ISSN 1813-1107, elSSN 2710-1185 M 3, 2026

Chemical Journal of Kazakhstan
Volume 3, Number 95(2026), 58-68 https://doi.org/10.51580/2026-3.2710-1185.29

UDC 544.77:667.6

PHYSICOCHEMICAL ASPECTS OF POLYELECTROLYTE
INTERACTIONS IN AQUEOUS FILM-FORMER DISPERSIONS

A.N. Dyuryaginat, T.V. Shirina'*, Yu.S. Byzovat, K.A. Ostrovnoyt, A.A. Lutsenko?

! Manash Kozybayev North Kazakhstan University, Petropavlovsk, Kazakhstan
2 Abay Myrzakhmetov Kokshetau University, Kokshetau, Kazakhstan

*Corresponding author e-mail: tshirina@internet.ru

Abstract. Introduction. Waterborne coating materials offer environmental and technological
advantages; however, the coatings they form may exhibit structural heterogeneity and increased porosity.
One approach to controlling the properties of such systems is the introduction of functional modifiers.
Objective. The aim of this study was to determine the effect of polyethylene polyamine on the surface and
bulk properties of aqueous polyurethane and acrylic-polyurethane dispersions, as well as on the porosity
of the coatings formed from them. Methodology. At 293 K, surface tension, specific and molar electrical
conductivity, pH, and coating porosity were determined in systems containing 0-0.0024 mol/dm? PEPA.
Results and Discussion. In the binary «water-PEPA» system, changes in the character of the concentration
dependences of surface tension, molar conductivity, and pH were observed in the region CPEPA = 0.0012
mol/dms3, corresponding to the critical association concentration. In ternary systems, the nature of changes
in the investigated parameters depended on the film-former chemistry; the most pronounced decrease in
surface tension was observed for the acrylic-polyurethane dispersion, from 39.60 to 35.15 mN/m. With
increasing PEPA concentration, the porosity of the polyurethane coating decreased from 73.70 to 40.56%,
while that of the acrylic-polyurethane coating decreased from 37.69 to 4.62%. Conclusion. The results
demonstrate that PEPA affects the surface and bulk properties of the investigated aqueous dispersions and
the structure of the coatings formed. The observed changes are consistent with the possibility of
associative interactions between PEPA and the components of the studied systems, with the most
pronounced modification effect established for the acrylic-polyurethane composition.
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1. Introduction

Waterborne coating materials are widely used because of their environmental
and technological advantages over solvent-borne systems. At the same time, the
coatings formed from these materials may exhibit structural heterogeneity,
increased porosity, and insufficient corrosion resistance [1-3].

One approach to controlling the properties of such materials is modification
of heterochain film-forming polymers containing polar ester (-COO-), amide
(-CONH-), and urethane (-NH-CO-O-) groups capable of participating in
intermolecular interactions [3-5]. Another approach is the introduction of
multifunctional surfactants that can alter the surface and bulk properties of
aqueous dispersions [6, 7].

Amine-containing modifiers are of particular interest because they are
capable of forming ion pairs and hydrogen bonds with polar groups of the
polymer phase [6-8]. Polyethylene polyamine (PEPA) belongs to this class of
compounds and contains primary and secondary amino groups. Therefore, the aim
of this work was to establish the effect of PEPA on the surface and bulk
properties of aqueous polyurethane and acrylic-polyurethane dispersions and on
the porosity of the coatings formed from them.

2. Experimental part

The following materials were used: a waterborne polyurethane dispersion,
TU 2313-001-254543-2015; a waterborne acrylic-polyurethane dispersion, TU
20.30.12-041-29525189-2019; and polyethylene polyamine, TU 2413-357-
00203447-99. The composition and structural features of the samples were
characterized by FTIR spectroscopy using a Shimadzu instrument (resolution
4 cm, 45 scans, Happ-Genzel apodization). The spectra obtained are shown in
Figure 1.
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Figure 1 — FTIR spectra of the investigated samples: a — polyurethane; b — acrylic-polyurethane; ¢ —
polyethylene polyamine.

FTIR spectra (Figure 1) confirmed the characteristic functional groups of the
investigated components. Polyurethane exhibited N-H stretching bands at 3600—
3100 cm?, a urethane C=0 band near 1710 cm®, and C-N vibrations at 1530-
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1550 cm™ (Figure 1a) [9, 10]. The acrylic-polyurethane spectrum additionally
showed an intense C=0 band of the acrylate component near 1720 cm™ (Figure
1b) [9, 10]. PEPA was characterized by N-H stretching at 3300-3400 cm™ and
CH: bands at 2920-2850 cm™ (Figure 1c) [11].

The studies were carried out in binary «water-PEPA» systems and ternary
«polyurethane/acrylic-polyurethane-water-PEPA» compositions. The
concentration of the amine-containing modifier was varied from 0 to 0.0024
mol/dm3 in increments of 0.0004 mol/dm3. Freshly prepared solutions and
compositions were used for all measurements, which were performed at 293 K.

PEPA solutions of the required concentrations for the binary systems were
prepared in a specified volume of distilled water under stirring until complete
homogenization. Ternary compositions were prepared by adding PEPA to a
calculated volume of the polyurethane or acrylic-polyurethane dispersion,
followed by stirring until a visually homogeneous system without visible
aggregates was obtained. Surface tension, specific electrical conductivity, and pH
were monitored over time until stable readings were established, which for the
investigated systems occurred predominantly after 30-40 min. Statistical
treatment was performed using the results of three independent replicate
determinations (n=3) recorded after stabilization of the corresponding parameter.
For each experimental point, the arithmetic mean (x), standard deviation (SD),
and relative standard deviation (RSD) were calculated:

no , 5 1
f:@;spz M;RSngx 100%, @
n n-1 X

where x; — the result of an individual determination;
n — the number of replicate measurements.

Experimental data in the figures are presented as x = SD.

Surface tension ¢ was determined using an automated ACAM instrument by
the pendant-drop method. The drop profile was recorded by a video-imaging
system, and o was calculated by the instrument software using the Young-Laplace
equation [12].

Specific electrical conductivity y was measured using a Multitest
conductivity meter calibrated with a standard solution. Molar conductivity An was
calculated from the experimentally measured specific conductivity according to
[13]:

£ )
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where Jm — molar conductivity, S-cm2/mol,
x — specific electrical conductivity, mS/cm;
C - the molar concentration of PEPA, mol/dm3.
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The pH values were measured using a laboratory pH-150MI pH meter
equipped with an ESK-10603/7 combination electrode and automatic temperature
compensation. Before measurements, the instrument was calibrated using
standard buffer solutions.

Coating porosity was determined by indicator deposition of metallic copper
with quantitative evaluation of the relative area of the formed copper-deposition
sites [14]. Steel plates measuring 3 x 9 cm were sequentially ground with P800
and P1000 abrasive paper, degreased with ethanol, and dried at room temperature.
The test compositions were applied by wiping with a lint-free cotton cloth and
dried for 5 days. The actual mass of the formed coatings was 0.0038-0.0065 g for
the polyurethane system and 0.0069-0.0123 g for the acrylic-polyurethane system.

A 1.0 mL aliquot of solution containing 10% CuSQO. and 0.5% H.SO. was
uniformly distributed over a 2 x 2 cm? area of the coating bounded by an adhesive
contour and maintained at 295 K for 30 min. Penetration of the electrolyte
through coating defects was accompanied by reduction of copper ions on the steel
surface:

Fe + Cu?* — Cu + Fe

After removal of the solution, the surface was photographed under constant
imaging conditions. The images were processed using Particle Analyzer v2.0 with
color-segmentation and contour-analysis algorithms implemented in Python using
the OpenCV library. Coating porosity CP (%) was calculated as the ratio of the
total area of copper-deposition sites S, to the total analyzed area So:

__ S 3
CP = 2 x 100%, @)
So

For each experimental point, three independent porosity determinations were
performed; the results were expressed as CP + SD.

3. Results and Discussion

The experimental data showed high reproducibility: RSD values did not
exceed 0.26% for pH, 3.44% for specific electrical conductivity, and 2.41% for
surface tension.

3.1 «Water-PEPA» system

The effect of additive concentration on the surface tension of water is shown
in Figure 2.

The surface-tension isotherm (o1-g) of agueous polyethylene polyamine
solutions at 293 K is characterized by two concentration regions. As Cpepa
increased from 0 to 0.0012 mol/dm3, the surface tension decreased by 1.49 mN/m
to 71.28 mN/m, after which it remained practically unchanged, forming a plateau
region.
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Figure 2 — Surface-tension isotherm of the «water—-PEPA» system (T = 293 K).

The change in the character of the concentration dependence at Cpepa =
0.0012 mol/dm?3 allows this concentration to be considered the critical association
concentration (CAC), which is consistent with literature data [6] and is confirmed
by changes in the bulk characteristics of the corresponding systems (Figures 3 and
4).
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Figure 3 — Dependence of molar conductivity in Figure 4 — Effect of polyethylene polyamine
the binary «water-PEPA» system on the square concentration on pH in the binary «water—-PEPA»
root of PEPA concentration. system.

In the concentration range Cpepa=0.0004-0.0012 mol/dms3, the observed
decrease in molar conductivity from 442.5 to 248.1 S-cm?/mol is consistent with
gradual protonation of PEPA amino groups in aqueous medium [15] (Figure 3).
Binding of protons from water by the amino groups is accompanied by formation
of hydroxide ions, which is manifested by a shift of the medium from near-neutral
(Cpera=0 mol/dm?3) to alkaline (Cpepa = 0.0012 mol/dm?3) and is confirmed by the
increase in pH from 6.38 to 10.14 (Figure 4).
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The change in the character of the molar-conductivity (Figure 3) and pH
(Figure 4) dependences near Cpepa=0.0012 mol/dm3, together with formation of a
plateau in the surface-tension isotherm (Figure 2), suggests a transition of the
system toward an associated state [16]. Formation of PEPA associates may be
governed by a combination of hydrophobic interactions between methylene
segments, hydrogen bonding, and electrostatic interactions involving protonated
amino groups [16, 17]. Upon association, the mobility of the resulting structures
decreases relative to individual polyions, which may contribute to the decrease in
molar conductivity.

With a further increase in PEPA concentration from 0.0012 to 0.0024
mol/dm3, molar conductivity decreased from 248.1 to 153.2 S-cm2/mol (Figure 3),
whereas the change in pH became less pronounced, from 10.14 to 10.36 (Figure
4). Over the same concentration interval, surface tension remained practically
unchanged at approximately 71.28 mN/m (Figure 2), which is consistent with
formation of a plateau after the CAC had been reached.

3.2 «Water-film former-PEPA» systems

The effects of film-former chemistry and additive concentration on the
surface tension of the investigated systems are shown in Figure 5.
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Figure 5 — Surface-tension isotherm (T = 293 K): 1 — acrylic-polyurethane; 2 — polyurethane.

In the absence of PEPA, the aqueous dispersions of both film formers
exhibited similar surface-tension values, 614=39.11-39.60 mN/m. The similarity
of these values may be related to the presence of polar urethane (-NH-CO-0-) and
ether (-O-) groups in both systems (Figure 1). The small difference between the
polyurethane and acrylic-polyurethane dispersions (Aci4=0.49 mN/m) may be
associated with the functional composition of the acrylic-polyurethane film
former, which also contains acrylate fragments.

The surface tension of the initial film-former dispersions (614=39.11-39.60
mN/m) was substantially lower than that of water (72.77 mN/m), indicating
pronounced surface activity of the dispersion components and formation of an
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adsorption layer at the liquid-air interface [12]. After PEPA addition, differences
between the investigated film formers became apparent in the way surface tension
changed with increasing additive concentration (Figure 5).

For the acrylic-polyurethane system, surface tension decreased from 39.60 to
35.15 mN/m. This effect may be associated with additional intermolecular
interactions between PEPA amino groups and polar groups of the acrylic-
polyurethane film former, including hydrogen bonding and acid-base interactions
[15, 16]. The results suggest that such interactions contribute to changes in the
composition and organization of the surface layer.

For the polyurethane dispersion, the change in surface tension upon addition
of PEPA was less pronounced: after the initial decrease, 614 changed only slightly
over the subsequent concentration range (Figure 5). The different concentration
dependences of the two film formers indicate that the chemical nature of the
polymer phase affects its interaction with PEPA.

Comparison of the acid—base characteristics of the aqueous dispersions in the
absence of PEPA showed pH values of 8.19 for the acrylic-polyurethane
dispersion and 6.87 for the polyurethane dispersion, whereas the pH of water was
6.38 (Table 1). These differences in initial pH characterize the acid-base state of
the dispersions and may affect subsequent interactions between functional groups
of the film formers and PEPA.

Table 1 — Effect of additive concentration on the pH of water, acrylic-polyurethane, and polyurethane
compositions

Ceepa, mol/dm3 0 0.0004 0.0008 0.0012 0.0016 0.0020 0.0024
pH (polyurethane) 6.87 | 8.69 9.46 9.85 9.94 10.23 10.41
pH (acrylic-polyurethane) | 8.19 8.85 9.37 9.81 10.10 10.98 11.08
pH (water) 6.38 | 10.10 10.11 10.14 10.23 10.30 10.36

The shift in pH toward the alkaline region after PEPA addition to the film
former-water systems is consistent with the protonation of amino groups by water
molecules discussed for the binary system, accompanied by release of hydroxide
ions (OH"). The pH increased continuously with increasing PEPA concentration
and reached maximum values at Cpepa=0.0024 mol/dm3: 10.41 for polyurethane
and 11.08 for acrylic-polyurethane. These values are close to the pH of 10.36
measured for the binary «water-PEPA» system at the same additive concentration
(Table 1).

Concentration-dependent changes in the specific electrical conductivity of
the investigated systems are presented in Table 2.
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Table 2 — Effect of additive concentration on the specific electrical conductivity of water, acrylic-
polyurethane, and polyurethane compositions

Cpepa, mol/dm? 0 0.0004 | 0.0008 | 0.0012 | 0.0016 | 0.0020 | 0.0024
¥ (polyurethane), mS/cm 1.39 1.39 1.34 1.29 1.24 1.29 1.26
x (acrylic-polyurethane), 3.80 3.71 3.42 3.50 3.19 3.06 2.57
mS/cm

¥ (water), mS/cm 0.0052 | 0.1770 | 0.2427 | 0.2977 | 0.3197 | 0.3507 | 0.3677

The overall tendency toward lower specific electrical conductivity after
PEPA addition may be related to changes in the state of polar film-former groups
and in the mobility of charged species as a result of intermolecular interactions
with protonated PEPA amino groups. The results are consistent with the
possibility of heteroassociative interactions between PEPA and the hydrophilic
fragments of both film formers [18].

The change in porosity of the formed coatings reflects the effect of PEPA on
the structural organization of the film-forming matrix. In the absence of PEPA,
the porosity of the polyurethane coating was 73.70%, whereas that of the acrylic-
polyurethane coating was 37.69% (Figure 6). The lower initial porosity of the
acrylic-polyurethane coating may be related to the chemical composition of the
hybrid polymer system and to conditions favoring formation of a more
homogeneous film structure [19].
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Figure 6 — Porosity of coatings based on acrylic-polyurethane (1) and polyurethane (2) film formers as a
function of PEPA concentration.

Replicate determinations confirmed the reproducibility of the observed
concentration dependence of porosity. For polyurethane coatings, RSD values
ranged from 3.27 to 5.89%. For acrylic-polyurethane coatings, the relative scatter
increased as the absolute porosity decreased, reaching its maximum value at the
minimum porosity of 4.62%.

As the additive concentration increased from 0 to 0.0024 mol/dms3, the
porosity of the polyurethane coating decreased from 73.70 to 40.56%. This
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decrease corresponded to the maximum pH value of 10.41 and the minimum
specific electrical conductivity of 1.26 mS/cm. For the acrylic-polyurethane
coating, the decrease was more pronounced: porosity decreased from 37.69 to
4.62%, while the corresponding pH and specific electrical conductivity values
were 11.08 and 2.57 mS/cm, respectively.

Thus, addition of PEPA was accompanied by a decrease in the porosity of
both coatings, with the strongest effect observed for the acrylic-polyurethane
system. The change in porosity, together with changes in pH, electrical
conductivity, and surface tension, is consistent with possible involvement of
intermolecular interactions between PEPA and polar groups of the film former in
the formation of a less porous coating with a porosity of 4.62%.

4. Conclusion

The «water-PEPA» system exhibited concentration-dependent changes, with
the region near CPEPA=0.0012 mol/dm? interpreted as the critical association
concentration based on concurrent changes in surface tension, molar conductivity,
and pH. Increasing PEPA from 0.0004 to 0.0024 mol/dm? reduced molar
conductivity from 442.5 to 153.2 S-cm2/mol. The modifier affected the two film
formers differently: the acrylic-polyurethane system showed the stronger
response, including a decrease in surface tension from 39.60 to 35.15 mN/m.
PEPA also reduced coating porosity from 73.70 to 40.56% for polyurethane and
from 37.69 to 4.62% for acrylic-polyurethane. These results are consistent with
possible intermolecular interactions between PEPA and polar groups of the film
formers and support its use for controlling the surface and structural properties of
waterborne coating systems.
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KABBIK TY3I'THITEPAIH CVYJibl JAUCIHEPCHUAJAPBIHIATBI ITOJUIJEKTPOJIUT
O3APA OPEKETTECYIHIH ®U3UKA-XUMHUAJIBIK ACIIEKTIJIEPI
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Tyiiinaeme. Kipicne. CyJbl-qUCIIEPCHSIIBIK JIAK-00sly MaTepHaaaphl SKOJOTHUSUIBIK XKOHE TEXHOJIOTHSUIBIK
apTHIKIIBUIBIKTAPFa He, ajaiiia ojap TY3eTiH KaObIHAAp KYPbUIBIMABIK OIPTEKCI3IIKIIEH KOHE JKOFaphl
KEYCKTUIKIEH CUIAaTTalybl MYMKiH. MyHnail sxy#enepiiH KacHeTTepiH perrey TocliuepiHiH Oipi
GyHKUMOHANIBIK — MoauduKaTtopiaapabpl  eHrisy  Oomein  TaObuiafpl.  JKymeicmoly — maxcamol.
[Tonu3THICHNIOIMAMUHHIH CYJIbl TIOJMYPETaHABIK XKOHE aKPHII-TIOJIMYPETaHABIK AUCTIEPCUSIIAPIbIH OETTIK
JKOHE KOJIEMJIIK KacCHEeTTepiHe, COHJai-aK oJlap Ty3€TiH >KaOBbIHAApIbIH KEYEKTUIIriHe OCEepiH aHbBIKTay.
Ooicmeme. Kypamprana 0-0,0024 mons/nm® IIDIIA 6Gap sxyitenepae 293 K remmeparypana OeTTik kepiny,
MEHIIIKTI KOHE MOJSIPJIBIK JJIEKTPOTKI3rimTiK, pH >koHe >XaOBIHAAPIBIH KEYEeKTLTIri aHBIKTAJJIbL.
Homuoicenep owcone mangvinay. «Cy-IIDIIA» OunHapiblK kyieciHie OCTTIK Kepily, MOJISIPIIBIK
WEKTPOTKINTIK  koHe pH  KOHLEHTpAUMSUIBIK — TOYENJUNKTEpiHIH  CHIIATBIHBIH  €3repyi
Crpna=0,0012 monb/am® afimMarbiHga Galkanabl, Oy acCOLMALMSHBIH KPUTHKAIBIK KOHICHTPALUSACHIHA
coiikec Keneni. YII KOMIOHEHTTI JKyHenepie 3epTTeireH KOpCETKIIUTEepAiH e3repy CHUIaThl KaObIK
TY3TIIITEpAiH TaOUFaThIHA Toyem 1l 00J/Ibl; OETTIK KepUIyAiH €H aliKbIH TOMEHCY1 aKprII-TIOJINYpEeTaH IbIK
mucnepcus  yuniH - Oadikanael — 39,60-ran 35,15 MH/M-re geitin. TIOIIA  KOHIEHTpanUsICHIHBIH
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JKOFapbUIaybIMEH IOJIHYPETaHIbIK >KaObIHHBIH KeyekTimiri 73,70-ren 40,56%-ra neilin, an axkpui-
MOJINYPETaH IBIK KAOBIHHBIH KeyekTiiri 37,69-nan 4,62%-ra neitin temenneni. Kopvimuinobl. AJbIHFaH
wotmxesnep [IDITA-HBIH 3epTTeNreH Cybl JUCIEPCHSIIAPABIH OCTTIK XKOHE KOJIEM/IIK KaCHETTepiHe JKoHEe
TY3UIETiH kaObIHAAPIBIH KYpBUIBIMBIHA dCep €TETiHiH kepcerendi. baiikanran esrepictep I1DITA-HbIH
3epTTeNreH Kyhenep KOMIIOHEHTTEPIMEH acCOLMATHUBTIK e3apa opeKeTTecy MYMKIHIIriMeH yiieceni;
Mo (UKAIUIIAYABIH €H afKBIH ocepi aKpUI-TIOINYPETaH/ABIK KOMITO3UIHS YIITiH aHBIKTAIIBL.

Tyiiinai  cesmep:  akpui-nosMyperaH, —IOJIMYpeTaH, O€TTIK  JkoHE  KeJIeMOIK  KacHerTep,
MOJIMATUIICHIIONNAMUH, KaOBIK TY3TiIITepIiH CyJIbl AUCHEPCHSIAPE
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Pe3ome. Bsedenue. BogHo-ancnepcHOHHbBIE JTAKOKPACOYHBIE MaTepUalibl 00JIaal0T SKOJIOTMYECKUMH U
TEXHOJOTHYECKUMH TPEUMYIIECTBAMH, OJJHAKO (POPMHUPYEMbIE UMHU TTOKPBITHSI MOT'YT XapaKTEepU30BaThCs
CTPYKTYpHOI HEOHOPOIHOCTHIO H MOBBIIICHHONW MOPUCTOCTHI0. OXHUM M3 HOAXOAOB K PETYIMPOBAHUIO
CBOMCTB TaKHX CHCTEM SIBJISIETCS BBeACHHE (DyHKIIMOHATIBHBIX MOIU(UKATOPOB. []enb HACTOAIIEH PaboThI
— ONpeleNuTh BIUSHUE ITOIMATUICHIIOIMAMMHA Ha MOBEPXHOCTHBIE M OOBEMHBIE CBOWCTBA BOJHBIX
MTOJINYPETaHOBBIX W aKPHJI-TIOJIMYPETAHOBBIX JAMCIIEPCHIl, a TaKKe IOPHCTOCTb (OPMHUPYEMBIX HMH
nokpeiTHit. Memooonoaus. Tlpu 293 K B cuctemax, conepxkarux 0-0,0024 mons/am?® I1DITA, onpenensiu
MOBEPXHOCTHOE HATSHKEHHE, YIEIbHYI0O U MOJISIPHYIO JIEKTPONPOBOJHOCTb, pH, MOPUCTOCTD MOKPBITHIA.
Pesynemamur  u  obcyoscoenue. B OunapHoit cucreme «Bona-IIDIIA» wn3MeHeHHe Xxapakrepa
KOHI[CHTPAL[MOHHBIX 3aBHCUMOCTEIl OBEPXHOCTHOIO HATSDKEHUSI, MOJISIPHOI 3JeKTponpoBoaHocTH U pH
nabmronamocs B obmactu Crpna=0,0012 monbs/aM®, COOTBETCTBYIOLICH KPUTHUYECKOW KOHICHTPALMN
accouuanui. B TpoMHBIX cHCTeMax XapakTep H3MEHEHHsI HCCelyeMbIX IOoKa3zaTeseil 3aBucesl OT
MPUPOJBI  TUICHKOOOPA3yIOUIMX; HauOoiee BBIPAKEHHOE CHIDKCHHE ITOBEPXHOCTHOTO HATSDKCHUS
HaOIIONANOCh I aKpHI-NONMypeTaHoBod aucnepcun — ¢ 39,60 no 35,15 mH/M. Ilpu yBenuueHuu
xoHueHTpanun [13ITA mopucToCTh MOIMYpPETaHOBOTO MOKPHITHS cHU3MIAchk ¢ 73,70 mo 40,56%, a akpui-
nonuyperaHoBoro — ¢ 37,69 no 4,62%. 3axniouenue. TlomydeHHblE PE3yJbTaTbl CBHUAETENBCTBYIOT O
piusiaan [IOTTA Ha TOBEPXHOCTHBIE M OOBEMHBIC CBOMCTBA HCCIEAYEMBIX BOJIHBIX [HCIEPCHH U
CTPYKTYpY (opMupyembIx MNOKpbITHH. Habnronaemble H3MEHEHHsSI COTJIACYIOTCSI C  BO3MOMKHOCTBIO
accorMaTHBHBIX B3aumopeiictBuii [IDIIA ¢ KOMIIOHEHTaMH HCCIEIyeMbIX CHCTEeM, Haubosee
BBIpa)KCHHBIN 3(QPEeKT MOANDUIIMPOBAHNS YCTAHOBIICH ISl aKPHJI-TIOJINYPETAHOBON KOMITO3UIINH.

KiroueBble ciioBa: akpuiI-NONUYpeTaH; IOJMYpETaH; IOBEPXHOCTHbIE M OOBEMHBIC CBOICTBA;
TMOJIMATHIICHIIONMAMUH; BOAHBIE AUCIIEPCUH TUIEHKOOOPA3yOIINX

wpazuna Aumonuna Hukonaeena KAHOUOAm XumMu4eckux Hayx, npogeccop
Hlupuna Tamvana Banepvesna dokmopaum

buvizosa IOnusa Cepzeesna PhD, accoyuuposanntiii npogeccop
Ocmposnoi Kupunn Anexcanoposuu Cenbop-1eKmop

Jlyyenxo Auoa Anexcanoposna PhD, accoyuuposannwiii npogeccop
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