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The purpose of the study was to determine the influence of the main following factors on
the efficiency of the process of high-temperature refining of natural and artificial graphite:
processing temperature, distribution of metal oxides, and changes in the aggregate state
of ash impurities. Thermal processing of natural graphite from Ukrainian deposits and
anthracite from Donetsk coal basin was carried out in a chamber furnace at a holding
time of 10–20 minutes in a temperature range of 1500–30000Ñ. The quality of refining
was carried out by ICP-OES and XRF analysis methods. It was established that the
refining process may be divided into three following periods: 0–16000Ñ (removal of
moisture, volatiles, and decomposition of carbonates); 1600–26000Ñ (evaporation of
main ash-forming metals Fe, Si, Al, Ca, Mg in the form of oxides, silicides, and carbides);
and 2600–30000Ñ (evaporation of refractory compounds Ti, V, Mo, the content of which
in the initial raw material determines the processing temperature and the quality of the
final product). The distribution of metal oxides in the initial carbon material is not
uniform, which complicates the use of equilibrium state models. The transition of ash
into the liquid and then gaseous state has a significant impact on the result of heat
treatment. This is what determines the choice of the process scheme. Intermittent process
is the heating by an external heater in an inert gas environment. Continuous process is
the heating of the material in moving containers or processing in an electrothermal
fluidized bed.
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external heater, electrothermal fluidized bed.
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Introduction
Technological development has determined high

requirements for the quality of carbon materials. This
applies to synthetic and natural graphite for making
batteries, graphitized products for nuclear reactors,
electrode products, and carburetors for metallurgical
processes. For finely dispersed graphite materials, the
main quality indicators are chemical composition and
crystal structure. They largely determine the
performance properties of materials (electrical
conductivity, thermal conductivity, etc.).

Purification of carbon materials is usually a
multistage process [1–3] including flotation, which
allows producing concentrate with carbon content of
90–98%. The subsequent stage may comprise chemical
purification (acid-base method and acid method), high-
temperature purification and high-temperature
purification using halogen-containing gases. This article
focuses on the second stage of purification of carbon
materials: high-temperature treatment of the material
without the use of acid and halogens. This refining
option makes it possible to obtain a finished product
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that meets the requirements for the production of
lithium-ion battery anodes and carburetors with carbon
content of 99.95% and higher.

The thermal purification of carbon materials
consists in their heating to temperatures around
30000Ñ and removing ash from the material in the
form of vapor. In the process of heating, metal oxides
contained the ash melt are evaporated and removed
with effluent gases. This process also involves chemical
interactions between carbon and elements of the ash.
Thus, purification is a complex physical and chemical
process that brings about change in the aggregate state
of the reagents.

Qiu et al. [4] focused on the study of
graphitization of anthracite with the ash content of
2.85% at Taixi Coal Preparation Plant (Ningxia,
China). The ash contained SiO2 (25.21%), Al2O3

(17.33%), Fe2O3 (20.01%), CaO (25.65%), and MgO
(10.16%). In high-temperature research, the effect of
heating rate (5–200C/min) and holding time (1–4
hours) on the reduction of ash content was determined.
The processing temperature was 30000Ñ. The studied
samples of anthracite were parallelepipeds (2×1 cm).
It was found that the heating rate does not affect
purification of anthracite, and the duration of exposure
allows reducing the ash content from 0.89% (1 hour
of exposure) to 0.17% (3 hours of exposure). A further
increase in the duration of exposure did not lead to a
decrease in the ash content. Thus, the carbon content
in graphitized anthracite after long processing at 30000C
was 98.87%, considering the presence of volatile
products at 0.96%. Their presence was not explained
by the authors of the article. In addition, the authors
observed an increase in macrocracks with increasing
temperature of anthracite processing, which seems to
be associated with formation of the liquid phase and
fumes of ash elements.

Further research into graphitization of anthracite
at Taixi Coal Preparation Plant (Ningxia, China) is
presented in ref. [5], which was devoted to the processes
of change in the ash component during high-
temperature treatment. Studies were carried out on
similar samples [5] at heating temperatures up to
27000Ñ. Compositions of anthracite ashes were
modeled and investigated by XRD analysis, starting
from the initial point and at the processing
temperatures of 12000Ñ, 15000Ñ, 18000Ñ, 22000Ñ,
and 27000Ñ. This allowed the authors to determine a
sequence of changes in the chemical composition of
ash depending on temperature. The transition of ash
inclusions into the liquid state is assumed to take
place at 1200–15000Ñ. The decomposition of mineral
complexes into oxides and their sublimation with the
formation of porosity is associated with further heating
(18000C). Small portions of silicon and aluminum

form carbides, which decompose to form graphite. At
graphitization temperature of 27000Ñ, traces of carbides
decomposition are observed on the surface of anthracite
particles, and porosity visibly decreases. Particles of
ash elements in anthracite samples are uniformly
distributed and look like inclusions (filled voids and
knots).

The issues of natural graphite thermal refining
were studied in detail in ref. [2], which discusses
purification of graphite-6 from flake graphite (FG)
deposits and microcrystalline graphite-4 deposits in
China. The composition of graphite ash part is very
similar to the composition of anthracite ash. The
main ash-forming elements of graphites are Al, Si,
Fe, K, and Ca. Thermal treatment of FG at 30000C
with a holding time of 30 minutes and a heating rate
of 100C/min showed that the ash content decreased
while the carbon content reached 99.95–99.99%. The
main residual impurities include elements with high
boiling point: carbides of B, Ti, Ta, V, W and Mo.
Gravimetric studies, investigation of gas atmosphere
composition, XRD analysis of ash at different
processing temperatures allowed the authors to
determine the main features of high-temperature
graphite refining. Removal of the main ash-forming
elements is associated with reduction of oxides and
evaporation of metals or carbides. After reduction, Fe
forms Fe3Si and is removed during further heating at
27000C, by passing the formation of iron carbide. As
in previous papers, the issues of purification kinetics
and organization of gas removal processes were not
considered. However, the authors gave two possible
schemes of continuous graphite purification: horizontal
with a feed screw and vertical with separate moving
containers.

Early studies of high-temperature refining
reported in ref. [6] confirmed the general approach to
thermal purification: evaporation of ash inclusions or
their compounds with carbon. The authors studied
the kinetics of the refining process and stated that the
main factor determining the refining kinetics is the
rate of the material heating to a given temperature.
First of all, the authors consider refining processes in
Achenson furnaces, where the composition of the
initial graphite and the ash content of the backfill
significantly affect the final result, which can lead to
the process of reverse condensation. The mechanism
of purification is based on the reduction of oxides at
temperatures around 18000C and the partial formation
of carbides, which decompose and evaporate upon
further heating. In this case, the processing temperatures
do not exceed the boiling point of carbides and oxides.

Analysis of literature showed that researchers
consider only the general approach to thermal
treatment, defining the main process associated with
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evaporation of ash elements and their removal from
graphite with waste gases. Possible processes of graphite
impurities condensation and removal of gases are not
considered but are taken as a given. In addition, the
refining quality is largely determined by removal of
impurities, which may be insignificant in ash
composition, but at thermal treatment, their influence
significantly increases, and the issues of their removal
become decisive for obtaining a product of the required
quality. In refining studies, it is usually assumed that
ash distribution is uniform, which is a rough
assumption that can affect the final refining result.
These issues will be addressed in this paper.

Experimental
Materials and thermal treatment regimes
Natural graphites from Ukrainian deposits were

investigated in the present research. The initial
composition is shown in Table 1, with a total ash
content of Ad=6.38%. In addition, the purification
process of anthracite from Donetsk coal basin with
ash content of Ad=3.32% was studied. Based on the
X-ray phase analysis of the initial anthracite, the
content of the main components of its ash was
determined as follows: Al 29.6%, Si 49.0%, Mg 5.5%,
Fe 12.0%, and Ca 3.9%.

Natural graphite was refined in a laboratory
furnace [7] with external heating of the material at a
high rate up to 10000C/min. Heating was carried out
in the temperature range of 1600–30000Ñ. Preliminary
studies have shown that the duration of exposure,
providing full heating of the load, is 10 min. A decrease
in the holding time led to an increase in the ash
content, which confirms the idea reported in ref. [7]
that the refining kinetics is determined by the heating
rate of carbon material. After cooling, the ash content
of the material was determined and elemental analysis
was carried out using the ICP-OES method after
treatment at temperatures of 16000C, 26000C, and
30000C.

The anthracite was treated in the same furnace
at temperatures of 15000C, 18000C, 21000C, 24000C,
27000C, and 30000C. The holding time was 20 minutes.
The samples were examined by XRF analysis, which
allowed investigating the distribution of ash inclusions
and their removal during the heat treatment.

Results and discussion
The results of experimental research into natural

graphite thermal refining are shown in Figs. 1 and 2.
The whole refining process can be conditionally divided

into following three stages in terms of temperature:
0–16000C (28.6% reduction in ash content) –

removal of moisture, volatiles, decomposition of
carbonates, partial removal (evaporation and reduction)
of K, Mg, Fe, and Na oxides;

1600–26000Ñ (69.9% of ash content reduction)
– evaporation of the main ash-forming metals in the
form of oxides, silicides, carbides of Fe, Si, Al, Ca,
Mg, as well as Mo, Cu, V, Cr, W impurities;

2600–30000Ñ (1.3% of ash content reduction)
– evaporation of Ti, V compounds.

Table 1
Graphite a composition, ppm

Si Fe AI Mg K Ca Na Ti Mo V V 
12723 6921 6285 4011 2738 986 415 325 182 171 171 

Fig. 1. Decrease in ash and ash-forming metal content

depending on refining temperature

It is the third refining period that allows obtaining
the carbon content in graphite corresponding to the
requirements for the anode material of lithium-ion
batteries (99.95–99.98%). Analysis of boiling
temperatures of Ti, its oxides and carbides (Table 2)
shows that it is possible to remove titanium from
graphite by evaporating reduced titanium or its oxides.
If titanium carbides are formed, its evaporation at
refining temperature is impossible.

Thus, during thermal purification, the initial
composition of graphite should contain only minimum
amount of Ti, W, and V.

To clarify the processes of graphite thermal
purification, we studied the possibility of using the
TERRA computational complex, which allows
simulating the chemical equilibrium of multicomponent
systems, considering the aggregate state of substances
at given thermodynamic parameters [8]. The condition
of the system equilibrium corresponds to the maximum
of its entropy: dS=0 and d2S<0. Simulation was carried
out for experimental conditions of thermal refining
of graphite. The simulation results were compared
with the results of experimental data obtained after
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proportion of such particles decreasing with increase
in ash content;

– particles with carbon and mineral part (from
10% to 90% of ash in a particle) make from 9% to
53% of the total ash content in coal. With increasing
ash content, the share of such particles increases;

– particles containing mainly the mineral part
(more than 90% of ash in a particle) make up 3% to
19%, while the effect of the total ash content on the
share of such particles is of random nature.

Studies of the particle size distribution of particles
containing different amounts of mineral part showed
that particles containing mainly mineral part were
significantly smaller in size than the rest, within the
range of 4–40 microns; while particles containing
carbon were 10–200 microns. A similar result was
confirmed in ref. [10] when an increase in ash content
was observed alongside a decrease in grain size
distribution.

Experimental research into the distribution of
the mineral part in coal and distribution of the main
ash-forming elements was carried out during thermal
refining of anthracite from the Donetsk deposit.
Heating of samples was carried out at temperatures of
21000Ñ, 24000Ñ, 27000Ñ, and 30000Ñ. XRF analysis
of the initial anthracite samples (Fig. 4) showed that
ash distribution corresponds to the classification given
elsewhere [11]. The distribution of Al, Si, and Mg is
determined by significant concentrations associated
with particles containing mainly mineral part. The
distribution of Fe is more uniform. Thus, the
distribution of ash-forming elements is uneven, which
is confirmed by the data in Fig. 5.

Mineral inclusions after heat treatment at 2100–
24000Ñ are point like shown in Fig. 6. It can be seen
that the inclusions are in the molten state in the
shape of a sphere.

full heating of the material in the furnace and
stabilization of its chemical composition (exposure
time being 10 minutes). The simulation results are
shown in Fig. 3. It follows that the experimental data
on the ash-forming elements content are close to the
calculated ones at the temperature of 16000C (the
beginning of refining) and at 30000C (the end of
refining). The process of purification of the main
ash-forming elements differs considerably from the
equilibrium one, which does not allow using
thermodynamic models for investigation of the refining
process. The reasons for this, in our opinion, are the
following factors, which can determine the dynamics
of refining: uneven distribution of ash elements, the
presence of physical processes of melting and
evaporation of melts, the yield of melts on the surface
of particles.

Fig. 2. Change of metal content in natural graphite during thermal refining:

a – initial anthracite; and b – after thermal treatment at 30000Ñ

Ti 
compounds 

Melting temperature, 
0C 

Boiling temperature, 
0C 

Ti 1670 3560
TiO2 1843 2972 
TiC 3260 4300

Table 2
Melting/boiling temperatures of titanium and its

compounds

a b

The distribution of ash in carbon materials was
thoroughly studied by scientists who investigated the
formation of fly ash during combustion of pulverized
fuel in boilers [9–11]. The detailed study of the mineral
content distribution [11], carried out on 18 kinds of
coal from Australia, North America and Great Britain,
showed that the ashes are distributed between the
particles of coal after milling in the following way:

– particles containing mainly carbon (no more
than 10% ash in a particle) are 88% to 35%, with the
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Fig. 3. Comparison of calculated and experimental data of Si, Fe, Mg, and Al content in graphite depending on the processing

temperature

Fig. 4. SEM of the initial anthracite from Donetsk deposit

Fig. 5. Values of ash-forming elements based on the results of XRF analysis
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With an increase in the temperature, the value
of inclusions decreases. The XRF analysis data show
that at 21000Ñ, the silicon is present in the mineral
inclusions, but at 24000Ñ and above, it is not detected.
Similarly, there is no aluminum at 2700–30000Ñ.
The main part of graphite particles represents carbon.

The obtained results allow us to describe the
mechanism of carbon material purification during
thermal refining and the influence of physical processes
involved in changing the aggregate state of the
precursors mineral part on this process.

As was reported by Qiu et al. [4], the transition
of the mineral part of carbon materials into the
liquid state occurs at temperatures of 1260–15000Ñ.
This has not been experimentally recorded during
thermal treatment. At the same time, the results of
thermal treatment of fine-grained graphite to the
temperature of 15000Ñ given in ref. [12] are very
indicative. Significant areas of particles covered by a
bed of molten ash can be clearly seen on
microphotographs (Fig. 7).

The formation of ash on the surface of the melt
particles leads to their agglomeration (sticking) and
the impossibility of their independent movement
relative to each other, which significantly reduces the
fluidity of carbon material. At further heating at 21000Ñ,
the main part of the melt evaporates, and the
flowability of the material is restored. Thus, the
processes of the mineral component melting and
evaporation are determined by the heating temperature
of the carbon material, which depends on the heating
modes and the design of the thermal refining reactor.
Several heating options and the related advantages
and disadvantages of the reactors are discussed below.

Reactors with batch treatment process
The material is loaded into a dense bed of the

heating chamber, where it is heated by an external
heater while inert gas is supplied into the working
space. Heating starts from the bed surface and ends
when the bed is fully heated. Then the material is
cooled down in the inert medium. Subsequently, the
cycle repeats. The scheme of material processing in
the batch reactor is shown in Fig. 8.

Sublimations of the carbon material mineral
part move from the low-temperature zone to the high-
temperature zone, which excludes their recondensation,
and are evacuated from the furnace together with the
inert gas. The high temperature zone gradually advances
to the material axis and ensures a quality refining.

This is not the case in batch furnaces with direct
electrical heating – Achenson and Kastner furnaces,
where heating takes place directly in the material to
be cleaned (Kastner furnace) or in the charge which
is in direct contact with the material to be cleaned. In
practice, we observe the phenomenon of backward

condensation: contamination of the carbon material
by condensation of subcarbons coming from the
backfill when cooling the furnace. In addition, the
processing temperature produces the main influence
on the refining quality. The heating irregularity in
Achenson and Kastner furnaces reaches 200–4000Ñ
during exposure at the maximum temperature [2,6,13].
This can lead to an uneven carbon content in the
finished material from 99.87% to 99.96%. To
eliminate such a phenomenon, halogen-containing
gases are used, which provides the required quality of
purification [6].

The above-mentioned features of refining are
also typical for continuous processes of carbon materials
purification. The presented variants of continuous
graphitization processes [2], horizontal and vertical,
have fundamental differences which complicate
implementation of the process. The vertical variant of
continuous technology is, in fact, a realization of a
periodic process with containers moving from top to
bottom, and realization of this process is possible at
removal of gases and sublimations directly in each
position of the container, while gases move in the
same direction as the material. The material itself
does not move relative to the container. The horizontal
scheme proposed by the authors of work [2] raises
doubts about its implementation, because when heated
to the outlet temperature of liquid mineral components,
particles of the carbon material will agglomerate, and
the screw operation will be difficult.

In contrast to the mentioned variants of
continuous refining processes, the technology of carbon
materials purification in the electrothermal fluidized
bed provides all necessary conditions of purification
and uniform heating of the precursor (Fig. 9).

Electrothermal fluidized bed [14] is heated due
to heat release when current passes through the fluidized
bed of graphite particles between the central and
external electrodes. Fluidization of graphite particles
is provided by inert gas supply. The bed is heated to
the temperature 30000C. The precursor is continuously
fed into the bed, and, at the same time, the purified
product is removed from it. Particles of carbon material
entering the bed are intensively heated and its mineral
part enters in the form of sublimations into the flow
of inert gas and is removed together with it from the
working space of the furnace. Condensation of
substrates takes place in the effluent gas cleaning system
from the reactor. Mixing of the fluidized bed ensures
uniform heating of the particles, and the temperature
difference in the bed does not exceed 25–500C [14].
Thus, the refining of carbon materials in the
electrothermal fluidized bed provides all the necessary
conditions for their purification in the continuous
operation mode.
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Fig. 6. SEM of anthracite from Donetsk deposit after heat treatment at the temperatures of 21000C, 24000C, 27000C,

and 30000C

Fig. 7. SEM of natural graphite after heating to 15000C [12]
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Conclusions
1. Thermal refining of carbon materials is a

complex physical and chemical process, the main
factors of which, determining the quality of the
finished product, are processing temperature,
temperature difference in the reactor, removal of vapors
of the precursors’ mineral component.

2. The quality of the finished product is ensured
by removal of not only the main ash-forming elements,
Si, Fl, Fe, and Mg, but also metal oxides with a
small content of Ti, W, and V in the ash. It is their
content in the precursor that determines the final
result of thermal refining.

3. The refining process differs greatly from the
equilibrium one, and the use of thermodynamic
calculation models of the system equilibrium states
gives a considerable error in calculated and
experimental data. The reason is uneven distribution
of the mineral part elements of the precursor, physical
processes of melting and evaporation of ash.

4. The refining process involves the appearance
of the mineral part melts on the surface of particles
which leads to their agglomeration and impossibility
to move the dense bed of particles. In this regard, it is
possible to implement a periodic refining process with
external heating or heating of carbon material in
moving containers. The implementation of all
requirements for continuous thermal purification of
carbon materials (uniform heating of the precursor,
removal of sublimations from the working chamber
without recondensation) is characteristic of
electrothermal fluidized bed reactors.
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Ìåòà äàíîãî äîñë³äæåííÿ – âèçíà÷åííÿ âïëèâó îñ-
íîâíèõ ôàêòîð³â íà åôåêòèâí³ñòü ïðîöåñó âèñîêîòåìïåðà-
òóðíîãî ðàô³íóâàííÿ ïðèðîäíèõ ³ øòó÷íèõ ãðàô³ò³â: òåì-
ïåðàòóðè îáðîáëåííÿ, ðîçïîä³ëó îêñèä³â ìåòàë³â, çì³íè
àãðåãàòíîãî ñòàíó çîëîâèõ äîì³øîê. Òåðì³÷íå îáðîáëåííÿ
ïðèðîäíîãî ãðàô³òó óêðà¿íñüêèõ ðîäîâèù ³ àíòðàöèòó Äî-
íåöüêîãî âóã³ëüíîãî áàñåéíó âèêîíóâàëèñü â êàìåðí³é ïå÷³
çà òðèâàëîñò³ âèòðèìóâàííÿ 10–20 õâèëèí ó òåìïåðàòóð-
íîìó ä³àïàçîí³ 1500–30000Ñ. ßê³ñòü ðàô³íóâàííÿ ïðîâîäè-
ëîñÿ ìåòîäàìè ICP-OES ³ XRF àíàë³çó. Âñòàíîâëåíî, ùî
ïðîöåñ î÷èùåííÿ ìîæíà ðîçä³ëèòè íà òðè ïåð³îäè: 0–16000Ñ
(âèäàëåííÿ âîëîãè, ëåòêèõ ðå÷îâèí, ðîçêëàäàííÿ êàðáî-
íàò³â); 1600–26000Ñ (âèïàðîâóâàííÿ îñíîâíèõ çîëîòîóò-
âîðþâàëüíèõ ìåòàë³â Fe, Si, Al, Ca, Mg ó âèãëÿä³ îêñèä³â,
ñèë³öèä³â, êàðá³ä³â); 2600–30000Ñ (âèïàðîâóâàííÿ òóãîï-
ëàâêèõ ñïîëóê Ti, V, Ìî, âì³ñò ÿêèõ ó âèõ³äí³é ñèðîâèí³
âèçíà÷àº òåìïåðàòóðó îáðîáëåííÿ ³ ÿê³ñòü ãîòîâîãî ïðî-
äóêòó). Ðîçïîä³ë îêñèä³â ìåòàë³â ó âèõ³äíîìó âóãëåöåâîìó
ìàòåð³àë³ íåð³âíîì³ðíèé, ùî óñêëàäíþº âèêîðèñòàííÿ ìî-
äåëåé ð³âíîâàæíîãî ñòàíó. Çíà÷íèé âïëèâ íà ðåçóëüòàò òåð-
ì³÷íîãî îáðîáëåííÿ ìàº ïåðåõ³ä çîëè â ð³äêèé ³ ïîò³ì â
ãàçîïîä³áíèé ñòàí. Ñàìå öå âèçíà÷àº âèá³ð ñõåìè ïðîöåñó.
Ïåð³îäè÷íèé ïðîöåñ – íàãð³âàííÿ çîâí³øí³ì íàãð³âà÷åì ó
ñåðåäîâèù³ ³íåðòíîãî ãàçó. Áåçïåðåðâíèé ïðîöåñ – íàãð³âàí-
íÿ ìàòåð³àëó â ïåðåì³ùóâàíèõ êîíòåéíåðàõ àáî îáðîáëåí-
íÿ â åëåêòðîòåðì³÷íîìó êèïëÿ÷îìó øàð³.

Êëþ÷îâ³ ñëîâà: òåðì³÷íå ðàô³íóâàííÿ, îêñèäè
òóãîïëàâêèõ ìåòàë³â, ðîçïîä³ë çîëè, àãðåãàòíèé ñòàí,
çîâí³øí³é íàãð³âà÷, åëåêòðîòåðì³÷íèé êèïëÿ÷èé øàð.

PECULIARITIES OF HIGH-TEMPERATURE
REFINING OF CARBON MATERIALS
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The purpose of the study was to determine the influence
of the main following factors on the efficiency of the process of
high-temperature refining of natural and artificial graphite:
processing temperature, distribution of metal oxides, and changes
in the aggregate state of ash impurities. Thermal processing of
natural graphite from Ukrainian deposits and anthracite from
Donetsk coal basin was carried out in a chamber furnace at a
holding time of 10–20 minutes in a temperature range of 1500–
30000Ñ. The quality of refining was carried out by ICP-OES
and XRF analysis methods. It was established that the refining
process may be divided into three following periods: 0–16000Ñ
(removal of moisture, volatiles, and decomposition of carbonates);
1600–26000Ñ (evaporation of main ash-forming metals Fe, Si,
Al, Ca, Mg in the form of oxides, silicides, and carbides); and
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2600–30000Ñ (evaporation of refractory compounds Ti, V, Mo,
the content of which in the initial raw material determines the
processing temperature and the quality of the final product). The
distribution of metal oxides in the initial carbon material is not
uniform, which complicates the use of equilibrium state models.
The transition of ash into the liquid and then gaseous state has a
significant impact on the result of heat treatment. This is what
determines the choice of the process scheme. Intermittent process
is the heating by an external heater in an inert gas environment.
Continuous process is the heating of the material in moving
containers or processing in an electrothermal fluidized bed.

Keywords: thermal refining; refractory metal oxide; ash
distribution; aggregate state; external heater; electrothermal
fluidized bed.
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