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Abstract

The article summarizes the results of the studies performed at the Institute of Chemistry and Chemical
Technology of the SB RAS from 1998 to 2014 in the area of thermocatalytic transformations of brown and
sapropelite coal into gaseous and liquid fuels, binding and carbon materials. The fundamentals were devel-
oped for the autothermal process of brown coal carbonization in a fluidized bed of catalyst with obtaining
semi-coke and carbon sorbents. Additionally, the simultaneous preparation of fuel gas and syngas based on
parallel operation of two fluidized bed reactors that are pyrolyser and gasifier was studied. Due to the use
of a fluidized bed of catalyst particles during oxidative carbonization of brown coal, we managed to combine
in one apparatus the processes of combustion and thermal treatment of coal. Metallurgical slags capable of
oxidizing volatile substances released from coal were used as catalysts at elevated temperatures. The devel-
oped method allowed regulating the degree of coal carbonisation and, respectively, the properties of the
resulting carbon products by changing the consumption coefficients of powdery coal and air fed to the
reactor. Herewith, the depth of thermal treatment of coal and such characteristics of the resulting carbon
product, as the heat of combustion, a content of volatile substances, its chemical composition and porosity
were changed. Only the most reactive part of fuels was gasified in a catalytic boiling layer in a mode of
partial gasification of coal and the porous carbon product was formed, the latter could be used as a sorbent.
It was proposed to produce syngas by using a pyrolyser-gasifier. Semi-coke formed during brown coal
carbonization in a pyrolyser was raw materials for steam gasification. Since the major part of volatile sub-
stances was already removed from semi-coke, the release of resinous products did not accompany its gasifi-
cation. Therefore, the product gas did not require expensive purification from impurities before its use in
synthesis processes. New methods for the preparation of liquid fuels and road binders were proposed. They
were based on the process of hydrogenation of brown coal and its mixtures with oil residues and synthetic
polymers in the presence of mechanically activated iron-ore catalysts in the environment of hydrogen donor
solvents. Products of joint refining of brown coal, oil residues and synthetic polymers wastes were used to
obtain road binders, and it was proposed to obtain modifiers for paving asphalt based on oil-resistant rub-
bers and liquid coal products. The optimum conditions for thermal refining of sapropelite coal in a fluidized
bed reactor were selected. They provided the increased yield of liquid products in comparison with the
known processes of semicoking of coal. The composition of the products allowed their refining by standard
oil refining technologies.

Keywords: coals, brown, sapropelite, thermocatalytic refining, products, synthetic fuels, solid, gaseous, liquid,
binding and carbon materials, properties, use

INTRODUCTION

Coal is environmentally more hazardous en-
ergy raw material compare to other types of fos-

sil fuels. Reducing damage to the environment
from coal energetics is achieved by using less en-
vironmentally hazardous gaseous and liquid fuels
obtained by thermochemical refining of coal [1].
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Fig. 1. Scheme of pilot setup for autothermal carbonization of pulverized coal.

To increase the efficiency of processes of deep
refining of coal it is advisable to use catalysts
that intensify the process, increase the yield of
target products and reduce the formation of
hazardous emissions [2, 3].

Unlike processes of conversion of liquid and
gaseous hydrocarbons, the use of catalysts in
refining of fossil coals is currently limited in
scope. This is related to difficulties of the de-
veloped surface of contact of the catalyst with
solid raw materials required for the efficient
catalytic effect for process underway, and also
to the need to address catalyst deactivation
problems by various impurities contained in coal
and issues of catalysts regeneration [4].

Various approaches were used to overcome
these problems. This review considers some of
them developed under the direction of the au-
thors on an example of thermocatalytic processes
for obtaining synthetic fuels, binding and sorp-
tion materials from brown and sapropelite coal
that are promising for industrial use.

OBTAINING SOLID FUELS AND CARBON SORBENTS

FROM BROWN COAL

Refined or clean coal, synthetic gaseous and
liquid fuels obtained by chemical refining of coal
refer to environmentally friendly fuels of coal
origin. Emission of harmful substances during
combustion of these synthetic fuels is much low-
er than when using raw coal.

Refined solid fuel (RSF) has a higher heat
of combustion than that of brown coal. There
are specific user requirements that allow dis-
tinguishing several varieties of RSF. Thus, fuel
for power boilers with a pulverized-coal com-
bustion system is better ignited and burns at a
high content of volatile substances and increased
hydrogen/carbon ratio. On the contrary, these
indicators should be minimum for process fuel
designed for use in metallurgy.

The use of fine raw materials lifts some dif-
fusion restrictions on heat and mass transfer
and substantially increases the performance of
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setups. With all the variety of technological
methods used in these technologies, all of them
are based on the allothermic principle of treat-
ment of raw materials. Heat to maintain the
process is obtained in the furnace due to com-
bustion of a part of products of thermal de-
composition of coal. This is often used for warm-
ing up a heat carrier (solid or gaseous) that is
later transported to apparatuses for thermal
decomposition of coal, where heat is transferred
to the processed raw materials.

The process of autothermal oxidative car-
bonization of brown coal being developed at the
Institute of Chemistry and Chemical Technolo-
gy SB RAS is an example of autothermal tech-
nology of obtaining RSF [5]. We managed to
combine in one apparatus processes of combus-
tion and thermal treatment of coal due to using
a fluidized bed of catalyst particles (Fig. 1).

Dried coal dust is supplied to an apparatus
with a fluidized bed of a catalytically active ma-
terial. Metallurgical slags that at elevated tem-
peratures have a catalytic activity in reactions
of oxidation of volatile substances released from
coal are used as this material. Fine fuel enters
into the lower part of a preheated fluidized bed
of slag, passes through it in the upward flow of
air. Herewith, coal is heated and emits volatile
substances that are oxidized on the surface of
catalytically active slag. Heat released during
catalytic oxidation of volatile substances allows
ensuring proceeding the process of thermal treat-
ment of coal in autothermal mode.

  This method allows regulating the degree of
carbonation of fuel and, accordingly, RSF prop-
erties by a change in discharge coefficients of sup-

plied crushed coal and air. Herewith, the depth
of thermal treatment of coal and such character-
istics of the resulting solid product as heat of com-
bustion, the content of volatile substances, its
chemical composition and texture are changed.

Different fractions of lignite semi-coke ob-
tained by autothermal carbonization in co-cur-
rent flow were characterized by different prop-
erties of porosity and sorption activity (Table 1).

Experimental results demonstrated that sep-
aration of a fine fraction of semi-coke (less than
0.090 mm) enabled to significantly reduce ash
content in the target product. Carrying out this
technical solution allows obtaining about 9 % of
the main fraction of semi-coke (0.090�0.350 mm)
with ash content of 10.4�11.2 % during ther-
mal treatment of coal with initial ash content
of about 9 %. Ash content of initial polydisperse
semi-coke obtained at the same parameters is
18.6 %. It is known that the formation of the
porous structure of brown coal proceeds in two

TABLE 1

Change of semi-coke characteristics by fractions

Fractional composition, mm Ash content Àd, % Total porosity, cm3/g Iodine activity, %

    0�0.063 31.62 0.30  9.40

0.063�0.090 20.63 0.33 10.64

0.090�0.140 12.98 0.36 13.09

0.140�0.200 11.43 0.38 12.76

0.200�0.315 11.02 0.38 22.88

0.315�0.400 10.97 0.31 17.36

Polydisperse semi-coke 18.60 � 18.20

Note. Semi-coke was obtained under the following conditions: 810 °Ñ, treatment time of 0.16 s, treatment depth
of 0.4 s, initial  coal concentration of 0.94 kg/m3.

Fig. 2. Effect of the composition of gas medium on pore
size distribution: 1 � flue gases from combustion of diesel
fuel, 2 � the same with addition of up to 40 vol. % of
water vapour.
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stages: the formation of macro/mesoporous
structures occurs at the first stage resulting
from pyrolysis under conditions of thermal shock
for the time about 0.1 s, the development of mi-
cropores resulting from the interaction with the
gaseous reactants present in the reaction zone
happens at the second stage, the duration of
which is several seconds [6].

The effect of the composition of gas medi-
um on the pore-size distribution in lignite semi-
coke obtained in the co-current flow passing
through a fluidized bed of catalyst illustrate
these data given in Fig. 2.

A significant increase in pore volume with a
size of about 5 nm happens in the gas phase
for quite a short time of thermal treatment
(1.2 s) during an increase in the concentration
of water vapour, while the proportion of larger
pores (12�15 nm) decreases. Therefore, the in-
troduction of an additional amount of water va-
pour into the reaction medium and an increase
in treatment time to several seconds improves
indicators of the porous structure of semi-coke.

A distinguishing feature of carbonized prod-
ucts obtained by this technology is high reactivi-
ty towards oxidation with air oxygen and water
vapour, which is driven by their porosity and less
ordered structure in comparison with lignite semi-
cokes obtained by traditional technologies.

A pilot batch of RSF of Kansk-Achinsk brown
coal (KAC) was tested as boiler fuel. In compari-
son with initial KAC, combustion of RSF proceed-
ed more fully under similar conditions. Chemical
and mechanical underburning dropped significant-
ly. The heat of combustion of RSF was 1.6 times
higher than that of ordinary brown coal.

High-performance technology of combined
pyrolysis and activation process in a fluidized
bed of brown coal with obtaining inexpensive
granular and powdery carbon sorbents was de-
veloped in a pilot installation. Pilot batches of
brown coal sorbents demonstrated high efficien-
cy in purifying waste water from phenols and
heavy metals, and also in capturing nitrogen
oxides from flue gases [7, 8].

The study of sorption of nitrogen oxides by
brown coal adsorbents was performed under
dynamic conditions for mixtures that are mod-
els of gas emissions of energy enterprises.

When changing the NOx partial pressure in
an inert atmosphere from 5.7 to 169 Pa

(NOx content � from 73 to 2157 mg/m3), the
dynamic adsorption capacity increases from 0.2
to 1.8 mg/g of sorbent. The latter increases from
4.6 to 8.3 mg/g during the introduction of oxy-
gen into the gas phase in an amount from 2 to 6
vol. % and the NOx partial pressure from 26 to
151 Pa (NOx content from 335 to 1925 mg/m3).

Thus, brown coal sorbents obtained by means
of simultaneous pyrolysis and activation can be
successfully used for purification of waste gas-
es of power units operating on organic fuel.

Cooling of water used at thermal power ob-
jects is often performed in open water reservoirs,
where it becomes contaminated with humic sub-
stances. To remove the latter combined purifica-
tion methods are used including coagulation, fil-
tration, electrochemical oxidation, adsorption by
activated carbon, membrane treatment [9, 10]. The
need to use combined technologies is driven by
the complex and heterogeneous chemical compo-
sition of humic substances, which does not allow
reaching a high degree of their removal using
one-step purification processes.

Experiments for combined water treatment
from humic substances were carried out in a
laboratory flow-through installation modelling
the purification process under real conditions.
The concentration of humic substances was se-
lected close to real for the Berezovskaya GRES
Power Plant in summer � 7.5 mg/L.

It was found that brown coal sorbent obtained
of coal from the Borodino deposit by thermal
treatment with a mixture of flue gases and wa-
ter vapour in an apparatus with a fluidized bed
was superior to the industrial sorbent BAU by
its sorption activity during water purification
from aluminum cations and humic substances.

Methods of thermo-alkaline activation of
brown coal allow obtaining porous carbon ma-
terials (PCM) with a well-developed microporous
structure [11]. These PCM may demonstrate
high selectivity to sorption of low molecular
mass gases [12] that enables their use in gas-
separation processes.

The formation of a porous structure of carbon
materials obtained by the method of thermocat-
alytic activation in a melt of alkalis was studied
on an example of brown coal of Berezovskoye
(BBC) and Irbeyskoye (IBC) deposits.

The results of physical chemical studies for
the products of activation of brown coal with
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alkalis at 600 °Ñ demonstrated that high spe-
cific surface and total pore volume depended
on the nature of alkali used and its content in
the initial mixture. It was found that specific
surface and pore volume of
activated BBC samples reached a maximum
with a ratio of brown coal/KOH of 1 : 5 (1565
and 0.78 cm3/g, respectively). The detected de-
pendencies remained during the interaction of
BBC with NaOH, however, indicators of spe-
cific surface and total pore volume were lower
(1240 and 0.56 cm3/g, respectively).

Similar dependencies were also found dur-
ing the activation of IBC samples, however, PCM
with lower specific surface and total pore vol-
ume were obtained during the activation of IBC
samples, KÎÍ and NaOH.

It was determined that The total pore vol-
ume and PCM specific surface increased dur-
ing an increase of activation temperature from
600 to 800 °Ñ and the amount of the introduced
activating agent, as established.

An increase in specific surface with a rise of
the ratio from 1 : 1 to 1 : 5 was typical for all
BC/alkali systems, herewith, this amount
reached the maximum value of 2680 and 2250
m2/g, respectively, for BBC/KOH and IBC/
KOH samples. Specific surface for NaOH-mod-
ified coal was 1259 m2/g under similar condi-
tions (Table 2). A subsequent increase in the
amount of alkali introduced into coal up to a
ratio of 1 : 7 caused a decrease in specific sur-
face of the PCM.

Thus, thermocatalytic activation of brown
coal in the presence of the alkali hydroxides
allowed obtaining carbon sorption-active mate-
rials with high specific surface (to 2700 m2/g)
and significant pore volume (1.5�2.1 cm3/g).

OBTAINING GASEOUS FUELS FROM BROWN COAL

Three major areas of using gasification products
of solid raw materials could be distinguished [13]:

� obtaining synthetic analogue of natural
gas mainly consisting of methane;

� production of industrial fuel gas containing
H2, CO, CH4, CO2 and a significant amount of
nitrogen;

� generation of syngas consisting of hydro-
gen and carbon monoxide in various proportions.

Some gasification technologies provide for
combustion in a gasifier of a certain part of solid
raw materials to compensate energy costs to car-
ry out endothermic gasification reactions. This
allows carrying out the gasification process in
the autothermal mode, i. e. without heat supply
to a gas generator. The Lurgi, Winkler and Kop-
pers�Totzek processes currently used to obtain
syngas/fuel gas on an industrial scale in some
countries are well known in the world practice.

Heat supply to compensate endothermal re-
actions at allothermic methods is performed
using a heat carrier supplied to the gas gener-
ator or through the reactor walls, due to which
there is no need to burn a part of raw materi-
als in a gasifier for heat generation.

The use of catalysts offers new opportunities
on regulating the composition of the produced gas
and compensation of energy costs for endother-
mal reactions of carbon with water vapour, meth-
anation, and carbon monoxide conversion [14].

Simplifying the stage of the introduction of
the catalyst into the reaction medium, address-
ing issues of deactivation of catalysts and their
isolation for reuse could be distinguished as rele-
vant problems of the practical development of
catalytic coal gasification. Many of these prob-

TABLE 2

Characteristics of PCM obtained by alkaline activation of brown coal in an atmosphere of argon at 800 °Ñ

Samples Coal/alkali ratio Specific surface, m2/g Pore volume, cm3/g

BBC/KOH 1 : 3 1134 0.54

BBC/KOH 1 : 5 2680 2.12

BBC/NaOH 1 : 5 1259 0.72

IBC/KOH 1 : 3 2003 0.86

IBC/KOH 1 : 5 2250 1.45
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lems could be solved during pulverized-coal gas-
ification in a boiling layer of catalyst particles [2].

A comprehensive solution for the problem
of catalyst deactivation is the use of inexpen-
sive catalytically active materials, regeneration
of which is inadvisable [4]. The materials can
be used in the gasification process until they
wear-out. Some natural minerals (e. g., CaCO3)
and ore catalysts (e. g., metallurgical slag) con-
taining elements (Fe, Ni, Mn, etc.) able to accel-
erate oxidation reactions, conversion of CO and
hydrocarbons, methanation could be used as
such materials. A Cu�Cr/Al2O3 catalyst (IC-12-
70) had the highest catalytic activity. Out of
slags, electro steel melting of smelting of stain-
less steel and marten final are more active. Elec-
tro steel melting oxidation and marten slags are
the best ones by this criterion.

The brown coal gasification process in a flu-
idized bed of catalyst is under development and
has been performed in a pilot installation [13, 15].
A gas generator represented a vertical tube of
stainless steel with an inside cut of 0.22 × 0.22 m
and a height of 4.2 m, at the lower part of which
an air diffusion grill with a free section of 3 %
was placed. Process steam heated to 150 °Ñ and
air were fed into the reactor under this grill, and
a mixture of pulverized coal and air � above it.

Coal of Borodino mine of the Kansk-Achin-
sk basin (KAB) was used in gasification experi-
ments. The particle size of crushed coal was
identical to that of pulverized coal for industri-
al power boilers. Martin slag that is inexpen-
sive and easily accessible has high thermal and
mechanical resistance was used as filler for a
fluidized bed.

Catalytically active catalyst particles may ac-
celerate conversions of volatile compounds released
during pyrolysis of coal. They do not have direct
effect on conversion of solid carbonated products
but intensify heat and mass transfer processes.
Catalytic effect appears in release of additional
heat due to acceleration of exothermal oxidation
reactions of volatile substances.

Only the most reactive part of fuel is gas-
ified in a fluidized bed of catalyst in the mode
of partial gasification of brown coal, and po-
rous carbon residue that can be used as a sor-
bent is formed.

A certain temperature is established depend-
ing on the ratio of the initial reagents (coal/

air/vapour). To produce fuel gas, it is recom-
mended to maintain temperature at a level of
900�950 °Ñ with the maximum intensity of the
process. Herewith, crude gas of the following
composition is formed (vol. %): ÑÎ 8�13, N2 45�
60, ÑÎ2 12�15, ÑÍ4 1.5�3.5, Í2 7�12, and Í2O 11�
15. Its heat of combustion is 3�4.5 MJ/m3. The
degree of coal conversion increased in the stud-
ied range of parameters of the gasification pro-
cess with an increase in the length of stay of
fuel particles in a fluidized bed of slag particles.

Stricter requirements were imposed on syn-
gas for production of chemical products than
those to fuel gas. Syngas generation was pro-
posed to carry out by joint use of parallel opera-
tion of two reactors with a fluidized bed that
are pyrolyser and gasifier [15]. Semi-coke formed
during carbonization of brown coal in a pyroly-
ser was raw materials for gasification in a pro-
cess under development. Since the major part of
volatile substances had already been removed
from semi-coke, the release of resins and other
hydrocarbons did not accompany its gasification;
therefore, the product gas did not require ex-
pensive treatment before use in synthesis.

A mixture of air and pulverized fuel in the
pyrolyser reactor was fed from the bottom up
through a fluidized bed of catalytically active
particles of Martin slag. Experiments proved
that the degree of coal conversion at a temper-
ature of (950±50) °Ñ was 40�70 %, depending
on the length of stay of fuel particles in the
reaction zone. Only the most reactive part of
fuel was gasified in this case. Porous semi-coke
having high specific surface and reactivity was
formed from the residue.

Semi-coke particles formed in the pyrolyser
reactor were separated from a gas flow in a
hot cyclone. Unreacted semi-coke constantly
recycled between a gasifier and a pyrolyser.
Thus, the endothermal process of vapour gas-
ification was provided with heat transferred by
semi-coke from a pyrolyser into a gasifier.

Selection of concerted technological modes
for pyrolysis and gasification reactors that make
possible synchronization of these stages was to
ensure sufficiently intense heat transfer into the
gasifier. This task was resolved by increasing
the circulation rate of solid heat carrier between
pyrolysis and gasification reactors and a rise in
temperature in the pyrolyser reactor.



PROMISING THERMOCATALYTIC PROCESSES FOR REFINING OF BROWN AND SAPROPELITE COAL 227

There are almost no resins, oils, and phenols
in the condensate after gasification. Experimen-
tal data testify that obtaining synthetic gas
without use of oxygen is possible and this gas
does not contain undesirable organic impurities.

OBTAINING LIQUID FUELS FROM BROWN COAL

The complexity of the chemical composition
and the diversity of the different types of chem-
ical bonds available in the organic mass of coal
(OMC) complicate the study of coal liquefac-
tion processes that are the result of flowing of
many consecutive and competing reactions.
Breaking of and saturation with hydrogen
of C=C, C=O, C=S and C=N bonds, hydrogena-
tion of aromatic rings may happen during the
hydrogenation process, isomerization, conden-
sation, and dehydrogenation reactions may flow.

It is most likely that hydrogenation and liq-
uefaction of coal primarily begin with break-
ing of donor-acceptor bonds between macro-
molecules and homolytic thermal decomposi-
tions of alkyl bridges of benzyl ArCH2CH2Ar
and ether ArCH2OAr groups. The resulting free
radicals are stabilized by hydrogen atoms or
recombine with the formation of high molecu-
lar mass substances.

 Catalysts are required to carry out deep
hydrogenation and liquefaction of coal [5, 16,
17]. The primary role of hydrogenation cata-
lysts consists in molecular hydrogen activation
or acceleration of hydrogenation of the solvent
that becomes a hydrogen carrier.

A closer contact between the catalyst and the
coal, and the intermediates was reached when
applying salts of metal catalysts onto initial coal.
Herewith, deeper conversion of OMC in high
yields of liquid products, lower gas formation and
decreased hydrogen consumption was observed.

Applied bifunctional catalysts comprising
sufficiently acid and hydrogenating functions
are especially active. For example, Lewis acid
catalysts, in particular, ZnCl2, SnCl2, etc. are
active catalysts for coal liquefaction. Their ability
to penetrate the finest pores in coal is an ad-
vantage of solutions of these salts.

To intensify coal liquefaction processes var-
ious techniques were used, including:

� selection of inexpensive and efficient cat-
alysts for coal hydrogenation;

� selection of organic solvents able to do-
nate hydrogen to the coal;

� activated carbon treatment;
� joint processing with various organic

wastes (oil residues, hydrolysis lignin, synthetic
polymer wastes).

Literature analysis demonstrates that molyb-
denum-based catalytic systems have a high activ-
ity but are rapidly deactivated. Since molybdenum
catalysts are expensive, they must be regenerat-
ed, which significantly complicates and increases
the cost of the coal hydrogenation process.

These problems may be eliminated, when
iron compounds including ore materials incor-
porating in their composition iron derivatives
are used as catalysts (Fig. 3). These materials
are easily accessible; therefore, they are used
without regeneration.

The need to add ore materials to coal in large
amounts (10 mass %) complicates their use in
coal hydrogenation processes. Therefore, appli-
cation prospect of iron ore materials as cata-
lysts in industrial technologies of coal hydroge-
nation is related to the development of effec-
tive methods of their activation and modifica-
tion to reduce catalyst concentration in the re-
action mixture and increase their selectivity for
liquid products

An effective method for activation of catalysts
of ore origin is their treatment in activator mills.
Mechanical activation leads not only to material
grinding but also to crystal structure deforma-
tion, initiating decomposition reactions of a sub-

Fig. 3. Effect of the number of added ore samples containing
hematite (1), magnetite (2) and pyrite (3) as basic crystal
faze on the degree of conversion of Kansk-Achinsk basin
coal into liquid and gaseous products during its hydrogenation
in tetralin at 430 °Ñ, 5.0 MPa initial hydrogen pressure.
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stance or its interaction reactions with the medi-
um where the activation happens.

Specific surface of various iron ores dramat-
ically increased during their treatment in an
AGO-2 centrifugal-planetary mill activator
reaching the maximum values at the optimum
length of activation, and then is either decreased
(for samples containing hematite and magne-
tite), or remained unchanged (samples contain-
ing pyrite and pyrrhotite).

It was found that water additives during
mechanochemical activation in an amount up
to 100 % relatively to samples of ore origin re-
sulted in a significant increase in their specific
surface (Table 3). The maximum increase (from
7.9 to 53 m2/g) was reached for a sample con-
taining magnetite. Perhaps, water passivates
sintering and aggregation of small particles in
activated samples.

Correlation between the value of catalyst
specific surface and coal conversion degree was
found [18, 19]. It was demonstrated that mech-
anochemical treatment of iron-ore catalysts in
a mixture with elementary sulphur led to an
increase of their catalytic activity in hydroge-
nation of Kansk-Achinsk brown coal. The use
of an activated catalyst containing pyrite dur-
ing coal hydrogenation in tetralin allowed reach-
ing a complete conversion of OMC into liquid
and gaseous products.

Addition of synthetic polymers to coal in its
liquefaction processes is regarded as a promis-

ing method for increasing the yield and quality
of the liquid products and simultaneous refin-
ing of polymer wastes [20].

Thermal decomposition of low-metamor-
phosed brown coal happened at temperatures
lower than thermal decomposition temperature
of both bituminous coal and polyolefins. Proba-
bly, this effect was related to the increased
number of C�O bonds in low-metamorphosed
coal, thermally less stable than C�C chemical
bonds that dominated in polyolefins and bitu-
minous coal. It may be assumed that radical
fragments of thermal destruction of organic
matter in brown coal will initiate depolymeri-
sation of polyolefin macromolecules.

Thus, the presence of bonds with the in-
creased reactivity allows performing the chemi-
cal interaction between the products of decom-
position of brown coal and polymer macromole-
cules, contributing to destruction of the latter.

Products of joint refining of brown coal, oil
residues and synthetic polymers were used to
obtain road binders [21], and it was proposed to
obtain modifiers for paving asphalt based on oil-
resistant rubbers and liquid coal products [22].

It was demonstrated [23] that ore-originated
iron catalysts modified by mechanochemical treat-
ment increased the degree of conversion of coal/
polymer mixture by 10�13 mass %, the yield of a
fraction of liquid products boiling out to 180 °C �
in 1.4�1.6 times and the yield of a fraction boiling
out in a range of 180�350 °C � in 1.2�1.4 times.

TABLE 3

Effect of water additives during mechanochemical activation on specific surface value of ore catalysts (mechanical
treatment duration: 40 min for samples containing pyrite and pyrrhotite, 30 min � magnetite and 10 min � hematite)

Samples, major crystal phase Amount of added water, mass % Specific surface, m2/g

Hematite    0 26

  20 47

100 75

Magnetite    0   8

  20 52

100 82

Pyrrhotite    0   7

  20 40

100 55

Pyrite    0   6

  20 30

100 45
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Liquid distillate products of joint thermal
conversion of brown coal and polyolefin poly-
mers mainly consisted of paraffins and olefins.
The chemical structure of these substances was
determined by the type of the polymer used.
Mainly linear hydrocarbons are formed dur-
ing decomposition of coal/polyethylene mix-
tures. A high content of skeletal isomers and
cyclic hydrocarbons was observed in products
derived from coal/propylene mixture. The con-
tent of aromatic hydrocarbons in these prod-
ucts increased with coal concentration in the
initial raw materials.

High molecular mass fractions of liquid prod-
ucts of joint thermal conversion of coal and poly-
olefin polymers were characterized by the com-
plex composition. Infrared (IR) and nuclear
magnetic resonance (NMR) spectroscopy dem-
onstrated the presence of various oxygen-con-
taining, aromatic, and aliphatic compounds.

The use of catalysts during joint thermal
conversion of coal and polyolefin polymers al-
lowed not only increasing the yield of distillate
products but also significantly decreasing the
content of olefin and polycyclic hydrocarbons.

Products derived from polymers based on
synthetic rubbers and primarily used car tires
constitute a separate group of polymer materi-
als, large-tonnage wastes of which appear prom-
ising for joint refining with coal.

Thermal dissolution of a mixture of brown
coal and rubber [24] in the residue of oil distil-
lation at 350�380 °C and pressure not exceed-
ing 0.5 MPa was studied. The hydrocarbon frac-
tion boiling above 350 °C is the main transfor-
mation product. It was demonstrated that high-
boiling products after their oxidative modifica-
tion with water vapour over iron oxides could
be used as paving asphalt. Herewith, there is
no need in separation of the products obtained
from the unreacted coal, coal ash, mineral com-
ponents and soot contained in rubber. Selection
of process technological parameters that allow
obtaining bitumen with the yield up to 62 mass %
and distillate hydrocarbon products with the
yield up to 23 mass % was implemented.

Additives of polyethylene, polypropylene,
rubber based on butyl resin in amount of
25 mass % at the stage of thermal dissolution
of coal allow increasing the yield and substan-
tially improving the major characteristics of bi-

tumens. The resulting bitumens match the State
Standard (GOST) requirements for high-quali-
ty oil bitumens on the major characteristics, and
the composition of distillate products allows con-
sidering them as raw materials for production
of motor fuels and organic solvents [24].

PREPARATION OF LIQUID PRODUCTS FROM SAPROPELITE COAL

Sapropelite coal is characterized by a high
yield of volatile substances and increased hy-
drogen content (up to 12 % calculating for the
mass of the organic part of coal) [25]. There are
almost no aromatic structural fragments in the
structure of organic substances of sapropel, and
naphthenic rings containing 2�3 cycles are the
basis of the carbon skeleton. Thus, by the struc-
ture of the organic mass, sapropelite coal is
found closer to coal than humic. These pecu-
liarities of the structure and composition allow
suggesting that they can be converted into liq-
uid products with smaller hydrogen consump-
tion and under softer conditions than humic coal.

The Budagovo deposit of sapropelite (Irkutsk
Region) and the Barzas deposit of sapromixite
(Kemerovo Region) with proven reserves of
sapropelites of 20�30 mln t in each were recog-
nized as most promising when assessing the re-
sources of sapropelite coal [26].

The yield of the primary resin during semicok-
ing of sapropelites was 3�5 times higher than that
from brown and bituminous coal [27, 28]. Baltic
shales that are quite efficiently recycled by the
semicoking method now give the yield compara-
ble with that of sapropelites; however, sapropelite
coal is distinguished by a significantly lower ash
content, in comparison with shales, which simpli-
fies and makes more efficient their refining.

The most common industrial process of semi-
coking of combustible fossils is carried out in
apparatuses with internal heating by a gaseous
heat carrier [26�29].

The process of semicoking of sapropelites from
the Barzas deposit was studied in a flow laboratory
setup under autoclave conditions in various gas me-
dia that were argon, hydrogen, and syngas [30�32].

The purpose of research consisted in selec-
tion of conditions for the process of thermal
treatment of sapropelite coal ensuring the max-
imum yield of liquid organic products.
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The maximum yield of resins in an inert
medium (32.4 % per coal organic mass) was ob-
served at temperatures of about 450 °C, in a
flow of hydrogen � 36.4 % at a temperature of
700 °C, and in a flow of syngas � 39.2 % at
650 °C. The composition of the gas mixture had
a significant effect not only on the yield but
the dynamics of resin formation. The maximum
yield of resins in a medium of hydrogen and
syngas shifts to high temperature region. The
yield of resins obtained a flow of syngas and
hydrogen at 650 °C was 1.5 times higher than
in those obtained in a flow of argon.

An increase in the yield of liquid products
during thermal treatment a flow of hydrogen
and syngas was probably driven by secondary
reactions proceeding with participation of coal
volatile matter.

The process of thermal decomposition of the
organic mass of sapromixite can be presented
as a scheme given in Fig. 4. From the experi-
mental data obtained, it follows that the type
of semicoking gas does not have a significant
effect on stages 3 and 5. The observed increase
in the yield of liquid organic products in reduc-
tive gases is reached due to a decrease in the
yield of pyrolysis gases that hydrogen and syn-
gas inhibit reactions of decomposition of pri-
mary liquid products at stage 4.

An increase in the yield of resins in a medi-
um of hydrogen and syngas can be explained
by the fact that these gases act as inhibitors of
free-radical reactions of liquid product destruc-
tion, which leads to a rise in the yield of the
latter and a shift in the maximum of their for-
mation to high temperature region.

Based on the experimental data obtained, the
method of semicoking of solid fuel that pro-
vides the increased yield of liquid products in
comparison with the traditional process was
developed [33]. The substance of the process
consists in the fact that thermal treatment of
coal proceeds in the upper layer of the reactor
that is subjected to fluidization by hot prod-
ucts of gasification containing hydrogen and
carbon monoxide. The semi-coke generated in
this stage overflows into in the lower fluidized
layer where it is gasified by a mixture of air
and water vapour. The resulting hot gas is used
for fluidization and thermal treatment of coal
in the upper layer. Thus, the process flows con-
tinuously and autothermally.

The resulting excess of combustible gases is
withdrawn from an apparatus and burned in
the boiler-utilizer providing the process with
water vapour.

Calculations of the yield of the major mar-
ketable products obtained during semicoking of
Barzas sapromixite by the given scheme dem-
onstrated that about 200 kg of resin might be
obtained from 1 t of raw coal. Intermediates
formed in the process and used as fuels are the
following: gas with the heat of combustion of
about 12 MJ/m3 in amount of 160�180 m3 per
ton of raw coal and semi-coke in amount of 450�
490 kg with the heat of combustion of 19 MJ/kg
and ash content of about 50 %.

The composition and content of individual
substances in light-boiling (initial boiling point
of 180 °C) fractions of products by hydrogena-
tion and hydropyrolysis of sapromixite from the
Barzas deposit were determined. The indicated

Fig. 4. Scheme of the process for thermal decomposition of the organic mass of sapromixite: 1�6 � stages of the process.
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fractions obtained by hydropyrolysis more than
50 mass % consist of normal paraffins, at the
same time, like hydrogenation products, are
characterized by the increased content of cy-
clic hydrocarbons and isoparaffins. The content
of aromatic hydrocarbons in these fractions does
not exceed 14 mass %.

It was found by IR and NMR spectroscopy
that fractions of products by hydrogenation and
hydropyrolysis of sapromixite boiling out in a
range of 180�350 °C mainly contained aliphatic
fragments and were close by composition to
products of oil origin.

The use of a mechanically activated iron-ore
catalyst in processes of hydrogenation and hy-
dropyrolysis of sapromixite led to an increase in
the content of distillate fractions formed in liquid
products and hydrocarbons with a low molecular
mass in a low-boiling fraction (IBP-180 °C).

CONCLUSIONS

New data on thermocatalytic transformations
of brown and sapropelite coal were obtained
resulting from research carried out at the In-
stitute of Chemistry and Chemical Technology
of the SB RAS.

The fundamentals were developed for the
process of autothermal oxidative carbonization
of brown coal in a fluidized bed of catalyst with
obtaining refined solid fuels (RSF) with a given
degree of thermal treatment.

It was demonstrated that a distinguishing
feature of carbonized products obtained by this
technology was high reactivity towards oxida-
tion with air oxygen and water vapour, which
was driven by their higher porosity and less
ordered structure in comparison with lignite
semi-cokes obtained by traditional technologies.

The heat of combustion of refined solid fuel
from Kansk-Achinsk brown coal was 1.6 times
higher than that in raw coal.

Pilot batches of brown coal sorbents obtained
by parallel processes of pyrolysis and activa-
tion in a fluidized bed demonstrated high effi-
ciency in purifying waste water from phenols
and heavy metals, as well as in capturing ni-
trogen oxides from flue gases.

Selection of conditions for alkaline thermal
activation of brown coal from the Berezovskoye

(BBC) and Irbeyskoye (IBC) deposits providing
preparation of nanoporous carbon materials with
specific surface above 2500 m2/g was carried
out.

The scientific basis was developed for the
process of simultaneous generation of syngas
and fuel gas from brown coal based on parallel
operation of two fluidized bed reactors that were
pyrolyser and gasifier.

An advantage of the proposed technology is
reduction of oxygen consumption for syngas
generation in 5�7 times in comparison with tra-
ditional technologies based on the Lurgi, Win-
kler and Koppers-Totzek processes due to in-
tegrating into a single technological cycle of
oxidative pyrolysis of pulverized coal in a flu-
idized bed of catalytically active slag with gas-
ification of the resulting semi-coke with water
vapour. Continuous recirculation of hot semi-
coke between pyrolyser and gasifier provides
additional heat to the gasification process. Ad-
ditionally, the use of oxidative pyrolysis in the
first stage of refining of coal, allows removing
a significant part of resins from raw materials,
which gives an opportunity to obtain clean syn-
gas in the next stage.

Selection of harmonized operating regimes
of pyrolyser and gasifier providing autother-
mal gasification of brown coal into syngas and
fuel gas was carried out.

Improved techniques for producing liquid
fuels from brown coal were proposed. The meth-
ods were based on hydrogenation processes in
the presence of activated iron-ore catalysts. It
was demonstrated that a high degree of con-
version of the organic mass of coal (OMC, to 95
mass %) and the yield of distillate products (to
58 mass % calculating for OMC) were reached
when combining the optimum methods of me-
chanical activation of iron-ore catalysts with
high hydrogen-donor activity.

A nonadditive increase in the degree of con-
version of the mixture and the yield of low-
boiling hydrocarbons happened during the joint
thermal transformations of brown coal and syn-
thetic polymers, as established.

Activated iron samples of ore origin showed
catalytic activity during hydropyrolysis of coal/
synthetic polymer mixtures leading to an in-
crease in the yield of low-boiling hydrocarbons
in 1.4�1.6 times, there is a sharp decrease (from
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20 to 3 mass %) olefins, in their composition,
and significantly reduced contents of polycyclic
aromatic compounds in high-boiling fractions.

The obtained indicators on the yield and
quality of distillate products of brown coal hy-
drogenation in the presence of iron-ore cata-
lysts corresponded to characteristics for the best
foreign coal liquefaction processes, in which ex-
pensive synthetic catalysts were used.

 The yield of light hydrocarbons in pyrolysis
and hydropyrolysis processes of Barzas
sapropelites was 7 times higher than in case of
thermal transformations of brown coal. The liq-
uid hydrocarbon fraction boiling above 200 °C
was the predominant product of thermal trans-
formation, as established.

The optimum conditions of the process that
provides the increased yield of liquid products
in comparison with the known technologies of
semicoking of sapropelite coal were selected. This
choice was based on the results of the study on
the effect of thermal treatment of Barzas
sapropelites (argon, hydrogen, syngas) and treat-
ment conditions (temperature, length).

Liquid products of thermal treatment of
sapropelite coal can successfully be recycled into
motor fuels and traditional petrochemicals us-
ing standard oil refining technologies.
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