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Abstract. A review of literature data on the processing of solid types of
combustible fossils into liquid fuels and chemical products has been carried out.
The reserves of solid fossil fuels far exceed the natural resources of oil and gas,
so the development of methods for processing solid fossil fuels into chemical
products and liquid fuels is an urgent task. The main methods of processing
coal and oil shale (OS) are reduced to pyrolysis and supercritical gasification.
Pyrolysis is preferred for processing oil shale into shale oil, and currently a
promising method for processing coal is extraction with supercritical solvents
such as water and CO, at temperatures up to 900 °C and in some cases with
the addition of a catalyst. For oil shale, the gasification process, like pyrolysis,
is carried out under milder conditions, since the mineral part of oil shale
contains trace elements that act as catalysts, and the structure of the organic
part of oil shale is more similar in composition to oil.

Keywords: solid combustible minerals, oil shale, coal, pyrolysis, extraction,
supercritical water, solvent extraction.

1. Introduction

For billions of years, nature has accumulated in the earth’s crust the richest
reserves of carbon in the form of coal and brown coal, oil, gas, and oil shale
(OS). Since the production of oil and gas as the main energy resources
increases, their reserves decrease every year, whereas the existing reserves of
solid fuels, unlike oil, can be used for several hundred years. In this regard,
the processing of solid fossil fuels into chemical products and liquid fuels is
currently an urgent task.
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Of the available types of solid fuels, coal and shale are most suitable for
liquefaction processes, but not all coals in different stages of coalification are
fit for producing liquid products, the yield of which depends on the amount of
volatile substances in coal. Coals in the lignite and sub-bituminous coal stages
have the largest amount of volatile substances, and the yield of liquid products
from stony and anthracite coals is very low, since carbon is firmly bound to
the structures of macromolecules. Coals suitable for liquefaction account for
about 30% of the total coal reserve in the world (1,069,636 million tons) [1].

Oil shale represents one of the potential sources of liquid fuel of the near
future, its reserves are estimated at 6.05 trillion barrels of oil equivalent [2],
while the proven volume of oil is only 1733.9 million barrels [1]. In terms of
the composition of the organic mass, oil shale is more similar to oil than to
coal. Kerogens from oil shales have a relatively high atomic ratio of hydrogen
to carbon (usually 1.2-1.6), at least compared to coals, for which this ratio
is usually less than one. It is the high ratio of hydrogen to carbon that makes
kerogen from oil shales interesting as a potential source of liquid fuel. This is
clearly seen in the molecular models of coal and oil shale (Fig. 1). Described
by J. Shinn [3] (Fig.1a), the molecular model of coal mainly consists of
condensed aromatic rings, whereas the model of the kukersite oil shale from
Estonia (Fig. 1b) consists mainly of aliphatic structures [4].

In 2019, according to Looney [1], coal accounted for 53.87% of primary
energy consumption in Kazakhstan, oil for 22.25%, natural gas for 20.64%,
hydropower for 2.9% and renewable energy for 0.32%. There are over 300
known deposits of fossil coal in Kazakhstan, with geological reserves of
25.605 billion tons [1]. More than 90% of all coal reserves are concentrated in
the central and northern parts of the country. The largest basins are Ekibastuz
(11 billion tons), Karaganda (9 billion tons) and Turgay (5 billion tons). Coal
exports account for about 1% of Kazakhstan’s total exports.

(2)
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Fig. 1. Molecular model of coal (a) [3] and oil shale (b) [4].

There are also several oil shale deposits on the territory of Kazakhstan,
the largest of them is the Kenderlyk coal-shale deposit (more than 6 billion
tons) in the Zaisan depression, which is of practical interest both in terms
of oil shale reserves and their quality. The main world reserves of oil shale
are concentrated in the United States and amount to approximately 6 trillion
barrels. Estonia, with a reserve of 16 billion barrels, is one of the main
producers of shale oil in the amount of 1173 thousand tons per year (t.t./y.) [5],
together with China’s 1748 t.t./y. (approximately 35,000 barrels per day) [6, 7]
and Brazil’s 159 t.m.t. [2].

Coal has been mined and used as an energy source for centuries. The first
recorded use of coal was in China, where it was employed for heating and
metallurgy about 2500 years ago [8]. The first attempts to process oil shale
date back to the beginning of the 19th century with the production of only a
small amount of hydrocarbon raw materials [9].

Until the beginning of the 20th century, coal was the main energy source,
but with the development of oil refining, it lost importance as the main raw
material for the production of motor fuels. With the depletion of oil reserves,
the problem of finding alternative sources of motor fuels becomes more urgent.

The first works on the production of synthetic liquid fuels from coal were
carried out in 1913 by Friedrich Bergius in Germany [10]. Bergius treated
crushed bituminous coal with hydrogen at high temperature and pressure in
order to obtain a liquid product consisting of heavy oils, medium distillates,
gasoline and gases. This method was later called hydrogenation. Afterwards,
other methods of processing solid combustible minerals such as extraction (at
boiling points and under critical conditions of solvents) and pyrolysis were
also widely developed.



220 Zhannur Kadenovna Myitykbayeva et al.

2. Pyrolysis of combustible minerals

Coal pyrolysis is mainly used in the metallurgical industry to produce coke,
which is one of the key raw materials for the production of cast iron and steel.
In pyrolysis processes, the H/C ratio in coal increases due to the removal
of carbon. The coking process involves heating coal in closed containers to
very high temperatures (up to 2000 °C) in the absence of oxygen. In such
conditions, the molecular structure of coal is split into lighter substances with
a lower molecular weight in a gaseous state. A solid porous residue remains,
containing mainly carbon and inorganic ash. Synthesis gas and coal tar
containing benzene, toluene, xylene, naphtha and ammonia are obtained from
the by-products of high-temperature coking [11, 12].

For coal liquefaction, one of the main indicators is the yield of volatile
substances, which is usually 5-30 wt% coal. The largest amount of volatile
substances is formed by coals in the stage of lignite and subbituminous coal,
which are the raw materials for liquefaction by pyrolysis. The pyrolysis of
coal decomposes thermally unstable components and involves the release
of low-molecular compounds, polycondensation of pyrolytic residues,
decomposition and condensation of volatile products, and further formation
of semi-coke or coke [13, 14]. Pyrolysis of coal is divided into two stages
(Fig. 2). At the first stage (300 °C < 550 °C), primary pyrolysis (i.e. initial
thermochemical reactions such as depolymerization of weak bridging bonds
and polycondensation of aromatic rings) leads to the formation of primary
volatile substances (gas) and non-volatile solid residues called semi-coke.
Primary volatiles consist of light gases (for example, H,, CO, CO,, H,0, CH,
and other hydrocarbon gases) and heavy products called resins of composition
C, and more. Semi-coke is obtained as a result of softening, swelling and
sintering of coal particles. The second stage of pyrolysis (550 °C < 950 °C)
is defined as secondary pyrolysis, including the release of secondary volatile
substances and coke formed as a result of polycondensation and curing of the
semi-coke formed at the first stage [15-17].

Low-temperature pyrolysis at a temperature of about 500 °C has historically
been the most preferred thermochemical conversion process for high-quality
oil shales. In this pyrolysis or retorting process, organic matter is converted
into oil (shale oil), gas and solid residue (semi-coke). The pyrolysis process
can be carried out by extracting oil shale and producing oil by heating it in
ground installations, or by heating oil shale underground without extracting it
and bringing it to the surface (underground retorting).

The processing of oil shale is mainly carried out by surface pyrolysis
(retorting). To date, there are many methods of surface pyrolysis using
different reactors. More than 20 methods of surface pyrolysis and more than
10 methods of underground pyrolysis have been described by Speight [19, 20].
Underground pyrolysis eliminates many of the problems associated with
the extraction, processing and disposal of large amounts of waste that occur
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Fig. 2. Pyrolysis of coal [18].

during surface pyrolysis. Also, underground pyrolysis opens up opportunities
for the extraction of shale oil from oil shale of thin and deep occurrence [20].
Currently, only four technologies are in commercial use, these are Kiviter,
Galoter, Fushun and Petrosix [21].

Trace amounts of metals are contained in the oil shales of the Fushun,
Maoming, Green River and Estonian deposits [22]. These elements act as
catalysts in the pyrolysis of oil shales, enhancing pyrolytic reactions [23].
Korb et al. [24] used nuclear magnetic resonance (NMR) to study the organic
structure and pore surface of minerals in oil shale in the presence of water,
oil and gas and characterized the wettability of oil shale to investigate the
possibility of on-site extraction of oil shale. The pyrolyzed compositions of
organic substances were identified at 350-450 °C in Maoming oil shales,
which included 272 inorganic compounds, 221 aromatic compounds and 81
alkanes and alkenes [25]. Shi et al. [26] demonstrated that the yield of shale oil
from the Chinese Yaojie shale was about 85% during pyrolysis in the Sanjiang
furnace at 550—-700 °C, and the shale oil mainly consisted of diesel fuel and
heavy components. The use of the NMR method to evaluate the properties
of the kerogen and pyrolysis residues showed that the oil shale retorted in an
open system at 500 °C contained larger aromatic clusters and more protonated
aromatic fragments than in a closed system at 360 °C [27]. Alstadt et al. [28]
compared the spectra of light and dark areas of oil shale samples and found the
former areas to have a higher kerogen content, while the latter areas contained
more mineral components (clay minerals, dolomite, calcite and pyrite).
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Fig. 3. Pyrolysis of oil shale [18].
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During pyrolysis, the organic matter in oil shale decomposes, and volatile
products are removed, while solid semi-coke or coke is formed [29, 30].
Essentially, pyrolysis of oil shale involves the decomposition of kerogen into
bitumen, followed by decomposition into shale oil, gas, carbonaceous residues
and pyrolytic water. It is important to note that carbon residues are mixed with
minerals to form solid residues called semi-coke or coke [31-33]. In detail, the
pyrolysis of OS can be mainly divided into two areas, as shown in Figure 3.
The first region (300 °C < 500 °C) is the primary pyrolysis of kerogen with
products in the form of oil, semi-coke, gas and water, the second region
(500 °C < 900 °C) is the secondary pyrolysis of semi-coke formed in the
primary pyrolysis region, which is processed into coke, gas and water [34-36].

Chinese scientists employed also another method of pyrolysis, in which oil
shale was heated underground using superheated water vapor up to 500 °C [37].
98% of China’s oil shale reserves are unsuitable for surface processing
processes [37]. Also, for many areas of oil shale occurrence in the Green
River field of the USA, underground mining is more optimal. At the same
time, for the open-pit extraction of oil shale, deposits with a thick layer are
suitable, which make up 15% of the reserves of the Green River deposit [19].
Therefore, pyrolysis underground is considered the best option for processing
oil shale for deposits in China and the United States. The following
experimental conditions were used for pyrolysis of oil shale underground:
wells for the transfer of coolant located every 50-200 m; fracturing of the
oil shale formation along the fuel layers by hydraulic fracturing methods; the
steam temperature of 500 °C, which provided sufficient heat for pyrolysis of
kerogen. Kang et al. [38] obtained a 70.7% oil yield from the total volume of
oil shale, and in the pyrolysis zone itself, the yield reached 95%.
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Fig. 4. Test system for pyrolysis of oil shale and extraction of oil and gas under-
ground [38]: 1 — an acoustic emission system, 2 — a press machine with a capacity
of 1000 tons, 3 — an automatic temperature and pressure control system, 4 — a heater,
5 — a water pump, 6 — a gas heater, 7 — concrete, 8 — the main chamber, 9 — wells,
10 — sample cracking detection systems, 11 — steam injection pipelines, 12 — seals,
13 — liquid cooling and separation systems, 14 — flow meter, 15 — liquid products
output.

The pyrolysis process is still relevant for the production of shale oil from OS,
as it is carried out at relatively low temperatures. Of the two types of pyrolysis
of oil shale, pyrolysis underground is the most promising today, since it has
such advantages as the absence of a large amount of residue and problems
with the disposal of these wastes. Pyrolysis using heated water vapor as a
coolant to produce shale oil underground is a promising processing method.
The only disadvantage of this method is the long heating of the rock and heat
removal after pyrolysis. Pyrolysis of coal is mainly used to produce coke, and
the yield of liquid hydrocarbons is only a small part of the products obtained.
Figure 4 shows the test system for pyrolysis of oil shale and extraction of oil
and gas underground.

3. Solvent extraction

The solvent extraction process can be divided into two main types: solvent
extraction at boiling points and solvent extraction under supercritical
conditions.

3.1. Solvent extraction at boiling points

Extraction at boiling points of solvents has long been used to obtain valuable
chemical products, in particular, rock wax from brown coals, lignites and
peat. Coals of different types and stages of metamorphism swell at relatively
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low temperatures, and a wide range of products can be extracted from them.
Swelling is a consequence of the solvent “dissolving” in coal, and experimental
data indicate that the process of coal swelling is reversible [39]. Numerous
works of scientists show that much depends on the properties of the coal
under study, such as the degree of metamorphism [40], the yield of volatile
substances, and the petrographic component [41], as well as on the nature of
the solvent that determines the temperature of the process [42]. It is at the
boiling points of solvents that the greatest yield of products is observed. The
yield of products is also influenced by the dimension of the solid fuel powder
and the number of cycles of use of the condensed solvent. The solvents used
can be divided into three groups:

1. neutral solvents, which include aliphatic hydrocarbons, aromatic hydro-
carbons (benzene, toluene, naphthalene), oxygen-containing substances
(ether, alcohol, ketone), chlorine-containing substances (chloroform,
carbon tetrachloride), sulfur-containing substances (carbon disulphide);

2. mixed solvents, such as anthracene oil;

3. solvents of a basic nature, which include nitrogen-containing substances
(of which pyridine, aniline and quinoline are the most studied) (Table 1).

Table 1. Extraction at boiling point of solvents

No | Solvent Boiling point Extraction yield References

o 0.34-0.85% from oil shale
I | Benzene 80.1°C 1-1.5% from brown coal [43-43]

2 | Hexane 68 °C 5-7% from brown coal [46]
3 Chloroform 39.6 °C 1-9% from brown coal [47]
4 | Pyridine 115°C 22-44% from brown coal [48-50]

0.84-2.43% from oil shale,
8—14% from coal

6 | Methylpyrrolidone | 202 °C 43.9% from brown coal [52]
1-2.06% from oil shale,

5 | Tetrahydrofuran 66 °C [43, 45, 51]

7 | Toluene 110.6 °C 24-25% from coal [53, 54]
8 Acetone 56 °C 0.55-1.16% from oil shale [45]
9 | Carbon disulfide 46.3 °C 0.28-1.09% from oil shale [45]
10 | Anthracene oil 340 °C 30-35% from coal [55]
11 | Carbazole 354.7 °C 19-45% from coal [55]
12 | Phenanthrene 340 °C 32-56% from coal [55]

13 | Morpholine 129 °C 23-33% from coal [55]
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Benzene extraction in the Soxlet apparatus gives a different bitumen yield
for various combustible fossils. So, for peat from 8.0 to 22.5% and for brown
coals, the yield of bitumen reaches 15%; benzene extracts about 0.5-1% of
bitumen from hard coals [56]. Benzene extracts 1-1.5% of bitumen from
brown coal deposits in the USA (Upper Freeport, Pittsburgh and Lewiston-
Stockton) [44]. Fom the combustible shales of the Chang-7 deposit (China),
when using benzene, the extract yield was 0.34-0.85% [43, 45]. Also, acetone,
carbon disulfide and tetrahydrofuran with yields of 0.55-1.16%, 0.28—-1.09%
and 0.84-2.43%, respectively, were extracted from the oil shales of the
Chang-7 deposit (China) using solvents. Tetrahydrofuran extracts 8—14% of
the organic mass from Pingdingshan bituminous coal (China) (Table 1) [51].

The alcohol-benzene mixture makes it possible to isolate from brown coals
from 2 to 20% of the organic mass, for hard coals this value reaches 3%,
decreasing to 0% with an increase in the degree of carburization [56]. Toluene
extracts 1-2.06% of the organic mass from the New Albany oil shale (USA),
and 24-25% of bitumen was extracted from Recklinghausen coal (Germany),
in which more than 20 polycyclic aromatic compounds were found [53, 54].

Hexane with a relatively low boiling point extracts bitumen from brown
coal in the range of 5—7% [46].When extracting lignite coals from Bulgaria,
Serbia, Poland and the Czech Republic, 1-9% of lipids from the total mass
of coals were isolated by chloroform, which, according to infrared (IR)
spectroscopy, are predominantly aliphatic in nature [47].

When pyridine is extracted, 10 to 20% of substances is extracted from
fatty coals [56]. 22 to 44% of organic compounds pyridine is extracted from
various brown coals [48—50]. Aniline extracts 26.8% of organic substances
from fatty gas coal. As the degree of carburization increases, the yield of
extracted substances decreases — the yield from bold coal is 7.2%, and aniline
extracts only 1.8% from lean coal [56].

The amount of extracted substances also directly depends on the boiling
point of the solvent, since with its increase, not only dissolution occurs, but
also the destruction of intermolecular bonds [52, 55]. Methylpyrrolidone with
a boiling point of 202 °C extracts 43.9% of the organic mass from brown coal
and lignite deposits in Turkey [51].

Anthracene oil, carbazole and phenanthrene, with boiling points in the
range of 340-350 °C, were extracted from Indian coals at 30-35%, 19—45%
and 32-56% of organic mass, respectively [55]. Substances extracted by other
neutral solvents having a higher boiling point than benzene or an alcohol-
benzene mixture are not bitumen. Benzene dissolves only 30-50% of all
substances extracted with pyridine, and the bulk of organic substances consists
of alkanes (paraffins) C -C, .

These data indicate that the organic mass of oil shale (kerogen), unlike that
of coal, is more stable towards the effects of organic solvents, and the use of
the extraction process is not considered effective in the case of kerogen. In
contrast, up to 60% of organic substances can be extracted from low-grade
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metamorphism coals at boiling points of solvents. The yield of the extract
when using the same solvent for different coals may differ greatly, and this may
be due to the nature and chemical properties of coals. In addition to the extract
output, there are problems associated with the harmfulness of solvents [57].
For example, of polar solvents, only acetonitrile is partially approved for
use as a solvent. At the same time, all hydrocarbons are harmful, but their
harmfulness decreases with the addition of the CH, group as follows:
benzene — toluene — xylene. All alcohols and ketones are recommended for
use as a solvent, but they have not found application in extraction from coal
and oil shale [58].

3.2. Solvent extraction under supercritical conditions

Solvent extraction under supercritical conditions is one of the most promising
methods for obtaining products from solid combustible minerals. This is due
to the fact that many solvents under supercritical conditions exhibit properties
that are unattainable under normal conditions, for example, superfluidity, low
viscosity and lack of surface tension (Fig. 5). Supercritical extraction has a
number of significant advantages over organic solvent extraction: the extract
does not need to be cleaned from the solvent (environmental friendliness of
the process); in some cases, extraction can be selective by controlling the
density of the solvent.

Table 2. Critical parameters of various solvents

Critical temperature, T | Critical pressure, P_ | Critical density, p_,
Solvent

K MPa (atm) g/em?
Carbon dioxide 303.9 7.38 (72.8) 0.468
Water 647.096 22.064 (217.755) 0.322
Methane 190.4 4.60 (45.4) 0.162
Ethane 305.3 4.87 (48.1) 0.203
Propane 369.8 4.25(41.9) 0.217
Ethylene 282.4 5.04 (49.7) 0.215
Propylene 364.9 4.60 (45.4) 0.232
Methanol 512.6 8.09 (79.8) 0.272
Ethanol 513.9 6.14 (60.6) 0.276
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Table 2 (continued)
Critical temperature, T | Critical pressure, P_ | Critical density, p_,
Solvent
K MPa (atm) g/em?
Ammonia 405.3 11.35(115.7) 0.322
Xenon 289.5 5.84 (58.4) 1.110
Benzene 425 3.75 (37) 0.302

Of the above-listed solvents (Table 2), water and CO, are the most
interesting under critical and supercritical conditions, since the cost of these
solvents is relatively low, and the critical conditions of CO, are relatively
mild compared to other solvents. For CO,, the critical point is T. = 31.0 °C
and P =7.38 MPa, and the conditions above and below are supercritical and
subcritical, respectively.

Low density

0.34 g/cm3
High diffusion

coefficient
1*1078 m%/s

Low iron product
10° mol?/kg?

High thermal SUPercritical Low dielectric

conductivity water constant 1.2

Low dynamic High dissolution
viscosity performance for
4,5%10-5 Pa*s organics and gases
Weak hydrogen
bonding
-16.63 kJ/mol

Fig. 5. Characteristics of supercritical water (SW) [59, 60].

Under supercritical conditions of water vapor and CO,, the process takes
place at the gasification stage and the main products are H,, CO, and CH,.
When studying the possibility of processing coal and oil shale, water vapor
has been mainly used in critical conditions recently.
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3.2.1. Extraction from coal

Extraction under supercritical conditions of solvents is a multiparameter
process, which is influenced by the following parameters: temperature,
pressure, liquid:raw materials ratio, addition of oxidizer, and catalyst. Chen
et al. [61] provided an overview of data on parameters affecting the process
of supercritical coal extraction by water. The main data from this review are
presented below.

The effect of temperature on supercritical gasification with water.
Temperature is one of the most important factors for supercritical water
gasification (SWQ) technology [62—65]. When the temperature reaches the
level of 800-950 °C, the efficiency of coal gasification (ECG) approaches
100%, while the proportion of hydrogen in the products reaches 60% and the
proportion of methane decreases [62, 66, 67].

The effect of pressure on supercritical water gasification. The effect of
pressure on the characteristics of the process is complex. Li et al. [62] noticed
that the change in the efficiency of gasification with the formation of H,, CO,,
and CH, fractions was small with a change in pressure. Jin et al. [66] showed
that the peak of the H, fraction was observed at 25 MPa, and with increasing
pressure, the characteristics of gasification changed little. Similarly, in an
experiment on supercritical coal gasification with water conducted by Wang
et al. [68] it was also found that pressure had little effect on gasification
efficiency and gas composition. The mechanisms of pressure influence on
gasification characteristics are very complex. In the SWG reaction itself, the
reaction takes place in two stages: the first is the ionic reaction stage and the
second is the free radical reaction. The ion reaction is facilitated under high
pressure, but high pressure also has a positive effect on the gasification of
SWG [69]. For example, high pressure leads to an increase in the density of
supercritical water and ion reaction products. Therefore, hydrolysis reactions
and extraction of volatile components from coal and pyrolysis reactions
proceed under high pressure.

The effect of reaction time on supercritical water gasification. Atthe average
temperature of the process, it takes a long time to establish the equilibrium of
the reaction. As a rule, an increase in reaction time can increase the overall
ECG. Lan et al. [70] indicated that the ECG increased from 24.24% to 42.36%,
and the gasification efficiency (GE) increased from 50.05% to 93.09% when
the reaction time increased from 4 min to 15 min. The molar fraction of H,
increased from 39.83% to 45.53% when the reaction time increased from
4 min to 10 min. Jin et al. [71] discovered that the ECG increased from 33.89%
to 37.96%, and the H, yield increased from 11.53 mol/kg to 14.92 mol/kg
with increasing reaction time. Meanwhile, the ECG was found to increase
significantly with time increasing for 1 minute, but the tendency of the ECG to
increase weakened when the time increased from 1 minute to 2.3 minutes [67].
However, Jin et al. [71] indicated that the ECG increased only slightly when
the reaction time had tripled. The ECG first increased and then decreased with
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increasing flow, and the same change in hydrogen yield was also observed. The
reason was that a higher flow rate led to a stronger heat and mass transfer in a
continuous reactor [72]. Jin et al. [73] adopted a kinetic model for predicting
the distribution of products in the SWG process.

Influence of the liquid:raw materials ratio for supercritical water gasification.
The effect of coal concentration on coal SWG is significant. A higher concen-
tration means a greater processing capacity of the SWG process. However,
many studies have shown that during the gasification of raw materials with
a high concentration of coal, a large number of charring products are formed
(carbon structure remaining after thermal processes or semi-coke) [74]. The
efficiency of coal gasification decreases and the proportion of H, and the
yield of H, decrease with an increase in the concentration of coal [67, 71,74, 75].
The reasons for these phenomena are as follows: 1) the mass exchange between
water and coal decreases and 2) the high concentration of coal facilitates
the methanation reaction by increasing the proportion of CH, and CO and
reducing the proportion of H, and CO,,.

The effect of an oxidant additive on supercritical gasification with water.
Many researchers carried out partial oxidation of various model compounds
in supercritical water (SW) and pointed out that the oxidation reaction in SW
can significantly improve the characteristics of gasification and reduce the
formation of charring (semi-coke) [67, 70, 76, 77]. When an oxidizer (oxygen
and peroxide) is added to the SW, the carbon contained in the coal can be
oxidized by gaseous products, which can also be oxidized. For example,
hydrogen can be oxidized to water, and CO can be oxidized to CO,. Thus,
when an oxidizer is added, the efficiency of carbon gasification increases but
the yield of combustible gas decreases.

The effect of the catalyst on supercritical water gasification. To improve the
characteristics of gasification and reduce the reaction temperature for complete
gasification, the process of catalytic combustion of coal was studied in detail
[70, 78, 79]. The catalysts used for coal SWG can be both homogeneous and
heterogeneous.

Homogeneous catalysts, which are used in the processes of supercritical
coal gasification, are well soluble in water. Wang and Takarada [80] carried
out the SWG of coal with a batch reactor and came to the conclusion that the
extraction of volatile substances was accelerated and coal production was reduced
by using Ca(OH), as a catalyst. Li et al. [62] conducted a catalytic SWG of
coal and found Raney-Ni to be inferior in its catalytic characteristics to K,CO.,.
Geetal. [81] carried out the SWG of coal with the addition of various catalysts.
The results showed that the yield of H, relative to the alkaline catalyst varied
in the following order: K,CO, = KOH = NaOH > Na CO, > Ca(OH), [81], and
NaOH and KOH had the best catalytic characteristics. The reason was that the
melting points of NaOH and KOH were 318.4 °C and 361 °C, respectively.
Thus, NaOH and KOH in the SWG are in a molten state, which can increase
the rate of mass transfer between catalysts and coal. Without the addition of
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a catalyst, carbon reacts with the H O gasification agent in the SWG to form
CO, which will contribute to the water-gas shift reaction and the methanation
reaction [82]. H O oxidizes Me,0O-C to form Me,O,~C and H,, creating a
cycle that allows such oxidation to continue [81].

Along with the catalysts in the form of alkali metals mentioned above,
heterogeneous catalysts are often used to improve the characteristics of
the SWG gasification process. Compared to catalysts based on alkali
metal compounds, heterogeneous catalysts have many advantages, such
as high activity and the lack of corrosion problems. It is proven that metal
catalysts containing Cr, Co, Ni, Mo, W, Zn, Ru, and Rh improve gasification
characteristics during the subcritical/supercritical gasification of water and
inhibit the formation of charring [83]. Some studies have shown that Ru is the
most active catalyst [84], and the C—C bond is effectively destroyed when using
Ru [85]. In addition, the carriers of metal catalysts have a significant effect on
the characteristics of gasification [86]. A proper catalyst carrier must have
high recoverability and the ability to accumulate oxygen [87]. Yu et al. [88]
conducted a series of experiments on the gasification of brown coal in SW
with the production of hydrogen. The efficiency of gasification, gas yield and
hydrogen production increased significantly when Ru deposited on CeO,-ZrO,
was used as a catalyst. Guan et al. [89] found that when using 0.5 kg/kg
Ru/CeO, (5%), the efficiency of carbon gasification increased by about 90%,
and the yield of gaseous substances increased from 60% to 150% with a
significant acceleration of the hydrogenation reaction.

As already mentioned, heterogeneous catalysts are easily restored, but the
activity of catalysts decreases after restoration [89]. The efficiency of carbon
gasification is 83.5% and 60.7%, respectively, when using fresh and reused
catalysts [88]. Reducing the surface area of the catalyst can also lead to a
decrease in the activity of the catalyst. The implementation of the reuse of a
heterogeneous catalyst under the condition of high gasification efficiency is an
urgent problem that needs to be solved.

3.2.2. Extraction from oil shale

Supercritical water extraction is widely used for coals of different stages of
metamorphism. Catalytic SWG is especially interesting, and supercritical
extraction from oil shale, unlike coal, has been studied less. However, there is
evidence of the influence of some process parameters on the extraction from
oil shale.

Studies have been conducted on the catalytic effects of FeCl,, CoCl,, NiCl,
and ZnCl, on the gasification of oil shale in a fixed bed reactor, and it has
been shown that the use of CoCl, and NiCl, gives a good catalytic effect [90].
The addition of iron chlorides FeCl, and FeCl, in the form of solutions to the
supercritical gasification process at a temperature of 350 °C and a time of
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20-70 hours increases the yield of gaseous substances up to 58.5% and also
reduces the time (40 hours) of maximum kerogen gasification by 43%, while
the conversion reaches 97.3% (FeCl,) and 95.4% (FeCl,) [91, 92].

When the temperature of the oil shale SWG changed from 500 °C to 700 °C,
the gas output was increased from 56.24 to 161.08 I/kg [93]. Nasyrova et al.
[94] carried out extraction from oil shale at 320 °C and 374 °C, as a result,
the gas yield increased from 39.63% to 48.24%. Lu et al. [95] performed
pyrolysis and SWG from the oil shale of the Fushong deposit (China) at
equal temperature limits to determine the kinetics of changes in the yield of
products. At temperatures of 350 °C and above, the reduction in the mass of oil
shale is higher at supercritical extraction, reaches a maximum at 450 °C and
is 12.3%. In the graphs of the kinetics of changes in the yield of gas products
(H,, CO, CH,, CH,, CH,, C,), at a temperature below 360 °C, 60% of gas
products is CO,, and at a temperature of 450 °C, the amount of hydrocarbon
gases increases to 58%, while the total amount of H, and CO, decreases to
42%. An increase in the amount of hydrocarbon gases has a positive effect
on the quality of the resulting product. 68.6% of the products was extracted
by SWG from Moroccan Tarfaya oil shale at a temperature of 390 °C and an
extraction time of 150 minutes [96]. Chham et al. [97] used different solvents
and wastewater from the olive oil production plant under sub- and supercritical
conditions. At 374 °C and 132 bar, they obtained a maximum yield of 26.16%
from the Moroccan Timahdit oil shale. With sub- and supercritical extraction,
when the temperature rises, the process turns into gasification. For example,
from the Natih B formation (Oman) oil shale at 300 °C, the yield of liquid
products was 11.7% and with an increase in temperature to 400 °C, the yield
of liquid products decreased to 10.1% and that of gas increased from 19.6% to
66.34% [98].

With an increase in the extraction time from 75 to 350 hours, the amount of
C,—C, hydrocarbons increased from 1.5% to 3.5% [99]. The influence of time
(012 hours) on the yield of products at 750 °C and 24 MPa was studied using
the oil shale from the Bohai Bay Basin deposit. When the extraction time
reached 8 hours, the H, content increased to 41.3%. Also, with an increase in
the extraction time from 0 to 8 hours, the gas output increased from 136.1 to
257.4 1/kg [93]. Kang et al. [92] noted that with an increase in the extraction
time from 20 to 90 hours, the extract yield increased from 9% to 18%. Yang et
al. [100] established that with time increasing from 2.5 to 4 h, the H, content
decreased from 87.6% to 62.6% and that of CO, increased from 0.81% to
33.15%

In addition to using water as a solvent, several studies have employed
CO,, aromatic solvents (such as benzene, toluene) and ethanol for extraction
[96, 97, 101, 102]. CO, as a cheap solvent is very interesting in supercritical
extraction, and the main efforts of researchers in recent years have been
directed at studying the wettability effect of coal and oil shale. Evaluation of
the influence of the parameters of the supercritical extraction process, such
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as temperature, pressure and time, on the number of cracks and the volume
of pores in the rock appearing during the process allows us to evaluate the
possibilities of extracting shale oil from hard-to-reach shale formations
[103-105].

In supercritical extraction, the conversion of organic mass is not as
important as the composition of the resulting products. This is because when
the conversion of extraction processes reaches 99%, the composition of gases
mainly consists of CO,. Also, in the case of different oil shales, the composition
of the products obtained varies, and sometimes the process parameters affect
the H, and CO, content differently. The extraction processes of oil shale and
coal differ in temperature. For coal extraction, temperatures up to 900 °C are
used, whereas for oil shale the range is 400-450 °C, which is two times lower.
This is due to the structure of the organic mass in solid fuels, in oil shale this
mass consists of lighter hydrocarbons.

4. Conclusions

This article reviews the literature in the field of solid fuel processing. The

following main conclusions can be drawn from this review:

1. In determining the possibilities of using solid combustible fossils to
produce synthetic fuels, the structure of the organic mass and the H/C ratio
play an important role. Oil shale in this direction is very important.

2. The most preferred process for processing oil shale is low-temperature
pyrolysis at a temperature of about 500 °C. A more promising imple-
mentation of the pyrolysis process is heating oil shale underground using
superheated water vapor as a heat source, with the output of shale oil and
gas processing products to the surface. At the same time, trace elements
that are part of the mineral part of the shale can act as catalysts.

3. Despite the fact that 60% of the extract yield is achieved by solvent
extraction at boiling points from coals, the environmental friendliness of
these solvents is under doubt. At the same time, ecological solvents give
no significant results. In the case of oil shale, this method is completely
ineffective.

4. When extracting oil shale with solvents under supercritical conditions
(500700 °C), high yields of mainly gaseous products (H,, CO,, CH,) are
obtained. Therefore, studies of such energy-consuming processes are less
effective, differently from pyrolysis at 500 °C.

5. For the production of organic substances from coal, the most promising
method is solvent extraction under critical conditions. In this direction,
water and CO, are the most interesting solvents in critical and supercritical
conditions with the addition of easily restored heterogeneous catalysts.
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