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Introduction

Qil shale is found in many areas of the world. About 600 deposits are distributed
throughout the world, and these deposits vary in size and quality of oil shale [1].
The world’s total shale oil resources are conservatively estimated at 4.8 trillion barrels
[2].

Several years ago, shale oil production was concentrated in the following countries:
Estonia, China and Brazil. These three countries produced 45,000 barrels of shale oil per
day in 2015 [3]. Estonia is currently the leading oil shale processing country in the world.
In 2019, the production of liquid fuels reached its highest level in history: 1.17 million
tons [4]. The production of shale oil is based on the pyrolysis process.

According to the strategy “Estonia 2035”, Estonia must strive to reach zero carbon
emissions by 2050. To achieve this goal, the Estonian government announced two
deadlines: an exit from the production of oil shale electricity no later than 2035 and the
production of shale oil no later than 2040. During this period, it is planned to reduce the
negative impact of oil shale production on the natural environment, and to use oil shale
more efficiently [5].

The European Union has also set the goal of moving towards a circular economy with
a high level of resource efficiency, according to which by 2025 the recycling of municipal
waste (including plastic waste) should be increased to at least 55%, by 2030 to at least
60%, and by 2035 to at least 65% by weight [6].

Co-pyrolysis of oil shale with polymer wastes could be one of the alternative methods
of transition to a circular economy and the reduction of CO2 emissions by 2040.
The pyrolysis of plastic waste components is one of the possible ways to recycle polymer
wastes. A study of the environmental impact of the pyrolysis of mixed plastic wastes
compared to conventional mechanical recycling and energy recovery showed that
recycling via pyrolysis has about a 50% lower climate change impact [7].

This study is based on the need to reduce fossil fuel consumption and increase
polymer waste recycling. There have been a large number of studies on obtaining oil by
the pyrolysis of various plastics, including tires, but experiments on the pyrolysis of
plastics have not gone far beyond laboratory research. In principle, it is known from
autoclave experiments that the co-pyrolysis of Estonian oil shale and polyethylene or
polyvinyl chloride is possible [8, 9]. However, the conditions of a closed autoclave system
are not transferable to industry, so it is useful to simulate co-pyrolysis processes under
conditions closer to today’s shale oil production process. That is why additional applied
research is needed to further the successful development of an industrial co-pyrolysis
process for oil shale with polymer wastes.

The goal of this thesis is to prepare a theoretical and practical basis for the co-pyrolysis
of Estonian oil shale and polymer wastes. To achieve this goal, in the course of the work,
the following items were studied:

e the kinetics of the pyrolysis and co-pyrolysis of the studied samples;

e the thermal properties of the studied samples in mixtures when modeling the
process of co-pyrolysis;

e the influence of mixture compositions on the yield of co-pyrolysis products;

e theinfluence of mixture compositions on the physical and chemical parameters
of the obtained co-pyrolysis products;

e the distribution of co-pyrolysis products of sulfur compounds;



e thetypes of sulfur compoundsin fraction up to 150 °C obtained from the studied
samples containing sulfur;
e the group composition of fractions up to 150 °C and above.

This thesis is based on three published articles and is sub-divided into four chapters.
The first chapter presents a review of the literature on the types and amounts of polymer
waste generated, and the existing methods for their processing. The process of the
pyrolysis of plastics and tires is described in detail, as well as the theoretical foundations
for studying kinetic parameters. In the second chapter, the experimental methods and
processes are described (Publication I). The third chapter of the dissertation is devoted
to the results and their discussion. The thermogravimetric behaviors of the studied
samples are shown, as is the possibility of calculating the mass loss during heating in an
inert environment according to the additivity principle for mixtures consisting of various
polymers. The synergistic effect of the oil of yield during the co-pyrolysis of Estonian oil
shale with various polymer wastes is shown. The kinetics of the co-pyrolysis of Estonian
oil shale and plastic wastes was studied (Publication Ill). The composition and
characteristics of the products of co-pyrolysis were studied. It has been shown that the
main sulfur compounds of the gasoline fraction of shale oil and oil obtained by the
pyrolysis of tires are identical. (Publication Il). Chapter 4 presents the results of the
research.
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1 LITERATURE OVERVIEW

1.1 Oil shale

Qil shale does not have a specific chemical formula; it is a fine-grained sedimentary rock
from which it is possible to obtain shale oil by pyrolysis [10]. The World Energy Council
writes in its 2010 report: “Oil shale consists of organic (kerogen) and mineral matter.
The organic matter in oil shale is composed chiefly of carbon, hydrogen, oxygen, and
small amounts of sulphur and nitrogen. It forms a complex macromolecular structure
that is insoluble in common organic solvents (e.g. carbon disulphide). The organic matter
(OM) is mixed with varied amounts of mineral matter (MM) consisting of fine-grained
silicate and carbonate minerals. The ratio of OM:MM for commercial grades of oil shale
is about 0.75:5 to 1.5:5. Small amounts of bitumen that are soluble in organic solvents
are present in some oil shales. Because of its insolubility, the organic matter must be
retorted at temperatures of about 5000C to decompose it into shale oil and gas. Some
organic carbon remains with the shale residue after retorting but can be burned to obtain
additional energy. Qil shale differs from coal whereby the organic matter in coal has a
lower atomic H:C ratio, and the OM:MM ratio of coal is usually greater than 4.75:5” [2].

1.2 Polymer wastes

1.2.1 Plastic

In recent years, the topic of the reuse of polymer wastes, including plastics and used car
tires, has become increasingly important. According to Statista, more plastic has been
produced in the past 15 years than in the 50 years prior to that. In the European Union
alone the demand for plastics in 2020 amounted to 49.1 million tons [11]. Figure 1 shows
data on the demand for plastics by country in the European Union.
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Figure 1. Plastics demand by country in the European Union in 2020.
Sourse: Plastics — the Facts 2021
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More than 34 million tons of plastic were used in 2020 in Germany, ltaly, France, Spain,
the United Kingdom and Poland. This represents almost 70.0% of all plastic consumed in
the European Union, with all other countries accounting for about 16 million tons
of plastic. The largest use of plastics is packaging (40.5%), followed by building and
construction (20.4%) [12]. The demand for plastics by segment is shown in Figure 2.

45
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g 35

3 30

= 25
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210 I

g 5 B

g Packaging  Bulding and Others Automative Electrical and Household,  Agriculture

construction include electronic  leisure and

appliances, sports
mechanical
engineering,
furniture,
medical, etc

Figure 2. Distribution of plastics converters demand by segment in 2020.
Sourse: Plastics — the Facts 2021

Uses inFor appliances, mechanical engineering, furniture, medicineal, etc. accounts for
16.7% of all plastics. A significant amount of plastics is used in the automotive industry
(9.6%), followed by the electrical and electronic industries (6.2%), and for household use,
leisure and sports are using (4.1%) and agriculture (3.4%).

The most common plastics used on a daily basis and universally applicable are
polyethylene (PE-HD and PE-LD) and polypropylene (PP) [12]. These account for almost
50% of the total demand for plastic. The demand for plastics by type is presented in
Figure 3.

PS+EPS Other termoplastics
6%

PP
19%

ABS+PC+PMM
A+PTFE+PBT -
8%

PE-LD/PE-LLD
17%

PE-HD/PE-MD
13%

Figure 3. The demand for plastics by type.
Sourse: Plastics — the Facts 2021
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The annual increase in the production of polymer/plastic materials inevitably leads to an
increase in waste produced and requiring recycling. According to PlasticsEurope, in 2020
in Europe, of the collected 29.5 million tons of plastic waste, 42.0% went to energy
recovery, 34.6% to recycling and 23.4% was buried at landfills, amounting to roughly
7 million tons [12].

1.2.2 Car tires

In the 2020 publication The European tyre industry Facts and Figure, the European Tyre
and Rubber Manufacturers’ Association (ETRMA) reported that 300 million passenger car
tires and 18 million truck tires were produced in the European Union [13]. Industries
related to the production and use of tires are dispersed throughout the European Union
(Figure 4). The tire industry is constantly growing. China, Korea and Japan have invested
in production facilities, which will lead to the opening of new tire plants in 2022 in the
European Union [13].

ETRMA members

(93 Tyre plants*
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B o8 O3
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Q7 0 o7

*Including retreading facilities belonging to ETRMA members

Figure 4. A stronghold of European manufacturing.
Sourse: The European Tyre Industry Facts and Figures - 2020 Edition

The increase in the production of car tires will inevitably entail an increase in the number
of used tires that must be disposed of. In September 2020, ETRMA reported [14] that in
2018, 32 countries (the EU28, Norway, Serbia, Switzerland and Turkey) collected
3.58 million tons of End of Life Tyres (ELTs), of which 193 thousand tons have not been
reused. Thus, a fair amount of polymeric waste still needs to be incorporated into
sustainable waste management and, as a result, into the circular economy. To this end,
the European Union has prepared waste management plans [15]. A great deal of
attention is paid, in the framework of the circular economy, to car tire recycling [16].
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1.3 Pollution of the environment with polymer wastes

Polymers differ in chemical composition and application possibilities. The amount of
consumed polymers increases every year, which has a significant impact on the
environment.

About two-thirds of plastics are released into the environment, where they
decompose slowly and at the same time affect the ecosystem. In the form of debris,
plastics are found in oceans, air and soil. Nano plastics are added to some products,
so plastic residues can be found in the human body and in sewage systems [17].
They can also emit greenhouse gases at all phases of their life cycle, from production to
transportation and waste disposal.

The life cycle of plastics includes three phases as presented in Figure 5 [18].
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Figure 5. Life cycle of plastics.

The release of harmful substances into the environment occurs from the plastic
production phase to the end of life phase. A study commissioned by the European
Parliament’s Citizens’ Rights and Constitutional Policy Department at the request of the
Petition Committee (PETI) indicates that the economic impact of plastic waste is
enormous. Studies show that the economic damage to global marine ecosystems
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exceeds € 11 billion. In Europe, € 630 million is spent annually on cleaning up plastic
waste from coasts and beaches, and not recycling is costing the European economy € 105
billion annually [17].

Used car tires pose storage problems. Due to their flexibility, they cannot be
compacted and therefore take up large amounts of storage area. The biggest problem
with such storage of used car tires is the potential fire hazard. When a car tire burns, zinc
oxides, dioxins and aromatic hydrocarbons are released into the atmosphere [19].

1.4 Types of plastics

In accordance with the international standard ISO 472 on terms and definitions, plastic
is “material which contains as an essential ingredient a high polymer and which, at some
stage in its processing into finished products, can be shaped by flow” [20]. The polymer
macromolecule consists of compounds with low molecular weights [21]. According to the
chemical structure of macromolecules, polymers are grouped into different classes.

Figure 6 gives a hierarchical presentation of the classes of polymers plastics belong to
[22].
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PA

PA 10
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Etc

Thermoset
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Figure 6. Classification of plastics.

17



Plastics are classified into two major groups: thermoplastic and thermosetting. A wide
variety of additives are used in plastics to enhance their performance and increase their
versatility. The additives mainly perform the following functions [23]:

e Calcium carbonate: Filler. Generally used for cost reduction, as it's much
cheaper than polymer;

e Pigments: Give the plastic color. Generally for aesthetic purposes;

e Glass fiber: Increased strength and stiffness;

e Flame retardants: Increased fire resistance;

e Heat stabilizers: Increased resistance to heat exposure;

e Light stabilizers: Increased resistance to light exposure;

e Plasticizers: Process aid to reduce viscosity:

e  Foaming agents: Lightness and stiffness.

The amounts of additives used are highly variable. PVCis the plastic type that requires
by far the most additives. Of the world production of additives PVC alone accounts for
73% by volume, polypropylene and polyethylene account for 10 %, and styrenes account
for 5% [24].

The difference between thermosetting plastics and thermoplastics is that
thermoplastics can be remelted at low temperatures, while thermosetting plastics,
after curing, remain in a permanent solid state and withstand high temperatures
without losing hardness. The differences between the properties of different types of
polymers are attributable to the varying functional groups within the molecular
structures. These differences include mechanical, thermal and chemical resistance
properties.

A thermoplastic polymer molecule consists of small molecules or monomers
interconnected in long chains. They are usually pliable and flexible. When heated to high
temperatures, these polymers soften and begin to flow, which allows them to be
recycled. A thermosetting polymer molecule consists of long chains that are stitched
together, forming three-dimensional network structures. Thermosetting polymers are
tougher and stronger, but brittle. At the same time, they do not have a fixed melting
point, so their recycling is difficult. Elastomers, including rubbers, have intermediate
structures, in which some cross-linking of the chains is allowed. Elastomers can be
elastically deformed without changing their shape [25]. Table 1 shows the chemical
formulas of the most commonly used plastics.
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Table 1. Chemical formulas of thermosetting and thermoplastic polymers.

Polymer name

Chemical formula

Thermoplastic

Polyethylene (PE)

— H H
—_C—C—
- H H n

Acrylonitrile
butadiene
styrene (ABS)

Polyamide (PA)

—NH

Polyethylene
terephthalate
(PET)

[~ CHg

Polypropylene

(PP)
| n

Polystyrene (PS)
—_C ——C —
L

Polycarbonate ~

(°C) T I
——O--0—--
L CL "
— H H

Polyvinyl chloride C_i -

(PVC) | ‘
L H Cl n
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Polymer name Chemical formula

CHg

Poly-methyl
methacrylate
(PMMA)

—— CHy

c

COOCHg I n

Poly-methyl
pentene (PMP)

I}

HaC

CHj

Thermosetting

Methyl
methacrylate- |
butadiene-

styrene (MBS)

Styrene
Butadiene
Rubber (SBR)

Melamine
Formaldehyde
(MF)

Urea
Formaldehyde
(UF)
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1.5 Composition of ELTs

A car tire is a very complex engineering structure with many functions and tasks.
In design, tires are not much different from each other; the main difference is in the
composition. A car or passenger tire consists of 22—30% natural rubber, 15-23% synthetic
rubber, 20-28% carbon black, 13—-25% steel, 10-14% fabric, fillers, accelerators, etc.,
as shown in Table 2 [26].

Table 2. Typical materials used in tire manufacturing in Europe according to the percentage of the
total weight.

Materials, m/m% Passenger tire Truck tire
Natural rubber 22 30

Synthetic rubber 23 15

Carbon black 28 20

Steel 13 25

Fabric, fillers, accelerators, etc. 14 10

Average weight New 8,5 kg, Scrap 7kg New 65 kg, Scrap 56 kg

1.5.1 Natural rubber

Natural rubber is obtained from the milky sap of rubber-bearing tropical plants. The sap
is treated with acids and then the resulting product is rolled. The structure of natural
rubber can be determined by its chemical properties: rubber adds bromine, hydrogen
bromide and hydrogen, and when heated without access to air decomposes to form
isoprene (2-methylbutadiene). This means that rubber is an unsaturated polymer,
polyisoprene. A more detailed study of the structure of natural rubber revealed that
rubber is a linear polymer, a product of a 1,4-polyaddition of isoprene [27]:

CHy C CH CHy

CHg

1.5.2 Synthetic rubber

Synthetic rubbers are obtained by the polymerization of unsaturated compounds.
Depending on the type of starting material and the conditions of their processing,
rubbers with different properties and durability are produced [28]. Table 3 shows the
main types of synthetic rubbers.
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Table 3. The main types of synthetic rubbers.

Industrial name of
Structural formula

rubbers
. ——CHy——CH —C! CHy —— S
Styrene-butadiene 2 ; " Ha HT—E CHy —— CH :|m
CgHs
CHg
Butadiene  methyl- o |
> CH CH CH, ——CH, CH
styrene [ HT_E ‘ 1n
CeHs
CHgy
CHe C— — CHp C ——=CH——CH
Butyl rubber [ | HT_E 2 ]m
CHa CH3

1.6 Polymer Recycling

The recycling of polymers is extremely important as the disposal of plastic waste is a
worldwide problem. Since the early 2000s, most of the plastic waste from European
countries has been exported to developing countries (Figure 7) [29].

Total
736 208 tonnes
(2002)

Total
1720 807
tonnes
(2019)

T T T T T
2002 2003 2004 2005 2006 2007 2008 2009 2010 2071 2012 2013 2014 2015 2016 2017 2018 2019

L I I
China Hong Kong India Indonesia Malaysia Turkey Vietnam Other
v v g 0 0 0 0 0
2002 (tonnes) 136 310 440736 44575 1176 3223 579 232 110 074
2019 (tonnes) 23 630 272999 102511 121 707 404 659 409 843 44182 341211

Figure 7. EU-28 plastic waste exports, 2002-2019.
Sourse: Based on data fron UN Comtrade (2019b.)

22



The quantities of exported plastic waste changed following an initial temporary Chinese
restriction in 2013. In 2017, China announced an unprecedented import ban on most
plastic waste, resulting in a sharp decline in the global flow of the plastic waste trade and
changes in how European countries need to dispose of plastic waste [30].

The circular economy has long been on the agenda of many states and large
companies. In the context of the use of polymers, these principles are expressed, among
other things, in the search for approaches to reduce the final volume of waste. Thus,
in the European Union, the circular economy and waste reduction are the main tasks for
the coming years with specific targets for the recycling of plastic waste [31].

There are four main types of recycling: primary recycling, secondary recycling, tertiary
recycling, and quaternary recycling [32]. Common definitions of polymer recycling are
presented in Table 4.

Table 4. Common definitions of polymer recycling.

Polymer recycling Example

Decomposition of polymers
to compost or synthesis of
useful compounds by
biochemical transformation

Biological recycling

ASTM D7209 definitions 1SO 15270:2008 standard

(withdrawn 2015)33 definitions
. . . . Bottle to bottle closed loop
Primary recycling Mechanical recycling .
recycling
Recycling into a new
. . . product lower value plastic
Secondary recyclin Mechanical recyclin . .
y recycling ycling (plastic bottles into
polyester)
Cracking (pyrolysis),
. . . . asification,
Tertiary recycling Chemical recycling & .
depolymerization, solvent
extraction
Quaternary recycling Energy recovery Direct incineration

Primary recycling includes the extrusion of virgin polymer or pure polymer streams.
Secondary recycling requires sorting waste, crushing it, and then extrusion. If the
polymer is not suitable for simple mechanical processing methods, then tertiary
(chemical) recycling is used. Chemical recycling is the process of recycling a polymer to
its monomer feed. Quaternary recycling processes plastics that are not suitable for the
above-mentioned methods. These plastics are used for energy recovery through direct
incineration [32].

Pyrolysis, depolymerization and the solvent extraction of polymeric waste make it
possible to obtain fuels and chemical raw materials from polymeric waste. According to
the company IDTechEx, which has been engaged in independent market research, new
technologies and business analytics since 1999, in 2020 the range of polymer waste
processing technologies significantly expanded [35].
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Figure 8. Global Revenues from Polymer Recycling by Process.
Sourse: ID TechEx

The report “Polymer Recycling Technologies 2020-2030. End of life options for plastic
waste: tools, trends and markets” provides an assessment of the latest processing
technologies. The SWOT analysis of mechanical and chemical methods for processing
polymer wastes (Figure 8) shows a significant increase in revenues when using these
methods for disposal [35].

1.6.1 Biological recycling

Biological recycling, recently developed, uses the help of living organisms or enzymes to
decompose polymers. With this method of recycling, compost is formed or chemical
compounds are synthesized through biochemical transformation [36].

1.6.2 Mechanical recycling

Mechanical recycling involves cutting, shredding and washing plastic waste by physical
methods. This method makes it possible to separate contaminants from polymers by
extrusion with melt filtration and then obtain polymer granules. After sorting, cleaning,
drying and then directly processing waste into finished products or flakes, the size of the
plastic waste is significantly reduced and it can be used to make other products. In the
process of mechanical recycling, the main polymer does not change. However, due to
the heterogeneity of solid waste, the properties of this polymer deteriorate at each cycle.
In the presence of water and acids formed during the reaction of water and fillers,
the molecular weight of the polymer decreases due to chain-breaking reactions.
Thermosetting plastic cannot be melted or reprocessed, so mechanical recycling is not
suitable for such plastics [37, 38].

1.6.3 Energy recovery

The direct incineration of polymers contained in municipal solid waste, resulting in
significant air pollution, is common throughout the world, especially in developing
and underdeveloped countries [40]. The direct incineration of high concentrations of
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polyethylene, polypropylene and polystyrene produces carbon monoxide and other
harmful emissions. The combustion of PVC leads to the formation of dioxins and aromatic
compounds (pyrene and chrysene) [39, 40].

1.6.4 Chemical recycling

Depolymerization

During chemical recycling, polymers as a result of a chemical reaction are converted into
monomers or partially depolymerized to oligomers. The monomers obtained by the
chemical reaction are used for new polymerization reactions in order to obtain the
original or a new polymer [41].

Gasification

Usually during gasification, materials that contain carbon will partially oxidize by reacting
with air, oxygen, steam or mixtures thereof at temperatures from 700 °C to 1600 °C and
in the pressure range from 10 to 90 bar. During the gasification of plastic waste,
the resulting synthesis gas can be used to make new chemical products. The composition
of the synthesis gas largely depends on the feed-stock from which it is obtained. If the
feed-stock is not homogenous, then the resulting synthesis gas is of poor quality and
expensive processes must be used to purify it [42].

Solvent extraction

Solvolysis is the most commonly used chemical recycling method and is implemented
using a wide range of solvents, temperatures, pressures and catalysts. The general
structure of plastic recycling by solvent extraction includes the removal of impurities,
dissolution (homogeneous or heterogeneous dissolution), and re-precipitation or
devolatilization. A polymer or polymer mixture is dissolved in a solvent or in several
solvents, and then each polymer is selectively crystallized. The most successful variant is
when the solvent can dissolve either the target polymer or all other polymers except the
target one [43].

Pyrolysis

Pyrolysis is the thermal decomposition of organic compounds in an oxygen-free
atmosphere to form gaseous, liquid and solid products [44]. The pyrolysis of plastics is
carried out at a temperature range of 300—800 °C and, as a result, a product is formed of
a wide range of hydrocarbons with practically no release of toxic or harmful gases,
as is the case with waste incineration. In addition, waste water is not produced by the
gas cleaning system [45]. The pyrolysis of plastics has been extensively studied.
The first studies on the pyrolysis of plastics were published in the early 1960s. In this
study, pyrolysis products were analyzed by gas chromatography to identify recycled
polymers [46].

The advantage of the pyrolysis of polymer wastes is its versatility when recycling tires
and plastics [47]. Pyrolysis has several advantages over other methods of disposing of
plastic waste. The costs associated with sorting, washing and blending prior to the
mechanical recycling of plastic waste are absent in the pyrolysis method [40].
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1.7 Pyrolysis of the most common plastics

PVC pyrolysis

One of the most problematic materials for pyrolysis is PVC plastic, since it can contain up
to 60% chlorine [49], leading to low yields of liquid products. The decomposition of PVC
occurs in two stages. In the first stage, at a temperature of 200-380 °C, chlorine is
removed in the form of HCI, and in the second stage, at a temperature of 380-550 °C,
the decomposition of HCl-free plastic occurs [50]. As noted by the research groups that
studied the pyrolysis of PVC [51, 54, 66], during the experiments up to 58.2% of very
corrosive and toxic hydrogen chloride was obtained. The authors of the studies have also
written that liquid pyrolysis products contain chlorinated compounds, such as
chlorobenzene. One of the possible ways to obtain fuel with a low chlorine content in
pyrolysis products is a fast pyrolysis method in combination with hydrothermal
dechlorination. This combination of methods makes it possible to convert organic
chlorine from condensable pyrolysis products to inorganic chlorine, which passes into
gaseous products, thereby achieving a dechlorination efficiency of 99.9% [52]. Also
known is a mechano-chemical method for reducing the chlorine content in PVCs. For this,
PVCs are ground with CaO in a ball mill and then washed with water [53]. For the
dechlorination stage, additional costs are required, which is a disadvantage of PVC

pyrolysis.

PET pyrolysis

The thermal degradation of PET is observed at temperatures above 300 °C [54]. Certain
difficulties arise during PET pyrolysis. Merve Sogancioglu et al. [55] noted that the
thermal processing of PET at temperatures of 300, 400, 500, 600 or 700 °C produces
an oligomer, not a liquid pyrolysis product. During PET pyrolysis, the oil yield is quite
low compared to other plastics and ranges from 23 to 40 m/m% [55, 56, 67]. The oil
obtained from PET pyrolysis contains a high content of benzoic acid and terephthalic acid
(up to 0.5 kg per kg PET) [108]. The high acidity of the oil negatively affects its
characteristics, making it highly corrosive, while benzoic acid sublimes and clogs pipelines
[55,56].

PUR (PU) pyrolysis

Polyurethane plastic is used as often as PET. Research on the pyrolysis of PUR has been
negligible. The studies carried out have been mainly related to the study of the
kinetics of the pyrolysis process and the analysis of volatiles released during heating
without oxygen access [57, 58]. The thermal decomposition of polyurethane foam
proceeds in three stages in the temperature ranges 38 °C — 400 °C, 400 °C - 550 °C, and
550 °C—1000 °C; 81% of the sample from the initial mass decomposes at a temperature
of up to 1000 °C [58], which indicates the presence of fillers in polyurethane. Pyrolysis at
temperatures above 1000 °C produces soot, which is considered a valuable nano-scale
material based on carbon [59].

Polyolefin pyrolysis

As stated in the 2019 European Commission report “A circular economy for plastics —
Insights from research and innovation to inform policy and funding decisions”,
since polyolefins (PE and PP) are the most used polymers by volume, accounting for
about half of the plastic consumed by EU recyclers, and this type of plastics cannot be
depolymerized back to ethylene and propylene; using pyrolysis with a conventional
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refining of the products obtained in the process, there can be a large technological gap.
At the same time, polymeric waste does not require preliminary removal of contaminants
and additives [60].

1.7.1 Mechanism of pyrolysis

Guoxun Yan et al. [61] describe in their research work the mechanism of pyrolysis of
PE-LD and PP plastics. They assumed that with a short residence time in the reactor at
atmospheric pressure, the thermal decomposition of polymers would occur according to
the mechanism shown in Figure 9.

8 Char 8’
7 Gas 7
4
! N 2 Bubbling 3 — Wax
Polymer Molte > —
4
Diesel ,
5 5
6 Gasoline 6

Figure 9. Main pathway in the thermal degradation of polymer.

The polymer first melts, then begins to bubble, which continues at temperatures from
100 to 400 °C (paths 1 and 2). It was also noted that white solid intermediates formed
between Paths 1 and 2 at room temperature. An important step in thermal destruction
is the formation of radicals R, which occurs at temperatures above 400 °C, which provides
a reaction environment conducive to the rupture of C-C bonds. Chain-breaking reactions
with the formation of paraffin, diesel fuel and gasoline proceed along Paths 4, 5 and 6
with increasing temperatures, and Paths 5 and 6 occur simultaneously [61].

1.7.2 Pyrolysis process conditions

The pyrolysis process can be thermal or catalytic. Catalysts affect the yield and
composition of pyrolysis products [62]. Catalytic pyrolysis takes place at lower
temperatures, but cracking reactions are faster and the resulting liquid products have a
lower boiling point [63—-65]. In a thermal pyrolysis process, reactor residence time,
temperature, pressure and reactor type play important roles in the yields and
compositions of the pyrolysis products [48]. Thus, during the pyrolysis of polyolefin
plastics under various conditions, oil and waxes, aromatic compounds of BTX, and olefin
gases (ethene, propene and butadiene) can be formed [66].
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The pyrolysis process is classified as slow pyrolysis, fast pyrolysis or flash pyrolysis.
This classification is according to the heating rate and the residence time of the
pyrolyzable sample in the reactor [67]. Table 5 presents the classification of the pyrolysis
process.

Table 5. Main operation parameters for the pyrolysis process.

Parameters Slow pyrolysis Fast pyrolysis Flash pyrolysis
Temperature, °C 550 -900 850-1250 1050 - 1300
Heating rate, °C/s 0,1-1 10 -200 >1000

From a review of the literature by Garten Lopez et al. [68], it was concluded that waxes
are the primary product in the thermal pyrolysis of polyolefins. Waxes are formed in the
largest quantities at moderate temperatures of about 500 °C and with a short stay in the
reactor.

In a review of the pyrolysis of plastic waste by Shafferina Dayana Anuar Sharuddin
et al. [69], it was noted that during the pyrolysis of individual plastics at temperatures of
300-500 °C, liquid pyrolysis products are formed, and it was shown that temperature has
the greatest impact, as it can affect the composition of pyrolysis products for all plastics.
Also, Merve Sogancioglu et al. [55] noted in their study that, with an increase in the
temperature of the pyrolysis process from 300 to 700 °C, the yield of liquid products of
PE-HD, PE-LD and PP decreased. Table 6 presents the data from this study.

Table 6. Pyrolysis liquid product yield.

Pyrolysis liquid product yield, m/m%

Pyrolysis temperature, °C

PE-HD PE-LD PP
300 88.5 78.4 79.6
400 87.9 76.6 78.7
500 87.6 69.2 78.6
600 87.6 73.2 77.5
700 83.9 72.9 75.1

The same trend of decreasing the yield of liquid products during PE-LD pyrolysis with
increasing temperature has also been noted by other authors [70].

As noted by R. Miandad et al. [71], during the pyrolysis of polyethylene up to 500 °C,
they obtained waxes instead of liquid oil, since PE has a structure with a long carbon
chain. George Kofi Parku et al. [72] noted that, in addition to temperature, the yield of
liquid products of PP pyrolysis is also affected by the heating rate (slow and fast
insertion). Propylene pyrolysis was carried out at temperatures of 450, 488, 525 and
600 °C with fast and slow insertion. Table 7 presents the data from this study.
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Table 7. Dependence of the yield of liquid products of PP pyrolysis atmospheric pressure on
temperature and insertion rate.

Pyrolysis Slow insertion Fast insertion
tt)zmperature, Hc:)a“v ¥ Lif:l‘t Gases Char H(:,a“v 4 Li:iTt Gases Char
450 68.6 13.8 5.6 5.7 62.9 14.0 4.0 14.0
488 70.3 15.3 5.8 3.1 69.7 14.8 7.2 3.0
525 63.8 17.1 8.4 2.6 64.6 16.0 10.1 2.6
600 48.0 15.0 27.0 2.5 31.0 29.5 31.8 2.5

Increasing the pyrolysis temperature and heating rate of polypropylene significantly
increases the amount of light oil produced, while the amount of total oil decreases as the
gas yield increases.

Min-Hwan Cho et al. [73], in their study of the pyrolysis of plastic waste at temperatures
of 667, 710, 735 and 773 °C, note that at a temperature of 735 °C the content of BTX
aromatic compounds in oil increased significantly, while the maximum BTX yield was
obtained at 719 °C (18 m/m% of organic product).

The results of the thermal pyrolysis of PE-HD at temperatures of 600-800 °C showed
that 700 °C is optimal for the yields of ethylene (36%), propylene (15%) and butenes
(9.4%). With an increase in temperature above 700 °C, the yields of methane and PAHs
increase, which is undesirable [68].

In their study, Azubuike Anene et al. [74] noted that during the pyrolysis of PP and
PE-LD in a series of experiments at temperatures below 450 °C, waxes were formed in
the product lines. During the pyrolysis of these plastics at 460 °C, the yield of the liquid
fraction from PE-LD was 86%, and from PP it was 94%. An analysis of the resulting liquid
fractions by GC-FID showed that both consist of C7-C40 hydrocarbons. In PE-LD plastic
oil, the gasoline fraction was 24%, the diesel fraction 30% and the heavy fraction 46%.
In oil from PP plastic, the gasoline fraction was 44%, the diesel fraction 33% and the
heavy fraction 23%.

The effect of temperature and residence time in the reactor on the pyrolysis of
polyolefins to obtain certain products is characterized by the following scheme [68],
shown in Figure 10.

T<450 °C
Short residence Waxes
Polyolefins
Pyrolysis
yroly T=650-800 °C
Moderate residence BTX
T>800 °C
Very short residence time Light olefins

Figure 10. Conditions for the selective production of waxes, BTX and light polyolefins by pyrolysis.
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As mentioned above, pyrolysis is affected by the type of reactor in which the process
takes place. Table 8 shows data on the effects on the yield of pyrolysis products of
polyolefins of such parameters as the type of reactor, residence time in the reactor,
temperature and pressure [69].

Table 8. Yield of pyrolysis products of polyolefins.

Process parameters Yield, wt%
Type of Heating
plastic Reactor Y Pre- rate, Durationmin  Oil Gas  Solid
°C ssure .
°C/min
pe.yp  Horizontal a0, ; 20 30 80.9 172 1.9
steel
PE-HD  Semi-batch 400 latm 7 . 820 16.0 2.0
PE-HD  Batch 450 ; ; 60 745 58 19.7
PE-HD  Semi-batch 450 1latm 25 . 912 41 4.7
pe-pp  luidized 500 ; ; 60 850 10.0 5.0
bed
PE-HD  Batch 550 ; 5 . 847 163 O
PE-HD E':('jd'ze‘j 650 - ; 2025 685 315 0
. e 0.8-
PE-LD ressunized 425 43 10 60 89.5 10.0 05
batch
kPa
PE-LD  Batch 430 ; 3 . 756 82 75
PE-LD - 500 1atm 6 - 80.4 19.4 0.16
PE-LD  Fixed bed 500 ; 10 20 950 50 0.0
PE-LD  Batch 550 ; 5 - 93.1 146 0.0
PE-LD E'e”(;d'md 600 1atm ; ; 51.0 242 0.0
PP Horizontal = 5, . 20 30 69.8 28.8 1.3
steel
PP Batch 380 1atm 3 - 80.1 6.6 133
PP Semi-batch 400 1atm 7 - 85.0 13.0 2.0
PP Semi-batch 450 1 atm 25 - 923 4.1 3.6
PP - 500 1atm 6 . 821 17.8 0.1
PP Batch 740 ; ; . 488 496 1.6

From the data presented in Table 8, it can be seen that an increase in the pyrolysis
temperature of the plastics PE-HD, PE-LD and PP leads to a significant decrease in oil yield
for all types of reactors. Most of the gas-vapor mixture does not condense, but passes
into a gas. For PE-HD and PP plastics, the optimal temperature for the highest oil yield is
450 °C, and for PE-LD plastic, the temperature is 500 °C.
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1.8 Tire pyrolysis

Tire pyrolysis has been widely studied by many authors [75—-79]. From an environmental
point of view, pyrolysis is the best alternative to direct combustion, which releases the
pollutants PAHs, CO, CO2, NOx, SOx etc. [80] Pyrolysis is a versatile process that allows
for the co-pyrolysis of tires with waste plastics, biomass and solid fuels [81]. The yield of
pyrolysis products is affected by the process temperature and the type of reactor.
Table 9 shows data on the influence of these parameters [82].

Table 9. Effect of temperature and reactor type on the yield of tire pyrolysis products.

Yield, wt%

Reactor ue oil Char Gas
Fixed, batch 700 38.5 43.7 17.8
Closed batch reactor 450 ~63 ~30 ~7

;l:(ee?Ubk;id, batch, internal 475 55 36 9

Fixed bed, batch 720 58.8 26.4 14.8
Fixed bed, batch 600 40.3 47.9 11.9
Fixed bed, batch 500 58.0 37.0 5.0
Fixed bed, batch 425 60.0 ~30 ~10
Fixed bed, batch 475 58.2 37.3 4.5
Fluidised bed 700 26.8 35.8 19

Fluidised bed 450 55.0 42.5 2.5
Fluidised bed 740 30.2 48.5 20.9
Rotary kiln 550 38.1 49.1 2.4
Rotary kiln 500 45.1 413 13.6
Circulating fluidized bed 450 ~52 ~28 ~15

As can be seen in Table 9, an increase in tire pyrolysis temperature leads to a decrease
in oil yield and the formation of more gas. The optimum pyrolysis temperature to obtain
liquid products is 425-500 °C.

The resulting pyrolysis oil is a mixture of hydrocarbons from C6 to C37, mostly
C8-C13. About 65% are non-condensed pentenes, isoprene, butadiene and pentadienes.
The oil contains large amounts of aromatics, naphthenes and terpenes, especially
limonene [81].

1.9 Theory of the study of kinetic parameters

Thermogravimetry (TG) is a research and analysis method based on the registration of
changes in the mass of a sample depending on its temperature or time under certain and
controlled conditions of changes in the ambient temperature. Thermogravimetric
analysis is quite accurate and fast, and it is used to study the characteristics and kinetics
of the pyrolysis of materials with complex matrices, such as solid fuels. In pyrolysis
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kinetics analysis, the activation energy (Ea) is an important parameter describing the
pyrolysis process of a sample [83]. There are a number of methods for calculating Ea,
based on the mathematical processing of the TGA curve. The least time-consuming and
most accurate for polymers and oil shale is the double logarithm method. The condition
for the applicability of the Coats-Redfern method is the first order of the decomposition
reaction. When calculating the kinetics of oil shale pyrolysis and polymer decomposition,
it is usually assumed that these reactions are of the first order [84—-88].

The rate constant of the decomposition reaction of the test substance is found from
the Arrhenius’ equation:

_Ea
K=A-e rr (1)
where
A = pre-exponential factor, sec*
E = activation energy, kJ/mol
T = temperature of the test substance, K
do
—=K-(I-a)"
dr

’ (2)

where
K = the rate constant of the decomposition reaction of the test substance
a = conversion rate
n =reaction order
T = thermal decomposition time in sec?

The degree of decomposition of the material can be calculated following the
established procedure for each reaction stage separately, and the conversion rate (a) is
calculated by comparing the mass at time t (m:) with the initial (mo) and final (mf) masses
as per eq.:

mo—myg

= (3)

Substituting equation (2) into equation (1), we obtain the dependence: (4)

d _E
L de T (1-a).
dr
(4)
dar
ﬂ = d_T,
Dividing the left and right sides of equation (4) by the heating rate , the

following dependence is obtained:

E
dx_4 u (l-a)".
ar ~ p )
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By dividing the variables in equation (5) and integrating the right and left sides,
the following dependence is obtained:

o da Tnew _E
J' =2 [ enrr
c(l-a) B,

The temperature integral can be calculated using the following equation:

T E E
"o R
j e =—01T T"¢",

E

Tin

(7)

where
Text = reference temperature, which corresponds to the extremum of the decomposition
rate of the substance. Replacing the integral over temperature and integrating the right
and left sides of the equation, we obtain:

E
—ln(l—a)zéETmz-e RT
BE

(8)
After taking the logarithm of the right and left sides of equation (8) [84-88], we get:

ARy 2y E
ln(—ln(l—a))—ln(ﬂETm) RT

(9)

From equation (9) it follows that the value of the activation energy E can be defined

as the tangent of the slope of the linear portion of the curve plotted in coordinates
1000
In(—In(1-@)); ——-

T  After analyzing the curves of thermal decomposition, it is possible

to select linear sections, approximate them by a linear equation of the type

R
y=a-x+b, E’
where the value of the parameter a corresponds to the value and b
227 2,
P E

corresponds to the complex
factor can be found.

from which the value of the pre-exponential
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2. EXPERIMENTAL

2.1 Sample characterization

The oil shale sample used in this study was Estonian oil shale from an underground mine
called Ojamaa. The polyethylene (PE-HD and PE-LD), polypropylene (PP) and the tires
used in this study were collected from the Uikala municipal waste dump.

One of the most important characteristics of fuels is the calorific value, which
determines the fuel’s quality. The calorific value was determined in calorimetric bomb
Parr 6300, the net calorific value was calculated by EVS-ISO 1928 and corrected for
non-decomposed carbonates. The need to correct the values of the calorific values for
oil shales that contain more than 23% mass of the carbon dioxide of carbonates is
described in Publication I. An analysis of the determination of the calorific values of oil
shale from various deposits, including the Estonian oil shale, showed that for shale with
a carbon dioxide content in carbonates of more than 23% on mass basis, it is necessary
tointroduce a correction for the value of the gross calorific value. The gross calorific value
correction for some oil shale can be as high as 800 kiJ/kg, but the ASTM and ISO
international standards for determining the calorific value of solid fuels did not indicate
this. Since the net calorific value is a critical characteristic of a fuel for industry and is
calculated via gross calorific value, a correction for non-decomposed carbonates must be
taken into account, as this will also affect the value of the net calorific value.

The elemental composition was determined using a “Vario Macro Cube” device by
ASTM D5373, and the fixed carbon was determined by calculation from the equation:
FC (m/m%) = 100 — A% — mass of the residue at 815 °C after heating the sample in a
nitrogen atmosphere (TGA analysis). The ash content was determined by the International
Standard ISO 1171. The data are shown in Table 10.

Table 10. Proximate and Ultimate analysis results.

Proximate analysis*, m/m% Ultimate analysis*,
m/m%
Sample . Net
Ash Fixed calorific C S
carbon H N
content (FC) value, Total Total
MJ/kg

EOS 50.1 2.7 8.807 27.5 2.7 0.07 1.60
PE-HD 0.4 <1.0 44.575 84.0 15.5 0.02 <0.1
PE-LD 1.30 <1.0 44.286 83.0 15.5 0.05 <0.1
PP <0.1 <1.0 44.876 84.1 15.8 0.01 <0.1
Tires 8.0 24.6 34.388 78.7 7.7 0.47 1.25

*on dry basis
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For a characterization of the mineral part of the oil shale, the content of metal oxides
was determined. The content of metal oxides was determined by atomic emission
spectrometry with microwave plasma generation (MP-AES). At the first stage of the
analysis, the sample was treated with H202 and HNOs, and then the decomposition of
the sample continued in an ETHOS ONE microwave system. At the next stage, the content
of metals in the resulting solutions was determined by atomic emission spectrometry
with microwave plasma on a Shimadzu 4200MP-AES instrument. Based on the amount
of metals, the content of metal oxides was recalculated through the molar mass. Based
on the ash content in the oil shale sample, the content of the metal oxides was
recalculated to ash. The data are shown in Table 11.

Table 11. Metals content in the oil shale and oil shale ash.

Sio; A|203 F6203 CaoO MgO NazO K20 Tio;
Sample
m/m%
EOS 12.9 2.8 2.3 24.6 2.2 0.2 1.4 0.2
Oil shaleash  25.7 5.6 4.6 49.2 4.4 0.4 2.8 0.4

The studied samples were analyzed on a Thermo Nicolet Summit FTIR spectrophotometer
instrument in order to determine the functional groups included in their compositions.
The FTIR spectra are shown in Figure 11 and Figure 12.
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Figure 11. FTIR spectra of Estonian oil shale.

In principle, the FTIR method is the interaction of infrared radiation with the vibrating
dipole moments of the molecules of the substance under study. The FTIR spectra show
the molecular absorption of various chemical bonds and specific bonds in an oil shale
sample. A peak with an intensity of 3615 cm™ indicates stretching vibrations of the
hydroxy group, H-bonded OH stretch. The original oil shale sample had asymmetric and
symmetric CHz groups stretching vibrations of kerogen at around 2922 and 2857 cm?,
respectively. From near 1706 cm® carbonyl C=0 stretch bands and from 1622 cm™ C=C
aromatic structures were apparent. The right side of the FTIR spectra shows the mineral
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bands of shale samples. The distinct broad peak at around 1422 cm-1 represents
stretching vibrations of the COs> ion from dolomite and calcite. The other two sharp
peaks at 874 and 727 cm represent carbonate ions from dolomite and calcite. The other
broad peak at around 1012 cm™ with small peaks around 778 and 695 cm® represent
Si-O stretching vibrations of quartz and silica. The intensity of the peaks around 2922 and
2857 cm may indicate that the kerogen of the oil shale has aliphatic content.

Figure 12. FTIR spectra of PE-HD, PE-LD, PP.

The spectra of high and low density polyethylene were identical to each other. At
wavelengths of 2918 and 2839 cm™ there were asymmetric and symmetric stretching
vibrations of the CHz groups (methylene C—H asymmetric stretch), and at 1454 cm™ and
750 cm there were scissoring vibrations and pendulum vibrations of the CHz groups,
respectively. The FTIR spectrum of polypropylene had the same asymmetric and
symmetric stretching vibrations of the CHz groups at 2918 and 2839 cm™ as PE, and the
asymmetric and symmetric in-plane C—H (—CHs) at 1454, and a shoulder at 1354 cm
confirmed that it was a polypropylene. The peak at 1372 cm™ was C—H scissoring and
bending assigned to —CHs alkanes.
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Figure 13. FTIR spectra of Estonian oil shale and tires.
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The tire spectrum (Figure 13) contained symmetric and asymmetric stretching vibrations
of CH; groups (2850-2950 cm't). The spectrum also showed that the tires had a mineral
filler. When compared with the spectrum of the oil shale, it was clear that the tires had
stretching vibrations of the CO3% ion from the calcium carbonate used as tire filler.
The other two peaks at 874 and 727 cm™ also testified to this.

For all samples, the yield of pyrolysis products was determined in accordance with the
standard ISO 647. The method is based on heating the test sample in an aluminum retort
to a temperature of 520 °C for 80 minutes. The data are shown in Table 12.

Table 12. Yield of pyrolysis products.

Yield of pyrolysis products, m/m%

Samples
oil semi-coke pyrogenetic gas + loss
water

EOS 16.5 77.3 15 4.7
PE-LD 92.3 1.2 0.3 6.2
PE-HD 92.1 1.9 0.0 6.0
PP 93.4 0.3 0.0 6.3
Tires 54.2 38.8 0.1 6.9

Before analysis, the samples were dried and ground in a mill Retch SK-100 to an analytical
sample (up to 0.2 mm).

Test mixtures of samples were prepared from oil shale and individual components of
polymer wastes in a ratio of 50/50 (EOS + PE-LD, EOS + PE-HD, EOS + PP, EOS + tires),
as well as a mixture of oil shale 50% and 50% (EOS + mix) of the four components of
polymer wastes in an equal ratio. The resulting mixtures were subjected to pyrolysis
under the same conditions as the individual components of the mixtures. The pyrolysis
products were analyzed. Data for this part of the study are presented in Publication IIl.

2.2 Methods for the analysis of co-pyrolysis products

In the oils and semi-cokes obtained by co-pyrolysis, the elemental composition was
determined on a “Vario Macro Cube” device. Carbon, hydrogen, nitrogen and sulfur were
determined concurrently in a single instrumental procedure. The quantitative conversion
of the carbon, hydrogen, nitrogen and sulfur into their corresponding gases (CO, H20,
N2/NOx and SO:2) occurred during the combustion of the sample at 1150 °C in an
atmosphere of oxygen. Combustion products which would interfere with the subsequent
gas analysis were removed by a helium purge. The oxides of nitrogen (NOx) produced
during the combustion were reduced to N2 before detection. The carbon dioxide, water
vapor, elemental nitrogen and sulfur dioxide in the gas stream were then determined
quantitatively by appropriate instrumental gas analysis procedures.

The relative density of the liquid pyrolysis products was determined by the ratio of the
oil density to the density of distilled water at room temperature.

37



The group composition of the obtained oils was determined by adsorption
chromatography. Separation into groups of compounds occurred when the mobile phase
moved along the column as a result of interaction with silica gel, which has active sites
on the surface. The mobile phase was a polar solvent with increasing eluting power.
At the next stage, each group of compounds was analyzed on a GAS-CHROMATO-MASS-
SPECTROMETER (GC-MS), which had the following characteristics:

Equipment: Gas chromatograph mass spectrometer “Shimadzu GCMS-QP2010 Plus”
lonization mode: Electron ionization (El)

Injection: Split @ 280 °C, 3 pl / auto sampler AOC-20i

Column: Zebron ZB-1

Dimensions: L = 100m, ID = 0.25 mm and FT = 0.50 um

Detector: MSD @ 280 °C

Carrier Gas: Helium @ 30mL/min (constant flow)

The studied samples were analyzed on a Thermo Nicolet Summit FTIR
spectrophotometer instrument in order to determine the functional groups included in
their compositions. The spectrometer had the following characteristics:

Range: 4000-400 cm-1
Number of scans: 16
Optics: KBr

An analysis of the component composition of the gas was performed on an Agilent
Technologies 7890B gas chromatograph. The gas chromatograph had two types of
detectors: TCD (thermal conductivity) and FID (flame ionization). High purity helium and
nitrogen were used as carrier gases. The obtained data were processed using specialized
Openlab software; for analysis, a method developed on the basis of international
standards was used: UOP 539-12 Refinery Gas Analysis by Gas Chromatography and
EVS-EN ISO 6976.

2.3 Thermogravimetric analysis

A thermogravimetric analysis (TGA) of the oil shale samples and polymer wastes was
undertaken using a TGA 1 STARe System METTLER TOLEDO. The initial TGA temperature
for all samples was 25 °C and the final temperature was 950 °C. The heating rate was
20 °C/min and the tests were carried out under nitrogen purging at a rate of 20 ml/min.
Nitrogen gas was used as an inert purge gas to displace air in the pyrolysis zone, thus
avoiding unwanted oxidation of the sample. In this work, about 20-25 mg of each sample
were analyzed in an Al2Oz dish and used for TGA analysis.
From the TG curve, according to the international standard EVS-EN ISO 11358-1,
points Ta, Teand Tc were determined (Figure 14), where:
e As the starting point: the point of intersection of the starting-mass baseline
and the tangent to the TG curve at the point of maximum gradient;
e Bis the end point: the point of intersection of the final-mass baseline and the
tangent to the TG curve at the point of maximum gradient;
e Cisthe mid-point: the point of intersection of the TG curve with the temperature
at which both baselines are equidistant.
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Figure 14. Processing of the obtained TG curve.

The thermogravimetric analysis of the sample in an inert atmosphere, in this study under
nitrogen, simulated the process of pyrolysis. Based on the obtained mass loss curves and
the differential mass loss curve, the main kinetic parameters of co-pyrolysis were
determined. Data on the main kinetic parameters of co-pyrolysis are presented in
Publication IlI.

Also, based on the data of the thermogravimetric analysis, the thermal stability of the
polymers was determined, which characterizes the ability of the polymer to maintain its
properties.
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3. RESULTS AND DISCUSSION

3.1 Decomposition of Estonia oil shale, polymers and mixtures of polymer
wastes with oil shale

The curves of mass loss (TG) of oil shale and polymers waste when heated under these
conditions and a differential weight loss (DTG) curve are shown in Figures 15 and 16.

EOS
« PE-LD
=y ~— PE-HD
~— PP
80 v 'k.__.__. Tires

100 —peeresvere

60

TG (%)

40 ot

204 1

0

T T T T T T T 1
100 200 300 400 500 600 700 800 900
Temperature (°C)

Figure 15. Curves of oil shale and polymer waste weight loss (heating to 950 °C).

The oil shale weight loss curve indicates a two-stage decomposition of the sample. Such
a two-stage decomposition is typical for oil shales with an insignificant stage of moisture
loss at 100°C, as pointed out by other authors [89, 90]. The decomposition of plastics in
a nitrogen environment occurs in one stage, since they basically lack the mineral part
(see the results of the analysis of the ash content in Table 10).
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Figure 16. Curves of oil shale and polymer waste differential weight loss (heating to 950 °C).
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The graphs indicate that, in the temperature range from 300 to 550 °C, the organic part
of oil shale decomposed, with a maximum weight loss at 445 °C, and in the temperature
range from 670 to 870 °C, the mineral part of the oil shale decomposed, with a maximum
weight loss at the second stage at 799 °C. Although PE-HD and PE-LD plastics are identical
in composition, their degradation starts and ends at different temperatures. PE-HD
decomposed in the temperature range of 400-550 °C, with a maximum mass loss point
at 482 °C, and PE-LD decomposed at 350-580 °C, with a maximum mass loss point at
472 °C. As can be seen from the weight loss curve of PP, its decomposition began at a
lower temperature, in the range of 300-520 °C, with a maximum weight loss at 442 °C.
The obtained data on TGA analysis correspond to the data obtained by other authors
[91, 92]. The tire began to decompose in the temperature range of 250-550 °C (organic
part), with a maximum weight loss at 400 °C. A residue of about 34% at the end of
decomposition at 950°C indicated the presence of a filler. The mineral part of the filler
partially decomposed in the temperature range of 650-740 °C; however, this peak is not
clearly visible on the DTG curve, since the content of the organic part was much higher
than the mineral part. In the temperature range of 250-550 °C, the active pyrolysis of
the studied samples took place. Subsequent heating of the samples to 950 °C led to the
thermal destruction of stronger bonds in the solid residue and a weight loss of less than
1%. The values of the beginning (Tonset) and end (Tendset) of the active destruction of
organic matter, the destruction of the mineral part and the maximum weight loss
(Tmidpoint) during these processes are presented in Table 13.

Table 13. The TGA parameters for Estonian oil shale and polymers.

Raw materials

EOS PE-LD PE-HD PP Tires
TGA parameter
Step Step Step Step Step Step
1 2 1 1 1 1
Tonset, °C 412.8 766.0 455.6 460.5 419.5 353.6
Tmidpoint, °C 444.7 798.8 480.7 480.4 442.3 400.3
Tendset, °C 476.6 839.4 493.9 500.3 468.9 451.0

The thermal stability of polymers is estimated by the temperature of the beginning of
decomposition, at which the mass loss begins and the TG curve deviates from the initial
zero value, as well as by the values of Tio, T20, Tso, at which 10%, 20% and 50%,
respectively, of the mass occurs under the same experimental conditions. The data of
thermal stability for each polymer are shown in Table 14.
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Table 14. Thermal stability (T1o, T2, Tso) of the studied polymers.

Raw materials

PE-LD PE-HD PP Tire
Tio 445.5 455.5 396.4 358.0
Tao 456.9 465.1 415.6 385.1
Tso 4743 480.4 441.8 452.8

From the data presented in Table 14, it can be seen that PE-HD plastic was the most
thermally stable of the studied polymers, and the tires were the least stable. The data
obtained by thermogravimetric analysis for PE-HD and PE-LD are logical, since the bonds
of PE-HD molecules are stronger than those of PE-LD.
The kinetics of the co-pyrolysis of oil shale with polymer wastes has not been studied

much. To study this process, the following mixtures were prepared:

e Estonian oil shale/ PE-HD —50/50

e Estonian oil shale/ PE-LD — 50/50

e Estonian oil shale/ PP—50/50

e Estonian oil shale/ Tires — 50/50

e Estonian oil shale/ PE-HD/ PE-LD/ PP/ Tires —50/12.5/12.5/12.5/12.5

The thermogravimetric analysis of the samples was carried out under the following
conditions: the initial TGA temperature for all samples was 25 °C and the final
temperature was 950 °C, the heating rate was 20 °C/min and the tests were carried out
under nitrogen purging at a rate of 20 ml/min. Figures 17 and 18 show a simple weight
loss (TG) curve of the studied test mixtures and a differential weight loss (DTG) curve.
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Figure 17. Simple weight loss (TG) curve of the studied mixtures of Estonian oil shale with polymer
wastes.
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The mass loss curves during the co-pyrolysis of the studied mixtures indicate that the
process occurred in two stages. The first stage was the decomposition of the organic part
of the mixtures, and the second stage was the mineral part of the oil shale and filler in
the mixtures that included tires.
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Figure 18. Differential weight loss (DTG) curve of the studied mixtures Estonian oil shale and polymer
wastes.

It can be seen from the DTG curve (Figure 18) that the addition of polymers to the oil
shale affected the temperature at which the samples began to decompose. While the
temperature of the beginning of the decomposition of the oil shale and PP began at
300 °C, and that of the plastics PE-HD and PE-LD at 370 °C, during co-pyrolysis the onset
of decomposition for all mixtures shifted and began at 350 °C and ended for all mixtures
at 500°C. Between 350 and 500 °C, there was a total weight loss of 58.4 and 57.5 m/m%
for oil shale with PE-LD and PE-HD, respectively, and 61.0 for PP and 39 for tires, which
corresponds to the overlapping decomposition of the organic matter of the oil shale and
polymers. These data are in good agreement with a study of the co-pyrolysis of oil shale
from a Moroccan deposit with plastic PE-HD in a ratio of 1:1 [93]. When a tire was added
to the oil shale, the decomposition of which began at 250 °C, the decomposition of the
mixture began at 300 °C, i. e. at the same temperature as the decomposition of only oil
shale. This may be due to the fact that tires contain less organic matter than plastic, so
the effect on the co-pyrolysis process was not as significant. The values of the beginning
(Tonset) and end (Tenaset) Of the active intensity of the destruction of organic matter,
the destruction of the mineral part and the maximum weight loss (Tmidpoint) during these
processes are presented in Table 15.

43



Table 15. TGA parameters for mixtures of oil shales and polymer wastes.

Mixture
EOS + . .
TGA parameter EOS + PE-LD PE-HD EOS + PP EQOS + tire EOS + mix
Step Step Step Step Step Step Step Step Step Step
1 2 1 2 1 2 1 2 1 2
Tonset, °C 456.8 732.7 464.0 746.9 446.6 727.8 378.1 761.4 456.6 727.2

Tmidpoint, °C 476.0 759.9 4814 778.1 4649 760.7 425.1 780.6 471.7 757.7

Tendset, °C 496.3 798.2 499.2 814.5 483.8 798.6 477.0 817.8 495.5 796.2

From the data presented in Table 15, it is clear that the stage of active decomposition of
the organic part (Tonset) of all mixtures with polymers occurred in the temperature range
of 447-464 °C and ended (Tendset) at 500 °C. The maximum weight loss temperature
(Tmidpoint) Of this stage was in the temperature range of 465-481°C. The stage of active
decomposition of the organic part of the mixture with the tires occurred at a temperature
of 378 °C and ended at 477 °C, with the maximum weight loss temperature at 425 °C.
During the co-pyrolysis of mixtures of oil shale and polymers, the mineral part of the
samples began and ended decomposition at lower temperatures than during the pyrolysis
of oil shale. Such a shift in temperature may have been due to a deeper decomposition
of the organic part of the oil shale during co-pyrolysis and the weakening of chemical
bonds in the solid residue.

3.2 Study of additivity based on the TG analysis

Based on the data of the thermogravimetric analysis of each initial sample separately (oil
shale, plastics and tires), the principle of additivity was studied during the thermal
decomposition of mixtures of oil shale with individual plastics, tires and a
multicomponent mixture (mixtures of oil shale with these polymeric wastes). Figure 19
shows the experimental and calculated data on the contribution of each component to
the thermal decomposition process.
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Figure 19. Calculated and experimental curves of weight loss (TG) for mixtures of Estonian oil shale
with individual components and a mixture of polymer wastes.

As can be seen in Figure 19, the mass loss curves during the thermal decomposition of
the samples, constructed on the basis of the calculated data and experimental data, are
in good agreement with each other. This indicates the possibility of calculating the
weight loss based on the principle of additivity for mixtures, for example, with other
ratios of oil shale/polymer wastes. The possibility of obtaining data based on the
principle of additivity allows for mathematical modeling of the process of co-pyrolysis,
as well as taking into account the features of this process when regulating the operation
of pyrolysis plants in real life.

3.3 Kinetics of co-pyrolysis. Activation energy

The thermal decomposition of the organic part of oil shale, raw materials and their
mixtures occurs in a wide temperature range, from 225 to 515 °C. This temperature
interval on the DTG curve was chosen to calculate the activation energy. In this interval,
weight loss and temperature were determined every 10 °C. To plot the dependence,
all temperature values were calculated as 103/T. The results are shown in Figures 20
and 21.
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Figure 21. The Coats-Redfern integral method results for mixtures of Estonian oil shale with polymer
wastes.

Figures 20 and 21 show that in the studied temperature range there are two zones
separated from each other by a “breaking point”. Zone | is the reaction zone at low
temperatures, and Zone Il is the reaction zone at higher temperatures. The “breaking
point” indicates different rates of thermal decomposition in these zones. For the polymers
PE-LD and PE-HD, the presence of a “breaking point” is quite clearly expressed, while for
PP, tires and oil shale it is not so obvious. The presence of two zones of thermal
decomposition in oil shale indicates the occurrence of different reactions, which may
overlap slightly [89]. In the case of mixtures of oil shale and plastics, it can be seen that
the behavior of the mixtures becomes the same in different temperature zones. During
the thermal decomposition of oil shale samples with a mixture of polymeric wastes and
with tires, the reactions occurring in the process are almost identical.
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Tables 16 and 17 show the kinetic parameters of the pyrolysis of the raw materials
and mixtures of polymer wastes and oil shale.

Table 16. The obtained characteristics of the kinetic parameters of the pyrolysis of the raw materials.

Raw materials

Sample Zone Temperature ) Activation log A
range, °C energy, kJ/mol &
Zone | —
fos 225-365 0.99 44.38 7.42
Zone ll 375-515 0.99 129.33 8.29
Zone | -
bELD 225-365 0.96 50.24 9.06
Zone I 375-515 0.97 210.88 20.44
Zone | —
SEHD 225 - 405 0.98 43.72 10.96
Zone I 415-515 0.99 327.01 38.56
op Zone | 225-315 0.99 51.60 8.08
Zone ll 325-515 0.98 158.08 13.36
_ Zonel| 225-315 0.99 63.48 2.62
Tires
Zonelll 325-515 0.99 86.72 1.97
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Table 17. The obtained characteristics of the kinetic parameters of the pyrolysis of the mixtures of
polymer wastes and oil shale.

Mixtures
Sample Zone Temperature 2 Activation log A
range, °C energy, kiJ/mol &

Zone | —

£OS + iy 225 - 445 0.99 59.94 451
Zone ll 455 -515 0.98 234.36 24.48
Zone | —

£05+ PELD 225-415 0.99 46.95 8.31
Zone |l 425-515 0.98 233.82 24.14

EOSs + pe- Zonel 225-425 0.90 54.14 7.23

HD
Zone ll 435-515 0.96 249.01 26.29
Zone | —

£O5 + PP 225-395 0.98 46.59 8.50
Zone I 405 - 515 0.98 224.34 23.18
Zone | _

£O5 + Tires 225-345 0.99 58.43 3.91
Zone ll 355-515 0.99 92.10 2.55

Tables 16 and 17 present the calculated activation energy data, pre-exponential factors
and R-squared values, ranging from 0.90 to 0.99. The calculated data show that in the
addition of the polymers PE-LD, PE-HD and PP and tires to mixtures with oil shale,
the activation energy in reaction Zone | (lower thermal decomposition temperatures)
was slightly reduced (by a factor of 1.06, 1.2 and 1.06, respectively), while in Zone I
(higher thermal decomposition temperatures) its values increased by a factor of 1.1 and
1.4, respectively. An increase in the activation energy indicates that the thermal
decomposition of mixtures at high temperatures was slower than the decomposition of
raw materials. An exception was the mixture with PE-HD, whose activation energy in the
second zone was 1.3 times lower. The faster course of the decomposition reaction may
have been due to the branched structure of the PE-HD molecules. Mixtures of oil shale
and plastics and a mixture with polymer waste had almost the same values of activation
energy in reaction Zones | and Il. The thermal decomposition of the mixture of oil shale
and tires was much faster than with other mixtures.
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3.4 Characteristics of the resulting co-pyrolysis products

For the studied mixtures, the yield of pyrolysis products was determined. The data
obtained are presented in Table 18. For comparison of the obtained data, the results
were recalculated per apparent organic content.

Table 18. The yield of co-pyrolysis products.

Yield of co-pyrolysis products, m/m%

samples as received per apparent organic content
. Semi- Pyroj Gas + . Semi- Pyroj Gas +
Qil genetic Qil genetic
coke loss coke loss
water water
EOS 16.5 77.3 1.5 4.7 59.8 17.8 5.4 17.0
EOS + PE-LD 55.5 36.5 0.8 7.2 87.3 0.2 1.3 11.3
EOS+PE-HD 53.9 39.7 0.2 6.1 84.7 5.2 0.3 9.6
EOS + PP 55.2 37.8 0.2 6.8 86.7 2.3 0.3 10.8
EOS + tires 34.6 58.2 1.6 5.6 57.9 30.1 2.7 9.3
EOS + mix 49.3 42.1 0.9 7.7 78.7 7.6 14 12.3

The pyrolysis of oil shale with polymer wastes significantly increased the yield of liquid
pyrolysis products. The yield of semi-coke and pyrogenic water was significantly reduced.
The decrease in the content of pyrogenic water occurred because the samples of
polymeric wastes with which the experiments were carried out did not contain oxygen.

3.5 Study of a possible synergistic effect in the output of co-pyrolysis
products

Previously, the authors of other studies on the co-pyrolysis of various materials
containing some organic matter with plastics found a synergistic effect for oil yield.
Yunwu Zhenga et al. [94] described the synergistic effect between biomass and PE-HD
plastic in co-pyrolysis. This study confirmed the hypothesis that during the pyrolysis of
plastic PE-LD, in a vapor-gas mixture a high H/C ratio is formed, which prevents coking
and partially reduces the repolymerization of a biomass vapor-gas mixture. Limin Zhou
et al. [95], when studying the kinetics of co-pyrolysis, revealed a synergistic effect
between coal and a mixture of the plastics PE-HD, PE-LD and PP, especially at high
temperatures (550-650 °C). Other authors have also found a synergistic effect in the
co-pyrolysis of oil shale from deposits in Turkey and China with plastics. In their study,
Yong Li et al. [96] found a significant synergistic effect during the co-pyrolysis of oil shale
from Fushun and Longkou with plastics, while the effect was more noticeable during
pyrolysis with PE than with PP. The authors explained the synergistic effect by the free
radical reaction theory of pyrolysis. Oil shale contains a low amount of hydrogen, so the
free radicals formed during pyrolysis polycondensed compounds and, as a result, the
yield of liquid products was small and more semi-coke was formed. During the pyrolysis
of polymers, the gas-vapor mixture contains a high amount of hydrogen, which is

49



attached to a free radical of oil shale, making it stable, excluding the polycondensation
process. Ultimately, more liquid pyrolysis products are formed. Pinar Acar Bozkurt et al.
[97] also supported the theory of a free radical pyrolysis reaction when studying the joint
pyrolysis of Turkish oil shale with polypropylene, noting a significant increase in the yield
of the liquid product.

To study the occurrence of a possible synergistic effect, the additivity principle was
tested for all co-pyrolysis products.
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Figure 22. Comparison of experimental and calculated data on the yield of co-pyrolysis products.

As Figure 22 shows, for all mixtures of shale with plastics, a synergistic effect was
observed in the release of liquid products. According to the calculated data, based on the
result of the pyrolysis of the individual components of the mixture and the additivity
method, the yield of liquid products after the experiment increased by 14.6, 11.3 and
15.0 for PE-LD, PE-HD and PP, respectively, and the output of semi-coke and gas was
lower than calculated for these plastics. The synergistic effect of the yield of liquid
products was not observed in the co-pyrolysis of oil shale with tires. The experimental oil
yield was 2.6% lower than the calculated value. However, in a mixture of polymer wastes
where tires were also present, a synergistic effect occurred. The yield of liquid products
was 9.2% higher than the calculated value. The synergistic effect was observed due to
the interaction of volatile oil shale products and polymeric wastes in the gas and
condensed phases, where the reaction between the hydrogen of polymers and oil shale
kerogen took place.

3.6 Characteristics of liquid products of co-pyrolysis

Liquid products obtained from oil shale with plastics are a mixture of oil and wax, which
does not flow at room temperature. When samples were heated to 45 °C, they became
liquid. The formation of a mixture of oil and wax during the pyrolysis of PE-HD, PE-LD
and PP at a temperature of 520 °C has also been noted by other authors [98, 99].
Qils from a mixture of oil shale and polymers are not as thick at room temperature as oils
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from oil shale and plastics. Oil obtained from oil shale with tires is a liquid. The elemental
composition and relative density of oils obtained by co-pyrolysis are presented in Table 19.

Table 19. The elemental composition and relative density of oils.

Elemental composition, m/m% Relative

Samples 100 H/C density,
C H N s kg/m?
EOS 81.6 10.4 0.17 0.82 13 946.0
Egs *PE g 13.6 0.12 0.18 16 845.0
E%S *PE g3 13.4 0.09 0.19 16 812.5
EOS + PP 84.8 13.8 0.05 0.17 16 766.4
EOS + tires 85.0 11.0 035 0.97 13 926.0
EOS + mix 87.1 14.4 0.18 0.27 17 844.7

Qils from a mixture of oil shale and individual plastics were similar in their elemental
compositions and relative densities, but the relative density of the oil obtained by
co-pyrolysis with PP was lower than from other mixtures. These oils also had low sulfur
contents. Qil obtained by co-pyrolysis with tires was of lower quality than shale oil.
The nitrogen content in the oil was almost doubled, the sulfur content increased by 18%,
and the relative density of the oil was almost the same as that of shale oil. The oil
obtained from oil shale and a mixture of polymer wastes was of a fairly high quality,
although the mixture contained one part tires. This oil had a low sulfur content,
lower density and the highest 100 H/C ratio of all of the co-pyrolysis blends. The higher
the 100 H/C ratio, the higher the energy efficiency of the fuel and the lower the CO; air
emission levels during its combustion [100]. The results of the analysis of the obtained
oils showed that the oils of the co-pyrolysis of oil shale with polymers were of
significantly higher quality than shale oil.

From the data presented in Table 19, the sulfur content of the oil was well below the
expected value based on the additivity principle. Figure 23 shows that in all oils, except
for oil obtained from oil shale with tires in a ratio of 1:1, the calculated sulfur content
was much higher than that obtained in the experiment.

Sulfur content in co-pyrolysis oils, m/m%

0,97

EOS+PE-HD EOS+PE-LD EOS+PP EOS+tires EOS+mix

Calculated Experiment

Figure 23. Calculated by the additivity principle and the experimental results of the sulfur content
in co-pyrolysis oils.
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The sulfur contents in oils of co-pyrolysis with polymers after the experiment were 53,
56 and 59% lower than the calculated values based on the additivity principle, for PE-HD,
PE-LD and PP, respectively. For oil obtained from oil shale with tires, the sulfur content
was 17% higher than the calculated value. However, in the oil of the co-pyrolysis of oil
shale mixed with polymer wastes, the sulfur content was lower than the calculated value
by 57%, which indicates that the presence of tires in small amounts in polymer wastes
did not significantly affect this indicator.

The studied samples of oils were analyzed to determine the functional groups
included in their compositions. The FTIR spectra are shown in Figure 24.
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Figure 24. Co-pyrolysis oils FTIR spectra.

A stretched peak between 3600 and 3100 cm™ indicates the presence of OH groups,
which in this case belong to phenols, which were formed during the pyrolysis of oil
shale. The IR spectra show intense absorption bands of 2867, 2918, 2958, 1462, and
1377 cm™, which indicate the presence of CHz and CHs groups. The peak at 1650 cm
indicates the C=0 bonds of aldehydes or ketones. The wave range of 1600-1500 cm™
indicates the formation of the C-C stretching of aromatic compounds. The peaks between
1350-1140 cm™ indicate oxygenated functional groups with sulfur and nitrogen and
indicate the presence of sulfonamide at a wave rate of 1160 cm™. The peak at 960 cm™
indicates the C=C stretching of alkene compounds. The peaks at wave numbers 887 cm™in
the wave range of 900-880 cm™ indicate alkenes [101, 102].

3.7 Semi-coke and gas

In pyrolysis with a solid heat carrier, the resulting semi-coke plays an important role, part
of which is its use for additional combustion and its return to the process, so its
composition has been studied. Table 20 shows the elemental composition of co-pyrolysis
semi-coke and, for comparison, oil shale pyrolysis semi-coke.
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Table 20. The elemental composition of semi-coke.

Samples Elemental composition, m/m%
C H N S

EOS 13.5 <0.1 0.07 0.90
EOS + PE-LD 15.2 0.3 0.07 1.48
EOS + PE-HD 16.7 0.3 0.06 1.40
EOS + PP 15.7 0.4 0.07 1.33
EOS + tires 30.7 0.3 0.18 1.60
EOS + mix 20.1 0.3 0.11 1.44

The data presented in Table 20 show that co-pyrolysis semi-coke in its elemental
composition differs from oil shale pyrolysis semi-coke. Qil shale and tire pyrolysis
semi-coke contains a lot of total carbon, which is due to the carbon black fillers contained
in tires. The high carbon content in the semi-coke of the co-pyrolysis of a mixture of oil
shale and polymeric wastes is also associated with this. Also, in semi-cokes of co-pyrolysis,
the sulfur content increases by a factor of 1.6 — 1.8. which can cause problems during the
after-burning of semi-coke in an industrial process.

The composition of the co-pyrolysis gas has also been studied. Table 21 shows the
main components of the gas; other components contained in the gas in amounts of less
than one volume percent is not shown.

Table 21. Main components and characteristics of gas.

\CI‘/’:;ZMEM' EOS E?_ i; PEE? :B EOS+PP  EOS+tires  EOS+mix
C6+ 2.7 17 1.3 2.0 33 1.7
Hydrogen 4.7 5.9 4.4 1.8 10.9 53
Methane 105 137 15.2 8.1 15.4 13.6
Ethane 74 121 12.1 6.7 7.7 9.2
Ethylene 2.0 6.3 7.4 1.4 4.2 4.4
Propane 3.5 8.1 7.5 3.9 4.5 5.7
Carbon Dioxide 304 186 19.7 23.6 20.8 213
Propylene 3.6 9.8 10.2 18.8 3.9 11.2
n-Butane 1.8 3.7 2.9 0.8 1.9 1.8
Carbon Monoxide 9.9 8.0 7.5 7.6 6.8 7.3
Hydrogen Sulfide 17.6 5.8 6.1 7.6 12.1 7.4
Carbonyl Sulfide 1.9 0.2 0.2 0.4 1.9 0.3
Z‘;Zir\'/‘;ue wyme 3786 5590 5399 6456 46.46 54.18
:zz;i?/;me, wyme 3497 5160 4984 5982 428 50.11
Density, kg/m? 1663 1610 1592 1924 1.546 1.652
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The data presented in Table 21 show that the content of sulfur compounds, such as
hydrogen sulfide and carbonyl sulfide, in the semi-coke gas composition was significantly
reduced. Moreover, the decrease in sulfur compounds was not consistent with the
principles of additivity. The reduction of sulfur compounds in gas mixtures was as follows:

EOS + PE-LD: 69% less
EOS + PE-HD: 68% less
EOS + PP: 59% less
EOS + tires: 28% less
EOS + mix: 60% less

There was also a decrease in CO2 content in semi-coke gas:

EOS + PE-LD: 39% less
EOS + PE-HD: 35% less
EOS + PP: 23% less
EOS + tires: 32% less
EOS + mix: 30% less

The caloric content of semi-coke gases increased significantly, especially in the gas of
the EOS+PP mixture, due to the high content of polypropylene in the gas. In mixtures of
EOS + PE-LD and EOS + PE-HD, the content increased due to an increase in the content
of ethane, and it increased in a mixture of EOS + tires hydrogen.

3.8 Sulfur compounds balance

The sulfur content is one of the fuel quality indicators. When planning the parameters of
the pyrolysis process, it is important to know the distribution of sulfur by products.
To create a balance for the distribution of sulfur compounds, its contents in oil (Table 17),
semi-coke and pyrolysis gas were determined.

Based on the data obtained, graphs of the distribution of sulfur by pyrolysis products
were plotted. Since the yield of pyrogenetic water formed in the process was less than
1% for all mixtures except EOS + tires (1.6%), when calculating the balance, it was
assumed that sulfur compounds in this product were equal to zero. When compiling the
balance, the sulfur content in the gas was calculated from the difference 100 — the mass
of sulfur in oil — the mass of sulfur in semi-coke, since when calculating the mass content
of sulfur in gas, the data obtained introduced a large error in the balance. This may have
been due to the fact that when determining the yield of pyrolysis products, the gas yield
was calculated as gas plus losses. Data on the distribution of sulfur by pyrolysis products
are shown in Figure 25.
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Figure 25. Distribution of sulfur by pyrolysis products.

From the data presented in the graph, it can be seen that during pyrolysis most of the
sulfur was concentrated in semi-coke and gas. Thus, during co-pyrolysis with polymers,
an increase in the sulfur content in semi-coke and a decrease in its content in gas were
noticeable in comparison with the pyrolysis of oil shale. With co-pyrolysis, the amount of
sulfur that passed into the oil also increased. Probably, during co-pyrolysis the sulfur
molecules of oil shale in a vapor-gas mixture, with hydrocarbons of plastic, additionally
formed sulfur compounds. The sulfur concentration in the oils of co-pyrolysis with
polymers increased on average by 20% of the amount of sulfur concentrated in the oil of
pyrolysis (per apparent organic content). During co-pyrolysis with tires, sulfur was also
concentrated to a greater extent in semi-coke, although less of it passed into gas,
and more into oil. A rather high percentage of the sulfur in the oil was due to the fact
that part of the sulfur in the oil shale, as well as the sulfur contained in the tires, passed
into the oil. During co-pyrolysis with a mixture of polymeric wastes, the distribution of
sulfur over pyrolysis products was not the average value from all of the results of the
co-pyrolysis of oil shale and each component of the mixture.

3.8.1 Sulfur compounds of the fraction up to 150 °C of oil obtained from tires
and oil shale

Since car tires and oil shale have high sulfur contents, this also affects the quality of the
oil obtained by pyrolysis [103]. In order to quantitatively and qualitatively study the sulfur
compounds of the fraction up to 150 °C, oil was obtained from oil shale and tires by
pyrolysis. The fraction was chosen for research because sulfur compounds are usually
more concentrated in it. Details of how the oil was obtained and under what conditions
the sulfur compounds were evaluated are shown in Publication Il. The investigated
fractions (boiling range fractions up to 150 °C) had the following characteristics, presented
in Table 22.
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Table 22. Characteristics of the fraction up to 150 °C of oil shale and tire pyrolysis oil.

Fraction up to 150 °C

Item Method

Shale oil Tire oil
Density at 15 °C, kg/m3 EVS-EN ISO 12185 776.6 828.2
Total sulfur, S, m/m% EVS-EN ISO 20846 1.04 0.62
lodine number, gJ>/100 g GOST 2070 107.7 98.5
Acid number, mg KOH/g ISO 668 3.2 0.05

The fractions were very different from each other. The shale oil fraction contained twice
as much sulfur. A high iodine level indicates the presence of a large number of double
bonds in chemical compounds that are less stable and, as a result, a high content of
oxidation products in the future.

Data on sulfur quantitative content in the fractions of shale oil and oil obtained from
tires are presented in Table 23. The fractions were analyzed by gas chromatography.

Table 23. Sulfur quantitative content.

Retention time,

Sulfur compound, mg S/kg min. Shale oil Tires oil
Methyl mercaptan 3.74 24.19 14.95
Ethyl mercaptan 4.16 29.97 14.12
2-Propanethiol 4.63 13.11 -
Ethyl methyl sulfide 5,39 35.72 -
1-Methyl1-propanrthiol 6.26 157.53 -
Thiophene 6.35 236.22 145.48
1-Butanethiol 7.23 68.58 -
Dimethyl disulfide 7.98 - 534.29
2-Methylthiophene 8.62 1716.66 1566.00
3-Methylthiophene 8.80 147.60 262.82
1-Pentathiol 9.66 146.59 -
3-Ethylthiophene 11.17 694.53 215.47
Benzothiophene 18.05 - 13.02
Y unidentified 8.35-19.87 7617 2766
Y identified 3271 2607
Total gas chromatography method, m/m% 1.09 0.54

The chromatograms of sulfur compounds of the studied samples are presented in Figures
26 and 27.
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Figure 27. Chromatogram of the fraction obtained from used tires.

As can be seen in Figures 26 and 27, the sulfur compounds in the shale oil and tire
fractions up to 150 °C were identical, since the retention time of unidentified compounds
for both fractions was the same. Therefore, in the case of co-pyrolysis with oil shale, the
addition of tires to the process does not adversely affect the quality of the resulting oil.
Since the sulfur components present in gasoline fractions are very diverse, it is not
possible to identify everything qualitatively, only quantitatively. The data on the content
of total sulfur obtained by gas chromatography are in good agreement with the data
presented in Table 22.
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3.9 Composition of co-pyrolysis oils

Co-pyrolysis oils have been studied for component composition. Since shale oil is a
multicomponent mixture, it can be assumed that when polymer wastes are added, the
composition of the co-pyrolysis oil will be quite complex. To achieve more reliable results
on the component composition, the obtained oil samples were previously divided into
two fractions (a fraction up to 150 °C and a fraction above) by distillation at atmospheric
pressure in accordance with the EVS-EN ISO 3405 standard [104]. The results for the
yields of the fractions are presented in Table 24.

Table 24. Yields of the fractions co-pyrolysis oil.

Yields of fractions, v/v%

Samples <150 °C >150 °C
EOS 10.9 89.1
EOS + PE-LD 15.2 84.8
EOS + PE-HD 11.7 88.3
EOS + PP 24.3 75.7
EOS + tires 15.6 84.4
EOS + mix 16.7 83.1

From the data presented in Table 24, it can be seen that the addition of PP to oil shale
significantly increased the yield of the gasoline fraction. The content of the <150 °C
fraction in the co-pyrolysis oil in the sample increased by a factor of 2.2 (123%). In other
mixtures, the amount of the <150 °C fraction increased by 39-53%. The exception was
the oil shale with a PE-HD plastic mixture, where the gasoline fraction yield increased by
only 7.3%, which may be due to the plastic molecular structure, which has a smaller
number of branched side chains than PE-LD plastic. Probably side chains during pyrolysis
can break away from the molecule and form a larger amount of low-boiling compounds.

Then each fraction was divided into groups of compounds using a classic separation
technique, a column filled with silica gel in aliphatic, aromatics and oxygen-containing
compounds. The division of the studied samples into groups of compounds in this
way is not ideal. When dividing the gasoline fraction when eluting, aromatic olefinic
hydrocarbons, cycloolefins, trienes, some dienes, sulfur- or nitrogen-containing
compounds, or high-boiling oxygen-containing compounds can fall into the group of
aromatic compounds. Therefore, each group of compounds was analyzed by MS-GC
and, according to the results obtained, adjusted for the quantitative content of groups
[105]. When dividing the fraction with a boiling point above 150 °C when eluting,
condensed naphthenic aromatics, aromatic olefins, asphaltenes, sulfur, nitrogen,
oxygenated aromatics and polar aromatic compounds can fall into the group of aromatic
compounds. Therefore, the resulting groups were also additionally analyzed by MS-GC
[106]. Data on the group composition of both fractions are presented in Table 25.
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Table 25. Group composition.

Fraction <150 °C Fraction > 150 °C

Group

Samples oxygen-
. . . . . . . oxygen-
aliphatic aromatics contai- aliphatic aromatics taini
ning containing

per oil, m/m%
EOS + PE-LD 11.6 34 0.2 53.6 15.2 16.0 2100
EOS + PE-HD 9.2 2.5 0.4 62.1 13.5 12.7 2100
EOS + PP 18.9 4.8 0.7 35.5 19.9 20.2 2100
EOS + tires 9.1 5.7 0.8 20.2 50.1 14.1 2100
EOS + mix 11.4 5.1 0.4 58.8 15.6 8.7 2100

per fraction, m/m%

EOS 70.7 20.3 9.0 2100 20.0 32.0 48.0 2100
EOS + PE-LD 76.3 22.4 1.3 2100 63.2 17.9 18.9 2100
EOS + PE-HD 76.0 20.7 3.3 2100 70.3 15.3 14.4 2100
EOS + PP 77.5 19.7 2.9 2100 57.0 16.3 26.7 2100
EOQS + tires 58.3 36.5 5.1 2100 23.9 59.4 16.7 2100
EOS + mix 67.5 30.2 2.4 2100 70.8 18.8 10.5 2100

The data obtained by GC-MS were regrouped according to the groups of compounds
(Table 25). Thus, in fractions up to 150 °C for samples of EOS + PE-HD, EOS + PE-LD and
EOS + PP, in comparison with the oil shale fraction, the content of aliphatics increased,
while the content of aromatics remained approximately at the same level. As plastics
were added to the process, more aliphatic compounds were formed, since PE and PP
mostly degrade into aliphatic compounds. Such a composition of the oil obtained by the
co-pyrolysis of oil shale and plastics is also noted by other authors [107]. In sample of
EOS + tires in the light fraction, the content of aliphatic compounds was lower and that
of aromatics was higher than the oil shale fraction. The content of oxygen-containing
compounds in all studied samples is significantly lower compared to the oil shale fraction.
This decrease in oxygen-containing compounds is due to the fact that plastics do not
contain oxygen in their composition. The sample EOS + mix was approximately the
average of all the above samples in terms of its group composition.

Fractions with a boiling point above 150 °C were also distinguished by high levels of
aliphatics, and lower levels of aromatics and oxygen-containing compounds. An exception
was the EOS + tires sample, in which the content of aliphatics was practically at the same
level as in the shale sample, and aromatics almost two times higher. Moreover, the high
content of aromatic compounds formed during the co-pyrolysis of oil shale and tires did
not affect the oil obtained by the pyrolysis of oil shale and a mixture of polymer wastes.
A significant reduction in oxygen-containing compounds in the obtained liquid products
of co-pyrolysis had a positive effect on the quality of the gasoline fraction and oil,
increasing their stability.

As described above, the co-pyrolysis oils were divided into two fractions: up to 150 °C
and above 150 °C. However, when analyzing the data obtained by MS-GC, the fraction
with a boiling point below 150 °C contained aliphatic compounds with a boiling point
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above 150 °C (C10-C13). This is explained by the fact that the fractionation of oils by
simple atmospheric distillation is not ideal. In this case, there were no theoretical plates
or adjustable reflux ratios, which would have allowed for a more accurate fractionation
of the oils. For the same reason, the fraction with a boiling point above 150 °C contained
aliphatics with boiling points below 150 °C (C7—C10).

The content of alkanes and alkenes C10-C13 (m/m %) in the fraction up to 150 °C was:
sample OS + PE-LD — 9.7 %; OS + PE-HD — 10.7 %; OS + PP — 11.3 %; OS + Tires — 4.7 %;
0S + mix — 10.6%. Table 26 shows the alkane/alkene composition of the aliphatic group
of the light fraction.

Table 26. The aliphatic group of the fraction up to 150 °C.

. Samples
Fraction,m/m3% EOS+PE-LD  EOS+PE-HD EOS+PP EOS+tires EOS+mix
ca - - 0.36 0.74 0.81
(6] 3.8 1.7 8.4 6.3 2.7
C6 19.0 16.4 15.8 20.5 13.3
c7 28.7 28.5 6.1 37.0 15.9
Cc8 16.9 20.5 7.3 17.5 20.3
Cc9 12.7 12.6 49.7 7.4 31.7
C10 9.2 9.6 1.0 6.0 4.7
Cl1 4.7 5.6 4.1 4.3 2.1
C12 2.9 3.0 4.1 0.4 7.0
C13 2.1 2.1 3.0 - 1.5

As seen from the table in the mixtures of OS + PE-LD and OS + PE-HD, the total content
of alkanes/alkenes in the fraction less than 150 °C was almost identical. However,
the OS + PE-LD mixture in total had a large amount of C4—C6. The highest amount of
light alkanes/alkenes was found in the sample of OS + Tires. This sample had the highest
content of fractions C6 and C7. The OS + PP sample was characterized by a high level of
the C9 fraction. The total content of alkanes/alkenes up to C9 was maximal in the
samples OS + Tires and OS + PP, and, as a result, in the sample OS + mix.

The content of alkanes and alkenes C7-C10 (m/m %) in the fraction above 150 °C was:
sample OS + PE-LD — 1.8 %; OS + PE-HD — 3.1 %; OS + PP — 4.0 %; OS + Tires — 6.1 %;
OS + mix — 4.8 %. Table 27 shows the alkane/alkene composition of the aliphatic group
of the fraction with a boiling point above 150 °C.
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Table 27. The aliphatic group of the fraction above 150 °C.

Samples

. o - -
Fraction,m/m% EOS+PE EOS+PE EOS+PP EOS+tires EOS+mix

LD HD

Cc7 - 1.5 14 3.5 -

C8 - - - 4.2 -

9 0.8 0.7 8.3 5.2 5.6
c10 2.5 2.8 1.8 18.0 2.5
Cl1 4.0 53 4.7 7.4 5.3
C12 4.8 4.9 41.8 6.3 9.4
C13 5.9 6.5 0.7 6.3 7.2
Ci4 6.3 5.7 6.5 3.1 8.3
C15 5.9 5.7 2.4 3.7 4.5
Cie 6.1 6.0 2.5 12.0 4.6
C17 2.9 6.0 2.0 9.0 3.5
C18 3.2 6.5 2.9 2.3 2.7
C19 7.0 5.7 5.4 5.9 5.8
Cc20 8.9 6.4 8.6 3.7 8.4
>C20 41.8 36.2 11.0 9.5 32.5

As seen in Figure 27, in mixtures of OS + PE-LD and OS + PE-HD, the total content of
alkanes/alkenes in this fraction was almost identical. In these samples, the content
of the > C20 fraction was higher than in other samples. Sample OS + Tires contained
C7 — > C20 in almost equal amounts (with the exception of C10). Sample OS + PP
contained a high level of fraction C12 compared to other samples. The sample EOS + mix
was approximately the average of all of the above samples in terms of its C7 — > C20
composition.
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4. CONCLUSION

The goal of this thesis was to prepare a theoretical and practical basis for the co-pyrolysis
of Estonian oil shale and polymer wastes. The product of co-processing of oil shale and
polymer wastes is pyrolysis oil, which can be used in the chemical industry to produce
new products. The advantage of the co-pyrolysis process is that some of the fossil fuel
can be replaced with mixed and untreated polymer waste.

The novelty of the study is that the impact on the co-pyrolysis process of adding the
various most common polymer wastes to Estonian oil shale, both for individual
components and in mixtures, including car tires, was studied. Both the kinetics of
co-pyrolysis and the properties of the resulting products, such as oil, oil fractions
(fractions with a boiling point up to 150 °C and above 150 °C), co-pyrolysis gas and
semi-coke, were studied. The effects of adding polymeric wastes on reducing emissions
of COz and sulfur compounds was also studied.

The conclusions of this study are as follows:
¢ The analysis of mixtures by TGA showed that during the co-pyrolysis of oil shale with
plastics, the decomposition of the organic part of all mixtures shifted to a narrower
temperature range, from 350 to 500 °C, and the decomposition of the mineral part
occurred at lower temperatures. The exception was a mixture of oil shale with tires.
In this case, when adding 50% polymer wastes to the industrial pyrolysis process,
temperature changes had to be taken into account.
¢ The calculation of mass loss during heating according to the additivity principle for
mixtures makes it possible to obtain data based on mathematical modeling of the
co-pyrolysis process, and also makes it possible to take into account the features of this
process when regulating the operation of industrial plants in real life conditions.

e The obtained data on the value of the activation energy indicates that when the
pyrolysis temperature reaches 350 °C in mixtures of Estonian oil shale and polymer
waste, reactions begin to take place, requiring almost twice as much energy in order for
them to proceed. The exception is a mixture of oil shale with tires. In the case of the
pyrolysis of such a mixture, the value of the activation energy decreases, which indicates
a faster reaction of decomposition of the organic part of the mixture.

e According to the calculated data based on the results of the pyrolysis of individual
components of the mixture by the additivity method, a synergistic effect occurred, in
which the yield of liquid products increased by 14.6, 11.3 and 15.0% for PE-LD, PE-HD,
PP, respectively, and the outputs of semi-coke and gas were lower than calculated for
these plastics. The synergistic effect of the yield of liquid products was not observed in
the co-pyrolysis of Estonian oil shale with tires.

¢ The liquid products obtained by co-pyrolysis were of significantly higher quality than
shale oil. Co-pyrolysis oils have a lower density, and the sulfur content is reduced.
The exception is the oil of co-pyrolysis with tires. Co-pyrolysis oils have a higher ratio of
100 H/C, except for the oil shale-tire mixture. However, it must be taken into account
that during co-pyrolysis with PE-LD, PE-HD and PP, carried out at 520 °C, the resulting
liquid products were very thick at room temperature, since part of the plastic oil is
paraffin, which becomes liquid when heated to 45 °C.

e When polymer waste was added to oil shale, the reduction of sulfur content in liquid
products did not follow the principles of additivity. The sulfur content was reduced by
more than half. The sulfur balance showed that, during co-pyrolysis, more sulfur passed
into semi-coke, and less into oil and gas than with oil shale pyrolysis. During co-pyrolysis
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with tires, sulfur was also concentrated to a greater extent in semi-coke, although less of
it passed into gas, and more into oil.

¢ An analysis of the gasoline fractions of the original high sulfur samples of oil shale and
tires showed that the sulfur compounds in them were identical. Therefore, in the
co-pyrolysis with oil shale, the addition of tires to the process did not adversely affect
the quality of the resulting oil.

e In co-pyrolysis semi-cokes, the sulfur content increased by a factor of 1.6 — 1.8
compared with oil shale semi-coke, which can cause problems during the after-burning
of semi-coke in an industrial process.

e The semi-coke gas of the co-pyrolysis of oil shale with polymeric wastes was
characterized by high heating values. The addition of polymer wastes to the pyrolysis
process can significantly reduce the content of sulfur compounds in semi-coke gas and
CO2 emissions, which is also important for the industrial process.

¢ The addition of plastic wastes (PE-LD, PP and tires) to oil shale significantly increased
the yield of the fraction up to 150 °C. The exception was the oil shale with a PE-HD plastic
mixture.

e The study of the group composition showed that when polymer waste was added to
oil shale, it changed the amount of aromatics and oxygen-containing compounds in liquid
pyrolysis products. The amount of aromatic compounds increased in fractions up to
150 °C, and decreased in fractions with a boiling point above 150 °C. In both fractions,
there was a significant decrease in oxygen-containing compounds.

¢ The study of the composition of the aliphatic group of fractions with a boiling point
below 150 °C and above showed that both fractions of the mixtures of EOS + PE-LD and
EOS + PE-HD were almost identical in terms of the content of alkanes and alkenes.
The EOS + PP mixture was distinguished by a high content of C9 in the fraction up to
150 °C, and C12 in the fraction above 150 °C. The EOS + Tires mixture differed from the
other mixtures in its total high content of high-boiling compounds.
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Abstract

Co-pyrolysis of Estonian oil shale with polymer wastes

Every year, millions of tons of polymer waste around the world remains unrecycled. One
of the possible ways to dispose of this waste is chemical processing, for example by
pyrolysis. Pyrolysis oil can be used to create new products. In accordance with the EU
Green Deal, Estonia is aiming for zero carbon emissions by 2050. The main source of CO>
in Estonia is oil shale processing, mostly from the direct burning of oil shale, but a
significant part comes from the pyrolysis process. Therefore, there are currently plans to
shut down oil shale processing by 2040. Before 2040, it is necessary to gradually reduce
CO2 emissions, and one way to move to zero emissions may be the co-pyrolysis of oil
shale and polymer waste.

The goal of this thesis was to study the theoretical and practical basis of the co-pyrolysis
of Estonian oil shale and polymer waste using modern research methods of analysis.
For this study, the most used plastics (PP, PE-HD and PE-LD) and used car tires were
selected.

The novelty of the study lies in examining the impact of adding various common
polymer waste materials to Estonian oil shale, both as individual components and as
mixtures, including car tires, on the co-pyrolysis process. Both the kinetics of co-pyrolysis
and the properties of the resulting products, such as oil, oil fractions (fractions with a
boiling point up to 150 °C and above 150 °C), co-pyrolysis gas and semi-coke, were
studied. The effects of adding polymeric wastes on reducing emissions of CO2 and sulfur
compounds in co-pyrolysis gas were studied.

For the studies, mixtures of oil shale and plastic PE-LD (50/50), oil shale and a mixture
of the polymers PE-LD, PE-HD, PP and tires (50/50) and oil shale and tires (50/50) were
prepared. Using the thermogravimetric method of analysis, the process of mass loss of
each sample separately and mixtures of samples upon heating in an inert environment
were studied. The contribution of each component to the co-pyrolysis process was
considered. It has been shown that when determining the mass loss during the heating
of mixtures, additive properties appeared. Based on the thermogravimetric data on the
mass loss of individual components, it is possible to calculate the mass loss of a mixture
of oil shale and polymer waste in various ratios. On the basis of the experimental data,
a synergistic effect was observed during co-pyrolysis, which was expressed by an increase
in the yield of liquid products compared to the calculated data. The kinetic parameters
were calculated by the Coates-Redfern method; it was determined that during the
pyrolysis of mixtures of oil shale with polymeric waste, more energy had to be expended
to decompose the mixtures than in the pyrolysis of oil shale.

According to the data obtained by co-pyrolysis, it was shown that the addition of
polymer wastes improves the quality of liquid products, and sulfur is distributed among
the pyrolysis products differently than in oil shale pyrolysis. Fractions with a boiling point
of up to 150 °C and above were studied. The yield of the up to 150 °C fraction significantly
increased, and the addition of polymer wastes changed the group composition of both
fractions. To study the group composition, column chromatography on silica gel to
separate the fractions and a GC-MS analyzer were used.
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Lihikokkuvote

Eesti polevkivi ja poliimeerjaatmete koospiiroliiis

Igal aastal jaab miljoneid tonne poliimeerijadtmeid lle maailma ringlusse v&tmata. Uks
voimalik viis nende jadtmete korvaldamiseks on keemiline toé6tlemine, nditeks piroliis.
Sel viisil saadud pirolidsioli saab kasutada uute toodete saamiseks. EL-i rohelise
kokkuleppe valguses on Eesti eesmargiks saavutada 2050. aastaks null siisinikuheide.
P&hiline CO: voog Eestis tuleb pdlevkivi imbertdotlemisest. Suurem osa pdlevkivi
otsepdletamisest, kuid osa pirolllsiprotsessist, mistottu on tadna plaanis podlevkivi
imbertootlemine 2040. aastaks |Gpetada. Aastani 2040 on vaja jark-jargult vahendada
CO2 emissiooni ning liheks voimaluseks nullheitele liikumiseks vdiks olla pdlevkivi ja
polimeerjdatmete koospurollis.

Kdesoleva t06 eesmargiks oli uurida Eesti pdlevkivi ja polimeerjaatmete
koospurolisi teoreetilisi ja praktilisi aluseid kasutades kaasaegseid uurimismeetodeid
analldsimiseks. Uuringuks valiti polimeerjaatmed — enim kasutatud plastid (PP, PE-HD
ja PE-LD) ja kasutatud autorehvid.

Uuringu uudsus seisneb selles, et m&ju koospirolilsi protsessile uuriti erinevate
enamlevinud pollimeerjaatmete lisamisega Eesti polevkivile nii Giksikute komponentidena
kui ka seguna (sh autorehvid). P&hjalikult uuriti nii koospliroliisi protsessi kui ka sellest
tekkivaid produkte nagu 0Oli, dlifraktsioonid (fraktsioonid keemistemperatuuriga kuni
150 °C ja ile 150 °C) ja poolkoks. Uuriti polimeerjadtmete lisamise mdju CO: ja
vaavlilihendite emissiooni vdhenemisele.

Katsete jaoks valmistati viis segu: pdlevkivi ja plast PE-LD (50/50), pdlevkivi ja plast
PE-HD (50/50), pdlevkivi ja plast PP (50/50), pdlevkivi ja poliimeerid PE-LD, PE-HD, PP,
rehvid (50/50) ning pdlevkivi ja rehvid (50/50). Termogravimeetrilise anallisimeetodi
abil uuriti iga proovi eraldi ja proovide segu massikadu kuumutamisel inertses
keskkonnas. Uuriti iga komponendi panust koospiroliisi protsessi. Nadidati, et massikao
masramisel segude kuumutamisel ilmnevad aditiivsed omadused. Uksikute
komponentide massikao termogravimeetriliste andmete pdhjal on vdimalik arvutada
polevkivi ja poliimeerjdatmete erinevates vahekordades segu massikadu. Katseandmete
pohjal leiti, et koospdirolilsi kaigus taheldatakse siinergilist efekti, mis valjendub
vedelate toodete saagise suurenemises vorreldes arvutuslike andmetega.

Kineetilised parameetrid arvutati Coates-Redferni meetodil. Tehti kindlaks, et pdlevkivi
ja polimeerjadtmete segude puroliiisil tuleb segude lagundamisele kulutada rohkem
energiat vorreldes polevkivi piroliiisiga.

Koospiiroliiiisi meetodil saadud andmete pd&hjal naidati, et polimeerjadatmete
lisamine parandab oluliselt vedelate toodete kvaliteeti, vadvel jaotub piroliiiisi saaduste
vahel teisiti kui pdlevkivi plroliisil. Uuriti dlifraktsioone, mille keemistemperatuur on
kuni 150 °C ja lile selle. Naidati, et tduseb fraktsiooni kuni 150 °C saagis. Samuti ndidati,
et poliimeerjadtmete lisamine muudab mdlema fraktsiooni riihmakoostist. RUihmakoostise
uurimiseks kasutati kolonnkromatograafiat, kus adsorbendiks oli silikageel ja saadud
fraktsioonide komponendid maarati GC-MS analiisaatoriga.
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Abstract. The relationship between the carbon dioxide content of carbonates
in the bomb calorimeter combustion residues and that in the corresponding
oil shale samples originated from different deposits was investigated. As a
result, a criterion for applying a correction for undecomposed carbonates to
gross calorific value was established. A suitable standard method for
determination of gross calorific value of oil shale samples was also
suggested.

Keywords: gross calorific value, carbonates in oil shale, carbon dioxide,
calorimetric bomb.

1. Introduction

Calorific value is the most important quality characteristic of fuel. The
influence of the composition of mineral matter on the calorific value of low-
calorific fuels, e.g. oil shales and lignites, has been widely investigated
[1-9]. For instance, Jaber et al. [7] reported that in case of Jordan oil shale,
the calcium carbonate content has some influence on its gross calorific
value. Such influence was quantitatively evaluated for Israel lignite in which
the relatively high CaCO; content decreases the calorific value of the
fuel due to endothermic decarbonisation. When the sum of ash and
carbon dioxide contents was plotted against the sum of high calorific value

" Corresponding author: e-mail olga.pihl@taltech.ee
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and decarbonisation heat consumption, a good linear relationship was
observed [8].

Warne and Dubrawski [9] addressed the possibilities of calculating cor-
rections to the gross calorific values using the differential thermal analysis
(DTA) method.

There are some national and international standards covering the
determination of calorific value of coals and cokes [10—13]. Oil shale has not
been included in the scope of these standards.

GOST 147-95 covers the analysis of coals, peat and oil shale and takes
the specificities of oil shale analysis into account [14]. The presence of
undecomposed carbonates in the bomb combustion residue requires applying
the corresponding correction to the gross calorific value. According to the
standard, such correction is required for calorific values below 5.440 MJ/kg.
However, the standard only concerns oil shales from the Baltic deposit and
the Volga deposit.

The aim of this work was to determine a criterion for applying the
correction to gross calorific value for undecomposed carbonates that would
be applicable to oil shales from different deposits.

2. Experimental
2.1. Selection of samples

More than 1000 oil shale samples from different deposits were analysed by
our research group in the course of previous investigations. About 50
samples were chosen for the present research based on their carbon dioxide
content of carbonates, (CO,)y;, and calorific values by bomb, Qbf. The data
on oil shale samples from the Baltic deposit obtained in our previous studies
along with the data from literature [15] were plotted in Figure 1 to estimate
the value of carbon dioxide content which corresponded to the calorific
value of 5.440 MJ/kg.

As seen from Figure 1, there is a clear linear dependence between the
carbon dioxide content of carbonates and the calorific value in case of oil
shale samples from the Baltic deposit (the squared value of the correlation
coefficient is 0.9256). It can be explained by the fact that the mineral matter
composition of Baltic oil shale samples is rather constant. The plot indicates
that for the Baltic oil shale with a calorific value of 5.440 MJ/kg the carbon
dioxide content of carbonates is about 25% by mass.

Based on these values, the samples were selected so that each of the
following groups would be represented: Q, > 5.4 MJ/kg and (CO,)y > 25 %;
Qy > 5.4 MJ/kg and (CO,)y < 25%; Qp < 5.4 MJ/kg and (CO,)y > 25%; Qp, <
5.4 MJ/kg and (CO,)y < 25%. Figure 2 illustrates this selection further.

T Calorific value by bomb, Q,, is the heat of combustion in the calorimetric bomb not

corrected to acid formation and carbonates decomposition.
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Fig. 1. Data on oil shale samples from the Baltic deposit.
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Fig. 2. Characteristics of oil shale samples from different deposits taken for the
study.

Thus, the samples from Jordan, Moroccan, Serbian and Chinese oil shales
with (CO,)y in the range of 1.0-41.5% by mass and Q, between 0.079 and
25.900 MJ/kg were selected for this study.

2.2. Determination of the carbon dioxide content of undecomposed
carbonates

The studied samples were combusted in the Parr 6300 calorimetric bomb.
The mass of the weighted portion was 1.0-1.2 g. To fulfil the requirements
of the standard methods a benzoic acid of qualification ”for calorimetry” was
added to the weighted portions of low-calorific oil shale samples to provide
the temperature rise equal to that during calorimeter calibration. After com-
bustion, the residues were transferred into weighing vessels and dried
completely in a drying oven at 160 °C.
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The determination of the carbon dioxide content of carbonates in the
residues was carried out using a Vario Macro Cube SoliTIC module device.
The test portions were acidified and heated to 50 °C. The amount of released
carbon dioxide was quantified by a thermal conductivity detector. The
obtained values ranged from 0.06 to 27% by mass.

3. Results and discussion

The relationship between the carbon dioxide content of carbonates present in
the residue and the calorific value by the bomb was investigated. It can be
seen from Figure 3 that there is a general reverse dependence between the
calorific value and the amount of undecomposed carbonates in the residue.
However, this correlation is not significant.

It is not possible to determine the degree of influence of the calorific
value on the content of undecomposed carbonates in the residue since
benzoic acid is added to the samples during analysis.

The dependence between the carbon dioxide content of carbonates in the
residue and the carbon dioxide content of carbonates in oil shale is illustrated
in Figure 4.

Figure 4 shows that the data points form two distinct groups based on
their (CO,)y value in oil shale. As the figure reveals, for oil shale samples
with the carbon dioxide content of carbonates less than 23% mass, the latter
has almost no influence on the content of undecomposed carbonates in the
residue. On the other hand, for samples with the (CO,), mass percentage
exceeding 23, this influence is significant and a linear correlation between
the two parameters is observed. The R-squared value is 0.9654.

30
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Fig. 3. The relationship between the carbon dioxide content of carbonates in the
residue and the calorific value by the bomb.
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Fig. 4. The dependence of the carbon dioxide content of carbonates in the residue on
the carbon dioxide content of carbonates in oil shale.

The obtained values of the carbon dioxide content of carbonates in the
residue were recalculated as a mass percentage of the original oil shale
sample, taking the yield of residue into account, for further calculations of
correction to the gross calorific value.

To calculate the corrections to gross calorific value, the carbon dioxide
content of carbonates in the residue, expressed as a mass percentage of the
original oil shale sample, was multiplied by the constant . This constant
takes into account the heat of the decomposition of carbonates and is equal
to 40 kl/kg per 1% of the CO, of carbonates. The obtained values are shown
in Figure 5.
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Fig. 5. The dependence of corrections to gross calorific value on the carbon dioxide
content of carbonates in oil shale.
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As can be seen from Figure 5, in case of oil shale samples with the
carbon dioxide content of carbonates greater than 23% on mass basis, the
value of the correction to the gross calorific value is higher than 60 kJ/kg,
which is half the limit of the repeatability of the standard methods and there-
fore cannot be disregarded. As is clear from the figure, the correction to
gross calorific value can reach 800 kJ/kg for some oil shales.

It should be noted that for Estonian oil shale, the correction needs to be
applied only to samples with a calorific value lower than 5.440 MJ/kg since
they contain more than 23% mass of the carbon dioxide of carbonates. This
calorific value cannot be used as a criterion for oil shales from other
deposits.

The results of this research were used when adapting ISO 1928-2009 as
an Estonian national standard (EVS-ISO 1928-2016) [16].

4. Conclusions

A correction to gross calorific value for undecomposed carbonates is
required for oil shales that contain more than 23% mass of the carbon
dioxide of carbonates.

Currently both standard methods, ISO 1928-2009 and EVS-ISO 1928-
2016, are valid. However, when dealing with solid fuels such as oil shale, it
1s more appropriate to use EVS-ISO 1928-2016 rather than ISO 1928-2009
because the requirements taking the specificities of oil shale analysis into
consideration were included in this standard.

Since the net calorific value is calculated via gross calorific value, the
correction to undecomposed carbonates will also have an influence on the
net calorific value.
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Abstract. The sulfur compounds content of the gasoline fractions of shale oil
and oil obtained from used tires was investigated by the method of gas
chromatography (GC). There was a marked difference in quantitative
chromatograms estimation between the normalization method and the
internal standardization method. The application of the internal standardiza-
tion method proved to be preferable. In addition, the results obtained on the
content of sulfur compounds in the studied gasoline fractions allow us to
conclude that the co-processing of used tires with oil shale will not affect the
quality of the light fraction of oil produced and thus, it enables not to change
the method of purification from sulfur compounds.

Keywords: shale oil, used tires, gasoline fraction, sulfur, gas chromato-
graphy.

1. Introduction

The oil shale processing industry has suffered many changes due to fluctua-
tions in the petroleum market over the last several years. Record-breaking
low prices of petroleum have hindered large investments in shale oil quality
improvement [1, 2]. During this period, possibilities of oil production from
different solid wastes and co-processing of oil shale with waste materials
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have been considered, thereby reducing the cost of production of the
obtained liquid fuels.

One possible option to pursue could be co-processing of oil shale and
pyrolysis of used tires, which has been researched previously to some extent
[3-6]. The main task of co-processing is to obtain oil of quality that would
meet the requirements of the market. One of the basic requirements for fuel
quality is low sulfur content. The determination of sulfur quantity as well as
sulfur compounds in fuels is an important task in the face of tightening
requirements for sulfur content levels in fuels. Gas chromatography (GC) is
one possible technique for identifying sulfur compounds. GC permits
quantitative estimation of chromatograms. Three methods are used to
determine sulfur concentrations in both gasoline fractions. The internal
standardization method consists in analyzing a sample of unknown
quantitative composition, to which a known quantity of a substance not
contained in it (internal standard) is added. The response areas of each sulfur
compound of interest are compared to that of the internal standard. The
external standardization method draws a relationship between peak parameter
(area or height) and content of the substance in a sample via the results of a
series of analyses. A calibration coefficient is then determined. The response
areas of each sulfur compound of interest are compared to that of the external
standard. The third method is the normalization method. This method is based
on a principle that the sum of areas (heights) of all peaks on the chromatogram
is taken as 100%.

The aim of the present work is to study possible gas chromatographic
methods for the exact determination of sulfur compounds in the 90-150 °C
gasoline fractions of shale oil and oil obtained from pyrolysis of used tires.

2. Experiments
2.1. Pyrolysis

Oil shale of the Estonian deposit and rubber crumb of particle sizes of 4 mm
and smaller obtained from used tires were applied as raw materials for oil
production. Experiments were carried out on the laboratory retorting unit.
The unit consisted of a reactor with external heating, an air condenser and a
water condenser with condensation temperatures of 10-12 °C, and a gas-
liquid separator. Gas was directed from the system and the liquid product
bleeding from the tank was carried out manually.

A diagram of the experimental retorting unit is shown in Figure 1.

In the process of retorting, a sample was placed in the middle of the
reactor and heated for 8 hours up to the final temperature of 520 °C. A
precise graph of sample heating is depicted in Figure 2.
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Fig. 1. Retorting unit: 1 — reactor; 2 — air condenser and water condenser; 3 — gas-
liquid separator; 4 — heating element; 5 — insulation; 6 — thermocouples (6a — on the
wall, 6b — in the mixture, 6¢ — in the vapours); 7 — initial raw material; 8§ — output of
steam-gas mixture; 9 — non-condensable gases.
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Fig. 2. The graph of temperature change in the process of retorting.

2.2. Distillation

For further research, the 90-150 °C fractions on the B/R Instrument distilla-
tion column were separated from shale oil and oil from rubber crumb at
atmospheric pressure and a reflux ratio of 1. The column height was 40 cm
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with 200 theoretical plates. Oils characteristics are given in Table 1. As seen
from the table, the density of oil obtained from used tires is higher than that
of shale oil. On the other hand, the sulfur mass percent content of shale oil is
twice that present in used tire oil. The iodine number is in the same range
whereas the acid number is much higher for shale oil.

Table 1. Characteristics of shale oil and used tire oil (boiling range fraction
90-150 °C)

Item Method Shale oil Used tire oil
Density at 15 °C, kg/m’ EVS-EN ISO 12185 776.6 828.2
Sulfur total, S, %, mass EVS-EN ISO 20846 1.04 0.50
Todine number, gJ,/100 g GOST 2070 107.7 98.5
Acid number, mg KOH/g ISO 668 3.2 0.05

2.3. Analysis of sulfur compounds

Since there are no standard methods for total sulfur determination of the
gasoline fractions from both shale oil and oil from the rubber crumb of used
tires, in this work, the standards for light petrochemicals were applied.

Determination of the quantitative content of total sulfur in the studied
samples was carried out according to the Standard EVS EN ISO 20846
(Petroleum products — Determination of sulfur content of automotive fuels —
Ultraviolet fluorescence method) [7]. EVS-EN ISO 20846 specifies an ultra-
violet (UV) fluorescence test method for the determination of the sulfur
content of motor gasolines containing up to 3.7 % (m/m) oxygen (including
those blended with ethanol up to approximately 10 % (V/V)) and of diesel
fuels, including those containing up to approximately 10% (V/V) fatty acid
methylester (FAME) with sulfur contents in the range of 3-500 mg/kg.
Other products can be analysed and other sulfur contents can be determined
according to this test method. However, no precise data for products other
than automotive fuels or for results outside the specified range have been
established in EVS-EN ISO 20846 [7].

Sulfur compounds in the fractions were determined by gas chromato-
graphy according to ASTM D 5623 test, which is applied to distillates,
gasoline motor fuels (including those containing oxygenates species) and
other petroleum liquids with a final boiling point of approximately 230 °C or
lower at atmospheric pressure. This test method covers the determination of
volatile sulfur-containing compounds in light petroleum liquids [8].

Chromatographic analysis of the studied samples was implemented using
the normalization and internal standardization methods. The above methods
of quantitative estimation of chromatograms are also described in ASTM
D 5623 test [8].

Sulfur compounds in the fractions were determined by gas chromato-
graphy employing a TRACE GC chromatograph with a flame photometric
detector (FDP). The Zebron ZB-5HT Inferno column with a nonpolar phase
and a length of 60 m was used for separation with a helium carrier gas.
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Analysis was carried out in the programmable temperature rise mode: 40 °C
(3 min), rising rate of 8 °C/min up to 250 °C (1 min hold time), then up to
280 °C (5 min hold time), and injector temperature of 280 °C.

When determining sulfur compounds by the normalization method, the
sulfur content of each compound was calculated as a sulfur share of all com-
ponents. Further, knowing the total sulfur content in a sample as determined
by the ultraviolet fluorescence method, the contents of individual sulfur
compounds were calculated.

To determine sulfur compounds by the internal standardization method,
the chromatograph was calibrated. Since the response of the device detector
is not linear, a calibrating linear equation in a narrow range of concentrations
was determined for each compound. Shale oil and oil from the rubber crumb
of used tires are mixtures containing dozens of different sulfur compounds.
In the internal standardization method, it is necessary to apply reference
substances. It is practically impossible to identify each individual component
in the samples with such complex compositions. When determining calibra-
tion linear equations for unidentified sulfur compounds, the equations of
nearby identified individual components were applied.

The chromatograms of sulfur compounds of the studied samples are
shown in Figures 3 and 4.
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Fig. 3. Chromatogram of the fraction of shale oil (boiling point range 90-150 °C).
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Fig. 4. Chromatogram of oil obtained from used tires (boiling point range
90-150 °C).

3. Results and discussion

Data on quantitative sulfur content in the gasoline fractions of shale oil and
oil obtained from the rubber crumb of used tires by different methods are
presented in Table 2.

The results presented in Table 2 show that sulfur compounds contents
determined by the normalization method differ considerably from those
obtained by the internal standardization method. In most cases, the contents
of sulfur compounds determined by the former method are lower for the
components with minor content. Sulfur compounds of higher content in the
samples are, on the contrary, overestimated. The total quantity of identified
mercaptans in the gasoline fraction of shale oil determined by the internal
standardization method is 440 ppm, and by the normalization method,
101 ppm. For the gasoline fraction of oil from the rubber crumb of used car
tires, the respective values are 29 ppm and 2 ppm. There is an opposite
tendency in the identification of thiophenes. The sulfur quantity in the
gasoline fraction of shale oil determined by the internal standardization
method i1s 2795 ppm, being 4135 ppm by the normalization method. In the
gasoline fraction of oil from the rubber crumb, the quantities are 2203 ppm
and 4260 ppm, respectively. In the total amount of identified and
unidentified compounds, the difference between the results obtained by the
methods of internal standardization and normalization is 972 ppm and
1460 ppm, respectively, for the shale gasoline fraction, and respectively
817 ppm and 1638 ppm for the gasoline fraction from the rubber crumb.
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Table 2. Quantitative sulfur content in the gasoline fractions of shale oil and oil
from the rubber crumb of used tires

Sulfur in shale oil, Sulfur in used tire oil,
= mg S/kg mg S/kg

E =

2 g g g £ 5

=% g =] 2 =t 2

8 2 SEw | 5= =% =

o =] S 53 ER S 532 s 2

= 5 EE<| E£ | 52| E<

3 & ESe| 28 | ESE | ZE
Methyl mercaptan 3.74 24.19 0.62 14.95 1.27
Ethyl mercaptan 4.16 29.97 1.87 14.12 0.58
2-Propanethiol 4.63 13.11 1.34 - -
Ethyl methyl sulfide 5,39 35.72 6.13 - -
1-Methyl1-propanrthiol 6.26 157.53 24.18 - -
Thiophene 6.35 236.22 59.73 145.48 106.76
1-Butanethiol 7.23 68.58 18.29 - -
DMDS 7.98 - - 534.29 141.25
Unidentified 8.35 110.03 39.72 - -
Unidentified 8.55 72.71 4.44 - -
2-Methylthiophene 8.62 1716.66 | 3398.03 1566.00 | 3601.67
3-Methylthiophene 8.80 147.60 76.11 262.82 278.21
Unidentified 9.48 132.74 61.86 48.28 16.67
1-Pentathiol 9.66 146.59 55.11 - -
Unidentified 10.15 - - 57.00 27.19
Unidentified 10.30 69.24 1.56 - -
Unidentified 10.36 72.71 4.92 36.07 2.07
Unidentified 10.49 447.67 364.20 119.20 100.86
Unidentified 10.77 162.09 89.87 - -
Unidentified 10.89 1567.67 | 2663.79 431.40 479.51
Unidentified 10.99 56230 474.28 - -
Unidentified 11.03 - - 52.18 25.09
3-Ethylthiophene 11.17 694.53 601.05 215.47 273.16
Unidentified 11.30 101.03 31.23 41.01 0.57
Unidentified 11.33 76.20 7.86 41.50 1.05
Unidentified 11.39 95.24 25.73 41.04 0.43
Unidentified 11.44 174.20 101.73 198.38 260.83
Unidentified 11.83-13.00 | 1024.93 | 391.25 299.05 23.00
Unidentified 13.12 1174.28 | 1498.95 277.12 417.88
Unidentified 13.28-16.84 | 1773.78 | 395.93 746.57 216.19
Benzothiophene 18.05 - - 13.02 0.45
Unidentified 18.63-19.87 - - 176.30 217.00
Unidentified 18.63 - - 42.04 1.74
>unidentified, mg S/kg 7617 6157 2766 4404
Yidentified, mg S/kg 3271 4243 2607 1790
Total, mg S/kg 10888 5373
> gas chromatography 1.09 0.54
method, mass % : :
>ultraviolet
fluorescence method, 1.04 0.62
mass %
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Since the total sulfur content calculated by the internal standardization
method is close to the result determined by method of ultraviolet fluore-
scence, it can be deduced that the obtained results for the quantitative sulfur
compounds are reliable.

4. Conclusions

In this research paper, the sulfur compounds determined quantitatively by
the normalization method are considerably different from those obtained by
the internal standardization method.

It is shown that for precise determination of sulfur compounds content
in gasoline fractions by gas chromatography, the use of the internal
standardization method is more appropriate than the normalization
method.

The sulfur content in the gasoline fraction determined in the used tire oil
is lower than the sulfur content of the shale gasoline. The sulfur compounds
in both fractions are similar. As a result, the use of the rubber crumb in co-
processing with oil shale does not negatively influence the quality of the
final product.

REFERENCES

1. Gas Prices Explained. Available at http://gaspricesexplained.com/?from=
222.62.178.84%3A6300#/ (accessed 12 November 2018).

2. Estonian Oil Shale Industry Yearbook 2017(Beger, M., ed.). https://www.ttu.ce/
public/p/polevkivi-kompetentsikeskus/aastaraamat/Polevkivi_aastaraamat EST
_2018-06-27c.pdf (in Estonian).

3. Pikhl’, O. A., Soone, Yu. Kh., Kekisheva, L. V., Kaev, M. A. Tire processing
using pyrolysis and hydrogenation methods. Solid Fuel Chem., 2013, 47(3),
183-192.

4. Senchugov, K., Kaidalov, A., Shaparenko, L., Popov, A., Kindorkin, B.,
Lushnyak, V., Chikul, V., Elenurm, A., Marguste, M. Utilization of rubber
waste in mixture with oil shale in destructive thermal processing using the
method of solid heat carrier. Research Gate. Available at https:/www.
researchgate.net/publication/298527687_Utilization_of rubber waste in_mixtu
re_with oil shale in destructive thermal processing using the method of s
olid_heat_carrier (accessed 12 November 2018).

5. Orav, A, Kailas, T., Miitirisepp, M., Kann, J. Composition of the oil from waste
tires. 1. Fraction boilong at up to 160 °C. Proc. Est. Acad. Sci., 1999, 48(1),
30-39.

6. Eesti Energia tries to obtain oil from used tires. Péhjarannik, 14 September
2016 (in Estonian). Available at https://dea.digar.ee/cgi-bin/dea?a=d&d=
pohjarannik20160914.2.6.3

7. EVS-EN ISO 20846:2011. Petroleum products — Determination of sulfur
content of automotive fuels — Ultraviolet fluorescence method (ISO



196 Olga Pihl et al.

20846:2011). https://www.evs.ee/tooted/evs-en-1s0-20846-2011 (accessed 12

November 2018).
8. ASTM D5623-94(2014). Standard Test Method for Sulfur Compounds in Light
Petroleum Liquids by Gas Chromatography and Sulfur Selective Detection.

Received January 23, 2019






Appendix 3

PUBLICATION 1l

0. Pihl, V. Khaskhachikh, J. Kravetskaja, A. Niidu, A. Siirde; Co-Pyrolysis of Estonian QOil
Shale with Polymer Wastes, ACS Omega, 6, 47, pp. 31658-31666, 2021

101






Downloaded via TALLINN TECHNICAL UNIV on May 24, 2022 at 07:34:28 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

~— J
= =lcYolete)
http://pubs.acs.org/journal/acsodf

Co-Pyrolysis of Estonian Oil Shale with Polymer Wastes
Olga Pihl,* Vladimir Khaskhachikh, Julia Kravetskaja, Allan Niidu, and Andres Siirde

Cite This: ACS Omega 2021, 6, 31658-31666 I: I Read Online

ACCESS ‘ [l Metrics & More | Article Recommendations

TGA

by
Additivity, 3

ABSTRACT: Recycling of polymeric wastes is important for both
energy recovery and raw material processing. In light of the EU
Green Deal, the oil shale industry is looking for new opportunities
to use its production potential. As an intermediate stage, the co-

pyrolysis of oil shale with waste plastic and tires will be considered M .
acceptable. The article presents the kinetics of pyrolysis of Co-pyrolysis | —p> - Calculation
Estonian oil shale, the main polymer components of municipal S : A0 N e Experiment
waste, and their mixtures with oil shale by the thermogravimetric ~#5zigse Sy i

analysis method. The influence of each component separately on ! Synergistic oil

the process of sample weight loss during co-pyrolysis was also PP 5 effect g:;i%ke
studied. It is shown that when plastics are added to oil shale, the : H

experimental and calculated data coincide according to the [Plastic wastes}------ : | Fischer Assay

principle of the additive contribution of each component. Kinetic

parameters were calculated according to the Coats—Redfern integral method and show that during the co-pyrolysis of mixtures of oil
shale with polymer wastes, the value of the activation energy increases in comparison with the pyrolysis of oil shale. Based on the
experimental data, it was determined that there is a manifestation of a synergistic effect in the form of an increase in the yield of
liquid products during the co-pyrolysis of oil shale and polymer wastes.

1. INTRODUCTION production of shale oil no later than 2040. During this period, it
is planned to reduce the negative impact of oil shale production
on the natural environment. For this purpose, oil shale
processing enterprises are looking for an opportunity to
modernize production and switch to a new type of raw material.

From an environmental and economic point of view, the most
rational approach is the use of polymer wastes as an alternative
fuel, which contain PE-HD, PE-LD, PP, tire, and other
components. However, the use of only polymer wastes as raw
material is currently not possible due to the peculiarities of the
existing oil shale processing plants. Today, the main technology
for processing oil shale in Estonia is the Galoter process, which is
pyrolysis of raw materials by the solid heat carrier method.
Pyrolysis is the thermal decomposition of organic material in an
oxygen-free atmosphere to form gaseous, liquid, and solid
products.” The solid heat carrier in the Galoter process is its own
ash, which is returned to the pyrolysis process. Because the ash
content of polymer wastes is quite low, therefore, the first step is
to replace part of the oil shale with polymer wastes, which,
according to estimates, can reach 50%.

In recent years, the topic of reuse of polymer wastes, including
plastics and used car tires, has become increasingly important.
Annual increase in production of polymer/plastic materials
inevitably leads to an increase in the waste produced that
requires recycling. According to Statista, more plastic has been
produced in the past 15 years than in the 50 years prior." In the
European Union, only the demand for plastics in 2019
amounted to 50.7 million tones. The most common plastics
that are used on a daily basis and are universally applicable are
polyethylene (PE-HD and PE-LD) and polypropylene (PP).”
According to PlasticsEurope association in 2019 in Europe, of
the collected 29 million tons of plastic wastes, 42.6% went to
energy recovery, 32.5% to recycling, and 24.9% was buried in a
landfill amounting to roughly 7 million tons.” In September
2020, ETRMA, the European Tire and Rubber Manufacturers’
Association, reported® that in 2018, 32 countries (EU2S,
Norway, Serbia, Switzerland, and Turkey) collected 3.58 million
tons of end of life tires from which 193 thousand tons have not
been reused. Thus, a fair amount of polymer wastes still needs to
be incorporated into sustainable waste management and, by the

virtue of it, into circular economy. Received: August S, 2021
On the other hand, according to the “Estonian national energy Accepted:  October 27, 2021
and climate plan (NECP 2030)”, by 2050, Estonia must strive to Published: November 15, 2021

reduce carbon emissions to zero." To achieve this goal, the
Estonian government announced two dates—the exiting of the
production of oil shale electricity no later than 2035 and the

© 2021 The Authors. Published by
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Table 1. Proximate and Ultimate Analysis Results

proximate analysis”, m/m %

ultimate analysis”, m/m %

samples ash (A) fixed carbon (FC) net calorific value, MJ/kg carbon (C) hydrogen (H) nitrogen (N) sulfur (S)
EOS 50.10 2.70 8.807 27.50 2.70 0.07 1.60
PE-HD 0.40 <1.00 44.57S 84.02 15.50 0.02 0.06
PE-LD 1.30 <1.00 44.286 83.04 15.54 0.05 0.08

PP <0.10 <1.00 44.876 84.09 15.77 0.01 0.03
Tires 8.02 24.60 34.388 78.70 7.70 0.47 1.25

“In dry basis.
Pyrolysis of plastic wastes components is one of the ways of K = A.e B/RT (1)

recycling.(’_14 The co-pyrolysis of polymer wastes with various
materials containing organic matter, including oil shale, has been
widely investigated.'>™*° For example, Tiikma et al.'* have
studied the impact of co-pyrolysis of low-density polyethylene
with Estonian kukersite oil shale, its semi coke, and Dictyonema
shale on the yield and composition of the pyrolysis oil. They
noted that yield and chemical group composition of co-pyrolysis
oil depend to a certain degree on the oil shale type used.

Information about the kinetics of the pyrolysis process is
important when designing industrial pyrolysis plants. The
kinetics of co-pyrolysis of polymer waste with various materials
containing organic matter is well studied.'?”~%° Thus,
Aboulkas et al.”* have studied pyrolysis kinetics of Moroccan
oil shale kerogen mixed with high-density polyethylene (PE-
HD) using a thermogravimetric analysis (TGA) system at
various heating rates of 2, 10, 20, and 50 K/min in the
temperature range of 300—1273 K in a nitrogen atmosphere.
The thermogravimetric method was extended by the same
group®” to the studies on the pyrolytic behaviors of Moroccan oil
shale kerogen, polyethylene terephthalate, and their mixtures.
The experiments were carried out dynamically by increasing the
temperature from 298 to 1273 K at a heating rate of 2—100 K/
min in a nitrogen atmosphere.

Despite a significant amount of scientific work in the field of
co-pyrolysis of oil shale with various polymer wastes, most of the
works investigated the process of pyrolysis of oil shale in a
mixture with one or two components, while the real polymer
wastes contains a significantly larger number of components.
The aim of this work is to study the process of pyrolysis of oil
shale in a mixture with all the main polymer components of
waste and to determine the kinetic parameters of co-pyrolysis.

2. THEORY OF THE STUDY OF KINETIC PARAMETERS

TGA is a research and analysis method based on the registration
of changes in the mass of a sample depending on its temperature
or time under certain and controlled conditions of changes in the
ambient temperature. TGA is quite accurate and fast, and it is
used to study characteristics and kinetics of pyrolysis of materials
with complex matrices, such as solid fuels. In pyrolysis kinetics
analysis, the activation energy is an important parameter
describing the pyrolysis process of a sample.** There are a
number of methods for calculating the activation energy, based
on mathematical processing of the TGA curve. The least time-
consuming and most accurate for polymers and oil shale is the
double-logarithm method. The condition for the applicability of
the Coats—Redfern method is the first order of the
decomposition reaction. When calculating the kinetics of oil
shale pyrolysis and polymer decomposition, it is usually assumed
that these reactions are of the first order.'”**3
Arrhenius equation

31659

where A is the pre-exponential factor, sek™'; E, is the activation
energy, kJ/mol; R is the universal gas constant; and T is the
temperature of the test substance, K.

The Coats—Redfern procedure is widely reported in the
literature.”” Following the established procedure for each
reaction stage separately, the extent of reaction () is calculated
by comparing the mass at time 7 () with the initial (1,) and
final (m;) masses as per eq 2.
a= my — m;

my — my (2)

Then, according to the procedure for first-order reactions, the
value of the activation energy E, can be defined as the tangent of
the slope of the linear portion of the curve plotted in coordinates
In(—In(1 — a)/T?) against 10°/T. After analyzing the curves of
thermal decomposition, it is possible to select linear sections and
approximate them using a linear equation of the type y = a*x + b,
where the value of the parameter a corresponds to the value
—-E,/R.

3. EXPERIMENTAL SECTION

3.1. Sample Characterization. The oil shale sample used
in this study—Estonian oil shale (EOS) from an under-ground
mine called Ojamaa. The polyethylene (PE-HD and PE-LD),
PP, and the tires used in this study were collected from the
Uikala municipal waste dump.

The calorific value was determined in a calorimetric bomb
Parr 6300; the net calorific value was calculated using EVS-ISO
1928 and corrected for undecomposed carbonates.”® Elemental
composition was determined using a “vario macro cube” device,
fixed carbon determined by calculation. The ash content was
determined by the international standard.**** The data are
shown in Table 1.

For all samples, the yield of semi-coking products was
determined in accordance with the standard ISO 647.*' The
results were recalculated per apparent organic content. The data
are shown in Table 2.

Table 2. Yield of Semi-Coking Products

yield of semi-coking products per apparent organic content,
m/m %

samples oil semi-coke pyrogenetic water gas + loss
EOS 59.8 17.8 5.4 17.0
PE-LD 92.7 0.8 0.3 6.2
PE-HD 92.5 15 0.0 6.0
PP 93.6 0.1 0.0 6.3
tires 589 33.5 0.1 7.5

https://doi.org/10.1021/acsomega.1c04188
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Figure 1. Simple weight loss (TG) curve of the studied raw materials and a DTG curve.

Before analysis, the samples were dried and ground in a mill
Retch SK-100 to an analytical sample (up to 0.2 mm). Test
mixtures of the samples were prepared from oil shale and
individual components of polymer wastes in a ratio of 50/50
(EOS + PE-LD, EOS + PE-HD, EOS + PP, and EOS + tires) and
a mixture of oil shale 50% and 50% (EOS + mix) of the four
components of polymer wastes in an equal ratio. A mixture of
polymer wastes, consisting of various types of plastics and used
car tires, is most likely to occur when sorting municipal solid
wastes.

3.2. Thermogravimetric Analysis. TGA of a sample of
EOS and polymers, as well as oil shale with polymer mixtures,
was performed using the TGA 1 STARe METTLER TOLEDO
system. The initial TGA temperature for all samples was 25 °C
and the final temperature was 950 °C. The heating rate was 20
°C/min, and the tests were carried out under nitrogen purging at
arate of 20 mL/min. Nitrogen gas was used as an inert purge gas
to displace air in the pyrolysis zone, thus avoiding unwanted
oxidation of the sample. In this work, about 20—25 mg of each
sample was analyzed in an Al,O; dish and used for TGA analysis.

The TG curve was used to determine the TGA parameters,
the Toner Tmidpoiny 1A Tengser POINts, in accordance with the
international standard.

4. RESULTS AND DISCUSSION

4.1. Decomposition of EOS, Polymers, and Mixtures of
Polymer Wastes with Oil Shale. Figure 1 shows a simple
weight loss (TG) curve of the studied oil shale and polymers and
a differential weight loss (DTG) curve.

The curves show that the loss of mass during heating of the oil
shale occurs in two stages (there is also a stage of moisture loss,
but it is insignificant). The first major stage is the stage of
decomposition of the organic part of the oil shale. It occurs in the
temperature ranges from 300 to 550 °C. The second stage is
decomposition of the mineral part of the oil shale, which occurs
in the temperature ranges of 670—870 °C.

It can be seen from the graphs that the weight loss during
pyrolysis for all polymers occurs in one stage. Thermal
decomposition of PE-LD and PE-HD occurs in the temperature
range of 400—550 °C with maximum weight loss at 480 °C. In
PP, the decomposition of the organic part begins at a lower
temperature. This process takes place in the range of 300—520
°C, with a maximum loss of mass at 442 °C. This range (300—
550 °C) corresponds to the stage of active pyrolysis, in which
thermal decomposition of the initial polymer molecule occurs,
accompanied by a weight loss of ~98%. Upon subsequent
heating in the temperature range from 500 to 945 °C, the

process of passive pyrolysis occurs, accompanied by thermal
destruction of stronger bonds in the solid residue and a weight
loss of less than 1%. The organic part of tires begins to
decompose at a temperature of 250 °C and the decomposition
process ends at S50 °C, while the maximum weight loss occurs at
400 °C. A high residual weight at the end of the sample analysis
of about 34% indicates a significant amount of filler in the tire
composition. Table 3 shows the TGA parameters for EOS and
polymers.

Table 3. TGA Parameters for E and Polymers

raw materials

EOS PE-LD PE-HD IRE tires

TGA parameter  step 1 step2  step 1 step 1 step 1 step 1

Toner °C 4128 7660 4556  460.5 4195 3536
Toigpons °C 4447 7988 4807 4804 4423 4003
Tendser °C 4766 8394 4939 5003 4689 4510

Table 3 shows that the temperature of the maximum weight
10ss (Tpigpoine) OF the organic part of the oil shale is 445 °C.
These results show that the values of the highest intensity of
destruction of organic matter obtained in this work are very
similar to those mentioned in the literature.** The temperature
of the maximum weight 10ss (Tiigpoint) Of the inorganic part of
the oil shale is 799 °C. The temperature of the maximum weight
1085 (Tpigpoint) for PE-LD and PE-HD is approximately 480 °C,
for PP is 442 °C, and for tires is 400 °C.

To study the kinetics of oil shale decomposition with a
mixture of polymer wastes in a S0/50 ratio (50% oil shale, 12.5%
PE-HD, 12.5% PE-LD, 12.5% PP, and 12.5% tires), TGA of oil
shale was also carried out with each polymer separately in a 50/
S0 ratio. Figure 2 shows a simple weight loss (TG) curve of the
studied test mixtures and a DTG curve.

The curves show that when a mixture of oil shale with polymer
wastes is heated, weight loss occurs in two stages; while at the
first stage, the weight loss increased significantly because
polymer wastes consist mainly of organic matter, the second
stage involves the decomposition of the mineral part of the oil
shale.

From the data in Table 4, it can be seen that the addition of
PE-LD and PE-HD bplastics to oil shale leads to the fact that the
stage of active decomposition of the organic part and the
maximum weight loss of the samples occurs at the same
temperatures as in the analysis of each polymer separately.
Therefore, the stage of active decomposition of the organic part
of the polymer PE-LD occurs in the temperature range T, ..—

https://doi.org/10.1021/acsomega.1c04188
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Figure 2. Simple weight loss (TG) curve of the studied mixtures of EOS with polymer wastes and a DTG curve.

Table 4. TGA Parameters for Mixtures Oil Shales with Polymer Wastes

Materials
EOS + PE-LD EOS + PE-HD EOS + PP EOS + tires EOS + mix
TGA parameter step 1 step 2 step 1 step 2 step 1 step 2 step 1 step 2 step 1 step 2
Ty °C 456.8 7327 464.0 746.9 446.6 727.8 378.1 761.4 456.6 7272
Tnidpoins °C 476.0 759.9 481.4 778.1 464.9 760.7 425.1 780.6 4717 757.7
Tondser °C 496.3 7982 499.2 814.5 483.8 798.6 477.0 817.8 495.5 796.2
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Figure 3. Calculated and experimental curves of weight loss (TG) for mixtures of EOS with polymer wastes.

T endset Of 455.6—493.9 °C, and for a mixture of PE-LD with oil
shale, this range is 456.8—496.3 °C. For PE-HD plastic and a
mixture of oil shale with it, these ranges are T ;= Tengset 460.5—
500.3 and 464.0—499.2 °C, respectively.

For PP and tires, the beginning and end of active
decomposition of the organic part is shifted by 20 °C toward
higher temperature. In this case, the nature of decomposition of
the organic part of the ol shale sample with the mixture (50% oil

31661 https://doi.org/10.1021/acsomega.1c04188
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Figure 4. Comparison of experimental and calculated data on the yield of pyrolysis products of a mixture of oil shale with polymer wastes.

shale, 12.5% PE-HD, 12.5% PE-LD, 12.5% PP, and 12.5% tires)
becomes the same as for PE-HD and PE-LD because their
thermal degradation behavior is similar and their total organic
matter in the test mixture predominates. The decomposition of
the mineral part for all mixtures of oil shale with polymers is
shifted toward lower temperature. Perhaps, this is due to the
more complete decomposition of oil shale at the first stage of
thermal destruction and the weakening of chemical bonds in the
solid residue.

4.2. Study of Additivity Based on TG Analysis. To test
the principle of additivity in the process of thermal
decomposition of multicomponent mixtures, we studied the
data on the co-pyrolysis of mixtures of EOS with polymer wastes
by the TGA method. On the basis of TG data, graphs were
constructed (Figure 3), comparing experimental and calculated
data on the principle of the additive contribution of each
component.

As seen in Figure 3, the calculated points are in good
agreement with the experimental curves both for a mixture of oil
shale with individual components of polymer wastes and for a

multicomponent mixture. This confirms the legitimacy of using
the additivity principle for calculating the mass loss of a mixture
of oil shale and polymer wastes. Thus, the data obtained can be
used in the future for mathematical modeling of the pyrolysis
process of multicomponent mixtures, as well as in the design of
pyrolysis plants and to determine the yield of pyrolysis products.

4.3. Study of Additivity Based on the Yield of Co-
Pyrolysis Products. To verify the principle of additivity, the
calculated data on the yields of pyrolysis products for individual
components (Table 2) were compared with experimental data
on the yield of pyrolysis products for the mixtures under the
study. As an evaluation criterion, the yields of product were
chosen based per apparent organic content (Figure 4).

As can be seen from Figure 4, for most mixtures, except for the
mixture with tires, a manifestation of a synergistic effect is
observed in the form of an increase in the yield of liquid pyrolysis
products. The difference in oil yield from the calculated one was
11.1, 8.6, and 10.0% for PE-LD, PE-HD, and PP, respectively.
Other authors have also previously reported synergistic effects in
co-pyrolysis. Bozkurt et al.** reported that in the case of co-

https://doi.org/10.1021/acsomega.1c04188
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pyrolysis of Turkish oil shale with PP, the yield of pyrolysis
products increased. Also, during the co-pyrolysis process, PP
acted as a hydrogen source and saturated the free radicals
formed as a result of breaking the cross-links and made positive
contributions to the liquid product yield by creating a positive
synergistic effect. Li et al.” have studied co-pyrolysis of Fushun
and Longkou deposit oil shale with varying ratios of PP and
polyethylene in mixtures. They noted that plastics have an
obvious synergistic effect that increases the yield of shale oil due
to the combined pyrolysis of mixtures of oil shale and plastic, and
this effect is more significant with polyethylene. The synergistic
effect was interpreted based on the free radical reaction in the
theory of pyrolysis. Because the hydrogen content in oil shale
was low and the hydrogen content in plastic was high, the
hydrogen atoms of the plastic were transferred to free radicals,
which increased the yield of liquid products. Sinag et al.*®
reported that co-pyrolysis of Turkish lignite with PE-LD
significantly increased yield of oil, indicating a synergy between
lignite and PE-LD. In the case of co-pyrolysis of oil shale and
tires, a decrease in the yield of oil is observed, which in turn can
be explained by the fact that the rubber contains a significant
amount of sulfur, which is bound with alkaline earth metals of
the mineral part of oil shale during pyrolysis and leads to an
increase in the yield of the solid phase. Despite the negative
contribution to the yield of liquid products from tires, the total
oil yield for the mixture of all polymer components with oil shale
remains 6.5% higher than the calculated values. Thus, it can be
stated that the synergistic effect is primarily manifested in the
interaction of volatile products of oil shale and polymer wastes in
the gas and condensed phases. As a result, the oil yield is higher
than expected from the calculated one, and the amount of char
and gas for all mixtures, except EOS + tires, decreases.

4.4. Kinetics of Co-Pyrolysis. Activation Energy. To
calculate the activation energy from the DTG curve for oil shale,
polymer wastes, and their mixtures, a temperature range of 225—
515 °C was chosen, which corresponds to the stage of thermal
decomposition of the organic part of the materials under the
study. Within this interval, a step every 10 °C was chosen. The
temperature dependence was transformed, and all temperature
values were calculated as 10°/ T, where T is the temperature in K.
According to the data obtained, a graph of dependence In(—In(1
— a)/T*) on 10°/T was plotted (Figure ).

The “breaking point” was determined from the graphs plotted
over a wide temperature range for the raw materials. Based on
the “breaking point”, the graphs were divided into two zones.
Zone 1 is a reaction zone at low temperature, and zone 2 is a
reaction zone at higher temperature. For polymers PE-LD, PE-
HD, and PP, the presence of a “breaking point” is quite clear,
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which indicates different rates of decomposition in these zones.
For tires and oil shale, the “breaking point” is not so clear. As
previously noted by other authors, for oil shale, this is due to
various reactions occurring during decomposition, which
overlap to some extent and can affect the calculated values.”’
Tables 5 and 6 shows the kinetic parameters of pyrolysis of the
raw materials and mixtures of polymer wastes with oil shale.

Table S. Obtained Characteristics of Kinetic Parameters of
Pyrolysis of the Raw Materials

temperature activation energy,
sample  Zone range, °C R? kJ/mol log A
EOS zone II 225-365 0.99 44.38 742
zone [ 375-515 0.99 129.33 829
PE-LD  zone Il 225-365 0.96 50.24 9.06
zone [ 375-515 0.97 210.88 20.44
PE-HD  zone Il 225-405 0.98 43.72 10.96
zone [ 415-51S 0.99 327.01 38.56
PP zone II 225-315 0.99 51.60 8.08
zone [ 325-515 0.98 158.08 13.36
Tires zone IT 225-315 0.99 63.48 2.62
zone [ 325-515 0.99 86.72 1.97

Table 6. Obtained Characteristics of Kinetic Parameters of
Pyrolysis of the Mixtures of Polymer Wastes with Oil Shale

activation
temperature energy,

sample zone range, °C R? kJ/mol log A
EOS + mix zone II  225-445 0.99 59.94 4.51
zone I 455-515 0.98 234.36 2448

EOS + PE-LD  zoneIl =~ 225-415 0.99 46.95 831
zone 1 425-51S 0.98 233.82 24.14

EOS + PE-HD  zone II 225—-425 0.90 54.14 7.23
zone I 435-51S 0.96 249.01 26.29

EOS + PP zone II  225-395 0.98 46.59 8.50
zone I 405-515 0.98 224.34 23.18

EOS + tires zone II 225-345 0.99 58.43 391
zone 1 355515 0.99 92.10 2.55

The results demonstrate a close linear fitting with R*
coefficients of determination ranging from 0.90 to 0.99 over
the used temperature ranges (Tables S and 6). The table also
shows the values of the activation energy and the pre-
exponential factor. If we compare the kinetic parameters of
pyrolysis of individual components of polymer wastes and their
mixtures with oil shale, it can be assumed that the value of the
activation energy during co-pyrolysis can be influenced by the

https://doi.org/10.1021/acsomega.1c04188
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structure of the polymer molecule. Thus, for a mixture of oil
shale with PE-LD and PP, which have a branched structure, the
activation energy value increases by 1.5 times compared to the
calculated value for pure components, which indicates a more
active course of the decomposition process. This is in good
agreement with the above data on the yield of liquid pyrolysis
products, where the highest oil yield from the calculated one was
obtained also for a mixture of oil shale with PE-LD and PP. In
turn, for a mixture of oil shale with tires and PE-HD, the
activation energy value is slightly reduced, which indicates a
positive effect when these materials are processed together. This
decrease can be explained by the influence of the mineral part of
oil shale, which can have a catalytic effect on the thermal
degradation of these polymers.

5. CONCLUSIONS

The article presents the results of studying the kinetic
parameters of pyrolysis of oil shale from Estonia deposits and
mixtures of these oil shales with polymer wastes in a ratio of 50%
ol shale, 12.5% PE-HD, 12.5% PE-LD, 12.5% PP, and 12.5%
used car tires by the TGA method. The values of the activation
energy and the pre-exponential factor were obtained using the
Coats—Redfern integral method. It is shown that the activation
energy in the temperature range near the maximum decom-
position rate of organic matter differs for oil shale and for
mixtures of oil shale with polymer wastes. For a mixtures of oil
shale with PE-LD and PP, which have a branched structure, the
value of the activation energy increases by 1.5 times, which
indicates a more active course of the decomposition process.
This is in good agreement with the above data on the yield of
liquid pyrolysis products, where the highest oil yield from the
calculated one was also obtained for a mixture of oil shale with
PE-LD and PP. For a mixture of oil shale with tires and PE-HD,
the activation energy is slightly reduced, which indicates a
positive effect when these materials are processed together.

The nature of decomposition of the organic part of the oil
shale sample with the mixture (50% oil shale, 12.5% PE-HD,
12.5% PE-LD, 12.5% PP, and 12.5% tires) becomes the same as
for PE-HD and PE-LD because their thermal degradation
behavior is similar and their total organic matter in the test
mixture predominates. On the basis of the data obtained, it can
be concluded that in the co-pyrolysis of oil shale and polymer
wastes in equal proportions, the kinetic parameters character-
istic of the thermal destruction of polymer wastes will play a
predominant role. The kinetics of co-pyrolysis depends mainly
on plastics and tires, as they make up about 80% of all organic
matter.

Also presented are data on the effect of each component of the
plastic components separately on the process of weight loss of
the sample during co-pyrolysis. It is shown that when plastics are
added to oil shale, the experimental and calculated data coincide
according to the principle of additivity contribution of each
component. Thus, the data obtained can be used in the future for
mathematical modeling of the pyrolysis process of multi-
component mixtures and in the design of pyrolysis installations
for determining the residual amount of the solid phase.

The work shows a synergistic effect in the co-pyrolysis of oil
shale with plastics. The difference in oil yield from the calculated
one was 8.6, 10.0, and 11.0% for PE-LD, PE-HD, and PP,
respectively. For tires, this relationship was not observed.
According to experimental data, the yield of oil is less than
calculated. Despite the negative contribution to the yield of
liquid products from tires, the total oil yield for a mixture of all

31664

polymer components with oil shale remains positive and
amounts to 6.5% wt above the calculated indicators.

This series of experiments gives ground to the statement that
co-pyrolysis is a promising way for the oil shale industry to enter
the waste management market. In the course of further
development of the process of co-pyrolysis of polymer wastes,
it is possible that oil shale will be replaced with another mineral
component that provides a catalytic effect.
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[bookmark: _Toc104281398]Introduction

Oil shale is found in many areas of the world. About 600 deposits are distributed throughout the world, and these deposits vary in size and quality of oil shale [1]. 
The world’s total shale oil resources are conservatively estimated at 4.8 trillion barrels [2].

Several years ago, shale oil production was concentrated in the following countries: Estonia, China and Brazil. These three countries produced 45,000 barrels of shale oil per day in 2015 [3]. Estonia is currently the leading oil shale processing country in the world. In 2019, the production of liquid fuels reached its highest level in history: 1.17 million tons [4]. The production of shale oil is based on the pyrolysis process.

According to the strategy “Estonia 2035”, Estonia must strive to reach zero carbon emissions by 2050. To achieve this goal, the Estonian government announced two deadlines: an exit from the production of oil shale electricity no later than 2035 and the production of shale oil no later than 2040. During this period, it is planned to reduce the negative impact of oil shale production on the natural environment, and to use oil shale more efficiently [5].

The European Union has also set the goal of moving towards a circular economy with a high level of resource efficiency, according to which by 2025 the recycling of municipal waste (including plastic waste) should be increased to at least 55%, by 2030 to at least 60%, and by 2035 to at least 65% by weight [6].

Co-pyrolysis of oil shale with polymer wastes could be one of the alternative methods of transition to a circular economy and the reduction of CO2 emissions by 2040. 
The pyrolysis of plastic waste components is one of the possible ways to recycle polymer wastes. A study of the environmental impact of the pyrolysis of mixed plastic wastes compared to conventional mechanical recycling and energy recovery showed that recycling via pyrolysis has about a 50% lower climate change impact [7].

This study is based on the need to reduce fossil fuel consumption and increase polymer waste recycling. There have been a large number of studies on obtaining oil by the pyrolysis of various plastics, including tires, but experiments on the pyrolysis of plastics have not gone far beyond laboratory research. In principle, it is known from autoclave experiments that the co-pyrolysis of Estonian oil shale and polyethylene or polyvinyl chloride is possible [8, 9]. However, the conditions of a closed autoclave system are not transferable to industry, so it is useful to simulate co-pyrolysis processes under conditions closer to today’s shale oil production process. That is why additional applied research is needed to further the successful development of an industrial co-pyrolysis process for oil shale with polymer wastes.

The goal of this thesis is to prepare a theoretical and practical basis for the co-pyrolysis of Estonian oil shale and polymer wastes. To achieve this goal, in the course of the work, the following items were studied:

· the kinetics of the pyrolysis and co-pyrolysis of the studied samples;

· the thermal properties of the studied samples in mixtures when modeling the process of co-pyrolysis;

· the influence of mixture compositions on the yield of co-pyrolysis products;

· the influence of mixture compositions on the physical and chemical parameters of the obtained co-pyrolysis products;

· the distribution of co-pyrolysis products of sulfur compounds;

· the types of sulfur compounds in fraction up to 150 °C obtained from the studied samples containing sulfur;

· the group composition of fractions up to 150 °C and above.



This thesis is based on three published articles and is sub-divided into four chapters. The first chapter presents a review of the literature on the types and amounts of polymer waste generated, and the existing methods for their processing. The process of the pyrolysis of plastics and tires is described in detail, as well as the theoretical foundations for studying kinetic parameters. In the second chapter, the experimental methods and processes are described (Publication I). The third chapter of the dissertation is devoted to the results and their discussion. The thermogravimetric behaviors of the studied samples are shown, as is the possibility of calculating the mass loss during heating in an inert environment according to the additivity principle for mixtures consisting of various polymers. The synergistic effect of the oil of yield during the co-pyrolysis of Estonian oil shale with various polymer wastes is shown. The kinetics of the co-pyrolysis of Estonian oil shale and plastic wastes was studied (Publication III). The composition and characteristics of the products of co-pyrolysis were studied. It has been shown that the main sulfur compounds of the gasoline fraction of shale oil and oil obtained by the pyrolysis of tires are identical. (Publication II). Chapter 4 presents the results of the research.
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[bookmark: _Toc104281401]1 LITERATURE OVERVIEW

[bookmark: _Toc104281402]1.1 Oil shale

Oil shale does not have a specific chemical formula; it is a fine-grained sedimentary rock from which it is possible to obtain shale oil by pyrolysis [10]. The World Energy Council writes in its 2010 report: “Oil shale consists of organic (kerogen) and mineral matter. 
The organic matter in oil shale is composed chiefly of carbon, hydrogen, oxygen, and small amounts of sulphur and nitrogen. It forms a complex macromolecular structure that is insoluble in common organic solvents (e.g. carbon disulphide). The organic matter (OM) is mixed with varied amounts of mineral matter (MM) consisting of fine-grained silicate and carbonate minerals. The ratio of OM:MM for commercial grades of oil shale is about 0.75:5 to 1.5:5. Small amounts of bitumen that are soluble in organic solvents are present in some oil shales. Because of its insolubility, the organic matter must be retorted at temperatures of about 500oC to decompose it into shale oil and gas. Some organic carbon remains with the shale residue after retorting but can be burned to obtain additional energy. Oil shale differs from coal whereby the organic matter in coal has a lower atomic H:C ratio, and the OM:MM ratio of coal is usually greater than 4.75:5” [2].

[bookmark: _Toc104281403]1.2 Polymer wastes

[bookmark: _Toc104281404]1.2.1 Plastic

In recent years, the topic of the reuse of polymer wastes, including plastics and used car tires, has become increasingly important. According to Statista, more plastic has been produced in the past 15 years than in the 50 years prior to that. In the European Union alone the demand for plastics in 2020 amounted to 49.1 million tons [11]. Figure 1 shows data on the demand for plastics by country in the European Union.





[bookmark: _Toc104298148]Figure 1. Plastics demand by country in the European Union in 2020.

Sourse: Plastics – the Facts 2021



More than 34 million tons of plastic were used in 2020 in Germany, Italy, France, Spain, the United Kingdom and Poland. This represents almost 70.0% of all plastic consumed in the European Union, with all other countries accounting for about 16 million tons 
of plastic. The largest use of plastics is packaging (40.5%), followed by building and construction (20.4%) [12]. The demand for plastics by segment is shown in Figure 2.





[bookmark: _Toc104298149]Figure 2. Distribution of plastics converters demand by segment in 2020.

Sourse: Plastics – the Facts 2021

Uses inFor appliances, mechanical engineering, furniture, medicineal, etc. accounts for 16.7% of all plastics. A significant amount of plastics is used in the automotive industry (9.6%), followed by the electrical and electronic industries (6.2%), and for household use, leisure and sports are using (4.1%) and agriculture (3.4%).

The most common plastics used on a daily basis and universally applicable are polyethylene (PE-HD and PE-LD) and polypropylene (PP) [12]. These account for almost 50% of the total demand for plastic. The demand for plastics by type is presented in Figure 3.

[bookmark: _Toc104298150]Figure 3. The demand for plastics by type. 

Sourse: Plastics – the Facts 2021



The annual increase in the production of polymer/plastic materials inevitably leads to an increase in waste produced and requiring recycling. According to PlasticsEurope, in 2020 in Europe, of the collected 29.5 million tons of plastic waste, 42.0% went to energy recovery, 34.6% to recycling and 23.4% was buried at landfills, amounting to roughly 
7 million tons [12]. 

[bookmark: _Toc104281405]1.2.2 Car tires 

In the 2020 publication The European tyre industry Facts and Figure, the European Tyre and Rubber Manufacturers’ Association (ETRMA) reported that 300 million passenger car tires and 18 million truck tires were produced in the European Union [13]. Industries related to the production and use of tires are dispersed throughout the European Union (Figure 4). The tire industry is constantly growing. China, Korea and Japan have invested in production facilities, which will lead to the opening of new tire plants in 2022 in the European Union [13].

[image: ]

*Including retreading facilities belonging to ETRMA members

[bookmark: _Toc104298151]Figure 4. A stronghold of European manufacturing.

Sourse: The European Tyre Industry Facts and Figures - 2020 Edition

The increase in the production of car tires will inevitably entail an increase in the number of used tires that must be disposed of. In September 2020, ETRMA reported [14] that in 2018, 32 countries (the EU28, Norway, Serbia, Switzerland and Turkey) collected 
3.58 million tons of End of Life Tyres (ELTs), of which 193 thousand tons have not been reused. Thus, a fair amount of polymeric waste still needs to be incorporated into sustainable waste management and, as a result, into the circular economy. To this end, the European Union has prepared waste management plans [15]. A great deal of attention is paid, in the framework of the circular economy, to car tire recycling [16].











[bookmark: _Toc104281406]1.3 Pollution of the environment with polymer wastes

Polymers differ in chemical composition and application possibilities. The amount of consumed polymers increases every year, which has a significant impact on the environment. 

About two-thirds of plastics are released into the environment, where they decompose slowly and at the same time affect the ecosystem. In the form of debris, plastics are found in oceans, air and soil. Nano plastics are added to some products, 
so plastic residues can be found in the human body and in sewage systems [17]. 
They can also emit greenhouse gases at all phases of their life cycle, from production to transportation and waste disposal.

The life cycle of plastics includes three phases as presented in Figure 5 [18].





[image: ]

[bookmark: _Toc104298152]Figure 5. Life cycle of plastics.

The release of harmful substances into the environment occurs from the plastic production phase to the end of life phase. A study commissioned by the European Parliament’s Citizens’ Rights and Constitutional Policy Department at the request of the Petition Committee (PETI) indicates that the economic impact of plastic waste is enormous. Studies show that the economic damage to global marine ecosystems exceeds € 11 billion. In Europe, € 630 million is spent annually on cleaning up plastic waste from coasts and beaches, and not recycling is costing the European economy € 105 billion annually [17].

Used car tires pose storage problems. Due to their flexibility, they cannot be compacted and therefore take up large amounts of storage area. The biggest problem with such storage of used car tires is the potential fire hazard. When a car tire burns, zinc oxides, dioxins and aromatic hydrocarbons are released into the atmosphere [19].

[bookmark: _Toc104281407]1.4 Types of plastics

In accordance with the international standard ISO 472 on terms and definitions, plastic is “material which contains as an essential ingredient a high polymer and which, at some stage in its processing into finished products, can be shaped by flow” [20]. The polymer macromolecule consists of compounds with low molecular weights [21]. According to the chemical structure of macromolecules, polymers are grouped into different classes. Figure 6 gives a hierarchical presentation of the classes of polymers plastics belong to [22].
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[bookmark: _Toc104298153]Figure 6. Classification of plastics.



Plastics are classified into two major groups: thermoplastic and thermosetting. A wide variety of additives are used in plastics to enhance their performance and increase their versatility. The additives mainly perform the following functions [23]: 

· Calcium carbonate:  Filler. Generally used for cost reduction, as it’s much cheaper than polymer;

· Pigments: Give the plastic color. Generally for aesthetic purposes;

· Glass fiber: Increased strength and stiffness;

· Flame retardants: Increased fire resistance;

· Heat stabilizers: Increased resistance to heat exposure;

· Light stabilizers: Increased resistance to light exposure;

· Plasticizers: Process aid to reduce viscosity:

· Foaming agents: Lightness and stiffness.

The amounts of additives used are highly variable. PVC is the plastic type that requires by far the most additives. Of the world production of additives PVC alone accounts for 73% by volume, polypropylene and polyethylene account for 10 %, and styrenes account for 5% [24].

The difference between thermosetting plastics and thermoplastics is that thermoplastics can be remelted at low temperatures, while thermosetting plastics, 
after curing, remain in a permanent solid state and withstand high temperatures 
without losing hardness. The differences between the properties of different types of polymers are attributable to the varying functional groups within the molecular structures. These differences include mechanical, thermal and chemical resistance properties.

A thermoplastic polymer molecule consists of small molecules or monomers interconnected in long chains. They are usually pliable and flexible. When heated to high temperatures, these polymers soften and begin to flow, which allows them to be recycled. A thermosetting polymer molecule consists of long chains that are stitched together, forming three-dimensional network structures. Thermosetting polymers are tougher and stronger, but brittle. At the same time, they do not have a fixed melting point, so their recycling is difficult. Elastomers, including rubbers, have intermediate structures, in which some cross-linking of the chains is allowed. Elastomers can be elastically deformed without changing their shape [25]. Table 1 shows the chemical formulas of the most commonly used plastics.

[bookmark: _Toc103260541]





















Table 1. Chemical formulas of thermosetting and thermoplastic polymers.

		Polymer name

		Chemical formula



		Thermoplastic



		Polyethylene (PE)



		[image: ]



		Acrylonitrile butadiene styrene (ABS)

		[image: Изображение выглядит как темный, ночное небо

Автоматически созданное описание]



		Polyamide (PA)

		[image: ]



		Polyethylene terephthalate (PET)

		[image: ]



		Polypropylene (PP)

		[image: ]



		Polystyrene (PS)

		[image: ]



		Polycarbonate (PC)

		[image: ]



		Polyvinyl chloride (PVC)

		[image: ]



		Poly-methyl methacrylate (PMMA)

		[image: ]



		Poly-methyl pentene (PMP)

		[image: Изображение выглядит как текст, темный

Автоматически созданное описание]



		Thermosetting



		Methyl methacrylate-butadiene-styrene (MBS)

		[image: Изображение выглядит как темный, ночное небо

Автоматически созданное описание]



		Styrene Butadiene Rubber (SBR)

		[image: ]



		Melamine Formaldehyde (MF)

		[image: ]



		Urea Formaldehyde (UF)

		[image: ]







[bookmark: _Toc104281408]1.5 Composition of ELTs

A car tire is a very complex engineering structure with many functions and tasks. 
In design, tires are not much different from each other; the main difference is in the composition. A car or passenger tire consists of 22–30% natural rubber, 15–23% synthetic rubber, 20–28% carbon black, 13–25% steel, 10–14% fabric, fillers, accelerators, etc., 
as shown in Table 2 [26].

[bookmark: _Toc103260542]Table 2. Typical materials used in tire manufacturing in Europe according to the percentage of the total weight.

		Materials, m/m%

		Passenger tire

		Truck tire



		Natural rubber

		22

		30



		Synthetic rubber

		23

		15



		Carbon black

		28

		20



		Steel

		13

		25



		Fabric, fillers, accelerators, etc.

		14

		10



		Average weight

		New 8,5 kg, Scrap 7kg

		New 65 kg, Scrap 56 kg





[bookmark: _Toc104281409]1.5.1 Natural rubber

Natural rubber is obtained from the milky sap of rubber-bearing tropical plants. The sap is treated with acids and then the resulting product is rolled. The structure of natural rubber can be determined by its chemical properties: rubber adds bromine, hydrogen bromide and hydrogen, and when heated without access to air decomposes to form isoprene (2-methylbutadiene). This means that rubber is an unsaturated polymer, polyisoprene. A more detailed study of the structure of natural rubber revealed that rubber is a linear polymer, a product of a 1,4-polyaddition of isoprene [27]:
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[bookmark: _Toc104281410]1.5.2 Synthetic rubber

Synthetic rubbers are obtained by the polymerization of unsaturated compounds. Depending on the type of starting material and the conditions of their processing, rubbers with different properties and durability are produced [28]. Table 3 shows the main types of synthetic rubbers.

[bookmark: _Toc103260543]











Table 3. The main types of synthetic rubbers.

		Industrial name of rubbers

		Structural formula



		Styrene-butadiene

		[image: Изображение выглядит как ночное небо

Автоматически созданное описание]



		Butadiene methyl-styrene

		[image: Изображение выглядит как ночное небо

Автоматически созданное описание]



		Butyl rubber

		[image: Изображение выглядит как ночное небо

Автоматически созданное описание]





[bookmark: _Toc104281411]1.6 Polymer Recycling

The recycling of polymers is extremely important as the disposal of plastic waste is a worldwide problem. Since the early 2000s, most of the plastic waste from European countries has been exported to developing countries (Figure 7) [29].
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[bookmark: _Toc104298154]Figure 7. EU-28 plastic waste exports, 2002-2019.

Sourse: Based on data fron UN Comtrade (2019b.)

The quantities of exported plastic waste changed following an initial temporary Chinese restriction in 2013. In 2017, China announced an unprecedented import ban on most plastic waste, resulting in a sharp decline in the global flow of the plastic waste trade and changes in how European countries need to dispose of plastic waste [30].

The circular economy has long been on the agenda of many states and large companies. In the context of the use of polymers, these principles are expressed, among other things, in the search for approaches to reduce the final volume of waste. Thus, 
in the European Union, the circular economy and waste reduction are the main tasks for the coming years with specific targets for the recycling of plastic waste [31]. 

There are four main types of recycling: primary recycling, secondary recycling, tertiary recycling, and quaternary recycling [32]. Common definitions of polymer recycling are presented in Table 4.

[bookmark: _Toc103260544]Table 4. Common definitions of polymer recycling.

		Polymer recycling

		Example



		      Biological recycling                                                           

		Decomposition of polymers to compost or synthesis of useful compounds by biochemical transformation



		ASTM D7209 definitions (withdrawn 2015)[33]

		ISO 15270:2008 standard definitions[34]

		



		Primary recycling

		Mechanical recycling

		Bottle to bottle closed loop recycling



		Secondary recycling

		Mechanical recycling

		Recycling into a new product lower value plastic (plastic bottles into polyester)



		Tertiary recycling

		Chemical recycling

		Cracking (pyrolysis), gasification,  depolymerization, solvent extraction



		Quaternary recycling

		Energy recovery

		Direct incineration





Primary recycling includes the extrusion of virgin polymer or pure polymer streams. Secondary recycling requires sorting waste, crushing it, and then extrusion. If the polymer is not suitable for simple mechanical processing methods, then tertiary (chemical) recycling is used. Chemical recycling is the process of recycling a polymer to its monomer feed. Quaternary recycling processes plastics that are not suitable for the above-mentioned methods. These plastics are used for energy recovery through direct incineration [32].

Pyrolysis, depolymerization and the solvent extraction of polymeric waste make it possible to obtain fuels and chemical raw materials from polymeric waste. According to the company IDTechEx, which has been engaged in independent market research, new technologies and business analytics since 1999, in 2020 the range of polymer waste processing technologies significantly expanded [35].



[image: ]

[bookmark: _Toc104298155]Figure 8. Global Revenues from Polymer Recycling by Process.

Sourse: ID TechEx

The report “Polymer Recycling Technologies 2020–2030. End of life options for plastic waste: tools, trends and markets” provides an assessment of the latest processing technologies. The SWOT analysis of mechanical and chemical methods for processing polymer wastes (Figure 8) shows a significant increase in revenues when using these methods for disposal [35].

[bookmark: _Toc104281412]1.6.1 Biological recycling                                                           

Biological recycling, recently developed, uses the help of living organisms or enzymes to decompose polymers. With this method of recycling, compost is formed or chemical compounds are synthesized through biochemical transformation [36].

[bookmark: _Toc104281413]1.6.2 Mechanical recycling

Mechanical recycling involves cutting, shredding and washing plastic waste by physical methods. This method makes it possible to separate contaminants from polymers by extrusion with melt filtration and then obtain polymer granules. After sorting, cleaning, drying and then directly processing waste into finished products or flakes, the size of the plastic waste is significantly reduced and it can be used to make other products. In the process of mechanical recycling, the main polymer does not change. However, due to the heterogeneity of solid waste, the properties of this polymer deteriorate at each cycle. In the presence of water and acids formed during the reaction of water and fillers, 
the molecular weight of the polymer decreases due to chain-breaking reactions. Thermosetting plastic cannot be melted or reprocessed, so mechanical recycling is not suitable for such plastics [37, 38].

[bookmark: _Toc104281414]1.6.3 Energy recovery 

The direct incineration of polymers contained in municipal solid waste, resulting in significant air pollution, is common throughout the world, especially in developing 
and underdeveloped countries [40]. The direct incineration of high concentrations of polyethylene, polypropylene and polystyrene produces carbon monoxide and other harmful emissions. The combustion of PVC leads to the formation of dioxins and aromatic compounds (pyrene and chrysene) [39, 40].

[bookmark: _Toc104281415]1.6.4 Chemical recycling

Depolymerization

During chemical recycling, polymers as a result of a chemical reaction are converted into monomers or partially depolymerized to oligomers. The monomers obtained by the chemical reaction are used for new polymerization reactions in order to obtain the original or a new polymer [41].

Gasification

Usually during gasification, materials that contain carbon will partially oxidize by reacting with air, oxygen, steam or mixtures thereof at temperatures from 700 °C to 1600 °C and in the pressure range from 10 to 90 bar. During the gasification of plastic waste, 
the resulting synthesis gas can be used to make new chemical products. The composition of the synthesis gas largely depends on the feed-stock from which it is obtained. If the 
feed-stock is not homogenous, then the resulting synthesis gas is of poor quality and expensive processes must be used to purify it [42].

Solvent extraction

Solvolysis is the most commonly used chemical recycling method and is implemented using a wide range of solvents, temperatures, pressures and catalysts. The general structure of plastic recycling by solvent extraction includes the removal of impurities, dissolution (homogeneous or heterogeneous dissolution), and re-precipitation or devolatilization. A polymer or polymer mixture is dissolved in a solvent or in several solvents, and then each polymer is selectively crystallized. The most successful variant is when the solvent can dissolve either the target polymer or all other polymers except the target one [43].

Pyrolysis

Pyrolysis is the thermal decomposition of organic compounds in an oxygen-free atmosphere to form gaseous, liquid and solid products [44]. The pyrolysis of plastics is carried out at a temperature range of 300–800 °C and, as a result, a product is formed of a wide range of hydrocarbons with practically no release of toxic or harmful gases, 
as is the case with waste incineration. In addition, waste water is not produced by the gas cleaning system [45]. The pyrolysis of plastics has been extensively studied. 
The first studies on the pyrolysis of plastics were published in the early 1960s. In this study, pyrolysis products were analyzed by gas chromatography to identify recycled polymers [46].

The advantage of the pyrolysis of polymer wastes is its versatility when recycling tires and plastics [47]. Pyrolysis has several advantages over other methods of disposing of plastic waste. The costs associated with sorting, washing and blending prior to the mechanical recycling of plastic waste are absent in the pyrolysis method [40]. 











[bookmark: _Toc104281416]1.7 Pyrolysis of the most common plastics

PVC pyrolysis

One of the most problematic materials for pyrolysis is PVC plastic, since it can contain up to 60% chlorine [49], leading to low yields of liquid products. The decomposition of PVC occurs in two stages. In the first stage, at a temperature of 200–380 °C, chlorine is removed in the form of HCl, and in the second stage, at a temperature of 380–550 °C, 
the decomposition of HCl-free plastic occurs [50]. As noted by the research groups that studied the pyrolysis of PVC [51, 54, 66], during the experiments up to 58.2% of very corrosive and toxic hydrogen chloride was obtained. The authors of the studies have also written that liquid pyrolysis products contain chlorinated compounds, such as chlorobenzene. One of the possible ways to obtain fuel with a low chlorine content in pyrolysis products is a fast pyrolysis method in combination with hydrothermal dechlorination. This combination of methods makes it possible to convert organic chlorine from condensable pyrolysis products to inorganic chlorine, which passes into gaseous products, thereby achieving a dechlorination efficiency of 99.9% [52]. Also known is a mechano-chemical method for reducing the chlorine content in PVCs. For this, PVCs are ground with CaO in a ball mill and then washed with water [53]. For the dechlorination stage, additional costs are required, which is a disadvantage of PVC pyrolysis.

PET pyrolysis

The thermal degradation of PET is observed at temperatures above 300 °C [54]. Certain difficulties arise during PET pyrolysis. Merve Sogancioglu et al. [55] noted that the thermal processing of PET at temperatures of 300, 400, 500, 600 or 700 °C produces 
an oligomer, not a liquid pyrolysis product. During PET pyrolysis, the oil yield is quite 
low compared to other plastics and ranges from 23 to 40 m/m% [55, 56, 67]. The oil obtained from PET pyrolysis contains a high content of benzoic acid and terephthalic acid (up to 0.5 kg per kg PET) [108]. The high acidity of the oil negatively affects its characteristics, making it highly corrosive, while benzoic acid sublimes and clogs pipelines [55,56].

PUR (PU) pyrolysis

Polyurethane plastic is used as often as PET. Research on the pyrolysis of PUR has been negligible. The studies carried out have been mainly related to the study of the 
kinetics of the pyrolysis process and the analysis of volatiles released during heating without oxygen access [57, 58]. The thermal decomposition of polyurethane foam proceeds in three stages in the temperature ranges 38 °С – 400 °С, 400 °С – 550 °С, and 550 °С – 1000 °С; 81% of the sample from the initial mass decomposes at a temperature of up to 1000 °С [58], which indicates the presence of fillers in polyurethane. Pyrolysis at temperatures above 1000 °C produces soot, which is considered a valuable nano-scale material based on carbon [59].

Polyolefin pyrolysis

As stated in the 2019 European Commission report “A circular economy for plastics – Insights from research and innovation to inform policy and funding decisions”, 
since polyolefins (PE and PP) are the most used polymers by volume, accounting for about half of the plastic consumed by EU recyclers, and this type of plastics cannot be depolymerized back to ethylene and propylene; using pyrolysis with a conventional refining of the products obtained in the process, there can be a large technological gap. At the same time, polymeric waste does not require preliminary removal of contaminants and additives [60].

[bookmark: _Toc104281417]1.7.1 Mechanism of pyrolysis 

Guoxun Yan et al. [61] describe in their research work the mechanism of pyrolysis of 
PE-LD and PP plastics. They assumed that with a short residence time in the reactor at atmospheric pressure, the thermal decomposition of polymers would occur according to the mechanism shown in Figure 9.
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[bookmark: _Toc104298156]Figure 9. Main pathway in the thermal degradation of polymer.

The polymer first melts, then begins to bubble, which continues at temperatures from 100 to 400 °C (paths 1 and 2). It was also noted that white solid intermediates formed between Paths 1 and 2 at room temperature. An important step in thermal destruction is the formation of radicals R, which occurs at temperatures above 400 °C, which provides a reaction environment conducive to the rupture of C-C bonds. Chain-breaking reactions with the formation of paraffin, diesel fuel and gasoline proceed along Paths 4, 5 and 6 with increasing temperatures, and Paths 5 and 6 occur simultaneously [61].

[bookmark: _Toc104281418]1.7.2 Pyrolysis process conditions

The pyrolysis process can be thermal or catalytic. Catalysts affect the yield and composition of pyrolysis products [62]. Catalytic pyrolysis takes place at lower temperatures, but cracking reactions are faster and the resulting liquid products have a lower boiling point [63–65]. In a thermal pyrolysis process, reactor residence time, temperature, pressure and reactor type play important roles in the yields and compositions of the pyrolysis products [48]. Thus, during the pyrolysis of polyolefin plastics under various conditions, oil and waxes, aromatic compounds of BTX, and olefin gases (ethene, propene and butadiene) can be formed [66].

The pyrolysis process is classified as slow pyrolysis, fast pyrolysis or flash pyrolysis. This classification is according to the heating rate and the residence time of the pyrolyzable sample in the reactor [67]. Table 5 presents the classification of the pyrolysis process.

[bookmark: _Toc103260545]Table 5. Main operation parameters for the pyrolysis process.

		Parameters

		Slow pyrolysis

		Fast pyrolysis

		Flash pyrolysis



		Temperature, oC

		550 - 900

		850 - 1250

		1050 - 1300



		Heating rate, oC/s

		0,1 - 1

		10 - 200

		>1000







From a review of the literature by Garten Lopez et al. [68], it was concluded that waxes are the primary product in the thermal pyrolysis of polyolefins. Waxes are formed in the largest quantities at moderate temperatures of about 500 °C and with a short stay in the reactor.

In a review of the pyrolysis of plastic waste by Shafferina Dayana Anuar Sharuddin 
et al. [69], it was noted that during the pyrolysis of individual plastics at temperatures of 300–500 °C, liquid pyrolysis products are formed, and it was shown that temperature has the greatest impact, as it can affect the composition of pyrolysis products for all plastics. Also, Merve Sogancioglu et al. [55] noted in their study that, with an increase in the temperature of the pyrolysis process from 300 to 700 °C, the yield of liquid products of PE-HD, PE-LD and PP decreased. Table 6 presents the data from this study.

[bookmark: _Toc103260546]Table 6. Pyrolysis liquid product yield.

		Pyrolysis temperature, oC

		Pyrolysis liquid product yield, m/m%



		

		PE-HD

		PE-LD

		PP



		300

		88.5

		78.4

		79.6



		400

		87.9

		76.6

		78.7



		500

		87.6

		69.2

		78.6



		600

		87.6

		73.2

		77.5



		700

		83.9

		72.9

		75.1







The same trend of decreasing the yield of liquid products during PE-LD pyrolysis with increasing temperature has also been noted by other authors [70].

As noted by R. Miandad et al. [71], during the pyrolysis of polyethylene up to 500 °C, they obtained waxes instead of liquid oil, since PE has a structure with a long carbon chain.  George Kofi Parku et al. [72] noted that, in addition to temperature, the yield of liquid products of PP pyrolysis is also affected by the heating rate (slow and fast insertion). Propylene pyrolysis was carried out at temperatures of 450, 488, 525 and 
600 °C with fast and slow insertion. Table 7 presents the data from this study. 









[bookmark: _Toc103260547]Table 7. Dependence of the yield of liquid products of PP pyrolysis atmospheric pressure on temperature and insertion rate.

		Pyrolysis temperature, oC

		Slow insertion

		Fast insertion



		

		Heavy oil

		Light oil

		Gases

		Char

		Heavy oil

		Light oil

		Gases

		Char



		450

		68.6

		13.8

		5.6

		5.7

		62.9

		14.0

		4.0

		14.0



		488

		70.3

		15.3

		5.8

		3.1

		69.7

		14.8

		7.2

		3.0



		525

		63.8

		17.1

		8.4

		2.6

		64.6

		16.0

		10.1

		2.6



		600

		48.0

		15.0

		27.0

		2.5

		31.0

		29.5

		31.8

		2.5







Increasing the pyrolysis temperature and heating rate of polypropylene significantly increases the amount of light oil produced, while the amount of total oil decreases as the gas yield increases.

Min-Hwan Cho et al. [73], in their study of the pyrolysis of plastic waste at temperatures of 667, 710, 735 and 773 °C, note that at a temperature of 735 °C the content of BTX aromatic compounds in oil increased significantly, while the maximum BTX yield was obtained at 719 °C (18 m/m% of organic product).

The results of the thermal pyrolysis of PE-HD at temperatures of 600–800 °C showed that 700 °C is optimal for the yields of ethylene (36%), propylene (15%) and butenes (9.4%). With an increase in temperature above 700 °C, the yields of methane and PAHs increase, which is undesirable [68].

In their study, Azubuike Anene et al. [74] noted that during the pyrolysis of PP and 
PE-LD in a series of experiments at temperatures below 450 °C, waxes were formed in the product lines. During the pyrolysis of these plastics at 460 °C, the yield of the liquid fraction from PE-LD was 86%, and from PP it was 94%. An analysis of the resulting liquid fractions by GC-FID showed that both consist of C7–C40 hydrocarbons. In PE-LD plastic oil, the gasoline fraction was 24%, the diesel fraction 30% and the heavy fraction 46%.
In oil from PP plastic, the gasoline fraction was 44%, the diesel fraction 33% and the heavy fraction 23%.

The effect of temperature and residence time in the reactor on the pyrolysis of polyolefins to obtain certain products is characterized by the following scheme [68], shown in Figure 10.
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[bookmark: _Toc104298157]Figure 10. Conditions for the selective production of waxes, BTX and light polyolefins by pyrolysis.

As mentioned above, pyrolysis is affected by the type of reactor in which the process takes place. Table 8 shows data on the effects on the yield of pyrolysis products of polyolefins of such parameters as the type of reactor, residence time in the reactor, temperature and pressure [69].

[bookmark: _Toc103260548]Table 8. Yield of pyrolysis products of polyolefins.

		Type of plastic

		Reactor

		Process parameters

		Yield, wt%



		

		

		t, oC

		Pre-ssure

		Heating rate, oC/min

		Durationmin

		Oil

		Gas

		Solid



		PE-HD

		Horizontal steel

		350

		-

		20

		30

		80.9

		17.2

		1.9



		PE-HD

		Semi-batch

		400

		1atm

		7

		-

		82.0

		16.0

		2.0



		PE-HD

		Batch

		450

		-

		-

		60

		74.5

		5.8

		19.7



		PE-HD

		Semi-batch

		450

		1atm

		25

		-

		91.2

		4.1

		4.7



		PE-HD

		Fluidized bed

		500

		-

		-

		60

		85.0

		10.0

		5.0



		PE-HD

		Batch

		550

		-

		5

		-

		84.7

		16.3

		0



		PE-HD

		Fluidized bed

		650

		-

		-

		20-25

		68.5

		31.5

		0



		PE-LD

		Pressurized batch

		425

		0.8-4.3 kPa

		10

		60

		89.5

		10.0

		0.5



		PE-LD

		Batch

		430

		-

		3

		-

		75.6

		8.2

		7.5



		PE-LD

		-

		500

		1 atm

		6

		-

		80.4

		19.4

		0.16



		PE-LD

		Fixed bed

		500

		-

		10

		20

		95.0

		5.0

		0.0



		PE-LD

		Batch

		550

		-

		5

		-

		93.1

		14.6

		0.0



		PE-LD

		Fluidized bed

		600

		1 atm

		-

		-

		51.0

		24.2

		0.0



		PP

		Horizontal steel

		300

		-

		20

		30

		69.8

		28.8

		1.3



		PP

		Batch

		380

		1 atm

		3

		-

		80.1

		6.6

		13.3



		PP

		Semi-batch

		400

		1 atm

		7

		-

		85.0

		13.0

		2.0



		PP

		Semi-batch

		450

		1 atm

		25

		-

		92.3

		4.1

		3.6



		PP

		-

		500

		1 atm

		6

		-

		82.1

		17.8

		0.1



		PP

		Batch

		740

		-

		-

		-

		48.8

		49.6

		1.6





From the data presented in Table 8, it can be seen that an increase in the pyrolysis temperature of the plastics PE-HD, PE-LD and PP leads to a significant decrease in oil yield for all types of reactors. Most of the gas-vapor mixture does not condense, but passes into a gas. For PE-HD and PP plastics, the optimal temperature for the highest oil yield is 450 °C, and for PE-LD plastic, the temperature is 500 °C.



[bookmark: _Toc104281419]1.8 Tire pyrolysis

Tire pyrolysis has been widely studied by many authors [75–79]. From an environmental point of view, pyrolysis is the best alternative to direct combustion, which releases the pollutants PAHs, CO, CO2, NOX, SOX etc. [80] Pyrolysis is a versatile process that allows 
for the co-pyrolysis of tires with waste plastics, biomass and solid fuels [81]. The yield of pyrolysis products is affected by the process temperature and the type of reactor. 
Table 9 shows data on the influence of these parameters [82].

[bookmark: _Toc103260549]Table 9. Effect of temperature and reactor type on the yield of tire pyrolysis products.

		Reactor

		t, °C

		Yield, wt%



		

		

		Oil

		Char

		Gas



		Fixed, batch

		700

		38.5

		43.7

		17.8



		Closed batch reactor

		450

		~63

		~30

		~7



		Fixed bed, batch, internal fire tubes

		475

		55

		36

		9



		Fixed bed, batch

		720

		58.8

		26.4

		14.8



		Fixed bed, batch

		600

		40.3

		47.9

		11.9



		Fixed bed, batch

		500

		58.0

		37.0

		5.0



		Fixed bed, batch

		425

		60.0

		~30

		~10



		Fixed bed, batch

		475

		58.2

		37.3

		4.5



		Fluidised bed

		700

		26.8

		35.8

		19



		Fluidised bed

		450

		55.0

		42.5

		2.5



		Fluidised bed

		740

		30.2

		48.5

		20.9



		Rotary kiln

		550

		38.1

		49.1

		2.4



		Rotary kiln

		500

		45.1

		41.3

		13.6



		Circulating fluidized bed

		450

		~52

		~28

		~15







As can be seen in Table 9, an increase in tire pyrolysis temperature leads to a decrease in oil yield and the formation of more gas. The optimum pyrolysis temperature to obtain liquid products is 425–500 °C.

The resulting pyrolysis oil is a mixture of hydrocarbons from C6 to C37, mostly 
C8–C13. About 65% are non-condensed pentenes, isoprene, butadiene and pentadienes. The oil contains large amounts of aromatics, naphthenes and terpenes, especially limonene [81].

[bookmark: _Toc104281420]1.9 Theory of the study of kinetic parameters

Thermogravimetry (TG) is a research and analysis method based on the registration of changes in the mass of a sample depending on its temperature or time under certain and controlled conditions of changes in the ambient temperature. Thermogravimetric analysis is quite accurate and fast, and it is used to study the characteristics and kinetics of the pyrolysis of materials with complex matrices, such as solid fuels. In pyrolysis kinetics analysis, the activation energy (Ea) is an important parameter describing the pyrolysis process of a sample [83]. There are a number of methods for calculating Ea, based on the mathematical processing of the TGA curve. The least time-consuming and most accurate for polymers and oil shale is the double logarithm method. The condition for the applicability of the Coats-Redfern method is the first order of the decomposition reaction. When calculating the kinetics of oil shale pyrolysis and polymer decomposition, it is usually assumed that these reactions are of the first order [84–88]. 

The rate constant of the decomposition reaction of the test substance is found from the Arrhenius’ equation:

                                                                                (1)

   where 

A = pre-exponential factor, sec-1

E = activation energy, kJ/mol

T = temperature of the test substance, K



[image: ]                                                  (2)

   where 

K = the rate constant of the decomposition reaction of the test substance

α = conversion rate

n = reaction order

τ = thermal decomposition time in sec-1

The degree of decomposition of the material can be calculated following the established procedure for each reaction stage separately, and the conversion rate (α) is calculated by comparing the mass at time τ (mτ) with the initial (m0) and final (mf) masses as per eq.:

                                                                         (3)

Substituting equation (2) into equation (1), we obtain the dependence: (4)

[image: ]                                               (4)

Dividing the left and right sides of equation (4) by the heating rate [image: ], the following dependence is obtained:

           [image: ]                                                 (5)

By dividing the variables in equation (5) and integrating the right and left sides, 
the following dependence is obtained:

     [image: ]                                              (6)

The temperature integral can be calculated using the following equation:

[image: ]                                          (7)

   where 

Text = reference temperature, which corresponds to the extremum of the decomposition rate of the substance. Replacing the integral over temperature and integrating the right and left sides of the equation, we obtain:

[image: ]                                   (8)

After taking the logarithm of the right and left sides of equation (8) [84-88], we get:

[image: ]                              (9)

From equation (9) it follows that the value of the activation energy E can be defined as the tangent of the slope of the linear portion of the curve plotted in coordinates  [image: ] After analyzing the curves of thermal decomposition, it is possible to select linear sections, approximate them by a linear equation of the type [image: ] where the value of the parameter a corresponds to the value [image: ] and b corresponds to the complex [image: ] from which the value of the pre-exponential factor can be found.













[bookmark: _Toc104281421]2. EXPERIMENTAL

[bookmark: _Toc104281422]2.1 Sample characterization

The oil shale sample used in this study was Estonian oil shale from an underground mine called Ojamaa. The polyethylene (PE-HD and PE-LD), polypropylene (PP) and the tires used in this study were collected from the Uikala municipal waste dump.

One of the most important characteristics of fuels is the calorific value, which determines the fuel’s quality. The calorific value was determined in calorimetric bomb Parr 6300, the net calorific value was calculated by EVS-ISO 1928 and corrected for 
non-decomposed carbonates. The need to correct the values of the calorific values for oil shales that contain more than 23% mass of the carbon dioxide of carbonates is described in Publication I. An analysis of the determination of the calorific values of oil shale from various deposits, including the Estonian oil shale, showed that for shale with a carbon dioxide content in carbonates of more than 23% on mass basis, it is necessary to introduce a correction for the value of the gross calorific value. The gross calorific value correction for some oil shale can be as high as 800 kJ/kg, but the ASTM and ISO international standards for determining the calorific value of solid fuels did not indicate this. Since the net calorific value is a critical characteristic of a fuel for industry and is calculated via gross calorific value, a correction for non-decomposed carbonates must be taken into account, as this will also affect the value of the net calorific value.

The elemental composition was determined using a “Vario Macro Cube” device by ASTM D5373, and the fixed carbon was determined by calculation from the equation: 
FC (m/m%) = 100 – Ad – mass of the residue at 815 °C after heating the sample in a nitrogen atmosphere (TGA analysis). The ash content was determined by the International Standard ISO 1171. The data are shown in Table 10.

[bookmark: _Toc103260550]Table 10. Proximate and Ultimate analysis results.

		Sample

		Proximate analysis*, m/m%

		Ultimate analysis*,

m/m%



		

		Ash content 

		Fixed carbon (FC)

		Net calorific value, MJ/kg

		

С

Total



		H

		N

		S

Total



		EOS

		50.1

		2.7

		8.807

		27.5

		2.7

		0.07

		1.60



		PE-HD

		0.4

		< 1.0

		44.575

		84.0

		15.5

		0.02

		<0.1



		PE-LD

		1.30

		< 1.0

		44.286

		83.0

		15.5

		0.05

		<0.1



		PP

		< 0.1

		< 1.0

		44.876

		84.1

		15.8

		0.01

		<0.1



		Tires

		8.0

		24.6

		34.388

		78.7

		7.7

		0.47

		1.25





*on dry basis

For a characterization of the mineral part of the oil shale, the content of metal oxides was determined. The content of metal oxides was determined by atomic emission spectrometry with microwave plasma generation (MP-AES). At the first stage of the analysis, the sample was treated with H2O2 and HNO3, and then the decomposition of the sample continued in an ETHOS ONE microwave system. At the next stage, the content of metals in the resulting solutions was determined by atomic emission spectrometry with microwave plasma on a Shimadzu 4200MP-AES instrument. Based on the amount of metals, the content of metal oxides was recalculated through the molar mass. Based on the ash content in the oil shale sample, the content of the metal oxides was recalculated to ash. The data are shown in Table 11. 

		Sample

		SiO2

		Al2O3

		Fe2O3

		CaO

		

		MgO

		Na2O

		K2O

		TiO2



		

		

		m/m%



		EOS

		12.9

		2.8

		2.3

		24.6

		

		2.2

		0.2

		1.4

		0.2



		Oil shale ash

		25.7

		5.6

		4.6

		49.2

		

		4.4

		0.4

		2.8

		0.4





[bookmark: _Toc103260551]Table 11. Metals content in the oil shale and oil shale ash.

The studied samples were analyzed on a Thermo Nicolet Summit FTIR spectrophotometer instrument in order to determine the functional groups included in their compositions. The FTIR spectra are shown in Figure 11 and Figure 12.

[image: ]

[bookmark: _Toc104298158]Figure 11. FTIR spectra of Estonian oil shale.

In principle, the FTIR method is the interaction of infrared radiation with the vibrating dipole moments of the molecules of the substance under study. The FTIR spectra show the molecular absorption of various chemical bonds and specific bonds in an oil shale sample. A peak with an intensity of 3615 cm-1 indicates stretching vibrations of the hydroxy group, H-bonded OH stretch. The original oil shale sample had asymmetric and symmetric CH2 groups stretching vibrations of kerogen at around 2922 and 2857 cm-1, respectively. From near 1706 cm-1 carbonyl C=O stretch bands and from 1622 cm-1 C=C aromatic structures were apparent. The right side of the FTIR spectra shows the mineral bands of shale samples. The distinct broad peak at around 1422 cm-1 represents stretching vibrations of the CO32- ion from dolomite and calcite. The other two sharp peaks at 874 and 727 cm-1 represent carbonate ions from dolomite and calcite. The other broad peak at around 1012 cm-1 with small peaks around 778 and 695 cm-1 represent 
Si-O stretching vibrations of quartz and silica. The intensity of the peaks around 2922 and 2857 cm-1 may indicate that the kerogen of the oil shale has aliphatic content.

[image: ]

[bookmark: _Toc104298159]Figure 12. FTIR spectra of PE-HD, PE-LD, PP.

The spectra of high and low density polyethylene were identical to each other. At wavelengths of 2918 and 2839 cm-1 there were asymmetric and symmetric stretching vibrations of the CH2 groups (methylene C–H asymmetric stretch), and at 1454 cm-1 and 750 cm-1 there were scissoring vibrations and pendulum vibrations of the CH2 groups, respectively. The FTIR spectrum of polypropylene had the same asymmetric and symmetric stretching vibrations of the CH2 groups at 2918 and 2839 cm-1 as PE, and the asymmetric and symmetric in-plane C–H (–CH3) at 1454, and a shoulder at 1354 cm-1 confirmed that it was a polypropylene. The peak at 1372 cm-1 was C–H scissoring and bending assigned to –CH3 alkanes.

[image: ]

[bookmark: _Toc104298160]Figure 13. FTIR spectra of Estonian oil shale and tires.

The tire spectrum (Figure 13) contained symmetric and asymmetric stretching vibrations of CH2 groups (2850–2950 cm-1). The spectrum also showed that the tires had a mineral filler. When compared with the spectrum of the oil shale, it was clear that the tires had stretching vibrations of the CO32- ion from the calcium carbonate used as tire filler. 
The other two peaks at 874 and 727 cm-1 also testified to this.  

For all samples, the yield of pyrolysis products was determined in accordance with the standard ISO 647. The method is based on heating the test sample in an aluminum retort to a temperature of 520 °C for 80 minutes. The data are shown in Table 12.

[bookmark: _Toc103260552]Table 12. Yield of pyrolysis products.

		Samples

		Yield of pyrolysis products, m/m%



		

		oil

		semi-coke

		pyrogenetic water

		gas + loss



		EOS

		16.5

		77.3

		1.5

		4.7



		PE-LD

		92.3

		1.2

		0.3

		6.2



		PE-HD

		92.1

		1.9

		0.0

		6.0



		PP

		93.4

		0.3

		0.0

		6.3



		Tires

		54.2

		38.8

		0.1

		6.9





Before analysis, the samples were dried and ground in a mill Retch SK-100 to an analytical sample (up to 0.2 mm). 

Test mixtures of samples were prepared from oil shale and individual components of polymer wastes in a ratio of 50/50 (EOS + PE-LD, EOS + PE-HD, EOS + PP, EOS + tires), 
as well as a mixture of oil shale 50% and 50% (EOS + mix) of the four components of 
polymer wastes in an equal ratio. The resulting mixtures were subjected to pyrolysis under the same conditions as the individual components of the mixtures. The pyrolysis products were analyzed. Data for this part of the study are presented in Publication III. 

[bookmark: _Toc104281423]2.2 Methods for the analysis of co-pyrolysis products

In the oils and semi-cokes obtained by co-pyrolysis, the elemental composition was determined on a “Vario Macro Cube” device. Carbon, hydrogen, nitrogen and sulfur were determined concurrently in a single instrumental procedure. The quantitative conversion of the carbon, hydrogen, nitrogen and sulfur into their corresponding gases (CO2, H2O, N2/NOx and SO2) occurred during the combustion of the sample at 1150 °C in an atmosphere of oxygen. Combustion products which would interfere with the subsequent gas analysis were removed by a helium purge. The oxides of nitrogen (NOx) produced during the combustion were reduced to N2 before detection. The carbon dioxide, water vapor, elemental nitrogen and sulfur dioxide in the gas stream were then determined quantitatively by appropriate instrumental gas analysis procedures. 

The relative density of the liquid pyrolysis products was determined by the ratio of the oil density to the density of distilled water at room temperature.

The group composition of the obtained oils was determined by adsorption chromatography. Separation into groups of compounds occurred when the mobile phase moved along the column as a result of interaction with silica gel, which has active sites on the surface. The mobile phase was a polar solvent with increasing eluting power. 
At the next stage, each group of compounds was analyzed on a GAS-CHROMATO-MASS-SPECTROMETER (GC-MS), which had the following characteristics:

Equipment: Gas chromatograph mass spectrometer “Shimadzu GCMS-QP2010 Plus”

Ionization mode: Electron ionization (EI)

Injection: Split @ 280 ⁰C, 3 µl / auto sampler AOC-20i

Column: Zebron ZB-1

Dimensions: L = 100m, ID = 0.25 mm and FT = 0.50 µm

Detector: MSD @ 280 ⁰C

Carrier Gas: Helium @ 30mL/min (constant flow)

The studied samples were analyzed on a Thermo Nicolet Summit FTIR spectrophotometer instrument in order to determine the functional groups included in their compositions. The spectrometer had the following characteristics: 

Range: 4000-400 cm-1

Number of scans: 16

Optics: KBr

An analysis of the component composition of the gas was performed on an Agilent Technologies 7890B gas chromatograph. The gas chromatograph had two types of detectors: TCD (thermal conductivity) and FID (flame ionization). High purity helium and nitrogen were used as carrier gases. The obtained data were processed using specialized OpenLab software; for analysis, a method developed on the basis of international standards was used: UOP 539-12 Refinery Gas Analysis by Gas Chromatography and 
EVS-EN ISO 6976.  

[bookmark: _Toc104281424]2.3 Thermogravimetric analysis 

A thermogravimetric analysis (TGA) of the oil shale samples and polymer wastes was undertaken using a TGA 1 STARe System METTLER TOLEDO. The initial TGA temperature for all samples was 25 °C and the final temperature was 950 °C. The heating rate was 
20 °C/min and the tests were carried out under nitrogen purging at a rate of 20 ml/min. Nitrogen gas was used as an inert purge gas to displace air in the pyrolysis zone, thus avoiding unwanted oxidation of the sample. In this work, about 20–25 mg of each sample were analyzed in an Al2O3 dish and used for TGA analysis.

From the TG curve, according to the international standard EVS-EN ISO 11358-1, points TA, TB and TC were determined (Figure 14), where:

· A is the starting point: the point of intersection of the starting-mass baseline and the tangent to the TG curve at the point of maximum gradient;

· B is the end point: the point of intersection of the final-mass baseline and the tangent to the TG curve at the point of maximum gradient;

· C is the mid-point: the point of intersection of the TG curve with the temperature at which both baselines are equidistant.



[image: ]

[bookmark: _Toc104298161]Figure 14. Processing of the obtained TG curve.

The thermogravimetric analysis of the sample in an inert atmosphere, in this study under nitrogen, simulated the process of pyrolysis. Based on the obtained mass loss curves and the differential mass loss curve, the main kinetic parameters of co-pyrolysis were determined. Data on the main kinetic parameters of co-pyrolysis are presented in Publication III.

Also, based on the data of the thermogravimetric analysis, the thermal stability of the polymers was determined, which characterizes the ability of the polymer to maintain its properties.





























[bookmark: _Toc104281425]3. RESULTS AND DISCUSSION

[bookmark: _Toc104281426]3.1 Decomposition of Estonia oil shale, polymers and mixtures of polymer wastes with oil shale

The curves of mass loss (TG) of oil shale and polymers waste when heated under these conditions and a differential weight loss (DTG) curve are shown in Figures 15 and 16.

[image: ]

[bookmark: _Toc104298162]Figure 15. Curves of oil shale and polymer waste weight loss (heating to 950 °C).

The oil shale weight loss curve indicates a two-stage decomposition of the sample. Such a two-stage decomposition is typical for oil shales with an insignificant stage of moisture loss at 100°C, as pointed out by other authors [89, 90]. The decomposition of plastics in a nitrogen environment occurs in one stage, since they basically lack the mineral part (see the results of the analysis of the ash content in Table 10). 

[image: ]

[bookmark: _Toc104298163]Figure 16. Curves of oil shale and polymer waste differential weight loss (heating to 950 °C).

The graphs indicate that, in the temperature range from 300 to 550 °C, the organic part of oil shale decomposed, with a maximum weight loss at 445 °C, and in the temperature range from 670 to 870 °C, the mineral part of the oil shale decomposed, with a maximum weight loss at the second stage at 799 °C. Although PE-HD and PE-LD plastics are identical in composition, their degradation starts and ends at different temperatures. PE-HD decomposed in the temperature range of 400–550 °C, with a maximum mass loss point at 482 °C, and PE-LD decomposed at 350–580 °C, with a maximum mass loss point at 
472 °C. As can be seen from the weight loss curve of PP, its decomposition began at a lower temperature, in the range of 300–520 °C, with a maximum weight loss at 442 °C. The obtained data on TGA analysis correspond to the data obtained by other authors 
[91, 92]. The tire began to decompose in the temperature range of 250–550 °C (organic part), with a maximum weight loss at 400 °C. A residue of about 34% at the end of decomposition at 950°C indicated the presence of a filler. The mineral part of the filler partially decomposed in the temperature range of 650–740 °C; however, this peak is not clearly visible on the DTG curve, since the content of the organic part was much higher than the mineral part. In the temperature range of 250–550 °C, the active pyrolysis of the studied samples took place. Subsequent heating of the samples to 950 °C led to the thermal destruction of stronger bonds in the solid residue and a weight loss of less than 1%. The values of the beginning (Tonset) and end (Tendset) of the active destruction of organic matter, the destruction of the mineral part and the maximum weight loss (Tmidpoint) during these processes are presented in Table 13. 

[bookmark: _Toc103260553]Table 13. The TGA parameters for Estonian oil shale and polymers.

		TGA parameter

		Raw materials



		

		EOS

		PE-LD

		PE-HD

		PP

		Tires



		

		Step

1

		Step

2

		Step

1

		Step

1

		Step

1

		Step

1



		Tonset, °C

		412.8

		766.0

		455.6

		460.5

		419.5

		353.6



		Tmidpoint, °C

		444.7

		798.8

		480.7

		480.4

		442.3

		400.3



		Tendset, °C

		476.6

		839.4

		493.9

		500.3

		468.9

		451.0





The thermal stability of polymers is estimated by the temperature of the beginning of decomposition, at which the mass loss begins and the TG curve deviates from the initial zero value, as well as by the values of T10, T20, T50, at which 10%, 20% and 50%, respectively, of the mass occurs under the same experimental conditions. The data of thermal stability for each polymer are shown in Table 14.   









[bookmark: _Toc103260554]Table 14. Thermal stability (T10, T20, T50) of the studied polymers.

		

		

		Raw materials

		

		



		

		PE-LD

		PE-HD

		PP

		Tire



		T10

		445.5

		455.5

		396.4

		358.0



		T20

		456.9

		465.1

		415.6

		385.1



		T50

		474.3

		480.4

		441.8

		452.8





From the data presented in Table 14, it can be seen that PE-HD plastic was the most thermally stable of the studied polymers, and the tires were the least stable. The data obtained by thermogravimetric analysis for PE-HD and PE-LD are logical, since the bonds of PE-HD molecules are stronger than those of PE-LD.

The kinetics of the co-pyrolysis of oil shale with polymer wastes has not been studied much. To study this process, the following mixtures were prepared:

· Estonian oil shale/ PE-HD – 50/50

· Estonian oil shale/ PE-LD – 50/50

· Estonian oil shale/ PP– 50/50

· Estonian oil shale/ Tires – 50/50

· Estonian oil shale/ PE-HD/ PE-LD/ PP/ Tires – 50/12.5/12.5/12.5/12.5



The thermogravimetric analysis of the samples was carried out under the following conditions: the initial TGA temperature for all samples was 25 °C and the final temperature was 950 °C, the heating rate was 20 °C/min and the tests were carried out under nitrogen purging at a rate of 20 ml/min. Figures 17 and 18 show a simple weight loss (TG) curve of the studied test mixtures and a differential weight loss (DTG) curve. 



[image: ]

[bookmark: _Toc104298164]Figure 17. Simple weight loss (TG) curve of the studied mixtures of Estonian oil shale with polymer wastes.



The mass loss curves during the co-pyrolysis of the studied mixtures indicate that the process occurred in two stages. The first stage was the decomposition of the organic part of the mixtures, and the second stage was the mineral part of the oil shale and filler in the mixtures that included tires.

[image: ]

[bookmark: _Toc104298165]Figure 18. Differential weight loss (DTG) curve of the studied mixtures Estonian oil shale and polymer wastes.

It can be seen from the DTG curve (Figure 18) that the addition of polymers to the oil shale affected the temperature at which the samples began to decompose. While the temperature of the beginning of the decomposition of the oil shale and PP began at 
300 °C, and that of the plastics PE-HD and PE-LD at 370 °C, during co-pyrolysis the onset of decomposition for all mixtures shifted and began at 350 °C and ended for all mixtures at 500°C. Between 350 and 500 °C, there was a total weight loss of 58.4 and 57.5 m/m% for oil shale with PE-LD and PE-HD, respectively, and 61.0 for PP and 39 for tires, which corresponds to the overlapping decomposition of the organic matter of the oil shale and polymers. These data are in good agreement with a study of the co-pyrolysis of oil shale from a Moroccan deposit with plastic PE-HD in a ratio of 1:1 [93]. When a tire was added to the oil shale, the decomposition of which began at 250 °C, the decomposition of the mixture began at 300 °C, i. e. at the same temperature as the decomposition of only oil shale. This may be due to the fact that tires contain less organic matter than plastic, so the effect on the co-pyrolysis process was not as significant. The values of the beginning (Tonset) and end (Tendset) of the active intensity of the destruction of organic matter, 
the destruction of the mineral part and the maximum weight loss (Tmidpoint) during these processes are presented in Table 15. 









[bookmark: _Toc103260555]Table 15. TGA parameters for mixtures of oil shales and polymer wastes.

		TGA parameter

		Mixture



		

		EOS + PE-LD

		EOS + 

PE-HD

		EOS + PP

		EOS + tire

		EOS + mix



		

		Step

1

		Step

2

		Step

1

		Step

2

		Step

1

		Step

2

		Step

1

		Step

2

		Step

1

		Step

2



		Tonset, °C

		456.8

		732.7

		464.0

		746.9

		446.6

		727.8

		378.1

		761.4

		456.6

		727.2



		Tmidpoint, °C

		476.0

		759.9

		481.4

		778.1

		464.9

		760.7

		425.1

		780.6

		471.7

		757.7



		Tendset, °C

		496.3

		798.2

		499.2

		814.5

		483.8

		798.6

		477.0

		817.8

		495.5

		796.2





From the data presented in Table 15, it is clear that the stage of active decomposition of the organic part (Tonset) of all mixtures with polymers occurred in the temperature range of 447–464 °C and ended (Tendset) at 500 °C. The maximum weight loss temperature (Tmidpoint) of this stage was in the temperature range of 465–481°C. The stage of active decomposition of the organic part of the mixture with the tires occurred at a temperature of 378 °C and ended at 477 °C, with the maximum weight loss temperature at 425 °C. During the co-pyrolysis of mixtures of oil shale and polymers, the mineral part of the samples began and ended decomposition at lower temperatures than during the pyrolysis of oil shale. Such a shift in temperature may have been due to a deeper decomposition of the organic part of the oil shale during co-pyrolysis and the weakening of chemical bonds in the solid residue. 

[bookmark: _Toc104281427]3.2 Study of additivity based on the TG analysis

Based on the data of the thermogravimetric analysis of each initial sample separately (oil shale, plastics and tires), the principle of additivity was studied during the thermal decomposition of mixtures of oil shale with individual plastics, tires and a multicomponent mixture (mixtures of oil shale with these polymeric wastes). Figure 19 shows the experimental and calculated data on the contribution of each component to the thermal decomposition process. 
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[bookmark: _Toc104298166]Figure 19. Calculated and experimental curves of weight loss (TG) for mixtures of Estonian oil shale with individual components and a mixture of polymer wastes.

As can be seen in Figure 19, the mass loss curves during the thermal decomposition of the samples, constructed on the basis of the calculated data and experimental data, are in good agreement with each other. This indicates the possibility of calculating the weight loss based on the principle of additivity for mixtures, for example, with other ratios of oil shale/polymer wastes. The possibility of obtaining data based on the principle of additivity allows for mathematical modeling of the process of co-pyrolysis, 
as well as taking into account the features of this process when regulating the operation of pyrolysis plants in real life. 

[bookmark: _Toc104281428]3.3 Kinetics of co-pyrolysis. Activation energy

The thermal decomposition of the organic part of oil shale, raw materials and their mixtures occurs in a wide temperature range, from 225 to 515 °C. This temperature interval on the DTG curve was chosen to calculate the activation energy. In this interval, weight loss and temperature were determined every 10 °C. To plot the dependence, 
all temperature values were calculated as 103/T. The results are shown in Figures 20 
and 21. 

[image: C:\Users\olga\Downloads\Graph1.bmp]

[bookmark: _Toc104298167]Figure 20. The Coats-Redfern integral method results for raw materials.

[image: ]

Figure 21. The Coats-Redfern integral method results for mixtures of Estonian oil shale with polymer wastes.

Figures 20 and 21 show that in the studied temperature range there are two zones separated from each other by a “breaking point”. Zone I is the reaction zone at low temperatures, and Zone II is the reaction zone at higher temperatures. The “breaking point” indicates different rates of thermal decomposition in these zones. For the polymers PE-LD and PE-HD, the presence of a “breaking point” is quite clearly expressed, while for PP, tires and oil shale it is not so obvious. The presence of two zones of thermal decomposition in oil shale indicates the occurrence of different reactions, which may overlap slightly [89]. In the case of mixtures of oil shale and plastics, it can be seen that the behavior of the mixtures becomes the same in different temperature zones. During the thermal decomposition of oil shale samples with a mixture of polymeric wastes and with tires, the reactions occurring in the process are almost identical.

Tables 16 and 17 show the kinetic parameters of the pyrolysis of the raw materials and mixtures of polymer wastes and oil shale. 

[bookmark: _Toc103260556]Table 16. The obtained characteristics of the kinetic parameters of the pyrolysis of the raw materials.

		Sample

		

		Raw materials



		

		Zone

		Temperature range, oC

		R2

		Activation energy, kJ/mol

		log A



		EOS

		Zone I

		225 – 365

		0.99

		44.38

		7.42



		

		Zone II

		375 – 515

		0.99

		129.33

		8.29



		

		

		

		

		

		



		PE-LD

		Zone I

		225 – 365

		0.96

		50.24

		9.06



		

		Zone II

		375 – 515

		0.97

		210.88

		20.44



		

		

		

		

		

		



		PE-HD

		Zone I

		225 – 405

		0.98

		43.72

		10.96



		

		Zone II

		415 – 515

		0.99

		327.01

		38.56



		

		

		

		

		

		



		PP

		Zone I

		225 – 315

		0.99

		51.60

		8.08



		

		Zone II

		325 – 515

		0.98

		158.08

		13.36



		

		

		

		

		

		



		Tires

		Zone I

		225 –315

		0.99

		63.48

		2.62



		

		Zone II

		325 - 515

		0.99

		86.72

		1.97
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Table 17. The obtained characteristics of the kinetic parameters of the pyrolysis of the mixtures of polymer wastes and oil shale.

		Sample

		

		Mixtures



		

		Zone

		Temperature range, oC

		R2

		Activation energy, kJ/mol

		log A



		EOS + mix

		Zone I

		225 – 445

		0.99

		59.94

		4.51



		

		Zone II

		455 – 515

		0.98

		234.36

		24.48



		

		

		

		

		

		



		EOS + PE-LD

		Zone I

		225 – 415

		0.99

		46.95

		8.31



		

		Zone II

		425 – 515

		0.98

		233.82

		24.14



		

		

		

		

		

		



		EOS + PE-HD

		Zone I

		225 – 425

		0.90

		54.14

		7.23



		

		Zone II

		435 – 515

		0.96

		249.01

		26.29



		

		

		

		

		

		



		EOS + PP

		Zone I

		225 – 395

		0.98

		46.59

		8.50



		

		Zone II

		405 – 515

		0.98

		224.34

		23.18



		

		

		

		

		

		



		EOS + Tires

		Zone I

		225 – 345

		0.99

		58.43

		3.91



		

		Zone II

		355 - 515

		0.99

		92.10

		2.55







Tables 16 and 17 present the calculated activation energy data, pre-exponential factors and R-squared values, ranging from 0.90 to 0.99. The calculated data show that in the addition of the polymers PE-LD, PE-HD and PP and tires to mixtures with oil shale, 
the activation energy in reaction Zone I (lower thermal decomposition temperatures) was slightly reduced (by a factor of 1.06, 1.2 and 1.06, respectively), while in Zone II (higher thermal decomposition temperatures) its values increased by a factor of 1.1 and 1.4, respectively. An increase in the activation energy indicates that the thermal decomposition of mixtures at high temperatures was slower than the decomposition of raw materials. An exception was the mixture with PE-HD, whose activation energy in the second zone was 1.3 times lower. The faster course of the decomposition reaction may have been due to the branched structure of the PE-HD molecules. Mixtures of oil shale and plastics and a mixture with polymer waste had almost the same values of activation energy in reaction Zones I and II. The thermal decomposition of the mixture of oil shale and tires was much faster than with other mixtures.





[bookmark: _Toc104281429]3.4 Characteristics of the resulting co-pyrolysis products

For the studied mixtures, the yield of pyrolysis products was determined. The data obtained are presented in Table 18. For comparison of the obtained data, the results were recalculated per apparent organic content.

[bookmark: _Toc103260558]Table 18. The yield of co-pyrolysis products.

		Samples

		Yield of co-pyrolysis products, m/m%



		

		as received

		per apparent organic content



		

		Oil

		Semi-coke

		Pyro-genetic  water

		Gas + loss

		Oil

		Semi-coke

		Pyro-genetic  water

		Gas + loss



		EOS 

		16.5

		77.3

		1.5

		4.7

		59.8

		17.8

		5.4

		17.0



		EOS + PE-LD

		55.5

		36.5

		0.8

		7.2

		87.3

		0.2

		1.3

		11.3



		EOS+PE-HD

		53.9

		39.7

		0.2

		6.1

		84.7

		5.2

		0.3

		9.6



		EOS + PP

		55.2

		37.8

		0.2

		6.8

		86.7

		2.3

		0.3

		10.8



		EOS + tires

		34.6

		58.2

		1.6

		5.6

		57.9

		30.1

		2.7

		9.3



		EOS + mix

		49.3

		42.1

		0.9

		7.7

		78.7

		7.6

		1.4

		12.3







The pyrolysis of oil shale with polymer wastes significantly increased the yield of liquid pyrolysis products. The yield of semi-coke and pyrogenic water was significantly reduced. The decrease in the content of pyrogenic water occurred because the samples of polymeric wastes with which the experiments were carried out did not contain oxygen.

[bookmark: _Toc104281430]3.5 Study of a possible synergistic effect in the output of co-pyrolysis products 

Previously, the authors of other studies on the co-pyrolysis of various materials containing some organic matter with plastics found a synergistic effect for oil yield. Yunwu Zhenga et al. [94] described the synergistic effect between biomass and PE-HD plastic in co-pyrolysis. This study confirmed the hypothesis that during the pyrolysis of plastic PE-LD, in a vapor-gas mixture a high H/C ratio is formed, which prevents coking and partially reduces the repolymerization of a biomass vapor-gas mixture. Limin Zhou et al. [95], when studying the kinetics of co-pyrolysis, revealed a synergistic effect between coal and a mixture of the plastics PE-HD, PE-LD and PP, especially at high temperatures (550–650 °C). Other authors have also found a synergistic effect in the 
co-pyrolysis of oil shale from deposits in Turkey and China with plastics. In their study, Yong Li et al. [96] found a significant synergistic effect during the co-pyrolysis of oil shale from Fushun and Longkou with plastics, while the effect was more noticeable during pyrolysis with PE than with PP. The authors explained the synergistic effect by the free radical reaction theory of pyrolysis. Oil shale contains a low amount of hydrogen, so the free radicals formed during pyrolysis polycondensed compounds and, as a result, the yield of liquid products was small and more semi-coke was formed. During the pyrolysis of polymers, the gas-vapor mixture contains a high amount of hydrogen, which is attached to a free radical of oil shale, making it stable, excluding the polycondensation process. Ultimately, more liquid pyrolysis products are formed. Pınar Acar Bozkurt et al. [97] also supported the theory of a free radical pyrolysis reaction when studying the joint pyrolysis of Turkish oil shale with polypropylene, noting a significant increase in the yield of the liquid product.   

To study the occurrence of a possible synergistic effect, the additivity principle was tested for all co-pyrolysis products.
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[bookmark: _Toc104298169]Figure 22. Comparison of experimental and calculated data on the yield of co-pyrolysis products.

As Figure 22 shows, for all mixtures of shale with plastics, a synergistic effect was observed in the release of liquid products. According to the calculated data, based on the result of the pyrolysis of the individual components of the mixture and the additivity method, the yield of liquid products after the experiment increased by 14.6, 11.3 and 15.0 for PE-LD, PE-HD and PP, respectively, and the output of semi-coke and gas was lower than calculated for these plastics. The synergistic effect of the yield of liquid products was not observed in the co-pyrolysis of oil shale with tires. The experimental oil yield was 2.6% lower than the calculated value. However, in a mixture of polymer wastes where tires were also present, a synergistic effect occurred. The yield of liquid products was 9.2% higher than the calculated value. The synergistic effect was observed due to the interaction of volatile oil shale products and polymeric wastes in the gas and condensed phases, where the reaction between the hydrogen of polymers and oil shale kerogen took place. 

[bookmark: _Toc104281431]3.6 Characteristics of liquid products of co-pyrolysis

Liquid products obtained from oil shale with plastics are a mixture of oil and wax, which does not flow at room temperature. When samples were heated to 45 °C, they became liquid. The formation of a mixture of oil and wax during the pyrolysis of PE-HD, PE-LD 
and PP at a temperature of 520 °C has also been noted by other authors [98, 99]. 
Oils from a mixture of oil shale and polymers are not as thick at room temperature as oils from oil shale and plastics. Oil obtained from oil shale with tires is a liquid. The elemental composition and relative density of oils obtained by co-pyrolysis are presented in Table 19.

[bookmark: _Toc103260559]Table 19. The elemental composition and relative density of oils.

		Samples

		Elemental composition, m/m%

		100 H/C

		Relative density, kg/m3



		

		C

		H

		N

		S

		

		



		EOS

		81.6

		10.4

		0.17

		0.82

		13

		946.0



		EOS + PE-LD

		84.7

		13.6

		0.12

		0.18

		16

		845.0



		EOS + PE-HD

		83.5

		13.4

		0.09

		0.19

		16

		812.5



		EOS + PP

		84.8

		13.8

		0.05

		0.17

		16

		766.4



		EOS + tires

		85.0

		11.0

		0.35

		0.97

		13

		926.0



		EOS + mix

		87.1

		14.4

		0.18

		0.27

		17

		844.7





Oils from a mixture of oil shale and individual plastics were similar in their elemental compositions and relative densities, but the relative density of the oil obtained by 
co-pyrolysis with PP was lower than from other mixtures. These oils also had low sulfur contents. Oil obtained by co-pyrolysis with tires was of lower quality than shale oil. 
The nitrogen content in the oil was almost doubled, the sulfur content increased by 18%, and the relative density of the oil was almost the same as that of shale oil. The oil obtained from oil shale and a mixture of polymer wastes was of a fairly high quality, although the mixture contained one part tires. This oil had a low sulfur content, 
lower density and the highest 100 H/C ratio of all of the co-pyrolysis blends. The higher the 100 H/C ratio, the higher the energy efficiency of the fuel and the lower the CO2 air emission levels during its combustion [100]. The results of the analysis of the obtained oils showed that the oils of the co-pyrolysis of oil shale with polymers were of significantly higher quality than shale oil.

From the data presented in Table 19, the sulfur content of the oil was well below the expected value based on the additivity principle. Figure 23 shows that in all oils, except for oil obtained from oil shale with tires in a ratio of 1:1, the calculated sulfur content was much higher than that obtained in the experiment. 
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[bookmark: _Toc104298170]Figure 23. Calculated by the additivity principle and the experimental results of the sulfur content in co-pyrolysis oils.

The sulfur contents in oils of co-pyrolysis with polymers after the experiment were 53, 56 and 59% lower than the calculated values based on the additivity principle, for PE-HD, PE-LD and PP, respectively. For oil obtained from oil shale with tires, the sulfur content was 17% higher than the calculated value. However, in the oil of the co-pyrolysis of oil shale mixed with polymer wastes, the sulfur content was lower than the calculated value by 57%, which indicates that the presence of tires in small amounts in polymer wastes did not significantly affect this indicator.

The studied samples of oils were analyzed to determine the functional groups included in their compositions. The FTIR spectra are shown in Figure 24.
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[bookmark: _Toc104298171]Figure 24. Co-pyrolysis oils FTIR spectra.

A stretched peak between 3600 and 3100 cm-1 indicates the presence of OH groups, which in this case belong to phenols, which were formed during the pyrolysis of oil 
shale. The IR spectra show intense absorption bands of 2867, 2918, 2958, 1462, and 
1377 cm–1, which indicate the presence of CH2 and CH3 groups. The peak at 1650 cm-1 indicates the C=O bonds of aldehydes or ketones. The wave range of 1600–1500 cm-1 indicates the formation of the C-C stretching of aromatic compounds. The peaks between 1350–1140 cm-1 indicate oxygenated functional groups with sulfur and nitrogen and indicate the presence of sulfonamide at a wave rate of 1160 cm-1. The peak at 960 cm-1 indicates the C=C stretching of alkene compounds. The peaks at wave numbers 887 cm-1 in the wave range of 900–880 cm-1 indicate alkenes [101, 102].

[bookmark: _Toc104281432]3.7 Semi-coke and gas

In pyrolysis with a solid heat carrier, the resulting semi-coke plays an important role, part of which is its use for additional combustion and its return to the process, so its composition has been studied. Table 20 shows the elemental composition of co-pyrolysis semi-coke and, for comparison, oil shale pyrolysis semi-coke.







[bookmark: _Toc103260560]Table 20. The elemental composition of semi-coke.

		Samples

		Elemental composition, m/m%



		

		C

		H

		N

		S



		EOS

		13.5

		<0.1

		0.07

		0.90



		EOS + PE-LD

		15.2

		0.3

		0.07

		1.48



		EOS + PE-HD

		16.7

		0.3

		0.06

		1.40



		EOS + PP

		15.7

		0.4

		0.07

		1.33



		EOS + tires

		30.7

		0.3

		0.18

		1.60



		EOS + mix

		20.1

		0.3

		0.11

		1.44





The data presented in Table 20 show that co-pyrolysis semi-coke in its elemental composition differs from oil shale pyrolysis semi-coke. Oil shale and tire pyrolysis 
semi-coke contains a lot of total carbon, which is due to the carbon black fillers contained in tires. The high carbon content in the semi-coke of the co-pyrolysis of a mixture of oil shale and polymeric wastes is also associated with this. Also, in semi-cokes of co-pyrolysis, the sulfur content increases by a factor of 1.6 – 1.8. which can cause problems during the after-burning of semi-coke in an industrial process.

The composition of the co-pyrolysis gas has also been studied. Table 21 shows the main components of the gas; other components contained in the gas in amounts of less than one volume percent is not shown.

[bookmark: _Toc103260561]Table 21. Main components and characteristics of gas.

		Component, V/V%

		EOS

		EOS+

PE-LD

		EOS+

PE-HD

		EOS+PP

		EOS+tires

		EOS+mix



		C6+

		2.7

		1.7

		1.3

		2.0

		3.3

		1.7



		Hydrogen

		4.7

		5.9

		4.4

		1.8

		10.9

		5.3



		Methane

		10.5

		13.7

		15.2

		8.1

		15.4

		13.6



		Ethane

		7.4

		12.1

		12.1

		6.7

		7.7

		9.2



		Ethylene

		2.0

		6.3

		7.4

		1.4

		4.2

		4.4



		Propane

		3.5

		8.1

		7.5

		3.9

		4.5

		5.7



		Carbon Dioxide

		30.4

		18.6

		19.7

		23.6

		20.8

		21.3



		Propylene

		3.6

		9.8

		10.2

		18.8

		3.9

		11.2



		n-Butane

		1.8

		3.7

		2.9

		0.8

		1.9

		1.8



		Carbon Monoxide

		9.9

		8.0

		7.5

		7.6

		6.8

		7.3



		Hydrogen Sulfide

		17.6

		5.8

		6.1

		7.6

		12.1

		7.4



		Carbonyl Sulfide

		1.9

		0.2

		0.2

		0.4

		1.9

		0.3



		Superior 

Heat Value, MJ/m3

		37.86

		55.90

		53.99

		64.56

		46.46

		54.18



		Inferior 

Heat Value, MJ/m3

		34.97

		51.60

		49.84

		59.82

		42.82

		50.11



		Density, kg/m3

		1.663

		1.610

		1.592

		1.924

		1.546

		1.652







The data presented in Table 21 show that the content of sulfur compounds, such as hydrogen sulfide and carbonyl sulfide, in the semi-coke gas composition was significantly reduced. Moreover, the decrease in sulfur compounds was not consistent with the principles of additivity. The reduction of sulfur compounds in gas mixtures was as follows: 

		EOS + PE-LD: 69% less



		EOS + PE-HD: 68% less



		EOS + PP: 59% less



		EOS + tires: 28% less



		EOS + mix: 60% less





There was also a decrease in CO2 content in semi-coke gas:

		EOS + PE-LD: 39% less



		EOS + PE-HD: 35% less



		EOS + PP: 23% less



		EOS + tires: 32% less



		EOS + mix: 30% less





The caloric content of semi-coke gases increased significantly, especially in the gas of the EOS+PP mixture, due to the high content of polypropylene in the gas. In mixtures of 
EOS + PE-LD and EOS + PE-HD, the content increased due to an increase in the content of ethane, and it increased in a mixture of EOS + tires hydrogen.

1.8 [bookmark: _Toc104281433]Sulfur compounds balance

The sulfur content is one of the fuel quality indicators. When planning the parameters of the pyrolysis process, it is important to know the distribution of sulfur by products. 
To create a balance for the distribution of sulfur compounds, its contents in oil (Table 17), semi-coke and pyrolysis gas were determined. 

Based on the data obtained, graphs of the distribution of sulfur by pyrolysis products were plotted. Since the yield of pyrogenetic water formed in the process was less than 1% for all mixtures except EOS + tires (1.6%), when calculating the balance, it was assumed that sulfur compounds in this product were equal to zero. When compiling the balance, the sulfur content in the gas was calculated from the difference 100 – the mass of sulfur in oil – the mass of sulfur in semi-coke, since when calculating the mass content of sulfur in gas, the data obtained introduced a large error in the balance. This may have been due to the fact that when determining the yield of pyrolysis products, the gas yield was calculated as gas plus losses. Data on the distribution of sulfur by pyrolysis products are shown in Figure 25.
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[bookmark: _Toc104298172]Figure 25. Distribution of sulfur by pyrolysis products.

From the data presented in the graph, it can be seen that during pyrolysis most of the sulfur was concentrated in semi-coke and gas. Thus, during co-pyrolysis with polymers, an increase in the sulfur content in semi-coke and a decrease in its content in gas were noticeable in comparison with the pyrolysis of oil shale. With co-pyrolysis, the amount of sulfur that passed into the oil also increased. Probably, during co-pyrolysis the sulfur molecules of oil shale in a vapor-gas mixture, with hydrocarbons of plastic, additionally formed sulfur compounds. The sulfur concentration in the oils of co-pyrolysis with polymers increased on average by 20% of the amount of sulfur concentrated in the oil of pyrolysis (per apparent organic content). During co-pyrolysis with tires, sulfur was also concentrated to a greater extent in semi-coke, although less of it passed into gas, 
and more into oil. A rather high percentage of the sulfur in the oil was due to the fact that part of the sulfur in the oil shale, as well as the sulfur contained in the tires, passed into the oil. During co-pyrolysis with a mixture of polymeric wastes, the distribution of sulfur over pyrolysis products was not the average value from all of the results of the 
co-pyrolysis of oil shale and each component of the mixture.

[bookmark: _Toc104281434]3.8.1 Sulfur compounds of the fraction up to 150 °C of oil obtained from tires and oil shale

Since car tires and oil shale have high sulfur contents, this also affects the quality of the oil obtained by pyrolysis [103]. In order to quantitatively and qualitatively study the sulfur compounds of the fraction up to 150 °C, oil was obtained from oil shale and tires by pyrolysis. The fraction was chosen for research because sulfur compounds are usually more concentrated in it. Details of how the oil was obtained and under what conditions the sulfur compounds were evaluated are shown in Publication II. The investigated fractions (boiling range fractions up to 150 °C) had the following characteristics, presented in Table 22.





[bookmark: _Toc103260562]Table 22. Characteristics of the fraction up to 150 oC of oil shale and tire pyrolysis oil.

		Item

		Method

		Fraction up to 150 oC 



		

		

		Shale oil

		Tire oil



		Density at 15 °C, kg/m3

		EVS-EN ISO 12185

		776.6

		828.2



		Total sulfur, St, m/m%

		EVS-EN ISO 20846

		1.04

		0.62



		Iodine number, gJ2/100 g

		GOST 2070

		107.7

		98.5



		Acid number, mg KOH/g

		ISO 668

		3.2

		0.05







The fractions were very different from each other. The shale oil fraction contained twice as much sulfur. A high iodine level indicates the presence of a large number of double bonds in chemical compounds that are less stable and, as a result, a high content of oxidation products in the future.

Data on sulfur quantitative content in the fractions of shale oil and oil obtained from tires are presented in Table 23. The fractions were analyzed by gas chromatography.

[bookmark: _Toc103260563]Table 23. Sulfur quantitative content.

		Sulfur compound, mg S/kg

		Retention time, min.

		Shale oil

		Tires oil



		Methyl mercaptan

		3.74

		24.19

		14.95



		Ethyl mercaptan

		4.16

		29.97

		14.12



		2-Propanethiol

		4.63

		13.11

		-



		Ethyl methyl sulfide

		5,39

		35.72

		-



		1-Methyl1-propanrthiol

		6.26

		157.53

		-



		Thiophene

		6.35

		236.22

		145.48



		1-Butanethiol

		7.23

		68.58

		-



		Dimethyl disulfide

		7.98

		-

		534.29



		2-Methylthiophene

		8.62

		1716.66

		1566.00



		3-Methylthiophene

		8.80

		147.60

		262.82



		1-Pentathiol

		9.66

		146.59

		-



		3-Ethylthiophene

		11.17

		694.53

		215.47



		Benzothiophene

		18.05

		-

		13.02



		∑ unidentified

		8.35-19.87

		7617

		2766



		∑ identified

		

		3271

		2607



		Total gas chromatography method, m/m%

		1.09

		0.54







The chromatograms of sulfur compounds of the studied samples are presented in Figures 26 and 27.
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[bookmark: _Toc104298173]Figure 26. Chromatogram of the fraction of shale oil.
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[bookmark: _Toc104298174]Figure 27. Chromatogram of the fraction obtained from used tires.

As can be seen in Figures 26 and 27, the sulfur compounds in the shale oil and tire fractions up to 150 °C were identical, since the retention time of unidentified compounds for both fractions was the same. Therefore, in the case of co-pyrolysis with oil shale, the addition of tires to the process does not adversely affect the quality of the resulting oil. Since the sulfur components present in gasoline fractions are very diverse, it is not possible to identify everything qualitatively, only quantitatively. The data on the content of total sulfur obtained by gas chromatography are in good agreement with the data presented in Table 22. 

[bookmark: _Toc104281435]3.9 Composition of co-pyrolysis oils

Co-pyrolysis oils have been studied for component composition. Since shale oil is a multicomponent mixture, it can be assumed that when polymer wastes are added, the composition of the co-pyrolysis oil will be quite complex. To achieve more reliable results on the component composition, the obtained oil samples were previously divided into two fractions (a fraction up to 150 °C and a fraction above) by distillation at atmospheric pressure in accordance with the EVS-EN ISO 3405 standard [104]. The results for the yields of the fractions are presented in Table 24.

[bookmark: _Toc103260564] Table 24. Yields of the fractions co-pyrolysis oil.

		Samples

		Yields of fractions, v/v%



		

		<150 oC

		>150 oC



		EOS

		10.9

		89.1



		EOS + PE-LD

		15.2

		84.8



		EOS + PE-HD

		11.7

		88.3



		EOS + PP

		24.3

		75.7



		EOS + tires

		15.6

		84.4



		EOS + mix

		16.7

		83.1







From the data presented in Table 24, it can be seen that the addition of PP to oil shale significantly increased the yield of the gasoline fraction. The content of the <150 °C fraction in the co-pyrolysis oil in the sample increased by a factor of 2.2 (123%). In other mixtures, the amount of the <150 °C fraction increased by 39–53%. The exception was the oil shale with a PE-HD plastic mixture, where the gasoline fraction yield increased by only 7.3%, which may be due to the plastic molecular structure, which has a smaller number of branched side chains than PE-LD plastic. Probably side chains during pyrolysis can break away from the molecule and form a larger amount of low-boiling compounds.

Then each fraction was divided into groups of compounds using a classic separation technique, a column filled with silica gel in aliphatic, aromatics and oxygen-containing compounds. The division of the studied samples into groups of compounds in this 
way is not ideal. When dividing the gasoline fraction when eluting, aromatic olefinic hydrocarbons, cycloolefins, trienes, some dienes, sulfur- or nitrogen-containing compounds, or high-boiling oxygen-containing compounds can fall into the group of aromatic compounds. Therefore, each group of compounds was analyzed by MS-GC 
and, according to the results obtained, adjusted for the quantitative content of groups [105]. When dividing the fraction with a boiling point above 150 °C when eluting, condensed naphthenic aromatics, aromatic olefins, asphaltenes, sulfur, nitrogen, oxygenated aromatics and polar aromatic compounds can fall into the group of aromatic compounds. Therefore, the resulting groups were also additionally analyzed by MS-GC [106]. Data on the group composition of both fractions are presented in Table 25.









[bookmark: _Toc103260565]

Table 25. Group composition.

		Samples

		Fraction <150 oC

		Fraction > 150 oC



		

		                                          Group



		

		aliphatic

		aromatics

		oxygen-contai-ning

		aliphatic

		aromatics

		oxygen-containing

		



		

		                per oil, m/m%

		

		



		EOS + PE-LD

		11.6

		3.4

		0.2

		53.6

		15.2

		16.0

		Σ 100



		EOS + PE-HD

		9.2

		2.5

		0.4

		62.1

		13.5

		12.7

		Σ 100



		EOS + PP

		18.9

		4.8

		0.7

		35.5

		19.9

		20.2

		Σ 100



		EOS + tires

		9.1

		5.7

		0.8

		20.2

		50.1

		14.1

		Σ 100



		EOS + mix 

		11.4

		5.1

		0.4

		58.8

		15.6

		8.7

		Σ 100



		                                                             per fraction, m/m%



		EOS

		70.7

		20.3

		9.0

		Σ 100

		20.0

		32.0

		48.0

		Σ 100



		EOS + PE-LD

		76.3

		22.4

		1.3

		Σ 100

		63.2

		17.9

		18.9

		Σ 100



		EOS + PE-HD

		76.0

		20.7

		3.3

		Σ 100

		70.3

		15.3

		14.4

		Σ 100



		EOS + PP

		77.5

		19.7

		2.9

		Σ 100

		57.0

		16.3

		26.7

		Σ 100



		EOS + tires

		58.3

		36.5

		5.1

		Σ 100

		23.9

		59.4

		16.7

		Σ 100



		EOS + mix 

		67.5

		30.2

		2.4

		Σ 100

		70.8

		18.8

		10.5

		Σ 100







The data obtained by GC-MS were regrouped according to the groups of compounds (Table 25). Thus, in fractions up to 150 °C for samples of EOS + PE-HD, EOS + PE-LD and EOS + PP, in comparison with the oil shale fraction, the content of aliphatics increased, while the content of aromatics remained approximately at the same level. As plastics were added to the process, more aliphatic compounds were formed, since PE and PP mostly degrade into aliphatic compounds. Such a composition of the oil obtained by the co-pyrolysis of oil shale and plastics is also noted by other authors [107]. In sample of EOS + tires in the light fraction, the content of aliphatic compounds was lower and that of aromatics was higher than the oil shale fraction. The content of oxygen-containing compounds in all studied samples is significantly lower compared to the oil shale fraction. This decrease in oxygen-containing compounds is due to the fact that plastics do not contain oxygen in their composition. The sample EOS + mix was approximately the average of all the above samples in terms of its group composition. 

Fractions with a boiling point above 150 °C were also distinguished by high levels of aliphatics, and lower levels of aromatics and oxygen-containing compounds. An exception was the EOS + tires sample, in which the content of aliphatics was practically at the same level as in the shale sample, and aromatics almost two times higher. Moreover, the high content of aromatic compounds formed during the co-pyrolysis of oil shale and tires did not affect the oil obtained by the pyrolysis of oil shale and a mixture of polymer wastes. A significant reduction in oxygen-containing compounds in the obtained liquid products of co-pyrolysis had a positive effect on the quality of the gasoline fraction and oil, increasing their stability. 

As described above, the co-pyrolysis oils were divided into two fractions: up to 150 °C and above 150 °C. However, when analyzing the data obtained by MS-GC, the fraction with a boiling point below 150 °C contained aliphatic compounds with a boiling point above 150 °C (C10–C13). This is explained by the fact that the fractionation of oils by simple atmospheric distillation is not ideal. In this case, there were no theoretical plates or adjustable reflux ratios, which would have allowed for a more accurate fractionation of the oils. For the same reason, the fraction with a boiling point above 150 °C contained aliphatics with boiling points below 150 °C (С7–C10).

The content of alkanes and alkenes C10–C13 (m/m %) in the fraction up to 150 °C was: sample OS + PE-LD – 9.7 %; OS + PE-HD – 10.7 %; OS + PP – 11.3 %; OS + Tires – 4.7 %; 
OS + mix – 10.6%. Table 26 shows the alkane/alkene composition of the aliphatic group of the light fraction.

[bookmark: _Toc103260566]Table 26. The aliphatic group of the fraction up to 150 °C.

		Fraction,m/m%

		Samples



		

		EOS+PE-LD

		EOS+PE-HD

		EOS+PP

		EOS+tires

		EOS+mix



		С4

		-

		-

		0.36

		0.74

		0.81



		С5

		3.8

		1.7

		8.4

		6.3

		2.7



		С6

		19.0

		16.4

		15.8

		20.5

		13.3



		С7

		28.7

		28.5

		6.1

		37.0

		15.9



		С8

		16.9

		20.5

		7.3

		17.5

		20.3



		С9

		12.7

		12.6

		49.7

		7.4

		31.7



		С10

		9.2

		9.6

		1.0

		6.0

		4.7



		С11

		4.7

		5.6

		4.1

		4.3

		2.1



		С12

		2.9

		3.0

		4.1

		0.4

		7.0



		С13

		2.1

		2.1

		3.0

		-

		1.5







As seen from the table in the mixtures of OS + PE-LD and OS + PE-HD, the total content of alkanes/alkenes in the fraction less than 150 °C was almost identical. However, 
the OS + PE-LD mixture in total had a large amount of C4–C6. The highest amount of 
light alkanes/alkenes was found in the sample of OS + Tires. This sample had the highest content of fractions C6 and C7.  The OS + PP sample was characterized by a high level of the C9 fraction. The total content of alkanes/alkenes up to C9 was maximal in the samples OS + Tires and OS + PP, and, as a result, in the sample OS + mix. 

The content of alkanes and alkenes C7–C10 (m/m %) in the fraction above 150 °C was: sample OS + PE-LD – 1.8 %; OS + PE-HD – 3.1 %; OS + PP – 4.0 %; OS + Tires – 6.1 %; 
OS + mix – 4.8 %.  Table 27 shows the alkane/alkene composition of the aliphatic group of the fraction with a boiling point above 150 °C.
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		Fraction,m/m%

		Samples



		

		EOS+PE-LD

		EOS+PE-HD

		EOS+PP

		EOS+tires

		EOS+mix



		C7

		-

		1.5

		1.4

		3.5

		-



		C8

		-

		-

		-

		4.2

		-



		C9

		0.8

		0.7

		8.3

		5.2

		5.6



		C10

		2.5

		2.8

		1.8

		18.0

		2.5



		C11

		4.0

		5.3

		4.7

		7.4

		5.3



		C12

		4.8

		4.9

		41.8

		6.3

		9.4



		C13

		5.9

		6.5

		0.7

		6.3

		7.2



		C14

		6.3

		5.7

		6.5

		3.1

		8.3



		C15

		5.9

		5.7

		2.4

		3.7

		4.5



		C16

		6.1

		6.0

		2.5

		12.0

		4.6



		C17

		2.9

		6.0

		2.0

		9.0

		3.5



		C18

		3.2

		6.5

		2.9

		2.3

		2.7



		C19

		7.0

		5.7

		5.4

		5.9

		5.8



		C20

		8.9

		6.4

		8.6

		3.7

		8.4



		>C20

		41.8

		36.2

		11.0

		9.5

		32.5







As seen in Figure 27, in mixtures of OS + PE-LD and OS + PE-HD, the total content of alkanes/alkenes in this fraction was almost identical. In these samples, the content 
of the > С20 fraction was higher than in other samples. Sample OS + Tires contained 
C7 – > С20 in almost equal amounts (with the exception of C10). Sample OS + PP contained a high level of fraction C12 compared to other samples. The sample EOS + mix was approximately the average of all of the above samples in terms of its C7 –  > С20 composition.
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The goal of this thesis was to prepare a theoretical and practical basis for the co-pyrolysis of Estonian oil shale and polymer wastes. The product of co-processing of oil shale and polymer wastes is pyrolysis oil, which can be used in the chemical industry to produce new products. The advantage of the co-pyrolysis process is that some of the fossil fuel can be replaced with mixed and untreated polymer waste.

The novelty of the study is that the impact on the co-pyrolysis process of adding the various most common polymer wastes to Estonian oil shale, both for individual components and in mixtures, including car tires, was studied.  Both the kinetics of 
co-pyrolysis and the properties of the resulting products, such as oil, oil fractions (fractions with a boiling point up to 150 °C and above 150 °C), co-pyrolysis gas and 
semi-coke, were studied. The effects of adding polymeric wastes on reducing emissions of CO2 and sulfur compounds was also studied.

The conclusions of this study are as follows:

•  The analysis of mixtures by TGA showed that during the co-pyrolysis of oil shale with plastics, the decomposition of the organic part of all mixtures shifted to a narrower temperature range, from 350 to 500 °C, and the decomposition of the mineral part occurred at lower temperatures. The exception was a mixture of oil shale with tires. 
In this case, when adding 50% polymer wastes to the industrial pyrolysis process, temperature changes had to be taken into account.

•  The calculation of mass loss during heating according to the additivity principle for mixtures makes it possible to obtain data based on mathematical modeling of the 
co-pyrolysis process, and also makes it possible to take into account the features of this process when regulating the operation of industrial plants in real life conditions.

•  The obtained data on the value of the activation energy indicates that when the pyrolysis temperature reaches 350 °C in mixtures of Estonian oil shale and polymer waste, reactions begin to take place, requiring almost twice as much energy in order for them to proceed. The exception is a mixture of oil shale with tires. In the case of the pyrolysis of such a mixture, the value of the activation energy decreases, which indicates a faster reaction of decomposition of the organic part of the mixture.

•  According to the calculated data based on the results of the pyrolysis of individual components of the mixture by the additivity method, a synergistic effect occurred, in which the yield of liquid products increased by 14.6, 11.3 and 15.0% for PE-LD, PE-HD, PP, respectively, and the outputs of semi-coke and gas were lower than calculated for these plastics. The synergistic effect of the yield of liquid products was not observed in the co-pyrolysis of Estonian oil shale with tires. 

•  The liquid products obtained by co-pyrolysis were of significantly higher quality than shale oil. Co-pyrolysis oils have a lower density, and the sulfur content is reduced. 
The exception is the oil of co-pyrolysis with tires. Co-pyrolysis oils have a higher ratio of 100 H/C, except for the oil shale-tire mixture. However, it must be taken into account that during co-pyrolysis with PE-LD, PE-HD and PP, carried out at 520 °C, the resulting liquid products were very thick at room temperature, since part of the plastic oil is paraffin, which becomes liquid when heated to 45 °C.

•  When polymer waste was added to oil shale, the reduction of sulfur content in liquid products did not follow the principles of additivity. The sulfur content was reduced by more than half. The sulfur balance showed that, during co-pyrolysis, more sulfur passed into semi-coke, and less into oil and gas than with oil shale pyrolysis. During co-pyrolysis with tires, sulfur was also concentrated to a greater extent in semi-coke, although less of it passed into gas, and more into oil.

•  An analysis of the gasoline fractions of the original high sulfur samples of oil shale and tires showed that the sulfur compounds in them were identical. Therefore, in the 
co-pyrolysis with oil shale, the addition of tires to the process did not adversely affect the quality of the resulting oil.

•  In co-pyrolysis semi-cokes, the sulfur content increased by a factor of 1.6 – 1.8 compared with oil shale semi-coke, which can cause problems during the after-burning of semi-coke in an industrial process.

•  The semi-coke gas of the co-pyrolysis of oil shale with polymeric wastes was characterized by high heating values. The addition of polymer wastes to the pyrolysis process can significantly reduce the content of sulfur compounds in semi-coke gas and CO2 emissions, which is also important for the industrial process.

•  The addition of plastic wastes (PE-LD, PP and tires) to oil shale significantly increased the yield of the fraction up to 150 °C. The exception was the oil shale with a PE-HD plastic mixture.

•  The study of the group composition showed that when polymer waste was added to oil shale, it changed the amount of aromatics and oxygen-containing compounds in liquid pyrolysis products. The amount of aromatic compounds increased in fractions up to 
150 °C, and decreased in fractions with a boiling point above 150 °C. In both fractions, there was a significant decrease in oxygen-containing compounds.

•  The study of the composition of the aliphatic group of fractions with a boiling point below 150 °C and above showed that both fractions of the mixtures of EOS + PE-LD and EOS + PE-HD were almost identical in terms of the content of alkanes and alkenes. 
The EOS + PP mixture was distinguished by a high content of C9 in the fraction up to 
150 °C, and C12 in the fraction above 150 °C. The EOS + Tires mixture differed from the other mixtures in its total high content of high-boiling compounds. 
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Co-pyrolysis of Estonian oil shale with polymer wastes

Every year, millions of tons of polymer waste around the world remains unrecycled. One of the possible ways to dispose of this waste is chemical processing, for example by pyrolysis. Pyrolysis oil can be used to create new products. In accordance with the EU Green Deal, Estonia is aiming for zero carbon emissions by 2050. The main source of CO2 in Estonia is oil shale processing, mostly from the direct burning of oil shale, but a significant part comes from the pyrolysis process. Therefore, there are currently plans to shut down oil shale processing by 2040. Before 2040, it is necessary to gradually reduce CO2 emissions, and one way to move to zero emissions may be the co-pyrolysis of oil shale and polymer waste.

The goal of this thesis was to study the theoretical and practical basis of the co-pyrolysis of Estonian oil shale and polymer waste using modern research methods of analysis. 
For this study, the most used plastics (PP, PE-HD and PE-LD) and used car tires were selected.

The novelty of the study lies in examining the impact of adding various common polymer waste materials to Estonian oil shale, both as individual components and as mixtures, including car tires, on the co-pyrolysis process. Both the kinetics of co-pyrolysis and the properties of the resulting products, such as oil, oil fractions (fractions with a boiling point up to 150 °C and above 150 °C), co-pyrolysis gas and semi-coke, were studied. The effects of adding polymeric wastes on reducing emissions of CO2 and sulfur compounds in co-pyrolysis gas were studied.

For the studies, mixtures of oil shale and plastic PE-LD (50/50), oil shale and a mixture of the polymers PE-LD, PE-HD, PP and tires (50/50) and oil shale and tires (50/50) were prepared. Using the thermogravimetric method of analysis, the process of mass loss of each sample separately and mixtures of samples upon heating in an inert environment were studied. The contribution of each component to the co-pyrolysis process was considered. It has been shown that when determining the mass loss during the heating of mixtures, additive properties appeared. Based on the thermogravimetric data on the mass loss of individual components, it is possible to calculate the mass loss of a mixture of oil shale and polymer waste in various ratios. On the basis of the experimental data, 
a synergistic effect was observed during co-pyrolysis, which was expressed by an increase in the yield of liquid products compared to the calculated data. The kinetic parameters were calculated by the Coates-Redfern method; it was determined that during the pyrolysis of mixtures of oil shale with polymeric waste, more energy had to be expended to decompose the mixtures than in the pyrolysis of oil shale. 

According to the data obtained by co-pyrolysis, it was shown that the addition of polymer wastes improves the quality of liquid products, and sulfur is distributed among the pyrolysis products differently than in oil shale pyrolysis. Fractions with a boiling point of up to 150 °C and above were studied. The yield of the up to 150 °C fraction significantly increased, and the addition of polymer wastes changed the group composition of both fractions. To study the group composition, column chromatography on silica gel to separate the fractions and a GC-MS analyzer were used.
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Eesti põlevkivi ja polümeerjäätmete koospürolüüs

Igal aastal jääb miljoneid tonne polümeerijäätmeid üle maailma ringlusse võtmata. Üks võimalik viis nende jäätmete kõrvaldamiseks on keemiline töötlemine, näiteks pürolüüs. Sel viisil saadud pürolüüsiõli saab kasutada uute toodete saamiseks. EL-i rohelise kokkuleppe valguses on Eesti eesmärgiks saavutada 2050. aastaks null süsinikuheide. Põhiline CO2 voog Eestis tuleb põlevkivi ümbertöötlemisest. Suurem osa põlevkivi otsepõletamisest, kuid osa pürolüüsiprotsessist, mistõttu on täna plaanis põlevkivi ümbertöötlemine 2040. aastaks lõpetada. Aastani 2040 on vaja järk-järgult vähendada CO2 emissiooni ning üheks võimaluseks nullheitele liikumiseks võiks olla põlevkivi ja polümeerjäätmete koospürolüüs. 

Käesoleva töö eesmärgiks oli uurida Eesti põlevkivi ja polümeerjäätmete koospürolüüsi teoreetilisi ja praktilisi aluseid kasutades kaasaegseid uurimismeetodeid analüüsimiseks. Uuringuks valiti polümeerjäätmed – enim kasutatud plastid (PP, PE-HD ja PE-LD) ja kasutatud autorehvid.

Uuringu uudsus seisneb selles, et mõju koospürolüüsi protsessile uuriti erinevate enamlevinud polümeerjäätmete lisamisega Eesti põlevkivile nii üksikute komponentidena kui ka seguna (sh autorehvid). Põhjalikult uuriti nii koospürolüüsi protsessi kui ka sellest tekkivaid produkte nagu õli, õlifraktsioonid (fraktsioonid keemistemperatuuriga kuni 
150 °C ja üle 150 °C) ja poolkoks. Uuriti polümeerjäätmete lisamise mõju CO2 ja väävliühendite emissiooni vähenemisele. 

Katsete jaoks valmistati viis segu: põlevkivi ja plast PE-LD (50/50), põlevkivi ja plast 
PE-HD (50/50), põlevkivi ja plast PP (50/50), põlevkivi ja polümeerid PE-LD, PE-HD, PP, rehvid (50/50) ning põlevkivi ja rehvid (50/50). Termogravimeetrilise analüüsimeetodi abil uuriti iga proovi eraldi ja proovide segu massikadu kuumutamisel inertses keskkonnas. Uuriti iga komponendi panust koospürolüüsi protsessi. Näidati, et massikao määramisel segude kuumutamisel ilmnevad aditiivsed omadused. Üksikute komponentide massikao termogravimeetriliste andmete põhjal on võimalik arvutada põlevkivi ja polümeerjäätmete erinevates vahekordades segu massikadu. Katseandmete põhjal leiti, et koospürolüüsi käigus täheldatakse sünergilist efekti, mis väljendub vedelate toodete saagise suurenemises võrreldes arvutuslike andmetega.

Kineetilised parameetrid arvutati Coates-Redferni meetodil. Tehti kindlaks, et põlevkivi ja polümeerjäätmete segude pürolüüsil tuleb segude lagundamisele kulutada rohkem energiat võrreldes põlevkivi pürolüüsiga. 

Koospürolüüsi meetodil saadud andmete põhjal näidati, et polümeerjäätmete lisamine parandab oluliselt vedelate toodete kvaliteeti, väävel jaotub pürolüüsi saaduste vahel teisiti kui põlevkivi pürolüüsil. Uuriti õlifraktsioone, mille keemistemperatuur on kuni 150 °C ja üle selle. Näidati, et tõuseb fraktsiooni kuni 150 °C saagis. Samuti näidati, et polümeerjäätmete lisamine muudab mõlema fraktsiooni rühmakoostist. Rühmakoostise uurimiseks kasutati kolonnkromatograafiat, kus adsorbendiks oli silikageel ja saadud fraktsioonide komponendid määrati GС-MS analüsaatoriga.
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