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Vahur Oja(a,b)*

Received 21 January 2021, accepted 10 November 2021, available online 10 December 2021

(a) Department of Chemical Engineering, Tallinn University of Technology,  
Ehitajate tee 5, 19086 Tallinn, Estonia

(b) Department of Energy Technology, Tallinn University of Technology,  
Ehitajate tee 5, 19086 Tallinn, Estonia

(c) Department of Chemistry, Karabük University, 78050 Karabük, Turkey

Abstract. In the pyrolytic decomposition of kerogen, a macromolecular cross-
linked material of oil shale, the formation of thermobitumen is often considered 
an important intermediate step in pyrolysis modelling. The authors’ literature 
review indicated that information regarding the yield of thermobitumen 
from Kukersite oil shale was somewhat contradictory, and data on physical-
thermodynamic properties, which is to be used in engineering calculations, 
was limited. Therefore the present work provides further information on 
thermobitumen yield levels and properties, along with empirical correlations, 
which serve to link together pyrolysis temperature, time, and/or selected 
properties (molecular weight, H/C, density, refractive index, and heat 
capacity). No information can be found on the last three properties for 
thermobitumens, derived from either Kukersite oil shale or other oil shale. The 
paper contributes to the topic by presenting information under conditions in 
which volatile pyrolytic products (oil and water) were removed from a pyrolysis 
system by an inert gas flow. So far, the formation of thermobitumen in Kukersite 
oil shale pyrolysis has been studied in either closed or open systems with no 
inert gas flow. To further generalise the results, the article also presents some 
comparisons with Green River formation oil shale thermobitumens, which 
were produced under similar conditions.

Keywords: thermobitumen, molecular weight, density, refractive index, 
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1. Introduction

Oil shale, a solid fossil fuel, is a potentially important source of chemicals and 
oil due to the large amount of oil shale resources available. The world’s oil 
shale resources are estimated to be equivalent to more than 2.9 trillion barrels 
of oil (one barrel = 0.159 m3), and these resources are distributed widely 
across the world [1]. To be able to produce the oil, the kerogen, or macro 
molecular organic component, in oil shale must be thermally decomposed 
in an inert environment [2]. In this process, depending upon the type of oil 
shale, the formation of thermobitumen, which can also be referred to as 
pyrolytic bitumen or a ‘metaplast’ in coal chemistry, is often considered as an 
important intermediate step of pyrolysis [2–5]. Consequently, the formation of 
thermobitumen has been included in pyrolytic schemes (multi-step pyrolytic 
schemes which show yields of major intermediate and final macro-products). 
Generally the decomposition step in converting kerogen to thermobitumen 
precedes the major formation of volatiles and char, in either sequential or 
simultaneous reaction schemes [2, 5, 6]. Moreover, the formation of the 
intermediate product thermobitumen is considered more significant for oil 
shales with high oil yields (as it contains the kerogen that softens during the 
pyrolysis process), such as Kukersite oil shale from Estonia or Green River 
formation oil shale from the USA [7–11]. For example, in relation to the 
industrial-scale retorting of Kukersite oil shale, the thermobitumen formation 
has historically caused operational problems due to its sticky character in slow-
pyrolysis fixed-bed gasifier type retorts. The formation of thermobitumen is 
also related to the phenomenon of thermal swelling [7]. Therefore the yields 
and properties of thermobitumen from Kukersite oil shale (such as the Estonian 
deposit or the Gdov deposit) have been of interest for the best part of the past 
century [2, 10, 12–27].

A review of the literature shows that thermobitumen formation in the 
pyrolysis of Kukersite oil shale has been studied in either open systems (with 
the removal of volatiles that are driven by volatile formation itself, such as with 
a Fischer retort or similar systems [12–16], and no inert gas flowing through the 
material has been used), or closed systems (with no removal of volatiles such 
as, for instance, autoclaves [17, 18]). While the practical purpose of the first 
approach is related to retort-based technological research, the second is more 
suitable for technological research on thermal dissolution [2]. These studies 
have been carried out over a wide range: utilising temperatures from 275 °C [12] 
to 420 °C [13], and residence times from 0.08 hours (at 386 °C) [14] 
to 456 hours (at 275 °C) [12]. The yields and properties of the formed 
thermobitumen depend upon both the process conditions and the characteristics 
of kerogen, and also upon how thermobitumen has been operationally defined.

In general, thermobitumen is defined as an intermediate reaction product of 
kerogen pyrolytic decomposition that is non-volatile in its process condition 
and is soluble in organic solvents [10, 11]. Very often it is the more specific 
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definition that serves specifically to denote the solvent as being benzene, 
although extraction with other solvents such as methanol, acetone, and 
petroleum ether has also been used [12]. This definition of thermobitumen has 
historically been more or less followed by scientists but, in practice however, 
a specific thermobitumen is operationally definable, largely depending 
upon the purpose of the study. However, it could be emphasised here that 
the thermobitumen as an extraction product that had been obtained from the 
autoclave (a closed system) was often operationally defined as being a mixture 
of oil and thermobitumen, even down to including pyrolysis water.

By contrast, oil is defined as the organic pyrolytic decomposition product 
that is volatile in its process conditions and is condensable at room temperature. 
On that basis oil is volatile, and it can undergo secondary reactions at longer 
residence times if not removed rapidly. Therefore, an important factor in 
defining thermobitumen is whether those components that are vaporisable 
during pyrolysis (more specifically oil) are removed from the reactor and 
how fast this process occurs. In principle a complete oil removal with the 
shortest residence time can be obtained from the system by allowing inert 
gas to flow through the material that is undergoing pyrolysis. Therefore 
any thermobitumen that is obtained in this way more closely represents the 
definition ‘based’, or ‘actual’, thermobitumen. This approach has, for example, 
been used by Miknis et al. [11] in thermobitumen studies involving USA oil 
shales (western oil shales of the Green River formation such as the Colorado 
Anvil Points, Wyoming Tipton, and the Colorado Exxon-Colony, and Eastern 
oil shales such as those of Kentucky New Albany). Oil shale from the Green 
River deposit has a high oil yield and kerogen that softens during pyrolysis, as 
does Kukersite oil shale. On the other hand, New Albany oil shale (similarly to 
another Estonian oil shale – Dictyonema) has a low oil yield and kerogen that 
does not soften during pyrolysis, unlike Green River oil shale or Kukersite oil 
shale [7, 27, 28].

Because Kukersite oil shale studies in relation to thermobitumen have only 
been conducted in closed systems or in open systems without an inert gas 
stream (such as with a Fischer retort or similar systems), this paper contributes 
to the topic by providing information in conditions under which volatiles were 
removed from the pyrolysis system by means of inert gas flow (with this flowing 
through the material that is undergoing pyrolysis). As the review showed that 
there was little information on the physical properties of thermobitumen in the 
available literature, our research team’s interest in this topic was based on the 
physical properties that were seen as being important in chemical engineering 
calculations (especially those that are used to calculate other properties using 
thermodynamic property prediction approaches which are based on bulk 
properties). So far the most often measured characteristic parameters for 
Kukersite thermobitumens have been elemental composition in the first place 
(and/or the resultant H/C ratio), followed by molecular weight [12–21]. In 
addition, there was also found some (not systematic) information regarding 

Yields and the selected physicochemical properties of thermobitumen as an intermediate product...



298

solvent fractionation [12, 22], spectroscopic data (infrared spectra [23, 24], 
nuclear magnetic resonance (NMR) spectra [24, 25], X-ray photoelectron 
spectra [24]), OH group content [12], and some information on the individual 
components [24–26]. The purpose of this study is to supplement the available 
information on average molecular weights and elemental composition, and to 
provide information on density, refractive index, and heat capacity that was 
not yet available. The work maps out the variations in these thermobitumen 
properties obtained at different pyrolysis temperatures and with different 
residence times, and provides easy-to-use empirical equations when it comes 
to determining these properties.

2. Experimental

2.1. Oil shale sample

Thermobitumens were produced from the freshly ground Estonian Kukersite 
oil shale sample with a particle size between 0.315 and 0.8 mm (the choice 
was based on experimental concerns such as pressure drop, uniform flow 
over the cross-sectional area, etc.) and an average organic content of 23.2%, 
with a variation of 2% in the test samples. For confirmation, some subsequent 
comparative experiments were performed on another oil shale sample with the 
same particle size range, and these results were normalized to the original oil 
shale sample. The ultimate analysis for the oil shale with an organic content 
of 23.2% delivered the following results on a dry basis (wt%): 51.94% ash, 
21.36% carbon, and 1.59% hydrogen. As the carbonaceous CO2 content was 
24.88 wt%, the estimated carbon and hydrogen composition of the organic 
matter was 75.42 wt% C and 9.36 wt% H (with an atomic H/C ratio of 1.49). 
Additional information about the structure and composition of Kukersite oil 
shale and the properties of the retort products can be found via the following 
references [27, 29–33]. It is important to note again that Kukersite oil shale has 
a high oil yield and contains kerogen, which softens thermally [6]. Exemplary 
yields of pyrolysis products from Fischer Assay retorting under standard 
conditions (at a temperature of 520 °C) for Kukersite kerogen on a dry basis 
are as follows: 59.7 wt% oil, 6.1 wt% pyrogenous water, 12.7 wt% gas, and 
21.5 wt% semicoke (char) [21]. For indication purposes, the Fischer Assay oil 
properties are reported with the following sample figures: a relative density 
of about 0.964, with an H/C of about 1.43, and a molecular weight of about  
230 g/mol [27, 30, 31].

2.2. Thermobitumen production

Thermobitumens were produced from Kukersite oil shale by means of iso-
thermal pyrolysis at temperatures of 340 °C, 380 °C, and 420 °C. A U-shaped 
reactor which had been formed from a stainless steel pipe (9.4 × 2.3 mm) 
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and Swagelok fittings with a total volume of about 30 ml were inserted in 
a convection oven that was preheated to the required temperature (as listed 
above). In principle, the set-up has the same design as that used by Miknis 
et al. [11]. Therefore the drawing for this set-up is not specifically shown. 
The pyrolysis temperatures were measured using a K-type thermocouple 
(accuracy ±0.5 oC), which was inserted from the nitrogen inlet zone to a depth 
of about 10 cm into the oil shale layer in the U-shaped reactor. Pyrolysis times 
were between 15 minutes to 16 hours, counted from the moment at which the 
sample temperature was no more than 5 °C lower than the oven temperature. 
Average heating-up rates were about 20–25 °C/min as it took an average of 
13, 16 or 18 minutes to heat up the reactor that had been inserted into the 
preheated oven, from room temperature to temperatures of 340 °C, 380 °C 
and 420 °C, respectively. The pyrolysis process was stopped by removing the 
reactor from the oven and quickly cooling it in a water bath. Nitrogen (with a 
purity level of 99.995%), which was pre-heated in the same convective oven 
until it reached the pyrolysis temperature, was allowed to flow through the 
packed bed of oil shale particles at a flow rate of about 100 ml/min and served 
to carry away (out of the reactor) the pyrolysis gases, water and oil vapours 
that had formed.

2.3. Collecting oil and pyrolysis water

The pyrolysis water and oil vapours from the reactor were condensed using 
water cooling and were collected in a container that had been placed in ice 
water. The container was weighed before and after each experiment to be able 
to ascertain water and oil mass as produced during pyrolysis. To prepare the 
oil for characterisation (involving measurements of its molecular weight and 
elemental composition), the oil was separated from the water by means of 
centrifugal force.

2.4. Solvent extraction of thermobitumen

Thermobitumens were extracted from solid pyrolysis residues that had been 
removed from the reactor after pyrolysis, by means of a Soxhlet extraction 
with solvent tetrahydrofuran (THF, boiling point 66 °C). In the current work 
the stabilised tetrahydrofuran (99% pure, Lachner, Czech Republic) was 
used. The tetrahydrofuran was chosen as the solvent because preliminary 
experiments showed that, when compared to benzene and dichloromethane, 
tetrahydrofuran provided the highest thermobitumen yield. The extraction 
process was carried out until the solvent that passed through the sample had 
become colourless. This took between 36 and 60 hours. After extraction the 
solvent was removed from the thermobitumen solution by means of a vacuum 
rotary evaporator at a pressure of about 4 mmHg (in a water bath at 95 °C). The 
collected thermobitumen was solid at room temperature. The completeness of 
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solvent removal was evaluated by means of thermogravimetric measurements 
with a heating rate of 10 °C/min up to 300 °C under an inert gas environment.

2.5. Determining the H/C ratio

The elemental composition (wt% carbon and wt% hydrogen) of the 
thermobitumen and oil samples was determined using an Exeter Analytical 
model CE440 elemental analyser. From this information the atomic H/C ratios 
were calculated. The oxygen content in wt%, more precisely oxygen along 
with smaller amounts of nitrogen and sulphur, was determined by subtracting 
the carbon and hydrogen contents from 100 wt%.

 
2.6. Determining the number average molecular weight

The number average molecular weights were determined using two different 
vapour pressure osmometers: first an Osmomat 070 (Gonotec GmbH, 
Germany), and later a Knauer K-7000 (Wissenschaftliche Gerätebau Dr Ing 
Herbert KNAUER GmbH, Germany). With both instruments pyridine was 
used as a solvent (99% pure, Sigma-Aldrich). When using the Osmomat 070 
and the Knauer K-7000, measurements were carried out at temperatures of 
85 °C and 75 °C, respectively. The standard deviation of number average 
molecular weights was less than 5%. However, for some thermobitumen 
samples, the standard deviation of the number average molecular weights 
was found to be higher, based on data measured by different devices over a 
one-year period. A more detailed description of the measurement and analysis 
methods that were used to ascertain the number average molecular weight, 
along with the calibration principles for the instrument, are given in an earlier 
article from this laboratory by Järvik and Oja [31].

2.7. Measurement of the density and refractive index of thermobitumen

The density and refractive index of the thermobitumen were measured using 
respectively a DMA 5000M density meter and an Abbemat HT refractometer 
(both Anton Paar GmbH, Austria). Because the thermobitumen samples were 
solid at room temperature, in order to measure their density and refractive 
index those samples were first dissolved in tetralin (anhydrous 99% pure, 
Sigma-Aldrich). For the purpose of ensuring uniform mixing, the sample 
solvent mixture with its known concentration levels in a closed vial was 
kept at a temperature of 60 °C for several hours and was then placed in an 
ultrasonic bath for 20 minutes to aid the dissolution process. The mass fraction 
of thermobitumen used fell within the range of 20–30%. Its density values  
(or at least provisional density values) were then calculated from the measured 
pre-prepared mixture density values using a defined mixing rule as shown 
below (Eq. (1)):
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         (1)

where ρ is density, X is the mass fraction and the subscripts th, te, and m 
stand respectively for thermobitumen, tetraline, and the mixture. The level of 
application for this mixing rule was checked by first measuring the density 
of industrial heavy oil technical fraction (from Kukersite shale oil) and then 
comparing it to the density value that was calculated using the mixing rule 
for the heavy oil that had been dissolved in tetralin (with a mass fraction of 
20–30%). The application of the mixing rule provided an error margin in the 
heavy oil density readings less than 1%. The provisional refractive index 
values for the thermobitumen were calculated from the mixture information 
using a defined mixing rule as shown in Equation (2):

          ,      (2)

where RI is the refractive index and Y is the volume fraction, and subscripts 
are as previously defined.

2.8. Measurement of the  heat capacity of thermobitumen

The specific heat capacity of thermobitumen (cp) was measured using a Netzsch 
204 HP Phoenix differential scanning calorimeter (DSC) with a nitrogen flow 
of 40 ml/min. For the purpose of carrying out these measurements, a sample 
of approximately 20 mg of thermobitumen was loaded into a pre-weighed 
Al capsule, and the capsule was hermetically sealed. Before carrying out the 
measurement process the capsule and the sample were heated to approximately 
70 °C in order to melt the thermobitumen and obtain a uniform contact 
between the sample and the capsule. Then the sample was kept at 30 °C for  
10 minutes, whereafter the specific heat capacity measurement was carried out 
by ramping up the temperature at 20 °C/min to as high as 200 °C. The specific 
heat capacity of the sample (s) was calculated from the previously measured 
sapphire standard (st) signal S, mW/mg, as follows:

                (3)

The validity of the cp measurement was confirmed by measuring the specific 
heat capacity of anthracene. The average deviation in the temperature range 
was between 40–180 °C which, when compared to the information given in 
the work by Goursot et al. [34], was below 5%.
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3. Results and discussion

3.1. Yield of kerogen decomposition products: thermobitumen and sum 
of oil and water

Yields of thermobitumen and yields of volatile oil shale decomposition 
products – the sum of oil and water yields – which were obtained under the 
various pyrolysis temperature and time conditions that were included in the 
investigation, are summarised in Table 1 and Table 2, respectively. These 
yields are given on the basis of the dry organic content of the original oil shale 
(as the wt% of organic matter), and were calculated using the average organic 
content of 23.2 wt%. The changes in the isothermal yield of thermobitumen 
and in the total isothermal yield of thermobitumen, oil, and pyrolysis water 
as a function time of pyrolysis are illustrated graphically at a temperature of  
340 °C in Figure 1, at 380 °C in Figure 2 and at 420 °C in Figure 3. Information 
from selected literature on Kukersite oil shale, for both open and closed 
systems, is shown for comparison in these figures. The figures also show that, 
in general, the thermobitumen yields that were measured in the current work 
were lower than those given in earlier studies on open systems for Kuklersite 
oil shale. The lower thermobitumen yields can be explained by the difference 
in the experimental procedures being used for thermobitumen preparation. 
In this study, a flow of inert gas was sent through the reactor to ensure the 
immediate removal of vaporising compounds, and care was taken to evaporate 
the solvent as fully as possible from the thermobitumen-solvent mixture in the 
vacuum rotary evaporator.

The yield profiles follow the trends that have been reported for different 
oil shales [11].  The yield profile for thermobitumen, the reactive intermediate 
product, is best illustrated at the temperature of 380 °C in Figure 2. This is the 
typical concentration profile for consecutive in-series irreversible reactions, 
during which there occurs the transformation of the parent material into an 
intermediate, and then the intermediate to the product. The figure shows the 
shape of a positive skew (skewed to the right) which, according to the most 
simplified reaction scheme, can be considered as having been caused by 
competition between the rate of formation of thermobitumen and the rate of 
conversion of thermobitumen into final macro-products, mostly into oil. For 
the full temperature-time range, the exact shape depends upon the relative 
strength of each competing reaction which underlies the transformation. The 
experiments that were carried out at a temperature of 380 °C show that the 
highest yield of thermobitumen was seen at a heating time of two hours. 
The maximum yield of thermobitumen, around 50% of organic matter at the 
temperature of 380 °C, is also the maximum thermobitumen yield to have been 
observed in this work. At 340 °C (Fig. 1), due to the relatively low temperature, 
after a period of around 14 hours the maximum yield of thermobitumen is 
reached at about 25% of organic matter (at the conclusion of the tests, as 
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the last points were measured at 12 and 16 hours). In experiments that were 
conducted at a temperature of 420 °C (Fig. 3), the processes described tend to 
occur in the shortest times. The maximum thermobitumen yield of about 35% 
of organic matter at 420 °C is reached at resident times corresponding to the 
start of the tests (the first point was measured at 15 minutes).

During the process of isothermal pyrolysis, the overall yield profile 
(the thermo-bitumen, oil, and water profile) increases with residence time, 
followed by stabilisation or a slight decrease in their yield before stabilization. 
An explanation of this yield trend can be found in the reference material by 
Miknis et al. [11]. In short, depending on the type of oil shale kerogen used, 
competing pyrolysis reactions (including the pathway through thermobitumen 
formation) resulted in different yield ratios for the final macroproducts (oil, 
gas, pyrolysis water, and char). The pyrolytic reactions of kerogens with high 
oil yields promote oil (the highest yielding product) formation, and low oil 

Table 2. Total yields of oil and pyrolysis water from Kukersite oil shale isothermal 
pyrolysis at different temperatures, and number average molecular weight, 
elemental composition and H/C ratio of oil

T,
°C

Time,
h

Oil + water
Yield, %OM***

Oil

MW,
g/mol

C,
wt%

H,
wt%

O,**
wt%

H/C

340

2 8 188 79.46 10.5 10.03 1.59

5 15 196 79.86 10.34 9.8 1.55

8 21 190 79.69 10.32 9.99 1.55

12 25 186 79.79 10.3 9.92 1.55

16 40

380

0.5 14 178 79.91 10.59 9.51 1.59

1 19 180 80.32 10.91 8.77 1.63

2 28 180 80.62 10.7 8.69 1.59

4 44 200 80.94 10.32 8.75 1.53

6 56 199 81.63 10.4 7.98 1.53

420

0.25 37 198 81.5 10.32 8.18 1.52

0.5 56* 182 81.23 10.7 8.08 1.58

0.75 45* 172 80.99 10.66 8.37 1.58

1 59 201 81.34 10.4 8.28 1.52

* the total yield of oil and water can only increase over time, therefore, the lower yield at 0.75 h compared 
to that at 0.5 h is due to the experimental error
** more precisely oxygen along with smaller amounts of nitrogen and sulphur
***as percent of the total organic content of oil shale, dry basis
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Fig. 1. The yield of thermobitumen (■) and the total yield of thermobitumen, oil, 
and water (□) produced during the isothermal pyrolysis of Kukersite oil shale as a 
function of pyrolysis time at a temperature of 340 °C. Literature-based information 
for Kukersite oil shale at 340 °C (○ open system [17]; ● closed system [12]) is shown 
for comparison.

Fig. 2. The yield of thermobitumen (■) and the total yield of thermobitumen, oil, 
and water (□) produced during the isothermal pyrolysis of Kukersite oil shale as a 
function of pyrolysis time at a temperature of 380 °C. Literature-based information 
for Kukersite oil shale at 380 °C (○ open system [17]; ● closed system [14]), and for 
Green River oil shale (+ for 375 °C [11]; × for 394 °C [12]), is shown for comparison.
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yield kerogens give more char and gas. In the case of Kukersite oil shale, it has 
been shown that the maximum oil yield is obtained at the point of complete 
decomposition of thermobitumen, which is about at 450 °C under slow heating 
rate conditions [16]. It can be seen from Table 2 that, at temperatures of 380 °C 
and 420 °C, the total yield of oil and water reached was between 56–59% of 
organic matter, which is close to the oil yield obtained in retorting Kukersite 
oil shale in a Fischer retort (which produced about 60% of organic matter 
[15, 30]). The proportion of pyrolysis water formed during decomposition of 
kerogen in the temperature range used in this work could be about 2–5 wt% of 
the organic content of dry oil shale [12, 15].

Figures 2 and 3 also compare thermobitumen yield information for 
Kukersite oil shale against that of Green River oil shale [11]. Experiments on 
both oil shales were carried out under conditions in which volatile pyrolytic 
products (oil and water) were removed from a pyrolysis system by means 
of an inert gas flow (one which was flowing through the material that was 
undergoing pyrolysis). Figures 2 and 3 indicate that thermobitumen yield 
curves were of similar shape. However, in Figure 2, at a temperature of about 
380 °C, the yield for Green River oil shale was lower than that of Kukersite oil 
shale (the maximum yield was lower by about 10–15 units, being expressed as 
a percentage of organic matter). In Figure 3, at a temperature of about 420 °C, 
the yield for Green River oil shale was higher than that of Kukersite oil shale 

Fig. 3. The yield of thermobitumen (■) and the total yield of thermobitumen, oil, 
and water (□) produced during the isothermal pyrolysis of Kukersite oil shale as a 
function of pyrolysis time at a temperature of 420 °C. Literature-based information 
for Kukersite oil shale at 420 °C (● closed system [10, 15]), and for Green River oil 
shale at 425 °C (+) [11], is shown for comparison.
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(the maximum yield was higher by about 20–25 units, being expressed as a 
percentage of organic matter). This indicated different rates of formation and/
or conversion of thermobitumen during the pyrolysis of these types of oil 
shale.

 3.2. Molecular weights and atomic H/C ratios of oil accompanying 
thermobitumen formation

Miknis et al.  [11] have shown that, for a given oil shale, molecular weights and 
H/C ratios for the oils released during the process of isothermal pyrolysis are 
essentially constant over the region of thermobitumen existence. This applies 
to oils associated with the formation and/or conversion of thermobitumen 
throughout the temperature-time history of the isothermal pyrolysis studied. 
The results of the current work, as presented in Table 2, show that these 
properties of pyrolysis oils from Kukersite oil shale also behave similarly, 
with the average molecular weight of oils being 188 g/mol (within about 
170–200 g/mol), and the average H/C molar ratio being 1.56 (within about 
1.52 and 1.63). These molecular weight values are somewhat lower and the 
H/C ratios are somewhat higher than those usually obtained from Kukersite 
oil shale pyrolysis in a Fischer retort [27, 30]. This is likely due to the lower 
pyrolysis temperatures obtained in the current study. When compared to the 
Green River oil shale oils, with an average molecular weight of 358 g/mol 
and an average H/C ratio of 1.71) as established by Miknis et al. [11], the 
respective average values of Kukersite oils in the current study were lower. 
The same trend could also be observed when comparing the corresponding 
Fischer assay oils [27, 30].

3.3. The molecular weight of thermobitumen

The number average molecular weight values for thermobitumens from 
Kukersite oil shale as measured in this work are tabulated in Table 1, and 
their pyrolysis temperature and time dependence are illustrated in Figures 
4–6. Figures 4–6 suggest that the overall pattern of molecular weight change 
in thermobitumen under isothermal conditions over time forms a continual 
‘increasing to decreasing’ dependence: the molecular weight increases, 
exceeds the maximum and then decreases. Therefore, at the temperature-time 
point at which thermobitumen is completely decomposed or vanished, its 
average molecular weight values should approach those of volatile oil. The 
Kukersite oil shale’s oil molecular weight distribution curves, which come 
from various pyrolysis regimes, can be found in earlier articles [31, 35, 36].

Figures 4–5 show that the molecular weight values from a previous study 
by Kask [12]  are for the most part twice as low as those measured in the current 
work. However, in a few cases some similarities can be seen in the molecular 
weight of some of the samples. Therefore, when considering the complexity of 
removing solvents completely, the lower molecular weight values measured 
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Fig. 4. Number average molecular weights (MW) for thermobitumens taken from the 
isothermal pyrolysis of Kukersite oil shale at 340 °C (●, this study) in comparison 
with earlier information (small reactor 360 ºC as ○; small reactor 340 ºC as ◊; large 
reactor 360 ºC as □) [12].

Fig. 5. Number average molecular weights (MW) for thermobitumens taken from the 
isothermal pyrolysis of Kukersite oil shale at 380 °C (●, this study) in comparison 
with earlier information at the same temperature (small reactor as ○; large reactor 
as □) [12], and information on thermobitumen taken from Green River oil shale and 
obtained at 375 °C (Δ) [11].
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by Kask [12], which are given here for reference purposes, could have been 
caused by a portion of the solvent remaining in thermobitumen. For example, 
if a sample of thermobitumen has a molecular weight of 1300 g/mol, then in 
order to have a molecular weight of 700 g/mol it must contain about 50 mol% 
or 5.5% by weight of benzene.

When compared to the Green River oil shale-based study by Miknis et 
al. [11], Figures 5–6 indicate analogous relationships between molecular 
weight and pyrolysis times during the isothermal processes studied. In 
Figure 5 it can be seen that most of the values that were obtained at different 
pyrolysis times match closely (with the exception of the six-hour and 380 °C 
point). In Figure 6 the difference in molecular weights is somewhat large 
(as a five degree temperature difference may be more significant at higher 
temperatures), but similar decreasing changes can be seen in the molecular 
weight of thermobitumen as a function of pyrolysis time.

 
3.4. The H/C ratio of thermobitumen

H/C ratio is a parameter that can be with today’s capabilities determined 
relatively easily and quickly and with a high degree of accuracy for a collected 
thermobitumen sample. The carbon and hydrogen contents of Kukersite 
thermobitumens prepared for this work and the atomic H/C ratio calculated 
are given in Table 1. At temperatures of 340 °C and 380 °C the H/C ratio 
shows a clearly decreasing trend over time, as a result of the simultaneous 

Fig. 6. Number average molecular weights (MW) for thermobitumens obtained from 
the pyrolysis of Kukersite oil shale at 420 °C (●, this study) in comparison with 
information on thermobitumen taken from Green River oil shale, obtained at 425 °C 
(Δ) [11].
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condensation and decomposition reactions and the vaporisation of the formed 
oil. A slight increase in the H/C ratio over a period between 30 minutes and 
one hour during the 420 °C experiment, as seen in Table 1, could also be an 
actual trend. As expressed by Aarna and Rikken [16], at every temperature 
the decomposition products of kerogen tend towards their most stable form, 
which causes the H/C ratio to decrease. Kask [12] and Miknis et al. [37] were 
able to show this decreasing trend respectively in pyrolysis of Kukersite oil 
shale and of both Green River (Colorado) and New Albany oil shales. Miknis 
et al. [37] also found that the total mass of aromatic carbon in the oil and solid 
products that were formed during pyrolysis serves to reach its maximum level 
at about the same time as the thermobitumen yield reaches its maximum value 
and then remains constant after that.

H/C ratio is also a characteristic parameter of a material that is used in 
different correlations for calculating other properties [38]. Therefore, from 
the results of the ongoing work, an easy-to-use empirical Equation (4) was 
derived to calculate the Kukersite oil shale thermal bitumen H/C ratio as a 
function of pyrolysis temperature (T) and time (t) as follows (with an absolute 
average deviation of 0.05 units):

               (4)

A comparison with relevant measured H/C values is given in Table 3 as 
a relative percentage difference. Equation (4) was also used to calculate the 
H/C ratios for information that was taken from reference sources [11, 37], 
along with thermobitumens from the pyrolysis of Green River (Colorado) 
and New Albany oil shales. The best results were obtained for New Albany 
thermobitumen at temperatures of 375 °C and 400 °C, with an absolute 
average deviation of 0.12 units. In fact, the equation that was developed based 
on the information from this study on Kukersite oil shale provided more 
accurate results than the equation that was developed directly from pyrolysis 
information for New Albany thermobitumen reported by Miknis et al. [37]. For 
thermobitumens from Green River oil shale Equation (4) provided scattered 
results and H/C values that were about 0.25 units less than the actual values. 
Therefore the following exemplary equation was derived from the reference 
information [11] for Green River oil shale:

                (5)

3.5. The density, refractive index and heat capacity of thermobitumen

The density, refractive index, and heat capacity of thermobitumen, all at 20 °C, 
are given in Table 1. The thermobitumen heat capacity at 20 °C remains in 
the range of 1532–1906 J/(kg·K), being respectively about 350–750 J/(kg·K) 
larger than the heat capacity of Kukersite oil shale kerogen. The Kukersite 
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kerogen (with a 91% organic content) has a heat capacity of 1150 J/(kg·K) 
[39]. Thermobitumen’s density values at 20 °C fall between 1073 and 1191 
kg/m3. The density of Kukersite oil shale kerogen is at 1100 kg/m3 [39]. 
Figure 7 shows density and heat capacity as a function of the H/C ratio of 
thermobitumen. The figure reveals that as the H/C ratio increases, i.e. as 
the aromatic levels decrease, the density decreases and the heat capacity 
increases. Figure 7 also shows that there is a rough linear dependence between 
density (and therefore refractive index) and heat capacity on the H/C ratio, 
and therefore the density (d20°C), refractive index (RI20°C), and heat capacity  
(Cp,20°C) can be approximately calculated. For calculations taken from the H/C 
ratio of thermobitumen, the following Equations (6)–(8) were derived:

                 (6)

               (7)

               (8)

The evaluation of the performance of these equations against the 
corresponding measured values   is given in Table 3 as a relative percentage 
difference. The average absolute deviations between the predicted and 
actual values of refractive index and heat capacity are 0.01 and 41 J/(kg·K), 
respectively. When comparing the predictions for density from Equation (6) 
with the results measured in the current work, the average absolute deviation 

therefore the density (d20oC), refractive index (RI20oC), and heat capacity (Cp,20oC) can be 
approximately calculated. For calculations taken from the H/C ratio of thermobitumen, the 
following Equations (6)–(8) were derived: 
 
 
𝑑𝑑,-℃[𝑘𝑘𝑘𝑘 𝑚𝑚+⁄ ] = −300.9 × (𝐻𝐻/𝐶𝐶) 	+ 	1510.5,                 (6) 
 
𝑅𝑅𝑅𝑅,-℃ = 2.0075 − 0.29901 × (𝐻𝐻 𝐶𝐶⁄ ),               (7) 
 
𝑐𝑐%,,-℃[𝐽𝐽 𝑘𝑘𝑘𝑘𝑘𝑘⁄ ] = 610.9 + 871.9 × (𝐻𝐻 𝐶𝐶⁄ ).               (8) 
 
 The evaluation of the performance of these equations against the corresponding 
measured values is given in Table 3 as a relative percentage difference. The average absolute 
deviations between the predicted and actual values of refractive index and heat capacity are 
0.01 and 41 J/(kg·K), respectively. When comparing the predictions for density from Equation 
(6) with the results measured in the current work, the average absolute deviation was about 13 
kg/m3 by using the measured H/C ratio, and 26 kg/m3 when using the H/C ratio calculated 
from Equation (4). The relationship between density and H/C ratio for Kukersite 
thermobitumen can also be approximately calculated from a linear equation that is based on 
information taken from the Crude Oil Assay database [40] as: 
 
 
𝑑𝑑01℃[𝑘𝑘𝑘𝑘 𝑚𝑚+⁄ ] = 1636 − 428 × I2

3
J.                (9) 

 
 The average absolute deviation between the measured and calculated densities was 38 
kg/m3 when using Equation (9). For heat capacity, a slightly better fit with experimental 
information (with an absolute average deviation of about 34 J/kg·K) can be achieved by a 
two-parameter equation in which the heat capacity of thermobitumen is predicted as a 
function of H/C ratio and MW (kg/kmol): 
 
 
𝐶𝐶%,-℃[𝐽𝐽 𝑘𝑘𝑘𝑘𝑘𝑘⁄ ] = 663 + 910.2 × (𝐻𝐻/𝐶𝐶) − 0.086 × 𝑀𝑀𝑊𝑊.              (10) 
 
 A comparison with relevant measured values is given in Table 3 as a relative 
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Fig. 7. Densities at 20 °C (○) and heat capacities at 20 °C (●) for thermobitumen 
taken from Kukersite oil shale isothermal pyrolysis as a function of the H/C ratio 
(information from this study).
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was about 13 kg/m3 by using the measured H/C ratio, and 26 kg/m3 when 
using the H/C ratio calculated from Equation (4). The relationship between 
density and H/C ratio for Kukersite thermobitumen can also be approximately 
calculated from a linear equation that is based on information taken from the 
Crude Oil Assay database [40] as:
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Table 3. Relative percentage difference between the measured properties and the 
results calculated with easy-to-use empirical equations derived from them*

Relative percentage difference

T,
°C

Time,
h

H/C,  
Eq. (4), %

d20 °C, 
Eq. (6), %

RI20 °C,  
Eq. (7), %

cp,20 °C,  
Eq. (8), %

cp,20 °C, 
Eq. (10), %

340

2 –4.3 0.6 0.3 1.2 0.2

5 –2.1 –0.5 –0.6 4.4 4.1

8 –0.6 1.6 2.5

12 3.7 0.6 0.7 –0.3 0.4

16

380

0.5 5.4 –1.1 –0.5 –1.9 –2.7

1 5.6 –2.1 –0.1 –0.3 –0.5

2 0.1 0.0 –0.3 –2.0 –0.8

4 –2.5 1.4 0.6 –2.1 –1.2

6 –3.7 1.8 0.4

420

0.25 9.3 1.9 0.3 –6.3 –6.0

0.5 –7.9 –1,7 –1.8 2.1 2.3

0.75 –5.3 –0.6 0.2

1 –1.8 2.3 0.3

* The properties are given in the Table by temperature and time.
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A comparison with relevant measured values is given in Table 3 as a rel-
ative percentage difference. Applying this equation means that molecular 
weight has been measured, which is a time-consuming measurement and is 
often carried out with quite high levels of uncertainty. However, analogous 
regression equations for calculating the refractive index (RI20°C) or density  
(d20°C) of Kukersite oil shale thermobitumen showed no useful level improve-
ment in performance.

4. Conclusions

This paper has presented information and trends on yields and the selected 
physical-thermodynamic properties of thermobitumen, an intermediate product 
of pyrolytic decomposition, from Kukersite oil shale isothermal pyrolysis at 
three temperatures: 340 °C, 380 °C and 420 °C. Our literature review showed 
that although the yields and characteristics of thermobitumen extracted from 
Estonian Kukersite oil shale  have been of interest for around a century, the 
topic still required further investigation. This study has contributed to this topic 
by investigating the process of thermobitumen formation under conditions in 
which volatile – and at room temperature condensable – pyrolytic products 
(oil and water) are removed from a pyrolysis system by means of an inert gas, 
which is flowing through the material undergoing pyrolysis. Care was also 
taken to remove the solvent, which was used to dissolve the thermobitumen 
from the pyrolysis residues, from the thermobitumen-solvent mixture as 
completely as possible. When compared to information that is available in the 
literature on earlier Kukersite oil shale tests, the yield of thermobitumen in 
this study was seen to be lower and the molecular weight higher.

By utilising the characteristic properties of thermobitumen, this work was 
able to ascertain measurements of the H/C ratio, average molecular weight, 
density at 20 °C, refractive index at 20 °C and heat capacity at 20 °C. The 
first two of these were the parameters that were commonly used to describe 
thermobitumen (with the H/C ratio being more commonly used as it is easily 
quantifiable), but no previous information was found for the latter three, 
whether Kukersite or any other oil shale. Therefore empirical correlations 
were derived to be able to calculate the last three parameters from the H/C 
ratio (with average absolute deviations of 13 kg/m3, 0.01, and 34 J/kg·K, 
respectively). In addition, an empirical correlation was also presented in this 
paper to determine the H/C ratio from the temperature and time of pyrolysis.
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