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The purpose of the work is to establish the possibility of obtaining expanded graphite of high purity (carbon
content more than 99.5 % wt.) from flotation-enriched graphite (carbon content 94-97 % wt.) by combining into one
process intercalation of graphite with a solution of potassium dichromate in concentrated sulfuric acid with subsequent
hydrolysis, and chemical purification using solutions of ammonium bifluoride in sulfuric or hydrochloric acid and
Trilon B in an alkaline buffer as purification reagents, and to confirm this possibility by quantum chemical
calculations. It has been experimentally shown that combining oxidized graphite synthesis and its chemical purification
into one process allows obtaining expanded graphite of high purity, with a carbon content of 99.75-99.85 % wt. The
methods of X-ray diffraction and thermogravimetry show that the interaction of oxidized graphite (the residual
compound of intercalation of graphite with sulfuric acid) with cleaning reagents does not reduce the ability to expand.
The magnitude of the mass loss of oxidized graphite according to various variants of chemical post-cleaning and the
temperature range of such loss remain practically unchanged.

Quantum chemical calculations of the adsorption energy (AEags) of one molecule of Trilon B on the surface of a
graphene-like plane (GLP), the complexation reaction of metal sulfates, the energy effect of the interaction of Trilon B
with sulfates of alkaline earth metals in an aqueous solution, and with the participation of the surface of the graphene
plane were carried out using the GAMESS (US) program by the density functional theory (DFT) method with the
B3LYP functional and the 6-31G(d,p) basis set, taking into account the Grimme D3 dispersion correction within the
PCM polarizable continuum. The results of the analysis of quantum chemical calculations indicate that the Trilon B
molecule is better physically sorbed on the oxidized GLP (-412 kJ/mol) than on its native form (-188 kJ/mol). The
values of the energy effect of the complexation of magnesium and calcium cations with Trilon B have a negative value
both in an aqueous solution and in the presence of the oxidized form of GLP. This indicates the thermodynamic
probability of this process, which is consistent with the experimental results. 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 oxidized GLP.

Keywords: expanded graphite, graphite intercalation compounds, thermogravimetry, X-ray diffraction, density
functional theory method, cluster approximation

INTRODUCTION and chemically resistant (petroleum products,
diluted acids and alkalis) seals is the so-called
expanded graphite (EG), which is obtained from
natural graphite. After thermochemical treatment,
graphite in the EG state, unlike natural matter, has
the properties of pressing and rolling, and in the
dense state acquires elastic-plastic characteristics.

Natural graphite is found in the Earth’s crust
in the form of deposits, where it is a companion
of other minerals such as quartz, feldspars, mica,
pyrites, calcium carbonate minerals, complex
silicates and aluminosilicates, etc. The content of

One of the important directions of organizing
the stable operation of enterprises of the fuel and
energy complex is providing equipment with
reliable seals of friction nodes in pump units, rods
of various types of fittings, flange connections,
etc., since according to known statistics, the most
likely stops of such equipment occur precisely
because of a violation of its tightness [1, 2]. The
modern, most reliable and widely used material
for creating high-temperature (up to 600 °C in air)
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graphite in deposits can range from a few
fractions of a percent to 10-20 % wt. Deposits
with a graphite content of 5 % wt. and more are
considered suitable for industrial production.
Graphite is extracted from natural ore by the
flotation method described, for example, in works
[3, 4]. The production gives flotoconcentrate, for
the most part, with a carbon content in the range

of 94-97 % wt., the latter consists of ash
impurities.

The approximate chemical composition of
ash impurities of the Zavalliv graphite deposit is
close to the following (Table 1) [4].

For comparison in the Table 2 shows the

chemical composition of coal [5].

Table 1. Chemical composition of impurities of the Zavalliv graphite deposit, % wt. [2]

SiO; Al;0s Fe20s CaO MgO S
50—65 11-20 6-20 1-4 1-5 0.5-3.0
Table 2. Chemical composition of coal, % wit.
Compound C SiO; Al,O3 Fe,03 CaO MgO K20 Na,O others
Content, Y%owt. 81.07  8.05 4.39 4.21 0.922 0.327 0.36 0.248 0.423

From the data in the Tables 1, 2 it follows that
the main contribution to mineral impurities of
graphite-containing  ores is made by
aluminosilicates 60—70 % wt. and oxides of iron,
calcium and magnesium.

Graphite sublimates at temperatures higher
than 3000 °C. Based on this, in industry, the only
possibility of obtaining rolled or pressed solid
material from natural graphite is the so-called
expanded graphite technology, which is described
in sufficient detail in the work [6].

Carbon materials with a graphite-like
(layered) structure, such as natural graphite with
varying degrees of structural perfection, can form
graphite intercalation compounds (GICs).

Residual compounds of graphite intercalation
with sulfuric acid are raw materials for obtaining
EG (as the safest and having the maximum effect
of unidirectional expansion) [7, 8].
Electrochemical intercalation or anodic oxidation
is the most ecologically clean, resource- and
energy-saving method of obtaining GIC. This
process takes place in controlled modes [9, 10],
which makes it possible to achieve the specified
characteristics of EG, namely to regulate the
structural and chemical state of its surface [6, 8].

Natural graphite with a carbon content of
99.0-99.5 % wit. is required for the production of
EG, which provides sealing materials for the
equipment of enterprises of general industrial
purpose: the fuel and energy complex, the
petrochemical industry, utilities, etc. [7]. In
supply, nuclear power plants use materials from
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EG, the so-called “atomic purity”, in which the
carbon content must be at least 99.85 % wit.

For medium- and heavy-enriched graphite
ores, it is considered [3, 4] to be the most justified
use of sintering with caustic soda at temperatures
of 300-500°C followed by treatment under
normal conditions with a 5 % solution of sulfuric
acid. If a deeper cleaning is necessary (up to an
ash content of 0.2 % wt. and less), the third stage
of cleaning is implemented with a 3-5 % solution
of hydrofluoric acid or a solution of ammonium
bifluoride in sulfuric or hydrochloric acids. Such
processes  are quite expensive  and
environmentally dangerous, which, of course,
significantly increases the cost of seals and
reduces the profitability of the entire
technological chain. Therefore, the search for
methods of obtaining high-purity EG continues,
for example [11-14], and the tasks of optimizing
the processes of purification of flotation-enriched
natural graphite and its oxidation (intercalation
and hydrolysis) are combined into a single
process for obtaining high-purity EG, considered
in this work, are relevant.

Residues from the action of sulfuric acid on
graphite during intercalation, obvious metal
oxides are converted into sulfuric acid salts,
MgSQO,, CaSO.. It is also important that Trilon B,
which is still widely investigated as a reagent for
the additional purification of EG, interacting with
sulfates many metals. These salts can be either in
adsorbed on the surface of graphene planes, or in
an aqueous intercalate solution in the gap between
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in partoxidized graphene planes. The mechanism
of complexation and extraction of polluting metal
cations (Mg?*, Ca?") by TrilonB remains
unknown. Two cases of Trilon B interaction with
these cations are possible: from an aqueous
solution between the graphene planes of the
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 native
and oxidized graphene surfaces was investigated
using quantum chemistry methods, and the
geometric and energetic characteristics of the
interaction of Trilon B with the corresponding
metal cations (which are impurities in graphite) in
an aqueous solution and in the adsorbed state were
found on a graphene-like plane.

EXPERIMENTAL PART

Materials and reagents. The work used
flotation-enriched graphite from Xiang Yang,
China (carbon content ~ 94 % wt.); sulfuric acid
DSTU GOST 2184:2018; ammonium bifluoride
GOST 4518-75; potassium dichromate GOST
4220-75; hydrogen ammonia solution; disodium
salt of ethylenediaminetetraacetic acid (EDTA)
GOST 10652-73; deionized water.

Research  methods.  Oxidation  and
purification of flotation-enriched graphite by
chemical method was carried out in two variants.

Natural flotation-enriched graphite was first
treated with a solution containing sulfuric acid
and an oxidizing agent, which is potassium
dichromate. Then it was treated with a
fluorinating reagent for 2-4hours at a
temperature of 75-85 °C, where a solution of
ammonium bifluoride was added as a fluorinating
reagent. Washed with deionized water to neutral
pH, squeezed on a filter, added ammonia solution
to pH 9-11. And then a Trilon B solution was
added, heated to a temperature of 50-100 °C for
0.5-2 hours, washed with deionized water until a
negative reaction to ammonium ions occurred, the
solid phase was separated from the solution, dried
and heat-treated by rapid heating at temperatures
of 800-1200 °C.

In the second option, after chemical oxidation
of graphite with a solution of potassium
dichromate in sulfuric acid, hydrolysis and
washing to neutral pH, squeezing on a filter, a
solution of ammonia and Trilon B was added to
the mixture, stirred at a temperature of 50-100 °C
for 0.5-2 hours, washed to a negative reaction to
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ammonium ions, squeezed on a filter. Then a
solution of ammonium bifluoride was added,
stirred for 6-12 hours at a temperature of
50-70 °C, washed with deionized water to a
neutral pH, the solid phase was separated from the
solution, dried and heat-treated by rapid heating
at a temperature of 800-1200 °C.

X-ray photoluminescence spectra were
recorded on ElvaxPlus (Elvatech, Ukraine).

Derivatograms (thermographic curves of TG,
DTG, DTA) were recorded on a Q-1500D
derivatograph with digital data recording
20-1000 °C, with a heating rate of 10 °C/min.
X-ray phase analysis was carried out on a
DRON-3M diffractometer, CuKo radiation (range
in the range of angles 5-90°, step 0.05°,
accumulation 3 sec/point).

EXPERIMENTAL RESULTS AND THEIR
DISCUSSION

The basis for obtaining graphite intercalation
compounds with Brensted acids, which thermally
expand (swell) upon heating, is the following
principal scheme of coupled oxidation and
intercalation reactions:

0y,(I)

R,(II
C,+HA——— @

CiA™ - xHA——— RGIC
(1)

where: G, is a fragment of the graphene layer of
the graphite matrix; NA — acid; Ox — chemical
oxidizer, electric current; R is a chemical reagent
(for example: H.O, NH4OH, etc.); RGIC -
residual graphite intercalation compounds.

At the first stage, there is a process of
oxidation of graphite with the formation of GICs.
At the second stage of the process, the GICs is
treated with the formation of the final product —
residual compounds of graphite intercalation.

In this work, for the production of thermally
expanded graphite by a chemical method, H.SO.
and the oxidizing agent K.Cr.O- are used as an
intercalant, which can be represented by the
following reaction:

Cn + 25H,S0,4 + KoCr07 —
— 6Ca4" HSO4-2.5H,S04 + Cr2(S04)3 + KaSO4 +
+7H,0 + Ch-144. (2)

Studies on chemical intercalation processes and
their features depending on the type (species) of NA,
Ox(I), R(I) according to scheme (1) are devoted to
in works, for example [9, 15], and many others.
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Usually, if an intercalant is included between
the graphene planes, the period of identity (Ic) of
the crystal structure in the direction of the c axis
increases:

L=di+ (N I)do, (3)

where d; is the thickness of the intercalant layer;
do = 0.335 nm — interplanar distance in graphite;
N is the stage number.

For the compound of intercalation of graphite
with sulfuric acid of the first stage, the interplanar
distance increases from 0.335 nm to ~ 1.2 nm
[16, 17]. Apparently, the graphene planes shift
during the intercalation process, which can
improve the access of the cleaning compound to
the mineral impurities included in the graphite
lattice. At the same time, it is important to
preserve the ability to expand, that is, not to lose
the content of the intercalant.

So, the idea of the work is to carry out the
intercalation of the flotation concentrate as the
first step of obtaining GICs and improving the
possibilities of chemical post-treatment.

Ammonium bifluoride and TrilonB in a
buffer solution were used as cleaning compounds.

The first process can be represented by the
following reactions:

NH4(HF,) + HoSO4 — (NH.)>SO4 + 2HF. ®

ZMen+Mem2+A|xSiyoz + HF(excess) + HZSO4(excess) -
— NMe;SO;s + 2mMeSO; + 2XAIF; + 2ySiF, +

+2zH,0 (5)

Most metals are capable to replace hydrogen
atoms of the carboxyl groups of EDTA,
simultaneously binding coordinately to the
nitrogen of the amino group, which is the subject
of a large number of works, in particular [18-21].
At the same time, very stable complex compounds
with several five-membered rings are formed. The
interaction of Trilon B with metal cations is
accompanied by the formation of internally
complex compounds. The structure of a complex
with a divalent metal can be represented by the
scheme:

HOOC—CHz\ CH,—C00~
N — CH, — CH; —N + Me?t  =—
~00C — CHy CH,— COOH
(6)
00C — CHz\ CH,—CO0~
— N — CH, — CH, —N + 2
~00C —CHjy ) e CH,— COO—
« -
Me

Therefore, the work used the method of
chemical intercalation of natural graphite, after
which the intercalated graphite was further
purified by adding ammonium bifluoride and the
disodium salt of ethylenediaminetetraacetic acid
(Trilon B) in two versions, which differed in the
order of adding cleaning reagents.

Table 3 shows the optimal parameters of the
chemical intercalation, cleaning process and the
final carbon content in thermally expanded
graphite after processing oxidized graphite with
the sequence Trilon B + ammonium bifluoride.

It should be noted that both proposed options
for further purification give a positive result, that
is, the carbon content in the obtained EG is not
less than 99.75 % by mass. Analyzing the data of
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X-ray fluorescence analysis of the samples of
natural and oxidized graphite (Table 4), we can
state that the combination of the processes of
intercalation, hydrolysis, and further purification
of natural graphite with the help of ammonium
bifluoride and Trilon B gives oxidized graphite of
high purity. At the same time, the best result is
observed in sequential cleaning with ammonium
bifluoride and Trilon B.

Chemical oxidation requires an oxidizing
agent, which is represented by potassium
dichromate, the remains of which we observe
(Table 4).

Fig. 1 shows X-ray diffractograms of samples
of natural graphite (a) and oxidized and
chemically purified one (b).
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Table 3. Optimal parameters of chemical intercalation and purification of natural graphite by treatment with Trilon B +
ammonium bifluoride

Process parameters

Optimal values

Mass ratio of sulfuric acid to potassium dichromate

27.7:1.71045.5:2.5

The mass of the oxidizing solution per 100 g of graphite, g 300480
Volume of EDTA solution per 100 g of graphite, cm® 250400
The content of EDTA in the solution, % wit. 8-10
Ammonia content in the solution, % wt. 7-9
Heating temperature of the solid phase mixture with EDTA, °C 50-100
Heating time of the solid phase mixture with EDTA, h. 0.5-2.0
Volume of ammonium bifluoride solution per 100 g of graphite, cm® 450-550
Concentration of ammonium bifluoride, % wt. 2-4
Mixing time, h 6-12
Heating temperature of the solid phase mixture with ammonium bifluoride, °C 50-0
Thermal shock temperature, °C 800-1200
Carbon content, % wi. 99.75-99.85

Table 4. X-ray fluorescence analysis of samples of natural and chemically oxidized graphite

Graphite float

Oxidized graphite with additional purification:

Elements o ammonium ammonium bifluoride, Trilon B, ammonium
concentrate, Y0 WL pifluoride, % wt. __ Trilon B, wt. % bifluoride, % wt.
Al 34.54 2.10 0.96 1.38
Si 36.93 0.19 +0 0.35
P 0 0 4.06 0
S 0.15 77.37 78.51 82.17
K 0.70 1.38 1.16 132
Ca 2.57 0.47 0.16 0.26
Cr 0 17.57 14.47 13.48
Fe 24.86 0.89 0.65 101
Co 0.107 0.00 0 0
Ni 0.03 0.00 0.00 0.00
Cu 0.04 0.00 0.00 0.00
Zn 0.05 0.01 0.02 0.01
145000 5500
116000 E = 2400 5
87000 £ %00 §
56000 % 0 &
29000 = 1100 =
0
M~ s (006)
: N i
i /
% b e % P s £
a b

Fig. 1. X-ray diffraction spectra: a — original natural graphite; b — oxidized and purified samples: 1 —with ammonium
bifluoride; 2 — ammonium bifluoride, Trilon B; 3 — Trilon B, ammonium bifluoride
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Fig. 1 a shows an X-ray pattern of natural
graphite: line (002), at an angle of approximately
27, high intensity (~150,000 conventional units),
small half-width, much weaker reflections of the
second (004) and third orders (006). Intercalation
and hydrolysis lead to a decrease in the intensities
of the reflections (002) by almost thirty times and
a clearly visible broadening of the lines (~25' for
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oxidized and chemically cleaned compared to the
original graphite ~7"). However, we note that
spectra 1, 2, 3 in Fig.1b are almost
indistinguishable, which indicates that the
alkaline buffer after treatment with Trilon B, as
well as the solution of bifluoride in hydrochloric
acid, does not cause significant deintercalation of
oxidized graphite.
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Thermogravimetric analysis: a— TG; b — DTA; ¢ — DTG, samples of natural graphite oxidized and purified:

1 — oxidation, additional purification with bifluoride; 2 — oxidation, post-cleaning with bifluoride, Trilon B;
3 — oxidation, additional cleaning with Trilon B, bifluoride

Fig. 2 shows the results of thermogravimetric
analysis of samples of chemically oxidized
graphite purified by bifluoride, TrilonB in
different sequences.

It can be seen from these data that all samples
of oxidized graphite, regardless of processing,
have almost identical derivative diagrams. Thus,
for all samples at temperatures from 200 to 600 °C
(Fig. 2 a, b), the first stage of weight loss (loss of
intercalant and water) is observed with a
maximum of ~400 °C, and the second stage from
600 to 800 °C, where the process of combustion
of graphite proper takes place. The determined
ash content differs little for the studied samples.

QUANTUM CHEMICAL ANALYSIS

Research methods and objects A graphene-
like plane (GLP) with the general formula CssH1s
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(Fig. 3 a) was chosen as a model of graphene, and
a structure similar to the previous one with two
hydroxyl groups on its surface, with the
composition CsaHig(OH)2 (Fig. 3 b).

TrilonB is the disodium salt of
ethyldiaminetetraacetic ~ acid, which  was
sufficiently modeled in the literature [22—24].

Quantum chemical calculations were carried
out using the GAMESS (US) program [25] using
the density functional theory (DFT) method with
the B3LYP functional [26, 27] and the 6-31G(d,p)
basis set, taking into account the Grimme D3
dispersion correction [28,29] within the
polarization continuum of PCM [30, 31].

Calculations of the adsorption energy (AEags)
of one Trilon B molecule on the surface of a
graphene-like plane were carried out according to
formula (7):
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AEads=Ewt (ads. compl) — ((Ewt(surf)+Ew: (mol)), Complexation reaction of metal sulfates:
() MeSOs + HoNazEDTA — MeNa:EDTA + H;S0s,
where: Eq: (ads. compl) is the total energy of the (8)

adsorption complex, Ew (surf) and Ew: (mol) are
the total energies of the GLP cluster and Trilon B,
respectively.

where Me are atoms of alkaline earth metals Mg,
Ca, HoNa;EDTA is Trilon B, MeNa;EDTA is a
metal complex with Trilon B.

Fig. 3. Models of the native (a) and oxidized form (b) of the graphene-like plane

The values of the energy effect of the the complexes of the reaction product and starting
interaction of Trilon B with sulfates of alkaline substances according to the formula (10):
earth metals in an aqueous solution were AEreas=Exor (RP) — Et ((IR), (10)

calculated according to formula (9):
where: Ewt (RP) is the total energy of the complex

Al]z:eacih/llfécg (OI\/I)ENng(DHTﬁ?EIS%t_ ,(632804) - ©) of reaction products, Ew: (IR) is the total energy of
it 4 — Dot T2 ’ the complex of starting substances.

where Eir (MeNa;EDTA) is the total energy of RESULTS OF CALCULATIONS AND THEIR
Trilon B complex with the cation of the

corresponding alkaline earth metal, Eqwt (H2SO4) is DISCUSSION
the total energy of sulfuric acid, Ew: (MeSOs) is Adsorption characteristics of Trilon B on
the total energy of sulfate of the corresponding oxidized and native graphene-like planes. To
alkaline earth metal, Ex: (H2Na,EDTA) is the total begin with, it was necessary to find the interaction
energy of Trilon B. energy of Trilon B with the native and oxidized
The energetic effect of the interaction of forms of the graphene-like plane. For this,
Trilon B with sulfates of alkaline earth metals intermolecular adsorption complexes were
with the participation of the GP surface was localized (Fig. 4).

calculated as the difference in the total energies of

e A

o
F C o L e ‘
o DL A
: o—hg z o @
Na R L e © ® @,

L) @ e ¢ ) - @
@b o P8 o @2

Fig. 4. Interaction of Trilon B with native and oxidized graphene surface

The energy of Trilon B adsorption on pure GP with two hydroxyl groups is 224 ki/mol
and oxidized GP was calculated according to greater (—412 kJ/mol), compared to adsorption on
formula (7). Comparing the values of the pure GP (188 kJ/mol). This can be explained by
adsorption energy for these complexes, it was the fact that the hydroxyl groups of the oxidized
found that the adsorption energy of Trilon B on GP form hydrogen bonds with the carboxyl
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groups of the Trilon B molecule (Fig. 4 b), while
the adsorption on the clean surface of the GP of
the Trilon B molecule occurs only due to
dispersion forces (Fig.4 a). Therefore, we
considered the reaction of Trilon B complexation
of Mg, Ca cations with the participation of an
intercalated graphite compound as an adsorption
complex of Trilon B with oxidized GP.

Complex formation of magnesium and
calcium cations with Trilon B in an aqueous
environment. The next step was to study the
reaction of complex formation with the
participation of Trilon B with magnesium and
calcium sulfates according to equation (8). In
particular, in the case of magnesium, the

equilibrium geometry of the starting compounds:
Trilon B and magnesium sulfate was localized for
this (Fig. 5 a, b). The reaction products were also

optimized, namely the chelate complex of
Trilon B with a magnesium cation (Fig. 5 ¢) and
sulfuric acid (Fig.5d). Since TrilonB is a
hexadentate ligand, it forms six coordination
bonds with the magnesium cation, two of which
involve amine nitrogen atoms and four involve
oxygen atoms of the carboxyl groups of Trilon B.

The energy effect of this reaction, calculated
according to formula (8), has a negative value and
is —635.6 kJ/mol (see Table 5), which indicates
the thermodynamic probability of this reaction.

The interaction of Trilon B with calcium
sulfate is also considered. This reaction occurs
according to equation (9). The localized
equilibrium geometries of the participants of this
reaction (Fig. 6) are similar to those discussed
above.

Fig. 5. Equilibrium geometry of the components of the reaction of Trilon B (a) with magnesium sulfate (b) to form
a chelate complex of Trilon B with magnesium cation (c) and sulfuric acid (d)

Fig. 6. Equilibrium geometry of the reaction components of the interaction of Trilon B (a) with calcium sulfate (b)
with the formation of a chelate complex of Trilon B with a calcium cation (c) and sulfuric acid (d)

For this reaction, the energy effect calculated
by formula (9) is also a negative value and equals
to —574.8 kJ/mol (Table 5).

Interaction of magnesium and calcium
sulfates with Trilon B on the surface of an
oxidized graphene-like plane. The next task was
to find out the influence of oxidized GP on the
reaction of complex formation during the
interaction of adsorbed sulfates of alkaline earth
metals with Trilon B adsorbed on the surface of

ISSN 2079-1704. X®TI1. 2024. T. 15. Ne 3

385

GP. For this purpose, appropriate magnesium and
calcium sulfates were added to the adsorbed
complex of Trilon B with oxidized GP (Fig. 4 b).
As a result of the optimization of the geometry,
intermolecular complexes of the starting
substances of reactions (8) were obtained for the
interaction of magnesium sulfate (Fig. 7 a) and
calcium sulfate (Fig. 8 a) with Trilon B on the
surface of the oxidized graphene-like plane.
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Complexes of the reaction products are a (Fig. 8 b) cations, which are physically sorbed on
molecule of sulfuric acid and chelate complexes of the oxidized GP.
Trilon B with magnesium (Fig. 8 a) and calcium

Fig. 7. Equilibrium geometry of complexes of starting substances (a) and reaction product (b) interaction of
magnesium sulfate with Trilon B on the surface of an oxidized graphene-like plane

a b

Fig. 8. Equilibrium geometry of complexes of starting substances (a) and reaction product (b) interaction of calcium
sulfate with Trilon B on the surface of an oxidized graphene-like plane

The energy effects of these reactions, —378.3 kJ/mol and —200.9 kJ/mol in the case of
calculated according to formula (10), have values calcium cation complexation, respectively
in the case of magnesium cation complexation (Table 5).

Table 5. Energetic effects of the interaction of magnesium and calcium cations with Trilon B in an aqueous solution
and in an adsorbed state on the surface of an oxidized graphene-like plane (in kd/mol)

Mg?* Ca?*
Water solution —635.6 -574.8
In the adsorbed state -378.3 —200.9
As can be seen from Table 5, the value of the calcium cations with Trilon B has a negative value
energy effect of the interaction of magnesium and both in the aqueous solution and in the adsorbed
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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 TrilonB is
thermodynamically more likely in an aqueous
solution than in the adsorbed state on the surface
of oxidized GP.

From the data in the Table 5 also shows that
both in the aqueous solution and in the adsorbed
state, the energy effect of the interaction of
magnesium sulfate with Trilon B is greater
compared to similar processes involving calcium
sulfate.  This indicates that magnesium
complexation is thermodynamically more likely,
which can be explained by the fact that calcium
sulfate is less soluble in water than magnesium
sulfate.

CONCLUSIONS

It has been experimentally shown that
combining into one process the synthesis of
oxidized graphite, that is, the intercalation of
flotation-enriched graphite with a solution of
potassium dichromate in concentrated sulfuric
acid followed by hydrolysis, and chemical
purification using solutions of ammonium
bifluoride in sulfuric or hydrochloric acid and
disodium salt of ethylenediaminetetraacetic acid
in an alkaline buffer allows to obtain thermally
expanded graphite of high purity, with a carbon
content of 99.75-99.85% wt. The chemical
interaction of oxidized graphite (residual

compound of graphite intercalation with sulfuric
acid) with cleaning reagents (solutions of
ammonium bifluoride in sulfuric or hydrochloric
acid and disodium salt of
ethylenediaminetetraacetic acid in an alkaline
buffer) does not reduce the ability to expand. The
magnitude of the mass loss of oxidized graphite
according to various variants of chemical post-
cleaning and the temperature range of such loss
remain practically unchanged. Using sequences
of applications for cleaning bifluoride and
Trilon B increases the degree of cleaning, and the
best result is given by this sequence: ammonium
bifluoride, Trilon B.

The results of the analysis of quantum
chemical calculations indicate that the Trilon B
molecule is better physically sorbed on the
oxidized graphene-like plane (—412 kJ/mol) than
on its native form (-188 kJ/mol).

The magnitudes of the energy effect of
complexation of magnesium and calcium cations
with Trilon B have a negative value both in an
aqueous solution and in the presence of an
oxidized form of a graphene-like plane. This
indicates the thermodynamic probability of this
process, which is consistent with the experimental
results.

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 an oxidized
graphene-like plane.

Cunre3 Ta ¢izuko-XiMidHi BJACTUBOCTI BHCOKOYNCTOr0 TePMOPO3MIMPeHoro rpadgiry

FO.B. I'pedeanna, €. M. JIem’sinenko, M.I. Tepeus, B.B. Jlo6anos, C.B. Kypascbkuii, O.M. IrnaTenko,
K.O. IBanenko, 10.1. I'opuikos, M.T. Kapreasn, 10.1. Cemennon

TOB «Kumaiicvko-YkpaincoKuil iHCIumym npomMuciosux mexHoao2ii Hogimuix mamepianie, m. Hinboy 15-i
nosepx, Ne 777, 3axiona eynuys Yocyneyaus, npocnexm Yocyanwiu, pation Yowcenvxail,
Hinbo, npos. Yoceyssnn, 315201, Kumau
Incmumym ximii nogepxui im. O.0. Yyiika Hayionanvnoi akademii nayx Yxpainu
eyn. 'enepana Haymosa, 17, Kuis, 03164, Ykpaina, s_zhur@ukr.net
Inemumym ximii eucoxomonexyisipnoi cnoayk Hayionanvhoi axademii nayx Yxpainu
Xapriecvke uioce, 48, Kuis, 02160, Vkpaina

Mema pobomu — 6cmMano8umu MOJNCIUGICHIb 00EPACAHHA MEPMOPOIUUPEHO20 2padimy 6UcoKoi uucmomu (6micm
gyeneyro dinvute 99.5 % mac.) i3 promayitino 36az2avwenoeo epagpimy (emicm syeneyio 94-97 % mac.), 06 'eonasuu 6
00UH npoyec IHMePKATO8AHHs 2paghimy po34uHOM OIXpomamy Kauilo 8 KOHYEHMPOGAHill CYIb@amHuiil KUCIomi 3
noOanLUUM 2IOPONI30M, | XIMIUHY OUUCTKY 3 GUKOPUCIAKHAM K OUUWAIOYUX Ped2eHmi8 PO3UUHIE Oighmopudy aMOHI
6 cynvpamuitl abo xnopeoouesii kucromi ma Tpunony B 6 aysicHomy 6yepi, ma niomeepoumu maxy MONCIUSICMb
K8AHMOBO XimMiyHuMu pospaxyukamu. Excnepumenmanvno nokazano, wjo 06’cOnanHs 6 0OOUH npoyec CUHmesy
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OKUCHEH020 2paghimy ma tio2o XiMiuHy ouUCmKY 00360718€ 00epHCAMU MePMOPOWUPEHUT] 2pagim eucoKoi Yucmomu,
3 emicmom gyaneyro 99.75-99.85 % mac. Memoodamu penmeenogpazosoeo ananizy ma mepmozpasimempii NOKA3aHo,
Wo 683aEMO0Isi OKUCHEH020 2paimy (3anuKosoi CROIYKU IHMEPKANIOBAHHs 2padimy CyIbdamHo0 KUCIomow) 3
OUUWATOYUMU PEA2eHMAMU He 3MEHULYE 30amHICMb 00 po3wupenns. Benuyuna empamu macu oxucnenoz2o epagimy
3a pi3HUMU 8aAPIAHMAMY XIMIYHOT 000UUCTKU U MeMNepamypHull iHMepea maxKoi 6mpamu 3a1uuaromscsa npaKkmuyHo
HE3MIHHUMU.

Ksanmogoximiuni  pospaxynxu enepeii  aocopoyii  (AEads) o00wiei monexyiu Tpunony B Ha nogepxwi
epagenonodionoi naowunu (I'Tl), peaxyiro KomnieKcoymeopewHs cyivhamie memanis, ewnepeemuunuli egexm
83aemo0ii Tpunonwy B 3 cynvghamamu nysCHO3eMENbHUX Memanié Yy 600HOMY PO3YUHI, MdA 3d y4acmi NO8epXHi
epagerosoi niowunu npogedei 3a oonomozorw npozpamu GAMESS (US) memoodom meopii ¢hpynxyionana 2ycmunu
(DFT) 3 gpynxyionanom BILYP i 6azucnum Habopom 6-31G(d,p) 3 spaxysannam oucnepcitinoi nonpasku I pinme - D3
8 medcax nonapuzayitinozo konmunyymy PCM. Pe3synomamu ananizy K8aHmMoOXIMIUHUX PO3PAXYHKIG c8i0Uamy, ujo
monexyna Tpunony b kpawe ¢hizuuno copoyemocs na oxuchenii I'Tl (<412 k/]xc/mons), nise Ha it HamusHit gopmi
(—188 x/ic/mons). Beruuunu enepeemuuHozo egexmy KOMHAEKCOYMEOPEHHs KamioHie MAcHilo [ Kaibyito 3
Tpunonom b marome HecamusHe 3HAUEHHs. IK Y 600HOMY PO3YUHI, Max i 6 npucymuocmi oxuchenoi popmu I'T1. []e
CIOUUMb NPO MEPMOOUHAMIYHY UMOBIPHICIb Yb02O NPOYECY, WO Y32000iCYEMbCS 3 PE3YAbIMAMAMU eKCNEPUMEHMY.
Hesaneoxcno 6i0 npupoou kamiony 83aemo0is oeo 3 Tpunonom B mepmoounamiuno UmogipHiua y 00HOMY pO3HUHI,
HidiC 8 a0copbosanomy cmami Ha nosepxui oxucrenoi I'11.

Knrouosi cnoea: cnyuenuii epaghim, inmepxanayitini cnoayku epagimy, mepmozpagimempis, peHmeeHiecbKd
oughparyis, mMemoo yHKYIOHAY 2YCMUHU, KIACMepHe HAOIUNCEeHHS
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