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HepactBoprMbie B BOJIE TIOJUAIEKTPOIUTHBIE KOMIUIEKCHI Cy/Ib(aTa anerara IeJIoiI03bl B (JopMe HATPUEBOI COTU
(Na-CALl) u amuHOommKo3uaHoro antuonorrka (Ab) kanamuimna (KAH) Obuin mosydeHsl cMeleHHeM BOJHBIX pac-
TBOPOB KOMIIOHEHTOB. COCTaB KOMILJIEKCOB ONpPEEIIsICs KUCIOTHOCTBIO CPEAbl U MOopsaKoM cMerieHus. [TokazaHo, uto
yBeIMUCHNE KoiruecTBa 1emtoono3nbix exuanl Na-CALl na mons AB koppenupyer co cHmkennem 3Hadennst pH. O6-
pa3oBaHME KOMIUIEKCA MCCIIEOBAIN METOAAMH MH(PPAKpacHOH (ypbe-CIeKTPOCKOINH, TEPMUIECKOTO aHalln3a, PEHT-
TEHOCTPYKTYPHOTO aHaJIN3a, JIa3epHOH AU(paKIuK, aHaInu3a TPACeKTOPUM [BW)KEHHS HAHOYACTHI M CKaHUPYOLICH
ANIEKTPOHHON MUKpOCcKonuu. KBaHTOBO-XMMHUYECKOE HUCCIEIOBAHNE OTHOCUTEIBHOM CTAOMIBHOCTH MPOTOHUPOBAHHBIX
¢dopm KAH B BogHOM pacTBope OBbUIO BBIMOJIHEHO [UIsl OIPEJIENICHUs IPEANOYTUTEIbHBIX LIEHTPOB IPOTOHUPOBAHHSI MO-
nexynsl KAH. 3nauenns pK, mis KAH paccunTsiBamich ¢ MOMOMIBIO METOA M30€CMUYECKUX peakiuid. CTpyKTypsl
u sHeprus cesa3u A qumepa KAH n kommexca KAH — CALL Takke vccnenoBaHbl KBAHTOBO-XMMHUUECKUMHU METO/IaMHU.
BrraBieno, uto cam komruieke Na-CAIl — KAH, mMMoOnITH30BaHHbIN Ha aKTHBHPOBAHHOM yTIIE, AEMOHCTPHUPYET in Vitro
B /IBa paza OONBIIYI0 aHTHOAKTEPHAIFHYIO aKTHBHOCTh B CPAaBHEHHWHU CO CTAaHAAPTHOU (MHBEKIHMOHHOH) dopmoit KAH
nipotuB Mycobacterium tuberculosis 1 MOXXeT ObITh PEKOMEH/I0BaH JUIsl KIIMHUYECKUX UCTIBITAHUH i1 Vivo Kak HOBast hop-
Ma aMHHOTIHKO3uAa AB 11 mepopaibHOrO MPUMEHEHUS.

Knrouesvie cnosa: TyOepkyie3; KaHAMHIMH; CyIb(}ar alerar HeJUTIONI03bl; KOMILIEKC; aKTUBHPOBAHHBIN yTroJlb; TIepo-
panbHas IeKapCTBEHHAs (opMma.
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Water-insoluble polyelectrolyte complexes of cellulose acetate sulphate in the form of sodium salt (Na-CAS) and
aminoglycoside antibiotic (AB) kanamycin (KAN) were obtained by mixing of the components aqueous solutions. The
composition of the complexes was determined in accordance with the medium pH and mixing order. The increase of
Na-CAS cellobiose units per mole of AB has been shown to correlate with the decrease of pH value. The complex
formation was studied by Fourier transform infrared spectroscopy, thermal analysis, X-ray analysis, laser diffraction,
motion trajectory of nanoparticles analysis and scanning electron microscopy. Quantum-chemical study of the relative
stability of the protonated forms of KAN in aqueous solution was performed to determine the preferred protonation sites
of KAN molecule. The pK, values of KAN were calculated by means of isodesmic reactions method. The structures and
binding energy for the KAN dimer and the KAN — CAS complex were also investigated by quantum-chemical methods.
Na-CAS — KAN complex itself and immobilised on the activated carbon was shown to demonstrate in vitro two times an-
tibacterial activity of the standard (injectable) form of KAN against Mycobacterium tuberculosis. It can be recommended
for in vivo clinical trials as a new form of aminoglycoside AB for oral administration.

Keywords: tuberculosis; kanamycin; cellulose acetate sulphate; complex; activated carbon; oral dosage form.

Introduction

Taking a heavy toll on the world, tuberculosis (TB) as an infectious disease was named among the 2016’s
top 10 causes of death worldwide. In 2018, the first-ever UN General Assembly high-level meeting on tuber-
culosis endorsed a global strategy to accelerate efforts in ending TB [1]. Along with social-economic determi-
nants, the main risk factors for TB include prolonged treatment and difficulties associated with chemotherapy.
TB treatment usually involves the repeated continuous administration of large doses of different drugs, which
leads, especially in the case of parenteral use, to various side effects. Addressing these issues requires improve-
ment of already existing drugs formulation as well as the development of new anti-TB drugs with preference
oral versus injectable forms.

Recently, many strategies based on new delivery materials have been developed to enhance the antibacte-
rial efficacy and comfort taking of commonly used TB antibiotics. For example, dry powder aminoglycoside
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antibiotic (AB) aerosol products were proposed for inhaled therapy for TB [2], but there is a discussion in
literature about safety and long-term effects of this therapy. The hydrophobic ion-pairing approach has been
recently suggested as a chemical strategy to reversibly modify the properties of AB. Using the hydrophobic
ion-pairing in drug molecules containing ionisable groups, polar counter-ions are stoichiometrically replaced
with lipophilic ones. The modification by lipoamino acid was described for aminoglycoside AB kanamycin [3].
The resulting ion-pairs improve drug permeability, allowing a better systemic (e. g., intestinal) adsorption and
enhancing cellular uptake. At the same time, the modification by polymers, which is considered as a method
creating new easy-to-use medications and ameliorating drug-induced allergic and toxicological reactions, is
recently a subject of numerous research but still not implemented in anti-TB antibiotic design at the industrial
level [1; 4; 5].

Aminoglycosides are one of the first AB. Produced by Streptomyces kanamyceticus kanamycin (KAN) was
discovered over 60 years ago but in spite of such a long history it remains the successful broad-spectrum an-
tibacterial agent, in particular the important second-line AB in the standard treatment regimen for multi-drug
resistant TB. It exhibits the bactericidal action towards the majority of gram-positive and gram-negative micro-
organisms, and also the acid-resistant bacteria (including Mycobacterium tuberculosis) [3; 6]. Its irreversible
binding to mRNA decodifying region of the bacterial ribosome 30S subunit allows the inhibition of the protein
synthesis [7].

KAN is used in the form of mono- or disulphates intravenously and intramuscularly, since it is practically
not absorbed from the gastrointestinal tract (GIT): absorption capacity is less than 1 % in the absence of muco-
sa damage [2]. The oral application route of KAN in capsules, tablets or syrup is used pre-eminently for local
sterilisation of the gastric cavity before operative treatment [6]. Therefore, the replacement of the injections
with solid oral dosage forms will make it possible to improve and substantially simplify the treatment regimen
for tuberculosis patients, making it less traumatic and invasive.

The focus of the present study was to modify KAN sulphate into new oral drug form through its converting
into the polymer salt with cellulose acetate sulphate in the form of sodium salt (Na-CAS) as counter-ion and
by further immobilization of this ionic-pair on the activated carbon (AC).

According to [8—10] the dimerisation and higher clustering of aminoglycoside AB is known. However,
literature on aggregation of KAN or related aminoglycosides is extremely sparse, both on the experimental
and on the theoretical side. It is reported that KAN aggregates into bare dimers and dimers with certain physio-
logical cations, preferentially sodium one [8]. Covalent linked dimers have been obtained by using a «tether»
and studied [9]. Formation of long fibers as a linear noncovalent assembly of KAN molecules on negatively
charged surfaces was determined as well [10].

The experimental study included the synthesis of KAN and Na-CAS complexes, the establishing of the
components concentration and pH medium impact on the complexes composition, complexes solubility and
dispersion, bacteriological activity in parallel with theoretical research such as quantum-chemical calculations,
molecular dynamics simulations of KAN protonation, dimerisation and complexation with Na-CAS.

Materials and methods

Materials. KAN sulphate (2-(aminomethyl)-6-[4,6-diamino-3-[4-amino-3,5-dihydroxy-6-(hydroxymethyl)
oxan-2-ylJoxy-2-hydroxycyclohexyl]oxyoxane-3,4,5-triol;sulphuric acid) in an injectable powder form was
purchased from Kyivmedpreparat (Ukraine) in the form of acid sulphate, KAN base — from North China Phar-
maceutical (China). We took into account that as commonly occurs with natural products, this antibiotic turned
out to be a complex of several closely related substances: a major component, kanamycin A (usually designa-
ted as kanamycin), and two minor variants (less than 5 %), kanamycin B and C [11]. However, we considered
that AB behaviour in the complexation process determines mainly by kanamycin A and this form was used in
quantum-chemical calculations.

Na-CAS (poly-(1p—4)-(2-O-acetyl-6-sulpho-D-glucopyranose)) was homogeneously synthesised accor-
ding to [12] and had viscosity average molecular weight (M,) 36000, (14.4 £ 0.1) % of combined acetic acid
and (32.0 £ 0.1) wt. % of combined sulphuric acid. Cellobiose unit was chosen as a configuration repeated unit
of Na-CAS (fig. 1) in spite of the fact that some authors consider glucose unit but as chemical composition
repeated unit [13] (the molecular weight of cellobiose mole-link was 574) and polymer concentration was
expressed in the moles of these units.

AC in the form of a fine powder of birch activated charcoal from Sorbent JSC (Russia) was used for immo-
bilisation of a complex when tablets prepared. AC was considered as a carrier for AB — polymer complex in
the design of the solid dosage form.


https://doi.org/10.1023/A:1015963128124;%20Nucleic%20Acids%20Research,%202005,%20Vol.%2033,%20No.%2017%205677%E2%80%935690%20doi:10.1093/nar/gki862%20%20oris%20Francois,%20Rupert%20J.%20M.%20Russell%20%C2%B8%201,%20James%20B.%20Murray1,%20Fareed%20Aboul-ela1,Beno%C4%B1%20%CB%86t%20Masquida,%20Quentin%20Vicens%20and%20Eric%20Westhof%5d
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Fig. 1. Structural formulas of KAN (a) and Na-CAS repeated unit (b)

Formation of Na-CAS and KAN complex. AB and polymer solutions of appropriate concentrations were
prepared and mixed in molar ratio between AB and polymer from 1 : 8 to 8 : 1, changing mixing order and
pH medium. Distilled water, buffer solutions with pH 2.0, 6.0 and 7.5 were used. Before mixing, the solutions
were filtered through 0.45 pm pore size membrane. The composition of obtained complexes was determined
using colloid titration technique on CPC-3-01 photoelectric colorimeter (ZOMZ, Russia) at 540 nm wave-
length [14]. This technique is based on the system ability to scatter light when a dispersion of insoluble par-
ticles is formed. Under the direct complex synthesis, polymer solutions with a concentration of 10~ mol/dm’
were titrated by the solutions of AB with a concentration of 10 mol/dm’ by sequentially adding 5 pL portions
of the solution under stirring until the growth of the solid ceased, which was indicated by reaching constant
optical density. Optical density D was measured 1 min after the addition of each portion of titrant. Using the in-
verse mixing order, solution of AB with a concentration of 10~ mol/dm”® was titrated by the solution of polymer
with a concentration of 10> mol/dm’ by sequentially adding 5 uL portions of the solution. The content of AB
in the complex was determined by chemical analysis (Kjeldahl technique). All experiments were performed at
ambient temperature.

Fourier transform infrared spectroscopy (FTIR) and scanning electron microscopy (SEM). Samples
for FTIR and SEM were prepared in the form of coevaporates obtained by applying Na-CAS — KAN complex
particles suspensions. The above-mentioned suspensions were obtained by mixing 10 wt. % solutions of the
components in a ratio corresponding to the complex composition, then pouring on a glass substrate, followed
by evaporating water in air at the ambient temperature. The FTIR spectra were recorded on a Nicolet iS10 FTIR
spectrometer (Thermo Fisher Scientific, USA) through 46 scanning at a 0.5 cm™' resolution. The morphology
of the films surface after deposition of gold (a Emitech K550 instrument was employed) was examined on
a LEO-1420 scanning electron microscope (Carl Zeiss, Germany) at magnifications from 500x to 20 000x.

Thermal analysis. Thermal analysis was carried out through thermogravimetric (TG), differential thermo-
gravimetric analysis (DTG), differential scanning calorimetry (DSC) on a thermal analyser STA 449 Upiter
(Netzsch, Germany). Samples of the complexes in the form of powders were obtained by mixing components
solutions, precipitates filtration through the paper filter and under-vacuum drying. Analysis was performed
at a heating rate of 10 K/min in the temperature range 303—600 K with nitrogen gas flow of 25 cm’/min and
810 mg samples.

Laser diffraction method. The particles hydrodynamic size in the solutions of Na-CAS and in the sols of
its complexes with KAN, obtained by mixing of solutions with Na-CAS concentration of 2 - 10~ mol/dm” and
AB concentration corresponding to the compositions of the complexes, were estimated using laser diffraction
method on a Zetasizer nano ZS device (Malvern, UK) at the temperature 298 K. The kinetics of the complex
particles growth was evaluated by a Mastersizer 3000 laser particle size analyser (Malvern) using a wet dis-
persion unit with a measuring vessel volume of 120 cm’ at a rotation speed of 1500 min™'. The formation of
complex particles dispersions resulted directly in the vessel by adding of the polymer solution (0.02 mol/dm”)
to the AB solution with the concentration of 0.002 mol/dm’ and by different mixing order.
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The particles size distribution was also estimated by the analysis of motion trajectory of nanoparticles on
a Nanosight LMO multiparametric analyser of nanoparticles (Nanosight Ltd., UK) in the HS — BF configuration
(Andor Luca high-sensitivity video camera; a semiconductor laser with a wavelength of 405 nm and a power
of 45 mW).

X-ray diffraction analysis (XRD). Powders of KAN, Na-CAS and their complex XRD analysis was car-
ried out on a Drone 3.0 X-ray diffractometer (Bourevestnik, Russia), CuK  radiation, at an accelerating voltage
of 50 kV. Data were systematically collected from 23° to 3° in 20 with a scan speed of 2 °/min in 26 and a step
size of 0.05°.

Bacteriological tests. The content of the bacteriologically active AB form was determined with the bioassay
technique on agar plates. Tablet forms of the water-insoluble complexes immobilised on the activated carbon
sorbent were obtained by triturate method with the laboratory setup, followed by drying at 7= (303 £ 1) K
in an air flow to a constant weight. Tests to determine the drug susceptibility of M. tuberculosis to the action
of this new KAN pharmaceutical form were carried out by the absolute concentration method using Lowen-
stein — Jensen medium [15].

Computational details. Protonation of KAN A in aqueous solution. The starting geometry of KAN A was
taken from the Cambridge Crystallographic Data Centre'. The geometrical parameters of KAN A molecule and
corresponding protonated structures were fully optimised using CAM-B3LYP/6-31G(d) level of theory [16].
Our previous investigations showed that this computational level provides good agreement of the calculated
geometries of heterocyclic compounds with the experimental data [17]. The optimised geometries were used
for single point energy calculation using CAM-B3LYP/6-311+G(d, p) level of theory. The solvent effects were
evaluated using the polarised continuum model [18] with the default parameters for water.

The pK, values were calculated by means of isodesmic reactions method. We considered the following
isodesmic reaction:

OH OH
BH+(S) + / —B () + o /_/ ,
HN (s) HN

()

where B is kanamycin A molecule.
The isodesmic reaction Gibbs energy in an aqueous solution was calculated using the following equation:

AG =Y G- Y G.

products reactants

Further, it can be proved that

AG, 1
K, (B)=pK, (ethanolamine) + —+—=*——,
p a( ) pK, (ethanolamine) RT 1nl0

where pK, (ethanolamine) is equal 9.5 [19].

Our previous studies have showed that this computational method gave the calculated pK, values for he-
terocyclic compounds which were consistent with the experimental data [20]. Obviously, the KAN A molecule
and the corresponding protonated structures has many different conformations. The data below refer to the
most stable ones.

Binding energy of KAN dimer and KAN — CAS complex. By virtue of the fact that complex composition
corresponds to one mole of KAN per two CAS glucose mole-links we used cellobiose unit as a polymer chain
fragment. The semi-empirical GFN-xTB method [21] has been used for the conformational search to obtain the
initial structures for global minimum searching. The resulting structures were ranked by energy, and the geo-
metry of the ten lowest energy structures have been optimised using PBEh-3c/def2-mSVP method [22], which
is computationally cheap and shows good performance for non-covalent interaction energies in complexes.
The most stable structures were then optimised on the wB97XD/6-31G(d) level of theory.

For both dimer and complex structures basis set superposition error (BSSE) was estimated and subtracted
from energies of these structures. All the calculations have been carried out for isolated molecules (gas phase).

'"The Cambridge Crystallographic Data Centre (CCDC) [Electronic resource]. URL: https://www.ccde.cam.ac.uk/ (data of access:
20.06.2019).



Kypnan Besopycckoro rocyiapcTBeHHOro yaupepcurera. Xumus. 2021;1:3-20
Journal of the Belarusian State University. Chemistry. 2021;1:3-20

The binding energy of KAN dimer and KAN — CAS complex has been calculated using the following
equations:

AE,=E,—2E,,
AE‘c = Ec - Em o ECAS’

where £, E,, E, E . are the total energies of dimer, monomer, complex and CAS fragment respectively.

Results and discussion

Na-CAS and KAN aqueous solutions mixing results in the formation of insoluble hydrophobic product
due to the co-operative interaction between functional groups of polyelectrolyte chain and AB molecules. The
terms «complex of an antibiotic with a polymer» or «polymeric salt of an antibiotic» are used in literature to
refer to similar substances [18].

Depending on the components solutions concentrations, the complex dispersion can be obtained as either
a sol (¢ < 10~ mol/dm®) or suspension (¢ > 10~° mol/dm’), the optical densities of which are proportional to the
size and concentration of the complex particles.
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Fig. 2. Colloid titration curves: a — for Na-CAS solution by KAN solution;
b — for KAN solution by H,O after complex formation (/)
and by KAN solution (2) at pH 6.0.
z=[Na-CAS] : [KAN]

As follows from fig. 2, the composition of the complex corresponds to [Na-CAS] : [KAN] =24 : 1.0
and [Na-CAS] : [KAN] = 2.0 : 1.0 at direct and inverse titration respectively.

There are four possible protonation sites in the KAN molecule (nitrogen atoms of four amino groups).
The protonation of AB molecules affects their conformation and interaction with target biomolecules. For
this reason, data on the thermodynamics of aminoglycoside protonation together with exact assignment of
the protonation sites are necessary for the interpretation of their activity. According to the data [23] the step-
wise protonation constants pK, of KAN are 9.16 (C6’ (ring A)), 8.27 (CI (ring B)), 7.52 (C3" (ring C)) and
6.28 (C3 (ring B)). In this work, we performed a quantum-chemical study of the relative stability of the proto-
nated forms of KAN in aqueous solution to determine the preferred protonation sites. Figure 3 represents the
optimised structures of four KAN A ions with different protonated amino groups.

Table 1 lists the relative (the smallest value has been taken as zero) Gibbs free energies of the ions. The
results of quantum chemical calculations show that the stability of protonated forms of KAN A decreases as
follows

C6' (ring A) ~ C1 (ring B) > C3 (ring B) > C3" (ring C).
The results obtained agree with the experimental data [23] on the protonation sequence of the amino groups
of KAN A molecule in aqueous solution:
C6' (ring A) — C1 (ring B) > C3" (ring C) - C3 (ring B).

The pK, values of the deprotonation for each amino group of KAN A ions were calculated and compared
with experimental data [23] (table 2). The calculation results agree with experimental data.
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Fig. 3. Optimised structures for KAN A ions
with different protonated amino group:
ion-1 — C6' (ring A); ion-2 — C1 (ring B);
ion-3 — C3 (ring B); ion-4 — C3" (ring C)

Table 1
Calculated the relative Gibbs free energies of KAN A ions
with different protonated amino groups
Ion Site of protonation (ring and number of carbon atom) AG, kJ/mol
Ion-1 A, Co’ 2.13
Ton-2 B, Cl 0.00
Ton-3 B, C3 8.57
Ton-4 C, C3” 16.47
Table 2
Calculated and experimentally determined pK, value of KAN A
(ring an?iifleu(r)tfli:rro ct)?::e;tril())gn atom) CAM-B3LYP/6-31G(d)/6-311+G(d, p) Expeéill:;ental
A, Co' 9.61 9.16
B, Cl1 9.99 -
B, C3 8.48 —
C,C3” 7.10 —

Thus, the preferred protonation sites of KAN in aqueous solution were determined: amino groups at the
C6' (ring A) and C1 (ring B). Further, this will be taken into account when calculating the structure of the
Na-CAS — KAN complex.

Gradual protonation of KAN base caused by adding calculated amounts of hydrochloric acid to KAN
aqueous solution followed by the rearrangement of AB hydrogen bonds system. Table 3 shows that there is
a tendency to shift bands in FTIR spectra of KAN solutions with different concentrations of HCI but to a cer-
tain limit. The position of the bands ceases to change after the tetra protonated KAN is formed. For example,
OH group of one of the terminal ring involved in the hydrogen bond with NH, group is responsible according
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to [9] for the peak at 3250 cm™' in a dimer, that essentially corresponds to the monomer peak at 3338 cm ™.
In our case there was 3258.9 cm™"peak in the initial solution. After the protonation of all NH, group it places
at 3100.0 cm™".

Table 3

Bands position in FTIR spectra for S wt. % KAN base aqueous solutions
with different amounts of HCI for amino groups protonation

Sample Bands position, cm™
KAN acid sulphate dry powder 3142.1 1614.7 1521.1 1022.6 -
Aqueous solution of KAN base

without HCI 3258.9 1634.8 1531.1 1057.6 -

Aqueous solution of KAN base with

HCI equivalent for 2 amino groups 3171.0 1624.9 1523.3 1023.6 B

Aqueous solution of KAN base with

HCI equivalent for 3 amino groups 3170.0 1613.6 1509.9 1023.3 863.7

Aqueous solution of KAN base with

HCI equivalent for 4 amino groups 3100.0 1609.6 1506.5 1022.0 861.5

Aqueous solution of KAN base with
HCI equivalent for 6 amino groups

0.1 mol/L HCI (pH 1.0) 3100.0 1605.7 1505.1 1040.1 858.7

3100.0 1609.1 1505.9 1022.7 860.6

Simultaneously, the increasing of Na-CAS mole-links per KAN mole takes place as shown in fig. 4. It
demonstrates that the more the acidity of the medium, the more colloidal titration curves shift to the right along
the abscissa axis. This means that NH, group protonation causes an increase in the amount of Na-CAS mole-
links connected with KAN mole.

D/D,.. A 43 5 J
1.0F sy .
0.8} ///? ;
0.61
0.4
0.2
0 0.6 0.8 10 -

Fig. 4. Colloid titration curves of Na-CAS aqueous solution
by the KAN base solutions (/) with different amount of
HCI1 added for the protonation of 1, 2, 3 and 4 amino groups
respectively 2, 3, 4 and 5.
z=[Na-CAS] : (([KAN] + [Na-CAS])

Turning back to fig. 2, one can see that the composition of the complex in the medium of acetate buffer
(pH 6.0) corresponds to a molar ratio of [KAN] : [Na-CAS] = 1.0 : 2.4 at direct titration. Figure 2, a, shows
that adding of AB excess leads to a slight decrease in turbidity due to the hydrophilisation of the complex
particles via binding of the extra amount of ionogenic KAN molecules, that are relatively small in size com-
pared to polymer macromolecules. In the case of inverse titration, the curve maximum corresponds to a ratio
KAN : Na-CAS = 1.0 : 2.0 with the observed decrease in optical density following by the addition of polymer
solution to the resulting dispersion of the complex particles. In this case, the system becomes transparent,
which can be attributed to the transition of the complex into the dissolved state due to hydrophilisation asso-
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ciated with the decrease in the number of contacts of the Na-CAS sulphate groups with the protonated KAN
amino groups. The decrease in turbidity in such a circumstance is not caused by dilution, since, as follows from
fig. 2, b (curve 1), when diluted with water, the optical density of the system does not change.

Table 4 data confirms that the decrease in turbidity is caused by the complex dissolution, rather than by
its degradation. As can be seen from table 4 the size of the complex particles in hydrosol exceeds that of the
particles in a solution of polymer itself with a concentration corresponding to its partial concentration in hyd-
rosol. The excess amount of the polymer followed by the growth of particles size. At the same time, the size
of the particles in the solutions of individual polymer falls down with a concentration that is typical for poly-
electrolyte solutions behaviour. Attention is drawn to the fact that, when the [Na-CAS] : [KAN] molar ratio of
3.0 : 1.0 is achieved, the size of the complex particles practically stops changing, due to the saturation of the
protonated amino groups, that are capable of interacting with the polymer. Figure 5 illustrates the particle size
distribution for all these cases.

Table 4

Average hydrodynamic diameter of the Na-CAS — KAN complex
particles in hydrosols and Na-CAS supramolecular structures
in aqueous solution estimated via laser diffraction method

Average hydrodynamic diameter of the particles, nm
Na-CAS : KAN : : :
molar ratio Hydrosol of Na-CAS — KAN complex Na-CAS solution with partial
concentration

1.0:1.0 350 250

2.0:1.0 380 250

30:1.0 395 235

4.0:1.0 390 230

35+

300
Dy, um

400 600

Fig. 5. Differential curves of particles hydrodynamic size distribution
estimated via laser diffraction technique for hydrosols of
Na-CAS — KAN complexes for different amount of
Na-CAS moles per KAN mole: 1 — /;2 - 2; 3 — 3 and for
aqueous solutions of Na-CAS with corresponding partial
concentration 4, 5, 6 respectively

Determination of Na-CAS — KAN complexes particle size in the dispersions, obtained through the blen-
ding of solutions with different concentrations, revealed that the higher the concentration of the solutions, the
larger the particles size. For instance, with an increase in the concentration of the polymer solution from 0.02
to 0.16 mol/dm’, the particle size increases from 20 to 45 pm. At the same time, direct titration produces lar-
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ger particles than the inverse titration, since the amino groups of the same AB molecule can, in the first case,
interact with the sulphate groups belonging to different Na-CAS macromolecules, stitching them together. In
the second case, the number of contacts of these complementary groups decreases. Indeed, with the reverse
method of components solutions blending, the average particle size in the Na-CAS — KAN suspensions only
reached 0.5 um. As follows from fig. 6, a, the kinetics of particle growth also depends on the method of the
components solutions mixing. With the inverse method, particles of a finite size are formed immediately,
whereas with the direct method, it takes at least 15 min to achieve a sizable growth. Figure 6, b, illustrates the

distribution of the particles for Na-CAS — KAN complexes.
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Fig. 6. Distribution of the particles for Na-CAS — KAN complexes:

a — kinetic curves of the particles size growth for Na-CAS — KAN suspensions
under direct titration at the concentration of Na-CAS solutions 0.02 mol/dm’ (1),
0.04 mol/dm’ (2), 0.08 mol/dm® (3), 0.016 mol/dm’ (4);

b — inverse titration curve; ¢ — histogram of particle size distribution for
hydrosol of Na-CAS — KAN complex (b)
obtained by the analysis nanoparticles
motion trajectory respectively

Non-identical composition of the complex particles in the dependence of mixing order was confirmed
by the agar diffusion test. It was held to determine the percentage of the bacteriologically active AB form in
a complex and showed (table 5) that an inverse order of the components mixing results in almost 10 wt. %
higher KAN content in the complex than a direct one. The elemental chemical analysis confirmed this result.

The visualisation of Na-CAS — KAN complex particles was carried out by the SEM technique (fig. 7). The
evidence presented suggests that, after removing of the dispersion medium, the complex particles tend to form
spherical aggregates with sizes ranging from 2 to 8 um for the direct mixing order, and less than 1 pum for the
inverse one. This morphological picture is similar to that one for Na-CAS film that we published earlier [12].

12



OpI/IFﬂHaJILHbIe CTaTbH

Original Papers
Table 5
The content of the bacteriologically active AB form
in Na-CAS — KAN complexes determined with the bioassay
technique on agar plates and chemical analysis
KAN content, wt. %
Complex preparation method
Bioassay technique Chemical analysis
Direct 43,8 £0,9 47,6 £0,1
Inverse 52,3+0,5 49,2 £ 0,1
Table 6
Bands position in FTIR spectra for
individual components and their complex
Composition Band position, cm
KAN 3150 1618 1529 - -
Na-CAS 3440 1637 — 1225 799
Complex Na-CAS — KAN 3380 1631 1536 1220 798

Fig. 7. SEM photos of the Na-CAS — KAN complex particles
in the case of direct (a) and inverse (b) order of the
components solutions mixing
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Fig. 8. XRD curves of Na-CAS (/);
Na-CAS — KAN complex (2); KAN (3)
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Initial salt form of KAN destroys as a result of complex formation and AB becomes connected strongly
with polymer in the insoluble complex. The complexion is accompanied by the changing in the individual
components’ bands position in FTIR spectra. As follows from table 6, significant changes take place in the
field of hydrogen bonds. According to fig. 8, the structural features of KAN preserves in the complex (curves 2
and 3). To imagine the structure of the complex quantum chemical calculations have been done. Computational
studies on KAN are rarer still [9]. Molecular dynamics and docking studies were performed for aminoglyco-
side monomers and RNA [24; 25], using standard force fields and scoring functions. Apparently only in two
cases electronic structure theory methods were applied to KAN: one of them again in the context of KAN
binding to RNA, the other one for the isolated monomer in the gas phase [26]. Both studies, however, only
employed HF calculations with small basis sets. Theoretical studies on KAN A complexion with cellulose de-
rivative appear to be non-existent. In this work, we performed a quantum-chemical study of the structure and
binding energy of the KAN dimer and the Na-CAS — KAN complex. The structures of the lowest energy con-
formations of the KAN A dimer and the Na-CAS — KAN complex are shown on fig. 9 and 10. The calculated
BSSE corrected binding energies of KAN A dimer and KAN — CAS complex are —199 and —299 kJ/mol res-
pectively. This shows that complex formation is an energetically preferable process compared to dimerisation.
Figure 10 shows that in KAN-CAS complex KAN molecule is protonated on amino groups at C6' (ring A) and
Cl1 (ring B). This is consistent with the results of our calculation of pK, value of KAN A [24], showing that
amino group at C6’ (ring A) is the most basic.

Fig. 9. The structure of the lowest energy conformation Fig. 10. The structure of
of KAN A dimer obtained as a result of conformational the lowest energy conformation of
search with subsequent geometry optimisation at Na-CAS — KAN obtained as a result of
wB97XD/6-31G(d) level conformational search with subsequent

geometry optimisation at
wB97XD/6-31G(d) level

The involving of polymer and drug functional groups into different kinds of interaction influences on the
properties of their complex as opposed to the initial components.

Figure 11 demonstrates DSC, DTG and TG curves for KAN, Na-CAS and their complex in the temperature
range up to 400 °C. As can be seen, KAN shows three endothermic peaks. The first broad one corresponds
to the water loss, the rest ones can be due to decomposition phenomena [27]. Several peaks appear on the
Na-CAS DSC curve: the first endothermic one at 71 °C corresponds to the evaporation of water molecules.
Exothermic processes occurring at the temperature 189; 203 and 216 °C can be caused, most probably, due to
the removal of the sulfuric acid, formed as a result of interaction between two closely located sulphate groups
and their hydration [12]. Endothermic peak at 253.1 °C very likely corresponds to the thermal destruction of
sulphate groups meanwhile it shifts to 238.2 °C at the DSC curve for complex because of these groups par-
ticipation in the ionic interaction with AB. The shift of 216.0 °C peak to 228.5 °C has the same reason. The
appearance of 283.4 °C peak in the DSC profile for the complex provided it’s absence for the components con-
firms their interaction as well. DTG curve for complex has a peak of maximum decomposition rate at 228.5 °C
in the comparison with 216.0 °C peak for Na-CAS and 256.4 °C — for KAN.

Taking into account the complex formation between Na-CAS and KAN, the preservation of AB activity
has become the subject of the study. Herein, we propose and detail a simple drug delivery design approach,
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exploiting the complexation and adsorption of the complex on the AC, to achieve a sustained and complete
release of KAN from GIT to blood. Na-CAS — KAN complexes themselves and immobilised on the AC were
tested on the archival strain of M. tuberculosis. As a result, it was established that the KAN complex exhibits
twice as many activities of the standard (injection) KAN form (with a minimum inhibiting concentration of
30 pg/cm’), while the active substance concentration was only 15 pg/cm’ (table 7). Figure 12 demonstrates the
visual similar effect of tableted form of Na-CAS — KAN complex immobilised on the AC and injection form
on the bacterial growth.
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Fig. 11. DSC (a) and DTG (b) curves for Na-CAS (7), KAN (2),
Na-CAS — KAN complex (3)
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Table 7
Estimation of the minimum active dose of KAN in a complex
in the comparison with an injection by the method of absolute
concentrations on a solid nutrient medium of Lowenstein — Jensen in vitro
Rt . 3
Antibiotic concentration per 1 em” of Standard KAN injection form KAN in a complex with Na-CAS

nutrient medium, pg/cm’

60 No growth No growth
30 » »
15 Moderate growth »

It should be stressed that there is a fresh opinion [28] on the AC may prevent negative effects of AB on the
microbiome. AC could solve this problem by allowing antibiotics to kill pathogenic microbes while sparing
those that are important to gut health. It does not impact on the amount of drug entering the bloodstream. But
it releases slowly the absorbed drug at the large intestine.

An in vivo study of the effectiveness of the combined dosage form of an AB and AC showed that the
concentration of the antibiotic entering the blood from the tablet dosage form corresponds to its concentration
entering the blood from the injection form (fig. 13). Figure 13 confirms almost equal bioavailability of injection
and new dosage form of KAN. One can see that an adequate plasma level of KAN is achieved in both cases,
when using a similar dose orally or intramuscularly. So, Na-CAS — KAN complex immobilised on the AC is
a good carrier for KAN delivery. The concentration of KAN in the blood was determined by agar diffusion test
with respect to Bacillus subtilis. A distinctive feature of the tablet form is the prolongation of action.
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Fig. 12. Bacteriological research of Fig. 13. Kinetics of KAN release
Na-CAS — KAN complex immobilised on into volunteer’s blood in vivo from
the AC in vitro: 1 — inhibition of bacterial injection KAN dosage form and
growth by the injection form of KAN; Na-CAS — KAN complex
2 — suppression of bacterial growth by immobilised on AC oral dosage form

the AC tablet form of Na-CAS — KAN
complex; 3 — bacterial growth in the
absence of an AB

The present study enables us to suggest the explanation for the role of polymer in the creation of bioactive
oral dosage form of KAN. Oral usage drugs, before they enter the bloodstream and target the bacterial RNA,
must penetrate the numerous biological membranes of epithelial and endothelial cells of the GIT and then
the bacterial membranes [29]. Molecular properties that are important for the penetration include molecular
weight, size, conformation, degree of ionisation, polar surface area, non-polar surface area, lipophilicity and
number of H-bonding acceptors and donors [30].

It is a matter of general experience that hydrophilic ionised drugs transport across biological membranes is
poor. They have low oral bioavailability. For KAN it is reported about the increase of permeability by the ion-
pair transport. But this concept still not extensively used because of the difficult search for specific lipophilic
counter ions with a convenient physiological compatibility. It has been shown that at a physiological pH 7.4,
KAN molecules are dimerised [8].

Dimerisation provides the formation of hydrogen bonds between hydroxyl groups of AB molecules. In this
case, the amino groups of AB in the dimer remain free, which does not allow such an ionised aggregate to
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penetrate through the lipid membranes (see fig. 9 and 10). Thus, the ionised AB dimer cannot penetrate through
the phospholipid bilayer of the membranes on the one hand, and, on the other hand, it does not have enough
free hydroxyl groups for binding with the transporter protein molecule, which could ensure AB transfer by the
mechanism of active diffusion through transmembrane protein channels with its subsequent release into
the bloodstream from the opposite side of the membrane [31]. Complexion of KAN with Na-CAS increases the
lipophilicity of the drug that can change its behaviour in GIT.

In view of the importance of polar and non-polar area distribution on the surface of the drugs influen-
ce on their GI absorption, the molecular electrostatic potential (MEP) surfaces were calculated using the
B3LYP/6-31G(d, p) basis set [32]. Figures 14—17 illustrate the distribution of the electrostatic potential (EP)
values at the surface for KAN monomer, dimer, CAS (cellobiose fragment) and their complex. They are shown
by different colours. EP increases in the order red < orange < yellow < green < blue. The negative regions of
MEDP, which are related the ability interact with electrophilic reagents, are seen as red and yellow colours, the
positive regions that are related to the ability to interact with nucleophilic reacgents, are seen as blue colour.

As can be seen from the diagram (see fig. 14), the regions with the largest negative charge are located near
to the lone electron pairs of the nitrogen atoms of the amino groups. And oppositely the regions with the largest
positive charge are located near to the hydrogens of hydroxyl groups.

There is no principle changing of MEP diagram in the case of KAN A dimer (see fig. 15) but it has more
extended regions of intermediary potential.

As can be seen from fig. 17, there are two wide area of the negative EP that looks like an entirely red blob,
and the positive EP area as an entirely blue colour blob on the complex KAN — CAS surface. This means a great
electronegativity difference and indicates the presence of ionic bonds in the complex along with hydrogen
bonds. It may be assumed that this specific localisation of the surface EP will enhances the transporter-depen-
dent permeability of KAN complexed with Na-CAS. Taking into account that in the Na-CAS — KAN complex
positively charged —NH; groups of AB molecule are associated with negatively charged —SO; groups of po-
lymer (see fig. 10) one can conclude that at the periphery of the complex the number of charged —NH; groups
decreases compared to the KAN dimer or ion pairs of the KAN cation with the sulphate anion. Thus, the bin-
ding of KAN molecules to the complex with Na-CAS makes the surface of the KAN molecules less polar to
allow their transport through GIT membranes.

~5.000e-2 I

5.000e-2

5.000e-2

Fig. 15. MEP mapped on a SCF density of KAN A dimer
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Fig. 17. MEP mapped on an SCF density of complex KAN — CAS

Further investigation will be necessary for the clarification of drug GIT absorption mechanism. For now,
we have only the experimental results of the efficacy of ionic drug combination with the electrostatically com-
plementary polyelectrolyte.

Conclusion

Aminoglycoside antituberculosis AB KAN has been shown to complex with Na-CAS. The composition of
resulting hydrophobic product that is generated at pH 6.0 and 7.4 corresponds to molar ratio Na-CAS : KAN
that is close to 1.0 : 1.0. Acidification of the solvent leading to the protonation of amino groups increases the
amount of Na-CAS mole-links per mole of KAN in the complex till 2.9. The mixing order and the concentra-
tion of the components solutions allows to adjust particle size and distribution. Quantum-chemical calculations
of the binding energies of KAN — CAS complex and KAN dimer shows that complex formation is an ener-
getically preferable process compared to dimerisation. As a result of the complexation, the rearrangement of
intra- and intermolecular bonds both in AB dimer and Na-CAS cellobiose unit takes place. According to the
spectroscopic and thermal analysis data, ionised NH, groups, which impede the penetration of AB through the
membranes of the epithelial layer, are connected in the complex with sulphate groups by ionic electrostatic
interaction along with hydrogen bonds. Additionally, the great electronegativity difference over the complex
surface may cause its special interaction with lipid membrane of the GIT walls, making it slightly loose. The
hydroxyl groups released from intermolecular hydrogen bonds are able to bind to membrane proteins, which
ensures the transport of AB through the membrane with its subsequent release into the bloodstream from the
opposite side of the membrane. Both the hydroxyl and amino functional groups are involved in membrane
interaction with the hydroxyl groups being deeper inserted into the membranes. After the disintegration of
the complex, the carrier proteins ensure the transfer of AB monomer through the membrane protein channels.
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A further mechanism of action of KAN is associated with irreversible inhibition of protein synthesis at the
level of ribosomes in microorganisms sensitive to them. The monomeric form of AB is required for binding to
the 168 site of rRNA. Using of the Na-CAS — KAN complex ensures the delivery of the monomer to the blood-
stream, while when using the injection form, bacterium is directly attacked by the KAN dimer, with required
preliminary destruction before ribosome attack. It is not yet clear as to what role the absolute configuration of
KAN plays apart in this codon — anticodon interaction.

Unquestionably, the mechanism of increasing the activity of the complexes, as compared to individual an-
tibiotics in injections, requires further research. But the results obtained allow us to recommend the polymer
salt of KAN with Na-CAS as a new pharmaceutical form for oral administration to the clinical trials with the
aim of current injection form replacement.
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CHUHTE3 TPUA3OACOAEPXAIIIETO KOHBIOTI'ATA
OUITPO®AOKCAIIMHA WU in silico TECTUPOBAHUE EI'O
KAK AMTAHAA IIUTOXPOMOB P450

A. B. DAJIETPOB"?, JI. H. ITTHHCKASA®, M. C. XOPELIKHH"?, 5. B. TIAHAJIA",
H. C. ®POJIOBA", B. M. IIKYMATOB "

Y Hayuno-uccnedoeamensckuil uncmumym gusuxo-xumuueckux npoonem bI'Y,
. Jlenunepaockas, 14, 220006, e. Munck, Berapyce

?Benopycckuii 2ocyoapcmeennsiii ynugepcumem, np. Hezasucumocmu, 4, 220030, 2. Munck, benapycw

Lluroxpombl P450 — 310 TemMconeprkaline MOHOOKCHI€HA3bl, KOTOPbIE KaTaJHM3UPYIOT peakinu OMOCHHTE3a pa3iind-
HBIX COCIMHEHHH, BAKHBIX JUII HOPMAJIbHOTO (DYHKIIMOHMPOBAHUS KJIETOK, MPEBPALICHHS JIEKAPCTB U KCEHOOMOTHKOB.
Onuu muroxpomsl P450 (ranpumep, CYP19 u CYP17 uenoseka, CYPS51 rpu0koB) siBistrorcst OeIKaMU-MUILICHSIMU psijia
JIEKapCTBEHHBIX COCTMHEHHH, IPYTHe MPEACTABISIIOT HHTEepeC Tt (hapMaKoJIOTHUECKUX nccienoBanuii. s co3nanms
HOBOTO (ITyOpECIUPYIONIET0 HHTHOUTOpa IUTOXpoMOB P450 ObIT MOTydeH a30JIcoAepsKanii KOHBIOTAT IHUITPOGIIOKCca-
uHa (CPF-bab-Z1). B messix oeHKH MOTEHIMAa a 3TOr0 COCIUHECHUS B KA9€CTBE JIMraHaa i uToxpomMoB P450 mpo-
BEJIEH BBICOKOIIPOM3BOIUTENbHBIN BUpTyalbHbIiH cKkpuHUHT CPF-bab-Z1 u MHOkecTBa m3BecTHBIX 3D-cTpykTyp P450.
Cpemu 28 ctpykryp nutoxpomoB CYP51 namnyumas appuHHOCTh OOHapyxeHa y Oenka Sesh (MUHMMaTBHOE 3HAYCHUE
SHEPrUM CBS3bIBAHMS cocTaBmio —12,5 kkan/moins). [Tonoxxenne CPF-bab-Z1, paccunranHoe B aKTUBHOM LIEHTPE STOTO
OenKka, XapakTepu3yeTcst OJIM30CTHIO IIMKIONPOITMIIBHOTO (HE a307bHOT0) (hparmenTa k remoBomy xerne3y CYPS1. TTomy-

YeHHBIC JaHHBIC TTOKA3hIBAIOT IepCHeKTHBEI nccnenoBanuii CPF-bab-Z1 in vitro ¢ mutoxpomamu P450.

Knroueswte cnosa: P450; GprayopecieHIUs; a30J1bl; HHTHOUTOPBL; JOKUAHT; TUIPO(IOKCAIIHH.
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Cytochromes P450 are hem-containing monooxygenases which catalyse biosynthesis of many compounds playing an
essential role in cellular functions as well as degradation of drugs and xenobiotics. Some P450s (e. g., human CYP19 and
CYP17, fungal CYP51) are valid target proteins for some drugs. The others P450s are also interesting for pharma-
cology-related researches. Aiming to design new fluorescent inhibitor of P450s we have synthesised the azole-bearing
conjugate of ciprofloxacin (CPF-bab-Z1). To estimate potential of the compound as a ligand for CYPs we performed
high-throughput virtual screening (multiple docking calculations) for CPF-bab-Z1 and multiple known 3D structures of
P450s. The best affinity for CPF-bab-Z1 (the smallest value of energy of binding is equal —12.5 kcal/mol) were found
for protein with PDB code Sesh among 28 structures of CYP51. The calculated pose of CPF-bab-Z1 in the active site of
the protein is characterised by cyclopropyl (but not azole) proximity to the heme iron of the CYP51. The data obtained
demonstrate perspectives for in vitro investigations of CPF-bab-Z1 with P450s.

Keywords: P450; fluorescence; azoles; inhibitors; docking; ciprofloxacin.
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Introduction

Cytochromes P450 (or CYPs) are a family of heme-containing monooxygenases. CYPs catalyse versa-
tile set of oxidative reactions resulting in biosynthesis of essential metabolites, bioconversion of drugs and
other xenobiotics [1]. Some CYPs are known to be valid targets for specific drugs (e. g., human CYP17 and
CYP19 [2], fungal CYP51 [3]) and a lot of others are also considered to be promising in this respect or as
drugs’ degrader [1]. Many synthetic medicinal inhibitors of CYPs contain an azole moiety, which is essential
for formation of strong coordination N-Fe bond with iron ion from the enzymes’ heme moieties. Formation of
the N-Fe bond impacts on inhibition efficiency via enhancing of such inhibitors binding (and, thus, preventing
specific substrates binding) and disabling of the iron ion binding with dioxygen (the common co-substrate for
CYPs) [4]. New azole-bearing compounds with the property of a CYP inhibitor are of interest due to growth
of resistance to existing azole-containing drugs [5]. On the other hand, fluorescent compounds are convenient
for detection in complex biological matrices. Many of them are molecular probes to study a metabolism,
distribution and protein interactions in various biological samples (proteins, cells and even multicellular orga-
nisms). To the best of our knowledge, a few fluorescent azole-bearing antifungal drug analogues were reported
which both retain the anti-fungal activity of their prototypes and can stain cell structures, likely due to their
hydrophobic cation moieties with a tropism to the organelles (Cy to mitochondria, diethylamino-coumarin-
carboxamide to endoplasmic reticulum) [6; 7]. Thus, aiming to design new fluorescent inhibitor of CYPs
we have synthesized the azole-bearing conjugate of ciprofloxacin ((7-(4-(2-(4-((1H-1,2,4-triazol-1-yl)methyl)
phenylamino)-2-oxoethyl)piperazin-1-yl)-1-cyclopropyl-6-fluoro-4-oxo-1,4-dihydroquinoline-3-carboxylic
acid), CPF-bab-Z1) due to a known ability of the anti-bacterial drug to fluoresce with blue light (excitation and
emission maxima at 280 and 450 nm respectively) [8]. To estimate potential of the compound as a ligand for
CYPs we have performed high-throughput virtual screening (multiple docking calculations) for the structure
and multiple known 3D structures of CYPs from various organisms.

Experimental section

Ciprofloxacin hydrochloride (CPF - HCI), bromoacetyl bromide, pyridine (Py), 4-(1H-1,2,4-triazol-1-ylme-
thyl)aniline hydrochloride (Z1 - HCI), silica gel for chromatography (Sigma-Aldrich, USA), NaHCO, (Bash-
kir soda company, Russia), acetonitrile (AcN), methanol (MeOH) (Merck, USA) were used. Synthesis of
CPF-bab-Z1 was performed according to the scheme depicted below (fig. 1).
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Fig. 1. A scheme of synthesis of CPF-bab-Z1

Solution of bromoacetyl bromide (1.05 eq) in acetonitrile was added dropwise to a stirred solution of
Z1 - HCI (1 eq) in acetonitrile with Py (3 eq). The mixture was stirred for 1 h at room temperature (~20 °C) and
then filtered using cotton wool and rotary evaporated giving yellowish solid. Then the residue were dissolved
in MeOH : AcN (1:1, v:v) and mixed with NaHCO, (5 eq) and a suspension of CPF - HCI (1 eq) in MeOH.
The mixture was stirred for 30 min at 40 °C until forming clear solution. Then the solution was filtered using
cotton wool and evaporated giving off-white solid. The solid was dissolved in MeOH and purified by column
chromatography using AcN : MeOH (1: 1, v:v).

High performance liquid chromatography (HPLC) analysis was performed using Agilent liquid chromato-
graph, column Poroshell 120 EC-C18 (75 x4.6 mm, 2.7 um), elution at 30 °C with flow rate 0.5 mL/min using
a gradient of H,O : MeOH in a range of 5-100 % MeOH. Mass-spectrometric analysis was carried out using
LC-MS-2020 system as described [9] with AcN as eluent and MeOH for sample dilution.

AutoDock Vina [10] software was used for virtual screening; grid centers for all calculations were 4 x4 x4 nm
with their centers at geometrical centers of correspondent CYPs, exhaustiveness was set to 12. In general, we
have processed 28 structures of CYP51 from various organisms, 73 structures of other mycobacterial CYPs
and 185 structures of human CYPs. Values of energy of binding (E,,,,), the amino acids surrounding a ligand
and poses with close triazole — heme iron have been highlighted, tabulated and discussed.

Results and discussion

The compound CPF-bab-Z1 is a triazolomethylaniline conjugated with ciprofloxacin via their amino-
groups using —CO—CH,— linker derived from bromoacetyl bromide (see fig. 1). ESI-MS spectrum of
the compound was obtained (fig. 2), confirming the desired molecular weight (m/z of the mass-to-charge ra-
tio [M + H]" for C,4H,,FN,O, is equal 546.23; found 546.20); CPF-bab-Z1 purity was found to be ~95 % by
HPLC data (fig. 3).

CPF-bab-Z1 is also a azole and, thus, it is interesting as a potential fluorescent inhibitor of CYPs. Thus, to
rationalise further experimental investigations we performed in silico screening for a large set of structures of
CYPs using computational docking. First, we tested CYP51 structures due to it is a target for antifungal azoles
and the most studied CYP [3]. Docking results for CYP51 set are summarised in tables 1 and 2.

Table 1

E,;.q values for CPF-bab-Z1 in silico interactions with structures CYP51
of non-pathogenic baker yeast Saccharomyces cerevisiae

PDB code Data PDB code Data PDB code Data
41xj -11.9 Sead —11.8; Fe Sesi -9.3
4wmz -11.3 Seae —11.9; Fe Sesj —11.5
4zdy —11.8; Fe Seaf -93 Sesk —12.3; Fe
4zdz -10.8 Seag —10.7; Fe Sesl —11.8; Fe
47e0 —11.6; Fe Seah -9.3; Fe Sesm —11.9; Fe
4zel —12.1; Fe Seqb —11.7; Fe Sesn -11.2
4ze2 -11.1 Sese —12.4; Fe Shsl -8.6
4ze3 -11.9; Fe Sesf —12; Fe 5ul0 —11.4; Fe
Seab -11.3; Fe Sesg -11.9; Fe 6e8q -11.9; Fe
Seac —11.8; Fe Sesh —12.5; Fe - -
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Fig. 2. ESI-MS spectra of CPF-bab-Z1 in positive (a)
and negative (b) ions registration modes.
Interpretation of signals (cations: [M + H]" 546.20, [M + Na]" 568.21,
[M +K]" 584.20, [M + ACN + Na]” 609.24;
anions: [M + Br] 626.10 and 624.00, [M + CI] 580.20, [M — H] 544.20)
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Fig. 3. HPLC chromatogram of CPF-bab-Z1 (RT = 24.2 min)

CPF-bab-Z1 demonstrates the minimal value of E,, , (—12.5 kcal/mol) for Saccharomyces cerevisiae
CYP51 structure with PDB code Sesh, but the overage value of E,, , has been —11.3 kcal/mol for all structures
considered for the same enzyme. In the predicted complex with CYP51 (5esh) not azole, but cyclopropyl
ring of CPF-bab-Z1 is close to Fe of the structure heme. This indicates the compound behaves in silico as a
substrate, but not like azole inhibitor, of the enzyme. Cyclopropyl ring oxidation could cause formation of re-
active intermediate, which could attach covalently to an amino acid residue of such enzyme or to glutathione
resulting in its depletion in cellulo [11]. Poses with triazole proximity to heme have also been found for some
Saccharomyces cerevisiae CYP51 structures (4zdz, 4ze2, SesjcA, etc.), but in every case the N-Fe bond forma-
tion has been prohibited due to distance between the atoms. Results of the docking for CYP51 from pathogenic
microbes are in table 2.

Table 2
E, ;.. values for CPF-bab-Z1 in silico interactions
with structures CYP51 of pathogenic microorganisms
CYP of organism PDB Data CYP of organism PDB Data
code code
CYPS51 Aspergillus fumigatus 6cr2 —-11.6 CYP51 Mycobacterium tuberculosis | 1e9x -10.7
CYP51 Aspergillus fumigatus Sfrb —11.6; Fe || CYP51 Mycobacterium tuberculosis | 2vku -9.9
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Ending table 2

CYP of organism Ic)c])Dd]i Data CYP of organism Ic)c]iilz Data
CYP51 Aspergillus fumigatus 4uym —11.4; Fe || CYP51 Mycobacterium tuberculosis | 1h5z -9.8; Fe
CYP51 Aspergillus fumigatus 4uyl —10.6; Fe || CYP51 Mycobacterium tuberculosis | 1ul3 -9.6
CYPS51 Candida albicans Sfsa —12; Fe CYP51 Mycobacterium tuberculosis | 1x8v -9.5
CYP51 Candida albicans 5v5z —11.3; Fe || CYP51 Mycobacterium tuberculosis | 2bz9 -9.4; Fe
CYP51 Candida albicans Stzl —11.2; Fe || CYP51 Naegleria fowleri S5t18 —11.2; Fe
CYP51 Candida glabrata Sjle 11 CYP51 Naegleria fowleri 6ayc -11.1
CYP51 Leishmania infantum 314d —10.7; Fe || CYP51 Naegleria fowleri 6ay6 -10.9
SJeriluloﬁls);gobacterium 2w0b -12 CYP51 Naegleria fowleri 6ayb -10.8
CYP51 Trypanosoma brucei 4¢3j -10.5 CYP51 Trypanosoma cruzi 3khm —10.7; Fe
CYP51 Trypanosoma brucei 3p99 -10.3 CYP51 Trypanosoma cruzi 4ck9 -10.7
CYPS51 Trypanosoma brucei 2x2n -10.3 CYPS51 Trypanosoma cruzi 3klo -10.5
CYP51 Trypanosoma brucei 3glq -9.2 CYP51 Trypanosoma cruzi 3zg3 -10.4; Fe
CYP51 Trypanosoma brucei 3tik -9.7; Fe || CYP51 Trypanosoma cruzi 4ck8 —10.3; Fe
CYP51 Trypanosoma brucei 4g7g —9; Fe CYP51 Trypanosoma cruzi 4c27 -10.3
CYP51 Trypanosoma cruzi 6fmo —11.8 CYP51 Trypanosoma cruzi 4bmm | -10.2; Fe
CYP51 Trypanosoma cruzi 2wuz —11.4; Fe || CYPS51 Trypanosoma cruzi 4ugh —10.2; Fe
CYP51 Trypanosoma cruzi 2wx2 —10.9; Fe || CYPS51 Trypanosoma cruzi 4coh -9.8; Fe
CYP51 Trypanosoma cruzi 4h60 -10.9 CYPS51 Trypanosoma cruzi 4by0 -9.8
CYP51 Trypanosoma cruzi 4cka —10.7; Fe || CYPS51 Trypanosoma cruzi 3ksw -9.6; Fe

For the predicted docking positions with the lowest E,, , values indicated in table 2 in the frames of one
microorganism a cyclopropane-to-heme orientation has been found for CYP51 from Aspergillus fumigatus
(5frb), Candida albicans (5fsa), formally for Mycobacterium tuberculosis (2wO0b) and «brain-eating» amoeba
Naegleria fowleri (5t18). Classical azole-to-heme oriented positions have been found for CYPS51 from
Leishmania infantum (314d), Trypanosoma brucei (4g3j) and Trypanosoma cruzi (2wuz) (fig. 4).

CPF-bab-Z1 has demonstrated E,; , within the range of —11.1 kcal/mol (CYP121, 4ktj) to —7.5 kcal/mol
(CYP119, 4yof); mean E, , for all mycobacterial CYPs tested was found to be ~9.5 kcal/mol, excepting
CYP51. Poses with azole-to-heme orientation were rare, e. g., for PDB code 2x5w, 51i7, 2wh8 and 6dcd are
among good ones; the top 12 lowest E, , for the ligand and the enzymes’ structures are in the table 3.
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Fig. 4. In silico calculated positions of CPF-bab-Z1 in active sites of CYP51
from Trypanosoma cruzi (a) and Leishmania infantum (b)
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Table 3
Top 12 E,; , values for CPF-bab-Z1 in silico interactions
with structures of CYPs from mycobacteria, excepting CYP51

PDB code CYP E,;,¢ kecal/mol | Fe N41
4ktj CYPI121 —-11.1 — | N41-ALA167, ALA178, ASN181, TRP182
504k CYPI121 -11.1 — | N41-ALA167, ALA178, ASN181, TRP182
2wm4 CYPI124 -11.0 Fe | N41-THR271, VAL315
2x5w CYPI125 -10.9 Fe | N41-ALA268, HEM431
319 CYP164A2 -10.9 Fe | N41-ALA256
4g48 CYPI121 -10.9 — | N41-ALA167, ALA178, ASN181, TRP182
4ict CYPI121 -10.9 — | N41-ALA167, ALA178, ASN181, TRP182
4ktf CYPI121 -10.9 — | N41-LEU160, ASP185, PHE231
Sopa CYPI121 -10.9 — | N41-LEU160, LEU164, ASP185, PHE231
3g5h CYPI121 -10.8 — | N41-ALA167, ALA178, ASN181, TRP182
S51i7 CYPI26A1 -8.5 Fe | N41-THR257, HEM501
2wh8 CYP130 -9.2 Fe | N41-GLY243, HEM450

CPF-bab-Z1 has demonstrated E,, , from —12.3 kcal/mol (CYP3A4, 4d6z) to —7.1 kcal/mol (CYP2B6,
4zv8), whereas mean E,, , for all human CYPs tested is ~9.3 kcal/mol for CYPs from Homo sapiens. The top
10 lowest E, , for the ligand and the enzymes’ structures are in the table 4.

Table 4
Top 12 E,; , values for CPF-bab-Z1 in silico interactions

with structures of human CYPs
PDB code CYP E, ;¢ kcal/mol | Fe N41
4d6zcA CYP3A4 -12.3 Fe | N41-THR224
IwOecA CYP3A4 -12.1 Fe | N41-THR224, PRO227
SvedeA CYP3A4 -12.1 Fe | N41-ARG212, ALA370, HEM601
SveecA CYP3A4 -12 Fe | N41-ILE230
SveccA CYP3A4 -11.9 Fe | N41-ARG212, ALA305, THR309, HEM601
SvedcA CYP3A4 -11.9 — | N41-ILE223, ILE230
6bd6cA CYP3A4 -11.9 - | N41-LEU210, LEU211
6bdicA CYP3A4 -11.9 Fe | N41-ARG106
ItqncA CYP3A4 -11.8 Fe | N41-ARG106, THR224
3juscA CYP51 —-11.8 — | N41-VAL143, ALA144, MET304
4d6zcA CYP3A4 -11.8 — | N41-ARG106
SvegeA CYP3A4 —-11.8 — | N41-ILE223, THR224, PRO227

The data obtained indicates that CPF-bab-Z1 could not be a potent inhibitor of human CYPs, with the
exception of drug-metabolising liver CYP3A4. E,, , values have been found to be around —8.1, —9.0 and
—11.0 for human CYP19, CYP17 and CYP51 structures (e. g. for structures with PDB codes 5j16, 3ruk and
4uhi respectively).

In general, the new compound CPF-bab-Z1 was predicted to be able to bind effectively in the active sites of
human cytochromes P450 CYP3A4 and, less effectively, CYP51. Its ability to bound in the cyclopropane-to-
heme manner with some fungal CYP51 and in the azole-to-heme mode with some structures of CYP51 from
Leishmania and CYP51 from Trypanosoma (see table 2, fig. 4) has also been revealed. This points out on a
perspective of its practical testing as an inhibitor or a substrate for the corresponding enzymes.
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Conclusion

Aiming to design new fluorescent inhibitor of P450s, we have synthesised the triazole-containing conjugate
of ciprofloxacin, due to known ability of the anti-bacterial drug to fluorescent with blue light. The compound
has been designed and synthesised. It was confirmed using HPLC and ESI-MS (m/z of the mass-to-charge
ratio [M + H]" for C,;H,,FN, O, is equal 546.23; found 546.20). Using in silico docking simulations we have
tested the compound as a ligand for a number of cytochromes P450 of some pathogenic eukaryotes, baker
yeast, mycobacteria and human. Our results have demonstrated that CPF-bab-Z1 is a potentially good ligand
for CYP3A4 and CYP51 as well as for some fungal CYP51. Notably, the compound was predicted to be bound
with some CYP51 in the cyclopropane-to-heme orientation. By contrast, for CYP51 from Leishmania (314d)
and CYPS5I from Trypanosoma (4g3j and 6fmo) the azole-to-heme mode like classical azole inhibitors of
CYPs was predicted. The results offer interesting perspectives for testing of the compound as a new fluorescent
P450 inhibitor of the enzymes mentioned.
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NCCAEAOBAHME ITPOLECCOB ITOAYYEHWA
HAHOIIOPOIIKA JKEAE3A
IIP1 HEM3OTEPMHWYECKUX YCAOBUAX

T.X. HTYEH"®, B. M. HTYEH”, M. X. HTYEH”, B. H. JAH4YYK"
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[TpoBeneHo nccienoBaHNe KMHETHYECKUX MTapaMeTpoB Mpoliecca MoJydeHHs HaHOTIOPOIIIKa JKele3a BOJZOPOTHBIM
BoccTaHoBIIeHHEM ruapokcuna o-FeOOH npu Henzorepmudeckux ycioBusx. IlokazaHo, 4To BOCCTaHOBIIEHHE Ha-
Honopomka 0oi-FeOOH npotekaer B unTepBane temneparyp 180—-550 °C ¢ MakcuMaabHON yOEeNBHON CKOPOCTHIO IpU
temmeparype 500 °C. BennunHa sHepruu akTHBAIIUH TIpOIlecca BOCCTaHOBICHNUS HaHomopotmka 0.-FeOOH cocraBu-
na ~43 xJI>/MO0JIb, 4TO TOBOPUT O CMEIIAHHOM PEKHUME pearnpoBaHus. YCTaHOBIICHO, YTO BoccTaHoBineHne o.-FeOOH
npu Temreparype 500 °C obecnieynBaeT moyyueHne NpoayKkTa ¢ HeoOX0AMMBIMU cBoiicTBamu. [loydyeHHbIe HaHOYAC-
tunkl Fe, pazmep kotopeix — ot 70 1o 100 HM, UMEIOT OKPYIIyIO hopMmy.
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The kinetics for the procedure of preparing iron nanopowder from o-FeOOH by hydrogen reduction under non-iso-
thermal conditions were studied. The reduction of a-FeOOH nanopowder was shown to occur within the temperature
range from 180 to 550 °C, with a maximum specific rate value attained at 500 °C. The activation energy for the reduction
process 0-FeOOH nanopowder was measured to be ~43 kJ/mol, evidencing a mixed reaction mode. Performing the re-
duction of o-FeOOH at 500 °C accelerated the process while ensuring the required properties of the product obtained.
The Fe nanoparticles thus prepared were of rounded shape, the size ranging from 70 to 100 nm.

Keywords: kinetics; iron nanopowder; non-isothermal condition; differential-difference method; activation energy.

Introduction

Iron nanopowders (NPs) have actually found wide application in various fields of science, technology and
medicine [1; 2]. In particular, Fe NPs are often used as active adsorbents having magnetic properties to remove
toxic contaminants from soil and wastewater [3; 4]. Magnetic properties of the adsorbents containing Fe NPs
enables one to avoid laborious operations of removing the purifying agent from the treated material, since this
removal can be achieved by using magnetic field. The NPs of metallic Fe were shown to have large specific
surface area and high adsorbing capacity, and hence they are excellent adsorbents for heavy metals. Moreover,
Fe nanowires have unique magnetic properties that can be controlled by magnetic field [5; 6].

Preparation of Fe NPs may be carried out by various procedures most of which have a number of disad-
vantages, such as poor productivity and (or) high energy consumption [7—12]. The chemical-metallurgical me-
thod, which includes the stages of chemical deposition of oxygen-containing metal compounds with subsequent
hydrogen reduction of the oxides, is a highly efficient procedure as regards energy saving, utilising production
waste and the ability to control the dimensional characteristics of the metal NPs during their formation [13; 14].

A major disadvantage of the chemical-metallurgical method for obtaining Fe NPs is relatively not grade
productivity due to the low rate of the hydrogen reduction process under low temperature conditions. Increa-
sing the reduction temperature is not recommended, since it would entail intensifying aggregation and sinte-
ring processes, as well as formation of large particles or particles outside the nanometer range [11; 13].

Investigation of kinetics of the processes leading to formation metal NPs in order to determine optimal
time-temperature parameters that would ensure obtaining the product with the desired properties is an impor-
tant practical task.

The aim of this work was investigation of kinetics of the processes leading to formation of Fe NP from its
precursor hydroxide compound under non-isothermal conditions, as well as examination of properties of the
products obtained.

Materials and methods

Fe NP was prepared from a-FeOOH NP by direct reduction with hydrogen. The starting oi-FeOOH was
obtained from aqueous solutions of iron(III) nitrate (10 wt. %) and NaOH (10 wt. %) by chemical precipitation
of the product at 25 °C under continuous stirring:

Fe(NO;), + 3NaOH = FeOOH| + 3NaNO, + H,0.

The pH value was maintained at 11 £ 0.03, monitored with an pH meter Expert-001 (Econix-Expert Ltd.,
Russia).

The precipitate thus obtained was washed on a Buchner funnel with distilled water until the flushing water
pH was 7. The precipitate was then dried at 40 °C for 48 h. Thereafter, the dried precipitate was ground in
a laboratory mill Pulverisette 2 (Fritsch, Germany) to obtain a-FeOOH NP which was used for further re-
search work.
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The procedure of preparing Fe NP using hydrogen reduction of o.-FeOOH under non-isothermal conditions
was performed on a thermal analyser SDT Q600 (74 Instruments, USA) in a linear heating mode at a rate of
10 °C/min in the temperature range 25—700 °C. The reduction proceeded according to the equation

2FeOOH + 3H, = 2Fe + 4H,0.

The value of the degree of conversion a (i. e. the ratio of the mass of the reacting sample to the mass of the
initial sample) was calculated according to the formula
a:mo_mt MFeOOH :2‘69mo_mt , (1)

m, M 0,1 m,

where m_ and m, are the initial sample mass and the mass of the sample after the reaction time ¢ respectively.
Calculation of kinetic parameters for the reduction of oi-FeOOH under non-isothermal condition was per-
formed by the differential-difference method using the data obtained from thermogravimetric (TG) analysis, as
well as the equation of non-isothermal kinetics [15].
The differential-difference for this case may be written as follows

do. 1
Aln| b — -
n( dT)_ B A7
S N N ©)
Aln(l—oc) R Aln(l—oc)
Aln(bda) Al

YT Am(—a) " T Al(l—a)’

where . is the degree of conversion; 7' — temperature, K; b — heating rate, K/s'; E, — activation energy, J/mol;
R — universal gas constant, J/(mol - K); n — order of the reaction.

The phase composition of the samples was investigated by XRD phase analysis on a diffractometer Dif-
rey 401 (Scientific Instruments JSC, Russia) using CrK, radiation. The specific surface area () of the powders
was determined by the BET (Brunauer — Emmett — Teller) method with a low temperature adsorption of ni-
trogen on the NOVA 1200 analyser (Quantachrome, USA). The average particle size D(m) was calculated by
formula (4) using the S data:

D=—, 4
5 o
where p — the density of the material, kg/m’.
The morphology and dimensional characteristics of NP samples were studied by scanning electron micro-
scopy (SEM) on the microscope VEGA 3B (TESCAN, Czech Republic).

Results and discussion

The XRD pattern and SEM image obtained from the initial o-FeOOH sample are shown in fig. 1. The XRD
pattern (see fig. 1, a) reveals that the sample under study is a monophase one, containing the o.-FeOOH phase
only. Examination of the SEM image (see fig. 1, b) evidences dense location of a-FeOOH NPs having small
needle-like shape. Specific surface area of 0.-FeOOH NPs was found to be 39.5 m*/g, with an average diameter
of the particles amounting to 44 nm.

Analysis of the TG data obtained (fig. 2) indicates that the reduction process of FeOOH is realised in four
stages.

The stage 1 occurs in the temperature range from 25 to 180 °C, when the a-FeOOH sample loses its ad-
sorbed moisture. The stage 2 corresponds to the process of thermal decomposition of ai-FeOOH according to
scheme (5) shown below. This reaction is realised in the temperature range from 180 to 300 °C, the maximum
specific rate being achieved at 240 °C. The stage 3 occurring between 300 and 375 °C corresponds to reduc-
tion of a-Fe,O, to o-Fe,0, according to scheme (6), with the maximum specific rate measured at 340 °C.
In the stage 4, reduction of magnetite o-Fe,O, to metallic Fe takes place according to scheme (7). This pro-
cess is realised in the temperature range from 375 to 550 °C. The maximum specific rate value amounted to
1.079 - 10~ kg/s at 500 °C.

2FeOOH = Fe,0, + H,0, ()
3Fe,O; + H, = 2Fe,O, + H,0, (6)
Fe,O, +4H, = 3Fe + 4H,0. @)

' =10 °C/min = 0.197 K/s.
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Fig. 1. XRD pattern (a) and SEM image (b) of the sample of a-FeOOH NP
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Applying formula (1) to the TG data obtained makes it possible to calculate the values of o at different
reduction temperatures and to plot the o values as function of 7 in the temperature range for each stage of the
process of hydrogen reduction of o-FeOOH NP (fig. 3).

Using the least squares method, one can find the best matching mathematical functions oi(7) to describe the

. ... da . . . L .
curves shown in fig. 3. The derivative a7 is an important parameter for non-isothermal kinetics (equation (2)).

The results of calculations performed to obtain the parameters of non-isothermal kinetics of FeEOOH reduc-
tion with hydrogen are shown in the table below.

for the hydrogen reduction a-FeOOH NP

Determination of the parameters of the kinetic equation (2)

R do. . do 10° s
Stage | T,°C ﬁlo ln(b d_T) In(1-a) T’K 1 - 10 y
Function o(T). y=0.019 1exp(0.010 8x)
180 27.49 -5.22 -0.16 2.21 499 | -12.42
195 32.33 -5.05 —0.18 2.14 3.06 —8.48
210 38.01 —4.86 —-0.20 2.07 1.64 -5.25
2 225 44.70 —4.66 —-0.24 2.01 0.88 -3.43
240 52.56 —4.44 —-0.30 1.95 0.90 -3.67
265 68.85 -4.06 —-0.40 1.86 0.52 —2.66
280 80.95 -3.80 —-0.50 1.81 — —
Function o(T): y = 0.204 2exp(0.002 4x)
300 19.39 —7.49 —0.55 1.75 4.84 —-4.91
315 20.10 —7.44 —-0.56 1.70 1.61 -2.37
3 330 20.83 —7.38 —0.58 1.66 1.17 -2.04
340 21.34 —7.36 —-0.61 1.63 1.12 -2.03
355 22.12 —7.26 —0.64 1.59 1.48 —2.44
375 23.21 —7.18 -0.67 1.54 — —
Function o(T). y =0.068 2exp(0.005 1x)
375 94.76 -5.78 —-0.67 1.54 0.77 -2.71
400 107.64 -5.57 —-0.75 1.49 0.39 -1.95
425 122.28 -5.31 —0.88 1.43 0.22 —-1.57
4 450 138.91 -4.96 —-1.11 1.38 0.12 —-1.34
475 157.80 —4.46 —1.48 1.34 0.06 —1.17
500 179.26 -3.60 -2.21 1.29 0.02 —-1.06
520 198.51 -1.71 —4.01 1.26 — —

To determine the activation energy E, for the reduction process under non-isothermal conditions, the data
from the table were used to plot y against x according to equations (3) for each stage. The respective graphs
are presented in fig. 4.
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In accordance with equation (2), the values of E, for each stage were found as tangent of the straight
line passing through the experimental points, giving the following results (in kJ/mol): E,, = 18.2; £, = 6.4;
E_, = 18.1. The total value of E, for the hydrogen reduction of FeOOH NP is the sum of all activation energy
values for each stage: £, = E,, + E, + E,, (E, ~43 kJ/mol).

Confronting the calculated E, values with the limiting values in the literature [16] corroborates the state-
ment that the reduction of FeEOOH NP proceeds in a mixed reaction mode. In this case, the kinetics of the
overall reduction process of FeEOOH NP is limited by both the kinetics of the chemical reaction and the kinetics
of diffusion. Hence an expedient way to accelerate the process is to increase the temperature or eliminate the
diffusion layer around the reacting substance by intensive stirring.

As noted above, the temperature to obtain maximum rate of the reduction process of FeEOOH NP to yield
Fe NP was 500 °C. However, carrying out the reduction at this temperature may result in intense aggregation
and sintering of the metallic iron particles being formed, which degrades the quality of the final product.

The following task of the work was investigation of the properties of Fe NP prepared at the temperature
500 °C, when maximum reaction rate of the hydrogen reduction was reached. The XRD pattern and SEM
image of a Fe NP sample prepared under these conditions are shown in fig. 5 (the exposure time was 30 min).
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Fig. 5. XRD pattern (a) and SEM image () of a Fe NP sample prepared at 500 °C
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The XRD (see fig. 5, a) demonstrates that the sample is a monophase one, consisting only of ¢-Fe with
a body-centered cubic crystal lattice. Examination of the SEM image of the sample (see fig. 5, b) shows that
Fe NP are mostly of a rounded shape, with sizes ranging from 70 to 100 nm. Measurements of the specific sur-
face area for the sample gave an average value of 9.6 m*/g, which is in good agreement with the result obtained
from micrographs, where the average size of Fe NP was evaluated to be 79 nm.

Thus, based on the analysis of kinetic data and investigation of properties of the reaction product, it may
be concluded that the reduction of a-FeOOH NP at 500 °C both accelerates the process and ensures obtaining
the desired properties of Fe NP.

Conclusions

The optimal temperature for the preparation of Fe NP by hydrogen reduction of o-FeOOH NP was found
to be 500 °C. Calculations of the activation energies of the preparation process in its various stages were per-
formed. Based on these data, an expedient way to carry out this procedure to obtain Fe NP with the desired
properties is proposed: increasing the temperature and elimination of the diffusion layer around the reacting
substance under intensive stirring.
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A description for the ligand function of the tetrathiocyanatozincate selective electrode, has been proposed, using
a multi-species approach model. This model takes into account simultaneous phase-boundary, diffusion-controlled, pro-
cesses of ion exchange between tetrathiocyanatozincate, thyocyanate and foreign ions unable to form zinc complexes, as
well as distribution of the neutral zinc complex between phases, partial decomposition of quaternary ammonium tetrathio-
cyanatozincate salt and stepwise complex formation processes in water phase. The model is based on solving the system
of equations describing several interphase and intraphase equilibria, assuming that diffusion flows of all membrane and
solution components at the phase boundary are stationary. It provides the adequate description of tetrathiocyanatozincate
selective electrode in solutions of the ligand, foreign ions and mixed solutions of the above, and predicts the effect of
zinc chloride concentration in the sample solution upon electrode function slopes, lower detection limits and selectivity
coefficients.

Keywords: tetrathiocyanatozincate selective electrode; multi-species approach model; ligand function; lower detec-
tion limit; response slope; selectivity coefficients.
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BBenenue

CyIIeCTBEHHBIN ITPOTPECC B TOHMMAHIH MEXaHI3MOB OTKJINKA HOHOCEIEKTUBHEIX AekTpomoB (MCD), mo-
CTUTHYTHIM B TocienHee BpeMs [1—4], B COBOKYITHOCTH C Pa3BUTHEM BBIUHMCIUTCIIEHON TEXHHUKH 00YCIIOB-
JMBAaeT BO3PACTaHWE POJIHM MAaTEMAaTHYECKOTO MOJEIMPOBAHUSA HE TOJBKO Ui OOBSCHEHHS W TPEICKa3aHUs
noBeaeHU ICD B pealbHOM DKCIIEPUMEHTE, HO M TS OoNTHUMU3anuy nu3aiina UCD u yclioBuil X MpUMeHe-
HUS TIPA PEIICHUH KOHKPETHBIX aHAUTHICCKUX 3amad [5—16]. [TocTpoeHrne MaTreMaTndeckKoi MOMIETH BCET-
Jla TIperonaraeT HaxoK/IeHHe KOMIIPOMUCCA MEXIy OTHOCHTEIHHON MPOCTOTOW, HATJISITHOCTHIO, BO3MOXK-
HOCTBIO HHTYUTHUBHOTO BOCIIPHSITHS BO3/IEHCTBHS KIFOUEBBIX (PAKTOPOB HAa aHATTUTHYECKHE XapaKTEPHCTUKU
AJIEKTPOAA ¥ CTPOTOCTHIO TipeAcTaBNeHns. Hanboree mpocThie U HATIIATHbIE MaTEMaTHIECKIE MOICITTH CBOST-
sl K TIOJIYYSHHIO YPaBHEHUH, B IBHOM BHE OMHCHIBAIOMIMX OTKINK MCD Kak QyHKITUIO OCHOBHBIX TEPMOIH-
HaMU4ecKnX 1 Au((y3nOHHBIX MMapaMeTpoB, aHAJIN3 KOTOPHIX MO3BOJISET MPECKAa3aTh BIMSIHNE KaXKIOTO U3
9THX TTapaMeTPOB Ha COOTBETCTBYIONIHE aHamuTHUeckue xapakrepuctuku MCD. Ilpu sTom obecrieunBaercs
O4YeHb BBICOKAs CKOPOCTHh CUETa, YTO JAaeT BO3MOXKHOCTH C moMombsio o0baHBIX 1K mcciaemoBars Bo3zeii-
CTBHE Pa3IUYHBIX (hakTopoB Ha OTKIUK VCD B X0€ UIUTENHHBIX SKCTIEPUMEHTOB, B TOM YHCIIE B TUHAMHKE,
B THICSYH pa3 ObICTpee, YeM DKCIIEPHUMEHTAJIbHBIM ITyTeM. BBUIY CIOKHOCTH pacCMaTpuBaeMON CHCTEMBI
¥ MHOT000pa3us MPOTEKAIOMINX B HEH MPOIIECCOB MOITYYSHNE TAKUX yPaBHEHHH BO3MOKHO TOJIBKO TIPH BBE-
JIEHUH PsAJIa B TOW WM WHOU Mepe 000CHOBAHHBIX JIOMYIIEHUH, TO3BOJISIONINX BBLACTUTH KIFOUEBbIe ()aKTOPHI
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BIIMAHUA U npeHe6peqL OCTaJIbHBIMHU, YTO, BO-IICPBBIX, CHUIKACT TOYHOCTH IPOTrHO3UPOBAHUA, 4 BO-BTOPHBIX,
CTPaBEIITNBO TOJBKO TIPY COOTIONEHUH OIPEEIEHHBIX TPAHUYHBIX yCIIoBUi. OTHAKO y4eT OOJbIIero yrcia
(hakTOpPOB MPHUBOAWT K CYIIECTBEHHOMY YCIOKHEHHIO MOJEIH, MaTeMaTHIECKHI anmapaT KOTOpoil 0OBIYHO
MIPEJICTaBISIET cO00I CUCTeMy ypaBHEHHWH (4acTo HENMHEWHBIX, a MHOTAA M TPAHCIEHACHTHBIX), pElIeHNe
KOTOPOH HaXOAWTCSI UTEPALlMOHHBIMU MeTonamMu. Takue MoaeH AaioT Oosee CTPOroe ONMCcaHue MOBEACHUS
NCD B peanibHOM 3KCIIEPUMEHTE, MOTYT OBITh UCIIOIB30BAHBKI 32 TPEieSiaMy TPAHUYHBIX YCIOBUH (Hampumep,
KOHHCHTpaHI/IOHHLIX), OroBaprMBacMbIX B Oonee MMPOCTBIX MOJACIIAX, U MO3BOJIAIOT OLCHUTEL CIIPAaBCAJIMBOCTDH
TOITyIIEHUH, TPUHUMAEeMbIX B paMKax Oojiee MPOCThIX MOJENEH, OHAKO MPH 3TOM TepSeTCs HAISIHOCTh
W CYIIECTBEHHO CHIDKAETCS CKOPOCTh CYETa, MMOATOMY COTOCTaBJICHHE PEe3yJbTaToOB, MOMYyYaeMbIX TIPU HC-
MOJTb30BaHUH MOJIENIEH Pa3IUIHON CI0KHOCTH, MTPEJICTABIISIET CAMOCTOSATEIBHBIN HHTEpEC.

B mpenpinynmx cratesx [17; 18] B pamkax craroHapHOU U Py3MOHHON MOJIEIIH MTOTYUYCHBI YPAaBHECHUS,
B SIBHOM BHJIC OMKCHIBAIOIINE 3aBUCUMOCTD HIDKHETO nipeseiia ooHapyxkenus (HIIO) u cenekTuBHOCTH TeTpa-
POAaHOIMHKAT-CCJICKTUBHOI'O 3JICKTPOZa K MOHY JIMIaHJa OT 3HAYEHUM KOHCTAHT MOHHOTO O6MeHa, YCTOﬁ-
YUBOCTH KOMIUIEKCOB, a Takxke MU (PY3HOHHBIX ITapaMeTpoB, KOHTPOIMPYEMBIX YCIOBUSMHU IKCIIEPUMEHTA,
Y TTOKa3aHO XOPOIllee COOTBETCTBHE PACUETHBIX JAHHBIX C AKCIIEPUMEHTAIbHBIMA. OCHOBHBIM JIOMYIIICHHEM
YKa3aHHOW MOJICH SIBIISIETCS TPeHeOpeKeHNe BIMSHAEM MOHHOTO OOMEHa, TPOTEKAIoIIEro Ha Mex(a3HOM
rpaHMLe, Ha KOHLEHTPAIMIO MMOTEHIIMAIONPEASIIONINX HOHOB B MeMOpaHe, a Takke MpeHeOpekeHune 00-
pa3oBaHUEM POAAHUAHBIX KOMIUICKCOB IIMHKA C JIMTAHAHLIM YHUCJIOM 6OJ'H)HIG CAWHUILIBI B YPABHCHUAX MaTe-
pHaIbHOrO OanaHca, YTO CIpaBeUIMBO TOJIBKO B OOJIACTH IOCTATOYHO HU3KUX KOHIIEHTPAIMK MOCTOPOHHETO
WOHA M POIaHKIA COOTBETCTBEHHO. Kpome Toro, JaHHas MOJEh JaeT TOJNBKO Pa3/elbHYIO OIEHKY BKJIAJI0B
MOHHOTO OOMEHa W paclpeneieHns MOJEKYISIpPHOTO KoMIuiekca IiHKa B BenuunHy HIIO w He mosBosmser
CPaBHUTH PaCCUUTHIBAEMbIE 3HAYCHUS KOAXPPHUIIMEHTOB CEIEKTUBHOCTH, OTHOCSIIUECS K METOY OTACIBHBIX
pactBopoB [19], co 3HaueHHSAMH, TOTYyYaeMbIMU B BapUAHTE CMELIAHHBIX PACTBOPOB.

B Hacrosmieii pabote npeioxkeHo 0ojee yHUBEpCaAIbHOE ONMCAHNE OTKIIMKA TeTPapOJaHOIIMHKAT-CelleK-
THUBHOTO 3JICKTPOJIa, OCHOBAHHOE Ha COBMEILCHUH TPEACTABICHUI CTallMOHAPHOU TU(G(DY3HOHHONW MOJEITH
Y MOJENIH MHOTOYacTHUHOTO mpuommkeHus (MMII) [20-25], mepBoHaYabHO pa3pabOTaHHOTO B MPEATIONO-
YKSHUH TEPMOIMHAMHUYECKOTO KOHTPOJIS MOTEHIIAIA H YYUTHIBAIOIIETO OOJIBIIIOE KOJTMUECTBO BHYTPHU- I MEXK-
(ha3HBIX pPaBHOBECHH, a CII€I0BATEIILHO, OTHOBPEMEHHOE CYIIECTBOBAaHUE 3HAYMTEILHOTO YHCia pa3HO00pas-
HBIX YacTull B ¢azax mMeMOpaHbl U pacTtBopa. [Ipemiaraemas mMoaeiab MO3BOJISIET MPOBOAMTH COBMECTHBIN
y4eT BKJIQJIOB HOHHOTO 0OMEHa, YaCTHYHOTO Pa3JIOKEHHUS COJIM HOHOOOMEHHHUKA C TETPapOJaHOIIMHKAaTOM Ha
COJIb MIOHOOOMEHHHKA C poaaHnuioM U HeﬁTpaHBHbIﬁ KOMIUJICKC ITMHKA, a TAKXE PaCIpCACIICHUA BHCKTpOHeﬁ-
TpanbHOTO KoMIUIeKca Mexay (azamu B HITO TeTpapomaHOIMHKAT-CEIEKTHBHOTO JIEKTPOa 110 OTHOIICHUIO
K pomanuy. Kpome Toro, paccmarpuBaemasi MOJIENb Ta€T BO3MOKHOCTH OIEHUTh 3HAYCHHE BEPXHETO Tpejie-
na oOHaApyKEHUs, a TaKKe 3Ha4eHUs! K0d(D(UIIMEHTOB CEIEKTHBHOCTH, MOIyYaeMble METOJaMH OTICIhHBIX
Y CMEIIIaHHBIX PaCcTBOPOB. Pe3ynbraThl MOJICIMPOBAHUS COMIOCTABIICHBI C JAHHBIMH, MTOJTyY€HHBIMU B PaMKax
Oonee mpoctoit Mogenu [17; 18], n sKkcriepuMeHTaNbHBIMU TaHHBIMHU [26].

Teopernyeckue 0CHOBBI

Onekmpoonas ynKyua mempapooaHOUUHKAM-CENEKMUBCHO20 ITIEKMPOOa 8 pPAcmeopax pooanuoa
U HOCMOPOHHUX UOHOE 8 OMCYMCMEUE POHOBBIX UOHOE YUHKA 6 uccredyemom pacmeope. COTacHoO ypas-
HeHUto HepHcTa moTeHIMAaN TeTpapoAaHOIIMHKATHOTO IEKTPO/Ia B IPEATIOIOKESHIH TOCTOSTHCTBA KO3 PUIIH-
CHTOB aKTUBHOCTHU TETPApOJIaHOIIMHKATa B 00enX (pa3ax ONMMChIBACTCS YpaBHECHHEM

0 0, [Zn(NCS); ]

E= R S —— v
Zn(NCS); 2 [Zn(NC S)4_ ]

_ 2—
rae [Zn(NCS), ] u [Zn(NCS); ] — paBHOBeCHBIC KOHIIEHTPALIMH TETPAPOAAHOIIMHKATHOTO KOMILIEKCA B KOH-
TaKTHUPYIOLIHX CIIOSIX PACTBOPA M MEMOPaHbl COOTBETCTBEHHO (37I€Ch U J1ajice TOPH30HTAIILHOM 4epToii CBepXy

o0o3HayeHa (haza MeMOpaHsbl), O = R—FT

Janee, mpuHUMas KOHIIGHTPALIMIO aHHOHA TETPAPOIaHOIIMHKATa B MEMOpaHe MPONOPIIMOHAIILHON KOHIICH-
TpalMy €ro HOHHOTO accolara ¢ HOHOOOMEHHHKOM M 0003Ha4asi KOHIICHTPALUU COOTBETCTBYIOLINX KOMIIO-

HEHTOB Ha MeXba3HoU rpaHuIe cumBoiiaMu C’ / _, ToirydaeM ypaBHeHue (1) B ciaenyro-
. b Tpamm CZn(NCS)4" (R,N*), .. zn(Nes2> 1O yp (M y
meit gpopme:

7
9 CZ 2—
_ 0 o n(NCS);
E= Zn(NCS);” 9 lg = . (2)
(RyN*),... Zn(NCS)3~
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3neck 1 panee cumBoiaoM C’ 0003HaYEHBI KOHIIEHTPAIMU Ha MEK(Ba3HOM IpaHuLIE.
[Ipu norpykeHuu TeTpapoJaHOIIMHKAT-CEIIEKTHBHOTO YIEKTPOA B PACTBOP, COACPIKAIIUK POIAHUI-HOHBI
1 (WIM) TOCTOPOHHKME HOHBI J , IPOTEKAIOT MPOIECChl HOHHOTO OOMEHa:

KZSCN - .
Zn(NCS)
(R,N¥), ... Zn(NCS)>™ + 2SCN~ =——==2(R,N*)...SCN™ + Zn(NCS)?", (3)

2J°
KZn(NCS)i’

(R ,N"),...Zn(NCS); +2J ————=2(R,N")...J "+ Zn(NCS); . 4)

B pe3ynbrate B IPUAIESKTPOTHOM CIIOE BOTHOTO PACTBOPA MOSBIISETCS TETPAPOIaHOIIMHKAT, KOTOPBIA CTY-
TIEHYaTO AUCCOMUUPYET ¢ 00pa3oBaHWEM POIAAHHUI-NOHOB, POMAHUIHBIX KOMIIEKCOB C JIATAHIHBIM YHUCIIOM
oT 1 10 3 ¥ KaTHOHOB MMHKA, a KOHIICHTPAIIHSI TETPAPOIaHOIIMHKAT-HOHA B (ha3e MEMOpPaHBI CHIYKASTCS BCIIE/I-

CTBHE YMEHbIICHHS KOHIIEHTpauu HoHHoro accormara (R,NT), ... Zn(NCS);™.

OnHOBpPEMEHHO NMPOUCXOAUT pacHpeaeieHne MojekysipHoro komiuiekca Zn(NCS), mexay mMeMOpaHoit
U HccieyeMbIM pacTBopoM. [lockonbky MeMOpaHa HaxOIUTCsl B TIOCTOSSHHOM KOHTAaKTe ¢ BHYTPEHHUM pac-
TBOPOM, COACPIKAIINM MOHBI LIMHKA U pOJaHua, MOJICKYIApHbIH komiuieke Zn(NCS), B CBSI3U ¢ SKCTpaKuen
U3 BHYTPEHHETO PacTBOpa CpaBHEHUS BCET/Ia IPUCYTCTBYET B MEMOpaHe:

Zn(NCS), é Zn(NCS),, (5)

rje P — KOHCTaHTa pacTpeleICHHsL.

CormacHo ycIoBHsAM MOJIETMPYEMOTO SKCTIepUMenTa (BhiMaunBanue B 10 Mois/ pactsope ZnCl, Ha one
0,18 monp/m KSCN) koHIIeHTpaImus MOJICKYIISIpHO# (hOpPMBI KOMIUIEKCa B MEMOpaHe, MPUBEICHHON B paBHO-
BECHE C KOHIHIIMOHUPYIOIIMM PACTBOPOM, COCTABIAET MPUMEpHO 6 - 10" Mob/11.

B pesynbrare nporekanms HOHOOOMEHHBIX TIPOIIECCOB, OMMMCHIBAEMBIX ypaBHEHIAMHU (3) 1 (4), BOZHUKAIOT
IPaJIMEHTHI KOHIIEHTPAIHH COOTBETCTBYIOIIMX KOMITOHEHTOB B (hazax pacTBOpa u MeMOpaHbl. B craimonapaom

COCTOAHUHN CKOPOCTH JOCTABKU MOHOB UCTBCPTUUYHOIO aMMOHUCBOT'O0 KaTHOHA K MC)K(i)a?:HOI\/'I TpaHUIIC 3a CUCT

nuddysun nonnoro acconuara (R,NV),... Zn(NCS)i_ 13 o0beMa MeMOpaHbl COBNAAACT ¢ CyMMapHOH CKO-

POCTBIO OTBOJIA MOHOB YETBEPTUYHOIO aMMOHHEBOTO KaTHOHA B BHle MOHHBIX accouuaroB (R,N™)...SCN~

U B IIyOb MEMOpPAaHBI:

2J =J +J (6)

(R4N™),... Zn(NCS)3~ R,N*..SCN~ RN ..J7°

CornacHo 3axkony nuddysun Puka ypaBHeHue (6) IpUHUMACT BUJL

~tot D _
2 CL_—, (RyNT), ... Zn(NCS)2™
> (RyN™), ... Zn(NCS)2~ S . N
(RyNY), ... Zn(NCS)3
_ DR4N+A..SCN’ =T DR4N+...J’ 7
R,N'..SCN™ % + Convr ’ Q)
4N S N S
R,N*...SCN™ RN*..J™

e O — toniuHa 1 Gy3HOHHOTO CII0s Tl COOTBETCTBYIOIIETO KOMITOHEHTa; D — koahduimeHT nuddysuu;

~tot
R — 061].[8.5{ KOHLCHTpAUHWA Y€TBECPTUIHOI'O AMMOHHNEBOI'O KaTHOHA B MeM6paH€.

[IpuHumas B mepBoM MpHOIMKEHHH PaBeHCTBO Kod(GuuueHToB aupdy3nn u TommuH auddy3HOHHBIX
CJIOEB BCEX 4acTHI] B (azax MeMOpaHbl M BOIHOTO PacTBOpa, IMollydyaeM ypaBHEeHHE (8), KOTOpOe OTBeYaeT
YCIIOBHUIO TIOCTOSTHCTBA KOHILIEHTPAIIMH HOHOOOMEHHUKA O TPOQHITI0 MEMOpaHBbI:

~tot _ A7 ~r i
Cp = 2C(R4N*)2...Zn(NCS)§‘ +

7

’
RyN*..SCN~ + R,N*..J~" (8)
AHaTOTHYHBIM 00pPa30M CKOPOCTh JOCTaBKH WOHOB IIMHKA K MeX(pa3HOU TpaHUIe 3a cdeT nuddysnm

nonnoro accommara (R,N¥),... Zn(NCS)i_ u MosekysipHoro komiuiekca Zn(NCS), u3 o6bema MeMOpaHsl
B CTAI[MOHAPHOM COCTOSIHUH JIOJDKHA COOTBETCTBOBAThH CyMMapHOW CKOPOCTH OTBOJIA HOHOB IIMHKA U 00pasye-
MBIX UM KOMITJICKCOB B TITyOb HCCIIEyEeMOT0 PacTBOpa:

J(R4N*)2...Zn(NCS)§- + Jznines), = ZJZn‘“'
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ClietoBaTeIbHO,
o D (= —~ \D
R _Cl » =+ (Y -C ==
) (RN'),.. Za(NCS);™ | Zn(NCS), Z(Nes), | 7§
=(C, ..+ C +C +C +C, D ©)
> Zn(NCS)* Zn(NCS), Zn(NCS)5 Zm(Nes); ) §
rae an(NCS)Z — KOHIICHTPAIHS MOJICKYISIPHOTO KOMIUIEKCa B 00beMe MEMOpaHBI.
VYcnoBus CTAIHOHAPHOCTH MO POIAHUI-MOHY M TOCTOPOHHEMY HOHY J ~ OMUCHIBAIOTCS YPAaBHEHUSIMU
2J zn(Nes), T 4J(R4N+)2.A.Zn(NCS)‘2( B JR4N+.4.NCS’ = ZJSCN“’”
- _ 5 (_jtot _ 5 _ 5
2( Y - C = +4] 2 _C . v |= = Chnt nes ==
Zn(NCS), zm(Nes), |5 ) (RN"),..ZaNCS);™ | RNT.LNCS™ S
=((C’ C’ 2C; 3C’ 4C’ D 10
- ( sen- ¥ ) t Cnesy T “Cznnes), T Zn(NCS)3 + m(Nes) )y (10)
3/I€Ch X — 00I1asi KOHIEHTPAIUS POJIaHK I-aHHOHA B 00bEME BOJIHOTO PacTBOPA;
JR4N+A..J7 - JJ”
yar D , 1P
e 3= 5 (1)

r7ie y — 00IIast KOHIIEHTPAIKs TIOCTOPOHHETO aHnoHa J B 00beMe BOIHOTO pacTBOPA.

Bripakenust 1T KOHCTaHT MOHHOTO OOMEHA W KOHCTAHTBI PACIPENENICHUS MOJEKYIIPHOTO KOMILICK-
ca, moimydaemeie u3 (3)—(5), BMecrte ¢ ycnoBusmu crarmonapuoctu (7), (8), (10), (11) mator 7 ypaBHEHUI,
B KOTOPBIX (PUTypUPYIOT KOHIEHTPAIIUH CIEAYIONNX YaCTHIl B TOBEPXHOCTHBIX CIIOSIX MEMOpaHBI M PacTBO-

pa (Bcero 11 memspecturix): Zn(NCS);~, Zn(NCS);, Zn(NCS),, Zn(NCS)*, Zn**, J~, SCN™, Zn(NCS),,

R,N"..SCN™, R,N"..J", (R,N"),...Zn(NCS); .

Bripaxkenust 151 CTyleHYaThIX KOHCTAHT YCTOWYHMBOCTH KOMIUIEKCOB ITMHKA, 3HAYCHHUS KOTOPBIX MPHBE-
nensl B [27] (K, = 37; K, = 0,98; K, = 0,89; K, = 32), naror 4 HeocTalOMX ypaBHeHUs. B utore nomydaem
cucremy u3 11 ypaBHeHui ¢ 11 HEU3BECTHBIMHU, pelliasi KOTOPYIO MOKHO OTPE/ICIUTh 3HAYSHSI KOHIIEHTPAI[UU
CBOOOTHOI'O TETPAPOIAHOIIMHKATA U €r0 acCOIMaTa C YSTBEPTUUHBIM aMMOHHEBBIM KAaTHOHOM B IIOBEPXHOCT-
HBIX CJIOSX PacTBOpa M MeMOpaHBI COOTBETCTBEHHO M PACCUUTATh 10 YPABHEHHUIO (2) 3HaUeHHUE MOTEHIHAIa
B JJFOOOM pacTBOpPE € 3aJJaHHBIMH KOHIICHTPAIUSIMHU POJIaHUI-HOHA U TIOCTOPOHHETO aHWOHA J .

Dnexmpoonan @yHKuus mempapooaHouUHKAM-CENeKMUBGHO20 INEKMPOOAd 6 pPACmeEopax pooanuod
U NOCMOPOHHUX UOHO8 8 NPUCYMCIEUU NOCHOAHHOI (YOHO0BOI KOHYEHMPAUUU XJ10pUOA YUHKA 8 Uccile-
dyemom pacmeope. BBuy MallbIX KOHCTaHT YCTOMYMBOCTH W 3HAYMTENBHO OoJiee HU3KOH JTUTO(DHUIFHOCTH
XJIOPUIHBIX KOMIUIEKCOB IO CPAaBHEHHIO C POAAHUIHBIMH, @ TAKXKE B CBS3H C YPE3BHIYAHO HI3KUM 3HAYCHUEM

2010 22
KOHCTaHTBhI 0OMEHA XJIOPHI-HOHOB Ha TeTpapopaHouukar (K <10 Y4aCTHEM COOTBETCTBYOIIUX
Zn(NCS)?

MOHOB B MOHOOOMEHHBIX TPOIlECCax MOXHO MpeHeOpeub. Takum o00pa3oM, pacCMOTPEHHAs BHIIIE CUCTEMa
YpaBHEHHH MOCIe MUHUMAIbHON MOIU(DUKAINY, CBI3aHHOW C U3MEHEHHEM YCIIOBUS CTAIIMOHAPHOCTHU IO-
TOKOB T10 IIUHKY, OMTUCBHIBAEMOTO BBIpaKeHHEM (9), MpUMEHNMa TaKKe JUIsl pacueTa KOHIIEHTpalui TeTpapo-
JAHOIIMHKATa B MIOBEPXHOCTHBIX CIIOSAX PacTBOpa U MeMOpaHbl. B mpucyTcTBum (hoHA XJIOpHUIa IIMHKA B HC-
clemyeMoM pacTBope ypaBHeHue (9) npuanmaet Bun (12)

— ot _ . _
G m D (i _m \b_
) (RN, Zn(NCS);™ |'§ Zn(NCS), Z(NCs), |5
=(C’ .. +C +C + C +C e )R (12)
—\ Tz Zn(NCS)™ Zn(NCS), Zn(NCS)3 Zn(NCS)3™ ZnCl, 5’

e anClz — KOHIICHTpAIIUS XJIOPHIa IIMHKA B 00bEMe pacTBopa.
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Pe3y.]'ll)TaTl)I MOJI€CJIUPOBAHUN U UX 06cy>K)1eH1/1e

Haknonwl 31eKmpoonbix lyHKYUIL mempapooaHoyUHKAM-CeneKmueHo2o 31eKmpooa 8 pacmeopax pooa-
Huoa u nocmoponnux uonoe u HII0. J11s npoBeieHNs MOAEIMPOBAHUS NCIIONb30BAIN 3HAYEHNUS CIIETYIOIIUX
TapaMeTpoB: KOHIIEHTPAIlMH MOHOOOMEHHHMKA B COOTBETCTBHHM C YCIOBHAMH dkcrepuMenta' (107 momb/m);
KOHCTaHThI 0OMeHa TeTpapoiaHolMHKaTa Ha pofanus (3 - 107'), mepxmopar (8 - 107"%), aurpar” (2 - 107'®), ko-
>¢¢ummentos quddysun B hazax pactsopa u MemOpans (1-10°u 5 - 107> m* - ¢ ' cooreTcTBeHHO) [28; 29];
ckopoctu nepemermBanus (150 06/MuH) 1 BpeMeHn n3Mepenus (5 MuH). Bo Beex citydasix 3HaueHUE CTaHIapT-
HOTO MOTEeHLMaJIa 71l TeTPApOIaHOLIMHKATa YCIOBHO IPUHUMAIIOCH PaBHBIM HYJIIO.

Baxueiimumm otmuunem MMII ot npocroii aunamuueckoit nuddysnonnoi moaenu (I1IM), paccmorpen-
HOH B [17; 18], siBNIIeTCSI TO, YTO OHA YUUTHIBAET BO3MOKHBIE U3MEHEHUS KOHLEHTPALUU TETPapoiaHOLMHKATa
B MeMOpaHHo# (haze. [lomydeHHbIe pe3ynbTaThl MPeICTaBIeHbl Ha puc. 1.

ala o/b
1gC’ A IgC’

Puc. 1. 3aBUCHMOCTb KOHIICHTPALMH TETPAPOAAHOLMHKATA B IOBEPXHOCTHOM CJI0€ MEMOPaHbI OT
KOHIICHTPALMH POJAaHK/a U IOCTOPOHHUX HOHOB B PACTBOpPAaX MHIMBHAYaJIbHBIX HOHOB (a, 0);
B CMEIIAHHBIX PACTBOpax Ha (OHE MOCTOSIHHOW KOHIEHTPALUK POIaHu A (8, 2);
B OTCYTCTBHE B HccleayeMoM pactope ZnCl, (a, 6); B mpucyrersu 1 - 102 mons/n pona ZnCl, (6, 2).
KoHIeHTpalu poJaHi/a B CMELIAaHHBIX PACTBOPAX yKa3aHbl Ha ()parMeHTax (8, &) pUCyHKa

Fig. 1. Dependence of tetrathiocyanatozincate concentration in the surface membrane layer
upon thiocyanate and foreign ions’ concentrations: in solutions containing an individual ion (a, b);
in mixed solutions on the background of constant thiocyanate concentration (¢, d);
in absence of ZnCl, in the sample solution (a, c); in presence of 1 - 10> mol/L ZnCl, background (b, d).
Thiocyanate concentrations in mixed solutions are shown in the corresponding plots (¢, d)

N3 puc. 1 cnenyert, uro ocHoBHOM noctynat [1JIM, coriacHO KOTOPOMY U3MEHEHUEM KOHIIEHTpaIluu TeT-
papoJaHOIMHKATa B MIOBEPXHOCTHOM CII0€ MEMOpaHbl MOKHO TIpeHeOpeds [17; 18] make B OTCyTCTBHE TIO-
CTOPOHHHUX MOHOB, CIIPABEIJINB TOJBKO MPH JOCTATOYHO BHICOKOW KOHIIEHTPAIMX POJAHH/IA B UCCIIETYeMOM
pactBope. [Ipy HU3KHMX KOHIIEHTpAIMSIX POAAaHUAA B PACTBOPE JINOO B €0 OTCYTCTBHE CIEAYET yUUTHIBAThH
MPOTEKaHNE CIEAYIOIETO MpoIecca:

R,N*), ... Zn(NCS)> —— 2R,N*...SCN™ + 2SCN™ + Zn*". 13
4 2 4 4

'Tapa3eeul¢ M. A. TeTpapoaaHOIMHKAT-CEICKTUBHBIN 3JICKTPO/] U €r0 aHATUTUYICCKOC IPUMEHECHHUE : aBTOPEd. JIUC. ... KAHJI. XUM.
Hayk : 02.00.02. Munck, 2006. 21 c.
>Tam xe.
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HecMOTps Ha TO 4TO KOHCTAaHTa PaBHOBECHS 3TOTO TIpoliecca oueHb Mana (mopsaka 2 - 107"), koHenTpa-
LUS TETPApOAaHOLMHKATA B TOBEPXHOCTHOM CJI0O€ MEMOpaHbl HECKOJIBKO YMeHbIIaeTcs (cM. puc. 1, a, Bpes-
Ka), XOTSl 9TO M3MEHEHHE W He KaTacTpo(UUHOE, YTOObI CYLIECTBEHHO MOBIUATH Ha 3HAUYCHHS MOTEHIIMAIIA,
paccuuThIBaeMbIe 10 ypaBHEHUIO (2). B mpucyTcTBUM MOCTOSIHHOM (POHOBOW KOHUEHTPALMU XJIOpHIa IIMHKA
B HCCIIElyeMOM pacTBOpe paBHOBecHe nporecca (13) caBuraercs BIeBO M M3MEHEHNE KOHIICHTPALlUK TETpa-
pomaHOLIMHKATa B MeMOpaHe B 00JIaCTH HU3KHX KOHICHTPALU poJaHu/a TPOSBISIETCS B ropa3a0 MEHbIIEH
cTernenu (cM. puc. 1, 6, Bpe3ka).

U3 puc. 1 Tarxoke cieayert, 4To NpeAroaokeHre 00 OTCYTCTBUH BIMSHUSI HOHOOOMEHHOTO ITpoliecca Ha KOH-
LEHTPALHUIO TETPAPOJAHOIIMHKATA B TOBEPXHOCTHOM CJIO€ MEMOpaHbI CIIPaBEJTUBO TOIBKO JI0 OIPEICTICHHOTO
npejiesia KOHLIEHTpaIi MOCTOPOHHUX HOHOB. Tak, B OTCYTCTBHE HOHOB IIUHKA B UCCIIEAYEMOM PACTBOPE BIIMA-
HUEM MOHHOTO OOMEHA Ha KOHLEHTPALMIO TETPapoJaHOIMHKATa B TIOBEPXHOCTHOM CJIO€ MEMOpaHbI MOXKHO
npeneGpeyn TOMBKO TIPK KOHIEHTpaluaX Menbie 1 - 107 Monb/1 B cilydae HuTpara u Menbre 1 - 107* moms/n
B ciyd4ae mepxJsopara (cM. puc. 1, @). B mpucyrcTBumM (OHOBOrO XJopuaa IWHKA BEPXHUE MPEAEIbl KOH-
LEHTpaluil HUTpaTa U Mepxjopara, Ipu KOTOPBIX YKa3aHHOE JOMYILIEHHE CIPABEINBO, HECKOJIBKO YBEIH-
gyuBatoTcs (cM. puc. 1, 6). Ecinu B uccnenyemMom pacTBope NpUCYTCTBYET POJaHUA, BIUSIHUE HOHOOOMEHHOTO
Tpoliecca CyleCTBEHHO yMeHbInaeTcs. Hanpumep, B pacTBope ¢ KOHLEHTpanuen poganuaa 1 - 107 moms/m
BJIMSAHME HATPATA U TIepXJI0paTa HAuMHAET TIPOSABIATHCA MPU KOHIeHTparusx Bbime 1 - 107 1 1 - 107 mons/n
COOTBETCTBEHHO (CM. puc. 1, ). B mpucyrcTBun oHOBOTO pacTBOpa XJIOPUIA [IUHKA MPOUCXOIUT JalbHEH-
1iee yMEHbIICHHE BIMSHUS HOHOOOMEHHOTO Tpoliecca Ha KOHLEHTPALMIO TETPapOJaHOIMHKATa B MOBEPX-
HOCTHOM cJioe MeMOpaHnsbl (cM. puc. 1, 2). M3 monmy4eHHBIX JaHHBIX CIEAYeT, YTO BBEJCHHUE B UCCIIECTyEMbIH
pactBop (oHa XJIOpHIa HUHKA JOKHO MPUBOJUTS K YITyUIIEHHIO CETIEKTUBHOCTHU K HOHY JIMTaH/a (POfaHHTy)
OTHOCHUTEIHLHO MOCTOPOHHUX aHHOHOB, HE 00Pa3yIOIINX KOMIUIEKCHI C ITHKOM.

Ha puc. 2 npuBeneHs! 3neKkTpoHble PyHKIMN TeTPApOAaHOUHKAT-CEIEKTUBHOTO AJIEKTPOa B PaCTBOPAx
pollaHua U MOCTOPOHHUX UOHOB, paccunTanubie B pamkax MMII u [1[IM, onucaunnoii B [17; 18].

ala o/b
A
600 F
500 500
@ 400 o 400
. 300
=300 R

200

200 100

100

Puc. 2. Dnekrpobie GYHKIUHE B PACTBOPAX POJIAHKIA KaJlHsl, HUTPATa KaJusi
W TiepxJiopara HaTpusi B OTCYTCTBUE HOHOB IIMHKA (@)
u B ipucyTcTBuu 10> Mons/n (6) 1 0,1 Moms/1 (6)
(OHOBOI KOHIIEHTPAIMHU [IHHKA

Fig. 2. Electrode functions in potassium thiocyanate,
potassium nitrate and sodium perchlorate in absence of zinc ions (a),
in presence of 10> mol/L (b) and 0.1 mol/L (c)
of background zinc concentration
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W3 puc. 2 BUIHO, 4TO BO BCEX PACCMOTPEHHBIX CIy4asiX MIMEETCs Thana3oH KOHIICHTPaIHii, B KOTOPOM Ipa-
(UKW DIEKTPOMHBIX (YHKITUH, TTOTyYeHHBIE B paMKaX 00CHX MOJEIICH, XOPOIIIO COTIIACYIOTCS MEKITy COOOH,
a IMEHHO B O0JIAaCTH BBICOKHMX KOHIIEHTPAIUH JUIsl HUTpaTa, HU3KWX KOHIIGHTPAIUU IS TIepXJiopaTa v B IPo-
MEXXYTOYHOH KOHIICHTPAIIMOHHOW 00macTy st ponanuaa. [Ipu 3ToM XopoIio coniacyrTces Kak abCOMOTHBIS
3Ha4YCHUS MMOTCHIIMAJIA, TaK U HAKJIIOHBI 3JICKTPOIHBIX (1)}’HKI.[HI7[, IMPpUYCM COITIaCu€ MEKIY obenmMu MOACIIAMHA
YAy4IIaeTcsl B MPUCYTCTBUH XJIOPH/A IIMHKA B UCCIIEAYEMOM PaCTBOPE.

B oGnmacTu BRICOKMX KOHIIGHTPAIUN TIEpXJIOpaTa MHTEHCHBHOCTH MPOTEKAaHUSI HOHOOOMEHHOTO TIpoIiecca,
OIMKMCHIBAEMOT0 YpaBHEHHEM (4), CTAHOBHUTCS CIIUIIKOM OOJIBIIIOHN, YTOOBI YMEHBIICHUEM KOHIICHTPAIUH TET-
papoiaHoIMHKaTa B MeMOpaHe MOXKHO ObUIO mpeHeOpeyb. B pe3ysbrare B COOTBETCTBUM C YpaBHEHUEM (2)
MIPOMCXOINT OTKIIOHEHHE DIIEKTPOIHON (PYyHKITHH B 007aCcTh O0JIee HU3KMX 3HAYEHHH IMOTEHITANa 10 CpaBHe-
HUIO C pacCUMTaHHBIMU B pamkax [1J]IM 3Hauerunsmu. [[puHIMIHaTBHBIM pa3IHdrueM SIeKTPOIHBIX (DYHKITHIA,
MIOJYYCHHBIX B PaMKaX PacCMaTpuBacMbIX MOJICIICH, sBJsieTcs To, 4To B [1JIM OTCYTCTBYIOT OrpaHUYCHHUS HA
coOIoIeHNe JIMHEWHON 3aBUCUMOCTH B 00JIaCTH HU3KHUX KOHIIEHTpaIrui, Torna kak MMII mo3Bonsiet mpen-
ckazarp Hammaue HI1O myis cCOOTBETCTBYIOIIMX HOHOB.

Tax, Ipy KOHIIEHTpALMIX HATpaTa mopsaaka 1 - 10~ Mois/1 HaGII0aeTCsl OTKIOHEHHE YMEKTPOIHOI (yHK-
[[UU OT JTMHEWHOU 3aBHCUMOCTH. JTO OOBSICHIETCS TEM, YTO B 00JIACTH HU3KUX KOHIIEHTPAIUI HUTpaTa KOJIU-
YECTBO TETPAPOIAHOIIMHKATA B MPUAJICKTPOIHOM CJIOE, OT KOTOPOTO 3aBHCHUT BEJIMYMHA MOTEHITMAJIA, OIIPEie-
JISIeTCsI MPOIIecCaMy He CTOBKO HOHHOTO 0OMEeHa, CKOJIBKO pactpe/ielIieHrsI HeUTPaIbHOTO KOMITIIEKca IIMHKa
MEXTy MEMOPaHOU 1 pacTBOPOM (CM. ypaBHEHHE (5)) ¥ YaCTHYHOTO PA3JIOKEHUS COJIA TETPapOAaHOIIMHKATA
C MOHOOOMEHHUKOM coriacHO ypaBHeHUIO (13). [losToMy HuTpaTHast (QYHKIHUS TETPapOAaHOIIMHKAT-CEIEK-
THUBHOTO 3JIeKTpojaa xapakrepusyercs HI1O. Ananmoruunas cuTyalysi IMEET MECTO M B Cliydae mepxjopara
Y pOfaHW/a, HO B oOmacTu Ooiiee HU3KUX KOHIEHTpanuii. CpaBHUTEIbHBIE XaPAKTEPUCTHUKH AIIEKTPOIHBIX
(hyHKIIMIA, IOTyYSHHBIE B paMKaX 00erX MOJENeH, MpecTaBIeHbl B Ta0. 1.

Tabnuma 1
KosmmyecTBeHHBIE XaPaKTEPUCTHKH 3JIEKTPOAHBIX (PYHKIHUIA,
paccuutannbie B pamkax IIJIM u MMII
Table 1
Quantitative characteristics of electrode functions calculated under simple dynamic
diffusion model and multi-species approach model
Haxkiion, HITO /
Hon Konuentpauus ZnCl, MB Ha mexany KoHIeHTpauoHHbIH > MOJIB/TT
B MCCIITyeMOM PacTBOPE, MOJIB/JT JIMaTa30H, MOJIB/JI - ”
nam MMIT M MMIT

0 93 106 2,5-107 2,5-107

SCN~ 1-107 116 120 1-10"-1-10"* 34-10° 39-10°

1-10" 116 114 1,9-10° 25-10°

0 42 58 6,9-107

Clo, 1-107 39 58 1-10'-1-10" ~ 6,3-10°

1-10" 39 55 1,6-10°

0 42 48 1,1-10°

NO; 1-10° 39 44 1-1-107 — 6,3-10"

1-10" 39 40 6,210

[Ipumeuanue. " —3nauenus HIIO paccuntsiBanuck cornacHo [17] no ypaBaenuto (10) B oTCyTCTBUE IIMHKA B PACTBOPE U 110
ypaBreHuto (11) B mpucyTcTBUM IMHKA B pacTBope; ** — 3HaueHust HIIO ompenersumicy mo OTKIOHEHMIO (DYHKIUH OT JIMHEHHON
3aBucuMocTd Ha Slg2 (MB), rae S — HaKIIOH AIEeKTPOAHON (YyHKIHH.

U3 tabn. 1 BugHO, yTO 00€ MOJENIH NMPEICKa3bIBAIOT CBEPXHEPHCTOBCKUI HAKIIOH POJAHUIHON (yHKIMH,
BO3PACTAIOLINN NPU BBEJCHUU B pacTBOp xjopuaa uuHka. [Ipu stom Toneko MMII nporaosupyer 3aBucu-
MOCTb HAKJIOHA OT KOHLIEHTPAllMd HOHOB LIMHKA B pacTBope. O0e MOIeNN TaKkKe MpeacKa3bIBalOT HAKJIOH He-
CKOJIBKO HI)KE HEPHCTOBCKOTO B PAacTBOpPaxX IMOCTOPOHHMX aHMOHOB. I[IpH 3TOM Jryulliee COOTBETCTBUE MEXKILY
MOZEISIMU JIOCTUTAETCsl B CIy4ae HUTPAT-HOHA, YTO COINIACYEeTCs C MECHBIIMM €ro BIMSHUEM Ha KOHLIEHTpa-
LU0 TETPApOJAHOLIMHKATA B [IOBEPXHOCTHOM CJIO€ MEMOpaHbl, U3MEHEHUE KOTOPOoil He yuuTbiBaercs B [1[IM.
3nauenusa HIIO no ponmanuay, paccuuTaHHble B paMKax 00eMX MOJEIEH, yIOBIECTBOPUTEIBHO CONIACYIOTCS

43



Kypnaa Besopycckoro rocyiapcTBeHHOro yuusepcurera. Xumus. 2021;1:36-49
Journal of the Belarusian State University. Chemistry. 2021;1:36—49

IpyT ¢ ApyroMm (cM. Tabm. 1), ogaaxo Tonsko MMII naeT BoaMokHOCTH orleHuTh 3HadueHuss HI1O B pacTBopax
MMOCTOPOHHUX MOHOB. CIiemyeT Takke OTMETHTh XOPOIIee COOTBETCTBHE MONMy4eHHBIX 3HadeHndt HIIO mms
ponaHua ¢ SKCIEePUMEHTANTBHEIME JaHHBIMHE (6,5 - 10°-2,8 - 10°° moms/m) [26].

HoctounctsoM MMII siBnsieTcst TakKe TO, UTO OHA TMO3BOJISIET CMOJECITUPOBATh OTKIIMK 3JIEKTPOJa B CMe-
IIIAHHOM PAcTBOPE, COJEPIKAIIEM POJaHH I-MOHBI M TOCTOPOHHNE HOHBI OTHOBpeMeHHo. Ha puc. 3 mpuBeneHs!
ANIEKTPOAHBIE (DYHKIIMH TETPapOIaHOMHKAT-CEIEKTHBHOTO AIIEKTPO/Ia B pACTBOpax HUTpATa U Iepxjopara Ha
(hoHE POTaHNI-NOHOB, PACCUNTAHHBIC B paAMKaX HACTOSIICH MOJIEITH.
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Puc. 3. DnekTpoaHbie GYHKINH B CMEIIAHHBIX pacTBOpaxX poJaHu-Tiepxiopara (a, g),
ponaHua-HUTpaTa (0, 2) B OTCYTCTBUE IUHKA (d, 0)
U B IPUCYTCTBUU 107" mMons/n KOHLIEHTpaLUH LUHKa (8, 2)

Fig. 3. Electrode functions in mixed thiocyanate-perchlorate (a, c)
and thiocyanate-nitrate (b, d) solutions, in absence of zinc (a, b)
and in presence of 10" mol/L zinc (c, d)

W3 puc. 3 BUIHO, YTO B ClIy4ae KaK ¢ HUTPATOM, TaK U C TEPXJIOPATOM BIIMSHUE MMOCTOPOHHUX MOHOB Ha
MTOTEHITHA PE3KO CHIKAETCS TIPY YBETTMYEHUH KOHIICHTPAIH POAAHNA B PACTBOPE, TIPH ITOM B 000UX CITy-
YasxX BBEJCHHE B PAacTBOP XJIOpUAA IIMHKA MPUBOAUT K YMEHBIICHUIO MEMIAOIIEr0 BIUSHHUS MTOCTOPOHHHUX
noHoB. HaOmrogaemslit 3¢ ekt 0ObICHSAETCS TEM, YTO OJJHOBPEMEHHOE IPUCYTCTBUE HOHOB IIMHKA U POJaHH-
Jla B UCCIIEyeMOM pacTBOPE BBI3BIBACT 00pa3oBaHME TETPApONAHOIMHKATA, B PE3y/IbTaTe Yero paBHOBECHE
MOHOOOMEHHOTO TpoIiecca, OMMCHIBAEMOTO ypaBHEHHEM (4), cMemaeTcs BieBo. PaccunTaHHble 3aBUCUMOCTH
XOPOIIIO COTITACYIOTCS C M3BECTHBIMU IKCIIEPUMEHTAILHBIMHU JTAHHBIMU [26].

EctectBeHHO, 4TO MeMIaroIee BIUSHIE TOCTOPOHHETO HOHA TPU (PUKCHUPOBAHHOM KOHIIEHTPALIUU POJaHH-
Jla JIOJKHO HETMOCPEACTBEHHO 3aBHCETh OT KOHIIEHTPAIIMU 00pa30BaBIICrOCs TETPApOAaHOIMHKATHOTO KOM-
TJIeKca, KOTopas, B CBOIO 04epeib, 00ycioBiIeHa (OHOBOW KOHIICHTpAIlHel IIMHKA B pacTBope. COOTBETCTBYIO-
I1ast 3aBUCHMOCTh TIPUBE/ICHA Ha pucC. 4.
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lg CZn(NCS e

Puc. 4. 3aBUCHMOCTb KOHLIGHTPALMH TETPAPOAAHOLMHKATHOTO KOMILIEKCA
OT 001IIeil KOHIICHTPAIMU POJaHK/A U LIHKA B HCCIICyEeMOM PacTBOPE
Fig. 4. Dependence of tetrathiocyanatozincate complex concentration
upon total thiocyanate and zinc concentrations in the sample solution

3aBUCHMOCTh KOHIIEHTPAIMU TETPAapOAAHOIIMHKATA OT KOHIICHTPAIMH XJIOPHAA IHMHKAa B PAacTBOpPE IPO-
XOIWT Yepe3 MaKCUMYM (CM. pHC. 4), TTOJIOKEHHE KOTOPOTO OOYCIIOBIMBACTCSI KOHIIEHTpAITUEH KaK XJIopuaa
[IMHKA, TaK ¥ POJJAHK/Ia B UCCIIEYEMOM PAacTBOPE M KOTOPBIH CABUTAETCSA B 001acTh O0Iee BEICOKUX KOHIICH-
Tpanuii XJIopuaa IIHKA TI0 Mepe YBEIMUYEHHs COep KaHus pogaHnaa. B padoyem nrana3zoHe KOHIIEHTpaUn
ponanmna (1 - 10*1-10" MOJTB/JT) MAKCUMAIIbHOE KOJIMYECTBO TETPAPOIaHOIIMHKATA JOCTUTACTCSl B UHTEP-
BaJic KOHLIEHTpaIuil XjJopuaa uHka 1 - 10%-1 - 10" monb/i.

Koappunyuenmut cenekmusnocmu mempapooanoyuHKam-ceneKmueHo20 IneKmpooa K pooaHuody onmHo-
CUMENbHO NOCIOPOHHUX UOHO06. J11151 pacueTa K03(D(DUITUCHTOB CEIEKTUBHOCTH UCTIOIB30BANIU MPEIOKESHHOE
B [18] momyaMmmupudeckoe ypaBHEHUE, ONMUCHIBAOIIEE 3HAUCHUE TIOTEHITNANIA B CMEIIAHHBIX PACTBOPAX:

SJ,
_ 0 _ . - Pot . —1SseN
Epy = Egen- = Sgen - 12| [SOCNT] + K22 [J7] : (14)
rae Emix — 3HAYCHHUEC NMOTCHIHMaJIa B CMEIIaHHOM pacTBOPE; SSCN_ 5 SJ_ — MOJYJIN HAKJIOHOB J3JICKTPOIHBIX (bYHK—

L1 B paCTBOPax poiaHKUIa U HOCTOPOHHETO HOHA COOTBETCTBEHHO.
B comeprkaiinx TONBKO OMH BUJ MOHOB PACTBOpax ypaBHeHue (14) npuHUMaeT BUJ

_ 0 -
Esen- = Egon-— Sson- - 18ISCNT, (15)
_ 0 Pot -
B =Eg—Sson ngSCN’, Fe Yol CA (16)

W3 ypasuenwmii (15), (16) momyyaercst BeIpakeHHe, MTO3BOJISIONIEE pACcCUNTATh 3HAUYeHUS Kod(duimeHToB
CEIIEKTUBHOCTH, OTIPEAEIIIEMbIE METOOM OT/ICIBHBIX PACTBOPOB:

E —E S _
lgkP = SN JT 4 |g[SCNT] - —L— - Ig[J].

SCN~,J~
SCN~ SCN~
MakcumallbHbIe 1 MUHUMaJIbHbBIC 3HaYCHUS KO3(DPUIIMEHTOB CEIEKTUBHOCTU TETPAPOJAHOIIMHKAT-CEIICK-

TUBHOTO 3JIEKTPOJIa K POJAHHUy OTHOCUTEIBHO HUTpaTa M MepxJjiopaTa, pacCUMTaHHbIE U3 3HAYCHUH MOTEH-
I[MaJI0B B PACTBOPAX MHIMBUIYaIbHBIX HOHOB TIPH pa3iHuHbIX KoHIeHTparusax (1 - 10'=1 - 10™* moms/m ans
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ponanuna, 1 - 1071 - 10~ moys/n s mepxaopara u 1—1 - 107> MOMB/T A7 HUTpATa) U MPUBEIEHHBIX B Ta0M. 1
HAKJIOHOB DJIEKTPOAHBIX (YHKIHH B pacTBOpax 3TUX MOHOB, NMPEICTABICHBI B Ta0d. 2 M COMOCTABIICHBI CO
3HA4YEeHUsIMH, TIOTy4eHHbIMH B paMkax [1JIM B oTcyTcTBHE IMHKa B pacTBope [18, ypaBHenue (23)] u B nmpu-
CYTCTBHH TOCTOSIHHOW ()OHOBOH KOHILIEHTpanuu xjiopuaa nuHka [ 18, ypasuenune (34)].

U3 (14) cnenyert, uto K03()(HUIMEHTHI CEIEKTUBHOCTH, ONMpEAesieMble METOAOM CMEUIaHHBIX PACTBOPOB,
BBIYHUCIISIOTCS TI0 (hopmyJie

0
ESCN_ - Emix
s _
Ko _ 10 s —[SCNT]
SCN~, J~ 5, ’
[ J~ ]SSCN’
rae £, . — 3HaueHHe NOTeHLHala B CMEIIaHHOM PacTBOpe, paccuntaHHoe B pamMkax MMII no ypaBuenuto (2);
SSCN, , SJ, — MOJIYJTM HAKJIOHOB JIEKTPOHBIX (DYHKIIHIA B pACTBOPAX MHIUBUIYAIbHBIX HOHOB; E, g on- — CTaH-

TAPTHBIN TIOTEHITHAT TeTPapOJaHOIIMHKAT-CEJICKTUBHOTO JIEKTPOAa I POMAHWIA, HAHICHHBIH ITyTeM JKC-
TPaNONAINN JTUHEHHOTO yJacTKa POAaHuAHON (pyHKINH (B IUara3oHe KOHIIEHTpanui 1 - 10'-1-10* MOJIB/JT)
Ha KOHIEHTPAIUIO POJIaHUIa, PaBHYIO | MOJb/1. 3HaYeHHsI CTaHAAPTHBIX MOTEHIIMAIOB COCTaBISIOT 39,7 MB
B OTCYTCTBHE HOHOB LIMHKA B pacTBope, — 60,7 MB B mpucytcTsun 1 - 10° Mons/1 x1opuia nuHka u —74,3 MB
B npucytcTBur 1 - 107 Mons/n xsopuaa ruaka. OCHOBHBIME KPUTEPHSMHU IPU BBIOOpPE KOHIEHTPAIHii pojia-
HUJIa ¥ TIOCTOPOHHKUX MOHOB JIJIsl pacueTa Ko3(h(QUIUESHTOB CEICKTUBHOCTH SIBJISUTMCH BBITOJHEHHUE JIMHEHHOTO
HAKJIOHA POJAHUIHON (YHKIIMU B JAHHON 00JIACTH KOHIICHTPAIMK U OTKIIOHCHHE MOTEHI[MAJIa B CMEIIIAHHOM
pacTBope oT (POHOBOTO 3HAUEHUS B paCTBOPE pojaHuia He MeHee yeM Ha 20 MB. [TonydeHHbIe KOAQPUIIMESHTBI
CEJIEKTUBHOCTH IIPUBEIEHBI B Ta0MI. 2.

Tabnuma 2
Ko ¢punueHThI ceJIeKTHBHOCTH TeTPapOAAHOIUHKAT-CeJeKTHBHOI0 31eKTPo/1a
K POJaHHA-HOHY OTHOCHTEJILHO MepXxJjiopaTa H HUTPaTa,
paccuntannsie corjacuo I1IIM [18, ypaBuenus (23), (34)] u MMII
Table 2
Selectivity coefficients of the tetrathiocyanatozincate electrode to thiocyanate ion
in relation to perchlorate and nitrate, calculated according to the
simple dynamic diffusion model [18, equations (23), (34)]
and under the multi-species approach model
KPol
Konnenrpanus ZnCl, SCN™, J~
B HICCIICTyeMOM
pacTBOpe, MOJIB/JI [Tocroponuuit I1AM, meTon MMII, meron MMII, meton
AQHHOH OT/ICNTBHBIX PACTBOPOB | OT/EIBHBIX PACTBOPOB CMEIIaHHBIX PACTBOPOB

- -2,3 -1,84..-1,87 -1,86..-2,04
1-107 ClO, -3,2 -2,72..-2,76 -2,82..-2,99"
1-10" -3,0 ~2,44..-2,50 -2,50...-2,59"

- -3,5 -3,37..-3,46 -3,48..-3,61""
1-10° NO; -42 ~4,10..-4,14 —4,53""
1-10™" —4,0 -3,78..-3,89 —4,05""

[pumeganue. [Insg MeToga CMEIIAaHHBIX PACTBOPOB KOA(D(HUIIMEHTHI CEICKTUBHOCTU PACCUUTHIBAINCH MIPU CIECAYIOIIIX
KOHIIEHTpAIMsAX HOHOB: * — 1 - 102 u 1 - 10~ Monw/n st ponanuaa, 1 - 102u 110" momw/n mis nepxJyopara; **—1 - 10~ monb/n
JUIst poianua, 1 - 10" 1 1 - 107 moms/it 1st nepxiopara; *** — 1 - 10™* moms/ st ponanuna, 1 - 107" i 1 mons/m st HUTpATa;
*** _ 1. 10"* Monb/n a1st poganuaa, 1 MomIs/I ISt HUTpATa.

KoaddunmenTs! cenekruBHOCTH, TIody4deHHbIe B pamkax [1JIM u MMII, B menoM Xopomio coriacyroTcs

IpyT ¢ apyroM (cM. Tabi. 2). B o0oux ciaydasx npucyTCTBHE HOHOB LIMHKA B UCCIEAYEMOM PacTBOPE MPHUBO-
IUT K CYLIECTBEHHOMY CHM)KEHHIO KO((HUIHNEHTOB CEIEKTUBHOCTH MO OTHOLICHHUIO KaK K MEpXJIOpary, TaKk
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¥ K HUTpATy, IPU 9ToM Gombiuii sddekt nocturaercs mas 1 - 107 Momw/1 pacTBopa XI0puaa HuHKa. s
METoJa OTIACNBHBIX PacTBOPOB paccunTaHHble B pamkax MMII ko3 puIUEeHTHI CETeKTUBHOCTH HECKOIBKO
HIDKE, 4YeM mony4eHHble cornacHo [1/IM, B ocoOeHHOCTH AJisl TIepXjiopaTa, XOTs Al HUTpaTa 00e MOACIH
JAf0T OYeHb ONM3KUE 3HAUYCHHS KOAPPUIUEHTOB CENIEKTUBHOCTH. YKa3aHHOE Pa3inure 0OBSICHIETCS TEM, YTO
mozenb [1/IM He yunTeiBaeT M3MEHEHHsI KOHLIEHTPAIMU TETpapoJaHOIMHKaTa B haze MEMOpaHbI B pe3yJibTaTe
MOHOOOMEHHOTO Mpoliecca, TOrna Kak Ha caMoM JeJie KOHLIEHTpalMs TeTpapoJaHOlMHKaTa B MOBEPXHOCT-
HOM CJI0€ MeMOpaHbl, KOHTAKTHPYIOIIEM C BOIHBIM PACTBOPOM, YMEHBILIAETCS MPEXK/IE BCETro Mpru oOMeHe Ha
nepxiopar. Hebonbinas BapuadenbHOCTh KO3 PUIMEHTOB CENEeKTUBHOCTH, PACCUNTAHHBIX cortacHo MMII,
OOBSCHSETCS OTKIOHEHUSIMH OT JIMHEWHOCTH SJIEKTPOIHBIX (DYHKIMHA B UCIIOIB3YEMOM ISl BBIYUCICHUH KOH-
LEHTPAaLlMOHHOM Jiiana3oHe. Pacder mo MeToqy cMelaHHBIX pacTBOPOB JaeT HECKOJIBbKO Oosiee HU3KUE 3HA-
YeHUs1 KOA(PPHUIUEHTOB CENEKTUBHOCTH, TIOCKOIBKY HOHBI TETpapoJaHOMHKaTa, 00pasyolrecs B pacTBope
B [IPUCYTCTBHH POAHU/IA, CIIBUTAIOT BIEBO PABHOBECHE HOHOOOMEHHOT'O MPOLEcca, OMUChIBAEMOr0 yYpaBHe-
HueM (4). Ongnako HaOMOaeMble pa3nuius HEBEJTUKH, YTO CBHICTEIBCTBYET O BHYTPEHHEH HEPOTHBOPEUH-
BOCTH HCIOJIB3yEMOM MOJIEIH.

3akiaoueHmne

Takum 00pa3oM, U3 COMOCTABICHUS aHAIUTHUYCCKUX XapPaKTEPUCTHK TETPAPOIaHOIMHKAT-CEICKTHBHOTO
3JIEKTPOIA, PACCUUTAHHBIX € ucnonb3oBanueMm [IJIM u MMII, apyr ¢ 1pyrom u ¢ u3BECTHBIMHU IKCIIEPUMEH-
TaJbHBIMU JJAHHBIMHU CIIEIYET, YTO 00€ MOJEIH MO3BOJISIOT C MPUEMIIEMON TOYHOCTBIO TIPOTHO3UPOBATH Ha-
KJIOH JIuTaHiHOU QyHKIuY, 3HaueHre HI1O B pacTBopax nuranna, a Takke Ko3(h(OUIUEHTHI CEIEKTUBHOCTH 110
OTHOIIIEHUIO K TOCTOPOHHUM HOHAM, HE 00pa3yroIUM KOMILIEKCOB ¢ IMHKOM. JlocronHcTBoM [1JIM siBnisieTcst
TO, YTO B €€ paMKax IOJIyYEHbl YPABHEHHUs, ONHUCHIBAIOLINE UCKOMBIE aHAIMTUYECKNE XapaKTEPUCTUKU Kak
(DYHKIIMIO OCHOBHBIX TEPMOJMHAMUYECKUX U JTU(D(y3UOHHBIX apaMETPOB CUCTEMbl. AHAIIN3 3TUX ypaBHE-
HUH TO3BOJISIET OOHAPYXKUTH BIMSHUE Psijia (PaKTOPOB, B TOM YHCJIE JIETKO MOIIAIOIINXCS PEryITHPOBAHUIO,
Ha aHanmuThueckue xapakrepuctuku MC3. B 1o xe Bpems MMII, He Oyayun CTONb HAIISIAHOM, SIBISIETCS
B IIEJIOM 00Jiee CTPOTOi U IaeT BO3MOXKHOCTh TOYHEE OTPEICITUTh HAKIIOHBI JICKTPOIHON (DYHKIIMH B PacTBO-
pax TUIOpUIBHBIX ITOCTOPOHHUX UOHOB, OllcHUTh 3HaueHus: HI1O B pacTBOpax 3TUX MOHOB, a TAKXKE OIUCATh
MEKTPOAHYIO (DYHKIIMIO B CMEIIAHHBIX PacTBOpaX.
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IIEPEVI3AVUAIONIINE ITAEHKU COCTABA OKCHUA — VIOJM/1 MEJTU(I)
AASl KPEMHUEBBIX COAHEUHBIX DAEMEHTOB

I 1. LIEBYEHKO", I0. B. FOKIIHII", E. A. KOBEJIb", H. B. IIHHKEBH Y,
A. B. MA3AHHK?®, 1. A. ITEPFAH?, H. H. KYPMEH?, /1. . BPYK®, I1. I. IEPLIIVKEBHY "

Y Hayuno-uccnedosamenscxuii uncmumym guzuxo-xumudeckux npotnem BIY,
yn. Jlenunepaockas, 14, 220006, e. Munck, benapyce

D Benopycckuii 2ocyoapemeennsiii ynusepcumem, np. Hezasucumocmu, 4, 220030, 2. Munck, Benapycow

I Uncmumym npuxnaonoii usuxu, yu. Akademueri, 5, MD-2028, 2. Kuwunes, Mondosa

Y Uucmumym gusuxu um. 5. U. Cmenanoéa HAH Benapycu,
np. Hezasucumocmu, 68-2, 220072, . Munck, bBerapyco

HccnenoBano BnusiHue miaeHOK coctaBa Al,O; — Cul Ha ¢oToanekTpudeckue napaMeTpsl KPEMHHUEBBIX COIHETHBIX
anemeHToB (CD). Hanbonpmmii mpupocT BHEUIHEl KBaHTOBOH 3(D(heKTUBHOCTH (HOTORIEKTPHUYECKOTO MPeoOpa3oBaHums
CD B OnmmkHEM yIbTpaduoIeTOBOM JUAIa30He HAOIIOAAEeTCs AT OXHOCIOMHBIX IIeHOK cocTaBa S0ALO, — 50Cul, mpo-
mreamux TepMoodpadorky npu 280 °C B Teuenue 30 MUH, YTO COOTBETCTBYET OTHOCHUTEIBHOMY YBEIHYCHUIO POTOTOKA
TIpH BO3IEHCTBMM H3TyYeHHs CIIeKTpaTbHOro coctaBa AM1,5 (1000 Br/m’) Gomee uem Ha 35 %. DTO MOATBEPKAAET -
(heKTUBHOCTH MCTIOIB30BAHMS MEPEU3TyaronuX mieHok coctaa Al,O, — Cul nns ysenmuenns KII/ kpemunesbix CO.
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ABTOpBI:

Tsuoona Ilempoena Llleguenko — KaHIUIAT XUMHYECKUX HayK,
JIOLIEHT; BEAYIINI HAayYHBIH COTPYIHHUK JJA0OpPAaTOPUN HAHOXH-
MHH.

HOnua Banenmunogna bokwiuy — KaHAnaaT XUMHYECKUX
HayK; Hay4HBIH COTPYAHUK Ja00paTOpUy HAHOXUMHH.
Examepuna Anekceeena Kogenv — miaqiiuii HaydHbIH cO-
TPYAHHUK 1a00paTOpUH HAHOXUMUH.

Haoescoa Braoumuposna Illunkeeuu — vrxeHep kapenpst
9HeproGu3uKn Gpu3nIeckoro GpakyabTera.

Anexcandp Bacunvesuu Mazanux — xanmunar GU3HKo-Mare-
MaTH4YeCKUX HayK, JOICHT; 3aBeyomuii kadenpoii sneprodu-
3UKH (PU3HUECKOTO (haKyIbTeTa.

Jopmuoonm Apxunosuu Illepoan — xanaunat Gpu3nko-mare-
MaTHYEeCKUX HayK, Ipodeccop; NIaBHBIH HAayYHBIH COTPYIHHK.
Huxonaii Huxonaesuu Kypmeit — kannunar gpusnko-mMarema-
TUYECKUX HAYK; CTAPUIMH HAy4HBIH COTPYIHUK.

Jeonuo Hsmaiinosuu bpyx — xaumunar Gpusnko-mMareMaruye-
CKHUX HayK, JIOLCHT; BEIyIINH HAYIHBIH COTPYAHUK.

Ilemp Ilaenosuu Ilepuykeeuu — xanmunatr Gpusnko-mMareMa-
THUYECKHX HayK; CTapIINi HayYHBIH COTPYIHUK.
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bnazooapnuocms. Pabota BrIMoNHEHa 1pu (hrHAHCOBOH moaepkke rpanta BPODU (Ne X19IMIIAT-002).

RE-EMITTING OXIDE — COPPER IODIDE(I) FILMS
FOR SILICONE SOLAR CELLS

G. P SHEVCHENKO?Y, Yu. V. BOKSHYTS®, C. A. KOVEL*, N. V. SHYNKEVICH", A. V. MAZANIK ",
D. A. SERBAN®, N. N. CURMEI", L. I. BRUK", P. . PERSHUKEVICH"®

*Research Institute for Physical Chemical Problems, Belarusian State University,
14 Lieninhradskaja Street, Minsk 220006, Belarus
®Belarusian State University, 4 Niezalieznasci Avenue, Minsk 220030, Belarus
“Institute of Applied Physics, 5 Academiei Street, Chisinau, MD-2028, Moldova

4B. I Stepanov Institute of Physics, National Academy of Sciences of Belarus,
68-2 Niezalieznasci Avenue, Minsk 220072, Belarus

Corresponding author: Yu. V. Bokshyts (julias106@mail.ru)

The effect of Al,O, — Cul oxide films on the photoelectric parameters of silicon solar cells (SCs) has been studied. The
largest increase in the external quantum efficiency of photoelectric conversion of SCs in the near UV range is observed for
monolayer films of the 50A1,0, — 50Cul composition, heat-treated at 280 °C for 30 min, which corresponds to a relative
increase in the photocurrent upon exposure to radiation of spectral composition AM1.5 (1000 W/m”) by more than 35 %.
This confirms the efficiency of using re-emitting Al,O, — Cul films to increase the efficiency of silicon SCs.
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BBenenue

OnHUM U3 CyIIECTBEHHBIX (PAKTOPOB, OrPAaHUYMBAIOLINX IPUMEHEHHE COJIHEUHBIX 371eMeHTOB (CD), sBis-
€TCsl HU3Kas Pe3yJIbTaTUBHOCTh peoOpa3zoBanus ynbTpaduoneToBbix (YD) KBaHTOB COIHEUHOIO U3ITy4EHUs
B onekTpuyecTBo [1; 2]. [loaToMmy 0coOeHHO akTyanbHa 3a7ja4a IOUCKa CHUCTEM, KOTOpbIe MOTITH OBl (h(heKTHB-
HO TpaHc(hopmupoBaTh YD-U3IyueHHE COIHLA B 00JIaCTh MAKCUMAJIbHOM CIIEKTPaIbHOM 4yBCTBUTEIBLHOCTH
CD. ABTOpaMHu JTaHHOW CTaTbu pazpaboTaHa OPUTHHAIBHAS TEXHOIOTHUS 110 CO3IaHHUIO KOJUIOMIHO-XUMHUYe-
CKHUMHM METOJIaMH1 JIFOMUHECLIUPYIOIUX OKCUIHBIX INIEHOK HA OCHOBE OKCHUAOB KPEMHHUSI, A TFOMUHUS, T€PMaHUs
U JIp., aKTUBUPOBAHHBIX PEAKO3E€MEIbHBIMU HOHAMHM M HAHOYACTHLAMH METAJJIOB MJIM MOJIYIPOBOJHUKOB,
B wactHocTth Cul [3-8]. DTH TuIeHKW TIpH X BO30YkaeHHH YD-H3IIydeHHeM CIOCOOHBI JTFOMUHECITUPO-
BaTh B BUIUMON 00JaCTH CIEKTPA, B KOTOPOH ()OTOTYBCTBUTEIBHOCT KpeMHHUEBBIX CD CyII€CTBEHHO BBILLIE.
Taxk, moMuHECIUpYIOIIHe IUICHKH cocTaBa okeug — Cul mpu A, = 370 HM TpaHchopmupyioT YD-nsiydenue
B KpacHy1o 0071acTh crekrpa ¢ 3pdexruBHOCTHIO ~80 %, IpHYEM ¢ U3ITy4aeMbIMU IpH A ~ 720 HM KBaHTaMH,
Jo1st koTopbix gocturaet noutu 100 % [3]. IlpencraBneHHbIE JaHHBIE TO3BOJISIOT IPEAION0KHATE, YTO MOAH-
¢ukanus nosepxHocty CO myTeM HaHECEHHUs Ha Hee JIIOMUHECLUPYIOIINX OKCUAHBIX MJICHOK, AaKTUBUPOBAH-
HbIx Cul, MOXXET IpPUBECTH K cyllecTBeHHOMY yBennueHuro ux KIT/I.

Lenb paboTel — HcciienoBaTh BIMSHUE IUIEHOK cocTaBa okcul — Cul Ha ¢oTosnekTpruueckue napamerpsbl
KkpeMHHeBbIX CD A1 yCTaHOBJIEHUSI BO3MOKHOCTH IOBBILICHUS UX 3P QeKTuBHOCTH. B KadecTBe OKCHIHON
Marpuubl ncnons3oBanu Al,O;. [IpuMeHeHne qpyrux okcuaoB OyaeT NpeaAMETOM CIEAYIOINX MyOauKaLuii.

MaTepnam,l U METOAbI UCCJICAOBAHUA

Jist hopmupoBaHUs Mepen3Iydaromux WieHoK 3016 Al,O, nomyvanu ruaponuzoMm 10 % BopHOro pac-
tBOpa AI(NO,), B npucyrcTBun aMmmuaka (1 : 1) ¢ mocienyromeil OTMBIBKOM ITOJIYYEHHOIO OCajKa JO Hadaja
caMONeNTU3alMU U ynbTpa3BykoBbIM (Y 3) nucnepruposanueMm (pH 3oma Al,O, cocrasuin 5,5; w = 4,7 mac. %;
pasmep vacTul] konebdancs B npenenax 5—35 HM). K ykazaHHOMY 30110 TIpH WHTEHCHBHOM I€pPEMEITHBAHUN
TIOOABIISLTH OTpeielIeHHOe KormdecTBO mopomka Cul Mapku «4.» 1 mpoBoamiu Y 3-00paboTKy 0 MOITyYeHUs
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OJTHOPOAHOM cycrieH3un. OAHO- UITH IBYXCIIOMHBIE TNIEHKH (POPMHUPOBAIN HEHTPUDYKHBIM CIIOCOOOM TTyTEM
HAaHCCCHUS CYCIICH3MU Ha NOBCPXHOCTH KBAPULECBLIX IMOIJIOXKEK I U3MEPCHHUA JTIOMUHCECUHCHTHBIX CBOMWCTB
W (WIM) Ha TIOBEPXHOCTh KpeMHHEBbIX CD JuIst m3MepeHus: uX (HOTOIEKTPHYECKUX NapameTpoB. Kaxasiit
cnoit cymmny Ha Bozayxe mnpu 150 °C B Teuenne 10 MuH. YKa3aHHbBIH peKUM TepMOOOPaOOTKH ObLT BHIOpaH
OTIBITHBIM IyTeM: JAHHON TeMIIepaTypbl U BPEMEHM JOCTAaTOYHO JUIA yAajeHHs afcopOupoBaHHOW M (da-
CTHYHO) XMMHUYECKH CBSI3aHHOHM BOIBI W (POPMUPOBAHUS TeneoOpa3Horo ciiosg okcujaa. B pabore mcmnonb3o-
Banu cranaaptHeie CO Ha OCHOBE MOHOKPHCTAUTMUECKOTO KPEMHUS JIBIPOYHON TPOBOUMOCTH, B KOTOPOM
p — n-niepexo c(hopMUPOBaH BhICOKOTeMIIepaTypHoi nuddy3ueit hpocdopa.

Penrrenorpaduueckoe uccienosanne Cul mpoBoamnu Ha peHTreHoBckoM audpaxromerpe JPOH-2
(ML «bypesectHuk», Poccust) ¢ ucnonszopanueMm Cuk -uzinydenus. Pasmepsl u Gopmy yacTull u3ydaau Ha
CKaHUpYyIomeM tekTpoHHoM Mukpockornie LEO-1420 (Carl Zeiss, I'epmannst). CrIeKTpbl MPOTTYCKAHMSI TIJIe-
HOK cHUMaIH Ha criektpodoromerpe HR2000+ (Ocean Optics, CILIA) 10 OTHOIIEHHUIO K YUCTOMY KBAPIIEBOMY
crekiy, kooduuuent nponyckanust (K, ) koroporo npuanmaiu 3a 100 %. Crexrpsl momusecuenuuu (CJI)
Y CTIeKTpHI BO30Yy ) aerns romuHecteHmn (CBJI) mienok perucrpupoBany Ha cexTpoduryopumerpe CIJI-2
(Poccus) B maTepBanie amuH BoaH 200-900 M. Hopmuposky CJI ocymiecTBIsIIN MPUBEIEHUEM HHTEHCHBHO-
CTH K €JUHULE B MAKCUMYyMe crieKTpa. M3amepenus nposoauinck npu temmneparype 298 K. Jlns uccnenoBanust
TEMHOBBIX BOJIBT-aMITEPHBIX XapakTepucTHK (BAX) cONHEUHBIX 3IIEMEHTOB /IO W ITOCIIEe HAHECEHUs IICHOK
rcnoip3oBanu uctrounuk-uzmepurensd Keithley 2400 (CLLA), paboTatommii B pexkuMe TeHeparopa Harpsixke-
HUS U U3MEPUTENISL CUIIbL TOKA. [lorpeHocTh onpeaeneHus HanpsKeHUsl U cuilbl Toka He npessimaia 0,1 %.
CriekTpsl amrep-BarTHOH (oTOdyBCTBUTENbHOCTH CD M3ydaanch MOCPEACTBOM M3MepeHHs (HOTOTOKa B 00-
mactu 200-1000 aHM ¢ momomipio criektpodoTomerpa MC 122 (Proscan Special Instruments, benapycs).
CriekTpasibHasi MIMpPUHA e COCTaBIsIa 3 HM. B KadecTBe KOHTPOIBHOTO (POTONMPHEMHHUKA MPUMEHSIICS
kanmopoBaHHbBIH (otommon Hamamatsu S1336 8Q051 (CILIA) ¢ m3BeCTHOH aMIlep-BaTTHOM CHEKTPaIbHON
XapaKTepUCTUKOW. 3HAHUE aMIlep-BaTTHOM 4yBCTBUTENBHOCTH CD MO3BOJISIO PACCUUTATh €r0 BHEIIHIOK
KBaHTOBYIO 3(PEKTHBHOCTb.

Pe3yabTarhl U MX 00CyXKIeHUE

[o pesynbraram peHTreHoaupPAKIIMOHHOTO HecaenoBanus (puc. 1, a) ucxomnsiii mopomok Cul nmeer Ky-
omueckyto cTpykTypy (YCul). CorntacHO TaHHBIM CKaHUPYIOIIEH 2IeKTPOHHON MuUKpockormn (COM) pazmepsl
JacTHII JIeXkar B npeaenax 1-1,5 mxm (puc. 1, 6).

ala o0/b

20 40 60 80

Puc. 1. Pentrenorpamma (a) u COM-uzobpaxenue (6) nopouika Cul
Fig. 1. XRD patterns (¢) and SEM-image () for Cul powder

Crnextp ¢poromomunecuenimu Cul (puc. 2, @) npu A, = 360 HM HUMeeT J1Be XapaKTePHBIE MOJIOCHI: Y3KYIO
(A, ~ 420 HM) U MeHee HHTEHCUBHYIO MIUPOKYIO (A, . ~720 HM). C y4eToM JUTeparypHbIX AaHHBIX [9—11]
KOPOTKOBOJIHOBAS! IOJIOCA COOTBETCTBYET HM3IIydaTeNbHOW PEKOMOMHAIINN CBOOOJHBIX DKCUTOHOB, JJIMHHO-
BOJIHOBAsI CBsi3aHa C PEKOMOMHAIMEN AIEKTPOHOB W JBIPOK HA MOBEPXHOCTHHIX Aedekrax Cul (BakaHcwsx
roma).

CBIJI Cul (puc. 2, 6) sBasiercst 6eccTpyKTypHbIM B 06actu 250—400 HM co ci1abOBBIpaKEHHBIM MaKCH-
mymoMm 1ipu 410 aM. Habmonaemsrii Bun CBJI cBa3an ¢ BO30yKACHUEM SIEKTPOHOB C BHYTPEHHUX YPOBHEH
BaJICHTHOM 30HBI B 30HY IPOBOJUMOCTH, a IpU ~410 HM — C IOTOJIKA BAJICHTHOH 30HBI B 30HY IIPOBOIUMOCTH.
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Puc. 2. CJI (a) u CBJI (6) nopouika Cul B 3aBUCHMOCTH OT TEPMOOOPAOOTKH:
1 — ucxonnsiii, 2 — Ar (pu 280 °C B teuenue 30 MUH);
A =360 M, A =720 HM

B030 per
Fig. 2. Luminescence (a) and excitation luminescence () spectra for Cul powder
depending on the heat treatment: / — initial, 2 — Ar (at 280 °C for 30 min);
Ao, =360 nm, 2., = 720 nm

U3BecTHO, uTO TepmooOpadorka Cul mo3Bonsier u3MeHsTh cooTHomieHue Cu u | 1 BappupoBaTh OTHOCH-
TENbHYI0 HHTEHCUBHOCTH TIOJIOC JIIOMUHECHIeHINH [4]. B Hamem ciydae, Kak BHIIHO U3 pHUC. 2, d, TIOCTIE TIPO-
rpeBa Cul B aproHe HHTEHCUBHOCTh KOPOTKOBOJIHOBOW JTIOMHUHECIICHIINK B 00macTu A ~ 420 HM CHMIKAETCS
npUOJIM3UTENBHO B 4,5 pa3a, a8 UHTCHCUBHOCTh JIFOMUHECIICHIIUU B 00JIacTH A ~ 720 HM MOBBIIIACTCS TPU-
MepHO B 6,5 pasa.

Ha puc. 3 npencrasnenst CJI u CBJI ogHocnoiHbIX nporpeTsix B aprose mwieHok Al,O; — Cul B 3aBucumo-
CTH OT KOJIMIE€CTBEHHOTO COCTaBa.

a/a o/b
A A
Lol 50ALO, — 50Cul Lok 50ALO, — 50Cul
; , AANAIAN
= &
E- 0,8 E 08|
o ° 70ALO, - 30Cul
8 5 .0, —30Cu
06 70ALO, - 30Cul £06 o
[} o
o] =
=] ;M
S 3
£04r £04
= =
= | 80ALO, — 20Cul
0.21 80ALO, — 20Cul 021
0,0 1 w T 0,0 L L 1 >
400 500 600 700 800 ’ 300 350 400
Jln1Ha BOJHBI, HM JlnHa BOJTHBI, HM

Puc. 3. CJI (a) nu CBJI (6) ogaocnoinsix mienok Al,O; — Cul B 3aBucHMOCTH
OT COOTHOIICHHUSI KOMIIOHEHTOB (Mac. %)
(Mo = 360 BM, A = 720 BM)
Fig. 3. Luminescence (a) and excitation luminescence (b) spectra for
Al,O, — Cul monolayer films depending on the ratio of components (wt. %)

(A, =360 nm, A, = 720 nm)

YcraHoBieHo, 4TO ¢ yBenudeHueM konudectsa Cul B urenkax ot 20 go 50 mac. % MHTEHCHUBHOCTH X JIFO-
muHecueHuun B oomact 650-800 uM npu A, = 360 HM Bo3pacTaeT NPaKTUYESCKH Ha TTOPSIOK (CM. puc. 3, a),
¥ IIPY 5TOM OHHU XapaKTEPU3yIOTCs JOCTATOYHO BBICOKMMH 3HaueHHAMHU Ko, (90-98 %) B obmacti 400-900 HM.
310 cornacyercst ¢ 3aBucuMoctbio CBJI menok ot konuentpanuu Cul (cMm. puc. 3, 0). lanbHeiiee yBenudeHue
coneprkanust Cul B IUIEHKaX MPUBOJMT K yMEHBIICHUIO UX K|, 4TO HexenaresbHo.

bb110 TakxkKe yCTaHOBJIEHO, YTO JONOJHUTENbHBIN porpes mieHok Al,O, — Cul B aprose, kak u B cilyyae
nporpesa nopomka Cul, cnocoOCTByeT yBEIMUEHUIO HHTCHCUBHOCTH MX JIOMHHECICHIUH B JUTMHHOBOJIHO-

53



ZKypnaa Besopycckoro rocyiapcTBeHHOro yuusepcurera. Xumus. 2021;1:50-57
Journal of the Belarusian State University. Chemistry. 2021;1:50-57

Bo#t oOmactu. [TomoxurenbHbli 3 (HEeKT mporpesa, BEposTHEE BCero, 00YCIOBICH YBEIUYCHUEM KOJUYECTBA
ne(heKToB — BakaHCHUH Hof1a, OTBETCTBEHHBIX 3a MoMuHectennuio Cul B oomactu 720 am [12; 13].

B nmanpHeHNIMX HCCICNIOBAHMSIX MPU MU3MEPEHUHU (POTOIIEKTpUUECKUX mapamerpoB CD dopmupoBain
OJIHO- U JIByXcoiHbIe mieHk coctaBa S0AL O, — 50Cul, mpu 3ToM ucxoauslit nopomok Cul u niaeHkH mpo-
rpesanu B aprone mpu 280 °C B Teuenue 30 MuH.

B tabmn. 1 npencTapieHbl paccuUTaHHbBIE U3 TeMHOBBIX BAX 3Ha4eHUs MapaieIbHOTO U ITOCIIEI0BATEIEHOTO
COTIPOTHUBIICHHH, a TAKKE KOHTAKTHAS Pa3HOCTh MOTEHITHAIIOB JTst HCXOAHBIX CO 1 CD ¢ HAaHECECHHBIMU MTePEH3-
nydaronmmu wienkamu S0AL O, — 50Cul. [apannensHoe 1 OCIeI0BaTeIbHOE CONPOTUBICHUS ONPEAEIISIICH
13 HAKJIOHA BOJIET-aMIIePHON XapakTepucTHKU Ha ydacTkax oT —0,8 mo 0 B u ot +0,6 mo +0,7 B cooTBeTCcTBEH-
HO (3HAaKH «MHMHYC» M «IUTIOC» 37IECh YKA3bIBAIOT HAa OOpaTHOE M MPSAMOE HAMpSIKEHUS Ha p — N-TIEPEXOJie).
KoHTakTHast pa3HOCTh NMOTEHIIMAIOB YCTaHABIMBAJIACh 110 NTEPECEUCHUIO KacaTeIbHOW K BOJIBT-aMIIEPHON Xa-
paKTepUCTHKE, TPOBEACHHON B 00JIaCTH TPSMBIX CMEIIEHUH, C 0ChIO HANpsHKEeHUi (puc. 4).

Ta6numa 1

Mapamerpsl CJ, paccunTaHHbIe U3 UX TeMHOBBIX BAX,
110 U NI0CJIe HAHECECHHUS] MePen3/Iy4alouxX MJIEHOK

Table 1

SC parameters calculated from their dark I — V characteristics
before and after deposition films

[locnenoarensHOE [NapannensHoe K
OHTAaKTHasl pa3HOCTh
Oobpasery CONPOTHBIIEHNE COIIPOTUBIICHHE
(R), O (R ), xOm norenumanos (U,), B
s/ p/?
CO-1 1,12 0,78 0,54

CD-1 ¢ ogHOCIIONWHOMN
IUICHKOM cocTaBa 1,10 1,82 0,54
50AL,0, — 50Cul

CD-2 1,04 2,66 0,56

CD-2 ¢ aByxcnoiHOM
IJICHKOM cocTaBa 1,08 3,18 0,56
50A1,0, — 50Cul

IIpumeuvanue. CO-1, CI-2 — ucxomnsie CO.

0,10 |-

e L
() [}
[o)} [}

L

Cuna Toka, A
o
=)
s
T

0,02 -

L R,
0,00 -

1,0 05 0.0 0.5 1.0
Hanpsokenue, B

Puc. 4. Xapakrepnasa TemHoBast BAX uccnenyemoro CO
1 JIMHEeHHas alpOKCUMAIVS €€ YIaCTKOB JUISl OTIPEAEIICHHS
MOCJIEZIOBATENIBHOTO M N1apPaJIeIbHOTO CONPOTHBICHUIH

Fig. 4. Typical dark [ — V characteristic of the investigated solar cell
and linear approximation of its sections to determine series
and parallel resistances
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Hanecenue rieHoK MpakTUYECKH HE BIUSET Ha KOHTAKTHYIO Pa3HOCTh TIOTCHIIUAIIOB U MTOCIIEIOBATEILHOE
COIPOTHBIIEHUE UccaenyeMbiX CO, HO MPUBOIUT K 3aMETHOMY BO3PACTAHUIO MTAPaJICIbHOTO COMPOTHUBIICHUS,
KOTOpOE BIIEUET 32 COO0H yBeTMUEHNE OTAABAEMOTO BO BHEUITHIOIO 1EITh TOKA, U, CIIEZI0BATEIHHO, POCTY a3 dhek-
TUBHOCTH (POTOINEKTPUIECKOTO TpeodpazoBanus (cM. Tabm. 1). HeoOxonumo oTMeTuTh Ooliee CyniecTBeHHOE
yBEJIMUEHHE apajuIeNIbHOr0 conpoTuBieHus (B 2,3 pasa) anst ogHocnoiHblx mieHoK S0AL O, — 50Cul mo
CPaBHEHUIO C IByXcioiHbIMHE (B 1,2 pa3a).

3HaYHUTENBHBIN Pa30pOC 3HAYCHUH MapallIeIbHOTO COMTPOTHBIIECHUS /T UCXOMHBIX CO He SBIISIeTCS YIUBU-
TEJILHBIM U MOXKET OBITh €CTECTBEHHBIM 00pa3oM OOBSICHEH Pa3IMYHBbIM COCTOSIHUEM MX TOPIIEBBIX MOBEPX-
HOCTEHN.

Wzyuenne cieKTpoB amIep-BaTTHON (JOTOUYBCTBUTEILHOCTH M BHELIHEH KBaHTOBOH 3ddekruBHoCcTH CO
JI0 ¥ TIOCIIe HAaHECEHMS IMEePEen3ITydaronIiX MIEHOK MOKa3all0 YBEIHMdeHHe WX YyBCTBHUTEIHHOCTH TOCIE Ha-
HECEHUS TIePEU3IyUarolIuX TUICHOK, MPUYeM He Tobko B YMd-001actu, HO U B BuIuMoM U OmmkHeM K-
JMarra3oHax criekrpa (puc. 5, a, 6). Tak, B oomacta 350-390 HM kBaHTOBas 2P PekTHBHOCTE CD € OIHOCIION-
HOW TUJICHKOM moBbIaeTcs Ha 60 %, ¢ IByXCIOiHO#M — mpubau3uTensHo Ha 40 %.

3HaHKEe CIICKTPOB aMITep-BaTTHON YyBCTBUTEIBHOCTH MO3BOJISIET PACCUNTATH (POTOTOK, KOTOPBIH Oy/IeT Te-
HepupoBathbesi CO MpH ero 0CBELICHUH H3IIyYSeHHEM JII000T0 CHEeKTpaIbHOTO cocTaBa. B Tabmn. 2 nmpencrasie-
HBI BEJTMYHUHBI TUIOTHOCTH (poToTOKa CO TIPH €0 OCBEIICHWH COTHETHBIM cBeToM AM1,5 (M3ITydeHIe HHTCH-
cuBHOCTBIO 1000 BT/M’, CTIEKTpanbHBIHA COCTaB KOTOPOTO COOTBETCTBYET COMHEYHOMY CBETY, HPOIIEIIIEMY
B SICHYIO ITOTOJTY TIOJTOPBI aTMOC(EpHI).

a/a o/b
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0,51
, It
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w < ' =
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T 2 03F =
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Puc. 5. CriekTpbl amIiep-BaTTHOH ()OTOUYBCTBUTEIBHOCTH (@) ¥ BHEIIHEH
KBaHTOBOH 3¢ dexTuBHOCTH (0) Hexogusx CI-1 (1), C3-2 (2) m CD
¢ mierxoi cocraa S0A1,0, — 50Cul (1 cnoit (1") u 2 cnos (2)
Fig. 5. Spectra of ampere-watt photosensitivity («) and external quantum
efficiency (b) of initial SC-1 (7), SC-2 (2) and SCs with 50A1,0, — 50Cul
film monolayer (/') and double layer (2")

Tabnunma 2

Paccuntannasi mia0THOCTH poToToka CD /10 U Moc/Ie HaHeCeHHs
TIepPen3ay aloIHX IJIEHOK TIPH 0CBENIeHNH cOJTHeYHbIM cBeToM AM1,5 (1000 B1/m’)

Table 2

Calculated photocurrent density of solar cell before and after
film deposition under AM1.5 sunlight illumination (1000 W/m?)

[Tnorrocts doroToka CO
Ob6pasen
Jlo Hanecenus ITocne nanecenus OTHOCHTENBHOE
(o) MA/cM? (o) MA/cMm M3MeHeHue, %
CO-1 15,6 21,3 36,5
CH-2 21,4 24,0 12,1
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Kax BuanO u3 Tabm. 2, amst o0pasia ¢ nepensiydaromeil oaHocaoiHol mienkoit cocrasa S0AL O, — 50Cul
HaAOJII0IACTCS 3HAUUTEIILHOE YBEIHUeHUE TIOTHOCTH oroToka CO (Ha 36,5 %), a uist oOpasiia ¢ IBYyXCIIOM-
HOM TUICHKOW — 3aMETHO MEHbIlee (MPUOIM3UTEIbHO B 3 pa3a). Takoe CHIKEHHE TUIOTHOCTH (POTOTOKA, T10-

BH/IIMOMY, CBSI3aHO C yMCHbIICHHEM K| | JIByXCITOMHBIX [UICHOK.

3aKjaIoueHune

Takum o0pa3oM, B Xxoe uccienoBaHus omnpeneneHsl cocraB mieHOk AlL,O; — Cul u ycnoBus tepmoo6-
paboTKu, 00eCTIeYNBAIOIINE ONTHMAIbHBIN OalaHC 3HAYCHUH WHTCHCHBHOCTH JIFOMHHECIICHIIUH TUICHOK MTPH
A =360 HM 1 ux K B obmactu 400-900 HM. HaHeceHne THOMUHECIIMPYIONUX TUIEHOK HE OKa3allo OT-

'BO30 TIpoIT

PHLIATETIBLHOTO BIUSHUSA HAa TEMHOBBIC IEKTPUUECKHE ITapaMeTphl ucnonb3yeMbelx CO, HO Habmonancs poct
napajuieTbHoro conpotuBienns CO, MPUBOMAIINNA K YBEIWICHHUIO TOKA, OTAABAEMOT0 B HArpy3ky. Hanboms-
IIM{ MPUPOCT BHEIIHEH KBaHTOBOW 3((EKTHBHOCTH (POTOAIEKTPHUUECKOTro NpeodpazoBanusi CO B OimkHEM
V®-nuana3zoHe HaOmonaucs s OJHOCIONHBIX IIeHOK cocTtaBa 50AL0; — 50Cul, npomenmux TepmMoo0-
pa6otky nipu 280 °C B Teyenne 30 MUH, YTO COOTBETCTBYET OTHOCHUTEIFHOMY YBEJINYCHHIO (HOTOTOKA Ooiee
ueM Ha 35 % NpH BO3IEHCTBUM M3TydeH s CIIeKTpanbHOro coctaba AM1,5 (1000 Br/m’). Pesynesrars! uccie-
JOBaHMA NOATBepANIN 3()(HEKTUBHOCTb CUCTEMbI nepeusnyuaroujan nienka (41,0, — Cul) — C3, urto nenaet
1erecoo0pa3sHbpIM MCTIONb30BaHUE JTIOMHUHECIICHTHBIX TIEHOK, 3¢ (deKkTUBHO nomomaommx YD-uzinydenne,
g yenuuenust KITJ kpemuueBsix CO. IlonydenHble JaHHBIE TPEACTABISIOT MHTEPEC I OpraHU3alui,
3aHUMAIOLINXCS BOMIPOCaMH (DU3HMKU M TEXHOIOTUU KpeMHHEBBIX CO.
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AACOPBLIA METUAEHOBOI'O I'OAYBOT'O
OHTEPOCOPBEHTAMMU PA3SANYHOMU ITPUPOADI

A. B. THIIAH", T. A. CABHI[KAA", H. I. [[BITAHKOBA®,
M. JI. TPHHIITIAH?, JUKYH YEH”

YBenopyccruii 2ocydapemeennuiii yuusepcumem, np. Hezagucumocmu, 4, 220030, 2. Munck, Benapyce

Y Hayuno-uccredosamensckuti uncmumym Qusuko-xumuyeckux npoonem BIY,
yn. Jlenunepaockas, 14, 220006, e. Munck, benapyce

Dicoysanckuii ynueepcumem Ilyicens,
UYoncoywans, 36, 310009, o. Xanuoscoy, Kumaii

[IpencraBneHbl pe3yabTaThl UCCIICAOBAHUS aCOPOIIUN MapKepa HU3KOMOJICKYJISIPHBIX TOKCHHOB KPAcHTENS MCTH-
JICHOBOTO TOJYOOTO M3 €r0 BOAHBIX PACTBOPOB YTOJNBHBIMHU, KPEMHHUEBBIMH, JIUTHHHOBBIMU U APYTHMH MOJTHMMEPHBIMH
sHTEepocopOeHTamu. [lokazaHo, YTO MOAM(UKAINS aKTUBUPOBAHHBIX YIVICH BOJOPACTBOPUMBIM ICILTFOJIO3HBIM TOJH-
AIIEKTPOIIUTOM TIO3BOJISIET TIOBBICUTH MX aICOPOIMOHHYIO criocoOHOCTE. [IpoBeneHa oreHKa MPUMEHUMOCTH aACOPOIIH-
oHHBIX Mojieneit Jlenrmiopa, @peiinuxa, TemkuHa u Pennxa — [letepcona a1 annmpoKCUMAaIMK YKCIIEPUMEHTATbHBIX
M30TepM aJCOPOIH METHIEHOBOTO TOIyO0T0 Ha SHTepocopOeHTax. Ha ocHOBaHWM COMMOCTaBICHUS 3HAUCHUH K03 Pu-
LIMEHTOB PETPECCUH, KOHCTAHT W MapaMETPOB BCEX YKAa3aHHBIX YPAaBHEHUH YCTaHOBJIEHO, UYTO TpeXmapaMeTphuecKoe
ypaBueHue Pemmxa — [lerepcona mrydriie APYTHX OMUCHIBACT ATOT IPOIIECC.
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RESEARCH OF THE ADSORPTION OF A METHYLENE BLUE
ENTEROSORBENTS OF VARIOUS NATURE

N. V. LISHAI', T. A. SAVITSKAYA", N. G. TSYHANKOVA®, D. D. HRYNSHPAN", JUN CHEN*

*Belarusian State University, 4 Niezalieznasci Avenue, Minsk 220030, Belarus
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Corresponding author: N. V. Lishai (nastassia.lishai@gmail.com)

The results of the adsorption study of methylene blue dye as the low molecular weight toxins marker from its
aqueous solutions by carbon, silicon and polymer enterosorbents are presented. It has been shown that the activated
carbons modification by water-soluble cellulose polyelectrolyte makes it possible to increase their adsorption capacity.
The applicability of Langmuir, Freundlich, Temkin and Redlich — Peterson adsorption models for the approximation of
experimental adsorption isotherms of methylene blue on the enterosorbents has been estimated. It has been established
that the three-parameter Redlich — Peterson equation describes this process better than others. This was evident from the
comparison of the regression coefficients, constants and parameters values of these equations.

Keywords: adsorption; activated carbon; diosmectite; lignin; methylsilicic acid hydrogel.

BBenenune

B nacrosiiee Bpemst papMarieBTU4ecKrii ppIHOK YPHTEPOCOPOSHTOB JMHAMUYHO pa3BuBaeTcs. Mx BocTpe-
OOBaHHOCTH B TaCTPOIHTEPOJOTHH, TOKCUKOJIOTUH, AJJICPTOJIOTHH, JIEPMATOIOTUH, XUPYPTHH, OHKOJIOTHH,
HapKOJOTruu 00yCIIoB/IeHa HEOOXOAMMOCTBIO HE TOJBKO YAaJleHNsl TOKCUHOB, MMOCTYNAIOUINX per 0S, WU 0B,
MOCTYMAIOIINX B XUMYC C CEKPETOM CIIM3UCTBIX 000JI0YEK, EUeHH, TIOKEITYJOYHOM Kelle3bl, HO U MPeIoT-
BpAIIEeHUS TOKCHUKO-aJUIEPTHYECKUX PEaKIHi, TPOBEACHNUS MPOQIITAKTUKN SK30TeHHON NHTOKCUKAIIUN U CHH-
JKeHHMSI MeTa0OJIMYeCKOM Harpy3K Ha OpraHbl KCKpeluu u getokcukaryi [1]. CoracHO aHaTOMO-Tepares-
tuaecko-xumuueckoit (ATX) knaccudukanuu BeceMupHoOl opraHu3anyy 31paBooXpaHeHus! SHTEPOCOPOCHTHI
otHOCATCA K rpynme A07B «Kumeunsie ancopoeHTs .

ITo naraeIM ['OCymapcTBEHHOTO peecTpa JeKapCTBEHHBIX cpencTB Pecyonmku benapych, Ha OTedeCTBEH-
HOM pBIHKE 10 cocTogHuIo Ha 15 mas 2020 r. 3aperucTprupoBaHbl 24 TOProBBIX HAMMEHOBAHUS SHTEPOCOPOEH-
TOB, HCHONB3yEMBIX JUIs JleueHus (yHKIHOHATBHBIX PACCTPOICTB XKemyIouHo-kumeunoro Tpakta (KKT)’.

K BayKHBIM XapaKTepUCTHKaM aJCOPOCHTOB OTHOCST MX MEXaHHMUYECKYIO MPOYHOCTh, XHMUYECKYHO CTOM-
KOCTh, COOTBETCTBUE CTaHNAPTU3MPOBAHHBIM TPAHYIOMETPHUECKAM M TEKCTYpHBIM ITapameTpam, CTaOWihb-
HOCTh XMMHUYECKOTO COCTaBa, MUHUMAaJIbHOE TPaBMHPYIOIIEe JeCTBUE Ha OMOIOTHYEeCKHE TKAaHH, OTCYTCTBUE
TOKCUYHOCTH M OTPHLATEIBHOTO BO3ACHCTBHS HA MUHEPAJbHBIN OanxaHC B OpraHu3Me, CEICKTUBHOCTH aji-
COpOIMY B OTHOIIEHUH OIIPEJIEIICHHBIX KIIACCOB OMOIIOTHYECKH aKTUBHBIX BEIIECTB, ONTHMAIBLHYIO COPOIIN-
OHHYIO eMKOCTb, TIOJIHYIO 3BaKyaruio n3 JKKT.

Wzyuenne aacopOIMOHHON aKTHBHOCTH BEHIECTB-MAPKEPOB, MOJCITUPYIONINX MO0 CBOUM (DU3UKO-XUMH-
YECKHM CBOMCTBaM pa3iIMYHbIC TOKCUKAHTHI, MPEICTABISIET HECOMHEHHBI MHTEPEC, MOCKOIBbKY MO3BOJISIET
OIICHUTH APPEKTHBHOCTH ACHCTBUSA dHTepocOpOeHTOB [2]. MeTuineHoBbIN Toy0oit (3,7-OncamMerninaMu-
HOo(eHoTHONMAHUT XJaopuz (MI')) sBIsIeTCS OJHUM M3 BEIECTB-MAapKEPOB, KOTOPHIE PEKOMEHIOBAHEI PSIOM
(hapMakoIelHbIX CTaTel I OIICHKH aJICOPOIIMOHHON CIIOCOOHOCTH akTuBUpoBaHHOTO yris (AY) [3-5]. Be-
JMYUHY aICOPOLIUH OMPEACIISIIOT MOCPEICTBOM CIIEKTPO(POTOMETPHUECKOTO H3MEPEHUS YOI KOHLICHTPALUU
KpacuTess B pacTBOPE MOCIE JOCTHKECHHUS aJICOPOIIMOHHOTO paBHOBecHs [6—9].

Hawnbonee gacto mist onmucanmst mporecca aacopOIy Ha TpaHUIle meepioe meio — pacmeop UCTIONb3YIOT
ypaBHeHuUs1 u3otepM Jlenrmiopa [10], @peitannuxa [11], Temkxuna [12] u Pegnuxa — Ilerepcona [13]. U3o-
TepMma JIeHrMIOpa XapakTepu3yeT 3alloJHeHUE TOBEPXHOCTH B YCIOBUsIX paBHOBecHs [14]. YpaBHeHue u30-
Tepmbl OpeitHIIXa TIPUMEHIMO K aICOPOIIMOHHBIM TpOoIieccaM, MPOTEKAIOIINM Ha HEOJHOPOIHBIX MOBEPX-
HOCTAX [15], IMEIOIMX AKCIIOHEHITHAIBHOE pacIipeie/icHue aKTUBHEBIX IICHTPOB 10 »Hepruu [16]. Moxens
n3orepmMbl TeMKHHA yduThbiBaeT 3(Q(HEKThl BIMSHUS HENPSIMOTO B3aMMOJCHCTBUS aacopdar — ajgcopbar Ha

'ATC/DDD Index 2021 [Electronic resource]. URL: https://www.whocc.no/atc_ddd_index (date of access: 16.05.2020).

*Peectpbr VII «L{eHTp SKCIIEPTH3 M UCIIBITAHMH B 3ApaBOOXpaHeHny [dnmexTponnsiii pecype]. URL: https:/www.rceth.by/Ref-
bank (mara obparenus: 16.05.2020) ; PeecTp cBUAETENLCTB O FOCYIAPCTBEHHOM peructpanuu [DnekTponHsiit pecype]. URL: https://
gr.rcheph.by/ (mara obpamenus: 02.12.2019).

Tam xe.
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nporiecc aJicopOIy U MPETOoJIaraeT, 4To TeIIoTa aJcopOIi BCEX MOJICKYN B CIIO€ JIMHEWHO yMEHbIIAeT-
csl 10 Mepe 3aroyiHeHus moBepxHocTH [17]. M3orepma Pennmuxa — [leTepcona BKIFOUACT 3JEMEHTHI MOZCIICH
Jlenrmropa u @pelHIMXa U PACCMATPUBACT MEXAHU3M aJICOPOIMU KaK CMEIIAHHbIH, HE OTPaHUYMBAOIIIHHACS
MOHOMOJICKYIISIpHOH ancopOrueit [18]. Llenb paGoThl — BRLICHUTH IPUMEHUMOCTD JAHHBIX YPABHCHHUHA IS
WHTEPIpeTalny IKCIIEPUMEHTAIBHBIX JAHHBIX 0 ajfcopounu MI™ Ha nccienyeMbIx acopOeHTax U BbIOpaTh
MOJIEeTh, HAar00JIee TOUHO OMUCHIBAIOIYIO ATOT MPOIIECC.

MaTepI/IaJIbI U METOAbI HCCJICAOBAHUSA

OObeKTaMu UCCIIEIOBAHUS SBISUIMCH OCBETISIOIINI MUKPONOPHUCTHIN IPEBECHBIN MOPOIIKOOOpa3HbId AY
Mapku OY-A (manee — OY-A), nonydenHslii u3 apeBecurbl 0epesnl (OAO «Copbent», Poccus), skcnepu-
MEHTaJbHBIN Me3omopucThiii AY Mapku AC (mamee — AC), TOMYUEHHBIA U3 THAPOIM3HOTO JUTHUHA ITyTEM
KapOOHM3AIMH ¥ XMMUYECKOW aKTUBAIMH, U DHTEPOCOPOCHTHI, pecTaBieHHbIe B Ta0d. 1. OY-A u AC Obutn
JOTIOJTHUTENFHO MOTU(HUINPOBAHbI CYIb(aToOM aleTaroM IeuTono3sl B popme HarpueBoil comu (Na-CALl)
B konnuectBe 0,08 r momumepa Ha 1 r yrs.

Tabnuma 1
XapaKTepuCTUKH IHTEPOCOPOEHTOB
Table 1
Investigated enterosorbents
Toprosoe IIpousBoaurens
P CocraB JlekapctBenHas Gopma p A ’
HaMMCHOBAHHC CTpaHa
VYrons aktuBupo- | AY — 250 Mmr, kpaxman kapTo- YepHslii moporiok 6e3 3a- OAO «¥Ypanbuo-
BaHHbIN — YB® (benbHbIH raxa M BKyca B TaOJIeTKax ¢dapm», Poccus
(AY — VbD) (250 mr Ne 10, Ne 20) (ymakoBano OAO
«9Ox30H», bemapycs)
[omudam [IpomyxTsl ruApONM3a yreBoa- | TemHo-kopuaHeBbIi amopd- | OO «Pagmenrex»,
HBIX KOMIIOHEHTOB JPEBECUHBI HBII TOPOIIOK Oe3 3arnaxa Bbenapycs
nBkyca (100rNe 1; 10T
Ne 10)
CwMmekra HuocmexTut (mpuponnas aimo- | I[Topomok ot cepoBaro-6eno- | Beaufour Ipsen
MOMATrHHAEBO-CHIIMKATHAS TIIMHA | TO IO CEPOBATO-XKENTOro IBe- | Industrie, ®pan-
C TUTACTHHYATON HEBOJIIOKHHUCTON | Ta ¢ 3alaxoM OT ciaboro He- | uwust; I[psen Pharma,
KPUCTAJUTMIECCKOHN CTPYKTY- cnenmdugeckoro o cnadoro | dpanius
pOii, nMeroIast MOJIEKYSIPHYIO | BAHWJIBHOTO (3 T' B MaKeTHKax
dopmyny H,ALO,,Si,), mmroxo3sl | Ne 10, Ne 30)
MOHOTHUJIpAT, HATPHS CaXapHH,
apoMaTH3aTop
DHTepocrenb Homumernncunokcana nomurua- | OgaopomnHas macroodpasHas | OO0 «THK Cunmay,
par, Boma O4HIICHHAS Macca oT 6e10ro 10 TIO4TH Poccus
Oeoro 1BeTa 0e3 3amaxa
B TyOe (225 Ne 1)
Benerii copoent | Llemmonosa mukpokpuctaumye- | Tadnerku (700 mr Ne 10, 00O «buoreppa»,
3KCTpa ckas — 315 mr, KpeMHUsI TUOK- Ne 20) Bbenapycs
cun (aspocmn) — 182 wr, caxap,
KpaxmaJ KapTodeTpHbIH

Meroauka omnpenesieHusi BeJJU4uHbl agcopouun MI' U3 ero BOIHBIX pacTBOPOB Ha 3HTEPOCOPOEH-
Tax [19]. HaBecku uccnemyemsix o0pasiioB Maccoii 0,1 r (tounocts B3BemmBanus 0,000 2 r) momemani B KO-
6bI BMECTHMOCTBIO 50 cM’, mpubaBisumm 25 cM’ uexoaHoro pacteopa MI™ konuentpanweii ot 0,2 10 2,0 r/am’,
TIepeMEIIUBATH comepkuMoe Koio ¢ momornsio Memankn [IKA KS 130 basic (I'epmanus) co cKopocThiO
240 o6/mMun B Teuenne 30—180 muH. [1o mpomrecTBUN yka3aHHOTO BpEMEHH UCCIIeIyeMbIe 00pasIbl OTACIISITN
uenTpudyruposanueM B teuenue 10 mun pu 7000 06/mun. Lentpudyrar oobemom 1 cM® nomenianu B Mep-
HYIO KOJIOY BMECTUMOCTHIO 100 cM’, T0BOIMIM 06BEM pacTBOpa AUCTHILTMPOBAHHON BOJIOH 10 METKH U Tiepe-
MeluBany. M3MepeHus: ONTHYEeCKOH TUIOTHOCTH NpoBoamiIn Ha cniekrpodoromerpe Metertech SP-830 plus
(Metertech Inc., TaiiBanb) B KBapIEeBBIX KIOBETaX TONMIMHON 107 M (IIOrpemHOCTh u3Mepenus D cocTaBs-
na 0,002) npu jumHe BoaHBL 610 HM.
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Ancopbumonnyro aktiBHOCTH (I') mo MI™ paccunTthiBanu o ¢popmyie

(Cx = G, )0

m

r = B
e C,., — MCXOJIHAs KOHIEHTpalws pactBopa MI, mr/am’; C,—paBHOBeCHas KOHI_ICHTpaLII/Iﬂ pactBopa MT, Mr/m’;
m— Macca HABECKH aJicOPOEHTa, T; V,— 00beM HCXOTHOTO paCTBOpa M, v’

OTHOcHTeNbHAs MOTPENIHOCTh METO/1a He npeBbimana 2 %.

Juist BBIOOpa JUTMHBI BOJTHBI M IOATBEPKICHHSI OTCYTCTBHUSI B3aUMOJICHCTBHI MEXKIY 00pa3lioM Hcclienye-
MOTO ajicopOeHTa M BEIECTBOM-MAapKepOM, CMELIAIOIINX MAKCHUMYyMbI TMOJOC IMOTIONMIEHUS M 3aTpYIHSIO-
IMX KOJIMYECTBEHHOE ompeaeneHrne MI' B BOgHOM pacTBOpe mociie ancopOumu, Ha CHeKTpodoToMeTrpe
Solar PB 2201 (3AO «COJIAP», benapyce) O6bu1H 3amyicanbl B CONOCTABICHBI CIEKTPHI oromerns MI™ 1o
1 TIOCJIe KOHTAKTa C afcOpOCHTaMH.

DKCTIepUMEHTANbHBIC JaHHBIC 00pabaThIBaid ¢ MOMOIIBIO TTporpaMmel Origin 8.0. Pacder crarnctude-
CKHUX BEJIMYMH OCYLIECTBIISIICS 110 Pe3yJabTaraM TpeX MapaulebHbIX U3MEPEHUN. AHAIII3 U30TEPM aICOPOLIUH
MI sHTEpOCcOpOeHTaMu Ha COOTBETCTBHE MonieisiM Jlenrmiopa, @peitnmnxa, TemknHa n Peanmuxa — [etepco-
Ha MPOBOJIMIIN C UCTIONB30BaHUEM nporpamm Microsoft Excel 2019 n Origin 8.0.

Pe3yabTarsl U BX 00CyKIeHUE

Kak cnemyer u3 mpeacraBieHHBIX Ha pHC. | ¥ 2 KWHETHYECKHUX KPUBBIX a/ICOPOIIMH, BpEeMs HACHIIIIEHHS aK-
THUBHOM IMOBEPXHOCTH BCeX acopOeHTOB MosiekynaMu MI™ cocrasisier 180 MMH, IpH 3TOM JIOCTH)KEHHE MaK-
CHUMAaJIbHBIX 3HAUCHHUN JUIS JIEKApCTBEHHBIX cpencTB «bemnblit copOeHT 3kcTpay, «CMekTay U « DHTEPOCTEIIb
MIPOUCXOANT B TeueHne nepsbix 30—40 muH, st npenapara «[lomudam» — 3a 60—80 MuH, a BBIXO/ Ha II1ATO,
COOTBETCTBYIOIIII MaKCUMAJIBHOMY HACHITICHUIO, 111 AY 3annMaet 60—90 muH.

g uzorepMm ancopbunn AY (puc. 3) CBOMCTBEHHO HAJMYME BBITYKJIOTO OTHOCUTEIHHO OCH KOHIIEHTpPA-
LM HAYaJIbHOTO y4acTKa, KOTOPBIH OMUCHIBAET MOCTENIEHHOE 3aIl0JHEHUE TOBEPXHOCTH acOpOCHTa MOJIEKY-
JaM#u ajicopbara ¢ poctoM ero KoHreHTparnun. CornacHo knaccudukarmm [ unbca [20] n30TepMsl T JaHHBIX
AY otHocsTes K knaccy L, xapakrepaomy ais uzorepm Jlearmiopa. Heo6xonnmo otmernts, uto OY-A u AC
1o moaudukanuu Na-CAL npucyny tun L2, oTpaxkaronuii HackIeHHE acOpOIIMOHHOTO MOHOCIIOS, a TocIie
BBezieHUs B 0Opasnpl AY Na-CALl nzorepma npuauMaet Bua H2, 11 KOTOpOro xapakTepeH MPakTHYECKH
BEPTUKAJIBbHBIN Ha4aJIbHBIN yYacTOK, YTO TOBOPHUT 00 OYEHB BHICOKOM CPOJCTBE azicopOara K aicopOeHTy B 00-
JaCTH HU3KUX KOoHIeHTpanuid. Bun H2 mmeer m m3zorepma obpasua AY — Yb®, npencraBnsgromnero cobou
yroJib aKTHBUPOBAHHBIN € I00aBKOM Kpaxmaiia.

Uzorepma apcopbumu ans npenapara «llonmudpam» mmeer knaccnueckuid Bua moaenu Jlenrmropa (L2),
XapaKkTepU3yIOIeil MOHOMOJIEKYIISIPHYIO aacopouuto. M30TepMbl AMOCMEKTUTA OTHOCAT K kiaccy H1, uro,
B CBOIO OYepe/lb, CBHIETEILCTBYET O BEICOKOM CPOJICTBE ajicopdara K ajicopOeHTy. B ciydae nexapcTBEeHHOTO
cpenctra «benblit copOeHT 3KcTpay n3oTepMa npuHuMaeT Buj L4, 4To MOXKET ABIATHCS CIEICTBUEM ITOJTUMO-
JIEKYJSIpHON aicopOLUK WM TIEPEOPUEHTALMN MOJIEKYJl Ha TIOBEpXHOCTH copOenTa. [Ipenapaty «HTEpoc-
TeIbY CBOMCTBEH THIT H30TEPMBI LS, MpH 5TOM BO3HUKHOBEHHE Ha M30TEPME MAKCUMyMa BBI3BaHO H3MEHEHHEM
CTeTneHN HaOyXaHUs MTOJMMETHIICHIIOKCAaHa TTOJIUTHApaTa B BOJHBIX pacTBopax (puc. 4).

B Tabn. 2—5 npejcraBieHbl pe3yiabTaThl 00paOd0TKH TOTYUYCHHBIX HU30TEPM aJICOPOIIMH C UCTIOIb30BAHUEM
mozenelt Jleurmiopa, @peitnnnxa, Temknna n Pequinxa — Ilerepcona, mO3BOMSIOMIMX OLIEHUTh MaKCUMaJlb-
HYIO a/ICOPOLMOHHYIO CIIOCOOHOCTD aJcOpPOEHTa, 0COOEHHOCTH €T0 CTPYKTYPBl M CHJIy B3aMMOJCHCTBUS ajl-
copbara ¢ aKTHBHBIMH IIEHTPaMH Ha MOBEPXHOCTH HCCIIETyeMbIX 00pa3IIoB.

Monens JIeHrMIopa XOpOIo COIIAcyeTcs ¢ SKCIePUMEHTaIbHBIMA JaHHBIMA (R = 0,95-0,99) u1s npena-
pata «ITomudamy», a TakKe UMEET IpHeMIEMBIi kodpdumuent (R = 0,70-0,99) ans AY. CTOMT OTMETHTb, 4TO
moaudukanus AY Na-CAL| npuBOIUT K yBETHMUYEHUIO BEPOSTHOCTH MPOTEKAHUSI MOHOCIIOWHON a/copOIuu.
310 Xe moATBepKaaeTcs TeM, uto § mo moxaenu Peanmmxa — Ilerepcona npubnmxkaeTcst K eqUHUIE, a B 9TOM
cilydae JIaHHasl MOJIeNib COOTBeTCTBYyeT Mojenu Jlenrmiopa. Oopadorka AY Na-CAll MoxeT BbI3bIBaTh POCT
a7IcopOIMHM 3a CUET XMMHYECKOTO B3anmMosieiicTBus M1 ¢ cynb(aTHBIMU TpyTIITaMu TONHAIIEKTpoNuTa. Pesyb-
TaThl, OJYyYEHHbIE ¢ MPUMEHEHUEM JBYXIapaMeTpUuecKux Monesei Jlenrmiopa n @peliHuinxa, npeicTaB-
nensl B Ta0i. 2 1 3. M3 maHHBIX TaOIUI BUIHO, YTO KO3()(UIIMEHTHI KOPPeJsiIUK 7151 H30TepMbl PpeiiHamnxa
C yBeNIM4YeHUEM BpeMeHH koHTakTa MI' u AY Baimte, uem ai1s n3otepmsl Jlenrmropa. 13 ypasaenus @peitniim-
Xa 3Ha4eHUsl 1/ MeHbIlIe eAMHUIIBI YKa3bIBAIOT Ha TO, YTO AY sBisieTcst 3pPeKTUBHBIM agcopOerToM it MI.

Paccuuranuble no Tpexmnapamerpuueckoil moaenu Pennuxa — Iletepcona mapameTpbl M30TEPMBI U COOT-

BETCTBYIOIIME UM 3HAUCHUS R? MpHUBE/ICHBI B TA0J. 5. boJiee BRICOKUE 3HAYCHUS R* s TpexnapaMeTpuIecKon
U30TEPMBbl YKa3bIBAIOT Ha OOJBIIYIO alIPOKCHMHUPYIOIIYIO CIIOCOOHOCTh TAaHHOW MOJIEIH JJIsl PAaBHOBECHOM
cop6ruu MI™ Ha AY.
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Fig. 1. Kinetic curves of methylene blue adsorption by coal enterosorbents (a — e)

62



OpurnHajJbHble CTATHH
Original Papers

AJcopOLMOHHAs aKTHBHOCTh, MI/T
—_ —_ [\®} [\ (%) w S
o W o i () i [l
=ER-ER-IR-E-T- -

W
(=}

ala

HMonudpam

» W [N 3
S & & o
T T T T =

3] w2
(=] (=]
T T

AncopOunoHHas aKTHBHOCTb, MT/T
u
J
]

—_
(=)
T

20 40 60 80 100 120140 160 180 200
Bpewms, mun

(=]

0/b 6/c

p

\ CmekTa Beaslii copOeHT 3KCTpa

—_
[\S}
T

—
(=]
T

oo
T

N
T

AncopOLrOHHast aKTHBHOCTb, MI/T
[\S] N
T T

(e

20 40 60 80 100 120140 160 180 200= 20 40 60 80 100 120140 160 180 200
Bpewms, mun Bpewms, mun
e/d

A JHTEpocreb

AncopOunoHHast aKTHBHOCTb, MI/T

020 40 60 80 100 120140 160 180 200
Bpewms, mun

KonnenTpanus, r/am’

—02 —08
—04 —10
—0,6 —20
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Fig. 2. Kinetic curves of methylene blue adsorption by enterosorbents (a — d)
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Tab6auna 2
[MapameTtpsl Moaenn JleHrMiopa, XapakTepu3yloliue npouece
copouuu MI' 3HTepocopOeHTaMH
Table 2
Parameters of the Langmuir model characterising
the sorption of methylene blue by enterosorbents
OY-A OY-A + 8 % Na-CALl
Bpewms, mun R’ K, I Bpewms, mun R’ K, I
30 0,803 41,1 £0,8 270,3+ 5,4 30 0,980 32,0+0,6 312,563
60 0,850 42,5+0,9 294,1£5,9 60 0,954 28,0£0,6 357,1+£7,1
90 0,910 33,3+£0,7 333,3+6,7 90 0,875 24,0£0,5 416,7 £8,3
120 0,897 28,0+ 0,6 357,1£7,1 120 0,868 23,0+ 0,5 434,8 £8,7
150 0,869 26,0+0,5 384,6 £ 7,7 150 0,767 22,0+04 454,5+9,1
180 0,897 26,0+0,5 384,6 £7,7 180 0,735 21,0+04 476,2 £9,5
AC AC + 8 % Na-CAILL
Bpemst, MuH R’ K, T, Bpemst, MiH R’ K, T
30 0,969 26,0+0,5 384,6 £ 7,7 30 0,963 26,7%0,5 416,7 £ 8,3
60 0,939 26,7+ 0,5 416,7+ 8,3 60 0,962 36,7+0,7 454,5+9,1
90 0,860 44,0+ 0,9 454,5+9,1 90 0,903 350+0,7 476,2+9,5
120 0,816 36,7+ 0,7 454,5+9,1 120 0,857 33,3+0,7 500,0 £ 10,0
150 0,766 36,7+£0,7 454,5+9,1 150 0,838 31,7£0,6 526,3 £ 10,5
180 0,748 26,3 10,7 476,2 £9,5 180 0,789 31,7£0,6 526,3 £ 10,5
AY -YbO IMonugam
Bpewms, mun R’ K, I Bpewms, mun R’ K, J -
30 0,968 3,4+0,1 2439 +4,9 30 0,945 16,8+ 0,3 42,609
60 0,857 2,8+0,1 294,1 £5,9 60 0,978 14,3+0,3 58,5t1,2
90 0,676 2,0+0,1 416,7£8,3 90 0,952 16,0+ 0,3 62,5+t1,3
120 0,630 1,7£0,1 500,0 + 10,0 120 0,981 15,510,3 64,5+t 1,3
150 0,583 1,4 0,1 5882+ 11,8 150 0,977 12,3£0,2 67,6t 1,4
180 0,552 1,5+0,1 555,6 £11,1 180 0,988 149+0,3 67,1+1,3
CmekTa BeJblii copOeHT 3KkCcTpa
Bpewms, mun R’ K | - Bpewms, mun R’ K | -
30 0,178 9,0x0,2 370,4 £ 7,2 30 0,717 12,4+ 0,2 9,9+0,2
60 0,179 8,3+0,2 400,0 = 8,0 60 0,681 7,7+£0,2 9,6 £0,2
90 0,186 5,8+0,1 434,8 £8,7 90 0,108 -10,8 £0,2 5,7%+0,1
120 0,170 9,0+0,2 370,4 £ 7,4 120 0,192 -75,0£1,5 6,1 £0,1
150 0,178 8,3+£0,2 400,0 = 8,0 150 0,213 20,7104 8,5%+0,2
180 0,178 8,3+0,2 400,0 = 8,0 180 0,379 16,2+ 0,3 9,2+0,2
IHTepocreb
Bpewms, MuH R? K, T,
30 0,168 34+0,1 3,1+£0,1
60 0,007 23,2+0,5 1,7+0,1
90 0,367 0,1+0,1 26,2+0,5
120 0,268 0,4+0,1 7,0 +£0,1
150 0,205 0,5+0,1 4,7t0,1
180 0,192 0,6 £0,1 4,2+0,1
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Tab6nauna 3
IMapamerpsl Mogesn @peiiHINXa, XapaKTepU3yOLIue
npouecc copounn MI' 3nTepocopdeHTaMu
Table 3
Parameters of the Freundlich model characterising
the sorption of methylene blue by enterosorbents
OY-A OY-A + 8 % Na-CALl
Bpewms, mun R’ K. 1/n Bpewms, Mmun R’ K 1/n
30 0,941 307,4 £ 6,1 0,137 £ 0,003 30 0,957 319,1 £ 6,4 0,171 £ 0,003
60 0,959 278,6 £ 5,6 0,119 £ 0,002 60 0,925 365,173 0,181 + 0,004
90 0,885 340,3 £6,8 0,146 = 0,003 90 0,822 398,0 £ 8,0 0,181 + 0,004
120 0,867 355,6 £7,1 0,163 £ 0,003 120 0,800 409,8 + 8,2 0,191 + 0,004
150 0,852 359,7+72 0,192 + 0,004 150 0,772 4154 £8,3 0,209 + 0,004
180 0,855 364,9+73 0,208 + 0,004 180 0,773 425,5+8,5 0,217 £ 0,004
AC AC + 8 % Na-CAIl
Bpewmst, Mun R? K 1/n Bpewmst, Mun R? K 1/n
30 0,967 355,6 £7,1 0,129 £ 0,003 30 0,971 387,91+ 7.8 0,116 £ 0,002
60 0,897 387,8 £7,8 0,128 £ 0,003 60 0,914 429,8 + 8,6 0,103 + 0,002
90 0,785 413,8 8,3 0,107 £ 0,003 90 0,828 453,2+9,1 0,099 + 0,002
120 0,780 426,9 + 8,5 0,121 £ 0,003 120 0,855 491,1 £9,8 0,120 + 0,002
150 0,750 4248 £ 8,5 0,126 £ 0,003 150 0,815 493,9+9,9 0,116 £ 0,002
180 0,772 440,0 = 8,8 0,142 +£ 0,003 180 0,777 496,2+9.9 0,111 £ 0,002
AY - Yb® Honudpam
Bpewmst, mun R’ K; 1/n Bpewms, mun R’ K; 1/n
30 0,903 183,5+3,7 0,450 + 0,009 30 0,720 39,9+0,8 0,128 £ 0,003
60 0,855 2459+49 0,376 + 0,008 60 0,762 54,6+ 1,1 0,168 £ 0,003
90 0,743 282,8 5,7 0,357 £ 0,007 90 0,934 60,7+ 1,2 0,192 £ 0,004
120 0,716 303,9 £ 6,1 0,355 +£ 0,007 120 0,894 61,8+ 1,2 0,183 £ 0,004
150 0,701 3222+64 0,360 + 0,007 150 0,837 629+ 1,3 0,193 £ 0,004
180 0,696 337,3+6,7 0,358 + 0,007 180 0,874 64,2+ 1,3 0,185 £ 0,004
Cmekra BeJblii copOeHT 3KcTpa
Bpewms1, mun R’ Ky 1/n Bpewms1, mun R’ Ky 1/n
30 0,320 348,9+7,0 0,341 + 0,007 30 0,777 9,2+0,2 0,166 = 0,200
60 0,337 391,2+7,8 0,379 + 0,008 60 0,363 8,210,2 0,145 £ 0,200
90 0,339 400,7 £ 8,0 0,383 + 0,008 90 0,145 6,5 £0,1 -0,174 £ 0,003
120 0,349 401,6 £ 8,0 0,382 + 0,008 120 0,104 6,4+0,1 —-0,068 = 0,001
150 0,360 408,9 +£ 8,2 0,389 + 0,008 150 0,104 8,0+0,2 0,065 + 0,001
180 0,360 413,1+8,3 0,389 + 0,008 180 0,490 8,810,2 0,140 = 0,003
JHTEpOCTelb
Bpewmst, mun R? K, 1/n
30 0,394 3,3+0,1 0,674 £0,013
60 0,276 2,7+0,1 0,612 0,012
90 0,715 1,7£0,1 0,844 £ 0,017
120 0,623 1,4+0,1 0,690 £ 0,014
150 0,543 1,3+0,1 0,712 £ 0,014
180 0,505 1,3+0,1 0,667 £ 0,013
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Ta6nauna 4
IMapameTtpsl Mmoaeau Temkuna, XapakTepusyouue
npouecc copounn MI' 3HTepocopdeHTaMu
Table 4
Parameters of the Temkina model characterising
the sorption of methylene blue by enterosorbents
OY-A OY-A + 8 % Na-CAlIl
Bpewms, MuH R? B K Bpewmsi, MuH R? B K
30 0,960 305,3 £ 6,1 34,563 £ 0,691 30 0,981 3149+£6,3 42,823 £ 0,856
60 0,965 277,8 £5,6 28,725 £ 0,575 60 0,964 357,0£7,1 48,854 £0,977
90 0,922 335,267 38,741 £ 0,775 90 0,885 386,8 £ 7,7 51,348 £ 1,027
120 0,914 3489 +7,0 43,458 £ 0,869 120 0,866 397,2+79 54,461 = 1,089
150 0,907 3509+7,0 49,231 £ 0,985 150 0,856 401,8 £ 8,0 58,620 £ 1,172
180 0,916 3548 7,1 52,566 + 1,051 180 0,862 411,2 £8,2 61,469 £ 1,229
AC AC + 8 % Na-CALl
Bpewms, MuH R? B K Bpewmsi, MuH R? B K
30 0,986 357,7£72 40,359 £ 0,807 30 0,986 389,7+7.8 38,841 £ 0,777
60 0,941 390,5+ 87,8 42,472 £ 0,849 60 0,943 431,7+8,6 38,968 £ 0,779
90 0,841 416,2 £ 8,3 38,033+ 0,761 90 0,873 455,4+9,1 39,273 £0,785
120 0,847 430,2 £ 8,6 43,311 £ 0,866 120 0,859 475,5+9,5 42,853 £ 0,857
150 0,821 428,8 £ 8,6 44,332 £ 0,887 150 0,870 497,71+ 10,0 | 48,739 +£0,975
180 0,850 4453 +8,9 51,162 £ 1,023 180 0,904 494,9 £9.9 50,433 + 1,009
AY - YBO® oangpam
Bpewms, mun R? B K Bpewms, mun R? B K
30 0,987 167,9+34 42,823 £ 0,856 30 0,746 39,9+0,8 4,273 + 0,085
60 0,960 224,6 £ 4,5 48,855+ 0,977 60 0,775 542+1,1 7,208 £ 0,144
90 0,888 2558+ 5,1 51,348 £ 1,027 90 0,946 60,4+ 1,2 9,351 £ 0,187
120 0,875 275,8+5,5 54,461 + 1,089 120 0,919 61,4112 8,973 £ 0,179
150 0,865 294,4+59 58,620 £ 1,172 150 0,861 62,5+1,3 9,545+ 0,191
180 0,862 310,0 £ 6,2 61,469 + 1,229 180 0,896 63,6 £ 1,3 9,298 £ 0,186
Cmexra Beublii copOeHT 3KcTpa
Bpewms, mun R’ B K Bpewms, Mun R’ B K
30 0,511 332,0+£6,6 63,922 + 1,278 30 0,760 9,3+£0,2 1,429 + 0,029
60 0,546 360,6 £ 7,2 73,593 £ 1,472 60 0,318 8,3+0,2 0,973 £ 0,019
90 0,540 369,5+74 75,942 + 1,519 90 0,134 6,8 £0,1 —1,149 £ 0,023
120 0,559 3759+7,5 78,226 £ 1,565 120 0,121 6,4+0,1 —0,054 + 0,001
150 0,583 382,1£7,6 80,436 + 1,609 150 0,101 8,1+£0,2 0,489 + 0,010
180 0,579 387,21 +7,7 81,807 + 1,636 180 0,508 8,910,2 1,238 £ 0,025
JHTEpocre/b
Bpewms, mun R’ B K
30 0,538 4,6 £0,1 2,879 £ 0,058
60 0,479 4,2+0,1 2,867 + 0,057
90 0,475 1,9+0,1 1,487 £ 0,030
120 0,370 1,2+0,1 0,810 £ 0,016
150 0,343 1,1 £0,1 0,704 £ 0,014
180 0,306 1,1 £0,1 0,657 0,013
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Tabnuna 5
IMapamerpsl Mmogeau Peninxa — Ilerepcona, xapakrepusylommue
npouecc copounn MI' 3HTepocopdeHTaMu
Table 5
Parameters of the Redlich — Peterson model characterising
the sorption of methylene blue by enterosorbents
OY-A OY-A + 8 % Na-CAIl
Boews, | g2 Ky Ay po| B ] g Ky Ay B
30 0,999 31,0+ 0,6 322,6 £6,5 0,99 30 0,999 15,0+ 0,3 333,3+£6,7 0,990
60 0,999 16,510,3 303,0 £ 6,1 0,99 60 0,999 | 27,0£0,5 370,474 0,990
90 0,999 33,3+0,7 333,3+6,7 0,99 90 0,999 | 28,9+0,6 384,6 £ 7,7 0,990
120 0,999 32,2+0,6 3448 £ 6,9 0,99 120 0,999 4,7+0,1 7143+ 14,3 | 0,990
150 0,999 29,0 £ 0,6 344,8 £ 6,9 0,99 150 0,999 | 25,0+0,5 400,0 = 8,0 0,990
180 0,999 28,0+ 0,6 357,1£7,1 0,99 180 0,999 | 24,0£0,5 416,7+8,3 0,990
AC AC + 8 % Na-CAlLl
leill\:{ﬂ’ R2 KR AR B B]]z[ill\:lﬂ’ RZ KR AR B
30 0,999 26,0 £ 0,5 384,6 £7,7 0,99 30 0,999 | 24,0£0,5 416,783 0,990
60 0,999 26,7+ 0,5 416,7+ 8,3 0,99 60 0,999 | 36,7+0,5 454,5+9,1 0,990
90 0,999 46,0+ 0,9 434,8 £ 8,7 0,99 90 0,999 | 42,0£0,8 476,2+9,5 0,990
120 0,999 36,7+ 0,7 454,5+9,1 0,99 120 0,999 | 40,0£0,8 | 500,0+10,0 | 0,990
150 0,999 36,71+ 0,7 454,53 £9,1 0,99 150 0,999 | 38,0+£0,8 | 526,3+£10,5| 0,990
180 0,999 26,3+ 0,5 476,2+9,5 0,99 180 0,999 | 38,0+£0,8 | 526,3+£10,5| 0,990
AY - YB® Tomudam
o] w |k o [ [Pl e [k | a4 [
30 0,999 5,7+0,1 175,4+3.,5 0,99 30 0,746 | 27,1£0,5 | 40,984+0,8 | 0,990
60 0,999 8,210,2 2439+49 0,99 60 0,775 | 37,0+£1,7 | 54,054+1,1 0,990
90 0,998 9,5+0,2 263,253 0,99 90 0,946 11,6 £0,2 | 66,225+1,3 | 0,990
120 0,997 11,7£0,2 285,7+5,7 0,99 120 0,919 154+£03 | 64935£1,3 | 0,990
150 0,996 11,0£0,2 303,0 £ 6,1 0,99 150 0,861 17,1+0,3 | 64,935+1,3 | 0,990
180 0,996 10,3+0,2 322,6 £6,5 0,99 180 0,896 19,0+ 0,4 | 65,789 +1,3 | 0,990
CMmekTa Beuiblii copdeHT 3KCTpa
o[ o |, A - S
30 0,877 9,3+0,2 357,1£7,1 0,99 30 1,000 | -13,0+0,2 8,410,2 0,73
60 0,806 8,3+0,2 400,0 £ 8,0 0,99 60 0,998 | 55,6%0,2 8,2+0,2 0,99
90 0,806 8,0+£0,2 416,7+8,3 0,99 90 0,998 | —5,4£0,1 49+0,1 0,92
120 0,806 8,0+0,2 416,7+ 8,4 0,99 120 0,999 | -10,0%0,1 6,410,1 0,68
150 0,808 5,8+0,1 4348 +£8,7 0,99 150 0,998 | —2,9£0,2 7,3+0,1 0,99
180 0,808 5,8+0,2 4348 +£ 8,8 0,99 180 0,999 | -21,7£0,2 6,1 0,1 0,52
JHTEpOCTelb
Bpewms, Mun R’ Ky Ay B
30 0,093 -1,030 £ 0,1 0,1x0,1 0,010
60 0,085 -1,029 £ 0,1 0,1£0,1 0,010
90 0,004 7,685 0,2 3,2+0,1 0,800
120 0,236 -1,058 £ 0,1 0,1x0,1 0,010
150 0,008 -1,090 £ 0,1 0,1£0,1 0,010
180 0,018 -1,061 £ 0,1 0,1£0,1 0,010
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st oCTanmbHBIX HCCIIEIOBAHHBIX JHTEPOCOPOCHTOB TNpHMeHeHHe Mojeneit Jlenrmropa, @peinamnxa
u TeMKMHaA OKa3aJIoCh HEMPUEMIIEMBIM, TaK Kak R? maxomurest B auamasone ot 0,1 mo 0,7. Ucmonb3oBanne
mozenn Pemmnxa — IMerepcona (R” B quanasone 0,8-0,9) st ekapcTBeHHBIX cpenctB «CMekTay n «beblit
COpOCHT 3KCTpa» JIOMYCKAETCsl, OHAKO yTBEPKAATh, YTO JaHHAS MOJEIb MO3BOJISICT JOCTOBEPHO OMMCAThH
MpoTeKaromye npoueccsl npu aacopounn MI™ Ha cmekTuTe U «benoM copOeHTe dKCTpay, He MPECTaBIIeTCs
BO3MOXKHBIM. JlJ1s1 mipenapara « DHTepocreliby Hanboliee MpUeMIIeMOH sIBISIETCS MOJeNib TeMKHHa, B OCHOBE
KOTOPOH JISKHUT MPEIIOIIOKECHUE, YTO TEIUIOTa aJicOPOIUKM BCEX MOJIEKYM 110 Mepe 3aIlloJHEeHUs closi OyneT
YMEHBIIAThCS JIMHEHHO, a He Jorapudmudecku. Teopust JoIycKaeT, YTo B IPOLECcce aacopOLuu IPOUCXOANUT
[IOCTEIIEHHOE ¥ PABHOMEPHOE 3aIIOJIHEHHE LIEHTPOB aIcopOLuu ¢ 00pa3oBaHUEM MIPOYHBIX MEKMOJIEKYJISIP-
HBIX KOHTaKTOB.

Ocoboe BHUMaHHE CIIEAYET yACIUTh KOHCTaHTE CBSA3BIBAHUS B CHCTEMe afcopOar — aacopOent. Hanbois-
1Iee 3Ha4YeHre OHa MPUHUMAET JJIsl ISKApCTBEHHOTO cpeacTBa «CMEKTay, 4TO MOKET MPUBECTH K A€COpOLIUU
TOKCHHOB TIpH ero anurenbHoM HaxoxaeHnu B JKKT. B atom ciyuae npumenenne AC miu AC, moaudumupo-
BaHHoro Na-CALl, mo3BonseT npeaoTBpaTtuTh 310 siBieHue. Eciu ke yuects, uro MI ipencrasinsier coboii re-
TEepOapoMaTUIeCKUil KaTHOHHBIH KpacuTellb, TO aacopOuums ans npenapara «CMEKTa» MOXKET MPOTEeKaTh
3a CYeT MOHHOTO OOMEHa, YacTO CONPOBOKIAEMOTO arjioMepalell YacThLl, COCTOALIMX M3 TPeX WiH Oosiee
KaTHOHOB, ITPHU ATOM JIONTyCKAaeTCs, 4YTO HA IOBEPXHOCTH CMEKTHTA IIPOMCXOANUT OPUEHTALUS arJIOMEPATOB I10-
CPEICTBOM T — TT-B3aMMOJICHCTBUS 110 00€ CTOPOHBI OT MOBEPXHOCTH [21].

JlekapcTBeHHble cpenctBa «benblit copOeHT aKcTpay U «DHTEPOCTelNbY aACOPOUPYIOT BEIIECTBO-MapKep
B BECbMa HE3HAYUTEILHOM KOJIMUYECTBE, YTO MOXKET CBUIETEIBCTBOBATH O HU3KOH 3()(heKTUBHOCTH MX UCTIOJIb-
30BaHU NPU OTPABIECHUH KATHOHHBIMU TOKCUKaHTAMH.

Ancopbuus Ha mpenapare « DHTEpOCTelby OIUCHIBACTCS C MPUEMIIEMBIM KO3()(OUIIMEHTOM anmnpoKcuma-
LM TOJIBKO B paMKax Mozaenu dpeiHmxa, mpyu 3TOM JUIsl IEKapCTBEHHOTO CPEACTBA « DHTEPOCTEINb) Xapak-
TEpHBI HU3KOE 3HaYEHHE KOHCTAHTHI CBSI3bIBAHUS U BBICOKHMH MOKa3aTeslb OTKJIIOHEHHUS MpoLecca 0T MOHOMO-
JIEKYJSIPHON acopOLUK Ha OHOPOAHOW TIOBEPXHOCTH.

MI" MmopenupyeT TOKCUHBI ¢ MoseKyisipHoi Maccoi 1o 500 [la [6]. CornacHo [9] pazmep monekynsl MIT
cocrasiseT 0,47x0,84x1,60 uM. Ilo nmeromuMes B IUTEeparype AAHHBIM, U1 MoJieKyiasl MIT mpuemieMsl
nopsl pazmepom 6onee 0,84 um [6]. B padote [22] 3o 3HaueHue yrouHeHo A0 1,3 um. [lpu oneHke ynenbHOU
TIOBEPXHOCTH, JIOCTYIHO# y1st MI, mtoma s MONeKy bl cCauTaroT pasHoii 2,08 um” [22]. IIpeanonaraercs, uto
B BEPTHMKAIbHON OpHEeHTAIMK ofHa Monekyna MI" 3anumaer miomans 0,64 HM, a B IIIOCKOH OpPHEHTALIMH —
1,20 am” [6].

2,5

N 664
X

OnTuyeckas MIOTHOCTh

0
200 300 400 500 600 700 800
JlnvHa BOJHBI, HM

KonnuenTpanus, r/am’
—1,5 —05
— 1,0 —o0,1

Puc. 5. Criextp nornouienust M (konnentpauus 1,0 /)
Fig. 5. Absorption spectrum of methylene blue (concentration 1.0 g/dm’)
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B pabore [6] ycraHOBIEHO, YTO COPOLMOHHAS eMKOCTh M0 MI MOXET ompenessiThes COACpKaHUEM
B CTPYKTYpe COpOEHTOB MHKpomop mupuHoit 1,06—1,95 HM, mpudemM Ui JOCTUKEHUS BBICOKOW BEITHMYUHBI
aJIcOpOIMH TAHHOTO MapKepa B CTPYKType COpOeHTa Taxke AOJDKHBI MPHUCYTCTBOBATH ME3OTIOPHI INPHHOMN
2,00-2,24 um.

Hannpie o ancopounu MI™ B mureparype [9] HOCAT IPOTHBOPEUYHBHIN XapaKTep: OIHU aBTOPHI YTBEPIK-
narot, 4ro ancopouust MIT MokeT OBITH MCIIONB30BaHA JJIsl OLEHKH MUKPOIIOPHCTOCTH Marepuala, JIpyrue
CUMTAIOT JOCTYNHbIMU At MI Tonbko me3omnopsl [9; 23].

[ToMrMO CTPYKTYpHBIX TapaMETPOB, Ha BETUUNHY aICOPOLINN OKa3bIBAET BINSHNE U XUMHUYECKHI COCTaB
MOBEPXHOCTH aCOPOESHTOB, KOTOPBIH 3aBUCHUT OT UX MpoucxokaeHus. Tak MI, sBisisich KATHOHHBIM KpacHuTe-
nieM, OyZieT B3auMOZICHCTBOBATh C OTPHIIATENLHO 3apsHKEHHBIMH IIEHTPAMH Ha TTIOBEPXHOCTH aJICOPOEHTA, UTO
MPUBEET K yBEIHUUEHHIO aacoponuu [6; 24]. B To ke Bpems aacopOeHT, adpdektuBHO ancopobupyrommit MI'
B MOHOMEpHO# (hopMe, He CMOXKET BMECTUTh €r0 JIUMEPHI U arperarsbl.

BeposaTHoil mpuurHO# pa3nuyuil B IpeJCTaBIEHHBIX B JUTEpaType JaHHBIX 10 aJCOPOLMOHHON eMKOCTH
copOeHToB [25] sBnsiercs cymectBoBanue MI™ B BomHOM pacTBope B pa3HbIX Gopmax. Panee cuuranock, 4to
MI' copOupyeTrcst IpenMyIIIEeCTBEHHO B MOHOMEpHOH Gopme [9]. ABTOpHI B padoTte [25] MpUIIIN K BEIBOAY,
g10 MI" MOXET HaXOJUTHCS B PACTBOPE B OCHOBHOM B JIBYyX (hopMax — MOHOMEPHOM 1 AuMepHOi. [l numep-
HO# (hopmbl MI™ XapakTepHa moJroca mortomeHus ;imuHoi 605—-610 HM, a st MoHOMepHOH — 660—670 HM [25].
CrextpanbHblli aHanu3 camoarperanuu MIT B Boze nipenicrapieH B padore [26], B KOTOPOi TaKke MPUBOJISTCS
TEPMOTMHAMUYECKHE MTapaMeTPhl PABHOBECHS MKy MOHOMEPHBIMH H TUMEPHBIMU (hopMaMH (B OONTBIIIMHCTBE
CJTy4aeB MO0 KOHCTAHTE PaBHOBECHS IIPU KOMHATHON TEMIIepaType ¥ 3HAYUTEIEHO PEXE MO BETMUNHE SHTAIBITNU
W SHTpONUU JuMepu3anun) [26]. Ha puc. 5 mokazanbl CieKTpbl MOMIOIIEHH BOAHBIX pacTBopoB MI mpu pas-
JUTIHBIX KOHTIeHTpanusX. [Ipu onpenenennn kadecta MI™ OblTa Mcmonb30BaHa THHA BOJTHE 610 HM.

Ecnu npoananu3upoBaTh COOTHOIIEHHE ONTHYECKHX TUIOTHOCTEH HCCIEAyeMbIX 00pa3loB MpH JJTUHAX
BOJTH, COOTBETCTBYIOIINX pa3iu4HbIM (hopmam HaxoxaeHust MI' B pactBope (Tabdi. 6), To BuaHO, yT0 AC, MO-
mudurpoannbiii Na-CAll, nmyumie Bcero copoupyer MI. [iis npenapara «[lonugam» xapakTepHbl aacopo-
1M1 MOHOMEPHOH (hOPMBI M OYE€HBb HU3KHMI TIOKa3aTelb aAcopOounu quMepa. Ecian roBopuTh 0 IeKapCTBEHHOM
cpenctBe «CMeKTay, TO 31eCh HaOII0AaeTCs TyyIuas afcopOLHs arperaros.

3akJIroueHune

YcraHOBIEHO, UTO JUIsSl ONMCAHUS aJCOPOLHOHHBIX MPoLEeccoB Ha AY TpexmapaMeTpHYecKoe ypaBHEHUE
Pennuxa — Ilerepcona MOIXOAQMT JIydlle, YeM JAByXIapaMmeTpudeckue ypaBHeHus Jlenrmiopa, dpelinannxa
u Temkuna. 13 ananusza KOHCTAHT U apaMETPOB MOAEJIECH aacopOLUH CIeyeT, YTO HauOobLIel agcopouu-
OHHOH c1IOCOOHOCTHIO 110 OTHOIIEHHIO K MI™ 0011a1aeT Me30IIOpUCTHIN SKCIEpUMEHTaNbHbIN yrons AC, Monu-
¢unmposansslii 8 % Na-CALl. AY — YB® nposBisier HaMMEHbIIYIO aJCOPOLIMOHHYIO aKTUBHOCTD cpean AY,
YTO MOXET ObITh 00YCIIOBIICHO 3HAYUTEIHO MEHBILIEH TUIOIAAbI0 MUKPO- U Me3010p. JINTHUHOBBIM SHTEPO-
copOent «Ilomudam» nokaspiBaeT 04eHb C1adyI0 aJCOPOLMOHHYIO aKTUBHOCTD, YTO AEIAET €ro NpUMEHEHHE
Masi03((hEeKTUBHBIM.

Ha ocHoBaHMU MOMy4YEHHBIX PE3YJABTATOB MOXKHO CZEJaTh BHIBOA, YTO UMEIOIINECS Ha (papMalieBTHIECKOM
pbiHKe sHTEpocopOeHThl AY — YB®, «Cmekray, «[lomudam», «benblii copOeHT sKCTpay U « IHTEPOCTEIb»
B oTHoweHHHn MI' o0nasaroT HU3KOM aacOpOLMOHHON aKTHBHOCTBIO, TIOATOMY MX NPHUMEHEHHE B TEparnuu
WHTOKCHKALMH COCMHEHUSIMU, CXOKMUMHU 1o cTpoenuto ¢ MI, sBisiercst HeuenecoodpasHsiM. Hanbomnee nep-
CIIEKTUBHO JajbHEHIIee H3yueHue (hapMaKkoJoruyeckoro aeicteus Mmoaudunuposannoro AC B eisix cosna-
HUSI HA €T0 OCHOBE BBICOKO3()(EKTUBHOTO SHTEPOCOPOCHTA.

bubaunorpaduyeckue ccblIIKH

1. Kopmumaa AE, Musuna 1T, ConosseBa NJI. @apmarieBTHUecKuil ppIHOK JIGKAPCTBEHHBIX CPEACTB aJCOPOLIMOHHOTO Jeii-
CTBHSI: COCTOSTHHE M MEPCIEKTUBBL. Meouyunckuii gecmuuk bawxopmocmana. 2018;13(6):55-62.

2. Paukosckas JIH, Jlersirun AlO, Bypmuctpos BA, Kopones MA, I'emsporn HE, Boponun IOU u np. MoanduimpoBanHsle
COpOEHTHI IS MPAKTUUECKOTO0 3apaBooxpanenust. Cubupckuii Hayunvlil meouyunckuu scypran. 2015;35(2):47-54.

3. The International Pharmacopoeia. Seventh Edition, 2017 [Internet; cited by 2020 May 23]. Available from: http://apps.who.int/
phint/2017/index.html#d/b.1.

4. United States Pharmacopeial Convention, The United States Pharmacopeia (USP38 — NF 33). Rockville: United States Phar-
macopeial Convention; [2015]. 5612 p.

5. The Ministry of Health, Labour and Welfare. Japanese Pharmacopeia 17" edition. [S. L.]: The Ministry of Health, Labour and
Welfare; 2016. 2643 p.

6. Benpukosa EB, MBanos UI1, Yecnokos HB, Ky3uernos BH. Biusinue nopuctoit CTpyKTypbl yIIIepOAHBIX COPOSHTOB U3 JIMTHU-
Ha JIPEeBECUHBI MUXTHI Ha COPOIMIO OPTaHNYECKHUX BEIIECTB Pa3INIHON npuposl. JKypran Cubupckozo gedepanvrozo ynusepcume-
ma. Xumus. 2018;11(4):488-499. DOI: 10.17516/1998-2836-0093.

72


https://doi.org/10.17516/1998-2836-0093

OpurnHajJbHble CTATHH
Original Papers

7. HeBap TH, CaBunxkas TA, OcunoBa AB, Makapesuu CE, Llpiranxosa HI, I'punmmnan [I/]. BnusiHue KOMI0MIHO-XUMHYECKUX
CBOWCTB aKTHBUPOBAHHBIX YIVICH HA UX TEPANICBTUUCCKYIO 3)DEKTHBHOCTE. Xumukxo-papmayesmuueckuii scypran. 2007;41(6):44—48.

8. Hukomnaes BI, I'epamenxo U, Kaprens HT, ['ypuna HM, bakanunckas OH, Caprankas BB u np. JloximHrdeckoe n3ydeHne
JHTEPOCOPOCHTOB: XUMHKO-(apMarieBTHIecKuii actiekt. [losepxnocms. 2011;3(18):310-319.

9. baneixkun BII, EppemoBa OA, BynmaroB AB. AxcopOuust METHIEHOBOTO CHHETO W METaHWJIOBOTO JKENTOr0 Ha yIIEPOJHOU
MMOBEPXHOCTH. Becmuuk Yensaburckoeo eocyoapcmeennoco ynusepcumema. 2004;4(1):46-57.

10. Langmuir I. The constitution and fundamental properties of solids and liquids. Part I. Solids. Journal of the American Chemical
Society. 1916;38(11):2221-2295. DOI: 10.1021/ja02268a002.

11. Freundlich HMF. Over the adsorption in solution. The Journal of Physical Chemistry. 1906;57:385-471.

12. Temxna MU. Cmecu pacruiaBiaeHHbIX coieil Kak HOHHbIe pacTBOPLL. JKypran gusuueckoi xumuu. 1946;20(1):105-110.

13. Redlich O, Peterson DL. A useful adsorption isotherm. The Journal of Physical Chemistry. 1959;63(6):1024. DOI: 10.1021/
j150576a611.

14. Giner-Casares JJ, Brezesinski G, M6hwald H. Langmuir monolayers as unique physical models. Current Opinion in Colloid &
Interface Science. 2014;19(3):176-182. DOI: 10.1016/j.cocis.2013.07.006.

15. Giles CH. The history and use of the freundlich adsorption isotherm. Journal of the Society of Dyers and Colourists.
1973;89(8):287-291. DOI: 10.1111/.1478-4408.1973.tb03158.x.

16. Kumar KV, Gadipelli S, Wood B, Ramisetty KA, Stewart AA, Howard CA, et al. Characterization of the adsorption site
energies and heterogeneous surfaces of porous materials. Journal of Materials Chemistry A. 2019;7:10104-10137. DOI: 10.1039/
CI9TAO00287A.

17. Hamdaoui O, Naffrechoux E. Modeling of adsorption isotherms of phenol and chlorophenols onto granular activated carbon.
Part I. Two-parameter models and equations allowing determination of thermodynamic parameters. Journal of Hazardous Materials.
2007;147(1-2):381-394. DOI: 10.1016/j.jhazmat.2007.01.021.

18. Feng-Chin Wu, Bing-Lan Liu, Keng-Tung Wu, Ru-Ling Tseng. A new linear form analysis of Redlich — Peterson isotherm
equation for the adsorptions of dyes. Chemical Engineering Journal. 2010;162(1):21-27. DOI: 10.1016/j.cej.2010.03.006.

19. Hesap TH. Konnonano-xuMuueckue CBOHCTBA CyCIIEH3UH aKTUBUPOBAHHBIX YITIEeH, MOAM(HUINPOBAHHBIX BOLOPACTBOPHUMBIMU
noauMepami [auccepranust]. Munck: bI'Y; 2007. 139 c.

20. Giles CH, Smith D, Huitson A. A general treatment and classification of the solute adsorption isotherm. I. Theoretical. Journal
of Colloid and Interface Science. 1974;47(3):755-765. DOI: 10.1016/0021-9797(74)90252-5.

21. bounapes AB, Xunsixosa ET, /lemuna Hb, Houkos BIO. UccenoBanue Mopdonoruu copOIMOHHBIX BeIeCTB. Paspabomka
u pecucmpayus nekapcmeennwvix cpedcms. 2019;8(2):33-37. DOI: 10.33380/2305-2066-2019-8-2-33-37.

22. Alaya MN, Hourieh MA, Youssef AM, El-Sejariah F. Adsorption properties of activated carbons prepared from olive stones by
chemical and physical activation. Adsorption Science & Technology. 2000;18(1):27—42. DOI: 10.1260/0263617001493251.

23. Cobraiina HA, Onpianckas JIH, Makaposa FOA. Briustane MoguduIimpoBaHus MIETyXH MIICHUIBI Ha €€ COPOIIMOHHBIC CBOK-
ctBa K moHaM Pb*", Cd*", Zn*" u Cu*". Uzeecmus svicuiux yuebuvix 3asedenutl. Xumus u xumuueckas mexnonozus. 2010;53(11):36-40.

24. PorukoBa CA. ®U3HKO-XUMHYECKHE 3aKOHOMEPHOCTH COPOLIMY MOJISIPHBIX OPraHUYECKUX COCAMHEHUH Pa3InuHbIX KJIacCOB Ha
TIOPACTOM MHUKPOAUCIIEPCHOM JIETOHAIIMOHHOM HaHoOaiIMase [nucceprarms]. MockBa: MOCKOBCKHI TOCYAapCTBEHHBIH YHUBEPCUTET
umenn M. B. Jlomonocosa; 2016. 256 c.

25. Hasnosa EB, Enunamiesa EB, Ceprees I'M, Cepreea BII. Penokc-cBoliCTBa METHIIEHOBOTO TOIyOOr0 Kak MEPCIEKTHBHO-
ro (hOTOMETPHUIECKOTO peareHTa JUlsl ONpeeIeHHs TaIOTeHHBIX OKUCIHTeNnel. Anarumuxa u konmpons. 2015;19(2):154-160. DOI:
10.15826/analitika.2015.19.2.005.

26. Samiey B, Ashoori F. Adsorptive removal of methylene blue by agar: effects of NaCl and ethanol. Chemistry Central Journal.
2012;6:14. DOI: 10.1186/1752-153X-6-14.

References

1. Kormishina AE, Mizina PG, Solov’eva IL. Pharmaceutical market of medicines of adsorptive action: state and prospects. Me-
ditsinskii vestnik Bashkortostana. 2018;13(6):55-62. Russian.

2. Rachkovskaya LN, Letyagin AY, Burmistrov VA, Korolev MA, Gelfond NE, Borodin Y], et al. Modified sorbents for practical
public health. Sibirskii nauchnyi meditsinskii zhurnal. 2015;35(2):47-54. Russian.

3. The International Pharmacopoeia. Seventh Edition, 2017 [Internet; cited by 2020 May 23]. Available from: http://apps.who.int/
phint/2017/index.html#d/b.1.

4. United States Pharmacopeial Convention, The United States Pharmacopeia (USP38 — NF 33). Rockville: United States Phar-
macopeial Convention; [2015]. 5612 p.

5. The Ministry of Health, Labour and Welfare. Japanese Pharmacopeia 17" edition. [S. 1.]: The Ministry of Health, Labour and
Welfare; 2016. 2643 p.

6. Veprikova EV, Ivanov IP, Chesnokov NV, Kuznetsov BN. Effect of a porous structure of the carbon sorbents from abies
wood lignin on sorption of the organic substances of different nature. Journal of Siberian Federal University. Chemistry. 2018;11(4):
488-499. Russian. DOI: 10.17516/1998-2836-0093.

7. Nevar TN, Savitskaya TA, Osipova AV, Makarevich SE, Tsygankova NG, Grinshpan DD. Colloidal-chemical properties and
therapeutic activity of activated charcoal. Khimiko-farmatsevticheskii zhurnal. 2007;41(6):44-48. Russian.

8. Nikolaev VG, Gerashchenko 11, Kartel”’ NT, Gurina NM, Bakalinskaya ON, Sarnatskaya VV, et al. Pre-clinical examenation of
enterosorbents: chemopharmacentic aspect. Poverkhnost’. 2011;3(18):310-319. Russian.

9. Balykin VP, Efremova OA, Bulatov AV. [Adsorption of methylene blue and methanyl yellow on a carbon surface]. Vestnik
Chelyabinskogo gosudarstvennogo universiteta. 2004;4(1):46-57. Russian.

10. Langmuir I. The constitution and fundamental properties of solids and liquids. Part 1. Solids. Journal of the American Chemical
Society. 1916;38(11):2221-2295. DOI: 10.1021/ja02268a002.

11. Freundlich HMF. Over the adsorption in solution. The Journal of Physical Chemistry. 1906;57:385-471.

12. Temkin MI. [Mixtures of molten salts as ionic solutions]. Zhurnal fizicheskoi khimii. 1946;20(1):105-110. Russian.

73


https://www.sciencedirect.com/science/article/abs/pii/S1385894710002251#!

Kypnaa Besopycckoro rocyiapcTBeHHOro yuusepcurera. Xumus. 2021;1:58-74
Journal of the Belarusian State University. Chemistry. 2021;1:58-74

13. Redlich O, Peterson DL. Useful adsorption isotherm. The Journal of Physical Chemistry. 1959;63(6):1024. DOI: 10.1021/
j150576a611.

14. Giner-Casares JJ, Brezesinski G, Méhwald H. Langmuir monolayers as unique physical models. Current Opinion in Colloid &
Interface Science. 2014;19(3):176-182. DOI: 10.1016/j.cocis.2013.07.006.

15. Giles CH. History and use of the freundlich adsorption isotherm. Journal of the Society of Dyers and Colourists. 1973;89(8):
287-291. DOIL: 10.1111/j.1478-4408.1973.tb03 158 .x.

16. Kumar KV, Gadipelli S, Wood B, Ramisetty KA, Stewart AA, Howard CA, et al. Characterization of the adsorption site
energies and heterogeneous surfaces of porous materials. Journal of Materials Chemistry A. 2019;7:10104-10137. DOI: 10.1039/
C9TA00287A.

17. Hamdaoui O, Naffrechoux E. Modeling of adsorption isotherms of phenol and chlorophenols onto granular activated carbon.
Part I. Two-parameter models and equations allowing determination of thermodynamic parameters. Journal of Hazardous Materials.
2007;147(1-2):381-394. DOTI: 10.1016/j.jhazmat.2007.01.021.

18. Feng-Chin Wu, Bing-Lan Liu, Keng-Tung Wu, Ru-Ling Tseng. A new linear form analysis of Redlich — Peterson isotherm
equation for the adsorptions of dyes. Chemical Engineering Journal. 2010;162(1):21-27. DOI: 10.1016/j.¢c€j.2010.03.006.

19. Nevar TN. Kolloidno-khimicheskie svoistva suspenzii aktivirovannykh uglei, modifitsirovannykh vodorastvorimymi polimera-
mi [Colloidal-chemical properties of suspensions of activated carbons modified with water-soluble polymers] [dissertation]. Minsk:
Belarusian State University; 2007. 139 p. Russian.

20. Giles CH, Smith D, Huitson A. A general treatment and classification of the solute adsorption isotherm. I. Theoretical. Journal
of Colloid and Interface Science. 1974;47(3):755-765. DOI: 10.1016/0021-9797(74)90252-5.

21. Bondarev AV, Zhilyakova ET, Demina NB, Novikov VY. Study of morphology of sorption substances. Drug development &
registration. 2019;8(2):33-37. Russian. DOI: 10.33380/2305-2066-2019-8-2-33-37.

22. Alaya MN, Hourieh MA, Youssef AM, El-Sejariah F. Adsorption properties of activated carbons prepared from olive stones by
chemical and physical activation. Adsorption Science & Technology. 2000;18(1):27—42. DOI: 10.1260/0263617001493251.

23. Sobgaida NA, Ol’shanskaya LN, Makarova YA. [Influence of modification of wheat husks on its sorption properties to Pb*",
Cd*", Zn* and Cu*" ions). Izvestiya vysshikh uchebnykh zavedenii. Khimiya i khimicheskaya tekhnologiya. 2010;53(11):36-40. Russian.

24. Rychkova SA. Fiziko-khimicheskie zakonomernosti sorbtsii polyarnykh organicheskikh soedinenii razlichnykh klassov na pori-
stom mikrodispersnom detonatsionnom nanoalmaze [Physical-chemical regularities of sorption of polar organic compounds of various
classes on porous microdispersed detonation nanodiamond] [dissertation]. Moscow: Lomonosov Moscow State University; 2016.
256 p. Russian.

25. Nayanova EV, Elipasheva EV, Sergeev GM, Sergeeva VP. Redox properties of methylene blue as a promising photomet-
ric reagent for determination of halogen oxidants. Analytics and Control. 2015;19(2):154-160. Russian. DOI: 10.15826/analitika.
2015.19.2.005.

26. Samiey B, Ashoori F. Adsorptive removal of methylene blue by agar: effects of NaCl and ethanol. Chemistry Central Journal.
2012;6:14. DOI: 10.1186/1752-153X-6-14.

Cmamus nocmynuna 6 peoxkonneeuio 17.12.2020.
Received by editorial board 17.12.2020.

74


https://www.sciencedirect.com/science/article/abs/pii/S1385894710002251#!

OpurnHajibHble CTATHH
Original Papers

VIK 54.08+544.07+544.57

ANMHAMUKA PA3BUTHA KABHTAHHOHHQPI OBAACTH
ITP YABTPA3BYKOBOMW OBPABOTKE CYCIIEH3N YACTUIL MATTHUA

H. I0. BPEJKHEBA", B. C. MHHYYK?, C. A. VIACEBHY”, H. B. TEJKKYHOB?, E. B. CKOPB”

Y Hayuno-uccredosamenscrutl uncmumym gusuxo-xumuueckux npoonem bI'Y,
yu. Jlenunepaockas, 14, 220006, e. Munck, benapyce

Y Benopycckuil 20cyoapcmeennvlil yHusepcument uHGOPMamuky u paouodneKmpoHuxi,
ya. I1. Bposxu, 6, 220013, 2. Munck, Benapyco

Vuusepcumem UTMO, yn. Jlomonocosa, 9, 191002, 2. Canxm-ITemep6ype, Poccus

HccnenoBana KaBUTallMOHHAs aKTHBHOCTH B TIPOLIECCE YIIBTPA3BYKOBOM 00paOOTKM YacTHIl MarHusi. AKTUBHOCTD Ka-
BUTAIIMH, PETUCTPUpyEeMasi B HEIIPEPBIBHOM PEKHUME YIBTPa3BYKOBOTO BO3/ICHCTBHSA, H3MECHACTCS B IIMPOKOM JHATIa30HE
MIPU MOCTOSTHHBIX BBIXOJHBIX MapaMeTpax reHeparopa. CKopocTh U XapaKTep U3MEHEHUsI aKTUBHOCTU KaBUTAIUU 3aBUCST
OT MacCOBOI JJOJIM YacTHII B CyCIIEH3HH. B mpouecce ynbTpa3BykoBOi 00pabOTKH MOXKHO BBIAEINUTH CIIEAYIONIHIE STAIIbI:
POCT KaBUTALIMOHHOW aKTHBHOCTH, JOCTIDKCHHE MaKCHMyMa C MOCIEIYIOINM CHIDKEHHEM U BBIXOJ] Ha TIJIaTO JHOO MOB-
TOPSIIOIIMECS IIUKJIBI YBEJIMYEHUS M YMEHBIICHUS KaBUTALIMOHHON akTUBHOCTU. CIIOXKHBIN XapakTep AMHAMHUKHU KaBH-
TAalMOHHON aKTMBHOCTH CBSI3aH C Y4aCTHEM BOIOPOAA, BBIAECISIIOUIETOCA B PE3yJbTaTeé XMMHYECKOTO B3aHMMOJEHCTBUS
YaCTHIl MarHusi ¢ BOJIOM, B 00pa30BaHUM KaBUTAIIMOHHOW oOnacTu. MoauduIMpoBaHHBIC YaCTHUIIbI OBUTH OXapaKTepH-
30BaHbl C UCIOJIb30BAHUEM CKaHHMPYIOICH 3JIEKTPOHHOH MHKPOCKOITHH, PEHTIeHO(a30BOTO M TEPMUYECKOTO aHAJIH3a.
YCTaHOBIICHO, UTO B PE3yNIbTaTe YIBTPAa3BYKOBOW 00paOOTKH YaCTUI] MarHus MPOUCXOANUT (hopMupoBanue a3 r’HIPOKCH-

Jla Mardus, a TakKe ruipuaa Maraus.

Knrouegoie cnoga: ynsTpasByK; KaBUTALIMOHHAS aKTHBHOCTh; MUKpouacTuibl Maraus; Mg(OH),; MgH,.
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DYNAMICS OF CAVITATION ZONE DEVELOPMENT DURING
SONICATION OF SUSPENSIONS OF MAGNESIUM PARTICLES
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The cavitation activity during ultrasonic treatment of magnesium particles has been investigated. The cavitation acti-
vity recorded in a continuous mode of ultrasonic treatment altered in a wide range at constant output parameters of the
generator. The rate and nature of cavitation activity variation depended on the mass fraction of particles in the suspen-
sion. It has been demonstrated that during the ultrasonic treatment of magnesium aqueous suspensions it is possible to
determine the following stages: growth of cavitation activity, reaching a maximum followed by a decrease and reaching
a plateau (or repeated cycles of increasing or decreasing cavitation activity). The complex nature of the cavitation activity
dynamics is associated with the participation of hydrogen released as a result of the chemical interaction of magnesium
particles with water in the formation of the cavitation zone. The magnesium particles modified with ultrasound were cha-
racterised with the use of scanning electron microscopy, X-ray phase analysis and thermal analysis. It has been found that
ultrasonic treatment of magnesium particles resulted in the formation of magnesium hydroxide and magnesium hydride
phases.

Keywords: ultrasound; cavitation activity; magnesium microparticles; Mg(OH),; MgH,.

BBenenue

B nHacrosmee BpeMs NCIIOIBb30BaHME YABTPAa3ByKa MO3BOJISIET CHHTE3UPOBATh HOBbIE HAHOMATEPHAJIbl, CTPYK-
TypUpOBaTh MOBEPXHOCTH TBEP/IBIX TEJ JIsl CO3JAHMS MaTepUasoB ¢ 3aJaHHBIMU cBoiicTBamu [1-4]. YasTpa-
3BYKOBYIO KaBUTAIIMIO MOKHO paccMarprBaTh Kak 3(()EeKTHBHBIN MEXaHU3M JIOKaJIbHOTO KOHIICHTPUPOBAHUS
OTHOCHTEIIbHO HU3KOW DHEPrHH aKyCTHUECKOTO TOJS B MaJIbIX 00beMaxX KaBHTAIMOHHBIX Ty3bIPBKOB [5; 6].
Conoxumuueckue 3G eKTbl 00bIYHO 00YCIOBICHBI HATMYUEM KOPOTKOXKUBYIIUX IY3bIPHKOB, KOTOPBIE, pa3-
pylIasch, CO3/1al0T HEPAaBHOBECHBIE YCIIOBUS B 00JIACTH ¢ BBICOKUMH TEMIIEpaTypaMH U JaBleHUsIMU [6; 7].
Taxue my3pIpbKH T€HEPUPYIOT yAapHbIe BOJHBI, MUKPOCTPYH U XMMHUYECKH aKTUBHBIE BEIIECTBA, TAKHE Kak
THJIPOKCHIIBHBIE PATUKAIIBI, ABJISIOIIMECS MIPOTYKTOM COHOXMMHUECKOT0 pa3ioxkeHus (coHonusa) Boasl. Hecra-
IUOHapHAas (MHEPLIMOHHAS ) KABUTALIUS BBICTYTIACT ACHCTBYIOIUM (PAaKTOPOM B IIPOLIECCAaX OUUCTKH C UCTIOINb-
30BaHUEM YIBTPA3BYKOBOTO [8; 9] mucneprupoBaHHs TBEPIBIX TeJl, HAHOCTPYKTYPHUPOBAHUs TOBEPXHOCTEN
MatepuanoB [10-15]. CxionbiBaromuecs My3blpd MOXKHO paccMaTpuBaTh Kak MUKPOKOHTEHHEpHI, KOTOpBIE
MOTYT NMPUMEHATHCA A1 MoAu(UIMpoBanus mosepxHoctu TBepAbX Ten [10]. Hectaunonapuas xaBuranus
CBsI3aHa C TUHAMUKOHN CXJIOTIBIBAHUS My3bIPEH, a B Cllydae COHOXMMUYECKOH 00paOOTKH METAJIOB U CIJIAaBOB
MOXET COIIPOBOXKIATHCS PA3TUUHBIMU IPOLIECCAMH, BKJIIOUAsi 00pa30BaHKE MOBEPXHOCTHBIX OKCHIHBIX U THI-
POKCUIHBIX CJIOEB B OKHCIIUTENILHOW Cpeie U BOCCTAaHOBJICHUE KOMIIOHEHTOB CIUIaBa NPH YJIbTPa3ByKOBOH
00paboTKe B BOCCTAHOBUTENBHON cpelie (HapuMep, B 3TWICHIJIMKOIIE), & TAKXKE [IEPEKPUCTATITU3ALHIO 00
amopdmzanuio u T. 1. [16]. YapTpa3BykoBO€ BO3JAEHCTBUE CITY’)KUT YAOOHBIM WHCTPYMEHTOM IS yIydIlle-
HUSI CBOMCTB Pa3IMYHBIX MATEPUAJIOB: MOBBIICHUS 3PPEKTUBHOCTH 3JIEKTPOKATATUTHUECKOTO PA3IOKECHUS
BozbI [13], yrmydmenust OMOCOBMECTUMOCTH MaTepualos [15], a Takke co3MaHus TOPUCTHIX MATPHIIL [T HH-
KaICyJsuy OMOAKTUBHBIX MOJIEKYI, HHTHOUTOPOB Kopposuu [11; 14].

B pabote [17] Takxke Obli1a IPOAEMOHCTPUPOBAHA BOZMOKHOCTE (DOPMHUPOBAHUS THOPHUIHBIX KaIICyJl CO-
CTaBa MOJUIUPPOII — MArHUH, 00pa3yOLIMXCsl TP IOJIMMEPU3ALIKY MOHOMEpa (IMPPoIIa), HPUCYTCTBYIOLIETO
B pactBope. OHNUM U3 IEPCIEKTUBHBIX HAIIPABJICHUH ABJISIETCS UCIIOIb30BaHUE MAarHUs B KaU€CTBE MaTepHrasa
Ut xpaneHus Bogopona [18; 19]. Conoxummueckast 00padoTKa CyCIIeH3UI YacTHIl MarHus B BOe 00eceun-
BaeT 00pa3oBaHue THIPUI0B MarHUA B MeTaJuIOrHApokcuaHoi marpune (Mg —Mg(OH),) [10]. Bonopox, BbI-
JICIISIOIIMICS B PE3yJIbTaTe XMMUYCSCKON PEaKIIMKU MarHus ¢ BOJIOH, CIIOCOOEH BO3/ICHCTBOBATh HA KABUTAIIMIO
U ee poJib B MOAH(DUKAIIMHA METATUYECKUX YacTHII. [10 HACTOSIIET0 BpEMEHH aHaJIH3 BIMSHUS T'a3000pa3HbIX
MPOIYKTOB, 00pa3yIOUIUXCs TP COHOXUMHUYECKOH MOIU(PHUKALIUI METAIIIIOB, Ha XapaKTEPUCTHKH KaBUTAIIMOH-
HOM1 oOmactu He mpoBoAwics. L{enpio TaHHOTO HccaeIOBaHUS SBISETCS U3yUeHUE IBOIOLNN KaBUTAIIMOHHON
AKTHBHOCTH TMIPU YJILTPA3BYKOBOH 00pabOTKe YacTHIl MarHus B BOAHBIX CYCIICH3HUSX C IMOCIEAYIONIUM pac-
CMOTpPEHHEM YaCTHII, MOAU(DUIIMPOBAHHBIX YIBTPAa3BYKOBBIM BO3JEHCTBUEM.
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MeToanka IKCIIEPUMEHTA

Bonnsie cycniensun mukpouactun Maraus (Alfa Aesar (CIIA), 99,8 %, ~40 MKkM) ¢ pa3IMYHBIMHU KOHIICH-
tpauusmu (0,003; 0,007 u 0,010 r/mur) ObIITH IPUTOTOBIICHBI IyTEM J00aBICHUSI COOTBETCTBYIOLIETO KOJIMYe-
ctBa nopoiuka k 100 mi nuctunmupoBanHoi Bozpl. [locne nepemerBanus cycnen3uu B TeueHue 10 ¢ BKIio-
YaJIi MICTOYHUK YJIBTPa3ByKa — [1b€3011pe00pa30BaTesb ¢ BOJIHOBOLOM-KOHLIEHTPATOPOM (HOMUHAJIbHAS pabouast
yacToTa uanmydarens — 22 kl'n). Jlmamerp u3mydaromieil moBepXHOCTH 3TOTO yCTPOMCTBA COCTABISLT 12 MM.
HcTouynrkoM nepeMeHHOro HalpsDKEHHSE YIBTPa3ByKOBOU 4acTOThI ciysxui reneparop Y31 55-22 (BI'YUP, be-
napycs). i u3MepeHus akTUBHOCTH KaBuTauuu A _ucnoins3osaics kasutomerp ICA 5D (BI'YUP, benapycs).

B ocHoBe paboTsl npubopa JIEKHUT CHEKTPalbHbII aHAIM3 KaBUTALMOHHOIO IIyMa, T. €. aKyCTHYECKOI'O
CHT'HAJIa, CO31aBaCMOT0 30HOMU KaBUTAIMH' [7]. JaTamk ycTpoiicTBa MPENCTABISIET COOON IMITMHAPUICCKHIA
BOJIHOBOJZI TUaMETPOM 3 MM, Ha KOHIIE KOTOPOTO PACIOJIOKEH Mbe303JeMeHT. 110 BOTHOBOY aKyCTHUECKHUN
CUTHAJ U3 30HBI KaBUTAINH [TepeIaeTCs Ha MbE30IUIaCTHHY, T/I€ OH NMpeodpasyeTcs B AIeKTpudeckuil. Berxon
ycTpoiicTBa (GopMUpYyeTCsl KaK MHTErpaj IMHUPOKOIOJIOCHOH COCTaBIAONICH KaBUTALlUK B AMANla30HE 4aCTOT
or 10 k' mo 10 MI'u. KaBuromerp mo3BossieT u3MepsTh (B YCIOBHBIX €IWHUIAX) OOy aKTUBHOCTH Ka-
BUTAIMU Y BKJIAJ CXJIOMBIBAIOIINXCS My3BbIPHKOB, T. €. aKTUBHOCTh HECTAlMOHAPHOHM KaBUTAaLWH. [ HaApOhOH
pa3Memancs moj u3aydaresneM (COHOTPOAOM) Ha PacCTOSHUU 1 cM.

[Tocne ynprpa3BykoBOil 00pabOTKM YacTUIBI MarHusl IPOMBIBAIM BOIOW M BBICYIIMBAIN B CYIIHJIEHOM
mkady 10 MOCTOSIHHOM MacChl.

MeTtoasl uccienoBanus. MopQoioruio MoBEpXHOCTH YaCTHLl aHAIM3UPOBAIHN C IOMOILBIO CKaHHPYIO-
IIETO 3JEKTPOHHOTo MUKpocKona Tescan Vega 3 (Uexusi) B peskume IETEKTUPOBAHUS BTOPUYHBIX JIEKTPOHOB
pu padbodem Hampspkernn S kKB. [IpeaBapurensHo Ha 00pa3Ilbl HAMBLISUTH YTIIICPOT ISl 00€CTICUEHUS JTyqIei
HPOBOANMOCTH.

PentrenodasoBslii aHaTN3 IPOBOAMIIN C IPUMEHEHHEM MTOPOLIKOBOTO TudpakTomerpa Empyrean (PANaly-
tical, Hunepnauasl) ¢ JJIMHON BOJHBI M3Iy4YeHUS MenHoro axnoma 1,5418 A IIPU CKOPOCTHU CKAHUPOBAHUS
0,03 rpan/mun B muanazone 26 ot 10 mo 85 rpaa. s oneHKH WHCTPYMEHTAJILHOTO VIMHPEHUS B Ka4eCTBE
CTaHJapTa UCIOJIb30BAJIM MOHOKPHCTAILI IeKcadopuia JIaHTaHa, pa3Mepbl 00J1aCTH KOT€PEHTHOTO pacCesHUs
(OKP) ompenensinm nocpeactsoM ypaBHenus Lleppepa:

D = Qcose,

B

rae D — pasmep OKP, um; K — koncranTa llleppepa; A — AiMHa BOTHBI H3TyYeHUs, HM; [3 — MOJHAsI IIUPHHA Ha
IIOJIOBUHE BBICOTHI pedieKca C y4eTOM HHCTPYMEHTAIBHOTO YIIUPEHus; O — yron audpakunu.

TepMuueckuii aHanu3 NPOBOAMIIN C UCIONB30BAaHUEM TEPMOTPABUMETPUH, a Takke AuddepeHIHaIbHOI
ckanupyromieid kanmopumetpun (JICK) Ha ananmzarope STA 449 F3 (Netzsch, I'epmanus) myTeM HarpeBaHUs
o0pasuos Ha Bozayxe oT 30 1o 500 °C mpu ckopoctu Harpesa 10 rpag/mMuH.

Pe3yabTaThl M X 00CyKIeHHE

B xone ynbrpa3BykoBoii 00paOOTKM YacTHIl MarHusi B BOJE MPOTEKAIOT PEaKkMy COHOJIM3a BOJBL, a TAKKE
(dbopmupoBanus Tuapokcuaa maraus ($aza Opynmra) Ha moBepxHOcTH 4actuil marHust [20]. st BOXHBIX
CYCIEH3MH C Pa3IM4YHBIM COIEP’KAHWEM 4YacTHULl ObuIM OOHApYKEHB! Pa3HbIC 3aBUCUMOCTH aKTHBHOCTH Ka-
Butanuu. OO01ell 0COOEHHOCTBIO SIBIISIETCS HU3KUM YPOBEHb aKTUBHOCTH KaBUTALMW B HAYaJIbHBIH MOMEHT
BKJIIOUEHHMS yIbTpa3ByKa (puc. 1). 3arem A, pacTeT, J0CTUraeT MaKCUMAJIbHOTO 3HAUEHUS, @ IOTOM HECKOJIBKO
YMEHBIIIAETCS C TOCIEAYIONIIM BBIXOAOM Ha 1yaro (cM. puc. 1, KpuBsie /, 2) WK MOCTETICHHO YBEINYUBACTCS
(cm. puc. 1, xpuBas 3).

CTouT TakkKe OTMETHUTh, YTO aKTUBHOCTh KaBUTALMH B CYCHEH3MAX (CM. pHC. 1, @) HAMHOTO HMXE, YeM
B JUCTHUIMPOBaHHOHU Boze (cM. puc. 1, 6). OnHako pa3Max Mynbcaluil BEIMYUHBI A, B AUCTUIIIMPOBAHHOM
BOJIE BBIIIIE.

[locne BBeneHMs yacTUL] MarHUsg B BOLY IPOUCXOAWT MHTEHCHBHOE BblAEIEHHE Bopopoaa. Beiencreue
9TOT0 KaBUTAIIMOHHAS 00JacTh B HAYaJ bHbBIM MOMEHT IIEPECHILICHA MTy3bIpbKaMH, B TOM YHCJIe OOJNBLINX pa3-
MEPOB, IyTbCUPYIOIUMH O3 CXJIONBIBAHUS U HE BHOCSIIMMH BKJIaJ] B aKTUBHOCTD KaBUTAIMU. Takue my3blpb-
KM TIPU X BBICOKOW KOHIIEHTPAIIMU CTAHOBATCS JeMIdupyommM dpaktopoM. Kpome Toro, Hy>KHO OTMETHUTH,
YTO M3-3a BBICOKOTO KO3 dummenTta audQy3nn BoIopoa copep kanne ra3a BHYTPH ITy3bIPHKOB B CyCIIEH3UU

'JTaGopaToprs yIbTpa3ByKOBHIX TEXHOJOTHIT M 000pyMoBaHHs [ dneKTpoHHsIit pecypc]. URL: https://cavitation.bsuir.by/en/ (mata
obpamenust: 28.12.2020).
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CYHICCTBGHHO BBIIIIC, YEM B IIHCTHHHHpOBaHHOﬁ BOJEC, HOSTOMy OHH CXJIOIIBIBAKOTCA C MCHBHICI:I 3(1)(1)6KTI/IB-
HOCTBI0. JlaHHBIC 0OCTOSATEIHCTBA M SABISIOTCS OCHOBHOHN MPHYMHON HU3KOH aKTHBHOCTH KaBUTAITMU B Ha-
JaJTbHOU CTAUH DKCTICPUMEHTA, PEe3yIbTaThl KOTOPOTO MIPEICTaBICHBI Ha puc. 1, a.
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Puc. 1. KpuBble n3MeHeHHs KABUTALIMOHHOIN aKTUBHOCTH B X0J1€ COHOXMMHUYECKON
00pabOTKH BOJHBIX CyCIICH3MI YaCTHIl MarHUS (@) C Pa3TUYHBIM COJCPKaHIEM YaCTHUI]
(1 — cycnensus ¢ coneprkannem dactui 0,003 r/v; 2 — 0,007 r/vor; 3 — 0,010 r/mut)
Y TUCTUJLTUPOBAHHOM BOIBI (6). CXeMa BOJIOINU KABUTAIIMOHHBIX MY3bIpei (8)

Fig. 1. Curves of the cavitation activity alteration during sonochemical treatment
of the aqueous suspensions of magnesium particles (a) with different particles content
(1 — suspension with the particles content 0.003 g/ml; 2 — 0.007 g/ml; 3 —0.010 g/ml)

and distilled water (b). The scheme of the cavitation bubbles evolution (¢)

[Ipu oOnydenuu yapTpa3ByKOM HAYMHAETCS IMpolecc jerasanuu [21], mockoibKy 3a cueT cuil beepkHeca
MIPOMCXOUT MHTCHCHBHAS KOAICCUCHIINS MyJbCHPYIOMINX CTAOMIBHBIX IMy3bIPHKOB [22], T. €. OHU 00beau-
HSIIOTCS B OOJIBIINE My3BIPH U OBICTPO BCIUIBIBAIOT. TakuM 0Opa3om, 107151 OOJIBIINX CTAOMIIBHBIX MTy3bIPHKOB
B KaBUTAIIMOHHOM 00IaCTH CHM)KAETCsI, @ OTHOCUTEIIbHASI KOHLIEHTPALMS 3aXJIONbIBAIOLINXCS (HecTaluoHap-
HBIX ), HAOOOPOT, yBETUYUBAETCS. DTO U ABJISETCA MPUIMHOM POCTa aKTHBHOCTH KaBUTAIMH Ha TIEPBOil cTaaun
HCCIIEZIOBABIIETOCS MpoLiecca, T. €. B TeUeHUE MEePBIX TpeX MUHYT (cM. puc. 1, a, kpussle /, 2).

Brixon Ha mato Ha MOCHEAYIOIIEH cTaaun YIbTPa3ByKOBOM 00pabOTKH, OUEBHIHO, CBSI3aH C JOCTHKEHU-
€M PaBHOBECHOI'O COCTOSHUS KaBUTALMOHHON OOJIACTH, IIPU KOTOPOM yAaJCHUE MY3bIPHKOB U3 KUAKOCTH 3a
CUeT Jlera3al KOMIIEHCUPYETCS BBIJICIIEHNEM Ta3a ¢ TOBEPXHOCTH YacTHII.

B cycnensuu ¢ 66npmmM konudectBoM dacturl (0,010 r/mm) (cm. puc. 1, a, kpuBas 3) 3a ctaaueil yMeHb-
LICHUS] THTeHCUBHOCTH KaBUTAIIMU IIPOUCXOAUT ITOBTOPHOE YBEINUCHNEC HHTCHCUBHOCTH KaBUTALIUH.

JUi1st OATBEPKACHUS HAJTMYUS CBSI3U MEXKY aKTUBHOCTHIO KAaBUTALMK M KOHIIEHTPALEH ra30BbIX My3bIPb-
KOB OBLIIO MCCIICIOBAHO BIHMSHUE YJIBTPA3BYKOBOH 0OpabOTKH Ha BOJIHBIC PACTBOPHI, HACHIIIICHHBIC YIJICKHC-
JIBIM Ta30M (IIpH YCJIOBHH, YTO YITIEKUCIIBIHM ra3 pacTBopeH B Boje nmoj aAasineHueM 0,2 MIla [23], pacTBopu-
Moctb CO, coctasnsier 1,75 i1 Ha 1 11 Bozel). [Ipu arMocdepHOM 1aBiIeHHH PaCcTBOPUMOCTD YITIEKHCIIOTO ra3a
TaKXKe MPEBBILIAET 3HAYEHUS] PACTBOPUMOCTH a30Ta, KUCIOpoaa, Bogopoa [24].

Pe3ynbrarh! mpuBeeHBI Ha PUC. 2, OTKY/a CIIEAYET, YTO Ha HAYaJIbHOM CTaJiH SKCIIEPUMEHTa aKTHBHOCTh
KaBUTAllMW HE3HAUUTEJbHAs (CM. pHC. 2, @). YIBTpa3ByKOBOE 00ydeHHE 3aITyCKaeT MPOILece Aera3ainy K-
KOCTH C BBIACJICHHEM OOJIBILIOrO KOIWYECTBA IYy3bIPHKOB C pa3MepaMH 10 HECKOJIbKMX MHJUIMMETpOB. st
YCJIOBHH TAaHHOTO SKCTICPUMEHTA B TEUCHHE TIEPBHIX 15 C MPOUCXOTUT OBICTPOE YBEIMUCHNE KaBUTAITMOHHON
AKTUBHOCTH, TIOCJIC YETO POCT 3aMemiisieTcs (CM. puc. 2, a). [Ipubnu3utensHo mocine 2,5 MUH yIbTPa3ByKOBOM
00paboTKK HaOMIONaeTCA CKaYKOOOpa3Hoe YBEIMUYEHHE aKTHBHOCTH, 00YCIOBICHHOE B3aUMOACHCTBHEM ITy-
3BIPHKOB B TIpeJiesiaX KaBUTAIMOHHOM o0nacTu. Jlanee ormeuaercs HeOONMbIIOE CHUYKEHHE aKTUBHOCTH C TIO-
CJIEIYIOLUM MEJJIEHHBIM POCTOM.
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Puc. 2. I3MeHeHNE KaBUTAIIMOHHOW aKTUBHOCTH B X0JI€ COHOXUMHYECKOH 00paOOTKH BOJIBI,
TIEPECHIIEHHOH YTIEKUCIBIM Ta30M (&), CIIEKTPhI KaBUTALMOHHOTO IITyMa JHCTHIUINPOBAHHON BOJBI (0)
(mocie 1 MUH yJIbTpa3ByKoBOW 00pabOTKH), @ TAKXKE BOJIBI, IEPECHIIIIEHHON YTIIEKUCIIBIM Ta3oM (8 — 0),

nocsie 1 MuH (6), 2 MuH (2), 4,5 MuH (0) yIbTpa3ByKOBOH 00pabOTKH.
Crpenkoli ykazaH CUTHAJI OCHOBHON YacTOTBI

Fig. 2. Cavitation activity alteration during sonication of water
oversaturated with carbon dioxide (a), spectra of the cavitation noise recorded in distilled water ()
and oversaturated with carbon dioxide (¢ — e) after 1 min (c),
2 min (d), 4.5 min (e) of ultrasonic treatment.
The arrow indicates the signal of the main frequency f

YPOBCHb aKTUBHOCTHU KaBUTAIlUW B HA4YaJIC SKCIICPUMCHTA CBA3aH C MOSABJICHUCM 3HAYUTCIILHOTO

MEJKUX My3bIPHKOB C pa3MepaMu, OJM3KHUMH K PE30HAHCHOMY (PE30HAHCHBIN pa3Mep Iy3bIPhKOB
oxouo 20 MM [25]). JlaHHOE 00CTOSATENECTBO, B CBOIO OYEPElb, HE TIO3BOJISICT JKUIKOCTH TOCTHYh
1, BBI3BIBAIONINX PACTSHKCHUE (CXKATHE) M KOJUIATIC MY3BIPHKOB C pa3MepaMu, OIMH3KUMHU K Pe30-

CIIMYUBACTCA OTPULATCIIBHOC JaBJICHUC B (1)336 Pa3pCIKCHUA 3BYKOBOI71 BOJIHBI, aKTUBHOCTbH KaBHUTa-
TacT C aKTHBaHHCﬁ IMY3bIPLKOB MCHBIIUX Pa3MCPOB.
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JleficTBUTEIBHO, U3 CIIEKTPa KaBUTAIMMOHHOTO ITyMa (CM. pHUC. 2, 8), 3apETHUCTPUPOBAHHOTO HA TIEPBOM
MHHYTE YIbTPa3BYKOBOI'O BO3/€HCTBHS, BUIHO, YTO MHTEHCUBHOCTh CUTHAJIA OCHOBHOI 4acTOTHI (f;) OKa3bl-
BAeTCs HUKE BBICOKOYACTOTHBIX KOMIIOHEHTOB 71f,, (T 1 — 11e710€ Yyucio). JlaHHOE SIBICHUE MOYKHO OOBSICHUTh
MOTJIONIIEHNEM 3BYKOBOTO CHTHajia B KaBUTAIMOHHOM OOJACTH BBUAY 3HAYUTEIHHOTO KOJIWYECTBA ITy3bIpen
Oonbinx pazmepos. [Ipu ganbpHelIeM 00IyYeHNH YIbTpa3ByKOM OTMEUAETCsl pOCT HHTEHCUBHOCTH Ha OCHOB-
Holi yactote f,. [Ipy cpaBHEHNM CIIEKTPOB KaBUTALIMOHHOTO LIyMa, 3alIMCaHHBIX 1ocyie 1 MuH (cM. puc. 2, §)
1 2 MuH (CM. puC. 2, 2) Aera3aluil COOTBETCTBEHHO, MOJKHO HAOIIOaTh yBEIMYEHHEe MHTEHCUBHOCTH HA OC-
HOBHOU yacToTe npuoau3uTenbHo Ha 40 nbwM, T. e. 6onee yem B 100 pa3. OTaeiapHO claeyeT pacCMOTPETh MPo-
SIBJISIFOLLYFOCSI HEMTPEPBIBHYIO KOMITIOHEHTY KaBUTALMOHHOTO 11ymMa B Auanazone ot 20 1o 500 kI, cBsizaHHYIO
C KOJIJTAIICOM KaBHUTAIMOHHBIX My3bIpeit. U3 puc. 2, 6 — 0, cleayert, 4To B Ha4aIbHOU cTaauu (CM. puc. 2, )
MHTEHCUBHOCTh HETIPEPHIBHON KOMIIOHEHTHI HE3HAYUTEIbHA U BO3PACTAET Ha MO3AHUX CTAUSIX YIBTPa3BYKO-
BOTO BO3JICHCTBHSI, COTIPOBOKIAIOIIETOCS JIera3aleld Cpe/ibl. DTO MO3BONISAET CAENATh BRIBOJ O TOM, YTO TPU
BBICOKMX KOHIIEHTpAIHAX T'a3a B KHUIKOCTH d3PPEKTUBHOCTH MPeoOpa3oBaHus SHEPTHU YIAbTPa3ByKa B dHEp-
THIO YIAPHBIX BOJIH MPH CXJIONBIBAHUY MTy3bIPEKOB HU3Kasl.

[locne mMTENBHOTO YIBTPA3BYKOBOTO BO3ACHCTBUS (prcC. 3, 0) HAOMIONAETCsl POCT MHTEHCUBHOCTH BBICO-
KOYaCTOTHBIX KOMITOHEHT, B TO BpEMSI KaK JaHHBIN ITapaMeTp ISt HI3KOYaCTOTHBIX KOMITOHEHT OCTaeTCs Mpak-
THYeCKH Heu3MeHHbIM. [ly3blpu ¢ pazMepaMy MeHbIIE€ PE30HAHCHOTO T'€HEPHUPYIOT B CHEKTPE KOMIIOHEHTHI
¢ Oonree BeICOKMMU YacTtoTaMu [26]. [1o Mepe ynbTpa3ByKoBO# 00paOOTKM KOHIIEHTPAIUS My3bIpei OOIBIINX
pa3MepoB B PaCTBOPE YMEHBIIAETCS, IIPH TOM KOJIMYECTBO My3BIPHKOB C MAITBIMU pa3MEPaMHU YBEITMUUBACTCS.

Takum 00pa3om, HCXOAsI U3 TPEACTABICHHBIX BBIIIE JaHHBIX, MOXKHO C/EIaTh BBIBOJ O TOM, UTO IO Mepe
JIeTasaly pacTBOpa IMOJ ACHCTBHEM YIIBTPa3ByKa B KAaBUTAIIMOHHON OOJIACTH MTPOUCXOANT yHalIeHUE U3 KHUJI-
KOM cpeibl IMy3BIPHKOB € pa3MepaMu OOJIbIIe PE30HAHCHOTO M YBEJIMYEHNE KOHIIEHTPAIUHN ITy3bIPHKOB MEHb-
LIMX Pa3MepoOB, KOTOPbIE HHTEHCUBHO CXJIOMBIBAIOTCS M TCHEPUPYIOT MPU 3TOM CIeHU(PHUYECKHE KaBUTAlIU-
OHHBIE A((HEKTHI — MUKPOCTPYH, yIapHbBIE BOIHBI, JOKAJIbHBIE OOJIACTH BHICOKOW TEMIEpaTyphl U JaBICHUS.

[Tocne perucrpanyy KaBUTAMOHHOM aKTUBHOCTH B BOJHBIX CYCIIEH3MAX YaCTHIl MarHus ObuIa mpoBeieHa
XapakTepu3alusi MOIU(PHUINPOBAHHBIX YacTUL. AHAIU3 TOBEPXHOCTH YAaCTHI A0 M MOCIE YABTPa3ByKOBOTO
BO3/ICHCTBUS BBISBHJ Pa3indie B MOP(OIOTHH TTOBEPXHOCTH UCXOMHBIX (CM. pHC. 3, @) U MOTUPUIIMPOBAH-
HBIX (CM. puc. 3, 0, 8) gactuil Maraus. [lokazaHo, 9T0 B pe3yJIbTaTe COHOXUMHYECKOH 00pabOTKH MTOBEPXHOCTH
YaCTHUI[ MarHusi JIM0O YaCTUYHO (CM. pHC. 3, 0), TNOO TOITHOCTHIO (CM. PUC. 3, 8) IIOKPBIBACTCS CIOEM THPOK-
CHJ/Ia MarHus B BHJIE arperaroB IUIACTHHYATHIX KpUCTAILTOB. [loBEpXHOCTE YacTHIl, CBOOOIHAS OT YKa3aHHBIX
arperaToB THIPOKCHIa MarHus, JOTIOJTHUTEIHHO TTOKPHIBAETCS TUIOTHBIM aMOP(HBIM CJI0€M THIPOKCH/Ia BBU-
Zly JIETKOCTH OKHCJICHUS PEaKMOHHO-CIOCOOHOr0 Maraus Ha Bo3myxe. OTMETHM, 4TO IOBEPXHOCTH HEMO/IH-
(UIIUPOBaHHBIX YACTHUIL (CM. PUC. 3, @) MOKPBITA TOHKAM CIIOEM HaTHBHOTO TUAPOKCHIA MarHusi, pOpMUPYIO-
IIETOCs B Pe3yNbTare €CTECTBEHHOTO OKHUCIICHUS YaCcTUI] Ha BO3YXe.

[TprunHa pa3nuuHON KpOIOLIEH CIIOCOOHOCTH MOKPBHITUSI W3 THIPOKCHIA MarHus, oOpasylolerocs npu
YIABTPA3BYKOBOW 00pabOTKe YacTHIl MarHus, MOXKET 3aKITF0YaThCsl B OOJBIIEH KaBUTAIMOHHOW aKTHBHOCTH,
MpHCYIeH HU3KOKOHIIEHTpHpoBaHHbIM cycrieH3usM (0,003 r/mi) (cM. puc. 3, 6) 110 CpaBHEHHUIO ¢ O0JIee KOH-
ueHTpupoBaHHbME cycniersusiMu (0,010 r/min) (em. puc. 3, ¢). YnapHbie BOJHBI U MUKPOCTPYH, SIBIISTIOIINECS
CJIEZICTBHEM KOJUIAIICa ITy3bIpeH, 00eCIeYnBar0T JIydIliee yaIeHNEe arperaroB THAPOKCHIa MarHus, GopMu-
PYIOLIUXCS MPH YIBTPa3ByKOBON 00paboTke cycrien3uid. Hamuune ¢assl THAPOKCHIA MarHus MOIU(DUKAIIMH
OpyuuTa ObLIO MTOATBEPIKACHO PEHTIeHO(Aa30BBIM aHATU30M (CM. pHUC. 3, 2, peHTTeHorpaMma /), CpeAHuH pas-
Mep 0071acTH KOTEePEHTHOTO paccestHus cocTaBmil 10 HM.

BBumay BBICOKOH peakIMOHHON CITIOCOOHOCTH MHUKPOUYACTHIl MATHUS OBUT TMPOBEIACH IOMOTHUTEIHHBINA
9KCTIEPUMEHT, B KOTOPOM CYCIIEH3MIO YacTHI 00padaThiBaiy npu noseimeHHoN Temneparype (80 °C) B ot-
cyTcTBHE ynbTpa3Byka. [1o pesynsratam peHTreHo¢a3oBoro aHaimusa (CM. puc. 3, 2, peHTreHorpamMma 2) THjI-
POKCH]I MAarHHSI B TOAOOHBIX YCIOBHSIX (DOPMHUPYETCS JIUIIH B CIIETOBBIX KOJTMYECTBAX, PABHOMEPHO IMTOKPHIBAS
MOBEPXHOCTH YacTHLbI (cM. pHC. 3, a, Bpe3ka). OOHapyKeHO, UTO MOCIEe YIbTPa3ByKOBOTO BO3ACHCTBHS Ha
YaCTHIIBI MTOSBIsieTCs (pa3a rupuaa Maraus (CM. puc. 3, 2, peHTreHorpaMMa 2, BPe3KH), 4TO CBUIETENHCTBY-
€T O XMMHYECKOM CBA3BIBAHNHU BOJIOPOJIA B XOJI€ YIBTPa3BYKOBOM 00pabOTKM YacTHIl MAarHus ¢ BOgoi. beimn
9KCTIEPUMEHTAIBHO MO00PaHbl YCIOBHS YABTPA3BYKOBOH 00pabOTKH (ATUTEIBHOCTH OOpAaOOTKH, aMILIUTY-
na Koe0aHui), KOTOpbIe BBI3BIBAIOT 00pa3oBaHue (has3bl THIPHIa MATHHS B MOIU(PHUITUPOBAHHBIX YaCTHIIAX.
Tak, MeHee qIHUTEIHLHOE BO3EHCTBHE yabTpa3Byka (<15 muH), a Takxke MeHbpmas amruintyaa (<75 %) He
MPUBOIAT K POPMUPOBAHHIO THAPUIA MarHUsI, B TO BpeMsl Kak OoJiee AMUTeIbHAas YIbTpa3ByKoBas 00paboTKa
cycrieH3uii (>15 MHUH) HEe TIO3BOJISET IMOIYIUTh BOCTIPOU3BOIMMBIE JaHHBIE [IJIsl X MOCIETYIOIIeld HHTepIpe-
Taluu.
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Puc. 3. COM-n300paskeHUs YaCTUI] MarHus: B HICXOJHOM COCTOSTHHU (a);
nocie MoAu(UKAIIMY B BOJIC B OTCYTCTBHE YIBTPa3BYKOBOI 00pabOTKH (a, Bpe3Ka);
HocJie yabTPa3ByKOBOM MoauduKauy B cycrensun ¢ coaepxanuem dactur 0,003 r/mi (6), 0,010 /v (8).
PenrtrenorpamMmMsl 00pa3ioB (¢) B OTCYTCTBHE yIbTPa3ByKoBOil 00paboTk (/)
1 TIOCITe YIBTPa3ByKoBOI Moandukammu (2) (B MpAMOYTOIbHUKAX PA3MEIICHB! YBEIHICHHBIC YIaCTKI
PEHTTEHOIPaMMBI JUISl IEMOHCTPALMU HATHM4Ms (pa3bl TUAPUAA MArHUs).
Tepmuyeckuii aHan3 00pa3IoB (TepMOrpaBUMETPUICCKUE KPHUBBIC (0)
U KpuBbIe T PepeHINATFHON CKaHUPYIOUIeH KaTOPpUMETpHH (¢e)),
00paboTaHHBIX B BOJE B OTCYTCTBHUE yJIbTpa3BykoBoi Moandukanuu (/) u nocne uee (2)

Fig. 3. SEM images of Mg particles: in initial state (a);
after modification in water in the absence of the ultrasonic impact (a, inset);
after ultrasonic treatment of the suspension with the particles content 0.003 g/ml (), 0.010 g/ml (c).
XRD patterns of the samples (d) without ultrasonic treatment (/) and after ultrasonic treatment (2)
(the rectangles demonstrate the enlarged regions of the diffractograms
for indicating the presence of the MgH, phase).
Thermal analysis of the sample (thermogravimetric curves (e)
and differential scanning calorimetry curves (f)) treated in water in the absence
of ultrasonic treatment (/) and after ultrasonic treatment in water (2)
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TepMorpaBUMETpUUECKUI aHAIN3 TIOKa3aj, YTO MOTeps Macchl 00pasiia, MOJTy4YeHHOTrO B pe3yabrare co-
HOXMUMHYECKOW 00pabOTKH BOIHBIX CyCIeH3ui, cocTaBmia 12 %, mpu 3ToM B cirydae o0pasIioB, IPOU3BEIACH-
HBIX IIPU TEIJIOBOH 00paboTke, He mpeBbimana 5 % (cM. puc. 3, 0). Hanmuune snporepmuueckoro s exra
Ha KPUBBIX IU(PepeHINaNbHON CKaHUPYIOLIEeH KalOPUMETPUN CBUACTENLCTBYET O MPUCYTCTBUU OOJIBIIOTO
KOJIMYECTBA THIPOKCH]IA MATHUS, Pa3lioKeHUe KOToporo HaunHaetcst B oomactu 340 °C (cM. puc. 3, e). Takum
o0pa3om, B pe3yspTaTe 00padOTKH YIBTPA3BYKOM IPOUCXOIUT IITyOOKOE OKUCIICHHE MeTalia U (hopMHpOBa-
HUE Ha MMOBEPXHOCTH YACTHUI] CIIOSI THAPOKCHIA.

3aKiIoueHune

YcTraHOBIIEH XapakTep M3MEHEHHS KaBUTAIMOHHOW aKTHBHOCTH IPH YIBTPA3ByKOBOW 00pabOTKe 4acTHIl
MarHusi B BOAHBIX cycrieH3usix. OOHapyXeHo, YTO IIePBOHAYAIBHO 30HA KABUTALMM SBJISIETCS IIEPEHACHILICH-
HOM Iy3BIppKaMU rasa, B TOM 4HCJIE C pa3MepaMH, 3HAYMTEIbHO MPEBBIMAIOLIIMMH PE30HAHCHBIE. bombine
00BbEMHBIE KOHIICHTPAIMH TAaKUX MOJOCTEH AeMIPHUPYIOT MPOLECC CXJIOMBIBAHUS HECTAIMOHAPHBIX MY3bIPh-
KOB C pa3MepaMH, OJU3KUMHU K Pe30HAaHCHOMY JIHOO MEHbIIUMHE. B pe3ynbraTe ypoBeHb aKTUBHOCTH KaBHTa-
LMY B IEPBOHAYAILHBI MOMEHT OKa3bIBAETCSA HU3KHM.

[lon nelicTBuEM ynbpTpa3ByKa MPOUCXOIUT JETA3alUsl PACTBOPA, COMPOBOXKIAIONIASACS YIAIEHNUEM ITy3bIphb-
KOB OOJBIIUX pa3MepoB M3 CYCIICH3MH W IMOBBIIICHHEM OTHOCHTEILHOW KOHLEHTPAIUU CXJIOMBIBAIOIINXCS
(HecTallMOHAPHBIX) KABUTALMOHHBIX Iy3bIPbKOB, UTO U IIPUBOAUT K POCTY aKTMBHOCTHU KaBuTanuu A . [locre-
JyIollee CHIKeHNE A CBSI3aHO C YCKOPEHHEM 00pa30BaHUs BOAOPOJA U CO31aHHEM YCIOBUHM AJISl aKTUBHBIX
MEXKITY3BIPBKOBBIX B3aUMOJICHCTBUI, HEC(EpHUIECKOTO KOJIIarca My3bIpbKOB.

[Ipu IPOAOIKUTEIEHOM YIBTPAa3BYKOBOM BO3ACHCTBHU MPOLIECC MPUOOPETAST CTAlMOHAPHBIA XapakTep,
IIpU KOTOPOM YZIAJIEHUE MY3bIPHKOB U3 KUJAKOCTH KOMIIEHCUPYETCS BBIICIECHUEM BOJOPO/Aa HA TOBEPXHOCTH
YacTHLL.

Conoxumudeckas oOpaboTka cONMpoBOXKAaeTcs (HOPMHPOBAHMEM HAHOKPHUCTAIUIMYECKOTO THIPOKCHIA
MarHusi Ha IOBEPXHOCTH YaCTHUL] MArHUs, a TAKKE THAPUIA MAarHUs.
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SAMP-CITEKTPOCKOITUSI KOMITIAEKCOB Cu(II) C 0 AMUHOKVCAOTAMUAU
N COITOANMEPOM AKPUAAMUAA N AKPUAATA HATPUA

J.JI. KYAPABCKHH ", E. K. ©OMHHA", JI. F0. TRIYHHCKAA?,
E. . CKAKOBCKHH?, C. E. FOT'YLIEBHY”

YHayuno-uccrnedosamenvcruii uncmumym gusuxo-xumuueckux npotnem BI'Y,
yu. Jlenunepaockas, 14, 220006, e. Munck, benapyce

D Unemumym gusuxo-opeanuyueckoii xumuu HAH Benapycu,
ya. Cypeanosa, 13, 220072, &. Munck, berapyco

D Uncmumym 6uoopearnuueckoii xumuu HAH Benapycu,
yi. Axaodemuxa Kynpesuua, 5, kopn. 2, 220141, 2. Munck, Berapyce

MaxpoMoeKynsipHble KOMITJIEKCHI COMONIMMEpa akpHiIaMua U aKpuiiaTa HaTpUsl ¢ MUKPOIJIEMEHTAMH, B TOM YHCIIE
Cu(II), oOpa3yroTcst MpU MPUTOTOBICHUN 3ALTUTHO-CTUMYIHPYIONNX COCTABOB Il PACTCHHEBOJCTBA, B KOTOPBIX CO-
MOJIMMEP BBINOJHSAET (DYHKIUY aJire31Ba, BOJIOY/IEPKUBAIOIIETO U IIEHKOOOpasyrolero komrnonenTa. [Ipenaparsr pac-
TEHHEBOIYECKOTO HA3HAYEHUS COACPKAT U aMUHOKHUCIIOTHI, KOTOPBIE 3aIIUIIAIOT PACTEHUS NPU ACHCTBUH CTPECCOBBIX
(baxTOpOB (X071011, 3acyXa U T. 11.). KapOOKCHIIbHBIE TPYTIITBI COMOIMMEpa, KapOOKCHIIbHBIC M aMUHOTPYIITHl aMUHOKHCIIOT
Y4YacTBYIOT B 00pa30BaHMH cMeUIaHHbIX KoMIutekcoB ¢ noHamu Cu(Il). ITpu 5ToM KOIM4YecTBO METHIICHOBBIX TPYIIII, pa3-
JEISFOIINX aMHHO- M KapOOKCIIIBHYIO T'PYIIITy aMUHOKHCIIOTBI, BIUSIET HA BO3MOKHOCTH (DOPMUPOBAHHS YCTOHIMBOTO
XEJIATHOTO IUKJIA M, COOTBETCTBCHHO, HA JIMTAHAHBIM COCTaB CMeMIaHHbIX KoMIuiekcoB moHOB Cu(Il) ¢ ammuHOKuUCIO-
TOW W CONOJIMMEPOM aKkpuiaMuaa W akpuiara Harpust. Llenbio gaHHOI paboThl SBJISETCSI YCTAHOBJIEHHUE JIMTAHHOTO
coCTaBa CMEUIaHHBIX MaKpOMOJIEKYIJISIpHBIX KomIuiekcoB noHoB Cu(Il) ¢ comonmmMepoM akpuiiamu/ia u akpuiiata HaTpust
U ®-aMHuHOKHCIoTaMu ([3-aaHuH, Y-aMHHOMACIISIHASL KHCIIOTA, £-aMUHOKAIIPOHOBAst Kucaota). st ompenesieHus CocTa-
Ba KOMILIEKCOB HCIONb30Bamy crekrpockonmio SIMP “C u 'H. O6napysxeHo, 4to B BogHOM pactBope noHos Cu(Il)
U ®-aMUHOKHCIOT ([-amaHuH, y-aMHHOMACIISTHASI KUCIIOTA, £-aMUHOKAIIPOHOBAsI KMCIOTA) TPH MOJIBHBIX OTHOIICHHSX
Cu(Il) — amuHOKHCIIOTA, paBHBIX | : 6, HOpPMUpPYETCST KOMITICKC, IMTaHAaMU B KOTOPOM SIBIISTFOTCSI KAPOOKCHUIIBHBIC TPYII-
bl AMUHOKHUCJIOTHI. YCTAHOBJIEHO, YTO B pacTBope, coxepskaiieM uousl Cu(Il), B-ananud u comonuMep akpuiaMuja
n akpuiara HaTpusi B MoJibHBIX oTHomeHusiX Cu(ll) — f-ananmn — COO ™ comonmumepa, paBHbIX 1 : 6 : 30, oOpasyercs
XEIaTHOE COCMHEHUE C yIacTHeM KapOOKCUIIbHBIX U aMuHOrpyIn B-ananuHa. Kpome Toro, B COCTaB KOMILIEKCA BXOISIT
KapOOKCHIIbHBIE TPYIIIBI COTIOINMeEpa. BhIABIEHO, 4TO B BOTHOM pacTBOpe, coaepskamieM nous! Cu(ll), y-amMmuHOMacHsHy10
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00 €-aMUHOKAIPOHOBYIO KHCIIOTY, & TAK)Ke COIOIMMEp aKpHIaMHUa M aKpuiaTa HaTpusl, B 00pa30BaHUN KOMILIEKCa
MIPUHUMAIOT YJaCTHE KapOOKCHIIbHBIE TPYIITBI @aMHHOKHCIIOTHI M COTIOINMEDA.

Kniouesvie cnosa: cononumep akpuiiaMuia U akpusiara HaTpys; aMUHOKHUCIIOTHI; MAaKPOMOJIEKYIISIPHbBIE METANIOKOM-
miekcsl; cmenianubie kommiekesl; nousl Cu(ll); Bomubie pacTBopsL.

NMR SPECTROSCOPY OF Cu(II) COMPLEXES WITH ACRYLAMIDE
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Macromolecular complexes of acrylamide and sodium acrylate copolymer with microelements, including Cu(Il),
may form at preparation of crop protection and stimulation compositions, where the copolymer serves as an adhesive,
water-retaining and film-forming agent. Preparations for crop production may also contain amino acids that protect plants
under stressful conditions (cold, dry, etc.). Carboxylic groups of copolymer, carboxylic and amino groups of amino acids
may be involved in mixed Cu(Il) ions complexes formation. Number of methylene groups separating carboxylic and ami-
no group of amino acids affects its ability to form a stable chelate cycle and, therefore, ligand composition of mixed Cu(II)
ions complexes with acrylamide and sodium acrylate copolymer and amino acid. This work is aimed at determining the
ligand composition of mixed macromolecular Cu(Il) ion complexes with acrylamide and sodium acrylate copolymer
and ®-amino acids (B-alanine, y-aminobutyric acid, e-aminocaproic acid). ’C and "H NMR spectroscopy was used to
clarify complexes composition. A complex where carboxylic groups of amino acids are ligands has been found to form in
aqueous solutions of Cu(II) ions and m-amino acid (B-alanine, y-aminobutyric acid, e-aminocaproic acid) at molar ratio
of Cu(Il) ions — amino acid equal to 1 : 6. A chelate complex where both carboxylic and amino groups of f-alanine are in-
volved in coordination has been discovered to form in the solution containing Cu(II) ions, B-alanine, as well as acrylamide
and sodium acrylate copolymer at molar ratio of Cu(Il) — B-alanine — copolymer COO ™ equal to 1 : 6 : 30. Carboxylic
groups of copolymer participate in complex formation as well. Carboxylic groups of both amino acids and the copolymer
have been shown to participate in complex formation in aqueous solutions containing Cu(Il) ions, either y-aminobutyric
or e-aminokaproic acid and also acrylamide and sodium acrylate copolymer.

Keywords: acrylamide and sodium acrylate copolymer; amino acids; macromolecular metal complexes; mixed com-
plexes; Cu(Il) ions; aqueous solutions.

BBenenue

Maxpomonexynsipabie kKomruiekcbl (MMK) — koopiMHAITMOHHBIE COSTUHEHHSI, B KOTOPBIX aTOM HIIM MOH
MeTauia (IICHTPAJIbHBIN aTOM) CBSI3aH C YIEKTPOHOIOHOPHBIMY aTOMaMU (DYHKITHOHAIBHBIX TPYTIIT HJIA OCHOB-
HO¥ e Makpomosekyn (Jiuraggami) [ 1]. HaubGonemmmit nmpaktuyeckuii uatepec npeacrasissior MMK, dop-
MHUpPYIOIIMECS B BOIHBIX pacTBopax. K BogopacTBOpUMBIM MOJMMEPAM OTHOCSITCS, B YACTHOCTH, MPOAYKTHI
MIEIOYHOTO THAPOJIH3a MOTHAKPHUIAMIIA HITH TToduakpuiaoHuTpuia — cornonumepsl (CII) akpunamuma (AA)
u akpuiara Harpus (ANa), comepkaHue 3BEHbEB COMOHOMEPOB B MaKPOMOJICKYJIaX KOTOPBIX OIMpPEIeIIIeTCs
YCJIOBHSIMU TMPOBEACHHUS IIETIOYHOTO TUAPOIN3a. B cOCTaB MX MaKpOMOJIEKYI BXOMSIT aMUTHAS U KAPOOKCUITh-
Has PYHKINOHAIBHBIC TPYTIITHL.

O6pazoBaane MMK CIT AA n ANa m03BOJISIET UCTIOIB30BATh €T0 ISl OYUCTKH CTOYHBIX BOJ OT TsDKe-
JIBIX METAJUJIOB, MOBBIIICHUS OT/IA4U TUIACTOB MPH HEPTE00bIUE, OMPEICIICHUS KOJIMUECTBA HOHOB METAIIJIOB
B IpUpOHBIX Bozax [2—5]. Kpome Toro, MMK moryT opmupoBaThest Ipu NMPUTOTOBICHUH 3alIUTHO-CTUMY-
JIUPYIOMINX COCTABOB M1l pacTeHneBoacTBa, Birodaromux CIT AA m ANa. Takue cocTaBbl IPEICTABISIOT
c000ii TTOTMMEpHBIE BOIHBIE TUIEHKOOOPa3yOIue PacTBOPHI, CoJepKallue HeOOXOINUMbIE TS PACTSHUH XH-
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MHUYECKHe UIIH OMOJIOTHYECKHE CPEICTBA 3alUTHl OT OOJIE3HEH, PETYIATOPHI POCTA, a TAKIKE MaKPOIIEMEHTHI
(azor, docdop, kanuil) ¥ MUKPOIIEMEHTHI (Me/lb, IIMHK, MapraHell, KooaJbT, kene3o u jap.) [6-9]. CIT AA
1 ANa B 3aIIUTHO-CTUMYJIMPYIOLINX COCTaBaxX BBHIMONHAET (PYHKIMHU a/Ire3nBa, INIEHKOOOpa3oBaTesi, BOJIO-
YAEPKHUBAIOIIETO M MPOJIOHTHPYIOIIETO CPEACTBA, a TAKKe BBICTYIAET B POJIM BHICOKOMOJIEKYIISIPHOTO JINTaH-
1, 00pasyst XMMHUECKUE CBS3M C MOHAMH MUKPORJIEMEHTOB [§].

MuUKpO3J1I€MEHTHI B 3aIIUTHO-CTUMYJIUPYIOIIMX COCTAaBax JJIsl PACTEHHEBOACTBA, KaK MPaBHIIO, COJIEpKaT-
csl B OopMe KOMIUIEKCHBIX COEAMHEHUH, KOTOPhIe YCBAUBAIOTCSA PACTEHUSAMH JIydIlle, YeM MPOCThIe HOHHBIE
comw [10].

B nocneanee BpeMs B cOCcTaB MpenaparoB pacTEHHUEBOAUECKOTO Ha3HAYEHHS YacTO BKIIIOYAIOT M aMHUHO-
KHCJIOTHI, TIOJyYeHHBIC IyTeM THApoin3a OenkoB. PacTeHusi criocOOHBI CHHTE3UPOBATH BCE HEOOXOTUMEIC
aMUHOKHCIIOTHI B IPOIIecCE€ HOPMAIbHOTO 0OMeHa BemecTB. OJTHAKO B CTPECCOBBIX COCTOSHUAX (HU3KHUE TEM-
TepaTypsl, 3acyxa U T. T.) 0OMEH BEIIECTB 3aMeJIsIeTCd U BBIXOJ] aMMHOKHMCIIOT cHuXkaetcd. [locTyruienue
aMUHOKHCIIOT M3BHE, HAlIpUMEp CO CIIEIUAIbHBIMH yAOOPEHUSMH, MTO3BOJISIET PACTEHUIO YCKOPUTH METa0o0-
JIU3M, HE TPaTs YHEPTHUIO HA COOCTBEHHBIN CHHTE3 aMUHOKUCIOT [11; 12].

W3BecTHO, YTO aMHHOKHCIIOTHI CIIOCOOHBI K 00pa30BaHUIO XeJaTHBIX KOMIUIEKCOB C HOHAMH MHKpOJJIe-
meHToB [13]. Korma B cocTaB arpoXMMHYECKOTO Tperapara BXOJIAT CONM MHUKPOIJIEMEHTOB, aMUHOKHCIIOTHI
u CIT AA u ANa, He uckimoueHo popmupoBanue cMemadabix MMK 3Tux MeTaiioB, Ipu 3TOM pOJIb JTUTaH]IOB
MOTYT BBINOJHATH (PyHKI[MOHATBHBIE TPYTIBI KaKk aMHHOKHCIIOT, TaK M coroinMepa. Panee HaMu JIoka3aHo,
YTO B BOJHBIX pacTBopax oOpasyroTcs cmemanubie koMmriiekesl noHoB Cu(ll) ¢ mmummuaom u CIT AA u ANa,
B KOTOPBIX JINTAHJIAMH SIBJISAIOTCA B OCHOBHOM aMHHOTPYIIBHI ITIUIIMHA U KapOOKCHIIbHBIE TPYTIITHI COMOIMME-
pa[14].

OOHapyKeHO, YTO CMELIaHHbIe KOMIIEKCHI TpeodaanaroT B pactBopax nonos Cu(ll) B mpucyrcTBuu mu-
nuHa u CIT AA n ANa B nnanasone 3Hauenuit pH 4,5-5,5, a mpu pH BeImre 5,5 00pa3yroTcst MpenMyIeCTBEHHO
xomriekcbl HoHOB Cu(Il) ¢ muumHoMm. B popmupoBannn MMK B ciabokucinoii cpene (pH 5) npennonoxu-
TEJIbHO IPUHUMAIOT y4acTHe KapOOKCHIIbHBIC IPYIIIBI IBYX COCEIHNX aKPUJIATHBIX 3BEHbEB MAKPOMOJIEKYJIHI,
YTO TPUBOJUT K 00pa30BaHMIO BOCBMHUUIEHHOTO XEJIaTHOTO ITUKJIAa U MOBBIIIAET YCTOMYUBOCTH KOMIIJIEKCA.
3nauenne pH n3031eKTprUecKoil TOUKK MUIMHA paBHO 6,0, 1 B HeHTpaIbHOU cpene (pH 7) KucinoTHO-0CHOB-
HOE PaBHOBECHE aMUHOKHCJIOTHI CMEIIICHO B CTOPOHY 00pa30BaHus aHHOHHBIX (hopM [ 15], uro mo3BosisieT 0oe-
UM (QYHKUMOHAIBHBIM IPYINaM TIUIMHA TPUHUMATh Y4acTHE B KOMIUIEKCOOOPa30BaHUH C (POPMUPOBAHUEM
0oJee YCTOMYNBOTO TIATHWICHHOTO XEIaTHOTO MuKia [16].

TakuM 00pa3oM, KOJTMYECTBO METHJICHOBBIX TPYIII, Pa3lesloNIMX KapOOKCHIBHYI0 aMHHOTPYIITY aMH-
HOKHCJIOTBI, BIMSIET HA BO3MOXKHOCTh (DOPMHPOBAHHSI yCTOHYHMBOIO XEJIATHOI'O LIMKJIA U, CJIEI0BaTEeIbHO, Ha
JUTaHAHBIN cocTaB cMenaHHbIX koMIriekcoB noHoB Cu(Il) c amunokucnoroit u CIT AA u ANa.

Crexrpockorus SMP °C oka3anack BechbMa HHpOpMATHBHA NpH H3ydeHHH coctaBa MMK monos Cr(IIT)
u Cu(Il) ¢ xkapObokcunpoBaHHBIMY TIOJIMAKpHIaMuIamu [17; 18], a Takike Ipu yCTaHOBJICHUH JIMTAHHOTO CO-
cTaBa cMenraHHbIX kKomruiekcoB HoHOB Cu(ll) ¢ mmmmuom n CIT AA u ANa [14].

Ilenb HacTOsIIEH PaGOTHI — YCTAHOBUTH MeTooM criekTpockonuu IMP °C u 'H nuranmblit coctaB cMe-
maaaeix MMK nonos Cu(Il) ¢ CIT AA u ANa u w-aMuHOKUCTOTaMH ([B-alaHuH, Y-aMHHOMACIISTHASL KHCIIOTa,
€-aMUHOKAIIPOHOBAs KACIIOTA).

MaTepua.m)l U METOAbI UCCJICAOBAHUA

CIT AA u ANa noxy9any TUApOIN30M MPOMBIIIIEHHOTO KapOOKCHIMPOBAHHOTO Modrakpuiamua Alco-
flood 254 S (SNF Floerger, ®pannms) ¢ conepkaHueM aKpUIIaTHBIX 3BeHbEB 3 MOII. %. B Tpexropiyto komdy,
OCHAIIIEHHYIO TEPMOMETPOM, KareIbHOH BOPOHKON 1 0OpaTHBIM XOMOMIbHUKOM, ToMeranu 500 mi 2 % pac-
TBOpa KapOOKCHIMPOBAHHOTO MONMaKkpriiamuia. Yepes KarnenbHyr BOPOHKY MPHIMBAIH 110 KAIJIsIM pacCyu-
TaHHOe KonmdecTBo 10 % pacTBOpa THAPOKCHIA HATPHsl. PeakllMOHHYIO0 cMech KHISTHIIN Ha TIUIICPHHOBON
6ane ipu 378 K B Teuenue 10 u. CI1 AA n ANa BbIcaKJaJId U3 PEaKIMOHHON cMecH JJ00aBIEHHEM alleTOHA,
MIPOMBIBAJIHM JUCTHIUTUPOBAHHOW BO/IOW M cymmian pu 343 K 10 mOCTOSHHOM MaccChl.

CpeHEBSI3KOCTHAS MOJIEKY/IApHAs Macca MONYYeHHOTO ComonuMepa cocTapisiia (3,9 +0,3) - 10° Ja. Co-
Jiep)KaHUe aKpUJIATHBIX 3BEHBEB B COIMOJIUMEPE 10 JaHHBIM METOJIOB ITOTEHIIHOMETPHUYECKOTO TUTPOBAHUS
u criexrpockormu SIMP “C — 68 mon. %.

B xauectBe ucrounuka nonos Cu(ll) npumensiu CuCl, - 2H,0 kBanndukauuu «x. 4.». Mcnonb3oBanu
B-amanun (B-Ala), y-amuHOMacHsIHYIO0 KHUCTIOTY (Y-Abu), e-aMHHOKAapOHOBYIO KHCIOTY (e-Ahx) kBanmuduka-
UM «4. JT. a.».

Cnexrpockonus SIMP. Peructparnuio cniekrpos SIMP npoBonmnm Ha criektpometpe Avance 500 (Bruker,

I'epmanus) ¢ paboueit gactoroit 500 MI'n mns apep 'H u 126 MI'n s sapep °C npu Temneparype 293 K. Hc-
TOJB30BANUCH CIIEAYIONINE MapaMeTphl 3amucy criektpos IMP °C: BpeMs BEIGOpKH cliajia CBOGOTHOM HHIYK-
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uuu (AQT = 0,5 ¢); Bpems penakcannoHHo# 3anepxku (RD = 2 ¢); konnuectBo Hakomnenuii (NS = 22 000);
YHCIIO0 TOYEK, omuchIiBatonmx peanbHbiii ciektp (SI = 32 K). [Ipu perucrpanmu criekTpoB 00pasios, coaep-
KAaIUX COMOIMMEp, MPUMEHSUIACh UMITYJIbCHAsS ITOCIEN0BATENLHOCTD inverse gated (TeHEpaToOp pa3Bs3KHU OT
MIPOTOHOB BKJIFOYEH NP CYUTHIBAHUH CUTHAJIA M BHIKIIFOUEH Ha MTEPHOJ PENAKCAI[MOHHON 3a/IepyKKH ), YTO TI0-
3BOJIWJIO MUHUMH3HUPOBATh BIUsHUE siepHOro s dexra OBepxayzepa. Uucno HaKOIIICHUH TP 3alUCH CIIeK-
tpoB SIMP 'H cocrasmnso 128.

PacTBopbl 00pa3ioB A 3amucH crekTpoB rotoBuiu B D,O. B kauecTBe BHYTPEHHETO CTaHAApTa B pac-
TBOPBI JT00ABIISIIIH mpem-0yTaHol, Uil KOTOPOTO XUMHUYECKUI CABHT (O) aTOMOB YIJIepo/ia METHIILHBIX TPYIIIT
paseH 30,29 M. 1., a atoMoB Bogopoaa — 1,24 m. 1.

[Ipu uccnenoBannn kommiekcoB noHoB Cu(ll) ¢ aMHHOKHCIOTaMU CMEIIMBAIA PACTBOP aMHHOKHCIOTHI
B D,0 u pactop CuCl, B D,O. [lony4eHHble pacTBOPHI KOMILIEKCOB IEpEHOCHIN B amiyily. KoHnleHTpanuu
noaoupanu TaK, 4Toosl MonbHbIe oTHOmeHus B-Ala — Cu(Il), y-Abu — Cu(Il) u e-Ahx — Cu(Il) cocraBusim
6 : 1. Ilopomok CII AA n ANa 3acsinanu B amnyiay u go6asisuii D,0. Konnentpanus pactsopa conoaumepa
cocrapisuia 10 mac. %. ComepikuMoe aMITyiIbl TIEpEMENINBAIH 10 TIOJTHOTO PacTBOpeHus coronumepa. [lpu
uccienoBanuu pactBopoB CIT AA n ANa ¢ amuHokucnoramu u CuCl, cononumep B BUI€ IOPOIIKA 3aChIIAIH
B aMIIyJly ¥ J00aBJsUH pacTBOp aMUHOKUCIIOTH B D,0O 1160 pactBop kommiekcoB noHoB Cu(ll) ¢ amuHokuC-
notoii B D,0. Maccosas nonst CI1 AA u ANa B pactBopax 0bu1a paBHa 10 %, a MmonbHOe oTHOIIeHHe COO co-
nosmmmMepa — amuaokuciora — Cu(Il) cocrasmsmo 30 : 6 : 1.

Perucrpanmro criekTpoB MpOBOIMIN Yepe3 2 CYT MOCIIe MPUTOTOBIEHUS PACTBOPOB.

O0paboTKy CHEKTPOB U OIpE/IeNICHNE KOJIMYECTBEHHBIX TTapaMeTPOB CHTHAJIOB OCYIECTBIISUIA IPU TTOMO-
i iporpamMmel MestReNova (MestReLab Research, Vicnanus). JIis crieKTpoB Bcex 00pasmoB MPUMEHSIITUCH
OZMHAKOBBIE TIapaMeTpbl 00pabOTKH.

Pe3yabTarhl 1 HX 00Cy:KIeHHE

Karnon Cu(ll) obnanaer napaMarHUTHBIME CBOWCTBAMH BCIIEICTBHE HAMUYUS HECHAPEHHOTO DJIEKTPOHA
(3d°). B pa6ote [8] ormeuaetcs, uto B ciektpax IMP "°C pactBopos nonos Cu(Il) ¢ CIT AA u ANa naémona-
IOTCSl apaMarHUTHBIN CABUT U YIIUPEHHUE CUTHAIOB aTOMOB YIJIEPOAa, BXOISIIINX B COCTaB (DYHKIIMOHATBHBIX
TPYII, KOTOPBIE YYaCTBYIOT B KOOPAUHALIUH.

B cnextpe SIMP "C pactsopa CIT AA u ANa B D,0 oTMeuaeTcst psifi CHTHAJIOB aTOMOB YTJIEpOojia, 0603Ha-
yeHHbIX Kak C,—C, (puc. 1, a), c xummudeckumu casuramu ot 35 1o 186 m. a. (puc. 2, a). OTHeCeHUE CUTHAIOB
aToMoB yrmepona B criektpax SIMP C pactsopa CIT AA u ANa nposoxumu kak B pabote [19].

B cnekrpe SAMP 'H pactBopa CIT AA u ANa HaOnromaroTcs aBa CUTHaNA B AuarnazoHe 1,3-2,4 m. n.
(cMm. puc. 2, 6), COOTBETCTBYIOLIMX aTOMaM BOIOPOAA METHJICHOBBIX M METHHOBBIX Ipymn comnonumepa. Cur-
HaJIOB OOMEHMBAIOIINXCS TPOTOHOB KapOOKCHIBHOM M aMUIHOW TPYII B CIIEKTPE HE HAOIIOJaeTcsl B CBSI3U
¢ OBICTPHIM POTOHHBIM OOMEHOM MEXLy STHMH IPyNIIaMH U MOJIEKyTaMu pactBoputes [20].

Cnektp SIMP "C pactsopa B-Ala B D,0 conepsKuT Tpu CHrHajia, COOTBETCTBYIOLIMX aTOMaM yIIeposa
KapOOKCHIIbHOM U METHJICHOBBIX TPYIII B O- U B-MONOKEHUSIX (CM. pHC. 1, 6), C XAMHYECKUMHU CIBHI'AMH OT
34 no 180 m. 1. (puc. 3, a).

ala /b

Puc. 1. O603HauCHHS aTOMOB yTJIepoa Ha ydacTke 1enu cormonumepa AA u ANa (a),
B Mosiekynax f-Ala (6), y-Abu () u e-Ahx (2)
Fig. 1. Carbon atoms designation in AA and ANa copolymer chain fragment (a),
B-Ala (b), y-Abu (c) and e-Ahx (d) molecules
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Puc. 2. ®parmenTsi criektpos AIMP °C (a) n 'H (6) comommvepa AA n ANa
(pactBop B D,0)

Fig. 2. Fragments of °C (a)and 'H (b) NMR spectra of AA and ANa copolymer
(D,0O solution)

B cnextpe IMP 'H pacTBopa B-Ala ¢ XuMUYeCKMMH CABAIaMHU B uanazoHe 2,5-3,2 M. JI. HpOSBJISIOTCS
JIBa CUTHAJIa aTOMOB BOAOPOJa METHIICHOBBIX TPy (puc. 4, a).

B cnekrpe AMP “C (cMm. puc. 3, 6) pactBopa, nonydeHHoro nobasnennem xiopuaa Cu(Il) k pactBopy
[B-Ala, HaGrOMAFOTCS TTApAMATHUTHBIN CIBUT M YIIMPEHHE CHTHAJIOB aTOMOB yIIepoaa KapOOKCHIILHOM TpyTI-
sl (C,,,) 1 MetrieHoBbIX rpymni (C,, Cy) aMHHOKHCIIOTHL. YIIHPEHHE CUTHAIIOB B CIIEKTPE 00YCIIOBICHO KaK
NpsIMBIM Bo3zelicTBUeM napamarautHoro nona Cu(ll) yepes3 mpocTpaHCTBO, Tak U 0Opa30BaHHEM KOOPJHU-
HairoHHbIX cBsi3edl nonoB Cu(ll) ¢ pyHkimoHanbHbIME rpyrnamMu B-Ala. M3MeHeHne XUMHUYECKOTO CIBHUTa
U ylIMpeHue curaanos aromoB yriepoaa C,, u C, CTOIb CyIECTBEHHBI, YTO KOJIIMUECTBEHHbIE NTapaMeTpPhI
9TUX CUTHAJIOB (XUMHUYECKHUH CIIBUT, HHTETPaIbHASI HHTECHCUBHOCTD, IIUPUHA CIIEKTPAJIbHBIX JIMHUN) HE OIIpe-
AETAIOTCS B yCHOBHSX 3amucu criekrpos. Curnan aroma yriepoxa C, yumpsiercs B 9 pas u nperepresaet
CIBUT B 00J1acTh CIa0OBIX Toneit Ha 5,7 M. 1. (Tabm. 1). MeHee CymecTBeHHBIC CABUT U YIIUPEHUE CUTHAJA
aroma yriepoza Cy MO3BOJISIIOT HPEAIIONOKHUTE ydacTHe B KoopanHauuu ¢ nonamu Cu(Il) mpenmyIecTBeHHO
KapOOKCHIJIbHBIX TPYTII aMUHOKHCIIOTHI.

B crnexrpe IMP 'H (cM. puc. 4, 6) pactsopa B-Ala ¢ no6askoit CuCl, B MOTBHBIX OTHONIEHHSAX HOHBI
Cu(Il) — B-Ala, paBHbIX 1 : 6, HaOMIOKAETCS CABUI CUTHAJIOB aTOMOB BOZOPOZA METHICHOBBIX rpymi npu C,
1 Cyna 0,2 M. 1. B 0611acTh cr1abbIX MOJEH, a TAK)KE YIIMPEHUE 9THX CUTHAJIOB (CM. puC. 4, 0). IIpu aTom curnan
aromoB Bogopoza npu C, ymmpsiercst B 6 pas, npu Cg — B 4 pasa (Tabu. 2), 4T0 MOATBEPIKIAET IPEATONOKEHHE
06 y4aCTu B KOOpAWHAIIUN MPEUMYIIIECTBECHHO Kap6OKCI/IJ'II)HI)IX T'pyIin aMUHOKHCIIOTHI.

Tabnuma 1

Binsinne uonos Cu(Il) Ha napamMeTpbl CHrHAJIOB ATOMOB yIUIepoaa
B cnexTpax SIMP “C pactsopa B-Ala
(pactBopsl B D,0)

Table 1

Effect of Cu(II) ions on signals parameters
of carbon atoms in "C NMR spectra of B-Ala

(D,O solutions)
XUMHUUECKHUil CABUT, M. J1. / IIUPHHA HA [TOJIOBHUHE
O6pasel BBICOTHI ITHKOB, [ 11
Ceut C, C,

B-Ala 179,1/8 34,2/9 37,2/10
CuCl, + B-Ala H.o.* H.o.* 42,9/86
B-Ala + CIT AA u ANa 179,4/59 34,7/23 37,1/H. 0.%
CuCl, + B-Ala + CIT AA u ANa H.o.* H.o.* H.o.*

*H. 0. — He onpeensieTcs.
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Puc. 3. ®parmenTsI criektpos SIMP °C pacteopos B-Ala (@), CuCl, ¢ B-Ala (6),
B-Ala ¢ comonmumepom AA n ANa (g), CuCl, ¢ f-Ala u cononumepom AA u ANa (e)
(pactBops! B D,0)

Fig. 3. Fragments of *C NMR spectra of B-Ala (a), CuCl, with B-Ala (),
B-Ala with AA and ANa copolymer (c¢), CuCl, with AA and ANa copolymer and B-Ala (d)

(D,O solutions)
ala o/b
HDO HDO
G C, H (ljﬁ
|
H “ C,
h | (-
/ N
,“ “\,, J L AN AN
55 5,0 45 4,0 3,5 3,0 2,5 2,0 1,5 1,0 0,5 55 5,0 45 40 3,5 3,0 25 2,0 1,5 1,0 0,5
O, M. 1. O, M. 1.
6/c 2/d
HDO HDO ‘ ‘
‘\
\
\\ 1
|
1 |
|
i R
I c
R - N -
5550 45 4,0 3,5 3,0 2,5 20 1,5 1,0 0,5 5,5 5,0 4,5 4,0 3,5 3,0 2,5 2,0 1,5 1,0 0,5
S, M. 1. O, M. II.

Puc. 4. ®parmenTs criektpos SIMP pactsopos 'H B-Ala (a), CuCl, ¢ B-Ala (6),
B-Ala ¢ comomumepom AA u ANa (), CuCl, ¢ B-Ala u comomumepom AA u ANa (e)
(pactBops! B D,0)

Fig. 4. Fragments of 'H NMR spectra of f-Ala (@), CuCl, with B-Ala (b),

B-Ala with AA and ANa copolymer (¢), CuCl, with AA and ANa copolymer and B-Ala (d)
(D,0 solutions)
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Tadonuma 2

Binsinue uonos Cu(Il) Ha napameTpbl CUTHAJIOB
aToMoB Bozoponia B cexTpax SIMP 'H pactsopa B-Ala
(pactBopsl B D,0)

Table 2

Effect of Cu(Il) ions on signals parameters
of hydrogen atoms in NMR "H spectra of B-Ala

(D,0 solutions)
XUMHUUYECKUi CABUT, M. J1. / IIUPHHA
OGpasert Ha TOJIOBUHE BBICOTHI TUKOB, [ 11
C, G
B-Ala 2,54/7 3,17/6
CuCl, + B-Ala 2,71/42 3,37/23
B-Ala + CIT AA u ANa 2,52/24 3,15/84
CuCl, + B-Ala + CIT AA u ANa H.o.* H.o.*

*H. 0. — He ompenenseTcs.

[onoskeHue Mooc, COOTBETCTBYIONIMX aTOMaM YIIIepojia aMUHOKUCIOTHI, B criektpe SIMP °C (cm. puc. 3, 6)
pactBopa, conepxkamiero CII AA u ANa u B-Ala, uamensercs e 6osee yem Ha 0,5 M. 1. B CpPaBHEHUH CO
CIIEKTPOM PacTBOpa HHIUBUAYyAIbHOTO B-Ala, HO HaOMOMaeTCs ymupeHne CUrHainoB (cM. Tadi. 1). B ciekrpe
SIMP 'H Toro e pacTBOpa yIINPEHH! CHTHAJIBI aTOMOB BOJOPOJA HPH C, 1 Cp, HO KOIEOAHHS XUMUYECKOTO
casura He mpeBbimaroT 0,02 M. 1. (cM. Tadm. 2). Takne U3MEHEHUS B CIIEKTPaxX MOKHO OOBSICHHUTH MOBBIIIIEC-
auem pH pactBopa npu no6asnenuu CII AA n ANa, B pesyibrare 4ero KaTHOHbl aMUHOKHCIIOTHI TIEPEXOIST
B OUTOJSIPHBIC IBUTTEP-HOHBI U AHHOHBI.

IMpu no6asnernn nonos Cu(Il) B pactBop, conepskamuii B-Ala u CIT AA u ANa, oOpa3yercsi COeIUHEHHE,
B criektpe SIMP "°C xotoporo (cm. puc. 3, 2) HaGNIONAIOTCS CABHT M YIIMPEHHE CHTHAJIOB aTOMOB yIIepoaa
KapOOKCHIIBHOM TPYTITBEI 1 METHHOBOM TPYTIITBI aKPUIIATHOTO 3BEHA TI0 CPAaBHEHUIO C aHAJIOTUYHBIME CUTHAIa-
MU aTOMOB yriiepona B ciekrpe pactBopa CIT AA u ANa ¢ no6asxkoii B-Ala. Kpome Toro, ymmpeHsr CUTHAIBI
aTOMOB yTIIepoia KapOOKCHIIBHON M METHJICHOBBIX TPYIIIT aMUHOKHUCIIOTHI. [lapaMarHUTHBIN CIBHT U yIIupe-
HHe curHanos atomoB yriepona C, u C; cononumepa u aromos yrinepona C,,, C, n Cy f-ananuna HacTonbko
3HAYUTEIHHBI, YTO X KOJTMYECTBEHHBIE TapaMeTpPhl He ornpenenstorcs. [Ipu 3ToM He TPOUCXOANUT 3aMETHOTO
YIIUPEHUS U CIBUTA CUTHAJIOB, COOTBETCTBYIOIMX aromaM yriepona C, u C, akpujiaMUIHOTO 3B€Ha COIOJIN-
Mepa. DTo MOXKeT OBITh 00yCIIOBIIEHO 0Opa30BaHUEM B PACTBOPE KOMILUIEKCHOTO COEIMHEHUS, B KOTOPOM JIH-
raHgaMu sBISOTCs KapookcuibHbie rpymisl CIT AA u ANa, kapOoKcHIIbHBIC U aMUHOTPy bl B-Ala. Amu-
HBIE TPYTIIEI CONOJINMEpa He MPUHUMAIOT y4acTus B koopauHaiuu ¢ nonamu Cu(Il).

B cniexrpe IMP 'H pactBopa, conepxantero nonst Cu(Il), B-Ala u CTT AA u ANa, yIIHpeHsI CHTHAIIBI aTO-
MOB Boztopozia MeTrieHoBbIX rpymil (C,, Cg) aMMHOKHCIIOTHI (CM. puC. 4, 2). IIpu 5TOM 00a curHasa cMereHbl
7 YUIUPEHBI TaK CYIMIECTBEHHO, YTO WX KOJIMYECTBEHHBIE MapaMeTPhl HE OIMPEIENIIOTCA. DTO MOATBEPKIAET
ydacTHe B KOOPJIWHAINH KaK KapOOKCHIIBHBIX, TAK ¥ aMUHOTPYTIIT aMUHOKHCIIOTHI ¢ 00pa3oBaHUEM IIECTH-
YIIEHHOTO XEJIaTHOTO ITHKIIA.

Takum 00pa3om, B BOAHOM pacTBope, copepxaiinem noubl Cu(Il) u B-Ala, popmupyercst KoMIuiekc, Turan-
JTaMH B KOTOPOM SIBIISTFOTCSI KapOOKCHITLHBIE TPYIITEI aMUHOKHUCIOTHI. JloGaBienue xk atomy pactsopy CIT AA
1 ANa npuBoauT K noBbIIEHKIO pH, B pe3ynbrare uero 3apshkeHHble rpymnnbl NH; epexoasT B HEHTpaibHbIE
NH, u popmupyeTcst XenaTHbIi KOMIUIEKC C y4acTHEeM KapOOKCHIbHBIX U amuHOrpymi 3-Ala. B o6pa3zoBanun
CMEIIaHHOTO KOMIUIEKCa TaKKe MMPUHUMAIOT ydacTre kapookcuibHble rpynmsl CIT AA  ANa.

Crextp SIMP "C pactBopa y-Abu COIEpXHT YeThIpe CHTHAJIA, COOTBETCTBYIOIIMX aTOMaM yIIepoa Kap-
OOKCHIIbHOM U METHUIICHOBBIX TPYIII B Ol-, B- U Y-TTOIOXKEHUsIX (CM. pHUC. 1, 6), ¢ XUMUYECKHUMH CABUTAMH OT 24
mo 183 m. 1. (puc. 5, a).

B crextpe SIMP 'H pactBopa y-Abu B quamasone 1,9-3,1 M. JI. pOSIBIAIOTCS TP CHTHAJIA aTOMOB BOJIO-
poaa METHIICEHOBBIX Tpym (puc. 6, a).

Ipu no6asrnennn xnopuaa Cu(Il) x pactBopy y-Abu B ciekrpe SIMP "°C (cM. puc. 5, 6) IponcxoasT ma-
pPaMarHUTHBINA CIBUI M YHIMPEHHE CUTHAJIOB aTOMOB yIIIepoza KapOOKCHIbHON M MeTmieHoBbIX rpynn (C,,
Cp, C,) aMUHOKHCIIOTBI. VI3MEHEHNE XMMUYECKOTO ClIBUra M yIIMPEHUe CUrHanoB aroMoB yriepona C,,, u C,,
HACTOJILKO BEJMKH, YTO TH CHTHAJIBI B CHEKTpe He Habmonarorcs. Curnan aroma yrnepoxa Cg ymmpsiercs
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B 9 pa3 W mpeTepreBaeT CABMUI B 00nacTh cnabpix mosei Ha 7,0 M. A. (tabu. 3). Curnan aroma yriepona C,
ymmpsieTcs B 2,5 pa3a U cMelaeTcs B 00JacTh cnadbIx mosnei Ha 1,9 M. 1. (cM. Tadm. 3). MeHee cyiiecTBeHHbIE
C/BHUI' M yUIMPEHUE CUrHanoB atoMoB yriepona Cg n C, cBUACTENbCTBYIOT, 4T0 ¢ MoHamu Cu(Il) KOOPIHHH-
PYIOTCSI KapOOKCHIIbHBIE TPYMIIBI Y-Abu, Kak ¥ AJs KOMHHGKCOB nonoB Cu(Il) ¢ B-Ala. B cnextpe AMP 'H
(cMm. puc. 6, 0) pactBopa y-Abu ¢ nonamu Cu(ll) Taxxe HaOIIOMAIOTCS MEHEE 3HAYUTEIILHBIC CABUT B 00JIACTH
cl1a0bIX MOJIEH M yIIUPEeHHE CUTHAJIOB aTOMOB BOIOPOAA METHIICHOBBIX T'PYIIII, YAAJCHHBIX OT KAPOOKCUIBHOM

rpymIb (Tabi1. 4), 9To cormacyercs ¢ pesy/sTaTamu crekTpockonuu SIMP °C.
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Puc. 5. ®parmentsi criektpos SIMP °C pacteopos y-Abu (a), CuCl, ¢ y-Abu (6),

v-Abu ¢ cononmumepom AA u ANa (g), CuCl, ¢ y-Abu u cononmumepom AA 1 ANa ()

Fig. 5. Fragments of "C NMR spectra of y-Abu (@), CuCl, with y-Abu (b),

(pactBops! B D,0)

30 25

v-Abu with AA and ANa copolymer (c), CuCl, with AA and ANa copolymer and y-Abu (d)
(D,O solutions)

Tabnuma 3

Bimsinue uonos Cu(Il) Ha napamMeTpbl CHTHAJIOB ATOMOB
yriaepoaa B ciektpax SIMP °C pactBopa y-Abu

(pactopsl B D,0)
Table 3

Effect of Cu(Il) ions on signals parameters of carbon atoms

in *C NMR spectra of y-Abu

(D,O solutions)
XUMHUYECKUIN CIIBHT, M. 1. / ITUPUHA Ha TIOJIOBUHE BBICOTHI
OGpasen UKOB, ['11
Ceunv Ca Cﬁ Cv
v-Abu 182,2/13 35,0/12 243/11 39,9/13
CuCl, + y-Abu H.o.* H.o.* 31,3/99 41,8/34
v-Abu + CIT AA u ANa 182,3/26 35,1/29 24,6/63 39,9/52
CuCl, + y-Abu + CI1 AA u ANa H.o.* H.o.* 24.4/70 40,0/61

*H. 0. — He onpenenseTcs.
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Puc. 6. ®parmentsi cniextpos AMP 'H pactBopos y-Abu (a), CuCl, ¢ y-Abu (6),
v-Abuc cononumepom AA u ANa (8), CuCl, ¢ y-Abu u cononumepom AA u ANa (2)
(pactBops! B D,0)

Fig. 6. Fragments of 'H NMR spectra of y-Abu (a), CuCl, with y-Abu (b),
v-Abuwith AA and ANa copolymer (c), CuCl, with AA and ANa copolymer and y-Abu (d)
(D,0 solutions)

B criexrpax SIMP "°C (cMm. puc. 5, 6) u 'H (cMm. puc. 6, 6) pactBopa, conepskamtero CIT AA u ANa u y-Abu,
HAOJTFOIAIOTCS. U3MEHEHUS 110 CPABHEHHIO CO CIIEKTPAMU MHAWBUIYaIbHONH aMUHOKHUCIIOTHI (CM. Ta0i. 3, 4).
Ot n3MeneHus o0yciosieHsl nossienneM pH pactBopa npu go6asnenuu CI1 AA u ANa, B pe3yibraTe 4ero
yactk rpynn NH; amunokucnoTs! nepexoast B NH,.

[pu no6asnennn nonos Cu(Il) B pactBop, conepxammii y-Abu u CIT AA n ANa, oOpazyeTcsi coeiuHEeHHE,
B criekTpe SIMP C kotoporo (cM. pHc. 5, 2) HaBMIONAIOTCS CIBHUT M YIIMPEHHE CHTHAJIOB aTOMOB yIIepo/ia Kap-
OOKCHITLHO I'PYIIIB, 8 TAK)KE METHHOBOM TPYIIIBI AKPUIIATHOTO 3BEHA 110 CPABHEHHIO C CUTHAIAMH JTHX aTo-
MoOB yriepoaa B criektpe pactBopa CIT AA u ANa ¢ nobaBkoit y-Abu. Kpome Toro, n3MeHsIFOTCSl XMMHUYECKUIH
CIIBUT U IIMPHHA CUTHAI0B aroMoB yriepoaa C,, 1 C, amuHOKKCIOTH. CABUT M YIINPEHHE CUTHAJIOB aTOMOB
yriepona C, u C, cononumepa u aromoB yriaepona C,, 1 C, pacTBopa y-Abu Tak 3HAUUTENBHBI, YTO UX KOJIHU-
YCCTBEHHBIE [IADAMETPBI B YCIIOBHUAX 3aIIMCH CIIEKTPOB He onpezensitorest. Curnanst aromos yriuepona Cyu C,
AMHHOKHCIIOTHI, & TAK)KE CUTHAJIBI aTOMOB YIJIEpOa aMHUJHOM IPYIIIBI © METHHOBOM TPYIIIBI aKPHIIAMHTHOTO
3BEHA COMOJIMMEpa YIIUPSIOTCS HE3HAUUTEIHHO U HE MPETEePIIeBAIOT TapaMarHUTHOTO caBura (cM. Tadim. 3).
DTO0 CBHIETEILCTBYET 00 00pa3oBanuu B pacTBope KoMiiekca nonoB Cu(Il), nurangamu B KOTOPOM SIBIISTFOTCS
kapOokcunbHble Tpymbl CIT AA 1 ANa u y-Abu. AMUIHBIE TPYTIITBI COTTOIMMEPA U aMHHOTPYTIITBI AMUHOKHC-
JIOTBI KOOPAWHHUPYIOTCS. YYacTHe UCKITFOYUTENBHO KapOOKCUIBHBIX TPYII aMUHOKUCIIOTHI B ()OPMUPOBAHUHT
CMELIaHHOTO KOMILUTIEKCa MOTBEPIKIaeTCs U JaHHbIME criekTpockormu SIMP 'H (cMm. puc. 6, 2, Ta6u. 4).

Takum 00pa3om, B BOAHOM pacTBope, coaepkamiem noHbl Cu(ll) u y-Abu, oOpasyercs KOMIUIEKC, JIMTaH-
JAMH B KOTOPOM SIBIISIFOTCS] KApOOKCHIIBHBIE TPYIIIBI aMUHOKHCIIOTHL. JlobaBienue k atomy pactBopy CIT AA
u ANa npuBOAHMT K (OPMHUPOBAHHIO CMEIIAHHOTO KOMIUIEKCAa € y4acTHeM KapOOKCHIIBHBIX rpymi Y-Abu
u CIT AA u ANa. CeMuwieHHbBIH XeJIaTHbIN 1K, B KOTOpoM ¢ noHaMu Cu(Il) koopauHUPYOTCS KapOOKCHITb-
HbIE ¥ aMHHOTpYIIHI Y-Abu, He 0Opasyercs.

Crextp IMP “C pactBopa e-AhX comepKuT IIecTh CHTHAIOB, COOTBETCTBYIOIIMX aTOMaM yIIIepoa Kap-
OOKCHJIBHOM M METUIICHOBBIX TPYIII B O-, 3-, Y-, O- U E-MONOKEHHUAX (CM. pUC. 1, 2), C XUMHUYECKUMU C/IBUTAMH
ot 26 mo 185 m. 1. (puc. 7, a).

B cniexrpe SIMP 'H pacTopa e-Ahx B anamasone 1,3-3,0 M. JI. IPOABISIOTCA NATh CUTHAIOB aTOMOB BOJIO-
pOAa METWICHOBBIX Tpynn (puc. 8, ).
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Buinsinue uonos Cu(Il) Ha napameTpbl CHTHAJIOB
aToMoB Boopona B ciextpax SIMP 'H pactopa y-Abu

(pactBopsl B D,0)

Effect of Cu(II) ions on signals parameters of
hydrogen atoms in "H NMR spectra of y-Abu

Tabnuna 4

Table 4

(D,O solutions)
XUMHUYECKUI CIIBUT, M. 1. / IIUPUHA HA TIOJIOBHHE
O6pasen BBICOTHI ITHUKOB, I
C, Cy C,
v-Abu 2,29/16 1,89/19 3,00/17
CuCl, + y-Abu H.o.* 2,12/34 2,99/30
v-Abu + CIT AA u ANa 2,28/38 1,89/29 2,99/57
CuCl, + y-Abu + CIT AA n ANa H.o.* 1,90/67 3,00/90

*H. 0. — He ompeeNseTCsL.

B crextpe SIMP C (cm. puc. 7, 6) pacTBopa, moiydenHoro nobasinenuem xiaopuaa Cu(Il) k pactBopy
€-Ahx, mpoucxoaIT NapaMarHUTHBIN CABHUT U YIIMPEHUE CUTHAIIOB aTOMOB yIiiepoAa KapOOKCHIBLHON U Me-
tunenoBbix rpyni (C,, Cg, C,, C;, C,) amuHOKMCn0THL. CIBUT M YIIMPEHHUE CUTHAIOB aToMOB yriepona C,,
1 C, HACTOIBKO CYIIECTBEHHBI, YTO 3TU CHTHAJBI He Habmonaores B crekrpe. Curnan aroma yriepona Cg
ymmpsieTcsi B 7 pa3 v CABUTaeTCsl B 00NIaCTh ciadbIx moieit Ha 4,5 M. 1. (Tabm. 5). CurHaiibl aToMOB yIiiepoza
C, n Cy ymmpsirorest B 3 pasa, npu 9tom curnan C, cMeraercs B 00acTs cradbix nosneii va 1,8 M. 1., a cur-
Han C; — Ha 0,5 M. 1. (cM. Tabn. 5). Curnan atoma yriepoga C, He IpeTepreBaeT MapaMarHUTHOTO CABHTa
u ymmpsiercs B 2,5 pasa (cM. Ta0i. 5). MeHbIve yIMpeHue U CIBUT CUTHAJIOB aTOMOB YTIIEPO/Ia, OT/IAICeHHBIX
OT KapOOKCHIIBHOM TPYIIITBI aMUHOKHUCIIOTHI, YKa3bIBaIOT Ha KoopauHanuto ¢ nonamu Cu(Il) uckmounrensHo
KapOOKCHIIbHBIX rpynn €-Ahx, kak u ans xkomruiekcoB noHoB Cu(ll) ¢ qpyruMu m3y4eHHBIMH aMUHOKHCIIO-
tamu. OOpa3oBaHKe KOMILIEKCA TAKOTO COCTaBa IMOJTBEPIKIACTCS M CYIECTBEHHBIME YITUPEHHEM U CJIBUTOM
curuasnos aroMoB Bopopona npu C, n Cy B cniekrpe SIMP 'H (cm. puc. 8, 6) pacTBopa e-Ahx ¢ go6askoit CuCl,,
B TO BpeMs Kak cHrHaisl aromos Bogopoaa npu C,, Cy u C, yIIMPEHbI HE3HAYNTENBHO U HE MPETEPIECBAIOT
rapaMarHATHOTO ciBura (Tabi. 6).

B criextpax SIMP "°C (cMm. puc. 7, 6) u 'H (cMm. puc. 8, 6) pactsopa, conepsxantero CIT AA u ANa n e-Ahx,
MOJIOKEHHE M IIUPUHA CTICKTPAJIbHBIX JIMHHUH, COOTBETCTBYIOIINX aTOMaM YIJIepoja v BOAOPOa aMHUHOKHCIIO-
ThI, U3MEHSIOTCS B CPaBHEHUH CO CIIEKTPaMU HHIUBUAYaIbHOM €-AhX (cM. TaOI. 5, 6) B CBSI3H C MOBBIIIICHHEM
pH pactBopa.

Tabnuua 5
Bunsinue uonos Cu(Il) Ha napameTpbl CHTHAJIOB
aToMoB yraepona B cnextpax SIMP “C e-Ahx
(pactBopsl B D,0)
Table 5

Effect of Cu(Il) ions on signals
parameters of carbon atoms in “C NMR spectra of e-Ahx
(D,O solutions)

XUMHYECKHIA CIBHT, M. 1. / IIMPHHA HA MTOJIOBHHE BHICOTHI MUKOB, I
Ob6pasen
Ceun C, G C, C; C,
e-Ahx 184,1/9 37,9/9 26,0/9 25,8/9 27,1/9 39,9/9
CuCl, + e-Ahx H.o.* H.o.* 30,5/65 27,6/26 27,6/26 40,1/23
€-Ahx + CIT AA u ANa 184,3/15 37,9/22 26,1/15 259/13 27,3/43 40,0/37
CuCl, + e-Ahx + CIT AA u ANa 183,3/269 38,3/H. 0.* 26,1/43 25,9/29 27,1/32 40,0/33

*H. 0. — He onpezensiercs.
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Puc. 8. ®parmentsi criektpos SIMP 'H pacTsopa &-Ahx (a), CuCl, ¢ e-Ahx (6),
e-Ahx ¢ conomumepom AA n ANa (s), CuCl, ¢ e-Ahx u conomumepom AA u ANa (e)
(pactBopst B D,0)

Fig. 8. Fragments of "H NMR spectra of e-Ahx (@), CuCl, with e-Ahx (b),
e-Ahx with AA and ANa copolymer (c), CuCl, with AA and ANa copolymer and e-Ahx (d)
(D,0 solutions)
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Tabnuna 6
Bumnsinue uonos Cu(Il) Ha napameTpbl CHTHAJIOB
aToMoB Bozoponia B cexTpax SIMP 'H pactsopa e-Ahx
(pactBopsl B D,0)
Table 6

Effect of Cu(Il) ions on signals parameters
of hydrogen atoms in "H NMR spectra of e-Ahx
(D,O solutions)

XUMHYECKHUA CIIBUT, M. [I. / IIUPUHA HA MTOJOBUHE BBICOTHI MUKOB, [ 1

Oopa3zen
C, (oA C, C; C.
e-Ahx 2,19/5 1,58/12 1,37/22 1,67/14 2,99/6
CuCl, + e-Ahx 3,50/129 1,79/41 1,35/36 1,63/23 2,97/10
e-Ahx + CIT AA u ANa 2,19/47 1,58/1. 0.% 1,37/33 1,66/H. 0.* 2,98/48
CuCl, + e-Ahx + CI1 AA u ANa H.o.* H.o.* 1,36/127 1,65/u. 0.* 2,97/66

*H. 0. — He ompenenseTcs.

[Tpu no6asnennn nonos Cu(ll) B pactop, cogeprkamuit e-Ahx u CI1 AA u ANa, oOpa3yeTcst KOMIUIEKC,
B criektpe SIMP "C (cM. puc. 7, 2) KOTOporo HaGMIIOAIOTCS CIBUT U yIIMPEHHe CUTHAIOB aTOMOB yrieponia C,
u C, akpHJIaTHOTO 3BE€HA COIOJIMMEPA 10 CPABHEHUIO C CUTHATIAMH TUX aTOMOB YINIEPOJa B CIIEKTPE PacTBOpa
CIT AA n ANa ¢ no6askoii e-Ahx. Kpome Toro, ymmpensl curnanst aromos yriepoga C,,,, C,, Cy u C, amu-
HOKUCIIOTHI. [TapaMarHuTHBIN CABUT M yIIUpEHUE CUrHANOB aroMoB yriepona C, u C; conomuMepa u aroma
yraepona C, pactBopa e-Ahx IpUBOIAT K TOMY, YTO KOJIMUECTBEHHBIE TAPAMETPhl 3TUX CUTHAIIOB B YCIOBHUAX
3allMCH CIIEKTPOB He ompeerstores (cM. Tadn. 5). Curnan aroma yrepoaa C,,, ymupsiercs B 18 pas, aroma
yraepoza Cy — B 3 pasa, C,— B 2 pasa (cm. Ta0u. 5). [Ipy 5TOM He IPOMCXOAUT YIUMPEHHUS U CABUTA CHTHAJIOB,
COOTBETCTBYIOMMX aroMaM yriepoaa C, u C, cononumepa u aromam yriaepoaa Cy 1 C, aMUHOKHUCIIOTBL. JTO
CBHJICTEIILCTBYET 00 00pa30BaHUM B PACTBOPE KOMIIJIEKCHOTO COCAMHEHHS, B KOTOPOM JIMTAHAAMH SIBIISTIOTCS
KapOOKcmiIbHbIE Tpynbl aMUHOKHCIOTH U CIT AA u ANa. AMuaHBIE TPYIIIBI CONOIMMEPa U aMUHOTPYIIITBI
€-Ahx He npuHUMAIOT ydacTus B KoopauHatuu ¢ nonamu Cu(1l).

B cnextpe AMP 'H pactBopa, conepskarero nous Cu(Il), e-Ahx u CIT AA u ANa, ylmupeHsl CUTHATIbI
aroMoB Boztopozia MeTuieHOoBbIX rpymmn npu C,, Cy, C, 1 C; aMUHOKHCIIOTHI (CM. pHC. 8, 2). CTeneHb yUIMpeHust
curHanos aroMoB Bonopoza npu Cy u Cy HEBO3MOKHO YCTAHOBUTH B CBSI3U C NEPEKPHIBAHUEM MX CUIHAIIOM
aTroMoB Bozopoaa MeTmiaeHoBbIX rpymn CII AA u ANa. Curran atomoB Bogopoza npu C, mpereprieBaer Ta-
KHE CyLIECTBEHHBIC CABHI U YIIUPEHHE, YTO €r0 KOJIMYECTBCHHBIEC MMapaMETPhl HE ONMPEACISIOTCS, IPU 3TOM
cUrHai aroMoB Bogopoza npu C, ymmpeH B 4 pasa, a curaai aromos Bofopoza npu C, — menee yem B 1,5 pasza
(cM. Tabma. 6). ITO MOATBEPXKAACT YUaCTHE B KOOPAMHALIMH HCKIIOUUTEIBHO KapOOKCHIIBHBIX TPYII aMHHO-
KHCIIOTHI 0e3 00pa30BaHMs ACBITUUWICHHOTO XEJIaTHOTO LIUKIIA.

Taxkum oOpa3om, B BOIHOM pacTBope, conepxanieM noHsl Cu(Il) u e-Ahx, popmupyercst KOMIUIEKC, TUTaH-
JlaMU B KOTOPOM SIBJISIFOTCSI KapOOKCHIIbHBIE TPYIIIBI aMUHOKUCIOTHL. JlobaBienue k atomy pactsopy CIT AA
n ANa npuBoauT K (opMHPOBaHUIO KOMIUIEKCA ¢ ydacTHeM KapOokcmiibHbIX rpynn €-Ahx u CIT AA u ANa.

VYdactue aMmuHOTpyMI B 00pa3oBaHuM cMemanHoro kommiekca noHos Cu(ll) c amunokucnoroit u CIT AA
1 ANa, paHee Moka3zaHHOE HaMHu JUTs THiKHa [ 14], ycraHoBIeHO U uis 3-amaHuHa. DTO OOBSCHIETCS yCTOM-
YUBOCTBIO (DOPMUPYIOIIMXCS MATH- U MIECTUWICHHBIX XENaTHBIX LUKIOB. Tak Kak CeMH- M AEBATHUICHHBIC
XeJIaTHbIE IIMKIIBI MEHEe YCTOWUYUBEI [21], aMHHOTpyIIIBI Y-aMUHOMACIHISIHON M €-aMUHOKAIIPOHOBOM KHCIIOTBI
HE BXOJSIT B COCTAaB CMELIAHHOTO KOMILIEKCA.

3akJroueHune

OGHapyxeHo, 4To B BonHOM pactBope noHoB Cu(Il) 1 m-amuHOKHCIOT (-anaHuH, Y-aMUHOMACTISIHAST KHC-
JI0Ta, €-aMUHOKAIIPOHOBAsl KUCIJIOTA) ITpH MOJIbHBIX oTHOIeHuAxX Cu(ll) — amunokucnora, paBubix 1 : 6, Gpop-
MUPYETCsI KOMIUIEKC, JTJUTAHJaMU B KOTOPOM SIBIISIIOTCS KAPOOKCHIIBHBIE TPyl aMUHOKHCIIOTHI.

VYcraHoBIIEHO, 4TO B pacTBope, conaepskamiem nousl Cu(Il), B-amanun u CIT AA u ANa B MOJIbHBIX OTHO-
mennsx Cu(ll) — B-amaann — COO cononumepa, paBHbIX 1 : 6 : 30, 0Opaszyercs xenaTHoe COeTUHEHHE C y4a-
CTHEM KapOOKCHIbHBIX M aMUHOTpyI B-ananuHa. Kpome Toro, B cocTaB KOMIUIEKCA BXOASAT KapOOKCHIIbHBIC
IPYIIIBI CONONNMEpA.
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BrsiBrieHO, 4TO B BOTHOM pacTBope, coaepxkameM noHbl Cu(ll), y-aMuHOMacsIHYI0 MO0 €-aMUHOKAIPO-
HOBYI0 Kuciory, a Takke CIT AA u ANa, B 00pa3oBaHHM KOMIUIEKCA MPHUHUMAIOT YYacTHE KapOOKCHIIbHBIC
TPYHITBl AaMUHOKHUCIIOTHI M COTIONIMMEpA.
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