 GPT with a recovery of 78%." In the same study, 
the froth from the first flotation stage (Le. rougher flotation) was combined with the 
product obtained from refloating the tailings from the first flotation stage (Le. scavenger 
flotation) and refloated four times (Le. cleaner flotation). This rougher-scavenger-cleaner 
procedure increased the oil yield of the final concentrate while the grade improved with 
increasing pH to 9 with no reduction in recovery. Higher concentrate grades were 
obtained with finer grinding.'2 Without finer grinding, high recovery and grade were not 
obtained despite the addition of a host of reagents.'3 
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using a Batac jig to beneficiate the oil shale.8 



186 

o , 0 

Figure 5. 

1\ 

o , • 

CONVENTIONAL 
FLOTATION 

CELL 

.. 
• 0 

::. :""0" : 0 .. 

:0:. oo~o:o::' 

: 0: ';:: ~: : ~: : ~ 
<> 0 •• .. .. 

• • '0 0 """" 

00 0 

.... " 0 :' .. 

::.:.. 0,,'" 0 " .. 

'" .. Q:) .. 

'0°. 0 .. : 0 °".. '" 

: o:?:~: : ~. ~ ~ 
0 0 :: 00"0".. 

'. 0 

00 • 

COLUMN 
FLOTATION 

CELL 

Schematic diagrams of conventional and column flotation cells. 



Figure 6. 

187 

G' 100 

2 LPM AlRFI.OW 

C 0.2 .. , .. WASHWATlR CAR80N 
va RECOVERY 

CI) Q 0 
"Cl 80 0 
CIS ... 
0 70 

c,) 
C 60 0 0 
(,) 

... 50 _e 
0 e_ -
~ 40 

0 
e...- -e ..-

""-
, 
" e ..->- 30 " ... -.. .-

CI) 
CONCENTRATE > e e 0 20 e GRAOE 

<> 
CI) 
a: 10 

C 
0 
.c ... 

CIS 
0 5 10 15 20 25 J 0 

(,) 

Retention Time (minutes) 

Effect of retention time on carbon recovery and concentrate grade for 
column flotation of fine-ground eastern U.S. oil shale. '5 



188 

Single stage column flotation of eastern U.S. shales has been shown to be as effective 
as multiple stages of conventional flotation.14 The minimum retention time required to 
obtain greater than 80% recovery with high grade concentrate (>40% carbon) from 
eastern U.S. shales was found to be 20 minutes as shown in Figure 6.15 Decreasing the 
retention time lowered concentrate grade and recovery, In this study, the long residence 
time necessary for effective flotation was attributed to low probabilities of bubble-particle 
collision and attachment for fine « 1 0 I-'m) particles rather than carrying capacity 
limitations of the froth. 

SYNOPSIS 

Effective physical beneficiation of oil shale is carried out in a series of stages beginning 
with comminution. The purpose of comminution is to reduce particle size, liberate mineral 
constituents, increase surface area and generate fresh surfaces. Energy consumption 
is a major component of comminution and is dependent on the hardness of the ore, 
frequently expressed by the Bond Work Index (Wi). A variety of crushing and grinding 
equipment has been used for comminution of oil shale. The extent to which comminution 
is carried out is dependent on the type of feed necessary for the concentration method 
to be used. 

Gravity concentration exploits the differences in specific gravity between desirable and 
undesirable mineral components. Each type od gravity concentrator has its own 
characteristic performance curve when treating a given size of material, represented by 
a Tromp curve, from which the sharpness of separation (Epm) can be predicted. The 
effectiveness of gravity concentration is highly dependent on the type of equipment used 
and the amount of material within ± 0.10 specific gravity units of the specific gravity of 
separation. Heavy medium devices are suitable for concentration of oil shale. 

Flotation is a surface-based process that exploits differences in surface chemical 
properties between desirable and undesirable mineral components. Flotation is 
employed for ores ground to fine sizes that cannot be effectively separated by gravity
based methods. Many kerogen-containing oil shales will form a finite contact angle with 
air bubbles, hence they are amenable to flotation. Conventional agitated cells and 
column cells have both been used to effectively concentrate oil shale. In order to 
produce a high grade concentrate with conventional agitated cells, several stages of 
flotation may be necessary, while with column cells, similar results may be achieved in a 
single stage with a longer retention time. 
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METHODS OF OIL SHALE ANALYSIS 
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ABSTRACT. The Fischer assay is the traditional method for determining the oil 
potential of an oil shale. However, the Fischer assay is a specification test and does 
not provide much information about the quantity or quality of the organic matter 
in the sediment. A number of other measurements have been suggested to 
complement or replace the Fischer assay. These include pyrolysis, 
chromatographic, densimetric, thermophysical, spectroscopic and elemental 
analysis methods. Of these, the spectroscopic methods, primarily solid-state l3C 
NMR, are the only ones capable of providing information about kerogen structure. 
These methods have been used to correlate structural aspects of kerogen with its 
conversion behavior. As a result, greater insight into the mechanisms of oil 
generation from oil shales has been obtained. Different methods of oil shale 
analyses are reviewed in this paper. In addition the use of solid- and liquid-state 
l3C NMR measurements, combined with the material balance Fischer assay, to 
study the conversion behavior of oil shales is discussed. 

1. Introduction 

An oil shale can be defined as a compact rock of sedimentary origin with an ash 
content of more than 33 percent and containing organic matter that yields oil when 
destructively distilled, but not appreciably when extracted with ordinary solvents 
(1). This is an operational definition. There is no geological, or chemical definition 
of an oil shale. The term is used mostly in an economic sense so that any shallow 
rock that yields a commercial amount of oil upon pyrolysis may be considered an oil 
shale. The key words are commercial amount because petroleum source rocks, 
which often contain only 1% organic matter, can produce commercial amounts of oil 
over geologic times. On the contrary, oil shales must have a large enough fraction 
of organic matter to be of economic interest. The organic matter content of an oil 
shale should be -2.5 wt%, just to provide the calorific requirements necessary to 
heat the rock to 500 0 C in order to produce shale oils by thermal decomposition of 
the organic matter (2). Below this amount of organic matter, the rock cannot be a 
source of energy because it takes more energy to heat the rock than can be derived 
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from the produced shale oil. A lower limit of 5 % organic matter is sometimes used 
to define a commercial deposit (2). Thus, an oil shale can be a petroleum source 
rock, if subjected to the proper burial conditions, but a petroleum source rock at 
shallow depths is not an oil shale because of the requirements of organic matter 
richness. 

Oil shales contain organic matter mostly in the form of kerogen, which is dermed as 
that fraction of the organic matter in a sedimentary rock that is insoluble in 
common petroleum solvents. The other fraction, called bitumen, is soluble in 
organic solvents, but represents only a small amount of the organic matter in an oil 
shale. To evaluate the potential of an oil shale formation as an oil resource, two 
important factors must be considered: 1) how much organic matter is in the 
formation, and 2) how much of the organic matter can be converted to oil. The first 
factor relates to the total quantity of organic matter in the sediment, while the 
second factor relates to the quality or type of organic matter. The chapters by 
Hutton (this volume) describe petrographic methods to classify and type oil shales. 

Probably the single, most important item of information about an oil shale is its 
potential to produce oil during heating. The traditional method for evaluating the 
potential oil yield of an oil shale is the Fischer assay (ASTM method D-3904-80). 
The Fischer assay (FA) consists of heating a 100 gram sample of -8 mesh (2.38 mm) 
particle size oil shale to 500 0 C at 12 0 C/min and maintaining this temperature for 
40 min. During this heating cYcle, hydrocarbon vapors are distilled from the rock 
and condense to form a shale oil. The material is collected, its volume and weight 
recorded and specific gravity is recorded. From these measurements, the oil 
potential is reported in gallons of oil per ton of shale. Obviously the greater this 
number, the greater the commercial viability of the formation. 

The Fischer assay is strictly a specification test. It does not provide any 
information about the quality of the organic matter in the oil shale. Nevertheless, 
it is the benchmark for evaluation an oil shale deposit, and also for determining the 
efficiencies of oil shale retorting processes. For issues involving exchange or 
leasing agreements of public oil shale lands in the western United States, the 
Fischer assay is the only accepted method to determine the value of the lands in 
question. 

2. Oil Shale Assay Methods 

Because the Fischer assay does not provide information about the what chemical 
properties of oil shales are important for producing liquids, a number of attempts 
have been made to correlate various chemical and physical property measurements 
with oil yields determined by the Fischer assay. Even the Fischer assay procedure 
has been modified for different types of oil shale, or to more closely resemble a 
certain type of retorting process (4-6). 
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Table 1. Summary of Methods of Correlating Kerogen Properties with Oil Yields 

Method 

Elemental Analysis 

Nuclear Magnetic Resonance (NMR) 
PulsedNMR 
Cross Polarization (CP) 

CP with Magic-Angle 
Spinning 

Electron Spin 
Resonance (ESR) 
Fourier Transfonn Infrared 
Spectroscopy 
Laser Pyrolysis 
Thermal Analysis 

Densimetric 
Thermophysical 

Measured Property 

organic carbon, total 
hydrogen 

total hydrogen 
aliphatic/aromatic carbon 
distribution 
aliphatic/aromatic carbon 
distribution 
unpaired electron 
concentration 
aliphatic hydrogen 

acetylene yield 
weight loss and evolved 
gases upon heating 
oil shale density 
thennal conductivity, 
thennal diffusivity, 
relative dielectric 
constant 

Reference 

7,8 

17,18,19,20 
10 

11,12,13,14,15 

33,34 

21,22 
23,24 

25,26,27,28 
29,30,31,32 

A summary of some methods for correlating oil shale properties with Fischer assay 
oil yields is given in Table 1. In general, these methods attempt to measure a 
parameter that is associated with the quantity of organic matter in the sediment. 
As such, most of them are specific to a given oil shale formation so that, for 
example, a correlation derived for a Green River oil shale is probably not valid for a 
different oil shale formation, i.e., a new correlation must be established for every 
new deposit. 

2.1. ELEMENTAL ANALYSES 

The elemental composition of an oil shale can be correlated with oil yields 
determined by the Fischer assay (7,8). The best correlation for Green River 
Formation shales is between organic carbon and Fischer assay oil yields. This is 
not surprising since organic carbon constitutes the major element in the 
composition of an oil shale. Cook obtained the equations, 

oil(wt%) = 0.832(%org) • 0.251 (1) 

and 
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oil (gal/ton) = 2.22(%orgC) - 0.771 (2) 

where orgC is the weight percent organic carbon. These correlations were obtained 
prior to the development of solid-state NMR techniques. However, it is of interest 
to note that the coefficient, of 0.832 in equation 1 is close to the fraction of aliphatic 
carbon (0.80) in Green River Formation oil shale determined by l3C NMR 
measurements (9). The aliphatic carbon for any oil shale has been shown to be a 
good indicator of oil yield. (10-15). 

For Devonian and Mississippian black shales from the eastern United States, 
organic carbon also correlates with Fischer assay oil yield (Figure 1)(8). However, 
because of differences in maceral compositions (quality) ofthe organic matter ofthe 
two shale deposits (16), the data are best fit with two separate regressions for the 
Cleveland and Sunbury deposits. 

If the quality of the organic matter does not change significantly in the formation, 
then correlations based on organic carbon are applicable, and organic carbon is a 
good indicator of the quantity of organic matter in the sediment. As a rule of 
thumb, the Fischer assay oil yields in gal/ton for Green River Formation oil shales, 
are about 2 to 2.5 times the weight percent of organic carbon. For the eastern 
Devonian oil shales of the United States, the oil yields in gal/ton are about 
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Figure 1. Plot of Fischer assay oil yields and carbon contents for Cleveland and 
Sunbury oil shales (reprinted from ref 8). 



195 

equivalent to the weight percent organic carbon. For the eastern shales in Figure 
1, the Sunbury and Cleveland shales produce 1.03 and 1.18 gal of oil per unit wt 
percent of organic carbon, respectively. 

The amount of hydrogen in an oil shale should also be an indicator of the potential 
oil yield of an oil shale because the amount of available hydrogen is a key factor in 
producing liquids during pyrolysis. Consequently, a number of correlations have 
been developed between hydrogen and Fischer assay oil yields (1,17-20). Most of 
these were based on the use of pulsed NMR methods, which measure signals 
directly proportional to the amount of hydrogen in the shale. A comparison of a 
Fischer assay oil yield histogram and a pulsed NMR hydrogen response histogram 
is shown in Figure 2. The NMR response, which is in arbitrary units, quite 
faithfully mimics the Fischer assay histogram. Some advantages of pulsed NMR 
methods are that they are rapid, non-destructive, and can be easily automated. It 
could be used for rapidly screening an oil shale deposit (Figure 2). Disadvantages 
are small sample sizes, and interferences due to protons in water and clay 
minerals. Also, because the pulsed NMR measurement samples a parameter 
related to organic structure and mineralogy of the oil shale, calibrations must be 
established for each oil shale deposit. 

2.2 LASER PYROLYSIS 

Laser pyrolysis chromatography has also been suggested as a method for analyzing 
oil shales (21,22). The method involves using a laser to rapidly pyrolyze the 
kerogen in an oil shale, followed by gas chromatographic detection of the pyrolysis 
products. Because of the extremely high temperatures involved during the 
pyrolysis, acetylene is the major organic species in the product gas mixture. The 
amount of acetylene produced correlates with the FA oil yield. With a flame 
ionization detector, only organic species are detected so that the integrated 
chromatogram should be proportional to the amount of organic matter. Some 
disadvantages are that the oil shale must be ground, then pelletized before 
analysis. Also because the laser is focused onto a small area, it is important that 
the pellets be uniform in oil shale composition. 

2.3 THERMAL CHROMATOGRAPHY 

Method for assaying oil shales based on thermal analytical methods have been 
suggested (23,24). Compared to laser pyrolysis, this method is a low temperature 
method. In the thermal chromatographic method, an oil shale is heated 
(-30 0 C/min) to a temperature of 600 0 C. Hydrocarbon gases that are evolved 
during heating are monitored with a flame ionization detector. The total amount of 
evolved gases correlates with FA oil yields. A disadvantage of this procedure is 
that small samples sizes (mg) must be used; therefore, sample homogeneity and 
particle sizes could present problems. An advantage is that the evolved gases can 
be analyzed by GC to obtain information about the organic matter. These methods 
are similar to the Rock-Eval pyrolysis method for determining kerogen t.ype aml 
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maturity (2). Rock-Eval measurements have been shown to correlate with FA oil 
yields (1, p 461). 

2.4 DENSITY MEASUREMENTS 

A simple, but effective, correlation of a physical property measurement with oil 
yields is the relationship between density and oil yields (25-28). These correlations 
are based on the simple observation that the richer an oil shale, the lesser its 
weight for a given volume. Thus, by measuring the density of an oil shale, one is 
essentially measuring the weight fraction of organic matter in an oil shale. The 
relationship between density and weight percent organic content has been derived 
by Smith (25) and has the form, 

(3) 

where DT is the oil shale density; DAis the average density of the organic fraction; 
DB is the density of the inorganic fraction; and A is the weight fraction of the 
organic matter. Equation 3 is a general expression and should be applicable to any 
oil shale deposit. However, its use depends on how widely DA, and DB vary. For 
Green River Formation oil shales , DA is about 1.07, and DB is about 2.72 g/cm3 

(26). An expression relating oil yield (OY) and density for Green River oil shale is 

OY = 31.6DT2 - 206.0DT + 326.6 (4) 

In Equations 3 and 4, DT is the absolute, not the bulk density. Schultz and Bates 
(27) have also correlated oil shale density with oil yields for oil shales and 
beneficiated products for oil shales from Alabama, Indiana, Kentucky, Ohio, 
Michigan, and Tennessee. Their correlations between oil yield, organic carbon and 
densities is shown in Figure 3. For New Albany oil shales from the eastern U.S., 
specific gravity has also been shown to correlate with oil yield (28). 

The method relating density to organic fraction only works well if the mineral and 
organic components are fairly uniform throughout the deposit, and the percentage 
conversion is uniform. Also, the correlation must be developed for each oil shale 
deposit. These caveats apply to all correlations that measure some chemical or 
physical property that relates to quantity, and not quality ofthe organic matter. 

2.6 MICROWAVE AND THERMOPHYSICAL CORRELATIONS 

Microwave radiation has been suggested as an alternative method for assaying 
Colorado oil shales (29). The dissipation of microwave energy has been shown to be 
a strong function of the richness of an oil shale. The loss tangent, which is an 
index of a materials ability to absorb microwaves and which is also related to the 
dielectric constant of the material, increases non-linearly as shale richness 
increases linearly. 
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Figure 3. Relationship between density and Fischer assay oil yield for eastern 
U.S. oil shales (reprinted from ref27). 

Thermal conductivity, thermal diffusivity, dielectric constant, specific heat and 
sonic velocity measurements have been made as a function of oil shale richness (30-
32). However, none of these measurements appear promising as methods for 
assaying oil shale. In some cases, the measurements are dominated by the 
mineralogy. Also the correlations are non-linear, as are the microwave 
correlations, which tends to detract from their usefulness as assay methods. 

2.7 ESR MEASUREMENTS 

Attempts have been made to correlate electron spin resonance (ESR) 
measurements with oil yields (33,34). The idea behind these measurements is that 
the organic free radical concentration might correlate with oil yield. The difficulty 
with these measurements is that unpaired electrons from the minerals contribute 
to the ESR signal. Also, stable organic free radicals are associated with aromatic 
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components, whereas oil yield is more closely associated the hydrogen-rich 
aliphatic components. Nevertheless, for a set of Colorado oil shales from the same 
core, the ESR signal gives a fair correlation with oil yields. However, in the case of 
eastern U.S. oil shale, no correlation between ESR measurements and oil yield was 
found when samples from different locations were analyzed (34). 

3. Solid·State 13C NMR Measurements 

All of the assay schemes described in the previous sections have one thing in 
common. They all measure, or attempt to measure, some parameter associated 
with the amount (quantity) of organic matter in an oil shale. While these methods 
might provide reasonably good correlations with oil yields, they are generally only 
valid for a specific deposit, and only valid if the type of organic matter, or its 
composition does not vary significantly throughout the deposit. None of the 
methods provide much insight into what chemical structures are important for 
producing shale liquids during pyrolysis of oil shales. 

The importance of kerogen structure on the conversion behavior of oil shales has 
been known for a long time (35). However, it has only been during the last decade 
or so, with the development of solid-state l3C nuclear magnetic resonance (NMR) 
techniques, that direct information about the carbon structure could be obtained. 
By combining the NMR measurements of aliphatic carbon ratios of the kerogen, 
with organic carbon measurements of kerogen, good correlations have been 
obtained that are independent of depositional environment, geographic location, or 
geologic age (l0-15)(Figure 4). Fourier Transform infrared (FTIR) measurements 
have also been applied to obtain information about the aliphatic components in oil 
shales (15,36). However, application of FTIR methods has not been as popular as 
NMR methods for studying oil shales structure. 

3.1 COMBINED NMR AND MATERIAL BALANCE FISCHER ASSAY 

The effects of kerogen structure on the conversion behavior of oil shales can be 
studied by combining solid- and liquid-state NMR measurements with material 
balance Fischer assays. In a material balance Fischer assay the elemental 
composition is determined for the raw shale and the gas, oil, and spent shale 
products. Therefore, the assay data can be normalized to the basis of 100 carbon 
atoms, and the percentage of carbon converted to carbon in the products can be 
obtained. The percentage of organic carbon in the raw shale can be used as an 
indicator of the quantity of organic matter (kerogen) in raw shale. From these 
combined measurements, greater insight into some of the chemistry of kerogen 
decomposition can be obtained, which could lead to the development of improved oil 
shale retorting processes. In this section, the effects of carbon structure on the 
conversion behavior of several oil shales are described for a set of ten oil shales 
from different deposits around the world (37). Material balance Fischer data are 
given in Table 2, and normalized NMR conversion data are given in Table 3. 
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Figure 4. Correlations between total carbon (a) and aliphatic carbon (b) with 
Fischer assay oil yield. 

During pyrolysis, there is an increase in the amount of aromatic carbon in the 
products (oil plus residue) over that in the original shale (38,39). This increase is 
produced at the expense of aliphatic carbon moieties, which produce aromatic 
carbon either by dehydrogenation of hydro aromatic structures or by ring closure of 
alkyl groups followed by dehydrogenation (40). The combined use of solid- and 
liquid-state laC NMR, in conjunction with the material balance Fischer assay 
conversion data, allows some inferences to be made about the extent of 
aromatization reactions during Fischer assay. The Alaskan shale has the greatest 
loss of aliphatic carbons, 22, to aromatization reactions (Table 3). The Australia, 
Kentucky, Morocco, and Turkey shales also show substantial losses of aliphatic 
carbons to aromatization reactions. When expressed as a percentage of the raw 
shale aliphatic carbons, a more realistic comparison of the importance of 
aromatization reactions for the shales is obtained (Table 3). The Kentucky, 
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Morocco, and Turkey-Seyitomer oil shales show the greatest percentage decrease in 
aliphatic carbons. These shales also show the lowest carbon conversions to oil and 
the highest carbon conversions to residue. 

The implication of these observations is that coking (aromatization) reactions are 
more prevalent in, the Kentucky, Morocco, and Turkey-Seyitomer shales. 
However, it cannot always be established to what extent these reactions occur in 
the solid or liquid state. For the Alaska shale the net effect of the aromatization 
reactions is to produce oil because the number of aromatic carbons in the raw shale, 
16, is not sufficient to account for the number of aromatic carbons in the oil, 25. 
For the rest of the shales, the number of aromatic carbons in the shale oil is 
substantially less than the number of aromatic carbons in the raw shale. 
Consequently, the origin of the aromatic carbons in the shale oil is not conclusive. 
In the case of the Kentucky shale, the number of aromatic carbons in the raw 
shale, 49, is not sufficient to account for the number of aromatic carbons in the 
residue, 56. Therefore, at least 7 of the raw shale aliphatic carbons formed 
aromatic carbons in the residue, assuming that coking of the shale oil vapor did not 
occur during Fischer assay. 

A plot of the ratio of the number of aromatic carbons in the residue to the number 
of aromatic carbons in the raw shale is shown in Figure 5. If this ratio is greater 
than unity, then the minimum number of aliphatic carbons that aromatized to form 
residue can be determined. If the ratio is less than unity, the source ofthe residue 
aromatic carbons can not be determined. Figure 5 shows that the Australia, 
Kentucky, and Turkey-Seyitomer oil shales have ratios greater than unity, 
suggesting that the aromatization reactions to form coke are most prominent in 
these shales. The Morocco, China-Maoming, and Turkey-Goyniik shales have 
ratios close to unity (>0.93). Except for the Turkey-GOyniik shale, all of the shales 
with ratios greater than or near unity show the lowest carbon conversions to oil 
during Fischer assay. The data in Figure 5 suggest that the shales can be divided 
into three groups with regard to coking tendency, based on the ratio of residue 
aromatic carbon to raw shale aromatic carbon. Thus, the coking tendency is 
Australia, Kentucky, Turkey-Seyitomer > China-Maoming, Morocco, Turkey
GOyniik > Alaska, Brazil, China-Fushun, Colorado. 

Some of the original aliphatic carbon ends up as aliphatic carbon in the residue. 
Although these carbons are not involved in coking reactions, they represent a 10s8 
in oil potential. These carbons are most likely short-chain (methyl, ethyl) aliphatic 
carbons attached to aromatic rings. Figure 6 shows the aliphatic carbon content of 
the residue, expressed as a percentage of the raw shale aliphatic carbon. The 
interesting feature of these data is that this percentage is in the range of 10 to 20 % 
for most of the shales, independent of original kerogen structure and conversion 
behavior. 
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3.2 SHALE OIL ANALYSES 

A limited number of analyses were performed on the shale oils to obtain 
information about the quality of the shale oils. These data are summarized in 
Tables 4 and 5. The molecular weights of the shale oils are quite constant, having 
a mean of 293 ± 28 (95% confidence) daltons, whereas the carbon and hydrogen 
aromaticities and the specific gravity of the oils are quite variable (Table 4). Thus, 
a shale oil molecular weight is not a good indicator of compositional differences 
among the shale oils and is more likely indicative of the temperature at which the 
oil was produced. 

The carbon and hydrogen aromaticities show considerable variation among the 
shale oils (Table 4). These data do not suggest any relationship between the raw 
shale carbon aromaticity and shale oil carbon aromaticity. In some cases, the oil 
aromaticity is greater than that of the raw shale, whereas in other cases, it is less. 
However, the Kentucky, Morocco, and Turkey-Seyitomer oil shales, which have 
tentatively been identified as having a high tendency to coke, produce the more 
aromatic shale oils. 

Simulated distillations were obtained on the shale oils to provide nominal data 
about the distillation properties of the oils (Table 5). The boiling ranges were 
chosen to correspond to true boiling point distillation fractions. The amount of 
distillate in each of the fractions does not differ significantly among any of the 
shale oils, except for possibly the residuum. The bulk of the oil (>50%) distills in 
two boiling ranges, the atmospheric and vacuum gas oil fractions. The 
temperature at which 50% of the material has distilled off was determined for the 
shale oils (Figure 7). The average 50% off temperature for all the shale oils is 369 
± 16°C (696°F ± 60°F) (95% confidence). This temperature is close to the average 
temperature of the atmospheric gas oil fraction, which is 374 0 C (705°F). 
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RELATIONSHIP BETWEEN HYDROUS AND ORDINARY PYROLYSIS 

ALAN K. BURNHAM 
Lawrence Livermore National Laboratory 
Livermore, CA 94551 

ABSTRACf. Pyrolysis results are reviewed briefly with the intent of drawing comparisons 
between open, high pressure, and hydrous pyrolysis. Empirically, the degree of pyrolysis 
severity to form volatile products in open pyrolysis is similar to that required to form an 
expelled oil phase in hydrous pyrolysis. The yields of hydrocarbons from open pyrolysis 
are close to those from hydrous pyrolysis, but hydrous pyrolysis tends to assist the 
separation of hydrocarbons from polar materials. Pressure has a small but measurable affect 
on the generation kinetics. 

1. Introduction 

The kinetics of oil and gas generation from kerogen have application for modeling both oil 
shale retorts and natural petroleum formation. Oil generation kinetics have a long history, 
dating back to the early 20th century) Since that time, many different experimental and data 
analysis techniques have been developed, with a consequent diversity of results that are 
difficult to reconcile. One example of an apparent discrepancy is the disagreement between 
kinetic parameters for oil generation derived from hydrous2 and rapid open-system 
pyrolysis.3 

One of the major objectives of LLNL kinetics research over the past decade has been to 
develop an understanding of how different types of pyrolysis experiments relate to each 
other.4,5 Types of apparatus used include rapid isothermal fluidized-bed pyrolysis, 
nonisothermal open pyrolysis in flowing helium, nonisothermal open pyrolysis in a self
generated atmosphere, hydrous high-pressure pyrolysis in a closed system, and non
hydrous high-pressure pyrolysis in a closed system. During the same time, we developed 
more efficient data analysis procedures to compare various models, such as pseudo-nth
order and activation energy distribution kinetics.6,7 

The purpose of this paper is to critically evaluate available oil and gas kinetic results from 
the past ten years in an attempt to more clearly establish the similarities and differences of 
hydrous and non-hydrous techniques. The paper draws primarily on published data, 
although some re-analysis is undertaken. Only enough of the literature is used to establish 
what appear to be general relationships. 
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2. A Simple Reference Frame for Chemical Kinetics 

A first-order reaction is described by the equation 

dx/dt = k (1-x), (1) 

where x is the fraction reacted and k is the rate constant at a given temperature. The rate 
constant is actual!; temperature dependent, and the dependence is given by the Arrhenius 
law, k = A e-E/R ,where E is the activation energy, A is the frequency factor, R is the gas 
constant, T is the absolute temperature. 

At a ftxed temperature, Eq (1) can be easily integrated, giving 

(2) 

Plotting In(I-x) vs t gives a straight line with a slope ofk. Determining k at various T, then 
plotting In(k) versus Iff gives a slope of -E/R and an intercept of In(A). 

Both A and E of a single ftrst order reaction can be determined from a single experiment 
where T increases linearly with time (constant heating rate). An approximate solution for the 
resulting exponential integral gives 

dx/dt = A exp[-E/RT - ART2/EH·(1-2RT/E)·exp(-E/RT)] (3) 

and 

x = I-exp[-ART2/EH·(1-2RT/E)·exp(-E/RT)] (4) 

where H is the heating rate. These equations, as well as other integration methods,6 can be 
used in a variety of ways to deduce A and E. If constant heating rate experiments are 
conducted at more than one heating rate, A and E can be determined from the shift in T max' 
the temperature of maximum reaction rate, via 

In(H/RTmai) = In(A/E) - E/RTmax (5) 

Unfortunately, the thermal decomposition of most kerogens is not described by a first 
order reaction, as shown schematically in Figure 1. A concave downward from a ftrst order 
decay could be attributed to a variety of mechanisms, including a reaction order less than one 
or a serial reaction aspect of the decomposition. This corresponds to a narrower peak at a 
constant heating rate. A concave upward deviation from the first-order cmve can be 
attributed to either a reaction order greater than 1 or multiple, overlapping reactions. Further 
details on these types of models is given in the next section. 
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Figure 1. Summary of kerogen pyrolysis characteristics for isothennal and 
nonisothennal pyrolysis conditions. 
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It was noted many years ago that oil generation is normally preceded by generation of a non
volatile bitumen, which subsequently breaks down into oil. This was flrst explicitly taken 
into account in a kinetic analysis to my knowledge by McKee and Lyder,l and it was clearly 
present in the classic work on Green River shale of Hubbard and Robinson.8 As a second 
issue, it has been demonstrated for many kerogens that the composition of volatile oil and 
gas products is not constant throughout the generation process, suggesting that different 
reactions are occurring. These two observations have led to two commonly applied models: 

serial reaction model 

parallel reaction model 

A..-B-C 

~ 

A..-C -
(6) 

(7) 

In these equations, A represents kerogen; B, bitumen; and C, oil and gas. Unfortunately, it 
is not widely appreciated that they are not mutually exclusive, and neither by itself is truly 
adequate. 

The inadequacy of the serial reaction mechanism for most kerogens can be shown quite 
simply in theory: a serial reaction by its very nature must have an induction time for the 
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appearance of product. As a practical matter, all isothennal experiments involving solid 
decomposition reactions suffer from a fmite heating time, which can be confused with a 
chemical induction time. Braun and Rothman,9 in their reanalysis of Hubbard and 
Robinson's data, attempted to take the heatup time into account by assuming that the initial 
time could be shifted, but this is probably inadequate. More recent experiments with small 
samples10-14 have shown that most kerogens have their maximum rate of hydrocarbon 
production as soon as the sample reaches temperature. Furthermore, most deviations from 
fIrst-order generation kinetics are just the opposite of that required for a serial reaction, as 
summarized in Figure I, indicating either a reaction order greater than one or multiple 
generation reactions. 

The serial reaction mechanism has additional shortcomings. Braun and Rothman9 fItted 
only the appearance of oil to determine both rate constants (k1 and k2) in the serial reaction 
model. They reached a plausible conclusion that the activation energy for bitumen generation 
is less than that of oil generation. However, this result leads to an interesting question: does 
the bitumen generation reaction become rate limiting at high temperatures because of its weak 
temperature dependence? Subsequent fluidized bed experiments indicated not 10,11 

An additional problem with the serial reaction model for Colorado and Kentucky oil shale 
was found by Miknis et al.14 The maximum conversion of organic matter to bitumen is 
related to the ratio of kl and k2, and the temperature dependence of the maximum bitumen 
yield gives the relative activation energies of kl and k2. The maximum bitumen yield 
increased with temperature for both shales, indicating that the activation energy for bitumen 
formation must be higher than that for oil generation, just the opposite of what one would 
expect. Although the issue has not been resolved satisfactorily, it is noteworthy that Ziegel 
and Gorman15 found a better fIt to Hubbard and Robinson's8 bitumen and oil data with an 
alternate pathway model: 

Alternate pathway (8) 

This allows the maximum rate of oil generation to occur at the beginning of pyrolysis while 
still allowing part of the material to go through a bitumen intermediate. 

Nonisothennal experiments overcome two disadvantages of isothermal experiments: the 
fInite heat -up time mentioned earlier and the difficulty in studying the entire extent of reaction 
over a very wide temperature range. Early nonisothermal experiments in the geochemical 
community suffered from poor temperature measurements, but over the past few years, 
careful measurements have yielded close results at several laboratories. 16-19 

An extensive database of constant heating rate experiments has established that generation 
of oil and gas from Green River Mahogany-wne oil shale is described fairly well by a single 
fIrst-order reaction. However, some Green River and other algal kerogen samples have a 
narrower reaction profIle than calculated for a fIrst-order reaction using the activation energy 
determined from the shift in T max with heating rate. This is consistent to some extent with a 
serial reaction, but other polymer decomposition theories may be more appropriate. While 
the appropriate kinetic model for these kerogens in still in question, a correlation between a 
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narrow reaction proflle and a concave downward deviation from a fIrst-order decay is well 
established. 

Most kerogens, which are typically marine in origin, have a broader reaction proflle than 
is calculated from the activation energy determined from the shift in T max with heating rate. 
Numerical studies have shown that the activation energy determined from this shift is still 
valid for a a parallel reaction model having a distribution of activation energies.6 Although 
an nth-order reaction model also works well, the wider proflle width would seem to be more 
properly described by a reactivity distribution because a reactivity distribution is consistent 
with the heterogeneity of kerogen and with the changing composition of products versus the 
extent of conversion. 

A possible structural interpretation of these kinetic observations is given in Figure 2. 
Most kerogens may have some weak links (W) that can break and form soluble moieties. 
However, oil is formed by breaking carbon bonds, and the structure is sufficiently branched 
that breaking any particular carbon bond will form oil. In contrast, algal kerogens having an 
induction period must require more than one carbon bond to break to form a fragment small 
enough to be classified as oil. A single broken bond may lead to a soluble species. Such 
kinetic behavior is similar to linear polymers. 

• Serial reactions 

kerogen __ bitumen __ oil 

• Alternate pathways 

kerogen __ 011 

\ bitumen I 

Figure 2. Schematic representation of kerogen structures based on kinetic behavior 
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4. High Pressure Non-Hydrous Pyrolysis Experiments 

High pressure experiments are of interest for a variety of applications, including some oil 
shale extraction schemes and for natural generation of petroleum. The role of pressure has 
been controversial, with different workers coming to different conclusions about its 
importance. Types of high pressure apparatus include sealed, constant volume autoclaves, 
sealed glass capillaries, pressured gold capsules, and pressurized open systems. 

A first step to understand the role of pressure is to realize that not all workers measure 
equivalent properties, and some experiments are affected by mass transfer phenomena. 
Burnham and Singleton20 noted that pressure delays the release of oil from a pressurized 
open reactor, but Burnham and Braun4 later showed that most of the effect can be attributed 
to the influence of pressure on oil vaporization, not its formation. 

Schenk and Horsfield21 determined very similar kinetics by pyrolysis of whole rocks in 
an open system and pyrolysis of a the corresponding kerogen in a sealed glass tubes. This is 
consistent with the result of Freund et al.,22 who found a small but measurable affect of 
pressure on generation rate, but inconsistent with the results of Price and Wenger,23 who 
report that pressure has a profound retarding effect on oil generation. Freund examined 
several types of reactor configurations to ensure that no artifacts could influence the 
conclusions, so his results are more convincing. He interpreted his results in terms of an 
activation volume and obtained values of about 30 cm3/mol, about what one would expect 
based on polymerization experiments. 

s. Hydrous Pyrolysis 

Lewan24,25 has promoted the hydrous pyrolysis technique as one that is more representative 
of natural maturation. In hydrous pyrolysis, as strictly defined, there is enough liquid water 
to cover the sample, and an expelled hydrocarbon phase is found at the top of the water at the 
end of the experiment The expelled hydrocarbon phase is said to be much more like natural 
petroleum than either the whole hydrous pyrolysis extract orpyrolysates obtained from non
hydrous pyrolysis. 

My experience indicates that the differences between hydrous and non-hydrous pyrolysis, 
though real, have been overstated. The original paper by Lewan et al.24 compares the 
composition of expelled pyrolysates to Fischer assay oil composition and notes that they are 
significantly different However, it has been well established that the composition of oil 
from Fischer-Assay-like experiments depends on both the heating rate and pressure.20 With 
no added water, the pyrolysate produced at 1°C/h and 27 bar has little alkene content and 
substantially reduced polar content, making it much more like the expelled phase and natural 
petroleum. The 1°C/h heating rate causes the oil to be formed at roughly the same 
temperature as in hydrous pyrolysis for 72 h. 

A more detailed comparison between hydrous pyrolysis fractions and modified Fischer 
assay pyrolysates from a Posidonia shale is given in Tables 1 and 2.26 The hydrous 
pyrolysates were generated by Marzi27 and obtained from the KF A. The open system 
pyrolysate produced in a self-purging reactor at 2°C/h28 is fairly close to the expelled oil in 
aromatic content and elemental composition. The absolute yields of individual compounds 
and hydrocarbon groups is also quite similar. The difference in chain length and total normal 



T
a
b
~
 1

. 
N

M
R

 a
na
l:
y~
i~
 Q
fh
:y
dr
ou

~ 
~:

Yr
QI

:Y
~i

lt
~~

 ~
ne

ra
te

d 
III

 nm
 ls

om
l!
td
Jl
tu
re
~ 

an
d 
~Q

ly
:e

d 
oi

l~
 ~
ne

ra
te
d 

ill
 nm

 he
at

in
&

 
m

w
s,

 T
hS

O 
m

ax
im

um
 ri

so
ld

 Q
fs

ox
trn

ct
ed

 b
itl

lll
lS

<n
 o

cc
ur

s 
ilt

 3
10

°C
 a

nd
 th

SO
 m

ax
im

um
 m

Id
 Q

f s
ox
~l
lc
td
 Q

il 
oc

cu
rs

 il
l 3

2!
rC

, 

pr
op

er
ty

 
na

tiv
e 

72
h/

31
00

C
 

26
2h

/3
29

°C
 

se
lf

-p
ur

gi
ng

 re
ac

to
r 

bi
tu

m
en

 
bi

tu
m

en
 

oi
l 

bi
tu

m
en

 
oi

l 
2°

Q
'h

 
2°

C
/m

in
 

pr
ot

on
N

M
R

a 
ar

om
at

ic
 

5,
5 

13
,8

 
11

.2
 

21
.7

 
11

.1
 

8,
1 

8,
6 

ol
ef

in
ic

 
0,

0 
0,

0 
0,

0 
0,

0 
0,

0 
0,

6 
1.

2 
al

ip
ha

tic
 

94
.5

 
86

.2
 

88
,8

 
78

.3
 

88
,9

 
91

.3
 

90
,1

 
be

nz
yl

ic
 

13
.9

 
21

.4
 

17
,3

 
30

.4
 

17
,6

 
21

.9
 

25
.1

 
m

et
hy

le
ne

 
55

,1
 

45
,8

 
48

,8
 

35
,6

 
50

,7
 

4
7

,6
 

44
,0

 
m

et
hy

l 
25

.6
 

19
,1

 
22

.7
 

12
,3

 
20

.6
 

22
.0

 
20

,2
 

ca
rb

on
N

M
R

b 
ar

om
at

ic
 

24
 

43
 

30
 

58
 

36
 

35
 

39
 

br
+

cy
cl

 
65

 
45

 
53

 
33

 
44

 
35

 
31

 
no

rm
al

 
11

 
12

 
17

 
9 

20
 

30
 

30
 

C
1 

1.
6 

2,
0 

2.
3 

1.
4 

3,
3 

6.
4 

5.
0 

C
2 

2.
1 

1.
9 

2.
5 

1.
6 

2,
9 

5,
7 

5.
4 

C
3 

0,
7 

1.
5 

2,
6 

1.
0 

2,
0 

4,
5 

4.
5 

en
 

6.
9 

6,
7 

9.
7 

5,
0 

11
.9

 
11

.3
 

14
,5

 

ch
ai

n 
le

ng
th

 
m

et
ho

dA
c 

15
.5

 
13

.5
 

13
.9

 
13

,5
 

14
,6

 
10

,8
 

11
,8

 
m

et
ho

dB
d 

14
,5

 
12

,3
 

14
.8

 
13

,1
 

12
,3

 
9.

4 
11

.7
 

m
et

h
o

d
ce

 
25

.5
 

14
,7

 
13

.6
 

16
,1

 
17

,6
 

12
.0

 
12

.4
 

Il%
 o

f t
ot

al
 H

 
b%

 o
f t

ot
al

 C
 

cL
=

6(
C

 1
 +

C
2+

C
3+

C
n)

/(C
l +

C
2+

C
3)

 
dL

=
2(

C
I +

C
2+

C
3+

C
n)

/C
l 

N
 

eL
=

2C
n/

C
3+

6 
--.l 



218 

alkane yield may be due to the near absence of y,-~ in the hydrous pyrolysate, possibly 
due to handling. The overall similarity suggests that much of the earlier difference between 
hydrous and open system pyrolysis products is due to temperature, not pressure or water. 

Tahl~ 2. Qas ~hromalQ&ri!Ilhis.; iillal~:!i:! Qf ~x1l$llled and 
evolved Qil:i. Th~ ~xlK<lled Qil r~re:!ent~ condition:! 

for rruudmum Qil yield from h~drou:i l!yrol~sis. 

Property Expelled oil Evolved oils 
262h/329°C 2°Clh 

oil concentration, %: 
pristane 0.19 0.17 
pris-l-ene 0.02 
phytane 0.08 0.09 
n-C17 ane 0.36 0.39 

l-C17 ene (.03)a 0.10 
n-C18 ane 0.30 0.29 

l-C18 ene (.02)a 0.05 

CTC31 anes 5.0 7.3 

C7-C31 enes (.4)a 1.5 

alkene + alkane ratios: 
pr/ph 2.3 2.2 
pr/n-C I7 0.57 0.34 
ph!n-CI8 0.30 0.27 

alkene + alkane yields, mg/g TOC: 
pristane 0.64 0.76 
phytane 0.28 0.35 
n-C17 1.2 1.9 

n-C18 1.0 1.3 

CT C31 17 34 

total normal b 68 116 

aconsidered to be interfering compounds because proton 
NMR detected essentially no alkenes 
bfrom 13C NMR 

2°C/min 

0.09 
0.04 
0.06 
0.23 

0.13 
0.18 

0.07 
4.5 

1.9 

1.9 
0.25 
0.26 

0.60 
0.31 
1.6 
1.2 
31 

146 
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Another difference between hydrous and open pyrolysis is the yields from the two types 
of experiments. Table 3 compares the bitumen and expelled oil yields for a variety of 
samples to the hydrogen index of the same or similar material. The expelled oil yields are 
always significantly lower than the hydrogen index. Additional information on gas yields 
indicates that most of the difference is related to differences in liquid yields. Given that 
slower open system experiments produce an oil more similar to the expelled oil due to the 
coking of polar material in the oil, it appears that another part of the difference between 
hydrous and open pyrolysis is that much of the polar fraction in hydrous pyrolysis remains 
absorbed on the rock, while it is volatilized in the open system experiments. 

Tabl~ J. Maximum rielg~ Qf ~xtr!!cted bitumen ang ~x~lled 
oil (mg product/g TOC) along with TOC and Rock-Eval HI 

Source rock roc HI max bit max oil source of data 

Green River 10.6 877 319 575 Peters (1986) 
Monterey 4.5 501 204 319 
Monterey 11.6 615 249 285 " 
Woodford 12.1 588 388 264 . Lewan (1985, 1989) 
Phosphoria 20.9 644 911 313 " 
Phosphoria 22.8 380 Winters et al. (1981) 
Kimmeridge 11.2 362 
Kimmeridge 25.2 334 
La Luna 4.2 650 607 440 Vallejos (1990) 
Posidonia 12.1 660 347 331 Marzi (1989) 

Even though the differences may have been overstated, there do seem to be some real 
effects due to water. Lewan29 has reported otherwise identical experiments with no added 
water and enough water to form a liquid phase covering the sample. He fmds that in the 
early stages, hydrous and ordinary pyrolysis produce about the same about of pyrolysate. 
At higher temperature, hydrous pyrolysis produces more oil plus bitumen, but most of the 
difference is in bitumen extracted from the rock in the hydrous case. Apparently, water 
inhibits the coking reactions that cause major yield loss in ordinary sealed vessel pyrolysis. 
The hydrous pyrolysis oil-plus-bitumen yields are fairly similar to the yield in open 
pyrolysis, indicating that the inhibiting effect of water on coking is comparable to that of 
escape by volatilization. Lewan also found that water caused a substantially greater 
generation of C~, suggesting that it is acting as both an oxidizer and source of hydrogen in 
its reaction with kerogen. Further details on how water might be acting as a chemical reaction 
are given by Siskin in this volume. 

Given the differences in product yields and composition, it is not obvious how the rate 
parameters of hydrous and non-hydrous experiments should compare. Kinetics in the 
literature for hydrous pyrolysis experiments have generally been based on a ftrst-order 
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assumption using expelled oil yields as a function of temperature at a single time. Unlike the 
fairly narrow range of activation energies found from accurate open pyrolysis experiments, 
typically 50 to 56 kca1/mol, reported activation energies for hydrous pyrolysis range from the 
mid-30 kca1/mol range to the 10w-60 kca1/mol range. 

After numerous comparisons of hydrous and open system kinetics, evidence appears 
strong that the wide range of activation energies from hydrous pyrolysis is due to a 
misapplication of frrst-order kinetics. Burnham28 showed that first-order hydrous pyrolysis 
kinetics predict fairly well the fonnation of volatile oil in open-system pyrolysis where the 
heating rate is such (1 to 2°Clh) that the temperature of oil formation is similar to that in 
hydrous pyrolysis. However, most of these frrst-order kinetic parameters predict that oil is 
formed at a much higher temperature than is observed for higher heating rates. In contrast, 
kinetic parameters derived from open pyrolysis using activation energy distribution models 
accurately predict the timing of expelled oil in hydrous pyrolysis as well as the formation of 
volatile oil in open pyrolysis over a wide temperature range. A comparison is shown for 
four samples in Figure 3. 
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Figure 3. Comparison of hydrous pyrolysis yields with open system kinetics. The 
open system yields have been scaled to the maximum expelled oil yield. The 
numbers by the La Luna data points indicate the time of pyrolysis in hours. 
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The Monterey shale deserves special attention because it has the largest discrepancy between 
reported activation energies for hydrous and open pyrolysis. Tabular hydrous pyrolysis 
yield data supplied by Ken Peters30 was analyzed using the assumption that the appearance 
of both bitumen and expelled oil can be described by a first-order reaction. The results are 
shown in Figure 4. Even though the noise in the oil generation data is substantial and there 
is uncertainty in the maximum yield of both oil and bitumen, it is clear that the flrst-order 
activation energy for oil generation is less than that of bitumen, counter to what one would 
expect The oil generation activation energy is similar to that reported by Lewan for hydrous 
pyrolysis of a different Monterey sample. 

-11.5 

Expelled oil from Monterey shale 

-12.5 [J 

[J 

• 
-13.5 [J 

E = 37 kcaVmol 
-14.5 

~ 
> -15.5 c 

~ 1.65 1.75 1.85 
~ -10.8 
C 
-;-

:s 
-11. 

[J 

-11.6 

E = 49 kcaVmol 
• 

-12 

Bitumen formation from Monterey shale 

-12.4 

-12.8-+---,--....------..--....----,--....----,--.,-----r-.,----t 
1.77 1.79 1.81 1.83 1.85 1.87 

1000ff,1/K 

Figure 4. Arrhenius plots for bitumen and expelled oil fonnation from Monterey shale, 
using data from Baskin and Peters.3O 



222 

The problem with these kinetic parameters is readily apparent if viewed at both laboratory 
and geologic heating rates, as shown in Figure 5. H the reactions are assumed to be 
independent and extrapolated to a geological heating rate, one finds that oil generation is 
predicted to occur below lOO"C, despite geologic observations to the contrary19 If one 
requires the oil to form from bitumen, one is forced to justify and use a serial reaction model, 
not a frrst-order model, to analyze the expelled oil data. One also needs to explain away the 
contradiction of the lack of an induction time in the isothermal open system experiments13 
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Figure 5. Extrapolation of Monterey kinetics to geological heating rates. 

Open-system kinetic parameters for a similar Monterey sample were measured with a 
Pyromat instrument In agreement with others,3,19 we obtained a principal activation energy 
in the low 50 kcaVmol range. Oil generation was calculated at hydrous pyrolysis conditions 
with these kinetics, and the calculated temperature range agreed well with the temperature 
range over which oil is expelled during hydrous pyrolysis (Figure 3). This is the sixth such 
favorable comparison made (following Green River, Woodford, Phosporia, Posidonia, and 
La Luna samples), indicating that it is not a fluke. Furthermore, Schenk and Horsfield21 
recently reached a similar conclusion when comparing open and sealed-tube pyrolysis. While 
the mechanistic interpretation is still unclear, there now seems to be little doubt that the low 
activation energies reported by Lewan25 and Hunt et al.2 are artifacts of an improper kinetic 
analysis. 
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Is it possible to analyze hydrous pyrolysis data with activation energy distribution models? 
There are two problems. First, either multiple heating times at various temperatures or two 
series of constant heating rate experiments quenched at various temperatures are required for 
experiments in which expelled oil is measured separately. No such data sets with adequate 
accuracy exist. Second, the expected deviation from ftrst-order behavior is such that oil 
generation should persist longer than extrapolated from initial production rate, but oil 
destruction reactions that occur in the closed system probably mask this persistence. It is 
questionable whether it is possible to adequately test the expelled-oil fIrst-order kinetic 
hypothesis. On the other hand, Burnham26 demonstrated that disappearance of S2 potential 
(both before and after extraction) in the residues of hydrous pyrolysis requires an activation 
energy distribution. The latter are shown in Figure 6. 

1. 0 r----,----,---r-----,----r---,-----, 

0.9 
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0.1 
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cr = 3.8% 
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Figure 6. Kinetic analysis of remaining Rock-Eval potential, before and after extraction, 
with a Gaussian activation energy model. 
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It cannot be merely another coincidence that the kinetics of S2 disappearance before 
extraction are virtually identical to those detennined from formation of volatile hydrocarbons 
in open pyrolysis. It is also encouraging that the S2 kinetics extrapolate fairly well to a 
geological heating rate (Figure 7). In addition, Castelli et al.31 generated enough data for 
total pyrolysate yield to demonstrate that an activation energy distribution is required and 
derived a mean activation energy of about 55 kcaVmol. 

6. Limitations of Parallel Reaction Models 

While the need for some type of distributed reactivity model for most kerogens is clear, it is 
less clear that a simple parallel reaction model is adequate. Early support for a parallel 
reaction model over a single reaction model came from the observation that the T max of the 
remaining material increased as a function of maturity as was observed for geological 
maturation of type n and type III kerogens. However, on closer inspection, the parallel 
reaction does not match the precise natural maturation trend. One of the properties of a 
parallel reaction model is that the Tmax of the remaining material does not change until a 
significant fraction of the potential is generated. In contrast, geologic maturation causes a 
10-15°C increase in T max before significant generation occurs. Burnham and Dahl32 found 
for the North Viking Graben that T max increases steadily with depth, but significant oil 
generation does not occur until T max has increased from about 4200C to between 430 and 
435°C. Further discrepancies between natural maturation and parallel reaction model 
calculations have been found for the Bakken shale33 and San Juan basin coals.34 

One can understand the source of the problem when one considers that kerogen undergoes 
considerable changes during maturation, particularly the elimination of oxygen, prior to 
generating significant hydrocarbons. Why this would cause the hydrocarbon T max to 
increase is not certain, but it has been proposed35 that elimination of oxygen substituents 
from an aromatic ring increases the energy required to break the bond between a 
hydrocarbon substituent and the same aromatic ring. This would cause T max to increase 
during early maturation as the oxygen is eliminated. 

The importance of oxygen in the hydrocarbon generation mechanism has other 
implications. Our earlier comparisons between hydrous and open-system pyrolysis for the 
La Luna formation indicated that carbon dioxide is generated more easily during hydrous 
pyrolysis than predicted by open-system pyrolysis kinetics.36 As a result, more oxygen is 
still present in the kerogen during the hydrocarbon generation phase when very immature 
samples undergo open-system pyrolysis than when the samples reach the hydrocarbon 
generation phase in nature. In addition, the oxygen appears to form refractory cross-links 
during open pyrolysis.34 

Because of the unforeseen ways in which these reactions might affect the apparent 
activation energy, we have tentatively concluded that open-system kinetics from highly 
immature source rock samples are not reliable predictors of natural maturation. We found in 
the past37 that very immature coal samples appeared to have higher mean activation energies 
that those in the incipient oil generation phase. While a subsequent study of the San Juan 
basin coals34 saw less of a trend, very high «60 kcaVmol) mean activation energies have 
been observed for high-oxygen Monterey and Norwegian samples. The evidence is not as 
strong as desired, but it suggests that reliable predictions of geologic maturation require 
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samples in which most of the oxygen has been eliminated naturally. Unfortunately, that 
makes it impossible to measure the kinetics of early hydrocarbon generation coincident with 
oxygen elimination. 

Because hydrous and high-pressure pyrolysis experiments follow the natural van 
Krevelan trend more closely, partial maturation of an immature sample under these 
conditions prior to open-system pyrolysis may produce satisfactory kinetics. Also, it will 
probably be necessary to introduce some type of serial character into the reaction network in 
order to properly model both the oxygen elimination and hydrocarbon generation aspects of 
kerogen maturation. 
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ABSTRACf. Atmospheric pressure fluidized bed technology offers many processing advantages 
for retorting oil shale. The one advantage which has been most studied and emphasized is that oil 
yield, as compared to Fischer assay, is increased. While the nature of the shale greatly influences 
the degree of oil yield enhancement that is realized, there is little doubt that fluidized bed 
technology increases the yield of oil, at least marginally, for all oil shales. Concomitant with an 
increase in oil yield and decrease in gas yield by the fluidized bed technique is that the oil, 
compared to Fischer assay oil, has higher aromaticity, density, heteroatom content, viscosity, and 
Conradson carbon content. With improved heavy oil upgrading catalysts and promising non-fuel, 
added-value applications for the heavy fraction, however, the generation of more, but heavier, oil 
can be a distinct advantage for a fluidized bed process. While increased oil yield is the most 
renowned benefit of fluidized bed retorting, there are several other aspects of this technology 
which should be considered just as highly such as: precise temperature control, utilization of fine 
particles, rapid pyrolysis kinetics, and processing flexibility without mechanical complexity and 
moving parts. The Center for Applied Energy Research (CAER) is developing a multi-stage fluid
bed process called KENTORT II which incorporates pyrolysis, gasification, and combustion zones. 
The main features of the process are that the heat of the process is provided by the combustion of 
char from pyrolysis and this heat is transferred to the pyrolysis zone with recirculating shale 
without diluting the overhead pyrolysis products with combustion flue gases. The KENTORT II 
process will be used as the primary example of a fluidized bed retorting process because it includes 
all of the major gas/solid reactions which are relevant for thermal processing of oil shale at 
atmospheric pressure. While the KENTORT II process has been initially developed to process the 
Devonian shales of the eastern U.S., the CAER has also investigated the fluidized bed 
characteristics of Brazilian (Irati), Moroccan (Timahdit and Tarfaya), and Turkish (Goynuk) oil 
shales. These results will be compared to fluidized bed pyrolysis results from other laboratories 
including those for the Green River shales of the western U.S. and the oil shales from various 
Australian deposits. 

1. Overview 

The efficiency of atmospheric-pressure fluid-bed retorting of oil shale has been 
touted for several years. Fluidized bed retorting is generally considered as 
"second-generation" technology compared to the packed-bed retorts which were 
used at the start of the oil shale industry. While no commercial fluidized bed 
ventures ever came to fruition in the United States, there were two planned 
projects in the late 1970's to early 1980's which had potential for success. The 
Shell Pellet Heat Exchanger Retort (SPHER)1 and the Staged Turbulent Bed 
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Retort (STB)2 both included a fluidized bed pyrolysis section, but neither project 
was initiated because of the poor economics for synthetic liquid production which 
developed at that time and which we still face. The oil shale retorting industry 
has simply not developed enough for second-generation technologies to take root. 
At this time there are only a few commercial-scale retorts operating in the 
world,3,4 so it should not be inferred that fluidized bed technology has been 
dismissed in favor of more efficient processes. 

One of the advantages that fluidized bed technology offers is higher oil yield 
compared to Fischer assay. Oil yields of up to 110% of Fischer assay have been 
reported for the Green River oil shale of the western U.S. by fluidized bed 
pyrolysis,S whereas oil yields of approximately 150% of Fischer assay have been 
reported for the Devonian shales of the eastern U.S.6.7.8.9.10 The amount of 
oil yield enhancement depends primarily on the nature of the kerogen within the 
shale. The oil yield from an aromatic kerogen as in the Devonian of the eastern 
U.S. will be more enhanced by fluidized bed pyrolysis than the aliphatic kerogen 
of the western U.S. shales. The mineral matrices of oil shales have been shown to 
promote secondary reactions differently, so the inorganic portion of the shale can 
also affect the oil yield which is achieved during fluidized bed 
pyrolysis.ll.12.13.14.1S 

Concomitant with an increase in oil yield and decrease in gas yield by the 
fluidized bed technique is that the oil, compared to Fischer assay oil, has higher 
aromaticity, density, heteroatom content, viscosity, and Conradson carbon content. 
These oil properties are consistent with the assertion that oil yield enhancement is 
accomplished through the reduction of secondary reactions. The largest and most 
aromatic primary pyrolysis products will undergo cracking and coking reactions 
most easily. It is these species that are not converted to char and gas during 
fluidized bed pyrolysis and are responsible for the enhanced oil yield and heavier 
oil.16 It should be noted, however, that with improved heavy oil upgrading 
catalysts and promising non-fuel, added-value applications for the heavy fraction, 
the generation of more, but heavier, oil can be a distinct advantage for a fluidized 
bed process. It will be seen that oil properties are a strong function of fluidized 
bed conditions. Bed temperature is the most influential parameter when utilizing 
externally heated laboratory retorts,lO but the utilization of solid heat carriers in 
integrated demonstration units also significantly affects oil qualityY It is possible 
to adjust oil quality within the regime of fluidized bed conditions so that the oil 
quality is (within limits) best suited to the prevailing market forces. 

While increased oil yield is the most renowned benefit of fluidized bed 
retorting, there are several other aspects of this technology which should be 
considered just as highly. As evidence of this, consider that the two commercial 
fluidized bed oil shale processes which were planned in the U.S. were designed for 
the western U.S. oil shale reserves, so it was more than the modest 10% increase 
in oil yield that made fluidized bed processing attractive. One advantage of 
fluidized bed technology is that temperature control within a fluidized bed of 
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solids is precise. A properly operated fluidized bed is isothermal which differs in 
comparison to packed, moving beds which can have poor temperature control 
resulting in under- or over-heated shale. Another important advantage is that 
fluidized bed technology can process fines from the crushing of raw shale so that 
no shale needs to be returned for disposal without processing. Additionally, the 
rapid heating of the shale in a fluidized bed shortens the required residence time 
of the shale for complete pyrolysis to occur which means that throughput is rapid 
and vessel size is reduced. Finally, the fluid-like behavior of the shale permits 
processing flexibility without mechanical complexity and moving parts. The retort 
can be staged, much like a distillation column, to preheat or cool the shale or to 
incorporate additional processes like gasification or combustion to take advantage 
of the specific properties of a particular shale. This sort of multi-stage fluid-bed 
technology is nearly identical to that used in the now-mature fluid catalytic 
cracking (FCC) industry, so there is much relevant commercial experience from 
which to draw even though fluidized bed retorting of oil shale has not yet been 
applied commercially. 

The Center for Applied Energy Research (CAER) is developing a multi-stage 
fluid-bed process called KENTORT II which incorporates pyrolysis, gasification, 
and combustion zones. The main features of the process are that the heat of the 
process is provided by the combustion of char from pyrolysis and this heat is 
transferred to the pyrolysis zone with recirculating shale without diluting the 
overhead pyrolysis products with combustion flue gases. The process was shown 
to be viable in a 2.3-kglhr bench-scale version of the process,18,19 and with this 
success, a 23-kglhr process demonstration unit has been recently designed and 
constructed .. The KENTORT II process will be used as the primary example of a 
fluidized bed retorting process because it includes all of the major gas/solid 
reactions which are relevant for thermal processing of oil shale at atmospheric 
pressure. 

Many of the shales of the world cannot be processed by the full KENTORT II 
configuration because either the minerals will not permit high-temperature 
processing or there is not sufficient char following pyrolysis to support both 
gasification and combustion. In these cases, however, one or more of the zones of 
the KENTORT II process can be removed, but with the same overall advantages 
of the fully configured system. With the exception of some rich oil shales which 
may agglomerate during fluidized bed pyrolysis, the KENTORT II technology is 
not a resource-specific technology because the configuration can be adjusted for 
the characteristics of the shale. This is not to say, however, that it is impossible to 
process agglomerating oil shales in fluidized beds, but that more research is 
needed to find engineering solutions to this problem. While the KENTORT II 
process has been initially developed to process the Devonian shales of the eastern 
U.S., the CAER has also investigated the fluidized bed characteristics of Brazilian 
(Irati), Moroccan (Timahdit and Tarfaya), and Turkish (Goynuk) oil shales. 
These results will be compared to fluidized bed pyrolysis results from other 
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laboratories including those for the Green River shales of the western U.S. and 
the oil shales from various Australian deposits. 

2. Fluidized Bed Pyrolysis 

Fluidized bed pyrolysis studies can be put into two categories. The first 
classification deals with laboratory-scale reactors which heat the fluidized bed with 
a combination of heat transferred through the reactor wall and with preheated 
fluidizing gas. These types of experiments generate the highest oil yields because 
the beds are small and the bed material is the spent shale itself which generally 
promotes less coking and cracking than non-carbonized heat-carrying solids. The 
second type of fluidized bed pyrolysis experiment is more representative of a 
commercial-scale design and includes heating the retort by a solid heat carrier. 
Laboratory-scale studies are presented in the following section and pyrolysis 
studies in conjunction with a solid heat-carrier are described in Section 3. 

2.1 EXPERIMENTAL 

The results which will be described for eastern U.S. shale in the following sections 
were obtained in a 7.6-cm diameter fluidized bed reactor which was heated by an 
electrical resistance furnace. The detailed operating procedures for this apparatus 
are described by Carter and Taulbee,lo but a brief discussion is provided here for 
the reader's convenience. The fluidized bed system (see Figure 1) was capable of 
fluidization with nitrogen, steam, or recycled pyrolysis gas. Raw shale was fed 
continuously at a rate of up to 2.3 kg/hr above the fluidized bed. The bed height 
was controlled by an adjustable standpipe which withdrew pyrolyzed shale by 
gravity from the retort. Gases and vapors from pyrolysis were sent without 
cooling through a cyclone to recover entrained fine particles. The vapor stream 
was then cooled in an air-cooled heat exchanger which resulted in the formation 
of an oil aerosol which was then trapped downstream by an electrostatic 
precipitator at 120-1S0°C. The rest of the system consisted of further cooling and 
filtering the vapor stream to recover oil and water. A sampling loop on a refinery 
gas chromatograph took on-line samples for analysis at 30 minute intervals. Two 
different Devonian shales, both from Kentucky, were used in the fluidized bed 
studies. The New Albany shale contained more organic material and sulfur than 
the Cleveland shale that was studied (see Table 1). 

2.2. EFFECTS OF PROCESSING CONDITIONS ON EASTERN U.S. OIL 
SHALE 

2.2.1. Temperature. Bed temperature is the most influential parameter on oil and 
gas yields and compositions for fluidized bed pyrolysis of eastern U.S. shale. Oil 
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Figure 1. Flow diagram of 7.6-cm diagram fluidized bed retort and oil collection 
system. The system shown is for recycle-gas operation, but similar configurations 
were used for steam and nitrogen fluidization. 

Table 1. Average Analyses of the Eastern U.S. Devonian Oil Shales Used for the 
Fluidized Bed Pyrolysis Studies. 

Shale· Type: 
Location Mined: 

Fischer assay, l/Mg 
gal/ton 

Ultimate Analysis 
(as-received) 
Carbon, wt% 
Hydrogen, wt% 
Nitrogen, wt% 
Sulfur, wt% 
Ash,wt% 

Cleveland 
Montgomery 
County, KY 

51.6 
12.4 

10.3 
1:3 
0.4 
2.7 

83.6 

New Albany 
Bullitt 
County, KY 

59.5 
14.3 

13.3 
1.6 
0.6 
5.6 

78.4 
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yield has been found to maximize at approximately 530°C which corresponds to a 
28% increase above Fischer assay on a unit carbon basis (Figure 2). The gas 
yields increase linearly with increasing temperature from 2.5% to 7% of the 
carbon in the raw shale. Hydrocarbon gases (C1-C4) make up 90% of the carbon
bearing gases with CO and CO2 constituting the balance. Vapor phase oil (C5+) 
was measured chromatographically and considered in the oil yield. At 530°C the 
gas yield for fluidized bed pyrolysis is nearly equivalent to the Fischer assay yield 
on a unit- carbon basis, but the composition of the gas is quite different. The 
hydrocarbon gases from fluidized bed pyrolysis are nearly evenly distributed in 
terms of carbon number between 1 and 4 on a weight basis. Fischer-assay gas, on 
the other hand, has proportionally more lighter species (CH4, ~H4' and ~H6) 
which indicates that more cracking has taken place. 

The oil produced by fluidized bed pyrolysis increases in aromaticity with 
increasing temperature (see Figure 3). This increase in aromaticity is generally 
attributed to increased secondary reactions which include cyclization, 
dehydrogenation, and cleavage of aliphatic chains into gaseous components. The 
aromaticity of fluid-bed oil, as determined by the H/C ratio and NMR analyses, is 
much higher than Fischer assay oil (see Table 2). Since coking reactions are 
minimized by the rapid removal of pyrolysis vapors from the fluidized bed, 
aromatic oil vapors which are prone to char formation survive and are collected as 
oil. Accordingly, it has been found that fluid-bed oil is higher boiling, denser, 
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Table 2. Characteristics of Oils from Fischer Assay and Fluidized Bed Retorting 
of Eastern U.S. Oil Shale. Data Taken from Ref. 10. 

Ultimate Fischer Assay Fluidized Bed 
Analysis Steam, 539°C 
(OAF) 
C,wt% 85.0 85.4 
H,wt% 10.9 9.5 
N,wt% 1.1 1.5 
S,wt% 1.8 1.7 
H/C 1.53 1.34 

Density (60/60) 0.921 1.016 
Viscosity, cP 25°C NA 870 

IH and 13C NMR 
% Aromatic H 13.2 16.9 
% Aromatic C 31.9 42.0 

more viscous, and more heteroatomic than Fischer-assay oil (see Table 2). How 
this trade-off between oil quality and oil yield is resolved depends mainly on the 
intended slate of products for the oil shale process. Promising, non-fuel products 
from oil shale liquids such as asphalt and carbon fibers depend on the heavy 
fraction of oil which fluid-bed retorting produces in large proportions. So, from 
this point of view, a heavier, more aromatic oil product is more desirable than an 
oil which is more suited for transportation fuels. 

2.2.2. Fluidizing Medium. At atmospheric pressure there are three fluidizing 
media which are practical for industrial application: combustion flue gases, steam, 
and recycled pyrolysis gas. The experimental fluid-bed program was designed to 
examine all of these possibilities. While hydrogen gas is certainly industrially 
viable, hydrogen provides no benefits at low pressure, so it has not been studied at 
the CAER. Nitrogen was considered as an appropriate substitute for combustion 
flue gas since nitrogen is the majority component of flue gas. Steam was of 
particular interest because of various claims that it is reactive during pyrolysis and 
that oil yield or quality may be enhanced compared to inert-gas 
pyrolysis.20,21,22,23,24,25,26,27 The effects of steam during fluid-bed or 
other types of rapid pyrolysis are not conclusive in the literature, 
however.28,29,30 

The finding at the CAER was that steam increased the conversion of carbon to 
volatile products by 2% and that half of that increase could be attributed to 
enhanced oil production (see Figure 2). Steam did not measurably alter the 
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characteristics of the shale oil, so it was concluded that steam played no reactive 
role during the pyrolysis of the kerogen. It was found that steam facilitated the 
production of H2S from the iron sulfides and that 90% sulfur removal could be 
attained when the shale was reacted with steam for approximately 30 minutes.10 

One of the most significant roles that steam plays during pyrolysis is that it aids 
the condensation of the lighter oils. It is, therefore, important to possess thorough 
carbon balances when comparing results between fixed-gas and steam retorting. It 
is possible that some of the high oil yields that have been attributed to steam in 
the literature have been due to more efficient oil collection compared to the 
parallel fixed-gas experiments. 

The utilization of recycle gas for fluidization resulted in lower oil yields and 
higher gas yields compared to nitrogen fluidization. The loss of oil production was 
not balanced by the additional gas generation, so there was a net increase in char 
production. The H/C ratios of the oils from recycle-gas retorting are much lower 
compared to the parallel experiments using nitrogen for fluidization (see Figure 
3). Capillary GC tracings of the recycle-gas oils indicated a lack of the normally 
predominant, high-boiling, n-alkane/l-alkene pairs. These compounds are not 
recycled to the reactor which suggests that recycle-gas is reactive and results in the 
destruction of saturated hydrocarbons. 

2.2.3. Shale Residence Time. The residence time distribution for particles in a 
well-operated fluidized bed closely approximates the relationship for a perfectly 
mixed reactor which is given by: 

F-l-e ' 
(1) 

where F indicates the fraction of the particles in the exit stream which are older 
than t, and T is the mean holding time of the vessel. Therefore, studying the 
kinetics of pyrolysis (i.e. the effects of shale residence time) in a continuously-fed 
fluidized bed is difficult. To overcome this characteristic of fluidized beds, a 
technique has been used by several workers in which a small pulse of oil shale is 
injected into a batch of fluidized solids and the total hydrocarbon vapors are 
measured quantitatively by a flame ionization detector (FID).5,8,31 The CAER 
adopted this technique to investigate the pyrolysis kinetics of New Albany oil 
shale.32 The evolution of hydrocarbons from the shale for all these studies was 
characterized by an initial rapid rate period followed by a much slower rate 
regime (see Figure 4). Two first-order reactions in parallel have been found to fit 
the data well. The CAER study also included a heat transfer time constant, 6, to 
more closely model the behavior when the shale particles are first introduced to 
the bed, transforming the pyrolysis kinetics model into the following: 

(2) 
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-~ 
Tp-(Tinit-Tbed)e 8+Tbed 

(3) 

(4) 

For simplicity, the particle temperature for the slower rate constant, kz' was 
assumed to be constant and equivalent to the bed temperature. The results of 
fitting this model to the data using a non-linear least squares routine are shown in 

Table 3. Mean Kinetic Parameters for the First-Order Parallel Reaction Model for 
Fluidized Bed Pyrolysis of New Albany Oil Shale. 

fl AI' El, fz Az, Ez, e, 
Mesh 
Size min-l kJ/mol min-l kJ/mol min 

8x20 0.812 1.39E9 125.6 0.188 1. 32E5 80.3 0.033 
2Ox30 0.815 1.97ElO 141.8 0.185 9.23E2 49.7 0.022 
3Ox60 0.751 2.71E9 129.2 0.249 7.97E-1 5.8 0.Q15 

mean variance=0.000971 
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Table 3. The rapid rate constant, k1, was responsible for approximately 80% of 
the total evolved hydrocarbons, and at temperatures above 500°C this portion of 
the pyrolysis curve was completed within one minute. The initial kinetics 
depended little on particle size, and the results for the rapid reaction regime 
corresponded well with values in the literature.32 The effect that particle size had 
on the kinetics during the rapid-rate stage was to vary the heat-up time of the 
particles themselves. The fitted heat transfer time constant in the model, e, was 
found to increase according to particle size and was within a factor of two of what 
would be expected from heat transfer considerations alone. 

A slow-rate period accounting for approximately 20% of the products was 
observed under all conditions of this study, and this still remains as a subject for 
conjecture. The smallest particle sizes display a slower rate than the largest (see 
Figure 4b), but as Wallman et al.5 showed for western U.S. shale, this is 
attributable to increased oil production from the smallest particles. In Wallman's 
study, however, the apparent activation energy for the slow-rate period, E2, was 
independent of the size of the shale particles. In the case of the CAER study with 
eastern U.S. shale, ~ is dependent on particle size, and the trend is in the wrong 
direction to be explained by diffusion limitations. One suggestion has been that 
the smallest particles produce the largest and most unstable molecules which exit 
the pyrolyzer as vapor and which subsequently become trapped in the constant
temperature (350°C) transfer line to the FID and then slowly evolve gases. 
Another suggestion by Coburn and co-workers is that dust in the line to the 
detection device can delay the measurement of the release of hydrocarbons.33,34 

Whatever the cause, it is most likely that the long tail associated with the kinetics 
studies is at least partially indicative of the experimental apparatus. 

2.3 FLUIDIZED BED PYROLYSIS OF WORLD-WIDE OIL SHALES 

A large amount of fluidized bed pyrolysis work has also been conducted at the 
CAER using a 3.8-cm diameter laboratory-scale fluidized bed reactor. Most of 
these studies have focused on eastern U.S. shale,6 and the results have compared 
well with those from the 7.6-cm diameter retort at the CAER.35 In addition to 
studies with eastern U.S. shale, however, recent investigations with Moroccan and 
Turkish oil shales have also been completed.36,37 The oil yields from these and 
other fluidized bed pyrolysis studies for important oil shales of the world are 
summarized in Table 4. In general, the greater the aromaticity of the kerogen, 
the greater the oil yield enhancement that is possible by fluidized bed pyrolysis. It 
appears that highly paraffinic oil shales produce a maximum of 110% of Fischer 
assay oil from fluidized bed pyrolysis. Accurate H/C ratios of the Moroccan 
kerogens were not available, but they appear to be in the range of 1.1 to 1.3. It is 
important to note that the minerals can playa large role in the oil yields that are 
realized. In the case of the Turkish Goynuk oil shale, a carbonless shale was 
mixed with the Goynuk shale to retard its agglomerating behavior during pyrolysis. 
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Table 4. Comparison of Fluidized Bed Pyrolysis Results for Various Oil Shales of 
the World. 

Shale Kerogen % of Fischer 
HIC Ratio Assay Oil Yield Ref. 

Eastern U.S. Cleveland 1.1 155 6 
Moroccan Tarafaya R4 NA 146 36 
Moroccan Timahdit M NA 157 36 
Australian Nagoorin 1.3 134 29 
Australian Condor 1.4 128 29 
Turkish Goynuk A 1.5 III 37 
Western U.S. Green River 1.5 110 5 
Australian Rundle 1.5 110 29 

The diluent shale provided additional surface area for coke formation and 
certainly lowered the oil yield. The Goynuk shale is so rich in organic matter, 
however, that the added rocks actually provided a more equitable basis of 
comparison to the other oil shales. 

3. Commercial Fluid-Bed Retorting Process Concept (KENTORT II) 

3.1 OVERVIEW 

To this point, only the characteristics of fluidized bed pyrolysis have been 
discussed. In a commercial retorting process, pyrolysis is just one step in a large 
system, and it is just as important that the rest of process be efficient also. While 
fluidized bed pyrolysis of eastern U.S. shale significantly increases carbon 
conversion to liquid and gaseous products, approximately 40% of the carbon 
remains in the spent shale. This material is ideal for immediate combustion since 
it has already been heated in excess of the 500°C and is of no value once removed 
from the process. Additionally, it is a good heat carrier because of its small size, 
relatively low rate of decrepitation, and high volumetric heat capacity. 
Accordingly, pyrolyzed shale combustion and its use as a heat carrier have been 
included as integral features of the KEN TORT II process. 

Several processes have been proposed that utilize char combustion with hot 
solids recirculation for generating and transferring heat in the retort.38 However, 
direct combustion of the char does not represent the best approach for processing 
eastern U.S. oil shale. Since only a portion of the carbon in the char from 
pyrolysis is required by the combustor to meet process heat requirements, total 
carbon utilization would require the removal of heat from the reactor. This excess 
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heat could be used in the plant or power could be exported. The economics of 
cogeneration are highly site-specific, and this is generally not considered 
advantageous for an oil shale process. In addition, rapid pyrolysis concentrates 
sulfur in the spent shale compared to carbon, so direct combustion of the char 
would generate substantial S02 emissions. Environmental considerations make it 
imperative that these emissions be minimized. 

The knowledge that steam would react with the shale to remove inorganic 
sulfur and the need to efficiently utilize the pyrolysis char provided the impetus to 
include a mild gasification stage between pyrolysis and combustion in the 
KENTORT II process concept. The removal of sulfur from the solid residue prior 
to combustion creates a relatively concentrated stream of H2S which is easier to 
scrub than a dilute stream of S02 from a combustor. The H2S serves as feedstock 
for elemental sulfur production. Moreover, the generation of syngas eliminates 
the need to export power. The synthesis gas has potential applications ranging 
from in-plant use to feedstock for liquid fuel synthesis to crude oil upgrading. The 
nearly complete removal of sulfur from the shale by oxidation of the iron sulfides 
through gasification and combustion greatly reduces the potential for acid drainage 
upon disposal of the shale.39 

3.2 EXPERIMENTAL 

3.2.1. Apparatus. An integrated 7.6-cm diameter, 2.3-kg/hr prototype of the 
KENTORT II process was first used to investigate the viability of the concept (see 
Figure 5). The pyrolysis and gasification zones are stacked vertically and share 
steam as their common fluidizing medium. Raw shale is metered onto the 
pyrolysis bed and following pyrolysis, the solid residue is transferred through a 
gravity-fed standpipe to the gasification zone. The gasifier serves as the central 
distribution center for the retort. Hot, gasified solids are pneumatically 
transferred from the gasifier to the pyrolyzer to heat the incoming raw shale, and 
gasified solids are also pneumatically transferred to the fluidized bed combustor to 
raise the temperature of the solids before they are returned by gravity back to the 
gasifier. The system was completely enclosed in an electrically-powered furnace to 
preheat the system and to compensate for heat loss. More details of the 
apparatus and operating procedures are given elsewhere.18•19 

3.2.2. Shale Samples and Test Matrix. A Cleveland oil shale from Kentucky and 
an Irati oil shale from Brazil have been tested in the KENTORT II prototype (see 
Table 5). The similarity of the inorganic portion of the Irati shale to Devonian 
shales of the eastern U.S. permitted testing of the Irati shale in the full 
KENTORT II configuration. The Irati shale (H/C= 1.24) has a more aliphatic 
kerogen compared to Devonian shale (H/C=1.11) and represents the major 
difference between the shales. For all prototype runs, the pyrolyzer temperature 
was held at 530°C and the combustor was operated at 850-900°C. The gasifier 
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Figure~. Sc~ematic d!agram of the integrated 2.3-kglhr KENTORT II prototype 
system mcludmg the OIl collection system. 

temperature (740-850°C) was the 
primary operating variable and 
resulted in the solid-recycle ratio 
between the gasifier and pyrolyzer to 
range from 1.3 to 2.7. 

3.3 PROTOTYPE RESULTS 

3.3.1. Oil Yield. Since the 
temperature of the pyrolysis zone was 
held constant throughout the test 
series, the rate and temperature of hot 
gasifier solids being injected into 
pyrolyzer were the only parameters 
that could affect the oil yield. When 
the raw shale feedrate is held constant 
the solid-recycle rate and the gasifier ' 
temperature are inversely related, so it 
is sufficient to characterize the 
conditions by only one of these 

Table 5. Analyses of Cleveland and Irati 
Oil Shale Samples Processed in the 2.3-
kg/hr KENTORT II Prototype. 

Cleveland Irati 
Ultimate Analysis 

C, wt% 16.1 
H, wt% 1.7 
N, wt% 0.6 
S, wt% 1.8 
Ash, wt% 74.7 
Moist., wt% 2.2 

Modified Fischer Assay 
Oil Yield, wt% 7.0 
Oil Yield, Ilton 74 
Water, wt% 4.2 
Gas, wt% 2.6-
Loss, wt% 
Gas+loss. 

16.5 
1.8 
0.5 
4.0 

76.9 
2.2 

9.7 
108 
3.0 
2.2 
1.0 
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parameters. For convenience, the gasification temperature was chosen. 
Oil yield from the Cleveland oil shale displayed little dependence on gasifier 

temperature (see Figure 6). This 
result is at odds with a previous study 
using the same Cleveland oil shale 
which did not include the combustor 
during operation of the prototype.I8 

With combusted solids present in the 
system, there appears to be a certain 
balance between the effects of 
temperature and recycle-solid rate on 
oil yield. When the prototype was 
operated without recycle-solids to 
provide baseline data, the average oil 
yield for the Cleveland shale was 
129% of Fischer assay. The average 
oil yield obtained in the solid-recycle 
mode of operation for eastern U.S. 
shale was 111 % of Fischer assay. 
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Figure 6. Oil (0) and char (.) yields for 
the Irati and Cleveland oil shales tested in 
the KENTORT II prototype reactor.(from 
Ref. 19) 

Therefore, regardless of the combination of recycle-solid rate and temperature, a 
net decrease in oil yield of approximately 14% was observed. 

Owing to its more aliphatic character, the Irati shale produced higher absolute 
oil yields compared to the Cleveland shale which corresponds to 112% of Fischer 
assay. No non-solid recycle runs were performed with the Irati shale, but it is 
believed that the maximum fluidized bed oil yield should be approximately 115% 
of Fischer assay based on the study by Lisboa et al.3 The more aliphatic Irati 
shale is less sensitive to conditions that can cause secondary reactions, so the oil 
yield reduction caused by recycle solids is relatively small. 

3.3.2. Carbon Distribution. Under half of the carbon from the Cleveland shale 
was distributed among oil and hydrocarbon gas products (see Table 6), so the 
majority of the carbon was available for gasification and combustion. The 
temperature of the combustor was controlled by diluting the combustion air with 
nitrogen. This was done because the recycle ratio between the combustor and 
gasifier (approximately 5: 1) was too low to maintain the combustion temperature 
at less than 900°C. This procedure limited the amount of carbon that could be 
combusted, and explains the large amount of carbon remaining in the spent 
Cleveland shale. A larger combustor-gasifier recycle ratio will remedy this 
situation. The amount of residual carbon in the spent Irati shale was lower than 
for the Cleveland shale because there is less residual carbon available following 
the pyrolysis of Irati shale. Similar levels of gasification were achieved for the two 
shales, but approximately twice as much carbon was burned in the combustor for 
the Cleveland shale compared to the Irati shale. 



3.3.3. Sulfur Distribution. The 
majority of the sulfur for both shales 
was in the form of HzS gas (see Table 
6). Even greater HzS production can 
be expected at mean shale residence 
times over 20 minutes. It may be 
especially important to extent the 
gasification holding time for the Irati 
shale in order to convert its large 
amount of inorganic sulfur to HzS. 
Much more sulfur partitioned to the 
oil for the Cleveland shale compared 
to the Irati, indicating that the 
Cleveland has a much higher organic 
sulfur content while having much less 
inorganic sulfur. 

3.4 SUMMARY AND FUTURE 
WORK 

The operation of the 2.3-kglhr 
KENTORT II prototype was stable 
and reliable. Design conditions were 
achieved in all instances with the 
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Table 6. Typical carbon and sulfur 
distributions for the Irati and Cleveland 
shales at a gasification temperature of 
818°C in the KENTORT II prototype. 

Carbon, wt% 

Spent Shale 
Oil 
HC gases(C1-C4) 

COx-gasifier 
COx -combustor 
Water 

Sulfur, wt% 

Spent Shale 
Oil 
H2S 
S02 
Water 
• by difference 

Cleveland 

27.3 
39.6 
4.8 
9.3 

12.2 
1.6 

19.9 
8.4 

57.9' 
5.6 
8.2 

Irati 

14.4 
56.9 
6.1 
8.0 
6.0 
2.3 

24.6 
2.6 

42.7 
13.0 
0.2 

exception of insufficient solid recycle between the gasification and combustion 
zones. Therefore, true autothermal conditions were not attained, but sufficient 
carbon remained in the spent shale to heat balance the system if the solid recycle 
loop had been larger. A significant conclusion of this work was that the viability 
of the KENTORT II concept was demonstrated. Not only did the system work 
well physically, but enhanced oil yields were attained and the sulfur distribution 
was skewed toward H 2S production as expected. The results from the prototype 
were encouraging enough to scale the process up to a 23-kglhr process 
demonstration unit (PDU). The PDU will further address the effects of scale-up 
on oil yield, and it will also permit auto thermal operation to be achieved. A full
scale cold-flow model of the PDU was used to verify its fluid and particle 
dynamics.40 At the time of this writing, the PDU is nearly ready to be operated 
for the first time. Following verification of the process using an eastern U.S. 
shale, adaptation of the KENTORT II process to other shales around the world 
will be investigated. 
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ABSTRACT 
Steam pyrolysis is receiving particular interest due to the oil yield increase, ease of 
removal of the product, and steam's role as reagent in shale oil processing. The 
experiments on fixed bed steam and nitrogen sweep show that greater oil yields 
than Fisher Assay (FA) ranging upto 25 % were observed. The effect of steam on 
oil yield in fixed beds was found to be greater than nitrogen which diminished as 
higher sweep velocities are used. The highest fluidised bed yield for oil shales was 
reported as 155-160 % in excess of FA. 

There are obvious advantages in considering co-utilisation of oil shales and lignites 
since they often co-exist in the same sedimentary sequence. Copyrolysis 
experiments with Turkish oil shales and lignites and asphaltites resulted in 
increase of oil yield as well as alteration in product distribution. 

1.0. Intoduction 

Steam pyrolysis is receiving particular interest in oil shale processing due to the oil 
yield increase, ease of removal of the products, its compatiblity with the 
environment and its already accepted role as a means for shale oil processing for 
production of special chemicals like ethylene, propylene, benzene, toluene, and 
xylene(1). Positive effect of steam in pyrolysis atmosphere was reported by earlier 
studies of Bureau of Mines(2). The first report was as early as 1920's during the 
study of Colarado oil shale in "Pumperston" retort and another in the study of 
"Royster" retort(3) 

Steam was used in pyrolysis of oil shales in variety of ways. Numerous studies 
have utilised steam in fluidised state, for example Carter and Taulbee(4), Dung(5), 
Richardson et.al(6); in fixed bed Cambell and Taylor(7), Minkova et.al(8), CltlrogluC9); 

as supercritical solvent Yanik et.al(10) and; in fixed and fluidised bed mode when oil 
shale was copyrolysed with lignite Cltlroglu et. al.(11) In literature, the effect of 
atmospheric steam, steam under pressure, steam together with CO Cummins and 
Robinson(12), Parkinson and Merson(13) and super heated steam in-situ conditions 
Udell(14) on pyrolysis were some of the topics that were studied. 
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Coprocessing was first realised and extensively studied in coal liquefaction with 
heavy oil slurrying media, such as heavy crudes, residual oils etc. (15) This has given 
rise to improvements in oil yield, reduction of sulphur and nitrogen contents in the 
liquid product and other process advantages. Similary, coprocessing of oil shales 
with asphaltites and lignites have also investi~ated for possible synergism and 
processing improvements Erdem-$enatalar et.aI 15), Cltlroglu et.al.(ll). 

In the first part of this manuscript the effect of steam on the pyrolysis of oil and 
other shales is reviewed upon variations obtained with. The different contact 
systems, nitrogen sweep, process parameters and product yield and quality are 
described. In the second part, coprocessing of oil shale with lignite is then 
discussed. 

2.0. Utilisation of Steam in Pyrolysis of Oil Shales 

2.1. FIXED BED APPLICATIONS 

Under static conditions used in oil shale retorting such as Gray-King, Fisher assay, 
and Heinze, two factors limit the oil yield considerably. These are the retrogressive 
char-forming reactions and cracking of volatiles at the hot surfaces during 
evolution. The former is aided by the catalytic activity of the inorganic matrix. In 
order to overcome the mass transfer limitations that force the desirable potential 
condensable liquids to gas and char, steam and inert gases are used to sweep 
volatiles out of the fixed-beds. 

Nearly in all comparative fixed bed studies between steam and inert gas (nitrogen) 
under slow heating conditions and atmospheric pressure, it has been observed 
that steam sweep is more beneficial to oil yields than is inert gas sweep. Results 
for two Turkish oil shales (G6ynOk and Seyit6mer) pyrolysed under steam and 
nitrogen sweep at different sweep velocities are summarised in Table 1. 

Table 1. Yields from pyrolysis experiments on G6ynOk oil shale at 550°C (wt% daf 
shale)(16) 

G6ynOk Seyit6mer 
Char Oil Char Oil 

Heinze retort 
static 55 33 static 64 28 
steam, 0.7 cm/s 46 40 steam, 4.3 cm/s 51 38 
steam, 1.3 cm/s 40 44 steam, 7.7 crnls 46 42 
steam, 3.3 crnls 25 55 steam, 12.3 cm/s 42 45 
nitrogen, 3.3 cm/s 47 39 
Fixed Bed 
static 48 38 static 56 33 
nitrogen 22 cm/s 23 61 nitrogen 22 em/s 48 42 
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From the results presented in Table 1. The mass transfer limitation are clearly 
evident. The difference in magnitude of oil yields between the steam and nitrogen 
sweep processes diminishes at higher gas velocities. For the higher ash content 
Seyitbmer lignite much greater steam velocity is required for similar conversion as 
compared to Gbynuk oil shale. Similar to Ekinci et.al(16), Cambell and Taylo,.<7> 
reported earlier that for Colarado oil shale oil yields up to 109 % of Fischer Assay 
(FA) were obtained for steam whereas argon sweeg at similar velocities resulted in 
yields up to only 100 % FA. Rubel and Cobum(1 reported that fixed bed steam 
sweep retorting provided oil yields up to 125 % of FA and nitrogen sweep under 
similar conditions provided oil yields up to 112 % of FA. These authors also 
reported that the maximum steam flow rate possible was limited by the system as 
0.7 L min"1 and optimum steam flow was yet to be achieved. Minkova et. al(8) 
carried out steam pyrolysis of a lignite, a high volatile bituminous coal and oil 
shale. Fixed-bed steam pyrolysis resulted in oil yields 20-50 % higher than that 
obtained in FA. 

2.2 EFFECT of STEAM on the PRODUCT YIELD 

The favourable effect of steam on the pyrolysis of oil shales has been attributed to 
a variety of reasons. There are both points of agreement and contradiction 
amongst the different researchers. There is a general agreement that steam affects 
both the quantity and quality of the oil. Ekinci et.al(13), report that for increasing 
sweep velocity of steam and N2, the yields of alkanes and aromatics are increased 
whereas that of polars decreased and that this is more pronounced for steam as 
compared to nitrogen. From these results, it might be inferred that alkanes may be 
involved in retrogressive char-forming reactions via dehydrogenation to alkenes 
and subsequently cyclisation. Thus, either steam promotes bond cleavage 
reactions and creates a greater demand for transferable hydrogen, or merely 
provides a more protective environment, limiting the extent of cyclization and 
aromatization of alkanes by passivating the acidic clay minerals. Minkova et.al(18) 
measured lower CO and higher CO2 concentrations in the gas for the steam 
pyrolysis indicating a probable reaction between CO and steam in the presence of 
Fe catalyst. The characteristics of the oils obtained from Heinze retort were 
different for static, steam and nitrogen sweep conditions(9.16). Comparison of the 
steam and static pyrolysis products of G6ynuk and Seyit6mer oil shales showed 
that they contained similar amounts of n-hexane solubles but the concentrations of 
alkanes and polars were distinctly different Figure 1. As the velocity of steam 
increased the proportion of paraffins increased while the proportion of the polars 
decreased. lH-NMR studies of oils showed greater aromaticity for steam pyrolysis 
as compared to static pyrolysis. The changes for nitrogen sweep oils were in 
similar trend as steam but not so intense.(9,19) 

Minkova e1.al.(8,18), in addition to the explanation given above, proposed that steam 
had a physical influence on the heat transfer favouring the desorption of low 
molecular weight products from solid phase surfaces where by subsequent 
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cracking or coking is avoided. This may be paralel with Allred's(20) results who 
reported an earlier starting temperature for oil evolution for steam as compared to 
nitrogen. However, there have been claims that the improvement in the lower 
molecular weight compounds for steam pyro~siS was also affected by the 
efficiency of liquid collection(4). Minkova et. alY ) also claimed the probability of 
donor-acceptor interaction and desorption of hydrophobically retained low 
molecular weight products from the cavities of cross-linked macromolecules. 
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Figure 1. Comparison of Tar Yields for Pyrolysis of G6ynOk Oil Shale in 
Heinze Retort With Static, Self-Generated, Nitrogen and Steam Atmospheres 
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Furthermore in a different study(21), the same group of workers observed the 
formation of semi coke with a strongly developed porous structure and high 
adsorption capacity. The increase in porosity is measured in terms of spesific 
surface area for fixed bed and steam sweep chars of G6ynOk oil shale as 8.7 m2g.1 
and 170 m2g.1 respectively'22). For the same oil shale, fixed bed residue and steam 
pyrolysed (1 hr) residue had 8 m2g-1 and 300-400 m2g-1 N2-BET surface areas(23). 
The increase in surface area is claimed to ease the evolution of supplementary 
volatile products from the inner volumes. Steam is claimed to penetrate into the 
pores, accelarate the diffusion of enclosed low molecular weight components and 
destroy some bonds in the macromolecular structure(18). Therefore, this may be one 
explaination that steam prevents the char-forming reactions even at low velocities. 
Comparative pyrolysis studies of a coal in fixed-beds in inert and steam 
atmospheres also indicated that steam behaved different than inert atmosphere 
and is claimed to be a better extractor of volatile matter(24). 

2.3 FLUIDISED BED APPLICATIONS 

Fluidised-beds have a considerable number of advantages for oil shale processing 
applications. Some of these features are highlighted in a delightful disposition by 
Levenspiel(25) and include high thermal efficiency, high through-put, simpler and 
smaller equipment, ease of transportation for continuous mode operations and high 
heat transfer rates. These characteristics open new options for a number of 
process combinations. The oil shale retorting development work at University of 
Kentucky Center for Applied Energy (CAER) is a good example for these systems 
of fluidised beds in which pyrolysis, gaSification and combustion of Eastem oil 
shales are accomplished to maximise of efficiency and minimisation of 
enviromental pollution(26) The fact that fluidised-beds improve the oil yield 
considerably over fixed beds makes it possible to include many oil shale reserves 
into an economical class which otherwise would classed as uneconomical. 

In experiments carried out in nitrogen sweep fixed-bed and nitrogen fluidised-bed, 
a 9.3 % increase in oil yields was obtained in favour of the latter Ekinci et. al.(27). 
This clearly demonstrates that the type of contact may significantly affect the oil 
yield. There have been relatively few studies on the fluidised-bed steam pyrolysis 
of oil shales. Dung(25) reports yield data for FA and fluidised-bed pyrolysis with 
nitrogen and steam sweep for eight Australian oil shales. Compared with the FA, 
fluidised-bed nitrogen and steam pyrolysis gave 7 and 15 % more oil respectively. 
Carter and Taulbee(4.29) observed oil yields for fluidised bed exceeding FA yields by 
20-30 %. Fluidised-bed steam retorting is observed to give higher carbon 
conversion for gas, oil and shale as compared to nitrogen. The highest fluidised
bed yield for oil shales was reported as 155-160 % of FA(29) The same authors 
report a 29 % increase over FA carbon conversion to oil for an inte~rated gasifying, 
pyrolysis and combustion system namely the Kentort II reactor'30, 1). The effect of 
fluidised-bed temperature on oil and gas yield from steam and nitrogen fluidisation 
were studied for Kentucky oil shales and the trend for nitrogen fludisation was 



252 

similar to steam but the oil yield obtained for steam fluidisation was approximately 
1 or 2 % greater depending method of evaluation. Continous fluidised-bed studies 
on Rundle Oil Shale gave yields close to FA at 480°C but increased to 145 % FA 
at 540 °C(32). A number of researchers observed a decrease in oil yield at higher 
temperatures, therefore an optimum oil production temperature was quoted. Carter 
and Taulbee(4) reported this temperature as 520°C. Which is 20°C lower than that 
from Dung(S) and Litster and Newell's(31) results. This difference was attributed by 
Dung(S) to the possible low residence times (3-6 minutes) employed by Carter and 
Taulbee(S). However, Carter and Taulbee's results also give 540°C as optimum 
temperature for both N2 and steam if oil yield was determined by the difference 
method [organic C-(char + gas)]. Of course in order to make meaningful 
comparisons between such results the differences in reactor geometry, gas 
velocity, particle size, and other process paramaters should be considered. 
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Figure 2. Effect of Bed Temperature on Carbon Removal 

For the case of pyrolysis of Condor and Stuart shales in a fluidised bed, oil yields 
close to modified FA was obtained but when ash to shale ratio was increased to 2 
up to 28 % oil loss was obtained(28). There are some studies which report the effect 
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of ash/shale ratio on the oil yield(33). Experiments with pure minerals such as illite 
and montmorillonite are found to be destructive with respect to oil Espetiale et.al.(34) 

Most of the reasons forwarded for the favourable oil yield for sweeping fixed bed 
retorts are relevant to fluidised beds. In the case of fluidised beds, generally higher 
space velocities, 3-4 times in excess of minimum fluidisation velocity are used 
which are expected to work against the mass transfer limitations and cracking 
reactions relevant at fixed and low sweeping velocity cases. Also, the increase in 
the efficiency of condensation of lower molecular weight compounds is 
emphasized strongly by many researchers(4.8.18.29). 

2.4. COMPOSITION of OILS OBTAINED FROM STEAM PYROLYSIS 

The oils obtained from fluidised beds were determined to be different in character 
as compared to FA. The former were realised to be more dense, less volatile, more 
aromatic and higher in nitrogen contenf9). Therefore, increase in oil yield has to 
pay a price of some magnitude in terms of being more difficult to refine. 

There are significant differences on the yield and composition of products obtained 
from steam and nitrogen pyrolysis. The gas composition for FA and fluidised bed 
retorting were substantially different but the gas distribution and yield for steam and 
nitrogen fluidised beds were similar. This was interpreted as steam not playing an 
extra role in hydrocarbon gas kinetics under the given experimental conditions(4). 
This point was substantiated by the measurement of 1-alkene/ n-alkane ratios for 
Cz to Cs products for varying temperatures for steam and nitrogen fluidisation. The 
difference in the obtained yields for fluidised bed steam and nitrogen was attributed 
to the improvement in oil collection effeciency which was beleived to be much 
greater than its role as a reactive pyrolysis medium by increasing the fraction of 
kerogen converted to Cs+ products. Indeed the increase in the lighter fractions of 
the collected oil was reported as well by other researchers for steam(4.9,19). 

Compared to the FA and similar to fixed bed sweep experiments, the contents of 
acyclic and cycloalkanes and polar compounds increased in the fluidized bed oil. 
Steam oil was found to have slightly higher H/C ratios and lower nitrogen content 
than did the nitrogen oil. The order of difference was attributed also to the 
efficiency of light ends recovery. Otherwise the oils from steam and nitrogen 
atmospheres were found to be essentially identical(4). 

Steam oil results in more alkenes as for case of fixed bed sweep experiments with 
increasing steam velocity. Cltlroglu(9) detected increased yield of terminal alkenes. 
N-alkene/n-alkane ratio increased to 0.44 from 3.3 cm/sec steam sweep compared 
to static retorting. The increase in the alkenes (intemal and extemal) was beleived 
to be due to cyclisation reactions catalysed by mineral matter that are curtailed by 
steam. Indeed experiments with n-hexadecane has shown that cyclisation reaction 
occur during pyrolysis. 
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Some investigations indicated that process conditions such as temperature, steam 
flow rate, and heating rate affect characteristics of the oil product. As fluidised bed 
temperature was raised, the H/C ratio of oil was reduced, but it was still reported to 
be slightly higher than for nitrogen fluidisation(4). Increasing the temperature also 
increased the aromaticity of the oil(4,29). Increase in the steam flow rate decreased 
the H/C molar ratio from 1.48 to 1.43 for Cleveland and 1.51 to 1.41 to Sunbury oil 
shales. Furthermore, steam velocity is reported to increase the aromaticity of the 
Oil(35). 

2.5 SULPHUR BEHAVIOUR UNDER STEAM 

Sulphur, together with nitrogen and organometallic compounds, constitute an 
important quality aspect of pyrolytic synthetic fuel processes. Therefore, their 
distribution among char, gas and liquid products is of paramount importance. 
Carter and Taulbee(4) followed the sulphur removal from the shale in steam and 
nitrogen fluidised beds at the same temperature, and the magnitude of removal 
was greater for steam fluidisation. It has been reported that while pyrolysis was 
essentially complete at a mean residence time of 3 minutes, sulphur evolution was 
found to be a much slower process. Supportive findings were reported by Attar36) 

who concluded that the rate-limiting step for desulphurasition is the decomposition 
of FeS2. The great difference between nitrogen and steam sulfur removal of 45 and 
85 % at long reaction times Figure 3. are partly explained in terms of steam 
reacting with FeS to produce iron oxides with possible reduction to iron(37) 

It should also be noted that for steam fluidisation, sulphur removal was activated 
faster compared to other media; 90 % S removal could be activated at residence 
times greater than 30 minutes and temperatures less than 600 °C(38) 

3.0. Coprocessing of Oil Shales With Lignites 

Coprocessing is generally used in conjuction with liquefaction of coal with 
petroleum derived oil or another heavy oil slurrying media, such as heavy crudes, 
residual oils and similar material that have potential to increase through put and 
reduce hydrogen demand other benefits include utilisation of a waste component, 
possible synergistic increases in conversion is not and linking the process to 
current refining technology. 

Apart from coal and petroleum derived heavy oils, two solid fuels such as an oil 
shale and lignite and an oil shale and an asphaltite pairs could be copyrolysed with 
the aim of maximising of resources(39,40). Often the oil shale deposits co-exist in the 
same sedimentary sequence. For example both Goynuk and Seyitomer oil shale 
reserves overlie the lignite deposits. For this reason there are obvious advantages 
in considering co-utilisation of these two fuels. Oil shales and lignites may be 
blended as an input to combustion andlor pyrolysis systems. 
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Figure 3. Effect of fluidization gas, bed temperature, and oil shale 
residence time on sulfur removal(4) 

3.1. EFFECT of COPROCESSING on OIL YIELD 

Saxby and Sato(40) copyrolysed Rundle/Stuart oil shale and lignite as naturally 
occurring deposits using a range of mixtures. Mixtures containing 25, 50 and 75 % 
lignite were prepared and dried prior to pyrolysis using a modified Fisher assay 
apparatus. A linear relationship between oil yield and the proportion of oil shale in 
mixture was obtained. There were distinctive changes in the characteristics of 
produced oils from coprocessing compared to non-interacting components. 

<::Itlroglu et. al.(41) coprocessed mixtures of G6ynOk and Seyit6mer oil shales (GOS) 
and (SOS) and Seyit6mer and Yatagan lignite (SL) and (GL) using a modified 
Heinze retort at 550°C under static and nitrogen sweep conditions. The mixtures 
contained 25, 50, 75 % lignite. Contrary to Saxby and Sato(48) higher than predicted 
oil yields ( 2-5 % daf) have been found. The coprocessing results for GOSIYL and 
SOS/SL are shown in Figure 4. 
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Figure 4. Oil Yields From GoynOk Oil ShalelYataOan Lignite (a) and 
Seyitomer Oil Shale/Lignite (b) Mixtures 

The highest increase in oil yield (synergism) was observed for the highest oil shale 
to lignite ratio investigated. This was interpreted as the oil shale partly preventing 
retrogressive char forming reactions in the lignite. The reason for the maximum 
synergism is further explained in terms of poor compatiability between the shale 
and lignite. The highly aliphatic shale oils produced during the initial stages of 
pyrolysis in the form of pyrobitumen are expected to be relatively poor solvents for 
phenolic lignite materials. 

Coprosessing of Turkish Avgamasya asphaltite and three lignites were 
investigated by $enatalar et. al.(39) in a modified Heinze retort. For all three 
combinations oil yields increased above the theoretically calculated values from 
the individual components. The maximum synergistic increase was obtained for 25 
% asphaltite and 75 % lignite. Asphaltites originating from petroleum origin may 
have much greater compatibility with lignites remembering that pioneering and 
mainstream coprocessing experiments are carried out between heavy oils and 
coals(42,43). It has been concluded from asphaltite/lignite coprocessing results that 
the synergism had a direct relationship with the gas evaluation and ash content of 
the fuel, indicating the possible role of retrogressive char forming reactions. 

3.2. TARS OBTAINED FROM OIL SHALE/LIGNITE COPROCESSING 
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Saxby and Sato(40) reported substantial changes in the structure of coprocessed oil 
shale/lignite oils compared those obtained from the individual components. H/C 
values of oils from mixture pyrolysis (FA) are slightly lower than the calculated 
values from pure oil shale and lignite. Aromaticity of the oil resulting from FA of 
mixture is observed to have higher aromaticies compared to the calculated values 
from pure component pyrolysis. The H/C and aromaticity changes are shown in 
Figure 5. Increasing the lignite content of the mixture resulted in lower molecular 
weight products qualified as a more desirable feedstock for gasoline production. 
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Figure 5. The H/C and Aromaticity Changes for Coprocessing 

The mechanisms that may play an important role in the structural changes in the 
composition of tars obtained from coprocessing are proposed to be: carbon 
dioxide from lignites assisting the rapid release of oil vapours; hydrogen from 
pyrolysis of oil shale particles being available for hydrogenation of tar molecules 
from lignite; and aliphatic free radicals "capping" reactive sites on lignite-derived 
small aromatic fragments(40). 
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Cltlroglu, et. al. (41) seeked information on the interactions between oil shale and 
lignite during copyrolysis by observing the changes in solubility classes namely 
aliphatics, aromatics and polars. The results showed that for the synergistic cases 
the concentration of alkanes and aromatics increased and the concentration of 
polars decreased. This was interpretted as interaction between the oil shales and 
lignites go some way to limit retrogressive char forming reactions. Further 
substantiation may be seen from three different evidences. The first of these is 
similar changes were observed for nitrogen and steam sweep compared to static 
pyrolysis. This may indicate similarities between the copyrolysis and sweep 
pyrolysis mechanisms. Also a direct correlation found between the highest 
synergistic case and lowest ash content of the related mixture(39). For the distinct 
synergistic mixture of 1:2 mixture of YL and GOS use of nitrogen as a sweep gas 
gave rise to significantly higher conversion and with maximum sweep gas velocity 
of 6.0 cm s"\ conversions of oil shale and lignite are slightly higher than their 
volatile matter contents. This suggested that synergism would appear to be evident 
under static conditions or with low sweep gas velocity where there are severe mass 
transfer limitations on the release of volatiles. 
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CHEMICAL KINETICS AND OIL SHALE PROCESS DESIGN 

Alan K. Burnham 
Lawrence livermore National Laboratory 
Livermore, CA 94551 

ABSTRACT. Oil shale processes are reviewed with the goal of showing how chemical 
kinetics influences the design and operation of different processes for different types of oil 
shale. Reaction kinetics are presented for organic pyrolysis, carbon combustion, carbonate 
decomposition, and sulfur and nitrogen reactions. 

1. Introduction 

The processing of oil shale involves numerous chemical reactions, not only those leading 
directly to oil and gas generation but also those required for process heat. In addition to 
desired products, the chemical reactions also generate by-products that can lead to 
environmentally undesirable emissions. An understanding of all these chemical reactions 
and their rates can help design processes that minimize the total processing cost, including 
the cost associated with meeting environmental regulations. The chemical kinetics can be 
incorporated, where appropriate, into mathematical models that simulate the interaction of 
various chemical and physical processes. 1-3 

2. Types of on Shale Processes 

A first step in understanding the role of chemical reactions in process design is to outline the 
various kinds of processes that are used to generate shale oil. All oil shale processes require 
heat to generate oil. Therefore, the first step in designing a process is to decide how to 
generate the heat and how to transfer it to the raw shale. Many approaches have been tried,4 
and various authors have attempted to classify these approaches.5,6 

Fundamentally, most processes can be separated into four types based on the medium 
used to heat the shale, i.e., those that use hot gas to heat the shale, those that use hot solids, 
those that use hot liquids, and those that use electromagnetic radiation. The hot-solids retorts 
can be further subdivided into two types according to whether the heat carrier is reactive 
(e.g., burned shale, as in the case of the ,4-ton per day retort at LLNL) or inert (e.g., ceramic 
balls as for the Tosco II process). The hot-gas retorts can be further subdivided into two 
types: direct (internal combustion) and indirect (external combustion). Both the hot gas and 
hot liquids might also be subdivided into reactive and unreactive heat carrier types. An 
example of a reactive hot gas would be high-pressure hydrogen,7 although combining high
pressure hydrogen with a solid heat carrier would greatly reduce gas pumping costs. Hot 
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liquids retorting8 might use a recycled hydrogen donor solvent to extract a bitumen.9 The 
electromagnetic types consist of radio-frequency (rt) and solar methods. Radio-frequency 
energy can penetrate the oil shale and deposit over lengths of meters. 1 0 Solar methods could 
be classified in different ways depending how the solar energy is transferred to the shale. 
Hot-gas and rf methods can be used in situ. 

A combustion retort and a hot-recycled-solids retort are shown in Figure I along with 
most of their important chemical reactions. The combustion retort is considered a hot-gas 
retort because the primary mechanism of heat transfer in the direction of the propagation of 
the flame front is via the gas phase. The combustion wave can either propagate down a 
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Figure 1. Combustion and hot-recycled-solids retorts with important chemical reactions. 
In the hot-recycled-solids reactions, M represents magnesium and calcium. 
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stationary bed or be maintained in a fixed position as the shale passes through the reactor 
vessel. In some cases, the combustion zone is stabilized by injection of part of the off-gas in 
the middle of the retort. A disadvantage of the combustion retort is that the off-gas is diluted 
by N2 and C(h. The hot-recycled-solids (HRS) retort uses iron oxide in the recycled burned 
shale to scrub most of the sulfur out of the pyrolysis gas, thereby producing a high-quality 
fuel gas in addition to the shale oil. For carbonate-containing shales, the dilute phase 
combustion and short residence times allow the residual carbon fuel to be burned with 
minimum carbonate decomposition, even though the carbonates still effectively scrub the 
S(h produced from iron sulfide oxidation. 

An important design aspect is heat transfer. Within this topic, there are two issues: the 
heat capacity of the heat carrier, and the time it takes to transfer the heat from the carrier 
uniformly through the raw shale. 

For either hot-solids or indirect hot-gas retorts, roughly the same mass of heat carrier must 
contact the raw shale. The exact ratio depends on the entering temperatures of the raw shale 
and heat carrier and whether the flow is co-current (same exit temperature) or counter-current 
(outgoing heat carrier reaches the temperature of incoming shale for more complete heat 
exchange). Hot-gas retorts are easier to conceive as counter-current, but a counter-current 
hot-solids retort could be designed based on differences in particle sizes flowing in opposite 
directions in a fluidized bed.6 For hot-gas retorts, since the density of gas is about 1000 
times less than shale, a large volume of gas must be pumped through the shale to heat it. 
This requires a design that balances shale particle size and gas flow rates to make sure that 
fluidization occurs only where desired. 

The time required to transfer the heat from the carrier to the shale depends crucially on 
particle size, because of both the surface-to-volume ratio and the time needed to conduct the 
heat to the interior of the particle. The heatup time scales roughly as diameter squared for 
large particles (>1 cm). Approximate heatup times are 2.5 min for 1 cm, 4 h for 10 cm, and 
17 days for 1 m. Breaking rock into small pieces costs money, so one does not want to 
create any smaller particles than required. However, reactor volumes and process costs 
increase with processing time, so one needs to reduce the shale to particles sufficiently small 
for effective processing. In reality, it is impossible to reduce particle size uniformly, so an 
optimized induStry could conceivably involve several processes using different sized shale. 
Radio-frequency methods avoid traditional heat transfer issues. Instead, the heat is 
deposited according to the electric field density, enabling one to deposit energy more 
uniformly in large particles.1O However, the greater cost of rf energy relative to thermal 
energy is a disadvantage. 

3. Chemical Reaction Rates in Oil Shale Processing 

3.1. HYDROCARBON GENERATION AND CRACKING 

The most important reaction in oil shale 'processing is that leading to shale oil. It is possible 
to develop global rate constants for this reaction that predict the timing of oil generation at 
virtually all time scales, including rapid fluid-bed retorting, slow in-situ retorting, and even 
natural petroleum formation. These rate constants can help determine processing times and, 
consequently, reactor volumes, since reactor volume depends on throughput times the 
processing time. Rate constants have also been developed for secondary reactions that affect 
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both oil qUality and quantity. The pyrolysis reactions generate gas as well as oil. The 
composition of the gas depends on the processing time and the way the shale is heated. 

An examination of the extensive literature leads to an incredible diversity of kinetic models 
(reaction networks and rate expressions) for conversion of kerogen to oil and gas. To 
establish some sense of order, it is useful to establish two guidelines: (1) any activation 
energy less than 170 kJ/mol (40 kcaVmol) is probably not a valid measure of intrinsic 
chemical kinetics, and (2) bitumen generation is faster than oil generation by about 25°C at 
all temperatures, requiring that the mean activation energies cannot be more than a few 
kcaVmol different. A partial justification of these conclusions is given in a separate paper in 
this volume.ll 

As a reference, consider the time scale for hydrocarbon generation from a type I oil shale 
(Green River Formation) and a generic type II oil shale using kinetics that are reasonable at 
both laboratory and geological heating rates (type I: A=5xl013 s-1 and 7,90, and 3% of the 
potential at 49,53, and 54 kcaVmol, respectively; type II: A=3xl013 s-1 and 5, 15,45,20, 
10, and 5% of the potential at 49-54 kcaVmol, respectively). Type I oil shales (50-80% 
conversion of kerogen to oil) are usually lacustrine and type II oil shales (30-50% 
conversion to oil) are usually marine. The generation curves for several heating rates of 
potential interest are shown in Figure 2. The time to complete retorting for the four heating 
rates are 8 years, 8 days, 50 min, and 2 min. When compared to the heatup times mentioned 
in the preceding section, it is evident that rapid oil-shale processing (retorting in a few 
minutes) is limited to particles no greater than a centimeter or so. Slow above-ground 
processing (retorting within an hour or so) might use particle sizes several times larger. 
Modified in-situ processing would most likely retort particles between 10 cm and 1 m, 
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thereby requiring even longer processing times. These in-situ retorts involve the propagation 
of a combustion wave down a rubble column, giving effective heating rates at a fixed point 
ranging from about lOC/min to about lOCIh. The slowest heating rate represents the lower 
limit of human-processing interest and could conceivably represent the processing of very 
large volumes of oil shale by rf heating. 

A more general understanding of the kinetics of oil generation comes primarily from 
organic geochemistry, both from source rock kinetic analyses and standard Rock-Eval 
analyses.12,13 Type II shales generate most of their oil faster than type I oil shales (e.g., 
lower Rock-Eval Tmax), although type II shales contain a broader reactivity distribution that 
requires about the same time to complete retorting. However, type IT kerogen kinetics 
depend more strongly on natural maturation: the overall reactivity slows by about a factor of 
two (increase in Rock-Eval Tmax from 420 to 435°C) as kerogen eliminates its oxygen 
during diagenesis prior to substantial generation. Type I kerogens ordinarily start with less 
oxygen in the kerogen, and the kinetics are nearly independent of natural maturation until 
most of the oil has been generated naturally. The kinetics of both can be accelerated by the 
incorporation of sulfur during early diagenesis.14 Oil shales with well-preserved algal 
bodies, whether of marine or lacustrine origin, have similar kinetics and tend to have an 
induction time for oil generation.15,16 

One special issue for oil generation kinetics from fluidized beds is that most early 
measurements of this type suffered from a large apparent tail to the generation curve. At 
first, it was thought that the tail was due to the generation of additional heavy oil.17 
However, more recent workI8 has demonstrated that most of the tail is an artifact of oil 
adsorption on dust in the apparatus, as shown in Figure 3. When removed, the shape of the 
pyrolysis curve agrees with that predicted by non-isothermal kinetics.19 When the oil 
adsorption artifact is removed, type IT oil shales tend to have a longer tail than type I oil 
shales, which is consistent with the need for an activation energy distribution to describe 
nonisothermal kinetics. 
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There has been considerable confusion about the relative generation kinetics of oil and 
gas. Early nonisothennal experiments20 suggested that gas generation from Green River 
kerogen peaked at a higher temperature, implying slower kinetics, than oil. However, later 
nonisothennal and isothennal experiments have shown that most of the hydrocarbon gas 
from type I oil shales has the same kinetics as oil, although some of the methane is generated 
by a slower process.21 For type II oil shales, most of the hydrocarbon gas still has the same 
kinetics as oil, but a much larger fraction of the methane is generated by the slower process. 
Hydrogen generation from Green River oil shale peaks and continues to a higher temperature 
than hydrocarbons during nonisothennal pyrolysis. Hydrogen also shows an induction 
period for isothennal pyrolysis,22 indicating that it is fonned primarily from a product of 
kerogen decomposition. Therefore, more complete retorting should give a higher hydrogen 
content in the product gas. 

Oil yield depends on heating rate because of secondary reactions, as shown in the general 
scheme in Figure 4.23 Oil yield decreases with heating rate due to liquid-phase coking 
reactions. The coking tendency is related to the aromatic content of the oil so has a larger 
effect for type II shales than type I shales. The beneficial aspect of coking is that it tends to 
increase oil quality by increasing the HlC ratio and decreasing nitrogen content. Pressure 
seems to enhance coking, at least initially, by increasing the liquid-phase residence time.24 

Oil cracking decreases oil yield by converting aliphatic material to mostly gas. Most 
published oil-cracking kinetics suffer from an artificially low apparent activation energy, 
probably because of the distribution of reactions occurring. The role of pressure on oil 
cracking is complicated.25 At high temperatures, pressure increases chain transfer reactions 
that increase the destruction of a particular molecule, but the overall conversion to gas is 
partially mitigated by enhanced recombination and alkylation reactions. At temperatures 
below about 350°C, recombination reactions dominate, so pressure actually decreases the 
overall cracking rate. Oil cracking and coking are accelerated by the presence of a clean 
mineral surface and can be modeled by an adsorption isothenn approach.26 

• Oil production 

k 
(Kerogen-Bitumen) --..!L Oil (Q, v, g) + Gas + Char 

• Oil coking 

k 
Oil (Q):::"Oil (v)~Oil produced 

~coke +Gas 

• Oil cracking 

Oil (v, g)~Gas + Coke 

Figure 4. Kinetic scheme for oil generation and destruction. Coking occurs in the liquid 
phase producing mostly coke; cracking occurs in the gas phase producing mostly gas. 
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High-pressure hydrogen increases oil yield by providing the driving force to prevent 
recombination reactions by reactive fragments, and the increased yield is primarily aromatic 
oil.27,28 The yield enhancement is especially important for type II oil shales because they 
tend to be more hydrogen deficient.7 

It has been proposed that stearn has a beneficial effect on the organic reactions of oil shale 
retorting.29 At present, it seems certain that steam decreases the pour point of the oil30 and 
gives a slight yield enhancement,31,32 possibly due the inhibition of surface-catalyzed coking 
reactions.33 However, a purported increase in oil generation rate29 seems to be an artifact of 
the experimental apparatus because it is not observed in other experiments. 34 

A separate paper by myself in this volume addresses the mechanism of oil generation and 
that kerogen in most oil shale breaks down initially into soluble material and then into volatile 
oil and gas, though not by an ideal serial reaction. Some have proposed that kerogen be 
extracted by thermal dissolution, thereby recovering a higher fraction of the organic matter.35 
It is often postulated that, once the organic matter is in a form that can access catalysts, a 
more efficient pathway to products might be achievable than via the traditional thermal 
cracking. The relevant kinetic issue is the time-temperature severity required to extract the 
kerogen. Miknis36 found that nearly all the kerogen from Green River shale could be 
recovered as oil and bitumen in 20 minutes at 425°C. Actual kinetic parameters for bitumen 
generation are much less well determined than for oil generation; most published activation 
energies are too low for the reasons discussed earlier. The low apparent activation energies 
predict that kerogen is not stable on a geologic time scale, although we know that the natural 
generation of bitumen occurs at about 100°C. The correct activation energies appear to be 
about 210 kJ/mol (50 kcallmol). 

3.2 THE ROLE OF SULFUR IN PYROLYSIS 

Sulfur in the kerogen is important for two reasons: (1) it affects the overall generation rate of 
oil and gas, and (2) it leads to sulfur species in both the oil and gas that must be removed. 
Although the factors affecting the relative generation kinetics of various kerogens are not 
clearly understood, the evidence that organic sulfur accelerates the process is strong.14 
High-sulfur kerogens, such as in the Monterey shale, produce oil as much as 50°C in Rock
Eval pyrolysis lower than well-preserved, low-sulfur algal kerogens, such as the Green 
River oil shale. Less well understood is the effect on the activation energy. Ordinary 
pyrolysis gives activation energies about 220 kJ/mol.12,37 Other work38 tends to 
overestimate the effect of sulfur on the activation energy due to the assumption of a single 
first-order reaction. 

Sulfur in the oil and gas can affect upgrading and utilization costs. The sulfur content of 
the oil depends primarily on the sulfur content of the kerogen.39 Incorporation of inorganic 
sulfur into the oil seems to be minor. Sulfur content of the gas depends on both kerogen and 
pyritic sulfur. The reactions leading to sulfur-containing gases occur slightly faster than the 
overall kerogen decomposition rate.40 Pyrite reacts with both water and organics during 
pyrolysis to produce additional sulfur-containing gases. The rate of this reaction depends on 
both the reactivity of the pyrite (primarily particle size)41 and the gas-solid contact.40 About 
95% of the gaseous sulfur is in the form of H2S, with most of the remainder in 
methanethiol, ethanethiol, and carbonyl sulfide.42 There seems to be little difference in the 
relative amounts of H2S and mercaptans formed from organic and inorganic sulfur, although 



270 

inorganic sulfur does not fonn thiophenic compounds.43 Some shales contain a separate 
(Mg,Fe)C03 phase, which decomposes readily at or below 500°C, providing a source of 
iron to capture H2S as FeS. The iron-rich surface layer of ankeritic-dolomite can also 
capture some sulfur. In hot-recycled solids retorts, iron oxide fonned from combustion of 
iron sulfides is an effective capture agent However, the fate of the captured sulfur in the 
combustor depends on the presence or absence of carbonates, as discussed in the next 
section. 

3.3 HEAT SOURCE AND SINK REACTIONS 

Although the enthalpy of the conversion of kerogen to oil and gas is fairly small, oil-shale 
processing requires a substantial heat source because the sensible heat recovered from the 
products is usually far less than required to heat the raw shale to pyrolysis temperatures. 
Oil-shale retorting leaves a carbonaceous residue, and efficient oil-shale processes will burn 
this residue to provide process heat (about 380 kJ/kg shale per wt% residual C). Oxidation 
of sulfide minerals can lead to a substantial exothennic contribution (107-320 kJ/kg per wt% 
sulfur, depending on the pyrite/pyrrhotite ratio and the degree of sulfate fonnation). 
Decomposition of carbonate minerals can be a substantial heat sink (18-28 kJ/kg per wt% 
C~, depending on the degree of silication). Gasification of char by the mineral C02 is also 
endothennic, but oxidation of the resulting CO in the gas stream is exothennic. The sulfide, 
carbonate, and gasification reactions are affected by steam. Carbonate minerals also playa 
key role in reducing sulfur dioxide in the flue gas. 

The reactivity of the pyrolysis residue (char) to oxygen and other gases depends on its 
generation history, with rapid pyrolysis leading to more a more reactive char.44,45 The 
reason for the heating rate dependence is not known. The limited infonnation on surface 
area suggests that the surface areas are not substantially different. The residues from Green 
River shale at all heating rates are far more reactive than typical coals, probably because of 
the higher hydrogen content There are two practical implications of this high reactivity: (I) 
the oxidation reactions are diffusion-limited except for small particles at relatively low 
temperatures,46 and (2) the residence time in the combustion zone does not have to be very 
long for hot recycled shale retorts using fine particles. For the small particles associated with 
the HRS process, most of the fuel value of the char can be extracted in less than one minute 
residence time at 530°C, and substantially less at a more typical combustor temperature of 
7oo°C.3 In contrast, diffusion limitations cause combustion times of 1-2 days at comparable 
temperature for the 15-cm particle sizes typical of modified in-situ retorts.47 

The carbonate decomposition reactions, for those shales that have carbonate, depend on 
gas atmosphere, as shown in Figure 5.48.49 Decomposition of dolomite is only weakly and 
indirectly affected by CO2; the primary difference is in whether CaO or CaC03 is fonned. 
Calcite decomposition is frequently inhibited because of its low equilibrium vapor pressure. 
In a flue gas containing 15% C~, the calcite cannot decompose to CaO unless T is greater 
than about 800°C, although it does react directly at lower temperatures with quartz and other 
silicates. Most of the iron contained in carbonates in Green River shale is ordinarily 
contained in the dolomite, often in an iron-rich surface layer34 that decomposes slightly 
faster than the bulk. 
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Figure 5. Thermal decomposition profiles of carbonate minerals in Green River shale heat at 
2°C/min in various gas atmospheres. 

The sulfur captured during pyrolysis either by iron carbonates or recycled iron oxides, 
when returned to the combustor in a HRS process, provides additional heat to the process. 
The kinetics of capture are favorable for both Green River and New Albany shale, but the net 
heat gain is slightly different for the two cases because about 30% more energy can be 
obtained forming sulfates from carbonates than by forming S02 in the absence of 
carbonates.4O 

The overall energy released during combustion depends on spent shale composition and 
the final products. Char and pyrite are the major energy sources, and carbonate, if present, 
is the major heat sink when the temperature is high enough to decompose it. The fraction of 
kerogen carbon remaining in the shale correlates with both the HlC ratio of the kerogen and 
pyrolysis conditions. Most marine shales, such as the Eastern U.S. Devonian shales, leave 
a much higher fraction of their carbon as char. 
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The amount of heat required for the process depends largely on the exit temperature of the 
products. About 700 kJ/kg of heat is required for products of Green River shale exiting at 
500°C.50,51 The heat requirement increases from 600 to 800 kJ/kg over the range of 20 to 
200 UMg, and the distribution of sensible heat between volatile and solid products and the 
contribution of heats of reaction vary. The spent shale organic carbon is roughly equal to 
0.028 times the oil yield in UMg, so the retorting process would be energy self-sufficient at 
65 UMg for no pyrite oxidation or carbonate decomposition. A higher grade would be 
needed to sustain the process if the shale in an HRS process leaves the recycle loop at the 
peak combustion temperature, as discussed in the next paragraph. Type IT shales have a 
much higher coke/oil ratio, so they would be energy self-sufficient at lower oil grades than 
type I shales. 

The excess energy in the char of shale grades that would be exploited first might be used 
to generate electricity. Such a scheme markedly increases the economics of processing 
Green River Formation oil shale,52 where the flue gas is self-scrubbed by the carbonate 
minerals. For Eastern U.S. Devonian oil shales, there is more carbon available, but this 
advantage is counter-balanced by the lack of carbonates to scrub S02. The Kentort IT 
process53 (and Carter in this volume) adds a gasification reactor section to maximize the 
recovery of the fuel value as a reduced gas, thereby allowing removal of the sulfur as H2S 
rather than as a more difficult, dilute S02 in the flue gas. The economic value of the H2S is 
then recovered as elemental sulfur rather than electricity. The gasification also removes a 
potential source of acid drainage from the disposed spent shale. 

Counter-current combustion retorts (e.g., Paraho direct) have the advantage that the 
inlet air can cool the shale to about 200°C, thereby potentially reducing the heat required by 
about 200 kJ/kg, equivalent to the fuel value of 0.5 wt% C. In practice, however, counter
current retorts require large enough particles that carbon accessibility is severely limited by 
diffusion, thereby cancelling any beneficial effect of heat exchange. Furthermore, the 
increased time and temperature required to access the carbon causes more carbonate 
decomposition for dolomite-containing oil shales, thereby cancelling most of the energy 
gain. 

3.4 COMBUSTION EMISSIONS 

Environmental considerations will undoubtedly limit S02 and NOx emissions: no more than 

0.001 kg S0zlkg oil and 2.5 10-7 kg NOxlkJ of combustion energy in Colorado. 
Fortunately, there are favorable reactions in some oil sh;lies that minimize emissions. 

The high Ca/S ratio in Green River shale makes sulfur capture very thorough at high 
temperatures; the important question for kinetics is whether the S02 can be captured at the 
relatively low combustion temperatures desired to minimize carbonate decomposition. The 
capture reactions are quite effective for temperatures greater than 530°C. Release of <0.1 % 

of the sulfur is easily achieved, which corresponds to <10-4 kg S02/kg oil for a shale 
containing 1 wt% S and yielding 15 wt% oil. Ca-Mg sulfates are formed below 650°C, 
apparently by a direct reaction of the S02 with the dolomite, and Ca sulfate is formed at 
higher temperatures.40 However, shales with above average sulfur content would need 
higher temperatures because of the inhibition of a surface sulfate layer on the capturing 
carbonate at low temperature. 54 
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The combustion reactions also lead to NOx through oxidation of fuel nitrogen and mineral 
nitrogen. The relative amounts of each depend on the shale. The resulting NOx levels are 
strongly affected by secondary reactions with the carbonaceous residue, inorganic 
components, and co-generated ammonia. Early work found that (1) retorted shale was an 
effective reductant ofNOx,55 (2) most of the NOx was formed after most of the carbon was 
burned,56 and (3) the mineral nitrogen source, buddingtonite, burned slower than the char. 56 
This led to the hypothesis that the char limited the survival of NOx until the char was gone, 
then oxidation of mineral nitrogen could result in NOx. The kinetic model shown in Figure 
6 reproduced the experimental results. More recently it has been found that oxidized shale 
under the correct conditions can serve as a de-NOx catalyst,57 and work is in progress to use 
that property to minimize NOx emissions from Green River oil shale. 

Reactions: 

char ~ C02 by kl 

Inorganic N ~ NO by k2 

NO ~ N2 by k3 
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Figure 6. CO2 and NO release from Green River Formation oil shale during combustion at 
540°C in a bed of sand fluidized with 10% 02. The model assumes that NO is formed from 

inorganic nitrogen and destroyed by reaction with char, where 't is a contact time. 
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3.5 CONCLUDING REMARKS 

There are many ways to design an oil shale retort, and advances in the understanding of oil 
shale chemistry has aided the conceptual development of new oil shale processes. Hot
recycled-solids processes can achieve high yield while processing the shale completely in 
less than 5 minutes with minimal environmental impact. Prospects are excellent for 
producing a nonhazardous spent shale while minimizing air emissions. Furthermore, the 
overall thermal efficiency (energy in shale oil and net electricity produced per energy content 
of raw shale plus input from mining, transportation and capital equipment) of an HRS plant 
co-generating of electricity26 exceeds earlier processes.6 Including estimates for the energy 
value of fuel, explosives, and capital goods according to the estimates of Gwyn et al., 
thermal efficiencies are estimated at 75-80% for oil yields of 90-100% of Fischer assay from 
125 UMg (0.8 bbVtonne) oil shale. Ironically, it was questioned in a congressional debate 
during the writing of this article that it may not be possible to recover shale oil with a net 
energy gain. A subsequent vote may have ended U.S. oil shale research for the foreseeable 
future, leading it to yet another nadir. 
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ABSTRACT Fundamental aspects of hydropyrolysis in terms of how both reaction 
conditions and reactor geometry affect product yields and compositions are reviewed, 
followed by a description of the pressurised fluidised-bed hydroretorting (PFH) process 
developed at the Institute of Gas Technology (IGT) as an example of an oil shale 
hydroretorting process that has been successfully operated on a PDU scale. The use of low 
temperatures and long solids residence times in well-swept fixed- and fluidised-bed 
reactors are essential to achieve high selectivity to liquid products in hydropyrolysis. For 
oil shales, hydrogen pressures of ca 5-10 MPa are generally sufficient to approach the 
maximum ecomomical oil yield compared to those of over 30 MPa for coals, unless 
suitable dispersed catalysts are used. Hydropyrolysis oils generally more aromatic with 
lower heteroatom contents with increasing hydrogen pressure. The PFH process 
developed at IGT has been scaled-up from a 100 g batch unit to a 100 kg hrl semi
continous PDU. To assess the potential oil yields from PFH, a hydroretorting assay unit 
was used extensively. Compared to Western U.S. (Eocene, Type I kerogen) oil shales, 
which give high oil yields in conventional retorting processes, Eastern Devonian shales 
(Type IT kerogens) have considerably lower atomic HlC ratios which severely restricts the 
attainable oil yields. In hydretorting at 5380 C and 6.9 MPa, the oil yields from Eastern 
U.S. shales were substantially improved and usually doubled using the PFH process. 

1. Introduction 

Hydropyrolysis, or hydroretorting, refers to pyrolysis conducted using relatively high 
hydrogen pressures and is potentially an attractive route for the production of liquid fuels 
from both oil shales and coals. Historically, hydropyrolysis has received considerably 
more attention in relation to coal liquefaction and gasification (1-3) probably due to their 
volatile matter contents being considerably lower than those of most oil shales which gives 
rise to a much greater potential for improving liquid yields. Nevertheless, hydroretorting is 
still an attractive option for the production of liquid fuels from oil shales, particularly for 
those classified as type II kerogens where the liquid yields are significantly higher than in 
standard assays (4.5). For coal liquefaction, hydropyrolysis provides a process 
configuration that avoids the use of recycle solvent which constitutes up to two-thirds of 
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the reactor stream for conventional liquefaction processes. Although technology for 
feeding ground solids into high pressure reactors is well-established, coal pyrolysis 
processes are usually associated with relatively low conversions to liquid products (1.3). 

Further, hydrogen consumptions are high due to large quantities of methane invariably 
being produced via char hydro gasification and cracking of the primary volatiles at 
temperatures above 600oC, normally required to achieve substantial liquid yields. 
Selectivity to liquid products can be improved by operating at relatively low temperatures 
(ca 5000C) where methane yields are below 3% daf coal/shale but long solids residence 
times are required to maximise liquid yields. 

Fundamental aspects of hydropyrolysis in terms of how both reaction conditions 
and reactor geometry affect oil yields, selectivity and composition are reviewed here with 
the development of the pressurised fluidised-bed hydroretorting (PFH) process at the 
Institute of Oas Technology (lOT), an example of an oil shale hydroretort that has been 
successfully operated on a PDU scale. 

2. Fundamental aspects 

2.1 REACTOR TYPES 

To investigate the effects of hydrogen pressure on conversions for solid fuels, fixed-bed 
(1,3,6-8), wire-mesh (captive sample) (1,39·11) and entrained-flow reactors (2, 12) have been 
studied extensively, together with the small-scale fluidised-beds described in Section 4. 
The characteristics of these different reactors are summarised in Table 1. In all cases, the 
use of small particles (ca < 200 Jl) is desirable to overcome mass transfer restriction to 
volatiles release. 

Table1 Comparison of reactors used for small-scale e3periments 

Fixed-bed Fluidised-bed Wire-mesh Entrained-flow 

Sample size, g >1 > 1 0.01 >1 
Heating rate, OC s·l 0.01-10 > 1000 > 1000 > 1000 
Pressure range, MPa 0.1-30 0.1-7 0.1-10 0.1-10 
Solids residence time, s > 100 > 100 1-30 1-10 
Effective sweep gas through Yes Yes No No 
particles 
Temp. for max. yields, °C 500-650 500-650 >800 >800 

The scope of this review precludes an in-depth analysis of each type of reactor (see 
references 1,3 and 11 for comprehensive descriptions) but in terms of maximising the 
selectivity to liquid products, the use of low temperatures and long solids residence times 
(fluidised and fixed-beds) are essential. For entrained flow reactors (2, 11) with equally 
short vapour and solids residence times, high temperatures (ca > 800oC) are required to 
achieve conversions comparable to the volatile matter of solid fuels. The consequence of 
using high hydrogen pressures is that the volatiles are hydrocracked to yield predominantly 
methane and light aromatics (benzene, toluene, xylene). Thus, their main application has 
been for hydrogasification and are not considered further here. 
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Heated-grid or wire-mesh reactors provide extremely high heating rates and 
minimise secondary cracking reactions due to the small sample bed and minimal heating of 
the surrounding sample volume.(1,3,9.11). However, high temperatures are required to 
attain high conversions because, even if the carrier gas can be swept through the sample 
grid, the gas velocities remain low compared to those used in fixed and fluidised-beds. As 
a consequence, overall conversions have been found to actually decrease with increasing 
hydrogen pressure (although methane and light aromatic yields have been found to increase 
due to some hydrocracking taking place within the actual sample).This is because the 
increased resistance to mass transfer is not overcome by the beneficial effects of hydrogen 
transfer in promoting bond cleavage reactions which lead to higher conversions. Further, 
as with entrained-flow reactors, the high temperatures used gives rise to high methane and 
light aromatic yields, with poor overall selectivity to liquid products (% liquidsl% 
hydrocarbon gas). 

For the reasons outlined above, fixed-bed reactors have received the most attention 
for fundamental work where the objective has been to maximise liquid yields and 
selectivity. Although heating rates are generally limited by their high thermal mass, the use 
of large sample sizes means that mass balances and product analysis are relatively straight 
forward. Further, the use of slow heating rates means that intrinsic kinetics can be probed 
when the volatiles are analysed on-line, for example, via mass spectrometry (8). 

2.2 FIXED-BED REACTORS 

2.2.1 Temperature, pressure and heating-rate effects. The combination of relatively small 
sample beds and high sweep gas velocities in fixed-bed reactors should, in principle, be 
sufficient to overcome mass transfer limitations to volatiles release. Once this has been 
achieved, liquids yields increase linearly with hydrogen pressure to over 30 MPa for 
bituminous coals as shown in Figure 1. However, if the gas velocity through the 
devolatilising particles falls below the critical value necessary to prevent mass transfer 
effects, decreased oil yields can be observed with increasing pressure (Figure 1, constant 
volumetic flowrate, i.e. gas velocity decreases linearly with increasing pressure). For oil 
shales classified as both Type I and II kerogens, significant increases in conversion are 
achieved as the pressure is raised from atmospheric to 5 MPa (Table 2). The increases are 
most pronounced for the Type IT kerogen but, notably for both samples, these are relatively 
small above ca 50 bar. Table 2 indicates that at 5200c the selectivity to liquid products is 

Table 2 Effect of pressure on hydro.pyrolysis yields from Goynuk (Type n and Kentucky 
(Type II) oil shales at 5200C 

Pressure % dafbasis 
(Mpa) Char Oil CI-C4 gases 

Goynuk O.la 29 60 3.3 
5 13 77 4.3 

15 8 81 5.8 

Cleveland 1 53 41 2.0 
50 27 68 2.6 

150 22 69 3.4 

a = nitrogen 
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Figure 1 Effect of hydrogen pressure on tar yield for a bituminous coal. 
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extremely high for oil shales where the oil yield passes through a broad maximum. For 
coals, the highest oil yields are obtained at somewhat higher temperatures but the selectivity 
to liquid products is lower due to high methane yields. 

At high hydrogen pressures, slow heating has been found to give rise to both 
increased conversions and tar yields, the effect being particularly noticeable for low-rank 
coals (Figure 2). This effect contrasts with the situation for inert gases where faster rates 
tend 
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Figure 2 Comparison of tar yields obtained from Wyodak sub-bituminous coal with 
relatively fast and slow heating rates in fixed-bed hydropyrolysis at 15 MPa pressure. 
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to favour higher yields of liquid products in most reactor types (1,3,9). In hydropyrolysis, 
the slower the sample passes through the critical temperature window around 4OOoC, the 
more favourable it should be for forming liquid products. This is due to bond cleavage 
reactions being promoted prior to any retrogressive chemistry, which at higher 
temperatures leads to char formation. 

2.2.2 Oil composition. Increases in hydrogen pressure invariably give rise to more 
aromatic oils (lower atomic HlC ratios) with lower heteroatom contents and molecular mass 
distributions (7,13,14) but the differences tend to be less pronounced for oil shales than for 
coals (4) as a consequence of the generally lower devolatilisation temperatures. For coals, 
little variation in bulk composition is observed as a function of rank due to the relative high 
severity of hydropyrolysis. Further, catalysts (see following) have little effect on the 
molecular mass profiles for oils (13,14), demonstrating that the composition of the tars in 
terms of solubility fractions and molecular mass is primarily determined by reactor 
geometry. 

Although the bulk compositions of hydropyrolysis tars are relatively uniform, a 
number of rank trends have been identified in the yields and distributions of the alkanes 
(14,15). For example, the ratios of ~,a to a,~ hopanes are highest for low rank coals, while 
relatively large amounts of the immature ~,~ hopanes are released via hydropyrolysis 
despite the relatively high thermal severity. 

2.2.3 Dispersed catalysts. It is now recognised that tar yields in coal hydropyrolysis can 
be increased considerably by using catalysts such as Lewis acids (16,17) and metal 
sulphides, particularly molybdenum (Mo) (18,19) but high loadings of active metal are 
generally required as in hydroliquefaction (20-22). However, the high conversions achieved 
for oil shales using hydrogen pressures of no more than 5-10 MPa provides little incentive 
to use dispersed catalysts simply for increasing conversions, although further increases in 
oil yield have been reported (4). Nevertheless, catalytic effects are important in providing 
insight into the competing reaction pathways and to illustrate their effects for different 
forms of Mo and Fe, the results from a recent study at the Univ. of Strathclyde on 
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bituminous coals (14,23) are described here. 
Figure 3 demonstrates that sulphided Mo can raise oil yields from ca 30 to 60% 

(daf basis) with the maximum oil yield being attained at 15 MPa pressure. Gas yields do 
not increase significantly provided that relatively low temperatures «5500C) are used 
(15,16). The yields of tar, char and hydrocarbon gases obtained from a UK bituminous coal 
with a number of Mo-containing precursors (nominal loading of 1 % daf Mo) are listed in 
Table 3. The maximum conversion of close to 80% daf coal is maintained until the Mo 
concentration drops below 0.2% for the two sulphur-containing Mo precursors used (23). 
The conversion achieved with the Cs-dithiophosphate is only slightly lower than that with 
the other two sulphur-containing precursors. Table 3 also indicates that the naphthenate 
and the chloride are considerably less effective than the S-containing precursors for an 
equivalent Mo loading of 1 % active metal. 

Table 3 Effect of molybdenum and iron precursors on bydropyrolysis yields for a UK 
bituminous coal fLinbyl 

% dafCoal 
Catalyst Conc. of metal (%) Char Tar CI-C4 gases 

None 55 33 7 
Mo Napthenate 1.0 27 55 9 
(NH4)6Mo7024.4H20 0.2 27 54 N.D. 

" " 1.0 25 58 10 
(NH4hMo02S2 1.0 21 62 10 
MO(C2H5hS2CN 1.0 20 65 6 
Cs-MoDTP 1.0 23 59 8 
MoCls 1.0 28 56 9 

FeS2 0.3 49 42 4 
FeS04.7H20 1.0 47 40 8 
Red Mud 50 62 33 N.D. 

N.D. = not determined 
1. The Mo precursors used were a naphthenate (octanate), ammonium heptamolybdate and 
dioxydithiomolybdate, a dithiocarbamate - MO(C2HShS2CN, a Cg - dithiophosphate 
(DTP) and molybdenum chloride. Except the naphthenate and dithiophosphate which are 
soluble in n-hexane, aqueous/methanol solutions were used for impregnation. 
2. For Fe, ferrous sulphate, colloidal iron sulphide (prepared by adding sodium sulphide 
to ferrous sulphate) and red mud were used as precursors with nominal Fe loadings of 1.0 
for the first two precursors andlO % daf coal for the red mud. 

The relatively low conversion obtained with the naphthenate appears surprising in 
view of their well-documented activity in both batchwise hydrogenation (18) and, more 
recently. in co-processing of coals and petroleum resids (22) often with low Mo loadings 
(ca 0.1%). This has led to the hypothesis that the lower conversions obtained with the 
nathphenate and other non-sulphur containing precursors are due to their inability to form 
the active phase (sulphided Mo) at low enough temperatures in hydropyrolysis «4OO<>C) to 
promote hydrogenation and heteroatom removal at the much higher heating rates used 
compared to direct liquefaction. Thermogravimetric analysis has shown that both the 
dioxydithiomolybdate and the dithiocarbamate decompose to species corresponding closely 
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to MoS2 at approximately 4000c. For the dioxydithiomolybdate. a species corresponding 
to MOOS2 is formed at 2500c which is probably also catalytically active. Therefore. the 
choice of Mo precursor is much more critical in coal hydropyrolysis than in batch wise 
hydrogenation and direct liquefaction where there is significantly more time for the non
sulphur containing Mo precursors to acquire sulphur from the coal. Further. sulphided Mo 
and. indeed. all hydroprocessing catalysts are considerably more effective at temperatures 
close to 4O{)OC which are used in direct liquefaction than at the higher temperatures required 
to maximise tar yields in hydropyrolysis where dehydrogenation reactions are more 
thermodynamically favoured. 

To introduce the active metal by ion-exchange as opposed to impregnation. a 
bituminous coal was coated with a hydrous titanium oxide (HTO) film (23) and the results 
are listed in Table 4. For purposes of comparison. the results from control experiments 
with (i) the initial coals. (ii) the coals coated with HTO films but not ion-exchanged with 
Mo and (iii) sulphided Mo (1 % loading of Mo) prepared by impregnation with 
<NH4)Mo(hS2 are included. Table 4 indicates that a Mo loading of 0.3% Mo on the HTO
coated coal gives a higher conversion than the sulphided Mo (1 % loading) prepared by 
impregnation. Further. 0.03% Mo-HTO gives a conversion intermediate between those 

Table 4 HydroPSfOlysis yields from a Mo-HIO coated coal Ullinois No.2) 

% dafCoal 
Catalyst Char Tar CI-C4 gases 

None 45 38 7 
1% MoasMoS2 16 68 9 
0.3% Mo-HTO 15 69 9 
0.03% Mo-HTO 28 59 8 
0.003% Mo-HTO 35 51 6 
HTOFilm 47 37 5 
HTO Film acidified 35 52 7 
to pH = 4 

Hydrous titanium oxide (HTO) coatings were prepared by contacting the coal with titanium 
tetraisopropoxide and a methanolic solution of sodium hydroxide (23). the coatings 
corresponding to a nominal loading of approximately 2% daf coal. Mo was introduced by 
anion-exchange to give a similar range of loadings. the pH of the ammonium molybdate 
solution used being varied between ca 2 and 6. 

obtained for 0.3 and 0.003% HTO but lower than that with the sulphided Mo. The same 
conversion is achieved with 0.003% Mo-HTO as the acidified substrate (10% more than 
for the initial coal) demonstrating that the latter. rather than the low Mo concentration. is 
responsible for the catalytic effect; a neutral HTO coating gives no increase in conversion. 
These results demonstrate that much lower concentrations of Mo (approximately ten-fold) 
are effective when ion-exchange rather than impregnation is used to disperse the Mo onto 
coals. 

Iron catalysts have a significant cost advantage over Mo. particularly if industrial 
wastes such as red mud can be utilised. However. Table 3 indicates that the iron-based 
catalysts tested on the UK bituminous coal only increased tar yields by ca 5% daf coal 
compared to 25% for sulphided Mo. Indeed. the difference in activity between Fe and Mo
based catalysts is much more pronounced for hydropyrolysis than in direct liquefaction (20). 
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As for the non-sulphur containing Mo compounds (Table 3), the ineffectiveness of Fe in 
hydropyrolysis is undoubtedly attributable to the fact that the active phase, pyrrhotite, is not 
formed in sufficient quantities below 4()()oC under the relatively rapid heating regime used 
here. These results further illustrate the more stringent requirements required for dispersed 
catalysts in hydropyrolysis in relation to those used in direct coal liquefaction. 

2.2.4 Hydrogen replacement. The major additional cost for hydropyrolysis over low 
pressure pyrolysis processes is hydrogen generation. Recently, the effects of partially 
substituting other gases, such as steam (24) and methane (25) for hydrogen have been 
investigated. Although increases in conversion were obtained with increasing steam 
pressure, these were relatively small in relation to those achieved with hydrogen and, 
consequently, the level of conversion is dictated primarily by the hydrogen partial pressure. 
Nonetheless, the use of red mud as a catalyst was found to be effective for steamlhydrogen 
mixtures (24). 

Cypres and coworkers have used a mixture of 55% hydrogen, 30% methane and 
15% nitrogen by volume to simulate the use of coke oven gas in hydropyrolysis (25). At 
temperatures up to 7200c, the oil yield obtained with the mixture was intermediate between 
that obtained with hydrogen and methane, indicating again that conversion is dictated by 
hydrogen partial pressure. However, although the oil yield decreased in going to higher 
temperatures, the yields obtained with the coke oven gas mixture were similar to those 
obtained with pure hydrogen due to the disproportionation of methane into primarily tar, 
solid carbon, hydrogen and ethane. 

2.3 TWO-STAGE REACfORS 

2.3.1 Vapour phase hydrotreating. One major advantage of hydropyrolysis that has not 
been fully exploited for oil shales is the ability to pass the primary oil vapours over a 
suitable hydrotreating catalyst in a two-stage reactor to produce low boiling distillates 
directly. For bituminous coals (26), two-stage hydropyrolysis at pressures up to 15 MPa 
with both traditional y-alumina supported NilMo catalysts and the novel NilMo exchanged 
HTOs have given distillates with low heteroatom contents (ca 50 ppm nitrogen) containing 
over 50% material which boils below 3(}()oC. However, the composition can vary 
considerably as a function of vapour residence time, pressure and temperature (26). 

Additionally, the performance of the catalyst obviously deteriorates with time on stream. 
Nonetheless, even after a substantial level of carbon deposition, the level of upgrading 
achieved in terms of heteroatom removal (50% reduction in nitrogen), hydrocracking to 
yield naphtha (10-15 cf 25% for fresh catalyst) is still significant (26). In practice, the effect 
of catalyst deactivation can be overcome to some extent by increasing the vapour residence 
time. 

2.3.2 Mineral interactions. Two-stage operation is useful from a fundamental standpoint 
in that the secondary vapour phase reactions between oil and the mineral matter in shales 
can be investigated (27). Table 5 compares the oil and gas yields from hydropyrolysis at 50 
bar pressure when the primary oil vapours (from a Cleveland shale) are passed through a 
bed of combusted shale. Compared to nitrogen, the use of high hydrogen pressure 
virtually eliminates the deposition of carbon onto combusted shale (27) (Table 5). The 
hydrocarbon gas yields increase after the second stage due to the disproportionation of the 
primary oil into lighter liquids, coke and gas over the combusted shale. 
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Table 5 Comparison of product yields for sinl:le and two-stal:e bydropyrolysis at 5 MPa 
hydrol:en pressue for a Cleveland sbale 

% dafshale 

Oil 
Methane 
C2-C4 hydrocarbons 
C deposited 

Sinl:le 

61 
1.1 
1.8 

3. Pressurised ftuidised-bed hydroretorting 

Two-sta~ 

51 
1.5 
2.9 

<1 

3.1 PROCESS DEVELOPMENT AND PDU PRODUCT YIELDS 

Over the past decade, a number of retorting approaches have been tested for the hydrogen 
deficient Eastern U.S. oil shales (28). The results of these tests show that the highest oil 
yoelds are obtained by retorting these shales in the presence of hydrogen at elevated 
pressures. Most of the research conducted at lOT during 1987 focussed on the 
development of the process for moving-bed hydroretorting (HYTORT). It was concluded 
that oil yield decreases and gas yield increases with increasing particle size and that 
hydroretorting of beneficiated shale significantly improves the overall economics of 
producing oil, together with the use of small particles. 
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Figure 4 Variation of oil and gas yields with particle size. 
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Efforts to improve the economics of hydroretorting have led to the development of a 
second-generation process, the pressurised fluidised-bed hydroretorting (PFH) process at 
IGT. Research conducted in a laboratory-scale thermobalance confirmed that oil and gas 
yields obtained during hydroretorting of U.S. Eastern shales depend on the particle size, 
Figure 1 shwing that, the smaller sized particles yield more oil and less gas (29). Improved 
selectivity to oil reduces hydrogen consumption which, in tum, increases overall process 
efficiency. 

The overall process concept for PFH of oil shale includes the major components for 
crushing and beneficiation, the hydroretort, hydrogen generation and combudtion of the 
spent shale. The difference between PFH I and IT (a more advanced technology) is in the 
method of hydrogen generation (30,31). In PFH I, the hydrogen is generated by the 
conventional steam retorting of methane while, in PFH II, it is made by cracking the 
product gas (primarily methane) to carbon and hydrogen. The carbon is then combusted to 
generate heat to drive the methane cracking (endothermic) reaction. PFH II technology can 
potentially eliminate the conventional hydrogen plant and its steam requirement for 
reforming. PFH II technology may also produce a simpified plant and improve the overall 
process economics. Block flow diagrams of the major integrated components for the two 
processes are shown in Figures 5 and 6, respectively. Since the hydroretort is common to 
both processes, the remaining discussion of PFH results will not differentiate between 
PFH I and II. 

MINED 

SPENT 
SPENT SHALE 
SHALE +CARBON 

Figure 5 Major components of PFH I process concept. 
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lOT has recently concluded a major program to develop the PFH process and 
establish a data base for several U.S. Eastern oil shales (32-34). The program also included 
the development of support technnologies including beneficiation, product separation, 
combustion and waste disposal to improve the economics and environmental acceptability 
of the PFH process. 

The effect of temperature and hydrogen pressure for PFH processing of Indiana 
New Albany oil shale in the range of 450 to 7000C and 28 to 69 bar on carbon conversion 
to oil and gas and on the normalised oil yield are shown in Figures 7 and 8, respectively. 
The highest pressure produces the most oil and, with increasing temperature above 5{)()oC, 
the oil yield decreases at the expense of more gas. Oil yields are expressed in dm3 per 
metric tonne per %w/w organic carbon and can be compared directly with Fischer assay 
(FA) yields expressed on the same basis. A comparison of PFH and FA yields for six 
Eastern U.S. shales is presented in Figure 9. All PFH tests were conducted at 6.9 MPa in 
the laboratory-scale reactor. 

The PFH process has been scaled up from a 100 g batch unit to a 100 kg h- i semi
continuous PDU. The latter was designed to operate at any combination of temperature and 
pressure up to I{)()oC and 7 MPa. The major components include the feed hopper, reaxtor, 
residue receiver, product gas filters, gas-fired preheater, coolers and condensers and 
recycle compressors. The solids elutriated from the bed are collected by an external 
cyclone to permit measurement of quantity and particle size. The cyclone piping can also 
be configured to return fines to the reactor. A summary of operating conditions and the 
results of the tests with Alabama shale, designated PDU-4 and 5 are presented in Table 6. 
Carbon conversion to oil for PDU-4 is 42.1 % which corresponds to 149% of the FA 
yield. When the pressure was raised to 6.89 MPa in PDU-5, the carbon conversion to oil 
increased to 58.1 % of the feed corresponding to 201 % of the FA oil yield. Carbon 
conversions to gas in PDU-4 and 5 were 20.1 and 14.6%, respectively. The raw Indiana 
New AFJany shale gave the somewhat lower than expected oil yield of 170% the FA value. 
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Figure 9 Comparison of Fischer Assay and PFH retorting yields for six Eastern U.S. oil 
shales. 
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Figure 10 Schematic diagram of POU-scale PFH test unit. 
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Tabl~!i PDU Q~ratinl: I<QnwliQn~ anl.l ~~:u11S 

PDU-4 PDU-5 PDU-9 PDU-1O 
Alabama Alabama Indiana Inl.liana b~nf. 

Operating conditions 
Average reactor T, OC 519 523 513 519 
Shale residence time, min. 26 24 26 19 
Pressure, MPa 4.14 6.89 6.89 6.89 
Shale particle size, J.1 150-180 150-850 150-180 150-850 
Shale feedrate, kg h-1 15.0 14.9 34.3 25.1 
Gas flowrate, m3 h-1 393 574 561 501 
Gas velocities, m3 S-l 

superficial 0.38 0.34 0.34 0.30 
conplete fluidisation 0.36 0.32 0.32 0.26 

Shale feedtime, h 3.2 3.6 3.1 3.3 
Steady-state period, h 2.0 2.0 1.8 1.5 

Product carbon (wt. % feed C) 
Residue shale 37.4 26.9 25.3 19.2 
Product gas 20.1 14.6 15.6 18.9 
Oil 42.1 58.3 58.9 61.6 
Water (as sol. hydrocarbon) O.~ 0.2 0.2 0.2 

Total 100.0 100.0 100.0 100.0 
Oil 
Yield (dm3 tonne-l) 78.7 106 91.4 211 
Yield (% of FA) 149 201 170 195 
Density (oAPI) 7.8 5.2 10.6 12.5 
Density (kg m·3) 1016 1035 996 983 

benf. = beneficiated 

However, processing the beneficiated shale gave 195% the FA yield (211 dm3 tonne-1), 
compared to the laboratory hydroretorting assay (see following) of 208% of FA. 

3.2 HYDRORETORTING ASSAYS 

The modified FA technique developed by the U.S. Bureau of Mines for evaluating oil 
yields evolved from tests originally designed to measure the potential liquid yield obtained 
in coal pyrolysis. During the early decades of this century, procedures and operating 
conditions for the FA were gradually modified to bring the results into line with oil yields 
obtained by typical retorting processes of the day. The resulting test is now an ASTM 
standard (designation 0-3904-90). While modern thermal retorting processes - when 
applied to Western U.S. shales - may produce oil yields which differ slightly from those of 
the FA test, their yields are sufficiently close for the FA results to be accepted as a standard 
for assessing the potential of oil shale resources. With the development of hydroretorting 
processes, it became necessary to devise an assay technique capable of measuring the 
substantially greater oil yields obtained. Thus, an oil shale is assessed in IGT's 
hydroretoritng assay unit (HAU) prior to PFH processing (35). 
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World oil shales vary significantly in their ability to produce oil. The Western U.S. 
oil shales (Eocene, Type I kerogen) give high yields when retoted by conventional 
processes due to their high atomic WC ratios. However, many of the other world oil 
shales are comparable to the Eastern U.S. Devonian shales (Type II kerogens) with a 
hydrogen deficiency which restricts the amount of organic matter in the shale that can be 
converted to hydrocarbon products in conventional retorting processes. As has been 
shown earlier, oil yields can be improved substantially by hydroretorting in the PFH 
process. 

HAU results have been obtained for shales from Australia, Brazil, Canada, Jordan, 
Morocco, Turkey and elsewhere using the standard operating conditions of 5380 C and 6.9 
MPa. Oil yields from these shales (Figure 11) show inprovements up to 300% over the FA 
yields, and for one particular shale (Billingen, Sweden), the improvement is over 400% . 
The actual oil yields are presented in Table 2 which indicates that yields of 125 dm3 per 
tonne can be obtianed from oil shale resources which would be considered too lean for 
commercial exploitation by conventional thermal retorting processes. Beneficiation may 
present an opportunity to further exploit these lean oil shale resources. 
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ABSTRACT. A common feature of oil shale decomposition models is the bitumen 
intermediate, which is defined to be a soluble, nonvolatile primary product of 
kerogen decomposition. Despite the large number of studies that have been 
conducted on oil shale thermal decomposition, there is a scarcity of data on the 
bitumen intermediate. The problem with the bitumen intermediate is that, while 
it is often used in oil shale decomposition, it is seldom measured experimentally. 
The lack of experimental data can lead to deficiencies in understanding the 
mechanism and kinetics of oil generation. In this chapter some comments on the 
role ofthe bitumen intermediate during oil shale decomposition are examined, with 
emphasis on its temperature dependence under isothermal and nonisothermlll 
conditions. Data are presented to illustrate that significantly greater conversions 
of kerogen to soluble products can be accomplished by paying attention to the 
kinetic behavior of the bitumen intermediate, particularly for oil shales that have a 
l.arge aliphatic carbon component. 

1. Introduction 

Oil shale thermal decomposition is generally considered to be a first-order rate 
process that proceeds through different intermediate stages before the final 
products are produced. Various decomposition schemes have been proposed to 
model the process. One of the most frequently used decomposition models is shown 
in equation 1, 

k k 
kerogen _1_> bitumen _2_> oil + gas + residue (1) 

where kl and ~ are the rate constants for the kerogen and bitumen decomposition. 
Kerogen is defined as that portion of the organic matter in oil shale that is 
insoluble in common organic solvents. It is figuratively a "blackbox" from which 
products evolve upon application of heat. The bitumen is defined as the benzene
soluble organic material formed during the heating period that is nonvolatile and 
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remains in the shale sample. Residue is defined as the benzene-insoluble portion 
of the kerogen remaining in the spent shale. 

Burnham (1) points out that the above model is inadequate for most kerogens. The 
main reason is that the serial model in equation 1 must have an induction time for 
oil generation, which means that the slope of the oil generation curve must be zero 
at zero time. For most kerogens this is not the case. An easy solution is to write a 
more general expression for kerogen decomposition, i.e., 

k 
kerogen _1_> bitumen + oil + gas + residue (2) 

and 
k 

bitumen _2_> oil + gas + residue (3) 

This model allows for any reaction product to be produced from either the kerogen 
or the bitumen. The relative amounts of each decomposition product would be 
determined from stoichiometric coefficients. Thus, a non zero stoichiometric 
coefficient for oil in equation 2 addresses the problem of allowing the maximum oil 
generation to occur at the beginning of pyrolysis and still having bitumen as an 
intermediate in the decomposition. 

Although bitumen has been considered an important intermediate in kerogen 
decomposition (2-9) its chemical and physical properties have not been thoroughly 
investigated. Historically, models such as equation 1 were proposed for oil shales 
containing type 1 kerogen, which is highly aliphatic and which exhibits high 
conversions to oil during pyrolysis. These kerogens, which include Colorado and 
Baltic oil shales, Australian torbanites, and sapropelic coals, show similar first
order rate constants for kerogen decomposition (4). Eastern Devonian and 
Mississippian shales have a more aromatic kerogen structure than do the Tertiary 
oil shales from the Green River Formation (10). Little attention has been paid to 
whether the bitumen is a significant reaction intermediate in the pyrolysis of these 
more aromatic shales. 

There is a paucity of published data on the time dependence of the chemical and 
physical properties of oil shale pyrolysis products. In particular, there is very little 
information on the bitumen intermediate. For a long time, the data of Hubbard 
and Robinson (11) were the most comprehensive on the thermal decomposition of 
Colorado oil shale. However, even in that study, chemical and physical properties 
of the reaction products were not measured. Instead, overall decomposition data 
were reported, which subsequently have been used by others (2-4) to develop global 
models of kerogen decomposition. For eastern U.S. oil shales some properties of 
the bitumen have been investigated (12-14). For other shales from different 
worldwide deposits, comprehensive decomposition data have not been reported, and 
the significance of the bitumen intermediate has not been addressed for these 
shales. 
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In this chapter, the role of the bitumen intermediate during oil shale decomposition 
is discussed with emphasis on the temperature dependence of the bitumen under 
isothermal and nonisothermal conditions. Possible relationships between bitumen 
formation and kerogen structure are also discussed that can lead to improvements 
in oil shale conversion. In addition, some compositional differences between the 
bitumen produced from eastern and western U.S. oil shales are presented. 

2. Experimental 

2.1 OIL SHALE SAMPLES 

The Fischer assay data for the oil shales are listed in Table 1. Organic carbon 
conversion data are given in Table 2. The shales were crushed to pass a 20-mesh 
(841p) screen and the 20/45 mesh (841pI354J.1) fraction was separated for 
decomposition studies. An initial 1500-gram fraction of each shale was thoroughly 
mixed and was then split eight ways in two stages to yield 64 samples each 
weighing about 22 grams. Twenty-gram samples were weighed from these for 
kinetic measurements. 

Table 1. Fischer Assay Data for Oil Shales 

Kentucky Shale Colorado Shale Wyoming 
New Albany Anvil Points Exxon Colony Tipton 

Oil, gaVton 14.4 52.2 27.5 22.0 
'Oil, wt% 5.7 19.3 10.2 8.8 

Gas,wt% 3.2 4.9 4.6 2.0 

Spent Shale, wt % 89.5 74.4 83.5 86.0 

Water, wt% 1.6 1.4 1.7 3.2 
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Table 2. Fischer Assay Organic Carbon Conversion for Oil Shales 

Oil 
Gas 
Spent Shale 

Kentucky Shale Colorado Shale 
New Albany Anvil Points Exxon Colony 

35.1 
9.1 

55.8 

71.5 
12.7 
15.8 

61.7 
13.8 
23.7 

2.2 PYROLYSIS REACTOR SYSTEM 

Wyoming 
Tipton 

62.3 
8.0 

29.7 

Isothermal measurements were carried out in a heated sand-bath reaction system 
that has been described in detail elsewhere(l4-16». Briefly, 20-gram samples are 
heated to reaction temperature by immersing a tubular reactor containing the 
shale sample into a pre-equilibrated fluidized sand bath. The reaction is quenched 
by removing the reactor from the sand bath and spraying liquid CO2 onto its 
surface. A helium sweep gas flow rate of 30 cc/min is used to remove the products 
from the reaction zone. The liquid product is collected in a dry ice-cooled trap and 
gaseous products are analyzed by gas chromatography, either by collecting the 
total gaseous product in an evacuated vessel or by analyzing the product gas on
line. The amount of bitumen was determined by extracting the residue shale from 
each experiment with benzene for 24 hr in a Soxhlet apparatus, followed by rotary 
mm evaporation to obtain the bitumen for analysis. 

Material balances were calculated by measuring the weight change of the shale 
sample, the weight ofliquid collected, the volume of water collected, and the weight 
of each component in the gas. The gas evolution curves were integrated, taking 
into account analytical system delays and backmixing, to give the total amount of 
gas evolved in each timed experiment. Material balances were typically 100 ± 1%. 
Typical heat-up and cool-down curves for isothermal are shown in Figure 1 for 30-
min isothermal runs at 400 and 425 0 C. 

3. Results and Discussion 

3.1 BITUMEN FORMATION UNDER ISOTHERMAL CONDITIONS 

As already mentioned, an objective of this work was to investigate the transient 
nature of bitumen during thermal decomposition of oil shales. The temperature 
dependence of the bitumen is shown in Figure 2. The data are plotted on a carbon 
basis to facilitate comparison. The data show that, in the temperature range of 
37!l· C to 425 0 C, the maximum amonnt. of ext.ractahle bitumen from t.he K"nhH~kv 
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New Albany shale is about 14% of the original kerogen (425°C data). However, the 
Colorado and Wyoming oil shales show greater amounts of extractable bitumen, 
reaching maximum values between 40 and 60% at 425°C. The lower maximum 
value at 440 ° C for the Exxon-Colony is probably due to experimental constraints 
that prevent rapid heating and quenching of the shale in a time sufficiently short 
to observe the maximum value at this temperature. The differences in carbon 
structure and conversion to oil between the shales suggest that bitumen formation 
may be a function of the original kerogen structure, i.e., the more aliphatic the oil 
shale, the more bitumen that is formed during pyrolysis. 

A reasonable explanation for the low bitumen yields of the New Albany shale is 
that direct kerogen conversion to residue, oil and gas competes with bitumen 
formation. Because the overall carbon conversion of the New Albany shale is about 
35 and 56% to oil and residue, respectively, during Fischer assay (Table 2), direct 
residue formation appears to be a major pathway for kerogen decomposition in this 
shale. It is also possible that for the New Albany shale, given the high aromatic 
carbon content (10), a certain portion of the original kerogen resembles a residue 
product. Unfortunately, there is no way to discriminate between a residue that is 
formed and a residue-like material that is already part of the original kerogen. 

500 

400 ~ ~ ~ 

U 
0 

.; 300 .. 
::» .. g .. • Co 200 E • t-

100 I-
:> 

00 
I I 

6 12 . 18 24 30 36 

Time, min 

Figure 1. Heat-up and cool-down curves for 30-min isothermal runs at 400 and 
425°C. 
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Temperature dependence of kerogen and bitumen decomposition rate 
constants and maximum bitumen concentration (A Colorado Anvil 
points, • Colorado Exxon-Colony, • Wyoming Tipton, • Kentucky New 
Albany). 

There is one aspect of the data in Figure 2 that. is important for understanding 
kerogen decomposition, but which has been largely ignored (3,5,8,9) in the 
development of oil shale decomposition kinetics. That is, experimentaUy the 
maximum amount of extractable bitumen increases with temperature. The 
implications of this trend on oil shale decomposition kinetics are best explained 
with the aid of Figure 3, and equation 1. For the model given by equation 1, the 
bitumen concentration is 

(4) 

where :r<O is the amount of original kerogen, f1 is the fraction of kerogen converted 
to bitumen, and kl'k2 are the first-order rate constants for kerogen and bitumen 
decomposition. The time for the bitumen to reach its maximum value at a given 
temperature can be obtained by setting the time derivative of equation 4 equal to 
zero, and solving for the time. This yields 
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(5) 

By substituting equation 5 into equation 4, the maximum value of the bitumen can 
be obtained from 

(6) 

The temperature dependence of each rate constant can be described by the 
Arrhenius equation: 

k = A exp( -EIRT) (7) 

where A is the frequency factor, R is the ideal gas constant, E is the activation 
energy, and T is the temperature. By taking the logarithm of both sides of 
equation 7, the temperature dependence of the logarithm of the rate constant can 
be expressed in the form of a straight line with intercept, In A, and slope, -EIR, as 
shown in Figure 3. The lines in Figure 3 are calculated from a model in which EI > 
E2, and Al >~. For purposes of discussion, only the ordering of E1' E2, and A},~ 
is important; experimentally determined values are not necessary. Because the 
slopes and intercepts are not the same, the lines for the rate constants, k1 and ~, 
cross at some temperature. The point at which the crossover occurs is when k1 = 
k2' and the maximum amount of extractable bitumen is 37% at this point for the 
given model. Less than this amount is extractable in the region where k1 < k2' and 
greater than this amount is extractable in the region where k1 > ~ (equation 6). 

The curve for the maximum extractable bitumen as a function of temperature is 
also shown in Figure 3. This curve is calculated from equation 6 where k1 and k2 
are first calculated at a given temperature from equation 7. The fraction of 
kerogen converted to bitumen is assumed to be unity for purposes of illustration. 
Experimental data for the maximum bitumen from Colorado, Wyoming and 
Kentucky oil shales are also shown on Figure 3. 

The key point to be made about the maximum bitumen curve is that it increases 
with temperature if the activation energies of the kerogen and bitumen 
decomposition are ordered as shown in Figure 3, that is E1 > E2 . It is difficult to 
reconcile the temperature dependence ofthe bitumen with an activation energy of 
kerogen decomposition that is less than the activation energy of bitumen 
decomposition. One way to reconcile this is for the fraction of kerogen converted to 
bitumen (f1 in equation 4) to be temperature dependent, increasing with increasing 
temperature. However, this behavior has not been demonstrated in any work 
published to date and does not I1ppear to have been considered in models of oil 
shale thermal decomposition. If the fraction of kerogen converted to bitumen, f1' is 
less than unity, the maximum bitumen curve still increases with temperature, but 
scales accordingly to lower values of maximum concentration. 
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A number of studies have reported activation energies for kerogen and hitumen 
decomposition that were based on analysis of TGA weight loss curves (6,9), liquid 
product yields (3), yields of total hydrocarbons (7), or combined yields of oil and 
bitumen (8). In all cases, experimental data were not obtained for the bitumen, 
although bitumen was included as an intermediate in the analysis ofthe kerogen 
decomposition kinetics. Only one of these studies (7) reported an activation energy 
of kerogen decomposition that was greater than that of the bitumen decomposition. 

An interesting aspect of the 425 0 C liquid product data that can be important for oil 
shale processing is illustrated in Figure 4. These data show maxima in the oil plus 
bitumen curves for the Colorado oil shales. By quenching the reaction at the ti me 
ofthe maximum (-30 min), 85 to 95 % of the carbon in the kerogen is recoverable 
as soluble products. For longer times, lesser amounts of soluble products are 
recoverable due to coking ofthe bitumen. Ultimately, the liquid yields will be that 
of the oil only since the bitumen will have decomposed to form oil, gas, and residue 
products. 

100 
c::: 

~ as 80 0 
0 ·2 
as 

60 ~ Colorado Exxon 
0 
CD 
1a 40 .r:. 
tJ) • Kentucky New Albany 
I a: 20 

'0 
'#. 

0 
0 20 40 60 80 100 120 

Time, min 

Figure 4. Sum of oil and bitumen produced from Colorado and Kentucky oil 
shales at 425 0 C. 
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The maximum in the oil plus bitumen curve from the Colorado oil shales results 
from the large fraction of extractable bitumen generated at 425 0 C (Figure 2). An 
insufficient amount of bitumen is extractable during pyrolysis to produce a 
maximum in the oil plus bitumen curve from the New Albany shale. As a result, 
no improvement in conversion to soluble products can be obtained by quenching the 
reaction after a specified time as has been shown for the Colorado shales. 

Yields greater than Fischer assay have been obtained from eastern shales by 
hydropyrolysis (17,18), donor solvents (19), and rapid heating (20,21). In view of 
the lack of a substantial intermediate concentration for these shales, it appears 
that the increased oil yields are brought about by effectively blocking the direct 
residue formation step or by redistribution of products to produce less gas and more 
oil. However, m'ore detailed studies are needed to understand the reasons for 
increased oil yields under different pyrolysis conditions for shales in which the 
bitumen is not an important intermediate in the decomposition. 

3.2 QUALITATIVE BEHAVIOR OF THE BITUMEN UNDER NONISOTHERMAL 
HEATING 

For nonisothermal heating, the temperature dependence of the bitumen can also be 
used to infer the ordering of activation energies. 'l'his is most easily understood 
with the aid of Figure 5, which shows the theoretical behavior of bitumen and 
kerogen for the model described by equations 2 and 3 for heating rates of 2 and 10 
Klmin assuming a stoichiometric coefficient of unity (f1 = 1) for the formation of 
bitumen from the kerogen. Figure 5a illustrates the case, E1 > E2 and Figure 5h 
illustrates the case, E1 < E2. The values of El' E2, AI' and ~ are chosen only for 
the purposes of illustration. 

Figure 5 shows that the temperature at the maximum in the bitumen curve shifts 
to higher temperature as the heating rate increases. For E1 > E2, the maximum 
amount of bitumen also increases with heating rate; whereas for E1 < E2, the 
maximum amount of bitumen decreases with increasing heating rate. 
Furthermore, the maximum in the bitumen will always lie outside of the kerogen 
decomposition curve when E1 > E2. If E1 < E2, the maximum of the bitumen curve 
will always lie inside the kerogen curve. The predicted properties of the 
temperature dependence of the bitumen can be used to infer the ordering of 
activation energies for nonisothermal behavior. 

Experimentally, the behavior of the bitumen and kerogen under nonisothermal 
heating is shown in Figure 6 for the Wyoming oil shale. The maximum in the 
bitumen lies outside the kerogen curve, and the maximum shifts to higher 
temperature as the heating rate increases. Also, the maximum amount of bitumen 
increases with heating rate. These experimental observations support the notion 
that the activation energy of kerogen decomposition (E1) is greater than the 
activation energy of bitumen decomposition (E2). 
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Figure 5. Theoretical curves for kerogen and bitumen evolution under 
nonisothermal conditions, (a) El > E2 ' (b) El < E2. 
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Another nonisothermal study that incorporates data for the bitumen is that of Li et 
al. (22). They studied the nonisothermal decomposition of Fushun oil shale at a 
heating rate of 2 Klmin in the range of 653 to 793 K and obtained activation 
energies of 30 and 48 kcallmole for El and E2 , respectively. Because only one 
heating rate was used, the ordering of activation energies could not be established 
from their work. Based on the above discussion, at least two heating rates must be 
employed in quenched nonisothermal experiments to determine the ordering of 
activation energies. Clearly, additional measurements of the bitumen under 
nonisothermal heating and different heating rates are needed for all types of oil 
shales. 

3.3 OTHER PROPERTIES OF THE OIL AND BITUMEN 

Hydrogen-to-carbon ratios and molecular weights were determined for the oils and 
bitumens produced from isothermal decomposition of the Colorado Exxon-Colony 
and Kentucky New Albany oil shales (Figures 7 and 8). Similar results have been 
obtained for other Colorado and Kentucky oil shales (14). 

For the shale oils, the HlC rat.ios and molecular weights were remarkably constant 
at all times and temperatures for each type of shale oil. Average values from all 
the time/temperature data are given in Table 3. The differences in average 
properties of the two shale oils reflect the differences in the original kerogen 
structure, i.e., the more aromatic nature of the Kentucky oil shale kerogen 
compared with the Colorado oil shale kerogen. 

Table 3. Average properties of Colorado and Kentucky Shale Oils 

Colorado 

Kentucky 

HlC 

1.71 ± 0.03 

1.50 ± 0.06 

Carbon Aromaticity 

0.02 ± 0.02 

0.41 ± 0.04 

molwt 

358 ± 40 

257 ± 16 

Chemical property measurements of the bitumen were limited by the small amounts 
of bitumen extracted from the 20-g samples of shale. This was especially true for the 
Kentucky oil shale in which little bitumen was extracted throughout the 
decomposition and for the Colorado oil shale at longer reaction times where little 
bitumen remained. In general, the composition and properties of the bitumen change 
during the course of the reaction. This is most evident from the molecular weight 
data in Figures 8a and b. These data indicate that the bitumen molecular weight 
passes through a maximum during the decomposition. This effect had been noted 
previously by Mityurev (23) in his analysis of the thermal decomposition of Baltic 
shales. Because of this, Mityurev concluded that a kinetic intermediate whose 
composition changes with time is untenable in a reaction sequence. Instead, 
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Mityurev considers bitumen to be a mixture of tar and unconverted kerogen. The 
changing composition ofthe bitumen is attributed to the variation in the amount of 
unconverted kerogen in the tar at any given time. Allred's postulate of an 
autocatalytic reaction between the bitumen and kerogen is also a consequence of the 
changing composition of the bitumen (2). 

More recently, Suuberg et al.(24) have shown that the molecular weights of the 
bitumens differ significantly from the oils produced during rapid pyrolysis of Colorado 
oil shale. They suggest that oil production is partly vaporization controlled and that 
current models are inadequate for predicting oil release under conditions of rapid 
heating. The reason for this is that the details of the reactions for formation and 
destruction of the bitumen are not yet satisfactorily understood and may be related to 
the nature ofthe cross-links in kerogen (25). This is a neoteric concept in oil shale 
studies although in coal research, the nature of the cross-links has been shown to 
playa significant role in the amount of tars and extractable materials formed during 
pyrolysis (25). The differences in the product distribution (including the bitumen) 
between the Colorado and Kentucky oil shales may be governed by the nature of the 
cross-links in the parent kerogen. For example, the low oil yields from the Kentucky 
shale may be the result of a more highly cross-linked kerogen which upon heating 
produces more char than oil. 
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ABSTRACT. Study of the reactivity of organic molecules in hot water is developing from 
studies aimed at understanding how organic matter (kerogen) forms in natural 
environments and then breaks down into energy source materials. In natural systems 
where kerogens are depolymerized, hot water is ubiquitous and usually contains salt and 
minerals. Reactions such as ionic condensation, cleavage, and hydrolysis are facilitated by 
changes in the chemical and physical properties of water as temperature increases. These 
changes make the solvent properties of water at high temperature similar to those of polar 
organic solvents at room temperature. Therefore, reactions with organic compounds are 
facilitated. An understanding of aqueous organic chemistry may lead to potential 
applications in areas as diverse as petroleum exploration, coal liquefaction, synthesis of 
chemicals and plastics recycling. 

1. Introduction 

This presentation describes an emerging area of chemistry: the transformations of organic 
compounds in hot water at elevated pressure. Although conventional wisdom holds that 
most organic compounds do not react with water under normal conditions, our overview 
demonstrates that water frequently participates as catalyst or reactant as well as solvent. 
Specifically, the behavior of compounds with functional groups and linkages 
corresponding to those found in shale kerogens and coals, and their precursors, implies 
that water has important effects on the conversion of plant and animal material into 
organic fuels under geologic conditions of time, heat, and pressure. These results are of 
broad interest to geologists, chemists, and anyone who is concerned with the environment. 

Common organic molecules that were previously considered to be unreactive in liquid 
water undergo many chemical reactions when the temperature is increased to 250° to 
350°C; these reactions were previously expected only in the presence of strong acid or 
base. For example, ethers and esters, which are unreactive to heat alone, undergo facile 

* Excerpted largely from Science 1991,254,231 with permission. 
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cleavage and hydrolysis, respectively, in water at 250° to 350°C (1). Similarly, 
polyethylene terephthalate polymers (found in plastic soft drink bottles) can be hydrolyzed 
quantitatively back to their starting materials in hot water in less than an hour (2). Other 
polyesters and also polyarnides (like nylon) are equally susceptible to hydrolysis. A major 
analogy in nature of polymers to such reversion reactions is catagenesis: the process by 
which solid petroleum kerogens, which are cross-linked macromolecular structures, are 
converted in source rocks into liquid petroleum. Natural catagenesis takes place at 
temperatures below 200°C over millions of years in aqueous environments at pressures of 
about 61 MPa. Because of the relatively low temperatures, it has been hypothesized that 
some of the chemistry by which petroleum is formed is catalyzed by clay minerals in the 
sediments (3). Two additional factors can affect and catalyze kerogen and thus are 
important to petroleum formation. One is that simple aqueous chemistry generates 
water-soluble products that are acidic or basic, or have redox properties. The other is the 
effect of salts present in sea water or aqueous environments (4,5). 

Should one expect organic chemical reactions to take place in hot water? Dramatic 
changes in the physical and chemical properties of water suggest the possibility: as 
temperature increases, water becomes more compatible to reaction with organics. For 
example, as temperature rises from 25°C to 300°C, the density of water decreases from 
0.997 to 0.713 g/cm3 (6), its dielectric constant decreases from 78.85 to 19.66 (7), and its 
solubility parameter decreases from 23.4 to 14.5 (caVcm3)Yz (8). The ionic product 
(dissociation constant) of water increases by three orders of magnitude, from 1013.99 to 
1011.30 (9), even though the dielectric constant falls with rising temperature. These 
changes in physical properties make the solvent properties of water at 300°C roughly 
equivalent to those of acetone at 25°C. Therefore, ionic reactions of organics should be 
favored by increased solubility in water. The increase in the dissociation constant will 
increase the rate of both acid- and base-catalyzed reactions in water far beyond the natural 
acceleration due to increased temperature. 

The reactivity of organics in water in the temperature range of 200° to 350°C (10) has 
been systematically studied with the use of reactants that include aliphatic and aromatic 
species containing oxygen, sulfur, and nitrogen functional groups. Many of these are 
representative of structures found in kerogenous resources such as coals and oil shales. In 
many cases, salt (brine) and minerals were added to the model organic compound-water 
systems to simulate the chemistry of diverse natural environments. These reactions are 
carried out in closed reactors, such as an autoclave, in which a liquid water phase is 
maintained (5). Pressures range from -4 MPa at 250°C to -17 MPa at 350°C. From 
these studies, new understandings of aqueous organic chemistry have emerged, and 
several key concepts governing these reactions have been recognized, including: (1) 
Water can act as a highly effective acidic or basic catalyst, and indeed, as a powerful 
acid-base bicatalyst. Such catalyzed reactions are often further accelerated by acidic and 
basic minerals like clays and carbonates. (2) Ionic chemistry predominates as 
high-temperature water opens reaction pathways that are alternative to and preferred over 
thermal (free radical) routes. This ionic chemistry is often facilitated in brine. (3") 
Reactions can be autocatalyzed by water-soluble reaction products. 
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On the basis of these fundamental concepts, we present in this article an overview of the 
reactivity of a broad range of organic molecules in hot water, including in the presence of 
minerals and brine. These advances have increased our confidence in our ability both to 
understand organic geochemical processes and to promote new desired reactions under 
environmentally clean and safe conditions. 

2. Geochemical Background 

Plant substances are transformed in the relatively quiescent waters of swamps to peat. 
The subsequent burial of the peat in an aqueous anoxic environment causes further 
chemical and physical changes, and the peat is converted into lignite during the first stage 
of coalification. From a chemical point of view, coalification can be grossly viewed as a 
progression of molecular changes, some microbiological, that converts lignocellulosic 
plant material to coal, over millions of years and with increasing severity of geological 
conditions (especially temperature and pressure). Coalification is largely a 
deoxygenation-aromatization process; as the rank (degree of metamorphosis) of the coal 
progressively increases during heating, the organic oxygen content decreases and 
aromaticity increases by a series of condensations that include dehydration, 
dehydrogenation, alkylation, and elimination reactions. The concept is further illustrated 
by comparison (Fig. 1) (11) of two parameters of rank in the principal reactive component 
of coal (vitrain): percent oxygen and percent carbon. During formation of bituminous 
coal, which lies about halfway along the metamorphic pathway between peat and 
high-ranked anthracite coal, the initial organic material becomes largely an insoluble, 
cross-linked macromolecular network. Parts of two-dimensional structural models 
believed to be representative of a low-rank lignite (12) and a medium-rank bituminous 
coal (13) (Type III kerogens) are illustrated in Fig. 2. To be solubilized or converted into 
liquid products, these structures must be chemically or thermally broken down, or 
depolymerized. Most current technologies convert solid coal to synthetic fuel liquids by 
thermal free-radical depolymerization. 

The organic material in oil shale is derived largely from algal material deposited in the 
mineral sediments of a lacustrine or marine environment. This process, called diagenesis, 
consists of condensation and aromatization pathways similar to those for coals and forms 
insoluble cross-linked macromolecular structures (Types I and II kerogens). These 
kerogens typically have a higher aliphatic carbon content than coals. It is generally 
believed that shale kerogens, which in an aqueous environment were exposed to increasing 
temperature and pressure, are the immediate precursors for most of the naturally occurring 
gaseous (natural gas) and liquid (petroleum) hydrocarbons. Because the temperature 
remains below 200°C during oil generation, many researchers have postulated that 
catalysis would have been required to sufficiently lower the activation energies of the 
decomposition reactions. The most obvious natural catalysts are the clay minerals of the 
matrix in which the kerogen is dispersed. Grim (3) suggested that the clay minerals in 
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Fig. 1. Oxygen func
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shale and sediments concentrate organic substituents by absorption and then act as acid 
catalysts in converting kerogens into petroleum. 

Typical coals and kerogens (14) in oil shales consist of two- to three-ring aromatic 
clusters connected largely by cross-links, or bridges (Fig. 2), of carbon as diaryl methanes 
and ethanes, oxygen as diaryl and alkylaryl ethers and some esters, and sulfur as diaryl and 
alkylaryl sulfides. Hydroxyaromatics are abundant in coals, whereas carboxylic acids, 
ammonium carboxylates, primary amides, and smaller amounts of esters predominate in oil 
shales as pendant groups on aliphatic chains. In both coals and oil shales, most of the 
sulfur and nitrogen is present in heterocyclic rings. 

The models in Fig. 2 also suggest that carbon and oxygen cross-links need to be broken 
if solid coals and oil shale kerogens are to be converted into liquids usable as synthetic 
fuels. Thermal conversion at 400°C easily cleaves diaryl ethane bridges, but diaryl 
methanes are less susceptible and biphenyl type linkages are thermally unreactive. 
Methylene-bridged cross-links are not reactive in hot water at 350°C except in the 
presence of strong acids. In contrast, ether and ester cross-links are only slowly cleaved 
thermally at 350°C, but in water they can be readily broken by hydrolysis at much lower 
temperatures (250° to 300°C). Moreover, some of the water-soluble products generated 
(for example, acids and bases formed by hydrolysis of pendant ester, amide, and nitrile 
groups and by decarboxylation of acids and carboxylate salts) can be expected to 
autocatalyze these and other reactions in both commercial processes and in nature. 



Fig. 2. Portions of stmctural models of the representative organic material in 
resources: (8) lignite coal [from (12) reprinted with permission from 
Pergamon Press PLCj; (b) bituminous coal [from (13), reprinted with 
permission from Bunerworth·Heinemann Ltd. and the author]; (e) oil shale 
kerogen (14). 
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During diagenesis, condensation reactions predominate in the conversion of the initial 
plant and algal materials into the macromolecular network structures characteristic of 
kerogen. During catagenesis (the macromolecular depolymerization that generates 
petroleum) cross-link cleavage and hydrolysis reactions become dominant. Generally, in 
many model compound studies, the aliphatic derivatives typifY the structures found in oil 
shale kerogens and the aromatic structures those found in coals. 
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3. Chemistry 

3.1 CONDENSATION REACTIONS 

A wide variety of organic compounds has been found to undergo condensation reactions 
in the presence of hot water. Alkenes and alcohols react alone, or together, in the 
presence of hydrated, cation-exchanged (Al+3, Cr+3) layered clays at 100° to 200°C to 
give the corresponding ethers (15). The aldehyde, I-decanal, reacts readily in water at 
250°C to form large amounts of the aldol condensation product (16). The cyclic 
dehydration ofbutane-I,2,4-triol to 3-hydroxytetrahydrofuran takes place in the presence 
of water and a hydrated montmorillonite (17). 

In water and 10% aqueous brine, I-decylamine is converted in low yield (-8%) into 
N,N'-di- and N,N',N"-tridecylamine. In the presence of calcium montmorillonite, the 
condensation reaction is much accelerated (16). Primary and secondary amines can be 
converted, also in the presence of hydrated cation exchanged (Al+3, Cr+3) layered clays, 
into secondary and tertiary amines, respectively (15). 

Several types of condensation reactions and synergisms would be expected to take place 
if three 3-pyridyl derivatives (Scheme 1) were present in a diagenetic environment, where 

(3PyI.CH. 1l1li-........ --co. L..--:-_-' 

1 /HCO.H~--. 
T~ 
(3PyCH-12 

! 
(PyCHoI2 

I HC~.H 
~ HCHO 

3PyCH. (III (( 
3Py = I 

"N 
Scheme 1. Condensation reactions of three 3-pyridvl derivatives in a 
diagenetic environment. [Adapted from (5) with permission from the 
American Chemical So(ieryj 

solid kerogens are formed from plant and algal material in water (4). The 3-pyridyl 
methanol (I) disproportionates into 3-picoline (II) (which does not react further) and 
pyridine-3-carboxaldehyde (III). The aldehyde and alcohol then condense to the bridged 
methylene, ethane, and ethylene structures (left side of Scheme 1). Parallel decomposition 
reactions of the acid (IV), alcohol (I), and aldehyde (III) in water generate molecules of 
carbon dioxide, formic acid, and formaldehyde, respectively, which are water soluble and 
potential reagents in acid catalysis and hydride transfer reductions. 

Frenkel and Heller-Kalai (I 8) demonstrated that the main reaction of the low-molecular
weight terpene, limonene (VII), in the presence of montmorillonite, is conversion to the 
aromatic hydrocarbon p-cymene (VIII) and to p-menthane (IX) and p-menthene (X). This 
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sequence demonstrates that such structures in kerogens could be converted by 
surface-active materials in sediments to low-molecular-weight aromatic compounds of the 
type found in petroleum (Scheme 2). A subsequent study by Goldstein (19) showed that 
geraniol (VI), a biologically synthesized unsaturated alcohol, undergoes a similar stepwise 
catalytic conversion in the presence of water, clays, and other sediments at <100°C initially 
to form polymeric materials. These polymeric materials were converted into the 
thermodynamically stable phenyl, naphthyl, and higher condensed aromatic products. This 
model system study nicely demonstrates that clay, limestone, and other sediments catalyze 
a wide variety of reactions in closed, water-containing systems of varying pH (3.9 to 9.7). 

a 

~OH 
Acid clays 

etc. + 
Condensed products 

and others 

Geraniol (VI) Llmon.ne (VII) 

b 

2 2+2 ~~'~2 + Condensed etc. ,& + 
~ products 

(VII) 

(VIII) (IX) (X) (and Its Isomers) 

Scheme 2. Reactions of geraniol (a) and limonene (b) in the presence of 
clay. [Adapted from (17) with permission from ,Pergamon. Press PLC] 

3.2 BOND CLEAVAGE REACTIONS 

Studies of cyclohexyl phenyl compounds with oxygen, sulfur, and nitrogen links showed 
that they were relatively unreactive thermally, but readily cleaved in water at 250°C to 
form methylcyclopentene together with phenol, thiophenol, or aniline, respectively (Eq. 1) 

O-X-O + (1) 

X = O,S,NH 

(20). These ionic reactions are enhanced in brine (10% NaCI) and in the presence of an 
acidic clay but depressed by basic calcium carbonate. This evidence supports the notion 
that an acid-catalyzed carbocation mechanism operates in water at high temperature for 
this system, Cycloalkyl-X-aryl (X = 0, S, N) structures are representative of the major 
cross-links in a sample of a Kimmeridge shale, which is a source rock for petroleum found 
in the North Sea (21), Other aryl ethers, especially diaryl ethers, are more representative 
of the structures found in coals. Although an acyclic diaryl ether (diphenyl ether) and a 
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cyclic diaryl ether (dibenzofuran) were unreactive under both aqueous and thennal 
conditions, an activated diaryl ether (4-phenoxyphenol) was preferentially cleaved in water 
to fonn large amounts of phenolic products (Eq. 2) (1). 

OH 

HO-o-O-o 6 (2) 

Similarly, benzyl aryl ethers were much more susceptible to cleavage under aqueous than 
thennal conditions at 250"C. Significantly, the unactivated diaryl ethers 
I-phenoxynaphthalene and 9-phenoxyphenanthrene are cleaved in water at 315°C in 2 
hours to phenol and I-naphthol or 9-phenanthrol, respectively (Eqs. 3 and 4) (22). 

9 OH OH 
0 6 +06 cO H2O 

~ 
(3) 

OH gr0-{) HzO 6 + gr~ ~ 

',6 

(4) 

Ester groups, which are bound into the network of resource structures and serve as 
cross-links, although thennally unreactive, are easily cleaved in water at 250-350°C (4). 

3.3 HYDROLYSIS REACTIONS 

Synthetic polymers can be considered analogous in structure to and contain many of the 
functional groups found in the macromolecular structure of resource materials. Hydrolysis 
reactions have been used to effect desired chemical changes in synthetic polymers in a 
manner similar to natural geochemical reactions (as discussed later). Mandoke (2) 
described a simple approach for the neutral hydrolytic decomposition of condensation 
polymers like polyethylene terephthalate (soda bottles), nylon 6 and 66, other synthetic 
fibers, and polycarbonates in water at 200° to 300°C (Eq. 5). 

o 0 
• I 

~OCHzCH20-C-O- C -ir ~ 

COOH 9 __ -
COOH 

(5) 
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Similarly, polyurethane foams can be hydrolyzed to reusable diamines and glycols (Eq. 6) 
(23). 

o 0 

~NH-Ar-NH-Lo-R-O"" HaO.. (8) 

CO2 + HaN-Ar-NH2 + Ho-R-OH 

In other studies (16) modeling kerogen reactivity, decyl decanoate was readily hydrolyzed 
in water at 250°C, in an ionic reaction catalyzed by brine and calcium montmorillonite. 
Norton (24) describes a hydrolytic process for making aromatic carboxylic acids from 
nitriles at 200° to 300°C. In this approach, no catalyst is added directly, but the aqueous 
solution from earlier hydrolyses is used in order to take advantage of autocatalysis by 
ammonia formed during the hydrolysis of the amide intermediate. Analogous autocatalytic 
approaches have been used to form glycols by hydrolysis of the corresponding acetic acid 
diesters (25) in order to produce formic acid from methyl formate (26) and glycerin by 
hydrolysis of glycerol triacetate with water at 180° to 245°C (27). Evstratova, et al. (28) 
hydrated 2,6-dicyanopyridine stepwise to the diamide in boiling water in a reaction that is 
acid- and base-catalyzed. 

Benzonitriles, pyridinecarbonitriles, benzamides, and pyridinecarboxamides are almost 
unaffected by thermolysis but are rapidly hydrolyzed in water at 250°C to the 
corresponding ammonium carboxylates (the nitriles via the amides). The ammonia formed 
autocatalyzes these hydrolyses and the subsequent decarboxylations (29). 

3.4 AUTOCATALYSIS 

In the formation and depolymerization of resource materials, autocatalysis appears to be a 
major mechanistic pathway. During the diagenesis of kerogens, oxygen functionalities 
such as carboxylic acids, aldehydes, and alcohols are lost directly by cleavage and 
indirectly by condensation reactions that form methylene bridged, ether, and ester 
cross-links. The cleavage reactions release water soluble products such as carbon dioxide, 
formic acid, and formaldehyde (Scheme 1). In the water-filled pore systems of oil-bearing 
rocks, the acids and formaldehyde can autocatalyze diagenesis and subsequent catagenesis 
chemistry. In addition to acid catalysis by carbon dioxide and formic acid, the 
formaldehyde and formic acid act as hydride ion transfer agents and thereby reduce 
oxygen functionalities to alkyl groups and polycyclic aromatics to their partially 
hydrogenated hydroaromatic derivatives. When the three oxygenated pyridine derivatives 
are allowed to react in added formic acid or in formaldehyde generated in the forward 
reactions (Scheme 1), the course of the reaction changes such that methylated reduction 
product (II) is favored over pyridine (V) (5). 

The effect on reaction rates of benzyl alcohol emphasizes the significance of 
autocatalysis. Benzyl alcohol undergoes 30% conversion to toluene, benzaldehyde, and 
dibenzyl ether in water after 1 day at 250°C. Under these conditions, benzyl acetate is 
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rapidly hydrolyzed to benzyl alcohol and one equivalent of acetic acid; in the presence of 
acetic acid, conversion of the benzyl alcohol is three times as fast, and not only are more 
toluene, benzaldehyde, and dibenzyl ether produced, but also a series of alkylated products 
(benzylated benzyl alcohols and benzylated toluenes) not observed with the pure benzyl 
alcohol (30). Many aqueous reactions are facilitated by increasing the ionic strength of the 
medium and catalyzed by acidic and basic minerals in the geological formation, as well as 
by generation of organic acids (from aqueous hydrolysis of, e.g., esters) and bases such as 
ammonia (by hydrolysis of nit riles and amides). Other more practical examples of 
autocatalysis were discussed above. 

3.5 RELATED REACTIONS 

Henderson (31) showed that montmorillonite, in water at 375°C, catalyzes the conversion 
(90%) ofoctacosane (CI8H38) into an insoluble black carbonaceous material and small 
amounts ofalkenes and aromatics. Without water, only 1% of the octacosane was 
converted to other alkanes and aromatics. 

Jurg and Eisma (32) reacted samples of behenic acid (n-C21f43COOH) with 
montmorillonite in sealed tubes in the presence and absence of water at 200°C for 89 and 
760 hours. They found that hydrocarbon formation was significant only in the presence of 
the clay catalyst. The ratios of iso- to normal-butane (1 :40) and iso- to normal-pentane 
(1 :40) were raised significantly in the presence of water (1: 1) in both cases; the data 
indicate that the water induced carbocation chemistry. The increase in the proportion of 
saturated hydrocarbons with time at the expense of unsaturated hydrocarbons suggests 
that alkylation or hydrogenation reactions were occurring. Among the higher molecular 
weight hydrocarbons (C14 to C34), there was a strong predominance (55 to 60%) of 
C21H44, the direct decarboxylation product of behenic acid. On the other hand, the 
aromatic carboxylic acid, l-naphthoic acid, was decarboxylated slowly in water at 250°C, 
but reacted quantitatively in <2 hours at 343°C. Under anhydrous conditions there was no 
reaction at 250°C; reaction at 343°C was slow (1). 

Johns (33) studied the kinetics of the decarboxylation of behenic acid using a series of 
clays under anhydrous conditions. Arrhenius plots of the data show large decreases in 
activation energy (from 58.4 to 24.7 kcaVmol) for decarboxylation in the clay-catalyzed 
reactions compared to the reaction without clay catalysis. The time required for 90% 
decarboxylation at 60°C ranged from 2.9 x 1020 years for the thermal conversion to only 
0.03 year when nontronite, an iron-containing clay, was present. Johns pointed out that 
the catalytic activity measured in these laboratory studies surpasses that of the natural 
shale kerogen systems, a finding consistent with the sharp decrease in clay acidity with 
increasing water content (19). 

The dimerization at the alkene bond in mono-unsaturated fatty acids was carried out at 
200° to 260°C in the presence of 2 to 5% of an acid-activated clay and 1-5% water in a 
pressure vessel or under reflux (34,35). The yield of dimerization products was about 
60% for oleic acid. 

Clark and co-workers studied the reactions of thiophene and tetrahydrothiophene in 
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water at 240°C: these compounds were converted slowly in water (36), but more rapidly 
in acidic media (37) and in the presence of metal cations (38,39). A small quantity ofH2S 
was produced, as well as C02 and low-molecular-weight hydrocarbons as gaseous 
products, and a complex array of liquid sulfur-containing products. Tetrahydrothiophene 
was more reactive than thiophene and showed some reactivity at high pH. More recently, 
Clark and co-workers (40) studied the reactions ofbenzothiophene with water and in the 
presence of metal cations and identified several higher molecular weight products. 

4. Hydrous versus Anhydrous Pyrolysis of Kerogen 

The studies of organic compounds discussed above have led to a better understanding of 
aqueous organic chemistry. In addition, several other studies have considered the reaction 
of resource materials (kerogens) in hot water as an alternative to anhydrous pyrolysis at 
higher temperature. Simulation of petroleum formation requires the presence of hydrous 
conditions because water is ubiquitous in sediments. 

Winters et al. (41) demonstrated that the characteristic low olefin (high saturates) 
content of natural petroleum oils could be produced by hydrous pyrolysis of Woodford 
(Devonian), Phosphoria (permian), and Kimmeridge (Jurassic) source rock shales at 
330°C. Thus, hydrous pyrolysis in a closed system appeared to be a more realistic 
reaction system than anhydrous pyrolysis in an open system which, by contrast, generated 
large amounts of olefins. 

This work is complemented by that of Tannenbaum and Kaplan (42) who carried out a 
comparative study in which low molecular weight hydrocarbons were generated from 
Green River oil shale kerogen by both hydrous and anhydrous pyrolysis. At 300°C, 
production of initial C2 to C6 olefins was comparable in both systems, but under aqueous 
conditions, their concentrations then started to decrease with time (also observed by Jurg 
and Eisma (32». This high reactivity of the olefins may explain why olefins were not 
previously observed under hydrous conditions. 

Hydrous pyrolysis (43) ofa Messel shale, extracted with benzene-methanol, at 330°C for 
3 days in the presence ofD20 gave saturated hydrocarbon products multiply substituted 
(1-14) by deuterium. Heating the saturated hydrocarbon docosane (C22H46) with a 
sample of solvent-extracted shale in an excess ofD20 showed only minor deuteration of 
the reisolated docosane (80%). This result suggests that simple hydrogen exchange on 
saturated molecules can be ruled out as a major pathway. However, under similar 
conditions in the aqueous system, the olefin l-octadecene was completely reduced to 
octadecane (60%) with simultaneous significant deuterium incorporation. Hoering applied 
similar treatment to a kerogen-2-methylheptadecanoic acid mixture and found that the acid 
decarboxylated to 2-methylheptadecane in 10% yield, whereas facile deuterium exchange 
took place at hydrogen atoms adjacent to oxygenated functional groups. In other studies, 
Hoering and Abelson (44) showed that deuterated hydrocarbons are generated from 
kerogen heated in D20 at 100°C and then dried and pyrolyzed in an inert atmosphere. 
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They proposed that olefins, or olefin intermediates generated during pyrolysis, exchanged 
with the D20. Alexander et al. (45) found that there was considerable exchange of 
isotopic hydrogen between naphthalenes and the acidic clay surfaces at 23°C or in aqueous 
slurries at 70°C. 

In later studies, Huizinga et al. (46) found that the presence of clay minerals influenced 
the production of aliphatic hydrocarbons during laboratory thermal maturation studies of 
immature Type I and II kerogens at 200 to 300°C in a manner critically dependent on the 
water concentration. During dry pyrolysis, where only pyrolyzate water is present, normal 
alkanes of 12 or more carbon atoms and acyclic isoprenoids are almost completely 
destroyed by montmorillonite but undergo only minor alteration in the presence of illite. 
The presence of both clay minerals caused significant reduction in alkene formation and 
preferential retention of large amounts of the polar constituents of the bitumen (soluble, 
petroleum-like portion) but not alkanes or acyclic isoprenoids. Therefore, in the presence 
of these clay minerals, especially when dry, the constituents of bitumen fractionate 
according to their polarity. By this process, alkanes and acyclic isoprenoids are 
concentrated in the bitumen or petroleum fraction that is not strongly adsorbed on the clay 
matrices. The extent of these concentration effects is greatly diminished during hydrous 
pyrolysis. Under hydrous conditions (a mineral:water ratio of2: 1), the acidity, and 
therefore the'effect of the clay minerals, is substantially reduced. 

Eglinton et al. (47) carried out the hydrous pyrolysis ofa Kimmeridge kerogen (Type II) 
at 280° or 330°C for 72 hours in the presence of clay or carbonate minerals. They found 
that more organic-soluble pyrolyzate was formed when calcium carbonate was the 
inorganic phase, which suggests that base-catalyzed cleavage of cross-links can be 
significant. 

Kawamura (48) also reported that water present during the 200° to 400°C pyrolysis of 
Green River kerogen either enhanced the release oflong-chain carboxylic acids (ClO-C32) 
or reduced the rate of their thermal destruction. These results suggest that 
decarboxylation is not an important mechanism for generating aliphatic hydrocarbons 
during hydrous pyrolysis, a theory that agrees with some (16), but not all (32,33,43) of the 
studies on reactions of alkyl carboxylic acids in water. However, Kawamura logically 
suggested that carboxylic acids may be decarboxylated once they are released into 
bitumen, especially in a clay-rich mineral matrix. 

More recently, Eglinton (49) showed that significant quantities of carboxylic acids are 
generated from bitumen-free (solvent extracted) kerogen concentrates, especially Type II 
kerogens, and that the presence of minerals significantly influences the amount of acids 
produced. The major acid product in all cases was acetic acid, suggesting that ester 
hydrolysis is a key route. 

Graff and Brandes (50) found that a steam pretreatment of an Illinois bituminous coal 
(Type III kerogen) between 320° and 360°C dramatically improved the yield ofliquids 
upon subsequent conversion or solvent extraction. The steam-modified coal contained 
twice the hydroxyl groups of the raw coal. This result leads to the conclusion that steam 
reacts with the ether linkages in coal; this reaction forms hydroxyl groups and thereby 
substantially reduces an important covalent cross-link in the coal structure (51). These 
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conclusions are consistent with model compound studies on ether reactivity in hot water 
(1,20,21). 

5. Implications for Technology 

Chemical reactions carried out in hot water have the potential to provide a cleaner, safer 
environment than reactions in hydrocarbon solvent media. In addition, water acting as a 
catalyst or reagent could minimize, or possibly eliminate, the need for catalyst synthesis, 
recycle, regeneration, and disposal. Application to the recycle of condensation polymers 
such as plastics, synthetic fibers, and polycarbonates is attractive (2,23). Another 
potential application is the use of hot water treatment to upgrade low-value by-products 
of operating p·ocesses. A demonstrated example occurs in the hydration of propylene 
with sulfuric acid to form isopropyl alcohol and diisopropyl ether as a by-product. 
Hydrous cleavage of this ether at 315°C for 30 minutes readily forms essentially equimolar 
amounts of the desired product, isopropyl alcohol, and recyclable propylene (52). 
Di-sec-butyl ether, a by-product in the hydration ofbutylene to sec-butyl alcohol in the 
methyl ethyl ketone process similarly can be converted to the alcohol in hot water (52). 

Kerogens are generated in an aqueous environment largely by condensation reactions 
followed by depolymerization. Aqueous pretreatment of coals at moderate temperatures 
could increase the amount of extractable liquids or enhance subsequent liquefaction 
conversion (SO). Other potential applications for hot water in by-product upgrading, 
waste-stream cleanup, recycling of off-spec materials, and so forth, are numerous and 
await innovative ideas. 

6. Conclusions 

In this presentation, we have emphasized the geochemistry of the reactivity of organic 
molecules in hot water. Outside of biological processes, where aqueous chemistry 
predominates and is catalyzed by enzymes, kerogen formation and its subsequent 
depolymerization into petroleum is the major arena in nature where aqueous chemistry is 
observed. In this chemistry, water participates as catalyst, reactant, and solvent. 
Although the geochemical aspects serve as a foundation for understanding the aqueous 
chemistry, the implications for a wide variety of other organic chemical transformations 
and technological applications are potentially large and just beginning to emerge. 

The ability of water to carry out condensation, cleavage, and hydrolysis reactions and to 
effect selective ionic chemistry (not accessible thermally) is largely due to changes in its 
chemical and physical properties of, which become more compatible with the reactions of 
organics as the temperature is increased. Therefore, the solvent properties of water at 
250° to 350°C approach those of polar organic solvents at room temperature. Water can 
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act as an acidic or basic catalyst, and its reactivity can often be reinforced by autocatalysis 
from water -soluble reaction products. Additional positive aspects of the use of aqueous 
chemistry are its simplicity, low cost, and favorable environmental impact. 
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1.0. Introduction 

Turkey has insignificant reserves of crude oil and natural gas. Consequently, the 
amount of foreign currency spent on importation of petroleum and electricity is 
equivalent to the total exportation from the country. The increasing trend in crude 
oil prices, is an important threat to the industrialisation of Turkey. There are two 
possible ways in which Turkey can approach the problem of providing crude oil for 
the industry and decrease the balance of payments problems: Firstly, in the 
acceleration of exploration for oil, and secondly in the development of synfuels 
technology from solid fuels that are present in Turkey. Due to the shortage of 
appropriate technologies and investment easy liquefiable sources should be given 
preference. Compared to the world standarts Turkey is not rich in solid fuel 
resources, but it contains considerable amounts of lignites, oil shales and 
asphaltites. The former two have a plant origin, and require complex and 
expensive technologies, while the latter is formed by migration of petroleum 
followed by biodegradation and other maturation processes during burial, and 
liquefies at moderate conditions using simpler technologies. 

In this manuscript it has been aimed to review the related work on the occurance 
and conversion of Southeastern Anatolian Asphaltites. 

1.1. BACKGROUND 

The asphaltite reserves have been considered as "coal" and were originally burnt 
as coal for domestic, industrial and transportation purposes as fuel(1). It was used 
in steamers on Tigris river. At present there is still some domestic utilisation of 
asphaltite which IS one of the main causes for Diyarbaklr rated as the 13th and 2nd 

dirtiest city in Turkey, during the winter of 1992, in S02 and smoke imissions 
respectively. The winter average imissions measured were 194mg/m3 and 
187mg/m3 for S02 and smoke respectively. 

Tasmad3) reported that asphaltites are formed by the leakage of petroleum into 
coal formations Aydogan(12) was first to report that its origin is all petroleum. 

Generally asphaltic materials are formed by the migration of petroleum into cracks 
during tectonic movements. During and after the migration petroleum losses its 
light weight components and becomes subject to a series of complex chemical 

329 

C. Snape (ed.), Composition, Geochemistry and Conversion o/Oil Shales. 329-345. 
© 1995 Kluwer Academic Publishers. 



330 

and physical changes. Depending on the extent of these changes, the new 
formation may end up to be natural asphalts, asphaltites and asphaltic 
pyrobitumen in the given order(4) 

The ash content of the asphaltite formation in Turkey differ from the general 
asphaltic substances in other parts of the world which tend to have low ash 
content of about 1 %. This has caused great differences in the chemical structure 
due to the catalytic activities promoted by the inorganic matrix in the case of the 
former. 

2.0. Formation, Reserves and Characteristics of Turkish Asphaltites 

$Irnak asphaltites are found in the Germav formation of Cretaceous-Paleocene 
age in the form of almost vertical dykes: the Germav formation consists of 
alternating sand stone, shale and limestone and has been intercut with asphaltite. 
The age of deposition of the asphaltites is Miocene or younger. The main rock is 
carbonate of the Cudi formation and in probably Junassic-Cretaceaus age 
LebkOchner and Orhun(5), Williams(6), Tasman(3) Erdem-$enatalar et al.(7). 

The Avgamasya bitumen, Soxhlet extracted with chloroform, was characterised(8) 
and classified as an aromatic asphaltic oil(9) The oil formation was originated from 
open water marine sediments laid down in an anoxic enviroment. Asphaltic 
minerals are generally believed to be formed by migration of petroleum followed 
by alteration during burial. Light fractions are lost and variety of biodegration, 
oxidation, evoparation, water washing and other chemical reactions occur with 
concomitant increase in the molecular weight and decrease in H/C ratio. The 
changing mineral, as a result of methamorphosis, has higher melting point and 
lower CS2 solubility as compared to the original input. The stratigroghic/tectonic 
history of asphaltites(1,3,8) suggest an origin from inspissated petroleum, There is a 
striking similarity between the average structures of asphaltites and Athabasca 
bitumen(8,9,10) 

The different veins of asphaltic material reported in Table 1 have different 
physical and chemical characteristics depending on the location of asphaltic 
material, geological formation and degree of metamorphosis(11) During the full 
process of migration, semi asphaltic and asphaltic petroleum transform to natural 
asphalt after losing its light fractions, Then, through the process of metamorphosis 
asphaltite and asphaltic pyrobituminous structures are followed, Therefore, 
natural asphalt is a product of petroleum asphaltite which had its light components 
evaporated while asphaltites and asphaltic pyrobitumens are products resulted 
from chemical reactions in the presence of catalytic activity of mineral matter(4), 
Turkish asphaltites are mostly classified between asphaltites and asphaltic 
pyrobitumens in terms of the degree of metamorphosis(11) and LebkOchner and 
Orhun(5) from considerations of the surrounding geological features, suggested 
that southeastern Anatolian asphaltites arises from an aromatic intermediate oil 
by alteration during migration. 
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Average values for the analysis of the asphaltite reserves are reported to be: (1-
5.33) % water, (33-47) % ash, (43-6.4) % sulphur, (24-40) % volatile matter, (47-
59) % fixed carbon, (3.4-5.6) % hydrogen and (4.9-30) % solubility in CS2 (12). 
The spread of analytical data on the parameters indicate that the asphaltites 
similar to Turkish coals show a ready changing characteristics(13). 

A comparative study of the Avgamasya asphaltite and neighbouring Raman
Din<;er crude that is within migration distance is made by Erdem-$enatalar et. al(7). 
The neighbouring Raman-Din<;er crude oil is situated in an anticlinal structure 
which ends with a fault at the northern end. The reservoir rock is Beloka formation 
of Companian age. It is overlaid by the lower clayed Sinan Maastrichtian 
formation. The Beloka formation is represented by limestone, dolomite and 
dolomitic limestone. Porosity has been formed after burial of the formation. 
Petroleum produced from this area originates from calciferous rock of theJurassic
Cretaceous Cudi group. The West Raman crude of south eastern Turkey has 
been classifed as aromatic intermediate by Huc et.al(14) Raman Din<;er crude 
study by Erdem-$enatalar elal(7) classifed the oil as an extreme aromatic 
intermediate type. 

Table 1. Some of the Important Reserves of Asphaltites of Turkey<8). 

Name Reserve Higher Calorific Mineral Matter 
(1000 Tones) Value (kcallkg) Content (%) 

Avgamasya 14300 4000-5000 37.4 

Milli 6500 3000-4000 50.2 

Anllml!? 5510 5000 -
Seridalhi 4000 5000 58.4 

Nivekar 1700 4250 45.9 

Ispindoruk 1215 4000 42.1 

Seguruk 1000 4000 38 

Harbolite 18000 5000-7000 42 

Comparision of the Avgamasya asphaltite oils produced by various extactive 
methods are compared with the Raman Din<;er crude on similar fractionation and 
characterisation methods. One of the distinct differences observed between the 
oil and the asphaltite is on the n-alkanes distribution. The asphaltite is severely 
depleted in ClO-C31 n-alkanes and is dominated by the unresolved branched/cyclic 
compounds on which are superimposed the peaks of the isoprenoid and terpenoid 
compounds which are all more resistant to bacterial attact. 



332 

The water washing and biologicalattact is beleived to remove the low molecular 
weight compounds from oils as well. However the comparative study on 
Avgamasya asphaltite and Raman-Dinc;:er crude indicated that the effects are not 
as significant(?) 

Avgamasya and Raman-Dinc;:er crude is found to show districtive similarities in 
molecular weight distribution, aromaticity and alkyl chain length calculated by 
structural analysis(?) 

The iH and 13C-NMR spectra of the two hydrocarboneous minerals are virtually 
identical confirming the conclusion reached by that biodegradation does not affect 
alkyl side chain of large aromatics. 

3. Utilisation and Structural Studies on Turkish Asphaltites 

The asphaltite reserves found in Southeastern Turkey in the province of Siirt 
(~Irnak) and Mardin (Silopi) were burnt as coal originally in 21 provinces but its 
usage as coal has been restricted. There have been various researches 
conducted to find out the best usage for these asphaltites. These may be 
classified as pyrolysis, solvent extraction at atmospheric and higher pressures, 
supercritical gas and fluid exraction, hydrogen donor solvent extraction, mineral 
matter extraction, fluidised bed combustion and the use of asphaltite as ammonia 
feedstock. A brief summary of these studies is presented below. 

3.1. PYROLYSIS 

Due to the simplicity of this method and low capital and operational costs it has 
been applied earlier than other methods. The first reported work on Turkish 
asphaltite is by Tasman(3) on Harbolite. In this study Harbolite was subjected to 
Fischer distillation and the following results were obtained: Liquid product 13 %, 
water decomposition 3.5 %, coke and free coal 25.3 %, inorganic matrix 44.6 % 
and gaseous products 13.6 %. Orhun(11) pyrolysed Avgamasya asphaltite in 
Fischer retort up to 530°C. In this study he investigated the samples obtained 
from different depths of burial. 

The results indicated that the liquid product yield for pyrolysis got smaller as the 
depth of burial was increased. 

The most detailed pyrolysis study was carried out on Avgamasya asphaltite by 
MTA researchers (Maden Tetkik Arama EnstitusO, Mining Research and 
Development Institue) to produce synthetic gaseous, liquid and solid fuels as 
main products, hydrogen sulfide and ammonia as by-products(16). The optimum 
yield is obtained for three different temperature ramps of 800, 900 and 900°C from 
room temperature with pyrolysis times of 300, 300 and 375 minutes respectively. 
The optimum product distributions are reported to be: 64.6 % pyrolysis coke, 19.1 



333 

% gaseous fuel, 11.8 % synthetic crude oil, 2.9 % liquor, 0.5 % hydrogen sulphide 
and 0.13 % ammonia. The net heating value of the pyrolysis coke is 3900 kcal/kg 
but it is unsuitable for metallurgical purposes. The synthetic crude oil has an API 
gravity (at 60/60°F) of 26.6, sulphur content of 3.8 %, carbon-hydrogen ratio of 
approximately 8 and a net heating value of 9400 kcal/kg. The liquid product 
therefore has very similar properties to natural crude oil even without 
hydrogenation. The gaseous product contains 37.8 % hydrogen by volume and 
has a higher calorific value of 4800 kcallNmJ. In the report it is emphasized that 
recovery of rare metals may be an important economical incentive. Also, from this 
laboratory scale study a flow diagram for an integrated process has been 
proposed. 

Table 2. Pyrolysis Results for Avgamasya Asphatite Samples From Different 
Depths(ll l . 

Depth of the samples taken m 21.7-37.5 76.8-95.4 131.6-147.7 160-170 

Water (Moisture Structural) % 0.67 0.80 0.53 0.54 

Gaseous Product % 8.02 6.19 6.47 7.41 

Liquid Product % 12.0 11.2 9.8 8.0 

Distillation Residue % 79.35 81.8 83.2 84.0 

Two asphaltites namely Harbolite and Avgamasya were pyrolysed at 525 and 
840°C and the liquid and gaseous products were characterised by Ekinci et.al. 
The main purpose of the study was to make structural comparisons with the 
solvent extraction products obtained from the same asphaltites(17.18l . Preparative 
pyrolysis was carried out in a bench-scale Gray-King apparatus as used for coal. 
Samples of both asphaltites were heated from room temperature up to 525 or 
840°C over 75 and 150 minutes respectively. The final temperature was 
maintained for 30 minutes. 

The water free liquid products were separated into pentane solubles, asphaltenes 
(pentane insoluble, benzene soluble)and benzene insoluble material. Oil and 
asphaltene fractions were further separated into paraffinic, neutral aromatic and 
polar fractions by column chromatography as described by'15.13l . Chromotographic, 
spectroscopic and other related methods are used to characterise the liquid 
product fractions and the product gas. 

From the experiments greater yields ,of liquid products are obtained from the less 
metamorphosised Harbolite asphaltite. Pyrolysis tended to produce a greater 
proportion of paraffinic products, asphaltenes, and large polar aromatic fractions. 
The results of this study may be summarised as folows: 
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Table 3. Pyrolysis Results of Harbolite and Avgamasya Asphaltite 

HARBOLITE AVGAMASYA 

Temperature, T(°C) 525 840 525 840 

Pyrolysis Loss (% wtlwt) 27.5 41.6 16.9 19.3 

Oil Yield (% wtlwt) 19.0 24.4 10.8 11.1 

Volume Envolved 67 208 70 118 
(gas/cm3 g 1 asp) 

On en et. al(25) carried out comparative pyrolysis of two Turkish asphaltites (Silopi, 
$Irnak) and two oil shales (G6ynuk and Seyitbmer). The pyrolysis was carried out 
using a Heinze retort under a heating rate of 5 °C/min and was maintained half an 
hour at the peak temperature of 540°C. As a result of this study, it has been 
stated that shale oil was more aliphatic in character than the asphaltite oil. The 
oils form asphaltites have shorter alkyl chain lengths. The average length of alkly 
side chains of asphaltites were reduced on pyrolysis but similar effects were not 
observed for oil shales. 

3.2 SOLVENT-EXTRACTION OF TURKISH ASPHAL TITES 

Avgamasya and Harbolite asphaltites were subjected to solvent extraction using 
different solvents, with and without acid extraction and at atmospheric and higher 
pressures. The best solvents for the extraction of Minacar asphaltites at different 
temperatures and pressures were linseed oil followed by cresols, anthracene oil 
and pyridine(21) Tolay(22) also observed best yields for linseed oil but found this 
solvent to be degradative. Among benzene methanol, pyridine, aniline and 
tetraline Bartle et al(8) obtained best yields for chloroform extraction for 
Avgamasya and Harbolite. 

3.2.1. Acid Extraction ofthe Inorganic Matrix ofthe Asphaltites 

As shown in Table 1 all of the reported Turkish asphaltites have high mineral 
matter content. One possible way of producing synfuels from these solid minerals 
is the elimination of the mineral matter(23). Bartle et al.(8) extracted the carbonates 
and sulphates using zinc dust and hydrochloric acid. This pretreated and original 
asphaltite were solvent extracted to observe the effects of acid pretreatments. 

In addition to the pretreatments reported by Bartle et.al(8), Tolay<22) extracted 
Silicates using 15 % HF. At the end of the three acid pretreatments, the highest 
inorganic matter removal efficiency was obtained to be 88.4 %. 
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3.2.2. Solvent Extraction at Atmospheric Pressure 

Sara<;ogullan(24) carried out soxhlet extraction studies on what he called "$lrnak" 
asphaltites which categorically include (Avgamasya, Milli. Seridalhi, Nivekar and 
Seguruk veins). Asphaltite/solvent ratio of 1/10 of benzene, chloroform and 
carbontetrachloride were used. On the average 10-12 % crude oil is obtained from 
the original asphaltite. The particle size of -9 and -32 mesh did not change the 
extraction efficiency considerably. The resultant crude was reported to be viscous. 
His results are complied in Table 4. 

Table 4. Soxhlet Extraction of $Irnak Asphaltite 

Solvent Time Particle Size Yield of Crude Oil 

(hr) (mesh) (%) 

Benzene 8 -9 10.25 

Benzene 12 -9 11.33 

Chloroform 12 -9 11.50 

Chloroform 8 -32 13.00 

Chloroform 24 -32 12.60 

CCI4 8 -9 7.0 

CCI4 8 -32 9.67 

Table 5. Solvent Extraction of Avgamasya and Harbolite Asphaltites(8). 

Solvent Treatment Extraction Yield % 
Time (hr) 

Avgamasya Harbolite 

3/1 benzene-methanol - 24 4.8 6.5 

3/1 benzene-methanol - Exhaustion 4.8 18.0 

3/1 benzene-methanol HCI, HCI-Zn Exhaustion 5.9 17.0 

Aniline - 24 5.3 5.6 

Tetralin - 24 6.0 11.5 

Chloroform - 24 6.1 12.5 

Chloroform HCI, HCI-Zn Exhaustion 8.8 24.8 
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Prior to pyrolysis work mentioned earlier(18), Bartle et. al(8) have done solvent 
extraction of Avgamasya and Harbolite both with and without acid pretreatments. 
The aim of this study was to provide a base for comparision with the yield and 
product quality of pyrolysis. The results for both asphaltites, with and without 
pretreatments, are shown Table 5 for the 5 different solvents that are used. 

The pretreated chloroform extracts are analysed by use of size exclusion 
chromatography and spectroscopy, particulary iH and 13C nmr. 

More recently Tolay(22) carried out Soxhlet extraction on the pretreated and 
original Avgamasya using tOluene, CS2 and chloroform as solvents. The results of 
his experiments are complied in Table 6. 

Table 6. Soxhlet Extraction of Avgamasya Asphaltite 

Solvent Sample Ash (%) Extraction T, ("C) Yield, 
Time; (hr) (%) 

Toluene Original 37.6 76 110 9.16 

Toluene Acid 5.0 76 110 10.02 
Extracted 

CS2 Original 37.6 76 46 13.04 

CS2 Acid 5.0 76 46 15.22 
Extracted 

Chloroform Original 37.55 76 61 10.58 

Chloroform Acid 5.0 76 61 12.28 
Extracted 

3.2.3. Mild Pressure Solvent Extraction 

Similar to the line of Sarar,;oglullan, Evgin(25) carried out benzene, 
methanol/benzene, toluene, chloroform and carbon tetrachlonde extraction of 
Avgamasya asphaltite and obtained yields varrying between 8-13 %. Chloroform 
resulted in highest yield among the solvents used. Tolay(22) extended his study of 
solvent extraction at pressures higher than atmospheric of original and acid 
pretreated Avgamasya. On the original asphaltite autoclave extractions were done 
at pressures 1, 5, 10, 15, 20 and 30 atmospheres. The highest yield was observed 
at 10 atmosphere as 16 % for toluene which was 59 % increase as compared to 
the atmospheric yield Table 7. 
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Table 7. Autoclave Extraction of Avgamasya Asphaltite 

Solvent Acid Pressure, Crude Oil 
Extraction att Yield, % 

Toluene Treated 1 10.02 

Toluene Treated 5 14.45 

Toluene Treated 10 15.96 

Toluene Untreated 10 13.30 

Toluene Treated 15 15.13 

Toluene Treated 20 14.90 

Toluene Untreated 20 11.86 

Toluene Treated 30 14.31 

Toluene Untreated 30 11.4 

Chloroform Treated 1 12.28 

Chloroform Treated 10 14.92 

Chloroform Treated 20 10.32 

Chloroform Treated 30 9.51 

Similary, Sara90gullan obtained an optimum (22.7 %) yield at 200°C and 7.8 
atmosphere for $Irnak. These mild pressure extraction results indicate a possible 
start to an effective asphaltite utilisation complex process. 

3.2.4. Supercritical Gas and Liquid Extraction and Hydrogen Donor Solvent 
Extraction 

In a detailed study Erdem-$enatalar(26) has done extensive studies on 
supercritical gas and liquid extraction and hydrogen donor solvent extraction. The 
experiments involved temperatures between 325-345 °C and pressures upto 150 
atmosphere and variation of yields and composition of the extracts are 
investigated. The parameters taken for the supercritical gas extraction included 
temperature, gas density and acid treatment. The solvent used was toluene. 
Hydrogen-donor extraction was performed using tetraline and the parameters 
investigated included: temperature, time, particle size, solvenUasphaltite ratio and 
extraction atmosphere (N2/air ratio). 

During the comparative experiments temperature was found to have the strongest 
effect on the yield for all extraction methods. The rate of increase in the yield with 
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temperature slowed down above 425°C. Hydrogen donor extraction conversion 
and yield were found to be higher than all other extraction methods. 

The explanation given for the higher yields for Hrdonor extraction was the 
capping by hydrogen of radical centers formed by pyrolytic bond breaking which 
becomes more important at higher molecular weight components which are less 
stable and will otherwise polymerise into insoluble char. 

Erdem-$enatalar's(26) investigation of the H2-donor solvent extracts showed that 
with increase in temperature there is a tendency for greater percentage of lower 
molecular weight fractions. The pyrolysis effects on the average structural 
parameters of the neutral oil and asphaltene fractions of the extracts such as their 
aromaticity, average molecular weight, degree of alkyl and naphtenic substitution 
and average chain length become evident above 400°C and especially above 
425°C. These temperatures are considerably higher than the corresponding oil 
shale pyrolysis reactions. This is explained for asphaltites by nature of the organic 
input in the asphaltites which predominantly are asphaltenes and preasphaltenes 
of which cracking becomes important above 400°C and 425 °C respectively. The 
oil formation is attributed to be from asphaltite and preasphaltenes 400 °C-425 °C, 
oil formation was mainly by the cracking of asphaltenes. The increase in both oil 
and gas yield were due mainly to the cracking of the alkyl chains(26) 

The investigation of super critical gas extraction products differed from other 
extraction methods by its selectivity towards relatively lighter and less condensed 
oils with shorter and fewer alkyl substitutions. Supercritical liquid-extraction is 

found to increase the Soxhlet yield by solubility of higher molecular weight 
asphaltenes with long alkyl chains and relatively condensed average aromatic 
skeleton but the lighter oil extracted by the supercritical gas from the pores of 
organic structure, are not present for soxhlet extraction(26). 

3.2.5. Feedstock for Ammonia Synthesis 

Turkey has a shortage of ammonia in 1993(17) Considering the future plans for 
increasing the agricultural products of the country by four fold by the south
eastern irrigation project (GAP). The deficit will be getting greater, therefore, 
sources for ammonia production may be necessary. Having generally high 
hydrogen/carbon ratios asphaltites may be used for this purpose, especially the 
residues, after a synfuel process. As reported by MT A (16) the coke obtained after 
the pyrolysis does not meet metallurgical purposes. This carbon residue or 
residue from solvent exraction may be used in ammonia synthesis(28) 

3.2.6. Fluidised Bed Combustion 

From the relatively high calorific valued pyrolysis residue(16) solvent extraction 
residues, it is not possible to obtain metallurgical coke for this reason combustion 
of the residue may be an efficient utilisation and environmental control 
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technology. Because, even if another process follow pyrolysis or solvent 
extraction, i.e. ammonia synthesis, it is still necessary to burn the residue for 
enviromental reasons. Since the residue contains unspent carbon and the calorific 
value is in the order of Turkish lignites, therefore it may be considered as a fuel. 
The high sulphur content of the residue makes fluidised bed combustion 
essential. On the fluidised bed combustion of Avgamasya asphaltite various 
studies have been carried out. Avgamasya asphaltite with sulphur and nitrogen 
content of 7.05 % and 1.1 % was burnt in a fluidised bed 10 cm in diameter(29). As 
burnt the fuel had much higher S02 emissions than EPA, or Air Quality Assurance 
Act of Turke/3D) 

Ekinci et.al.(31) investigated the S02 and NO. capturing capacity of the inorganic 
matrix of Avgamasya asphaltite by burning the fuel as received and after the 
elimination of the calcium and magnesium by acid washing. It is observed that the 
inorganic matrix has an inherent S02 and NO. capturing capacity due to the Ca 
content which a Ca/S mole ratio of approximately one. The indigenous Ca was 
found to be better S02 absorber than limestone especially at high excess oxygen 
conditions. The electron misroscope studies showed that this was due to the 
resultant pore structure of asphaltite which is much larger than limestone. 

In their comparative study of the ash content limit of combustion of Avgamasya 
and Harbolite asphaltites in a fluidised bed, Ekinci et.al(32) noted that it is possible 
to burn synthetically prepared Avgamasya and Harbolite asphaltites with ash 
contents of 86 and 85 % at 80QoC. These ash contents corresponded to calorific 
values of 2.83 MJ/kg and 3.74 MJ/kg which indicated that asphaltite residues with 
very low calorific values may be burnt in fluidised bed for refuse reclamation and 
steam generation purposes. 

3.2.7. Rare Metals Recovery 

During the pyrolysis experiments MT A researchers(16) noted that loss of rare 
metals such as Ni, Mo, V, Ti and radioactive minerals such as U30 a was not 
significant. 

Ak<;:etin(33) in his metal recovery study of Harbolite, Milli and Avgamasya 
asphaltites found presence of valueable metals however the economically viable 
ones are reported to be U, V, Mo and Ni. The metals contents in asphaltite ashes 
are shown in Table 8 as determined. 

From Table 8 it is obvious that leaching of nickel, molybdenum, vanadium and 
U30 8 may be an essential part of an integrated asphaltite technology (28). 
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Table 8. Economically Viable Metal Potential of Turkish Asphaltites (kg/tonnes) 

Asphaltite U30 S V Mo Ni 

Harbolite 0.24 3.45 3.33 2.76 

Milli 0.21 2.94 3.20 2.27 

Avgamasya 0.29 4.76 4.15 2.89 

4.0 Integrated Asphaltite Utilisation Technological Alternatives 

Considering the most important 3 reserves of asphaltites Harbol, Avgamasya and 
Milli MTA reserchers(2S) have chosen Avgamasya asphaltite as a representative 
mineral since its chemical and physical characteristics and the stage of 
metamorphosis is nearly the average of the other two extreme asphaltites. 
Therefore, the average characteristics and quality of Southeastern asphaltites 
may be compared with those of Avgamasya. 

Following on from this evaluation MT A (lS) has proposed the following synfuel and 
other utilisation technologies for Avgamasya asphaltite. 

I. Direct combustion in a power plant in order to produce electricity: 1.000.000 
Tonnes/year of asphaltite would provide enough fuel for a 2x150 MW power plant. 
From the 85 % captured ash (358 000 t), 5390 tonnes of concentrated nickel 
sulphate, molybdenum sulphate, vanadium sulphate and U30 e would be obtained. 

II. As a second alternative asphaltite is proposed to be utilised as a source for 
ammonia synthesis. Again on the basis of 1.000.000 tonnes/year 308.000 tonnes 
of ammonia may be produced. The remaining ash may be leached using sulphuric 
acid and 5706 tonnes of concentrated nickel sulphate, molybdenum sulphate, 
vanadium suphate and U30 S would be obtained. 

Considering the lignite deposits of approximately 6 billion tonnes(13) and recent 
technologies such as underground coal gasification applicable for ammonia 
synthesis, it would be wise to consider lignite deposits for ammonia plant projects 
as well(24). 

III. Pyrolysis of asphaltite to produce synthetic crude oil, gas fuel and pyrolysis 
coke The latter may be utilised as power plant fuel. As in the first two alternatives 
rare metal recovery is considered. Beloft<21) also notes that Minacar asphaltite is 
an excellent raw material for gas production. 

It has been calculated that if 1.040.000 tonnes/year of asphaltite is fed to the 
synfuels plant 118.000 tonnes/year of synthetic crude oil having API gravity of 
26.6 will be obtained. Also 252.000.000 Nm3/year of 4800 kcal/Nm3 of gas and 



646.100 tonnes of pyrolysis coke having a calorific value of 3.900 kcallkg and 
5000 tonr1l:lS of H2S may be produced. With 600.000 tonnes/year of pyrolyis coke 
1x150 MW fluidised be power plant may be operated. 5.333 tonnes/year of 
concentrdted nickel sulphate, molybdenum sulphate, vanadium sulphate and U30 S 

may be obtained. 

IV. As in the third alternative it is proposed that the pyrolysis coke will be used in 
an ammonia plant. If this process is chosen 1.145.300 tonnes/year asphaltite 
would yield 118.000 tonnes/year of API gravitt 26.6 crude oil, 252.000.000 
Nm3/year gas with calorific value 4800 kcallNm. From the remaining 415.800 
tonnes/year pyrolysis coke 180.000 tonnes/year ammonia and from the ash 6.215 
toonnes/year sulphates and U30 8 would be obtained. 

V. Apart from alternatives stated by'28) solvent extraction at atmospheric and 
higher pressures should be considered. 

As stated in alternative 4, on the basis of product yield pyrolysis is more 
advantageous over solvent extraction of original asphaltite. However, 
pretreatment of Avgamasya asphaltite increased 13.04 % to 15.22 % for 
carbonsulfide. These reported increases are obtained at high economical costs. 
Using Tolay's(14) data it is clear that in order to process one metric ton of 
Avgamasya asphaltite 27.500 liters of 15 % HCI, 7.500 liters of 15 % HF and 100 
kg of Zn powder would be necassary. As results of these enormous inputs only 17 
kilogrammes of extra crude oil is obtained which makes it uncompetitive. 

Table 9: Analyses of lignite bituminous coal and oil shale 

BITUMINOUS 

LIGNITE COAL OIL SHALE 

Proximate Analyses (wt/%) 
Volatile matter (daf) 60.0 38.7 71.0 
Ash (dry) 19.8 9.7 78.8 
Moisture 6.3 1.7 3.0 
Sulphur (total.dry) 4.7 1.1 2.3 

Ultimate analysis (wt %) 
Hydrogen 6.8 5.8 8.5 
Carbon 64.1 82.5 74.9 
Nitrogen 0.7 2.6 1.7 
Sulphur. Sor9 1.5 0.9 1.0 
Oxygen (by difference) 26.9 8.2 13.9 
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Table10: Yield of the Products of Pyrolysis 

LIGNITE BITUMEN COAL OIL SHALE 

Fischer Steam Fischer Steam Fischer Steam 
Pyrolysis Pyrolysis Pyrolysis 

Products (%) 
Semicoke 53.2 47.8 76.0 72.0 88.0 80.4 
Liquid Product 11.0 15.4 11.5 17.5 6.3 10.9 
Gas-water-
losses 35.8 36.8 12.5 9.8 5.7 8.7 

Distribution of 
organic matter 
Semicoke 48.5 40.4 70.1 66.6 320 24.8 
Liquid 

products 15.4 21.4 12.7 19.4 35.0 60.9 
Gas-water-
losses 36.1 38.2 17.2 14.0 33.0 14.3 
Total Yield of 
volaties(%) 51.5 59.6 29.9 33.4 68.0 75.2 
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OIL SHALE AS A FEEDSTOCK FOR CARBON MATERIALS 
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3572 Iron Works Pike, Lexington, KY 40511-8433, USA 

Introduction 

Other chapters have considered oil shale in terms of its composition, characterization, and processing 
to produce, primarily, liquids. This chapter is concerned with the use of oil shale and oil shale products 
as starting materials for the production of high added-value materials. The focus is on the synthesis of 
carbon materials, although it should be recognized that a range of other materials can also be produced: 
oil shale can be used in cement and brick manufacture; shale liquids can be used as a source of nitrogen 
heterocycles for the chemical industry, and as asphalt additives and binders (1,2). 

Later in this chapter, specific examples will be given from recent research that has demonstrated the 
formation of adsorbent or activated carbons,carbon fibers, and activated carbon fibers from oil shale. 
First it is useful to review the processes involved in the conversion of carbon-containing precursors to 
carbon products. 

Carbon Formation 

In hydrocarbon processing and the reactions of other carbon-containing compounds, carbon is almost 
invariably formed as a by-product. Carbon is formed by routes involving the loss of hydrogen and 
adduction. In many cases, carbon formation is undesirable and can lead to the blockage of tubes and 
valves; deposits on the walls of vessels and tubes can reduce heat transfer; and deposition on catalysts 
can cause loss of activity. In oil shale processing, the secondary cracking of pyrolysis liquids can reduce 
the product yield, with the attendant formation of carbon deposits. 

In other cases, carbons are produced either as a major co-product (e.g. in the pyrolysis of different 
starting materials for the production of liquids and gases) or the process is intended primarily for the 
manufacture of carbons. Depending on the type of carbon, the product may be manufactured in large 
volume (examples: metallurgical coke, petroleum cokes, activated carbons) or as a low-volume 
specialist material (carbon fibres, carbon-carbon composites, graphites). 

It should be recognised that the words "carbon", "graphite", "coke" and "char" are used interchange
ably, and inexactly, to refer to a very wide range of materials with very different properties. Carbon in 
its elemental form shows the same sort of versatility as it does as the basic ingredient of organic 
compounds. 

Structure of carbon materials 

Carbon is an element. It occurs principally in two crystalline forms, diamond and graphite, and in 
molecular form as fullerenes. 
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CRYSTAL STRUCfURE 

Graphite is the thennodynamically stable crystalline fonn of carbon under nonnal conditions. Diamond 
is a metastable crystalline fonn, and will revert to graphite if heated to high temperatures, although the 
transfonnation is infinitely slow at room temperature. For the materials produced on a commercial scale 
that will be considered here, the graphite hexagonal structure provides the relevant model. However, 
it is useful to be aware of the other fonns. In addition, the molecularfonns of carbon known as fullerenes 
have been discovered only in recent years (3). 

Figure 1. Graphite crystal structure 

The arrangement of atoms in the diamond structure is 
such that the four electrons in the outer shell of each 
carbon atom are shared with four adjacent atoms to fonn 
a three-dimensional lattice entirely connected by cova
lent bonds. The strength of the attractive forces is such 
that this carbon structure is the hardest material fOWld in 
nature and, despite being thennodynamically Wlstable, 
diamond has to be heated to above 3300°C before the 
structure is disrupted to fonn graphite. In addition to its 
hardness, which is attractive for many industrial appli
cations, diamond's WlUSUal optical properties (high re
fractive index and dispersion) make them the most 
valuable and desired gemstones. Diamonds and dia
mond films are also produced synthetically. 

The crystal structure of graphite is highly anisotropic, Figure 1. It consists of parallel layers or basal 
planes containing carbon atoms arranged in hexagonal symmetry. The C-C bond distance is 1.415 
Angstroms, compared to that in benzene of 1.395 Angstroms: the carbon atom arrangement in the layers 
is essentially the same as that in polycondensed aromatics. The layers are stacked in altemate sequence 
ABABAB, with an interlayer spacing of 3.354 Angstroms. Within the layers the bonding is covalent. 
Between layers the bonding is due to weak van der Waals interactions. 

The anisotropic crystal structure gives rise to highly directional properties. For example, the ratio of 
electrical conductivity along the layers is about 200 times greater than across the layers at room 
temperature: similar behaviour is fOWld for thennal conductivity. In tenns of chemical reactivity, the 
basal planes are resistant to oxidation and other reactions, the edge planes much less so, where the 
exposed C atoms are susceptible to oxidative attack. The weak interlayer spacing makes cleavage facile 
in a direction parallel to the planes, which leads to the use of graphite as a lubricant. 

Graphite occurs naturally in certain locations: Borrowdale, Cumberland, England, where the deposit 
supported a pencil industry in mediaeval times; Madagascar; Sri Lanka; and Ticonderoga, NY, USA 
Its occurrence is always associated with proximity to igneous rock. It is also hypothesised that it is 
fonned as the final stage of the maturation process of fossilized biological material. 

Graphite crystals can be synthesised by solution crystallization from molten metals such as Fe, Ni or 
Co. It can also be fonned in thin films at lower temperatures (500-1000"C) by vapour phase deposition 
onto these metals from carbon-containing precursor, when highly crystalline films are produced by 
solid solution and precipitation (4,5). However, artificial crystals are never very large (up to a few mm) 
because of their slow growth rate and associated high production cost: natural ones can be of mm to cm 
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size. Commercial graphites are actually assemblages of many single crystals and are the product of high 
temperature heat treatment. 

DISORDERED CARBONS 

All carbon-fonning reactions generate C atoms and/or C-containing fragments which try to arrange 
themselves into the ideal graphitic structure, following the thennodynamic driving force. However, 
rarely is carbon fonned under conditions which allow the time and provide the energy for the individual 
atoms to arrange themselves into a highly ordered structure. The process is limited due to a combination 
of factors such as a high rate of carbon production, low rate of carbon atom diffusion, and crosslinking 
by heteroatoms, which inhibits the processes of crystal growth. Consequently, what is often produced 
are small disordered crystals or crystallites that are flawed by imperfections. Over the whole range of 
possible structures, the extent of disorder can vary from the ideal graphite structure to the situation 
where, in theory, there is a collection of carbon atoms which are arranged in random order without any 
semblance of spatial arrangement. This never quite happens. There is always some degree of alignment 
between atoms, but it is convenient to consider these two situations as extremes, between which there 
can be a spectrum of intennediate structures. 

The first level of structural disorder that departs from the ideal graphite crystal structure is due to 
stacking disorders of the layers: the layers are still parallel but not properly aligned so that they are 
rotated with respect to each other about an axis perpendicular to the layer planes. The carbon atoms do 
not sit comfortably in their minimum energy positions, there may be vacancies and interstitial atoms, 
and there is increased repulsion between the layers; the interlayer spacing increases from 3.354 to about 
3.44 Angstroms. This is known as the turbostratic structure. 

With further decrease in order, any residual semblance of the stacking sequence disappears and the 
interlayer spacing increases further to 3.5 to 3.7 Angstroms. That is, the parallellayers are in completely 
random rotation. This is the type of structure exhibited by carbon black. 

Accompanying the increasing disorder, is the inability to sustain any long range coherence in the 
structure. The crystallites become smaller in the directions parallel and perpendicular to the layer planes 
- there are less layers in parallel and there are fewer atoms per layer. 

The extent of structural order or disorder can be quantified by measurement of the interlayer spacing 
and the crystallite dimensions parallel and perpendicular to the layer planes, using diffraction 
techniques. Empirically, it is found that the dimensions parallel to the basal plane, La, and perpendicular 
to it, Lc, inversely correlate with the interlayer or d spacing. 

Ifhighly disordered crystallites are heat treated at elevated temperatures (graphitizing temperatures: up 
to 3000°C), the atoms in individual planes will diffuse into poSitions so that they start to assemble into 
the ideal stacking register and the interlayer spacing will decrease. At the same time, carbon atoms from 
the surrounding less ordered spaces will diffuse and add to the existing edges of planes and new planes 
can start to fonn, extending the crystallite dimensions. If possible, the crystallites will try to arrange in 
parallel orientation. The extent to which this can occur may be limited because strong bonds can restrict 
the movement of individual atoms and crystallites. Hence, carbons produced at low temperatures can 
be distinguished as graphitizing and non-graphitizing. Graphitizing carbons develop a highly ordered 
graphitic structure at temperatures above about 2200°C, while non-graphitizing carbons do not show 
any significant improvement in crystalline order or growth even after heat treatment to 30000C. The 
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differences between these types of carbon become apparent from the earliest stages of carbonization. 

CARBON MATERIALS 

The properties of carbon and graphite materials depend primarily upon two factors: the structural order 
of the individual crystallites, their mutual orientation, and the manner in which they are bonded together. 
Consider the situation where a carbon artefact is composed of single crystals joined by a binder. If the 
crystals are all oriented in parallel, then the carbon body will have anisotropic properties as do the 
individual crystals. However, if the crystals are in random orientation, then the properties of the body 
will be isotropic despite the fact that the individual units are anisotropic. Partial alignment of the crystals 
will result in an intermediate situation where the properties are anisotropic but not as marlcedly so as 
in single crystal graphite. 

Carbon bodies formed from different precursor materials consist of crystallites which possess lower 
degrees of structural order than that of the graphite single crystals and they are aligned randomly or in 
varying degrees of parallelism to each other. Hence, a broad spectrum of properties can be attained. 
The extent of alignment and packing of the crystallit~s also relates to the porosity of the carbon. If there 
is extensive parallel orientation, there will be few microvoids between the crystallites and low 
microporosity. If crystallite orientation is random, the carbon can be highly porous and contain a large 
surface area in the form of micropores which are accessible to small molecules - carbons in which this 
porosity has been deliberately developed are known as activated carbons and are highly effective 
adsorbents for removing a variety of contaminants from the liquid and gas phase. 

Formation of low-temperature carbons « 2000°C) 

Carbon precursors can be solids, liquids or gases, and be produced by solid, liquid or gas phase reactions. 
Gases can form carbons by homogeneous reaction (e.g. carbon black) or heterogeneous reaction 
(deposition of carbon films). Liquids can also form carbons by homogeneous or heterogeneous reaction 
and solids only by homogeneous reaction. Solid precursors can be divided into two groups, thermoset
ting and thermoplastic. Thermoplastic solids can be considered to behave similarly to liquid precursors. 
Examples of thermosetting solids are certain polymers, biomass, peat, lignite, low-rank coals, some 
bituminous coals and high-rank coals. Examples of thermoplastic solids are common polymers and 
bituminous coals. Attention will be given here to liquid and solid phase carbonization, as these relate 
to potential processes for the conversion of shale oil residual liquids, whole shales, and retorted residues, 
to carbon products. 

In a thermal (as apposed to catalytic) process, the onset of significant chemical change starts to take place 
in the region 400-600"C. At these temperatures, bonds begin to thermally cleave. The free radicals thus 
generated undergo a variety of reactions. They can stabilise by hydrogen abstraction, adduction to other 
molecules, and rearrangement This results in the liberation of smaller molecules, and aromatization and 
the formation of stronger covalent bonds within the non-volatilized matter. There is a loss of labile 
hydrogen, and depending on the composition of the precursor, the loss of oxygen and sulphur, mainly 
as water and hydrogen sulphide, and the loss of volatile hydrocarbons - aromatics, paraffins, olefins. 
It is at this stage that the basic structure of the solid carbon product is determined. 

During the carbonization of thermosetting precursors, there is little opportunity for the diffusion and 
arrangement of carbon atoms and sheets of polycondensed aromatics into ordered positions before the 
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structure is made rigid by the fonnation of a three dimensional networlc of crosslinks. The carbon 
produced from a thennosetting material tends to reflect the structure of the precursor because the 
structural units are maintained in essentially their original orientation The resulting carbons are hard 
and possess an open porosity. The use ofthennosetting precursors, or precursors that have been rendered 
thennosetting (for example by oxidative pretreatment), is essential to the fonnation of high surface area 
activated carbons. 

For thennoplastic precursors and liquid feedstocks (residual oils, pitch, tar distillation residues), 
mobility in the liquid phase permits the movement of carbon atoms and the fonnation of large flat 
molecules of polycondensed aromatics. [Note: The presence of other types of molecule or heteroatoms 
can interfere with the planarity of the large molecules.] If there is sufficient mobility in the system, these 
sheets will diffuse into positions of parallel alignment The liquid phase must not be too viscous and must 
persist for a reasonable length of time if this orientation is to occur to any great extent. 

The fonnation and ordering of the planar molecules is similar to the process of crystallisation within 
the liquid phase and produces a liquid crystal structure. This exists as a separate anisotropic phase within 
the isotropic parent liquid, and is known as carbonaceous mesophase: meso meaning intennediate, and 
its fonnation detennines the course of conversion of the precursor to a solid carbon product. 

By using polarized light, the mesophase nuclei can be seen in an optical microscope, as they contrast 
against the featureless isotropic background. If a quarter wave plate is inserted, the nuclei show 
interference colours which alter according to the orientation of the layer planes to the objective of the 
microscope. Depending upon the carbonization conditions, mesophase development may be minimal, 
in which case the final solid carbon product is macroscopically isotropic (same as the thennosetting 
case); it may be arrested at an early stage when the optical appearance of the solid carbon shows a mosaic 
of small nuclei - hence known as a mosaic optical texture; or it may be extensive when the nuclei have 
grown and coalesced before solidification to fonn large domains or "flow domains" known as such 
because their appearance reflects the swirls and eddies of convection currents in the liquid before 
solidification. Optical micrographs of mosaic and flow domain structures are shown in Figure 2. The 
process may be terminated before solidification to produce a mesophase-containing substance (pitch), 
which may be used to produce specific types of carbon fibers, or as a source of mesophase microbeads 
(see below). 

Mesophase development is curtailed by conditions which increase the rate of carbonization and inhibit 
free movement of the polycondensed molecules through the fonnation of covalent crosslinks (associ-

Figure 2. Optical micrographs of cokes showing a) flow domains and b) mosaic structure 
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ated with the reactions of heteroatoms) and which disrupt planarity (certain species which may be 
present are non-planar and their incorporation will also prevent the fonnation of large flat sheets), and 
the time for which the liquid phase persists before the whole mass becomes solid. 

The low density of crosslinks in carbons with extensive mesophase development, and the greater degree 
of alignment of planar sheets, means that they are of low porosity and relatively weak:. Such carbons 
are graphitizing, whereas carbons with high crosslink density are hard, porous, and non-graphitizing. 

The products of residual oil carbonization find different uses depending upon the extent of mesophase 
development Specialised (highly aromatic) feeds produce cokes with very extensive flow domains, and 
are known as needle cokes because the shape of the particles reflects the anisotropy on the molecular 
scale. They are used to produce graphite electrodes for steel making. For most residua, mesophase 
development is arrested at an earlier stage. These cokes are used for making carbon anodes for 
aluminium smelting or fuel. These cokes are known as sponge coke due to their more porous structure. 

A second example is in the production of carbon fibers from pitch (coal or petroleum) precursors. High 
perfonnance carbon fibers can be produced from pitch that has been first heat treated to develop a high 
mesophase content General purpose fibers are produced from unmodified (isotropic) pitch. 

Activated Carbons 

Activated carbons are high surface area adsorbents that are used in diverse applications for purification 
and chemical recovery. Examples are: potable and waste water treatment; respirators; solvent recovery 
from process streams; air and gas purification; and the suppression of gasoline vapor emissions from 
automobiles. More specialized uses, sometimes involving the addition of impregnants, are in catalysis, 
medicine, military and industrial gas masks, and gold recovery (6-8). Activated carbon can be used to 
remove S02 and NOx from combustion gases (9), are of interest to natural gas storage for vehicle 
fuelling (10), and for heat pumping or refrigeration (11). Activated carbons are also used as catalyst 
supports. 

TIle consumption of activated carbons will continue to increase, spurred on directly and indirectly by 
environmental issues, and by the continual emergence of new uses. The expansion of the present market 
could also lead to the more diversified use of biomass and fossil fuel resources, these being the most 
available and commonly used precursor materials. In addition, the ability to produce activated carbons 
as by-products could beneficially affect the economics of fossil fuel utilization and conversion 
processes. 

Activated carbons can be produced from a variety of solid precursors, both naturally occurring and 
synthetic. Common commercial feedstocks include biomass materials such as wood, coconut shell and 
fruit pits, and fossilized plant matter, peats, lignites and all ranks of coal. The commercial manufacture 
of carbons generally involves carbonization followed by activation (partial gasification) in steam or 
C~ to generate the required pore structure and surface area. High surface area carbons can also be 
produced by the reaction of a precursor with a chemical reagent at elevated temperatures. This process 
is known as chemical activation. Examples include the phosphoric acid activation of cellulosic 
precursors, such as wood, and the KOH activation of more aromatic structures such as coals, and 
petroleum cokes (12-14). Porosity is developed in a single heat treatment step, although a subsequent 
leaching stage is required to recover the reagent for recycle. 
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Derivation of Adsorbent Carbons from Pyrolyzed Oil Shale Residues 

After pyrolysis of oil shale to produce liquid and gaseous products, as much as half of the carbon can 
remain in the retorted (spent) shale. This carbon-rich product is generally considered a waste material, 
whose disposal represents an economic and environmental problem. It is, therefore, important that the 
pyrolyzed shale be utilized, either in the retorting process as a source of energy, or as a source of new 
products. The former strategy is the basis for the development of the KENTORT II technology for 
Eastern US oil shales (15, 16). This technology completely utilizes the carbon in the pyrolyzed shale 
by incorporating integrated gasification and combustion steps. The latter strategy, the utilization of the 
spent shale carbon for generating new products, specifically activated carbons, is the focus of the study 
described below. 

Previous work. has shown that a range of materials can be manufactured from oil shale residues, 
including cement and asphalt additives (I, 2). However, the utilization of the carbon-rich residues from 
oil shale pyrolysis, as precursors for the production of adsorbent carbons has not been examined. The 
objective of this research is to examine the formation of adsorbent carbons from low-ash oil shale 
residues. The production of such high-value materials, in addition to oil, would make the economics of 
oil shale development more attractive. 

PREPARATION OF ACTIVA'IlID CARBONS BY STEAM ACTIVATION 

Two oil shales from the Turkish Goynuk (17) and the Australian Alpha (18) deposits were selected for 
this study based on the following criteria: low ash contents; and high oil yields upon retorting. The oil 
shales were pyrolyzed at 550°C under a continuous flow of nitrogen. The Nrswept fixed bed pyrolysis 
experiments were performed in a 1.5 inch stainless steel reactor. The reactor configuration has been 
discussed in detail elsewhere (19). During pyrolysis, the alginite-rich, low-ash oil shales were observed 
to form a macroporous network of 
charred carbonaceous material. Heating 
stage microscopic (HSM) examination, 
using polarized light, allowed the obser
vation of the spatial relationships be
tween the development of macropores 
generated by the volatilization of alginite 
macerals, and the char and minerals that 
stabilize the macrostructure. 

After pyrolysis, the spent shale was 
activated in steam at 880°C in a fixed 
bed reactor, Figure 3. Water is 
pumped through a 1/16 inch capillary 
and entered the reactor below a 
distributor plate, where it is released 
into the hot woe as superheated steam. 
The steam passes through the shale 
bed and exits the reactor, where it is 
condensed. 

3 

Figure 3. Schematic diagram a/the steam retorting appara
tus: l=Reactor; 2=Furnace; 3=[ce-Trap; 4=Water 
reservoir; 5= Balance; 6= Water pump; 7=N2-Gas; 
8=Steam generator/heating Coil; 9=Gas Chromatograph 
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Results and Discussion 

PYROLYSIS REsIDUES 

The pyrolysis-induced po
rosity (PIP) in the retorted 
shale corresponds to a 
BET surface area of only 
8 -lOm2/gforbothshales, 
Table I, reflecting the de
velopment of, principal
ly, macropores. The HSM 
experiments showed that 
the bulk of the macropores 
are fonned during volatil
ization of the alginite mac
erals, at 460-470°C. The 
large elongated macro
pores are related to the 

Table 1. BET - Surface Area Development for Goynuk and Alpha 
Shales 

BET BET BET 
Sample 1 h* 4h** 

Goynuk: Pyrolysed 8.8 
Goynuk: Steam Activated 180 350 
Goynuk: Steam Activated/ZnCI2-Catalyst 190 400 
Goynuk: Steam Activated/Acid Washed 210 370 

Alpha: Pyrolysed 10 
Alpha: Steam Activated 170 280 
Alpha: Steam Activated/ZnCI2-Catalyst 170 310 
Alpha: Steam Activated/Acid Washed 200 350 

* J hour steam treatment using steam flow rates 0/2 grams/minute 
** 4 hour steam treatment using steamfiow rates 0/2 grams/minute 
BEr-surface area (calculated using standard BEr equation [9]) 
Steam Activation at 880°C 
Acid Washing with 0.5 molar HCI/or J hour 

structure of alginite and vitrinite (desmocollonite) macerals, Figure 4a,b. TIle macropore framework 
constitutes an infrastructure that may readily allow steam to infiltrate during activation, and the addition 
of catalyst metals, facilitating the development of higher surface areas. The validity of this hypothesis 
was examined by examining catalyzed and uncatalyzed steam activation. 

STEAM ACTIVATION 

TIle pyrolysis residues were activated in steam at 8800C for one to ten hours. Examination of the steam 
treated chars by scanning electron microscopy (SEM) revealed a much rougher surface than the 

Figure 4.General view of the pyrolysis-induced-porosity (PIP) in the retorted Alpha oil shale. (a) at low 
magnification the sites of the algal bodies were clearly visible as large elongated cavities. ( b) at higher 
magnification, spheroid structures with abundantfractures and pores are observed within the larger 
cavities. These structures represent accumulations of precipitated carbon formed as oil vapors are 
degraded. 
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pyrolyzed char, Figure 5a,b, with corresponding increases in BET surface area, Table 1. The surface 
area was further increased after mineral matter removal by acid treatment of the activated product, 
which may be due to the removal of minerals blocking pore entrances. Similar observations have been 
made in other studies (20). 

It was found that the surface area could be substantially increased by activating under extremely slow 
steam flow conditions for prolonged periods (up to 10 hours). However this resulted in an extensive 
loss of carbon. Steam activation at 880"C for four hours, using steam flow rates of 2 grams/minute, 
developed BET surface areas of around 400 m2.g-l, with a 43% loss of carbon, Table I. An inverse 
relationship was observed between surface area and carbon yield Preliminary studies of the effects of 
added catalysts (ZnCl2; CaClV, indicated some improvement in surface area overnon-catalyzed steam 
activation. Table L 

Figure 5. General view of the steam-induced porosity (SIP) in the 880°C steam activated oil shale 
sample. (a) carbonatious matrix between large devolatization pores has abundant micron to sub
micron sized pores after 4 hour steam treatment. (b) enlargement of the area shown in 4a emphasizing 
the degree of steam processing. 

ADSORPTION CHARACTERISTICS 

The activated carbon samples were examined for 
their ability to adsorb selected gases (H2S, NH3 
and NO) by thermogravimetry/mass spectroscopy 
(TG-MS), using temperature programmed adsorp
tion/desorption (TPND). Both the Goynuk and 
Alpha derived carbons showed higher adsorptive 
capacities for H2S and S02 than a commercially 
available carbon. The H2S adsorption capacity of 
the steam activated Goynukcarbon (350 m2.g_l) at 
70°C was 0.06 gig of carbon. The adsorption 
capacity was detennined on the weight gain during 
adsorption, weight loss during desorption, and the 
identification of H2S as the only desorbed gas, 
Figure 6. Samples of shale-derived carbons also 
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Figure 6. Temperature programmed adsorption! 
desorption analysis of the Goynuk adsorbent car
bon. The carbon was activated at 880°C using 
ZnClz catalyst. MineralMatterwas reduced after 
steam activation using 0.5 molar HCI. 
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demonstrated significant adsorptive capac
ities for NO and NH3, Figure 7, indicating 
their potential use for the treatment of in
dustrial gases. 

These investigations have shown that ad
sorbent carbons, with reasonably high sur
face areas, can be produced from the pyrol
ysis residues of the Turkish Goynuk and 
Australian Alpha oil shales. During pyroly
sis, a macroporous netwolk of charred car
bonaceous material is formed and provides 
sufficient access for steam to infiltrate the 
char during activation at 880°C. Steam ac
tivation produced a BET surface area of 
300-400m2/gat43 % bum off. The activat
ed carbons carbons show promising adsorp
tive capacities for NO, NH3 and H2S. 

Carbon Fibers 

16r---~~---;==--~====~ 
14 

al 12 
-e 10 v--=r-
1il 
~ 8 
<ft. 6 v----f;":": 

~ 4 V----\:)',\ 

2 
Ol=::=:±2 

o Goynuk Carbon 
• Alpha Carbon 
mil Commercial Carbon 

Figure 7. Comparison o/the adsorption capabilities 
o/Goynuk an Alpha derived adsorbent carbons with 
a commercial carbon. Goynuk and Alpha carbons 
have a BET sUrface area 0/ about 350 m2/g. BET 
surface area o/the commercial carbon corresponds 
to450m2/g. 

Carbon fibers are of four main types based upon: rayon; PAN (polyacrylonitrile); pitch; and vapor
grown (21). The focus here is on pitch-based carbon fibers and activated carbon fibers. 

In the 1960s, Otani and co-wolkers (22, 23) described the formation of carbon fibers from isotropic 
pitch. Such fibers can be produced by melt-spinning, and can be generated either as short, blown fibers 
or can be drawn as continuous filaments. The as-formed fibers require treatment to render them 
thermosetting (stabilization), before futher thermal treatment. Normally this is achieved by an oxidation 
step. Processes to produce isotropic fibers from prepared petroleum and coal tar pitches, have been 
developed by the Ashland Carbon Fibers Division, and by Osaka Gas, respectively (24, 25). The fibers 
have relatively low tensile strengths and find different malkets to high strength or high modulus fibers. 

The strength of isotropic fibers can be improved by hot-stretching continuous filaments above 2500°C, 
which helps to orient the layer planes axially. However, this process is slow and expensive. Orientation 
can also be achieved by inducing mesophase formation through heat treatment of the pitch prior to fiber 
formation. The aim is to attain a situation where the liquid crystal phase is the continuous phase, while 
retaining the fluid state. The liquid crystals can then be oriented by any small force such as a gas bubble, 
or by the processes of extrusion or elongation (28). Research in this area has focused on the preparation 
and selection of precursor pitches (including synthetic pitches) that can approach the goal of developing 
a single anisotropic phase with low softening point to circumvent the onset of solidification during 
spinning. The process steps for the production of isotropic and mesophase pitch fibers are shown in 
Figure 8. The structure of the fibers is very dependent upon the precursor structure and the spinning 
conditions, and a wide range of fiber properties are possible. Schematics of the possible orientation of 
the layer planes in the fiber cross section are shown in Figure 9. 

Generally, mesophase pitch fibers are more graphitizable than PAN fibers, although the extent of 
structural development will clearly depend upon the orientation oflayer planes in the as-formed fibers. 



Figure 8. Preparation of 
isotropic and meso phase 
pitch carbonfibers. 

A comparison of the proper
ties of pitch-based and PAN
based fibers is shown in Fig
ure lO. The graphitized 
mesophase pitch fibers tend 
to have higher modulus and 
lower tensile strength than 
the PAN-based equivalents, 
and the former have advan
tages in applications requir
ing high stiffness, high elec
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Radial-folded Flat-Layer Line-origin 

Radial Onion-skin Random Quasi-Onion 

Figure 9. Possible cross-sectional structures of pitch-based carbon 
fibers. (Adaptedfrom D.D. Edie, Carbon Fibers, Fiiaments, and Com -
posites, 1990) 
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Figure to. A comparison of tensile strength and modulus ranges for 
PAN and pitch-based carbon fibers. (Adapted from R. Bacon, Phil. 
Trans.Roy. Soc. London,~437,1979) 

trical and thermal conductivity, low thermal expansion, and high temperature oxidation resistance. 

Activated Carbon Fibers 

While the industrial use of activated carbons in powder, granular or moulded form, has been 
established for many decades, interest in the use of activated carbon fibers is relatively recent (24, 
27). Carbon fibers have only been commercially available simce the 1960s, and the development of 
activated carbon fibers has been a direct consequence of this technology. 
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Activated carbon fibers have novel properties that make them more attractive than other, more 
conventional forms for certain applications. They are predominantly microporous, with only a limited 
proportion of the pores present as fine mesopores. While their bulk density is low, which limits their 
adsorptive capacity per unit volume, their small diameters essentially eliminate mass transfer effects, 
allowing very rapid rates of adsorption and desorption. Moreover, their fibrous form facilitates their 
incorporation into woven and non-woven fabrics, felt, paper, and specific formed shapes (for example 
filters). Practically all fiber types can be utilized to produce high surface area adsorbents, provided that 
their thermal history does not include heat treatment to elevated temperatures, when the rate of 
activation is greatly reduced. 

Among the possible applications, activated carbon fibers are of interest for the adsorption and recovery 
of organic vapors (27, 28), and have been proposed for water treatment (29). Surface treated fibers have 
been found to have high activity for NO reduction by ammonia (30), and to be effective for S02 
adsorption (31). A recent article discusses the use of surface treatments for tailoring the adsorptive 
properties of activated carbons fibers (32). 

Carbon Fibers and Activated Carbon Fibers from Residual Shale Oil 

Recent research at the University of Kentucky Center for Applied Energy Research (CAER) has focused 
on investigating the potential of residual shale oil liquids as starting materials for the formation of carbon 
fibers and activated carbon fibers. 

Activated carbon fibers produced from PAN have some unique properties, including the ability to 
adsorb vitamin Bl2, NOx, and SOx, and are of interest as catalyst supports (30, 33-35). These 
properties may be related to their nitrogen content, which can lead to the presence of basic functional 
groups on the adsorptive surface. For similar reasons, it is considered that carbon fibers and activated 
carbon fibers produced from shale oil residues might exhibit unusual properties that are not possessed 
by fibers from petroleum or coal tar pitch. Moreover, the ability to generate valuable by-products could 
enhance the economics of oil shale retorting. 

In the study described here, an asphaltene fraction was isolated from a shale oil residuum produced by 
the Kentort II process (15). The fraction was processed by melt spinning, oxidative stabilization, 
carbonization and activation to produce isotropic carbon fibers and activated carbon fibers. The 
products were characterized by SEM, elemental and surface area analyses. 

Fiber Formation 

A shale oil residue (SOR) ,produced from eastern oil shale (15), was used as the starting material. The 
asphaltene fraction, SOA, (hexane insoluble, benzene soluble) was separated as follows: the hexane 
soluble fraction of the shale oil residue was removed by extraction with boiling hexane (36); the hexane 
insoluble fraction was then Soxhlet extracted with benzene, following which the benzene was removed 
from the extract by rotary evaporation. A petroleum-derived pitch precursor (PP) was selected for 
comparison. 

Continuous single filament carbon fibers were produced from both precursors by melt spinning, using 
a spinneret (capacity -8g, nozzle diameter 0.3 mm) operated under nitrogen pressure. The shale oil and 
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petroleum precursors were spun under 150-300 !cPa pressure at about 240 and 300°C, respectively. The 
resulting fibers were then chopped into 15-20 mm lengths and stabilized by oxidation in air for 90 
minutes at 180 and 230°C for the oil shale and petroleum pitch fibers, respectively. The spinning 
temperatures were selected with reference to the precursor softening points, although some additional 
experimental adjustment was necessary. The stabilized fibers were carbonized in nitrogen at 850°C for 
30 minutes. Carbon fibers were activated by reaction at 850°C for 60 minutes in 50 vol % steam or carbon 
dioxide in nitrogen. 

REsULTS AND DISCUSSION 

Analyses of the shale oil residue, its asphaltene fraction, and the petroleum pitch are shown in Table 2. 
The asphaltenes represent about 20 wt% of the original residue. It can be seen that the nitrogen in the 
SOR is considerably concentrated in the asphaltene fraction. The sulfur contents of the three materials 
are similar, but the petroleum pitch has a somewhat lower ash content. The shale oil asphaltene fraction 
has a softening point of 183°C, which is lower than that of the petroleum pitch, consistent with its higher 
hydrogen content. 

Scanning electron micrographs (SEM) of the carbonized fibers are shown in Figure 11. Small particles 
000-500 nm) were observed on the fiber surfaces: their origin is tentatively ascribed to the ash 
components in the precursor. The form of the fibers was clearly retained after carbonization, indicating 

Table 2. Analyses of precursor materials 

Elemental Analysis (wt%) Atomic Ratio (%) Content of Softening 
Sample C H N S H/C N/C Ash (wt%) Point eC) 

pp 92.88 4.63 0.31 1.99 0.60 0.29 0.21 258 

SOR 83.22 9.60 0.51 1.82 1.38 0.53 0.82 <25 

SOA 80.98 6.64 2.54 1.96 0.98 2.69 0.97 183 

Figure 11. SEM micrographs of carbon fibers produced from shale oil. 



360 

that the conditions chosen for stabilization were sufficient. Nonnally, stabilization reactions are 
perfonned at temperatures above 220°C, and for extended periods (37). The low reaction temperature 
of 180"C used here indicates that the fibers have a high oxidation reactivity. 

While the freshly spun fibers had similar diameters, that of the shale oil carixmized fibers was in the 
range 5-12 pm, and smaller than those produced from petroleum pitch (6-15 pm). The greater degree 
ofthennal contraction of the shale oil fibers reflects their lower carbonization yield (50 versus 71 %), 
which in tum is consistent with the lower softening point of the precursor, and the implied higher volatile 
matter content. 

The morphology of activated carbon fibers derived from petroleum pitch and shale oil asphaltenes is 
shown in Figures 12 and 13. Ridges are apparent on the surfaces of the petroleum pitch fibers, and they 
tend to follow the fiber circumference. Despite this, the surface appears relatively smooth and there are 
no evident cracks or pores. With the shale oil fibers, an irregular distribution of small pits or pores have 
developed over the fiber surfaces. In addition, particles can be observed on the surfaces of some of the 
pore walls. It may be that some of the ash components can have a catalytic influence on the activation 

Figure 12. SEM micrographs of activated carbon/ibersfrom petroleum pitch by steam activation. 

Figure 13. SEM micrographs of activated carbon fibers from shale oil by steam activation. 
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or gasification of the fibers, and are instrumental in the generation of these features. The SEM 
micrographs also suggest that there are some differences in the internal morphology of the two types 
of fiber. 

As shown in Table 3, under similar conditions, the shale oil carbon fibers experienced much greater 
bum-off during steam activation than the petroleum pitch fibers. This finding also indicates that the 
former are more reactive to oxidation, either due to certain inherent aspects of their composition and 
structure, or to the catalytic effect of ash constituents. Predictably, activation in carbon dioxide, which 
is known to be a slower reaction, caused lower bum-off than steam under the same conditions. Despite 
the different degrees of bum -off, the steam activated fibers from pitch and shale oil had very similar BET 
surface areas, although there may be differences in their pore size distributions. 

These preliminary studies have shown that single filament carbon fibers and activated carbon fibers can 
be produced successfully from the asphaltene fraction of residual shale oil. The shale oil fibers were 
more reactive to oxidation than petroleum pitch fibers, as evidenced by the low temperature required 
for stabilization, and the high bum-off during activation. The greater reactivity of the shale oil fibers 
may be due to their inherent structure and/or to the catalytic effect of some ash constituents: some 
evidence for catalysis is provided by microscopic observations. The high reactivity and nitrogen content 
(3.3 wt%) of the activated shale oil fibers may provide unusual adsorptive or catalytic properties. 

These considerations, and the development of mesophase in the shale oil residue, and the formation of 
mesophase fibers will be examined in future work. 

Table 3. Activation of carbon fibers from petroleum and shale oils 

Sample Activation Burn-ott Diameter of BET Surface 
Code eC-Min)* (wt %)" ACF (J1m) Area (m2/g) 

AF-Pl 850-60 38 4-12 978 
AF-P2 850-90 58 4-12 2080 

AF-Sl 850-60 68 3-10 960 
AF-S2* 850-60 49 3-10 566 
AF-S3 820-60 60 3-10 1250 

*activating agent, 50 vol% 140 in N2; 

'activating agent, 50 vol% CO2 in N2; 

"as % of carbonized fibers 
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COMBUSTION REACTIVITY OF CHARS 
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ABSTRACT. Combustion of chars with special reference to oil 
shale in fluidized-beds is discussed. The kinetics of char 
combustion is reviewed. The total time required for carbon 
burn off is considered for both kinetic controlled combustion 
and mass transfer controlled combustion. The importance of 
intraparticle diffusion on the rate of combustion of oil
shale particles is explained. The effects of the 
devolatilization, the decomposition reactions, the carbonate 
and silicate minerals and the presence of sulphur on char 
combustion are also described. 

1. Introduction 

Solid fossil fuels, such as coal and oil shale undergo two 
overlapping stages of reaction during combustion, namely 
devolatilization and char combustion. When a coal or oil 
shale particle is introduced to the combustion chamber, it 
decomposes to produce hydrogen-rich gas derived from the 
volatile matter and carbon-rich residue, the char. 

The time for devolatilization cannot be predicted 
accurately. The rate of combustion of volatiles is also 
d,ifficult to determine and is normally considered to be 
limited by the rate of mixing of fuel and oxygen, which 
depends on the type of combustor as well as the type of the 
fuel. The devolatilization rate is usually estimated from 
the release history of proximate volatiles content (1,2) and 
can be characterized by a total devolatilization time, which 
is determined either visually by extinction of volatiles 
flame (3-5) or by degree of completion of the evolution of 
volatiles (6,7) The flame extinction time is typically 
correlated with the particle diameter by a power-law relation 
(8) with generally 1s;ns;2 (9), i. e. 

(1) 

There are though some arguments that this time is shorter 
than the total evolution time of volatiles. Commonly it is 
accepted for large particles that the total devolatilization 
time is proportional to the square of the particle diameter 
(10) 
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The time required for the combustion of volatiles is 
relatively much shorter than that for that of carbon residue. 
Atimtay (11) showed that for coal particles ranging from 1.S 
to 3 mm, the burnout time of volatiles was about 3-12 s in 
fluidized-beds. This can be compared with the estimate of 
1000 s for the burnout time of a 1.S mm char particle at 1023 
K (12). It can be thus stated that the devolatilization time 
or the flame-out time of volatiles is about two orders of 
magnitude lower than the burnout time of the char. This by 
no means should lead to the misunderstanding that 
devolatilization and combustion of volatiles should not be 
further investigated. Although this topic actually deserves 
a detailed analysis, the main interest of the present article 
is the combustion of char derived from oil-shale and 
combustion of volatiles will not be discussed further here. 
Nevertheless, it should be added that if oil-shale or coal 
particles are burned directly, their hydrogen contents 
decrease monotonously and so the C/H ratios increase 
significantly during devolatilization, leading to the 
importance of subsequent char combustion. Similar arguments 
are also true in case of the combustion of spent oil-shale 
received from retorting unit. Above a temperature of about 
SOO°C, oil-shale retorting leads to the decomposition of 
kerogen to gases, shale oil and carbon residue. When 
subsequent combustion of the spent shale is desired, 
essentially the combustion of char trapped in the inorganic 
matrix becomes the point of interest. 

2. Combustion of Solid Carbon 

Combustion of carbon is a complex process. Combustion of low 
grade fossil fuels, such as oil-shale and lignite, is further 
complicated by the presence of high contents of ash. It is 
very difficult to burn such fuels by conventional methods. 
Thus, fluidized combustors seem to be more appropriate for 
such applications. Although essentially the major part of 
what follows here is applicable to the general aspects and 
kinetics of carbon combustion, as far as the interparticle 
mass transfer is concerned, a fluid bed will be visualized as 
the combustor. Combustion of carbon will be presented first 
and then the extra difficulties due to the presence of 
incombustibles will be discussed. 

Possible combustion reactions at the carbon surface can be 
summarized as follows. 

c ( s) + 10 -+ co 2 2 

(R1) 

(R2) 
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C (s) + CO2 -+ 2 CO (R3) 

Studies reported on the temperature of the burning 
particles (13-16) indicate that the first reaction is dominant 
at the carbon surface and the other two reactions can be 
neglected near the first one for practical purposes (17). CO 
obtained by the first reaction is subsequently oxidized in 
the gas phase around the particle to give CO2 • 

CO + ~02 -+ CO2 (R4) 

In other words, it can be stated explicitly that oxygen 
diffuses to the carbon surface where it reacts to form carbon 
monoxide according to reaction 1. While CO, thus formed, is 
diffusing away from the surface, reaction 4 takes place in 
the gas phase. Summation of reaction 1 and 4 gives the 
overall reaction. 

(R5) 

Rate expressions and kinetic data for the combustion 
reactions (R1 and R4) as well as those of the gasification 
reaction (R3) (due to its importance, this is discussed 
later) are summarized in Table 1 (18,19). 

Since reaction 4 contributes approximately two thirds of 
the heat produced by the overall reaction 5, it is important 
to know where exactly reaction 4 is taking place in the gas 
phase. There are two models with respect to location (20). 
According to the first, it is assumed that carbon monoxide is 
further consumed to CO2 close to the particle surface, in the 
diffusion film of the particle to be more exact. According 
to the second model, the oxidation of carbon monoxide is 
assumed to take place outside the diffusion film 
surrounding the particle. Therefore, with respect to the 
first model, it can be visualized as if one atom of every O2 
molecule diffusing towards the carbon surface is used up for 
the first reaction and the other one for reaction 4. Since 
the rate of combustion of a single carbon particle is 
affected by the rate of diffusion in the film and consumption 
of oxygen at the surface, the combustion rate of carbon 
becomes equal to the mass transfer rate of °2, i.e. 
n(C)=n(02). According to the second model, however, since 
reaction 4 takes place outside the diffusion film, both atoms 
from one O2 molecule reaching the carbon surface across the 
diffusion film are used by the first reaction and the molar 
rate of carbon consumption becomes equal to twice the molar 
rate of diffusion of oxygen to the surface, i.e. n(C)=2n(02). 
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Table 1. Rate Expressions and Kinetic Data for 
Combustion and Gasification Reactions of Char. 

Reaction Rate 

C(s) +)00, ~CO 
r=(l-Xc) k exp(-~) PXo 

RT ' 

[kg C/s.kg initial C) 

[kg C I s.kg initial C) 

[kmol ° , I s-m') 

k 

k=1. 41xlO' 

[kg C I 
s.atm.kg 
initial C) 

ko=7. axlO' 

[kg C I 
s.atm.kg 
initial C) 

k,=4.95 [atm") 

k=9.67xl012 

[kmol 0, - K' I 
s .m3 .atm2 ] 

E (-LlH) 

9.706xlO· 2.28xlO' 

[J/mol) [J/mol 
0,) 

1.853xlO' 1.67xlO' 

[J/mol) [J/mol 
CO,) 

1.255xlO' 5.63xlO' 

[J/mol) [J/mol 
CO,) 

The order of reaction 1 can 
temperatures higher than 1000 K 
consumption may be expressed as: 

be 
(17) 

taken as one for 
The rate of carbon 

The rate of mass transfer of oxygen to the surface of 
carbon can be written as: 

(20) Considering both these models, Guades De Calvaro 
proposed the following expression for the overall rate 
constant, K. 

1 
K 

+ 
1 

cpk 

Expressing the mass transfer 
Sherwood number, equation (4) 

coefficient in 
can be written 

terms 
also 

(4) 

of 
as 



1 
K 
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(5 ) 

The value of ¢ in equation (4) or (5) is 1 for model 1 and 
2 for model 2. Using this definition of the overall rate 
constant, combination of equations (2) and (3) leads to 
the following expression for the consumption rate of 
carbon, 

2 n (C) = rr d p K CO2 ,,,, 

or, in mass units: 

d m(C) 

d t 

2.1. KINETIC CONTROLLED COMBUSTION 

(6 ) 

(7 ) 

If it is assumed that the rate of combustion of carbon is 
controlled by the kinetic resistance, equation (7) reduces 
to 

(8 ) 

Integration of equation (8) yields equation (9) for the 
total time required for combustion of a carbon particle. 

t = d p Pc 
T 24 kr CO2 ,,,, 

(9) 

The kinetic rate constant, kr is expected to be strongly 
dependent on particle temperature. Estimation of the 
particle temperature is, however, very difficult due to 
the uncertainty about where reaction 4 is taking place and 
whether the heat released from CO generation reaction 
alone or CO2 producing reactions contribute to the increase 
in particle temperature. The following expression has 
been proposed for the temperature (Tp) of a carbon particle 
in a fluidized bed combustor at a temperature T (21,22). 

(10) 
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Assuming combustion 
exterior surface of 
expressed as: 

takes place 
the particle 

k r = 594. 3 T p exp ( -149 , 200/ R T p) 

essentially 
[21,22], kr 

2.2. MASS TRANSFER CONTROLLED COMBUSTION 

at the 
can be 

(ll) 

In case of mass transfer controlled combustion equation 
(7) reduces to: 

d m(C) _ 2 d rp _ 2 
- -4 TT r p Pe - d - cP Me 4 TT r p k Co " 

d t t 2' 

(12) 

Total burn-out time obtained from integration of equation 
(12) becomes: 

(l3) 

Ross and Davidson (22) suggest that, for particles smaller 
than 0.5 mm, CO formed by reaction 1 can diffuse to a 
greater relative distance before being consumed. For 
particles larger than about 1 mm, however, CO burns 
relatively close to the surface. Thus, one may say that 
for fluidized-bed combustion with particles typically in 
the size range from 0.5 mm to 15 mm, what actually happens 
is likely to fall in between the two extremes, i.e. ¢=1 
and ¢=2. However, as the particle size reduces during 
combustion, an alteration from model 1 to model 2 is very 
likely. Indeed, recent findings in studies on combustion 
in fixed-beds and fluidized beds indicate that the value 
of ¢ can be taken as 2 (20,23). This means that the second 
model, which assumes reaction 4 takes place outside the 
diffusion film, is more reali. ~i.c. With ¢=2, equation 
(l3) becomes 

(14) 

or, in terms of the Sherwood number, 

(15) 
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Usually the Sherwood number is expressed in the form 
suggested by Frossling (24), 

Sh = a + b Reo. s 5cO. 3 (16) 

There are various arguments for the values of a and b in 
the literature (17, 25-28) For combustion in bubbling 
fluidized- beds equation (16) can be used in the following 
form (17) 

(17) 

where, 

There are other suggestions in the literature for the 
calculation of the Sherwood number in fluidized 
combustors. LaNauze et al. (29) proposed: 

Sh = k d p = 2 I 4 Emf d p ( Umf / Emf + U b ) 
D Emf + ~ IT D 

(18) 

This equation was later modified by Guedes de Carvalho and 
Coelho (30) as: 

2 + (19) 

Guedes de Carvalho et al. (20) offered 

(20 ) 

The modified Frossling equation can also be used for 
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circulating fluidized beds; 

Sh = 2 + 0.552 Reo. 53 SC 1 / 3 (21) 

It should be emphasised that all the above discussion is 
restricted to combustion of single carbon particles. 
Other factors characterizing the nature of the combustor 
should be considered in the overall model as well. For 
example, the concentration of oxygen in the dense phase in 
bubbling fluidized bed combustors is affected by the rate 
of mass transfer between the bubble phase and the dense 
phase and this should also be considered in any overall 
model. If, for instance, simple two-phase theory of 
Davidson and Harrison (31) is used, following an approach 
similar to that of Ross and Davidson (22), one can develope 
the following equation for the burn-out time for a batch 
of carbon particles; 

(22) 

3. Combustion of oil-shale particles 

Oil-shale or spent shale may behave different in 
combustion from pure carbon particles, described above due 
to the presence of large amounts (approximately 80-85 wt
%) of inorganics. The principle constituents of the 
inorganic material are carbonates (largely calcite and 
dolomite) and aluminasilicates. The organic fraction, 
which is largely kerogen, is dispersed in this matrix. A 
porous structure is developed during combustion of the 
carbonaceous material of oil-shale. Similar changes are 
also valid for the combustion of retorted shale particles. 
Thermal pyrolysis of oil-shale results in decomposition of 
approximately 60-70% of kerogens to oil and the remaining 
kerogens to gas and char. Thus, porosity is also 
developed during the retorting process. Char combustion 
reactivities are hence affected by the mass transfer 
inside the porous structure as well as in the surrounding 
gaseous phase. This means that addition of another term 
to equations (4) or (5) would be required to account for 
the resistance for effective intraparticle diffusion of 
oxygen. Moreover, gasification reaction of carbon with CO2 

(R3) may take place in the pores of the oil-shale 
particles. Also, in contrast from combustion of pure 
carbon particles, while CO formed in the pores diffuses to 
the outer surface, reaction 4 may as well take place 
within the pores. Considering all these facts an approach 
similar to the one given above for the combustion of a 
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pure carbon particle may still be employed, but it would 
be perhaps reasonable to be more cautions about the value 
of ¢ in this case. 

Assuming negligible attrition with no appreciable change 
of porosity during combustion, isothermal conditions 
during reactions and the presence of large excess of 
oxygen (thus no change in its concentration in bulk gas 
phase), the following expression for the time for 
fractional conversion (X) of carbon can be developed using 
Charlton's approach (32,33). 

d p Ul d 2 P Ul d 2 P Ul X 
" p p c [l-(l-X)'I3]+P(X) p p c + p p c 
- 24 kr co, 288 ¢ D •• p co, 72 ¢ Sh D c, 

(23 ) 

Pp in equation (23) is the particle density and we is the 
weight fraction of carbon in the particle. The first term 
at the right hand side of this expression represents the 
chemical kinetic contribution, the second term the 
internal diffusion contribution and the third term the 
external mass transfer contribution. The shrinking core 
model with constant particle size (34) was assumed for the 
correction of the kinetic term as given by equation (9). 
P(X) in the term accounting for the internal diffusion is 
gi ven for spherical particles as (32): 

P(X) = 1- 3(1-X)2/3 + 2(1-X) (24 ) 

Charlton (35,36) proposed that the last term in equation 
(23) is negligible for spent shales of low carbon 
concentration and that the overall kinetics are controlled 
by internal gas diffusion for spent shales of low carbon 
concentration and by chemical reaction for spent shales of 
high carbon concentration (38-50%). The intermediate 
concentration spent shale with approximately 23 % carbon 
showed a transition from internal diffusion to reaction 
rate control. The data for large particles at 
temperatures lower than 900°C were also found to be better 
described by the internal diffusion function. 

There are also many theoretical studies in the 
literature analysing the combustion process of oil-shale 
by numerical techniques (37-41). Common features of these 
studies are the consideration of heterogeneous and 
homogeneous reactions (Rl,R3 and R4, respectively) and the 
solution of the unsteady state equations of conservation 
of mass and energy by various numerical methods. Such 
approaches are especially useful for parametric studies, 
i . e . to show the effect of various parameters such as 
ambient temperature and particle size, on the conversion 
and the carbon burn-off time. 

As pointed out earlier, devolatilization and combustion 
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of volatiles overlap to some extent the char burning 
stage. This may influence char depletion reactions and 
the production of active sites. Abd EI-Samed et al. (42) 
found that there is enhanced char reactivity in the early 
stages of combustion and reported that the combustion 
rates of the chars produced in a flame environment were 
generally around 1.5 orders of magnitude higher than those 
observed for prepared chars. As the particles burnout, 
the decrease in the extent of volatiles production and 
carbon/ash ratio causes a fall in reactivity. The authors 
speculated that hydrogen release rate from the carbon 
surface and from the trapped volatiles can be linked to 
the reactivity of char. They postulated that the trapped 
volatiles are the main origin of hydrogen. As the 
volatiles emerge and crack, they produce free radicals 
which create active sites and enhance the reaction 
rate. As the trapped volatiles become depleted, char 
reactivity falls. 

It should be also mentioned that the temperatures at 
which char combusts are sufficient to affect various other 
chemical reactions within the supporting mineral matrix. 
Combustion of oil-shale particles or spent shale particles 
is, thus, further complicated by the presence of large 
quantities of calcite (CAC03 ), dolomite (MgC03 .CaC03 ) and 
silica (Si02) (40) Thermal decomposition of carbonate 
minerals and at sufficiently high temperatures exceeding 
600°C the silication reactions such as: 

(R6) 

(R7) 

(R8) 

may also take place in the shale particles. Both types of 
reactions are endothermic and produce large quantities of 
CO, . When the concentration of CO, in the pores increases, 
gasification reaction (R3), which is negligible for pure 
carbon combustion, may now become important for shale 
combustion. Moreover, these mineral reactions produce 
products (CaO and MgO) that participate as catalysts in 
the char reactions (0). A variation in reactivity by a 
factor of 100 was observed by Jenkins et al. (44), with those 
chars containing large amounts of magnesium and calcium 
being the most reactive. Similar effects of metal 
carbonates on the combustion rate of shale char were 
observed by Cavalieri and Thomson (45). 

The presence of sulphur in oil-shale interfers with char 
reactivity. Besides the oxidation of organic sulphur to 
S02' the following reactions of pyrite and iron sulphide 
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may also affect the consumption rate and concentration of 
oxygen in the pores. 

(R9) 

(R10) 

Another point that is worth mentioning is that the 
physical properties of char, such as surface area and pore 
size distribution, change continuously during combustion. 
The extent of the effect of these changes on char 
reactivity depends essentially on the initial structure of 
the particle. Naturally it is reasonable to expect that 
micropore structure can be dramatically altered while that 
of the macropores can be only moderately affected. Thus, 
the change of the surface area of most chars can be 
modelled successfully by using a single pore micropore 
model as the surface area contributed by macropores is 
negligible (46). Various types of 2-D and 3-D pore models 
have been proposed for analysing gas-solid reactions. 
A,l though there are some studies on the measurement of 
physical properties of lignite, anthracite and bituminous 
chars (47-49), similar comprehensive studies are required for 
oil-shale chars. 

4. Conclusion 

Basic combustion reactions for char are reaction 1 and 4. 
The total combustion rate of oil shale char is, however, 
affected by the contributions of chemical kinetics, 
internal diffusion of oxygen and external mass transfer. 
Al though the combustion rate is, generally, controlled 
initially by the combined effects of chemical reaction and 
pore diffusion, in the later stages of reaction a 
transition to greater chemical control is observed. Char 
reactivity is also affected by the presence of volatiles 
and sulphur compounds, thermal decomposition reactions of 
carbonates and silicates and the change in the porosity 
and internal surface area of the particles. Since oil 
shale particles may have a large variety in quality and 
composition, a thorough analysis of every oil shale 
deposit is necessary before its ultimate use in 
combustors. 
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5. Notation 

A cross-sactional area of combustor, m2 

c concentration, mol/m3 

Co oxygen concentration of the inlet gas, mol/m3 

~ particle diameter, m 
D molecular diffusivity of oxygen, m2 /s 
De effective diffusivity, D/L, m2 /s 
De,p effective diffusivity in the particle, m2 /s 
H bed height, m 
k mass transfer coefficient, m/s 
k r reaction rate constant, m/s 
K overall rate constant, m/s 
Kbe bubble/emulsion phase mass transfer coefficient, S-l 

m mass of carbon, kg 
M molecular weight 
n rate of consumption, mass transfer rate, molls 
P pressure, Pa or atm 
r reactiion rate constant, molls 
rp particle radius, m 
R universal gas constant, 8.314 J/mol-K 
Re Reynolds number 
Sc Schmidt number 
Sh Sherwood number 
t time, s 
tF flame extinction time, s 
tT carbon burnout time, s 
T temperature, K 
ub bubble velocity, m/s 
u..f minimum fluidization velocity, m/s 
Uo superficial velocity, m/s 
we weight fraction of carbon in particle 
x mole fraction 
X fractional conversion 
Xbe bubble/emulsion phase cross flow factor, KbeH/ub 

Greek letters 

Emf bed voidage at minimum fluidization conditions 
~ viscosity, Pa-s 
p density, kg/m3 

T tortuosity of the diffusion path in the emulsion 
phase of fluidized beds 

¢ model parameter 



Subscripts 

C carbon 
O2 oxygen 
p particle 
s surface 
00 bulk 
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A PROBE FOR THE RAPID ANALYSIS OF VANADIUM: AN 
ELECTRON PARAMAGNETIC RESONANCE AND THEORETICAL 
PERSPECTIVE 

S. M. MATTAR, R. SAMMYNAIKEN AND I. UNGER 

Department of Chemistry, University of New Brunswick, Bag Service No. 
45222, Fredericton, New Brunswick, Canada E3B 6E2 

ABSTRACT The structure and bonding of several substituted benzenes (C6HsF, 1,4-
C6H4F2 and 1,3,5-(C6H3(CH3)3) with vanadium has been investigated by electron 
paramagnetic resonance (EPR) spectroscopy and semi-empirical quantum chemical 
ZINDO/l calculations. As the arene electron withdrawing ability increases, the 
vanadium hyperfine splitting of the corresponding organometallic complex decreases. The 
calculated vanadium-ligand bond dissociation energies for these complexes increases with 
the increase of the 1I"-electron density in their 2pz(C) orbitals. These observations indicate 
that EPR may be a rapid probe for the analysis of vanadium organometallic compounds. 

1. Introduction 
Vanadium is a toxic metal that is harmful to the environment. (1,2) Since some crude 

oils are rich in vanadium(3) and vanadium itself can act as a poison to cracking 
catalysts(4) it would be worthwhile to develop a method that can, in the field, analyze the 
vanadium content of oil deposits. Since EPR is a rugged and extremely sensitive 
spectroscopic tool that can quantitatively detect complexed vanadium(S), it could be the 
method of choice. Previous studies have shown that EPR is a valuable tool in 
determining the vanadium content in refinery streams and petroleum deposits. (6,7) 
However, these analyses were carried out at high temperatures, and the nature of the 
vanadium complexes were unknown. 

The present work also stems from our interest in the magnetic properties of 
sandwich compounds and how they relate to molecular structure and bonding. As a 
prerequisite to the understanding of the structure and bonding in larger systems, smaller 
transient sandwich complexes were synthesized by matrix isolation in argon at cryogenic 
temperatures (12 K). These stabilized fractions or transients were then studied by EPR 
spectroscopy. In cases where the sizes of the trapping sites in the matrix need to be 
varied, relatively inert organic compounds may be used, instead of rare gases. (8) In an 
analogous fashion, a petroleum matrix may be used to isolate a vanadium complex in 
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crude oils. 
In addition, computation of the electronic structure, heats of formation, metal

ligand bond dissociation energies and theoretical simulation of the EPR spectra may be 
combined with the experimental results to enable one to understand the bonding of these 
vanadium-sandwich compounds. 

In our studies we have isolated several mono- and bis- sandwich complexes of 
vanadium. In this paper we report the results of some matrix isolated vanadium benzenes 
that represent the range from strongly electron donating ligands to electron withdrawing 
ones. The molecules studied together with the methods used in the study are shown in 
Table 1. 

Table 1; Hyperfine Splittines· and Bond Dissociation Enereiesb 

Molecule 

(1 ,3,5-C6H3M~)V 
(1,3,5-C6H3M~hV 
(1,4-C6~F2)V 
(1 ,4-C6H4F2)2 V 
(C~sF)V 
(C6HSFhV 

Vanadium Hyperfine 
Splitting (Gauss) 

132.27 
109.1 

77.27 
127.27 
81.81 

a- Observed experimentally by EPR spectroscopy. 
b- Computed by the ZINDO/l method. 

2. Computational Method 

Bond Dissociation 
Energy (kcal/mol.) 

54.6 

41.1 
83.9 
45.0 

The heats of formation, optimized V-C distances and the ionization energies of 
the vanadium complexes were calculated using the HyperChem version of the 
ZINDO/l program. (9) The ZINDO/l program is an INDO semi-empirical program 
that has been specifically parameterized for the first and second row transition metal 
elements. It is designed to handle and compute the electronic structure and 
properties of organometallic complexes. (10) 

, First, the ligand geometries were optimized with a convergence criterion of 
10-4 and their heats of formation calculated. The half-sandwich complexes were then 
geometry optimized and their heats of formation were also computed. The vanadium
arene bond dissociation energies were then determined by subtracting the heat of 
formation of the ligand from the heat of formation of the complex. This energy is 
referred to as the ligand-vanadium bond dissociation energy in Table 1. The energy 
of the separated vanadium atom is not taken into consideration since it remains fixed 
in all the cases. 
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3. Experimental 
The matrix isolation apparatus used is shown in Figure 1. The operating base 

pressure of the vacuum system is approximately 2.0xlO-7 Torr. The sample holder is 
cooled to 12K by means of an Air Products Displex (APD) system based on a two-stage 
closed refrigeration cycle of Gifford-McMahon. It consists of an APD HC-2 Helium 
Compressor and a DE-202 expander head. The cold surface used to deposit the sample 
is a flat rod made of oxygen free high conductivity copper. 

The vanadium atoms were evaporated directly, by resistive heating, from a 
vanadium filament that was supported on two water cooled electrodes. (11) A radiation 
shield was placed between the electrodes and the cold surface. The atomic vanadium flux 
was monitored using a calibrated quartz crystal microbalance. (12) The gas samples were 
prepared by mixing appropriate ratios of arene and argon in a gas bulb. The best ratio 
for the half sandwich complexes was 1:250 and 1:50 for the full sandwich. In a typical 
experiment approximately .8l'mollhr of vanadium atom were deposited for a total of 8-
24hrs. The ligand/ matrix was deposited at a rate of 1 mmollhr. The EPR spectra were 
recorded on a Varian E3 spectrometer. The spectrometer frequency was measured by a 
pre-calibrated Hewlett-Packard X532A wavemeter attached to the spectrometer via a 
20db directional coupler. The magnetic field was calibrated by a Bell incremental 
Gaussmeter. Care was taken not to distort the spectral line shapes either by 
overmodulation of the magnetic field or by microwave power saturation. 
4. Discussion 

The EPR spectra of all the complexes that were isolated show eight lines. This 
is consistent with hyperfine lines arising from the vanadium nuclear spin of 7/2. The 
spectra for each complex reported in this study are shown in Figure 2. The eight 
hyperfine splittings for each complex varied slightly depending on the nature and the 
number of the arene substituent. These hyperfine splittings are proportional to the net 
unpaired electronic spin density at the vanadium nucleus. 

NMR results have shown that the CH3 group (Me) as a substituent on the benzene 
acts as an electron 1f electron donor and the fluorine acts as a 1f electron acceptor. (13) 

The extent of the 1f electron withdrawing capability does not depend on the number of 
fluorines but on the symmetry of the molecule. 

Figure 2a shows the epr spectra of mono- and bis- vanadium complexes 
(1,3,5-C6H3M~)V and (l,3,5-C6H3M~)2V, There are 8 vanadium hyperfine lines for 
the mono complex with a splitting of 132.27 Gauss. The 960 superhyperfine splittings 
from the hydrogen nuclei are unresolved mainly due to the small spin density of the 
unpaired electron at these nuclei. The bis- complex has a hyperfine of 109.1 Gauss 
which is smaller than that for the mono- complex. Even though the methyl groups are 
electron donating to the 1f electrons of the benzene, the ligand still acquires d electron 
character from the vanadium via d-1f bonding. In the case of (l ,3,5-C6H3M~h V, the 
two ligands will deplete the vanadium of a larger quantity of electrons which results in 
a smaller spin density and hyperfine splitting at the vanadium nucleus. Figures 2b, 2c 
and 2d show the spectra of 1,4-(C6H4F2)2V, (C6HsF)2V and (C6HsF)V with the 
hyperfine splittings of 77.27, 81.81 and 127.27 Gauss respectively. In these cases, as 
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Fig.] Schematic diagram of the matrix isolation apparatus (not drawn to scale). The 
two insets show the possible configurations of the system. a) APD DE202 
expander head. b) Inner vacuum shroud supporting expander head. c) Outer 
vacuum shroud. The inner shroud moves vertically inside the outer shroud so 
that the matrix isolated sample is lowered in to the EPR cavity or the lower 
compartment j. d) Compartment used for depositions and UV-visible 
spectroscopy. e) Furnace for creating atomic beams. g) Expander head He inlet 
and outlet valves. h) Vacuum port. i) Quartz tube used as a shroud for the 
oxygen-free-high-conductivity copper rod in EPR experiments. j) Lower 
spectroscopy compartment used for FT-IR, uv-VIS and fluorescence studies. k) 
Gas inlet port. 
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Fig.2 The EPR spectra of the vanadium benzene sandwich complexes isolated in an Ar 
matrix at 12 K. The Ar:ligand ratio is 250:1 for the mono complexes and 50:1 
for the bis complexes. The deposition time was up to 24 hours. Microwave power 
incident on the sample: 20 ~W, Modulation amplitude: 1.0 Gauss, microwave 
frequency: 9.2873 GHz. The four lines of the methyl radical are denoted by 
asterisks. Figure 2a is due to (l,3,5-CIlPe;)Vand (1, 3, 5-CIlPe;)2 V with the 
mono complex having a hyperjine splitting of 132.27 Gauss and the bis 109.10 
Gauss, Fig 2b is (l,4-CIlJ"-)2V with hyperjine splitting of 77.27 Gauss, 2c is 
(CllsF)2V where the hyperjine splitting is 81.81 Gauss. Fig. 2d represents 
(CllsF)V with hyperjine coupling constant of 127.27 Gauss. 
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expected, the 1,4 di-substituted benzene has less 7r electron density than the mono
substituted benzene. Thus the resulting complex has a smaller hyperfine splitting. The 
fluoro-substituted ligands do not show any superhyperfine splitting due to the low 
symmetry of the molecule and the magnetic inequivalency exhibited by the fluorine 
centres. This phenomenon is observed only in magnetic resonance spectra of glasses, 
powder and crystals in the presence of an external magnetic field. It is a direct 
consequence of the non-alignment of the principal axes of the spin Hamiltonian tensor. (14) 

The results of the ZINDO calculations (Table 1) indicate that the bond 
dissociation energy of (1 ,3,5-C6H3M~)V is greater than (C6HSF)V and (1 ,4-C6~F2)2 V 
by 9.0 and 13.5 kcallmol respectively. The trends in the hyperfine splittings, and 
intensities of the EPR spectra for the bis(arene)-vanadium complexes are similar to those 
observed for the corresponding mono compounds. It is therefore assumed that the bond 
dissociation energy trends for the bis- complexes will be similar to those already found 
for the mono complexes. Basically one expects that the more 7r-electron rich benzene 
rings form stronger bis complexes with the vanadium. 

A detailed analysis of the EPR spectra, using computer simulation, and the 
correlation between the magnetic properties and the molecular structure of these 
complexes will be published shortly. 
5. Conclusions 

Electron rich benzenes react readily with atomic vanadium to form EPR active 
species. This is shown experimentally and confirmed by ZINDOIl computations. When 
isolated in an inert matrix the vanadium complex shows eight resolvable vanadium 
hyperfine lines that are characteristic of vanadium-benzene sandwich complexes. Even 
for sandwich complexes that have a very low formation probability they are still detected 
due to the exceedingly high sensitivity of EPR spectroscopy « 1 ppm). Thus in an 
analytical sense, EPR could be an extremely valuable tool to detect trace amounts of 
vanadium. 
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CHARACTERIZA TION OF JURASSIC BLACK SHALES FROM 
ASTURIAS (NORTHERN SPAIN): EVOLUTION AND PETROLEUM 
POTENTIAL 

I. Suarez-Ruiz and J.G. Prado 
Instituto Nacional del CarbOn (C.S.I. C.). Ap. Co. 73, 33080-0viedo. Spain. 

ABSTRACT. The black shale levels for the Jurassic from the province of Asturias 
(Northern Spain) are mainly Pliensbachian age. They are composed of calcite, quartz, pyrite 
and illite as inorganic compounds while organic matter corresponds to a type II kerogen in 
which the autochthonous aquatic material (marine) predominates over that from the 
continental origin. The rank studies show a differential evolution for these sediments which 
corresponds to the diagenesis (represented by oil shales) and organic catagenesis (source
rocks of oil and gas) stages. This evolution seems to be linked to the tectonic of the region 
and to the presence of thermal flows which have occurred from the Paleozoic until after 
Jurassic sedimentation promoting the generation and migration of hydrocarbons. 

KEY WORDS: Northern Spain, Jurassic, Pliensbachian, Organic matter, Black shales, Oil 
shales, Source-rocks, Rank, Kerogen II, Petroleum potential, Organic petrology, Pyrolysis. 

1. Introduction 

Even though the greater part of the sedimentary rocks contain particles of dispersed 
organic matter from the different origins, only a few of them can be considered black 
shales(l) because of its high organic content (% Carbon> 5) and special characteristics of 
formation of these black shales. Those having a type of kerogen appropiated to generate 
hydrocarbons in the conversion process and presenting a high degree of immaturity will 
be considered as true oil shales. 

In the hydrocarbons exploration field, the detailed characterization and study of organic 
fraction from the sedimentary levels with high organic content as well as the determination 
of its degree of evolution are important tools for the knowledge of the geothermal history 
and the petroleum potential of a specific region. From the point of view of the oil shale 
conversion and application of the resultant products it is essential to know the nature, the 
properties and characteristics of the organic matter present. 

Therefore, considering that in the province of Asturias (Northern Spain) there are 
important black shales levels mainly from the Pliensbachian (Jurassic) period(2), the 
overall objective of this work has been their characterization. Specifically, inorganic 
composition and the type of organic content have been analyzed. Moreover, the degree of 
evolution reached by these black shales, their regional distribution and petroleum potential 
have been evaluated. 
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Figure 1_ Organic evolution pattern for the Pliensbachian black shales according to 
different parameters of maturity. 

2. Sampling and Analytical Procedures 

Samples studied in this work come from 20-25 outcrops over 40 km considering that the 
black shales levels mainly appear along the shoreline (Fig. 1). Samples were prepared for 
petrographic and geochemical analysis. 

Petrographic analysis. The optical study of organic fraction was achieved by 
microscopy in white, blue and UV light. The reflectance measurements were performed 
according to ISO standard(3) in oil inmersion with objectives of 60X magnification, 
overall vitrinite particles found in a petrographic section. Spectral analysis on fluorescence 
were taken from alginite (Tasmanite algae and Lamalginite), organo-mineral groundmass 
and hydrocarbons found in some samples, using UV light and water lens (50X 
magnification). The spectral parameters considered in this work have been the classical 
ones(4): Amax (98%) and the green/red quotient (Q650/500). 

Geochemical analysis. The determination of the petroleum potential and the degree of 
evolution of the organic matter in the black shales were achieved using pyrolysis 
techniques: Rock-Eval analysis performed according to Espitalie(5-6) and the Gray-King 
Assay according to ISO satandard(7) exclusively for the oil yield. 

The mineral matter was characterized by X Ray Difraction. 

3. Results and Discussion 

3.1 COMPOSITION OF THE BLACK SHALES 

Globally, the organic fraction of the black shales is composed of the mixed type of 
organic matter which corresponds to a type II Kerogen (Fig. 2). It is composed of 
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autochthonous material of aquatic origin (marine) which dominates and comes from the 
phytoplancton and zooplancton as well as their degradation products. It mainly 
corresponds to alginite: (Lamalginite(9) and Tasmanites indicative of brackish waters), 
bituminite and different fragments of zooclasts as well as elements of the hystrichospherid 
group. The allochthonous material is represented by pieces of continental vegetable origin 
which are scarce and reduced in size. They would be classified according to the 
established maceral groups by the ICCp(lO-ll) as inertinite (fusinites and in lesser 
amounts semifusinites), huminite/vitrinite (humo/colinite and scarce humo/telinite), 
liptinite (microspores and few resinites) and products of mechanical and/or biochemical 
degradation. The main mass of these rocks is the organo-mineral groundmass, an 
undifferentiated mixture of organic and inorganic substances, over which the other 
figurated components, mentioned above, are found. Moreover, in the case of black shales 
with reflectance greater than 0.5%, different phases of hydrocarbons are highly 
fluorescent and solid bitumens have been identified. 

The inorganic fraction of these black shales identified by XRD is composed of calcite, 
quartz, pyrite, illite and in smaller amounts dolomite, ankerite, kaolinite and traces of 
feldespars. 

All of these characteristics represent a sedimentary environment for the black shales 
which is of marine character, reducing, euxinic and of low energy. 

750 

g 600 
l-
e> 
" 450 
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O+--'~-.--~-r--~--
400 420 440 460 480 500 
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Figure 2. Org2nic composition of the black shales. (The basic Tmax/HI diagram is from 
Espitalie(8» 

3.2. ORGANIC EVOLUTION 

The degree of evolution presented by the organic matter from the black shales of all the 
studied outcrops, was achieved using the reflectance, spectral fluorescence data and the 
Tmax, HI, TOC parameters from Rock-Eval pyrolysis. The results obtained have 
permitted to define an evolution pattern which varies from the West to the East side (Fig. 
1) of the region making it possible to distinguish two different stages of organic 
evolution{l2) corresponding to the diagenesis and the catagenesis. 
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Diagenetic stage (Figs. 1,2 and Table 1): This stage is represented by immature organic 
matter (vR < 0.5%; Tmax < 430°C) having higher hydrogen content (HI> 600 mg HC/g 
TOC) which preserves all the textural and structural characteristics and, in general, it 
shows a strong fluorescence at the shortest wavelength (Table 1). In this stage, the black 
shales constitute the true oil shales that, when found in the phase before oil generation 
they keep intact their petroleum potential making it possible to identify all the organic 
components mentioned above. Semiquantitative data about the composition of these oil 
shales(l3) show that the principal component was the organo-mineral groundmass (76.6 
vol. %) followed by the all specimens of alginite (21.2 vol. %), vitrinite + inertinite (1.1 
vol. %), terrestrialliptinite (0.9 vol. %) being scarce the zooclast fragments (0.2 vol. %). 

Catagenetic stage (Figs. 1,2 and Table 1). The organic fraction is evolved as indicate 
by the modification of rank parameters. For this stage it is possible to distinguish two 
different and correlative phases of maturity. 

The first one corresponds to the oil window or the oil generation phase (0.5 < vR < 
1.25; 430 < Tmax < 460°C; 65 < HI < 600 mg HC/g TOC). A gradual degradation of the 
organic matter occurs and its properties change. Therefore, it is not possible to identify all 
the organic components because they are degraded or they have been transformed into 
hydrocarbons. At the same time, the fluorescence properties of the organic components 
are modified showing reddish colours with lesser intensities (Table 1). The organo
mineral groundmass has partially loss its fluorescence. The presence of different phases 
of hydrocarbons and oil traces having strong fluorescence are typically found in this 
stage. These black shales are source-rocks that have partially generated their hydrocarbons 
by natural evolution. 

In the second phase of the catagenetic stage (Figs. 1, 2 and Table 1) the organic matter 
of the black shales is clearly evolved (vR > 1.25%; Tmax >460°C; HI < 65 mg HC/g 
TOC). With the exception of a few oil traces, the organic matter is not fluorescent (Table 
1) and it is only possible to identify the organic matter of continental origin and some 
other very degradated fragments. This stage represents the wet gas generation phase. 
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Figure 3. Relation between different parameters of maturity for the defined stages of 
organic evolution. 
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There is a good correlation between all the maturity parameters for these black shales in 
the different stages of evolution as is shown in Fig. 3. 

3.3 EVALUATION OF THE PETROLEUM POTENTIAL. 

The petroleum potential of the black shales studied depends on the stage of evolution 
concerned. Parameters considered to evaluate this potential were the S2 and TPI (from 
Rock-Eval pyrolysis) and the oil yield from the Gray-King Assay. Results are shown in 
the Fig. 4. 

Diagenesis stage (immature): Even though the oil shales have their petroleum potential 
intact, the real potential depends on the abundance of the organic matter of the rock. In 
general, oil yields after pyrolysis conversion have been: 40-25 Kg oilJT rock and S2: 55-
25 mg HC/g rock (Fig. 4). 

Catagenesis stage: For the oil window phase the petroleum potential is variable due to 
the fact that the black shales have partially generated their hydrocarbons. Therefore, the 
oil yields obtained were: 28-5 Kg oillT rock and S2: 20-3 mg HC/g rock (Fig. 4). A 
diminution in the oil yields was observed with increasing degree of catagenesis. In 
general, for the black shales evolved (vitrinite reflectance> 1.25%) no oil was obtained. 
Only in some cases the S2 has proportionated values between 0.0 and 1.0 mg HC/g rock. 
This evolved organic matter could only possibly generate gas. 

The variation of the TPI (total production index) is according to the other results (Fig. 
4). 
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Figure 4. Petroleum potential of the studied black shales in relation to their degree of 
evolution. 
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4. Conclusions 

1 . The black shales of the Pliensbachian from Asturias (Northern Spain) are composed 
of a type II kerogen (mixed organic matter) having a medium petroleum potential when 
they are in an immature stage (oil shales). 
2. The degree of evolution reached by these black shales varies from the West side 
(inmature stage - diagenesis) to the East side (mature and evolved stages - catagenesis) of 
the region studied as demostrated by all the parameters of maturity considered. 
3 . This evolution seems to be linked to the regional tectonic (opening stages of the rift) 
and to the presence of thermal flows which have occurred from the Paleozoic until after 
Jurassic sedimentation. It has promoted the generation and migration of hydrocarbons and 
it could have partially contributed to their accumulattion in younger sediments of the 
continental platform of the Cantabrian Sea. 
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ABSTRACT. A selective stepwise chemical degradation technique is applied to investigate a1kanoic 
structuml subunits in sulphur-rich macromolecular fractions (resins, asphaltenes, kerogens). Emphasis is 
given to the sulphur speciation in ternlS of intermolecular (thioether, thiodiether) and intr.unolecular 
(thiolane, thiophene) linking of structuml subunits. The degradation sequence comprises two steps: (I) a 
desulphurization and (II) an oxidation of aromatic moieties liberating alkyl substituents as mono- and di
carboxylic acids. In this study, nickel boride is used for the desulphurization. The efficiency of the reagent 
is compared to other desulphurization reagents (Raney nickel, nickelocenelLiAIH4). The use of deuteriated 
nickel boride allows to label the site of former sulphur functionalities with deuterium. The reagent is tested 
on a set of reference compounds to elucidate the deuteriation pattern of various sites and types of sulphur 
bonds (e. g. thioether, thiolane, thiophene). Ruthenium tetroxide is used to release aIkanoic substituents of 
aromatic subunits. 

This chemical degradation sequence is applied to seveml macromolecular fractions, derived from various 
sulphur-rich sediments and oils, respectively. Each step of the sequence affords considerable amounts of 
low molecular weight material (hydrocarbons, carboxylic acids), which is separated by colunm chro
matography and studied by GC and GC-MS. whereas the remaining high molecular weight material is 
subjected to the following degradation step. 

The a1kanoic degradation products of several sulphur-rich macromolecular fractions of oils and sedi
ments are discussed with respect to the incorporation of sulphur into the macromolecular structure and the 
abundance of sulphur bridges. 

The labelling with deuterium provided evidence for a sinmltaneous linkage by sulphur and aromatic 
units of the released aIkanoic products, pointing to their function as constituents and cross-linking subunits 
of the parent macromolecular network. 

1. Introduction 

Sulphur is next to carbon and hydrogen the most abundant element in heavy petroleum and 
kerogen (1). The environmental impact arising from the increasing combustion of sulphur-rich 
oils and the awkward effects of sulphur on the refining processes and products give rise to a 
growing interest in the chemical nature of sulphur in oils. Even though various attempts have 
been made to elucidate the chemical structure of sulphur species in oils and kerogens, at least the 
forms of sulphur in macromolecular organic matter are partly known on the molecular level. 

The chemical structure of a large number of sulphur containing compounds was in-
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vestigated using gas-chromatography and mass-spectrometry (2 - 6 ). In general, these methods are 
limited to relative low molecular weight compounds. 

Structural investigations of sulphur in macromolecular organic matter were also performed 
using non-destructive spectroscopic methods such as IR and NMR. These methods reveal bulk 
information on the abundance of functional groups and of aromatic and aliphatic carbon atoms. 
However, they allow only limited conclusions on the detailed macromolecular structure (7). 

Recently, studies have been carried out applying temperature programmed reduction (TPR)( 8) 

and X-ray spectroscopic techniques such as X-ray adsorption near-edge spectroscopy 
(XANES)( 9, 10). Though these methods allow an estimate of the relative quantities of 
thiophenic and non-thiophenic sulphur species, they give scarce information on the related 
carbon atom framework. The scope and limitations of X-ray spectroscopy and other 
spectrometric methods in the quantitative analysis of sulphur speciation in heavy petroleum have 
been discussed recently ( I I ) . 

Progress in the structural analysis of macromolecular material was achieved by the application 
of chemical degradation techniques (7) devdoped to study building blocks of macromolecular 
substances of geological origin. These techniques are based on selective cleavage reactions of 
distinct bonds within the macromolecular framework. The resulting extractable degradation 
products of low molecular weight are amenable to GC and GC/MS analysis. Methods applied for 
the selective degradation of sulphur bonds are the chemolysis of polysulphide bonds (12, 13) and 
desulphurization with Raney nickel ( I 4 -16), nickelocene ( I 7, I 8) or lithium/ethylamine (19). 

Some of these desulphurization methods allow to label the position of the former sulphur 
linkages by using deuteriated reagents. 

A number of oxidation techniques has been applied to investigate the aromatic and aliphatic 
structural entities of geological macromolecules (20, 2 I ). High yields of products were achieved 
applying ruthenium tetroxide (RU04) as oxidation reagent. By this method, aromatic structural 
units are oxidized, affording aliphatic substituents as carboxylic acids (22 -24). 

In this study we applied a sequence of selective chemical degradation techniques, which 
combined desulphurization and oxidation, to sulphur-rich macromolecular fractions of 
geological origin. We attempted to demonstrate the different forms of organic sulphur species 
(e. g. thioether, thiodiether, thiolane, thiophene) by the deuterium signature of the low molecular 
weight degradation products. The speciation of sulphur is exemplified by n-alkanoic subunits 
released during chemical degradation of the parent macromolecules. 
Major goals of this study have been: 
1. Elucidation of the cross-linking of low molecular weight compounds by sulphur bridges, 
aromatic subunits, sulphur bridges and aromatic subunits; 
2. Determination of the macromolecularly bound thiolane and thiophene subunits. 

Oil samples Origin Age Source rock 'LMW Resin Asphaltene 
type (wt.%) (wt.%) (wt. %) 

Monterey oil Califomia Miocene silicates 52.3 24.9 18.6 
#4 carbonates 

Monterey oil Califomia Miocene silicates 46.8 26.2 18.0 
#8 carbonates 

Boscan Venezuela Cretaceous carbouates 49.3 25.9 18.3 

BatiRaman Turkey CretaceOll~ carbonates 45.1 15.9 25.4 

Table 1: Origin, age, source rock type and chromatographic fractions of oil samples CLMW = 
low molecular weight compounds). 
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2. Experimental 

2.l. SAMPLES AND GEOLOGY 

The investigated macromolecular fractions derived from oils (Boscan, Bati Raman and 
Monterey) and sediments (Monterey). Data on the origin, age, source rock, lithology, 
depositional environment and the composition of the respective oil and rock samples are shown 
in Table I and 2. The Monterey sediment and oil samples are part of the Cooperative Monterey 
Organic Geochemistry Study. 

Sediment Origin Age Lithology Environ- ·LMW Resin Asphaltene 
samples ment (wt. "10) (wI. "10) (wt. "10) 

Monterey middle cakareO\L~ anoxic 
KG4 Califomia Miocene shales and basin, 5.3 28.9 62.2 

mudstones upwelling 

siliceo\L~ anoxic 
Monterey Califomia late mudstones basin, 6.2 24.1 64.9 

KG8 Miocene (carbonate upwelling 
poor) 

Table 2: Origin, age, lithology, depositional environment and chromatographic fractions of 
sediment samples (. LMW = low molecular weight compounds). 

2.2. EXTRACTION AND SEP ARA TION OF MACROMOLECULAR FRACTIONS 

Sediment samples were extracted extensively with a mixture of dichloromethane/methanol 
(3: I; v:v). Kerogens were prepared by conventional techniques (15). Asphaltene fractions from 
the sediment extracts and the crude oils were precipitated by a fifty-fold excess of n-heptane (16). 
The n-heptane soluble compounds were separated by column chromatography resulting in a 
hydrocarbon fraction (n-hexane), a fraction of aromatic and sulphur compounds (5-10% diethyl 
ether in n-hexane) and a polar fraction (dichloromethane). The resin fraction was obtained by 
deactivation of the silica column with a mixture of dichloromethane/methanollwater 
(70:25:5; v:v:v). 

2.3. DESULPHURIZATION 

Desulphurization was achieved with nickel boride using a modification of the method previously 
described (17,28). Nickel boride was generated in situ from nickel chloride (NiCI1) and sodium 
borohydride (NaBH4)' Hefter (19) and Schouten (J 0) have used this desulphurization technique 
with a number of model compounds and macromolecular matter of geological origin. For 
labelling of the desulphurization products, deuteriated nickel boride was prepared in situ by the 
reaction of NiCl1 with NaBD 4. The reagent was soluble in the solvent system employed. The 
macromolecular substrate was dissolved in a mixture ofCHJOD:THF (1: 1; v:v). Prior to adding 
the reagents, the sample was cooled in an ice bath. Typically, the degradation experiment was 
performed using 20 mol NiCl1 and 60 mol NaBD4 per mol organically bound sulphur. The 
mixture was stirred for 30 min and then kept under reflux for 30 min. The reaction was quenched 
with water and the reaction products were extracted with an excess of CH1Cl1 and filtered. The 
precipitating nickel salts were dissolved by addition of nitric acid (5%) to liberate trapped 
material or to recover the solid residue in the case of kerogen degradation. After washing the 
filter with CH1Clz/CHJOH (3:1; v:v), the water-solvent mixture was extracted again with 
CHzClz (three times) and diethyl ether, subsequently. The combined organic phases were dried 
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over anhydrous NaZS04' 
The reaction products were 
further separated on a silica 
column as described above. 

NiBD4 S-BONDS 

To compare the efficiency 
of the nickel boride reagent 
with methods previously 
used, i.e. Raney nickel, 
nickelocene/LiAlD 4 (1 7, 1 8), 

selected samples were 
desulphurized applying all 
the three methods. 

~ 
GC/MS 

Fig. 1: Flow diagram of the degradation sequence. 

2.4. RUTHENIUM TETROXIDE DEGRADATION 

o 

The use ofRu04 for the oxidation of aromatic subunits is well established (17, 18, 22-24). Typi
cally, a 15- to 20-fold molar excess of periodic acid (H SJ06 ), calculated on the organic carbon 
content of the sample, was used as co-oxidant. The sample and the co-oxidant were dissolved in 
a mixture of dichloromethane/acetonitrile/water (2:2:3; v:v:v), and a catalytic anlOunt of RuOz 
(20 mg) was added. The mixture was stirred continuously for 15 hat 35°C. The organic acids 
yielded by the reaction procedure were extracted subsequently with dichloromethane and diethyl 
ether, dried with anhydrous NaZS04 and filtered through acid-washed Celite. The carboxylic 
acids were esterified with diazomethane and purified by column chromatography. 

2.5. SEQUENTIAL CHEMICAL DEGRADATION 

The degradation sequence applied to the macromolecular fractions is outlined in Fig. 1. 
Compounds exclusively linked by sulphur bonds to the macromolecule are released within the 

initial desulphurization step. Furthermore, intramolecular sulphur functionalities (thiolane, thio
phene) are degraded during this step, and the former positions of sulphur are labelled with deu
terium atoms. Thereby, the amount of deuterium uptake is related to the former sulphur specia
tion and thus provides information about the structure of the original organic sulphur compound. 
After the desulphurization step, the low molecular weight degradation products are separated by 
column chromatography and the remaining macromolecular fraction is subjected to the next 
degradation step. 

Alkanoic compounds substituted to aromatic ring systems are released by the oxidation of 
aromatic subunits. Two different types of compounds are obtained: 
- non deuteriated compounds which have been exclusively linked to aromatic units within the 
macromolecule. 
- deuteriated products, resulting either from substituents of aromatic structural elements with 
additionally incorparated thiolane or thiophene moieties, or from alkanoic subunits additionally 
cross-linked by sulphur bridges to the macromolecular network. 

2.6. ANALYTICAL TECHNIQUES 

Sulphur and carbon determinations were performed on a Carlo Erha 1500 elemental analyzer. 
Hydrocarbons and methyl esters were analyzed on a Carlo Erha 4160 gaschromatograph 
equipped with a fused silica capillary column (DB-5, 30 m x 0.25 mm; J&W Scientific). The 
temperature program was: 80°C, 3 min isothermal; 80-300°C, 3 °C/min; 300°C, 30 min 



SUBSTRATE 
Ni2B 

PRODUCT YIELD 
[NiCI2/NaBD4] 

CH3(CH2)11-5-(CH2)11CH3 (CH 2)11 CH2D 93% 

C13H27~ C20H40D2 91% 

92% 

Fig. 2: Desulphurization of standard compounds with nickel 
boride. 
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isothermal. Injection mode: 
on column; carrier gas: Hz. 
GCIMS analyses were 
performed on a Carlo Erba 
4160 gaschromatograph 
coupled to a Varian CH7 A 
mass spectrometer. MS 
conditions: 70 eV ionization 
energy; source temperature 
250°C; mass range m/z 50-
ROO; resolution 1000. The 
temperature program was: 
RO °C, 5 min isothermal; 80-
300°C, 3 °C/min; 300°C, 30 
min isothernlal. Injection 
mode: on column; carrier 
gas: He. 

The number of deuterium atoms incorporated into the low molecular weight degradation 
products was determined by GC/MS. For assigning the number of deuterium atoms present in the 
degradation products, intensities of the molecular ions (M+, M++ I, M++2, ... ) are summed up. 
Contributions of individual molecular ions are calculated as percentages of this sum. The data are 
not corrected for carbon and oxygen isotopes. 

3. Results and discussion 

3.1. DESULPHURIZATION WITH NICKEL BORIDE 

The selectivity, reactivity and the labelling efficiency of the nickel boride reagent was tested 
using synthetic reference compounds (Fig. 2). Aliphatic thioethers are almost completely 
converted to n-alkanes. Thiolanes and thiophenes were desulphurized with good to excellent 
yields (>90%). Additional experiments showed that ether and ester bonds or aromatic bonds 
remained unaltered. 

The number of deuterium atoms of the degradation products revealed information on the 
former sulphur functionalities. Desulphurized thioethers were mainly labelled with one 
deuterium atom, whereas desulphurized thiolanes incorporated two and thiophenes six deuterium 
atoms (Fig. 3a), respectively. Thioether bound thiolane and thiophene structures should show an 
uptake of one additional deuterium atom during the desulphurization. Based on this suggestions, 
we calculated the number of deuterium atoms for those structural elements by combining the 
known deuteriation patterns of the unbound reference compounds. Hence, a thiodiether
compound is expected to incorporate mainly two deuterium atoms, a thioether bound thiolane 
structure three deuterium atoms and a thioether bound thiophene structure seven deuterium 
atoms (Fig. 3b). 

Aliquots of the Monterey oil #4 resin and asphaltene fractions were treated simultaneously 
with Raney nickel, nickelocene and nickel boride to compare the efficiencies of the different 
desulphurization reagents for natural sample material. The carbon to sulphur ratios of the original 
and the desulphurized fractions are shown in Fig. 4. In general, the CIS values increased after 
desulphurization which proofs a removal of sulphur by all three reagents. Regarding the 
efficiency, different trends are obs.erved for the respective macromolecular fraction (resin or 
asphaltene) these methods were applied to. In case of the resin fraction, the highest CIS value 
after desulphurization was obtained with Raney nickel (26.2), followed by nickelocene (19.8) 
and nickel boride (17.1). In contrast the CIS ratios of the desulphurized asphaltene fractions 
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indicated lowest desulphurization with 
Raney nickel (CIS: 13.5), whereas a ratio of 
16.0 and 18.0 resulted from the nickelocene 
and for nickel boride treatment, 
respectively. These values suggest de
sulphurization of the resin fraction to be 
most efficient with Raney nickel. while 
highest efficacy for the asphaltene fraction 
was achieved with the nickel boride 
reagent. This is probably caused by the 
enhanced solubility of asphaltene in the 
solvent system (THF:CH3 0D) used for the 
nickel boride degradation. 

3.2. STRUCTURAL ASPECTS OF SUL
PHUR IN MACROMOLECULAR 
FRACTIONS 

The major compounds obtained by the 
desulphurization of the resin, asphaltene 
and kerogen fractions from the studied 
samples are aliphatic hydrocarbons with a 
linear carbon skeleton. These products 
represent intermolecular building blocks of 
the macromolecular network which have 
been bound via sulphur bonds. 
Polydeuteriated products may result from 
sulphur bound compounds possessing 
intramolecular sulphur containing struc
tural elements like thiolanes and 
thiophenes. 

The natural mixture of organic sulphur 
species present in the building blocks of the 
macromolecular network leads to a 
deuterium distribution in the obtained 
desulphurized natural products more 
complex than in the desulphurized 
reference compounds. However, the 
deuteriation pattern of compounds deriving 
from desulphurized geological samples 
provide information on the different 
sulphur functionalities in the macro
molecular network as the sulphur species 
leave their imprint on the alkyl moieties 
degraded from the macromolecule. Thus 
deuteriated alkanes can be used to 
differentiate (I) the type of sulphur 
functionalities in different resins, 
asphaltenes and kerogens, and (II) the 
cross-linking of sulphur between structural 
subunits of variable chain length. 
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Fig. 3: Deuterium incorporation of desulphurized 
reference compounds (A) and calculated 
deuteriation patterns for thioether bound reference 
compounds (B). 
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Fig. 4: Carbon to sulphur ratios of Monterey Oil #4 
resin and asphaltene fractions before and after 
desulphurization with different reagents. 
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(I) A resin, an asphaltene and a kerogen 
fraction isolated from the Monterey KG4 
sediment sample were desulphurized with 
nickel boride. The incorporation of 
deuterium is calculated from the analysis 
of the molecular ion region in mass 
spectra of selected compounds. Fig. 5 
shows of the intensities for the M+ peak 
and its deuteriated homologues (M+ +1, 
M+ +2, ... ) for n-octadecanes obtained in 
different desulphurizations. The 
deuterium incorporation in the 
desulphurization product of the resin 
fraction revealed that sulphur is mainly 
present in thioether and thiodiether 
linkages, as indicated by the prevalent 

uptake of two deuterium atoms. Higher degree of deuterium labelling, up to seven deuterium 
atoms, may indicate cross-linking of this compound via several thioethers. However, small 
relative amounts ofthioether-thiolane structures (three deuterium atoms) and thioether-thiophene 
moieties (seven deuterium atoms) may be present in this resin fraction. 

MONTEREY KG 4 
n-OCTADECANES 

o 1 2 3 4 5 6 7 8 9 10 11 12 

o 1 2 3 4 5 6 7 8 9 10 11 12 

~251 I KEROGEN I 

1.lIIIIUd .... 
o 1 2 3 4 5 6 7 8 9 1011 12 

DEUTERIUM ATOMS 

Fig. 5: The deuterium labelling of n
octadecanes released by desulphurization of the 
Monterey KG 4 macromolecular fractions. 

A more complex deuterium incorporation 
pattern is recognized in the desulphurization 
products of the asphaltene and kerogen. 
Compared to the resin fraction, the n
octadecanes from the degradation of the 
asphaltene and the kerogen revealed a 
significantly higher relative anlount of 
multideuteriated compounds. A distinct 
maximum, accompanied by a regular 
decrease with increasing numbers of 
deuterium atoms was not observed. In 
contrast, an enhanced portion of compounds, 
which have incorporated three and seven 
deuterium atoms, was recognized in the 
asphaltene fraction. This suggests the 
relevance of sulphur bound tlliolane - three 
deuterium atoms - and sulphur bound 
thiophene structures (seven deuterium atoms) 
in this fraction. Sulphur bound thiophene 
moieties are also prominent building blocks 
of the kerogen fraction, as indicated by the 
value of seven deuterium atoms in the 
desulphurized product. 

These findings imply that the resin, 
asphaltene and kerogen fractions differ not 
only in their molecular weight but also in the 
chemical structure of their macromolecular 
network (1 6. 1 8) . 

(II) The desulphurization of a resin 
fraction of the Bati Raman oil released high 
amounts of n-alkanes ranging from 12 to 35 
carbon atoms. The individual deuteriation 
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DEUTERIUM 
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Fig. 6: The deuterium labelling of n-alkanes released by desulphurization of the Bati Raman 
reSll1. 

pattern of these n-alkanes revealed an incorporation of up to 20 deuterium atoms. The complete 
deuterium incorporation of all n-alkanes is summarized in a three-dimensional diagram in Fig. 6. 
The distribution of deuterium atoms in the molecular ions for three n-alkanes (n-dodecane. C 12; 

n-docosane. C 22 and n-dotriacontane. C 3 2) is accentuated. The deuteriation pattern of n
dodecane makes evident a relative high contribution of compounds which have been linked to 
the macromolecular network by two sulphur bridges (two deuterium atoms) and of sulphur 
bound thiolanes (three deuterium atoms). These structural elements may also well explain the 
deuteriation pattern of the n-docosane. Additionally. this compound shows a deuterium 
incorporation of up to 16 deuterium atoms. The molecular ion region in the mass spectrum of the 
n-dotriacontane indicates the presence of up to 19 deuterium atoms with a high relative 
concentration of multiple deuteriation. Obviously. the degree of polydeuteriation shows a 
positive correlation with increasing chain lengths of the released n-alkanes. Multiple deuteriation 
may arise for example from the former presence of two thiolane or two thiophene moieties which 
are linked by several sulphur functions to the macromolecular matrix. Furthermore it seems that 
long chain aliphatic compounds provide preferred sites for a multiple attack of active sulphur 
species. 

3.3. DEGRADATION OF AROMATIC STRUCTURAL SUBUNITS 

Catalytic oxidations using ruthenium tetroxide have been applied to asphaltenes (jj). kerogens 
(23) and macromolecular fractions of coals (31,32,34>, This reagent liberates aliphatic 
substituents of aromatic structural units as carboxylic acids in high yields (3 1) bearing one extra 
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carbon atom from the oxidative degradation of the aromatic system. Dicarboxylic acids extended 
by two carbon atoms are obtained from aliphatic structures linking two aromatic units. 

The RU04 oxidation was applied to the residue of the desulphurization reaction in our 
sequential degradation. The carboxylic acids released by the oxidation of the resin fraction of the 
Monterey oil #4 are shown in Fig. 7. 

16 

10 
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l-
ii) 
z 

7 w 
I-
Z 

1 

18 

MONTEREY OIL #4 
RESIN 

24 

\~ 

Fig. 7: Gas chromatogram of the carboxylic acid fraction (measured as methyl esters) obtained 
by the oxidation of aromatic structural units of the Monterey oil #4 resin. Numbers refer to the 
carbon atom numbers of the n-alkanoic acids. 

Carbon numbers of the degraded straight chain monocarboxylic acids range from C 7 to C J o. A 
considerable fraction of branched monocarboxylic acids is also present. GC-MS investigations 
revealed the oxidation products of macromolecular fractions to be a mixture of non deuteriated 
and deuteriated compounds. For example, the molecular ion region in the mass spectra of 
heptadecanoic acid (methyl ester), obtained by the oxidation of the Monterey oil #4 asphaltene, 
indicated a mixture of undeuteriated (mlz 2X4) and mono- to polydeuteriated (mlz 2X5-290) 
compounds (Fig. X). The undeuteriated components represent alkyl units which had contained no 
sulphur functionalities but have been attached to an aromatic ring system. The deuteriated acids 
could arise either from thiolane and thiophene structures in the alkyl substituent of an aromatic 
system or from alkanoic subunits which had been linked to the macromolecular structure via 
both, sulphur bridges and an aromatic ring as indicated in Fig. 8. 

The relative amount of deuterium incorporation of the heptadeconoic acid is shown in Fig. 9. 
Whereas about 50% of mass intensity for the molecular ion region of the heptadecanoic acid is 
related to deuterium free species, the remaining percentage reveals an incorporation of I to 6 
deuterium atoms. 
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Fig. 8: Mass spectrum and fragmentation pattern of n-heptadecanoic acid methyl ester. The 
molecular ions (mlz 284-290) indicate a mixture of non-deuteriated (mlz 284) and 
polydeuteriated (mlz 285-290) compounds. The deuterium incorporation of this compound 
results from the previous desulphurization step. 
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Fig. 9: The deuterium labelling of n-heptadecanoic acid 
(methyl ester) yielded by the oxidation of aromatic 
structural units of the Monterey oil #4 asphaltene 
fraction. 

4. Conclusions 

A selective chemical degradation 
sequence was applied to 
macromolecular fractions (resins, 
asphaltenes, kerogens). This 
method allows to distinguish 
between sulphur bound moieties 
and substituents of aromatic 
structural units building up the 
macromolecular network. Deu
terium labelling of the fornler 
sulphur functionalities provided 
evidence that thioethers, thio
diethers and sulphur bound 
thiolanic and thiophenic moieties 
are important structural subunits of 
the sulphur-rich macromolecular 
fractions. 

The efficiency of different 
desulphurization reagents (Raney 
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nickel, nickelocene and nickel boride) was tested. In general, all three methods are suitable to 
desulphurize geological samples. Raney nickel was found to be most effective for the 
desulphurization of a resin fraction, whereas highest efficacy for the desulphurization of an 
asphaltene fraction was achieved by the use of the nickel boride reagent. 

The comparison of the deuterium labelling ofn-octadecanes derived from the desulphurization 
of a resin, an asphaltene and a kerogen fraction isolated from the Monterey KG4 sediment sam
ple revealed the thioether and thiodiether bound n-alkanoic structures to be more abundant in the 
resin fraction, while thioether bound thiolanic and thiophenic moieties are more relevant in the 
asphaltene and kerogen fractions. 

A detailed investigation of the deuterium labelling of all n-alkanes released by the desulphur
ization of a resin fraction from a Monterey sediment sample showed a positive correlation be
tween the number offormer sulphur functionalities and the carbon number of the n-alkanes. 

A certain amount of the carboxylic acids released by the oxidation of aromatic subunits had 
deuterium atoms, which only could result from the desulphurization of former sulphur species. 
This proves that considerable amounts of n-alkanoic substituents of aromatic structures either 
containe sulphur functionalities (thiolanes, thiophenes) or are additionally linked by sulphur 
bridges to the high molecular weight fractions. 

Thus, n-alkanoic subunits with thiolanic and thiophenic moieties can be simultaneously cross
linked via sulphur and aromatic structural units to the macromolecular network. 
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BIODEGRADATION OF HYDROCARBONS BY SULPHATE REDUCING 
BACTERIA IN THE CRETACEOUS BAHLOUL FORMATION (TUNISIA) 
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LagersHitten des Erdols und der Kohle, 
RWTH Aachen, Lochnerstr. 4-20, 
52056 Aachen F. R. Germany 

ABSTRACT. In the Atlas of Northern Tunisia stratiform lead and zinc sulphide 
mineralization occur in laminated black shales of the Cenomanian-Turonian Bahloul 
formation and as Bou Grine orebody along a fault system through Cretaceous series. 
The age and the mechanism of mineralization processes is still controversially 
discussed. The precipitation of base metals as sulphides in sediments requires organic 
matter as hydrogen source both in thermochemical and bacterial sulphate reduction. 

In the present study the extractable organic matter of samples from the black shales 
(Bahloul) and the orebody (Bou Grine) has been investigated by organic geochemical 
methods in order to clarify the mechanism of involvement of the organic matter in the 
mineralization processes. Results have shown, that in high grade orebody (Pb+Zn=2-
20%) the bitumen is severely biodegraded as indicated by the complete removal of n
alkanes and of aromatic hydrocarbons from the naphthalene and phenanthrene series. 

In low grade mineralized black shales of the Bahloul Formation (up to 1% Pb + Zn) the 
aromatic hydrocarbon fractions indicate severe biodegradation although the alkanes are 
only slightly biodegraded. Biomarker analyses (hopanes and steranes) and vitrinite 
reflectance data have shown that the maturity of the indigenous organic matter in the 
Bahloul formation reached the oil window. Consequently, in present case the degree of 
hydrocarbons biodegradation is linked with base metal mineralization. 

1. Introduction 

The precipitation of base metal sulphides in black shales requires the generation of H2S 
which can be provided either by biological or thermochemical processes. For both 
reactions organic matter is essential as reducing agent for sulphate(l). 

For many stratiform base metal deposits it is still unclear whether metal precipitation 
was mediated by biological or abiological (thermochemical) reactions. From the 
inorganic geochemical and mineralogical aspect it is difficult to differentiate between 
both processes. An alternative approach is the investigation of the organic matter which 
was recently applied to the study of Kupferschiefer(2). In this case, a thermochemical 
effect on the organic matter of the Kupferschiefer from the mining districts was 
evidenced based on the detection of abundant polycyclic aromatic hydrocarbons. 

Previous studies of the Cretaceous stratiform zinc/lead deposits in the Tunisian Atlas 
indicate a completely different mechanism. Here, severe biodegradation of the organic 
matter was shown to be associated with zinc/lead precipitation as sulphides(3). 
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According to fonner study(3) the Bahloul fonnation could have served as a conduit for 
migrating bitumen and metal-bearing brines feeding the Bou Grine orebody in the sense 
of "lateral secretion". The H2S was suggested to be generated in the Triassic diapirs 
and migrated to the Bahloul Fonnation. The association of mineralization in Bou Grine 
with diapirism was also discussed in further papers(4-5). 

2. Sample Description and Geological Setting 

The lead and zinc deposits of Bou Bizerete 
Grine are found in the dome area ~. .-< 

of the Northern Tunisian Atlas. ..(:\~\\~':::: ~ /=-1 ~~ .. 
The structural sketch of Tunisia, i'~'(';'~~\\\\\\ ;'ftfl ... " ~~, . . 
location of salt domes (diapirs) .~ .. ,?\'..\\\\~~.:; .... J. , t-' <"\o~ ",Tunis: 
and Bou Grine are shown in ;< ~\~~~:ill '.1' v, .... <I I ... 

Fig. 1. In this area the .;,f\:\' '<~Y"I';; / ... ~:;<-::.) ,I:' . ~ 
Bahloul fonnation occurs as :..~. "/ rtV~~··i I 

organic rich (black shale facies) b~f,I..Bou .. ~~m.e. ' . ( .;{ . 
sedimentary layer of "/rI.:- :---:";;»- '~<;,\.'b- '.' I fJl . . . 

,~k .... -<"~~ ~:c., I.. . . 
Cenomanian!Turonian age, vicinal .... 1\ '..... . .~. \. . ~ . , I ., 
t . . B G' b d . .t,' .!.'b' .' ~~ .' I'~ I . E2 o semI massIve ou nne ore 0 y ::, / ...... r~~"". ... o~'O ... J , r '.' '"' .. (, 
(hanging wall). Five types of ~ i v . ~~ JW'I " ..... ..::; •... 

mineralization have been reported .... "!).-.l. . I.i,;-'· .' ...... .'/ ,,' : : .. :.Ji .. 
to occur in Bou Grine area !·":4(~ .. : : ..... , \::. ;-. ' ..... 
(~~~ ;~~~g3~. thickness of Bahloul .. ( -: -: : :: : -: :- : :: '1,/ : ti ::: 
fonnation in the Upper Cenomanian! ,.t: : : : : : : : : :: . :{ :,::' dY. : . : . 

~~~~a~~o~!~~ ~o::~td;~~g, The .. ,: ....... </.:'.:.:~.~ ~.' .'~ : ~. '.' .... ::," .. ; . ...: : . 
occur in fine laminated slightly v"' , 
brown limestone and dark brown clay;· .. ·: ... '. '14. ....... ~ .. 
that is enriched with kaolinite. (' . .: :. ~ ~ . ; .: ~~ . :-::", : . 
Both organic petrographic and organic ~ .. : . : : : .. ::(:.. fJlilt/; ::::-, 
geochemical studies conclude marine y.': . . . :'" :: O~IJI' : . : . ':-" . . 
planktonic (algal amorphous) origin 0 50' . " .. , .. ,----
of organic matter disseminated in _____ ; .190Km· : ,;,':-: • T 

Fig. 1 Structural sketch 
of Tunisia showing 
location of the Domes 
(diapirs) area12 . 

carbonate matrix (oil prone). 
Mineralization in the laminites is 
dominated by small crystals of 
sphalerite occuring as fine 
disseminations or in regular beds 
of flattend nodular bodies. Pyrite, 
galena and other ore particles are 
embeded in the cavities of foraminifera. The alginite is the main maceral of liptinite 
group. 

In the present study the samples from the Bahloul fonnation well LMI (Fig. 2b) and 
from the Bou Grine orebody have been investigated by organic and inorganic 
geochemical methods. 
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Fig. 2a Schematic west-east geological 
cross section of the Bou Grine area3. 
Expl: (1) Lenticular ore body (2) Stratifonn 
mineralization in Bahloul (3) Semi-massive 
Bou Grine ore body (4) Cenomanian ore 
fonnations (5) Turonian ore fonnations 

3. Experimental 

Fig. 2b Geological 
map of Bou Grine 
area3. Expl: 
(1) Triassic 
(2) Cretaceous 
(3) Eocene 
(4) Neogene 
(5) Quarternary 

0 5 

Finely ground samples were extracted with dichloromethane in Soxhlet apparatus using 
pre-extracted thimbles (24h). The extracted bitumens were fractionated into 
hydrocarbon groups by column chromatography over activated (lh, 110 0C) silica gel 
(230-400 mesh,). The elution of saturated and aromatic hydrocarbon fractions was 
achieved with n-hexane, and dichloromethane respectively. 

GC analyses of the fractions were perfonned on a Carlo Erba 5160 high resolution 
gaschromatograph equipped with 25m x 0.25mm J.D. fused silica column coated with 
SE 54 silicone (0.25 tLm film thickness) as stationary phase using hydrogen as carrier 
gas. The GC oven was programmed 80-300 °C with heating rate 4°C/min and 
maintained for 20 min. Quantification of individual compounds was carried out using 
an internal standard (squalane) and Minichrome software. The saturated and aromatic 
fractions were investigated by GC-FID. 

GC/MS analyses of selected samples have been perfonned on Varian 3700 GC 
coupled to a Finnigan MAT 8200 mass spectrometer using the same fused silica 
capillary column as for GC. Helium was applied as carrier gas and mass spectra were 
recorded in the cyclic scan mode (1.1 sec). An INCOS data system was used for data 
processing and interpretations. 

The total organic carbon (TOC), total carbon (TC) and total sulphur (TS) were 
detennined with Leco CR 12 and CS 32 respectively. TOC was detennined after 
removal of inorganic carbonate carbon with hydrochloric acid. Inorganic trace and 
major elements were detennined with X-ray fluorescence and atomic absorption 
spectroscopy. Core samples were also studied with reflectance and fluorescence 
microscopy (Zeiss) using polished blocks of the samples. 
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Table 1. Analytical results of core samples 

Sample No. Depth (m) TOC (%) Ccarb (%) mg Ext/gTOC Alk (%) Arom (%) Zn (ppm) 

92671 286,80 0,69 10,31 216,55 42,97 24,79 533 
92644 288,20 0,74 11,13 22,57 
92645 288,70 13,35 7,04 69,11 
92646 290,00 5,06 8,98 89,98 47,05 18,3 9928 
92647 290,80 1,74 10,21 280,43 47,55 22,74 635 
92648 291,80 1,83 10,09 200,41 40,78 24,3 1693 
92649 292,50 3,09 8,87 103,68 26,54 16,58 1535 
92650 293,50 2,06 10,09 191,28 37,36 22,47 884 
92651 294,80 2,39 15,07 204,58 
92652 295,10 4,98 7,79 111,19 
92653 296,80 4,08 7,80 70,59 19,75 34,14 10294 
92654 298,50 6,68 7,76 80,91 
92655 298,70 5,03 8,08 94,22 16,34 35,55 3097 
92656 300,00 6,65 9,58 68,46 
92657 300,20 3,22 9,94 121,31 
92658 302,00 3,97 8,60 81,96 13,66 31,48 3065 
92659 303,40 2,59 10,79 121,57 9,06 27,19 659 
92660 305,00 3,77 6,74 86,59 
92661 306,10 5,67 7,66 68,86 
92662 306,60 3,77 9,14 85,31 17,28 41,47 2771 
92663 308,90 3,68 8,20 71,94 20,67 30,77 598 
92664 310,80 5,45 9,24 124,23 24,79 28,92 8227 
92665 311,70 1,75 9,06 102,53 38,85 30,57 2703 
92666 313,30 8,04 8,19 86,66 7,83 47,82 2095 
92667 314,00 4,47 6,49 88,37 18,34 43,21 5643 
92668 315,10 1,56 7,45 67,92 29,27 36,34 1762 
92669 315,60 5,58 6,13 67,52 
92670 316,70 0,44 9,21 27,89 28 

Table 2. Analytical results of orebody 

92225 7,50 6,90 86,66 47,80 23,10 139211 
92226 7,58 6,22 112,58 1,50 66,30 184025 
92227 1,00 10,90 186,45 51,80 16,60 27300 
92672 7,56 6,44 76,54 
92673 3,13 6,70 155,76 30,18 44,66 229938 
92674 1,05 10,85 169,35 38,88 36,11 21244 
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Table 1 contd. 

Ph (ppm) Fe (ppm) Rm(%) 22S1 (22S+22R) 20S1 (20S + 20R) Biodeg. 
C31-Hopanes C29-Steranes Arom. 

147 7910 0,47 0,59 0,34 •• 
0,51 
0,56 

56 7840 0,57 •• 
36 6860 0,54 •• 

1304 7770 0,54 •• 
49 7000 0,50 •• 
12 6160 0,52 0,60 0,39 •• 

0,51 
0,51 

60 12740 0,49 0,56 0,35 •• 
0,57 

40 7210 0,53 0,56 0,36 0 
0,56 
0,52 

48 8890 0,48 0,60 0,36 0 
24 7700 0,49 0,51 0,33 • 

0,47 
0,53 

41 9730 0,52 0,59 0,40 • 
9630 11340 0,59 •• 

11 7490 0,52 0,50 0,44 •• 
182 8820 0,51 •• 
279 13300 0,49 0,65 0,24 0 
168 26740 0,49 0,56 0,39 0 
113 17430 0,51 • 

0,51 
9 14420 0,50 

Table 2 contd. 

9608 14490 ••• 
7472 14210 ••• 

350 5740 ••• 
0,44 

5425 10710 0,55 ••• 
403 6510 0,48 ••• 
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4. Results and Discussion 

4.1. CORE SAMPLES (BAHLOUL FORMATION) 

4.1.1. Bulk parameters. Twenty eight (28) samples from the Bahloul formation well 
(LM-l) ranging from 286-317m have been analyzed using various geochemical methods 
(Table 1). The analytical results show that TOC is higher than 2% in most of the 
samples; in few samples the values increase up to 14% (Table 1). In Figure (3) the 
TOC variation is plotted along the profile of the Bahloul formation. A major cyclicity 
of variation is not observed, only one sample (92651) falls out of the regular range. 
Carbonate contents are relatively uniform in the centre of the formation and show 
irregularities predominantly in the bottom and top section. Increases in carbonate 
contents are not reflected by concomitant decreases in the organic matter content. Also 
the variation in the amount of TOC normalized extract yields is low in the bottom and 
inner part of the section (Fig. 3). Here, the values are around 80 mg extract per gram 
of total organic carbon (mg extlg TOC). A few samples provide values higher than 100 
mg extl g TOe. 

In the present study, during the Soxhlet extraction no copper foil was added to the 
flask for the removal of elemental sulphur. After removal of the solvent crystallization 
of S8 was observed in most samples from the upper part of the profile (Fig. 3). The 
increased extract yields in this part of the formation is caused by S8' because this 
molecule is almost completely extractable with organic solvents. The extract yields 
higher than 100 mg Ext/g TOC, therefore, cannot be used as an argument for the 
presence of migrated organic material according to the classification of Hunt(6). 

4.1.2. Maturity Assessment. For the determination of the maturity of the organic matter 
within the Bahloul formation vitrinite reflectance measurements on the kerogen and 
biomarker analyses in the extracts have been carried out. Along the profile the vitrinite 
reflectance varies around 0.5 % (Fig. 4). Again, major variations are not observed. The 
data indicate that with respect to maturation the beginning of the "oil window" has been 
reached. This is also confirmed by the results obtained from the measurements of 
molecular maturation parameters by the use of GC/MS. Mass chromatography of mlz 
191 was used for the measurement of the hopane distributuion. The ratio of 
22S1 (22R + 22S) aJ3 C31 hopanes has reached the equilibrium value of 0.6 in almost all 
samples. Therefore, the hopane distribution is not an appropriate tool for the 
recognition of maturity variations in the present case. 

The sterane distribution has been determined from the mlz 217 mass chromatograms. 
Results from the determination of the ratio of 20S/(20S +20R) aaa C29-steranes are 
shown in Figure (4). Here, the equilibrium value has not yet been reached and the 
values of this ratio are around 0.36 all over the profile. Only one sample near the 
bottom of the section (92666) provides a significantly lower ratio with 0.24. The ratio 
of 20S1 (20S + 20R) aaa C2~rsteranes recently was shown to be affected by 
biodegradation. Many aerobic bacteria degrade the 20R isomer preferentially which 
results in an increase of the 20S1 (20S + 20R) ratio(7). 

As mentioned above, in most of the samples from the investigated profile the 
biodegradation of the organic matter is detectable. However, samples 92666 and 92659 
did not show an effect of biodegradion. So the samples with a lower 20S/(20S +20R) 
ratio might be better reflecting the degree of maturity. According to Mackenzie et al(8) 
the ratio 20S1 (20S + 20R) aaa C29-steranes with value 0.24 corresponds approximately 
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to the measured vitrinite reflectance of 0.49%. The measured maturity parameters, 
therefore, consistently argue for an organic matter maturation near the beginning of the 
oil window based on the diagram developed by Mackenzie et al(8) on data from the 
Toarcian shales in the Paris basin. 

At the top of Bahloul formation the extractable organic matter contains higher 
amounts of alkanes (50%) than other fractions and apparently no biodegradation 
occured (Fig. 5a). The gas chromatograms of aromatic hydrocarbons (Fig. 5b) for II).~~t 
of the samples are very complex which is often called Unresolved Complex Mixture~ ) 
(UCM) due to biodegradation. Apart from hydrocarbons the bitumen also contains 
considerable amount of elemental sulphur that is correlating with the intensity of 
(UCM) in the chromatograms of aromatic fractions. Precipitation of iron, zinc and lead 
as sulphides by sulphate reducing bacteria obviously caused the hydrocarbon 
degradation. 

Normally during biodegradation aliphatic hydrocarbons are attacked first(9). 
According to Jobson et al(lO) sulphate reducing bacteria are not able to metabolize n
alkanes which results in a preferential degradation of aromatic hydrocarbons in crude 
oils. This situation was also reported by Connan(ll) and is confirmed by the results 
presented here. 

4.2. BOU GRINE OREBODY 

Six samples from the Bou Grine orebody were also investigated (Table 2). The samples 
show the following characteristics. 

Total organic carbon (TOC) is increased in relation to the Bahloul formation and 
exceeds in some cases 7 %. The TOC normalized extract yields in four samples are 
higher than 100, preferentially caused by the presence of elemental sulphur. The 
distribution of aliphatic and aromatic hydrocarbons is composed of only UCM (Fig. 6a
b) indicating a higher degree of biodegradation as compared to Bahloul formation. 

4.3. METAL CONTENT 

The contents of iron, lead and zinc have been determined in both sample sets (core and 
orebody). The results are shown in Tables 1 and 2. The variation of the metal content 
along the profile of the Bahloul formation is shown in Figure 4. The iron content is 
about 1 % and the zinc content is in general around 0.3%. In a few samples an increase 
to approximately 1 % is observed. Apart from one exception, the lead contents are 
lower than iron and zinc contents. 

In the Bou Grine orebody the iron contents are in the same range as in the Bahloul 
profile. However, lead and zinc content increase significantly to values up to 22 % 
(Table 2). This increase correlates with a severe biodegradation, not only of aromatic, 
but also of saturated hydrocarbons (Fig. 3, 6a & 6b ). 

5. Conclusions 

The present investigation of samples from the Bahloul formation and from the Bou 
Grine orebody provided a close correlation between biodegradation of organic material 
and sulphide precipitation (Pb/Zn). Samples from the ore body with higher metal 
contents show higher degree of biodegradation of the organic matter. The presence of 
elemental sulphur is consequence of microbial activities which governed the 
composition of ores (Pb, Fe and Zn) at the same time. 
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The underlying Triassic diapirs were apparently the source of base metals and sulphate 
whereas the Bahloul formation contributed the hydrocarbons for the activity of bacteria. 
In the present case aromatic hydrocarbons were degraded before saturated hydrocarbons 
in the Bahloul formation while in orebody the sequence of degradation could not be 
determined clearly because both saturated and aromatic hydrocarbons are completely 
biodegraded (Fig. 6a-b). Biomarker analyses (steranes and hopanes) have shown that 
the maturity of bitumen in Bahloul formation has reached the oil window. 
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ORIGIN, EVOLUTION AND PETROLEUM POTENTIAL OF A CAMBRIAN SOURCE 
ROCK: IMPLICATIONS OF PYROLYSATE AND BITUMEN COMPOSITION 

SUNIL BHARATI 
Geolab Nor 
P.B. 5740 Fossegrenda 
7002 Trondheim, Norway 

ABSTRACf. The Upper Cambrian Alum Shale of Scandinavia, which was historically used to 
produce oil using conventional retorting methods, is not at present regarded as a significant 
potential source rock for oil generation. The shale, deposited in a shallow-marine environment 
have neither experienced any major tectonic events nor have they been deeply buried. This is 
perhaps why the Alum Shales have not been characterised in detail geochemically earlier and 
available data in the literature is scarce. We present here the chemistry of the flash pyrolysates 
and solvent extracts of the Alum Shales using 37 outcrop samples from numerous locations in 
southern Scandinavia, The Alum Shales have very high organic matter content, primarily algal, 
and are anomalously enriched in uranium. However, they generate gaseous petroleum on 
simulated maturation and the free hydrocarbons present are aromatic in nature. Hypothesis 
suggested earlier, such as radiation damage of kerogen, are examined in light of the present 
fmdings. A combination of several chemical and optical techniques has allowed us to estimate 
the true petroleum potential of this formation and model the composition of the petroleum that 
can be generated from the Alum Shales. 

1. Introduction 

The Middle Cambrian to Lower Ordovician age Alum Shale Formation, which is extensively 
developed in the Balto-scandian Platform of Scandinavia, has a long exploitation history dating 
back over 300 years. The Alum Shales were mined for the hydrated salt, potassium aluminium 
sulphate in the early years (from ca 1637 to 1900's). Towards the end of the 19th century, its 
high kerogen content was realized and oil produced through conventional retorting methods up 
to nearly 500 toones of shale oiVyear. Fischer assays indicate oil yields of about 1000 MMT 
from the richest areas of Narke and Gotland. The Alum Shales were also mined to recover 
uranium, especially from the kolm lenses within the Alum Shale Formation, which were 
anomalously rich in uranium (2000 to 7000 ppm). However, the Alum Shales were never 
regarded as a significant petroleum source rocks, despite their very high TOC content, as they 
were never deeply buried to reach the required thermal maturity for oil generation. This has 
perhaps been the primary reason for the Alum Shales not being geochemically characterised in 
detail earlier and the scarcity of geochemical data in the literature. 
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In the present study, we have attempted to elucidate and understand the chemistry of the flash 
pyrolysates and solvent extracts of the Alum Shales using 37 outcrop samples from numerous 
locations in southern Scandinavia (Figure 1). A combination of several chemical techniques has 
allowed us to estimate the true petroleum potential of this formation and model the composition 
of the petroleum that can be generated from the Alum Shales. 

2. Geology and Depositional Environment of the Alum Shales 

The Alum Shales, which extended in a paleo-basin measuring more than 2000 sq. kIn., were 
deposited in low energy, shallow marine conditions and at a very slow rate estimated to be 
around 3-10 mm/lOOO years (I). It is also likely that their deposition took place in an 
epicontinental sea environment, with limited access to the open ocean in the south. The Alum 
Shales are represented today as a thin (10-60 m) black, laminated mudstone facies (2). The highest 
concentrations of organic matter (up to 21% TOC) are found in the Late Cambrian sub-unit, 
namely the Olenid Series and the samples in the present study are restricted to this stratigraphic 
interval. The formatiOll is also enriched in trace elements, particularly uranium and vanadium. 
The highly anoxic depositional conditions proposed for the Alum Shales (1) perhaps explains the 
high organic carbon and pyrite content. Due to low sedimentation rates (also implying low clastic 
dilution), the degree of primary organic matter preservation is also believed to be very high. 

1. PAlslorp 
2. Gosseler 
3.0land 
4. Kvamlorp 
5. Trolmen 
6. Millorp 
7. Ulunda 
8. SkAr 
9. Rokslorp 
10. Slemesiad 
11. KrekUng 

SWEDEN 

Cambrian Alum Shales In 
Southern Scandinavia 

o 50 l00km 
~ 

Figure 1. Locations of samples of the present study ordered according to increasing maturity 
(location 1. Pdlstorp is least mature and location 11. Krekling is most mature). 
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Most Alum Shale occurrences today are isolated erosional outliers, underlain by a thin 
bituminous lime-stone band - the Stinkstone band and generally capped by Pennian dolerite sills. 
The paleo-thickness of these sill emplacements is not known, but they are believed to have 
caused some heating of the underlying Alum Shales (3) although no clear evidence is available 
on their thermal influence. The sample suite considered in the present study however, represents 
a natural maturation series from immature to post-mature (Figure 1), this being based on 
bituminite reflectance (3.4). The Alum Shales are most developed in Billingen and Kinekulle 
regions of Gotland, and generally are the least mature too in these areas. The most mature Alum 
Shales are found in Oslo region in southern Norway. This is perhaps due to some burial and 
regional subsidence associated with the Alum Shales of Oslo contra the other occurrences in 
Sweden where little or no subsidence has taken place. 

3. Composition of the Alum Shales 

X-ray diffraction analysis (XRD) show that the Alum Shales have unifonn mineralogical 
composition over a large basinal area The relative X-ray percentages of quartz, clay minerals, 
pyrite+carbonate and feldspars in each of the 9 locations of south-central Sweden are quite 
comparable. Typical quartz+feldspars I clay minerals ratio is 2, while quartz I feldspar ratio is 
around 1.5. Uranium content in the present sample suite is however slightly variable, ranging 27-
172 ppm (Table 1), although no definite relationships are observed between uranium content and 
TOe or maturity. There is also no direct evidence of any geographical location being particularly 
enriched in uranium. Scanning electron microscopy shows that uranium occurs as unifonnly 
distributed and disseminated fine particles allover the inorganic mineral matrix and is 
conspicuously absent in the organic carbon rich areas such as bituminite lenses (3). 
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TABLE 1 : Selected analytical data for the Alum Shale arranged in the order of increasing 
thermal maturity (decreasing hydrogen content) (sample 1 is least mature). 

S.No. TOC U HI OJ Ro AL vol EOM HC NHC 
% ppm mg/g TOC % % rock mg/g % % 

--------.. _ ... _-----------------_ .. ------_ ... _--------------..... --------------------------------------------
1 3 58 505 26 0.32 5 3.45 15 85 
2 22 87 439 lO 0.36 1.88 16 84 
3 18 128 429 7 0.48 24 3.99 19 81 
4 15 125 420 17 0.32 28 3.13 11 89 
5 lO 140 418 20 0.41 lO 1.49 11 89 
6 14 96 418 15 0.34 9 3.27 10 90 
7 lO 66 416 11 0.45 18 1.51 20 80 
8 13 lO6 407 6 0.31 4.16 23 77 
9 12 130 402 16 0.37 19 0.90 17 83 
lO lO 95 369 21 0.40 16 0.90 22 78 
11 lO 75 348 12 0.50 18 2.49 17 83 
12 22 93 347 13 0.45 28 l.51 12 88 
13 14 54 334 11 0.47 20 2.55 23 77 
14 16 75 325 15 0.41 1.02 17 83 
15 15 110 329 19 0.43 9 2.47 11 89 
16 2 lO7 315 67 0.31 4.47 4 96 
17 17 121 314 lO 0.41 35 0.98 18 82 
18 12 66 293 14 0.48 8 4.96 5 95 
19 1I 36 272 31 0.30 lO 2.06 17 83 
20 12 68 269 35 0.48 12 3.51 9 91 
21 13 106 266 11 0.60 6 1.27 27 73 
22 13 145 252 lO 0.59 8 7.66 9 91 
23 18 145 231 11 0.52 26 1.74 lO 90 
24 15 172 230 19 0.39 40 5.59 5 95 
25 lO 111 229 8 0.62 3 1.73 20 80 
26 19 113 227 23 0.47 24 6.14 4 96 
27 lO 138 227 12 0.71 4 2.05 29 71 
28 lO 98 200 7 0.77 3 0.95 28 72 
29 8 1I8 197 15 2 9.26 5 95 
30 15 98 155 9 0.71 3 2.22 29 71 
31 13 58 152 7 I 1.69 19 81 
32 16 72 148 lO 0.73 2 12.3 4 96 
33 1I 52 0 3 3.25 0 12.3 4 96 
34 3 29 0 36 3.53 0 0.24 81 29 
35 15 57 0 lO 2.65 0 0.22 16 84 
36 12 27 0 7 3.26 0 0.18 25 75 
37 11 27 0 5 3.77 0 0.23 18 82 

Abbreviations: TOC= total organic carbon; U= uranium; HI= hydrogen index; 01= oxygen 
index; Ro= bituminite reflectance; AL vol= alginite volume (% of total rock volume); EOM= 
extractable organic matter (mg/g rock); HC= % hydrocarbons; NHC= % non-hydrocarbons. 
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Total organic carbon (TOC) analysis of crushed whole rock samples using LECO CRI2 carbon 
analyzer shows that the Alum Shales are very rich in TOC, typically over 10% and occasionally 
up to 22%. This is in strong contrast to the average TOC content of source rocks worldwide 
(2.16% in shales to 0.67% in carbonates) (6). Optical analyses (reflected white and UV light 
microscopy) show that in the rich Alum Shale samples, up to 35% of rock volume is occupied 
by organic macerals (see below). Preliminary evaluation of the bulk pyrolysis data using Rock
Eval indicates that the Alum Shale kerogens are of type II. There is a vast variation in the 
hydrogen indices of the sample suite - 505 to 0 mg hydrocarbons/g TOC (Table 1). This is 
perhaps partially related to the varying thermal maturity of these samples (immature to post
mature) in a way that with increasing maturity there is a proportional decrease in the samples 
hydrogen content. A similar large variation is observed in the net residual genetic potential (about 
75 to almost 0 kg hydrocarbons/ ton rock). However, samples with very low genetic potential 
do not exhibit corresponding decrease in the TOC content, suggesting that a substantial portion 
of the organic carbon (kerogen) is not capable of contributing to the pyrolysate yield (Rock
Eval's S2). This implies that this substantial portion of organic carbon can be considered as inert 
carbon, as regards to thermal lability. 

Petrographic examination of polished whole rock mounted in epoxy, both parallel and 
perpendicular to bedding, reveal that the principle maceral type in the Alum Shales is bright 
yellow fluorescing alginite (typically over 90% of the total content) (plate I) and these are most 
developed in hydrogen rich samples, as observed in reflected UV light. In the immature samples, 
alginites typically measure up to 400 microns long in a section perpendicular to bedding. In a 
section parallel to bedding, algal colonies occur as clusters measuring up to about 250 microns 
in diameter. The other major maceral is grey coloured (as observed in reflected white light) 
spindle or lens shaped (in a section perpendicular to bedding) bituminite (?) lenses, as described 
by Bharati and Larter (4). These non-fluorescing lenses generally measure 100-250 microns along 
their long axis in a section perpendicular to bedding and appear circular in shape in a section 
parallel to bedding (plate 1). Reflectance measurements on these bituminite lenses using reflected 
white light shows that there is a systematic variation in reflectance values (%Ro) with decreasing 
hydrogen content (Figure 2) ; the hydrogen rich samples giving minimum values (around 0.2-
0.3% Ro) indicating thermal immaturity, while the hydrogen poor samples giving higher values 
(around 0.7-0.8% Ro) indicating higher thermal maturity (Table 1). The nature of alginites also 
changes with increasing bituminite reflectance in a way that their fluorescence intensity 
decreases, from about 4 to I, with increasing maturity. Polished thin sections, when viewed by 
multi-mode illumination technique (simultaneous use of reflected white and UV light and 
transmitted white light) show that bituminite lenses are dense, untextured and partially 
translucent. They also do not show any signs of deformation due to sedimentary compaction. 

4. Bitumen Composition 

The maximum recorded average solvent extract (EOM) of an immature Alum Shale location 
(0Iand) is about 4 mg EOM/g rock (27.mg EOM/g TOC) and that of a mature Alum Shale 
location (Ulunda) is about 9 mg EOM/g rock (84 mg EOM/gm TOC) (Table 1). These values 
are far below those reported earlier (6) for Lower Toarcian Shales from the Paris Basin, where 
the kerogen is also of type II. When immature, the total extract yield of the Toarcian Shales is 
40 mg EOM/g TOC and it increases to about 100 mg/g TOC at 1500 m (early mature) and to 
180 mg/g TOC at 2500 m (mature) in the principal zone of oil formation. Apparently, the Alum 
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Plate 1. Photomicrographs oj an immature Alum Shale sample using polished whole rock epoxy 
blocks. a) a section perpendicular to bedding in UV light mode where large (up to 400 }lIang) 
bright yellow fluorescing alginite which is a dominant maceral, are seen. In a section parallel 
to bedding, algal colonies are seen as circular clusters. b) view oj another major maceral in a 
section perpendicular to bedding - the non-fluorescing (black) spindle shaped "bituminite" lenses 
in UV light mode and c) in reflected white light mode where it appears as grey bodies. d) view 
of the "bituminite" lens in a section parallel to bedding, where it appears as a grey circular disc. 
SCALE: Width of micrographs in a) and b) is 120}l and in c) and d) is 60 }l. 
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Shales despite their high TOC content, are deficient in soluble organic matter (bitumen) present 
in the rock, confirming the findings from Rock-Eval analysis. 

Iatroscan analysis show that major portion of the extractable organic matter (generally greater 
than 75 %) comprise non-hydrocarbons (Table 1) which includes resins and asphaltenes 
(collectively termed as polars), with asphaltenes being more dominant While the total EOM 
yield is very low for the Alum Shales, it is also highly depleted in hydrocarbons, the 
hydrocarbons being relatively rich in aromatic hydrocarbons (S). 

4.1 SATURATED AND AROMATIC HYDROCARBONS 

Saturated hydrocarbon fractions, which were obtained by separating maltenes using medium 
pressure liquid chromatography (MPLC), were analysed using capillary- gas chromatography 
after adding squalane as an internal standard. A typical saturated hydrocarbon gas chromatogram, 
is characterised by a dominant hump comprising unresolved complex hydrocarbon mixture, with 
the mode of the hump occurring generally at around nC22. This feature is common for all the 
samples irrespective of their thermal maturity (Figures 3a-d, which show GC traces of 4 different 
samples of varying maturity- immature, early mature, late mature and post mature). 

1M EM 

a b 

. . . 
Retention Time (Minutes) all • .:0 

Retention Time (Minutes) 

PM 

c d 

,;. Retent1~n Time (Ml*uteS) • • Retent1~n Tlme IM1*utesl 

Figure 3. Typical saturated hydrocarbon gas chromatograms/or thermally immature (a), early 
mature (b), late mature (c) and post mature (d) Alum Shale samples. 
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In most of the cases, the first distinct n-alkane recorded is either nC18 or nC19, the medium 
molecular weight n-alkanes and acyclic isoprenoids (norpristane, pristane and phytane) occurring 
only in low concentrations in the early mature and late mature samples. High molecular weight 
n-alkanes (nC20 to nC35) dominate the signature, with nC25 or nC26 having maximum yields. 
N-alkanes with more than 37 carbon atoms are rare. The carbon number distribution for the 4 
samples typical of the 4 maturation stages (immature, early mature, late mature and post-mature) 
is shown in Figure 4. Apparently, there is a decrease in the net yield of the individual saturated 
hydrocarbon species with increasing maturity. 
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Figure 4. Net yield of individual n-alkanes in the CJ5-C40 range for 4 Alum Shale samples 
representing the 4 stages of maturity - immature, early mature, late mature and post mature. 

Although aromatic hydrocarbon yields from the Alum Shales are relatively greater than the 
saturated hydrocarbons, their absolute amounts remain very low (4.38 mg/g TOC) when 
compared to Lower Toarcian of the Paris Basin (up to 40 mg/g TOC in the principle wne of oil 
formation) (6). Moreover, their composition is quite different when compared to other type II 
kerogen source rocks in that the Alum Shale bitumens lack the dominance of commonly 
encountered compounds, such as methyl naphthalenes, methylphenanthrenes etc. As seen in their 
gas chromatograms (Figure 5), the aromatic hydrocarbons are also characterised by a dominant 
hump comprising mainly of a complex unresolved mixture. 

5. Kerogen Composition 

The isolated Alum Shale kerogens were characterised by flash (800°C for 20 sec) quantitative 
pyrolysis-gas chromatography (Q-Py-GC) using a Varian 3700 GC equipped with a CDS 100 
pyroprobe and using a temperature program of -50°C for 5 minutes, then 4°C/minute to 300°C 
for 15 minutes and helium as the carrier gas. The pyrolysates released by all the Alum Shale 
kerogens were very similar in composition, resulting in nearly identical pyrogram signatures; a 
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Figure 5. A typical aromatic hydrocarbon gas chromatogram for the Alum Shales. 
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typical pyrogram is shown in Figure 6a. The only significant difference between samples of 
varying maturity was the general decrease in the net pyrolysate yield with increasing maturity, 
as also noted during bulk pyrolysis. However, the consistency in the pyrolysate composition 
points towards uniform organic facies in the Alum Shale sea. Apparently, gaseous compounds 
(CI-C5) form the major portion of the pyrolysate, with methane, ethane and ethene (MEE) being 
the most abundant species; followed by propene/propane (Table 2). Several branched 
hydrocarbons are also present in the gas fraction (CI-C5) and in the oil fraction (C5+). Phenolic 
species were not found to be present in the Alum Shale kerogen pyrolysates. It is evident from 
the pyrograms that the principle products of pyrolysis are low molecular weight compounds with 
a dominance of aromatic hydrocarbon species, particularly benzene and a1kylbenzenes (toluene, 
xylenes and C3-benzenes) and to a lesser extent alkyl naphthalenes (Table 2). Straight chain 
hydrocarbons (n-alken~s and n-alkanes) are surprisingly in very low concentrations. with n
alkanes heavier than n-nonane being extremely difficult to detect. Gas to oil ratio for the Alum 
Shale pyrolysates typically lie in the range of 0.5 kg/kg (2500 scf/bbl) (Table 3) which is quite 
high when compared to other type II kerogens such as the Toarcian from Paris Basin or Upper 
Kimmeridge clay from the North Sea (around 0.25 kg/kg). 

These observations and results for the Alum Shales are in strong contrast with the results 
reported for algal kerogens (7,1). It was noted that alginites, which is what the Alum Shale 
kerogens are principally comprised of, generate generally n-paraffinic or in some cases paraffinic 
/ naphthenic type pyrolysates on flash pyrolysis. In addition, low molecular weight normal alkyl 
moieties are more abundant in sporinite pyrolysates and liquid petroleum components generated 
from sporinites and vitrinites are aromatic-naphthenic and aromatic respectively (9). Kerogens of 
Permian age Australian Torbanites derived from Botryococcus braunii algae have been shown 
to yield waxy and high paraffinic pyrolysates, while Permian Tasmanites kerogens from Australia 
give both paraffinic and naphthenic pyrolysates. Upper Jurassic Kimmeridge clay kerogens of 
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Figure 6. Flash pyrogram of a) atypical Alum Shale kerogen, b) organic concretions isolated 
from the underlying carbonate bed (The Great Stinkstone band) and c) uranium rich Kolm lens. 
Peak identifications: C4 :: n-propane, C5 :: n-pentane, B :: benzene, T:: toluene, MPX :: m,p
xylene, S = standard (polybutylstyrene). The first broad peak is methane+ethane+ethene. 



429 

the North Sea, a typical Type II marine alginite, which was analysed for comparison also 
produced mostly paraffinic and naphthenic species. Therefore the most striking feature of the 
Alum Shale pyrolysates was the absence of a strong n-hydrocarbon homology. 

In addition to the Alum Shale kerogens, a kolm sample (a kolm is a organic rich (TOC 40-
70%), coaly, lens shaped body, measuring up to 30 cm. in length parallel to bedding. 
anomalously enriched in uranium. typically 2000-7000 ppm), which is normally found randomly 
distributed within the Alum Shale Formation, particularly in the Kinnekulle area (2) and a nodular 
bitumen, chemically separated from the underlying Great Stinkstone band, were analysed by Q
Py-GC. Nodular bitumen, which is bead-like in appearance under a stereo microscope, is believed 
to represent early migrated petroleum. The composition of the pyrolysates released by uranium 
rich kolm, and nodular bitumen are very similar to that of the Alum Shale (Figures 6b and 6c 
respectively), despite that the two pyrograms represent two entirely different source sections. The 
two samples also differ by several magnitudes in their uranium content. The general distribution 
of compounds and their relative abundances are nearly 

TABLE 2: Selected molecular peak integration data based on Q-Py-GC analysis for selected 
samples. All molecular concentrations expressed in mg/g TOC. Samples in the 1st column 
ordered according to locations of increasing maturity. For example, 1/5 in the first column 
indicates location 1 (plUstorp) (cf. Figure 1) and sample 5 (cf. Table 1). 

Loci 2 3 4 5 6 7 8 9 10 
S.No. 
---------_ .. _ .. _----_ .. _----------_ .. -_ .. _----_ ... _----_ ..... ---------------------------------------------------_ .. _---------
1/5 47.33 21.53 15.56 2.50 10.56 3.75 4.31 116.35 20.26 136.60 
1/9 54.07 21.20 17.50 3.00 10.16 3.11 5.39 117.34 20.62 137.96 
2/2 51.98 26.09 21.68 2.95 13.58 4.16 3.41 129.78 23.01 152.79 
2/15 60.73 26.72 21.97 3.14 12.65 4.41 5.37 141.28 24.37 165.65 
.3n 35.56 28.17 21.56 2.53 11.56 3.67 5.44 115.86 22.69 138.55 
3/13 53.43 30.42 22.88 2.55 11.11 3.90 6.07 137.54 23.14 160.69 
4/12 67.46 33.39 32.72 4.29 14.37 4.51 6.12 173.20 27.71 200.91 
4/26 66.36 32.87 27.78 4.59 15.26 4.23 3.66 166.42 25.88 192.30 
5/20 54.33 27.41 23.18 3.79 14.17 4.02 4.33 142.82 24.74 167.55 
6/21 42.58 20.58 15.52 2.51 11.21 2.85 3.66 101.61 19.31 120.92 
7/22 34.93 25.09 18.06 2.34 10.36 2.98 3.67 105.57 18.78 124.36 
8/31 35.27 16.59 11.49 1.83 7.63 2.04 3.07 80.90 14.00 94.90 
9/30 32.95 15.29 12.12 1.52 8.70 1.91 2.98 77.77 14.72 92.49 
10/34 0.86 2.26 0.65 0.18 2.71 0.61 2.31 5.55 5.95 11.51 
11/36 1.23 0.79. 0.18 0.06 1.25 0.27 1.05 2.69 2.76 5.45 

Column Explanations: 1 = methane+ethane+ethene ; 2 = L n-alkenes (C3-C1O); 3 = L n-
alkanes (C3-C1O); 4 = L xylenes ; 5 = L allcylbenzenes ; 6 = L indenes ; 7 = L allcyl-
naphthalenes ; 8 = L aliphatic hydrocarbons ; 9 = L aromatic hydrocarbons ; 10 = total 
hydrocarbons. 
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TABLE 3: Swnmary Q-Py-GC data in mg/g TOC. calculated by using a horizontal baseline. 

Loc./ Gas Light Oil Heavy Oil Total Oil Total GaR 
S.No. (Cl-C5) (C6-C14) (C15+) (C5+) Pyrolysate (Cl-C5IC5+) 
-------------------------------------------.. ------------------------------------------------------
1/5 97.23 57.60 160.ol 217.62 314.85 0.45 
1/9 100.69 41.11 160.29 201.40 302.09 0.50 
2(2 107.46 25.04 163.58 188.61 296.07 0.57 
2/15 118.66 32.77 177.93 210.70 329.36 0.56 
3n 91.78 54.35 169.37 223.70 315.70 0.41 
3/13 111.56 57.05 176.52 233.57 245.13 0.48 
4/12 161.94 203.67 59.57 263.24 425.18 0.62 
4(26 154.97 217.27 59.06 276.32 431.29 0.56 
5/20 129.59 201.69 57.27 258.96 388.55 0.50 
6/21 86.52 105.29 37.21 142.51 229.03 0.61 
7/22 85.93 151.57 63.31 214.88 300.81 0.40 
8/31 76.40 93.09 31.24 124.34 200.74 0.61 
9/30 67.82 84.92 33.93 118.86 186.68 0.57 
10/34 16.12 28.32 45.13 73.45 89.57 0.22 
11/36 8.37 13.65 8.09 21.73 30.10 0.39 

the same in all the samples- the Alum Shales. the nodular bitumen (probably derived from the 
Alum Shale) and kolm (with several 1000 ppm uranium). 

In a larger context therefore. the Alum Shale pyrolysates are similar in gross composition to 
the free hydrocarbons present in them. in that both are relatively rich in aromatic hydrocarbons 
and depleted in normal hydrocarbons. One significant difference is however noticed in case of 
pyrolysates that there is a systematic decrease in the net yield of pyrolysate- both in the gas and 
oil fractions. GaR on the other hand seem to be rather constant with increasing maturity. perhaps 
suggesting little change in the basic chemistry of the kerogen molecule. No major trends are 
observed even when the data are plotted at molecular level using conventional bivariate or 
trivariate methods. which provide only limited discrimination between the samples and the 
variables. A more sophisticated and powerful statistical approach was therefore necessary to 
exemplify the effects of a single given variable. such as maturity. on the samples when other 
variables such as molecular yield. uranium content etc. also seem to influence the net results. 

6. Principal Component Analysis of Kerogen Pyrolysate's Molecular Data 

As multivariate analytical methods reduce large number of variables into a manageable number 
of factors. with the first factor accounting for maximum total variance of the total data matrix. 
this exercise was particularly useful in elucidating the main controlling variable(s) affecting the 
whole set of current objects (37 samples) and recognize the overall pattern. Principal Component 
Analysis (PCA) essentially makes use of the correlation or covariance matrix or the original set 
of variables (representing multidimensional space) and decomposes the total variance of the total 
data matrix to produce uncorrelated (orthogonal and independent) principal components 
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(representing a lower dimensional space) which are linear combinations of the original variables 
that explain or account for maximum variability. 

In the present PCA. a total of 55 variables were used as input for all the 15 samples which 
were analysed by quantitative-pyrolysis- gas chromatography (Q-Py-GC). The variables included 
48 quantitative measurements of all the major peaks in the pyrograms. which account for more 
than 90 % of total peak area of the pyrogram. In addition. the input data included several bulk 
measurements such as hydrogen indices from Q-Py-GC (TotPyr) and Rock-Eval (HI ker). 
uranium content (pg/gm TOC). RoSPIN (reflectance of bituminite lenses) and sample 
transmission (SA NT) and dimensionality (SAND) from small angle neutron scattering (SANS). 
Figure 7a and 7b show respectively the loadings and scores plots along the first two principal 
components which account for 76.1 and 8.2% of total variance (cumulative 84.4% variance) and 
hence the 2-dimensional representation of the PCI and PC2 gives a good picture of the most 
significant aspects of the data. 

The key features of the loadings plot include distinct separation of the bulk parameters from 
whole rock analysis (which also happen to be non chemical parameters such as reflectance of 
bituminite lenses. small-angle neutron scattering (SANS) transmission and dimensionality) from 
all the other variables. Amongst the bulk physical variables. bituminite reflectance - Ro SPIN 
(which is a maturity parameter) clearly is an outlier and somehow seem to control with equal 
intensity all the chemical variables (yields of pyrolysis products) (Figure 7a). suggesting that 
maturity (as determined by reflectance) was the prime controlling factor responsible for each 
chemical moiety. This is based on the observation that the variable RoSPIN seem to occupy the 
centre of a hypothetical circle formed by the chemical variables. each of the latter being almost 
equidistant from the former. There is a large horizontal separation between this maturity 
parameter (cluster I) and all the chemical variables (clusters II,III and IV) (Figure 7a). Hence 
PCI can perhaps be regarded as a maturity based component. which accounts for 76.1 % of total 
variance. Hydrogen index data from Q-Py-GC is exactly at 1800 from RoSPIN. indicating a very 
good negative correlation. as expected. Small angle neutron scattering (SANS) dimensionality 
and uranium content. which seem to cluster together. also have some horizontal 
separation from the chemical variables. but this separation is apparently far less influential 
compared to the maturity variable (RoSPIN). 

Along the second PC. which accounts for 8.23 % of total variance. most similar molecular 
species tend to cluster together. Cluster III mainly has aromatic hydrocarbons, branched 
hydrocarbons and non-hydrocarbons of gas the fraction; cluster IV mainly has branched 
hydrocarbons and non-hydrocarbons of the oil fraction and CI-C5 n-hydrocarbons and cluster 
V has dominantly n-hydrocarbons of oil fraction (C5+). The most interesting feature however 
is, that the chain lengtlJ of pyrolysate n-hydrocarbons systematically increases along the second 
PC in the positive direction (indicated by the solid line and arrow) while relative aromaticity 
seem to increase along the second PC in the negative direction (indicated by the broken line and 
open arrow). This effect can also be seen in cluster V. in which C4-alkylbenzenes and 2-
methylnaphthalene also plot A C4-a1kylbenzene has a total of 10 carbon atoms but it plots 
relatively more negative along PC2 than n-decane (ClOa) and n-decene (ClOe) due to presence 
of an aromatic ring. The effect on relative aromaticity is even more pronounced in the case of 
2-methylnaphthalene, which despite having 12 carbon atoms plots even more negative along PC2 
due to the presence of 2 aromatic rings. 

Styrene (STY) and I-methyl naphthalene (lMeN) apparently are outliers and can be rejected. 
as in a separate PCA performed without styrene and I-methylnaphthalene, no significant change 
was observed in the overall pattern of the loading and score plots. No significant change was 
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observed in the patterns even when uranium was excluded, perhaps suggesting that uranium does 
not seem to play an overriding role in defining the pattern of variability. In summary, therefore, 
the discrimination of the variables is found to be most significantly related to maturity along the 
first PC, independent of whether the variables are bulk (non-chemical) or molecular (chemical) 
along the first PC. In addition, the carbon chain length of a compound is decisive along the 
second PC in the positive direction and relative aromaticity of compounds along the second PC 
in the negative direction. Hence PCI can be regarded as the maturity based principal component 
while PC2 is a compound type based principal component, both being related to the Alum Shale 
kerogens' pyrolysate data. 

In the scores plot (Figure 7b) where the samples are plotted, there is maximum and most 
pronounced separation of the clusters horizontally, or along the maturity based principal 
component (pCl) with the immature samples (including a few early mature) (cluster I) being 
furthest apart on the positive side of the scale and post mature samples (cluster III) being most 
closely associated with the reflectance data. The late mature samples (cluster II) occupy an 
intermediate position, as expected. Evidently, an increase in maturity or reflectance is more 
significant and critical in defining a sample position on the scores plot. The positions of samples 
KER/26 and KER/12 (both early mature) on the scores plot suggest that these two samples 
should be enriched in aromatic hydrocarbons; the chemical data shows that this is true (fable 
3). 

7. Composition of artificially produced petroleum from the Alum Shales 

As a follow-up of the previously described Q-Py-GC analysis, which was flash pyrolysis of the 
entire kerogen portion, a similar analysis was performed in 2 stages. The first stage consisted of 
mere thermovapourisation- gas chromatography (f -GC) at 300°C of crushed whole rock samples, 
which gave the composition of only the free hydrocarbons present in the Alum Shales. The 
second stage consisted of pyrolysis- gas chromatography (Py-GC) of pre-extracted kerogen of 
the same samples following a temperature programme (300 - 550"C at 50°C/minute, then 10 
minutes at 550°C). It was necessary to perform these analyses to obtain compositional 
information on these samples under conditions similar to those that would be employed during 
artificial maturation. Finally, micro-scale sealed vessel (MSSV) simulated maturation was 
performed on the least mature pre-extracted kerogen employing 3 temperature conditions - 300, 
330 and 350°C for 72 hours each, the results of which are described in detail elsewhere (10). The 
products were analysed by T-GC and the residues by Py-GC. 

The results of T-GC of whole rock samples suggest that the bitumen present in the Alum 
Shales consist mainly of low molecular weight hydrocarbons, these being primarily CI-C9 n
alkenes and alkanes, CI-C3 alkyl benzenes and CI-C2 alkyl naphthalenes (Figure 8a). This is 
true for all the samples, irrespective of their thermal maturity, except for the post-mature sample 
from Oslo, which is depleted in free hydrocarbons. This finding is consistent with the earlier 
results obtained from Iatroscan analysis where aromatic hydrocarbons were relatively more 
abundant with respect to the total hydrocarbon content. Also, the signatures of kerogen 
pyrolysates obtained by Py-GC (Figure 7b) are very similar to those produced by 800°C Q-Py
GC described earlier (Figure 6a) and the relative abundance of the molecular species is also 
comparable. The Py-GC technique also releases low molecular weight compounds with 
alkylbenzenes and alkyl naphthalenes being the dominant components. These results are in 
contrast with most alginites (botryococcus, tasmanite, gloeocapsomoroha) which generate only 
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low proportions of aromatic hydrocarbons and relatively high proportions of straight chain 
hydrocarbons (9). The Alum Shale kerogens seem to be more gas prone than most other alginites 
in that the typical GOR for any Alum Shale sample is in 0.4-0.5 range. irrespective of maturity 
(Table 3). 

MSSV simulated maturation induced different levels of kerogen conversion and mass balance 
calculations reveal that the Py-GC hydrogen index parameter fell from 387 in the original 
unheated sample to 277. 121 and 77 in the sequential heating experiments (300. 330 and 350°C 
respectively) (10). The molecular composition of the products and residues of simulated maturation 
are however very similar to those of the natural series as is apparent from the respective GC 
traces (Figures 8c and 8d). The principle products formed are low molecular weight, primarily 
aromatic hydrocarbons. The gassy nature of products and residues is further exemplified in the 
ternary plot of CI-5. C6-15 and C15+ n-paraffin distribution (Figure 9) where the Alum Shale 
alginites clearly are different from most alginites. The Alum Shale pyrolysates as well as 
simulated maturation products. are highly depleted in medium and high molecular weight n
paraffins which is unusual (9.11). 
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Figure 8. a) Thermovapourization of crushed whole rock. b) Py-GC of extracted kerogen. 
c) Thermovapourization of hydrocarbons produced by artificial maturation. d) Py-GC of the 
residual kerogen after artificial maturation. 
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Another unusual, but significant fact that is revealed by mass balance calculation is that 15%, 
25% and 32% respectively of originally volatile moieties in the unheated kerogen are not 
detected in the 300, 330 and 3500 e heating experiments. This appears to represent 'dead 
carbon'fonnation and suggests that the process might be quantitatively very significant not only 
in the simulation experiments, but also in the natural series. The fact that a substantial portion 
of original organic carbon (labile kerogen) present in the Alum Shales is converted into 'dead 
carbon' may partially explain the high TOe content (up to 21%) in the late mature and post 
mature samples. Therefore, any calculations made regarding the petroleum generating potential 
of the Alum Shales, say from instance from Rock-Eval and TOe data will be highly 
overestimated and erroneous. 
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Figure 9. Distribution of normal paraffins in the products released and residues of artificially 
matured Alum Shale kerogen, as compared to other aiginites. 

8. Radiation effects on the Alum Shale Kerogen 

It was recently postulated (12) that the extractable organic matter (bitumen) of the Alum Shales 
have been affected by radiation due to uranium decay and that the yields of total extract, 
saturated and aromatic hydrocarbons decrease with increasing amounts of uranium and that the 
aromatic hydrocarbon species tend to be more abundant in samples with higher content of 
uranium. In addition, an idea was conferred (13) that it is the primary sedimentary matter 
(kerogen) has been structurally altered due to radiation and have proposed a mechanism 
involving polymerisation of alkyl chains through free radical cross linking. Dahl et al. (12) have 
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in their sample suite uranium ranging from 7-250 ppm while Lewan and Buchardt (13) have a 
sample suite with uranium ranging from 18-440 ppm. Both the studies cited above have assumed 
their respective sample suites to be of uniform maturity and have regarded the samples studied 
as thermally immature. Factors such as source, thermal maturity, petroleum migration (mixing), 
weathering and biodegradation were not adequately considered to be responsible in establishing 
the present composition of the EOM. 

The present study considers a larger number of locations and samples, and has established the 
presence of a natural maturation series within the Alum Shale Formation. The results of the 
present study also indicate that the locations considered by other workers (12.13) are not uniform 
as regards their thermal maturity, but are of variable maturity, mostly from thermally immature 
to early mature. There is therefore a clear discrepancy between the findings of the present study 
and the assumptions of other studies (12.13) as regards thermal maturity of the Alum Shales from 
various locations. 

Average uranium content of shales worldwide is around 4 ppm while that in black shales is 
as high as 8 ppm (14). A wide variation is also reported (12) in total extract yield (55-154.8 mg 
EOM/gm TOC). total saturated hydrocarbons (5.7-37.7 mg/g TOC) and total aromatic 
hydrocarbons (10.5-66.4 mg/g TOC) for samples containing uranium in the range of 7-15 ppm. 
In samples with more than 15 ppm uranium, all the yields are comparable, irrespective of 
uranium content. Assuming that the unusual and atypical results obtained with regard to the 
Alum Shale bitumens, pyrolysates, simulated maturation products and petroleum generating 
potential are primarily due to irradiation, the above obseIVation implies that the threshold amount 
of uranium required to cause such an alteration lies between 8-10 and about 15 ppm i.e. a margin 
of 5 - 7 ppm. Considering the extent of atypicality obseIVed in case of the Alum Shales with 
regard to composition of bitumens and pyrolysates, it seems unlikely that alteration of such a 
large magnitude could be caused by such a small increment in uranium content, bearing in mind 
the average uranium content of 8 ppm in black shales worldwide. 

Some convincing arguments have been presented in the radiation dosage approach (13), but it 
is likely that radiation caused alteration might not be the only reason for Alum Shale's 
anomalous geochemistry and other factors such as a "different" original biota may also be 
responsible. Principal components analysis of Alum Shales pyrolysate molecular data has also 
shown that relative to maturity (interpreted from bituminite reflectance), uranium content plays 
a less important role when considering total pyrolysate yield or even molecular distribution and 
abundance. Moreover. exclusion of uranium as a contributing variable, did not seem to bring 
about any change in the geometric pattern of PCA. In addition, kolm sample which has relatively 
been subjected to extremely high radiation dosage as compared to the Alum Shales, does not 
exhibit any differences in its chemical composition, implying no effect what so ever by its 
uranium content. which is as high as 2000-7000 ppm. 

9. Expulsion of petroleum and effects of migration in the Alum Shales 

The results presented in the previous sections indicate the Alum Shale to be unusual and atypical 
with regards to petroleum generation as a function of thermal maturation. Sedimentary organic 
matter in the Alum Shales from various locations is also qualitatively very similar and uniform. 
both petrographically and chemically. In qualitative terms, the Alum Shales are extremely rich 
in organic carbon, but simulated maturation studies show that in addition to the original hydrogen 
index being sequentially reduced from 387 in the unheated sample to 277. 121 and 77 mg 
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HC/gm TOC on 300, 330 and 350°C heating respectively, there is also a simultaneous fonnation 
of inert carbon to the extent of 15, 25 and 32% respectively. Petroleum expulsion. as a result of 
thennal maturation, therefore is thought to be very limited in the case of Alum Shales. 
The Alum Shales in the Oslo region, despite their ovennature state, contain 105 mg C ... /gm rock 

(10.5 % TOC). but they neither contain any free petroleum (S 1 = 0) nor yield any pyrolysate (S2 
= 0). This suggests that all the organic carbon present (105 mg/gm rock) is inert or 'dead' 
carbon. In addition, it must be noted that the present TOC value in the Oslo region is in the same 
range as in the immature sections. This might suggest that the original TOC in Oslo region must 
have been nearly double of the present TOC, if at all there was some petroleum generation and 
expulsiolL Due to this unique inherent characteristic of the Alum Shale, petroleum generation / 
expulsion calculations made according to some previously proposed models (15,16) will be highly 
erroneous and meaningless. 

Theoretically therefore. the Alum Shales seem to realise major portion of their petroleum 
potential and large quantities of generated petroleum seem to have been expelled. In reality 
however, a process of simply rearrangement of carbon atoms within the Alum Shales is more 
prevalent rather than conversion of labile kerogen into expellable petroleum. Peroaps in this 
process of labile kerogen (initially hydrogen rich) converting into inert carbon (kerogen) 
(relatively hydrogen poor) and this finally transfonning into graphite (pure carbon). hydrogen 
was the principle product. It has been suggested (17) that rich source rocks are compacted as a 
result of expelling petroleum and the density changes observed in source rocks during maturation 
reflect not only conventional compaction, but expulsion of primary petroleum with little 
associated water too. However, in the case of the Alum Shales, this does not seem to have 
occurred, as no generation or expulsion is believed to have taken place. 

10. Summary and Conclusions 

While the preliminary analyses indicate the Alum Shales to contain type II kerogen with a 
substantial petroleum potential, subsequent detailed chemical and optical examination reveals that 
this primarily algal organic matter does not produce liquid petroleum on maturation. The primary 
maturation products include low molecular. weight compounds. mainly aromatic with 
anomalously high gas:oil ratios. In addition, the organic carbon which is found to be labile at an 
immature stage. partially converts into inert or 'dead' carbon, resulting in considerable reduction 
in the actual petroleum masses which are expellable. The Alum Shale organic matter is therefore 
different and unusual than most other algal kerogens, in more than one ways. Peroaps the only 
similarity between these is the physical appearance of bright yellow fluorescing alginite, which 
is found in the Alum Shales in great abundance. Chemically however, none of the findings of 
the Alum Shales are comparable to other type II algal source rocks such as the Upper 
Kimmeridge Clay from the North Sea or the Lower Toarcian from the Paris Basin. Radiation 
damage of kerogen, as suggested by other workers. is a possibility, but our data indicates that 
this may not be the sole or an overriding factor; the original composition of the precursor biota 
may have been unusual. Clearly. far greater multi-disciplinary approach is required to fully 
understand the structural peculiarities of the Scandinavian Alum Shales. 
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CARBON-ISOTOPIC COMPOSITIONS OF INDIVIDUAL ALKANES/ALKENES 
IN LEAF FOSSILS AND SEDIMENTS FROM THE P-33 SITE OF THE 

MIOCENE CLARKIA DEPOSIT 

Yongsong Huang, Matthew J. Lockheart, James W. Collister, 
and Geoffrey Eglinton 
Organic Geochemistry Unit, School of Chemistry, University of Bristol, Bristol, 
BS8 ITS, UK. 

ABSTRACT. The alkanes/alkenes from the Clarkia sediments and fossils were analysed 
by GC, GC/MS and irm-GC/MS. The results indicate that the sediment has an 
extremely low thermal maturity and the Sycamore fossil analysed still preserves a 
distinctive n-alkane distribution comparing with the surrounding sediments. The 
presence of isotopically depleted hopenes suggests input from methanotrophic bacteria 
and hence the presence of an active methane cycle. 

1. Introduction 

The Miocene lacustrine Clarkia deposit (Northern Idaho, U.S.A.) has attracted a great 
deal of research interest in the last two decades because of its exceptionally well 
preserved leaf fossils (1). Among its five fossil sites, the fossiliferous site P-33 has 
received the most intense investigation since its discovery by Francis Kienbaum in 1972. 
The amazing degree of preservation of leaf fossils can be seen in the pigmentation 
retained in the leaves. When initially removed from the finely laminated lacustrine 
clays, the fossil leaves are green, red or brown, but rapidly tum black upon exposure to 
air. Fossil leaf tissues have also shown exceptional ultrastructure preservation (2), and 
more recently, have yielded DNA through amplification by the polymerase chain 
reaction (PCR) (3-4). This high degree preservation of leaf fossils taken in conjunction 
with the finely laminated nature of the sediments and the lack of bioturbation is in 
accordance with the lake having been stratified, with an anoxic hypolimnion which 
excluded metazoan grazers (1). 

Identification and quantitation of biological markers in sediments is a powerful 
technique for assessing sources of organic matter in ancient environments and can aid in 
the paleoreconstruction of ancient sedimentary environments. However, because many 
biological markers are non-specific, being produced by a variety of organisms, 
interpretations based only on their distributions and abundances in sediments can be 
problematic. Additional information can be gained from isotopic analysis of individual 
biomarkers. Carbon-isotopic compositions of lipids reflect both the isotopic 
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composition of the carbon source utilised by the organism and isotopic fractionations 
accompanying assimilation and biosynthesis. Thus, while two classes of organisms may 
produce the same lipids, the isotopic compositions of these lipids can be significantly 
different. This technique has greatly extended the ability to trace carbon flows in 
ancient environments (5-6). 

Previous studies by Logan (7) of the solvent extractable lipids have shown that the 
Clarkia sediment and leaf fossils contain abundant functionalised compounds of 
biological origin, indicating a high degree of molecular preservation after 17-20 Ma of 
of burial. Indeed Logan (7) demonstrated that the leaf wax components were located at 
the fossils and had not moved. The present study attempts to reconstruct more fully the 
depositional environment of the Clarkia deposit by combining structural identification of 
biomarkers with their carbon-isotopic compositions. 

2. Materials and Methods 

Two sediment samples were collected from 2.5m and 3m below the top of the 2b region 
in the stratigraphic column from the P-33 site of the Clarkia deposit. Fossil leaves, 
identified by Dr Jack Smiley as Magnolia sp. and Sycamore sp., were taken from the 
same stratigraphic horizons and were scraped into sample vials and extracted by 
immersion in DCM/methanol (9: 1) on the site. Sediment samples were lyophilised and 
then ground into fine powder. About 50g of sediment were soxhlet -extracted with 
DCM/methanol (2: 1) containing pure copper granules to remove elemental sulphur, for 
24 hrs. Each fossil sample was extracted ultrasonically five times with DCM/methanol 
(2: 1) and the supernatants combined after centrifugation. Two modern leaf samples 
collected from the Bristol University Botanical Gardens (identified as Magnolia delabayi 
and Quercus turneri) , were cleaned of foreign particles and dust with pre-extracted 
cotton wool/double distilled water and oven-dried overnight at 800 C under nitrogen. 
Waxes were removed from each species by washing/shaking both sides of the leaves in 
a watch glass with DCM for 30 seconds, repeating three times using fresh solvents and 
combining washings. 

Total extracts were separated into aliphatic hydrocarbon, aromatic, ketone, alcohol 
and acid fractions, using solid phase extraction (Aminopropyl Bond Elut®, Varian) to 
isolate acids, followed by silica gel flash column chromatography eluting with solvents 
of increasing polarity. Aliphatic hydrocarbons were obtained by eluting with hexane. 
About 1-2mg of the sedimentary aliphatic hydrocarbon fractions were further separated 
into branched/cyclic and n-alkane fractions using a urea adduction procedure as follows. 
The sample was transferred to a teflon-capped tube, blown down with nitrogen and 
redissolved in toluene (300f.lI). The tube was pre-heated to 650 C and to it added hexane 
(a few drops) and urea-saturated methanol (4ml at 650 C). The sample tube was agitated 
for 1 min at 650 C and cooled in air whilst crystals formed, followed by refridgeration 
(1 hr) and centrifugation (3000 rpm for 5 mins). The supernatant (the 'non-adduct') 
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was removed using a cotton-stoppered pipette. The crystals were gently washed by 
shaking twice with cold urea-saturated isooctane and combining with 'non-adduct'. The 
'adduct' was recovered by dissolution of the crystals in O.IN HCI (3rol) and extracting 
three times with hexane. The recovery of C21 to C35 n-alkanes from the aliphatic 
hydrocarbon fraction was greater than 96% using this procedure. A further 10mg of 
sediment aliphatic hydrocarbons were fractionated into saturated, monounsaturated and 
diunsaturated fractions on TLC (Si02 plates impregnated with 20% AgN03) and 
developed with hexane. The appropriate fractions were subjected to GC, GC-MS and 
irm-GC-MS analyses as decribed before (8). 

3. Results and Discussion 

3.1 DISTRIBUTION AND CONCENTRATION 

Histograms showing the distribution and abundance of the C22 to C34 n-alkanes (in 
flg/g dry weight of sample) from the six 'hydrocarbon' fractions are displayed in Figure 
1. A unimodal distribution of n-alkanes maximising at C29 with strong odd/even 
predominance is observed for 2.5m and 3m sediments and the Magnolia fossil. The two 
modem leaves show similar distribution patterns to these samples (maximised at C29) 

but with a higher odd/even carbon number predominance. The Sycamore fossil has a 
distinct bimodal distribution of n-alkanes, differing from that of the sediments and the 
Magnolia fossil. A much higher concentration of C31 to C35 n-alkanes is observed in 
this fossil; the alkanes from the original Sycamore leaf waxes are evidently still 
preserved in the fossil leaf after millions of years in the sediment. Previous work by 
Logan (7), analysing the total extracts of different fossil species, found that the gross 
characteristics of the original epicuticular wax were preserved in the fossils. The 
parallel comparison of the alkane/alkene fractions from the fossils and sediments in 
this work has provided further evidence of molecular preservation. 

The concentration of n-alkanes in the 2.5m sediment is approximately two times 
higher than that in the 3m sediment, suggesting a greater amount of terrigenous input in 
the upper (2.5m) horizon. However, the similarity in the n-alkane distributions suggest 
a relatively uniform higher plant flora around the ancient lake Clarkia during the time of 
deposition, as indicated by geological and paleontological evidence (1). 

The identification of the major terpenoid hydrocarbons is shown on the GC trace of 
the branched/cyclic fraction of 2.5m sediment in Figure 2. The terpenoids are mainly 
composed of des-A-triterpenes of higher-plant origin and hopene derivatives of bacterial 
origin. Hop-17(21)-ene (E) and hop-21-ene (H) are present in rather high abundance 
but no hop-22(29)-ene is found, suggesting that the isomerisation of hop-22(29)-ene has 
been completed. However, the saturated hopanoids are dominated by the isomers with 
17~(H), 21~(H) configurations, indicating extremely low thermal maturity (10), as 
reported by Logan (7) (22R-30a-homohopane was identified in sediment in the work). 
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3.2 UREA ADDUCTION 

Figure 2 shows the GC traces for the total, urea adducted and urea non-adducted 
aliphatic hydrocarbon fractions of the 2.5m sediment. The n-alkanes must be separated 
from co-eluting terpenoids before irm-GC/MS analyses, as co-elution affects measured 
values considerably (11). Urea adduction was found not to cause isotopic fractionation; 
a high recovery of the n-alkanes is particularly important and a recovery of 96 % to 
100% has been achieved for C2l to C35 n-alkanes in the samples analysed in this study 
using the procedure described above. Table 1 compares the isotopic data measured on 
the total aliphatic hydrocarbon fraction (T AHF) and urea adducted n-alkanes from the 
same fraction of the 2.5m sediment. The values for the C27 , C28 and C29 n-alkanes 
(with no obvious co-elution in TAHF) show differences (~) of smaller than 0.2%0, 
which is within the range of irm-GC/MS instrumental error (±0.30/00). Hence, there is 
no isotopic fractionation associated with the separation of n-alkanes by urea adduction. 
The n-alkanes with apparent co-elution on GC and irm-GC/MS, for instance C23 , C24, 

C30, C310 show the greatest differences before and after adduction of up to 2.7%0 
(Table 1). Co-elution was also a problem for C25 and C26 n-alkanes on irm-GC/MS 
runs (but not apparent on the GC runs), which is attributed to the lower peak resolution 
power and use of helium as carrier gas (peak positions may shift) on irm-GC/MS. Thus 
urea adduction is necessary to obtain accurate measurement of isotopic composition. 

3.3 ISOTOPIC COMPOSITIONS 

813C Values for n-alkanes and hopenes are summarised in Table 2. Values for 2.5m 
and 3m sediment n-alkanes show a similar range of 813C values (-27.4 to -32.80/00). 
The Magnolia fossil show values ranging from -26.0 to -28.40/00 (bulk isotopic analysis 
of Magnolia gave -26.60/00). The Sycamore fossil gave values in a similar range to 
those of the sediments of -26.5 to -30.80/00 (bulk Sycamore was -23.9%0). 

A general trend of increasing 13C depletion with chain length was observed for both 
the fossils and sediments. The Magnolia fossil exhibited slightly more positive values 
(about 10/00 for the same carbon number) than those of the other Clarkia samples, which 
suggests the variation of 813C values between individual fossil plant species, as is 
observed in modern plants (8). This difference may also suggest that the n-alkanes of 
the original Magnolia leaf waxes are still localised inside the fossil leaf. The 813C 
values for individual n-alkanes in the sediment samples suggest a major source from C3 
higher plants (8), consistent with paleontological evidence. 

Hopenes in Clarkia sediments and fossils are highly depleted in 13C relative to the 
n-alkanes (Table 2), with 813C values ranging between -49.5 and -61 %0. Such depleted 
values suggest they derive from methanotrophic bacteria (12), and is compelling 
evidence for the presence of a methane cycle. In contrast, 22R-homohopane has a o13C 
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Figure 2: GC traces displaying urea adduction of the 205m sediment hydrocarbon fraction 
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value of -35.90/00, suggesting it was derived from a different group of bacteria, such as 
cyanobacteria or heterotrophic bacteria. 

I)13C values for modern leaf n-alkanes are about 30/00 more negative (-33.2 to -34.30/00 
for Magnolia delabayi and -30.5 to -35.70/00 for Quercus rumen). This might be 
attributed to differing atmospheric concentration and isotopic composition of CO2 at the 
time of deposition compared with modern levels. 

4. Conclusions 

The Miocene Clarkia sediment has an extremely low thermal maturity. The Sycamore 
fossil analysed shows a distinctive n-alkane distribution when compared with the 
surrounding sediments, providing the evidence of excellent molecular preservation. The 
higher plant flora around the ancient lake Clarkia was mainly C3 species and remained 
relatively stable during the deposition of P-33 sediment. The presence of isotopically 
depleted hopenes in the sediments suggests input from methanotrophic bacteria and 
hence the presence of an active methane cycle. This further supports the idea that the 
water column was stratified with an anoxic hypolimnion. 
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ABSTRACT. This research contribution reports the preliminary interpretation of the 
results of selective desulphurization procedures of a Bulgarian lignite, Maritza-Iztok. The 
AP-TPR profiles can be explained in view of the selective treatments used. In addition, 
the importance of heat recovery for the products obtained is discussed. 

1. Introduction 

A major problem in the utilization of oil shales and coal is the presence of sulphur, 
which is present in both inorganic and organic forms. Inorganic sulphur (pyrite, 
sulphides and sulphates) is not a major problem as it can be removed by conventional 
physical cleaning methods. (I) With the rigorous emission regulation however the 
knowledge of organic sulphur will be necessary in view of an adapted treatment 
(precleaning and/or end-of-pipe methods). 

Several efforts are made to characterize the organic sulphur in solid materials. The use 
of X-ray photoelectron spectroscopy (XPS) (2-4) utilizing the sulphur 2p signal, together 
with a curve fitting procedure and sulphur K-edge X-ray absorption spectroscopy 
(XANES) (5-6) using the third derivative analysis have been employed for identification 
and quantification of sulphur in coal. In addition in more recent studies it has been 
demonstrated that sulphur L-edge X-ray absorption near edge structure is used to 
distinguish organosulphur species in coal (7-8). 
Besides these X-ray techniques, oxidation (CAPTO) (9) as well as temperature 
programmed reduction (TPR) - atmospheric (10-12) and high pressure (13) - have made 
substantial progress. Further details on these techniques can be found in the chapter by 
C. E. Snape and K. D. Bartle. 

Analysis of model compounds (14) as well as selective desulphurization of real coal 
samples can be useful, in order to interprete the TPR profiles. In view of these aspects, 
this study presents the first results of several desulphurization treatments of a Bulgarian 
lignite, Maritza-Iztok. The degree of global desulphurization and the changes of the 
calorific values are reported. Also a first attempt is performed to interpret the changes in 
the sulphur functionalities as determined by AP-TPR. For some desulphurized products, 
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the possible contribution of pyrite reduction to the H2S profiles is not always clear, 
confirming the need for the control for effective pyrite removal, before a final assignment 
and quantification are possible. 

2. Experimental 

2.1. COAL SPECIES 

The lignite sample used, was obtain~d from M. Iztok deposit in Bulgaria [(wt % dat) C 
59.8 %, St 4.17 % (Sp 1.56, Ss 1.00, and Sorgo 1.61), H 6.4 %, NO.7 %, 0 (dift) 
28.93 %]. The proximate analyses and other characteristics are given in Table 1. 

2.2. TREATMENTS 

The desulphurization treatments are described in literature and only a brief outline is 
given below. 

2.2.1. Hydrothermal Treatment. (15) These experiments were carried out in an autoclave 
of 500 ml capacity, fitted with a temperature regulator, a pressure gauge and a 
thermocouple. Sodium hydroxide (4 g) and CaO (1 g) were dissolved in 150 ml of water 
and placed in the autoclave. To this solution 20 g dry, raw coal was added and the slurry 
was thoroughly mixed. The autoclave was closed and heated to 200 °c with a reaction 
pressure of 1.66 Mpa. The autoclave was kept at this temperature and pressure for 1 h to 
complete the reaction and then cooled to 50°C. 
After opening the autoclave, the mixture was acidified with 1 M HCl to pH 4-5 and 
distilled with water vapour. Next the mixture was washed with hot distilled water (4-81) 
and centrifuged. The treated coal was then dried under vacuum at 90°C for 48 h 
(method A). 

2.2.2. Treatment with sodium alkoxide. (16) The organometallic compound was made 
by adding 1 g sodium metal, in a round bottom flask under inert atmosphere, to 200 ml 
n-BuOH, which was magnetically stirred at ambient temperature for 1 h to ensure 
complete dissolution. The dry raw coal sample (20 g) was added to this solution and the 
mixture was refluxed under nitrogen atmosphere, for 20 min. In the next step, the 
mixture was acidified with 1 M HCl to pH 4-5 and the mixture was distilled with water 
vapour. The mixture was then washed with hot distilled water (4-8 I) and centrifuged. 
The treated product was then dried under vacuum at 90°C for 48 h (method B). 

2.2.3. Metallation followed by protonation. (17) Metallation was performed by adding 
5 g dry raw coal to 100 ml dry THF and 50 ml tetramethylethylenediamine in a round 
bottom flask under nitrogen atmosphere. After cooling with liquid nitrogen, this solution 
was slowly added to 100 ml BuLilhexane 15 % and stirred for 2 h. In the next stage, 25 
ml nBuOH was added and the mixture was stirred for 3 h at ambient temperature under 
nitrogen atmosphere. Thereafter the mixture was acidified with 1 M HCl to pH 4-5 and 
distilled by water vapour. Then the mixture was washed with hot distilled water (4-8 1) 
and centrifuged. The resultant product was then dried under vacuuum at 90°C for 48 h 
(method C). The sequence of acidification and the steam distillation has also been 
reversed and this treatment is designated as method D. 
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2.2.4. Molten caustic. (10) A modified treatment to that in ref. 10 was used. The lignite 
was treated with molten (non-aqueous) caustic at 360°C for 20 min. These experiments 
were carried out in a stirred autoclave. First 200 g of a 50/50 wt % mixture of N aOH / 
KOH was heated up to 360°C, while nitrogen gas was swept constantly through the 
reactor. Thereafter 40 g of the raw, dry coal sample was introduced quantitatively also 
under nitrogen atmosphere. The coal reacts then for 20 min and after dilution with water, 
the reaction products were transferred to a glass filter and the filter cake was washed 
three times with hot water to remove the caustic. During each wash process the coal 
product was stirred for 30 min in hot water at 80°C and then filtered. The desulphurized 
coal was dried at 50°C under nitrogen gas before being analysed (method E). 

In addition to obtain a raw coal free of ash and pyrite, HF extractions were performed of 
the lignite. The raw coal was demineralized with 40 % HF at 60°C, according to the 
procedure of Bishop and Ward (18). Before and after HF treatment the coals were treated 
with 12 M HCI (method F). 

2.3. CHARACTERIZATION 

2.3.1. Elemental, proximate and ultimate analyses. Moisture, ash, total sulphur and the 
calorific value were analysed with the classical ASTM methods D3173, D3174, D3175 
and D2015 respectively (19) and TG standard methods (20). 

2.3.2. Atmospheric pressure temperature programmed reduction (AP-TPR). The reactor 
used in this studt' being made completely out of glass (fig. 1), is different to that used 
previously (10-1 ). The upper part comprises borosilicate glass in order to secure the 
sealing. The lower part is of quartz glass, so that the reduction of a sulphur compound 
can be executed up to 1000 0c. As no differences are found with and without a preheated 
carrier gas stream, the carrier gas - pure hydrogen - is no longer preheated and is let 
directly into the reaction mixture. (It was found that pure hydrogen leads to better 
reduction characteristics than a 5 % H2 / 95 % Ar mixture.) The flow is held constant on 
75 mlImin during the whole experiment, and is controlled regulary by a callibrated flow 
meter. All experiments were recorded at a heating up rate of 5°C/min during the whole 
temperature range. A further improvement in comparison with the previous reactor is the 
presence of a collector, nearby the top of the reactor. The function of the collector is to 
prevent the reducing solvent mix returning into the reactor part. If it returns, tar will be 
formed, leading to retrogressive reactions including the conversion of sulphides into 
more complex structures. This results in very poor sulphur balance and additional 
signals due to secundary reactions. 
The inner glass tube is made in such a way that the internal free volume is as small as 
possible. The small internal volume is needed to optimize the continuous contact between 
sample, reducing solvent mix and reducing gas stream. Also a better control and faster 
transport of the carrier gas from the reactor to the detector is possible. 
In the same context, it is found that the use of make-up gas is no longer necessary. The 
fix place connection of the thermocouple on the reactor is undoubtlJ: very important. This 
reactor is considered to be vastly superior to the previous set-up (1 ,11). 
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I transition 

Fig. 1. Total reactor set-up 

3. Results and discussion 

After HF extraction, the lignite is nearly ash free (see TGA fig. 2a -b). In addition the 
presence of pyrite in the treated sample is studied by means of SEM-EDX. The coals are 
mounted on an aluminium stub and coated with carbon. No pyrite particles are found in 
the treated coal sample (method F), and in addition the iron/sulphur ratio, which strongly 
varies for the raw coal, is close to zero for the HF extracted coal sample. 
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The results for the desulphurization are reported in Table 1. 

Table 1 : Analysis and calorific values of samples desulphurized with different methods. 

Raw coal method A methodB methodC methodD methodE 

---------------------------------------------------------------------------------------------------------

Moisture wt % 7.5 4.5 6.5 4.6 4.2 4.2 

Ashwt% 14.5 15.7 5.3 8.1 2.4 2.6 

Volatile 47.5 41.1 50.3 54.6 59.9 43.7 
matterwt% 

Fixed carbon 39.1 48.9 42.9 37.3 35.8 53.1 
(wt % daf) 

Calorific value 6092 6780 5826 6773 6566 7452 
(daf) (callg) 

Recovery (%) 100.0 63.5 80.0 90.0 64.0 42.0 
(* = daf) (78.0*) (50.6*) (70.6*) (84.0*) (55.8*) (39.1*) 

St (wt % daf) 4.17 3.14 2.99 2.34 1.90 0.64 

AS (%) 0.0 - 24.7 - 28.3 - 43.9 - 54.4 - 84.6 
---------------------------------------------------------------------------------------------------------

With method A and B only a slight desulphurization is obtained (24.7 - 28.3 %). 
Looking at the high ash content (15.7 %) for the treated sample from method A, there is 
probably some incorporation of CaO during this treatment. From previous studies (15-16) 
it is shown that pyritic and sulphate sulphur are removed to an extent of 90 % or more 
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under these conditions. For method C and D a higher level of desulphurization is 
obtained (43.9 -> 54.4 %). The reversed wash procedure seems to increase the 
desulphurization. This effect requires further study together with the reaction 
mechanisms of the desulphurization. For method E, the level of a desulphurization is 
84.6 %. It is clear that the treatment with molten caustic can remove both inorganic and 
organic sulphur. 

Table 1 lists also the calorific values (on dafbasis) ofthe treated samples. It is however 
clear that besides the sulphur removal also, the calorific heat recovery is an important 
parameter. Treatment E causes, beside a large desulphurization (84.6 %) also a strong 
decrease of organic matter (78.0 -> 39.1 %). On the other hand the calorific heat value 
on dafbasis is also strongly increased (+22 %) so that in view of possible applications 
both the sulphur removal as well as the calorific recovery should be investigated for each 
treatment. 

AP-TPR proftles of the several treated samples are shown in fig.3 a, b, c, d, e and f. 
The full line is always the raw, untreated coal and the dotted line represents the 
corresponding treated samples. Although the AP-TPR are recorded until 1000 DC, the 
proftle above 600 °C is dubious in nature, as has been demonstrated in previous studies, 
because the presence of the reducing mix can cause anomalies in this temperature region. 
Therefore only the temperature region up to 600 °C is discussed here. The recoveries are 
expressed in mg S/g sample on the profiles. Values of peaktemperatures are given in °C 
on the figures. 

It is clear that for the HF extracted coal (fig. 3a) the peak at 570°C has disappeared in 
comparison with the raw coal. This suggests that the signal at 570 °C should be assigned 
to pyrite. 

.9382& dr/oIt.· 5 .• Ct.;n --> flow (12) • 75. mV .. ln --> RH. l1ix, •• 14.3 

350 ,!!O 
.03443 75.0 mg (1) I \ 

M. Iztok raw I \ 
12.9 

.1131161 J \ 11.4 

.82618 IB.B 

.81!296 .58 

.01913 

.81538 

.81148 

.88765 .86 

.08383 1.43 

8.88088 .888 
II 1118 ! 8 3 8 488 588 6 II 'IIJII 8811 91111 111 II 

d("'II "11 o_I.)/dT and "'II 8/9 ....... 1. wo. T Un CI 

Fig. 3a. AP-TPR analysis of the desulphurized lignite (method F) in comparison with 
the AP-TPR analysis of the raw lignite 
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The TPR profile of the hydrothennal treated sample is reported in fig. 3b. Again the peak 
at 570°C disappears to~ether with a decrease of the signals around 345°C. From 
previous studies (10,11,15) it is known that pyrite is removed under these experimental 
conditions. In addition the decrease of the signal at 345 °C can probably be attributed to 
the thennal labile sulphur containing groups like aliphatic and aromatic thiols (low 
temperature shoulder) and aliphatic mono and disulphides (peak) . 

• 83447 dr/clt.. 5.8 Oml" --) flaw tH2l • 75. ml / mln --> R.d. I1lk' •• 14.3 
345 

.83112 25.0 mg (1) 12.9 
M.lztoknw 

.8e758 ?1.-1:i metl",a:l, 11." 

.112413 111.1 

.8eeS8 .58 

.111723 7.15 

.81379 5.7<: 

.81834 

.811689 .86 

.1I834S 1.43 

Fig. 3b. AP-TPR analysis of the desulphurized lignite (method A) in comparison with 
the AP-TPR analysis of the raw lignite 

This is also in good agreement with previous analysis(IO). The low temperature region of 
the signal at 445°C (raw coal) can be attributed to mixed aromatic aliphatic sulphides and 
the peak to aromatic sulphides (14). The low temperature shoulder of the pyrite signal at 
570°C can be assigned to aromatic disulphides (1,.). 

For method B (fig. 3c), a higher yield in detectable sulphur is obtained for the 
de sulphurized sample (28.3 %) than for the raw coal together with this increase, the 
signal in the region at 345°C is increased. A possible explanation for these results might 
be that due to treatment B, these sulphur groups are now more accessible for the AP
TPR but are not de sulphurized at this stage. As Maritza Iztok is a low rank coal it is 
logical that the contribution of the reduction to the H2S profile of the original present 
groups, occurs at low temperature (345°C) indicating the presence of aliphatic and 
aromatic thiols, aliphatic sulphides and disulphides. This hypothesis of the increased 
porosity of the treated sample will be further investigated with the use of SEM-EDX and 
burning profiles. 



Fig. 3c. AP-TPR analysis of the desulphurized lignite (method B) in comparison with 
the AP-TPR analysis of the raw lignite 
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Fig. 3d. AP-TPR analysis of the desulphurized lignite (method C) in comparison with 
the AP-TPR analysis of the raw lignite 

The TPR proflles of the treated samples from methods C and D are represented in fig. 3d 
and 3e, respectively. These treatments cause a cleavages of sulphur bridges and sulphur 
ether groups, resulting in new thiols aliphatic as well as aromatic, which can be, 
eventually, further desulphurized. It is thus logical that the TPR proflles for both have a 
significant signal in the lower temperature region (345°C) and a less pronounced signal 
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starting from 450 DC. That the intensity is lower for the sample treated with method D 
versus method C is logical because of an increased desulphurization . 
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Fig. 3e. AP-TPR analysis of the desulphurized lignite (method D) in comparison with 
the AP-TPR analysis of the raw lignite 

When the lignite is treated with molten caustic a virtually desulphurization is obtained 
(84.6 %) and consequently much less pronounced TPR signals are obtained in 
comparison with the raw coal (fig. 3f) . 
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Fig. 3f. AP-TPR analysis of the desulphurized lignite (method E) in comparison with 
the AP-TPR analysis of the raw lignite 
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4. Conclusions 

It is demonstrated that selective desulphurization can be followed by AP-TPR. In 
addition, it is possible to assign some of the signals to sulphur containing functionalities. 
Although for some experiments the degree of pyrite removal must be confirmed, the 
observed trends in the TPR profiles of the de sulphurized products can be explained in 
view of these selective desulphurization treatments. 
The product obtained after the treatment with the molten caustic is nearly completely 
desulphurized (organic and inorganic), and the calorific value is considerable higher on 
daf basis. This higher calorific value compensates for the low organic recovery (39 % on 
dafbasis). 
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ABSTRACT. The Carboniferous clastic sequence of the Zonguldak Basin contains 
several coal seams that have been mined since 1848 as the only major bituminous 
coal deposit of Turkey. Recently, a study was initiated aimed at determining the 
coalbed methane potential of the basin. Within the framework of this study, in 
addition to coal geology and numerical basin modelling, organic geochemical 
methods have been used to define the relevant properties of the coals. The coal 
seams are located in a Namurian to Westphalian D progradational delta and fluid 
plane sequence. This sequence was originally up to 3500 m thick prior to being 
eroded during two major uplift periods caused by the Hercynian and Alpine orogenic 
movements. There exists up to 8 coal seams in Namurian, 20 to 26 in Westphalian 
A and up to 8 coal seams in Westphalian B,C and D. 

Geochemical analysis were carried out on 42 coal samples from wells and mines. 
The procedures applied includes total organic carbon (TOC) determination, Rock
Eval pyrolysis, proximate and elemental analysis and organic petrography. 
Additionally, kinetic parameters of bulk hydrocarbon generation from coal were 
determined by open-system non-isothermal pyrolysis. The majority of the coals in the 
Zonguldak basin are typical humic coals of high volatile C to A bituminous rank. 
Vitrinite reflectance values in general vary between 0.55 and 1.20 % (Ro mean). 
However, data from a recent deep test well showed that the maturity of the coals 
at the base of the Westphalian A can increase up to 1.45 % (Ro mean). Further 
details of the type, maturity, maceral composition, hydrocarbon generation potential 
of the coals and relations between various geochemical parameters are presented. 
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1. Introduction 

Coal seams of the Carboniferous Zonguldak Basin have been the subject of great 
interest because they have been mined for more than 100 years as the only major 
bituminous coal deposits of Turkey. Consequently, several studies on the geology, 
tectonics, palynology and mining engineering aspects exist(I-3). However, studies on 
the organic geochemical properties of the coal seams are limited to only some 
organic petrographical investigations(4-8). 

Within the frame of a research p-ro!ect aimed at determining the coalbed methane 
potential of the Zonguldak Basin (9-1 ) coals were also investigated for some of their 
geochemical properties. The aim of this paper is to present the results of the organic 
geochemical analysis of the Zonguldak coal seams. 

2. Geological Setting 

The Zonguldak Basin is located in NW Turkey on the Black Sea coast (Fig.1). The 
coal seams are located in a thick Carboniferous (Namurian to Westphalian D) clastic 
sequence, which lies on a platform type limestone unit of Visean age (Yllanh Fm) . 

.. ' .. ' 

Carbonif .. ous 
Outcrops 

,..-2OOm-....lsobathymltric lines 

Be.l. 
o 10 20km 

t • =I 

Figure 1. Location map of the Zonguldak Basin (modified from Yal~m et al.(13») 
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As a result of uplift and erosion on the northern margin of the area the carbonate 
platform was converted to a molasse type basin where first a progradational delta 
and than a fluid plane sequence was deposited. Within this very thick clastic 
sequence 3 rock-stratigraphic units are differentiated. The Namurian Alacaagzl 
formation consists of prodelta fine clastics and towards the upper parts some coal 
seams. The Westphalian A deltaic unit (Kozlu Fm) is composed mainly of sandy 
lithologies and bears most of the coal seams. The Upper Westphalian (Westphalian 
B to D) unit (Karadon Fm) is composed of by fluid plane deposits mainly by coarse 
clastics with few coal seams. There exits up to 8 coal seams in the Namurian, 20 to 
26 in the Westphalian A and up to 8 coal seams in the Westphalian B,C and D. But, 
due to the lateral changes in seam thickness and extension and due to erosion, the 
number and combined thickness of coal seams change considerably. 

The Carboniferous sequence is overlain by different units with an angular 
unconformity. While the Upper Permian-Lower Jurassic continental <;akraz 
Formation and the Upper Jurassic carbonates of the inaltl Formation have only a 
limited extension mainly in the eastern part of the basin, units of the Lower 
Cretaceous - Eocene sedimentary cycle are are found almost in the entire study area 
(Fig.2). Shallow marine clastics (inciivez Fm) and carbonates (Zonguldak Fm) are 
the basal units of this sedimentary cycle. <;agIayan Fm represents the transition to 
a deeper marine depositional environment. Flysch type deposits and pyroclastics of 
the Yemi§li'5ay formation indicate the culmination of deepening. Sedimentation 
continued with detritical shelf type deposits of Maastrichtian, Paleocene and Eocene 
age. In some parts of the basin all these units have been totally eroded during the 
uplift-erosion period which began at Late Eocene and is still continuing at present. 

3. Samples and Methods 

Geochemical analysis were carried out on 42 coal samples which were obtained 
either as cores from wells or as outcrop samples from mines. The majority of the 
coal samples belong to Westphalian A Kozlu Formation. Few samples are from 
Namurian AlacaagZl Fm. and from Upper Westphalian Karadon Fm. 

Total Organic Carbon (TOC) concentrations and Rock-Eval pyrolysis parameters 
were determined using LECO TOe-analyser and a Rock-Eval II instrument, 
respectively. Polished sections of coals are used to measure vitrinite reflectance 
values (Ro %) and on 7 selected samples maceral analysis (500 points) has been 
carried out. The proximate analysis of the coal samples were carried out according 
to well established procedures given by ASTM standards. Elemental analyses of 15 
selected samples were performed by Carlo Erba Mod 1106 Elemental Analyzer 
where hydrogen, carbon and nitrogen contents were measured and the oxygen values 
were determined by the difference. 
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GEOLOGIC AGE ZONGULDAK BASIN 

.. 

z 
~ 

~ Low., P 

It' (Early) 
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; 
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i Namurian 
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Figure 2. The Time-Rock Synopsis of the Zonguldak Basin (from Yal~lD et al.(13)) 
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4. Results and Discussions 

Moisture, volatile matter, ash and fixed carbon contents were determined on air 
dried samples. Respective values are listed in Table-l where values of volatile 
matter, ash and fixed carbon are given on dry coal basis. Moisture content of the 
coals range between 0.52 and 4.90 % which is relatively low. This can be explained 
by the fact that most of the coal samples are stored in atmospheric conditions for 
a long time prior to the analysis. Ranges of volatile matter, ash and fixed carbon are 
20.27 % to 44.07 %, 3.68 % to 29.78 % and 42.54 % to 72.19 %, respectively. High 
ash content and low fixed carbon values of some samples are in general due to the 
impurities. The majority of the measured properties are within the range of high 
volatile bituminous coals (14). 

Elemental analysis were carried out on 15 selected coal samples. A diagram of 
Hie atomic ratio vs the Ole atomic ratio (van Krevelen diagram) is shown in Fig.3. 
The evolution pathway of the elemental composition of humic coals with increasing 
coalification taken from Bertrand (15) and of Type III kerogen are also 
superimposed on the diagram. Although some of the relatively mature samples are 
located in the area of low coalification a fit is in general ensured. 

Total organic carbon (TOC) values for 42 coal samples range from 50.0 % to 82.7 
%. TOe and fixed carbon values are plotted in Fig. 4 to test a possible correlation 
between them. From Fig. 4 only a rough correlation can be observed. 

1,25 

1,00 
Humic Cools u 

~.=--.~--~.---
/'/.. ,,,?r Type·· 

~. 0,75 • V III Kerogen '0 
i:! 
u 
'§ 0,50 • 
8 
-< 

0,25 

O,OO.f------

0,00 

+--_._-_._._--j -------j---------j 

0,10 0,20 

Atomic ratio 0 / C 

0,30 0,40 

Figure 3. Van Krevelen diagram showing the position of some Zonguldak coals. 
Evolution pathway of the humic coals after Bertrand (15) and of Type 
III kerogene are indicated by the solid line curves. 
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Table 1. Proximate analY§is results of Zonguldak coal seams. Nam - Namurian, W A - Westphalian 
~ - Westphalian Co (0) on original air dried coaL (d) on dtY coaL 

Sample No Unit Moisture(o) Volatile M.(d) Ash(d) Fixed C(d) Cal. Val. 
(%) (%) (%) (%) (KcalJkg) 

----------------------------------------------------------------------------------------------------------------------------------
YBL-1 WA 1,66 31,95 11,36 56,69 7371,1 
YBL-2 WA 1,65 28,89 5,17 65,94 75lO,4 
YBL-3 WA 1,45 31,92 8,19 59,19 7267,5 
YBL-4 Nam 1,14 33,09 5,69 61,22 7927,2 
YBL-5 WA 1,52 35,64 4,99 59,37 7824,3 
YBL-6 WA 1,70 33,55 7,13 59,32 7560,0 
YBL-7 WA 1,47 36,42 18,8 44,78 6069,5 
YBL-8 WA 1,06 33,3 4,98 61,72 7816,2 
YBL-9 WA 1,lO 35,29 3,68 61,02 8144,8 
YBL-lO WA 1,14 32,82 7,47 59,71 7835,3 
YBL-ll WA 0,97 36,31 4,43 59,26 7916,9 
YBL-12 WA 0,78 31,51 20,49 48,00 6307,6 
YBL-13 WA 1,08 28,71 26,32 44,97 5656,6 
YBL-14 WA 0,74 20,27 29,78 49,95 5759,8 
YBL-15 WA 0,80 26,64 4,22 69,14 8292,4 
YBL-16 WA 0,69 25,43 6,11 68,46 7969,4 

YBL-17 WA 0,85 28,46 5,48 65,86 8057,1 
YBL-18 WA 1,45 29,49 5,32 65,19 8020,0 
YBL-19 WA 0,71 28,57 9,88 61,55 7341,2 
YBL-20 WA 0,52 22,53 5,28 72,19 8092,9 
YBL-21 WA 1,38 29,33 20,2 68,65 8354,0 
YBL-22 WA 0,83 24,47 5,88 69,65 8071,0 

YBL-23 WA 0,90 26,86 13,48 59,66 6950,8 
YBL-24 WA 1,22 22,22 37,3 40,48 4860,2 
YBL-25 WA 1,52 25,79 8,68 65,53 7582,6 
YBL-26 WA 0,52 21,85 12,15 66,00 7531,9 

YBL-27 WA 1,21 20,29 26,73 52,35 6231,3 
YBL-28 WA 0,70 26,78 14,74 58,48 6096,3 
YBL-29 WA 1,02 30,18 6,62 63,20 7884,0 

YBL-30 WA 0,92 24,85 5,42 69,73 8291,7 

YBL-31 WA 0,94 21,53 21,92 56,92 6723,3 
YBL-32 Nam 0,74 23,42 8,27 68,31 79lO,0 
YBL-33 WA 1,45 30,88 4,16 64,96 7980,3 

YBL-34 We 2,31 32,20 12,96 54,84 6886,9 

YBL-35 WA 2,75 35,95 4,75 59,30 7495,4 

YBL-36 We 4,40 38,37 4,65 56,98 7027,0 

YBL-37 We 4,06 37,03 15,40 47,57 6456,2 
YBL-38 We 4,70 32,48 13,26 54,26 63,83,1 

YBL-39 We 4,90 35,76 7,38 56,86 6920,6 
YBL-4O We 4,78 36,65 10,59 52,76 6743,6 
YBL-41 We 3,64 44,07 13,39 42,54 6350,0 
YBL-42 We 3,58 34,22 20,88 44,90 5582,2 

----------------------------------------------------------------------------------------------------
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Rock-Eval measurements performed after Espitalie et a1. (16) allowed the 
evaluation of various geochemical aspects. Typing of Zonguldak coals with the help 
of an HI - 01 diagram (a van Krevelen diagram based on Rock-Eval analysis) is 
represented in Fig. 5. Whereas the Hydrogen Index values are within the range of 
normal humic coals, the Oxygen Index values are remarkably low. Thompson et 
a1.(17) pointed out that the coals of coastal plain environments of Indonesia have 
hydrogen indices often above 300 and oxygen indices usually below 15 and therefore 
different from coals of North-West Europe. That the low oxygen indices of 
Zonguldak coals can be explained by this organic facies aspect requires further 
investigations. 
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Figure 4. Correlation between Fixed Carbon and TOC values 

From the Rock-Eval pyrolysis data, both the Rock-Eval pyrolysis temperature 
(Tmax) and the Hydrogen Index may be considered as maturity indicators (18). 
When Tmax increases the Hydrogen Index has to decrease. This is true for organic 
matter of types I and II, but not completely true for type III as shown by Durand 
and Paratte (19) on coals. They showed that the hydrogen indices increase with the 
maturity up to a level around 435-440 °c Tmax, so that less mature coals have 
lower hydrogen indices. This phenomenon is explained by the fact that during 
pyrolysis the quantities of hydrogen transformed into water and carbon transformed 
into carbondioxyde are higher than during the natural coalification process. Although 
not very obvious a similar trend can also be observed in Zonguldak coals (Fig. 6). 
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Figure 5. Rock-Eval Hydrogen Index (HI) vs Oxgen Index (01) diagram of 
Zonguldak coals. Pathways of different kerogen types are included for 
comparison reasons. 
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Within the frame of a study aiming to model the gas generation in Zonguldak 
coals(13) an open system pyrolysis at heating rates of 0.1, 0.7 and 5.0 Klmin was 
performed with the furnace setup described by Schaefer et al.(20). A low maturity 
coal (YBL-36) was used for pyrolysis. In order to determine the kinetic parameters 
of bulk hydrocarbon generation in Zonguldak coals, the mathematical model 
described by Schaefer et al. (20) was utilized. This model is based on the kinetic 
analysis of bulk hydrocarbon formation rate (dM / dT) versus temperature (T) 
curves assuming n=25 first order parallel reactions with activation energies E j 

regularly distributed between 46 and 70 kcal/mol and a single pre-exponential factor. 
A total number of 26 parameters, namely 25 initial potentials in combination with 
25 activation energies and a pre-exponential factor A are optimized using a special 
method which compares measured and calculated formation rates until the 
corresponding error function presents a well-defined absolute minimum (20). The 
pyrolysis curves computed with the determined kinetic parameters and the input data 
are shown in Fig. 7 with solid and dotted lines, respectively. The fit between these 
two curve sets is almost perfect. Hence, the optimization may be considered 
successful and the kinetic parameters shown in Fig. 8, as the hydrocarbon generation 
potential vs activation energy distribution, are representative. 

0.1 

1.5 

1A 

-; 1.3 

cD 1.2 

m1•1 

!to 
of Q9 

Ens 
C Q7 
0 
;06 
0 
Ens 
~ Q4 ... 
uQ3 
::CO2 

0.1 

0 ....... 
400 450 500 650 

Temperature ("c) 

Figure 7. Rates of bulk hydrocarbon generation obtained by the pyrolysis at there 
different heating rates (dotted lines) and the calculated values (solid lines). 
The calculation is carried out with the activation energy distribution 
presented in Fig. 8 (from Yal~m et al.(13») 
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Figure 8. Hydrocarbon generation potential vs activation energy for Zonguldak coal 
(from Yal~m et al.(13» 

Organic petrographic analysis were carried out to determine the coal rank by 
measuring the vitrinite reflectance (% Ro) and to define the petrographical 
composition by maceral analysis. The latter is carried out by 7 selected samples. For 
another additional 10 samples the ratio of maceral groups are determined 
semiquantitatively by visual observation. Respective values are listed in Table-2. As 
shown in (Fig.9) Zonguldak coals can be classified as typical humic coals. Vitrinite 
reflectance data indicate a very scattered distribution ranging from 0.45 % Ro to 
1.14 % Ro' It is difficult to derive a depth - maturity trend when all measurements 
are considered. This is an expected phenomenon since the investigated coal seams 
are effected by erosional periods in very different ways. 

If only one particular well or a small area is considered an obvious depth -
maturity trend can be observed. This is also confirmed by the maturity values 
obtained from a recent deep well (Fig. 10). Here, the coals at the base of 
Westphalian A unit have a rank of 1.45 % Ro at a depth of 1720 m. 
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Table 2. Petrouaphic data of Zon2uldak coals. V=vitrinite. I=inertinite. L=1iptjnjte. 
(*) indicates samples where percenta2es of V.I and L are determined semiQuantitatively. 

Sample Nr. Overall Composition(%) Vitrinite Reflectance (% Ro) 
V I L 

-----------------------------------------------------------------------------------------------....... __ .... --- ........ -------
YBL-l * 75 7 18 0.75 
YBL-3 64 22 14 0.83 
YBL-4* 60 14 26 0.86 
YBL-5 46 30 24 0.72 
YBL-7* 68 22 10 0.81 
YBL-8* 73 12 15 0.87 
YBL-9 * 75 20 5 0.82 
YBL-lO * 70 12 18 0.75 
YBL-ll 55 33 12 0.76 
YBL-14 53 37 10 0.99 
YBL-21* 70 15 15 0.92 
YBL-22 * 68 25 7 1.12 
YBL-23* 57 32 11 0.92 
YBL-24* 65 20 15 0.94 
YBL-25 57 21 22 0.80 
YBL-27 76 14 10 1.04 
YBL-36 70 8 22 0.50 

v 

Figure 9. Triangular diagram showing petrographic composition of Zonguldak coals. 
(*) indicates samples analyzed semiquantitatively. 
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The measurement of vitrinite reflectance, which is probably the most reliable 
indicator of coal rank enable a comparison with other maturity parameters such as 
volatile matter, Rock - Eval Tmax and despite of the already mentioned limitations 
the Hydrogen Index. For this purpose diagrams of these parameters vs vitrinite 
reflectance are prepared (Figs. 11, 12 and 13). On the diagrams either the already 
published correlation trends and/or a line drawn after best fit (regression) is also 
implemented. Although the number of measurements is relatively low, a certain 
correlation could be derived eventhough some scattering does exit. 

5. Summary and Conclusions 

A thick Namurian - Westphalian clastic sequence in the Zonguldak Basin contains 
several coal seams. Within the framework of a study aimed at evaluating the coalbed 
methane potential of the basin coals from some of the seams have been analyzed 
by different geochemical methods. The obtained results can summarized as follows: 

- Most of the coals can be classified as high volatile bituminous after 
analyzing their rank, volatile matter, ash and moisture contents. 

- Both the atomic o/e and H/e ratios and the Hydrogen and Oxygen Index 
values are within the ranges of typical humic coals. But almost all the 
analyzed coal samples have very low Oxygen Indices which has been 
reported as a typical characteristics of coastal plain environment. 

- Kinetic parameters of bulk hydrocarbon generation determined by an non
isothermal open system pyrolysis are similar to those obtained for coals from 
other regions. 

- Organic petrographical composition coincides with the results of other 
analysis indicating humic coals some of which are liptinite rich. 

- Between the maturity parameters vitrinite reflectance, volatile matter 
content, Hydrogen Index and Tmax a reasonable correlation does exit. 
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X-RAY STUDIES OF THE STRUCTURE OF COALS AND COKES 

ABSTRACT 

P.WILK and S.JASIENKO 
Institute of Chemistry and Technology 
of Petroleum and Coal, 
Technical University of Wroclaw, 
Wroclaw, ul.GdaDska 7/9, POLAND 

The results from studies on both the organic matter in coals and cokes and mineral compositions by X-ray 
diffraction (XRD) technique are presented. The results obtained by applying an Atomic Radial Distribution 
Function (RDF) method are analysed with models. The most important minerals occuring in vitrains are 
determined. Vitrains from gas coal, orthocoking coal and semicoking coal and the corresponding cokes 
have been analysed. 

1. Introduction 

Physical methods, especially XRD and microscopic methods, play an important role in the investigation 
of coal and carbon structure. The main aim of this paper was to determine the structural parameters of 
organic matter of vitrains from medium rank coals (gas coal, orthocoking coal and semicoking coal) and 
their cokes using the classical X-ray Diffraction and Atomic Radial Distribution Function methods. The 
other aim was to determine the mineral substance content by using the computer program XRAY AN 
recently described by H.Marciniak and R.Diduszko. Hard coals of medium rank are the basic raw material 
for metallurgical coke production and they are also used in production of formed coke and graphite 
materials. 

A literature review of X-ray studies on coals can be found elsewherel11 • 

2. RDF method 

The Radial Distribution Function (RDF) method is based on the following equation 

47tr[p(r)-po l = ~ f F(k)sinkrdk 
7t 

where: G(r)=41rr[p(r)-pol - reduced RDF, p(r) - density function, Po - average density, r - interatomic 
distance, F(k)=k[cI-.fl/.f - reduced intensity, k=41rsinB/A - scattering vector, A - wavelength, c -
normalization constant, f - scattering factor, I - experimental intensity corrected for polarization and 
absorption, 8 - scattering angle. 

This equation is important because it relates the directly obtainable experimental function, F(k) with 
the function, G(r) which describes the real space structure of an amorphous solid (for instance coal). From 
the RDF method, information about interatomic distances, and the range of structure ordering can be 
obtained. 
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Fig.1 presents a fragment from single graphite-like layer with the marked first several interatomic 
distances. These numbers will be used while presenting the plots of G(r) function for models and 
experimental results. 

o 2 4 6 

3. Experimental 

8 10 12 

r [AI 

Fig.1. The correspondence between frag
ment of single graphite-like layer and the 
due reduced RDF plot. 

The characteristics of the vi trains used are presented in Table I. 

Table I. Characteristics of vitrains studied 

Sample Coal type Proximate and ultimate analysis 

A 
B 
C 

gas coal 
orthocoking coal 
semicoking coal 

Vdaf 

% 

36.8 
27.7 
22.1 

Cdaf Hdaf 

% % 

82.9 5.2 
87.2 5.1 
88.6 4.8 

R 

% 

0.97 
1.16 
1.41 

SI 

5.1 
8.5 
5.0 

R - reflectance, SI - Free Swelling Index, RI - caking power according to Roga method 

RI 

66 
87 
26 

In order to determine structural parameters for the organic matter by employing the classical XRD 
method as well as mineral substance analysis, diffraction experiments were carried out by using Cuka 
radiation in reflecting geometry. For the case of Atomic Radial Distribution Function method, Moka 
radiation was used. 
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Fig.2. Examples of models (D-diameter in units of hexagonal graphite lattice constant a = 2.456A, H -
height of stack of layers in units of hexagonal graphite lattice constant c = 6.696A and V percentage of 
vacancies. 

4. Models 

For the purpose of interpretation of the experimental reduced RDF plots, the following base of simplified 
structural models (which correspond to the hexagonal structure of graphite) is proposed. Each component 
of the base can be described by three coefficients i.e. diameter D, height H and percentage of vacancies 
V. For example the model denoted by D6 HO VOO % means the single layer of diameter of six aromatic 
rings, without any vacancies (see Fig.2.a) while notation D6 HO V20% means a single layer of the same 
diameter but with a 20% content of vacancies (see Fig.2.e). Finally, the model denoted by D6 H2 VOO% 
represents a stack of 5 layers each of diameter of 6 rings arranged in hexagonal sequence ABABA; the 
stack height being equal to 2 lattice constants c=6.696A (see Fig.2.i). 

In Fig.3, the calculated plots of reduced RDFs corresponding to the models illustrated in Fig.2 are 
presented. All the reduced RDFs were calculated by Fourier transforming the reduced intensities F(k); the 
latter being assumed to be equal to zero for k < lA-2 and k > 16A-2 and attenuated by the dumping factor 
exp( -),[(2) with )' = 0.003. 

It is seen that the decrease of the layer diameter (Fig.2.a, b, c) as well as increase of the vacancies 
content (Fig.3.d, e, f) do not influence the peak positions but decrease the peaks heights. Obviously, it is 
valid within the range where the correlation holds. 

Stacking of layers causes changes of both the peaks positions and peak heights mainly for r ranging 
within the 3.5 - sA interval (Fig.3.g, h, i). 
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Fig.3. The plots of the G(r) functions corresponding to the models presented in Fig.2. 
- the influence of the diameter value on the shape of G(r) function 

a) model 06 HO VOO%, b) model 04 HO VOO%, c) model 02 HO VOO% 
- the influence of the vacancies content on the shape of G(r) function 

d) model 06 HO VOO%, e) model 06 HO V20%, t) model 06 HO V40% 
- the influence of stacking of layers in hexagonal graphite order on the shape of G(r) function 

g) model 06 HO VOO%, h) model 06 Hi VOO%, i) model 06 H2 VOO% 
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S. Results and discussion 

5.1 ORGANIC MATTER STRUCTURE OF COALS AND COKES 

The structural parameters of studied samples are presented in Table 2. Structural ordering expressed in 
pseudocrystalline dimensions 4, L., and interlayer spacing dow increase with the coal rank. In a case of 
the cokes from the vitrains, the best ordered structure is for the coke from the orthocoking coal. It is 
connected with the liquid structure which is characteristic for this type of coal. 

Table 2. X-ray parameters of coals and cokes studied 

Sample dow L, L. dow L, L. 
[AJ [AJ [AJ [AJ [AJ [AJ 

vitrains cokes from vitrain 

gas coal 3.594 9.4 14.3 3.564 12.2 33.0 
orthocoking coal 3.562 12.8 15.5 3.500 15.8 31.8 
semicoking coal 3.559 13.4 15.5 3.509 14.9 30.2 

:s 
C!J 

5 

0 

5 

0 

5 

0 

5 

0 

5 

0 

-5 
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rIAl 

Fig.4. The plots of experimental reduced RDFs for: 
a) vitrain from gas coal, b) vitrain from orthocoking coal, c) vitrain from semicoking coal, d) coke from 
vitrain of gas coal, e) coke from vitrain of semicoking coal 
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When looking at the G(r) plots (Fig.4.a, b, c) of the vitrains, it is evident that the correlation range is 
very low (up to two aromatic rings only). The degree of structure ordering is weakest for the gas coal 
vitrain whereas the highest ordering is for the sernicoking coal. Experimental reduced RDFs are shifted 
to the right hand side in the regions of the peaks number 1, 4 and 5, respectively, which can be explained 
by a contribution from aliphatic compounds with a predominant interatomic distance of 1.54A. These 
aliphatic compound, if separated should influence the peak number 1. If, however there any radicals on 
aromatic rings then the distances corresponding to 4 and 5 peak increase. 

Table 3. Interatomic distances found in samnles studied 

Interatomic Distance Distances found in experimental reduced RDFs [A] 
distances between 
in perfect layers vitrains cokes from vitrains 
hexagonal [x 

graphite [A] 3.348A] sample A sample B sample C sample A sample C 

I') 1.418 0 1.42 1.44 1.46 1.43 1.41 
2 2.456 0 2.42 2.41 2.41 2.42 2.44 
3 2.836 0 2.83 2.81 2.84 2.90 2.87 

3.348 1 
3.636 1 

4 3.752 0 3.78 3.80 3.78 3.74 3.75 
4.152 1 

5 4.253 0 4.25 4.26 4.25 4.26 4.26 
4.388 1 4.61 4.62 4.61 

6 4.912 0 
5.028 1 4.97 4.97 4.98 5.02 5.01 

7 5.113 0 
5.413 1 5.34 5.34 5.33 

8 5.671 0 5.67 5.70 5.68 5.59 5.67 
5.944 1 
6.111 6.06 6.07 6.05 6.00 6.07 

9 6.180 0 
10 6.498 0 6.45 6.42 6.44 6.48 6.49 

6.586 1 
6.696 2 6.78 6.78 6.75 
6.844 2 
7.029 1 

11 7.090 0 
7.132 2 7.14 7.15 
7.272 2 
7.310 1 

12 7.368 0 7.41 7.46 
13 7.503 0 7.46 7.44 7.49 

7.675 2 
7.841 1 7.84 

14 7.895 0 7.87 7.88 7.88 7.89 
7.933 2 

') Numbers corresponding to the numbers in Fig. 1. 
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No interatomic distances connected with the staking layers in perfect hexagonal graphite order were 
found, indicating the absence of the ordered graphite crystallites. On the other hand the presence of 002 
and 004 bands in diffraction patterns should indicate the existence regions of turbostratic structure. 

For the case of cokes from vitrains, the ordering range is much higher. The peak positions in the 0-8A 
range are highly consistent with those of perfect single graphite-like layer (see Fig. 4.d, e). Also, the peak 
heights are close to those of models of diameters larger than 5 rings. Similarly to the previous case, no 
distances were observed which could be attributed to the three dimensional ordered graphite structure. 

5.2 MINERAL SUBSTANCE CONTENT 

XRD patterns were measured with the step 2(J = 0.05 degree in the 5 - 65 degree interval range which 
gives resolution good enough to obtain at least ten points for each structural peak. Very low peaks (of 
intensities comparable to the noise level) were also taken into account by repeating the measurements twice 
for each sample and only those smaIl peaks which occurred in patterns obtained from both the 
measurements were taken into account. 

The data, constituting the base of standard patterns of mineral substances considered in this work, were 
restricted to the chemical compositions reported to occur in coals. The computer program XRAY AN 
described by H.Marciniak and R.Diduszkd21 was used to find the set of standard patterns which fit the 
experimental pattern in the best way. The program searches the base of standard patterns to find the phase 
for which FP parameter takes the minimal value. The FP parameter is defined as follows: 

FP : FPd FPr (Ls)2 ~ JSCALE 
LF ~~ 

where 
FPd - fitting parameter of positions of lines (standard deviation) 
FPI - fitting parameter of intensities 
Ls - number of standard lines in the measurement range 
LE - number of experimental lines 
LF - number of fitted lines 
SCALE - the ratio of intensities of lines of standard to intensities of fitted lines of a sample. 

Table 4. A list of mineral substances fonnd in studied samples of vitrains 

Vitrain of: FP FPd LE/Ls SCALE Phase(JCPDS) Mineral name 

gas coal 24.17 1.71 3/6 0.26 29-1499 Montmorillonite 
62.96 1.55 7/33 0.50 14-691 Strontium-apatite 
64.66 1.88 4/9 0.28 26-801 Pyrite 

orthocoking coal 1.75 0.71 6/6 0.98 6-710 Pyrite 
11.77 1.71 3/3 0.25 29-696 Siderite 
37.02 1.30 6/12 0.12 6-221 Kaolinite 
12.33 1.30 2/2 0.20 5-490 Quartz 
18.90 1.71 2/2 0.15 35-752 Chalcopyrite 
11.34 1.59 3/3 0.24 14-691 Strontium-apatite 

semicoking coal 5.30 0.90 11114 0.43 6-221 Kaolinite 
57.44 1.48 5/12 0.64 29-696 Siderite 
99.00 1.30 119 0.03 6-710 Pyrite 
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The quality of the fitting procedure described above is illustrated in Fig.5. The results obtained by 
applying the procedure described above are presented in Table 4. In cokes only troilite and oldharnite were 
found. However only minerals present in higher concentration are identified. 
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Fig.S. Illustration of the quality of fitting for the case of ash from the orthocoking coal. 

6. Conclusions 

The models presented in this paper are simplified to a high degree since the influence of aliphatic and 
alicyclic compounds is ignored. In spite of this, they appear to be very useful to explain the type of 
ordering in both coalification and coking processes. The simulations of models accounting the effect of 
aliphatic compounds will be subject of further investigations. 

It's worth noting that the methodology of this kind should be applicable to the examination of mineral 
substances occurring in oil shales deposits and of oil shale structure and pyrolysis and extraction products. 
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THE ASPECTS OF MICROSCOPIC STUDIES AS EXEMPUFIED BY THE MACROPOROUS 
STRUCTURE OF COKES FROM BITUMINOUS COAL RANGE 

P.WILK and K.BRATEK 
Institute of Chemistry and Technology 
of Petroleum and Coal, 

ABSTRACT 

Technical University of Wroclaw, 
WrocJaw, ul.GdaDska 7/9 

A methodology for the microscopic study of coke macroporous structure (expressed in terms of open, 
closed and intergrain macropores) has been used to differentiate pore configurations both qualitatively and 
quantitatively. The method can be applied to any porous matter. The relation between the macroporous 
structure of coke and the properties of the parent coal is discussed. Cokes obtained from vitrains of coals 
ranging from flame coal to anthracitic coal have been investigated. 

1. Introduction 

Coke consists of a configuration of micro-, meso- and macropores. These pores influence coke properties, 
such as reactivity and strength. [1-2] They can also characterize the raw material from which the coke has 
been obtained. The aim of this work was to determine the macroporous structure of cokes for vitrains from 
low rank, medium rank and high rank coals in terms of open, closed and intergrain pores introduced in 
our previous papersY-5] 

2. Experimental 

2.1. SAMPLES and APPARATUS 

Vitrains separated from the coals listed in Table 1 were used. Cokes were obtained in a Gray-King 
apparatus (heating rate 5"C/min, up to lOOO"C). The characteristics of vi trains used to obtain the coke are 
presented in Table 2. 

For microscopic observations, polished blocks of the cokes were prepared. In the case of sintered cokes 
(samples C, D, E, F, G), slices of cokes of 1 cm thickness cut transversely at the middle of cokes were 
mounted in epoxy resin and then polished. The routine averaging procedure was applied before mounting 
coke powders in epoxy resin for the case of non-sintered cokes (samples A, B, H, I, J). The macroporous 
structure of the cokes was determined by using the Mini-Mop semiautomatic image aualyser. 

2.2. MEASURING AND EVALUATING PROCEDURES 

The concept of pores categorization as suggested in references [3-5] into geometrically closed, open and 
intergrain ones is illustrated in Fig.I. The criterion of differentiation between the irregular part of a pore 
and an open pore is based on the "20%" rule which states: the irregular part of a pore is treated as a 
separated open pore if the length of the common border (see dashed line in Fig.1.c) is less than 20% of 
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Table 1. List of coals the vitrains of which were used to produce the cokes examined. 

Sample Coal type ICC Mine 

A') flame coal 700 Chwalowice mine 
B gas-flame coal 711 Ignacy mine 
C gas coal 622 RyduJtowy mine 
D gas coal 633 Kleofas mine 
E gas-coking coal 634 Debieilsko mine 
F orthocoking coal 434 1 Maja mine 
G semicoking coal 432 Nowa Ruda mine 
H semicoking coal 311 Warszowice bore-hole 
I lean coal 311 Warszowice bore-hole 
J anthracitic coal 200 Warszowice bore-hole 

.) The above notation (sample names A, B, C, ... ) will be used in tables, photos and pictures presented in 
this paper. 

Table 2. Characteristics of vitrains used for obtaining the cokes. 

Sample Proximate and Ultimate Analysis R SI RI 

W' Aa Vikr Cikr Hikr 

% % % % % % 

A 6.3 1.9 39.5 78.2 5.0 0.65 0.0 6 
B 5.2 2.6 38.8 81.0 5.2 0.81 1.0 30 
C 2.3 2.6 37.8 83.8 5.3 0.87 4.0 60 
D 3.0 1.0 36.8 82.9 5.2 0.97 5.5 66 
E 2.3 2.4 35.9 86.5 4.9 0.96 6.0 75 
F 1.0 0.9 28.0 88.4 5.0 1.25 9.0 77 
G 1.1 2.1 22.1 88.6 4.8 1.41 5.0 26 
H 0.9 1.6 15.7 91.4 4.5 1.70 3.5 20 
I 0.9 0.9 12.9 91.5 4.4 1.79 1.5 9 
J 0.9 0.8 8.2 91.8 4.0 2.36 0.0 0 

Sample Dilatometric Properties (Audibert-Amu method) Plastic Properties (Gieseler method) 

t[ to tm a b ts tF(max) tR F(max) 

°c °c °c % % °c °c °c a/min 

A 375 420 9 
B 362 438 36 352 418 466 8 
C 363 410 429 35 25 360 419 452 42 
D 373 407 427 33 17 370 426 451 85 
E 358 414 453 29 85 361 428 457 1500 
F 394 427 483 28 228 368 452 486 9920 
G 402 437 450 28 -21 396 437 468 17 
H 235 484 27 429 460 493 7 
I 470 500 5 
J 

t[ - melting temp., to - max. contraction temp., tm - max. dilatation temp., a - contraction, b - dilatation; 
ts - temp. of softening, tF(max) - temp. of max. fluidity, tR - temp. ofresolidation, F(max) - max. fluidity. 
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Fig.I. A graphic illustration to the definition of 
geometrically closed. open and intergrain 
pores: 

a) Examples of closed pores 
b) Examples of open pores 
c) Exemplified illustration of the 20% rule 

to distingnish the open pores between the 
irregular part of a complex pore 

d) Example of intergrain pore 

The distributions of the pore sizes were obtained basing on the sequence of magnitudes 1.2.4 •...• 512 
/Lm (2n rule). Numbers of pores belonging to the respective pore diameter intervals (2n - 2n-') were counted 
and the corresponding contributions to porosities evaluated. All the pore size distributions were normalized 
to the same reference area of one square millimeter. For the case of non-sintered cokes (samples A. B. 
H. I. J) the reference area was taken as a sum of areas of all examined grains. For sintered and swollen 
cokes (samples E. F) the reference area was that of coke walls defined as regions not including pores of 
sizes greater than Imm. For sintered but not swollen cokes (samples C. D. G) the reference area was taken 
as a sum of areas of separated grains and the areas of conglomerates of partially glued grains which formed 
intergrain pores as the result of glueing. The magnification of 250x was used. 

3. Results and discussion 

Results obtained are illustrated in series of plots and photos presented in Figures 2-5. The principal 
findings are presented below. 

1. From the vitrains of low coalified coals (flame and gas-flame coal) powder cokes of low porosity (1.9 
and 4.0. respectively) are obtained in the coking process. In these cokes the closed pores of dimensions 
1-32/Lm and 2-64/Lm appear in larger grains. exclusively. Gas flame coal passes to a small degree through 
the plastic stage which facilitates the creation of a number of larger pores. Therefore. the porosity of the 
resultant coke becomes a little higher. 

2. Vitrains of gas coals showing certain plasticity in the coking process give baked cokes which are only 
slightly fused. A great number of pores appear in cokes from both these coals. The total number of pores 
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Fig.3. Distributions of pore sizes for different coke 
samples (samples A, B, ... , J). For the sample 
notation see Table 1. 
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Fig.4. Representative photos of a different coke samples (samples A, B, C. D, E, F). 
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in these cokes are comparable. However, coke from the higher coalified gas coal (sample D) shows much 
higher porosity and a greater number of large open and intergrain pores. Thus, it may be concluded that 
a lower viscosity of plastic vitrain grains facilitates pores to grow and coalesce and grains to stick to one 
another to create intergrain pores. 

3. Vitrains of coking coals (gas coking and orthocoking coal) give sintered and highly swollen cokes. 
These coals pass through the plastic stage completely. In the stage of higher plasticity, a strong emission 
of gases occurs which facilitates the production of large pores of spherical shapes, which then increase in 
sizes and consequently coalesce. A greater number of open pores was observed in coke from the 
orthocoking coal so it may be concluded that pores in this coke show higher tendency to coalesce. This 
can be explained by the higher plasticity of this coal. 

4. In the coking process, vitrain of semicoking coal may create: 
- baked (though only slightly fused) coke for the case of lower coalified semicoking coal (ICC 432 -
sample G). 
- weakly agglutinated coke for the case of higher coalified semicoking coal (ICC 311 - sample H). 

A relatively small number of pores appears in the cokes from vitrains of semicoking coals. In a case 
of lower coalified semicoking coal (sample G) open, closed and intergrain pores appear while only closed 
pores appear in the case of higher coalified semicoking coal (sample H). Pores in coke from vitrain of coal 
ICC 432 are of much larger sizes than those of coke from vitrain of coal ICC 311. Therefore, it may be 
stated that similarly to the case of vitrains of gas coals, higher plasticity facilitates the increase of pore 
sizes and the coalescence of pores as well as the fusion of the grains. 

5. It is interesting to compare the macroporous structure of cokes from vi trains of gas coal from the 
Kleofas mine (sample D) and that from vitrain of semicoking coal from the Nowa Ruda mine (sample G). 
Both cokes are characterized by high porosity and significant contribution of large pores. However, the 
macroporous structure of coke from gas coal vitrain comprises mainly large open pores while large closed 
pores contribute mainly to the porosity of the semicoking coal. This is due to the fact that gas coal is richer 
in "centers" from which the pores may be created and developed than semicoking coal. Therefore the 
probability of meeting a neighboring pore in the process of pore sizes increasing in the plastic phase is 
significantly higher in the gas coal than that in the semicoking coal. Thus not only plasticity but also the 
"nature" of coal substance determines the macroporous structure of coke obtained in the coking process. 

6. Vitrains from lean and anthracitic coals neither transit through the plastic stage nor soften in the coking 
process, consequently giving powder cokes of very low porosity (1.2 %, 0.4%, respectively). Pores appear 
only in larger coke grains being of closed type exclusively and sizes 2-32 /Lm. Note that in coke from lean 
coal vitrain the number of pores of sizes 2-16 /Lm is relatively higher than in coke from anthracitic coal 
vitrain. 

7. In cokes from higher coalified non baking coals (samples I, J), there appear to be many fewer pores 
than in cokes from lower coalified non baking coal vitrains (samples A, B). Pores created in cokes from 
vitrains of lean and anthracitic coals are also smaller than those in coke from gas and gas-flame coal 
vitrains. 

4. Conclusions 

The method describing the macroporous structure of cokes presented in this paper seems to be universal 
enough to describe any porous structure. The representation of porous structure of cokes in the form of 
the plots presented in Figures 2, 3 allows to specify the particular kind of coke with much higher precision 
than it would be possible by observing the photographs only. This is because the plots are sensitive to 
three kinds of information, independently i.e. 
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- distribution of sizes 
- shapes of pores 
- mutual location of pores. 
In this sense the method allows a representative picture of the configuration of pores for particular coke 
case to be designed. 

Fig.5. Representative photos of a different coke samples (samples G, H. I, J). For the sample notation 
see Table 1. 
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The temperature programmed reduction (TPR) technique has been extended to two 
kerogens: Goynuk oil shale, a type I kerogen, and Kimmeridge (Dorset-Cuddle), a type 
II kerogen. In each case thiophenic sulphur was confirmed as the dominant organic 
sulphur form with sulphides accounting for =40-50% of Goynuk and =35% in 
Kimmeridge. From the hydrogen sulphide (H2S) profiles obtained from TPR, the 
position of the T max gives a good indication of the average ring size of the thiophenic 
structures, suggesting that the type I kerogen contains mainly single ring thiophenes, 
whilst the higher Tmax, displayed by the type II kerogen implies a prevalence of 2-3 ring 
thiophenes, consistent with the recognised structural differences between the two 
kerogen types. Additionally, for Goynuk oil shale, the proportion of H2S evolving from 
non-thiophenic forms below 250°C indicates the probable presence of polysulphides. 

1. Introduction 

As yet, there is no one established procedure for determining organic sulphur forms, 
despite recent advancements in the use of X-ray techniques (XPS and XANES)1-4, and 
continued research into temperature programmed reduction (TPR)5-IO, oxidation 
(CAPTO)1l·12 and fIuidised-bed pyrolysis\3.14. 

The TPR method, pioneered by Attar5-7 and used by others8•9, has met with only 
limited success, primarily because only the labile non-thiophenic sulphur forms were 
actually observed. Poor sulphur balances resulted from the use of low pressures with 
virtually all the thiophenic sulphur remaining in the residue. Further, little account was 
taken of the reduction of pyrite to pyrrhotite and of any retrogressive chemistry including 
the conversion of sulphides into thiophenes6• 

As described in the contribution by Snape and Bartle in this volume, a novel high 
pressure TPR approach for determining the distribution of organic sulphur forms in 
coals, kerogens and related materials has recently been developedlO.15-17. The extent of 
any secondary reactions has been reduced considerably by using a well-swept reactor 
operating at relatively high hydrogen pressures (15 MPa). The extent of desulphurisation 
has previously been reported as being over 95% for both lignites and high volatile 
bituminous coals at temperatures above 500°C 15. Typically over 75-80% of the organic 
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sulphur being reduced to H2S with the remainder being released as mainly thiophenic 
compounds in the tars which can be accounted for by GC analysis!7. 

The technique has already been applied to a number of coals and this contribution 
describes the extention to two kerogens, namely Goynuk oil shale, a type I kerogen, and 
Kimmeridge (Dorset-Cuddle), a type II kerogen. 

2. Experimental 

~ 
The analyses of the two oil shales are given in Table 1. The sample of Kimmeridge 
(Dorset-Cuddle) was prepared by standard procedures using hydrochloric and 
hydrofluoric acids!8. Goynuk oil shale was used directly. Pyrite was removed using 
lithium aluminium hydride!9,20. 

Table 1. Analytical data (dry basis). 

Sample C H N S S! HlC 
Goynuk2 56.1 7.6 0.9 3.3 2.4 1.63 
Kimmeridge3 55.5 6.2 2.1 8.3 5.8 1.34 
IAfter pyrite removal 
20il shale 
3Kerogen 

!\Dparatus 
A schematic of the TPR apparatus is shown in Figure 1. The fixed-bed tubular down
flow reactor is heated resistively from 100 to 600°C at 5°C min-I. A hydrogen pressure 
of 15 MPa was used with-a superficial gas velocity of ca 0.5 m s-1. Temperature was 
monitored by a thermocouple situated in the coal bed. For all the tests between 0.2 to 0.5 
g sample, depending on the organic sulphur content, was diluted with sand (ca 10: I mass 
ratio) and packed into the reactor, supported by a wire wool plug. Any tar formed was 
condensed in a high pressure trap cooled with ice/water. Following pressure let-down 
through a mass flow controller, the gas stream was sampled through a 1.8 m length of 
heated capillary tubing at a rate of 25 cm3 min- l into a quadrupole mass spectrometer 
(VG Monitorr lOOD) for on-line monitoring of H2S and other volatiles. The signal from 
the control thermocouple situated in the sample bed was also fed directly to the mass 
spectrometer facilitating plots of evolved gas concentrations against temperature. At the 
end of each run, the sand/char mixture left in the reactor was emptied and the tar 
recovered by thoroughly washing with dichloromethane. 

3. Results and discussion 

The temperatures (Tmax) at which H2S evolves from different sulphur compounds has 
been assessed using sulphur-containing silica immobilised substrates and phenol
formaldehyde resins as solid calibrants21(see contribution by Ismail and Mitchell). Figure 
2 shows two hydrogen sulphide (H2S) evolution profiles for Goynuk oil shale (Type I 
kerogen), as received and pyrite removed. The latter profile displays a dominant high
temperature feature centred at 400°C, which strongly suggests that the thiophenic sulphur 
is largely present as single rings, and a leading low temperature shoulder between 200 
and 380°C from non-thiophenic forms21 . Although thiophene and benzothiophene 
calibrants have not yet been synthesised, their T max can be anticipated to occur in the 
range 380-450oC on the above evidence. Indeed from studies on two well-characterised 
high-sulphur lignites (Mequinenza and Rasa), the reduction temperature at which H2S 
evolution reaches a maximum (430 and 460OC, respectively)IO,16 is close to that of 470°C 
determined for immobilised dibenzothiophene2!. The large difference in Tmax obtained 
for immobilised dibenzothiophene and diphenylsulphide samples also indicates the 
potential of high pressure TPR to give a good indication of the average ring size of the 
thiophenic structures present, the implication being that Goynuk contains mainly single 
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Figure 2. H2S evolution for Goynuk oil shale: a. overall evolution; 
b. thiophenic sulphur; c. non-thiophenic sulphur. 
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Figure 3. H2S evolution pl'Ofiles for Kimmeridge kerogen. 
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Figure 4. H2S evolution profiles for Goynuk oil shale. 
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ring thiophenes. as compared to the lignites which contain 2-3 or more ring thiophenes. 
In addition. the proportion of H2S evolving below 350°C indicates a relatively high 
concentration of sulphides. possibly di-/polysulphides. 

The H2S evolution profiles can be fitted to the Redhead equation as shown in 
Figure 2 by a simple two-component fit for Goynuk oil shale. after pyrite removal. At 
15 MPa hydrogen pressure. the breakdown results in sulphidic sulphur accounting for ca 
50% of that evolved as H2S. Correcting this value for the 20% found in the tar (Table 
2). it is deduced that sulphidic sulphur accounts for 40-45% of the total organic sulphur 
content. Simply dividing the traces at ca 380°C for both kerogens gives roughly the same 
proportions of thiophenic and non-thiophenic sulphur forms as fitting the profile to two 
components using the Redhead equation. 

Table 2. Distribution of organic sulphur in TPR products. 

Sample" %Schar % Star 
Goynuk <2 20 
Kimmeridge 10 10 
aFollowing treatment with lithium aluminium hydride 
bDetermined by difference 

%Sgasb 
80 
80 

There is the possibility that retrogressive chemistry might still be occurring at 15 MPa 
hydrogen pressure resulting in the interconversion of sulphides to thiophenes but the fact 
that the profile returns to baseline at a relatively low temperature (Figure 2) suggests that 
secondary reactions have been minimised. 

Kimmeridge kerogen (as received) is dominated by a low temperature peak close 
to 300°C followed by a more intense high temperature peak at ca 550°C (Figure 3). It is 
clearly essential to remove the pyrite to obtain any meaningful information at all on the 
organic sulphur forms. The lithium aluminium hydride treatment used to remove the 
pyrite has been shown to have little or no effect on the organic sulphur present. 
The profile obtained for the type II kerogen following pyrite removal comprises a broad 
band between 280 and 400°C followed by the dominant thiophenic peak with a Tmax of 
440°C (Figure 3). The failure of the H2S concentration to return to its initial baseline 
value is probably due to the incomplete removal of pyrite. The lower proportion of non
thiophenic sulphur compared to Goynuk is however entirely consistent with the structural 
differences between the two kerogens. the carbon aromaticity of Kimmeridge of ca 0.50 
being 15 mole % carbon higher than that for Goynuk. 

Figure 4 compares the H2S profile for the as-received Goynuk with a sample 
which has been catalytically hydrogenated at 360°C (l % Mo loading. using a tubing 
bomb/sandbath arrangement) and the profile of the kerogen after pyridine extraction at 
160°C. After catalytic hydrogenation at 360°C. two major changes on the profile are 
evident. Firstly. the profile has lost a considerable proportion of the low temperature 
feature between 200-300°C as a result of the breaking of the more labile sulphur bonds 
(di-/polysulphides and perhaps aliphatic sulphides). Secondly. although changes above 
300°C are less important. the main peak at ca 400°C is broader with the intensity being 
considerable less than the as-received sample. Additionally. there are high temperature 
features at 460 and 560°C resulting from retrogressive chemistry taking place. This may 
be due to mass transfer limitations inherent to the tubing bomb set up. 
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