
DOCTORAL THESIS

Effect of Different Sweep 
Gases on Sulfur Behavior 
during Pyrolysis of Kukersite 
Oil Shale

Sepehr Mozaffari

TALLINNA TEHNIKAÜLIKOOL

TALLINN UNIVERSITY OF TECHNOLOGY 
TALLINN 2022



 
 

TALLINN UNIVERSITY OF TECHNOLOGY 
DOCTORAL THESIS 

60/2022 

Effect of Different Sweep Gases on Sulfur 
Behavior during Pyrolysis of Kukersite  

Oil Shale 

SEPEHR  MOZAFFARI 

 

 



TALLINN UNIVERSITY OF TECHNOLOGY 
School of Engineering 
Department of Energy Technology 
This dissertation was accepted for the defence of the degree 23/09/2022 

Supervisor: Senior Researcher Oliver Järvik 
School of Engineering 
Tallinn University of Technology 
Tallinn, Estonia 

Co-supervisor: Researcher Zachariah Steven Baird 
School of Engineering 
Tallinn University of Technology 
Tallinn, Estonia 

Opponents: Prof Omar S. Al-Ayed 
Vice Dean of Scientific Research & Innovation 
Department of Chemical Engineering 
Faculty of Engineering Technology 
Al-Balqa Applied University  
Amman, Jordan 

Dr Indrek Aarna 
Head of Development Department 
Viru Keemia Grupp 
Kohtla Järve, Estonia 

Defence of the thesis: 25/10/2022, Tallinn 
Declaration: 
Hereby I declare that this doctoral thesis, my original investigation and achievement, 
submitted for the doctoral degree at Tallinn University of Technology has not been submitted 
for doctoral or equivalent academic degree. 

Sepehr Mozaffari 

signature 

Copyright: Sepehr Mozaffari, 2022  
ISSN 2585-6898 (publication) 
ISBN 978-9949-83-907-0 (publication) 
ISSN 2585-6901 (PDF) 
ISBN 978-9949-83-908-7 (PDF) 
Printed by Koopia Niini & Rauam



 
 

TALLINNA TEHNIKAÜLIKOOL 
DOKTORITÖÖ 

60/2022 

Pürolüüsikeskkonna mõju väävli  
käitumisele kukersiitse põlevkivi  

pürolüüsil 

SEPEHR  MOZAFFARI 

 

 



 



5 

Contents 
List of Publications ............................................................................................................ 7 
Author’s Contribution to the Publications ........................................................................ 8 
Introduction ...................................................................................................................... 9 
Abbreviations .................................................................................................................. 10 
Terms .............................................................................................................................. 11 
1 Literature review .......................................................................................................... 12 
1.1 Oil shale ..................................................................................................................... 12 
1.2 Pyrolysis .................................................................................................................... 13 
1.2.1 Kerogen to thermobitumen ................................................................................... 14 
1.2.2 Thermobitumen to pyrolysates .............................................................................. 16 
1.3 Oil shale processing in Estonia .................................................................................. 16 
1.4 Sulfur ......................................................................................................................... 17 
1.5 Objectives .................................................................................................................. 18 
2 Experimental ................................................................................................................ 19 
2.1 Oil shale ..................................................................................................................... 19 
2.2 Oil shale thermobitumen formation studies ............................................................. 20 
2.3 Fischer Assay (FA) ...................................................................................................... 20 
2.4 Analytical methods .................................................................................................... 21 
2.4.1 Elemental analysis .................................................................................................. 21 
2.4.2 Fourier-Transform Infrared Spectroscopy (FTIR) ................................................... 21 
2.4.3 Differential Scanning Calorimetry (DSC) ................................................................ 21 
2.4.4 Thermogravimetric Analysis – Mass Spectrometry (TGA-MS) ............................... 21 
2.4.5 Density measurement ............................................................................................ 22 
2.4.6 Refractive Index (RI) measurement ....................................................................... 22 
2.4.7 Molecular Weight (MW) measurement ................................................................. 22 
2.4.8 Gas Chromatography (GC) ..................................................................................... 22 
2.4.9 Gas Chromatography – Mass Spectrometry (GC-MS) ............................................ 23 
3 Results and discussion.................................................................................................. 24 
3.1 The effect of sweep gas on pyrolysis yields .............................................................. 24 
3.1.1 TGA ......................................................................................................................... 24 
3.1.2 DSC ......................................................................................................................... 27 
3.2 The effect of sweep gas on shale oil ......................................................................... 27 
3.2.1 Composition and properties .................................................................................. 27 
3.3 The effect of sweep gas on pyrolysis gas composition ............................................. 31 
3.3.1 Sulfurous gases ...................................................................................................... 35 
3.4 Analysis of sulfur in semi-coke .................................................................................. 38 
4 Conclusion .................................................................................................................... 39 
List of Figures .................................................................................................................. 41 
List of Tables ................................................................................................................... 42 
References ...................................................................................................................... 43 
Acknowledgements ......................................................................................................... 49 
Abstract ........................................................................................................................... 50 



6 

Lühikokkuvõte ................................................................................................................. 51 
Appendix ......................................................................................................................... 53 
Curriculum vitae ............................................................................................................ 123 
Elulookirjeldus ............................................................................................................... 124 
 
 



7 

List of Publications 
The thesis has been prepared based on the following publications: 

I S. Mozaffari, O. Järvik, and Z. S. Baird, “Effect of N2 and CO2 on shale oil from 
pyrolysis of Estonian oil shale” Int. J. Coal Prep. Util., 2021, doi: 
10.1080/19392699.2021.1914025. 

II S. Mozaffari, O. Järvik, and Z. S. Baird, “Composition of gas from pyrolysis of Estonian 
oil shale with various sweep gases” Oil Shale, vol. 38, no. 3, pp. 215–227, 2021, doi: 
10.3176/oil.2021.3.03. 

III H. Astra, T. Albert, S. Mozaffari, O. Järvik, A. Yanchilin, S. Kamenev, S. Karagöz, 
V. Oja, “Yields and the selected physicochemical properties of thermobitumen as an
intermediate product of the pyrolysis of Kukersite oil shale” vol. 38, no. 4,
pp. 295–316, 2021, doi: 10.3176/oil.2021.4.02.

IV S. Mozaffari, Z. S. Baird, and O. Järvik, “Sulfur in kukersite shale oil: its distribution 
in shale oil fractions and the effect of gaseous environment” J. Therm. Anal. Calorim., 
2022, doi: 10.1007/s10973-022-11359-8. 



8 

Author’s Contribution to the Publications  
Contribution to the papers in this thesis are: 

I Performing the experiments, analyzing the data processed, carrying out the majority 
of measurements, and writing the article. 

II Conducting the experimental work, performing data processing, analyzing the 
samples obtained, and writing the article 

III Being partly involved in experimental work and performing measurements on the 
selected properties of the produced samples. 

IV Carrying out the experiment, processing the data and analyzing the results together 
with other co-authors. 

 

 



9 

Introduction 
The global energy demand is increasing. Fossil fuels are still considered as important 
energy sources [1]. Among fossil fuels, oil shale has gained lots of interest as substantial 
deposits are available in the world [2]. Moreover, oil shale reserves in Estonia is 
estimated to have the equivalent of 2.5 billion tons of shale oil [3,4]. 

Oil shale is a sedimentary rock containing organic matter (kerogen) [5]. Several 
countries, such as Estonia, have been using oil shale as their primary source of energy to 
meet their domestic power and heat demand [6] as well as for power export. Oil shale in 
Estonia has been also extensively applied to produce shale oil [3], which has been and 
still is an important export commodity used mostly as marine fuel. Shale oil is produced 
by means of the pyrolysis process, which takes place at around 500 °C under an inert 
environment. As a result of thermal decomposition of kerogen, oil vapors and combustible 
gas are formed [7,8]. In Estonia, the solid heat carrier (SHC) method is mainly used where 
hot shale ash, which is produced by the combustion of semi-coke (the solid residue left 
after pyrolysis), is used as the heat carrier. It is mixed with dried oil shale so that shale oil 
and gas are produced [9]. A greater rate of production, fewer environmental problems, 
and the possibility of using a low-quality oil shale in pyrolysis have made this technology 
preferable over others [10]. The aggravation of environmental problems is one of the 
aspects that has affected and continues to affect the shale oil industry. A burning issue 
is the relatively high sulfur content of shale oil. The sulfur content of fuels has always 
been an important aspect of the fuel industry because its presence leads to environmental 
issues and problems for upgrading processes as well [11]. Also, according to the 
regulation set by the International Maritime Organization (IMO), since 2015 the sulfur 
content of marine fuels has to be lower than 0.1% by mass in SOx Emission Control  
Areas [12]. 

Studying sulfur chemistry has been of great interest from academia to industry.  
The biggest motivator to study sulfur is environmental-related matters. The properties 
of oil shale depend on numerous factors, such as geographical location, pyrolysis process 
and so on. As a result, the sulfur in kerogens differ from each other, as well [13].  
In addition, sulfur chemistry has an impact on the rate of kerogen decomposition, and 
thus, formation of oil and gas [14]. Consequently, the sulfur content of kerogen plays a 
key role in determining the sulfur content of the resulting shale oil [15]. Additionally, the 
extent of the release of sulfur from oil shale is dependent on many factors, such as the 
reactive medium, retorting temperature, type of pyrolysis process, etc. [16–20]. 

Information on the impact of different sweep gases (also called purge gas or carrier 
gas), such as CO2 and steam, on the pyrolysis of Estonian kukersite oil shale is scarce.  
In addition, there is little information available on the effect of various atmospheres on 
the release of sulfur, both as sulfurous gases as well as sulfur compounds in the shale oil. 
Therefore, this study was carried out to understand how CO2 and steam plays a role in 
transformation of sulfur during pyrolysis. Subsequently, a comparative analysis with the 
conventional method – which is the use of a nitrogen atmosphere – was performed so 
that a deeper understanding of the impact of CO2 and steam can be acquired. The results 
presented in this thesis are beneficial for obtaining a comprehensive understanding of 
the different aspects influencing oil shale pyrolysis and shale oil composition. 
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Abbreviations  
SHC Solid Heat Carrier 
IMO International Maritime Organization 
GHC Gas Heat Carrier 
TB Thermobitumen  
THF Tetrahydrofuran  
FA Fischer Assay 
FTIR Fourier-Transform Infrared Spectroscopy 
ASTM American Society for Testing and Materials 
TGA-MS Thermogravimetric Analyzer – Mass Spectrometer 
DSC Differential Scanning Calorimetry 
MW Molecular Weight 
RI Refractive Index 
GC Gas Chromatography 
GC-MS Gas Chromatography – Mass Spectrometry 
FPD Flame Photometric Detector 
HC Hydrocarbon 
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Terms 
H/C Hydrogen to Carbon ratio 
O/C Oxygen to Carbon ratio 
SOx Sulfur oxides  
NOx Nitrogen oxides  
Al2O3 Aluminum oxide 
Pt/Rh Platinum-Rhodium  
wt Weight 
U Expanded uncertainty 
FeS2 Pyrite 
FeSx Pyrrhotite 
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1 Literature review  

1.1 Oil shale 
Due to the large quantity of oil shale deposits in the world, oil shale has been considered 
a potential alternative to petroleum. Oil shale is a complex mixture of kerogen, minerals 
and water [21]. Oil shale reserves comprise about 35% of the total fossil fuel reserves in 
the world [22]. This fossil fuel can be used to produce electricity, various chemical 
products and oil [3].  

Because of the increase in the use of petroleum resources, as well as the uncertainty 
in the price of crude oil and its derivative products, interest has arisen in the 
development of oil shale retorting processes as an alternative resource. Such resources 
can be of use for energy production in the future although, despite its promise, the oil 
shale industry face environmental and economic challenges as well. For instance, 
production of petroleum crude oil is less costly than oil production from oil shale.  
In addition, operational issues appearing in pulverized oil shale combustion system, such 
as corrosion and fouling, as well as serious environmental pollution difficulties arising 
from the development of oil shale industry are some of the major problems caused by 
oil shale industry [21,23,24]. In addition, a low viscosity, low asphalt content and similar 
properties to crude oil have made shale oil an attractive fossil fuel source in the long run 
[25]. Furthermore, about 25% of oil shale production in the world is used to make shale 
oil and combustible gas, which undergo upgrading processes to produce jet fuel, gasoline, 
light fuel oil, bitumen, coke, phenols, liquefied shale gas, wax, lubricating oil and other 
products [26].  

For these reasons, countries such as Estonia, China, and Brazil have been investigating 
ways to economically and environmentally valorize oil shale  [21]. Speaking of the role of 
oil shale in Estonia, 60% of primary energy consumption as well as much of the electricity 
production in the country is supplied by oil shale exploitation [3]. Moreover, several shale 
oil plants have been built in Estonia in recent years [27]. At the same time, the need to 
develop more efficient and sustainable methods for oil shale utilization is of high 
significance in order to improve the performance of the pyrolysis process. It is, therefore, 
important to analyze and study the pyrolysis of oil shale and its products: oil, gas and 
solid residue.  The two types of oil shale in Estonia are Dictyonema argillite and kukersite. 
However, due to the higher organic matter and lower sulfur content of kukersite, it is the 
oil shale used in the country [28]. Kukersite oil shale, in general, has low H/C (1.26) and 
high O/C (0.09) molar ratios, and therefore, it can be classified as Type II oil shale, as 
shown using the van Krevelen diagram in Figure 1.  
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Figure 1. Kerogen classification according to The van Krevelen diagram [29] 

The classification of kerogen type evaluates the kerogen maturity in regard to burial 
depth through thermal evolution using elemental hydrogen to carbon (H/C) and oxygen 
to carbon (O/C) ratios [30,31]. Type I and Type III kerogen are considered to have the 
highest and the lowest level of thermal maturity, respectively [32]. In addition, some 
literature had added a type IV kerogen with H/C ratio of below 0.5 in the graph and 
described that the decomposed organic matter in this type of kerogen is mainly the form 
of polycyclic aromatic hydrocarbons [32]. It can be inferred from the diagram that the 
kerogen in kukersite oil shale is from marine organic materials, ocean plankton, and 
exists in marine sediments. This type of kerogen produces larger amounts oil and gas 
than Type III, but lower than Type I. However, the sulfur content of some kerogen in Type 
II is higher than the other types of kerogen in general, thus more specifically categorized 
as type IIS. The kerogen in beginning of the Type I pathway seems to largely consists of 
aliphatic whereas, the kerogen at the beginning of Type III contains largely aromatic 
structures [29–32]. 

1.2 Pyrolysis  
One primary difference between oil shale deposits and conventional oil and gas 
reservoirs is that oil shales contain substantial amounts of solid hydrocarbons; namely 
bitumen (soluble) and kerogen (insoluble) [14]. The pyrolysis process of kukersite oil 
shale can be generally divided into five steps: 1. At a temperature lower than 150 °C, 
occlusion of gases and water separation occur, 2. Kerogen decomposition begins at  
170–180 °C, 3. At 320–340 °C, kerogen decomposition and gas formation largely take 
place, 4. Destruction of polymerization products leading to liquid production happens at 
380–390 °C, 5. At around of 415–420 °C, endothermic reactions of coke formation occur 
[33]. Thus, optimization of the shale oil production process by means of pyrolysis is 
undoubtedly an imperative goal to achieve, and therefore, the conditions in which the 
conversion process is undergone have to be investigated. It is worth noting that 40–60% 
of oil shale organic matter can be turned into shale oil [34]. 

There are many parameters that affect these conditions such as the retorting 
technologies, pyrolysis atmosphere, temperature, heating rate, flow rate, and so on [35]. 

. Estonian kukersite oil shale   
H/C (1.26) 

O/C (0.09) 
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Moreover, the yield of liquid products (oil + water) is affected by the temperature and 
residence time. In this case, at similar temperatures, longer residence time yielded more 
liquid products. Likewise, a higher quantity of oil and water were produced when the 
pyrolysis temperature was increased. Apart from the pyrolysis conditions, the quality of 
pyrolysis yields such as sulfur content is reliant on the shale formation and dynamics and 
also on the retorting techniques used [14]. In addition, the characteristics and geological 
origin of oil shale and the differences in organic matter of the sample affect the properties 
and chemical composition of the shale oil and gas produced [36]. Overall, it can be 
deduced that oil shales from different deposits have different characteristics; therefore, 
the properties of the resulting shale oils differ from each other as well. This was also 
confirmed by Järvik and Oja in [37], in which some properties of the produced shale oils, 
such as H/C ratio, MW and density, vary from those of oils from other deposits. 
Moreover, it can even be perceived that oil shale from the same deposit could result in 
shale oils with different characteristics if different technologies are used to pyrolyze the 
sample. In general, shale oil has a higher H/C atomic ratio than other fossil fuels (except 
for petroleum; 1.9), thus enabling production of a variety of chemicals, as presented in 
Figure 2. Also, a low H/C ratio shale oil is not suitable for production of high quality 
gasoline and diesel fuels [34].  

 

 

Figure 2. Comparison between the Hydrogen/Carbon atomic ratios in different hydrocarbon 
materials [34] 

To give another example, Figures 1 and 2 in Publication IV, which respectively 
illustrate the distribution of sulfur in shale oils produced under different technologies 
and also shale oils from different countries (origins), show that the concentration of 
sulfur is also strongly affected by many parameters.    

In conclusion, the properties of the shale oil produced are not only related to the 
technologies used, but are also strongly dependent on the oil shale derivatives and 
carbonaceous macromolecule as well as the kerogen and bitumen pyrolysis process 
[38,39].  

1.2.1 Kerogen to thermobitumen 
Kerogen - the organic matter fraction of oil shale – is a structure containing mainly 
carbon, hydrogen, oxygen, and low amounts of nitrogen and sulfur [8,21]. Kerogen is a 
heteropolymer with a high molecular weight that is not soluble in common organic 
solvents [40]. A proposed model of Estonian kukersite kerogen, which is known to be a 
marine kerogen, is shown in Figure 3 [41]. 
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Figure 3. A model of the proposed structure of Estonian kukersite kerogen [41] 

For the kerogen to decompose, it must be exposed to heat. Therefore, to produce 
shale oil, oil shale has to be thermally pyrolyzed in the absence of oxygen. Moreover,  
the generation of oil and gas begins when the pyrolysis temperature of kerogen is 
reached [42]. When oil shale is heated, kerogen is first converted to bitumen – a soluble 
intermediate that has a somewhat similar composition and chemical structure to kerogen 
– and the formed bitumen is then turned into oil, gas and carbonaceous residues, as well 
as pyrolytic water. CH4, H2, CO, CO2, H2S, and <C5 are the primary gaseous products of 
kerogen decomposition released from the shale sample [21,25]. Therefore, pyrolysis is 
not a single-step process, and several chemical reactions take place through various  
steps for oil shale to convert into shale oil and gas. Based on the proposed mechanism 
for the thermal decomposition of kerogen, as presented in Figure 4, in the first step,  
the macromolecular organic structure of kerogen and thermally unstable heterocyclic 
compounds undergo depolymerization and decomposition to form bitumen and gas.  
The kerogen macromolecule is mostly comprised of aliphatic structures [33]. However, 
during the formation of bitumen, the aliphatic carbons in kerogen tend to crack into oil 
and gas, due to the poor thermal stability of the aromatic structures and their 
aromatization. [25,43–45]. 

 

Figure 4. Proposed mechanism model of carbon transformation in kerogen pyrolysis [43] 
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1.2.2  Thermobitumen to pyrolysates 
In the next step, the formed bitumen, undergoes decomposition at elevated 
temperatures and subsequently, oil, gas and semi-coke are produced. Analysis of the 
carbon residue showed that a large amount of condensed aromatic ring structure is 
present in the residue. Hence, it can be derived that a great amount of aromatic carbon 
is concentrated in the carbon residue, which is due to the occurrence of polymerization 
and condensation reactions. This takes place as the results of volatilization of lighter 
compounds during the pyrolysis of kerogen, and conversion of aliphatic hydrocarbons 
into aromatic structure by means of secondary reactions. Therefore, volatile compounds 
which are formed in pyrolysis process as a result of kerogen cracking end up in shale oil. 
However, on the other hand, the aliphatic carbon can be further cracked into liquid and 
gas, as can be inferred from the figure above. This indicates that the oil composition is 
highly dependent on the chemical structure of kerogen. By contrast, aromatic carbon in 
kerogen mostly remains unchanged [25,43–45]. In addition, although the composition of 
shale oil could be affected by the secondary reactions, it is the structure of kerogen that 
mainly shapes the composition of shale oil. Therefore, the structures in kukersite shale 
oil are mostly aromatic due to the structure of kukersite oil shale [46]. Besides, another 
parameter that has effect on the compounds of shale oil, gas and solid residue is  
thermal decomposition process. Furthermore, at every stage of kerogen decomposition, 
the kerogen solid residue has a tendency toward its most stable form resulting in 
reduction of the H/C ratio over pyrolysis time. It means that there is a tendency for 
compounds with higher H/C ratio to escape from oil shale under pyrolysis conditions 
followed by their subsequent condensation at lower temperatures. Consequently,  
the H/C ratio for the solid residue is the lowest and this value for the gas is the highest. 

1.3 Oil shale processing in Estonia 
It is about a century that shale oil has been produced in Estonia using 5 main 
technologies: Kiviter process (vertical retort), Galoter process (solid heat carrier), tunnel 
ovens, Davidson rotating retorts, chamber ovens and in which excerpt for the first two 
processes, the rest is not currently used [27,47]. Thus, the oil shale industry in Estonia 
has had major development historically and plays a key role in supplying the domestic 
energy of the country [25]. As stated previously, the type of technologies used for 
processing would have effect on the pyrolysis process, and consequently, the properties 
of the shale oils products are different, as shown for the sulfur content of the oil 
produced under various processing technologies in Publication IV. The two types of oil 
shale in Estonia are Dictyonema argillite and kukersite. However, due to the higher 
organic matter and lower sulfur content of kukersite it is the main oil shale utilized in the 
country [28]. Estonian kukersite shale oil contains a considerable amount of oxygen 
compounds, mainly phenols. Also, its specific properties such as low viscosity and low 
sulfur content make it favorable for the use as a marine fuel [48].  

In order for energy and chemicals production, thermochemical conversion technology 
is considered to be the most suitable method for processing the oil shale [25]. As explained 
in above, oil shale mostly contains long-chain aliphatic structure while the aromatics are 
present in small amount therefore, a low-temperature pyrolysis is a suitable to process 
the oil shale [25]. In low-temperature thermal processing – currently used – oil shale is 
heated up to 500 °C as opposed to a high-temperature processing method in which the 
temperature is raised up to 1200 °C (coking) in order for production of city gas [48,49].  
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In terms of retorting technologies, Kiviter and Galoter retorting processes are used 
nowadays in Estonia. Kiviter process is based on internal combustion technology using 
recycled gas and air whereas in Galoter, the presence of ash plays a role in transferring 
heat to the oil shale particles, however it can also increase the possibility of occurrence 
of secondary reactions resulting in less oil yield [48,50]. It is worth mentioning that 
nowadays, modified Galoter technologies, called Petroter, Enefit, and TSK-500, are used. 
These technologies are different from each other in terms of sizing, technical solutions 
and layouts [49]. Secondary reactions take place as a result of contact between the oil 
and a hot carrier (gas or solid) [50]. That being said, there is a need to find a balance 
between the quality and quantity of the produced shale oil when a processing method is 
selected.  

1.4 Sulfur  
As described previously, oil shale has a complex nature with much heteroatom compounds, 
therefore, the produced liquid product from oil shale degradation is thermodynamically 
unstable and contain large amount of sulfur-, oxygen- and nitrogen-containing compounds. 
Therefore, shale oils have to be processed in order to be used as a liquid hydrocarbon fuel 
[34]. Investigating the composition and structure of these compounds in shale oil is crucial 
and the acquired analysis would be very beneficial in its upgrading process [51]. 

In general, sulfur compounds in oil shale can be classified as organic and inorganic 
sulfur, elemental sulfur [52], in which are released at different temperatures [53]. Sulfur 
compounds are present in 3 forms: sulfide, sulfate and organic sulfur [13]. Pyrite and 
sulfate are the forms of inorganic sulfur compounds [52]. These compounds are present 
as both aromatic rings or aliphatic-structured functional groups [13]. Thiophenic, sulfoxidic, 
sulfone, and acidic sulfate fractions comprise the organic sulfur content of Estonian 
kukersite oil shale kerogen [25]. In addition, benzothiophenes, dibenzothiophenes, 
thioesters and thiols and also, possibly some disulfides are present in the produced shale 
oil [54].  

The sulfur content in Estonian kukersite oil shale is about 2%, and this value for the 
crude shale oil is about 1% [55]. It is worth noting that some shale oils have higher sulfur 
content. A major difference between shale oil and crude oil is the quantity of 
heteroatoms that they contain. For shale oil, the amount of these compounds is much 
higher than that in crude oil. More specifically, most heteroatomic compounds in shale 
oil samples are nitrogen and oxygen compounds, while sulfur compounds make up the 
majority for the petroleum [54].  

During the pyrolysis of oil shale, sulfur is distributed in the products and can be detected 
in the oil, gas and semi-coke [56]. In the process, sulfur reacts with minerals and organic 
matter resulting in the release of sulfur-containing gases such as H2S, COS, SO2 [57]. It is 
reported that after pyrolysis of Estonian oil shale, majority of sulfur remains in solid residue 
(50%), while shale gas and oil contain about 35% and 8% of raw oil shale total sulfur, 
respectively [58]. The presence of such compounds is a big drawback as they act as air 
pollutants by emitting nitrogen oxides (NOx) and sulfur oxides (SOx) when combusted [2]. 
In addition, sulfur also plays a role in corrosion of refining equipment as well as poisoning 
of catalysts. According to [59], the price of oil is largely affected by its sulfur content as well 
as gravity. For these reasons, their high concentration in the shale oil lowers the quality of 
the oil and further upgrading processes for refining are required [11]. 

As mentioned, kukersite shale oil can be used as a component in marine fuels. 
However, the presence of sulfur is problematic to the environment. For this reason, 
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based on the strict regulations set by the International Maritime Organization (IMO),  
the concentration of sulfur in marine fuels in SOx Emission Control Areas has to be limited 
to 0.1% by mass since 2015. In addition, starting from 2020, the global sulfur limit was 
also decreased to 0.5% [12]. Therefore, it would be very beneficial to investigate the 
liberation of sulfur during the utilization of oil shale and identify the compounds for 
economic and environmental considerations. This would lead to achieving suitable 
conditions for obtaining high-quality oil with lower sulfur emission. 

In conclusion, even though heteroatoms (sulfur, nitrogen and oxygen) comprise about 
15% of Estonian oil shale kerogen [25], they have a large effect on properties of oil and 
gas products, and therefore, their behavior in the retorting process must not be 
neglected. For instance, in pyrolysis, the sulfur containing groups are transformed into 
different compounds and distributed in shale oil, gas and solid residue. Thus, utilization 
of these products causes harm to the environment and also industrial equipment [60].  
In addition, the pyrolysis of oil shale is very complex in nature and numerous reactions 
take place simultaneously. For these reasons, investigating the release of sulfur and its 
distribution through the pyrolysis products is beneficial for better understanding the 
pyrolysis mechanism. As a result, the adverse effects on sulfur compounds on applicability 
of pyrolysis products can be mitigated. 

1.5 Objectives 
The exploitation of fossil fuels has always been associated with environmental risks. 
Consequently, the reduction of emissions of CO2 and hazardous pollutants has been an 
important objective of research. Therefore, reducing the emissions of CO2 is one of the 
goals of future fossil fuels utilization to meet the strict climate requirements. Developing 
new technologies as well as new methods in the oil shale sector is closely connected to 
its environmental footprints. Therefore, seeking a more sustainable way for oil shale 
valorization to produce shale oil and gas has been of great interest.  

As known, N2 is used as carrier gas in the oil shale industry and CO2 is one of the main 
by-products released as pyrolysis gas. The focus of this study is the effect of CO2 on 
pyrolysis products if used as a sweep gas in place of N2. This analysis is done to study the 
impact of CO2 on the release of sulfur from oil shale and its distribution in the pyrolysis 
oil and gas. In addition, the effect of humidity by introducing steam to the CO2 and N2 

atmospheres has also been investigated so that a more comprehensive conclusion,  
in regard to the effect of various carrier gases, is reached. Therefore, the aim of this study 
was to investigate the effect of CO2 N2, CO2/steam and N2/steam sweep gases on the 
shale oil and gas, and also to learn about the behavior of sulfur during the pyrolysis of 
Estonian kukersite oil shale. Therefore, the objectives are: 

 to study the effect of CO2, CO2/steam, N2, and N2/steam on the kukersite oil 
shale sample during the pyrolysis process, 

 to investigate the effect of these sweep gases on the yields and properties of 
the pyrolysates, 

 to perform comparative analysis on the produced shale oil samples, 
 to analyze the impacts of the carrier gases on generation of pyrolysis gas, and 
 to study the effect of the gaseous atmospheres used in pyrolysis on shale oil sulfur 

compounds and also the release of sulfurous gases during the pyrolysis process. 
The analysis conducted in this work can be useful for taking into consideration the 

environmental aspects of oil shale utilization processes, such as sulfur related issues and 
the use of CO2 in pyrolysis. 
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2 Experimental 
In the experimental part of the thesis, the step-by-step experimental work, 
measurements techniques as well as the calculation methods used have been discussed. 
Information on the kukersite oil shale sample used for pyrolysis experiments as well as 
its preparation for thermobitumen experiments and also information on the shale oil 
fractions can be found in Publications I and III. This section initially describes the 
experiment procedure to produce the desired oil and gas samples. Subsequently, all the 
equipment used to conduct analyses have been given a detailed description of so that 
this study can be repeated by any researcher. A schematic diagram of the oil shale 
pyrolysis experiment, and analysis carried out in this study is depicted in Figure 5. 

 
Figure 5. Schematic diagram of the analysis carried out in the study  

2.1 Oil shale 
The Kukersite oil shale from this study was taken from the Ojamaa mine. Table 1 (Table 1 
in Publication I) shows the ultimate and proximate analysis performed on the sample. 
Furthermore, more comprehensive information about the sample can be found in [58]. 
From the table, it can be figured that the organic matter of the sample is 28.8%. Also, 
total organic carbon as well as total inorganic carbon are 19.71%, and 5.83%, 
respectively. In addition, the H/C (1.26) and high O/C (0.09) molar ratio of the sample 
shows that the kukersite oil shale is of Type II kerogen classification. 
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Table 1. Ultimate and proximate analysis for the kukersite oil shale sample (from Publication I) 

  

2.2 Oil shale thermobitumen formation studies 
A U-shaped reactor with a volume capacity of 30 ml was built from a stainless-steel pipe 
(9.4 × 2.3 mm) to pyrolyze the oil shale sample isothermally. The reactor was placed in a 
preheated convection oven at temperatures of 340 °C, 380 °C, and 420 °C at the rate  
of 20–25 °C/min. The pyrolysis was done under a flow of N2 at about 100 ml/min.  
The pyrolysis took between 15 minutes to 16 hours. Afterward, the weight of liquid 
products and the solid residue were noted. Additionally, the separation of oil and water 
was done by means of centrifugal force. After pyrolysis, a Soxhlet extraction with solvent 
tetrahydrofuran (THF, boiling point 66 °C) was used to extract the TB from the solid 
residue. The extraction process took until the solvent which passed through the solid 
residue became colorless (36 and 60 hours). Then, in order to remove the solvent from 
the TB solution, a vacuum rotary evaporator at a pressure of about 4 mmHg (in a water 
bath at 95 °C) was employed. 

2.3 Fischer Assay (FA) 
A particle size of 500–710 μm was sieved from the 50g of the grounded kukersite oil shale 
sample in order to be used for the experiments in a modified Fischer assay retort. Fischer 
assay is a standard laboratory method so that yield of an oil shale sample can be 
estimated. In this method (GOST standard; GOSТ 3168-66) the temperature programs 
used to heat up the sample in the retort is as follows: 1) from room temperature to  
500 °C at 10 °C/min, 2) rising the temperature from 500 °C to 520 °C in 20 minutes  
(1 °C/min), 3) holding at final temperature (520°C) for 20 minutes. After the test, the 
weight of the liquid products and solid residue can be obtained weighing and the amount 
of the produced gas can calculated by difference using the material balance. 

Four different sweep gases were introduced into the retort: CO2, CO2/steam, N2, and 
N2/steam using a tube with the connection on the retort lid. The flow rate in dry CO2 and 

Ultimate analysis 

 Dry basis, wt % Organic matter, wt % 
C 25.54 69.1 
H 2.38 8.3 
N 0.06 0.2 
S 1.73 2.1 
Cl 0.15 0.5 
O 18.69 19.8 

Proximate analysis 

Volatile matter 31.36% 
Moisture content 0.44% 

Ash content at 950°C 51.59% 
Fixed carbon 16.61% 

Lower heating value 8.89 MJ/kg 
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N2 environments was 21 ml/min and for the test with the water vapor, the water flow 
and N2/CO2 flow rates were set at 10 ml/min and 0.1 ml/min, respectively. Also, the water 
was heated up to 150 °C prior to entering the retort. In addition, the retort was flushed 
with N2 or CO2 an hour before the start of the experiment to make sure the system is 
under the desired environment. Moreover, to take the possible water loss into account 
and for the calculation accuracy, three blank runs were made separately with only water. 

2.4 Analytical methods 

2.4.1 Elemental analysis 
For the oil and TB samples, the elemental analysis was carried out by an Exeter Analytical 
model CE440 elemental analyzer (Exeter Analytical, Coventry, United Kingdom) to mainly 
obtain the H/C ratio. Also, a Vario MACRO CHNS Cube system (Elementar Analysensysteme 
GmbH, Langenselbold, Germany) was used in this study to conduct the elemental 
analysis on the produced shale oil sample as well the semi-cokes. The expanded relative 
uncertainty is 1.11%, for carbon, 16.56% for nitrogen, 2.56% for hydrogen, and 5.7% for 
sulfur element. The sulfur content of FA oil was determined using the above apparatus. 
However, a Lab-X 3500 Benchtop XRF Analyser (Oxford Instruments, Abingdon, United 
Kingdom) was employed to determine the concentration of sulfur in shale oil fractions 
using the ASTM D 4294 method. For the sulfur measurements, the standard uncertainty 
was estimated to be 0.0024 wt% (expanded uncertainty of 0.0043 wt% at the 95% 
confidence interval level). 

2.4.2 Fourier-Transform Infrared Spectroscopy (FTIR) 
The IR spectra of the shale oil samples was measured using an Interspec 301-X 
spectrometer provided with an ATR accessory. The spectra analysis of each sample was 
conducted spectra were analyzed in the wavenumber range of 600–4000 cm−1 at a 
resolution of 1 cm−1. To make sure that the effect of noise is reduced, for all the samples, 
an average of 10 scans was used. In this way the repeatability of the measured spectra 
can be ensured as well. The estimated standard uncertainty and estimated expanded 
uncertainty (95% level) are 0.00053 and 0.0012 absorbance units (on average), 
respectively.  

2.4.3 Differential Scanning Calorimetry (DSC)  
A NETZSCH 204HP Phoenix DSC was used to perform the DSC tests on the oil shale sample 
in N2 and CO2 atmospheres with similar conditions as FA. Approximately 10 mg of the 
sample was used to fill the open Al-crucibles. Each test was repeated three times to 
ensure reproducibility. In addition, this instrument was used to measure the heat 
capacity of the TBs as well. The test was carried out with 20 mg of TB sample under a N2 

flow (40 ml/min) using a sealed Al crucible. More details on temperature program used 
to perform the test and the equation is given in Publication I. 

2.4.4 Thermogravimetric Analysis – Mass Spectrometry (TGA-MS)  
The TGA-MS tests on the oil shale samples was carried out by a NETZSCH STA 449 F3 
Jupiter® TG-DSC coupled with a NETZSCH QMS Aëolos® mass spectrometer under similar 
conditions as a FA; test atmospheres (CO2, CO2/steam, N2 and N2/steam) and temperature 
profile. In these tests, Pt/Rh alloy crucibles with removable thin-walled Al2O3 liners were 
filled with about 8 mg of the shale sample. The coupled mass spectrometer was used to 
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detect and analyze the release trend of the of H2S and SO2 gases through the process of 
pyrolysis. A detailed explanation of how they were analyzed is available in Publication IV. 
The value for the normalized intensity of these measurements was calculated to be 0.02. 
To ensure repeatability, the tests for each atmosphere were done at least three times. 

2.4.5 Density measurement  
To measure the density of TB samples which are solid at room temperature, they were 
first dissolved in tetralin (anhydrous 99% pure, Sigma-Aldrich); 20–30 wt%. To ensure 
that the solution was well mixed, it was kept at 60 °C for a couple of hours in a closed vial 
and then, an ultrasonic bath was used for 20 minutes to assist the dissolution process. 
The mixing rule equation used to calculate the density can be found in Publication III. 
Also, the density of the FA oil samples was measured at temperatures of 15 and 20 °C. 
The standard uncertainty as well as the expanded uncertainty (95% level) of the oil 
samples measurements were estimated to be 0.00015 g/cm3 and 0.0003 g/cm3, 
respectively.  

2.4.6 Refractive Index (RI) measurement  
Similar to density measurement for the TB samples, the prepared solution was used to 
calculate the RI value as well. Correspondingly, the equation used is shown in 
Publication I. An Abbemat HT refractometer (Anton Paar GmbH) was used to measure 
the refractive index of the oil sample at a temperature of 20 °C and a wavelength of 
589.592 nm. In this refractometer, the estimated standard uncertainty and expanded 
uncertainty (95% level) are to be 0.0011 and 0.0021. 

2.4.7 Molecular Weight (MW) measurement  
To measure the molecular weight of the oil samples, a Knauer K-7000 vapor pressure 
osmometer (Wissenschaftliche Gerätebau Dr Ing Herbert KNAUER GmbH, Germany) was 
used. The standard uncertainty and the expanded uncertainty (95% level) for this device 
are estimated to be 7 g/mol and 14 g/mol, respectively. However, for the TB samples,  
an Osmomat 070 (Gonotec GmbH, Germany) was also used to obtain the MW value.  
To prepare a TB solution, a pyridine solvent (99% pure, Sigma-Aldrich) was used. More 
detailed information regarding the MW measurement can be acquired from Publication I. 

2.4.8  Gas Chromatography (GC) 
For the compositional analysis of the produced gas samples, two different gas 
chromatographs were used. Detailed explanation of how the calibration and analysis was 
done with the GCs are present in Publication II. To calculate the composition of O2, N2, 
CO, and CO2, a Shimadzu GC-2014 gas chromatograph (GC1) equipped with a thermal 
conductivity detector (GC-TCD) and a valve system was used. The quantity of oxygen, 
nitrogen and carbon monoxide gases were computed using a 3 m packed column with a 
5 Å molecular sieve (OD 1/8″, ID 2 mm, 80/100 mesh), and the quantity of CO2 was 
obtained using a 9 m 25% DC-200/Shimalite packed column (60/80 mesh, OD 1/8″,  
ID 2 mm). The column temperature program is as follows: the program began at a 
temperature of 35 °C which was kept for 3 minutes isothermally, then increased up to  
85 °C at 5 °C/min (kept isothermally as well for 3 minutes), and was lastly heated at 
10 °C/min to a temperature of 125 °C. The total program time was 20 min. The injection 
temperature was 250 °C and the split ratio was 10:1. The second GC used was a 
Gazohrom-3101 gas chromatograph (GC2) which was equipped with a thermal 
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conductivity detector used to quantify the composition of H2, CO and CH4. In the GC2, air 
was used as the carrier gas (at 65 mL/min). It should be noted that the GC1 was also used 
to determine the amounts of C2 and C3 hydrocarbons. The precise description of how 
these compounds were analyzed quantitatively is present in Publication II. The relative 
standard deviation for parallel measurements for the GC1 and GC2 did not exceed 10% 
and 5%, respectively.  

2.4.9 Gas Chromatography – Mass Spectrometry (GC-MS) 
To analyze the sulfur-containing compounds present in the FA oil, an Agilent 7890B gas 
chromatograph wich was connected to an Agilent 5975C Inert MSD mass spectrometer 
and Agilent Flame Photometric Detector (FPD) Plus was used. Helium at 0.9 mL/min  
with a purity of 99.9999% was introduced as the carrier gas. The injection of the samples 
was done by a CTC Combi/GC-PAL 80 autosampler as follows: the injection amount  
was 1 µl at 10:1 split ratio, in which the temperature of an injector was set at 260 °C.  
The initial oven temperature was determined to be 40 °C kept for 5 min. Subsequently, 
the temperature was rised up to 160 °C at a rate 3 °C/min. Lastly, the temperature of 
oven was heated up from 160 °C to 280 °C at a rate of 20 °C/min. The duration of the run 
was 51 minutes. The FPD temperature of the was determined at 300 °C and the flow 
rates of detector were set at 60 mL/min for hydrogen and air (1:1). In addition,  
the column was a DB Petro with dimensions of 100 m x 250 µm x 0.5 µm. Also,  
the dimensions of the capillary to the MS and to the FPD+ were 1 m x 250 µm x 0 µm and 
5 m x 200 µm x 0 µm, respectively. The column was a DB Petro (100 m x 250 µm x 0.5 µm). 
To detect the sulfur compounds, three shale oils produced under each FA atmosphere 
was analyzed. The estimated expanded uncertainty (95% level) for each of detected 
sulfur compound was presented separately.  
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3 Results and discussion 

3.1 The effect of sweep gas on pyrolysis yields  
The yields from Fischer assay experiments are presented in Table 2 (Table 2 in 
Publication I). Since only a small amount of liquid product was produced, providing 
precise quantitative analysis of oil and water was not possible. Therefore, only a 
summation of them as a total liquid product was reported. It is worth mentioning that 
the calculated uncertainty for the liquid and gas is 7% and 13%, respectively. 

 
Table 2. Yields of Fischer assay products on the dry oil shale basis (wt%) in different experiment 
atmospheres (from Publication I) 

Pyrolysis products N2 N2/steam CO2 CO2/steam 

Oil + Water  15.9 17.2 16.1 17.4 
Gas 6.7 7.8 6.8 7.6 

Semicoke 77.3 75.0 77.1 75.0 
*The estimated expanded uncertainty (95% level) value for the FA tests is 1.1 g. 

 
The results show that injection of steam increased the yield of liquid and gas products. 

According to Ekinci [61], the higher liquid product yield is mainly because of the 
prevention of char-forming reactions such as dehydrogenation of alkanes to alkenes and 
cyclization. As a result, it can be deduced that the weight of the solid residue under steam 
tests is lower. This could be due to the lower formation of coke and higher production of 
oil vapor under a steam environment [62]. Steam breaks down the bonds of low 
molecular weight components attached to the macromolecular part by means of 
vaporization, desorption, and diffusion processes, and thus, these components are 
released as volatiles [63].  

3.1.1 TGA 
Thermal analysis of the oil shale sample was carried out to better perceive the behavior 
of kerogen decomposition in different sweep gases. For more accurate analysis, 
atmospheres, and a temperature profile similar to a Fischer assay were used. The mass 
loss curve from TGA consists of three stages: 1. From ambient temperature to a 
temperature of 200 °C, in which the mass loss is due to the presence of moisture/water 
in interlayers as well as clay minerals, and also nahcolite (NaHCO3) decomposition. In this 
stage, kerogen conversion to bitumen begins, resulting in physical changes, such as 
softening, and molecular rearrangement. However, the liberation of gas may also take 
place. In the temperature range of 200–550 °C in which the weight loss is attributed to 
the hydrocarbon material. In this stage, the mass loss occurs as a result of the 
decomposition of kerogen and bitumen to produce volatile hydrocarbons. The second 
stage is the cause of the biggest mass loss in the sample. 3. In stage three, which is above 
600 °C, the thermal decomposition of carbonates and clay minerals is the reason for 
sample mass loss. Moreover, the release of CO because of the reaction of CO2 with char 
is also responsible for the additional weight loss in the sample [64,65].  

Figure 6 (Figure 1 in Publication I) compares the mass loss of the oil shale sample in 
CO2 and N2 as a function of temperature. From the figure, it can be observed that below 
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200 °C no major mass loss occurred, apart from moisture evaporation. Also, up to about 
350 °C the change in the sample mass is similar. However, above 350 °C the decomposition 
of organic matter takes place to a significant extent and continues until about 520 °C. 
The sharp slope of mass loss started approximately at 380 °C. This could be due to the 
decomposition of TB to oil and gas, as discussed in Publication I. The findings show that 
at around this temperature the formation of TB is maximized. Above this temperature, 
much of the hydrocarbons are released from the sample. Additionally, a small difference 
can be seen in that the sample under CO2 experienced a higher mass loss. Even though 
this occurrence could also be a result of the heterogeneity of the samples, but it was 
suggested that higher reactivity of CO2 than N2 is due to the role of alkali metals in CO2 
and H2O reactions with carbon [66]. 
 

 

 

Figure 6. TGA curves of the oil shale sample in N2 and CO2 (from Publication I)  

Moreover, Figure 7 and Figure 8 (Figures 2 and 3 in Publication I) analyze the effect of 
adding steam. As these figures illustrate, steam significantly increased weight loss in both 
environments. Furthermore, it should be noted that steam also reduces the temperature 
of pyrolysis. These points were similarly observed in both N2 and CO2 environments.   
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Figure 7. TGA curves of oil shale pyrolysis in N2 and N2/steam (from Publication I) 

 
 

 

Figure 8. TGA curves of oil shale pyrolysis in CO2 and CO2/steam (from Publication I) 
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3.1.2 DSC 
The DSC graph obtained for oil shale under CO2 and N2 atmosphere is presented and 
compared in Figure 9 (Figure 4 in Publication I). As can be seen, the endothermic peak 
appearing at 150 °C is mainly due to the evaporation of water particles from clay minerals 
[65]. 
 

 

 

Figure 9. DSC graph for the oil shale under CO2 and N2 atmosphere (from Publication I) 

At around 200 °C however, a sharper peak shows up as kerogen begins to convert into 
bitumen. This happens as the kerogen molecular structure softens and changes resulting 
in depolymerization of kerogen. This can be explained by the cracking process of 
thermally unstable heterocyclic compounds followed by the release of gases and light 
hydrocarbons [66,67]. The downtrend peak after completion of pyrolysis is observed and 
the heat requirement is lowered. It can be inferred from the CO2 and N2 DSC trends that 
the curves behave similarly and the type of gas did not have a noticeable effect on the 
thermal behavior during pyrolysis.  

3.2 The effect of sweep gas on shale oil 

3.2.1 Composition and properties  
The ultimate analysis of the produced shale oil under Fischer assay are presented in 
Table 3 in Publication I. Oils produced in N2, and CO2 do not vary much; however, for the 
oils produced under steam, a higher H/C ratio is obtained. This means that more aliphatic 
compounds are present in the oils produced in the steam environment [68]. Additionally, 
looking at the shale oil compositions, it can be understood that N2 and CO2 gases did not 
have a big impact on the amount of nitrogen in the oils, whereas steam reduced the 
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amount of nitrogen in the oil (up to 0.05%). Different explanations have been brought 
for this. The reduction of nitrogen could be since nitrogen is largely present in aromatic 
molecules, which are more stable thermodynamically in thermal cracking processes 
[69,70]. As explained previously (as presented in Publication I), shale oils produced under 
steam are aliphatic-richer compared to dry N2 and CO2 atmospheres. Therefore, steam oil 
contains lower amounts of aromatics, and thus, a lower nitrogen content. Additionally, 
very light fractions produced in a steam environment contain low amounts of nitrogen 
[71]. Furthermore, according to Nazzal [72], this could occur as steam partly reacts with 
organic nitrogen and reduces the nitrogen of the derived oil. In addition, some physical 
properties of the oils, such as molecular weight, density, and refractive index, have been 
measured and are shown in Table 4 in Publication I.  

Combining the analysis of data in Tables 3 and 4 in Publication I, it can be concluded 
that the use of CO2 or N2 had some impacts on the yield of pyrolysis products as well as 
the composition of the corresponding oils produced. However, the introduction of steam 
into a pyrolysis atmosphere not only enhanced the oil and gas production but also 
produced an oil with lower nitrogen content. This is in accordance with the literature that 
by adding steam, an increase in the ratio of H/C was observed, Therefore, a higher 
amount of gaseous products was produced, and also the quantity of solid residue was 
smaller [73]. Additionally, it can be inferred from Table 4 in Publication I that the density 
of the oils produced under steam atmosphere increased while the MW decreased. This 
explains that the MWs of the produced oils in steam environments do not greatly vary 
from the other oils and therefore, their difference falls within the reported expanded 
uncertainty.  

Since the presence of sulfur is of high importance, and also the aim was to compare 
the effect of different atmospheres on concertation of several common sulfur compounds, 
therefore, presence of some of these compounds were identified and analyzed 
quantitatively using GC-MS-FPD. Subsequently, the results of the analysis are presented 
in Table 1 in Publication IV. The expanded uncertainty for each compound is calculated 
and presented in the last column.  

The identified peaks detected in the oil chromatograms included were mostly the 
largest peaks present. Therefore, it can be deduced that the majority of the sulfur 
compounds in the shale oil samples are thiophene derivatives. Their thermal stability is 
the main reason that they comprise most of the sulfur compounds in the oil [51].  
It should also be noted that the structure of the original kerogen plays a part as well. 
Moreover, it can be noticed that the concentration of some compounds in CO2 is higher 
than that of in N2. Although, for other compounds the slight difference seems to be too 
small to be significant. This implies that the concentration of sulfur compounds in the 
shale oil could possibly be increased when CO2 is used as a sweep gas. Furthermore, the 
effect of steam on the concentration of these compounds is presented as well.  
The analysis of the data shows that introduction of steam greatly increases the 
concentration of sulfur compounds in the oil samples. Therefore, it can be deduced that 
reactive gases enhance the transformation of sulfur compounds from the oil shale 
sample to shale oil and gas (the sulfurous gas is discussed later). In addition to the 
compounds above, the content of H2S and SO2 were analyzed as well. The results show 
that an abundant amount of these compounds was dissolved in the oil. The release of 
these gases was studied in Publication IV. Consequently, it can be found that at lower 
temperatures most of oil shale sulfur is turned into dissolved gases (mainly H2S), different 
forms of thiophene and other thermostable heterocyclic compounds [74].  
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3.2.1.1 FTIR 
Similar to TGA analysis, a comparative analysis of the FTIR spectra for oil samples from 
all atmospheres has been done as well. Detailed information on assignments for each 
absorbance peak in spectra can be found in Publication I and in the literature [75,76]. 
Figure 10 (Figure 5 in Publication I) illustrates the FTIR spectra for the oils produced in 
CO2 and N2. 
 

 
Figure 10. FTIR spectra of CO2 and N2 shale oils (from Publication I) 

As can be seen from the figure, the peaks for the CO2 sample in the range of  
700–1000 cm–1 are lower than those of the N2 sample. Likewise, the CO2 curve in the 
region 3200-3600 cm–1 is smaller. These indicate that fewer hydroxyl groups were 
present in the oil produced in CO2 atmosphere. Furthermore, in pyrolysis oil produced 
under CO2, the intensity of the aliphatic peaks at 2750–3000 cm–1 is larger than that of 
the N2 sample. This suggests that the use of CO2 as a sweep gas produced oil which is 
richer in aliphatic compounds. On the other hand, the oil from N2 pyrolysis has greater 
peak in aromatic regions (700–1200 cm–1, 1600–1650 cm–1), thus a more aromatic oil was 
produced. This agrees with our earlier result when the H/C of the shale oil under N2 was 
lower, indicative of more aromatic oil. This could be due to the increase in the 
concentration of existing aromatics, and also aromatization of aliphatic compounds in 
the shale oil [50]. 

Figure 11 and Figure 12 (Figures 6 and 7 in Publication I) illustrate the FTIR spectra of 
the oils produced under steam when injected along with the N2 and CO2. Comparing the 
effect of steam in both, it can be perceived that steam did not have a big impact on the 
hydroxyl group content of the oil. Moreover, when steam was added to N2, the intensity 
of aliphatic peak slightly increased, whereas the corresponding peak in CO2/steam shows 
a slightly lower peak than that of the CO2 sample, however, the H/C ratio was obtained 
to be higher. This could be as a result of uncertainty in measurement. Furthermore,  
at the band region 700–1700 cm−1, steam has an adverse effect on the intensity of the 
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alkene and aromatic C–H bonds peaks when injected along with the N2, whereas 
introduction of steam to CO2 does not cause a great change in these chemical structures 
of the oil, as compared to dry CO2. 
 

 
 

Figure 11. FTIR spectra of N2 and N2/steam oils (from Publication I) 

 

 

Figure 12. FTIR spectra of CO2 and CO2/steam oil (from Publication I) 

-0,02

0

0,02

0,04

0,06

0,08

0,1

0,12

0,14

0,16

0,18

700 1200 1700 2200 2700 3200 3700

Ab
so

rb
an

ce

Wavenumber, cm-1

N2/steam

N2

-0,02

0

0,02

0,04

0,06

0,08

0,1

0,12

0,14

0,16

0,18

700 1200 1700 2200 2700 3200 3700

Ab
so

rb
an

ce

Wavenumber, cm-1

CO2/steam

CO2



31 

3.3 The effect of sweep gas on pyrolysis gas composition 
Studying the release of gaseous products and their evolution during the pyrolysis of oil 
shale is beneficial for better understanding their behavior throughout the process and 
their dependency on the temperature. This could be helpful to find out more about the 
mechanism of oil shale decomposition. Table 1 and Table 2 in Publication II show the 
compositional analysis of gas samples taken at different temperatures during oil shale 
pyrolysis. Moreover, analyzing them provide important information about the evolution 
of hydrocarbon gases. In addition, a detailed analysis of the effect of steam on production 
of gases can also be gained.  As can be seen, small amounts of non-condensable  
gases were produced before 400 °C, however, most of the gas was produced after this 
temperature. According to Campbell et al. [77], in the conversion process of kerogen to 
bitumen, not much oil and gas are produced, and hydrocarbon production mainly occurs 
after TB is produced. This result was obtained in this study as well.  

Looking at the tables above, additional information such as the alkenes/alkanes ratio 
is provided. The alkenes to alkanes ratio can be helpful to determine reaction mechanisms 
and indicates pyrolysis conditions [78,79]. It has been stated by researchers that 
occurrences of secondary cracking reactions are the reason that the alkenes/alkanes 
ratio is increased [78–80] and coking reactions are the cause of a smaller ratio [81].  
The results show that the ratio initially increased and then decreased through the 
pyrolysis process. Also, steam generally increased the ratio when present in the pyrolysis 
atmosphere. The increase in composition of C2 and C3 hydrocarbons is mainly because of 
the oil vapor cracking during kerogen decomposition at higher temperatures resulting in 
breakage of C–C bond cleavage [50]. According to Williams and Nazzal [82], the occurrence 
of vapor phase cracking reactions is enhanced under steam. Therefore, higher oil 
production is due to the role of steam in increasing the secondary vapor phase cracking 
reactions and also, decreasing the secondary coking reaction. 

Also, to easily analyze the evolution of such gases in different environments, the data 
in the table were drawn as a bar chart. Figures 13–15 (Figures 1–3 in Publication II) display 
the evolution of HC gases, alkane gases and alkene gases, respectively. 

 

Figure 13. Evolution of HC gases during the pyrolysis in all test atmospheres (from Publication II) 
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Figure 14 Evolution of alkanes (from Publication II) 

 
Figure 15. Evolution of alkenes (from Publication II) 

Figure 16, 17 and  18  ( modified Figures 5–7 in Publication II) present the trends for 
the yields of CO, H2 and CH4 during the pyrolysis process of oil shale. The sampling of the 
gas was carried out offline and the gas samples were taken only when the retort 
temperature reached the target temperature, as shown in changes of gas compositions 
during the pyrolysis process in Publication II. 

Formation of gases in the pyrolysis process consists of three stages: initially and in the 
temperature range of up to 340 °C, breaking of weak chemical bonds like C−O and −OH 
as well as decomposition of oxygenated chemical compounds takes place, mainly resulting 
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in the production of pyrolysis water, CO2 and CO gases. Furthermore, at higher 
temperatures, C−C and C−H chains bonds are broken down. Also, the generation of H2 
and C1−C5 organic gases occurs, and the production of water, CO2, and CO reduce. 
Eventually, the generation of gases is mostly maximized in a temperature range of  
450–500 °C [25]. 

 

Figure 16. Expected evolution trend for CO during pyrolysis (from Publication II) 

 

Figure 17. Expected evolution trend for H2 during pyrolysis (from Publication II) 
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Figure 18. Expected evolution trend for CH4 during pyrolysis (from Publication II) 

As the results of Table 2 in Publication III indicate, at temperatures less than 340 °C, 
since the pyrolysis temperature is low, not much kerogen was yet converted to TB, and 
therefore, only small amounts of oil and gas were produced. However, as temperature 
increased, more TB was formed due to a more complete conversion path of kerogen-TB. 
The result show that the maximum amount of TB was formed at 380 °C (47% of organic 
matter). It can be deduced that the production of oil and gas just begins once TB 
production is initiated and increases at higher temperatures. The sharp slope of gas curves 
starting at around 400 °C is primarily because of maximum kerogen decomposition to TB, 
which occurs along with the oil generation. Therefore, the formation of TB and its 
decomposition to produce oil and gas take place simultaneously [25]. By increasing the 
temperature and looking at the finding of TB formation at 420 °C, it can be derived that 
most of the organic matter (56–59% of organic matter) was converted into oil and  
water. This then can be compared with the oil production in pyrolysis of kukersite oil 
shale in a Fischer assay retort which yielded about 60% of organic matter (discussed in 
Publication III). 

From the figures and tables in Publication II, some important information from the 
peak of gas evolution can be obtained. It appears that the majority of the gas produced 
at oil evolution temperatures (400–450 °C) in N2 and N2/steam atmospheres is CO2. 
However, at higher temperature, more CH4 was produced in N2/steam. In CO2 and 
CO2/steam atmospheres, alkanes (mainly CH4) greatly evolved prior to the beginning oil 
evolution up to the temperature of 500 °C. It can also be noted that before oil evolution 
(kerogen to TB formation) – small amount of H2 was produced and main generation of 
H2 gas when TB decomposition begins. Moreover, it seems that the yield of H2 production 
was independent of the presence of steam in the environment.  

Furthermore, the figures show that the CO, H2 and CH4 evolution peaks 
approximately appears at 400–450 °C, 480–510 °C and 500 °C, respectively. Although, 
the precise value could not be reported due to the offline gas sampling, the obtained 
values are consistent with literature data to a great extent [83]. The higher yield of CH4 
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in steam can be primarily due to the reaction of steam and hydrocarbon gases to form 
oxygen and methane. As opposed to H2 and CH4, in which their production increased at 
higher temperatures, it was observed that the amount of CO started to decrease before 
reaching 500 °C. Moreover, the peak of CO production is almost at its highest when oil 
generation takes place. Having compared the effect of CO2 and N2 environments, it can 
be seen that the yields of CO, H2 and CH4 markedly increased under a CO2 environment 

(except for CH4 at about 500 °C). The reaction between the produced water as well as the 
added steam with the char which results in generation of H2 and CO gases can affect the 
amount of the yielded CO. Besides, the reaction of steam and CO produce H2 and CO2 in 
the water gas shift reaction. It can also be noticed that in general, addition of steam to 
N2 increased the production amount of CO, H2 and CH4, whereas CO2/steam reduced the 
concentration of these gases as compared to dry CO2. According to [42,72,80,83,84],  
the following reactions are suggested to indicate the effect of steam in the pyrolysis 
process:  

1) 𝐶𝐶 +  𝐻𝐻2𝑂𝑂 →  𝐻𝐻2  +  𝐶𝐶𝑂𝑂 (water or char steam reaction) 
2) 𝐶𝐶𝑂𝑂 +  𝐻𝐻2𝑂𝑂 ↔  𝐶𝐶𝑂𝑂2  +  𝐻𝐻2 (water shift reaction) 
3) 𝐶𝐶𝑂𝑂2  +  𝐶𝐶 ↔  2𝐶𝐶𝑂𝑂 (producer gas reaction) 
4) 𝑀𝑀𝐶𝐶𝑂𝑂3  →  𝑀𝑀𝑂𝑂 +  𝐶𝐶𝑂𝑂2 (mineral carbonate decomposition)  
5) 𝐻𝐻𝐶𝐶  +  𝐻𝐻2𝑂𝑂 →  𝐶𝐶𝑂𝑂2  +  𝐶𝐶𝐻𝐻4 (hydrocarbon-steam reaction) 
6) 2𝐻𝐻𝐶𝐶  +  𝐻𝐻2𝑂𝑂 →  𝑂𝑂2  +  𝐶𝐶𝐻𝐻4 

In an N2 environment, reaction (1) may occur as pyrolyzed water is produced during 
pyrolysis 450–500 °C. Therefore, reaction (2) may take place simultaneously along with 
reaction (1) in the retort. Through these reactions, the pyrolyzed water could produce 
molecular hydrogen. At higher temperatures, since more pyrolyzed water is produced, 
and due to the decomposition of mineral carbonates, the equilibrium of reactions (2), 
(4), and (5,6) would shift to the right. In N2/steam atmosphere, due to the presence of 
steam and its reaction with the carbonaceous residue, CO2 is produced by means of 
reactions (2), (4), and (5,6). However, Dung [85] suggests that steam gasification of 
hydrocarbon (water gas-shift reaction + steam reforming of hydrocarbon reaction) is also 
responsible for the quantity of CO and H2 during the pyrolysis process:  

7) 2𝐻𝐻2𝑂𝑂 +  𝐶𝐶𝐻𝐻𝑥𝑥  →  �2 + 𝑥𝑥
2
�𝐻𝐻2  +  𝐶𝐶𝑂𝑂2 

The decrease in the trends of all curve during last phase of the test at 520 °C is because 
the shale sample was spent, and therefore, less hydrocarbons were produced.   

3.3.1 Sulfurous gases 
The intensity of the release trend for H2S and SO2 gases during the pyrolysis process has 
also been investigated to analyze how different atmospheres affect the release of sulfur 
in the process. This type of analysis can be used for the optimization of sulfur removal 
processes. The forms of sulfur in the kukersite oil shale sample used by wt% are as 
following: Stotal : 1.72, Spyrite: 1.1, Ssulfate :0.13, Sorganic :0.49 [58]. Figure 19 and 20 (Figures 3 
and 4 in Publication IV) show the trend for the release of H2S and SO2 gases when 
pyrolysis was done in different environments. The intensity of the curves was normalized 
per sample mass used. The detailed information on how curves were drawn, and also  
the normalization was done can be found in Publication IV. By comparing both graphs, 
it can be observed that the relative intensity of H2S is much higher than SO2 intensity. 
This means that at lower temperatures, H2S generation is greater thus, accounting for 
the release of most of the sulfurous gas during pyrolysis [86]. 
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Figure 19. Evolution trend of H2S gas during the pyrolysis process (the measurement uncertainty 
was displayed dotted line, meaning that below this line the results can possibly be noise) (from 
Publication IV) 

The formation of H2S in Figure 19 the effect of employing a reactive gas in the pyrolysis 
environment as compared to an inert gas. Having compared the release of H2S in CO2  
and N2, it can be noticed that the release of sulfur is greater when a CO2 atmosphere is 
used. An increase in H2S intensity could mainly be a result of higher reactivity of CO2 
during the pyrolysis process [87]. Additionally, looking at the trends obtained from the 
steam atmospheres indicates that the presence of steam enhances the formation of H2S. 
This is due to the occurrence of reactions between steam and pyrite based on the 
following suggested reactions [16,18] as also given in Publication IV: 

8) 3𝐹𝐹𝑒𝑒𝑆𝑆2  +  2𝐻𝐻2𝑂𝑂 →  3𝐹𝐹𝑒𝑒𝑆𝑆 +  2𝐻𝐻2𝑆𝑆 +  𝑆𝑆𝑂𝑂2 
9) 𝐹𝐹𝑒𝑒𝑆𝑆2  +  2𝐻𝐻2𝑂𝑂 +  𝐶𝐶 →  𝐹𝐹𝑒𝑒𝑆𝑆 +  𝐻𝐻2𝑆𝑆 +  𝐶𝐶𝑂𝑂  
10) 𝐹𝐹𝑒𝑒𝑆𝑆2  +  2𝐻𝐻2𝑂𝑂 →  3𝐹𝐹𝑒𝑒𝑆𝑆 +  2𝐻𝐻2  +  𝑆𝑆𝑂𝑂2  
11) 𝐹𝐹𝑒𝑒𝑆𝑆 +  𝐻𝐻2𝑂𝑂 →  𝐹𝐹𝑒𝑒𝑂𝑂 +  𝐻𝐻2𝑆𝑆  
12) 𝐹𝐹𝑒𝑒3𝑂𝑂4  +  4𝐻𝐻2𝑂𝑂 →  𝐹𝐹𝑒𝑒3𝑂𝑂4  +  4𝐻𝐻2𝑆𝑆  
13) 𝐹𝐹𝑒𝑒3𝑂𝑂4  +  3𝐻𝐻2𝑂𝑂 →  𝐹𝐹𝑒𝑒2𝑂𝑂3  +  3𝐻𝐻2𝑆𝑆  
14) 𝐹𝐹𝑒𝑒𝑆𝑆𝑥𝑥  +  𝐻𝐻2𝑂𝑂 → 𝐹𝐹𝑒𝑒3𝑂𝑂4  +  𝐻𝐻2𝑆𝑆 +  𝑆𝑆𝑂𝑂2 
15) 𝐹𝐹𝑒𝑒𝑆𝑆2  +  𝐻𝐻2  →  𝐹𝐹𝑒𝑒𝑆𝑆 +  𝐻𝐻2𝑆𝑆  
16) 1/2𝑆𝑆2  +  𝐻𝐻2  →  𝐻𝐻2𝑆𝑆 

17) 𝐹𝐹𝑒𝑒𝑆𝑆2  →  𝐹𝐹𝑒𝑒𝑦𝑦𝑆𝑆𝑥𝑥  +  �𝑦𝑦 +  1
2

 𝑥𝑥� 𝑆𝑆2 

Reactions 8–14 and 15–16 take place as a result of sulfur reacting with steam and H2, 
respectively. Therefore, more H2S gas is formed. Reaction 17 indicates the conversion of 
pyrite to elemental sulfur due to the decomposition process, thus releasing more sulfur 
from the sample. Pyrite initially decomposes to pyrrhotite (FeSx) as an intermediate step 
[88]. In addition, it can be perceived from the curves that steam increases the release of 
sulfur compounds from oil shale and also decreases the temperature of their release as 
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well. This means that the release temperature of sulfurous volatile compounds for N2 
and CO2 occur at about 440 °C and 410 °C, respectively. While the addition of steam to 
the dry sweep gas lowers the peak temperature to below 400 °C. On the other hand, it 
seems that for the dry gases, the H2S formation initiates slightly above 300 °C, whereas 
under steam, it takes place at temperatures between 200 °C and 300 °C. 

 

Figure 20. Evolution trend of SO2 gas during the pyrolysis process (the measurement uncertainty 
was displayed dotted line, meaning that below this line the results can possibly be noise) (from 
Publication IV) 

Figure 20 exhibits the intensity for the generation of SO2 registered in different 
atmospheres. Similar to H2S, the intensity rose by increasing the temperature. At higher 
temperatures, due to the higher reactivity of oxygen-bearing groups, more SO2 was 
formed [89]. Also, the figure demonstrates that SO2 formation did not vary much by 
changing the sweeping gases at low temperatures. This suggests that below 500 °C the 
effect of CO2 as well as steam on the yield of SO2 is not significant. Additionally, it can be 
deduced that SO2 just begins to form at about 300–350 °C, meaning that the yield of SO2 
is small at temperatures below 400 °C. The analysis of SO2 evolution at temperatures 
above 400 °C indicates that due to the oxidizing effect of CO2, the abundance of SO2 
under CO2 and CO2/steam environments was found to be higher. The following reactions 
may be used to describe this phenomenon in a CO2 atmosphere [87,88] as also included 
in Publication IV. 

18) 𝐹𝐹𝑒𝑒𝑆𝑆2  → 𝐹𝐹𝑒𝑒𝑆𝑆𝑥𝑥  +  𝑆𝑆2 
19) 𝐹𝐹𝑒𝑒𝑆𝑆𝑥𝑥  +  𝐶𝐶𝑂𝑂2  → 𝐹𝐹𝑒𝑒3𝑂𝑂4  +  𝐶𝐶𝑂𝑂 +  𝑆𝑆𝑂𝑂2  
20) 𝐹𝐹𝑒𝑒3𝑂𝑂4  +  𝐶𝐶𝑂𝑂2  →  𝐹𝐹𝑒𝑒2𝑂𝑂3  +  𝐶𝐶𝑂𝑂 
21) 𝐹𝐹𝑒𝑒𝑆𝑆2  +  2𝐶𝐶𝑂𝑂2  →  𝐹𝐹𝑒𝑒1−𝑥𝑥𝑆𝑆 +  2𝐶𝐶𝑂𝑂 +  𝑆𝑆𝑂𝑂2  +  𝑥𝑥𝐹𝐹𝑒𝑒 

In Figures 19 and 20, the bigger peaks  at higher temperatures could be a result of 
overlapping two peaks: aliphatic and elemental sulfur species decomposition taking 
place at about 330 °C, which was later enhanced by decomposition of aromatic and 
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pyritic sulfur [53]. As mentioned before, the sample contains significant amounts of 
pyrite sulfur. Also, SO2 is mainly formed when oxygen-containing compounds react with 
pyrite and unstable elemental sulfur. However, when hydrogen radicals are present, 
which are abundant in the presence of steam – they tend to react with the pyrite and 
elemental sulfur to generate H2S [52]. It should also be stated that reactions 8–14 may 
also occur in dry atmospheres as well. However, since in CO2 and N2 environments, the 
formation of water as a by-product in pyrolysis is not as large as in steam atmospheres, 
therefore the effect of these reactions is smaller accordingly. In addition, in the presence 
of water, the sulfur gases escape the sample at a higher rate as compared to when their 
presence is small because the lower molar mass of H2O causes an increase in the diffusion 
rate of sulfur gas [88]. 

3.4 Analysis of sulfur in semi-coke 
In order to further understand the effect of various sweep gases, elemental analysis 
measurement was also conducted on the semi-coke samples. This data is presented in 
Table 3 (Table 3 in Publication IV). As can be seen, the use of reactive gases (CO2 and 
steam) increased the release of sulfur from the oil shale sample. Thus, the presence of a 
lower amount of sulfur in the semi-coke. 
 
Table 3 Elemental analysis of semi-cokes in various sweep gases, wt% (from Publication IV) 

Pyrolysis atmosphere N C H S 
N2 0.04 13.55 0.24 1.80 

CO2 0.04 13.88 0.28 1.76 
N2/steam 0.04 13.74 0.29 1.67 

CO2/steam 0.04 13.86 0.27 1.65 
*The expanded relative uncertainty (95%): Carbon (1.11%), Nitrogen (16.56%), Hydrogen (2.56%) and Sulfur 
(5.7%). 

Table 4 (Table 4 in Publication IV) provides data on how sulfur is distributed in pyrolysis 
products when different sweep gases were employed. The amount of sulfur in the pyrolysis 
gas was calculated using the mass balance equation. From the table, it can be deduced 
that most of the sulfur during the pyrolysis process remains in the solid residue.  
In addition, looking at the produced shale oil and gas, it can be seen that a large amount 
of liberated sulfur was released as non-condensable gases. Furthermore, a conclusion 
that can be drawn is that employing steam noticeably increased the release of sulfur 
from the oil shale sample. 

 
Table 4 Sulfur Distribution in pyrolysis products under various sweep gases, wt% (from Publication IV) 

Sulfur balance Semi-coke Shale oil Gas 
N2 80.5 7.7 11.8 

CO2 78.4 8.2 13.4 
N2/steam 72.2 8.4 19.4 

CO2/steam 71.5 8.0 20.5 
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4 Conclusion 
The aim of this work was to investigate the effect of N2, CO2, and their mixtures with 
steam on the produced shale oil and gas. Also, the impact of different sweep gases on 
the release of sulfur and its distribution in the pyrolysis products were also investigated. 
Performing such studies is very beneficial in achieving a suitable condition for the 
pyrolysis process by taking environmental problems into consideration. Optimal 
conditions lead to production of shale oil with a lower sulfur content, resulting in 
eliminating expensive sulfur removal processes and also lowering the emissions of sulfur 
to the environment. This is an effective way to develop new technologies and optimize 
new methods for shale oil and gas production plants with respect to the importance of 
both quality and quantity. 

To the author’s knowledge, previous work on Estonia kukersite oil shale was 
conducted in an N2 atmosphere and the use of CO2 or steam as a sweep gas was not 
investigated. For that purpose, a modified Fischer assay method was used to pyrolyze an 
Estonian kukersite oil shale sample under different sweep gases: CO2, CO2/steam, N2 and 
N2/steam so that a broad comparative analysis could be carried out to investigate their 
effects on the oil and gas produced. In order to do so, various apparatus and techniques 
were employed to analyze the samples; mainly, GC, DSC, TGA-MS, GC-MS, and FTIR.  
The results demonstrate that, compared to N2, the introduction of dry CO2 produced 
more liquid products. Also, analyzing the curves from TGA indicates that CO2 could 
possibly enhance the weight loss in the oil shale sample as a result of oxidation, although 
the difference is slight. In addition, studying the effect of steam showed that the sample 
mass loss under steam was observed to be considerably higher, which means that more 
of the oil shale is converted into hydrocarbons, thus giving a higher yield of liquid and 
gaseous products. Moreover, the concentration of some of the sulfur compounds was 
increased in the shale oil sample produced in CO2 atmosphere as compared with N2. 
However, the corresponding values for the shale oils produced in the presence of steam 
were significantly higher in comparison with the dry sweep gases. Besides, the analysis 
of all shale oil samples showed that some physical properties (MW, RI and density) are 
similar; however, their chemical structure was somewhat influenced by the type of 
carrier gas employed.  

Furthermore, the trends for the release of C1–C3 hydrocarbons, H2, CO as well as 
sulfurous gases (H2S and SO2) were also investigated in all atmospheres. The results 
indicate that CO2 enhanced the generation of CH4, CO, alkanes and hydrocarbon gases, 
as compared to N2. However, addition of steam to CO2 and N2 atmospheres had different 
impacts on the formation behavior of these gases. Even though, N2/steam increased the 
concentration of the above-mentioned gases, this was not the case for the CO2/steam 
atmosphere. It was also perceived that the generation of H2 gas was independent of the 
type of sweep gas used in pyrolysis at low temperatures. Based on the analysis of data 
on H2S and SO2 generation, it was found that CO2 had a major influence on the release of 
SO2 due to its oxidizing effect. Additionally, it was deduced that the least amount of H2S 
was released in an N2 atmosphere while the presence of steam increased the formation 
of H2S in the process. 

Overall, carbon dioxide is one of the products of pyrolysis, which is released as a gas 
during oil shale pyrolysis. The results in this work show at temperatures up to 500 °C, the 
results obtained for CO2 as a carrier gas in pyrolysis process is similar to when N2 is used 
in the reactor. Therefore, the use of CO2 in the pyrolysis process would be very helpful to 
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understand further the effect of a different sweep gas on pyrolysis products. Also, the use 
of CO2 can help reduce the carbon footprint of oil shale industry by eliminating the cost 
as well as the energy spent on generating N2 to create an inert atmosphere. 
Consequently, although viability and feasibility of the use of CO2 gas in oil shale industrial 
processes still requires further research, preliminary results indicate that employing CO2 
as the pyrolysis atmosphere has led to promising outcomes in oil and gas generation. 
Also, carrying out analysis on the effect of steam in general indicated that it has a 
significant effect on the production of shale oil and pyrolysis gas. Additionally, the result 
from the analysis of the semi-cokes showed the use of reactive gases (mainly steam) in 
general increases the release of sulfur from the oil shale sample during pyrolysis.  

In order to further understand the effect of different sweep gases on the oil shale 
pyrolysis process – apart from applying different parameters – it would be helpful to 
analyze the transformation of various compounds such as oxygen and nitrogen 
compounds. Also, to gain more comprehensive information on the reactivity and effect 
of these gases, a deep analysis on the resulting semi-cokes is also important. Such 
analysis would offer insight into valorizing the oil shale in a more environmentally 
friendly way. 
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Abstract 

Effect of different sweep gases on sulfur behavior during 
pyrolysis of kukersite oil shale 
The exploitation of oil shale, and also development and advancement of technologies in 
this sector have made Estonia one of the foremost oil shale utilizers in the world. 
Currently, the processing of oil shale in Estonia is conducted at a low temperature by 
heating up the oil shale to 500 °C.  

Generally, pyrolysis of oil shale under nitrogen and/or steam in different process 
conditions has been widely studied by many researchers. However, studies on pyrolysis 
of oil shale in CO2 seem to be rare. Therefore, a kukersite oil shale sample from Estonia 
was pyrolyzed using a Fischer assay method, and its behavior in N2, N2/steam, CO2, and 
CO2/steam atmospheres was investigated. For that purpose, many techniques and 
analytical methods, such as differential scanning calorimetry, gas chromatography, 
Fourier-transform infrared spectroscopy, and thermogravimetric analysis – mass 
spectrometry, were used to analyze the shale oil and gas generated during the pyrolysis. 
In this study, the effect of aforenoted sweep gases on the produced shale oil and gas 
were comprehensively investigated, and their impact on the release and distribution of 
sulfur in the pyrolysis products was also analyzed. Performing such analysis would be 
beneficial to achieve a deeper understanding of the decomposition process of oil shale 
and provide information about the changes in composition when different environments 
are applied.  

In this study, C1–C3 gases, H2, CO2, CH4, and CO, as the main gaseous products of 
pyrolysis, were quantified and their expected formation during the process was 
subsequently discussed. Also, the trends in the evolution of H2S and SO2 gases formed 
were presented. The results showed that the addition of steam to N2 generated more 
alkanes and in general total hydrocarbon gases than dry N2, whereas, in CO2, the injection 
of steam had the converse effect and reduced the formation of these gases. Analysis of 
the release of sulfurous gases showed that steam promoted the generation of H2S and 
SO2 in the gas and increase their concentration in the oil as well, confirming the role of 
steam in enhancing the volatilization of sulfur compounds. 

In addition, analysis of several sulfur compounds in the shale oil samples showed how 
different sweep gases could affect their concentration in the oil. In comparison with N2, 
CO2 increased the concentration of some of the sulfur compounds in shale oil. Moreover, 
an analysis of the produced shale oils was carried out to compare their molecular 
structure. It was found that in the CO2 atmosphere the formed shale oil had a more 
aliphatic composition whereas the aromatic peak for oil produced in the N2 atmosphere 
was higher. Moreover, the addition of steam to N2 and CO2 showed different behaviors. 
In N2, steam decreased the intensity of the alkene and aromatic C-H bond peaks, while 
in CO2, the change was slight. Additionally, the measurements carried out on several 
properties of the produced shale oils (Elemental analysis, MW, RI, and density) showed 
fairly similar results.  

Combining the oil and gas analysis results, it can be perceived that introduction of 
reactive gases could have a significant effect on the final products. Based on the results 
of the current study, it can be concluded that CO2 behaves as an inert gas in pyrolysis 
temperatures below 500 °C and could therefore be used in place of N2 as a sweep gas in 
the pyrolysis atmosphere.  
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Lühikokkuvõte 

Pürolüüsikeskkonna mõju väävli käitumisele kukersiitse 
põlevkivi pürolüüsil 
Uute tehnoloogiate kasutusele võtmine ja arendamine põlevkivitööstuses on muutnud 
Eesti juhtivaks põlevkivi väärindavaks ja kasutavaks riigiks maailmas. Praegu on Eestis 
põlevkivi peamiseks väärindamise viisiks tema pürolüüs temperatuuridel ligi 500 °C. 

Üldiselt on põlevkivi pürolüüsi lämmastiku ja/või auru keskkonnas erinevates 
protsessitingimustes paljude teadlaste poolt laialdaselt uuritud. Uuringuid põlevkivi 
pürolüüsi kohta CO2 keskkonnas on aga vähe. Käesolevas töös uuriti kukersiitse põlevkivi 
pürolüüsi laboratoorses Fischeri retordis N2, N2/aur, CO2 ja CO2/aur atmosfäärides. 
Saadud pürolüüsisaaduste analüüsimiseks kasutati erinevaid tehnikaid ja analüütilisi 
meetodeid, nagu diferentsiaalne skaneeriv kalorimeetria, gaasikromatograafia, Fourier 
teisendusega infrapunaspektroskoopia, termogravimeetriline analüüs koos 
massispektromeetriaga jne. Põhjalikult uuriti eelnimetatud gaasikeskkondade mõju 
pürolüüsil saadavale põlevkiviõlile ja pürolüüsigaasile. Samuti analüüsiti gaasikeskkondade 
mõju väävli eraldumisele ja jaotumisele pürolüüsiproduktides. Sellise analüüsi läbiviimine 
on vajalik põlevkivi pürolüüsiprotsessi sügavamaks mõistmiseks, et hinnata erinevate 
keskkondade rakendamise mõju pürolüüsisaaduste koostisele. 

Selles uuringus kvantifitseeriti C1–C3 süsivesinikud, H2, CO2, CH4 ja CO, kui peamised 
pürolüüsil tekkivad gaasilised produktid ning käsitleti nende eeldatavat moodustumist 
protsessi käigus. Samuti käsitleti töös pürolüüsil tekkiva H2S ja SO2 eraldumise 
suundumusi. Tulemused näitavad, et auru lisamine N2-le pürolüüsikeskkonnas soodustas 
võrreldes kuiva N2 keskkonnaga süsivesinikgaaside teket, samas kui CO2 keskkonna puhul 
oli auru lisamisel vastupidine mõju. Aur pürolüüsikeskkonnas soodustas H2S ja SO2 teket, 
mistõttu nii pürolüüsigaasis kui ka õlis nende kontsentratsioonid kasvasid, kinnitades 
veeauru olulist rolli väävliühendite lendumise suurendamisel. 

Väävliühendite analüüs põlevkiviõli proovides näitab kuidas erinevad gaasikeskkonnad 
võivad mõjutada nende kontsentratsiooni õlis. Võrreldes N2 keskkonnaga suurendas  
CO2 osade väävliühendite kontsentratsiooni põlevkiviõlis. Põlevkiviõlis sisalduvate 
funktsionaalsete rühmade analüüs näitas, et CO2 atmosfääris moodustunud põlevkiviõli 
koostises oli rohkem alifaatseid rühmi, samas kui N2 atmosfääris tekkivas õlis oli 
aromaatsete rühmade sisaldus suurem. Auru lisamine N2 keskkonda vähendas süsinik-
süsinik kaksiksidemete ja aromaatsete süsinik-vesinik sidemete intensiivsust FTIR 
analüüsil võrreldes N2 keskkonnaga. CO2 ja CO2/H2O võrdluses olid muutused väikesed. 
Lisaks näitasid toodetud põlevkiviõlide mitmete omaduste (elemendianalüüs, MW, RI ja 
tihedus) mõõtmised õlide sarnasust. 

Kombineerides põlevkiviõli ja pürolüüsigaasi analüüsi tulemusi, võib näha, et 
reaktiivsetel gaasidel pürolüüsireaktoris on oluline mõju pürolüüsisaadustele. Käesoleva 
uuringu tulemuste põhjal võib järeldada, et CO2 käitub uuritud pürolüüsitemperatuuridel 
inertgaasina ning võib pürolüüsiatmosfääris asendada N2.
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Appendix 

Publication I 

S. Mozaffari, O. Järvik, and Z. S. Baird, “Effect of N2 and CO2 on shale oil from pyrolysis 
of Estonian oil shale” Int. J. Coal Prep. Util., 2021, doi: 10.1080/19392699.2021.1914025.
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����������������������������������� �����!��������" ����#��� $�%��� ��#�&� '��$$��� ��(��������'�) �� *�� � $���"��##��'������ �'��!+,�-!.�(/0������������11 ��������������� �����2 3���$����������� 1����!�'� ��#�,�3�# 1$����4���56789:;<=>=?@�ABCDED@F� ?GG>HIIB@JFK5B@LIMMMMNMMMONPQRONOSOM8�T�U����VWNVX=KY�Z5�<5Y�D[K�A5�ADGB\]5�OMMP5�̂[_\=[J=�B̀�aX@BWXbFb�c[dF@B[e=[G�B[�fF]\FK�a@BK\JG�D[K�<\Ẁ\@�B̀�ZFW�<?DW=5�ghijkl�mnojpiqr�stju�vw�xipnyijlr�zu{|{}tu{nh�th~�ghy{jnh�ihut|�g�ipuq��R��S�H��P�S�5�KBFHRM5RMSMIR����M�M�MR��O�OP5VWNVX=KY�<5�OMM�5�aX@BWXbFb�B̀�cWWD��\[�ZFW�<?DW=��[K=@�G?=�̂[_\=[J=b�B̀��FG@BL=[�D[K��DG=@��D>B@5��gm���nojht|�n��ghk{hiij{hk�mp{ihpiq��Q�R�HO���SR5�ZeD@5�KBFHRM5OR�MSI�=bD\[5OMM�5RRMO��5Vb=eD[FY�A5Y�D[K�V5��5��D��D[F5�OMOM5��=GDFW=K���̂��<>=JG@BbJB>X��?D@DJG=@FCDGFB[�B̀��@\K=�ZFW�c�G@DJG=K�Vb>?DWG=[=bH��\@d=��=bBWd=�B̀�Zd=@WD>>F[L��D[Kb5��nojht|�n��siujn|io��mp{ihpi�th~�ghk{hiij{hk�RS��ZJGB�=@�OMRPHRM��RS5�KBFHRM5RMR�I�5>=G@BW5OMRP5RM��RSVdFKY��5Y�A5��B@[Y��5�a\@=db\@=[Y��5��[K@D�?Y�D[K�V5��\db?F[�D@LDW5�OMM�5��?=@eDW��=?DdFB@�B̀��?BBG�ZFW�<?DW=�F[��FE=@=[G��B[KFGFB[b5��{|�m�t|i�OM��R�HQ����5�DF@KY��5�<5Y�a5��\bFN�XX[XY�Z5���@dF�Y��5�Z�DY�D[K��5�VWB>D=\b5�OMRS5��=e>=@DG\@=�D[K�a@=bb\@=��=>=[K=[J=�B̀��=[bFGX�B̀�D�<?DW=�ZFW�D[K��=@Fd=K��?=@eBKX[DeFJ�a@B>=@GF=b5��h~oquj{t|� �ghk{hiij{hk�¡�i�{qujl�xiqitjp������RQ�H�ROS���5�KBFHRM5RMORIDJb5F=J@5��M�MRS5�Db\Y�a5�OMRM5�¢{n�tqq�£tq{¤ptu{nh�th~�sljn|lq{q��¢{n�tqq�£tq{¤ptu{nh�th~�sljn|lq{q5�VJDK=eFJ�a@=bb5�?GG>bHIIKBF5B@LIRM5RMR�I�OMMPNMNOMMPPN��5�B@@=LBY�V5�¥5Y��5�¥5�a@DKBY�c5��\=[G=Y�A5��5�¥\FWW¦[Y�D[K��5�¥5��WD[JB5�OMMM5�aX@BWXGFJ��=?DdFB\@�B̀�<>D[Fb?�ZFW�<?DW=b�D[K��?=F@��=@BL=[b5��nojht|�n��vht|lu{pt|�th~�v§§|{i~�sljn|lq{q�����R�HR�OR5�KBFHRM5RMR�I<MR��NO��M�PP�MMMPON�5�\@[?DeY�V5��5Y��5�̈5�<D[�B@[Y��5��5��@D©̀B@KY��5��5��=©GB[Y�D[K��5�V5�̈D>>=5�RPSM5�<?DW=�ZFW��@DJ�F[L5�O5�cE=JG�B[�ZFW��Be>BbFGFB[5�ªt«jihpi�ª{yij�nji�¬tu{nht|�ªtnjtunjl�fFd=@eB@=Y��VY���̂�NRS����KBFHRM5ROMRI�R��SONR�5�\@[?DeY�V5��5Y��5�̈5�<D[�B@[Y��5��5��@D©̀B@KY��5��5��=©GB[Y�D[K��5�V5�̈D>>=5�RPSR5��?=eFbG@X�B̀�<?DW=�ZFW��@DJ�F[L5�̂[��{|�m�t|ir�®tj�mth~qr�th~�xi|tui~�̄tuij{t|qr�v�ij{pth�¡�i�{pt|�mnp{iul�ml�§nq{o��mij{iqY�=K55�̈5��5�<GD\E=@Y��BW5�R��Y��P��M5�Ve=@FJD[��?=eFJDW�<BJF=GX5�KBFHRM5RMORI��N�RPSRNMR��5J?MMQ5�\@[?DeY�V5��5Y�D[K��5�V5�̈ D>>=5�RPSQ5�Z[�G?=�A=J?D[Fbe�B̀��=@BL=[�aX@BWXbFb5�°oi|�����RM�HR������5�KBFHRM5RMR�IMMR�NO��R�SQ�PM���N�5�D@G=@Y�<5��5Y�D[K��5��5��D\W�==5�RPS�5��f�̂�̂�c���c��<�cVA��c�Z��̂�¥�Z���c�����±�Ẑf�<̈Vfc5�°oi|�sjnpiqq{hk�®ip�hn|nkl�RR����HO�R��O5�KBFHRM5RMR�IM��SN�SOM�S��PMMMQNP5�BDG=bY��5�OMM�5�̂[G=@>@=GDGFB[�B̀�̂[̀@D@=K�<>=JG@DY�V�a@DJGFJDW�V>>@BDJ?5�ghplp|n§i~{t�n��vht|lu{pt|�¡�i�{qujl�R�O�5�KBFHRM5RMMOIP�SMQ�MMO��RS5D��M�5�DdFKY��5��5Y��5�ADb@FY�D[K�<5�f==5�OMMM5��Be>D@FbB[�B̀��=GB@GF[L�D[K�<\>=@J@FGFJDW�c�G@DJGFB[��=J?[F]\=b�B[�cWNfD��\[�ZFW�<?DW=5�ghijkl�mnojpiq�OO����HQ�����5�KBFHRM5RMSMI�MMPMS�RMM�MMR�S��5�=eF@�DbY�V5Y�̈ 5�VWFK@FbFY�D[K�A5�V5��DW\�DFK5�OMR�5�Vâ�¥@DdFGXY�<\Ẁ\@��B[G=[GY�D[K��=b\Ẁ\@FCDGFB[�B̀��@\K=�ZFW5�siujn|io��mp{ihpi�th~�®ip�hn|nkl�����R�HP��RMR5�KBFHRM5RMSMI�RMPR�Q��5OMRQ5P�M�S�5�F��eD[bY��5Y�A5��5���B�FJY��5�A5��D[�¥==eY�D[K�¥5��5�AD@F[5�OMR�5��Be>@=?=[bFd=��Be>BbFGFB[DW�V[DWXbFb�B̀�<\Ẁ\@�D[K��FG@BL=[��B[GDF[F[L��Be>B\[Kb�F[�<?DW=�ZFW��bF[L�¥����¥��N��̂�I<��I����I�Z�NA<5�°oi|�RQMH�PS�QM�5�KBFHRM5RMR�I�5̀\=W5OMRQ5MP5M��5
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���� ��	\$	V�ẀE�"����I���	T�I��I��Z	��	b� ���Z��	���	������	X1+	Y.*+/	P�	:O<=9�;?;8�	���=;��P;B8@������;P�O��O�Q��Z�	Q��	V�̀J�	V��	J�	��	f�	!̀I	J���	���	�̀V�	j��	��;O�	
$���$���	U���I� �	��	C��I�̀U�����	���	������	X1+	Y.*+/	P;	:P<=�9��	���=;��P;B8@������;O�P��9�Q�����"��	
�	E��	���	�	��	C������	;>>9�	
��$ $ �� 	f��"�I� 	!�"������	��	����	b������	���"	I��	#��������	���	
$���$���	��	���	������	%&'()*+	&,	])*+K712*+	*)3	]̂ +̂1/3	_K(&+KM1M	P9	:�<=;D;?>B�	���=;��;�;8@�;89̀�PB�:>9<��>�D̀>�Q�����"��	
�	E��	���	�	��	C������	;>>D�	
��$ $ �� 	f��"�I� 	!�"������	��	�����	����=	F�G��� �	��	
�� ���	!����I�����	4)L1(&)0/)7*+	e/2.)&+&5K	mn)17/3	o1)53&0p	;>	:D<=BB9?DB�	���=;��;�D�@	�>9>PPP;>�D8;8BPO������	���	J�	����	l�	Vq�	���	V�	h���Z�	���;�	U���I� �	���	E���"��$��"� �	a�����I���	��	!��\��	b��c���	a���� ��	���	�����	
$���$����	Y21/)71r2	S/̂&(7M	;;	:;<=;?;O�	���=;��;�PD@�O;9>D̀���̀	D���9̀O�

stuvwtxusytxz	{y|wtxz	y}	~yxz	�wv�xwxusyt	xt�	|uszs�xusyt ��





 

71 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Publication II 
 

S. Mozaffari, O. Järvik, and Z. S. Baird, “Composition of gas from pyrolysis of Estonian oil 
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“Yields and the selected physicochemical properties of thermobitumen as an 
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b[{f_Zfdgdh�ruv̀gfZen§gh_cZnZa[[�̀_ZfdgZa_Zk_eb[{[md][bl_e[bdgZa[fghd̂\_Zĥd\_eZ̀b|dgs̀i[̂efZ[dfmea_m[l|s_eituvw]̂d{fb[b\d̂[_cc̀ _̂Z[̂[èmZeZa_g[�̀_ZfdgZa_Zk_eb[{[md][bbf̂[cZm|ĥd\]|̂dm|efefghd̂\_Zfdghd̂�[k�mlZa[̂\dlfZ̀\[ĝ[]d̂Z[bl|xfigfe[Z_mrtyzwr̈d̂Za[̂\dlfZ̀\[geĥd\}̂[[g~f{[̂dfmea��̀_Zfdg���]̂d{fb[bec_ZZ[̂[b̂[èmZe_gbopq{_m̀[eZa_Zk[̂[_ld̀Z�rv�̀gfZem[eeZa_g_cZ̀_m{_m̀[er�a[̂[hd̂[Za[hdmmdkfgj[�[\]m_̂|[�̀_Zfdgk_eb[̂f{[bĥd\Za[̂[h[̂[fghd̂\_Zfdgtuuwhd̂}̂[[g~f{[̂dfmea_m[�� �� �¢��©�����¢¢�������� ¡����¢ª������¤�¥¡�  ���«¬¬®̄°±°²³́µ¶·̧°¹̧º»µ́¼°́²±°½º²±̄°ºµ»º¾º»́µ¶¿¹µ̄°̧À¿Á́µÂÀ°²�a[b[gefZ|n̂[ĥ_cZf{[fgb[�_gba[_Zc_]_cfZ|dhZa[̂\dlfZ̀\[gn_mm_Zv�¦qn_̂[jf{[g�_lm[u¬�a[Za[̂\dlfZ̀\[ga[_Zc_]_cfZ|_Zv�¦q̂[\_fgefgZa[̂_gj[dhu�yvÃp�ijÄs�nl[fgĵ[e][cZf{[m|_ld̀Zy��Åz��Ãp�ijÄs�m_̂j[̂Za_gZa[a[_Zc_]_cfZ|dhs̀i[̂dfmea_m[i[̂dj[gr�a[s̀i[̂efZ[i[̂dj[g�kfZa_ÆuÇd̂j_gfccdgZ[gZ�a_e_a[_Zc_]_cfZ|

\_�f\̀ \{_m̀[_gbZa[ĝ[\_fgecdgeZ_gZ_hZ[̂Za_Zropq̂_Zfdfe_med_ca_̂_cZ[̂feZfc]_̂_\[Z[̂dh_\_Z[̂f_mZa_Zfèe[bfgbfhh[cd̂̂[m_Zfdgehd̂c_mc̀m_ZfgjdZa[̂]̂d][̂Zf[ety�wr�a[̂[hd̂[nĥd\Za[̂[èmZedhZa[dgjdkd̂in_g[_e|�Zd�̀e[[\]f̂fc_m��̀_Zfdg���k_eb[̂f{[bZdc_mc̀m_Z[Za[s̀i[̂efZ[dfmeaZa[̂\_mlfZ̀\[gopq̂_Zfd_e_h̀gcZfdgdh]|̂dm|efeZ[\][̂_Z̀̂[���_gbZf\[���_e�kfZa_g_ledm̀Z[_{[̂_j[b[{f_Zfdgdh�r��̀gfZe��� �� �������������������� ¡�¢��������£�¤�¥¡r  ���r�cd\]_̂fedgkfZâ[m[{_gZ\[_è [̂bopq{_m̀[efejf{[gfg�_lm[y_e_̂[m_Zf{[][̂c[gZbfhh[̂[gc[r��̀_Zfdg���k_e_med̀e[bZdc_mc̀m_Z[Za[opq̂_Zfdehd̂fghd̂\_ZfdgZa_ZZ_i[gĥd\̂[h[̂[gc[ed̀ ĉ[etuunyzwn_mdgjkfZaZa[̂\dlfZ̀\[geĥd\Za[]|̂dm|efe}̂[[g~f{[̂�qdmd̂_bd�_gb�[k�ml_g|dfmea_m[er�a[l[eẐ[èmZek[̂[dlZ_fg[bhd̂��ml_g|Za[̂\dlfZ̀\[g_ZZ[\][̂_Z̀̂[edhyz�¦q_gb���¦qnkfZa_g_ledm̀Z[_{[̂b[{f_Zfdgdh�ruv̀gfZen§gh_cZnZa[[�̀_ZfdgZa_Zk_eb[{[md][bl_e[bdgZa[fghd̂\_ĥd\_eZ̀b|dgs̀i[̂efZ[dfmea_m[l|s_eituvw]̂d{fb[b\d̂[_cc̀ _̂Z[̂[èmZeZa_g
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S. Mozaffari, Z. S. Baird, and O. Järvik, “Sulfur in kukersite shale oil: its distribution in 
shale oil fractions and the effect of gaseous environment” J. Therm. Anal. Calorim., 2022, 
doi: 10.1007/s10973-022-11359-8. 
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The global energy demand is increasing. Fossil fuels are still considered as important energy sources [1]. Among fossil fuels, oil shale has gained lots of interest as substantial deposits are available in the world [2]. Moreover, oil shale reserves in Estonia is estimated to have the equivalent of 2.5 billion tons of shale oil [3,4].

Oil shale is a sedimentary rock containing organic matter (kerogen) [5]. Several countries, such as Estonia, have been using oil shale as their primary source of energy to meet their domestic power and heat demand [6] as well as for power export. Oil shale in Estonia has been also extensively applied to produce shale oil [3], which has been and still is an important export commodity used mostly as marine fuel. Shale oil is produced by means of the pyrolysis process, which takes place at around 500 °C under an inert environment. As a result of thermal decomposition of kerogen, oil vapors and combustible gas are formed [7,8]. In Estonia, the solid heat carrier (SHC) method is mainly used where hot shale ash, which is produced by the combustion of semi-coke (the solid residue left after pyrolysis), is used as the heat carrier. It is mixed with dried oil shale so that shale oil and gas are produced [9]. A greater rate of production, fewer environmental problems, and the possibility of using a low-quality oil shale in pyrolysis have made this technology preferable over others [10]. The aggravation of environmental problems is one of the aspects that has affected and continues to affect the shale oil industry. A burning issue is the relatively high sulfur content of shale oil. The sulfur content of fuels has always been an important aspect of the fuel industry because its presence leads to environmental issues and problems for upgrading processes as well [11]. Also, according to the regulation set by the International Maritime Organization (IMO), since 2015 the sulfur content of marine fuels has to be lower than 0.1% by mass in SOx Emission Control 
Areas [12].

Studying sulfur chemistry has been of great interest from academia to industry. 
The biggest motivator to study sulfur is environmental-related matters. The properties of oil shale depend on numerous factors, such as geographical location, pyrolysis process and so on. As a result, the sulfur in kerogens differ from each other, as well [13]. 
In addition, sulfur chemistry has an impact on the rate of kerogen decomposition, and thus, formation of oil and gas [14]. Consequently, the sulfur content of kerogen plays a key role in determining the sulfur content of the resulting shale oil [15]. Additionally, the extent of the release of sulfur from oil shale is dependent on many factors, such as the reactive medium, retorting temperature, type of pyrolysis process, etc. [16–20].

Information on the impact of different sweep gases (also called purge gas or carrier gas), such as CO2 and steam, on the pyrolysis of Estonian kukersite oil shale is scarce. 
In addition, there is little information available on the effect of various atmospheres on the release of sulfur, both as sulfurous gases as well as sulfur compounds in the shale oil. Therefore, this study was carried out to understand how CO2 and steam plays a role in transformation of sulfur during pyrolysis. Subsequently, a comparative analysis with the conventional method – which is the use of a nitrogen atmosphere – was performed so that a deeper understanding of the impact of CO2 and steam can be acquired. The results presented in this thesis are beneficial for obtaining a comprehensive understanding of the different aspects influencing oil shale pyrolysis and shale oil composition.
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		SHC

		Solid Heat Carrier



		IMO

		International Maritime Organization



		GHC

		Gas Heat Carrier



		TB

		Thermobitumen 



		THF

		Tetrahydrofuran 



		FA

		Fischer Assay



		FTIR

		Fourier-Transform Infrared Spectroscopy



		ASTM

		American Society for Testing and Materials



		TGA-MS

		Thermogravimetric Analyzer – Mass Spectrometer



		DSC

		Differential Scanning Calorimetry



		MW

		Molecular Weight



		RI

		Refractive Index



		GC

		Gas Chromatography



		GC-MS

		Gas Chromatography – Mass Spectrometry



		FPD

		Flame Photometric Detector



		HC

		Hydrocarbon
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		H/C

		Hydrogen to Carbon ratio



		O/C

		Oxygen to Carbon ratio



		SOx

		Sulfur oxides 



		NOx

		Nitrogen oxides 



		Al2O3

		Aluminum oxide



		Pt/Rh

		Platinum-Rhodium 



		wt

		Weight



		U

		Expanded uncertainty



		FeS2

		Pyrite



		FeSx

		Pyrrhotite
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Due to the large quantity of oil shale deposits in the world, oil shale has been considered a potential alternative to petroleum. Oil shale is a complex mixture of kerogen, minerals and water [21]. Oil shale reserves comprise about 35% of the total fossil fuel reserves in the world [22]. This fossil fuel can be used to produce electricity, various chemical products and oil [3]. 

Because of the increase in the use of petroleum resources, as well as the uncertainty in the price of crude oil and its derivative products, interest has arisen in the development of oil shale retorting processes as an alternative resource. Such resources can be of use for energy production in the future although, despite its promise, the oil shale industry face environmental and economic challenges as well. For instance, production of petroleum crude oil is less costly than oil production from oil shale. 
In addition, operational issues appearing in pulverized oil shale combustion system, such as corrosion and fouling, as well as serious environmental pollution difficulties arising from the development of oil shale industry are some of the major problems caused by oil shale industry [21,23,24]. In addition, a low viscosity, low asphalt content and similar properties to crude oil have made shale oil an attractive fossil fuel source in the long run [25]. Furthermore, about 25% of oil shale production in the world is used to make shale oil and combustible gas, which undergo upgrading processes to produce jet fuel, gasoline, light fuel oil, bitumen, coke, phenols, liquefied shale gas, wax, lubricating oil and other products [26]. 

For these reasons, countries such as Estonia, China, and Brazil have been investigating ways to economically and environmentally valorize oil shale  [21]. Speaking of the role of oil shale in Estonia, 60% of primary energy consumption as well as much of the electricity production in the country is supplied by oil shale exploitation [3]. Moreover, several shale oil plants have been built in Estonia in recent years [27]. At the same time, the need to develop more efficient and sustainable methods for oil shale utilization is of high significance in order to improve the performance of the pyrolysis process. It is, therefore, important to analyze and study the pyrolysis of oil shale and its products: oil, gas and solid residue. 	The two types of oil shale in Estonia are Dictyonema argillite and kukersite. However, due to the higher organic matter and lower sulfur content of kukersite, it is the oil shale used in the country [28]. Kukersite oil shale, in general, has low H/C (1.26) and high O/C (0.09) molar ratios, and therefore, it can be classified as Type II oil shale, as shown using the van Krevelen diagram in Figure 1. 
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The classification of kerogen type evaluates the kerogen maturity in regard to burial depth through thermal evolution using elemental hydrogen to carbon (H/C) and oxygen to carbon (O/C) ratios [30,31]. Type I and Type III kerogen are considered to have the highest and the lowest level of thermal maturity, respectively [32]. In addition, some literature had added a type IV kerogen with H/C ratio of below 0.5 in the graph and described that the decomposed organic matter in this type of kerogen is mainly the form of polycyclic aromatic hydrocarbons [32]. It can be inferred from the diagram that the kerogen in kukersite oil shale is from marine organic materials, ocean plankton, and exists in marine sediments. This type of kerogen produces larger amounts oil and gas than Type III, but lower than Type I. However, the sulfur content of some kerogen in Type II is higher than the other types of kerogen in general, thus more specifically categorized as type IIS. The kerogen in beginning of the Type I pathway seems to largely consists of aliphatic whereas, the kerogen at the beginning of Type III contains largely aromatic structures [29–32].

[bookmark: _Toc100321216][bookmark: _Toc100321368][bookmark: _Toc114736164]Pyrolysis 

One primary difference between oil shale deposits and conventional oil and gas reservoirs is that oil shales contain substantial amounts of solid hydrocarbons; namely bitumen (soluble) and kerogen (insoluble) [14]. The pyrolysis process of kukersite oil shale can be generally divided into five steps: 1. At a temperature lower than 150 °C, occlusion of gases and water separation occur, 2. Kerogen decomposition begins at 
170–180 °C, 3. At 320–340 °C, kerogen decomposition and gas formation largely take place, 4. Destruction of polymerization products leading to liquid production happens at 380–390 °C, 5. At around of 415–420 °C, endothermic reactions of coke formation occur [33]. Thus, optimization of the shale oil production process by means of pyrolysis is undoubtedly an imperative goal to achieve, and therefore, the conditions in which the conversion process is undergone have to be investigated. It is worth noting that 40–60% of oil shale organic matter can be turned into shale oil [34].

There are many parameters that affect these conditions such as the retorting technologies, pyrolysis atmosphere, temperature, heating rate, flow rate, and so on [35]. Moreover, the yield of liquid products (oil + water) is affected by the temperature and residence time. In this case, at similar temperatures, longer residence time yielded more liquid products. Likewise, a higher quantity of oil and water were produced when the pyrolysis temperature was increased. Apart from the pyrolysis conditions, the quality of pyrolysis yields such as sulfur content is reliant on the shale formation and dynamics and also on the retorting techniques used [14]. In addition, the characteristics and geological origin of oil shale and the differences in organic matter of the sample affect the properties and chemical composition of the shale oil and gas produced [36]. Overall, it can be deduced that oil shales from different deposits have different characteristics; therefore, the properties of the resulting shale oils differ from each other as well. This was also confirmed by Järvik and Oja in [37], in which some properties of the produced shale oils, such as H/C ratio, MW and density, vary from those of oils from other deposits. Moreover, it can even be perceived that oil shale from the same deposit could result in shale oils with different characteristics if different technologies are used to pyrolyze the sample. In general, shale oil has a higher H/C atomic ratio than other fossil fuels (except for petroleum; 1.9), thus enabling production of a variety of chemicals, as presented in Figure 2. Also, a low H/C ratio shale oil is not suitable for production of high quality gasoline and diesel fuels [34]. 
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[bookmark: _Ref95300794][bookmark: _Toc114835199][bookmark: _Toc95306829]Figure 2. Comparison between the Hydrogen/Carbon atomic ratios in different hydrocarbon materials [34]

To give another example, Figures 1 and 2 in Publication IV, which respectively illustrate the distribution of sulfur in shale oils produced under different technologies and also shale oils from different countries (origins), show that the concentration of sulfur is also strongly affected by many parameters.   

In conclusion, the properties of the shale oil produced are not only related to the technologies used, but are also strongly dependent on the oil shale derivatives and carbonaceous macromolecule as well as the kerogen and bitumen pyrolysis process [38,39]. 

[bookmark: _Toc100321217][bookmark: _Toc100321369][bookmark: _Toc114736165]Kerogen to thermobitumen

Kerogen - the organic matter fraction of oil shale – is a structure containing mainly carbon, hydrogen, oxygen, and low amounts of nitrogen and sulfur [8,21]. Kerogen is a heteropolymer with a high molecular weight that is not soluble in common organic solvents [40]. A proposed model of Estonian kukersite kerogen, which is known to be a marine kerogen, is shown in Figure 3 [41].
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[bookmark: _Ref95923215][bookmark: _Toc114835200][bookmark: _Toc95306830]Figure 3. A model of the proposed structure of Estonian kukersite kerogen [41]

For the kerogen to decompose, it must be exposed to heat. Therefore, to produce shale oil, oil shale has to be thermally pyrolyzed in the absence of oxygen. Moreover, 
the generation of oil and gas begins when the pyrolysis temperature of kerogen is reached [42]. When oil shale is heated, kerogen is first converted to bitumen – a soluble intermediate that has a somewhat similar composition and chemical structure to kerogen – and the formed bitumen is then turned into oil, gas and carbonaceous residues, as well as pyrolytic water. CH4, H2, CO, CO2, H2S, and <C5 are the primary gaseous products of kerogen decomposition released from the shale sample [21,25]. Therefore, pyrolysis is not a single-step process, and several chemical reactions take place through various 
steps for oil shale to convert into shale oil and gas. Based on the proposed mechanism for the thermal decomposition of kerogen, as presented in Figure 4, in the first step, 
the macromolecular organic structure of kerogen and thermally unstable heterocyclic compounds undergo depolymerization and decomposition to form bitumen and gas. 
The kerogen macromolecule is mostly comprised of aliphatic structures [33]. However, during the formation of bitumen, the aliphatic carbons in kerogen tend to crack into oil and gas, due to the poor thermal stability of the aromatic structures and their aromatization. [25,43–45].
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[bookmark: _Ref95923250][bookmark: _Toc114835201][bookmark: _Toc95306831]Figure 4. Proposed mechanism model of carbon transformation in kerogen pyrolysis [43]



[bookmark: _Toc100321218][bookmark: _Toc100321370][bookmark: _Toc114736166] Thermobitumen to pyrolysates

In the next step, the formed bitumen, undergoes decomposition at elevated temperatures and subsequently, oil, gas and semi-coke are produced. Analysis of the carbon residue showed that a large amount of condensed aromatic ring structure is present in the residue. Hence, it can be derived that a great amount of aromatic carbon is concentrated in the carbon residue, which is due to the occurrence of polymerization and condensation reactions. This takes place as the results of volatilization of lighter compounds during the pyrolysis of kerogen, and conversion of aliphatic hydrocarbons into aromatic structure by means of secondary reactions. Therefore, volatile compounds which are formed in pyrolysis process as a result of kerogen cracking end up in shale oil. However, on the other hand, the aliphatic carbon can be further cracked into liquid and gas, as can be inferred from the figure above. This indicates that the oil composition is highly dependent on the chemical structure of kerogen. By contrast, aromatic carbon in kerogen mostly remains unchanged [25,43–45]. In addition, although the composition of shale oil could be affected by the secondary reactions, it is the structure of kerogen that mainly shapes the composition of shale oil. Therefore, the structures in kukersite shale oil are mostly aromatic due to the structure of kukersite oil shale [46]. Besides, another parameter that has effect on the compounds of shale oil, gas and solid residue is 
thermal decomposition process. Furthermore, at every stage of kerogen decomposition, the kerogen solid residue has a tendency toward its most stable form resulting in reduction of the H/C ratio over pyrolysis time. It means that there is a tendency for compounds with higher H/C ratio to escape from oil shale under pyrolysis conditions followed by their subsequent condensation at lower temperatures. Consequently, 
the H/C ratio for the solid residue is the lowest and this value for the gas is the highest.

[bookmark: _Toc100321219][bookmark: _Toc100321371][bookmark: _Toc114736167]Oil shale processing in Estonia

It is about a century that shale oil has been produced in Estonia using 5 main technologies: Kiviter process (vertical retort), Galoter process (solid heat carrier), tunnel ovens, Davidson rotating retorts, chamber ovens and in which excerpt for the first two processes, the rest is not currently used [27,47]. Thus, the oil shale industry in Estonia has had major development historically and plays a key role in supplying the domestic energy of the country [25]. As stated previously, the type of technologies used for processing would have effect on the pyrolysis process, and consequently, the properties of the shale oils products are different, as shown for the sulfur content of the oil produced under various processing technologies in Publication IV. The two types of oil shale in Estonia are Dictyonema argillite and kukersite. However, due to the higher organic matter and lower sulfur content of kukersite it is the main oil shale utilized in the country [28]. Estonian kukersite shale oil contains a considerable amount of oxygen compounds, mainly phenols. Also, its specific properties such as low viscosity and low sulfur content make it favorable for the use as a marine fuel [48]. 

In order for energy and chemicals production, thermochemical conversion technology is considered to be the most suitable method for processing the oil shale [25]. As explained in above, oil shale mostly contains long-chain aliphatic structure while the aromatics are present in small amount therefore, a low-temperature pyrolysis is a suitable to process the oil shale [25]. In low-temperature thermal processing – currently used – oil shale is heated up to 500 °C as opposed to a high-temperature processing method in which the temperature is raised up to 1200 °C (coking) in order for production of city gas [48,49]. 

In terms of retorting technologies, Kiviter and Galoter retorting processes are used nowadays in Estonia. Kiviter process is based on internal combustion technology using recycled gas and air whereas in Galoter, the presence of ash plays a role in transferring heat to the oil shale particles, however it can also increase the possibility of occurrence of secondary reactions resulting in less oil yield [48,50]. It is worth mentioning that nowadays, modified Galoter technologies, called Petroter, Enefit, and TSK-500, are used. These technologies are different from each other in terms of sizing, technical solutions and layouts [49]. Secondary reactions take place as a result of contact between the oil and a hot carrier (gas or solid) [50]. That being said, there is a need to find a balance between the quality and quantity of the produced shale oil when a processing method is selected. 

[bookmark: _Toc100321220][bookmark: _Toc100321372][bookmark: _Toc114736168]Sulfur 

As described previously, oil shale has a complex nature with much heteroatom compounds, therefore, the produced liquid product from oil shale degradation is thermodynamically unstable and contain large amount of sulfur-, oxygen- and nitrogen-containing compounds. Therefore, shale oils have to be processed in order to be used as a liquid hydrocarbon fuel [34]. Investigating the composition and structure of these compounds in shale oil is crucial and the acquired analysis would be very beneficial in its upgrading process [51].

In general, sulfur compounds in oil shale can be classified as organic and inorganic sulfur, elemental sulfur [52], in which are released at different temperatures [53]. Sulfur compounds are present in 3 forms: sulfide, sulfate and organic sulfur [13]. Pyrite and sulfate are the forms of inorganic sulfur compounds [52]. These compounds are present as both aromatic rings or aliphatic-structured functional groups [13]. Thiophenic, sulfoxidic, sulfone, and acidic sulfate fractions comprise the organic sulfur content of Estonian kukersite oil shale kerogen [25]. In addition, benzothiophenes, dibenzothiophenes, thioesters and thiols and also, possibly some disulfides are present in the produced shale oil [54]. 

The sulfur content in Estonian kukersite oil shale is about 2%, and this value for the crude shale oil is about 1% [55]. It is worth noting that some shale oils have higher sulfur content. A major difference between shale oil and crude oil is the quantity of heteroatoms that they contain. For shale oil, the amount of these compounds is much higher than that in crude oil. More specifically, most heteroatomic compounds in shale oil samples are nitrogen and oxygen compounds, while sulfur compounds make up the majority for the petroleum [54]. 

During the pyrolysis of oil shale, sulfur is distributed in the products and can be detected in the oil, gas and semi-coke [56]. In the process, sulfur reacts with minerals and organic matter resulting in the release of sulfur-containing gases such as H2S, COS, SO2 [57]. It is reported that after pyrolysis of Estonian oil shale, majority of sulfur remains in solid residue (50%), while shale gas and oil contain about 35% and 8% of raw oil shale total sulfur, respectively [58]. The presence of such compounds is a big drawback as they act as air pollutants by emitting nitrogen oxides (NOx) and sulfur oxides (SOx) when combusted [2]. In addition, sulfur also plays a role in corrosion of refining equipment as well as poisoning of catalysts. According to [59], the price of oil is largely affected by its sulfur content as well as gravity. For these reasons, their high concentration in the shale oil lowers the quality of the oil and further upgrading processes for refining are required [11].

As mentioned, kukersite shale oil can be used as a component in marine fuels. However, the presence of sulfur is problematic to the environment. For this reason, based on the strict regulations set by the International Maritime Organization (IMO), 
the concentration of sulfur in marine fuels in SOx Emission Control Areas has to be limited to 0.1% by mass since 2015. In addition, starting from 2020, the global sulfur limit was also decreased to 0.5% [12]. Therefore, it would be very beneficial to investigate the liberation of sulfur during the utilization of oil shale and identify the compounds for economic and environmental considerations. This would lead to achieving suitable conditions for obtaining high-quality oil with lower sulfur emission.

In conclusion, even though heteroatoms (sulfur, nitrogen and oxygen) comprise about 15% of Estonian oil shale kerogen [25], they have a large effect on properties of oil and gas products, and therefore, their behavior in the retorting process must not be neglected. For instance, in pyrolysis, the sulfur containing groups are transformed into different compounds and distributed in shale oil, gas and solid residue. Thus, utilization of these products causes harm to the environment and also industrial equipment [60]. 
In addition, the pyrolysis of oil shale is very complex in nature and numerous reactions take place simultaneously. For these reasons, investigating the release of sulfur and its distribution through the pyrolysis products is beneficial for better understanding the pyrolysis mechanism. As a result, the adverse effects on sulfur compounds on applicability of pyrolysis products can be mitigated.

[bookmark: _Toc100321222][bookmark: _Toc100321374][bookmark: _Toc114736169]Objectives

The exploitation of fossil fuels has always been associated with environmental risks. Consequently, the reduction of emissions of CO2 and hazardous pollutants has been an important objective of research. Therefore, reducing the emissions of CO2 is one of the goals of future fossil fuels utilization to meet the strict climate requirements. Developing new technologies as well as new methods in the oil shale sector is closely connected to its environmental footprints. Therefore, seeking a more sustainable way for oil shale valorization to produce shale oil and gas has been of great interest. 

As known, N2 is used as carrier gas in the oil shale industry and CO2 is one of the main by-products released as pyrolysis gas. The focus of this study is the effect of CO2 on pyrolysis products if used as a sweep gas in place of N2. This analysis is done to study the impact of CO2 on the release of sulfur from oil shale and its distribution in the pyrolysis oil and gas. In addition, the effect of humidity by introducing steam to the CO2 and N2 atmospheres has also been investigated so that a more comprehensive conclusion, 
in regard to the effect of various carrier gases, is reached. Therefore, the aim of this study was to investigate the effect of CO2 N2, CO2/steam and N2/steam sweep gases on the shale oil and gas, and also to learn about the behavior of sulfur during the pyrolysis of Estonian kukersite oil shale. Therefore, the objectives are:

· to study the effect of CO2, CO2/steam, N2, and N2/steam on the kukersite oil shale sample during the pyrolysis process,

· to investigate the effect of these sweep gases on the yields and properties of the pyrolysates,

· to perform comparative analysis on the produced shale oil samples,

· to analyze the impacts of the carrier gases on generation of pyrolysis gas, and

· to study the effect of the gaseous atmospheres used in pyrolysis on shale oil sulfur compounds and also the release of sulfurous gases during the pyrolysis process.

The analysis conducted in this work can be useful for taking into consideration the environmental aspects of oil shale utilization processes, such as sulfur related issues and the use of CO2 in pyrolysis.

[bookmark: _Toc100321375][bookmark: _Toc114736170]Experimental

In the experimental part of the thesis, the step-by-step experimental work, measurements techniques as well as the calculation methods used have been discussed. Information on the kukersite oil shale sample used for pyrolysis experiments as well as its preparation for thermobitumen experiments and also information on the shale oil fractions can be found in Publications I and III. This section initially describes the experiment procedure to produce the desired oil and gas samples. Subsequently, all the equipment used to conduct analyses have been given a detailed description of so that this study can be repeated by any researcher. A schematic diagram of the oil shale pyrolysis experiment, and analysis carried out in this study is depicted in Figure 5.
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[bookmark: _Ref95923296][bookmark: _Toc95306832][bookmark: _Toc114835202]Figure 5. Schematic diagram of the analysis carried out in the study 

[bookmark: _Toc100321223][bookmark: _Toc100321376][bookmark: _Toc114736171]Oil shale

The Kukersite oil shale from this study was taken from the Ojamaa mine. Table 1 (Table 1 in Publication I) shows the ultimate and proximate analysis performed on the sample. Furthermore, more comprehensive information about the sample can be found in [58]. From the table, it can be figured that the organic matter of the sample is 28.8%. Also, total organic carbon as well as total inorganic carbon are 19.71%, and 5.83%, respectively. In addition, the H/C (1.26) and high O/C (0.09) molar ratio of the sample shows that the kukersite oil shale is of Type II kerogen classification.













[bookmark: _Ref95922947][bookmark: _Toc114835219]Table 1. Ultimate and proximate analysis for the kukersite oil shale sample (from Publication I)

		Ultimate analysis



		

		Dry basis, wt %

		Organic matter, wt %



		C

		25.54

		69.1



		H

		2.38

		8.3



		N

		0.06

		0.2



		S

		1.73

		2.1



		Cl

		0.15

		0.5



		O

		18.69

		19.8



		Proximate analysis



		Volatile matter

		31.36%



		Moisture content

		0.44%



		Ash content at 950°C

		51.59%



		Fixed carbon

		16.61%



		Lower heating value

		8.89 MJ/kg





 

[bookmark: _Toc100321224][bookmark: _Toc100321377][bookmark: _Toc114736172]Oil shale thermobitumen formation studies

A U-shaped reactor with a volume capacity of 30 ml was built from a stainless-steel pipe (9.4 × 2.3 mm) to pyrolyze the oil shale sample isothermally. The reactor was placed in a preheated convection oven at temperatures of 340 °C, 380 °C, and 420 °C at the rate 
of 20–25 °C/min. The pyrolysis was done under a flow of N2 at about 100 ml/min. 
The pyrolysis took between 15 minutes to 16 hours. Afterward, the weight of liquid products and the solid residue were noted. Additionally, the separation of oil and water was done by means of centrifugal force. After pyrolysis, a Soxhlet extraction with solvent tetrahydrofuran (THF, boiling point 66 °C) was used to extract the TB from the solid residue. The extraction process took until the solvent which passed through the solid residue became colorless (36 and 60 hours). Then, in order to remove the solvent from the TB solution, a vacuum rotary evaporator at a pressure of about 4 mmHg (in a water bath at 95 °C) was employed.

[bookmark: _Toc100321225][bookmark: _Toc100321378][bookmark: _Toc114736173]Fischer Assay (FA)

A particle size of 500–710 μm was sieved from the 50g of the grounded kukersite oil shale sample in order to be used for the experiments in a modified Fischer assay retort. Fischer assay is a standard laboratory method so that yield of an oil shale sample can be estimated. In this method (GOST standard; GOSТ 3168-66) the temperature programs used to heat up the sample in the retort is as follows: 1) from room temperature to 
500 °C at 10 °C/min, 2) rising the temperature from 500 °C to 520 °C in 20 minutes 
(1 °C/min), 3) holding at final temperature (520°C) for 20 minutes. After the test, the weight of the liquid products and solid residue can be obtained weighing and the amount of the produced gas can calculated by difference using the material balance.

Four different sweep gases were introduced into the retort: CO2, CO2/steam, N2, and N2/steam using a tube with the connection on the retort lid. The flow rate in dry CO2 and N2 environments was 21 ml/min and for the test with the water vapor, the water flow and N2/CO2 flow rates were set at 10 ml/min and 0.1 ml/min, respectively. Also, the water was heated up to 150 °C prior to entering the retort. In addition, the retort was flushed with N2 or CO2 an hour before the start of the experiment to make sure the system is under the desired environment. Moreover, to take the possible water loss into account and for the calculation accuracy, three blank runs were made separately with only water.

[bookmark: _Toc100321226][bookmark: _Toc100321379][bookmark: _Toc114736174]Analytical methods

[bookmark: _Toc100321227][bookmark: _Toc100321380][bookmark: _Toc114736175]Elemental analysis

For the oil and TB samples, the elemental analysis was carried out by an Exeter Analytical model CE440 elemental analyzer (Exeter Analytical, Coventry, United Kingdom) to mainly obtain the H/C ratio. Also, a Vario MACRO CHNS Cube system (Elementar Analysensysteme GmbH, Langenselbold, Germany) was used in this study to conduct the elemental analysis on the produced shale oil sample as well the semi-cokes. The expanded relative uncertainty is 1.11%, for carbon, 16.56% for nitrogen, 2.56% for hydrogen, and 5.7% for sulfur element. The sulfur content of FA oil was determined using the above apparatus. However, a Lab-X 3500 Benchtop XRF Analyser (Oxford Instruments, Abingdon, United Kingdom) was employed to determine the concentration of sulfur in shale oil fractions using the ASTM D 4294 method. For the sulfur measurements, the standard uncertainty was estimated to be 0.0024 wt% (expanded uncertainty of 0.0043 wt% at the 95% confidence interval level).

[bookmark: _Toc100321228][bookmark: _Toc100321381][bookmark: _Toc114736176]Fourier-Transform Infrared Spectroscopy (FTIR)

The IR spectra of the shale oil samples was measured using an Interspec 301-X spectrometer provided with an ATR accessory. The spectra analysis of each sample was conducted spectra were analyzed in the wavenumber range of 600–4000 cm−1 at a resolution of 1 cm−1. To make sure that the effect of noise is reduced, for all the samples, an average of 10 scans was used. In this way the repeatability of the measured spectra can be ensured as well. The estimated standard uncertainty and estimated expanded uncertainty (95% level) are 0.00053 and 0.0012 absorbance units (on average), respectively. 

[bookmark: _Toc100321229][bookmark: _Toc100321382][bookmark: _Toc114736177]Differential Scanning Calorimetry (DSC) 

A NETZSCH 204HP Phoenix DSC was used to perform the DSC tests on the oil shale sample in N2 and CO2 atmospheres with similar conditions as FA. Approximately 10 mg of the sample was used to fill the open Al-crucibles. Each test was repeated three times to ensure reproducibility. In addition, this instrument was used to measure the heat capacity of the TBs as well. The test was carried out with 20 mg of TB sample under a N2 flow (40 ml/min) using a sealed Al crucible. More details on temperature program used to perform the test and the equation is given in Publication I.

[bookmark: _Toc100321230][bookmark: _Toc100321383][bookmark: _Toc114736178]Thermogravimetric Analysis – Mass Spectrometry (TGA-MS) 

The TGA-MS tests on the oil shale samples was carried out by a NETZSCH STA 449 F3 Jupiter® TG-DSC coupled with a NETZSCH QMS Aëolos® mass spectrometer under similar conditions as a FA; test atmospheres (CO2, CO2/steam, N2 and N2/steam) and temperature profile. In these tests, Pt/Rh alloy crucibles with removable thin-walled Al2O3 liners were filled with about 8 mg of the shale sample. The coupled mass spectrometer was used to detect and analyze the release trend of the of H2S and SO2 gases through the process of pyrolysis. A detailed explanation of how they were analyzed is available in Publication IV. The value for the normalized intensity of these measurements was calculated to be 0.02. To ensure repeatability, the tests for each atmosphere were done at least three times.

[bookmark: _Toc100321231][bookmark: _Toc100321384][bookmark: _Toc114736179]Density measurement 

To measure the density of TB samples which are solid at room temperature, they were first dissolved in tetralin (anhydrous 99% pure, Sigma-Aldrich); 20–30 wt%. To ensure that the solution was well mixed, it was kept at 60 °C for a couple of hours in a closed vial and then, an ultrasonic bath was used for 20 minutes to assist the dissolution process. The mixing rule equation used to calculate the density can be found in Publication III. Also, the density of the FA oil samples was measured at temperatures of 15 and 20 °C. The standard uncertainty as well as the expanded uncertainty (95% level) of the oil samples measurements were estimated to be 0.00015 g/cm3 and 0.0003 g/cm3, respectively. 

[bookmark: _Toc100321232][bookmark: _Toc100321385][bookmark: _Toc114736180]Refractive Index (RI) measurement 

Similar to density measurement for the TB samples, the prepared solution was used to calculate the RI value as well. Correspondingly, the equation used is shown in Publication I. An Abbemat HT refractometer (Anton Paar GmbH) was used to measure the refractive index of the oil sample at a temperature of 20 °C and a wavelength of 589.592 nm. In this refractometer, the estimated standard uncertainty and expanded uncertainty (95% level) are to be 0.0011 and 0.0021.

[bookmark: _Toc100321233][bookmark: _Toc100321386][bookmark: _Toc114736181]Molecular Weight (MW) measurement 

To measure the molecular weight of the oil samples, a Knauer K-7000 vapor pressure osmometer (Wissenschaftliche Gerätebau Dr Ing Herbert KNAUER GmbH, Germany) was used. The standard uncertainty and the expanded uncertainty (95% level) for this device are estimated to be 7 g/mol and 14 g/mol, respectively. However, for the TB samples, 
an Osmomat 070 (Gonotec GmbH, Germany) was also used to obtain the MW value. 
To prepare a TB solution, a pyridine solvent (99% pure, Sigma-Aldrich) was used. More detailed information regarding the MW measurement can be acquired from Publication I.

[bookmark: _Toc100321234][bookmark: _Toc100321387][bookmark: _Toc114736182] Gas Chromatography (GC)

For the compositional analysis of the produced gas samples, two different gas chromatographs were used. Detailed explanation of how the calibration and analysis was done with the GCs are present in Publication II. To calculate the composition of O2, N2, CO, and CO2, a Shimadzu GC-2014 gas chromatograph (GC1) equipped with a thermal conductivity detector (GC-TCD) and a valve system was used. The quantity of oxygen, nitrogen and carbon monoxide gases were computed using a 3 m packed column with a 5 Å molecular sieve (OD 1/8″, ID 2 mm, 80/100 mesh), and the quantity of CO2 was obtained using a 9 m 25% DC-200/Shimalite packed column (60/80 mesh, OD 1/8″, 
ID 2 mm). The column temperature program is as follows: the program began at a temperature of 35 °C which was kept for 3 minutes isothermally, then increased up to 
85 °C at 5 °C/min (kept isothermally as well for 3 minutes), and was lastly heated at 10 °C/min to a temperature of 125 °C. The total program time was 20 min. The injection temperature was 250 °C and the split ratio was 10:1. The second GC used was a Gazohrom-3101 gas chromatograph (GC2) which was equipped with a thermal conductivity detector used to quantify the composition of H2, CO and CH4. In the GC2, air was used as the carrier gas (at 65 mL/min). It should be noted that the GC1 was also used to determine the amounts of C2 and C3 hydrocarbons. The precise description of how these compounds were analyzed quantitatively is present in Publication II. The relative standard deviation for parallel measurements for the GC1 and GC2 did not exceed 10% and 5%, respectively. 

[bookmark: _Toc100321235][bookmark: _Toc100321388][bookmark: _Toc114736183][bookmark: _GoBack]Gas Chromatography – Mass Spectrometry (GC-MS)

To analyze the sulfur-containing compounds present in the FA oil, an Agilent 7890B gas chromatograph wich was connected to an Agilent 5975C Inert MSD mass spectrometer and Agilent Flame Photometric Detector (FPD) Plus was used. Helium at 0.9 mL/min 
with a purity of 99.9999% was introduced as the carrier gas. The injection of the samples was done by a CTC Combi/GC-PAL 80 autosampler as follows: the injection amount 
was 1 µl at 10:1 split ratio, in which the temperature of an injector was set at 260 °C. 
The initial oven temperature was determined to be 40 °C kept for 5 min. Subsequently, the temperature was rised up to 160 °C at a rate 3 °C/min. Lastly, the temperature of oven was heated up from 160 °C to 280 °C at a rate of 20 °C/min. The duration of the run was 51 minutes. The FPD temperature of the was determined at 300 °C and the flow rates of detector were set at 60 mL/min for hydrogen and air (1:1). In addition, 
the column was a DB Petro with dimensions of 100 m x 250 µm x 0.5 µm. Also, 
the dimensions of the capillary to the MS and to the FPD+ were 1 m x 250 µm x 0 µm and 5 m x 200 µm x 0 µm, respectively. The column was a DB Petro (100 m x 250 µm x 0.5 µm). To detect the sulfur compounds, three shale oils produced under each FA atmosphere was analyzed. The estimated expanded uncertainty (95% level) for each of detected sulfur compound was presented separately. 



[bookmark: _Toc100321389][bookmark: _Toc114736184]Results and discussion

[bookmark: _Toc100321236][bookmark: _Toc100321390][bookmark: _Toc114736185]The effect of sweep gas on pyrolysis yields 

The yields from Fischer assay experiments are presented in Table 2 (Table 2 in Publication I). Since only a small amount of liquid product was produced, providing precise quantitative analysis of oil and water was not possible. Therefore, only a summation of them as a total liquid product was reported. It is worth mentioning that the calculated uncertainty for the liquid and gas is 7% and 13%, respectively.



[bookmark: _Ref95819260][bookmark: _Toc114835220]Table 2. Yields of Fischer assay products on the dry oil shale basis (wt%) in different experiment atmospheres (from Publication I)

		Pyrolysis products

		N2

		N2/steam

		CO2

		CO2/steam



		Oil + Water 

		15.9

		17.2

		16.1

		17.4



		Gas

		6.7

		7.8

		6.8

		7.6



		Semicoke

		77.3

		75.0

		77.1

		75.0





*The estimated expanded uncertainty (95% level) value for the FA tests is 1.1 g.



The results show that injection of steam increased the yield of liquid and gas products. According to Ekinci [61], the higher liquid product yield is mainly because of the prevention of char-forming reactions such as dehydrogenation of alkanes to alkenes and cyclization. As a result, it can be deduced that the weight of the solid residue under steam tests is lower. This could be due to the lower formation of coke and higher production of oil vapor under a steam environment [62]. Steam breaks down the bonds of low molecular weight components attached to the macromolecular part by means of vaporization, desorption, and diffusion processes, and thus, these components are released as volatiles [63]. 

[bookmark: _Toc100321237][bookmark: _Toc100321391][bookmark: _Toc114736186]TGA

Thermal analysis of the oil shale sample was carried out to better perceive the behavior of kerogen decomposition in different sweep gases. For more accurate analysis, atmospheres, and a temperature profile similar to a Fischer assay were used. The mass loss curve from TGA consists of three stages: 1. From ambient temperature to a temperature of 200 °C, in which the mass loss is due to the presence of moisture/water in interlayers as well as clay minerals, and also nahcolite (NaHCO3) decomposition. In this stage, kerogen conversion to bitumen begins, resulting in physical changes, such as softening, and molecular rearrangement. However, the liberation of gas may also take place. In the temperature range of 200–550 °C in which the weight loss is attributed to the hydrocarbon material. In this stage, the mass loss occurs as a result of the decomposition of kerogen and bitumen to produce volatile hydrocarbons. The second stage is the cause of the biggest mass loss in the sample. 3. In stage three, which is above 600 °C, the thermal decomposition of carbonates and clay minerals is the reason for sample mass loss. Moreover, the release of CO because of the reaction of CO2 with char is also responsible for the additional weight loss in the sample [64,65]. 

Figure 6 (Figure 1 in Publication I) compares the mass loss of the oil shale sample in CO2 and N2 as a function of temperature. From the figure, it can be observed that below 200 °C no major mass loss occurred, apart from moisture evaporation. Also, up to about 350 °C the change in the sample mass is similar. However, above 350 °C the decomposition of organic matter takes place to a significant extent and continues until about 520 °C. The sharp slope of mass loss started approximately at 380 °C. This could be due to the decomposition of TB to oil and gas, as discussed in Publication I. The findings show that at around this temperature the formation of TB is maximized. Above this temperature, much of the hydrocarbons are released from the sample. Additionally, a small difference can be seen in that the sample under CO2 experienced a higher mass loss. Even though this occurrence could also be a result of the heterogeneity of the samples, but it was suggested that higher reactivity of CO2 than N2 is due to the role of alkali metals in CO2 and H2O reactions with carbon [66].





[bookmark: _Ref95923406][bookmark: _Toc95306833]

[bookmark: _Toc114835203]Figure 6. TGA curves of the oil shale sample in N2 and CO2 (from Publication I) 

Moreover, Figure 7 and Figure 8 (Figures 2 and 3 in Publication I) analyze the effect of adding steam. As these figures illustrate, steam significantly increased weight loss in both environments. Furthermore, it should be noted that steam also reduces the temperature of pyrolysis. These points were similarly observed in both N2 and CO2 environments. 	





[bookmark: _Ref95923428][bookmark: _Toc95306834][bookmark: _Toc114835204]Figure 7. TGA curves of oil shale pyrolysis in N2 and N2/steam (from Publication I)







[bookmark: _Ref95923437][bookmark: _Toc95306835][bookmark: _Toc114835205]Figure 8. TGA curves of oil shale pyrolysis in CO2 and CO2/steam (from Publication I)





[bookmark: _Toc100321238][bookmark: _Toc100321392][bookmark: _Toc114736187]DSC

The DSC graph obtained for oil shale under CO2 and N2 atmosphere is presented and compared in Figure 9 (Figure 4 in Publication I). As can be seen, the endothermic peak appearing at 150 °C is mainly due to the evaporation of water particles from clay minerals [65].







[bookmark: _Ref95923452][bookmark: _Toc95306836][bookmark: _Toc114835206]Figure 9. DSC graph for the oil shale under CO2 and N2 atmosphere (from Publication I)

At around 200 °C however, a sharper peak shows up as kerogen begins to convert into bitumen. This happens as the kerogen molecular structure softens and changes resulting in depolymerization of kerogen. This can be explained by the cracking process of thermally unstable heterocyclic compounds followed by the release of gases and light hydrocarbons [66,67]. The downtrend peak after completion of pyrolysis is observed and the heat requirement is lowered. It can be inferred from the CO2 and N2 DSC trends that the curves behave similarly and the type of gas did not have a noticeable effect on the thermal behavior during pyrolysis. 

[bookmark: _Toc100321239][bookmark: _Toc100321393][bookmark: _Toc114736188]The effect of sweep gas on shale oil

[bookmark: _Toc100321240][bookmark: _Toc100321394][bookmark: _Toc114736189]Composition and properties 

[bookmark: _Hlk94097590]The ultimate analysis of the produced shale oil under Fischer assay are presented in Table 3 in Publication I. Oils produced in N2, and CO2 do not vary much; however, for the oils produced under steam, a higher H/C ratio is obtained. This means that more aliphatic compounds are present in the oils produced in the steam environment [68]. Additionally, looking at the shale oil compositions, it can be understood that N2 and CO2 gases did not have a big impact on the amount of nitrogen in the oils, whereas steam reduced the amount of nitrogen in the oil (up to 0.05%). Different explanations have been brought for this. The reduction of nitrogen could be since nitrogen is largely present in aromatic molecules, which are more stable thermodynamically in thermal cracking processes [69,70]. As explained previously (as presented in Publication I), shale oils produced under steam are aliphatic-richer compared to dry N2 and CO2 atmospheres. Therefore, steam oil contains lower amounts of aromatics, and thus, a lower nitrogen content. Additionally, very light fractions produced in a steam environment contain low amounts of nitrogen [71]. Furthermore, according to Nazzal [72], this could occur as steam partly reacts with organic nitrogen and reduces the nitrogen of the derived oil. In addition, some physical properties of the oils, such as molecular weight, density, and refractive index, have been measured and are shown in Table 4 in Publication I. 

Combining the analysis of data in Tables 3 and 4 in Publication I, it can be concluded that the use of CO2 or N2 had some impacts on the yield of pyrolysis products as well as the composition of the corresponding oils produced. However, the introduction of steam into a pyrolysis atmosphere not only enhanced the oil and gas production but also produced an oil with lower nitrogen content. This is in accordance with the literature that by adding steam, an increase in the ratio of H/C was observed, Therefore, a higher amount of gaseous products was produced, and also the quantity of solid residue was smaller [73]. Additionally, it can be inferred from Table 4 in Publication I that the density of the oils produced under steam atmosphere increased while the MW decreased. This explains that the MWs of the produced oils in steam environments do not greatly vary from the other oils and therefore, their difference falls within the reported expanded uncertainty. 

Since the presence of sulfur is of high importance, and also the aim was to compare the effect of different atmospheres on concertation of several common sulfur compounds, therefore, presence of some of these compounds were identified and analyzed quantitatively using GC-MS-FPD. Subsequently, the results of the analysis are presented in Table 1 in Publication IV. The expanded uncertainty for each compound is calculated and presented in the last column. 

The identified peaks detected in the oil chromatograms included were mostly the largest peaks present. Therefore, it can be deduced that the majority of the sulfur compounds in the shale oil samples are thiophene derivatives. Their thermal stability is the main reason that they comprise most of the sulfur compounds in the oil [51]. 
It should also be noted that the structure of the original kerogen plays a part as well. Moreover, it can be noticed that the concentration of some compounds in CO2 is higher than that of in N2. Although, for other compounds the slight difference seems to be too small to be significant. This implies that the concentration of sulfur compounds in the shale oil could possibly be increased when CO2 is used as a sweep gas. Furthermore, the effect of steam on the concentration of these compounds is presented as well. 
The analysis of the data shows that introduction of steam greatly increases the concentration of sulfur compounds in the oil samples. Therefore, it can be deduced that reactive gases enhance the transformation of sulfur compounds from the oil shale sample to shale oil and gas (the sulfurous gas is discussed later). In addition to the compounds above, the content of H2S and SO2 were analyzed as well. The results show that an abundant amount of these compounds was dissolved in the oil. The release of these gases was studied in Publication IV. Consequently, it can be found that at lower temperatures most of oil shale sulfur is turned into dissolved gases (mainly H2S), different forms of thiophene and other thermostable heterocyclic compounds [74]. 

FTIR

Similar to TGA analysis, a comparative analysis of the FTIR spectra for oil samples from all atmospheres has been done as well. Detailed information on assignments for each absorbance peak in spectra can be found in Publication I and in the literature [75,76]. Figure 10 (Figure 5 in Publication I) illustrates the FTIR spectra for the oils produced in CO2 and N2.





[bookmark: _Ref95923471][bookmark: _Toc95306837][bookmark: _Toc114835207]Figure 10. FTIR spectra of CO2 and N2 shale oils (from Publication I)

As can be seen from the figure, the peaks for the CO2 sample in the range of 
700–1000 cm–1 are lower than those of the N2 sample. Likewise, the CO2 curve in the region 3200-3600 cm–1 is smaller. These indicate that fewer hydroxyl groups were present in the oil produced in CO2 atmosphere. Furthermore, in pyrolysis oil produced under CO2, the intensity of the aliphatic peaks at 2750–3000 cm–1 is larger than that of the N2 sample. This suggests that the use of CO2 as a sweep gas produced oil which is richer in aliphatic compounds. On the other hand, the oil from N2 pyrolysis has greater peak in aromatic regions (700–1200 cm–1, 1600–1650 cm–1), thus a more aromatic oil was produced. This agrees with our earlier result when the H/C of the shale oil under N2 was lower, indicative of more aromatic oil. This could be due to the increase in the concentration of existing aromatics, and also aromatization of aliphatic compounds in the shale oil [50].

Figure 11 and Figure 12 (Figures 6 and 7 in Publication I) illustrate the FTIR spectra of the oils produced under steam when injected along with the N2 and CO2. Comparing the effect of steam in both, it can be perceived that steam did not have a big impact on the hydroxyl group content of the oil. Moreover, when steam was added to N2, the intensity of aliphatic peak slightly increased, whereas the corresponding peak in CO2/steam shows a slightly lower peak than that of the CO2 sample, however, the H/C ratio was obtained to be higher. This could be as a result of uncertainty in measurement. Furthermore, 
at the band region 700–1700 cm−1, steam has an adverse effect on the intensity of the alkene and aromatic C–H bonds peaks when injected along with the N2, whereas introduction of steam to CO2 does not cause a great change in these chemical structures of the oil, as compared to dry CO2.







[bookmark: _Ref95923490][bookmark: _Toc95306838][bookmark: _Toc114835208]Figure 11. FTIR spectra of N2 and N2/steam oils (from Publication I)





[bookmark: _Ref95923498][bookmark: _Toc95306839][bookmark: _Toc114835209]Figure 12. FTIR spectra of CO2 and CO2/steam oil (from Publication I)

[bookmark: _Toc100321241][bookmark: _Toc100321395][bookmark: _Toc114736190]The effect of sweep gas on pyrolysis gas composition

Studying the release of gaseous products and their evolution during the pyrolysis of oil shale is beneficial for better understanding their behavior throughout the process and their dependency on the temperature. This could be helpful to find out more about the mechanism of oil shale decomposition. Table 1 and Table 2 in Publication II show the compositional analysis of gas samples taken at different temperatures during oil shale pyrolysis. Moreover, analyzing them provide important information about the evolution of hydrocarbon gases. In addition, a detailed analysis of the effect of steam on production of gases can also be gained.  As can be seen, small amounts of non-condensable 
gases were produced before 400 °C, however, most of the gas was produced after this temperature. According to Campbell et al. [77], in the conversion process of kerogen to bitumen, not much oil and gas are produced, and hydrocarbon production mainly occurs after TB is produced. This result was obtained in this study as well. 

Looking at the tables above, additional information such as the alkenes/alkanes ratio is provided. The alkenes to alkanes ratio can be helpful to determine reaction mechanisms and indicates pyrolysis conditions [78,79]. It has been stated by researchers that occurrences of secondary cracking reactions are the reason that the alkenes/alkanes ratio is increased [78–80] and coking reactions are the cause of a smaller ratio [81]. 
The results show that the ratio initially increased and then decreased through the pyrolysis process. Also, steam generally increased the ratio when present in the pyrolysis atmosphere. The increase in composition of C2 and C3 hydrocarbons is mainly because of the oil vapor cracking during kerogen decomposition at higher temperatures resulting in breakage of C–C bond cleavage [50]. According to Williams and Nazzal [82], the occurrence of vapor phase cracking reactions is enhanced under steam. Therefore, higher oil production is due to the role of steam in increasing the secondary vapor phase cracking reactions and also, decreasing the secondary coking reaction.

Also, to easily analyze the evolution of such gases in different environments, the data in the table were drawn as a bar chart. Figures 13–15 (Figures 1–3 in Publication II) display the evolution of HC gases, alkane gases and alkene gases, respectively.



[bookmark: _Ref95923528][bookmark: _Toc95306840][bookmark: _Toc114835210]Figure 13. Evolution of HC gases during the pyrolysis in all test atmospheres (from Publication II)



[bookmark: _Toc114835211]Figure 14 Evolution of alkanes (from Publication II)



[bookmark: _Ref95923551][bookmark: _Toc95306842][bookmark: _Toc114835212]Figure 15. Evolution of alkenes (from Publication II)

Figure 16, 17 and  18  ( modified Figures 5–7 in Publication II) present the trends for the yields of CO, H2 and CH4 during the pyrolysis process of oil shale. The sampling of the gas was carried out offline and the gas samples were taken only when the retort temperature reached the target temperature, as shown in changes of gas compositions during the pyrolysis process in Publication II.

Formation of gases in the pyrolysis process consists of three stages: initially and in the temperature range of up to 340 °C, breaking of weak chemical bonds like C−O and −OH as well as decomposition of oxygenated chemical compounds takes place, mainly resulting in the production of pyrolysis water, CO2 and CO gases. Furthermore, at higher temperatures, C−C and C−H chains bonds are broken down. Also, the generation of H2 and C1−C5 organic gases occurs, and the production of water, CO2, and CO reduce. Eventually, the generation of gases is mostly maximized in a temperature range of 
450–500 °C [25].



[bookmark: _Ref95923592][bookmark: _Toc95306843][bookmark: _Toc114835213]Figure 16. Expected evolution trend for CO during pyrolysis (from Publication II)



[bookmark: _Ref95923610][bookmark: _Toc95306844][bookmark: _Toc114835214]Figure 17. Expected evolution trend for H2 during pyrolysis (from Publication II)



[bookmark: _Ref95923629][bookmark: _Toc95306845][bookmark: _Toc114835215]Figure 18. Expected evolution trend for CH4 during pyrolysis (from Publication II)

As the results of Table 2 in Publication III indicate, at temperatures less than 340 °C, since the pyrolysis temperature is low, not much kerogen was yet converted to TB, and therefore, only small amounts of oil and gas were produced. However, as temperature increased, more TB was formed due to a more complete conversion path of kerogen-TB. The result show that the maximum amount of TB was formed at 380 °C (47% of organic matter). It can be deduced that the production of oil and gas just begins once TB production is initiated and increases at higher temperatures. The sharp slope of gas curves starting at around 400 °C is primarily because of maximum kerogen decomposition to TB, which occurs along with the oil generation. Therefore, the formation of TB and its decomposition to produce oil and gas take place simultaneously [25]. By increasing the temperature and looking at the finding of TB formation at 420 °C, it can be derived that most of the organic matter (56–59% of organic matter) was converted into oil and 
water. This then can be compared with the oil production in pyrolysis of kukersite oil shale in a Fischer assay retort which yielded about 60% of organic matter (discussed in Publication III).

From the figures and tables in Publication II, some important information from the peak of gas evolution can be obtained. It appears that the majority of the gas produced at oil evolution temperatures (400–450 °C) in N2 and N2/steam atmospheres is CO2. However, at higher temperature, more CH4 was produced in N2/steam. In CO2 and CO2/steam atmospheres, alkanes (mainly CH4) greatly evolved prior to the beginning oil evolution up to the temperature of 500 °C. It can also be noted that before oil evolution (kerogen to TB formation) – small amount of H2 was produced and main generation of H2 gas when TB decomposition begins. Moreover, it seems that the yield of H2 production was independent of the presence of steam in the environment. 

Furthermore, the figures show that the CO, H2 and CH4 evolution peaks approximately appears at 400–450 °C, 480–510 °C and 500 °C, respectively. Although, the precise value could not be reported due to the offline gas sampling, the obtained values are consistent with literature data to a great extent [83]. The higher yield of CH4 in steam can be primarily due to the reaction of steam and hydrocarbon gases to form oxygen and methane. As opposed to H2 and CH4, in which their production increased at higher temperatures, it was observed that the amount of CO started to decrease before reaching 500 °C. Moreover, the peak of CO production is almost at its highest when oil generation takes place. Having compared the effect of CO2 and N2 environments, it can be seen that the yields of CO, H2 and CH4 markedly increased under a CO2 environment (except for CH4 at about 500 °C). The reaction between the produced water as well as the added steam with the char which results in generation of H2 and CO gases can affect the amount of the yielded CO. Besides, the reaction of steam and CO produce H2 and CO2 in the water gas shift reaction. It can also be noticed that in general, addition of steam to N2 increased the production amount of CO, H2 and CH4, whereas CO2/steam reduced the concentration of these gases as compared to dry CO2. According to [42,72,80,83,84], 
the following reactions are suggested to indicate the effect of steam in the pyrolysis process: 

1)  (water or char steam reaction)

2)  (water shift reaction)

3)  (producer gas reaction)

4)  (mineral carbonate decomposition) 

5)  (hydrocarbon-steam reaction)

6) 

In an N2 environment, reaction (1) may occur as pyrolyzed water is produced during pyrolysis 450–500 °C. Therefore, reaction (2) may take place simultaneously along with reaction (1) in the retort. Through these reactions, the pyrolyzed water could produce molecular hydrogen. At higher temperatures, since more pyrolyzed water is produced, and due to the decomposition of mineral carbonates, the equilibrium of reactions (2), (4), and (5,6) would shift to the right. In N2/steam atmosphere, due to the presence of steam and its reaction with the carbonaceous residue, CO2 is produced by means of reactions (2), (4), and (5,6). However, Dung [85] suggests that steam gasification of hydrocarbon (water gas-shift reaction + steam reforming of hydrocarbon reaction) is also responsible for the quantity of CO and H2 during the pyrolysis process: 

7) 

The decrease in the trends of all curve during last phase of the test at 520 °C is because the shale sample was spent, and therefore, less hydrocarbons were produced.  

[bookmark: _Toc100321242][bookmark: _Toc100321396][bookmark: _Toc114736191]Sulfurous gases

[bookmark: _Hlk94512794]The intensity of the release trend for H2S and SO2 gases during the pyrolysis process has also been investigated to analyze how different atmospheres affect the release of sulfur in the process. This type of analysis can be used for the optimization of sulfur removal processes. The forms of sulfur in the kukersite oil shale sample used by wt% are as following: Stotal : 1.72, Spyrite: 1.1, Ssulfate :0.13, Sorganic :0.49 [58]. Figure 19 and 20 (Figures 3 and 4 in Publication IV) show the trend for the release of H2S and SO2 gases when pyrolysis was done in different environments. The intensity of the curves was normalized per sample mass used. The detailed information on how curves were drawn, and also 
the normalization was done can be found in Publication IV. By comparing both graphs, it can be observed that the relative intensity of H2S is much higher than SO2 intensity. This means that at lower temperatures, H2S generation is greater thus, accounting for the release of most of the sulfurous gas during pyrolysis [86].



[bookmark: _Ref95923704][bookmark: _Toc95306846][bookmark: _Toc114835216]Figure 19. Evolution trend of H2S gas during the pyrolysis process (the measurement uncertainty was displayed dotted line, meaning that below this line the results can possibly be noise) (from Publication IV)

The formation of H2S in Figure 19 the effect of employing a reactive gas in the pyrolysis environment as compared to an inert gas. Having compared the release of H2S in CO2 
and N2, it can be noticed that the release of sulfur is greater when a CO2 atmosphere is used. An increase in H2S intensity could mainly be a result of higher reactivity of CO2 during the pyrolysis process [87]. Additionally, looking at the trends obtained from the steam atmospheres indicates that the presence of steam enhances the formation of H2S. This is due to the occurrence of reactions between steam and pyrite based on the following suggested reactions [16,18] as also given in Publication IV:

8) 

9)  

10) 

11) 

12)  

13)  

14) 

15) 

16) 

17) 

Reactions 8–14 and 15–16 take place as a result of sulfur reacting with steam and H2, respectively. Therefore, more H2S gas is formed. Reaction 17 indicates the conversion of pyrite to elemental sulfur due to the decomposition process, thus releasing more sulfur from the sample. Pyrite initially decomposes to pyrrhotite (FeSx) as an intermediate step [88]. In addition, it can be perceived from the curves that steam increases the release of sulfur compounds from oil shale and also decreases the temperature of their release as well. This means that the release temperature of sulfurous volatile compounds for N2 and CO2 occur at about 440 °C and 410 °C, respectively. While the addition of steam to the dry sweep gas lowers the peak temperature to below 400 °C. On the other hand, it seems that for the dry gases, the H2S formation initiates slightly above 300 °C, whereas under steam, it takes place at temperatures between 200 °C and 300 °C.



[bookmark: _Ref95923684][bookmark: _Toc95306847][bookmark: _Toc114835217]Figure 20. Evolution trend of SO2 gas during the pyrolysis process (the measurement uncertainty was displayed dotted line, meaning that below this line the results can possibly be noise) (from Publication IV)

[bookmark: _Hlk97106761]Figure 20 exhibits the intensity for the generation of SO2 registered in different atmospheres. Similar to H2S, the intensity rose by increasing the temperature. At higher temperatures, due to the higher reactivity of oxygen-bearing groups, more SO2 was formed [89]. Also, the figure demonstrates that SO2 formation did not vary much by changing the sweeping gases at low temperatures. This suggests that below 500 °C the effect of CO2 as well as steam on the yield of SO2 is not significant. Additionally, it can be deduced that SO2 just begins to form at about 300–350 °C, meaning that the yield of SO2 is small at temperatures below 400 °C. The analysis of SO2 evolution at temperatures above 400 °C indicates that due to the oxidizing effect of CO2, the abundance of SO2 under CO2 and CO2/steam environments was found to be higher. The following reactions may be used to describe this phenomenon in a CO2 atmosphere [87,88] as also included in Publication IV.

18) 

19) 

20) 

21) 

In Figures 19 and 20, the bigger peaks  at higher temperatures could be a result of overlapping two peaks: aliphatic and elemental sulfur species decomposition taking place at about 330 °C, which was later enhanced by decomposition of aromatic and pyritic sulfur [53]. As mentioned before, the sample contains significant amounts of pyrite sulfur. Also, SO2 is mainly formed when oxygen-containing compounds react with pyrite and unstable elemental sulfur. However, when hydrogen radicals are present, which are abundant in the presence of steam – they tend to react with the pyrite and elemental sulfur to generate H2S [52]. It should also be stated that reactions 8–14 may also occur in dry atmospheres as well. However, since in CO2 and N2 environments, the formation of water as a by-product in pyrolysis is not as large as in steam atmospheres, therefore the effect of these reactions is smaller accordingly. In addition, in the presence of water, the sulfur gases escape the sample at a higher rate as compared to when their presence is small because the lower molar mass of H2O causes an increase in the diffusion rate of sulfur gas [88].

[bookmark: _Toc100321243][bookmark: _Toc100321397][bookmark: _Toc114736192]Analysis of sulfur in semi-coke

In order to further understand the effect of various sweep gases, elemental analysis measurement was also conducted on the semi-coke samples. This data is presented in Table 3 (Table 3 in Publication IV). As can be seen, the use of reactive gases (CO2 and steam) increased the release of sulfur from the oil shale sample. Thus, the presence of a lower amount of sulfur in the semi-coke.



[bookmark: _Toc114835221]Table 3 Elemental analysis of semi-cokes in various sweep gases, wt% (from Publication IV)

		Pyrolysis atmosphere

		N

		C

		H

		S



		N2

		0.04

		13.55

		0.24

		1.80



		CO2

		0.04

		13.88

		0.28

		1.76



		N2/steam

		0.04

		13.74

		0.29

		1.67



		CO2/steam

		0.04

		13.86

		0.27

		1.65





*The expanded relative uncertainty (95%): Carbon (1.11%), Nitrogen (16.56%), Hydrogen (2.56%) and Sulfur (5.7%).

Table 4 (Table 4 in Publication IV) provides data on how sulfur is distributed in pyrolysis products when different sweep gases were employed. The amount of sulfur in the pyrolysis gas was calculated using the mass balance equation. From the table, it can be deduced that most of the sulfur during the pyrolysis process remains in the solid residue. 
In addition, looking at the produced shale oil and gas, it can be seen that a large amount of liberated sulfur was released as non-condensable gases. Furthermore, a conclusion that can be drawn is that employing steam noticeably increased the release of sulfur from the oil shale sample.



[bookmark: _Toc114835222]Table 4 Sulfur Distribution in pyrolysis products under various sweep gases, wt% (from Publication IV)

		Sulfur balance

		Semi-coke

		Shale oil

		Gas



		N2

		80.5

		7.7

		11.8



		CO2

		78.4

		8.2

		13.4



		N2/steam

		72.2

		8.4

		19.4



		CO2/steam

		71.5

		8.0

		20.5







[bookmark: _Toc100321398][bookmark: _Toc114736193]Conclusion

The aim of this work was to investigate the effect of N2, CO2, and their mixtures with steam on the produced shale oil and gas. Also, the impact of different sweep gases on the release of sulfur and its distribution in the pyrolysis products were also investigated. Performing such studies is very beneficial in achieving a suitable condition for the pyrolysis process by taking environmental problems into consideration. Optimal conditions lead to production of shale oil with a lower sulfur content, resulting in eliminating expensive sulfur removal processes and also lowering the emissions of sulfur to the environment. This is an effective way to develop new technologies and optimize new methods for shale oil and gas production plants with respect to the importance of both quality and quantity.

To the author’s knowledge, previous work on Estonia kukersite oil shale was conducted in an N2 atmosphere and the use of CO2 or steam as a sweep gas was not investigated. For that purpose, a modified Fischer assay method was used to pyrolyze an Estonian kukersite oil shale sample under different sweep gases: CO2, CO2/steam, N2 and N2/steam so that a broad comparative analysis could be carried out to investigate their effects on the oil and gas produced. In order to do so, various apparatus and techniques were employed to analyze the samples; mainly, GC, DSC, TGA-MS, GC-MS, and FTIR. 
The results demonstrate that, compared to N2, the introduction of dry CO2 produced more liquid products. Also, analyzing the curves from TGA indicates that CO2 could possibly enhance the weight loss in the oil shale sample as a result of oxidation, although the difference is slight. In addition, studying the effect of steam showed that the sample mass loss under steam was observed to be considerably higher, which means that more of the oil shale is converted into hydrocarbons, thus giving a higher yield of liquid and gaseous products. Moreover, the concentration of some of the sulfur compounds was increased in the shale oil sample produced in CO2 atmosphere as compared with N2. However, the corresponding values for the shale oils produced in the presence of steam were significantly higher in comparison with the dry sweep gases. Besides, the analysis of all shale oil samples showed that some physical properties (MW, RI and density) are similar; however, their chemical structure was somewhat influenced by the type of carrier gas employed. 

Furthermore, the trends for the release of C1–C3 hydrocarbons, H2, CO as well as sulfurous gases (H2S and SO2) were also investigated in all atmospheres. The results indicate that CO2 enhanced the generation of CH4, CO, alkanes and hydrocarbon gases, as compared to N2. However, addition of steam to CO2 and N2 atmospheres had different impacts on the formation behavior of these gases. Even though, N2/steam increased the concentration of the above-mentioned gases, this was not the case for the CO2/steam atmosphere. It was also perceived that the generation of H2 gas was independent of the type of sweep gas used in pyrolysis at low temperatures. Based on the analysis of data on H2S and SO2 generation, it was found that CO2 had a major influence on the release of SO2 due to its oxidizing effect. Additionally, it was deduced that the least amount of H2S was released in an N2 atmosphere while the presence of steam increased the formation of H2S in the process.

Overall, carbon dioxide is one of the products of pyrolysis, which is released as a gas during oil shale pyrolysis. The results in this work show at temperatures up to 500 °C, the results obtained for CO2 as a carrier gas in pyrolysis process is similar to when N2 is used in the reactor. Therefore, the use of CO2 in the pyrolysis process would be very helpful to understand further the effect of a different sweep gas on pyrolysis products. Also, the use of CO2 can help reduce the carbon footprint of oil shale industry by eliminating the cost as well as the energy spent on generating N2 to create an inert atmosphere. Consequently, although viability and feasibility of the use of CO2 gas in oil shale industrial processes still requires further research, preliminary results indicate that employing CO2 as the pyrolysis atmosphere has led to promising outcomes in oil and gas generation. Also, carrying out analysis on the effect of steam in general indicated that it has a significant effect on the production of shale oil and pyrolysis gas. Additionally, the result from the analysis of the semi-cokes showed the use of reactive gases (mainly steam) in general increases the release of sulfur from the oil shale sample during pyrolysis. 

In order to further understand the effect of different sweep gases on the oil shale pyrolysis process – apart from applying different parameters – it would be helpful to analyze the transformation of various compounds such as oxygen and nitrogen compounds. Also, to gain more comprehensive information on the reactivity and effect of these gases, a deep analysis on the resulting semi-cokes is also important. Such analysis would offer insight into valorizing the oil shale in a more environmentally friendly way.
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Effect of different sweep gases on sulfur behavior during pyrolysis of kukersite oil shale

The exploitation of oil shale, and also development and advancement of technologies in this sector have made Estonia one of the foremost oil shale utilizers in the world. Currently, the processing of oil shale in Estonia is conducted at a low temperature by heating up the oil shale to 500 °C. 

Generally, pyrolysis of oil shale under nitrogen and/or steam in different process conditions has been widely studied by many researchers. However, studies on pyrolysis of oil shale in CO2 seem to be rare. Therefore, a kukersite oil shale sample from Estonia was pyrolyzed using a Fischer assay method, and its behavior in N2, N2/steam, CO2, and CO2/steam atmospheres was investigated. For that purpose, many techniques and analytical methods, such as differential scanning calorimetry, gas chromatography, Fourier-transform infrared spectroscopy, and thermogravimetric analysis – mass spectrometry, were used to analyze the shale oil and gas generated during the pyrolysis. In this study, the effect of aforenoted sweep gases on the produced shale oil and gas were comprehensively investigated, and their impact on the release and distribution of sulfur in the pyrolysis products was also analyzed. Performing such analysis would be beneficial to achieve a deeper understanding of the decomposition process of oil shale and provide information about the changes in composition when different environments are applied. 

In this study, C1–C3 gases, H2, CO2, CH4, and CO, as the main gaseous products of pyrolysis, were quantified and their expected formation during the process was subsequently discussed. Also, the trends in the evolution of H2S and SO2 gases formed were presented. The results showed that the addition of steam to N2 generated more alkanes and in general total hydrocarbon gases than dry N2, whereas, in CO2, the injection of steam had the converse effect and reduced the formation of these gases. Analysis of the release of sulfurous gases showed that steam promoted the generation of H2S and SO2 in the gas and increase their concentration in the oil as well, confirming the role of steam in enhancing the volatilization of sulfur compounds.

In addition, analysis of several sulfur compounds in the shale oil samples showed how different sweep gases could affect their concentration in the oil. In comparison with N2, CO2 increased the concentration of some of the sulfur compounds in shale oil. Moreover, an analysis of the produced shale oils was carried out to compare their molecular structure. It was found that in the CO2 atmosphere the formed shale oil had a more aliphatic composition whereas the aromatic peak for oil produced in the N2 atmosphere was higher. Moreover, the addition of steam to N2 and CO2 showed different behaviors. In N2, steam decreased the intensity of the alkene and aromatic C-H bond peaks, while in CO2, the change was slight. Additionally, the measurements carried out on several properties of the produced shale oils (Elemental analysis, MW, RI, and density) showed fairly similar results. 

Combining the oil and gas analysis results, it can be perceived that introduction of reactive gases could have a significant effect on the final products. Based on the results of the current study, it can be concluded that CO2 behaves as an inert gas in pyrolysis temperatures below 500 °C and could therefore be used in place of N2 as a sweep gas in the pyrolysis atmosphere. 
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Pürolüüsikeskkonna mõju väävli käitumisele kukersiitse põlevkivi pürolüüsil

Uute tehnoloogiate kasutusele võtmine ja arendamine põlevkivitööstuses on muutnud Eesti juhtivaks põlevkivi väärindavaks ja kasutavaks riigiks maailmas. Praegu on Eestis põlevkivi peamiseks väärindamise viisiks tema pürolüüs temperatuuridel ligi 500 °C.

Üldiselt on põlevkivi pürolüüsi lämmastiku ja/või auru keskkonnas erinevates protsessitingimustes paljude teadlaste poolt laialdaselt uuritud. Uuringuid põlevkivi pürolüüsi kohta CO2 keskkonnas on aga vähe. Käesolevas töös uuriti kukersiitse põlevkivi pürolüüsi laboratoorses Fischeri retordis N2, N2/aur, CO2 ja CO2/aur atmosfäärides. Saadud pürolüüsisaaduste analüüsimiseks kasutati erinevaid tehnikaid ja analüütilisi meetodeid, nagu diferentsiaalne skaneeriv kalorimeetria, gaasikromatograafia, Fourier teisendusega infrapunaspektroskoopia, termogravimeetriline analüüs koos massispektromeetriaga jne. Põhjalikult uuriti eelnimetatud gaasikeskkondade mõju pürolüüsil saadavale põlevkiviõlile ja pürolüüsigaasile. Samuti analüüsiti gaasikeskkondade mõju väävli eraldumisele ja jaotumisele pürolüüsiproduktides. Sellise analüüsi läbiviimine on vajalik põlevkivi pürolüüsiprotsessi sügavamaks mõistmiseks, et hinnata erinevate keskkondade rakendamise mõju pürolüüsisaaduste koostisele.

Selles uuringus kvantifitseeriti C1–C3 süsivesinikud, H2, CO2, CH4 ja CO, kui peamised pürolüüsil tekkivad gaasilised produktid ning käsitleti nende eeldatavat moodustumist protsessi käigus. Samuti käsitleti töös pürolüüsil tekkiva H2S ja SO2 eraldumise suundumusi. Tulemused näitavad, et auru lisamine N2-le pürolüüsikeskkonnas soodustas võrreldes kuiva N2 keskkonnaga süsivesinikgaaside teket, samas kui CO2 keskkonna puhul oli auru lisamisel vastupidine mõju. Aur pürolüüsikeskkonnas soodustas H2S ja SO2 teket, mistõttu nii pürolüüsigaasis kui ka õlis nende kontsentratsioonid kasvasid, kinnitades veeauru olulist rolli väävliühendite lendumise suurendamisel.

Väävliühendite analüüs põlevkiviõli proovides näitab kuidas erinevad gaasikeskkonnad võivad mõjutada nende kontsentratsiooni õlis. Võrreldes N2 keskkonnaga suurendas 
CO2 osade väävliühendite kontsentratsiooni põlevkiviõlis. Põlevkiviõlis sisalduvate funktsionaalsete rühmade analüüs näitas, et CO2 atmosfääris moodustunud põlevkiviõli koostises oli rohkem alifaatseid rühmi, samas kui N2 atmosfääris tekkivas õlis oli aromaatsete rühmade sisaldus suurem. Auru lisamine N2 keskkonda vähendas süsinik-süsinik kaksiksidemete ja aromaatsete süsinik-vesinik sidemete intensiivsust FTIR analüüsil võrreldes N2 keskkonnaga. CO2 ja CO2/H2O võrdluses olid muutused väikesed. Lisaks näitasid toodetud põlevkiviõlide mitmete omaduste (elemendianalüüs, MW, RI ja tihedus) mõõtmised õlide sarnasust.

Kombineerides põlevkiviõli ja pürolüüsigaasi analüüsi tulemusi, võib näha, et reaktiivsetel gaasidel pürolüüsireaktoris on oluline mõju pürolüüsisaadustele. Käesoleva uuringu tulemuste põhjal võib järeldada, et CO2 käitub uuritud pürolüüsitemperatuuridel inertgaasina ning võib pürolüüsiatmosfääris asendada N2.
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Weight loss, %
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Weight loss, %
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Weight loss, %









N2	36.357999999999997	72.450999999999993	159.92699999999999	242.93700000000001	245.44800000000001	247.95699999999999	250.47	252.98	255.489	257.99898999999999	260.50698999999997	263.01299999999998	265.52100000000002	268.03100999999998	270.53798999999998	273.048	275.55498999999998	278.06400000000002	280.57199000000003	283.08098999999999	285.58701000000002	288.09201000000002	290.59500000000003	293.10399999999998	295.61300999999997	298.12099999999998	300.62900000000002	303.13598999999999	305.64098999999999	308.14999	310.65302000000003	313.16298999999998	315.66699	318.17800999999997	320.67800999999997	323.18700999999999	325.69299000000001	328.19699000000003	330.70400999999998	333.20900999999998	335.71499999999997	338.22197999999997	340.72800000000001	343.23498999999998	345.73800999999997	348.245	350.75299000000001	353.25799999999998	355.76098999999999	358.26801	360.77600000000001	363.27802000000003	365.79401000000001	368.31799000000001	370.83199999999999	373.35399999999998	375.86899	378.36899	380.86899	383.36200000000002	385.86099000000002	388.358	390.85500999999999	393.36700000000002	395.87099999999998	398.36801000000003	400.86498999999998	403.35998999999998	405.85500999999999	408.35500999999999	410.84600999999998	413.34500000000003	415.84201000000002	418.34201000000002	420.83899000000002	423.33801	425.83701000000002	428.33899000000002	430.83899000000002	433.35300000000001	435.85998999999998	438.35699	440.85001	443.34899999999999	445.84899999999999	448.35001	450.84697999999997	453.34399000000002	455.84201000000002	458.34100000000001	460.84	463.33801	465.83801	468.33701000000002	470.83199999999999	473.32999000000001	475.827	478.32900999999998	480.82299999999998	483.32101	485.81900000000002	488.31698999999998	490.82001000000002	493.31601000000001	495.81200999999999	498.30898999999999	500.80700999999999	503.30300999999997	505.80200000000002	508.29901000000001	510.79700000000003	513.29498000000001	515.79400999999996	518.29400999999996	520.78219000000001	522.41673000000003	523.08637999999996	523.28657999999996	523.38099999999997	523.43762000000004	523.47029999999995	523.49014	523.49806000000001	523.49796000000003	523.49280999999996	523.48290999999995	523.47189000000003	523.45980999999995	523.44385	523.4298	523.40976000000001	523.39273000000003	523.36963000000003	523.35065999999995	523.32965000000002	523.30972999999994	523.28963999999996	523.27067	523.25184999999999	523.2328	523.21477000000004	523.19574999999998	523.17773999999997	523.16178000000002	523.14579000000003	523.13176999999996	523.11478	523.10280999999998	523.08678999999995	523.07182999999998	523.05987000000005	523.04984999999999	523.03887999999995	523.02783999999997	523.01688999999999	523.00984000000005	522.99995999999999	522.99194999999997	522.98490000000004	522.97689000000003	522.96685000000002	522.95884000000001	522.94785999999999	522.93988000000002	522.93582000000004	522.93199000000004	522.92592000000002	522.91992000000005	522.91485999999998	522.90894000000003	522.90495999999996	522.89799000000005	522.89499000000001	522.89097000000004	522.88694999999996	522.88394000000005	522.87900000000002	522.87706000000003	522.87085999999999	522.86788000000001	522.86599000000001	522.86192000000005	522.85897999999997	522.85694999999998	522.85699	522.85587999999996	522.85299999999995	522.85303999999996	522.84996000000001	522.84697000000006	522.84406000000001	522.84595000000002	522.84393999999998	522.84097999999994	522.84001000000001	0.42	0.43244058740478342	0.46	0.48	0.48	0.48	0.48	0.48	0.48	0.48	0.48	0.48	0.48	0.48	0.48	0.48	0.48	0.48	0.48	0.48231800005072584	0.48148305335508912	0.48064810665945235	0.47960188699982248	0.47888310239003062	0.47837559074423203	0.47800554602098355	0.47739269379369825	0.4768106152194313	0.47621881419984269	0.47559522501120194	0.47514038365614675	0.47502388339829055	0.47517174911018495	0.47548920808569284	0.47546874867901556	0.47502532062933811	0.47430738144957429	0.47344183018692459	0.47138270081076744	0.46937556538133124	0.46768546621238899	0.46676716011599306	0.46630318811663546	0.46589163277901302	0.46440139326868618	0.4629746455534608	0.46197044376622165	0.46360685812838692	0.46588706745686187	0.4683033910198422	0.47168113761064562	0.47486874698815557	0.4779192276151264	0.47981831708698619	0.48196080586390266	0.48960848135404073	0.48984097461173626	0.49658513903096801	0.49019622430949505	0.49496326606528407	0.49961499116525615	0.5010127406305217	0.50484422951734398	0.5120496605598438	0.51484329954431318	0.52158746396354505	0.53321398679438303	0.54565702594624754	0.55658513903096807	0.56262903375802098	0.57146377755045097	0.58425183669673586	0.60459592671812512	0.61041104807960578	0.62320096717195206	0.63343160048358593	0.64854366223379523	0.65772621593973779	0.668531572584395	0.67596763693852879	0.68340928113084709	0.68620199014228589	0.68748163303264209	0.68120431507486279	0.68050590532874544	0.67888031247093827	0.67109364828419971	0.6549353668743606	0.63343253045661674	0.60437180321770667	0.56833627824793076	0.53008834743792421	0.48335813261415417	0.43872221705570535	0.3928075885799312	0.3533990514275086	0.31957500232493258	0.29109550823026131	0.27156607458383708	0.25401376360085554	0.24099414116990606	0.22925230168325123	0.21263275365014411	0.20414674974425742	0.19694131870175766	0.19031712080349669	0.18450571933413931	0.17846089463405559	0.17392820608202358	0.16800148795684927	0.16660652841067608	0.16556030875104621	0.16590904863758951	0.17263833348832885	0.27132707151492608	0.2258830093927276	0.19552682972193808	0.17966055984376453	0.16834278805914629	0.15914349483864967	0.14949874453640843	0.14207104993955175	0.13663907746675347	0.13093834278805916	0.12641030410118106	0.12097089184413652	0.11722775039523854	0.11270064168139124	0.10953501348460894	0.10667534641495395	0.10424253696642796	0.1015642146377755	9.9275551009020732E-2	9.6697665767692731E-2	9.436157351436808E-2	9.1476797172881999E-2	8.8911001580954149E-2	8.7909420626801821E-2	8.6588858923091233E-2	8.4383892867106847E-2	8.3479959081186633E-2	8.2517436994327162E-2	8.1110387798753847E-2	7.9385287826653023E-2	7.8563191667441634E-2	7.656932948944481E-2	7.5562168697107787E-2	7.4968845903468792E-2	7.4169069096996179E-2	7.4649865153910533E-2	7.3290244582907102E-2	7.2558355807681565E-2	7.2190086487491867E-2	7.1124337394215559E-2	7.0584953036361947E-2	6.9785176229889334E-2	6.9472705291546533E-2	6.9365758393006613E-2	6.7901980842555568E-2	6.9191853436250353E-2	6.6931088998419042E-2	6.8237608109364828E-2	6.7432344462010602E-2	6.6522830837905694E-2	6.6646517250999723E-2	6.6261508416255929E-2	6.6272668092625317E-2	6.4995815121361475E-2	6.4859109085836503E-2	6.5090672370501257E-2	6.4743792430019528E-2	6.4276945968566909E-2	6.4312284943736628E-2	6.3723612015251549E-2	6.3731051799497812E-2	6.3235376174090946E-2	6.3819399237422123E-2	6.4848879382497907E-2	6.3346042964754018E-2	6.2888496233609217E-2	6.3128429275551012E-2	6.2280293871477724E-2	6.2528596670696546E-2	6.2416999907002689E-2	6.2347251929694036E-2	6.3016832511857149E-2	6.2308193062401186E-2	6.3038221891565133E-2	6.2659722868036824E-2	6.1108527852692274E-2	6.1488886822282145E-2	6.1188505533339543E-2	6.1055519389937696E-2	6.0933692922905236E-2	CO2	33.933	106.59399999999999	144.63399999999999	210.09800999999999	257.68301000000002	260.19400000000002	262.70598999999999	265.21499999999997	267.72298999999998	270.23800999999997	272.74200000000002	275.245	277.75400000000002	280.26299999999998	282.76999000000001	285.27802000000003	287.78298999999998	290.29500999999999	292.80300999999997	295.31200999999999	297.81900000000002	300.32400999999999	302.815	305.30801000000002	307.80801000000002	310.315	312.81900000000002	315.32299999999998	317.82999000000001	320.34201000000002	322.85001	325.358	327.87398999999999	330.42998999999998	332.95699999999999	335.47100999999998	337.98099000000002	340.48800999999997	342.99898999999999	345.49799000000002	347.98599000000002	350.48199	352.97899999999998	355.46798999999999	357.95499000000001	360.45001000000002	362.952	365.452	367.95299999999997	370.45699999999999	372.95900999999998	375.45598999999999	377.96399000000002	380.48099000000002	382.98998999999998	385.48498999999998	387.98901000000001	390.48901000000001	392.99301000000003	395.49898999999999	397.99200000000002	400.49301000000003	403	405.50101000000001	408.01299999999998	410.51098999999999	413.017	415.52100000000002	418.02199999999999	420.52199999999999	423.02399000000003	425.52399000000003	428.02499	430.53201000000001	433.02899000000002	435.52802000000003	438.03399999999999	440.53201000000001	443.03201000000001	445.53298999999998	448.03201000000001	450.53600999999998	453.03899999999999	455.54001	458.03798999999998	460.54001	463.03899999999999	465.54001	468.03798999999998	470.53500000000003	473.03500000000003	475.53	478.03100999999998	480.53	483.02701000000002	485.52802000000003	488.02802000000003	490.52701000000002	493.03298999999998	495.52499	498.02399000000003	500.52399000000003	503.01999000000001	505.52301	508.02499	510.52600000000001	513.02899000000002	515.52801999999997	518.03003000000001	520.52155000000005	522.15069000000005	522.82329000000004	523.02278000000001	523.12183000000005	523.17254000000003	523.20429000000001	523.22510999999997	523.23500999999999	523.23698000000002	523.23289999999997	523.22383000000002	523.21172999999999	523.19172000000003	523.17170999999996	523.15071	523.12670000000003	523.10870999999997	523.09175000000005	523.07485999999994	523.05974000000003	523.04078000000004	523.02179000000001	523.00378999999998	522.98982000000001	522.97280000000001	522.95775000000003	522.94273999999996	522.92980999999997	522.91079000000002	522.89580000000001	522.88081	522.86887000000002	522.85487999999998	522.84180000000003	522.83285999999998	522.82380999999998	522.81286999999998	522.80182000000002	522.79089999999997	522.77584999999999	522.76784999999995	522.75995	522.75494000000003	522.74576999999999	522.73486000000003	522.72897999999998	522.72284999999999	522.71294	522.70799999999997	522.70293000000004	522.69583999999998	522.69084999999995	522.68181000000004	522.67600000000004	522.67196999999999	522.66800999999998	522.66393000000005	522.66087000000005	522.65593000000001	522.65092000000004	522.64898000000005	522.64892999999995	522.64692000000002	522.64490000000001	522.63995999999997	522.63797	522.63702999999998	522.63703999999996	522.63598999999999	522.63498000000004	522.63297999999998	522.63289999999995	522.62994000000003	522.62888999999996	522.62491999999997	522.62000999999998	522.61891000000003	522.61698000000001	522.61604	522.61293000000001	0.32799999999999996	0.34799999999999998	0.36799999999999999	0.40799999999999997	0.438	0.441	0.44306652677319613	0.44759220434350649	0.45255901059414477	0.45810612714830867	0.46190386347387669	0.4638639195550644	0.465754152700532	0.46788802332383173	0.46987054901997194	0.47164453440543713	0.47288454146201053	0.47432259681897104	0.47505350925246742	0.47463568583392896	0.47397450348650422	0.47320997948022758	0.47232995051113724	0.47187972256525001	0.47087230387832979	0.46977277834003395	0.46901011132672848	0.46839795359374553	0.46817892127278293	0.46828402707495753	0.46871354954921501	0.46903852331918922	0.46845802731636665	0.46828263433022893	0.46782832099980498	0.46788514498472616	0.46815050928032231	0.46822989572984464	0.46850714478045696	0.46832125978403172	0.46836796315725948	0.46897185727152013	0.46973842397006521	0.47145660671674355	0.47264173963101547	0.4743078337248493	0.47622183638034926	0.4780112348074762	0.47813890307425189	0.47711653559391271	0.47852292922071282	0.48287079971402302	0.48427515064855475	0.48593279542436929	0.48784067000306408	0.49090981513634968	0.49473884179348382	0.49908058420998869	0.50444163006843012	0.50839730364620572	0.51478480236952306	0.52167991012154002	0.52921029516903284	0.5375077111633132	0.54810111326728628	0.55869860075579614	0.57261239914206918	0.58869655806352772	0.60925217036053514	0.62955142477785719	0.64320886528444476	0.65125298743744253	0.66159513839240114	0.67193218261668874	0.68444877949136951	0.6905758349504646	0.69478684506179145	0.69555387600857932	0.69172484935144518	0.68291982432846499	0.68253681952813805	0.68100582167296486	0.67066469206414037	0.65508507813297934	0.63210683280563784	0.60031743437851082	0.5644426514145644	0.52295046471249107	0.47903360228781533	0.4298823409253395	0.38468777448677349	0.34370932489020523	0.30592156061689302	0.27579287100398325	0.25179225819630269	0.23315371259319786	0.21949422939434174	0.20749504647124908	0.19804861607598814	0.19128526197528342	0.18273189663977121	0.17635154733939332	0.17009682361352263	0.16384005719538353	0.15962904708405676	0.1547735675620468	0.15298723317332241	0.15119885609232969	0.150303135532632	0.15377877642733123	0.23311796547850069	0.19830844653252991	0.17226718414870798	0.16529547543662546	0.16314554182412422	0.16256133183535901	0.16019385149627208	0.15916637728526198	0.15465917679501584	0.15056664283525686	0.14537003370442245	0.13935226228168726	0.13690818098253499	0.13135205801246042	0.12666203656419162	0.12147257685629659	0.1172911857828618	0.11416280257379227	0.10932774997446634	0.10603697273005824	0.1027084056786845	0.10081687263813707	9.7766111735267086E-2	9.6053314268205514E-2	9.3051577979777339E-2	9.0476764375446828E-2	8.7915228270860984E-2	8.5618220815034202E-2	8.4465121029516893E-2	8.1946481462567666E-2	8.0384843223368391E-2	7.9938514962720864E-2	7.8529057297518107E-2	7.7265652129506701E-2	7.6195281380859958E-2	7.5506894086405874E-2	7.487876621386988E-2	7.4136247574302927E-2	7.2616484526606045E-2	7.168808089061382E-2	7.0759677254621595E-2	6.8665917679501587E-2	6.9138800939638423E-2	6.8376876723521607E-2	6.8036768460831371E-2	6.6423041568787672E-2	6.8073536921662764E-2	6.4573383719742639E-2	6.5050352364416281E-2	6.369298335205803E-2	6.4080073536921661E-2	6.3467265856398725E-2	6.413726892043714E-2	6.1892350117454802E-2	6.1959758962312338E-2	6.2196711265447867E-2	6.2060872229598614E-2	6.1653355122050869E-2	6.1365335512205084E-2	6.0831069349402515E-2	5.985905423347971E-2	5.8722193851496275E-2	5.9438361760800744E-2	5.8324890205290573E-2	5.8705852313348995E-2	5.8337452762741292E-2	5.8489122663670713E-2	5.7299765090389136E-2	5.6404963742212232E-2	5.5672964967827608E-2	5.6507404759472989E-2	5.6137575324277399E-2	5.4911449290164442E-2	5.5522827086099479E-2	5.5936063731998768E-2	5.4965580635277296E-2	5.4263711571851704E-2	5.4144929016443681E-2	5.5389030742518643E-2	5.4085588806046365E-2	-2.1999999999999999E-2	-2.1999999999999999E-2	-2.1999999999999999E-2	-2.1999999999999999E-2	-2.1999999999999999E-2	-2.1999999999999999E-2	-2.1999999999999999E-2	-2.1999999999999999E-2	-2.1999999999999999E-2	-2.1999999999999999E-2	-2.1999999999999999E-2	-2.1999999999999999E-2	-2.1999999999999999E-2	-2.1999999999999999E-2	-2.1999999999999999E-2	-2.1999999999999999E-2	-2.1999999999999999E-2	-2.1999999999999999E-2	-2.1999999999999999E-2	-2.1999999999999999E-2	-2.1999999999999999E-2	-2.1999999999999999E-2	-2.1999999999999999E-2	-2.1999999999999999E-2	-2.1999999999999999E-2	-2.1999999999999999E-2	-2.1999999999999999E-2	-2.1999999999999999E-2	-2.1999999999999999E-2	-2.1999999999999999E-2	-2.1999999999999999E-2	-2.1999999999999999E-2	-2.1999999999999999E-2	-2.1999999999999999E-2	-2.1999999999999999E-2	-2.1999999999999999E-2	-2.1999999999999999E-2	-2.1999999999999999E-2	-2.1999999999999999E-2	-2.1999999999999999E-2	-2.1999999999999999E-2	-2.1999999999999999E-2	-2.1999999999999999E-2	-2.1999999999999999E-2	-2.1999999999999999E-2	-2.1999999999999999E-2	-2.1999999999999999E-2	-2.1999999999999999E-2	-2.1999999999999999E-2	-2.1999999999999999E-2	-2.1999999999999999E-2	-2.1999999999999999E-2	-2.1999999999999999E-2	-2.1999999999999999E-2	-2.1999999999999999E-2	-2.1999999999999999E-2	-2.1999999999999999E-2	-2.1999999999999999E-2	-2.1999999999999999E-2	-2.1999999999999999E-2	-2.1999999999999999E-2	-2.1999999999999999E-2	-2.1999999999999999E-2	-2.1999999999999999E-2	-2.1999999999999999E-2	-2.1999999999999999E-2	-2.1999999999999999E-2	-2.1999999999999999E-2	-2.1999999999999999E-2	-2.1999999999999999E-2	-2.1999999999999999E-2	-2.1999999999999999E-2	-2.1999999999999999E-2	-2.1999999999999999E-2	-2.1999999999999999E-2	-2.1999999999999999E-2	-2.1999999999999999E-2	-2.1999999999999999E-2	-2.1999999999999999E-2	-2.1999999999999999E-2	-2.1999999999999999E-2	-2.1999999999999999E-2	-2.1999999999999999E-2	-2.1999999999999999E-2	-2.1999999999999999E-2	-2.1999999999999999E-2	-2.1999999999999999E-2	-2.1999999999999999E-2	-2.1999999999999999E-2	 Temperature,°C 





DSC, mW/mg
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Absorbance
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Absorbance
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Absorbance









N2	200-400	400-500	500-520	520	0.42532420465106796	10.100757192871029	35.317425652688513	18.294949287923394	N2/steam	200-400	400-500	500-520	520	0.55384189876475998	22.989360471062739	41.759089878252368	19.18202715438844	CO2	0.59647015697774708	24.583865413984824	56.184129798988167	15.064174384163021	CO2/steam	0.80078003645802776	21.480724566096256	45.571018483373507	34.224502925206849	Temperature,°C





HC gas concentration, %









N2	200-400	400-500	500-520	520	0.39514028226708675	6.9679468722840436	29.666284628851646	16.548551979907881	N2/steam	200-400	400-500	500-520	520	0.54206788453632782	14.840101959034579	34.147661187617288	16.122943205586779	CO2	0.48407845053955112	17.253787652827864	43.500911522361193	14.343071594880797	CO2/steam	0.57702964086354513	12.703922422158502	35.494486715533355	27.788000574612919	Temperature,°C





Alkanes concentration, %









N2	200-400	400-500	500-520	520	3.0183922383981231E-2	3.1328103205869846	5.651141023836864	1.7463973080155135	N2/steam	200-400	400-500	500-520	520	1.177401422843218E-2	8.1492585120281618	7.6114286906350763	3.0590839488016597	CO2	0.112391706438196	7.3300777611569607	12.683218276626969	0.72110278928222304	CO2/steam	0.22375039559448262	8.7768021439377542	10.07653176784015	6.4365023505939316	Temperature,°C





Alkenes  concentration, %









N2	200	400	500	520	0.22412815340992137	5.12	5.13	1.76	N2/steam	200	400	500	520	6.6611125727147821E-2	7.7088351018737766	6.910567589425785	3.1304965554873476	CO2	200	400	500	520	0.13323102107632495	7.91	7.7378379958490457	2.9455611096495073	CO2/steam	200	400	500	520	0.39989573893809621	6.1557104855447404	5.0207752345873899	2.8128328802361953	CO2 Trendline	200	300	400	500	520	0.2	5.5	8.5	7.3	1.5	CO2/steam trendline	200	300	400	500	520	0.28000000000000003	5	6.5	5.5	3	N2 trendline	200	300	400	500	520	7.0000000000000007E-2	3.8	5.5	4.5999999999999996	2	N2/steam trendline	200	300	400	500	520	0.1	5	8	7.1	3	Temperature, °C





 CO concentration, %









N2	200	400	500	520	0	1.27	4.92	4.7	N2/steam	200	400	500	520	0	1.57	4.462847258992551	2.7218751103109891	CO2	200	400	500	520	0	1.75	4.7214162165978317	3.5598856295668746	CO2/steam	200	400	500	520	0	1.33	4.5662748420346633	4.4400000000000004	CO2 trendline	200	300	400	500	520	0.01	0.4	1.6	4.9000000000000004	3	CO2/steam trendline	200	300	400	500	520	0.01	0.2	1.3	4.8	4.2	N2 trendline	200	300	400	500	520	0.01	0.1	1.2	5.0999999999999996	4.5	N2/steam trendline	200	300	400	500	520	0.01	0.3	1.5	4.7	2	Temperature, °C





 H2 concentration, %









N2	200	400	500	520	0.37	3.45	16.420000000000002	11.7	N2/steam	200	400	500	520	0.54	7.01	19.12500825900231	11.134258341592336	CO2	200	400	500	520	0.35	8.16	16.007510186102852	11.853342142935801	CO2/steam	200	400	500	520	0.4292699041955732	5.48	18.760000000000002	18.07	CO2 trendline	200	300	400	500	520	0.4	3	7.6	17	12.5	CO2/steam trendline	200	300	400	500	520	0.2	0.8	6	20	18.600000000000001	N2 trendline	200	300	400	500	520	0.1	0.3	4	17	10	N2/steam trendline	200	300	400	500	520	0.3	2	8	20	17	Temperature, °C





 CH4 concentration, %









N₂/steam	54.621405000000003	54.629099999999994	54.647930000000002	54.682680000000005	54.725225000000002	54.846550000000001	55.026524999999999	55.275534999999998	55.626095000000007	56.099265000000003	56.773535000000003	57.545839999999998	58.375520000000002	59.007125000000002	59.789705000000005	60.724404999999997	61.856435000000005	63.107230000000001	64.515884999999997	66.06595999999999	67.714084999999997	69.496929999999992	71.383139999999997	73.399419999999992	75.498345	77.716530000000006	80.033919999999995	82.466115000000002	84.996880000000004	87.644649999999999	90.406755000000004	93.269554999999997	96.230154999999996	99.296774999999997	102.4421	105.69166999999999	109.024935	112.43021999999999	115.91528	119.49421	123.14234999999999	126.87999500000001	130.70796999999999	134.6412	138.64771500000001	142.73256500000002	146.89001999999999	151.12796500000002	155.43371500000001	159.81059499999998	164.25065499999999	168.739315	173.28508499999998	177.89956000000001	182.56790000000001	187.29836	192.12166999999999	197.00591500000002	201.90983	206.846645	211.834025	216.86364500000002	221.92779999999999	227.07441999999998	232.26022499999999	237.38881000000003	242.632915	247.88380000000001	253.16083	258.45395000000002	263.76845000000003	269.10713999999996	274.46976000000001	279.85356999999999	285.31646499999999	290.79625999999996	296.27345000000003	301.607235	307.10168499999997	312.67818499999998	318.25706500000001	323.7672	329.26108999999997	334.75860499999999	340.25001999999995	345.76077499999997	351.283525	356.81464	362.34269499999999	367.88099499999998	373.42478999999997	378.962535	384.30735500000003	390.03151500000001	395.67337499999996	401.23225500000001	406.78799500000002	412.46788000000004	418.00635499999999	423.25080000000003	428.95263999999997	434.51013999999998	440.03902500000004	445.53550000000001	451.01100499999995	456.45074	461.90409499999998	467.34699999999998	472.79876999999999	478.12861499999997	483.63757999999996	488.04741500000006	494.15247499999998	499.83105499999999	505.44095500000003	511.02209499999998	516.53695999999991	522.03525999999999	527.529675	532.99619000000007	537.91767500000003	543.57253500000002	549.16886	554.70616500000006	560.08019000000002	565.52184999999997	570.888285	576.20359499999995	581.49694999999997	586.78946500000006	592.09520500000008	597.40653999999995	0.10730545657245164	0.12753451983105893	0.14058808732445274	0.14648872527253487	0.14543940442028128	0.13798217714051908	0.12500154875452066	0.10771813522081268	8.7608691025389707E-2	6.6255716047576393E-2	4.5182503593394707E-2	2.5725869751821458E-2	8.8955208855740313E-3	-4.6704438286430151E-3	-1.4711602444391689E-2	-2.1279987437565609E-2	-2.4688694497672171E-2	-2.5471478833064425E-2	-2.4293802000255788E-2	-2.184605922859054E-2	-1.8764824207996668E-2	-1.5580319302090372E-2	-1.2649095493036965E-2	-1.0185530000429818E-2	-8.228357854690135E-3	-6.6621706266346645E-3	-5.3149446586541983E-3	-4.0587516351075423E-3	-2.8372978982800254E-3	-1.650802588074454E-3	-5.3440553283735828E-4	4.5927826129279407E-4	1.2758093979171822E-3	1.8924858329318309E-3	2.3409181479119353E-3	2.6965311379092095E-3	3.0439536865798198E-3	3.3871887040187254E-3	3.6702903062934438E-3	3.8282115794298155E-3	3.8040603893104625E-3	3.5591810092512072E-3	3.1027277083033088E-3	2.4816599659405109E-3	1.7488261527032721E-3	9.1066245990832498E-4	-3.1829498235406169E-5	-1.0315858401052102E-3	-1.9748920347622029E-3	-2.6934144268646863E-3	-2.9920134729489677E-3	-2.7556176805479103E-3	-1.9475317563999669E-3	-5.8710824673116765E-4	1.3137300165982899E-3	3.7329300513615563E-3	6.5403249843226782E-3	9.4764646439070201E-3	1.225139563407388E-2	1.4635615013100426E-2	1.6510979815701335E-2	1.788390210919872E-2	1.8821931177450364E-2	1.9419955686531574E-2	1.9790695052319923E-2	2.0093776662709867E-2	2.0476353740245652E-2	2.1062037953189058E-2	2.1971120665835245E-2	2.3314430223292919E-2	2.515082522737408E-2	2.7504230445892133E-2	3.0318578703586986E-2	3.3498579087623721E-2	3.6910643841625471E-2	4.0433094153179867E-2	4.3957125625370401E-2	4.741526821728953E-2	5.0725944158500839E-2	5.3827946455448306E-2	5.667123441494884E-2	5.927334533280823E-2	6.1731256559017275E-2	6.422099236064438E-2	6.6979323299738353E-2	7.0234532921566797E-2	7.4091769904619853E-2	7.8483513612084416E-2	8.3217973300689155E-2	8.7987065420356683E-2	9.2422833435612778E-2	9.6205648789787421E-2	9.9136127775080102E-2	0.10112821771463755	0.10214451845844766	0.10214228419335479	0.10112114965058887	9.9079316691964112E-2	9.601506184977586E-2	9.1954027503364497E-2	8.6915704741901731E-2	8.0958960639186894E-2	7.4223353413441065E-2	6.7014139827615268E-2	5.9806418198586106E-2	5.3248478881624837E-2	4.8150704514630646E-2	4.5526681572484712E-2	4.6594805668779875E-2	5.2640278003447179E-2	6.4831920197462437E-2	8.3967835492573153E-2	0.11026930584692041	0.14315580548784315	0.18109986838551276	0.22156506350220648	0.26112308418015034	0.29575164151754912	0.32152520650816702	0.335668086178735	0.33706031597354241	0.32597419924994131	0.30390337902372561	0.27352707928086323	0.23817669291032262	0.20128012044640378	0.16594405367995746	0.13468658901197256	0.10927382487672672	9.0780169370108896E-2	7.9728416609033473E-2	7.6285156431248141E-2	N₂	32.978499999999997	32.987369999999999	33.010849999999998	33.047094999999999	33.121795000000006	33.235385000000001	33.399415000000005	33.635660000000001	33.937519999999999	34.322784999999996	34.797484999999995	35.357255000000002	36.032125000000001	36.779119999999999	37.661460000000005	38.633769999999998	39.711959999999998	40.921695	42.225009999999997	43.655805000000001	45.188914999999994	46.854164999999995	48.616844999999998	50.501950000000001	52.510500000000008	54.618715000000002	56.847785000000002	59.214894999999999	61.676334999999995	64.260265000000004	66.93638	69.730879999999999	72.630400000000009	75.641999999999996	78.75085	81.970905000000002	85.301974999999999	88.733630000000005	92.274969999999996	95.930149999999998	99.677474999999987	103.51381000000001	107.452545	111.466695	115.57084	119.76845500000002	124.034345	128.40788500000002	132.87828999999999	137.42609499999998	142.07002999999997	146.789445	151.585465	156.471935	161.40257500000001	166.39824499999997	171.442725	176.561655	181.75136500000002	186.98220000000001	192.28140000000002	197.63319000000001	203.02665500000001	208.46001999999999	213.92149499999999	219.43227000000002	224.971135	230.54131000000001	236.15038999999999	241.77163000000002	247.42792	253.110545	258.80975999999998	264.51129500000002	270.24435999999997	275.99208499999997	281.74474499999997	287.51000999999997	293.27625	299.060945	304.83204999999998	310.62572999999998	316.41773999999998	322.20340999999996	327.98883499999999	333.76576	339.53791000000001	345.29508499999997	351.05920000000003	356.82429000000002	362.58330999999998	368.32492500000001	374.06397500000003	379.77652499999999	385.49860000000001	391.19679499999995	396.87900500000001	402.55048999999997	408.20712000000003	413.84894500000001	419.48536999999999	425.10575499999999	430.71610499999997	436.31618000000003	441.90561500000001	447.48801500000002	453.06371999999999	458.61768999999998	464.16232000000002	469.69646999999998	475.21996000000001	480.73120500000005	486.2346	491.72992499999998	497.23086499999999	502.71508000000006	508.20851500000003	513.69602499999996	519.17036499999995	524.64541999999994	530.12455499999999	535.61149499999999	541.09784999999999	546.56214999999997	552.02181500000006	557.48920999999996	562.94074999999998	568.37962000000005	573.82078999999999	579.24333499999989	584.66216000000009	590.069435	595.46883500000001	5.5294257033555434E-4	-8.9312091042968093E-4	-2.24750033820311E-3	-3.5168283661693943E-3	-4.7177635171709127E-3	-5.8311228631000205E-3	-6.7874029959886862E-3	-7.5176323581470405E-3	-7.9938312248141324E-3	-8.2112798443184764E-3	-8.1975354856122975E-3	-8.016571280378363E-3	-7.7676130085546791E-3	-7.571316444151919E-3	-7.5375448878950311E-3	-7.7375967357482941E-3	-8.1805833547851075E-3	-8.8460401141541994E-3	-9.7045979468058947E-3	-1.0726498546542557E-2	-1.1858881431520998E-2	-1.3006744935798606E-2	-1.4051017878753803E-2	-1.4876995075815944E-2	-1.537197775963085E-2	-1.5417558074579844E-2	-1.4923749985168018E-2	-1.3852620477275063E-2	-1.2221956343936082E-2	-1.0108267097299671E-2	-7.6473235054921431E-3	-4.9983812864537389E-3	-2.312526380735896E-3	2.9733200157570477E-4	2.7434852939018403E-3	4.9305152453739641E-3	6.7617573491696812E-3	8.146089861988939E-3	9.0000600724718018E-3	9.2821349848674455E-3	9.0181148105090529E-3	8.2814909067669591E-3	7.1707819515433252E-3	5.7877814665259226E-3	4.2257325066658927E-3	2.5592223887301443E-3	8.4146386716445123E-4	-8.9785363982818902E-4	-2.628449822876665E-3	-4.2860201287770166E-3	-5.7585838411693142E-3	-6.9073756615161139E-3	-7.6066370084498002E-3	-7.7781413152832506E-3	-7.4188812928391978E-3	-6.6131171141171965E-3	-5.5009326914213872E-3	-4.2605379971520207E-3	-3.0739758510734635E-3	-2.116091059758545E-3	-1.5193954820534542E-3	-1.3759898102057818E-3	-1.7307028580541212E-3	-2.5699718371336418E-3	-3.8335211516670798E-3	-5.3895138503007277E-3	-7.0356110963386894E-3	-8.559387987918372E-3	-9.7936868329777521E-3	-1.0633072822534262E-2	-1.1017310353447038E-2	-1.0928657490614752E-2	-1.0413881844831392E-2	-9.6186211732203295E-3	-8.7739799057842613E-3	-8.1416875499843479E-3	-7.9394298369797577E-3	-8.2621405745717299E-3	-9.0712339340133438E-3	-1.0223441690866537E-2	-1.1501406776359815E-2	-1.2646672519073855E-2	-1.3370051334894155E-2	-1.3392777752090822E-2	-1.2500969312364506E-2	-1.0571635601100821E-2	-7.6041354913786632E-3	-3.6945214500577169E-3	9.7033469629023413E-4	6.1508442392009845E-3	1.1578925422485431E-2	1.7026917410793267E-2	2.2343422492955924E-2	2.7427528801550451E-2	3.220466749105623E-2	3.6635360267732932E-2	4.0722279440331764E-2	4.4509046790338999E-2	4.8047934783991143E-2	5.1332407995598885E-2	5.4233101475230937E-2	5.6521262778601304E-2	5.7906654052824955E-2	5.8081026022415966E-2	5.6800759659942822E-2	5.3917167992352744E-2	4.9422974097033036E-2	4.3484218354557382E-2	3.6476604592067433E-2	2.9012144119965107E-2	2.1876508111886617E-2	1.596620593863007E-2	1.2203162563581902E-2	1.1433220054823405E-2	1.4339451734447763E-2	2.1369732478724836E-2	3.2603274562760867E-2	4.7622965371837578E-2	6.5438912014176093E-2	8.4495410571336999E-2	0.10280042211191573	0.11821347266499918	0.12887427372342111	0.1335699420199353	0.13184178199892799	0.12386996128909014	0.11023090499420322	9.1675160560152347E-2	6.8964325907389379E-2	4.2737365552517767E-2	1.3412696549118776E-2	-1.8801099659637398E-2	-5.3840223869820798E-2	CO₂	53.114999999999995	53.172995	53.237605000000002	53.299160000000001	53.394045000000006	53.543779999999998	53.724355000000003	53.956000000000003	54.258624999999995	54.63749	55.067089999999993	55.608585000000005	56.221060000000001	56.925070000000005	57.741154999999999	58.64705	59.666264999999996	60.777000000000001	62.003230000000002	63.339500000000001	64.779979999999995	66.344414999999998	68.004555000000011	69.766970000000001	71.644380000000012	73.628420000000006	75.726174999999998	77.925784999999991	80.228225000000009	82.656544999999994	85.186499999999995	87.83406500000001	90.595544999999987	93.449430000000007	96.419404999999998	99.494590000000002	102.67076499999999	105.9288	109.290695	112.72826000000001	116.26935499999999	119.89828	123.623715	127.43868499999999	131.35196999999999	135.363845	139.45321999999999	143.63729499999999	147.89524999999998	152.24409	156.655235	161.15067999999999	165.69621000000001	170.31691999999998	175.00178500000001	179.74451499999998	184.559405	189.44226500000002	194.38579500000003	199.37532999999999	204.42033000000001	209.50599499999998	214.64077500000002	219.807515	225.01928999999998	230.265175	235.55314499999997	240.86264	246.22249499999998	251.59635	257.000045	262.43358499999999	267.88147500000002	273.35557	278.85234000000003	284.34207000000004	289.87329499999998	295.40328999999997	300.94867499999998	306.49703499999998	312.06122500000004	317.64699999999999	323.21988499999998	328.80751500000002	334.39882	339.96062499999999	345.53150999999997	351.11225999999999	356.69075500000002	362.283165	367.857415	373.43636000000004	379.01542000000006	384.57902000000001	390.140265	395.68506500000001	401.22829999999999	406.75633499999998	412.27903000000003	417.79287999999997	423.30590500000005	428.79953999999998	434.29598499999997	439.783635	445.27803999999998	450.75378999999998	456.20898999999997	461.65822000000003	467.09738000000004	472.53639500000003	477.96141999999998	483.38932999999997	488.81108999999998	494.23373500000002	499.66131999999999	505.08150499999999	510.51418999999999	515.94242000000008	521.36785499999996	526.79132499999992	532.23349499999995	537.68076499999995	543.11822499999994	548.55371500000001	553.98840999999993	559.4200800000001	564.84806000000003	570.25857999999994	575.662645	581.07111499999996	586.46027499999991	591.84108500000002	597.21704	3.3663041494725821E-2	3.9146676886635402E-2	4.2816442030231411E-2	4.4670566125522997E-2	4.4757077167479911E-2	4.3249141514352066E-2	4.0457639230910447E-2	3.6830812549871673E-2	3.2909753040768458E-2	2.9221114901679817E-2	2.6168133568332363E-2	2.4045308913041036E-2	2.297983538310696E-2	2.2933414842859948E-2	2.3715811805011332E-2	2.5030302387840722E-2	2.6550085741463655E-2	2.7996133029989219E-2	2.9137518836970976E-2	2.9763159729601155E-2	2.9713937167571758E-2	2.8867302358784385E-2	2.7148238825271152E-2	2.4524421282492881E-2	2.1038872574717083E-2	1.6857181270373726E-2	1.2283509260065982E-2	7.6303101033387078E-3	3.1698706322697929E-3	-8.686496448289463E-4	-4.2890381647239005E-3	-6.9490863083838984E-3	-8.7978993768019747E-3	-9.8276338202909069E-3	-1.0063885641740468E-2	-9.5635978358410579E-3	-8.4061272557428984E-3	-6.6797878232153999E-3	-4.5101235710819036E-3	-2.0270480127154628E-3	5.8839252160079085E-4	3.0907603709557298E-3	5.230470040175926E-3	6.7574739268460964E-3	7.4803374099058646E-3	7.3291607571311828E-3	6.410157770075752E-3	4.9889114017582824E-3	3.439404349149675E-3	2.1503970922999603E-3	1.4337218197933866E-3	1.3977402980692964E-3	1.942490724447666E-3	2.79751044908743E-3	3.6283072733223065E-3	4.0971679295334204E-3	3.9646619342815059E-3	3.1506879599035131E-3	1.749820361600466E-3	-1.5280835218411494E-5	-1.8612796852068994E-3	-3.4799689122077147E-3	-4.6339578895230864E-3	-5.1969705492766151E-3	-5.1494846716781837E-3	-4.5501911136639423E-3	-3.5225160330570916E-3	-2.3134286233648226E-3	-1.1943404101771517E-3	-4.0043963487226836E-4	-1.0231627603933167E-4	-3.5902950851656357E-4	-1.1926602163995377E-3	-2.5855092687903898E-3	-4.4644149860906292E-3	-6.6495655733331358E-3	-8.8725018329908114E-3	-1.084276681014432E-2	-1.2296845998753197E-2	-1.3048198307864639E-2	-1.2980850527562541E-2	-1.201726617513825E-2	-1.0073341353771637E-2	-7.0286651257547468E-3	-2.7223368366013083E-3	2.9494058484709294E-3	9.9924971959280025E-3	1.8313158403883638E-2	2.7722435592535354E-2	3.7904818205576819E-2	4.8402438155957628E-2	5.8687379050144817E-2	6.8235200925090875E-2	7.6602766179920276E-2	8.3459393193517875E-2	8.8582155025312373E-2	9.1879288947024143E-2	9.338157931872286E-2	9.3195741402185867E-2	9.1456530792752663E-2	8.8279473134955683E-2	8.3808684067840908E-2	7.8206805868207774E-2	7.1644533995597587E-2	6.4255805380913328E-2	5.6138907122816037E-2	4.7394523511501814E-2	3.8232099281087784E-2	2.9061221477518565E-2	2.0500999937818745E-2	1.3336139331420091E-2	8.3607006680998623E-3	6.3191301625980948E-3	7.8175751049093297E-3	1.3213079432861661E-2	2.2528188251736941E-2	3.5395714128850904E-2	5.105531587243934E-2	6.837136814888678E-2	8.5934202111130217E-2	0.10211034596585494	0.11520670957691337	0.12375927328263818	0.12679734346671229	0.12399848318607742	0.11560794996462972	0.10224730020524052	8.4696521202439243E-2	6.3703377893330151E-2	3.9887114514959889E-2	1.3668284336616472E-2	-1.4738298113205386E-2	-4.5270112797975277E-2	CO₂/steam	55.986294999999998	56.020820000000001	56.079014999999998	56.164389999999997	56.282209999999999	56.446150000000003	56.572479999999999	56.789940000000001	57.036574999999999	57.413575000000002	57.865135000000002	58.399569999999997	59.034644999999998	59.753889999999998	60.570910000000005	61.497245000000007	62.529339999999998	63.677835000000002	64.950215	66.341340000000002	67.824240000000003	69.42501	71.142924999999991	72.972039999999993	74.92208500000001	76.988760000000013	79.181819999999988	81.484759999999994	83.888270000000006	86.426265000000001	89.064639999999997	91.819294999999983	94.692324999999997	97.680239999999998	100.75187	103.938345	107.21990500000001	110.584845	114.02884500000002	117.57276499999999	121.20892000000001	124.937645	128.77093500000001	132.67962	136.68856	140.784435	144.982055	149.28644499999999	153.66198000000003	158.09721500000001	162.66023999999999	167.248715	171.88465000000002	176.57671000000002	181.30297999999999	186.1011	190.95073000000002	195.84268499999999	200.78190000000001	205.76324499999998	210.77120000000002	215.83235999999999	220.93426499999998	226.06014999999999	231.24417	236.448105	241.69333	246.946485	252.25623999999999	257.592085	262.96447999999998	268.364485	273.79825500000004	279.53164500000003	285.05031999999994	290.54674	296.03656000000001	301.51771500000001	307.03086000000002	312.36713500000002	317.89778999999999	323.81966499999999	329.42665499999998	335.02241000000004	340.54854999999998	346.06626000000006	351.639095	357.20463500000005	362.76322500000003	368.31174499999997	373.874075	379.42856499999999	384.97778499999998	390.50923	396.04740000000004	401.58325500000001	407.114575	412.65463499999998	418.20033999999998	423.73345500000005	429.26524000000001	434.93877499999996	440.34238500000004	445.841455	451.36035499999997	456.90790000000004	462.44137000000001	467.94019500000002	473.407895	478.87869499999999	484.32462999999996	489.72848499999998	495.11567000000002	500.52784500000001	505.94504500000005	511.40282000000002	517.33506	522.38786000000005	527.49941999999999	533.17122999999992	538.74237500000004	544.23980000000006	549.67284999999993	555.04152500000009	560.40298499999994	565.75652000000002	571.09424999999999	576.42373499999997	581.75941999999998	587.07343999999989	592.38105500000006	597.69734000000005	0.76877300645941082	0.65643613927688382	0.55945045040645047	0.477736688340969	0.41097350431166196	0.3581689735392658	0.31749585034254285	0.2864226747130007	0.26203770198361936	0.24146997695406072	0.22227985567296626	0.20277079452090979	0.18218148222794098	0.1605428685334718	0.13840700855452157	0.11654305608063419	9.5671686842732556E-2	7.6347400587313152E-2	5.8961892031387977E-2	4.3761758624673353E-2	3.0838570013947027E-2	2.0165336873296351E-2	1.1592360059453874E-2	4.8818823127179485E-3	-2.0455796094377888E-4	-3.8621241603683108E-3	-6.2124129469040478E-3	-7.3846953726444241E-3	-7.5379703790715525E-3	-6.8609895776879535E-3	-5.5704794777465408E-3	-3.8710543768604596E-3	-1.9799332013206486E-3	-8.1359778977758781E-5	1.6311509737291549E-3	2.9913129108583882E-3	3.9206633102528456E-3	4.4063096152608351E-3	4.4836135571535716E-3	4.2605193221183502E-3	3.8704355975552984E-3	3.3875703609812426E-3	2.8383460542626541E-3	2.2472714267715243E-3	1.6808896347467004E-3	1.2407024330355536E-3	1.024728565735327E-3	1.1318334318442592E-3	1.6716748848955656E-3	2.7785551533240564E-3	4.6019900766151138E-3	7.3088976105105986E-3	1.1004595204633495E-2	1.5668827484402209E-2	2.1092316026353041E-2	2.6910232401164899E-2	3.2622466141650132E-2	3.7634170310639155E-2	4.1406194353369528E-2	4.3566405824356239E-2	4.3964281746099371E-2	4.2692499506999951E-2	4.0032492637788124E-2	3.6368268112005768E-2	3.209059440910858E-2	2.7554767472670882E-2	2.3121111804742793E-2	1.9084680942718073E-2	1.5643236929973783E-2	1.2927543365976507E-2	1.0954818898860651E-2	9.629079758135253E-3	8.8283292303036401E-3	8.4474747310940845E-3	8.4142507049302546E-3	8.714212786388887E-3	9.3811236437875666E-3	1.0448976582423134E-2	1.1985744654408725E-2	1.4117778946345819E-2	1.7020094439658538E-2	2.0850817272809141E-2	2.5664063518248952E-2	3.1399411802833121E-2	3.7854232649910176E-2	4.4718195764572442E-2	5.1631715378185783E-2	5.819075179401742E-2	6.4004713745305045E-2	6.8761158054117769E-2	7.2224004121464916E-2	7.4218362295180654E-2	7.4601186033215139E-2	7.3313563910402391E-2	7.0403685833458948E-2	6.5999065626040992E-2	6.0322537154738995E-2	5.3679779008924788E-2	4.6449512533621895E-2	3.9071925693532406E-2	3.1973522851079607E-2	2.5504176274289837E-2	1.9879682712422291E-2	1.5206309998996652E-2	1.15919751165283E-2	9.2172058351180607E-3	8.4102887615426555E-3	9.6459039685307495E-3	1.3527638158619388E-2	2.0736977809342225E-2	3.1786512157969737E-2	4.6839732041676109E-2	6.5631224502841701E-2	8.7377998911807003E-2	0.11065694697863321	0.13346463585507812	0.1534077268687972	0.16801465257548473	0.17519536723684423	0.17394833972308052	0.16466556540555854	0.14886601542337022	0.12871252602614178	0.10656832951220191	8.4708007143101949E-2	6.5058314263937725E-2	4.9119954903604317E-2	3.7914315368052877E-2	3.1999442073824873E-2	3.1607771158041607E-2	3.677105703113976E-2	4.7504995586720243E-2	0	0.02	32.978499999999997	32.987369999999999	33.010849999999998	33.047094999999999	33.121795000000006	33.235385000000001	33.399415000000005	33.635660000000001	33.937519999999999	34.322784999999996	34.797484999999995	35.357255000000002	36.032125000000001	36.779119999999999	37.661460000000005	38.633769999999998	39.711959999999998	40.921695	42.225009999999997	43.655805000000001	45.188914999999994	46.854164999999995	48.616844999999998	50.501950000000001	52.510500000000008	54.618715000000002	56.847785000000002	59.214894999999999	61.676334999999995	64.260265000000004	66.93638	69.730879999999999	72.630400000000009	75.641999999999996	78.75085	81.970905000000002	85.301974999999999	88.733630000000005	92.274969999999996	95.930149999999998	99.677474999999987	103.51381000000001	107.452545	111.466695	115.57084	119.76845500000002	124.034345	128.40788500000002	132.87828999999999	137.42609499999998	142.07002999999997	146.789445	151.585465	156.471935	161.40257500000001	166.39824499999997	171.442725	176.561655	181.75136500000002	186.98220000000001	192.28140000000002	197.63319000000001	203.02665500000001	208.46001999999999	213.92149499999999	219.43227000000002	224.971135	230.54131000000001	236.15038999999999	241.77163000000002	247.42792	253.110545	258.80975999999998	264.51129500000002	270.24435999999997	275.99208499999997	281.74474499999997	287.51000999999997	293.27625	299.060945	304.83204999999998	310.62572999999998	316.41773999999998	322.20340999999996	327.98883499999999	333.76576	339.53791000000001	345.29508499999997	351.05920000000003	356.82429000000002	362.58330999999998	368.32492500000001	374.06397500000003	379.77652499999999	385.49860000000001	391.19679499999995	396.87900500000001	402.55048999999997	408.20712000000003	413.84894500000001	419.48536999999999	425.10575499999999	430.71610499999997	436.31618000000003	441.90561500000001	447.48801500000002	453.06371999999999	458.61768999999998	464.16232000000002	469.69646999999998	475.21996000000001	480.73120500000005	486.2346	491.72992499999998	497.23086499999999	502.71508000000006	508.20851500000003	513.69602499999996	519.17036499999995	524.64541999999994	530.12455499999999	535.61149499999999	541.09784999999999	546.56214999999997	552.02181500000006	557.48920999999996	562.94074999999998	568.37962000000005	573.82078999999999	579.24333499999989	584.66216000000009	590.069435	595.46883500000001	0.02	0.02	0.02	0.02	0.02	0.02	0.02	0.02	0.02	0.02	0.02	0.02	0.02	0.02	0.02	0.02	0.02	0.02	0.02	0.02	0.02	0.02	0.02	0.02	0.02	0.02	0.02	0.02	0.02	0.02	0.02	0.02	0.02	0.02	0.02	0.02	0.02	0.02	0.02	0.02	0.02	0.02	0.02	0.02	0.02	0.02	0.02	0.02	0.02	0.02	0.02	0.02	0.02	0.02	0.02	0.02	0.02	0.02	0.02	0.02	0.02	0.02	0.02	0.02	0.02	0.02	0.02	0.02	0.02	0.02	0.02	0.02	0.02	0.02	0.02	0.02	0.02	0.02	0.02	0.02	0.02	0.02	0.02	0.02	0.02	0.02	0.02	0.02	0.02	0.02	0.02	0.02	0.02	0.02	0.02	0.02	0.02	0.02	0.02	0.02	0.02	0.02	0.02	0.02	0.02	0.02	0.02	0.02	0.02	0.02	0.02	0.02	0.02	0.02	0.02	0.02	0.02	0.02	0.02	0.02	0.02	0.02	0.02	0.02	0.02	0.02	0.02	0.02	0.02	0.02	0.02	0.02	0.02	Temperature, °C





Normalized Intensity
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