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Introduction
Oil shale has been used for power production in Estonia since the beginning of the 20th
century [1], [2]. Although the first large shale oil extraction plant for processing of
Estonian oil shale was proposed in 1910 the processing only started in the 1920s [3], [4].
However, some records suggest an earlier origin; therefore, in 2016, the Estonian oil
shale industry celebrated its 100th anniversary. Although the world is turning to
alternative sources of energy, many countries still use fossil fuels. To date, Estonia is
highly dependent on oil shale and ~90% of its electricity is still produced in oil shale
power plants [5], [6]. Since the beginning of the so-called oil shale period chemical
analysis has evolved significantly and thus, its complexity and precision are immense.
New and improved analytical techniques have opened up possibilities for new areas of
research such as kinetics of decomposition, highly accurate structural analysis, and
characterization.
The goal of this thesis is to characterize the composition of oil shales of different
origin. Thus, the samples were subjected to thermogravimetric analysis (TGA) under
pyrolysis conditions. Based on the thermal analysis data the following questions were
answered:
• What are the differences in the evaporating gases produced during the pyrolysis
process of different oil shales?
• How can the decomposition of organic matter be described via the kinetic triplet?
• How do the acquired kinetic parameters describe the nature of the samples?
• How can these kinetic parameters be put into practical use rather than be purely
theoretical?
• As there is significant data on the effect of inherent minerals on the
decomposition of oil shales of other origin, do the minerals in Estonian oil shale
affect the decomposition of organic matter during the pyrolysis process?
Samples from Estonia, China and the USA were analyzed. The Estonian sample is the
mean laboratory sample of the energetic oil shale used in power production. The samples
from China and the USA are also locally used. However, the sample from Kentucky (USA)
has not been described to date. Several analytical techniques were employed, namely
TGA coupled with mass spectrometry (TGA-MS), wavelength dispersive X-ray
fluorescence (WD-XRF), X-ray diffraction (XRD), and elemental analysis (CHNS).
This dissertation is divided into four chapters. Chapter 1 offers a literature overview
describing the nature of the oil shale, pyrolysis process, and the types of solid residues
produced and how to utilize them. It also presents the history and use of TGA and the
basics of kinetic computations. Chapter 2 describes the experimental details, including
the type of analyzed samples, the analytical procedure and reagents employed, and the
results of the different analytical techniques (Publications I–III). The third chapter
focuses on the afforded results. The differences of the samples are described based on
the results from thermal analysis (Publications I and II). Focus is drawn towards the
evolution of sulfur compounds and how the oil quality could be improved in light of the
sulfur content (Publication II). The kinetic analysis data is applied to elucidate the
isothermal decomposition of organic matter (Publication II). Finally, the catalytic effect
of inherent minerals for the Estonian sample is investigated (Publication III). Chapter 4
concludes the results of the research.
This thesis is limited to the following conditions:
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1. Oil shale samples from only three countries are investigated, namely Estonia, China
and the USA. Nevertheless, the samples are of different composition and offer
sufficient data to allow conclusions to be drawn.
2. The possible catalytic effect is only investigated for the Estonian sample and its
compositional variations. To draw a more general conclusion, samples of other
origins should also be analyzed. These are possible topics for future publications.
Future studies to address the limitations of this research are suggested: other physical
properties of oil shale, for example the specific surface area should be investigated
before and after pyrolysis to provide more knowledge on the reactivity of the sample.
Moreover, samples of other origins should be analyzed to reach more general
conclusions on the possibility of the catalytic effect of the minerals in oil shale.
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Abbreviations
CHNS
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Ctotal
DAEM
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LHV
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Distributed Activation Energy Model
Differential Thermal Analysis
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Evolved Gas Analysis
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High Heating Value
Heating Rate
Heating Value
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Loss On Ignition
Organic Matter
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Organic Sulphur Content
Sulfide Sulfur Content
Sulfate Sulfur Content
Total Sulfur Content
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Thermogravimetric Analysis
Thermogravimetric Analysis Coupled with Fourier Transformation
Infrared Spectroscopy
Thermogravimetric Analysis Coupled with Mass Spectrometry
X-ray Diffraction
Wavelength Dispersive X-ray Fluorescence Spectroscopy
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Terms
A(d)
amu
dm
Ea
E
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k
m0
m/z
R
t
T
VM(d)
wt%
Greek symbols
α
β

ash content (dry basis), wt%
atomic mass unit
median diameter of particles, µm
apparent activation energy, kJ/mol
activation energy of a reaction, kJ/mol
fixed carbon, wt%
rate constant
initial mass, mg
mass-to-charge ratio
universal gas constant, 8.314 J/(mol*K)
time, s
temperature, °C or K
volatile matter (dry basis), wt%
weight percent

conversion of organic matter
heating rate, °C/min
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1 LITERATURE OVERVIEW
1.1 Oil shale
Oil shale is a complex fine-grained sedimentary rock consisting of an organic part,
referred to as kerogen, and a mineral part comprising a variety of minerals [7]–[10]. Oil
shale can be used in various ways to generate electricity, produce oil and other
petrochemicals, and as fertilizer [9], [11], [12]. Beneficial uses are found even for its
waste products , for example oil shale ash is used to produce cement and concrete and
to landfill mines [13]. As oil shale is one of the World’s largest hydrocarbon reserves, it
has attracted worldwide scientific interest. Total shale oil reserves are estimated to be
as high as 4.8 trillion barrels [9].
Oil shale deposits are widely spread across the world with known deposits in every
continent [14]. There are two major types of oil shale in Estonia – Dictyonema argillite
(claystone with a low organic content and a pyrite content <9%) and kukersite (main type,
sedimentary rock of the Kukruse stage) [15]. Although first articles in the literature on
kukersite date back to 1777, oil shale has been mined since 1916 in Estonia [16].
Permanent mining started once Estonia acquired its sovereignty in 1918. Until the end of
the 1990s, oil shale mines annually produced between 12 and 13 million tons of product.
Most of the mined oil shale was utilized in power plants; thus in 2007 alone, power plants
consumed 11 million tons OS, while shale oil plants consumed 3.3 million tons [17].
The amount of organic matter in oil shale varies greatly. For example, in Estonian oil
shale the organic matter content ranges from 20 to 60% [18]. Kerogen, contrary to oil
and bitumen, is insoluble in commonly used organic solvents and is globally the largest
source of petroleum and natural gas [19]. Its average molecular weight is in the order of
3000 and its empirical formula is C200H300SN5O11 [20]. The possible kerogen structure is
illustrated in Figure 1 [21]. Kerogen is tightly mixed with the minerals in oil shale, making
its separation a complicated procedure [22]. Organic matter in oil shale is divided into
several classes depending on its composition and origin. This is usually accomplished by
using van Krevelen diagrams, plots of the H/C vs O/C atomic ratios of carbon compounds
[23]. Type I and II kerogen have a relatively high H/C and lower O/C ratios and are the
source of most of the world’s crude oil [24]. Estonian oil shale has a relatively high
amount of carbonate minerals with H/C and O/C atomic ratio ranges of 1.4-1.5 and 0.160.2, respectively. Thus, it is hard to establish whether it comprises Type I or Type II
kerogen [23], [25].

Figure 1. Possible structure of kerogen [21]
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Similar to kerogen, the mineral part of oil shale also varies in amount and content. The
most common minerals in oil shale are carbonates (calcite and some dolomite), quartz,
feldspar and clay [8], [10], while other minerals such as pyrite and silicates can also be
present [26], [27]. In addition to minerals, compounds containing copper, cobalt, nickel,
molybdenum and vanadium are present in limited quantities [8]. Notably, the solid
organic matter is well dispersed in the inorganic matrix [17]. The analytical techniques
that are often used to identify the components of mineral matter are infrared (IR)
spectroscopy, (XRD), scanning electron microscopy and X-ray power spectroscopy.
As the composition of oil shale is highly dependent on its origin, a comparison of the
composition (ultimate and proximate analysis) of some oil shales from the US, China,
Estonia and Pakistan is presented in Table 1. These results clearly illustrate the varying
compositions of different types of oil shale. For example, Green River oil shale contains
26% more ash than its Estonian equivalent.
Table 1. Proximate and ultimate analytical results of some oil shales, wt%
Green River a,b
Kukersite b [30]
China c,d [31]
Pakistani e [32]
[28], [29]
Moisture
1.6
1.3
2.5–6.0
1–5.5
Volatile matter
n.d.*
46.2
9.7–39.4
29.0–34.4
Fixed carbon
n.d.*
4.6
1.6–13.6
3.2–4.1
Ash
74.0
47.9
56.9–89.3
61.3–67.7
Ctotal
17.6–25.4
30.5
9.7–29.2
24.4–32.2
H
1.5–2.7
2.7
1.0–4.3
2.9–3.0
N
0.3–0.7
0.2
0.3–0.8
0.1–0.5
S
0.3–0.9
0.5
4.4–5.7
0.0–0.4
*n.d., not determined, a Mahogany zone oil shales, b as received basis, c concludes the results of
Huadian, Fushun, and Nongan samples, d air-dry basis, e samples from Kark, Dharangi, and Malgeen

Another important property of oil shale that needs to be analyzed is its heating value
(HV), i.e. the amount of heat produced from the complete combustion of oil shale. The
HV of oil shale mainly depends on its organic matter content and composition. The
mineral matter also affects the HV as minerals may decompose, dehydrate, and oxidize
during the combustion process [17]. Two types of HV are usually reported in the
literature, namely high (HHV) and low (LHV) HV. The difference lies in the water produced
during the combustion process and hence, whether it is condensed into the liquid phase
or not (HHV and LHV, respectively). The HVs for oil shales may vary from 3.6 to 13.4 MJ/kg
depending on the origin and therefore the composition of the oil shale. The HV of
Estonian oil shale (LHV 8–11 MJ/kg) is among the highest in the world, partly explaining
its wide utilization [30], [33]. In addition to chemical determination, empirical
correlations for biomass have been created to predict the HHV and elemental
composition from the proximate analysis data [34]. To the best of the author’s
knowledge no such correlations have been reported for oil shale to date.
The most commonly used parameters for the proximate analysis of oil shale (Table 1)
are moisture, volatile matter, ash, and fixed carbon content (wt%) together with the
previously described HV (MJ/kg). Table 1 illustrates the large differences between the
samples. Estonian oil shale (kukersite) contains a high amount of volatile matter and has
a lower ash content. The advantage of a “relatively” low ash content is that less waste is
produced. However, in practice, half of it still goes to waste. The potential uses of this
ash are discussed in chapter 1.3. The ultimate analytical results also vary, with the total
carbon content (comprising carbonate minerals) ranging from 9 to 30%. Interestingly, in
14

this example the sulfur content of Estonian oil shale is shown as quite low, although this
study has shown it to be <1.5% (Publication II, Table 1). A high sulfur content results in
high SO2 emissions that are harmful to the environment.

1.2 Pyrolysis
Thermal decomposition of oil shale has been investigated since the 1920s [35]. Although
extensive literature is available, the kinetics and mechanism of the process remain
unclear.
Pyrolysis is defined as thermal degradation in oxygen-free conditions. Hence, oil shale
retorting takes place at temperatures of 450-550 °C in the absence of air, however such
temperatures do not decompose the mineral matter. In the case of oil shale, pyrolysis is
used to produce shale oil. Shale oil is often considered as the perfect alternative to crude
oil. This is due to the high H/C atomic ratio of its organic matter (for same shales as high
as 1.7) that is similar to that of petroleum [36]. The H/C atomic ratios for different fuels
and the resultant final products are illustrated in Figure 2 [37]:

Figure 2. H/C atomic ratios in various hydrocarbon materials [37]

Figure 2 reveals that the H/C atomic ratio in coal (~0.8) is significantly different from
that of the desired products (~2, marked as premium petroleum products in Figure 2).
In the literature, the word “pyrolysis” is used quite liberally and while for solid fuels
terms such as dry distillation, semicoking, and coking are also used [38] according to the
temperature of the process. The retorting (heating) process can tentatively be
categorized into three parts: first, heat is transferred from the surface of the oil shale
particle to its interior. The second part consists of pyrolysis, whereby thermal
decomposition produces shale oil, shale gas, and char. Finally, in the third part, the
evolved shale oil vapor and shale gas are transported to the retort surface [17].
Many mechanisms for the pyrolysis of oil shale have been proposed. Han et al.
presented a system in which the residual moisture is first evaporated. Next kerogen is
converted to bitumen, which subsequently degrades to shale oil, gas, carbonaceous
residues and pyrolytic water [39]. A similar mechanism was described by Bhargava et al.
[40], who also included the decomposition of some minerals in the 200-600 °C
temperature region, as well as by Williams [41]. In their mechanism, some combined
water is released, and part of the mineral matter also decomposes to form carbon
dioxide. The flow diagram for the mechanism proposed by Han et al. [39] is illustrated in
Figure 3.
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Figure 3. Flow diagram illustrating the mechanism of oil shale retorting [39]

On the other hand, Burnham and Braun have shown that a sequential reaction for oil
formation is incompatible with the isothermal pyrolysis results since the maximum oil
and gas generation rate are observed at the initial time of the process [24]. A single
approach is difficult to determine, as oil shales of different origin and composition may
have different thermal decomposition pathways. The properties of the produced shale
oil might also differ. The oil composition and yield depend on many factors, including the
type and origin of the organic matter, processing temperature, residence time, and
particle size [38]. In addition, not all the organic matter is converted into shale oil and
gas – usually 40–60% (on oil shale basis 18–20%) of the organic matter is converted into
shale oil [38]. For Estonian oil shale, 75–89% kerogen may be converted into oil [42].
These values indicate that the optimal process conditions can be improved.
The shale oil produced by pyrolysis is very similar to crude oil. However it differs in
unsaturated hydrocarbon (such as olefins) as well as nitrogen-, sulfur-, and oxygencontaining non-hydrocarbon richness [17]. Since the composition of the products is
highly dependent on the starting material, shale oils around the world have different
properties. For example, the oil produced from kukersite oil shale is characterized by a
high oxygen content and therefore valuable chemicals can be produced from it [17]. The
oxygen-containing compounds from shale oil production include phenols, resorcinols
(both substituted and non-substituted forms), aldehydes, and ketones [19], [43], [44].
In addition to the raw material, the pyrolysis products also depend on several
parameters, the most important of which are the heating temperature, heating time,
heat-up rate and oil shale (particle or lump) size [17]. Temperature is the key factor to
shale oil and gas yields. Increasing the constant heating temperature has been reported
to increase the shale oil and gas yields and decrease the yield of residue-char. Thus, for
Fushun oil shale the shale oil and produced gas increased from 1.3% and 559 mL/100 g
to 7.4% and 1955 mL/100 g, respectively, with an increase in temperature from 350 °C
to 450 °C. At temperatures >450 °C, the increase in oil yield for the Fushun sample was
moderate [17]. The relationship between the heating time and oil yield is similar to that
of temperature, i.e., the shale oil yield increases with heating time, even at relatively low
temperatures. As most reactions are temperature-dependent, the relationship of time
and temperature with respect to both time and maximal yield should also be considered.
Thus, the higher the heating temperature, the faster the process and the shorter the time
needed to obtain maximum oil yield [17]. Nazzal has studied the shale oil yield
dependence on particle size (smaller particles 0.2-0.6 mm; larger particles 3.3-5.6 mm)
16

for Jordan oil shale [45]. He revealed that at a final pyrolysis temperature of 520 °C, a
higher oil yield was obtained when larger particles were employed. However, this study
only investigated Jordan oil shale, and the dependence of oil shales of other origins might
be different. Therefore, further investigation is needed to establish a broader
perspective.
In addition to pyrolysis, several other methods that convert oil shale to shale oil with
the least possible amount of waste have been investigated. These include solvent
extraction [46]–[48], subcritical water extraction [49], [50], and supercritical water
extraction [51].
Qian and Yin suggested that the decomposition temperature range is highly
dependent on the oil shale. A comparison of initial, final, and peak decomposition
temperatures (characteristic temperatures determined by differential thermal analysis,
DTA) is presented in Table 2 [17]. The data illustrates that characteristic temperatures
for oil shales of different origin can be significantly different. For example, the initial
pyrolysis temperature for Australian oil shale is about 100 °C higher than that of the
Jordan sample. This is an indication of the importance of analysis of different oil shales,
otherwise no general conclusions can be drawn.
Table 2. Oil shale pyrolysis temperatures [17]
Oil Shale
Fushun,
Liaoning
Maoming,
Guangdong
Stuart,
Australia
Lajjun,
Jordan
Green River,
USA

Initial pyrolysis
temp., °C

Final pyrolysis
temp., °C

Pyrolysis temp.
range, ΔT, °C

Pyrolysis peak
temp., °C

403

507

104

470

396

517

121

-

431

464

33

-

330

510

180

-

340

520

180

440

Oil shale pyrolysis has been investigated for quite some time and therefore its
research interest has been waning. Nowadays, it is not sufficient to offer the pyrolysis
characteristics of a single material. Researchers are investigating the co-pyrolysis of fossil
fuels with numerous other materials due to possible advantages including lower
emission and pollutant levels, and higher HVs. For example, Lin et al. reported that when
sewage sludge is combined with oil shale, thermal degradation of oil shale is promoted
and thus, the absorption of hydrocarbons becomes stronger [52]. Since plastics
contribute towards the highest proportion of municipal solid waste, the co-pyrolysis of
oil shale and polyethylene has also been investigated to utilize the solid residues. In this
case, the thermal stability of both components increased, while the residue yield of the
mixture was lower than that of oil shale itself [53]. Cordero et al. investigated the copyrolysis of coal and biomass and reported an improved desulfurization efficiency and a
char product with good HVs [54].
The main environmental problem that may arise during shale oil production is air,
water and soil pollution. The amount and concentration of emissions depends on
whether the method employed makes use of a gaseous (GHC) or solid heat carrier (SHC).
The main pollutants are CO2, CO, N2O, NO, NO2, particulate matter, SOx and H2S [55].
Depending on the methodology employed, some ammonia, carbonyl sulfide, benzene,
17

and hydrogen chloride may also be produced. The pyrolytic water that is produced during
the process contains several different aromatic organic compounds, mainly phenols. The
separation of phenols is reasonable only for the water produced from GHC technology,
as the pyrolytic water from SHC technology contains three times less water-soluble
phenols [56]. The separated phenols are in turn used as starting materials in the chemical
industry.
Due to its complex composition, the pyrolysis of oil shale is significantly different from
that of other materials (Figure 1 and Table 1). During oil shale retorting semicoke (shale
char) is also produced. This is considered as a potentially harmful waste since if often
contains toxic organic compounds and heavy metals. Thus, its disposal might result in
environmental contamination [39]. Moreover, if the char is openly deposited, pollutants
may be distributed as dust in the air or leach through aqueous surroundings [17].

1.3 Characterization of solid residues and utilization of oil shale ash
Compared to other fuels, the ash (waste) content in oil shale can be quite high. Significant
amounts of oil shale ash are produced every day. The pyrolysis process produces
semicoke as waste with values reaching up to 600 kg semicoke per ton of oil shale [57].
Semicoke is characterized by a considerable carbon content (10–12%), an HV of up to 4
MJ/kg, and a high content of mineral matter (up to 70%) [57]. Thus, the Estonian shale
oil industry considers semicoke as one of its biggest problems. The produced semicoke
contains a considerable amount of contaminants. Analyses of the leachates from
semicoke dumps have revealed that the leachates contain 300–500 mg/L phenols, sulfide
ions, polyaromatic hydrocarbons and other toxic compounds [58]. In general, the
properties of the produced semicoke depend on the retorting process employed.
However, in addition to the aforementioned components, most samples also contain a
significant amount of total dissolved solids, sulfates, carbonates, other inorganic ions,
and to a lesser extent trace elements [42]. In addition to the contaminants distributed
through aqueous media, the open deposition of semicoke also pollutes the air, for
example through dust. Due to its high carbon content, semicoke can be potentially used
for combustion. The semicoke from Kiviter retorts is usually stored as waste (dumped),
whereas semicoke from units utilizing solid heat carrier technology is burnt, thereby
producing ash as the final product instead of semicoke [59]. The firing of semicoke may
give rise to additional complications. When semicoke is mixed with oil shale, the fuel
consumption must be increased to maintain the same level of heat production in the
boiler (since the gross and net efficiency of the boiler will be lowered). This in turn
increases the amount of combustion products [59]. Additionally, the amount of produced
semicoke might exceed the capacity of the mixed firing system. Therefore, this
alternative is considered as mitigation method rather than a solution to the problem.
Semicoke has also been used for the manufacturing of different products ranging from
cement to mineral wool [57].
In 2002, Narva power plants generated about five million tons of oil shale ash from oil
shale combustion. A big advantage of Estonian oil shale is that the Ca-to-S molar ratio is
typically in the range of 5–10; therefore, the fuel itself contains enough Ca to capture the
SO2 produced during firing [60]. The ash properties are well analyzed in several studies
[2], [10], [60], [61], with different usages proposed to reduce the quantity of waste. The
typical ash composition of Estonian oil shale is presented in Table 3 [62].
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Table 3. Oil shale ash composition, wt% on dry basis [62]
Component
Amount

SiO2
30.7

Fe2O3
4.8

Al2O3
6.1

CaO
39.0

MgO
8.7

K2O
1.8

Na2O
0.1

Ash815°C
47.0

In Estonia oil shale ash is commonly used in the building material industry, road
construction, agricultural utilization, chemical industry (producing phosphates) and
mining engineering [17].
The production of construction materials from oil shale ash is prevalent in Estonia. The
ash composition (mainly due to clay minerals) is similar to that of the raw material of
cement [15] and therefore, both light and heavy concrete can be produced from different
types of oil shale ash [17].
Another very interesting example of ash utilization is the application of the
combination of ash and straw mulch to revegetate extracted peatlands. This is possible
because the ash from Estonian oil shale power plants corresponds to fertilizer
requirements in terms of quality and safety [63]. Additionally, the soil in Estonia is acidic,
while the ash is basic due to its high CaO content (see Table 3). Therefore, oil shale ash
can also be used as a soil ameliorator to increase plant harvest.
Shale ash is also commonly used in mining engineering, specifically for landfilling
excavated underground mines. However, application to the construction and chemical
industries is more beneficial.
The oil shale industry produces a vast amount of by-products and waste, which if not
disposed properly, could lead to environmental pollution problems. When oil shale ash
is utilized in a beneficial way, the whole production chain is more profitable and
environmentally friendly. Different methods have therefore been proposed to valorize
oil shale and produce less waste.

1.4 Oil shale beneficiation
As previously described, oil shale contains a significant amount of ballast in the form of
different minerals (50–85%[64]). These usually have no use and may pose several
problems. To the best of the author’s knowledge, the first paper that referred to the
demineralization process of oil shale was published in 1983 [65]. Silicate minerals have
been shown to exhibit an inhibiting effect on the pyrolysis of oil shale; for example,
following the removal of silicates in Green River oil shale, the volatile yield increased by
40% [66]. There are numerous similar examples in the literature [22], [43], [67], [68].
The removal of minerals provides useful information on the interactions of the organic
part and mineral matrix as well as the overall behavior of the material. The separation of
organic matter from the mineral matrix can significantly extend its industrial
applicability; for example, the calorific value of kerogen, the structure of which has not
been elucidated, is ~35 MJ/kg [15], [69]. It has also introduced the possibility to separate
dicarboxylic acids from kerogen to produce plastics and other products [69]. Moreover,
since some of the minerals might exhibit a catalytic effect, the yield of the different
products should depend on the composition of the sample [27]. Additionally, the
minerals in the oil shale could affect the occurring reactions both physically and
chemically [70]. The debate on a possible catalytic effect is ongoing and to date, there
are publications defending both the existence and non-existence of this effect. The
results seem to be highly dependent on the sample and its composition, as well as the
preparation method. Therefore, this topic needs further research.
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There are several methods for the demineralization of oil shale that can be divided
into two main groups – chemical and physical. Physical methods depend on the
difference in specific gravity of the organic matter and minerals and on the differential
wettability by water and hydrocarbons [19]. For example, Palvadre and Ahelik combined
flotation and hydrocycling and reported the production of a concentrate containing 90%
organic matter [69]. This procedure does not remove all the minerals from the original
oil shale. Chemical methods, on the other hand, abolish the major minerals via different
acids or their combinations. The most common method employs HCl and HF to
respectively remove most of the carbonates and silicates. HCl is known to destroy
carbonates, sulfides, sulfates and hydroxides, while the subsequent use of HF eliminates
clay minerals, quartz, and silicates [19]. Any residual minerals (e.g., pyrite) can be
removed with the addition of HNO3 [71]. There is much uncertainty on whether the use
of HNO3 alters the structure of the remaining kerogen [72]. The process for removing
minerals is illustrated in Figure 4 (modified version of Figure 1 in [71]). These guidelines
have been widely employed by different researchers.

Figure 4. Demineralization process of oil shale

The demineralization of oil shale is often used to determine whether the inherent and
removed minerals have a catalytic effect on the decomposition of the organic matter.
There are plenty of results on both its existence and non-existence depending on the
analyzed sample. Yan et al. revealed that the decomposition and release of organic
matter is promoted by the minerals present in oil shale from the Dachengzi mine in China
[70]. Al-Harahsheh et al. concluded that the minerals enhance catalytic cracking for ElLajjun (Jordan) oil shale [73]. Karabakan and Yürüm reported both inhibiting and catalytic
effects of silicate and carbonate minerals in Turkish and Green River oil shales,
respectively [22], [66]. Vučelić et al. reported a very low catalytic effect in Aleksinac
(Yugoslavia) oil shale [27], while Pan et al. suggested that there is no significant effect on
the decomposition of organic matter [74]. Therefore, no general conclusions can be
drawn as the results are highly dependent on the sample employed.
In summary, the advantages of oil shale demineralization include enhanced oil and gas
recovery [75], improved performance, and higher HVs [76]. However, one should bear in
mind that the results are highly dependent on the oil shale and general conclusions
regarding other oil shales cannot be drawn.

1.5 Thermogravimetric analysis
Thermal analysis is associated with thermally stimulated processes, namely processes
that are initiated by a change in temperature [77]. This includes a variety of methods
which all involve changing the temperature of the sample. The physical quantities that
are measured range from states of the sample (temperature, mass, and volume) to
changes in the sample material properties (composition, crystalline structure, etc.) [78].
Moreover, such analysis can be employed to determine properties including heat
capacity and thermal stability.
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Thermogravimetry is the observation of changes in mass as a function of time and/or
temperature [79]. Historically, thermogravimetric analyzers with milligram balances
were first developed to determine the moisture content of textile fibers [79]. The first
mention of thermogravimetry as we know it today dates back to 1833 when
thermobalances were used for quality control in the Chinese silk industry [80].
Nowadays, the use of thermogravimetric analyzers ranges from determining phase
transitions and investigating oxidation processes to detecting polymorphic forms in
pharmaceuticals.
The results afforded by TGA depend on the operational parameters (heating rate and
atmosphere) and sample parameters (mass, structure, etc.) [78]. Thermal analysis can be
used to study both solid and liquid materials, even very viscous materials. As the sample
is heated in a defined gaseous atmosphere under continuous conditions, an apparent
mass gain is observed. This is caused by a buoyancy effect and is corrected by subtracting
a blank measurement curve from the sample measurement [77]. The samples are
analyzed in sample pans made from thermally stable inert materials. The most common
are Al2O3 crucibles due to their good stability and relatively low price. The sample pans
are usually cylindrical with a height-to-diameter ratio <1 to ensure efficient removal of
the evolving gases [81]. TGA measurements are also in good accordance with green
analytical chemistry guidelines – since small sample sizes are used, few parallel
measurements are needed, minimal waste amounts are produced, minor sample
treatment is necessary, and different analytical processes can be integrated [82].
Another advantage of TGA is its ease of coupling with other analytical techniques. The
most common are MS and Fourier transformation infrared (FTIR) spectroscopy. This
allows data on the evaporating substances to be collected, thereby providing a precise
overview of sample degradation. For example, Beneš et al. employed TGA-FTIR to study
the thermal degradation of polyvinyl chloride under different atmospheres and used the
TGA data to determine the kinetic parameters and the FTIR information to establish the
mechanism of the reaction [83]. Tiwari and Deo used TGA-MS for the compositional
analysis of oil shale pyrolysis [84]. They identified compounds of up to 300 atomic mass
units (amu) and noticed that the alkanes were released at lower temperatures than their
equivalent aromatics, thereby giving insight on the variability of the pyrolysis products.
Additionally, coupled methods can be combined with other analytical techniques to
attain even more information. The chemical formula of a formerly unknown bismuth
oxalate was established by using TGA-MS and TGA-FTIR combined with quantitative
chemical analysis [85]. Coupled methods can be especially useful when simultaneously
investigating several materials. Lin et al. investigated the co-pyrolysis of sewage sludge
and oil shale using TGA-FTIR [52]. The results of their study can be used to create
theoretical groundwork for the co-pyrolysis technology of those materials and to develop
their thermochemical conversion systems. The author of this thesis and her colleagues
have studied the combustion characteristics of oil shale in air and oxy-fuel atmospheres
using TGA-MS [62]. We found that combustion is delayed under an oxy-fuel atmosphere
and that an increase in the oxygen content decreases the CO2 emissions.
TGA has been widely used to investigate the combustion and pyrolysis of oil shale [53],
[62], [74], [86]–[90]. A typical thermogram of Estonian oil shale is displayed in Figure 5.
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Figure 5. Thermogram of Estonian oil shale

The thermogram presents the decomposition profile (mass change, % vs.
temperature, °C) of Estonian oil shale and its dependence on temperature (measured
under 80% N2 and 20% O2). Two major mass loss steps can be identified, the first at a
temperature range of 300–550 °C accounts for the combustion of organic matter and the
decomposition of pyrite, while the second at a temperature range of 650–830 °C,
represents the decomposition of the carbonate minerals. Moreover, clay minerals have
been shown to release structural water at temperatures <550 °C [32].
As previously stated, oil shale contains a relatively large amount of different minerals,
some of which might contribute towards the thermal decomposition profile. For Estonian
oil shale, the minerals that contribute to the mass loss are mainly calcite, dolomite
(carbonate minerals), and pyrite. The thermochemical properties of common minerals
are listed in Table 4. As these properties were published in 1979, there are several
components present in oil shale; for example, kaolinite and hydrous mica, that are not
listed in the table.
Table 4. Thermochemical properties of common minerals in oil shale deposits [91]
DTAa peak temp.
(°C)
Calcite
CaCO3
dissociation
860–1010
Dolomite
CaCO3⋅MgCO3
dissociation
790, 940
Analcite
NaAlSi2O6⋅H2O
dehydration, dissociation
150–400
Shortite
Na2Ca2(CO3)3
dissociation
470
Trona
Na2CO3⋅NaHCO3⋅2H2O
dissociation, dehydration
170
Pyrite
FeS2
oxidation, dissociation
550
K-feldspar
KAlSi3O8
dissociation
–
dehydration, crystallographic
145, 175, 325, 445,
Gaylussite
CaNa2(CO3)2⋅5H2O
transformation, melting
720–982
Illite
Empirical*
dehydroxylation
100–150, 550, 900
Plagioclase NaAlSi3O8–CaAl2Si2O8
dissociation
Nahcolite
NaHCO3
dissociation
170
Dawsonite
NaAl(OH)2CO3
dehydroxylation, dissociations
300, 440
Gibbsite
γ-Al(OH)3
dehydroxylation
310, 550
Ankerite
Ca(Mg, Mn, Fe)(CO3)2
dissociation
700, 820, 900
Siderite
FeCO3
oxidation, dissociation
500–600, 830
Albite
NaAlSi3O8
dissociation
Quartz
SiO2
crystallographic transformation
~575
*Illite empirical formula: K0.6(H3O)0.4Al1.3Mg0.3Fe2+0.1Si3.5O10(OH)2⋅(H2O), a differential thermal
analysis
Mineral

Chemical formula

Type of chemical reaction
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Table 4 reveals the decomposition of pyrite peaks at a temperature of 550 °C, which
falls within the range of the decomposition of organic materials (Figure 5). The author
and her colleagues have previously shown that during the combustion of Estonian oil
shale, pyrite decomposes at a temperature range of 400–500 °C [62]. As previously
mentioned (Chapter 1.5), MS coupling allows the user to acquire knowledge on the
evaporating gases, with oil shale sulfur usually being the element of interest. The sulfur
content of the produced oil is of crucial importance due to current regulations (described
in Chapter 3.2) and thus, sulfur-containing compounds are investigated during oil shale
pyrolysis. Pan et al. used TGA-MS to study the decomposition of Jimsar oil shale. They
revealed that at a temperature range of 510-650 °C, pyrites react with organic matter to
form H2S and SO2 [74]. Lan et al. demonstrated the change in the content of sulfurcontaining gases when the retorting temperature is increased [92]. These results are a
clear indication of the significance of the analysis of the evaporating gases. Therefore,
based on these data, recommendations can be made to improve the retorting process
and the quality of the resultant products.

1.6 Kinetic computations
The theory of chemical reactions states that most reactions have to overcome an energy
barrier for one structure to change into another [93]. The speed of these reactions
depends on how many molecules can pass that barrier. This is known to be temperaturedependent – the higher the temperature, the more molecules can pass the necessary
barrier. This was first described by the Swedish scientist Svante Arrhenius in 1889 who
stated that the increase of the rate constants depends on the temperature [Equation (1)]
[94]:
(1)
𝑘𝑘 = 𝐴𝐴𝑒𝑒 −𝐸𝐸/𝑅𝑅𝑅𝑅
where A is the frequency factor, E is the activation energy of the reaction, R is the
universal gas constant and T is the absolute temperature. Equation (1) has been vastly
applied to determine the rate of different chemical reactions and is used to calculate the
activation energy. Additionally, this equation has led the way to the kinetic computations
employed nowadays. As TGA provides information on the overall reaction kinetics
instead of the individual reactions, the activation energy values derived from the TGA
data are referred to as apparent activation energy values [40].
By definition, kinetics deals with measurement and parameterization of process rates
[77]. The period between 1975 to 1995 has seen a huge leap in the derivation of chemical
kinetics capable of extrapolating time scales ranging from hundreds of millions of years
to milliseconds for application to different fields spanning from geology to combustion
[95]. Usually, the kinetic triplet is presented as a result of kinetic calculations. This
consists of the activation energy (Ea) and pre-exponential factor (A) value, and the
function of reaction mechanism [f(α)]. Each of these parameters has a specific theoretical
concept: Ea is associated with the energy barrier, A with the frequency of vibrations of
the activated complex, and f(α) with the reaction mechanism [77].
Burnham and Braun stated that the best suited method for calculating kinetic
parameters for a complex material such as oil shale is the distributed activation energy
model (DAEM) [24]. This method assumes that devolatilization occurs through several
simultaneous first-order reactions [96], [97]. The derivation of the formula can be found
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in the study by Burnham et al. [24]. The DAEM method is widely used to describe the
pyrolysis of biomass, coal, and other materials of energetic value [31].
The rate of the reaction considers three main variables, namely the temperature, T,
extent of conversion, α, and pressure, P (usually ignored) [77]:
𝑑𝑑𝑑𝑑
(2)
= 𝑘𝑘(𝑇𝑇)𝑓𝑓(𝛼𝛼)ℎ(𝑃𝑃)
𝑑𝑑𝑑𝑑
Therefore, most kinetic methods used in thermal analysis consider the rate to be a
function of only two variables, T and α:
𝑑𝑑𝑑𝑑
(3)
= 𝑘𝑘(𝑇𝑇)𝑓𝑓(𝛼𝛼)
𝑑𝑑𝑑𝑑
where k(T) is the rate constant and represents the dependence of the process rate on
temperature and f(α) represents the dependence on the extent of conversion. The
conversion of organic matter at any time t is defined as the fractional weight loss:
𝑊𝑊0 − 𝑊𝑊𝑡𝑡
𝛼𝛼 =
(4)
𝑊𝑊0 − 𝑊𝑊𝑓𝑓

where Wo is the initial weight of the sample, Wt is the weight of the sample at time t,
and Wf is the final mass at the end of reaction.
A large number of researchers offer kinetic triplets that are calculated from TGA data
as the temperature can be easily controlled and both isothermal (T=const.) and nonisothermal (T=T(t)) profiles can be used. For the non-isothermal program, the
temperature changes linearly with time according to Equation (5):
𝑑𝑑𝑑𝑑
(5)
𝛽𝛽 =
= 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
𝑑𝑑𝑑𝑑
where β is the heating rate.
As stated by Burnham, for a single unimolecular decomposition reaction, the
activation energy is equal to the bond energy of the bond to be broken [93]. However,
such a simple situation is rarely observed and the reactions of practical interest often
include several sequential or parallel reactions. Therefore, more computationally
complex methods are required to determine the activation energy for the decomposition
of compounds such as fuels and polymers as accurately as possible. This has led to the
development of methods for almost every type of material and process. A model-free
analysis that allows the determination of the activation energy without the assumption
of a kinetic process has also been developed [98]. This, however, might provide irrelevant
results for simultaneously running parallel reactions.
Burnham and Braun have illustrated that for complex materials (oil shale) the most
suited approximation for decomposition kinetics is the parallel reaction model [24]. This
model employs a set of independent, parallel reactions, each of which has a frequency
factor and activation energy. The information provided by the activation energy values
is diverse. In addition to the results used in simulations, it also provides some preliminary
information about the structures being decomposed. For example, low activation energy
values indicate the rupture of weak chemical bonds (C–O and S–O) or branched
functional groups, medium values are associated with the breaking of side chains in the
β-site of aromatics and normal alkanes of large molecular weight, and high values
indicate dehydrogenation and rupture of heterocyclic compounds and combination of
aromatic rings [99]–[101].
Kinetic analysis can have both a practical and a theoretical purpose. A considerable
practical advantage is the prediction of process rates and material lifetimes [77]. From a
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practical point of view, kinetic equations are useful in predicting and modelling coal and
other fuel conversion processes in boilers [102]. Understanding the kinetics is critical to
design an efficient retorting process. For example, TGA measurements and subsequent
calculations can be used to predict the behavior of a fuel particle in isothermal conditions
(Publication II). Although comparison with literature shows that kinetic parameters are
unique to each individual sample, this eliminates the need for industrial scale
experiments, thereby saving both time and money. Additionally, it is possible to use such
preliminary results for the design of different retorts.
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2 EXPERIMENTAL
Oil shale is usually described according to its complex heterogeneous nature (Tables 1
and 2). Hence, it is difficult to attain coinciding experimental results for nominally similar
samples. The same experimental technique, starting from the procurement of the
sample and its preparation to the analytical method and data treatment should be
employed to acquire comparable results [53].

2.1 Equipment and procedures
2.1.1 Apparatus
The chemical composition of the samples was determined by XRF. The analysis was
performed with a Rigaku Primus II WD-XRF spectrometer. The X-ray source comprised a
Rhodium anode 4 kW X-Ray tube with a 30 µm window. The list of crystals in use was as
follows: RX25, PET, LiF(200), LiF(220), RX61F, RX75, Ge, RX4, and RX40. For the
mineralogical composition, the XRD analysis was performed on a Bruker Advance D8
system using Cu Kα radiation in the 2 h range of 3°–72°, with a step size of 0.02° 2h and
a counting time of 0.1 s per step using a LynxEye detector. The X-ray tube was operated
at 40 kV and 40 mA. Elemental analysis was performed on an Elementar Analyser System
Vario MACRO CHNS analyzer, while TG analysis was conducted on a NETZSCH STA 449 F3
Jupiter® TG-DSC analyzer coupled with a NETZSCH QMS Aëolos® mass spectrometer. The
samples were heated under pure nitrogen. A protective gas flow of 50 mL/min highpurity nitrogen was employed. Prior to each pyrolysis test, the TGA system was flushed
with high-purity N2 gas to remove any residual air. Constant heating rates of 2, 5, 10, 20,
35 and 50 °C/min were applied in a temperature range of 40–850 °C. To eliminate any
buoyancy effects (apparent mass gain), correction runs with empty crucibles were run
and the afforded data was subtracted from the measured data. The samples were
analyzed in Pt/Rh alloy crucibles with removable Al2O3 thin-walled liners. An isothermal
step at 105 °C was used to remove moisture. Temperature calibration was performed
using In, Sn, Zn, Al and Au standards. Measurements were repeated at least twofold to
ensure reproducibility (temperature difference <1.6 °C). For comparison with the MS
data, measurements with a heating rate of 5 °C/min were chosen to ensure that there
were no overlaps between the peaks. To correctly interpret the results, the intensity ratio
of the mass-to-charge-ratio (m/z) of 34 to that of 33 was checked to be 2.38 to ensure
that the compound was indeed H2S. An m/z of 34 was selected for comparison due to its
higher intensity. For the analysis of SO2 m/z values of 64 and 48 were investigated. The
data was normalized starting from 200 °C to remove background noise and smoothed
with a five-point moving average.
2.1.2 Compositional analysis
For proximate analysis, the following standards were used: for the determination of total
sulfur and sulfate sulfur content, gravimetric analysis was based on EVS 664:2017. Size
analysis by sieving was performed according to ISO 1953:2015; DIN 66165 1, part 2. The
ash content (Ad) was measured according to ISO 1171:2010. For the moisture content,
EVS 668-96 was employed. The HV was determined using a gross calorimetric bomb
according to EVS-ISO 1928:2016. To determine the amount of volatile matter (VMd),
gravimetric analysis based on the ISO 5071-1:2013 method was employed. For the
determination of loss on ignition (LOI) EVS-EN 196-2 p.7:2013 was followed. The fixed
carbon amount was calculated from the equation: FC (%) = 100 – Ad – VMd.
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2.2 Characterization of the materials used
Oil shale samples used in this investigation were named according to their location as
follows: Estonian – from an underground mine called “Estonia” in Estonia; Colorado –
from the Green River shale formation, Colorado, U.S.A.; Green River – from the Green
River shale formation, U.S.A.; Kentucky – from the New Albany shale formation,
Kentucky, U.S.A.; Chinese 1 and Chinese 2 – from the Maoming mine, Guangdong
Province, Southwest China with local classifications of C and A, respectively. The Estonian
sample is the mean energetic sample used in the industry. The sample from Kentucky
depicts the undiscovered potential of its origin as it has not been investigated before.
All oil shale samples used in the pyrolysis tests were previously dried, crushed (if
needed), and sieved (1 mm opening). The median diameter (dm) for Estonian oil shale
was 180 µm. The results from the elemental analysis of the tested oil shales are
presented in Table 5, while the proximate analysis data are presented in Table 6
(Publications I and II).
Table 5. Ultimate analysis results, wt%, dry base
Sample
Estonia
Colorado
Green River
Kentucky
Chinese 1
Chinese 2

N
0.1
0.9
0.4
0.5
0.9
0.9

Ctotal
27.3
27.7
17.2
15.4
23.3
23.0

H
2.7
3.2
1.7
1.7
2.4
3.0

Stotal
1.46
1.39
0.81
1.76
2.16
1.96

Ssulfide
0.96
0.67
0.20
0.76
1.17
1.26

Ssulfate
0.07
0.30
0.03
0.33
0.30
0.23

Sorganic
0.43
0.42
0.58
0.67
0.69
0.47

Table 6. Proximate analysis results, as-received basis
Sample

Ash (wt%)

Estonia
Colorado
Green River
Kentucky
Chinese 1
Chinese 2

51.3
61.9
66.8
76.6
56.1
61.0

Moisture
(wt%)
0.5
1.9
0.3
0.9
0.6
1.2

Volatile matter
(wt%)
47.5
26.9
33.2
14.9
42.8
28.9

Fixed carbon
(wt%)
1.3
11.2
0.0
8.6
1.2
10.1

HHV (MJ/kg)
9.85
11.34
5.51
6.41
11.40
10.14

In addition to oil shales originating from different countries and deposits, oil shale
samples with different amounts of organic matter were analyzed to determine the
existence of the catalytic effect of the inherent minerals on the decomposition of organic
matter. The raw oil shale sample was dried at 105 °C, crushed and sieved to a particle
size <1 mm (median diameter = 180 µm). This was labelled as sample OM30 (30 % organic
matter, Table 10). This is the same Estonian sample that was used for the investigation
of sulfur and in the kinetic analysis. From another sample with an initial particle size of
<8 mm the fraction of below 90 µm was separated (sieved) to establish whether there
was a difference in its composition and reactivity. This was labelled as sample OM49.
Two samples from another batch of oil shale, comprising 68 and 88% organic matter were
prepared via flotation and with subsequent HNO3 washing. These were labelled as OM68
and OM88, respectively. Thus, the raw material for the prepared samples was of three
different origins. The preparation of the samples is illustrated in Figure 6.
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Figure 6. Preparation of the samples

The results from the mineral composition and elemental analyses are listed in Tables
7–9 (Publication III). Additionally, the characteristic temperatures of TGA and derivative
mass loss (DTG) are presented in Table 10 (Publication III). These comprise the onset of
mass loss, Tonset, the temperature of maximal devolatilization (maximal mass loss), Tmax,
and the temperature at the end of decomposition, Tend. Tonset and Tend were set as the
intersection of the tangents as shown in Publication I. The organic matter (OM) and
mineral carbon dioxide (CM) amounts are also included to provide further information
on the composition of the samples.
Table 7. Mineral composition of the analyzed samples, wt%
Component
Dolomite
Calcite
Quartz
K-feldspar
Illite
Chlorite
Kaolinite
Anatase
Apatite
tr.* <0.5 mass%

OM30
22.2
31.7
11.8
8.5
17.5
2.1
4.4
tr.*
tr.*

OM49
26.3
17.8
11.5
11.7
22.0
3.3
4.3
0.6
0.9

OM68
11.7
26.6
12.1
12.5
25.1
5.1
4.5
0.5
0.0

OM88
1.5
tr.*
6.7
15.2
59.9
12.3
tr.*
1.2
tr.*

OM68
0.14
1.41
2.79
8.71
0.05
2.41
0.84
7.33
0.18
0.02
1.14
74.92

OM88
0.08
0.47
1.42
3.73
0.02
0.24
0.86
0.85
0.10
0.00
0.39
91.82

Table 8. XRF analysis results of the analyzed samples, wt%
Component
OM30
OM49
Na2O
0.13
0.17
MgO
3.69
3.43
Al2O3
5.02
4.36
SiO2
15.35
12.98
P2O5
0.10
0.07
SO3
1.98
2.10
K2O
1.87
1.82
CaO
20.71
11.96
TiO2
0.32
0.24
MnO
0.04
0.03
Fe2O3
2.21
2.24
LOIa
48.54
60.54
*n/d – not detected, a – Loss on ignition at 920 °C
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Table 9. Elemental composition of oil shales with different amounts of organic matter, wt%
Sample
OM30
OM49
OM68
OM88

Ctotal
27.3
40.1
54.3
68.8

H
2.7
4.1
6.4
8.3

N
0.07
0.08
0.23
0.32

Stotal
1.46
2.24
1.58
1.42

Table 10. Characteristic parameters of TGA measurements
Sample
Tonset
Tmax
Tend
OMa, wt%
CMa, wt%
OM30
417
466
489
30.3
18.4
OM49
415
461
485
49.0
11.5
OM68
419
464
492
68.3
5.0
OM88
419
472
496
88.3
0.0
a – data obtained from results of thermal analysis under an atmosphere of 80% N and 20% O
2
2

2.3 Kinetic calculations
The publications presented herein offer kinetic calculation results based on two
fundamentally different procedures. The results presented in Publication I are calculated
using the Arrhenius plot method and the Coats-Redfern integral method. As the reaction
mechanism of organic matter decomposition remains unclear, the Arrhenius equation
[Equation (1)] and fractional weight loss [Equation (4)] were used to determine whether
one or several temperature zones are present during decomposition. Publication I
reveals that a breaking point was determined, confirming the existence of two
consecutive zones. The pre-exponential factor and activation energy value for both
temperature zones were calculated using both methods using Equations (4–6) in
Publication I. These methods are outdated as they are based on single heating rate data.
The kinetic calculations and recreation of the modelled curves presented in Publication
II were accomplished using Kinetics2015. This program uses time-dependent
temperature and numerically integrates the calculated rate over the thermal history,
thereby offering precise results. DAEM was chosen as the calculation method as it
assumes that the reactivity distribution corresponds to a set of independent and parallel
reactions; additionally, an activation energy value and a frequency factor are calculated
for each case [24]. As the reliable determination of the Arrhenius parameters requires
measurements at three or more heating rates [81], data from heating rates of 2, 5, 10,
20 and 35 °C/min were used to calculate the kinetic parameters. The activation energy
distributions are calculated in 4.184 kJ/mol (1 kcal/mol) steps. The activation energy
value of the highest weighing (percentage) reaction was chosen to compare the data of
the different samples.
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3 RESULTS AND DISCUSSION
The results represented and discussed in this chapter are the sum of the findings
published in Publications I, II, and III. The results are divided into topics of interest based
on the main findings.

3.1 Thermal analysis
The samples were subjected to pyrolysis (under nitrogen atmosphere to avoid oxidation
of the sample) in a thermogravimetric analyzer. The tests were run using several heating
rates; however, for comparison the thermograms obtained from a heating rate of
20 °C/min were used (Figure 7, modified version of Figure 2 in Publication I). Strictly
isothermal measurements are not possible due to a finite non-isothermal heat-up time.
Hence, some mass loss may occur during the heat-up process, resulting in inaccurate
estimation of the kinetic parameters. Therefore, the parameters were measured using
non-isothermal TGA [77].
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Figure 7. Thermograms of the analyzed oil shale samples

Oil shale pyrolysis consists of three main steps [103], [104]: first, water evaporates at
lower temperatures (<200 °C). This is followed by the pyrolysis of kerogen, which usually
occurs at a temperature range of 200–600 °C. The beginning of the pyrolysis process is
highly dependent on the origin of the sample (Chapter 1.2). The final step is the
decomposition of carbonate minerals at temperatures >700 °C. As the best kinetic
analysis available is no better than the data is analyses [24], it is crucial to be accurate in
the temperature measurements. The curves of mass vs. temperature should display an
almost parallel shift toward higher temperatures with an increase in the heating rate.
Thus, as a rule of thumb, increasing the heating rate by the same amount should result
in a nearly constant shift in temperature on the TG curve [81]. This phenomenon was
observed in this research too.
As the oil shales from different parts of the world vary in composition and properties,
it is difficult to establish a single approach towards thermal treatment of oil shale. The
same process parameters are difficult to implement for different samples as the resulting
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products are highly dependent on the starting material. Therefore, to draw general
conclusions, samples of different origin need to be thoroughly analyzed.
The results reported in Publications I–III agree with the data found in the literature.
Estonian oil shale exhibits the greatest mass loss (47%) at 900 °C. This is in good
accordance with the proximate analysis results (Table 5) in which the ash content for the
Estonian sample is 51.3%. As the ash content was determined from a different analytical
technique, the results can be considered as overlapping. Regarding the similarities of the
decomposition profiles, the sample from Colorado exhibits a similar degradation pattern
with a total mass loss of 42%. The Green River sample has similarities with the two
previously mentioned samples, however, with a lower the total mass loss of 35%. The
samples from China and Kentucky contain significantly less organic matter and little or
no carbonate minerals. The Green River sample exhibits mass loss steps for the
decomposition of organics and carbonate minerals with values of 14 and 19%,
respectively. The samples from China contain no carbonate minerals and organic matter
contents of 18 and 24%, respectively. The decomposition profiles of the Chinese samples
also differ in curve steepness, whereby the mass loss steps display a very slanting profile,
indicating the in contrast to the other samples, the start of the reaction in these samples
is relatively slow. This strongly suggests that the reactions are more temperaturedependent, and unevenly distributed and that there may be several competing reactions
rather than one dominant reaction.
The thermal analysis results are in good accordance with data found in the literature.
Yörük et al. reported similar weight loss data for Estonian oil shale under CO2 and argon
environments [105]. Yao et al. investigated the co-combustion of oil shale and hydrochar
and presented a 40% mass loss for Maoming oil shale [106]. Moreover, the analyzed
sample also did not contain any carbonate minerals. Extensive data has been reported
for the US samples, with different results based on the sampling location. For example,
Tiwari and Deo demonstrated mass loss steps of 12 and 20% for the decomposition of
organics and carbonate minerals, respectively [107].

3.2 Evolution of sulfur-containing compounds
The sulfur contents in oil shale and the produced shale oil have received significant
attention over the past few years. In Estonia, oil is produced at temperatures of 450–
500 °C [108]. Solid heat carrier technology (used since 1980) utilizes lower temperatures
than gaseous heat carrier technology (first used in 1924) making it the preferred
technology [3]. The different sulfur contents in oil shales of diverse origin raise queries
on the differences in the evolution of sulfur-containing compounds and the conclusions
that can be made from the gathered data. Thus, TGA-MS was employed to study the
evolution of sulfur-containing gases.
Before analyzing the sulfur compounds, general observations were made based on
the MS data. All the analyzed samples displayed peaks at m/z 12, 16, 17, 18 and 44 in the
organic decomposition phase. Water (m/z = 18 and 17) was detected with high intensities
for all samples except Chinese1 and 2. The carbon, oxygen, and carbon dioxide fragments
(m/z = 12, 16 and 44, respectively) were also detected for all samples but with
considerably smaller intensities. The peaks at m/z 39, 41, 42, 43, 55 and 56 had very high
intensities during the organic decomposition phase. These account for the release of
organic compounds, probably hydrocarbons such as butane, pentane, and their isomers.
This is in good accordance with data found in the literature [84].
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H2S and SO2 were chosen in this study to determine the differences in the release of
sulfur-containing compounds between the analyzed samples.
Evolution of the hydrogen sulfide fragment was investigated using m/z values of 33
and 34 as these have the respective relative intensities of 100% and 42%. The
heteroatomic species exhibited significantly different evolution profiles than the
hydrocarbons and water. The conclusions drawn are based on the data from m/z = 34 as
this is the more intense signal.
Figure 5 in Publication II reveals that in the Colorado sample the peak at m/z = 34 is
only detected in the organic decomposition region. This result clearly differs from that of
other samples. The Green River sample does not exhibit a distinguishable peak and its
signal is noisy even after smoothing. This is to be expected as the Green River sample has
the lowest total sulfur content with most of the sulfur being in the organic form (Table
4). In contrast to these samples, the Estonian sample exhibits two major peaks, the first
in the organic decomposition temperature range (320–500 °C) and the second sharp and
narrow peak at temperatures of 520–570 °C. This is due to the composition of the sample
in which most of the sulfur is in the sulfide and organic form. The samples from China
and Kentucky exhibit a similar H2S evolving profile. However, for these samples the
intensity is lower during the organic matter decomposition phase. The second sharp peak
is found at a temperature range of 500–600 °C. The sharp peak is shifted towards higher
temperatures for the Chinese 2 sample. This is again in good accordance with the
composition of the samples, with the Chinese samples containing a relatively high
amount of sulfur in sulfide form (1.17 and 1.26% for Chinese 1 and 2, respectively). As
previously demonstrated, pyrite decomposes at temperatures of 450–650 °C. Therefore,
the sharp peaks are attributed to the decomposition of pyrite. This is also supported by
the data observed for m/z = 64 (SO2).
SO2 exhibits different evolving profiles. For the Green River sample, an overlapping
peak is detected in the region of 350–600 °C with a peak temperature of 450 °C. The
samples from Colorado and Estonia display a similar profile, while in the Estonian sample
the peaks are shifted towards higher temperatures. The samples from China and
Kentucky exhibit profiles that are fairly similar to that of the evolving H2S. The only
difference is that the peaks at the lower temperatures are less sharp and intense.
Interestingly, in the Chinese 2 sample, SO2 is already detected already at 270 °C.
Moreover, similar to H2S, there is also a peak at a temperature range of 500–600 °C.
However, in this case, the peak is wider and flatter.
Hu et al. revealed that when pyrite is removed from oil shale, sulfur will only evolve in
the form of SO2 [71]. This is in good accordance with the data presented herein, as both
H2S and SO2 fragments are detected. Notably, the thermal analysis results should be
treated cautiously as they include contributions of other minerals that are not removed
from the sample. As previously discussed (Chapter 1.4), the catalytic effect of minerals
has been both proven and rebutted in the literature. Pyrite is among the minerals which
has received significant attention. As the Estonian sample also contains pyrite, its effect
(or lack of it) on the decomposition of organic matter should be investigated. This is
discussed in more detail later (Chapter 3.4).
Strizhakova and Usova reported that liquid products produced from thermal
treatment of oil shale are thermodynamically unstable and contain large amounts of N-,
O-, and S-containing organic compounds [38]. Additionally, Riboulleau suggested that
organic sulfur is mostly present as di(poly)sulfides and sulfides and that flash pyrolysis
produces short-chain alkylthiophenes [109]. Thus, the afforded products require
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treatment and cannot be directly used as fuels. For example the presence of nitrogen in
shale oil decreases the stability of the obtained fuel [38]. Thus, nowadays, catalysts are
used to effectively remove sulfur- and nitrogen-containing compounds from the shale oil
[110]. Therefore, it would be reasonable to produce shale oil of the highest quality to
improve its characteristics and decrease the need (or extent) for further treatment.
The results presented herein are important to allow conclusions on the pyrolysis
process of different oil shales to be made. As the samples exhibited both similarities and
differences, the only general conclusion that can be drawn is that the pyrolysis
temperatures could be lowered so that the produced oil would contain less sulfur. Based
on the gathered data, the optimal temperature for oil production (depending on the
sample) was determined as 400–450 °C. From the figures presented in Publication II, one
can conclude that the temperature should be kept below 480 °C. At temperatures
>450 °C the evolution of sulfur intensifies, resulting in higher sulfur concentrations in the
product. Nonetheless, lowering the temperature is not effective for the Estonia and
Colorado samples since maximal evolution occurs at ~400 °C. As the reduction of the
global maximum fuel sulfur content from 4.5% to 0.5% (for some countries to 0.1% by
2015) by 2020 has been mandated by the International Maritime Organization, the sulfur
contents of fuels must be decreased [111], [112]. Such reductions have been shown to
have highly significant environmental benefits. For example, for one particular ship the
particulate matter emissions were reduced by 67%, SO2 emissions by 80% and the
volatile organic compound emissions were also reduced [113].
As the results obtained from research are based only on lab-scale experiments, further
research on large-scale application is necessary.

3.3 Kinetic computations and calculation of conversion
As described by Moukhina, the number of reaction steps in reactions with unknown or
poorly described mechanisms is also unknown [98]. Processes with several chemical
reaction steps can still produce a single peak on the thermoanalytical curve. In such
cases, this single peak is the only peak that can be analyzed. Thus, the kinetic parameters
can be correctly determined only for this peak. Moukhina offers an explanation as to how
a process with two consecutive steps can be perceived as a single-step process. She
suggests that one of the reactions may be slow enough to produce a peak on the
thermoanalytical curve, while the second reaction is fast enough for the “intermediate”
product to be quickly converted into the final product. Moukhina explained that kinetic
parameters can be determined only for reaction steps that are visible as steps in the TG
curves [98].
Notably, TGA often includes unreactive residue, in this case ash, comprising a variety
of mineral. This error is eliminated by differentiating the data so that the data is
converted into reaction rates [24]. To validate the kinetic analysis, modeled curves were
constructed to compare the experimental results (Publication II). As the decomposition
of the organic matter during the pyrolysis of oil shale is shown as a single mass loss step,
the activation energy distributions are calculated for that step.
3.3.1 Kinetic calculations
The apparent activation energy values of oil shale organic matter decomposition
found in the literature cover an extensive range (13 to 215 kJ/mol) [8], [73], [114]–[116].
Notably, the results are sample-dependent and solely describe the sample for which they
were calculated. These results are usually calculated from TGA data. Thus, to correctly
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compare the samples, the measurements and subsequent calculations need to be
performed following precisely the same conditions. Additionally, regardless of the
sophistication of the algorithms, the kinetic predictions are always limited in both
precision and accuracy [77].
Yongjiang et al. investigated the kinetic parameters of oil shale pyrolysis determined
from both isothermal and non-isothermal measurement analysis [117]. They discovered
that the average results of the parameters acquired from non-isothermal measurements
were similar to those attained from isothermal measurements. As the non-isothermal
analysis enables a fast scan of the whole range of interest and is therefore preferred from
an analytical point of view and in material characterization, data from non-isothermal
measurements was employed for the kinetic calculations.
The results presented in Publication I only offer a single apparent activation energy
value for two temperature zones. As described in Chapter 1.6, the presence of a
“breaking point” in the data enables the determination of different temperature zones.
This work assumes temperature zones, lower and higher zone, with fundamentally
different kinetic parameters of decomposition. The values lie in the range of 14 to 31
kJ/mol and 70 to 149 kJ/mol, for the lower and higher temperature zone, respectively.
The lower values for the first zone indicate that the bonds that are broken during
decomposition are weak. As the methods use different approaches for the calculations,
the results also indicated that the direct Arrhenius plot method yields higher apparent
activation energy values.
Although the results reported in this research are similar to those found in the
literature (Publication I), the presented methods have become outdated since newer
and more precise methods have become available. As described by Burnham, the use of
a single heating rate was common in the past; however, nowadays, several heating rates
are being used. Additionally, the use of specific software (e.g., Kinetics2015, used in this
research) enables the fitting of a wide range of global kinetic models [118]. Common
mistakes include the assumption of a first order reaction when in practice there are
consecutive and sequential reactions, using an insufficient range of heating rates, and
temperature and random measurement errors. In addition to offering guidelines for
collecting experimental thermal analysis data [81], the Kinetics Committee of the
International Confederation for Thermal Analysis and Calorimetry (ICTAC) has also
offered recommendations on how to perform kinetic computations based on thermal
analysis data. They have also demonstrated that fossil fuels follow distributed reactivity
models, a process that consists of a set of independent, parallel reactions the
contributions of which are controlled by the mathematical distribution function [77]. As
the actual reactivity distributions tend to be asymmetric rather than the symmetric
Gaussian distributions, a discrete distribution is also introduced. The results in
Publication II are therefore calculated using the DAEM.
Figure 8 (Figure 3 in Publication II) illustrates the activation energy distributions for
the analyzed samples. For the samples from China and Kentucky (group 1) the weight
percentages of the single reactions are <30% and the count of the single reactions is quite
high. The single reactions are quite evenly distributed. The activation energy
distributions of the samples from Estonia, Colorado and Green River (group 2) are also
presented in Figure 3 of Publication II. These samples all display one dominant reaction
with a relatively high weight (68–74%). The value distribution is more uneven, while the
amount of independent reactions is smaller (e.g., Chinese 2 30 reactions). For the first
group, the dominant reaction exhibits a slightly higher activation energy value than those
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of the second group. The top three energy values account for only 35–46% of the overall
yield for the second group, whereas for the first group the top three account for 79–88%
of the yield.
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Figure 8. Activation energy distributions for the analyzed samples

The activation energy value distributions clearly describe the decomposition profiles
obtained by using TGA. As discussed before (Chapter 3.1), the curves exhibited different
steepness. For the Chinese 2 sample there is a large amount of parallel and consecutive
reactions with similar apparent activation energy values which might be complete at
different times. This is also why the TGA decomposition profile has no distinguishable
mass loss step. Conversely, the beginning and end of organic matter decomposition in
the Estonian sample are highly distinguishable. This is also logical as there is only one
dominant reaction and other, less “weighing” reactions will not have a noticeable effect
on the course of the dominant reaction.
The results presented here are in good accordance with data found in the literature.
In their review, Raja et al. have demonstrated that most principal activation energy
values fall within the range of 200 to 242 kJ/mol, with most samples values falling within
the middle of the range. They also revealed that the frequency factors are in the 1012–
1016 s-1 range, with most values again in the middle of the range [95].
3.3.2 Calculation of conversion for isothermal conditions
For the practical use of these kinetic parameters, the results were also used to
calculate the isothermal decomposition curves of the same samples. The calculations
were performed using the Arrhenius equation [Equation (1)]. Notably, these are only
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valid for the same samples with the same preparation methods and properties. The
calculated results at 450 °C and 480 °C are illustrated in Figures 9 and 10, respectively.
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Figure 9. Calculated conversions of the organic matter at 450 °C

Figure 9 illustrates that the calculated curves for decomposition at 450 °C exhibit some
differences. At 450 °C the reactions would not yet have reached their maximum rate and
therefore the curves are better suited for comparison. The total conversion during the
first 10 minutes varies from 70 to 89%. The samples from Estonia, Green River, and
Colorado reach a similar total conversion during the first 10 minutes. On the other hand,
the Colorado sample displays a smaller conversion during the first few minutes. The
Chinese 1 sample exhibits the highest conversion (26%) in the first 10 seconds. This is an
indication of a very high initial reactivity. However, the rest of the course of the reaction
remains modest so that this sample has the lowest total conversion of the tested samples
(70% in 10 minutes). Conversely, the samples from Estonia and Green River display the
highest total conversions of all the samples at 13.8% and 15.7% in the first 10 seconds,
respectively. The Chinese 2 and Kentucky samples reach a conversion of nearly 75% in
10 minutes. The results indicate the fundamental difference between the samples.
Additionally, at a temperature of 450 °C it is difficult to reach total conversion over a
reasonable amount of time.
The conversions at 480 °C were also calculated to compare the temperature effect
and to study the change in conversion (Figure 10).
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Figure 10. Calculated conversions of the organic matter at 480 °C

As expected, the reactions at 480 °C are significantly faster than those at 450 °C. The
total conversions are also higher, ranging from 80 to 95%. The beginning of the reaction
is very fast for all the samples. In the first 5 seconds, the samples reach a conversion of
21 to 31%. Chinese 1 has the highest initial reactivity, reaching a conversion of ~31%. The
slowest start is for the Estonian and Green River samples, with conversions of only 21%.
In the first minute, the conversions are in the range of 60 to 76%. Interestingly, at this
temperature Chinese 1 displays the lowest total conversion, while the highest conversion
is observed in the Estonian sample. This is an indication that the Estonian sample has a
more even conversion profile, while the Chinese 1 displays a quick start and then
subsequently slows down.
The results presented in Figure 10 suggest that a higher temperature (compared to
the previously analyzed 450 °C) would result in a much faster process with a higher
decomposition range. However, a higher temperature would also result in higher sulfur
concentrations in the products. This clearly illustrates that products of better quality
might take more time to produce.
The curves presented in Figures 9 and 10 are a good indication of how using the results
from the kinetic studies can be applied. The results presented herein are also illustrative
of how the course of the process for different oil shales would change, if the pyrolysis
temperatures temperature was lowered, as explained in the previous chapter.

3.4 Possible catalytic effect of the minerals in the oil shale
This thesis has illustrated that the existence of the catalytic effect of minerals in oil shale
highly depends on the nature of the sample. As the composition and quantitative ratios
of oil shale products depend directly, among other parameters, on the composition of
the sample, its effect should be thoroughly investigated. While data on other oil shales
is available in the literature, data on the possible catalytic effect on Estonian oil shale is
scarce. As Estonia is highly dependent on oil shale the Estonian sample and variations of
it were chosen as the test subjects.
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To confirm the presence of a catalytic effect, four samples with different amounts (30,
49, 68 and 88%; OM30, OM49, OM68, and OM88, respectively) of organic matter were
chosen. The respective mineral matter was analyzed by XRD (Table 8). Table 9 illustrates
that OM49 exhibits a higher amount of sulfur than the other samples. As this sample is
not treated with acids, its sulfur content is predictably higher than for those of OM68
and OM88. When compared to the sulfur content of OM30, the explanation is that sulfur
seems to be in the very fine fraction (<90 µm) instead of the bigger particles. The
thermograms of the samples analyzed are displayed in Figure 11 (modified version of
Figure 1 in Publication III).
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Figure 11. Thermograms of the Estonian samples

The thermograms reported herein illustrate the variations in the selected sample
compositions and are in very good accordance with data found in the literature (Chapter
3.1). The main mass loss step for all the samples was observed at a temperature range
of 370–500 °C. This accounts for the decomposition of organic matter, as discussed in
previous chapters. The decomposition of carbonate minerals was also observed in all the
samples, except for sample OM88 which does not contain any carbonate minerals, as
expected.
To better understand the possible differences, derivatives of mass loss (DTG) data
were also studied. These provide more insight on the course of the reaction. The DTG
curves are illustrated in Figure 12 (Figure 2 in Publication III). DTG data is used to
determine whether there is a shift in the peak of the maximal mass loss. This in turn
provides an insight on the effect of the sample composition on the decomposition
process. Thus, in the presence of a catalytic effect, marked changes in the peak maximum
would be observed.
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To study the existence of the catalytic effect, only TGA data was used. As it is quite
difficult to compare the TGA graphs due to the differences in the extent of the major
mass loss step, the conversion of organic matter was plotted against temperature. This
simplifies the visual comparison of the acquired results. The conversion (fractional mass
loss at any time) was calculated from Equation (4) (Chapter 1.6). The conversion was
calculated as 0 from a temperature of 200 °C to avoid any possible effects of moisture.
Moreover, as only the decomposition of organic matter was of interest, the graphs are
presented up to temperatures of 700 °C to exclude the decomposition of carbonate
minerals. This allows comparing the thermal behavior of the organic matter only. Any
differences between the four conversion curves would be sufficient evidence of the
existence of the catalytic effect. The results of the conversion comparisons are displayed
in Figure 13.
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39

600

700

The acidic minerals in coal are known to catalyze the decomposition of organic sulfur.
On the other hand, its alkaline mineral matter can react with sulfur-containing gases,
thereby hindering sulfur emissions [119]. Fan et al. reported that after demineralization,
no confinement by the mineral matrix was observed and the pyrolysis of shale char
started at lower temperatures than those observed for the untreated sample [120]. This
is important knowledge aids the determination of the optimal temperatures for
retorting. As further comparison, Chang et al. investigated the oil yield of demineralized
Huadian oil shale, removing carbonate and silicate minerals and compared it to the
results of untreated oil shale [43]. They also illustrated that the elimination of carbonate
minerals decreased the nitrogen- and oxygen-containing compounds of the produced oil
and that the silicate minerals had the opposite effect on the oxygenated compounds. In
both cases, there was a decrease in the H/C ratio of the shale oil. The results reveal that
the mineral effect directly influences the quality of the oil products. This highlights the
importance of studying the mineral matter effect on the pyrolysis process.
The data presented herein reveals that the beginning of the process is not affected by
the sample composition. Thus, Tonset varies by a very small range (only 4 °C). This is also
supported by the conversion curves, which do not display any differences at low
temperatures. The beginning of the decomposition process is dominated by the breaking
of weaker bonds, which does not seem to be affected by the sample composition.
Notably, the samples with a higher mineral matter content had a lower Tend value. This
might account for some catalytic effect, albeit very small. In practice, the difference
between the characteristic temperatures reported herein for raw oil shale and upgraded
oil shale is less than 10 °C. The inhibiting effect of silicate minerals was also not confirmed
as there seems to be no correlation between SiO2 content and the characteristic
decomposition temperatures. The Tmax values vary only by a range of 6 °C. The Tmax value
shifted to a lower temperature for sample OM49 but not for sample OM68. As this latter
sample contains significantly less mineral matter, there is no reason to believe that a
change as small as this would result in a noticeable effect. The possible reason for the
lower Tmax value of sample OM49 is that during the sieving process the small particles of
mineral matter particles remained bound to the organic matter. This would decrease the
porosity of the material and inhibit heat transfer. Thus, the decomposition process would
slow down causing a higher end temperature for the reaction.
Notably, the samples are of three different origins, therefore the minor difference in
the conversion curves is negligible and to be expected. However, examples for coal-char
thermal degradation where the differences in the Tmax values are over 100 °C have been
reported [121], [122]. These results are a strong indication that the inherent minerals do
not exhibit a significant catalytic effect on the decomposition of organic matter in
Estonian samples.
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4 CONCLUSIONS
The aim of this thesis was to characterize different oil shales from Estonia, China, and the
USA using modern chemical apparatus and to analyze the thermal behavior of the
different samples. Although oil shale has been studied in Estonia for decades, earlier
works often utilize methods that have become outdated. Long chemical analysis
techniques that required days to produce results have now been substituted by
significantly shorter (30 min) methods. Moreover, earlier works usually focus on one
sample without comparing oil shales from other countries.
The main analytical methods used in this thesis are TGA-MS, elemental analysis, XRD,
and WD-XRF. The data from this set of techniques enable the characterization of the
composition of the material (both organic and inorganic components), investigation of
its behavior during thermal degradation, and identification of the components that are
released during its decomposition. The results of this thesis are described as follows:
• The samples were subjected to pyrolysis in a thermogravimetric analyzer and as
expected, exhibited different thermal decomposition profiles due to their diverse
compositions.
• The gases evaporating during the pyrolysis process were analyzed. The data for
hydrocarbons and water was in good accordance with data reported in the literature.
The release profiles of the sulfur-containing gases (H2S and SO2) were investigated and
the profiles revealed important differences. The different forms of sulfur were quantified
and the afforded results offered explanations on the differences in the release of sulfurcontaining compounds. The total sulfur content ranged from 0.81 to 2.16%. With the
exception of the Green River sample, sulfide sulfur prevailed in the samples. For the
Green River sample, which also displayed the lowest sulfur content, most of the sulfur
was found in organic form.
• The regulations on fuels, especially those regarding sulfur concentrations, have
become stricter over the past few years. This has led to the question of whether it is
possible to manipulate the pyrolysis temperature so that the resulting oil would contain
less sulfur. The data suggest that it would be beneficial to lower the pyrolysis
temperature (<480 °C) to reduce the sulfur content in the produced oil. The samples from
Estonia and Colorado would benefit less from this, as the H2S evaporation maximum for
both samples approaches 400 °C. The sulfur compounds in the Green River sample
exhibited totally different behavior. In this sample, most of the sulfur-containing
compounds had already evolved at temperatures <500 °C. These results strongly suggest
that the quality of the oil produced from this shale has a high sulfur content.
• The kinetic parameters of the decomposition of organic matter were calculated
using the DAEM. The samples fell into two groups with different activation energy
distributions. The first group (Chinese 1 and 2 and the Kentucky samples) exhibited a flat
normal distribution with the maximal percentage of a single apparent activation energy
of <30%. In this case the amount of independent reactions was higher than that observed
for the other group. The distribution of the second group (Estonia, Colorado, and Green
River samples) was dominated by a single peak with apparent activation energy
percentages ranging from 68 to 74%, depending on the sample. These results are in
accordance with the TGA decomposition curves, strongly suggesting that they are
dependent on the sample composition.
• To offer practical use for the acquired kinetic data, the parameters were used to
predict the conversion of organic matter in isothermal conditions. The integral of the
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Arrhenius equation for first order reactions was used. The conversions were calculated
for a temperature of 450 °C. The Chinese 1 sample exhibited the highest initial activity
(during the first 10 s); however, its conversion after 10 minutes was the lowest (only
70%). The Estonia and Green River samples exhibited a similar conversion curve with a
conversion of ~90% in 10 minutes. The Colorado sample also exhibited a similar
conversion (87% in 10 minutes); however, its conversion profile was steadier. The
Chinese samples exhibited the lowest conversions during the calculated time. The
conversions were also calculated for a temperature of 480 °C. As expected, the reactions
were much faster and the total conversions after 10 minutes were higher. All the
analyzed samples exhibited fast initial reactivities, with conversions ranging from 21 to
31% in the first 5 seconds. Although the Chinese 1 sample presented the highest
conversion in the first few seconds, its total conversion after 10 minutes was the lowest.
The sample from Estonia exhibited an opposite profile, being initially slower but reaching
a higher total conversion after 10 minutes. These results are a clear representation of
how kinetic calculations can be used to predict the actual processes in industrial retorts.
They offer a good opportunity of comparing processes at different temperatures and
gaining preliminary knowledge on the degradation process of the samples.
• Oil shale samples with varying organic matter contents were used to determine
the existence of the catalytic effect in pyrolysis conditions. Selected samples with 30, 49,
68, and 88% organic matter (determined by TGA), afforded mineral carbon dioxide
amounts of 18, 11, 5 and 0%, respectively. The mineral composition was quantified by
XRD and WD-XRF analyses. To better compare the decomposition profiles of the organic
matter, organic matter conversion curves were created and plotted against temperature.
The results revealed that the sample composition did not affect the organic matter
decomposition profile. Although there was a minor shift in the characteristic
temperatures, it was too small to be an indication of a catalytic effect. Therefore, it was
concluded that the inherent and removed minerals had no evident catalytic effect on the
decomposition of organic matter.
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Lühikokkuvõte
Erinevate põlevkivide koostis ja reaktiivsus ning nende
termilisel töötlusel tekkivad produktid
Hiljuti tähistati Eestis põlevkivi 100. aastapäeva kuna põlevkivi on Eestis intensiivselt
kasutatud ja uuritud 1910ndatest aastatest. Kuigi kirjanduses leidub tohutult artikleid
põlevkivi teemadel, on varasemates töödes kasutatud metoodikate asemel tänapäeval
kasutusel uuemad ning täpsemad metoodikad. Kuna tänapäeval on oluline analüüsi
korratavus ning kiirus, võimaldavad uued ja kiiremad analüüsitehnikad erinevate
keerukate materjalide koostise täpset määramist. Kiire arengu tõttu on nüüd võimalik
põlevkivi koostist määrata täpsemalt ja väiksema ajakuluga kui varem. Selle tulemusena
on tekkinud vajadus kompleksse analüüsitulemuste kogumi järele, mis kirjeldaks
põlevkivi kui tervikut, uuriks selle pürolüüsiprotsessi, identifitseerides sealjuures ka
eralduvaid ühendeid, ning reaktiivsust.
Antud töö eesmärgiks oli analüüsida erinevate päritoluriikidega põlevkivisid (Eesti,
Hiina ja USA) kasutades selleks termogravimeetrilist analüsaatorit, elementaaranalüüsi,
röntgendifraktsioon-analüüsi
ning
laine-dispersiivset
röntgenfluorestsentsspektroskoopiat. Käesoleva töö uudsuseks on kaasaegsete analüüsimetoodikate
kasutamise abil erinevate põlevkivide võrdlemine. Näiteks Kentuckyst pärit proov omab
avastamata potentsiaali kuna seda pole enne uuritud.
Lisaks koostise analüüsile uuriti erinevate põlevkivide pürolüüsi protsessi. Võrreldi
erinevat päritolu põlevkivide termilist käitumist ning väävlit sisaldavate ühendite
eraldumist, et leida võimalusi pürolüüsi käigus toodetava õli väävlisisalduse
potentsiaalseks vähendamiseks. Järelduste tegemiseks ning materjali kirjeldamiseks
määrati erinevates vormides sisalduva väävli kogused. Saadud tulemuste põhjal järeldati,
et pürolüüsiprotsessi temperatuuri tuleks alandada – sellisel juhul jääks rohkem väävlit
protsessi käigus tekkivasse tahkesse jääki.
Termilise analüüsi käigus saadud andmete põhjal arvutati põlevkivis sisalduva
orgaanilise aine lagunemise aktivatsioonienergia, et kirjeldada lagunemise protsessi.
Kuigi teaduskirjanduses leidub tohutult andmeid vastavate väärtuste kohta, ei pakuta
neile tihti praktilist rakendust. Antud töös näidati kuidas vastavaid parameetreid
kasutades saab arvutuslikult kirjeldada põlevkivi orgaanilise osa lagunemise kulgu
isotermaalsetel tingimustel. Tulemusi analüüsiti 450 °C ja 480 °C jaoks ning vastavaid
lagunemisgraafikuid võrreldi ja analüüsiti.
Põlevkivi sisaldab suurel hulgal erinevaid mineraale, millest mõningatel võivad olla
katalüütilised omadused. Seega uuriti põlevkivis sisalduvate mineraalide mõju Eesti
põlevkivi orgaanilise aine lagunemisele. Leiti, et põlevkivis sisalduvad mineraalid ei
mõjuta oluliselt pürolüüsi käigus põlevkivi orgaanilise aine lagunemise kulgu.
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Abstract
The Composition and Reactivity of Different Oil Shales and
the Products Formed During Thermal Treatment
Recently, the Estonian oil shale industry celebrated its 100th anniversary. Oil shale has
been intensively used and investigated in Estonia since the 1910s. Although extensive
literature on oil shale is available, methods employed in earlier works have become
obsolete due to the development of more precise and faster analytical techniques. As
the reproducibility and analysis time gain increasing importance, new and improved
technologies enable the precise determination of the composition and structure of
different complex materials. Due to this significant advancement, it is possible to analyze
the composition of oil shale more precisely and faster than ever before. This has led to
the necessity of a complex set of analytical results to describe oil shale as a whole,
including its behavior during the pyrolysis process; the evolved products, mainly sulfurcontaining compounds; and its reactivity.
This research focused on the complex analysis of different oil shales from Estonia,
China and the USA using thermogravimetric analysis, elemental analysis, X-ray diffraction
and wavelength dispersive X-ray fluorescence. The novelty of this work is the use of these
methods and the comparison of oil shales of different origin. Additionally, the sample
from Kentucky has undiscovered potential as it has not been investigated before.
The pyrolysis process was also investigated. The thermal behavior of oil shales of
different origin was compared and the sulfur evolution was investigated to offer possible
ways to decrease the sulfur content in the produced shale oil. The different forms of
sulfur in the samples were quantified. The results indicated that the pyrolysis
temperatures should be lowered so that more sulfur would be retained in the residues
of the process instead of the produced oil.
Based on the thermal analysis data, the activation energy values for the
decomposition of kerogen during pyrolysis were calculated to describe the
decomposition process. Although numerous values are available in the literature, these
often remain purely theoretical. This thesis identifies how these results can be applied to
calculate the decomposition of organic matter under isothermal conditions. The results
are presented for temperatures of 450 °C and 480 °C and the resultant conversion
profiles are analyzed and compared.
As the composition of oil shale is rich in minerals, some of which are known to exhibit
catalytic properties, their effect on the decomposition of Estonian oil shale
decomposition was also investigated. Results revealed that the inherent minerals do not
exhibit a significant effect on the decomposition of organic matter during the pyrolysis
process.
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Curriculum vitae
Personal data
Name
Date of birth
Place of birth
Citizenship

Birgit Maaten
05.10.1990
Viljandi
Estonian

Contact data
E-mail

birgit.maaten@ttu.ee

Education
2014– 2018
2013 autumn
2014– 2018
2009– 2012
1997– 2009
Language competence
Estonian
English
German
French
Professional employment
01.09.2017-…
01.01.2017-31.08.2017
01.09.2014-31.12.2016
10.06.2013-31.08.2014

Tallinn University of Technology—PhD
Semester abroad at Pierre and Marie Curie
University
Tallinn University of Technology, Applied
Chemistry and Biotechnology (cum laude) – MSc
Tallinn University of Technology, Applied
Chemistry and Biotechnology – BSc
Viljandi Paalalinna Gymnasium – High school

Native speaker
Fluent
Fluent
Beginner
Tallinn University of Technology, School of
Engineering, Department of Energy Technology,
early stage researcher
Tallinn University of Technology, School of
Engineering, Department of Energy Technology,
researcher
Tallinn University of Technology, Faculty of
Mechanical Engineering, Department of Thermal
Engineering, researcher
Tallinn University of Technology, Faculty of
Mechanical Engineering, Department of Thermal
Engineering, other staff

Projects in progress
LEP17084 "Fundamental Research studies on thermochemical conversion of local
biomass in Utilitas Tallinn powerplant (9.08.2017−8.08.2020)", Alar Konist, Tallinn
University of Technology, School of Engineering, Department of Energy Technology.
Lep17006 "Fundamental Research studies on Oil Shale Technologies
(1.01.2017−31.12.2018)", Alar Konist, Tõnu Pihu, Tallinn University of Technology, School
of Engineering, Department of Energy Technology.
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KIK16064 "The survey of the emission of heavy metals of the ashes formed by thermal
treatment and burning of the solid fuels - oil shale, semi-coke gas, biomass etc.
(26.10.2016−3.06.2018)", Andres Siirde, Tallinn University of Technology , School of
Engineering, Department of Energy Technology.
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Elulookirjeldus
Isikuandmed
Nimi
Sünniaeg
Sünnikoht
Kodakondsus

Birgit Maaten
05.10.1990
Viljandi
Eesti

Kontaktandmed
E-post

birgit.maaten@ttu.ee

Hariduskäik
2014–2018
2013 sügis
2012–2014
2009–2012
1997–2009
Keelteoskus
Eesti keel
Inglise keel
Saksa keel
Prantsuse keel
Teenistuskäik
01.09.2017-…
01.01.2017-31.08.2017
01.09.2014-31.12.2016
10.06.2013-31.08.2014

Tallinna Tehnikaülikool – PhD
Välispraktika Pierre ja Marie Curie nimelises
ülikoolis
Tallinna Tehnikaülikool, rakenduskeemia ja
biotehnoloogia – MSc (cum laude)
Tallinna Tehnikaülikool, rakenduskeemia ja
biotehnoloogia – BSc
Viljandi Paalalinna Gümnaasium – keskharidus
Emakeel
Kõrgtase
Kõrgtase
Algtase
Tallinna Tehnikaülikool, Inseneriteaduskond,
Energiatehnoloogia
instituut,
doktorantnooremteadur
Tallinna Tehnikaülikool, Inseneriteaduskond,
Energiatehnoloogia instituut, teadur
Tallinna Tehnikaülikool, Mehaanikateaduskond,
Soojustehnika instituut, teadur
Tallinna Tehnikaülikool, Mehaanikateaduskond,
Soojustehnika instituut, insener

Jooksvad projektid
LEP17084 "Biomassi termokeemiliste protsesside alased teadusuuringud OÜ Utilitas
Tallinna Elektrijaamas (9.08.2017−8.08.2020)", Alar Konist, Tallinna Tehnikaülikool,
Inseneriteaduskond, Energiatehnoloogia instituut.
Lep17006 "Põlevkivitehnoloogiate alased teadusuuringud Enefit Energiatootmise ASile (1.01.2017−31.12.2018)", Alar Konist, Tõnu Pihu, Tallinna Tehnikaülikool,
Inseneriteaduskond, Energiatehnoloogia instituut.
KIK16064 "Tahkete segukütuste- põlevkivi, uttegaasi, biomassi jt termilisel käitlemisel
ja (26.10.2016−3.06.2018)", Andres Siirde, Tallinna Tehnikaülikool, Inseneriteaduskond,
Energiatehnoloogia instituut.
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