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Carbon materials with a graphite-like structure have the highest thermal stability in a non-oxidizing environment,
sufficient structural strength, are easily processed, etc., and therefore they are widely used in various fields of technology.
There are two methods of obtaining such materials: pyrolysis or carbonization of hydrocarbons and processing of natural
graphite, so-called “thermo-expanded graphite technology” (TRG), which consists of successive reactions of intercalation,
hydrolysis and heat treatment of natural graphite, leads to modification of the surface of TRG particles and provides the
ability to their pressing and rolling on rollers to form dense materials. Natural graphite with a carbon content of
99.0-99.5 % by mass is used for the production of TRG, from which sealing materials are obtained for the equipment of
enterprises of general industrial purpose: the fuel and energy complex, the petrochemical industry, utilities, etc. In the
equipment of nuclear power plants, materials from TRG, of so-called “atomic purity”, are used, in which the carbon
content must be at least 99.85 % by mass. Therefore, the purpose of the work is to obtain thermally expanded graphite of
high purity by the method of electrochemical oxidation and further purification of flotation-enriched graphite. The
production process took place in two stages: electrochemical intercalation of graphite with concentrated sulfuric acid
followed by hydrolysis, and chemical further purification using ammonium bifluoride and Trilon B as cleaning reagents.
Combining into one process of electrochemical oxidation of graphite and its further purification allows obtaining high
purity TRG with a carbon content of 99.94-99.96 % by mass.

In order to find the regularities of the interaction of Trilon B with metal ions included in the composition of graphite
impurities, quantum chemical modeling of these processes was carried out.

The energy effect of the interaction of the iron (I1l) cation is greater in absolute value (—969.1 kJ/mol) than for the case
with the aluminum cation (~748.3 kJ/mol) both in the aqueous medium and in the adsorbed state on the surface of the
graphene plane (-816.9 for F&®* and —621.2 kJ/mol for AP*).

Regardless of the nature of the cation, its interaction with Trilon B is thermodynamically more likely in an aqueous
solution than in an adsorbed state on the surface of a graphene-like plane.

Keywords: thermally expanded graphite, flotation-enriched graphite, ammonium bifluoride, Trilon B,
electrochemical oxidation, density functional theory, cluster approximation

INTRODUCTION environmentally friendly, resource- and energy-
Due to its unique physical and chemical saving methods of obtaining graphite intercalation
properties, graphite is used in many fields: compounds (GIC) in controlled regimes.
electronics and electrical engineering, chemical The influence of electricity consumption on the
industry, metallurgy, energy, transport, cosmetics, synthesis of GIC and expansion temperature on
construction, aviation and space industry. various parameters of thermoexpanded graphite
Separately, we can highlight the production of synthesized by electrochemical method with
composites with graphite used as a filler for different amount of passed electricity from 10.83 to
various materials to improve their mechanical and 40.00 Ah/kg [1] is shown. It is noted that
heat-conducting properties. Thus, graphite is used increasing the temperature of graphite expansion
due to its unique properties, such as high electrical leads to an increase in volume, specific surface
conductivity, chemical inertness, heat resistance, area, and pore volume up to 800 °C. Above this
and high lubricating capacity. temperature, these parameters remained practically
In particular, electrochemical intercalation, unchanged.

described in works [1-4], is one of the
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SEM images of TEG particles obtained at the
expansion temperature of 1000 °C, but with
different amounts of passed electricity, according to
work [1], are presented in Fig. 1.

The wide range of applications of
thermoexpanded graphite (TEG) requires not only

the selection of optimal production conditions, but
also the determination of the expansion coefficient.
A significant number of studies, such as [5-9], are
devoted to evaluation of the relationship between
the size of precursor particles, the degree of
expansion and the structure of pores.

Fig. 1.

SEM image of TEG particles: @ — worm-shaped particles obtained from GIC with the amount of electricity

passed through 33.33 A-h/kg; b — worm-shaped particles obtained from GIC with the amount of passed
electricity of 10.83 A-h/kg; ¢ — particles of residual compounds with 40 A-h/kg; d — cross-section of

particles with internal pores

As can be seen from Figs. 2 and 3 [1], the
amount of transmitted electricity significantly
affects the specific surface area and pore volume,
as well as the distance between adjacent
exfoliated planes. An increase in the amount of
passed electricity leads to an increase in the
specific surface area, which leads to an increase
in the total surface available for chemical
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reactions. An increase in the volume of pores is
also observed, which indicates an increase in the
porosity of the material. At the same time, the
distance between the exfoliated GIC planes
changes, which may be related to the
intercalation of ions into the interplane space.
These changes indicate structural modifications
in the GIC under the action of electric current.

m volume of pores with a radius of less
than 4.5 pm;

O volume of pores with a radius greater
than 4.5 pm;

e specific surface area of pores with a
radius of less than 4.5 pm;

o specific surface area of cuts with a
radius greater than 4.5 pm

Fig. 2. Dependence of the specific surface area and the volume of GIC on the amount of electricity passed
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Fig. 3. Dependence of the change in the distance between adjacent delaminated planes on the transmitted electricity

In particular, the work [9] investigates the
relationship between the coefficient of expansion
and the porous structure of TEG by changing the
conditions of the expansion temperature of
natural graphite (keeping the crucible lid closed
or open) with different sizes of precursor
particles under the same conditions of their
intercalation. It has been found that the TEG
obtained from graphite float concentrate with a
precursor particle size of 10 mesh (~ 1700 um)
has a low coefficient of expansion in the
temperature range from 700 to 1100 °C, with the
largest value at 1100°C — 77 ml/g. The TEG
obtained from graphite float concentrate with a
precursor particle size of 50 mesh (~297 um)
has a significantly higher coefficient of
expansion in the same temperature range as the
previous sample, with the highest coefficient of
expansion of 386 ml/g at 1100 °C.

RESEARCH METHODS AND OBJECTS

Experimental methods. Natural flotation-
enriched graphite containing 94-97 % carbon is
mixed with a sulfuric acid solution in the ratio of
50100 cm’® of electrolyte per 100 g of graphite.
Sulfuric acid with a concentration of 94 % is
used as an electrolyte. A mixture of graphite
powder and electrolyte with a thickness of
4-10 mm is evenly distributed on the surface of
the anode of the electrochemical reactor. A
porous membrane made of chemically resistant
polypropylene fabric is placed on the layer of the
mixture of graphite powder and electrolyte,
which is a good separator with low resistance to
the movement of ions and has a sufficient
thickness. A cathode under pressure is placed on
a layer of polypropylene fabric, which provides
electrical contact with the graphite powder. Then
a direct current is passed through the graphite,
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the current density is 0.5-55 mA/cm? the
amount of  electricity consumed is
90-120 A-h/kg. After the end of the electrolysis
process, the solid phase is separated from the
solution. Then, a solution of ammonia to the
alkaline reaction and a solution of the disodium
salt of ethylenediaminetetraacetic acid are added
to the solid phase at the rate of 5—40 g of salt per
100 g of graphite. The prepared mixture is
heated to 50-100 °C for 1-2 hours. Then the
solution is removed by filtration, washed with
deionized water, and 2—4 % by weight is added.
A solution of ammonium bifluoride in
hydrochloric acid, which is taken at the rate of
10-20 g of ammonium bifluoride per 100 g of
natural graphite, kept at a temperature of
55-75 °C for 5-10 hours, washed with deionized
water until a negative reaction to chlorine ions,
and the solid phase is separated from the
solution, dried and heat-treated at a temperature
of 800-1200 °C.

The work uses an experimental setup for the
electrochemical synthesis of graphite, which is
shown in Fig. 4.

In the second version, the sequence of
addition of cleaning reagents was changed:
ammonium bifluoride and Trilon B.

The content of metals in mineral impurities
before and after graphite purification was
determined using X-ray fluorescence analysis on
a D8 ADVANCE diffractometer, manufactured
by Bruker AXS, Germany.

Methodology of quantum  chemical
calculations. A graphene-like plane (GP) with
the general formula Cs4H;s (Fig. 5 @) was chosen
as a model for graphene, which is the same size
as the Trilon B molecule. In models of hydrated
complexes, aluminum and iron (III) cations are
surrounded by six water molecules (Fig. 5 b, ¢)
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[11,12]. In addition, since the electronic
structure of the iron cation has a valence
d-sublevel incompletely filled with electrons, it
is necessary to find the spin state with the lowest
energy for the hydrated complex with iron [13].

For this purpose, the hydrated complex of
the iron(Ill) cation in spin states from 2 to 10
was calculated (Table 1). It should be noted that
it was not possible to localize intermolecular
complexes with a multiplicity of 8 and 10
without removing water molecules.

Fig. 4. Block diagram of an electrochemical reactor with a vertical arrangement of electrodes [10]: / — electrolytic
bath, 2 — cathode, 3 — flat removable anode block, 4 — body of flat removable anode block, 5 — anode, 6 —
membrane made of polypropylene fabric, 7 — natural flotation-enriched graphite, § — electrolyte
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Fig. 5. Models for the graphene-like plane (a) of hydrated complexes of aluminum (b) and iron (c) cations

Table 1. Dependence of the total energy of the hydrated iron (III) cation complex on the spin state
Multiplicity Full Energy (Hartree)

2 -1721.1344868

4 -1721.1425126

6 -1721.1839955

8 -1720.9869408

10 -1720.7430449

As can be seen from the Table 1, the lowest
value of the total energy is characteristic of the
structure  with multiplicity 6, therefore, in
subsequent calculations, models with an iron(III)
cation with this multiplicity were used.

Trilon B is a disodium salt of ethyldiamine-
tetraacetic acid, which was sufficiently modeled
in the literature [14—-16].
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Quantum chemical calculations were carried
out using the GAMESS (US) program [17] by the
density functional theory (DFT) method with the
B3LYP functional [18,19] and the 6-31G(d,p)
basis set, taking into account the Grimme D3
dispersion correction [20, 21] within the PCM
polarization continuum model [22, 23].
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The complexation reaction of AI(IIl) and
Fe(IlI) cations with Trilon B, which is considered
here, can be represented by the general scheme (1):

[H:EDTA(HO)]” + [Me(H0)s]" —

— [MeEDTA]" + 2[(H,0):-H;0]", (1

where Me are cations of AI(III) and Fe(IIl),
H,EDTA(H,0),]* is a partially hydrated Trilon B
molecule, [Me(H,0)s]*" is a hydrated cation of
AI(III) or Fe(lll), [MeEDTA]" is a metal
complex with Trilon B, [(H,0);-H;0]"" is a
hydrated hydroxonium cation.

The values of the energy effect of the
interaction of Trilon B with Me*" cations in an
aqueous solution were calculated according to
formula (2):

AE eac=Ei (MeEDTA]") + 2E,([(H,0):-H;0]") —
— Eo ([HEDTAH20).1) — Eior (Me(H20)*).  (2)

The energy effect of the interaction of
Trilon B with hydrated Me** cations adsorbed on
the surface of GP was calculated using a formula
similar to the one mentioned above, with the
difference that, instead of Ei, ((MeEDTA]"), the
E o of adsorbed complex (GPs+<[MeEDTA ]") is
concerned. The reaction products are eliminated
in the experiment, so we also consider the
desorption process from the surface of the
graphene-like plane (3):

[H.EDTA(H20).]* + GP-[Me(H20)s]" —

[MeEDTA]" + 2[(H,0)s-H;0]"" + GP. 3)

The energy effect of Trilon B interaction
with hydrated Me®" cations adsorbed on the GP
surface was calculated according to formula (4):

AEea=Eis [MeEDTA]Y) + 2E o [(H20)s-H30]") +
+ Ewr ((GP)—E/or ([HEDTA(H,0)]%) —

—E oGP+ [MG(HzO)a]%). 4

RESULTS AND DISCUSSION

Electrochemical oxidation and further
purification of flotation-enriched graphite. The
paper developed the production of high purity
TEG with the carbon content of more than
99.5 % by mass from flotation-enriched graphite
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(carbon content 94-97 % by weight). The
production process took place simultaneously in
two stages: electrochemical intercalation of
graphite with concentrated sulfuric acid followed
by hydrolysis, and chemical purification. A
solution of ammonium bifluoride in sulfuric acid
and Trilon B in an alkaline buffer were used as
reagents for cleaning. Experimentally, it has been
shown that this combination of electrochemical
oxidation of graphite and its further purification
into one process allows obtaining high-purity
TEG with a carbon content of 99.94-99.96 % by
mass and has great technological and economic
advantages.

Note that the process of electrochemical
intercalation is accompanied by reverse (or non-
reverse) injection of mobile charged particles
(cations and anions) from the electrolyte into the
solid structure of the electrode. The course of
this process significantly depends on such
characteristics of the crystal lattice of the
electrode material as the presence of voids for
the transfer and placement of the intercalant, the
mobility of intercalated ions in the electrode
lattice, electronic conductivity and band
structure, thermodynamic and kinetic stability of
the electrode matrix during the intercalation
process.

Schematically, the process of anodic
oxidation is represented by the following scheme
(5), where i (ip) is an intercalation (oxidation)
current, NA is an acid.

It can be seen from the scheme that the
process of intercalation and formation of
graphite oxide is accompanied by the oxidation
of the surface carbon atoms of the graphite
electrode with gas evolution.

Thus, electrochemical intercalation reactions
are limited by the degree of oxidation of the
electrolyte (with the release of O,) and the so-
called phenomenon of graphite overoxidation,
which depends on the nature of the electrolyte
and the pH of the solution:

H,0 I—-— C,OH + HA;

—C/A+e;
!

¥ C,+A+H,0—=C,0H + HA;

)

—=C,OH+H"+e;
CO +2H"+2e +C_,;

L 1,0,+2H"+ e
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where i (i) is an intercalation (oxidation)
current, NA is an acid.

It can be seen from the scheme that the
process of intercalation and formation of
graphite oxide is accompanied by the oxidation
of the surface carbon atoms of the graphite
electrode with gas evolution.

It is most likely that during the peroxidation
of graphite, covalent bonds of the C—OH type are
formed, which is accompanied by a change in
the aromatic structure of graphite with the
formation of graphite oxide. Schematically, this
reaction can be depicted as follows:

nC"+H,0—>COH+H" +e . 6)

Schemes of anodic and cathodic processes
during intercalation:

C +3M'X >C'X 2MX+M" +¢ , (7)

@®)

During anodic oxidation of graphite in
concentrated acids (HA), graphite salts with the
general formula are formed

C +3M*'X —>C M"-2MX +X"

C A, -HA 9
(n=24,48,72 ....;m=2-2,5; A" is HSO7).
The following anodic reaction of

intercalation of sulfuric acid into graphite was
established:

ne + H3U; + mH, S0, 5

s GHSO, »mA 50, + e (10)
According to the literature data [24], the
energy of the electrostatic interaction between
the charged anion and the positively charged
layers of graphite is approximately 209 kJ/mol.

The experimental parameters of electro-
chemical intercalation and purification of natural
graphite by treatment with ammonium bifluoride
+ Trilon B are listed in Table 2.

The results of X-ray fluorescence analysis of
samples of natural flotation-enriched and
electrochemically oxidized and refined graphite
are shown in Fig. 6. As can be seen from the
figure, the use of ammonium bifluoride followed
by the use of Trilon B contributes to more
effective removal of impurities.

Table 2. Optimal parameters of electrochemical intercalation and purification of natural graphite by treatment with

ammonium bifluoride + Trilon B

Process parameters

Optimal values

Sulfuric acid concentration, %

Volume of sulfuric acid solution per 100 g of graphite, cm?
Current density, mA/cm?

Electricity consumption, A-h/kg

Consumption of EDTA per 100 g of graphite, g

Time of exposure of the mixture with EDTA, h

Holding temperature of the mixture with EDTA, h
Consumption of ammonium bifluoride per 100 g of graphite, g
Concentration of ammonium bifluoride, % by mass

Dwelling time of the mixture with ammonium bifluoride, h

Holding temperature of the mixture with ammonium bifluoride,

Thermal shock temperature, °C
Carbon content, wt. %

94
50-100
1-50
80-120
5-40
1-2
50-100
10-20
2-5
5-10
60-80
800-1200
99.94-99.96

°C

According to Fig. 6, the use of bifluoride
ammonium and Trilone B, in order to further
purify oxidized graphite, the value of Al cations
decreased from 34.54 to 0.96 wt. %, and Fe from
24.86 to 0.65 wt. %.

As mentioned earlier, to obtain thermally
expanded graphite, natural graphite is treated
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with concentrated sulfuric acid followed by
washing with water [11]. As a result of this
action on graphite during intercalation, the
available metal oxides (which are polluting
agents) are transformed into salts of sulfuric
acid, in particular, Al,(SO4); and Fez(SO4)s. In
addition, the available iron(Il) is further oxidized
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to iron(Ill). Therefore, the charge of the
considered cations is the same (+3), but of
different nature (AI** and Fe*"). The cations of
these salts are in a hydrated state and can be
either in an adsorbed state on the surface of
graphene planes, or in an aqueous medium
between partially oxidized graphene planes. The
mechanism of complexation and extraction of
polluting metal cations (AI*", Fe*") by Trilon B is
still unknown. Two cases of Trilon B interaction
with these cations are possible: from an aqueous
solution between the graphene planes of the
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X-ray fluorescence analysis of graphite float concentrate

intercalated graphite compound and in an
adsorbed state on the surface of the graphene-
like planes. Therefore, in order to clarify these
features, the adsorption of Trilon B with the
surface of graphene was investigated by quantum
chemistry methods, and the geometric and
energetic characteristics of the interaction
between Trilon B with the corresponding
hydrated cations of aluminum and iron (which
are impurities in graphite) were found in an
aqueous solution and in adsorbed state on a
graphene-like plane.

ammoninin bifluende
J ammoninun bifluende, wilon B
B2 tnlon B ammonium bifluoride

ta
in

T T T T T T
Al 8§ P K Ca € Fe Co Ni Cu Zn

X-ray fluorescence analysis of oxidized graphite with
additional purification: ammonium bifluoride; ammonium
bifluoride, Trilon B; Trilon B, ammonium bifluoride

Fig. 6. Data of X-ray fluorescence analysis of samples of graphite float concentrate and oxidized graphite with

additional purification

Thermally expanded graphite of the so-
called “atomic purity” with a carbon content of
99.94-99.96 % by mass was obtained by
electrochemical oxidation of graphite float
concentrate (with a carbon content of 96 %)
followed by its further purification using
ammonium bifluoride and Trilon B.

Quantum chemical calculations. Interaction
of Trilon B with Me’" cations in an aqueous
medium. The first task was to investigate the
reaction of complexation with the participation
of partially hydrated Trilon B with hydrated
Me** cations, which occurs according to
equation (1). In particular, in the case of
aluminum, the equilibrium geometry of the
starting compounds: Trilon B and aluminum
cation was localized for this purpose
(Fig. 7 a, b). The geometries of reaction products
were also optimized, namely the Trilon B chelate
complex with an aluminum cation (Fig. 7 ¢) and
two hydrated hydroxonium cations (Fig. 7 d).
Since Trilon B is a hexadentate ligand, it forms
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six coordination bonds with the aluminum cation
[25], two of which involve amine nitrogen atoms
and four with the participation of oxygen atoms
of carboxyl groups of Trilon B.

The energy effect for this reaction, calculated
according to formula (2), has a negative value
(-=748.3 kJ/mol, see Table 3), which indicates the
thermodynamic probability of this reaction.

The interaction of Trilon B with the hydrated
iron (III) cation with the formation, as in the
previous case, of a complex with the Fe’* cation
[25], which forms six coordination bonds, two of
them involve nitrogen atoms of amino groups
and four through participation of oxygen atoms
of carboxyl groups of Trilon B. This reaction,
like the previous one, occurs according to
equation (1). There are localized equilibrium
geometries of the participants of this reaction
(Fig. 8), which are similar to those considered
above. The Fe’" cation, both in the hydrated
complex and with Trilon B, is in multiplicity 6.
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Fig. 7. Equilibrium geometry of the reaction components of Trilon B (a) and hydrated aluminum cation () with the
formation of a Trilon B chelate complex with aluminum cation (c) and hydrated hydroxonium cation (d)
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Fig. 8. Equilibrium geometry of the reaction components of Trilon B (a) and hydrated iron(II) cation (b) with the
formation of a chelate complex of Trilon B with iron(III) cation (c¢) and hydrated hydroxonium cation (d)

For this reaction, the energy effect calculated
with formula (3) is also a negative value
(-969.1 kJ/mol, see Table 3), and its value is 221
kJ/mol lower compared to the previous case.

Interaction of Trilon B with hydrated
aluminum(1ll) and iron(lll) cations adsorbed on
the surface of a graphene-like plane. The next
task was to find out the effect of GP on the
reaction of complex formation during the
interaction of adsorbed hydrated aluminum(III)
and iron(III) cations. For this purpose, a partially
hydrated Trilon B molecule (Fig. 9 a) interacts
with the adsorbed complex of a hydrated
aluminum cation (Fig. 9 b). In this adsorption
complex, the water molecules of the hydrated
aluminum cation complex are located at a
distance of approximately 1.8 A from the GP.
The products of this reaction are precisely the
chelate complex of Trilon B with an aluminum
cation (Fig. 9 ¢) and two hydrated hydroxonium
cations (Fig.9d), as in the previous cases,
besides the product of this reaction is pure HP
due to desorption (not shown in Fig. 9).

In the second case, similar to the previous
one, the partially dissociated and hydrated
Trilon B molecule (Fig. 10 @) interacts with the
hydrated iron(Ill) cation, which is adsorbed on
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the GP (Fig. 10 b) (which is characterized by an
intermolecular distance between adsorbent and
adsorbate of approximately 2.1 A). As a result, a
chelate complex of Trilon B with an iron(III)
cation (Fig. 10 ¢) and two hydrated hydroxonium
cations (Fig. 10 d) is obtained, also as a product
of the reaction there is pure GP due to desorption
(in Fig. 10 is not shown).

The energy effects of these reactions,
calculated according to formula (4), have values
in the case of aluminum cation complexation
—621.2 kJ/mol and —816.9 kJ/mol in the case of
iron (III) cation complexation, respectively (see
Table 3).

As can be seen from Table 3, the value of the
energy effect of the interaction of magnesium
and calcium cations with trilon B has a negative
value both in the aqueous solution and in the
adsorbed state on the oxidized GP. This testifies
to the thermodynamic probability of this process
in all considered cases. Regardless of the nature
of the cation, its interaction with Trilon B is
thermodynamically more likely in an aqueous
solution than in the adsorbed state on the surface
of the GP.

This Table also shows that both in aqueous
solution and in the adsorbed state, the energy
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effect of the interaction of the hydrated iron(III)

compared to similar processes involving the

cation with Trilon B 1is more significant hydrated aluminum cation.
o
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Fig. 9. Equilibrium geometry of complexes of starting substances (@) and reaction product (b) for interaction of
aluminum sulfate with Trilon B on the surface of a graphene-like plane
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Fig. 10. Equilibrium geometry of the components of the reaction of Trilon B (a) and the hydrated cation of
iron(III) adsorbed on GP (b) with the formation of a chelate complex of Trilon B with the iron(III) cation
(¢), hydrated hydroxonium cation (d) and a graphene-like plane (not shown)
Table 3. Energetic effects of the interaction of aluminum and iron cations with Trilon B in an aqueous solution and
in the adsorbed state on the surface of a graphene-like plane (in kJ/mol)
A13+ Fe3+
Water solution -748.3 -969.1
In the adsorbed state —621.2 -816.9

The calculated values of the energy effects of
the interaction of these cations are confirmed by
experimental results [26] about a higher
complexation constant for Fe*" (pKeq (Fe*") =-25.1)
compared to the similar value for AP’
(pKeq (AP")=-16.3), which indicates the
reliability data of quantum chemical calculations.

CONCLUSIONS

It has been experimentally shown that the
combination of the electrochemical oxidation of
graphite and its further purification with
ammonium bifluoride and Trilon B into one
process allows obtaining high purity TEG with a
carbon content of 99.94-99.96 % by weight. and
has great technological advantages. Ammonium
bifluoride (NH+sHF-) chemically dissolves oxide
and hydroxide impurities, after which Trilon B
(EDTA) acts as a chelating agent that binds
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metal ions forming complex compounds with
Trilon B, which are then removed from the
electrolyte. As a result, the cleaning process does
not damage the graphite structure, which is
important for preserving its properties, and the
method is environmentally safely, as it uses
relatively safe chemical reagents.

The results of the analysis of quantum
chemical calculations show that the values of the
energy effect of the complexation of
aluminum(III) and iron(III) cations with Trilon B
have a negative value both in an aqueous
solution and in the presence of a graphene-like
plane. This indicates the thermodynamic
probability of this process, which is consistent
with the experimental results.

The energy effect of the interaction of the
iron(Ill) cation is greater in absolute value
(-969.1 kJ/mol) than for the case with the
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aluminum(III) cation (—748.3 kJ/mol) both in the Regardless of the nature of the cation, its

aqueous medium and in the adsorbed state on the interaction with Trilon B is thermodynamically

surface of the graphene plane (-816.9 for Fe** more likely in an aqueous solution than in an

and —621.2 kJ/mol for AI’"). adsorbed state on the surface of a graphene-like
plane.

OTpuMaHHSI BUCOKOYHMCTOr0 TEPMOPO3IIMPEHOro rpadirty eeKTpoXiMiYyHMM MeTOI0M

IO.B. I'pedennna, ML.I. Tepeus, €.M. [Iem’ssnenko, A.I. I'pedeniok, H.B. Cirapsona, C.B. KypaBcbkuid,
O.M. Irnarenko, O.A. UepHiok, 10.1. Cemennon, M.T. Kaptenan

Tuemumym ximii nosepxni im. O.0. Yyiika HayionanvHoi akademii Hayx Yxpainu
eyn. I'enepana Haymosa, 17, Kuis, 03164, Vrpaina, teretsmariya@gmail.com
Kumaticoko-ykpaincokuil incmumym npomMuciogux mexHoro2il Hosux mamepianie
6y0. Keuyane, 777, XKoueyan poao, Hinvbo, 315211, Kumaii

Byeneyesi mamepianu 3 epagimonodionorwo cmpykmypow marwome HAUOLIbULy MepMiuHy CMmIUKicms 3d
HEOKUCHO20 cepedosuiyd, O0CMAmMHIO KOHCIMPYKYILIHY MIYHICMb, 1€2KO 00poOISIOmMbCsL.

Came momy 60HU MAIOMb WUPOKE 3ACTNOCYBAHHA 6 DIZHUX 2AJTY3AX MEXHIKU. ICHYIOMb 084 Memoou 00epIHCaHHs.
maxkux mamepianie: niponiz (KapOowizayis) 8yeneso0Hi8 ma nepepodoKka NpupooHo2o epagimy - max 36aHa
«mexHonozis mepmoposuwuperoco epagimyy (TPI'), sxa nonseae 8 nociio08HUX peaKyisax IHMepKATIO8aHHA, 2IOponi3y
ma mepmoobpooku npupooHozo epagimy. Ilpu yvomy 6iodysaemvcsa moougixayis nogepxui wacmurox TPI, wo
Haoae im 30amHocmi 00 NPecy8ants ma NPOKAMY8AHHs HA BAILYAX 3 YINGOPEHHAM WITbHUX MAMeEPIaiis.

Jna eupoonuymea TPI, i3 skozo oOdepocyroms ywinvHiooui mamepianyu 01 0ONAOHAHHA NIONPUEMCME
3a2aIbHONPOMUCTIOB020 NPUBHAYEHHA  (NANUBHO-EHeP2eMUYHO20 KOMNIEKCY, Hagmoximiunoi npomuciogocmi,
KOMYHAbHUX 20CTIO0APCME MOU0), BUKOPUCMOBYI0Mb NPpUPOOHUll 2paghim i3 emicmom eyeneyto 99.0-99.5 mac. %. B
motl uac AK 078 0ONAOHAHHA AMOMHUX erekmpocmanyiti. nompioni mamepianu 3 TPIT max 36anoi «amommnoi
yucmomuy, 8 AKux emicm gyeneyio mae oymu e nHudicue 99.85 mac. %.

Tomy memoto pobomu € po3podOKa MemoouKu OMPUMAHH MEPMOPOSWUPEHO20 2padhimy 6UCOKoi dwucmomu
WISAXOM  €NIeKMPOXIMIYHO20 OKUCHEeHHS ma O0ooducmku gnomayitino 36azauenozo epaghimy. Ilpoyec odepocanus
ckaadac 08a emanu: eileKmpoxiMiuHe IHMEPKATO8aHHs. epaghimy KOHYEHMPOBAHOIO CYIbHAMHOIO KUCIOMOIO 3
nooanvbwum 2i0ponizom, i XiMiYHA OOOYUCMKA 3 SUKOPUCTNAHHAM OYUWAIOYUX pedazeHmis - Oigpmopudy amouiro ma
Tpunony b. Taxa ooouucmka enekmpoximiuHo oKucHeHozo epaghimy dozeonsne odepacamu TP eucokoi uucmomu 3
emicmom gyaneyio 99.94-99.96 mac. %.

Jlna ecmanognenns 3akoHomiprocmetl 83aemo0ii Tpunony b 3 ionamu memanis, wo 6xo0samv 00 ckaaody 0OMiUloK
epagimy, 6y10 npogedeHo K8AHMOBOXIMIUHE MOOENIO8AHHA YUX NPOYeCis.

Enepeemuunuii echexm e3aemo0ii’ kamiona saniza (Ill) 3a abcomomnoro senuuunoro 6invwuti (—969.1 xloc/mons),
HIDIC Y 6UNAOKY 3 KAMIOHOM antoMiniio (—748.3 xkl[ic/monv) sk y 600HOMY cepedosuwyi, mak i y adcopbosaHomy cmami
Ha noeepxui 2paghenosoi nnowunu (—816.9 onsa Fe’* i —621.2 xllac/monw ons APY).

Hesaneoicno 6i0 npupoou xamiona, tioco eunyuenns Tpunowom-b € 6invuwi enepeemuyno GuUiOHUM 3 800HO20
PO3YUHY, HIJC 3 A0COPOOBAHO20 HA NOBEPXHI 2PAGheHON00IOHOT NIOWUHU CINAHY.

Knrouoei cnosa: mepmoposwupenuii epagim, promayiiino 36azavenuii epagim, 6ipmopud amoHito, mpuioH-o,
eNeKmpOXiMiyHe OKUCHEHHS, Meopisi (PYHKYIOHANA 2YCIUHU, KIACMEPHe HADIUICEHHS
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