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Abstract. Oil shale (OS) is a solid hydrogen rich fossil fuel whose organic part 
can, under appropriate conditions, be turned into liquid fuel. The obtained 
shale oil is a mixture of a large number of organic compounds. However, the 
exact composition and yield of shale oil depend not only on the composition of 
oil shale, but also on the type of the reactor where oil was produced, as well 
as on process parameters like heating rate, pyrolysis temperature, pyrolysis 
time, and the size of oil shale particles fed to the reactor. In this paper, we 
present the results of the full chemical analysis of Estonian Ojamaa oil shale 
– characteristics of oil shale and shale oil and distribution of sulfur. The 
results of ultimate, proximate, major components and pyrolysis mass balance 
analyses are also presented and the characteristics of crude shale oil and oil 
fractions are provided. Special emphasis is put on the analysis of sulfur and its 
distribution between the pyrolysis products. Additionally, thermogravimetric 
analysis (TGA) results are provided.

Keywords: Ojamaa oil shale, pyrolysis, shale oil fractions, sulfur 
characteristics.

1. Introduction

Oil shale (OS) represents a large and mostly untapped hydrocarbon resource. 
According to the World Energy Council, the world total amount of shale oil 
reserved in oil shale is about 4.79 trillion barrels, more than that from oil 
resources which is about 300 billion tons, 4.4 times larger than the current 
recoverable reserves of crude oil [1, 2]. Estonia is one of the few countries in 
the world that is utilizing oil shale in significant amounts for both electricity 
and shale oil production. In 2018, almost 16 Mt of oil shale was mined and 
of that 8 TWh of electricity and 1.1 Mt of liquid fuels were produced [3]. 
This satisfies approximately 80% of Estonia’s electricity needs, making it 
one of the least energy dependent countries in the European Union (EU). To 
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meet the EU criteria for reducing CO2 emissions also from oil shale industry, 
older pulverized firing combustion facilities have been equipped with 
desulfurization and denitrification units. Additionally, circulating fluidized 
bed (CFB) technology has been implemented which, besides lower emissions, 
affords also an excellent fuel flexibility without giving in to environmental 
requirements [4, 5]. However, the use of oil shale in Estonia is directed 
more and more towards increasing oil production. Due to its properties oil 
is increasingly used as marine fuel, and new technologies like Enefit-280 
have been implemented for this purpose [6]. As shale oil has a complex 
composition, its full chemical analysis has yet to be performed and results 
have to be provided.

There are two major deposits of oil shale in Northeast Estonia, Eesti and 
Tapa. Today both opencast mining and quarry mining are being applied and  
in 2018, for example, 15.9 Mt of oil shale was mined using these two 
techniques [3]. Owned by Viru Keemia Grupp, the Ojamaa opencast mine in 
the Eesti deposit has been actively exploited since 2009 and is the main raw 
material supplier for shale oil producers today [7]. In this paper, oil shale from 
the Ojamaa mine was used as a research object. Firstly, Ojamaa was chosen as 
its optimal location, almost mid-Estonia, was attractive. This kind of oil shale 
is also found in the Leningrad deposit, which is located in Leningrad Oblast in 
Northwest Russia, but extends beyond, almost to mid-Estonia. Secondly, the 
choice was driven by the fact that Ojamaa oil shale had been investigated less 
than those from other Estonian mines. For example, oil shales from the Aidu 
quarry and the underground mine Estonia have been thoroughly studied by 
numerous researchers before [8–13].

Earlier there have been made researches also on Estonian oil shale 
kerogen. For example, Lille analysed the structure of kerogen and based on 
that, calculated its different characteristics [14]. At the same time, papers on 
the full chemical analysis of oil shales by using non-computational methods 
are scarce.

Therefore, considering the above, this contribution aims to fill in the gap 
and present the results of the full chemical analysis of Estonian oil shale, on 
an example of Ojamaa oil shale, as well as characterize its pyrolysis process 
and the products and residues obtained using non-computational methods 
such as wavelength-dispersive X-ray fluorescence (WDXRF) spectroscopy 
and thermogravimetric analysis (TGA). Additionally, pyrolysis tests were 
run to produce crude oil, then distil it into fractions and characterize their 
composition.
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2. Experimental
2.1. Oil shale

The oil shale sample analysed was from the Ojamaa opencast mine in Northeast 
Estonia. Prior to analysis, oil shale was dried, crushed and divided for further 
analysis. The sample was analysed for moisture, ash and mineral CO2 contents, 
heating value, component composition, chlorine content, quantifying sulfur in 
its various forms, etc. The full list of oil shale analyses with the respective 
standards is given in Table 1. The amounts of carbon, oxygen and sulfur in 
kerogen, and the contents of inorganic carbon and organic components in oil 
shale were calculated based on the analysis results obtained.

2.2. Pyrolysis

Additionally, the mass balance for retort pyrolysis is given based on the yields 
of semicoke, pyrolysis water, gas and shale oil. The production process of 
oil was carried out in an aluminum retort of 170 ± 10 cm3 and a condenser of  
750 cm3, in accordance with ISO 647:2017 [15]. Semicoke which was formed 
in the retort was also analysed. The produced oil was distilled into three 
fractions that in turn were separately characterized. All the analyses were run 
according to local and international standards.

2.3. Thermogravimetric analysis

The thermogarvimetric and evolved gas analyses of the oil shale sample 
were performed using the NETZSCH STA 449 F3 Jupiter® thermal analyser 
coupled with a NETZSCH QMS Aëolos® mass spectrometer (MS). The sample 
was heated in a high purity nitrogen environment (99.999%) at a heating rate 
of 20 °C/min in Pt/Rh crucibles with Al2O3 liners without lids.

3. Results and discussion
3.1. General characteristics of Ojamaa oil shale

The general characteristics of oil shale from the Ojamaa mine are given in 
Table 1. For comparison, literature data about other oil shales (OSs) from 
Estonia as well as selected countries are also presented.
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As can be seen from Table 1, Ojamaa oil shale studied in this work was 
quite similar to another Estonian oil shale, the one from the Estonia mine, as 
was expected. The nitrogen and total carbon contents were somewhat lower 
than those found in the literature, whereas the sulfur content was similar to 
the literature value. The distribution of different forms of sulfur was similar to 
that established in the literature. The organic carbon content was lower than 
that of Estonian kukersite from the Estonia mine although their mineral CO2 
contents were the same. Therefore, it can be concluded that the organic carbon 
content of Ojamaa oil shale was lower than that of other Estonian oil shales 
reported in the literature.

As oil shale is widely used for power production by combustion, the solid 
residues need to be analysed in order to prevent problems like slagging, 
etc. Therefore, laboratory ash was produced at a temperature of 815 °C and 
characterized according to ISO 540:2008 [31]. The ash fusion parameters are 
given in Table 2.

Table 2. Ash fusion parameters according to ISO 540:2008 [31]

Parameter, °C Ojamaa OS Chinese OS [32]

Deformation temperature 1389 1399

Sphere temperature 1393 Softening 1457

Hemisphere temperature 1395 > 1500

Flow temperature 1408 > 1500

As Table 2 reveals, all ash fusion temperatures are near 1400 °C, with only 
slight differences between them. It should be noted that the results provided 
in this paper apply to the cylindrical test object, whereas literature data apply 
to the research object of pyramid shape. As is known, mineral composition is 
a key characteristic of ash fusion. For example, an increased content of acidic 
oxides such as SiO2, Al2O3 and TiO2, which are all present in oil shale ash, lead 
to increased ash fusion temperatures, whereas some alkali oxides like CaO, 
MgO, etc. decrease these temperatures [32].

The Ojamaa oil shale sample and its ash were analysed by XRF for 
component composition. In addition, the influence of ash composition on ash 
fusion parameters was investigated. For comparison, the respective data about 
the ashes of other Estonian and Chinese oil shales are given. The results are 
presented in Table 3.
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Table 3. The composition of Ojamaa oil shale and its ash as determined by XRF, 
 wt%

Component Ojamaa OS Ojamaa  
OS ash

Estonian OSs ash 
[8, 33, 34]

Chinese OSs ash 
[24]b

F 0.15 0.16 n.a n.a

Na2O 0.08 0.27 0.13 [8] 0.15–2.4

MgO 3.21 9.78 8.68 [8] 0.21–1.64

Al2O3 4.83 15.95 6.08 [8] 4.82–24.82

SiO2 15.06 21.45 30.74 [8] 46.62–64.08

P2O5 0.089 0.30 n.a 2.06–22.9

SO3 2.75 5.83 n.a 0.07–2.6

Cl 0.19 0.038 0.16–0.54 [33] n.a

K2O 1.66 4.08 1.81 [8] 0.55–3.66

CaO 19.79 39.56 39.00 [8] 0.77–25.73

TiO2 0.225 0.41 n.a n.a

V 0.003 n.a n.a 0.038–0.161

Cr 0.004 0.006 n.a 0.033–0.133

Fe2O3 1.94 8.00 4.84 [8] n.a

Ni 0.003 0.004 0.005–0.012 [34] 0.014–0.138

Zn 0.002 0.005 0.013–0.09 [34] n.a

Br 0.007 n.a n.a n.a

Rb 0.003 0.004 n.a n.a

Sr 0.014 0.024 n.a 0.114–1.558

Zr 0.016 0.028 n.a 0.043–0.215

Ag 0.015 n.a n.a n.a

LOIc 49.7 48.8 n.a n.a

n.a – not available; a ash of oil shale from the Estonia mine [8] and industrial ash from Balti and Eesti power 
plants [33, 34]; b ash of Chinese Fushun, Huadian, Meihe, Wangqing, Huangxian, Urumqi and Maoming oil 
shales; c LOI – loss on ignition at 920 °C.

As seen from Table 3, the main compounds of Ojamaa oil shale were 
CaO with 19.79%, SiO2 with 15.06%, Al2O3 with 4.83%, MgO with 3.21%, 
and minor Fe2O3 with 1.94%. The concentrations of other compounds were 
significantly lower. Na2O and TiO2 and elements like Sr and Ag were also 
present, but with sub-percent concentrations, respectively at 0.08% and 0.22%, 
and 0.014% and 0.015%. Elements with lower concentrations are not listed in 
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the table. These results indicate that the characteristic ash fusion temperatures 
of Ojamaa OS were much lower than those of Chinese OSs, which can be 
explained by that its SiO2 content was more than twice lower and CaO about 
39% higher, which led to the decrease of the respective temperatures.

For a general description of its thermal decomposition, the sample was 
subjected to TGA in a 5.0-purity nitrogen environment. The results can be 
seen in Figure 1.

Fig. 1. Thermogravimetric analysis of Ojamaa oil shale.

The figure shows that there were two major mass loss steps during OS 
thermal decomposition, one in the temperature range of 370–550 °C and the 
other at 600–780 °C. This was in good agreement with literature findings [10]. 
The mass loss values were also consistent with those obtained by our group 
previously, whereas the degree of organic matter decomposition (in the current 
case, 25%) was a few percent smaller than that reported in the literature. The 
TGA results for Ojamaa OS were in good agreement with its ash and mineral 
CO2 contents presented in Table 1.

3.2. Retort pyrolysis

Pyrolysis tests were run in a standardized Fischer retort according to the 
international standard ISO 647:2017 [15], to analyse the mass balance and 
determine the yields of pyrolysis products of Ojamaa oil shale. The data are 
presented in Table 4. For comparison, the respective literature values for 
Estonian dictyonema shale and kukersite as well as Chinese Huadian oil shale 
are given.
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Table 4. Pyrolysis product yields of Ojamaa oil shale, wt%

Parameter Ojamaa OS,  
Fischer 
retort

Estonian  
dictyonema  

argillite,  
dry basis [35]

Estonian  
kukersite,  

dry basis [35]

Chinese  
Huadian OS  

[36]

Oil yield, dry basis, % 16.8 3.62 19.29 15.06

Semicoke, dry basis, % 76.3 89.94 73.81 68.54

Water, dry basis, % 1.7 3.41 1.64 11.14

Gas + losses, dry basis, % 5.2 3.03 5.26 5.26

The oil yields of oil shales around the world vary greatly. Most oil shales 
have oil yields in the range of 0.5–35%, Australian OS with its 75% yield 
being an exception [23]. The oil yield value of Ojamaa OS obtained in this 
study falls in the middle of the above range. Table 4 shows that the pyrolytic 
water yield and gas and losses data for Ojamaa OS are quite similar to those 
for kukersite reported in the literature, but there are slight differences in oil 
and semicoke yields. Compared to dictyonema argillite, Ojamaa oil shale 
gives about 13% more oil and 13.6% less semicoke. The results obtained in 
the current work agree with those reported by Järvik et al. [37]. Ojamaa oil 
shale is considered to be of good quality as 52.1% of its organic components 
can be converted into oil. Compared to Huadian oil shale, Ojamaa OS affords 
slightly more oil and semicoke and less water.

The semicoke obtained was analysed for ash, mineral CO2 contents and 
elemental composition, the results are presented in Table 5. For comparison, 
the respective data for semicokes of Estonian and Chinese oil shales are given.

Table 5. The composition of Ojamaa oil shale semicoke, wt%

Parameter Ojamaa OS  
semicoke

Other Estonian OS  
semicoke [38]

Chinese Huadian OS  
semicoke [39]

Ash 67.1 68.7 77.7

Mineral CO2 26.0 17.9 n.d

C 14.04 16.3 13.55

H < 0.1 1.05 0.31

N < 0.1 n.d 0.22

Stotal 1.28 1.8 1.12

Ssulfate 0.12 n.d n.d

Spyrite 0.08 n.d n.d

Cl 0.13 n.d n.d

n.d – not determined

Birgit Maaten et al.
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Based on the data given in Table 5, the organic carbon content of Ojamaa 
OS semicoke was calculated to be 7.1%. For comparison, fresh semicoke 
of oil shale from the Kiviõli area in Northeast Estonia exhibited an organic 
carbon content of 7.3% [40]. Table 5 shows the total sulfur content of Ojamaa 
OS semicoke to be lower than that reported in the literature. This was to be 
expected because the sulfur content of Kiviõli OS as the starting material 
was 2.0%, which was 0.3% higher than that of Ojamaa OS. Compared to the 
finding by Trikkel et al. [38], the partition of sulfur observed in the current 
work was different as more sulfur was present in the semicoke produced. 
Ojamaa OS semicoke contained less ash, hydrogen and nitrogen and more 
carbon and total sulfur than Huadian OS.

The pyrolysis gas evolved during the tests was also analysed for 
composition. The results are presented in Table 6.

Table 6. Compositional analysis of pyrolysis gas, v/v% if not indicated otherwise

Component Value

C6+ 2.03
Hydrogen 7.91
Methane 12.91
Ethane 8.31
Ethylene 2.38
Propane 3.81
Carbon dioxide 24.69
Propylene 4.05
i-Butane 0.06
n-Butane 1.87
trans-2-Butene 1.69
1-Butene 0.21
2-Methylpropene 0.37
i-Pentane 0.04
n-Pentane 1.12
Hydrogen sulfide 16.33
1,3-Butadiene n.d
Methylacetylene 0.23
trans-2-Pentene 0.07
2-Methyl-2-butene 1.09
1-Pentene 0.18
Carbonyl sulfide 1.91
Carbon monoxide 8.74
Higher heating value, MJ/kg 37.88
Lower heating value, MJ/kg 34.98

n.d – not determined
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According to the table, the major components of pyrolysis gas were carbon 
dioxide, hydrogen sulfide, methane, ethane and hydrogen. Propane, ethylene, 
carbonyl sulfide, n-pentane and 2-methyl-2-butene were also found, but with 
lower concentrations. The concentrations of other components were negligible, 
below 1 v/v%. Sulfur was mainly present in the form of hydrogen sulfide. 
These findings comply with the results obtained by other researchers [41–43].

3.3. Shale oil analysis

Although investigators worldwide have applied various experimental 
techniques to determine the full composition of crude oil of different oil shales, 
its complex nature has made it quite a challenge. For analysis, sophisticated 
methods like comprehensive two-dimensional gas chromatography (GC × GC) 
and multidimensional gas chromatography (MDGC) have been used [44]. In 
this study, of special interest were the general characteristics and elemental 
composition of the crude oil of Ojamaa oil shale and the oil fractions obtained. 
The results are presented in Table 7. For comparison, crude oil data for Chinese 
Daqing OS are given.

Table 7. General characteristics of crude oil of Ojamaa oil shale

Parameter Crude oil of Ojamaa OS Crude oil of Daqing OS [24]
Density at 15 °C, kg/m3 936.4 855.4
Kinematic viscosity, 50 °C, mm2/s 5.48 20.2
Sulfur content, wt% 0.866 0.1
Carbon content, dry basis, wt% 82.28 85.87
Hydrogen content, dry basis,wt% 10.406 13.73
Nitrogen content, dry basis, wt% 0.22 0.16
Flash point in a closed cup, °C < 0 n.a
Carbon residue, wt% 0.8 2.9
Ash content, wt% 0.011 n.a
Pour point, °C –31.5 30
Corrosiveness to copper, class 4 n.a
Heat of combustion, MJ/kg 38.634 n.a
Iodine number, gI2/100g 100.6 n.a
Acid number, mg KOH/g 2.3 n.a
Al, mg/kg < 3 n.a
Si, mg/kg 222 n.a
Na, mg/kg 38 n.a
V, mg/kg < 1 n.a
Ca, mg/kg 34 n.a
Zn, mg/kg < 2 n.a
Al, mg/kg < 3 n.a

n.a – not available

Birgit Maaten et al.
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The density of the oil obtained from Ojamaa and Daqing oil shales is 
usually in the range of 0.8 to 0.98 g/cm3, the sulfur content varies between 
0.4 and 3.5%, and the nitrogen content ranges from 0.1 to 2.1% [23]. Both the 
sulfur and nitrogen contents of Ojamaa shale oil are in the lower end of the 
most common values, indicating a promising quality for further applications. 
The crude shale oil obtained in this work did not contain any significant 
amounts of metals, silicon with 222 ppm being an exception. Compared to 
crude oils, metals in Jordanian shale oils exhibit a maximum concentration of 
24 ppm, as shown by Abu-Nameh et al. [45]. In comparison with shale oils 
produced from other oil shales, these amounts can be considered quite low. 
At the same time, the shale oil from Jordan oil shale contained only 2 ppm 
vanadium, while the concentrations of nickel and iron were higher, 110 ppm 
and 145 ppm, respectively [46].

Further the shale oil was distilled into three fractions. Table 8 presents the 
mass balance of the obtained fractions.

Table 8. Mass balance of oil fractions of Ojamaa oil shale

Fraction Yield from Ojamaa OS, %

IBP–180 °C 18.5

180–350 °C 44.5

> 350 °C 37.0

IBP – initial boiling point

Cui et al. [47] analysed the composition of heteroatomic compounds in 
Huadian oil shale by distilling its shale oil into 17 fractions, some of which 
were of very low cumulative weight. In the current research, Ojamaa shale 
oil was fractionated into three fractions to offer a more general description 
of the distillation products obtained. Table 8 reveals that the fractions were 
not distributed evenly. The 180–350 °C fraction had the highest cumulative 
weight. As demonstrated by Abu-Nameh et al. [45], a simple distillation of 
shale oils of different Jordanian oil shales resulted in distilled volumes of 
about 20% and 90% at temperatures of 180 °C and 350 °C, respectively. As 
Estonian Ojamaa and Jordanian oil shales are of different geological origin, 
differences in the results could be expected. In addition, unlike Jordanian 
shale oils, the fractionation of Ojamaa shale oil was directed more towards 
the heavier fraction, which resulted in the lower amounts of gasoline and 
kerosene fractions.

The results of the detailed analysis of the obtained fractions are presented 
in Table 9.
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Table 9. Properties of shale oil fractions obtained from IBP to 350 °C

Parameter IBP–180 °C 180–350 °C > 350 °C

Density at 15 °C, kg/m3 769.3 941.1 n.d

Kinematic viscosity, 50 °C, mm2/s n.d 5.37 n.d

Sulfur content, wt% 0.91 0.749 0.644

Carbon content, dry basis, wt% 84.32 82.32 87.89

Hydrogen content, dry basis, wt% 13.13 10.54 5.90

Nitrogen content, dry basis, wt% 0.12 0.22 0.31

Flash point in a closed cup, °C < 0 24.0 n.d

Carbon residue, wt 0.1 < 0.1 37.7

Ash content, wt% n.d n.d 0.12

Pour point, °C ≤ 42.0 –30.0 n.d

Corrosiveness to copper, class 4 4 n.d

Heat of combustion, MJ/kg 42.04 38.52 36.77

Iodine number, gI2/100g 94.6 89.8 n.d

Acid number, mg KOH/g n.d 1.7 n.d

Al, mg/kg n.d < 3 < 3

Si, mg/kg n.d 113 345

Na, mg/kg n.d 96 99

V, mg/kg n.d < 1 < 1

Ca, mg/kg n.d 37 166

Zn, mg/kg n.d < 2 < 2

IBP – initial boiling point; n.d – not determined

As Table 9 displays, there are some differences between the three fractions 
in determined parameter values. For example, the fraction that was distilled in 
the lowest temperature range contained the most sulfur. Regarding metals, the 
contents of aluminium, zinc and vanadium were insignificant in the fractions 
180–350 °C and > 350 °C. At the same time, the IBP–180 °C fraction did 
not contain any metals at all. In the 180–350 °C fraction, sodium and silicon 
were present in quite noticeable amounts, while that of calcium was somewhat 
lower. Compared to the 180–350 °C fraction, the amounts of Ca and Si in 
the fraction above 350 °C were higher, while that of Na remained almost the 
same. Additionally, that same fraction was the only one to exhibit a significant 
carbon residue – about 38%.
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3.4. Characterization of sulfur-containing compounds

In this work, sulfur-containing compounds which greatly determine the quality 
of the obtained oil were of special interest. The contents of the compounds 
determined in the low-temperature (IBP–180 °C) fraction are given in Table 10.

Table 10. Sulfur-containing compounds in the IBP–180 °C fraction as determined 
by GC, mg S/kg if not indicated otherwise

Component IBP–180 °Ca

Stotal, wt%b 0.91

Hydrogen sulfide 337.83

Methylmercaptane 45.6

Ethylmercaptane 167.75

Unidentified n.d

Carbon disulfide 18.69

2-Propanethiol 42.0

Unidentified n.d

1-Propanethiol 165.11

1-methyl-1-propanethiol 191.3

Thiophene 208.76

2-Methyl-1-propanethiol 8.97

1-Butanethiol 87.29

Unidentified 43.61

2-Methylthiophene 1523.56

3-Methylthiophene 112.62

Unidentified 93.4

1-Pentanethiol 58.31

Unidentified 2169.32

3-Ethylthiophene 477.83

Unidentified 3150.19

Benzothiophene 39.09

Unidentified 163.65

Total identified 3484.7

Total unidentified 5620.2

Total, mgS/kg 9104.9

Total, wt%, gas chromatographically 0.91

IBP – initial boiling point; n.d – not detremined; a analysis conditions: heating rate 5 °C/min, maximum 
temperature 280 °C, 100 m non-polar PetrocolTmDH column, FPD detector, carrier gas helium; b EVS-EN 
ISO 20846:2011 [48].
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The different compounds in shale oils have aroused researchers’ 
interest worldwide for a long time already. For example, Willey et al. [49] 
investigated sulfur heterocycles in coal liquids and shale oils, separating 
chromatographically and identifying 32 such compounds. However, no 
quantification of the compounds was performed by the investigators. Recently, 
a similar research was conducted on kerogen by using an advanced chemical 
analysis technique, 13C solid-state nuclear magnetic resonance (13C NMR) 
spectroscopy, to analyse heteroatomic compounds in it [50]. Additionally, 
Cui et al. [47] investigated heteroatomic compounds in Huadian shale oil and 
showed C2-benzothiophenes, C3-thiophenes and C2-thiophenes to be the 
most abundant. As seen from Table 10, only about a third of the compounds 
were identified and two thirds were not. 2-Methylthiophene, 3-ethylthiophene 
and hydrogen sulphide had the highest concentrations, while other compounds 
exhibited lower concentrations. The above results compare quite well with 
those obtained by Cui et al. [47].

3.5. The distribution of total sulfur

In view of the regulations set for oil production, sulfur distribution is an issue 
to be handled with utmost care. Namely, the regulations of the International 
Maritime Organization (IMO) foresee the reduction of the maximum sulfur 
content in marine fuel oil down to 0.5% globally by 1 January 2020 [51]. 
These regulations have already led to the reduction of sulfur content of ship 
emissions.

Different analytical techniques enable the content of sulfur in pyrolysis 
products to be determined and the distribution of total sulfur analysed. In the 
present work, the sulfur content in pyrolytic water was found by estimating 
that the total sulfur content in the water was 1.5 g/L. The contents of the 
different forms of sulfur in pyrolytic water were not separately determined. As 
a result, the sulfur content in pyrolysis gas was found as that of residual sulfur. 
The partition of total and organic sulfur in pyrolysis products is illustrated in 
Figure 2.

Due to its marginality, the content of pyrolytic water is not well visualized 
in the figure. It should be kept in mind that the amounts of pyritic and sulfate 
sulfur in gas were found as a difference. On the basis of the results presented 
in Tables 1, 3 and 4, it was not possible to define the distribution of pyritic and 
sulfate sulfur between the oil shale pyrolysis products. However, the authors’ 
experience tells that pyrolytic and sulfate sulfur either remain in semicoke 
or end up in pyrolytic gas (as non-H2S) or in pyrolytic water and are not 
transferred into shale oil as organic sulfur. The findings of Elenurm et al. [35], 
who investigated the partitioning of sulfur during the thermal processing of 
oil shale, are in support of the above observation. So, when the temperature 
of semicoking in the reactor is increased from 450 to 480 °C, more sulfur will 
remain in the ash residue, which results in an increase of the total oil shale 
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sulfur from 61 to 87%. This is mostly due to sulfide sulfur whose content in oil 
shale increases from 20 to 77%. The amount of organic sulfur decreases only 
from 1.2 to 1.1% when increasing the retorting temperature. This complies 
with the results obtained earlier by Pan et al. [52]. Moreover, the researchers 
found the remainder of the sulfur after pyrolysis to be in the form of hydrogen 
sulfide.

4. Conclusions

In this study, Estonian oil shale from the Ojamaa mine was subjected to full 
chemical analysis. The pyrolysis of oil shale was carried out in a standardized 
Fischer retort. The main pyrolysis products obtained (shale oil, semicoke, gas) 
were characterized and the results compared with those for other oil shales 
from around the world. Shale oil was distilled into three fractions which were 
in turn analysed. Based on the data obtained it was concluded that about 
52% of organic matter was converted to shale oil, indicating that oil shale 
was of good quality. After determining the total sulfur content of the starting 
material and the products obtained, the distribution of sulfur was analysed. It 
was concluded that about 50% of sulfur remained in semicoke, about 35% in 
pyrolysis gas (with some losses) and about 8% in shale oil. Interestingly, most 
of the organic sulfur was found in pyrolysis gas, whereas shale oil contained 
approximately 27% organic sulfur and about 12% semicoke.

Fig. 2. Distribution of sulfur (mass%) in oil shale pyrolysis products. The pyrolytic 
water content was estimated to be 1.5 g/L.
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