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Abstract. The possibility of considering coal pitch as a
material suitable for research modeling the processes of
thermochemical transformations of the plastic mass of
coal carbonization and their interaction with the solid
carbon phase is analyzed. The possibilities of controlling
the properties of coal pitch and blast furnace coke during
its production with the help of aprotic acid additives in the
presence of a co-catalyst are shown.
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1. Introduction

It is well known that electrode pitch, obtained from
the non-boiling residues of thermal fractionation of coal
tar, is used in the production of a wide range of conductive
and structural materials. These materials include, for
example, anodes and anode masses for aluminum
production, graphite electrodes for steelmaking, materials
for sliding contacts, etc. The main purpose of pitch in
these industries is to act as a binder for solid carbon fillers.
High-temperature and, in some cases, ultra-high-
temperature processing (from 1173 to 17732273 K)" is a
mandatory processing step for filler and binder mixtures.

Specific technological requirements for electrode
and other binder pitches are determined by the
requirements for the quality indicators of the final product
and the peculiarities of the technology of its manufacture
at specific enterprises. In general, the pitch used as a
binding material for high-tech electrodes and carbon
structural materials should have optimal binding
properties and sinter well with crushed fillers, firmly
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binding their grains and providing a high yield of coke
residue. Oil, pitch and shale coke, artificial or natural
graphite, thermoanthracite and charges based on these
materials can be used as fillers. The main requirements to
the final carbonized products are high mechanical
strength, homogeneity of the carbonized matrix, chemical
inertness, etc.

Both at present and according to forecasts for the
short and medium term, coal pitch binders remain scarce
and practically unavailable. For several years, one of the
ways to expand the raw material base of electrode binders
has been to search for additives to coal pitch based on
heavy oil residues, pyrolysis resins, cracking residues, and
other oil products. However, these materials are charac-
terized by a much lower content of high molecular weight
aromatic components, a lower C/H ratio, and, as a result, a
much lower coke residue yield compared to their coal
counterparts™”.

At the same time, high consumer requirements for
the properties of binders based on coal tar often contradict
the actual properties of coal tar. This is not least due to the
impossibility of purposefully shaping the quality indi-
cators of the latter directly at the stage of their formation,
i. e, in the process of coal coking. Despite its high
demand in the global market, coal tar is only a by-product
of a process aimed at producing high-quality metallurgical
(primarily blast furnace) coke, which is a dispropor-
tionately larger product and whose quality characteristics
are also subject to very stringent requirements. These
include high mechanical strength, homogeneity of the
carbonized matrix, and chemical inertness.

All of the above arouses a broad research interest in
developing new opportunities for more efficient control of
thermal transformations of the initial coal pitch at the
stage of binders production for high-tech electrodes and
structural carbon materials. One of the most promising
areas in this regard, in our opinion, is the thermal
treatment of pitch in the presence of chemically active
materials that selectively intensify the course of various
processes of accumulation of the most technologically
valuable group composition components in the produced
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binder or inhibit the accumulation of undesirable
components™ °. Such studies help, among other things, to
clarify the understanding of the mechanisms of
thermochemical transformations of the original pitch in
the process of producing high-tech binders from it.

It should be noted that studies of the possibility of
targeted influence on thermochemical processes occurring
at the stages of both obtaining a binder from the initial pitch
and further thermal exposure to the molded electrode or
other workpiece (i. e., when pitch turns into semi-coke and
coke) are important not only from the point of view of achi-
eving the required quality of the binder pitch and, accor-
dingly, the products manufactured with its participation. In
our opinion, the results of such studies can also be used to
optimize the metallurgical coke production process.

It is known that the key role in the coking process
is played by the so-called coal plastic mass, which is
responsible for sintering coal grains. It consists of coking
coal components that, at a certain temperature, turn into a
plastic state and play a role in the formation of coke cake,
almost similar to the role of coal pitch in the production of
electrodes and structural materials. The temperature at
which the coal plastic mass begins to release (form) (the
initial coal softening temperature) depends on the coal
grade and a number of technological factors. For example,
according to Yan Wang et al® based on the Gieseler
fluidity analysis, this indicator can vary between 663 and
733 K. Characteristically, the initial coal pitch, a raw
material for the production of binders, is formed as a non-
boiling residue when fractions boiling at temperatures
<653-673 K are separated from coal tar.

Determining the composition of coal plastic mass
is complicated by the peculiarities of its formation. For the
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laboratory extraction of plasticizing components in the
process of heating a coal sample, researchers use, for
example, the thermal filtration method, also known as the
KhPI method (Kharkiv Polytechnic Institute, Kharkiv,
Ukraine)’. The method involves centrifugation of a coal
sample (class 0—3 mm) in a special heated glass with a
mesh bottom, through which the resulting liquid-solid
products are separated. Centrifugation is carried out by
controlled heating of the sample without air access from
room temperature to 873 K.

Despite all the possible tricks, some of the dusty
solid particles are still carried to the collector of liquid
non-volatile components of the coal plastic mass. This is
evidenced, for example, by the group composition of the
separated liquid products’, shown in Table 1.

Table 2 presents some properties of high-
temperature coal electrode pitches used as binders for the
production of electric coal products and construction
materials according to Ukrainian technological standard
TU U 24/1-00190443-084-2001. These pitches are
produced by prolonged thermal treatment of the initial
pitch formed by distillation of coal tar.

The differences in the values of the indicators given
in Tables 1 and 2 can be caused by both the ingress of fine
coal particles and solid products of its destruction into the
plastic layer separated from coal, as well as the higher
separation temperature of the coal plastic mass (the tempe-
rature of heat treatment when producing binder pitch
without the use of vacuum or increased pressure rarely
exceeds 673 K). The first assumption is supported, for exa-
mple, by the ash content of pitch: for plastic mass separated
from coal, this indicator can vary within 1.4-2.0 %’.

Table 1. Group composition of liquid non-volatile products extracted from different coal charges

Coal charge number
o,

Content, wt. % 1 > 3 4
Malthenes (substances soluble in petroleum ether) 7.9 7.7 10.2 10.8
Asphaltenes (substances insoluble in petroleum ether but soluble 55 6.0 51 6.0
in chloroform)
Carbenes (analogue of B-resins = 77— QI) 42.0 27.3 46.4 39.8
Carboids (analogue of quinoline insolubles, Q1) 44.7 59.0 38.3 44.4
Carbenes + carboids (analogue of toluene insolubles, 77) 86.7 86.3 84.7 84.2
Yield of liquid non-volatile components of plastic mass from coal 303 270 19.4 16.7
mass

Table 2. Some properties of high-temperature binder pitches
Indicators ] Values 3

Softening point, K 383408 408418
Ash yield, % <02 <02
Coke residue yield, % 52-57 54-60
Mass content of the toluene insolubles, % 43-48 46-54
Mass content of the quinoline insolubles, % 16-18 20-30
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The carbon content in the plastic mass extracted
from different coals varies from 80 to 92 % and hydrogen
content — from 4.4 to 7.7 %’. According to our data, for
coal pitch, these indices are 92-93 % and 4.4-4.6 %,
respectively.

Some authors believe that the cohesive ability of coal
plastic mass is related to the aliphatic structure of coal and
hydrogen bonds containing hydroxyl groug(O—OH) or amino
group (-NH,)°. According to the works® ', coal pitches
contain  hydroxy-, sulfur- and nitrogen-containing
compounds, as well as aliphatic fragments (-CH;) and
(=CH,), (-OCH3), and other functional groups.

The components of both coal pitch and liquid non-
volatile products of coal coking are capable of undergoing
the stage of formation of liquid crystalline structures
(mesophase)'” ' when heated, the amount and thermal
transformations of which have a significant impact on the
properties of the carbonized product of co-carbonization
of a binder with a carbonaceous filler.

Finally, as can be seen from Table 1, the yield of
liquid non-volatile products from an industrial charge
during their coking can be 16-31 %. And the share of
binder pitch in the processed charge in the production of
graphitized electrodes can be about 20 % and 25-30 % in
the production of high-strength carbon-carbon compo-
sites . Naturally, these are only approximate figures,
since the optimal amount of binder in all of the above
cases depends on the properties of the materials used and
a number of technological factors. The data are provided
only to demonstrate the comparability of the amount of
binder to filler in the production of both blast furnace coke
and carbon electrode and construction materials.

Thus, it may be stated:

— the similarity of origin of coal pitch and coal
plastic mass;

— the ability of both materials to combine the role of
binder and coke-forming component, forming a strong “pie”
at co-carbonization with similar solid disperse materials;

— relative similarity of their composition,
mechanism of thermochemical transformations and their
share in the carbonized mixture.

All of the above gives grounds to treat coal pitch as
a material suitable for simplified research modeling of the
processes of thermochemical transformations of liquid-
mobile non-volatile products of coal carbonization and
their interaction with the solid carbonaceous phase during
co-heating.

Let us return to the possibility of controlling the
properties of a coal pitch binder during its manufacture by
introducing chemically active additives into the treated
raw pitch. For example, it has been shown® that during
heat treatment, an increase in the amount of B-resins in
coal pitch is a consequence of ionic (cationic) processes,
and secondary QIs are mainly products of radical
polymerization. From this point of view, it is of interest to
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carry out thermal treatment of the pitch in the presence of
an initiator of P-resins formation, which is also an
inhibitor of radical processes of molecular weight
increase. This would contribute to a change in the group
composition of the resulting binder by the accumulation of
components with both binding capacity and high yield of
coke residue (B-resin) due to the final QI content. The
latter, although characterized by the highest coke residue
yield, do not possess cohesive properties" .

The most promising in this respect are Lewis acids
(aprotic acids) and, in particular, iron (III) chloride
(FeCls), which is able not only to initiate polyconden-
sation reactions during the co-pyrolysis of coal pitch with
carbonaceous filler but also to inhibit radical polyme-
rization reactions by entering into polymer chain breaking
reactions with radicals'*"'®. The possibility of increasing
the ash yield by introducing iron into the reaction melt is
not dangerous in the case of using the resulting binder in
the production of graphitized electrodes for steelmaking
furnaces. In addition, the increase in ash yield within such
limits will not be important when using coal pitch as a
binder in the production of less specific products, such as
fuel briquettes based on coal fines'".

However, the use of iron trichloride as a chemically
active additive to pitch and pitch-like materials, especially
in production conditions, is very difficult due to the
increased ability of this reagent to absorb atmospheric
moisture. This complicates not only the dosage of the
additive into the pitch melt, but also the maintenance of its
required concentration in the reaction volume.

The search for ways to solve this problem has
become the subject of our research.

2. Experimental

2.1. Materials

As a processed raw material in our research, we
used coal pitch obtained by one-time evaporation of coal
tar at an industrial continuous operation plant under the
following conditions:

— the dehydration temperature (the first heating
step) is 403—408 K;

— the one-time evaporation temperature (the second
heating step) is 663—683 K

— the consumption of dehydrated coal tar at the
second heating stage is 14 t/h.

The properties of the original coal tar were as
follows:

— density, kg/m’ — 1210;

—ash yield, % — 0.098;

—mass content of quinoline insolubles (QI), % — 5.8;

— moisture, % — 4.0.

Characteristics of a representative sample of a coal
tar pitch are presented in Table 3.
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Table 3. Characterization of coal pitch
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Quality indicators Unit of Numeric value
measurement
Softening point (according to “Ring & Rod” method) K 328.0
Volatiles yield at 1123 K % 61.3
Mass content of toluene insolubles (77) % 23.3
Mass content of B-resins (77— QI) % 12.7
Mass content of quinoline insolubles (QJ) % 10.6

Iron (III) chloride was chosen as the main catalyst.
This substance is characterized by almost complete
solubility in water, melting point of 579 K, and boiling
point of 588 K'®; when heated to the melting point it
decomposes slowly according to Eq. (1):

2FeCl; — 2FeCl, + Cla1. @))]

Due to its hygroscopic nature, iron trichloride in air
transforms into FeCl;x6H,O hydrate and continues to
absorb water, forming a black-brown liquid.

Table 4 presents the results of our study on the
ability of iron trichloride to absorb atmospheric moisture.
Samples of FeCl;x6H,0 crystallohydrate were kept in
open bins in a closed room under normal conditions, after
which the dissolved moisture content was determined.
Determination was carried out by dehydration over
concentrated sulfuric acid according to the method of
obtaining chemically pure crystalline iron (IIT) chloride
hydrate. From the given data it follows that the content of
absorbed moisture at the level of 25-26 % approximately
corresponds to the saturation of iron (III) chloride
crystalline hydrate with water.

Table 4. Dynamics of iron trichloride saturation with
atmospheric moisture

EXpOiEIiﬁ tme, Mass fraction of absorbed moisture, %
10 24.7
20 254
30 25.6
40 25.7

It is known that iron trichloride and water can
catalyze ionic polymerization reactions through the
formation of hydrogen ion'* "’

FeCl; + H,O <> H'[FeCl;,0H] <> H' + (FeC,OH)". (2)

Based on the totality of the above circumstances,
we used a mixture of FeCl;x6H,0 crystalline hydrate and
water as a chemically active additive in our studies.

2.2. Methods

It seems that at temperatures above 588 K, the
modifying effect on pitch should be mainly exerted by
vapors and decomposition products of this reagent:
iron (II) and iron (IIT) chlorides are initiators of ionic
polymerization, and gaseous chlorine is more effective

than air oxygen, which is widely used as a heat treatment
intensifier in the production of electrode and other pitch.
Based on this, it was decided to heat the coal pitch in the
presence of iron chloride in a laboratory heating cube
reactor with a reflux condenser. The reactor was heated
using electricity, and the total single loading of the starting
materials was 300 g.

The refusal to remove distillate products from the
reaction medium and their return to the reaction zone
(especially when the heat treatment temperature is higher
than the vaporization temperature of the catalyst additive)
not only prevents the loss of part of the catalyst with
vapors but also increases the specific weight of reactions
occurring in the vapor phase. Vapors of the additive
interact with vapors of low molecular weight components,
and with an increase in the molecular weight (and,
accordingly, the boiling point) of the reaction products,
the latter can condense and pass into the liquid phase,
where the intensity of the polymerization processes is
lower since the concentration of the chemically active
additive is lower. All this should play the role of a kind of
fuse and lead to a decrease in the rate of Cl accumulation.

3. Results and Discussion

The influence of the FeCl;x6H,0O to water ratio in
the additive on the formation of the group composition of
coal pitch during heat treatment under comparable
conditions was studied. Heat treatment was carried out
under continuous stirring. The temperature of the liquid
phase was 603 K, the duration of isothermal holding was
3 h, and the content of FeCl; crystalline hydrate was
1.31% of the pitch mass. For the purpose of better
averaging, the additive was added to the pitch in the form
of a solution in acetone with the 1:1 ratio (w/w). The
results are presented in Table 5.

As can be seen from Table 5, the mass ratio of
iron (IIT) chloride crystallohydrate to water in the additive
at the level of (3:1)—(4:1) provides a significant increase in
TI and B-resins with almost complete inhibition of the
formation rate of secondary quinoline insolubles. The
upper boundary of the detected optimum interval of the
additive water content corresponds to the maximum
saturation of iron trichloride crystallohydrate with
atmospheric moisture under normal conditions. This
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should considerably simplify storage and dosage of the
additive in industrial conditions, as it allows not taking
special additional measures at these stages to prevent
contact of the additive with atmospheric air. Further
increase of water share in the composition of the additive
is undesirable due to the increase of thermal effects during
its boiling and condensation.

Table 6 shows the effect of the mixed additive
concentration on the quality of the obtained pitch. In the
experiments the temperature of the liquid phase was
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603 K; the water-acetone solution introduced into the
pitch contained crystallohydrate and water in the ratio of
3:1; the duration of isothermal holding was 3 h.

Table 7 shows the results of determining the
optimum temperature regime of thermal treatment of
furnace in the presence of water-acetone solution of iron
trichloride crystalline hydrate (mass ratio of crystalline
hydrate and water in the additive — 3:1, duration of
isothermal holding — 3 h, the amount of the additive in
terms of crystalline hydrate — 1.5 % of the pitch mass).

Table 5. Heat treatment of initial pitch in the presence of mixed additive on the basis of FeCls;

Mass ratio Mass fraction of group composition fractions, %;
(FeCl3x6H,0) : water TI (04 B-resins
5.0 30.0 11.7 18.3
4.0 37.1 104 26.7
3.5 38.8 11.0 27.8
3.0 37.0 10.8 26.2
Table 6. Effect of the mass fraction of the mixed additive on the quality of the produced pitch
. o Mass fraction of the additive in terms of crystalline hydrate, %
Pitch quality indicators 0 075 08 3 5 o
Softening point, K 343.0 350.0 352.5 355.0 360.0 373.0
Volatile substance yield, % 58.3 54.9 53.2 523 50.2 48.1
Ash yield, % 0.2 0.5 0.6 0.7 0.9 0.9
Mass content of 77, % 28.6 32.6 35.0 37.0 37.7 42.0
Mass content of OI, % 12.5 11.4 10.7 10.8 10.7 11.7
Mass content of B-resins, % 16.1 21.2 24.3 26.2 27.0 30.6
Table 7. Dependence of coal pitch quality parameters on the temperature of thermocatalytic treatment
. o Liquid phase temperature, K
Pitch quality indicators 543 573 603 623 633 673
Softening point, K 345.0 348.0 360.0 374.0 383.0 393.0
Volatile substance yield, % 56.2 54.0 50.2 46.5 45.0 42.5
Ash yield, % 0.8 1.0 0.9 1.3 1.3 1.4
Mass content of 77, % 32.1 35.8 37.7 39.5 48.0 51.0
Mass content of OI, % 11.6 10.6 10.7 11.2 18.3 24.9
Mass content of B-resins, % 20.5 25.2 27.0 27.3 29.7 26.1

Data given in Tables 5—7 show that the optimal
conditions for thermocatalytic treatment of coal pitch in
the presence of water-acetone solution of iron (III)
chloride crystalline hydrate are as follows:

— mass ratio of water and crystal hydrate in water-
acetone solution — (3:1)—(4:1);

— content of the additive in terms of crystalline
hydrate, % of the pitch mass — 0.8—1.5;

— processing temperature, K — 603—-623.

Subject to the listed parameters, the additive under
study allows almost complete inhibition of the secondary
quinoline insolubles formation and the accumulation of O/
exclusively at the expense of valuable P-resins, the
content of which can be increased by more than 2 times
compared to the initial pitch (from 12.7 to 27.3 %). At the

same time, when more than 1.5 % of the additive is added
to the pitch in terms of crystalline hydrate and/or when the
processing temperature is increased above 623 K, the QI
content in the final product increases significantly.

An additional positive factor is the reduction of
volatile matter yield in the resulting pitch and, as a result,
an increase in the coke residue yield.

From the above data, it is clear that the principles
of controlling thermochemical transformations of coal
pitch proposed by us are applicable to the production of a
fairly wide range of electrode pitch grades. A significant
(above the requirements set by the vast majority of
consumers) increase in ash yield, undoubtedly caused by
the introduction of iron into the matrix of the processed
charge, should not lead to a deterioration in the quality of
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electrode products intended for electromelting of steel.
However, for binders intended for use, for example, in
aluminum production, this nuance is a serious obstacle.

The use of iron chloride is also problematic in
terms of controlling the thermochemical transformations
of the plastic mass of hard coal in the process of blast
furnace coke production.
It is known™” *' that one of the most important
characteristics of blast furnace coke is the reactivity index
(CRI) and the coke residue strength after reaction with
CO; (CSR). Their values are largely determined by the
chemical composition of the mineral part of coal and
charge, for the quantitative assessment of which complex
indicators are introduced: the basicity index B, in relation
to coke and the base / acid ratio [, in relation to coke
residue™.

By, = [100x4“%(Fe,05+CaO+MgO+Na,0+K,0)] /
/ [(100-V")x(SiO+ALO5)]; (3)
I, = (F6203+C30+MgO+N3.20+K20) / (Si02+A1203), (4)

where 49 is an ash yield, wt. %, Vi is a yield of volatile
substances from charge, wt. %, Fe,O;, CaO, MgO, Na,O,
K0, SiO,, Al,0O; are mass fractions of corresponding
metal oxides, %.

According to known data, for the production of
blast furnace coke with actual CRI and CSR indicators,
the values of B, and 7, should be as low as possible, in
particular, the B, of the feedstock coal should be less than
2.5%!. At the same time, as follows from Egs. (3) and (4),
an increase in iron content contributes to the growth of
both indicators.

Based on the above, iron (III) chloride cannot be
recommended as an agent for controlling thermochemical
transformations of the plastic (liquid-fluid) mass of coal
charge in blast furnace coke production. However, the
general principles of using aprotic acids for this purpose,
discussed above, are also applicable in this case. As for a
specific catalyst, it is permissible to be guided by Egs. (3)
and (4) for its selection.

4, Conclusions

Thus, the following conclusions can be drawn from
the above:

1. Coal pitch is quite acceptable to consider as a
material suitable for simplified research modeling of
thermochemical transformations of liquid-mobile non-
volatile products of coal carbonization and their
interaction with the solid carbonaceous phase during joint
heating.

2. It is of interest to carry out heat treatment of coal
binders in the presence of an initiator of B-resin formation,
which is also an inhibitor of radical processes of
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molecular weight increase. This helps to change the group
composition by accumulating components with both
binding properties and high coke residue yield (B-resins)
due to the final QI content. Lewis acids (aprotic acids)
appear to be the most promising in this regard in terms of
combining properties.

3. The absence of removal of distillation products
from the reaction medium and their return to the reaction
zone increases the proportion of reactions occurring in the
vapor phase. This leads to a decrease in the rate of QI
accumulation.

4. The thermal treatment of coal pitch in the
presence of a mixture of FeCl;x6H,0 crystallohydrate and
water as a co-catalyst was investigated.

5. The optimal conditions for the thermocatalytic
treatment of coal pitch in the presence of an water-acetone
solution of iron (IIl) chloride crystallohydrate are as
follows:

— mass ratio of water and crystallohydrate in water-
acetone solution — (3:1)—(4:1);

— content of the additive in terms of crystalline
hydrate, % of pitch mass — 0.8-1.5;

— processing temperature, K — 603—-623.

At the same time, iron trichloride, as the basis of a
catalytic additive, can be recommended only for the
production of electrodes for electric steel melting
furnaces.

6. The general principles of using aprotic acids to
improve binder properties discussed in this article are also
applicable to control the properties of the plastic (liquid-
liquid) mass of hard coal during the coking process,
provided that a catalyst is selected that will not adversely
affect the mineral composition of the final product.
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KEPYBAHHS TEPMOXIMIYHUMMU INEPETBOPEHHSIMU
KOMITOHEHTIB 3B’A3YIOUNX MATEPIAJIIB
KAM’AAHOBYTIJIBHOI'O HOXOAKEHHSA

\

Anomauin. [lpoananizosano Modxiciugicms po3isoamu Ka-
M STHOBY2INbHULL NEK SIK Mamepia, npuoamuuil 0ist OOCILOHUYBKO2O
MOO€NIOBANHSL NPOYECIE MEPMOXIMIYHUX NePemEopeHsb NIACMUYHOL
macu kapOoHizayii gy2inis ma it 63acMo0ii’ 3 meepoolo 8y2leyegoro
@aszoro. IIokazano MoxicIu60Ccmi KepysaHHs 61ACMUBOCAMU KAM 5i-
HOBY2IIbHO20  NeKy ma OOMEHHO20 KOKCy ni0 uac 1020
BU20MOBILEHHA 00DABKAMU ANPOMOHOB0I KUCIOMU 8 NPUCYMHOCTI
cnigkamanizamopa.

Knwuoei cnosa: xam’smogyzinvHuil nex, Kam AHOBY2LIbHA
naacmuyHa maca, 38 A3yloue, HANOBHIEAY, MEPMOXIMIUHI nepemso-
DEHHs.



