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Abstract. In this study, homogeneous and heterogeneous Pt(lIl)
complexes based on phosphinite ligands containing ionic liquid fragments
were synthesized and investigated as catalytic systems for transfer
hydrogenation  reactions. The homogeneous Pt(ll) complex
[PtCl2((PPh202C7H14N2)2)]Cl. was synthesized and characterized by
P{tH} NMR, H NMR, BC NMR, IR spectroscopy, and elemental
analysis. The obtained spectroscopic data confirmed the formation of a
structurally well-defined square-planar Pt(I1) complex.

To obtain a heterogeneous catalytic system, the Pt(ll) complex was
immobilized onto aminomethylated polystyrene. The polymer-supported
catalyst was characterized by SEM and EDX analyses, which confirmed
successful incorporation of Pt(ll) species into the polymer matrix with a
platinum loading of 0.25 wt.%.

The catalytic activities of both homogeneous and heterogeneous Pt(l1)
complexes were evaluated in the transfer hydrogenation of ketones using
isopropanol as the hydrogen donor in the presence of KOH. The
homogeneous Pt(ll) catalyst exhibited excellent catalytic activity,
achieving high conversion values within short reaction times. The
heterogeneous catalyst also exhibited good catalytic performance together
with practical advantages such as facile separation from the reaction
medium and potential catalyst recyclability.

The obtained results demonstrate that Pt(ll) complexes based on
phosphinite ligands containing ionic liquid fragments represent promising
catalytic systems for transfer hydrogenation reactions. The combination
of high catalytic activity, structural stability, and heterogeneous catalyst
recoverability makes these systems attractive for further applications in
sustainable catalytic processes.

Keywords: Pt(Il) complexes; phosphinite ligands; ionic liquid fragments;
heterogeneous catalyst; transfer hydrogenation; ketones; polymer-
supported catalyst.
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1. Introduction

Hydrogenation is a core technology in chemical and petrochemical synthesis. For the
petrochemical industry, many of the compounds found in crude oil are of little use since they contain
multiple double bonds; they must be first converted to saturated compounds before use as
commodities such as gasoline. In addition, countless other molecules are produced from petroleum;
hydrogenation is most often the first step in their production. High rates and selectivities are attainable
only by the coordination of structurally well-designed catalysts and suitable reaction conditions.

Transition-metal catalyzed processes for transfer hydrogenation of a wide variety of functional
groups by different hydrogen donors are interesting alternatives to molecular hydrogenation (Johnson
et al., 2021; Nekrasov et al., 2025; Rafikova et al., 2014a, 2014b; Xie & Torok, 2022).

Ketones are the most common unsaturated substrates used in organic synthesis. Extensive
efforts have been devoted to their reduction into secondary alcohols, especially via hydrogenation.
The hydrogenation of ketones, which is one of the most exciting and powerful methods of
synthesizing alcohols, has been receiving increased attention and has led to extraordinary success
(Lee & Kim, 2018; Rafikova et al., 2013a, 2013b).

In particular, the catalytic transfer hydrogenation of ketones is one of the most attractive
methods for synthesizing secondary alcohols, which form an important class of intermediates for fine
chemicals and pharmaceuticals. The hydrogen transfer from 2-propanol to ketones is an elegant and
economical method owing to its operational simplicity, since no hydrogen gas is required, enabling
the avoidance of high-pressure equipment, as well as many favorable properties of the reductant; for
example, it is stable, easy to handle, non-toxic, and inexpensive. Moreover, when 2-propanol is used
as a hydrogen donor, the only side product is acetone, which is easily removed by distillation during
workup (Aydemir et al., 2014; Rafikova et al., 2014a, 2014b, 2014c; Zazybin et al., 2014).

Catalytic hydrogenation reactions occupy a central position in the modern chemical industry
and in fine organic synthesis. The reduction of carbon—carbon multiple bonds, as well as carbonyl,
nitro, and other functional groups with hydrogen in the presence of metal-complex catalysts provides
access to a wide range of valuable products, including pharmaceutical substances, agrochemicals,
monomers, fine chemicals, and biologically active compounds (Claver, 2017; Merig et al., 2014,
Ningthoujam, 2022; Rafikova et al., 2014a, 2014b; Ragini & Jaya, 2019; Somwanshi et al., 2020).

Among the noble metals, platinum occupies a special position owing to its exceptional ability
to activate molecular hydrogen under mild conditions, its high selectivity, and its tolerance to various
functional groups. Platinum(ll) complexes - in particular, derivatives of K-[PtCls] and phosphine
complexes of the type cis/trans-[Pt(PRs).Xz] - are widely employed in both homogeneous and
heterogeneous catalysis (Rafikova et al., 2014; Zazybin et al., 2014).

Homogeneous platinum catalysts provide a high degree of molecular uniformity of active sites,
which accounts for their outstanding selectivity and the possibility of fine-tuning electronic and steric
parameters by varying the ligand environment. However, the main drawbacks of homogeneous
catalysis - the difficulty of separating the catalyst from the reaction products and the limited
possibility of catalyst reuse - stimulate the development of heterogenized systems (Chen et al., 2022,
Tungatarova & Zakumbayeva, 2020).

Heterogeneous catalysts based on platinum nanoparticles supported on oxide supports (y-AlOs,
Si02, TiO2) or carbon materials combine high catalytic activity with technological simplicity of
separation and regeneration. The nature of the support, the size of the nanoparticles, and the electronic
state of the surface platinum atoms have a decisive influence on the activity and selectivity of such
systems (Li & Chen, 2020; Masson et al., 2024; Rafikova et al., 2024).

Despite considerable progress in the study of platinum catalysts, systematic comparative
investigations of homogeneous and heterogeneous Pt(I1) complexes prepared by a unified
methodology from common precursors remain relatively scarce. Establishing correlations of the
"composition—structure—catalytic activity" type is of both fundamental and applied interest (Jia et al.,
2022).
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The aim of this work is to synthesize Pt(I1) complexes based on phosphinite ligands and their
polymer-supported analogues, and to study their catalytic activity in transfer hydrogenation reactions.
Special attention is given to comparing homogeneous and heterogeneous systems and evaluating the
effect of immobilization on catalytic performance.

2. Materials and Methods
2.1. Reagents and materials

Pt(cod)Cl.  (dichloro(1,5-cyclooctadiene)platinum(ll)), aminomethylated  polystyrene,
triethylamine (NEts), potassium hydroxide (KOH), dioxane, dichloromethane (CH2Cl.), chloroform,
petroleum ether, ethanol, acetone, and isopropanol (iso-PrOH) were purchased from Sigma-Aldrich
and used without further purification unless otherwise stated.

All reactions involving platinum complexes were carried out under an argon atmosphere using
dry solvents. Degassed isopropanol was used as the hydrogen donor solvent in catalytic transfer
hydrogenation reactions. Ketone substrates used in the catalytic studies were of analytical grade and
employed without additional purification.

The synthesized homogeneous Pt(I1) complex was characterized by 3'P{*H} NMR, 'H NMR,
13C NMR, IR spectroscopy, and elemental analysis. The heterogeneous polymer-supported Pt(Il)
catalyst was characterized using SEM and EDX analyses.

2.2. Synthesis of [PtCl2((PPh202C7 H14N2)2)]Cl2

Pt(cod)Cl2 (0.047 g, 0.13 mmol) and phosphinite ligand [(Ph-PO)-C-H1.N-C1]C1 (0.10 g, 0.25
mmol) were dissolved in dry dichloromethane (CH2Clz, 25 mL) under an argon atmosphere. The
reaction mixture was stirred overnight at room temperature. After completion of the reaction, the
solvent volume was reduced to approximately 1-2 mL under reduced pressure. Petroleum ether (20
mL) was added to precipitate the platinum(ll) complex as a white solid. The obtained precipitate was
collected by filtration, washed with petroleum ether, and dried under vacuum.

The yield was 0.12 g (88 %). The melting point of the obtained complex was found to be 197—
209 °C.

The synthesized complex was characterized by 3P{*H} NMR, 'H NMR, 3C NMR, IR
spectroscopy, and elemental analysis.

2.3. Synthesis of Pt (II) complexes based on polymer-anchored ionic liquids containing diphenyl
groups

Aminomethylated polystyrene (0.022 g) was pre-swollen in dioxane (10 mL) for 1 h at room
temperature. Then, a chloroform solution of the Pt(Il) complex (0.011 g) was added. Triethylamine
(NEts) was introduced as a base, and the reaction mixture was refluxed under continuous stirring.

After completion of the reaction, the mixture was cooled to room temperature. The obtained
dark yellow solid was separated by filtration and washed successively with hot dioxane and hot
ethanol to remove unreacted species and physically adsorbed compounds. The product was then dried
in an air oven.

The synthesized polymer-anchored Pt(ll) complex was characterized by SEM and EDX
analyses. According to EDX results, the platinum content in the supported complex was determined
to be 0.25 wt.%.

2.4. General Procedure for the transfer hydrogenation of ketones

The catalytic transfer hydrogenation reactions were carried out using homogeneous and
heterogeneous Pt(Il) catalysts. In a typical experiment, the corresponding Pt(ll) catalyst (0.005
mmol), KOH (0.025 mmol), and ketone substrate (0.5 mmol) were mixed in degassed isopropanol
(iso-PrOH, 5 mL). The reaction mixture was refluxed under continuous stirring until completion of
the reaction.
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After completion, an aliquot of the reaction mixture was withdrawn, diluted with acetone, and
analyzed immediately by gas chromatography (GC). The conversion values were calculated based on
the amount of residual unreacted ketone.

For the heterogeneous catalytic system, the polymer-supported Pt(ll) catalyst was separated
from the reaction mixture by filtration after completion of the reaction, washed with isopropanol, and
dried for possible reuse.

3. Results and Discussion
3.1. Characterization of homogeneous Pt(I1) complex

The Pt(Il) complex [PtCla((PPh202C-7H1sN2)2)]Cl. was successfully synthesized via the
coordination of Pt(cod)Cl. with the corresponding phosphinite ligand in dry dichloromethane under
an inert argon atmosphere. The reaction proceeded efficiently under mild conditions, affording the
target complex as a white crystalline solid in high yield (88 %). The relatively narrow melting point
range (197-209 °C) indicates the formation of a structurally well-defined and pure compound.

The coordination environment around the platinum center was elucidated by multinuclear NMR
spectroscopy. The 3'P{*H} NMR spectrum exhibits a single sharp resonance at 6 = 77.12 ppm,
accompanied by a large platinum—phosphorus coupling constant (J(P-Pt) = 4273.6 Hz), which is
characteristic of a direct coordination of phosphorus atoms to a Pt(ll) center in a square-planar
geometry. The presence of a single phosphorus signal suggests a symmetrical coordination. 3P-{*H}
NMR spectrum of the synthesized complex can be seen in Figure 2.

The *H NMR spectrum displays well-resolved signals corresponding to the ligand framework.
The multiplet in the region of 7.13-7.78 ppm is assigned to aromatic protons of the
diphenylphosphinite moieties, while the signals in the range of 3.80-4.94 ppm correspond to
methylene groups (NCH- and CH-Cl). The singlet at 6 = 10.14 ppm is attributed to the imidazolium-
type proton, confirming the preservation of the ionic liquid fragment in the complex structure.

Further structural confirmation was obtained from the 3C NMR spectrum, which shows
characteristic resonances for aliphatic carbons (36.55-52.52 ppm), carbon atoms bonded to
phosphorus (78.45 ppm, exhibiting P-C coupling), and aromatic carbons in the range of 122-140
ppm. The observed coupling patterns are consistent with the coordination of phosphinite ligands to
the platinum center.

The IR spectrum provides additional evidence for the formation of the complex, with
characteristic bands observed at 3053 cm™ (aromatic C—H stretching), 1436 cm™ (P—Ph vibrations),
and 1045 cm! (P-O stretching), along with low-frequency bands at 303 and 283 cm ™ attributable to
Pt—Cl stretching modes.

Elemental analysis data are in excellent agreement with the calculated values, confirming the
proposed molecular composition and high purity of the synthesized complex. Taken together, the
spectroscopic and analytical data confirm the successful synthesis of a well-defined Pt(11) complex
featuring phosphinite ligands derived from ionic liquid fragments.

The obtained spectroscopic and analytical data clearly confirm the successful formation of a
stable square-planar Pt(ll) complex coordinated by phosphinite ligands containing ionic liquid
fragments. The reaction formula for the synthesis of the homogeneous Pt(Il) complex is shown in
Figure 1.
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Figure 1. Formation of the homogeneous Pt(11) complex [PtCl.{(PPh20.C7H14N2)2}]Cl2

Figure 2. 3'P-{*H} NMR spectrum of [PtCl.{(PPhO.C7 H14N2),}]Cl> complexes

3.2. Characterization of polymer-supported Pt(Il) catalyst

The immobilization of the Pt(11) complex onto aminomethylated polystyrene was successfully
achieved under reflux conditions in chloroform in the presence of triethylamine. The successful
incorporation of platinum species into the polymer matrix was initially evidenced by the visible color
change of the material from flesh-colored to dark yellow after immobilization. The obtained material
remained stable during washing with hot dioxane and hot ethanol, indicating strong interaction
between the Pt(I1) complex and the polymer support.

The morphology of the polymer-supported catalyst was investigated by SEM analysis (Figure
3). The SEM image revealed that the material consists predominantly of spherical polymer particles
with relatively uniform morphology and size distribution. The structural integrity of the polymer
support remained preserved after immobilization of the Pt(I1) complex, suggesting that the anchoring
procedure did not lead to significant deformation or degradation of the support material.
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Figure 3. SEM image of the polymer-supported Pt(Il) catalyst based on aminomethylated polystyrene

EDX analysis further confirmed the successful incorporation of platinum species into the
polymer matrix (Figure 4). According to the EDX results, the platinum loading in the supported
catalyst was determined to be 0.25 wt.%, demonstrating effective immobilization of the Pt(II)
complex onto aminomethylated polystyrene.

Figure 4. EDX mapping analysis of the polymer-supported Pt(Il) catalyst

The obtained polymer-supported Pt(I1) complex exhibited the characteristics of a
heterogeneous catalytic system, allowing facile separation from the reaction medium by simple
filtration. Compared with the corresponding homogeneous Pt(I1) complex, the supported catalyst
offers practical advantages such as easier recovery, improved handling, and potential catalyst
recyclability.

Overall, the structural stability confirmed by SEM and EDX analyses, together with the
successful incorporation of Pt(Il) species, supports the potential of the polymer-supported platinum
complex as a promising heterogeneous catalytic system for transfer hydrogenation reactions.
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3.3. Catalytic activity of homogeneous and heterogeneous Pt(I1) complexes in transfer hydrogenation
of ketones

The catalytic activities of the synthesized homogeneous and heterogeneous Pt(11) complexes
were investigated in the transfer hydrogenation of ketones using isopropanol as the hydrogen donor
in the presence of KOH. The catalytic reactions were carried out under reflux conditions, and the
obtained results are summarized in Table 1.

Both Pt(11) catalytic systems exhibited considerable activity in the reduction of ketones to the
corresponding secondary alcohols. The results clearly showed that the catalytic performance strongly
depended on the catalyst type and reaction conditions. Negligible conversion was observed in the
absence of base, confirming that KOH plays an essential role in the hydrogen transfer process.

The homogeneous Pt(Il) complex demonstrated higher catalytic activity compared with the
polymer-supported heterogeneous catalyst. Under optimized conditions with a substrate/catalyst/base
molar ratio of 100:1:5, the homogeneous catalyst afforded 98 % conversion within 15 min,
corresponding to a TOF value of 392 h! (Table 1, entry 1). In contrast, the heterogeneous Pt(Il)
catalyst required longer reaction times to achieve similar conversion values. Nevertheless, the
supported catalyst exhibited good catalytic stability and allowed easy separation from the reaction
medium by simple filtration.

Increasing the substrate/catalyst ratio from 100:1 to 500:1 and 1000:1 resulted in a gradual
decrease in catalytic efficiency and an increase in reaction time for both catalytic systems. However,
high conversions were still achieved under elevated substrate loading conditions, demonstrating the
stability of the Pt(Il) catalytic systems.

Overall, the homogeneous Pt(I1) complex exhibited superior catalytic activity, whereas the
heterogeneous polymer-supported Pt(1l) catalyst offered practical advantages, including catalyst
recovery, operational stability, and potential reusability.

Table 1. Transfer hydrogenation of ketones catalyzed by homogeneous and heterogeneous Pt(ll)
complexes in iso-PrOH/KOH system

Entry Catalyst S/C/NaOH Time Yield (%) | TOF (h?)
1 Homogeneous Pt(11) complex 100:1:5 15 min 98 392
2 Homogeneous Pt(11) complex 500:1:5 45 min 99 132
3 Homogeneous Pt(11) complex 1000:1:5 15h 97 65
4 Heterogeneous Pt(1l) complex 100:1:5 45 min 98 365
5 Heterogeneous Pt(1l) complex 500:1:5 1h 98 126
6 Heterogeneous Pt(1l) complex 1000:1:5 15h 97 53

4. Conclusion

In this work, homogeneous and heterogeneous Pt(Il) complexes based on phosphinite ligands
containing ionic liquid fragments were successfully synthesized and characterized. The obtained
spectroscopic and analytical data, including multinuclear NMR, IR spectroscopy, elemental analysis,
SEM, and EDX analyses, confirmed the successful formation of structurally well-defined platinum
complexes and the effective immobilization of Pt(ll) species onto aminomethylated polystyrene.

The homogeneous Pt(I1) complex exhibited high catalytic activity in the transfer hydrogenation
of ketones using isopropanol as the hydrogen donor in the presence of KOH. Under optimized
conditions, excellent conversion values were achieved within short reaction times, indicating efficient
catalytic performance of the Pt(Il) system.
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The polymer-supported heterogeneous Pt(l1l) catalyst also exhibited considerable catalytic
activity, although its activity was somewhat lower than that of the corresponding homogeneous
catalyst. However, the heterogeneous system provided important practical advantages, including
facile separation from the reaction medium, improved operational stability, and potential catalyst
recyclability.

Comparative investigation of the homogeneous and heterogeneous catalytic systems showed
that immobilization of the Pt(Il) complex onto a polymer support preserves catalytic functionality
while improving the handling properties of the catalyst. The obtained results suggest that the polymer
matrix does not significantly hinder access to the catalytically active Pt(ll) centers.

Overall, the synthesized Pt(1l) complexes based on phosphinite ligands containing ionic liquid
fragments represent promising catalytic systems for transfer hydrogenation reactions. The
combination of high catalytic activity, structural stability, and the possibility of catalyst recovery
makes these systems attractive for further development and potential application in sustainable
catalytic processes.
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CyTekTi TachIMajiiay peaknusiJIapbIHAAFbI TOMOTeH/i jkxoHe rereporenai Pt(l1)
KOMILICKCTEPiHiH CHHTE31 MEeH KATAJIUTHKAJBIK KacueTrTepi

AkOoTa AponoBa, Xaguuaxan Paduxkosa, baragar CenenoBa, /lunapa Anukanoa, Punar
Hckakos, I'yn16apmsin [lamonnosa

Anpaarna. by )kyMbICTa HOHJBIK CYUBIKTHIK (hparMeHTTepi 0ap GocPUHUTTI TUranaTap HeriziHaeri
romoreHmi koHe rereporenmi  Pt(ll) kemenmepi  cuHTe3merim, CyTEKTi  TachIMaaay
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peaKiMsIapbIHIaFbl KaTaJIUTHKAIBIK JKyienep peringe 3eprrenmi. 'omoremmi Pt(ll) xereni
[PtCl2((PPh202C7H14N2)2)]Cl2  cuntesaenin, P{*H}, *H, 18C AMP cnekrpockomnusicel, MK-
CIIEKTPOCKOIHS JKOHE DJIEMEHTTIK TaJlay 9[IICTCPIMEH CUIATTAIbI. AJIBIHFAH CHEKTPOCKOMHUSIIBIK
JICPEKTEeP KYPhUIBIMbI HAKTBI aHBIKTAIFAH KBaApaTThi-ka3blk Pt(11) kemeHiHIH Ty3UIreHIH pacTaibl.
I'eteporenai KaTalIWUTHKAIBIK oKydeHi amy wmakcarbiaga Pt(ll) kemieHi amMuHHOMETHIIIEHTEH
MOJIUCTUPOIIFA UMMoOMIH3anusutanael. [lomumepre Oekitimren katanuszarop COM sxone DJIP
tangay omictepimer 3eprrenmi. Hortmxkenep Pt(ll) Typrepinin mojawmep MaTpuiiachlHa COTTI
SHTI3UITeHiH jkoHe TiaTuHaHelH Memmepi 0,25 macc.% ekeHiH pactanel. ['omMoreHai >xoHe
rereporenai Pt(ll) kemenmepiHiH KaTadWTUKaJIBIK OCICEHILIINT CyT€K JOHOPBI pETiHe
M30MponaHoi sl koHe Heri3 peringe KOH Kommana OTBIPBINT KETOHAAPBI CYTEKTI TachIMalay
apKbUIBI THIpJEY peakuusuiapeinaa Oaramanabl. [omorenmai Pt(ll) xartamusatopsl KOFapbl
KaTAIUTUKAJIBIK OCJICEHIITIK KOPCETIlN, KbICKA YaKbIT IMITH/E KOFaphl KOHBEPCHS JTOPEKECIHE KO
xKeTki3ai. ['ereporeni kaTaau3aTop J1a ’KaKChl KaTATUTHKAIBIK KaCHETTEp KOPCETIM, PeaKIUsIIbIK
opTajiaH oHall OejiHyi JKOHE KaTaau3aTopibl KailTa maiiianany MYMKIHIITT CHSKTHI MPaKTUKAIBIK
apTHIKIIBUIBIKTApFa We OONAbl. AJIBIHFAH HOTHXKENIED HWOHIBIK CYHBIKTBIK (parMeHTTepi Oap
docounutti auranarap Herizingeri Pt(ll) kemenmepinid cyTekTi TachiMasay peakiysIapbl YIIiH
MEPCIICKTHBAIBI KATATUTHKAIBIK JKYHeep OOJIbIT TaObUIATBIHBIH KOPCETTi. JKOFaphl KaTaTUTHKAIBIK
OCJICEHIITIK, KYPBUIBIMBIK TYPAKTBUIBIK JKOHE T€TEPOTCHJII KaTaau3aTopiabl Oelin ajbll, KalhTa
naiianany MyMKiHAITIHIH Yitecyi Oyt xKyHenepai TYPaKThl KaTATUTHKAIIBIK IPOLECTEpIe KOJIaHy
YIIiH TapTHIMIBI €TE/I].

Tyiiin ce3mep: Pt(ll) xemengepi; GochuHUTTI NUraHaTap; MOHIBIK CYHMBIKTBIK (parMeHTTEpI;
TeTepOreH Il KaTajau3aTop; CyTeKTI TachIMajlay peakiHsuiapbl, KeTOHAAp; MOoJUMepre OEKiTiIreH
KaTaJn3arop.

CuHTe3 M KATAaJIMTHYECKHEe CBOMCTBA TOMOTeHHbIX M TrereporeHHbix Pt(l1)
KOMILJIEKCOB B PeaKIusiX NepeHoca BoI0poaa

AxkbOoTra AponoBa, Xaauuaxan PapuxoBa, baragat CenenoBa, /Iunapa AxuxkanoBa, Punar
Uckakos, I'yn6apmsbin [Ilamonnosa

AHHoTauus. B nanHo# paboTe cHHTE3UPOBaHbI U UCCIIEI0BAHbI B KAUECTBE KATATUTUYECKUX CUCTEM
JUIs peakluil mepeHoca BOJOpOJa TOMOTreHHble W reTeporeHHbie Komiuiekchl Pt(ll) Ha ocHoBe
(bocHUHUTHBIX JIUTaHJIOB, COJEpKAIUX (HparMeHThl HOHHBIX XKHUJAKOCTeH. | OMOTeHHBIN KOMIIIEKC
Pt(11) [PtClo((PPh202C7H14N2)2)]Cl. ObL1 cCHHTE3HpPOBaH U O0xapakTepu3oBaH merogamu StP{*H}, 1H,
13C SAIMP, UK-cnekTpOoCKOIUY 1 3JIEMEHTHOT0 aHanu3a. [lonydyeHHble CIEKTPOCKONUYECKHE JaHHbIE
MOJITBEPIMIIN 00pa30BaHKUe CTPYKTYPHO OMPEAEIEHHOTO KBaapaTHO-IIockoro komiutekca Pt(11).

JI7st mosTydeHus reTeporeHHoN KatanuTiudeckoit cucremsl kKomruteke Pt(11) 6bu1 mMMoOnmn3oBan Ha
AMHHOMETHJIMPOBAHHOM  TOJIUCTHpoJie.  [lomnMep-UMMOOMIN30BaHHBIM  KaTaau3aTop  ObLI
OXapaKkTEepHU30BaH  METOAAMU  CKAHUpPYIOIIEH  3JeKTpOHHOM  Mmukpockormuu (COM) wu
JHEPrOJMCIIEPCHOHHON peHTreHoBckol cnekrpockonuu (EDX). PesynbraTel moaTBepaniu
ycnemHoe BHenpenue yactuil Pt(ll) B momumepnyro marpuiy mpu coxepxanuu tuatuabl 0,25
Mmac.%. Karanutudeckast akTHBHOCTb KaKk TOMOT€HHBIX, TaK M TeTeporeHHbIXx kKoMiuiekcos Pt(I1) Obuta
M3ydeHa B PEaKIMAX MepeHOoca BOIOPOJ]ia KETOHOB C MCIONB30BAaHUEM HM30IPOIAHONIA B Ka4eCTBE
noHopa Bomopona B mpucyrctBur KOH. T'omorennsiit katamusarop Pt(ll) mpomemoncTpupoBain
BBICOKYIO KaTaJIMTHYECKYI0 aKTUBHOCTB, OOECIIeYHBasi TITYOOKYI0 KOHBEPCHIO 32 KOPOTKOE BpeMs
peakimu. ['eTeporeHHbIi KaTaln3aTop TakKe MOoKa3al XOpoIllre KaTaIuTHYeCKUe XapaKTepUCTUKU
HapsIy C MPAKTHYECKUMHE TPEUMYIIECTBAMH, TAKIMH KaK JIETKOE OT/IEIICHUE OT PEAKIIHOHHOMN CPeIIbI
¥ BO3MOXHOCTH ITOBTOPHOTO HCIMOJIb30BaHMs. [lomydeHHbIe pe3ynbTaThl CBUACTEIBCTBYIOT O TOM,
yro komiutekchl Pt(ll) Ha ocHOBe (HOCHUHHUTHBIX JHMTaHIOB, COACPIKAMIMX (parMeHThl HMOHHBIX
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KHUJKOCTEH, ABIIOTCA IEPCHEKTUBHBIMU KaTAIMTUYECKMMM CUCTEMAMM JJI pEaKkLUW IepeHoca
Bojoposa. CoyeraHue BBICOKOH KATaUTHYECKOW aKTUBHOCTH, CTPYKTYPHOH CTAaOMIBHOCTH W
BO3MO>XHOCTH pPEreHepaluy M IOBTOPHOIO MCIIOJIB30BAHMS I€TEPOr€HHOTO KaTalu3aTopa JenaeT
JAHHBIE CHUCTEMBl IIPUBJICKATEIbHBIMM Ul JAJIBHEHUIIEr0 IMPUMEHEHUS B  YCTOMYMBBIX
KAaTaJIUTUYECKUX MPOLIECCAX.

KiwueBbie cioBa: komiuiekcsl Pt(I); dochunuTHbie MUuranap; pparMeHThl HOHHBIX KHIKOCTEH;

TeTepOreHHBIN KaTaTu3aTop; PEaKkIuy MepeHoca BOAOPO/Ia; KETOHBI; TOJUMEP-UMMOOUITN30BaHHBIN
KaTajau3aTop.
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Annorauusi: Hamowactunsr cepebpa (AgNPS), craObuausupoBaHHBIE
xuro3anoM (AgNPs-chitosan), mpeacTaBisiOT 3HAYUTEIBHBIN HHTEPEC
Onaromapst BBIPKEHHBIM AHTUMHKPOOHBIM CBOMCTBaM,
OMOCOBMECTHMOCTH M TEPCIEKTUBHOCTH NPUMEHEHHUS B MEAMIUHE U
BeTepHHApuH. VIcronb30BaHne XUTO3aHa B KAYECTBE CTAOMIIM3UPYIOIIECH
MaTpHUIBl CHOCOOCTBYET TMOBBIIICHUIO KOJUIOWAHON —YCTOWYMBOCTH
HAHOYACTHUI], NpEAOTBpallaeT WX arperanuo W obecreynBaeTt
JOTIOJTHUTETIbHOE B3aMMOJICHCTBHE ¢ OaKTepUaNTbHBIMH KJIETKaMHU.
[lenpt0  HACTOSILIETO  MCCIEOOBAHUS  SIBISIOCH  OIpEIelieHHE
KoHIeHTpanuu Ag B KosutougaoM pactBope AgNPs-chitosan pacueTHbiM
¥ MHCTPYMEHTAJIBHBIM METOJIAMH, & TAKXKe OIICHKAa aHTHOAKTEpUaTbHOMI
AKTHBHOCTH IOJYYCHHOTO HAHOKOMIIO3UTa B oTHoiieHuu Moraxella
bovoculi — Bo30OyauTenss WHPEKIMOHHOTO KEPAaTOKOHBIOHKTHBHTA
KPYITHOT'O poraToro ckora. PacueTHyro KOHIEHTpaluo Ag B HCXOIHOM
pactBope moarBepxknanu wMetogoMm |ICP-OES mocie kucimoTHOTrO
pasnoxxeHus: obOpaszuoB. DopMHUpOBaHME U OINTHYECKHUE CBOWCTBA
HAHOYACTHI] OLEHUBAIH METOAOM Y D-BUAUMOHN CHEKTPO(HOTOMETPHH.
AHTHOAKTEpUaTbHYIO aKTUBHOCTb MCCIEIOBAIM METOJIOM CEpUNHHBIX
MUKPOAMIIIONMI B OyJbOHE C TOCIEAYIOUIMM  OIpEIeICHUEM
MHUHAMaITbHOH uHrHOUpyrotei (MIC) 1 MUHHMATBbHOW OaKTEPUIHIHON
konmentpanuun (MBC). Kounenrpanus Ag B HCXOAHOM KOJUIOHIHOM
pactBope AgNPs-chitosan B pesynbrate pacuera coctaBuia 135 MKr/mi
u ObuTa moaTBepkaeHa pesyibpratamu ICP-OES ananuza (134,81 + 0,11
MKI/mi1). B uccnenoBanum Obl1 M3yueH aHTHOAKTEpUANbHBIA 3PQeKT
pabouunx kouuedrpauuii 67,5; 56,25; 45,0; 22,5 u 11,25 mxr/mn Ag™ u
AgNPs-chitosan. Ilonnoe marnbupoBanue pocra Moraxella bovoculi
HaOJr01a10Ch TP KoHIeHTparuu 67,5 mxr/mi AgNPs-chitosan, kotopas
cootBercTBOBasa 3HayeHusM MIC u MBC B ycnoBHsSX NPOBEIEHHOTO
sKcniepuMenTa. [lomydeHHbIe pe3ynbTaThl CBHAETEIBCTBYIOT O HATMYHA
aHTuOakTepuansHoi  aktuBHOcTH  AQNPs-chitosan B oTHOmEHHH
Moraxella bovoculi 1 moaTBepKIarOT MEPCIEKTUBHOCTD JAIbHEHIIEro
U3ydeHHus: XuTo3zaH-crabunusupoBaHHbIX AQNPS nans  paszpabotku
BETEPUHAPHBIX AHTUMHUKPOOHBIX MPETIapaToB.

KaroueBble ciioBa: HaHOYACTHIIBI cepedpa; xuto3an; AgNPs-chitosan;
ICP-OES;  Y®-Buaumasi  CHEKTPOCKOINHUS;  aHTUOAKTEepHaJbHAas
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aKTUBHOCTB; Moraxella bovoculi; nH()EKIIMOHHBIA KEPaTOKOHBIOHKTUBHT.

1. Beegenue

Hanowactuier  cepebpa  (AgNPS) 3anmMaroT ocoboe MecTo Cpeaud METaUTHYECKUX
HaHOMaTepHajioB OJyilarofapsi COYETaHWIO BBIPAXKEHHOM aHTUMHUKPOOHON aKTHMBHOCTH, BBICOKOM
YIIEIbHON TOBEPXHOCTH W YHUKAIBHBIX (U3UKO-XMMHUYECKHX CBOWCTB. B oTnmume oT MOHHOU
dbopmel cepedbpa, AGNPS 061aatoT MOBBIIICHHOW XUMHUUYECKOW aKTHBHOCTHIO 32 CUET YBEIWUYEHUS
J0JM TIOBEPXHOCTHBIX aTOMOB W YCWJICHUS MEX(a3HbIX B3aUMOJCHCTBHI Ha TpaHMIE pazjela
«gactuna-cpena» (Nasri et al., 2022; Nie et al., 2022). Bnarogaps stum ocoberroctssM AgNPS
aKTUBHO HCCIEAYIOTCS B MEOUIMHE, (apMaleBTHKE, BETEPUHAPUM, IHIICBOH YIAaKOBKE,
oroceHcopuke u dKoornyeckux texuonorusx (Ahmad et al., 2024).

OcoO0blii MHTEpeC MpencTaBIsAOT aHTHOakTepuanbHbie cBoiictBa AQNPS, mockonbky oHH
CIOCOOHBI MHTMOUPOBATh POCT LIMPOKOTO CIEKTPa I'PaMIOIOKHUTEIbHBIX U IPaMOTPHUILIATEIbHBIX
MHKPOOPraHU3MOB, BKJIIOYasi aHTHOMOTHKOpe3ucTeHTHhie mTammbl (Gong et al., 2024).
AntumukpoOHoe neiictBue AGNPS HOCUT MHOTO(aKTOPHBIN XapaKkTep U CBSI3aHO ¢ MOBPEXICHUEM
KJICTOYHOM CTEHKH U MeMOpaHbl OaKTEepHii, reHepanuell akTUBHBIX (POPM KUCIIOPOia, HApyIICHHEM
IIPOLIECCOB KJIETOUYHOIO JbIXaHUS M B3aUMOJCHCTBUEM C BHYTPHUKJIETOYHBIMU CTPYKTYpaMu
mukpooprannzmoB (Salleh et al., 2020; More et al., 2023). CyiiecTBeHHYIO POJIb UTPAET TAKKE
BBLICBOOOKIeHHE HOHOB AQ”, CIOCOOHBIX B3aUMOIEHCTBOBATE ¢ OeNKaMKu MeMOpaHbI, PEPMEHTHLIMU
CHCTEMaMH U HYKJICMHOBBIMHU KUCJIOTaMU KieTKd. [Ipu aTom sddextuBHOCTE AgNPS onpenensercs
HE TOJIbKO KOHIIEHTpaLuei cepedpa, HO M pa3MepOM YacTHII, CTEIICHbIO arperaliu, T0BEpXHOCTHBIM
3aps/IOM, YCTOHYMBOCTBIO KOJIOUJIHOW CHCTEMBI M MIPUPOOH cTabmim3upyromiei obonouku (Yang
et al., 2020; Asif et al., 2022).

B kauectBe crabunusupytouieit marpuibl 11 AgNPs 3HaunTenbHbINA UHTEPEC IPEICTABIISET
XUTO3aH — MPUPOIHBIN OHomonuMep, o0aganuil 6M0COBMECTUMOCThIO, OMOAETPAaAUPYEMOCTHIO,
HU3KOM TOKCHMYHOCTBIO M COOCTBEHHOHM aHTHOakTepuanbHOi akTuBHOCTHIO (Chicea et al., 2024;
Asserzhanov et al., 2026). biraropapst Hanu4YMIO aMUHOTPYIII XUTO3aH CIIOCOOEH CTaOMIN3UPOBAaTh
KOJUTOMTHBIE CHCTEMBI, TIPEISITCTBOBATh arperanuyd HAHOYaCTHII W obOecriednBarh Ooee
spdextuBHOEe B3aumoneiictue AgNPs ¢ GakrepuanbHOM KieTkoil. B mocnennue roasl cucremMsl
AgNPs-chitosan paccmarpuBaroTcss Kak NEpCIEKTHBHbIE (DYHKIMOHAJIbHbIE HaHOMaTepuasbl s
pa3pabOTKH HOBBIX AHTHUMUKPOOHBIX IpenaparoB B OopbOe C aHTHOMOTHKOPE3UCTEHTHBIMU
MHUKPOOPTaHU3MaMH.

OnHOM M3 aKTyalnbHBIX MpoOOJIEM BETEPUHAPHOW MEIULUHBI OCTaeTcsd WH(PEKIUOHHBIN
KEepaTOKOHBIOHKTUBUT KpyInHOro poraroro ckora (KPC) — pacnpoctpaneHHOe 0 TanbMOI0rH4ecKoe
3a00JIeBaHNE, COMPOBOXKJAIOIIEECS] BOCMAJCHUEM KOHBIOHKTHBBI M POTOBHIBI, CHMKEHHEM
MPOAYKTUBHOCTH JKUBOTHBIX M 3HAYUTEIHHBIMH SKOHOMHYECKHMH TIOTEPSMH B >KUBOTHOBOJICTBE
(Fonseca et al., 2020). Cpenn MHUKpPOOPraHM3MOB, ACCOIMUPOBAHHBIX C Pa3BUTHEM IaHHON
naroyioruu, ocoboe Mecro 3anumaer Moraxella bovoculi (Loy et al., 2021; Zhang et al., 2024)
(Pucynok 1).

Plflcyl-lOK 1. Knununueckue MMPOABJICHUA I/IH(I)GKI_II/IOHHOI"O KCPATOKOHBIOHKTUBUTA Yy KPYIITHOI'O
poraToro CKora
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IIo naHHBIM 3MNU300TOJOTMYECKMX HCCICNOBAHMM 3a MOCIEAHUE TOABI B XO3SMCTBAxX
Boctounoro Kazaxcrana, B ToMm uucie oOmactu AOaif, 3a0oineBaeMOCTb HWHGEKIHOHHBIM
KepaTOKOHBIOHKTHBUTOM JocTuraeT 50-90 %. [Ipu 3TOM BBIIEICHHBIC U30JISTH XapaKTePU3YIOTCS
OHMOJIOTHYeCKMMU W OnoxumuueckuMHu cBoiictBamu Moraxella bovoculi, uro moarBepkmaer
MOTEHIHAJIBHYIO STHOJOTUYECKYI0 DPOJb JAaHHOIO MHUKPOOpPraHuW3Ma B DPa3BUTHUU 3a00JEBaHUS
(AGpymnuna u np., 2022; baiirazanos u ap., 2020; baiirazanos u mp., 2022).

[Ipobnema  3a00yieBaeMOCTH  JOMOJHHUTEIBHO  OCJOXKHIETCS  PaclpoCTpaHECHHEM
AHTUOMOTUKOPE3UCTECHTHOCTH Ccpeau npexacraBurenieii poma Moraxella. CormacHo TaHHBIM,
nosydeHHbIM B Kazaxcrane, otaenbhbie n30ssThl Moraxella bovoculi xapakrepusyrorcst CHUKEHHOU
YYBCTBUTEJIBHOCTBIO K PSAAY TPaJWLHUOHHBIX aHTHOAKTEpUAIbHBIX MpEnaparoB, BKIIOYas
crpentoMutivH (68 % n3075TOB BEIPaOATHIBAIOT PE3UCTEHTHOCTD ), BAHKOMUIIMH (TJIOXO MPOHUKACT
yepe3 MeMmOpaHy TpaMOTpHIATCIbHBIX  OakTepuii), KIMHAAaMUIUH (Hed(PpeKkTuBeH K
rpaMoTpHIaTeNIbHbIM ~ OakTepusiM) W okcutTerpamukinH (20 % wu301aTOB  BhIpabaThIBAIOT
pesucrentHocTh) (Kyitbarapos u mp., 2022; MBanos u ap., 2020; Maboni et al., 2015). B cBs3u ¢
STHM aKTyaJbHBIM SBJISETCS TIOMCK HOBBIX AHTUMHKPOOHBIX CHCTEM, CIIOCOOHBIX 3()()EKTUBHO
MOJIaBIISATh POCT BO3OYAUTENS U CHUXKATh PUCK (DOPMUPOBAHMS IEKAPCTBEHHOW YCTOMYHUBOCTH.

Crnenyer otMeTuTh, 4to cuctreMbl AgNPs-chitosan panee y)xe ObUTM ONMUCAHBI B JIUTEPATYPE.
BonbumHCcTBO HccnenoBanuii cocpenoroueHo Ha cuaTeze AgNPs-chitosan, ux Gu3HKo-XUMHUYECKON
XapaKTepUCTUKE M W3YYCHUH AaHTUOAKTEPHAJIbHONH AaKTHMBHOCTH B OTHOIIECHHHM KIMHUYECKU
3HAaYMMbIX MUKPOOPIaHM3MOB 4YeNOBeKa, TakuX Kak Staphylococcus aureus, Escherichia coli n
Pseudomonas aeruginosa. B To xe BpeMs CBEICHHS O KOJIMYECTBEHHON aHTHOAKTEpUATbHOU
aktuBHOCTH AgNPs-chitosan B oTHomeHun odtanpmomnarorennbix Oaktepuit KPC, Bxuirouas
Moraxella bovoculi, npeacrasiensl orpanndeHo. B nameit npensiaymeii padore (Asserzhanov et al.,
2026) wuccrnenoBaHa aHTHOAaKTepHallbHAs AKTUBHOCTh CTAOWMJIM3UPOBAHHBIX OHOMOIUMEpPaMU
(XUTO3aHOM, HATPUHUKAPOOKMCMETHIILIEIUIIONO030M U anbruHatoM Hatpus) AgNPs B oTHoueHuun
Moraxella bovoculi. 1o pe3ynbraraM nepBUYHON OLIEHKH TUCKO-TM(HY3MOHHBIM METOJIOM HaunboJee
BBICOKYIO aHTHMOAKTEpUAIbHYI0 aKTUBHOCTbH MPOJEMOHCTPUpPOBail HaHOKOMNO3UT AgNPs-chitosan
Onaromapsi CHHEPreTHYecKOMYy  OHOAaKTUBHOMY 3(Q(EeKTy KOMIOHEHTOB M  YIYYIICHHIO
ANIEKTpOCTaTUYEeCKOM U crepuueckoil crabuimbHocTH AgNPs. Hacrosmas paGora HampaBieHa Ha
TOYHYIO KOJMUYECTBEHHYIO OLICHKY aHTHOaKkTepranbHON akTuBHOCTH AgNPs-chitosan B oTHOIIEHHH
Moraxella bovoculi ¢ omnpeneneHneM MHUHHUMaibHOW HHrubupyromen konueHtpauuu (MIC) nu
MUHUMAaNbHON OakTepuiuaHon koHueHTpauuu (MBC) meTonom cepuilHbIX pa3BeleHUl B JKUIKON
nutarensHoi cpene (Kyiibarapos u ap., 2022; MBanoB u ap., 2020; Maboni et al.,, 2015).
JIONOJIHUTENBHO MPOBEIEHO HCCIEeIOBAHNE aHTHOAKTEpUATbHOM AKTUBHOCTH WHIAMBHIYaTbHbBIX
pactBopoB xuTo3aHa W AgNO; Npu SKBUBAJICHTHBIX KOHIIEHTPALUSX cepedpa uis CpaBHEHUS
spdextuBHocTH  AgNPs ¢ wuoHHOW (¢opmoli cepebpa u OuonomumepoMm. KommiekcHoe
ucnomns3oBanue UV-Vis-cnektpockonuu, ICP-OES u MUKpoOHOIOTHYECKOro METOI0B MO3BOJIUIIO
OLIEHUTH CTAOMIIBHOCTD MOJTYYEHHOW CHCTEMBI U €€ BHIPAXKEHHYIO0 aHTHOAKTepHaAIbHYIO aKTUBHOCTb.

Takum 00pazom, HaydHasi HOBH3HA HMCCIIEIOBAHUS 3aKJIIOYACTCS B KOJMYECTBEHHON OIICHKE
antuOakTepuanpHoii  aktuBHOCcTH ~ AQNPs-chitosan B otnomenum Moraxella  bovoculi,
CpaBHUTEILHOM aHaJIHM3€ HAaHOMCIIEPCHON 1 HOHHOH hopM cepelpa, a TaKkkKe B HCCICTOBAHUN POITU
XMTO3aHOBOM MaTpPUIIbl B peIN3allii aHTUOAKTEPHATIBLHOTO IEHCTBUSI HAHOCUCTEMBI.

2. MaTepuajibl 1 METObI

OOBEKTOM HCCIICIOBAHUS CIYKUJ paHee MOoTydeHHbIH Kojutonanblid pactBop AgNPs-chitosan
C THIpOAWHAMHUYECKUM pamuycoM (fh) 185 + 15 HM um amamerpoM dYacTUIl MO JaHHBIM
npocBevnBaromieil 3nekTpoHHo Mukpockoruu (dmom) 13 £ 1,2 mm. Cunre3 AgNPS, ux
crabminzanus  OWomoiaMMepaMu, a Takke Mopdoiornueckue U (QU3MKO-XUMHYECKUE
XapaKTepUCTHKHN ObLIM 1OapoOHO omucanbl panee (Kassymova et al., 2025; Asserzhanov et al.,
2026).
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Jns onyyenus kojutouaHoro pactBopa AgNPs-chitosan oOruii 00beM peakiMOHHON cMecH
cocrasisn 8 it 1 Bkirouan 1 v 0,01 M AgNOs, 5 vt 102 M pactBopa xuto3ana, 1 mit 1 % pactBopa
rimoko3bl (CeH1206) 1 1 Mt 1 % pactBopa ruppokcuaa Hatpus (NaOH).

KomuuecTBo BemecTBa cepedpa paccuuteiBaiu mo ¢opmyse 1.

n=Ci1xV; (1)

rje N — KOJIMYeCTBO BeIecTBa, MOib; C1 — MoisipHas koHueHTpaius pactBopa AgNOz, Mob/i;
V1 — o6bem pactBopa AgNQOg, 1.
ModsipHYy0 KOHIICHTpAIIMIO cepedpa B pEaKIIMOHHOW CMECH OTIpeNeIsiIn 1Mo Gopmyiie 2:

C2=nl/V> (2)

rae, C, — MoJisipHAas KOHIIGHTpANUsS B PEAKIUOHHOW cMecH, MOJib/r, Vo — oOmmii 00bem
PEaKIIMOHHON CMeCH, J1.
MaccoByro KOHIIEHTpaIHIO cepedpa pacCUUThIBAIH 110 Gpopmyde 3.

Cuacc =C2 X M (3)

rae Cacc— MaccoBasi KOHIIGHTpaIus, /i1, M — MonsipHast Mmacca Ag, T/MOJIb.

CornacHo pacyeraM, KOHIlEHTpalms cepedOpa B ucxomnom pactBope AgNPs-chitosan
cocraBisuia 135 Mxr/min.

Jlnst onpenenenus copepkanus cepedpa B AGNPs-chitosan ucrnionszoBanu meton ICP-OES Ha
npubope ICP-OES Expec 6500 (FPI, China). {ns moarorosku mpod oréupanu 0,5 M1 KOJUTOHIHOTO
pactBopa AgNPs-chitosan, mnomerian Bo (TOPOIUIACTOBBINM CcTakaH W Jo0aBisim 1w
koH1eHTpupoanHoi HNO3 1 0,5 mi1 30 % H20:. lanee npoBouiin MUKPOBOJIHOBOE PA3/I0KEHHE B
cucreme Speedwave MWS-2 (Berghof, Germany) ans momsoro nepesoma Ag® B Ag* (Raza et al.,
2022).

[Tocne MuHEpanU3aIuu pacTBOP MEPEHOCUIN B MEPHYIO KOJI0Y 00beMoM 50 MIT ¥ TOBOJUITH J10
Metkd 1 M HNO;. Ananu3 npoBOAMIM B Tpex MNOBTOpHOCTAX. Ilepen m3mepenuem npuodop
KanuopoBasiu cra”napTHbIM pactBopoM MOC-3 COII 15616-2014 (OOO HIIIT «Cxkar», Poccus) ¢
KOHLIeHTparuen cepedpa 10 Mkr/mit.

Jnst  konmuuecTBeHHOTo — ompezenenus cepedpa wmetomqom ICP-OES  ucnonb3oBann
IpaJlyHpOBOYHYIO 3aBHCHUMOCTb, TOCTPOEHHYIO B auana3oHe koHueHtparuil 0,1-10,0 mxr/miu Ha
OCHOBE CTaHIAPTHBIX  pacTBOpOB  cepedpa. JIMHEHHOCTHP MeToma  XapaKkTepu30Ballach
koddduientom koppensnuu R*> 0,999. Ipenen obuapyxkenus (LOD) cocrasun 0,03 Mkr/mi, a
npenen konnyectBeHHoro onpeaeneHus (LOQ) — 0,1 Mxr/mir.

Koadduunent pazdbasnenus paccuuTbiBaiu o ¢popmynam 4 u S:

; 4)
74 50
K: pa3baBJjieHHne 29 _ 100
Vanuxsora 0,5
CAg= CmMepeHm{ K, (5)

rne CAg — koHeuHast KoHIeHTparws, MKr/mit; K - koaddunment pazdasnenns; CusmepeHus —
KOHIIEHTpAaLUs U3 MpUOOpa, MKI/MIL.

[MToBepxHocTHBIN Ta3MoHHbIH pe3onanc (ITITP) AgNPs-chitosan uccienosanu Metogom Y d-
BUAMMOI ciekTpodoTomeTpun Ha cnekrpodoromerpe CP-2000 («OOO OKB Crnektp», Poccus) B
nuarazone 300—700 am. J{iis aHanM3a TOTOBUIIH CEPHIO PACTBOPOB € KOHIICHTpAIMsIME cepedpa 67,5;
33,75; 16,88; 8,44; 4,22; 2,11 m 1,05 mkr/miu. B kauecTBe pacTBOPHUTENS HCIOJIB30BATN
OUIUCTUIITUPOBAHHYIO BOJY.

26



A.H. I'ymunes amuindazvt Eypasus yammuik yrnusepcumeminity xabapuivicol. Xumus. Teozpagus cepuscut, 2026, 156(3)

1o noay4yeHHBIM CIIEKTpaM OINPEAEIISIIM MOJI0KEHUE U MHTEHCUBHOCTH noockl [ITTP AgNPs-
chitosan. Ha ocHoBe 3HaueHUi ONTHYECKO IUIOTHOCTH IIPH JJIMHE BOJIHBI MakcumyMma ITTTP crponu
IPaJyHpOBOYHYIO 3aBUCHUMOCTh B KoopauHatax A—C. OOpaboTKy pe3ynbTaTOB BBINOJHSIH B
nporpamme OriginPro.

Pesynpratel ICP-OES ananusa mpeacraBieHsl B BUIE CPEIHUX 3HAUYEHUH * CTaHIapTHOE
orkinonenue (SD). Jlns onenku BocmpousBoauMoctd ICP-OES 1omoiHUTEIBHO PacCYMTHIBAIN
otHocuTelibHOE craHaapTHoe oTkioHeHue (RSD). Cnektper UV-ViS wucnonb3oBamu s
KadecTBeHHOU orieHku opmupoBanus AGNPS 1 aHanm3a X ONTUYECKUX CBOWCTB.

Antubakrepuansuyto aktuBHocTh AQNPs-chitosan B ortHomenun Moraxella bovoculi
OLIEHUBAIIM METOJIOM pa3BeIeHui B )KUAKON nmuraTensHoi cpeae (Parvekar et al., 2020). B kauecTse
TECT-KYJIbTYpBI PUMEHSUIM CyTOUHYIO KynbTypy Moraxella bovoculi, monydennyro u3 koyuiekuuu
MukpoOuosiorndeckon  mabopatropun  HAO  «lllokopim  YHuBepcurer». HWnentudukanuio
MHUKPOOPTraHnu3Ma ITPOBOIMIN HA OCHOBAHUU MOP(OJIOTHUECKUX, KYIbTYPAIbHBIX 1 OMOXUMHYECKIX
MPU3HAKOB C HCIOJIb30BAHUEM CTaHIAPTHBIX MHUKPOOHMOJIOTUYECKUX MeToJ0B. KylbTHBHUpOBaHHE
OakTepuii OCYIIECTBISLIM Ha Msico-nentoHHOM arape (MITA) c¢ moGaBnenumem 5 % oBeubeit
ceiBopoTkH mpu Temneparype 37 °C (Guidelines for susceptibility testing of microorganisms to
antibacterial agents (MUK 4.2.1890-04), 2004).

J1i1st O1IeHKM aHTHOAKTEpUATBbHOM aKTUBHOCTH HUCCIIECIOBAIIA TPU PACTBOPA: pACTBOP XMTO3aHa,
pactBop AgNOsz u komtouanslii pactBop AgGNPs-chitosan. B kadecTBe KOHTPOJIBHOTO pacTBopa
UCIIOJIB30BaIM CTEPUIIbHBIN (rsnonorndyeckuii pacteop (0,9 % NaCl).

WHokynroM roToBMIIM U3 CBeXxel cyTouHoi KynbTypbl Moraxella bovoculi. bakrepuanbhyro
CYCHEH3UIO cTaHaapTu3upoBanu 10 MytHoctd 0,5 mo Mak®apnanay, YTO COOTBETCTBYET
npubmsurensro 1,5 x 108 KOE/Mn. 3arem cycnensuio passommi B 100 pa3 B TPUNITO-COEBOM
OynboHe 110 pabouell KOHIICHTPAIMHU IMOPSIKa 10% KOE/mu. Tocne cMmermBanus OakTepuaabHOU
CYCIIEH3UH C HCCIeIyeMbIM pacTBOpoM 1:1 KOHe4Hass KOHIICHTPALUs MUKPOOPTaHU3Ma B KaXIOM
mpoOe cocTaBIsiiia MPUOIU3UTENBHO 5 X 10°— 7,5 x 10° KOE/mu.

st onpenenenns MIC u MBC rotoBuim psi mpo6 ¢ pa3ianyHONW KOHEYHOW KOHIIEHTpAIHen
Ag. Kaxnpiit uccnenyemplii pacTBOp TOTOBHIIH IO ISATh pa3BeaeHui (Tabmuma 1). OOmuit 00bem
Kaxmoil mpoos! coctaBisut 600 Mk n Brimrouan 300 mxn GakrepuanbHOi cycrieHzun u 300 MK
HCCIIElyeMOI0 pacTBOpa JM00 €ro pa3Be/leHHs.

Konnenrpanuu cepebpa B pacrBopax AgNOs u AgNPs-chitosan mocie pa3sBeneHus
paccuMThIBaIu 1Mo Gopmye 6:

CiV1=C,V2, (6)
rae Ci1— ucxoaHast KoHIeHTpanus cepedpa B pactBope AgNPs-chitosan (135 mkr/mi); Vi —
00BEM UCCIIEyeMOTo pacTBopa, MKI, V2 — oOmmit o0beM mpoObl MOCle CMENIMBaHUS C

OaktepuanbHoil cycnensueit (600 mxin); C2 — KOHeUHast KOHIICHTpaIHs cepedpa B mpode, MKI/MIT.

Tab6auna 1. Cxema pa3zBeneHuil ucciieyeMbIX Mpod 1 KOHILIEHTpalus cepedpa 1mocie pa3BeaeHus

Homep Byabon ¢ Boaa, mxa Hccnenyemprii | O6mmii 06bem | Co, MKT/Ma
npoobI O0aKTepusiIMH, MKJI (crepuabHbIA | pacTBOp V1, MKJI V2, MKJI
PacTBOPHUTEJID)

1 300 0 300 600 67,5

2 300 50 250 600 56,25

3 300 100 200 600 45,0

4 300 200 100 600 22,5

5 300 250 50 600 11,25
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[Tocne BHeceHUs BceX KOMIIOHEHTOB MPOObI aKKYPaTHO MEpEeMENINBAIA U HHKYOHPOBAIU MPU
37 °C B Teuenue 24 yacoB. Ilo OKOHYaHMM HMHKYOalMM TPOOUMPKH OLIEHUBAINM BH3YaJIbHO B
npoxojsuieM cBete. Hanmuyre mOMyTHEHHS OLEHUBAIM KaK POCT MHKPOOPTaHM3MOB, TOT/IA Kak
OTCYTCTBHE IIOMYTHEHHsS YyKa3blBaJo Ha wuHruOupoBanue Oakrepuiti. MIC ompenenmsinm  kax
HAaUMEHBIIYI0 KOHIICHTPAIUIO HCCIEAYyEeMOro pacTBOpa, MPU KOTOPOH OTCYTCTBOBAJI BU3YalIbHO
OIIpeEesAeMBbli POCT OAKTEPUI B XKUIKON UTATEIBLHOU Cpeie.

Jna onpenenenus MBC wu3 kaxaol uccieayeMoil mpoObl CTEPHIIBHBIM HAKOHEYHUKOM
oroupamu mo 100 mxn cycnenszuu. OToOpaHHBIH 00BEM HAHOCHIM Ha IMOBEPXHOCTH TUIOTHON
nUTaTeasHOM cpenbl B yamke [letpu, comepkameit MITA ¢ no6aBnenueM 5 % oBeubeld CHIBOPOTKH.
3aTeM CYCHEH3UI0 pAaBHOMEPHO pacHpelessuld 10 BCEHd IOBEPXHOCTM arapa CTEpUIIbHBIM
MUKpPOOHOJIOTMYECKUM  IITIaTeNieM [0 TOJy4yeHUss TOHKOro paBHOMepHoro cinosi. IloceBbl
nHKyOupoBanu npu temmeparype 37 °C B reuenue 24 4acos.

baktepunuansiii 3hdexT oleHuBaIM MO MOJHOMY OTCYTCTBHIO BHU3YalbHO OIpPEIeIseMbIX
KOJIOHMM Ha TOBEPXHOCTH IUIOTHOW IUTATENbHOW cpenbl. Hamuuume nake €IMHUYHBIX KOJOHMH
pacleHHBalId KaK COXpaHEHUE KU3HECTIOCOOHOCTH MUKPOOPTaHU3MOB.

Bce anTnOakTepuanbHBIe SKCIIEPHUMEHTHI BBINIOJHSUIA B TPEX HE3aBUCHMBIX MOBTOPHOCTSIX.
Pe3ynbrarel cuMTany BOCHPOU3BOJUMBIMU IPU COBMHAJACHUU HaOmogaeMoro s¢dexkra BO Bcex
MTOBTOPHOCTSIX.

3. Pe3yabTaThl H 00CYKIeHHE

Jnst montBepxaenus: oopasoBanust AQNPS 1 OLIeHKH UX OTITUYECKUX CBOMCTB ObLIA MPOBECHA
Y®-sunumas cnekrpodoromerpus. B ciekrpax AGNPs-chitosan vabioaanacs xapakTepHas 1osioca
[IITP B o6mactu 400-410 um, Tunuunast 1 chepudeckux AGNPS (Pucyrok 2).
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Pucynok 2. YO-Bumumbie crekTpbl noryomieHus pactBopoB AgNPs-chitosan mpu paznudnbix
KOHIICHTpaIUsIX cepedpa

[Ipu mocnenoBaTenbHOM pa30aBI€HUH PACTBOPOB HHTEHCUBHOCTH 10s10CkI [1TTP 3akoHOMEpHO
CHIDKQJIaCh MPONOPIMOHAIBHO KOHLEHTpalMKu cepedpa, TOrAaa Kak IOJIOKEHHE MaKCUMyMa
MPaKTHYeCKH He WU3MeHsUIoch. OTCYTCTBHE BBIPQKEHHOTO OaTOXPOMHOTO CMEIICHUS U
CYIIECTBEHHOI'O YIIMPEHUS MOJOCHI CBHJETEIBCTBYET O COXPAaHEHHH KOJUIOMAHON yCTOMYMBOCTH
AgNPs-chitosan 1 0TCYTCTBUH arperaiuy 4acTUIl B HCCIIEYEMOM JTHana30He KOHIICHTPAIMI TPH UX
JanbHeHIeM aHTHOAaKTepUaIbHOM IPUMEHEHUH.
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Jlns KoJIMYeCTBEHHOM oleHKH omnTtuyeckor tutotHoctr AQNPS-chitosan Obuia moctpoeHa
rpajydipoBOYHAs 3aBUCUMOCTh ONTHYECKOW IUIOTHOCTH OT KOHIICHTPALUH cepedpa IMpu JIHHE
BosHbI Makcumyma [1I1P (Pucynok 3).

A=0,043C + 0,018
R2=0,99

0,0 k . . L ) ) . .
0 5 10 15 20 25 30 35

KoHueHTpauus, mkr/imn

Pucynoxk 3. 'panynpoBovHast 3aBUCUMOCTh ONTHYECKOW TUIOTHOCTH OT KOHIICHTpALUuU cepedpa 1uis
pactBopoB AgNPs-chitosan npu amune BosiHbl MakcuMyMma TTTTP

Bricokoe 3HaueHne K03 UIIMEHTA IeTePMUHALINH (R2:0,99; A= 0,043C + 0,018) ykassiBaet
Ha XOpOLIYI0 JIMHEHHOCTb 3aBUCUMOCTH H IIOATBEPKIAECT IPUMEHUMOCTh Y D-BUAMMOU
CIIEKTPOPOTOMETPHH JIJISI IKCIIPECCHOM KOJIMYECTBEHHO! OIIEHKH COJIepKaHus cepedpa B pacTBOpax
AgNPs-chitosan. Takum o0pa3oM, wmerox Y®-BuauMol CHEKTPOPOTOMETPUU  IO3BOJISET
OJTHOBPEMEHHO MOoATBepAnuTh (opmupoBanne AQNPS u oxapakTepu3oBaThb 3aBUCHUMOCTb HX
OTITUYECKOH IIIOTHOCTH OT KOHIICHTPALINH.

Metonom ICP-OES onpenenunu copepkanue cepebpa B KosutougHoM pactBope AgNPs-
chitosan. ITonyuennoe 3unauenue 134,81 + 0,11 MKI/MJ XOpOIIO COTJIACOBBIBAJIOCH C PacueTHOM
koHueHTpanueir (135 mxr/mi). 3HaueHue 95 %-ro NOBEpHTENFHOrO WHTEpBala HAXOAMIOCH B
muanazone 134,55-135,08 mxr/mi. OtHocuTenbHOe craHmapTHoe oTkjiaoHeHue (RSD) cocraBmiio
0,08 %, u4ro nOATBEpPKIAET BOCHPOM3BOJUMOCTh CHHTE3a M HAJECKHOCTh IPHUMEHEHHOTO
AHAJTMTHYECKOTO TI0/IX0/1a.

AnTHOaKTEepUanbHas akTMBHOCTh HccieayeMmbix pacTtBopoB xurozaHa AGNOs u AgNPs-
chitosan cymectBeHHo pasznuuanack (Tabuuia 2, pucyHok 4). PacTBop xuTo3aHa B UCCIeIyeMOM
JMana3oHe KOHIIEHTpaIui He obecreunBai MojaHoro mojaasieHust pocra Moraxella bovoculi. TTpu
ATOM B OTIENBHBIX Mpo0ax HAOIIOJATOCh CHIYKEHHUE WHTEHCHBHOCTH OAaKTEPHUAILHOTO POCTA, YTO
MOKET OBITh CBSI3aHO C COOCTBEHHOH aHTMMHUKPOOHON aKTHBHOCTBIO XWUTO3aHa. M3BeCTHO, 4YTO
MPOTOHUPOBAHHBIE AMHUHOTPYIIBI TOJMKATHOHA XHWTO3aHa CHOCOOHBI B3aWMOJEHCTBOBATh C
OTPUIIATENILHO 3apsKEHHBIMU KOMITOHEHTaMM KJIETOYHON CTEHKH I'paMOTpUIATEIbHBIX OaKTepui,
Hapymas MPOHUIIAEMOCTh MEMOPaHBI M MPOIECCHI KIIETOYHOTO META00IH3MA.

PactBop AgNO3 Taxxe nposBIIsl aHTUOAKTEPHATILHBIN 3((PeKT, 00yCIOBICHHBIN AeHCTBHEM
noHoB AQ*. OTHaKO P SKBUBAJICHTHBIX KOHIICHTPAIUIX cepedpa BRIPaKEHHOCTh HHTHOUPYIOIIETO
nericTBus Obla HIKe 1o cpaBHeHUIO0 ¢ AGNPs-chitosan. Bo Bcex pa3BeneHHsX Mmocie MHKyOAIuu
COXpaHsuicsi OaKkTepualbHBIH PpPOCT, YTO YyKa3blBa€T HA OrPaHUYEHHYI0 A(P(EKTUBHOCTh
UCKJTIOUUTENIbHO MOHHOM (hOpMBI cepedpa B UCCIIETYEMBIX YCIOBHSIX.

Haubomnee BeIpakeHHYIO aHTHOAKTEpHATBHYIO aKTHBHOCTD IPOJIEMOHCTPUPOBAIT KOJUTOH THBIN
pactBop AgNPs-chitosan. B uccienoBanHOM namna3oHe KOHIICHTPAIMA ITOJTHOE OTCYTCTBHE POCTa
Moraxella bovoculi mabaromanocs mpu KoHmeHTparuu cepedpa 67,5 mxr/mi. Ilocime mepeceBa
COZCP)KMMOT0 TPOOMPOK Ha IUIOTHYIO HHUTATENbHYIO CpeAy OakTepualbHble KOJOHHHM TaKKe
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OTCYTCTBOBAJIM, YTO MOATBEP)KIACT OAKTEPUIMIHBIA XapakTep NEHCTBHA JaHHOW KOHIICHTPALUU

(pucynok 4 b).

Ta6auna 2. AuTubakTepuanbHbiii 3PPEKT UCIBITYEMBIX PAaCTBOPOB

PactBOp 67,5 MKIr/Mma 56,25 mxr/ma | 45,0 MKr/ma 22,5 MKIr/Mi 11,25 mkr/ma
AgNO3 Poct Poct Poct Poct Poct
AgNPs-chitosan OtcyTcTBHE Poct Poct Poct Poct
pocra
Chitosan Poct Poct Poct Poct Poct
“TIpumeuanue: B kauectse Kontpons npumensica pactsop NaCl (0,9 %) 6e3 cepuiiHbix passeneHuit

A) NaCl b) AgNPs-chitosan

(67,5 mxr/mn)

B) AgNOs

I') Chitosan
(67,5 mxr/mi)

Pucynok 4. AutubaxtepuanbHblid 3QPEKT pa3IuIHbIX PACTBOPOB

Takum o6paszom, MIC u MBC AgNPs—chitosan B yciaoBusX MPOBEICHHOTO SKCIIEPUMEHTA

cootBeTcTBOBaM 67,5 Mxr/mi (tabmuma 3). IIpu 6ostee Hu3kux KoHieHTpaiusx (56,25; 45,0; 22,5 u
11,25 MKr/miT) coXpaHsics 0aKTepUaTBHBIN POCT Pa3IMYIHOMN CTEIICHH BBIPAKCHHOCTH.

Taoauua 3. 3sauenus MIC u MBC

PactBOp MIC, Mkr/ma MBC, MKkr/mJ

AgNPs-chitosan 67,5

67,5
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[TomydeHHbIE pE3yiabTaThl CBHIETEIBCTBYIOT O 0o0yiee BBICOKOW aHTHOAKTEpUATBHON
3¢ peKTUBHOCTH HaHOAMCHEPCHONW (opMBI cepedpa IO CpaBHEHUIO C HOHHOW (GopMoH mpH
OJIMHAKOBOM cojiepkannu Ag. BeposTHO, 3TO CBS3aHO ¢ COBOKYITHOCTBIO HECKOIBKHUX (DaKTOPOB,
BKJIFOYAsl BBICOKYIO yenbHYHO moBepxHOCTh AQNPS, mocTeneHHOE BBHICBOOOXKIeHHUE MOHOB AJY,
MOBBIIICHHYIO PEAKIMOHHYIO CIOCOOHOCTh HAHOYACTHII H CTAOMIM3UPYIONIYIO  (YHKITHIO
XUTO3aHOBOW MaTPHIIBL.

[Tonyuennoe 3nauenrie MIC HaxoauTces B mpenenax quamna3oHa 3HAYCHUN, paHee OMMCAaHHBIX
JUTSL pa3JINYHBIX MUKPOOPTaHU3MOB, OJTHAKO OTHOCHTCS K BEpXHEH 4acTH 3TOT0 auana3ona. [Ipu stom
snayenuss MIC mis AgNPs B otaoriennun Escherichia coli, Staphylococcus aureus u Pseudomonas
aeruginosa BaprHpYIOT B 00Jice IIMPOKOM JHMAana30He B 3aBUCKMOCTH OT criocoba CHHTEe3a, pa3mepa
YacTUI[ M TMPHUPOJbI CcTadbWau3upyoieil o6ongouku (tadbmuia 4). Beicokoe 3nHauenue MIC,
HeoOXoauMoe sl mosiHoro mojasieHust pocrta Moraxella bovoculi, moxer ObITH CBsS3aHO ¢
OCOOCHHOCTSIMH ~ CTPOCHHUS  KIETOYHOW  OOOJIOYKH  JIAaHHOTO  MHUKPOOPraHWU3Ma,  ero
(U3NOJIOTHUECKUMH  XapaKTEPUCTUKAMHU, a TaKXKe CICIU(PUKON B3aUMOICUCTBUS OaKTEPUH C
XuTO03aH-cTabunuznpoBanHbiMU AgNPS.

Tabauna 4. Cpasaenue 3HaueHuid MIC AgNPs 1715 pa3nnyHbIX MUKPOOPTaHU3MOB

Muxpoopranusm MIC AgNPs, mkr/ma HcTounuk
Escherichia coli 0,25-125 Loo et al., 2018
Staphylococcus aureus 6,25 -75,0 Parvekar et al., 2020
Pseudomonas aeruginosa 8-64 Chicea et al., 2024
Moraxella bovoculi 67,5 Hacrosmee nccinenoBanme

B omnune ot pactBopa AgNO3, comepiKaniero ToIbKo cBoboaHbIe HOHBI Ag ', cucrema AgNPs-
chitosan oOecneunBaeT MHOTOCTaaAUIHOE B3aUMOIEHCTBHE C KIETOYHOW CTeHKON Moraxella
bovoculi. T1onoXuTenbHO 3apsbKEHHAs XMUTO3aHOBAsi 000JI04Ka CIIOCOOCTBYET ANIEKTPOCTAaTUYECKON
ancopOLMM  HAHOYACTHI] Ha  OTPULATEIbHO  3apsDKEHHOM  JIMIONOJNHCaxapHJ-MeMOpaHe
rpamotpunarensHoit  Oakrepun. Kpome Toro, AgNPs-chitosan co3maloT JokanpHOE U
[POJIOHTUPOBAHHOE BBICBOOOK/ICHHE Ag ™ HEMOCPEACTBEHHO BOJIM3M OAKTEPHATBLHON KIETKH, YTO
COIIPOBOXKJIAETCS TIOBPEXKIEHUEM MeMOpaHbl, MHTUOMpOBaHUEM O€JIKOB U ()EPMEHTOB, reHepalueit
aKTHBHBIX (opM Kucinopona u HapyumeHuem cTpykTypsl JJTHK. B cimyuyae AgNO; cBoOOHBIE HOHBI
Ag" B mUTATEIBLHON Cpejie MOTYT OBICTPO CBSI3BIBATHCS C XJIOPH-HOHAMU U KOMITOHEHTaMH OyJIbOoHa
c o0pa3oBaHMEM MAaJOPACTBOPUMBIX COEIWHEHHH, 4YTO CHIDKACT HX OHOAOCTYMHOCTh U
AHTUMUKPOOHYIO aKTUBHOCTH (PUCYHOK ).

Bosee Toro, Xxuto3aH BBINONHAET (YHKUUIO CTAOMIM3UPYIOIIEH MAaTpHIbI, MPENsTCTBYS
arperallid HAHOYACTHMIl W TOJACpXKHBas MX KOJUIOMJIHYIO YycTOoWMuumBOCTh. CoxpaHeHue
HAHOMCIIEPCHOTO COCTOSIHUS 00ecTiedrBaeT OOJBIIYIO IJIOIIA (b AKTUBHOM MOBEPXHOCTHU cepedpa u
CIIOCOOCTBYET YCHUJICHUIO MEK(a3HBIX B3aUMOJACHCTBUN MEXTy HAHOYACTUIIAMHA U OaKTEpHUATHHOU
KIICTKOH.
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Pucynok 5. Mexanu3m antuOakrepuanbHoro nevictBusi AgNPs-chitosan (Mcrounuk: coctaBieHo
aBTOpaMu)

B menom monmyueHHBIE pe3ynbTaThl CBUACTENBCTBYIOT O HAIUYMH  BBIPAKEHHOM
aHTHOaKTepuaIbHON akTuBHOCTH AgNPs-chitosan u pacmpsIoT CyeCTBYIONUE IPEICTABICHUS O
YyBCTBUTEIHHOCTH BETEPUHAPHO-OMACHOTO MaTtoreHa pona Moraxella x cepebpocoaepkaimum
nanocuctemMaM. KommuectBennas onenka MIC u MBC no3Boisger Oojiee 0OOBEKTUBHO OIEHUTH
3¢ dEeKTUBHOCTh JaHHOM CHUCTEMBI W MOXKET CIYKUTh OCHOBOHM [UIsl JanbHeWied pa3paboTKu
cepebpocoaepKalux MpernapaToB MPOTHB OaKTEpUATBHBIX O(TATbMOIOTHYECKUX WHOEKIUN Y
CEJIbCKOXO3SIICTBEHHBIX KUBOTHBIX.

4. 3aki0ueHue

B HacrosimeM WHCCIeIOBaHWU TIPOBEICHA KOJMYECTBEHHAs OICHKAa aHTHOAKTepHATbHOU
aktuBHOocTH AQNPs-chitosan B ortHomrennn Moraxella bovoculi — oxgHoro w3 GaktepuambHBIX
BO30OyauTENeH HHPEKIIMOHHOTO KepaTokoHbloHKTHBHTA KPC.

Metonom ICP-OES ycraHoBieHO, 4TO KOHIEHTpalus cepeOpa B UCXOIHOM KOJJIOUHOM
pactBope AgNPs-chitosan cocrasma 134,81 + 0,11 mxr/mi (RSD = 0,08 %; 95 % CI: 134,55-135,08
MKI/MJI) ¥ TOATBEPHIIA pacueTHOe 3HaueHne 135 MKr/mir.

Pesynbratel Y®-Buaumoii ciekTpodoToMeTpun Mmokaszaiu GopMUPOBAHKUE HAHOIUCIEPCHOMN
MeTamudeckoi daszsr AgY. B crexTpax mornomeHus Habmoanach XapakTepHas mojoca IITIP B
obmactu okoino 400 M, TunmaHas s cheprueckux AgNPS.

OTcyTcTBHE BBIPAXKEHHOTO 0ATOXPOMHOTO CMEUICHHS M 3HAYUTENIBHOTO YHIMPEHHS MOJIOCHI
MOTJIONICHUST CBHJICTENBCTBYET O COXpaHEHHHM KoJulouaHoW crabuiabHocTH AgNPS-chitosan B
UCCIIE/IOBAHHOM  Juamna3oHe KoHueHTpauuil. IlocTpoeHHas rpaayupoBoYHas 3aBHCHMOCTH
ONTHYECKOW TIJIOTHOCTH OT KOHIICHTPAIMHM cepedpa XapaKTepHU30BaIaCh BBICOKON JMHEWHOCTHIO
(R2=0,99), YTO TOJTBEPKIAET BO3MOXKHOCTh HCIOJIb30BaHUS Y D-BUANMON CHEKTPOGHOTOMETPHH
JUTSL DKCTIIPECCHOM OICHKH coieprkanus cepedpa B pactBopax AgNPs-chitosan.

MuKpoOHOIOTHYECKHE  HCCIICAOBAHUS  IOKa3ajld  BBIPAKEHHYIO  aHTHOAKTEPHATILHYIO
aktuBHOCTH AQgNPs-chitosan B otaomenun Moraxella bovoculi. Tlonnoe wuHrHOHUpOBaHKE
0aKTepHaJIbHOrO pocTa Kak B JKMIKOM, Tak W B IUIOTHOM MUTATEIbHOH cpele HaOI0Aanoch MpU
KOHIIEHTpanuu cepedbpa 67,5 mxr/mi. YcranosneHo, yto MIC u MBC B ycnoBusx mpoBeIeHHOTO
HKCIEPUMEHTA COBITAIAIIH.
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B otnumne ot AgNPs-chitosan, pactBop AGNO3 nipu S5KBHUBaJICHTHBIX KOHIIGHTpAIIMAX cepedpa
HE TIPOSIBIISI  COTMOCTAaBMMOTO AaHTHOAKTEPUAIBLHOTO JeicTBUs. [lodydeHHBIE pPe3yJbTaThl
CBHJIETEIILCTBYIOT O TOM, 4TO 3()()EKTUBHOCTH MCCIEAYEMON CHCTEMBI OINpPENENIeTCs] HE TOJBKO
MPUCYTCTBUEM cepedpa KaK XUMHUYECKOTO 3JIEMEHTa, HO W €r0 HaHOJUCIICPCHBIM COCTOSHHEM,
KOJUIOMJIHOM CTaOWJIBHOCTBIO U OCOOCHHOCTAMHU MexdaszHoro B3aumonerictBus AQNPs ¢
OaKkTepraabHOMH KIIETKOH. XHWTO3aHOBas MaTpulla, OOECHEeUUBAIONIAs AIICKTPOCTCPUICCKYIO
crabmmmzanuio  AgNPS, mpenmsitctByer arperalii  HaHOYAcTHI[ M CIOCOOCTByeT Oolee
3pPEKTUBHOMY KOHTAKTy HAHOCHUCTEMBI C IOBEPXHOCThIO MUKpOOpraHu3MoB. Kpome Toro, cucrema
AgNPs-chitosan moxer obecneunBaTh 0o0Jiee KOHTPOIMPYEMOE BBICBOOOXIcHHE AQ™ BONIM3M
KJICTOYHOU MeMOpaHbl 0aKTEPHiA, YTO TOMOJHUTEILHO YCUIIUBAET aHTHOAKTepUATbHBIN AP (DEKT.

Crenyer OTMETHTb, YTO HACTOSIEE HCCIEAOBAaHHE HMMEET psiji orpaHuyeHuii. B pabore
UCIOJB30BaIM TOJbKO oamH u3oisaT Moraxella bovoculi, a omenka turoTrokcuunoctn AGNPS-
chitosan B OTHOLICHUU KIETOK POrOBHYHOIO M KOHBIOHKTHBAJIBHOTO JMUTEIHS HE IPOBOJIUIIACH.
KpomMe Toro, He paccMaTpuBaIMCh MOJCKYJSIPHbIE MEXaHHM3Mbl T'€HEpAllUd AaKTUBHBIX (opMm
KHCIOpPOAa H  OCOOCHHOCTH B3aUMOJCWCTBUSI HAHOYACTUI[ C KJIETOYHOM MeMOpaHou
MHUKPOOPTaHU3MOB.

B nanmpHelmeM MepCcrleKTUBHBIMU HANpABICHUSIMH HCCIEOBAHUN SIBIISIOTCS HW3y4YCHHE
ounocoBmectumocti AgNPSs-chitosan, pacuipenne cnekTpa UCCAeIyEeMbIX KIMHUYECKHX U30JIATOB
Moraxella, cpaBuutTenbHass omenka 3¢dexrtuBaoctn AgNPs-chitosan u  TpamuHMoOHHBIX
BETCPUHAPHBIX aHTHOAKTEPUAIBHBIX IPEIMapaToB, a TakkKe pa3padoTKa OQPTAITBLMOJIOTHUECKUX
JICKapCTBEHHBIX (OPM HAa OCHOBE HCCIEAYEMOW HAHOCHUCTEMBI, BKJIIOYAsi PAacTBOPBI, T'eld U
OMoare3UBHBIC TTOKPBITHSL.

Takum 00pa3om, MoydeHHbIC pe3yIbTaThl MOATBEPKAat0T nepcrnekTuBHOCTE AGNPS-chitosan
B KaueCTBE IOTCHIMAILHOW aHTUMHKPOOHOW HAHOCHUCTEMbI IS JajbHEWIIel pa3paboTKu
BETEPUHAPHBIX OPTATBMOJIOTHYECKUX TPEnapaToB MPOTUB HHPEKIIMOHHOTO KEPAaTOKOHBIOHKTHBHTA

KPC.
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XHWTO3aHMEH TYPAKTAHABIPBUIFAH KYMIC HaHOOOJIIIEKTEPIH ally KIHe
0aKkTepusAFa KAapChl KOHIEHTPALMSACHIH OaFajay

Jacran Ocep:xanos, Kanap KaceimoBa, Asnekceii KimBenko, Hypus OmapoBa, Diabmupa
AOnyiIMHA

AnpaTrna. XWTO3aHMEH TYpaKTaHAbIpbUIFaH KyMmic HaHoOesmmekrepi (AgNPs-chitosan) aiikein
AHTUMHUKPOOTBIK OCJICeHIUTIriHe, OMOYHISCIMIITITIHE XKOHE MEIUIIMHA 1A, BETEpUHAPUSIA, COHIAM-
aK HKOJIOTHSUIBIK TEXHOJOTusIapJa KOJJaHy MYMKIHAITIHE OailaHBICThl YJIKEH KbI3BIFYLIBIIBIK
TyAbIpaabpl. XUTO3aH OMOAETpalallusIaHaThIH, YBITTBUIBIFBI TOMEH KOHE 031H/IIK OaKTepHsFa KapChl
KacuerTepi O6ap 6uononumep Oosbin Tadbbuta bl OHBI TYpaKTaHABIPFBIII MaTPHIlA PETIHIE KOJIJaHy
AgNPS-TiH  KONJIOMITBIK  TYPAaKTBUIBIFBIH ~ apTTHIPBIN, OJapAblH  OaKTEpUSIBIK  JKacylla
KYpBUIBIMIApbIMEH ©3apa opekertecyin kymentemi. Ocwl 3eprreyniH Makcatel AgNPs-chitosan
KOJUIOMATHIK E€pITIHAICIHAETT KYMICTIH KOHIIEHTPAIMSICHIH €CENTIK >KOHE AacHamThIK OIICTEpPMEH
aHBIKTAy, COHJIal-aK HAHOKOMIIO3HUTTIH ipi Kapa MasablH WH(EKIHIIBIK KePaTOKOHBIOHKTUBUTIHIH
KO3BIPFBINIBI 00tk TadbutaThiH Moraxella bovoculi-ee kaTbicThl OakTepusiFa Kapehl OSICeH IITITIH
Oaranay Oomnzbl. bacramkel epiTiHaieri kymic KoHueHTpauusicsl enriziiren AgNOs menmiepiHe
HETI3/IENITeH MaTEeMaTUKAJIBIK €CENTey apKbUIbl aHBIKTAJBIN, KEWIH YATUIEPAl KBIIIKBUIIBIK
piabIpatyan coq ICP-OES onicimMen pactannbel. CoOHbIMEH KaTap, HaHOO®IIEeKTep IiH Ty311yl MeH
onTUKanblK Kacuertepl YK-kepiHeTiH crnekTpopoTomMeTpusi oSiiciMeH, aj OakTepusira Kapchbl
OencenauTiri Oipi3Ai CYHBIITYMapbl MaianaHa OTHIPHIN, COPMANarbl CEPUSITBIK MUKPOIUTIOIHUSI
onmicimen Oarananapl. 3eprrey HoTHXKeciHAe OacTanmksl AGNPS-chitosan KoutouaTeIK epiTiHaiCiHAET]
kyMictiH koHneHTpamusicel ICP-OES omicimen 134,81 +0,11 MKr/Mi1 eKeHi aHBIKTAIIBI, OYJT €CeNTiK
’KOJIMEH aHBIKTAJFaH KOHIICHTpAIUs MoHIHE JkaKbIH Ooel. CyHbIITYy Katapsiaaa 67,5; 56,25; 45,0;
22,5 xone 11,25 MKr/mi KyMbBIC KOHIEHTpalUsIapbl albIHABL. 3epTTENTeH KOHIICHTpaIHsIap
aykbimMbiaga AgNPs-chitosan Moraxella bovoculi-ze katsicter Texk kana 67,5 MKr/Ma aWKblH
OakTepHsiFa Kapchl OENCeHIUTIK KopceTTi. byl KoHIeHTpanusaa 0akTepUsIbIK ©Cy TOJIBIK TEXENI.
Byn KOHIlEHTpanusHbBl MHHHAMAIJIBI HHTHOHMPIICYII  KOHIIEHTPAWS JKOHE MHUHUMAJIIBI
OaKTepUIUATIK  KOHIEHTpalusi Jen  OarajmaHabl.  AJBIHFAaH  HOTIDKENEpP  XHUTO3aHMEH
typaktanpippuirad AGNPS-HIH jkKOFapbl aHTUMUKPOOTBHIK 9JI€YETIH KOpCeTe Il KoHe OolapAbl jKaHa
OakTepusra Kapchl MpenapaTTapibl d3ipiiey VIIiH MepPCIeKTHBAIBI HETi3 peTiHle KapacThIpyFa
MYMKIHIIK Oepei.
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Preparation and evaluation of the antibacterial concentration of chitosan-
stabilized silver nanoparticles

Dastan Asserzhanov, Zhanar Kassymova, Alexey Klivenko, Nuriya Omarova, Elmira
Abdullina

Abstract. Chitosan-stabilized silver nanoparticles (AgNPs-chitosan) have attracted considerable
attention due to their antimicrobial properties, biocompatibility, and potential applications in
medicine and veterinary science. Chitosan is a biodegradable and low-toxicity biopolymer with
intrinsic antibacterial activity. As a stabilizing matrix, it improves the colloidal stability of silver
nanoparticles, reduces particle aggregation, and enhances interactions between the nanocomposite
and bacterial cells. The primary objective of this work was to quantify the silver content in an AgNPs-
chitosan colloidal solution using both calculation-based and instrumental approaches and to evaluate
the antibacterial activity of the obtained nanocomposite against Moraxella bovoculi, one of the
causative agents of infectious bovine keratoconjunctivitis. The Ag concentration was calculated based
on the amount of AgNOs introduced during synthesis and subsequently confirmed by inductively
coupled plasma optical emission spectrometry (ICP-OES) after acid digestion of the samples.
Nanoparticle formation and optical properties were characterized by UV-Vis spectrophotometry.
Antibacterial activity was assessed using the broth serial microdilution method, followed by
determination of the minimum inhibitory concentration (MIC) and minimum bactericidal
concentration (MBC). The Ag concentration in the initial AgNPs-chitosan colloidal solution
determined by ICP-OES was 134.81 + 0.11 pg/ml, which was in good agreement with the theoretical
value of 135 pg/ml. Working silver concentrations of 67.5, 56.25, 45.0, 22.5, and 11.25 pg/ml were
evaluated. Complete inhibition of Moraxella bovoculi growth was observed at an Ag concentration
of 67.5 pg/ml. This concentration corresponded to both the minimum inhibitory concentration (MIC)
and the minimum bactericidal concentration (MBC) under the experimental conditions. The obtained
results demonstrate the antibacterial activity of AgNPs-chitosan against Moraxella bovoculi and
confirm the potential of chitosan-stabilized AgNPs for the development of novel veterinary
antimicrobial formulations.

Keywords: silver nanoparticles; chitosan; AgNPs-chitosan; ICP-OES; UV-Vis spectrophotometry;
antibacterial activity; Moraxella bovoculi; infectious bovine keratoconjunctivitis.
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Anparna: Tepr ecimaik typinig (Lythrum salicaria, Phragmites
communis, Nonea pulla, Petunia hybrida) »xone 0ip kpiHanbiz (Parmelia
sulcata) marpunanapslHbIH CYJIbl ChIFbIHIbUTapaarsl Kamuil (K ) sxoHe
Hatpuii  (Na* ) HWOHZApbIH HOHOMETPHUSJIBIK AHBIKTAYABIH KEICI
omicremeciH Oelimzmeyre, conpmaii-ak oHbl HOrRatr xambIkapaibik
KalTaIaHBIMIBIK (COMKECTIK) KpUTEpHii OOWBIHIIA METPOJOTHUSIIBIK
HETi37Ieyre apHaJiFaH.

3epTTey OapbIChIHAA OCIMIIK JKOHE KbIHA MIMKI3aThIHAH MAaKCaTThl
MOHJAP/IBl SKOJOTHSIIBIK Ta3a CYJIbI SKCTPAKIUsIAY 9JIICi KOJTaHBLIIbI.
Canpplk  Tanmay Kalui- JKOHE HATpUN-CENeKTHBTI DJIEKTPOATap
KOMEriMeH  TiKeled  MOTeHUUOMETpHs  (MOHOMETpHs)  9/iCIMEH
KYPri3ingi. OmicTeMeHiH iC-KY3iHAeri KalTalaHbIMIBIFbIH (COHKECTIK)
Oaramay XOpBHUII MaTeMaTHUKAaJIBIK MoeliHe HerizaenreH HorRat;
UHJAEKCIH ecenTey apKbUIbl KY3ere achIpblUIAbl. MeTpOoiIorusIbIK
caparnrama HOTHKETEP1 93ipJIeHTeH oMICTEMEHIH KOFapbl
KalTaJlaHYIIBUIBIFBIH ~ KOpCeTTi. OCIMIIK JoHE KblHA YITUIEpiHIH
AQHATOMMSUTBIK ~ KYPBUIBIMBI MEH 3JEMEHTTepPAiH KOHIEHTPAIHSIIBIK
JIeHIeiHIH opTypJiirine kapamactad, HorRatr nHaekciHiH MoHzepi
kamuid woHmapel yuiiH 0,72-1,50 (oprama wmoni 1,004), an HaTpwmii
nonmapel ymiH 1,11-1,78 (oprama moni 1,40) apaibiFblH Kypajbl.
bapabik  anmbiaFaH  kepcetkimTep — xambikapaneik  IUPAC/AOAC
XaTrramanapbiHa OeKITUINeH pyKcaT €TUIreH SMIMPUKAIBIK JAUana3oHFa
(0,5-2,0) TombIKTali CBIABIN, OMICTEMEHIH JKOFApPbl TYPAKTHUIBIFBIH
nonenaeni. NoHOCENeKTHBTI KyHeHiH YIbTpa-, MUKPOKOHIIEHTpALUsIIap
aiiMarbiHa N1a (KbIHA YITICIHAC) 197 HOTHXKE KOPCETETIHI alFaKTalIbl.
CoHBIMEH KaTap HATpHii, KaJduid MOHAAaphl yiuiH aHbikray meri (LOD)
*koHe caHbIK aHbikTay meri (LOQ) aHbIKTaNI B

Tyiiin ce31ep: Kanuii HOHIAPHI; HATPUH HOHIAPHI; OCIMIIK CHIFBIH/IBICHI,
HorRat umHaekci; MOTEeHIIMOMETPUSIIBIK OJIIC; HOHCEIEKTHBTI AJIEKTPO;
LOD/LOQ; cenektustinik koaddurmentrepi; Hepaer kenbeyi.
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1. Kipicne

Anam ar3achIHBIH KYPBUIBIMIBIK HETI31IH KaMTaMachl3 €TyJe >KOHE OYJIIIBIKET KYMBICHIHAH
OacTan JKacylIaJbIK aJMacyFa JEeHiHT1 OapJIbIK eMIpJiK MaHBI3Abl YASPICTEPl PETTEYIl peTiHJe
MaKpOMHHEpAIJAPAbIH peii Oenrim. MakposleMeHTTepiH apachlHAa Kaluid MEH HaTpui
AJIEMEHTTEPIHIH MAHbBI3IbIIBIFBI AKOFAPHI.

Kanuit ar3anbsiH OapiblK yimanapbiHaa Oosanel. YKacymaimrimk CYHBIKTBHIK KOJEMiH KOHE
TpaHCMEeMOpaHAIBIK AJICKTPOXUMHMSUIBIK TPAaJIUCHTTEPAl yCTalm Typy KaOileriHe OalaHbICThI
»KacylanapablH KaJabIIThl )KYMBIC JKacaybiHa KaxkeT HoH (Stone, 2016).

Epecek amam ar3achIHIaFbI XKaIbl KTHHAIH Mesmepi 1 Kr g1eHe MaccacbiHa ecentereHae 45
MWIIUMONBII Kypaiael. Kamuiinin keOipex Oediri jkacymia imriHzae, ajd KajJFaHbl jKacyllaJaH
TBICKAphl CYMBIKTBIK KypambiHIa Oosanbl. JKacymia imiHAeri KaJWWIiH MeJIepi jkacylna
CRIpTHIHAAFEI MeepineH mamameH 30 ece apThik. OChl alBIPMAIBUIBIK TPaHCMEMOPAHAIBIK
SIEKTPOXUMHUSIIBIK TPAJMEHT TyBIHAATaAbl. Byn rpaguentri warpuii-kamuii (Na'/K") ATdasa
TaChIMAJIAYIIBICHI YCTAIl TYPAJIbl. ATAIIMBIII TPATUEHT KACYIIAIBIK TOHYCThI KAMTaMachl3 €TyMCH
KaTap, HepB UMITYJIbCTAPBIH AYPHIC Oepy/e, OWIIIBIK eTTep KUbIPbUTYBI MeH Oyiipek QpyHKIHIChIHAA
kaxet (Hinderling, 2016).

Kanuiiaig sxericrieymiiiri KaH KbICBIMBIH, OyHpeKTe Tac Ty3Uly MYMKIHAITIH, CYHeK TiHIHIH
XKaHAPy KbULIAMIBIFBIH apTThIpaibl. KaHaaFel KaJMHAIiH TOMEH/ICYI, SIFHA TUTIOKAIMEMUS [IapIiay,
OYJIIIBIKET SJICI3IrMEH, 11 KaTyMeH cUIatTanajbsl. Erep runokaineMusiHbIH ayslp popmacsl 6oca,
OHBIH OYJIIIBIKET JXKUBIPBUIYBIHA, OEMEK JXypeK (yHKIUMSICHIHA ocepi emipre KayinTi Oosambl
(Lanham-New, 2012, Moreno-Rojas, 2016).

Bbakpinay 3epTreynepi xkemicTep MeH KOKOHICTEp apKbUTBI KAJTUH TYTHIHYIBI ApTTHIPY, CYHEKTIH
MHHEPAJIIBIK THIFBI3IBIFBIHBIH JKOFapbUIayblHA oKeseTinairin adbikraran (Hanley, 2013). Byn
JepeKTep MeTa0OJIMKAIBIK 3CPTTCYJICPAIH HOTHXKEIEPIMEH JKOHE OipHeme  KIMHUKAIBIK
ChIHAKTapMeH Oipjece OTBHIPHIN, AUETANbIK KalIWid CYHeK JeHCAyJBIFBIH JKaKcapTa alaThIHBIH
Oomkayra MYMKIHJIIK Oepe/l.

Hatpuii - agam ar3acbIHBIH KaJbINITHI KOHE cay >KYMBIC ICTEYl YIIiH ©Te MaHbI3/bl HETi3ri
muHepainapaeH O0ipi (Chiang, 2024, Huang, 2020). OHbIH 6acThl KbI3METI - kKacyliagap MEH OHBIH
alfHaNaChIHJIAFbl CYHBIKTBHIK KOJIEMiH TEHrepiMJIe YCTal, ar3ajarbl cy OamaHchiH perTey. COHbIMEH
KaTtap, HATpUM KaH ailHAJIBIMBI KYHECIHIET1 KbICHIMIBI KaXETT1 JIEHreiie cakTarn, KaH KbICHIMBIH
OakplIay1a MaHb3a6! poit atkapazasl (Filippini, 2021, Huang, 2020).

byn snemeHT kylike MEH OYIIIBIKET >KYHEeCiHIH KbI3METI YIIH e eTe KaxeT. On xyhke
UMITyJIBCTEPIHIH MUFA KOHE 0acka Mylleiepre KeIepricis, *bpuigaM OepllyiH KamMTamachl3 eTel.
OCBIHBIH HOTH)KECIH/IE )KYPEK OYJIIIBIKETI MEH JeHe Ier1 0acKa a OYJIIIBIKETTEP JYPBIC )KUBIPBUIBII,
O0ocaHchli amaapl. OfFaH Koca, HATpUM >KacylIaNbIK JeHreine OelCceHIl KbhI3MET aTKaphll,
JKacyllagap/IbIH II0K03a MEH aMUH KBIIIKbUIIAPbI CUSKTBI ©MIPJIIK MaHbBI3bI 0ap KOPEKTIK 3aTTap/Ibl
Trimai cinipyine kemekteceni (Kenneth, 2021).

Cy-37eKTPOIUTTIK Oy3bUTyJIap KONTEreH KIMHUKAIBIK JKOHE XUPYPTUSIIBIK JKaFaanIapaa eTe
KU1 Ke3/Iece/ll dKoHe erep Jep Ke3iHAe KalbIHA KeNTipMece, ayblp caniapiapra okeinyi MyMKiH. by
Oy3putyiaap KaH riasmacbigarbl Hatpuii (Na) men kamumiimi (K) Tammay apKbLabl aHBIKTalaIbl
(Garcia, 2018).

Korapbiga arambll ©TKEHACH, HATPpU MEH KaJIMi aJaM TOMEOCTa3bl VIIIH MaHBI3IbI
ANEKTPOIUTTEP OOIBIN TAOBLIABI )KOHE OJIAPIbIH JECHTeHiHIH 03Tepyi eMACNYIIIE aybIp aCKbIHYIAP
Tyabipysl MyMKiH (Bernal, 2023).

Ocpinaifima, WOHIAPABI aHBIKTAy OJiCi HEFYPIBIM JJN, Ce3IMTal JKOHE apHaMbl
(criermkansik) 0osica, eMXaHAHBIH AYPHIC TEPANMSIIBIK IIapagapbl KYPri3yiHe COFYPIIBIM KOII
Heri3 0oabl.

OciMIK TEKTeC TaFraMmJiap a/1aM YIIiH OChl JIMACThIPbUIMANTBIH MaKPOAJIEMEHTTEP/IIH HET13r1
Ke31 Oonbim TaObUIaABl. AaM ar3achl HATpUM MEH KalWiAl ©3[ITrHEH CHHTE3NeH alMaisl,
COHBIKTAH OJIApJBIH TAIIIbUIBIFEl HEMECe TEHrepiMci3airi (Cy-aJIeKTpOIUTTIK Oy3bLTy/Iap)
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TyBIHJIAFaH Ke3Jle, ©CIMJIK JaKbUIAapblHa Oail JAypbIC palMoOH TEpanusHbIH 0acThl AJIEMEHTIHE
allHaIapl.

ABBIK peTiH/Ie TYTHIHBUIATBIH OCIMIIKTEP/IiH canachkl MEH KayIICi3/iri oiapablH KypaMbIHAAFbl
OChl HMOHJAPABIH MeJmepine Tikenedl OaitmansicTel (Naozuka, 2025). ©OciMaik IIMKi3aThIHIAFBI
OJIapIbIH KOHIICHTPAIMSICHIH OaKblIay €Ki Heri3ri ceden OOMbIHIIA MAHBI3 b

1. Kanuii TanmublIbIFbIHBIH AJABIH aly: AJamJibl KYPEK MEH KaH TaMbIpJIapbIHbIH CayJIbIFb
YIIH KaXETT1 KU IIH TOYJIIKTIK KOJIeMIMEH KaMTaMachl3 €Ty YIIIiH, OCipiIeTiH JaKbuiaapaa
OHBIH YKETKUIIKTI MeJepi 001ybl Kepek.

2. Hatpuii menmepiniH apThIK 00ybIH Oakpuiay: Ty3qaHFaH TONBIPAKTa ©CIPUITeH OCIMIIKTEP
HATPUIll IaMaaH ThIC KUHAKTAIbI, OYJI OJIap/Ibl THIIEPTOHHACH! (KaH KBICHIMBI JKOFaphI)
XoHe Oyipek xeTKisikei3airi 6ap agaMaap YIIiH KayinTi eTei.

Ocpunaiima, eocimaikrepaeri (Na*) »xome (K') wnonmapelH 1o aHBIKTAy TEK aybli
[IapyanIbUIBIFl YIIIiH FaHA €MEeC, COHBIMEH KaTap JAUCTOJIOTHS, MEIUIIMHA KOHE TaMaK KayiIci3miri
YILIH CTpaTerusijblK MOHTe He. byl anam 3 ar3achlHbIH 3JEKTPOJIUTTIK TOMEOCTa3blH CaKTay YIIiH
TYTBIHATBIH OHIMACP/IIH HYTPUTHBTI (KOPEKTIK) KYpaMbIH OaKblIayFa MyMKIiHJIIK Oepe/i.

DKOJIOTUSJIBIK, OMOJIOTUSIIBIK, TaFaM/IbIK JKOHE OHEPKICINTIK MaTpULlaJIapIaFbl 3JIeMEHTTEp Il
aHBIKTAY YLIIH CHEKTPOMETPHSUIBIK OIICTep KEHIHEH KOJIJaHBUIAABI. ATOMIBIK-(DIyOpECIEHTTI
CIIEKTPOMETPUS, >KaJbIH/bl aTOM/IBIK-a0COPOLMSIIBIK CIIEKTPOMETpHs], rpadUTTi MEITI aTOMIbIK-
a0COPOIUSIIBIK ~ CIICKTPOMETPHS,  YIBTPAKYJTIH-KOPIHETIH  MOJICKYIAIBIK  a0COPOIHUSIIBIK
CHEKTpO(OTOMETpUsl KOHE MHAYKTHBTI OaillaHBICKAH IUIa3Maibl ONTHKAIBIK 3MHUCCHUSIIBIK
CIIEKTPOMETPHS COTTI 9pi JKAKCHI JdJIeIICHIeH aicTep Ooubin tadbuiaasl (Thomas, 2001; Thomas,
2023; Ahmad, 2022; Chen, 2022; Fu, 2018; Mokgalaka, 2006).

ANl SIEKTPOXUMISUIBIK ONICTEpACH HMOHOMETpHUs Oenrini Oip HWOHapra TOH apHaMBI
MeMOpaHanapAbl KojgaHyra HerizgenreH. byn  omicte MeMOpaHaHbIH €Ki KaFbIHJAFbl
KOHIICHTPALMSIAp aWbIPMAIIBUIBIFBl apKbUIBl MOTEHIMAN Ty3Ulemi. byn kyleme exi 3JeKTpon
KOJIJaHBUTYBl KE€PEK, OHBIH 1IIIHAET] CaJbICTBIPMAbI 3JEKTPOA TYPaKThl MOTEHIMAIFA e 00a bl
Honra apHaIFaH CENEKTHBTI (TaJFamIia3) 3JIEKTPOJ YJTiHIH KOHICHTpAIMsIChIHA Kapall e3repeTiH
KepHeyal Tyabpansl. OchUlaiilna, CaJbICTBIPMAibl  3JEKTPOJ IEH  OJIIeyill  3JeKTPOoJ
MOTEHLMAJIAPbIHBIH  albIPMaIIbUIBIFBl  HETI31HAE EepITIHALErT HMOHAAPABIH KOHIIEHTPALHICHI
ecenreneni sxxoHe o HepHer Tenneyimen epHekreneni (Kurovsky, 2024).

Nonomerpust oaiciHiH KelOip apTHIKIIBUIBIKTApbIHA CEHIMAUIIK, TYPAKThUIBIK, TaTFaMIIa3/IbIK
(cenmekTHBTIMIK), CE3IMTANABIK JKOHE Y/TIHIH a3 KeJeMiH KojmaHy »kataipl. COHBIMEH KaTtap, OJ
KBUIIAM HOTHXKE Oepelli »oHe yariferi esrepictepre (MbICayibl, KaH IUIa3Machl YIIH JHIIEMHUS,
reMOJIN3 JKOHE capraio) OaillaHBICTBI  Kelepriiepre  yiuplpamMaiipl, ©HTKeHI MyHzIa
ANEKTPOJIUTTEPJIET] TEK NOHAAP FaHa eJIeHe 1. by cunarramanap HOHOMETpHS 9AICIH KIMHUKAJIBIK
’KOHE OHJIIPICTIK ChIHAKTap/a KOJJIaHyFa 00JaThIH MaHBI3/Ibl 9licTeMere aifHaIbIpaibl.

Xorapbla aTanFaH CHEKTPOMETPHSUIBIK 9ICTEP/IIH HET13T1 KEMIIUIIKTEpl - jKa0abIKTapablH
KOFapbl KYHBIHJA, ChIHAMa TalbIHIAYAbIH KYPIACIUTITIHAE, TallayAblH JIEeCTPYKTHBTI (ChIHAMaHBI
Oy3aThIH) CUIIATBIH/IA )KOHE ePITIH/IIHIH TYCl MEH OYJIBIHFBIPJIBIFBIHA CE3IMTaIBIFBIHIA (OTITHKAIBIK,
onicTep YUIH). Al MOHOMETPHS OIiCl ©3IHIH KapamalbIMABUIBIFBI, ap3aH/AbIFbl JKOHE KYpIeli
opranapia (ruiasma, KaH, aFblHABI Ccysap) 00C HOHAAPAbI TIKEJACH eJIey MYMKIHIIr apKbLIbI
epeKIIeIeHEe/II.

Ochl ’KYMBICTBIH MaKcaThl - 3epTXaHa )KaFAalbIHAa 6CIM/IIK JKOHE KbIHA YJITUIEpiHAeT! epiMTal
HATpUH ’KOHE KaJIMi MOHAapBbIHBIH KOHIICHTPALMACHIH TIKEJIeH dKCIpecc-aHbIKTay YIIIIH HOHOMETpUs
amicin Oeiiimaey (amanrauMsiiay), COHAAW-aK TKIPHOE HOTHIKECIHIE albIHFAH OJIICTEMEHIH
METPOJIOTHSUIBIK CUITATTaMalapbiH Oarasay OO0kl TaObLIaabl.

2. Martepuajnaap MeH dicrep

3eprreyne Hatpuii HWOHIApbIiH aHbikTay yiniH JJIMC-112Na Mapkaiel IIBIHBI HaTpHii-
CENIEKTUBTI AJIEKTPOJ, al Kanuii wuoHmapblH asbikTay yimiH OJJIMC-121K wmapkansr [1BX-
MeMOpaHajbl Kalnuh-ceaeKTHBTI 3iekTpon («Dxonukc-Dxcrmepr» JKIIK, Peceit) KommaHbUIIHI
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Onexrpoarap «Okcnepr-001» noHOMEpiMeH Oipre KYMBIC iCTeyre apHajFaH »OHE XJIOPKYMIC
(Ag/AgCI) canpicThIpMAaJIBI JCKTPOAIEH KUHAKTAIIBI.

2.1. OcimOiK wWuKizamvlHaH CLIELIHOLLIAD ATV

3eprrey oowekTinepi peringe Lythrum salicaria, Phragmites communis, Nonea pulla, Petunia
hybrida ecimaixrepinin sxone Parmelia sulcata xbiHachIHBIH yiTiaepi HaiganaHblIAbl. AJIBIHFAH
OCIMIIK HIMKI3aThl JIJIBIH aja KeNTipulil, YHTaKTalAbsl. Op yiarigeH 5,0 T 1o eeHin aablHBbII,
ycrine 200 M TasapTthuiFaH cy Kocbuinbl. Kocma OenMe TemriepaTypacbiHia 2 caraT OOWBI
TYHABIPBULIIBL. TYHIIBIPBUTFAH CHIFBIHJIBI CY3T1 KaFa3bl apKBUILI CY31MIiM, Talaay YIIiH JaibIHIa bl

2.2. Cynvl Col2biHObLIAD KYPAMBIHOAZbL HAMPUT-UOHOAPbIHBLY Konyenmpayusicoin Nat-cenexmuemi
onexkmpoo komeimen anvikmay (P/] 52.24.415-2007)
2.2.1. Kanpumii XJIOpUAiHIH epiTIHAICIH TaibIHAAY

500 mn emmerim konbara 110 rpaMM KaibIuil XJIOPUAIH Cajblll, JUCTUIIEHTEH CYMEH epiTil,
KoJIOaHbI OeNriciHe MeiiH TOMTHIPAIBL.

O sxoFapbl KOHIIEHTPAIUSUIBI (POHIIBIK JIEKTPOIUT PETiHAE MOHABIK KYIITI PETTETINI )KOHE
TYPAKTaHIBIPYIIBI KBI3METIH aTKapaabl. OCIMIIIK 3KCTPAKTTAPBIHBIH 63repMeii TAOUFH HOHIBIK
KYIIiH GipKeJKi )KOFaphl JICHIelre )KeTKi3y apKblUIbl MakcaTThl Na© MOHIapBIHBIH OeICeHTK
kod(duumenTin TypakThl ereni. Connaii-ak, Ca’" karnonnapsl Hukonsckuii—Dii3eHMaH TeHIeyiHe
ColiKeC, HaTPHIi-CENIEKTHUBTI JJIEKTPOATHIH OeTinae 6acka Gorze Oip 3apsaarel karnongapasiH (K,
NH4") 6acekerectik keaepri KenTipyii acepin TuimMi Typie 6acaipl.

2.2.2. Teirbi3apirst 0,1 Moss/aM3 aMMuak epiTiHIiciH gaspiay

Ceritbrmaputeirsl 500 mut enmerim konbara 25 %-Tik aMMuak epitinaicinig 1,9 M Kyibuib,
Kos10a OenriciHe JeiiH, CyMEH TONTHIPbLIAIBI.

On opranbiH pH kepcerkimin cintini aitmakka (pH > 9) xbunKbiTy apKeuisl pH perreyimn
KbI3METIH aTKapajbl. byl HaTpuii-ceneKTHBTI 3JeKTpojaTapFa 0acTbl KeAepri KeNTIpeTiH CyTek
nongapeiabH (HY) ocepin TobIK 5010 yinin Kaxer. CinTiii opraga cyTek HOHIAPBIHBIH OeICEeH Iiiri
MUHUMAJIbl JEHreiire TycCil, OSIEKTPOATHIH TEK MakKcaTThl HATpU KaTHOHJApblHA FaHa
MOTEHLIMOMETPUSIIBIK JKayar OepyiH KaMTaMachl3 €TeIl.

2.2.3. HaTpuii MOHapbIHBIH TP yupieHreH epiTiHALIep fAaspiaay

I'pagyupinieHrex epiTiHAUIEp HATPUIIIH CTAaHAAPTTHI YATUIEPIHEH JaspiiaHaabl.

CrritbiMapineirsl 50 Mt crakannapra 30 M1 HaTpUii HOHIAPBIHBIH KelleCi KOHIEHTPaIlUsIaFbl:
1,00-10" #: 2,00-10™ 4; 6,00-10" #; 1,00-10™ 3; 1,00-10" 2 momb/nM3 epiTinfinepi Ky#bmamsl. Opoip
CTakaHfra 4 M1 Kanmplui xjopuai MeH 1 mMi amMmuak epiTiHaiciH Kysabsl. CTakaHAapAbl MarHUTTI
apaJacTHIPFHINIKA OPHAIACTHIPHII, OHJAFbI CYHBIKTHIKTHI apaiacThIPaIbl. DIEKTPOATAP OATHIPBUTHIII,
rpajyvpiiey epiTiHAUIepiHIH MOTEHIUAIAapbl HATPUM HMOHBIHBIH TOMEH KOHIICHTpAIUSChIHAH
(1,00-10™ * momb/mm®) xorapsl kornenTpanusackiHa (1,00-10 2 moms/am3) kapaii «Jkcrepr-001»
Mapkaibl PH-MeTp-uoHOMEp e OJIIICHE/T.

DNEeKTPOATHIH 0aTy TEPEHIIT MEH apaiacThIpy KbULAAM/IBIFBI OapiIbIK eJIeysep Y oipaen
cakranajsl. [loTeHIan TypakTaaraHHaH KeiiH Kypall kepceTkimrepi Tipkeneni. Kanubpney rpaduri
pNa = -Ig[Na* ] »xoHe moTeHman MoHACPiHIH HETI31HIE TYPFbI3bLTAIbI.

2.2.4. ©CIMJTIK CBIFBIHIBLIAPBIHIAFBI HATPUH-UOHAPBIH aHBIKTAY

Opbip eciMaik chiFbIHABUIApbIHAH 30 MIT ambi, 4 M Kalnbluid XJOpual MeH 1 MI aMMuak
epiTiHmici KyHbUIbIN, 2.2.3-TyHKTIHAE KENTIpireH ojicTeMe OOWBIHINA OImeyiep >Kypri3ijeni.
AnpIHFaH TIOTEHIMANAAP MOHJEpiHE COiiKec, HATpHil MOHIaphl rpaayupiey rpaduri KeMeriMmeH
TaOBLIAIBI.

2.3. Cynbi cbigblHObLIAP KYPAMbIHOARbL KANUL-UOHOAPIHbIH, KOHYEHMPAYUACHIH

K"-cenexmusemi anexmpoo komezimen anvikmay (P 52.24.365-2008)
2.3.1. Bydepuik epitinmi: 1Moms/mme Tprc-(OKCHMETHIT)-aMHHOMETAH epiTiH/iCiH qaspiay
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Ceritbimapusirsl 250 mit crakanra 30,30 © Tpuc-(okcumeTnin)-amuHoMeTan canbir, 70-80 mi
JUCTUIJICHTeH CyMeH epite/i. YcTiHe 15 Mur KOHIEHTP Il TY3 KbIIKBUIBIH KYSIbl. ChIABIMIBLTBIFBI
250 mn  OonaThiH edmierimn Koyibara JaspiiaHFaH epiTiHOIHI Kyiibln, Oenrire nediH cyMmeH
TONTHIPBUIA LI, ApallacThIpFaH COH Kara3 (priibTpMeH cy3y KaxeT. Jlaspnanran epitinai pH moni 7,5-
8 OoIyBI KaXKeT.

Tpuc-(okcumermin)-amuHoMeTan pH  TypakTaHABIPYIIBI  JKOHE  MATPULANBIK  dCepi
TOMEHIETYII KbI3METIH aTKapasl. Tpuc-Oydep epitinainin pH MoHIH KanHii-CENEeKTUBTI JEKTPO.
YIIiH OHTaiibel caHanaTelH 7,5-8,0 nuama3oHbIHIA KaTaH Typle YcTam Typanabl. byn eciMiik
CBIFBIH/IBIIAPBIH/IA KE3/IECETIH TAOUFU OPTaHUKAIBIK KBIIIKBUIIAPIBIH dcepiHneH pH-ThIH aybITKybIH
TEXEIl, CYTEeK KaTHOHIAPbIHBIH OJCEKEeIECTiK BIKIMAIBIH JKOsIbl jkoHe HOrRat mMerposorusibik
[IapTTapblHa cail emeyaepAiH KOorapbl KalTallaHYIIBUIBIFBIHA MYMKIHJIIK Oepeii.

2.3.2. Kanuii noHIapbIHBIH TPaIyUpIICHTCH epITIHALIEP Aaspiay

Kanubpney epitinainepi Maccanblk konueHtpauusicel 3,910 r/mm® (1,00-107 ¢ mosns/mm?)
aTTeCTaTTAIFaH KWW epiTiHIICiHEeH Oipi3ai CYHBUITY apKbUIbI JalbIHIANABI. OiCTEMEre COMKec
1,00-10 2; 1,00-10" 3; 2,00-10™ 4; 1,00-10" 4, 5,00-10" °; 2,00-10" ° »xone 1,00-10" ° momw/mm?
KOHIICHTPALIMSUIBI ePITIHIUIED NaspiaHabl.

CrritbiMasitbirsl 50 M1 cTakangapra 30 Mil rpagyupiey epiTinauiepl Kyibuibim, opoipeyine 1,5
M1 Oydeprik epiTiHai Kysiasl. MarHuTTI apagacThIPFBIN KOMETIMEH apallacThIPaIbl.

DneKTpoATap CabII, EPITIHI TOTCHIIMAIIAPHI OIIICHE 1. Op TOKipuOe 3 peT KalTanaHabl.
2.3.3. OCIMJIIK CBIFBIHIBLIAPBIHIAFBI KATHH-HOHIAPBIH aHBIKTAY

Opbip eciMmIik ceiFbiHAbUIapbHA (Keemi 30 mi) 1,5 mn Oydepnik epiTiHOl Kyl
ApanacThIpsIll, TOTEHIMAIAAp oimmeHeni. [ pagyupiey KUChIFbIHAH, TIOTCHIUAIBIH MOHIHE COMKeC
KaJIMi-UOHBI KOHIICHTPALUSCHI TaObLIa/IbI.

I'panynpney rpaduri noreHuuangsiH PNa MoHAepiHe TOyenAuliKk KUCBIFBI TYpiHAE
typre3baasl (Kurovsky, 2024).

3. HaTm:xesiep sk9He 0JIapAbl TAIKbLIAY 06J1iMi

byn en0ekre anrail peT HOHOMETPHsI KOMETIMEH KOFapblIarbl aTajlblll 6TKEH 6CIMIIKTEP MEH
KbIHa KYPaMbIHJIaFbl KO3FAIFBII KaIUi MEH HAaTPU MOHIAPBIHBIH MOJILIEPiH aHBIKTAy YIIIH OChI
MOHJIAp/IBIH CYJaFbl MOJIIIePiH aHBIKTAyAbIH O0acIbUIbIK KykaTtTapbiaeiH (P11 52.24.415-2007, P/1
52.24.365-2008) werizinae OciiMaenareH apHaibl diCTEMENIEp KACANbIN, OChI MOHIAPABIH CYJIbI
CBIFBIH/IBTAPIAFbI MOJISIPIIBIK KOHIICHTPALUSIAPBl aHBIKTAJIIBI.

HoHOMeTpUSIIBIK  OJIIIeyaep JKYPri3reHae MblHa JKarnaiimapiasl eckepy kepek (Kurovsky,
2024):

- aJJIbIMEH OHTAMIIbI CYWBUITYJIap TaHIATYbI KEpeK;

- WMOHOMeEpJep/i Kanuopiey;

- CTaHJApTThl €pITIHJUIEpJEri aHBIKTAJaTblH MOHHBIH KOHLEHTpalMsJIapblH 3€pTTEIeTiH
(6enrici3) yaruiep KaIMOpJIeyAiH MIETKI HYKTEIepl apachiHAAFbl JUaNa3oOHFa TYCETIHICH
eTill TaHJay KaxerT.

Kanmif MeH HaTpuii MOHIAPBIH CaH/BIK aHBIKTayFa KaTBICTBI JKacallFaH ojicTeMe Heri3iHje
rpaxyupiey rpaduKTepl TYPFBI3BULABL. 1-CypeTTe HOHCEIEeKTUBTI AJIEKTPOATap MOTeHIUAIBIHBIH (E)
HOH/Iap KOHIIEHTPaUACBIHBIH Tepic Jorapudmine (PK, pNa) toyenainaik rpaduri KepceTiireH.
HoHceneKkTUBTI 3JEKTPOATApAbIH Tpaayupiey Toyenaunikrepin HepHCT Mozaenbaik TeHaeyiMeH
caJIbICThIpa Tanmay Oapeichinaa nortennuan mouaepinin (E) pK xone pNa mamanapbiHa ChI3bIKTHIK
TOYyeNIUIIrt aHbIKTaaAbl. Toxipubemnik kamuOpiey 1epeKTepiH MaTeMaTUKaJIbIK anfpoKCUMAIHsIIAy
HOTH)KECIHJIE KaJIMi-CEeIeKTUBTI DJEKTPOATHIH JKCHEPUMEHTTIK Kejbeylik Kod()PUIMEeHTIHIH
abcomoTTi MoHiI 44,3 MB/nmekananel, an HaTpHii-CeIeKTUBTI 31eKTpos yuiiH 14,2 mB/pexamanbl
Kypazsl. 25 °C temmeparypaaarsl 0ip 3apsATh KATHOHIAPFA apHAIFaH Uealabl TeoprsutbiK HepHaeT
kenoeyimeH (59,16 mB/nekana) canbicThipran/a Oyl KOpCeTKIITep aiiKbIH CYOHEPHCTIK CUITaTKA Ue.
Kanuii amekTpo/sl skayaObIHBIH TEOPHSUIBIK MOHHEH aybITKYbl ©CIMIIK 3KCTPAKTHI MATPULIACHIHBIH
KOIIKOMITOHEHTT] 9CEpiHEH TYbIH/AAca, HATPUH 3JIEKTPOJBIHBIH KOJIOeyliK KO3(p(HUIMEHTIHIH ThIM
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TOMEHJIeyl oicTeMere colikec pH opTachlH TypaKTaHIBIPY >KOHE HOHJBIK KYIITI PETTEy YIIiH
KOCBUTaTBIH aMMHuak Oydepi MeH KalblHMA XJIOPUIIHIH KOFaphl KOHIECHTPAIUSIBIK (HOHIBIK
KeJeprijiepiMeH TYCiHAIpiIeai.

l-cypeTTe Kaluii WOHJAPBIHBIH KOHIICHTPALMSCHIHBIH Tepic Jiorapudmi apTKaH CalbIH
AJIEKTPOJI MOTEHIIUAIIBIHBIH MOH1 MTPOMOPIMOHAIABI TYPJe KEMUTIHIH Kepyre 00a bl

E = f(pK)
190

170 .\\"-
o -
=150 \
L ‘--\N‘~‘\‘
130 ——

110

2,9 3,1 3,3 3,5 3,8 4,0 4,2
—e—Ty3y (ecentik) PK® Taxipnbe HykTenepi
Cyper 1. Noncenektusti amexrpoarap noreHiuansiibiH (E) [K+]-noHmap KOHIEHTpAIUSCHIHBIH
tepic norapudmine (pK) toyenainik rpaduri

CoHbIMEH Kanuii-CeNeKTUBTI ANEKTPO/ YIIiH:

- Perpeccusuieik TeHney: E = 314,3 - 44,3pK;

- Jlerepmunanus kodhGUIMEHTI: R2= 0,967

- [Napanmens enmeynepaiH CTaHAAPTTHI ayBITKYHI (KaTemikTep): +1,5 —+ 2,1 MB Kypansl.

Lythrum salicaria, Phragmites communis, Nonea pulla, Petunia hybrida ecimaiktepinen sxone
Parmelia sulcata xpIHAachIHAH aJbBIHFAH CYJBI CHIFBIHIBUIAPBIHBIH OpOipeyiHEeH YII ChIHAMaiap
QJIBIHBIN, THUICTI CYMBUITYJIAp KYPTi3UIr€H COH, KaJUi HOHCENEKTUBTI 3JEKTPOJIbl KeMeriMeH
MOTEHIIMAIAPBl  OJIIICHIN, Tpaayupliey TOYEIAUINTIHEH Kalud HOHJAPBIHBIH COMKEC MOJISIPIIBIK
KOHIIEHTpalusaapbl aHbIKTaNabl. OgaH KeiH KYpFaK eCiMAIK, KbIHA YITUIEpPiHAETi OChl HOHHBIH
MaccaJlbIK yJIecTepi ecenTeil. AJIbIHFaH MaJlIMeTTep 1-KecTene KenTipuUIreH.

Kecre 1. K" nonapbIHBIH 6CIMIIKTED MEH KBIHAIAFBI MOJIIIIEP]

Yuarinep Tannanarein yarigeri K* vonmapabia MmeJimepi
Cm(K") chIFBIHABIAAFBI, o (KY)
MOJIBL/J KYpFak yJrineri, %0
| I 11 | 1 1l
Lythrum 0,0032 0,0034 0,0032 0,5411 0,5710 0,5411
salicaria
Phragmites 0,0029 0,0029 0,0032 0,4487 0,4487 0,5032
communis
Nonea pulla 0,0182 0,0182 0,0171 2,8500 2,8500 2,6800
Petunia 0,0114 0,0114 0,0121 17980 | 1,7980 1,9119
hybrida
Parmelia sulcata 0,0004 0,0003 0,0004 0,0631 0,0561 0,0631
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Harpuii-cenekTuBTI 3JeKTpoa YIIIH perpeccHsUIbIK TeHJey MblHa cumnarta: E = - 24337 —
14,2pNa (R?= 0,967) oHe mapaiiens enmeynepiiH CTaHaapTThl aybITKysl +0,8 — +1,2 MB GompL.
Hatpuii MOHCENEKTUBTI 3JEKTPOABIH KOJJIaHA OTBIPHII, aTajJMbIII ©CIMJIK TYpJCpiHEH allbIHFaH
CBIFBIH/IBLIAP/IaFbl HATPUH HOHIAPhl KOHIICHTPAIIMSICHI aHBIKTAJIbI (KeCTe 2).

Kecre 2. Na" HoHIapbIHBIH ©CIMIIKTEP MEH KbIHAIaFbI MOJIIIIEP]

Yuarinep Tannanatein yarigeri Na* nonmapabia MeJimepi
Cm(Na*) chIFbIHABIAAFDI, o (Na*)
MOJIb/J KYpFak yJarizeri, %o

I ] i I I 11
Lythrum
salicaria 0,0066 0,0056 0,0056 0,2050 0,1755 0,1755
Phragmites
COMMUNIS 0,0014 0,0012 0,0012 0,0490 0,0430 0,0430
Nonea pulla 0,0090 0,0102 0,0093 0,3100 0,3500 0,3200
Petunia hybrida | 0,0009 0,0010 0,0009 0,0210 0,0240 0,0210
Parmelia sulcata | 0,0002 0,00025 0,00025 0,0080 0,010 0,010

OCIMAIKTEPIIH CYJIbl CHIFBIHABUIAPBIHIAFGl KalWii WOHIAPBIH HOHOMETPUSUIBIK aHBIKTAY
o/liCTeMECIHIH KaWTaJlaHbIMABIK (COMKECTIK) KpUTEpUMliH Oarajay MaKCaTbIHAA XaJIbIKapaJIbIK
METpPOJIOTHSUIBIK CTaHAapTTapbiHa coiikec HoOrRatr mmmekci ecemrenmmi (Horwitz, 2006). By
KPUTEPUI OMICTEMEHIH OKCIEPUMEHTTIK JKOJIMEH TaObUIFaH KaWTalaHBIMIBIK (COWKECTIK)
kepceTkiriH (RSDfound) KOHIIEHTPALMSUIIBIK TOYESIALTIKTI €CKepeTiH XOpBHIl MATEMATHKAIIBIK MOJIEIT
OOMBIHIIIA €CENTENTeH TCOPHSUTBIK pyKcaT eTiireH aybITKyMeH (RSDexpected) CabICTBIpYFa MYMKIHTIK
Oepeni. Xanbikapanblk Tokipubene HorRatr mapekciniyg 0,5-ten 2,0-re neliHTI AMIUPUKAIBIK
JUana3oHbl OMICTEMEHIH TOJIBIKTAl >KapamJbl opi TYPaKThl KYMbIC ICTEHTIHAINIHIH HETI3r1
KOPCETKIIIi OOJbIN TaObLIa b

- 0,5 <HorRat nagekci < 2 — omicTiH KOJAWIBI JJIIITI;
- HorRat unaexci > 2 - HoOTWXKeNepAiIH KallTaTaHbIMIBUIBIFEI KYTIJIT€HHEH TOMEH,
- HorRat unaznekci < 0,5 - nepexkTepiH 9€TTeH THIC TOMEH aYBITKYHI.

Kanuit moHgapbIHBIH MOJIIIepiH aHBIKTaY OApBICHIHAA aTbIHFAH METPOJIOTHSIIBIK MITIMETTEP
(xecte 3) Tammanatsia TOpT TYpui ecimaik (Lythrum salicaria, Phragmites communis, Nonea pulla,
Petunia hybrida) sxone 0ip kpina (Parmelia sulcata) marpunanapsiabie Gapibirsiaaa HorRat manexci
0,72-nen 1,50-re meiiinri apaibIKThl KepcerTin, Oekitinren HopmatuBTik 1iekke (0,5-2,0) Tonbikrait
coiikec kemnai. baramaHaTbiH OOBEKTiIEp OOWBIHINA KadWil MOHIAPBIHBIH MOIIIEepiH aHBIKTayaa
HorRat nnaexcinin oprama moui 1,004-Ti Kypaasl, OYJ1 9iCTEMEHIH KaHTaTIaHBIMIBIK (COMKECTIK)
JCHrediHIH  XalblKapaidblK KJIACCUKANBIK XUMUSJIBIK — Tajjay CTaHJapTTapbiIMEH  MIHCI3
YHIECIMIUTITIH aifFaKTaiIbl.

En Ttemenri HorRat: kepcerkimrepi Lythrum salicaria (0,72) »xone Nonea pulla (0,73)
yirinepinae Tipkesmi, OyJl atanFaH MaTpUIlANapaarbl eJjImeyIepAiH oTe >Korapbl maiairia (ic-
Ky3iHgeri aybITKy 3,13 % xone 3,51 %) kepcereni. Petunia hybrida yaricinae unaekc MoHi uieaibl
nenreiire (0,98) *erir, TeopusIBIK 0OKaMMEH TOJBIK COMKECTIK OaiikaTThl. Phragmites communis
(1,50) ynricinme aybITKYIbIH COJI )KOFApbUIAyhl KAMBIC TIHACPIHIH KPEMHUITE 0ail, KATThI TAIIIBIKThI
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KYPBUIBIMBIMEH KOHE CYJIbI SKCTPaKIUs Ke3iHHaeri noHAapAblH AU Y3UsIIBIK epeKIeniKTepiMeH
TYCIHIIpineai, anaiaa OyJ1 MOH JIe pYKCaT €TIITeH MIEKTeH acIIai ibl.

Epexie aTamn eTetiH xaiT, kanuit memepi ote a3 (~0,06 %) Parmelia sulcata kpina yaricinme
ne HorRatr wamexci 1,09 wMoHiH  kepcerTi. byal  HMOHOCENEKTHBTI  AIEKTPOITHIH
MHUKPOKOHIICHTpaLUsUIap aiMarbiHaa Aa (OHABIK KeJepriiepre TeTen Oepil, TYpaKThl HITHXKE
IIBIFapa AAThIHBIH JOJICIICH]II.

Kecre 3. K'-moHmapblHBIH Kyprak OCIMIIK »KOHE KbIHA YJCiIEpiHAeri MaccalblK YIIECTEpiH
METPOJIOTHSUIBIK Oaranay HoTwxkenepi (HorRaty unmekci)

Yuri araysl | Oprama | CtaHaaprTThl Ic-xy3inperi TeopusibIK HorRatr
MOH, X | aybITKY (SD) | KaliTaIaHBIMABIK | PYKCAT €TLJIreH | HMHAeKCi
(coiikecTiK) aybITKY
KepceTKimmi (RSDexpected, %0)
(RSDfound, 0/0)

Lythrum 0,005511 0,000173 3,13 4,38 0,72
salicaria
Phragmites 0,004669 0,000315 6,74 4,49 1,50
communis
Nonea pulla 0,002793 0,000098 3,51 4,84 0,73
Petunia 0,018360 0,000658 3,58 3,65 0,98
hybrida
Parmelia 0,000608 0,000040 6,65 6,10 1,09
sulcata

OcbiHaif  MeTpoNOTHsUIBIK ~ Oaraiay KeMeriMeH ociMIIK OOBeKTUIepiHeH aJIbIHFaH
CBHIFBIH/IBIIIAPAFbl HATPUM MOHJAPBIH aTaJMBbIII O/ICIIEH OJIlIey OSIICTEMECIHIH aHAJIUTUKAIIBIK
XKapaMIbUIBIFL 1a OaranmaHibl. ANBIHFAH YKCIEPUMEHTTIK MOIIMETTep/li MaTeMAaTUKAIIBIK eCenTey
HOoTHXKeNepi (kecte 4) 3epTTenren 6apibiK 4 eciMIik skoHe 1 KbiHa MaTpuiasiapbiaaa HorRaty nnaexci
1,11-nen 1,78-re meiiiHri apaibIKTaFrbl [Uana3oHAa €KeHi aHbIKTanabl. byn monnep XanmblKkapaibik
TEOPHSUTBIK ~ JkoHe  KoimanOanel  xumus onarbl  (IUPAC) MeH  XajbIKapaiblK — Tajijgay
KOFaMIaCTHIKTapbIHbIH KaybiMaacThirsl (AOAC) xaTTamManapbiH/ia OEKiTIITeH SMITUPUKATIBIK PYKCaT
erinren mrekke (0,5-2,0) TonmbiKTaii coiikec kenmeai. Omicreme 6oiibiama HorRaty numaexciniy sKampl
oprtama MoHi 1,40-Tbl Kypajbl.

XKexkeneren yarizepai Kapactelpy OapbiChIHIa €H y3aik HoTmxkenep Petunia hybrida (1,11)
xone Phragmites communis (1,21) wmarpumanapeiHIa TIpKENAi, MYHAAFbl  1C-XKY3iHIETI
KalTamaHbIMABIK (cofikecTik) kepceTkint (RSDsound) 7,87 % sxone 7,70 % TeopHsIbIK pyKCaT €TiIreH
aybITKyMeH (RSDexpected) 7,10 % xone 6,38 % Oapbinma sxakbIH yitnecimainik kepcerti. Nonea pulla
yiriciage ae HorRat waaexci 1,35 MoHiMeH sxoFapbl AoaikTi cumartaasl. Lythrum salicaria yrmin
aTanMbIl UHIEKC 1,78 Kypajbl xoHe OYJ1 MOH Jie pyKcaT eTiIMereH (KpUTHKAJIbIK) aiiMakka (HorRat
> 2,0) eTKeH KOK.

Epexkiiie FuIIBIMH KBI3BIFYIIBUIBIK TYIBIPaThiH HOTHKEe Parmelia sulcata xeima yoricinme
Oaiikanapl. by marpuiiazga HaTpuil Meiepi eTe ToMeH, siFHU yibTpai3aik aeHreiae (~0,009 %)
0osica ga, omicTeMEHIH ic-Ky3iHIeri coiikecTik aybITKybl 12,37 %-man ackaH kxok, an HorRat:
uHaekci 1,53 monHiH Oepai. XanblKapalblK METPOJIOTHSIIBIK MPAKTHKA/1a KOHIIEHTPAIUS TOMEH/IETeH
CalibIH ayBITKY/BIH 3aHJbI TYpJAE ©cCeTiHI eckepuieni (Oys1 yari yunH TEOpHsUIBIK pYKcaT €TIITeH
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aybITKy (RSDexpected = 8,08 %), connpikran anpinFad 1,53 KepceTKilli HOHOCEICKTUBTI KYHEHIH
MHKPOKOHI[CHTPAIHSIIAPMEH KYMBIC ICTEY/IET] )KOFaphl TYPAKTHUIBIFBIH TSI ICHII.

Kecre 4. Na'-MoHmapbIHBIH KYypraK ©CiMIiK >KOHE KblHA YJriIepiHgeri MaccaiblK YIECTepiH
METPOJIOTHSUIBIK Oaranay Hotmxkenepi (HorRat unmexci)

Yuri araysl | Oprama | CtanaapTThl Ic-xy3ingeri TeopusabIK HorRat
MAH, X | aybITKY (SD) | KaiiTalaHbIMIBIK | PYKCAT €TiJITeH | HMHIeKci
(coiikecTiK) aybITKY
KepceTKimi (RSDexpected, %0)
(aybITKYBI)
(RSDfound, %)
Lythrum 0,001853 0,000170 9,19 5,16 1,78
salicaria
Phragmites 0,000450 0,000035 7,70 6,38 1,21
communis
Nonea pulla 0,003267 0,000208 6,37 4,73 1,35
Petunia 0,000220 0,000017 7,87 7,10 1,11
hybrida
Parmelia 0,000093 0,000012 12,37 8,08 1,53
sulcata
Tex rpanyupney TpaduUKTEpiHIH CBHI3BIKTBIK CHIATBI  AJEKTPOATHIH  Oenrim  Oip

KOHIIEHTPALMSUIBIK Juana3onaa HepHet TunTi sxayarn OepeTiHiH KopCeTKeHIMEH, OHbIH HaKThI apajiac
KYHeIeri TajlFaMIa3[bIFbIH (CEJIEKTUBTUIINH) JKE€KEe €31 TOJIBIK JQJeN/ield alMalThIHBIH E€CKepy
KaXeT. OJICTEMEHIH KypJeli ©cIMIIK JKOHE KblHA CBHIFbIHJBUIAPBIHIAFbl  aHAIUTUKAIbIK
CEJIEKTUBTUIII MEH >KapaMJIbUIbIFbl MaKajiaaa KenTipuiren HorRatr MeTpoiorusibik KpurepuiiMmeH
KOCBIMIIIAa Heri3nenni. 3eprrenred Oapislk yiaruiepae HorRatr nnaexci kanuit yurin 0,72-1,50, an
matpuit ymrin 1,11-1,78 merinae Oonbin, IUPAC/AOAC xarramanapbiHga OEKITIIT€H pyKcar
eriireH smmupukaiblk auanazonra (0,5-2,0) cait xemmi. Byn anekrpoarapibiH CyOHEPHCTIK
KOJOCyiriHe KapamacTaH, YCHIHBUIFAH apajiac dKCIPECC-dMICTEMEHIH JKOFapbl COMKECTLIITT MEH
aHAJMTUKAJIBIK TYPAKThUIBIFbIH KaHAMa TYpPJle alFaKTaiIbl.

3epTTey KYMBICHIHIA KOJIIAHBUTFAaH MOHCEIIEKTUBTI JIEKTPOATAPIBIH MACTIOPTTHIK JepeKTepi
MeH oneduerrepre coiikec, Oerjae moHmap OOWbIHIIA ceneKTHBTLNK Kodddummentrepiniy (Kij)
monepi kenecimei (Umezawa, 2000) :

- Kanmii-cenextunri anexkrpon yurin: Kk,nHa' = 2-10% Ki,nat = 5-107%; Kk, caz+ = 5-10% Kk
Mg2+ = 2 1074,
- Harpuii-cenextunti snexrpon yurin: Kna,k+= 6:107%; Kna,NHa+= 2:107; Kna, caz+ = 2-1072.

Koadhdurmentrepain 0y tomen monepi (acipece Kij << 1) aiekTpoaTap/IblH aHbIKTAIAThIH
Heri3ri HoHjapra 0erjie KaTHOHJApPMEH CaJIbICThIPFaHJIa XKOFaphl TaJIFaMIa3/IblKKa (KY3/IereH jKoHe
MBIHJIaFaH €ce) M€ €KEHIH FhUIBIMU TYpPFbIIaH faneneini. COHbIMEH KaTap, HaTPHMl aHBIKTAy
OapbIchiHIa Kanmuiaid kexepri kentipymr ocepin (Kna, k+ = 0,6) OapbiHIIa a3aiiTy MakcaTbIHIA
ozicTeMere CoWKec epiTIHAIHIH MOHJBIK KYIIIH PETTETill PeTiHAe KaJbIUi XJIOpUIl epiTiHIici
enrizuial. On 6erme noHAAPABIH (HOHIBIK OCJICEHAUIITIH TYpaKTaHABIPhIN, HUKOIbCKHii—Di3eHMaH
TeHJIeyl OOMBIHIIA KeJepriiepi xorora sxoHe HorRatr merponorusuisik kepcerkimrepinix (0,5-2,0)
TYPaKTHI MIBIFYbIHA MYMKIHJIIK Oep/Ii.
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O3IpJCHIeH HOHOMETPHUSIIBIK  JKCIPECC-9MICTEMEHIH  aHATMTHKAIBIK  KapaMIbUIBIFBIH
xanpikapanslk |UPAC/AOAC tamanrtapeina caii (ICH Topic Q2, 2005) kemenmi Oaranay
MaKCaThIH/Ia HET13T1 BATUAANMSIIBIK TTapaMeTpIiep aHBIKTAJIJIbI:

- Amnpikray mieri (LOD) sxone canapik asbiktay meri (LOQ): Toxipubemik kamuOpiey
rpaduKTepiHiH (HOHIBIK MOHIBIK KYII >KaFlailbIHAAFbl aybITKyJdapsl MeH 30 xkoHe 100
KpHTepHiinepi Herizinne ecenrtenni. Kannit mongapsr ymin LOD moni 5,0-10° moms/n, LOQ
- 1,5-10"° moms/n Kypansl. Harpuit mosaapsr ymin LOD - 2,0-10° mons/n, LOQ - 6,5-10°
MOJIB/JT IeHreiinae anbIKTaaabl. by kepcerkimrep aaictin tinti Parmelia sulcata xeinacer
CUSIKTHI YJIbTPAMUKPOKOHIICHTPAUSIIBI OOBEKTUIEpIe J€ CEHIMAI JKYMBIC ICTCHTIHIH
TTQNEJAEHl.

- CBI3BIKTHIK KYMBIC THANa30HbI: HOHOCEJICKTUBTI KYWEHIH CBHI3BIKTHIK JKayar Oepy ailMarbl

K* ymrin 1,0-107° - 1,0- 10"t Mmons/n mamnasonsn, ax Nat ymin 1,0-10 - 1,0-102 Mons/n guana3oHbH
KAMTH/IBI.

Tipkenaren eH TeMeHIi KOHIEHTpanus aHbiKTaaran Parmelia sulcata xeima yiricinin
notmkenepi (C(K") = 3,7-10* moms/nm sxome C(Na*) = 2,3:10% moms/m) ocel ecenrenren LOQ
KOPCETKIMITEPIMEH CaHIBIK TYPIE CalbICTBIPbUIABI. CaJbICTHIPY HOTHIKECI KOPCETKEHICH, KbIHA
CBIFBIHIBICBIH/IAFBI HOH/IAP MOJIIIEP] 9IICTEMEHIH CaHbIK aHbIKTay Hierined (LOQ) kanwuii yurin 24
ece, ail HaTpuil ymiH 3,5 ece >korapel. Ochliaiimia, KpiHa yiricinge HorRat uuaekciHiH TypakThl
oomnysl (kanuit yuid 1,09 xxone Hatpuit yinid 1,53) Tek ke3elicoK MaTeMaTHKAJIbIK COMKECTIK eMec,
OJIIICHICH IIaMaJIap/IbIH OMICTiH caHbIK aHbikTay meriner (LOQ) cenimai Typae achlilm TYCYiHiH
KOHE KanuOpiiey KYHECiHIH TOMEHI1 KOHIEHTpalusuiap ailMarblHIAFbl YKOFaphl aHAIMTHKAIIBIK
TYPaKThUIBIFBIHBIH TIKeJIEH caniapbl €KeHi FhUIBIMH TYPFbBIIaH TOJBIK JQJICIICH/II.

4, KopbITBIHABI

1. Anramr per tept Typui ecimaik (Lythrum salicaria, Phragmites communis, Nonea pulla,
Petunia hybrida) »xone 6ip kpiHa (Parmelia sulcata) marpuiiamapblHBIH MBbICATBIHAA TiKeIeH
MOTCHIIMOMETPHUST KOMETIMEH, KaJIHWid XOHE HATpUW HWOHJAPBIH CaHIBIK aHBIKTAy oJliCTeMECiHe
xanbikapaislk  I[UPAC/AOAC  xarTaManapblHa COMKeC KEIIEHII METPOJOTHSJIBIK Oaranay
AKYPTi3UIL.

2. Beitimaenren oicTeMeHiH KalTamaHbIMIBIFDI (ColikecTiri) XOpBHIl MAaTEMaTHKAIBIK MOIEIT
Heri3iHAe ToibIKTal nonenaeni. Kamuit monmaper ymin HorRatr manexcinin monmepi 0,72 - 1,50
(oprama moni 1,004) apanbiFsiH, ain HaTpuid HoHaaps! yiuiH 1,11 - 1,78 (opramia mowi 1,40) apansirbia
KOpCeTiN, XalbIKapajiblK aeHrenae pykcar erinren 0,5 - 2,0 sMmupukanslk auana3oHbIHA COWKeEC
KeJal.

3. AJNBIHFaH METPOJIOTHSUIBIK caparnTamMa KOPBITBIHABICHI OOWBIHINA YCHIHBUIBIT OTHIPFaH
HKCHPECC-9IC OCIMIIK OOBEKTIepiH Tannay, (PU3HOJOTUSIIBIK 3€pPTTEYJIep MEH 3SKOJIOTHSIIBIK
MOHHUTOPUHI MIHJETTEpPIH LIelyle KbIMOAT TypaTblH XaJbIHAbI (OTOMETpUS MEH AaTOMJbIK-
a0COpOIUSIIBIK CIEKTPOMETPHUS 9/IiCTepiHEe THIM/L, KOIDKETIM/I1, SKOJOTHUSIIBIK Ta3a KOHE HOTHXKEC]
ceHiM/Il Oalama peTiH/Ie TPAKTUKAIBIK KOJITAHYFa YChIHBIIAIBI.
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Determination of inorganic components in extracts of plants and lichen by
jonometry

Galiya Baisalova, Bekzada Yertay, Kuldi Tosmaganbetova, Abzal Taltenov, Aiman
Berdgaleyeva

Abstract. The work is devoted to the adaptation of a rapid ionometric method for the determination
of potassium (K*) and sodium (Na*) ions in aqueous extracts, using the matrix of four plant species
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(Lythrum salicaria, Phragmites communis, Nonea pulla, Petunia hybrida) and one lichen (Parmelia
sulcata) as an example, as well as to its metrological validation according to the international
repeatability criterion HorRat;.

During the study, an environmentally friendly aqueous extraction method was used to isolate target
ions from plant and lichen raw materials. Quantitative analysis was performed by direct potentiometry
(ionometry) using potassium- and sodium-selective electrodes. The evaluation of the repeatability of
the method was carried out by calculating the HorRat: index based on the Horwitz mathematical
model. The results of the metrological evaluation demonstrated high reproducibility of the developed
method. Despite the differences in the anatomical structure and element concentration levels among
the plant and lichen samples, the HorRat; index values ranged from 0,72 to 1,50 (mean value 1.004)
for potassium ions, and from 1,11 to 1,78 (mean value 1,40) for sodium ions. All obtained indicators
fell strictly within the acceptable empirical range (0,5-2,0) established by international
IUPAC/AOAC protocols, proving the high stability of the method. It was confirmed that the ion-
selective system yields accurate results even in the ultra-microconcentration range (demonstrated by
the lichen sample). In addition, the limits of detection (LOD) and quantification (LOQ) for sodium
and potassium ions were calculated.

Keywords: potassium ions; sodium ions; plant extract; HorRat, index; potentiometric method;
ionselective electrode; LOD/LOQ); selectivity coefficients; Nernstian slope.

Onpe)le.lleHne HEOPraHMIeCKNX KOMIIOHEHTOB B 3JKCTpaKTax paCTeHl/lﬁ H
JUIIAHHUKA MeTOI0M HOHOMETPHUH

I'aausa baiicanoBa, bex3ana Epraii, Kyabau Tocmaran6eroBa, A63an TantenoB, Aiiman
beparaJsieeBa

AHnHoTanus. PaboTa nocpsiieHa ajanTaluy 3KCIpecc-MeTOAMKI HOHOMETPHUUECKOTO ONpeIeIeHUs
nonoB kaius (K*) u narpust (Na*) B BOAHBIX 9KCTpaKkTax MaTpHIl Y€THIPEX BUI0B pactenuit (Lythrum
salicaria, Phragmites communis, Nonea pulla, Petunia hybrida) u ogxoro numaitauka (Parmelia
sulcata), a Takke ee METPOJIOTHYECKOMY OOOCHOBAaHHIO IO MEKIAYHAPOJIHOMY KPHUTEPHIO
noBTopsieMocTu (cxoaumocTr) HorRat;.

B xozxe wmccrenoBaHUs MPUMEHSIICS METOJI KOJOTHUYECKH YMCTON BOJHOW DKCTPAKIUH IIETEBBIX
MOHOB U3 CBIPbsl paCTeHUH U JIuIIaiiHuKa. KoauuecTBeHHbIH aHanN3 BBIOIHSIICS METOIO0M NMPSMON
MOTEHIIHOMETPUH (MOHOMETPHH) C TTIOMOIIBIO KAJIMH- U HATPUK-CETIEKTUBHBIX JEKTpo10oB. OneHKa
MOBTOPSEMOCTH (CXOJMMOCTH) METOJUKH OCYILECTBIIsIach IyTeM pacueta HMHAekca HorRaty,
OCHOBAaHHOT'0 HAa MaTEeMaTH4YECKON MoJenu XopBula. Pe3ynpTaTbl METPOJIOrMYECKON IKCIEPTU3BI
MOKa3aJii BBICOKYIO BOCIPOM3BOAMMOCTH pa3zpaboTaHHOW Meronuku. HecmoTps Ha pasnuuust B
AHATOMHYECKOM CTPOCHHH M YPOBHE KOHIICHTPAIIMH JIEMEHTOB B 00pa3Iiax pacTeHUil U JINIIAHNKA,
3Ha4yeHus uHaekca HorRatr cocraBuim ot 0,72 o 1,50 (cpennee 3nauenue 1,004) niis HOHOB Kayus
u ot 1,11 mo 1,78 (cpennee 3uauenme 1,40) mms moHOB Harpusi. Bce monydeHHBIC MOKa3aTenn
MOJHOCTBIO YJIOXKWINCh B JOMYyCTUMBIN smnupuueckuii nuanason (0,5-2,0), ycraHOBIEHHBIH
mexayHapoaabiMu mpotokoiaamu IUPAC/AOAC, uTto 10Ka3ano BEICOKYIO CTaOMIbHOCTh METOTUKH.
Bbu10 10Ka3aHO, UTO MOHOCENEKTHBHASL CUCTEMa MOKa3bIBAET TOYHBIE PE3YNbTAThl 1aXke B 00JacTu
YIBTPAMHUKPOKOHIIEHTpAIHH (Ha TpuMepe oOpasiia JumaiHuka). Kpome Toro, 1uisi HOHOB HATPHS U
Kausi ObUTH paccunTansl npeaensl ooHapyxenus (LOD) u kommuectBenHoro onpenenenus (LOQ).

KiroueBble cjI0Ba: MOHBI Kallus,; WOHBl HATPHs; PACTUTENbHBIA SKcTpakT; uuaekc HorRatr,
MOTCHIIMOMETPHUYSCKUI  METOJ; HMOHOCeNeKTHBHbIA anektpon; LOD/LOQ; ko3 duiueHTsI

CCIICKTUBHOCTH, HAKJIOH HepHCTa.
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Abstract: The article provides a comparative assessment of the structural and
electrochemical properties of lithium aluminum titanium phosphate (LATP)
solid electrolytes with different lithium contents LATP (Lir3-1.5AlxTi2-
x(POa)3). LATP polycrystals with NASICON-type structure were synthesized
by the molten flux method, which included mixing LiNOs, Al,O3, TiOa,
NHsH2PO4 and CO(NH?>). precursors, followed by staged heating at 170°C,
500°C, and 800°C, pressing, and final sintering at 800°C for 4 hours. X-ray
diffraction analysis confirmed the formation of the main LATP crystalline
phase, while an increase in lithium concentration led to the appearance of
secondary phases such as LisP207, AIPO4, and TiP207, which affected ionic
conductivity. Electrochemical impedance spectroscopy showed that LATP
(Li14) exhibits the highest ionic conductivity (1.66-1.85 x 10 S/cm at 25°C)
compared to Lii3 and Liis samples due to its higher structural density and
optimal phase composition. The temperature dependence analysis revealed
that increasing temperature enhances lithium-ion mobility, confirming
thermally activated ion transport. Therefore, the Li14Alo4Ti1s(POas)s
composition demonstrates the most promising characteristics as a solid
electrolyte for all-solid-state lithium batteries.

Keywords: lithium-ion batteries; NASICON; LATP; RF magnetron
sputtering;  annealing;  electrochemical  impedance  spectroscopy;
electrochemical performance.

1. Introduction

In recent years, the rapid development of portable electronics, electric
vehicles, and large-scale energy storage systems has intensified the demand
for safer and higher-performance energy storage technologies. Conventional
lithium-ion batteries employing liquid electrolytes have achieved remarkable
commercial success; however, they still face several limitations related to
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safety, thermal stability, electrolyte leakage, and the formation of lithium dendrites during cycling.
Consequently, the development of all-solid-state lithium batteries (ASSLBs) has become one of the most
actively explored directions in modern electrochemical energy storage research. In ASSLB systems, the
flammable liquid electrolyte is replaced by a solid-state electrolyte, which simultaneously serves as an
ion-conducting medium and a physical separator between the electrodes.

Solid-state electrolytes (SSE) are a broad class of compounds — oxides (perovskite and garnet
types), phosphates (NASICON), sulfides, hydrides, halides, and glasses (borate, phosphate, etc.) — that
are being actively studied as an alternative to liquid electrolytes (Waetzig et al., 2020; Zhang et al., 2018).
Interest in them is due to a number of advantages: high thermal and electrochemical stability, a wide
electrochemical window, and a significant shear modulus that prevents the growth of lithium dendrites
(Liuetal., 2018; Yang etal., 2020; Zhu et al., 2015). An additional advantage is safety and environmental
friendliness, since SE eliminates the risk of liquid leakage.

Among the different categories of solid electrolytes, oxide-based materials are considered
particularly attractive because of their superior chemical stability in air and compatibility with high-
voltage cathode materials. Compared to sulfide electrolytes, oxide systems demonstrate better
environmental stability and mechanical strength, which are important for practical battery applications.
Among oxide electrolytes, NASICON-type lithium conductors have attracted extensive attention due to
their unique crystal structure and favorable electrochemical properties. NASICON materials possess a
rigid three-dimensional framework that enables fast ion transport through interconnected channels,
making them promising candidates for solid-state lithium batteries (Zhang et al., 2023; Moustafa et al.,
2020; Wolfenstine et al., 2018; Bachman et al., 2016).

Of the various types of solid electrolytes, materials with a NASICON structure, in particular
Li13Alo3Ti17(POa4)s (LATP), attract special attention. Their crystal lattice is based on the rhombohedral
structure of LiTi2(POa)s (LTP, space group R3c), formed by a three-dimensional network of octahedral
TiOs and tetrahedral PO4 blocks. As illustrated in Figure 1, this architecture creates channels for the
migration of Li ions. Substitution of some Ti*" cations with trivalent ions (AI**, Fe®*, Y3*, etc.) leads to
the formation of LATP compounds. The introduction of AI** increases the concentration of mobile Li
ions and weakens the Li-O bond, which contributes to an increase in ionic conductivity (Randau et al.,
2020). Given these advantages, LATP materials are considered promising candidates for use in thin-film
solid-state electrolytes (Reddy et al., 2020).

The ionic transport mechanism in LATP is associated with the migration of lithium ions through
the interconnected NASICON framework. Due to this three-dimensional conduction pathway, LATP
materials can exhibit ionic conductivity values reaching 1074-10"2 S/cm under optimized conditions. In
addition, LATP demonstrates good thermal stability and structural robustness, which are essential for
long-term electrochemical cycling. However, several challenges still limit the practical implementation
of LATP electrolytes. One of the major issues is lithium deficiency arising during synthesis or thin-film
deposition processes. Lithium loss at elevated temperatures can lead to the formation of impurity phases,
increased grain boundary resistance, and reduced electrochemical performance.

In particular, sputtering has become widespread because it enables precise control of film
thickness, composition, and uniformity. This method is especially suitable for thin-film microbattery
applications requiring homogeneous electrolyte layers. However, magnetron sputtering is often
accompanied by lithium losses during deposition, resulting in deviations from stoichiometry and reduced
ionic conductivity of the films (Zhang et al., 2018; Wu et al., 2023; Xiao et al., 2019). To compensate
for these losses, LATP compositions with controlled excess lithium were synthesized in this work to
maintain optimal electrochemical characteristics of the material (Lovett et al., 2024).

In addition to lithium evaporation during sputtering, the electrochemical performance of LATP
thin films strongly depends on the quality of the target pellet material. Parameters such as phase purity,
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crystallinity, density, and particle morphology directly influence the properties of the deposited films.
Therefore, obtaining homogeneous and highly crystalline LATP ceramics with optimized lithium
concentration is essential for successful thin-film fabrication.

The present study focused on obtaining a single-phase, highly conductive LATP material. Among
the various synthesis approaches, the molten flux method has attracted significant attention due to its
ability to produce well-crystallized materials with controlled morphology and improved ionic
conductivity (Nuernberg et al., 2024). This method involves dissolving the precursors in a molten salt
medium, which acts as a flux to promote ion diffusion, reduce reaction temperature, and enhance phase
purity. Compared to conventional solid-state or sol-gel techniques, the molten flux method offers
advantages such as shorter reaction times, uniform particle size distribution, and higher crystallinity
(Tolganbek et al., 2021; Mashekova et al., 2022; Baltash et al., 2023).

Li(3)

Figure 1. Crystal structure of LATP (DeWees & Wang, 2019)

The molten flux method has demonstrated excellent potential in achieving materials with high ionic
conductivity. However, compositional optimization remains necessary, as partial lithium loss may occur
during the sputtering process used for thin-film electrolyte fabrication (Arbi et al., 2007). This lithium
deficiency can lead to structural instability and reduced ionic performance. Therefore, fine-tuning the
target pellet composition is essential to compensate for lithium loss and ensure the formation of a stable,
highly conductive LATP phase during thin-film deposition (Liu et al., 2017).

Furthermore, variations in lithium concentration can significantly influence the microstructure,
grain connectivity, and grain boundary resistance of LATP ceramics, all of which strongly affect ionic
transport properties. Therefore, systematic investigation of lithium content is necessary to determine the
optimal composition for achieving both phase stability and enhanced ionic conductivity.

In this work, NASICON-type LATP ceramics with different lithium contents (x = 0.3-0.5) were
synthesized using the molten flux method to systematically investigate the influence of lithium
concentration on phase composition, microstructure, densification, activation energy, and ionic
conductivity. Unlike previous studies that mainly focused on conventional LATP compositions or
different synthesis routes, this work identifies the optimum lithium composition for producing dense
LATP ceramic targets intended for subsequent thin-film electrolyte fabrication by magnetron sputtering.

2. Materials and methods
2.1. Material preparation
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NASICON-type LATP (Li1+xAlxTi2x(PO4)3s, x = 0.3-0.5) solid electrolytes with various
compositions were synthesized using the molten-flux method, as described in studies. To prepare LATP
(x =0.3-0.5), precursor powders of LiNO3z (99 %), Al203 (99 %), TiO2 (99.5 %), NH4H2PO4 (98 %), and
CO(NH?2)2 (99.5 %) were accurately weighed and mixed according to the required stoichiometric ratios.
An additional 5 % excess of lithium was introduced into all samples during the initial precursor
preparation stage to compensate for potential lithium loss occurring throughout the sintering process.

The mixture was preheated at 170 °C for 30 min to remove volatile components and initiate
precursor decomposition. The resulting intermediate was finely ground and calcined in a muffle furnace
at 500 °C for 5 h with a controlled heating rate of 5 °C/min to promote phase formation.

Following calcination, the powders were further treated at 800 °C for 4 h under the same heating
rate and subsequently pressed into 10 mm diameter pellets with pressure of 10 tons (~1.25 GPa). Final
densification was achieved by sintering the pellets, covered with mother powders at 800 °C for 4 h in air.
For electrochemical measurements, thin gold films (~100 nm) were deposited on both sides of the
sintered pellets by magnetron sputtering to serve as blocking electrodes.

2.2. Material characterization

After pellet preparation, their structural, morphological, and electrochemical properties were
systematically characterized. The crystal structure was examined by X-ray diffraction (XRD) on a
SmartLab (Rigaku, Japan) setup using Cu Ko radiation (Acuka1 = 1.54056 A, Acukez = 1.54439 A) in the
Bragg-Brentano reflection geometry. The surface morphology of the sintered pellets was observed using
scanning electron microscopy (SEM, JEOL JSM- IT800, Japan).

2.3. Electrochemical investigation

The ionic conductivity of pelletized LATP prepared by various compositions was measured by
electrochemical impedance spectroscopy (EIS) (potentiostat/galvanostat, Metrohm AutoLab 204, the
Netherlands) in the frequency range of 1 Hz-1 MHz with a potential amplitude of 10 mV. Obtained
resistance (R) values and parameters such as thickness (d) and area of pellets (S) were used to calculate
the ionic conductivity (o) of the samples by an equation of o = d/RxS. The activation energy for Li*
conduction was determined from the temperature dependence of the ionic conductivity using Arrhenius
plots over the range of 25-85 °C.

3. Results

The obtained results confirmed the successful synthesis of NASICON-type Lii+xAlxTi>—x (PO4)3
(LATP) ceramics with high crystallinity using the molten flux method.

XRD analysis revealed that all samples predominantly consisted of the rhombohedral LATP phase,
while only minor secondary phases appeared at higher lithium contents. The diffraction peaks indicated
good crystallization and structural stability of the synthesized materials.

SEM observations demonstrated that lithium concentration significantly influenced the
morphology and densification of the ceramics. The Lii.4 composition exhibited larger and more densely
packed grains with improved intergranular connectivity, whereas the Lii.s sample showed increased grain
heterogeneity. These microstructural differences strongly affected the electrochemical properties of the
materials.

EIS confirmed thermally activated lithium-ion transport behavior for all compositions. With
increasing temperature, the resistance decreased while ionic conductivity increased, indicating enhanced
lithium-ion mobility within the NASICON framework. Li14Alo4Ti1e(PO4)s demonstrated the best
electrochemical performance, including the highest density, lowest activation energy, and maximum

54



A.H. I'ymunes amuindazvt Eypasus yammuik yrnusepcumeminity xabapuivicol. Xumus. Teozpagus cepuscut, 2026, 156(3)

ionic conductivity of 1.85 x 10" S/cm at 25°C. The improved performance is attributed to optimized
lithium content, enhanced grain connectivity, and reduced grain-boundary resistance.

3.1. XRD analysis

The X-ray diffraction (XRD) patterns of the synthesized Li1+xAlxTizx(POas)z (LATP, x = 0.3-0.5)
ceramics with different Liy+x contents are shown in Figure 2. All samples exhibit well-defined diffraction
peaks corresponding to the characteristic reflections of the NASICON-type rhombohedral structure
(space group R3c), consistent with the standard JCPDS card for LiTi2(PO4)s (PDF# 35-0354). The
observed diffraction patterns are in good agreement with previous reports on NASICON-type LATP
synthesized by molten-flux and solid-state methods (Tolganbek et al., 2021; Baltash et al., 2023;
Oksiizoglu et al., 2024). The sharp and intense peaks confirm the high crystallinity of the obtained
materials. For the composition Li13AlosTi17(PO4)s, a pure NASICON phase was obtained without
detectable secondary phases. In contrast, when the Al content was increased to x = 0.4 and 0.5, weak
additional peaks appeared in the XRD patterns, which were indexed to minor secondary phases such as
AIPOg4, LisP207, and TiP207. The presence of these phases suggests that excessive Al substitution and
lithium volatilization during high-temperature processing may lead to partial decomposition and phase
segregation.
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Figure 2. XRD patterns of LATP (a) 0.3, (b) 0.4, (c) 0.5 samples
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Nevertheless, the main diffraction peaks remain dominant for all compositions, indicating that the
NASICON-type phase is the primary crystalline phase across the studied Li1+x content range (x=0.3-0.5).
Moreover, with increasing Al substitution, a slight shift of the diffraction peaks toward higher 26 angles
can be observed, which maybe attributed to the partial replacement of larger Ti** ions (0.605 A) by
smaller AI** ions (0.535 A) in the crystal lattice. This lattice contraction is consistent with previous
reports on Al-doped LTP materials. Overall, the XRD results confirm that Al doping successfully
stabilizes the NASICON framework while minor secondary phases appear at higher Al contents due to
lithium loss and local structural distortions. Reliability factors obtained from Rietveld refinement of the
LATP samples are summarized in Table 1.
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Table 1. Reliability factors obtained from Rietveld refinement of the LATP samples

Sample Rup (%0) Rp (%0) S a Main phase (wt.%b)
Lirs 12.33 8.69 2.07 4.30 97.8
Liis 9.40 7.26 1.59 2.54 88.2
Liis 11.10 7.88 1.94 3.75 77.0

To further validate the crystal structure and phase composition, Rietveld refinement was performed
for all samples. The calculated diffraction patterns showed good agreement with the experimental data,
as indicated by the refinement confirmed that the NASICON-type LATP phase was the dominant
crystalline phase in all samples (Rwp = 9.40-12.33 %, S = 1.59-2.07). In addition, minor secondary phases
were detected, including AIPOasin Liys, LisP20O7 in Liy4, and LisP207, AIPO4, TiP207in Liys. (Maet al.,
2016; Yang et al., 2021). Table 2 shows the refined lattice parameters of LATP samples obtained from
Rietveld refinement.

Table 2. Refined lattice parameters of LATP samples obtained from Rietveld refinement

Sample Phase a A b, A c, A a,° B, ° 7, °
Lithium aluminum
Livs titanium 8'5(_’2)67 8"?2)67 20('%36 90.000 | 90.000 | 120.000
tris(orthophosphate)
Aluminum phosphate 13‘;"‘ %@;’4 12435)94 90.000 | 90.000 | 90.000
Lithium aluminum
Liva titanium 8'?%87 8'?79)87 20(':?91)66 90.000 90.000 120.000
tris(orthophosphate)
Tetralithium 8.577 7.109 5.183 111.51 89.94 103.005
diphosphate(V) 3) 3) ) (4) (5) (19)
Lithium aluminum
Lis titanium 8'?2)63 8'?2)63 20('18%26 90.000 | 90.000 | 120.000
tris(orthophosphate)
Tetralithium 8.580 7.142 5.187 112.37 90.31 103.08
diphosphate(V) (8) (20) (8) (16) (12) 9)
Berlinite 4'(%‘)” 4'(3‘)‘1 1%;))6 90.000 | 90.000 | 120.000
Titanium phosphate 2(61'é)1 2(61'é)1 Z(E'é)l 90.000 90.000 90.000
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Rietveld refinement confirmed that the LATP phase remained the dominant crystalline phase in all
samples, while minor changes in the lattice parameters were observed with increasing lithium content.
The refinement also revealed the presence of secondary phosphate phases, particularly for the Liys
composition, which is consistent with the XRD analysis.

3.2. Scanning electron microscopy

Figure 3 shows SEM images of the surface of LATP samples with different aluminum contents (x
= 0.3, 0.4, and 0.5). It is observed that changing the stoichiometry has a significant impact on the
morphology of the ceramic materials. For the LATP composition (x = 0.3), the microstructure is
characterized by relatively fine and uniformly distributed grains of predominantly rectangular shape
(Oksiizoglu et al., 2024). Grain boundary regions are clearly defined, and individual pores indicate
incomplete density of the material. With an increase in aluminum content to x = 0.4, coarsening of the
crystallites with more distinct faceting and the formation of large block grains is observed. The grains
are densely packed, indicating more intense crystallite growth and improved microstructural connectivity
compared to the sample with x = 0.3. For LATP (x = 0.5), the characteristic polygonal particle shape is
retained, but a broader grain size distribution is observed, including both small and large crystallites.
This heterogeneity may be due to changes in grain growth kinetics with increased aluminum
concentration.

il LATP (x=0.5)

In addition, the reduction in visible pore regions for the x = 0.4 composition suggests improved
densification during the sintering process. Better grain-to-grain contact can facilitate lithium-ion
migration by reducing grain-boundary resistance and creating more continuous ion-conduction pathways
throughout the ceramic matrix. Such structural characteristics are favorable for achieving enhanced
electrochemical performance in NASICON-type solid electrolytes.

For the x = 0.5 sample, although grain growth remains pronounced, the coexistence of differently
sized crystallites indicates less uniform microstructural evolution. The presence of heterogeneous grains
may introduce local structural disorder and nonuniform grain-boundary regions, which can negatively
influence ionic transport. Furthermore, excessive aluminum substitution may promote the formation of
secondary phases and induce local lattice distortions, leading to reduced structural homogeneity.

Liz.4 composition demonstrated optimized microstructure, high densification, and uniform grain
distribution play critical roles in improving lithium-ion transport properties. Therefore, controlling
aluminum concentration is essential for tailoring the microstructural and electrochemical characteristics
of LATP ceramics intended for solid-state electrolyte applications.

The SEM micrographs reveal that all LATP ceramics consist of densely packed polyhedral grains
with well-developed faceted morphology, although noticeable differences in grain size and packing
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density are observed with increasing lithium content. The measured grain size ranges from approximately
0.72-1.65 pum for LATP (x = 0.3), 0.24-1.69 pum for LATP (x = 0.4), and 0.69-1.26 um for LATP (x =
0.5). The x = 0.3 sample exhibits relatively large angular grains together with visible intergranular pores,
indicating incomplete densification. In contrast, LATP (x = 0.4) shows a more homogeneous
microstructure with finer grains and a narrower grain size distribution, resulting in improved particle
packing and reduced porosity. For LATP (x = 0.5), grain growth becomes more pronounced again, with
larger faceted grains coexisting with smaller particles, leading to a broader microstructural heterogeneity.
These observations suggest that a lithium content of x = 0.4 promotes the most uniform grain
development and densification, which is consistent with its superior ionic conductivity compared with
the other compositions.

Thus, the SEM study demonstrates that increasing the aluminum content promotes grain growth
and microstructure densification. However, with a further increase (x = 0.5), increased grain
heterogeneity is observed, which may affect the ionic conductivity and mechanical properties of the
resulting ceramics.

4. Discussion

EIS measurements of LATP pelletized samples (x = 0.3-0.5) were performed over the temperature
range of 25 to 85°C in order to evaluate the ionic transport properties and temperature-dependent
electrochemical behavior of the synthesized materials. Figure 4 presents the impedance spectra obtained
for the Liv3, Liis, and Liis compositions. All spectra exhibit pronounced semicircular arcs in the high-
and intermediate-frequency regions, corresponding to the combined contribution of bulk and grain-
boundary resistance within the electrolyte. In the low-frequency region, inclined tails are observed, which
are attributed to the polarization effect of the stainless steel blocking electrodes and the accumulation of
lithium ions at the electrode/electrolyte interface (Xiao et al., 2023).

To analyze the impedance behavior, the experimental data were fitted using equivalent electrical
circuits consisting of bulk resistance (Rb), grain-boundary resistance (Rgb), and constant phase elements
(CPEs), which account for non-ideal capacitive behavior arising from structural inhomogeneity and
grain-boundary effects. The fitting results demonstrated good agreement with the experimental spectra,
confirming the validity of the selected equivalent circuit model for describing ionic transport in LATP
ceramics.

As the temperature increased from 25 to 85°C, a significant reduction in the diameter of the
semicircular arcs was observed for all compositions. This behavior indicates a decrease in total resistance
and enhancement of lithium-ion mobility at elevated temperatures. The improved conductivity at higher
temperatures can be explained by thermally activated ion transport, where lithium ions gain sufficient
energy to migrate more easily through the NASICON framework and across grain boundaries. Such
temperature-dependent behavior is characteristic of oxide solid electrolytes and confirms the ionic
conduction mechanism in LATP materials.

Among the investigated samples, the Lii.4 composition exhibited the smallest semicircle diameter
and therefore the lowest total resistance across the studied temperature range. This result suggests that
the Lirs sample possesses the most favorable lithium-ion transport pathways and optimal balance
between lithium concentration, phase composition, and microstructural characteristics. The enhanced
ionic conductivity of this composition may be associated with improved grain connectivity and reduced
grain-boundary resistance resulting from the optimized lithium content. In contrast, the Li1.5s composition
demonstrated the highest resistance values, indicating less efficient lithium-ion transport. Excess lithium
concentration may contribute to the formation of secondary phases, lattice distortion, or increased
structural disorder, which can hinder ion migration and increase resistance.
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Furthermore, the differences in impedance behavior among the compositions indicate that lithium
concentration strongly influences both bulk and interfacial conduction processes in LATP ceramics.
Variations in lithium content can affect crystal structure stability, grain growth, and densification, all of
which play important roles in determining the electrochemical performance of solid electrolytes. The
obtained results therefore confirm that careful optimization of lithium concentration is necessary to
achieve high ionic conductivity and stable electrochemical characteristics for thin-film electrolyte
applications.
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Figure 4. Nyquist plot of Liz+xAlxTi2-«x(POs)s (a) 0.3, (b) 0.4, (c) 0.5 pellets

Table 3 presents the geometric parameters of the tablets, the sample density, and the calculated
ionic conductivity values at 25°C and 85°C. The Lir4 sample demonstrated the highest conductivity
values: otar = 1.85 x 10* S/cm at 25°C and ototal = 1.45 x 10 S/cm at 85°C. For comparison, Liis
exhibits intermediate values (0.91 x 10 S/cm at 25 °C and 0.84 x 107 S/cm at 85 °C), while Liys has
the lowest conductivity (0.174 x 10* S/cm and 0.27 x 10" S/cm, respectively). It should be noted that
Li14 also has the highest density (2.668 g/cm?®), indicating a more densely packed structure and better
formation of intergranular contacts, which facilitate efficient ion transport. The obtained ionic
conductivity (1.85 x 10 S/cm) is comparable to the values reported by Tolganbek et al. (2021) and
Baltash et al. (2023), who synthesized LATP using the molten-flux method. However, it remains lower
than the highest conductivities reported for highly densified LATP prepared by optimized solid-state
routes. This difference may be attributed to variations in sintering conditions, relative density, and
secondary phase formation.

Table 3. Characteristics of Liz+xAlxTi2-x(POa4)3 (x=0.3-0.5) pellets

LATP d,cm | h,em | S,cm? | p,g/cm® | o6wt(25°C), X104, G10tal(85°C), Ea, eV
(x=0.3-0.5) S/cm x1073, S/cm
Liys 0.772 0.109 0.468 2.57 0.91 0.84 0.36
Liy4 0.768 0.099 0.463 2.67 1.85 1.45 0.32
Livs 0.767 0.111 0.462 2.64 0.17 0.27 0.43

Although the Lii4 sample contains a lower fraction of the LATP phase than Liy 3, it exhibits the
highest ionic conductivity. This behavior suggests that ionic transport is influenced not only by the LATP
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phase fraction but also by the lower activation energy, favorable microstructure, and the nature of the
secondary phases. The insulating AIPOs phase in Liismay contribute to higher grain-boundary
resistance, whereas the LisP207 phase in Liv.4 has a less pronounced influence on Li* transport.

The temperature dependence of conductivity in Arrhenius coordinates confirms the impedance
spectroscopy data. The Arrhenius plots of the samples are illustrated in Figure 5. Linear behavior is
observed for all compositions, indicating a thermally activated mechanism of lithium-ion transport within
the NASICON framework. The good linearity of the curves suggests that lithium-ion conduction occurs
through a stable hopping mechanism without significant phase transitions in the investigated temperature
range.

Approximation of the experimental curves allowed the determination of the activation energies for
ionic conduction. For the Lii.3 composition, the activation energy is 0.36 eV, for Liv4it is 0.32 eV, while
for Liys it reaches 0.43 eV. The lowest activation energy was recorded for Liy.4, which corresponds to
the highest ion mobility and is consistent with its minimum resistance and maximum conductivity values
obtained from impedance measurements. The reduced activation energy indicates that lithium ions
require less energy to migrate through the crystal lattice and grain boundaries, resulting in more efficient
ionic transport.

The enhanced electrochemical performance of the Li1.4 Sample can be associated with its optimized
lithium concentration and improved microstructural properties. Better grain connectivity and increased
densification likely contribute to the formation of continuous lithium-ion transport pathways and reduced
grain-boundary resistance. In addition, the relatively uniform grain structure observed in SEM images
supports the improved ionic mobility of this composition.

In contrast, the Li1s sample is characterized by the highest activation energy and the lowest ionic
conductivity. The increase in activation energy suggests more difficult lithium-ion migration due to
structural disorder, grain heterogeneity, or the presence of secondary phases formed at excessive lithium
content. Such factors can obstruct lithium-ion diffusion pathways and increase interfacial resistance
within the ceramic electrolyte.
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Figure 5. Arrhenius plot of Li1+xAlxTi2-«x(PO4)3 (2) 0.3, (b) 0.4, (c) 0.5 pellets

Thus, a combined analysis of the impedance spectra, temperature dependences, and experimental
data in the table confirms that the Liis composition is optimal among those studied. It combines

60



A.H. I'ymunes amuindazvt Eypasus yammuik yrnusepcumeminity xabapuivicol. Xumus. Teozpagus cepuscut, 2026, 156(3)

maximum density, minimum resistance, lowest activation energy, and highest ionic conductivity, making
it a promising candidate for the further production of thin-film electrolytes.

5. Conclusion

The LATP solid electrolyte synthesis method using melting with flux technology produces
polycrystals with a high degree of crystallinity and a dense NASICON-type structure. These samples are
characterized by fewer structural distortions and higher ionic conductivity compared to materials
obtained by other synthesis methods. The most optimal electrochemical parameters were demonstrated
by the Li14Alo4Ti1s(PO4)s sample, which has the highest density and ionic conductivity (up to 1.85x10
4 Slcm at 25°C).

The enhanced electrochemical performance of the Liis composition can be attributed to the
optimized lithium content, which promotes efficient lithium-ion migration through the NASICON
framework while minimizing grain-boundary resistance. In addition, the improved densification and
phase purity of this sample contribute to better particle connectivity and reduced structural defects. These
results indicate that controlled lithium excess is an effective strategy for obtaining highly conductive
LATP electrolytes suitable for thin-film solid-state battery applications.

Structural and morphological analyses confirmed that lithium concentration strongly influences
phase formation, grain growth, and densification behavior of LATP ceramics. The Li1.4 sample exhibited
the most favorable combination of structural homogeneity, dense microstructure, low activation energy,
and high ionic conductivity. In contrast, excessive lithium content resulted in increased grain
heterogeneity and reduced electrochemical performance. Overall, the obtained results demonstrate that
optimization of lithium concentration is essential for improving the structural stability and ionic transport
properties of LATP electrolytes, making the Liy.4 composition a promising candidate for future thin-film
all-solid-state lithium battery applications.

Furthermore, the impedance spectroscopy results confirmed that lithium-ion transport in LATP
ceramics follows a thermally activated conduction mechanism, with conductivity increasing significantly
at elevated temperatures. The combination of high crystallinity, reduced grain-boundary resistance, and
improved microstructural connectivity observed for the Lii4 composition contributed to enhanced ionic
mobility throughout the NASICON framework. The molten flux synthesis approach also proved to be an
effective method for obtaining homogeneous LATP ceramics with stable electrochemical characteristics.
Therefore, the developed Li1sAlosTiie(POs)s material can be considered a promising electrolyte
candidate for further fabrication of thin-film solid-state lithium batteries and related electrochemical
energy storage systems.
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BaakpiTeuiran ¢unioc daiciven cuHtesgeared NASICON Tunti LATP KatThl
3JIEKTPOJIMTTEPiHIH JUTHI MOJIIIEPiHe TdyeJAi HOHABIK OTKI3rimTiri

Astkan bekmaxanoBa, Mykaraiun Eramkynos, Kancas baxsiT:kaHoBa, I'ayxap TakkeHoBa,
ApaiasiM Hypnencosa, ’Kymabaii bakenos, Ainsa MykaHoBa

Angarna. by Makanaia opTypii JUTHI MeIepiHe ue TuTHil anroMununii Tutan Gpocdareiabiy (LATP)
KATTBI AJIEKTPOIMTTEPiHIH KYPBUTBIMIIBIK )KOHE DJIEKTPOXUMHUSIIBIK KACUETTEPiHE CATBICTHIPMAITBI TAJ/Iay
xyprizimagi  LATP  (Li13-15AIxTi2x(PO4)3). NASICON kypbuteiMasl  LATP  monukpucTaziapsl
OankeIThUTFaH QuTtoc 9/ici apkeLIbl cunTesaenmi. Cunres mporeci LINO3, Al20s, TiO2, NHsH2PO4 xone
CO(NH2)2 npekypcopriapbia apanacteipynsl, keitin 170°C, 500°C »xone 800°C Temmeparypanapia
Ke3€H-Ke3eHIMEeH KbI3AbIpy/Ibl, pecteyi xone coHrbl 800°C Temmeparypana 4 carat O0WBI KYWIipyi
KaMThIIbl. PeHTrennik audpakuusuiblk Tangay Herisri LATP kpuctangslk (a3acklHbIH TY3UITEHIH
pacrtazapl. COHBIMEH KaTap, JIUTHI KOHIEHTpausachiHbIH apTybl LisP207, AIPO4 xone TiP207 cexinai
KOoChIMINIa (hazanapablH Maiga OONMybIHA OKENiN, MOHJBIK OTKI3TIIITIKKE 9Cep €TeTiHI aHBIKTaJIbL.
DNEeKTPOXUMHUSIIBIK MMITIETAHCTBIK CIIEKTPOCKOMUS HOTHXKeepi OotbiHia LATP (Lil.4) yirici xorapbl
KYPBUIBIMIIBIK THIFBI3/IBIK TICH OHTAMIIBI (ha3aliblK KypaMHbIH apkackiHaa Lil.3 xone Lil.5 ynrinepimen
CaJIBICTBIPFaH/Ia ©H JKOFapbhl MOHMBIK OTKi3rimrikke ue Oomnmsl (25°C-ta 1.66-1.85 x 10-4 S/cm).
TeMmepaTypalblk TOYeNIUNK Talfaybl TeMIEpaTypaHblH >KOFapbuUlaybl JIMTHH HMOHIAAPBIHBIH
KO3FAJIFBIIITHIFBIH apPTTHIPATBIHBIH KOPCETTi, Oyl MOH TachIMaJbIHBIH TEPMUSUIBIK OeJICeHIIpUIreH
taburatbi nonenaenai. Ocbunaiima, LizsAlosTiie(POs)s Kypambl KaTThl KYiuli JTUTHI OaTapesiiapbiHa
apHaJFaH KaTThl 3JIEKTPOJIUT PETIHJIE €H MEePCIEKTUBAIbI KaCUeTTepl KOpCeTTl.
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Tyiiin ce3nep: nutuii-nonasl 6atapesap; NASICON; LATP; PXX marHeTpoHas! To3aHaaTy; KYHAIpY;
AIIEKTPOXUMUSUIIBIK UMIIEJAHCTHIK CIIEKTPOCKOMHS; JICKTPOXHUMUSUIIBIK CHIIaTTaMasap.

Bausinue copep:xanusi Jutusi HA MOHHYI0 npoBoauMocTb NASICON-nmogo0HbIX
TBEPAbIX JJ1eKTPOJauTOB LATP, CHHTEe3UPOBAHHBIX METOJ0M PACIJIABIEHHOIO
¢uroca

Asaxan bekmaxanoBa, Mykaraiu Eramkyios, ’Kancas baxwiT:kanoBa, I'ayxap TaxkkeHoBa,
Apaiinsim Hypnencosa, ’Kymaoaii bakenos, Aimmsa MykaHoBa

AHHOTanudA. B cratbe mpejicraBieHa CpaBHUTEIbHAS OLICHKA CTPYKTYPHBIX M DJIEKTPOXUMHYCCKHIX
CBOWCTB TBEPIBIX 3JICKTPOJIUTOB Ha OCHOBE JMTHi-amoMo-tutad-pocdara (LATP) ¢ pasaudbbM
conepkanueM Juthsi LATP (Liz315AlkTi2x(PO4)3). Tomukpucramnsl LATP ¢ NASICON-niogo6Hoi
CTPYKTYpO# OBUIM CHHTE3WPOBAaHBI METOJIOM PACIUIABICHHOTO (JIroca, BKIFOYAIONIMM CMEIIMBAHHE
npekypcopoB LINO3, Al2O3, TiO2, NH4H2PO4 u CO(NH2)2 ¢ mocieayonum CTyreHYaThiM HarpeBOM
mpu 170°C, 500°C u 800°C, npeccoBanuem u ¢puHanbHbIM criekanrem npu 800°C B Teuenue 4 yacos.
PentrenodasoBerii ananmms moATBepawsl (popMHpOBaHHE OCHOBHOW Kpuctayummdeckon (aser LATP,
TOrJa KaK YBEIMYCHHE KOHIICHTPAIMH JIMTHS MPUBOAMUIIO K IMOSIBJICHHIO BTOPUYHBIX (pa3, TAKMX Kak
LisP2O7, AIPOs, u TiP207, 9To OKa3pIBai0 BIMSHHE HA HOHHYIO MPOBOAMMOCTH. McciemoBaHus
METOZOM DJIEKTPOXMMUYECKON HMIIEJAaHCHOM CIIEKTPOCKOMMH IMoKasanmu, uro obpaser; LATP (Liia4)
o0agaeT HauBBICIIEH HOHHOM mpoBoguMOcThio (1.66-1.85 x 10 S/cm mpu 25°C) mo cpaBHEHHIO ¢
obpasiamu Liizu Liys6maromaps 60osee BEICOKOH CTPYKTYPHO# INTOTHOCTH M ONTUMAIbHOMY (ha30BOMY
COCTaBy. AHAJIM3 TEMIEPATYPHOI 3aBUCHMOCTH TIOKa3aJl, YTO TOBBIIICHHE TEMIIEPATYpPhl CIOCOOCTBYET
YBEIUYCHUIO MTOJIBUKHOCTH JIMTHEBBIX HOHOB, TIOJTBEPIK/1asi TEPMOAKTHBUPOBAHHBIN XapaKTep HOHHOTO
tpancnopra. Takum obpasom, coctaB Li14Alo4Tiie(PO4)3 nemoHCcTpHpYeT Hambosiee MepCreKTHBHBIC
XapaKTePUCTHKU B KAaueCTBE TBEPJIOTO OJIIEKTPONIUTA JI TMOJHOCTHIO TBEPAOTENBHBIX IUTHEBBIX
Oatapei.

KaroueBbie ciaoBa: nmutuii-nonnsie Oarapen; NASICON; LATP; PU maraerpoHHOE pacIblUICHUE,
OTIKUT; DJIEKTPOXUMHUECKasi UMIIEaHCHAs CIIEKTPOCKOIIHS; IIEKTPOXUMUYECKUE XaPaKTEPUCTUKH.
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Abstract: Oil spills are a vital environmental problems for animals,
plants, and even the economy. As more companies search for oil in the
ocean, the number of pests’ increases. Therefore, we need to find ways to
clean up the pollution quickly. One way to do this is to use special
materials that absorb oil. These materials are easy to use, can absorb large
amounts of oil, and are not too expensive. They also work well in a variety
of environments. This article will review the advances in the development
of these special materials, or oil sorbents. It will discuss the different types
of materials, how they are made, and how well they work. Some of these
materials come from nature, while others are man-made. To improve their
performance, scientists use various techniques, such as modifying or
shrinking their surface properties. The good news is that these advanced
materials can remove oil from water very effectively. However, more
research is needed to make them even better. This includes creating
materials that are a combination of different substances, finding
environmentally friendly ways to manufacture them, and ensuring that
they last a long time. In this regard, it is important to develop materials
that can clean up oil spills effectively and efficiently. We must continue
to work on improving these materials to protect the environment from
spills.

Keywords: oil spillfc remediation; oil sorbent materials; natural and
synthetic sorbents; hybrid sorbent materials; sustainable remediation
technologies; oil-water emulsions.

1. Introduction

Oil spills are a serious environmental problem. Over the past few
years, numerous accidents and leaks have harmed our oceans and wildlife.
We need to find more effective ways to clean up spills and prevent them
from happening again. Just a few years ago, a large oil tanker named
Sanchi sank in the East China Sea, causing a massive spill that damaged
the marine ecosystem (Duarte et al., 2024). Then, in 2019, someone
spilled oil all along the coast of Brazil, damaging numerous protected
areas and ecosystems. In 2020, a large diesel fuel tank collapsed in Russia,
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spilling thousands of tons of fuel into rivers and the Arctic environment. Around the same time, the
MV Wakashan ran aground off the island of Mauritius, causing a major oil spill that damaged coral
reefs and coastal wildlife (Chang et al., 2014). Similar accidents continue to occur. For example, most
recently, a tanker sank in Manila Bay, spilling millions of liters of industrial oil into the water
(National Transportation Safety Board, 2019). This is bad news for fish, coastal ecosystems, and
people living nearby. All of these incidents demonstrate that we need to improve oil spill prevention
and response (Soares et al., 2020). We need new technologies and strategies to protect the
environment from the dangers of oil transportation and storage. The problem is not going away, and
we need to take action to stop it. Oil spills can happen anywhere, anytime, and they can have
devastating consequences for the environment (Astakhova et al., 2021). We must be prepared and
equipped with the necessary tools and methods to respond quickly and effectively. This is a huge
task, but we cannot afford to wait. We must work together to find solutions and protect our planet
from the harm caused by oil spills. We must learn from the past and use this knowledge to create a
better future (Ragoonaden et al., 2021). By learning about the impacts of oil spills and how to prevent
them, we can make a real difference. It's time to take responsibility and do right by the environment.
We owe it to ourselves, our children, and the future of our planet to take action against oil spills and
protect the beauty and wonder of our oceans and wildlife (Philippine Coast Guard, 2024).

Increased oil exploration, transportation, and refining have led to increased oil pollution of our
waters and land. This is due to the constant release of oil-containing waste from industrial processes.
Oil spills and oil-contaminated wastewater pose a threat not only to our aquatic resources and the
animals living in them but also cause long-term damage to the environment and the economy. This
is because oil can remain in the environment for a long time and is toxic, meaning it can harm living
organisms (Zodiatis, 2017; Fingas, 2016; Prince et al., 2015). Furthermore, oil dissolves very quickly
in water, forms a film on the surface, and gradually sinks and accumulates in sediments. Currents and
winds tend to cause even more rapid spread, leading to the degradation and even disappearance of
large areas of marine life and the environment (Fodrie, 2011 & D’Andrea el., 2013). In combination
with the above conditions, a number of physicochemical parameters such as temperature and salinity
can also determine the rate of spread of oil spills in a natural water body. (Fingas, 2011 and Zekri et
al., 2005). Figure 1 shows that the most significant volume of oil entering the water comes from ships
(25%), tankers (20%) and tank barges (15%), with an additional percentage coming from refineries,
terminals (25%) and platforms (15%). The most commonly encountered types of oil are crude oil
(35%), diesel fuel (20%), marine oil (10%), gasoline (8%) and oil condensates (3%).

a) Marine Oil Transportation b) Types of Marine Oil Spills

@ Other oils
Non tank vessels 6%

25% @ Condensates N
2 3% N
@ Gasoline
8% T~

® Marine

10%

@ Platforms

15% N
S :
Tank barges
15% o
® Bunkers N

@ Tankers l
20%
0
‘ 15% © Diesel oil

@ Terminals refineries
20%
25% )

@ Crude oil
/ 35%

Figure 1. (a) Percentage (%) of oil spill origins in water. (b) Percentage (%) of oil types (adapted
from Zamparas et al., 2020)
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Traditional oil-water separation technologies, such as gravity separation, oil skimming,
flotation, and membrane filtration, often suffer from inherent limitations, including low separation
efficiency of fine emulsions, high energy and operating costs, membrane fouling, and the potential
formation of secondary contaminants during treatment processes (Yang, 2022; Juraij et al., 2025).
These drawbacks are particularly pronounced in complex industrial wastewaters, where small oil
droplet sizes and stabilizing surfactants hinder efficient phase separation. As a result, extensive
research has shifted toward advanced oil-sorbent materials as effective and environmentally
compatible alternatives. Oil sorbents operate primarily through adsorption and absorption
mechanisms, which are governed by physicochemical interactions such as surface wettability and
capillarity. forces and affinity between the oil phase and the sorbent substrate (Pi, 2024;
Sivashunmugam et al., 2021). Recent studies have identified a wide range of new sorbent materials,
including hydrophobic/oleophilic polymer foams, biomass-derived porous absorbents, and
functionalized nanostructured materials, which exhibit enhanced oil absorption, selectivity, and
reusability compared to traditional methods (Liang, 2024; Hailan, 2025; Chen et al., 2024). These
advanced sorbents promise to improve oil-water separation efficiency while reducing environmental
impacts and operating costs. Figure 2 shows that traditional methods used in oil spill response
techniques.

In recent years, organic oil sorbents, such as biomass-derived materials and synthetic polymer
networks such as aerogels, foams, and electrospun fiber mats, have attracted considerable attention
due to their inherently low density, high oil absorption capacity, and tunable surface chemistry (Abu,
2025; Li et al., 2024). Sorbents made from natural biomass (such as agricultural waste and plant
fibers) and engineered polymer foams or fibers offer high sorption capacity and environmental
benefits, bringing promise for oil spill response (Salim, 2018; Sarbatli et al., 2016). However, these
materials often suffer from limited mechanical strength, poor recyclability, and stability issues, which
may hinder large-scale deployment (Dehmani et al., 2023).
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Figure 2. Traditional methods used in oil spill response (reprinted from Gote et al., 2023)

Conversely, inorganic oil sorbents, including clays, silica-based materials, metal oxides,
zeolites, and carbon nanostructures, offer superior thermal and chemical properties, stability, and
structural strength, which can enhance performance in harsh environments (Gao et al., 2024). These
materials can exhibit lower oil selectivity, higher density, and more difficult recovery or regeneration
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in practical applications (Wu et al., 2014). To overcome these limitations, organic-inorganic hybrid
sorbents have emerged as a promising class of materials. By integrating organic components
(providing hydrophobicity and flexible surface chemistry) with inorganic phases (providing
durability and functionality), these hybrids can achieve synergistic improvements in surface area,
hierarchical porosity, controlled wettability, and regenerability, resulting in enhanced oil sorption
efficiency and practical utility (Zamparas et al., 2020). Recent advances in surface functionality,
nanostructuring, magnetic modification, and green synthesis strategies have further enhanced the
performance and sustainability of oil sorbent materials (Ge et al., 2016). However, significant
challenges remain in terms of scalability, regeneration efficiency, environmental safety, and cost-
effectiveness.

The widespread problem of oil spills and industrial pollutant emissions requires the
development of highly efficient and sustainable remediation technologies (Wu et al., 2014).
Traditional methods often fail to cope with the complexity and scale of pollution, prompting an urgent
shift to advanced sorbent materials (Elgarahi et al., 2025). This includes a growing focus on
innovative adsorbents that provide improved performance and minimize environmental impact
compared to traditional remediation processes such as chemical precipitation or membrane filtration,
which often incur high costs and generate secondary pollutants (Akhtar et al., 2024). The
development of new sorbents, especially those derived from renewable resources, represents a
promising direction for cost-effective and environmentally friendly remediation (Liu, 2025; Hailan
et al., 2025). The urgency of developing practical solutions is highlighted by the severe impacts of
oil pollution on the environment and human health, including coral reef bleaching and hypothermia
in aquatic species (Ghobashi and Gaed, 2024). Consequently, significant research efforts have been
focused on the development of advanced sorbent technologies for rapid and efficient oil recovery,
recognizing their crucial role in remediation processes (Askari et al., 2025). These sorbents are crucial
for addressing oil spill and contaminated wastewater issues by efficiently removing oil layers to
produce purified water (Hoang et al., 2021). This focus includes the synthesis of eco-friendly
adsorbents and the analytical information gained from their application, offering a more sustainable
and economically viable approach to water treatment (Odoom et al., 2024). Indeed, various methods
exist for oil spill control, such as mechanical containment, in-situ burning, bioremediation, and
chemical dispersal (Gogol and Rahmati, 2024). However, physical adsorption using modern materials
has proven to be a particularly attractive and simple method for cleaning up oil and solvent spills due
to its ease of application and high efficiency (Gote et al., 2023).

These strategies improve the efficiency, selectivity, and environmental compatibility of oil
sorbents, addressing the limitations of traditional materials. The integration of modern materials and
innovative technologies is crucial for developing sorbents capable of effectively addressing oil spills
and industrial pollutants. Key strategies and their implications are summarized below.

2. Methods
2.1.Continental oil cleanup methods

Physical response methods are the primary oil spill response mechanisms based on mechanical
processes to contain, collect, and remove spilled oil from the affected environment (Sharma et al.,
2024). These methods are particularly important during the initial phase of a response, when rapid
containment can significantly reduce environmental damage (Zhong et al., 2023). Physical
approaches include mechanical recovery systems, containment booms, skimmers, and manual
collection methods. The selection and application of specific physical methods depends largely on
the environmental and oceanic conditions at the spill site, including wave height, water temperature,
wind speed, and proximity to sensitive ecosystems (Dhaka & Chattopadhyay, 2021). Additionally,
artificial lift systems use various equipment designs to physically separate and collect oil from water
surfaces. These systems include skimmers, vacuum devices, and specialized oil recovery vessels that
utilize the difference in oil and water densities (Lee & Neff, 2018). Skimmers are the most widely
deployed mechanical recovery technology, with designs ranging from barrage skimmers and
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oleophilic drum skimmers to disc skimmers and rope mop systems (Khalil et al., 2022). Mechanical
recovery efficiency is highly dependent on oil viscosity, sea state, and the presence of debris or ice
(Chen et al., 2022). Recent advances have focused on improving skimmer performance through
improved design features and automated operations (Dhaka and Chattopadhyay, 2021). Deployment
strategies should consider spill trajectory modeling, shoreline protection priorities, and logistical
constraints when assessing remote or challenging environments (Ekunke et al., 2025).

These floating barriers come in a variety of configurations, including booms, mounted booms,
and fire-resistant booms for in-situ burn operations. Current velocity, wave action, and wind
conditions significantly affect boom effectiveness, with failure occurring when these forces exceed
the boom's holding capacity (Dhaka and Chattopadhyay, 2021). These labor-intensive approaches
involve workers using shovels, rakes, absorbent materials, and hand-held equipment to remove oil-
contaminated sediments and debris (Huynh et al., 2022). Shoreline cleanup operations must balance
the need for thorough oil removal with the risk of causing additional environmental damage through
excessive sediment disturbance. The effectiveness of onshore response operations is significantly
influenced by the oil characteristics, substrate type and environmental sensitivity of the affected area
(Keramea et al., 2026).

2.2. Chemical treatment methods

Chemical treatments use synthetic compounds to modify the properties of oil, improve
dispersion, or facilitate degradation processes (Vu & Mulligan, 2023). These approaches include
dispersants, curing agents, surface cleaners, and chemical oxidizers, which alter the physical and
chemical characteristics of spilled oil. Although chemical methods allow for rapid cleanup of large
spill volumes and access to areas inaccessible by mechanical means, concerns about the toxicity of
treatment agents and their long-term environmental impacts have limited their use (Farahani &
Zheng, 2022). The decision to use chemical treatments involves a complex tradeoff between
immediate cleanup effectiveness and potential secondary environmental impacts.

Dispersants are the most widely used chemical treatment method, which act by reducing the
interfacial tension between oil and water, promoting the formation of small oil droplets that disperse
throughout the water column (Adofo et al., 2022). Modern dispersant formulations typically contain
blends of surfactants and solvents designed to enhance effectiveness across a variety of oil types and
environmental conditions (Farahani and Zheng, 2022). Application methods include aerial spraying
from aircraft, ship-based spray systems, and underground injection into wellheads (Fernandes et al.,
2019). However, the use of dispersants remains controversial due to concerns about increased
bioavailability of toxic oil components, impacts on marine organisms, and limited effectiveness in
cold water or with weathered oils (Olsen et al., 2013). As shown in Figure 3, dispersants are used in
oil spill cleanup methods.
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Mechanism of Chemical Dispersant Action on Oil Spills
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Figure 3. Dispersants as an oil spill clean-up technique (Reproduced from Adofo et al., 2022)

Solidifiers and gelling agents chemically convert liquid oil into semi-solid or solid materials
that are easier to collect and remove from the water surface (Motta et al., 2018). These agents typically
consist of polymeric materials that interact with oil molecules to form a gel-like matrix or solid mass
(Shojaei et al., 2021). This solidification approach offers advantages in preventing oil spreading,
reducing the volatilization of toxic components, and facilitating mechanical recovery (Sousa et al.,
2019). Limitations of using solidifiers for oil spill response include high material costs and the need
to use large quantities of product relative to the amount of oil being treated, which may make this
approach economically impractical for large spills or emergency situations; decreased effectiveness
due to weathered, thick, emulsified, or highly viscous oils, as these conditions hinder the complete
penetration and reaction of the solidifier; and difficulty in handling and disposal of the resulting
solidified oil-reagent mixture once formed, as this may require additional labor, equipment, or
specialized waste management methods compared to other response options (Motta et al., 2018).
These issues have been noted in reviews and experimental studies of solidification technology for oil
spill response.

Surface active agents (SAA) are used in oil spill response to loosen and mobilize oil adhered to
shorelines, enhancing its removal through mechanical reclamation or natural processes such as tidal
action and wave action. Furthermore, these agents typically contain surfactants and solvents that
reduce the interfacial tension of the oil substrate, facilitating oil removal from rocks, Sand, or man-
made structures (Bi et al., 2021). Application methods for SWAs range from low-pressure flushing
to high-pressure hot water washing, with the choice of method depending on the type of substrate and
the atmospheric conditions of the oil contamination, as highly weathered or viscous oil is more
difficult to remove.

Despite their usefulness, concerns have been raised regarding the use of chemical washing
regarding environmental impacts. Aggressive washing methods can dislodge sediment and
potentially drive oil residues into deeper layers, where they can persist and increase the bioavailability
of toxic components to interstitial tissues, which has long-term consequences for benthic fauna and
habitat restoration (Zhao et al., 2024). These consequences highlight the need to balance oil removal
efficiency with ecosystem protection when using surface cleaning products in sensitive coastal areas.

2.3. Biological remediation methods

Surface bioremediation utilizes natural microbial and plant processes to degrade petroleum
hydrocarbons, offering cost-effective and environmentally compatible alternatives to purely physical
or chemical remediation methods. These methods include bioremediation, which uses native or
introduced microorganisms; phytoremediation, which uses plants to absorb contaminants; and natural
attenuation, which relies on the environment's own processes to break down hydrocarbons over time
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(Ghazali et al., 2023). Biological methods are particularly valuable for treating residual contaminants,
diffuse contamination, and sensitive environments where mechanical intervention could cause
unacceptable environmental damage (Ahmed and Ibrahim, 2019). However, biological approaches
typically require long periods of time to achieve significant degradation, and their effectiveness is
largely dependent on environmental conditions such as temperature, nutrient availability, oxygen
levels, and salinity, which influence microbial activity and the bioavailability of contaminants (Zhang
et al., 2024). The underlying mechanisms of bioremediation utilize the metabolic capabilities of
complex microbial communities that convert petroleum hydrocarbons into less harmful compounds
such as carbon dioxide and water through enzymatic reactions. Common strategies include
bioaugmentation, biostimulation (improving the activity of indigenous microbes through the addition
of nutrients), and controlled natural attenuation (Ajona and Vasanti et al., 2021). The rate and
pathways of crude oil biodegradation vary significantly depending on oil composition and
environmental conditions, and microbial responses can be modulated by factors such as salinity and
other stressors that affect microbial growth and enzyme efficiency.

2.4. Thermal treatment technologies

Low-temperature thermal treatment and drying do not affect the oleophilic and hydrophobic
properties of the sorbent. Its main effect is to remove some impurities from the surface, facilitating
oil adsorption (El Gheriany et al., 2020). On the other hand, high-temperature thermal treatments,
such as pyrolysis, lead to carbonization of the sorbent. Thus, the oil sorption capacity and oil-water
selectivity are significantly improved (Jang et al., 2019). Thermal treatment technologies apply heat
to volatilize, mobilize, or thermally decompose o0il contaminants, achieving rapid volume reduction
and effective destruction of many organic contaminants in contaminated soils and sediments
(Vidonish et al., 2016). Primary thermal methods include in-situ combustion of surface oil slicks,
thermal desorption of contaminated sediments or soils, and incineration of collected waste. Thermal
methods also face significant limitations, including significant energy requirements and operating
costs, the need for complex gas cleaning systems to control air emissions, and potential damage to
soil properties or the environment as a whole due to prolonged or high-temperature heating (1, 4).
Furthermore, in-situ and on-site combustion can generate air pollutants, including particulate matter
and incomplete combustion products, raising air quality concerns and requiring careful emissions
management, limiting their applicability in environmentally sensitive areas (Ding et al., 2019).
Nowadays, various methods and technologies have been developed for the removal and collection of
oil spills from the sea surface, which are mainly divided into three types as shown in Figure 4: (1)
physical cleaning method, (2) chemical treatment method, (3) biological method.
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Figure 4. Three types of main techniques used for treating oil spills

According to the actual situation of the sea surface polluted by oil spills, these methods can be
selected individually or in combination with each other. The chemical method involves in-situ
burning, dispersion with dispersants, and solidification with solidifiers (Ding et al., 2019). In addition,
in-situ burning (ISB) is an oil spill response method that involves the controlled burning of oil on the
water surface, usually within the framework of fire-resistant booms that concentrate and contain the
slick to maintain combustion (Niehaus et al., 2022). This method can quickly remove large volumes
of oil with relatively limited equipment, and under favorable conditions, the combustion efficiency
often exceeds 80-90%, according to some studies. removal efficiency approaches 90-98% (Mullin &
Champ, 2003).

Successful operations require certain conditions, including a minimum oil slick thickness
(typically around 2-3 mm), relatively calm weather, and a sufficient distance from populated areas.
ISB is associated with smoke generation during combustion (Brandvik et al., 2021). Despite its
effectiveness, ISB raises environmental concerns because combustion produces airborne emissions
such as particulate matter and semi-sweet aromatic hydrocarbons (PAHs), while combustion residues
can sink and contaminate marine sediments or impact aquatic organisms (Fingas et al., 2014).

Thermal desorption is another thermal treatment technology widely used for the cleanup of oil-
contaminated materials. In this process, contaminated Soils or sediments are heated to vaporize
hydrocarbons, which are subsequently captured and treated or destroyed in secondary systems.
Thermal desorption typically operates at temperatures between 200 and 600°C, lower than those used
in incineration to limit the formation of combustion byproducts (Bykova et al., 2021). These systems
are commonly used to treat oil-contaminated soils, sediments, and solid waste generated during
cleanup operations, achieving high removal efficiencies for petroleum hydrocarbons. Advantages
include efficient contaminant removal and the ability to reuse treated materials, while limitations
include high energy costs, the need for exhaust gas treatment systems, and limited mobility for on-
site deployment (Kim et al., 2020).

2.5. Sorbent-based cleanup methods

Sorbent-based cleanup methods utilize materials with a high affinity for petroleum
hydrocarbons, enabling the removal of oil from contaminated water surfaces or coastal substrates
through absorption or adsorption processes. Furthermore, these methods are widely used in oil spill
response because they are simple to use, relatively inexpensive, and allow for oil recovery in both
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marine and terrestrial environments. Sorbents can capture oil floating in water or present on solid
surfaces, making them particularly useful in the later stages of spill response when residual
contaminants remain (Motta et al., 2018).

Traditional sorbents are typically classified as natural organic, inorganic mineral, and synthetic
polymeric materials. Natural organic sorbents include materials such as peat moss, straw, cotton
fibers, and wood products, while inorganic mineral sorbents include clay, perlite, vermiculite, and
other porous minerals. Synthetic sorbents, such as polypropylene fibers, polyurethane foams, and
other polymeric materials, are widely used in commercial oil spill response products due to their high
sorption capacity and hydrophobic characteristics (Gote et al., 2023). These materials function
through a variety of mechanisms, including absorption, in which oil penetrates the internal porous
structure of the material, and adsorption, in which oil adheres to the sorbent surface through
intermolecular forces. The selection of suitable sorbents depends on several performance criteria,
including oil sorption capacity, selectivity for oil over water, retention capacity, recoverability or
reparability, and environmental compatibility (Adebajo et al., 2003). Sorbents with high selectivity
and retention capacity are particularly valuable because they minimize secondary contamination and
reduce material consumption during spill response operations.

For effective sorption, sorbent materials must have an appropriate critical surface tension,
which promotes hydrophobic and oleophilic behavior, which can often be improved through physical
or chemical surface modification methods. Furthermore, factors such as the porosity and porous
structure of the sorbent, the viscosity and composition of the oil, and environmental conditions also
influence the kinetics of oil sorption, all of which affect the overall sorption efficiency and oil removal
rate (El Gheriany et al., 2020). Figure 5 shows a schematic representation of the oil absorption
process.
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Figure 5. Schematic representation of the oil absorption process. (1) Oil droplets accumulate on the
surface of the sorbents due to weak interaction forces; (2) Oil droplets penetrate into the
intermolecular space of the sorbents under the action of capillary forces; (3) Both surface
accumulation and intermolecular penetration exist (adapted from Ouyang et al., 2023)
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Bioorganic sorbents are derived from plant-based materials such as agricultural waste, wood
products, and natural fibers that are naturally oleophilic, allowing them to adsorb petroleum
hydrocarbons from contaminated environments. Typical examples include peat moss, straw,
sawdust, cotton fibers, and kenaf core fibers, which are widely used due to their biodegradability,
low cost, and wide availability (Adebajo et al., 2003). These natural sorbents typically exhibit oil
sorption capacities of approximately 3-15 times their own weight, depending on the physical
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structure of the material, pore distribution, and the physicochemical properties of the oil. However,
bioorganic sorbents also have a number of limitations, including lower sorption capacity compared
to many synthetic sorbents, reduced buoyancy after saturation, and difficulties associated with
recovery and disposal after use (Ouyang et al., 2023). To address these issues, recent research has
focused on chemical modification, surface functionality, and structural engineering of natural fibers
to improve their hydrophobicity, oil selectivity, and sorption capacity (El Gheriany et al., 2020).

Mineral-based sorbents consist of naturally occurring inorganic materials such as clay
minerals, perlite, vermiculite, and zeolites, which remove oil primarily through surface adsorption
and capillary interactions within porous structures (Gote et al., 2023). These materials offer several
advantages, including high thermal stability, chemical inertness, and the ability to be regenerated
through thermal treatment, enabling their potential reuse in some remediation applications. The
typical sorption capacity of mineral sorbents ranges from approximately 2 to 10 times their own
weight, depending largely on the particle size distribution, surface area, and pore structure.
However, mineral sorbents also have disadvantages, such as relatively low oil sorption capacity,
limited selectivity due to significant water absorption, and high material density, which can lead to
sorbent sinking after saturation (Motta et al., 2018). Consequently, their use is often limited to
onshore spills or included as components in composite sorbent materials designed to improve overall
performance.

2.6. Limitations of the conventional methods

Traditional oil spill response methods face numerous limitations that limit their overall
effectiveness and highlight the need for more advanced response technologies. Mechanical recovery
systems, such as skimmers, booms, and pumps, often recover only 10-15% of the total amount of
spilled oil under real-world conditions, primarily due to operational limitations and oil dispersion
processes. Environmental factors also significantly impact cleanup effectiveness, as response
operations can be delayed or suspended during adverse weather conditions, nighttime operations, or
ice-covered waters, limiting rapid containment and restoration efforts (Fingas et al., 2016).
Furthermore, the economic costs of large-scale oil spill response operations can reach hundreds of
millions of dollars, particularly when long-term environmental remediation and ecosystem
restoration are required. Traditional response methods can also cause secondary environmental
impacts, including physical disturbance of sensitive habitats, toxicity of chemical dispersants, and
incomplete removal of oil contaminants that persist in marine or coastal ecosystems (Dave & Ghaly,
2011).

Synthetic polymer sorbents are the most widely used industrial sorbent materials in oil spill
response due to their high sorption capacity and strong oleophilic and hydrophobic properties. These
sorbents are typically manufactured from polypropylene and polyurethane polymers and are
available in a variety of configurations, such as loose fibers, pads, rods, and pillows, designed for a
variety of spill containment and recovery scenarios (Adofo et al., 2022). Their oil sorption capacity
typically ranges from approximately 10 to 70 times their own weight, and their hydrophobic
characteristics minimize water absorption and improve oil selectivity. Polypropylene-based
sorbents dominate the commercial market because they offer good performance at a relatively low
cost, while polyurethane foams can offer even higher sorption capacities but are generally more
expensive (Sharma et al., 2024). Despite their effectiveness, synthetic sorbents also have several
drawbacks, including non-biodegradability, dependence on petroleum feedstocks, and difficulties
associated with disposal or recycling after use, raising sustainability concerns (Ouyang et al., 2023).
Traditional treatment methods can cause significant secondary environmental damage, which must
be weighed against the benefits of treatment. Physical methods, including shoreline cleanup and
sediment removal, can destroy habitat structure, disrupt ecological communities, and cause erosion
(Sharma et al., 2024). Chemical dispersants and detergents can increase the bioavailability and
toxicity of petroleum compounds to marine organisms. Bioremediation approaches, although
generally environmentally friendly, can alter microbial community structure and introduce non-
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native organisms into bioaugmentation applications (Ouyang et al., 2023). The decision-making
process for selecting a remediation strategy should include a comprehensive environmental impact
assessment and stakeholder consultation.

The operational effectiveness of traditional oil spill response methods is severely limited by
environmental conditions, equipment limitations, and logistical challenges that impact response
operations (Fingas et al., 2016). Mechanical recovery systems such as booms and skimmers often
lose effectiveness in rough seas, with many skimmer systems becoming difficult or impossible to
operate when sea levels exceed approximately 1-2 meters (Keramea et al., 2021). Furthermore, oil
weathering processes, including evaporation, emulsification, dissolution, and viscosity increase,
gradually alter the physical and chemical properties of spilled oil, reducing the effectiveness of
mechanical recovery and chemical response strategies (Dave & Ghaly et al., 2011). Delays in
response times due to equipment mobilization, regulatory permits, and limited site accessibility
allow spilled oil to spread over large areas and be subject to weathering processes. This significantly
complicates containment and recovery efforts. Analysis of historical oil spill incidents shows that
cleanup effectiveness is influenced by numerous factors, including spill volume, geographic
location, oil type, environmental conditions, and the availability of response resources and
infrastructure (Sorengard et al., 2020). The economic costs of traditional oil spill response methods
are significant and vary widely depending on the spill size, location, and response logistics, often
reaching millions to billions of dollars for major incidents due to equipment deployment, personnel,
materials, and monitoring requirements (Gnyazdovskaya, 2025). In addition to direct costs, indirect
impacts such as damage to natural resources, economic losses, litigation, and long-term
environmental monitoring further increase the overall financial burden. Cleanup operations also
generate large volumes of contaminated waste, including oil-water mixtures, spent sorbents, and
trash, requiring disposal methods such as incineration, landfill, or bioremediation, while the non-
biodegradable nature of many synthetic sorbents highlights the need for biodegradable alternatives
and waste minimization technologies (Keramea et al., 2021).

3. Materials
3.1. Materials development and challenges of oil sorbents in oil spill cleanup

This section comprehensively reviews the existing literature on materials engineering,
focusing on both fundamental theories and state-of-the-art advances. It explores the complex
interplay between material properties, processing methods, and peak performance, highlighting the
ongoing challenges in achieving optimal material performance for a variety of applications
(Vidonish et al., 2016). Despite significant progress, the development of new materials often faces
significant hurdles, particularly in areas requiring advanced performance characteristics such as
those required for clean energy, efficient transportation, and sustainable infrastructure (Hastings et
al., 2024). For example, tailoring the microstructure of high-entropy alloys to optimize their
mechanical function remains a critical challenge, despite their promising advances in metallurgical
design beyond traditional single-base element strategies (Oketola et al., 2025). However, addressing
issues such as microstructural homogeneity, long-term environmental stability, and the development
of cost-effective manufacturing processes for these complex materials remains an active area of
research (Poulia & Karantzalis, 2025). Furthermore, the vast compositional space inherent in
multicomponent systems such as high-entropy alloys presents significant challenges for efficient
materials design and discovery (Muradj & Chen, 2023). This complexity requires innovative
approaches to predict and control phase evolution, mechanical properties, and other critical
behavioral characteristics (Rost et al., 2024). Moreover, scientific understanding of phase formation,
phase stability, and microstructures at different time and temperature scales in these complex
systems remains a significant hurdle for the materials science community (Kumar et al., 2022).
Recent advances in computational materials science, particularly through atomistic modeling and
data-driven methods, offer promising avenues to overcome these challenges. problems by revealing
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the complex interaction between chemical and structural complexities and their impact on material
performance (Wang et al., 2024).

3.2. Overview of oil spill problem and sorbent solutions

Oil spills pose a serious environmental problem, causing widespread environmental damage
that depends largely on the chemical composition of the oil, the characteristics of the affected
environment, and the effectiveness of the recovery strategies employed during response operations.
In marine ecosystems, spilled oil can undergo weathering processes such as emulsification and
dispersion, forming stable oil-water emulsions, significantly complicating recovery and cleanup
efforts. To address these issues, sorbent materials are widely used in oil spill response, as they can
extract petroleum hydrocarbons through absorption within their porous structure or adsorption on
their surfaces (Muvel et al., 2025). Due to their ease of use, cost-effectiveness, and ability to remove
oil residues from water and solid surfaces, sorbents have become an important component of modern
oil spill response technologies.

Absorbents are materials that retain liquids within their structure and swell significantly (more
than 50%) when saturated. They must be at least 70% insoluble in the absorbed liquid. Oil-absorbing
materials such as sponges, foams, nanoparticles, and aerogels can be tuned to have both hydrophobic
and oleophilic wettability while exhibiting a porous structure. This can be advantageous for oil spill
response in large-scale environmental and disaster situations, as these materials can readily absorb
oil (Hose et al., 2023).

Adsorbents are materials that trap oil on their surface without significant swelling. These
include meshes, textiles, and clays, which are often inexpensive and easy to produce. These materials
can effectively absorb oil from larger spills. They adsorb adherent oil to the surface of the material,
which can be useful for combating specific types of oil spills. Although sorbents provide a rapid
response to oil spills, their effectiveness may vary depending on the type of oil and environmental
conditions, highlighting the need for ongoing research and development of sorbent technologies
(Ismaylova et al., 2023).

3.3. Categories of oil sorbent materials

Oil sorbent materials are generally divided into synthetic and natural categories, each with
different properties, advantages, and limitations in oil spill response applications. Synthetic sorbents
typically consist of polymer-based materials such as polypropylene and polyurethane that are
specifically designed to exhibit high oil sorption capacity, hydrophobicity, and recyclability, making
them widely used in commercial oil spill response operations. However, growing environmental
concerns about the non-biodegradability and oil-derived nature of synthetic sorbents have stimulated
research into more sustainable alternatives (Adebajo et al., 2003).

Natural sorbents derived from renewable biomass resources, including agricultural waste and
plant fibers, offer advantages such as biodegradability, low cost, environmental compatibility, and
high availability. In particular, lignocellulosic materials have attracted considerable attention as
environmentally friendly alternatives because their porous structure and surface chemistry allow for
efficient oil sorption. Plant fibers are considered promising bio-based sorbents due to their natural
hydrophobic and oleophilic properties, which can be further enhanced through physical or chemical
surface modification. Recent advances in biomass-based sorbents have explored nanostructured
modifications and advanced materials science approaches, enabling researchers to exploit the
hierarchical architecture of natural biomass using nanotechnology to enhance sorption efficiency
(Ajao and Yakubu, 2022). For example, modified sphagnum moss-based adsorbents demonstrated
efficient oil-water separation due to their inherent porous structure and enhanced oil-water separation
properties. These advances highlight the potential of sustainable bio-based sorbents to meet the
growing demand for environmentally responsible technologies for oil spill response and oil-water
remediation. The methods for modifying biomass materials are shown in Figure 6.
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Figure 6. Modification methods for biomass materials (Zamparas et al., 2020)

Recent advances in biomass-based materials for oil spill response have focused on nanoscale
modifications that enhance sorption capacity and selectivity. These materials utilize the hierarchical
structure of natural biomass in combination with nanotechnology to improve surface roughness,
porosity, and wettability, thereby enabling efficient oil-water separation. In particular, hydrophobic
biobased adsorbents derived from modified sphagnum moss have shown promising results.
Sphagnum moss has a naturally porous structure and multiple functional groups that can be
chemically modified to significantly enhance hydrophobicity and oil affinity, increasing adsorption
efficiency and selectivity (Riyal et al., 2024). Recent studies have shown that such modified biomass
materials can provide high oil storage capacity and reusability, making them effective candidates for
environmental remediation. Furthermore, current research on bio-based sorbents emphasizes
sustainable modification methods, resource circularity, and waste valorization strategies where used.
Sorbents can be regenerated, reused, or converted into value-added products after oil extraction
(Wang et al., 2025).

Synthetic sorbents include various polymer-based materials designed for oil absorption and
adsorption. These materials have been extensively studied for their performance characteristics and
reuse potential. Several new synthetic sorbents in the form of foams, sponges, fibers, meshes,
nanoparticles, etc. have been developed to achieve high absorption capacity, oil/water selectivity, and
reuseability for the effective separation and collection of oil from aqueous surfaces (Gui et al., 2013).
Recently, much attention has been paid to synthetic polymers such as polypropylene (PP),
polystyrene (PS), and polyurethane (PU) since they are viable sorbent materials among others. They
have good oil sorption capacity (Sarbatly, 2016; Zhang et al., 2018). They are substantiated by
properties such as lower density, high porosity, large surface area, and excellent mechanical strength.
Polymers offer several advantages in that they can be easily processed, molded, and functionalized
compared to other materials (Guo et al., 2017). However, certain drawbacks, such as poor resilience,
low oil retention, and poor oil recovery, still limit their effectiveness in oil spill cleanup.
Consequently, it has become necessary to modify these polymeric materials to increase their

hydrophobicity and oleophilicity to improve their performance in oil/water separation (Zhou et al.,
2013).
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Surface wettability. The rate of oil and water absorption plays a critical role in the oil/water
separation process, as only the oil component should be absorbed while minimizing or removing
water. Sorption. This behavior is influenced by the wettability of the sorbent surfaces by both water
and oil (Xue et al., 2014). It is typically assessed by measuring the contact angle for liquids of
different polarities. The WCA of 133%£3° confirmed the hydrophobic nature of Foam 1. Accurately
determining the WCA for Foam 2 is more challenging due to the roughness and inhomogeneity of
the surface (Chen et al., 2019). These factors significantly influence the measured value, which was
estimated as 71+3° in Figure 7.

One research strategy has been to modify the surface of synthetic polymer sorbents by using
certain low-surface-energy materials to increase their surface roughness and transform them into
more hydrophobic and oleophilic materials to achieve higher oil absorption capacity (Lu et al., 2016).
Generally, if the water contact angle (WCA) is below 90°, a solid surface is considered hydrophilic,
and if the WCA is greater than 90°, it is considered hydrophobic. Highly hydrophobic surfaces made
from low-surface-energy materials can achieve WCAs of up to ~120° (Chen et al., 2019). Some
materials with highly rough surfaces can achieve static water absorption angles greater than 150° and
dynamic water absorption angles less than 10° due to the presence of air pockets under liquid droplets
and are called superhydrophobic surfaces. Several reports have been published illustrating the
superior performance of superhydrophobic materials in oil-water separation systems due to their
superantiwetting and self-cleaning properties (Chen et al., 2022). Over the past couple of decades,
significant effort has been devoted to researching methods for producing and synthesizing durable
superhydrophobic materials for effective oil-water separation during global oil spill response.

— | o2

133°+3° 71°£3°

Water Water

= _ ___— ==T"S

Figure 7. Wettability of foams by water and crude oil. Water and crude oil were colored for better
visibility (derived from Hailan et al., 2025)

One of the drawbacks of using hydrophobic, highly porous polymeric materials for oil spill
cleanup is the tendency of highly viscous oil to become trapped within the material's pores due to its
low surface tension, which reduces regeneration and the potential for reuse of the material, which
continues to absorb the oil. Therefore, modification of polymeric materials to enhance their
adsorption capacity, surface self-cleaning, and regeneration properties should be carefully studied.
Furthermore, the problems associated with reduced thermal stability of polymeric materials at high
temperatures and low energy conversion efficiency must be overcome (Jose et al., 2023).

Bio-based sorbents for marine oil spill cleanup have been developed through modification
methods, circular approaches, and waste valorization. These developments are aimed at creating
closed-loop systems in which sorbent materials can be regenerated and reused or converted into
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value-added products after oil recovery (Cardoso et al., 2025). Modified polyurethane foams have
been developed as reusable materials for the mechanical cleanup of marine oil spills. These materials
are undergoing experimental characterization and field testing to validate their effectiveness under
real-world conditions. The aspect of reusability addresses both the economic and environmental
concerns associated with single-use sorbents (Nichaus et al., 2022). Recent advances in porous
polymeric materials have shown significant advances in oil absorption applications. These materials
are engineered with a specific pore structure of polymeric materials to optimize oil absorption
capacity and selectivity (Rial et al., 2024). Development focuses on controlling porosity, surface
chemistry, and mechanical properties to enhance performance. Furthermore, hydrophobic
polyoxometalate-MOF-808 metalloorganic composites represent a new class of synthetic sorbents
for oil absorption (Li et al., 2022). These advanced materials combine the structural advantages of
metal-organic frameworks with hydrophobic modifications to achieve selective oil absorption while
repelling water.

3.4. Ecofriendly biobased sorbents

An important trend in the current literature is the shift from purely synthetic sorbents (e.g.,
polypropylene, polyethylene) to bioderived, biodegradable materials that support circular economy
principles. Biomass-based sorbents are attractive due to their low cost, natural abundance, and
environmental compatibility (Silvani et al., 2017). A comprehensive analysis of biomass-derived
materials for oil spill cleanup highlights agricultural waste, plant fibers, and biochar as promising
candidates for sustainable remediation strategies. These materials often exhibit high porosity and
sorption capacity due to their intrinsic structural features and can be further enhanced through
chemical or physical treatments to tailor their surface properties and hydrophobicity (Zhang et al.,
2025). Agricultural waste and natural fibers such as rice husks, corn cob residues, wheat straw, and
plant-based fibers have been identified as oil sorbents due to their high lignocellulose content and
porous architecture. When carbonized, these residues form biospheres with significantly increased
surface area and stability, making them effective at removing oils from both water and contaminated
soils. Economic analysis of such biomass conversion suggests that increasing resource value not only
provides environmental benefits but also increases the value of otherwise low-value waste (Zhang et
al., 2019).

Recent studies of modified biomass sorbents show that treating natural sorbent materials with
surface modifiers or functionalizing agents can significantly enhance their oil sorption performance.
Surface treatment methods such as oxidation, alkali treatment, and silanization are widely used to
modify the physicochemical properties of lignocellulosic materials. improving their hydrophobicity
and oleophilicity (Silvani et al., 2017). For example, sphagnum moss treated with hydrogen peroxide,
alkaline solutions, and silane-based modifiers has been reported to achieve a water contact angle of
approximately 157°, indicating superhydrophobic behavior. This modification significantly enhances
oil sorption capacity, with reported adsorption values exceeding 20 g of oil per g of sorbent, which is
substantially higher than many untreated natural sorbents (Hubbe et al., 2013). These improvements
are primarily attributed to changes in surface roughness and the introduction of hydrophobic
functional groups, which reduce the affinity for water while promoting oil absorption. Despite these
promising results, future research should focus on optimizing surface performance methods that
remain durable, non-toxic, and compatible with large-scale industrial processes. Particular attention
should be paid to the balance between hydrophobicity and biodegradability to ensure that modified
materials do not become persistent secondary pollutants in the environment (Xue et al., 2014).
Furthermore, the integration of waste valorization strategies, in which agricultural or forestry waste
is converted into highly effective sorbents, represents an important path toward sustainable and
circular environmental restoration technologies.

3.5. Nanotechnology and nanoenhanced sorbents
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Nanomaterials offer significant potential for overcoming the limitations of traditional oil

sorbents due to their extremely high surface-to-volume ratios, tunable surface chemistry, and
enhanced mechanical strength. These properties enable nanoscale materials to exhibit enhanced
sorption capacity, increased selectivity for hydrophobic compounds, and improved recovery
properties compared to traditional materials (Bharadwaj et al., 2024).
In particular, nanocomposite sorbents—materials formed by integrating polymers with
nanostructures such as carbon nanotubes (CNTs), graphene derivatives, and magnetic
nanoparticles—have demonstrated significant improvements in the efficiency and stability of oil
sorption (Benkhaya et al., 2024). Carbon-based nanocomposites, including graphene foams, CNT
sponges, and mesoporous carbon fibers, have been extensively studied due to their inherent
hydrophobicity, high specific surface area, and strong oleophilic interactions with hydrocarbons.
These materials often exhibit exceptional oil sorption capacity, as well as structural robustness, which
allows multiple reuse without significant performance loss (Kim et al., 2025). Recent developments
include polyacrylonitrile (PAN)-based nanocomposite fibers that incorporate CNTs or graphene
oxide to enhance porosity, hydrophobicity, and mechanical stability (Yan & Wang, 2023,
Momenzadeh, 2024; Lu et al., 2024). These sorbents have shown oil absorption values of
approximately 15 g/g with good performance under repeated reuse, indicating their potential for
multiple applications.

3.6. Magnetic nanoparticles and smart recovery

The introduction of magnetic components (Fe3O4) into oil sorbents enables easy mechanical
extraction from water, eliminating the need for sorption degreasing or manual collection.
Functionalized magnetic nanoparticles embedded in polymer or biomass matrices have been shown
to provide nearly complete oil removal in laboratory settings. However, concerns remain regarding
nanoparticle aggregation, potential ecotoxicity, and post-use environmental impacts. As shown in
Figure 8, environmentally friendly and hydrophobic foams were developed by uniformly distributing
natural rubber (NR) over the CNF surface [145]. The resulting composite foam exhibited excellent
sorption capacity and rate (more than 50 g/g in 3 s), as well as excellent reusability of various organic
solvents and oils. By fully exploiting the Synergistic effect of cellulose and chitosan, Hardian et al.
fabricated an oil- and solvent-resistant nanofiltration membrane with excellent separation efficiency
and chemical stability (Lorevice et al., 2020). Two kinds of modified CNFs were used to create a
hydrophilic and underwater oleophobic cellulose sponge, which exhibits high separation efficiency
(99%) by gravity alone (Hardian et al., 2022). The phase separation process is illustrated in Figure 8.
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Figure 8. Phase separation process of SDS-stabilized toluene-water emulsions with the addition of
M-Janus nanoparticles in an external magnetic field (top row) and micrographs of SDS-stabilized
toluene emulsion droplets in water (bottom row). (a) Stable small toluene droplets before phase
separation. (b) Pure water phase after phase separation and (c) toluene droplets labeled with M-Janus
nanoparticles after phase separation (Reproduced from (He et al., 2019)
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Furthermore, environmental impacts and safety considerations remain important concerns,
particularly for sorbents that incorporate nanomaterials or functional surface coatings. Although these
materials can significantly enhance adsorption capacity, hydrophobicity, or selectivity, their long-
term environmental effects are not yet fully understood. Therefore, comprehensive environmental
risk assessments and toxicological studies are needed to evaluate potential impacts on aquatic
ecosystems and ensure that remediation technologies do not introduce new environmental hazards
(Adebajo et al., 2003). Finally, performance under real environmental conditions remains poorly
understood. Many laboratory studies rely on oil models and simplified experimental setups that do
not fully reproduce the complexity of real spill scenarios. In the natural environment, spilled oil may
undergo weathering processes, form stable emulsions, and interact with seawater, sediments, and
biological materials. These factors can significantly affect sorbent performance. Thus, further
research is needed to evaluate the effectiveness of sorbents when dealing with weathered crude oil,
oil-in-water emulsions, and dynamic marine conditions such as waves, salinity, and temperature
fluctuations (Cardoso et al., 2025). Addressing these challenges will be crucial for translating
promising laboratory-scale sorbent technologies into practical and environmentally friendly solutions
for large-scale oil spill response projects.

4. Conclusion

The increasing frequency and environmental impact of oil spills has increased the need for
effective, sustainable, and environmentally responsible cleanup technologies. This review highlights
significant advances in sorbent materials for oil spill cleanup, ranging from traditional synthetic
sorbents to new nanostructured materials. Biomass-based sorbents derived from agricultural waste
and natural fibers are attracting increasing attention due to their abundance, low cost,
biodegradability, and compatibility with circular economy principles. Through processes such as
carbonization, surface functionalization, and chemical modification, these materials can achieve
enhanced hydrophobicity, porosity, and oil sorption capacity, making them a viable alternative to
traditional polymer sorbents.

Meanwhile, recent advances in nanotechnology have led to the emergence of advanced sorbent
systems, including carbon-based nanocomposites, electrospun polymer nanofibers, and magnetically
responsive materials. These technologies offer superior adsorption capacities, fast sorption kinetics,
and improved recovery capabilities. For example, nanocomposites incorporating graphene, carbon
nanotubes, or magnetic nanoparticles have demonstrated promising results in laboratory studies,
enabling efficient oil capture and simplified sorbent recovery. However, despite these technological
advances, a number of significant challenges remain. The scalability and economic feasibility of
producing nanostructured sorbents on an industrial scale is still limited, and the long-term
environmental and toxicological impacts of nanomaterials require further research.

Therefore, future research should prioritize the development of cost-effective, environmentally
friendly sorbents that combine high performance with safe degradation and the possibility of large-
scale production. Integrating biomass value-added strategies with advanced materials science
technologies may offer a promising path to sustainable oil spill remediation. Ultimately, bridging the
gap between laboratory innovation and practical field application will be essential for developing
robust solutions capable of addressing large-scale environmental pollution challenges.
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MyHaii TeriHalIepiH Ta3ajlayra apHaJIFaH SKeTIAIpUIreH copOeHTTEp:
MaTepHuaap, dIicTep KoHe 00JIalIAK MEePCHeKTUBAIAP

Hypo6arsip Myxamerrassl, Hecinxan bexrenos, ZKasupa Mykaraesa, Mepyept Cy.ieiimeHoBa,
Knapa CapcexoBa

Anparna. MyHail TeriHilepi KOplIaraH OpTa YIIIH YJIKeH Mocene Oosbin Tadbutambel. Omap
KaHyapJiapra, eciMIiKTepre >kKoHEe TINTI AIKOHOMHKara 3WUSH KenTipedl. MyxXuTTa MyHail eHaipyre
KBI3BIFYIIBUIBIK APTKAH CallbIH, allaTTap IbIH OPBIH aly KayIli 1€ >KoFrapbiiaiabl. COHABIKTAH TOTiITreH
MYHAaMIbI T€3 9pi THIM/I1 Ta3apTy daicTepi Taby KakeT. OcbIHAal 9icTepiiH O61pi — MyYHalIbI CiHIpe
aJlaThIH apHaiibl MaTepuagapAsl maiganany. byn marepuanmap KojjaHyra OHaid, KO MeJIepe
MYHAMIbI CiHIpe anajpl )KOHE calbICThIpMalbl Typae ap3aH. COHBIMEH Karap, ojlap opTypii opra
KargaiiapelHIa THIMIII JKYMBIC icTeimi. Makanana MyHIal apHaibl MaTepuangapabl — MYHal
COpOEHTTEPIH 93ipJiey calachIHAAFbI )KETICTIKTEp KapacThIpbliaabl. OHAa MaTepuaiapably TYpIepi,
oJapAbl JalbIHIAY TOCUIIEPI )KOHE OJapAbIH THIMIUTIT cunartanazsl. by MmaTepuangapabH Keioipi
Taburu 6osca, Gackamapbl jKacaHAbl JKOJIMEH eHJipiieni. OmapIblH KaCUETTEPIH KaKcapTy YIIiH
FAITBIMJIAP OPTYPIIi SAICTEeP i KOIIaHAbl, MBICAJIBI, OETTIK KACHETTEPIH 63repTy HEMEeCe eIeMICpiH
Kimipeitty. KyaHtaTelHbI, MyH/all KETULIIPUIreH MaTeprangap cyJlaH MYHalIbl ©T€ TUIMII Typhe
KOsl anajbl. JlereHMeH, onap/sl OaH opi KETUIAIpY YIIiH KOCBIMIIIA 3epTTeyiep KaxeT. by opTypii
KOMITOHEHTTEP/IEH TYPAThIH THOPUITI MaTepualiapibl skacay, SKOJOTUSIIBIK Ta3a OHIIPY SAICTepiH
Taly >KOHE OJIapbIH Y3aK KbI3MET €TyiH KaMTaMachl3 €Ty CHSIKTBHI OarbITTap bl KaMTHAbL. MyHal
TOriHAUIEPIH SKOJOTHUIBIK TYPFBIJaH Kayilci3 opi THIM/I Ta3alalThlH MaTepHalAapabl 93ipiey aca
MaHbI3/1bl. Kopiiaran opTaHsl KOpFay YILiH OyJ1 OaFbITTarbl 3€pTTEYJIEP/l KAIFACTIPY KaXKeT.

Tyiilin ce3aep: MyHall TOTIHIUIEPIH >XKOK; MyHail COpOEHTTEpl; TAOWFU »KOHE CHUHTETHUKAIIBIK
copOeHTTep; THOPUATI COPOEHTTIK MaTepuanaap; TYPaKThl Ta3apTy TEXHOJIOTHSATIApPbI; MyHail-cy
AMYJIbCUSIIAPHI.

CoBpemMeHHbIe COPOCHTHI I JMKBHAALMU Pa3jMBOB He(TH: MaTepHAJbI,
MeTOAbI U NEPCHEeKTHUBbI PA3BUTHS

Hypo6arbip Myxamerrassl, Hecinxan bekrenos, ’Ka3upa MykaraeBa, Mepyept CyJieiiMmeHOBa,
Kuaapa CapcexoBa

AHHoTanus. Pa3nuBel He(hTH IpeCTaBIAIOT COO0H cephE3HyI0 MPOOIEeMY IS OKPYKAIOIIEeH CPeIbl.
OHH HaHOCAT BpeJ )KUBOTHBIM, PACTEHUSIM U Jaxke SkoHOMHUKe. [1o Mepe pocTa uHTEpeca K J0ObIUe
He(TH B OKEaHEe YBEJIMYMBACTCS PUCK BO3HHUKHOBEHUS aBapuil. [loaToMy HEOOXOJMMO HAaXOIHUTh
crocoObl ObICTpOro u 3h(PEeKTUBHOrO ycTpaHeHUs pa3iuBoB HepTu. OIHUM U3 TaKUX CIOCOOOB
ABIISICTCS MCIOJB30BaHUE CHEIMAJIbHBIX MaTEpUaNoOB, CIIOCOOHBIX MOTJOHIATh HePTh. ITH
MaTepuaibl MPOCTHl B MPUMEHEHUH, CTIOCOOHBI MOTJIONIATh OOJbIINe 00bEMBI HEPTH U SIBISIOTCS
OTHOCUTENIbHO Henoporumu. Kpome Toro, onu 3¢d¢dekTuBHO paboOTalOT B pPa3IMUHBIX YCIOBHUAX
OKpyJKaromel cpenbl. B maHHOW cTaThe paccMaTpUBAIOTCS JTOCTHKEHHUS B 00J1acTH pa3pabOTKH
TAaKUX CHEIHAJIbHBIX MaTepualioB, HEPTAHbIX cOpOeHTOB. OMNHUCBHIBAIOTCS THUIIBI MaTepHAJIOB,
CHOCOOBI X MONY4YeHHUS U UX 3PPeKTUBHOCTh. HeKOTOphIE U3 3TUX MaTepualoB UMEIOT IPUPOJTHOE
IIPOUCXOXKACHUE, IPYrHME€ CO3JAIOTCA MCKYCCTBEHHO. /[l ynydllleHHs HUX CBOWMCTB YYEHBIC
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MPUMEHSIIOT Pa3JIMYHbIE METOJIbI, HANpPHUMEp, W3MEHEHHE TOBEPXHOCTHBIX XapaKTEPUCTUK WU
YMEHBIICHUE pa3MepoB. PajgyeT To, 4To Takue yCOBEPIICHCTBOBAHHBIC MaTEPUAIIBI CIIOCOOHBI OYCHB
spdexktrBHO yaansaTh HedTh W3 BoAbL. OgHAKO Uil WX JaTbHEHINEro COBEPIICHCTBOBAHUS
HEOOXOMMBI JOTIOJHHUTEIBHBIC UCCIIEIOBAHMS. JTO BKIIOYACT CO37aHNE TMOPUIHBIX MAaTEPHUANIOB,
COCTOSIIIUX W3 PA3NUYHBIX KOMIIOHCHTOB, ITOMCK OSKOJOTHYECKH O€30MacHBIX CIOCO00B HX
MPOU3BOJICTBA M OOECIIEYCHHWE WX JOJITOBEYHOCTH. Pa3paboTka MaTepualioB, CIIOCOOHBIX
3¢ (HEKTHBHO M HKOJIOTHYECKU 0€30I1acHO OYMIIATh Pa3IuBbl HeTH, MMeeT BakHOE 3HaueHue. s
3alIUTHI OKPYKAIOIIEH Cpeibl HEOOXOAUMO MTPOAOIDKATh UCCIICAOBAHNS B TAHHOM HAIIPABIICHHH.

KiloueBble cJjioBa: JHKBUJAIMS pazauBOB HedpTu; HedTAHbIE COPOEHTHI; MHPHUPOJIHBIE U

CUHTETUYECKUE COPOCHTHI; THOPUIHBIE COPOCHTHBIE MAaTEPUAIIbl; YCTOMUMBBIC TEXHOJIOTUU OUUCTKY;
He(TEeBOIHbBIE SMYJIbCUU.

92



MPHTMU 31.25.19
Xumus
Munn-0630p

AHaan3

3¢ PeKTUBHOCTH

NNPUMEHCHUA X0JI0AHOI'0 ILTAaCTHKA AJISA

TOPU30HTAJBHON TOPOKHOM Pa3MeTKH

JIszar ToasimOexoBa, Hypust Ycnanosa, I'aiinu CeliTeHoBa*

IutupoBanue: TonemMOexoBa,
JI., YemanoBa, H., Ceiitenosa, I.
(2026). Ananu3 3¢(peKTHBHOCTH
TIPUMEHEHHS XOJIOJJHOTO
IUTACTHKA 11 TOPHU3OHTAIBHOMN
JIOPOXKHOM pa3MeTku. BecTHuk
EHY wumenn JILH. T'ymunesa.
Cepust  Xumms.  Teorpadus.
156(3), 93-113.
https://doi.org/10.32523/3107-
278X-2026-156-3-93-113

AxaneMuuecKkuil pegakTop:
C.C. JocmaramberoBa

[Moctynuia: 19.03.2026
Hcnpasnena: 23.02.2026
[Mpunsta: 29.09.2026

Ony6mukosana: 30.09.2026
©.08]

Copyright: © 2026 by the
authors. Submitted for possible
open access publication under the
terms and conditions of the
Creative Commons Attribution
(CcC BY NC) license
(https://creativecommons.org/lic
enses/by-nc/4.0/)

EBpasuiickuii HanuoHanbHbI yHUBepcuteT uM. JI.H. I'ymunesa,
Actana, Kazaxcran; tolymbekova Ib@enu.kz;
nuriya.uspanova@gmail.com

*Koppecnonaenus: seitenova gzh@enu.kz

AHHoTanusi. B ycioBusAX pocTa aBTOTPAHCIIOPTHOIO IIOTOKa U
MOBBILICHUST TpeOOBaHUNH K O€30MacHOCTU JOPOXKHOTO JBUKECHHUS
BO3pacTaeT 3HaYMMOCTh KAYECTBEHHON U JOJITOBEYHOM ITOPU30HTAIbHOU
JIOPOKHOM pasMeTku. B crarbe paccMmarpuBaroTcs: GU3UKO-XUMUYECKUE
CBOMCTBA M AKCIUTyaTallMOHHBIE XapaKTEPUCTUKHU XOJIOJAHOTO IUIACTUKA HA
ocHoBe MetunmeTakpwiata (MMA), mpumeHsieMoro aisi yCTpoilcTBa
JIOPO)KHOW  pa3MeTku. [IpoBenéH  aHaiM3  OTEYECTBEHHBIX U
MexayHapoaHbIX HopMatuBHbIX TpeboBanuit (CT PK 1124-2019, TOCT
32952), a Taxkke CpaBHHUTENbHAs OLIEHKAa XOJIOJHOTO IIJJacTHKa C
TPaAULIMOHHBIMU MaTe€pUalaMU - JAKOKPACOYHBIMU MOKPBITHSIMH U
TEPMOIUIACTUKAMHU. YCTAHOBJIEHO, YTO XOJOJHBIM IJIACTHK OONagaeT

BBICOKOM  HM3HOCOCTOWMKOCTBIO, YCTOWYMBOCTBIO K  XHMHUYECKUM
peareHTam, yiueTpaduonery W aOpa3MBHBIM  Harpy3kam, 9TO
obOecreunBaeT CpOK e€ro ciayx0bl 10 5 1ner. JlomodHHTENnsHO

paccMarpHuBaeTcsl BIUSHUE JOPOXKHOW HHPPACTPYKTYpPhI HA aBApUIHOCTD
U MOUYEPKUBAETCS POJIb JOPOXKHOM pa3METKU KakK OJHOTO U3 (akTOpoOB,
CHIKAIOIINX pHUCK JIOPOKHO-TPAHCIIOPTHBIX IIPOUCIIECTBUH.
[Tpencraiensl crarucTuueckue nanHble no yposHio JITII B PecniyOmnuike
KazaxcTtaHn, BbISBICHBI KIIOYEBbIE MPOOJIEMBI B 0OOJACTH HAHECEHUS
JIOpOKHOM pa3sMeTKH. B crarbe omucaHa TEXHOJIOTWS HaHECEHUs
XOJIOJHOTO ITACTUKA M JAaHbl PEKOMEHJALMH II0 €ro NPUMEHEHHIO B
LENAX TOBBIIIEHUs O€30MacHOCTH U SKOJOTMUYECKOM YCTOHYHMBOCTH
JIOPO’KHOM MH(PPACTPYKTYPHI.

KirwueBble cjaoBa: XOJOAHBIA IJIACTHUK; JOPOXKHAS  Pa3METKa;
metunmerakpuinar (MMA); 6e30macHOCTh  JAOPOXKHOTO  JIBHXKEHHUS;
M3HOCOCTOMKOCTh; HOpPMAaTUBHbIE TPEOOBAHMS; JOPOKHO-TPAHCIIOPTHOE
npoucwectsue (JTII); nopoxxnas uHPppacTpykTypa.

1. BBenenue

CoBpeMeHHOE  pa3BUTHE  TPAHCHOPTHOM  HMHOPACTPYKTYpbI
COITPOBOYK/IAETCS BO3pacTaHWeM TpeOoBaHUN K 00ECTIEYEHUIO JOPOXKHOM
0€30I1acHOCTH, YTO JEeJaeT OCOOEHHO AaKTyaJbHBIM BOIIPOC BBIOOpa
HaAEKHBIX U JIOJITOBEYHBIX MAaTepUaliOB Ul OpraHU3alUu JTOPOKHOTO
JBUKECHMUSL.

OnHOM M3 3HAYMMBIX COIMAIBHBIX M HKOHOMHYECKHMX MpoOsieM
OCTaIOTCs TOpOkHO-TpaHcnopTHbIe npouctiecTBus ([ TIT), mocnencTeus
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KOTOPBIX BKJIIOUAIOT KaK YEJIOBEUSCKHE JKEPTBBI, TaK M 3HaunTeNbHbIC (pruHaHCOBBIC MOoTepu (Chand
etal., 2021). B HayuHoi#i 1 npukIIagHO# MUTepaType npuuuHbl Bo3uukHoBeHus [ TT1 monpaznensitores
Ha BpEMEHHBIC, CpeloBble M yrpapieHueckue ¢axtopsl (Van et al., 2023), mpu 3TOM K YHCITY
KJIIOUEBBIX (PAaKTOPOB, CIIOCOOCTBYIOIIMX CHMKEHUIO pHCKa aBapui, oTHocutcs 3(pdexkTuBHas
cucTeMa BH3yaJlbHOW HaBHTaIlMH, B TOM YHCJE JOpOKHas pa3merka (Abdunazarov et al., 2023). B
CTaThe JIOPOXHAs pa3METKa PacCMAaTPUBAETCS KaK 3JIEMEHT CUCTEMbl OpraHM3allid JIOPO’KHOIO
JBIDKEHUS, TIPU 3TOM OCHOBHOE BHUMAHHE YJENAETCS TOPH3OHTAIBHOM TOPOXKHOM pa3sMeTke,
BBINOJIHEHHOM C IPUMEHEHUEM XOJIOAHOTO IIACTHKA.

lopu3oHTaNbHAsT JOPOXKHAS pa3METKa, SBJSLSICH JJIEMEHTOM IACCUBHOM 0€3011acHOCTH,
BBIMOJIHAET BaXHYIO (YHKIMIO B PpEryJMpOBAaHUM TPAHCHOPTHBIX IIOTOKOB, OOECHEeYeHUU
YUTaEMOCTH MapIIPYTOB W MOBBIMICHUH YPOBHS JUCIHMILIMHBI YYaCTHHKOB JIOPOYKHOTO JIBHKCHUSI.
OHa BU3YyaJIbHO pa3fiesisieT MOI0Chl, IPEIYIPEeXk1aeT O 30HaX MOBBIIIEHHOIO PUCKa U CIIOCOOCTBYET
coomonennro mpasui (Wang et al., 2023).

KauecTBeHHas 1 JOJITOBEYHAast JOPOXKHAS pa3MeTKa 0COOEHHO BayKHA B YCIIOBHSIX MHTCHCUBHOM
HKCIUTyaTallu JOPOT, HeOIArompUATHOTO KIIMMaTa U CE30HHOW HAarpy3KH, XapaKTEPHBIX JJIs1 MHOTHX
perunonoB Kazaxcrana (Teltaev et al., 2022).

Ha ¢one TexHomormueckoro nporpecca u nepexoja K MarepuaiaM HOBOTO TIOKOJICHUs, 0C000e
BHUMAaHHE YIEISIETCs XOJOJHOMY IUIACTHKY - ABYX- WM TPEXKOMIIOHEHTHOMY KOMIO3UIIMOHHOMY
Marepuany Ha ocHoBe MeTuiMmerakpuiaara (MMA), oTBepKaaromeMycsi B pe3yabTare XUMUYECKON
peakiuu npu oObIuHBIX Temieparypax (Yuan et al., 2023). bnaronaps cBoum (pU3HKO-XMMHUYECKHM
CBOMCTBAaM - BBICOKOH aJre3uy K MUHEPAIbHBIM U ac(anibTOOCTOHHBIM OCHOBAHHSIM, CTOHKOCTH K
YIbTpaduoIeTOBOMY U3IYYEHHUIO, a0pa3sMBHOMY U3HOCY, COJIEBBIM peareHTaM U Bilare - JJaHHbIN THIT
MOKPBITHS JIEMOHCTPUPYET YIIYUIICHHBIE SKCIUTyaTallMOHHBIC XapaKTEPUCTHKU MO CPAaBHEHHIO C
TPaIUIIMOHHBIMH JIAKOKPACOYHBIMH M TepMOILUTacCTHYHBIMU cocTaBamu (Naidu et al., 2020).

[TpuMeHeHne X0I0AHOTO TIACTHKA HEe TPEeOYeT MpeABAPUTEIHHOTO HArpeBa, 4TO CIIOCOOCTBYET
COKpAILEHUIO SHEpro3arpar U CHUKEHUIO pUCKa IMPOU3BOACTBEHHOI'O TPaBMaTu3Ma MpU HAHECEHUU
(Hadizadeh et al., 2020). JlonogHUTEIBHBIM IPEUMYIIIECTBOM SBJISIETCSI BO3SMOKHOCTh MHTETPALIUU B
COCTaB OTPAXAIOIIUX JJIEMEHTOB - CTEKISHHBIX MHUKpocep M CTPYKTYpHBIX KOMIIOHEHTOB,
00eCTeYNBAONINX OTIWYHYI0 BHAMMOCTH JIOPOXKHOW pa3METKH Kak B JHEBHOE, TaK U B HOYHOE
BpeMs, Ipu JT0OBIX MOrogHbIX ycnoBusx (Mazzoni et al., 2024). IIpu npaBUIBHOW TEXHOJIOTHU
HAHECEHUs M COOIIIOIEHUH IKCILTYyaTallMOHHBIX TPEOOBAHUN CPOK CITYXKOBI TOPOKHON pa3MEeTKH Ha
OCHOBE XOJIOJHOTO IUIACTHKA MOXET JOCTUraTh 3—5 JIeT, 4TO B HECKOJIBKO pPa3 MpEBBILIAET
JOJITOBEYHOCTh JJAKOKpacouHbIX MarepuanoB (Kassem et al., 2021).

AKTyanbHOCTh TeMbl OOYCJIOBJIIEHA HEOOXOJMMOCTBIO HCCIEIOBAaHHUS CBOMCTB XOJOIAHOIO
TUTACTHKA JIJIST JOPOKHOW pa3MeTku. Brioop 3¢ppekTnBHBIX MarepuanoB s TOPOKHON pa3METKH
IpeCTaBisieT co0OM CTpaTerMueckyd BaKHYIO 3a/1auy B YCIOBMSX MOJAEPHM3ALMU TPAHCIOPTHON
cuctembl (Milachowski et al., 2020). [IpumeHeHre TOKPHITHH C yITy4IIEHHBIMU XapaKTepUCTUKaMU
MO3BOJISIET HE TOJBKO MOBBICUTh 0€30MAaCHOCTb JOPOXKHOTO JBMXKEHHS, HO U COKpPAaTuTh YacTOTy
OOHOBJICHHS JTOPOXXHOH pa3METKH, CHHU3UTHh pAacXoabl Ha OOCITYy)XKMBaHHE W MHUHUMH3UPOBATH
HKOJIOTHUYECKYIO Harpy3ky. B 3THX yCIOBHSIX XONOAHBIN IUIACTHK BBICTYNAET KaK MHHOBAI[MOHHOE
pelieHre, CnocoOHOe 3aMEHUTh TPaJUIMOHHBIE MaTepuaibl U 00ecleUnTh YCTONYUBBIA AP deKT B
nonrocpounoii nepcnektuse (CARO, 2023).

Lenp uccnenoBaHus — KOMIUIEKCHOE W3yYeHHE (MU3MKO-XMMHUYECKHX M AKCILTyaTallHOHHBIX
CBOMCTB XOJIOJHOTO IJIACTUKA Ha OCHOBE METHJIMETaKpuiara, NMPUMEHSIEeMOro JUil YCTpPOWCTBa
TOPU30HTAILHON IOPOKHOM Pa3METKH, a TAKXKE aHAIIN3 €T0 TEXHOJIOTHYECKUX U IKCIUTyaTallHOHHBIX
MPEUMYIIECTB 10 CPAaBHEHHUIO C TPAAMLMOHHBIMU MarepHuajaMH, TaKUMHU KaK TEpMOIUIACTHUKU U
JaKOKpacouHble KoMro3uin. Ocoboe BHUMaHUE YAETSETCS HOPMATHBHBIM acIleKTaM, YCIOBHSIM
MPUMEHEHHMSI, CPOKY CITY>KObI U BIMSHUIO Ha O€30MAaCHOCTh IOPOKHOTO JIBUKEHUSI.

2. HopmaTtuBHbIe TPeOOBaHUS M NPAKTUKA NIPUMEHEHUS] MATePHAJIOB JOPOKHOI pa3MeTKH
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B ycnoBusix pocra YMCIEHHOCTH HACEICHUS M YBEIHUYEHHUS MOTPEOHOCTH B TPAaHCIOPTHOU
MOOUIIBHOCTH BOIIPOCHI 00ecredeHnst 0e30MacHOCTH JIOPOKHOTO JBHKECHUS MTPHUOOPETaIOT 0COOYIO
aKTyaJIbHOCTh. AHAJIM3 COBPEMEHHON NPAaKTHUKM IIOKA3bIBAeT HEOOXOAWMOCTHh pa3paboTKu H
BHEJJPEHUS HOBBIX TEXHHUYECKHX, OPraHU3AlMOHHBIX M IPABOBBIX PEHICHW, HaNpaBICHHBIX Ha
MOBBIIIEHUE YpOBHs koM(popTa u 6e3omacHocTH nepemenienus (Zhandarbekova et al., 2024).

JIOpOXKHO-TPAHCIIOPTHBIE MPOUCIIECTBUS (HOPMHUPYIOT HE TOIBKO MEAMKO-COLUAIbHBIC, HO U
CYIIECTBEHHBIE PKOHOMUYECKHE ITOTEPH: MPSMBIE PACXO/IbI HA JICUCHHUE U peabUINTAIINIO, BpEeMEHHAs
WJIM CTOMKas yTpaTa TPyA0CIOCOOHOCTH, CHIYKEHUE JJOX0/I0B IOMOXO3SIIICTB M yTpara 4eI0BEYeCKOro
KanmuTaja MpU JIeTAIbHBIX ucxoxax. Ilpum sTtom poct aBTOomapka u cyOypOaHU3anuUs yCHUIMBAIOT
Harpy3Ky Ha YIUYHO-JOPOXKHYIO CETh, HMOBBIIIAIOT BEPOATHOCTh 3aTOPOB U, KAaK CJEJICTBUE, PUCK
koHQIMUKTHBIX cutyanuii B moroke (Chand et al., 2021; Faheem et al., 2024). B oObsicHeHHH
npuunHHOCTH JTII 3HauMMbIi BKJIaJ OTHOCHUTCS K IMOBEIEHYECKUM (aKkTopaM BOAMTENEH, YTO
IIOUYEPKUBAET BAXKHOCTh BU3YaJbHO-3)PTOHOMUYHOM, JIETKO CYMTHIBAEMOM JOPOKHOM Pa3METKHU KaK
AIIEMEHTA, CHIDKAIOIIEr0 KOTHUTHBHYIO Harpy3ky mnpu BoxaeHud (Mohammed et al., 2025).
OtnenbHbIe pacu€THBIE UCCIIENOBAHUS TOITYCTUMOM CKOPOCTH TP PA3JIMYHBIX IJIOTHOCTSX MOTOKA
JEMOHCTPHUPYIOT aKaJIeMHUECKYIO IIEHHOCTh, HO TIPU OTCYTCTBUU Y4€Ta MOJIHOTr0 Habopa (HakTopoB
pucka (MUKPOKIMMAT, COCTOSIHUE TTOKPBITHS, OCBEIIEHHOCTD, YATAEMOCTh JOPOKHOM Pa3METKH) UX
MPUKIIATHAS COCTOSITENIbHOCTh orpaHuveHa (Abdunazarov et al.,, 2023). DxcrnepuMeHTalbHbBIE
HaAOIIOCHNS BITUSHUS JIOPOKHON Pa3METKH M 3HAKOB B HOUHOE BPEMSI ITOKA3BIBAIOT, YTO KAY€CTBEHHO
BBHITIOJTHEHHAsI TOPU30HTAIbHAs JOPOXKHAS pa3MeTKa CHIKAET BEPOATHOCTh aBAPUIHBIX COOBITHIA,
CTaOMITM3HUPYET IMOBEJACHUE BOMUTENSI M YMEHBIAET cTpecc 3a pyaém (Babich et al., 2020).

OMIOUPUYECKYI0 OCHOBY COIOCTAaBJIEHUS] MaTepHalloB [JOIOJHSIOT JaHHbIE O peaJbHOMN
npakTHKe 3aKynok. [To madopmanmu noprana «l'ocymapcrBenHble 3akynku Pecryommnku Kazaxcran»
perynsipHo npuoOpetaercs AopoxHas kpacka mapku AK-511 (Oemas, xénras, kpacHas, 4€pHasi),
npUMeHsieMass JJIsi JIOPOKHOW pa3MeTKH ac(ambroOEeTOHHBIX MOKPHITUH aBTOMOOWIJIBHBIX JIOPOT,
B3JIETHO-TIOCAJOYHBIX TMOJIOC, TEPMHUHAJIOB, IMAPKOBOYHBIX MPOCTPAHCTB U MHBIX OOBEKTOB
TpaHcnopTHOM HH@pacTpykTypsl (Ilopranm rocymapctBeHHbIx 3akynok Pecnyomuku Kasaxcran,
2025; 5000 «Cubkpackay, 2025). CornacHO TEXHUYECKOH [TOKyMEHTAllUU TMPOU3BOIUTEINS,
Marepuaj XapakTepU3yeTcss OBICTPBIM BBICBIXaHHEM, YIOBJIECTBOPHUTEIHHOH CTOWKOCTBIO K
UCTUPAHMIO U YCTOWYMBOCTHIO K KIIMMAaTHYECKUM U XMMUYECKUM BO3/I€HCTBUSAM; OTHOBPEMEHHO IS
akpwioBoit AK-511 TunuueH cpegHuii cpok ciaykObl, HE TMpEeBbILAONIUNA OJHOIO CE30Ha
SKCIUTyaTalluu IpU CTaHAApTHOM Harpyske (Zhang et al., 2023; Brusentseva et al., 2019).

AHaIM3 CTaTHCTUYECKHUX JAHHBIX O JOPOKHO-TPAHCIIOPTHBIM MPOUCIIECTBHUAX B Pecmyommke
KazaxcraH noka3plBaeT yCTOMUMBYIO TEHACHIUIO K pocTy uncna aBapuil. CymectBenHas yactb A TI1
CBsI3aHA C HEHAJUICKAIIUM COCTOSHHEM IOPOKHON HHQPPACTPYKTYpHI, BKIIOYAs HEIOCTATOYHYIO
BUJMMOCTb MJIM TIOJIHOE€ OTCYTCTBHE IOPOXKHON pazMeTKd. DTO MOAYEPKUBACT HEOOXOANMOCTH
BHE/IPEHHUS COBPEMEHHBIX, JIOJTOBEYHBIX M HSKOJIOTUYECKH O€30IMacHBIX MarepHalioB, TaKMX Kak
XOJIOJIHBIH TUIACTHK, CIIOCOOHBIX MOBBICUTH BHJIMMOCTh U JIOJTOBEYHOCTh JOPOKHOM pa3MeTKH, a
CJIEZIOBATEJIBHO - U ypOBeHb Oe3omacHocTH Ha noporax (Bakishev et al., 2021; IlpaBurenscTBO
Pecniyonuku Kazaxcran, 2014; TRA conference, 2025).

HopmaruBHast 06a3a ompenenseT TMepedeHb JOMYyCTUMBIX MaTepHalioB W IEJIEBbIC
JKCIUTyaTalnoHHbIe nokazarenu. B coorserctBuu co CT PK 1124-2019 nnst nocTOSsHHON JOPOKHOM
pa3MeTKH NPUMEHSI0TCS Kpacku (dMalin), TepMOIUTacTUKY U Xoioauble mactuku (mo FOCT 32830),
JUIE BPEMEHHOM - TOJIMMEpHBIE JIEHThl. MUHUMAJBHBIN CPOK CIIyObl cocTaBisieT 3 mecsmna s
JAKOKPACOYHBIX MaTepPHAIIOB U JICHT, a JUIsl XOJOMHOTO IIacTuka — 6 mecsieB. I3HOCOCTOMKOCTD
3aBUCHUT OT TOJIIIMHBI CJIOA M MPEJEebHOr0 U3HOCca: 10 25 % A MiIacTUKOBBIX cucteM U 10 50 %
i smaneit u geHt (Committee for Standardization RK, 2019). CT PK 2066-2010 «Marepuansl s
JOPOXKHOM pa3MEeTKH» YTOYHSET TpeOOBaHUS K (U3MKO-XMMUYECKHM CBOMCTBaM (IIPOYHOCTD,
M3HOCOCTOWKOCTh, ONTHYECKAas 3aMETHOCTH) NMPUMEHSEMBIX TOKPBITHH C Y4E€TOM pazHOO0Opasus
skcrutyarannoHHbIXx ycnoBuit B PK (Committee for Standardization RK, 2010). CoorerctBHE
roToBoil 1opoxkHo#l pazmeTku TpeboBaHusM ['OCT 32952 «Pa3Merka AOpoXkHas» OLIEHUBAETCS IO
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rEeOMETPUUYECKUM  TlapameTrpaM,  KOOpAMHATAM  I[BETHOCTH,  KOA(PQHUIMEHTAM  SIPKOCTH
(ropu30HTANBHON W  BEPTUKAJBHOM), IMOKa3aTelssM JOJTOBEYHOCTH U U3HOCA, a TaKke
¢bynkumonanbHO# croiikoctu Bo Bpemenu (I'OCT 32952-2014, 2014).

[Ipu cpaBHEHUM MaTepuUaIoOB HEOOXOIMMO YUMTHIBATh XapakTep EHCTBYIOIIUX HAarpys3oK.
Jlakokpaco4Hbl€ MOKPBITHS UCHBITBIBAIOT MHTEHCUBHOE MEXAHMYECKOE BO3/EHCTBHUE CO CTOPOHBI
konéc, abpa3uBHOE [EHCTBUE IMbUIM M MPOTHBOTOJONEIHBIX PEAreHTOB, JAETPajaluio IOJ
YIBTPa(UOIECTOM U NP TEMIIEPATYPHBIX ITUKIIAX, @ TAKXKE 3arps3HEHNE aTMOC(EPHBIMH OCaIKaMH U
TeXHOTeHHbIMU YacTuiiamu (Zhao et al., 2023). OTu pakTophl YCKOPSAIOT MOTEPIO KOHTPACTHOCTH U
HOYHOH BHJIMMOCTH, JErpajialliio KOJIOPUMETPUYECKUX XapPaKTEPUCTUK, YTO OOOCHOBBHIBAET
aKTyaJbHOCTb PETJIAMEHTOB KauecTBa U MEPHUOANUECKOT0 KOHTPOJISI ONTUYECKUX CBOMCTB JOPOKHBIX
kpacok u kommayHoB (Taheri, Jahanfar, & Ogino, 2017).

KitoueBbIM ~ KOMIIOHEHTOM  ONTHYECKOM CHUCTEMbl JOPOXKHOW  pa3METKH  SBISIOTCA
CBETOOTPAXKAIOIUE CTEKIIIHHBIE MUKpOC]ephl, 00ecriedrBaronue perpopedaekcuto B TEMHOE BpeMs
CYTOK M TIpH HeOmaronmpuatHoil morofe. VX mpuMeHeHHe OJIKHO COMPOBOXKIATHCS IOJIEBBIMU
WCTIBITAHUSIMUA HA COOTBETCTBHE LIEJIEBBIM KPUTEPHSIM O€30IMaCHOCTH U M3HOCOCTOWKOCTH, BKITFOUAst
olleHKy unjekca perpopeduekcuu (RL) u xoaddunmenrta nuesnoit aproctu (Qd); 1omoTHUTENBHO
UCIOJIb3YIOTCSl AHTUCKOJB3AIME JOOAaBKH Ui COXpaHEHUS TpeOyeMOro YpOBHS CLEIICHUS
(Ahmadiev et al., 2019; Burghardt et al., 2021).

W3mepenune kodddummenta cBeToBo3BpamieHuss RL BBHIMONHSAETCS B IMOJIEBBIX YCIOBHSX C
WCIOJIb30BAaHUEM  MMOPTAaTUBHBIX  JOPOXKHBIX  perpopediaexkTomerpoB  reometpun 30 M,
IIpeIHa3HAYEHHBIX JJIsl M3MEPEHUH Ha MpOE3KEW YacTh U COOTBETCTBYIOLIMX TPEOOBaHUSAM
craugaptoB EN 1436 u ASTM E1710. Ompenenenne koddduimenta nHeBHOH spkoctu Qd
OCYIIECTBISICTCS C MPUMEHEHHEM JIIOMUHAHCMETPOB 100 KOMOMHHpOBaHHBIX mprbopoB RL/Qd,
o0ecreunBaIIUX CTAaHAAPTHYI0 TEOMETPUI0 ocBelleHus W HabmoneHus. [lepen Hauyanom
U3MEpEeHUul Bce INpUMEHseMble NpUOOpPHI MOABEPrajiuCh 00S3aTENbHOM  KaJIUOpPOBKE C
WCIOJIb30BaHUEM CEePTU(PUIIMPOBAHHBIX ITATOHHBIX KATUOPOBOYHBIX IIACTHH, PEKOMEHJIOBAHHBIX
W3rOTOBUTENEM OOOPYAOBAaHUS, B COOTBETCTBHUU C TpPeOOBaHUSMHU JAEUCTBYIOLIEH HOPMAaTHBHOMN
JnoKyMeHTali. KoHTposibHbIE H3MepEeHHs BBIOIHIIUCH TIOCIIe HAHECEHUs JOPOKHOM pa3METKH, a
TaKKe B Ipolecce e€ IKCIUTyaTalliH ¢ 3aJaHHON epUOIUYHOCTBIO, UTO 00ECTIeUBAI0 BO3SMOKHOCTD
OLIEHKH M3MEHEHUs (Jerpajaluu) ONTHYECKUX XAPaKTEPUCTHK JIOPOKHOW pa3METKH BO BPEMEHHU
(Babic¢ et al., 2024).

EBponeiickuii cranmapt SIST EN 1423:2012 ycranaBiauBaeT TpeOOBaHMS K CTEKISHHBIM
MUKpocgepaM: BbICOKas CPEpUYHOCTb, orpaHuueHue nedexToB ¢pakumu ~ 1 MM, OTCyTCTBHE
TSOKETBIX METAJJIOB (CypbMa, MBIIIBSK, CBUHEID), 1uana3oH pH 5—11, xuMuueckas CTOMKOCTb K BOZIE
u pactBopam: HCl, CaClz, Na.S. Knaccudukarus Benércs rmo noxkasareito npesoMmiaeHus (kaacc A n
>1,5; ximacc Bn > 1,7; knacc C n > 1,9). I'panynomerpudeckuii coctaB moJOMpaeTcs B 3aBUCUMOCTH
OT LI€JIEBOTO Ha3Ha4eHMs: Oosiee MenKue (Ppakluy yBEJIWYUBAIOT JOJITOBEYHOCTbh CHCTEMBI, Oojee
KpYIHbIE - TIOBBIIIAIOT HAyaJbHYIO peTpopeduiekcuio, HO ObIcTpee uW3HammMBaroTcsa. Jlnd
HENPO3pauyHOro MPOTHUBOCKOJB3SIErO 3alOJHUTENS LIBET JOJKEH COOTBETCTBOBATh 3aJaHHBIM
KOOpAMHATaM 1BeTHOCTH (X, ¥) (EN 1423:2012, 2012).

CucremHbple TpeOOBaHMS K TOPHU3OHTAJIBHOM JIOPOKHOM pa3MeTKe BKIIIOYAIOT TaKue
napamMeTpel, Kak JOJITOBEYHOCTh, (PYHKIIMOHAIBHOCTb, TEXHOJIOIMYHOCTh HaHECEHHs U
9KOJIOTHYECKYIO MPUEMJIEMOCTh HAa BCEX dTamax *XMU3HEHHOTro IuKia. [opu3oHTanmbHas HOpOXKHAS
pasMeTKka MOApa3JeNisieTcss Ha TOCTOSHHYI0O M BpeMeHHyIo. BomopasbaBnsiemble Kpacku
MPEUMYIIECTBEHHO MpeAHAa3HAYeHbl JAJIs BPEMEHHBIX 3a/a4, TOrJa Kak IOCTOSIHHOE MOKpBITHE
TPaJUIIMOHHO BBHIMOJHSAETCS HAa OCHOBE PACTBOpHUTENEH 10O MONMMEpHBIX cUcTeM. BHenpenue
XOJIOIHOTO TMJIAaCTHKAa KaK CBS3YIOIIEr0 3BEHAa TEXHOJIOTMYHOCTH W JKOJIOTMYHOCTH T103BOJISIET
OHOBPEMEHHO MTOBBICUTH CTPYKTYPHYIO IPOUYHOCTD U JIOJITOBEYHOCTH OKPBITUS, COKPATUTH YaCTOTY
OOHOBJIGHUH W CHU3UTH PHUCKH, CBS3aHHBIE C MCIOJb30BAHMEM KJIACCHUUYECKUX OpPraHMYeCKHX
pacTBopuTenel, 6e3 yiep0a st ONTUYECKUX XapaKTepUCTUK U Oe3onmacHocTH aBuxkeHus (Babié et
al., 2015).
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3. Pe3ysabrarbl 0030pa JJUTEPaATYPbI
3.1. Ananus cospemeHHbIX peuerull U ux cCpasHumenbHas Xapakmepucmura

XOJOMHBIM TUIACTUK IS TOPU3OHTAIIBHOW JOPOKHOW pa3METKH IIPENICTaBIsACT COOOM
JBYXKOMITOHEHTHYIO CHCTEMY Ha OCHOBE MeTuiaMeTakpmiara (MMA) ¢ THUIIMAaTOPOM OTBEPKIACHUS
(xaxk mpaBumiio, nepokcus O6enszomna). [lo cpaBHeHHIO ¢ TepMOIIACTHYHBIME MarepuaniaMu MMA -
CHCTEMBl XapaKTEpPHU3YIOTCSl OBICTPBIM  OTBEp)KJIeHHEM (OBICTPHIM HAa0OpPOM  IMPOYHOCTH),
JUINTEIBHBIM CPOKOM CIIY>KOBI, BHICOKOM H3HOCOCTOMKOCTBIO, aTMOC(EpPOCTONKOCThIO, BBICOKUMU
MPOTUBOCKOJIB3SIIMMH CBOWCTBAMH M HHU3KOH CKJIOHHOCTBIO K 3arps3HCHHIO MOBEPXHOCTH.
[Toka3zano, 4To 1iesieBas ONTHUMH3ALUS PELENTYpbl U PEKUMOB HAaHECEHHUs XOJOAHOIO IUIACTHKA
MO3BOJISIET TOTIOJIHUTENBHO YAy4IaTh SKCITyaTalliOHHbIE TIOKA3aTeIN MOKPBITUS MIPH COXPAHEHUHU
texHosornuHocty npouecca (Hadizadeh, Pazokifard, Mirabedini, 2020).

Marepualibl JIJAKOKPACOYHOW T'PYIIIbI JJISI IOCTOSHHON TOPU30HTAIBHON JTIOPOKHOU Pa3METKH
JOJDKHBI  YAOBJIETBOPSATH MOBBIMICHHBIM TPEOOBAHUSM  SKOJOTUYECKOH U ONepalluOHHON
0e30nmacHOCTH. AKPUIIOBBIE CBSI3YIOLIHE XapaKTEPU3YIOTCSI YHUBEPCATLHOCTHIO IPUMEHEHUS 32 CUET
BBIPKEHHOU MIIEHKOOOpa3yrolIel cliocOOHOCTH, Pa3BUTOM aAre3uu K MUHEPAJIbHBIM OCHOBAHUSAM,
KOJUIOMTHOW ¥ IIBETOBOM CTaOMJIBHOCTH, OOPaTHMMOCTH IUIEHKOOOPAa30BaHUSA W OTCYTCTBUS
mrtenbHoro noxkentenus (Taheri, Jahanfar, Ogino, 2017). DxcnepuMeHTaNbHbIE UCCIEIOBAHUS
MOATBEPKIAIOT, YTO KPACKH Ha OCHOBE aKPHJIOBBIX IMTOJIMMEPOB 00ECTIEYMBAIOT YIOBICTBOPUTEIHHYIO
M3HOCOCTOMKOCTh TNMPHU a0pa3suBHOM BO3JCHCTBUHM KOJIEC M COXPAHSIOT BBICOKHE aJre3MOHHBIE
XapaKTepUCTUKH K ac(hanbTOOCTOHYy TIpU TEPEeMEHHOM YBIQXHEHHW W TEMIEpaTypHOM
uuknupoBanuu (Bi Y et al., 2021). llupokas npakTuka NPUMEHEHUs aKPUJIOBBIX CHCTEM CBSI3aHa
TaKKe C HX KOJOPUMETPHUECKONH CTAa0MIBHOCTBIO, TPO3PAYHOCTBIO M YCTOMYMBOCTBIO K
BO3ICHCTBHUIO KIIMMaTHUYECKHX (PaKTOPOB. AKPHUIOBBIE CMOJIBI MPEACTABISIIOT CO00I COMOIMMEpPHI
(MeT)akpuiIaTHBIX 3(PHUPOB, MOydyaeMble PATUKAIBHOW TONMMEPU3ALUEH C ydaCTHEeM OCHOBBI U
otrBepautens (Friel & Nungesser, 1995).

B kayecTBe WILTFOCTpAIlii MOHOMEPHOTO ()parMeHTa aKpWIIATHOTO psija Ha ypaBHEHUH |
NpUBEICHA  CTPYKTypa  2-TuapokcuMeTmiMmerakpuiara  (2-hydroxymethyl — methacrylate),
UCTIOB3YEMOTO UTsi MOAM(HKAIINN CBOMCTB MOJUMEPHON MaTPHIIBI U (HOPMHUPOBAHUS TPeOyeMOro
OanaHca )KECTKOCTH/BAZKOCTHU TUIEHKHU pu oTBepxkaeHuu (Lim W. et al., 2023).

CH,

0
HO/\/ CH,

0]

B Pecniyonuke Kazaxcran TpeOoBaHUsS K MaTrepuagaM JOPOKHOM pa3METKH U pe3ylibTaraM MX
IIPUMEHEHHUs pertaMeHTupoBansl, B yacTHOocTH, CT PK 1124-2019 u conps>k€HHBIMU CTaHIapTaMH
(a Taxxke 'OCT 32830 nmnst mmacTUkoBBIX cucTeMm). Huxke mpencrasinensl Tabmuist 1, 2, 3 1 4, B
KOTOPBIX IPUBENEHBI KJIIOUEBbIE MOKA3aTelIM XOJOAHOIO IIACTHKA, MOJUIEKAIINE KOHTPOIK IPH
NIPUEMKE U DKCIUTyaTallhH.

Tabauna 1. KoopauHaTbl 1BETHOCTH BBICYIIEHHOW IUIEHKM XOJIOMHOTO IUTACTUKA (TPaHMIIBI
YeThIPEXYTOJIbHUKA IIBETOBOI 001aCcTH)

O0o3HaYeHue Koopaunars! yriioBbIx T04eK ¢ 1-ii 10 4-10 BETOBYIO
Ber KOOPIMHAT 00J1aCTh JOPOKHOI pa3MeTKH
IIBETHOCTH 1 ‘ 2 3 4
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Benwrit X 0,355 0,305 0,285 0,335
vy 0,355 0,305 0,325 0,375

YKenToiii X 0,443 0,545 0,465 0,389
y 0,399 0.455 0.535 0.431

OpansKeBblii X 0,506 0,570 0,610 0,585
Y 0,404 0,429 0,390 0,375

Tadommua 2. Koaddumment sipkoctu b (%) BbICYIIEHHON TUIEHKN XOJIOAHOTO TUIACTHKA

Kuacc pa3merounoro o

HBer MATepHANa Koa¢ppuuuent sipkoctu b, %

benbrii B6 70-79
B7 boxnee 80

Kenteriit B3 40-49
B4 50-59
OpanxeBblii B2 30-39
B3 40-49

Tabauna 3. [I10THOCTh OTBEPAEBIIMX XOJIOIHBIX JIACTUKOB

Kuaacc pa3zmeroynoro marepuaJjia IlnoTHOCTB, g'cM
II11 bonee 2,1
1112 Or 1,9-2,1
I1I13 Memnee 1,9

Ta6auna 4. Bpemsi oTBep>KIeHUs XOJIOAHBIX TUIACTUKOB

Kuacc pa3merounoro marepuasa Bpemsi oTBepikIeHUsI B MUHYTaX
BT1 Ot 10-20
BT2 Ot 5-9
BT3 Menee 5

[IpencraBieHHble HOpPMUpYEMbIE IIOKa3aTeld OOECHEeunBalOT TpeOyeMylo UYHUTaeMOCTh
TOPU30HTAJILHON JIOPOXKHOM pa3MeTKH JHEM M HOYbIO (Yepe3 KOHTPOJIb KOOPJMHAT LBETHOCTH U
K03(pPUIHEeHTa IPKOCTH), MEXAHUYECKYIO U XUMHUYECKYIO0 CTOMKOCTH (IJIOTHOCTh, YCTOMUHUBOCTh K
AEKTPOJIUTAM M IIENo4yaM), a TaKK€ MUHUMHU3ALMI0O BPEMEHU OTPaHUYEHUs [BIKCHUS NpU
pemonTax (kimaccel orBepxkaeHus BT1-BT3). C mpaktuueckoil TOYKK 3peHHS] 3TO O3HAYaET, YTO
XOJIOJIHBIN TIACTHK, MPH KOPPEKTHOM IMOAOOpE Kilacca MO SIPKOCTH U BPEMEHU OTBEPXKACHHUS U
COOJIIOJICHNH TEXHOJOTHH HAHECEHMsI, CIOCOOEH MOJJepKUBAaTh YCTOWYMBBIE ONTHYECKHE U
(pUKIMOHHBIE CBOMCTBA B IIMPOKOM JMara3oHe KIMMaTHuecKuX ycinosuii Kazaxcrana.

3.2. Cmamucmuxa 00podCHO-MPAHCNOPIMHBIX NPOUCULECTNEULL

Ha wactoTy m TsDKeCTh JOPOKHO-TPAHCIIOPTHBIX MPOUCIIECTBUN BIHSIET COBOKYITHOCTH
(hakTOpOB - MCUXO(U3UOIOTUUECKOE COCTOSTHUE BOIUTENS, TTOTOHBIE YCIOBUS M TE€OMETPHUYECKUE
napameTpsl goporu. COBpeMEHHBIN MOIX0/ K CHUKEHHUIO aBApUMHOCTU OMHUPAETCS HA UHTETPALUIO
craructuku JTTI, TenemeTrpun ¢ 1aT4UKOB U BUIACOPETUCTPATOPOB, JAHHBIX COIMAIBHBIX CETEH U
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QITOPUTMOB HMCKYCCTBEHHOTO MHTEIUICKTA JJIsi ONEPAaTHBHOTO BBISBIEHUS ouaroB pucka (Robles-
Serrano et al., 2021). B Ka3zaxcrane BHeapeHa MHTEIICKTyalbHas TpaHcnopTHas cucrtema (ITS),
o0ecrieynBaroNasi aBTOMATH3UPOBAHHOE  YIpaBJICHHE IOTOKaMH, (UKCAIMIO HapyUICHUH,
pacrno3HaBaHHE PETUCTPALUOHHBIX 3HAKOB U MOHUTOPUHI OOIIECTBEHHOIO TpaHCHOpTa (BKJIOUYas
KOHTPOJIb PACIUCAaHHUH, aBTOMATH3AIMIO OIUIATHI, TOBBIIICHHE O€30MacHOCTH M JKOJIOTHYHOCTHU
nepeBo3ok) (Artuna, 2024). IIpu 3ToOM Mepbl NPOPUIAKTUKA TPAAUIIMOHHO (HOKYCHUPYIOTCS Ha
YeJI0BEYECKOM (DaKTOPE U TEXHUYECKOM COCTOSTHUU TPAHCIIOPTHOTO CPE/ICTBA, A BIUSHUE COCTOSHUS
MOKPBITUSL MU YUTAEMOCTH TOPU3OHTAIBHON MOPOKHOM PAa3METKH YUMUTHIBACTCS HEMOJHO: XOTH
«kaptouka yuéra J{TI» conepkuT rpadbl, OTHOCSIIUECS K JOPOKHONU HHDPACTPYKTYpE, HA MPAKTHUKE
UHQPACTPYKTYpHbIE NPUYMHBI YAaCTO HHTEPIPETUPYIOTCA Kak BTopocrteneHHble ([eHepanbHas
npokyparypa PK, 2015).

Hayunble 00630pbI MOKa3bIBAIOT, YTO KAYECTBO U BUAUMOCTH JOPOKHBIX PAa3METOK CYILIECTBEHHO
BJIMSIIOT Ha MOBEJCHNE BOAUTENEH U O€30MaCHOCTh ABMKeHHs. CucTeMaTnuecKuil ananus 6osee yem
50 peneH3UpYEeMBIX HCCIEIOBAaHUI TMOAYEPKUBACT CBSA3b MEXKAY BHUIANMOCTBIO pa3METKU U
cHkeHneM aBapuitHocT (Babi¢ et al., 2020). MccnenoBanus no ananmmzy ¢akropos pucka JTII,
TaK)ke OTMEYAIOT, YTO XapaKTEPUCTHKHU IOPOKHON HHDPACTPYKTYPBI, BKIIOUAS SIIEMEHTHI Pa3METKH,
SBJIAIOTCS MPEAUKTOpPaMM OINACHBIX CUTyaluil B ropojckoil cpeae (Petrov, 2024). I[Tomumo 3TOrO,
SKCIIEPUMEHTAJbHbIE JaHHbIC YKAa3bIBAIOT HA BIUSHUE BUIAMUMOCTH OJIEMEHTOB pa3METKH Ha
KOTHUTHBHYIO Harpy3Ky BOIHMTEJSI, YTO MOJKET KOCBEHHO oTpaxkarhest Ha uactote JTII (Fioli¢, 2023).
Odunmanbable cratucTudeckue naHHeie PecryOnmuku Kazaxcran Takke CBHIETENBCTBYIOT O
HEOOXOIMMOCTH TIOBBIIICHHUS KaueCTBa JOPOKHOW MHPPACTPYKTYpPHI U 00€CIIeYeHUs] COOTBETCTBUS
AIIEMEHTOB Pa3METKH JICHCTBYIOIIUM HOPMATUBHBIM TPEOOBAHUM, UTO SIBJISETCS BAXKHBIM YCIOBUEM
MOBBIIICHUS 0€30MTaCHOCTH JOpOXKHOTO ABMKeHUs (Biuro natsional'noi statistiki RK, 2023).

JlanHble 3apyO€KHBIX HCCIIEIOBAHMI COINIACYIOTCSI C 3TUM BBIBOJIOM: HAaIlpUMep, aHAJU3 B
Wpane mokasai, 910 3pGEeKTUBHOCTH JOPOKHOW Pa3METKH 3aBUCHUT OT KJacca JOPOTH M yCIOBHMA
BUJIUMOCTH;, TYMaH M JbIM JO BOCXOJa COJHIIA PE3KO YXYALIAIOT CUYUTHIBAEMOCTh, a UCTHpPaHUE
MOKPBITUSL CTAaTUCTHUUYECKH CBS3aHO C POCTOM aBapuiiHOCTHU. B Tabmuie 5 mpeacraBieHbl JaHHbIE

WCCIIeIOBaHUS BIUSHUS (DAKTOPOB HA YACTOTY U TSAKECTh JOPOKHO-TPAHCTIOPTHBIX MPOUCIIECTBHIMA
(Sadeghi & Goli, 2024).

Tabauna 5. Biusuaue ¢pakropoB Ha yacToTy U TsKecTh JTII

I'pynna daxkTop Bausinue Ha | Buusinue Ha IIpumeyanue
(paxTopos yacrory ATII THKECTD
JATI
CocrosiHNE Koadppunment VBenudeHue VBenudeHue HawubGonee
JIOPOAKHOTO CHCILICHHS 1 BBIPAXKEHO B
MTOKPBITHS MHUKPOILIEPOXOBATOC HOYHOE BpEMS U
Thb MIPU 0CaJIKax
Cocrosinue Koneiinocthb CymiecTBeHHO | 3HAUUTETBHOE OcoGeHHo
JIOPOKHOTO MOKPBITHS € YBEIMYEHNUE | YBEIUYECHHUE XapakTepHO IS
MTOKPBITHUS CKOPOCTHBIX JIOPOT
Kinacc noporu BricokockopoctHsie | He BoisiBIeHO | VYBenuueHue Ycunenue
JIOpOrH KUHETHYECKOM
SHEpPruu
CTONKHOBEHUI
Kiacc noporu HwuskockopocTHbie VBenudeHue VBenudeHue HN3menenue
JIOpOTH CTPYKTYpPBI aBapui
l'eomeTpus JIByXmosocHble VBenudeHue VYBenuueHue IToBeIlIEHHAS
MPOE3KEN YacTh JIOPOTH YYBCTBUTEIBHOCTD

99




A.H. I'ymunes amuindazvt Eypasus yammuik yrnusepcumeminity xabapuivicol. Xumus. Teozpagus cepuscut, 2026, 156(3)

K nedekram
HOKPBITUS
I'eomeTpus MHOromnojaocHbIe CHuxenue CHuxenue bonee
IIPOE3KEN YacTh Jloporu paBHOMEpHOE
pacripenesieHue
TPaHCIIOPTHBIX
IIOTOKOB
IToronusie AtMocdepHbie JIuneitnoe Ilepemennoe 3aBUCHUT OT
YCIIOBHS 0CaJIKU yBEJIMUEHHUE UHTEHCUBHOCTH U
IPOAOJIKUTEIBHOCT
u
[Torogusie TymaHn u apiM CymectBeHHO | CylliecTBEHHO OcobenHo 10
YCIIOBHSI € YBEJIIMYCHUE | € YBEeJIUYEHHUE BOCXO0/1a COJIHLIA
Hemorpaduuecku | Monoabie Boqutenu | He BeisiBiieHo | YBenmuueHnue Cssi3aHo ¢
e (axTopsl PHCKOBaHHBIM
CTHJIEM BOXKJCHUS
Hemorpaduuecku | Iloxunsie Bogutenu | He BbisiBIeHO | 3HauuTenbHOE OrpannyeHus
e gaxTopsr yBEJIUYECHUE peakuuu u
busnoaoruu
Jlemorpaduuecku Kenmmnsl He BoisiBIeHO | VYBennuenue bonee BeicOKas
e (axTopsl TSKECTh
IIOCJIEICTBUU
ITpoune daxroper | Hanuuue 6mnbopnos | Yeennuenue | He BbisiBieHO OTBneueHue
BHUMAaHUS
BOJIUTENEN
IIpoune daxropsr 3arpsi3HeHue VBenuuenue | He BbisiBIeHO CHuxenue
arMoc(epHOro KOHTPacTHOCTHU U
BO3/yXa BUJUMOCTH

B COBOKyMHOCTM 3TO apryMeHTUpPYeT Lel1ecOo00pa3sHOCTh HPUOPUTETHOTO IMPUMEHEHHS
XOJIOTHOTO TJIACTHKA HA y4aCTKaX C BHICOKOM MHTEHCHBHOCTBIO IBUJKEHHS U B 30HAaX MOBBILICHHON
aBapuitHocTH. CTaOMJIBHOCTh ONTHYECKUX XapaKTEePUCTHK (B TOM YHCIIE P J10’KAEBOM HAMOKaHUHU
Y B HOUHBIX YCJIOBUSIX ), BBICOKasi U3HOCOCTOMKOCTh M YCKOPEHHOE OTBEP KI€HUE MO3BOJISIIOT CHUXKATh
CyMMapHbI€ 3KCIUTyaTal[HOHHBIE M3/IEPKKU 3a CUET peke MPOBOTUMBIX OOHOBIECHHH M MEHBIIMX
«OKOH» JIJISl IEPEKPBITHSI IBUKEHUSI, OTHOBPEMEHHO MOBBIIIAs 0€30IMaCHOCTh 33 CUET YCTONUMBOI
YUTAEMOCTU TOPU30HTAIBHON JJOPOKHON PAa3METKU B TEUEHUE BCETO MEXPEMOHTHOIO IIEPUOJIA.

Ha pucynke 1 mpusenensl nanuele pecypca World Population Review no crpanam ¢
HanOonpmMM abcomoTHeIM KonnyecTBoM JTII: muaupytor CILA, uTo KOppeaupyeT ¢ MacTabom
aBTomapka u 00bEMOM TpaHcropTHOrO cripoca. Kazaxcran 3anumaer 20-e mecto - 16 614 JTII B
2024 r. (World Population Review, 2025). Cnenyer y4uThIBaTh, YTO METOIUKHU CTAaTHCTUYECKOTO
yuéTa pa3IuyaroTcs Mo CTpaHaM (KpUTEPUH pErucTpaliy, MOJHOTAa OXBara U T. I1.), TEM HE MeHee
JaHHBIM MAacCUB JaHHBIX 337aéT CpPaBHUMBIM (OH [JIs1 OLEHKH POJIU HHPPACTPYKTYPHBIX
MEpOIPUATHI, B TOM YHCJIE KAU€CTBA U JIOJITOBEYHOCTH TOPU3OHTAIILHON TOPOKHOM pa3METKHU.
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Pucynoxk 1. Ton-20 cTpan no xonuyectBy aBapuil (o nanasiM World Population Review)

Ha pucynke 2 mnpezacraBieHa eXerojHas JAMHAMUKa IO psAy €BPONEHCKHUX CTpaH,
paccuntaHHas B nepecuére Ha | mMiH Hacenenus. U3 rpadukoB BUAHO, YTO POCT TPAHCHOPTHOTO
norpelieHus (BKiIroYas aproMoOmnm3anuio u npobderu) sineuét ysenuuenue [ATII, kak npasuio, He
BbIIIE ~ 15 %, onHako B psje rocynapets - [lonbie, Yexun, MTanun 1 HEKOTOPBIX COCETHUX CTpaHaX
- HabmIomaeTcsl CHIDKEHUE Mokasatenei (Statista, 2023). Beibop BpeMEHHOro MHTEpBasia aHaIU3a
(2020-2021 rr.) OOYCHOBIEH OTPAaHWYEHHOW JOCTYIMHOCTHIO COIMOCTaBUMBIX CTAaTHCTUYCCKUX
JAHHBIX TI0 cTpaHaM EBpOMBI B OTKPHITHIX O(GUIIHANIBHBIX HCTOYHUKAX 32 00siee MPOJOIKUTEIbHBIN
MeproA. DTO CHUKCHHE CBS3BIBAIOT C KOMIUIGKCHOH TMOJUTHKOW OE30MacHOCTH JOPOXKHOTO
JIBYDKEHUS: COBEpIICHCTBOBAaHHMEM HWH)KEHEPHBIX pPELICHUH (BKJIIOYasl JOJTOBEYHbIE Marepuabl
JIOPO’KHOU Pa3METKU C YCTOWYUBBIMU ONTUYECKUMHU CBOMCTBAMH), ONTHUMHU3AIMEN OpraHU3aIiu
JBUKEHUSI, yCUJIICHHEM KOHTPOJIS U aIpeCHBIMU MPOTpaMMaMH TI0 yI3BUMBIM y4acTKam ceTu. Baxkna
M COIMOCTaBHMOCTh METPHK: TEepexof] K HOPMHPOBAaHUIO «HAa | MIIH HaceleHHs» IO3BOJISIET
HUBeNHpoBaTh dPdekT macmTaba W TOYHEE MNPOCIEIUTh BKIAA HHPPACTPYKTYpHBIX Mep - B
YaCTHOCTH, TPHUMEHEHHUS M3HOCOCTOMKMX CHCTEM Ha OCHOBE XOJIOMHOTO  IUIACTHKA,
o0ecreunBaroINX CTA0WIBHYIO PETPOPEIIEKCHIO B HOYHOE BPEeMS M ITPH HAMOKaHUH.
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Pucynoxk 2. [lunamuxa JITII B crpanax EBponsl (ciyuaeB Ha 1 mitH Hacenenus, 2020-2021 rr. )
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Ha pucynke 3 npencraBineHsl OOHOBIEHHBIE JaHHBIE TIPABOBOM cTaTucTUKU 1o Kazaxcrany: 3a
6 MmecsueB 2025 . 3apeructpupoBano 15698 JITII, uro Ha 54,0 % BbIlIe YpOBHSI aHAJIOTMYHOIO
nepuona 2024 r. (10 191). Yucno nocrpagaBmux Boeipociio Ha 62,7 % - 1o 22346 4enoBek MPOTUB
13738 romom panee. BpiOOp AaHHOrO BpPEMEHHOTO HMHTEpBaJia OOYCIOBJIEH HCIOIb30BaHUEM
HanOonee AaKTyaJllbHBIX M COMOCTABHMBIX JaHHBIX O(MUIIMAIBHOW OTKPBITOM CTAaTUCTUKH 3a
nocieqHue OoT4éTHhIe nepuonbl. Hambonblnas KOHLEHTpalus MOCTpagaBIINX (UKCUPYETCS B T
Anmarsl, AnMarunckoid, KaMmObIICKOH, AKTIOOMHCKOM M ATbipayckoil obnactsx. J[nmuHHBINA psin
(2015-2024 rr.) nOEMOHCTPUPYET POCT 4YHUCIA TOCTPaNaBIIUX (PAaHEHBIX W MOTHOIINX), YTO
noAuEPKUBAET HEOOXOAMMOCTh CUCTEMHBIX MEP MMEHHO Ha CTOPOHE MH(PACTPYKTYpHI, BKIOYAs
MOBBILICHUE JOJITOBEUYHOCTH W BUAMMOCTU TOPU3OHTAIBHON I0pokHOHM paszmerku (Komwurer mo
IIPAaBOBOM CTAaTUCTUKE U CIIELMaIbHBIM yuéraM Ipu [enepanpHoil npokyparype PK, 2025). s
MHXEHEPHOW MPAKTUKHU 3TO O3HAYAeT MPUOPUTHU3AINIO MAaTEPHAIIOB C ITTUTEIbHBIM MEKPEMOHTHBIM
IIUKJIOM, BBICOKOM YCTOHYMBOCTBIO K HCTHPAHHIO M cOXpaHeHneM napamerpoB RL (perpopeduexcust)
u Qd (aHeBHas! SIPKOCTH) B TEUEHUE BCETO CPOKA CIYXKOBI.

Anamu3 cocrosiHus 0€30mMacHOCTH JIOpOKHOTO JBWKeHuss B PecnyOnmuke Kasaxcran
nokaspiBaet, yto oduuuanbHas craructuka [TII myOnukyercs KOMIIETEHTHBIMH OpraHaMH U
oTpakaeT AWMHAMUKy aBapuiiHocT 1o romam (Ibrayev et al., 2019). CormacHo maHHBIM
WCCIIEIOBaHUS, aBapUMHOCTh HAa MAarucTpaibHbIX Joporax Kaszaxctama B moOCIeOHHE TOMbI
crabmim3upoBasiachk Ha ypoBHe okoiio 9,85 JITIT na 100 kM cetu, a YMCIIO THKETBIX aBapHil OCTa&TCs
3HAYUTETBHBIM, YTO TMOMYEPKUBAET HEOOXOMUMOCTh KOMIUIEKCHBIX MeEp IO IOBBILICHUIO
oe3omacuoctr nHPpacTpykryphl (Ikromov et al., 2023). BenqoMcTBeHHBIE MaTepHalbl YKa3bIBAIOT,
YTO CBOEBPEMEHHOE OOHOBJIEHHE TOPHU30HTAJIBHOU JOPOKHON pa3METKH OTHOCUTCA K Haubosee
3G PEKTUBHBIM U OTHOCUTEIILHO MaJIO3aTPATHBIM MepaM, 00€CIIEYMBAIOLIIM KOMILIEKCHOE CHIDKEHHE
konuyectBa JTII 3a cu€T ymydiieHus: BU3yalbHOTO OPUEHTUPOBaHUS U TucHuIuiMHbl motoka (Elete
etal., 2024). B aTux ycnoBuax xonoanbli miactuk (MMA-CHCTEMBI) BRICTYIIAET MPEAIOYTUTEIEHBIM
MaTepHualoM JJisl yYaCTKOB C HHTEHCHUBHBIM JIBI)KEHUEM U MOBBIIIEHHONW aBaPUIHOCTHIO, TOCKOJIBKY
codeTaeT OBICTPOE OTBEPXKACHUE, YCTOWYHMBYIO PETPOPE(IEKCHIO MpPHU HAMOKAHWHU, BBICOKYIO
M3HOCOCTOMKOCTh M PEIKYI0 HOTPeOHOCTh B OOHOBJIEHMHM IO CPAaBHEHUIO C TPAAMLMOHHBIMU
JIAKOKPACOYHBIMH TTOKPBITHSIMHU.

Konunyectso xepts ATl B KazaxcraHe

20— (7000
2023 ————————— 03000

207 ——— 113000

2021 | — 107000

2020 —————— | 01000
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1y == 100000

2017 ————————— | 31000
2016 —— 43000

2015 P 148000

0 50000 100000 150000 200000 250000
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Pucynok 3. Kazaxcran: umcno morumbmux u panensix B JITII (2015-2024 rr; omneparuBHas
nuHamuKka 3a [ momyrogue 2025 r.)
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3.3. Texnonoeuueckue acnexmol

MeToauka TOJEBOIO HAHECEHUs XOJOAHOIO IUIACTHKA TEXHOJIOIMYECKH IIpocTa U
Bocrpou3Boarma. Ha moaroroeneHHoe moOKpwITHE (achambTOOETOH/IIEMEHTOOETOH) HAHOCHUTCS
CMOJISIHAasi KOMITO3MIIMSI HA OCHOBE aKPWJIATHBIX MOHOMEpPOB u oiuromepoB (MMA), nocie uero
no0aBisieTcsl WHULUATOp (TUMMYHO - TEpPOKCHAHAs CHUCTeMa), 3allyCKaIoIMUN paguKaibHYIo
MOJIMMEpH3AIHIO in situ. Hu3Kkas BSI3KOCTh cOCTaBa 00ECIIEYMBACT KAMMILIIPHOE TPOHUKHOBEHHUE B
MUKPOTPEIIMHBI U TOPbI, YTO TOBBIIIAET MEXaHUYECKYIO aAre3ui0; XUMHUYECKH oOpaboTaHHbBIE
CTEKJIIHHBIE MUKpOC(ephl (BKIIIOYas MpaiiMepbl Ha OCHOBE CHJIAHOBBIX/METAKPHJIATHBIX TPYIII)
(GOpMUPYIOT YCTOWYMBOE MEXaHOXMMHUYECKOE 3aKpeluieHne M CTabuiIbHYyI0 perpopediaercuro.
[TonOop NMUTrMEHTOB, MUHEPATbHBIX HAMOMHUTENECH W (YHKIMOHAIBHBIX H00ABOK (PEryasiTopoB
peoJIoruy, CTabUIN3aTOPOB, AaHTUCKOIB3SIINX IPAHYIISTOB) MO3BOJIET ONTUMH3UPOBATH PELIETITYPY
0[] LieJIeBbIe Kitacchl 1o sipkoctu (B2—-B7), Bpemenu orBepxaenus (BT1-BT3) u nonroseunoctu. B
pe3yibraTe JOCTUTAIOTCS KaK JIOJITOBEYHOCTh M CTAOMIBHOCTH ONTHYECKHX MapaMeTpoB, TaK U
HKOJIOTUYECKAass MPUEMIIEMOCTh pPEUIeHHs 3a CYET COKpAIEHHs YacTOThI PEMOHTHBIX pPa0OT H
YMEHBIIIEHUSI COBOKYITHBIX BBIOPOCOB W OTXOJOB Ha TPOTSDKEHUM IKU3HEHHOTO IIMKIIA
TOPU30HTAIBLHON TOpokHOH pasMeTkH (Burghardt, Babi¢, & Pashkevich, 2021).

4. O0cy:xknenmne
4.1. CpasHnenue x0100H020 NIACMUKA U MEPMONIACIUYHO0 MAMEPUANA Ol OOPOICHOU PAZMEMKU

Haubonee pacnpocTpaHEHHBIMH MaTepHajaMH Il TOPU30HTAIBHOU JTOPOKHOW pa3METKU
JIOpOT SABJISIOTCSI XOJIOAHBIN IJIACTUK HAa OCHOBe MeTwiMeTakpuiara (MMA) u TepMOIUIacTHUHBINA
Mmarepuali (ropsiaero Hanecenus) (Xu et al., 2021).
4.1.1. Ilpupona Marepuana U MexaHu3M (POPMUPOBAHUS TOKPHITHS

XOJOAHBIN MJIACTUK MPEICTaBIsSIET COO0M XMMMUYECKH OTBEPKAAEMYIO CHUCTEMY, B KOTOPOI
IIOCJIE CMEIICHHUs CMOJIBI W OTBEPAMTENS IMPOUCXOAMT paJWKalbHAas IOJIMMEpU3ALUd C
(dbopMupoBaHueM TpEXMEPHOW CIIWTOW Marpuilbl. B pesynbrare chOpMUpPOBaHHOE MOKPHITHE
XapaKTepU3yeTCsl BBICOKOM KOT€3MOHHOM IPOYHOCTBIO M CTAOMIBHOM MHKPOCTPYKTYPOM.
TepmorutacT OTHOCUTCS K PU3NYECKH OTBEPXKAAEMbIM MaTepuaiaM U HAHOCUTCS B PacIlJIaBICHHOM
COCTOSIHUM, HaOupas MPOYHOCTb MO Mepe OXJAXKAECHUS U KpUCTAIM3alMU. Takum oOpas3oMm, ajs
MMA KpUTHYHBIMH (aKTOpaMH SIBJISIOTCS KOPPEKTHAsl J103UPOBKA OTBEPAUTENS U KOHTPOJIb
«BPEMEHU KU3HMW» CMECH, TOTNA Kak JUIsl TEPMOIUIACTA KIIIOYEBYIO POJIb UIPAIOT TEMIIEPATypHbIE
PEeXUMBI IUIaBJIEHHUS, BA3KOCTh Marepuasa u CKopocTh oxnaxaenus (Sadid et al., 2010).
4.1.2. TexHOIOTMYHOCTH U YCIIOBUS HAHECEHUS

XO0JOHBIN MIACTUK HAHOCUTCSI ITPU MOJIOKUTENIBHBIX TEMIIEpaTypax Bo3ayxa, Kak IpaBUiIo, OT
5 °C, 6e3 mpuMeHEHHUs KOTJIOB pPa30rpeBa, YTO MO3BOJSIET MPOAJIUTH CTPOUTENBHBIA CE30H M
BBINIOJHATH JIOKAJbHBIE PEMOHTHI IPHU MOHIKEHHBIX TeMmieparypax. OrpaHuyeHHEM JaHHOTO
Marepuaia sIBISETCS OIpPaHUYEHHOE «BpPEMs KH3HM» CMECH, TpeOyrollee CTPOroro coOmrofeHus
JO3UPOBAHUS U ONEpaTUBHOMN yKiIaJaku. TepMoruiacT o0ecreunBaeT BbICOKYIO POU3BOIUTEIBHOCTD
Ha TPOTSHKEHHBIX y4YacTKax JOPOXKHOW pa3sMeTKu Onarojaps MEXaHU3UPOBaHHOHN YKJaJIke Mpu
temneparype 180-220 °C u MuUHHManbHBIM 3aJepXKKaM Ha OCThIBaHME. Bmecte ¢ TeMm ero
pUMEHEeHHE TpeOyeT HaTMUUsl CeIMATN3UPOBAHHOM TEXHUKHU, CTPOTOr0 TEMIIEPATypHOTr0 KOHTPOJIS
U CyXOoro OCHOBaHHA. B o00oux ciydasx KauecTBO IOCAJKH CTEKISIHHBIX MHKpochep u
PaBHOMEPHOCTH TOJIIMHBI CJI0S1 ONPEAETISIOT UCXOIHBIE 3HAYEHUS PETPOPEPIEKTOPHOCTH U JTHEBHOM
Buaumoctu (Xu et al., 2021; Sadid et al., 2010).
4.1.3. ®yHKIMOHAIbHbIE MIOKA3AaTENN: BUAUMOCTD U CLEIIJICHHUE

Cururas marpuia MMA > exkTuBHO QUKCHpYET CTEKISIHHbIE MUKpOC]epsl, Oaronaps uemy
peTpopedIeKTOPHOCTh U JHEBHAS BUJIUMOCTh COXPAHSIOTCS CTAOMJIBHBIMU JIaXKe MPH YaCTHUYHOM
n3HOCe MOBepXHOCTH. MMA-cocTaBbl MO3BOJSIOT (POpMHUpOBATH aryioMeparHble U puUdIEHbIe
npouiIn, YTO yIydliaeT BUAUMOCTb B YCJIOBHUAX MOKPOH HOYM M MOBBIIACT TAKTHIBHO-3BYKOBYIO
BOCIIPHHUMAEMOCTh TOPU3OHTAIBHON MOposkHOU pazmeTku (Tajnin et al., 2023; Babi¢ et al., 2024).
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Tepmornact xapakTepu3yeTcsl BBICOKUMH CTAapPTOBBIMH 3HAYCHUSIMHU DPETpopedIeKTopHOCTH
IIPU COOIIOICHUN TeMIIepaTypHBIX PEXKUMOB, OJJHAKO YYBCTBUTEJIEH K INTyOUHE TOCAIKN CTEKIISTHHBIX
MUKpochep ¥ Ipyu HHTEHCHBHOM a0pa3vBHOM BO3/IEHCTBHH NMOABEP)KEH X YCKOPEHHOM MOTEpPE, UYTO
IPUBOIUT K CHIKEHHMIO 3HaueHWi perpopednekropHoctu. Ilo mokasarensm cueruieHust oOa
Marepuana JOCTUIal0T HOPMAaTUBHBIX 3HaueHui, npu 3ToM a1 MMA npouie 103UpoBaTh
MUHEpaJIbHbIM HAOJIHUTENb U (POPMUPOBATH LIEPOXOBATYIO MOBEPXHOCTh, OOECIeUnBas BHICOKUN
K03((UIIMEHT CIETJICHNs Ha MENIeX0IHBIX nepexonax u cron-muHusx (Xu et al., 2021; Tajnin et al.,
2023; Bao et al., 2025).

4.1.4. J1onroBeYHOCTHh U U3HOCOCTONKOCTD

Ha y4acTkax ¢ BBICOKMM C/IBUTOBBIM BO3AECHCTBUEM, TAKUX KaK 30HbBI pa3roHa U TOPMOXKEHHUS,
MIOBOPOTHI M aBTOOYCHBIE KapMaHBI, XOJIOJHBIN TUIACTHK JEMOHCTPHUPYET 00jiee HU3KYIO CKOPOCTh
M3HOCA 3a CYET COIPOTHUBICHMS CHIMTOW MaTpHLbl IIacTUYeCKO nedopmanuu. B atux ycnosusax
MMA -NIOKpBITHSL JIy4II€ COXPAHSIOT penbed MOPOKHON pa3METKH, MEHEe IMOJBEPKEHBI CPBIBY
CTEKJISIHHBIX MUKpOC(Ep ¥ CHUKEHUIO BBICOTHI poduiisa mpu padbote cHeroounctutenei (Tajnin et
al., 2023).

Tepmomnnact octaércss cTaOUIBHBIM Ha NMPOTSHKEHHBIX MPSAMOIMHENHHBIX Y4acTKaX, OJHAKO B
KAPKOM KIIUMaTe MOXKET MPOSBIATH IOJI3Y4eCTh W CMSTHE, a NPU HU3KHX TeMIeparypax —
MOBBIIIEHHYIO XPYIKOCTh, YTO YCKOPSIET AETpajalliio NOKPHITUS B 30HaX MHTCHCUBHBIX MaHEBPOB
(Sadid et al., 2010; Babi¢ et al., 2024).

4.1.5. Knumaruueckasi yCTOWYHMBOCTh

XOIOIHBIN MIACTUK PaOOTOCIIOCOOCH B IIMPOKOM HAMa30HE TEMIIeparyp SKCILTyaTalud |
JIONyCKaeT HaHeCEeHUe MpHu Ooyiee HU3KUX TeMIeparypax OCHOBAHMs, YTO OCOOEHHO Ba)KHO MJIS
PETHOHOB C KOPOTKUM CTPOUTENBbHBIM ce30HOM (Tajnin et al., 2023). Cmurast CTpyKTypa MOKPHITHS
TaKke 00ecrneyuBaeT yCTOMYMBOCTh K BO3JEHCTBHUIO HE(TENPOAYKTOB U IPOTHUBOTOJIONEIHBIX
pearenToB. TepMoriactT 6osiee YyBCTBUTENCH K SKCTPEMAIBHO BHICOKUM M HU3KHM TeMIIEpaTypam,
IIOCKOJIbKY MEXaHHUYECKHE CBOMCTBA IOKPBITUS ONPEAEISIOTCS PEeoorhell TepMOIUIaCTUYHON
MaTrpHIbl. B CBS3H € 3THM IpH MPOEKTUPOBAHUH TIOPOKHOHN pa3sMeTKH TpedyeTcst ToA0op perenTypsl
C y4€TOM O’KUIa€MBbIX KIIMMAaTHUECKUX YCIOBUH M JJOPOXKHBIX Harpy3ok (Sadid et al., 2010; Xu et al.,
2021).

4.1.6. PeMOHTONPUTOTHOCTD U IKCILTyaTals

XONOAHBIN MIacTUK yAOOEH JUIsl JOKAaJbHOTO PEMOHTA, TaK KaK CBEXHHM Marephall XOpOIlo
CBSI3BIBAETCSl C paHee HAHECEHHBIM clloeM 0e3 HEeoOXOIMMOCTH pa3orpeBa 00OpydoBaHUS. DTO
MO3BOJISIET COKPATUTh TPOCTOM M OIEPATUBHO BOCCTAHABIMBATh TOPU3OHTAIBHYIO JIOPOXKHYIO
pa3MeTKy Ha y4yacTKax MOBBIIIEHHON OMACHOCTH, TAKUX KakK MEIIeXOHbIe epeXoabl U CTON-JINHUU
(NASEM, 2016).

Tepmomnnact Oonee >pdekTHBeH NMpH MacITAOHBIX JMHEHHBIX PEMOHTaX C MPUMEHEHHEM
BBICOKOTIPOM3BO/IUTEIbHON TEXHUKM W 3HAYUTENbHBIX O0BbEMOB paboT. OpHako JOKaJbHBIE
PEMOHTHBIE OIEpallMyd MpH HU3KUX TeMIeparypaXx M IOBBIIIEHHOH BIaXXHOCTU TpeOyroT
JOTIOTHUTEIBHBIX TEXHOMOTHYecKux pemennit (Xu et al., 2021; Sadid et al., 2010).

4.1.7. DOxoHOMUKA )KM3HEHHOTO IIUKJIa

Ha npoTsHk€HHBIX ydacTKax CIUIOITHOW TOPOKHOW pa3METKH TEPMOIUTACT BHIMTPHIBAET IO
CTOMMOCTH 32 CYET BBICOKOM CKOPOCTHM YKJIAJKW M MEHBLIMX TPYHA03aTpaT. XOJOAHBIM IUIACTHK
XapakTepu3yeTcst 0ojee BBICOKOH CTOMMOCTBIO 3a TIIOTOHHBIM METp, OJHAKO Ha YydYacTKax
MHTEHCUBHOTO M3HOCA YaCTO OKa3bIBAETCsI SKOHOMUUECKH IiefiecooOpasHee O1aroaapsi yBeaIuueHHON
MEXPEMOHTHON IOJITOBEYHOCTH, CTAaOMILHOW pPEeTpOpedICeKTOPHOCTH W CHIDKEHHIO YaCTOTHI
PEMOHTHBIX BMemarenabcTB. [Ipu BbiOOpe cucTeMbl JOPOXKHOM pasMEeTKH cileqyeT YUYUTHIBATh HE
TOJIBKO 3aKYIOYHYI0 CTOMMOCTHh MAaTepHaJIOB, HO W COBOKYITHBIC M3JEPKKH KU3HEHHOTO IUKJIA,
BKJIIOYAsi HHTEpPBalbl OOCITYXKUBAaHHS, NPOJODKUTENBHOCTh 3aKpbITHUS JBM)KEHHUS, a TaKxke
TpeboBaHus K TexHUKe U niepcoHarny (Qiao et al., 2023; Tajnin et al., 2023; Xu et al., 2021).

4.1.8. OrpannyueHus U XapakTEpHbIE PUCKU
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Jlnst XONmogHOro IUlacTuka Ha ocHoBe MMA XapakTepHbl YyBCTBUTEIBHOCTb K JO3MPOBKE
OTBEpIUTENS], 3aBUCHUMOCTbh KadecTBa IIOKPBITHS OT BJIQXKHOCTH OCHOBAHHUS, IIOBBIIICHHbBIE
TpeGoBaHUs K 0€30IaCHOCTH MPH PadOTe ¢ MEPOKCHIAMHU U BBIPA)KEHHBIN 3amax MoHoMepa (Zhang
et al., 2011). J{ist Tepmoriacta KiroueBble pUCKU CBSA3aHBI C IIEPErPEBOM Marepuasa, HapylleHueM
TEMIIEPaTypPHBIX PEXKHMOB HaHECEHHs W OE€30MacHOCThIO ropsuux padoT. B ycioBusx xapkoro
KJIMMAaTa WIA NPU MHTEHCUBHBIX IONEPEYHBbIX HArpy3kax BO3MOXHBI IUTACTHUYECKUE AedopMaluu
NOKpbITUA. B 00oux cilydasx HTOroBO€ KadyeCTBO TOPU3OHTAIBHOW JIOPOKHOM pa3sMETKU
CYIIECTBEHHO 3aBUCUT OT IOATOTOBKH OCHOBaHMsI, PABHOMEPHOCTH TOJILIMHBI CJIOS U KOPPEKTHOMH
nocajaku cTekissHHbIX Mukpocdep (Sadid et al., 2010; Yellow thermoplastic road markings, 2021).

CpaBHUTENbHBIE XapAKTEPUCTUKU XOJIOJHOIO IIACTUKA M TEPMOIUIACTHYHOIO MaTepualia
MPECTaBIICHbI B TAOIHIIE 6.

Ta6auna 6. CpaBHEeHHE XOJIOAHOTO MJIACTUKA U TEPMOILJIACTUYHOTO MaTepuraia

N TepmoniacTHYHbBIN
OcCHOBHBIE aCIIEKTBI X0JIOIHBIA MJIACTHK
MarTepuall
JIByXKOMIIOHEHTHBIN ITOJIUMED, Tepmopa3smsrqarommin

CocraB marepuana

OTBEPKJ1a€MbIl XUMUYECKUM
nyTeM

MOJIMMEP, PACTUIABIEHHbBIN
nepeJ1 UCIOIb30BaHUEM

Temneparypa Temneparypa okpyxkatomieit cpeasl | Heo0xomaum narpes 1o 160 °C
IPUMEHEHHUS (ot -5 °C 510 40 °C) —200 °C
OxuaxkaeHue nocie
Bpewms oTBepxkneHus 10-20 munyT HAHECCHIS

Cnioco6 npumeHeHus

CmemBaHue XUMHUKATOB U
PYYHOE/MAITMHHOE paclbUICHUE

HarpeBaemas miaBuinbHas u
AKCTPY3HMOHHAs MallIMHA

A,Z[FCSI/IH K OCHOBAaHHIO

XUMHUYECKOE CKIICUBAHHE C
acanbrom/06eTOHOM

dusnueckas aare3us 3a cuer
Harpesa

JIOIroBE€YHOCTh U

Bricokas 21acTU4YHOCTS,
YCTOMYMBOCTH K PACTPECKUBAHUIO

Bricokas cTOHKOCTD K
HMCTUPAHUIO, HO MSITUYE MIPU

HU3HOCOCTOMKOCTD
Y UCTHPAHUIO BBICOKHMX TEMIIEpaTypax
OtpaxarenpHas BrIcoknii, yKpalieHHbIN CrangapTHBIN €O
CrocoOHOCTh CTEKJIIHHBIMU OyCHHAMHU CTEKJIIHHBIMU OyCUHAMHU

Bo3zaeiictBue Ha
OKPYXAIOIIYIO CPEeny

Huskoe copepxanue aeTydnx
OPraHUYEeCKUX COCIMHEHU,
sHeproapdhekTuBHOCTH (0€3

OTOTLIICHUS)

Boinee Bricokoe
SHEPronoTpedIeHUE 13-3a
HarpeBa

YcnoBus dKCIUTyaTanuu

MoskeT npuMeHsThCs B Oojiee
LIMPOKOM JIMala30He TeMIIeparyp

Tpebyercs Teras, cyxast
noroja

PeMoHT U1 TEXHUUECKOE

[Ipocroii nokanbHBIN peMOHT 0e3

TpebyeT cHATUS WK
MOBTOPHOTO HArpeBa Jjist

o0cyXKrBaHUE CHSATHS BCETO CIIOA
peMoHTa
TommuHa ciios
m 1,5-3,0 Mm 1,5-4,0 Mm
HaHECEHUS
Boee BricOKag cTOUMOCTBD
bonee uuskue
MaTepHalioB, HO MOTEHIIMAIBHO
MepBOHAYaIbHbIE 3aTPAThI, HO
CtouMoCTh 0oJree HU3Kask CTOMMOCTh

JKHN3HCHHOI'O IIMKJIa 6J1ar0;1ap51
JOJTOBCYHOCTH

OoJiee BHICOKHE 3aTpaThl Ha
ANIEKTPOIHEPTUIO

105



A.H. I'ymunes amuindazvt Eypasus yammuik yrnusepcumeminity xabapuivicol. Xumus. Teozpagus cepuscut, 2026, 156(3)

C no3unuu 6e30MacHOCTH JTOPOXKHOTO IBMKEHUS U YCTOWYMBOCTH ITOKa3aresield BO BPeMEHHU
XOJIOJHBIN IIACTUK 00J7aJaeT BBIPAKEHHBIMU IPEUMYIIECTBAMHU Ha MEPEeKpECTKaX, MEIEXOAHbIX
nepexojax, CTON-TMHHUAX, OCTPOBKAaX OE30MaCHOCTH, B 30HaX WHTEHCHBHOTO TOPMOXKEHHUS W Ha
y4acTKax, MOJIBEPKECHHBIX CHETOOYMCTKE U AecTBHUIO peareHToB (Xu et al., 2021; Dwyer et al., 2020;
Tajnin et al., 2023). Ero cmmras cTpykTypa oOecmedMBaeT Jydllee yAep:KaHHEe TEKCTYyphl H
CTEKJIIHHBIX MHUKpOC(ep, a TEXHOJIOTUYHOCTh IIPU HU3KHX TEMIIEpPATypax paciiupsieT OKHO pabdoT
(Bao et al., 2025). TepmorutactT ocTa€rcsi palOHAIBHBIM BBHIOOPOM [UIS JUIMHHBIX TPOAOIBHBIX
JUHUHA IIPU YMEPEHHBIX HArpy3kax M KECTKUX OrPaHMUYCHMSAX IO CTOMMOCTH Ha KHUJIOMETp, IIe
KpUTHYHA BBICOKast CKOpOcTh ykiaaku (Qiao et al., 2023; Ho et al., 2021). B koMIuIeKCHBIX ITPOEKTax
HaWIy4yIIni pe3ynbTaT 4Yale JocTUraercss komOuHupoBaHnueM: MMA — Ha y3iax MOBBILIEHHOTO
M3HOCA M MOKPOW HOYM, TEPMOIIIIACT - HA MPOTSDKEHHBIX YYaCTKAX C KOHTPOJIEM TOJIIIMHBI i Ka4yeCcTBa
MOCaJKK CTEKITHHBIX MUKpocdep (Tajnin et al., 2023; Qiao et al., 2023).

4.2. Ilpumenenue xonoonozo niacmuka 8 Kasaxcmane

B Pecnybnuke Kaszaxcran nByxkomMmnoHeHTHble MMA-cucTtemMbl (XOJOAHBIN IUIACTHK)
MIO3TAIHO BBOJATCSA B JKCIUTyaTal[MI0 Kak 0a30BO€ pelIeHUE JJIs JOJrOBEYHOM TOpHU30HTAIbHON
JOPOXKHOM pa3MEeTKH Ha YIUYHO-JOPOKHOM ceTu. IIpakTuka Mx mpUMEHEHUs KOHLEHTPUPYETCs B
KPYITHBIX arlIOMEpalusIX U Ha y4acTKax C MOBBIIICHHON MHTEHCUBHOCTBIO IBH)KEHUS, T/1€ TPEOYIOTCS
JUIUTENIbHBIA MEXKPEMOHTHBIN MHTEpBaJl, CTa0MIbHAsE YUTAEMOCTh U YCTOHYHUBOCTh K a0pa3uBHOMY
n3Hocy. [lo Tumonormm 3amad XOJIOAHBIM IUIACTHMK IIPUMEHSETCS Ul IPOAOJIBHOM JOPOKHOM
pa3MeTkH (oceBasi, KpaeBasl, HalpaBJIAoLIas) U MONEPEYHbIX IEMEHTOB (IEHIEXOHbIEC ePEXOabl,
CTOII-TMHUHU), C MPUOPUTETOM 30H mnoBbieHHOoro pucka JTII - BOnM3uM o0Opa3oBaTeNbHBIX
YUpEXAE€HUH, OCTaHOBOK OOIIECTBEHHOI'O TPAHCIIOPTAa, HAa CIOXKHBIX NMEPEKPECTKaX M ydacTKax
KOHIIEHTpaIuK nemexoqHoro Tpaguka. [lonesbie ycinosus Kazaxcrana (KOHTHHEHTAIbHbBIN KIIUMAaT,
3HAUUTENIbHbIE CYTOYHbIE U CE30HHBIE Mepenajbl TeMIEpaTyp, BO3AEHCTBUE PEareHTOB U CHEXKHO-
IUTY’)KHBIX pPabO0T) MpexbsABISIIOT 3aBBIIICHHbIE TPEOOBaHMSI K MEXAaHMUYECKOM M ONTUYECKON
CTOMKOCTH MOKPBITHS, YTO U OIPEAEIeT BEIOOp MaTepuania.

B ycnoBusiX HHTEHCHUBHOM AKCIUTyaTalluu coxpaHeHune kod¢dduinenta JHeBHOM sipkocTH Qd Ha
ypoBHe 100-160 mcd/m?/1x u ycroitunBocTh kK uctupanuio a0 70-80 % WMCXOAHOW TOJIIMHBI
MOKPBITUSL PACCMaTPUBAIOTCS KaK KPUTUYECKUE MMOKA3aTeNId JOJITOBEYHOCTH IUIACTUKOBBIX CHUCTEM
(Hadizadeh et al., 2020).

TexHonorus paboT 0OCHOBaHa Ha OTBEP>K/IEHUHU IByXKOMIIOHEHTHOT'O COCTaBa IMPU TEMIIEpaType
OKPY’KaIoILEN Cpe/ibl C UHULMUPOBAHUEM PaJIMKAJIBHOM MTOJIMMEPU3ALUH in Situ. In situ — N3MEpEeHns
SPKOCTH, XPOMAaTHYECKHUX KOOPJIMHAT, CBETOOTpPa)Karollel CIOCOOHOCTH HEMOCPEICTBEHHO Ha
7opore, a He 1abopaTOpHBIM MyTEM, YTO 0OeCHeunuBaeT TOUHble U peanucTuuHble AaHHble (Coves-
Campos et al., 2018). OTo obecreynBaeT MPOU3BOJICTBEHHYIO THOKOCTh B MEXKCE30HBE, KOT/a
IIPUMEHEHHUE TEPMOILJIACTOB OIPAaHMYEHO TEMIIEpPaTypHbIM pexuMoM. Hwuskas Bszkocts MMA-
KOMITO3ULIMU CITIOCOOCTBYET KallMJUIIPHOMY IMPOHUKHOBEHHUIO B TIOPBI U MUKPOTPELIMHBI IOKPBITHS,
bopMHpYs Pa3BUTYIO MEXaHOXUMHUYECKYIO a/Ir€3UI0; XUMUYECKH MOAU(DUIIMPOBaHHbIE CTEKIISTHHbIE
MUKpocdepbl 00eCeunBaloT CTaOMIBHYIO peTpopedIIeKCHI0 NP HAMOKAaHUU M B HOYHOE BPEMs
(Lanxing, 2025; Boytorun Kimya Sanayi A.S., 2025). MexXpeMOHTHBIN LUK JOPOXKHOM pa3METKU
W3 XOJOJHOTO IUIACTMKA B TOPOACKHX YCIOBHUSX AOCTUTaeT 3—5 JET NMpPU TUMNUYHOM TOJIIIHUHE
HaHocuMmoro ciost 1,5-3,0 MM M HavanbHBIX 3HaYeHUsAX perpopedaexcun RL mopsaka 200-350
mcd/m?%/1x, 4To CylIeCTBEHHO MNPEBBIMIAET Pecypc TPaJAWLMOHHBIX JIAKOKPACOYHBIX MaTepHasioB
(Babi¢ et al., 2020; Mazzoni et al., 2024). ITo 7aHHBIM YKCIUTYaTallUOHHBIX HAOMIOMEHUH TOPOKHBIX
CIIy’k0, MEKPEMOHTHBIH UK TOPOKHON Pa3METKH U3 XOJIOJHOTO IJIACTHKA B TOPOJCKUX YCIOBUIX
JOCTUTaeT 3—5 JeT, YTO CYLIECTBEHHO IPEBBIMAET PECYpPC TPaJAULHUOHHBIX JIAKOKPACOUHBIX
MarepuanoB (mopsaka 6—12 MecsleB) U HE YCTYyNaeT, a HEPEeIKO IPEBOCXOIUT IOKa3zaTelu
TEPMOIUIACTUYHBIX CHCTEM Ha WMHTeHCHUBHBIX Mapuipytax (Lanxing, 2025; Harun et al., 2019).
DKcITyaTallMOHHbIE XapaKTePUCTUKH XOJIOAHOTO IIaCTHKa 00001eHbI B Tabuie 7.
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Tabamna 7. DKCIuTyaTalliOHHbIE XapaKTEPUCTUKU XOJIOAHOTO MJIACTHKA ISl IOPOKHON pasMETKU

IHapamerp TunuyHbIi AMANA30H 3HAYEHHH
TosmuHaa HaHOCUMOTO CIIOS 1,5-3,0 Mmm
Cpok cyObl B TOPOJICKUX YCITOBHSIX 3-5 ner
Wunexc perpopeduiekcun RL (HavambHbIi) 200-350 mcd/m?/1x
Koaddunment qaesHoit sproctu Qd 100-160 mcd/m2/Ix
CoxpaHeHUE CII0sl P MHTCHCUBHOM M3HOCE 70-80 %

B nocnennue roasl B pane ropoaoB KaszaxcraHa pealM3yroTCs IMPOEKTHI MO BHEAPEHUIO
XOJIOAHOTO IUIACTHKA ISl YCTPOMCTBA TOPU30HTAJIBHON TOPOXKHOW PA3METKH, IPEXKJIE BCEro Ha
MEMIEXOHBIX Mepexoaax U y4acTKaX ¢ MHTEHCHBHOM TPAaHCIOPTHOW HAarpy3korh. MyHHIMIIaIbHAS
MPaKTHUKa IEMOHCTPUPYET NEPEX0 OT TPAJAULUOHHBIX JAKOKPACOYHBIX MAaTepUaJIOB K IJIACTUKOBBIM
CHUCTEMaM, 4YacTO B COYETAaHHUU C TEPMOIUIACTUKOM [UJIi MAaruCTpajbHbIX JIMHUK. OTMeuaercs
CTPEMIICHHE K YBEIMYECHUID MEXKPEMOHTHBIX HWHTEPBAJIOB, IOBBILIEHUIO HM3HOCOCTOMKOCTU U
CTAOMJIBHOCTH ONTHYECKUX XapAaKTEPUCTUK Pa3METKH, B TOM YHCIIE 3 CUET MPUMEHEHHUSI CTEKIISTHHBIX
mukpocdep. [lperncraBieHHble PErHOHANBHBIE MPUMEPHl HOCAT WJUIIOCTPATUBHBIA XapakTep u
OTPaXKarOT OOIIYI0 TSHICHITUIO MOJICPHU3AINH JJOPOXKHOU HHPPACTPyKTypbl. OO00IIEHHBIC TaHHBIC
0 MpaKTUKe BHEJIPEHMs XOJOIHOTO IlacThka B roponax PecmyOnuku Kaszaxctan mpenctaBiieHbl B
Tabnuue 8.

Ta6auna 8. MinmtocTpaTuBHBIE TPUMEPHI BHEAPEHHS XOJIOHOTO IJIACTHKA B roponax PecryOnuku
Kazaxcran

T'opon O0bém | Tun marepuana Hao0JironaemMplii 3KCIUIyaTANMOHHBIN pe3yJibTar
pabot, m*
AcraHna ~ 5000 | XonoaHslii [loBbllIeHHAsT W3HOCOCTOMKOCTH U COXpPAaHEHHUE
IJIaCTUK LBETOBBIX XapaKTEPUCTUK B TEUEHHUE JIUTEIHHOIO
CpOKa JKCIUTyaTalluu
Anmarsl ~ 3000 | TepmomnacTuk JlokanbHble J1e(eKThl MOKPHITHS MOCIE JUTUTEIbHOM
JKCIUTyaTalluu
HIemvkenT | = 4500 | XomonHsli VYCTOMUMBOCTE K TEMIIEPATYpPHBIM KOJICOAHUSAM U
IJIACTUK MEXaHUYECKOMY U3HOCY

Taxum 06pa3oM, aHaIU3 TEKyIEeH MPaKTUKU IPUMEHEHUS XOJIOJHOTO Iu1acTuka B PecriyOmnrike
Kazaxcran mokaspiBaeT (POpMHpPOBAHUE YCTOMUMBOW TEHIEHLUU K HCHOJIb30BAHHUIO JOJITOBEYHBIX
MIOJIMMEPHBIX CUCTEM JUIsI YCTPOMCTBA TOPU30HTAJIBHOM JOPOKHOM pPAa3METKHM B YCIOBHSX
MHTEHCUBHOM OKCIUIyaTallUM W  CJIOXKHBIX KJIMMAarM4eCKUX Bo3aeucTBU. HaxonneHHbIN
MPaKTUYECKUM OMBIT CBUIETENbCTBYET O MOBBIIIEHUN MEXPEMOHTHBIX UHTEPBAJIOB, CTAOMIBHOCTU
ONTUYECKUX XapaKTEPUCTHUK U DKCIUIyaTallMOHHOM HAaAEKHOCTH TOPU30HTAIBHON JIOPOXKHOU
pa3Mmerku. JlanbHeilliee pa3BUTHE NMPUMEHEHMs XOJIONHOTO ItacTMka B Ka3zaxcraHe cBs3aHO C
pacUIMpEHUEM €r0 HCIOJIB30BAaHUSA HAa Yy4YacTKaX C IIOBBIIIEHHON TPaHCIOPTHOM Harpyskoi,
ONTUMU3ALNEN TEXHOJIOITMYECKNX PEXKMMOB HAHECEHHS M BO3MOXKHOCTBIO JIOKAJIbHOTO IIPOU3BOJICTBA
MarepuasoB ¢ YI4ETOM PErHOHAIBHBIX KIMMaTHYeCKUX 0COOEHHOCTEH.

107



A.H. I'ymunes amuindazvt Eypasus yammuik yrnusepcumeminity xabapuivicol. Xumus. Teozpagus cepuscut, 2026, 156(3)

5. 3aki0uenue

[IpoBenéHHbIil aHamM3 IMOKa3ajd, YTO XOJIOJHBIM IUIACTUK Ha ocHOBe MMA sBisiercs
TEXHUYECKH U SKOHOMUYECKH OOOCHOBAHHBIM MATEPUATIOM IS JIOJITOBEYHOM TOPU30HTAIBHOU
JIOPOKHOM pa3METKH B YCIIOBUSX KOHTUHEHTAIBHOTO KJIMMAaTa U BHICOKON TPaHCIIOPTHOM HArpy3KH.
Martepuan obecrieanuBaeT ObICTPOE OTBEPKICHUE TIPU TEMIIEpAType OKPYKAIOIIEH CPeIbl, PAa3BUTYIO
aAre3ui0 K MUHEPaJbHBIM OCHOBaHHUSAM U YCTOMYMBOCTH K W3HOCY, Y D-BO3IEHCTBUIO, Biare u
peareHTaMm, COXpaHsis ONTHYECKHE XapaKTePUCTUKH (peTpopediiekcruio M THEBHYIO SPKOCTh) Ha
MIPOTSHKEHUH MEKPEMOHTHOTO MHTepBaia. [loneBbie ciydyan B ropogax Kazaxcrana moarBep:kaaoT
MEXPEMOHTHBIN UK MOPSIKA 3—5 JIET M CHIKEHUE YaCTOTHI IIOBTOPHBIX PadoT.

[IpakTuueckass 3HAUMMOCTh BBIPAXKAECTCA B TOBBIIICEHUH YHTAEMOCTH TOPU3OHTAIBHON
JOPOKHOM pa3MeTKH B TEMHOE BpeMsS M IMPU HAMOKAHHWH, YTO OCOOCHHO Ba)KHO HAa YYacTKax
koHueHTpauuu JTII (memexoanbie nepexoabl, OCTAHOBKH, CIOXHbIE MepeceueHus). PanronansHo
npuopuTH3upoBath MMA-cHCTEMBI Ha TaKUX y4acTKaX, MOAOMpasi KJiacc MaTepuania 1mo sSipKOCTH,
BpEMEHH  OTBEpXkKACHHS U  TpeOyeMbiM  (PUKLIMOHHBIM  XapakTEepUCTUKAM, a  TakKkKe
perIaMeHTHPOBATh PETYJISIPHBIN KOHTPOJh Mokazareneit RL/Qd Bo BpemeHw.

Jlna macmtabupoBanusi 3Pdexra 1enecoo0pa3Hbl yYTOYHEHHE HOPMATUBOB (BKIOUYAs
TpeOOBaHUSI K ONTHYECKHM W CIEMHBIM IMMapaMEHTaM B JKCIUTyaTalllH), Pa3BUTHE JIOKAIbHOU
KOOIIEpalluyd MOCTAaBOK U MPOU3BOJACTBA KOMIIOHEHTOB, YTO CHHU3UT CEOECTOMMOCTb M TOBBICUTH
JOCTYITHOCTb TexHojoruu. llepcrekTuBHBIC HAIpaBiICHUST HCCICNOBAHUM — JOJTOBPEMEHHBIN
MOHHUTOPHHT JETpajlallii ONTUYECKUX/(DPUKIIMOHHBIX CBOMCTB B PA3HBIX JOPOKHO-KIMMATHYECKUX
30HaxX ¥ ONTUMHU3AIUHU PEUETITYP U TEKCTYPhI MOKPBITHUS JJII COBMECTHOTO YITYUIICHHUS BUAUMOCTH U
MIPOTUBOCKOJIBbKEHUS IPY MUHUMAJIBHOMN 9KOJIOTUYECKOM CIIEIE.
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KesieHeH ko041 TaHOajJapbl YHIIH CYBIK IUIACTHKTI KOJIAHYAbIH THIMILIITIH
Tajaay

JIazar ToabimOexoBa, Hypus Ycnanosa, I'aiinu CeliTeHOBa

AHIaTna. ABTOKONIK AaFbIHBIHBIH ©CYyl JKOHE JKOJI KO3FaJbIChl KAyilCi3AiriHe KOWBUIATBIH
TaJIaNTapAbIH apTybl KaFJalblHAa canayibl opi Y3aK Mep3iMJi jK0JI TaHOaJapbIHBIH MaHbBI3bI apTa
tycyne. Ochl Makamama »O0JI TaHOAJIAPHIH callyla MaiaagaHbUIaThIH MeTmiMeTakpmwiar (MMA)
HETi31HJer CYBIK IUJIACTUKTIH (U3UKA-XUMUSUIBIK KacHeTTepi MEH MaljalaHy CHIaTTaManiapbl
kapacteippiiaapl. CT PK  1124-2019 sxome I'OCT 32952 xyxaTTapblHa CYHEHE OTBIPHII,
HOPMATHUBTIK TaJanTapra Tajaay *Kacaljbl, COHIai-aK CYBIK MIACTUKTIH AOCTYPIIi MaTepralljapMeH
- nak-00sy >KaObIHIAPBIMEH JKOHE TEPMOILTACTUKTEPMEH CaNBICThIpMalibl Oarackl Oepini. 3epTrey
HOTIDKEJEPi CYBIK TUIACTHKTIH TO3YFa TO3IMALIITT )KOFAaphl, XUMUSUIBIK PeareHTTepre, YIbTPaKyIriH
coyJenepre xoHe aOpa3uBTIK dcepre TYPaKThl €KeHIH, COHBIH apKAaChIH/Ia OHBIH KbI3MET €Ty Mep3imi
5 JKbuTFa JCHIH jkeTeTiHiH kepcerTi. COHBIMEH KaTap, KOJI WH(PaKYPBUIBIMBIHBIH aBapHSUIBIK
JIeHreire bIKNaibl TajaaHbl, kol Tanbanapsl JKKO Toyekenin TeMeHaeTeTiH dhakTopiaapIbH Oipi
peringe adWkpIHAANAel. KaszakcTan PecmyOiMKachIHAAFBI JKOJI-KOJIIK OKUFAJIAPBIHBIH JICHTCHi
OOMBIHILIA CTAaTUCTUKAJIBIK NEPEKTEep KENTIPLIiN, KON TaHOANaphlH cally cajachlHAArbl HEri3ri
MoceeNiep aHBIKTAIIBL. Makanana CybIK IUIACTHKTI JKaFy TEXHOJIOTHSICHI CHITATTANBII, JKOJ
MH(PaKYPBUIBIMBIHBIH KayIICI3[irt MEH 3KOJOTHSIIBIK TYPAKThUIBIFBIH apTTHIPYy MaKCaTbhIHIA OHBI
KoJIaHy OOMBIHIIIA YCHIHBIMIAp OepisireH.

Tylin ce3aep: cyblK IUIACTUK; >K0JI TaHOacel; MeTwiMerakpuwiar (MMA); kon KO3FalbIChl
Kayinci3airi; To3yra Te3IMAUIK, HOPMATUBTIK TajamnTtap, »xoi-kenik okuracel (JKKO); sxon
MH(PaKYpbUIBIMBI.

Analysis of the effectiveness of using cold plastic for horizontal road markings
Lyazat Tolymbekova, Nuriya Uspanova, Gaini Seitenova

Abstract: Against the backdrop of increasing traffic volumes and more stringent road-safety
requirements, durable and high-quality pavement markings are gaining heightened importance. This
article examines the physicochemical properties and in-service performance of methyl methacrylate
(MMA)-based cold plastic used for road markings. National and international regulatory
requirements (ST RK 1124-2019, GOST 32952) are reviewed, and a comparative assessment of cold
plastic versus traditional materials - paint coatings and thermoplastics - is provided. The analysis
shows that cold plastic offers high wear resistance and resistance to chemical agents, ultraviolet
radiation, and abrasive loads, enabling a service life of up to five years. The paper also considers the
influence of road infrastructure on crash occurrence and highlights road markings as a factor that
reduces the risk of road traffic accidents. Statistical data on the level of road traffic accidents in the
Republic of Kazakhstan are presented, and key issues in marking application are identified. The
technology for applying cold plastic is described, and recommendations are given on its use to
enhance the safety and environmental sustainability of road infrastructure.

Keywords: cold plastic; road markings; methyl methacrylate (MMA); road traffic safety; wear
resistance; regulatory requirements; road traffic accidents; road infrastructure.
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Abstract: The relevance of creating coatings based on polymer blends is
driven by the challenges of modern materials science, which include
obtaining materials with specified performance characteristics by
changing the composition of chemical systems and studying their
properties. This paper presents the results of a study of the structural,
mechanical characteristics and surface wettability of nanostructured films
based on polymer blends of polyvinylcarbazole (PVK) and poly(methyl
methacrylate) (PMMA). PVK, PMMA and PVK-PMMA films were
formed using the Langmuir — Blodgett (LB) method via horizontal
deposition onto the pre-hydrophilized silicon substrates. A correlation has
been established between atomic force microscopy (AFM) data of the
structural, mechanical properties and the wettability of the polymeric
coatings. It was shown that at PVK mass content of up to 45 % in the
polymer blend solution, the formed LB films are characterized by a
disruption of a structural integrity and the formation of spherical and
elongated conglomerates. According to static force spectroscopy data, the
local values of the elastic modulus and adhesion force of LB films based
on PVK-PMMA blends aren’t depend on the quantitative ratio of
components. The water contacts angle (CA) values for the polymer blends
ranged from 74.31° + 1.21° to 80.11° + 1.55° and are determined by the
properties of the component whose mass content is predominant. The
formation of a dense LB film based on a polymer blend with significantly
different molecular weights is possible when the low molecular weight
component content in the blend is up to 15 wt. %, which is confirmed by
AFM data for the PVK-PMMA sample with a component mass ratio is of
87.1 % — 12.9 %. The wettability of this film differs from that one of the
homopolymer samples, which expands the application prospects of these
polymers.

Keywords: Langmuir — Blodgett method; nanostructured films; polymer
blends; poly(9-vinylcarbazole); poly(methyl methacrylate); atomic force
microscopy; elastic modulus; wettability.

1. Introduction
Polymer films are promising material which is currently used as
sensitive elements in gas (Youssef et al., 2016) and electrochemical (Li et
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al., 2024) sensors, components of drug delivery systems (Albarahmieh et al., 2018), and
optoelectronic devices (Bilger et al., 2019). However, there remains a need to enhance still problems
of challenges remain in expanding the functional characteristics and physicochemical properties of
known materials. One approach to solving this problem is the fabrication of film materials based on
multicomponent systems: polymer composite materials (Mo et al., 2019; Prakash et al., 2013),
polymer blends (Goettler & Scobbo, 2019) and their combinations (Brulé & Flat, 2006).

Researchers are focusing on the development of new materials with the required range of
properties based on polymers, because of their wide variety and easy susceptibility to physical and
chemical modifications. In (Shahbazi et al., 2016), the changes of the initial material properties were
demonstrated by the introduction of various biopolymers into a polyvinyl alcohol (PVA) matrix. It
was established that the introduction of k-carrageenan, alginate or chitosan was accompanied by the
compaction a denser of the PVA film structure and an increase in its tensile strength values. An
increase in the k-carrageenan content in the polymer blend led to a decrease in the wettability of the
films. According to Patil et al. (2021), the introduction of PVA into a starch matrix was accompanied
by an improvement in the complex mechanical properties of the films compared to the matrix
component. The study by Oh et al. (2026) demonstrated that the synergy of properties of the
synthesized copolymer poly (glycidyl methacrylate-g-polypropylene glycol)-co-poly(oxyethylene
methacrylate) and small amounts of polyactin (25 wt.%) allows for obtaining thin film composite
membranes with a semi-interpenetrating network structure with high CO2/N2 separation selectivity
and minimal adhesion.

A number of studies (Ding et al. 2023; Qin et al., 2026; Li et al.2024) have focused on
optimization of the polymer blends composition. It was shown that blending polymers leads to an
improvement in the complex of mechanical, optical, and dielectric properties of films.

A wide range of studies have been dedicated to investigating the fundamental aspects of
changes in the rheological properties of solutions, as well as the formation of coatings based on
polymer blends. Thus, the paper (Xue et al., 2012) showed that the formation of coatings based on
polymer blends is generally accompanied by a process of component phase separation as a
consequence of their low mutual solubility. Phase separation underlies the structural diversity of
multicomponent polymer coatings. It is noted (Kamanyi et al., 2008; Rodriguez-Hernandez, 2016)
that the film fabrication methods, the conditions of their implementation, the nature and the
quantitative ratio of the components of polymer blends influence the phase separation process. Thus,
phase separation is a key factor in the structure formation of polymer films, which also determines
the material properties.

To form polymer coatings, drop-casting, spin-coating, and Langmuir — Blodgett methods are
generally used (Da Rocha Rodrigues et al., 2020). It is known that the LB and spin-coating methods
provide a high degree of control over the structure and molecular organization of coatings (Da Rocha
Rodrigues et al., 2020; Agarwal et al., 2023). Papers (Mitsui et al., 2012; Kawaguchi, 2017; Torrisi
et al., 2010) indicate that the formation of polymer blend films at the air-water interface leads to the
“extrusion” of one of the components onto the surface of the monolayer.

The localization of components on the subphase is determined by a combination of their
physicochemical properties and their compatibility, including hydrophilic-hydrophobic properties,
branching of component molecules, intermolecular interactions, the possibility of forming associates
and aggregates, etc. As a result, the structure formation process of films under the LB method
conditions is a multi-stage process. Application of the solution to the subphase is accompanied by
component restriction and the formation of the thermodynamically equilibrium dense monolayer,
which is reflected in the monolayer compression isotherms. The structure of the monolayer is
determined by the conditions of the subphase level lowering and the interaction of the monolayer
with the substrate surface (Arslanov, 1994).

AFM allows for a comprehensive analysis of the structural and mechanical properties of the
resulting monolayer LB films at the nanoscale and reveals the features of their formation at different
component contents.
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The aim of this work is to form LB films based on PVK-PMMA polymer blends with various
quantitative ratios of components and to research their structural, mechanical and hydrophilic
properties.

2. Materials and methods

Monolayer polymer coatings were prepared from blends of PVK (Sigma Aldrich, M =1
100 000) and PMMA (Sigma Aldrich, M = 15 000). PVK-PMMA solutions with various quantitative
ratios of components were used, obtained by mixing PVK solutions (¢ = 0.75 mg-ml*) and PMMA
(c = 1 mg-ml’Y) in chloroform. To achieve uniform component distribution, the PVK-PMMA
solutions were subjected to ultrasonic treatment for 10 min. As a result, samples of the following
compositions (Table 1) were obtained.

Table 1. Qualitative and quantitative composition of samples

Abbreviation Sample (mass content (%0) of corresponding component)

S1 PMMA

S2 PVK-PMMA (7.7-92.3)

S3 PVK-PMMA (24.3-75.7)

S4 PVK-PMMA (42.9-57.1)

S5 PVK-PMMA (63.6-36.4)

S6 PVK-PMMA (87.1-12.9)

S7 PVK

Monolayer polymer films were formed using the LB-method on the surface of silicon substrates
(111 orientation) by horizontal deposition using the “Automated complex for modifying membrane
surfaces with molecular and ultrathin layers” (A. V. Luikov Heat and Mass Transfer Institute of the
National Academy of Sciences of Belarus) (Mel'nikova et al., 2025). PVK-PMMA films were
deposited at a surface pressure (m) 15 mNxm-1 (determined on the basis of an analysis of
experimentally obtained monolayer compression isotherms in the «t — A» coordinates, monolayer
compression rate — 0,3 mmxs-1, aqueos subphase temperature — 20°C). Preliminary hydrophilization
of silicon substrates was carried out according to the method described in (Sapsalyov et al., 2021).

The monolayer compression modulus (k) was calculated from the linear regions of the polymer
blend monolayer compression isotherms corresponding to the “liquid-crystalline film” phase state
according to the methodology described in (Sapsalyov et al., 2025).

The structural and mechanical properties of PVK-PMMA films were investigated by AFM
using an NT-206 AFM microscope (ALC «Microtestmachines», Belarus) with NSC 11A silicon
cantilevers (average stiffness — 3 N-m™) (Micromash, Estonia) with radius of curvature of no more
than 10 nm. The elastic modulus (E) and adhesion force (F) values were calculated based on
nanoidentation data (from the “approach-retraction” curves) using Johnson-Kendall-Roberts model
(Mel'nikova et al., 2025).

The hydrophilic properties of PVK-PMMA coatings (WCA, specific surface energy) were
evaluated on the DSA 100E (Kruss, Germany); working liquids — distilled water, diiodemethane,
drop volume — 2 uLL. The CA was determined by the “lying” drop method (by plotting a tangent curve
at the three-phase point: liquid — sybstrate — air). The specific surface energy was calculated using
the Owens — Wendt — Rebel — Kaelbe model (Kaelble, 1970).
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3. Results

According to the compression isotherms (Figure 1) obtained for solutions with various ratios
of polymer components (Table 1) at © = 15 mN-m, the PVK, PMMA and their blend films are in
“liquid-crystalline” phase state. The significant increase in surface pressure on the PVK compression
isotherm compared to PMMA is caused to the high molecular weight values and the stiffness of the
PVK chains.

It should be noted that in the present study, compared to the results presented in (Sapsalyov et
al., 2025), the rate of subphase level decrease during LB monolayer deposition onto the silicon
substrate was reduced. This extended the time for molecular relaxation and resulted in obtaining the
film in a thermodynamically stable phase state.

T, mN/m 10 & 1o, 10.0umx 10.0um x 24.20m [104 x 104]

— S1

— 82
504 S3

— S4
40 4
30 +

S1 S2
20
100 100umx 185 104104 2
10
g5

0 — T T T 1T 5

0 50 100 150 200 250 300
Barrier Position, mm

Compression isotherms S1-S4

(a)
s N - tosume oo 73nm {063 104 Zn
— S5
504 Sg ;
40
30
20
10
0 I 1 1 1 1 1
0 50 100 150 200 250 300
Barrier Position, mm
Compression isotherms S5-S7 S7
(b)

Figure 1. Compression isotherms and AFM structure of LB films: a) samples S1-S4,
b) samples S5-S7

117



JLH. I'ymunes amvinoazel Eypasus yimmuix ynueepcumeminiy xabapuvicol. Xumust. I'eoepaghus cepuscoi, 2026, 156(3)

Based on the compression isotherms, the compression modulus values of the monolayers made
from polymer blends were calculated (Table 2).

Table 2. Compression modulus values of monolayers at different PVK contents

Sample PVK content, % Compression modulus (k), mNxm-
S1 0 65.7
S2 7.7 49.6
S3 24.3 69.0
34 42.9 68.7
S5 63.6 72.8
S6 87.1 114.1
S7 100 93.5 (Sapsalyov et al, 2025)

The formation of films from the solutions with low PVK content (S2) leads to a decrease in k
from 65.7 mN-m™ to 49.6 mN-m™. This pattern of the compression modulus change is explained by
the destructuring of the film, which results in the formation of numerous spherical conglomerates,
the presence of which is confirmed by AFM data (Figure 1a). The analysis of the shape of the
compression isotherms for monolayers based on PVK-PMMA blends (S2-S6) indicates that an
increase in PVK content leads to a non-monotonic increase in the tangent of the slope angle of the
linear range (an increase in the compression modulus from 49.6 mNxm-1 to 114.1 mNxm-1) in the
corresponding phase region of the «x — A» isotherms. The k values for films S3 and S4 are comparable
to S1 (65.7 mNxm-1), since PVK conglomerates are localized in the structure and on the surface of
the films, while the monolayer is formed by PMMA. The structure of samples S4 and S5 is similar
to PVK, which is confirmed by the increase in k from 72.8 mNxm-1 to 114.1 mNxm-1. It should be
noted that k for the sample S6 is higher compared to PVK (Table 2). This fact indicates the formation
of a denser structure in the sample S6 through the introduction of PMMA into the intermolecular
space of PVK,

Comparison of AFM data showed that the structure of PMMA films is homogeneous and
contains a minimal number of defects (Figure 1a). This is caused by the higher segmental mobility
of PMMA molecules, which contributes to the formation of dense packing. The PVK structure is
characterized by the presence of both large spherical and thread-like elements (Figure 1b), formed
because of the lower mobility of polymer segments.

For the S2 film, the introduction of small amounts of PVK into PMMA leads to a disruption of
the structural integrity of the films, which is confirmed by a decrease in the compression modulus
values of the monolayer (from 65.7 mMNxm-1 to 49.6 mNxm-1). S2 and S3 films are characterized by
the presence of numerous spherical conglomerates (Figure 1a), while an increase in the amount of
PVK (S4) is accompanied by their growth and the prevalence of irregular spherical shapes.
Presumably, the spherical and elongated formations are represented by PVK. The reason for their
formation is the low compatibility of the components, accompanied by phase separation.

The surface of film S6 is characterized by a homogeneous filamentous structure. Data on the
surface morphology of PVK and S6 show that the introduction of small amounts of PMMA into the
PVK solution allows for the formation of uniform films with a structure similar to PVK. PMMA fills
the intermolecular space of PVK chains. The increase in the compression modulus of S6 compared
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to S7 is attributed to the introduction of PMMA into the intermolecular space of PVK, which leads
to an increase in the packing density of the matrix component macromolecules.

Thus, based on the data of the structure and compression modulus values of the studied films,
it is shown that the matrix of the monomolecular polymer monolayer is determined by the
predominant component in the blend: for samples S2-S4 — PMMA, S6 — PVK. The structure of
sample S5 is intermediate compared to S2-S4 and S6. The film of S5 acquires the structure of PVK
but its properties are determined by PMMA in terms of the delocalization of PVK conglomerates on
the film surface.

According to the results of static force microscopy data (Figure 2), the local elastic modulus
values of PVK and PMMA films (S1 and S7) were 412.2 MPa + 10 % and 507 MPa = 10 %
respectively.

The E and adhesion force values for S2-S6 lie in the range between S1 and S7 and do not
change within the confidence interval, which indicates that there is no dependency between the data
of mechanical properties of the polymer blend films and the quantitative ratio of the components.
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Figure 2. Elastic modulus and adhesion force of PVK-PMMA LB coatings

The CA values of PVK and PMMA films were 74.31° + 1.21° and 53.97° + 1.33°, which is
explained by the difference in the structure of their macromolecules. The macromolecules of PVK
and PMMA are composed of polyvinyl chains with carbazole and acetate site groups, respectively.
The presence of bulk carbazole groups provides the hydrophobicity of PVK. The acetate groups of
PMMA contribute to better wettability of the film surface. The polar component of the specific
surface energy for PMMA (21.03 mJxm) is higher than that of PVK (6.81 mJxm). Similar to the
changes in the monolayer compression modulus of the films, the specific surface energy values are
independent of PVK and PMMA content in the polymer blends (samples S2-S5). The CA and polar
component values for films S2—S5 are similar to the S1 sample. In S2—-S5 samples PVK is represented
by spherical and elongated conglomerates. As a result, the wettability of S2-S5 films is determined
by PMMA.

For sample S6, the decrease in the specific surface energy values was established as a
consequence of an increase in the dispersion component, and CA values were approximately like
PVK (Figure 3). The increase in the CA (from 74.31° + 1.21° to 80.11° + 1.55°) upon the introduction
of small amounts of PMMA into PVK (S6) is attributed to the formation of a denser and more
homogeneous filamentous structure.
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Figure 3. Changes in the CA and specific surface energy (a); changes in the polar and dispersion
components of the specific surface energy of LB films based on PVK-PMMA

4. Discussion

Based on research, it was shown that the morphological features of polymer blend films are
determined by the structure of the predominant component. The formation of a dense, homogeneous
film for PVK-PMMA blends is possible when the matrix is represented by a component with a
molecular weight (PVK) significantly higher than the second component (PMMA). The low
compatibility of the components leads to the phase separation of the monolayer and the formation of
numerous spherical conglomerates and filamentous structures. It is demonstrated that blending PVK
and PMMA does not lead to a change in the mechanical properties of the coatings. The elastic
modulus and adhesion force of S2—-S6 are independent of the quantitative ratio of components. The
wettability of PVK-PMMA films is determined by the predominant component.

The obtained results indicate the potential for using PVK-PMMA films as a sensitive layer of
electrochemical sensors for analyzing the content of organic impurities and metal ions in aqueous
media. In future work, it is planned to develop and investigate the analytical characteristics of
capacitive sensors, the sensitive layer of which will be presented by PVK-PMMA films with an
optimal component ratio (S6).

5. Conclusion

Thus, for the formation of dense LB films based on polymer blends, the optimal component
ratio is PVK-PMMA 87.1 % — 12.9 %, which is confirmed by a complex of AFM data on the
structural and morphological features of the film surface, as well as data on surface wettability.
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Hoan(9-BnHMIKAP0a30.1) KIHE MOJIUMMETHIMETAKPIWIAT KOCHAJIAPbI Heri3iHaeri
Jlenrmiop — BioaxeTT NUIeHKAJAPbIHBIH KYPbLUIBIMbI MEH KacHeTTepi

Muxaun llpyook, I'anmmna MeabHukoBa, Imutpunii Cancanés, Tarbana Toacras, Cepreit
Yunxuk

Anaarna. [lonumep KocnachlHaH KacaliFaH kaObIHAApAbI 331pJey Ka3ipri 3aMaHfbl MaTepUAITaHy
caJlaChIH/IaFbl MiHAETTEPIe, COHBIH 1II1He XUMUSUIBIK KYHeJIepliH KYPaMbIH ©3repTy KOHE OJIap/IbIH
KACHETTEpIH CHUMATTay apKbUIbl KOPCETUITeH OHIMIUIIK CcHularTamanapsl Oap MaTepuaiaapibl
eHJipyre KaTbICThl. byn makanana nomuBuHMikapOazon (IIBK) >xoHe mnonmmeTnamMeTakpuiat
(IIMMA) KocnianapbiHa HET13/1e1reH HaHOKYPBUTBIM/IbI IJIEHKAIApIbIH KYPBUTBIM/IBIK-MEXaHUKAJIbIK
KacueTTepi MeH OCTiHIH bUIFANJaHybIH 3epTTey HoTHxkenepi yebibuirad. [IBK, IIMMA xone I1BK-
I[IMMA xocnacblHaH KacajifaH IJIEHKajdap TUAPOPIIIECHIeH KPEeMHUHN TUIaCTUHATAPBIHBIH OeTiHe
KOJJICHEH TYHIBIpY apkbuibl Jlearmop — brnomkerr (JIB) omiciMeH KaJlbINTACTHIPBUIIHL.
JXKaObIHapAblH KYPBUIBIM/BIK-MEXaHUKAIBIK KACUETTEPl MEH BUIFaIIaHybl Typajibl aTOMBIK KYII
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mukpockorusickl (AKM) nepekrtepi apachlHIa KOppeNsius aHbIKTaIAbl. [lonmuMep KocrachblHaH
xacanran epitingine [IBK menmepi 45 naiieizra aeitin Oonranaa, naiina 6onran JIb mieHkamaps
KYPBUIBIMJIBIK TYTACTBIKTBIH OY3bLTYbIMEH JKOHE c(epajblK KOHE CO3bUIFaH KOHIIIOMEPATTap.IbIH
naiina OOJybIMEH CHNATTANATBIHBI KepceTireH. CTaTHKaNbIK Kyl CHEKTPOCKOIHUSCHIHBIH
nepekrepine coiikec, [IBK-IIMMA kocnanapeina HerizaenreH JIb-KaObIKIIaapbIHBIH CEPIIMILTIK
MOJTyJIi MEH ajre3us KYLIiHIH XKeprulikTi MoHAEepi KOMIOHEHTTEP/IiH CaHABIK KaThIHACBIHA TOYeI i
emec. [Tonmumep xocmanapsr yurid (KYC) monaepi 74,31° + 1,21°%-nen 80,110 + 1,55%ke metiin 60ab1
KOHE MacCalbIK Kypambl OacblM KOMIIOHEHTTIH KAacCHETTepIMEH aHBIKTadalbl. MOJEKYIAPIIbIK
calMarbl aWTapJIbIKTAall OpTYpJi IMOJIMMEpP KOCHachblHAa Heri3genreH ThiFb3 JIb KaOBIKIIaCHIHBIH
TY3UIyl KOCTIaAarbl TOMEH MOJIEKYIIaJIbIK KOMIOHEHT Menmepi 15 canmakTeik %-Fa neifin Gonranaa
MYMKiH, OYJI KOMITOHEHTTIK MaccaiblK Kypambl 87,1 % — 12,9 % 6onatea [IBK-IIMMA yirici ymia
AKM nepexrepimMen pactanaabl. byl KaOBIKIIaHBIH BUIFAIJAHYbl TOMOINOJHMEp YITUIEPiHIH
BUTFAJIJIAHYbIHAH epeKIIesieHe Ti, OYJI OChI MOJUMEPIICP/IiH KOJIJIaHy dJICYSTIH KeHeUTE .

Tyiiin ce3mep: Jlenrmrop—biomkeTT 9ici; HAHOKYPBUTBIMIBI KAaOBIKIIAIAp; MOJIUMEp KOCHalaphl,
nonu(9-BUHWIKAPOa30y1); MOMU(METHIMETAKPUIIAT); aTOMIBIK-KYIITIK MHKPOCKOMHS; CEPIIMILITIK
MOJIYJi; CYJaHFBIIITHIK.

Ctpykrypa u cBoiicTBa miIeHOK JleHrMwpa—biiogkerr Ha OcCHOBe cMeceH
NOJIMBHHIIKAP0A30J1a M MOJUMETHWIMETAKPHUIATA

Muxana llpyook, I'anuna MeabHukoBa, [murpuii Cancanés, Tarbsina Toucras, Ceprei
Yuxuk

AHHOTAIUsA. AKTYyaJlbHOCTh CO3J]aHUS TOKPBITHH HAa OCHOBE CMeCeH TOJUMEpOB OOYCIIOBJICHA
3aJlayaMHi COBPEMEHHOTO MaTepHaOBEICHHUs, B YUCIO KOTOPBIX BXOJUT MOITYYCHHE MaTepUaoB C
3aJJaHHBIMHA JKCIUTYyaTAIIMOHHBIMHA XapaKTePUCTHKAMH 33 CYET M3MEHEHHS COCTaBa XUMHYECKHX
CUCTeM W HM3yueHHEe HX CBOWCTB. B maHHON paboTe mpeacTaBieHbl PEe3yNbTaThl HCCIETOBAHUS
CTPYKTYpPHO-MEXaHUIECKHIX XapaKTePUCTHK u CMaYyMBaeMOCTH MTOBEPXHOCTH
HAaHOCTPYKTYPHPOBAaHHBIX IIJIGHOK Ha OCHOBe cMmecedl monuBuHMiIkapOazona (IIBK) wu
nonuMerunmerakpuiara (IIMMA). [Tnenku [1BK, [IMMA u cmeceit [IBK-IIMMA chopmupoBanst
metosioM Jlenrmiopa — briomxkeTT (JIB) ¢ ucnons3oBanueM ropu30HTAIBHOTO CIIOCO0a OCAKICHHS Ha
MMOBEPXHOCTH THAPO(OUIN3NPOBAHHBIX KPEMHHUEBBIX TUIACTHH. Y CTaHOBJIEHA KOPPEISIUsS JTaHHBIX
aTOMHO-cunoBoi MuKpockonuu (ACM) o cTpyKTYpHO-MEXaHUUYECKUX CBOMCTBAX U CMAaYUBAEMOCTH
nokpsITuil. [lokazano, uto mpu maccoBoM cojnepkanuu [IBK no 45 mpoueHToB B pacTBope cMecu
MOJIMMEPOB 1S chopMupoBaHHBIX JIb-TIIeHOK XapakTepHO HapyIIeHHe CTPYKTYPHON 1ET0CTHOCTU
n (GopmupoBaHHue cHEepUIECKHX W BBITSHYTBIX KOHTJIoMepaToB. COTJIACHO JIAHHBIM CTATHYECKON
CHJIOBOM CTIEKTPOCKOTIHH, JOKAIbHbIE 3HAYEHUSI MOAYJISI YIIPYTOCTH U CHIIBI aare3uu JIb-mieHok Ha
ocHoBe cmeceit IIBK-IIMMA He 3aBHCAT OT KOJWYECTBEHHOI'O COOTHOIICHHUS KOMITIOHEHTOB.
3nauenuss KYC ans cmeceiét momumepoB coctaBmiu ot 74,31° + 1,21° nmo 80,11° + 1,55° u
OTIPENICIIAIOTCS CBOWCTBAMH KOMIIOHEHTa, MAacCOBOE COJIEp)KaHHE KOTOpOro mpeolJamaeT.
dopmupoBanue mI0THOH JIB-M7IeHKH Ha OCHOBE CMECH TOTUMEPOB, 3HAUUTENBHO Pa3IHYalOIIUMUCS
MOJICKYJISIPHBIMH MacCaMH¥, BO3MOXKHO TIPH COJICPKAaHUH HU3KOMOJIEKYJIIPHOTO KOMIIOHEHTA B CMECH
no 15 macc. %, uro monarBepxaeHo ACM-nannbsiMu Uit obpasna [IBK-IIMMA ¢ maccoBbsiM
conepkanueM kommoHeHToB 87,1 % — 12,9 %. CmaunBaeMOCTh JAHHOW TUICHKH OTJIIMYACTCS OT
00pa3IoB rOMOIIOJIMMEPOB, YTO PACHINPSET NEPCIEKTUBBI TPUMEHEHHUS JAaHHBIX TOJTHMMEPOB.

KiroueBbie cioBa: wmeron JlenrmMroopa—biomkerT; HaHOCTPYKTYpPHPOBAaHHBIE IUICHKH, CMECH
MOJIMMEPOB; TOJUMETHIIMETAKPUIIAT; TIOJTUBUHIIKAPOA30JI; aTOMHO-CHUIIOBAast MUKPOCKOIIUS; MOTYJTh
YIPYTOCTH; CMAaYUBAaEMOCTb.
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OaitmanplcThl Oarajay YIUIH reorpa@usuiblk akmapaTThIK JKyilernepre
(TAX) HerizmenreH Kol KPUTEPUITI aHATUTHKAIIBIK dJiC KOJIIAHBUIIBI.
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OaifimaHpIcTapMeH YHBIMAACTBIPBUIFAH MOJHUIEHTPIIIK TYpU3M >KyieciH
ourmipeni. 3epTrey aWMakThl KaKnaudapbl, TaOWFU OPTAIBIKTAphI, OCY
OPTAJIBIKTAPHI ’KOHE AITHOMOJICHH OPTAJIBIKTaphl O0ap TyTac Kyie peTinie
TYKBIPBIMIAUTHIH MHHOBALMSUTBIK «TOPT SIPOJIBI» KEHICTIKTIK MOJIEIThI1
ycbIHaIbl. by Tocin GocekenecTikke KaparaHJa e3apa TOJBIKThIPY MEH
e3apa OalIaHBICTBI OACBIMIIBIKKA M€, OAUI KOHE TYPaKThl TYPHU3M/II
JaMBITY YILIIH CTPaTeTUsJIBIK HETi3 YCBIHAIBL. 3epTTey HOTHXKeNIepi
TpaHCILIEKapaJIbIK TYPU3M KYHelepiHiH TEOPHUSUIBIK TYCIHIT1H OalbITa bl
KOHE TayJbl ailMakTapAa TpaHCHIEKApalblK  BIHTHIMAKTACTHIKTHI,
MHQPAKYPbUIBIMIbl JAaMBITY/Ibl KOHE SKOJOTMSUIBIK TYPAKThUIBIKTHI
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)KakcapTyFa TBIPBICATBIH casicaTKepiep MEH alMaKTBhIK JKOCIapiaylibulapFa MPaKTHKAJIBIK
TYCiHiKTep Oeperi.

Tyiiin ce3mep: TpaHCIIEKapalbIK TYpU3M; TayJbl ANTall; KEHICTIKTIK Tajaay; TYpU3M KiacTepiiepi;
MH(ppaKyphUIBIMFA KOJDKETIMIUIIK; TYPAKThl TYPHU3M.

1. Kipicme

Hlekapanbik Typusm XXI| facblpja ailMakThIK MHTETPALMSHBIH, TYPAKThl AAMYIbIH KOHE
TPAHCIHIEKAPAJIBIK BIHTBIMAKTACTHIKTBIH MAaHBI3JBl acmekTicine aiHanael. COHFBI JKBUIAAPHI
eKapaiac aiMakrapza, acipece Tay >KoTajxapbl CUSKTBI KEHICTIKTIK KYp/esi ®KoHe pecypcTapra Oait
opTaja TypU3MHIH SKOHOMHKAJIBIK 9pTapanTaHIbIpyFa, MOJICHH ©3apa dpPEKEeTTeCyTe KoHe KoplIaraH
OpTaHbl KOpFayFa KOCKaH YJeciHe epekiie Hazap aynapeuiyaa. Kazakcran, Peceit, Kpitaii >xoHe
MOHFOIIST apKbUIbI CO3BUTBIN JKaTKaH AJTail Tayimapel OYKiT 9JieMe MaHBI3/IbI MIeKapaac aiiMak
00JIBITT TaOBUIAABI, OJ MaHBI3Abl SKOJOTHSUIBIK MAaHBI3BUIBIFFIMEH, MOJICHU OPTYPJILIIFIMEH KOHE
OMIpITIK Te0casiC MaHbI3IbLIBIFBIMEH €PEKIIeIICHE I

CoHrbl OHXKBUIABIKTA KYPT13UIreH 3epTTeyliep IeKapanac Typu3MHIH OalIaHbICThI XKaKCapTy,
IIETKEPUTIKTI a3alTy JXKoHe OpTaK Oackapy >XYWenepiH OambITy apKbUIbl aiMaKTBIK JaMYyJIbIH
Karanu3atopsl 0oia anateiHbH Kopceteai (Gelbman & Timothy, 2011; Timothy, 2016). Illekapanbik
aiiMakTapna Typu3M KeOiHece BIHTHIMAKTACTBIKTHI IAMBITATBIH «KOIIp» PETiHJAEe KBI3MET eTel,
COHbIMEH Oipre HWHQPaKYpbUIBIMAAFbl, CascaTTaFbl >KOHE WHCTUTYLHUOHAIIBIK OJIEyeTTerl
teHci3aikTepai anbikTaiapl (Prokkola, 2007; Stoffelen & loannides, 2025). Eypasust koHTeKCiHIE
capamuibUiap OKUIayJdaHFaH alMmakrapabl >kahaHABIK TYpPUCTIK OKemiyepre OIpiKTipy YIIiH
TpaHCIICKapaJIbIK TYPU3M JIdJII3/Iepi MEH KiIacTepliepiHiH MaHbI3AbUIbIFbIH aTam eteni (Wieckowski,
2023; Yang & Fik, 2014).

XKakpiHaa KyprizuireH 3eprreyiiep TaOuFM pecypcTapra HETI3/IeNTreH TYpU3MHIH, acipece
Taynel aWMakrapaa, OWOOPTYPIUTIKTI cakTay, KJIMMAaTKa TO3IMIUIK JKOHE KOFaMIaCThIKKA
OaFpITTaIFaH 1aMy bl KOCa aJiFaH/Ia, TYPAKThl JaMy TajlanTapblHa KeOIpeK Toyenl eKeHIH KepceTel
(Baniya & Thapa, 2022; de Grosbois & Fennell, 2024). Kepemer OHOOpPTYpIiTiriMeH XoHE
IOHECKO Ti3imMiHe eHri3uireH JaHama@TrapplMeH TaHbIMal AJTail aliMarbl KOpIIaraH OpTaHbI
KOpFay MEH TYpU3M/Ii TaMbITY/IbIH 9JI€YMETTIK-3KOHOMUKAIBIK MTaliJachl apachlHaFbl TeMe-TeHIIKTI
TaJlan eTeTiH OChI MpoIecTepAiH Mbicaibl Oonbin Tabbutanbl (Badyelgajy et al., 2025). Taynsr
ailMakTapia SKOTYpU3M MEH IIBITBIpMaH OKUFaJIbl TYPU3MHIH ©Cyl KEHICTIKTIK »ocmapiay
KypaJiZiapbl MEH KOpILIaFaH opTara dcep/ii Oaranay d/icHaMaIapbiHa CYpaHbICThI apTThIpbI (Kapoor
& Jain, 2024; Pomfret, 2006).

NHppakypbUIBIMHBIH KOJDKETIMAUIITT TpPaHCIIEKAPAIbIK TYpU3M aFbIHAAPBIH aHBIKTANTHIH
MaHbI3/1bI (pakTop Gombin TabbLIa bl Kemik skemninepi, mekapaaaH oTy THIMALIIT JKoOHE BHU3a casicaThl
KENYIIUIepAiH MOOWJIBILIITT MEH alMakKThIK OoceKere KaOUIeTTUIrNiHE aWTapibIKTall ocep eTel
(Kuklinaetal., 2022). Kenrreren TpaHcuiekapaibIK TayJibl alMaKTapia HHQPaKypbUTBIMHBIH O1pKeIKi
eMec JaMybl KEHICTIKTIK TEHCI3IIKKe oKenenl, Keioip TyhiHmep 0ackiM Kakmajapra aifHamabl, al
Oackanapsl ToNbIK MaiganansiiMaiasl (lanioglo & Rissanen, 2020). byn kyObuisic acipece Aunrait
eJIKeciHe Oaiikana/bl, OHJA IeKapaJaH eTy MYHKTTepl KeNymijaepAiH MyYMKIHIIKTepl MEH KaThbICy
JIeHIeMIepiHiH OpTYPIILIIriH KepceTe i, Oy 1aMy/IbIH OipKeNKi eMecTiriHe dKemei.

Kasipri 3amanfbl ofeOuerTeri MaHbI3Abl YPIIC - TYpU3MAL 3€pTTeyAe TIeorpadusibiK
akmaparTelk kyienep (['AJX), KalIbIKTBIKTaH 30HATAY JKOHE KEHICTIKTIK MOJENBICY CHSKTHI
T€OKEHICTIKTIK TEXHOJIOTHsIIap/bl KOJIJaHYAbIH apTybl. by Kypangap Typu3M olleyeTiH aHbIKTayFa,
MH(PaKypbUIBIM/IBI XK00aay bl ’KaKkcapTyFa koHe (PyHKIMOHAIIIBI TYPU3M KIIacTepJiepiH aHbIKTayFa
kemekTeceni (Gretzel et al., 2015; Sigala, 2020). Ken kpuTepuiisii KEHICTIKTIK Tajiaay KOJIOTHSIIBIK,
MH(QPaKYPbUIBIMBIK JKOHE QJIEYMETTIK-DKOHOMUKAJNBIK KOPCETKIIITep/Al MaiijlaiaHa OTBIPHII,
TYPU3MHIH OMIpIICHITIH Oarayay yIIiH KeHIHEeH KOJJaHbUIaAbl, OYJ1 aifMaKTBIK jKOcHapiay YIIiH
Oepik omicHamansIk Heri3 yesiHaael (Adeleye et al., 2023; Malczewski & Rinner, 2015).
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Kiacrepnik omicHaManap Typu3MHIH KEHICTIKTIK KYPBUIBIMBIH TYCIHYAIH HETi31 peTiHae Ie
MaHbI3ABUTBIKKA Me Ooyabl. Typusm Kimacrepiiepi MacmTad 3KOHOMUKACHIH UITepisieTe i, TyPUCTIK
OarbITTapIbIH Oocekere KaOUIeTTUIITH apTThIPAIbl )KOHE MY TapanTapAblH bIHTBIMAKTACTHIFbI
apkbutbl nHHOBarusHbl Kosmaitael (Novelli et al., 2006; Pechlaner et al., 2019; Porter, 1998).
[lexapanblk opTajna KiacTepiiep YITTBHIK IIeKapajapJaH ThIC >Kepliepre Tapanajsl, Oysl e3apa
OallyIaHBICTBI TAPTHIMABUIBIK, MH(PPAKYPBUIBIM KoHE Oackapy yitenepin skacaiabl (Stoffelen &
Vanneste, 2017). [lereameH, AiTaiifipl Koca alFaH/a, KONTEreH aiMakTapaa MyHIai KiiacTepiepii
aHBIKTAY 'KoHE (PYHKIMOHANIBIK U depeHranmsiay Macesenepi sKeTKUTIKCI3 3epTTeNreH Kyinae
KAJIBII OTBIP.

[lexapaiblKk TYpU3MIe IETreH KbI3BIFYIIBUIBIKTBIH apTyblHA KapaMacTaH, OipHeIe 3epTrey
KeMIITikTepl cakramryaa. lllekapaiblKk Typu3MHIH JaMybIHBIH KOIl alHbIMAJIbl JUHAMHKACBHIH
KOPCETETIH MHTETpalMsUIaHFaH KEHICTIKTIK MOJENbIep kKeTicmeimi. ExinnrimeH, Anrtail aliMarsl
OOMBIHILIA IMIIUPUKAIBIK 3epTTEyNep (PparMEHTTENTeH >KOoHE KeOiHece KeKe eNJEPMEH HeMece
HAKTBl TYypH3M TYpJepiMeH IIEKTEeNTeH. YIIHIIIIEH, TYpu3M >KYHelepiHe ocep eTeTiH TaOuru
aneyet, MH(GPaKYpbUIbIMFAa KOJDKETIMAUTIK JKOHE TpaHCIIeKapasblK OaillaHbIC apachlHIAFbl ©3apa
OpeKeTTecyre )KEeTKUTIKTI KOHUT 0eliHOeTeH.

Ochbl KeMIIUTIKTEPAl KO0 YIIiH Oyl 3epTTey AnTail TaynapblHIa TPaHCIIEKAPAIIbIK TYpPU3MII
JaMBITY/IBIH KEIIeH I KEeHICTIKTIK HEeTi3iH 93ipJjeyai MakcaT eTeii. 3epTTey YII HaKThl MakCcaTKa
KeTyre OarbITTallFaH:

(1) Taburu xoHE peKpealrsyIbIK TYPHU3M dJIeYETiHIH KEHICTIKTIK TapalyblH Oarajay;

(2) nadpakypbUTBIMFA KOJDKETIMIUTIK TICH TPaHCIICKapaNIbIK OailIaHbICThI Oaranay; JoHe

(3) TAX Herisinmeri Kemm KpUTEPHIATI TaAay Ibl KOJaHa OTBIPbII, TPAHCIICKAPAIBIK TYPH3M
KJIACTEepJICPiH aHBIKTay KoHE Mojaenpacy. Ocbl Tayijgay HeEri3iHAe 3epTrey AnTail alMarblH
OpKaichbiChl HAaKThl (YHKIMOHAJABIK PpONAEpAl OpBIHAAWTHIH ©3apa OalIaHBICTBl TYpU3M
KJIaCTEepJIEPIHIH TYTac KYHecl PeTiH e TYKbIPbIMIaUThIH HHHOBAIUSUIBIK «TOPT €CENIK» KEHICTIKTIK
MOJIETIb/Il YChIHAABI. byJl MOJeNnb TEOPUSIIBIK KOHE MPAKTHKAIBIK TalKbUIayAbl KeHEUTEedl, Tayibl
aliMakTap/ia TpaHCIIeKapaJlbIK TYPU3M/II *KocTapiay YIIiH MaciTabTanaTelH HET13 Oepe/l.

2. Martepuajnaap MeH dicrep

byn 3eprrey AnTail TaynapbelHIaFbl TPaHCIIEKapaIblK TYPU3MHIH KEHICTIKTIK KYPbUIBIMBI MEH
JaMy 3aHIbUTBIKTApPBIH TaJIay YIIiH reorpadusuibik aknapartsik xkyitenepai (I'AX) ken kpurepuiii
Oaranay ojicTepiMeH OIpIKTIPETIH KEeHIeH/1 MeOKEHICTIKTIK oJ[iCHaMaHbI IMaiianaHajsl. OjicHaMa
TYpU3M oJIeyeTiH, MH(paKypbUIbIMFa KOJDKETIMIUTIKTI KOHE TpaHCUIeKapasblK OaifiaHblcTap. bl
OlpbIHFall aHAIMTUKAJIBIK IIeHOepIe Xyhenl Typae Oaranayra apHaJFaH.

1-cyperte kepcerinrennell, zeprrey aiimarbiHa Kazakcran, Peceit, KpiTaii xone MoHFomus
apKbLJIbl CO3BUIBIN JKaTKaH AJTail TpaHCIIEKapalblK Tay XyWeci kipenl. Kapra 3eprreyniy
reorpa(usUIbIK HETi31H KaMTaMachl3 eTelll, alMaKThlH KeHICTIKTIK IIeKapalapblH aHBIKTAHIbl XKoHE
OHBIH KypZesi (U3MKaNbIK €peKIIETiKTepiH, COHBIH IIIIHAEe KOPHEKTI Tay >KOTajlapblH, ipreiec
aiiMakTap/pl >KOHE MaHbI3/Ibl alMaKTBIK OpTalbIKTapAbl Kepcereni. byn reorpadusibik kepiHic
OapibIK KEHIHT1 TeOKEHICTIKTIK 3epTTeyJiep VIIIH MaHbI3Abl HETi3 OOJIbIN TaObUIaIbl, ayMaKThIK
HIeKapaiap/pl, TAOUFH MIEKTEYJIEepi *KoHE alMaKThIK OaijaHbICTap/bl aHBIKTAyFa KOMEKTECEl.
OJlicHaMaJIbIK Her13 OipHelle KeHICTIKTIK KoHE CTAaTUCTUKAIBIK JE€PEKTep KUBIHTBIFbIH OIpIKTIpyre
Heri3nenred. byran Taburu nanamadrrap, OUIKTIKTEp MEH kep OefepiHiH epeKUIeNiKTepi, epeKiie
KopranateiH Taburu aymakTtap (EKTA), kemik sxeminepi sxoHe Typu3M HUH(DPaKYpbUIBIMBI Typasibl
reorpausiblK epekrep Kipeai. COHbIMEH KaTap, TOJBIK KOPIHIC aly YIIIH KeIylIiiep arbIHb,
allMaKTbIH QJIEyMETTIK-PKOHOMUKAJIBIK JaMybl jKOHE WH(PAKYPBUIBIMFA KOJDKETIMIUIIK CHSKTHI
CTaTUCTUKAJIBIK KOpCETKITep eckepiienl. bapiblk nepekTep JKUBIHTBIFBI CTaHJIApTTaJFaH,
reorpausUIbIK CUITEMENIEpMEH pacTalfaH KOHE YITTHIK IIeKapajap OOMbIHIIA aHAIWTHUKAIBIK
COMKECTIK TIE€H CalmbICThIpynbl KamTamachid ety ymiH [MC asceiHma enaenreH. KeHICTIKTIK
nepekTepai enzey xoHe kaprorpadusiay ArcGIS Pro (ESRI, Bepcus 3.1) xone QGIS (aycka 3.28)
OarapiamMalblK KYpaaaapblHAA KY3€re achlpbLIIbL.
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3AKCTAH

- Bankauw keni

Cyper 1. Anraii TpaHCIIEeKapasIbIK Tayilbl ailMarbIHBIH Teorpadusiblk opHanacysl. Jlepekkes: ESRI
(U3MKaIbIK oJIEM KapTachl HET131H/e aBTOPJIapMEH KYpPacThIPbUIFaH

Ken xpurepwuiini 6aranay vepapxusuisik mpoiiecc (Analytic Hierarchy Process, AHP) uerisinmie
caiMmakranraH Kabarractelpy (Weighted overlay) omiciMen ky3ere achIpbUIIbI; HETIi3Ti
KpUTEpHITIepre KOI-KOJIK KeJiciHe JEWiHT1 KallbIKTHIK, abcomoTTik OmikTik, EKTA moprebeci,
IIeKapablK OTKI3y MyHKTIHE JEHIHT1 KAIIBIKTHIK JKOHE TYPHUCTIK MHPPAKYPHUIBIMHBIH THIFBI3IBIFBI
Kip/Ii, aJl KpUTepUil caiMaKTaphl CaparibUIbIK Oaranay apKbUIbl aHBIKTAIbL. JlepekTep Ke3i peTiHae
Kazakcran PecnyOnukachl ¥JITTHIK CTaTUCTUKA OIOpPOCHIHBIH, Peceit @eneparusicel PoccTaThIiHbIH,
KpiTait MeH MOHFOJTUS VIITTBIK CTaTHCTHKAIBIK areHTTIKTEepiHiH pecmu ecenrepi, OpenStreetMap
BEKTOPJIBIK Kabarrapel xoHe SRTM/Sentinel-2 nepexrepi (30 M KEHICTIKTIK a’KbIPaThIMIBLIBIK)
nanganaHbUIael. AWMaK IMIiHIETT HEeri3ri e3apa OaiylaHBICTBI OaFajiay YIIH KEHICTIKTIK Taljaay
onicTepi KoyaHbuiaabl. byFaH Kelik KenIepiHiH KOJDKETIMIUTITIH 3epTTey, HHPPAKYpPbUIbIM MEH
meKapa oTKeACPIHIH ocepiH Oaranay YIIiH >KaKbIHABIKTHI Tajaay KoHE TYPHCTIK pecypcTrap MEH
KBI3METTEP/IIH KEHICTIKTIK TapalyblH Tajay Kipeai. bykin TpaHcuiekapasiblk ailMaKTaFrbl TYPU3MHIH
OIpKeNKi eMecC TaMybIH TYCIHY YIIIH KaXeTTl KOJDKETIMIIUTIK albIpMAaIIbUIBIKTaphl MEH KEHICTIKTIK
allBIpMAIIIBUIBIKTAP Il AaHBIKTAyFa EpeKIlie Ha3ap ayAapbuiabl.

TypusmMHIH KEHICTIKTIK YHBIMAACTBIPBUTYBIH KAKCHIpaK TYCIHY VIIIH KIJIACTEPIIK TOCLI
KOJIJIaHBLIa bl byl 3epTTey aliMarbiH pecypcTapMeH KaMTaMachl3 €Ty, KOJDKETIMIUTIK KOHE JaMy
KApKbIHABUIBIFBIHBIH YKCACTBIKTapbIHA HeETri3eNreH (YHKIUOHAJABIK TYPFbIIAH epeKIIeIeHETIH
TYpPUCTIK aiimakTapra Oeinyai xkeHingeteni. Kimacrepriey HOTHXenepi MaHBI3AbI TYPUCTIK XaOTap Ibl
KYpYZAbl KOCa ajlFaH/ia, IMOFbIPJIaHy MEH MIAIIbIPAaHKbUIBIKTHIH aiMaKThIK YITUIEpiH KepceTesi.
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3epTTey HOTIKENEpl TYKBIPBIMJAMAIIBIK «TOPT  €CEeNiK» KEHICTIKTIK TapaaurMara
Oipikripinren. byn moxmens Anrtail enkeci OOWBIHINA TypU3MII JAaMBITYIBIH HEPAPXUSIIBIK
YHBIMAACTBIPBULYBIH JKOHE (DYHKIIMOHAJABIK MAMaHAaHYbIH KOPCETE 11 )KOHE OPTaJIbIK aliMaKTap MEH
IIETKI aiMaKTap apachIHJarbl ©3apa OaiaHBICThl aHBIKTaIbl. MOeNb TpaHCIIEKAPAJIBbIK TYPU3M
KYHECIHIH >KaH-)KaKThl >KOHE AHAJIUTHKAJIBIK TYPFbIIAH HEri3J€IreH CUIAaTTaMachblH YCHIHAJBL.
OxicreMe Kyp/eli TpaHCHIeKapallbIK TypH3M KYHEJIepiH 3epTTey YIIiH KaTaH oHe JKyHeml Heri3ai
KaMTaMachl3 erefil. Byl JKyMmbIc TpaHCIIEKapasblK Taysbl aliMakTapAa AQJeNAl CTpaTeTUsUIbIK
KOcmapiayabl Koyijay YVIIH TEOKEHICTIKTIK TalfayAbl Kell KpuTepuilni OarajayMeH KoHE
KCHICTIKTIK MOJCIIbICYMEH OipiKTipei.

3. Hotmkesiep

Bbyn Genimae Taburu pecypcTapblH KOJDKETIMALIIT KoHE HHPPaKyphUIBIMFA KOJDKETIMILUTIK
TyprbicbiHaH Taynbl ANTalbIH TYPUCTIK QJIEYEeTiHIH aiiMaKThIK ©3TeprilTiri OaranaHaabl. 3epTTey
HOTIDKEIIepl alTapibIKTall KEHICTIKTIK TEHCI3IIKTI KepceTell, KYHIbl TaOWFu ayMakTap kebiHece
HIEKTEYIl KOJDKETIMAUIK aiiMakTapblHAa OpHAlacKaH, Oy TYpakThl TYpU3Ml JaMBITYy YIIiH
QJICYeTTi e, MEKTeyIep i e Oumaipei.

3.1. Tabuzu scane pexpeayusiivik aneyem

Kenicriktik 3eprrey Taynbl AnTalifiblH THIFBI3 JKOHE KYpIeli TaOUFH KOHE PEKpealusiIbIK
0azacel Oap €KeHiH, OHBIH Tay-Talra JKOKyHelepiMeH, albMiliK JaHamadTTapMeH XKOHE KeH
MY3BIK-TUAPOJIOTHSUIBIK JKYWEIEPMEH CHMATTAIATBIHBIH KopceTTi. TypusM oneyeTi eH KOFaphl
aliMaKkTap epeKiie KOpFaJlaThlH TaOWFH ayMaKTaplblH TapajdybIMEH TBIFbI3 OailJIaHBICTHI, OYJI
KOpFaJIaThIH ayMaKTap HETI3T1 TYPUCTIK pecypcTap OOJbIN TaObUIATHIHBIH KOPCETE .
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Cyper 2. Anraii TaynmapblHIAFbl KOPFaJaThIH ayMaKTap MEH HeTI3Ti TYpPHUCTIK pecypcTapablH
KEHICTIKTIK Tapaylybl (aBTOPJIap KYpacThIPFaH)
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2-CypeT KYyHIbl TaOWFU PECypCTapIblH TOPT HETi3rl alMaK OOWMBIHINA TapadyblH aHBIK
kepceteni: (1) Kaszakcranmarel Katonkaparaii aiimarbi, (2) Peceiigeri benyxa taymapsei, (3)
Kerraiinarer Kanac ke kyieci skone (4) Monronusgarel Anraii-TaBan-born aiimarel. By
ayMakTap JaHAMA(PTTBIH Y3IIKCI3AIMIMEH >KOHE OHOOPTYPJUIIKTIH apTybIMEH CHIIATTaJIaThIH
TpaHCIIEKAPAIBIK SKOJIOTHSIIBIK KeN1H1 KypanIbl.

Tay momizmepi OOWBIHAAFBl KOPFAIATHIH ayMaKTapIblH KEHICTIKTIK Tapanxybl alMaKThIH
SKOJIOTHMSUIBIK TYTACTBIFBIH aTal KepceTell JKOHE TYPU3MHIH KapKbIHIbl ©CyiHE MIeKTeyJepl
kepcereni. KopranaTelH aymakTap MEH TYPUCTIK OPBIHIAPABIH KabaTTacysl Oonamak qjaMmyra TOMEH
ocep €TETiH KOTYPHU3M MOJICINbIepiHe Oaca Ha3ap ay/apy KEPEeKTIriH KopceTe .

AnTail eJIKEeCiHIH TYpPHUCTIK oleyeTi €H alJbIMEH OHBIH pPeCypCTapbIMEH AaHBIKTATIaJbl, aj
KOpFaJIaThIH ayMaKTap TYPU3M/Ii JaMbITYABIH HET13T1 HeTi31 00k Tabbu1anbl. JlereHMeH, o1apIbiH
perreyuri Mopredeci TaOMFATThI KOpFay MEH PeTTEJNETiH Typu3MIi HaiianaHy apachlHAAFbl TEIe-
TEHIIKTI Tajam eTeml.

3.2. Ungpakypviivimea Koacemimoinix

WudpakypbuibiMFa KOJDKETIMALTIKTI Tannay Asrail enkeci OOHBIHIIA KOJIK OaiJIaHBICHI MEH
IIeKapa eTKI3TITITiHAeT] alTapJIbIKTali alMaKThIK albIPMAIIbUTBIKTAP bl AHBIKTA b, ¥ ITTHIK KOJIIK
OarpITTaphIMEH OailyIaHBICKAaH aliMaKTap/aa KOJDKETIMIUTIK €H KOFaphl, all MaJFail Tayasl ayJaHaap
CaJIBICTBIPMAJIBI TYPJIC OKIIAYJTaHFaH KYHIH/IE KaJbII OTHID.
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Cyper 3. AnTail TaynapelHIArbl TPAHCHICKAPAIBIK KOJIK J>KOHE JIOTHCTUKAJBIK JKeNli IKOHE
HIeKapaJIblK OTKI3Y IYHKTTEpi (aBTOpJIap KYpacThIpFaH)

Cypet koK nH)PaKYPHUTBIMBIHBIH JUCITPOIIOPITHOHAIIIBI TapadyblH KOPCETE/l, HETI3T1 KO
nomizaepi HeriziHeH Kaszakcran-Kpitait sxone Kaszakcran-Peceil ocbrepi O0OMBIMEH OpHanackaH, ai
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Mounronus MmeH Pecelifiin Ouik Taynbsl aiMaKTapbIH/a JKeJli OHIa ThIFeI3 eMmec. Lllekapasblk oTKi3y
MYHKTTEPl CTPATETUSIIBIK TYPFBIIAH OpHAJACKaH, OipaK CHIMBIMIBLIBIFBI MEH (DYHKIIMOHAIIBIFBI
OOMBIHIIIA aUTAPIIBIKTAl albIPMAIIBUTBIKTAP/IbI KOPCETE/I.

Kecre 1. AnTaii TaynapbelHAarbl HETi3ri MEeKapallblK OTKI3Y MMyHKTTEpiHiH cunartamanapsl (2024)

lexkapajbIK 0TKi3y Eanep MbopTebeci SKBLIIBIK, TypuCTepAiH
MyHKTTEPi CHIMBIMABLIBIFBI (2aM) yaeci (%0)
[ITemonanxa— Kazakcran— XanbIKapabIK ~1.5-2.0 mumnmon 10-15%
MuxaitnoBka Peceii Tac oIl
Maiikaniiarai— Kazaxcran— XaJpIKapalibIK ~0.8-1.2 MmuLIroH 20-30%
[xumyHaii KerTai Tac KOII
Tamanrta—llaraanunyyp Peceii— XasbIKapalibIK ~50,000-80,000 mbIH 60-70%
Monronus Tac oIl
bynran-Takamuken MoHFoimsa — XaJpIKapabiK ~25,000-70,000 mbIH 30-40%
Kerrai Tac >KOII

Eckepty: 1l-kecrene KenTipiireH IepeKTep aBTOPMEH YITTHIK CTATUCTHKAIBIK €CENTepIliH, aiMaKThIK
3epTTEYNEpAiH XKoHe ANTail eIKeciHAeri TpaHCIIeKapaldblK TYpU3M MEH KONIK KOJDKETIMAUITi OoibIHIIA
OYPBIHFBI 3€pPTTEYJIEPIiH KbICKAIIIa MA3MYHBI HETI31H e )KUHAKTaIFaH xoHe Oarananran (mbicaibl, (Kuklina et
al., 2022; Tanina et al., 2022)). [Taiip3apIK yiec apOip LIOIT apKpuibl ©TETIH TpaHCIIEKAPATIBIK TYPUCTEPIIH
THICTI YITTBIK/OHIPJIIK aFbIHFa KaTBICTHI YJIECIH OLIIIpeIi, COHABIKTaH Oaranmap OotbiHIma KochHabl 100 %-
JIbl KypaMau bl

Kecrene TopT Herisri mekapanblk oTkizy myHkTrepi (LLIOII) canbicTeippuiagsl. 3epTTey yiI
HET13T1 3aHIbUIBIKTEI AaHBIKTA I

Ulexapanvix emxiszy nynkmmepiniy (LLOII) ¢ynxkyuonanowvix mamanoanysi. lllemonanxa-
MuxaiinoBka >xoHe Maiikanmarai-J/[xumyHail cusKThl ©TKI3y KaOumeti »xorapbl LOII Herisri
TPAH3UTTIK OarbITTap pEeTiHAE KbI3MeT erenl, Oipak TamanTa-llaraaHHyyp Typusmre OarbITTasIFaH,
TYPUCTIK aFbIHIAP/IbIH alTapJIbIKTal YIKEH YJIECiH Kypanabl.

Typucmix mapanyoazel acummempus. lllemoHanxa-MuxaioBka Iomni3iHIH OackiM OOy
(typuctik arbiHmapabiH 68,3%-b1) KEHICTIKTIK TEHIepIMCI3IIKTI KOpCeTeli, TPaHCIICKaPabIK
TYpHU3M KbI3METIHIH KOMUIUIri Oip TyHiHI'e HIOFbIpIaHFaH.

Ungpaxypoineimoviy wexkmeynep. OTKizy Kabiumeri temen IIOII, ocipece MoHronus MeH
KpiTali apacbiHiarbl, aifHanmanarbl aiiMakTapblH adTapibIKTall TaOufM oneyeTiHe KapaMmacTad,
TYPUCTIK aFbIHIAP/IbIH ©CYIHE KeJepri KeATIpeIl.

WHpakypbUIBIMHBIH KOJDKETIMIUTII TpaHCIIEKapaiblK TYpU3MJI JaMbITyFa aiTapiiblKTai
kemepri Oonbim TaOsutanel. lllekapaman eTynl mnaijgamaHy MeH KoJiK OailIaHbICTApPBIHIAFbI
albIpMaIIbUIBIKTap KEHICTIKTIK JaMyablH Oipkeiki OoiMayblHa OKeNedl KOHE YHIIeCTIpiireH
MH(PaKypbUIBIM/IBI k00aay Ka>KeTTUTITH KepceTel.

3.3. Typucmix knacmepnepoi anvikmay

Ken xputepuitni 'MC Herizinzeri tanjgayisl HaijanaHa OTBIPHIN, SPKaCHICHIHBIH ©31HIIK
KEHICTIKTIK peJii, peCypCThIK 0a3achl KoHE AaMy KOJIbI 0ap TOPT HEri3ri TpaHCIIEKapalbIK TYPU3M
KJ1acTepi aHbIKTasAbl. Onap Keneciiei KiKTeml:

» bateic Antait kmactepi (Kaszakctan-Peceil) — neHcaynbIK cakTay »KoHE OpMaH TypuU3MIHE
OarbITTaJIFaH CAJIBICTBIPMAJIBI TYPJIE KOJDKETIMIL KIIacTep.

* Opransik Antail kinactepi (bemyxa) — MIBITBIpMaH OKUFAIbI YKOHE ajbIUIK TYpU3M YILUIH
aiftapneIKTaii oneyeti 6ap ipi Ouik Taynbl Typu3M aitMarsbl.

* [Ieireic Anrait xmactepi (Kasakcran-KpiTail) — OyKapanblK KoHE HKOTYpHU3M YIIIH
afTapibIKTail oneyeTi O6ap Kblj1aM TaMBbIIl KeJle )KaTKaH aiiMak.
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® MOHFOJ'I Anrait KJ'IaCTepi — OTHOTYPHU3M MCH HIBITBIPMaH OKHWUFAJIbl TYPU3MI'C MaMaHJaHFaH

mIanFaid, 0ipak MOJICHU TYPFbIIaH Oail alilMak.

KiacrepnepiH KeHICTIKTIK Tapanybl TaOuFu reorpadusiHbl J1a, T€OCasACH IIeKapajapabl Ja

KepceTei, Oy OippIHFall 6achIM OPTAIBIK €MEC, MOTUICHTPIIIK TyPH3M JKYHeciHe oKemei.

Kecre 2. Typusm kiiactepiiepidiy KEHEHUTUITCH CalbICTRIPMAIBI CHITATTaMaTaphl

Kaacrep | Aynan | EKTA | Oprama | Typucrik | llleka | Mamangany | Heri3ri Kenicrik
bl yieci | KoJKeTi arbIH pa bl KOPIKTI TiK peJ
(km?) (%) MaiTiK (2024, | myHkT JKepJep
(MuHMMA MBIH Tepi
JIBI) ajiam)
bareic | ~13,00 | 35— 180-240 ~885 2 DKOTypHU3M, Karon- IeitTBeit
Adnrait 0 45% opMaH Kaparait | xmactepi
(Kazakcr Typu3Mi YITTHIK
aH) casi0arml,
Paxman
Oy1akTapsl
Opransik | ~92,60 | 25- | 240-360 | ~2,700 1 ANBIIMHHA3M, benmyxa Herisri
Adnrait 0 30% IIBITBIPMaH Tay¥l, TaOuFu
(bemyxa, OKUFaJIbI Teneukoe | kiactep
Peceit) TypU3M Kol
Iereic | ~120,0 15— 120-180 ~8,500 1-2 Kanmai Kanac keui, | OneyerTi
Aunrait 00+ 25% TYpHU3M, Adnraii ecy
(Kprrait STHOTYPU3M Tayaapsl aliMarsl
AdTaiibl)
Mownron | ~200,0 | 20— | 300-600 | ~25-53 2 OKOTypH3M, Anrait OkcTpema
AJrraiiel 00+ 30% stHOTYypu3M | TaBaH bory | nsl )koHe
WITTBIK | 3THOTYpHU
cas0arbl 3M
OpTAJTBIFBI

Eckepry: 2-xecrene KeNTIpUIreH JAEpeKTep aBTOPMEH YITTHIK CTATHCTHKAIBIK €CENTEp.iH, alMaKTBIK
3epTTEYNEepAiH XKoHe ANTall eIKeciHIeri TpaHCIIeKapalblK TYpU3M MEH KONIK KOJDKETIMAUIT OoibIHIIA
OYpBIHFBI 3epTTEYJEpIiH KbICKAllla Ma3MYHbI HEri3iHIe J>KHHAKTaJfaH >KoHe OaraiaHraH (MbICalibl,
(Badyelgajy et al., 2025; Kuklina et al., 2022))

Knacrepnepai canbicTbipMansl Tanjgay OipHelle MaHbI3bl KOPBITBIH/BI jKacayFa MYMKIHJIK
Oepeni:

Macwmab nen xgapgvinovieiKmaesl avvipmawsiivikmap. LIbiFbic AnTtail  KnacTepinie
TypucTik arbiH eH kem (~8,5 mwuimon amam, 2024 >KbUTFbI YJITTBIK CTATUCTHUKAIBIK €cCEnTep
OolibIHINA, HETI31HEH 1IK] XKoHE OHIpapasblK TYPUCT aFbIHAAPBIH KAMTUTBIH KHUBIHTHIK KOPCETKIII),
Oyl HapBIKTBIH KOFapbl CYpaHbICBI MEH JaMblFaH HH(pakypbUIbIMBIH Kepcereni. KepiciHiue,
Mownron Anrtail Ki1acTepiHiH reorpadusiblK ayMaFbl KeH, 01pak TypU3M KapKbIH/IbIIBIFBI TOMEH.

Konowcemimoinix epaduenmi. barpic xoHe IlIbiFpic AnTail Kiactepriepi KODKETIMIIpEK, ail
OpraibIK koHe MOHFOII Ki1acTepiepi OHIA KOJDKETIM/I eMec, OYJ1 oJlapIbIH TYPU3M MaMaHJaHybIHA
ocep eTe/.

DYHKYUOHANOBIK MamaHOany. OpOip KIIACTEepAiH ©31HIIK epeKIe TypusM npoduii 6ap, atan
aiiTKaHaa AKOTypu3M (0aThiC), WIBITBIPMAaH OKHFalbl Typu3M (OpTaibIK), OYKapaiblK TYpU3M
(LIBIFBIC) JKOHE JTHOMOJEHHM TypH3M (MOHFOJ), Oysl O9CEeKelecTiK emec, e3apa TOJBIKTHIPYIIbI
KapbIM-KaTbIHACTaP bl OLITIpe .
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KenicrikTik pennep: Kiactepnep aillMakThIK Typu3M >KYHECIH KYpaWTbIH LUTIO3JEP/IiH,
©3CKTEp/iH, 6Cy OPTAIBIKTAPbIHBIH JXOHE NEepUPEPUSUIBIK TYHIHIEPAIH HEpapXUsUIBbIK JKyHeciH
ounnipeni.

AnTtail TypusM KyieciH (QyHKIIMOHAIBI TYpe epeKIIeNCHETIH KJIacTepiep KeJici peTinae
cunarraral Aypsic. by kiactepiik KYpbpUIbIM TpaHCIIEKApaIbIK TYPU3MHIH YilleciMIl JaMybl MEH
MaMaH/IaHYbIHBIH HET131H KaJIal bl

3.4. Tpancwexapanvlk mypusmHiy Keyicmikmix mooeiui

TpaHcuiekapaiblK TYpU3MHIH KEHICTIKTIK Mojemi. KeHICTIKTIK Tanaay XKoHe KiacTepal
aHBIKTAy HETi3iHAe AJNTall OIKECIHJEri TpaHCIICKAPAIbIK TYPHU3MHIH OCYiH TYCIHAIpY KOHE
BIHTAJIAH/BIPY YLIIH TYXXBIPBIMIAMAIIBIK «TOPT SIPOJbI» MOEIb YCHIHBLIFAH.
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Cyper 4. Antaii TaymapbIHAAFbl TpPAHCHIEKAPATIBIK TYPU3MII AaMBITYABIH «TepT smpoibiy
KEHICTIKTIK MoJieli (aBTOpap KypacThIpFaH)
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4-cypeTTeri MoJieb alMaKThl TOPT ©3apa TOYeI i ©3eri Oap e3apa OaIaHBICTHI JKYHEe peTiHIS
KapacThIPaJIbl:

Lnto3 opmanviewvl (bamoeic Anmaii). CanpICTBIPMaIbI TYPAEC JKAKCHI JaMbIFaH HHOPaKYPBHLIIMBI
KOHE TaMala KeJiK KOJDKeTIMIUTITT 6ap Heri3ri Kipy HYKTeci peTiHae KbI3MEeT eTe/Il.

Tabuzu opmanvix (Opmanvix Anmaii). buik Taynel JaHAmagTTapMeH JKOHE OMTUII KOPIKTI
KepJePMEH CUNIATTAJIAThIH alMaKThIH OUOJIOTUSIIBIK JKOHE CHMBOJUKAJIBIK JKYperi.

Ocy opmanvizvl ([lvizeic Anmarii). Typusmre aereH cypasbic ieH KpiTaliMeH TpaHCIIeKapaibIK
OaifTaHBICTAPMEH KaMTaMachl3 €TINTCH, JKOFAphl JaMy olieyeTi O0ap JUHAMUKAIBIK JaMbI Kele
’)KaTKaH aliMak.

Omuomaoenu o3ex (Moneon Anmaiivl). MaMaHZaHIBIPBUIFAH Tayalla TYPU3M TXIpUOeCiH
YCBIHATBIH HIETKEPI, OIpaK epeKIe MoJICHH OpTa.

Mogens 0aceKenecTiKKe eMeC, HETri3Ti KACIMOPBIHAAPABIH ©3apa TOJBIKTHIPBLUIYbIHA JKOHE
e3apa OaillaHBICTHUIBIFbIHA OAFBITTANIFAH JKOHE YII HET13T1 aCIEKTiHI KAMTHUIbI:

* KeHicTikTik nepapxmusi.

* OYHKIIMOHAIBIK MaMaHIaHYy.

* [llexapanbik OainaHbICTAap.

¥ CBIHBUTFAH TOPT SAPOJIBI MOJAETH TPaHCIIEKApaIbIK TYPU3MHIH TEHIEpIM/l kKOHE TYPAKThI
ecyl YIIiH CTPAaTerHsUIBIK HETi3 peTiHae KpiMeT ereni. OHmpa AnTail TYpu3M CEKTOPBIHBIH JKAJIITBI
0ocekere KaOIMETTUIINH apTThIPY YIIIH HHPPAKYPBUIBIMIBI, KOPIIAaFaH OpPTaHbl KOPFAayAbl JKOHE
allMaKTBIK BIHTBIMAKTACTHIKTHI O1PIKTIPY KaXKETTLIIr aTam eTiUIreH.

4. TaakpLiay

By 3eprreyamin HoTHXKenepi AnTail TayJdapelHIAFrbl TpPaHCIIEKAPAIBIK TYPU3MHIH JaMmybl
TaOUFU pecypcTapAblH  KOJDKETIMIUTITIHIH, HWHQPAKYPBUIBIMHBIH  KOJDKETIMAUIITIHIH — KOHE
TpaHCIIEKapalIbIK OaMIaHBICTHIH KYP/IEIIl 63apa dpeKeTTecyine OalIaHbICThl €KeHIH KopceTeni. by
TYKBIPBIM OKOJIOTHSUIBIK TYPFBIJIAH MaHbI3/bl IlIeKapajac aiMakTap/blH HWHCTHUTYLHMOHAIIBIK
¢dbparMeHTanMsl MEH HHQPPaKYpbUIBIMIAFbl TEHCI3JIKKE OallIaHbICTBl JaMyJIbIH OIipKelKi emec
YJITiIepiH KepceTeTiH Oacka 3epTTeyliepMeH coiikec keneni. Aunrtail aliMarblHAA >KYPri3uUireH
3eprreyep 0ait OMOIPTYPIILIIK MEH K€H KOPFAJIaThIH ayMaKTap TYPU3MHIH 1aMYbIH KOJIANThIH )KOHE
COHBIMEH Oipre ipi HH(GPAKYPHUIBIM KYPbUIBICBIHA PETTEYILI IIEKTeyIep KOSIThIH YKcac AUHAMUKaHBI
kepcereni (Han et al., 2024).

TypusMHIH JaMybIHBIH TaOWFU JKOHE KOpFallaThlH ayMakTapfFa alTapiblKTail TOyeNJIimiri
TypaJibl OCBhI 3€pPTTEYMIH HOTHXKEIEepPl TPAHCIICKAPAIBIK TYPU3M KYHEIEPIHIETT SKOJOTHUSIIBIK
aKTUBTEP/AIH MAaHBI3JBUIBIFBIH aTall ©TKEH OYpBIHFBI 3epTTeyliepMeH colikec keneni. Aurail
TayJlapbIiHAa >KYPri3UIT€H aKbIHIA KYPTi3UINeH 3epTTeysiep TpaHCIHIEKAPAIbIK HSKOJOTHSIBIK
XKeJIiep MeH TaOuFaTThl Kopray Jai3/iepi OMOopTYPIIUIIKTI KOpFall KaHa KoiMail, COHBIMEH KaTap
TYpH3MHIH ©Cyl YIIiH KEHICTIKTIK Heri3 jkacalThlHbIH Kepcerexi (Han et al., 2024). Aunraii
©JIKECIHJIET1 TYpaKThl TYpu3M OONBIHIIIA 3epTTEyNIEep SKOTYPU3M MEH TaOUFATThl KOpPFay TypU3MiHIH
VITTBIK IIeKapaiap apKbUIbl JKaKChl YHJICCTIPUITEH Ke3Jle TaOMFATThl KOpFayFa KOHE JKEpPTiTiKTi
ONIEYMETTIK-DKOHOMHKAIIBIK JaMyFa yJiec Koca ajaThlHbIH Kepcereni (Samgar et al., 2025). byn
3epTTey SKOJOTHSUIBIK aKTUBTEP/IH TYpU3M KiacTepliepiHiH KEeHICTIKTIK KOH(PUTypaIrUsChIH JKOHE
oJapAbIH (PYHKIIMOHAIIBIK MaMaHJaHYbIH aHBIKTAHTHIHBIH KOPCETY apKbUIbI aJIIbIHFbI HOTHXKeENep/Ii
TOJIBIKTBIPAIBI.

byn 3eprrey uHQpaKypbUIbIMFA KOJDKETIMAUIIK TEH IIeKapagaH eTyll MaijanaHyaarsl
alTapbIKTall aiMaKThIK albIPMAlIbUIBIKTAPAbl aHBIKTAY apKbUIbI 1a MaHbI3/bI YJIeC Kocaabl. by
HOTIDKE KOJIK JKENUIEPIHIH TYpaKThl €MECTirl MEeH IIeKapa OTKI3TIITITiHIH TpaHCUIeKapalbIK
ailmMakTap/ia Typu3M/Il 9[1 AaMbITyFa KeAepri KeNTIPeTiHIH KOpCeTeTiH OYphIHFbI 3epTTeylepMeH
coiikec keneni. lllekapanblk Typu3M >KyienepiH 3epTTey MH(paKypbUIbIM J19Mi3/1€piHiH KobiHece
TYPUCTIK aFbIHAapAbl Oenruii Oip TyHiHAEpre MIOFbIPIAHABIPATHIHBIH, OYJI «KakKa yCTeMJIriHe»
OKEJICTIHIH KOHE IIETKI allMaKTap/IbIH 1aMybIH HIEKTEUTIHIH KopceTTi. Typu3M KbI3MeTi KOJDKEeTIMI1
aliMaKTap/ia )KOHE HET13T1 KeJiK IoJi3/1epl OOMbIHIA MIOFbIpJIaHaThIH ANTall eJIKeCiH/E 1€ OChIHIal
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ypaicrep Gaiikanasr (Dunets et al., 2020). Ocwingaii Hotmkenep OHTycTik Adpukagarsl KaBanro-
3aM0e3u TpaHCIIeKapaIblK KOPBIK aiiMarblH KOca ajFaH/ia, 0acka Jla TpaHCIIeKapasblK aiiMakTapaa
Oaiikanabl, OH/1a MH(PPAKYPBUIBIMHBIH 1IaMybl TYPUCTEP aFbIHBIH )KEHUIIETT], COHBIMEH Oipre Herisri
KOHE IIETKI aliMakTap apachbIHAArbl reorpadusuIbIK albIpMAIIbUIBIKTAPIbl KYIIEHTTI. ATam eTy
kaxer, Ileirbic Anrait (~8,5 mun) men Monron Aunraiiel (~25-53 MBIH) apachlHAarbl arblH
KOPCETKIIITEePIHET1 €eJeyli allakThIK >KYHeHIH TOJBIK TEHrepiMai, ©3apa TOJBIKTHIPYIIbI
CUTIAThIHAH Tepi, Ka3ipri yakpiTTa Oip opranbikka (KpiTali Anrtaiibl) emoyip Toyenal €KeHiH e
KepceTyl MYMKiH; OyJl Mocesie ChIHM TYPFBIIAaH opi Kapaifel 3epTTeyiep/e, OHbIH ilIiHe meKapa
etkisrimrriri maaekci (border permeability index) cusKTBI caHIBIK KOPCETKIMITEPI KOJIAAHY apPKBLIbI
TepeHICTITyl THIC.

byn 3eprreyne TaObuIFaH KiacTepre HETI3JENTreH KEHICTIKTIK YHBIM TYpPUCTIK OaFbITTap.Ibl
(GYHKIMOHANABI TYpAE EpeKIIEeNeHETIH TYHIHACP JKeNiiepl pEeTiHAE aHBIKTAUTBIH OYpBIHFBI
TEOPUSAIIBIK HEri3Zep/i HbIFaWTaAbl. ANTail eJIKeCiHIe >KYPri3UireH OYpbIHFBI 3epTTEyJep OpTaK
TaOWUFH KOHE MOJICHU pecypcTapibl MaiifanaHa OTHIPHIN, TPAHCUICKAPAIBIK TYpH3M KIacTepiiepiH
Kypy MyMKiHziria 3eprreni (Selezneva & Rotanova, 2021). [lerenmen, Oyt 3epTTeysiepaiH KOTIIiIir
CHITaTTaMaJIbIK HeMece HaKThI Killli allMakTapMeH meKkTenreH. by 3eprrey AnTaif )xyiiecinaeri Tept
HEri3ri KjacTepAl aHbIKTall, OJIApJAbIH UEPAPXUSIIBIK POJAEPiH, COHBIH IIIiHJE IUII03, HETi3Tr1, ecy
KOHE IIETKI 9pEeKeTTep/i 3epTTEUTIH KEUIeHI Ko3KapacTbl YChIHAIBL. Bysl TY)XBIpbIM KiacTepiep
apachIH/IaFbl MAMaHaHy MEH ©3apa TOJILIKTHIPY TYPUCTIK OaFbITTHIH KaJIbl 09cekere KaOiIeTTUIIrH
apTThIpabl ACT TYKBIPBIMAAUTHIH KEHIPEK TYPU3M KJIacTepl TEOPUSICHIMEH COMKEC KeNe/Il.

Porter (1998) xiacrepiep TeopHsChIHaH 0acKa, YCHIHBUIFAH MOJICNb TOJHMIICHTPIIIK YKOHE
«kakma» (gateway) Typu3M MOJENbIACPIHIH IICTYPJi KO3KapachlHAH €PEKIICICHEIl: COHFbLIAPHI
HETI31HEH OpTaJBIKTap apachIHIAFbl HepapXusi MEH OOCEKeNeCTIKKE Ha3ap ayAapca, «TepT SIpOIIbI»
Mozenb (YHKIIMOHAIABIK MaMaHAAaHYbl OPTYPIi SApONapAblH TeHAEeH MaHbI3AbI opl e3apa
TOJIBIKTBIPYIIIBI €KEHIH TYXKBIphIMJANABI, Oy IIeKapa MaHbl TypU3Ml TEOPHSCHIHAA >KETKUIIKTI
3epTTEIMETeH AacleKT OodbIl TaObUTaabl. YCHIHBUIFAH «TOPT €CeNlik» KEHICTIKTIK MOJelb
TpaHCIIEKAPAIBIK TYpU3M KYHelepiH TYCIHYAErl TYXXbIppIMAAMalbIK iirepuieynl Oinaipeni. On
OarpITTapAblH OocekenecTirine OaFbITTANFaH CTAHAAPTTHI MOJEIBACPACH aNWBIPMAIIbUIBIFHI,
KEHICTIKTIK OIpJIIKTEpIiH ©3apa TOJIBIKTHIPUTYBl MEH ©3apa 0aliIaHbICTRIIBIFBIH aTal Kepcereai. by
KO3KapacTbl TPAHCIIEKApPAJIbIK BIHTBIMAKTACTHIK OOWBIHIIA 3epTTeyiep Koygaiael, Oy
yinectipuiren Oackapy >koHe OIpJIeCKeH JamMy CTpaTerusuiapbl aliMakTbIK WHTETpalUsHBI KOHE
TYPU3MHIH TYPaKTBUIBIFBIH JKaKcapTa ajdaTeiHbiH kepceredi (Dunets, 2019). Anraii KOHTEKCTiH/E
TpaHCIHIEKAPAIIBIK BIHTHIMAKTACTHIK MEXaHM3MJIEPIH KOca aliFaHfa, Ka3ipri HMHCTUTYIIHOHAIIBIK
mapanap YIATTBIK IIeKapansap apKbUIbl BIHTHBIMAKTACTHIK TE€H MOJEHU alMacyAbl Uirepiieryre
oarsiTTanran (An et al., 2023). By 3eprTey e *xacaarad MOEIb OChI OaFaapiaManiapra KEHICTIKTIK
OIIIIIeM KOCaJbl, UHPPAKYPHUIBIMABI JaMBITY/IbI, TAOUFATTHI KOPFAy >KYMBICTAPBIH XKOHE TYPHU3MIL
YKOCTapJayibl CHHXPOH/IAY YIIIiH HET13 *Kacailapbl.

ConbIMeH Katap, OyJ1 3epTTey/IiH HOTHXKenepi OYKUT aneMeri 6acka TpaHCIIeKapallbIK Taylbl
afiMakTapaarbl ToxipuOenepre ykcac. Kapkonomie/KapkoHore TpaHcIiekapaiblK Onocdepabik
KOpBIFBI OpTaK TaOMFU pecypcTapabl Oipiecinm Oackapy TaOUFaTThl KOpFayZbl Jia, KeH TapaliFaH
TYpU3MIi JaMBITY/Bl Ja Kajai KOJIJai alaThIHBIH KepceTemdi, OYI JKbUI CallblH MIJUIHOHJaFaH
ajmaMaapael TapTaabl. AnTail alMarbIHAAFBl CUSKTHI, OYJI JKydenep Typu3MIi KOpIIaraH OpPTaHbI
KOpFayMeH OIpiKTipyre MYMKIHJIIK OepeTiH YWJecTipuireH Oackapy KypbUIBIMAApPhl MeEH
(GYHKIIMOHANIBIK aiiMaKTapra HeETi3feNreH. byl HWHCTUTYIMOHAIJAHFAaH €YypONANbIK elaepacH
allbIpMaIlbUIBIFBI, ANTall ailmMarbl casicaTThl YHJecTipy, HHOPaKYpbUIBIMIbI HHTErpanusiay >KoHe
WITTHIK IIeKapatapJarbl OipKkesKi eMec 1aMyMeH OalIaHbICThl KUBIHABIKTApFa Tam 0oy a.

Ochl HOTWKEJIEpre KapaMacTaH, 3epTTey/ie opi Kapal 3epTTeyal KaKeT eTeTiH OipHerre
Mocenenep Ae aramn eTuireH. Keitbip mekapaiblk ©TKeIAep IiH Tapaiaybl kKoHE IIETKI KiacTepiepre
HIEKTEYIl KOJDKETIMIUIIK MHQPAKYPBUIBIMIBL ST JaMBITY KaKeTTLIrH kepceredi. CoOHbIMEH
Karap, WITTBIK TYypU3M cascaThlHIAaFbl, HOPMATUBTIK Oa3zamaplarbl >KOHE WHBECTHUIUSIIBIK
MYMKIHAIKTEPAET] albIpMaIIbIIBIKTAp KEIICH I1 MIeKapaJIbIK AKOoCTapap bl )KY3ere achipyFa Keaepri
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KenTipyi MyMmKiH. [llekapayiblk Typu3Mre OarbITTaJIFaH 3epTTEyAe OyJI KeAeprijiep Kajmbl ajJFaHaa
MOMBIHANABI, TYPAKTHI HOTHKEIEPTe KO KETKI3Y YIIIH MHCTUTYIHOHAIIBIK YHIECTIpYy MEH Koll
JeHTeiTi 0acKapyIblH MaHbBI3IbUIBIFBI aTal oTiieni. by 3epTrey Anrtail TaynapbIHIAFbI HICKapaIbIK
TYPU3M/Ii TaMBITYBIH KEIICeH I KeHICTIKTIK TaJ1ayblH YChIHY apKbLIbI Oap O151iM 0a3achbiH KEHEUTE/1.
byn Ttocin 'AXK HeriziHzmeri Tammayapl KiacTepre HETI3NIEATeH TYXKbIPhIMIAMaNbIK MOJIEIbMEH
OipiKTipy apKbUIBI TypH3M >KYHeNepiH KalbIITACTBHIPYAarbl KOpIIaFaH OpTa, WH(GPAKYPBUIBIMIBIK
YKOHE T'e0CasiCu dJIEMEHTTEP apachIHIarbl ©3apa OaiIaHBICTHI XKAKChl TYCIHYT€ MYMKIHIIK Oepei.
YCBIHBUTFaH KYPBUIBIM Ka3ipri 3epTTeYyNepMEH YileciMai jkoHe AUbIi TayJapblHbIH KUBIH
KaFIaiIapelHa TPaHCIIEKApalIblK TYPU3MHIH KEHICTIKTIK YHBIMIACTBIPBUTYbl MEH CTPATETHSIIBIK
JaMyblHA JKaHa TYCIHIKTep Oepei.

5. KopbITBIHABI

byn 3eprrey Antait TaynapbIHAaFbl TPAHCIIEKAPAIBIK TYPU3MHIH ©CYIHE KEIIEeH I KeHICTIKTIK
Tangay oKacaWapl, TaOUFW pecypcTap oJeyeTiH, WHQPaKYPBUIBIMHBIH KOJDKETIMILIITIH KOHE
TpaHCIICKapanblK OalIaHBICTBl OIpbIHFAM aHAJIUTUKAJIBIK Herisre Oipikripeni. Hotmwkenep
aiiMaKTarpl TYPU3MHIH JaMybl aliTapibIKTail OipKeNKi eMec kKoHe KYPBUIBIMABIK KaFbIHAH SPTYPIIi
eKeHIH KepceTel, Oyl KopluaraH OpTa pecypcTapbl MEH MH(PaKypbUIbIM HIEKTEYJEpPiHIH ©3apa
opekeTTecyiHe OaliTaHBICTHI.

3epTTey HOTHXKENEepl KOpFallaThlH ayMakTap TYpPU3M[l JaMBITYIbIH HETi3T1 Heri3i OobIn
TaOBIIATHIHBIH, AIMAKTBIH TYPUCTIK TAPTHIMIBUIBIFBIH KOJIAWTHIH TPAHCIIEKAPAIBIK SKOJIOTHSIIBIK
XKemiHl KypalTeiHbIH Kepcereni. COHbIMEH KaTap, KeJiK MH(PaKYphUIBIMBI MEH IIeKapagaH eTy
MYMKIHJIKTEepIHAET1 alTapibIKTall albIpMAalIbLIBIKTap KEHICTIKTIK TEHIepIMCI3MIKTI TYAbIPabl,
TYpU3MJII IIEKTEYN KOJDKETIMII TYWIHIAEpre NIOFBIPJIAHIABIPAABI KOHE IIMaNFaidl aiMaKTapbl
eckepmeiini. Tept Heri3ri TypusMm kinactepit - bateic Anrait, Opransik Anraii, LIbFeic AnTaii xkoHe
Mounron AntaiiblH aHBIKTay Olpereil MaMaH/aHy MEH UepapXUsIIbIK PYHKIHSATIAPMEH CUIATTaIaThIH
MOJUIEHTPIIIK JKoHE (DYHKIMOHAIJBIK JKaFbIHAH OPTYpPJl TypHu3M KyHeciH kepcereni. Ochl
JEPEKTEPre CYWEeHe OTHIPHIN, Oy MaKanaaa ANTail eJKeciH KaKnaiapJaH, TAOUFH OpTaJbIKTapAaH,
©CYy OpTaNBIKTAPBbIHAH XKOHE ITHOMOICHH OPTANBIKTapIaH TYPaThIH 63apa OaliIaHbICTHI XKYiie peTiHae
TYKBIPBIMJIAUTHIH HHHOBAIUSUTBIK «TOPT €CEITIK» KeHICTIKTIK MOJIeNIb YChIHBUIFaH. byr mapagurma
JocTypiii 6acekere KabineTTi MoAeTbACPACH albIPMAIIIBUIBIFbI, ©3apa TOJIBIKTHIPYAbI, TeOrpadUsIIBIK
WHTETPAIUSHBI )KOHE TPAHCIICKapaIbIK BIHTBIMAKTACTHIKTHI 0aca KepceTei. 3epTTey reorpadusuibK
Tajaayabl TYXKBIPBIMIAMANbBIK MOJENbICYMEH OIpiKTIpy apKbUIbl TpaHCIIEKAPANBIK TYpU3MII
3epTTeYAIH TEOpUSAJBIK HEri3lH KeHeilTeni, Oy opTypial Tayiabl alMakrapra KoJanibl
MacIITa0TalaThIH SiICHAMAHbBI YCHIHA/IBI.

¥YchIHbICTAP:

byn 3eprreyniH HOTWKenepi TpaHCIIEKapaiblK TYPUCTIK JaMyMeH aifHaJlbIcaThiH
casicaTkepJiep, aiMaKThIK >KocHapiaylibliap *KoHe MYJIesl TapanTap YIiH MaHbI3/Ibl.

En annpiMeH, TpaHciiekapaiblk THOPAKYPBUTBIM MEH KOJDKETIMAUTIKTI )KaKcapTyFa 0aChIMIIBIK
oepinyi kepek. lllexkapagan ety maiiganany MEH KOJIK OalIaHBICHIHAAFbI aHBIKTAIFAH TEHCI3/IIK
KOJIK JoNi3epiHe CHHXPOHIAFaH WHBECTULIMSATIAP/BIH, IIeKapalblK OakplIay MyHKTTEpIH
KAKCAPTY/IBIH JKOHE TPAHCIICKAPATBIK MPOIECTEP/Il OHTAMIAHIBIPYABIH KaXETTUTITIH KOpPCETEeIl.
Keneii knactepnepre, ocipece MoHFoIMs MEH OMIK Taynbl ailMakTapra KOJDKETIMIUTIKTI apTThIpY
TYPUCTIK aFbIHIAP/IBI 9111 06Ty 1l KAMTaMachl3 €Te/ll.

ExiHmrizien, TpaHcHiekapaiblK OacKapyabl XOHE WHCTUTYIIMOHANIBIK BIHTHIMAKTACTHIKTHI
KyHmeuty kaxeT. Astail aliMarbl OpTYpil cascHl KYpBUIBIMIApbl Oap opTYpsi YITTHIK OWIIIK
OpraHiapblH KaMTHbI, OyJ1 TypU3MHIH YHJIEeCIMAl JaMybIHa Kelepri KenTipyl MyMKiH. bipieckeH
Oackapy JKYHeJepiH €HTi3y, TYpPHU3M epeXeJepiH CTaHAapTTay >KOHE TpPAHCIICKapaJbIK OarbIT
OpeHANHTIH JaMBITy alMaKTBIK OipJIiK MeH 6ocekere KaOlIeTTUTIKTI apTThIPaIbl.

YuriHmoniaeH, aWMakThIH OJKOJIOTHSUTBIK — CE3IMTANIBIFbIHA OalIaHBICTBl TYPAKTHI  KOHE
TabuFaTKa HEri3leireH TYpU3M MOJENbJCpiH KOJAAay ©Te MaHbI3Abl. Typu3mIi AaMbITy MEH
KOpFaJaThblH TAOUFH ayMaKTap apachlHIarbl ©3apa 0alIaHbICThl €CKEPE OTHIPHIIN, casicaT TOMEH acep
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€TEeTIH TYpU3MIe, SKOTYpU3MIe XKoHEe KOFaMIaCThIKKA OarbITTalFaH xo0anapra 6aca Ha3ap aynapybl
Kepek. by crparerus Typu3aMHIH JKEprimikTi 5KOHOMUKAHBI HBIFAiTa OTBHIPBII, TAOUFATTHl KOpFay
MakcaTTapblHa KOMEKTeceTiHiHe Kemunmik Oepeni. TepTiHmIifeH, KiacTepre HETI3[CNreH aamy
KOCHIApBIH TMaiagany TYpHU3M KYHECIHIH THIMALIIIT MEH TYPaKTBUIBIFBIH apTThIpa anaabl. Opoip
Kiactepaiy  Oipereld  (QYHKIMOHAIIBIK  peoJAEpiH aHbIKTay baTeic  Anraligarel  IUTIO3
MH(PAKYPBUIBIMBIH 1aMbITYIbl, OpTanblKk Antaiiiarsl OMiK Taylbl TYpU3MII OacKapyasl KOJIIay/Isl,
[prrpic AnTaiiarbl peTTENIETIH OCY/Il KEHUIACTYI1 KoHe MOHFOJI ANTalbIHIaFbl MOJICHH TYPHU3M/II
HACHXaTTayJbl KOCa ajJfaH/a, MaKCaTThl CasiCH apajacylap/ibl Ky3ere acblpyFa MyMKiH/IIK Oeperi.

Caiipin KenreHje, KEHICTIKTIK J>KOCHapiay MEH Te0aKNapaTThIK Kypalgaplbl CascaTThl
o3ipJieyre eHri3y menriM Kabbuiaay mpolecTepin anTapibIKTai skakcapTa anaabl. by 3eprrey AKX
HETI31HeT] Tajljgay MEH KCHICTIKTIK MOJENbACY TYPH3M dJIeyeTi, KODKETIMAUIIT jKOHE aiMaKThIK
TEHCI3AIK Typajbl MaHbBI3Jbl TYCIHIKTEp OepeTiHiH KepceTeli. byn TexHoJorusmapasl aiMaKThIK
xocraprnay mieHOepiepiHe OIpikTipy TYpU3MHIH ©CyiHE apHallFaH JoJIeill KOHE HWKEeM/Il
CTpaTeTHsIIAP Ikl KEHIIICTE .

byn 3eprrey >kaH-)KaKThl KEHICTIKTIK IIEHOEpHi YCBIHAIBI, IEr€HMEH, TpaHCHIeKapasblK
TYpHU3M JIMHAMHUKACHIH TYCIHY/I )KaKcapTy YIIiH KOCBIMIIIA 3epTTeyJiep KaxeT. bonamak 3eprreynep
TYPUCTIK JaMyJarbl yakbITIIa aybITKYyJapAbl Oaranay YIIiH OOWJIBIK JepekTepai OipiKTipyi,
KEHICTIKTIK JKOHOMETpUKAa HEMece KYPBUIBIMIBIK TEHICYJIEpIi MOJAEIBACY CHSIKTHI CaHIBIK
MOJIeTIbICY OHICTEepiH MaifalaHybl *KoHE >KEPriuliKTI KaybIMAACTHIKTAp MEH MYJIeNi TapamnTap
KEINJIEPiHIH TYPU3M HOTHXKENEepiHe dcepiH 3epTTeyl MYMKIH.

by 3eprrey AnTail Taymapel aiMarbIHIAFbl TPAHCIICKAPAIBIK TYPU3MHIH TYPAaKThI JaMybl
SKOJIOTHSUIBIK KOPFayAblH, UHOPAKYPBUTBIMIBIK JaMYIbIH jKOHE OIpTYTac KEHICTIKTIK mIeHOepieri
TPAHCIIEKAPAIBIK BIHTHIMAKTACTBHIKTHIH YHJICCYiHE HETI3JICITCeHIH aTam Kepcereli. ¥ ChIHBUIFaH
«TOPT HETI3T1» MOJENb OChl MHTErPAllUsHbI KEHUIAETY JKOHE ailMaKThIH XallbIKapajblK IEHIene
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Crparernyeckne TmNepPCNeKTHBbl Pa3BUTHS TPAHCTPAHWYHOIO0 TypuU3Ma B
ANTaiickoM peruoHe: reoMHGOPMANMOHHBIA AaHAJIM3 M MPOCTPAHCTBEHHOE
MO/IeJTUPOBAHME

HNmanaabsl AxkOap, I'ynnap KydecoBa, Antbindaii Cayinemoaes, 3adupa Mbip3aianeBa, Mupac
I'asmamoB, Mapar MamaauspoB

AnHoTauusa: TpaHCrpaHW4HBIA TYpPU3M CTAHOBUTCS BAXKHBIM JIPaiBEPOM PETHOHAIBHOU
MHTETPalul U YCTOMUMBOIO Pa3BUTHsI, OCOOEHHO B HKOJIOTMYECKH OOrarelx M reorpapuyecku
CJIIOKHBIX TOPHBIX peruoHax. [[aHHOE HCClelOBaHME IIOCBSIICHO aHaIu3y IIPOCTPAHCTBEHHOU
CTPYKTYpbl U NOTEHLIMAJA Pa3BUTHUs TPAHCTPAHMYHOIO Typu3Ma B AJITaliCKOM T'OPHOM DPETHOHE,
oxBarbiBatomieM Tteppuropun Kaszaxcrana, Poccun, Kutas u Monromuu. C ucCHoiab30BaHUEM
reouHdopmaimonneix cucreM (GIS) W MHOrOKpHTEpHAIBHOTO AHAIUTHYECKOrO MOAXO/a
OLICHUBAIOTCS pacrpeneieHue IIPUPOJHO-PEKPEALUOHHBIX pecypcos, JIOCTYITHOCTh
UHOPACTPYKTYpbl M TpaHCIpAaHUYHAs CBS3HOCTb. Pe3ynbTaThl HUCCIEIOBAaHHUS  BBIIBUIN
3HAQYUTEJIBHBIE IIPOCTPAHCTBEHHBIE JMCIPONOPLHH: TEPPUTOPUU C BBICOKOM 3KOJIOIMYECKOU
LIEHHOCTbIO, ~ NPEUMYILIECTBEHHO  IPEACTaBIE€HHbIE 0CO00  OXpaHSAEMbIMH  MPUPOJHBIMU
TEPPUTOPUSAMH, XAPAKTEPU3YIOTCS OTPAHUYEHHOM JOCTYIHOCTBIO M HEAOCTATOYHBIM Pa3BUTHEM
uHOPACTPYKTYphl. B X0/1€ aHan3a BbIIENIEHBI YETHIPE OCHOBHBIX TYPUCTCKHUX KJlacTepa: 3araHbli
Aunrait, LlenTpanbubiii Anrait, Bocrounsiii Antait 1 MOHTOIBCKHI ANTal, KaXIblii U3 KOTOPBIX
orTMyaercs (PYHKIMOHAIBHOW CHelUaan3alvell U pa3IuuyHbIM YPOBHEM pa3BUTHs. DTU KIacTepbl
(GOpMHUPYIOT MOJUIEHTPUUYECKYIO TYPUCTCKYIO CUCTEMY, OCHOBAaHHYIO Ha MEPAPXUUECKUX CBS3SAX U
TpaHCTPaHWUYHOM  B3auMozelcTBuM. Ha OCHOBE TMOJIYy4YEHHBIX PE3YJIbTAaTOB IPEIJIOKEHA
KOHIIENITyaIbHasl «UEThIPEXBAIEPHAS» IPOCTPAHCTBEHHAS MOJIEIIb, PACCMATPUBAIOLIAS PETUOH KaK
UHTETPUPOBAaHHYI0 CHCTEMY, BKJIIOUawollyro BxoxHbie (gateway), mnpupoansie (natural),
pasBuBatoruecs: (growth) u stHokynsTypHbie (ethnocultural) siapa. /lanHas Mozenb aKIEHTUPYET
BHUMaHME Ha B3aMMOJONOJHIEMOCTH M CBA3HOCTH, a HE Ha KOHKYpeHLIMH, QopMHUpYs
CTpaTEernyecKyr0 OCHOBY JJisi cOaJaHCUPOBAHHOI'O M YCTOMYMBOTO pa3BUTHUS TypusMma. Pe3ynbTarsl
UCCIJIEIOBaHMsI BHOCAT BKJIAJl B TEOPETUYECKOE OCMBICIIEHUE TPAHCTPAHUYHBIX TYPUCTCKUX CUCTEM U
MIPEAOCTABIAIOT NPAKTUYECKHE PEKOMEHJALMK JUIsl OpPraHOB YIPAaBICHUS W PETMOHAJIBHBIX
IUIAHUPOBIIMKOB,  HANpPaBJIIEHHbIE  HA  pPa3BUTHE  TPAHCTPAHUYHOTO  COTPYJHUYECTBA,
MH(QPACTPYKTYPhI U IKOJIOTUYECKON YCTOWYMBOCTH B TOPHBIX PErHMOHAX.

KuroueBble cioBa: TpaHCrpaHW4HbIM TypusM; ['OpHBIM AuTail; NMPOCTPAHCTBEHHBIM aHAIU3;
TYPUCTCKHE KIIACTEPhI; TOCTYITHOCTh HH(PACTPYKTYPhI; YCTOWYUBBIA TYpU3M.

Strategic prospects for the development of cross-border tourism in the Altai
region: geoinformation analysis and spatial modeling

Imanaly Akbar, Gulnar Kubessova, Altynbay Saulembayev, Zabira Myrzaliyeva,
Miras Galimov, Marat Mamadiyarov

Abstract: Transboundary tourism has emerged as a significant catalyst for regional integration and
sustainable development, especially in environmentally diverse and geographically intricate
mountainous areas. This study analyzes the spatial configuration and developmental prospects of
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transboundary tourism in the Altai Mountains Region, encompassing Kazakhstan, Russia, China, and
Mongolia. The research used a Geographic Information Systems (GIS)-based multi-criteria analytical
technique to evaluate the distribution of natural and recreational resources, infrastructure
accessibility, and cross-border connectivity. The findings indicate considerable spatial inequalities,
wherein regions of high ecological significance, mostly linked to designated protected natural areas,
correspond with restricted accessibility and infrastructural limitations. The analysis delineates four
primary tourism clusters: West Altai, Central Altai, East Altai, and Mongolian Altai, each
distinguished by unique functional specializations and differing degrees of development. These
clusters constitute a polycentric tourist system organized by hierarchical ties and transnational
connections. The study introduces an innovative "four-core" spatial model, conceptualizing the
region as a cohesive system with gateway, natural, growth, and ethnocultural centers. The approach
prioritizes complementarity and connectedness over rivalry, offering a strategic framework for
equitable and sustainable tourism development. The results enrich the theoretical comprehension of
transboundary tourist systems and provide pragmatic insights for policymakers and regional planners
seeking to improve cross-border collaboration, infrastructural advancement, and environmental
sustainability in mountainous areas.

Keywords: Cross-border tourism; Gorny Altai; spatial analysis; tourism clusters; infrastructure
accessibility; sustainable tourism.
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Abstract: This study presents a standardized regional workflow for
deriving a Sentinel-1 repeat-pass INSAR elevation product for Almaty,
Zhetysu, Zhambyl, Abai, and East Kazakhstan regions. The study does
not propose a new interferometric algorithm; its contribution is the
consistent application of a common processing framework across five
orographically contrasting territories and the explicit definition of its
methodological limitations. Sentinel-1 SLC pairs were selected using
temporal interval, orbit consistency, perpendicular baseline, spatial
overlap, and expected coherence. Processing included S-1 Back
Geocoding and Enhanced Spectral Diversity in SNAP, interferogram and
coherence generation, Goldstein filtering, SNAPHU phase unwrapping,
phase-to-elevation conversion, mosaicking, and GIS post-processing. No
independent ground-control, GNSS, geodetic, or satellite-altimetry
dataset was available for this study; consequently, ME, MAE, RMSE,
NMAD, and percentile-based vertical-error statistics were not calculated.
Coherence and visual consistency of the regional relief were used only as
qualitative quality indicators and are not presented as substitutes for
independent vertical validation. The resulting product is therefore
interpreted as a regional analytical elevation layer for generalized terrain
screening and preliminary relief interpretation. It is not intended for local
flood-depth modeling, engineering design, irrigation grading, or
microrelief reconstruction without LiDAR, UAV photogrammetry, or
ground geodetic data.

Keywords: Sentinel-1; InSAR; regional elevation model; qualitative
quality assessment; coherence; methodological limitations; territorial
planning; Kazakhstan.
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1. Introduction

Digital elevation models are one of the fundamental geospatial layers used in remote sensing,
geographic information systems, hydrological modeling, geomorphological interpretation, and
environmental risk assessment (Massonnet & Feigl, 199; Bamler & Hartl, 1998). In regions with
complex relief, the quality of a terrain model directly determines the reliability of derived products
such as slope, aspect, flow direction, flow accumulation, watershed boundaries (Hanssen, 2001;
Burgmann et al., 2000), erosion susceptibility, and potential flood concentration zones. For eastern
and southeastern Kazakhstan, terrain information is especially important because the territory
combines extensive plains, piedmont surfaces, intermontane depressions, high mountain systems, and
sharply dissected valleys.

The study area includes Almaty, Zhetysu, Zhambyl, Abai, and East Kazakhstan regions. These
territories form a large orographically heterogeneous belt where natural and economic processes are
strongly controlled by relief. The spatial redistribution of meltwater and storm runoff, the intensity
of slope erosion, the development of temporary watercourses, the location of alluvial fans, the
configuration of agricultural fields, and the risk of local flooding are all related to elevation
differences and morphometric structure. Therefore, a consistent regional digital terrain model is
required not only as a cartographic product, but also as an analytical basis for territorial planning
(Pike et al., 2009; Reuter & Nelson, 2009).

Synthetic aperture radar interferometry is an effective approach for deriving terrain information
because radar data are less dependent on cloud cover and illumination conditions than optical imagery
(Arystanov et al.,, 2024; Kabzhanova et al., 2025). Sentinel-1 provides open C-band radar
observations suitable for interferometric analysis when SLC products with phase information are
used. INSAR processing reconstructs height-related information from the phase difference of two
coherent radar acquisitions. However, the final quality of an INSAR-derived DEM depends on scene
selection, temporal decorrelation, orbital geometry, baseline length, co-registration accuracy, phase
noise filtering, phase unwrapping, and post-processing in a GIS environment (Arystanov et al., 2025;
Arystanov et al., 2026a).

The purpose of this study is to develop and describe a regional workflow for constructing a
digital elevation model from Sentinel-1 data and to assess its applicability for hydrological analysis
and territorial planning in five regions of Kazakhstan (Sarsekova et al., 2026; Arystanov et al.,
2026b). The specific tasks were to select coherent Sentinel-1 SLC pairs, perform the complete INSAR
processing chain in SNAP, export and post-process the DEM in ArcGIS, prepare elevation and
hillshade maps, calculate morphometric and hydrological derivatives, and interpret the practical value
and limitations of the resulting terrain model (Mukanov et al., 2026; Kyrgyzbay et al., 2026).

The present study does not propose a new InSAR algorithm and does not provide an
independent quantitative vertical-accuracy assessment. Its contribution is regional and
methodological: a common processing sequence is applied across five orographically contrasting
regions, while the limitations caused by coherence loss, radar geometry, phase unwrapping, external
DEM assistance, and the absence of ground control are stated explicitly. Accordingly, the work
should be interpreted as a regional workflow demonstration rather than as a validated high-accuracy
DEM product.

2. Materials and methods
2.1. Literature review

The theoretical basis of radar interferometry has been developed in a series of fundamental
studies demonstrating that phase differences between coherent synthetic aperture radar scenes can be
used to reconstruct topography and detect surface deformation. The accuracy of such products
depends on co-registration, coherence, viewing geometry, residual orbital errors, atmospheric effects,
and the correctness of phase unwrapping (Torres et al., 2012). These factors are especially relevant
in mountain and piedmont environments, where shadowing, layover, steep slopes, and rapid spatial
changes of backscatter complicate phase interpretation.
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With the launch of Sentinel-1, operational INSAR processing shifted toward repeatable
workflows based on TOPS-mode data. Sentinel-1 as a key Copernicus radar mission designed for
regular Earth observation (Yague-Martinez et al., 2016). Later, that accurate co-registration is critical
for TOPS interferometry because even small azimuthal shifts can produce phase discontinuities at
burst boundaries (Foumelis et al., 2018). The practical implementation of Sentinel-1 processing
chains has been supported by the Sentinel-1 Toolbox and SNAP environment, which provide standard
modules for back-geocoding, Enhanced Spectral Diversity correction, interferogram formation,
filtering, geocoding, and export (Chen & Zebker, 2002).

Phase unwrapping is another key component of InSAR-based DEM production. Since the
measured phase is wrapped within the interval from -z to +x, the continuous phase surface must be
reconstructed before elevation interpretation. The SNAPHU algorithm, based on statistical-cost and
network-flow principles, is widely used for large interferograms and complex landscapes (Tarboton,
1997). Its performance depends on local coherence, phase filtering, segmentation parameters, and the
presence of noise or discontinuities. For regional terrain mapping, unwrapping errors must be
controlled by visual interpretation and subsequent G1S-based consistency checks.

A separate body of literature considers DEMs as a basis for hydrological and geomorphometric
analysis. Methods for deriving flow direction and upslope contributing area from raster elevation data
were formalized. Broader concepts of terrain analysisinclude slope, aspect, curvature, drainage
structure, and morphometric interpretation. These studies demonstrate that the analytical value of a
DEM depends not only on its nominal pixel size, but also on its vertical accuracy, hydrological
conditioning, and suitability for the scale of the applied task (Sanders, 2007).

Recent studies demonstrate that the accuracy of global and INSAR-derived DEMs varies with
slope, land cover, and terrain complexity. Comparisons using GPS, LiDAR, and ICESat-2 reference
data show that a DEM may perform adequately in low-relief open terrain but degrade markedly on
steep slopes, in forested areas, and near water surfaces (Kramm & Hoffmeister, 2022; Li et al., 2022;
Zhang et al., 2024). For hydrological applications, this uncertainty directly affects drainage
extraction, watershed boundaries, and modeled inundation extent (Sanders, 2007; Mohammadi et al.,
2020). Consequently, a Sentinel-1 InSAR elevation product must be validated independently and its
fitness for use must be stated explicitly rather than inferred from pixel spacing or visual similarity
alone.

2.2. Study area

The study covers Almaty, Zhetysu, Zhambyl, Abai, and East Kazakhstan regions. Together,
these administrative units form a large part of eastern and southeastern Kazakhstan and include a
wide range of relief conditions. The territory contains relatively level plains, piedmont zones, alluvial
fans, intermontane depressions, dissected foothills, and high mountain areas. This diversity makes
the region suitable for testing a regional INSAR-based DEM workflow and for evaluating the model
in hydrological and planning contexts.

Almaty and Zhetysu regions are characterized by a sharp transition from plains and piedmont
fans to strongly dissected mountainous terrain. Surface runoff, mudflow-prone channels, temporary
watercourses, irrigation infrastructure, and erosion risk are highly dependent on local elevation
differences and slope configuration. Zhambyl region includes transitional areas from lowland
surfaces to foothills and mountain slopes, where relief controls water transit, sediment transport, and
the spatial organization of agricultural land.

Abai region is generally less orographically contrasting than the high mountain territories, but
its analytical importance is related to shallow depressions, weakly expressed drainage lines, and local
redistribution of surface moisture. East Kazakhstan region has the most complex relief structure
within the selected set, with considerable elevation differences and dense valley networks. In such
conditions, a DEM is necessary for slope-risk assessment, watershed delineation, transport
accessibility analysis, and spatial planning in mountain environments (Arystanov et al., 2024,
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Kabzhanova et al., 2025; Arystanov et al., 2025; Arystanov et al., 2026a; Sarsekova et al., 2026;
Arystanov et al., 2026b; Mukanov et al., 2026; Kyrgyzbay et al., 2026).

2.3. Sentinel-1 data and scene selection

Sentinel-1 SLC products were used as the input data because only this product type preserves
the complex radar signal, including the phase information required for interferometric processing.
GRD products were not used, since their phase information is averaged during processing and they
cannot be used to form an interferogram for DEM generation. For each area, potential master and
slave scenes were checked by acquisition date, product type, acquisition mode, polarization, relative
orbit number, orbit direction, and spatial overlap.

The selection of coherent pairs followed several criteria. First, the temporal interval between
acquisitions was kept as short as possible, preferably within 6-12 days, because temporal
decorrelation increases as the time interval between scenes becomes longer. Second, the images were
required to belong to the same orbit direction and relative orbit, ensuring comparable observation
geometry. Third, the perpendicular baseline had to remain sufficiently short to maintain
interferometric coherence. Fourth, the scenes had to overlap the study region completely. Stable
surfaces such as bare soil, rocky terrain, sparse vegetation, and built-up areas were expected to
provide higher coherence than water bodies, dense vegetation, and actively changing agricultural
fields.

In mountain and piedmont landscapes, scene selection is particularly important because steep
slopes and variable radar viewing geometry may cause layover, foreshortening, and shadow effects.
Therefore, pair selection was treated not as a formal data download step, but as an essential part of
the methodological workflow.

2.4. Interferometric processing in SNAP

Interferometric processing was performed in SNAP using a sequential workflow comprising
orbit correction, co-registration, Enhanced Spectral Diversity, interferogram and coherence
generation, phase filtering, SNAPHU export and unwrapping, phase-to-elevation conversion, terrain
correction, and raster export. The workflow is reproducible at the level of the documented sequence;
however, processing parameters that were not recorded in the original manuscript are not
reconstructed retrospectively or replaced with assumed values.

For each pair, product identifiers, acquisition time, orbit state vectors, platform, polarization,
subswath, relative orbit, and spatial completeness were verified. Precise orbit files were applied in
SNAP. The exact orbit-file version is not specified in the available manuscript materials and is
therefore not reported as a numerical or software-version parameter.

Co-registration was performed using S-1 Back Geocoding, with SRTM 1 arc-second HGT used
as the external DEM for terrain-assisted geometric alignment, as shown in the processing settings.
Enhanced Spectral Diversity was applied to refine azimuth alignment of TOPS bursts. Because
SRTM was used during co-registration, the resulting raster cannot be described as an elevation model
derived exclusively from Sentinel-1 observations. The available manuscript does not document the
complete topographic-phase-removal and phase-to-elevation parameter set; therefore, unverified
operator settings are not introduced in the revised text.

Interferogram formation produced the wrapped phase and coherence rasters. Coherence was
interpreted as a relative indicator of interferometric reliability. No coherence threshold was calibrated
against independent elevation observations, and no threshold-dependent RMSE analysis was
performed. Consequently, a numerical threshold is not reported as an empirically validated cutoff.
Water bodies, dense vegetation, and areas affected by layover or radar shadow were treated as zones
of increased uncertainty during visual interpretation.

The interferogram was filtered using the Goldstein filter with alpha = 0.5. Phase unwrapping
was performed in SNAPHU. The original manuscript does not contain a complete record of the
SNAPHU statistical-cost mode, initialization option, tiling scheme, tile overlap, or processor settings.
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These values are therefore not replaced by assumed defaults. This lack of a complete parameter log
is acknowledged as a limitation of methodological reproducibility, particularly in steep mountainous
terrain where phase discontinuities may occur.

2.5. DEM post-processing and spatial analysis in ArcGIS

Interferometric processing was performed in SNAP using a sequential workflow comprising
orbit correction, co-registration, Enhanced Spectral Diversity, interferogram and coherence
generation, phase filtering, SNAPHU export and unwrapping, phase-to-elevation conversion, terrain
correction, and raster export. The workflow is reproducible at the level of the documented sequence;
however, processing parameters that were not recorded in the original manuscript are not
reconstructed retrospectively or replaced with assumed values.

For each pair, product identifiers, acquisition time, orbit state vectors, platform, polarization,
subswath, relative orbit, and spatial completeness were verified. Precise orbit files were applied in
SNAP. The exact orbit-file version is not specified in the available manuscript materials and is
therefore not reported as a numerical or software-version parameter.

Co-registration was performed using S-1 Back Geocoding, with SRTM 1 arc-second HGT used
as the external DEM for terrain-assisted geometric alignment, as shown in the processing settings.
Enhanced Spectral Diversity was applied to refine azimuth alignment of TOPS bursts. Because
SRTM was used during co-registration, the resulting raster cannot be described as an elevation model
derived exclusively from Sentinel-1 observations. The available manuscript does not document the
complete topographic-phase-removal and phase-to-elevation parameter set; therefore, unverified
operator settings are not introduced in the revised text.

Interferogram formation produced the wrapped phase and coherence rasters. Coherence was
interpreted as a relative indicator of interferometric reliability. No coherence threshold was calibrated
against independent elevation observations, and no threshold-dependent RMSE analysis was
performed. Consequently, a numerical threshold is not reported as an empirically validated cutoff.
Water bodies, dense vegetation, and areas affected by layover or radar shadow were treated as zones
of increased uncertainty during visual interpretation.

The interferogram was filtered using the Goldstein filter with alpha = 0.5. Phase unwrapping
was performed in SNAPHU. The original manuscript does not contain a complete record of the
SNAPHU statistical-cost mode, initialization option, tiling scheme, tile overlap, or processor settings.
These values are therefore not replaced by assumed defaults. This lack of a complete parameter log
is acknowledged as a limitation of methodological reproducibility, particularly in steep mountainous
terrain where phase discontinuities may occur.

The practical implementation of the INSAR workflow began with the selection of Sentinel-1
SLC scenes in the Copernicus data source interface. At this stage, the acquisition date, product type,
orbit direction, relative orbit number, and spatial coverage were checked. The selection of appropriate
master and slave scenes was necessary to ensure phase stability and to minimize temporal and
geometric decorrelation (Figure 1).
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Figure 1. Selection and configuration of Sentinel-1 SLC scenes in the Copernicus data source
interface before INSAR processing

After selecting the initial radar scenes, their spatial overlap was verified in SNAP. This visual
inspection was required to confirm that both scenes covered the study area and could be used as a
coherent interferometric pair. Incomplete overlap or geometric inconsistency between scenes would
lead to errors during co-registration and subsequent interferogram generation (Figure 2).
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Figure 2. Visual verification of spatial overlap of selected Sentinel-1 scenes in the SNAP
environment

The next step was the preparation of the master and slave scene list in the S-1 Back Geocoding
tool. The master scene served as the geometric reference, while the slave scene was adjusted to it.
This structure is fundamental for INSAR processing because the phase comparison must be performed
between spatially corresponding radar pixels (Figure 3).
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Figure 3. Formation of the master and slave scene list in the S-1 Back Geocoding tool before co-
registration

The parameters of S-1 Back Geocoding were then configured for precise co-registration. This
procedure used orbit information and an external DEM to align the slave image to the master image.
Accurate co-registration is especially important for Sentinel-1 TOPS data, where small azimuth shifts
may produce phase discontinuities and reduce the reliability of the interferometric result (Figure 4).

& s-1 Back Geocoding X

ProductSet-Reader Back-Geocoding  Write

Digital Elevation Model: SRTM 1Sec HGT (Auto Download) v
DEM Resampling Method: DEM (Auto Download) A
™ jing Type: opernicus 30m Global DEM (Auto Download)

opernicus 90m Global DEM (Auto Download)
[A] Mask out areas with no elevation |GETASSE30 (Auto Download)

[[] output Deramp and Demod Phase
[[] pisable Reramp

SRTM 1Sec HGT (Auto Download)

Bysove | @reb | [

Figure 4. Back Geocoding parameters, including the external DEM used for terrain-assisted co-
registration
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Enhanced Spectral Diversity was applied as an additional correction for azimuth shift
refinement. The use of ESD improves the geometric consistency of TOPS bursts and reduces residual
misregistration between master and slave scenes. This step is particularly important in mountainous
areas, where relief complexity increases the sensitivity of phase measurements to geometric errors
(Figure 5).
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Figure 5. S-1 Back Geocoding dialog with the ESD option used for azimuth shift refinement

After completing co-registration, the interferometric processing tools were selected in SNAP.
This stage marked the transition from geometric preparation of the radar pair to phase-based analysis.
The following operations included interferogram formation, coherence estimation, phase filtering,
and preparation for phase unwrapping (Figure 6).

B (8] S1A_IW_SLC__15DV_20240708T131646_20240708T131713_054670_06ATD1_B945_split_Orb_Stack_esd - [D:\Japura\1_2\S1A_IW_SLC__15DV_20240708T131646_20240708T131713_054670_06ATD1
ile Edit View Analysis Layer Vector Raster Optical Radar Tools Window Help

- = X ] N P @ B ocP N
= 8 FhdPo| o QRLILT GBRBEASS LT » @0 243

Radiometnic >
lProduct Explorer X Pixel Info Speckle Filtering > =
B =W (] S1A_TW_SLC__ 1SDV_20240708T131646_2024070 Coregistration > 1R

Interferometric > Products 2 Interferogram Formation

Polanmetric H Filtering » Coherence Estimation

Geometric ¥ Unwrapping Topographic Phase Removal

Sentinel-1TOPS > PSISBAS v Three-pass Differential InSAR

VISATASAR > e
ENVISAT ASAR InSAR Stack Overview Phase to Height
SAR Applicat >
pplications Phase to Displacement
Soil Moisture L Ph £l
ase to Elevation
SAR Utilities H

Integer Interferagram Combination

Colour Mani -m

= _ == =
Figure 6. Selection of interferometric processing tools in SNAP after the coregistration stage
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Interferogram generation and coherence calculation were performed using the co-registered
master and slave scenes. The interferogram represented the phase difference between the two radar
acquisitions, whereas coherence provided an indicator of signal reliability. High-coherence areas
were considered more suitable for DEM extraction, while low-coherence zones indicated potential
uncertainty caused by vegetation, water surfaces, soil moisture changes, or temporal surface changes
(Figure 7).
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Figure 7. Preparation of interferogram generation and coherence calculation in SNAP

The generated interferogram was visually inspected to assess the continuity of phase patterns
and the presence of noise. Phase filtering was applied to reduce speckle-related fluctuations and to
preserve the main terrain-related phase structures. The filtered interferogram then served as the input
for phase unwrapping and subsequent DEM extraction (Figure 8).
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Figure 8. Result of interferometric processing and visualization of the intérferi‘)g;am in SNAP
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After DEM extraction and export from SNAP, the raster outputs were transferred to ArcGIS.
Individual DEM tiles were combined into a single mosaic to obtain continuous regional terrain
coverage. The mosaic was checked for elevation consistency, boundary continuity between adjacent
tiles, and preservation of the main morphological structures (Figure 9).

. N
Figure 9. Mosaic combination of DEM tiles in ArcGIS for the formation of a unified regional terrain
model

2.6. Methodological workflow for DEM construction from Sentinel-1 InSAR data

No independent vertical validation dataset was available for the present study. Ground-control,
GNSS, geodetic-survey, and ICESat-2 reference elevations were not used. Consequently, the study
does not report ME, MAE, RMSE, NMAD, the 95th percentile of absolute vertical error, or region-
specific accuracy statistics. SRTM cannot serve as a fully independent reference because it was used
during terrain-assisted co-registration. Copernicus DEM GLO-30 and ALOS AW3D30 were
considered only as potential external comparison datasets for future work and were not used to
generate accuracy values reported in this manuscript.

Because no independent reference elevations were available, vertical residuals were not
calculated and the formulas for ME, MAE, RMSE, and NMAD are not presented as implemented
analyses. The quality assessment was limited to visual examination of relief continuity, mosaic seams,
obvious phase-unwrapping artifacts, coherence patterns, and correspondence with major regional
morphostructural elements. This qualitative assessment does not establish absolute or relative vertical
accuracy.

A quantitative sensitivity analysis of coherence thresholds and hydro-conditioning parameters
was not performed. Therefore, the revised manuscript does not claim an optimized coherence cutoff,
an empirically selected Fill z-limit, or a measured trade-off between vertical error and retained area.
These analyses are identified as priorities for future validation work.

The third block represents GIS post-processing in ArcGIS. The extracted DEM tiles are
mosaicked, hydro-corrected, and transformed into derivative terrain products. Sink filling, flow
direction, and flow accumulation provide the basis for hydrological interpretation, while slope,
aspect, and hillshade support morphometric and geomorphological analysis. Therefore, the workflow
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links radar interferometry with applied GIS procedures and produces terrain datasets suitable for
hydrological analysis, flood-prone area assessment, slope-process interpretation, and territorial
planning (Figure 10).

Selection of Sentinel-1 SLC data for INSAR

Detailed * 6-12-day interval
methodology * same orbit —| Slave
for constructing * same relative orbit S50
a high-resolution e short baseline Master
digital elevation *
model from
Sentinel-1 data Interferometric processing in SNAP
InNSAR 7 : - ;
( ) Coregistration: scene alignment t% <+
S-1 Back Geocoding * ESD - Enhanced Spectral Diversity :ﬁ&.‘q‘i‘
=
Interferograms + coherence Phase noise filtering
¢ Goldstein Phase Filtering, a = 0.5 e« SNAPHU h—R:-A¢9
; 4n
o Ry sinf
[ DEM extraction ] * DEM: h=2-B, =%
& | _/
v B\
Terrain processing in ArcGIS
Terrain (
- %4 Creation of a mosaic DEM map
processing e
in ArcGIS 15aasR
B » +
DEM hydro-correction Fill — sink filling - |
« Fill - sink filling L4
* Flow Direction « Flow Direction
¢ Flow Accumulation « Flow Accumulation
» W_l;
Derived morphometric characteristics —
* Slope — e
« Aspect . e B
* Hillshade
2 | 4

e
Analysis of results

* Overview color elevation map
* Traditional DEM (Hillshade)
» Terrain analysis and hazard potential

Figure 10. Detailed workflow for DEM construction from Sentinel-1 data with interferometric
processing in SNAP and subsequent post-processing in ArcGIS

3. Results
3.1. Spatial completeness and regional terrain representation

The processing chain produced regional Sentinel-1 INSAR-derived elevation mosaics for the
five selected regions. The final pixel spacing and valid-area proportions are not reported because
these values are not documented in the available raster metadata or quantitative processing records
supplied for the manuscript revision. White and discontinuous areas in the mosaic may reflect
incomplete scene coverage, low coherence, radar shadow, layover, or processing gaps; these causes
were not separated quantitatively and should not be interpreted as a single mapped class.

The color elevation map provides a regional overview of altitude, whereas the grayscale
elevation representation emphasizes tonal contrasts without changing the underlying elevation values.
The latter should not be described as an analytical hillshade unless illumination azimuth and altitude
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were explicitly applied. The principal plains, piedmont belts, intermontane basins, high mountain
areas, and major valley systems are visually distinguishable, but visual correspondence alone does
not establish vertical accuracy.

Relief differentiation was strongest in Almaty, Zhetysu, and East Kazakhstan, where steep
slopes, deep valleys, and radar-geometry effects also produced the largest masked fractions and the
highest vertical residuals. Zhambyl showed an intermediate pattern associated with piedmont
gradients, whereas Abai contained broader low-relief surfaces and shallow depressions. These
regional contrasts were evaluated quantitatively in the validation analysis rather than inferred only
from map appearance.

3.2. Qualitative quality assessment and uncertainty

Independent vertical-accuracy statistics were not calculated. The assessment was based on
qualitative examination of elevation continuity, agreement of major plains, piedmonts, mountain
belts, valleys, and watershed divides with their expected regional configuration, and identification of
visible seam, phase-unwrapping, shadow, and layover artifacts. These observations support regional
geomorphological interpretation but do not provide a numerical estimate of elevation error.

The principal uncertainty is expected in steep, vegetated, and low-coherence terrain,
particularly in mountain sectors of Almaty, Zhetysu, and East Kazakhstan. This expectation follows
from the known geometry of C-band repeat-pass INSAR and from the coherence patterns visible in
the processed scenes; it is not presented as a measured slope-dependent RMSE relationship. No
numerical comparison among slope or coherence classes is reported (Figures 11, 12).
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Figure 11. Overview elevation map for eastern and southeastern regions of Kazakhstan: color
representation of the digital elevation model
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4. Discussion

The practical value of the created DEM is determined by the role of relief as a controlling factor
of hydrological, geomorphological, agricultural, and infrastructure processes. In the selected regions,
elevation and slope determine the direction and speed of surface runoff, water accumulation, erosion
intensity, sediment transfer, and the spatial differentiation of land use (Sanders, 2007). Therefore, the
DEM should be considered a regional geoinformation layer that links remote sensing data with
applied planning tasks.

Published Sentinel-1 DEM studies show that baseline geometry, temporal decorrelation, slope,
vegetation, radar shadow, layover, and phase-unwrapping stability can substantially affect elevation
quality. These findings provide the scientific basis for interpreting uncertainty in the present regional
mosaics, but they cannot be used to assign numerical RMSE values to this dataset without direct
validation. The present results therefore remain a regional methodological demonstration rather than
a quantitatively validated accuracy study.

External DEM comparison also requires caution. Copernicus DEM GLO-30 and AW3D30 are
digital surface models and may contain vegetation and built structures, whereas hydrological terrain
analysis requires a representation closer to ground elevation. In addition, SRTM was used for terrain-
assisted co-registration. For these reasons, future comparison must use a common horizontal
reference system, a harmonized vertical datum, stable bare-ground samples, and an independent
validation design.

For hydrological applications, the product may support generalized relief zoning and
preliminary interpretation of broad watershed and runoff-concentration patterns only where the
elevation surface is spatially continuous and morphologically plausible. It does not support flood-
depth calculation, precise inundation boundaries, irrigation grading, road alignment, parcel-scale
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erosion-control design, or engineering decisions. Such applications require independently validated
higher-accuracy elevation data.

For the Almaty region, the DEM is particularly useful because the territory contains mountain,
piedmont, and plain zones. Relief controls flood runoff, temporary streams, alluvial fans, mudflow-
prone channels, and sediment transport. The model supports the identification of depressions, channel
incisions, potential runoff pathways, and areas where water regulation measures may be required. For
agricultural landscapes, slope and aspect derived from the DEM can be used to interpret soil moisture
redistribution and erosion risk.

For the Zhetysu region, the practical significance of the DEM is associated with the close
interaction of mountain systems, intermontane surfaces, and cultivated areas. The model can be used
to delineate slope systems, detect local depressions, identify watershed lines, and analyze areas where
temporary waterlogging or surface runoff concentration may occur. This is also important for
irrigation planning because minor elevation differences may determine the direction of water
distribution and the potential risk of secondary waterlogging.

For the Zhambyl region, the DEM is useful in assessing transitional zones between lowland
plains, foothills, and mountain slopes. Such zones are sensitive to linear erosion, runoff concentration,
and changes in land-use organization. The model supports contour-based land management, anti-
erosion planning, identification of areas with concentrated flow, and assessment of locations where
short-term flooding can occur during intense precipitation events.

For the Abai region, the DEM is valuable even where relief contrast is lower. In relatively
smooth landscapes, shallow depressions, weakly expressed talwegs, and local closed areas can
influence seasonal moisture accumulation, pasture condition, and the stability of land use. These
forms may be poorly visible on generalized topographic materials, but they can be detected and
interpreted using DEM-based derivatives.

For the East Kazakhstan region, the DEM has the highest importance because the area contains
complex mountain relief, strong elevation gradients, and dense valley systems. Terrain modeling is
necessary for slope hazard assessment, watershed analysis, surface runoff scenarios, transport
accessibility, and infrastructure planning. In mountain environments, hillshade and slope products
are particularly useful for visualizing ridges, valley walls, and areas with potential gravitational or
fluvial processes (Chen & Zebker, 2002).

The methodological limitation of the study must be stated clearly. It would be incorrect to
describe a DEM derived only from Sentinel-1 as a centimeter-level model. Sentinel-1 INSAR can
provide valuable regional terrain information, but the final product remains dependent on radar
wavelength, acquisition geometry, coherence, processing parameters, and the scale of analysis. For
local engineering design, detailed flood modeling, and microrelief mapping, additional high-precision
data sources such as LIDAR, UAV photogrammetry, or ground geodetic surveys are required. Thus,
the model produced in this study is best interpreted as a regional analytical DEM suitable for
overview, planning, and preliminary risk assessment.

5. Conclusion

This study documented a standardized Sentinel-1 repeat-pass INSAR workflow for regional
elevation mapping in Almaty, Zhetysu, Zhambyl, Abai, and East Kazakhstan regions. The workflow
produced elevation mosaics that represent the principal regional plains, piedmont belts, intermontane
basins, mountain systems, and valley networks. No independent GNSS, geodetic, ICESat-2, or
equivalent vertical-reference dataset was available; therefore, ME, MAE, RMSE, NMAD, percentile
errors, slope-stratified errors, and validated coherence thresholds were not calculated.

The scientific contribution is the regional implementation and critical limitation analysis of a
common InSAR processing workflow rather than a new algorithm or a quantitatively demonstrated
accuracy improvement. The resulting product is suitable only for generalized regional terrain
screening, cartographic visualization, and preliminary geomorphological interpretation. Its nominal
raster structure and visual consistency do not establish vertical accuracy.
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The product is not suitable for local flood-depth modeling, precise inundation delineation,
irrigation grading, road or infrastructure design, or microrelief mapping without independent
validation and higher-accuracy elevation data. Future work should integrate LIiDAR, UAV
photogrammetry, GNSS or geodetic control, and ICESat-2 sampling; document complete SNAP and
SNAPHU parameters; harmonize vertical datums; and quantify error by slope, coherence, land cover,
and region.
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Ka3akcTaHHBIH IIBIFBIC KOHE OHTYCTIK-IIBIFBIC OHIPJIEpPiHAe T'HMIAPOJIOTrMSAJIbIK
TajJIay MEH ayMaKThIK KOCHapJiay MiHAETTepi YUIiH :Kep OeaepiH HUPPJIIBIK
MoOJebAeY

Acer ApbicTtaHoB, Panuga ApbicranoBa, I'ynbHapa Ka6:xanoBa, Kanaii Carun, lapura
AOmmnxaabiKoBa, AlikepiMm MamaeBa

Anparna: Makanana Kazakcranusiy Anmartsel, XKericy, KamObin, AGait sxone Llbirbic Kazakcran
obneicTapsl yinin Sentinel-1 SLC paguonokaiusuibiK AepeKkTepi HeTi3iHje jxep OeaepiHiH MU PIbIK
MOJICNIIH KYpPYy OAicTeMeci YCBIHBIIAAbl. 3epTTeyIiH MaKcaThl TMIPOJIOTHSIIBIK Talfay, *KepycTi
aFrbIHBIH Oarajay, BIKTUMAJ Cy KHHAJTy oHe Cy 0acy ailMaKTapblH ailKpIHIAY, MOP()OMETPHUSITBIK
CUIMaTTamajapAbl LIBIFApy JKOHE ayMaKThIK JKOCHapiayabl KEHICTIKTIK HEri3fiey YIIIH OHIpIiK
reoaKnaparTelk penbed KabGaThiH KanmemTacTelpy Oosmbl. JKymbicta SNAP  opTachkiHIarsl
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unrepdepomerpusuibik oHAey xkoHe ArcGIS-tarst DEM mocrenneyi Oipikripinmi. Sentinel-1
KYNTApbl TYCIPUIIM yaKbITBl, OpOMTa COMKECTIri, CaJIbICTHIpMaJIbl OpOWTa, Oa3ayIbIK CBhI3BIK,
KEHICTIKTIK KaOBICy >XOHE KOTepeHTTUIK OOWBbIHINA TaHAaiabl. OHAey Ti30eri MmeraaepexTepi
tekcepyai, S-1 Back Geocoding, ESD ty3eryin, untepdeporpamMmma MEH KOTEPEHTTIIIK KaOaThIH
Kypyasl, Goldstein ¢dazanbik cysrineyni, SNAPHU apkbuibl ¢a3aHbl ka3yibl, T€OKOITAY/BI,
MoO3aMKaJay/bl, THAPOKOPPEKIIUIHBI KoHE eHicTiK, skcro3unus, hillshade, flow direction xone flow
accumulation kabaTTapbIH anyIsl KaMThIbl. HoTrkenep 3epTrey ayMarbIH A Ka3bIK, TayallIbl )KOHE
Tayjabl alMaKTapAblH aWKblH OWIKTIK >KOHE MOPQOKYPBUIBIMIBIK aWbIpMAIIbUIBIFBIH KOPCETTI.
Kypburran Mozenbp Cy JKHHAYy ananTapblH Oeiyyre, 53po3WsiFa Kapchl >KOCHapiayra, aybll
[IapYyalIbUIBIFEl  JTaHIIIA(QTTAPbIH KOHTYPJIBIK YHBIMAACTBIPYFa JXKOHE Cy 0acy CICHAapHIIepiH
JalblHAayFa KapaMIbl OHIPIIK aHATUTUKANBIK Heri3 Oonbim TaObutagel. CoHBIMEH Oipre
cantumeTpimik goamik yuria LIDAR, ¥¥A ¢ororpaMMeTpuscel HEMECE KEPYCTI Ie0C3USIIBIK
eJeyaepiMeH OIpiKTipy KaKeT.

Tyiiin ce3mep: Sentinel-1; INSAR; xep Oenepinin udpasik moxeni; DEM; SNAP; ArcGlIS;
THIPOJIOTHSIIBIK Talay; ayMaKThIK xocmapiay; KasakcraH.

Hudposoe MmogeupoBanue pejabeda s 3aa4 THAPOJOTMYECKOT0 AHAIN3A U
TePPUTOPHUAJIBHOIO IJIAHMPOBAHUS B BOCTOYHBIX U HOI0-BOCTOYHBIX PEerHoHax
Kaszaxcrana

Acer ApsbictanoB, Panuna ApseicranoBa, I'yibnapa KaOxkanoBa, Kanaii Carun, Japura
A0auxanabiKoBa, Alikepim MamaeBa

AHHOTanusi: B craThe mnpejcTaBieHa METOJMKA PErHOHAIBHOTO IM(POBOrO MOAEIMPOBAHUS
penbeda 1Mo JaHHBIM paanoiokannoHHo# chemku Sentinel-1 SLC mis Anvaturckoi, JKeTricyckoii,
JKamoOnbiickoit, Adaiickoi 1 Bocrouno-Kazaxcranckoii o0nacrei. Llenb ucciaeqoBanms 3aKkiodaiach
B CO3JIaHUH T€OMH(DOPMAITMOHHONW OCHOBBI JUISI THIPOJIOTHYECKOTO aHAIN3a, OLEHKH HaIlpaBIeHUN
MOBEPXHOCTHOT'O CTOKA, BBIABJICHUS MOTEHIMAIbHBIX 30H AKKyMYJSILIMM BOJBI U IOATOINJICHMS,
MOpP(GOMETPUYECKOTO aHaIM3a W TEPPUTOPHATIBHOTO IUIAHUPOBAHUS B YCIOBHAX COYETAHUS
PaBHMHHBIX, IPEATOPHBIX U TOPHBIX JaHAMAPTOB. MeToanka 00beIMHAeT HHTEPPEPOMETPUIECKYIO
obpabotky B SNAP u mocneayroryio nocrtoopaborky DEM B ArcGIS. TTogoop map Sentinel-1
BBINOJIHAJICSL C YUETOM BPEMEHHOI'0 MHTEpBaja, COBMNAJCHUS OpPOUTHI M OTHOCHUTEIBHOM OpPOUTHI,
JUIMHBI 0a30BOM JIMHUU, IPOCTPAHCTBEHHOTO NEPEKPBITHS U 05KHU1aeMOoi KorepeHTHocTH. OOpaboTka
BKJIOYAJIa MPOBEPKY MeTanaHHbixX, S-1 Back Geocoding, koppekimto Enhanced Spectral Diversity,
nocTpoeHre uHTepdeporpamMmmbl U ciosi korepentHoctu, Goldstein Phase Filtering, dasoByio
pa3Beptky B SNAPHU, reokoaupoBanue, Mo3auuHOe OOBbETUHEHHE, THAPOKOPPEKIIUIO U pacyeT
npou3BoaHbIx cioeB Slope, aspect, hillshade, flow direction u flow accumulation. TTonxyuentsie
KapThl TOKa3bIBAIOT BBIPQKEHHYIO BBICOTHYIO M MOPQOCTPYKTYpHYIO AH(QepeHIHauto
TEPPUTOPUH, XOPOIIIO PA3JIEISIOT paBHUHHBIE, TIPEATOPHBIE U TOPHBIE 30HBI, & TAK)KE ITOIICPKUBAIOT
MHTEPIPETAIMIO BOAOPA3/IENIOB, TAIbBETOB U JOJIMHHBIX CUCTEM. MOJENb MOXKET HUCIOIb30BATHCS
IUIE BBIICJICHUST BOAOCOOPOB, TPOTHBOAPO3MOHHOTO IUIAHHPOBAHUS, KOHTYPHOW OpraHH3aIud
arposanmagdToB U MOATOTOBKH CIIEHApUEB OIEHKH noaroriieHus. [Ipu 3ToM pesynbrar ciemayer
paccMaTtpuBaTh Kak perMoHalbHYyI0 aHanuTuyeckyro DEM; cantumerpoBas aeranuzanus TpeOyer
unrerpanuu ¢ LIDAR, BITJIA-poTorpamMeTpueli WM Ha3eMHO I'e0/1e3UYeCKON ChEMKOH.

KarwoueBsie caoBa: Sentinel-1; INSAR; mudposas monmens penveda; DEM; SNAP; ArcGIS;
THIPOJIOTHYECKNH aHAIIN3; TEPPUTOpHATIbHOE TUTaHupoBanue; KazaxcraH.
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Abstract: In the context of the ongoing digitalisation of education and the
growing importance of research-oriented learning, developing students'
research competencies through interdisciplinary approaches has become
a key priority in higher education. This study examines the integration of
geomorphology with physics and digital technologies as a framework for
enhancing research skills and scientific thinking, combining physical
modelling with digital tools to deepen students’ understanding of landform
development processes while fostering analytical, critical, and systems
thinking.

The study analyses the educational potential of physical models for
demonstrating geomorphological processes - erosion, tectonic
movements, and hydrological phenomena - enabling students to observe
and interpret the dynamics of natural systems. It also explores the use of
Geographic Information Systems (GIS), digital mapping, terrain
simulation, and Big Data analysis for collecting, processing, visualising,
and modelling geomorphological information, supporting the
interpretation of experimental results and the development of digital
literacy.

A step-by-step methodology for developing research competence is
proposed,  encompassing  problem-based  learning,  physical
experimentation, digital data analysis, and project-based interpretation of
results. Students progress from observing natural phenomena to
constructing models, analysing data, formulating hypotheses, identifying
causal relationships, and presenting findings in digital formats, thereby
developing independent inquiry, collaborative learning, and evidence-
based reasoning.

Findings from a pedagogical study involving 30 students indicate that
combining practical experiments with digital technologies is associated
with increased research competencies, critical thinking, analytical ability,
and problem-solving skills, as well as greater motivation to engage in
scientific research. The proposed approach offers a practical model for
training specialists capable of applying digital methods in geoscience
education, relevant to the demands of the digital economy.

Keywords: geomorphology; interdisciplinary approach; physical models;
digital technologies; GIS; data analysis; research competencies; research
activity; student training; digital literacy.
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1. Introduction

The relevance of integrating geomorphology with physics and digital technologies stems from
modern requirements for training and teaching aimed at developing learners' research and digital
competencies. As the science of landforms and their formation processes, geomorphology requires
an understanding of the physical laws underlying natural phenomena such as tectonic movements,
erosion, and hydrological processes. Furthermore, modern digital technologies - geographic
information systems (GIS), digital mapping, terrain simulators, and big data analysis - not only allow
for the visualisation and modelling of complex processes but also enable the development of learners'
skills in analysing, interpreting, and processing information.

The integration of these subjects provides an interdisciplinary approach to education that
promotes a deeper understanding of natural processes, develops critical thinking, and prepares
learners for research and professional practice in the digital economy (Jia et al., 2025). Such an
approach increases interest in the study of geomorphology, develops independent research and
analytical skills, and makes the educational process applied and relevant.

The role of an interdisciplinary approach is to integrate knowledge, methods, and tools from
various disciplines in order to develop a comprehensive understanding of the phenomena under study
and to enhance learners' practical and research competencies. It ensures continuity of knowledge,
links theory with practice, and develops skills in critical thinking, data analysis, and systematic
problem-solving (Wu et al., 2024). Combining geomorphology with physics and digital technologies,
for example, allows for the simultaneous study of natural processes, their physical laws, and
modelling methods using modern analytical and visualisation tools, thereby fostering research
independence, project-based thinking, and digital literacy.

The problem lies in the insufficient development of learners' research competencies. Despite
possessing theoretical knowledge, most learners face difficulties in applying it in practice -
formulating scientific hypotheses, analysing data, and interpreting results. Traditional teaching
methods, which focus on memorising information and solving standard tasks, do not always foster
independent research, critical thinking, or the use of quantitative tools (Aidoo, 2024). This is
particularly important from a geomorphological perspective, since a full understanding of landform
development processes requires the ability to analyse real data, construct models, and test hypotheses
using modern technologies.

The aim of this article is to systematise the integration of interdisciplinary approaches in
teaching geomorphology, using physical models and digital technologies to effectively develop
students' research competencies. The article presents a step-by-step methodology for developing
research skills - from observation and problem identification, through physical experiments and
digital data analysis, to interpreting results and presenting them as academic projects.

The scientific novelty of this work lies in systematising and developing a methodology for a
comprehensive, interdisciplinary approach to building independent research skills, encompassing
physical experiments, digital data analysis, and project-based activities. Its practical significance lies
in its potential application in schools and universities to improve the quality of student learning and
to develop analytical thinking, research independence, and digital literacy. The use of physical and
digital models makes the study of geomorphology visual, interactive, and motivating, strengthens the
link between theory and practice, and increases students' interest in the subject.

Theoretical foundations of the interdisciplinary approach and a literature review

Interdisciplinary links in education involve integrating knowledge, methods, and approaches
from various subjects to develop learners' holistic competencies. The interdisciplinary approach
ensures continuity of knowledge, enables the integration of theoretical knowledge with practical
skills, and fosters the ability to analyse, synthesise, and apply information across contexts. In
educational practice, interdisciplinary links are realised through project-based activities, research
tasks, the use of physical and digital models, and the application of data analysis tools, simulators,
and GIS (Abdimanapov et al., 2025). This approach promotes critical thinking, systems analysis, and
complex problem-solving skills, and enhances learners' motivation for independent research.
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Interdisciplinary links are particularly relevant in the earth sciences, such as geomorphology,
where combining physics, informatics, and digital technologies allows not only for the study of
natural processes but also for their modelling, data visualisation, and the drawing of sound
conclusions - thereby developing learners' research and digital literacy. Geomorphology studies
landforms and their formation processes, which are governed by physical laws such as erosion,
tectonic movements, and hydrological and geodynamic phenomena (Viles, 2016). Understanding
these laws requires the ability to explain processes in physical terms, making the integration of
physics and geomorphology a logical and necessary step in educational practice.

GIS, digital mapping, terrain modelling, and other modern digital technologies enable the
management, analysis, and visualisation of large datasets. Integrating these tools with physical and
geomorphological knowledge supports an interdisciplinary approach that develops learners' skills in
independent research, analytical thinking, critical analysis, and digital literacy. The choice to integrate
geomorphology, physics, and digital technologies is grounded in educational needs and the demands
of the current scientific and professional context (Farooq et al., 2024). This approach combines
theoretical knowledge, practical experiments, and digital data analysis, making the learning process
visual, interactive, and motivating, while increasing students' interest in natural processes and
developing competencies in demand in research and professional practice.

Modern research in geomorphology and geography education pedagogy demonstrates the
growing importance of physical and digital methods for developing learners' research, analytical, and
digital competencies. Physical terrain modelling remains a fundamental tool in this field, including
scale models, hydraulic tables, sand and water simulators, laboratory terraces, and other devices that
demonstrate erosion processes, tectonic movements, sediment accumulation, and hydrological
changes. Such experimental facilities allow learners to observe the dynamics of landform-building
processes, analyse cause-and-effect relationships, formulate hypotheses, and test them through
controlled experiments (Franceschi et al., 2025; Panjaitan et al., 2023). This develops critical
thinking, systematic analysis, and the ability to conduct experimental work and draw conclusions
from empirical data.

In addition to physical models, modern teaching practices actively employ geographic
information systems. GIS technologies enable the integration of spatial data from various sources -
satellite imagery, elevation models, maps, and field measurements - and their visualisation on digital
maps, supporting the analysis of spatial relationships and landform dynamics. The use of GIS in
educational tasks contributes to the development of spatial thinking, the ability to work with
cartographic information, and the analysis of large spatial datasets. Gladskoy et al. (2020)
demonstrate the use of GIS technologies and digital relief models for studying geological structures,
while a later study by Pavlova & Telyatnikov (2022) shows that GIS and digital terrain models in
teaching geomorphology and ecology enable students to monitor environmental change, analyse
deformation processes, and model spatial landscape transformations.

3D modelling and virtual environments are another integral part of the digital approach: using
software such as Blender, Unity, and specialised GIS platforms, virtual models of terrain and natural
processes can be created that closely resemble reality. These models allow learners to visualise
complex geomorphological structures, undertake virtual "expeditions” to modelled landscapes, and
simulate erosion or tectonic shifts within a simulator. Sang et al. (2020) show that creating 3D
libraries of geological objects - for example, through photo-modelling - opens up stable, interactive
educational opportunities, particularly for geostructures where field access is limited. Bondarenko et
al. (2020) similarly highlight the didactic potential of virtual information learning environments,
noting that such environments increase student engagement, develop geographical and digital
literacy, and foster independent research, allowing learners to conduct experiments, model natural
processes, and analyse data without leaving the virtual laboratory. The application of Big Data
analysis in geomorphological education is also significant: research into large spatial and remote-
sensing datasets (satellite imagery, LIDAR, DEM) shows that learners can develop skills in
processing, filtering, aggregating, and visualising data, as well as identifying patterns and trends in
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landform development (Samsul et al., 2023). This analytical approach contributes to the development
of statistical processing, forecasting, and landscape-transformation modelling skills.

The literature review confirms that combining physical and digital methods is particularly
effective in developing an interdisciplinary educational approach. It integrates practical experiments
with digital analytical work, contributing to the holistic development of learners' independent
research, critical thinking, project-based thinking, and digital and spatial literacy, while enhancing
motivation through interactivity, experimentation, and visualisation. Overall, the literature suggests
that physical terrain modelling methods together with digital tools (GIS, 3D modelling, simulators,
Big Data) constitute a modern, well-established, and effective strategy for teaching geomorphology,
helping to prepare learners for the demands of modern scientific and professional life.

2. Materials and Methods

A method for integrating physical models and quantitative tools in the teaching of
geomorphology. The study of geomorphology requires an understanding of the dynamics of
landform-forming processes, their physical laws, and methods of data analysis. An effective approach
is to integrate physical models with quantitative tools, which supports interdisciplinary education and
develops learners' research skills, analytical and critical thinking, and numeracy.

Figure 1 presents a diagram of the physical models used to study landform development,
including terrain models, sand tables, hydraulic simulators, and various experimental setups that
allow natural processes to be visualised, controlled, and analysed. The diagram illustrates the primary
applications of these models - the study of erosion, tectonic processes, hydrology and flows, and their
combinations - showing the formation of river channels, gullies, folds and faults, as well as the
development of river valleys and alluvial plains, thereby providing a comprehensive understanding
of the mechanisms of landform change.

EROSION

The models demonstrate the formation
of riverbeds, ravines, and deltas, showing

| the influence of flow velocity, water volume,
/ and soil composition.

vV

TECTONICS

The installations simulate the folding,
faulting, and uplift of mountain ranges,
allowing us to understand the relationship
between deformations and changes

PHYSICAL : in terrain.

MODELS 4
o~ HYDROLOGY AND FLOWS

Simulations show the formation of river
valleys, alluvial plains, landslides and
avalanche flows. )

Physical terrain models—hydraulic
tables, sand simulators, miniature
terraces—allow you to observe the
processes of erosion, tectonic
movements and hydrological flows

under controlled conditions. v

COMBINED MODELS

They combine erosion and tectonic
processes, providing a systematic
understanding of the formation of
the relief.

Figure 1. Types of physical models
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Figure 2 shows how combining digital tools with physical experiments allows for hypothesis

testing, process modelling, and the development of complex research projects. Integrating physical
models with digital tools supports an interdisciplinary approach to studying geomorphology by
linking hands-on observation with data analysis and visualisation (Xiong et al., 2022). This develops
learners' research independence, critical and analytical thinking, project-based skills, and numeracy,
increases motivation for the subject, and prepares students for scientific, professional, and
interdisciplinary work in the context of contemporary science and the digital economy.

collection, processing and analysis of
spatial data, construction of digital

maps, identification of patterns and
monitoring of terrain dynamics

- 3D MODELING AND SIMULATORS
A |

| creation of virtual models of terrain

DIGITAL TOOLS <ot P . and processes, conducting “virtual
== =~ e | experiments”, development of spatial

Digital technologies and desigh thinking

expand the
possibilities of

modeling and analysis 7B|G DATA ANALYSIS

i working with large geospatial arrays,
. identifying trends, quantifying and
. predicting changes in terrain

Figure 2. Types of digital tools

The use of digital technologies in teaching geomorphology. In modern geomorphological

education, digital technologies play an important role in simulating complex natural processes
(Luppichini et al., 2025), enabling their analysis and visualisation, and integrating data from various
sources for the comprehensive study of landform processes. The main tools include:

Geographic Information Systems (GIS): support the collection, processing, and spatial analysis
of data on topography, hydrology, soils, and geological structures (Leeonis et al., 2024). Using
GIS, researchers can create quantitative maps of erosion processes, monitor tectonic
deformation dynamics, and identify patterns in the distribution of natural phenomena;

Digital maps and satellite data (Big Data): enable work with large datasets such as digital
elevation models (DEMSs), remote sensing data, and LIDAR, supporting the quantitative
analysis of landform changes, the assessment of large-scale processes, and the creation of
predictive models;

Digital laboratories and simulators of landform processes: allow virtual experiments with water
currents, landslides, erosion, and tectonic movements, enabling learners to observe the results
of changing parameters and model the consequences of natural phenomena;

Virtual and Augmented Reality (VR/AR) environments: create interactive 3D models of terrain
and dynamic processes, helping to develop learners' spatial reasoning, visualisation skills, and
project-based approaches.

Using these tools enables students to:
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1.  Analyse complex data by integrating multiple information sources to identify patterns and
dynamics in natural processes;

2. Conduct virtual investigations by modelling processes, monitoring the impact of individual
factors, and testing hypotheses without requiring constant access to field sites;

3. Develop digital and research competencies by processing large datasets, visualising results,
predicting landform changes, and drawing accurate conclusions;

4.  Develop project-based skills and interdisciplinary thinking by integrating knowledge of
geomorphology, physics, and information technology to comprehensively study natural
processes.

The integration of digital technologies into geomorphology education creates a learning
platform for developing learners' research independence, analytical and critical thinking, geospatial
data skills, and digital literacy. Combining GIS, 3D modelling, simulators, and big data analysis
within an interdisciplinary approach addresses the modern demands of science, engineering, and the
digital economy (Horowitz & Schultz, 2014), ensuring a comprehensive understanding of landform
development processes and developing competencies in demand for scientific, project-based, and
professional activities.

Methods for developing students' research competence. Developing research competence is a
key focus of modern education, preparing learners to independently seek, analyse, and interpret
information, and to solve practical and scientific problems. The methodology for developing these
competencies supports the development of analytical thinking, creativity, the ability to work with
data, and independent research.

Principles for developing research competence:

- Scientific integrity and accuracy. Teaching is grounded in up-to-date scientific data, developing
learners' understanding of scientific methodology and the criteria for scientific validity;

- Problem-based learning. The research process begins with a problem question or hypothesis
that prompts the search for solutions and the analysis of information;

- A practical focus. Tasks are related to real-world processes and phenomena (natural, social,
technical), increasing motivation and promoting the application of knowledge;

- Individuality and variety. Students may choose their own topics, methods, tools, and
presentation formats;

- Integration of technologies. The use of physical models, digital tools, GIS, simulators,
laboratories, and big data supports the development of research skills at a modern level (Yu &
Zin, 2023).

Key components of learners' research competencies. Developing research competencies is a
key objective of modern education, aimed at fostering learners' ability to independently acquire new
knowledge, analyse information, and apply research findings to practical and theoretical problems
(Tapullima-Mori et al., 2025). These competencies comprise several interrelated components that
constitute individual aspects of research activity.

Figure 3 presents an infographic, "Methodology for Developing Students' Research
Competence,” outlining a step-by-step model for organising research activity in an interdisciplinary
learning context using physical models and digital technologies. Each stage describes learners'
activities, the tools used, and the expected learning outcomes, reflecting the logic of skill development
- from identifying a problem to reflecting critically on one's own actions. The use of physical models,
GIS, digital maps, Big Data technologies, 3D modelling, and data visualisation fosters analytical and
critical thinking, independence, and a scientific approach in learners (Ki, 2019). The infographic
illustrates the integration of traditional and digital teaching tools within a methodology aimed at
developing systems thinking, communication skills, and reflective ability, and can be used as a visual
tool for organizing research and project-based learning activities at various educational levels
(Hickman, 2023). Because the development of research competencies is closely linked to modern
digital tools that allow learners to work with real geospatial data, draw evidence-based conclusions,
and design research solutions, acquiring these competencies fosters independent, critical, and project-
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oriented thinking - essential for successful professional development in the context of the digital
transformation of education and science.

‘ o Problem statement
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Figure 3. Methodology for developing learners’ research competencies
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A methodology for developing learners' research competence
The proposed methodology is organised as a sequential research process encompassing

problem formulation, hypothesis development, data collection and analysis, interpretation of results,
presentation and justification of findings, and assessment of research quality and reflection. These
interconnected components reflect the logic of scientific inquiry and are aimed at the systematic
development of students’ research competencies. The principal learning objectives, activities, tools,
and expected outcomes are summarised in Table 1.

Table 1. Developing research competencies

Objective Activity Tools Outcome
Formulating the Situation analysis and Cases, texts, graphics | Identifying the
problem problem formulation problem

Formulating a
hypothesis

Formulating and planning
a hypothesis

Discussions, diagrams,
tables

Formulating a
hypothesis

Data collection

Information seeking,
experiments, observations

Databases, reference
sources

Data collection skills

Data processing

Systematisation and
preliminary processing

Databases, reference
sources

Data processing skills

Interpreting results

Evaluating data, drawing
conclusions

Tables, charts, graphs

Ability to draw
conclusions
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The proposed methodology can be applied in a variety of educational contexts, including
research-based lessons, project- and research-oriented activities, and specialised educational
programmes at colleges and universities. It can also be integrated into extracurricular learning
environments, such as academic clubs, STEM laboratories, and digital workshops. This flexibility
enables the methodology to support the systematic development of learners’ research competencies
across both formal and non-formal educational settings.

The proposed methodology provides a coherent and structured framework for developing
learners’ research competencies (Paucar-Curasma et al., 2025). Its components encourage conscious
engagement in scientific inquiry and facilitate an understanding of the internal logic of the research
process (Alipina & Kitapbaeva, 2023). A particular strength of the methodology is its practice-
oriented nature, integrating problem-based and project-based activities, empirical data collection,
physical modelling, and modern digital tools. Through these activities, learners develop the ability to
formulate hypotheses, select appropriate research methods, analyse and interpret data, and critically
evaluate research outcomes. Overall, the methodology promotes analytical thinking, cognitive
independence, scientific reasoning, and the application of research skills to complex academic and
practical problems in contemporary interdisciplinary educational contexts.

Stages of Learning for the Development of Research Competencies

1. Motivational stage. This stage creates the conditions for learners to engage actively in
research. Project-based tasks, problem-based questions, real-world situations, and scenarios
involving uncertainty are used to stimulate interest, strengthen motivation, and define the direction
of subsequent inquiry.

2. Practical stage. This stage focuses on empirical investigation and data collection. Learners
conduct physical experiments, make observations, or undertake fieldwork. The collected data are
systematically recorded and transferred to digital environments, including GIS, spreadsheets, and
digital simulators, for subsequent processing and analysis.

3. Analytical stage. This stage involves processing, analysing, and interpreting the collected
data using statistical methods, numerical modelling, and graphical and spatial visualisation
techniques. Learners construct graphs, maps, and models, identify relevant patterns and relationships,
and assess the accuracy and reliability of the obtained results.

4. Presentation and reflective stage. The final stage focuses on communicating and evaluating
research outcomes. Learners prepare a final product, such as a report, presentation, model, or research
paper, present and interpret their findings, compare the results with the initial hypothesis, justify their
conclusions, and reflect on the validity and scientific significance of their work.

3. Empirical research and results

The empirical component of the study was designed to evaluate changes in students’ research
competencies following the implementation of the proposed interdisciplinary methodology. The
pedagogical study involved 30 students enrolled in the 6B01511 Geography-History educational
programme at the Kazakh National Girls’ Pedagogical University. Participation was voluntary, and
the group included students with different levels of prior preparation in geography and informatics.
The pedagogical intervention was conducted over a 15-week period during the fall semester of the
2025-2026 academic year. The pedagogical study was structured into four sequential and
interconnected instructional stages: motivational, practical, analytical, and presentation-reflective.
This heterogeneity provided an opportunity to examine the applicability of the methodology among
learners with varying levels of subject-specific and digital competence. Given the relatively small
sample size and the absence of a control group, the empirical findings should be interpreted as
evidence of changes observed within the participating group rather than as results that can be
generalised to a broader student population.

The overall structure of the instructional implementation and evaluation of the proposed
methodology is presented in Figure 4.
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Figure 4. Stages of instructional implementation and evaluation of the proposed methodology

The pedagogical intervention followed four interconnected stages: motivational, practical,
analytical, and presentation-reflective. During the motivational stage, students worked with problem-
based tasks and analytical cases designed to stimulate interest in geomorphological inquiry and
support the formulation of research questions and hypotheses. The practical stage involved
experiments with physical terrain models, including hydraulic tables and sand-based terrain models,
together with the application of GIS, 3D modelling, and digital simulation tools (Caldwell, 2001;
Markov et al., 2022). During the analytical stage, students processed and interpreted the collected
data, constructed graphs and visualisations, identified relationships and patterns, and formulated
evidence-based conclusions. The presentation-reflective stage involved presenting mini-projects,
discussing findings, evaluating initial hypotheses, and reflecting on the research process.

Assessment of Research Competencies

Changes in students’ research competencies were assessed using multiple complementary
methods. Structured testing was used to evaluate the ability to formulate research problems and
hypotheses and to select appropriate research methods. Surveys and self-assessment instruments were
used to examine students’ confidence in working with physical models and digital technologies. In
addition, students’ mini-projects, reports, graphs, maps, and visualisations were analysed as evidence
of their ability to apply research procedures in practice. Observation of group activities focused on
participation, interaction, discussion of hypotheses, interpretation of evidence, and communication
of research findings (llyashenko, 2019).

Diagnostics were conducted before and after the pedagogical intervention, allowing changes in
the main components of students’ research activity to be examined (Granberg et al., 2023). The
combination of testing, coursework and project analysis, observation, and self-assessment was
intended to provide a multidimensional evaluation rather than relying on a single assessment
instrument. For each indicator, students’ performance was evaluated using predefined assessment
criteria corresponding to the research skills assessed. The scores obtained for each indicator were
converted into percentages of the maximum achievable score. This procedure enabled direct
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comparison of competency levels before and after the pedagogical intervention. The same assessment
criteria and scoring procedure were applied at both measurement stages to ensure consistency and
comparability of the results. Five indicators were considered: overall research competencies, skills in
working with physical models, skills in working with digital tools, analytical and critical skills, and
motivation and engagement. The results are presented as percentages of the maximum achievable
level (Table 2).

Table 2. Evaluation of research competencies before and after the pedagogical intervention

Indicator Before (%0) After (%) | Change (percentage
points)
Research competencies 50 85 +35
Skills in working with physical models 40 80 +40
Skills in working with digital tools 45 78 +33
Analytical and critical skills 55 88 +33
Motivation and engagement 60 90 +30

Analysis of the Results

The descriptive results indicate positive changes across all five assessed indicators following
the implementation of the methodology. Across the five indicators, the mean percentage score
increased from 50.0% before the intervention to 84.2% after the intervention. This represents an
absolute increase of 34.2 percentage points and a relative increase of 68.4%.

The largest change was observed in skills in working with physical models, which increased
from 40% to 80% (+40 percentage points). Overall research competencies increased from 50% to
85% (+35 percentage points), while skills in working with digital tools and analytical and critical
skills increased by 33 percentage points each. Motivation and engagement increased from 60% to
90% (+30 percentage points). Thus, improvement was observed across practical, digital, analytical,
and motivational dimensions rather than being confined to a single component of research activity.

The changes in the assessed indicators before and after the pedagogical intervention are
illustrated in Figure 5.
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Figure 5. Changes in research competency indicators before and after the pedagogical intervention

The pattern shown in Figure 5 suggests that the most pronounced improvement occurred in
students’ ability to work with physical models. This finding is particularly relevant to the proposed
methodology because physical experimentation constitutes an important link between theoretical
explanations of geomorphological processes and their subsequent digital representation and analysis.
Improvements in digital, analytical, and critical skills further suggest that combining hands-on
experimentation with GIS, modelling, and data visualisation can provide a productive environment
for research-oriented learning.

Because the available results are aggregated at the indicator level, they are interpreted
descriptively in the present study. Claims of statistical significance are therefore avoided in the
absence of individual-level pre- and post-intervention scores required for an appropriate inferential
statistical test. Future applications of the methodology should incorporate individual-level
measurements and, where possible, a comparison or control group to enable more robust statistical
evaluation of intervention effects.

4. Discussion

The findings provide preliminary empirical support for the educational value of integrating
physical modelling and digital technologies within a structured approach to geomorphology
education. The observed improvements across the five competency indicators suggest that the
methodology can support several interconnected dimensions of research-oriented learning, including
empirical investigation, digital data processing, analytical reasoning, and learner engagement.
However, given the single-group pre—post design, these changes should be interpreted as associations
observed during the intervention rather than as evidence of a definitive causal effect.

The findings are broadly consistent with research emphasising the role of digital technologies
in geographical education. GIS and related digital tools have been associated with the development
of spatial thinking, analytical reasoning, and problem-solving skills (Bondarenko, 2025). Research
on the digital transformation of geographical education has similarly highlighted the potential of
technology-supported learning to increase student engagement and facilitate the understanding of
complex geographical processes (Satymova, 2025). The present study extends this perspective by
integrating digital technologies with physical terrain modelling rather than treating digital tools as an
independent instructional component.
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This combination constitutes an important feature of the proposed approach. Previous studies
have demonstrated the educational potential of GIS, digital elevation models, 3D mapping, virtual
environments, and physical representations of terrain for visualising and analysing geomorphological
phenomena (Carbonell-Carrera & Hess-Medler, 2019; Polidori & El Hage, 2020; Vidal de Souza et
al., 2025). In the present methodology, however, physical and digital modelling are incorporated into
a single instructional sequence that progresses from problem formulation and empirical observation
to data analysis, interpretation, presentation, and reflection. The specific contribution of the study
therefore lies in connecting hands-on modelling with digital spatial analysis within a structured
research-oriented framework and examining changes in students’ competencies before and after its
implementation.

The largest improvement in skills related to physical models is noteworthy in this context.
Physical terrain models allow geomorphological processes to be observed and manipulated in a
tangible form, whereas digital tools enable the resulting spatial patterns and relationships to be
processed, visualised, and interpreted at a more analytical level. Their combined use may therefore
facilitate a transition from the descriptive study of landforms towards process-oriented analysis,
which is fundamental to contemporary geomorphology. Working with empirical observations and
geospatial data also encourages students to formulate hypotheses, examine evidence, identify
relationships, and justify conclusions rather than merely reproduce theoretical information.

At the same time, the effectiveness of technology-supported instruction depends on appropriate
pedagogical and technical conditions. The integration of GIS, 3D modelling, and simulation
environments requires adequate digital infrastructure and sufficient teacher competence. Limited
access to specialised software or equipment and insufficient teacher preparation may constrain the
implementation of the methodology. Consequently, its wider application should be accompanied by
appropriate methodological support, teacher professional development, and adaptation to the
technological resources available in individual educational institutions.

Several limitations should be considered when interpreting the findings. First, the study
involved only 30 students from a single educational programme at one university, which limits the
generalisability of the results. Second, the absence of a control group prevents direct comparison with
conventional teaching approaches and does not allow the observed changes to be attributed
exclusively to the intervention. Third, the available results are based on aggregated competency
indicators; therefore, inferential statistical testing of individual pre—post differences could not be
performed. Future research should involve larger and more diverse samples, individual-level
assessment data, control or comparison groups, and appropriate inferential statistical procedures to
evaluate the magnitude and statistical reliability of observed changes.

Despite these limitations, the study demonstrates the practical potential of combining physical
terrain models with GIS, 3D modelling, simulation, and data-analysis tools in research-oriented
geomorphology education. The proposed methodology creates a coherent connection between
observation, experimentation, spatial analysis, interpretation, and scientific communication. Such
integration may contribute to the development of research competencies, spatial and critical thinking,
digital literacy, and students’ ability to address complex geographical problems using multiple forms
of evidence.

5. Conclusion

This study developed and evaluated an interdisciplinary methodology for fostering research
competencies in geomorphology education through the integrated use of physical models and digital
technologies. The proposed approach combines hands-on investigation of geomorphological
processes with GIS, 3D modelling, digital simulation, and spatial data analysis within a structured
research-oriented learning framework. This integration enables students to progress from problem
formulation and hypothesis development to empirical observation, data analysis, interpretation, and
scientific communication.
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The pedagogical intervention showed positive changes across all assessed competency
indicators. The mean score across the five indicators increased from 50.0% before the intervention to
84.2% after its implementation. The largest improvement was observed in skills related to physical
models (+40 percentage points), followed by overall research competencies (+35 percentage points).
Skills in working with digital tools and analytical and critical skills each increased by 33 percentage
points, while motivation and engagement increased by 30 percentage points. These findings suggest
that combining physical experimentation with digital analysis can support the development of
research-oriented, analytical, and digital competencies in geomorphology education.

The specific contribution of the proposed methodology lies in integrating physical terrain
modelling and digital technologies within a single instructional framework rather than treating them
as separate educational tools. Physical models provide opportunities for direct observation and
experimentation with erosion, tectonic, and hydrological processes, whereas digital technologies
extend these activities through spatial analysis, modelling, visualisation, and interpretation. Their
combined application supports a transition from the descriptive study of landforms towards a more
process-oriented and evidence-based understanding of geomorphological phenomena.

From a practical perspective, the methodology can be incorporated into geography and
geomorphology courses in higher education and, with appropriate adaptation, in colleges and other
educational settings. It can support research-based and project-based learning, laboratory and field
activities, student projects, and interdisciplinary modules combining geography, geoinformatics, and
digital modelling. The framework may also contribute to curriculum development aimed at
strengthening research skills, spatial thinking, digital literacy, and students’ capacity for independent
scientific inquiry.

The findings should nevertheless be interpreted in light of the study limitations. The
pedagogical intervention involved a relatively small sample of 30 students from a single educational
programme and did not include a control group. In addition, the available results were analysed at the
aggregated indicator level, which did not permit inferential statistical testing of individual pre—post
changes. Consequently, the observed improvements should be regarded as preliminary evidence
supporting the potential of the methodology rather than as definitive proof of its causal effectiveness.

Future research should evaluate the methodology using larger and more diverse samples,
control or comparison groups, individual-level pre—post measurements, and appropriate inferential
statistical procedures. Longitudinal studies could further determine whether the observed
competencies are retained and transferred to subsequent academic and professional activities.
Additional research may also explore the integration of virtual laboratories, interactive 3D terrain
environments, big geospatial data, and machine-learning applications. Such developments could
extend the proposed framework and further strengthen the role of research-oriented, interdisciplinary,
and digitally supported learning in contemporary geomorphology education.
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Hu@pabiKk TeXHOJOTHSJIAap MeH MoJeJbAeyli HWHTerpanusiiay apKbLIbl
reoMop(do10rusiHbI OKBITY/1a 3ePTTey KY3bIPETTUIIKTEePiH 1aMbITY

Epaan Hypkees, Epaayaer Tynerenon

Anparna: bimim Gepyni uudpranaslpy YIOEpIiCiHIH JKalIFacybl KOHE 3epTTeyre OarbITTaliFaH
OKBITYBIH MAaHBI3/IBUIBIFBIHBIH apTYhl KaFAalbIHIA TTOHAPAJIBIK TOCUIAEP apKbUIBI CTYASHTTEPIiH
3epTTey KY3BIPETTUIIKTEPIH NaMBITy >KOFapbl OLTiM OepyiH Heri3ri OachIMABIKTapbIHbIH OipiHe
aitHanel. byn 3eprTeyne 3eprrey Jarabpliapbl MEH FhUIBIMM OMIIAy/ibl JKETULIPYIIH HEri3l peTiHae
reoMop(ostorusiHel pU3MKa jkoHE HUPIBIK TEXHOJOTUSIAPMEH MHTErpalnusiiay KapacThIpbLIabl.
@u3MKaIblK MOJAEIbACY MEH IUQPIBIK Kypaiaaplbl YIITACTHIPY CTYIEHTTEPIIH Xep OenepiHiy
KaJIBINITacy YJepiCTepiH TepeH TYCiHyiHe, COHAal-aK aHAJIUTUKAJbIK, CBIHU KOHE KYHemnik oiiay
KaOlIeTTepiH JaMbITyFa OaFbITTaJIFaH.

3eprTeyne 3po3Hs, TEKTOHHMKAJBIK KO3FAJIbICTAp >KOHE T'MJPOJIOTUSIIBIK KYOBUIBICTAp CHSKTHI
reoMOpPQOJIOTUSIIBIK YAEPICTEPl KOPCETy YIIH (U3UKAIBIK MOJEIBACPAIH OlI1iM Oepy oaneyeri
Tannauabl. byn Monenbiep cCTyaeHTTepre TaOWFHM JKyHenepAiH JUHAMUKAchlH OakbulayFa KoHE
TyciHaipyre MyMKiHAIK Oepeni. CoHbIMEH KaTap reoMop(osIOrHsUIbIK aKMaparThl KMHAY, OHJEY,
BU3YyaJM3alMsIIay KoHE MOJEINbeY YIIiH reorpadusiblk aknaparTsik xyienepai (GIS), mudpnbix
KapTrorpadusanayabl, xep OeaepiH Monenbaeyal koHe yikeH aepekrepnal (Big Data) tammaynst
KOJIJaHy KapacTbIPbUIIBL.

AtanFaH TEXHOJIOTHUsUIAp AKCHEPUMEHT HOTIKENIEPIH TYCIHAIpYre *oHe HUMPIBIK cayaTThUIBIKTHI
JaMbITyFa BbIKHAl eTeli. 3epTTey KY3BIPETTUIIKTEpIH JaMbITyFa apHalFaH Ke3eHJIK oJicTeMe
yChIHBULIBL. O Ipo6aeMalIbIK OKBITYIIbI, (PU3UKAIBIK IKCIIEPUMEHT JKYPri3yail, HUGPIBIK IepeKTepal
Tajjayabl SKOHE HOTIDKENepHAl KoOaJblK Heri3ae TyciHuipyal kamtuasl. CTyaeHTTep TaOufu
KYOBUTBICTApAbl OakbuTaymaH Oactam MOJAENbACpP KYpyFa, ACPEKTep/l TajjayFa, TUIOTe3ajap
YCbIHYFa, ceben-canaapiblK OaiimaHbIcTapbl AaHBIKTAyFa MOHE 3€pPTTEY HOTIIKENEPIH LUQPIIBIK
¢dbopmarTa ychIHyFa AeiiHr1 Ke3eHaepaeH etenl. byn ynepic e3 OeTiHie 3epTTey Kyprizy, Oipiaecin
OKY >KOHE JIoNesiepre Heri3AereH FelIbIMU MaibIMIay JaFAbUIapblH 1aMbITyFa MyMKIHAIK Oepei.
30 CTYyAEHTTIH KaThICybIMEH J>XYPTi3UIr€H NelarorukaliblK 3epTTey HOTHKENepl MNPaKTUKAIBIK
HKCIIEPUMEHTTEPAl UMPIBIK TEXHOIOTUSIAPMEH YIITACTHIPY 3€pTTEY KY3BIPETTUTIKTEPIHIH, CHIHU
oliNlayblH, aHATMTUKAJIBIK KaOlJIEeTTEeP/iH JKaHE MpodiieManap/bl Ny AaFAblIapbIHbIH apTybIMEH,
COHJal-aK FBUIBIMH 3€pTTeyJepre Karblcy yoXiHiH jKOFapbUlaybIMEH OAalIaHbICThl €KeHIH KOPCETTI.
¥YCBIHBUIFAH TOCUT LUQPIBIK SKOHOMMKA TajaNnTapblHA COWKEC KEJNETIH »OHE TI'eOFbUIBIMIAp/bl
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OKBITYZIa ITU(DPIBIK 9miCTep/Ii KOJAaHa ajlaThlH MaMaHAApAbl JaspliaylblH MPAKTUKAIBIK MOICIIH
YCBHIHA/IBI.

Tyiiin ce3aep: reomopdonorus; MOHAPANBIK TACUT, (U3MKAIBIK MOJENbIACDP; IHQPPIBIK
texnonorusuiap; GIS; aepexTepii Tanaay; 3epTTey KY3bIpETTUTIKTEp1; 3epTTEy KbI3METI; CTYICHTTEP/Il
nasipyay; HQPIbIK cayaTThUIBIK.

Pa3Burue HCCJIea0BaATCIbCKUX KOMHeTeHIII/Iﬁ npu oﬁyqemm FEOMOp(l)O.]IOFI/II/I
MOCpPpEaACTBOM MHTEIpalliu ]_lI/I(l)pOBI)IX TEXHOJIOTUH U MOAECJIMPOBaAHUA

Epaan Hypkees, Epaayiier Tyjerenos

AHHoTanusi: B ycnoBusx mpopospkaromieiics nudpoBuzanuu o0pa3oBaHUS W BO3pAaCTaHUs
3HAYMMOCTH MCCJIEI0BATEIbCKU-OPUEHTUPOBAHHOIO OOYyY€HHUs Ppa3BUTHE HCCIIEA0BATEIbCKUX
KOMIIETEHIIMI CTYAEHTOB IOCPEACTBOM MEXIUCIUIUIMHAPHBIX I1OAXO/M0B CTAHOBUTCA OJIHUM U3
KIIIOYEBBIX MPUOPHUTETOB BhICIIEro oOpa3oBaHus. B JaHHOM HCCIEOBaHHHM pPaccMaTpUBaeTCs
uHTerpanusi reomopdonornu, GU3MKM U HUQPOBBIX TEXHOJIOTHI KaK OCHOBAa JUISI Pa3BHTHUS
HCCJIEIOBATEIbCKUX HABBIKOB U HAYYHOTO MBIIIICHUSI.

Coueranue (HpU3NIECKOTO MOJICIMPOBAHMS M IIU(PPOBBIX HHCTPYMEHTOB HAIPaBJICHO Ha yrIyOneHue
MOHUMAaHUS CTyIEHTaMu IpoueccoB ¢GopMupoBaHus penbeda, a Takxke Ha pa3BUTHE
AHAJIUTUYECKOTO, KPUTHUYECKOIO U CHUCTEMHOro MbllUIeHUs. B uccienoBaHuu aHamu3upyeTcs
o0Opa3oBaTeNbHbI MOTEHUMAT (U3UYECKUX MOJENed sl JAEMOHCTpPalud TreoMOp(dOIOTHYECKUX
IIPOLIECCOB - 3PO3UM, TEKTOHUYECKUX JBMKEHUA U THAPOJOTUYECKUX SIBJICHUM, MO3BOJSIOLIMX
CTyA€HTaM HaOmoaTh W MHTEPHPETHPOBATh JAMHAMHUKY IPHUPOAHBIX CHUCTEM. Taroke
paccmarpuBaeTcsl MpuMeHeHHue reorpadudeckux uHpopmanmonusix cuctem (GIS), nudposoro
KapTorpadupoBaHus, MOJICTUPOBaHUs penbeda u aHanuza Ooonpiux nanHbix (Big Data) mst cbopa,
00palboTKH, BU3yaIu3aluy U MOAETUPOBAHUS T€OMOP(POIOTHUECKON HHPOPMALIUH.

Vcnonb30BaHNE JaHHBIX TEXHOJIOTUH CIIOCOOCTBYET MHTEPIIPETALUHU PE3YIBTAaTOB IKCIIEPUMEHTOB U
pazButuio  uuppoBod  rpamoTHocTH.  llpemiokeHa — modsTamHas ~— METOAMKA  Pa3BUTHUA
HCCIIE/IOBATEIbCKUX ~ KOMIIETEHLIMH, BKIIOYAIOIIas MpoOJIEeMHO-OPHEHTUPOBAHHOE OO0y4YeHHE,
npoBefieHHe  (U3MYECKHX OKCIEPUMEHTOB, aHaJu3 LU(QPOBBIX JAHHBIX M  MPOEKTHYIO
MHTEPIPETAIMIO TOTYUYE€HHBIX Pe3yabTaToB. CTyIEeHTHI TOCIIEI0BaTeIbHO NePeXOAsT OT HaOMoAeHUs
MPUPOJHBIX SIBJICHUN K IMOCTPOEHUIO MOJENeH, aHalu3y AaHHBIX, (OPMYIMPOBAHUIO THIOTE3,
BBISIBIICHHIO IPUYMHHO-CIIECTBEHHBIX CBsI3€H 1 MPeICTaBIEHUIO PE3YIbTaTOB B IM(poBOM popmare.
Takoil TOAXOM CIMOCOOCTBYET PA3BUTHIO CAMOCTOSITEIILHOW HCCIIEOBATENLCKON e TEIHbHOCTH,
COBMECTHOI'0 00y4YEHMsI U HAyYHOT'O MBIIIJIEHHS], OCHOBAHHOTO Ha JI0Ka3aTesIbCTRaX.

Pe3ynprarel negaroruueckoro ucciaenoBanus ¢ yuactiuem 30 CTyI€HTOB MOKa3bIBaIOT, YTO COUETaHUE
MPAKTUYECKUX SKCIEPUMEHTOB M IHM(POBBIX TEXHOJOTHH CBS3aHO C TMOBBIIIEHUEM YPOBHS
MCCIIEIOBATENbCKUX KOMITETEHIMI, KPUTHUYECKOTO MBIIIJICHHUS, aHAIUTUYECKUX CIOCOOHOCTEN U
HaBBIKOB pELICHHs MpobieM, a Takke C YCHJICHHEM MOTHBAllMM K YYacTHIO B Hay4dHO-
HCCIIEIOBATENbCKON AesTenbHOCTH. [lpeuiaraemMblil MOXo MpeACTaBIsSeT cO00M MPaKTUYECKYIO
MOJIeNTb TOATOTOBKU CIELHATUCTOB, CHOCOOHBIX NMPUMEHATh IU(POBBIE METOABI B I€OHAYYHOM
00pa30BaHUU, U COOTBETCTBYET COBPEMEHHBIM TPEOOBaHUSAM IU(POBOI SIKOHOMUKH.

KiroueBbie ciaoBa: reoMopdoiorus; MeXAUCUUIUIMHAPHBIM ToAXoA; (U3HUECKHE MOIENu;

I_II/I(prBBIC TCXHOJIOTHUH, GIS, aHaJn3 JaHHBIX HUCCICAOBATCIILCKUC KOMIICTCHIINH,
HCCICA0BATCIbCKAA ACATCIbHOCTD,; IOATOTOBKA CTYJCHTOB, HH(prBaH T'paMOTHOCTb.
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Annoranmusa. CraThsi  TOCBSIIEHAa  KOJMYECTBEHHOW  OIICHKE
npocTpaHcTBeHHOM nuddepennmanu ropojackux cucrem Kaszaxcrana,
Keipreizcrana,  Y30ekucrana u  Ta/pKMKUCTaHa B YCIIOBHSIX
OJIHOBPEMEHHOTO JeMOTpaueckoro M 9SKOJIOTUYECKOTO JaBIICHUS.
Bpemennoii oxsat - 2019-2024 rr. Llens paboThl COCTOUT B pazpaboTke
u anpobarnuu UHaekca skonoro-aemorpaduyeckoit Harpysku (MD/IH) -
COCTaBHOT'O ITOKa3aTels, 00bETUHSIONIET0 HOPMAIM30BAaHHBIE JAHHBIEC O
callbJI0 MUTpaIuu, neduIuTe 3eIEHBIX 30H, PUCKE BOJIHOTO CTpecca H
ypoBHe ypOaHm3anmu. [IpakThyeckas 3HAUUMOCTH OTPEACISIETCS TEM,
YTO CYUIECTBYIOIIME TOAXOMbI, Kak MPaBHIO, pPaccCMaTpPUBAIOT
JIeMorpaguuecKoe U SKOJIOTUIECKOE U3MEPEHUS IO OT/ACIBHOCTH, TOT/Ia
KaK UMEHHO MX COBMECTHOE JeiicTBHE (GOPMUPYET CrEeUPUIECKYIO IS
pEernoHa MOJIETh PACCENIEHUS - C MEPEerpyKEHHBIMHU SIpaMU Ha OJHOM
noJiroce U 00ecKpoBlIeHHOM nepudepuei - Ha apyroM. Tunomorus 21
CyOHAITMOHAIFHOTO PETHOHA W TOPO/Ia BRISIBIJIA TPH YCTOMYMBBIX Kilacca:
siapa-adbcopoentsr (MDJIH > 0,70; 7 emunun), Oydepusie 3061 (0,40—
0,69; 2 enMHUIIBI) M AKTUBHBIC TOHOPHI ¢ KPUTHUYECKAM 3KOJIOTHICCKUM
crpeccom (Hmxke 0,40; 12 emunun). CeMUKpaTHBIA pa3pblB 3HAYEHUH
NS JIH Mexny KpallHUMH TOJIIOCAaMU BBHIOOPKH MOATBEPKIAET OCTPYIO
MOJIAPU3ALIMIO pacceneHus. [ Kax10To TUTIA TEPPUTOPHUI TPEITIOKEHBI
aZpeCHbBIE CTpaTeTnH TUTAHUPOBAHMSI, coriacoBaHHbie ¢ 1ensimu [[YP 11
u [[YP 13.

KuroueBble ciioBa: nemorpadus; mpocTpaHcTBeHHas 1uddepeHiuaus;
JKOJIOTO-IeMorpadudeckasl Harpy3ka; KJIMMaTudeckas MUTpaIus;
noxHas yp6anmszamms; LYP 11; IIVP 13; LlentpansHas A3sus;
MTOJIUTIECHTPUYHOE Pa3BUTHE.

1. BBenenue

Korma B mawane 1990-x roj0B pymImiiack COBETCKas IUIAHOBAs
cucTeMa, BMECTe C Hel PYIIWINCh U MEXaHU3MbI, KOTOphIe OoJiee WIIn
MEHEe pPAaBHOMEPHO pAaCHpelelisuld HAaceJICHHEe II0 TEPPHUTOPHH.
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[TpoMblIIICHHBIC TPEANPHUSITHS B MaJIbIX TOPOIaX 3aKPhIBAIKCH WIIH JCTPAAUPOBAIIH; TOTAIMOHHAS
MOJICP)KKa OTAAJIEHHBIX PalOHOB MpEeKpaIlaiack; HHPPACTPYKTYypa - JOPOTH, OOJIHHHIIBI, ITKOJIBI -
nepecraBanga 00CTyKUBAThCA. DTO 3ayCTHUIIO YCTOMYUBBIN OTTOK HACETICHHS U3 MAJIBIX TOPOJOB U
cenmbCKoi  MecTHOocTH.  [locTemeHHO — Hapacrasi, BHYTPCHHHE  MUTPAIMOHHBIE  TOTOKH
KOHI[EHTPUPOBAIMCh B TEX IIEHTPaX, TJI€ COXPAHSIIUCH JOCTYIHBIE pabouue mecta U Oolee
OJ1aronpUATHBIC YCIOBHUS KHU3HHU, - TO €CTh B HECKOJIBKHMX KpymHbIX ropoaax (Centre for Economic
Research, 2013).

K 2000 romy cymmapHoe HaceneHue 4YeThlpéx cTpadH - Kazaxcrana, KeIpreizcrana,
V36ekucrana u TamkukucTaHa - COCTABISIO OKOJIO 55 MIIH YeNOBEK; 10 Mporuo3am BecemupHoro
6anka, k 2050 roay oxo npessicut 105 Mt (World Bank, 2021). ITpuniunuanbHOE 3HaYEHUE HMECT
HE caM MpPHUPOCT, a €ro MpOCTPAaHCTBEHHOE pacmpeneneHue. Pucynok 1 mokaspiBaer, 4TO
napajieIbHO ¢ POCTOM OOIICH YHCICHHOCTH HACENICHHs] CTPEMHTENBHO HApacTaeT M YHUCIIO
BHYTPCHHUX KIMMaTH4eCKuXx MurpaHtoB: ¢ mnpumepHo 200 teicsiu uemoBek B 2000 romy mo
noteHuuanbHbix 2,4 muH K 2050-My. BoNbIIMHCTBO M3 HUX JIBHXKETCS B OJHOM HAaIlpaBlIEHUU - B
HECKOJIbKO TOPOJIOB, MH(PPACTPYKTypHasi EMKOCTh KOTOPBHIX HE pacCyMTaHa Ha MPUTOK TAKOTO
Maciiraba.
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Pucynok 1. /lunamuka HaceleHHs M MPOTHO3 KiuMaTHueckod murpauuu B LleHTpanbHoil A3zuu,
2000-2050 rr.

HpI/IMe‘IaHI/IeZ COCTABJICHO a4BTOpAMHU Ha OCHOBE MAaHHBIX HAIIMOHAJBbHBIX CTATUCTHYCCKUX BEAOMCTB U HPOIrHO30B
Bcemupnoro 6anka (Groundswell: Preparing for Internal Climate Migration (World Bank, 2021))

[Tocnennee necarmnerue N00aBWIIO K ITOM KapTHHE HOBOE HM3MEpPEHHE, KOTOPOE MpexJe
BOCIPUHUMAJIOCh KaK HEYTO Jal€Kkoe M a0CTpakTHOe, - dKojorudeckuil kpusuc. Jleguuku TsHb-
[Hans u [Tamupa, Mo UMEIOIMMCS OLIEHKaM, OTepsiIH 3a nocieanue nonseka ot 30 10 40 % cBoero
oonéma (ldrisov, 2023). Apanbckoe Mope MpakTHYeCKd ucye3no. JleduiuT moauBHONW BOIBI B
®epraunckoii nonune, B CypxaHIapbUHCKON 1 XaTIOHCKON 007acTAX HOCHT PETYJISPHBIA XapakTep
U €XKEerogHo (UKCHUpYEeTCs B BereTallMoHHBbIA mepuoj. OTTOK HaceneHHs OOYyCIIOBJIEH 37eCh He
[IPUTATATEIIBHOCTBIO TOPOOB, @ YTPATON YCIOBUM I XO3AMCTBEHHON NEATEIbHOCTH Ha MPEKHEM
MecTe. DTOT TUI MUTpPAlUU NPUHLUIIUAIBHO OTIMYAETCd OT 3KOHOMHUYECKOro: (pMHAHCOBBIMHU
MHCTPYMEHTAMH €TI0 HE OCTAHOBUT.

[Tapagokc HBIHENIHEW CHUTyallM COCTOMT B TOM, 4YTO 00€ mMpoOjeMbl - WU30BITOYHAS
KOHIIGHTPALUS B s/Ipax U OIMYCTEHHUE Nepudepun - Xopouo 3al0KyMEHTHUPOBAHBI TI0 OTAEIBHOCTH,
HO IIOYTH HE M3Yy4EHBI B CBsA3KEe. PabOThI M0 BHYTpEHHEH MMIpaluy, KaK MpPaBUIIO, AKIEHTUPYIOT

179



A.H. I'ymunes amuindazvt Eypasus yammuik yrnusepcumeminity xabapuivicol. Xumus. Teozpagus cepuscet, 2026, 156(3)

PBIHOYHBIC JICTCPMHUHAHTBI U JIMIIb BCKOJIBb3b YIIOMUHAIOT dKoJorndeckuii koutekcer (Bulegenova et
al., 2024; Shchesnovich, 2023). Ilybaukamuu 06 3KOJOTHYSCKON JAerpafaiud, HAlPOTHB, PEIKO
BBIXOZAT Ha Bompockl paccenenus (ldrisov, 2023; Seitov, 2023). PaspeiB Mmexay AByMs
UCCIIEIOBATEIILCKUMHE TPAJIUIIUSAMU BEAET K TOMY, YTO HU OJIHA U3 HUX HE IAET MOJTHOIICHHOM OI[CHKH
COBOKYITHOTO JIaBJICHHUS HA TOpojckue cucteMbl. HacTosmas paboTa npeanpruHUMAET MONBITKY €To
BOCIIOJIHUTD.

Lenp uccnenoBanus - pa3padboTaTh U anpoOMPOBATH UHTETPATBHBINA UHACKCHBIA HHCTPYMEHT
ISl COBMECTHOTO H3MEPEHHSI IeMOTpapuuecKoi U SKOJIOTHIECKOI Harpy3ku Ha ypOaHU3UPOBaHHBIC
cucrembl lleHTpanbHOM A3HMM, TOCTPOMTH HA €ro OCHOBE THIIOJOTHIO CyOHAIIMOHAIBHBIX
TEPPUTOPUIN U NPpeIOKUTh nuddepennrpoBannbie pekomenaanuu B goruke [[YP 11 u I[[YP 13.
Jlist 3TOr0 MOCEN0BATENbHO PEIIANINCh YEThIPe 3aJa4yl: FapMOHHM3ALMUs JAHHBIX 1o 21 pernony
yeThIp€X cTpad 3a 2019-2024 rr.; koncTpynpoBanue MHpekca 3K0a0ro-1eMorpaguaeckoil Harpy3Ku
(M5 1H); mocTpoeHne TUIIONOTHH; CyOpernoHaibHas Bepudukaius gyepes keiic byxapckoit obmacT.

Teopernueckue HCTOKH U COCTOSIHUE BOIIPOCA

Wnes o TOM, 4YTO MPOCTPAHCTBEHHBIC JAWUCHPOIIOPLIHU CAaMOBOCHPOHM3BOJIATCS, a He
BBIPABHUBAIOTCS IOJI JAaBJICHUEM PBIHOYHBIX CHJI, UMEET JOJTYI0 HCTOPUI0O B SKOHOMHYECKOM
reorpadguu. Miopianb ommcan 3TOT MEXaHW3M 4epe3 KOHIENIUI0 KyMYJISTHBHON MPUYUHHOCTH
(Myrdal, 1957): xanuTtan NPUTATHBACT KBaIU(DUIMPOBAHHBIA TPy, KOTOPBIA MOPOXKIAET HOBBIC
WHBECTULIMU - U TaK IO KPYyTry; mepudepus ke OKa3blBaeTCS B 3€PKAIBHO OOpAaTHOW CHTYallWH.
@®pupmMaH TIEPENIOKUI Ty JK€ JIOTUKY Ha TPOCTPAHCTBEHHBIA S3BIK 4Yepe3 MOJACTb «ICHTP -
nepudepus» (Friedmann, 1966), crasiiyro oTnpaBHONW TOYKOW JUisi OOJBIIMHCTBA MOCIEIYFOLIHX
PETHOHABHBIX UCCIICTOBAHHIA.

B mOCTCOBETCKOM KOHTEKCTE 3Ta CXeMa IOJIydnsIa KOHKpeTHoe BoruromeHune. Hedénora u
Tpeiieumr  (Nefyodova & Treivish, 2002) 3adukcupoBaiu, YTO POCCHHCKHE H B IEJIOM
MIOCTCOBETCKME  MHIPALMOHHBICE TOTOKM  BBICTPAUBAIOTCI B  CTPOTYI0  HEPAPXHUECKYIO
MIOCJIEI0BATEIbHOCTD: CHAaYajIa JIIOAM MEPETEKAr0T U3 CEN B palOHHBIE [ICHTPEI, 3aTEM - B O0JIACTHEIE,
3aTeM - B CTOJHIIBI. Matble ropojia MPOUTPHIBAIOT Ha KaXKIOM JTarle ATOH Hemovky. [ [puMeHnTeNbHO
k lenTpansHoi A3um cxoxwuii BbIBO AenaioT brojerenosa u coaBropsl (Bulegenova et al., 2024),
CHCTEMAaTHYEeCKH OTCJICKMBABIINE arjoMeparioHHyo quHaMuKy pernona 3a 2000-2023 rogsl: Bo
BCEX YETBIPEX CTpPaHAX TEMITBI POCTa CTOJMYHBIX ariioOMepamui MOCIIECA0BATEIFHO PEBBIIIAIOT
CpenHepecnyoIMKaHCKUE.

Mopdoorinueckyro CTOpOHyY Tpoliecca aetanbHo onucand Jlemumosa u Makymmn (Demidova
& Makushin, 2025) na npumepe Asnmartbhl M buimikeka. YTJIOTHEHHE COBETCKOM MAallOdTaXKHOM
3aCTPOMKH, TOTJIONIEHUE MPHUTOPOAHBIX MOCETKOB, 3aCTpOiKa OBIBIIMX 3€IEHBIX 30H - BCE ITO
aBTOpHI (PUKCUPYIOT KaK CUCTEMHBIE, a He ciiydaiiHble TpaHchopmanuu. [Tapamnensno Hrocynosa u
coaBtopsl (Nyussupova et al., 2025b) anpobupoBaar WHAEKCHBIN MOAXOA K OIIEHKE TOPOICKOI
YCTOWYHMBOCTH Ka3aXCTAHCKUX TOPOIOB, IPUMEHUB NPOLIEAYPY JUHEHHOT0 MacirabupoBanus (Min-
max normalization) ans mpuBeneHHs] Pa3HOPOAHBIX TOKa3areneld K eIuHOM mikane. MiMeHHO 3Ta
METOJOJIOTHS B3ATa HAMM 32 OCHOBY IIpH KOHCTpyupoBanuu MO JH.

MononéxHoe wu3MepeHrne TMpoOJIeMbl 3aCiIy)KUBaeT OTAENbHOr0 yrmoMmuHanus. MOM
¢uxcupyer (IOM, 2019), uto 43,8 % murpanToB B peruoHe - iuia B Bo3pacte 15-34 rer.
3HauYnTeIbHAS YACTh M3 HUX, OKa3aBIINCH B IPUTOPOTHBIX 30HAX KPYITHBIX TOPOIOB 0€3 HOpMaTbHOM
paboThI 1 JOCTyHOTO 00pa3zoBanus, nomnonuset npocioiiky NEET (Not in Education, Employment
or Training). ITo manueiM KomrepGaeBoii (Kosherbayeva, 2018), pocT 3Toi HpOCTIONKH CIYXUT
OJJHUM W3 HamOoJiee YyBCTBUTEIBHBIX HHIMKATOPOB HAPYIICHUS YCTOMYMBOCTH TOPOICKOTO
pa3BUTHS - U ONHOBPEMEHHO YKa3bIBACT HA TO, YTO NMPUHUMAOIINE TOpPOJa HE CIPABIISIOTCS C
Harpy3Kou.

Knumarndyeckoe w3MepeHHe B TEUEHHE JOJrOr0 BPEMEHHM OCTaBAIOCh Ha Tepudepun
aKaJIeMUYEeCKOT0 BHUMaHUs npuMeHuTeabHO K Llentpansnoit Asum. Wapucos (ldrisov, 2023) u
Cewnros (Seitov, 2023) - B urciic HEMHOTHX, KTO ITOCIIEA0BATEILHO paCCMAaTPHBAET BOAHBIN AeDUITUT
MMCHHO KaK BBITAIKHUBAIOIIUI ()aKTOp, a HE MPOCTO KaK JKOJOTHYECKYIO MPOOJEMY CEIbCKHX
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tepputopuid. [IpuHIMTIHATBEHAS 0COOCHHOCTh KIMMAaTHYECKOW MUTpalyy, Ha KOTOPYIo 00a aBTopa
oOpalaloT BHUMaHHe: OHAa HeoOpaTuMa B CpeIHECPOYHOM mnepcrekTuBe. Eciin 3KoHOMUYeCKHit
OTTOK TEOPETHUYECKH MOATAETCSA KOPPEKIMH Yepe3 co3laHie pabounux MECT, TO MCUE3HOBEHHE BOJIBI
WM JETpaJlalluio MaxXOTHBIX 3€MeNlb CyOCHIUSAMU HE OCTAaHOBUTH. BceMUpHbIN GaHK MPOTHO3UPYET
70 2,4 MJTH BHYTPEHHHUX KJIMMaTHUeCKuX MUTrpanToB B perrone k 2050 roxy (World Bank, 2021) - u
MOYTH BCe OHUM OyAyT HaAmpaBlieHBl B T€ Tropojaa, HH(PPACTPYKTypa KOTOPBIX YyXKE CEroiHs
(GyHKIMOHHUPYET Ha Tpezene EMKOCTH.

Takum oOpa3oM, B JauTEpaType CJIOXKWICS OYEBHIHBII METOJOJIOTHUECKU Mpooe:
MHCTPYMEHT, KOTOPBIH MO3BOJIST OBl B €IMHONW METPHKE M B MEKCTPAHOBOM HM3MEPEHHU OLICHUTDH
COBOKYITHOE JieMorpaduueckoe 1 3KOJOTHYEeCcKOoe AaBJIeHHE Ha TOPOJCKHE CUCTEMBI, B HacTOsIIee
BpeMs otcytcTByeT. [Ipemmaraemerit UD/1H nperenayer Ha 3anojHEHHE STOW HUIILIU.

2. JlaHHBIE M METOABI
2.1. Ucmounukosas 6aza

HccnenoBanne  omupaercss Ha  o(uIUaNbHBIE  JaHHBIE  YETHIPEX  HAIIMOHAIBHBIX
CTaTHCTHYECKHX BEJIOMCTB: BIOpO HAIlMOHAIBHOW CTATHCTHUKH ATEHTCTBA IO CTPATETHYECKOMY
wiaHupoBannio U pedopmam Pecnyonmuku Kaszaxcran (BNS RK, 2024), HauumonaibHOro
cratuctuueckoro komurera Koiproizckoir Pecniyonuku (NSC KR, 2024), AreHTcTBa CTaTHCTHKH
PecniyOnuku V30ekucran (AgStat RUz, 2024) u ArenrctBa craTHCTHKH mpu [lpesunmeHrte
Pecniyonuku Tamxukuctan (AgStat RT, 2024). Bpemenno# ropusont - 2019-2024 roapl; Takoi
OXBaT IMO3BOJISIET OTCEYb (IIYKTyallud MAaHAEMHUHHOTO TMepHoja W paboTarh € YCTOWYHBBIMH
BOCITPOHM3BOSIIMMUCS TCHICHIIUSMH.

Enununeil aHanu3a BRICTYNAIOT aJJMHUHUACTPATUBHBIC €MHUIIBI IEPBOTO MOPSIKA: 00JIACTH U
ropojia peciyOJIMKAaHCKOrO 3HadyeHHs. BbIOOp HMMEHHO 3TOr0 MNPOCTPAHCTBEHHOTO YPOBHS
MIPOJAUKTOBAH HE y0OCTBOM, & METOJOJIOTHYECKON HEOOXOAMMOCTBIO: JIMIITH Ha 00JACTHOM YPOBHE
OJTHOBPEMEHHO JOCTYIIHBl JeMorpaduueckas M SKOJOrMyeckas CTaTHCTUKa B (¢opmarax,
JOIMYCKAIOIINX COMOCTABICHNE MEXKIY YeThIpbMs cTpaHamu. MiTorosas BeIOOpKa - 21 equHwMIIA.

Jlemorpaduueckue JaHHbIE JONOIHEHbI JBYMs 3KOJOIMUECKUMH MCTOYHHMKaMu. [lokazaTenu
pucka BojmHOro crtpecca B3saThl u3 0Oaset WRI Aqueduct 3.0 (Hofste et al., 2019) -
CTaHIAPTU3UPOBAHHOTO TII00ATBHOTO HHCTPYMEHTA Ha MATHOAThHOM 1ikane (1 - Hu3kuit puck, 5 -
KpUTHYECKHH ). JlaHHbIC 0 TUTOIIAaIN 3eIEHBIX 30H Ha OJTHOTO JKUTEJIS TTOJTydeHbI U3 0a3el Greenspace
Central Asia (World Bank, 2021); B kauecTBe HOPMATHBHOTO OpPHUEHTHPA HCIOJIB30BaHA
pexomenpanus BO3 - 9 m?/gen. [1o pernonam, /Uit KOTOPBIX CBeNIEHHs 00 03€JICHEHUH HEJOCTYITHBI,
MIPOCTABIICHO «H/I».

2.2. Oyenka canb0o muepayuu: memoo demozpaghuueckozo banraunca

OdunmanpHas perucTpays BHyTpeHHUX MUTPaHTOB B Keipre3crane, Tamkukuctane u psje
PEruoHOB Y30eKrcTaHa CUCTEeMaTUYECKH 3aHIKaeT peabHble 00bEMBI nepemenieHnid. COTHU ThIcSY
JIIOJIeH, TIepee3KArOIINX B TPUTOPo ikl bumikeka winu [{ymanbe, ronamMu He OOHOBIISTFOT PETHCTPAIIUTO
- BCIIEJICTBUE aJMHUHUCTPATHBHBIX W3JIEPKEK W OTCYTCTBUS TPAKTUYECKHX CTHMYIOB. Jlist
MIPEOJI0JIEHUS] 3TOTO OTPAHUYEHUS IPUMEHSIICS KOCBEHHBIH METO1 AeMorpaduueckoro 6anaHca:

MBi = (Pt+l - Pt) - (B. - Di), (1)

rac Pt nu Pﬁl - UACJICHHOCTb HACCJICHUA PETHOHA HAa HAYaJIO0 U KOHECI I'0Jia, Biu D; - uncio POAUBHINXCA
1 YMEPIIHX COOTBECTCTBCHHO. Pa3zHocTh MCXKOY 06HII/IM N3MEHCHHUEM YUCICHHOCTH U €CTCCTBCHHBIM
puUpoCcTOM I[aéT paC‘-IéTHOC CaJIbA0 MUI'palnu. HOCKOJIBKy MCTO/ HC YJIAaBJIMBACT KPATKOCPOYHLIC
MAasATHHUKOBBIC MNEPEMCIICHHA, IMMOJTYYACMbIC 3HAYCHHA CICAYCT HHTCPIPCTUPOBATH KAaK HHIKHHC
KOHCCPBATUBHLBIC OLICHKU PCAJIBHOI'O OTTOKA. B Ta6n1/1uax TaKHC 3HAYCHUA OTMCUYCHLI 3Bé3£[0‘lKOf/'I

(*).
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2.3. Koncmpyuposanue U3/[H

HNunekc skomnoro-nmemorpaduueckoit Harpysku (M3JIH) cTtpoutcst kak B3BEIICHHAs CymMMa
YeThIPEX HOPMAIU30BaHHBIX KOMITOHEHTOB. HopMasin3aiius mpoBOIUTCS 110 METO/1Y JIMHEHHOTO Min-
max macmrabupoBanus (Nyussupova et al., 2025b), nmpuBozsimieMy pa3HOpOIHBIE MOKa3aTEIH K
enuHol Oe3pasmepHoi mkaine [0; 1]:

Iji = (in - Xmin,j) / (Xmax,j - Xmin,j), (2)

rae lij - craHgapTH3MpOBaHHOE 3HAYCHHE |-TO TOKaszaTens s I-ro pernona. 0 COOTBETCTBYeET
HauXyAILIEeMY pe3ylbTaTy B BbIOOpKe, 1 - Haumyumemy. [{is komrnoneHTa |3 (BogHbIN cTpecc) mikaia
MHBEPTUpPOBaHa: 0oJjiee BBICOKOE 3HAYEHHE BOJHOTO CTPECCa COOTBETCTBYET XYALIMM YCIOBHIM
cpenbl. CocTaB 1 Beca KOMIIOHEHTOB TIpecTaBiieHbl B Tadmure 1.

Ta6auna 1. Komnonents! u Beca Muaekca skosnoro-gemorpaduueckoit Harpysku (M3 1H)

KoMmnoneHnT Bec O0ocHOBaHHUE HcTounuk

0,35 | PesyabTupyromiuii ©3MepUTEIlh HCB PK, Hamcratkom KP, Arentcrsa
BEKTOpa JIeMOTpaduuecKoro cratuctuku PY3 u PT (BNS RK, 2024; NSC
MOTOKA KR, 2024; AgStat RUz, 2024; AgStat RT, 2024)

l1: HOpM. cambio
Murpanuu

0,25 | Uugukarop LIYP 11.7; nHopma WHO Urban Green Space Guidelines;

l,: HopM. medunuT
2 Hop b BO3 — 9 m*/uen. Greenspace CA (World Bank, 2021)

3eJIEHBIX 30H

0,25 | Okonoruueckuit push-daxrop WRI Agqueduct 3.0 (Hofste et al., 2019)

I3: HOpM. puCcK :
KIAMAaTHYECKOH MUTpaliy

BOJHOI'O CTpEeCcCa

l4: HOpM. YPOBEHB 0,15 | CtpykTypHbIit Mapkep HCB, Haricratkomsr (BNS RK, 2024; NSC KR,
KOHIICHTPAIH HACCIICHHS 2024; AgStat RUz, 2024; AgStat RT, 2024)
ypOaHu3anuu
Hroroswrit UDAH | 1,00 | U3Hi =0,35-11 + 0,25:12 + ABTopckuii pacuér
0,25-13+ 0,1514

IMpumeuanue: aBTopckas paspaborka Ha ocHoBe (BNS RK, 2024; NSC KR, 2024; AgStat RUz, 2024; AgStat RT, 2024;
Nyussupova et al., 2025b; World Bank, 2021; Hofste et al., 2019)

Jloruka pacmpeziefieHHsi BeCOB TakoBa. MUTpaIlMOHHOMY callbli0 OT/AaH HauOOJbIIUI Bec
(0,35) - kak pe3yabTHPYIOIIEMY IIOKA3aTeNl0, HEMOCPESICTBEHHO OTPAKAIIEMY BEKTOD
naeMorpapHuecKoro moroka. Jkosoruueckre KoMrnoHeHTsl (2 u |s) momyumnu B cymme 0,50 - 310
MPUHIUITHATIBHBIN BBIOOP, OTPaXAFOIINH HCXOAHYIO TUIIOTE3y 00 MX COpa3MEpHOH PO HapsIy C
nemorpadpuueckumu  akropamu. YpoOanmzauus (ls) ¢ Becom 0,15 BeICTymaer CTpyKTYpHBIM
MapKepoM, PUKCHPYIOIIUM YK€ CIIOKUBIIYIOCS CTETIeHb KOHIIeHTparwn. Mtorosas gopmyna:

WDJIH; = 0,35:11 + 0,25: 1> + 0,25 |5 + 0,15- L. (3)

WNHTtepniperanus 3HaueHUN 3aBUCUT OT Xapakrepa perumoHa. Beicokuit UD/IH B ropoackom
SIp€ CUTHAJIU3UPYET O IEperpys3Ke: MOIUHBINA IPUTOK HACEJICHUs HAJIOXKUIICA HAa HApACTAIOIIMN
skonornueckuid neduuut cpensl. Beicokuit UD/IH B nepudepuitHoM pernoHe ¢ oTpuLaTEIbHBIM
MUTPALMOHHBIM CalbJI0 - HarpuMep, B Depranckoil 061acTu - TOBOPUT 00 MHOM: HKOJIOTHYECKOE
BBITECHEHHNE IIPU HU3KOM IPUBJIEKATEIbHOCTH. IMEHHO TaKoe COYETAHUE CITYKUT TUATHOCTUYECKUM
MPU3HAKOM KIMMATHYECKU 00YCIIOBIEHHONW MUTPALIUH.

2.4. Tunonozusayus u eepuguxayus
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Pernonsl oTHeceHbl K TpEM THIIAM HAa OCHOBE KBAapTUJIBLHOIO pasrpaHuueHus. Tum | - suapa-
abcopoentsl - UDJIH > 0,70; Tum Il - 6ydepnsie 3061 - 0,40-0,69; Tun 1l - akTuBHBIC TOHOPHI -
NSJIH < 0,40. EnuHCTBO TOPOTOBBIX 3HAYEHWH I BCEX YETHIPEX CTpaH o0OecleynBacT
COIOCTaBUMOCTh PE3YyJIbTaTOB.

Bepudukanus mnpoBomuiack B ABa 3Tana. Bo-TIEpBBIX, CPEAHEB3BEIICHHBIC IMOKA3aTEIH
ypOaHu3aluu MO BBIOOPKE COMOCTaBISUIMCH ¢ OulMaIbHBIMU arperaramMu BcemupHoro OaHka -
pacxokJIeHHue HE TIPEBBICKIIO TPEX MPOIEHTHBIX MYHKTOB. BO-BTOPBIX, THIONOTHS ObLIa MPOBEpEHa
Ha cyOpernoHaibHOM YpOBHE uepe3 keiic byxapckoil o0nactTu: eciu npeiokeHHas Kiaccuuxanms
OIMHCHIBAET PEATbHBIC TPOIECCHI, a HE SIBISETCS METOIOJOTHYECKHM apTe(akToM, OHA JOJKHA
BOCIPOU3BOJUTHCS U JUISI KOHKPETHBIX MAJIbIX TOPOJIOB - UTO U MOATBEPIMIOCH.

3. Pe3y1bTaThl U HX HHTEPIIPETALUS
3.1. Ceoonas kapmuna.: cemukpammwlii paspole

Paccunrtannbeie 3nauenus MDJIH mo Bcelt BbiOOpke mpeactaBieHsl B Tabnuie 2. [maBHBIM
pe3yJIbTaT - MOJISIPU3ALMS, KOTOPYIO CIIOXKHO 0XapaKTepHU30BATh MHAYE KAaK CTPYKTYPHOW: MHJIEKC
Bapbupyetcs ot 0,81 (Anmarsl) o 0,11 (XaTnoHckas 0651acTh), TO €CTh pa3pbiB MEXAY KpaHUMU
IIOJIFOCAMU  CEMUKPATHBINA. Y CTOWYMBOCTHh TPEXTUIIHOW CTPYKTYPBI IPOCIEKUBAECTCS BO BCEX
4eThIpEX CcTpaHax O0e3 MCKIIYEHUs - 93TO Ja€T OCHOBaHUS TOBOPUTh O MEXKCTPAHOBOM
3aKOHOMEPHOCTH, a HE O CHEIM(PUKE OT/CITBHBIX CITyJIacB.

Taéaunma 2. Dxosnoro-gemMorpaduueckas Harpy3ka Ha TOpoJICKHe cucTeMbl lleHTpanpHOU A3uu
(2019-2024 rr.)

Peruon / ropon Hacenenue, Yposensb Cauabao 3eqénbie | BoaHblii U3JH Tun
THIC. YeJ. | ypOaHM3aumu, | MUTPAUUH, | 30HBI, cTpece
% qeJl. M2/ge. (1-5)
Kaszaxcran
r. AMarsl 2228,0 100 +36 061 42 3 0,81 |
r. Acrana 1430,0 100 +73 238 6,1 2 0,76 |
r. IIeIMKeHT 1236,0 100 +9 361 3,8 4 0,72 |
AnmaTtuHckas 00JI. 1500,0 16,0 +2 639 H/I 3 0,44 11
;frggigg 133728 55,0 121209 | win 3 012 |
Kbipreizeran
r. Bumkex 1219,9 100 +15 000* 3,1 2 0,79 |
r. Om 412,2 100 +5 000* 2,7 3 0,71 |
Uyiickas 001 1013,1 19,2 +10 000* H/IT 2 0,48 1
Orckast 0011. 14270 8,5 —15 000* H/IT 4 0,21 11
Frarag-ASan g 3034 30,2 ~15000¢ | mix 4 019 | 1
Y30exucran
r. TamxkeHT 3500,0 100 H/II 3,4 5 0,70 |
NPT | 4 106,8 51,0 ~15000% | wix 5 019 | m

183



A.H. I'ymunes amuindazvt Eypasus yammuik yrnusepcumeminity xabapuivicol. Xumus. Teozpagus cepuscet, 2026, 156(3)

Peruon / ropon Hacenenue, Yposensb Canbao 3enénnie | Boaubiii | UDAH Tun
THIC. YeJI. | ypOaHM3aUMu, | MATPALHH, 30HBI, cTpecc
% Yeu. M*/4e. (1-5)
@epranckast 001 3962,7 51,0 —15 000* H/1 5 0,18 11
Tamkenrckas o0JI. 2990,1 51,0 —15 000* H/1 4 0,24 111
Tapxkukucran
r. [lyuante 1242,6 100 +15 000* 2,9 3 0,74 |
XatnoHckas 0011 3697,7 18,0 —20 000* H/1 5 0,11 11
Cornuiickas 001 2930,0 25,0 —20 000* H/IL 4 0,16 11

IMpumeuanne: (*) - aBropckue pacu€rsl o (opmyie (1); () - arperar 16 mepudepuitnsix obmacteii Kaszaxcrana,
neduiuT 3en€HbIX 30H - OTKI0OHeHHe oT HopMbl BO3 (9 M?/4en.); Boauslii crpecce no mkane WRI 1-5; u/1 - HeT naHHbIX.
Hcrounuk: cocraBieHo aBropamu Ha ocHoBe (BNS RK, 2024; NSC KR, 2024; AgStat RUz, 2024; AgStat RT, 2024;
Nyussupova et al., 2025b; World Bank, 2021; Hofste et al., 2019).

*[Ipumeuanue: s r. TamkeHta npsiMble oQHIMaIbHBIE JaHHBIE IO CajbJ0 BHYTPEHHEW MUIPalMd B OTKPBITOM
JIOCTyIe OTCYTCTBYIOT (H/m). st pacuéra unterpansaoro uuaekca (MD3IH = 0,70) npuMeHsIMCh pacuéTHBIC 3HAYEHHS
YHCTOTO MUTPAIIMOHHOTO MMPUTOKA, MOJYYCHHBIC KOCBCHHBIM MTyTEM uepe3 ypaBHEHHE aeMorpadudeckoro damanca (M.
pasnen 2.2).

Taéauna 3. Tunosnorus cyOHaMOHAIBHBIX pernoHoB LleHTpanbHo# A3un no 3HadeHusM MO JIH

Tun JAuana3on Yucao IIpumepsbl KiroueBble XapaKTepUCTHKH
N3H eAUHHUIL
Anmatsl, AcTaHa, Bricokuil MUTrpaliMOHHBIN IPUTOK MIPH
Tun | - agpa-
>0,70 7 IemvkenT, bumkek, Om, | HapacTarMeM YKOJIOTHIECKOM
a0copOeHTbI
TamkenT, [yuanoe nedumTe
YMepeHHbIi IPUTOK;
Tun Il - AnmaTuHCKas o0JI., P p .
0,40-0,69 2 . cyOypOaHU3aIMOHHEII POCT;
OydepHbIe 30HBI Uyiickas 001.
TpaH3UTHas QyHKIUS
Tum 111 - OTpunarensHOE canba0 + BEICOKHH
Xatnonckas, Omckas, .
AKTHBHbBIE <0,40 12 9KOJIOTUYECKHI CTPECC;
depranckas o01. u ap. <
JAOHOPBI «aeMorpaduuecKuii HacoC

Hcemounux: asmopckas maccugbukauuﬂ.

Kazaxcran: Tpu ropoja npoTUB 1IECTHA/ILIATH PETHOHOB.

Kazaxcranckuit cirydait mpeacrasisieT co0oit Hanbosiee BEIpaXKeHHbINH BApHAHT, MO3BOJISIOIINN
OLIEHUTH MaclTal npouecca. Tpu ropoaa, Anmatsl, Actana u LLIBIMKEHT, CyMMapHO aKKyMYJIUPYIOT
cebiie 90 % MON0KUTENBHOTO MUTPAIIMOHHOTO CallbJ0 CTPaHbl MPH JI0JIe B OOIIEH YHCIEHHOCTH
Hacenenus MeHee 25 %. [leranpHblil Oananc oTpaxéH B Tabmure 4.

Tadoauua 4. [lemorpaduyeckuii 6ananc pernonoB Kaszaxcrana (2023-2024 rr.)

Pernon Hacenenne | EcTecTBeHHBIN Caabpo Koadd. UIIH Tun
Hau. 2024, MPUPOCT, Yel. MHUIPalMH, | yAepKaHuA,
THIC. YeJl. yeJ. %
r. AJIMaThI 2228,0 23400 +36 061 253,1 0,81 |
r. Acrana 1430,0 26 300 +73 238 404,9 0,76 |
r. lIIsIMKEHT 1236,0 25942 +9 361 136,1 0,72 |

184




A.H. I'ymunes amuindazvt Eypasus yammuik yrnusepcumeminity xabapuivicol. Xumus. Teozpagus cepuscet, 2026, 156(3)

Peruon Hacenenne | EcTecTBeHHBINH Caabpo Koadod. UOIH Tun
Hau. 2024, NMPHUPOCT, Yel. MHUIPaluH, | yAepKaHus,
TBIC. Yell. yeJl. %
AnMaTHHCKas o0JI. 1500,0 24 277 +2 639 110,9 0,44 I
16 nepud. pernonost 13372,8 159 936 —121 299 242 0,12 I

IMpumeuanne: K03GUIHEHT yaepxkaHus = (eCTECTBCHHBIM MPUPOCT + CANBI0 MUTPAIMK) / €CTECTBEHHBINH MPUPOCT X
100. 3navenus oie 100 % ni1s siiep 03Ha4alOT MPUTOK CBEPX COOCTBEHHOTO NpupocTa. (1) - arperar 16 nepudepuitbix
PETHOHOB.

Hcrounuk: cocraBneHo apropamu Ha ocHoBe (BNS RK, 2024).

AcTaHa B 3TOM psfy BbesieTcss 0co0o: +73 238 yenoBek €XEroJHOro MHUTPAIOHHOTO
MpUpOCTa NpH yuciaeHHocTH HaceneHus 1,43 mutH - 310 Gonee 51 ywenobeka Ha 1 000 >xureneit,
MOKa3aTeib, HETUMUYHBIA JaXke JUIsi OBICTPOPACTYIIMX a3HMaTCKUX CTOJHI. DKOJOTHYECKHE
HOCIEACTBUS (PUKCUPYIOTCS y’KE B TEKYIIUX MOKA3aTeNsIX: 00ECIIeYeHHOCTh 3e1EHBIMHU 30HaMU - 6,1
M*/gen. mpu HopMaTuBe BO3 B 9 m?/4en., TO ecTb ropoi, OQHUIMAIBHO MO3UIIMOHUPYEMBIH Kak
«3enéHast cronmuia», yxe Hapymaer crangapT LIYP 11.7. CyObekTHBHBIE ONpOCHBIC JaHHBIC
KHUTEJICH MPH 3TOM (PUKCHPYIOT 00Jiee BHICOKHI YPOBEHb YJIOBIETBOPEHHOCTH KaYeCTBOM JKHU3HHU B
AcTtaHe 1Mo cpaBHEHHIO ¢ MeHee ypOanusupoBanHbiME ropoaamu (Nyussupova et al., 2025a), uto
OTYaCTH OOBSCHSAET YCTOWYMBOCTh MHIPAIIIOHHOTO NPUTOKA, HECMOTPsS Ha D3KOJOTHMYECKYIO
HeperpysKy.

[To 16 nmepudepuitHpIM 007aCcTIM COBOKYITHBIN K03 DUIIMEHT yaepxkanus cocTabisieT 24,2 %.
DTO 3HAYMT: U3 KKABIX YETHIPEX UYEIOBEK, POXKIACHHBIX Ha Ka3aXCTAaHCKOH mepudepuu, Tpoe B
KOHEYHOM CYETE YXOJIAT - B SiApA WK 3a IIPEIeNbl CTpaHbl. [Ipu cyMMapHOM €CTeCTBEHHOM IPUPOCTE
16 oGnacTteit okosio 160 ThICSY YeIOBEK B T'OJl OTPUIIATEIILHOE CAJIbJI0 MUTpaniuu gocturaer 121 299
yenoBeK. Peub uAET He 0 CTUXUIHHOM SIBJICHUH, a 00 YCTOMYMBO BOCIIPOU3BOASILEHCS CTPYKTYPHOMR
3aKOHOMEPHOCTH - TO, YTO B HACTOsAIIEH paboTe Ha3BaHO «AEMOTpapUUECKUM HaCOCOM.

Keipreizcran: Bogopasiesn mo napasuiey.

KbIpreizcTanckuii ciydaif HHTepeceH TeM, YTO MPOCTPAHCTBEHHAs MOJSPU3ALUS 3/1eCh UMEET
oueHb uéTKoe reorpaduueckoe Boipaxkenue. burikex (MDJIH = 0,79) u Uyiickas obnacts (0,48) Ha
ceBepe, a tarke ropox Om (0,71) Ha rore GOpMHUPYIOT 30HBI OTHOCHUTEIBHOTO MPUTSKCHUSL.
OcranbHbIC F0KHBIE U BOCTOYHBIE pernoHbl - Omickas u Jxanan-Abanckas 006JacTu - yCTOHIUBO
TEPSIOT HaceJICHHE.

Omckast oonacts reaepupyet 29 530 yenoBek ecTeCTBEHHOTO MPUPOCTA B TO ITPH PACYETHOM
ortoke okoJio 15 000 uenosek (Kadyrbek & Koblandin, 2025). Koaddurment yaepxanus - 49,2 %:
MOJIOBUHA OMOJIOTHYECKOT0 MPUPOCTa perroH He coxpansieT (Panzabekova et al., 2025). Curyaruro
yCyryOusieT BojiHbIi cTpecc ypoBHs 4/5: MpH TPaJAUIIMOHHO BBICOKOW 3aBHCUMOCTH HACEJICHHS Fora
KeIpreizctana oT opoIraeMoro 3eMyeenus TO 03HAYaeT, YTO BO3ZMOXKHOCTH JJISi XO3SHCTBEHHOM
JeSITeIbHOCTH CYKAIOTCS OBICTpee, YeM yCIeBaeT aJalTHPOBAaThCs MECTHAs SKOHOMHUKA. FIMEHHO B
ATOM peruoHe Hanboliee OTIETIIMBO BHIPAXKEH KITMMATHIECKH 00YCIIOBICHHBIN OTTOK.

V36ekucran: Koraa aeMorpapuueckoi MOIIH He XBaTaeT.

VY30ekucran mpencTaBiIseT HauboJiee CIIOKHBINA AJIi WHTEpIpeTalu ciydyail B BBIOOpKE.
Jlemorpaduyeckuii MoTeHIMal CTpaHbl CYIIECTBEHHO MPEBBIIIACT MOKa3aTelId OCTaJIbHBIX CTpaH
BbIOOpKH: Camapkanackas, @epranckas 1 AHIMKAHCKas 001acTH TeHEpHUPYIOT OT 78 10 97 Thics Y
YeJIOBEK €CTECTBEHHOTro mpHpocTa exeronHo kaxnas (Maksakova, 2016). Ilpu sTomM yka3aHHBIE
PETHOHBI HAXOIATCS B 30HE KPUTHUYECKOT0 BojiHOTO cTpecca (5/5 mo mkaine WRI).

OTnenbHO CTOMT MPOKOMMEHTHPOBATh aIMUHUCTpAaTHBHYIO0 ypOanuzanuto. B 2009 roay psa
KPYITHBIX CEIbCKUX HACEIEHHBIX ITYHKTOB MOJYYHI TOPOJICKOH CTaTyC, YTO HEMEJIEHHO TIOTHSIIO
ounmaneHeli TIOKa3aTedb ypOanuszanuu Beimie 51% mno GonpmmHCTBY obOnacteit (Tojiyeva &
Ibragimov, 2021). B Ta6muiie 2 3T0 XOpOIIO 3aMETHO: TPU KPYIMHEHWIIHX perrnoHa - CamapKkaH/cKas,
@epranckas u TamkeHTcKass 00lacTH — MOKa3bIBalOT poBHO 51 %. D10 He coBmaaeHue, a cien
eIMHOBPEMEHHOTO  aJMHHUCTPATUBHOTO pemIeHus. PeanbHas 00ecriedeHHOCTh TOPOACKOM
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MHPPACTPYKTYPOH B 3TUX PETHOHAX 3HAYUTEIBHO HUXKE TOTO, YTO CIEAYET U3 OPHIHATBHBIX IHP,
- 00CTOSITENIBCTBO, CYIIECTBEHHOE MPHU OLIEHKE BO3MOXHOCTEH ISl y/Iep>KaHUsl HACEJICHUS.

BaxHO MOMYEepKHYTh: XOTS TpsiMasi MyHHUIIUTIAIbHAS CTATHUCTHKA MO CAIBI0 MUTPAIUU JUIS
TamkenTa orpanudena (H/x), pacyér uarerpansuoro uuaekca (M3IH = 0,70), BBIIOIHEHHBIH Yepes3
ypaBHEHHE AeMorpaduueckoro 6agaHca, MaTeMaTUYECKH MOJATBEPIKIACT €ro CTaTyC abCOIIOTHOTO
snpa-abcopOeHTa.

Ta/KUKUCTaH: MAaKCUMaJIbHOE JIaBJIICHUE ITPU MUHUMAJIbHONU EMKOCTH.

TamkukucTan - KpalHWA ciy4dail B BBIOOPKE IO COBOKYITHOCTH ITapaMETPOB. XaTJIOHCKas
o0nacTh: pacdy€THBIA ecTecTBeHHBIH mpupocT okoino 72 000 yenoBek e€xXerogHO, YPOBEHb
ypOanuzanuu 18 %, Boauslii crpecc 5/5, orTok okono 20 000 yenoex. UD/IH - 0,11, MuHMMYM 110
BbIOOpKE. 37eCch MakCHUMaJbHBIN JeMorpaduuecKuil TOHOP M 30HAa KPUTHYECKOW IKOJIIOTHYECKOM
YSI3BUMOCTH COBIIaJAIOT B OJTHOM PErHoHE.

Hymanbe (UDJAH = 0,74) npunuMaer Ha ce0s 3HAYUTEIBHYIO 4YacTh ATOTO IOTOKA.
ObecrieyeHHOCTh 3eEHBIMU 30HaMU - 2,9 M?/4eln., TO ecTh MeHee TPEeTU OT pekoMeHnayemoro BO3
MuHIMyMa. MHGpacTpyKTypHast Harpy3ka HapacTaeT ObICTpee, YeM BeIETCS CTPOUTEIECTBO HOBBIX
o0bekToB. Jlemorpaduueckuil pesepByap CIEAYIOIIEro JAecATUiIeTHs B TaDKUKHUCTaHE YxKe
c(OpMHPOBAH U MOAAAETCS KOJIMIECTBEHHOH OIIEHKE - CTETIEHb TOTOBHOCTH IPUHUMAIOIIINX TOPOJIOB
K ero abcopOuuu 0cTaércsi OTKPHITHIM BOIPOCOM.

Cybpernonanbnas Bepudukamnus: byxapckas 06acts Y30ekucTana

PernonanbHblii ypoBeHb aHaiHM3a HEUM30€KHO CKPBIBAET TO, YTO MPOUCXOAUT BHYTPH
oTnenbHbIX oOnactel. byxapckas oOnacth VY30ekucraHa BblOpaHa Uil BepUPHUKALUU HMEHHO
MOTOMY, YTO 37eCh Ha KOMIIAKTHOM TEPPUTOPHUH OJHOBPEMEHHO CYHIECTBYIOT TOpoAa C
NPUHIMIINATIBHO pa3IMYHBIMU  Tpaekropusimu paszButus (Sergeyeva et al., 2025). Ecmm
MpeIoKEeHHass THUIIOJIOTHUS OTpakaeT peajbHble CTPYKTYpHBbIE TPOIECCHl, OHA JOJKHA
BOCIIPOM3BOUTHCS M Ha CYOPErnOHAILHOM YpPOBHE.

Tadauua 5. Tunonorus roposoB bByxapckoit odiactu o criienapusim pasputus (2015-2023 rr.)

Tun / ropona | Junamuka Yposenn BoaHblii 3enénnie | CooTBETCTBHE Crparerus
HaceJleHHsl, | ypOaHU3al UM, cTpecc 30HbI ayPp 11
2015-2023 %
OrpaHuvieHue
o pocra, 3anmra
Tun 1 byxapa, +12-18% 68-72 415 . <4 YactuuHoe 3eJEHBIX 30H,
Koron BBICOKHI M>/qen.
JINBHEBBIC
CHCTEMBI
Tum 2 :(]).S(—)I\H/ISH}/THBII/I
Twicysan, +4—7% 38-45 815 — . 25 7 Bricokoe peBUTANIM3ALHS,
Pomuran, YMEpEHHBIH M?/gen.
BoOxkenT ToJUIepoKKa
MCB
«YMHOE
Tun 3 Tasm, —8-15% 22-31 55 — . H/1 Huskoe cKATHEY,
Kapagsynbazap KPUTHYECKUH
PEeKyIbTUBAIIUSA

[IpumMeuanue: aBTOpcKas THIONOTHS HAa ocHOBe (Sergeyeva et al., 2025; AgStat RUz, 2024; Hofste et al., 2019).

byxapa wm Koron (Tun 1). ArjomepanuoHHBI pPOCT B 3THUX TOpOJAaX IPOSBISETCS
OJIHOBPEMEHHO I10 HECKOJIbKHUM HAlpaBICHHUSIM: YIUIOTHSETCS MCTOPUYECKUI LIEHTP, B NEPUMETP
arJoMepaly BTSITUBAIOTCA COCEHUE MOCENKH, 3TaXKHOCTh HOBOM 3aCTPOMKHM HEYKJIOHHO pacTeT. 3a
2015-2023 roael HacenmeHue yBenumumioch Ha 12-18 %. Kputwueckuit Bommsiii crpecc (4/5)
COYETACTCsI C OCTPHIM Ae(UIIMTOM 3€JEHBIX 30H. be3 peryinsaTopHoro BMemaTenbCTBa 3TOT CLHEHAPHI
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HecoBMecTuM ¢ LIYP 11.7: cokpaiienne OTKpPBITHIX IPOCTPAHCTB OMEPEKACT TEMITBI (POPMUPOBAHUS
PETYIATOPHBIX MEXaHU3MOB MX 3aILUTHI.

I'mxnyBan, Pomwuran, BoOkent (Tun 2). Ywmepennwiii poct (+4-7 %), TpamuimoHHas
MaxaJUIMHCKasl KBapTaJbHAs CTPYKTypa pacCeleHus, COIManbHas HHQPACTPyKTypa, B IIEJIOM
CrpaBiAOmascs ¢ Harpy3koil. OOpamaer Ha ce0si BHMMaHHE Cleayioliee OOCTOSATENbCTBO:
MCTOPUYECKH CIIOKHBIIASACS MPOCTPAHCTBEHHAS OPTaHU3AIMS STHX TOPOJIOB Jie-(haKTO Pealn3yeT To,
9TO CerofHs HaspBaercs «15-MHHYTHBIM TropogoM», - 0e3 KaKHX-JIMOO CIeHHaIbHBIX
yIIpaBICHYECKUX YCHIINH. 3a1a4a MIIaHUPOBAHUS B JaHHOM CIIy4ae COCTOHUT B TOM, YTOOBI COXPAaHHUTh
CIIOKUBIIYIOCS 3()(PEKTUBHYIO CTPYKTYpY, HE HAPYIIUB €€ IeBEIONEPCKUM JIaBJICHUEM.

I'asnmu u Kapasyn6asap (Tum 3). YcroiiunBas yObuis HaceiaeHus: —8—15 % 3a BoceMb JIeT.
Kpurnueckuit Bogmbiii crpecc (5/5) orpesan ceabCKOXO3SHCTBEHHBIH YKIa[ OT KaKUX-THOO
nepcrekTuB. JKninoi poHx BeTmaeT, TOUeYHasi HOBasi 3aCTPOHKa JIMIIb YCUIUBACT PParMEeHTapHOCTh
TOPOACKOT0 MPOCTPAHCTBA. AIMUHUCTPATUBHBIC MOTBITKH YACP)KaTh HACEICHUE Yepe3 JIbIOThI HITH
OTpaHUYEHUS - B IOCTCOBETCKOM KOHTEKCTE ATOT MHCTPYMEHT HE J]aBajl pe3ysibTaTa HUTIE. «YMHOE
C)KaTHe» NPEACTaBIsieT co00i HEe 0TKa3 OT Pa3BUTHSA, & €AWHCTBEHHO PEAIMCTHYHYIO CTPATETHIO:
ananTupoBath MH(PACTPYKTypy TMOJ CHIKAIOMIYIOCS YHCIEHHOCTH BMECTO OOpbOBI  C
nemMorpauyecKuM TPEHIOM.

BepugukannoHHslii Keiic TOATBEPIMIT UCXOAHOE AOMYIIECHHE: THIIOJNOTHS, BBISIBICHHAs Ha
MaKpOPETHOHAIILHOM ~ yPOBHE, BOCIIPOM3BOJHWTCS W BHYTPU OTAEIBHOH oOjactu. ITo
CBHJCTEIBCTBYET O TOM, 4YTO ONKCHIBAEMbIC 3aKOHOMEPHOCTH HMEIOT CTPYKTYpHBIH, a He
MacCIITa0HBIA XapakTep.

4. O6cyxnenue

[TonydeHHble AaHHBIE B LIEJIOM YKJIAABIBAIOTCS B KOHLEMIUIO KyMYJISTUBHOW NMPUYUHHOCTH
(Myrdal, 1957): mieHTpOCTpEMHUTEIbHBIC CHJIbI IEPEBEHIMBAIOT MEXAHH3MbI PACIIPOCTPAHCHHS, W
nepudepus mocieaoBaTenbHO obeckpoBinuBaerca. B atom cmbicie llenTpanbHas Asus He
YHHUKaJbHA. Y HUKAJIbHA OHA B IPYTOM - B XapaKTepe BHITAIKUBAIOLIETO (paKTOpa.

B 3amamHoM ombITe NPOCTPaHCTBEHHAass MOOMJIBHOCTh BEAET K MEKPETHOHAIBHOM
KOHBepreHuuu 10xoa08 (Shumway & Otterstrom, 2015): moau mepeesxaroT Tyaa, TAC JIydIle
IUIaTAT, HO BO3MOXKHOCTH JUIS 3TOTO MUMEIOTCA B HECKOJBKHUX MecTaX. B IeHTpallbHOa3MaTCKOM
cllydae K D3KOHOMHUYECKOMY MPUTSKEHHUIO sApa A00aBisieTcs SKOJIOTMYECKOe BBITAIKUBAHUE
nepudepun. PaszHunia mnpuUHIMNUATBHAS: MUTpanus U3 XarJOHCKOW o0jacTh WU C Iora
Keipreizcrana - 3To He BEIOOp Mex/1y 0oJiee 1 MeHee OaronpHusITHBIMUA YCIOBUSIMH, & BEIHYKICHHOE
nepeMeleHle npyu yTpare yCIoBHM mpokuBaHus. OCTaHOBUTH TaKOM MOTOK uepe3 (PMHAHCOBBIE
HMHCTPYMEHTBI HEJIb3$ TI0 ONPEEIICHUIO.

OavH W3 HEOUEeBUIHBIX BBHIBOJOB aHallM3a KacaeTcs aJIMUHUCTPATUBHON ypOaHH3aluu B
V36ekucrane. Ilepeknaccudukanys CEeIbCKUX HACENEHHBIX MYHKTOB B TOPOJICKHE IMPOU3BOJIUT
cTatucTudeckuit A((deKT, KOTOpBI MAaCKHpyeT pealbHYI0 CHTYAIMIO: YPOBEHb YypOaHU3AIHNH
(dhopMaIbHO BBICOK, a MH(MPACTPYKTypHas OCHAIEHHOCTh - HeT. [Ipu pabore ¢ oduIMaIbHBIMU
JAHHBIMH 9TO 00CTOATENHCTBO TPeOyeT MOCTOSTHHOW monpaBku. Bxmtouenue B UDJ[H kommonenTa
I (mepuuut 3en€HBIX 30H) YaCTUUHO HEHTpanu3zyeT 3TOT JPQEKT, MOCKONbKY 3elnéHast
nH(ppacTpyKTypa - 10CTATOYHO HAJIEKHBIA KOCBEHHBIN MHANKATOP pealbHOro KauecTBa ropoJICKON
CpEIpbl.

Henw3s 000WTH CTOPOHOW M OTrpaHUYEHHS MccieaoBaHus. [lepBoe - HEMONHOTA MaHHBIX 1O
3eJIEHBIM 30HaM 32 MpeieaMu KPYIMHbIX Topo10B. [1o 6obIIMHCTBY epuepuitHbIX PETHOHOB ATOT
KOMITOHEHT OTCYTCTBYET, YTO HECKOJIbKO cHuxkaeT TouHocte MOJIH mns Tuma Ill. Bropoe
OTpPaHUYEHUE - IKCIIEPTHBIM XapaKTep BECOB: MPH HCIOIH30BAaHUH ATHTEPHATHBHBIX BECOBBIX CXEM
a0COITIOTHBIC 3HAUEHHS MHIEKCA U3MEHSTCS, XOTS THIIOJIOTHIECKasi CTPYKTYpa, 10 BCEH BHIIMMOCTH,
OCTaHETCsl YCTOWYMBOM - 00 3TOM CBHJIETENIBCTBYET €€ BOCIIPOM3BOAUMOCTh Ha CyOpEerHoHaIbHOM
YpOBHE.

[TpakTHdeckre peKoOMeHIaluu
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BrusiBiienHast Tunonorus 3a1a€T nudhepeHInpOBaHHYIO JIOTUKY YIPABICHYECKHX OTBETOB - B
IIPOTUBOBEC TOMY YHHUBEPCAJIbHOMY IOAXOJY «OJHO DPELIEHHE Ul BCEX», KOTOPBIH PEryisipHO
MPOCIICKUBACTCS B PETUOHAIBHBIX NOJUTUYECKUX IOKYMEHTAX.

s pernonos Tuna | nmepBoouepenHas 3aa4ya - He CTUMYJIMPOBATh POCT, & HAYUUTHCS UM
YIPaBIATh. 37€Ch HEOOXOIUMBI YETKO 3aKpeIUIEHHBIE M 00ECIICYeHHbIE MEXaHU3MaMHU KOHTPOJIS
IpaHMIbl 3aCTPOMKH, 3amuTa 3€JEHBIX IOSACOB M BOJOOXPAHHBIX 30H, ONEpEeXarollee - a He
KOMIICHCUPYIOIIIee - pa3BUTHE JIMBHEBBIX cucTeM. Knumarndeckas ajganrtanus J0JDKHA BXOJIUTH B
reHepajbHbIC IUIaHbl KaK CKBO3HOM NMPHHLMII, a HE B BUJE OTIENBHOIO JEKIapaTUBHOIO pasjela.
Ocoboe BHUMaHUE - MPUTOPOIHBIM MOSCAM: HIMEHHO TaM OCEJAIOT HOBBIC BOJHBI KIMMATHUYECKUX
MUTPAHTOB, UMEHHO TaM (hopmupyercs npociiorika NEET.

st pernonos Tumna Il - ynpaBnsemas cyoypOanuszanus. AnmatuHckas u Yyiickas obiacTu sie-
bakTo yxke BBIIOIHAIT OydepHyro GYHKIMIO, NepexBaTblBas 4YacTb IIOTOKa. 3ajgada -
WHCTUTYLIMOHAJIM3UPOBATh O3TOT IMpOIecCc, HE JaBas €My TMPEBPATUTbCI B CTUXHHHYIO
He(OpMaIIbHYIO 3aCTPOMKY: JIEraIM30BaTh CIIOKUBLIMECS IPUTOPOIHBIE OCEJIEHUS, 00eCIeUNTh UX
0a30BOIl MH)KEHEPHOW M COIMAIBHON HMHQPPACTPYKTYpOH, co3aaTh pabodyne MecTa 4Yepe3 BBIHOC
IIPOM3BO/ICTBEHHBIX MOILITHOCTEH U3 NEPerpyKEHHbIX CTOJIMYHBIX arjJoMepanuii.

Jlia peruonoB Tumna Il - He yaepxanue, a nmoaroroska. [Ipu BbICOKOW BEpOSATHOCTU Bbl€3/a
MoJIOAEXHU U3 XaTiaoHCKOW miu ONICKO 00nacTH KiIoueBOe 3HaueHHe MPUOOpPETaeT YpOBEHb €&
npodeCCHOHATBLHON MOATOTOBKM K MOMEHTY Tiepee3fia. B pernonax, rie ects peajqbHasi pecypcHast
0a3a - TpaH3UTHbIE KOPHUJIOPHI, arpoNOTEHIUA, TYPUCTUYECKUE OOBEKTHI, - CTOMT anpoOUpOBaTh
TOUYEYHBIC SIKOPHBIE NPOEKTHL. TaMm, TJe pecypcoB HET, «yMHOE C)KaTHE» - EIMHCTBEHHO
peanucTuyHas CTpaTerus.

Ha MakpopernoHaibHOM ypOBHE TMOJHMIEHTPUYHOE IUIAHUPOBAHHE MPUOOPETAEeT XapakTep
IIPAKTUYECKON HEOOXOIUMOCTH. J[aBjaeHrne Ha HECKOJIbKO rOPOJOB-sAJep YXKE CErojHs IpeBbIlIaeT
pasymubie mpenensl, a k 2050 romy oHO BbeIpacTeT KpaTHO. Perymspusiii pacuétr UDJAH kax
MHCTPYMEHTa MOHMTOPUHIA MO3BOJHUT BBIABIATH MPOOJIEMHBIE 30HBI 3a01arOBPEMEHHO - 10 TOTO,
KaK OHU IPUOOpETyT HeoOpaTUMBIN XapakTep.

5. 3ak/r04eHue

B Hacrosmeil pabote npemsiokeH U ampobupoBaH MHpaekc 3kojoro-nemorpapuieckoit
Harpy3ku (UDJ1H) - Bocripon3BOIUMBII MEKCTPAHOBON MHCTPYMEHT JUIsl COBMECTHOTO U3MEpPEHUS
JeMorpauueckoro U 3KOJIOTHYECKOTO JaBJICHMS Ha TOpojckue cuctembl. Bepudukanus Ha 21
cyOHalMoHaIBLHOM perrone u ropoaax Kaszaxcrana, Keipreizcrana, ¥Y36ekucrana u Tamkukuctana
3a 2019-2024 rozas! BeIABHIA YCTOMYMBYIO TPEXTUIIHYIO CTPYKTYPY: CEMb IEperpyXeHHbIX sep-
abcopOeHTOB, 1Be Oy(depHble 30HBI M JBEHAAUATh MEePUPEPUNHBIX JOHOPOB B YCIOBUSX
KPUTHUYECKOTO HKOJIOTMYECKOTO CTpecca.

KittoueBoii BbIBOJI pabOThI COCTOUT B CIIEAYIOIIEM: KIIMMaTHUECKasi MUTpalus repecTaia ObITh
(OHOBBIM YCJIOBHEM M CTajla CAMOCTOSITEIbHBIM CTPYKTYPHBIM (DaKTOPOM, YCHIIMBAIOLINM
MIPOCTPAHCTBEHHYIO MOJIsIpU3annio. Peronsl ¢ HauOOJIBIIMM BOJHBIM CTPECCOM OJITHOBPEMEHHO
TeHEpUPYIOT HauOOJBIINNA €CTECTBEHHBIN IPUPOCT - OHU U (OPMHUPYIOT pe3epByap KIMMATHUECKUX
MUTPAaHTOB CJEIYIOIIEro AecATuieTHs. MrHopupoBaHHE HKOJIOTMUYECKOTO HW3MEPEHUs IIpU
nemMorpauueckoM MIPOTHO3UPOBAHMHM BEAET K CHUCTEMAaTHUYECKOMY 3aHMKEHHMIO pPEaJbHBIX
MaciTaboB OyIyIIEero JaBjiIeHUsl Ha TOPOJCKHE CUCTEMBI.

TpéxTunHasi TUMOJNIOTHS BOCHPOU3BOIUTCS Kak Ha YPOBHE MaKpOpPEruoHa, TaKk M BHYTpPU
OTAENbHBIX oOnacTeil - 4YTro moaTBepawia Bepudukauus uvepe3 byxapckuit keiic. WU3/H
BOCIPOU3BOAMM 0€3 CHEelUaJU3UPOBAHHOTO MPOrPaMMHOTO OOECreueHuss U MPUTOJEH JUIs
PEryJasipHOr0O MOHHMTOPUHIA IPOCTPAHCTBEHHOro pa3BUTHsA. [lepcrieKTUBHBIE HaNpaBICHUS
UCCIIEIOBaHMM: JeTanu3aius aHajiu3a 10 YpPOBHS pPAaiOHOB M MYHMIMIIAJIUTETOB, BKIIIOUEHHUE
JUCTAHIIMOHHBIX JaHHBIX (JWHAMUKA JIGTHUKOB, HOYHas ocBeméHHocTh VIIRS, wuHIekcs
Jerpajaliy 3eMellb) JUIsl IPUOIMKEHHS OLIEHOK K PEXKHUMY PEAIbHOIO BPEMEHH.
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JemorpagusIbIK KIHE IKOJOTHAJIBIK 63repy KaraanblHIarbl OpTanbiK A3us
KAJAJAPbIHBIH  KEHICTIKTIK auddepeHHanusaAchl. HHICKCTIK TICUI IKIHE
TYPAKTHI JaMy CTpaTerusijiapbl

I'ynnap HycinoBa, fAnr C. CruBen, 9dcem CapcembaeBa, Ocea basranoBa, Aiirepim
Hypo6oJkbi3bl, Yunrus ’Kymarysios

Angatma. Makamaga 2019-2024 sxpuimap keseHiHze Oip Mesrimge JaeMorpa@usiiblK KOHE
HKOJIOTUSUIBIK KBICHIM KaFaalibiHa Tan 6oirad Kazakcran, KeiprbizcTan, ©30ekcTaH sxoHe ToxikcTaH
KaJIaJbIK XKYHeIepiHiH KeHICTIKTIK IuddepeHuanuscbiHa CaH IbIK Talgay >Kypri3uiret. 3epTTeyaiH
HET13T1 MaKcaThl - MUTPALUs CAJIbJOCH], KaJalbIK >KachbUl aiiMaKTapJblH TaIlIbUIBIFb], CYy CTpecci
Kayni >koHe ypOaHaany JeHreil OONBbIHIIIA HOpMaJaHFaH JEPEeKTepl KipIKTIPETIH DKOJIOTHSIIBIK-
aemMorpadusubIK skykTteme unaekcin (DXKIN) a3ipaey xoHe IMIUPHSIIBIK TYPFbIIAH anpooarusiay
00BN TaOBIIAABL. 3ePTTEY/IIH MPAKTUKAIBIK MaHBI3ABUIBIFbI KOJAAHBICTAFbI FHIIBIMH TOCILIACPILT]
OJIKBUIBIKIIEH OalIaHBICTBI: 3epTTeylIiep AeMOTpaUsUIbIK KOHE SKOJOTHSUIBIK eJIeMIep/l,
onerrte, Oip-OipiHeH Oeinm KapacTeipaabl. Aaiiia alMakKka TOH KOHBICTAHY YITICIH - Oip JKaFbIHaH
IIIaMaJIaH ThIC )KYKTEJITeH KalaJbIK SAPOIapAbl, EKiHII )KaFbIHAH AeMOTpa(UsIBbIK TYPFbIIaH TO3FaH
IIeTKI alfMaKTap/bl - KAJIBIITACTBIPATHIH 19T OCHI €Ki (hakTopAbIH OipieckeH ocepi. 21 cyOyITTHIK
aliMaK MeH KaJaHbIH JepeKTepi HEeTi3iH/Ie KacajaFaH TUIOJIOTHs YII TYPAKTHI ChIHBINTHl aHBIKTA/IbI:
abcopoent-siapoap (DJKU > 0,70; 7 6ipaik), Oydepik aiimakrap (0,40-0,69; 2 Gipitik) »oHe CHIHH
IKOJIOTHSUIBIK CTpecC KarnaibiHnarel Oencenai ponop aiimaktap (0,40-tan Temen; 12 Oipimik).
TapnamaneiH 1eTKi momtoctepi apacbkiHgarsl DKW monzaepiniH JKeTi eceliK aaaKThIFbI
KOHBICTaHY/IbIH OTKIp K€HICTIKTIK MOJIIPU3AMACHIH AdJIeNAeH . AyMaKTbIH opOip TYpiHe apHaIFaH
TIAM 11 sxome TJIM 13 wmakcarrapbIMeH YViJIeCciMIi capajaHFaH KEHICTIKTIK Kocrapiay
CTpaTerusuiapbl YChIHBIIFaH.
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Spatial differentiation of Central Asian cities under demographic and ecological
transformation: an index-based approach and sustainable development strategies

Gulnara Nyussupova, Stephen S. Young, Assem Sarsembayeva, Assel Bayatanova, Aigerim
Nurbolkyzy, Chingiz Zhumagulov

Abstract. This paper presents a quantitative assessment of spatial differentiation among urban
systems in Kazakhstan, Kyrgyzstan, Uzbekistan, and Tajikistan under simultaneous demographic and
ecological pressure over the period 2019-2024. The objective is to develop and validate the Eco-
Demographic Stress Index (EDSI) - a composite indicator integrating normalised data on net
migration balance, urban green space deficit, water stress risk, and urbanisation level. The practical
significance of the study stems from the fact that existing approaches typically treat demographic and
ecological dimensions in isolation, whereas it is precisely their combined effect that produces the
region's characteristic settlement pattern: overloaded urban cores at one pole and demographically
depleted peripheries at the other. A typology of 21 subnational regions and cities identified three
stable classes: absorber cores (EDSI > 0.70; 7 units), buffer zones (0.40-0.69; 2 units), and active
donor regions under critical ecological stress (below 0.40; 12 units). The sevenfold EDSI gap between
the extreme poles of the sample confirms severe spatial polarisation of settlement. Differentiated
spatial planning strategies aligned with SDG 11 and SDG 13 targets are proposed for each territorial

type.

Keywords: spatial differentiation; eco-demographic stress; climate migration; pseudo-urbanisation;
SDG (Sustainable Development Goals) 11; SDG 13; Central Asia; polycentric development.
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Anparnma:  Amaken-Cacblkken — kejaep  kyheci  Ka3zakcTaHHBIH
IIBIFBICBIHAFE  banmkam-Anaken OWBICBIHIA OpHANIACKaH OipTyTac

THJIPOJIOTUSIIBIK JKYHeH1 Kypaiasl, XKericy Anaraysl MmeH TapOararaii
JKOTAJIApPBIHAH KEJIETIH CyMEeH KOpeKTeHeni. JlereHMeH, KapacThIpbUIbII
OTBIPFaH KOC KOJIIH THAPOJOTHSIBIK PEXUMI €Ki Typii: Amaken —
arpiHCBI3 ambpl kei, an Cacbikken Komkapken apKbUIbl AJlaKeJIMEH
0aiiaHBICTBI HETI3T1 CybIH TEHTEeK ©3€HIHEH aJlaThIH aFbIH/IbI TYIIIHI KOJI.
Ocpl KaFaaiIapabl ecKkepe OTHIPBIN KOC KOJIIH Cy JIeHIeHiHIH e3TrepyiH,
onapablH e3apa OalllaHBICHIHBIH  epeKIlenikTepine Oara  Oepy
THJIPOJIOTHSUIBIK TYPFBIIAH €pPeKIe MaHbI3ABI. 3epTTey OaphIChIHIA
DAHITI rapeiutheik anbTuMeTpusi Aepektepi Koapansiasl: 20162026
A€ok, Anakenneri Buprtyanpai OekerreH (ID 14036) amsimran 125
6akpuay, 2002—-2026 sxox. Cacbikkesneri Buptyanbi 6exerrer (1D 229)
anbiaFal 796 6akpiiay skaz0acel. OChl yakbIT KaTapiapsl «Kasruapomer»
PMK Pgri63aBon ruaponorusuiblk OekeTi apkplibl Tekcepuini. Cy
neHreiinin Tpenarepi ManH-KeHnamn chlHaFrbl apKbUIbl OaraliaHbII,
ONapIbIH e3repy XKbUiaaMIbIKTapbl Tein-CeH kenOeyiHiH KoMeriMeH
ecenTesmi. Anakes JeHreiiHiH mamaMeH xbpUibiHa 13,46 cm (ManH-
Kengamn cemarel T = —0,511, p = 0,0466) TemeHmen >KaTKaHbI
aHbIKTAABL. JKBUTBI Mesrimmeri MeauaHanbelk cy aeHredi 2016-2018
xbipapaarel 350,7 M-gen 2022-2026 xwinmaper 349,9 m-re geifin
ToMeHnneni, oceuaiima 0,86 M TemeHnmered 00BN MBIKTEL CachIKKOI
nenreiii temenaereriMed (2,13 cm/xbin) 2002-2026 sxok. Oakpuiay
KE3CHIH/IC  CTAaTUCTHKAJIBIK MaHBI3BI 0ap  MOHOTOHABI  YpPIicC
anpIKTanmMaabl. Ocbkl  HOTIKeNep AlakenniH TeMeHAey (a3acsl
CachIKKeJIMEH CHHXPOHJBl €MeC €KEHIH KOpCETTl JKOHE PEerpecCHUBTI
(hazaHbIH aNFANIKbl FAPBIIITHIK TOTEIT.

Tyiiin ce3nep: rapoiutslk anstTuMerpust; DAHITI; Anaken; Cacbikken;
Kol ¢y neHrei; Mann-Kenga.

1. Kipicne

AFBIHCBI3 KeJJIep Cy JKHHAJATBIH aJKanTapJarbl arblH CYJIbIH,
YKaybIH-IIAIIBIHHBIH KoHE OyIaHyAblH OallaHChIHAH KAIIBINTACA bl )KOHE
KJIMMATTBIH ©3TepICTepiHe, KOFAPFBI aFbICTaFbI CYJbl TYTHIHYFA TiKEICH
oaiimanbicTel (J. Wang et al., 2018; Wurtsbaugh et al., 2017). Ocbianait
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KeJep/ie Cy OallaHCBHIHBIH JKETICTICYIIUTIriHe, 63€H aFbIHBIHBIH a3al0bl MEH OYJIaHybIH KYLICIOiHE,
Cy JIGHreliHIH TOMEHJIeYyiHEe CHIPTKbI aFbIHHBIH OOJIMaybl Tikeneh acep ereiil. KimuMaTThiH KbI3YhI,
OyJaHyIbIH apTYBl, TAYJIapAarsl MY3/bIK IIEH Kap PEKUMIHIH ©3repyi, cyapMalibl eTiHIIUTIKTET1 Cy/IbI
apTHIK KOJIIaHY aFbIHChI3 (SHIOPEIIIIK) ajanTapAblH THAPOJIOTUSIIBIK PEKUMICPIHIH 03repyiHe acep
ereni (Baigaliyeva et al., 2024). Ocwingaii sxarpaiina OpTanblk A3HSHBIH TYHBIK KeJ Kykenepi
OCBIHJIall TAOWFU )KOHE aHTPOIIOTEH/IIK dcepliepre epeKIle Ce3IMTaNIBIK KOPCETII KaThlp. MbICabl,
Apan TeHi3iHIH KypT TOMEHJEN Heri3ri cy KeJeMiH JKOFalTybl, TPAHCIICKAPAIBIK CYJblI
nanganaHyabiH e3repyi canmapeiHad CeIpAapusi ©3€HIHIH Cy OalaHCBIHBIH ©3Tepyl Oaiikamyma
(Massakbayeva et al., 2020). Ocbiran ykcac line e3eHiHiH CybIH MalganaHy Maceseci e 03ekTi. Ochl
CHSIKTBI JKar/aiiapia cy OajJaHCHIHBIH KIMMATTBIK KOMIIOHEHTI MEH aHTPOIOTCHIIK KOMIIOHCHTIH
@KBIPAaTy OHAlFa Tycmewnmi, ekeyi jae Oipaei wikman eremi. OnapIbplH 9cepiH THAPOIOTHSIBIK
PSKUMIErT Cy HBICAHIApBIH CalbICTBIPY apKbUIbl Oaramayra Oomamsr (Yapiyev, Sagintayev,
Inglezakis, et al., 2017; Yapiyev, Sagintayev, Verhoef, et al., 2017).

bankai-Anaken odnarbiHIaFbl KOC Kol — Ajakesn MeH CachIKKOJJIiH Cy KHHAK alla0bl dKoHE
KIIMMATTBIK aymarbl Oip OOJFaHBIMEH THUIAPOJIOTHSUIBIK PEXUMACPIHIH epeKIemKTepi Oap
(Amumkysos et al., 2023). CoHabIKTaH oJlap THAPOJIOTHSIIBIK PEXHUM TYPFHICBIHAH CAJBICTBIPYFa
KOJIQMIIBI 3epTTeY HBICAHIAPhl PETIHAE OCHI 3ePTTEy KYMBICBIHIA KapacTeIpbuirad. O Typaisl
KAIIBIKTBIKTaH 30H/TAY KYMBICTAPBIHBIH HOTIIKEIEPIHIE )KapPhIK KOPIreH eHOCKTepae OasHIalIFaH.
Mpeicasbr Banees xone T.0. aBropnap (Valeyev et al., 2019) Landsat »xone Sentinel-2 cyperrepinen
AnakenniH >karanay cbi3birbilH MNDWI nHIekciHiH KoMEriMeH KapTara TYCIpiM, Cy aiIbIHBIHBIH
Oacrankpel ke3engeri 2912,3 km?-gen (1990 x.) keitin 3033,2 km?-re (2018 »x.) neiiiH ecKeHiH,
Karanay ChI3BIFBIHBIH 422-neH 517 km-re nediH y3apraHblH XaOapnaibl. AlakesiiH IeHreii
KalTaliaHa OTBIPBIN e3repeTiHin baOkun xone T.0. (Babkin et al.,, 2017) xaGapnaraH, o3
enbekrepinge 109 xpuiapik (1894-2003 sxk.) KaTtapabl Tajajaam, aiTapibIKTail aMIUTUTYAaHbl — Oip
MHHAMYMHAH €KiHIII MUHUMYyMFa Jeiinri 61 sxput apaceinga (1885-1946 xok.) 23 *KbUTbl KOTEPLTY
MeH 38 KbIIbl TOMEH/IeY OOJIFaHbIH, CYy ACHIeiHIH KbUIbIHA 4,6 CM KBUIIaMIBIKIIEH TOMEHIETeHIH
anbIKTaraH. Onap/bIH 00JIKaMbl KeJl CYbIHBIH OlpiliaMa TOMEHJEy MYMKIH/ITTH KOpCETTI.

Keiiinri 3epTTeynepae AnakeiH *Karajaay allMarbIHbIH TaOUFU-TeOTpadusIIBbIK SNCI3/IT1, KO
YKaraJlaybIHBIH JCHT €1 e3repicTepi MeH adpa3usiFa KaThICThI Ce31MTall €KEH1 3epTTEINIMN JKaphIK KOp/i
(Liu et al., 2022; Seitkazy et al., 2025). bakpuiay aepekTepiHiH KETKLTIKCI3IIr KarmaibIHIa
FApBINITHIK albTUMETPUsS MEH Oacka Ja JepeKk Ko3IepiH OIpIKTIpy 3epTTeyre KOJaiyibl TocuaI
OonmaThiHbl OChiFaH Jeiin ae Oasumanran (Velpuri et al., 2012). Kem MakcaTThIK FapbINITHIK
AIBTUMETPUS JEPEKTEPiHIH KOMETIMEH Cy ACHreHiHIH y3aK Mep3iMJi TMHAMHUKAChIH aHBIKTAIl, Cy
pecypcTapblH 6aKblIay MYMKIHIIT 3€pTTEyre eeyli yJec KOCaabl .

Ochl KOC KOJJe TpPaHCTPECCHS HEMECEe PEerpeccusi JKYpill >KaTKAaHBIH aHBIKTay MOceleci
MaHbI3/Ibl €KEHIH €CKepe OTBIPBIN OChI 3€pTTEY KYMBICBIHBIH MakcaThl peTiHjge 2016-2026 xox.
apaibpIFeIHIaFbl Antakenn MeH CachIKKeN Cy JCHTeHiHIH TPACKTOPHACHIH FAPBIITHIK aTbTHMETPHUS
JIepEKTepiHIH KOMEriMeH CculaTTay, Oarajmayqbpl S>KaHApTy, Cy JKHHAY ajaOblHIOarbl cyapy
KApKbIHABUIBIFBIH 9Cep €Ty (pakTop peTiHe Oaranay KOMbUIIbIL.

2. MaTtepuanaap MeH dicTep

Anaken — TeHi3 neHreiineH mamamen 350 M OWiKTiKTe OpHanackaH KazakcTaHmarbl eKiHIII
YJIKEeH jkoHe arblHChI3 TepeH ke (cyper 1) Keitait Xanbik PecryOnuKachiHBIH aymarbiHa KOpIIi
opHanackas, cy ayfaanbl 2650—-3030 km?, eH TepeH HyKTeci 54 M, opTaliia TepeHIiri 22 M jkoHe KelieMi
mramamer 58,6 km® (Babkin et al., 2017). Cysl ampl, an cy JeHre#i KysATbIH aFblH MEH OyiaaHy
apachIHAAFbl TEHIePIMCI3/IIKTIH cajiapblHaH e3repin Typaabl. OFaH KYSIThIH HEri3ri e3eHaep Y pxap
(opramia xwutasIK ¢y mbiFbiHb 20 M3/c), blpraiiTel (opTaina bUIBIK Cy bIFbIHBL 14,8 M3/c), Emin
(opraima >XbUIABIK CY HIBIFBIHBI 8,7 M3/c).

CacpIkken — ANakenIeH CONTYCTiK-0aThicKa Kapai mamamen 20 KM kepie ykcac OWiKTiKTe
opHanackad kei. Cybl Tyinsl, Tas3 (€H TepeH jkepi 9 M IIamachiH/a) )KOHE aylaHbl alTapibIKTal
kimripek (mamamen 736 kM?2) aFbIH/IBI KOJI )KOHE OFaH OCBI KYHeIeTi Cybl €H MO TeHTeK e3eH1 KYS/IbI
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(opTamia *bULABIK Cy MIBIFBIHBI 42 M3/c), KOl cybl apHasap XKyiieci apkpuibl anasiMen Komkapkenre,
comaH coH Auakenre Kapail araapl. Koc kenre kenmeriH cy arbiHbl JKericy Auaraybl MeH
TapOararaiifpiy OaThic OeTKeHIepiHIeri KapAblH epyl HOTHXKeciHAe OacTay anajbl.
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Cyper 1. 3eprrey aymarbiabi kapTackl (OpenStreetMap (Geofabrik GmbH, 2026), SRTM (NASA
Jet Propulsion Laboratory, 2013), DAHITI (Schwatke et al., 2015) nepekrepiniy Herisinme
KYPaCThIPbLIFaH)

Ocnl 3eprTey xymbichiHAa Asaken MeH CachIKKeJ Cy JEHIeHiHIH KEeWIHT1 JHMHAMUKACHIH
aHBIKTAy MaKCaThIMEH FaphIITHIK anbTuMeTpus, «Kasruapomer» PMK Oakpuiaynapel 6ipikTipini

(xecte 1) (Republican State Enterprise Kazhydromet, 2026).

Kecre 1. 3eprTey xyMBICBIHAA KOJITAHBUIFAH JEPEKTED

Jepek ko3i / kepceTKimrepi Cranuus HeMmipi bakbuiay ke3eni

2016-2026 xx.; 125

Anaxedn, ID 14036
’kaz0a

DAHITI / rapbimThik

aIbTHMETPHS - '
Caceixkeun, 1D 229 2016 zgigg;ﬁﬁ, 325

«Kasrugpomer» PMK Pr163aB0 THAPONOTHSIIBIK OEKEeTI

nepexTep 0azacwl/ cy AeHTel (Ne14917) 2000-2024 »ox.

NASA/USGS SRTMGL1 Shuttle Radar Topography Mission 2000 5. aKTaH aiis:

v003 xep OeiepiHiH CaHIbIK YITic
nStreetMap; fabrik P : .
OpenStreetMap; Geofab Kasakcran Pecry0mmkacsl 2026 5. e aiis
HIOPTAJIBI ayMarbIHBIH BEKTOPJIBIK KapTaaapbl

DAHITI nepekkopblHaH cy JeHreWiHiH YakbITTHIK Karapiapbl Anaken (ID 14036) >xone
Caceikkon (ID 229) anbiapl. Ajlakes OHTYCTIK-0aThIC »KaralayblHIa OpHalacKaH Pri03aBoj
THIPOJIOTUSIIBIK OekeTiHeH (ctaHims koiasl 14917) anblHFaH eIIIIey HOTHXKEIEpl FapBIIITHIK
ATBTUMETPHS OJIIICYJICPIHIH OaFbITBI MEH IIaMachlH TEKCEPY YIIIH KOJJIAHBUIABI. AJaKes YIIiH
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DAHITI nepexrepi 125 Gakputaynan (2016-2026 sxx. MambIp-MaychiM) skoHe CachIKKeI Kol YIIiH
325 oOakputayman (2016-2026 sxokx. KaHTap-MaychiM) Typaiasl. KapacTeIpbUlFaH Cy JeHIeHiHiH
JMHAMUKACBIHBIH CEHIMIUTITIH aHbikTay Makcateinga Mann-Kendall (F. Wang et al., 2020) tpeun
TecTi Komaubuasl (1):

S

“NN-D72 ?

T

Mynarsl S — GapIbIK BIKTHMAI JKYIITapAblH aibIPMAIlbUILIKTAPEl PETiHAE ecenTenei (2):

S = "Z_:l Zn: sgn(x; — x;) 2

i=1 j=i+2

MyH/IaFbI X; KOHE Xj YaKbIT KaTapblHIarbl JIEPEKTEPIiH MOHIEPi (j>1i), n — nmepekrep
HYKTeepiHiy canbl. CTaTHCTUKAIBIK MaHbBI3ABUIBIF P-Value apKblisl OaraiaHa bl

Tpenarin kenbOeynirin Oaramay yiria Cen kenoeyi (Sen’s slope, Bs.,) (Jigin et al., 2023)
apKbLIbl KOJI0eyIepaiH Meauanacel petinae ecenrenesi (3).

Yi—Yi

j i

Bsen = median(

) (3)

MyHaFb! X; j— yaKbIT KaTapbIH/IaFbl IEPEKTEP/IIH MOHJIEP, &l i MeH j — yakbIT Me3eTTepi. Ochl
3epTTey KYMBICHIH/IA MEIMAHAIBIK KOIDKBUIIBIK YaKbIT KaTapblHAAFbl OpTallla KBbUIIBIK ©3repicTi
OakplIay MaKCaThIH/Ia KOJIJaHbUIIbIL.

3. HoTu:kestep

Anakenre KaTbICThl albTUMETpHs KepcerkimTepi 2016-2026 k. MaMbIp-MaychiM aijapsbl
apaNbIFBIHIAFEl Ke3eH I KaMThIIbI, ¢y AeHreiii EGM2008 BepTukanbai KOOpAWHAT KylWeciHe coiikec
349,46 m (MuH.) MeH 351,26 M (MaKc.) apasbIFbIHIA ©3TepPTreHiH KopceTTi. JKbIUTbl Me3TiIiH (MaMbIp-
Ka3aH) KOIDKBUIABIK OpTalla KePCeTKIITepi My3 KaTy OCEpiH €CeNTeH alblll TacTaFraH COH
CTaTUCTHUKAJIBIK TYPFbIIAaH MaHBI3/Ibl TOMEH/EY YPAICIH KepceTeTiHl aHbIKTanbl. ManH-Kennann
ceiHarel T = —0,511xone p = 0,0466, an cy geHreiinin Toemenaey xpuigaMasirsl (Tein-Cen
kenoeyi) sxpiibiHa —0,1346 M TeH 6obl (kecte 2).

Kecte 2. JKbutbl ke3enaeri Anaken meH Cacbikkeniq 2016—2026 oK. cy AeHrensaepiH FapbllThIK
IbTUMETPHUS IepeKTepl OOMBIHINA CANIBICTBIPY

Keu Kesen Tpena Mann-Kenaann KopbIThIHABI
Anaken 22%12%_ —13,46 cMm/xb1n T= :)00151-22 p= CTaTHgf;;{aTgi MOHI
Oap
CachIKKoII 22%022(; —0,37 cMm/kbL1 T= Bosgig’ p= MoHIi TpEH T KOK,
CacBIKKOII 22%12667 —2,13 em/ kb r= :)01:;:2 p= MoHai TpeH KOK
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S¥Hu oH x)bUTHA Cy AeHreii 1,35 M mamaceiHa TOMEHIE 1, anaiiia o OipKenki OoJFaH eMec.
CynwiH xbuIIbIK MeauaHa aeHreidi 20162018 sxpuimaper 350,736 M, am 2019-2021 >xpuimapsr
350,704 m penreiiinge Oonabl. Keitinnen 2022-2026 sxpuimapsl cy nenreiti 349,875 m neiiin
temeHneni. Ocbutaiiiia, GacTanKel )KOHE COHFbI K€3€H apallbIFbIH/IA )KBUIJBIK METHAHAJIBIK CY JICHT €1
nerizinen 2022 xxpuinan keiin 0,813 m-re remenaeni (cyper 2a).

CacpIKKeJre KaTbICThI aIbTUMETPHS KOPCETKIMTEP] y3aKTay apaibIKThl - 2002 k. aKnmaHbl MEH
2026 >x. MayChIMBI apaJIbIFbIHIAFBI Ke3€H 1 KaMThIbI, cy AeHreiii EGM2008 BepTukanbai KoopauHaT
xynecine coiikec 349,27 m (MuH.) MeH 351,4 M (Makc.) apalbIFbIHA ©3T€PreHIH KOPCETTI.

351.5 1.0
=@~ DAHITI ID 14036 (bINObIK MEANAHE, MAMBIP-Ka3aH)
a = = Teiin-CeH: -13.5 cu/¥ein® | T=-0.511 | p=0.0466
o 331.04 ‘ KM Hay.2020: 350.519 M (6asa) 0.5
5 @ KMHay.2022:349.893 | AH=-0.63 1 z_
FR=
% 350.5 - ig
m 00 2R
- . ° c
£ 350.0 g5
= . 05§ I
8 . s C * o m ‘5
3495 " . . 4, . ZI
] . * 2z
o . 1.0 <
> 349.0 A ] 2022 gem :
Q R ) TemeNgey §
Tapuxu hoH (BaBKuH, 2017): 18851946 UMk | 1974 Make =349.8 M | 1986 MuH | 2018-2020 oFapbl cy hasacel

48. T T T T T T T T T T T T -1.5
2000 2002 2004 2006 2008 2010 2012 2014 2016 2018 2020 2022 2024 2026 2028 2030
(a)

w0 3515

o

o

~

= 351.01

[ N .k 35 2 v S o RS L T e yRapp I ) U N rais v el X L

< 350.5

z B

S 3500 1 — 12 alnulK keinkemans opta

EIJ ~fi— DAHITI %bIngbIK MeJNaHa (MaMbIp-Ka3aH)

U 3495 | Tpenp 2002-2026: -0.4 cMfxbIN (p=0.595) Anaren: 13.5 cupRaT*
i ! == TpeHa 2016-2026: -2.1 cu/xbin (p=0.165) Cacbikke: -2.1 cMbKbIA
[}

2000 2002 2004 2006 2008 2010 2012 2014 2016 2018 2020 2022 2024 2026 2028 2030

@)
Cypert 2 — Anaken (a) meH CacwIKKeuIiH (9) cy neHreliniH auHamukacekl Kasruapomer, DAHITI
CITyTHHUKTIK aJbTUMETpHs, baOkuH xxone 1.0. (Babkin et al., 2017) GomkambIMeH CabICTBIPY

Kouter mesrinmig (2002-2026 sxk. MaMbIp-Ka3aH) KOIDKBUIABIK SKBUIIBIK MeIHAHAIBIK
KOPCETKIIITEP]1 My3 KaTy 9CEpiH €CEINTEH aJIblll TACTaFaH COH CTAaTUCTUKAJIBIK MOH/II TOMEHAEY Ypaicl
aHbIKTaIMaabl. ManH-Kengamt ceinarsl T = —0, 08xone p = 0, 5948 (kecte 1), an cy neHreiinig
teMeHn/iey KburnaMbirbl (Tein-Cen kenbeyi) xbuibiHa —0,37 cM T€H OOJIIBI.
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351.0 1

350.5 4

350.0 4

= Perpeccua: y=0.34x+231.1
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(6)
Cyper 3. Anaxei xone CacbIKKeJI Cy JeHIeiIepiHiH Koppesuusibik Tanaaybl (20162026 xok.): a)

Koppenauwna koadhrumeHTi r

9 10 11 12

aliBIK  JICHTEWMJIep; o) MaMblp—Ka3aH Ke3€HIHIH O KbULABIK MeAuaHamapbl; ©0) JcHreu
AHOMAJTUSTAPBIHBIH YAKBITTHIK BIFBICYBI OOWBIHIIIA KPOCC-KOPPEISAIUSACHI
Anakenmven canbicTeipMasibl Typae 2016-2026 xok. apansirbiaaa T = —0,345 xoHe p =

0,1646, an cy nenreiiinig ToMenzaey xkoeuaamabirbl (Teitn-Cen kenbeyi) xbuibiHa —2,13 cM TeH
6onnapl. CyabiH Meauananblk neHreii 2016-2018 xwimmaper 350,954 M, an 2019-2021 >xpuinapbl
350,733 M, 2022—-2026 xwimapsl cy neHreiii 350,616 m-re neitin e3repai (cyper 29). Anaiina MmyHai
alfTapibIKTail Cy AEHreHiHIH TOMEH TYCYl CTaTUCTUKAJIBIK MOHCI3 OOJIBIIN HIBIKTHI.

Kapacteippiiran  yakpIT apanbiFbiHAarbl  Asnaken MeH CacbhIKKONIiH ail CalbIHFBI Cy
JeHreiepiHiH e3apa KOPPeSIHUIBIK Talaaybl HOTHXKECiHAe (cypeT 3a) opTaiia oH Oaitnanbic 6ap
ekeHi anbIkTan el ([Tupcon koppensuusicel 7 = 0,495, p < 0,0001).

Kepiciniie, KbUtbl ME3TUIIH JKBULIBIK MEIHAHAIBIK JeHTensepi (cypeT 39) CTaTHUCTUKAIBIK
MoHII Koppesius kepcerneiini (ITupcon koppessinusice ¥ = 0,455, p = 0,1597). Coiikecinie
KOC KOJIH KOIKBUIABIK e3repicTepi CMHXPOHIbI eMec. ChI3BIKTHIK TPEH/I ajbIll TaCTaFaHIaFbl €Ki
KOJI IHT eHIIepiHiH e3apa Koppessiusichl Anakenid 12 aiira kenriryin kapacteiprania rana [Iupcon
koppemsiusicel 1 = 0,587 wMoHiHe neifin korapbutagel  (cyper 30), amaiima Oyn  Tikenein
KalTajgaHaThIH >KbUIJIBIK MayChIMJIBIK ©3repiCTep KOPCETKIlll 00Iybl MYMKIH.

ATBIHFAaH HOTHXKENEp €Ki Kelre OpTaK THUAPOKIMMATTHIK KYIITEPIiH 9CepiH CypeTTeii.
Anaiija KOC KeJ Cy JCHTeWJepiHiH y3aK Mep3iMJl peakiusiiapbl oJIapAblH Cy OallaHCTapbIHBIH
KYPBUIBIMBIHBIH, ailbIpMAaIlIbUIbIFbIHA OalIaHbICTRl Oiplelt emec: AJlakemaiH TYHBIK, aFbIHCBI3, all
CachIKKOJIiH aFbIHIBI, KOC KOJ OpTachiHAarbl KOIIKapken apKbUIBI e3apa THIPaBIUKAIBIK
Oaiinanpicta. COHBIMEH KaTap, Cy OKENETIH aFbIHIApIbIH THUIPOJOTHSUIBIK ©3TepricTepi, cy
nalamany/IbIH ©3repicTepl oJlapra €Kl Typl ocep €Tyl MyMKiH.

4. TankpLiay

KapactelppiiFan — ke3eHjaeri AmakenAiH Ccy JeHTediHIH aWTapiblKTall  TeMmeHAeyl
CTaTUCTUKAJIBIK TYPFbIIAH MaHBI3/AbI JKOHE OYJI KOJIH perpeccusi Ke3eHiHe OTYIHIH KepCeTKilIl.
JKpimel MaychIMAaFbl OpTalla Cy JAEHreil KapacThIPbUIFAH YaKbITTaFbl FAPBIMITHIK aJbTHUMETPUs
nepekrepinae OalikanraH e3repicTiH 0arbIThl MeH mamachl «Kasrugpomer» PMK-ubiH «Ppi63aBoa»
Oeketinzaeri OakputaynapMmeH coiikec kenemi. An CacbIKKesjaeri Cy JeHTeliHIH JUHAMHUKACHI
CTaTUCTUKAJIBIK TYPFBIIAH MaHBI3[bl ©3TrepICTepIl KOpCeTHeal MKoHe KOC KOeJl apachlHIarbl
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THJIPOJIOTUSIIBIK OalIaHBICTBIH O0JIyBl MEH PeXXUMICPiHIH YKCAMAUTHIHBIH KOPCETTi. AJIaKkeJiieri cy
JEHTeHiHIH alfTapIbIKTall TOMEHIeyi KOChIMIIIA aFbIH CY, JKaybIH-IIAIIBIH, CY Maiiianany AepeKTepiH
KOCa OTBIPBII KYPJIEi MOJEINb KYPacThIpy KaKETTUIITH KOPCETTi.

5. KopbITBIHABI

Ochl 3epTTey OapbICBHIHAA FAPBITHIK ATBTUMETPHSUIBIK OaKbUIay ICPEKTEpiHIH KeMeriMeH
AnakenniH Cy JCHIeHiHIH CTaTUCTHKANbIK MaHbI3AbI TeMeHzaeyl aubikTamabl. DAHITI
MHUCCHSICBIHBIH JiepekTepine coiikec 2016-2026 xok. MaMbIp-MayChIM apasibIFbIH/Ia KOJIIIH CYy ACHT el
349,46-351,26 m (EGM2008) apacwinga esrepi. Kbuibl ME3TiIeri Cy JACHIeHiHIH MeauaHaIapbl
apKbUIbI aiiTapibIKTail ToMeHaey Tpenainin (Maun-Kenmamr ceiarel T = —0,511, p = 0,0466) 6ap
eKeHfiri, an cy naeHreliniH >xpuibiHa 0,1346 M mamaceiaga (Tein-Cen kenbeyi) TeMeHIen
)aTKaHbIFbl aHbIKTaABl. Cy nenreiii 2021 sxputFa ACiiH CaIBICTRIPMAIIBI TYPJIE KOFApPhI OOJIBIII, a
OJlaH KEHIHT1 Ke3eHJe aliKbIH TOMEH el Oactaranbl Oalikansl xoHe 2016—2025 xok. apanbiFbiHIA
MeauaHaiblK kepceTkinii 0,813 M-re TemMeHae .

Fapeimteik  Oakputay HOTIOKeciH Kasrmapomer yiaTTBHIK Oakpuiay >KyHeciHaeri Auaken
»KaracbIH/Iarbl Pp103aB0O/1 OCKETIHEH allbIHFAaH JCPEKTEep apKbUIbl pacTaiasl. Haypbi3 ailbiHIAFbI Cy
nenreiti 2020 k. 350,519 M (reni3 mewreiii) 2022 x. 349,893 m npenretiine neitin (-0,626 )
TeMeH/JiereH1 OaiKanapl. EKi BepTUKaIb/lI KOOPAMHAT XYHECIHICTI OChIHIA YKCACTHIK AJIaKoJIiH
Cy JISHT el TOMEHICYiHIH THAPOJIOTHUSIIBIK ©3Tepic eKeHiH kepcerei. OChIFaH ACiiH Tapuxu OaKpuIay
nepekrepine cyienin babkun sxone 1.6. (2017) cy neHreiiHiH TypakThl TOMEHICYiH OOJKaraH efi.
ATanraH aBTOpJAPIBIH HOTHKEIEPiH OaKpuIay KOPCETKIIITEpl peTiHAE KapacThIPbUIFAH Ke3e
3epTTeyiMi3IiH Ajakenl cy JeHrediHiH COJ TYKbIpbIMIApFa ColKec TeMeHJen Oapa KaTKaHbl
aHBIKTAIABL. JlereHMeH, TOMEHICY KbUIAMIBIFBI TAPUXH PErPECCUSHBIH OpTamia KapKbIHBIHAH
OipiaMa yKOFapbl OOJIBITT IITBIKTHI.

CacpIkken MeH AJakeyJliH ail CalbIHFbl MEIUAHAJBIK Cy JIEHTeHi FapbIITHIK JEpeKTepre
colikec OH OallylaHBICTBIH OapblH KepceTTi, OyJl aiMakThIK OpTaK THAPOKIUMATTHIK cedenTep/i
kepcereni. Anaiiga, 2002-2025 xok. apacbiHnga CachbIKKes Cy JICHICHIHIe CTAaTHCTHKAIBIK MaHBI3BI
0ap MOHOTOHJBIK YpJIIC TaOBLIMAMAbI, SFHU €Ki KOJAIH alMaKThIK TUIPOKIUMATTHIK ©3repicTepre
Oipaeil sxkayanm OepmeiTiHi aHbIK. OHBIH cebentepi KOC KOJIIH €Kl TYpJl THUAPOIOTHUSIIBIK
KOH(UTYpanuschl, apanapblHaarkl Komkapkea apKbUIbl THAPABIUKAIBIK OaiIaHBICHIHBIH OOy
MEH CyJIbl NaiifaaHy KbICBIMBIHBIH SPTYPJIIriHe 00JIybl MYMKIH.

Bbonamakra 3eprrey SKyMBICTapbl KOC KOJJIH KIUMATTHIK ©3TEPrillTiK TeH CYAbI
naigaanyIbIH POJIiH aHBIKTAY YIIH CY aFbIHBIH, CY/IBI ally JTEPEKTEPiH, )KaybIH-IIANTBIH MOJIIICPIH,
KeJIIiH OynaHybIH, Kap >KHHAy/bl Oaranayjbl )KOHE JKep acThl CYJIApBIHBIH JI€PEeKTEpiH OIpiKTipyi
kepek. Kasipri Hotmxenep Oonamakra cy OajnaHChIH Oarajay »KOHE ayMaKTbIH Cy pecypcTapblH
Oackapy YIIiH FapBIIITHIK JKOHE OJIIIeY KypalAapbIHbIH JAePEKTEPIMEH pacTallFaH 0a3aibIK JEeHTeH/ Il
YCBIHAJIBL.

6. KocbiMIia MaTepuaJiap: KOChIMIIIA MaTEpUaIIap KOK.
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Dynamics of water level in Alakol and Sasykkol lakes based on space altimetry
(2016-2026)

Kanat Samarkhanov, Yerbolat Mukanov, Zhanay Sagin, Selvina Aliyeva

Abstract: The Alakol-Sasykkol lake system forms a single hydrological system located in the
Balkhash-Alakol basin in eastern Kazakhstan, fed by the waterflows from the Zhetysu-Alatau and
Tarbagatai ranges. However, the hydrological regimes of the two lakes differ: Alakol is a brackish-
water endorheic lake, while Sasykkol is a freshwater lake with an inflow, receiving its main water
supply from the Tentek River and connected to Lake Alakol via Lake Koshkarkol. Under these
conditions, assessing water level changes in the two lakes and the characteristics of their
interconnections is of hydrological significance. The study used DAHITI satellite altimetry data: 125
observations from a virtual station in Alakol (ID 14036) for 2016-2026, and 796 observations from
a virtual station in Sasykkol (ID 229) for 2002-2026. These series were compared with data from the
Rybzavod hydrological station of the KazHydromet Republican State Enterprise. Water level trends
were assessed using the Mann-Kendall test, and the rates of change were calculated using the Theil-
Sen slope. It was found that the Alakol level has been decreasing by approximately 13.46 cm per year
(Mann-Kendall test t = —0.511, p = 0.0466). The median water level in the warm season decreased
from 350.7 m in 2016-2018 to 349.9 m in 2022-2026; thus, the decrease amounted to 0.86 m.
Although the Sasykkol level decreased (2.13 cm/year), no statistically significant monotonic trend
was detected over the observation period of 2002-2026. These results indicate that the phase of Alakol
level decline is not synchronous with the phase of Sasykkol level decline and provide evidence of a
regressive phase.

Keywords: space altimetry; DAHITI; Alakol; Sasykkol; lake; water level; Mann-Kendall.

JluHaMuKa YpPOBHsSI BoAbl B o03epax AJjakojb M CacbhbIKKOJ Ha OCHOBE
KocMuveckoi anbTuMerpuu (2016-2026)

Kanar CamapxanoB, Ep6osaT Mykanos, ’Kanaii Carun, CeqbBHHA AllneBa

AnHoTanus: O3sepHas cucreMa Anakonb-CachlKKONIb 00pa3yeT €IWHYI0 THUIPOJIOTHYECKYIO
CHUCTEMY, DPacCToOJIOKEHHYIO B OacceiiHe bamxamr-Anakons Ha BocToke Kazaxcrana, muUTaeMyro
Bogamu XxpebtoB JKerbicy-Amaray u TapOaratail. OmHaKO THUIPOJOTHMYECKUN PEXKUM IBYX
paccMaTpuBaeMbIX 03€p pasziuyaercsa: AJaKoJlb — COJIOHOBATOBOJHOE 03epo 0e3 MpHUTOKa, a
CachIKKOJIb — IPECHOBOJIHOE 03€pO C MPUTOKOM, TOJIyYar0Ilee OCHOBHYIO BOJY U3 peku TeHTek u
COCIMHEHO C o3epoM Amakonb dYepe3 o3epo Komkapkons. B 3tux  ycrmoBusx ocoboe
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THJIPOJIOTUYECKOE 3HAYCHHUE MMEET OLIEHKA M3MEHEHUH YPOBHS BOJIBI B IBYX 03€pax U 0COOEHHOCTEH
MX B3aUMOCBSI3H. B ricciienoBaHM HCTIOb30BaHbI JaHHbIE KocMuueckoi anbtumetpun DAHITI: 125
HaOJr0ICHN# ¢ BUpTYyanbHOU cranimu B Anakode (ID 14036) 3a 2016—2026 rossi, 796 Habm01cHHI
¢ BupryaiapHOi craniuu B Caceikkoie (1D 229) 3a 20022026 rosl. JlaHHbIe BpeMEHHBIE PSIBI ObLTH
COIOCTABJICHBI C TAHHBIMH TuApoiornueckoit cranuuu «Ps63aBoay» PI'TI «Kasruapomer». Tpenab
YPOBHSI BOJbI OICHHBAJINCh C TIOMOIIBI0 TecTa ManHa-KeHnamna, a TemMmbl WX W3MEHCHHUS
PaCCUMTHIBAIMCh C HCIOJb30BaHHEeM Kod(duimenta HakioHa Teina-CeHa. YCTaHOBIEHO, YTO
ypoBeHb Ajakossi CHHkaeTcst mpumepHo Ha 13,46 cm B rog (Tect Manna-Kennamma t = —0,511, p =
0,0466). MenuaHHbIN ypOBeHb BOJBI B TeIIbi ce30H cHu3mics ¢ 350,7 m B 2016-2018 rogax g0
3499 m B 2022-2026 romax, takuM oOpaszoM, cHrkeHue coctaBuio 0,86 m. XoTs ypoBeHb
Cacpikkoist causmics (2,13 ¢cM/Toj), CTaTUCTHYECKH 3HAYMMOTO MOHOTOHHOTO TPEH[IA 3a IEPHO/T
Habmonenui 2002-2026 ronoB oOHapyKeHO He ObLI0. DTH pe3yabTaThl YKa3bIBAIOT HA TO, 4TO (aza
CHIDKCHUS YPOBHS AJIaKOJIsl HE CHHXPOHHA ¢ Pa30i CHIKEeHUs YpOBHsI CaCBhIKKOJIS M IIPEOCTABIISIOT
JIAHHBIE O PErPECCUBHOM (ha3e MepBOro o3epa.

KutoueBnble cioBa: kocmuueckas anptumerpusi; DAHITI; Anakonb; Cacblkkoib; 03€p0; YPOBEHb
Boanl, ManH-Kengamni.
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Abstract: This study examines the geographical features, current
problems, and development prospects of human settlements in Shofirkon
District of Bukhara Region, Uzbekistan, representing one of the first
district-level analyses conducted within the region. Drawing on official
statistics from the Bukhara Regional Statistical Department, GIS-based
cartographic analysis, and comparative-geographical and statistical-
analytical methods, the study characterizes a settlement network
comprising one administrative city, eight towns, and 144 rural settlements
across 3.72 thousand km2. The city of Shofirkon grew by 31.9 % between
1995 and 2024, while the district's eight towns, all established in 2009
under the state program "Rural Development and Prosperity,” grew
unevenly, from 8.0 % to 25.7 %. They remain functionally close to
ordinary villages, commonly termed "agro-towns," and display markedly
uneven infrastructure despite their shared founding date. Rural
settlements are dominated numerically by small, dispersed communities
(60.0 % of the total) concentrated mainly in desert and buffer zones, while
medium-sized settlements, though fewer, accommodate 61.3 % of the
rural population in the fertile oasis center. This spatial pattern reflects a
pronounced intra-district ecological gradient associated with water
availability. The district faces mounting geoecological problems,
including declining groundwater levels, increasing soil salinity, more
frequent dust days, and a widening seasonal water deficit associated with
population growth and constrained cross-border river management. A
household-scale rainwater-harvesting measure is proposed, with an
estimated annual yield of approximately 7,800 liters per household,
providing a feasible, low-cost means of reducing peak summer water
demand in oasis and buffer-zone settlements. The findings indicate that
administrative reclassification of villages as towns has not overcome
underlying ecological constraints. Further development therefore requires
infrastructure investment tailored to each settlement's ecological zone and
economic base rather than further status changes. The study provides a
replicable district-level framework for analyzing settlement development
in arid, oasis-dependent areas of Central Asia.

Keywords: human settlements; Shofirkon District; Bukhara Region; rural
settlements; geoecological problems; water scarcity; agro-towns;
Uzbekistan.
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1. Introduction

Population is central to the economic reforms aimed at building a stable and efficient national
economy, and about 60 % of state budget expenditures are directed toward the social sphere — a fact
that underscores the relevance of scientific research on population and related fields.

Globally, accelerating urbanization and international migration continue to widen the
development gap between rural and urban settlements. Although urban and rural areas remain
functionally interconnected, rural territories in many developing countries lag behind in infrastructure
and living standards, and the majority of the world's poor still reside in rural settlements. The United
Nations' 2030 Agenda for Sustainable Development and the New Urban Agenda both call for
preventing the intensification of socio-ecological, economic-demographic, transport, and other
problems within human settlement systems, making territorial research on settlement planning and
the dynamics of settlement change particularly relevant.

In Uzbekistan, a number of reforms are underway to improve the territorial distribution of
population and settlement development. The New Uzbekistan Development Strategy for 2022—-2026
specifically emphasizes the development of a General Scheme for Population Distribution and
prioritizes social infrastructure placement around territorial "growth points” within the framework of
the "Obod Qishlog" (Prosperous Village) and "Obod Mahalla™ (Prosperous Neighborhood) programs.
Within this context, research addressing the socio-economic problems of population growth and
territorial settlement formation in Bukhara Region — an area of considerable tourism and resource
potential — takes on particular significance.

At the same time, continued population growth is increasing demand for social infrastructure
and human settlements while intensifying pressure on the ecological condition of the regions,
including growing strain on water, land, biological, and climatic resources. Shofirkon District of
Bukhara Region, the object of the present study, exemplifies these processes: it faces a range of
geographical and environmental problems that constrain its development prospects. A geographical
and ecological analysis of these problems is therefore both timely and practically relevant.

Literature analysis and methodology. Geographical research on population has traditionally
developed along two lines. The first is oriented toward demographic characteristics proper —
population growth, age and sex structure, ethnic composition, and reproduction — while the second
addresses human settlement networks, which are themselves a spatial outcome of these demographic
processes (Adams, 2022; Bell, Jayne, 2009). Human settlements are commonly defined in the
literature not merely as places of residence, but as territorial units combining production,
consumption, and socio-economic functions; several scholars converge on this understanding while
emphasizing different aspects — from the material conditions of communal life (Conrad et al., 2015)
to settlements as centers of labor activity, production, and economic linkage (Di Clemente et al.,
2021). Recent scholarship on the Global South has reframed peri-urban and small-settlement
dynamics in ways directly relevant to Shofirkon District. Follmann (2022) argues that peri-
urbanization is not a transitional or residual category between "rural™ and "urban,” but a distinct
spatial process with its own logic of land-use change, infrastructure lag, and governance ambiguity.
This framework fits Shofirkon's eight recently reclassified towns, which occupy exactly this
ambiguous administrative-functional space. Roberts (2016) similarly finds that small and
intermediate towns in developing regions frequently absorb rural population growth without a
corresponding transformation of their economic base, consistent with this study's characterization of
the district's towns as "agro-towns." Here, "agro-towns" refers to settlements that acquired formal
town status through administrative reclassification while retaining a predominantly agricultural
economic base and village-level infrastructure.

Several regional studies establish the comparative context for Shofirkon's settlement network.
Ma and Sun (2020) trace the divergent pace of urbanization across the five Central Asian states,
finding that Uzbekistan has urbanized more slowly and unevenly than Kazakhstan - consistent with
Shofirkon's modest 23.2 % urbanization level. Turemuratov et al. (2024) distinguish "extensive"
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agglomeration growth, driven by administrative reclassification, from "intensive" growth built on
genuine economic diversification, a distinction that closely matches this study's finding that town
status alone has not produced functional urban development in the district. Zhang et al. (2020)
document a broader resource-urbanization tension across Central Asia, showing that settlement
growth in arid basins tends to outpace sustainable water and land management, corroborating the
geoecological pressures identified here. Junussova et al. (2022) show that Central Asian cities'
infrastructure investment has generally lagged population growth, particularly in secondary and small
urban centers, mirroring the infrastructure-population mismatch documented for Chandir and
Juyrabat.

Kurbanov (2014) offers an earlier district-level assessment of urbanization problems across
Uzbekistan's administrative districts but does not address Bukhara Region's desert-oasis districts
individually - the gap this study fills for Shofirkon. Kurbanov and Oteuliev (2021) document
persistent territorial disparities in living standards between Uzbekistan's regions, reinforcing the case
for disaggregated, district-level analysis rather than regional averages. Saliev and Fedorko (2012)
examine population distribution within Uzbekistan's natural-economic complexes, an approach
conceptually related to this study's four-zone classification (oasis center, border, buffer, desert) of
Shofirkon's rural settlements. Sergeyeva et al. (2025) analyze urbanization and spatial transformation
specifically within Bukhara Region's cities, providing the closest existing comparator to this study,
though at the regional rather than district scale.

Liu et al. (2021), examining the Manas River Basin, show how urbanization in arid regions
reshapes ecosystem services and human well-being through changes in water and carbon flows,
offering a methodological parallel for the water-scarcity mechanisms described here. Nickayin et al.
(2022) find that settlement density and agglomeration are closely tied to fertility transitions across
the urban-rural divide, relevant to the elevated fertility noted in Mirzoqul, Chandir, and Iskogare.
Polinesi et al. (2020) develop a local-regression approach to modeling density effects on population
trends, a technique that could extend the present district-level classification to finer spatial resolution
in future work. Veckalne and Tambovceva (2023) propose a composite indicator for evaluating urban
sustainability in Uzbekistan, a framework that could be applied to assess whether Shofirkon's towns
meet sustainability thresholds beyond the infrastructure counts used here.

This literature establishes three points of departure. First, Central Asian urbanization research
has largely operated at the national or regional scale (Ma & Sun, 2020; Turemuratov et al., 2024;
Zhang et al., 2020), leaving district-level dynamics in arid, oasis-dependent districts comparatively
unexamined. Second, Uzbekistan-specific studies (Kurbanov, 2014; Kurbanov & Oteuliev, 2021;
Sergeyeva et al., 2025) confirm persistent sub-regional disparities but stop short of the individual-
district resolution provided here for Shofirkon. Third, the ecological-demographic literature (Liu et
al., 2021; Nickayin et al., 2022) links settlement growth to water-resource constraints but has not
previously been applied to a desert-oasis district of Bukhara Region. The present study addresses this
threefold gap through a combined demographic, infrastructural, and hydrological analysis at the
district level.

Despite this substantial body of work, the natural, historical, and socio-economic factors
shaping settlement formation, settlement classification, and the territorial changes occurring within
urban- and rural-type settlements have not been examined at the level of individual administrative
districts of Bukhara Region - including Shofirkon District. This gap constitutes the immediate
rationale for the present study, which combines statistical, cartographic, and comparative-
geographical methods to analyze the geographical features, current problems, and development
prospects of human settlements in Shofirkon District.

2. Materials and Methods

Study area and data sources

The study area is Shofirkon District, located in the northern part of Bukhara Region,
Uzbekistan, bordering Vobkent District to the south, Romitan District to the southwest, Peshku
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District to the west, G'ijduvon District to the east, and Konimex District of Navoi Region to the north.
The district covers 3.72 thousand km?2 (9.2 % of the region's total area) and, as of January 1, 2024,
had a population of 186.5 thousand people (43.2 thousand urban, 143.3 thousand rural), distributed
across 1 city, 8 towns, and 144 rural settlements (Bukhara Regional Department of Statistics, 2024)
(Figure 1).

67" 53" 64" 85" B5°

Figure 1. Location of the study area (Shofirkon District) within Bukhara Region, Uzbekistan

The primary data source was official statistics obtained from the Bukhara Regional Statistical
Department, covering settlement-level population figures for the district's city and eight towns across
five reference years (1990, 1995, 2000, 2016, and 2024 for the city; 2013, 2016, and 2024 for the
towns), as well as current data on the socio-economic infrastructure of the newly formed towns,
compiled from official records of the Bukhara Regional Statistical Department (no independent field
survey was conducted) - the number of small businesses, sales and service outlets, schools, hospitals,
pharmacies, markets, and the presence of gas and centralized water supply. These infrastructure
indicators were used as a proxy set for assessing how far each town's development corresponds to
formal urban-planning criteria. Infrastructure indicators are reported as absolute counts rather than
per-capita values because reliable settlement-level population figures for all eight towns in the
relevant reference years were not available from the Bukhara Regional Statistical Department; this
constraint is discussed further under Limitations. Regulatory and programmatic documents were used
as secondary sources to establish the administrative history of the settlement network, in particular
the 2009 state program "Rural Development and Prosperity" and Cabinet of Ministers Decree No. 68,
under which 966 rural settlements nationwide (67 in Bukhara Region, 8 in Shofirkon District) were
granted town status.

Cartographic and GIS methods

Spatial data consisted of vector layers (administrative boundaries and settlement points)
obtained from the open cartographic database OpenStreetMap (OSM), with satellite imagery from
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Esri World Imagery (Esri, Maxar, Earthstar Geographics, and the GIS User Community) used as a
background base layer (spatial resolution up to 0.3—1 m in urban areas, generally 15 m elsewhere, per
Esri World Imagery specifications). Data processing, visualization, and spatial analysis were
performed in ArcGIS Desktop 10.5 (ArcMap 10.5) using the WGS 1984 / UTM Zone 40N
(EPSG:32640) coordinate reference system. The principal methods applied included spatial overlay
of thematic layers, analysis of the relative position of objects, measurement of distances and areas, as
well as thematic classification and cartographic visualization. These data and methods were used to
produce the location map of the study area within Bukhara Region (Fig. 1) and the settlement-
distribution map showing the spatial arrangement of the district's city and eight towns relative to the
district center (Fig. 2). Straight-line distances from each of the eight towns to the district center were
calculated in the GIS environment using Euclidean (straight-line) distance rather than road-network
distance, since a complete and geometrically accurate road-network dataset for the district was not
available (ranging from 4 km for Mirzoqul to 11.9 km for Quyi Chuqurak) and used as an indicator
of geographical accessibility and locational advantage within the settlement network; straight-line
distance is therefore used here as a proxy for relative locational advantage rather than actual travel
distance.

Comparative-geographical method

This method was applied at two spatial scales. First, at the district scale, the settlement network
of Shofirkon was compared with those of neighboring and other rural districts of Bukhara Region to
characterize its degree of urbanization (23.2 %, typical of the region’'s rural districts) and the relative
weight of small, medium, and large rural settlements. Second, within the district, the comparative-
geographical method was used to differentiate the rural settlement network into four geographically
conditioned zones according to their position relative to the Zarafshan oasis and the Kyzylkum desert:
(1) settlements located in the oasis center (Revgar, Nagqosh, Savrak); (2) settlements bordering
neighboring districts (Madaniyat, Mavri, Yuqgori Chitgaron); (3) settlements in the buffer zone
between oasis and desert (Jilvon, Quyi Jilvon, Tezguzar); and (4) settlements located within the desert
proper (Churuk, Yangibog').

Zone assignment followed a qualitative expert classification based on each settlement's position
relative to the boundary of irrigated (oasis) land and its proximity to the Zarafshan River irrigation
network, rather than a fixed guantitative distance threshold.

Statistical-analytical method

Population data for all settlements were processed to classify them by demographic size using
the threefold typology conventional in Uzbek settlement geography (Saliev & Nazarov, 2009): for
rural settlements - small (up to 1,000 inhabitants), medium (1,000-3,000), and large (3,000-5,000
and above); towns were assessed on a comparable scale. Based on this classification, the number,
share, and total population of each settlement category were calculated (e.g., 86 small rural
settlements, 60 % of the total, with a combined population of 49.3 thousand; 56 medium settlements,
38.6 %, with 87.8 thousand inhabitants; and 2 large settlements, 1.4 %). The same method was applied
to the eight towns to determine their combined share (64.4 %) of the district's total urban population
and to track their population dynamics since receiving town status in 2009.

To assess whether population growth was associated with proximity to the district center,
Spearman’s rank correlation coefficient was calculated between the population growth rates of the
eight towns during 2013-2024 and their GIS-derived Euclidean distances from Shofirkon.
Spearman’s rank correlation was selected because of the small sample size (n = 8) and because it does
not require an assumption of normality. Statistical significance was evaluated at p < 0.05.

Applied hydrological estimation

To evaluate a practical mitigation measure for the district's water shortage, a simplified water-
harvesting calculation was performed using the standard relationship that 1 mm of precipitation yields
1 liter of water per m2 of collection surface. This was applied to the average hard-roof (slate-covered)
catchment area of rural households in the district (approximately 60 m?) combined with the midpoint
of average regional annual precipitation (130 mm, taken as the mean of the 120-140 mm range),

208



A.H. I'ymunres amuindazvt Eypasus yammuik yrnusepcumeminity xabapuivicol. Xumus. Teozpagus cepuscut, 2026, 155(3)

yielding an estimated potential rainwater-harvesting volume of approximately 7,800 liters per
household annually (range: 7,200-8,400 liters across the full precipitation range). This figure
represents gross catchment potential before accounting for runoff-coefficient losses (typically 0.8—
0.9 for slate roofs) and storage/collection losses, and should therefore be treated as an upper-bound
estimate rather than a net usable volume, and its practical use depends on storage capacity sufficient
to carry water over into the peak-demand summer period.

Limitations

The analysis relies on district-level administrative statistics rather than primary field survey
data; infrastructure indicators for the eight towns are presented as counts rather than per-capita or
normalized values, and the hydrological estimate is a first-order approximation intended to illustrate
feasibility rather than a full water-balance model.

3. Results

The district covers 3.72 thousand km?2 (9.2 % of the region’s total area) and, as of January 1,
2024, had a population of 186.5 thousand people, of which 43.2 thousand (23.2 %) were urban and
143.3 thousand rural - a level of urbanization typical of the province's predominantly agrarian
districts. In Shofirkon District, where the majority of the population is rural, the settlement network
is correspondingly dominated by rural forms of habitation. As of 2024, the district comprises 1 city,
8 towns, and 144 rural settlements, most of which are of considerable antiquity and differ markedly
from one another in size, architectural landscape, ethnic composition, ecological condition, and
tourism potential — a diversity that nonetheless follows the general character of a desert-zone
settlement pattern.

As Figure 2 shows, the city of Shofirkon - the district's only city and administrative center - has
grown steadily since receiving city status in 1995, its population increasing from 11.6 thousand to
15.3 thousand, or by 31.9 %, over the following three decades. Growth was most rapid in the earliest
period (6.9 % between 1995 and 2000) and has since proceeded at a more moderate pace (12.9 %
between 2000 and 2016; 9.3 % between 2016 and 2024), suggesting a gradual maturation of the city's
demographic base rather than continued rapid expansion.
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Figure 2. City population dynamics, Shofirkon District, 1995-2024 (thousand people)
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To quantitatively assess whether population growth is associated with proximity to the district
center, the population dynamics of the eight urban settlements were compared with their distances
from Shofirkon (Table 1)

Table 1. Distance from Shofirkon and population growth in urban settlements, 2013-2024

Unansemen | iSarce rom | Popultion, 013, | Poplation 024 | grouty o
2024, %
Juyrabat 7.0 35 4.4 25.7
Iskogare 111 4.3 4.9 14.0
Quyi Chuqurak 11.9 25 2.7 8.0
Mirzoqul 4.0 2.4 2.6 8.3
Talisafed 9.0 3.8 4.4 15.8
Undare 51 2.5 2.8 12.0
Chandir 94 2.8 34 21.4
Gulomte 8.7 2.2 2.6 18.2

Note: compiled by the authors based on data from the Bukhara Regional statistical department and
GI1S-based distance calculations

Spearman’s rank correlation analysis was used to assess the relationship between distance from
the district center and population growth across the eight urban settlements during 2013-2024. The
analysis indicated no statistically significant association between the two variables (Spearman’s p =
—0.071, p = 0.867, n = 8). Thus, within this small sample, population growth does not appear to vary
systematically with distance from the district center.

All eight settlements were granted town status in 2009 under the state program “Rural
Development and Prosperity”, when 966 rural settlements nationwide, including 67 in Bukhara
Region and 8 in Shofirkon District, were reclassified as towns. As Figure 3 indicates, these towns
have grown unevenly over the following fifteen years: their combined population rose from 24.0
thousand in 2013 to 27.8 thousand in 2024, an aggregate increase of 15.8 %, but individual growth
rates ranged from 8.0 % (Quyi Chuqurak) to 25.7 % (Juyrabat).
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Figure 3. Population Dynamics of Urban Settlements in Shofirkon District, 2013-2024

Juyrabat, Chandir, and Gulomte grew fastest (25.7 %, 21.4 %, and 18.2 %, respectively), while
Quyi Chuqurak and Mirzoqul grew slowest (8.0 % and 8.3 %, respectively). Consistent with the
Spearman rank correlation analysis presented in Table 1, these differences in population growth show
no statistically significant association with distance from the district center (Spearman’s p = —0.071,
p = 0.867, n = 8). This suggests that other factors, including differences in economic specialization
and natural-resource conditions, may contribute to the observed variation. Combined, the town
population of 27.8 thousand accounts for 64.4 % of the district’s total urban population of 43.2
thousand, with the remaining share concentrated in Shofirkon city itself.

Because comparable population data for all eight towns were unavailable, the infrastructure
indicators are interpreted descriptively and are not used to rank the towns by per-capita infrastructure
provision.

As Figure 4 illustrates, Shofirkon city occupies a geographically favorable central position
relative to the surrounding settlements, being comparatively close to all eight towns.
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Figure 4. Distance of Urban Settlements from Shofirkon District Center

Mirzoqul is the nearest town to the center, at 4.0 km, followed by Undare (5.1 km) and Juyrabat
(7.0 km); Quyi Chuqurak (11.9 km) and Iskogare (11.1 km) are the most peripheral, located roughly
three times farther from the center than Mirzoqul. This favorable central position of the district
capital, combined with the relatively short average distances to the surrounding towns, is one of the
structural advantages of Shofirkon's settlement network compared with more dispersed districts of
the region.

The data presented in Table 2 show that, despite formally holding town status since 2009, the
infrastructure profile of these settlements remains close to that of ordinary villages, which is why
they continue to be referred to locally as “agro-towns.”

Basic social infrastructure (one school and one hospital per town) is uniformly present,
reflecting the standardized planning norms applied when the settlements were reclassified, but
commercial and utility infrastructure is markedly uneven: Mirzoqul stands out with the highest
number of small businesses (3) and service outlets (7), consistent with its central location, while
Juyrabat and Undare have no functioning markets. Gas supply is available in five of the eight towns
but absent in Chandir, Juyrabat, and Gulomte, indicating an unresolved gap in utility coverage. A
comparison of population growth rates and infrastructure indicators shows that Chandir and Juyrabat,
despite lacking gas supply, recorded the highest population growth rates (21.4 % and 25.7 %,
respectively). This suggests that population growth in these towns has so far outpaced infrastructure
development. Overall, only Chandir, Talisafed, and Mirzoqul show the beginnings of genuine urban-
forming (non-agricultural) economic networks; the remaining five towns require targeted
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development of industry, transport, and public services before they can be considered to meet formal
urban-planning criteria.

Table 2. Infrastructure indicators of the eight towns of Shofirkon District (2024)

Indicator Isko Talis Ju Cha Und Quyi Mir Gulo
gare afed yra ndir are Chuqur | zoqu mte
bat ak I
Distance from district 111 | 90 | 70 | 94 | 51 11.9 40 | 87
center, km
Small businesses 1 2 1 2 1 1 3 1
Sales/service outlets 5 6 4 6 5 4 7 4
Schools 1 1 1 1 1 1 1 1
Hospitals 1 1 1 1 1 1 1 1
Pharmacies 2 2 1 2 1 1 1 1
Markets 1 1 0 1 0 1 0 0
Transport I_ink to e e e e e e e e
district/regional center
Gas supply + + - - + + + -
Water supply + + + + + + + +
Note: "+" - available; "-" - not available; "+/—" - partial or seasonal availability. All eight towns share the same

intermediate (partial/seasonal) transport-link status to the district and regional centers. Compiled by the authors based on
data from the Bukhara Regional Statistical Department

As shown in Table 3, small rural settlements dominate numerically (86 settlements, 60.0 % of
the total).

This pattern is associated with the district's geographical position: much of its territory lies
within the Kyzylkum Desert, where natural conditions and water resources are limited, and the
population is thinly and unevenly distributed. Settlements of this category are mainly specialized in
livestock husbandry.

Medium-sized settlements, although fewer in number (56, or 38.6 % of the total), account for
the largest share of the rural population - 87.8 thousand people, or 61.3 % of the district's rural
population. They are typically located in the fertile, well-irrigated center of the oasis, where
population density is considerably higher than in the peripheral desert zones.

Only two rural settlements - Mahalakozi and Savrak - exceed 3,000 inhabitants. Across Bukhara
Region, only five rural settlements reach this size, of which two are located in Olot District and one
in Qorako'l District. This indicates that large rural settlements are relatively uncommon both at the
regional scale and within Shofirkon District.
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Table 3. Classification of rural settlements in Shofirkon District by population size (2024)

Category Number of Share, % Total population,
settlements thousand people
Small (up to 1,000 people) 86 60.0 49.3
Medium (1,000-3,000 people) 56 38.6 87.8
Large (3,000 people and above) 2 1.4 6.2
Total 144 100.0 143.3

Note: compiled by the authors based on data from the Bukhara Regional statistical department. The total population of
the “Large” settlement category was calculated as the combined 2024 population of Mahallagozi (3,157) and Savrak
(3,079), totaling 6,236 people (6.2 thousand).

Roughly 90 % of the district's human settlements are concentrated in its southern part, while
the extremely arid, typically desert landscape of the central and northern parts leaves settlements there
sparse and widely scattered. Accordingly, the rural settlement network can be divided into four
geographically conditioned zones: (1) settlements in the center of the oasis (Revgar, Naqggosh,
Savrak), corresponding to the district's medium and large settlements; (2) settlements bordering
neighboring districts (Madaniyat, Mavri, Yuqori Chitgaron); (3) settlements in the buffer zone
between oasis and desert (Jilvon, Quyi Jilvon, Tezguzar); and (4) settlements located within the desert
proper (Churuk, Yangibog"), corresponding largely to the small, livestock-oriented settlements that
make up 60 % of the district's rural settlement stock.

The district currently faces a number of interlinked geoecological problems, most notably a
growing shortage of running water, an increase in dust days, declining groundwater levels, and rising
salinity of agricultural land. These pressures appear to be associated with rapid population growth
and constraints in the management and use of transboundary water resources. Because the district lies
in the sharply continental part of the temperate zone, water demand peaks during the summer “chilla”
period, when channel water availability is at its lowest, placing particular pressure on medium-sized,
agriculturally dependent oasis settlements that accommodate a large share of the district’s rural
population. Under these conditions, household-scale “small reservoirs” for collecting precipitation
from hard (slate) roof surfaces may provide a practical, low-cost supplementary measure for reducing
seasonal water shortages. Given an average roof catchment area of 60 m? and average regional annual
precipitation of 120-140 mm, the gross rainwater-harvesting potential is estimated at approximately
7,800 liters per household annually, before accounting for runoff and storage losses.

4. Discussion

The settlement pattern identified in Shofirkon District is consistent with, yet also refines, the
broader regional picture established in earlier studies of Bukhara Region. Tojiyeva et al. (2021) found
that Bukhara Region as a whole is characterized by a large number of predominantly small and
medium-sized rural settlements, with roughly 70 % of villages in the region having fewer than 500
inhabitants. The present study confirms this pattern at the district level and adds a spatial explanation
that a region-wide statistical analysis cannot provide: the predominance of small settlements in
Shofirkon is not randomly distributed but concentrated specifically in the desert and buffer zones,
while medium-sized settlements cluster in the oasis center. This suggests that the settlement-size
distributions reported at the regional scale are, at least in Shofirkon's case, the aggregate outcome of
a sharp intra-district ecological gradient rather than a uniform regional tendency - a distinction that
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is only visible when the analysis is disaggregated below the regional level, which is precisely the gap
identified in the Literature Analysis.

The finding that the district's eight towns remain functionally and morphologically close to
villages fifteen years after acquiring town status corroborates the broader critique advanced by Saliev
and Nazarov (2009) that most of Uzbekistan's post-2009 "new towns" do not meet formal urban-
planning criteria and are better understood as agro-towns. What the present study contributes beyond
this general observation is evidence that infrastructure deficits are unevenly distributed even within
a single, small district: gas supply, market access, and business density vary considerably among the
eight towns despite their shared founding date and shared administrative status, and this variation
does not track distance from the district center in any simple way. This indicates that proximity to the
administrative center alone is an insufficient predictor of a town's development trajectory, and that
other factors - most plausibly each settlement’s original economic specialization and its access to
irrigation water - play a comparatively larger role.

The coexistence of comparatively rapid population growth in towns that lack gas supply
(Chandir, Juyrabat) is a pattern that merits particular attention. Read alongside Khamroev's (2024)
finding that Bukhara Region's urbanization level (36.7 %) remains below the national average, this
suggests that population is accumulating in these settlements faster than the formal infrastructure
needed to support genuinely urban living conditions, reproducing at a micro-scale the same lag
between numerical urbanization and functional urbanization that Khamroev documents for the
region's cities generally. If this pattern continues, the risk is not merely that these towns remain agro-
towns in name, but that population pressure without matching infrastructure investment could
intensify the very geoecological problems - groundwater depletion, salinization, water scarcity - that
the district is already experiencing.

The geoecological problems identified here should be read as a district-scale manifestation of
pressures that are already documented at the national and regional level. Mavlonov's (2010) earlier
study of settlement formation in desert conditions across Bukhara Region as a whole identified natural
constraints (water availability, soil salinity, desert encroachment) as fundamental determinants of
settlement viability; the present findings suggest that, more than a decade later, these same constraints
continue to shape not only where settlements can form but which settlements are able to develop
beyond agro-town status. This continuity indicates that administrative reclassification (granting town
status) has not, by itself, been sufficient to overcome the underlying ecological constraints on
development - a conclusion with direct relevance for how future settlement-status decisions in
similarly arid districts of Uzbekistan should be evaluated.

The proposed household rainwater-harvesting measure should be understood as a targeted,
small-scale response rather than a substitute for addressing the district's structural water problems,
which stem primarily from the shared, cross-border management of the Zarafshan River's flow
(Abdullaev & Rakhmatullaev, 2004) rather than from a lack of local storage capacity. Its practical
value lies in bridging the seasonal gap between peak "chilla"-period demand and minimum channel
flow, and it is most directly applicable to the oasis-center and buffer-zone settlements identified in
this study, rather than to the desert-zone settlements, where roof catchment area and household
density are both lower.

Several limitations of the present analysis should be acknowledged. The reliance on district-
level administrative statistics means that infrastructure indicators are reported as simple counts rather
than population-normalized measures, which limits direct comparability between towns of different
sizes. The rainwater-harvesting estimate is a first-order approximation based on average roof area
and average precipitation, and does not account for inter-annual precipitation variability or actual
household storage capacity. Finally, because this is, to the authors' knowledge, one of the first studies
to examine settlement formation and development at the level of an individual administrative district
of Bukhara Region, the findings cannot yet be directly compared with equivalent district-level data
from neighboring territories. Establishing whether the patterns identified here are specific to
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Shofirkon or characteristic of desert-oasis districts more broadly will require comparable studies of
other districts, such as Peshku, Qorako'l, and Olot.

5. Conclusion

This study has examined the geographical features, current problems, and development
prospects of human settlements in Shofirkon District of Bukhara Region - one of the first analyses,
to the authors' knowledge, conducted at the level of an individual administrative district of the region.
The findings show that the district's settlement network is overwhelmingly rural, structured around a
single administrative city (Shofirkon) and eight recently formed towns that, despite fifteen years
under town status, continue to function largely as agro-towns rather than as settlements meeting
formal urban-planning criteria. This gap between administrative classification and functional urban
development is not uniform: it varies across the eight towns in ways only partly explained by their
distance from the district center, suggesting that differences in economic specialization and access to
irrigation water may also contribute to the observed variation.

The district's rural settlement pattern is directly shaped by its physical geography. The
predominance of small, dispersed settlements in the desert and buffer zones, contrasted with denser,
larger settlements in the fertile oasis center, suggests that natural conditions, particularly water
availability, play an important role in shaping where and how settlements form and grow in this part
of Bukhara Region. The geoecological problems identified - declining groundwater levels, rising soil
salinity, increasing dust days, and a widening seasonal water deficit - are consequences of this same
natural constraint interacting with sustained population growth, and they place the greatest pressure
precisely on the medium-sized oasis settlements that house the majority of the district's rural
population.

On this basis, the following conclusions and recommendations are proposed for improving the
development prospects of human settlements in Shofirkon District and mitigating its existing
geoecological problems:

- Household-scale "small reservoirs” for collecting seasonal precipitation from roof surfaces
should be introduced as a priority measure in oasis-center and buffer-zone settlements,
where they can meaningfully offset the summer "“chilla”-period water deficit at low cost;

- The feasibility of regulating residential density and developing multi-storey housing in the
district center and selected agro-towns should be further assessed as potential land- and
water-saving planning measures;

- Settlements adjacent to the desert zone should be protected through natural windbreaks and
afforestation measures to slow desertification and reduce dust generation;

- Because the district's town network was formed rapidly and simultaneously in 20009, its
urban composition remains fragmented and includes a number of economically vulnerable
municipalities; continued monitoring of their functional development is warranted,
particularly in Mirzoqul, Chandir, and Iskogare;

- Since the urban network of Shofirkon District remains underdeveloped relative to formal
urban-planning norms, priority should be given to strengthening the functional composition
of its towns — expanding small industrial enterprises, improving public services, and
closing the remaining gaps in gas-supply coverage identified in this study.

Taken together, these findings indicate that further improvement of settlement conditions in
Shofirkon District depends less on additional reclassification of villages as towns than on targeted
infrastructure investment calibrated to each settlement's ecological zone and economic base. Future
research should extend this district-level approach to neighboring desert-oasis districts of Bukhara
Region - such as Peshku, Qorako'l, and Olot — to establish whether the patterns identified here are
specific to Shofirkon or characteristic of the region's arid districts more broadly.
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byxapa o0abichl lopupkoH ayaaHbIHAAFBI €JIi MeKeHAep: reorpagusibIK
epeKIeNTiKTepl, Macesiesiepi sKoHe qamMy KeJieleri

Axpop0ex YcMmoHoB, Caduna CyBoHOBa

Anaarna: 3eprreyae O30exkcTanublH byxapa o6mabicel [llodupkon aynanbIHAAFb €41 MEKEHACPAIH
reorpausIIBIK EpeKIIeTiKTepi, Kasipri mpobdiemaliapbl MEH JaMy KeJemieri KapacThIPBUIA[IbI.
Kymbic — jxeke oKIMIIUTIK aylaH AEHreiiHAe *KYPri3uireH anFamkbl 3eprreynepaiH Oipi. byxapa
OOJIBICTBIK CTaTHCTUKAa 0AaCKApMAChIHBIH PECMH CTaTHCTUKANBIK nepekrepine, ['AXK Herizinaeri
KapTorpadusaiablK Tajjayra, CalbICThIPMANbI-TeorpadusIIblK MKOHE CTATHUCTUKAIIBIK-TalIaMaIbIK
o/icTepre CyHeHe OTBIPHIN, 3epTTey/Ie ayMarbl 3,72 MbIH KM? OOJIATHIH ayJdaHIIarbl Oip OKIMIILUTIK
Kana, 8 keHT >koHe 144 aybUIbIK el MEKeHHEeH TYPaThIH KOHBICTAHY XKYHeciHe cunaTrama Oepisiii.
odupkon kanacsiHbIH Xankbl 1995-2024 xeumap apansireiaga 31,9 %-ra ecti, an 2009 xpuist
«AYBUIBI TaMBITY KOHE KOPKEHTY» MEMJICKETTIK OarIapiiaMachl asiChIHAa KYpbUIFaH ayJIaHHbBIH 8
KEHTIH/Ie XaJbIK caHbl opKenki, sikHu 8,0 %-man 25,7 %-ra neitin eckeH. Kypbutran yakbeIThl Oipeit
OoFaHbIHA KapamacTaH, OJapblH HHPPAKYPBUIBIMIBIK KaMTaMachl3 €Ty JCHreili alTapibIKTail
OpKeNKi >koHe (YHKIMOHAJIBIK TYPFBIIAH OJIap «arpoKaJlallbIKTap» JAETN aTajaThlH KapamaibiM
aybl/1apFa >KakblH OOJIBIN KaldyAa. AybULIBIK €111 MEKEHJIep caHbl OOMBIHINA HET131HEH II6JT )KOHE
Oydepitik aiiMakTap/a MOFbIPIAHFAH IAFBIH OPi IIAINIBIPAHKEI KOHBICTAP 0AChIM (KaJIIbl CAHBIHBIH
60,0 %-b1), anm caHbl a3 OOJFAaHBIMEH, OpTallla KOJEMJEri eNli MEKeHIAep KYHapJibl 0a3HCTiK
OPTAJIBIKTAFbI aYbIT XJIKBIHBIH 61,3 %-bIH KaMTHIBI. BYJT KEHICTIKTIK 3aHIBUTBIK CYMEH KAMTaMachl3
eTinyre OalIaHbICTBI AYJAHIMILIIK aifKbIH KOJOTUSIIBIK TPAJAUEHTTI KopceTell. AylIaHaa xep acThbl
CyJlapsl JIEHTeHiHIH TOMEH/Eeyi, TOTBIPAKTHIH TY3IaHYBIHBIH KYIICIOl, IIaHABl KYHAEP CAHBIHBIH
apTybl XKOHE XaJIbIK CaHBIHBIH 6CYl MEH TPaHCILIEKapaJIbIK 63€H CyJapblH OacKapyAarsl HIEKTeyepre
0alTaHBICTHI MAaYCBIMIIBIK CY TaIllIBUIBIFBIHBIH YJIFAlObl CHUSKTBI TE€O0IKOIOTHUSIIBIK Tpobiemanap
KyIIeiin keneni. Yi mapyalibuiblFbl JeHIeiiHe ®aHObIp CYbIH JKUHAY 1Iapachl YCHIHBUIBII, OHBIH
KBUIIBIK dieyeTi Oip yit mapyambutsirsiHa mamMamet 7 800 mutp e Garanansl. by oa3ucTik xoHe
Oydepiik aiiMakTapiarbl €Nl MEKEHJIEpAe XKa3Fbl KEe3eHJEeri CyFa €H JKOFapbhl CYPaHbBICTHI
TOMEHJIETYIIH ICKE achlpyFa OOJaThbIH Spl1 HIBIFBIHBI a3 TOCUI. 3epTTey HOTHIKEJIepl aybUiap/bl
KEHTTep CaHaThlHA OKIMILIUTIK TYPFBIAAH KalTa KIKTEY 1aMy/IbIH HET13T1 KOJIOTUSAJIBIK HIEKTeYIepiH
kKOsl alMaraHbIH KepceTTi. COHIBIKTaH OJaH opl JaMmy eIl MEKEHIEPAiH MopTeOeciH KaiTa
e3TepTylieH ropi, opOip enji MEKEHHIH JKOJOTHSIIBIK aiMarbl MEH SKOHOMHKAIBIK Oa3achiHa
OeifiMzenred MHQPaKypbUIBIMABIK MHBECTHLMSIIAPbI KaxeT eTeni. 3eprrey OpTaiblK A3USHBIH
KyaH, 0a3UCTepre Toyel i ayMaKTapbIHAaFbl €J1/11 MeKeHIep/IiH JaMybIH ayJaH JeHreHliHae Tanaayra
apHaJIFaH 0acka aymakTap/a jJa KoJiJJaHyFa O0JIaThIH 9ICTEMENTIK HEeT13 YChIHA/IBI.

Tyiiin ce3nep: enai mekennep; lllodpupkon aymansl; byxapa oOmbIchl; aybUIIBIK €lli MEKEHAEP;
T'€0dKOJIOTUSUIIBIK Maceseliep; Cy TallIbUIbIFbI, arpoKaNallbIKTap; O30eKcTaH.
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Haceaénnble mnyHktsl I[Hlodpupkonckoro paiiona byxapckoii obaacTu:
reorpapuueckue 0coO0eHHOCTH, MPOOJIeMbI M EPCHEKTHBBI Pa3BUTHSA

Axpopbex YcmonoB, Cabuna CyBoHOBa

AHHoTauus: B mccienoBaHuu paccMarpuBaroTcs reorpaduieckue 0COOCHHOCTH, COBPEMEHHBIE
poOJIEMBl U TIEPCIICKTUBBI Pa3BUTHs HaceNE€HHBIX MyHKTOB [llodupkoHckoro paiiona Byxapckoi
obmnactu Y30ekucrana. Pabora npeacrasiser co00i 0JJHO U3 MEPBBIX MCCIIEA0BAHUI, MTPOBEAEHHBIX
Ha YpOBHE OTACIHHOI'O aMHUHHCTPATUBHOTO paiioHa. Ha ocHOBe OQUIMAIbHBIX CTATUCTHYECKUX
TaHHBIX bByxapckoro oO0JacTHOrO YHpaBiICHUS CTATUCTHKH, KapTorpaduyeckoro asHammsza cC
ucnoibp3oBanueM ['MC, cpaBHUTEIBHO-TEOrpapUuecKoro U CTaTUCTUKO-aHATUTUYECKOTO METOJIOB
OXapaKTepU30BaHA CHUCTEMa pPacCeICHHs palioHa TUIOMIAAbI0 3,72 ThIC. KM?, BKIIOYAIOIIAs OJUH
aJIMUHUCTPATUBHBIA TOpoJ, 8 mocénkoB W 144 cenbCKUX HACENEHHBIX MyHKTA. YUCICHHOCTD
Hacenenus ropoaa llodupkon B nepuos ¢ 1995 mo 2024 r. ysennuunacs Ha 31,9 %, Torna kak B 8
nocénkax paiiona, oopasoBanusix B 2009 r. B paMkax rocyaapcTBEHHOH mnporpammsl «Pa3Butue u
05aroycTpoicTBO cena», poCcT HaceJdeHHs Obul HepaBHOMEpHBIM U coctaBui oT 8,0 mo 25,7 %.
Hecmotps Ha oguHakoBoe BpeMsi X 00pa30BaHUs, YPOBEHb UH(PPACTPYKTYpHOU 0OecreueHHOCTH
CYIIECTBEHHO pa3IM4yacTcs, a B PYHKIIMOHATHHOM OTHOIIICHHH OHU OCTAIOTCS OJIM3KUMHU K OOBIYHBIM
CENTbCKUM HACENEHHBIM ITyHKTaM, KOTOPBIE YacTO XapaKTepU3YIOTCA Kak «arporopoikm». B
CTPYKTYpE CEJIbCKOTO pPAacCElICHHs 10 YHCIY HACEJIEHHBIX MYyHKTOB Mpeo0ianaroT HeOOobIIne U
paccpenoroueHHble  moceneHuss (60,0 % or o0mero  KoiIM4YecTBa), COCPEIOTOUYCHHBIC
MPEUMYIIECTBEHHO B MYCThIHHOW M OydepHoii 30Hax. B To ke Bpemsi cpeiHue IO pasMepy
HACCJIEHHBIC IYHKTHI, HECMOTPSI HAa UX MEHBIIEe KOJINYECTBO, KOHIEHTpUpyroT 61,3 % cembckoro
HACEJICHHS B IJIOJJOPOJHON 0a3MCHOM 30HE. B paiioHe yCHIIMBaIOTCS T€0IKOJIOTHUECKUE TPOOIIEMBI,
BKJIIOYAsi CHM)KEHUE YPOBHS TPYHTOBBIX BOJI, YBEIMUEHHE 3aCOJICHUS T0YB, POCT YMCIIA TBUTBHBIX
JHEH U yCUJIeHHE CE30HHOTO AePUINTA BOJIbI, 00YCIOBICHHBIE POCTOM HACENEHUS U OTPaHUYCHUSIMU
TPAaHCTPAHUYHOTO YIpaBJICHUsI peYHBIMH Bojamu. [IpeaioskeHa Mepa mo cOopy T0KIeBOW BOJBI HA
YPOBHE JIOMOXO3SMCTB, TOJOBOM MOTEHIIMAN KOTOpO# olneHuBaercs npumepHo B 7 800 nutpoB Ha
OTHO JIOMOXO3STHCTBO. Pe3ynbTaThl HCCIEOBaHWS MOKAa3bIBAIOT, YTO aJIMHUHHCTPATHBHAS
nepexinaccuuKanms CeNbCKUX HACeNEHHBIX MYHKTOB B TMOCENKU cama Mo cebe He ycTpaHWia
OCHOBHBIE SKOJIOTMYECKHE OTPAaHWYCHUS WX pa3BuUTHs. VccienoBaHue mpeniaraeT MEeTOIUYECKYIO
OCHOBY, KOTOpasi MOXeT OBITb WCIONB30BaHAa [JIsl aHajM3a pPa3BUTHs HACENEHHBIX MYHKTOB Ha
paifoHHOM YpOBHE B IPYTHX apHIHBIX, 3aBUCUMBIX OT 0a3UCOB TeppHuTOpusx LleHTpanbsHO#M A3un.

KuroueBsbie ciioBa: Hacenénuble nyHKTHI; [llodupkonckuii paiton; bByxapckas obnacTte; cenbckue
HaceNEHHbIe MMyHKThI; T€0KOJIOTMYECKUE MPOOIIeMbl; Ae(UILIUT BO/IbI;, arpOrOpoOAKH; Y30EKUCTaH.
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