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Abstract

Results of investigations carried out at the Institute of Chemistry and Chemical Technology in the area
of mastering the technologies for obtaining synthetic solid, gaseous and liquid fuel from the brown Kansk-
Achinsk coal are generalized. The technologies under development are based on the processes of autothermal
pyrolysis and gasification of brown coal in the reactors with the boiling bed of catalytically active slag, and
on the processes of thermal dissolution of coal and its mixtures with carbon-containing wastes in the
presence of activated iron ore catalysts that provide obtaining liquid fuel and binders for road construction.
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INTRODUCTION

Enormous resources of natural organic raw
material are concentrated at the Krasnoyarsk
Territory. Unique Kansk-Achinsk basin (KAB),
in which it is possible to produce up to 1 milliard t
of coal per year using the cheap open-pit meth-
od, is situated at this territory. The amount of
transportation of the Kansk-Achinsk coal to the
neighbouring regions and for export is limited by
the high transportation expenses. It is more rea-
sonable from the economic viewpoint to develop
deep coal processing into the assortment of im-
portant products with the low transportation com-
ponent in their cost [1]. At present, the Kansk-
Achinsk coal is used almost exclusively for power
engineering, though it is a promising raw mate-
rial for processing into synthetic fuel and chemi-
cal products due to the physicochemical charac-
teristics and high reactivity of coal

On the basis of this deposit, the Kansk-
Achinsk Fuel and Energy Complex (KAFEC)
started to form 25 years ago, to provide large-
scale production of electric power, synthetic
fuel and chemical products from brown coal [2].
At the same time, efforts aimed at the investi-
gation of pyrolysis, gasification and hydroge-

nation of brown coal gained development at
the Institute of Chemistry and Chemical Tech-
nology (ICCT), SB RAS. The goal of these in-
vestigations has become to lay the scientific
foundations of the technologies intended for
obtaining transportable solid fuel (coal char),
fuel gas and synthesis gas, liquid fuel and small-
scale products (sorbents, humic substances etc.)
from the coal of the KAB.

Industrial development of the known tech-
nologies of deep processing of coal is restrict-
ed by their low productivity in comparison with
the processes involved in oil processing, and by
the high investment [3, 4].

The possibilities to improve the technological
and economical parameters of coal processing
technologies by rising temperature and pressure,
and modifying the instrumentation, are close to
exhaustion. Because of this, many new devel-
opments in the area of deep processing of coal
are based on the use of efficient catalysts. Some
examples of the successful use of catalytic pro-
cesses in chemical processing of fossil coal and
wood raw material were considered in a num-
ber of reviews published previously [5—8].

Selection of catalysts for deep processing of
solid fossil raw material is complicated due to a
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number of factors connected with the to-
pochemical nature of chemical transformations,
increased deactivation of catalysts by impuri-
ties present in the raw material, difficulties in
catalyst regeneration. Some of these problems
can be solved by choosing cheap catalytically
active materials, for example iron-containing
ores and slag [9, 10].

In the present work we describe the results
of investigations performed during the recent
years at the ICCT, SB RAS, and aimed at im-
provement of the processes of obtaining syn-
thetic fuel from the Kansk-Achinsk brown coal.

OBTAINING REFINED SOLID AND GASEOUS FUEL
FROM BROWN COAL

Among all the kinds of fossil fuel, coal is
the most dangerous energy raw material from
the ecological viewpoint because of increased
emission of hazardous substances from its com-
bustion. Reduction of environmental harm from
coal power engineering can be achieved by pass-
ing to the use of ecologically safe fuel origi-
nating from coal. These kinds of fuel include
refined or pure coal, synthetic gaseous and lig-
uid fuel obtained by chemical processing of coal.
Emission of hazardous substances from the com-
bustion of these synthetic kinds of fuel is much
lower than that from raw coal.

Synthetic solid fuel (SSF) is represented by
a wide range of refined (improved) kinds of
fuel including pure coal, coal briquettes, coal
char, thermocoal, autoclaved coal. SSF with
improved characteristics is obtained from brown
coal using different methods, depending on the
kinds of raw material and the assumed area
of SSF application.

Improvement of the quality of brown coal
having low combustion heat due to the high
content of moisture and oxygen is usually
achieved by refining during pyrolysis. Thermal
treatment of brown coal not only increases the
heat of combustion of the resulting coal char
but also decreases the emission of SO, and NO,.
Coal char is a good domestic fuel and is used as
a reducing agent in ferroalloy industry and other
areas, as the raw material for gasification.

Promising technologies of processing Kansk-
Achinsk coal into SSF are based on using fine

raw material, which decreases the role of dif-
fusion limitations for heat and mass transfer
and causes a substantial increase in the pro-
cess productivity. An example of the technolo-
gies developed in our country may be the
achievements of the Energy Institute (ETKh
and TKKU) and the Institute of Fossil Fuel
(thermocoal) [11—-13].

At the ICCT we developed the foundations
of more economical version of obtaining refined
solid fuel — autothermal carbonization of brown
coal in pseudo-fluidized layer of oxidation cata-
lyst or catalytically active slag. Unlike for con-
ventional allothermic pyrolysis technologies, all
the stages of thermal treatment are combined
in the same reaction volume, which substan-
tially decreases metal consumption in the tech-
nology and enhances its energy efficiency [14].
Volatile substances evolved from coal are oxi-
dized at the catalyst, so this technology excludes
the formation of pyrolysis tar, and the concen-
tration of benzo[a]pyrene in gaseous products is
sharply decreased. By varying the technological
parameters, it is possible to control the proper-
ties of resulting solid products within a broad
range. The process was mastered at the pilot
plant in the ICCT with the productivity up to
200 kg of coal per hour.

The solid products of autothermal pyrolysis
were successfully tested as the refined energy fuel,
additive to mixtures for coking, single-use sorbents
for water purification from oil products [14—17].

Other promising directions of the use of dust-
like coal char from Kansk-Achinsk coal are in-
jection into blast furnaces for the purpose of sav-
ing expensive coke, replacement of fuel oil in
the production of alumina, and obtaining syn-
thesis gas.

The described autothermal method of ob-
taining SSF was used in the development of
different versions of brown coal gasification in
the pseudo-fluidized layer apparatuses.

The shortcomings of the majority of indus-
trial gasification technologies are due to the
necessity of high temperatures, pure oxygen,
increased pressure and high investment. The
most relevant process is obtaining a mixture
of hydrogen and carbon monoxide (synthesis
gas) through the interaction of water vapour
with carbon according to reaction
C+ H,0=CO+ H, AH = 1185 kJ/mol
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Because this reaction is endothermic, it is nec-
essary to use technological approaches based on
the combustion of a part of fuel and recircu-
lation of the solid heat carrier.

One of the methods to solve this problem is
to combine the gasifying reactor with another
reactor in which the heat is formed due to the
combustion of a part of the products of ther-
mal decomposition of fuel and heating of the
solid recirculating heat carrier [17—19].

The advantages of the technologies under
development involving steam-driven gasification
in fluidized bed reactors are substantial: there
is no necessity to use pure oxygen, investment
decreases due to the use of cheaper materials
for reactors and communications, the concen-
tration of hydrogen in the produced gas in-
creases. Because of this, the attention to the
investigation of solid fuel gasification using two
apparatuses with fluidized bed in increasing
during the recent years [20, 21].

At the ICCT we studied the features of gas-
ification of brown Kansk-Achinsk coal in a set-
up with two fluidized bed reactors. In the first
reactor, oxidative carbonization of finely dis-
persed raw material in the fluidized bed of
open-hearth slag exhibiting catalytic activity in
the oxidation of volatile substances was car-
ried out. At the second stage, gasification of
carbonized fuel with water vapour was carried
out. The heat was supplied to the gasifying unit
by the flow of open-hearth slag and coal char;
this flow was recirculating between the carbon-
izing unit and the gasifying unit.

The features of autothermal carbonization of
fine fuel, corresponding to the performance con-
ditions in the first reactor, were considered in
previous publications. In the present work we pay
the major attention to the second stage of the
process, 1. e. gasification of coal char with water
vapour. The characteristics of the raw material
used in the process are listed in Table 1.

TABLE 1
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Experiments were carried out with the set-
up described in [22]. The reactor for pyrolysis
is a vertical tube made of stainless steel with
the inner cross section of 0.048 m? and the
height of 4.2 m. An air distributing grill with
the free area of 3 % is mounted in the lower
part of the reactor. The major part of the air
is supplied into the reactor under the distrib-
uting grill. The gasifying unit has a similar de-
sign, and its height is 1.5 m. In the first reac-
tor, the fluidized layer is composed of the par-
ticles of open-hearth slag 0.5—1.5 mm in size.
In the second reactor the fluidized layer is com-
posed of a mixture of relatively small parti-
cles of open-hearth slag and thermally treated
raw material (coal char). Dust-like raw materi-
al (coal, hydrolysis lignin) is supplied in com-
pressed air flow above the distributing grill into
the lower part of fluidized layer. The raw ma-
terial with poor looseness (birch chips) is load-
ed into the reactor with the help of an auger
feeder through which the same amount of the
air is passed as that used for pneumatic
transportation of dust-like fuel.

Two fractions of open-hearth slag (0.8—1.2
and 0.10—0.25 mm) were loaded into the pyrol-
ysis unit. The coarse fraction was in the fluid-
ized state during the operation of the reactor,
while the fine fraction was carried out of the
reactor with a flow of gaseous products and
entered gasifying unit together with the parti-
cles of carbonized fuel. The major components
of the slag are, mass %: SiO, 19.4, CaO 38.6,
MgO 14.3, MnO 5.7, Fe 6.7. The material used
is cheap and readily available; it has high ther-
mal and mechanical stability.

The data on the effect of the temperature
of fluidized bed on the yield of the products
of gasification of different kinds of solid fuel
are presented in Table 2.

Under gasification of brown coal char and
charcoal in the fluidized bed of catalytically

Characterization of the raw material used for gasification (calculated per working mass), mass %

Raw materials Humidity = Ash content Yield of volatiles C H N S (0]

Borodino coal 9.6 8.7 39.2 57.8 3.9 0.8 0.3 18.9
Birch chips 422 0.7 - 324 34 0.1 0.0 21.2
Hydrolytic lignin 123 2.5 41.3 59.7 54 0.1 0.5 195
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Effect of fluidized bed temperature on the yield of the products of gasification of carbon raw material with water vapour

Raw materials Temperature, Concentration of hydro- Tar content Low heat value,
°C genin dry gas, vol. % in dry gas, g/nm? MJ/nm?

Brown coal (char) 670—750 50—60 Traces 105—-11.1

Birch coal 620—710 58—65 1.0 10.2-10.8

Hydrolytic coal  670—780 52—59 Traces 10.2-10.5

active slag, the volume fraction of hydrogen in
the produced gas reaches 60—65 %; tarry matter
is almost completely absent from the resulting gas.

It should be stressed that the temperature
in the gasifying unit is determined by a num-
ber of factors among which the most impor-
tant are the rate of recirculation of heat car-
rier between the reactor of autothermal car-
bonization (pyrolyzing unit) and the gasifying
unit, as well as the ratio of steam and raw
material fed to the gasifying unit. The heat car-
rier is a mixture of open-hearth slag (fraction
0.1-0.25 mm) with coal char. Its recirculation
rate is determined by the intensity of carry-
off of these particles from the reactor of au-
tothermal carbonization, and it is a function of
the linear velocity of gases in this apparatus.
The velocity of gases in the upper part of the
apparatus was determined experimentally as-
suming the equality of the amounts of nitro-
gen fed into the reactor and passing out of it,
on the basis of equation
W = {GIN,I/(N,ES)T,
where W is the linear velocity of gases at the
outlet of the reactor of autothermal carbon-
ization, m/s; G* is air flow rate at the inlet,
m?/s; [N2]'O is the volume fraction of nitrogen
in the blast (0.78 in the case under consider-
ation), [N,]? is the volume fraction of nitrogen
in the gases passing out of the reactor; S is
the free area of the apparatus in its upper part
equal to 0.048 m? T, is temperature coefficient
taking into account the change of gas volume
due to the difference of temperatures at the
reactor inlet and outlet.

Results characterizing the effect of gas ve-
locity in carbonization apparatus on a number
of important process parameters are present-
ed in Fig. 1. Experiments were carried out with
brown coal at the temperature of autothermal
carbonization equal to (840+10) °C.

It follows from the data obtained that gas
velocity has an essential impact on the recircu-
lation of heat carrier within the whole param-
eter range studied. However, temperature in
the gasifying unit changes only when gas ve-
locity varies up to 6.5 m/s. Further increase in
gas velocity and in the rate of recirculation of
heat carrier causes almost zero increase in tem-
perature. So, it may be stated that the maxi-
mal temperature in the gasifying unit of the
set-up is about 100 °C lower than temperature
in the fire chamber.

A linear dependence observed for the rate
of output of the organic mass of coal char from
the carbonizing reactor (see Fig. 1, curve 3) may
be explained by the fact that, in order to pro-
vide constant temperature in the carbonizing
unit, in parallel to an increase in air flow rate,
we had to increase also the consumption of fuel.

At the reasonable (from the viewpoint of
heat transfer efficiency) gas velocity in the
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Fig. 1. Effect of gas velocity in the carbonizing reactor (v)
on temperature in the gasifying unit (1) and the rate of
recirculation of heat carrier (2, 3): 2, 3 — consumption
of heat carrier (open-hearth slag + coal char) at the outlet
of carbonizing reactor (2) and consumption of coal char
calculated for the organic mass, at the outlet of carbonizing
reactor (3).
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carbonizing unit equal to 6.5 m/s, the consump-
tion of the organic mass is about 0.008 kg/s. A
comparison of this value with the data on the
yield of carbon-containing gases from the gas-
ifying unit points to the fact that the amount of
coal char arriving from the carbonizing unit is
substantially (2—6 times) larger than the amount
of coal char having enough time to undergo gas-
ification. So, the velocity of gases in the free
area of carbonizing unit, approximately equal
to 6.5 m/s, is acceptable from all the viewpoints.

The second important parameter determin-
ing the process temperature is the ratio of va-
pour to coal raw material entering the gasifying
unit. Its effect on the efficiency of gasification
processes has been studied rather thoroughly
within the range 0.2—-2.0 [23, 24]. However, in
the technology under development, the ratios
of vapour to coal raw material below 0.8 are of
no practical interest because low vapour con-
sumption does not provide fluidization of the
particles of open-hearth slag. The data on the
effect of vapour/coal char ratio on the perfor-
mance of the gasifying unit are shown in Fig. 2.
It is necessary to stress that the amount of the
organic mass of coal char taken for calculations
was determined from the yield of coal-contain-
ing components in the produced gas. Experimen-
tal conditions: brown coal, temperature at the
stage of carbonization (820+10) °C, gas velocity
in the upper part of carbonizing unit 5 m/s,
temperature of vapour fed into the gas genera-
tor was equal to 460 °C, pressure 0.16 MPa.

It should be stressed that the vapour enter-
ing the gas generator should be heated to the
temperature of fluidized layer, which requires
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Fig. 2. Effect of the ratio of water vapour to the organic
mass of reacted coal char on the degree of vapour
conversion and process temperature.
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Fig. 3. Scheme of the gasifying unit for simultaneous
formation of fuel and synthesis gas: 1 — reactor of
oxidative carbonization, 2 — built-in cyclone; 3 — reactor
for obtaining synthesis gas; 4 — injector for gasifying agent;
5 — overflow pipe; 6 — fluidized bed of coal char; 7 — air
distributing grill; 8§ — fluidized bed of slag; 9 — feeding
bunker. Arrow A indicates the direction in which
carbonization products move (a mixture of gases, tar and
solid carbonized fuel).

substantial energy consumption. In addition,
with an increase in vapour / fuel ratio the de-
gree of H,O transformation in the gas genera-
tor decreases progressively (see Fig. 2, curve
2). These two facts, as well as the comparison
with literature data, pointing to the efficiency
of vapour consumption in these systems at a
level of 10 % [23, 24], unambiguously prove
the reasonability of choosing the minimal va-
pour flow rate admissible according to the tech-
nical specifications of the process.

Another version of gasification process devel-
oped at the ICCT [2] is based on the use of an
apparatus of special design [25] providing simulta-
neous formation of fuel and synthesis gases (Fig. 3).

A specific feature of the process is decreased
oxygen consumption in comparison with ana-
logs. In the developed method, the ground sol-
id fuel is fed into the air-fluidized bed of ther-
mally stable heat carrying material, for exam-
ple open-hearth slag, where the fuel under-
goes carbon-ization at a temperature of 800—
1000 °C. The formed carbonization products are
separated into fuel gas and the solid residue.
The fuel gas is carried out of the process, while
the solid residue undergoes gasification with a
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mixture of water vapour and oxygen, result-
ing in the synthesis gas (a mixture of H, and
CO); synthesis gas is passed from the reactor
in a separate flow. Device 2 and gasifying unit
3 are connected with a vertical tube 5 which
provides the arrival of solid coal char particles
6 into the gasifying unit. The length of vertical
tube 5 and the degree of filling it with carbon-
ized fuel are chosen so that the gases formed
in the gasifying unit do not get into cyclone 2.

Air flow fed under grill 7 provides fluidiza-
tion of the heat carrying material and partial
combustion of entering fuel. The heat evolved
during the combustion provides autothermal
character of carbonization process. Intense mix-
ing characteristic of the particles in the fluid-
ized bed allows uniform distribution of fuel
coming from dosing bunker 9 and heat evolved
in its partial combustion over the section of
external vessel 1.

The major part of solid particles gets sepa-
rated from the flow in cyclone 2. Under the ac-
tion of gravity, these solid particles go down
vertical tube 5 and pas into gasifying unit 3.
The vapour and gas mixture with the residual
smallest particles of carbonized fuel is led out
of the process and burnt out in the boiler (not
shown in the scheme). The heat generated in
the boiler can be used to generate the vapour
to be fed into the gasifying unit 3, and/or to
be directed to exterior consumers (in particu-
lar, to produce electricity).

Carbonized fuel entering the gasifying unit 3
gets fluidized and gasified in the mixture of

TABLE 3

Process parameters for different gasification modes

water vapour and oxygen. A part of the heat
necessary to maintain endothermic reactions of
gasification is fed from the zone of oxidative
carbonization 8 (fluidized bed of heat carrier
material) through the wall of gasifying unit 3
into gasification zone 6 (fluidized bed of car-
bonized fuel). Due to this, the demand for oxy-
gen decreases. The characteristics of typical
gasification modes are listed in Table 3.

One can see that with the same raw materi-
al (low-calorie brown coal) the consumption of
oxygen for the production of synthesis gas is
3.5 times smaller than its consumption in the
conventional Winkler process. The productivity
of the installation with respect to synthesis gas
in the new process is about 10—15 % higher.

Investigation of the features of gasification
of different kinds of raw material revealed
substantial differences at the first stage of the
process, which is autothermal carbonization of
the initial raw material. The second stage, which
is the formation of synthesis gas, differs insig-
nificantly for different kinds of raw material,
which is perhaps due to the use of relatively
unified fuel, namely coal char.

It should also be stressed that the produc-
tivity of the first and the second stages of the
process with respect to the gas are linked
through the inverse relationship. For instance,
the yield of fuel gas in the heat equivalent
(353 MJ /h) corresponds to experiment No. 5 (see
Table 3); the productivity with respect to syn-
thesis gas is minimal. Quite contrary, the max-
imal productivity with respect to the synthesis

Experiment Raw materials Air flow Temperature Oxygen Yield Yield
No. rate, nm®/h in carbonization consumption, of synthesis of fuel gas*,
zone, °C nm?/nm? gas, nm®/h MJ/h
of synthesis gas
1% Brown coal (char) - - 0.32 8.9 -
2 Birch chips 52 820 0.17 9.2 303.1
3 Hydrolytic lignin 60 890 0.12 9.8 292.7
4 Brown coal 66 1000 0.09 10.3 284.1
5 Undersized coal (A9=259%) 48 700 0.21 5.4 3534

*The yield of fuel gas was calculated as a sum of total physical heat of the products passing out of the upper part

of the reactor and the low heat value of combustible components (gas, tar, dust-like carbonized fuel).

*“* Data on oxygen consumption in the experiment modelling the known Winkler’s process.
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gas (103 nm?/h) corresponds to the minimal pro-
ductivity with respect to fuel gas (284 MJ/h).
Therefore, optimization of the process implies
the choice of parameters providing the maxi-
mal intensification of one of the two its sepa-
rate stages (carbonization or gasification) de-
pending on the demand for fuel gas or synthe-
sis gas.

OBTAINING LIQUID PRODUCTS THROUGH
HYDROGENATION AND THERMAL TRANSFORMATION
OF BROWN COAL

Two groups of technologies for obtaining lig-
uid fuel from coal are known. One of them in-
cludes the processes of direct destructive hy-
drogenation of coal with hydrogen under in-
creased pressure and temperature in the pres-
ence of catalysts (hydrogenation processes),
heating in the inert atmosphere (pyrolysis pro-
cesses) and thermal dissolution of coal by ex-
traction [26]. However, the resulting coal liq-
uids in their initial form are poorly suitable for
use as motor and boiler fuel, so additional ap-
plication of catalytic processes is necessary for
their hydro-processing in order to decrease the
concentration of sulphur and other undesirable
admixtures in liquid fuel.

Another direction in obtaining synthetic fuel
is based on vapour oxygen gasification of coal
into synthesis gas; motor and boiler fuel can be
obtained by its catalytic processing.

With respect to such index as coal consump-
tion for the production of 1 t of liquid prod-
uct, and the energy efficiency of the process,
the technologies of direct liquation of coal have
advantages. However, the technologies of ob-
taining liquid fuel through gasification have al-
ready passed industrial mastering and allow one
to obtain high-quality motor fuel immediately.
In addition, they are safer from the viewpoint
of ecology and less sensitive to the variations
of the composition of initial raw material in
comparison with the technologies of direct de-
structive hydrogenation of coal.

By present, more than 30 technological
schemes of direct destructive hydrogenation of
coal have been developed. They were tested with
the demo installations with different produc-
tivities but all of them lag behind in their ef-

ficiency against the technologies of the produc-
tion of similar products from oil. This is connected
with the fact that thermochemical transformations
of the organic matter of coal into low molecular
weight organic compounds proceed with not very
high selectivity and under more rigid conditions
than those involved in oil processing [27].

In order to improve coal hydrogenation pro-
cesses, the approaches are developed on the ba-
sis of the use of preliminary activation of coal,
the application of cheap iron ore catalysts in com-
bination with hydrogen-donating solvents or with
organic raw material with increased hydrogen
content (oil, lignin, synthetic polymers) [28—32].

Below we will consider the recent results on in-
tensification of thermal transformations of brown
coal from the KAB into liquid products, their com-
position and possible areas of application.

Activity of dispersed iron ore catalysts
in thermal liquation of brown coal

The majority of coal hydrogenation tech-
nologies include several stages (Fig. 4). The se-
lection of optimal parameters at each of them
allows one to optimize hydrogen consumption
and the composition of results liquid products.
As a rule, iron-containing catalyst is used at
the first stages of coal liquation. The require-
ments to these catalysts are determined by the
features of the technological scheme of the
process. A general condition is the necessity to
introduce catalytically active components into
the coal-oil mass in the highly dispersed form.

It was established previously that mechanical
activation of the materials of ore origin contain-
ing iron minerals as the major phase causes a
substantial increase in their catalytic activity to-
wards coal hydrogenation. However, with an in-
crease in the duration of treatment, we observe
the formation of relatively large aggregations of
small particles. In order to inhibit particle associ-
ation process, mechanochemical activation of iron
ore samples differing from each other in the com-
position of the major crystal phase (haematite
and pyrrhotite) in water was carried out.

It was discovered that the treatment in ac-
tivator mill AGO-2 results in a substantial in-
crease in the specific surface of iron ore mate-
rials (up to 47—85 m?/g) and a decrease in par-
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Fig. 4. Schematic diagram of the thermal transformation of coal into liquid hydrocarbon products.

ticle size. The maximal specific surface was ob-
tained for the sample containing haematite. The
diffraction patterns of the treated samples in-
dicate a decrease in their crystallinity and
changes of their chemical composition.

According to the results of scanning elec-
tron microscopy, about a half of the particles
in activated samples have a size below 100 nm.
The particles are present as associates with com-
plicated structure. The size and structure of
particle associates are determined by the dura-
tion of mechanical treatment and the nature
of iron-containing sample.

The effect of the time and intensity of treat-
ment of iron ore catalysts and the methods of
their introduction into the raw material on the
catalytic properties for hydrogenation in tetra-
line and hydropyrolysis of brown Kansk-Achinsk
coal was studied.

A correlation between the chemical composi-
tion, specific surface, method of introduction
of iron ore catalysts into the raw material and
the activity of the catalysts in the processes
under investigation was discovered experimen-
tally. It was demonstrated that dispersed iron-
containing catalysts added as a powder to brown
coal during hydropyrolysis cause an increase in
the degree of transformation of the organic
matter of coal (OMC) by 16—20 rel. % (Table 4).

During hydrogenation of coal, the addition
of iron-containing catalysts dispersed prelimi-
narily in tetraline with the help of ultrasound
causes a substantial increase in the degree of
OMC conversion (up to 85—89 %). Coal conver-
sion increased mainly due to an increase in the
yield of petrolenes. Pyrrhotite exhibits higher
catalytic activity than haematite.

During coal hydrogenation, tetraline gets
dehydrated and transforms into naphthalene by
59—71 %. Calculations show that the consump-
tion of hydrogen from tetraline by coal in the
presence of catalysts was 2.0—-2.3 % per OMC,
gaseous hydrogen 2.3—2.5 % per OMC.

We tested both individual substances (iso-
propyl alcohol, toluene, tetraline, naphthalene
etc.) and technical paste-forming agents (high-
boiling fractions of oil and products of coal
hydrogenation) as past-formers. The established
trend was an increase in the catalytic activity
with an increase in the number of aromatic
rings and the degree of condensation of poly-
cyclic aromatic compounds in a statistical mean
solvent molecule. The catalytic action of iron-
containing ore samples is reduced to hydroge-
nation of polycyclic aromatic compounds or lig-
uid products of coal decomposition with the
formation of partially hydrogenated derivatives
possessing the ability to donate hydrogen. The
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Effect of catalysts on the parameters of hydropyrolysis and hydrogenation of brown coal in tetraline environment

at 430 °C, mass %

Catalysts Degree of OMC Yield Tetraline/naphthalene
conversion Gases Asphaltenes Petrolenes ratio
Hydropyrolysis of coal*
Absent 50 184 1.6 30.0 -
Hematite 58 19.6 2.1 36.3 -
Pyrrhotite 60 21.3 24 36.3 -
Supported 50 174 1.8 30.8 -
Hydrogenation in tetraline environment

Absent 57 14.8 14 40.8 0.56
Hematite (3.3 mass %)** 85 21.4 9.3 54.3 0.38
Pyrrhotite (3.1 mass %)** 89 16.9 111 61.0 041
Supported (3.0 mass %)** 52 15.6 2.8 33.6 0.69

*Hydrogen pressure in autoclave before experiment: 6.0 MPa.

**Iron content per coal mass.

latter compounds donate hydrogen during ther-
mal destruction of coal

It was established that the high degrees of
OMC conversion and the high yield of distil-
late products are achieved during hydrogena-
tion of brown coal not only in the case of the
combination of optimal methods of activation
of iron ore catalysts and their introduction into
the raw material but also due to the use of
paste-forming agent with the maximal hydro-
gen donating ability.

Joint thermal destructive hydrogenation
of brown coal and polyolefins in the presence
of iron ore catalysts

It was shown previously [33, 34] that the
joint thermal transformations of fossil coal with
synthetic polymers can be used to enhance the
yield and the quality of the resulting liquid
products. Such polymers as polyethylene,
polypropylene, polystyrene with the high H/C
ratio are able to act as the sources of hydro-
gen in these processes.

It was shown that synergic effects are ob-
served in the joint thermal transformations of
brown coal and synthetic polymers; these ef-
fects point to the chemical interaction of the
products of transformations of mixture com-
ponents. In particular, during joint pyrolysis in

the atmosphere of hydrogen, the degree of
coal conversion increases substantially with an
increase in the mass concentration of polyole-
fin in the reaction mixture (from 52 mass % in
the absence of polymer additives to 85 mass
% for the mass concentration of polyolefin in
the initial raw material 80 %).

The use of ore-originated iron-containing
catalysts activated mechanochemically causes an
increase in the degree of conversion of the mix-
ture of coal and synthetic polymers under joint
hydropyrolysis by 10—13 mass %, while the yield
of liquid products increased by 9.4—13.3 mass %.

We studied the composition of liquid prod-
ucts of the joint thermal transformation of
brown coal from the Berezovka deposit in KAB
with synthetic polymers under autoclave con-
ditions under hydrogen pressure in the pres-
ence of dispersed iron ore catalysts.

In these experiments, the fraction of liquid
products boiling out below 180 °C (fraction I) was
distilled from the autoclave under vacuum; the
sampled substances were condensed in a trap
cooled with liquid nitrogen. Then the autoclave
content was extracted with benzene. The extract
purified from the solvent was fractionated by
vacuum distillation into products boiling within
temperature range 180—350 °C (fraction II) and
the residue from distillation with the boiling on-
set temperature of 350 °C (fraction III).
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The concentrations of individual hydrocar-
bons in the low-boiling fraction were determined
by means of gas chromatography-mass spec-
trometry. The fraction of liquid products boil-
ing within the range 180—350 °C was examined
by means of high-efficiency thin layer chro-
matography, IR and NMR spectroscopy.

It was established that thermal destruction
of the mixtures of coal with synthetic poly-
mers is characterized by increased (in compar-
ison with hydrogenation of coal alone) yield of
distillate fractions I and II (Table 5). The use
of dispersed iron-containing catalysts in these
processes causes further increase in the yield
of these fractions by a factor of 1.2—1.6. The
highest yield of fractions I (36.6 mass %) and II
(32.4 mass %) was obtained after hydropyroly-
sis of the coal/polypropylene mixture in the
presence of the catalyst containing pyrrhotite.

The light fraction of liquid products of hy-
dropyrolysis (b.p. <180 °C) contains mainly par-
affins C,—C,, (70—75 mass %). The chemical
structure of these compounds is determined by
the type of the used synthetic polymer. Mainly
linear hydrocarbons are formed in hydropyrol-
ysis of coal/polyethylene mixture, while the
products of the decomposition of coal/polypro-
pylene mixture are characterized by increased
concentration of structural isomers.

The concentration of aromatic hydrocarbons
in fraction I increases with an increase in coal
content of the initial mixture and reaches
23 mass % for the components ratio in coal/

TABLE 5

synthetic polymer mixture equal to 80/20. Aro-
matic compounds are represented mainly by
alkyl derivatives of benzene and phenols. The
use of catalysts for hydropyrolysis of coal/
synthetic polymer mixtures causes a substan-
tial decrease in the concentration of olefin hy-
drocarbons in this fraction.

According to the data of gas chromatogra-
phy — mass spectrometry, fraction II has com-
plicated composition, which does not allow us
to identify some of the compounds with satis-
factory reliability. We established that this frac-
tion of liquid products formed in the joint trans-
formations of coal and polyolefins contains a
number of alkyl aromatic and oxygen-contain-
ing compounds that are absent from the prod-
ucts of individual decomposition of the com-
ponents of the mixture. For detailed analysis,
fraction II was preliminarily separated into the
groups of substances by means of liquid col-
umn chromatography.

The compounds extractable with hexane are
mainly represented by paraffins and olefins C,,—
Cys- The concentration of these compounds in
fraction II increases from 70 to 88 mass % with
a decrease in the mass concentration of coal in
the mixture under pyrolysis from 80 to 20 %.

In the aromatic part of products, we estab-
lished the presence of alkyl derivatives of ben-
zene, phenols, and alkyl derivatives of naph-
thalene and anthracene. The use of catalysts in
hydropyrolysis of the mixtures of coal with syn-
thetic polymers is accompanied by a decrease in

Yield of the fractions of liquid products in the process of thermal transformation of coal/polymer mixture
(1:1) in the atmosphere of hydrogen (working pressure 8 MPa), mass %

Catalysts Fraction I (<180 °C) Fraction IT (180—350 °C) Fraction III (>350 °C)
Coal /polyethylene mixture

Absent 9.7 132 39.8

Pyrrhotite 16.3 18.4 41.3

Hematite 15.2 17.9 37.0
Coal /polypropylene mixture

Absent 24.8 25.7 7.6

Pyrrhotite 36.6 324 19

Hematite 34.3 30.2 3.5

Coal
Absent 5.6 75 14.3
Hematite 7.2 114 19.4
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the intensity of peaks in the regions of polycy-
clic and heterocyclic compounds in the high per-
formance thin layer chromatograms and an in-
crease in peak intensities in the region of mono-
cyclic compounds. These data agree with the re-
sults obtained by means of *C NMR.

So, hydropyrolysis of the mixtures of coal
with synthetic polymers is characterized by in-
creased yield of distillate fractions that can be
considered on the basis of their composition as
valuable raw material for the production of
motor fuel. The use of fine iron ore catalysts in
the joint hydropyrolysis causes a sharp decrease
in the content of olefins and polycyclic aromatic
hydrocarbons in the distillate products.

Modification of the properties of polymer
bitumen binders obtained by thermal dissolution
of brown coal in black oil

To improve the characteristics of oil bitu-
men, modifying additives are used. These addi-
tives are synthetic thermoplastic polymers and
elastomers, as well as the wastes from their pro-
duction. Under the typical conditions of asphalt
production, the dissolution of the majority of
synthetic polymer materials in oil bitumen is
impeded. Because of this, bitumen modification
with synthetic elastomers is preceded by pre-
liminary dissolution of the polymer in organic
solvents (usually originating from oil), then the
modifying agent is added to the binder. Howev-
er, this method cannot be used in the case when
modifying agents are polymer materials with lim-
ited or poor solubility in oil products. These ma-
terials include the wastes from the production
of oil-resistant kinds of caoutchouc, worked out
rubber scrap, including auto tires manufactured
on that basis; efficient methods of utilization
have not yet been developed for these materials.

We demonstrated previously that high-qual-
ity binders for road construction can be obtained
by thermal dissolution of brown coal and a
number of synthetic polymer materials (poly-
ethylene, polypropylene, wastes from rubber
products of different kinds) in the residues of
oil distillation at 350—380 °C [35—38]. High-boil-
ing residue containing up to 25 mass % prod-
ucts of polymer thermodestruction correspond-
ed to the requirements of the State Standard
(GOST) to oil road bitumen and had the opti-

mal ratio of oil, tar and pyrobitumen. The prod-
uct can be used as a binder for road construction
without separating the non-dissolved part of coal
and mineral components from it, which simpli-
fies the technology of its preparation. This meth-
od allows one to modify binders using a broad
range of polymer materials including those in-
soluble in oil bitumen at moderate temperatures.

Development and production of modifying
agents suitable for transportation over large
distances and able to mix well with oil bitu-
men at 120—180 °C directly during the prepa-
ration of asphalt are of substantial practical
interest. For this purpose, investigation of the
solubility of oil-resistant caoutchouc in the lig-
uid products of coal thermal transformation was
performed. These products differ from the prod-
ucts of oil origin by increased concentration of
aromatic hydrocarbons.

It was established that the optimal concen-
tration of the polymer in solution (modifying
agent for bitumen) is 25—30 mass %. In this case,
the dissolution proceeds rapidly (for less than
1 h), while the resulting modifying agent is well
mixed with oil bitumen during heating. Bitu-
men samples modified with caoutchouc-contain-
ing components are characterized by increased
concentration of pyrobitumen and tar. Pyrobi-
tumen provides the hardness of bitumen and
high softening temperature, while tar provides
malleability and elasticity. Experimental tests
showed that the modifying agents obtained by
the dissolution of oil-resistant caoutchouc and
wastes of its production (coagulum) in the prod-
ucts of semicarbonization of coal and thermal
dissolution of brown coal decrease the brittle
temperature of bitumen and increase extensi-
bility, especially at 0 °C (Fig. 5). Due to this, it
is possible to obtain asphalt concrete stable
against the formation of cracks during winter.

It was shown that fine-grained rubble as-
phalt/concrete mixtures prepared using the
modified binder of optimal composition are
characterized by a substantial increase in the
compression strength at 20 and 50 °C, as well
as by the higher water resistance coefficient
for short-term (1 day) and long-term (14 and
30 days) saturation with water in comparison
with the mixtures based on initial bitumen.

Asphalt concrete with the optimal content
of modifying agents based on oil-resistant ca-
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Fig. 5. Dependence of extensibility of composite binder
on the concentration of modifying agent at 0 (1, 2) and
25 °C (3, 4): 1, 3 — bitumen + modifying agent 1 (30 mass %
coagulum + 70 mass % coal char tar); 2, 4 — bitumen +
modifying agent 2 (30 mass % caoutchouc + 70 mass %
high boiling products of thermal dissolution of brown coal
in oil black).

outchouc in the composite binder (2.5—5.0 mass
%) exceeds the requirements of GOST 9128—-97
and can be used for making the upper layers
of road paving.

CONCLUSION

Russian Federation lags behind industrially
developed countries in the area of technolo-
gies for obtaining synthetic fuel from coal. How-
ever, it is Russia where the necessity to devel-
op the industry of synthetic fuel from coal be-
comes increasingly urgent due to a number of
reasons, such as an increase in the cost of oil
mining, difficulties of transportation of cheap
coal from Siberia to the central regions of the
country, ecological limitations for large-scale
combustion of coal near mining sites with sub-
sequent transmission of electric power over
large distances.

The most suitable coal basis for the devel-
opment of industrial plants engaged in fine
processing of coal is the Kansk-Achinsk brown
coal basin. Brown coal from the KAB has the
lowest prime cost in RF but it is a low-quality
energy raw material and is poorly suitable for
long-range transportation. However, the high
reactivity of brown coal provides the reason-
ability of using it for fine processing.

The most promising directions of fine pro-
cessing of Kansk-Achinsk coal is to obtain re-
fines solid fuel and synthesis gas. The brown

coal char is transportable and ecologically safer
fuel; it is used as carbon reducing agents in
ferrous and nonferrous metallurgy, cheap car-
bon sorbents, and raw material for the pro-
duction of synthesis gas.

Methanol or dimethyl ether obtained from
synthesis gas is necessary for petroleum chem-
ical industry and for the production of motor
fuel. Synthesis gas can be processed at the site
or transported through pipelines to the neigh-
bouring regions from the Krasnoyarsk Territo-
ry.

An optimal version seems to be the devel-
opment of a technology of SASOL type which
is based on coal gasification and the treatment
of the resulting synthesis gas to obtain motor
fuel and chemical products. This technology has
passed long-term industrial tests in the Repub-
lic of South Africa (the first plant was put into
operation in 1955, today the plants of total ca-
pacity about 4.5 mln t of liquid products per
year are functioning) [39].

A promising direction of processing the KAB
coal is also its thermodissolution with the for-
mation of coal oil. A plant manufacturing liq-
uid fuel by means of coal hydrogenation has
been built in China recently [40].

As a result of investigations performed at
the ICCT, SB RAS, in the area of develop-
ment of the technologies aimed at obtaining
synthetic fuel from brown coal of the Kansk-
Achinsk basin, more efficient processes than
the conventional ones have been proposed: au-
tothermal pyrolysis and gasification of brown
coal in reactors with the fluidized bed of cata-
lytically active slag, production of liquid fuel
and binders for road construction by means of
thermal dissolution of coal and its mixtures with
carbon-containing wastes in the presence of
activated iron ore catalysts [25, 41—45].

It is reasonable to involve the new genera-
tion of the developed processes of obtaining
synthetic fuel from brown coal for the creation
of industrial technologies of fine processing of
KAB coal.
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