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INTRODUCTION
Oil shale belongs to the strategic resources of Estonia and oil shale industry plays
a significant role in Estonian economics. The Kukersite oil shale has been used as
source of energy and oil since 1924. Up to now, a billion tons of Kukersite has
been consumed already. Shale oil is a valuable product that can be used for
production of liquid fuels and chemicals.
Increasing consumption of petroleum products in industrialized countries is
today’s reality. Absence of petroleum reserves in our region and unexpected price
of petroleum products in world market forces to find alternative ways to ensure
Estonian energy security. Sustainable oil shale industry basing on thermochemical
processing of the local oil shale resource strengthens energetic independence of
Estonia and lessens the need for importing the petroleum products. In this context,
sufficiency of the oil shale reserve and development of oil shale liquefaction
methods towards higher shale oil yield are important as a basis for sustainable
economy.
Oil shale does not contain oil like oil sands. Shale oil can be obtained from oil
shale as a result of thermochemical destruction. Organic matter (OM) in oil shale
being disproportioned between liquid, gaseous and solid phases, also gaseous and
solid by-products are formed. Pre-existent industrial oil shale liquefaction
technologies in Estonia and other countries are basing on semi-coking in retorts
of different configuration. Kukersite oil shale is liquefied using Kiviter, Petroter
and Enefit processes. Industrial retorts are modelled by laboratory Fischer assay
pyrolysis (FAP) to estimate the oil yield and its composition. Industrial shale oil
yield amounts to 1 barrels per 1 ton of oil shale, making only 70-75% of that
attainable in FAP. Spent shale, characterised by as high as 15% residual carbon
content, sent to the landfills or combusted to compensate the energetic balance of
process represents hazardous residue or source of greenhouse gases.
Besides Kukersite there is another oil shale in Estonia – graptolite argillite (GA),
known also as Dictyonema shale, the reserve of the latter one (estimated by 70
billions tonnes) considerably surpasses that of Kukersite remained (4.7 billions
tonnes) [1]. Both the OM and mineral matter (MM) of GA are differing compared
with Kukersite. GA contains less OM and is richer in heteroatoms as oxygen,
sulphur and nitrogen. GA has not found industrial utilisation yet. Besides its oil
potential enclosed in OM, MM of GA is rich in various metals including
radioactive, rare-earth and noble ones.
Compared with Kukersite GA gives very low oil yield per shale in FAP
respectively 23 and 1-2% only [2]. That is why the semi-coking is not prospective
method to be used in industrial-scale liquefaction of GA Alternative to semicoking technologies should be worked out to effective utilisation of GA. The
technology to be worked out should led to the minimum residual content of carbon
in spent shale that becoming easily leachable for metals separation.
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1
1.1

LITERATURE REVIEW
Oil shale

Oil shale is a sedimentary rock containing various amounts of solid OM
dispersedly bound in a mineral matrix. Oil shales from different deposits vary in
their geological period of deposition, mineral contents and types, and chemical
composition of OM [2,3]. Oil shale deposits are found on all continents; the
reserves are more evenly distributed compared to petroleum and for many
countries, oil shales represent practically the only type of fossil fuels. Total world
resources of shale oil are estimated by Word Energy Council conservatively at 4.8
trillion barrels that surpassing the amount of crude petroleum in the world [4].
Majority of oil shales contain OM derived from varied types of marine and
lacustrine algae, with some debris from land plants, depending on the depositional
environment and sediment sources. OM in the oil shale is a complex mixture and
is derived from the carbon-containing remains of algae, spores, pollen, plant
cuticle, corky fragments of herbaceous and woody plants, plant resins, and plant
waxes, and other cellular remains of lacustrine, marine and land plant [1,3].
The structure of OM is mainly solid cross-linked macromolecules which are
largely insoluble in conventional solvents. However, the durable steric structure
of kerogen can be pyrolytically cracked above 350 °C in special reactors. Prior to
oil Thermobitumen is formed [5]. FAP is the standard method of evaluating the
oil potential of solid fuels. However, the maximum possible obtainable oil yield
is often much higher obtained by using thermal dissolution or hydrogenation
methods. The minor part of OM not incorporated to the structure of kerogen,
bitumoid, can be separated from oil shale matrix as extractables by using lowboiling solvents. The can be observed as a mobile phase inside a macromolecular
network containing various bitumoid biomarkers for elucidating the genesis of the
OM in oil shale and the degree of its maturity.
Oil shale basic MM could be of two types. The first type is carbonateous, which
contains a high proportion of carbonate minerals (such as calcite and dolomite).
Oil shales with such a mineral composition are hard formations that are resistant
to weathering. The second type is siliceous, which gives usually dark brown or
black colour to oil shale [5]. They are deficient in carbonate minerals but plentiful
in siliceous minerals (such as quartz, feldspar, clay, chert, and opal). These shales
are not as hard and weather-resistant as the carbonate shales. In addition to basic
mineral part of oil shales there are different minerals as pyrite, gypsum and others
[5].

1.2

Characterization of Estonian graptolite argillite

GA is also known as Dictyonema shale, alum shale or black shale. The name
‘dictyonema’ was given after the benthonic root-bearing Dictyonema
flabelliforme, which turns afterward to a planktonic nema-bearing Rhabdinopora
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flabelliformis [6]. GA is a formation of the Tremadoc stage (Pakerord and
Varangu regional stages) of the Early Ordovician. The basin that contains the
Dictyonema shale spreads from Norway, Denmark, Southern Sweden, and
Estonia to the Leningrad Region [7]. The total amount of available black shales is
really immense in Baltoscandian region. Only in Estonia GA deposits shown in
Fig. 1 have been estimated as 70 billion of tons, surpassing several tens times the
existing reserve of Kukersite [8].

Figure 1.
Location map of Estonian GA and location of the drill holes penetrating
the GA layers(a). Modeled thickness of GA based on the studied drill holes
(thickness grid created by the Natural Neighbour interpolation method, grid cell
size 400 m) (b) [8]

Chemical composition of GA is complicated. The mineral part of GA is rich in
sulfur, and has low content of calcium, consists of alumosilicates, quartz and clay.
The OM of GA shale has sapropelic origin. Compared with Kukersite, it is notable
the high content of heteroelements – oxygen, nitrogen sulfur and lower that of C
and H. The content of hydrogen is lower than typical sapropel has, but is higher
in comparison with humic fuel [9].
Table 1 represents general characteristics of GA from different deposits.
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Table 1

General characteristics of GA [2]

Deposit

Analytical
moisture, %

Ash*

CO2 of
carbonates*

Conditional
organic mass*

Estonia, Maardu
Estonia, Aseri
Estonia, Toolse

1,0
1,8
1,3

79,2
79,1
80,5

0,2
0,3
0,1

20,6
20,6
19,4

*Per dry mass, wt. %

GA is characterized by high to very high concentrations of U (up to 1200 g/t, Mo
(1000 g/t), V (1600 g/t), Ni, Re and other heavy metals. The total amount of
uranium (elemental U) that has been eroded and re-deposited reaches 1.798
million tonnes (at an average content of 95 g/t), zinc (Zn) 22.716 million tonnes
(average 1200 g/t), lead (Pb) 6.625 million tonnes (average 350 g/t), molybdenum
(Mo) 4.448 million tonnes (average 235 g/t) and vanadium (V) 13.251 million
tonnes (average 700 g/t) [8].
GA and its mineral residues from pyrolytical transformations may be used to
produce building materials such as bricks, drain-pipes, gas concrete, expandedclay aggregates, coloured decorative plates and admixture with limestone may be
used to produce cement clincer and used as fertilizer and plant growth stimulant
[10].
The oil potential of solid fuels is usually estimated as produced in Fischer assay
by semi-coking. Calculated oil potential of GA is 2 billions of tons while that of
Kukersite oil shale is 0.594 billions of tons the both amounts being estimated
basing on semi-coking oil yield [10, 11]. Oil Shale Symposium in Tallinn in 2009
reported the potential availability in Sweden of 4,5 billions barrels oil from rock
with a 10 % OM cut off [12]. OM content in GA is lower than that in Kukersite
oil shale, but MM of GA could be a valuable feedstock.
In fact, the oil yield in Fischer assay semi-coking is as high as 23,3% for Kukersite
but is very low for GA (1-2 %). It was found that the yield of shale oil from GA
increases with increasing the OM content in oil shale sample and the increase in
oil yield was due to formation of aromatic and heteroatomic compounds [13-16].
The same tendency was noticed also in fast pyrolysis conditions of GA [16]. Urov
et al. [18-19] demonstrated that both the yield and the composition of products
formed as a result of GA semi-coking can be significantly influenced in the
presence of additives as carbonates, alumosilicates and pyrite. The composition
of aliphatic hydrocarbons (AlHC) in GA semi-coking oil was investigated and
compared with that of Kukersite shale oil [19]. In [21] GA was submitted to semicoking in Fischer assay up to different final temperatures from 400 to 520 ᵒC and
it was demonstrated that the oil yield at 430 ᵒC is the same as 520 ᵒC (22,2% on
OM basis) and does not increase with increasing the final temperature.
Investigation of the composition of shale oil obtained in GA semi-coking
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demonstrated higher content of branched-chain hydrocarbons and aromatic
compounds and lower content of straight-chain hydrocarbons compared with
Kukersite semi-coking oil [22-24]. Investigation of the composition of shale oil
obtained in other conditions of pyrolysis resulting from GA self-ignition
demonstrated that this oil differs fro0m that produced in semi-coking by the lower
content of monoaromatic hydrocarbons (MAHC), aliphatic olefins and
considerably higher concentration of polyaromatic hydrocarbons (PAHC) [25]. In
[26] it was established that in black shales metals are tightly bound into very stable
organic structures like metalloporphyrins. The latter organic structures are often
low in hydrogen and that is why the yield of oil in semi-coking is very low or even
nil. Consequently, the industrial technology and aggregates developed for
Kukersite oil shale liquefaction are not prospective to be used for GA liquefaction.
Alternative oil generation methods basing on using solvents and reagents should
be worked out. Aromatic porphyrin rings can be destroyed by using severe
thermochemical destruction methods. For example, hydrogenation is one of such
methods destroying the rings and making, simultaneously, the metals easily
leachable. It is established that hydrocracking/hydrogenation process can
considerably increase also the shale oil yield. In [12,27] the HYTORT
hydrogenation/thermal dissolution technology for oil production was represented
and multimetal potential of the spent shale that remains after generating about
5,5% of oil is stressed. GA has been submitted to the thermal dissolution in the
temperature interval 250-300ᵒC in the medium of water, alkali solution and
benzene, but as a result low yields of oil (5-16% per OM) were obtained [28]. The
liquids yielded were characterized by a high content of aromatic and heteroatomic
compounds. In [29] the results of GA destructive catalytic hydrogenation and
conversion with water are described. The yield of oil was elevated up to 40% per
OM the oil being characterized by a high content of aromatic hydrocarbons
As it can be seen from the said above, thermochemical liquefaction of the lowgrade GA with a view of obtaining petroleum substitutes is investigated not much
and needs further development.

1.3

Comparison of graptolite argillite with Kukersite

Estonian Kukersite and GA formed in Lower Paleozoic belong to the most ancient
ones in the world. The source material of both kerogens is of marine origin.
Kukersite is characterised by an extremely low bitumoid content arising from its
allochthonous origin and sedimentation under conditions of oxidizing atmosphere.
GA which proceeded formation under the influence of sulfate-reducing microbes,
contains less kerogen and yields considerably more extractables in Soxhlet
extraction method (SEM) [30]. Main structural units of OM of sapropelites and
their pyrolysis oils are straight and, in less measure, branched carbon chains,
precursors of which were fatty acids and isoprenoid structures, respectively, being
transformed to bitumoid and kerogen pyrolysis oil composition as paraffins,
olefins and ketones. The corresponding structures of oil shale have been formed
by fossilization of the most stable components (fatty acids) of biological source
14

material. The hydrocarbon chains in ancient oil shale kerogens have mainly odd
carbon numbers [31]. GA is a brown lithified clay belonging to the formation of
black shales of sapropelic origin, whose OM is rich in heteroatoms [6]. The main
characteristics of GA and Kukersite oil shales are given in Table 2.
Table 2

The main characteristics of GA and Kukersite

Characteristic*
Age, millions years
MM
Analytical moisture, Wa, %
Ash (per dry mass), Ad, %
OM, %
CO2 of carbonates, %
Semi-coking oil yield, % on oil shale
Elemental composition of OM, %
C
H
N
S
O
H/C molar ratio
O/C molar ratio

GA
480
Alumosilicates
1.4
83.9
16.0
0.1
2.1

Kukersite
460
Carbonates
0.6
37.2
50,5
12.3
23.3

73.0
9.2
1.2
1.7
14.9
1.51
0.16

79,3
9.5
0.1
0.2
10.9
1.44
0.10

*measured for the samples used in work

Oil yield per OM can vary widely between oil shales from different deposits. On
the basis of solvent swelling experiments [32] concluded that oil yield is usually
higher for oil shales with OM consisting of Type I kerogen than for those with
Type II kerogen. Kerogen, which makes up most of oil shale’s OM, is a highly
cross-linked, organic, macromolecular material [33]. Depending on the oil shale
kerogen type, loosening or tightening of the kerogen structure can occur in the
temperature region before an active pyrolytic volatilization of oil. Solvent
swelling experiments [34] on thermally pre-treated oil shales have indicated that
the high oil yield kerogen (Type I) of Estonian Kukersite oil shale, which
possesses softening pyrolysis behaviour, shows a tendency for pre-pyrolysis
structural loosening [35]. The characteristic is qualitatively similar to that of high
tar yield softening coals. On the other hand, the low oil yield kerogen (Type II) of
GA, which possesses non-softening pyrolysis behaviour, shows a tendency for
pre-pyrolysis structural tightening [36].

1.4

Thermochemical destruction

1.4.1 Pyrolysis
Pyrolysis is a thermochemical decomposition method of organic material at
elevated temperatures in the absence of oxygen. It involves the simultaneous
change of chemical composition and physical phase, and is irreversible. FAP is
the simplest and most widely studied process for recovering oil from oil shale.
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Often MFAP is used to modify products yield and composition. During the
retorting process, the OM is converted to oil, gas and SR (semi-coke).
The yield and composition of pyrolysis products depend on material pyrolysed
and pyrolysis conditions – temperature and heating rate, the content of gaseous
atmosphere and its pressure, process duration. Depending on operation conditions,
the pyrolysis process can be subdivided into conventional pyrolysis (slow
pyrolysis), fast and flash pyrolysis [37] or into low-temperature pyrolysis up to
about 500°C and high-temperature pyrolysis (gasification) [2].
Thermal destruction of GA depicted in Fig. 2 reveals endothermic and exothermal
effects, published by Siirde in [9]. The endothermic effect takes place at 100-110°
C, and is connected with moisture separation. The second endothermic effect at
205-250°C conducts with gas separation. Active destruction of OM proceeds in
the 300-450°C interval. Majority of products (oil, gas and pyrogenetic water) is
generated during this process. Subsequent increasing of temperature gives
destruction of MM. Thermograms show that the last big endothermic effect occurs
at 550-600°C with separation of constitutional water from alumosilicates.

Figure 2.

Thermogramm of GA from Maardu deposit [9]
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1.4.2 Thermochemical dissolution
Thermal dissolution, i. e. heating in the presence of solvent is one of the
alternatives to “dry” pyrolysis. Thermal dissolution could be conducted in
autoclaves with both subcritical and supercritical solvent, reactive and nonreactive fluids, and also hydrogen-donor solvents that can provide hydrogen in the
conversion process [4]. The process of thermal dissolution is conducted at lower
compared with “dry”pyrolysis temperatures (330-400ᵒC) to favour
thermobitumenisation and minimize gas production.
In recent years, the use of supercritical fluid extraction for the removal of organic
compounds from different solid matrices has attracted much attention. This
technique has some advantages over more conventional separation techniques,
largely due to the unique physical properties of supercritical fluids. Supercritical
fluids exhibit a liquid-like density, while their viscosity and diffusivity remain
between gas-like and liquid-like values. Also the recovery of a supercritical
solvent after extraction can be carried out relatively simply by cooling the reactor
with reducing the pressure and evaporating the solvent.
The extraction of valuable materials from solid substrates by means of
supercritical gases has been carried out on a commercial scale for more than a
decade. Large-scale processes are related to the food industry like the
decaffeination of coffee beans and black tea leaves and the production of hops
extracts. The extraction fundamentals of fossilized OM of kerogen and kerogenlike formations from oil shales was published in [38].
Thermochemical dissolution of oil shale kerogen using the supercritical fluid
extraction method has been applied for a variety of reasons. The primary reason
includes an increase in the production of liquid fuels from oil shale, another shows
promise for improving in oil quality due to the selective nature of solvents [39].
The most attractive solvent for both sub- and supercritical extraction is water,
because of the specific properties for hydrolysis, hydrothermal, and oxidative
processes and availability of this solvent. Supercritical water acts not only as a
solvent but also reacts with the double and triple bonds of the decomposition
products resulting in alcohols and aldehydes [40]. The influence of the other
solvents as toluene, tetralin [41,42], methanol, ethanol [43,44], phenol, and others
and also the mixture of solvents were investigated [45]. The sub- and supercritical
thermal dissolution was applied for Kukersite [43,44], Moroccan [46], Chinese
[47], Turkish [48], US [41] and Australian oil shales [42]. The efficiency of
solvents on the various objects was characterized by yield and composition of oil.
The extent of dissolution and cracking depends on the chemical composition of
solid fuel used for processing, dissolution conditions, and on the solvent
composition and properties. The essence of the thermal dissolution process
consists in action of solvents on oil shale at high temperatures causing
depolymerisation, dissolution, and cracking of the dissolved OM of the fuel [49].
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1.4.3 Hydrogenation
It is generally recognized that the higher the hydrogen content of the OM in solid
fuel the higher the yield of oil. This knowledge has stimulated the use of
hydrogen-adding process in the shale oil production and upgrading.
Hydrogenation is the technique, which can be practised in processing both solid
fuels and fractions of distillation or chemical separation derived from petroleum,
bitumens, as well as from coal, oil shale and other solid fuels. As a result of
hydrogenation the chemical composition and the qualities of the syncrude
obtained will be closer to those of the light natural petroleum. Hydrogen can be
introduced into the process either directly from the gas phase or from any
hydrogen-donor. A catalyst could be used to activate the hydrogen.
Shale oil differs from crude petroleum and is characterised as highly unsaturated
and rich in heteroatomic compounds. The latter ones make necessary additional
treating [50]. An important concept in thermochemical decomposition is
formation of volatile and nonvolatile reactive radical components as a result of
bond breaking in the macromolecular structure. Reactions between radical
components can lead to char formation, if the radical species involved are located
on large fragments of the network structure. Stabilization of radicals by hydrogen
can result in volatiles, if the hydrogen capping of the structure prevents their
incorporation into a new structure [3].
FAP and the assay for hydropyrolysis (HYTORT) tests on samples from several
oil shale resources are represented in [51]. Results of hydropyrolysis tests are
given in Table 3 (100 grams sample were used).
Table 3

Oil yields from hydroretorting of different oil shales samples [51]

Oil shale sample

Oil yield (gal/ton)
Hydroretortong
Increasing times
assay
17.5
4.6
32.3
3.0
12.2
2.8
28.2
2.3
33.6
2.1

FAP
Sweden – Billingen
Sweden – Naerke
Sicily
Indiana – New Albany
Montana
–
Heath
Formation
Canada – Kittle
Jordan – El Lajjun
Brazil – Lower Irati

3.8
10.9
4.4
12.5
16.2
10.0
32.8
19.4

21.1
57.0
32.7

2.1
1.7
1.7

The results obtained at 538ᵒC at H2 pressure 7 MPa and duration 30 min indicate
that the HYTORT process can produce oil yields even over 400% of those
obtained by conventional retorting. In most cases oil yields increased 2-3 times in
comparison with FAP. These results demonstrate that oil shale resources which
would normally be considered too lean for commercial exploitation by
conventional retorting process could be exploited with using HYTORT process.
18

1.5

Aims of the work

Basing on the literature review above, GA represents peculiar oil shale compared
with Kukersite and other oil shales found industrial liquefaction already. Effective
liquefaction of GA needs alternative thermochemical methods.
The main goals of this work include working out physical-chemical and
technological fundamentals for GA upgrading with obtaining higher shale oil
yield compared with traditional semi-coking, investigation of shale oil
composition formed using various methods and different conditions of
thermochemical destruction, and comparing GA shale oil composition with
Kukersite shale oil.
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2
2.1

EXPERIMENTAL
Methods

2.1.1 Methods of bitumoids extraction
2.1.1.1 Soxhlet extraction method
Exhaustive Soxhlet extraction method (SEM) as a traditional debitumenisation
method using chloroform and benzene- methanol mixture in special extractors
was carried out with obtaining bitumoids A and C, respectively. The solvent was
heated to reflux. During each cycle, a portion of compounds dissolved in the
solvent. The process continued until the colourless solution was returned to the
distillation flask.
2.1.1.2 Supercritical carbon dioxide extraction
The yield of bitumoids obtained in SEM being very low, an alternative method of
debitumenisation was worked out to be convinced the yield of bitumoid being
ultimate by using SEM or could it be enhanced.
Oil shale samples were submitted to low temperature supercritical flud extraction
in an autoclave with using CO2 (SFE) at three different temperatures. A rocking
500 cm3 stainless steel batch autoclave supplied with a manometer and gas valves
was used. Starting with 100 g, the same portion of oil shale was extracted
consecutively at 40, 100, and 150˚C and initial carbon dioxide pressure 9 MPa
during 2 hours. At the end of heating, the system was cooled down to the ambient
temperature. Carbon dioxide was then released from the autoclave via gas valve
and the autoclave was opened. The extractables formed were diluted with diethyl
ether and the filtration cake was treated in the autoclave at the following
temperature. Diethyl ether was evaporated and the extract yields were determined
by weight analysis.

2.1.2 Laboratory methods of thermochemical destruction
2.1.2.1 Fischer assay tests
The samples were submitted to the pyrolysis in a Fischer assay following standard
and modified regimes.
FAP standard conditions followed ISO 647-74: heating 50 g of oil shale in
aluminium retort up to 520 ᵒC during 90 min.
MFAP was conducted at varied temperatures in-between 320-525 ᵒC with
residence times 20 and 60 min.
As a result of pyrolysis series demonstrated in Fig. 3, oil as condensable volatiles,
solid residue (SR), non-condensable gas, water and non-volatile solvent-soluble
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thermobitumen (TB) were quantitatively yielded. Upon cooling of the volatile
matter, condensable material was collected in a round-bottomed flask. The
condensate contained all the oil as well as water. Oil and solvent solubles (TB)
were summarized and calculated as total TBO.
Oil
Distillate
Water
FAP

SR
Gas

Oil
Distillate
Water
MFAP

TB
SR + TB
SR
Gas

Figure 3.

Scheme of GA pyrolysis and products separation

2.1.2.2 Low temperature pyrolysis in autoclaves
Pyrolysis of GA without solvents was carried out in glass test tubes placed in 58
cm3 autoclaves. In each experiment about 12 g of the air dried and powdered GA
were used. The samples were placed into a cold muffle oven. The constant
nominal temperature varying from 340 to 420 °C was attained for the period of 60
minutes. The pyrolysis duration was measured from the time when the muffle
oven reached the nominal temperature prescribed. Efficiency of the liquefaction
process was evaluated by the yield of pyrolysis products as TBO, SR, gas and
pyrogenetic water.
Gas yield formed was determined by the weight loss of glass test tubes with the
sample after discharging gaseous products from the open autoclave at room
temperature. The liquid products consisting of TBO and water were extracted
exhaustively with boiling benzene in a Soxhlet extractor. The water phase was
gathered and weighted as drops on the walls of the test tube, and condenser of
Soxhlet extractor after the azeotropic mixture of water and benzene was
decomposed. The mass of moisture in the initial samples and SR were weighted
by drying at 105 °C during 2 h. The content of OM in SR was measured as weight
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loss in incineration at 550°C during 2 h. The solvents applied were removed from
TBO solutions in a vacuum rotation evaporator at 70 °C.
2.1.2.3 Thermochemical dissolution with solvents
2.1.2.3.1

Thermochemical dissolution with solvents

Thermochemical dissolution experiments were carried out in 20 cm3 autoclaves
charged with powdered sample of GA with addition of applied solvent or reagent
or mixture of them. Benzene, toluene, hexane, cyclohexane, isopropanol,
methanol and ethanol were used as solvents. The autoclave was placed in a muffle
oven and heated to the nominal temperature. After the end of the heating time the
autoclave was left at ambient temperature for cooling and opened on the next day.
TBO was washed out from the autoclave by solvent extraction using benzene. SR
was weighted as solvents insoluble material, gas and pyrogenetic water from were
calculated from the difference. Thermochemical dissolution in case of the solvents
used was carried out in unified experimental variables: 360 OC, 4 h, oil shale-tosolvent weight ratio 1:2. TBO was separated from SR by extraction with benzene.
2.1.2.3.2

Water conversion with additives

Water conversion experiments were carried out in 20 cm3 autoclaves charged with
powdered shale with addition of water or mixture of water with reagents. The
autoclaves were placed in a muffle oven and heated to the nominal temperature.
After the end of the heating time the autoclaves were left at ambient temperature
for cooling and opened on the next day. TBO was washed from the autoclave by
consecutive extraction with water, benzene and acetone (Fig. 4). SR was
calculated as weight of solvent insolubles, gas and pyrogenetic water from the
difference.
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Figure 4.

Separation scheme of products obtained as a result of water conversion

2.1.2.4 Hydrogenation
Hydrogenation experiments were carried out in the 500 cm3 stainless steel batch
autoclave supplied with a manometer and gas valves. First of all, the autoclave
was filled with 60 g of GA sample. Prior to hydrogen charging the autoclave was
twice flushed with inert gas (Ar). The initial pressure of hydrogen charged to the
autoclave was 60 at. Autoclave was placed and fixed into electric heater connected
to the electric engine and the system was rocked. Temperature of hydrogenation
was varied from 350 to 430 ˚C, duration of hydrogenation was 2h. At the end of
heating the residual pressure was registered, the system was cooled down to the
ambient temperature. Then the gas amount was released from the autoclave via
gas valve and the autoclave was opened.
Hydrogenate was washed from the autoclave by extraction with benzene and then
benzene was evaporated under vacuum. SR was separated by filtration, dried for
solvent removal at 105 ˚C and then weighted. Gas yield was calculated according
to the formula
Gas yield =100 - hydrogenate - SR.
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2.1.3 Analytical methods
2.1.3.1 Thin layer chromatography
Thin layer chromatography (TLC) was used to separate compound groups in
TBO. TLC is a solid-liquid form of chromatography where the stationary phase is
normally a polar absorbent and the mobile phase can be a single solvent or
combination of solvents.
The electropositive character of the silicon and the electronegative oxygen create
a very polar stationary phase. Therefore, the more polar the molecule to be
separated, the stronger the attractive force to the stationary phase. The polar
stationary phase will more strongly attract like or polar molecules. The
equilibrium will be shifted as the molecules remain on the stationary phase.
Nonpolar molecules will have a lower affinity for the stationary phase and will
remain in the solvent longer. This is essentially how the partitioning separates the
molecules. The equilibrium governs the separation, but the component’s attraction
to the stationary phase versus the mobile phase determines the equilibrium. In
general, the more polar the functional group, the stronger the bond to the
stationary phase and the more slowly the molecules will move. In an extreme
situation, the molecules will not move at all.
In this work, the stationary phase consisted of a finely divided adsorbent, silica
gel, used in the form of a thin layer (2 mm) on a supporting material. For this
plates 24 cm x 24 cm were used. The mobile phase consisted of an eluting solvent
(n-hexane). The samples were about 0,5 g, which was spotted near the bottom of
plates.
The TLC plate was propped in a closed container (developing chamber), with the
edge to which the spot was applied down. The solvent, which is in the bottom of
the container, travels up the layer of adsorbent by capillary action, passes over the
spot and, as it continues up, moves the compounds in the mixture up the plate at
different rates resulting in separation of the compounds. When the solvent has
reached the top of the plate, the plate was removed from the developing chamber,
dried, and separated in the plate component groups were visualized under UV light
by colour. Five groups of compounds were separated into AlHC, MAHC, PAHC,
low polar heteroatomic compounds (LPHet) and high polar heteroatomic
compounds (HPHet) the latter ones remaining in startline. The diethyl ether was
used to separate groups from silica gel. The amount of groups was determined by
weighting after evaporation of diethyl ether.
2.1.3.2 Infrared spectroscopy
FT-IR spectroscopic analysis was used to identify the functional groups
composition in TBO.
In this work infrared spectra were taken on an “Interspec 2020 spectrometer”.
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2.1.3.3 Gas chromatography
Chromatography encompasses a series of techniques that have in common the
separation of components of a mixture by series of equilibrium operations that
result in separation of the entities as a result of their partitioning (differential
sorption) between two different phases, one stationary with a large surface and the
other a moving phase in contact with the first. Gas chromatography uses the
elution development technique. In this technique, components travel through the
column at rates determined by their retention on the solid packing. If the
differences in sorption are sufficient or the column is long enough, a complete
separation of components is possible. Continued addition of eluant causes the
emergence of separated bands or zones from the column. A disadvantage of this
technique is very long time interval required to remove a highly sorbed
component. This can be overcome by increasing the column temperature during
the separation process.
GCMS – Shimadzu QP 2010 Plus gas chromatograph with mass-spectrometer
with programming was used.
Quadrupole Mass Spectrometer was used as detector.
2.1.3.4 Elemental analysis
Elemental Vario EL Analyser was used to determine elemental composition of
TBO obtained in this work. C, H, N and S were determined directly and O was
indirectly calculated from the difference.

2.2

Materials

2.2.1 Initial sample of graptolite argillite

Figure 5.

Graptolite argellite
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The oil shale sample (Fig.5) used in this work belongs to Maardu deposit. The
sample was air-dry finely powdered to give a particle size of 0.04-0.1 mm. Table
4 shows the main characteristics of the given sample of GA.
Table 4

Characterisation of the initial oil shale, %

Characteristic
OMd
Analytical moisture, Wa
Ash*, Ad,
CO2 of carbonates (per dry mass)
Sulfur total St
Sulfate sulfur, SSO4
Pyrite sulfur, Sp
Organic sulfur, (dif)
Elemental analysis of OMd
C
H
N
S
O (by difference)

Content
16.0
1.4
83.2
0.1
2.9
1.0
1.3
0.6
73.0
9.2
1.2
1.7
14.9

* Ash was measured as the weight of residue remaining as a result of combustion
at 825°C during 2h.

2.2.2 Reference samples
Air-dry, finely powdered (0.04 - 0.1 mm) and homogenised oil shale samples characterised in Table 5 were used as feedstocks.
Table 5

Characterisation of the reference oil shales, %
US Green River
formation Utah
basin

Jordanian
Attarat

Kukersite

0.4

0.7

0.6

65.1

63.1

47.5

CO2 of carbonates

21.3

15.5

20.2

OMd,%

13.6

21.4

32.3

FAP oil yield, OM%

56.6

48.6

65.6

Oil shale
Wa
A

d

2.2.3 Solvents used for separation and dissolution
Benzene, acetone, diethyl ether, and distilled water were used as solvents for
separation.
Solvents used in thermal dissolution are represented in Table 6.
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Table 6 Solvents used
characterization[55]

for

thermochemical

dissolution

and

CO2

Critical
temperature,
ᵒC
31.1

Critical
pressure,
atm
73.0

Hexane

C6H14

234.2

29.7

2.0

Benzene

C6H6

289.0

48.3

1.8

Toluene

C6H5-CH3

318.6

40.6

2.4

Cyclohexane

C6H12

280.3

40.2

2.0

Isopropanol

CH3-CH(-OH)-CH3

235.2

47.0

18.0

CH3-CH2-OH

243.0

63.0

27.8

CH3-OH

239.4

79.8

31.2

H2O

374.1

218.3

80.4

Solvent
Carbon dioxide

Ethanol
Methanol
Water

Chemical formula

their

Dielectric
constant
1.6

Used solvents are related to non-polar (hexane, toluene, benzene and
cyclohexane) and protic polar solvents (isopropanol, ethanol, methanol and
water). Non-polar solvents contain bonds between atoms with similar
electronegativities, such as carbon and hydrogen. Non-polar solvents are best for
dissolving non-polar reactants (such as hydrocarbons). Protic polar solvents can
participate in hydrogen bonding, which is a powerful intermolecular force.
Additionally, these O-H bonds can serve as a source of protons (H+).
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3

RESULTS AND DISCUSSION

3.1

Bitumoids content and composition

Yields of extractables (bitumoids) eluated from oil shales by SEM and stepwise
static SFE as well as group composition of the extracts separated by TLC are
represented in Tables 7 and 8. Kukersite gives in both processes lower extract
yields compared with GA.
One can see that total yields of bitumoid obtained as summarized yields of
bitumoids A and C from SEM of Kukersite and GA using chloroform and
benzene-methanol mixture consequtively were recovered as 0.79% and 4.88%.
Stepwise SFE of Kukersite triplicated the yield of extractables while that of GA
oil shale gave extractables less by 30% compared with SEM. It is noteworthy that
SFE of Kukersite resulted in higher yields of extractables than those of bitumoids
A and C summarized at each process temperature, i.e. 40, 100 and 150˚C. SFE of
the GA oil shale at 40˚C resulted roughly in the same extractables yield as that of
bitumoid A. So, the extractables obtained at 100 and 150˚C can represent an
additional source of geochemical information in Kukersite case and observed as
an alternative to the bitumoid C in GA case.
Group compositition data in Tables 7 and 8 show that all extracts were represented
by the same groups of hydrocarbons and heteroatomic compounds despite
originated from different oil shales and produced resulting from solvent or fluid
extraction processes. Heteroatomic compounds are prevailing over hydrocarbons,
particularly in Soxhlet extracts where the content of those amounts to 88% - 92%.
Among heteroatomic compounds the polar ones, and in the composition of
hydrocarbons the aliphatic ones are prevailing over neutral and aromatic ones,
respectively. It can be seen that SFE compared with SEM produces considerably
more hydrocarbons and less HPHet compounds.
Table 7
SEM

Yields and group composition (% of bitumoid ) of SEM extracts

mg/g

Yield
% of OM

AlHC

MAHC

PAHC

LPHet

HPHet

GA
Bitumoid A
Bitumoid C
Σ(A + C*)

2.80
5.00
7.80

1.75
3.13
4.88

7.5
5.6
6.3

1.5
0.6
0.7

3.0
0.9
1.9

5.5
1.3
2.8

82.5
91.6
88.3

Bitumoid A
Bitumoid C
Σ(A + C*)

1.63
1.03
2.66

0.48
0.31
0.79

Kukersite
19.9
7.6
10.1
1.6
16.2
5.3

2.8
0.7
2.0

14.6
1.2
9.3

55.1
86.4
67.2
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Table 8 Effect of temperature on the yields and group composition (relative %)
of SFE extracts.
SFE
temperatur
e, ˚C

mg/g

% of OM

40
100
150
Σ150

2.34
2.40
1.06
5.80

1.47
1.51
0.67
3.65

40
100
150
Σ150

4.21
2.94
5.00
12.15

0.82
0.57
0.97
2.36

Yield

AlHC

MAHC

PAHC

LPHet

HPHet

9.6
11.8
20.1
12.2

20.6
23.9
22.8
22.2

37.2
40.0
24.1
35.7

18.2
13.2
10.6
13.9

14.2
21.5
8.6
13.6

37.8
36.8
59.3
46.4

GA
26.4
6.2
20.2
4.1
30.8
2.2
25.3
4.6
Kukersite
20.1
9.7
17.6
10.9
18.9
2.6
19.1
7.0

Extraction efficiency of SEM and SFE with regard to different compound groups
determined is represented in Tables 9 and 10. Extraction efficiency depends on
both process variables as temperature, pressure, duration, solvent type and
chemical composition of the source matter.
Table 9 Extraction efficiency of different compound groups resulting from SEM
(mass % of OM).
SEM

AlHC

MAHC

Bitumoid A
Bitumoid C
ΣA + C

1.31
1.75
3.06

0.29
0.19
0.48

Bitumoid A
Bitumoid C
ΣA + C

0.96
0.31
1.27

0.36
0.05
0.41

PAHC
GA
0.50
0.28
0.78
Kukersite
0.13
0.02
0.15

LPHet

HPHet

Total
extract

0.96
0.41
1.37

14.44
28.67
43.11

17.50
31.30
48.80

0.70
0.04
0.74

2.64
2.68
5.32

4.79
3.10
7.89

Table 10 Extraction efficiency of different compound groups resulting from SFE
(mass % of OM).
SFE
temperature,
˚C

AlHC

MAHC

40
100
150
Σ 150

3.88
3.05
2.06
8.90

0.91
0.62
0.15
1.68

40
100
150
Σ 150

1.65
1.00
1.85
4.50

0.80
0.62
0.25
1.67

PAHC
GA
1.41
1.78
1.35
4.54
Kukersite
1.49
0.75
1.03
3.27
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LPHet

HPHet

Total
extract

3.03
3.61
1.53
8.17

5.47
6.04
1.61
13.12

14.70
15.10
6.70
36.41

1.16
1.22
0.83
3.21

3.10
2.10
5.75
10.95

8.20
5.69
9.71
23.60

Higher in temperatures efficiencies were obtained on account of certain
compounds groups transformed to the extractables composition resulting from
SFE. One can see that SFE performed already at 40˚C, i.e. the lowest temperature
used results in considerably higher production of aliphatic, mono- and polycyclic
aromatic hydrocarbons and neutral heteroatomic compounds from both Kukersite
and GA than SEM with liquid chloroform. Distinction between SFE and SEM
efficiencies becomes particularly evident when those compounds in extracts
yielded from oil shales at 40˚C are compared with their yields in summarized
bitumoids A and C. Further extraction at the temperatures 100˚C and 150˚C
yielded additive portions of hydrocarbons and neutral heteroatomic compounds
and that is why efficiency of different compound classes on the bases of
summarized extract (Σ150OC) with that in total bitumoid (bitumoids A + C) would
be compared to obtain comparable and reliable data. Such comparison can be seen
in Tables 9 and 10 demonstrating amplified regularities described above.
Extraction efficiency of the same compound groups from GA surpasses that of
Kukersite.
Generalizing, SFE yields from both oil shales mainly various hydrocarbons and
neutral heteroaromic compounds while SEM produces lots of HPHet compounds
the efficiencies of extraction always being higher for GA. Productivities of
Soxhlet extractor and batch autoclave in case of GA and Kukersite oil shale were
10 - 50 and 120 - 200 mg/h, respectively. SFE leads to higher productivities at
lower temperature and shorter process duration.
Homologous n-alkanes, alkylmonoarenes, alkylpolyarenes and alkylalkanones
easily extracted by SFE were identified, and new compounds as n-alkanones-3, nalka- nones-4, n-alkanones-5, n-alkanones-6 and n-alkanones-7 were found in
SFE extracts.
GA extracts were characterized by the same homologous series of compounds
having, in most instances, longer alkyl chains amounting as an absolute maximum
to 31 in n-alkanes. In addition to, homologous carboxylic acids and esters were
identified.

3.2

Semi-coking of graptolite argillite in a Fischer assay

As a result of conventional FAP oil in yield 13,3% on OM bases from GA was
produced as condensable volatiles. Recoverable oil and TB yields as well as those
of SR, gas and water obtained from kerogen as a result of MFAP at constant
residence time (20 or 60 min) and varied temperatures are represented in Table
11. The analogous results of FAP for Kukersite are represented in Article II.
One can see common features and dissimilarities between two oil shales tested.
With increasing the temperature the yield of SR proportionally decreases and that
of gas increases up to twice. Exception is Kukersite MFAP during 60 min where
gas yield practically was not changed with temperature rise from 370 to 410 °C.
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Concerning regularities of TB, oil and water formation one can notice significant
differences.
Table 11 Yield of products from GA in Fischer assay using standard and varied
conditions, % on OM
Pyrolysis conditions

Product yields, %

Residence
time

Max.
temp

Oil

TB

TBO

SR

Water

Gas

20

390

6,7

1,5

8,2

70,5

17,7

3,6

20

440

14,5

0,3

14,8

53,8

23,1

8,3

20

480

17,5

0,2

17,7

51,5

18,9

11,9

20

520

13,3

-

13,3

44,6

27,6

14,5

60

320

0,7

1,1

1,8

80,5

14,4

3,3

60

390

5,1

1,6

6,7

65,9

21,3

6,1

60

440

10,4

0,4

10,8

53,3

27,3

8,6

60

460

13,0

0,3

13,3

49,2

25,5

12,0

60

490

11,4

0,1

11,5

46,3

27,3

14,9

One can see that TB yields at 390-490OC and residence times 20 and 60 min are
very low (1,6%). TB maximum has been formed below 390 °C, because with
increasing the temperature TB intensively decomposes to oil, gas and water. The
maximum oil yield (17.5%) in parallel with the minimum that of TB (0.2%) was
obtained during 20 min at 480 °C. GA pyrolysis was accompanied with significant
water formation compared with Kukersite (3–5 and 0.6–1.6% per oil shale,
respectively). Water of crystallization in mineral part of GA can have its role in
larger water formation.
a

b

Figure 6.
Group composition of TBO of GA (a) and Kukersite (b) oil shales, %.
Fractions separated by TLC as follows: 1 –AlHC, 2 – MAHC, 3 – PAHC, 4 –
LPHet, 5 – HPHet.
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Group composition of TBO is displayed in Fig. 6 and one can see that it is different
for GA and Kukersite. In the composition of GA TBO prevail PAHC their yield
amounting to 40%. 60–75% of Kukersite TBO make HPHet. The content of
hydrocarbons is low. HPHet, dominating in Kukersite TBO make only 20% in
GA. Among hydrocarbons PAHC are dominating in Kukersite TBO as well. It
seems that temperature has only small effect on TBO composition. With
increasing the temperature slightly decreases the content of HPHet and increases
that of hydrocarbons (in case of GA, particularly PAHC content).
The individual composition of TLC AlHC and LPHet fractions analyzed by using
GC-MS-methods is represented in Appendix 1. One can see that the TBO of GA
differs from that of Kukersite mainly by the composition of AlHC and LPHet.
Similar compounds were identified in the composition of aromatic
hydrocompounds. FAP of both GA and Kukersite yielded homologous alkanes
and alkenes. The length of the hydrocarbonaceous chains in n-alkanes derived
from GA pyrolysis is longer compared with Kukersite, 31 and 17 carbon atoms,
respectively. The phenols and the N containing compounds with aromatic
structure are prevailing in GA TBO LPHet fraction.

3.3

Low temperature pyrolysis of oil shales in autoclave

3.3.1 Low temperature pyrolysis of graptolite argillite in autoclave
Yields of the pyrolysis products from the GA obtained in the test series conducted
at various nominal temperatures and varied durations are presented in Article III
in Tables 1 and 2.
The results demonstrated that at any temperature series the gas yield increases
with time whereas the yield of TBO has a maximum and that of SR a minimum
shifting with increasing temperature to shorter durations. The maximum yield of
gas achieved is only 2.7%, and the maximum transformation degree of the OM is
7.4% of the dry initial shale.
The better characterization of the process can be obtained when the yields are
depicted on the basis of OM. Effect of pyrolysis duration at various nominal
temperatures and temperature at various durations on the yields of the main
decomposition products – gas, TBO, water, and SR of OM, are presented in
Article III Table 1 and Fig. 7.
The experimental data in Article III Table 2 and in Fig. 7 and 8 prove the
tendencies prove the tendencies in Table 1. The decomposition of OM starts in
the heating stage already before the nominal temperature has been achieved. The
yields of gas, SR and W change with increasing both nominal temperature and
pyrolysis time up to a characteristic steady state whereas the yield of TBO passes
a maximum at several optimal combinations of temperature and time. The yields
on OM basis achieve close values: for gas about 16%, for TBO 13.2%, and for

32

water 15%. OM in SR after pyrolysis at most expedient pyrolysis conditions can
be reduced not lower than to 58 %. Yield of the target product, TBO, obtained
using the low-temperature pyrolysis procedure in an autoclave, s.c. TBOtechnology, being even lower than in FAP and MFAP.

Figure 7.
Effect of nominal temperature and isothermal duration in autoclavic
pyrolysis on the yield of gas (a), TBO (b), water (c) and SR (d), % on OM basis
at different pyrolysis temperature: 340, 360, 380, 400, 420°C.
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Figure 8.
Effect of nominal temperature in autoclavic pyrolysis on the yield of gas
(a), TBO (b), water (c) and SR (d), % on OM basis at different isothermal
duration: nominal temperature achieving, 1h, 2h, 4h, 6h.

3.3.2 Low temperature pyrolysis of various oil shales in autoclave
The yields of pyrolysis products from GA were compared with those obtained for
Kukersite (31.0% OM) [59], US Utah Green River (13.6% OM) [Article V], and
Jordanian Attarat (21.4% OM) [Article IV] oil shales. Also, the group
composition of their TBO were compared.
The yields of pyrolysis products from the oil shales obtained in autoclave at the
identical conditions are given in Fig. 9.
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Figure 9.
Effect of time on the yields of pyrolysis products (360ᵒC) from different
oil shales.
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The optimum durations at 360 °C and maximum yields of TBO in their OM basis
depicted in Fig. 9a are very different: for Estonian Kukersite about 2 h, 85%, for
Jordanian oil shale 1.5 h, 55%, for US Utah Green River 4h and 45%, and for
Estonian GA –1h and 10-12% only. At higher temperature the maximum is
achieved at shorter time. The angle of inclination gives the possibility to compare
the speed of TBO formation. Kinetics of destruction of Estonian Kukersite, US
and Jordanian oil shales was described in [52], Article IV and Article V.
The yield of gas from different oil shales (Fig. 9b) increases steadily with
temperature and time increasing. The gas yield is higher for Jordanian oil shale
and GA (more than 11-13%) and compared with Kukersite and US shales (8-9%).
The pyrolysis time for minimum quantity of OM left in SR after pyrolysis using
TBO technology (Fig. 9c) corresponds with the conditions for the maximum yield
of TBO. About 65% of OM is left in the residue of GA, 40% of US, and 20-25%
of Jordanian oil shale. The organic residue of Kukersite oil shale is 2-5% of OM
only.
The group composition of TBO obtained at pyrolysis conditions with maximum
TBO yield from compared shales is given in Article III.
Comparative pyrolysis of various oil shales in an autoclave and in FAP
demonstrated that liquefaction conditions being particulary effective for
liquefaction of Kukersite, enhanced somewhat the liquid yield from Jordanian
Attarat oil shale only, but had no practical effect in case of the US Utah oil shale
and GA. In latter case even less TBO than in FAP was formed.
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3.4

Thermochemical dissolution of graptolite argillite in an
autoclave

3.4.1 Products yield
The data in Table 12 represent yields of gas, oil and SR obtained in liquefaction
process with presence of solvents at 360 ᵒC during 4 h.
Table 12 Products yields obtained in thermochemical dissolution with varied
solvents, %
Solvent

TBO

SR

Gas and
losses

‐

5.1

72.5

22.4

Water

11.4

62.7

25.9

Benzene

22.3

66.3

11.4

Toluene

28.0

63.2

8.8

Hexane

25.5

53.1

21.4

Cyclohexane

30.65

49.5

19.9

Methanol

34.4

53.1

12.5

Ethanol

84.3

17.5

‐

Isopropanol

89.5

62.9

‐

Solvents used in thermochemical dissolution were all above supercritical
conditions, except water. At chosen conditions (360 ᵒC, 4 h) all used solvents gave
higher oil yield from GA than in FAP and in dry pyrolysis or water conversion,
varying between 22 and 90% (Table 12). Non-polar solvents yield TBO inbetween 22,3 and 30,6%. The amount of SR varies from 49,5 to 66,6%). The
results of thermal dissolution with alcohols vary significantly. Yields of TBO vary
from 11,4 to 89,5% and that of SR from 53 to 63%. Thermal dissolution with
isopropanol and ethanol demonstrated exceptionally high TBO yield obtained as
a result of incorporation of these alcohol decomposition fragments into TBO.
Yield of TBO of thermal dissolution with methanol is higher than that with nonpolar solvents. The presence of solvents at supercritical pressures breaks the bonds
between kerogen and MM.
Rather additive than synergistic effects were noticed in using benzene-water and
ethanol-water binary solvents (Fig.10).
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Figure 10. Yield of TBO in thermal dissolution with mixtures of solvents with mass
ratio 1:1.

3.4.2 Products composition
Elemental composition of the benzene soluble TBO from dry pyrolysis and from
thermal dissolution with methanol, ethanol and mixture of water and ethanol are
represented in Table 13.
Table 13 Elemental analysis data, %
C

H

N

S

O

H/C

Dry pyrolysis

79.7

9.0

0.7

4.9

5.7

1.355

Methanol

82.9

9.1

0.9

1.4

5.8

1.317

Ethanol
Water with
ethanol

82.5

8.7

1.0

0.7

7.1

1.265

78.2

8.5

1.0

4.7

7.7

1.304

One can see from Table 13 that there are significant differences in elemental
composition of TBO that varying as follows: C - 78.2 to 82.9, H - 8.5 to 9.1, N 0.7 to 1.0, S – 0.7 to 4.9 and O – 5.7 to 7.7.
The group composition of benzene soluble TBO determined by TLC varies widely
(Fig. 11).
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Fig. 11 demonstrates, that the HPHet compounds are the dominating fraction in
all TBO modifications their yield varying from 35,3% (iso-propanol) to 56,2%
(cyclohexane).
Thermal dissolution with using inert solvents as hexane, benzene, toluene and
cyclohexane was accompanied with formation of heteroatomic compounds in
yield 37.9 to 56.2% and PAHC up to 31.9%.
TBO obtained in the medium of iso-propanol is outstanding by high concentration
of AlHC (27,8%) explained by the chemical activity of this solvent.
TBO obtained in GA water conversion was characterised by total content of
hydrocarbons as 41,7%. For comparison, the TBO obtained in Kukersite water
conversion contained hydrocarbons 27% only [53].
GC-MS-chromatograms of hydrocarbons and LPHet compounds in benzene
soluble TBO of thermal dissolution with benzene are represented in APPENDIX
A. According to GC-MS n-alkanes with straight alkyl chains C12-C33 were formed.
Relative concentrations of alkanes in benzene soluble TBO are presented in
Fig.12.
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Figure 12. Relative concentration of n-alkanes in benzene soluble nonaromatic
hydrocarbons of thermochemical dissolution with a) ethanol and methanol and
b) toluene and hexane

One can see from Fig. 12 that the maximum concentration have C14 and C16.

3.4.3 Influence of additives on the water conversion products yield
Water conversion resulted in low TBO yield, 11.4% only, being lower than that
in FAP. Water is known as a solvent in common use, but in certain conditions its
redox potential can be realized by adding reagents.
The reagents used and the yield of TBO, SR and gaseous products in water
conversion of GA in their 5% solutions, separated according to the scheme given
in Fig. 4 are represented in Table 14.
Table 14 Yield of liquid, gaseous and solid products from GA in water conversion
(360ᵒC, 4h) with reagents, % on OM basis
TBO
Reagent

SR

Gas and
Water

Water
solubles

Benzene
solubles

Acetone
solubles

Total
solubles

-

0.76

6.68

4.30

11.74

64.88

23.38

NaHCO3

1.94

20.20

3.74

25.88

43.76

30.36

KOH

1.67

23.81

3.62

29.10

34.52

36.38

NaOH

3.35

26.41

3.60

33.36

32.73

33.91

HCOONa

2.29

37.80

2.91

43.00

16.74

40.26

As it can be seen the yields of TBO were considerably higher than that in
conversion with water only. It is known that mineral and organic parts in oil shales
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are closely related and alkali solution may favour these bonds cleavage. One can
see that TBO yield has been increased on account of the benzene soluble
compounds.
The most effect on the efficiency of water conversion was demonstrated by using
solutions of sodium formate and sodium hydroxide. In the Fig. 13 yields of TBO
in different concentrations of the latter reagents are presented.
70
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Figure 13. Dependence of TBO yield on concentration of reagent in aqueous
solution.

As it can be seen addition of sodium formate increased TBO yield up to 43.0%
using 5% aqueous solution and amounted to 63.8% as maximum using 15%
solution. Decomposition of sodium formate at elevated temperatures is described
according to the equation:
2HCOONa →Na2CO3+CO+H2

[54]

High TBO yield obtained can be explained by H-donor and syngas donor abilities
of HCOONa initiating different chemical reactions and favouring GA
liquefaction.

3.4.4 Influence of additives on the water conversion products
composition
Infrared spectra of TBO obtained in water conversion with HCOONa
represented in Fig. 14.
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are

Figure 14. Infrared spectra of TBO obtained in water conversion with HCOONa.
a- benzene soluble fraction, b-acetone soluble fraction, c- water soluble fraction.

Infrared spectra of benzene soluble, acetone soluble and water soluble fractions
of TBO obtained in water conversion with HCOONa addition have common
absorption bands at 725, 750, 1380, 1460, 2860, 2930 and 2960 cm-1 caused by
methyl and methylene groups in aliphatic chains, absorptions at 1680-1720 cm-1
caused by carbonyl groups, broad absorption in the region 3300-3450 cm-1 caused
by hydroxyl groups and complex absorptions are more intensive in case of water
soluble fraction. Absorptions at 750-760, 820, 880, 1020, 1080,1475-1525, 15951605, 3020 and 3050 cm-1 are typical for aromatic compounds. Water soluble
fraction is characterised by specific absorption region at 1145-1270 cm-1 caused
by ethereal groups. The absorption around 465 cm-1 can be refer to the presence
of clay mineral microcline.
The results of TLC are given in Fig.15.
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Figure 15. Group composition of the benzene soluble TBO obtained from water
conversion of GA in the presence of reagents

Data of the group composition demonstrated that the higher the yield of TBO
obtained the higher the content of HPHet in TBO. It can be seen that the main
benzene-soluble constituents of TBO are HPHet compounds and PAHC. The
benzene-soluble TBO from GA water conversion in the presence of KOH is
characterized by maximum content of AlHC (10.5%) and minimum that of HPHet
(43.2%).
Compared with FAP and dry pyrolysis in autoclaves 2-4 times higher TBO yields
from GA using water conversion with additives were obtained.

3.5

Hydrogenation in an autoclave with molecular H2

The results of hydrogenation experiments of GA are represented in Fig.16. As it
can be seen the yield of hydrogenate has increased in several times in comparison
with that of dry pyrolysis in autoclave. The maximum yield was obtained at 390
ᵒC during 2 h accompanied with decreasing SR content down to 5%. At higher
temperatures significance of liquefaction decreases on account of gas formation.
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The results of ultimate analysis of hydrogenates are presented in Table 15.
Table 15 Elemental composition of hydrogenates obtained at different
temperatures
Temperature

C

H

N

S

O (dif)

H/C

350

84.41

9.98

1.41

1.65

2.56

1.418

390

84.98

10.71

0.89

2.26

1.17

1.512

410

85.89

10.41

0.65

2.21

0.85

1.454

430

86.01

10.11

0.46

2.57

0.85

1.411

The data in Table 15 demonstrate that with raising the temperature the substitution
of heteroelements with hydrogen is accelerated. The content of oxygen and
nitrogen has decreased threefold. The content of sulfur has been decreased from
4.9 in dry pyrolysis TBO down to 1.65 – 2.57%. It seems that the content of sulfur
in hydrogenate increases with increasing the temperature, not vice versa as it
expected, but in fact relatively to hydrogenate yield decreasing also the content of
sulfur decreases.
The results of the TLC analysis of the hydrogenates are represented in Fig. 17.
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Figure 17. The group composition of hydrogenates obtained at different
temperatures.

It can be seen, that the yield of heteroatomic compounds decreases with increasing
the hydrogenation temperature more than three times with respective increase in
total hydrocarbons yield (AlHC from 7.0 to 23.6%, MAHC from 3.9 to 18.5%,
PAHC from 22.9 to 46.1%).

3.6

The comparison of TBO from different thermochemical
methods

Table 16 represents results of the ultimate analysis and the group composition of
the benzene soluble TBO obtained using different thermochemical destruction
methods used in this work. For comparison, the data of Kukersite semi-coking oil
are represented.
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Dry pyrolysis in
autoclave at 400ᵒC

Thermochemical
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Hydrogenation at
390oC

Kukersite semi-coking
oil

Table 16 Ultimate analysis and group composition of TBO obtained in optimum
conditions using different thermochemical destruction methods

C

79.7

84.3

82.3

82.3

85.0

81.7

H

9.0

8.5

9.5

9.8

10.7

9.8

N

0.7

0.4

1.9

0.3

0.9

0.6

S

4.9

-

0.9

4.4

2.3

1.1

O

5.7

-

5.4

3.3

1.2

6.8

H/C

1.355

1.210

1.385

1.426

1.512

1.485

AlHC

10.5

2.6

3.3

14.9

16.9

10.9

MAHC

14.3

2.3

2.1

9.3

6.9

6.8

PAHC

30.5

16.8

12.2

42.3

38.4

14.7

LPHet

16.2

23.9

11.3

14.1

15.2

25.6

HPHet

28.5

54.4

71.7

19.4

22.6

42.0

Ultimate analysis:

Group composition:

In comparison with other thermochemical destruction methods, in case of
hydrogenation the yield of TBO as well as saturation of hydrocarbons is higher
and this method is preferable for further study.
As it can be seen from the Table 16, the high concentration of HPHet and
minimum that of AlHC were produced in water conversion with addition of
HCOONa. This result can be explained by the reactive role of the carbon
monoxide formed as a result of HCOONa decomposition.
Hydrocarbons prevail in the TBO obtained in MFAP and hydrogenation (66.5%
and 62.5%, respectively), the yield of TBO differing three times. Kukersite semicoking oil is characterised by higher content of heteroatomic compounds and
lower that of PAHC.

46

3.7

Technological consideration

The comparison of yields of liquid and gaseous products obtained from different
thermochemical destruction methods are represented in Fig. 18.

GA
Hydrogenation

GA
Termochemical
dissolution

GA MFAP

GA Dry
pyrolysis in an
autoclave

Gas+Water
41,8%

TBO 53,2%

TBO 43,0%

TBO
17,7%

Gas+Water
40,3%

Gas+Water
30,8%

TBO
12,5
%

Gas+Wate
r 26,5%

Figure 18. Comparison of the yields of liquid and gaseous products obtained using
different methods of thermochemical destruction.

One can see that hydrogenation yields maximum TBO and this method is
preferable for the further development.
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4

CONCLUSIONS

The main results of the present work include obtaining new data on the
composition of graptolite argillite and proposing the effective method for its
decomposition.
Graptolite argillite sample represents another Estonian oil shale significantly
differing from Kukersite. Just new and alternative method for characterisation of
oil shales, was developed basing on thermal dissolution with supercritical carbon
dioxide in low-temperature region 50-150 ᵒC and novel homologous series of
carboxylic acids, esters, n-alkanones-3, n-alkanones-4, n-alkanones-5, nalkanones-6 and n-alkanones-7 were found at first time in the composition of
bitumoids dissoluted from Estonian oil shales with supercritical fluid.
It has been demonstrated that semi-coking as traditional and the only one
industrial technology today does not work on graptolite argillite, giving in both
conventional and modified Fischer assay conditions low yield of oil and that is
why new technologies basing in use of solvent and hydrogen have been worked
out to elevate the liquefaction efficiency of graptolite argillite and to modify the
chemical composition of the products.
Liquefaction efficiencies of oil shale in autoclave compared with Fischer assay
are differing. In dry pyrolysis of oil shales from Estonian, Jordanian and American
deposits the maximum differences were shown by Kukersite and graptolite
argillite, the first showing increase in 30% and the other one the same decrease
respectively.
As a result of thermal dissolution with using sub- and supercritical water, C6hydrocarbons and methanol the yield of oil from graptolite argillite was
demonstrated to be varying in-between 12-34 % on OM basis. As high as 84-90
% oil yields can be obtained with using ethanol and iso-propanol as supercritical
solvents contributed by incorporation of alcohol decomposition fragments into oil
structure. NaHCO3, KOH ja NaOH additions increase oil yield 2-3 times and
HCOONa 5 times compared with water conversion without any additive.
Hydrogenation of graptolite-argillite with molecular hydrogen in temperature
region 350-400ᵒC results in 51-53% oil yield, the latter containing 34-62% various
aliphatic, mono- and polycyclic aromatic hydrocarbons. The maximum values of
oil yield and hydrocarbons content were obtained as a result of 2 hours
hydrogenation at 390 ᵒC in an autoclave.
Oils obtained in semi-coking, thermal dissolution and hydrogenation of graptoliteargillite are similar by chemical group composition and differing by individual
compounds in groups. Semi-coking oil contains more hydrocarbons (56 %) and
less polar heteroatomic compounds (44 %) compared with thermal dissolution oils
(24-40 and 60-75, respectively).
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Oil obtained in graptolite-argillite hydrogenation differs from Kukersite semicoking oil by higher hydrocarbons content and lower polar heteroatomic
compounds content. Notably high is the content of polyaromatic hydrocarbons,
46 versus 17 %.
Solid residue of graptolite argillite obtained in optimized conditions of
hydrogenation contains only less than 5 % of organic matter and can further
utilised as valuable ore for leaching many metals [7, 10, 26].
Hydrogenation method worked out for the effective processing of graptolite
argillite can be successful in utilisation of oil shales in their majority characterised
by low organic matter and high that of heteroatomic elements.
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ABSTRACT
Thermochemical destruction of graptolite argillite
Graptolite argillite (GA) belongs to Estonian oil shale resources not found
industrial utilisation yet. To obtain shale oil from oil shale thermochemical
processing is used. There are several thermochemical processing methods,
resulting in disproportion of the organic matter of oil shales into oil, gas and solid
residue. Products yields and chemical composition depend on conditions (method)
of thermochemical destruction and chemical composition of the initial oil shale.
Up to now the only one industrial technology in Estonia and in other countries is
the semi-coking realised in retorts of different configuration. Using semi-coking
for GA liquefaction is not prospective because of extremely low yield of oil in
Fischer retort compared with Kukersite, 1-2% and 23% respectively.
The main goals of this work include working out technological and physicalchemical fundamentals for GA upgrading to obtain higher shale oil yield
compared with traditional semi-coking, investigation of shale oil composition
formed using different conditions and various methods of thermochemical
destruction and comparison the composition of shale oils from GA and Kukersite.
Results of laboratory experiments are represented and analysed, elucidating the
effect of temperature, time sub- and supercritical solvents and hydrogen on the
yield and composition of the products obtained in GA thermochemical
destruction, also the effect of alkali and hydrogen donor compounds was studied.
Carried out for the first time complex study demonstrated that thermochemical
dissolution and hydrogenation increase oil yield in times at lower temperature than
FAP.
Investigation of qualitative and quantitative compositions with using updated
methods of chromatographic, spectroscopic and elemental analysis demonstrated
that oils formed resulting from pyrolysis, thermal dissolution and hydrogenation
of GA are similar to the Kukersite semi-coking oil by the group composition, but
the individual composition of groups and their proportions differ significantly.
Thermochemical destruction data of oil shales from Estonian, Jordanian and
American deposits confirmed that semi-coking cannot be considered an universal
oil shale liquefaction technology applicable to all types of oil shales represented
in Earth’s surface in their multitude and variety. Implementation of alternative
technologies is inevitable achieving efficient liquefaction of oil shales poor in OM
and hydrogen content.
As a result of this work, conditions were worked out to GA effective processing,
group and individual composition of the oils obtained in pyrolysis, thermal
dissolution and hydrogenation were represented and compared with those of
Kukersite semi-coking oil.
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KOKKUVÕTE
Graptoliit-argilliidi termokeemiline destruktsioon
Graptoliit-argilliit (GA) on Eestimaa looduslike ressursside hulka kuuluv
põlevkivi, mida seni veel tööstuslikult ei kasutata. Õli saamiseks põlevkivist
kasutatakse termokeemilise destruktsiooni meetodeid, mille tulemusena
põlevkivis sisalduv orgaaniline aine - kerogeen disproportsioneeritakse vedelate,
gaasiliste ja tahkete produktide koostisesse. Produktide saagis ja keemiline koostis
sõltuvad termokeemilise destruktsiooni tingimustest (meetodist) ja lähtepõlevkivi
keemilisest koostisest. Ainsaks tööstuslikuks tehnoloogiaks põlevkiviõli
saamiseks nii Eestis kui mujal maailmas on tänaseni poolkoksistamine erinevat
tüüpi retortides. GA poolkoksistamine ei ole perspektiivne, kuna laboratoorses
Fischeri retordis saadava õli saagis võrreldes Kukersiitpõlevkiviga on äärmiselt
väike, vastavalt 1-2% ja 23%.
Käesoleva töö eesmärkideks oli füüsikalis-keemiliste ja tehnoloogiliste aluste
väljatöötamine GA senisest efektiivsemaks vedeldamiseks, õli keemilise koostise
kindlaksmääramine ja selle võrdlus kukersiidi poolkoksistamise õliga.
Esitatakse ja analüüsitakse laboratoorsete eksperimentide tulemused, kus selgitati
temperatuuri, aja, sub- ja superkriitiliste lahustite ja vesiniku mõju produktide
saagisele ja koostisele GA termokeemilisel destruktsioonil Fischeri retordis ja
autoklaavis, samuti leeliste ja doonorühendite efekt
vesikonversioonil.
Esmakordselt teostatud GA kompleksse uuringuga on näidatud, et termilise
lahustamisel ja hüdrogenisatsioonil on võimalik saada õli kordades rohkem ja
oluliselt madalamal temperatuuril võrreldes pürolüüsiga Fischeri retordis.
Õlide kvalitatiivse ja kvantitatiivse koostise uurimine kaasaegsete
kromatograafiliste, spektroskoopiliste ja elementanalüüsi meetoditega näitas, et
GA pürolüüsil, termilisel lahustamisel ja hüdrogenisatsioonil moodustunud õlid
on sarnased Kukersiidi poolkoksistamise õlile keemiliste ühendite grupikoostise
poolest, kuid nii gruppide individuaalne koostis kui ka proportsioonid erinevad
oluliselt.
Eesti, Jordaania ja Ameerika leiukohtade termokeemilise destruktsiooni
tulemused käesolevas töös kinnitavad, et poolkoksistamist ei saa lugeda
universaalseks põlevkivide termokeemilise vedeldamise tehnoloogiaks, mis oleks
rakendatav kõikidele põlevkividele nende paljususes ja erinevustes. GA, ja
enamiku teiste planeedil Maa leiduvate orgaanilise aine ja vesiniku sisalduselt
vaeste põlevkivide efektiivseks vedeldamiseks on möödapääsmatu alternatiivsete
tehnoloogiate juurutamine.
On töötatud välja tingimused Eesti GA efektiivseks töötlemiseks, esitatud
pürolüüsil, termilisel lahustamisel ja hüdrogenisatsioonil saadud õlide grupi- ja
individuaalkoostis ning võrreldud seda Kukersiidi poolkoksistamise õliga.
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APPENDIX I. GS-MS chromatograms
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Figure 19.

GC-MS chromatogram of the AlHC obtained during FAP

59

Table 17 Compounds identified in TBO fractions of AlHC obtained during FAP
peak
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23

Name
Dodecane
1-Tridecene
Tridecane
1-Tetradecene
Tetradecane
1-Pentadecene
Pentadecane
1-Hexadecene
Hexadecane
1-Heptadecene
Heptadecane
1-Octadecene
Octadecane
1-Nonadecene
Nonadecane
1-Eicosene
Eicosane
1-Heneicosene
Heneicosane
Docosane
Tricosane
Tetracosane
Pentacosane

R.Time
20.6
23.8
24.1
27.1
27.4
30.3
30.5
33.3
33.5
36.1
36.3
38.8
39.0
41.3
41.5
43.8
43.9
46.1
46.3
48.5
50.6
52.7
54.6
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Area%
4.1
2.4
8.4
3.6
13.4
3.1
11.1
2.8
11.1
2.0
8.3
1.2
7.0
1.1
4.9
1.0
4.5
0.6
3.3
2.6
1.7
1.0
0.7

Figure 20.

GC-MS chromatogram of the PAHC obtained during FAP
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Table 18 Compounds identified in TBO fractions of LPhet obtained during FAP
peak
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35

Name
2-Pentanone, 4-hydroxy-4-methylo-Cresol
p-Cresol
2-Nonanone
Phenol, 3,4-dimethylPhenol, 4-ethylPhenol, 3,5-dimethylAcetophenone, 2'-methylPhenol, 2,3-dimethyl3-Decanone
2-Decanone
Phenol, 3,4,5-trimethylPhenol, 2,3,5-trimethylMixt di-Alkyl-Phenole
4-Undecanone
2-Undecanone
Phenol, 2,5-diethylPhenol, 3,5-diethyl7-Methylindan-1-one
Phenol, 2,3,5,6-tetramethyl6-Dodecanone
Biphenyl
3-Dodecanone
2-Dodecanone
6-Tridecanone
2-Tridecanone
impurity -Butylated Hydroxytoluene
6-Tetradecanone
impurity -Phthalic acid Derivative
6-Pentadecanone
2-Pentadecanone
2-Hexadecanone
impurity-Dibutyl phthalate
Cyclic octaatomic SULFUR
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R.Time
7.4
15.5
16.3
16.6
17.3
18.6
18.9
19.6
20.0
20.2
20.4
20.9
21.9
22.9
23.2
23.9
24.3
24.7
25.8
26.2
26.6
26.8
27.1
27.3
29.7
30.4
31.0
32.7
33.4
35.6
36.3
38.3
39.0
43.1
44.8

Area%
1.6
3.9
2.8
1.2
2.1
1.2
5.3
3.4
3.2
2.2
2.5
2.3
4.7
2.2
4.5
2.6
1.5
1.8
1.4
2.9
3.8
3.5
2.4
3.1
3.8
4.8
4.0
1.4
3.2
3.1
2.4
1.0
1.3
6.0
2.7

Figure 21. GC-MS chromatogram of the AlHC obtained during thermal dissolution
with benzene
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Table 19 Compounds identified in TBO fractions of AlHC obtained during
thermal dissolution with benzene
Peak
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27

Name
Decane
Undecane
Dodecane
Dodecane, 6-methylTridecane
Tridecane, 2,5-dimethyl1-Tetradecene
Tetradecane
Tetradecane, 2,5-dimethylPentadecane
p-Cresol, 2,6-di-tert-butylCyclopentane, decyl1-Hexadecene
Hexadecane
Pristane
Heptadecane
Phytane
Octadecane
Nonadecane
Eicosane
Heneicosane
Docosane
Tricosane
Tetracosane
Pentacosane
Hexacosane
Heptacosane
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R. Time
13.1
16.9
20.6
21.1
24.1
26.7
27.2
27.4
29.3
30.6
31.0
32.1
33.2
33.5
34.9
36.3
36.4
39.0
41.5
43.9
46.2
48.5
50.6
52.6
54.6

Area %
0.7
1.4
8.3
1.1
5.3
0.9
0.9
14.6
2.1
8.3
4.0
1.0
0.8
12.8
1.3
8.1
1.6
8.0
4.7
4.6
3.2
2.5
1.6
1.2
0.8

Figure 22. GC-MS chromatogram of the PAHC obtained during thermal
dissolution with benzene
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Table 20 Compounds identified in TBO fractions of PAHC obtained during
thermal dissolution with benzene
Peak
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28

Name
Benzenethiol
Benzene, 1,2,3,5-tetramethylBenzene, 1-ethyl-3,5-dimethylNaphthalene
Benzothiophen
Benzene, pentamethyl4,7-Dimethylindan
Naphthalene, 1-methylNaphthalene, 2-methylBenzene, cyclohexylBiphenyl
Dimethyl-Benzothiophene
Derivative
Dimethylnaphthalene Derivative
Dimethylnaphthalene Derivative
Dimethyl-Benzothiophene
Derivative
Dimethylnaphthalene Derivative
Diphenylmethane
Dimethylnaphthalene Derivative
Dimethylnaphthalene Derivative
1,1-Diphenylethane
x,y,z-Trimethylnaphthalene
x,y,z-Trimethylnaphthalene
x,y,z-Trimethylnaphthalene
x,y,z-Trimethylnaphthalene
x,y,z-Trimethylnaphthalene
x,y,z-Trimethylnaphthalene
Camazulene
Phenanthrene, 2,3,5-trimethyl-
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R. Time
11.8
17.7
18.9
20.1
20.4
21.3
23.6
24.0
24.6
24.8
27.0

Area, %
2.9
1.0
4.0
0.7
0.8
1.1
1.2
4.2
3.3
3.6
26.4

27.2

1.3

27.5
27.7

2.6
4.0

28.0

1.1

28.3
28.7
28.8
29.3
30.4
31.3
31.5
31.7
32.1
32.7
33.4
37.5
49.5

5.0
7.8
1.9
1.5
2.8
3.2
1.4
2.5
5.2
5.3
3.4
1.3
0.6

Figure 23. GC-MS chromatogram of the LPHet obtained during thermal
dissolution with benzene
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Table 21 Compounds identified in TBO fractions of LPHet obtained during
thermal dissolution with benzene
Peak
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23

Name
Benzenethiol
2-Nonanone
Acetophenone, 2'-methyl2-Decanone
x-y-z-trimethyl-Phenole
6-Undecanone
3-Undecanone
2-Undecanone
6-Dodecanone
3-Dodecanone
2-Dodecanone
6-Tridecanone
2-Tridecanone
p-Cresol, 2,6-di-tert-butyl6-Tetradecanone
2-Tetradecanone
6-Pentadecanone
2-Pentadecanone
6-Hexadecanone
2-Hexadecanone
6-Heptadecanone
2-Heptadecanone
Phthalic acid,- Derivative

R.Time
11.8
16.7
19.7
20.4
21.9
23.2
23.7
23.9
26.6
27.1
27.3
29.7
30.5
31.0
32.7
33.5
35.6
36.3
38.3
39.0
40.9
41.6
43.1
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Area, %
13.1
3.0
2.3
3.6
3.7
1.5
1.7
4.9
5.7
3.0
5.3
1.9
7.9
13.9
2.1
5.3
5.0
4.7
2.1
2.9
1.8
2.1
2.3

Figure 24. GC-MS chromatogram of the LPHet obtained during hydrogenation at
430oC
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Table 22 Compounds identified in TBO fractions of LPhet obtained during
hydrogenation at 430oC
Peak
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30

Name
Aniline
Phenol
o-Cresol
p-Aminotoluene
p-Cresol
Phenol, 2,6-dimethylPhenol, 2-ethylPhenol, 3,5-dimethylPhenol, 3,4-dimethylPhenol, 2,4-dimethylPhenol, 3-(1-methylethyl)Phenol, 2-propylPhenol, 3,4,5-trimethylm-Ethylaniline+Phenol,2,3,5-trimethyl
Phenol, 3-propylp-Cresol, 2-ethylIndole
Methyl-Indole derivative
Methyl-Indole derivative
Methyl-Indole derivative
Dimethyl-Indole derivative
impurity
Carbazole, 1,2,3,4-tetrahydroCarbazole
Methyl-carbazole derivative
Methyl-carbazole derivative
Methyl-carbazole derivative
Methyl-carbazole derivative
Dimethyl-carbazole derivative
Dimethyl-carbazole derivative

70

R.Time
12.6
12.9
15.7
16.3
16.5
17.6
18.8
19.2
19.9
20.2
20.4
21.8
22.1
22.4
23.1
23.3
24.4
26.8
27.5
27.7
30.6
31.3
39.6
40.6
42.5
43.2
43.4
43.7
45.5
46.2

Area, %
2.7
4.1
5.8
2.7
7.1
2.4
2.2
4.5
3.6
1.1
1.4
1.4
2.0
2.0
2.0
2.2
4.4
2.0
2.7
3.0
2.2
2.8
1.2
9.3
4.3
2.7
3.8
2.4
1.4
0.7

APPENDIX II. Articles
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ARTICLE I

Luik, H., Luik, L., Palu, V., Sharayeva, G., Gregor, A. Applicability of Static
Supercritical Carbon Dioxide Extraction in Biogeochemical Characterization of
Oil Shales. American Journal of Analytical Chemistry, 2014, 5, 173-180
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GCANFBAÿFSSDCÈBTFN@KOÿ>èÿNDBKKBCAÿXFDD@KEÿCPÿCBKÿ PCDÿhbÿTBAiN@Eÿ̀JH@ÿZ@GCTSCEBNBCAÿCPÿCDQFABGÿ
@ÇiBMFK@ANÿ\BNHÿCBKÿOB@KZÿ>bbÿWÉNÿCDÿHBQH@DÿÊ>Ëÿ̀ TFNN@DÿÏYVÐÿBANCÿQFEÿFAZÿGCm@ÿXOÿSFDFKK@KÿFAZÿ
JH@ÿ@ÈBENBAQÿBAZiENDBFKÿN@GHACKCQB@EÿPCDÿCBKÿ PCKKC\BAQÿD@FGNBCAEÿNCÿCBKÿPCDTFNBCAIÿZ@GD@FE@Eÿ
@ÈNDFGNBCAÿPDCTÿCBKÿEHFK@EÿBAGKiZ@ÿFXCM@QDCiAZÿ NH@ÿCBKÿOB@KZÿBAÿD@NCDNBAQÿ̀?CIÿNH@ÿCBKÿOB@KZIÿ
SODCKOEBEÿBAÿTCZBPBGFNBCAEÿCPÿM@DNBGFKÿQFEÿ CXNFBA@ZÿiEBAQÿE@M@DFKÿFKN@DAFNBM@EÿCPÿCBKÿ
Q@A@DFNCDEIÿHCDBÆCANFKÿD@NCDNEIÿFAZÿNH@ÿTCENÿ @ÈNDFGNBCAÿGFAÿX@ÿQD@FN@DÿCDÿKC\@DÿNHFAÿNH@ÿCBKÿ
FZMFAG@ZÿECKBZÿH@FNÿGFDDB@DÿiABNEÿ̀JH@ÿ OB@KZÿ@ENBTFN@ZÿBAÿÍBEGH@DÿÅEEFOÿ̀ÍCDÿ@ÈFTSK@Iÿ
@ÈN@AEBM@KOÿENiZB@ZÿN@GHACKCQOÿBEÿXFE@ZÿCAÿNH@ÿ NH@ÿCBKÿOB@KZÿPDCTÿ^ENCABFAÿNOS@ÿÑÿCBKÿEHFK@ÿ

ÿ

,-ÿ

APPENDIX III. CURRICULUM VITAE
ELULOOKIRJELDUS

1.

2.

3.

Isikuandmed
Ees- ja perekonnanimi

Galina Šarajeva

Sünniaeg ja -koht

24.10.1983 Narva

Kodakondsus

Eesti

Kontaktandmed
Telefon

+372 620 2835

E-posti aadress

galina.sarajeva@ttu.ee

Hariduskäik

Õppeasutus
(nimetus lõpetamise ajal)

Lõpetamise aeg

Tallinna Tehnikaülikool

2011 -...

Tallinna Tehnikaülikool

2007

Tallinna Tehnikaülikool

2005

Narva
Humanitaargümnaasium

2002

4.

Haridus
(eriala/kraad)
Keemia- ja
materjalitehnoloogia,
doktoriõpe
Tehnikateaduste
magistrikraad
Tehnikateaduste
bakalaureusekraad
Keskharidus

Keelteoskus (alg-, kesk- või kõrgtase)
Keel

Eesti keel
Vene keel
Inglise keel

Tase
Kõrgtase
Kõrgtase (emakeel)
Kesktase

143

5.

Täiendusõpe

Õppimise aeg
2011-2012

6.

Teenistuskäik

Töötamise aeg
15.09.2011-…

01.01.200531.12.2010

7.

Täiendusõppe läbiviija nimetus
Doktorikool „Funktsionaalsed materjalid ja tehnoloogiad“
(Tartu Ülikool ja Tallinna Tehnikaülikool)

Tööandja nimetus
Tallinna Tehnikaülikool, keemia ja
materjalitehnoloogia teaduskond,
polümeermaterjalide instituut, põlevkivi ja
taastuvkütuste teaduslaboratoorium
AS KPK Teedeehitus

Ametikoht
insener

laborant

Kaitstud lõputööd

Magistritöö: Praerasvade kasutusvõimaluste uurimine, Tallinna Tehnikaülikool,
TTÜ Virumaa Kolledž, Kütuste tehnoloogia teadus- ja katselaboratoorium, 2007.
Juhendaja: Rein Muoni
8.

Uurimisprojektid

ETF9331
Diktüoneema põlevkivi orgaanilise
superkriitiliste lahustite ja reagentidega. 2012-2015

aine

vedeldamine

SF0140028s09 Põlevkivi ja kütuste segude termokeemilise töötlemise uued
tehnoloogiad. 2009-2014
AR12004

Põlevkivi maksimaalse vääristamise alused. 2012-2015

144

CURRICULUM VITAE
1. Personal data
Name

Galina Sharayeva

Date and place of birth

24.10.1983 Narva

2. Contact information
Phone

+372 620 2835

E-mail

galina.sarajeva@ttu.ee

3. Education
Educational institution

Graduation year

Tallinn University of
Technology
Tallinn University of
Technology
Tallinn University of
Technology
Narva
Humanitarian
Gymnasium

2011-...

4.

2007

Education
(field of study/degree)
Chemical and Materials
Technology, doctoral studies
M. Sc. in Engineering

2005

B. Sc. in Engineering

2002

Secondary education

Language competence/skills (fluent; average, basic skills)
Language

Level

Estonian
Russian
English

Fluent
Fluent (native language)
Average

5. Special Courses
Period
20011-2012

Educational or other organisation
Graduate school „Functional Materials and Processes“
(University of Tartu and Tallinn University of Technology)

145

6. Professional Employment
Period
2011-…

01.01.200531.12.2010
7.

Organisation
Position
Tallinn University of Technology , Chemistry engineer
Faculty of Chemical and Materials
Technology, Department of Polymer
Materials, Laboratory of Oil Shale
and Renewables Research
AS KPK Teedeehitus
Laboratory assistant

Defended theses

M. Sc. thesis: The research of the potential of waste cooking oil, Tallinn
University of Technology Virumaa College of TUT, Laboratory of Fuels
Technology, 2007. Supervisor: Rein Muoni
8.

Research projects

ETF9331
Liquefaction of the organic matter of dictyonema oil shale with
supercritical solvents and reagents (2012-2015)
SF0140028s09 New technologies of thermochemical processing of oil shale and
blended fuels 2009-2014
AR12004

Fundamentals to oil shale maximum upgrading 2012-2015

146

DISSERTATIONS DEFENDED AT
TALLINN UNIVERSITY OF TECHNOLOGY ON
CHEMISTRY AND CHEMICAL ENGINEERING

1. Endel Piiroja. Oxidation and Destruction of Polyethylene. 1993.
2. Meili Rei. Lihatehnoloogia teaduslikud alused. Fundamentals of Food
Technology. 1995.
3. Meeme Põldme. Phase Transformations in Hydrothermal Sintering Processing
of Phosphate Rock. 1995.
4. Kaia Tõnsuaadu. Thermophosphates from Kovdor and Siilinjärvi Apatites.
1995.
5. Anu Hamburg. The Influence of Food Processing and Storage on the NNitrosamines Formation and Content in Some Estonian Foodstuffs. 1995.
6. Ruth Kuldvee. Computerized Sampling in Ion Chromatography and in
Capillary Electrophoresis. 1999.
7. Külliki Varvas. Enzymatic Oxidation of Arachidonic Acid in the Coral
Gersemia fruticosa. 1999.
8. Marina Kudrjašova. Application of Factor Analysis to Thermochromatography and Promotion Studies. 2000.
9. Viia Lepane. Characterization of Aquatic Humic Substances by Size Exclusion
Chromatography and Capillary Electrophoresis. 2001.
10. Andres Trikkel. Estonian Calcareous Rocks and Oil Shale Ash as Sorbents
for SO2. 2001.
11. Marina Kritševskaja. Photocatalytic Oxidation of Organic Pollutants in
Aqueous and Gaseous Phases. 2003.
12. Inna Kamenev. Aerobic Bio-Oxidation with Ozonation in Recalcitrant
Wastewater Treatment. 2003.
13. Janek Reinik. Methods for Purification of Xylidine-Polluted Water. 2003.
14. Andres Krumme. Crystallisation Behaviour of High Density Polyethylene
Blends with Bimodal Molar Mass Distribution. 2003.
15. Anna Goi. Advanced Oxidation Processes for Water Purification and Soil
Remediation. 2005.
16. Pille Meier. Influence of Aqueous Solutions of Organic Substances on
Structure and Properties of Pinewood (Pinus sylvestris). 2007.

147

17. Kristjan Kruusement. Water Conversion of Oil Shales and Biomass. 2007.
18. Niina Kulik. The Application of Fenton-Based Processes for Wastewater and
Soil Treatment. 2008.
19. Raul Järviste. The Study of the Changes of Diesel Fuel Properties a its Long
Term Storage. 2008.
20. Mai Uibu. Abatement of CO2 Emissions in Estonian Oil Shale-Based Power
Production. 2008.
21. Valeri Gorkunov. Calcium-Aluminothermal Production of Niobium and
Utilization of Wastes. 2008.
22. Elina Portjanskaja. Photocatalytic Oxidation of Natural Polymers in
Aqueous Solutions. 2009.
23. Karin Reinhold. Workplace Assessment: Determination of Hazards Profile
using a Flexible Risk Assessment Method. 2009.
24. Natalja Savest. Solvent Swelling of Estonian Oil Shales: Low Temperature
Thermochemical Conversion Caused Changes in Swelling. 2010.
25. Triin Märtson. Methodology and Equipment for Optical Studies of Fast
Crystallizing Polymers. 2010.
26. Deniss Klauson. Aqueous Photocatalytic Oxidation of Non-Biodegradable
Pollutants. 2010.
27. Oliver Järvik. Intensification of Activated Sludge Process – the Impact of
Ozone and Activated Carbon. 2011.
28. Triinu Poltimäe. Thermal Analysis of Crystallization Behaviour of
Polyethylene Copolymers and Their Blends. 2011.
29. Mariliis Sihtmäe. (Eco)toxicological Information on REACH-Relevant
Chemicals: Contribution of Alternative Methods to in vivo Approaches. 2011.
30. Olga Velts. Oil Shale Ash as a Source of Calcium for Calcium Carbonate:
Process Feasibility, Mechanism and Modeling. 2011.
31. Svetlana Jõks. Gas-Phase Photocatalytic Oxidation of Organic Air Pollutants.
2012.
32. Aleksandr Dulov. Advanced Oxidation Processes for the Treatment of Water
and Wastewater Contaminated with Refractory Organic Compounds. 2012.
33. Aleksei Zaidentsal. Investigation of Estonian Oil Shale Thermobituminization in Open and Closed System. 2012.
34. Dmitri Šumigin. Composites of Low-Density Polyethylene and Poly(Lactic
Acid) With Cellulose and Its Derivatives. 2014.

148

35. Aleksandr Käkinen. The Role of Physico-chemical Properties and Test
Environment on Biological Effects of Copper and Silver Nanoparticles. 2014.
36. Ada Traumann. Improvement of Work Environment through Modelling the
Prevention of Health Risks Focusing on Indoor Pollutants. 2014.
37. Marika Viisimaa. Peroxygen Compounds and New Integrated Processes for
Chlorinated Hydrocarbons Degradation in Contaminated Soil. 2014.
38. Olga Budarnaja. Visible-light-sensitive Photocatalysts for Oxidation of
Organic Pollutants and Hydrogen Generation. 2014.
39. Jelena Hruljova. Role of Specifically Interacting Solvents in Solvent
Swelling of Kukersite Oil Shale Kerogen. 2014.
40. Irina Klimova. Modification of Ammonium Nitrate Fertilizer. 2014.
41. Julia Krasulina. Upgrading of Liquid Products from Estonian Kukersite Oil
Shale by Catalytic Hydrogenation. 2015.
42. Irina Epold. Degradation of Pharmaceuticals by Advanced Oxidation
Technologies in Aqueous Matrices. 2015.

149

