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INVESTIGATION OF THE THERMAL DECOMPOSITION PROCESS
OF KENDYRLIK DEPOSIT OIL SHALES

Abstract. In the article, experiments on the thermal treatment of Kendyrlik shale by its carbonization and
activation were carried out. First, shale was carbonized in an inert argon medium in the temperature range 25-700 °C
and then activated by water vapor at a temperature of 850-900 °C. The analysis of the elemental composition of the
resulting synthetic gas showed that the highest concentration of combustible gas components (CO, H,, CH,) is
observed at 900°C (in the absence of H,S, low CO; and a small amount of liquid products - resin). Shale pyrolysis
was also carried out in argon medium up to 900 °C. As a result of the analysis of the component composition of
liquid products, it was found that mainly isoalkenes, alkanes and isocycloalkanes are formed. However, the elemen-
tal composition of the produced gas showed that the volume of gas and its caloric content are significantly lower in
comparison with similar parameters for the gas produced during the activation of shale.
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Introduction. Globally, the significance of shale is its value as a source of energy, an alternative to
other types of fossil fuels (for example, oil and coal) [1]. The solution to the problem of the use of oil
shale, especially abroad, is mainly considered in the direction of their processing, with the production of
shale resin - a substitute for oil and artificial gas (a substitute for natural gas). At the same time, the
determining qualitative characteristics are: the content of organic matter and the yield of resin; calorific
value (by class); the content of sulfur, rare and dispersed elements in the initial shale, semi-coking resin,
gas products and ash residue; composition of the products obtained (resin, gas mixture); the ratio of the
yield of the semi-coking resin to the heat of combustion (in groups) [2].

Possessing a high calorific value of combustible mass, shaleis one of the low-grade fuelsdue to the
huge amount of ash. The high content of hydrogen (up to 11%) in kerogen and volatile substances (com-
bustible mass), reaching 80%, makes it possible to utilize shale as a raw material for pyrolysis and
gasification processes, as well as chemical processing for the production of various oils, motor fuels,
phenols, tanning beds, combustible gas, various valuable chemical products for the chemical industry [3].
Liquid hydrocarbons (shale oil-resin), obtained by pyrolysis, are similar in composition to petroleum
hydrocarbons and can be considered unconventional (shale) oil [4].

At present, considerable experience in ground processing of oil shale in off-shore retorting tech-
nology has been accumulated [5]: Galoter Process (GALOTER, Russia-Estonia), Enefit (modification of
Galoter process), Kiviter (Estonia), Alberta-Taciuk Process (ATP) (Australia) , Petrosix (Brazil), Toscoll
(USA), Fushun (China), Paraho Process (USA), Lurgi-Ruhrgas (Germany), Chevron STB (USA), etc.
Energy efficiency of technologies is provided by technological operations optimizing physical and
chemical conditions of the main process - pyrolysis process. The obtained industrial results [5, 6] showed
the high efficiency of the use of oil shales.

One of the most effective shale processing technologies is the Galoter Process technology for the
production of shale oil, motor fuels. This technology is mastered on a large industrial scale in Estonia
(Narva). Using the potential heat of raw materials and economic efficiency, it surpasses all the techno-
logies of thermal processing of oil shale that exist in the world today.
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According to the Kazakhstan Research Institute of New Chemical Technologies and Materials, at
least 25 deposits of oil shale, related to sediments of the Upper Devonian, Lower Carboniferous, Upper
Paleozoic, Middle and Upper Jurassic and Paleogene, have been identified on the territory of Kazakhstan.
They differ in the composition of the initial substance and in the conditions of formation, which to a large
extent determined their quantitative and technological characteristics. The deposits of oil shale in Kazakh-
stan are extremely poorly studied |7, 8].

One of the promising and largest coal-shale basins is the Kendyrlyk basin (East Kazakhstan region),
whose total reserves are estimated at 4,075 million tons, including balance reserves - 708 million tons
[8,9]. It is followed by the Baykhozhinskoye (in Southern Kazakhstan) and the Priuralsky group of
deposits in the west of the country [8].

The main advantage of Kendyrlyk resin is a low sulfur content, which is removed by conventional
methods used in refining petroleum products. In Kendyrlyk shale, the sulfur content usually does not
exceed 1%, and in many other deposits, the sulfur content in shale is 4-7%, and sometimes 9%. The total
thickness of the shale horizons is more than 100 m, the thickness of the beds varies from 1 to 12 m, the
calorific value is 4-15 MJ/kg, the yield of the resins is 4-20% [10, 11].

Therefore, the aim of this work is to study the processes of thermal processing of Kendyrlyk shale for
the production of hydrocarbon products.

Research methods

Humidity, ash content and volatility of oil shales were determined on the Thermogravimetric Ana-
lyzer "ThermosterEltra" (according to ASTM D7582-12 "Standard Test Methods for Proximate Analysis
of Coal and Coke by Macro Thermogravimetric Analysis"). The bulk density, the pH of the aqueous
extract, the adsorption activity by methylorange were determined in accordance with [12, 13].

Elemental shale analysis was performed using energy dispersive X-ray spectroscopy on a SEM
(Quanta 3D 200i) instrument with an attachment for energy dispersive analysis from EDAX at a resolution
of: 3.0 nm at 30 kV (high vacuum mode); <I2 nm at 3 kV (low vacuum mode); with an accelerating
voltage from 200 V to 30 kV and with an increase from x50 to x100000. Elemental analysis is determined
from Be to U. Samples were attached to a copper holder using conductive adhesive paper. Previously, a
thin conducting layer of carbon was deposited on the surface of the samples in a special vacuum
installation for better passage of charges. The energy of the exciting electron beam in the analysis was 15
keV, the working distance was 15 mm.

The thermal decomposition of oil shale was carried out as follows. Previously, the shale was crushed
on a hammer mill (Molot-200) to a fraction of 0.1 mm and granular samples with a diameter of 0.8 cm
were obtained using a tablet press (model 1000). The obtained shale samples were first subjected to heat
treatment at a heating rate of 1-2 deg/min in an inert argon medium in the temperature range of 25-700 °C,
and then activation of shale with water vapor within 850-900 °C. Also, the process of pyrolysis of shales
in an inert argon medium in the temperature range 25-900 °C was carried out at a heating rate of
10-15 deg/min, in order to obtain mainly liquid products (resins).

The elemental composition of the gas (released in the processes of carbonization and activation) and
liquid products (after distillation with the selection of hydrocarbon fractions) was determined on a
Chromos GC-1000 chromatograph.

Results and discussion

TheKendyrlvk oil shale was selected as a subject for research. The results of analyzes of the technical
and chemical composition of shales are presented in tables 1, 2.

Table 3 and figure 1 show the temperature dependences of the gas components obtained as a result of
the carbonization and activation of the Kendyrlik shale. The formation of combustible gas components
(CO, H,, CH,) occurs in accordance with the basic chemical reactions:

2H,0 —>2H,+ 0, 115 700 keal (1)
C + H,0 - CO + H, - 28 150 keal Q)
C + CO,— 2CO — 38 400 kcal 3)
C + 2H, —>CH, + 18 600 keal 4)
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Table 1 — Characteristics of the Kendyrlyk shale

Indicator, wt.% Value
Total moisture, W', 1-10
Ash content, A" 63-73
Volatile substances outlet, V4 20-23
Element composition, wt.%
cof 76.88
HEE 9.27
sS4, 0.23
Nt 125
o%f 12.37
Chemical composition of the mineral part, wt.%
SiO, 582
AlL,Os 17.2
F6203 73
CaO 2.3
MgO 1.0
K,0+Na,O 10.5
SO; 34

Table 2 — Chemical composition of Kendyrlik shales

Element Wt. % Atom. %
C 25.75 37.80
0] 3741 4123
Na 0.56 0.43
Mg 0.96 0.70
Al 4.74 3.10
Si 20.05 12.59
K 1.44 0.65
Ca 5.10 2.25
Fe 3.99 1.26

Table 3 — Temperature dependence of gas components obtained from Kendyrlik shale

Temperature, Gas composition, %
°G 0, | m lco | N |cem | co | ol | CHLCaH
200 - | = | = | = | = | - |s39 030|356 831 | - - 112 -
“lssof = f = f = = | - | 419118245 422 |46 | 693 | 38 2.19
o= faso | = | = f = | - | 198 207|376 449 | 375 | 893 | 324 147
= = feso| = | - | - | 152963406 49 | - | 244 | 275 238
= = = [0 - | - |08 |os7 238 441 | - | 488 | 224 029
= =l = = sso| - |13as] 383|262 221 | = | 398 | 318 0.13
= = =l = f = | v00 | 402|334 128] 665 | 286 | 495 | 224 0.04
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Figure 1 — Temperature dependence of gas components obtained from Kendyrlik shale

The obtained results show that the content of C,-C; hydrocarbons at the whole temperature level is
insignificant and is about 2-6%. In the transition from 450 °C to 650 °C, depending on the concentration
of H, and simultancously increases the content of CO. Beginning at a temperature of 750 °C, the CO,
fraction decreases sharply and a significant increase in the caloric value of the gas is observed, due to an
increase in CO, which is most likely to occur in accordance with the reaction (3). At a temperature of
850 °C, during the activation process, the H, content increases sharply (from 9.57 to 38.3%), due,
apparently, to the supply of water vapor. The total fraction of the combustible gas components (CO, H,
CH,) in-creases and becomes greatest at the maximum shale activation temperature of 900°C. At the same
time, H,S is virtually absent during the entire process of the thermal deposition of oil shale.

The greatest oxygen content at 200-350 °C is associated with the release of pyrogenic water and
oxygen-containing organic compounds, due to the decomposition of the side groups of macromolecules
(since the carbon-oxygen bonds are the least stable in the thermal ratio). With further heating at 450-
650 °C, oxygen is also observed in sufficient quantities (but to a lesser extent) because of the thermal
decomposition reactions of the most thermostable organomineral complexes and the release of the bulk of
the resin and gaseous hydrocarbons. In the temperature range 750-900 °C, decomposition of calcite and
dolomite takes part in the formation of oxygen, the content of which can reach up to 50% in the mineral
shale [14].

Table 4 shows the material balance of the shale activation of the Kendyrlik deposit.

Table 5 shows the elemental composition of the gas obtained as a result of the pyrolysis of the
Kendyrlyk shales.
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Table 4 — Material Balance of Shale Activation of the Kendyrlik deposit

Content Content
# Incoming products Ne Outgoing products
g ey’ % g cm’® %
1 Shale 500 96.2 1 Solid residue 398.0 306.0 76.5
2 Water (saturated steam) 20 7.8 3.8 2 Generator gas 68.4 59.5 13.2
Total 520 100 3 Liquid product (resin) 3.6 3 0.7
4 Water 50 50 9.6
Total 520 100

Table 5 — Gas composition of pyrolysis of shales of the Kendyrlik deposit

Temperature, Gas composition, vol, %
°C 0, H |co,| N | e | co | o | CaHeCaH

ssof = | = | = | = | = | s40 | 308 [275] 940 | 000 | 015 | 348 231

a0 | = | =] = | = | 282 | o 281 | 107 | 141 | 166 | 275 1.16

Sl = a0 | = | = | - | sas | 232 [ 317 93 | oo | o012 | 193 207

= = o | = = | 27 | a7 85| oras | - 44 | 142 0.78

o = - s - | 617 | 603 [412] 525 | 014 | 224 | 029 0.03

= = = = o] sos | oost [ 197 | 493 | - 239 | o01s -

As it can be seen from the data obtained, the most caloric gas (due to the content of the CO gas
generally, 44%) is observed at a temperature of 720 °C, with an insignificant fraction of H, (=5%), the
absence of CH,4 and a small concentration of CO; (9% ). A further increase in temperature to 820 °C
leads to a significant decrease in the caloric value of the gas due to a significant decrease in CO (from 44 .4
to 22.4%). In the course of pyrolysis, when the gas is heated to 900 °C, the C,-C; (up to #6%) and CH,4
(up to 1.5%) gas concentrations are insignificant, the CO, content is significantly reduced (to #2%) and
H,S is practically absent.

In the process of pyrolysis of shales, the vapor-gas mixture was withdrawn to the refrigerator, where
the hydrocarbon vapor condenses to form a shale resin. The liquid products obtained in this process in
the temperature range 350-500 °C were distilled on a rotary evaporator (at temperatures T <55 °C and
T = 55-61 °C under vacuum) with the selection of hydrocarbon fractions. Figures 2 and 3 show the chro-
matograms of the obtained liquid pyrolysis products of Kendyrlyksk shale.

The component composition of fractions of liquid hydrocarbons formed during pyrolysis of shale is
represented by a set of C4-Cyy compounds (arenes, alkanes, isoalkanes, isocycloalkanes, alkenes, iso-
alkenes, isocycloalkenes). According to the results of the analysis (figures 2, 3), the main part of the
products consists mainly of isoalkenes, alkanes andisocycloalkanes. Moreover, the hydrocarbon fractions
obtained after distillation at T = 55-61 °C (under vacuum) have a much wider set of compounds than
whenT <55 °C (under vacuum), mainly due to arenes, isoalkanes, isocycloalkanes.

The material balance of the pyrolysis of the Kendyrlyk oil shale is shown in table 6. The results of the
data show that the amount of liquid products obtained is much larger and the volume of synthetic gas is
smaller compared to similar parameters for products obtained during the activation of shale with water
vapor.
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Figure 2 — Chromatogram of liquid pyrolysis products from Kendyrlyksk shale obtained by distillation at T <55 °C
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Table 6 — Material balance of pyrolysis of Kendyrlyk shale

] Content ] Content
# | Incoming products P Ne Outgoing products P
g cm % g cm %
1 Shale 500 100 1 Solid residue 409.0 371.8 81.8
Total 500 100 2 Generator gas 40.5 352 8.1
3 Liquid product (resin) 29.0 242 58
4 Water 215 21.5 43
Total 500 100.0

Conclusions. The experiments on the thermal decomposition of the Kendyrlyksk oil shale have
shown that during the activation of the raw material with water vapor at a temperature of 900 °C a high-
calorific synthetic gas with a low content of harmful and ballast substances is formed. Such gas may be
suitable for use as an energy fuel (for obtaining thermal and electric energy) and as synthesis gas (CO,
H,). This gas, as well as the resin obtained as a result of pyrolysis (in argon), can be a valuable raw mate-
rial for the production of motor fuels and other chemicals of chemical engineering (phenols, tannins, etc.).

The present work was carried out within the framework of the scientific and technical program No.
0020 / PTF-15 on the topic: "Development of technologies and creation of a pilot complex for deep
processing of Kazakh shales with a feedstock capacity of 250 tons per year", funded by the Science
Committee of the Ministry of Education and Science of the Republic of Kazakhstan.
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b. T. Epmaramoer, H. Y. Hypraames, M. K. Kazankanosa, 7K. M. KacenoBa
TOO «HMHCTHTYT XHMHH YT B TEXHOIOTHM», ActaHa, Kazaxcran

HCCIEJOBAHUME INPOINECCA TEPMHYECKOI'O PA3JIOXKEHHUA I'OPIOUUX CJAHIIEB
KEHABIPJIBIKCKOT'O MECTOPOXKJEHUA

Annotamus., B craThe MPOBCICHBI 3KCIICPHMCHTHI MO0 TCPMHYUCCKOH 00paboTke KCHIBIPIBIKCKOTO ClIaHOa
IMyTeM ero KapOoHW3anwu u akTmparuy. CHavYanaa mpoBOAWIM KapOOHM3AIMIO CIIAHIA B MHEPTHOI Cpeae aproHa B
wHTEpBaAe TeMmeparyp 25-700 °C ® 3aTeM aKTHBALMIO CJIAHIA BOASHBIM MApoM mpu Temmeparype 850-900 °C.
[IpoBeieHHBIH aHANMW3 AIEMEHTHOTO COCTAaBA IIOJIYUCHHOTO CHHTETHYECCKOTO Ta3a IMOKAa3al, 4YTO HAmOOJIbIIas
KOHIICHTPALHS TOPIOUNX KoMIOHSHTOB Ta3a (CO,H,,CH,) mabmoaaercsa mpu 900 °C (mpu otcytcTBum H,S, HH3KOTO
cogepskanmst CO, M MaJIOM KOJIHMYECTBE JKUAKUX IPOJYKTOB — CMOJIBL). TakKe MPOBOAMIN MHUPOIN3 CIAHIA B CpesIe
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aprosa 10 900 °C. B pesympTare aHATMH3a KOMIOHCHTHOTO COCTABA JKHUAKHX MPOAYKTOB BBLBJICHO, UTO 00PA3yIOTCI
MPCHMYIICCTBCHHO H30AJKCHBI, AJKAHBI W H30IMKIOATKAHBL. OTHAKO 3JCMCHTHBIH COCTaB IOJIYYCHHOTO Ta3a
TMOKA3AJL, YTO 00BEM Ta3a M €r0 KANOPHHHOCTH CYMICCTBCHHO HIDKC IO CPABHCHHUIO C AHAJIOTHYHBIMH MApPaMCTPAMH
JUTA Ta3a, BBIACILSIFOIIETOCS B MPOLIECCE AKTHBALMH CIIAHIIA.

Kimouessie cioBa: cnanen, KeHIbIPIbIK, KAPOOHU3ALMS, AKTHBALS, IHPOJIH3, Ta3.

b. T. Epmaramoer, H. Y. Hypraames, M. K. Kazankanosa, 7K. M. KacenoBa
«Kemip xummsics! xxone Texaonorust nHCTuTy 76D JKIIC, Acrana, Kazakcran

KEHAIPJIK KEHIIINIHIH KAHTFbIII CIAHEITIH
TEPMHUAJIBIK bIIBIPAY YPAICIH 3EPTTEY

Annoramusa. Makanana KeHAIpIKCIAHCHIH TCPMUSIBIK OHACY HOTIDKCICPI KCATIPIMTCH. ANABIMCH CIAHCL
aproH KaThICBIHAA, MHEPTTI opraza 25-700 °C temmeparypa HHTEpBaibIHAA KapOpHU3amwsriansi, 850-900 °C rem-
mepatypaza ¢y OyBIMCH aKTHBALHA 9iCiMCH eHACTAl. Ty3UITeH CHHTCTHKAIBIK Ta3AbIH 3JICMCHTTIK KYPAMbIH TATAay
HOTIDKCCIH/IC JKaHFBIN Ta3 koMnoHeHTTipiHiH (CO, H,, CH,) afitapneikrai koHnerTpanuacsr 900 °C Gatikamast (H,S
sKOK, CO; ra3pl MEH CYHBIK 6HIM-IIAHBIPABIH a3 Memmepi Ty3iareH). CoOHbIMEH Katap aproH karbichiHaa 900 °C-ta
CIIAHCUTIH MHPOH3 JKYPrizinai. Ty3iareH cyHbIK 6HIMHIH KOMIIOHCHTTIK KYPAaMBIH TAJIAAy HOTWKECIHIC HETI3iHECH
H30QKCHACP, ANKAHIAP KOHC H30UHKIOANKAHAADP TY3LITCHI AHBIKTAMABL AJalma, TY3UITCH Ta3ObIH 3JICMCHTTIK
KYpPAMbIHAH AHBIKTAJFAHAAW TA3IbIH KOJICMi MCH OHBIH KATOPHACH CIAHCHTI AKTHBALWANAY VACPICI Ke3iHIE
06 IHETIH ra3ablH IAPAMETPICPIMEH CATBICTBIPFAHIA AUTAPIBIKTAH TOMEH CKEHI OafKamIbl.

Tyiiin ce3aep: Takrarac, KeHaipiik, KapOOHU3AMS, aKTHBALI, IIHPOJIH3, Ta3.
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