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A.S. Masalimov as the founder and leader of a new direction
in ESR spectroscopy and quantum chemistry of free radicals

The article highlights the creative path of A.S. Masalimov, an outstanding Kazakhstan chemist who cele-
brates his 70th anniversary in 2022. The main stages of his career and significant events of his scientific ca-
reer are presented here. The contribution of professor A.S. Masalimov in the foundation and development of
the school of ESR spectroscopy and quantum chemistry at the Karaganda Buketov University is shown.

The anniversary of the scientist is a good reason to sum up what he
has done, to see the significance of his works in the research area. Abay
Sabirjanovich Masalimov, Doctor of Chemical Sciences, Professor, the
founder and leader of a new direction in ESR spectroscopy and quantum
chemistry of free radicals, is a scientist whose works are widely known in
Kazakhstan science. His name is associated with the development of a
modern model of protolytic processes in acid-base systems with intermo-
lecular hydrogen bonds.

Abay Sabirjanovich was born in the Vvedenka village, Mendykara
district, Kostanay region, on January 7, 1952. After school, he entered Ka-
zakh State University named after S.M. Kirov in Almaty, which he suc-
cessfully graduated in 1974.

After graduation from the university, Masalimov A.S. was sent to the
Zhambyl Technological Institute according to the assignment. In 1974-1976

- he worked in the ESR-spectroscopy laboratory of the Institute of

Organoelement Compounds of the USSR Academy of Sciences in Moscow

as a research assistant from the Zhambyl Technological Institute. At this time Masalimov A.S. and his col-

leagues obtained the Kinetic parameters of reversible proton transfer between semiquinone radicals and primary

and secondary amines, and also discovered the phenomenon of non-degenerate tautomerism in 3,5-di-tert-
butyl-2-chloro-6-hydroxyphenoxyl. These were his most significant achievements of that period [1-3].

During the internship, A.S. Masalimov under the leadership of Academician of the USSR Academy of
Sciences, M.I. Kabachnik, prepared a candidate dissertation in chemistry entitled: “ESR study of reversible
proton transfer reactions” on the 02.00.04 — Physical Chemistry specialty. The defense of the thesis took
place at one of the first dissertation councils opened after the reform in Kyiv city in 1978. In 1976-1978
Masalimov A.S. worked as a teacher at the Department of Physical Chemistry of the Zhambyl Technological
Institute, then returned to the Institute of Chemical Sciences of the Kazakh SSR Academy of Sciences in
Alma-Ata. Here he worked for about three years as a junior researcher at the Laboratory of Physical Methods
of Research.

All further job and scientific activities of Masalimov A.S. inseparably linked with the Karaganda State
University, where he was invited by the rector Muldakhmetov Z.M. Since 1980 Masalimov A.S. worked at
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various positions of the Chemical Faculty of Karaganda State University: as a Senior Lecturer, then as an
Associate Professor of the Physical Chemistry Department, as the Head of the Quantum Chemistry Depart-
ment, and after the faculty reorganization, as the Head of the Physical and Analytical Chemistry Department,
as well as the Dean of the Chemical Faculty. In 2001-2005, Masalimov A.S. was the vice-rector of scientific
work in the Buketov Karaganda State University. In 2005-2021, he headed the Physical and Analytical
Chemistry Department of the Buketov Karaganda State University.

In 1993, Masalimov A.S. successfully defended his doctoral dissertation in chemistry entitled: “Rapid
reactions of proton transfer and exchange in semiquinone radicals” on the 02.00.04 — Physical Chemistry
specialty. In 1996, he was awarded the title of professor by the Higher Attestation Commission of the Repub-
lic of Kazakhstan. In 2002, Masalimov A.S. became an academician of the Kazakhstan Higher Education
Academy of Sciences, and in 2005, he became an academician of the International Higher Education Acad-
emy of Sciences.

The authority of a scientist in the research community is also can be confirmed by his membership in
dissertation councils. For many years, Masalimov Abay Sabirjanovich was a member of doctoral dissertation
councils on the Physical Chemistry specialty in the Buketov Karaganda State University and Al-Farabi Ka-
zakh National University. Currently, A.S. Masalimov is the Chairman of the dissertation council on the
6D060600 — Chemistry specialty (8D05301 — Chemistry educational program) in the Buketov Karaganda
University.

The scientific interests of Abay Sabirjanovich have always been focused on the key problems of chemi-
cal science. His research style is characterized by broad scope and innovation, combined with the precision
of an experimental solution. He founded the school of ESR spectroscopy and quantum chemistry at the Ka-
raganda State University. Acid-type spin probes with a wide range of kinetic characteristics were obtained
from the different structure stable semiquinone radicals for the study of non-aqueous media [4-6]. Using dy-
namic ESR spectroscopy and semiquinone spin probes, a technique for determining the rates of rapid
protolytic processes in non-agqueous solutions of organic compounds was developed by A.S. Masalimov. The
developed technique allows to obtain such paramount characteristics of substances as kinetic basicity and
acidity [7—12]. A new theory of proton transfer in intermolecular hydrogen-bonded acid-base systems taking
into account the primary elementary act of one-electron transfer was presented by A.S. Masalimov [13].

Our faculty has become one of the leading research centers for chemistry in Central Kazakhstan, a real
forge of scientific and pedagogical personnel in the country owing to the high professionalism of Abay
Sabirjanovich, his talent as a leader and teacher, dedication and strategic vision of the situation.

A.S. Masalimov, heading a number of significant scientific research, formed a powerful scientific
school at the Chemical Faculty. Under his supervision 1 doctor of chemical sciences, 9 candidates of chemi-
cal sciences, 1 doctor of PhD and more than 22 masters of science defended their dissertations.

The fruitful scientific activity of Abay Sabirjanovich found its ESR presentation in more than 260 sci-
entific works, including 2 textbooks and numerous publications in the authoritative world scientific data-
bases such as Web of Science and Scopus. At present, the monograph “ESR spectroscopy of protolytic pro-
cesses” is being prepared for publication, which is the result of many years of scientific research and experi-
ments. His papers are an example of the originality and courage of scientific thought, and his hypotheses are
always proven and convincing.

The merits of the celebrant were repeatedly noted at the highest level. In 2005, Masalimov A.S. was
awarded the medal “For Merit in the Development of Science” of the Ministry of Education and Science of
the Republic of Kazakhstan. In 2006, he became the owner of the grant of the Ministry of Education and Sci-
ence of the Republic of Kazakhstan “The best teacher of the university”. In 2012, he was awarded the title of
Honored Worker of the Buketov Karaganda State University. In 2018, he was awarded the Medal “Excel-
lence in the Chemical Industry of the Republic of Kazakhstan”.

More than 40 years, Masalimov Abay Sabirjanovich has been working at the Buketov Karaganda Uni-
versity. Over the years, he has gone from Senior Lecturer to Dean, Vice-rector for scientific work, Chairman
of the dissertation council. Scientific authority, broad erudition, a high degree of professionalism and organi-
zational skills of Abay Sabirjanovich are known and recognized not only in Kazakhstan, but also abroad.

On behalf of the labor collective of the Chemical Faculty of the Buketov Karaganda University, we
congratulate Professor A.S. Masalimov on his 70th birthday and express our deep gratitude for his many
years of work in our team! We wish Abay Sabirjanovich good health, creative longevity, new scientific
achievements, grateful students and followers!
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C.H. Hukonbsckuii, M1.A. IlycTonaitkuna

A.C. MacanumoB — 0oc paaukaagapabiH JIIP-cnekTpockonusicbl MEH KBAHTTBHIK
XHMMHSCHI aTThI 5KAHA 0AFBITTHIH HETi3iH KajJaylbl, )KeTeKIIici

Makanaga 2022 sxeuibl 70-KbUIIBIK MEPCHTOWBIH aTam ©TETIH KOPHEKTI Ka3aKCTAHIBIK XMMHK FaJlbIM
A.C. MacanuMOBTBIH IIBIFAPMAIIBUIBIK KOJBI OasHaanFaH. EHOEK KBI3METiHIH HETI3ri Ke3eHaepi MeH
FBUIBIMH KOJIBIH/AFHI eJeyJli oKuranapsl kepcetinai. [Ipodeccop A.C. MacanumoB akagemuk E.A. Bexetos
ateiHnarel Kaparanael yauBepcuretinae DIIP ciekTpockonust )KoHE KBAaHTTBIK XUMHUS MEKTEOIH KYpYy JKOHE
JAMBITYIAFBI KOCKAH YJIECi aTall oTireH.

C.H. Hukonbckuii, M1.A. IlycTonaitkuna

A.C. MacaiumMoB — c0371aTeJ b U PYKOBOAUTEJb HOBOT0 HANIPABJICHUS
B JIIP-cnekTpocKkonuM U KBAHTOBOI XMMHUM CBOOOJHBIX PATUKATIOB

B cratee ocBellleH TBOPUYECKHUH IyTh BBIJAIOIIETOCs Ka3axCTaHCKOro ydeHoro-xumuka A.C. Macannmosa,
kotopsblii B 2022 1. ormeTuT 70-netHuit ro6umneii. [IpeacTaBieHbl OCHOBHBIE ITAIBI €0 TPYAOBOM JEATEIbHO-
CTH ¥ 3HAUYMMBIC COOBITHS Hay4HOU Kapbephl. [lokazan Bxiax npodeccopa A.C. MacannMoBa B co3iaHHe U
pasButue mkoisl DIIP-criekTpockoniy 1 KBaHTOBOW XuMuK B KaparanmumHCKOM yHHUBEpCHUTETE UMEHHU aKa-
nemuka E.A. bykeroBa.
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Synthesis and characterization of novel thermo- and salt-sensitive
amphoteric terpolymers based on acrylamide derivatives

A novel linear amphoteric terpolymers based on neutral monomer — N-isopropylacrylamide (NIPAM), ani-
onic monomer — 2-acrylamido-2-methyl-1-propanesulfonic acid sodium salt (AMPS), and cationic mono-
mer — (3-acrylamidopropyl) trimethylammonium chloride (APTAC) were synthesized by free-radical
polymerization in aqueous solution and characterized by methods of *H NMR and FTIR spectroscopy, TGA,
GPC, Dynamic light scattering (DLS) and zeta-potential. The thermal and salt sensitivity of amphoteric ter-
nary polymers of various compositions, particularly, [NIPAM]:[AMPS]:.[APTAC] = 90:2.5:7.5; 90:5:5;
90:7.5:2.5 mol.% were studied in aqueous and aqueous-salt solutions in the temperature range from 25 to
60 °C and at the NaCl ionic strength p interval from 102 to 1M. It was found that due to hydropho-
bic/hydrophilic balance, the temperature dependent conformational and phase change of macromolecular
chains becomes sensitive to salt addition and allows the fine-tuning of the phase transition. In aqueous and
aqueous-salt solutions, the average hydrodynamic size of amphoteric terpolymers is varied from 8 to 300 nm
exhibiting bimodal distribution at room temperature. The number average (M,) and weight average (M,,) mo-
lecular weights, polydispersity index (PDI), and zeta-potentials of amphoteric terpolymers in aqueous solu-
tions were determined.

Keywords: amphoteric terpolymers, thermal response, salt sensitivity, phase transition temperature, hydro-
phobic/hydrophilic balance, core-shell structure.

Introduction

Numerous non-ionic thermally responsive homopolymers phase separate from their aqueous solutions
upon heating [1]. Such macromolecules are amphiphilic, i.e. they consist of hydrophilic and hydrophobic
fragments. Formation of hydrogen bonds between the hydrophilic polar groups of the polymer chain and wa-
ter molecules contributes favorably to the free energy of mixing in cold water. Strength of the hydrogen
bonds decreases upon heating. When the temperature of a solution is raised above the phase separation tem-
perature, the hydrophobic backbone and/or other nonpolar groups of the polymer tend to associate. This
causes intra- and intermolecular aggregation leading to a collapse of the individual polymer chains
(microphase separation) and precipitation of the polymer (macrophase separation) within narrow temperature
range. Poly(N-isopropylacrylamide) (PNIPAM) is the most extensively studied thermally responsive
homopolymer [1-3]. PNIPAM exhibits a well-defined lower critical solution temperature (LCST) in water
around 32 °C that is a critical temperature, below which all polymer-solvent compositions are miscible [4].

Basic solution properties of thermoresponsive polymers can be chemically altered. Additional highly
polar or ionic groups enhance the overall solubility of these polymers in water. Thus, there are numerous ex-
amples of the poly(ethylene oxide) (PEO) usage to induce colloidal stability of the aggregates formed above
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LCST [5]. This steric stabilization by nonionic hydrophilic polymers results in core-shell architectures and is
typically independent of the ionic strength, assuming that the added low-molar-mass salt does not drastically
change the thermodynamic quality of the aqueous solvent. Hydrophilization of the thermoresponsive poly-
mers with ionic comonomers typically results to stable spherical particles with charged surface. However,
copolymerization of PNIPAM with a weak acid may also disfavor chain expansion: the complexes between
methacrylic acid and NIPAM at certain pH are able to undergo an intramolecular conformational transition
from a coil state to a more compact folded state without considerable loss of the chain solubility [6].

Copolymerization of PNIPAM with two oppositely charged comonomers (terpolymer) brings up further
complexity to the balance of various interactions in solution. On the other hand, a combination of several external
stimuli within one macromolecule leads to the formation of multi-responsive NIPAM-based polyampholytes [-9]
that are used as smart sensors [7], drug delivery [8], and metal ion recognition systems [9].

Polyampholytes in general and quenched (strongly charged) polyampholytes in particular are macro-
molecules, which properties drastically change in response to various stimuli, e.g. temperature, salt, co-
solvent, light, etc. ['0-12]. Inclusion of thermoresponsive N-isopropylacrylamide (NIPAM) [13, 14] and
N-(tert-butyl)methacrylamide [15] monomers into macromolecular chains leads to the targeted modification
of conformational and macroscopic phase separation behavior of amphoteric macromolecules upon heating.

Thermally and pH responsive linear and crosslinked polyampholytes based on N-acryloyl-N-ethyl
piperazine and maleic acid have recently been prepared by means of the free-radical solution polymerization
[16]. The adsorption capacity of the reported hydrogels was investigated using a Congo red as a model dye
varied in the range of 8.37-11.45 mg/g that corresponds to an absorption efficiency of 68-93 %. The synthe-
sis of alternating charge-neutral polyampholytes was described via the reversible addition-fragmentation
chain transfer (RAFT) statistical copolymerization of cationic styrenic and anionic N-substituted maleimide
monomers [17]. The thermoresponsive behavior of the obtained charge-neutral polyampholytes was demon-
strated in water and water-alcohol (methanol, ethanol and 2-propanol) mixtures.

In this paper, we report synthesis and characterization of a novel charge-balanced and charge-
imbalanced amphoteric terpolymers derived from N-isopropylacrylamide (NIPAM), 2-acrylamido-2-methyl-
1-propanesulfonic acid sodium salt (AMPS) and (3-acrylamidopropyl) trimethylammonium chloride
(APTAC). The behavior of these ternary polyampholytes has been studied in agueous and aqueous-salt solu-
tions to evaluate the conformational and phase transitions upon changing of temperature and salt addition.
Understanding the physico-chemical properties of the new linear NIPAM-based polyampholytes is an im-
portant criterion in the development of targeted drug delivery models.

Experimental

Materials

Monomers — N-isopropylacrylamide (NIPAM, 97 % purity), 2-acrylamido-2-methylpropanesulfonic
acid sodium salt (AMPS, 50 wt.%) and (3-acrylamidopropyl) trimethylammonium chloride (APTAC,
75 wt.% in water), ammonium persulfate (APS, 98 % purity), sodium metabisulfite (SMBS, 97 % purity),
sodium chloride, dialysis tubing cellulose membrane were purchased from Sigma-Aldrich Chemical Co., and
used without further purification.

Methods

FTIR spectra of NIPAM-APTAC-AMPS terpolymers were recorded on a Cary 660 FTIR (Agilent,
USA). 'H NMR spectra in D,O were registered on an impulse Fourier NMR spectrometer JNN-ECA
400 MHz (Jeol, Japan). Ultraviolet-visible (UV-Vis) spectra were collected using a Specord 210 plus, Ger-
many. Dynamic light scattering (DLS) and zeta-potential measurements were implemented with the help of a
Zetasizer Nano ZS 90 (Malvern, UK), equipped with a 633 nm laser source. Thermogravimetric analysis
(TGA) was performed applyng a LabSys Evo (Setaram, France).

Synthesis of polyampholyte terpolymers based on NIPAM-APTAC-AMPS

Polyampholyte terpolymers were synthesized via conventional redox initiated free radical
(co)polymerization at 60 °C for 4 h. Briefly, the desired composition of the monomers was dissolved in de-
ionized water at room temperature in a 50 mL beaker under constant stirring. After that the solution of mon-
omers was filtered through a 5-micron syringe filter and purged with argon gas for 15-20 min to remove the
dissolved oxygen. The solution then was carefully transferred to a screw cap vial and the dry APS and SMBS
powders were added. The vial was immersed in a water bath with periodical shaking of the mixture. Later,
the vial was removed from the water bath and cooled at room temperature. Obtained polymer solutions were
dialyzed against distilled water for 72 h and then freeze-dried. Synthetic protocol of NIPAM-APTAC-AMPS

10 Bulletin of the Karaganda University



Synthesis and characterization of novel thermo- ...

terpolymers is given in Table 1. It is seen that the yield of the terpolymers is high and varied from 80 to
93 wt.%.

Table 1
Synthetic protocol of NIPAM-APTAC-AMPS terpolymers
Initial monomer feed, mol. % APS, SMBS, | Yield,
NIPAM | APTAC | AMmps | NIPAM g | APTAC,g | AMPS, g |HO,.mL) — mg | wt%
90 5 5 2 0.135 0.225 89.3
90 7.5 2.5 2 0.406 0.225 21.8 22 37 80
90 25 75 2 0.135 0.675 93

Determination of phase transition temperature of NIPAM-APTAC-AMPS terpolymers

The phase transition temperatures of NIPAM-APTAC-AMPS terpolymers in aqueous and aqueous-salt
solutions (at the NaCl ionic strength p = 0.001; 0.005; 0.01; 0.05; 0.1; 0.5 and 1M) were determined by mon-
itoring the change in the solution transmittance upon varying temperature. Aqueous and agqueous-salt solu-
tions of NIPAM-APTAC-AMPS terpolymers are transparent at room temperature, i.e. when temperature is
lower than LCST. When the temperature is above LCST, the solution appears as milky white and the trans-
mittance decreases because the NIPAM-APTAC-AMPS terpolymers dehydrate and become more hydropho-
bic and thus less soluble in water. The phase transition experiments were carried out at A = 700 nm with the
concentration of NIPAM-APTAC-AMPS terpolymers 0.1 wt.%, at the heating rate 0.5 °C-min™ and in the
temperature range 25-60 °C.

Results and Discussion

Synthesis and characterization of NIPAM-APTAC-AMPS terpolymers

Linear terpolymers of various compositions [NIPAM]:[APTAC]:[AMPS] =90:5:5; 90:7.5:2.5;
90:2.5:7.5 mol.%, were synthesized via conventional redox initiated free radical polymerization (Fig. 1). The
resulted terpolymer samples have randomly distributed charged units along the macromolecular chain [12].
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Figure 1. Schematic representation of free-radical polymerization of NIPAM, APTAC and AMPS monomers

The composition of the obtained terpolymers was established by *H NMR spectroscopy (Fig. 2).
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Figure 2. NMR spectra of NIPAM-APTAC-AMPS terpolymers and identification of proton signals
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The resonance bands observed at 1.8 and 2.2 ppm were attributed to the protons of methylene and
methine groups of the main chain of the terpolymers, respectively. Nevertheless, these peaks overlapped with
the peaks of methyl and methylene protons of AMPS and APTAC. The resonance bands at 3.2-3.4 ppm were
assigned to suspended protons of methyl and methylene groups in AMPS and APTAC. Since these signals
were superimposed each other, the exact compositions of the NIPAM-APTAC-AMPS terpolymers could not
be determined from the *H NMR spectra. Despite this, it can be assumed that the amount of APTAC and
AMPS in terpolymers will be in good agreement with the initial monomer mixture, since the reactivity of all
monomers is similar and close to one [12]. Taking into account all above reasons, it can be argued that the
final composition of terpolymers possesses charge-balanced and charge-imbalanced structures. For instance,
the amphoteric terpolymer [NIPAM]:[APTAC]:[AMPS] = 90:5:5 mol.% composed of the equal number of
positively (APTAC) and negatively (AMPS) charged monomers refers to a charge-balanced polyampholyte,
while the terpolymers [NIPAM]:JAPTAC]:[AMPS] = 90:7.5:2.5 mol.% and [NIPAM]:[APTAC]:[AMPS] =
=90:2.5:7.5 mol.% containing an excess of positively (APTAC) or negatively (AMPS) charged monomers
belong to charge-imbalanced polyampholytes.

FTIR spectra of NIPAM-APTAC-AMPS terpolymers

Figure 3 illustrates FTIR spectra of the terpolymers. The wide absorption band in the region of 3200-
3500 cm ! corresponds to the secondary and tertiary amine groups, the absorption bands in the region of
2800-3000 cm™ correspond to the asymmetric and symmetric vibrations of the CH groups. The absorption
bands at 1650 and 1530 cm™ belong to the vibrations of the N-substituted groups, i.e. to Amide I and Amid
I1, respectively. The absorption band at 1450 cm™ is characteristic of bending vibrations of CH groups. The
absorption band in the region of 1040 cm™ corresponds to fluctuations of the S=O groups contained in the
AMPS fragments.

| — NIPAM:APTAC:AMPSNa=90:2,5:7,5

3295 2970
|

| — NIPAM:APTAC:AMPSNa=90:7,5:2,5

3300 2970
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4000 3500 3000 2500 2000 1500 1000
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Figure 3. FTIR spectra of NIPAM-APTAC-AMPS terpolymers

TGA and DTA data of NIPAM-APTAC-AMPS terpolymers

Figure 4 shows the results of TGA and DTA. Dry terpolymers demonstrate a weight loss of approxi-
mately 5 % between room temperature and 150 °C. However, this additional weight loss is hard to assign to
water loss alone, as the TGA and DTA data do not indicate a clear jump in this temperature range. In our
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opinion, the weight loss up to approximately 200 °C may be a result of evaporation of residual water and
beginning of the copolymers decomposition. The complete thermal decomposition of NIPAM-APTAC-
AMPS terpolymers takes place in the temperature range from 413 to 417 °C.
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Figure 4. TGA thermograms (a) and differential curves (b) of copolymers NIPAM-APTAC-AMPS

The weight average molecular weight M,, the number average molecular weight M, and the
polydispersity index (PDI) of the NIPAM-APTAC-AMPS terpolymers

Table 2 represents the values of M,,, M, and PDI for NIPAM-APTAC-AMPS terpolymers measured by
gel-permeation chromatography in aqueous solution.

Table 2
The values of My,, M,,and PDI for NIPAM-APTAC-AMPS terpolymers
Composition, mol. % 5 4 _
NIPAM APTAC AMPS Myx107, Da M,x10™, Da PDI = M,,/M,
90 5 5 14 4.6 ~3.0
90 75 2.5 0.5 3.1 ~1.6
90 25 7.5 25 6.4 ~4.0

The M,, of terpolymers is in the range of (0.5-2.5)-10° Dalton, the M, is (3.1-6.4)-10* Dalton. The PDI
of terpolymers is between 1.6 and 4.0. The broad molecular weight distribution of terpolymers is probably
due to the use of free-radical polymerization method, which does not allow precise control of the molecular
weights of polymers.

Zeta-potentials (£) of NIPAM-APTAC-AMPS amphoteric terpolymers in aqueous solutions at 25 °C

Zeta potentials of charge-balanced and charge-imbalanced NIPAM-APTAC-AMPS terpolymers in
aqueous solution were measured as a function of polymer concentration (data is not shown). The terpolymer
[NIPAM]:[APTAC]:.[AMPS] = 90:7.5:2.5 mol.% with the excess of positively charged APTAC monomer
independently on the polymer concentration (0.01-0.1 wt.%) has {= +7+1 mV. In contrast, the amphoteric
terpolymer [NIPAM]:[APTAC]:.JAMPS] = 90:2.5:7.5 mol.% with the excess of negatively charged AMPS
monomer slightly depends on concentration (0.01-0.1 wt.%) and has {= —16+3 mV. It can be expected that
in the ideal case, when the amount of positive and negative charges in [NIPAM]:[APTAC]:.[AMPS] = 90:5:5
mol.% is equal and compensates each other, the total charge of macromolecular chain is electroneutral, the
value of £ should be around zero. However, in our case, the ¢ value of the charge-balanced amphoteric
terpolymer [NIPAM]:[APTAC]:.[AMPS] = 90:5:5 deviates from zero and is slightly positive independently
on polymer concentration (0.01-0.1 wt.%). Its value equals +2+1 mV probably due to a tiny excess of the
positively charged APTAC monomer. Thus, the fact that we have synthesized the charge-balanced and
charge-imbalanced amphoteric terpolymers is obvious.

CHEMISTRY Series. No. 4(104)/2021 13



A.Ye. Ayazbayeva, A.V. Shakhvorostov et al.

The average hydrodynamic size and the phase transition temperature of [NIPAM]:[APTAC]:
:JAMPS] = 90:5:5 mol.% in pure water and salt solutions

The average hydrodynamic size (Ry) and the phase transition temperature (T,:) of charge-balanced
amphoteric terpolymer [NIPAM]:.[APTAC]:[AMPS] = 90:5:5 mol.% in deionized (DI) water and in NaCl
solutions (u = 0.001; 0.005; 0.01; 0.05; 0.1; 0.5; 1M NacCl) are presented in Figures 5 and 6.
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Figure 5. The effect of the p on the average Figure 6. Temperature dependent phase
hydrodynamic size of [NIPAM]:[APTAC]:[AMPS] = behavior of terpolymer [NIPAM]:.[APTAC]:.[AMPS] =
90:5:5 mol.% at 25 °C 90:5:5 mol.% at various p

Figure 5 illustrates presence of two types of particles in solutions. Average peak value of R, of
[NIPAM]:[APTAC]:[AMPS] = 90:5:5 mol.% equals to 7.4 and 150 nm in pure water. Evidently that 7.4 nm
represents individual macromolecules, whereas 150 nm corresponds to multimolecular aggregates. The rela-
tive contribution of the aggregates in the intensity distributions is large due to their high mass, though they
are minor by their number. The individual chains of amphoteric terpolymer in deionized water may be imag-
ined as well swollen coils since water is a good solvent for PNIPAM at room temperature. However, Ry,=7.4
nm is not big enough for such a molecule. One should remember that the oppositely charged repeating units
of the chain are attracted to each other and can form ion pairs similar to intrapolyelectrolyte complexes in
pure water. Their low-molar-mass counterions become free, leave to the bulk water and this way increase the
total entropy of the system. Addition of low-molar-mass salt makes this entropic effect less pronounced:
added salt breaks the intramolecular ionic pairs and chains become effectively more charged with increasing
the ionic strength, though the number of charges along each chain remains constant. Coulomb interactions of
ion pairs act on longer distances than H-bonds between PNIPAM and water and create polar regions of
bound water within each coil, which enhance total stability of the copolymer against phase separation upon
heating.

The model presented above is fully supported by experiments. The phase transition temperature (Tp.)
of [NIPAM]:[APTAC]:[AMPS] = 90:5:5 mol.% in DI water equals to 38.7 °C (see Table 3) and bigger than
To.i: OF poly(NIPAM) itself (that is 32 °C) [4]. When the ionic strength (p) increases, the ion pairs between
AMPS and APTAC break apart, copolymer becomes effectively more charged and T, shifts to the higher
values. At p above 0.1 M, all ionic pairs are not only broken but added salt screens all the charges of copol-
ymer and original thermal behavior of pure poly(NIPAM) is recovered.

Two phenomena should be discussed separately: 1) Aggregates formed by the copolymer above the
phase transition temperature (T,.) are stable against further precipitation; 2) Transmittance vs. temperature
curves show a shoulder above T at p below 0.1 M. Formation of neutral colloidally stable multimolecular
aggregates by poly(NIPAM) has been well-documented and mechanisms responsible for their stability have
been suggested [1, 5]. Existence of hydrated ion pairs from AMPS and APTAC within coils additionally
contribute to the stability of particles above T,.: Naturally, when aggregates are formed and dehydrate upon
further heating, charged units cannot stay inside the organic surrounding, and they migrate to the surface of
the aggregates, which is observed as a shoulder in the transmittance curves (Figure 6).

The conformational change of [NIPAM]:[APTAC]:[AMPS] = 90:5:5 mol.% in pure water upon heating
is schematically shown in Figure 7. Dehydration of NIPAM fragments and intensification of hydrophobic
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interactions with increasing of temperature lead to the formation of a high-density hydrophobic NIPAM
“core” surrounded by low-density hydrophilic “shell”. The latter consists of AMPS and APTAC monomers
that preserve the whole macromolecules in water and protect them from precipitation.

iiiiwﬁﬁﬁiﬁ
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Figure 7. Schematic representation of [NIPAM]:[APTAC]:[AMPS] = 90:5:5 mol.% terpolymer
in DI water upon heating

At the interval of the p = 0.001-0.1M NacCl, the mean Ry, values are equal to 7+1 nm and 175425 nm.

However, the value of T, gradually increases from 39.88 °C in DI water to 46.08 °C in 0.1M NaCl upon
heating (Table 3).

Table 3
The effect of the ionic strength (u) on the phase transition temperature
of [NIPAM]:[APTAC]:[AMPS]=90:5:5 mol.%
u, mol-L* (NaCl) DI water 0.001 0.005 0.01 0.05 0.1 0.5 1.0
Tott, °C 39.88 40.29 41,93 41.96 455 46.08 42.96 36.84

These results can be explained as follows. Upon heating the swollen in DI water macromolecular chains
of amphoteric terpolymer due to strengthening of the hydrophobic interactions are supposed to transform to
high-density hydrophobic “core” consisting of mostly NIPAM monomers. At the same time, an increase in
the ionic strength adjusted by NaCl that strengthens the compactization of the NIPAM chains, but weakens
the electrostatic attraction between positively and negatively charged monomers. As a result, the hydrophilic
edge (or a low-density hydrophilic “shell”) consisting of AMPS and APTAC monomers is formed on the
surface of compact macromolecules and preserves the polymer particles from precipitation (Fig. 8).
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Figure 8. Schematic representation of [NIPAM]:[APTAC]:[AMPS] = 90:5:5 mol.% macromolecules
at the interval of p = 0.001-0.1M NaCl upon heating (a) DLS data at u = 0.001-0.1M NaCl (b)
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However, in 1M NacCl solution the Ry, maxima are shifted to 50 and 300 nm, respectively. Apparently,
the macromolecular coils are aggregated at high p. This statement is confirmed by the effect of temperature
on the phase behavior of terpolymer [NIPAM]:[APTAC]:JAMPS] = 90:5:5 mol.% in dependence of u as
represented in Figure 9. At the interval of u between 0.5 and 1M NaCl the T, decreases from 39.5 °C to
33.2 °C (see Table 3). The reversal or backward change of the T in 0.5 and 1M NaCl solutions is probably
due to aggregation of small particles to bigger one as demonstrated in Figure 9 and confirmed by DLS data.
However, in 0.5 and 1M NaCl solutions the precipitation of aggregated macromolecular particles does not
occur because the hydrophilic “shell” on the surface of such aggregates preserves them from precipitation.
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Figure 9. Schematic representation of macromolecular size of [NIPAM]:[APTAC]:.[AMPS] = 90:5:5 mol.%
at the ionic strength 0.5 and 1M NaCl upon heating (a) and DLS data in 1M NaCl (b)

Thus, as follows from the obtained results, the macromolecular chains of [NIPAM]:[APTAC]:[AMPS] =
= 90:5:5 mol.% in DI water collapse upon heating due to the dehydration of NIPAM chains and enhance-
ment of hydrophobic interactions. At the interval of p = 0.001-0.1 M NaCl macromolecular chains gradually
shrink upon heating but preserve the solubility in spite of the turbidity. At high ionic strength p = 0.5-1M
NaCl the formation of bigger aggregates is observed.

The average hydrodynamic size and phase transition temperature of [NIPAM]:[APTAC]:
:JAMPS] = 90:2.5:7.5 mol.% in aqueous and aqueous-salt solutions

Figure 10 represents the average hydrodynamic size of amphoteric terpolymer [NIPAM]:
[APTAC]:.[AMPS] = 90:2.5:7.5 mol.% in DI water and in NaCl solutions (u = 0.001; 0.005; 0.01; 0.05; 0.1;
and 0.5M). In 1M NaCl the terpolymer was insoluble. The average hydrodynamic radius of macromolecules

Ry at u = 0.001; 0.005; 0.01; 0.05; 0.1M NacCl is about 20-35 nm, but in 0.5M NaCl solution two obvious
peaks are observed with Ry, equal to 20 and 200 nm.
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Figure 10. Effect of the p on the average hydrodynamic Figure 11. Temperature dependent phase behavior
size of [NIPAM]:[APTAC]:[AMPS] = 90:2.5:7.5 mol.% of terpolymer [NIPAM]:[APTAC]:[AMPS] =
at25°C =90:2.5:7.5 mol.% at different p
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The effect of temperature on the phase behavior of terpolymer [NIPAM].[APTAC].[AMPS] =
=90:2.5:7.5 mol.% in DI water and at p = 0.001-0.5M NaCl is demonstrated in Table 4 and Figure 11.

Table 4
The effect of the ionic strength (u) on the phase transition temperature
of [NIPAM]:[APTAC]:[AMPS]=90:2.5:7.5 mol.%
u, mol-L™* (NaCl) DI water 0.001 0.005 0.01 0.05 0.1 0.5 1.0
T, °C 35.45 35.38 35.98 35.33 34.41 34.48 39.42 insoluble

At the interval of p between 0.001 and 0.05M NaCl the T, is slightly shifted to lower or higher tem-
peratures. In this range a gradual increase of the turbidity is observed. Increasing of the u up to 0.5M NaCl
leads to early phase separation of the polymer at 28 °C. At u = 0.5 M NaCl there are fractures on the turbidi-
ty curves and the transparency decreases in the range of 40-47.5 °C. Further heating of polymer solution at
T > 47.5 °C causes the precipitation of polymer chains due to the salting-out effect, which leads to a signifi-
cant increase in transparency.

The average hydrodynamic size and phase transition temperature of [NIPAM]:[APTAC]:[AMPS] =
=90:7.5:2.5 mol.% in aqueous and aqueous-salt solutions

In case of [NIPAM]:.[APTAC]:[AMPS] = 90:7.5:2.5 mol.% terpolymer, the average hydrodynamic size
of macromolecules changes insignificantly as a function of the ionic strength (Fig. 12). The average size of
Rn lies in the regions of 6-8 nm and 150-300 nm.

The effect of temperature on the T,;. of the terpolymer [NIPAM]:.[APTAC]:.[AMPS] =
=90:7.5:2.5 mol.% at different ionic strength of the solution is shown in Table 5 and Figure 13.

Table 5
The effect of the ionic strength (u) on the phase transition temperature
of [NIPAM]:[APTAC]:[AMPS]=90:7.5:2.5 mol.%
u, mol-L™* (NaCl) DI water 0.001 0.005 0.01 0.05 0.1 0.5 1.0
Tot, °C 38.98 37.16 38.35 38.85 42.33 43.2 37.21 37.51
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Figure 12. Effect of the ionic strength of the solution Figure 13. Temperature dependent phase behavior
on the average hydrodynamic size of of [NIPAM]:[APTAC]:JAMPS] = 90:7.5:2.5 mol.%
[NIPAM]:[APTAC]:[AMPS] = 90:7.5:2.5 mol.% at 25 °C at different p

Increasing of the p in the range of 0.001-0.1M gradually shifts the T to higher temperatures. This is
probably due to the screening of positively charged APTAC fragments by NaCl counterions. However, at a
higher ionic strength p = 0.5-1.0M NaCl the T, shifts backward, e.g. to lower temperatures. Apparently, at
a high NaCl concentration, the polyelectrolyte effect caused by the excess of positive charges is completely
suppressed, and the macromolecular chain becomes close to neutral and more hydrophobic. An increase
in temperature enhances the hydrophobic interactions and aggregation of macromolecular chains. Thus,
in  aqueous-salt  solutions the behavior of charge balanced amphoteric terpolymer
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(INIPAM]:.[APTAC]:JAMPS] = 90:5:5 mol.%) differs from the properties of unbalanced polyampholytes
(INIPAM]:[APTAC]:.JAMPS] =90:7.5:2.5 mol.% and [NIPAM]:.[APTAC]:[AMPS] =90:2.5:7.5 mol.%).
A small excess of positive or negative charges in terpolymers leads to the predominance of polyelectrolyte
effect. Expanded in pure water polyelectrolyte chains shrink in salt solution due to the screened electrostatic
repulsion between uniformly charged monomers (polyelectrolyte effect). Compact structure of charge-
balanced quenched polyampholyte unfolds in salt solution due to screening of the electrostatic attraction be-
tween oppositely charged monomers (the antipolyelectrolyte effect).

Conclusions

The structure of new amphoteric terpolymers NIPAM-AMPS-APTAC, synthesized by free-radical
polymerization of neutral (NIPAM), anionic (AMPS), and cationic (APTAC) monomers was identified by
'H NMR and FTIR spectroscopy. In aqueous and aqueous-salt solutions, the dynamic light scattering (DLS)
data show a bimodal distribution of the average hydrodynamic size of amphoteric macromolecules. Zeta-
potential measurements confirm the formation of charge-balanced and charge-imbalanced amphoteric
terpolymers. In aqueous and agueous-salt solutions the amphoteric terpolymers based on NIPAM-AMPS-
APTAC demonstrate the temperature-responsive behavior upon heating. The temperature and salt-induced
phase transition of amphoteric terpolymers is associated with the hydrophobic-hydrophilic balance and the
formation of high-density of hydrophobic “core” surrounded by low-density hydrophilic “shell”. In case of
charge-balanced amphoteric terpolymer [NIPAM]:.[APTAC].[AMPS] = 90:5:5 mol.%, the phase transition
temperature increases and passes through the maximum at p =0.1M NaCl. A similar phenomenon is ob-
served for the charge-imbalanced terpolymer [NIPAM]:[APTAC]:JAMPS] = 90:7.5:2.5 mol.% with the ex-
cess of cationic monomer (APTAC). The temperature-dependent phase transition of charge-imbalanced
terpolymer [NIPAM]:[APTAC]:.[AMPS] = 90:2.5:7.5 mol.% with the excess of anionic monomer (AMPS)
exhibits complicated behavior at high ionic strength up to phase separation. The phase transition temperature
of amphoteric terpolymers can be finely tuned to the desired one by adding the salt. The combination of dif-
ferent stimuli within one macromolecular chain can open up a wide space of sensing applications, in particu-
lar as a drug delivery system.
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A.E. As36aeBa, A.B. llaxBopocToB, T.M. Ceiinxanos, B.O. Acees, C.E. KynaiiGeprenon

AKpHUJIaMu/ TYBIHABLIAPBIHBIH HETi3iH/1e aJbIHFAH KaHa TEPMO-
JKIHE TY3Fa ce3iMTas aMmdoTepJik TepnonMepIep/i CHHTEe3/1ey KIHE 3epTTey

Betitapanr moromep N-m3onpornunakpunamun (HUTTAM), aHHOHIBIK MOHOMED — 2-aKpHIaMUI0-2-MeTHII-1-
MpOMaHCyIb()OH KBIIKBUIBIHEIH HaTpuid TY3bI (AMIIC) xone (3-akpmiIaMHIONPOINI) TPHMETHIAMMOHHUI
xnopunai (AIITAX) HeriziHzmeri jkaHa >KOFaphl 3apsATaifaH HonuaMQoNUTTep CyIsl epiTiHmize ©oc
paguKanIbl TMOJMMEpIIeHy KOJIBIMEH CHHTE3EN/l KoHe 'H SIMP xome HK-®ypbe cHeKTpOCKOMUACHIMEH,
TTA, T'OX, IJIC xoHe A3eTa-MOTEHIMAT dMICTEPIMEH CHIATTANABL. OPTYPJi KypaMaarbl YIITIK aMmoTepi
nonumepiep, aran aitkanaa [HUITAM]:[AMIIC]:[AIITAX] = 90:2.5:7.5; 90:5:5; 90:7.5:2.5 wmo01.%,
Temneparypanbi 25 men 60 °C apaibIFbIHAA KoHE epiTiHmiin nombik kymimin 102 mem 1M NaCl
apanpIFeIHAa  3epTTenai. [uapohoOTh/THAPOGUILAI  TEMe-TCHIIKTIH apKachlHAa MaKpPOMOJICKYJIAIbIK
Ti30eKTepIiH Temmeparypara OailaHBICTBI KOH(GOPMAIMSIIBIK XKoHE (a3alblK e3repici Ty3 KOChUIBICTaphIHA
ce3iMTan Oojplm, (a3anblK aybICyNapIblH JKakChl peTTeNyiHe MYMKiHAIK OepeTiHi aHbIKTaigsl. Cy MeH
TY3IBI—CY epiTiHALIepine aMQOTepii TEepIoTUMEpIepAiH OopTamia THAPOJHHAMUKAIBIK enmeMaepi Oeime
TeMIIepaTypachiHIa OUMOAAJBIBI TAPATYAbl KepceTe OThIpsIn, 8-1eH 300 HM-Te neifin e3repeni. Amdorepii
TepHOJIMMEpIIepAiH caHaplK oprama (M,) *koHe canMakTelk oprama (M) MOJNEKyJanblK CalMaKTapsl,
nomuaucnepetinik uaaekci (I111) sxoHe A3eTa moTeHIMANIAPHI CY ePITiHAICIHIE aHBIKTA B

Kinm ce30ep: KymTi 3apsaranrad amQoTepili TeproJmMepiiep, TePMOCE3IMTAIBIK, TY3Face3iMTaIbIK,
KOHQOPMALUSIIBIK  KoHEe (ha3anblk  aybicy, TUApo(OOTH/THAPOGUIBII  Teme-TeHAIK, SApOo-KaObIKIIa
KYPBUIBIMBI.

A.E. Asa36aeBa, A.B. IllaxBopocTos, T.M. Ceiinxanos, B.O. Acees, C.E. KynaiiGeprenon

CuHTe3 U HCcJIeIOBAHHE HOBBIX TEPMO- U COJTCHYYBCTBHTCJIBbHbIX
an)OTepHLIX TEPNOJUMEPOB HA OCHOBE IMPOU3BOAHLIX aKpHWJIaMH1a

HoBele cuibHO3apspKEHHBIE JIMHEHHBIE MONMaM(OIUTHI HAa OCHOBE HEWTpambHOro MoHOMepa — N-m3o-
nporunakpuwiamuaa (HUTIAM), aHHOHHOrO MOHOMEpa — HATPHEBOH COJH 2-aKpUIaMHIO-2-MeTHI-1-
nponancynbGpoHoBoit kucnoTsl (AMIIC) 1 KaTHOHHOTO MOHOMepa — (3-aKpHIIaMUIOIPONIUI) TPUMETHIAM-
MmoHwuit xiopuaa (AIITAX) cuHTe3upOBaHBI CBOOOJHOPAANKANEHON MOTUMEPH3aUel B BOMHOM PacTBOPE U
0XapaKTepU30BaHbl METOJaMHU 'H SMP u HK-Oypse cnekrpockormu, TI'A, TTIX, JJIC u m3era-
noTteHnuana. TepMo- U COJIeUyBCTBUTENHEHOCTE aM(OTEPHBIX TPOHHBIX MOINMEPOB Pa3IMYHBIX COCTABOB, B
yactHocTH, [HUITAM]:[AMIIC]:[AIITAX] = 90:2.5:7.5; 90:5:5; 90:7.5:2.5 mon.%, u3yueHa B AuarazoHe
Temmeparyp ot 25 10 60 °C u B nHTepBane HOHHOI cHibl pacTBopa ot 107 1o 1M NaCl. Haiizeno, uro Gia-
rogapst runpodo6Ho-/ruapodunEHOMY OanaHcy, KoHbOpMannoHHOE U (Ha30BOE M3MEHEHHUS] MAaKPOMOJIEKY-
JISIPHBIX LETIeH B 3aBUCHMOCTHU OT TE€MIIEPATyphl CTAHOBATCS UyBCTBUTENBHBIMU K 00aBKaM COIM M MO3BO-
JSTIOT TOHKO PETYNHpOBaTh (ha30BbIC epexobl. B Boje n BOAHO-COIEBOM PAacTBOPE CPEAHETHAPOANHAMIYE-
CKHe pa3Mepbl aM(pOTEPHBIX TEPHOIMMEPOB U3MEHSIOTCS B mpenenax oT 8 1o 300 HM, mposiBiss OMMoalb-
HOE paclpejielieHne Ipyu KOMHATHOH Temneparype. Onpexnenensl cpeqnedncienusie (M) n cpeaHeBecoBbIe
(My,) MonekyasipHble Macchl, uHIEeKe nonuaucnepcHoct (M) u n3era-noteHmans aM(pOTEpHBIX TEPIIo-
JIMMEPOB B BOJJHOM pacTBOpE.
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Kniouesvie crosa: cunpHO3apshKeHHbIE aM(OTEPHbIE TEPIIOIUMEPDI, TEPMOYYBCTBUTEIBHOCTD, COJICUYBCTBH-
TEJIBHOCTh, KOH(POPMALMOHHBII U (a30BbId Iepexonsl, ruapodoOHO/TuApodUIbHEIA OanaHc, CTPYKTYpa
«IOPO—000I0UKaY.
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Synthesis, quantum-chemical calculations and virtual screening
of the alkaloid cytisine derivatives

The synthesis of some cytisine derivatives was carried out in the work. The article provides the data of quan-
tum-chemical calculation and virtual screening of the alkaloid cytisine derivatives synthesized. At the same
time, the reaction centers of the cytisine derivatives molecules were determined. In order to study the reactivi-
ty of the derivatives obtained (namely cinnamoylcytisine, lipoylcytisine, and cytisinylisoalantholactone) the
guantum-chemical calculations were conducted to determine the energy and charge characteristics of the
molecules. The results indicate a sufficient thermodynamic stability of the cinnamoylcytisine and
lipoylcytisine molecules. The cytisinylisoalantholactone molecule is not stable according to the results of
quantum chemical calculations. The data on the energy values of the frontier molecular orbitals show that, in
general, all molecules exhibit electrophilic properties. A bioprediction was implemented using PASS (Predic-
tion of Activity Spectra for Substances) as one of the most efficient and well-known computer program with
the aim of detailed study and the probable establishment of the biological activity of the synthesized cytisine
derivatives. Based on the results of virtual screening, promising types of alkaloid cytisine derivatives were
identified, which are potential sources of original drugs.

Keywords: alkaloids, cytisine, synthesis, physicochemical properties, derivatives, quantum-chemical calcula-
tion, virtual screening, prediction of activity spectra for substances.

Introduction

Carrying out directed synthetic transformations of available substances of plant origin in order to create
new biologically active compounds is an actively developing area of fine organic synthesis and medicinal
chemistry [1-4]. Taking into account the valuable biological properties of alkaloids and their derivatives, the
search for new ways of chemical modification of alkaloids is undoubtedly relevant, and the attention of re-
searchers is attracted by the obtaining of more complexly constructed heterocyclic systems. Interest in re-
search on the chemical transformation of the alkaloid cytisine is due to the wide spectrum of biological activ-
ity of its derivatives. To date, a large number of derivatives of the cytisine alkaloid with various groups at the
nitrogen atom have been synthesized [5-6]. Research on the transformation of available alkaloids, the use of
which in medicine is not possible due to significant side effects, is being successfully developed.

It should be noted that compounds with other types of biological activity, not typical for cytisine itself,
namely antispasmodic, antiarrhythmic, hepatoprotective, analgesic, cholinergic, insecticidal, fungicidal etc.,
are constantly found among the various cytisine derivatives, which attracts attention and encourages the im-
plementation of syntheses and its new derivatives investigation [7—12]. Recently, a new class of heterocyclic
compounds with a fundamental 1,4-dihydropyridine base, possessing high antihypertensive and nootropic
activity, has begun to be widely used in medical practice [13-14]. The aim of this work is to synthesize and
develop derivatives of the cytisine alkaloid with various functionally substituted fragments in terms of fur-
ther obtaining new modified structures applying quantum-chemical calculations and pharmacological activi-
ty evaluation.

Experimental

'H and **C NMR spectra of compounds (2-4) were recorded on a JNN-ECA Jeol 400 spectrometer (fre-
quencies 399.78 and 100.53 MHz, respectively) using a DMSO-dg solvent. Chemical shifts were measured
relative to the signals of residual protons or carbon atoms of DMSO-de. The reaction progress and the ob-
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tained purity of compounds were monitored by thin layer chromatography on Silufol UV-254 plates in iso-
propyl alcohol-ammonia-water 7:2:1, ethanol-chloroform 1:4 systems. The plates were developed with io-
dine vapors. The reaction products were isolated by recrystallization or by column chromatography on alu-
mina. All solvents used in this work were purified and absolutized according to standard methods.

N-Cinnamoylcytisine (2). 9 g (6.0 mmol) of triethylamine and a solution of 15 g (6.0 mmol) of
cinnamoyl chloride in 200 ml of benzene were added with stirring to a solution of 17.1 g (6.0 mmol) of
cytisine in 500 ml of benzene. The reaction mixture was stirred for 3.3 hours at room temperature until a pre-
cipitate formed. The formed precipitate of triethylamine hydrochloride was filtered off, the mother liquor
was evaporated, and the residue was treated with diethyl ether. There was obtained 14.25 g (95 %) of
N-cinnamoylcytisine (2) in the form of a white powder with a yellowish tint, m.p. 130-134°C. 'H NMR spec-
trum, 8, ppm (J, Hz): 1.86-1.97 m (2H, H8.8), 2.44 br.s. (1H, H9), 2.90-3.40 m (3H. H7.11ax, 13ax), 3.63-
3.97 m (2H, H10ax, 10eq), 4.24-4.65 m (2H, H1leq, 13eq, 6.14 d (2H, H3, 5. 3J 6.1), 6.49-6.75 m (1H,
H15), 7.16-7.64 m (7H, H4, 15, 18-22). *C NMR spectrum, 8C, ppm: 25.95 (C8), 27.86 ( C9), 35.13 (C7),
49.05 (C10), 51.31 (C11), 53.04 (C13), 105.29 (C5), 116.40 (C3), 128.85 (C15), 129.24 (C18, 19, 21, 22),
129.99 (C20), 135.55 (C4), 139.09 (C16), 141.32 (C17), 150.47 (C6), 162.66 (C2), 165.65 (C14) ppm
HMQC (*H-C) NMR cross peaks, ppm: H8-C8 (1.96, 26.60), H9-C9 (2.44, 28.48), H7-C7 (3.13, 35.65),
H10ax-C10ax (3.59, 49.56), H10ax-C10ax (3.98, 49.58), H5-C5 (6.14, 105.76), H3-C3 (6.12, 116.82) and
H18,19,21,22-C18,19,21,22 (7.37, 129.52).

N-Lipoylcytisine (3). A solution of 29.61 g (8.78 mmol) of lipoyl chloride [obtained from 67.5 g
(21.95 mmol) of lipoic acid and 48.96 g (27.43 mmol) of thionyl chloride], dissolved in 250 ml of benzene
was added with stirring to a solution of 25.05 g (8.78 mmol) of cytisine and 18.3 ml (8.78 mmol) of triethyl-
amine in 500 ml of benzene. The reaction mixture was stirred for 3 hours at room temperature until a precipi-
tate formed. The precipitate was filtered off, the mother liquor was evaporated, and the residue was chro-
matographed on silica gel (eluent: benzene-chloroform). 13.8 g (64.56%) lipoylcytisine (3) was isolated as
yellowish thick oil.

In order to study the reactivity of the derivatives obtained, quantum-chemical calculations were con-
ducted to determine the energy and charge characteristics of molecules, namely cinnamoylcytisine (2),
lipoylcytisine (3), and cytisinylisoalantholactone (4). The semiempirical methods AM1 and PM6 were ap-
plied quantum-chemical calculations. In addition, we can note the following: in ab initio methods, all inte-
grals included in the system of Hartree-Fock equations are calculated explicitly and no experimentally de-
termined parameters are used, except for fundamental physical constants, while the PM6 method combines
experimental data as well as ab initio data. The AM1 method was applied to compare hydrogen bonds. The
calculations were carried out with the help of MOPAC2009 [15]. The ChemOffice software made it possible
to construct the geometry of the studied molecules.

Results and Discussion

The cytisine source availability and the analysis of its structure designate a significance of carrying out
its synthetic transformations with the compounds, which are structurally similar to a number of natural me-
tabolites and other practically significant compounds. Thus, the acylation of cytisine with acid chlorides and
anhydrides is the simplest and most convenient method for the preparation of its acyl derivatives [16]. Con-
tinuing studies of the transformation of cytisine (1) and in order to search for pharmacologically active com-
pounds in this series, we have synthesized acyl derivatives by the interaction of cytisine with carboxylic acid
chlorides, where cinnamoyl chloride and lipoyl chloride were used as acylating agents [17-18]. The acyla-
tion of cytisine with carboxylic acid chlorides was implemented in benzene in the presence of triethylamine
at room temperature. The reactions proceeded smoothly and led to the production of N-acyl derivatives of
cytisine (2-3) with a yield of 64-95 %. The synthesized compounds (2, 3) are white crystalline substances,
readily soluble in organic solvents.

N NH  Rrcocl N NT™>R
—
| N (C,Hs)3N, CcHg N
o) 0
(D (2-3)
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R= —C—HC=HC@ 2); M ©)
3 0
S—s

The *H NMR spectrum of compound (2) is characterized by the presence of multiplet in the upfield re-
gion at 1.86-1.97 ppm with the 2H intensity of two H8 protons of the heterocyclic nucleus. The H9 proton
resonates as a broadened singlet at 2.44 by the integral 1H. Then, a multiplet appeared in the region of 2.90-
3.40 ppm with an integrated intensity of 3H, corresponding to the H7 proton and the axial protons H*** and
H'¥ Equatorial protons H""** and H*** appeared as a multiplet signal at 4.24-4.65 ppm with an integral in-
tensity of 2H. Two protons H'®, 10® as a result of spin-spin coupling, as well as spin-spin splitting through
three bonds with the proton H9 appeared as a multiplet in the region of 3.63-3.97 ppm with integral 2H.
Doublet at 6.14 ppm with integral 2H and 3J, 6.1 Hz corresponds to protons H3 and H5. An unsaturated pro-
ton H15 (1H) appeared in the region of olefinic protons resonance with a multiplet at 6.49-6.75 ppm, while
the adjacent unsaturated proton H16 was detected together with aromatic protons H18-22 and a proton H4
multiplet in the lowest-field part of the spectrum with an integrated intensity of 7H at 7.16-7.64 ppm.

On the basis of the alkaloid cytisine and isoalantholactone, cytisinylisoalantholactone (4) was synthe-
sized with m.p. 196-198 °C, formula C,3H34N,03, M=422.256 g/mol.

0,
¢}
N/E\\ 0
: N
7 @
The structure was established and confirmed using spectral methods and comparison of the literature

data [19].

In order to study the reactivity of the molecules of cinnamoylcytisine (2), lipoylcytisine (3), and
cytisinylisoalantholactone (4), determine their energy and charge characteristics quantum-chemical calcula-
tions were carried out. The calculations were conducted by semiempirical qguantum-chemical methods in the
AM1 and PM6 parametrization.

20 o
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1 2
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“,
7
Y

(4)

A guantum-chemical calculations of molecules main energy characteristics were performed to study the
thermodynamic stability. The obtained results are illustrated in Table 1.
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Table 1
Energy characteristics of molecules (2-4)
L. Molecules
Energy characteristics Method
gy B @3) @)
. AMI 32.922 243137 623.483
Heat of formation, ki/ mol PM6 1114.86 2379.245 412.703
Total eneray. e AM1 -3889.28 ~4235.07 5094
9 PM6 -3662.65 -3973.06 ~4804.12
lonization potential, eV AMI 8.774 8.163 8.597
P ’ PM6 8.996 8.414 8.704
AM1 8775 -8.163 -8.597
HOMO, ev PM6 -8.996 -8.414 -8.704
AM1 -0.550 -1.454 -0.812
LUMO, eV PMG6 20547 71004 20,330

The results presented in the Table 1 indicate a sufficient thermodynamic stability of molecules (2-3).
Molecule (4) is not stable according to the results of quantum-chemical calculations. The data on the energy
values of the frontier orbitals demonstrate that the molecules (2-4) exhibit electrophilic properties. The
Mulliken charge distribution on non-hydrogen atoms was calculated to determine the position of the reaction
centers in molecules (2-4). The results are shown in Figure 1.

Molecule (2) (PM6) o

0,0233
03214 “ 0,1977 0,0712

0,1118 0,1323

0,2623

0,5290 0% N—C—C=C 0.1165
b 0,165 -0,1320 0.0355 s H H
20,3929 ” 03332 -n,no 00369 0,078 01317
N—C—C=—C 01433 02401
y 0537 H H
-0,1237 20,1532 -0,1341
20,3691
Molecule (2) (AM1)
0.3646
Molecules (3) (PM6) O

0,1455 0,1634
-0,5456

0,1628 0.2730

02010 02927

S—S

0,2837 00217 0,0018

-0,1358  -0,0615

Molecule (3) (AM1)
Molecule (4) (PM6) 0768

0,1473 -0,2483
0,1072 - -0, .03 03012 _:0,2967
-0,3233 04572
-0,1834

-0,0269

Molecule (4) (AM1)

Figure 1. Mulliken charge distribution on non-hydrogen atoms in molecules (2-4)
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Based on the data presented above, it can be concluded that the preferred centers for attack by
nucleophilic reagents in molecule (2) are C1, C2, C4, and C13 atoms, in molecule (3) — C1, C5, and C13,
and in molecule (4) — C1, C5, C15 and C25, which is explained by the presence of an aromatic ring and the
adjacent position of keto groups in the structures of the molecules studied.

In terms of a detailed study and establishment of the probable biological activity of synthesized cytisine
derivatives, we performed a bioprediction using PASS (Prediction of Activity Spectra for Substances) as one
of the most effective and well-known computer programs to date [20]. The results of the bioprediction of the
compounds synthesized are presented in the Table 2, in the form of the proposed activity name and the coef-
ficients of the probability of the presence (P,) and absence (P;), of each type of activity, which have values
from 0 to 1. In this analysis of the predicted list of activities, the conditions were selected, where P,>70 %.

Table 2
Results of computer screening of compounds synthesized (2-4)
P, (Phar- |P;(Pharma-
No. Structural formula macological| cological Intended type of activity
Active) Inactive)
1 |Cinnamoylcytisine 0.927 0.002  |[Nicotinic alpha-2-beta-2 receptor antagonist
0.844 0.001 |Alpha-4-beta-2 nicotinic receptor antagonist
0.766 0.010 |Respiratory analeptic
0.653 0.014  |Analeptic
0.559 0.025 |Anticonvulsant
0.532 0.003  |Alpha-6 nicotinic receptor agonist
0.545 0.039  [Phosphatidylcholine retinol-O-
acyltransferase inhibitor
0.476 0.019  [Cognitive disorders treatment
0.503 0.060  [Neurotransmitter uptake inhibitor
0.472 0.035  |All-trans retinyl palmitate hydrolase inhibitor
2 |Lipoylcytisine 0.783 0.002  |Alpha-4-beta-2 nicotinic receptor antagonist
0.753 0.017  |Nicotinic alpha-2-beta-2 receptor antagonist
0.718 0.025 |Antiischemic, cerebral
0.659 0.010  [Treatment of neurodegenerative diseases
0.648 0.004  |Growth stimulant
0.633 0.004  [Chemoprotective
0.612 0.006 |Treatment of liver diseases
0.573 0.010  [Cognitive disorders treatment
0.525 0.010  |Antiparkinsonian
0.530 0.029  |Anticonvulsant
0.462 0.005  |Growth hormone agonist
0.454 0.025  [Muscular dystrophy treatment
0.447 0.019  |Alzheimer's disease treatment
3 |Cytisinylisoalantholactone 0.830 0.004  |Analeptic
0.829 0.007  [Respiratory analeptic
o 0.796 0.019 |Anti-eczematic
o 0.738 0.002  |Alpha-4-beta-2 nicotinic receptor antagonist
0.733 0.021  |Antineoplastic
< 0.678 0.018 [Phosphatase inhibitor
N/;\\ o 0.583 0.004  |Antineoplastic drugs (pancreatic cancer)
: N 0.591 0.013  |Polarization stimulator
\ p 0.579 0.016 |Cardiovascular analeptic
0.556 0.010 |Antimetastatic
0.575 0.036  [Neurotransmitter uptake inhibitor
0.514 0.029  |Dermatological
0.532 0.048  |Anti-inflammatory agent

Computer prognosis demonstrated that cinnamoylcytisine probably (P,>0.5) has antidepressant and
nootropic properties, and also revealed the possibility of its using in the treatment of nicotine addiction in the
future.

As a result of predicting the spectrum of biological activity in the PASS online system, the presence of
hepatoprotective, antiparkinsonian, neurotropic, nootropic, anabolic actions for lipoylcytisine with a proba-
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bility of P,> 0.5 were revealed; and for cytisinylisoalantholactone antitumor, anti-inflammatory, neurotropic
effects with a probability of P,> 0.5, as well as the possibility of its use as an analeptic agent in chronic heart
failure were predicted.

Thus, the bioscreening of synthesized cytisine derivatives showed the promising use of such com-
pounds in medicine as inhibitors of neurotransmitters uptake, an inhibitor of phosphatidylcholine-retinol-O-
acyltransferase, an inhibitor of all-trans-retinyl palmitate hydrolase, etc. This circumstance is significant,
since medicines can be obtained on the basis of these compounds.

Conclusions

On the basis of the cytisine molecule, samples of cinnamoylcytisine (2), lipoylcytisine (3), and
cytisinylisoalantholactone were synthesized. According to the results of quantum-chemical calculations of
these molecules, it was established that the preferred centers for attack by nucleophilic reagents in molecule
(2) are C1, C2, C4, and C13 atoms, in molecule (3) — C1, C5, and C13, and in molecule (4) — C1, C5, C15
and C25, which can be explained by the presence of an aromatic ring and the adjacent position of keto
groups in the structures of the molecules studied. In addition to it, data of virtual bioscreening of cytisine
alkaloid derivatives are provided.

Acknowledgments

The work was carried out within the framework of the project No. AP08855433 on grant financing of
the Science Committee of the Ministry of Education and Science of the Republic of Kazakhstan.

References

1 HOnycos C.1O. Ankanougst: mororp. / C.10. FOnycoB. — Tamkent: ®AH, 1972. — 270 c.

2 HypkenoB O.A. Cunrerndeckue Tpanchopmanuu ajikajgouga uutusuHa: Mouorp. / O.A. Hypkenos, U.B. Kynakos,
C.[. ®a3puioB. — Kaparanna: ['macup, 2012. — 210 c.

3 Tunerenos P. Cuntes, CTpOEHUE M CBOWCTBA MPOM3BOIHBIX JYIIMHKHA, aHAOa3MHa, IUTU3UHA U Psila a30TCOAEPIKAIIUX IeTe-
POLKMKIIOB: aBTOped. THC. ... A-pa xuM. Hayk / P. Tnerenos. — 2008. — 54 c.

4 Takagi K. Synthesis of new 3(5)-(2-hydroxyphenyl)pyrazoles as potential analgesic agents and platelet aggregation inhibitors
/ K. Takagi, M. Tanaka, Y. Murakami, H. Morita, T. Aotsuka // Eur. J. Med. Chem. Chim. Ther. — 1986. — Vol. 21. — P. 65-68.
https://doi.org/10.1002/chin.198627339

5 CagpixoB A.C. Ankanouasl XHHOIA3UANHOBOTO psifa: MoHOTp. / A.C. CagpikoB, X.A. Acnanos, 10.K. Kymmvypanos. — M.:
Hayxka, 1975. — 292 c.

6 HypkenoB O.A. Ankamoua anabasuH u ero npousBonHbie: MoHorp. / O.A. Hypkenos, C.J. ®assutoB, U.B. Kynakos,
JILA. Mycuna. — Kaparanga: I'macup, 2010. — 224 c.

7 Kulakov 1.V. Synthesis of N-aminoglycosides derived from alkaloid cytisine, their biological activity and crystal structure of
N-(B-D-galactopyranosyl)cytisine / 1.V. Kulakov, O.A. Nurkenov, D.M. Turdybekov, R.B. Sejdahmetova, K.M. Turdybekov //
Chemistry of Heterocyclic Compounds. — 2010. — Vol. 46, No. 2. — P. 240-244. https://doi.org/10.1002/chin.201049202

8 Gazaliev A.M. Synthesis and fungicidal activity of alkaloid-containing carbohydrates / A.M. Gazaliev, O.A. Nurkenov,
1.V. Kulakov, A.A. Ainabaev, D.V. Bessonov // Russian Journal of Applied Chemistry. — 2006. — Vol. 79, No. 3. — P. 508-510.
https://doi.org/10.1134/S1070427206030402

9 Kulakov 1.V. Synthesis and biological activity of 3,4-dihydropyrimidin-2-thione aminomethylene derivatives based on the
alkaloid cytisine / 1.V. Kulakov // Chemistry of Natural Compounds. — 2011. — Vol. 47, No. 4. — P. 597-599.

10 Kulakov 1.V. Synthesis and biological activity of aminoacyl phenothiazine derivatives based on the alkaloids cytisine,
anabasine, and d-pseudoephedrine / 1.V. Kulakov // Chemistry of Natural Compounds. — 2010. — Vol. 46, No. 1. — P. 68-71.

11 Yazlovitskii A.V. Synthesis of N-Acylamino-Acid Derivatives of Cytisine / A.V. Yazlovitskii, M.M. Garazd, V.G. Kartsev //
Chemistry of Natural Compounds. — 2016. — Vol. 52. — P. 272-275.

12 Rouden J. (-)-Cytisine and and derivatives: synthesis, reactivity, and applications / J. Rouden, M.C. Lasne, J. Blanchet,
J. Baudoux // Chem. Rev. — 2014. — Vol. 114, No. 1. — P. 712-778. https://doi.org/10.1021/cr400307e

13 Tsypysheva I.P. Synthesis and Nootropic Activity of new 3-Amino-12-N-Methylcytisine Derivatives / 1.P. Tsypysheva,
A.V. Koval'skaya, A.N. Lobov, N.S. Makara, P.R. Petrova, E.I. Farafontova, L.F. Zainullina, Yu.V. Vakhitova, F.S. Zarudii // Chem.
Nat. Compd. — 2015. — Vol. 51. — P. 910-915. https://doi.org/10.1007/s10600-015-1446-x

14 Tsypysheva I.P. Synthesis and specific nootropic activity of (—)-cytisine derivatives with carbamide and thiocarbamide moie-
ties in their structure / 1.P. Tsypysheva, A.V. Koval'skaya, N.S. Makara, A.N. Lobov, L.A. Petrenko, E.G. Galkin, T.A.
Sapozhnikova, F.S. Zarudii, M.S. Yunusov // Chem. Nat. Compd. — 2012. Vol. 48. — P. 629-634. https://doi.org/10.1007/s10600-
012-0329-7

26 Bulletin of the Karaganda University


https://doi.org/10.1002/chin.198627339
https://doi.org/10.1002/chin.201049202
https://doi.org/10.1134/S1070427206030402
https://doi.org/10.1021/cr400307e
https://doi.org/10.1007/s10600-015-1446-x
https://doi.org/10.1007/s10600-012-0329-7
https://doi.org/10.1007/s10600-012-0329-7

Synthesis, quantum-chemical calculations ...

15 James J.P. Stewart, MOPAC 2009, Stewart Computational Chemistry / J.P. James. — Colorado Springs, CO, USA, 2008.
http://OpenMOPAC.net.

16 Taerenos P. Cunre3 N-aunibHbIX MPOU3BOAHBIX ankanounaa uutusuHa / P. TnereHos // Xumust pact. cbipbs. — 2007. —
Nel. — C. 49-52.

17 Hypxenos O.A. Cuntes, crpoeHHe 1 Ouonorndeckast akTHBHOCTh IUHHAMOMIICOAEPKAIINX IIPOM3BOAHBIX aJKaJONJ0B IUTH-
3uHa u aHabasuna / O.A. Hypkenos, XK.C. Hypmaran6eros, T.M. Ceitnxanos, C./l. ®a3suios, XK.b. Catnaesa, K.M. Typnsi6ekos,
C.A. Tamumnos, P.b. CeiinaxmeroBa // XypH. o6m. xum. — 2019. — T. 89, Ne 10. — C. 1550-1559. https://doi.org/10.1134/
S0044460X19100093

18 Nurkenov O.A. Synthesis and structured N-acyl and thiourea derivatives citizine and anabazine / O.A. Nurkenov,
Zh.S. Nurmaganbetov, T.M. Seilkhanov, S.D. Fazylov, V.M. Manasheva, A.R. Zhasymbekova, A.S. Serikbolov // News of the acad-
emy of sciences of the Republic of Kazakhstan. — 2020. — No. 1(439). — P. 37-46. https://doi.org/10.32014/2020.2518-1491.5

19 Klochkov S.G. Modification of alantolactones by natural alkaloids / S.G. Klochkov, S.V. Afanas’eva, A.B. Ermatova,
A.V. Chudinov // Chemistry of natural compounds. — 2011. — Vol. 47, No. 5. — P. 716-725. https://doi.org/10.1007/s10600-011-
0043-x

20 Cagpim A.B. MHTepHeT-cHCTEMa HMPOTHO3a CIIEKTpa OHOJOTHYecKOi aKTHBHOCTH XMMHUYeCKuX coequHenui / A.B. Cagpim,
A.A. Jlaryuun, J.A. ®unumonos, B.B. ITopoiiko // Xum. dapm. xypua. — 2002. — T. 36, Ne 10. — C. 21-26. https://doi.org/
10.30906/0023-1134-2002-36-10-21-26

XK.C. Hypmaran6etos, I'.K. MyxkepimieBa, E.B. Munaesa, J[.M. Typnsibekos,
K.M. Typneioexos, A.C. MaxmyrtoBa, A.P. KaceimoekoBa, O.A. HypkeHoB

HuTu3nH ajakajJouabl TYbIHAbLIAPHIHBIH CUHTE3I,
KBAHTTBIK-XUMHUSUIBIK ecerTeyJiepi :KoHe 0J1apIbIH BUPTYaJibl CKpUHUHTI

Makanaja IMTU3HHHIH Keit0ip TYBIHIbUIapbIHA CHHTE3 XKYPri3inreH. [{UTH3MH anKalOUuABIHBIH CHHTE3/ICITCH
TYBIH/ABIIAPbIH KBaHTTHIK-XUMHSIIBIK €CENTey KHEe BUPTYal bl CKDHHUHITIH JepeKTepi anbHAbl. byn perte
IUTH3MH TYBIHJBUIAPBIHBIH MOJICKYJANapbIHIAFEl PEaKus OpPTAIBIKTApbl aHBIKTAJIBl. AJIBIHFAH TYBIHJIBI-
JApAbIH peakuusFa KaOUIeTTUIIriH 3epTTey MaKCaThIHAA MOJIEKYJIalapIblH SHEPTISUIBIK KOHE 3apsSAThIK
CHIATTAMaJIapblH aHBIKTAy YIIIH LUHHAMOWILMTHU3UH, JHINOWILUTH3MH, IUTU3HMHHIN30aJIaHTOJIAKTOH
MOJIEKyJIalapblHa KBAHTTHIK-XUMHUSJIBIK €CEHTeyep JKYPri3iiai. ¥ ChIHBUIFAH HOTIDKENEp [MHHAMOWILUTH-
3MH, JIUNNOWILUTH3UH MOJIEKYJaJapblHbIH JKETKUIIKTI TEPMOAMHAMHUKAIBIK TYPAKTBUIBIFBIH KOpCETeNi.
KBaHTTBHIK XMUMUSUIBIK €CENTeyJIepAiH HOTIXKeNepi OOWBIHIIA IUTU3MHWIM30aJaHTOJIAKTOH MOJICKYJIachl
OHIIa TYpPakKThl eMec eKeHAiri Oaikangpl. IllekTik Monekynanblk OpOHWTaIbIApPIBIH MOHAEpPI Typabl
MaJTIMETTep, KalMbl ajJFaHza, GapiIbIK MOJISKyalapAbIH 3IeKTPO(UIbII KACHETKE M€ SKEHJITH pacTaibl.
CuHTe3/IeNTeH [MTH3UH TYBIH/IBUIAPBIHBIH OHONOTHSIIBIK OCJICEHIIIIriH aHbIKTay MakKcaThIMEH eH THIMAi
JKOHE TaHBIMall KOMITBIOTEPIIK Oarmapnamanapiasie 0ipi — PASS (Prediction of Activity Spectra for
Substances) kemeriMmen OnobomKaMaay Kyprizinai. BupTyanasl ckppuHUHT HOTIDKeNepi OoWbIHIIa OacTanKbl
npenapaTTapIblH  oNeyeTTi Ke3ziepi OONBIT TaObUIATBIH LWTHU3MH AIKAIOWIBIHBIH TYBIHIbUIAPBIHBIH
HEPCIEKTUBAIIBI TYPJIEpPi aHBIKTAJ/IbL.

Kinm cesdep: ankanowirap, UINTH3WH, CHHTE3, (QU3HKAIBIK-XUMUSUIBIK KaCHeTTepi, TybIHABLIAP, KBAHTTHIK-
XUMUSIIBIK €CenTeyiep, BUPTYAIABIK CKPUHUHT, 3aTTapIbIH OHOJIOTHSIIBIK OeJIceHIUTIriH Ooinkamay.

K.C. Hypmaran6eros, I'.K. MyxkymieBa, E.B. Munaesa, J[.M. Typabioexos,
K.M. Typneioexos, A.C. MaxmyTtoBa, A.P. KaceimoekoBa, O.A. HypkeHoB

CuHTe3, KBAHTOBO-XUMHYECKHE PAcyeThl MPOU3BOAHBIX AJIKAJONIA IUTUIUHA
U UX BUPTYAJIbHbIH CKPUHUHT

B cTarbe npoBenieH cCHHTE3 HEKOTOPBIX IPOM3BOIHBIX IUTH3NHA. [10TydeHb! JaHHBIE KBAHTOBO-XHMHYECKOTO
pacueTta U BUPTYAJIBbHOI'0 CKPUHUHTA CUHTE3UPOBAHHBIX MPOWU3BOJAHBIX aJIKaJlouJa HUTU3HUHA. Ol'lpe)le.]'leﬂbl
PEaKIMOHHBIE LIEHTPHI B MOJIEKYJIaX MPOU3BOAHBIX LUTH3MHA. C 11EIbI0 U3yUYeHUS PEaKIMOHHON CIIOCOOHO-
CTH TOJIy4EHHBIX MPOU3BOJHBIX aBTOPAMH MPOBEICHbI KBAHTOBO-XHMHYECKHE PACUETHI OINPEEeICHUs JHEp-
TeTHYECKUX M 3apAI0BBIX XapaKTEPUCTUK MOJICKYJI: IMHHAMOMILUTH3WHA, TMINOWILUTH3HHA, INTU3HHUIIU-
30aJIaHTOJIaKTOHA. [IpecTaBiIeHHbIe Pe3yNbTaThl CBHAETEIBCTBYIOT O IOCTaTOYHOH TEPMOAMHAMHYECKOMH
CTaOMIFHOCTH MOJICKYJI IMHHAMOWIIUTH3HHA ¥ JIMIIOMINNTA3NHA. MoJeKylia U TH3NHUIN30aIaHTOIaKTO-
Ha, TI0 pe3yJIbTaTaM KBAaHTOBO-XMMHYECKUX PacyeToB, MAIOCTaOMIbHA. JlaHHbIe 3HAYSHUH TPAHHMYHBIX MOJIe-
KyJSIPHBIX OpOMTajel MOKa3bIBalOT, YTO, B IIEJIOM, BCE MOJICKYJIBI MPOSBISIIOT JIEKTPOGUIbHBIC CBOWCTBA.
B nane etanbHOro U3y4eHHs M BEPOSTHOIO YCTAHOBIICHHS OMOJIOTHYECKO aKTUBHOCTH CHHTE3UPOBAHHBIX
MPOM3BOAHBIX LIUTH3MHA OBLT cIelaH OMONPOTrHO3 C MCIOJIB30BaHUEM OJHOI K3 Hambosee 3(PpeKTUBHBIX U
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Zh.S. Nurmaganbetov, G.K. Mukusheva et al.

M3BECTHBIX HA CETOJHSIIHUN JIeHb KOMIbIOTepHBIX mporpamm — PASS (Prediction of Activity Spectra for
Substances). ITo pe3yabTaTaM BUPTYalbHOIO CKPHHMHIA BBIABJICHBI [IEPCIICKTUBHBIC THIIBI IPOU3BOAHBIX aJl-
KaJIOW/Ia IUTH3KHA, SBISIOLIMECS IOTCHIMAIbHBIME HCTOYHUKAMH OPUTHHAJIBHBIX TIPEapaToB.

Kniouesvle cnosa: ankanounusl, UTH3UH, CHHTE3, PH3UKO-XUMHUYECKUAE CBOHCTBA, MPOU3BOIHEIC, KBAHTOBO-
XUMHUUYECKUH pacyeT, BUPTYaJbHbI CKPUHUHT, IPOTHO3UPOBAHHUE CIIEKTPOB aKTUBHOCTH BEILLECTB.
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Study of uric acid oxidation reaction products
in medium of ammonia or primary amines

This work is considered in more detail the most important stage of obtaining one of the promising
heteroatomic polycyclic compounds 3,7,10-trioxo-2,4,6,8,9,11-hexaaza[3.3.3]propellane (THAP). THAP is a
potential compound for creating high-energy substances due to the presence of six nitrogen atoms in the
structure and tight packing. Uric acid is the starting compound in the THAP synthesis chain. When it is oxi-
dized by sodium persulfate or potassium ferrocyanide, 1,5-diaminoglycoluril is formed, from which the
propellane structure is formed by the tricyclization reaction. This work expanded the range of oxidants for the
conversion of uric acid to 1,5-diaminoglycoluril. It was found that 1,5-diaminoglycoluril was formed with a
yield of 29 % when using equimolar proportions of uric acid and KMnQO,. When using MnQ, in a ten times
more excess, the yield of 1,5-diaminoglycoluril was 38 %. The article also presents the results of a study of
the interaction of uric acid with some amines. The reaction of interaction of uric acid with benzylamine was
studied in more detail, the reaction products of which were 4-benzylimino-5-benzylaminoallantoin, 4-
benzylimino-1-benzylamino-allantoin and 4-benzyliminoallantoin. Based on the synthesis of 4-
benzyliminoallantoin, a number of promising derivatives of 4-iminoallantoin were obtained, namely 4-
ethyliminoallantoin,  4-propyliminoallantoin,  4-i-propyliminoallantoin,  4-n-butyliminoallantoin,  4-i-
butyliminoallantoin, 4-tert-butyliminoallantoin.

Keywords: uric acid, 1,5-diaminoglycoluril, 3,7,10-trioxo-2,4,6,8,9,11-hexaaza[3.3.3]propellane (THAP), ox-
idative amination, 4-alkyliminoallantoins.

Introduction

An important task of modern organic chemistry is the discovery of new substances previously unknown
to science, which could expand the area of our knowledge and replenish the range of high-energy substances
or biologically active products. 3,7,10-Trioxo-2,4,6,8,9,11-hexaaza [3.3.3]propellane (THAP) and its deriva-
tives are the latest products of the heterocycles class, their nitrogen-containing polycyclic structure suggests
interesting and useful properties, which determines the undoubted relevance of the topic of this work [1-7].
The synthesis of 3,7,10-trioxo-2,4,6,8,9,11-hexaaza[3.3.3]propellane 7 was proposed by Lee [7] (Figure 1).
It can be seen from the reaction scheme that it is necessary to carry out three stages of synthesis to obtain
compound 7.

-
5 0 (ij + Xoﬁlo’of?( + EtaN
L n HNJ\NH 4 equiv 10 equiv 10 equiv

WY 0 it 2 ‘ .

07N E | HN\H/NH .

H
0
1 2
0O 0
Boc., 7% .Boc H)AH
NN I} HN. _NH
Boc \n/ Boc \n/
0 0
6 7

Figure 1. A synthetic protocol for 3,7,10-trioxo-2,4,6,8,9,11-hexaaza[3.3.3]propellane 7
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The first stage involves the oxidation of uric acid 1 by sodium persulfate or potassium ferrocyanide for
1,5-diaminoglycoluril 2 [8, 9]. The formation of tricyclic compound 6 with six protective groups (Boc) at
nitrogen atoms occurs in 69 % yield in the second stage (11). Compound 7 was obtained from compound 6 by
treating it with trifluoroacetic acid (stage I11) in 91 % yield.

The production of 1,5-diaminoglycoluril (DiAGU) by oxidation of uric acid in ammonia is an important
stage in the synthesis of THAP. However, in the literature, the number of oxidants capable of converting uric
acid to 1,5-diaminoglycoluril is relatively low. The oxidation products of uric acid can also be 4-imino-
allantoin and 5-amino-4-iminoallantoin, the latter compound being an intermediate in the preparation of
1,5-diaminoglycoluril.

The aim of this work is to search for new oxidants of uric acid at the first stage of the process of obtain-
ing 3,7,10-trioxo-2,4,6,8,9,11-hexaaza[3.3.3]propellane, and in the preparation of derivatives of 1,5-diamino-
glycoluril.

Experimental

Synthesis of 1,5-diaminoglycoluril: 0.01 mol (1.68 g) of uric acid and 4 g of sodium chloride are add-
ed to 7 ml of water and 15 ml of 25 % aqueous ammonia solution, and the reaction mixture is cooled to
—10 °C. Then 0.04 mol (9.52 g) of Na,S,;0g or 0.015 mol (2.37 g) of KMnO, or 0.1 mol (8.7 g) of MnO, are
gradually added and the mixture is kept for 2 h at this temperature, and then 10 ml of 25 % aqueous ammo-
nia solution are added and stirring is raised at room temperature for 1 h. The mother liquor is left at a tem-
perature of 5 °C for 48 h; the precipitate formed is filtered, washed with water, ethyl alcohol, and diethyl al-
cohol. The product yield is 69 % (20 % and 38 %, respectively). IR, cm™: 3350, 3300, 1734, 1682, 1621.
M.p. > 300 °C. NMR *H (3, ppm): 7.08 (NH, 4H, s), 2.36 (NH,, 4H, s). ©*C (8, ppm): 87.72 (C), 158.41
(C=0). Calculated (%): C 27.90; H 4.48; N 48.92 C4HgN:O, Found (%): C 27.91; H 4.68; N 48.82 %.

4-benzylimino-5-benzylaminoallantoin (10): 4.76 g (0.02 mol) of sodium persulfate was gradually
added to a mixture cooled to -5 °C, consisting of 30 ml of water, 1.68 g (0.01 mol), 2.14 g (0.02 mol) of
benzylamine and 4 g of sodium chloride. The mixture was stirred at a temperature of -8 to -5 °C for 2 h, af-
ter which the reaction mixture was filtered. Product 10 was collected, washed with water, ethyl alcohol and
diethyl ether. The yield was 77 % (2.71 g). M.p. > 300 °C. IR, em™: 3500, 3241, 3015, 2945, 1750, 1720,
1651, 1588, 1453. NMR 'H (400 MHz, DMSO-d6) & 3.59 (t, 2H, NH,), 4.14, 4.18, 4.27, 4.35 (4H, 2CH,),
7.19-7.31 (m, 10CH), 7.84 (s, 3H, 3NH). *C NMR (100 MHz, DMSO-d6) 43.21, 46.43, 80.08 (Cin),
127.32-128.54, 137.01, 139.65, 156.12 (C=N), 168.71 (C=0), 169.68 (C=0).

Synthesis of 4-alkyliminoallantoins. General methodology: 0.01 mol of uric acid, 7 ml of 25 %
aqueous ammonia, 0.02 mol of primary amine and 4.76 g (0.02 mol) of Na,S,0Og were add to 30 ml of dis-
tilled water at a temperature of 25 °C, after keeping the reaction mass for 3 h at this temperature, the product
was isolated. When obtaining 13-15, the reaction mass was evaporated 2 times, the precipitate was filtered
off. When obtaining 12, 16-18, the resulting precipitate was filtered off immediately after the end of expo-
sure. The resulting precipitates were dried in air to constant weight.

4-benzyliminoallantoin (12). Yield was 78 %. '"H NMR (400 MHz, DMSO-d6) 8.63 (1H, t, NH), 7.61
(1H, s, NH), 7.26-7.32 (5CH, m), 6.81-6.83 (1H, d, NH), 5.79 (2H, s, NH,), 5.67-5.74 (1H, d, NH), 4.46
(2H, t, 2CH,). *C NMR (100 MHz, DMSO-d6) 169.42, 158.32 (C=N), 138.81, 127.41-128.79, 62.80 (CH),
45.78.

4-ethyliminoallantoin (13). Yield 67 %. ‘H NMR (400 MHz, DMSO-d6) 7.24 (1H, s, CH), 5.43 (3H,
s, 3NH), 3.61 (2H, t, NH,), 2.70-2.74 (2H, m, CH,), 1.10 (3H, t, CH3). *C NMR (100 MHz, DMSO-d6)
177.31 (C=0), 160.12, 158.35 (C=N), 62.67 (CH), 35.03 (CH,), 14.38 (CHj).

4-propyliminoallantoin (14). Yield was 69 %. '"H NMR (400 MHz, DMSO-d6) 7.39 (1H, s, CH), 5.41
(3H, s, 3NH), 3.64 (2H, t, NH,), 2.63-2.67 (4H, m, 2CH,), 1.16 (3H, t, CHs). *C NMR (100 MHz, DMSO-
d6) 15.12 (CHy), 38.37 (CH,), 64.19 (CH), 158.13 (C=N), 164.48, 176.07 (C=0).

4-i-propyliminoallantoin (15). Yield was 74 %. 'H NMR (400 MHz, DMSO-d6) 7.40 (1H, s, CH),
5.36 (3H, s, 3NH), 3.51 (2H, t, NH,), 1.44-1.50 (3H, m, CH3), 1.22 (1H, s, CH), 0.86-0.90 (3H, m, CHs). *C
NMR (100 MHz, DMSO-d6) 177.02 (C=0), 162.61, 157.88 (C=N), 62.48 (CH), 42.06 (CH), 14.09 (CH3).

4-butyliminoallantoin (16). Yield was 73 %. "H NMR (400 MHz, DMS0-d6) 7.53 (1H, s, CH), 5.41
(3H, s, 3NH), 3.22 (2H, t, NH,), 2.67-2.74 (6H, m, 3CH,), 0.87 (3H, t, CHs). ®*C NMR (100 MHz, DMSO-
d6) 160.12 (C=0), 158.29, 147.42 (C=N), 62.67 (CH), 42.17 (CH,), 30.87 (CH,), 19.89 (CH,), 14.11 (CHs).

4-i-butyliminoallantoin (17). Yield was 71 %. '"H NMR (400 MHz, DMSO-d6) 7.56 (1H, s, CH), 5.43
(3H, s, 3NH), 3.10 (2H, t, NH,), 2.53 (2H, t, CH,), 1.86-1.90 (1H, m, CH), 0.88 (6H, t, 2CH3). **C NMR
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(100 MHz, DMSO0-d6) 167.78 (C=0), 167.51, 147.70 (C=N), 58.42 (CH), 49.82, 29.61 (CH), 20.89 (CHs),
20.47.

4-tert-butyliminoallantoin (18). Yield was 79 %. ‘H NMR (400 MHz, DMS0-d6) 7.10 (1H, s, CH),
5.41 (3H, s, 3NH), 3.21 (2H, t, NH,), 1.23 (9H, s, 3CHs). *C NMR (100 MHz, DMSO0-d6) 158.32 (C=0),
158.31, 147.32 (C=N), 62.81 (CH), 43.29 (Cien), 27.61 (CHy).

Results and Discussion

All reactions were carried out at a temperature of -5 °C and a reaction time of 2 h, which is sufficient
for complete conversion of uric acid. It was found that not only the yield of 2 depended on the molar ratio of
the reactants, but the formation of the by-product 4-iminoallantoin 8a was also observed.

Oxidation of uric acid by sodium persulfate

It was identified that the oxidation of 1 by Na,S,0g at a molar ratio of 1:1 led to the formation of 8a on-
ly (Fig. 2).

1
—i W g
NH “NH-
il NH,
8a 38% o
0
W HN/U\NH
NH “NH, N
H (0] HN %a 0
NH  +NapS
Ojg\lf\,l a;520g ¥ 2
N"™N"0 NH, i
H H HN” "NH
1 13 . HN NHo
HN_ NH
i1
0
2 69%
iy
1-4 HN” “NH
HoN——NH,
HN_. _NH
b
0
2 69%

Figure 2. Oxidation of uric acid 1 by sodium persulfate

In the [8], the oxidation process of 1 by potassium ferrocyanide was studied, where two compounds 8a
and 8b were found as intermediate reaction products, using a labeled carbon atom (Fig. 3).

] i
N
HN32 15,‘\“_' Q HNj 21NH ]
5,
TH\NH NH, un? TSNH NH,
HN HoN
8a 8b

Figure 3. 4-iminoallantoin 8a and 4-imino-5-aminoallantoin 8b

Only the structure of intermediate 8a was found in our studies, using heteronuclear NMR spectroscopy.
The presence of a proton at position 5 is characterized by two doublets in the proton spectrum in the range of

6.76-6.78 ppm and 5.56-5.58 ppm, as well as a peak at 62.85 ppm characteristic of the CH bond in the **C
spectrum (Fig. 4).
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Figure 4. "H NMR spectrum and *C NMR spectrum of compound 8a

A two times more increase in the amount of the oxidizing agent led to the formation of an intractable
mixture, 2 and 8a. At molar ratios of 1:3 and 1:4, 1,5-diaminoglycoluril is selectively formed, with almost
the same yield of 69 % (Fig. 2). The reaction of 1 with ammonia does not proceed without an oxidizing

agent.
Oxidation of uric acid by potassium permanganate
The amount of KMnQ,4 was varied in order to find the optimal conditions for obtaining 2, and, as a re-

sult, the pattern presented in Figure 5 was revealed.

N KMnO 4 | 1:15 HN™ "NH 0O O O
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Figure 5. Oxidation of uric acid 1 by potassium permanganate

At molar ratios of 1:0.5 and 1:1 of uric acid 1 with KMnOy, products 2 and 8a are formed. An increase
in the amount of the oxidizing agent leads to the formation of compound 9 — triuret, which is described in
the literature [10]. In all cases, 1,5-diaminoglycoluril 2 is present in the product mixture.
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Potassium permanganate KMnQ, is converted to MnO; (Il), which must be converted into a water-
soluble MnCl, salt to isolate reaction products 2 and 8a.

With an increase in the reaction time to 4 h at a temperature of -5 °C and with a molar ratio of
1:KMnOQy, 1:1, the reaction product is only 2 with a yield of 20 % (Fig. 6).

0
H O s
N ~“NH HN™ "NH
0= || |+ KMnO4+ NH40H ——» HQN~}—(~NH2' MnO,
N“>N"0 HN_ NH
H H il
0
1 2 20%

Figure 6. Selective synthesis of 1,5-diaminoglycoluril 2 through the oxidation
of uric acid by potassium permanganate

Oxidation of uric acid by manganese (1V) oxide

The using of small amounts of MnO, does not allow to complete conversion; the only reaction product
is 8a (Fig. 7). It is necessary to use a 10-fold excess of MnO, for the conversion of uric acid to DIAGU with
a yield of 34 %. An increase in the reaction time to 4 hours slightly increases the yield of the target product
to 38 %.
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Figure 7. Products of the oxidation reaction of uric acid by MnO,
depending on the molar ratio and duration of the reaction

Thus, it was determined that 1,5-diaminoglycoluril could be obtained by oxidation of uric acid by sodi-
um persulfate, potassium permanganate, and manganese (V) oxide in 69 %, 20 % and 38 % yields, respec-
tively.

Some compounds were investigated, namely BaO, V,0s, CuO, Cr,0O;, KCIO; in the ratio of uric ac-
id : oxidant 1:4 and 1:10 to expand the range of oxidants for the conversion of uric acid into 1,5-diamino-
glycoluril. It was found that the listed oxidants did not undergo conversion of uric acid; therefore, the mix-
ture of the starting compound and the oxidizing agent was gquantitatively recovered.

We put forward a hypothesis that replacing ammonia with primary amines will result in the formation
of a glycoluril structure with various substituents, which would make it possible to expand the range of de-
rivatives of 3,7,10-trioxo-2,4,6,8,9,11-hexaaza[3.3.3]propellane. Figure 8 illustrates a possible synthesis of
substituted hexaazapropellanes.
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Figure 8. Presumptive scheme for obtaining derivatives of 3,7,10-trioxo-2,4,6,8,9,11-hexaaza[3.3.3]propellane
with both the same and different types of substituents
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At the first stage, the effect of the molar ratio of reactants on the oxidation of uric acid by sodium
persulfate in the presence of benzylamine was investigated. It was found that the interaction of uric acid 1
with benzylamine in a molar ratio of 1: 4 in an aqueous medium in the presence of the oxidizing agent
Na,S,05 led to the formation of a mixture of products, namely 4-benzylimino-5-benzylaminoallantoin 10
and 4-benzylimino-1-benzylaminoallantoin 11. With a decrease in the amount of benzylamine to 1:3 and 1:2,
4-benzylimino-5-benzylaminoallantoin 10 was isolated as a reaction product; at a molar ratio of 1:2, the
yield of 10 was higher. Compound 11 without impurity of 10 cannot be isolated (Fig. 9).
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=
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Figure 9. Interaction of uric acid with benzylamine in the presence of sodium persulfate

4-Benzylimino-5-benzylaminoallantoin 10 does not cyclize to the glycoluril structure, which is proba-
bly due to steric effects. It was shown that when 10 was treated with an aqueous ammonia solution in the
presence of NaCl and at a temperature of 0 °C, the reaction product was 4-benzyliminoallantoin 12 (Fig. 10).
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Figure 10. Synthesis of 4-benzyliminoallantoin

As can be seen from Figure 10, during the oxidation of 10, one benzyl group was cleaved off instead of
substitution by the amino group. At the same time, the simultaneous interaction of uric acid with
benzylamine and ammonia also led to the formation of compound 12.

Under conditions similar to synthesis of 12, a number of new heterocyclic compounds 13-18 were ob-
tained (Fig. 11).
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Figure 11. Synthesis of various 4-alkylallantoins
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The structure of all obtained compounds 13-18 was proved using IR and heteronuclear NMR spectros-
copy. It was found that the signals of iminoallantoin in all compounds were practically identical; the spectra
differ only in the signals of the alkyl fragment.

Conclusions

Some stages of the synthesis of 3,7,10-trioxo-2,4,6,8,9,11-hexaaza[3.3.3]propellane are considered in
more detail. It was illustrated that not only potassium ferrocyanide and sodium persulfate, but also potassium
permanganate and manganese (V) oxide could be used for the synthesis of one of the key starting com-
pounds of 1,5-diaminoglycoluril with a yield of 20 % and 38 %, respectively.

A study of the interaction of uric acid with benzylamine in the presence of the oxidizing agent sodium
persulfate in an aqueous medium was carried out. It was shown that 4-benzylimino-5-benzylaminoallantoin
was formed at a molar ratio of 1:2 and 1.3, while an increase in the molar ratio to a 4-fold excess gave a mix-
ture of 4-benzylimino-5-benzylaminoallantoin and 1-benzylamino-4-benzyliminoallantoin, the latter was
formed only in a mixture under the conditions studied by us. 4-Benzyliminoallantoin is formed in two ways:

— One-stage: interaction of uric acid with benzylamine and ammonia;

— Two-stage: at the first stage, the interaction of uric acid with benzylamine occurs with the formation
of 4-benzylimino-5-benzylaminoallantoin; in the second stage, the oxidation of 4-benzylimino-5-
benzylaminoallantoin by sodium persulfate in the presence of ammonia is conducted.

A number of new derivatives of iminoallantoin (4-ethyliminoallantoin, 4-propyliminoallantoin, 4-
isopropyliminoallantoin, 4-n-butyliminoallantoin, 4-isobutyliminoallantoin, 4-tert-butyliminoallantoin, 4-
propargyliminoallantoin, 4-phenyliminoallantoin) were obtained by the interaction of uric acid with various
amines in the presence of the oxidizing agent sodium persulfate in an agueous medium at a temperature of
25 °C.
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Study of uric acid oxidation reaction products ...

A.A. Munakosa, M.B. Yukuna, C.I'. Unescos

AMMHaK HeMece OIpiHIIIIK aMUHIEP OPTACHIHAA Hecell KbIIIKbIJIbIHBIH
TOTBIFY PeaKIHUsAChI O6HIMIEPiH 3epTTey

Makanana mepcrneKTHBAIbI TeTePOATOMIbI MOJUIUKIII KOChUTBbICTapabIH Oipi 3,7,10-tpuokco-2,4,6,8,9,11-
rekcaza[3.3.3Jnponemnannsl (THAP)  amyaplH  MaHBI3OBI  Ke3€HI  JKaH-)KAKThl  KapacTBIPBUIFaH.
KypbuibIMBIHAAFBI aNThl a30T aTOMBIHBIH OONyBl ceOeOiHEH jKOHE THIFBI3 OpHanacybl HoTwxkeciHae THAP
JKOFapbl SHEPIUsIbl 3aTTaplbl jKacay YVINIH KaXXEeTTI KOCBUIBIC OONBIN caHamaabl. 30p KelmKbuiel THAP
CHHTE3 Ti30eriHmeri 6acTamnkpl KOCBUTBIC OObIn Tabbutaasl. OHBI HATPHH MEpCyIb(paTHIMECH HEMece KaJhid
(epporaHUIMEH TOTHIKTBIPFaHAa 1,5-ANaMIHOTIIMKOIYPHI KOHE OfaH TPUIUKIAEHY PEaKIHsCH apKbIIbI
NpONEUIAaHABIK KYpPBUIBIM  Ty3iuteni. Ocbl Makamaza Hecell KBIIKBUIBIH  1,5-IHaMHUHOTIINKOIYpYIITe
affHaNABIpy YIIH TOTHIKTHIPFBINTAPIBIH  ayKbIMBl KeHelrinreH. Hecenm kpmukemsr mMen KMnOy
SKBUMOJISIPJIBIK KATHIHACHIH KOJIJaHFaHa 1,5-THaMUHOTIIMKOTY PHIIBIH MIBIFBEIMBL 20 % GonateiHbl, a1 MnO,
MOJIIEPiH OH ece apThIK KOJNJaHFaHJa 1,5-TMaMHHOTIMKOIYPUI LIBIFBIMBI 38 % KypaWTBIHBI aHBIKTAJIBI.
ABTOprnap Makanaja COHBIMEH KaTap Hecell KhIIIKBUIBIHBIH Keif0ip aMHUHIEpPMEH SpeKeTTeCyiH 3epTTey
HOTWXKeJepiH KenTipreH. Peakmus eHiMzaepi 4-OeH3WIMMHH-5-OCH3MIaMUHAJUIAHTOHMH, 4-O€H3WIMMHH-1-
OCH3WIMHAJUIAHTOMH  JKOHE  4-OCH3WIMMHHAJUIAHTOMH  OOJBIN  TaObUIATBIH  HECEN  KbIIIKBUIBIHBIH
OCH3MIIAMHHMEH OpEKeTTeCy PEeaKIUSICHl TOJNBIFBIPAK 3€pTTENreH. 4-O0eH3WIMMHUHAUIAHTOMH —CHHTE31
HeTi3iHAe 4-MMUHAJUIAHTOMHHIH 4-3THIMMHHAJUIAHTOWH, 4-TIPONMWINMUHAIIIAHTONH, 4-U30MPONHINMUHO-
QUTaHTONH,  4-n-OyTWIMMHHAIUIAHTOWH,  4-u30-OyTHIMMHHAJUIAHTOWH,  4-TpeT.-Oy THIMMUHAIIAHTONH
CHAKTHI OipKaTap IMepCIeKTHBAIB! TYBIHBUIAPEI AJTBIH/IBL.

Kinm ce30ep: Hecem KbIIKbUIBI, 1,5-nuamunriaukonypwi, 3,7,10-tpuokco-2,4,6,8,9,11-rekcasza[3.3.3]-
nponesiad (THAP), ToTeIFy aMuHIEHY, 4-aIKUWITHMHHAITAHTOUHIEP.

A.A. Munakoa, M.B. Uukuna, C.I'. nbsacoB

HccaenoBanne NpoayKTOB peaKiMU OKMCJIEHUS MOYEBOIl KHCJIOTHI
B CpeJle aMMMAKA WJIN MEPBUYHBIX AMHUHOB

B craThe moapoOHO paccMOTpEeH BaXKHBIN JTall MOJTYyYSHUS OJHOTO M3 HEPCHEKTUBHBIX I'€TePOaTOMHBIX I10-
JTUINUKIAYECKUX coenunenuit — 3,7,10-tpuokco-2,4,6,8,9,11-rexcaasa[3.3.3 Juponemnana (THAP). brarona-
psl HATIMYMIO IIECTH aTOMOB a30Ta B CTPYKType U IuoTHOH ynakoBke THAP sBnsiercst moTeHIMaNbHBIM CO-
CAWMHECHUEM [UIA CO3AaHHs BBICOKOOHEPIETUYECKUX BECUICCTB. MoueBasi KMCI0Ta SIBISCTCS HUCXOOHBIM COCOU-
HEHHEM B lenouke npespamenus cuatesa THAP. [lpu ee oxucienun nepcynbharoM HaTpus Wid Geppo-
IIUaHUIOM Kalus moirydaercs 1,5-1naMIHOTINKOIY pril, 13 KOTOPOTO peaKknuel TPHIUKIN3AIN 00pa3yeTcst
CTPYKTypa IpomneiiaHa. ABTOpPaMM PacIIMpeH psiJ OKHCIHUTENeH Uil MPEeBpaIleHHs MOUYEBOM KHCIOTHI B
1,5-mmamuHOrIHKOMypril. Beito oOHapyxkeHo, uTo 1,5-IHaMHHOTIHKOIYpHIT obpasyercs ¢ BeixoxoM 20 %
TP UCIONB30BaHUN SKBHMOJSIPHBIX COOTHOLIEHHH Mo4eBOi knucimoTsl # KMnQOy, a mpu nmpuMeHeHuH Jiecs-
TUKpaTHOTO M30bITKa MnO; BBIXOA 1,5-muamuHOrIHKOMypria coctaBmi 38 %. Kpome Toro, mpencraBieHs!
pe3yJIbTaThl UCCIIeIOBAaHNS B3aUMOEHCTBYSI MOYEBOH KHCIIOTHI C HEKOTOPBHIMU aMuHaMu. [lonpo6HO n3yue-
Ha peaxiys B3auMOJCHCTBHUS MOYEBOM KUCIOTHI ¢ OEH3MIAMUHOM, IPOIYKTaMH PEAKLIUU KOTOPOH SIBIISIOTCS
4-0eH3UIMMUHO-5-0€H3MIIAMMHOAUTAHTONH, 4-0€H3UIMMHUHO-1-0€H3MIaMUHOAUIAHTOMH U 4-0€H3UIUMUHO-
ammanTtond. Ha ocHoBe cuHTe3a 4-0eH3MINMUHOAIIAHTONHA OBUI TOMYYeH PsiJ MEPCIEeKTHBHBIX MPOU3BOA-
HBIX 4-MMPHOAJUTAHTONHA: 4-3THIMMHUHOAIIAHTONH, 4-TIPONMINMHUHOAIIIAHTONH, 4-H30MPONMIINMIHOAIIIaH-
TOUH, 4-1-0y TMIIMMUHOAJIIAHTOHH, 4-1130-0y THITMIMUHOAJIIAHTOMH, 4-TpeT.-0y TIIINMUHOAIIAHTOHH.

Kniouesvie cnosa: wmoveBas kucnora, 1,5-pmamumHOTIIMKONMYypHa, 3,7,10-Tpuokco-2,4,6,8,9,11-rekca-
aza[3.3.3mponemnan (THAP), okuciuTenpHOE aMHHUPOBAHUE, 4-aTKUITNMHHOAIAHTOMHBL.
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Optimization of coal tar gas chromatography conditions
using probabilistic-deterministic design of experiment

The development of physicochemical methods for the analysis of objects of complex composition requires
the application of methods of mathematical experiment design. This article investigates the possibility of us-
ing probabilistic-deterministic design of experiment (PDDoE) for obtaining a mathematical model of the
chromatographic separation process of coal tar hydrogenation products on an Agilent 7890A device with an
Rxi-5ms column. It is shown that the relationship between the column heating rate and the carrier gas pres-
sure with the values averaged for the entire chromatogram can be established with a high accuracy. It is noted
that the accuracy of modeling the individual characteristics of the mixture components’ peaks is less, but re-
mains sufficient for many practical needs. Nonlinear multiple correlation coefficients (NMC) for the depend-
ence of the average retention time and average intensity on the considered factors are more than 0.99; they are
more than 0.98 for the average peak width. NMC for the dependence of the resolution with the relation to the
peaks of naphthalene and 2-ethylphenol is more than 0.8 at a significant level that sufficient for practice. The
quality of the mathematical model was checked by triple registration of the chromatogram at the values of the
column heating rate and carrier gas pressure that were not used in the training experiment. The measurement
results are excellent squared with those calculated using the obtained generalized equations. The PDDoE
method can be recommended as a method for mathematical design of an optimization experiment in gas
chromatography.

Keywords: gas chromatography, design of experiment, coal tar, GC-MS, PDDoE, optimization, retention
time, peak width and height.

Introduction

Gas chromatography (GC) is one of the most effective methods being used to separate complex mix-
tures of substances. The separation quality depends on a number of the experiment parameters, including
device settings [1]. Most gas chromatography devices allow one to set two parameters of the chromatograph-
ic separation process, namely the flow rate (pressure) of the carrier gas and the column heating rate. The in-
fluence of each of these two factors on the retention time of substances is qualitatively predictable based on
general laws, specifically the relative retention time decreases with increasing gas pressure and temperature.
Column efficiency is not linearly dependent on gas flow rate and temperature, and is unique to each column.
Thus, controlling the temperature and gas flow rate allows to control the chromatogram quality and the anal-
ysis rate. Considering the unigque characteristics of chromatography devices and analytes, it seems impossible
to predict the retention time of a particular component and the resolution capability of the method in the case
of a given object by using the fundamental laws. On the other hand, empirical formulas, that link instrument
settings to chromatogram characteristics, can be obtained relatively easily. These parameters have a com-
bined effect on the results; therefore, it is considered effective to use mathematical experiment design to op-
timize them [2].
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The authors of a number of works achieved a significant improvement in the characteristics of the de-
veloped methods by applying traditional methods of experiment design to the chromatography process or to
sample preparation. In [3], the authors optimize the sample preparation of biological fluids for the determina-
tion of formaldehyde using mathematical design of the experiment. In most works, conditions optimization
of a gas chromatography is carried out by the empirical selection of parameters until satisfactory results are
achieved. The low efficiency of this method compared to design of experiment has been repeatedly discussed
in various sources. Publications [4-5] show that the optimization of GC parameters can significantly improve
the components separation, and, as a consequence, reduce the limit of detection and determination limit, as
well as simplify their identification.

Analysis of the literature indicates that probabilistic-deterministic design of experiment [6], that is be-
ing used successfully in the study of chemical-technological processes [7, 8], can be also used in the devel-
opment of methods of physical and chemical analyses [9, 10]. It seems interesting to investigate the possibil-
ity of using PDDoE to optimize the conditions of a gas chromatography.

Coal tar is a valuable source of a number of organic compounds. An international group of researchers,
including professor M.I. Baikenov and his employees who conducted the research on the production of liquid
fuels from light oil and other fractions of coal tar [8, 11, 12]. These studies require systematic control of the
qualitative and quantitative composition of the reaction mixtures by gas chromatography — mass spectrome-
try (GC-MS).

The aims of the study are as follows:

1) Obtaining mathematical models linking the carrier gas pressure and the column heating rate with the
average values of the retention time, height, and width of the main peaks in the chromatogram.

2) Verification of the mathematical model in a control experiment.

3) Obtaining a mathematical model for the resolution of closely spaced peaks, for example, naphthalene
and 4-ethylphenol.

Experimental

A solution of a light fraction of coal tar in chloroform was used as a test mixture. An Agilent 7890A gas
chromatography device with an Agilent 5975C mass selective detector has applied. 0.01 g of the sample was
dissolved in the solvent, so the volume of the solution was 10 ml. The solution was filtered and injected into
the column using an autosampler. The analysis was carried out under the following conditions: column type
was Rxi-5ms, column length was 30 m; column diameter was 0.25 mm; column adsorbent thickness was
0.25 pm, evaporator temperature was 250 °C; thermostat temperature was 60-250°C; carrier gas was helium;
sample volume was 0.2 pl with a 1:1 sample separation. The heating rate of the thermostat and the pressure
of the carrier gas were set according to the design of a four-factor experiment with three levels of variation,
and then chromatograms were recorded. The positions of two factors in the design of experiment were left
vacant. The structure of the PDDoE design and the mathematical processing of the results of its application,
as well as calculations based on the obtained empirical equations, were carried out using the previously de-
veloped program “PDDoE” (Auth. Sert. RK No. 26 dated 01.10.2018).

As a matter of convenience, peaks with high intensity corresponding to the highest content of the sub-
stance in the mixture were selected for the study. The primary processing of the results was carried out au-
tomatically using the standard program “GC-MS Data Analysis”, containing a database of mass spectra of
nearly 1,000,000 compounds.

Considering the high reproducibility of the GC method and the unique features of the PDDoE method,
it is possible to avoid the errors of a singular measurement [9], so the optimization experiment was carried
out in one repetition. The chromatogram obtained under the conditions determined by the PDDoE method
was recorded three times to assess the performance and quality of the model.

Results and Discussion

Table 1 illustrates the design of a four-factor experiment for the optimization of the GC conditions with
three levels of factors variation, as well as some results of its application. The rate of column temperature
rise and the pressure of the carrier gas were selected as variable factors. The positions of two factors were
left vacant.
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Table 1
Design and results of the optimization experiment
No. |AT, "C/min| P, psi Vac. 1 Vac. 2 t,,min o, min 110
1 1 2 1 1 84.93 0.389 300.9
2 1 5 2 2 81.71 0.334 272.7
3 1 10 3 3 77.44 0.338 190.45
4 6 2 2 3 21.51 0.0945 1390.9
5 6 5 3 1 20.71 0.0936 1236.4
6 6 10 1 2 19.83 0.0845 884.54
7 12 2 3 2 12.8 0.06 1754.5
8 12 5 1 3 12.27 0.06 1777.3
9 12 10 2 1 11.6 0.06 1413.6

Here, AT°C/min is column heating rate; P, psi is a carrier gas pressure; Vac. 1, Vac. 2 are values of va-
cant factors, t;,min is an average retention time, ®,min is an average peak width, 1*10™ is an average in-
tensity over 11 peaks.

The main goal of the optimization experiment was to achieve a balance between the resolution and the

duration of the chromatogram registration process. In Figure 1 it can be seen that changing the conditions
process significantly affects the chromatogram.

column heating rate: 1 °C/min
Pressure: 10 psi

column heating rate: 1 °C/min
Pressure: 2 psi

column heating rate: 6 *C/min
Pressure: 2 psi
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Figure 1. Influence of helium pressure and column heating rate on chromatogram quality

The figure perfectly illustrates that there is the general tendency of the process acceleration with in-
creasing pressure and, more specifically, increasing heating rate, and an increase in resolution with decreas-
ing carrier gas pressure. The data in Table 1 were processed using PDDOE to establish a quantitative rela-
tionship between gas pressure, heating rate, and some parameters of the chromatogram. Since three levels of
factors variation create only three points for approximating the partial dependence, the list of used approxi-
mating functions was limited to linear and intrinsically linear ones. Figure 2 shows the dependence of the
average retention time on significant parameters. Analysis of the curves clearly demonstrates that the average
distance between the peaks decreases rapidly with an increase of the heating rate and slightly decreases with
an increase of the carrier consumption. The dependences on the vacant factors are expressed by straight lines
that practically coincide with the line of average values, which indicates the minimal influence of unaccount-
ed and random factors on the experiment result.
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Figure 2. Dependence of the average retention time on heating rate and helium pressure

Generalized equation (1) describes the dependence of the average retention time on the considered fac-
tors:

1
0.03421+0.0004116 x P

The dependences of the average width of the peaks in the chromatogram on the considered parameters

(Fig. 3) also turned out to be decreasing. The heating rate plays a dominant role, as in the case of the average
retention time.

t, =81.26x AT 7% x

/27.3804, R = 0.9917, tg = 146.9447. (1)

Figure 3. Dependence of the average width of the peak on heating rate and helium pressure

Generalized equation (2) describes the dependence of the average retention time on the considered fac-
tors:

©=0.3478x AT 72 % (0.117 + O'OI;ZSS) /0.1234, R = 0.9857, tr = 85.0297. 2

The partial dependences of the average peak height on the conditions of chromatographic separation,
presented in Fig. 4, allow us to conclude that the relationship between the width and height of the peaks is
ambiguous. The average height logically increases with an increase of the heating rate, but decreases with an
increase of the carrier gas pressure, more than the average width.

1800
1600
1400
1200
10}gp0

Figure 4. Dependence of the average height of the peak on heating rate and helium pressure

Generalized equation (3) describes the dependence of the average retention time on the considered fac-
tors:

1 x107™* = 264.9¢ 07T , AT10U 905 e 00938 , P02 1 778 2956, R = 0.9928, tr = 169.4889.  (3)
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For multicomponent systems, as a rule, it is not possible to select the conditions for a chromatogram
registration that are equally suitable for a clear separation of all components. At the same time, the obtained
mathematical model (equations 1-3) is applicable for an optimization of the general qualitative and semi-
quantitative analysis.

Based on the recorded chromatograms, a model can be built for any other measurement result (for ex-
ample, for the resolution with a relation to certain signals) without repeated measurements. This point is the
undoubted advantage of the PDDoE in comparison to other methods of mathematical experiment design.

For mathematical models of the resolution with a relation to a particular pair of peaks, a slight decrease
in accuracy is observed, which is most likely associated with the variance in determining the width of the
peaks. For example, the dependence of the resolution (Rs) of the peaks of naphthalene and 4-ethylphenol on
the considered parameters is described with the help of the equation (4):

R, =(0.083+0.2346/ P) x (0.1364 +0.08223/ AT) / 0.1577 , R = 0.8003, tz = 5.4526. (4)
The experimental value of the resolution for these peaks was obtained according to the generally ac-
2d

cepted formula Rg =

, in which d is a distance between the tops of the peaks, o is a width of the
W, + ,

peak.

Figure 5 allows to see that individual experimental points are located at a relatively large distance from
the approximated surface.
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Figure 5. Dependence of the resolution (Rs) of the peaks of naphthalene and 4-ethylphenol
on heating rate and helium pressure

The calculation of the maximum achievable value of the resolution of the indicated peaks leads to a
value of 0.3575 at P = 2 psi AT = 1 °C/min.

Experimental verification of the obtained dependencies was carried out by triple registration of the
chromatogram at a pressure of 3 psi and a heating rate of 2 °C/min. Considering the Student's coefficient for
three measurements and a probability of 0.95, equal to 4.3, the results are represented in Table 2.

Table 2
Results of the experimental verification of the model

Y Ycalc Yexper

t 49.5026 49.55+1.89
0] 0.2145 0.2164+0.0085
I 549.75 549.01£19.11
Rs 0.2082 0.2185+0.0833

The result of the control experiment shows that the mathematical model is adequate and the assessment
of its accuracy is correct. The accuracy of the generalized equations generally correlates with the reproduci-
bility of the quantities.

Conclusions

Summarizing all of the results, we can conclude that probabilistic-deterministic design of experiment
can be successfully used to optimize the conditions for gas chromatography of complex mixtures. When us-
ing the method, it should be considered that the averaged parameters of the chromatogram are explained by
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generalized equations with an accuracy higher than 0.98, while for individual characteristics (the height of
one peak, the resolution of 2 peaks, the retention time of the component, etc.), the accuracy of the models
turns out to be noticeably lower due to the worse experimental reproducibility of these values. In general,
PDDoE can be recommended for carrying out an optimization of the experiment in gas chromatography.
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B.H. ®omun, A.A. Aitna6aes, /I.A. Kaiikenos, JI.T. CaapipOexos,
C.K. Anna6eprenosa, M.A. Typogen, H.K. Kenecoex

IKCIEPUMEHTTIH BIKTUMAJ/IbI IeTEPMUHHUCTIK KOCNAPJIAYbIH KOJAaHYMEH KOMip
IIANHBIPBIHBIH ra3 XpoMaTorpaguschl KaFIalIapblH OHTAWIAHABIPY

Kypambr kypaeni oObekrtinepni TanmaynslH (U3UKA-XUMHUSUIBIK OMICTEPIH d3ipiiey VIIIH IKCIIEPUMEHTTI
MaTeMaTHKAIIBIK JKOCHapiiay 9iCTepiH KoJmaHybl Tajman ereai. Makamaga RXi-5ms Garanbr 6ap Agilent
7890A acmabbIHza TacKeMip MIAHBIPHIH THAPOTEHN3ANNsIIAY OHIMAEPIiH XpoMaTorpadusuIbIK 0eiy yaepiciHig
MaTeMaTHKaJIBIK MOJCNTIH aJly YIIiH 3KCHEPHMEHTTIH BIKTHMAJ/IbI-IeTePMHHUCTIK xocmapnayasl (DbIXK)
KOJIJJaHy MYMKIHJIr1 3epTTenreH. baraHHBIH KbI3IBIPY JKbULAAMABIFBI MEH TAaChIMAIAAYIIBI I'a3 KbICHIMBIHBIH
OapyBIK XpoMmarorpamMma YVIIiH opTama MOHIEpPIMEH OailJIaHBICBIH JKOFAaphl IOJAIKIIEH OpHATYyFa
OomaTeIHABIFEl KepceTinreH. KocmaHbIH Kypamzac OeiKTEpiHiH INBIHAAPBIHBIH JKEKe CHIaTTaMalapblH
MOJENBbACYIIH AQJIIT a3, OipaK KeNTereH MPaKTUKANBIK KaXETTUTIKTep YIIiH KETKUTIKTI OONBIN TaObUIaAbL.
Oprtama ycray yaksITBl MEH OpTalla KapKbIHJBUIBIKTHIH KapacThIPBUIATHIH (haKTopiiapra TOyeIuIiri YIIiH
CBI3BIKTHIK emec Kere koppersinus koddunuentrepi (CKKK) 0,99-nan acThl, MIBIHHBIH OpTaIla €Hi YIIiH
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oxn 0,98-1i kypansl. Hadramua Men 2-3TrindeHoI mblHAapbIHA KAaThICThI aiiblpy KaOIeTiHIH Tayenaiiri yiin
CKKK mnpaktuka yuriH MaHBI3IBUIBIK JACHredi JKeTKUTKTI karmaiibinga 0.8-meH acTbl. MaTemaTHKajbIK
MOJENBIIH Camachl OKBITY SKCICPUMEHTIHIE KONIAHBUIMAFaH OaFaHHBIH KBI3ABIPY JKBULIAMIBIFEI MEH
TAaChIMAIAYILIbl Ta3IbIH KBICBIMBI MOHAEPIHIEC XPOMATOTpaMMaHBI YII PEeT TipKey JKOIBIMEH TEKCEpili.
AJIbIHFaH JKaJITIbUIAHFaH TCHCYJICPMEH CCENTENreH HOTIKEIEp OIIIeY HOTHKEIEPIMEH JKaKehl yitneceni. I'a3
xpoMaTorpadHsAChIHAA OHTaIlIaHBIPBUIFAH SKCIIEPUMEHTTI MaTEMATHKAJIBIK JKOCTapiay IblH dMiCi peTiHie
ObIJIX sxiciH yceiHyFa O0ONabL

Kinm ce30ep: ra3 xpomatorpaduscsl, IKCIIEPUMEHTTI jkocHapiay, kemip maitbipsl, MC-I'X, skcriepuMeHTTi
BIKTUMAJIABI-IETEPMIHUCTIK KOCTIapIay, OHTAIaHIBIPY, albIPy YaKbITHI, IIBIHHBIH OHIKTIri MEH eHi.

B.H. ®omun, A.A. Aitna6aes, JI.A. Kaiikenos, JI.T. Caapip6exos,
C.K. Anna6eprenosa, M.A. Typogen, H.K. Kenecoex

Onrumu3anus ycJoBHi ra3oBoil XxpoMaTorpaguu KAMEHHOYI0JIbHOI CMOJIbI
¢ IPUMEHEHHEM BEePOATHOCTHO-ACTEPMUHUPOBAHHOIO IVIAHUPOBAHMS IKCIIEPUMEHTA

PazpaboTka GpU3UKO-XMMHUYECKUX METOJIOB aHAJIU3a OOBEKTOB CIIOKHOTO COCTaBa TpeOyeT MPUMEHEHUS Me-
TOJIOB MAaTEMaTHUECKOTO IUIAHUPOBAHUS SKCIEpUMEHTa. B cTaThe mccienoBaHa BO3MOXKHOCTh HCIIOIb30Ba-
HHS BEPOSTHOCTHO-JETEPMUHHPOBAHHOTO INTAaHUPOBAaHMA SKcrepumenTa (BJIIID) mnst momydeHus marema-
THYECKOH MOJENH Mpoliecca XpoMaTorpadieckoro pa3aeieHust IPOAYKTOB THAPHPOBAHUS KaMEHHOYTOJIb-
HOIt cMoJtel Ha ipubope Agilent 7890A ¢ xononkoit Rxi-5Sms. [lokazaHo, 4To B3aMMOCBS3b CKOPOCTH Harpe-
BaHMs KOJIOHKU U JABICHUS ra3a-HOCUTEI C BEIMYUHAMH, YCPEIHEHHBIMH U1 BCEll XpOMAaTOrpaMMBbl, MO-
KeT OBITh YCTAHOBJIEHA C BHICOKOH TOYHOCTBIO. OTMEUEHO, YTO TOYHOCTh MOACIUPOBAHHS HHANBHY ATBHBIX
XapaKTePHCTUK MKOB KOMIIOHEHTOB CMECH MEHbIIIE, OJHAKO OCTAETCsI JOCTATOUHOM /I MHOTUX IpaKTH4e-
ckux Hy*a. Koadounrentsr HenuueiHoi MHOXecTBeHHON Koppersiunu (KHMK) mns 3aBucumoctu cpenne-
IO BPEMEHH YACP)KHBAHUS U CPEIHEIl MHTEHCUBHOCTH OT paccMaTpuBaeMbIX (akTopoB mpesbickin 0,99, nis
cpenHell mmpuHBI THKa coctaBmau Oonee 0,98. KHMK mnst 3aBucuMocTH paspemaromeil cmocoOHOCTH 10
OTHOIICHUIO K IHKaM HadranmHa u 2-3trndenona npessicuan 0,8 mpu JOCTATOYHOM ISl IPAKTHUKH YPOBHE
3HayuMocTd. KadecTBO MaTeMaTndeckoil MOJEIU NPOBEPEHO TPEXKPATHOW perucTpanueidl XxpoMaTorpaMmbl
NP 3HAYEHUSIX CKOPOCTH HAarpeBaHMs KOJIOHKH W JIABJICHUS ra3a-HOCHTENs, HE HCIONB30BaBIINXCS B 00y-
YarolleM dKCIepUMeHTe. Pe3ysbTaTel U3MEPEHUH OTIIMYHO COIJIACYIOTCS ¢ BBIYMCICHHBIMU 10 IOTYyYEHHBIM
00001€HHBIM ypaBHeHHssM. Metox BIIID MoxeTr ObITh PEKOMEHIOBaH B MAaTEMAaTHYECKOM IUIAaHUPOBAHUH
ONITHMH3AI[IOHHOTO SKCTIEPIMEHTA B Ta30BOH Xpomarorpadum.

Kniouesvie cnoea: TazoBas xpomatorpadus, IUIAaHUPOBAHHE SKCIEPUMEHTa, KaMEHHOYTOJbHAas CMOJa,
I'X-MC, BAIID, ontumu3anus, BpeMs yIepKUBaHNs, BBICOTA H IIUPHHA ITHKA.
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Abnormal activity of functional groups during uranyl ions sorption
by polymethacrylic acid-poly-4-vinylpyridine intergel system

Uranyl ions sorption by intergel system consisting of polymethacrylic acid hydrogel (hnPMAA) and poly-4-
vinylpyridine hydrogel (hP4VP) has been studied. First, reciprocal activation of PMAA and P4VP polymeric
hydrogels in water environment was examined in order to predict intergel system sorption activity. Based on
the obtained results, it was found that area of maximum hydrogel activation was within the ratios of 100 %
hPMAA and 67 % hPMAA:33 % hP4VP. The maximum rate of uranyl ions extraction was also observed
within these ratios. The highest uranyl ions sorption by intergel system occurred at 83 %hPMAA:17 %
hP4V/P ratio. Maximum uranyl ions extraction rate after 56 hours of hydrogels remote interaction was 82.5 %,
when polymeric chain binding rate was 9.94 % and effective dynamic exchange capacity was 1.12 mmol/g.
Significant increase of intergel system sorption activity within the ratios of 100 % hPMAA and 67 %
hPMAA:33 % hP4VP in comparison with initial inactivated hydrogels 100 % hPMAA and 100 % hP4VP
was confirmed by combined calculation data of extraction rates of inactivated PMAA and P4VP polymeric
hydrogels. The obtained results illustrated changes of initial polymeric hydrogels’ electrochemical sorption
properties in intergel system leading to functional groups obtaining higher reactive ability, which made it
possible to use them for further development of highly efficient uranyl ions extraction sorption technology.

Keywords: hydrogels, intergel systems, reciprocal activation, sorption, extraction rate, polymethacrylic acid,
poly-4-vinylpyridine, uranyl ion.

Introduction

Rare-earth element containing ores extraction is often complicated in terms of their radioactivity, which
is caused by containing uranium, thorium, and their half-life products in their composition. Due to this fact,
the issue of rare-earth elements separation from radioactive elements, particularly uranium, is of high im-
portance nowadays [1-3]. Uranium can be removed from solutions by sorption, extraction, and other meth-
ods. At present, sorption methods are more preferred than extraction ones. Sorption methods are more eco-
friendly and have fewer technological cycles than extraction technologies [4, 5]. lon-exchange uranium ex-
traction process is based on ion-exchange resins ability to absorb uranium selectively and quantitively from
solutions and pulps after lixiviation. In sulfurous solutions, hexavalent uranium can be present as uranyl cati-
on (UO,*") and as anion sulphatic complexes ([JUO,(SO,)J% [UOx(SO.)s]") [6].

The objective of our research is to study functional hydrogels initial state and remote interaction (acti-
vation) time influence on polymers ratio in intergel systems, depth of uranyl ions sorption during their inter-
action with intergel systems and prospects of using these intergel systems for uranium extraction from prod-
uct solutions.

Experimental

Equipment. A MARK 603 conductometer (Russia) and Metrohm 827 pH-Lab pH-meter (Switzerland)
were used for measuring specific electrical conductivity and solutions pH. Sorbent mass was determined by
weighing at electronic analytical scales MSE125P-100-DU Sartorius Cubis (Germany).

Materials. The research was performed in water environment and in solution of hexaqua uranyl nitrate
(UO,* concentration = 100 mg/l). Cross-linked by divinylbenzene hydrogel poly-4-vinylpyridine (hP4VP) of
Sigma-Aldrich was used. Polymethacrylic acid hydrogels were synthesized applying cross-linking agent
N,N-methylene-bis-acrylamide and red-ox system K,S,0s — Na,S,03 in water environment. Synthesized
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PMAA hydrogel was reduced to smaller dispersions and separated by size. Fractions of 250<d<425 um were
used in the process. Hydrogel swelling ratios were opmaa) = 21.00 9/9, onpavey = 3.20 /9.

For the research objective, synthesized hPMAA and hP4VP hydrogels were combined into
polymethacrylic acid gel — poly-4-vinylpyridine gel ("(PMAA-hP4VP) intergel couple.

Experiment. Experiments were carried out at room temperature. hPMAA and hP4VP hydrogels were
taken in swollen state. Study of the intergel systems was done as follows: each hydrogel in dry state was
placed in separate polypropylene cages. hPMAA and hP4VP hydrogels were previously left in distilled water
for 24 hours for swelling. Then polypropylene cages with swollen hydrogels were placed in glasses with wa-
ter and hexaqua uranyl nitrate solutions. Electroconductivity and overgel liquid pH were determined with
hydrogels present in the solution.

Research of individual polymeric hydrogels sorption properties was done as follows:

1) Estimated amount of each hydrogel (polymethylacrylic acid, poly-4-vinylpyridine) in dry state was
placed into polypropylene cages.

2) Uranyl ions sorption by individual hydrogels of PMAA and P4VP was done for 56 hours. During this
period aliquots were taken for further determination of uranyl ions concentration.

Research of intergel systems sorption properties was done as follows:

1) Intergel system hPMAA-hP4VP was combined from synthesized PMAA and P4VP hydrogels;

2) Estimated amount of each hydrogel in dry state was placed into polypropylene cages;

3) Uranyl ions sorption by these intergel systems was done for 56 hours. During this period aliquots
were taken for further determination of uranyl ions concentration.

Uranyl ions determination procedure. Measurement of uranium mass concentration was carried out by
volumetric titanium-phosphate-vanadate method based on red-ox properties of uranium (IV) and urani-
um (VI) and its reduction and oxidation reactions.

Uranyl ions extraction (sorption) rate was calculated according to the formula:

n:M*loO %,

in
where Ci, is uranyl ions initial concentration in solution, mg/l; Cis is uranyl ions residual concentration in
solution, mg/I.
Total polymer chain binding rate was calculated according to the formula:

0=or %100 %,
A%

where v, is an amount of sorbed uranyl ions, mole; v is hydrogel weighed portion (if two hydrogels are pre-
sent in the solution, this is calculated as summed amount of each of them), mole.

Effective dynamic exchange capacity of individual hydrogels and intergel system was calculated ac-
cording to the formula:

Q — VSOF ,
msorbent
where v, is an amount of sorbed uranyl ions, mole; m is polymer weighed portion (if two hydrogels are pre-
sent in the solution, this is calculated as summed weight of each of them), g.
Calculation of total inactivated hydrogels PMAA and P4VP sorption rate was done according to the
formula:

* 0 * 0,
Y= n, *83 A)+n2 17 % ,
100 % 100 %
where 1, is 83 % hPMAA uranyl ions extraction rate, %; n, is 17 % hP4VP uranyl ions extraction rate, %.

Results and Discussion

Previously performed studies [7, 8] have shown that almost all intergel systems based on acidic
(polyacrylic and polymethacrylic acids) and basic (poly-4-vinylpyridine and poly-2-methyl-5-pyridine) light-
ly cross-linked polymeric hydrogels display higher activity than their initial components. It has also been
found that polymer ratios, which provide higher ions sorption, differ significantly depending on nature of
acidic and basic hydrogels and nature of rare-earth metals.

These results were obtained after studying sorption of lanthanum, cerium, dysprosium, neodymium,
samarium, and erbium by intergel systems. Influence of initial hydrogel state on sorption process was also
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identified. Depending on what gel is used for intergel couple formation (dry, swollen or partially swollen)
there can be different hydrogel ratios in intergel systems with high sorption capacity and rare-earth metal
ions sorption rate. However, no work was done to determine optimal conditions for maximum sorption and
ions selectivity in case of using intergel systems for uranyl ions extraction.

=
==}

—=—100% hPMAA

——83% hPMAA-17% hP4VP
—4&—67% hPMAA-33% hP4VP
—v—50% hPMAA-50% hP4VP
—4—33% hPMAA-67% hP4VP
—»—17% hPMAA-83% hP4VP
——100% hP4VP
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hPMAA: hP4VP, mol.%:mol.%
Figure 1. Water solutions pH dependency on time in the presence of hPMAA-hP4VP intergel system

Figure 1 illustrates water solutions pH dependency on time in the presence of (PMAA-hP4VP intergel
system. It can be seen that initial PMAA hydrogel and intergel systems within ratios of 83 % hPMAA:17 %
hP4VP and 50 % hPMAA:50 % hP4VP have significantly lower pH, which is caused by H" ions emission
into solution as a result of functional carboxylic groups dissociation process. Twenty four hours later disso-
ciation continues less intensive, which indicates approaching electrochemical equilibrium in the solution.
Initial P4VP hydrogel and intergel systems within ratios of 33 % hPMAA:67 % hP4VP and 17 %
hPMAA:83 % hP4VP have minor pH decrease in initial area, which is most likely caused by solution pro-
tons binding by nitrogen atom in vinylpyridine. Forty eight hours later the systems did not show pH changes.

As a result of remote interaction, hydrogels form functional groups without counter-ions, which leads to
significant increase of intergel system sorption capacity.

1 pS/em — = 100% hPMAA

11 —e— 83% hPMAA-17% hP4VP
—A— 67% hPMAA-33% hP4VP
—v— 50% hPMAA-50% hP4VP
—<— 33% hPMAA-67% hP4VP
—»— 17% hPMAA-83% hP4VP
—6— 100% hP4VP

10

0 10 20 30 70 5m— 1, h

hPMAA: hP4VP, mol.%:mol.%

Figure 2. Water solutions’ specific electrical conductivity time dependence
in the presence of hPMAA-hP4VP intergel system
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Figure 2 shows hPMAA-hP4VP water solutions’ specific electrical conductivity time dependence.
When environment pH decreases, concentration of H ions or H;O" hydroxonium increases, which leads to
specific electrical conductivity rise. It can be noticed from Figure 2 that, water electrical conductivity in-
creases over time in the presence of initial PMAA hydrogel. This is facilitated by functional group dissocia-
tion at macromolecule interstitial units. As a result, hydrogen ions are emitted into the solution and carbox-
ylate anions are formed. Initial P4VP hydrogel and intergel systems display specific electrical conductivity
increase only at an early stage. Further rise during 24-hour period is not intense. Then during 48-hour period
specific electrical conductivity increase is almost not seen, which suggests that electrochemical equilibrium
is reached.

=
=

—4&—1h
—e—2h
—A—4h
~—v-6h
—49—-24h
—<4—48h

Qo000 000 000 NANANANANO®
N D o o N D o o N D o o

0%:50%

hPMAA: hP4VP, mol.%:mol.%

Figure 3 (a). Water solutions pH dependence on hPMAA-hP4VP mole ratio over time
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Figure 3 (b). Water solutions specific electrical conductivity dependence on hPMAA-hP4VP mole ratio over time

Figure 3 a, b represents hydrogen ions concentration and solutions’ specific electrical conductivity
change dependence on hydrogels mole ratio over time. Initial PMAA hydrogel and intergel systems within
ratios of 83 % hPMAA:17 % hP4VP and 50 % hPMAA:50 % hP4VP display reduction of solutions pH.
When environment pH decreases, concentration of H' ions, H;O" hydroxonium or other ions increases,
which leads to specific electrical conductivity rise. Besides, new negatively charged ions may appear in the
system. Increase of H* ions concentration happens due to PMAA hydrogel functional carboxylic groups’
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dissociation. Initial PMAA hydrogel and intergel systems within ratios of 33 % hPMAA:67 % hP4VP and
17 % hPMAA:81 % hP4VP display no significant changes in H* ions content. Water solution’s specific elec-
trical conductivity rise during hydrogels remote interaction when H* ions concentration does not change may
be caused by OH  ions presence in the solution as a result of interaction between P4VP hydrogel polybase
and water molecules.

By virtue of the processes mentioned above, hydrogels mutual activation happens. This implies hydro-
gels switching to highly ionized state, which leads to significant increase of intergel system sorption
capacity.

7(U), % —=—100% hPMAA
’ —e— 83% hPMAA-17% hP4VP
o —A— 67% hPMAA-33% hP4VP

—v— 50% hPMAA-50% hP4VP
—<4— 33% hPMAA-67% hP4VP
—»— 17% hPMAA-83% hP4VP
—— 100% hP4VP

) 0 70 30 70 50 s — wh

hPMAA: hP4VP, mol.%:mol.%
Figure 4. Dependence of uranyl ions extraction rate by hPMAA-hP4V/P intergel systems over time

Figure 4 demonstrates dependence of uranyl ions extraction rate by initial hydrogels and hPMAA-
hP4VP intergel systems over time. It should be noted that polymeric macromolecules switching to highly
ionized state due to hydrogels mutual activation during their remote interaction leads to significantly in-
creased uranyl ions extraction rate with polymeric hydrogels in intergel couples in comparison with initial
hydrogels.
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Figure 5. Dependence of uranyl ions extraction rate by hPMAA-hP4VP intergel systems
on hydrogels mole ratio over time
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Major amount of uranyl ions is sorbed by initial PMAA hydrogel and intergel systems over 56 hours of
their interaction with salt solutions. Maximum uranyl ions extraction rate, namely 82.5 % is observed in
intergel system within the ratios of 100 % hPMAA and 67 % hPMAA:33 % hP4VP 56 hours later. Uranyl
ions extraction rate by initial polymeric hydrogels 100 % hPMAA and 100 % hP4VP is 80.5 % and 2.0 %,
respectively. Initial P4VP hydrogel shows minor sorption rate only at an early stage, it remains unchanged
over time. However, P4VP hydrogel, not having significant uranyl ions sorption rate, participates in initial
PMAA hydrogel activation, which can be seen prominently within the ratios of 100 % hPMAA and 67 %
hPMAA:33 % hP4VP.

Figure 5 indicates dependence of uranyl ions extraction rate by hPMAA-hP4VP intergel systems on hy-
drogels mole ratio over time. It can be seen from the graph that the highest uranyl ions sorption happens
within ratio of 83 %hPMAA:17 %hP4VP. Especially high-sorption rate increase is observed after 8.5 hours;
uranyl ions extraction rate at this point is 54.0 %. Uranyl ions extraction rate by individual polymeric hydro-
gels 100 %hPMAA and 100 %hP4VP is 43.0 % and 0.0 %, respectively. The main reason for such a high
extraction rate is high ionization of polymeric structures as a result of their mutual activation.

For the purpose of estimating intergel systems’ sorption activity within the ratios of 100 % hPMAA and
67 % hPMAA:33 % hP4VP in comparison with initial PMAA and P4VP hydrogels, 83 % hPMAA:17 %
hP4VP intergel systems were selected and summary calculations of extraction rates were done individually
for inactivated 83 % hPMAA and 17 % hP4VP hydrogels. Based on the results, difference of total extraction
rates between initial hydrogels and intergel systems was calculated. The outcomes show that intergel system
due to mutual activation has a higher uranyl ions sorption capacity than initial hydrogels. For calculation of
hydrogels activity through initial inactivated 100 % hPMAA and 100 % hP4VP hydrogels, an assumption
was made of initial hydrogels sorption capacity persistency in case of their concentration decrease in water
environment. The obtained data are shown in Table 1 and it is seen that intergel system sorption capacity
increase in relation to initial inactivated hydrogels over time occurs differently. 0.5 hour later, there is no
sorption rate increase; 2.5 hours later sorption rate increase is 10.53 %. Then 4.5 hours later, there is minor
decrease of sorption rate; the rate at this moment is 9.65 %. 8.5 hours later, there is a rapid increase of
intergel system’s sorption capacity, namely 50.84 %. Then, during 32-hour period, there is another decrease
of sorption activity; subsequently, after reaching 48-hour time, there is an increase. Intergel system’s sorp-
tion rate increase in relation to initial inactivated hydrogels according to calculation data was 19.39 %. This
dynamics of intergel system’s sorption activity change in relation to initial inactivated hydrogels that is most
likely related to a group of factors, one of which is conformational transformations significantly influencing
reaction mechanism. This way, intergel system’s sorption capacity increase calculations point out a
significant increase of intergel system’s sorption capacity in relation to initial inactivated hydrogels.

Table 1

Experimental results with 83 %hPMAA:17 %hP4VP ratio of intergel system extraction rates
and total calculation data of inactivated hydrogels

Sampling period, hours
0.5 2.5 45 8.5 24 28 32 48 56

16.0 21.0 27.0 43.0 66.0 76.5 77.0 80.0 80.5

Sorption parameters

100 % hPMAA initial hydrogel ex-
traction rate

100 % hP4VP initial hydrogel extrac-
tion rate

83 % hPMAA inactivated hydrogel
extraction rate calculation data

17 % hP4V/P inactivated hydrogel
extraction rate calculation data

83 % hPMAA and 17 % hP4VP inac-
tivated hydrogels extraction rate 13.8 19.0 22.8 35.8 55.3 64.3 64.9 67.5 69.1
summary calculation data

83 % hPMAA:17 % hP4VP intergel
system extraction rate

intergel system sorption capacity in
relation to initial inactivated 0.00 | 1053 | 9.65 | 50.84 | 22.97 | 19.75 | 13.25 | 17.04 | 19.39
hydrogels, %

3.0 9.0 2.0 0.0 2.0 3.0 4.0 5.0 2.0

13.3 17.5 225 | 358 55.0 | 63.8 64.2 66.7 68.8

0.5 15 0.3 0.0 0.3 0.5 0.7 0.8 0.3

10.0 21.0 25.0 54.0 68.0 77.0 73.5 79.0 82.5
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Table 2 shows polymeric chain binding rates (in relation to uranyl ions) by initial polymers and
hPMAA-hP4VP intergel systems over time. The most intense uranyl ions’ binding by initial polymers and
intergel systems occurs during the period of 48-56 hours. High values of polymeric chain binding rates in
relation to uranyl ions are observed within the ratios of 100 % hPMAA and 67 % hPMAA:33 % hP4VP and
equal to 9.94 %. This suggests a high rate of molecules ionization as a result of hPMAA and hP4VP
polymers mutual activation. hPMAA and hP4VP individual polymers chain binding rates in relation to
uranyl ions after 56 hours are 9.70 % and 0.24 %, respectively.

Table 2
Polymeric chain binding rates (in relation to uranyl ions)
by initial hydrogels and hPMAA-hP4VP intergel systems over time, %
Polymer chain bhinding rate (in relation to uranyl ions), %
T, h 0.5 2.5 45 8.5 24 28 32 48 56
100 %hPMAA 1.93 2.53 3.25 5.18 7.95 9.21 | 9.27 9.64 9.70
83 % hPMAA:17 %hP4\VP 1.20 2.53 3.01 6.50 8.19 9.27 | 8.85 9.52 9.94
67 % hPMAA:33 %hP4\VP 0.72 2.53 3.13 4.22 8.13 8.31 | 8.73 8.91 8.49
50 % hPMAA:50 %hP4\VP 0.24 1.69 2.29 4.34 6.93 7.23 | 747 8.49 8.01
33 % hPMAA:67 %hP4\VP 0.48 1.57 1.08 3.37 5.30 530 | 5.30 6.87 6.14
17 % hPMAA:83 %hP4VP 1.20 1.20 1.08 1.08 3.07 3.25 | 349 4.04 4.46
100 % hP4VP 0.07 1.08 0.24 0.00 0.24 0.36 | 0.48 0.60 0.24

Table 3 illustrates effective dynamic exchange capacity (in relation to uranyl ions) by initial hydrogels
and hPMAA-hP4VP intergel systems over time. The obtained data suggests that polymeric hydrogels’ mutu-
al activation in intergel couples leads to significant increase of exchange capacity values in comparison with
initial P4VP hydrogel. This is the most distinctive value after 56 hours of remote interaction. Intergel system
reaches maximum values of effective dynamic exchange capacity within the ratios of 100 % hPMAA and
67 % hPMAA:33 % hP4VP after 56 hours of remote interaction and is 1.12 mmol/g.

Table 3
Effective dynamic exchange capacity (in relation to uranyl ions)
by initial hydrogels and hPMAA-hP4VP intergel systems over time, %
Effective dynamic exchange capacity (in relation to uranyl ion), mmol/g
T, h 0.5 2.5 45 8.5 24 28 32 48 56
100 %hPMAA 0.22 0.29 0.38 0.60 0.92 1.07 | 1.08 1.12 1.11
83 % hPMAA:17 %hP4\VP 0.14 0.28 0.34 0.73 0.92 1.04 | 0.99 1.07 1.12
67 % hPMAA:33 %hP4\VP 0.08 0.27 0.34 0.46 0.88 0.90 | 0.95 0.97 0.92
50 % hPMAA:50 %hP4\V/P 0.03 0.18 0.24 0.45 0.73 0.76 | 0.78 0.89 0.84
33 % hPMAA:67 %hP4\VP 0.05 0.16 0.11 0.34 0.54 054 | 0.54 0.70 0.62
17 % hPMAA:83 %hP4VP 0.12 0.12 0.11 0.11 0.30 0.32 | 0.34 0.40 0.44
100 % hP4VP 0.03 0.10 0.02 0.00 0.02 0.03 | 0.05 0.06 0.02

Conclusions

During the research, it was identified that hydrogels maximum activity was within the ratios of 100 %
hPMAA and 67 % hPMAA:33 % hP4VP. Due to hydrogels mutual activation during their remote interac-
tion, polymeric macromolecules switch to a highly ionized state, which leads to a significant increase of pol-
ymeric hydrogels uranyl ions extraction rate in intergel couples in comparison with initial polymers. The
highest uranyl ions sorption by intergel system occurs at 83 % hPMAA:17 % hP4VP ratio. Maximum uranyl
ions extraction rate after 56 hours of hydrogels remote interaction was 82.5 %, when polymeric chain
binding rate was 9.94 %, and effective dynamic exchange capacity was 1.12 mmol/g. Significant increase of
uranyl ions sorption rate by intergel system in comparison with initial hydrogels is related to high rate of hy-
drogels ionization in intergel couple. Considerable increase of intergel system sorption activity within the
ratios of 100 % hPMAA and 67 % hPMAA:33 % hP4VP in comparison with initial inactivated 100 %
hPMAA and 100 % hP4VP hydrogels was confirmed by combined calculation data of extraction rates of
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inactivated PMAA and P4VP polymeric hydrogels. Intergel system’s sorption activity in comparison with
initial inactivated hydrogels grows differently over time. Especially high increase of intergel system’s sorp-
tion activity, namely 50.84 % can be seen after 8.5 hours. Intergel system’s sorption rate in comparison with
initial inactivated hydrogels after 56 hours was 19.39 %, according to calculation data. The obtained results
suggest that intergel systems can be used for highly efficient sorption technology of extracting uranyl ions
and other elements from commercial solutions as well as for concentration, separation of different ions from
water solutions for performing technological, environmental, and other objectives.

References

1 Lapidus G.T. Selective thorium and uranium extraction from monazite: 1. Approaches to enhance the removal of radioactive
contaminants/ G.T. Lapidus, F.M. Doyle // Hydrometallurgy. — 2015. — Vol. 155. — P. 161-167. https://doi.org/10.1016/
j.hydromet.2015.03.015

2 Garcia A.C. Separation of Radioactive Elements from Rare Earth Element-Bearing Minerals/ A.C. Garcia, M. Latifi,
A. Amini, J. Chaouki // Metals. — 2020. — Vol. 10, No. 11. — P. 1524. https://doi.org/10.3390/met10111524

3 Yanliang Wang. Process for the separation of thorium and rare earth elements from radioactive waste residues using
Cyanex® 572 as a new extractant / Yanliang Wang, Chao Huang, Fujian Li, Yamin Dong, Xiaoqi Sun // Hydrometallurgy. — 2017.
— Vol. 169. — P. 158-164. https://doi.org/10.1016/j.hydromet.2017.01.005

4 CawmoiinoB B.M. AHanu3 COCTOSHHS TEXHOJOTHHM COPOLIMOHHOTO H3BJCUCHHS YpaHa B THUAPOMETAILIYPTrHUECKHX ypaHo-
BbIX npousBojcTBax / B.W. Camoiinos, A.T. CagyakacoBa, H.A. KyneHoBa / MexIyHapoIHBIH KypHAI 3KCIIEPUMEHTAIBHOTO 00pa-
3oBaHmst. — 2015. —Ne 5-1. —C. 80-87.

5 Abdikerim B.E. Uranium extraction with modified sorbents/ B.E. Abdikerim, B.K. Kenzhaliyev, T.Yu. Surkova, N. Didik,
A.N. Berkinbayeva, Z.D. Dosymbayeva, N.S. Umirbekova // Kompleksnoe ispolzovanie mineralnogo syria = Complex Use of
Mineral Resources = Mineraldik Shikisattardy Keshendi Paidalanu. — 2020. — Ne 3 (314). — P. 84-90. https://doi.org/10.31643/
2020/6445.30

6 Typaes H.C. Xumus u TexHomorus ypana: yue6. moc. mis By3oB / H.C. Typaes, U.U. Xepun. — M.: THUNATOM-
NH®OPM, 2005. — 407 c.

7 Alimbekova B.T. Features of polymethacrylic acid and poly-2-methyl-5-vinylpyridine hydrogels remote interaction in an
aqueous medium / B.T. Alimbekova, Zh.K. Korganbayeva, H. Himersen, R.G. Kondaurov, T.K. Jumadilov // Journal of chemistry
and chemical engineering. — 2014. — Vol. 3, Ne 8. — P. 265-269. https://doi.org/10.17265/1934-7375/2014.03.008

8 Jumadilov T.K. Influence of polyacrylic acid and poly-4-vinylpyridine hydrogels mutual activation in intergel system on
their sorption properties in relation to lanthanum (111) ions / T.K. Jumadilov, R.G. Kondaurov, Zh.A. Abilov, J.V. Grazulevicius,
A.A. Akimov // Polymer Bulletin. — 2017. — Vol. 74. — P. 4701-4713. https://doi.org/10.1007/s00289-017-1985-3

T.K. Xymaninos, A.A. Yremena, X. XuUMdIPCIH,
P.I'. Kongaypos, 0.B. I'paxynsasuutoc

IMosmmMeTaKpHJI KbIIIKbLIBI-NMOJIU-4-BUHUJINIMPUINH HHTEPresiai
JKyiesiepiMeH ypaHWJI MOHIAPbIH COPOMAIAY OapbICHIHAAFbI
(GyHKIHOHAIABI TONTAPABIH AHOMAJIb/bI AKTUBTLIIr]

Tomumerakpun Keimukbuibl ([IMAKr) xone momu-4-sunmnmupunns ([14BIIr) ruaporennepiHeH TypaThiH
WHTEpreNal OKyHenepAiH ypaHWI HOHAApbIHA COpOLMSCH KapacThlpbUiraH. VHTrepremmi sxyHenepuiy
copOumsicelH Ooipkay yiniH ammsiMeH nommmepiik ruaporenzepaiy (IIMAKr, I14BIIr) cy oprachiHmarsl
e3apa aKTHUBTEHY TIpOIeCci 3epTTeimi. AJIBIHFAH HOTIDKEJIep HeTi3iHAe THAPOTeNASpIiH MaKCHMAaIIbI
aktuBTeHyi 100 % IIMAKT, 67 % IIMAKTr : 33 % I14BIIr kaTteiHacTapbIHAa OOJTAaTHIHBI AHBIKTAIABL. Y PaHHI
MOHAAPBIH MaKCUMAJIIBI IIBIFApy A9PEXkeci OChl KaThIHAcTapaa Oaiikanmansl. MHTEprenai xyienepain ypaHuia
MOHAApbIHa MakcuMaiael copoumsicel 83 % [IMAKT : 17 % I14BIIr xateiHacTapbiHAa OOJATHIHEI TaOBUIIHL.
T'upporenaepAid KalIbIKTaH ©3apa OpeKeTTeCYiHiH 56 caraThlHaH KeiliH ypaHHJI MOHIAapblH MaKCHMAJIIbI
meIFapy gopexeci 82,5 %, monnmepiik Tiz0ekTiH OalimaHbicy mapexeci 9,94 % sxoHe THIMII TMHAMHUKAIBIK
anMacy CUbIMIbUIBIFBI — 1,12 mmonb/T  Gonmel. bactanker aktmBTeHGeren 100 % [IMAKr sxone
100 % I14BIIr rumporenaepiMeH caJbICTHIPFaHIa HMHTEPreii JKyHelepliH COpOIMSUIBIK OelceHIUTriHIg
100 % IIMAKTr, 67 % IIMAKr:33 % I14BIIr kaThiHacTapblHAa aHAFYPIIBIM JKOFAapbl OOJATHIHBIH AKTHBTCH-
OereH ruApOreNAepIiH Kbl €CeNTIK MOHAEpl Honenaei. AJIBIHFAH HOTIDKEIEp MHTEpreiai Kyitenaepae
OacTankpl MOJMMMEPIIK THAPOTEIACPIIH INEKTPOXUMHSIIBIK JKOHE COPOUMSIBIK KaCHETTEpiHIH ©3TepeTiHiH,
SFHA ()YHKIMOHAIIABI TONTApIbIH pEeaKUusFra TYCy KaOileTi apTaTbiHBIH KepceTTi. bynm omapapl ypaHmia
WOHJIAPBIH MIBIFAPYABIH JKOFAphl THIMJI COpPOLMSUIBIK TEXHOJOTHSCHIH JKacay YIIIH KOJJaHyFa MYMKIHIIK
Oepeni.
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Kinm ce30ep: rtumporennep, HWHTEpreiii jkydelnep, e3apa aKkTHBTEHy, cOpOLHs, LIBIFApY OOPExKeci,
HOJIMMETAKPUII KbILIKbUIBI, OJIN-4-BUHUINUPUANH, YPaHHI HOHBI.

T.K. Ixymanumnos, A.A. Yremea, X. XUMIPCOH,
P.I'. Konnaypos, 0.B. I'paxynsasuutoc

AHOMAJIbHAS1 AKTUBHOCTH (PyHKIIMOHAJIBHBIX TPy
IpU COPOLMH HOHOB YPAHHU/IA HHTEPreJIeBOil CUCTeMOM
«IOJTUMETAKPUJIOBAs KUCJI0TA — NOJH-4-BUHUIITUPHIANH)

W3yyena copOuus HOHOB ypaHHIIa MHTEPIeJICBOH CHCTEMOH, COCTOSIIEH M3 THAPOTENs IMOJUMMETaKpHIIOBOH
kucnotel (TTIMAK) n ruaporens nonu-4-sunmnmupunuaa (rI14BIT). Qs nporHo3upoBaHUs cOpOIMOHHOI
AKTHBHOCTH WHTEPIeJICBOM CHCTEMBI NEepBOHAYAIBHO OblIa M3yYeHa B3aWMHAs aKTHUBAIUS HOJMMEPHOTO
ruaporens [IMAK c T14BI1 B BogHo#t cpene. Ha 0CHOBe MOMy4eHHBIX Pe3yIbTaTOB OBUIO YCTAHOBICHO, YTO
001acTh MaKCHMAJIBbHOW aKTHUBAIlMM THAPOTeiell HaXOAUTCS B Tpenenax cooTHomieHuit mexay 100 %
rIIMAK u 67 % rIIMAK : 33 % rII4BII. B 3t0ii sx¢ 001acTi HabIIOAaeTCS MaKCUMallbHas CTCHEHb H3BJIe-
YEeHHUs] MOHOB ypaHWJA. YCTaHOBIICHO, YTO HaMOOJbIIas COpOLHs MOHOB ypaHHIAa MHTEPreleBOH CHCTEMOM
nporcxoauT npu cootHomreHun 83 % rlIMAK : 17 % rI14BI1. MakcumaibHas CTENICHb M3BIICUCHUS HOHOB
ypaHmIa IO UCTeYeHHH 56 I IUCTAHIIMOHHOTO B3aMMOAEHCTBHS rmaporenei coctaBmia 82,5 %, mpu 3TOM
CTENEHb CBS3BIBAHMS IOJIMMEpHOH mermu paBHsIack 9,94 %, a sddexTuBHas nuHaMHUIecKas oOMEHHas eM-
KocTb — 1,12 MMOJIB/T. 3HaYUTEIBHBIN POCT COPOIIMOHHON aKTUBHOCTH MHTEPrelIeBEIX CHCTEM B IIpeenax
cootnomenunit mexay 100 % rlIMAK u 67 % rIIMAK : 33 % rl14BII, mo cpaBHEHHIO ¢ HCXOJHBIMU HEAKTH-
BupoBanHeIMHU THAporensamMu 100 % rlIMAK u 100 % rI14BII, moaTBepansi cyMMapHbIe pacuETHBIC JaHHBIC
cTeneHel u3BiedeHus: HeakTuBHpoBaHHbBIX ruaporeneid [IMAK u I14BII. IlomyyeHHble pe3ynbTaThl CBUAC-
TENBCTBYIOT 00 U3MEHEHHUH 3JIEKTPOXUMHIECKHX, COPOIHOHHBIX CBOMCTB MCXOJHBIX MONUMEPHBIX THIPOTeE-
Jell B MHTEprelIeBOH cHcTeMe, IPHBOIAMIEM K TOMY, UTO (DYyHKIMOHAIbHBIE IPYMHIIEI IMpHOOpeTaroT Ooiee
BBICOKYIO PEaKI[OHHYIO CIOCOOHOCTB, M MPEIOCTABISIOT BO3MOXKHOCTh MX NPHMEHEHHS B IOCIERYOICi
pa3paboTke BHICOKOI()(HEKTHBHON COPOIIIOHHON TEXHOJIOTUH N3BJICUCHHUSI HOHOB ypaHUIIA.

Knrouesvie cnosa: TUAPOICIIA, UHTEPICICBbIE CUCTEMBI, B3aUMHasl aKTUBalus, COp6III/I${, CTCIICHb U3BJICYCHUSA,
TMOJIMMETAKpUJIOBas KUCJIOTa, HOJTI/I-4-BI/IHI/IJ'II'II/IpPII[HH, HOH ypaHua.
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Development and validation of a novel stability indicating HPLC method
for the separation and determination of darolutamide
and its impurities in pharmaceutical formulations

This study reports for the first time about a stability indicating RP-HPLC method for analysis of darolutamide
and its impurities 1, 2, and 3 in bulk and formulations. The separation was achieved on Phenomenex column
with Luna C18 (250 mm x 4.6 mm, 5 pum) as stationary phase, and 50 mM ammonium acetate: methanol so-
lution 15:80 (v/v) at pH 5.2 as mobile phase at 1.0 mL/min flow rate. UV detection was carried at wavelength
of 239 nm. In these conditions the retention time of darolutamide and its impurities 1, 2, and 3 was 7.05, 8.90,
4.63 and 5.95 min, respectively. The method was validated for system suitability, range of analysis, precision,
specificity, stability, and robustness. Forced degradation study was done through exposure of the analyte to
five different stress conditions and the % degradation was small in all degradation condition. The proposed
method can separate and estimate the drug and its impurities in pharmaceutical formulations. Hence, the de-
veloped method was suitable for the quantification of darolutamide and can separate and analyse impurities 1,
2,and 3.

Keywords: darolutamide, impurity analysis, HPLC method development, method validation, ruggedness,
forced degradation study, formulation assay, impurity analysis in Nubega®.

Introduction

Darolutamide (Fig. 1a) is an androgen antagonist (antiandrogen) drug approved for the treatment of
non-metastatic castration-resistant prostate cancer (nmCRPC) in combination with medical or surgical cas-
tration [1]. It is prescribed for the treatment of nmCRPC in men [2, 3]. Darolutamide acts on androgen recep-
tors (AR) potentiate the growth and survival of prostate cancer cells. It is competitively inhibiting the andro-
gens from binding to their receptors, inhibiting the AR-mediated transcription as well as AR nuclear translo-
cation. Hence, decrees the tumor cell size as well as prostate cancer cell proliferation [4].

HC O —
H OH H
Cl V4 NN, AN Cl \N/
Q\ CHs
N= H N=
a) darolutamideo b) impurity 1
_ Hag 0 _ H3C_?3 }_j\ H3C Chy
Cl S Y N/ cl Xy NV NH 07 CH
N= H N=
C) impurity 2 d) impurity 3

Figure 1. Chemical structure of darolutamide and its impurities in the study

Pain in extremities, fatigue, rashes, and asthenia are the common side effects of darolutamide. Increased
aspartate aminotransferase, decreased neutrophil count and increased bilirubin are the abnormalities associ-
ated with darolutamide in terms of laboratory test [5].

Strict control of impurities is necessary for the manufacturing of drug products. These impurities may
be present in the materials, formed as by-products during the process of production or appear as degradation
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products during storage. Both actual and potential impurities should be studied and detected by a reliable and
convenient method. Though a method was referred to in a patent of Takeda, the practicability of this method
has not been verified [6].

A literature review of the available analytical methods for darolutamide analysis confirms that there are
few analytical methods available for the assessment of darolutamide along with its active metabolites in bio-
logical samples using HPLC [7] and LC-MS / MS [8-11] methods. The main disadvantages of the previously
developed methods are the reported methods that were insufficient to separate the potential impurities of

darolutamide. The applicability of the reported methods were summarised in Table 1.

Table 1

Comparison of the literature methods and reason for proposal of new method for analysis of darolutamide

S No R;f:tﬁgge Reported method applicability Reason for propgjal of new meth-
1 Ashok et al., |HPLC method reported for the simultaneous estimation of | The method is not suitable for the
2018 [7] darolutamide along with other drugs such as apalutamide, | separation of darolutamide impuri-
enzalutamide, N-desmethylenzalutamide in mice plasma |ties
and in pharmacokinetic studies
2 Nerajetal., |[LC-MS method reported for the estimation of|LC-MS is expensive than the
2018 [8] enzalutamide, N-desmethylenzalutamide, darolutamide in | HPLC and the reported method
mice plasma. not suitable for the separation of
darolutamide impurities.
3 Sreekanth et | LC-MS/MS-ESI method reported for simultaneous quan- | Reported method only suitable for
al., 2017 [9] |tification of darolutamide and its active metabolite, ORM- | separation of darolutamide and its
15341 in mice plasma and its application to a pharmaco- | active metabolite only and can not
Kinetic study separate the impurities
4 Suresh etal., |LC-MS/MS method reported for simultaneous quantita-|LC-MS is expensive than the
2018 [10] |tion of  enzalutamide, = N-desmethylenzalutamide,|HPLC and the reported method
apalutamide, darolutamide and ORM-15341 in mice|not suitable for the separation of
plasma as well as pharmacokinetic study. darolutamide impurities
5 Narayanan et | LC-MS/MS-ESI method for the simultaneous quantifica- | The reported method only suitable
al., 2018 [11] [tion of darolutamide and its optical isomer 1 and 2 in mice | for the separation of optical iso-
plasma as well as pharmacokinetic study. mers of darolutamide and is not
applicable for the separation of
impurities of darolutamide

Thus, the present work aimed to develop a simple and precise analytical HPLC method for the estima-
tion of darolutamide and its impurities 1, 2 and 3. The molecular structure of darolutamide impurities 1, 2
and 3 in the study were given in Figure 1b, 1c and 1d respectively. The method has been validated for
Nubega® a newly introduced tablet dosage form of darolutamide.

Experimental

Reagents:

The pure standard of drug darolutamide (98.85 % purity), impurity 1, 2 and 3 in the study along with
the formulation dosage form (Nubega® — 300 mg) were obtained from Bayer Pharmaceuticals Private Lim-
ited, Thane West, Maharashtra. The HPLC grade methanol, acetonitrile, and ultra-pure (Milli-Q") water
were obtained from Merck chemicals, Mumbai.

Instrumentation:

HPLC analysis of darolutamide and its impurities was performed on Agilent 1100 (USA) HPLC
equipped with Quaternary pump (G 1311A) for solvent delivery, autosampler with thermostatic (G 1329A)
having 0.1-1500 pL of sample injection capacity and UV detector (G 1314A). Agilent chemical station LC
software was used for integrating the chromatogram.

Preparation of solutions:

Darolutamide and impurity solutions:

A standard stock solution of darolutamide and its studied impurities 1, 2 and 3 were prepared separately
by accurately weighing of 50 mg of the compound and dissolving in 50 mL of methanol solvent. From this
solution, selected and required concentration of darolutamide and its impurities were prepared separately.
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Then the mixed standard solution was prepared by mixing equal volumes of concentrations of standard and
impurities.

Formulation solution:

Tablets of Nubega®™ brand containing 300 mg of darolutamide was powdered using a sterile mortor and
pestle. Then, an amount of tablet powder equivalent to 50 mg of darolutamide was accurately weighed and
dissolved in 50 mL solvent applyng sonicator and filtered through 0.45 p membrane filter. Afterwards it was
diluted while doing the formulation analysis.

Method Development:

Based on a literature review, it has identified that there is no analytical method reported for assay of
darolutamide and its impurities. The method specified in the regulatory document by the manufactures of the
standard, as well as formulation were not available easily. Thus, the present work was aimed to develop a
simple and accurate HPLC method for simultaneous assay of darolutamide and its impurities.

In the initial stage of method development, the suitable detector wavelength for the simultaneous detec-
tion of darolutamide and its impurities was determined using UV — visible spectrophotometer. The iso-
absorption wavelength of darolutamide and its impurities was selected as suitable wavelength in the study.
Then by keeping the detector wavelength as constant, different configurations of stationary phases for the
separation of darolutamide and its impurities were examined. After that, the composition, pH and flow rate
of the mobile phase was optimised. In each cases, the resolution between the compounds, the shape of the
individual peak, base line throughout the run time and the system suitability conditions for each peak corre-
sponds to all the analytes in the study was summarised. The conditions that provide the best chromatographic
results were selected as appropriate for the validation study [12-14].

Method Validation:

Standard solution containing darolutamide and its impurities at recovery ranges was analysed for the
evaluation of the system suitability of the method. The acceptance developed method should have the system
suitability parameters such as asymmetric factor (< 2), plate count (> 2000), and resolution factor (> 2).

A series of darolutamide standard stock solutions containing 1 % of each studied impurity was prepared
separately and analysed in the developed method. The calibration plot was constructed using peak area of the
resultant chromatograms vs concentration of the analyte prepared. The range of the method was determined
using least square analysis and the correlation coefficient and regression equation was calculated.

The accuracy/recovery of the method was determined by spiked recovery at 50 %, 100 % and 150 %
spiked levels in the calibration range. The % recovery in each spiked level for darolutamide and its impuri-
ties were calculated separately by comparing with standard calibration results and a % recovery of less than 2
was considered as accurate.

The standard solution of darolutamide with its impurities in the calibration was analysed six times in the
same day for intraday precision, six times in three different days for interday precision and six times in the
day with change in three different analysts for ruggedness study. The % relative standard deviation (% RSD)
of the peak areas observed in each study was calculated for darolutamide and its impurities separately and
the % RSD of less than 2 was considered as acceptable.

The influence of small change in the analytical conditions on the separation and quantification of
darolutamide and its impurities was determined in robustness study. The +5 mL change in organic modifier,
+0.1 factor change in mobile phase pH and +5 nm change in detector wavelength was study and the
% change in the peak area of darolutamide and its impurities was calculated in each changed condition and a
% change of less than 2 was considered as the method is robust.

Forced degradation study was conducted for determining the efficiency of the developed method for the
separation and detection of unknown impurities/stress degradation compounds formed during the degrada-
tion study. 50 mg of standard drug darolutamide was mixed with 50 mL of 0.1 N HCI, 0.1 N NaOH and 3 %
hydrogen peroxide solution separately for 24 h in acidic, basic and oxidative degradation study. Then the
solution was neutralized and diluted to standard concentration. 50 mg of standard drug darolutamide was
kept in an air oven at 60 °C for 24 h in thermal degradation study and kept under UV light at 254 nm for 24 h
for photolytic degradation study. Then it was diluted to standard concentration and the degradation solutions
were analysed in the developed method. The number of degradation compounds formed and the % of degra-
dation was calculated by comparing with unstressed results of darolutamide.

The sensitivity of the method for the detection of impurities in the darolutamide was confirmed by de-
termining limit of detection (LOD) and limit of quantification (LOQ). The applicability of the developed
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method for the detection and quantification of impurities in formulation was confirmed by analysing the
formulation solution prepared from cream formulation of darolutamide (Nubega® — 300 mg) [15-18].

Results and Discussions

The summary of the method developed for the separation and quantification of darolutamide and its im-
purities was given in Table 2.

Table 2
Method development conditions studied in the optimization process
S.No Method conditions Chromatographic result observed Conclusion

1 | MP: Methanol and sodium acetate buffer pH 5.6 | There is no separation of compounds identi- Method
in 50:50 (viv); SP: Kromasil C18 |fied in the chromatogram rejected
(250 mm x 4.6 mm, 5um) column; WL:

239 nm; FR: 1.0 mL/min

2 | MP: Acetonitrile and sodium acetate buffer pH | There is no separation of compounds identi- Method
56 in 50:50 (v/v); SP: Kromasil C18 |fied in the chromatogram Rejected
(250 mm x 4.6 mm, 5um) column; WL:

239 nm; FR: 1.0 mL/min

3 | MP: triethyl amine: methanol 75:25 (v/v); SP:|Peaks were identified for standard, and im- Method
ProntoSIL ODS C18 (250%4.6 mm; 5 p id; WL: | purities studied but the separation of com- Rejected
239 nm; FR: 1.0 mL/min pounds, symmetry of the identified peaks

and the peak responses was very poor and
not acceptable

4 |MP: 50 mM ammonium acetate, acetonitrile in | Peaks were identified for standard, and im- Method
25:75 (viv) at pH 5.9; SP: Inertsil ODS 3V | purities studied but the separation of com- Rejected
(250 mm x 4.6 mm, 5 pm); WL: 239 nm; FR:|pounds, symmetry of the identified peaks
1.0 mL/min and the peak responses was very poor and

not acceptable.

5 |MP: 50 mM ammonium acetate, methanol in|The separation of compound and peak sym- Method
25:75 (v/v) at pH 5.9; SP: Phenomenex Luna|metry of the identified peaks was not ac- Rejected
C18 (250 mm x 4.6 mm, 5 pm) column; WL:|ceptable
239 nm; FR: 1.0 mL/min

6 |MP: 50 mM ammonium acetate, methanol in|Individual peaks were observed for Method
05:95 (v/v) at pH 5.2; SP: Phenomenex Luna|darolutamide and its impurities. The separa- Rejected
C18 (250 mm x 4.6 mm, 5 pm) column; WL:|tion of compounds is not satisfactory and
239 nm; FR: 1.0 mL/min peaks doesn’t satisfy the system suitable

conditions

7 |MP: 50 mM ammonium acetate, methanol in|Peaks with acceptable symmetry and separa- Method
15:80 (v/v) at pH 5.2; SP: Phenomenex Luna|tion with acceptable system suitability was| Accepted
C18 (250 mm x 4.6 mm, 5 pm) column; WL: |identified for darolutamide and its impurities
239 nm; FR: 1.0 mL/min

Note: MP = Mobile phase; WL = detector wavelength; FR = mobile phase flow rate.

The separation of darolutamide, impurity 1, 2 and 3 was achieved on Phenomenex column with Luna
C18 (250 mm x 4.6 mm, 5 pum) as stationary phase, and 50 mM ammonium acetate : methanol solution in the
ratio of 15:80 (v/v) at pH 5.2 as mobile phase. The mobile phase was pumped in isocratic mode at a flow rate
of 1.0 mL/min. The separated compounds were detected applyng UV detector at a wavelength of 239 nm. In
the optimised condition, the chromatogram observed for blank and standard was given in Figure 2a and 2b,
respectively.
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Figure 2. System suitability chromatograms of darolutamide, impurity 1 and 2 in the developed method

The LOD (limit of detection) was identified as 0.045 pg/mL for impurity 1 and 0.020 pg/mL for impu-
rities 2 and 3. The limit of quantification (LOQ) was calculated as 0.15 ug/mL for impurity 1, 0.07 ug/mL
for impurities 2 and 3. The calibration curve was constructed from LOQ concentration i.e 0.15 ug/mL and
the dilutions were made such that 1 % of each impurity was present in the standard solution. The linear cali-
bration curve was observed within the concentration range of 15 — 90 pg/mL for darolutamide and 0.15 —
0.90 pg/mL for impurities. The regression equation was found to be

y =15527x + 33019 (R?=0.9999),

y=106785x + 1519.1 (R?=0.9997),

y=161678x + 1574.3 (R?=0.9994) and

y =123963x + 1931.9 (R*=0.9997)
for darolutamide, impurity 1, 2 and 3 respectively. Table 3 gives the results of linearity in the developed

method.
Table 3
Linearity results
S No Darolutamide Impurity 1 Impurity 2 Impurity 3
) Con* Peak Area Con* Peak Area Con* Peak Area Con* Peak Area
1 15 263950 0.15 17450 0.15 26887 0.15 19959
2 30 502422 0.30 33026 0.30 48959 0.30 39157
3 45 725137 0.45 49827 0.45 73485 0.45 58254
4 60 969627 0.60 66513 0.60 98626 0.60 76459
5 75 1202760 0.75 81546 0.75 124451 0.75 95683
6 90 1425163 0.90 97126 0.90 146325 0.90 112563

Note: *Con = concentration studied in pg/mL.
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The system suitability parameters such as the number of theoretical plates, asymmetric factor, resolu-
tion factor, retention time and relative retention time was calculated in the developed method and the results
were found to be within the acceptable limit (Table 4) for darolutamide, impurity 1, 2 and 3 confirms that the
method is suitable for the analysis.

Table 4
System suitability results
Compound Concentration in Retenti(_Jn ;r ime RRT* Theo Tail Factor| Resolution
pg/mL (min) plate

45 7.017+0.017 - 7626 1.08 5.29
Darolutamide 60 7.028+0.025 - 7591 1.08 5.21
75 7.033+£0.017 - 7685 1.06 5.25
0.45 8.887+0.012 1.267+0.001 6758 1.12 491
Impurity 1 0.60 8.903+0.012 1.267+0.004 6713 1.11 4.89
0.75 8.913+0.012 1.267+0.004 6807 1.13 4.92

0.45 4.606+0.010 0.656:0.001 4953 1.09 -

Impurity 2 0.60 4.624+0.008 0.658+0.001 5095 1.08 -

0.75 4.626+0.009 0.658+0.002 4976 1.09 -
0.45 6.022+0.067 0.858+0.009 9158 0.89 7.98
Impurity 3 0.60 5.978+0.035 0.851+0.008 9036 0.91 7.91
0.75 6.022+0.067 0.856+0.011 9173 0.89 7.95

Note: # n=3.

The darolutamide standard solution containing 60 pg/mL of darolutamide and 1 % levels of each impu-
rity was analyzed in the developed method for the evaluation of precision (repeatability) and ruggedness
(reputability). The % RSD in the peak area response was 0.12, 0.25, 0.20 and 0.23 in intraday precision,
0.38, 0.29, 0.35 and 0.24 in interday precision and 0.67, 0.46, 0.53 and 0.36 in ruggedness respectively for
darolutamide, impurity 1, 2 and 3 respectively. This confirms that the method is rugged and precise.

The robustness of the method was evaluated by analysing a standard solution containing impurities at
the 1 % level with small variations. The % RSD of the peak area response was with the acceptable limit of
less than 2 for darolutamide and its impurities. The system suitability conditions were also evaluated for
standard, and its impurities under various conditions and results found that there was no significant change in
the results observed (Table 5), which confirms the robustness of the method.

Table 5
Robustness results
S No Compound Change* Peak Area | % Change |Plate Count| Tail factor Resolution
1 MP 1 962213 0.76 7595 1.09 521
2 MP 2 961102 0.88 7563 1.07 5.24
3 Darolutamide pH 1 955093 1.50 7518 1.08 5.20
4 pH 2 963618 0.62 7527 1.09 5.19
5 WL 1 956924 1.31 7533 1.08 5.22
6 WL 2 962219 0.76 7539 1.09 5.23
7 MP 1 66011 0.76 6711 1.12 4.92
8 MP 2 65594 1.38 6693 1.11 4.90
9 Impurity 1 pH 1 66213 0.45 6685 1.13 4.91
10 pH 2 65867 0.97 6692 1.11 4.89
11 WL 1 65736 1.17 6688 1.12 4.88
12 WL 2 66273 0.36 6676 1.10 4.95
13 MP 1 98577 0.05 4868 1.09 -
14 MP 2 97211 1.43 4891 1.08 -
15 Impurity 2 pH 1 98016 0.62 4873 1.09 -
16 pH 2 98258 0.37 4809 1.07 -
17 WL 1 97732 0.91 4833 1.09 -
18 WL 2 98558 0.07 4932 1.07 -
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Continuation of Table 5

S No Compound Change* Peak Area | % Change |Plate Count| Tail factor Resolution
19 MP 1 75860 0.78 9027 0.88 7.91
20 MP 2 75955 0.66 9063 0.89 7.95
21 Impurity 3 pH 1 75564 1.17 9012 0.88 7.93
22 pH 2 75722 0.96 9106 0.90 7.92
23 WL 1 75290 1.53 9089 0.91 7.95
24 WL 2 76155 0.40 9099 0.89 7.93

Note: * MP (mobile phase) 1: 50 mM ammonium acetate : methanol in 10:90 (v/v); MP 2: 50 mM ammonium ace-
tate : methanol in 25:75 (v/v); WL (wavelength) 1: 244 nm; WL 2: 234 nm; pH 1: 5.3; pH 2: 5.1.

Accuracy of the method was performed by spiked recovery at 50 %, 100 % and 150 % spiked levels of
target 30 pg/mL of darolutamide and 0.30 pg/mL of each impurity studied. An acceptable % recovery in
each analysis, % RSD in each spiked level was observed (Table 5) for darolutamide, impurities 1, 2 and 3.
This confirmed the accuracy of the method.

Table 5
Recovery results

S.No| Compound Recovery Concentration in pg/mL Amount found* | % recovered* | % RSD of
' Level Target | Spiked | Final Mean + SD Mean + SD Recovery
1 50 % 30 15 45 44.6794+0.237 | 99.2940.526 0.53
2 Darolutamide 100 % 30 30 60 59.604+0.177 99.34+0.295 0.30
3 150 % 30 45 75 74.105+£0.416 | 98.81+0.555 0.56
4 50 % 0.30 0.15 0.45 0.446+0.003 99.08+0.600 0.61
5 Impurity 1 100 % 0.30 0.30 0.60 0.597+0.002 99.42+0.303 0.30
6 150 % 0.30 0.45 0.75 0.739+0.002 98.52+0.330 0.34
7 50 % 0.30 0.15 0.45 0.446+0.002 99.14+0.499 0.50
8 Impurity 2 100 % 0.30 0.30 0.60 0.594:+0.003 98.98+0.555 0.56
9 150 % 0.30 0.45 0.75 0.740+0.001 98.61+0.147 0.15
10 50 % 0.30 0.15 0.45 0.447+0.002 99.32+0.398 0.40
11 Impurity 3 100 % 0.30 0.30 0.60 0.591+0.001 98.51+0.208 0.21
12 150 % 0.30 0.45 0.75 0.744+0.003 99.26+0.397 0.40

Note:*n = 3.

The stress degradation study confirms that in UV light degradation illustrates high percentage degrada-
tion followed by base degradation. In acid degradation, the % degradation of darolutamide was 8.59 % and
six degradation compounds were identified and retained at a retention time of 2.0, 5.4, 6.6, 7.5, 9.5, and
10.0 min. In this degradation study the impurity 2 was identified at a retention time of 4.6 min and the other
impurities studied were not detected (Fig. 3). In base degradation study, 9.03 % degradation was observed
for darolutamide. Also 5 degradation compounds were identified at a retention time of 3.5, 4.3, 5.6, 7.6 and
9.6 min. In this study, the impurity 2 was identified and retained at a retention time of 4.6 min (Fig. 4). The
% degradation of 7.85 % was observed in peroxide degradation study. Here five degradation compounds
were separated along with impurities 2 and 3 (Fig. 5). Among all the degradation conditions studied, a very
less % degradation of 6.91 % was observed in thermal degradation. In this condition, four degradation com-
pounds were identified and impurities 2 and 3 were also detected (Fig. 6). A very high % degradation of
9.57 % was observed in UV light degradation study. In this study impurity 3 was identified along with six
degradation compounds (Fig. 7). In all the stress degradations studied, the degradation compounds were well
resolved and retained in the developed method. There is no interference of the unknown degradation com-
pounds with the known impurities in the study as well as the standard darolutamide. This confirms that the
method is effectively separates the known impurities and unknown degradation compounds formed during
the stress study confirms the stability indicating nature of the method.
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Figure 3. Acid degradation chromatogram of darolutamide
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Figure 4. Base degradation chromatogram of darolutamide
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Figure 5. Peroxide degradation chromatogram of darolutamide
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Figure 6: Thermal degradation chromatogram of darolutamide
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Figure 7. UV light degradation chromatogram of darolutamide
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Figure 8. Formulation chromatogram of darolutamide
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The method developed in the present study is applied for the estimation of darolutamide, impurities 1, 2
and 3 in pharmaceutical formulation. The % assay in formulation sample was observed to be 98.58 %, 0.08,
0.24 and 0.12 % for darolutamide, impurities 1, 2 and 3 respectively. In the formulation chromatogram
(Fig. 8), the formulation excipients were not detected and the retention time of darolutamide and its impuri-
ties. The impurities were observed to be within the acceptable limit and prove that the method is applicable
for the routine analysis of darolutamide and its impurities.

Conclusion

A simple, novel, and robust analytical RP-HPLC method developed and satisfactorily validated the val-
idation parameters such as accuracy, ruggedness, robustness, and system suitability for the separation and
simultaneous quantification of darolutamide and its known impurities 1, 2, and 3. The method having a sen-
sitive linearity range of 0.15-0.90 pg/mL for impurities, as well as 15-90 pg/mL for darolutamide. Mean-
while, the method successfully separates the unknown degradation compounds formed during forced degra-
dation study along with known impurities. Hence, it can be concluded that the method is stable and suitable
for the separation and simultaneous quantification of darolutamide and its impurities in bulk drug, as well as
formulations.
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B.I'. Kamann, M. Cymxara, I'. Jlannana

JlapojiyraMu/1 nieH OHbIH (papMaleBTUKAJBIK MpenapaTrrapaarbl
KOCIHAJAPbIH 06J1y KOHE aHBIKTAY YILIiH KaHA CeHIM/I
AKTCX aaicin skacay »KoHe BaJUIANUAIAY

Makanana napoiyTaMu IeH oHbIH 1, 2, 3 KocTalapblH *eKe KyHiHe %oHe KOChUTbICTap/a Talaay IbIH jKaHa
cenimai K@-)KTCX opmici anram per yceiHbUaH. beniHy Typaktel ¢asa peringe Luna C18 (250 mm x
4,6 MM, 5 MKM) XoHE KbUDKbIMaNbl (a3za perinae 50 MM aMMOHHI aleTaThl epiTiHAICI MEH METaHOJIBIH
15:80 katpiHaceiHma (kemem/keneM) Phenomenex MyHapackinma icke aceippuiasl (pH = 5,2 xoHe arbiH
Keurmamasirel 1,0 mu/muH). YK asbikTay 239 HM TONKBIH Y3BIHABIFBIHAA OpbIHAANABL. OCH jKaFqaiiapnaa
JApOTyTaMuz TIeH OHBIH 1, 2 jkoHe 3-1i KOCHaJapblHBIH YCTally YakKbIThl colikecinme 7,05, 8,90, 4,63 sxoHe
5,95 wmmH Oonmpl. Omic OKyHemiK JKkapaMIObUIBIKKA, Taujay ayKbIMBIHA, JQIAIriHE, epeKIIeNiriHe,
TYPAKTBUIBIFBIHA JKOHE CEHIMALNIriHe Tekcepinai. MaxOypii AerpaganusHel 3epTTey TalAaHATHIH 3aTTh Oec
TYpJIl CTpecc jkarhaiiblHa YIIBIpaTy apKbUIBI XXYPri3iigi jKoHE JerpalalusHbIH OapiiblK JKarqaiinapbeiHaa
BIIBIpay %-bl 6TC TOMEH 00J/Ibl. Y CBIHBUTFAH SJIiC ASPLTIK 3aTThI XKSHE OHBIH (hapMalleBTHKAIBIK KypaMaarbl
KocTanapblH Oeiyre »xoHe OaralayFa MYMKIHIIK Oepeni. JKammel, 93ipJeHIeH dfic JapodyTaMUATI CaHIBIK
aHBIKTayFa XKapaMIbl eKeHi skoHe 1, 2 )oHe 3 Kocmanapasl 0eiyre, COHAAN-aK TangayFa MyMKIHIIK OepeTiHi
KOpCETUIIL.

Kinm ce3dep. maponytamua, Kocnanapzsl tannay, JKTCX omici, omicTi Banuaanusiay, BaluAams, MOKOYpIi
BIIBIPAY Bl 3€PTTEY, Kypamsl Tanaay, Nubeqa® imisgeri Kocrmauap/pl Tanaay.

B.I'. Kamanu, M. Cyxara, I'. Jlannana

Pa3paboTka u Banuaanusi HOBOro Hajae:;kHoro meroaa BOZKX
AJISl pa3fe/ieHus U onpeesieHUusi JapoJIyTaMU/Aa M ero npumecei
B (papManeBTHYECKHUX Mpenaparax

B crarbe BriepBrle mpeacTaBieH HOBBIN HagexHbit OD-BOXKX MeTox aHanm3a rapomyTaMuaa M €ro IpuMe-
ceit 1, 2, 3 B MHAMBHAyaJbHOM BHJE M B KOMIIO3MIMAX. Pa3nenenHue ObUIO JOCTHTHYTO Ha KOJIOHKE
Phenomenex ¢ Luna C18 (250 mm X 4,6 MM, 5 MKM) B KauecTBe CTallMOHAPHO# a3kl 1 pacTBopa 50 MM arie-
TaTa aMMOHUS : MeTaHoJla, cooTHomeHneM 15:80 (oObem/00beM) B kadecTBe mMoABIXHOH (asel (pH=5,2,
ckopocth notoka 1,0 Mi/mun). Y ®-1eTekTHpoBaHne OCYLIECTBISIOCh NPH JUTHHE BOJIHBI 239 HM. B aTHX yc-
JIOBUSX BpeMs yJIepKUBaHUs JapoidyTaMuzaa u ero npumecei 1, 2 u 3 cocrasmio 7,05, 8,90, 4,63 u 5,95 mun
COOTBETCTBEHHO. MeToz OBLI MPOBEPEH HA CUCTEMHYIO IIPUTOJHOCTD, JHAIa30H aHAIHN3a, TOUHOCTH, CIICIIH-
(uIHOCTH, CTAOMIBHOCTE M HAaAEXKHOCTB. MccnenqoBanue NpuHyANTENBHOM Jerpajaiuy IPOBOANIOCH ITyTEM
BO3JEHCTBUS Ha QHAINT ISTH PA3IMIHBIX CTPECCOBBIX YCIOBHH, M BO BCEX YCIOBUSX JETpajalliy MpPOIEHT
pasnokeHnst ObIT 04YeHb HU3KHUM. [IpesioxkeHHBII MEeTO/ MO3BOJISIET Pa3feNsATh U OLICHUBATH JIEKAPCTBCHHOE
CPEICTBO M €ro NnpuMecH B (apMaleBTHYECKHX cOcTaBax. B menoM, ObUIO MOKa3aHO, 4TO pa3paboTaHHBII
METO]] MOAXOAUT IS KOJTMIECTBEHHOTO ONPEAENICHNS JapoTyTaMU/ia U pas3/ielieHns] U aHajIu3a npumecei 1, 2
u 3.

Knioueguie crnosa: napoiayTaMuf, aHanu3 mpumeceil, pazpadotka meroga BOXX, nmposepka meTona, Banuaa-
1Hisl, UCCTIeI0BAHIE PHHYANTEIFHOTO PA3IoKeHNsI, aHAIM3 COCTaBa, aHanu3 npumeceii B Nubeqa®.
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Invariants of ratio of crystal-mobile, liquid-mobile,
and vaporized chaotized particles in solid, liquid, and gas states of substance

The authors of the article have developed the concept of chaotic particles based on the Boltzmann distribution
over the kinetic energy of the particles’ chaotic motion. This distribution allows to combine the solid, liquid,
and gaseous states of matter with the help of energetic particles called crystal-mobile, liquid-mobile, and va-
por-mobile. The ratio of the proportions of such randomized particles determines a certain state of matter ag-
gregation. The sum of the shares of these particles in all combinations at any temperature is equal to unity.
During the study it has identified that qualitative and quantitative analysis of states with a priority basic effect
of a randomized component of a substance can be conducted. Certain regularities of states were discovered,
independent of the specific type of substance and consistent with the physicochemical properties. The entropy
of mixing of all three energy classes of chaotic particles was calculated for simple substances. It was charac-
terized by a maximum in the interval of the boiling point of substances. This feature testifies to the unique va-
riety of possibilities for the implementation of the most complex heterogeneous processes in terrestrial condi-
tions at atmospheric pressure, which ultimately ensured the self-organization of life.

Keywords: Boltzmann distribution, kinetic energy, chaotic particles, entropy, zero approximation, barium,
melting point, boiling point.

Introduction

Until now, there is no sufficiently complete theory of the liquid state of matter, if only because, in con-
trast to the gaseous and solid states, there is no “zero approximation” for the intermediate state [1]. So, there
is no attraction or electronic repulsion of particles in an ideal gas, that is, the potential energy of their interac-
tion is neglected. In an ideal crystal, there are no violations in the correctness of the crystal lattice due to ne-
glect of the kinetic (thermal) energy of the chaotic motion of particles. If we understand the ideal liquid state
of matter as an intermediate one in terms of these neglections, then we get an absurd paradox: in an ideal lig-
uid, both potential and kinetic energy should be neglected.

Such a result is a consequence of a logical error, which is known in philosophy in the form of a state-
ment: any definition through negation is flawed. One should focus on the preservation of any feature or
property, and not on its absence. In this case, thermal energy turns out to be a single primordial property of
matter in all its states of aggregation, which should be taken as a zero approximation for the state of matter as
a whole, avoiding opposing one state of aggregation to another, which leads more to paradoxes than to un-
derstanding the essence of the matter.

The proposed zero approximation turns out to be constructive because there is a universal tool for its
use — the fundamental distribution, or energy spectrum of Boltzmann, which is also applicable to separately
taking into account the effect of kinetic energy on a given distribution not only for gaseous, but also for con-
centrated states [2]. In this case, it is sufficient to know the melting points T, and boiling points T, of the
substance in order to distinguish the energy classes of random particles located above or below these barriers
from the thermal barriers of melting RT,, and boiling RT,, and to judge their character of influence on the
solid, liquid, and gaseous states in the corresponding temperature intervals; 0 — T, Ty — Tp, Tp— 0.

The concept of chaotic particles put forward by the authors is based on this idea [3], which allows using
the Boltzmann distribution (E; is the kinetic energy):

E o &
P=e RT/Ze RT (1)
i=1

to determine the share of low-energy particles called crystal-mobile:
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RT T
P,,=1-exp| — [=1—exp| - |, 2
SRR ELIAPRE ®
the share of medium-energy particles called liquid-mobile:
T T
Pon =€Xp| - |—exp| —= |, 3
and the share of high-energy particles called vapor-mobile:
T
P =exp| —=|, 4
=e0 -2 @
subject to the condition
F>crm + qum + I::/m =1 (5)

This mathematical model is the “zero approximation” of all three aggregate states individually and as a
whole, since their shares are compatible at any temperature.

The purpose of this work is to qualitatively and quantitatively estimate the entropy invariants of mixing
of randomized particles using the Boltzmann distribution for simple substances.

Experimental

In this model, invariants of the Perm, Pigm, Pum ratios are immediately revealed under boundary tempera-
ture conditions. So, at T = 0, the share of crystal-mobile particles is equal to unity and, accordingly, the
shares of liquid and vapor-mobile particles are zero. This characterizes the solid state of matter in the form of
an ideal crystal. At T = o, only vapor-mobile particles exist and the state of matter corresponds to the con-
cept of an ideal gas. At the melting point, Pem = 0.632, and the sum Pygy + Pyn = 0.368. If we assume that
crystal-mobile particles provide the stability of the solid state of matter, and liquid and vapor-mobile ones
violate this stability, then the ratio 0.632:0.368 should be understood as the limiting invariant of the preserva-
tion of the solid state, related to the system-wide characteristics of stability. The golden ratio of 0.618:0.382
is the closest to this ratio, which serves as a universal measure of the structural harmony of the system, their
structural and chaotic sides in the widest class of objects [4, 5].

The same applies to the boiling point, with the difference that there is a transition from a condensed
state to a vapor state and the sum of the crystal-mobile and liquid-mobile particles is the binding component,
and the content of the vapor-mobile particles is chaotic. This follows from the fact that at 7 = T, P\, = 0.368,
and P¢p + Pigm = 0.632.

Knowledge of the specific values of T, and T, is required for a more detailed analysis of the
Perm:Pigm:Pum ratio at any temperature, although in the most general form, it is possible to establish its own
invariants for each state.

So, in the interval 0+Ty, the share of crystal-mobile particles changes from unity to P = 0.632, and
function (2) undergoes an inflection, further tending to zero at 7 — oo. This inflection is detected by double

differentiation (2)
82 I:>crm Tm Tm Tm

oT? Tg(z T jeXp( T ] ©)
from which, when equating to zero, in addition to the asymptotic approximation of function (2) to unity at
T — 0 and to zero 7' — oo, the position of the inflection point of this function is established at 7= 0.5T,. At
this point, there is a maximum decrease in crystal-mobile particles and, accordingly, an increase in the sum
of liquid- and vapor-mobile particles. In this case, the crystal retains high connectivity P, = 0.865, but turns
out to be noticeably loosened Py + Py = 0.135 and thus prone to plastic deformation and melting.

This is consistent with the well-known Bochvar-Tamman temperature, which refers to the optimal tem-
perature of plastic deformation T,y = 0.5T, and is either experimentally recorded or generalized on the basis
of a large number of experimental data [6]. At this temperature, diffusion in the lattice of the solid becomes
noticeable and its reactivity begins to manifest itself.

There are also more subtle features of the temperature dependence of the properties of a solid. Accord-
ing to Tamman, the mobility of particles on the crystal surface is found to be about 0.3Ty,. It has been also
found that at temperatures above 0.5T,, deformation is not accompanied by hardening and the metal flows at
a constant rate under a constant load, which is characterized as its creep. This is explained by the increased
role of vacancies, and the number of atoms in the inter-aisles, and indeed the entire set of defects in the crys-
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tal. The movement of defects occurs due to thermal fluctuations, the frequency of which always decreases
with decreasing temperature. It is noted that the region (0.4 + 0.8)T, is the most typical for creep [6, 7].

Thus, in addition to the optimal plasticity temperature 0.5Ty,, the zone of manifestation of plasticity ef-
fects (0.3 + 0.8)Ty, is also the empirical invariants of plasticity. In this case, the beginning of this zone can be
interpreted as an area of acceleration of these effects manifestation, and the end of the zone — as an area of
slowing down of this process. However, as applied to the temperature dependence of the share of crystal-
mobile particles (2), Eq. (6) takes on the meaning of the rate of decrease in the content of these particles.
This will allow it to be used to express acceleration by taking the third derivative

3
‘3;0;”‘ =T,T*(-6+6T,T 'T,°T" )exp(—TT—mj , (7)
in which, the asymptotic tendency of acceleration to zero at 7= 0 and T = oo, equating the trinomial to zero
leads to the quadratic equation

6T°—6T T+T ?=0, (8)
having two real roots
T (3+3
T.= ( o ) : 9

From this, within the framework of the chaotic particles concept, two extreme invariant points are
found, namely the maximum acceleration of the decrease in the share of crystal-mobile particles,

T, =(O.5—§JTm ~0.21T , (10)
and the minimum acceleration of the loss of these particles,
T, = (0.5+ %]Tm ~0.79T,, (11)

which correlate with the experimentally found plasticity zone (0.3+0.8) Tp,.

The obtained results allowed the authors to express for the first time the useful energy costs for plastic

deformation at any temperature in the form of an addition to the thermal energy at the melting point
AE =RT, -RT =R(T, -T) (12)
and determine the energy efficiency of rolling mills [7].

The temperature dependence of the share of vapor-mobile particles (4) mathematically corresponds to
the inverse mapping of dependence (2) for crystal-mobile particles, with the difference that the temperature
is normalized according to T,. Nevertheless during differentiation, the form of the derivatives differs only in
sign (the function increases instead of decreasing) while maintaining the same form of the invariants: inflec-

tion points at 0.5T,, T, :(0.5—\/§IG)Tb ~0.21T,, T, =(0.5+J§/6)z0.79Tb. However, if the range of in-

variants of crystal-mobile particles refers to the solid state, then a similar range for the gaseous state as a
whole enters the condensed state with a possible strike even in a solid in dependence on the specific ratio of
Ty and Ty, for each substance.

It can be expected that the revealed features for the behavior of vapor-mobile particles directly relate to
the temperature dependences of vapor in equilibrium with a solid and a liquid, as well as to some subtle ef-
fects of the presence of vapor-mobile particles in the condensed bodies themselves, since the invariant at T,
0.5T, and T, correspond small fractional values P,y equal to: 0.086; 0.135 and 0.282, against those set for
crystal-mobile particles: 0.992; 0.865 and 0.718.

The mathematical model for liquid-mobile particles (3) is determined by the influence of both the melt-
ing and boiling points, and therefore, taking into account the opposite nature of the corresponding tempera-
ture dependences for crystal-mobile and vapor-mobile particles, it should contain a maximum. It can be
found analytically by differentiating function (3) and equating the derivative to zero:

dP, 1
qu :F[Tm exp(-T, /T)-T,exp(-T,/T)|=0, (13)
whence we found, in addition to the horizontal asymptotes at 7= 0 and 7 = oo, also the maximum point Pqm

T,-T,
T =—b m 14
max,lgm In (Tb /Tm) ( )
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Substituting (14) into (3), we determine the maximum share of liquid-mobile particles

T,In T T, In T
P =exp Tn exp T
lgm, max Tb —T Tb —T

m m

For any ratio of T, and Ty, this invariant of liquid-mobile particles is entirely in a liquid state, and this

o . i T,
can be proved by limiting oneself to the natural conditions T, > T, and, accordingly, _I_—b >1.

m

To this end, we first prove the inequality T . o > Ty,
ﬁ >T. . (15)
In(T, /T,)
By means of identical transformations (15), we arrive at the expression
T >1+In T , (16)
Tm Tm

T
from which it follows that since In_lT—b >0, then [1+ In T—b] >1 and then Ty, > T, in accordance with the ini-

m m

tial conditions.

Toprove that T ., <T,
T,-T
—— 0 _<T, 17
In(T/T,) ° an
by similar identical transformations (17) is reduced to the inequality
T _ InT—m >1. (18)
Tb Tb
o . T, . o T T, T, T,
Taking into account that for the region 0<T—<1 the inequalities T >In-=" and =™ <|In="{, the va-
b b b b b

lidity of inequality (18) follows, which is confirmed by its numerical analysis.

Belonging to the extreme content of liquid-mobile particles indicates its particular complexity, which,
together with the present crystal-mobile and vapor-mobile particles in the same area, gives rise to widespread
ideas about its mechanical mixture of solid and gaseous states [1]. However, the discussed extremality (14)
does not at all refer to the equality of the shares of crystal-mobile and vapor-mobile particles, but to the alge-
braic equality of their increments.

Results and Discussion

All the noted features can be illustrated more clearly by the example of the relationship of aggregate
states for barium — a typical metal of the second group of the Periodic Table of Chemical Elements (Fig. 1).

Figure 1 illustrates that the equality of the shares of crm- and vm- particles falls almost strictly at the
boiling point. If we set it into the equation of equality of the shares of crystal-mobile (2) and vapor-mobile
particles (4),

T T,
1-exp| —-2 [=exp| —= |, 19
then we get the solution
T
M —_|n(1-e™)=0.46, 20
- infi-e) @
whence follows
T, =0.46T, . (21)
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Figure 1. Dependence of the shares of crystal-mobile (1), liquid-mobile (2),
and vapor-mobile (3) particles on temperature for barium

This value is consistent with the average value of the T,/T,, ratio, established for 55 metals and equal to
2.2 [7], from which T, = 0,44T, has been found. This indicates a certain regularity in referring the equality of
the shares of crm- and vm- particles to the boiling point.

The equality of shares, and hence the probability of detecting any signs of distinguishability of any ob-
jects, has a deeper meaning, which is associated with the achievement of the maximum uncertainty, or the
system entropy [8-10, 5]. From this point of view, attention is drawn to the proximity of the shares of crm,
Igm- and vm- particles referred to the boiling point. In this case, according to (2)-(5) at T = T, the ratio
Perm:Pigm:Pun = 0.37:0.37:0.26 is obtained. Full equality of the shares of these particles can be achieved by
the condition P¢my = Pigm = Pym = 1/3, which allows us to find the necessary invariant relation by (4)

%: exp(-T, /T). (22)

In this ideal case, the temperature of the substance should be equal to T =(T, /In3) = 0.91T, , which con-

firms its proximity to the boiling point.

The required T,/T,, ratio (22) under real conditions can be observed only under suitable conditions,
since the boiling point strongly depends on the external pressure, which is 101325 Pa on the Earth’s surface
and taken as normal conditions. The melting point depends on the external pressure to a much lesser extent,
and therefore, the T,/T, ratio can vary over a wide range, both natural and artificial.

The ratio of the shares of crystal-mobile, liquid-mobile, and vapor-mobile particles at any temperature
can be expressed generally in the form of the entropy of mixing of these particles in accordance with their
virtual existence and interconversion

Smi>< = _Rzpi In Pi s (23)
1

where p; is the proportion of different elements of the system to be mixed, n is their number, R is the univer-
sal gas constant equal to 8.314472 J/mol, when the process is expressed in terms of physical entropy. It can
be presented in the form of

InP

lgm

s.=—R(P InP, +P

mix crm crm Igm

+Py,InR, ), (24)
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or in more detail, taking into account (2)—(5) as

oo o ool 2

Smix =-R ) (25)
cnjoo{ =)ol |- )e
T T T T

It is enough to differentiate (25) and equate the derivative to zero to find the temperature, at which the
maximum entropy is realized. It seems impossible to analytically determine the position of this maximum
due to the difficulty of freeing the temperature from the resulting transcendental equations; therefore, this
temperature T, was determined numerically for all metals, for which reference data are available [11].

Smax
In general, the formation of the function maximum (24) is necessary, since these functions take zero
values both at T=0and at T — o due to the presence of only one kind of particles at this value, respectively
P..=1 and P, =1, due to which all fragments of equation (24) are zeroed both by the condition 1In1=0
and by the condition 0In0=0-(—)-0.
The results of calculating the entropy of mixing of three energy classes of chaotic particles are shown
by the example of barium in Table 1 and Figure 2.
Table 1

Entropy of mixing of crm-, lgm- and vm-particles depending on temperature for barium

T, K Six, J/mol 7, K Spix, J/mol 7, K Smix, J/mMol 7, K Spix, J/mMol
0 0 800 6.270 1600 8.824 2300 9.016
100 421073 900 6.871 1700 8.912 2400 8.989
200 0.387 T,=1000 7.364 1800 8.974 2500 8.954
300 1.309 1100 7.764 1900 9.014 2600 8.914
400 2.503 1200 8.086 2000 9.036 2700 8.867
500 3.650 1300 8.344 2100 9.041 2800 8.816
600 4,672 1400 8.547 T,=2170 9.038 2900 8.762
700 5.542 1500 8.704 2200 9.034 3000 8.705
Smixs J / mol
10 ¢
9 B ; ; e ——
8 L
| :
6 |
[
5t N
[
it .
;| |
2 L
[
't .
0 1 1 1 1 1 : : 1 1
0 400 800 1200 1600 /2000 2400 2800
Tm Smix,max Tb T’ K

Figure 2. Dependence of the entropy of mixing of three energy classes of randomized particles
on the barium temperature. Melting points, boiling points, and maximum entropy of mixing are indicated
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As can be seen from these data, the region of the maximum entropy of mixing is expressed rather
smoothly, adjacent directly to the boiling point of barium with a value of 9.041 J/mol at a temperature of
2090 K, which is 0.963T,. In this case, the difference between the values of the entropy of mixing themselves

S
is even smaller: at Ty, Smix = 9.038 J/mol, which ensures the ratio — =% = 0.99967.
Similar results were obtained for 54 metals according to reference data for Ty, and T, [12], which made
it possible to plot the dependence of the temperature, at which the maximum entropy of mixing was reached
on the boiling point (Fig. 3).

Smix,max’
6000 e
4000 .2
2000 r . ': s
° O
0 1 1 1
0 2000 4000 6000 Tn K
T, ixmax 1S temperature of the maximum entropy of mixing, Ty is boiling temperature.

Points — calculation according to reference data [12] through T, and T, according to (24),
straight line — according to the dependence

Figure 3. Dependence of the temperature of the maximum entropy of randomized particles mixing
on the metals boiling point

In this case, a straight-line dependence was obtained, starting from the origin of coordinates:
Ts  =0.9947T,, (26)

indicative of the functional nature of this dependence. It is retained when supplemented with reference data
for other simple substances. However, considering the dependence of the boiling point on atmospheric pres-
sure, the resulting invariant applies only to terrestrial conditions, although this limitation is of extremely
great evolutionary significance.

Indeed, in this case, the maximum entropy for the joint presence and mixing of crystal-mobile, liquid,
and vapor-mobile particles creates unique conditions for the realization likelihood of the widest variety of
heterogeneous processes occurring on the Earth’s surface, primarily with the participation of volcanic pro-
cesses with the eruption of liquid lava, geysers, dust and gas clouds both on the land surface and into the at-
mosphere as well as into the oceans depths. Isn’t it this ideal chaotization of solid, liquid, and gaseous states
of matter and their mutual penetration into each other in the form of three energy classes of chaotic particles
due to the extremely small probability of self-organization of life on Earth?

Conclusions

As a “zero approximation” for the solid, liquid, and gaseous states of matter as a whole, it is proposed
to use a unified Boltzmann distribution over the kinetic energy of chaotic (thermal) particle motion with the
allocation of three energy classes, specifically crystal-mobile with thermal energy no higher than RTy,; liquid-
mobile with energies above RT.,, but below RT,; vapor-mobile with an energy of at least RTy. The sum of the
shares of these particles in all combinations at any temperature is equal to unity.

The ratio of the shares of crm-, Igm and vm-particles determines the originality of each state of matter
and their relationship as a whole, which can be regarded as a generalization of the previously known scat-
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tered “zero approximations”. At the same time, it is possible to carry out not only a qualitative, but also a
guantitative analysis of states with a priority basic effect of a randomized component of a substance.

Such an analysis revealed certain invariants of states, independent of the specific type of substance and
consistent with the physicochemical properties. So, at T = 0, the substance is provided only by crystal-mobile
particles, which corresponds to the concept of an ideal crystal, and at T — oo, only vapor-mobile particles
remain, and this is consistent with the concept of an ideal gas. At melting points T, and boiling points Ty, the
shares of particles responsible for the structural stability of the states, respectively, solid and condensed, are
close to the golden ratio. Differential analysis of the temperature dependence of the share of crystal-mobile
particles established an inflection point equal to 0.5T,, and corresponding to the optimal temperature of plas-
tic deformation of Bochvar-Tamman, as well as the range of plasticity effects manifestation (0.3-0.8)Ty,, ana-
lytically determined on the basis of the same dependence. The temperature dependence of the share of liquid-
mobile particles analytically reveals a maximum in the range of the liquid state, which indicates the com-
plexity of this state under the influence of the opposite effect of the dependence for crystal-mobile and va-
por-mobile particles [13].

The entropy of mixing of all three energy classes of chaotic particles is characterized by a maximum in
the area of the substances boiling point, which indicates a unique variety of possibilities for the implementa-
tion of the most complex heterogeneous processes under terrestrial conditions at atmospheric pressure, which
ultimately ensured the self-organization of life.

This invariant is illustrated, like all of the above, using barium as an example. The relationship between
the maximum entropy of mixing of crm-, lgm- and vm-particles with the boiling point is established for sim-
ple substances and is highly adequate.
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B.I1. Mansmmes, A.M. Makamesa, JI.A. bekbaeBa

3aTTBIH KaTThl, CYHBIK KOHE a3 TOPI3Ai KyliHAeri KpUCTAJLI KO3FAJIATbIH,
CYHBIK KO3FAJIATHIH KoHe 0y KO3FAJIaThIH peTci3 06 IeKTepaAin
apaKaTbIHACHIHbIH HHBAPUAHTTAPBI

Maxkana aBTopiapsl bosbiMaH OeJLEKTepiHIH XAOTHUKAJBIK KO3FAIBICHIHBIH KHHCTHKAJIBIK 3HEPrHACHI
OOHBIHIIIA TapayblHA HETI3AEIreH peTci3 OemmeKTep TYKbIphIMAaMachIH jkacarad. by Oery 3aTThIH KaTThI,
CYHBIK JKOHE Ta3 TOPi3/i KYIIepiH KpUCTaIUT KO3FANIaThIH, CYIbIK JKoHe Oy KO3FaJIaThIH JICTl aTalaThiH SHEPTHs
OemmekTepiMeH OipikTipyre MYMKiHmIK Oepenmi. MyHpmaii perci3 OemmeKkTepHiH YJeCTepiHiH KaThIHACH
3aTThIH Oenrini 6ip arperaTTsk KYHiH aHbIKTaiapl. Ke3 kenreH Temneparypaa 6apiblK KOMOWHAIMSIIApJaFsl
OCHI OeNIIeKTep/IiH YIecTepiHiH KOCBIHABICH Oipre TeH. 3epTTeyiep 3aTThIH XaOTHKAJIBIK KypaMBIHBIH 0achIM
HeTi3ri acepiMeH Kyiiepre camajibl KHE CaHJABIK Taulay >Kyprizyre OONaTBIHIBIFBIH KOPCETTi. 3aTThIH
Oenrimi Gip TypiHE Toyelnci3 jkoHe (PHU3HMKa-XUMUSIIBIK KaCHETTePiHE CoKec KeNeTiH KyiuiepaiH Oenrimi Oip
3aHABUTBIKTaphl TaObUIABL. KapamaifbiM 3aTTap YIIiH Xa0THKAJBIK O6IIeKTepaiH OapibIK YII SHEPreTHKAIIBIK
KJIAChIHBIH JKBUDKY OBHTpomusichl ecentenai. O 3aTTapAplH  KailHQy —TeMmepaTypachl —aiiMarblHza
MaKCUMyMMEH CHIaTTanafbl. Byl MYMKiHAIK aTMocepanblk KbICHIM Ke3iHIE JXep JKaraailblHIarbl eH
KYpZeTi TeTeporeHai MpoIecTepAi Ky3ere acelpy YIIIH MYMKIHIIKTEpAiH epeKIle SPTYPIUIriH KOpceTKeH,
HOTIDKECIH/IE OCBI MYMKIHAIKTEpPMEH ©3/[iriHeH YHBIMIACTHIPEIIATHIH OMIpAi KaMTaMackl3 eTei.

Kinm ce30ep: BONbIMaHHBIH Tapalybl, KHHETHKAJBIK JHEPIHS, PETCi3 OOMNIIeKTep, SHTPOMHS, HONIIK
KakpIHIay, Oapuii, 0aNKy TeMIepaTypachl, KaifHay TeMIepaTypachl.

B.I1. Mansies, A.M. Makamesa, JI.A. bexOaeBa

NHuBapuaHThl COOTHOIIEHNH KPUCTALIONOABUKHBIX, "KUIKOMOABUKHBIX
U MAPONOJABUKHBIX Xa0TH3UPOBAHHBIX YACTHII B TBEPAOM, KUTKOM
U ra3o00pa3HOM COCTOSIHMSIX BellecTBa

ABTOpaMH cTaThM pa3pa0oTaHa KOHIENIMS XAOTH3WPOBAaHHBIX YaCTHI], OCHOBaHHAs Ha paclpeleleHun
BbonbiMaHa 0 KUHETHUYECKOI HEPIUU Xa0TUUECKOT o ABMKEHUs yacTull. JlaHHOe pacrpeiesieHue 03BoJIseT
00BETMHUTH TBEPJOE, KHUIKOE U Ta3000pa3sHOE COCTOSHUS BELIECTBA C ITOMOIIbIO SHEPTeTHUECKUX YacTHIl,
Ha3BaHHBIX KPUCTAJIIONOABHXHBIMH, KUIKOIIOABHKHBIMU U MApONOIBIKHBIMU. COOTHOILIEHHE A0JIEH TaKuX
XaO0THU3UPOBAHHBIX YaCTHI] OIPEeIsIeT arperaTHoe CocTosHAe BemtecTBa. CyMMa oJel 3THX JacTHUI] BO BCEX
COYeTaHHAX MpH M000H TeMmIepaTtype paBHa eauHuIe. VcciaenoBaHus MOKa3all, YTO MOXHO IMPOBOAUTH Ka-
YECTBEHHBIH M KOJMYECTBEHHBIN aHAIN3 COCTOSHUH C IIPHOPUTETHBIM 0a30BBIM BIIMSIHUEM XaOTH3UPOBAHHON
COCTaBJISIONIEH BemiecTBa. bpimm 0OHApy>KeHBI Onpe ieNIeHHbIe 3aKOHOMEPHOCTH COCTOSTHHI, He3aBHCHUMBIE OT
KOHKPETHOTO BHJIa BEIIECTBA M COTJIACyIOIHecs ¢ GU3NKO-XUMHUYECKUMH cBoiicTBamu. Kpome Toro, aBTopa-
MH pacCUMTaHa 3HTPONHUS CMEIICHHs BCEX TPEX 3HEPreTUYECKUX KJIACCOB XAOTHU3HPOBAaHHBIX YACTHI[ AJIS
npocThIX BemiecTB. OHa XapaKTepH3yeTcsi MAaKCHMyMOM B O0JIACTH TOYKH KHIICHHSI BEIIECTB. DTa OCOOCH-
HOCTb CBHJETEIBCTBYET 00 YHUKAJIBHOM Pa3HOOOpa3Hu BOSMOXHOCTEH ISl peaM3aliii CIIOXKHEHIINX rere-
POTEHHBIX MPOIECCOB B 3EMHBIX YCIOBHAX HMPH aTMOC(HEPHOM JaBIECHUH, KOTOPBHIMU, B KOHEUYHOM HTOTE,
obecreynnach CaMOOPTraHU3aNus KUZHH.

Kniouesvie cnosa: pactipenenenne bonbpiMana, KHHETHYECKast SHEPTHS, XaOTU3UPOBAHHBIE YACTHUIBI, SHTPO-
v, HyJIeBOE NpUOIIKeHne, Oapuii, TeMIrepaTypa IIaBIeHHs, TeMIIepaTypa KAIICHHUSL.
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Acid dissolution of neodymium magnet Nd-Fe-B in different conditions

The separation of rare-earth elements (REE) from a neodymium magnet has been widely studied last year.
During the research it was identified that the waste of computer hard disk contains 25.41 % neodymium,
64.09 % iron, and <<1 % boron. To further isolate rare-earth metals, the magnet was acidically dissolved in
open and closed systems. In both methods of dissolution, concentrated nitric acid was used. The difference
between these methods is the conditions of dissolution of magnet. The magnet was dissolved in a microwave
sample preparation system at different temperatures and pressures in a closed system. In the open system, the
acid dissolution of the magnet is conducted at room temperature. 0.2 g of the neodymium magnet sample was
taken under two conditions, and the dissolution process in the closed system lasted 1 hour, and in the open
system 30-40 minutes. The open system is a non-laborious, simple, and cheap method of dissolving the mag-
net by comparing both systems. Therefore, an open sample preparation system is used for further work. To
remove the iron in the magnet, oxalic acid was used and REEs are precipitated as oxalates under both condi-
tions. According to the result of the Inductively coupled plasma mass spectrometry (ICP-MS) method, it was
identified that the neodymium and iron contents in the precipitate are 24.66 % and 0.06 %, respectively. This
shows that the iron has almost completely passed to the filtrate.

Keywords: acid dissolution, neodymium magnet, rare-earth metals, neodymium, praseodymium, dysprosium,
open system, microwave sample preparation system, ICP-MS analysis.

Introduction

Currently, rare-earth metals are widely used in electronic devices and equipment and their production is
constantly growing. For example, neodymium magnet NdFeB from computer hard disk HDD, LiH lithium
hydride batteries, fluorescent lamps, etc. At this rate of growth of electronic equipment with REE, the
amount of electronic waste will increase. As a result, every year a large amount of waste from REE is re-
leased into the environment. According to the United Nations Global Monitoring Organization, in 2019, the
global volume of electronic wastes reached 53.6 million tons [1]. This creates serious environmental and
economic problems. The separation of metals and REE from electronic wastes reduces environmental prob-
lems and helps the development of waste-free production. At the same time, it is important to effectively
separate REE. The dissolution of neodymium magnets and the separation of rare-earth metals from them are
considered in the following works [2-6].

In [7], the demagnetization of a neodymium magnet in the temperature range of 300-400 °C with dif-
ferent holding times in a muffle furnace is considered. The optimal time is 30 minutes at a temperature of
350°C. The dissolution is carried out with organic acids, such as malic and citric. The best values of the pa-
rameters were observed at a temperature of 90 °C at a concentration of 1.0 M and a ratio of 1: 20 for both
organic acids. The content of elements was determined by X-ray fluorescence analysis in the calcined and
non-calcined form of magnetic powder, which is 66.69 % and 58.5 % iron, 25.19 % and 32.36 % neodymi-
um, respectively.

In [8], rare-earth metals are deposited as oxalates. After thermal decomposition of oxalates, rare-earth
metal oxides were obtained. Neodymium was separated by electrochemical method.
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For the acid dissolution of the magnet, different acids and mixtures, such as nitric, hydrochloric, sulfu-
ric, hydrogen fluoride, “Aqua regia” are used. In this work, concentrated nitric acid was applied. In concen-
trated HNO; (in small volumes), the magnet alloy was completely dissolved.

The main purpose of this work is to study and determine the optimal method for dissolving a neodymi-
um magnet under various conditions and effectively removing iron — a macronutrient in the magnet. Acid
dissolution is used to separate REE from the magnet and, also, it was conducted a comparative analysis with
other works.

Experimental

Reagents

The following reagents were used for the experiment: nitric acid HNO; (67 %), oxalic acid (purity,
99.6 %), neodymium magnet Nd-Fe-B taken from a computer hard disk.

Apparatus

The following instruments were applied for sample preparation and analysis: ICP-MS inductively cou-
pled plasma mass spectrometry (Agilent 7500a, USA), muffle furnace (SNOL 7,2/1300, Lithuania), analyti-
cal scales (Acculab, ALC-210.4, Germany), microwave sample preparation system (Speedwave four
“Berghof”, Germany), X-Ray Diffractometer (DRON -4-07, Russia).

Material preparation. Demagnetization

Neodymium magnet Nd-Fe-B from the computer hard disk is provided by the company “Taza
Alemdik” LLP (Kazakhstan), which is engaged in the disposal of electronic waste. Several stages of sample
preparation were carried out:

1) Removing the magnet from the hard disk drive (HDD);

2) Cleaning the nickel shell of the magnet;

3) Demagnetization of the sample in the muffle furnace;

4) Grinding the sample to a homogeneous mass.

After removing the nickel shell, the sample is ready for demagnetization. Demagnetization was carried
out by heating at 750 °C in a muffle furnace (SNOL 7,2/1300, Lithuania) for 1 hour. The demagnetized sam-
ple is ground to a homogeneous mass.

Acid dissolution of a neodymium magnet in a closed system

The sample was decomposed in a closed system in an autoclave (Speedwave four “Berghof”, Germa-
ny). Concentrated nitric acid (acid concentration of 15 M) is added to the sample. The decomposition process
in HNO3z must be carried out until the ending of the NO, release. Then the samples were placed in an auto-
clave at different temperatures and pressures (at 100 °C, p=3 MPa, t=10 min; 160 °C, p=2 MPa,
1 =10 min and cooled at 50 °C, p = 2 MPa, T = 10 min). After dissolution, the samples were cooled at room
temperature and diluted with distilled water, and semi-quantitative analysis was performed using ICP-MS to
determine the chemical composition of the sample. The total time for dissolving the magnet in the autoclave
is 1 hour.

Acid dissolution of a neodymium magnet in an opened system

The 0.2 g magnet sample was dissolved in concentrated nitric acid at room temperature. When the
magnet is dissolved, NO; is released, so the process must be carried out until the gas is released. After that,
the magnet solution is diluted with distilled water (NO is released). Semi-quantitative analysis was per-
formed using the ICP-MS method. The total time to dissolve the magnet is 30-40 minutes.

Precipitation of rare-earth metals and iron removal

In both methods, a saturated solution of oxalic acid was added to the resulting neodymium magnet solu-
tion. REE is deposited as oxalates. The precipitate was filtered through a paper filter “blue ribbon filter” and
after 2 hours the filtrate was checked for the presence of Fe**, Fe** cations. Both forms of iron ions were pre-
sent in the filtrate. The precipitate was then calcined in a platinum crucible at 650 °C for 40 minutes. The
resulting precipitate was dissolved in concentrated nitric acid, and a pale lilac solution was obtained. The
composition of the resulting solution was analyzed by inductively coupled plasma mass spectrometry. The
operation parameters of the ICP-MS 7500 are as follows: the carrier gas flow rate is 0.82 L/min, the plasma
gas flow rate is 0.17 L/min, the signal integration time is 0.1 s, and the high-frequency signal power is 1450
W. Figure 1 shows the scheme of dissolution in the open and closed systems and the removal of iron in a
neodymium magnet sample.
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Figure 1. Scheme of acid dissolution and removal of iron in a neodymium magnet sample

CHEMISTRY Series. No. 4(104)/2021 81



A.G. Ismailova, G.Zh. Akanova, D.Kh. Kamysbayev

Results and Discussion

In this paper, the dissolution of a neodymium magnet have been carried out in an open and closed sys-
tem. The neodymium magnet was dissolved in nitric acid (Eq. (1)). Then a semi-quantitative analysis was
performed using the ICP-MS method. The result showed that for further analysis is necessary to select ele-
ments with concentration values are significantly higher than those of other elements: iron, neodymium, pra-
seodymium, dysprosium, and nickel. The concentration of boron is insignificant, but the neodymium magnet
contains boron, and therefore, in the literature the formula of the neodymium magnet is written in the form of
NdFeB.

Table 1
Advantages and disadvantages of open and closed dissolution systems
Open system of dissolution Closed system of dissolution
Advantages Disadvantages Advantages Disadvantages
—simple; —non-modern — modern —high temperature;
— safety; — energy-intensive;
— not time-consuming; — complex equipment;
— non-energy-intensive; —explosive;
— cheap — limited sample weight;
— time-consuming;
— restrictions on the choice of
acid for dissolution

Table 1 describes the comparative characteristics of open and closed dissolution systems. It is illustrated
that an open system is more efficient than a closed one, since they have many advantages. Therefore, an open
system for dissolving a neodymium magnet was chosen for further research. A closed system has many dis-
advantages and limitations, such as sample weight limitations and restrictions on the use of different acids. In
a closed system, an explosion can occur at high temperatures, even at low pressures. Therefore, this method
is more complex than the open system.

Nevertheless, in a closed system, the neodymium magnet decomposes faster than in an open system,
because in a closed system, the neodymium magnet solution is heated in an autoclave to 160 °C. This con-
tributes to the rapid dissolution of the magnet.

In this paper, we considered a sample of a single neodymium magnet, with an average weight of 3.86 g,
and 0.2 g of the sample was taken from this magnet for analysis. The magnet contains several rare-earth met-
als. However, the concentration of neodymium, praseodymium, and dysprosium is much higher than that of
other rare-earth metals.
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Figure 2. Composition of precipitate REE with X-Ray phase analysis
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Table 2 demonstrates the comparative results of the analysis of the precipitate of REE after dissolution
with nitric acid and the addition of oxalic acid (element concentrations in %). As can be seen from Table 2,
the concentration of iron after acid dissolution was 2 times greater than that of neodymium. Therefore, it is
necessary to remove the Fe in the sample. It is important to note the possibility of separating REE from iron
ions by precipitation in the form of oxalates (Eg. (2)), and this helps to get rid of iron for further REE isola-
tion. Iron (111) passes into solution, and Fe?* in an acidic medium is oxidized to Fe** (Eq. (6)). Therefore, al-
most all of the iron passes into the filtrate. The composition of the precipitate is only 0.06 % Fe (Table 2).
This proves that the iron was almost completely removed. Figure 2 indicates the content of REE sediment in
X-Ray phase analysis. This shows the main composition of the precipitate of REE consists of neodymium
oxide (praseodymium oxide together) and iron oxide in a small amount. Reflexes of neodymium and praseo-
dymium oxides are the same.

Table 2
Results of the analysis of acid dissolution of neodymium magnet and REE precipitate
Element Acid dissolution of magnet Precipitate of REE, HNOg, %
(opened and closed systems), HNO3z, % (after removing macro- and microelements)
Nd 25.41 24.66
Pr 6.28 5.96
Dy 2.53 2.4
Fe 64.09 0.06
Ni 1.2 0
B 2.6x10” 2.6x10°
Other elements 0.5 -

It should be recalled that Table 2 illustrates the concentrations of elements after the decomposition of
0.2 g of the magnet. The analysis was conducted in an open and closed system 3 times, the table shows the
average values of the concentrations of elements. The concentrations of neodymium, praseodymium, and
dysprosium were almost the same in open and closed systems. After acid dissolution of the magnet, the con-
centration of iron was 2.5 times greater than that of neodymium. And after the addition of oxalic acid, the
iron content was negligible, and nickel was also present in negligible amounts or absent. The boron content
was low and the concentration was the same in both conditions. The result of the analysis with ICP-MS
pointed out the concentration of REE in the precipitate which almost did not change after dissolution with
nitric acid, as in the initial solution.

Table 3 shows the comparative composition of a neodymium magnet dissolved under different condi-
tions in comparison with the works of other authors. According to the work [6], the content of the main ele-
ments (neodymium, iron, and boron) in the composition of magnet waste, three groups can be distinguished:
waste with a low content of REE (REE < 20 %), waste with an average content of REE (REE about 20-
30 %), and waste with a high content of REE (REE > 30 %). Table 3 designates the content of magnet waste
with average concentrations of REE and it can be seen nitric acid and “aqua regia” are often used to dissolve
the magnet.

Table 3

Comparative contents of main elements (%) of neodymium magnet NdFeB in this work and other data [6]

Ne Condition of magnet dissolution ® (Nd), % o (Fe),% | o (B),% References
A) Acid dissolution of neodymium magnet (in

1 |opened and closed systems) 67 % HNO; 2541 64.09 =<1 In this work
B) 67 % HNO;, precipitation with H,C,04-2H,0 24.66 0.06 <<1

2 |Dissolution in “aqua regia” and 0.5M HNO; 25.38 61.09 1.00 [9]
Dissolution in HCI:HNO3:H,0 (1:1:1) and precipi-
Dissolution in 0.1M H,SO,50 °C/“aqua regia”, and

4 precipitation with H,C,0,4-2H,0 19.40 66.30 0.96 [11]
Dissolution in 65 % HNO; at 80 °C, 72 hour; and

S precipitated iron (11) with 35 % H,0, at 40 °C 25.95 58.16 1.00 [12]
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The chemical reactions of all processes are shown below:

NdFeB + 2HNO; + 2H,0 — Nd** + NO; + Fe** (Fe*") + BO;* + NO, + 6H* (1)
2Nd** + 3H,C,04 — Ndy(C,04)s + 6H" (2)
Nd2(C20,)3-nH,0 — Nd,03+ 3CO, + 3CO + nH,0 (3)
(REE)»(C,04)3-nH,0 — (REE),0;3+ 3CO, + 3CO + nH,0 (4)

here, REE — rare-earth elements
Fe?*—e — Fe** (5)

Eq. (3) and (4) illustrate the decomposition of oxalates. The decomposition products were oxides of ra-
re-earth metals and iron (I1) oxide. In the initial solution of the magnet, iron Fe?" is oxidized to Fe** (Eq. (5)).
Most of the iron passes into the filtrate. The effective use of the filtrate can be described as follows.

For waste-free production, it is to use a filtrate separated from the REE precipitate. In the filtrate, iron
ions Fe** are present in large quantities, so it is necessary to isolate iron in an effective way. For this purpose,
an ion exchange reaction with an ammonia solution was carried out:

Fe**+3NH,OH — Fe(OH)s+3NH," (6)

The resulting iron (I11) hydroxide precipitate was subjected to thermal decomposition and iron (111) ox-
ide was formed at 500 °C (Eq. (7)) (thermogravimetric analysis (TGA)).

2Fe(OH); — Fe,0O3+ 3H,0 @)
The further task of this work is to effectively isolate rare-earth metals such as neodymium, dysprosium,

and praseodymium from the matrix by extraction and sorption methods, and to consider the possibility of
isolating other metals contained in significant amounts (iron, nickel, etc.).

Conclusions

The comparative acid dissolution of the NdFeB neodymium magnet alloy under open and closed condi-
tions have been considered. To remove iron, REE was precipitated in the form of oxalates, in an acidic me-
dium, iron (1) passed into iron (I11). Therefore, iron in the composition of the REE precipitate is contained in
a small amount, which contributes to the effective separation of REE from the magnet alloy. This method is
simple and can be effectively used in production, in which a large amount of neodymium magnet can be dis-
solved, given the waste-free technology. The scheme of dissolving a neodymium magnet in an open system
is very simple, not labor-intensive, and safer than in a closed system. It can be concluded that the open sys-
tem of dissolution of neodymium magnet is effective in production for the separation of not only REE, but
also other metals, such as iron, nickel, etc. Therefore, it is more effective to perform the dissolution in open
conditions.
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A.T'. Ucmamnoga, I'.)K. Akanosa, JI.X. KambicOacB

opryp.i xkarnaiina Nd-Fe-B Heoqumai MarHuTTI KbIIIKBLIBIK epiTy

CoHFBl yakpITTa HEOOUMII MAarHUTTEH cHuperokep siaeMeHTTepiH (CXKD) Oeminm amy KeHIHEH 3epTTemyne.
Kangeik marsutTiH KypambiHga 25,41 % neomuMm, 64,09 % Temip sxoHe <<l % OGop Oap. Cuperxep
MeTaJIIapbIH 9pi Kapaii 0eiy YIIiH MarHWUTTI alIbIK XKSHE »aObIK JKyieae KbIIIKBUIABIK epiTy xyprizingi. Exi
)Karqaiia Ja epiTyre KOHLEHTpJI a30T KBIIKbUIBI KOJNAAaHBULABL EKi SmICTIH aibIpMallIbUIBIFBI MarHHUTTI
epiTy karaainapbiaaa. XKaObIK jKyiieie MarHUTTI epiTy MUKPOTOJIKBIH/IBI YIIT1 JallblHaay JKYHeciHae apTypai
TeMIIepaTypa MeH KBICBIMJIA JKYPTi3iiai. AIIBIK jKyleae MarHUTTi KBIIKBUIIBIK epiTy OenMme TemrepaTypa-
ceiHAa skacanael. Exi skarmaiina ga 0,2 T HEOXMMIII MarHMT YJTiCI aJBIHABI JKOHE KaOBIK JKyHemeri epity
nporeci 1 caratka, an ambIK kydene 30-40 MuHyTKa cO3bULABL JKaOBIK JKYHEMEH CalbICTBIPFaHIa AlllbIK
JKyHe Keml eHOCKTI KaKeT eTICHTIH, KapamaibM jkoHe ap3aH oiic Oonbin Ta0butanbl. COHABIKTAH, allIaFbl
JKYMBICTapFa amblK JKyHeae yiri gaifblHaay KojgaHbUIaabl. MarHUTTIH KypaMbIHAAFbl TEMIpAi KO0 YIIiH
KBIMBI3/IBIK KBIIIKBUTBI KOJIAHBUIIBI JKoHE €Ki skarmaiina g1a CXKD okcanat kyiiinae tynbara tycipinmi. ICP-
MS opiciHiH HoTHKeci OOWBIHINA, TYHOAHBIH KypaMBIHIAFBl HEOIUM MeH TeMip colikeciHie 24.66 % xoHe
0,06 % Gomnapl. Byt TeMipiH TOJBIKTAM AepiiK PUIBTPATKA OTKCHIITIH KOPCETETi.

Kinm co30ep: KpIIKBUIIABIK €piTy, HEOMHMII MAaTHHT, CHPEKKep MeTajagapbl, HEOIHMM, IPa3eoanM,
IUCTIPO3UH, allIbIK KYie, MUKPOTOJIKBIH/IBI VAT naipiaay xyieci, ICP-MS tangayst.

A.T'. Ucmaunosa, I'.)K. Axanosa, JI.X. KambicOaeB

Kucnornoe pactBopenne HeonumoBoro maraura Nd-Fe-B
B Pa3JIMYHbIX YCJOBHSAX

B nocnennee Bpems BBIACNCHHE PEAKO3EMENBHEIX d1eMeHTOB (P33) U3 HEOMMMOBOrO MarHUTa MIMPOKO HC-
cienyercs. ABTOpaMy CTaThH MOKAa3aHO, YTO OTXOJ MarHuTa couepkut 25,41 % uveonnuma, 64,09 % sxenesa u
<<1 % Gopa. 1 ganbHeHIIero BBACICHNS PEKO3EeMENbHBIX METAIOB IPOBECHO KUCIOTHOE PAaCTBOPEHUE
MarHuTa B OTKPBITOH M 3aKpBITON cucTeMax. B obonx crocobax pacTBOpEeHUs MCHOJIb30BaHA KOHLIEHTPUPO-
BaHHAas a30THAs KUCIOTa. PasHuIa MEXIy STUMH METOJAMH 3aK/II0YAeTCsl B YCIOBHUIX MPOBEICHUS PacTBO-
peHust MarHuTa. B 3akphITOi cucTeMe pacTBOPEHHE MarHuTa MPOBOJMIM B MUKPOBOJHOBOW CHCTEME MPo0o-
MOATOTOBKHY IIPH PA3HBIX TEMIIEPATypax M JABICHHUAX, B OTKPBHITOH cHCTEMe — IPH KOMHATHOH TeMIepaTy-
pe. B oboux ycnoBusx Oputm B3sTO 0,2 T 00pa3na HEOAMMOBOTO MarHHUTa, M MPOLIECC PACTBOPEHHUS B 3aKPhI-
Tol cucreMe mmwics 1 4, a B oTKpbITOi cucreme — 30-40 muH. [lo cpaBHEHUIO C 3aKpPBITOI CHCTEMOI, OT-
KpPBITasi CHCTEMa SIBJISICTCS] HETPYJOSMKHM, IIPOCTBIM U JIEIIEBBIM METOJOM ISl pacTBOpeHust Maraura. Io-
9TOMY JUIsl HanbHeHIed paboThl BEIOpaHa OTKpPHITas CHCTeMa IPOOONMOAroTOBKH. s ymaneHus kene3a B
COCTaBe MarHMTa IPHUMEHSUIN IIABEJIEBYIO KUCIOTY U ocaxkaaiu P30 B Bue OKcalaToB B 000MX YCJIOBHSX.
Pesynbrarel ncnonb3oBanus Metona |CP-MS nokazany, 4To 1mocie ocaxIeHHs CoJepiKaHUue HEOAUMa M xKe-
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ne3a cocrasisier 24,66 u 0,06 % cooTBETCTBEHHO. DTO yKa3bIBA€T Ha TO, YTO JKEJIE30 MOYTH HOJHOCTBIO TIe-
penuio B GUIBTpaT.

Kniouesvie crosa: KUCIOTHOE PACTBOPEHUE, HEOJMMOBBIN MAarHUT, PEAKO3EMEIbHBIC METAJIIBI, HEOANM, Tpa-
3€0/IUM, JUCIPO3HiA, OTKPHITAs CHCTEMa, MUKPOBOJIHOBasI CHCTeMa MpodonoaAroToBku, ICP-MS ananms.
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Synthesis and characterization of a new magnetic composite MnFe,O,/clay
based on a natural clay obtained from Turkestan deposit

The work is devoted to the development of a new method for the synthesis of magnetic composites based on
manganese ferrite on a natural clay, coupling with their physico-chemical characterization. In the study, a
natural clay of Kazakhstan obtained from the Turkestan deposit was used for the preparation of magnetic
composites. The formation of materials with magnetic properties is an urgent task of our time, due to the
needs of various applications of magnetically controlled materials for biomedical systems, electronic devices,
catalytic and adsorption processes. The advantage of such materials is the ability to control them using a
magnetic field for shaking, recovery, induction heating, among others. In this work, samples were prepared
by co-precipitation of manganese and iron salts with 5 mol L™ NaOH over the Turkestan clay (TC). Materials
were characterized by various analyses, such as Fourier-Transform infrared spectroscopy (FTIR), X-ray
diffractometric analysis (XRD), and elemental analysis. According to the results of physical and chemical
studies of the XRD and thermal analysis, kaolinite is the main mineral in the composition of TC. Magnetic
adsorbents MnFe,O,/clay with perfect magnetic separation characteristics were successfully obtained by
chemical co-precipitation.

Keywords: natural clays, magnetic material, manganese ferrite, adsorbent, modified composite, metal ions,
chemical co-deposition, adsorption.

Introduction

Natural clays are inexpensive and readily available materials that work as excellent cation exchangers.
The adsorption capacity of clays is due to the relatively high surface area and the net negative charge in their
structure, which attracts and holds cations such as heavy metals [1-4]. Natural clays can also be modified to
produce materials with enhanced properties, such as metallic pillared clays with improved textural character-
istics [5]. Main applications include the action as catalytic materials (taking advantage of the catalytic prop-
erties of the incorporated metals) in advanced oxidation processes, such as catalytic wet peroxide oxidation,
as well as for removing organic pollutants from contaminated waters [6—8]. The application of metallic parti-
cles with magnetic characteristics dispersed on the surface of clays is interesting for the development of
magnetic materials that can be magnetically controlled for diverse applications, such as biomedical systems,
electronic devices, catalytic and adsorption processes. Magnetic materials can be separated from the medium
by a simple magnetic process in catalytic and adsorption processes. Therefore, there is a growing interest in
low-cost materials with a high surface area, such as clays, due to their unique applications, including
adsorption and catalysis [9].

There are several methods for the preparation such magnetic materials, as magnetite (Fe3O,4) nanoparti-
cles [10]. These are impregnation, sol-gel, solution combustion synthesis and co-precipitation. Among these
methods, chemical co-precipitation is the most promising since it is simple and does not require special
chemicals and procedures [11-13].

In this paper, we propose to study a sample of clay from the Turkestan fields. The clays were modified
and the physical and chemical characteristics of the natural and modified clay were studied.

Experimental

Materials and reagents

The clays studied were obtained from the Turkestan deposit in Kazakhstan. Sodium hydroxide (NaOH,
purity >0.97), iron(III) sulfate nonahydrate (Fe(SO,)3:9H,0, purity > 0.98), manganese chloride tetrahydrate
(MnCl,-4H,0, purity > 0.99), nickel sulfate heptahydrate (NiSO4 7H,0, purity > 0.99) were used. Initial
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solutions (50 mg L™) containing Ni(Il) ions were obtained by dissolving pre-determined amounts of nickel
sulfate heptahydrate in distilled water. It is worth noting that all the chemicals in this study were used
without further purification.

Magnetic materials synthesis

Natural Turkestan clay (TC) was ground into powder in a mill and sorted through a sieve Ne 0.063,
followed by storage in anti-wet bottles at room temperature. To prepare the magnetic composite
MnFe,O4/TC, an aqueous solution containing manganese(ll) chloride and iron (I11) sulphate in a molar ratio
of 1:2 was prepared. Then, 5 g of the sieved TC were added to the Mn(I)-Fe(l1l) solution, followed by
mixing. Afterwards, the co-precipitation of Mn(l1)-Fe(l11) was conducted by the addition of NaOH solution
(5 mol L™) until pH 10 was obtained. The resulting solution was stirred for 30 min on a magnetic stirrer at
room temperature. Then, the suspension was heated to 95-100 °C. After cooling, the prepared magnetic
composite was repeatedly washed with distilled water at 50 °C for 2 h. Using a simple magnetic procedure,
the resulting materials were separated from the water and dried in an oven at 105 °C for 2 h, to be completely
dehydrated and ready for use [14].

Characterization

To characterize the materials, various analyses were conducted. FTIR spectra of the natural and mag-
netic modified clay were obtained with a FTIR instrument (Infraspec, Model FSM 2202, Russia, St-
Petersburg) with a resolution of 1 cm™" and a scan range of 5000 to 500 cm ™' using a sample based on 1 % of
clay with KBr. X-ray diffractometric analysis was carried out on an automated DRON-3 diffractometer with
Cug,-radiation, and a B-filter. Conditions for shooting diffractograms: U = 35 kV; | = 20 mA; shooting 6-26;
detector 2 deg/min. The results of the elemental composition of natural clays were obtained by using EMP
analysis.

Semi-quantitative X-ray diffractomeric analysis was performed applying diffractograms of powder
samples by the method of equal attachments and artificial mixtures. The quantitative ratios of the crystal
phases have been determined. Interpretation of the diffractograms was carried out using data from the Inter-
national Centre for Diffraction Data (ICDD) card file; these were the PDF2 Powder diffraction database
(Powder Diffraction File) and diffractograms of minerals free of impurities. Shooting conditions: DRON
diffractometer — 3.0; accelerating voltage — 35 kV; anode current — 20mA.

Results and Discussion

The results of the elemental composition of natural and modified clay were obtained using an electron
microprobe (EMP) of the brand Superprobe 733 from JEOL coupled to a spectrometer Inca Energy from Ox-
ford instruments (Figure 1). Table 1 shows the contents of elements in the natural and modified clay. As can
be observed, the clay obtained in Turkestan has mainly aluminium (7.12 %), calcium (10.69 %), and silicium
(18.97 %) metals (Table 1). Comparing this natural clay with others reported in the literature [15, 16], it is
highlighted as positive features the high contents on iron, paramount for catalytic purposes, and on calcium,
which allows the preparation of catalytic advanced materials such as pillared clays. The modified clay by co-
precipitation also presents high concentration of those metals: aluminium (3.94 %), calcium (7.35 %), and
silicium (10.40 %). However, the concentration of all of them decreased after the modification of TC by co-
precipitation, whereas the content in iron and manganese strongly increased when compared to the concen-
tration of TC, as expected. Specifically, the composition of the modified clay is rich in iron (22.37 %). In the
natural TC, the quantity of Mn is 0.14 %, whereas in MnFe,O4/TC is 9.23 %. The results also show that the
content of Fe increases in MnFe,O,/TC in comparison with the natural clay.

The magnetic characteristics of the developed material were confirmed using a magnet. Figure 2 is
demonstrates an illustrative photo where the magnetic characteristics of MnFe,O,/TC are placed in evidence
upon reaction to a magnetic field.

Table 1
Elemental composition
. Weight of the element (%)
Materials o Na | Mg | Al Si s K | ca | Ti | Mn | Fe
TC 5340 | 051 | 2.20 7.12 18.97 0.06 241 | 1069 | 031 | 0.14 4.18
MnFe,O,/ TC| 4355 | 032 | 1.24 3.94 10.40 0.17 1.26 7.35 0.19 | 9.23 | 22.37

88 Bulletin of the Karaganda University



Synthesis and characterization of a new magnetic composite ...

Fe
Mn

TiTi W '

a — natural TC; b — MnFe,O./TC

Figure 1. Elemental analysis

Figure 2. The magnetic characteristics of MnFe,O4/TC placed in evidence upon reaction to a magnetic field

To determine the quantitative ratio of the crystalline phases of the clay, the samples were submitted to
X-ray diffractometric analysis. Possible impurities, the identification of which cannot be unambiguous due to
the small contents and the presence of only 1-2 diffraction reflexes, the lack of chemical composition data, or
poor crystallization, are indicated in Table 2.

Diffractograms of the sample of natural clay and MnFe,O4/TC were carried out on an automated
diffractometer DRON-3, B-filter. Terms and Conditions caring.com not responsible for diffractograms:
U =35 kV; | = 20 mA,; shooting 6-20; detector 2 degree/minutes (Fig. 3).

The result of the analysis established that the sample of the studied Turkestan clay belongs to the group
of layered silicates-kaolinite Al,(Si,Os)(OH)4, with a low amount of chlorite (Mg, Fe)sAl(SizAl)O10(OH)s,
admixtures of muscovite KAI,(AlSiz010)(OH), and albite Na(AlSi3Og).

In the modified MnFe,O,/TC sample, the concentration of minerals increases, but the calcite concentra-
tion decreased from 29.9 to 21.4. It is worth noting that the modified vehicle does not contain the mineral
kaolinite Al,(Si,Os)(OH),, however, the analysis showed the presence of the mineral dolomite CaMg(COs),
(Table 2). The characteristic peaks of MnFe,O, were also identified, confirming the magnetic characteristics
of the developed materials.
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Figure 3. (a) Diffractogram of the TC and, (b) Diffractogram of MnFe,0,/TC

Table 2
Results of semi-quantitative X-ray diffractometric analysis of TC and MnFe,O,/TC
Mineral Formula Concentration, %
TC MnFe,0,/TC
Calcite Ca(COy) 29.9 21.4
Quartz SiO, 29.9 35.9
Kaolinite Al,y(Si,05)(OH), 23.7

Dolomite CaMg(COs), 9.5
Chlorite (Mg, Fe)sAl(SisAO14(OH)g 8.2 12.3
Mica KAI(AISiz040)(0OH), 5.7 7.3
Feldspars (albite) Na(AlSiz;Og) 3.4 13.6

The natural clay of the Turkestan deposit was studied by FTIR spectroscopy. Changes in the absorption
bands on the spectra of these clays after modification of Mn(ll) and Fe(lll) were analyzed (Figure 4). The
FTIR spectra of all compounds were recorded in solid form in KBr tablets.
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Figure 4. FTIR spectra

The analysis of the above FTIR spectrum illustrates that the main bands in natural clay relate to the va-
lence bonds of silicon with oxygen and hydrogen with oxygen. The absorption band at ca. 1613 and 3637
cm™ corresponding to the deformation vibrations of OH™ groups at the vertices of silicon-oxygen tetrahedra,
is a distinctive feature of kaolinites (Fig. 4).

Having characterized the absorption bands on the FTIR spectrum of a sample of clay from the Turke-
stan deposit, it is possible to implement a similar assignment of the absorption bands on the spectrum of nat-
ural clay. The absorption bands at 1433, 2029, and 2517 cm™ allow the identification of calcite (CaCQs) in
the clay, which is confirmed by X-ray diffractometric analysis. The FTIR spectrum of albite contains an in-
tense band in the frequency range of 1757-1036 cm™ with a maximum in the region of 1433 cm™ (Fig. 4a).

Muscovite mica is an aqueous KAI,(AlSisO10)(OH),. The absorption bands of the SiOSi, SiOAl,
Al(OH), and H(OH) groups are usually observed in their spectra. In the clay samples, absorption bands of
457, 794, 1035, and 3695 cm™ are observed, which according to the database corresponds to the mineral
muscavite (Fig. 4).

Oxygen atoms can be bound to two silicon atoms by Si—O-Si bridging bonds, or to one by Si—O non-
bridging bonds. In particular, the bands 1022 and 1009 cm™ are attributed to the valence vibrations of Si—O—
Si(Al) bridging bonds in the crystal lattice. When silicon is partially replaced in the lattice, most of the va-
lence bands of layered minerals (1000-900 cm™) move in the direction of low frequencies. The appearance
of absorption bands in the region of 1000-900 cm™ can be associated with valence vibrations of non-bridge
Si—O bonds in various silicate and aluminosilicate groups, as well as in simple ortho-and diorthosilicate ani-
ons in the amorphous phase. Aluminum is found in aluminosilicates in either tetrahedral coordination or oc-
tahedral coordination. The very weak bands at 794 and 547 cm™ in the samples can be explained by Si—O-Si
(Al) bonds in distorted tetrahedral and octahedral layers. In particular, the band in the region of 547cm™ re-
fers to the Si—O-Si strain vibrations involving bridged oxygen, and the band of 794 cm™ refers to the Si-O—
Si valence symmetric vibrations characteristic of silicon in the SiO, tetrahedron.

Figure 4b shows the FTIR spectrum of the modified MnFe,O,/Turkestan sample. Two strong absorption
peaks of 1442 cm™ in the sample indicate the presence of ferrites. The stretching between 400 and 700 cm™
is an oscillation (Fe-O) that indicates the formation of the spinel ferrite structure. In ferrites, metal ions
occupy two different interstitial sites in the lattice. One is in a tetrahedral location, and the other is in an
octahedral location. From the FTIR spectra, it was found that the high-frequency bands at 875 cm™ are
associated with the tetrahedral region, while the low—frequency bands at 629 cm™ are associated with the
octahedral region. The sharpness of these bands correlates with the high degree of crystallinity of MnFe,O,4
structures. The wide band of vibrations at 3449 and 3421 cm™ is associated with the stretching vibrations of
O-H adsorbed water molecules, indicating a higher amount of surface OH [17].

The absorption bands in the modified clay at 547 and 457 cm™ become more diffuse with a slight
change in the position in the spectrum. The 457 cm™ band indicates the presence of Fe—O oscillations, the
absence of a band at 621 cm™ (characteristic of the y-Fe,O phase), and, at the same time, the appearance of a
band at 520 cm™ may indicate a phase transformation of y-Fe,0; — a-Fe,0s [18].
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Conclusions

A method for synthesizing clay composites based on a natural clay of Turkestan (TC) with manganese
ferrite has been developed and physico-chemical properties determined. Magnetic adsorbents MnFe,O,/TC
with perfect magnetic separation characteristics were successfully obtained by chemical co-deposition. The
clay of the Turkestan deposit in Southern Kazakhstan was studied by physico-chemical methods of analysis:
the elemental composition of natural clay and the chemical composition of the modified MnFe,O,/TC com-
posite and the quantitative ratios of the crystal phases were determined. The study of the FTIR spectra of
natural and modified clay deposits of Turkestan allowed us to establish their distinctive features, which con-
sist in the imperfection of their crystal structures. It is expected that the resulting magnetic composite
MnFe,O4/TC can be used as potential catalysts and adsorbents for diverse applications.

References

1 Manjot, K.T. (2010). Enhancing adsorption capacity of Bentonite for dye removal: Physicochemical modification and Char-
acterization. M. Eng Thesis, The University of Adelaide, 77-120.

2 Reimbaeva, S.M., Massalimova, B.K., & Kalmakhanova, M.S. (2020). New pillared clays prepared from different deposits of
Kazakhstan. Materials Today: Proceedings, 31(3), 607-610. https://doi.org/10.1016/j.matpr.2020.07.532

3 Khenifi A, Bouberka, Z., Sekrane, F., Kameche, M., & Derriche, Z. (2007). Adsorption study of an industrial dye by an or-
ganic clay. Adsorption, 13(2), 149-158. https://doi.org/10.1007/s10450-007-9016-6

4 Oliveira, L., Rios, R., Fabris, J., Sapag, K., Kgarg, V., & Lago, R. (2003). Clay-iron oxide magnetic composites for the ad-
sorption of contaminants in water. Appl. Clay Sci., 22(4), 169-177. https://doi.org/10.1016/S0169-1317(02)00156-4

5 Kalmakhanova, M.S., Massalimova, B.K., Diaz de Tuesta, J.L, Kantarbaeva, S.M., & Kulbaeva, D.A. (2018). Catalytic wet
peroxide oxidation of 4-nitrophenol with new pillared clays prepared from the natural material extracted in deposits of Kazakhstan,
Bulletin of Karaganda University. Chemistry series, 4(92), 48-55.

6 Kalmakhanova M.S., Diaz de Tuesta J.L., Massalimova B.K., & Gomes H.T. (2020). Pillared clays from natural resources as
catalysts for catalytic wet peroxide oxidation: Characterization and Kinetic Insights, Environmental Engineering Research, 25, 186—
196.

7 Reimbaeva, S.M., Massalimova, B.K., & Kalmakhanova, M.S. (2020). New pillared clays prepared from different deposits of
Kazakhstan, Materials Today: Proceedings, 31, 607-610.

8 Silva, A.S., Kalmakhanova, M.S., Massalimova, B.K., Diaz de Tuesta, J.L., & Gomes, H.T. (2019). Wet peroxide oxidation
of paracetamol using acid activated and Fe/Co-pillared clay catalysts prepared from natural clays, Catalysts, 9(9), 705.

9 Wu R, & Qu, J. (2005). Removal of water-soluble azo dye by the magnetic material MnFe,O, J. Chem. Technol.
Biotechnol., 80, 20-27. https://doi.org/10.1002/jcth.1142

10 Korolkov, I.V., Ludzik, K., Lisovskaya, L.l., Zibert, A.V., Yeszhanov, A.B., & Zdorovets, M.V. (2021). Modification of
magnetic Fe;O,4 nanoparticles for targeted delivery of payloads. Bulletin of the University of Karaganda — Chemistry, 101(1), 99—
108 https://doi.org/10.31489/2021Ch1/99-108

11 Wu, R. (2004). Removal of azo-dye acid red B (ARB) by adsorption and catalytic combustion using magnetic CuFe,O, pow-
der, Appl. Catal. B: Environ, 48(1), 49-56. https://doi.org/10.1016/j.apcath.2003.09.006

12 Fu, W., Yang, H., Li, M., Li, Minghui, Yang, N., & Zou, G. (2005). Anatase TiO, nanolayer coating on cobalt ferrite nano-
particles for magnetic photo catalyst. Mat. Lett., 59(27), 3530-3534. https://doi.org/10.1016/j.matlet.2005.06.071

13 Zhang, G., Qu, J., Liu, H., Cooper, A., & Wu, R. (2007). CuFe,O,/activated carbon composite: A novel magnetic adsorbent
for the removal of acid orange Il and catalytic regeneration. Chemosphere, 68(6), 1058-1066. DOI:
10.1016/j.chemosphere.2007.01.081

14 Podder M., & Majumder C. (2019). Bacteria immobilization on neem leaves/MnFe,O, composite surface for removal of as
(1) and as (V) from wastewater. Arab J. Chem., 12(8), 3263-3288. https://doi.org/10.1016/j.arabjc.2015.08.025

15 Kalmakhanova, M.S., Massalimova, B.K., Diaz de Tuesta, J.L., Gomes, H.T., & Nurlibaeva, A. (2018). Novelty pillared
clays for the removal of 4-nitrophenol by catalytic wet peroxide oxidation, News of the National Academy of Sciences of the Republic
of Kazakhstan, Series of Geology and Technical Sciences, 3(429), 12-19.

16 Kalmakhanova, M.S., Diaz de Tuesta, J.L., Massalimova, B.K., Nurlibaeva, A.N., Darmenbaeva, A.S., & Kulbaeva, D.A.
(2020). Catalytic wet peroxide oxidation process with new Fe/Cu/Zr-pillared clays developed from natural clay deposits of Kazakh-
stan, News of the National Academy of sciences of the Republic of Kazakhstan. Series chemistry and technology, 3, 441, 15-21.

17 Jacintha, A.M., Umapathy, V., Neeraja, P., & Rajkumar, S. (2017). Synthesis and comparative studies of MnFe,O, nanopar-
ticles with diferent natural polymers by sol-gel method: structural, morphological, optical, magnetic, catalytic and biological activi-
ties. Journal of Nanostructure in Chem., 7, 375-387. https://doi.org/10.1007/s40097-017-0248-z

18 Chetverikova, A.G., Kanygina, O.N., Alpysbhaeva, G. Zh., Yudin, A.A., & Sokabaeva, S.S. (2019). Infrared spectroscopy as
the method for determining structural responses of natural clays to microwave exposure. Kondensirovannye Sredy | Mezhfaznye
Granitsy = Condensed Matter and Interphases, 21(3), 446—454. https://doi.org/10.17308/kemf.2019.21/1155

92 Bulletin of the Karaganda University


https://doi.org/10.1016/j.matpr.2020.07.532
https://doi.org/10.1007/s10450-007-9016-6
https://www.sciencedirect.com/science/article/abs/pii/S0169131702001564#!
https://www.sciencedirect.com/science/article/abs/pii/S0169131702001564#!
https://www.sciencedirect.com/science/article/abs/pii/S0169131702001564#!
https://www.sciencedirect.com/science/article/abs/pii/S0169131702001564#!
https://www.sciencedirect.com/author/7201574963/vijayendra-kumar-garg
https://www.sciencedirect.com/science/article/abs/pii/S0169131702001564#!
https://doi.org/10.1016/S0169-1317(02)00156-4
https://doi.org/10.1002/jctb.1142
https://doi.org/10.31489/2021Ch1/99-108
https://doi.org/10.1016/j.apcatb.2003.09.006
https://www.sciencedirect.com/science/article/abs/pii/S0167577X05006178#!
https://www.sciencedirect.com/science/article/abs/pii/S0167577X05006178#!
https://www.sciencedirect.com/science/article/abs/pii/S0167577X05006178#!
https://www.sciencedirect.com/science/article/abs/pii/S0167577X05006178#!
https://www.sciencedirect.com/science/article/abs/pii/S0167577X05006178#!
https://www.sciencedirect.com/science/article/abs/pii/S0167577X05006178#!
https://doi.org/10.1016/j.matlet.2005.06.071
https://doi.org/10.1016/j.arabjc.2015.08.025
https://doi.org/10.1007/s40097-017-0248-z
https://doi.org/10.17308/kcmf.2019.21/1155

Synthesis and characterization of a new magnetic composite ...

K.A. Baiimyparosa, M.C. Kanmaxanosa, b.K. Macanumosa,
A.A. Hypneibaesa, A.C. Kynaxanosa, X.JI. /lua3 ne Tyecra, X.T. ['omec

TypkicTaH KeH OPHBIHAH AJbIHFAH Ta0UFH ca30aJIIBbIK Heri3iHae xKaHa
MnFe,O,/ca36aamblKk MATHUTTIK KOMIIO3UTTIH CHHTE3i KOHE CHIIATTAMAaChI

Makara MarHUTTIK KOMIO3UTTEPiH (HU3UKA-XUMISUIBIK CHITATTaMachIMEH OaiIaHBICKaH TaOUFH ca30alIIbIK-
THI Maprasel] (eppuTi HeTi3iHAe MarHUTTIK KOMITO3UTTEPAl CHHTE3NCYMiH *aHA OMICiH jKacayFa apHallFaH.
3eprTeye MarHUTTIK KOMIIO3WUTTep aimy ymriH TypkicTaH keH OpHBIHAH anblHFaH Ka3akcTaHHBIH TaOHFH
ca30aIIbIFEl aliaaHbUIIB. MarHuTTik KacueTTepi 6ap MaTepuaiiapAbl KUIBINTACTEIPY OHOMEIUINHAIBIK,
XKy#Henep, SNeKTPOHIbl KYPBUIFBIIAP, KAaTAJMTHKAJBIK JKOHE aJCOpOLMSIBIK MpoLecTep YLIH MarHHUTTi
0acKapbUIaThIH MaTepHAIAapIsl SPTYPJIi KOJNJaHY KaKETTUTIKTEepiHe OaiaaHbICThl Oi3MiH 3aMaHBIMBI3IbIH
o3ekTi Maceneci. MyHJall MarepuainapAblH apTHIKIIBUIBIFEL OJIAPABI apajacThIpy, KaJIblHA KenTipy,
MHIYKIUSIIBIK KBI3IBIPY XKOHE T.0. YIIIH MarHUT epiciHiH KeMeriMeH 0ackapy MYMKIHIIr OOJbII TaObUIaabL.
Yirinep 5 moms/mt NaOH wmapranen men Temip Ty3mapbi Typkicran casGammusirsiasie (TC) Herizimme
TYHIBIPY apKbUIbl anblHAbl. Matepuannap Pypoe-undpaxeeun crekrpockonus (FTIR-cnekrpockomus),
peHTreHmik audpakToMeTprsuiblK Tangay (XRD) jxoHe »IMEMEHTTIK Tanmay CHSAKTBI OpPTYpPIl Tanmay
onicrepimeH cunattangbl. P/IT ¢pu3nka-XxuMHsUIBIK 3epTTEYNIEPIHiH JKoHE TePMHSUIIBIK TaJay IbIH HOTIDKeIepi
6otiprama TC KypaMbIHOarsl HETi3ri MHHEpaJl KaoJMMHHUT OoNbIn Tabbutagsl. MarHUTTIK Kacuertepi Oap
MnFe,O,/TypkicTan MarHuTTiK ancopOSHTTEPi XUMUSUIBIK TYHABIPY dAici OOMBIHIIA COTTI aTbIHABL.

Kinm ces0ep: Taburu ca3zmap, MarHMTTIK MaTepual, MapraHen (eppuTi, aacopOeHT, MOANHIMPICHIeH
KOMIIO3UT, METaJl1 HOHIAPbI, XUMHUSIIBIK KOCBUIBICTAP, aICOPOLHSL.

K.A. baitmypartoBa, M.C. Kanmaxanosa, b.K. Macanumosa,
A.A. Hypnoibaesa, A.C. Kynaxanosa, X.JI. /lua3 ne Tyecra, X.T. ['omec

CHHTe3 M XapaKTepPUCTHKA HOBOT0 MArHUTHOr0 kommno3uta MnFe,O,/rinuna
HAa OCHOBE MPUPOJHBIX I'VIHH, MOJY4eHHbIX U3 TypKecTaHCKOro MecTOpPOXK/ACHUS

Crathst MOCBSIIIIEHa Pa3pab0TKe HOBOTO METOJA CHHTE3a MAarHUTHBIX KOMIIO3UTOB Ha OCHOBE (eppHTa Map-
TaHIa Ha IPUPOJHON INIMHE C YUETOM HX (PM3UKO-XMMHYECKON XapaKTepUCTHKH. B ncenenoBanmm s noiry-
YEeHUs] MAaTHUTHBIX KOMIIO3UTOB HCIIOIB30BaTach MpUpoaHas riauHa Kazaxcrana, nomydenHas u3 Typkecran-
CKOro MecTropoxjaeHus. GopMHUpoBaHUE MAaTEPUAIOB C MAarHUTHBIMU CBOIICTBaAMHM SIBIISETCS aKTyaJbHOU 3a-
Jadell Hallero BPEMEHH, B CBSI3H C IOTPEOHOCTSAMH Pa3IMYHBIX NMPUMEHEHHH MarHUTOYNPABISEMbIX MaTe-
puajioB Ojid 61/IOMBJII/ILLI/IHCKI/IX CHUCTEM, JJICKTPOHHBIX yCTpOﬁCTB, KaTAJIUTUYCCKUX H a}ICOp6LIPIOHHbIX npo-
IIECCOB. npeI/IMyLLleCTBOM TAaKUX MAaTE€PUAJIOB ABJIACTCA BO3SMOXKHOCTL YIIPABJICHUS UMU C ITIOMOIIBIO MarHuT-
HOI'0O IOJIA JUIA BCTPAXUBAHUSA, BOCCTAHOBJICHUS, UHAYKIIMUOHHOTO Harpesa v 1p. O6p33ul>l 6])IJ'[I/I OJTyYCHBI
aBTOpaMH IyTEM COBMECTHOI'O OCa)/ICHUS COJIEH Maprasua M xenesa c 5 mons/1" NaOH ¢ TypPKECTaHCKOM
rmHON (TT'). Matepuansl XapakTepH30BAINCh PA3TUYHBIME METOJZAMH aHalu3a, TakKuMU Kak Dypbe-
nH(ppaKkpacHasi CHEKTPOCKOIHS, PeHTTCHOBCKUH AN(PPaKTOMETPUIECKUH aHAIN3 W JIeMEHTHBIN aHamm3. [1o
pe3yibTaTaM (U3NKO-XHUMHUYECKUX HccienoBannii PJIA ¥ TepMHYeCKOTo aHaIH3a OCHOBHBIM MHHEPAJIIOM B
cocraBe TI' sBistercs xaonuHUT. MarautHble ancop6entsl MnFe,0,/Typkectan ¢ coBeplIEHHBIMHI XapakTe-
PHUCTHKAaMM MarHUTHOH ceTlapaniy ObUIN YCIICITHO MOTyYeHBl XUMHUUECKAM COOCAXKICHUEM.

Kniouesvie cnosa: TIpUpOIHBIC TIHHBI, MATHUTHBIA MaTepuat, GeppuT MapraHia, aacopoeHT, MOAU(HUIIHPO-
BaHHBIA KOMITO3UT, HOHBI METAJIOB, XUMUYECKOE COOCAKICHHUE, aICOPOITHSL.
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Optimization of the preparation method of a mechanically strong carbon electrode

Nowadays, a strategy for the utilization of secondary resources to obtain valuable components is actual. It
will lead to the most rational use of natural resources and environmental protection. Electrochemical methods
are perfectly applicable to solve this problem. Electrochemical methods allow concentrating of the target
components without preliminary preparation of the raw material. Carbon materials (CM) based on plant and
carbon-mineral raw materials are an excellent option as a matrix for obtaining the electrodes, due to their
availability, low cost, high specific surface area, and the presence of different functional groups. The lack of
theoretical substantiation of the adsorption phenomena on carbon electrodes served as an incentive for the
study and development of a method for obtaining a mechanically strong electrode based on modified carbon
and polyethylene. The design and mechanical strength of carbon electrodes (CE) are of great importance for
the efficiency of purification and extraction of valuable components. In this article, we obtained carbon mate-
rial from walnut shells by hydrothermal carbonization with further steam-gas activation (the specific surface
area is 754.0 m?/g). The structural, physicochemical characteristics of the carbon material, binder, and carrier
material were studied by the following methods: scanning electron microscope (SEM), Brunauer-Emmett—
Teller (BET), thermogravimetric analysis and differential scanning calorymetry (TGA-DSC). The method of
hot-pressing is applied for obtaining the carbon electrodes. Using the method of full-factor experiment and
steepest ascent, the values of pressure and temperature during pressing and the ratio of carbon material: bind-
er was optimized: P = 226 atm; T = 90.8 °C; carbon material: binder ratio = 67.5:32.5 %, respectively.

Keywords: carbon electrode, full-factor experiment, adsorption, hydrothermal carbonization, carbon material,
thermal carbonization, walnut shell, hot-pressing method.

Introduction

Today, there is a huge trend of environmental and natural resources pollution. Therefore, the transition
to recycling strategy of secondary resources is substantial (desalination concentrates, microelectronic scrap,
spent oil shale, and industrial wastewater). Rare earth metals such as Pt, V, W, Ge, Mo, Se, Sn, Hf, Nb, La,
Ce, etc. are the first economic incentive for mastering separation and concentration methods [1]. The second
incentive is the industrial wastewaters of the chemical, metallurgical, and pharmaceutical industries and as a
consequence of this, the purification of water resources from the toxic metals (Cu, Zn, Cd, Co, Ni, Pb, Hg,
As and Cr), surfactants, dyes, organic pollutants, etc. All of these are key economic and environmental prob-
lems not only in Kazakhstan but throughout the world.

Hydrometallurgy is a preferred technology for selective extraction and concentration of elements from
both low-concentration and wastewater [2]. There are many hydrometallurgical methods that include differ-
ent effective approaches for separation: selective precipitation, cementation, adsorption, ion flotation, resin-
based sorption, liquid extraction, extraction chromatography, biosorption, and electrochemical methods
[3-5]. Despite the variety of methods, there are many problems concerning the necessity of high separation
and concentration, safety, low energy consumption, economy, negative environmental impact. All of these
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reduce the probability of commercialization [6, 7]. In particular, the disadvantages for liquid extraction are
non-regenerable acids, alkalis, organic solvents, etc; for ion exchange are interfering ligands and metal ions,
expenses to the regeneration of ion exchange resins [8]; for biosorption are storage, control of the microor-
ganisms living conditions [9]; for froth flotation are lower selectivity, high cost of flotation reagents and col-
lectors, a large number of tailings [10], etc.

Recently, electrochemical methods have made progress and found wide application in industrial facili-
ties, despite the high energy consumption, low conductivity, and mechanical strength of electrodes, occur
side reactions on the electrodes surface, and membrane pollution. For example, electrochemical methods are
used in the immobilization of target components on the surface of a solid electrode or in bulk,
electrosorption, intercalation, electrodeposition [11]. In comparison with other hydrometallurgical methods,
electrochemical methods have the following advantages [12]:

1) reversibility of the process by changing the polarity of the electrode, significantly reducing the con-
sumption of reagents, water, and materials;

2) excluding the secondary waste formation with heavy metals or organic pollutants;

3) adsorption under the influence of current or voltage provides better adsorption capacity, selectivity,
and kinetic control, expanding the ability to work in wide pH ranges using materials of simple composition;

4) simplicity and flexibility of using modular structures and combination with any methods of hydro-
metallurgy in order to increase selectivity and recovery efficiency;

5) simplicity of combination with renewable energy storage and conversion.

Electrochemical purification and separation methods are based on capacitive accumulation reactions
and redox reactions on the surface of electrodes. Consequently, it is necessary to pay great attention to the
development of new electrodes with a large specific surface area and a high capacity of the electric double
layer (EDL), a fast reaction to ions oxidation — recovery, electrochemical and chemical inertness, obtaining
simplicity, cheap and affordable raw materials to achieve mechanically resistant electrodes.

Carbon materials based on plant and carbon-mineral raw are great as initial material for obtaining elec-
trodes because of the availability and cheapness of raw materials, high specific surface area and the presence
of functional groups (-COOH, -COH, -OH, etc.). The functional groups contribute to the good hydrophilicity
of the surface, the ease of modification in order to improve the electrocatalytic and electro adsorption proper-
ties [13]. There are a huge number of modified carbon materials: activated carbons, graphene, carbon nano-
tubes, nanofibers, carbide-carbon materials, carbon aerogels, etc. [14].

Currently, there is an increase in types, modifications, and methods of carbon electrodes obtaining [15,
16]. These electrodes with mechanical strength possess stability of the stationary potential, good adhesion to
a solid substrate. Nevertheless, they have disadvantages: the use of liquid binders reduces the effective spe-
cific surface area of carbon electrodes; a percolation threshold decrease leads to blocking of carbon matrix
particles and a decrease in electrical conductivity; the presence of an organic binder in the carbon electrode
composition leads to an increase of a surface hydrophobicity; the introduction of liquid binder into the elec-
trode composition leads to a mixed stationary potential, which makes impossible evaluating the carbon mate-
rial contribution to the electrochemical reaction on the carbon electrode surface; an increase in the ohmic and
Kinetic characteristics of a carbon electrode, etc. [17].

The aim of this work is the optimization of the carbon electrode obtaining method by hot pressing, us-
ing the method of full-factor experiment and the steepest ascent.

Experimental

The study objects are carbon materials (CM) based on walnut shells obtained by the hydrothermal car-
bonization (HTC) at a temperature of 220-240 °C for 24 hours with further modification by the steam-gas
activation (SGA) at T = 800-850 °C for 1 hour [18].

The specific surface area of the sorption materials was determined by the Sorbtometer-M analyzer using
the Brunauer-Emmett-Teller (BET) single-point method (Table 1). In this work, the study of the CM by elec-
tron microscopy was carried out using a Quanta 3D 200i Dualsystem scanning electron microscope (FEI
Company, USA) at the Al-Farabi KazNU “National nanotechnology laboratory of open type”.

The selected binder is ultra-fine polyethylene powder (UFPEP), GUR®, USA. The phase transfor-
mations analysis of the binder was carried out on an analyzer “NETZSCH STA 449F3”, Germany.
Thermogravimetric (TG) and differential scanning calorimetry (DSC) curves were recorded in parallel with
increasing temperature.
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The mechanically strong carbon electrode was obtained by hot pressing. The optimal values of the pres-
sure, pressing temperature and the CM/binder ratio were found. The following intervals of the main inde-
pendent variables were selected to carry out a full-factor experiment (FFE). There are T =25-130 °C;
P = 150-250 atm.; content of UFPEP = 15-30 %. In this research, a planning matrix for 2-level 3-factor ex-
periment was used. It is described by 1st order polynomial. The mechanical bending strength of the carbon
electrode (bending angle) was measured as a dependent variable. The path-of-steepest-ascent method along
the response surface was applied to find the gradient direction of the parameters and reach the stationary re-
gion of the response surface. Statistical processing of the full-factor experiment matrix results was tested for
reproducibility (3 parallels, Cochran's test), the significance of the regression coefficients (Student's t-test),
and the adequacy of the regression equation to this planning matrix (Fisher's test) [19].

Results and Discussion

Two types of carbon materials were obtained. Sample #1 by HTC (T = 240°C, t =24h) and sample #2 by
HTC (T = 240°C, t =24 h) with SGA (T = 800-850 °C, t = 1h). The physicochemical properties of the ob-
tained samples are summarized in Table 1.

It was found that carbon materials, based on walnut shells obtained by the HTC with further steam-gas
activation, have the best indicators of the iodine number (82.2 %) and Sgpecitic = 754.0 m?/g. The results are
represented in Table 1. The iodine adsorption number of the samples is one of the main parameters which
characterized the pore surface area and, as a consequence, the sorption capacity of coal. Values of iodine ad-
sorption number confirm the numerical values of the materials’ specific pore surface area. The obtained
SEM images (Fig. 1) indicate the texture of the samples based on plant raw materials is described by a large
number of pores on the surface, especially in carbonizates after HTC with SGA.

Table 1
Physicochemical properties of carbon materials
e 0 pH of the aque- |lodine adsorption 2
Sample No. Humidity, % Ash content, % ous extract number, % Ssp, Mg
1 2.05 1.05 7.9 17.6 464.9
2 1.07 4.38 8.3 82.2 754.0

According to the results, a walnut shell obtained by the HTC method (T = 240 °C, t = 24 h) with further
SGA (T =850-900 °C, t = 1h) was selected as the carbon material for obtaining the carbon electrode (CE).

Figure 1. Scanning electron microscopy images of CM No. 1 (a) HTC and No. 2 (b) HTC + SGA.
Magnification x30000

The phase transformations analysis of the binder by the TGA-DSC method are presented in Figure 2. It
was found that ultra-fine polyethylene powder (UFPEP) is a homogeneous system with a destruction temper-
ature of 419.6 °C and a melting point of 125-135 °C [20].

FFE was used with three independent variables to optimize the CE obtaining method. There are temper-
ature, pressing pressure, and the CM/binder ratio. Based on preliminary experiments, the parameter values
were selected for the FFE matrix (Table 2).
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Figure 2. TG and DSC curves of the UFPEP sample
Table 2
Absolute values of the levels of the upper and lower factors
Value of factors
Factor characteristic P, atm. CM:UFPEP, % T, °C
X3 X X3
Upper level x; = +1 250 70: 30 130
Lower level x;=-1 150 85:15 25
1st order regression equation was obtained using the matrix of a 2-level 3-factor experiment (Table 3):
y =17.625 + 2x; + 5.125x; + 4.875%3 + 1.125X%,3 @
Table 3

Planning matrix and results of experiments in the study of the CE mechanical bending strength

ni):]gte);r Xo Xy Xz X3 X1 Xo | X2 X3 | X1 X3 | XaXoXs ?;i);g o’ Veale
| 1 11 v Vv VI VIl VIl IX X XI Xl
1 + - - - + + + — 5 0.0 6.75
2 + + - - - - + + 13 12.5 10.8
3 + - + - - + - + 15 0.0 14.8
4 + + + - + - — — 19 4.5 18.8
5 + - - + + - - + 13 12.5 14.3
6 + + - + - + — — 20 0.0 18.3
7 + - + + - - + — 30 0.0 26.8
8 + + + + + + + + 28 12.5 30.8

The reproducibility of the results and the adequacy of the simulation model to the experimental data on
mechanical strength have been assessed by Cochran's, Student's, and Fisher's tests, respectively (Table 4) [19].

Table 4

Assessment of the experimental results reproducibility and the adequacy of the computational model

No Experimental value | Table value[19]
1 Cochran’s test (G (p=0,1 at n=3 N=8) >Gy,)

0.298 | 0.57
2 Fisher’s test (Fexp<Fanie(f1 = 4, f, = 16))

1.590 | 3.80
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The given above mathematical model showed that the second (CM:UFPEP, %) and third (pressing tem-
perature) variables have the greatest influence on the electrode mechanical strength. The pressing pressure
value is 2.5 times less. According to Fisher's test, the adequacy of the regression equation is established. It
describes the response surface.

For the mathematical description of the extremum stationary region, the steepest ascent method was ap-
plied. The experimental and the corresponding calculated values of y; are presented in Table 6. The interval
of variation was determined by differentiating equation 1:

b, = 2.000;
bz = 5125,
b3 =4.875.
Table 5
The value of variables in the study of the CE mechanical bending strength
Factor P, atm. CM:UFPEP, % T, °C
Code designation X3 X, X3
Main level X;0=0 200.0 77.5:22.5 77.5
Variation interval AX; 13.0 5.0 6.65
Table 6
Plan and results of the experiment carried out by the steepest ascent method
Factors X1 X5 X3 Veae VYexp
Coefficient b; 2 5.125 4.875
Variation step 13 5.00 6.65
Starting point 200 22.50 77.50 20.0 18.3
Realized experience | 213 27.50 84.15 22.2 24.7
Realized experience Il 226 32.50 90.80 26.7 25.8
Realized experience 11 239 37.50 97.45 31.3 22.3
Realized experience IV 252 42.40 104.10 35.9 204
Realized experience V 265 47.50 110.75 40.4 20.2

Based on the coefficients values the gradient equation for this system is derived:
gradY = 2i + 5.125j + 4.875k 2
On the basis of this equation, the direction to the stationary region of the extremum is found by the
steepest ascent method. The largest value of the coefficient — b, = 5.125 was taken as the basic factor X,
The step for which was set 86X, = 5. Then the variation steps were calculated for the remaining factors (Ta-
ble 5):
2505 _
5.125-7.5
_ 4.875-525.5 _
5.125-7.5
In order to assess the direction to the stationary extremum region, Student's t-test and Fisher's test were
used for two independent samples (Table 7).

1

3 6.65.

Table 7

Assessment of the adequacy approximated and experimental dependent variable

# Experimental value | Table value [19]
1 Fisher’s test (Fexp<Funie(f1 =5, f, = 5))

454 | 5.05
2 Student's t-test (texp<tianie(N=10, P = 0,95)

2.19 | 2.23
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Based on the experiment results of the steepest ascent method, it was found that the third experiment
did not illustrate an increase of CE mechanical strength in comparison with the second experiment. The ex-
perimental Ye, = 22.3 and theoretical Y = 31.3 values have a significant difference; therefore, further
study in this direction does not make sense (Table 6).

Conclusion

In this paper, carbon materials based on walnut shells have been obtained by the hydrothermal carboni-
zation method and modification by the steam-gas activation method. Their physicochemical and structural
characteristics have been studied and optimized. The best value of Sgciric IS 754.0 mzlg and the iodine ad-
sorption number is 82.2 %. The function of the extremum stationary region was achieved using a full-factor
experiment and the steepest ascent method. The mathematical approach made possible to find the direction
of the function gradient and to reach the region of the stationary extremum under the following experimental
conditions:

P =226 atm.; T =90.8 °C ; UFPEP:CM = 32.5:67.5 %.

The steepest ascent method will allow optimizing the mechanical strength of the CE depending on 3 in-

dependent factors.
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MexanukajabIK 0epik KOMIPTEKTi 3J1eKTPOATHI JaiibIHAAY JNICiH OHTAIAHABIPY

Kasipri onemzae Taburu pecypcTapAbl YTHIMIBI NalalaHyFa jKOHE KOpIIaFaH OPTaHBl KOpFayFa OKeJleTiH
KYHIBl KOMIIOHEHTTEpJi aly MaKcaThIHIa KaiTalaMa pecypcTapibl JKOI0 CTPAaTeruschl OaiKambIll OTHIp.
MoceneHi miemry YOIH IIAKI3aTTHl aiblH-ala JaiblHAaMai-aK MaKCaTThl KOMITOHEHTTEpl ipiKTemm
IIOFBIPIIAH/IBIPYFa MYMKIH/IK OepeTiH 3JIeKTPOXUMISIIBIK 9/IiCTEp OTe MKAKCH KOJAAaHbUIa bl OCIMIIIK XKoHe
MHHepaJisl MIMKi3aTKa Heri3genreH kKemipTekti marepuanmap (KM) kon skeTimaimirine, ap3aHIbIFbIHA,
OeTiHiH JXOFapbl MEHIIIKTI ayJaHbIHA >KOHE SpTYpJi (YHKIMOHAIABI TONTApABIH OOJybIHA OailJIaHBICTHI
JNIEKTPOATAp/Bl OHIIpYre apHalFaH MaTpulla peTiHAe TaMamia Hycka Oonbinm  TaObuagsl.  Kewmip
JNEKTPOATAPBIHAAFBI a[cOopOIMsl KYOBUTBICTAPBIH TEOPUSUTBIK HETi3IeyAiH JKeTiCIeyitiri Moaupuka-
LSUTAaHFAaH KOMIPTEri MEH HOJIMATHIICH HETi31HIe MEXaHMKAJIBIK KYIITI 3JIEKTPOJ JKacay OMiCiH 3epTTeyre
JKOHE NTaMBITyFa TYPTKi Oomabl. Kemiprekri anekrpoarapasiy (KM) am3aitHel MEH MEXaHUKAIIBIK OEpiKTiri
Ta3apTyJIbIH, KYH/IbI KOMIOHEHTTEeP I ajlyAbIH THIMJIUIITI YIiH YJIKEeH MaHbI3Fa ne. Makanana aBTopiap rpek
JKaHFAFbIHBIH KaOBIFBIHAH T'HIPOTEPMANBABl KapOOHM3aIMs »aHe Oy rasmel OelceHnipiey omiciMeH
KOMIPTEKTi MaTepuan aiFaH, OHBIH Oerimiy aymamsl 754,0 M%/r Kkypamsl. KeMiprek MaTepHalBIHBIH,
GailaHbICTBIPYIIBIHBIH  JkoHe KM cyOCTpaThIHBIH MaTepUANbIHBIH KYPBUIBIMIBIK, (H3MKA-XHUMUSIIBIK
cunmarramanapsl keneci agictepmer 3eprrenni: COM, BOT, TI'T-JICK. KeMipTekTi a5eKTpoATapasl xacay
YILiH BICTBIK MPECTEY 91iCi KOMMAHBUIABL. TONBIK (aKTOPIBI SKCIEPUMEHT JKOHE TiK KOTEpLTy 9IiCiH KOJgaHa
OTBIPBII, KBICBIM MEH TeMIepaTypaHbIH MOHJIEP] KOHEe KOMIPTEeKTi MaTepHan: OailaHbICTBIPYIIBI KATHIHACH
oHTalmaHsIpsuAbl: P = 226 atm.; T = 90,8 °C ; xemipTekTi MaTepHan: GalnaHBICTHIPYIIEI KaTBIHACEI =
=67,5:32,5 %.

Kinm ce30ep: KOMIPTEKTI 3JEKTPOJ, TONBIK (AKTOPIBl OIKCIEPUMEHT, aJCOPOIUs, THIPOTCPMAIbIIbI
KapOOHU3AIIMs, KOMIPTEKTI MaTepHall, TePMab/Ibl KApOOHHU3AIHS, TPEK KAHFAFbI, BICTHIK IIPECTEY OJIICI.

C.K. AGaumowmsiH, [I.A. AOnyaxsiToBa, A.A. ATyabaposa, ['.JI. Typaean,
P.P. Tokmnaes, K.K. Kumu6aes, A.I1. Kyp6aros, M.K. Haypsiz6aes

OnTumu3anusi MeToa U3roToBJIEeHUS
MeXaHM4YeCKH MPOYHOI0 YIJIepoIHOr0 3J1eKTPoaa

B coBpemeHHOM Mupe HaOIIOAASTCs CTPATErus MO YTHIN3AINY BTOPUIHBIX PECYPCOB C LEbIO TOIyYEeHHS U3
HUX LEHHBIX KOMIIOHCHTOB, KOTOpasd NPUBCIACT K HanOoee palOHaJIbHOMY HCIIOJIB30BAHUIO MPHUPOAHBIX
pecypcoB W oxpaHe OKpyxkatomed cpenbl. Jus  perieHHss NpoONeMbl  OTIMYHO — HPHUMEHHUMBI
3NEeKTPOXUMHUIECKHE METOABI, KOTOPhIE TO3BOJIIOT CENEKTHBHO KOHIIEHTPHPOBAThH IIETEBBIE KOMIIOHEHTHI
0e3 mpeABapUTENBFHON MOATOTOBKH CHIPBA. YTiepoaHsle MaTepuainl (YM) Ha OCHOBE PacTUTENBHOTO H
MHHEPAJILHOTO CHIPbS SBIISIOTCS OTIIMYHBIM BAPHAHTOM B KaU€CTBE MATPHUIBI JAJISI U3TOTOBJICHHS SJIEKTPOJIOB,
BCJIC/ICTBUE JOCTYIHOCTH, JICIIEBU3HBI, BBHICOKOH YIEIBHON IUIOMIANN ITOBEPXHOCTH M HAJIM4Hs Pa3HBIX
¢GyHKIMOHANBHBIX Tpym. HenoctaTok TeopeTHyeckoro 0OOCHOBAaHHMS SIBICHMI aqcopOLMM Ha YroOJbHBIX
JJIEKTPOAAX IIOCTYKHJ CTHMYJIOM JUI M3y4YeHUs U Pa3pabOTKHU crocoba HM3rOTOBJICHUS MEXaHHUYECKU
HPOYHOTO IEKTPO/Ia HA OCHOBE MOAMGHIIMPOBAHHOIO YIJIEpoa U nonusTwieHa. KoHCTpyKuus 1 MexaHnue-
CKasl MPOYHOCTh YIJIEPOIHBIX AIEKTPOJ0B (YD) UMEIOT OrpoMHOE 3HaueHHe s 3(p(HEeKTHBHOCTU OUMCTKH,
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U3BJICUCHUS] IIGHHBIX KOMIIOHEHTOB. B cTaThe ommcaHo MOMydeHHE YTIIEPOAHOTO MaTepHana u3 CKOPIYIIbI
TPELIKOrO Opexa METOJOM TI'HIPOTEepManbHONH KapOOHHM3alMK C JajdbHEHIIed mapora3oBoW akTHUBaumueil, c
YIeTbHOM TIIOMAABI0 TOBEPXHOCTH 754,0 MY/r. CTpYKTYpHBIE, (H3HKO-XUMHYECKHE XaPAKTEPHCTHKH yIiIe-
POAHOTO MaTepHana, CBS3YIOLIEro W MaTepHana MOMIOKKHA YO u3ydeHsl ciexyromumu Merogamu: COM,
BOT, TT'A-ICK. Jns u3roToBICHUS YIIEPOIHBIX 3JICKTPOJOB IPUMEHEH METOA ropsdero mpeccopanus. C
MOMOII[BIO METOJa MOTHO(AKTOPHOTO HKCIICPHMEHTa M KPYTOTO BOCXOXJICHUSI ONTHMHU3HPOBAHBI 3HAYCHHS
JaBJICHHUS M TEMIIEPATyphl IIPU MPECCOBAHUU U COOTHOLICHUH YIJIEPOIHbIM MaTepuan : cssytomee: P = 226
atm.; T = 90,8 °C; cootHomenne YM : cszyromee = 67,5:32,5 % cooTBETCTBEHHO.

Knrouesvle cnosa: yruepomHblil dIEKTPOJ], HOMHO(PAKTOPHBIN AKCIIEPUMEHT, aICopOLHs, THAPOTePMAlbHAs
KapOOHM3aLNs, YIIIEPOIHBIH MaTepHall, TepMajibHas KapOOHH3aIHsl, CKOPIIyIa IPELKOro Opexa, MeTOA rops-
Yero MpeccoBaHUs.
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Preparation and electrochemical characterization of TiO,
as an anode material for magnesium-ion batteries

Anode on the basis of titanium dioxide powder was made. Its morphological characteristics were investigated
using ellipsometry, scanning electron microscopy (SEM), energy-dispersive X-ray spectroscopy (EDS) and
X-ray diffraction (XRD). Electrochemical properties were also investigated by cyclic voltammetry. Dispers-
ing, mixing the initial reagents for obtaining homogenized paste and its coating to a substrate, drying and cut-
ting the electrodes were main steps of anode production. The results of ellipsometry, SEM and EDS demon-
strated a uniformly distributed layer of about 200 wm thickness with porous structure, particle diameter of
50-80 nm and titanium dioxide content (45.7 %). The XRD data confirmed the active anode matrix formation
with a monoclinic crystal lattice corresponding to the modification of titanium dioxide (B) with small anatase
inclusions. Electrochemical behavior of the electrode was examined in acetonitrile-based Mg(TFSI), solution.
Diffusion coefficient (DMg) and the charge transfer rate constant (kct) were determined from cyclic
voltammograms 1.54-107 cm?/s and 1.29-10™* cm/s, respectively. A two-step electrochemical reaction was
revealed by the ratio of the electricity amount consumed in the cathode and anode processes at varying the
number of cycles. Small values of polarization resistance (Rp) calculated from cyclic voltammograms indi-
cated rapid diffusion of magnesium ions during intercalation/deintercalation.

Keywords: magnesium ion batteries, anode, titanium dioxide, synthesis, analysis, intercalation,
deintercalation, kinetics, polarization, diffusion.

Introduction

Because of the limited resource of lithium in the Earth’s crust, it became an uneconomical option of
chemical power source of current in portable electronics. That is why, nowadays, demand for alternative en-
ergy storage systems based on inexpensive materials increases. Magnesium-ion batteries (MIB) are the most
attractive ones for researchers due to the magnesium abundance in nature, high capacity and the dendritic
free Mg sediments. MIBs fully meet the requirements of environmentally friendly energy materials, since
magnesium and its compounds are non-toxic. Thus, the lower price and theoretical volume capacity
(3833 mAh/cm®) make MIBs to be promising candidates for next generation of electric storage systems. De-
spite these promising aspects, the development and practical application of MIBs require extensive and de-
tailed research. In MIB one can find several problems of reversible reduction/dissolution and low diffusion
rate of Mg?" ions, which manifest in the absence of stable electrolytes and a strong polarization effect of
Mg? ions with lattices of electrode material [1].

For eliminating these disadvantages, one can use alternative anode materials based on Mg?* ions instead
of a metal magnesium anode [2—4]. To realize this idea, the researchers tried to use magnesium-based alloys
as an anode relying on their successful practical application in MIB anodes. Anodes from magnesium in MIB
did not demonstrate good results due to the internal characteristics of magnesium ions. Therefore, several
potential alloy-based anodes (for example, Bi, Sn, Pb, Sb, and In) were investigated; Bi and Sn are more at-
tractive ones among them due to the formation of intermetallic compounds with magnesium with a higher
theoretical capacity in comparison with Mg/Mg?* [1, 5]. Several reports informed about the possibility of
using bismuth and tin anodes in the development of MIB and also demonstrated good compatibility of the
anode with a conventional electrolyte. However, during the study of these materials as an anode, certain dis-
advantages have been revealed that are manifested in productivity decrease and theoretical capacity decrease,
which are caused by the slow diffusion of Mg? ions in the solid phase and a large change in electrode vol-
ume during alloying/dealloying reactions [1].

Other alternative anodes, such as 2D materials on the basis of transition metal disulfides, demonstrated
good results by the theoretical capacitance at using as anode materials for sodium ion and lithium ion accu-
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mulators. Their unique layered structure promotes the beneficial properties of these materials for enhancing
practical value. The monolayers of 2D materials are good in adsorbing Mg?* through increasing the conduc-
tivity of the anode material and illustrate relatively high capacity and good stability. However, applying these
materials in MIBs is still at the theoretical stage and requires further experimental confirmation [5].

Titanium dioxide is considered to be a promising matrix for the reversible intercalation of Mg®* ions
among possible candidates for anode materials in MIB. There are several modifications of titanium dioxide:
anatase, rutile, brookite, and bronze TiO, (B). It should be noted that the first three of them are widespread in
nature; the fourth modification, TiO, (B), with a monoclinic structure is also found in nature, but rarely. Such
main characteristics of crystalline modifications of TiO, as non-toxicity, availability, low deformation, sta-
bility in most organic electrolytes, and excellent cycling characteristics, as well as the ability to
charge/discharge the material at a very high velocity were successfully demonstrated in lithium-ion and so-
dium-ion batteries [6-8]. However, at using titanium dioxide in MIB low electron and ion conductivity limit
its practical capacity and productivity. Therefore, a plenty of studies are carried out to improve the electro-
chemical properties of TiO,-based electrode materials. Methods for improving the ions kinetics and TiO;
electrode conductivity, are often applied at producing anode materials, one of which is the production of
nanostructured materials with various morphologies (nanotubes, nanosheets, nanomassives, nanoparticles,
and hollow spheres) should be especially emphasized. For example, nanostructures of TiO, from 0D to 3D
effectively reduce the diffusion length of lithium and sodium ions improving the electrochemical kinetics of
ions. The TiO, electron conductivity, which is initially poor, influences the improvement of electrochemical
properties [9]. Coating or mixing the matrix with conductive materials, creating oxygen vacancies, and alloy-
ing modifications, etc. are the methods for improving electronic conductivity. Rapid ions’ transport is the
cause of significant improvement in electronic conductivity at using these methods [10-12]. Therefore, the
aim of this study is to obtain TiO, with the necessary morphology and diffusion characteristics for its use as
an anode material in MIB. In this work, we report on the method for preparing an electrode based on TiO,
powder and the kinetics of the magnesium ions diffusion into the synthesized anode material.

Experimental

Preparation of intercalation anode material. Preparation of the anode material was carried out in sever-
al steps represented in Figure 1. The main components of the anode mixture were active material (titanium
dioxide), binder (PVDF (polyvinylidene fluoride), company “Alfa Aesar”, analytically pure), solvent (NMP
(N-methyl-2-pyrrolidone), company “Alfa Aesar”, analytically pure), and electroconductive additive (carbon
black, acetylene, 100 %, compressed, 99.9 %, company “Alfa Aesar”, analytically pure). Titanium dioxide
was obtained in the “Photocatalysis and sustainable feedstock utilization” laboratory, Institute of Chemistry,
Faculty of Mathematics and Natural Sciences, Carl von Ossietzky University Oldenburg, Germany using a
hard template method described in the work [13].

The electrode paste was obtained by mixing active material, electroconductive additive, and binder with
the required amount. The weight percent of the components were 75:15:10, respectively. The mixture of the
active material and the electroconductive additive was pre-dispersed, followed by addition of the dissolved
binder to the mixture. The active mass components were first mixed in the agate mortar, and then stirring
was carried out using a magnetic stirrer for 24 hours and rate of 1000 rpm for forming the paste-like anode
composite and its application onto copper substrate. After the homogenization process, the anode mass was
applied onto the copper foil. Surface contaminants were removed from the substrate surface by abrasive pa-
per and degreasing with ethyl alcohol to ensure good adhesion between the substrate and the anode layer.
Application to the substrate was made by casting. In this process, the prepared anode mass was poured onto
copper foil in front of the blade “Doctor Blade”, then the blade was manually moved forward, stretching the
ink and forming the film with a given thickness. The coating thickness was about 50—100 um after drying.

After coating the electrode was preliminary dried for 6 hours at a temperature of 60 °C to evaporate sol-
vent residues from the surface. Then, it was dried in a vacuum oven for 24 hours at a temperature of 100 °C
to remove moisture traces. After primary drying, electrodes were cut by diameter of 10 mm (area 0.785 cm?).
The finished electrodes were placed into an inert atmosphere glove box for further storage and investigation.
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Binding agent Solvent Active material Electrically
(PVDF) (Ti0y) conductive mass

e g e

Application to the
substrate

Vacuum drying

Figure 1. Diagram illustrating the main steps of the anode material making

Research methods and materials. Measurement of the electrode layer thickness from the center of the
deepening (surface of the substrate) point to the upper edge of the anodic coating surface (1000 um) of the
synthesized material was carried out with the help of an ellipsiometry in a Dektak 6M (Company Veeco,
USA).

Micrographs of the synthesized electrode surface and its elemental composition were obtained by
means of a scanning electron microscope Quanta 200i 3D (FEI Company, USA). The element distribution
map was performed by scanning the electrode surface area from 1 pm to 100 um in size. XRD patterns anal-
ysis of the anode material was performed by means of X-ray diffractometer Rigaku Miniflex 600ge (Japan).
Samples were analyzed through CuKa radiation source of 0.1540 nm wave-length at scan rate of 0.05 min™
starting at 10° angle and ending at 80° angle.

Cyclic voltammetry investigations were performed in the “Swagelok cell”. The synthesized electrode
based on titanium dioxide powder was used as a working electrode, and metal magnesium (99.999 %) (di-
ameter 10 mm, thickness 1.5 mm) was used as a reference and auxiliary electrode. The electrode surface was
mechanically purified with an abrasive paper, and then degreased with acetone. Whatmann GF/D separator
was applied as a membrane. Glass fiber separators of 10 mm diameter were placed between the working and
auxiliary electrodes. Electrochemical measurements were carried out in 0.25 mol/l Mg(TFSI), (Sigma Al-
drich) solution on the basis of acetonitrile (AN, 99.9 %, company “Acros Organics”, analytically pure) with
use of the potentiostat-galvanostat BioLogic SP-150 (France). Cycling was implemented at a scan rate from
0.05 mV/s to 1 mV/s and 5 cycles in the field of potentials (1.0 V= —0.4 V). All the measurements were per-
formed three times, followed by statistical analysis on blunder and averaging the obtained result.

Results and Discussion

Analysis of the intercalation anode material. The anode material have improved morphological and
electrochemical characteristics such as high reversibility of intercalation/deintercalation processes, high dif-
fusion capacity of metal ions into the matrix crystal lattice, etc. for practical use in magnesium ion batteries.
The morphological properties of the anode material were tested by scanning electron microscopy,
ellipsometry, and XRD methods. Figure 2 shows a gradual increase in the thickness of the electrode layer
from the center of the deepening (surface of the substrate) point to the upper edge of the anodic coating sur-
face (1000 pum). Using the ellipsometry gave opportunity to determine the thickness layer of the synthesized
anode material, which was about 200 um (Figure 2).
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Figure 2. Thickness of titanium dioxide layer on the substrate

The morphologies of prepared anode material based on TiO, have been characterized by SEM and Fig-
ure 3 designates the results. It can be seen that the particles have a smooth surface and porous structure. A
large amount of these particles are microspheres and, obviously, agglomeration. The size and shape of the
particles are uniform. At the same time it points out that the diameter of the microsphere is approximately
from 50 to 80 nm.

The surface radiograph of the anode material is presented at Figure 4.

Figure 4. EDS spectral microanalysis of the obtained anode material
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The EDS results of the synthesized electrode surface are presented in Table 1. It can be noticed that the
main component of the electrode mass was titanium. The presence of copper in the composition can be ex-
plained by the substrate contribution.

Table 1
Elemental analysis of the synthesized electrode material

No. Element Wt, %
1 Ti 45.7
2 Cu 20.5
3 C 16.5
4 o] 11.2
5 F 5.5

6 Cl 0.6

The map of elements distribution over the surface of anode material based on TiO, powder is presented
in Figure 5 with high magnification. Elemental mapping results illustrated the distribution of such elements
as Ti (red), C (purple), O (cyan) and F (yellow). Comparative analysis of the data showed that all the ele-
ments were evenly distributed on the surface of the synthesized electrode material.

Ti Kal C Kal_2

10um 10um
0 Kul ~ FKol2

f 10pm

10pm

Figure 5. Map of elements distribution on the surface of the synthesized electrode material

XRD patterns (Fig. 6) represents that the synthesized anode material contained titanium dioxide and the
crystalline salt of copper, Claringbullite, evidently formed due to the interaction of the metallic copper sub-
strate and solvent, which corresponded to clearly visible spectra against the background of a significant con-
tent of the amorphous phase (Fig. 6), which was also confirmed by micrographs showing the formations of
granular modification (Fig. 3).

According to the XRD data the crystal lattice parameters were determined (Table 2). Lattice has got
monoclinic structure with volume of 0.1621 nm® and C2/m structure (12). The synthesized material by mon-
oclinic structure can be the modification of Bronze (B) [14]. In addition, according to XRD, this sample also
has got titanium dioxide inclusions with anatase modification.
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Figure 6. XRD patterns of anode mass based on titanium dioxide powder

Table 2
Parameters of crystal lattice of main components of anode mass
Name of the phase a(nm) b(nm) c(nm) o (deg) B (deg) vy (deg) V(nm®)
Titanium dioxide 1.2157 0.37347 0.65136 90.0000 107.0540 | 90.0000 0.2827
Claringbullite 0.6662 0.66627 0.91557 90.0000 90.0000 120.0000 0.3519

Electrochemical behavior of the synthesized anode. The cyclic voltammetry method was chosen for
studying the kinetics of system electrochemical processes. The obtained cyclic voltammograms allowed
evaluating the processes of intercalation and deintercalation of magnesium ions into the anode material.

i, AJem?
4,0E-04-
2,0E-04 -
0.0E+00 ———
N =
20804 / e — 0,05 mV/sec
/ e —— 0,1 mV/sec
4,0E-041 /’f — I mV/sec
\w/{
-6,0E-04 . ———
04 02 00 02 04 06 08 10
E,V

Figure 7. Cyclic voltammograms of intercalation of magnesium ions into a synthesized anode based
on titanium dioxide powder in the 0.25 mol/l solution of Mg(TFSI),/AN at different potential scanning rates, T = 25 °C

The voltammogram of the discharge-ionization cycle of magnesium ions on the surface of titanium di-
oxide at various potential scan rates was obtained in a solution of 0.25 mol/l Mg(TFSI),/AN. The dynamics
of some peaks (Fig. 7) was allowed evaluating the redox properties of magnesium ions. The graph demon-
strates that magnesium reduction at a scan rate of 0.05mV/sec on the electrode surface began at a potential of
0.6 V. At polarization in the reverse direction, as seen in the curves, a peak of magnesium oxidation was ob-
served at 1 V potential. In reversible processes, the values of the potentials of oxidation and reduction peaks
characterizing the nature of the electroactive substance do not depend on the scan rate, and their difference
(Epw) — Epg) Is a constant value. In our case, the difference of potentials between the peaks at the forward
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and reverse scan cycles depends on the electron transition rate constant and the potential scan rate. Accord-
ing to the analysis of the presented cyclic polarization curves, it can be concluded that at high scan rates, the
value of the peak potential difference becomes large, and the degree of irreversibility of electron transfer in-
creases. Therefore, high values of difference of potentials of reduction and oxidation peaks are associated
with limitations of electron transfer kinetics. Increase of scan rate of the potential from 0.05 mV/s to 1 mV/s
causes the reduction peak of magnesium ions (E,) in the electrolyte to shift into the cathode region.

The relationship between peak current and potential scan rate for irreversible processes was described
by P. Delachay’s equation [15]. Analysis of the experimental results of cyclic voltammetry demonstrated
linear dependence of the current density of the magnesium reduction peak (in(k)) from the square root from
the value of the potential scan rate (V9) (Fig. 8). This dependence shows that the line does not pass through
the origin indicating the quasi-reversible nature of the investigated process. The diffusion coefficient of
magnesium ions (Dyg) was calculated from the dependence in(k) from V9 according to Randles—Sevéik
equation for irreversible processes by the formula:

I, =0.4463n**F**CSR™Y*T 2DJv"?, 1)

where, n is the number of electrons per molecule during the reaction; F is the Faraday constant; C is the mo-
lar concentration of Mgz+ ions; S is the surface area of the electrode; R is the gas constant; T is the absolute
temperature; D, is the chemical diffusion coefficient (cm?%s), and v is the scan rate (V/s). The diffusion coef-
ficient Dy, calculated by means of cyclic cyclic voltammograms was 1.54-10% cm?/s.
-ip» Alom’
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Figure 8. Dependence of current density of peak of magnesium ions intercalation (ip)
into the synthesized electrode on v*?in 0.25 mol/l Mg(TFSI),/AH, T = 25 °C

The rate of charge transfer or mass transfer is the main characteristics of the rate of many electrochemi-
cal reactions. Determination of the process mode can be performed by comparing the order of the constants
of the transport rate of the matter and the charge. According to cyclic voltammetry, the value of the constant
of the charge transfer rate of magnesium ions at the interphase boundary of electrolyte-electrode was deter-
mined.

The limiting stage in irreversible processes is charge transfer; the charge velocity is determined by the
rate constant (k%) and the transfer coefficient (o). The boundary conditions of the Nernst equation for irre-
versible single-step and multi-electron reactions are expressed by the following equation [16; 234—-236]:

i
azkf (t)Co(o’t)’ (2)
where
ki ()= koexp{—ocf [E(t)- E°]} . (3)
If we recalculate E(t) from equation (2) to equation (3), then we get equation (4):
K, (t)C, (0,t) =k,C, (0,t)e™, (4)

where b=afv,
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ky =K’exp| ~af (E,~E°)]. (5)
The current is calculated from the following equation:
i = FAC; (nDyb)"* ™, 6)
11 oF 2
i=FAC;D2v2| — | =*™. 7
ooV (RTJ T X (7

1/2

The function %™ passes through a maximum /2™ =0.4958. At recalculating this value, the equa-

tion (6) gives the following current peak equation:

i, =(2.99-10°)o"” AC DY VM2, (8)

The peak potential is described by the equation

1/2 2
E,=E° _RT10780+1n DOO 4 |n(°‘FVj . 9)
oF k RT
Next, equation (9) gives equation (10).
E,—E,.|- L8STRT 477 ./ w5 ec. (10)
aF o

where E_,, is a potential, at which the current is half the peak value. For a fully irreversible wave E is a
function of scan rate, shifting for reduction reaction, in negative direction by value 1.15% (or 30/ o MB at
(08

25 °C) for each ten-fold increase in velocity. Besides, E, exceed the limit of E° (i.e. it is more negative for

the reduction reaction) due to excessive activation potential associated with k° [17]. Alternative expression
for peak current under conditions E can be obtained by combining equation (9) with (7):

i, = 0.227FAC K xp| —af (E, ~E°) ], (11)

where E, is the peak potential (V), E° is the formal electrode potential (V), i, is the cathode current density of
the peak (A), k° is the rate constant of the charge transfer stage (cm/s), « is the transfer coefficient, Dy is the

diffusion coefficient, (cm%s), C, is the concentration of ions in the volume of the solution (mol/cm?), C, is
the concentration in the near-electrode region (mol/cm?®), v is the potential scan rate (V/s).
Dependency diagram Ini; from E - E° (at condition that E° can be obtained) determined at differ-

ent scan rates must have a slope —af and k°, ordinate of the point of intersection of the diagram with the y
axis (Fig. 9).
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Figure 9. Dependence of logarithm of current density of magnesium intercalation peak
in synthesized electrode In(ip) on E, — EC in electrolyte 0.25 mol/l Mg(TFSI),/AN, T = 25 °C
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A dependence of Ini, on E - E° (Fig. 9) was obtained from cyclic voltammogram sat different scan

rates for synthesized electrodes. The charge transfer rate constant calculated from this relationship during
magnesium intercalation to the synthesized titanium dioxide electrode in the electrolyte was 0.25 mol/I
Mg(TFSI),/AN equal to 1.29-10* cm/s.

Figure 10 points out cyclic voltammograms of intercalation and deintercalation of magnesium ions into
a synthesized electrode in a solution of 0.25 mol/l Mg(TFSI), based on acetonitrile at different cycles.
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Figure 10. Cyclic voltammogram of intercalation and deintercalation of magnesium ions
into a synthesized anode based on titanium dioxide of 0.25 mol/l Mg(TFSI),/AN at various cycles.
Insert: linear site, area of low overvoltage of backward motion of CV, T = 25 °C

The amount of electricity (electric charge) is the product of the current strength at the time of current
flow, and then the electric charge can be determined from cyclic voltammograms, calculating the ratio of the
area of the cathode, and anode peaks. Table 3 presents the values of the amount of cathode, anode charges
and the amount of electricity calculated from these data and also the polarization resistance. It can be seen
that in the first cycle the amount of electricity is less than one. However, starting from the second cycle to
the fifth cycle, the ratio of cathode charge to anode charge is approximately one, which indicates a two-
charge electrochemical magnesium reduction reaction.

Table 3

Values of the amount of electricity of cathode and anode processes,
as well as polarization resistance at different number of cycles

Cycle Q. C Q. C Q«/Qa Rp, Q-cm®
1 9.80-10° 1.76:10™ 0.56 1.29-10*
2 3.22:10™ 2.91-10™ 1.11 3.40-10™
3 1.78:10* 2.12:10 0.85 3.82:10™
4 1.93-10° 1.80-10™ 1.00 2.95:10"
5 1.53-10* 1.73-10 0.90 1.35:10*

The polarization resistance is a measure of the increase in internal resistance of the chemical power
source caused by polarization and depends on the passing current. The polarization value was calculated by
processing the linear site of the region of small overvoltage of backward motion of cyclic voltammograms.
(Fig. 10, insertion) [18]. According to the Table 3, depending on the number of cycles, a certain regularity in
the change of the polarization resistance value is not observed: with an increase of the cycle, it first grows
and then decreases, although the order is the same. Low polarization resistance values favorably affect the
diffusion rate of magnesium ions during discharge and charge of chemical power sources.
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Conclusions

In this work, the kinetics of electrochemical processes occurring on the anode in the acetonitrile solu-
tion Mg(TFSI), was studied. The diffusion coefficient determined from the cyclic voltammograms was equal
to 1.54-10 cm?/s, the rate constant was equal to 1.29-10™ cm/s. The ratio of the electricity amount of the ca-
thodic and anodic processes is approximately equal to one, which led to the reversible charging-discharging
of magnesium occurence.

The anode on the basis of powdered titanium dioxide, which has been prepared according to the scheme
demonstrated in this work, illustrated high electrochemical active surface which has seen from the high value
of the diffusion coefficient. Morphological and structural characteristics of the obtained anode material were
studied by such methods as ellipsometry, Scanning electron microscopy, EDS, and X-ray diffraction. The
thickness of the uniformly dis-tributed anodic layer was on the order of 200 pm, and the particles had a di-
ameter of 50 nm to 80 nm and a porous morphology. The XRD results confirmed the formation of an active
mass with a monoclinic crystal lattice structure corresponding to the bronze modification with anatase inclu-
sions.

The results obtained in our research is significant for the development of rechargeable magnesium bat-
teries.
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A K. Abunbauna, X. ABuykup, P.K. /xxymanosa,
A.H. beiiceena, I'.C. Paxpimbaii, A.M. Aprumbaena

Marnunii-uoHabl 0aTapesijiap yuliH aHoaTbl MaTepuaJ petinge TiO, naiibinaay
’K9HE OHBIH IEKTPXUMHUSJIBIK CUIIATTAMAJIAPbI

Makanaza TUTaH JIUOKCHII YHTarbl HETi3iHACri aHoJ JaWbIHAAIABI JKOHE OHBIH MOPQOIOTHSIIBIK
CHITaTTaMaJlapbl DJUTUIICHOMETPHs, CKaHepleylli 3JIeKTpoHAbl MHukpockomus (COM), peHTreH-CHeKTpPIiK
(PCA) xoHe penTre-¢aszanslk aHanu3 (PMA) xemeriMeH, COHBIMEH KaTap LHUKIIIK BOJBTaMETPHS 9Iici
APKBUIBI 3JICKTPXUMUSUIIBIK KaCHUETTEepi 3epTTeNi. DNEeKTPO >KacalbIHyBIHBIH HETi3rl Ke3eHzepi: 0acTamksl
peareHTTepi aucreprepiey oHe apalacThIpy apKbLIbl TOMOTCHII T1acTa ajly, TOCEMEre JKary, KenTipy KoHe
aeKTpoATapAbl kecy. Dmmncuomerpusi, COM xone PCA HoTmkenepi TydipurikrepiniH auamerpi 50-80 Hm
apaJIBIFBIH/AA OONATHIH, KYpPaMbl TUTAH OKCHUJIHIH OeJeKTepiHeH TYpaThIHbH (45,7 %) KypBUIBIMBI KEYEKTi,
KaneIHABIFBl 200 MKM OipKenki TapaiFaH Kabat Ty3inreHiH kepcerTi. POA mamiMerTepi KypaMbIHIa aHaTa3
6ap tutaH auokcuniHig (B) MoxudukannsaceiHa colikec KeleTiH MOHOKIMHII KPUCTaUT TOPhIHA He OeNceHsi
aQHOJ MATPHLACHIHBIH Taiga OonaThlHBIH Jonenieiai. JlalblHIamFaH SIEKTPOATHIH AIEKTPXUMHSIIBIK
kacuertepi aneronutpun Herisingeri Mg(TFSI), epitinpicinge 3eprrenumi. Llukinik BoibTamIepo-
rpammanapaan anddysus kodpdurmenti (DMg)meH 3aps TackiManaay KbUIIaMIBIFBIHBIH KOHCTaHTACHI (K)
anpIKTanzbL, 1,54:107 em?/c xome 1,29-107 em/c coiikecinue. Luxngep caHbIH ©3repTy apKbUIbI KaTOITHIK
JKOHE aHOATHIK MPOLECTEPAE TYTHIHBUIATBIH BIICKTP MOJILIEPiHiH KaTblHAcChl OOMBIHIIA €Ki CaThUIbI
AIIEKTPXUMUSITBIK PEaKIus JKYpeTiHi kepcerinmi. Lukinik BombTaMmeporpaMManap OOHBIHIIA €CENTEIreH
HOJSIpU3anusl KeIepriCiHiH TOMEH MOHAEpI HHTEpKaIIMs MeH JeHHTepKaIIMsA Ke3iHJe MarHui
WOHIAPBIHBIH KbUIIaM TUGOY3UACHIH TONEIACH .

Kinm ce30ep: MarHMi-HOHIBI aKKyMYyJISITOpIap, aHOJ, TUTaH AMOKCHII, CHHTE3, Tajuay, MHTepKajalus,
JEUHTEPKAISINS, KHHETHKA, Hoyspu3anust, 1uddysus.

A.K. Abunpauna, X. ABuykup, P.JK. JI>xymanosa,
A H. beiiceesa, I'.C. Paxpim0aii, A.M. AprumbaeBa

IIpuroroBienue u neKTpoxuMuieckue xapakrepuctuku 110,
B Ka4yecTBe AaHOJAHOT0 MaTepHaJia jisi MATHUI-HOHHBIX 0aTapei

B craree onmcano M3roToBIEHHE aHOAA Ha OCHOBE MOPOINKA ANOKCHIA TUTAaHA U HCCIEA0BaHHEe ero Mopdo-
JIOTUYECKHX XapaKTEPUCTHK C UCHOIB30BaHUEM HITUIICHOMETPHH, CKAaHUPYIOIIEH IEeKTPOHHON MUKPOCKOIIHU
(COM) Brymne ¢ pentreno-criekTpainbHbM (PCA) n pentreno-¢azossiM aHamm3oM (PDA), a Taxxke amexTpo-
XMMHYECKAX CBOWCTB METOJOM IHKIMIECKON BoJbTamrepoMeTpur. OCHOBHBIMH CTaJUsIMH H3TOTOBIICHHS
aHOJa BBICTYIIIN: AUCTICPTUPOBAHNE, CMEIINBAHUE HCXOAHBIX PEareHTOB C MOTyYeHNEM TOMOTeHH3HPOBAH-
HOH macThl, NocIeayoniee HaHeCEHHEe ee Ha MOAJIOKKY, BEICYIINBAaHUE M Hape3Ka JJIeKTPOIOB. Pe3ynbraTel
anuncuomerpuu, COM u PCA nokasanu paBHOMEPHO pacIpeeeHHbli coi TonmuHoi nopsaka 200 MkM ¢
IIOPUCTOH CTPYKTYpo#, AuameTrpoM uacTul] B HHTepBane 50-80 HM M colepXaHHWEM OUOKCHIA THUTaHa
(45,7 %). Maunbie POA moaTBepxaar0oT 00pa30BaHHE AKTHBHOM aHOIHOW MATpUIlbI ¢ MOHOKIMHHOM KpH-
CTaJUTMYECKON PEIIeTKOM, COOTBETCTRYIONIEH MOANHUKAINT JHOKCHIa TUTaHa (B) ¢ HebompImMu BKIIOUE-
HUAMH aHaTa3za. OJEKTPOXMMHYECKOE IOBEJCHHE IIOMYYEHHOTO 3JIEKTPOAA HCCIEJOBaIM B PaCTBOPE
Mg(TFSI), Ha ocHoBe aueroHuTpuia. M3 IUKIMYECKHX BOJIBTAMIEPOrpaMM ObUIH olpeseieHbl ko3 hu-
et xuddysun (DMg) 1 KOHCTAHTa CKOPOCTH mepeHoca 3apsa (k), kotopsie cocrasum 1,54-107 em?/c u
1,29-107* cm/c cooTBeTcTBeHHO. [T0 COOTHOIICHHIO KOIMYECTBA JJIEKTPUYECTBA, PACXO1yEMOI0 B KATOJJHOM U
AQHOJTHOM Tpolleccax MPU BapbUPOBAHWH KOJMYECTBA LMKIJIOB, ObLIA YCTAHOBJICHA pEAIU3aLysl ABYyXCTYIICH-
YaTOW 3NIEKTPOXUMUYECKOH peakuuu. Manble 3Ha4eHUs HOIIpU3alUOHHOTO conportusieHus (Rp), paccuun-
TaHHOTO U3 LMKJIMYECKUX BOJBTAMIIEPOrPaMM, CBUACTEILCTBYIOT O ObICTPOH nu(dy3nn HOHOB MarHus npu
MHTEPKAISIINH/ JeNHTEePKAISIINN.
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Kniouesvie cnosa: marauii-moHHbIe OaTapey, aHOA, AUOKCUI THUTaHA, CUHTE3, aHAJIN3, UHTCPKAIALMS, ACUH-
TepKaSIIUs, KHHETHKA, HoJsipu3anus, 1 dysus.
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Alkali-activated metallurgical slag as a sustainable adsorbent

This paper is devoted to obtaining a zeolite-containing sorbent based on metallurgical waste — slag. The syn-
thesis of zeolite adsorbent from ash and slag was carried out by hydrochemical and thermal treatment. The in-
itial object and the obtained material were characterized using following methods: Fourier-transform infrared
spectroscopy, scanning electron microscopy, energy dispersive analysis, X-ray phase analysis, titrimetry. The
way of converting solid-phase waste into a beneficial product has been demonstrated. The study results
showed that the surface of the obtained material is saturated with functional groups (hydroxy-, carboxy-, lac-
tone), which predetermine the ability to bind metal ions during adsorption. The adsorption capacity of the
product has been estimated for iodine and methylene blue. A thermodynamic analysis of the process of sorp-
tion of copper (I1) ions from an aqueous solution has been conducted. It has identified that the sorbent can al-
so be used for the adsorptive concentration of ions of rare-earth elements by the example of lanthanum and
erbium. Laboratory testing of the possible use of the sorbent to purify industrial water was carried out using
the example of wastewater from a chromium plating shop.

Keywords: metallurgical slag, recycling of slag, sorbents, sorption, absorption capacity, d-, f-metals ions,
wastewaters purification, sorption isotherms, thermodynamics of adsorption.

Introduction

Zeolite materials are of great fundamental and industrial importance and widely used as commercial ad-
sorbents and catalysts. All the unique properties of zeolites are specified with their structure based on porous
aluminosilicates formed by a combination of tetrahedral [SiO4], and [AlO4]s . One way to obtain them is to
converse metallurgical wastes into zeolites; however, the phase composition of the material obtained by the
hydrochemical pathway is controlled by various factors such as temperature, type of modifying agent and its
concentration, pH of the media, etc. [1-5].

The purification of natural and industrial water bodies from copper ions is a significant environmental
issue due to its relatively high toxicity. The threshold limit value (TLV) for copper ions in drinking and sani-
tary waters for domestic and industrial use is 1 mg/L, then 0.001 mg/L is for reservoirs of fish economic pur-
pose. Thus, practice shows the residual concentration of Cu in water purified at pH level from 8 to 9 is
0.1-0.2 mg/L generally, which conforms to theoretical calculations on the solubility of copper hydroxide in
aqueous solutions [6, 7]. This issue may be solved by applying sorption methods of purification with inor-
ganic sorbents. However, even though a considerable amount of research focused on an in-depth investiga-
tion of how to turn slag into a beneficial material (in this case, adsorbent), many open questions should be
answered to clarify this mechanism [7-13].

This paper aims to demonstrate the behavior of the alkali-treated metallurgical slag in the water purifica-
tion by testing it for both model metal-containing solutions and in industrial multi-component water system.

Experimental

The solid-phase waste of the metallurgy plant “ArcelorMittal Temirtau” was applied as a raw material.
The technique that consists of two stages is used to design the adsorbent. Firstly, the initial material has been
washed with distilled water for 48 h, then has been dried at room temperature. The ratio of S/L was one to
ten (by weight). The intermediate was treated thermally in the muffle furnace at the temperature of 600 °C
for 90 min. in the presence of sodium hydroxide solution (2 mol/L) used as a modifying agent. The ratio of
S:L was the same. The final product has been tested for the adsorption properties.

The following methods have been applied to characterize the material synthesized: X-ray Powder Dif-
fraction (XRD) analysis was conducted using the DRON-4-07 diffractometer. The scanning electron micro-
scope Hitachi TM3030 with microanalysis system Bruker X Flash MINSVE (accelerating voltage of 15 kV)
has been used to determine the elemental composition and structural features of the adsorbent. Finally, the
IR-spectra of the samples have been taken by FTIR-spectrometer FSM-1201.
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The concentration of functional groups concentrated on the adsorbent’s surface has been determined by
the Boehm method described in [14]. In addition, the material capacity in the adsorption toward iodine and
methylene blue has been estimated by well-known procedures [15, 16]. Regarding the adsorption tests, sam-
ples of industrial multi-component waters have been taken to purify by the adsorption in a static mode at a
temperature of 298 K. The duration of this treatment was 30 minutes. The analyte’s volume of each portion
was 20 ml, the mass of adsorbent for each test was 0.5 g. Both spectrophotometry and titration methods have
been used to detect initial and residual concentrations of metal ions. The chemical composition of the water
taken from industry has been detected by the XRF method (on the X-MET 8000 GEO portable X-ray fluo-
rescence analyzer) before and after the adsorption tests.

The adsorption experiments with the wastewater taken from the industry were carried out at the follow-
ing conditions: temperature was 293 K, mass of each portion of the sorbent was 0.5 g, the duration of the ad-
sorbent/adsorbate contact was 19 h in the static mode. The stirring frequency with a magnetic router was
500 rpm. Three parallel series of purification experiments were performed.

Results and Discussion

It is known that the bulk of solid wastes like ashes and slags consists of both macroelements (Al, Fe,
Ca, Si, Mg, S, C), which are significant constituents of mineral rocks, and microelements as minor compo-
nents [17].

Experimentally (based on XRD analysis), the phase composition of the slag has included
CasAly(OH)4Si304,, Fe,03, MgsAlLTiO2s, MnS, and KOH-H,O that are likely to be products of the coal ag-
glomeration. However, after the thermal treatment experienced by the slag sample, which had dried before,
there was a radical change in color that turns from greyish to light blue (Fig. 1), which can be caused by
phase transformations.

Figure 1. The slag dispersed of the metallurgical enterprise “Arcelor Mittal Temirtau” (1);
sorbent obtained after alkaline treatment (I1)

The elemental composition of the material has been determined by the energy dispersive X-Ray analy-
sis (EDXRA) (Fig. 2, 3); the ratio of Si/Al is 20.62 approximately, which is consistent with high-silica zeo-
lites (Si/Al ratio for them is from 10 to ) [18].

cpsfey

, Element Average atomic mass, %
Oxygen (O) 51.13
6 Sodium (Na) 16.24
. Carbon (C) 15.28
Silicon (Si) 5.49
N Mg Al Calcium (Ca) 6.57
Aluminum (Al) 2.48
Magnesium (Mg) 2.80
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Figure 2. The EDXRA spectra and elemental composition of alkali-treated metallurgical slag
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Figure 3. EDXRA pictures of alkali-treated metallurgical slag

The FTIR spectra of the studied samples can be conditionally divided into three frequency regions

<470-1600, 16002900, and >2900 cm (Fig. 4).
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Figure 4. FT-IR spectra of the initial slag (green) and the alkali-treated sample (red)

The first region (<470-1600 cm ™) includes vibration bands of Si-O (Si), SO*, Al-OH, Si-O groups.
The prominent absorption bands present in all spectra are rather intense bands at 777 cm™. Since the Si-O
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bond is common for all silicates and clay materials, it may be assumed that the absorption bands in the re-
gion of 777-1135 cm™ are mainly due to the stretching vibrations of Si-O.

Because of alkaline treatment, changes occur on the material surface, which are observed in the FTIR
spectrum in the form of a shift of absorption bands in one direction or another. For example, the absorption
band at 509 cm ™ is shifted to the left by 19 cm™. The absorption band at 928 cm™ has shifted to the right by
155 cm . The intensity of the absorption band at 1442 cm™* due to alkaline treatment decreases by a 0.15
relative unit (a.u.).

It can be seen from the above spectra that in the second region (1600-2900 cm™), the intensity of the
absorption band at 2350 cm™ as a result of alkaline treatment of the material increases by 0.05 a.u. The in-
tensity of the absorption band at 2800—2900 cm ™ due to alkaline treatment increases by 0.02—0.03 relative
units.

The third region > 2900 cm™ is mainly associated with the stretching vibrations of OH-groups its pres-
ence can be seen at absorption band 3435 cm ™. Absorption in the region of 3440-3738 cm ™ is presented as
bands associated with vibrations of free O-H groups. An absorption band at 3435 cm ™ increases by 0.07 a.u.
in the intensity after the alkali treatment.

In addition, there is a growth in the intensity of the absorption band at 3647—3738 cm* by 0.04 a.u. af-
ter the treatment.

The results of the Boehm method based on acid-base titration have revealed that there are carboxyl, hy-
droxyl and lactone groups on the adsorbent surface (Table 1).

Table 1
Content of carboxyl-, hydroxyl and lactone functional groups in the sorbent sample
Functional group Total Hydroxyl groups Carboxyl groups Lactone groups
Concentration
[mmole/g] 1.06 0.44 0.30 0.32

According to [14], the adsorbent samples were examined for the adsorption concentration of iodine and
methylene blue (MB) (Table 2).

Table 2
Adsorption capacity of the sorbent synthesized toward iodine and MB
Adsorption capacity
Adsorbate Carbon sorbent [17-18] Synthesized sorbent
Iodine X, % 25.00 13.65
Methylene blue A, mg/g 40.00 55.00

It is found that sorbent has an adequate sorption capacity towards both substances. Nevertheless, com-
pared to the carbon sorbent, the slag-based one works better for MB, while the former one is approximately
twice efficient for iodine. Generally, it should be assumed zeolite-templated sorbent is applicable for the cap-
ture of organic and inorganic pollutants.

As for the capture of metal ions, copper was chosen for the adsorption tests. Figure 5 demonstrates the
dependence of the adsorption capacity (a,) on pH, and the highest a. values have been achieved at pH 4,6-7.

However, these high indexes in the pH range 67 are likely to be related to the impact of hydrolysis that
foster copper (1) hydroxide to form and precipitate. At pH 4, the deprotonation of hydroxyl groups increases
the number of negatively charged centers on the sorbent surface. Since a negative charge raises the electro-
static gravitational force on the surface of sorbent and metal ions, the latter ones begin to concentrate on the
sorbent surface quickly. Thus, further experimental tests were carried out at pH 4.

The adsorption isotherms for the pair consisting of alkali-treated slag as adsorbent and Cu®" ions as
adsorbate (at 318 K, under static conditions) are presented in Figure 6.
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Figure 5. Effect of pH on the adsorption of copper (1) ions by the slag-based sorbent in aqueous solutions
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Figure 6. Adsorption isotherms Cu(ll) onto sorbent at 318 K and pH 4: plotted from experimental data (I).
Theoretical isotherms Freundlich (11) and Langmuir (I11)

There is a level off at 4 g/L with the degree of purification of ~88.72 % (Fig. 6(1)). In [19], authors have
compared the adsorption capacities of copper (II) ions on various low-cost adsorbents: diatomite (27.55
mg/g) and modified diatomite (55.56 mg/g) [20], cassava waste (56.82 mg/g) [21], dehydrated wheat bran
(51.51 mg/g) [22]; around low concentrations up to 1 g/L the sorbent investigated is likely to be the alterna-
tive to them. If the metal concentration is higher than 1 g/L, the adsorbent behaviors likely the materials
based on citric acid modified soybean hulls (154.90 mg/g) [23], modified orange peel (289 mg/g) [24] or
nanoporous metal-organic framework MOF-5 (290 mg/g) [24].

Next, the experimental adsorption isotherm was processed using the Langmuir and Freundlich equa-
tions. By comparing the approximation coefficients and the location of isotherms on the diagram can be con-
cluded Freundlich’s model is more suitable for this case. Finally, the thermodynamic parameters that de-
scribe Cu(ll) adsorption onto the slag-based sorbent from agqueous solutions have been calculated (Table 3).
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Table 3

The adsorption constants for the Freundlich model and thermodynamic parameters
of the adsorption of Cu(ll) ions onto the sorbent

Value 298 K 318 K
1/n 0.41 0.39
K 107 0.096 0.090
Correlation coefficient 0.97 0.99
—AH, kJ/mole 2.29
—AG, kJ/mole 11.16 12.06
AS, J/mole-K 29.77 30.73

The values of the isobar-isothermal potential have a negative sign that indicates the spontaneous charac-
ter of the adsorption. The higher temperature is, the higher are the Gibbs energy values. The chemisorption
type of adsorption can be predicted on the basis of the change in enthalpy equal to —2.29 kJ/mole. The posi-
tive value of the change in entropy is likely to correspond to the feasibility of adsorption and the randomness
that is raised at the sorbent/solution interface due to the adsorption of metal ions onto the slag-based materi-
al.

Besides that, the zeolite-templated sorbent is used to concentrate rare metals ions from aqueous solu-
tions on the example of lanthanum (111) and erbium (I11) (Table 4).

Table 4

Concentration of La**, Er®* ions on the sorbent surface

Metal ions Fion, PM a, mole/g X, %
La>* 101 510 99.80
Ert 226 5107 99.90

Thus, the results demonstrated that the level of extraction is high for both La and Er. The literature re-
view of the La(lll) sorption capacities of different sorbents, illustrated that though the different experimental
conditions, the reported materials has comparable sorption capacities: SnO,—~TiO, NCs nanocomposites [26]
and polydopamine/nanofibrous mats [27], showing 0.473 and 0.429 mmole/g, respectively. That is close to
the sorbent with 0.50 mmole/g in this work (Table 4), whilst grapefruit peel has an adsorption capacity of
1.233 mmole/g [28]. As for Er(l11) ions, the sorbent based on rice husk demonstrates the monolayer capacity
of 250 mg-g~' for Er(111) [29] that is higher than the material developed has.

Regarding the purification of industrial waters, the investigated sorbent has been tested toward the
wastewater that is oversaturated with metals ions from the chromium plating shop of the metallurgical plant
“ArcelorMittal Temirtau”. The following diagrams (Fig. 7-9) provides the results obtained by comparing the
total content of metals before and after the purification (the conditions are presented in Experimental).
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Figure 7. The change in the content of Cr and Al in the wastewater before purification and after
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Figure 9. The change in the content of Ni, W, La, and Mo in the wastewater before and after purification

There is an overall trend of decreasing the concentrations for all metals tested. Turning to the details,
the amounts of chromium and aluminon as main components have been down by 32.19 and 29.41 %, respec-
tively. Likewise, the concentrations of zinc and wolfram have halved after the adsorption. As for copper and
molybdenum, their amount in the wastewater has declined by four times approximately.

Conclusion

To sum up, it may be concluded that zeolite-templated adsorbent obtained by two-stage hydrochemical
and thermochemical treatment from metallurgical slag has been influential in wastewater purification based
on adsorption.

The possibility of using the sorbent obtained in water purification has been evaluated on the examples
of model solutions that contains copper (I1) ions and rare metal ions. Besides that, the adsorbent’s capacity
toward industrial wastewater from the metallurgical enterprise “ArcelorMittal Temirtau” has been estimated.
Therefore, it can be assumed that obtained sorbent may be used in the sewage treatment.
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III.K. AmepxanoBa, A.C. Yomu, P.M. lllnsmnos, /[.C. benribaesa

CinriMeH OesiceHAeHAIpIIreH MeTALIYPIrHSVIbIK KOK TYPAKThI COPOEHT peTiHje

Maxkaina MeTaTyprisuiblK KaJAbIKTap — [UIAKTap HeTi3iHAe LEeoluT 0ap COpOeHT amyra apHainFaH. Kym meH
KOXKJIaH LEOJIUT ancOopOCHTIHIH CHHTE31 TMAPOXUMIUSUIBIK XKOHE TEPMHSUIBIK OHJEY apKbUIBI JKYPIi3iireH.
Bactankel 00BeKT >koHE aJIBIHFAH MaTepuall Kelleci Tajujay SmiCTepiH KoJiaHy apKbuibl cumarttanmsl: MK-
Oypbe CHEKTPOCKONHS, CKaHEpJICHTIH 3JIEKTPOHABl MHKPOCKONHWS, SHEPrHs JUCIEPCHSUIBIK aHaJu3,
peHTreHaik ¢asaiblK Tangay, TUTpuMeTpus. KaTTel (asanblk KalablKTapAbl Maifanbel eHIMIe aiHaIAbIpy
Tocimi OepinreH. 3epTTey HOTIDKeNEepi KOPCETKEHICW, alblHFaH MaTepHalAbIH OeTi amcopOims KesiHze
MeTaJUl HMOHAAPhIH OalNaHBICTHIPY KaOiMeTiH aiAblH-ana aHBIKTAUTBIH (YHKIHOHAIABI TONTapMeH
(ruapokcu-, kKapOOKCH-, JTAKTOH) KaHBIKKaH. OHIMHIH afcopOUMSUTBIK KaOineTi WoN MEeH METHIICH KeriHe
KaTeIcTBl OaranaHanel. Mpic (II) MOHEAPHIHBIH CYyNBI EpITIHAIACH COpPOLMIAHY MpOLECiHE TEPMOIMHA-
MHKaIBIK Tangay skacanraH. CopOeHTTI JaHTaH MeH »pOWil MbICAIBIHIA CHPEK-)Kep SJIeMEHTTEepiHiH
HOHJIApBIHEIH aJJCOPOTHBTI KOHIEHTPAIMACH! YIIIH Ji¢ KOJaHyFa OOJNATHIHABIFBI KOPCETUIreH. OHAIPICTIK
CyIBl Ta3apTy YIIiH COPOSHTTI KOJAaHy MYMKIHIITIHIH 3€pTXaHAJIBIK ChIHAFBI XPOMJIAY IEXBIHBIH aFbIHJIbI
CyJapbIHBIH MBICAJIBIH/IA XKYPIi3iI/Ii.

Kinm ce30ep: METAIUTYPrUsUIBIK KOX, KOXKIBI OHICY, COpOEHTTEp, copOuus, copOuus Kabineri, d-, f-meramn
WOHZAPBI, aFbIHABI CyJIapbl Ta3apTy, COPOLMSIIBIK H30TEpMaap, aqcopOLUsIHbIH TePMOIUMHAMUKACH.

II.K. AmepxanoBa, A.C. Yamu, P.M. lllsmos, [[.C. benpru6aesa

MeTaurypruyecknii IUIaK, AKTUBUPOBAHHBIN 11€J104bI0,
KaK YCTONYUBBIN a1cOpOEeHT

CraThsl TOCBSIIECHA IOJIYYEHHUIO IEOJIHTCOAEPIKAIIEr0 COPOCHTa Ha OCHOBE OTXOIOB METAJLIYPIHYECKOTO
Npou3BOACTBa — IIIaka. CHHTE3 IIEOJIUTHOTO aJCOpPOCHTA U3 30JI0LIIaKa IPOBOIMICS MTOCPEACTBOM THIPO-
XUMHYECKOH M TepMHYECKOH 00paboTku. VcXoqHBIH OOBEKT M IMOJyYEHHBI MaTepHal 0XapaKTepH30BaHBI
crenyomuMu Metofamu aHamuza: MK-Oypee crekTpockonusi, CKaHUPYIOIMas 37IeKTPOHHAs MHKPOCKOTHS,
SHEPrOJMCIICPCHOHHBIA aHalM3, PEHTIeHO(A30BbIH aHaNM3, TUTPUMETpUs. IIpOIEMOHCTPUPOBAH MyTh Ipe-
BpamleHns] TBEpA0(a3HBIX OTXOMOB B MOJIC3HBIH MPOAYKT. Pe3ynbTaTel MccinemoBaHMs ITOKa3ald, YTO MO-
BEPXHOCTB MOIyYEHHOTO MaTepualia HachlleHa (pyHKIMOHANFHBIMI TPyTIaMi (THAPOKCH-, KapOOKCH-, JTaK-
TOHOBBIE), TPEIONPEACISIONIMMHI CIIOCOOHOCTh CBSA3BIBATh HOHBI METAJUIOB IIPH aCOPOIHH. ACOpPOIMOHHAs
€MKOCTh NPOJyKTa OLEHEeHa MO HoIy M MeTWIeHOBOMY roybomy. IIpoBeseH TepMOIMHAMUYECKHI aHAIH3
nporecca copbrun uoHoB Memu (1) w3 BogHoro pacrtBopa. Iloka3aHo, uyTO COpPOEHT MOXKET OBITH
MCIIOJIB30BaH U /IS aJICOPOLIMOHHOTO KOHIIEHTPUPOBaHHSI HOHOB PEIKO3EMENbHBIX JIEMEHTOB Ha MpHUMeEpe
nmaHTaHa u 3poust. Kpome Toro, mpousBeneHa abopaTopHas anpoOanys BO3MOXKHOTO IPIMEHEHUs copOeHTa
JUISL OYMCTKH MPOMBINUICHHBIX BOJ HA IIPUMEPE CTOYHON BOJIBI I1€Xa XPOMHUPOBAHHS.

Kniouesvie cnosa: Merammyprudeckmii Imiak, mepepaboTka Iulaka, COpOEHTHI, copOmus, copOIMOHHAs
€MKOCTb, HOHBI O-, f-MeTasIoB, OYHCTKA CTOYHBIX BOJI, H30TEPMBI COPOLIMH, TEPMOTMHAMHKA aICOPOLIHH.
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Production of electrolytic copper from Zhezkazgan Processing Plant tailings
leaching solutions using a hydro-impulse discharge

In this work, for the first time, studies of the mineralogical composition and chemical semi-quantitative spec-
tral analysis (SQSA) of the Zhezkazgan processing plant tailings before and after leaching were carried out. It
was found that copper is present in the tailings in the form of the chalcosine and bornite minerals. After
leaching with the use of ammonium bifluoride and a hydro-pulse discharge, chalcosine and boronite are de-
stroyed, and copper passes into a solution containing phosphoric acid. As a result of multiple placing of tail-
ings into the solution, the copper content in it is brought to a concentration at which copper deposition on a
stainless steel plate is possible. The identification of copper was implemented on a LAES-Matrix grain spec-
trometer. A visual comparative analysis of the changes in the structure of the treated ore waste was carried
out using a TESCAN MIRA scanning electron microscope. Metallic copper was obtained from solution by
electrochemical reactions in an experimental laboratory setup as a result. The technology was developed on
an experimental laboratory setup for the extraction of metallic copper and brought the choice of the solution
medium and electrochemical processes to the stage of obtaining the target metal with a purity of 99.99 %.

Keywords: hydro-impulse discharge, reactor, pulp, ammonium hydrofluoride, tailings samples, mineralogical
composition, copper, electrolysis.

Introduction

The currently used beneficiation processes do not provide full extraction of useful components from
minerals due to the constructive parameters of the working equipment and apparatuses, so they cannot be
taken when developing off-balance sheet reserves of deposits [1].

Modernization of enrichment processes is carried out by involving hydrometallurgical and chemical
processing operations, which increase the efficiency of enrichment through the use of a new type of energy,
for example, reagent leaching technologies for metals.

One of the rapidly developing trends in the leaching of non-ferrous metals today can be considered the
use of electro-hydro-impulse discharge (HID) technology. HID is characterized by a high coefficient of
efficiencyand universal capabilities of ultra-high pressures in combination with electromagnetic properties.
The content of valuable components both in ores and concentrates extracted from dump tailings is usually
low. That is why, the complete extraction of valuable metals from ore is impossible without the use of mod-
ern enrichment methods, such as the method of electro-hydro-impulse action [2, 3].

Currently, the use of ammonium salts is gaining new relevance due to their high productivity in the
leaching of copper from hydrometallurgical production waste. They have the properties of breaking the in-
termolecular bonds of copper compounds and silicon compounds, thereby releasing the target product from
the minerals. The study showed that when exposed to NH** ions at a concentration of 1.29 mol/l, as well as
the impact of physical parameters such as partial pressure, time, mixing intensity, temperature, particle size,
on the minerals chalcopyrite and siderite, the extractivity is 95 % of the ore mass. Then the kinetics of Cu
leaching with a total content of 8.8 % of the ore mass indicates the feasibility of using ammonia derivatives
for copper leaching [4]. The ability to form an unstable NH; ¢ Cu*? complex makes it possible to extract
copper not only from the enriched ore, but also from their depleted products of the hydrometallurgical pro-
cess, which together makes it possible to completely extract copper and other metals of the transition group
of the periodic system of elements from ores without residues [5, 6]. For example, the authors [7] carried out
work on the hydrofluoride opening of mines of scheelite, wolframite, ilmenite, sphene, baddeleyite, datolite,
crystalline quartz and gold-containing technogenic waste. It is established that during fluorination, ammoni-
um fluoro or oxofluorometallates are formed, which provide the solubility of the products and the possibility
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of separating the mixtures by sublimation. It is shown that the opening of mineral raw materials with ammo-
nium hydrodifluoride proceeds at low temperatures and allows for the extraction of all valuable components
in the form of final oxides or intermediate simple and complex fluorides according to similar schemes.

The copper production industry in Kazakhstan has a huge potential for development with the introduc-
tion of new innovative and environmentally friendly methods of integrated ore processing, covering previ-
ously unused waste-tailings stored in the form of dumps. In this work, the “electro-hydro-impulse effect”
was used, which allows achieving a high-quality yield of metals from the tailings of the Zhezkazgan pro-
cessing plant (ZPP) at relatively low energy costs.

The aim of the study is to study the changes in the mineralogical composition of the tails of the
Zhezkazgan processing plant after leaching by hydro-impulse discharge and deposition of copper on stainless
steel by electrolysis from a fluid.

Experimental

A laboratory setup has been developed and installed for experimental work on the processing of studied
samples of mining waste by electro-hydro-impulse (HID) exposure. This makes it possible to conduct exper-
iments in a wide range of changes in the characteristics of the electric discharge.

Extraction of metals was carried out in a 11 cell, where 250 g of tailings of ZPP 1, ZPP 2, ZPP 3 were
filled in, then 500 g of water was poured and 4 g of NH,HF, were added [8].

Then it was treated with an electro-hydro-impulse discharge (HID) in the cell for 15 minutes, after that
15 ml of H3PO, was added to pH 1-2, and GIR was treated in the cell for another 15 minutes.

Next, 100 ml of water was added, after filtration, the total solution was checked with a pH meter (pH
meter / Etan ionomer) and brought to pH = 1-2 H,SO,, then sedimentation on iron plates was carried out and
the purity of the resulting copper was determined. The purity of copper deposition on the plate was imple-
mented on a Laser atomic emission spectrometer “SPEKS LAES Matrix Continuum”.

The assembled installation is composed of the main blocks and nodes. The remote control for starting a
high-voltage generator with current and voltage output sensors is made with a controlled transformer for
220 V. To obtain high-voltage electrical pulses, a pulse voltage generator was assembled. The generator unit
consists of a high-voltage transformer, a high-voltage AC rectifier, a spark gap with a cell (reactor) and a
circuit protection circuit for the generator housing, electricity metering devices (Fig. 1).

13 10
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Figure 1. Diagram of a laboratory setup for extracting copper from the tailings of the ZPP 1, 2, 3

Description of a laboratory setup:

Stirring machine v =20 I;

Pump feeding the pulp;

Pulp discharge reactor;

Decantator (sediment separation) with filtration;

Collector of the working fluid of the electrolyte v =10 ;
Electrolyzerv =51,

Circulation pump for electrolyte;

Post-decantation fluid supply pump with non-return valve;

NG~ E
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9. Tailings loading hopper with water and reagents supply;

10. Hydraulic pulse control panel (HIR);

11. Switch valve for the solution supply to the reactor and decantator;
12. Low-voltage controlled transformer for 220 V;

13. High voltage transformer up to 60 kV/A;

14. Discharge switch;

15. 0.4 mF capacitor;

16. Grounding.

An 1-160 MI laboratory ionomer was used to measure the pH of the medium. A microwave plasma
atomic emission spectrometer (MP-AES) duplicated on an AA-140 atomic absorption spectrometer was ap-
plied for the quantitative determination of metals. The mineralogical composition of the tailings samples was
determined using a Micromed POLAR 2 polarizing microscope. A visual comparative analysis of the chang-
es in the structure of the treated ore waste was carried out using a TESCAN MIRA scanning electron micro-
scope.

Results and Discussion

It is necessary to know the mineral composition of the samples, the size of mineral grains and the nature
of their adhesion when choosing a method for processing ores [9]. This allows to determine the required
fineness of grinding and facilitate the choice of methods for processing ore or waste. Table 1 shows the pass-
port data of the imported samples of tailings ZPP-1, 2; ZPP-3.

Table 1
Passport data of “Kazakhmys” LLP tailings samples
Name of PP Tailings Cu Fe Zn Pb SiO Al,O3 S CaO
ZPP1,2 Current 0.127 2.2 0.02 0.01 63.82 11.27 0.13 6.47
ZPP1,2 Stale 0.187 1.8 0.03 0.02 62.85 10.46 0.16 7.17
ZPP 3 Stale 0.176 2.3 0.04 0.02 64.68 11.88 0.16 4.76

The mineralogical composition of the obtained tailings samples was studied; the results before and after
the HID treatment are represented in Tables 2—-4.

Table 2
Copper content before and after HID treatment
Sample name
Stale tailings Current tailings Stale tailings
Mineral ZPP Ne l, 2 ZPP Ne l, 2 ZPP Ne 3
before  |after leach-| before after before after
leaching ing leaching | leaching leaching leaching

[Cu], total in % 0.213 0.024 0.13 0.012 0.176 0.014
¥ Cu oxidized phase, % <0.02 <0.01 <0.02 <0.01 0.026 <0.01
Cu, free oxidized % <0.02 <0.01 <0.02 <0.01 0.026 <0.01
¥ Cu of Malachite+ Azurite
Ejztg‘g?(‘gﬂ;/; 200{CO4 <0.02 <001 | <002 <0.01 0.026 <0.01
xCU[OH],+Cu,CI(OH);3
Cu, chalcosine % (Cu,S) 0.09 0.004 0.04 0.01 0.056 0.01
Cu, bornite %(CusFeS,) 0.063 0.02 0.03 0.002 0.042 0.004

As can be seen from Table 2, copper is contained in the samples in the form of chalcosine and bornite
minerals. The highest copper content is found in the sample “Stale ZPP No. 1, 2. After the HID treatment,
copper remains only in the form of the chalcosine and bornite minerals in small quantities, and from the re-
maining minerals it passes into solution.
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Lead content before and after HID treatment

Table 3

Sample names
. Stale tailings ZPP Ne 1, 2 Current tailingsZPP Ne 1,2 Stale tailings ZPP Ne 3
Mineral
before after before after before after leaching
leaching leaching leaching leaching leaching

[Pb], total in % 0.025 0.003 0.014 0.002 0.025 0.002
Galenite (PbS), % 0.011 0.001 0,008 0.001 0.012 0.001
Cerussite (PbCO3),% 0.005 0.0 <0.002 0.0 0.007 0.0
1';5?)"3]((')/'3 oxide (litharge, | 5 504 0.001 <0.002 0.001 0.004 0.001
Pyromorphite
(Pbs(POL)sCl) 0.003 0.001 0.0 0.0 0.002 0.0

From Table 3 it can be noticed that lead is mainly contained in the samples in the form of the minerals
of galena, cerussite and litharge. In the HID processing field, lead remains in the samples in the form of the
minerals of galena and litharge in small quantities.

Zinc content before and after HID treatment

Table 4

Sample names
Mineral Stale tailings ZPP Ne 1,2 | Current tailings ZPP Ne 1, 2 Stale tailings ZPP Ne 3
before after before after before after
leaching leaching leaching leaching leaching leaching
Zn total, % 0.018 0.0021 0.014 0.0027 0.019 0.0021
Carbonated Zn, % 0.003 0.0 0.001 0.0 0.004 0.0
Zn associated with iron 0.007 0.001 0.002 0.001 0.007 0.001
and manganese oxides, %
Zn sphalerite (ZnS), % 0.008 0.0011 0.01 0.001 0.004 0.001
Zn related to 0.003 0.0 0.001 0.0007 0.003 0.0001
aluminosilicates ,%

As can be seen from Table 4, zinc is mainly contained in the mineral sphalerite in the samples of stale
ZPP 1,2 and ZPP 1, 2, 3 in minerals associated with iron and manganese oxides. After processing HID, zinc
in small quantities remains in the samples of ZPP 1, 2, 3 mainly in the minerals sphalerite and minerals asso-
ciated with iron and manganese oxides.

A semi-quantitative spectral analysis was performed applyng a LAES-Matrix laser spectrometer to de-
termine the valuable chemical elements in the tailings. The obtained data are illustrated in Table 5.

Chemical semi-quantitative spectral analysis (SQSA) before and after treatment

Tableb

Sample names
Ne | Metals, % Stale tailings ZPP Ne 1, 2 Current tailings ZPP Ne 1, 2 Stale tailings ZPP Ne 3
before leaching| after leaching |before leaching| after leaching | before leaching| after leaching
1 Ag 0.0004 0.0001 0.0001 0.0001 0.0004 0.0001
2 Ba 0.092 0.066 0.081 0.071 0.074 0.053
3 Co 1.2 1.1 1.3 0.6 13 1.0
4 Cu 0.213 0.023 0.117 0.012 0.179 0.014
5 Ni 0.25 0.23 0.26 0.24 0.25 0.22
6 Pb 0.024 0.030 0.013 0.019 0.022 0.022
7 Sc 0.8 0.009 1.0 0.008 0.9 0.010
8 Fe 0.180 2.79 0.240 1.51 0.210 2.53
9 Zn 0.022 0.0021 0.013 0.0027 0.035 0.0021
CHEMISTRY Series. No. 4(104)/2021 131



Ye.S. Mustafin, Kh.B. Omarov et al.

It is clearly seen from Table 5 that there are other chemical elements besides copper. These are ele-
ments such as zinc, lead, silver and some others, and they are of interest for the development of technologies
for their extraction. As can be seen from the data of quantitative analysis in Table 6, the metals in the work-
ing solution first go into solution, and then precipitate in the form of phosphates, and also partially form
complexes with fluorides.

Table6
Chemical analysis of sediment after decanting and deposition of other metals
No Sample Ag Ba Co Cu Ni Pb Sc Fe Zn
° P % % % % % % % % %
1 ZPP 1, 2 Stale 0.0004 0.092 0.9 0.013 0.25 0.024 0.8 0.18 0.02
2 |ZPP 1,2 Current| 0.0001 0.08 0.12 0.02 0.26 0.013 1.0 0.240 0.013
3 ZPP 3 Stale 0.0004 0.074 0.5 0.014 0.25 0.022 0.9 0.210 0.035

Table 6 shows that copper remained in solution.
Figure 2 demonstrates the percentage of copper in the fluid to its content in the tailings, after running the
pulp through a laboratory unit with HID treatment for 30 minutes in the presence of phosphoric acid.

100 -
90 -
80 -
70 -
60 -
50 A

Percent %

40
30
20
= 107

1 2 3
ZPP Waste

1—Z7PP 1,2 Stale; 2— ZPP 1, 2 Current; 3 — ZPP 3 Stale
Figure 2. Diagram of copper content in tailings before (a) and after (b) HID treatment

The average copper content for all fractions was calculated using the formula:
A = (x1+xot...xp)/n = Yx/n =0.114+ 0.167 + 0.162 / 3 = 0.148.

Heap and underground leaching are widely used to extract copper from poor and off-balance ores or
tailings. The main solvent for heap leaching is solutions of iron sulfuric oxide, which are obtained by
irrigation of piles with water as a result of pyrite oxidation. Irrigation is carried out consistently with water
and solution, followed by cementation of copper with iron scrap. In the case of using a leaching technology,
the copper yield was 63.2 % (current ZPP 1,2), 63.6 % (stale ZPP 1,2), 64.2 % (stale ZPP 3).

During the use of a hydro-impulse discharge, the copper yield was 89.75 %; 89.3 %; 92.0 %, respectively.

The first 3 digits are reduced by 63, and the second by 89.3 for the convenience of calculations, then:

S,2=1/3[0.45% +2,7% — (0.45 + 2.7)* /3] = 1/3[7.21 — 3.3] = 1.3;
S,2=1/5[0.2* + 0.6° + 1.2 — (0.2 + 0.6 + 1.2)? /3] = 1/5[1.84 — 1.33] = 0.10;
812 / 822 =13.

The number of freedom degrees were f; = 5, f, = 3. Improvement can only reduce the variance, so we
apply a one-sided significance criterion. According to the table of quantiles of the Fisher distribution, we
find Fogsi3 = 9.0. We see that S,% 1 S;* = 13. Therefore, the observational data allow us to reject the null
hypothesis and consider the improvement effective. Thus, the variance of dispersion is significant.
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On the plates, after sedimentation and washing from the solution residues, the copper content was
analyzed for its purity from contamination on a laser atomic emission spectrometer “SPEKS LAES Matrix
Continuum”. The above spectrum clearly shows the analytical lines of copper, which are characterized by
high intensity and low content of impurities. The sedimentation of copper on iron plates and the analysis car-

ried out on a laser spectrometer is illustrated in Figure 3, the laser operation zone in the form of burnt circles
is clearly visible.
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SEM HV. 150 kV
View fieid: 161 ym
SEM MAG: 1,84 kx

SEM HV: 160 kV
View fieid: $0.1 ym
SEM MAG: § 53 kx

e f

a—1, 2 Current tails before HID treatment; b — ZPP 1, 2 tails after HID treatment;
¢ — ZPP 1, 2 stale tails before HID treatment; d — ZPP 1, 2 Stale tails after HID treatment;
e — ZPP 3 before HID treatment; f — ZPP 3 after HID treatment

Figure 4. Micrograph of ore waste samples (before and after processing)

To check the sediment remaining after the HID, images of the tailings samples were taken before and
after processing (Fig. 4) on the TESCAN MIRA-scanning electron microscope (SEM).

The photos taken with a scanning microscope clearly show the difference between the tail samples be-
fore and after the HID treatment: 1) all small particles of clay crumble and dissolve; 2) transparent quartz
crystals are clearly visible; 3) all mineral and fibrous formations disappear, there is no adhesion of particles
to each other.

All this shows that as a result of treatment with HID and 4 grams of ammonium bifluoride NH;HF;,
mainly larger quartz crystals remain, and other types of minerals dissolve with them. After the deposition of
other metals and their conversion to insoluble phosphates, the HID laboratory facility worked out the modes
of extracting copper from the tailings and subsequent deposition on a stainless steel cathode with a high puri-
ty of 99.99 %.

Preliminary calculation of energy consumption

When processing 150 thousand tons of tailings per year, the costs will be:

The cost of equipment is 99,850,000 tenge.

Materials (provided that the working solution with ammonium bifluoride and sulfuric acid circulates
during the daily operation of the installation until it is saturated with copper to approximately 35-38 kg/m°).

150,000 * 34,248 tenge = 5,137,200,000 tenge.

When organizing the regeneration of ammonium bifluoride and sulfuric acid, i.e. the return to the leach-

ing process of about 70 %, the annual cost of materials will be:
5,137,200,000 tenge * 0.3 = 1,541,160,000 tenge.

Resource costs:

— electricity: 150,000 t * 10,260 tenge / t = 1,539,000,000 tenge;

— water (if the unit is loaded three times for 10 tons of tailings, the loss of water at each discharge will

be about 20 liters, that is, the daily additional volume of water will be 24 cubic meters):
365 days * 24 cubic meters * 150 = 1,314,000 tenge;
—salary: 3 people * 180,000 tenge * 12 = 6 480 000 tenge.

Conclusions

The following results were obtained for the first time: the mineralogical composition of the selected
tailings samples, which are gray sand with clay inclusions, was determined. In these samples, copper resi-
dues are mainly found in the form of the minerals chalcosine and bornite. Then leaching was carried out us-
ing ammonium bifluoride hydro-pulse discharge.

A complete chemical analysis of the HID treated samples was carried out on the 4210 MP-AES atomic
emission spectrometer, which showed that the metals had passed into solution. Next, the solution was treated
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by acidification of the medium with phosphoric acid to pH = 1-2 to transfer other metals to the precipitate.
In this solution, HID was repeatedly produced to increase its copper content to a concentration of 0.25 mol/I.

Electrochemical methods were used to obtain copper deposited on the matrix, where the anode is an ox-
idized ruthenium-titanium anode (ORTA) mesh, insoluble 3x5x15 c¢m, and the cathode of non-rusting steel
plates is 3x5x15 cm. The purity of the obtained copper on the substrate was determined using an LAES-
Matrix spectrometer. It was shown that the purity of the obtained copper is 99.99 %. An experimental labora-
tory setup was made, on which the modes of copper extraction on stainless steel plates were worked out.

Then, the images of the tailings samples before and after processing were taken with a TESCAN MIRA
scanning electron microscope (SEM) to check the sediment remaining after the HID. It was shown, that all
small particles of clay crumble and dissolve; transparent quartz crystals are clearly visible; all mineral and
fibrous formations disappear, there is no adhesion of particles to each other.
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E.C. Mycradun, X.b. Omapos, A.C. bopcbinbaes,
. Xasnuuek, A.M. Ilynos, H.B. Illyes

7Ke3kasraHn 0aitbITy padpuKachl KAIABIKTAPbIHA THAPOUMILYJIBCTI PA3pSAATHI
KOJIJaHA OTBIPBII, ePiTiHALIepPiHEeH 3J1eKTPOJIUTTIK MBICTBI a1y

Makanaga anram per JKeskasraH OaifbITy (paOpHKAachIHBIH KalABIKTApPBIHBIH, ©HAEYre NeWiHTi >KoHe
OHJICY/ICH KeHiHTT MUHEPAJIOTHSUIBIK KYpaMblHA YKOHE XUMHSIIBIK JKapThlIaid CaHABIK CTIEKTPIiK Tangay (PSA)
3epTTeyepi KYprizireH. MpIc KalIbIKTapbIHAA XaTbKO3HH XKOHE OOPHUT MHUHEpAIAaphl TYpiHIE OONATHIHBI
AHBIKTAABL. AMMOHHH OWUMTOPHUIIH KOHE THAPOUMITYIIBCTI PAa3pSATHL KOJJaHFaHAa, OenyldeH KeHiH
XaIIbKO3MH >KOHE OOPHHUT BINBIPAWIBI, al MBIC KypaMbiHAa (Gochop KBIIKBUIBI Oap epiTiHIIre oTemi.
Kangpikrapasl epiTiHaire KalWTa-KalTa eHTi3y HOTIDKECIHIE OHBIH KYpPaMBIHIAaFrbl MBIC MeJIIEpi TOT
OacrmaiiTeiH GoNaTTaH jJKacaJFaH MBICKA IIOTy MYMKIH OOJIaTBIH KOHIEHTpAIMsAFa JKETKI3LIi. ABTopiap
MbIcThl Tanaayapl LAES-Matrix masepiik ceKTpoMeTpiHze 3epTTeyJiep/bl, COHBIMEH KaTap, OHJCIreH KeH
KaJIZIIKTapBIHBIH KYPBUIBIMBIHIAFEl ©3repicTepre BU3yaiabl canbicTeipManbl Ttangayasl TESCAN MIRA
CKaHEPJICHTIH AMIEKTPOHIBI MUKPOCKONTA KYpridreH. HoTmxkecinne ToxipuOemiK 3epTXaHalbIK KOHABIPFIIA,
SMEKTPOXUMHUSUIBIK PEaKIUsIIap apKbUIBI €PITIHAIAEH MBICTBI METAJUT TYPiHJAE aly, METaUl MBICHIH alyFa
apHaJFaH KOHABIPFBIA TEXHOJIOTHSCH 3ePTTEI I )KOHE epITiHAI OPTaChIH TaHay apKbUIBI JIEKTPOXUMHUSIIBIK,
nporectep ke3innae 99,99 % TazanbIKIeH MeTanbl ATy CaThIHA IeHiH 3epTTeyiep Kacabl.

Kinm ce30ep: TMAPOMMITYJIBCTI pa3psil, peakTop, KeHIi Cy, aMMOHHUH THAPO(GTOPHAl, KaJIbIK YITiiepi,
MHHEPAJIOTUSUTBIK KYPaMBbl, MBIC, JJIEKTPOJIH3.

CHEMISTRY Series. No. 4(104)/2021 135


https://doi.org/10.3390/met11030422
https://doi.org/10.1016/S1003-6326(14)63229-5
https://doi.org/10.1016/j.hydromet.2015.08.022
https://doi.org/10.5277/ppmp140127

Ye.S. Mustafin, Kh.B. Omarov et al.

E.C. Mycradun, X.b. Omapos, A.C. bopceinbacs,
. Xasnuuek, A.M. Ilynos, H.B. Illyes

Iosy4eHue 3JIeKTPOJIMTHYECKOM MeAU U3 PACTBOPOB BbIIETYHBAHUS
xBocToB 7Ke3ka3zranckoii odorarurenbHoi Gpadbpuku
¢ NIpUMeHeHHeM F'HIPOUMILYJIbCHOTO pa3psiaia

B cratbe BmepBble NPOBEAEHBI UCCICAOBAHUS MHUHEPAJIOTMYECKOr0 COCTaBa M XMMUYECKUHM MOJIyKOIH-
yecTBeHHBIH crekrpansHbiid anamus (IICA) xBocroB JKeskasranckoi oboraturensHol (Gabpuky 1o U mocie
BBIIIEIQUYUBAHKS. Y CTAHOBIICHO, YTO MeJlb IPUCYTCTBYET B XBOCTaX B BUJIC MUHEPAJIOB XaJIbKO3WHA ¥ OOPHH-
ta. [Tocrne BbImeNaYnBaHUs ¢ NpUMEHEeHHeM OH(TOpUIa aMMOHHMS ¥ THIPOUMITYJIECHOTO pa3psiaa XalbKO3WH
U GOpHUT pa3pyIIAIOTCs, a MEb NEPEXOIUT B PacTBOP, coaepxkauuii GpocdopHyto kucinory. B pesyinprare
MHOTOKPaTHOTO BBEJIEHHS XBOCTOB B PACTBOP COJEPKAHUE MEIM B HEM JIOBEJECHO A0 KOHIIEHTPALUH, IIPU KO-
TOPOH BO3MOXHO OCaKICHHE MEIH Ha INIACTHHKE M3 Hep)KaBelomllel cTaau. ABTOpaMHd NPOBEICHA MACHTH-
¢ukauus Menu Ha JlazepHoM criekTpomerpe LAES-MatriX, Bu3yanbHbIi CpaBHUTEIBHBIH aHAIN3 U3MECHEHHS
CTPYKTYpBI 00pabOTaHHEIX PYAHBIX OTXOJOB Ha CKaHUpYyIommeM eKTpoHHoM MuKpockorre TESCAN MIRA.
Pesynpraramu cranu moiaydeHue METaUIMYECKOW MEAM U3 pacTBOpa IIyTeM JJIEKTPOXUMHMUYECKUX pPEeaKIHi,
0TpaboTKa TEXHOJOTUH Ha ONBITHOW JaOOPAaTOPHOH YCTAaHOBKE IO M3BJICUCHHIO METAITIMYECKON MeIH U J0-
BeJICHHE TTOJJO0POM CPEbl pacTBOpa M AIEKTPOXUMUYECKHX MPOLIECCOB IO CTAANH MOJTYUSHHUS 1IEIEBOTO Me-
Taia ¢ yuctoroit 99,99 %.

Kniouesvie cnosa: TupONMITY IbCHBIN pa3psf, peakTop, MyJbla, THAPOYTOPUI aMMOHHMS, 00pa3Lbl XBOCTOB,
MHHEPaJIOTNIeCKUIl COCTaB, HIIEKTPOIIH3, MEMb.
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Synthesis of a hydrophilic derivative of ecdysterone
and development of its water-soluble form

The article presents materials on the isolation of ecdysterone substance from medicinal plant raw materials
Silene wolgensis (Hornem.) Bess. ex. Spreng (Volga smolyovka). For the first time, the optimization of the
method for ecdysterone substance obtaining from the aboveground part of the superconcentrator of
phytoecdysteroids of the Silene wolgensis was carried out and based on it a pilot industrial regulation for the
isolation of ecdysterone and an encapsulated water-soluble form were developed. It was found, that the inter-
action of the substrate molecule and the clathrate forms a substance that can dissolve in water and other more
polar solvents, thereby solving the problem of bioavailability of the main hydrophobic drug. The method de-
veloped for producing the substance ecdysterone and its water-soluble encapsulated with B-cyclodextrin form
was implemented into production at the Karaganda pharmaceutical plant. NMR studies of changes in the
chemical shifts of protons of substrates and receptors illustrated that ecdysterone interacts with $-cyclodextrin
to form supramolecular inclusion complexes with stoichiometric composition of 1:1.

Keywords: ecdysterone, optimization of isolation, Silene wolgensis, B-cyclodextrin, encapsulation, water sol-
ubility, NMR, supramolecular complexes.

Introduction

Ecdysteroids (ecdysones or polyoxysteroids) regulate the molting processes of insects and crustaceans
[1]. Additionally, they are also isolated from plant sources [2, 3]. To date, more than 500 ecdysteroids are
known, among which ecdysterone (20-hydroxyecdysone or 20E) is found in plants in large quantities.

In modern conditions, the problem of developing new drugs and biologically active food supplements
containing minor components of phytoecdysteroids is becoming paramount to correct the body's adaptive
reactions under stress, exposure to unfavorable technogenic and environmental factors, and high physical and
emotional stress. Ecdysteroids have a wide spectrum of biological activity, are non-toxic and do not possess
androgenic properties.

Ecdysteroids are found in plants, as a rule, in trace and minor amounts — 0.001-0.1 %, but there are al-
S0 superproducer species containing up to 3.0 % [4]. Phytochemical methods for the isolation of
phytoecdysteroids and ecdysteroid preparations are usually traditional. For their production, such basic
methods are used as grinding of raw materials, extraction, separation of solid and liquid phases, evaporation
of the extract, isolation and purification of the target product [5].

The main problem in the development and creation of phytopreparations based on secondary plant me-
tabolites is their water solubility and bioavailability. The rate and degree of bioavailability of a pharmaceuti-
cally active substrate directly depends on its water solubility and, therefore, on the ability of the drug to pen-
etrate through obstacles to the intended target organ. However, it should be noted that along with the high
and diverse biological activity and low toxicity of many natural compounds, the issues of water solubility of
phytopreparations based on them, in most cases remain open. The water solubility of the substance and drugs
can be increased by grinding them to nanoparticles, microemulsions, solid dispersions, or by extrusion. An
alternative method to increase the solubility of phytopreparations is to obtain water-soluble cyclodextrin in-
clusion complexes (CIC) with many lipophilic poorly soluble compounds [6]. The main distinguishing fea-
ture of cyclodextrins (CD) is their ability to hydrophobic binding of the “guest” molecule in its cavity (en-
capsulation) in an agueous medium.

A promising source of raw materials for producing the substance of ecdysterone is a plant of the genus
Silene L. of the Caryophyllaceae family. This genus includes about 500 species, 62 of which grows in Ka-
zakhstan (12 endemic species) in almost all floristic regions [7-9]. Currently, Silene wolgensis (Hornem.)
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Bess. ex. Spreng (Caryophyllaceae Juss. family), widespread in Central Kazakhstan, attracts special attention
as another type of super-concentrator (1.76 %), as well as an alternative and promising industrially signifi-
cant source of biologically active substances, primarily 20E [10].

The aim of this work is to obtain a water-soluble bioactive supramolecular complex based on
20-hydroxyecdysone and its commercially available clathrate with B-cyclodextrin in a stoichiometric ratio of
1:1, followed by the subsequent development of a technology for the production of a substance for pharma-
ceutical purposes. One of the important tasks in the production of medicinal substances is standardization,
thus, using the physicochemical parameters of the study, a number of works were conducted on which crite-
ria for the inclusion complex of 20E with B-CD were set, on the basis of which emphasis will be placed in
the production of a water-soluble adaptogen in industrial scales.

The physicochemical properties and structural features of the obtained water-soluble complex of
ecdysterone with B-CD were studied applying modern physicochemical methods, namely HPLC, UV-, IR-,
'H and *C NMR spectroscopy, on the basis of which data on complex formation are presented.

Experimental

B-Cyclodextrin (99 %) produced by Fluka was used in this work.

'H and ®C NMR spectra were recorded by the spectrometer Jeol JNM-ECA 400 (399.78 and
100.53 MHz on nuclei *H and **C, respectively) in solutions of DMSO-ds CDCl; and D,O at room tempera-
ture. Chemical shifts were measured relative to the residual signals of the protons or carbon atoms of the sol-
vent.

The melting points of the isolated and obtained samples were determined on a Boetus instrument. IR
spectra were recorded on an Avatar 360 ESP spectrometer in KBr pellets. UV absorption spectra were rec-
orded on an Agilent Technologies “CARY 60 UV-Vis” spectrometer.

The purity of the isolated compound was controlled by thin layer chromatography (TLC) on Sorbfil
plates using a chloroform-ethanol 60:40 system, as well as by HPLC (purity 97.85 % and higher).

Quantitative analysis of studied samples was carried out by high-pressure reversed-phase HPLC on a
Hewlett Packard Agilent 1100 Series instrument in isocratic mode under the following conditions:

— analytical column filled with Zorbax SB-C,gsorbent, 4.6*150 mm, with a particle size of 5 microns;

— mobile phase composition: 10 % isopropyl alcohol;

— detection at a wavelength of 254 nm;

— column temperature — room temperature;

— the speed of the mobile phase — 0.75 ml / min;

— the volume of the injected sample — 20 pl.

The processing data was carried out using the ChemStation software.

The aerial part of Silene wolgensis raw material was collected in the Bukhar-Zhyrau region, in vicinity
of village of Kyzyl-Kaiyn, Karaganda region in the flowering phase.

Extraction of the aerial part (leaves, buds, stems) of the crushed air-dry raw material of Silene wolgensis
with a mass of 1.0 kg was carried out four times with 10 liters of 96 % ethanol by heating on ERSND-1 ex-
tractor at the boiling point of the solvent for 1-1.5 hours. The extract was cooled, decanted, and evaporated
on a rotary evaporator at a temperature not exceeding 50 °C. After that 0.2 | of ethanol was added to the re-
sulting thick brown syrupy mass. Next, the resulting ethanol extract was treated with a mixture of petroleum
ether and ethyl acetate in a ratio of 2:1 (0.4:0.2 1) in order to remove non-polar components, the remaining
water-soluble part was extracted with isobutanol (0.6 1), resulting in a thick extract. Isobutanol extracts were
combined, then distilled off to dryness under vacuum. Sum of ecdysteroids (86.5 g) with related substances
in the form of a thick green syrupy mass was obtained. The presence of ecdysterone was established by TLC
and qualitative analysis. By repeated column chromatography on Al, O; (I™ degree of activity according to
Brockmann, sorbent weight 1.6 kg) and elution of the column with a mixture of chloroform-ethanol (60:40),
a fraction (1.0 g) was isolated on the basis of TLC (“Sorbfil”), physicochemical constants and spectral data.
It was characterized as a chromatographically individual substance — ecdysterone.

The inclusion complexes of ecdysterone with [B-cyclodextrin were obtained by the interaction of
equimolar amounts of 20E and CD solutions. 113 mg CD (0.1 mmol) dissolved in 4 ml of distilled water was
added to 50 mg (0.1 mmol) of 20E dissolved in 3 ml of absolute ethanol. The solution was stirred using a
magnetic stirrer at 50 °C for 8 hours. The formed precipitate was filtered off, washed with ethanol and dried
at 40 °C. The 20E-B-CD inclusion complexes were obtained in the form of white powders. In a similar way,
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inclusion complexes 1:2 were obtained. 226 mg 3-CD (0.2 mmol) were dissolved in 4 ml of distilled water
and added to 0.05 g (0.1 mmol) of 20E dissolved in 3 ml of absolute ethanol.

Results and Discussion

In this regard, the optimization of the technology for producing ecdysterone was carried out in order to
increase the yield. In particular, reextraction of a thick total alcoholic extract (the sum of substances extract-
ed with 96 % ethanol by maceration with solvent boiling followed by distillation of the extractant in vacuum
to obtain a thick essence) using petroleum ether (extraction gasoline) was used to remove lipophilic compo-
nents.

On the basis of the described optimized technology, a pilot industrial regulation for the isolation of
ecdysterone was developed, the technological scheme for production of which includes the stage of prepara-
tion of materials (preparation of the extractant and processing of raw materials), 7 main stages (Fig. 1): prep-
aration of raw materials, extractant; obtaining of thick extract of Silene wolgensis after extraction with etha-
nol; treatment of thick extract of Silene wolgensis; chromatographic separation on aluminum oxide; recrys-
tallization of native ecdysterone; obtaining a water-soluble form of ecdysterone; packaging and labeling of
the water-soluble form of ecdysterone.

The superconcentrator plant Silene wolgensis, characterized by a high yield of ecdysterone (1.76 %),
exceeding its content in Serratula coronata L. (1.5 %), the plant basis of the domestic adaptogenic prepara-
tion “Ecdiphyt”, is a promising and alternative species [10, 11].

Therefore, the aim of this work is to optimize the extraction of 20E isolation from this plant, collected
in the Karaganda region, for its further use as an industrially available and alternative plant source. The in-
fluence of a number of technological factors (concentration of the selective extractant, temperature and time)
on the quantitative extraction of 20E from the aerial parts and roots of the plant under study was also investi-
gated in order to develop optimal conditions and carry out effective extraction of silene wolgensis.

A herb, crushed to 8 mm and a GMP-compliant extractant were applied to determine the optimal degree
of extraction of ecdysterone from plant raw materials. The ecdysterone content was determined within 3, 24
and 48 hours, at extraction temperatures of 20° and 78 °C. The obtained results are presented in Table 1.

Table 1

Results of the study of the dynamics of the extraction of silene wolgensis raw materials
depending on technological factors

. part of a grinding degrge Extraction tem- | Extraction time, The quantitative
Extraction plant of raw materi- perature, °C hour content of

als, mm ’ ecdysterone, %
Water-ethanol (70 %) aerial part before 8 20 24 0.3
Water-ethanol (50 %) aerial part before 8 20 24 0.26
Ethanol (96.2 %) aerial part before 8 20 24 1.7
Ethanol (96.2 %) aerial part before 8 78 3 5.24
Ethanol (96.2 %) in percolator | aerial part before 8 20 48 1.0
Water-ethanol (70 %) root before 8 80 3 5.24

It was experimentally established that ethyl alcohol is the main selective extractant providing the quan-
titative extraction of 20E from silene wolgensis.

During extraction under different temperature and times conditions with other identical parameters, it
was identified that an increase in temperature as one of the main factors (extractions 3 and 4 at 20 °C and
78 °C) does not significantly affect the yield of 20E.

Further search for optimal conditions for the extraction of silene wolgensis led to the conclusion that the
increase in the yield of 20E is mainly influenced by the change in the concentration of the extractant.

It should be also noted that the complex processing of plant raw materials as a renewable material is
one of the priority approaches in the rational use and chemical study of plants in terms of obtaining practical-
ly valuable substances.

Table 1 illustrates that when the aerial parts are extracted using 96.2 % ethanol, and the roots with 70 %
ethyl alcohol, the yield of 20E from this plant is 5.24 % and 5.24 %, respectively.
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PMS. 1.2 Marking

P
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Figure 1. Technological scheme for the production of a water-soluble form of ecdysterone

As a result of the research, effective, express, and economical in terms of hardware execution condi-
tions for the release of 20E were developed, using an extractant that meets GMP standards form industrially
significant raw materials Silene wolgensis.
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On the basis of the results of one-factor experiments, the above factors and intervals of variation (con-
centration of the extractant, duration of the process, extraction temperature, degree of grinding of raw mate-
rials) were selected. The result of the application is the first developed experimental industrial regulations for
the isolation of ecdysterone and the production of a water-soluble form on its basis [12—16].

As result of the work conducted to optimize the extraction of bioactive steroid compounds and column
chromatography of the ethanol extract Silene wolgensis, the main phytosteroid ecdysterone
2,3B,140,20R,22R,25-hexahydroxy-5p(H)-cholest-7-en-6-one) C,7 Hy4O; was obtained as a white odorless
powder with a purity of 98 % according to HPLC. In order to establish the basic data on the physicochemical
constants characteristic of ecdysterone, the following results were obtained: M.p. 236-238 °C (ethyl acetate-
methanol); [0]°p + 66.0° (1.0, methanol); IR (KBr) vmax, cm™: 3450, 2950, 1652, 1450, 1390, 1060, 880; UV
spectrum (EtOH), Amax, nm: 243 (log € 4.10). The substance is soluble in ethanol, dioxane, insoluble in water,
ethyl acetate and chloroform. According to the data of primary analyzes, all available results completely co-
incide with the target compound ecdysterone, which is confirmed by the literature data [17].

The finished product is also a substance of a water-soluble form of ecdysterone; it is a supramolecular
inclusion complex with B-cyclodextrin, obtained according to the scheme in Figure 2 and representing an
odorless white powder with a basic substance content of at least 98 %.

Figure 2. Scheme of the ecdysterone molecule entry into the B-cyclodextrin cavity

The possibility of creating nanocapsulated complexes of a biologically active component helps not only
to increase the solubility and physicochemical stability of the substrate, but also to improve its bioavailability
and local tolerance.

Thus, to establish the type of the formed inclusion complex of ecdysterone with B-cyclodextrin, the val-
ues of chemical shifts of 'H of the substrate and receptors in the free state and in the composition of the
supramolecule were studied (Table 2). Ecdysterone is poorly soluble in water, and its spectra are difficult to
record in deuterated water. Upon complexation of 20E with B-CD, supramolecular complexes are formed,
which have a relatively high solubility in water compared to the initial 20E. Therefore, to confirm the water
solubility of the complexes, NMR spectra were obtained in water. In Table 2, the first two columns demon-
strate the 20E NMR spectra in deuterated chloroform and DMSO. 20E dissolves in these solvents, and can be
identified by NMR spectra. The 20E NMR data in chloroform and DMSO presented in columns 1 and 2 of
the table were applied to correctly identify the 20E spectra in the supramolecular complex. The 20E NMR
signals slightly decrease in the supramolecular complex. Comparative data on changes in the chemical shifts
of protons in the inner sphere are presented for free -CD-n and its complex with 20E, obtained in deuterated
water.

The chemical shifts of B-CD in water are well-known and were not presented by us in Table 2.

The main results on the structure of complexes of 20E with 3-CD were obtained from ROESY spectra
recorded in deuterated water. Based on the tabulated data, it can be noted that the protons of the inner sphere
of cyclodextrin, H-3 and H-5, experience the greatest shift.

One of our goals is to characterize and disclose more detailed information on the molecular geometry of
complexes of 20E with B-CD. First, we tried to fully decipher the signals and reveal the intermolecular inter-
actions between 20E and CD using 2D ROESY NMR experiments.

Full assignment of *H and **C NMR signals was made for pure 20E in DMSO d (15.5 mg of pure 20E
in 0.5 ml of water), excluding OH protons, which have two broad signals at 4.09 and 4.56 ppm, three broad
superimposed signal at about 4.36 ppm, and a sharp signal at 4.63 ppm, which was designated as OH on car-
bon C14 due to the strong correlation of HMBC with carbon C13, and two weak correlations with carbon
atoms C14 and C15.
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Table 2

'H and **C NMR chemical shifts in the free state (8o, DMSO-dg)

and in the composition of the complexes (8, D,O), ppm

Ne 20E in CDCl; 20E in DMSO-dg 20E-B-CD in D,0O
1 2 3 4
20E Signals
C1 37.96 36.610 35.499
Hla 1.263, dd, 13.3, 12.0 1.598, dd, 13.3, 4.3 1.299, dd,
HI1B 13.5,12.5
1.788, dd, 13.5,4.4
C2 68.03 66.754 67.367
H2 3.604, ddd, 11.9,4.3,3.1 3.880
C3 68.12 66.570 67.128
H3 3.764,~q, 2.9 3.968, ~q, 2.9
C4 3241 31.526 31.154
H4a 1.473, ~dt, 13.7, 3.8 1.705, brd
H4p 1.593, td, 13.4, 2.5 1.627
C5 51.37 50.072 50.358
H5 2.200, dd, 13.1, 4.2 2.270, dd,
12.6,5.0
Cé 203.43 202.620 208.101
Cc7 121.64 120.432 121.017
H7 5.626, d, 2.6 5.891, d,2.6
C8 166.03 165.187 168.242
C9 34.43 33.144 33.831
H9 3.007,ddd, 11.6, 7.1, 2.7 3.025, ddd
115,7.2,2.6
C10 38.64 37.601 38.161
C1 37.96 36.610 35.499
Hla 1.263, dd, 13.3, 12.0 1.598, dd, 13.3, 4.3 1.299, dd,
HI1B 13.5,12.5
1.788, dd, 13.5,4.4
C2 68.03 66.754 67.367
H2 3.604, ddd, 11.9, 4.3,3.1 3.880
C3 68.12 66.570 67.128
H3 3.764,~q, 2.9 3.968, ~q, 2.9
C4 3241 31.526 31.154
H4a 1.473, ~dt, 13.7, 3.8 1.705, brd
H4p 1.593, td, 13.4, 2.5 1.627
C5 51.37 50.072 50.358
H5 2.200, dd, 13.1,4.2 2.270, dd,
12.6,5.0
Cé 203.43 202.620 208.101
c7 121.64 120.432 121.017
H7 5.626, d, 2.6 5.891,d,2.6
C8 166.03 165.187 168.242
C9 34.43 33.144 33.831
H9 3.007,ddd, 11.6, 7.1, 2.7 3.025, ddd
115,7.2,2.6
C10 38.64 37.601 38.161
C15 31.98 30.303 30.454
H15a 1.781, ~td, 11.6, 5.5 1.979, ~td
H15P 1.507, ~q, 9.6 10.4,6.2
1.631, ~dt
C16 21.47 20.251 20.493
H16a 1.871 1.859, ~q,
H16P 1.556 11.1

1.759, ~dt, 14.1, 34
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Continuation of Table 2

1 2 3 4
C17 50.08 48.676 49.216
H17 2.259, ~t, 9.0 2.250, dd, 10.0, 8.8
C18 17.87 17.114 17.268
H18 0.763, s 0.796, s
C19 24.46 23.841 23.352
H19 0.836, s 0.925, s
C20 76.82 75.682 77.599
c21 21.68 20.959 20.095
H21 1.062, s 1.175
C22 77.52 76.182 77.010
H22 3.115,dd, 10.5, 1.7 3.341, dd,
10.6,1.9
Cc23 27.45 26.073 26.018
H23 1.475, ~tdd, 12.4, 3.9, 18. 1.535
1.111, dddd, 13.6, 11.6, 10.6, 4.5 1.237
C24 42.62 41.377 40.818
H24 1.645, ~td, 12.8, 5.0 1.651, ddd
1.253, ddd, 13.1, 11.6, 4.3 13.2,10.6,5.3
1.417, ddd,
13.2,11.1,4.3
C25 69.52 68.673 71.265
C26 29.99 29.972 28.052
H26 1.077, s 1.138, s
c27 30.09 28.990 27.949
H27 1.052, s 1.135,s
B-cyclodextrin signals
Cl - - 102.238
H1 4.991,d,3.8
C2 - - 72.161
H2 3.575, dd, 9.9,
3.7
C3 - - 73.248
H3 3.885, dd, 9.9,
9.0
C4 - - 81.466
H4 3.512,~t,9.3
C5 - - 71.929
H5 3.781
Cé6 - - 60.282
H6(2H) ~3.79

The formation of an internal complex with ecdysterone is assumed. The study of the integral intensities
of the signals of the guest and host molecules allows us to conclude that the stoichiometric ratio is 1:1. To
identify the fragment of the 20E molecule located in the inner sphere of the CD, the changes in the values of
the chemical shift were studied. The overlapping of *H signals of the substrate significantly complicates the
analysis of NMR data; however, one can assume the formation of a supramolecular ensemble according to
Figure 2.

Wide signal of residual water at 3.30 ppm has an intensity of 0.17 H. Other signals and most of their
characteristics are shown in Table 2. JHH values, cross-peak intensities in HMBC and ROESY were used to
establish the geometry of the 20E steroid part (aliphatic part from C23 rotates freely).

The signal of the *H B-CD proton was chosen as an internal reference, since this proton is located out-
side the B-CD cavity and therefore should be least affected by complexation. The changes (627 °C — 51 °C)
on the signals H1, H2, H3, H4, and H5 of the CD part were 0, +4, —12, —7, and —8 ppb, respectively, i.e. a
large change was observed on the internal H3 B-CD. Similar changes were observed on Hla (=2), H2 (+38),
H3 (+18), H5 (=13), H7 (-8), H9 (+4), H17 (+3), H18 (-9), H19 (-19), H21 (-6), H22 (-3), H23 (-8), H24 '
(0), H26 (—2), H27 (—4) signals of 20E part; other signals were not observed due to overlap.
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In general, an unambiguous conclusion about the geometry of the complex can be made by interpreting
the intermolecular interactions in the ROESY spectra.

As expected, final ROEs between 20E and H1, H2, or H4 signals (outer hydrogen atoms) B-CD were
not observed in all samples. This suggests that 20E forms a complex inside the B-CD cavity or that the con-
centration of other complexes was not detected under the studied conditions. This indicates that all the ob-
served intermolecular ROEs are associated with the fact that 20E is located more or less inside the B-CD cav-
ity. Despite a number of signal overlaps, it was possible to establish whether the aliphatic or steroid portion
of 20E is in the B-CD at O6 (ROE to H5 / H6) or O3 (ROE to H3), based on the unambiguous pres-
ence/absence of ROE on the recognizable signals. H5 and both H6 B-CD signals overlap; however, since
they are within the B-CD molecule, this is not a serious problem. The H3 B-CD signal overlaps with the
H2 20E signals, thus only ROE cross-peaks that are not observed in pure 20E can be attributed to H3 3-CD.

These signals were separated at 1 °C, allowing for a more unambiguous interpretation.

We identified a strong ROE H5 / H6 B-CD for the 20E H23, H23', H24', H26/H27 signals, as well as
the ROE H3 B-CD for the 20E H17, H18, H19, and H22 signals. This suggests that the 20E aliphatic portion
is inserted deep into the B-CD through the O3 rim. Surprisingly, there are also weak ROE H5 / H6 B-CD for
20E H18, H21 and H22 signals and H3 B-CD on 20E H26 and H27 signals. This can be explained by simul-
taneous complexation through the O6 rim or complex formation through the O3 rim, however, with $-CD
has at least one inverted sugar unit. ROE H3 B-CD for 20E signals H1f3, H4a, H4B, H5 and H19 suggests
ring A complexation, but no ROE for Hla. This can be understood as hindering Hla from constant ROE by
the nearby H19 methyl and OH group (s).

Pure 20E has a strong ROE between H9 and H2, and no ROE between H9 and H3, which is consistent
with the molecular model where the H9-H2 distance is 0.18 nm and the H9-H3 distance is 0.38 nm. The
change in the conformation of ring A can also be supported by the largest changes in chemical shifts on this
ring with changes in temperature. Unfortunately, we were unable to identify significant changes in HMBC to
reveal more details about the geometry changes.

Based on the obtained NMR spectroscopy data, which accurately describes the formation of a hydro-
philic complex of ecdysterone entry into the cavity of the B-cyclodextrin molecule, thereby relying on the
obtained result, we can confidently formulate the final data, which undoubtedly represent the characteristics
of the supramolecular inclusion complex. Thus, the study of the target complex in D,O yielded a result in
which the main proton signal of H-7 was revealed, that is precise characteristic for compounds of the
cholestanic structure, indicating that this substance is already capable of dissolving in water, and thereby
makes it possible to conduct experiments on the study of hydrophilicity.

Conclusions

This work proposes the most optimal method for obtaining the inclusion complex of 20-hydroxy-
ecdysone, isolated from the industrially significant plant Silene wolgensis with 3-CD in a 1:1 ratio (substrate-
clathrate). Based on the results obtained on preparative chromatography of the target product and the devel-
opment of its chemically modified form, an optimal technological scheme has been proposed, in which the
main stages of the production of a water-soluble substance are established. On the basis of the primary data
on physicochemical constants, the criteria for standardization of the finished medicinal substance were estab-
lished. The fine structure of the 20E inclusion complex with B-CD was fully confirmed by the data of two-
dimensional correlation of the *H and **C NMR spectra, thus, studying the main structural features of the
supramolecular-clathrate inclusion complex. For the first time, on the basis of ecdysterone, a water-soluble
drug substance of ecdysterone with B-cyclodextrin was obtained and its fine structure was confirmed. For the
first time, a pilot industrial regulation for the isolation of ecdysterone from the Silene wolgensis and the pro-
duction of a water-soluble form on its basis was developed. The developed method for obtaining a water-
soluble form of ecdysterone is of great interest for the pharmaceutical industry as the basis for many
actoprotective phytopreparations.
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IKAMCTEPOHHBIH THAPOPUIIbAI TYBIHABICHIHBIH CUHTE31
’KOHE OHBIH Heri3iH/e Cy/Ja epUTiH TYPIH aixy

Makanaza Silene wolgensis (Hornem.) Bess. ex. Spreng (Bojra cCbuiIbIpIIeti) I0piiik €CiMAIK MHKi3aThIHAH
SKANCTEPOH CyOCTAaHIMSCHIH Oellin amy OOMBIHIIA MAJIIMETTEp KeNTipiireH. Ajram peT GUTOIKIUCTEPOU-
TapAbIH acKbIH KOHIIEHTPATOPbl BOJra ChUIABIPIIOOiHIH JKepycTi OemiriHeH SKIMCTEPOH ally oAICIHIH
OHTaNJIAHBIPBUTYbI XKYPIi3ij/Ii )KoHEe SKANCTEPOH MEH OHBIH HEri3iH/eri HHKAICYJIICHI€H Cy/la epUTiH TYpiH
ATy IBIH TOKIPHOETiK-0HEPKICINTIK periaMenTi xacanbHasl. CyOcTpaT MONEKyIackl MEH KIaTpaTThIH e3apa
OpeKeTTeCyiHeH cyna jkoHe 0acKa MOJISIpIBl epITKIIITEpAe epy alaThlH 3aT TY3UIETiHi, COJ apKbUIBl HETi3ri
ruapooOTH! MperapaTThlH OMOXKETIMALTITT Moceec] IeNTiIeTiHi aHBIKTaIbl. DKIUCTEPOH CyOCTaHIHSCH
JKOHE OHBIH [-IMKIONCKCTPUHMEH WHKAICYJIJCHIeH Cyaa epuTiH TypiH amy omici Kaparaums
(apmaneBTHKAJIBIK 3aybIThIHIA eHAipicke eHmipinai. CyOcTpaTrap MeH penentopiap NPOTOHAAPBIHBIH
XUMUSIIBIK JKbUDKYJIApBIHBIH e3repictepin IMP-3eprreyiep ke3inae, SKIUCTEPOHHBIH -IUKIOICKCTPHHMEH
1:1 CcTeXHMOMETPHSUIBIK KypaMIarbl MOJEKYJIAyCTUIIK €Hy KEUIeHAEpiH Ty3e OTBIPBIl OpEeKeTTeCETiHi
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Synthesis of a hydrophilic derivative of ecdysterone ...

TaOBUIABI. DKINCTEPOHHBIH P-IUKIOICKCTPHHMEH MHKAICYJACHICH KeLICHIHIH, GUTOIKIUCTEPOHHBIH O3iHe
KaparaHia cyza epirimririnia 100 ece apTaTbIHBI aHBIKTAJIIBI.

Kinm co30ep: axmuctepoHn, Getin axyasl OHTalnaHaeIpy, Silene wolgensis, B-uukiioqekcTpiH, HHKAICYIaey,
cyJa epirimri.

A.M. Koxanona, b.C. Temupraszues, A. Kanapoex,
b.U. Tyneyos, T.M. Ceitnxanos, C.M. AiekeHOB

Cunre3 ruipopuIbLHOr0 NPOU3BOJHOIO IKANCTEPOHA
U pa3padoTKa BOAOPACTBOPMMOI (pOPMBI HA €ro OCHOBE

B crarse mpeacTaBieHBl MaTepUalbl 10 BBIICICHUIO SKANCTEPOHA CyOCTaHINM U3 JIEKapCTBEHHOTO PacTH-
TenpHOro chipbst Silene wolgensis (Hornem.) Bess. ex. Spreng (cMoneBka BoJpkckasi). BriepBeie mpoBeeHa
ONITHMH3AIMS CIOCcO0a TONyYeHHsT SKIUCTEpOHa M3 HaJ[3eMHOH YacTH CBEPXKOHIIEHTpaTopa (GuTosKAnCTe-
POMJIOB CMOJIEBKH BOJDKCKOM M pa3paboTaH ONBITHO-NPOMBIIUICHHBIN perlIaMeHT BBIICICHHS IKIUCTEPOHA U
MHKAICyJIHPOBAaHHOI BOZOPAcTBOPUMOM (opMBbI Ha ero ocHoBe. HalineHo, 4To mpH B3auMOJSHCTBHU MoJIe-
KyJIbl cyOCTparta U KjlaTpaTa o0pa3yercsi BEUIeCTBO, CIIOCOOHOE PaCTBOPATECS B BOAE U APYTUX Oojee Mosp-
HBIX PaCTBOPHTEIISAX, TEM CaMBIM pelasi mpodjeMy OHOIOCTYIHOCTH OCHOBHOTO THAPOGOOHOr0 JIeKapCTBEH-
HOTo coenuHeHHs1. PazpaboTaHHbIH cI0cO0 MOIy4eHHs SKAUCTEPOHA CyOCTaHIINN U €T0 HHKATICYITHPOBAHHOM
C B-IMKIONEKCTPHHOM BOAOPACTBOPUMON ()OPMBI BHEIPEH B IMPOM3BOACTBO HA KaparanauackoMm ¢apmares-
THdeckoM 3aBoze. [Ipu SIMP-u3ydenny n3MeHeHn XUMUYECKHAX CABUTOB IIPOTOHOB CYOCTPAaTOB U PELIENTO-
POB HaiiIeHO, YTO 3KJUCTEPOH B3aMMOJIEHCTBYET ¢ 3-IIMKIOJEKCTPIHOM C 00pa3oBaHueM HaMOJIEKYJIIPHBIX
KOMIIJIEKCOB BKJIFOUEHHsI CTEXHOMETpUYECKoro cocrana 1:1.

Kuiouesvle ciosa: 3KANCTEPOH, ONTUMHU3ALMS BbleneHus, Silene wolgensis, B-InKI0AeKCTPHH, HHKAIICYTH-
pOBaHKE, BOJOPACTBOPUMOCTb, SAIMP-criekTpockomnus, cynpaMoeKyIIpHble KOMITJIEKCHI.
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Recovery of used acetic acid via sulfuric acid

Kazakhstan has a huge phosphate raw material base, where the basis is made up of micro-grained phosphate
ores of the Karatau basin. The depletion of reserves of high-quality commercial ores leads to the search for
new methods of using the enrichment and sorting of low-grade technogenic ores, one of which is phosphate-
siliceous slates. The presented study was carried out in two stages: at the first stage, phosphate-siliceous
shales were enriched by the acetic acid method, regime technological parameters, kinetic and thermodynamic
regularities of the process were determined. At the second stage of the research a method for recycling used
acetic acid during the enrichment of low-grade phosphate-siliceous slates is proposed. In this case, sulfuric
acid was chosen as the regenerating agent of acetic acid. The reliability of the performed studies was proved
by the use of modern complex research methods: scanning electron microscopy, Energy Dispersive X-Ray
and X-Ray difraction analyses. To determine the course of a particular reaction, a thermodynamic analysis
was performed using modern HSC 6.0 software. The kinetic data are determined by calculation. The obtained
experimental data were subjected to statistical analysis (Chaddock scale, standard deviation, coefficient of de-
termination). The mechanism of interaction of an acetate solution with sulfuric acid is illustratively described.
In conclusion, the sulfuric acid method is suitable for the regeneration of applied acetic acid. In this case, a
by-product is formed in the form of calcium sulfate. This product can be used as a building binder (confirmed
by the protocol of the “National Center of Expertise” of the Republic of Kazakhstan).

Keywords: acid recovery, acetic acid, low-grade phosphorites, beneficiation, sulfuric acid, phosphate-
siliceous slates, Chaddock scale, calcium sulfate.

Introduction

The globalization process of the economy and ensuring the sustainable development of all sectors of the
national economy requires timely and effective solutions to the problems accumulated by mankind. The
steadily increasing consumption of mineral raw materials ensures the dynamic development of the economy
and society of many countries of the world, including Kazakhstan.

The Republic of Kazakhstan is one of the countries in the world that has large deposits of phosphorite
in the Karatau phosphorite-bearing basin. When extracting phosphorites, an open method is usually used and
it is always accompanied by the formation of various wastes. The main by-products of open-pit mining of
phosphorites in the Karatau basin are phosphate-siliceous shales. The approximate volume of accumulated
waste is about 40 million tons. This indicator is growing every year, while high-grade (23-27 % P,0s) and
medium-grade (20-23 % P,0s) deposits of phosphorites are being depleted [1, 2]. Scientists attribute this
type of waste to the technogenic resources of the Karatau basin [3].

According to the lithological composition, this type of waste belongs to a variety of clay-siliceous
shales with an interlayer of carbonate-siliceous and pelitomorphic carbonate-siliceous phosphorites with
phosphate-clay-siliceous shales [3-4]. Its composition is dominated by clay compounds (SiO,) and one-and-
a-half oxides (Fe,O3, Al,O3), which complicate the enrichment process [5].

With an increase in the consumption of phosphorus-containing products [6], the reserves of rich and or-
dinary phosphorites are being depleted, and in a few years industrialists may face the problem of an acute
shortage of high-quality raw materials. In this regard, the strategy for the development of the mineral re-
source base should be based on the rational use of the identified resources and their timely reproduction.

The world reserves of phosphorites are dominated by hard-to-enrich ores of carbonate, siliceous-
carbonate and carbonate-siliceous composition [7, 8]. There are various methods for enriching low-grade
phosphorites: flotation, calcination, magnetic separation [9, 10]. One of the promising methods is the use of
dilute organic acids, the so-called chemical enrichment. Organic acids with slow heating have the ability to
dissolve dolomites and calcites in the composition of phosphorite, while not affecting the phosphate part of
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the raw material [11]. The use of organic acids is relevant for countries where the production of phosphorus-
containing products is one of the main sectors of the economy. So, scientists from China [11, 12], Egypt
[13], Uzbekistan [14], Pakistan [15, 16], and Russia [17, 18] conducted similar studies. In their works, organ-
ic acids of various types were used. However, in many studies [11-18], the use of acetic acid as the main
reagent that dissolves carbonate minerals well is particularly noted. The chemistry of the reaction of acetic
acid with carbonates can be represented as follows:

2CH3COOH + CaCO; = (CH;C00),Ca + CO, + H,0 (1)

2CH3;COOH + MgCO; = (CH;CO0),Mg + CO, + H,0O 2

As can be seen from the reaction equation, acetic acid reacts with carbonates to form salts of calcium
and magnesium acetates. The dissolved carbonates in the form of an acetate salt remain in the solution, and,
accordingly, the content of total P,Os increases in the insoluble part.

In addition, we have determined that potassium and aluminum-containing compounds in the composi-
tion of phosphorite also actively interact with acetic acid:

2CH;COOH + K,0 = 2KCH3COO + H,0 (3)
6CH3;COOH + Al,03= 2AI(CH3;C0OO0); + 3H,0 4)

Although these studies indicate that the process of enriching low-grade phosphorites has been success-
fully carried out, there is also a problem of disposing of the acetate solution. This issue is relevant, since a
large amount of dilute acetic acid is spent during enrichment (liquid/solid ratio = 8:1, 5:1, 3:1). Consequent-
ly, a considerable volume of the solution is formed. The authors propose various methods of disposal: the use
of the ion exchange method, regeneration with hydrochloric acid and hydrofluoric acid [19]. Also, in the fu-
ture, the sulfuric acid can be applied to obtain calcium sulfate [20].

All of the above studies are only at the theoretical level. Until now, no experimental studies have been
conducted on the recovery of acetic acid, so there is an acute lack of comprehensive data on this problem.

Thus, the aim of the research is to study the process of acetic acid recovery with the use of sulfuric acid
and the production of calcium sulfate. The given experimental data are new and can serve for further devel-
opment of research in the field of enrichment of low-grade phosphorites with organic acids.

The studies were conducted in two stages. At the first stage, the process of enrichment of phosphate-
siliceous shales of the Zhanatas deposit (Karatau basin) with acetic acid was carried out. The optimal operat-
ing parameters are established: the highest yield of P,Os is 21 % at 30 °C, 15 min and liquid/solid ratio = 1:3
[21]. Kinetic regularities are determined, a thermodynamic analysis of the acetic acid enrichment process is
carried out. During the enrichment process, an acetate solution was obtained, which must be disposed of or
returned to the process. Considering this issue, the second stage of the study provides the results.

Experimental

The recovery process of acetic acid was studied in the laboratory using experimental lab equipment
(Fig. 1): an acetate solution and sulfuric acid were mixed at temperatures of 333, 348, and 363 K on a mag-
netic stirrer, to which a pH meter 1-160MI was attached to observe changes during the process. The mixing
time varied from 15 min to 45 min. The suspension was filtered on a Buchner funnel with a constant dilution
of 0.06 MPa. The sediment on the filter was dried at 110 °C to a constant weight.

1 — magnetic stirrer; 2 — magnetic stir bar; 3 — solution of acetates and sulfuric acid; 4 — pH-meter

Figure 1. Experimental lab equipment
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The study of the element-weight composition and structural features of the source material and the re-
sulting product was implemented on a scanning electron microscope JSM-64901 V [22].

The X-ray difraction (XRD) analysis of the feedstock and the resulting product was performed on the
D8 Advance (Bruker), a-Cu apparatus. The processing of the obtained diffractogram data and the calculation
of interplane distances were carried out applying EVA software. The samples were decoded and the phases
were searched using the Search / match program and the PDF-2 powder diffractometric data base.

The multifunctional software package HSC 6.0 was used to conduct a thermodynamic analysis of the
acetic acid recovery process, taking into account the phase changes of the initial components and final prod-
ucts, with the calculation of changes in the enthalpy, entropy, Gibbs energy, and the logarithm of the equilib-
rium constant.

The calculation of the reaction rate of the acetic acid recovery process was performed according to the
formula:

_An
VAT
where: An — change in the amount of moles of starting substances, mol; V — volume of the mixture, I;
At — time, min.

The study’s results of the kinetic regularities of the acetic acid recovery are processed using the

Pavlyuchenko equation [23]:

1-(1-a)’ =x-r. )
This equation is typical for the processes that begin on the entire surface but the progress of the reaction
into the depth of the particle depends on the thickness of the layer formed by the reaction products through

which the reagent diffuses. This equation describes the processes, the limiting stage of which is diffusion.
The calculation of the apparent activation energy of the process (E,p) is graphically determined from the de-

1 . . .
pendence In x = f[?), when the value of the reaction rate constant is known at certain process tempera-

tures.
Epp determined by the formula:

Kinetic data were subjected to statistical processing (standard deviation and correlation analysis)
[24, 25].
Results and Discussion
Characteristics of the acetate solution
The acetate solution obtained during the enrichment of low-grade phosphate-siliceous shales was sub-
jected to evaporation to study its element-weight composition. The evaporated acetate solution is presented

in the form of a white crystalline substance that is highly soluble in water. It has a faint smell of vinegar. The
results are shown in Figure 1 and in Table 1.

Table 1

Element-weight composition of the acetate solution

Element Weight, % In terms of oxides, %
C 26.77 -
(0] 45.88 -
Mg 0.59 0.97
Al 0.21 0.39
Si 0.62 1.32
S 0.68 1.7
Ca 24.15 33.78
Mn 0.32 0.41
Fe 0.79 1.12
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Figure 2. SEM image and EDX analysis of evaporated acetate solution

The data of the element-weight composition illustrate the predominant presence of calcium compounds.
There are also impurity elements in the form of magnesium, sulfur, silicon, iron, and manganese, which were
transferred during the acetic acid leaching of low-grade phosphate-siliceous shales by reactions 1-4.

For a more detailed study of the composition of the acetate solution, the method of XRD analysis was
used. The results are represented in Figure 3 and in Table 2.

i | Acetaty soli
1 1 PDF 00-010-0782 cakium ethanoate ethanoic acid hydrate | Calcium Acetate Acetic Acid Hydrate C6H10Ca06 H20 66,9%
a 1 2 PDF 00-019-0199 calcium ethanoate hydrate | Calcium Acetate Hydrate C4HECa04 0.5H20 16 9%
- | 3 PDF 01-082-9590 Potassium Aluminum Silicate KD.96AISIO4 11,7%
8 4 PDF 01-088-1797 cakium sodium tecto-alumosilicate | Calcium Aluminum Silicate Ca3 6(AI7.25i40 BOSE) 4,5%
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Figure 3. XRD image of evaporated acetate solution

Table 2
XRD decryption of evaporated acetate solution
Pattern # Compound Name Formula S-Q
e Calcium ethanoate ethanoic acid hydrate | Calcium Acetate ) 0
PDF 00-010-0782 Acetic Acid Hydrate CeH10Ca0s-H,0 66.9 %
PDF 00-019-0199 |Calcium ethanoate hydrate | Calcium Acetate Hydrate C4HgCa0,4-0.5H,0 16.9 %
PDF 01-082-9590 |Potassium Aluminum Silicate Ko.96AISIO, 11.7 %
PDF 01-088-1797 gﬁ:g;:gn sodium tecto-alumosilicate | Calcium Aluminum Cag (Al 2Sid050s0) 45%

The data of the XRD analysis clearly demonstrate the presence of the main compounds in the composi-
tion of the evaporated acetate solution. The main compound is calcium acetate hydrate in the amount of
83.8 %. There is also the presence of impurity compounds of potassium-aluminosilicates and calcium-

aluminosilicates.
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Reaction mechanism and thermodynamic analysis
The chemistry of used acetic acid recovery process with sulfuric acid can be represented as follows:

Ca(CH3COO0), + H,S0, = 2CH;COOH + CaS0,]| (5)
Mg(CH3CO00), + H,SO, = 2CH;COOH + MgSO, (6)
2AI(CH3COO); + 3H,S0, = 6CH;COOH + Al,(SO,)s 0)
2KCH5COO + H,S0O, = 2CH;COOH + K,S0,4 (8)
/"-’* ) /‘i G ~3. 9
570 570 /0
CH—C__ CH—C_ CH—C
<) LN D o
N\,/OE o s \/() + Ca > >/O + 1G4
89 59 e
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a — calcium acetate dissociation mechanism; b — sulfuric acid dissociation mechanism;
¢ — calcium acetate and sulfuric acid mechanism reaction

Figure 4. Reaction mechanism

Interacting molecule (substrate) — the carboxylic acid salt dissociates as follows (Fig. 4a): the stability
(hence the acidic properties) of the carboxylate anion is explained by the delocalization of the negative
charge in 2 oxygen atoms due to p,r-pairing (fusion). Concentrated H,SO, is a very strong oxidizing agent
[26], especially when heated (Fig. 4b). The concentration of sulfuric acid determines the rate and direction of
the sulfating process, as well as the mass of the sulfate reagent necessary for its implementation, since the
reaction occurs and the acid concentration decreases (as a result of diluting it with reaction water). This leads
to an increase in the possibility of acid dissociation of H,SO, and a decrease in the concentration of
sulfonated particles.

At Stage 1 (Fig. 4c), the electrophilic center (Sg) is a carbon atom of the carboxyl group, in the presence
of which carboxylic acids and their functional derivatives enter into nucleophilic substitution reactions. At
Stage 2, the main center-an oxotope with one pair of electrons is protonated at the catalysis stage in
nucleophilic substitution reactions. At Stage 3, the oxotope forms a salt after protonation, displacing the cal-
cium cation and the formation of weak acetic acid. All stages of the reaction are reversible. A detailed illus-
tration of the process of interaction of an acetate solution and sulfuric acid is shown in Figure 5.

During the reaction 5-8, calcium sulfate precipitates, and the remaining formed compounds, such as
magnesium, aluminum, and potassium sulfate, are soluble and thus will be present in the solution.

To determine the ability of a particular reaction to proceed, a thermodynamic analysis was carried out
taking into account the phase changes of the initial components and final products, with the calculation of
changes in the enthalpy, entropy, Gibbs energy, and the logarithm of the equilibrium constant. The thermo-
dynamic characteristics of the processes were determined in the temperature range of 333, 348, and 363 K.
The results of calculating the thermodynamic characteristics as a function of the temperature in the proposed
reaction are represented in Table 3.
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Figure 5. Schematic illustration of the process
Table 3
Thermodynamic parameters of the reactions (5-8)
AH’, AS?, AGY,
T.K kJ/mol J/(mol'K) kJ/mol K log(K)
Ca(CH;C00), + H,S0, = 2CH3;COOH + CaS0,|
333 -69.207 221.692 -141.031 2.740E+022 22.438
348 -64.295 236.120 -146.465 9.686E+021 21.986
363 -59.308 250.149 -150.112 4.004E+021 21.603
Mg(CH5COO), + H,SO, = 2CH;COOH + MgSO,
333 30.789 285.047 -64.131 1.150E+010 10.061
348 35.627 299.255 -68.514 1.927E+010 10.285
363 40.532 313.055 -73.107 3.317E+010 10.521
2AI(CH;CO0); + 3H,S0, = 6CH;COOH + Al,(SO4)s
333 222.513 1210.239 -180.496 2.066E+028 28.315
348 212.167 1179.832 -198.415 6.087E+029 29.784
363 203.133 1154.406 -215.916 1.181E+031 31.072
2KCH3;COO0 + H,S0, = 2CH3;COO0H + K,S0,
333 -132.494 -33.184 -121.444 1.126E+019 19.051
348 -133.098 -34.961 -120.931 1.423E+018 18.153
363 -133.432 -35.905 -120.399 2.121E+017 17.327

The values of AG® in the studied temperature range are in the negative region, and this indicates the
thermodynamic probability of reactions 5-8. From the comparison of the values of AG® reactions, it follows
that from a thermodynamic point of view, the probability of reactions occurring at these temperatures chang-
es in the following sequence: AI(CH;COQ); > Ca(CH;COQ), > KCH;COO > Mg(CHsCOQ),. In this case,
reactions 5 and 8 are exothermic, which follows from the negative values of AH’.

Kinetic regularities

Based on the above reactions, temperatures in the range of 333, 348, and 363 K were selected for effec-
tive recovery of acetic acid. The process time is 15, 30, and 45 minutes. The reaction rate was calculated ac-
cording to the formula (1). The results of the experiments are illustrated in Table 4.

The data in Table 4 designate the reaction rate slows down with increasing temperature and time. An
increase in temperature negatively affects the value of a-the degree of expenditure of sulfuric acid, since this
value decreases. This means the remaining part of the sulfuric acid did not have time to react with the ace-
tates in the solution.

Statistical processing of experimental data showed that at 333 K, the relationship between the studied
features is direct, the closeness (strength) of the connection on the Chaddock scale is high, the average ap-
proximation error (characterizes the adequacy of the regression model) is 5.0 %. Data at 348 and 363 K, the
dependence between the studied features is direct, the closeness (strength) of the connection on the
Chaddock scale is functional, the average approximation error is 1.8 % and 2.1 %, respectively.
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Table 4
The obtained experimental data
. . The degree e o Coefficient
Time, min| pH C, mol/l of expenditure, o v, mol/l-min Standard deviation of determination
333K
15min | 0.117 | 0.76383 42.23 0.07436 3.02
30min | 0.129 | 0.74190 76.30 0.06718 3.18 0.975
45min | 0.150 | 0.70794 95.46 0.05603 2.66
348 K
15min | 0.169 | 0.67622 25.92 0.04564 1.52
30min | 0.172 | 0.67236 50.40 0.04437 2.32 0.998
45min | 0.177 | 0.66484 71.40 0.04191 2.15
363 K
15min | 0.190 | 0.64534 20.17 0.03551 0.83
30min | 0.197 | 0.63530 36.60 0.03222 191 0.997
45min | 0.203 | 0.62661 49.99 0.02934 1.89
100 ~ y=18.10+1.77x
R=0.975
=
. y=3.76+1.51x
S 75 - R?=0.998
E
E —#—333K
=
i 50 - —8—348K
b —#—363K
= y=5.76-+0.99x .
@ R1=0.997 —— Linear (333K)
£ 25 - .
o - Linear (348K)
= .
— Linear (363K)
0 T T 1
15 30 45
Time, min

Figure 6. Dependence of sulfuric acid expenditure degree on time

The highest degree of expenditure of sulfuric acid, as presented in Table 4 and Figure 6, is 333 K and
45 min. This means that not all the sulfuric acid has been reacted and an excess of acid remains in the solu-
tion. The unreacted free sulfuric acid will interact with the formed soluble sulfates of magnesium, aluminum,
and potassium:

MgSQ, + H,SO, = Mg(HSO,),| 9
A|2(804)3 + 3HQSO4 = 2A|(HSO4)3l, (10)
K,SO4 + H,SO, = 2KHSO,| (12)

According to the reaction 9-10, insoluble compounds of magnesium, aluminum, and potassium hy-
drosulfate are formed, which precipitate without passing into solution.
The experimentally found Kinetic parameters are processed by the Pavlyuchenko method applying the

equation (2).

The effect of temperature and time on the degree of expenditure (o) during the recovery of acetic acid
and the results of processing experimental data in relation to the Pavlyuchenko equation are shown in Ta-

ble 5.
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Table 5
Results of experimental data processing
o (shares of 1) ‘ 1-o ‘ 3M_a 1-31—a ‘ T, min Jr
T=333K
0.4223 0.5777 0.832851 0.167149 15 3.87298
0.7630 0.2370 0.618846 0.381154 30 5.47722
0.9546 0.0454 0.356740 0.643260 45 6.70820
T=348K
0.2592 0.7408 0.904830 0.095170 15 3.87298
0.5040 0.4960 0.791578 0.208422 30 5.47722
0.7140 0.2860 0.658853 0.341147 45 6.70820
T=363K
0.2017 0.7983 0.927660 0.072340 15 3.87298
0.3660 0.6340 0.859072 0.140928 30 5.47722
0.4999 0.5001 0.793753 0.206247 45 6.70820

Based on the data in Table 5, a dependency graph 1—(1-a.)

The reaction rate constants are found by the tangent of the angle of the straight lines to the abscissa axis

shown in Figure 7:
—at 333K, tg¢1:k1=01175827,
— at 348K, tg,»,=k,=0.0315797;
—at 363K, tg,3=k3;=0.0096065.

The “apparent” activation energy of the recovery process is found by the graphical method. For these

0,7

3

3,87298

547722

6,7082

Figure 7. Dependency graph 1—(1-a)"" = f («/?)

purposes, a dependency graph Ink = f (TEJ is constructed (Fig. 8).
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Figure 8. Dependency graph Ink = f (%j

Based on Figure 8 and using the formula (3), the “pparent” activation energy of the process was calcu-
lated. For the studied process, the E,y, was 59.65 kd/mol. The found value of the apparent activation energy
allows concluding that the studied process takes place in the intra-diffusion region [23].

Characteristics of the resulting product

During the mixing of the acetate solution and sulfuric acid, a white crunocrystalline precipitate and a
solution of acetic acid were formed. The precipitate was pure calcium sulfate (gypsum). For the analysis, the
resulting calcium sulfate was dried isothermically at a temperature of 110 C to a constant weight. Dried cal-
cium sulfate was subjected to SEM and XRD analysis (Table 6, Fig. 9).

Table 6

Element-weight composition of the formed sediment

Element Weight, % | Interms of oxides, %

0 48.03 -

Mg 0.29 0.48

Al 0.58 1.09

Si 0.54 1.15

S 22.33 55.82

K 0.32 0.38

Ca 27.91 39.04
-E : vc;sn?ouuomussmnydme.synusm 94.9%
§ 1 2PDF 01-074-8125 Magnesium Aluminum Hydride Mg(AlH4)2 51%
’ < § & e % § E %
) £ i s @& s F 23 i 5 3 i
. . il E el BN f ER 2 L -
; M.WMW"“‘T*-»~M~-~M~ s Poed Km"""”‘jw’w'wzﬂ‘m“}wj | el ‘(WA,_]L_,,M'.;,“~‘; 7 GO O OV, U DU | A 35 T ;‘,.sf‘;.»

Figure 9. XRD analysis of sediment
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As mentioned above, in addition to calcium sulfate, there were compounds in the form of magnesium,
aluminum, and potassium hydrosulfate in the sediment. The data of element-weight and XRD analysis
proved the presence of these compounds in the composition of the sediment. From the XRD analysis, it was
found out the main structural compound in the sediment was calcium sulfate — 94.9 %. The remaining
5.1 % was probably occupied by the magnesium aluminum hydride compound. The white crystalline product
was acidic with a pH = 0.159, since it contained a small amount of free sulfuric acid.

The resulting by-product in the form of calcium sulfate can be used as a building material (gypsum)
[27]. To determine the suitability and use, a radiological analysis was carried out in the “National Center of
Expertise”. The samples were examined in accordance with the requirements of regulatory documents, in
particular “GOST 30108-94. Building materials and elements. Determination of specific activity of natural
radioactive nuclei” at the Progres BG gamma-spectrometric equipment. The results are shown in Table 7.

Table 7
Results of measurements of specific radioactivity
Specific effective Perm|§§|ble Ievgl of Construction Terms of use
Sample name o specific effective . . .
activity, Bk/kg f material class of building materials
activity, Ba/kg
Use in residential and
Calcium Sulfate 10£2 370 1 public bun_dlngs under
construction and re-
construction

As the measurement results show, the specific effective activity is within the permissible level and cor-
responds to the conditions of use in residential and public buildings under construction and being recon-
structed. The results of the study were confirmed by Protocol No. 18-pl/s / RO-21-0-1170 from 03.06.2021
“National Center of Expertise”.

Conclusions

The obtained research results demonstrate the suitability of the sulfuric acid method of recovery of an
acetate solution for reuse in the enrichment of low-grade phosphorites. The obtained and statistically pro-
cessed experimental data illustrate the operating technological parameters that are the temperature at 60 °C
and the time of 45 min. It was at these indicators that the highest degree of consumption of sulfuric acid was
achieved for the complete precipitation of calcium sulfate. Thermodynamic analysis revealed the regularity
of the reaction. The calculated “apparent” activation energy of the heterogeneous process was 59.65 kJ/mol.
This means the process takes place in the intradiffusion region. The resulting by-product in the form of cal-
cium sulfate can be used as a building material (gypsum). The presented results are complementary to the
information about the acid enrichment of low-grade phosphorites.

References

1 Enxonauesa I'B. Kaparayckuii 6acceiin — kpynHeiimas ocbarnas coipbeas 6asa EBpasuu / Enkonnuesa I'.B. // ®docdar-
HOE CBIpbe: IIPON3BOJCTBO U NepepadoTka: MaTtepransl MexayHap. Hayd.-mipakT. kKoHd. (17 mas 2012 r.). — M., 2012. — C. 21-30.

2 Tlepdunsesa HH. ®ochopusiii myts / H.H. TlepdunseBa. — Tapas: TOO Kazdpocdar, 2018. — [DnexrpoHHsIil pecypc].
Pexxum mocryma: http://www.kpp.kz/upload/kf_video_files/Fosfor_way.pdf.

3 Kunepman F0.A. ®ocharer 8 XXI Beke: monorp. / 10.A. Kunepman. — Tapas: TOO Kasgocdar, 2006. — [DaexTpoHHbIH
pecypc]. Pexxum pocryma: http://www.kpp.kz/upload/kf_video_files/fosfati_XXI.pdf.

4 Glenn C.R., Phosphorites // Sedimentology. Encyclopedia of Earth Science. — Berlin: Springer, Heidelberg, 1978. — 255 p.
https://doi.org/10.1007/3-540-31079-7

5 CT PK 2213-2012. Ceipbe n3mensueHnoe docharnoe Kaparay. TexHnueckne ycioBusi, KOMHTET TeXHHYECKOTO peryinpo-
BaHMS U METPOJIOrHU MUHMCTEpCTBA IPOMBIIIIICHHOCTH U HOBBIX TexHosoruil Pecry6nuku Kazaxcran. — Acrana, 2012.

6 Schroder J.J. Sustainable Use of Phosphorus / J.J. Schroder, D. Cordell, A.L. Smit, A. Rosemarin. — Wageningen: Plant Re-
search International, 2010. — 140 p.

7 Van Kauwenbergh S.J. World Phosphate Rock Reserves and Resources / S.J. Van Kauwenbergh. — IFDC: Muscle Shoals,
Alabama, 2010. — 60 p.

158 Bulletin of the Karaganda University


http://www.kpp.kz/upload/kf_video_files/Fosfor_way.pdf
http://www.kpp.kz/upload/kf_video_files/fosfati_XXI.pdf
https://doi.org/10.1007/3-540-31079-7

Recovery of used acetic acid via sulfuric acid

8 Garside M. Global phosphate rock reserves by country 2020. — [Electronic resourse]. Access mode:
https://www.statista.com/statistics/681747/phosphate-rock-reserves-by-country/.

9 Komar Kawatra S. Beneficiation of Phosphate Ore. Society for Mining, Metallurgy, and Exploration / S. Komar Kawatra,
J.T. Carlson. — Englwood, 2013. — 168 p.

10 Ptacek P. Mining and Beneficiation of Phosphate Ore, Apatites and their Synthetic Analogues — Synthesis, Structure, Prop-
erties and Applications / P. Ptacek. — London: IntechOpen, 2016. — 514 p. https://doi.org/10.5772/62215

11 Fei X. Research on Enrichment of P,O5 from Low-Grade Carbonaceous Phosphate Ore via Organic Acid Solution / X.Fei,
ZhJie, Ch.Jiyan, W.Jianrui, W.Lin // J. Anal. Methods Chem. — 2019. — P. 7. https://doi.org/10.1155/2019/9859580

12 Patent 104445112A. People's Republic of China. Method for recycling phosphate ores by using acid leaching method /
W. Zhang, J. Wang, Y. Zhang. — Guizhou University. Publ. 25.03.2015.

13 Bakry A.R. Upgrading of Abu-Tartur calcareous phosphate via selective leaching by organic acids / A.R. Bakry,
N.A. Abdelfattah, A.B.Farag // Int. J.Eng. Res. — 2015. — No.6. — P.57-64. https://www.ijser.org/researchpaper/
Upgrading-of-Abu-Tartur-calcareous-phosphate-via-selective-leaching-by-organic-acids.pdf

14 Seitnazarov A. Beneficiation of High-Calcareous Phosphorites of Central Kyzylkum with Organic Acid Solutions /
A.Seitnazarov, S.Namazov, B.Beglov // J.Chem. Technol. Metalll — 2014. — No.49. — P.383-390.
https://dl.uctm.edu/journal/node/j2014-4/JCTM_2014_4 Beneficiation%200f%20high-calcareous%20phosphorites%200f%20central
%20kyzylkum%20with%200rganic%20acid%20s.pdf

15 Zafar 1.Z. Beneficiation of low grade carbonate-rich phosphate rocks using dilute acetic acid solution // Fertilizer Research.
—1993. — No. 34. — P. 173-180. https://doi.org/10.1007/BF00750112

16 Zafar 1.Z. Selective leaching of calcareous phosphate rock in formic acid: Optimisation of operating conditions / 1.Z. Zafar,
M.M. Anwar, P.W. Pritchard // Min. Eng. — 2006. — No. 19. — P. 1459-1461. https://doi.org/10.1016/j.mineng.2006.03.006

17 Matent 2097139C1. Poccuiickas ®enepamus. Criocod oGoramenns kapGonaTcoaepskariero docdarsoro cuipbs / Hencrayn
Koprmopeiita H.B. (NL). Ony6u. 27.11.1997.

18 Tlatenr 469664A1. Coserckuii Coro3. Crioco6 oborarenus Gpocpopuros / T'.O. I'puropsia. Omy6i. 05.05.1975.

19 Zafar 1.Z. A New Route for the Beneficiation of Low Grade Calcareous Phosphate Rocks / 1.Z. Zafar, M.M. Anwar,
P.W. Pritchard // J. Fert. Res. — 1996. — No. 44. — P. 133-142. https://doi.org/10.1007/bf00750803

20 Ashraf M. Reaction kinetics and mass transfer studies in selective leaching of low-grade calcareous phosphate rock: PhD the-
sis: Chemistry / M. Ashraf. — Multan, Pakistan, 2010. — 194 p.

21 Raiymbekov Y. Beneficiation of phosphate-siliceous slates via acetic acid / Y. Raiymbekov, U. Besterekov, P. Abdurazova,
U. Nazarbek, I. Petropavlovskiy // International Journal of Chemical Reaction Engineering. — 2021. — Vol. 19, Iss. 11. — P. 1187—
1195. https://doi.org/10.1515/ijcre-2021-0071

22 Reed S.J.B. Electron Microprobe Analysis and Scanning Electron Microscopy in Geology. — University of Cambridge,
Cambridge, 2005. — 189 p. https://doi.org/10.1017/CB0O9780511610561

23 Bomwsaman I'.M. Teopus ruapometamnyprudeckux nporeccos / I'.M. Bonsaman, A.H. 3eaukman // — M.: Uatepmer Urxu-
HupuHr, 2003. — 464 c.

24 Hatcher L. Advanced Statistics in Research: Reading, Understanding, and Writing Up Data Analysis Results / L. Hatcher. —
Shadow Finch Media LLC, Michigan, 2013. — 644 p.

25 Martin W.E. Quantitative and Statistical Research Methods: From Hypothesis to Results 1st Edition / W.E. Martin,
K.D. Bridgmon. — Jossey-Bass, 2012. — 496 p.

26 Davenport W.G. Sulfuric Acid Manufacture. Analysis, Control and Optimization / W.G. Davenport, M.J. King // Elsevier
Science, 2006. — 413 p.

27 Guerra-Cossio M.A. Calcium sulfate: an alternative for environmentally friendly construction / M.A. Guerra-Cossio,
J.R.G. Lopez, A.A. Zaldivar-Cadena // 2nd International Conference on Bio-based Building Materials & 1st Conference on ECOlog-
ical valorisation of GRAnular and Flbrous materials, Clermont-Ferrand,  France, 2017. — P.1-6.
https://doi.org/10.26168/icbbm2017.37

E.b. PaitsimGexoB, Y. becrepexos, [1.A. AGnypazoBa, Y.b. Hazap6ek, 1.A. IlounTtankuna

KOJII[aHbIJIFaH cipKe KbIIIKbIJIBIH KYKipT KbIHNIKBIJILIMEH PETr¢HEpalnsjiay

Kazakcranma Kaparay OacceifHiHIH MIarblH TYHIpIIKTI docdar KeHAepiHiH HETI3iH KYpalThIH OpacaH 30p
¢docdar mmkizar 6asacel Gap. JKorapsl camanbl TayapiblK KEH KOPJIapbIHBIH CapKbUTYbl TOMEH CYPBIITHI
TEXHOTEHJIK KeHJIep/i OaifbITy MEH CYpBINTayIbIH KaHa dIICTepiH i3aeyre oKeieni, onapabiH Oipi Gocdat-
KPEMHUILT KaTtnap TacTap OONbIN TaObUIaAbl. 3epTTEy €Ki Ke3eHae Kyprisuuui: Oipinmm kesewae ¢ocdar-
KPEMHUIlTI KaTmap TacTap Cipke KbIIIKbUIBL 9[iCi apKbUIbl OaMbITBUIIBI, PEKUMIIK TEXHOIOTHSIIBIK,
napameTpiep, YpAiCTiH KMHETHKAJIbIK )KOHE TEPMOANHAMHUKAIIBIK 3aHIbUIBIKTApbI aHbIKTaIbl. OChl Makaiana
3epTTEYOiH CKiHII Ke3eHI KapacTBIPBUIFaH: OHOa TOMEH CYpHINTH (ocdaT-KpeMHUilII Katmap TacTapibl
OalbITy Ke3iH/e MaiialaHbUIFaH CipKe KBIIIKBUIBIH KOJIETe JKapary ofici YChIHbUIFaH. byl sxarmaiiaa KyKipT
KBIIIKBUIBI CIPKE KBIIIKBIIBIHBIH KAJIIbIHA KENTIPETiH areHTi peTinae TaHaaiasl. JKypri3iireH 3eprreyiepain
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IIBIHAWBUTBIFBI Ka3ipri 3aMaHFbl KeLICH i 3epTTeY SAICTEePiH KOIAaHyMEH HeTi3/eNe/li: pacTPIIbIK dJICKTPOHIBI
mukpockonusi, EDX xone XRD rtanmay. HakTel peakuusiHbIH KYPYy MYMKIHIITIH aHBIKTay YLIH Ka3ipri
samanrel HSC 6.0 OarmapiaManblK >KacaKTaMachlH KOJAaHA OTBHIPHI, TEPMOJMHAMHUKAIBIK Talaay
Kyprizinai. KnHeTHKambIK JepekTep ecenTey *KOMBIMEH aHBIKTAABL. AJBIHFaH SKCIEPUMEHTTIK MOIIMETTEp
CTATUCTHKAIBIK TangayaaH oTTi (YemIok 1IKanackl, CTaHIAPTThl aybITKY, aHbIKTAy KOod(duiueHTi). Auerar
epITIHAICIHIH  KYKIPT KbHIIIKBUIBIMEH OpEKeTTeCy MEXaHW3Mi CypeTTelreH. 3epTIey  HoTIDKelepi
HaiagaHblIFaH CipKe KBIIIKBUIBIH KaJMblHa KeATIpyre KYKIPT KbIIIKbUIBI OMICIHIH JKapaMIIbUIBIFBI TypAaibl
KOPBITBIHABI JKacayFa MYMKIHJIIK Oepeni. By jkarnmaiina xanpluid cyipdarel TypiHAE KaHaMa eHIM maiina
Oomampl. Byn eHiMal KypbUIBIC MaTepuanbl peTiHAe naipananyra Oomaabl (KP «¥nTTeIK capanrama
OpTaJIbIFbI» XaTTAMACBIMEH PacTANIFaH).

Kinm ce30ep: KBpIIKBUIIBI ATy, Cipke KBIIIKBUIBI, TOMEH CYPHINTH! (pocopurrep, 6aibITy, KYKIPT KBIIKBLTEL,
(dhochaT-kpeMHUILT KaTmap TacTap, YeanoK MKaxacel, KaIbIUi CyIb(QaThL.

E.b. PaiipimGekoB, Y. becrepekos, I[1.A. A6aypasosa, ¥Y.b. Hazapbek, M.A. [Tountankuna

Perenepanust HCIOJIb30BAHHOM YKCYCHOM KHCJIOTBI CEPHOM KUCI0TOM

Kazaxcran pacmonaraer orpomMHo# (ocdaTHOH ChIppeBOl 0a30ii, Iie OCHOBY COCTABIIIOT MHKPO3EPHUCTHIE
¢docdarubie pyasl Kaparayckoro 6acceiina. VcromeHne 3anacoB Ka4eCTBEHHBIX TOBAPHBIX Py IPHBOIHT K
IIOUCKaM HOBBIX METO/I0B HCIIOJIb30BaHUS 00OTallEHUsI U COPTUPOBKU HU3KOCOPTHBIX TEXHOT€HHBIX Py, OJI-
HHUM U3 KOTOPBIX SIBISIIOTCS (ocaTHO-KpEeMHHUCThIE chaHIbl. [IpeacTaBieHHOe HccaeJoBaHUE OBIIO BBITION-
HEHO B J[Ba 3Tala: Ha IepBOi cTaauu $ochaTHO-KPEMHHUCTHIE CIIAHIBI 000TAIATNCH OCPEACTBOM YKCYCHO-
KHCJIOTHOTO METOJa, OBUIN OIPEAENICHbl PEKIMHBIE TEXHOIOTHUECKUE TTapaMeTphl, KHHETHIECKHE H TepPMO-
JUHAMUYECKHEe 3aKOHOMEPHOCTH TIpoIiecca. B craTthe paccMOTpeH BTOPOM 3Tall HCCIEIOBAHUS, T€ MPEIo-
JKeH METOJ YTHJIM3AIMU HCIIOIb30BAaHHOH YKCYCHOI KHCIIOTHI IIpH 00OTalieHHH HU3KOCOPTHBIX (ochaTHO-
KPEMHHUCTHIX CIIAaHIEB. B 3TOM citydae cepHast KMCI0Ta OblIa BEIOpaHa B KAYeCTBE PETCHEPUPYIOIIETO areHTa
YKCYCHOHM KHCIJIOTHI. JlOCTOBEpHOCTH BEIITOJTHEHHBIX MCCIIEIOBAaHNI 000CHOBaHA IPUMEHEHHEM COBPEMEHHBIX
KOMIIJIEKCHBIX METOJIOB HCCIIEOBaHUN: pacTpoBOM 1eKTpoHHON Mukpockonuu, EDX- nu XRD-ananuza. s
OIIpe/IeNICHNs] TIPOTEKaHUsI KOHKPETHOHW peakMy ObLI MPOBEJCH TEPMOJAMHAMHYECKHH aHAIN3 C MOMOIIBIO
coBpeMeHHOro mnporpamHoro obecneyenuss HSC 6.0. Kunetnueckue qaHHBIC MONyYEHBI PaCYETHBIM IIyTEM.
OKCcnepuMeHTalbHbIe JaHHbIE ObUIH MOABEPrHYTHI CTATHCTHYECKOMY aHammu3y (mkama Yengmoka, cTaHmapT-
HO€ OTKJIOHEHHE, K03 (PHUIHEHT AeTepMuHanuy). MumocTpaTHBHO OonmMcaH MEXaHU3M B3aUMOJICHCTBHUS alle-
TaTHOTO PacTBOPA C CEPHOH KHUCIOTOH. Pe3ymbTaThl MCCle[OBaHMI TTO3BOJISIIOT CAETATh BHIBOA O MPUTOTHO-
CTH CEpPHOKHUCIIOTHOTO METO/Ia JUIsl pereHepaliy HCI0JIb30BaHHON YKCYCHOM KHCIIOTH. [1pu aTOM 00pasyercs
NOOOYHBIH MPOJYKT B BUJIE CyJIb(aTa KajJbl¥sl, KOTOPBIH MOXKHO NPUMEHSTh B Ka4eCTBE CTPOUTEIILHOTO BSI-
KyIero marepuana (moarsepxkaeH Ilporokonom HarmonansHoro neHtpa sxcneptusbl Pecry6muku Kaszax-
CTaH).

Kniouegvie crosa: U3BIeUeHHE KUCIOTHI, YKCYCHAsi KUCIIOTa, HU3KOCOPTHBIE (ochOpHTHI, oOoraiieHue, cep-
Hast KHCII0Ta, pocdaTHO-KPEMHHUCTHIE CIIaHIIbI, MKada Yeanoka, cyap(ar KalbIus.
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