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Abstract. The thermal decomposition of Estonian Kukersite oil shale under 
supercritical conditions was carried out using a continuous flow tubular 
reactor. The effects of the retorting times of 0, 30, 60 and 120 minutes on the 
yield of thermobitumen (TB), solid residue, oil, gas, coke and undecomposed 
kerogen at temperatures of 390 °C and 420 °C were investigated. The 
maximum yield of organics was 93.8% by using the benzene solvent at 
420 °C. The influence of physicochemical factors on the efficiency of 
liquefaction under supercritical conditions was studied. The reaction con-
ditions and solvent for maximum extraction were established. 
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1. Introduction 

Currently, crude oil reserves are depleting, and oil products continue to 
become more expensive. The use of unconventional fuels, such as oil shale, 
is considered not only as a source of alternative energy for electricity genera-
tion but also as a promising source for producing synthetic liquid fuel and 
valuable chemical products. 

Oil shale is an organic-rich sedimentary rock containing kerogen, a solid 
mixture of organic chemical compounds, most of which are of high 
molecular weight (more than 1000 g/mol), some can be extracted easily, and 
others are probably present in small quantities. Oil shale can be found 
around the world, including major deposits in the United States, China, 
Russia, Brazil, Morocco, Jordan, Australia and Estonia [1, 2]. There are 
approximately 2.8–3.3 trillion recoverable barrels of oil in oil shale deposits 
across the world. These contain at least three times more oil than conven-
tional crude oil reserves, which are estimated to be approximately 1.2 trillion 
barrels [1, 3]. 
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Oil shale is a dense-layered rock of sedimentary origin, having an ash 
content of at least 33 wt% of organic matter (OM) and volatiles. Heating oil 
shale causes thermal decomposition of organic matter to produce tar that is 
not collected in appreciable amounts during extraction [4]. The main 
indicators of quality and technological properties that determine the practical 
significance of oil shale are related to the content of organic matter. Oil 
shales of different deposits differ significantly in many aspects such as 
appearance, composition and properties. [1] The specific feature of com-
bustible shale is the interbedding of organic-rich and -poor layers. 

Normally, in oil shale deposits, the mineral part significantly pre-
dominates over the organic matter portion [5–7]. The main groups of 
minerals are carbonates (mainly calcite and dolomite), silicates and alumo-
silicates (primarily hydromica, mica, feldspars, montmorillonite and 
kaolinite), quartz and sulfides (mostly pyrite) [3]. There are also various 
sulfates, phosphates, sometimes halides, amorphous silica and other minerals 
present in oil shale. 

2. Thermal decomposition 

The thermal decomposition process of kerogen macromolecules resembles 
that of polymers, with fundamentally similar structural features [3, 8, 9]. 
When oil shale is heated, a certain part of organic matter transforms into a 
fusible and soluble state, the so-called thermobitumen (TB) and other 
products [9] as indicated in Table 1. The release of volatiles and other pro-
ducts due to kerogen thermal decomposition at different temperatures during 
oil shale heating is also given in Table 1. 

Thermobitumen is formed in a wide range of temperatures, 300–450 °C 
[10–12]. The output and composition continuously change since the decom-
position reactions of thermobitumen proceed in parallel with its formation 
step. The final products of semicoking are formed both directly from 
kerogen and during transformation of thermobitumen. Oil shales of different 
deposits are characterized by varying degree of bituminization. 

Table 1. Stages of thermal decomposition of kerogen 

Temperature range, °С Process 

100 to 105 Evaporation of moisture (drying step) 
170 to 180 Release of absorbed gases 
270 to 290 Release of pyrogenetic water, СО2 and SO2 
325 to 350 Extraction of tar and hydrocarbon gases 
325 to 390 Main stage of thermobitumen formation  
420 to 450 Active point of thermal decomposition 
450 to 500 Semicoking ends 

> 500 Secondary pyrolysis processes of semicoking products 
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The most important factors affecting the yield and properties of shale 
distillation products are temperature, rate of heating, conditions of evacua-
tion of the steam-gas mixture, reaction gaseous environment and system 
pressure [4, 13, 14]. 

The gaseous environment has a great influence on the degree of semi-
coking of solid fuels and this is especially sharply manifested under high 
pressures. Thus, the use of elevated pressure is an effective means of 
influencing the process and associated chemical reactions. These factors can 
be used in organizing the directional semicoking of solid fuels. 

 
2.1. Oil shale characteristics 

The results of Fischer Assay, elemental and associated analysis of raw oil 
shale are presented in Table 2. 

Table 2. Fisher Assay, elemental and associated analysis of raw oil shale 

Parameters (on dry basis) Wt% 

Fischer Assay 
 

Oil content 17.6 
Semicoke 76.0 
Pyrogenetic water 1.1 
Gas + losses 5.3 
Heat of combustion, MJ/kg 10.192 
Ash, at 815 °C 51.7 
Volatiles 47.8 
Organic matter, OM = 100 – (СО2 + ash) 27.6 
OM residue after pyrolysis in Fischer retort at 520 °С 4.7 
Carbon dioxide, (mineral) 20.7 

Elemental analysis (C, H, N) 
 

C 28.0 
H 2.8 
N 0.075 
Organic carbon 22.3 
Inorganic carbon 5.7 
Total sulfur 1.66 
Organic sulfur 0.48 
Sulfur in pyrite 1.14 
Sulfur in sulfates 0.04 

3. Experimental 

The main objective of the experimental work is to explore the possibility of 
maximizing the extraction of organic matter from oil shale through con-
tinuous distillation of shale by action of solvents in inert nitrogen gas stream 
environment at the stage of thermobitumen formation [9]. The critical para-
meters of solvents employed are as follows: benzene 562 K (289 °C) and 
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4.89 MPa, methanol 513 K (240 °C) and 7.85 MPa, and water 647 K 
(374 °C) and 21.78 MPa. 

A Parr Instruments installation as depicted in Figure 1 was used to 
investigate oil shale thermal decomposition in supercritical conditions. The 
installation consists of a high-pressure vertical tubular reactor, 400-ml 
volume (1) with external heating, a water cooler (2) and a 2-litre vessel for 
collecting products (3) where the gas-liquid mixture is separated. During the 
process, it is possible to feed any solvent/liquid by using a high-pressure 
pump to remove products from the reaction zone. 

The liquid product is collected, excessive pressure and generated gases 
are discharged through a valve (7). The adjustable process parameters are 
temperature, heating rate (PID controller), pressure (gauge and back pressure 
regulator), gas consumption rate (needle valve and flow meter) and solvent 
consumption rate (liquid high-pressure piston pump). 

Oil shale particle size fraction of 2–4 mm was placed in the reactor, and 
then heated to the desired set temperature (390 or 420 °C). The solvent 
pumping flow rate of 3 ml/min was achieved as soon as the predetermined 
temperature was attained. The oil shale sample was kept in the solvent vapor 
under supercritical conditions for various times (60 and 120 minutes). In one 
set of experiments, the solvent was injected in the reactor immediately, i.e. 
starting at room temperature until reaching the specified temperature 
followed by rapid heating (indicated by zero time). After the reactor was 
cooled, the reaction products (solid residue and oil) were collected and 
analysed. 

 
 

 

Fig. 1. Parr Instruments installation: 1 – tubular reactor; 2 – condenser; 3 – gas-
liquid mixture separator; 4 – gas compressor; 5 – raw material collector; 6 – high-
pressure piston liquid pump; 7 – back-pressure regulator; 8 – safety valve. 
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The tubular-reactor experiments measured the thermobitumen extracted 
from the reacted mass by solvent immediately after its stage of formation  
[6, 9, 15]. 

A rotary evaporator was used to remove solvents from the product 
mixture which was composed mainly of thermobitumen and solvent. Since 
TB is a chemically active intermediate product, reduced pressure (25 mbar) 
was used to lower the evaporation temperature and shorten the reaction time. 
The quantity of extracted organics was calculated by the difference between 
total organic matter in raw material and solid residue organic content. 

4. Results and discussion 

The results obtained under various pyrolysis conditions, such as time dura-
tion, solvent type and reaction temperatures, are presented in Table 3. Opera-
tion conditions play a decisive role in shaping the properties of the final 
products of shale and largely determine their yield. The components of the 
primary gas-vapor mixture are thermolabile and prone to further thermal 
transformations, mainly in the direction of compaction or polymerization of 
liquid products.  

It can be seen from Table 3 that the maximum yield of organics from 
Kukersite oil shale was obtained using benzene solvent as shown in Figure 2 
at a temperature of 420 °C. The figure reveals that at the reaction tem-
perature of 420 °C, increasing time onstream increases the weight percent of 
solid residue for benzene and methanol solvent, whereas for water, the 
weight percent of total organic carbon (TOC) residue decreases when the 
reaction time is increased. It is apparent that increasing reaction time for 
super extraction allows the extracted thermobitumen to transform to other 
more unextractable stable products. For the water extraction process, 
increasing time onstream increases the extracted amount. 

Table 3. Experimental conditions and data 

Component Temperature, 
°C 

Isothermal 
reaction time, 

min 

Solid 
residue,  
% mass 

Ash of solid 
residue,  
% mass 

TOC of solid 
residue,  
% mass 

Benzene 420 0 74.25 77.18 2.9 
Water 420 0 77.39 74.16 4.9 
Methanol 420 0 74.70 76.90 3.3 
Benzene 420 60 76.46 75.19 4.3 
Water 420 60 76.45 75.15 4.4 
Methanol 420 60 77.07 74.53 4.5 
Benzene 420 120 76.18 75.36 4.5 
Water 420 120 75.96 75.65 4.1 
Methanol 420 120 76.57 75.05 4.2 
Benzene 390 30 77.04 74.55 4.7 
Water 390 30 79.39 72.15 5.9 
Methanol 390 30 78.17 73.42 4.2 
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Fig. 2. Effect of the reaction time on solid residue extraction at the constant reaction 
temperature of 420 °C. 

 
 
Also, it is clear from Figure 2 that the amount extracted is almost 

constant at 60 minutes of time onstream irrespective of the solvent used, 
being between 4.3 and 4.5 wt%. A similar trend is also observed at 120 
minutes with slightly greater differences between the extracted amounts. 
These observations are clear for benzene and methanol solvents whereas the 
water solvent showed a linear decrease with time onstream at the constant 
reaction temperature of 420 °C. 

The rate of the gas-vapor mixture removal from the reaction zone of high 
temperatures increases the yield of the resin and reduces its degree of 
compaction, as confirmed by the results of this work. A shorter time at a 
higher temperature affords a higher yield of the desired product. 

The maximum yield of organics was found to be 93.8% (based on total 
organic matter) in the tubular flow reactor using benzene as a solvent during 
liquefaction at 420 °C. 

During benzene flow through the tubular reactor, the physical interactions 
and chemical reactions start before reaching maximum temperature, which 
prevent an additional decomposition of oil shale and thermobitumen to 
gaseous products, oil and coke. This resulted in 15% higher yield than the 
yield obtained in the same conditions by using Fischer retort and subsequent 
TB extraction with a suitable solvent [16]. 

In this work, the basis for a new supercritical extraction technology is 
described where TB is extracted with organic solvents and/or water in the 
thermobituminization stage. It has been found that more than 85% of organic 
matter can be liquefied, and the demand for oil shale and the amount of 
hazardous semicoke wastes per unit oil shale can be both substantially 
decreased. Thermobitumen is a chemically active intermediate product, and 
its yield exceeds maximum under conditions of optimum temperature and 
time duration. The composition of TB depends on the pyrolysis conditions 
and changes during storage. 
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A method has been developed for the liquefaction of organic matter of oil 
shale, including low-calorific value, at low temperatures in an environment 
of low-boiling temperature solvents (benzene, water, alcohol). 

Unlike liquefaction in the liquid phase (for example, tetralin), the result-
ing product is released from the system in the gas/vapor phase and, there-
fore, separation of oil from the solid residue does not pose any difficulties. 

Recovery of OM in oil shale is important economically and ecologically. 
The dependence of TB on oil yield, bituminization temperature and 
residence time demonstrates that higher temperatures make TB and oil more 
easily extractable from the solid residue, with a higher loss of OM to solid 
coke. On the other hand, it is clear that more oil is extracted with shorter 
reaction times at higher temperatures. 

Under certain conditions of solvent extraction, organic compounds 
(thermobitumen) more easily dissolve in the pores and reduce the strength of 
donor-acceptor interactions between individual fragments of the organic 
polymer matrix, which contributes to milder thermal decomposition con-
ditions.  

5. Conclusions 

Treating oil shale under supercritical vapour steam allows for more rapid 
removal of products from the reaction zone, avoiding their further decom-
position to gaseous products and coke. Additionally, solvent vapours reduce 
the temperature gradient between the outer surface and the inner part of the 
particle, eliminating diffusional influences and enhancing heat transfer, 
which eventually results in a dynamic extraction process. Fast pyrolysis and 
withdrawal of solvent vapours from the thermal processing zone enhance 
organic matter extraction. 
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