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INTRODUCTION 
Worldwide total dependence on natural petroleum is obvious in 21st century. 

Demand for petroleum products increases everywhere in the world. At the same 
time the reserves of petroleum are finite and rapidly being depleted. Fluctuating 
price and depleting force petroleum-importing countries to find alternative 
petroleum-substitutes in order to ensure their energy security.  

The origin of petroleum in the Earth’s crust is observed as a result of 
catagenesis of the sedimented and fossilized organic matter (OM) in oil shale – 
kerogen, during millions of years in geothermal conditions (elevated 
temperatures, pressure and presence of minerals, water etc.). Using pyrolysis, 
hydrogenation and thermal dissolution methods it is possible to create 
thermochemical conditions for the technological production of synthetic 
petroleum within some hours or less. 

Oil shales become more and more important as an alternative source for 
production of liquid fuels. Deposits of oil shale occur in many parts of the world. 
Oil shales of different deposits considerably differ by the content of OM and 
chemical composition of both kerogen and mineral matter (MM) [1].  

Total world reserves of shale oil are estimated by World Energy Council 
Report, 2013 conservatively at 4.8 trillion barrels that surpassing several times 
the amount of petroleum [2]. Only a few deposits of oil shale are currently being 
exploited – in Brazil, China, Estonia, and from recent time there is an interest to 
their exploitation in Jordan, USA, Morocco, and Iran. The Estonian deposits 
were first developed in 1920s and up to now it is the main industry in Estonia. 
With an increasing interest towards oil shale liquefaction, an interest to effective 
opportunities using oil shale as a feedstock in production of unconventional 
petroleum increases also. 

The yield of oil depends on the initial oil shale composition and on the 
method applied for thermochemical liquefaction and its conditions. For 
production of shale oil in Estonia from domestic kukersite oil shale 
modifications of slow pyrolysis have been used by heating the oil shale up to 
500ºC in special retorts without solvent. The mechanism of Estonian kukersite  
thermal decomposition  is schematically represented as follows [3]: 

 



12 

Upon heating oil shale in retorts the kerogen is initially converted to high-
molecular thermobitumen (TB), soluble in organic solvents. Oil, gas and 
semicoke as final products are formed as a result of thermal decomposition of 
TB. Several other oil shales are described by the similar scheme [4-7]. 

In Estonia there are two types of industrial retorts in use for shale oil 
production: gas heated vertical retorts and horizontal solid heat carrier retorts. 
Despite retort oil is observed as a type of unconventional petroleum, its yield in 
industrial retorts is not high. Maximum attainable oil yield in retorting, 
determined in laboratory Fischer Assay amounts approximately to 66% on OM 
basis. Industrial retorting yields about 1 barrel shale oil per 1 tonne kukersite oil 
shale depending on the retort configuration and on the content of OM and 
moisture of the shale. So, less than a half of valuable kerogen is converted into 
liquid phase. The rest is transformed into carbonaceous semicoke and low 
calorific gas. The semicoke from vertical retorts represents a hazardous waste 
and is sent to the landfills. In more progressive solid heat carrier retorts the 
formed semicoke is combusted for heat production. As a result, CO2 in large 
quantities is emitted into the atmosphere. It is known that there are reduction 
targets validated for the emission of CO2 (Kyoto Conference of World Climate 
Changes). That is why fundamentals of a new technology were investigated as a 
possibility for replacement of the oil shale retorting by more effective and 
sustainable liquefaction technologies enhancing oil yield and diminishing 
amounts of low calorific by-products polluting atmosphere. 

A specific feature of the kukersite oil shale and kukersite shale oil is their 
high content of O. The compounds, which are not typical to petroleum crude 
such as phenols, alkenes and neutral oxygen compounds, are dominating. The 
possibilities of shale oil utilization without upgrading are limited. Today it is 
used as fuel oil and a source of chemicals. The compounds boiling above 350 °C 
make up to 50% of total retort oil obtained in vertical retorts. Kukersite shale oil 
is characterized as an unstable, unsaturated complex mixture of compounds.  

So, initial shale oil and its distillation fractions are unsuitable for exploitation 
as a feedstock for motor fuels without stabilization, heteroatoms removal and 
visbreaking of the compounds boiling above 350 °C. That is why recent 
advances in the production of high quality transportation fuels have been 
focused on the upgrading technologies of high boiling fractions of shale oils and 
residues by hydrogenation. Upgrading is necessary to obtain from oil shale 
liquids at least so-called synthetic petroleum. 

Hydrogenation techniques are the most perspective, enabling to remove 
heteroelements, to elevate hydrogen-to-carbon ratio, to saturate the unsaturated 
bonds, to correct the boiling range and group composition of synthetic 
petroleum, so bringing its properties closer to the properties of natural petroleum 
and its distillation products. 

The aim of this thesis was to work out conditions for production from 
kukersite oil shale OM the maximum possible quantum of the upgraded shale oil 



13 

(later raffinate) rich in hydrocarbons (HC) being a synthetic analogue to the 
natural petroleum.  

For this purpose the experiments of hydrogenation at varied experimental 
conditions of kukersite oil shale and industrial shale oil fractions obtained in 
vertical retort were carried out. The influence of presence of catalysts and H-
donor compounds on raffinate yield and its fractional and elemental composition 
was studied. Both qualitative and quantitative alterations in raffinate compounds 
groups were determined.  

It was demonstrated that hydrogenation of retort oil and its fractions resulted 
in high yield of raffinate on the basis of the feed but the result on the basis of 
OM was not efficient due to the low oil yield (45% of OM in retorting). That is 
why a new upgrading scheme for kukersite oil shale was proposed.  

For accomplishing the new scheme in the first stage kukersite oil shale was 
thermochemically dissolved with different solvents under various temperatures 
and durations to find out the most effective conditions for producing a liquid 
product – the mix of thermobitumen and oil (TBO). As a result, 86-91% yields 
of TBO on the basis of OM were achieved. In the second stage TBO obtained 
was subjected to the catalytic hydrogenation, also varying experimental 
conditions to optimize raffinate yield and composition. High yield of 
hydrocarbon rich oil was obtained. 

A new effective technology for producing a synthetic analogue to the natural 
petroleum from kukersite oil shale was suggested. 
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1. LITERATURE REVIEW 

1.1 Oil shale  

Oil shales are fine-grained, layered sedimentary rocks containing MM and 
OM, from which oil can be obtained by destructive distillation. The major 
component of OM is kerogen – cross-linked macromolecular OM insoluble in 
solvents at usual conditions. Another part of OM is bitumen, which is soluble in 
solvents. Oil shales from different deposits vary in the content of kerogen and its 
chemical composition. Urov and Sumberg have represented characteristic data 
for hundred known oil shale deposits and outcrops [1]. Few of those found 
already industrial exploitation are characterized in Table 1.  

 
Table 1. Elemental composition of oil shales and their Fischer Assay oil yields, % [1] 

 Kukersite 
(Estonia) 

Nebi Musa 
(Jordan) 

Green 
River 
(USA) 

Irati 
(Brazil) 

Fushun 
(China) 

OM 35.5 22.0 20.6 34.0 21.2 
O 10.8 

7.6 
5.6 16.3 11.0 

N 0.4 2.6 1.6 3.0 
S 1.7 7.0 1.5 3.7 2.4 
C 77.3 75.4 80.2 68.1 73.7 
H 9.8 10.0 10.1 10.3 9.9 

H/C 1.52 1.59 1.51 1.81 1.61 
Fischer Assay yields, % per OM 

Oil 65.6 54.7 66.5 40.9 36.8 
Water 5.4 5.6 

33.5 
9.8 16.0 

Gas 10.7 18.1 15.2 19.4 
Semicoke 18.3 21.6 34.1 27.8 
 
In Table 2 the elemental compositions of retort oil from those selected oil 

shales are represented. 
 

Table 2. Elemental composition of shale oils, % [1] 
 Kukersite 

(Estonia) 
Nebi Musa 
(Jordan) 

Green 
River 
(USA) 

Irati 
(Brazil) 

Fushun 
(China) 

H 9.9 9.7 11.5 10.2 12.2 
S 1.1 8.5 0.7 0.5 0.6 
N 0.1 

3.2 
1.8 0.7 1.3 

O 5.9 1.6 1.2 0.5 
C 83.0 78.6 84.4 87.4 85.4 

H/C 1.43 1.48 1.64 1.4 1.71 
 

One can see that OM of kukersite is rich in O and yields also rich in O oil. 
However, the OM of Irati and Fushun oil shales is characterized as rich in O as 
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well, but O content in oils is low. In case of other heteroelements it seems that 
OM of oil shales rich in N or S rather yields oil rich in N or S.  

Kukersite is outstanding among other oil shales by its high kerogen content – 
35-50% depending on the depth of layer, and by low content of nitrogen (0.4% 
only). The mineral part of oil shale prevails over the OM. The typical 
mineralogical composition of inorganic part of kukersite oil shale is – carbonates 
65.9%, argillaceous minerals 5.0%, quarts 8.5%, feldspars 8.5%, sulphates 0.8% 
and pyrite 3.1% [8]. Kukersite contains only 0.17% of natural soluble bitumens. 
The chemical composition of kukersite kerogen is stable in all its deposits [3]. 

 
1.2. Thermochemical methods of oil shale liquefaction 

Thermochemical methods of oil shale liquefaction are divided into: 

 Pyrolysis 
 Thermochemical dissolution 
 Hydrogenation 
 

1.2.1. Pyrolysis 

Pyrolysis is a basic method of thermochemical decomposition of OM of solid 
fuels in the absence of oxygen. It can be accomplished under largely varied 
thermal and chemical conditions. The yield and composition of pyrolysis 
products depend on material pyrolyzed and pyrolysis conditions – temperature 
and heating rate, the content of gaseous atmosphere and its pressure, process 
duration. Depending on the operation conditions, the pyrolysis process can be 
subdivided into conventional pyrolysis, fast pyrolysis and flash pyrolysis. 
Conventional pyrolysis (slow pyrolysis, retorting in Fischer Assay) takes from 
10 minutes to several hours to complete. In flash pyrolysis the material is heated 
for less than 0.5 second with heating rate more than 1000 K/s. The heating time 
of fast pyrolysis is 0.5-10 seconds [8]. 

Pyrolysis of oil shale can produce oil fractions that have a similar calorific 
value, density and viscosity to petroleum. However, the fractions also have 
properties which make them less attractive than petroleum, including their high 
heteroatomic content. 

Khisin [10] has described that decomposition of kukersite begins at 170-180 
°C, when the change becomes visible but not a lot of vapor and gas products are 
vented. During thermal decomposition of kukersite firstly water is formed at 
270-290 °C, then gas at 325-350 °C and oil at the same temperature but with a 
lag of time. In that temperature range the softening of OM takes place and TB is 
formed. 

Kask and Aarna [11, 12] studied the yield and composition of products 
depending on pyrolysis conditions in laboratory retort. Obtained data are given 
in Table 3. 
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Table 3. Yield and elemental composition of oil obtained from kukersite 
Conditions Oil 

yield, 
% OM 

Elemental composition, % H/C 
C H S O+N 

Kerogen 
concentrate 

 
82.1 10.63 0.75 6.5 1.55 

275 °C, 456 h 17.9 83.0 10.1 0.50 6.7 1.46 
300 °C, 387 h 69.8 85.1 8.77 0.32 5.8 1.24 
340 °C,   12 h 59.8 83.8 9.78 0.52 5.9 1.40 
360 °C,     4 h 63.8 83.6 9.56 0.50 6.3 1.37 
380 °C,     4 h 29.1 85.3 8.85 0.53 5.3 1.25 

 
One can see that to obtain oil in maximum 69.8% the process takes several 
weeks and under temperature not lower than 300 °C. 

The laboratory retorting in standard conditions called Fischer Assay test [13] 
is widely used for evalution of oil potential of solid fuel. 

A number of experimental studies on the decomposition process of kukersite 
oil shale have been carried out. Experiments by Kogerman [14] and Karavayev 
[15] were carried out in the autoclaves with different heating time and 
temperature of pyrolysis in order to study the influence of these conditions on 
the yield and chemical composition of oil. It was shown that more than 80% of 
bituminous oil rather like TB than oil was yielded. 

 
1.2.2. Thermochemical dissolution 

The pyrolysis in autoclaves allows alteration of pyrolysis conditions by the 
addition of solvent (and/or hydrogen) accompanied by the modification of 
products yield and composition [16-19]. 

By thermochemical dissolution of oil shale - pyrolysis in the presence of 
solvents in their sub- or supercritical conditions, it is possible to liquefy also this 
part of kerogen forming hazardous semicoke in retorting. Secondary reactions of 
decomposition and condensation of formed products are depressed, if the 
processing temperature is low and chemically inert solvent has a high ability for 
dissolution [19]. 

It is known that solvents can promote the thermal destruction of high-
molecular weight OM, having the most destructive ability under their 
supercritical conditions. So, supercritical extraction of OM from kukersite 
represents an alternative to the traditional retorting and can be carried out at 
milder temperature than retorting, resulting in less degradation and charring 
[17]. 

At the same time, some factors, including the type of solvent, the process 
conditions and initial oil shale composition influence on the extraction process. 

Luik and Klesment [17, 19] have submitted the kerogen concentrate of 
kukersite with OM 90.1% (K-90) to liquefaction in a microautoclave (20 cm3) at 
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temperatures 330-370 °C in the presence of various supercritical solvents: 
hexane, cyclohexane, toluene, benzene, methanol and water. Pure hydrocarbon 
solvents liquefied comparable amounts of OM (25-28%); methanol and water as 
the sources of hydrogen revealed a higher destructive activity. When the half of 
the solvent was replaced by water, the oil yield increased by 5-9%, and even by 
17% when using benzene. 

Further investigations by Luik et al. [18] were carried out in 500 cm3 
autoclave in the presence of benzene, diethyl ether, ethanol, n-hexane, dimethyl 
ketone and water as solvents. The liquefaction temperature was 360 °C and 
residence time of 4 h. The yield of liquid product, 70% and more on basis of 
OM, depended strongly on the solvent type and its portion of incorporation. For 
example, ethanol yielded 146% of liquid because it was decomposed forming 
chemically active fragments, which began to react with kerogen and 
incorporated into extract composition. 

Upon traditional retorting (450-550 °C), the process of separation of oil from 
the solid residue occurs only after decomposition of the primary bitumen 
accompanied by the formation of coke, gas and oil. Under sufficient oil vapour 
pressure oil is evacuated in the vapour phase. Differently, in thermochemical 
dissolution, the total solvent-soluble product consisting of the highmolecular 
intermediate product TBO is dissoluted and separated from the solid residue in 
its original form before coke formation. That is why retorting yields less oil and 
more solid residue than dissolution at optimum conditions.  

 
1.2.3. Hydrogenation 

Hydrogenation is the main technique which is practised in upgrading both 
solid fuels and liquid products derived from petroleum, bitumens, coal and oil 
shale. As a result of hydrogenation the chemical composition and qualities of the 
syncrude obtained will be closer to those of the light natural petroleum. 

Because of the oil obtained from kukersite oil shale, its distillation fractions 
and particulary TBO significantly differ from natural petroleum and are 
unsuitable for exploitation as a feedstock for motor fuels without upgrading – 
their visbreaking, stabilization and removing of the heteroatoms via 
hydrogenation method is inevitable. About 80 years ago Kogerman concluded 
that deep conversion of OM of Estonian shale into liquid products can be 
achieved in principle by hydrogenation [20]. 

For syncrude, crude distillates and heavy crude oil residues upgrading by 
catalytic cracking, fluid catalytic cracking, coking, deasphalting and mostly 
catalytic hydrocracking and hydropurification processes are used. 
Hydrocracking is practised in modern petroleum refineries for converting higher 
boiling ranges into more valuable low-boiling products such as gasoline, diesel 
and jet fuel. Hydrocracking is a highly flexible petroleum refining process. 
Applications of this process include upgrading of petrochemical feedstock, 
improvement of either diesel fuel cetane number or gasoline octane number, and 
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production of high quality lubricants removing heteroatoms. Its result, heavy HC 
feedstock is upgraded by increasing overall hydrogen-to-carbon ratio in original 
feedstock and decreasing its average relative molecular mass. The operation 
conditions and catalysts for hydroprocessing may vary, depending upon 
requirements to the end products. 

 
1.2.3.1. Hydrogenation catalysts 

The type of the used catalysts varies with hydrogenation process and the 
feedstock being hydrogenated. 

Development of hydrogenation catalysts is a separate field of science. A lot 
of research in this area is made by special catalyst manufacturing companies like 
Haldor Topsoe, Abermarle, Chevron Lummus, Akzo Nobel, Shell, etc.      
Know-how generated by these companies is very strictly protected and not 
publicly available.  

A dispersed-phase water soluble catalysts as ammonium molybdate were 
demonstrated to have advantages over supported catalysts due those can be 
recovered and recycled [21]. Co-Mo/Al2O3 has been widely used for 
hydrocracking of heavy feedstocks such as residual raffinate, solvent 
deasphalted residual oil and vacuum residue. The catalysts activity decreases and 
the selectivity changes with ageing. More gas than naphtha is produced as the 
temperature of catalytic hydrogenation is raised to maintain the conversion. Tian 
et al. [22] have made a comparison between dispersed and supported catalysts. 
Hydrodenitrogenation of residue over dispersed water soluble Ni-Mo-catalyst 
was compatible with that of commercial presulphided Co-Mo/Al2O3 catalysts.  

Ni-Mo, Ni-W and Ni-Co have been used as hydrocracking catalysts. Mo-
Ni/SiO2-Al2O3 catalysts have been used for hydrocracking of vacuum distillates 
from coal liquefaction [23]. The effect of distribution and dispersion of Mo ions 
in NiO-CoO-MoO3/Al2O3 catalysts has been reported; more highly dispersed Mo 
ions gave higher hydrogenation activity whereas agglomeration of Mo ions 
resulted in a higher hydrocracking activity [24]. 

Dufresne et al. [25] have presented the pilot plant data of two-stage high 
conversion hydrogenation using supported by zeolite hydrocracking catalysts. 
Ni-Mo-zeolite catalyst has been recommended for maximizing gasoline 
production and Ni-W-zeolite catalysts for maximum gas oil manufacture.  

Sasaki et al. [26, 27] prepared the catalysts from heavy oil, known as ash 
catalysts, which had high vanadium content, and used it for hydrocracking of 
heavy oils. Although the activity of this catalyst was lower than that of Co-
Mo/Al2O3, it produced the same level of liquid products. The coke formation 
decreased, whereas metal removal increased, with an increase in the amount of 
ash catalysts.  

Suspended Fe-catalysts on coke were used in earlier works to upgrade shale 
oil fractions [28].  
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In this thesis the special catalysts delivered for kukersite oil hydrogenation 
from Akzo Nobel, Shell and OAO AZKiOS (Russia) were tested. 

 
1.2.3.2. Hydroprocessing of petroleum residuums 

About 50% of kukersite retort oil boils above 350 °C and its upgrading can 
have parallels with hydroprocessing of petroleum residuums. 

Heavy petroleum fractions can be originated from both technological and 
natural processes. Despite of their origin petroleum pitches, residual fractions 
from atmospheric and vacuum distillation, tar sand bitumens and others are 
characterized as high-boiling and rich in heteroatoms, but representing large 
reserve of available feedstock for producing liquid fuels. Different methods for 
upgrading heavy bituminous fractions have been developed basing mostly on 
hydroprocessing, but differing by process severities, catalyst type and 
technological solutions.  

By Dolbear et al. [29] detailed chemical composition data were obtained for 
five atmospheric residues and products prepared in a continuous pilot plant by 
residual oil hydrotreating process. The results showed that the reactivities for 
removal of sulphur, nickel, vanadium and coke precursors cannot be predicted 
from simple physical or chemical properties. In particular, sulphur and metals 
removal reactivities are not proportional to feed sulphur or metal levels. There 
was a correlation of metals removal reactivities with the fraction of total feed 
metals found in the resin fractions. The oils studied were Heavy Arabian, Hondo 
(from California), Maya (from Mexico) and a blend of West Coast refinery feed-
stocks. 

Guan et al. [30] have investigated the two-stage hydrocracking of petroleum 
residue in a batch autoclave consisting of hydrogenation at 416 °C and 436 °C. 
Compared with one-stage reaction, two-stage reaction had the following 
advantages: lower coke formation, higher cracking and higher removal of 
heteroelements. Anthracene had been regarded as the model compound of coke 
precursor. After two-stage hydrocracking about 51% of anthracene was 
hydrogenated at 416 °C and about 10% of the hydrogenated compound released 
the activated hydrogen, which could prevent the residue from coke formation 
and removed the heteroatoms at 436 °C. Comparison of two kinds of reactions 
showed that two-stage reaction was more effective than the one-stage reaction 
and 72.1% of liquid conversion product was yielded from the feed instead of 
66.1%, coke yields being, respectively, 0.71 and 0.91%. FeSO4·7H2O and 
(NH4)6Mo7O24·4H2O as catalysts were used.  

Ancheyta et al. [31] have reported the experimental information about the 
hydroprocessing of Maya heavy crude oil (from Mexico) using two reaction 
stages. Experiments were performed in a high-pressure fixed-bed pilot plant. 
Hydroprocessing reactions were carried out at a constant pressure (7 MPa) and 
temperature range 360-400 °C. The first reaction stage used a Ni-Mo/Al2O3, 
while the second stage employed a Co-Mo/Al2O3 catalyst. Experimental and 
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characterisation results showed that Maya crude oil quality can be substantially 
improved by hydroprocessing in two reaction stage.  

Ovalles et al. [32] have studied the upgrading of extra-heavy crude oil 
(Hamaca oil field, Venezuela) in batch reactor at 420 °C with a residence time of 
1 h using methane at 11 MPa as source of hydrogen. In the presence of 
Fe3(CO)12 as catalyst, the reaction of Hamaca extra-heavy crude oil led to 14% 
reduction in sulphur content and 41% conversion of the 300 °C+ fraction in the 
upgrading product with respect to the original crude.  

Chen et al. [33] have described a mild cracking solvent deasphalting – for 
upgrading of heavy oil. Continuous bench experiments were carried out on 
Shengli and Gudao (China) vacuum residues. The effect of cracking temperature 
and time on the yield and properties of raffinate asphalt were examined. The 
deasphalted oil obtained was high yielded and qualify to that from solvent 
deasphalted alone. At the same yield of deasphalted oil, the softening point of 
the raffinate asphalt was lower and the penetration and the ductility were greater 
than those for the solvent deasphalting process. 

Due to different materials need special hydrogenation conditions, the 
effective upgrading of Estonian oil shale and its liquid transformations requires 
special investigations. 
 
1.3. Hydrogenation of oil shale, shale oil and its fractions 

1.3.1. Direct hydrogenation of OM in oil shale  

A deficiency of hydrogen relative to carbon in oil shale reduces the amount 
of kerogen that can be converted to hydrocarbon products by conventional 
retorting methods. A new approach to oil recovery from low grade oil shales has 
been developed jointly by the Mineral Resources Institute of The University of 
Alabama and the Hycrude Corporation. The approach is based on the HYTORT 
process, which utilized hydrogen gas during the retorting process to enhance oil 
yields from many types of oil shales [34]. 

Hydroretorting studies were conducted [35] on several oil shale samples 
using a Hydroretorting Assay unit designed to evaluate the hydroretorting 
characteristics of oil shale samples. A 100 gram sample of material was reacted 
with hydrogen gas under the following conditions, represented in Table 4: 
 
Table 4. Conditions for hydroretorting [35] 

Parameter Value 
H2 pressure, atm 70 
Temperature, °C 538 
Duration, min 30 

 
Results of Hydrotreating Assay tests on the raw shale samples are given in 

Table 5. 
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Table 5. Yields from hydroretorting of different oil shales samples [35] 

Oil shale sample Oil yield (gal/ton) 
Fischer Assay Hydroretorting 

Assay 
Increasing 

times 
Sweden – Billingen 3.8 17.5 4.6 
Sweden – Naerke 10.9 32.3 3.0 
Sicily  4.4 12.2 2.8 
Indiana – New Albany 12.5 28.2 2.3 
Montana – Heath Formation 16.2 33.6 2.1 
Canada – Kittle  10.0 21.1 2.1 
Jordan – El Lajjun 32.8 57.0 1.7 
Brazil – Lower Irati 19.4 32.7 1.7 

 
The results indicate that the HYTORT process can produce oil yields of over 

400% of those obtained by conventional, thermal retorting in at least one 
instance, with a number of samples showing oil yields of more than 150% of 
Fischer Assay. In some instances, these results mean that oil yields over 30 
gallons per ton can be produced from oil shale resources which would normally 
be considered too lean for commercial exploitation by conventional retorting 
processes.  

 
1. 3. 2. Direct hydrogenation of OM of kukersite oil shale 

Direct destructive hydrogenation of kukersite shale flotated kerogen 
concentrate K-90 in an autoclave at 320-420 °C and 25 atm H2 pressure using 
ammonium molybdate as a catalyst was carried out by Klesment et al. [36]. The 
results of products yields are represented it Table 6. 
 
Table 6. The yields of products from hydrogenation of kukersite kerogen concentrate, 
elemental composition and group composition of liquids obtained, %  

Product Hydrogenation temperature,  °C 
320 360 380 400 420 

Liquid 
product 

45.3 44.0 39.0 36.7 36.2 

Solid residue 35.8 27.1 29.7 32.8 43.1 
Water + gas 18.9 28.9 31.3 30.5 29.7 

Elemental composition, %
Carbon 84.9 85.0 84.4 86.5 88.0 
Hydrogen 10.6 10.4 10.8 11.3 9.9 
Heteroatoms 4.5 4.6 4.8 3.2 2.1 

Group composition, %
AlHC 17 24 19 20.4 12 
MAHC 18 14 13 17.5 12 
PAHC 19 21 22 20.1 40 
LPHet 42.1 38.4 43.8 39.9 34 
Phenols 3.9 2.6 2.2 2.1 2.0 
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One can see in Table 6 that only 36.2-45.3% on OM basis liquid products 

was produced. In addition to low yield of the liquid product, the content of HC 
was also not high. The content of heteroatoms was reduced down to 2.1 at 
420 °C as compared with 6.9 in retort oil. Phenols yield in raffinate was only 
2.0-3.9%, but the yield of aromatic compounds was considerably higher than in 
retort oil (21%).  

Hydrogenation of kukersite kerogen concentrate with 76% of OM in 
autoclave at 420-480 °C and 3.5-7.0 MPa H2 during 0.5 or 1.5 h resulted in high 
kerogen conversion degree, but in low liquid yield (up to 47.0) [37]. Lots of 
gases were formed (more than 40%). Gorlov et al. [38] have investigated the 
petroleum tar H-donor effect on kukersite oil shale hydrocracking and an 
increase in both gasoline and diesel fraction yields and significant decrease in H2 
was noted.  

The yield of liquid products was lower than oil yield in direct pyrolysis 
because a part of oxygen was removed as CO2 and H2O, and additional gas and 
coke were formed. 

 
1.3.3. Hydrogenation of total and dephenolated kukersite retort oil 

Luik et al. [39-47] investigated upgrading of Estonian kukersite shale oil 
submitting total shale oil, dephenolated shale oil, phenols, diesel fraction, light 
and heavy mazute to the catalytic hydrogenation in 500 cm3 batch autoclave at 
various reaction conditions. The shale oil distillate fractions were industrial 
products obtained from AS Kiviter. 

Moderate conditions and Co-Mo/Al2O3 catalysts were used for hydrogenation 
of kukersite total and dephenolated retort oil [39, 40]. Conditions of experiments 
are represented in Table 7, and results of hydrogenation in Tables 8 and 9. 

 
Table 7. Hydrogenation parameters  

Parameter Value 
Ratio catalyst/shale oil, g/g 0.1 
Temperature, °C 370 
Initial pressure of hydrogen, atm  97-103 
Duration, h 2 

 
Table 8. Products obtained on hydrogenation and their yields 

Material of hydrogenation 
Product, mass % 

Raffinate Water Gas Coke 
Total retort oil 93.1 4.2 2.1 0.6 
Dephenolated retort oil 80.2 3.1 16.1 0.6 

 
Considerably more gas was formed on hydrogenation of dephenolated oil 

than from the initial oil - 16.1 and 2.1%, respectively, the coke yield being the 
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same. It can be supposed that during alkali-acidic dephenolation some bonds in 
condensed molecules decomposed enhancing gas formation. 
 
Table 9. Chemical group composition of compounds present in initial and hydrogenated 
oils. 
Compounds Retort oil, % 
 Initial Dephenolated Hydrogenated Dephenolated, 

then 
hydrogenated 

AlHC 11.1 15.0 32.7 35.7 
MAHC 5.4 7.3 1.7 2.1 
PAHC 23.1 31.2 41.1 40.9 
LPHet 16.7 22.6 12.5 8.7 
HPHet 17.7 23.9 10.4 11.9 
Phenols 26.0 0 1.6 0.7 

 
As a result of hydrogenation, the content of heterocompounds significantly 

decreased. At the same time the content of HC in raffinates increased. This 
increase was especially significant in case of the aliphatic hydrocarbons (AlHC), 
2-3 times (Table 9). 

 
1.3.4. Hydrogenation of phenols 

Hydrogenation of phenols [41] was performed in conditions given in Table 7.  

The yield of products removed from autoclave after 2 h hydrogenation and 
chemical group composition are represented in Table 10 and Table 11. As 
compared with the results of hydrogenation of dephenolated and total retort oil, 
phenols yielded as much neutral oil as dephenolated oil on hydrogenation at the 
same conditions, but no coke. 

At the same time total retort oil yielded more raffinate and 0.6% coke, but 
markedly less gas and water. Therefore, just the phenols give the lion’s share of 
gas and water on the retort oil hydrogenation at the conditions used while neutral 
oil yielded some coke. 
 
Table 10. The yield of hydrogenation products of phenols, % 

Product Yield, wt.% 
Raffinate  81.6 
Gas 12.8 
Water 5.6 
Coke 0 
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Table 11. Chemical group composition of compounds formed on hydrogenation of 
phenols, wt.% 

Compounds Wt.% 
AlHC 15.1 
MAHC 3.6 
PAHC 40.9 
LPHet 17.8 
HPHet 17.0 
Phenols 5.6 

 
The compound groups similar to those present in the initial retort oil were 

formed. The proportions between different compound classes were also the 
same, only raffinate contained markedly less phenols and more polyaromatic 
hydrocarbons (PAHC) as compared with the initial retort oil. As a result, the 
phenol raffinate is aromatic by its nature, with up to 45% total aromatic 
compounds (PAHC + MAHC). Low-polar heteroatomic compounds (LPHet), 
which composition was similar to that in primary retort oil established by gas 
chromatographic analysis, were formed in amounts equal to the amount of high-
polar heteroatomic compounds (HPHet) – both 17%. The most interesting 
compound classes formed on hydrogenation were AlHC and phenols of 
secondary origin.  

 
1.3.5. Hydrogenation of retort oil industrial fraction 180-240 °C 

Retort oil fraction 180-240 °C called “diesel fraction” by AS Kiviter was 
submitted to hydrogenation [42, 43]. Experimental conditions applied for “diesel 
fraction” hydrogenation are represented in Table 12. 
 
Table 12. Experimental conditions 

Parameter Value 
Initial pressure of hydrogen, atm 50 
Temperature,  °C 370 
Time of hydrogenation, h 2 
Catalyst Co-Mo/Al2O3, % 5 

 
The yield of hydrogenation products is represented in Table 13. 

 
Table 13. The yield of hydrogenation products of the “diesel fraction” 

Product Yield, wt.% 
Raffinate 94.9 
Gas 3.8 
Water 1.3 
Coke 0 

 
It can be seen that the yield of raffinate was high and that of water and gas 

low. No coke was formed. 
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Judging by the group composition of compounds (Table 14), “diesel fraction” 
did not contain much heteroelements; HPHet and LPHet as the main source of 
heteroelements constituted only one fifth of total fraction. The industrial “diesel 
fraction” consists mainly of HC and their content was increased from 55 to 69% 
as a result of hydrogenation. 
 
Table 14. Chemical group composition of “diesel fraction”, mass % 

Compounds “diesel fraction” 
Initial Dephenolated Dephenolated then 

hydrogenated 
AlHC 52 55 69 
Aromatic 
hydrocarbons 

23 25 28 

Among them:  
MAHC 
PAHC 

 
16 
7 

 
17 
8 

 
2 
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LPHet 7 7 1 
HPHet 12 13 2 
Phenols  6 0 0 

 
Hydrogenation of the “diesel fraction” changed essentially its group 

composition; raffinate contained 6-7 times less HPHet and LPHet and 8 times 
less MAHC, but 3 times more PAHC. 

The main reactions occurring on hydrogenation of the “diesel fraction” was 
saturation of unsaturated bonds and removal of heteroelements. HPHet and 
LPHet, the latter consisting of n-alkanones and n-2-alkanones, gave an 
additional amount of aromatic and AlHC after the removal of heteroelements. At 
the same time MAHC have been submitted to hydrogenation yielding 
cyclohexane derivatives.  

Also the effect of different hydrogen pressure (50, 85, 100 atm) on the yield 
and composition of “diesel fraction” hydrogenation products was studied. It was 
concluded that the higher the initial pressure of hydrogen the lower the yield of 
raffinate and the higher the yields of water and gas.  

Two-step hydrogenation of “diesel fraction” was carried out. It was 
concluded that at hydrogenation of the already hydrogenated “diesel fraction” 
practically no typical final products of hydrogenation – gas and water – were 
formed and the main difference in its composition was the increased content of 
MAHC and decreased content of PAHC. 

 
1.3.6. Hydrogenation of retort oil industrial fraction 240-320 °C  

Retort oil fraction 240-320 °C called “light mazute” by AS Kiviter was 
submitted to hydrogenation [44, 45]. Experimental conditions for hydrogenation 
are represented in Table 15, and results in Tables 16 and 17. 
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Table 15. Experimental conditions 
Parameter Value 

Initial pressure of hydrogen, atm 80 
Temperature, °C 370 
Time of hydrogenation, h 2 
Catalyst Co-Mo/Al2O3, % 5 

 
Table 16. The yield of “light mazute” hydrogenation products 

Product Yield, wt.% 
Raffinate 89.0 
Gas 2.9 
Water 2.0 
Coke 6.1 

 
Hydrogenation resulted in a high yield of raffinate, but also some amount of 

coke was formed. 
 
Table 17. Chemical composition of “light mazute”, wt. % 

Compounds “Light mazute” 
Initial Dephenolated Dephenolated 

then 
hydrogenated 

AlHC 21 31.2 50.8 
Aromatic hydrocarbons 25.7 38 39.6 
Among them: 
MAHC 
PAHC 

 
3.5 

22.2 

 
5.2 

32.8 

 
13 

26.6 

LPHet 12 17.7 3.6 
HPHet 8.9 13.1 6 
Phenols  32.4 0 0 

 
The initial “light mazute” is characterized by a high content of phenols, but 

after dephenolation it consisted of almost equal parts of AlHC (31.2%), aromatic 
HC (38%) and heteroatomic compounds (30.8 %). Hydrogenation increased the 
total content of HC including both aliphatic and aromatic ones on account of the 
decrease in the content of LPHet and HPHet. The phenols were removed by 
dephenolation.  

The effect of the hydrogen pressure (70, 80, 96 atm) on the yield and 
composition of “light mazute” hydrogenation products was studied. It was 
concluded that the higher the initial pressure of hydrogen the lower the yield of 
raffinate and the higher the yield of coke. The increase of the hydrogen pressure 
leaded to an increase in the content of AlHC and decrease in the content of 
aromatic HC, LPHet and HPHet. 
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Three-step hydrogenation of “light mazute” was carried out. During the last 
two phases of hydrogenation the loss in oil weight was only 2% and it was 
concluded that the influence of hydrogen on the products yield was very small. 

  
1.3.7. Hydrogenation of retort oil industrial fraction boiling over 320 °C  

The most viscous and boiling over 320 °C retort oil fraction called “heavy 
mazute” by AS Kiviter was submitted to hydrogenation [46, 47]. Hydrogenation 
was carried out at 370 °C during 2 hours, at the initial pressure of H2 100 atm 
using Co-Mo and Ni catalysts. The results are represented in Table 18. 
 
Table 18. Yields of “heavy mazute” hydrogenation products 

Product Yield, wt.% 
Co-Mo catalyst Ni catalyst 

Raffinate 90.2 91.1 
Gas   1.3   3.4 
Water   4.9   3.4 
Coke   3.6   2.1 

 
Hydrogenation of “heavy mazute” resulted in its high recovery (90%), while 

coke, gas and water make less than 10% of reaction products. More gas, but less 
water and coke were formed, when Ni catalyst was used. The group composition 
of compounds obtained using Co-Mo catalyst is represented in Table 19.  
 
Table 19. Chemical group composition of “ heavy mazute“ 

Compounds “Heavy mazute” 

Initial Dephenolated Dephenolated then 
hydrogenated  

AlHC 6.6 10.4 21.3 
Aromatic hydrocarbons 27.3 43.0 53.8 
Among them: 
MAHC 
PAHC 

 
2.7 

24.6 

 
4.3 

38.7 

 
6.1 

47.7 
LPHet 14.4 22.6 10.5 
HPHet 15.2 24.0 14.4 
Phenols 36.5 0.0 0.0 

 
As compared with “diesel fraction” and “light mazute“, „heavy mazute“ 

contains 3-5 times less AlHC and twice more LPHet and HPHet. 

To investigate the effect of time and hydrogen pressure on the yield and 
composition of hydrogenation products the consecutive three-step hydrogenation 
of „heavy mazute“ was carried out. The yield of raffinates was 93.9% and, 
despite of significant consumption of hydrogen, it did not change much during 
the 2nd and 3rd steps of hydrogenation. 
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2. EXPERIMENTAL 

2.1. Samples, thermochemical methods and conditions 

2.1.1. Samples 

Materials submitted to hydrogenation are represented in Table 20. 
 
Table 20. Materials hydrogenated 

  Solid samples Liquid samples 
Kukersite with 35.8% OM1), Wa = 1.3% 
                         40.2% OM1), Wa = 1.4% 
                         50.5% OM1), Wa = 1.5%  

Flash pyrolysis oil 
Heavy oil fraction 360 °C+ (HO) 

Kukersite concentrate (90.1% OM1), Wa 
= 1.9%) 

Thermobitumen + oil (TBO) 
Maltenes of TBO 
Asphaltenes of TBO 

1) OM content was determined on the basis of ash at 825 °C (Ad
825) and pyritic sulphur, 

(Sp), as follows: OM = 100 - Ad
825 - 0.625Sp 

 
2.1.2. Thermochemical methods and conditions 

Thermochemical dissolution of the solid samples before hydrogenation was 
carried out varying parameters as solvent, duration, experimental temperature 
and oil shale-to-solvent ratio. Conditions for thermochemical dissolution are 
represented in Table 21. 
 
Table 21. Conditions for thermochemical dissolution 

Solvent  Benzene, ethanol, water, water + 
benzene 

Duration, h 1-4 
Temperature, °C 360-400 
Oil shale-to-solvent ratio 1:2; 1:3 

  
Thermochemical dissolution of kukersite was carried out in 500 cm3 batch 

autoclave with thermocouple (Figure 1). Kukersite samples were charged into 
autoclave with addition of applied solvent. Autoclave was placed and fixed into 
electric heater, connected to the electric engine, so that the system rocked. The 
heating time from ambient temperature to reaction temperature was 1 hour. 

Some of experiments were carried out in 100 cm3 autoclaves, which were 
placed into electrical oven, heated to the nominal temperature and after the 
duration prescribed after the end of the process the autoclave was left at ambient 
temperature for cooling and opened on the next day. 

Majority hydrogenation experiments were carried out in the 500 cm3 batch 
autoclave as in the case of thermochemical dissolution. The autoclave was filled 
with sample and hydrogen to nominal pressure and then heated. The heating 
time from ambient to hydrogenation temperature was 1 hour. The hydrogenation 
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time was measured since the nominal temperature  was achieved. After the end 
of the process the autoclave was cooled and opened. 

 
Figure 1. Batch rocking autoclave 

 

Hydrogenation was performed at following conditions (Table 22): 
 
Table 22. Conditions for hydrogenation 

Autoclave volume, cm3 100, 500 
Mass of sample, g 10-100 
H2 initial pressure, atm 50-88 
Duration 40 min - 4 hours 
Temperature, °C 340-470 
Catalyst content, % of 
feed 

0-15 

Catalyst Producer Purpose 
KGU-950 OAO AZKiOS, Irkutsk, Russia Hydropurification 
GO-30-7 OAO AZKiOS, Irkutsk, Russia Hydrocracking 
DN-3100 TL Shell Chemicals LP, US Universal 
KF-848 Akzo Nobel, Netherlands Hydropurification 
KF-1015 Akzo Nobel, Netherlands Hydrocracking 
KC-3210 Akzo Nobel, Netherlands Hydrocracking 
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2.1.3. Separation methods 

Liquids, solids and gases. Liquids and solids were removed from autoclave 
by a benzene wash to the filter; as a result liquid and solid phases were 
separated. Benzene was evaporated from liquids under the vacuum. Solid 
residues were dried for solvent removal and then weighted; liquids were 
weighted after benzene evaporation. For 500 cm3 autoclave gas yield was found 
by formula as difference 

Gas = 100 – (Liquid + Solid)                                                               (1) 

For 100 cm3 autoclaves the mass of gas formed was determined by the 
difference in weights of closed and opened autoclave.  

Maltenes and asphaltenes. Sample of TBO was dissolved in benzene (TBO-
to-benzene ratio 1:10) and hexane was added in a 1:50 benzene solution-to-
hexane ratio and stirred. Asphaltenes, being insoluble in hexane, were estimated 
by weight after 12 hours of precipitation and their filtration. Maltenes, soluble in 
hexane, were estimated by the weight after solvent evaporation. 

Dephenolation. The total phenols were extracted with 5% NaOH (1:5) from 
the oils diluted with benzene (1:1), and thereafter re-extracted from the acidified 
water phase with diethyl ether. 
 
2.2. Analytical methods 

The products obtained were analyzed by thin-layer chromatography (TLC), 
Fourier transform infrared spectroscopy (FT-IR), gas chromatography-mass 
spectrometry (GC-MS), fractional and elemental analysis. 
 
2.2.1. Thin-layer chromatography 

Shale oil consists in thousands of compounds. TLC is a simple and quick 
technique giving shale oil group composition. A TLC plate is a sheet of glass, 
metal or plastic, which is coated with a thin layer of a solid absorbent, usually 
silica gel. About 0.5 g of the sample is spotted on the starting line of the plate. 
Then the bottom edge of TLC plate is introduced with the eluating solvent in the 
chamber. Solvent slowly rises up to the plate by capillary action eluating the 
sample. When the solvent achieves the top of plate, the plate is removed from 
chamber and after drying the separated components of sample are visualized. 
Usually the components are colorless and UV lamp is used for visualization the 
plate.  

In this work glass plate with size 24×24 cm coated with 2 mm layer of silica 
gel and n-hexane as eluation solvent was used. Five groups of compounds were 
separated and washed out from silica gel with using diethyl ether: 

 Aliphatic hydrocarbons (AlHC) 
 Monoaromatic hydrocarbons (MAHC) 
 Polyaromatic hydrocarbons (PAHC) 
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 Low-polar heteroatomic compounds (LPHet) 
 High-polar heteroatomic compounds (HPHet) 

Yields of the respective compound groups were determined by weigh-
analysis after evaporation of diethyl ether.  
 
2.2.2. Infrared spectroscopy 

Infrared spectroscopy is the measurement of the wavelength and intensity of 
the absorption of mid-infrared light by a sample. Mid-infrared is energetic 
enough to excite molecular vibrations to higher energy levels. The wavelength 
of infrared absorption bands is characteristic of specific types of chemical bonds, 
and infrared spectroscopy finds its greatest utility for identification of organic 
and organometallic molecules.  

The high selectivity of the method makes the estimation of an analyte in a 
complex matrix possible. This method involves examination of the twisting, 
bending, rotating and vibrational motions of atoms in a molecule. 

An infrared spectrophotometer passes infrared light through an organic 
molecule and produces a spectrum that contains a plot of the amount of light 
transmitted on the vertical axis against the wavelength of infrared radiation on 
the horizontal axis. In infrared spectra the absorption peaks point downward 
because the vertical axis is the percentage transmittance of the radiation through 
the sample. Absorption of radiation lowers the percentage transmittance value. 
Since all bonds in an organic molecule interact with infrared radiation, IR 
spectra provide a considerable amount of structural data. 

In this work Fourier transform infrared (FT-IR) spectroscopic method was 
used. FT-IR spectra are represented and interpreted as visual (qualitative), 
calculated (quantitative) and graphic modes. 

1. Visual mode. Visual mode represents itself as an original FT-IR 
spectrum. It contains a row of absorption bands, by which location and relative 
intensity it is possible to characterize the studied sample.  

2. Calculated mode. The comparison of FT-IR absorption maxima with 
that at 1460 cm-1, representing long aliphatic chains in each spectrum, enables 
quantitative characterization. The absorbance is measured as a peak height ratio. 
For this the height of each visible peak of studied sample is divided to the 
absorption maximum of the peak of studied sample at 1460 cm-1. As a result, the 
relative concentration of certain functional group in the sample is obtained [48]. 

3. Graphic mode. For graphic construction and comparison of functional 
groups calculated data from spectra of liquids obtained at different conditions 
were used. 

 
In this work infrared spectra were taken on an Interspec 2020 FT-IR-

spectrometer. 
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2.2.3. Gas chromatography-mass spectroscopy 

Gas chromatography-mass spectrometry (GC-MS) method is gas 
chromatography with mass spectrometer detector.   

In this work GCMS – Shimadzu QP 2010 Plus gas chromatograph-mass-
spectrometer was used. 
 
2.2.4. Elemental analysis 

Content of carbon, hydrogen, sulphur, nitrogen and oxygen was determined 
by “Elementar Vario EL”analyzer. 

 
2.2.5. Fractional composition of raffinates 

The boiling curves of the raffinates were obtained according to ASTM D86-
72 standart “Test Method for Distillation of Petroleum Products at Atmospheric 
Pressure”. 
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3. RESULTS AND DISCUSSION 

3.1. Direct hydrogenation of the kukersite oil shale with molecular H2 

Experiments were carried out in 500 cm3 autoclave using kukersite with 
35.8% of OM. Conditions of the experiments are represented in Table 23. 

 
Table 23. Experimental conditions 

Parameter Value 
Mass of sample, g 100 
Time, h 4 
H2 initial pressure, atm  50 
Temperature, °C 340-430 

 
No catalyst was added like in HYTORT process applied earlier for 

hydroretorting of oil shales from several countries [34, 35]. 

The yield of the products from kukersite with 35.8% of OM hydrogenation is 
shown in Table 24. 

 
Table 24. The yield of products from direct hydrogenation of kukersite, % OM 

Temperature, °C Raffinate Solid residue Gas 
340 49.0 25.0 26.0 
350 45.9 26.6 27.5 
390 27.8 34.1 38.1 
430 26.0 29.4 44.6 

 
As it can be seen the yield of raffinate decreases with the increasing of 

temperature, while the yield of gas increases significantly. 

To determine the efficiency of the process, obtained results were compared 
with results obtained by Klesment et al.[36] in direct hydrogenation of kukersite 
concentrate K-90. All the experiments were carried out at different temperature. 
Duration of hydrogenation, 8 hours, and initial pressure of H2, 25 atm, were kept 
constant. (NH4)2MoO4 was used as catalyst. The results obtained in [36] have 
been represented in Table 6. 

Figure 2 shows the comparison of the yields of obtained products. 
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Figure 2. The comparison of results from hydrogenation of kukersite with 35.8% OM 
(curve 1) and K-90 with catalyst (curve 2 [36]) 
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The decreasing yield of raffinates with increasing temperature was noticed 
because about one third of OM was transformed into gas and one third into coke. 
So, contrary to HYTORT process of several oil shales [34, 35], the direct 
hydrogenation of kukersite oil shale without catalysts did not give high yield of 
raffinate. The same was found also in case of kukersite OM concentrate [36].  

The group composition of raffinates from hydrogenation of kukersite and K-
90 were also compared by TLC. The results are depicted in Figure 3 (without 
catalyst) and Figure 4 (with catalyst). 

 

 
Figure 3. The group composition of hydrogenated kukersite with 35.8% OM (1 – 340°C, 
2 – 350°C, 3 – 390°C and 4 – 430°C) 
 

 
Figure 4. The group composition of hydrogenated K-90 (1 – 320 °C, 2 – 360 °C, 3 – 
380 °C, 4 – 400 °C, 5 – 420 °C) 
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It can be seen, there is a significant difference in yield of HPHet. In case of 
oil shale with 35.8% of OM hydrotreated without addition of any catalyst, the 
amount of HPHet is determined in range 23-47%, while in case of K-90 with 
using of catalyst the amount was 2-4% only depending on temperature. It was 
demonstrated that the presence of catalyst influenced mainly the distribution of 
heteroatoms between HPHet and LPHet. The raffinate yield was less influenced. 

The results above confirm that direct hydrogenation of kukersite oil shale and 
its concentrate with H2 resulted in small yield of oil and also in small yield of 
HC, and high yield of gas and coke. So, the method of direct hydrogenation with 
molecular hydrogen cannot be suggested for upgrading of Estonian kukersite oil 
shale. 

 
3.2. Direct hydrogenation of the kukersite oil shale with H-donor  

(tetralin) 

Experiments were carried out in 100 cm3 batch autoclaves filled with 
kukersite (40.2% OM). The weight of the initial oil shale charged into the 
autoclave was 10 gram. Conditions of hydrogenation are represented in Table 
25. 

 
Table 25. Experimental conditions 

Parameter Value 
Time, h 1, 1.5, 2, 3 
Tetralin:OM 1:1 
Temperature, °C 360-400 
Catalysts DN-3100, KF-848, KF-1015 
Catalyst-to-OM ratio 1:10 

 
The effect of time on the yield of the products in “dry” pyrolysis, in the 

environment of tetralin without any catalyst, and adding the hydropurification 
catalyst KF-848 is depicted in (see Figure 1, Article VI). 

It was found that the main advantage of the addition of tetralin occurs in an 
increase in the maximum yield of total extract to 86%, and in decrease in the 
minimum percentage of OM remaining in solid residue to 5.2%. At that, 
formation of the target product, maltenes is higher in the “dry” experiment than 
in tetralin. Addition of the catalyst KF-848 in tetralin environment moderates the 
decomposition rate of the initial shale and formation of the total extract. 

The influence of temperature on the thermal treatment of oil shale in tetralin 
without catalyst and with the catalyst KF-848 is depicted in (see Figure 2, 
Article VI). 

The results suggest that under the conditions studied, the addition of the 
catalyst KF-848 being the best in hydrogenation of heavy shale oil with 
molecular hydrogen (see Figure 9) rather decreases the yield of total extract in 
comparison with the test without any catalyst. The maximum extract yield under 
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two hours duration is at temperature 380 °C without any catalyst, and at 400 °C 
with the catalyst. But at that, the addition of the catalyst amplifies the effect of 
temperature on the increase in the yield of the target product, maltenes, and 
decreases the yield of organic solid residue at 360 °C. 

As a result addition of tetralin as a hydrogen-donor in thermal decomposition 
of oil shale increases the raffinate yield and suppresses coke formation. In 
hydrogenation of the unstable TB about one third of tetralin per OM of oil shale, 
g/g, is expended and transformed into naphthalene. Addition of tetralin avoids 
the secondary decomposition and condensation of hexane soluble fraction, 
maltenes.  

The main disadvantage of the tetralin addition is in the circumstances that 
tetralin and naphtalene formed incorporate into the raffinate and cannot be 
regenerated. 

 
3.3. Hydrogenation of oil from flash pyrolysis 

Flash pyrolysis of kukersite (50.1% OM) was carried out in a bench-scale 
fluidised bed unit at Technical Research Center of Finland (VTT). As a result of 
pyrolysis at 550 and 600 °C in the alumina sand bed with fluidising velocity 
90 cm/s the maximum yield of oil obtained was 70% per OM. 

Flash pyrolysis oil differs significantly from slow pyrolysis oil in Fischer 
Assay by high content of HPHet (63%) and by low content of AlHC. Flash 
pyrolysis oil is also characterized by high viscosity and density . 

Three hydrogenation experiments of flash pyrolysis oil were carried out. 
Conditions of experiments and yields of the products are discribed in Tables 26 
and 27. 

 
Table 26. Experimental conditions 

Parameter Value 
Time, h 2 
H2 initial pressure, atm 70 
Temperature, °C 390-410 
Catalyst  KF-848, KGU-950 
Catalyst, % of oil 10 

 
Table 27. The yield of flash pyrolysis oil hydrogenation products 

Exp no. Catalyst Temperature, °C Raffinate Coke Gas 
1 KF848 390 56.3 12.4 31.3 
2 KGU-950 390 50.3 19.6 30.1 
3 KGU-950 410 42.4 26.7 30.9 

 
The maximum yield of raffinate was achieved at 390 °C, 2 h, and initial 

pressure of H2 70 atm with KF-848 catalyst and amounted 56.3% of the initial 
oil, and only 39.4% of kukersite OM.  
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The efficiency of hydrogenation of kukersite oil shale primary liquids was 
estimated by the yield of raffinate and, additionally by the ratio of HC (AlHC + 
MAHC + PAHC) to the heteroatomic compounds remained (LPHet + HPHet). 

The group composition of raffinates is represented in Table 28.  
 

Table 28. Chemical group composition of hydrogenated flash pyrolysis oil 
 KF-848, 390 °C KGU-950, 390 °C KGU-950, 410 °C 

HPHet 43.1 37.6 32.6 
LPHet 19.5 21.3 22.6 
PAHC 22.7 24.5 24.6 
MAHC 4.3 5.8 8.7 
AlHC 10.4 10.8 11.5 
HC/Het 0.6 0.7 0.8 

 
The maximum ratio HC/Het was 0.8 at 410 °C with KGU-950 catalyst. 

If to compare the results obtained with results of retort oil hydrogenation, 
presented in Tables 8 and 9, it can be concluded that the yield of raffinate from 
retort oil surpasses that of raffinate from flash pyrolysis oil in two times 
calculated on OM basis. Besides the low yield, raffinate from flash pyrolysis oil 
was characterized by low content of HC and high that of heteroatomic 
compounds. 

 
3.4. Hydrogenation of kukersite HO  

Kukersite heavy oil fraction 360 °C+ (HO) was an industrial fraction 
produced at VKG (Viru Keemia Grupp), which makes about 50% of vertical 
retort oil. 

The single- and two-step hydroprocessing was performed in a 500 cm3 
autoclave under the ranges of temperature 340-420 °C, duration 40-240 minutes, 
and the hydrogen initial pressure 62-88 atm. Catalysts, presented in Table 22, 
were added in the quantity of 10% per HO. About 50 grams of the initial or 
dephenolated HO were charged. The efficiency of the treatment was evaluated 
by yields of oil, gas, coke and water, by true boiling point curves, elemental 
composition, and group composition of the hydrogenated oil and by composition 
of the gases formed. 
 
3.4.1. Phenolic compounds 

The results concerning dephenolation of the diluted oil are represented in 
Tables 29 and 30. 
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 Table 29. Extraction of total phenols from initial HO 
HO dilution Extraction with NaOH aqueous solution  

Solvent HO:solvent 
(g/g) 

NaOH 
solution:HO(g/g) 

NaOH (%) Yield of phenols 
(% from HO)  

Diethyl ether 1:1 2:1 10 0a 

Diethyl ether 1:1 4:1; 4:1; 4:1 2.5; 5; 10 17.0b 

Gasoline 1:2 2:1; 1:1; 1:1 2.5; 5; 10 16.4b 

Toluene 1:4 4:1; 4:1; 4:1 2.5; 5; 10 26.8b (25.98, 
0.739 and 0.113)c 

Benzene 1:4 5:1; 5:1; 5:1 2.5; 5; 10 26.9b 

a Phases did not separate. b Total yield. c Yield in the subsequent steps. 
 
Table 30. Extraction of the water soluble phenols  

HO dilution Extraction with water (W) 
Solvent HO:solvent (g/g) Water:HO (g/g) Yield of phenols 

(% from HO) 
None – 3:1, three times 0.18 
None – 10:1, once 0.196 
Benzene 1:4 10:1, once 0.11 

 
The data obtained evident that the yield of total phenols extracted depends on 

the solvent applied for dilution. The two phases were not separated when diethyl 
ether was added. The yield of phenols reaches 17% at higher ratios of the alkali 
solution using diethyl ether or the light fraction of shale oil, called gasoline. 
When benzene or toluene was used the yield reached 26.9%. Probably, hydrogen 
bonding arises between the molecules of oxygen containing solvents and HO. 
So, distribution of the phenols is declined to the organic solutions, and only the 
anionic phenolates with shorter alkyl radicals can be extracted into the alkali 
water solution. 

 
3.4.2. Hydroprocessing of initial and dephenolated HO 

The hydroprocessing conditions tested and the yields of the products are 
given in Table 31.  
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According to Table 31, the highest total yield of raffinate (95.7%) was 
obtained in the two stage experiment 11-I+II where the mix of universal catalyst 
DN-3100TL and the hydrocracking catalyst GО-30-7 was used in the first stage 
at 340 °C, and in the second stage the temperature was increased to 380 °C. In 
the both stages the duration was 40 minutes and the initial hydrogen pressure 
7.1 MPa. The total raffinate yield was also high in the second stage of the 
experiments 6-II, 15-II, and 7-II (93.8, 92.8 and 91.6% from the first stage oil) 
loosing 3.5-8.4% as gas, coke and water. 

The test numbers and according conditions are applied for characterization of 
the raffinates obtained in parts 3.4.3-3.4.6. 

 
3.4.3. Fractional composition of raffinates 

Fractional composition of the raffinates obtained under various conditions of 
the hydroprocessing is depicted in Figure 5. 

 

 

 
Figure 5. Fractional composition of the raffinates obtained at hydroprocessing of the 
dephenolated  and initial HO under conditions given in Table 29 
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The distillation curves show principal similarity when the dephenolated and 
initial HO were used as feedstocks. As it can be expected, the cracking catalysts 
GO-30-7 (experiments 4, 6-II, 7-II, and 11-II) and KF-1015 (experiment 14-II) 
obviously enhanced the formation of the lower boiling fractions in comparison 
with the hydropurification catalysts applied in the first stage (I). The results 
obtained revealed that in the distillation most of the raffinates decline to 
secondary thermal decomposition, especially in the cases without dephenolation 
(Figure 5). 

The distribution of the raffinates between the fractions with boiling range 
200 °C-, 200-275 °C and 275-360 °C is depicted in Figure 6. 
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Figure 6. Distribution of the raffinates between boiling fractions under conditions given 
in Table 29. 
 

Yields of the main fractions of the raffinates from the dephenolated and 
initial HO, and the iodine numbers are presented in Table 32.  

According to Figures 5 and 6 and Table 32, the most wanted raffinate 
fraction, kerosene (200-275 °C), prevails (53%) in the raffinates 6-II and 7-II 
where the secondary decomposition of the raffinates at fractional distillation has 
already begun near 250 °C. The highest share of the heavier fraction, 275-
360 °C, was obtained in the tests 14-I and 11-II where the secondary cracking 
was delayed close to 360 °C. According to Table 32, the highest share of the 
fraction 200-360 °C was formed in the experiments 14-I and 14-II, 11-II and 6-II 
(72.7 and 64.6, 59.7 and 62.6 g/100g) where the hydropurification catalyst KF-
848 and the mix of catalysts consisting of the universal catalyst DN-3100TL and 
the hydrocracking catalyst GO-30-7 were applied. 
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Table 32. Yield of distillation fractions and iodine number of the raffinates (g/100 g 
initial HO) 

Test No  Yield  Iodine 
number  200 °C– 200-360 °C 360 °C– 360 °C+ Gas 

1 21.2 49.7 70.9 25.0 4.1 9.7 

2 7.0 59.3 66.3 30.7 3.0 n. d. 

3 10.3 55.0 65.3 29.6 5.1 n. d. 

4 6.1 49.4 55.5 41.5 3.0 n. d. 

5 4.4 46.3 50.7 46.8 2.5 n. d. 

6-I 22.8 49.4 72.2 25.4 2.4 21.6 

6-II 20.1 62.6 82.7 16.0 1.3 5.6 

7-II 27.9 54.5 82.4 15.0 2.6 18.7 

8-II 13.2 41.8 55.0 42.8 2.2 18.3 

9-III 10.3 37.2 47.5 48.4 4.1 21.5 

10 37.2 46.9 84.1 9.9 6.0 23.3 

11-II 20.5 59.7 80.2 15.3 4.5 35.4 

14-I 5.7 72.7 78.4 16.1 5.5 34.3 

14-II 13.8 64.6 78.4 18.3 3.3 14.3 

15-II 5.3 33.5 38.8 56.5 4.7 23.4 

 
3.4.4. Group composition of raffinates 

The results of the TLC of the representative raffinates are represented in 
Table 33.  
 
Table 33. Group composition of the raffinates, % 

Compound 
group 

Initial 
HO 

6-II 9-III 11-II 14-I 14-II 

AlHC 1.8 16.1 13.2 7.4 3.9 12.7 

MAHC 2.9 11.2 10.4 4.5 5.2 7.0 

PAHC 14.5 35.6 35.9 21.0 21.8 33.1 

LPHet 46.8 24.3 22.8 35.8 37.5 25.3 

HPHet 34.0 12.8 17.7 31.3 31.6 21.9 

HC/Het 0.23 1.70 1.47 0.49 0.45 1.12 

 
The data explain that under the best conditions (6-II) hydroprocessing can 

increase the content of AlHC from 1.8 to 16.1% whereas the total content of HC 
is increased from 19.2 to 62.9%, and the content of undesirable LPHet and 
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HPHet being 46.8 and 34.0% in the initial HO decrease to 24.3 and 12.8% in 
raffinate. The ratio of HC/Het is increased from 0.23 to 1.70. 

 
3.4.5. Secondary phenols and asphaltenes in raffinates 

The total phenols after hydroprocessing of the dephenolated and initial HO 
were extracted with 5% NaOH (1:5) from the raffinates diluted with benzene 
(1:1), and thereafter re-extracted from the acidified water phase with diethyl 
ether. The results are represented in Table 34. 

 
Table 34. Total phenols in raffinates, % 

Test number 1 6-II 7-II 8-II 8-II 
(360+)a  

11-
II 

14-I 14-
II 

15-I 

Phenols in the 
initial HO (%) 

0 26.8 

Phenols in the 
raffinate (%) 

6.73 3.88 3.57 3.23 9.06 24.8 29.6 7.61 31.7 

Hydrogenation 
temperature 
(°C)  

400 400 420 400 360 380 380 400 380 

a– Distillate fraction 360 °C+ of oil 8-II  
 

The data in Table 34 evident that hydroprocessing can increase the content  
of phenols, as it occurred in the test 1 with the dephenolated initial HO and in 
the first stages of the tests 14 and 15 where the hydropurification catalyst KF-
848 was applied at 380 °C. The content of phenols is significantly decreased 
during the next stage of the experiments 6, 7, and 8 where the universal catalyst 
DN-3100TL (8-I) or the hydrocracking catalyst GO-30-7 (7-II) were used at 
temperatures 400–420 °C. Noteworthy is that more than 90% of the initial 
phenols were not decomposed at hydrogenation in the presence of the mix of the 
latter catalysts at 380 °C (11-II). The results obtained suggest an essential role of 
temperature on the decomposition of phenols. 

According to Table 30, the content of water soluble phenols in the initial HO 
was between 0.11-0.20%, depending on their isolation conditions. As shown in 
Table 35, the content of water soluble phenols extracted three times with water 
in ratio 1:10 is increased for some scores of times in the stage of 
hydropurification (14-I and 15-I) whereas in the cracking stage (7-II, 8-II, 11-II) 
decomposition of the newly formed phenols takes place.  
 
Table 35. Water soluble phenols in raffinates, % 

Test number 7-II 8-II 11-II 14-I 15-I 
Water soluble phenols 0.26 0.16 0.57 4.90 4.17 
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Dephenolation before hydroprocessing, common for the shale oil lower 
fractions, cannot be suggested for HO, because a lot of HC would be wasted as 
side chains of the high molecular alkylphenols not having any marketable value 
yet. 

 
3.4.6. Ultimate analysis of HO  and raffinates 

The results of the ultimate analysis of HO and selected raffinates are 
represented in Table 36. 
 
Table 36.  Elemental composition, wt.% 

Oil sample C H N O S 

HO 84.11 8.16 0.20 6.80 0.73 

Dephenolated HO 
(after separation of 
27% as phenols) 

83.66 8.42 0.21 7.07 0.64 

Dephenolated HO 
(after separation of 
17% as phenols) 

82.74 8.14 0.21 8.31 0.60 

8-I  86.02 8.70 0.18 4.85 0.25 

8-II  89.28 8.74 0.19 1.66 0.13 

9-III  86.68 9.07 0.21 3.96 0.08 

14-I 86.36 8.84 0.14 4.33 0.33 

14-II 88.35 8.78 0.11 2.57 0.19 

 
The data in Table 36 evident that dephenolation of HO increases a little the 

atomic ratio of H/C (from 1.16 to 1.21 or 1.18), but the contents of oxygen and 
nitrogen increase either, and the sulfur content decreases from 0.73 to 0.64 and 
0.60%. 

Hydrogenation of the initial HO reveals that the most effective removal of the 
heteroatoms has taken place in the experiment 8-II, where the mix of universal 
catalyst DN-3100TL and the hydrocracking catalyst GO-30-7 were applied at 
400 °C. At that, the content of sulphur has decreased by 82%, the content of 
oxygen by 76%, but the content of nitrogen only by 5%. The highest removal of 
sulphur, by 89%, was obtained in the experiment 9-III using the mix of KGU-
950 and GO-30-7. 

It has been found that more than 70% of HO boiling above 360 °C can be 
transformed into raffinates boiling below 360 °C by two-stage (360 and 400-
420 °C) hydroprocessing (H2 64-75 atm) in the presence of various Mo–Co 
and/or –Ni catalysts: KGU-950, GO-30-7, DN-3100TL, KF-848, KF-1015 and 
KC-3210. Characteristics of the hydrogenated products depend on the co-effects 
of the pyrolysis conditions, temperature, time and catalysts. 
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3.5. Kukersite thermochemical dissolution followed by catalytic 
hydrogenation 
3.5.1. Thermochemical dissolution method as an alternative to traditional 
retorting 

3.5.1.1. The effect of solvent type on the yield of the primary liquid product 

A variety of experiments of kukersite thermochemical dissolution was carried 
out to find out the most effective solvent for kerogen transformation into 
primary liquid product. Table 37 represents the results of thermochemical 
dissolution of kukersite (35.8% OM) in autoclave using different solvents under 
different conditions. Kukersite-to-solvent ratio was 1:3. 
 
Table 37. Yield of products at different conditions 

Solvent 
Temperature, 

°C 
Time, h 

Yield, % OM 
Liquid  Solid Gas 

Ethanol 360 1 80.3 11.7 8.0 
Ethanol 360 3 97.9 10.2 n. d. 
Benzene 360 3 78.9 13.6 7.5 
Water + benzene 360 3 80.9 6.9 12.2 
Benzene  360 2 75.3 20.1 4.6 
Benzene  380 2 58.8 14.2 27 
Benzene  400 2 50.8 16.1 33.1 
Water  390 4 65.8 29.2 5.0- 

 
High liquid yield in case of ethanol is a result of ethanol decomposition 

fragments incorporation into products composition. Excluding ethanol, the 
maximum yields were achieved using benzene or benzene + water as solvents. 

FT-IR spectra of liquids obtained from kukersite thermochemical dissolution 
using different solvents (benzene, ethanol, water and benzene + water) are 
represented in Figure 7. 

In general, FT-IR spectra of liquids obtained in the medium of different 
solvents are relatively similar and do not have particular differences. All spectra 
have common absorption bands at 2380, 1460, 2850, 2930 and 2960 cm-1, and at 
840 and 1600 cm-1 belonging to CH3, CH2 and CH groups in aliphatic chains and 
aromatic ring systems of different degree of condensation and substitution. 
Absorption bands with a maximum at 3450 cm-1 indicate OH groups. And it is 
more intensive in case of water + benzene as a solvent. Absorption at 1700-
1720 cm-1 refers to C=O group. In the case of ethanol liquid one can notice an 
increase in absorptions at 2930 and 2960 cm-1 and appearance of narrow 
absorption at nearby 1740 cm-1, the former absorptions belonging to methylene 
and terminal methyl groups in mainly cycloalkanes and aliphatic 
heterocompounds, and the latter being a result of the incorporation of 
acetaldehyde into liquid composition. 
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Figure 7. FT-IR spectra of liquids obtained from kukersite as a result of thermochemical 
dissolution with using water+benzene (4), water (3), ethanol (2) and benzene (1) as a 
solvent 
 

So, it can be proposed that the liquid product obtained represents partially 
decomposed TB, a mixture of thermobitumen and oil (TBO). 
 
3.5.1.2. The effect of temperature on the yield of TBO 

Table 38 represents the results of thermochemical dissolution of K-90 in 
autoclave with water + benzene (1:1) as a solvent during 1 hour. Oil shale-to-
solvent ratio was 1:2. 

 
Table 38. Yield of products from K-90+water+benzene at different temperatures 

Products, % 
OM 

370 °C 380 °C 390 °C 400 °C 

TBO 78.1 82.5 91.1 90.2 
Solid 17.8 13.4 3.2 3.3 
Gas 4.1 4.1 5.7 6.5 

 
It is seen that the maximum yield of TBO was obtained at 390 °C (duration 1 

h). 

Table 39 represents the results of thermochemical dissolution of kukersite 
with 50.5% of OM content in autoclave at different temperatures using benzene 
as a solvent during 3 hours. Oil shale-to-solvent ratio was 1:3. 
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Table 39. Yield of products from kukersite+benzene at different temperatures 
Products, % 

OM 
340 °C 360 °C 390 °C 420 °C 

TBO 48.6 91 81.3 42.8 
Solid 48.2 4.4 13.5 49.5 
Gas 3.2 4.6 5.2 7.7 

 
For benzene as a solvent the maximum yield of TBO (91.0% on OM basis)   

was achieved at 360 °C (duration 3 h). 

Table 40 represents the results of thermochemical dissolution of kukersite 
with 50.5% OM in autoclave at different temperatures using water as a solvent 
(duration 3 h). Oil shale-to-solvent ratio was 1:3. 
 
Table 40. Yield of products from kukersite+water at different temperatures 

Products, % 
OM 

340 °C 360 °C 390 °C 420 °C 

TBO 43.5 50.2 72.4 41 
Solid 52.4 45 22.2 50.9 
Gas 4.1 4.8 5.4 8.1 

 
The maximum TBO yield using water as a solvent  was achieved at 390 °C, 

but if to compare with benzene and benzene+water solvents, it can be seen that 
the maximum TBO yield  in water is lower. 
 
3.5.1.3. The effect of time on the yield of TBO  

Table 41 represents the results of thermochemical dissolution of K-90 in the 
autoclave at 360 °C with benzene as a solvent. Oil shale-to-benzene ratio was 
1:3. 

 
Table 41. Yield of products  

Duration, h 
Yield, % OM 

TBO Solid Gas 
2.5 81.1 12.3 6.6 
3 85.6 12.5 1.9 

3.5 81.5 12.0 6.5 
3.25 81.4 13.6 5.0 

 
One can see that the maximum yield of TBO was obtained during 3 hours at 

360 °C using benzene as solvent. 
 
3.5.1.4. The influence of OM content on the yield of TBO 

Figure 8 shows the results of thermochemical dissolution of kukersite with 
different OM content using benzene as a solvent (1:3, 360 °C, 3 h). 
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Figure 8. Yield of products from kukersite with different OM content 
 

It can be seen that the higher the content of OM, the higher the yield of TBO. 

It was shown that as a result of thermochemical dissolution of kukersite oil 
shale containing different contents of OM, more than 80% of kerogen can be 
transformed into TBO. 
 
3.5.1.5. Changes in composition of TBO during storage 

Varying kukersite samples thermochemical dissolution conditions (solvent 
type, temperature, duration) enables to obtain TBO in yields 86-91% on OM 
basis. The maximum yield of TBO using benzene as a solvent was achieved at 
360 °C during 3 hours with oil shale-to-solvent ratio 1:3, and using 
benzene+water as a solvent at 390 °C during 1 hour with oil shale-to-solvent 
ratio 1:2. 

Changes in TBO chemical composition during storage were studied. 

In all the experiments 4.0 g of kukersite, containing 40.2% OM was put into 
a 20 cm3 micro-autoclave and submitted to the thermobitumenization without 
any solvent. The solid residue was not removed from TBO to avoid any loss of 
the lighter fractions during evaporation of the organic solvents applied. The 
samples were weighted in open and closed tubes kept at room temperature and in 
a refrigerator. After different durations of the storage, the solid pyrolyzed 
product was extracted exhaustively in Soxhlet extractor successively with 
hexane, benzene and tetrahydrofurane. The mass of the corresponding extracts – 
maltenes, asphaltenes and pre-asphaltenes, was found from the decrease in the 
sample mass at the extraction after drying of the corresponding residue. 

Distribution of the pyrolysis products between the three phases: gas, TBO 
and organic solid residue are depicted in (see Figure 1, article II). It can be seen 
that the experimental results obtained in different series fluctuate. Nevertheless, 
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a continuous increase in the yields of volatiles and solid residue on account of 
the target product, TBO, is evident at ageing. The mass of pyrolysates consisting 
of TBO and solid residue decreased at ageing. 

The results obtained extracting the pyrolysates after different storage duration 
in Soxhlet apparatus subsequently with hexane (maltenes), benzene 
(asphaltenes) and tetrahydrofurane (pre-asphaltenes) are represented in (see 
Figure 4, article II). The experimental points in the figure show again diffusive 
clouds of the extract yields, probably because the pyrolysates from different 
series were applied for extraction. Yet, the results prove that the decrease in 
TBO yield described above by curve 1 in previous figure is compiled from 
decreases in the yield of both maltenes and asphaltenes, and the yield of solid 
residue increases due to the increase in the yield of preasphaltenes. It can be 
concluded that a condensation of the both TBO fragments, maltenes and 
asphaltenes, takes place at ageing. 

The experimental results above have revealed that at ageing of the pyrolysate 
obtained at low temperature pyrolysis of kukersite in an autoclave an 
aggregation of the compounds takes place that shifts maltenes and asphaltenes to 
the preceding adjacent class – pre-asphaltenes and solid residue, and the content 
of AlHC, MAHC and PAHC soluble in hexane decreases and those soluble in 
benzene increases. 

 
3.5.2. Hydrogenation of TBO 

Obtained TBO was submitted to hydrogenation using the three catalysts 
(Table 22) found the most effective in hydrogenation of HO in part 3.4. 
Different TBO-to-catalyst ratio was tested in order to observe how catalyst and 
its content influence on the yield of raffinate and HC content. Results of 
experiments conducted at 390 °C and 40 min are represented in Figure 9. 

 

 
Figure 9. Dependence between concentration of various catalysts, and the yield of 
raffinates of TBO and HC content in raffinates 
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Understandable, that both replacement of heteroatoms with hydrogen in 
hydropurification and gas formation in hydrocracking should result in decrease 
of  the yield of raffinate. Figure 9 shows that the yield of raffinate decreases 
from 3% of catalyst content and attains a steady state at 10%. The maximum HC 
content is obtained in the presence of 10% catalyst also. It is the minimal amount 
of catalyst, when the content of HC does not decrease. 

The influence of time on the raffinate yield was studied in the presence of 
10% of KF-848 catalyst. The results are depicted in Figure 10. 

 

 
Figure 10. The effect of hydrogenation time  on raffinate yield  at various temperatures 

 
With increase in time and temperature the decrease in raffinate yield was 

observed. 

Figure 11 shows the influence of hydrogenation temperature on the yield of 
raffinate and HC content. It can be seen that the rise of temperature decreases the 
yield of raffinate, but at the same time increases the content of HC. Increase in 
time has insignificant influence on the yield of raffinate and increases HC 
content. 
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Figure 11. The effect of temperature on raffinate yield and HC content in raffinate at 
varied time of hydrogenation  
 

The characterization of changes in the composition of functional groups of 
raffinate obtained from hydrogenation at various temperatures was issued from 
calculated interpretation of infrared spectra and represented in Table 42. 

It can be followed that hydrogenation decreases the absorption intensities at 
1600 and 1700 cm-1 and with elevating the initial temperature of hydrogenation 
the content of polar carbonyl and carboxyl groups decreases. 
 
Table 42. Characterization absorption intensities of raffinates at different temperatures 
by FT-IR spectra (duration 40 min, H2 pressure 40 atm) 
Frequency (cm-1) and 
corrresponding functional 
group 340 °C 360 °C 380 °C 400 °C 
720 (CH2)n  0.12 0.16 0.15 0.20 
745 (CHar) 0.35 0.32 0.33 0.36 
815 (CHar) 0.30 0.24 0.25 0.27 
880 (CHar) 0.26 0.20 0.17 0.20 
1380 (CH3) 0.65 0.63 0.58 0.61 
1600 (C=C)ar 0.75 0.71 0.58 0.56 
1700 (C=O) 0.40 0.39 0.22 0.20 
2930 (CH2) 1.28 1.55 2.06 2.09 
2960 (CH3) 1.16 1.27 1.78 1.84 
3020 (CHar)  0.37 0.33 0.39 0.45 
3055 (CHar) 0.39 0.35 0.39 0.43 
3400 (OH) 0.40 0.41 0.42 0.40 

2930/2960 1.11 1.23 1.16 1.04 
3050/2930 0.30 0.22 0.19 0.26 

1160 (C–O) 0.47 0.43 0.33 0.39 
2850 (C-O-C) 1.05 1.14 1.47 1.43 
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Heteroelemental composition of initial kerogen, intermediate TBO and 

raffinate are compared  in Figure 12. 
 

 
Figure 12. Comparison of heteroelemental composition of initial kerogen, TBO and 
raffinate 
 

Significant decrease in O, S and N content can be observed in raffinate. 
Hydrogenation of TBO resulted in 59.2% removal of heteroelements. The 
decrease of oxygen content amounts to 77.5%, that of sulphur to 81% and that of 
nitrogen to 62.5% compared with their content in TBO. 

The individual composition of raffinates was  analyzed by GC-MS. Table 43 
contains the compounds identified in the fraction of MAHC, and Table 44 those 
of AlHC. 
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Table 43. Compounds in raffinate MAHC fraction (see chromatogram in Appendix A, 
Figure 1). Reliability not lower than 80% 

Peak Name Area % 
1 Ethylbenzene 0.3 
2 m-Xylene 0.2 
3 p-Xylene 0.4 
4 Isopropylbenzene 0.1 
5 Propylbenzene 0.6 
6 p-Ethyltoluene 1.9 
7 o-Ethyltoluene 3.0 
8 m-Ethyltoluene 1.4 
9 Trimethylbenzene 0.7 

10 Indane 2.7 
11 o-Propyltoluene 2.0 
12 p-Propyltoluene 1.7 
13 m-Propyltoluene 2.0 
14 1-methylindane 5.8 
15 4-Methylindane 4.2 
16 5-Methylindane 7.0 
17 Tetraline 11.2 
18 Naphtalene 4.3 
19 Dimethylindane 3.3 
20 2-Ethylindane 2.9 
21 Dimethylindane 3.9 
22 2-Methyltetraline 2.4 
23 Methyltetraline 1.9 
24 1-Ethylindan 2.8 
25 4,7-Dimethylindane 1.8 
26 n-Hexylbenzene 1.5 
27 5-Methyltetralin 6.8 
28 Methylnaphtalene 10.4 
29 2-Methylnaphtalene 2.3 
30 6-Ethyltetralin 1.4 
31 n-Heptylbenzene 1.5 
32 Dimethylnaphtalene 3.9 
33 Dimethylnaphtalene 0.7 
34 Dimethylnaphtalene 0.5 
35 6-Propyltetralin 0.4 
36 1-Cyclohexylethylbenzene 0.5 
37 1-Propylnaphtalene 1.1 
38 Trimethylnaphtalene  0.9 

 100 
 

MAHC fraction is represented mostly as alkyl derivatives of benzene (5.2%), 
toluene (12%), indane (34.4%), tetralin (24.3%) and naphtalene (24.1%). 
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Table 44. Compounds in  raffinate AlHC fraction (see chromatogram in Appendix A, 
Figure 2). Reliability not lower than 95% 

Peak Name Area % 
1 n-Nonane 1.3 
2 n-Decane 7.9 
3 n-Butylcyclohexane 0.4 
4 1,4-Dimethylcyclooctane 0.8 
5 3,5-Dimethyldecane 0.6 
6 3,7-Dimethyldecane 0.4 
7 n-Undecane 13.1 
8 Pentylcyclohexane 0.6 
9 Hexylcyclopentane 1.2 

10 4,8-Dimethylundecane 0.4 
11 3,7-Dimethylundecane 0.7 
12 n-Dodecane 13.3 
13 n-Hexylcyclohexane 0.6 
14 1,2-Diethylcyclooctane 1.3 
15 n-Tridecane 12.2 
16 n-Heptylcyclohexane 0.7 
17 n-Octylcyclopentane 0.9 
18 n-Tetradecane 12.2 
19 n-nonylcyclopentane 1.9 
20 n-Pentadecane 10.5 
21 n-Decyclopentane 1.1 
22 n-Hexadecane 7.9 
23 n-Decyclohexane 0.5 
24 n-Heptadecane 4.8 
25 n-Octadecane 1.6 
26 n-Nonadecane 1.0 
27 n-Eicosane 0.7 
28 n-Heneicosane 0.5 
29 n-Docosane 0.4 

 100 
  

Aliphatic and alicyclic HC were formed. In homologous series n-alkanes C9-
C22 (87.4%) were identified in the composition of raffinate. Alicyclic HC 
(12.6%) were identified as cyclopentane, cyclohexane and cyclooctane 
derivatives. Unsaturated HC were not found. 

Table 45 shows that the elemental composition and some physical properties 
of the raffinate obtained agree with the corresponding data of natural petroleum.  
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Table 45. Elemental composition and physical properties of natural petroleum [49] and 
raffinate obtained 
 Natural petroleum Raffinate 

Hydrocarbons, % 79-88 79 
Oxygen, % 0.02-3.6 1.35 
Sulphur, % 0.1-7 0.15 
Nitrogen, % 0.1-1.7 0.3 
Specific weight, kg/m3 730-1050 930 
Kinematic viscosity, cSt, at 20 °C 10-300 11.3 
Flash point, °C 35-120 118 

 
3.5.2.1. Hydrogenation of maltenes and asphaltenes 

Obtained in maximal yield TBO was divided into maltenes and asphaltenes 
in yields 46 and 54%, respectively and were analyzed  by FT-IR spectroscopy. 
The spectra  are represented in Figure 13. 

 
Figure 13. FT-IR spectra of TBO (3), maltenes (2) and asphaltenes (1) 
 

Every spectrum displays absorption at 725, 1400 - 1380, 1460, 2860, 2930 
and 2960 cm-1 caused by methyl and methylene groups in aliphatic chains, and 
absorptions at 850, 1080, 1600 and at nearby 3000 cm-1 characteristic for 
aromatic compounds. Absorption at 1600 cm-1 confirms the presence of benzene 
nucleus. The most part of oxygen can be found in carbonyl and hydroxyl groups. 
The absorptions at 1700-1720 cm-1 (C=O) and 3230-3500 cm-1 (OH) are clearly 
distinguishable. Besides, there is less intensive absorption at 1150 cm-1, which 
refers to oxygen-carbon bond in the phenol molecule. 
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Maltenes and asphaltenes were hydrogenated separately with KF-848 catalyst 
(1:10) during 2 hours and initial H2 pressure 7 MPa at different temperatures.  
Figure 14 and 15 show the yield of products from hydrogenation of maltenes and 
asphaltenes and content of HC in raffinate. 
 

 
Figure 14. Yield of products from hydrogenation of maltenes and HC content in raffinate 
 

 
Figure 15. Yield of products from hydrogenation of asphaltenes and HC content in 
raffinate 
 

As in the case of hydrogenation of initial TBO it can be seen that with the 
temperature increasing the yield of raffinate decreases, but the content of HC in 
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raffinate increases. At that, upgrading of asphaltenes of TBO was not 
satisfactory and needs optimization in future. 

Changes in elemental composition of hydrogenated maltenes and asphaltenes 
depending on hydrogenation temperature are represented in Table 46. 

 
Table 46. Heteroelemental composition of  maltenes and asphaltenes raffinates 

Maltenes 
raffinate 

360 °C 380 °C 400 °C 420 °C 440 °C 

Content, % 
S 0.15 0.15 0.15 0.1 0.08 
O 11.55 10.65 17.65 9.6 3.42 
N 0.2 0.1 0.2 0.3 0.7 
S+O+N 11.9 10.9 18 10 4.2 

 
Asphaltenes 
raffinate 

390 °C 420 °C 450 °C 470 °C  

Content, % 
S 0.26 0.24 0.2 0.21  
O 5.34 13.16 9.3 7.49  
N 0.1 0.1 0.2 0.3  
S+O+N 5.7 13.5 9.7 8  

 
It can be seen that the removal of S, O and N from maltenes and asphaltenes 

separately occurs less effectively than from TBO as a whole. The minimum 
content of S+O+N is 4.2% in case of maltenes and 5.7% in case of asphaltenes 
compared with less than 2% in TBO raffinate. 

TLC of maltenes and asphaltenes raffinates showed the following results 
(Table 47): 
 
Table 47. Group composition and HC/Het ratio of raffinates from maltenes and 
asphaltenes  

Group 
composition 

Asphaltenes Maltenes
470 °C, 2 h, 

KF-848 
440 °C, 2 h, 

KF-848 
AlHC 9.5 35.5 
MAHC 12.1 20.8 
PAHC 32.4 25.1 
LPHet 27.0 10.6 
HPHet 19.0 8.0 
HC/Het 1.2 4.4 

 
The maximum  increase of HC and maximum decrease in heteroatomic 

compounds was observed in case of maltenes and asphaltene at different 
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temperatures – 440 and 470 °C respectively with using the same catalyst and 2 h 
duration. 

Maltenes and asphaltenes raffinates were analyzed by GC-MS. Table 48 
shows identified compounds in maltenes raffinate AlHC fraction. 
 
Table 48. Compounds in maltenes raffinate AlHC fraction (see chromatogram in 
Appendix A, Figure 3). Reliability not lower than 95% 

Peak Name Area % 
1 n-Nonane 1.6 
2 n-Decane 6.1 
3 n-Pentylcyclopentane 0.4 
4 n-Undecane 10.4 
5 Pentylcyclopentane 0.4 
6 Hexylcyclopentane 0.7 
7 n-Dodecane 11.3 
8 Hexylcyclohexane  0.4 
9 1-Butyl-2-propylcyclopentane 0.8 

10 n-Tridecane 12.1 
11 Dicyclohexylmethane  1.2 
12 n-Tetradecane 12.5 
13 Cyclotetradecane  1.6 
14 n-Pentadecane 11.8 
15 n-Nonylcyclohexane 1.4 
16 n-Hexadecane 11.1 
17 1,3-Dicyclohexylbutane 1.0 
18 n-Heptadecane 7.2 
19 5-(Cyclohexylpentyl)cyclohexane 0.8 
20 n-Octadecane 2.3 
21 n-Nonadecane 1.6 
22 n-Eicosane 1.1 
23 n-Heneicosane  0.8 
24 n-Docosane  0.6 
25 n-Tricosane  0.5 
26 n-Heptadecylcyclohexane 0.2 
27 n-Pentacosane 0.1 

 100 
 

Homologeous series of n-alkanes of C9-C25 were identified (93.1%) in 
fraction. Alicyclic HC fraction makes 6.9% of AlHC and cyclobutane, 
cyclopentane and cyclohexane derivatives were identified.  

Table 49 shows the composition of AlHC fraction in asphaltenes raffinate. 
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Table 49. Compounds in asphaltenes raffinate AlHC fraction (see chromatogram in 
Appendix A, Figure 4). Reliability not lower than 95% 

Peak Name Area % 
1 2,4-Dimethyl-n-octane 11.8 
2 n-Nonane 1.8 
3 n-Decane 6.7 
4 n-Undecane 11.0 
5 n-Hexylcyclopentane 0.9 
6 n-Dodecane 12.6 
7 impurity 0.5 
8 impurity 1.1 
9 n-Tridecane 12.3 

10 n-Tetradecane 10.9 
11 n-Pentadecane 9.5 
12 1,3-Dicyclohexylbutane 1.3 
13 n-Hexadecane 9.0 
14 n-Heptadecane 5.8 
15 n-Octadecane 1.9 
16 n-Nonadecane 1.4 
17 n-Eicosane 1.1 
18 n-Heneicosane 0.8 

 100 
 

Homologeous series of C8-C21 n-alkanes were identified making 96.6% of the 
AlHC fraction, the rest 3.4% being reprsesented by alycyclic HC of asphaltenes 
raffinate. 

The raffinates were also analyzed by FT-IR-spectroscopy. For graphic 
construction calculated data were used and the most significant functional 
groups were shown. The results can be seen in Figures 16 and 17.  
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Figure 16. The effect of temperature on the maltenes raffinate functional group 
composition 
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Figure 17. The effect of temperature on the asphaltenes raffinate functional group 
composition  

 
As it can be seen from figures the increasing of asphaltenes hydrogenation 

temperature leads to decreasing of content of polar hydroxyl groups. Also the 
temperature rise causes the decrease in the absorption by C=Car group. Some 
temperatures give a decrease in content of HC, but in most experiments their 
increasing can be observed. 

 
3.6. Comparable table of results obtained from hydrogenation of 

different materials 

Table 50 summarizes the results of the raffinates and HC yields from 
hydrogenation of different materials in this thesis and in earlier studies.   
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4. CONCLUSIONS 
In the frames of this thesis, physical-chemical and technological 

fundamentals to obtain more oil of higher quality from the Estonian kukersite oil 
shale were worked out. The following new results were obtained.  

 
 Resulting from direct hydrogenation of kukersite oil shale, the shale oil 

quality was improved by elevation of the content of hydrocarbons up to 
54% but decreasing the raffinate yield up to 40% of OM compared with 
those (39.7% and 66%) in Fischer Assay. 

 

 Proceeding from kukersite flash pyrolysis oil obtained in higher yield 
(70% of OM) compared with that in Fischer Assay, its hydrotreating 
results in 39.4% raffinate of OM with content of hydrocarbons 37.4% 
only. 

 

 Catalytic hydrocracking of kukersite vertical retort oil 360 °C+ fraction 
forming about 50% of total vertical retort oil proceeded effectively, and 
resulted in 84.9% of raffinate yield with content of hydrocarbons being 
elevated in raffinate up to 62.9%. However, yield of the raffinate from 
the heavy oil makes only 18.3% on OM basis which together with 
raffinate of the lower fractions makes 39.1% of OM. So, the efforts were 
made to increase the degree of kerogen liquefaction by using alternative 
to retorting methods. 

 

 Thermochemical dissolution method was worked out enabling to liquefy 
86-91% of kerogen in the first stage already. According to this method, 
thermochemical liquefaction of OM before coke formation in the 
thermobitumenization stage gives a mix of the intermediate product 
thermobitumen and oil (TBO).  

 

 Thermobitumenization conditions to maximize the yield of primary 
TBO were worked out as follows: using benzene as a solvent – 
temperature 360 °C, 3 hours, oil shale-to-solvent ratio 1:3, and using 
mixture of benzene with water (weight ratio 1:1) – temperature 390 °C, 
1 hour, oil shale-to-solvent ratio 1:2. Thus, the proposed methods of 
thermal decomposition can be completed at lowered temperatures (360-
390 °C) compared with standard Fischer Assay industrial retorting and 
coking processes used for oil shale liquefaction at 450-500 °C and 
bituminous fractions upgrading occurring at 850 °C. 

 
 In the second stage the optimum conditions were found for catalytic 

hydrogenation of TBO resulting in raffinate yield up to 87.8% of TBO – 
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temperature 430 °C, duration 2 hours, initial pressure of hydrogen 
7 MPa, 10% of Akzo Nobel catalyst for hydrogen activation KF-848 
(Co-Mo/Al2O3).  

 
 Upgrading of kukersite-derived liquids results in 59.2% removal of 

heteroelements, O, S and N, from 7.6% in TBO down to 1.8% in 
raffinate. Amongst hydrodesulphuration, hydrodenitrogenation and 
hydrodeoxygenation reactions occurred the latter was recognized as the 
dominating one yielding in 77.5% decrease in oxygen content. 

 
 On the basis of this work it was found that 79% of hydrocarbon-rich 

raffinate similar to natural petroleum can be produced from OM of 
kukersite oil shale. Varying hydrogenation conditions the synthetic 
petroleum characterized by high content, 60-79%, of aromatic and 
aliphatic hydrocarbons can be obtained. Valuable (carbonaceous) oil 
coke with yield 4.0% of OM was formed as a hydrogenation by-product. 
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ABSTRACT 
Upgrading of liquid products from Estonian kukersite oil shale by catalytic 
hydrogenation 

The goal of this work was to elucidate the possibilities for more effective 
thermochemical upgrading of Estonian kukersite oil shale in order to obtain as 
the main product oil with possibly high yield and high content of hydrocarbons, 
which would be a synthetic analogue to natural petroleum. 

Firstly, hydrogenation of oils generated by traditional retorting in industrial 
and laboratory reactors and fractions of the oils was carried out at varied 
experimental conditions (temperature 350-450 °C, duration 0.5-4 hours, 
hydrogen initial pressure 50-88 atm) in the presence of different catalysts in a 
500 cm3 batch rocking autoclave. As a result of hydroprocessing soluble in 
benzene raffinate, coke and gas were obtained. The initial retort oil is 
characterized as rich in oxygen content. In the course of hydrodeoxygenation 
most part of the oxygen was transformed into water, which was separated. As a 
result of hydrodesulphuration most of the sulphur contained in oil was 
transformed into hydrogen sulphide in gas composition. The yield of products 
was determined and material balance was composed. The chemical composition 
of raffinates was studied by elemental, spectroscopic and chromatographic 
analysis. For the first time, the hydrocarbons belonging to diesel fraction were 
generated by the hydrogenation of kukersite shale oil obtained by flash pyrolysis 
in semi-industrial standplant and of kukersite industrial heavy oil fraction 
360 °C+. Results achieved in this work are compared with earlier studies and 
prove the possibility to obtain high yield of raffinate rich in high content of 
hydrocarbons from the prime oil.  If calculated on kerogen basis, the yield of 
raffinate is similarly low, in general about 40%, as in the case of kukersite direct 
hydrogenation with molecular hydrogen, due to low yield of the oil during oil 
shale prime liquefying. 

With the task to clarify the possibilities for kerogen maximum transformation 
into liquid product during the prime thermochemical processing, parameters 
such as pyrolysis temperature, duration, solvent composition and oil shale-to-
solvent weight ratio were varied. As a result, a new especially effective thermal 
dissolution method was worked out and optimized. Applying the new method, 
86-91% of kerogen was transformed into intermediate liquid product with new 
composition – mixture of incompletely decomposed kerogen – thermobitumen 
and oil (TBO). 

The investigation of TBO chemical composition during storage showed that 
the most effective approach is to subject it to catalytic hydrogenation directly 
after separation from solid residue. By varying temperature, duration, hydrogen 
pressure, novel Co-Mo/Al2O3 type catalysts and their quantity, the optimal 
conditions for TBO hydrogenation were found. In this case the yield of raffinate 
from OM was even higher (up to 79%) than the yield of prime retort oil obtained 
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from oil shale kerogen in Fischer Assay (up to 66%), which differes from 
petroleum and requires upgrading. 

By implementing the innovative technology worked out in this thesis, the 
high yield of raffinate with high content of aliphatic and aromatic hydrocarbons 
and low content of heteroatomic compounds, qualifying as synthetic petroleum 
from Estonian kukersite oil shale, was proposed for the first time in the world. 
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KOKKUVÕTE 
Kukersiitpõlevkivi vedelproduktide vääristamine katalüütilise 
hüdrogeenimise meetodil 

Töö eesmärk oli võimaluste selgitamine Eesti kukersiitpõlevkivi senisest 
efektiivsemaks termokeemiliseks vääristamiseks, et saada põhilise lõpp-
produktina võimalikult kõrge saagisega ja kõrge süsivesinikesisaldusega õli, mis 
oleks sünteetiline analoog looduslikule naftale. 

Esmalt viidi läbi kukersiidi traditsioonilisel pürolüüsil tööstuslikes ja 
laboratoorsetes reaktorites genereeritud õlide ja õlifraktsioonide hüdrogeenimine 
varieeritud katsetingimustel (temperatuur 350––450 °C, aeg 0,5––4 tundi, 
vesiniku algrõhk 50––88 atm) erinevate katalüsaatorite manulusel 500 cm3 

mahuga roteeritavas autoklaavis. Vesiniktöötluse tulemusena saadi benseenis 
lahustuv rafinaat, koks ja gaas. Pürolüüsi õlile on iseloomulik kõrge 
hapnikusisaldus. Hüdrodesoksüdeerimise tulemusena transformeeriti suur osa õli 
koostises olevast hapnikust veeks, mis eraldati. Hüdrodesulfureerimise 
tulemusena eraldati enamik õlis sisalduvast väävlist väävelvesinikuna gaasi 
koostisesse. Määrati kindlaks produktide saagis ning koostati materjalibilanss. 
Rafinaadi keemilist koostist uuriti elementanalüüsi, spektroskoopiliste ja 
kromatograafiliste meetoditega. Esmakordselt teostati kukersiidi 
pooltööstuslikul stendiseadmel saadud kiirpürolüüsi õli ja tööstusliku raskõli  

fraktsiooni 360 °C+ hüdrogeenimine diislifraktsiooni kuuluvate süsivesinike 
genereerimiseks. Saadud tulemusi on võrreldud varasemate töödega ja näidatud 
suure saagisega süsivesinike poolest rikka rafinaadi saamise võimalikkus 
primaarõlist. Arvestatuna kerogeeni kohta jääb rafinaadi saagis paraku sarnaselt 
kukersiidi otse hüdrogeenimisele molekulaarse vesinikuga madalaks, üldjuhul 
vaid 40% piiresse ning seda õli madala saagise tõttu põlevkivi primaarsel 
vedeldamisel. 

Ülesandega selgitada võimalusi kerogeeni maksimaalseks 
transformeerimiseks vedelprodukti juba primaarsel termokeemilisel töötlemisel 
varieeriti pürolüüsi temperatuuri, aega, lahusti koostist ja selle kaalulist suhet 
põlevkivisse. Uurimistulemusena on välja töötatud ja optimeeritud uus, eriti 
efektiivne termilise lahustamise meetod. Uue meetodi rakendamisel 
transformeeriti 86–91% kerogeenist uudse koostisega intermediaarsesse 
vedelprodukti – mittetäielikult õliks lagunenud termobituumeni ja õli segusse 
(TBO).  

TBO keemilise koostise muutuse uurimine säilitamisel näitas, et kõige 
efektiivsem on selle allutamine katalüütilisele hüdrogeenimisele vahetult pärast 
eraldamist tahkest jäägist. Varieerides temperatuuri, aega, vesiniku rõhku, 
uudseid Co-Mo/Al2O3 tüüpi katalüsaatoreid ja nende kogust, on esmakordselt 
leitud optimaalsed tingimused TBO hüdrogeenivaks vääristamiseks. Sellisel 
juhul saab kerogeenist isegi rohkem rafinaati (kuni 79%) kui põlevkivi 
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pürolüüsil Fischeri retordis primaarset, naftast erinevat ja rafineerimist vajavat 
poolkoksistamise õli (kuni 66%).  

Antud töös väljatöötatud uue tehnoloogia järgi Eesti kukersiidist 
esmakordselt maailmas saadud suure saagisega rafinaat on kõrge alifaatsete ja 
aromaatsete süsivesinike sisaldusega ja madala heteroaatomiliste ühendite 
sisaldusega ning kvalifitseeritavad sünteetiliseks naftaks.  
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APPENDIX A: GC-MS chromatograms 
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APPENDIX B: ORIGINAL PUBLICATIONS 

Article I 

Krasulina, J., Luik, H., Palu, V., Tamvelius, H. Thermochemical co-
liquefaction of Estonian kukersite oil shale with peat and pine bark. – Oil Shale, 
2012, vol. 29, no. 3, pp. 222-236. 





���������	�
��
	�����
�	������	�����


�
��� ������
�������������������������
��
������ ���
��
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Article II 
 
 

Sokolova, J. (Krasulina, J), Tiikma, L., Bityukov, M., Johannes, I. Ageing of 
kukersite thermobitumen. – Oil Shale, 2011, vol. 28, no. 1, pp. 4-18. 
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Article III 
 
 

Tiikma, L., Sokolova, J. (Krasulina, J.), Vink, N. Effect of the concentration of 
organic matter on the yield of thermal bitumen from the Baltic oil shale 
kukersite. – Solid Fuel Chemistry, 2010, vol. 44, no. 2, pp. 89-93. 
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Article IV 
 
 

Luik, H., Luik, L., Johannes, I., Tiikma, L., Vink, N., Palu, V., Bitjukov, M., 
Tamvelius, H., Krasulina, J., Kruusement, K., Nechaev, I. Upgrading of 
Estonian shale oil heavy residuum bituminous fraction by catalytic 
hydroconversion. – Fuel Processing Technology, 2014, vol. 124, pp. 115-122. 
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Article V 
 
 

Johannes, I., Tiikma, L., Sokolova, J. (Krasulina, J.). Dissolution rate of oil 
shale thermobitumen in different solvents. – Oil Shale, 2009, vol. 26, no. 3, pp. 
399-414. 



 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

 



���������	�
���	�����
�	������	������������� ������
�������������������������
��������� � �
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Article VI 

 

 

Johannes, I., Tiikma, L., Luik, H., Tamvelius, H., Krasulina, J. Catalytic 
thermal liquefaction of oil shale in tetralin. – International Scholary Research 
Netrwoek (ISRN), Chemical Engineering, (ID 617363), 2012, pp. 1-11. 
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1. Isikuandmed 
 Ees- ja perekonnanimi    Julia Krasulina 
 Sünniaeg ja -koht  05.12.1982 Venemaa 
 Kodakondsus    Eesti 
 
2. Kontaktandmed    
 Aadress    Mahtra 2-27, 13811, Tallinn 
 Telefon              +372 5536762 
 E-posti aadress              julia.krasulina@ttu.ee 
 
3. Hariduskäik 

  
4. Keelteoskus (alg-, kesk- või kõrgtase) 

Keel Tase 

Eesti keel Kõrgtase 

Vene keel Kõrgtase (emakeel) 

Inglise keel Kõrgtase 
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