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Abstract: The roots of medicinal plants are rich in vital phytochemicals,
serving as an important source of bioactive compounds for
pharmaceutical and food industries. Cichorium intybus L. (chicory), a
perennial plant of the Asteraceae family, is well known for its nutritional
and medicinal properties. This study conducted a comparative
investigation on the phytochemical composition of the underground parts
(roots) of C.intybus L. cultivated in Kazakhstan and imported from China.
Quantitative analysis showed that the cultivated roots contained 4.5+0.1%
moisture, 2.694+0.11% ash, and 82.25+3.5% extractive substances (90%
ethanol), while the imported samples contained 7.0+0.3%, 7.52+0.3%,
and 85.78+3.3%, respectively. The cultivated roots also exhibited higher
levels of polysaccharides (0.838+0.04%), tannins (2.18+0.1%),
coumarins (2.407+0.13%), and saponins (1.326+0.07%) compared to the
imported samples (0.444+0.025%, 1.75+0.08%, 0.095+0.01%, and
0.573+0.06%, respectively). GC-MS chemical profiling analysis further
revealed the presence of major phytosterols, including stigmasterol and
campesterol. The comparative findings indicate compositional variations
influenced by geographical and cultivation factors, underscoring the
potential of C.intybus L. roots as valuable sources of phytochemicals for
nutraceutical and pharmaceutical applications.

Keywords: Cichorium intybus L.; phytochemistry; macroelements;
microelements; GC-MS.

1. Introduction

Herbal remedies in both traditional and modern society have a long
history as a combination purifier that has been approved by the Food and
Drug Administration (Butler, 2004; Marcy et al., 2005; Koehn et al., 2006;
Jones et al., 2006). Cichorium intybus L. is a known plant with many food
costs and various biological activities. In recent years, the consumption of
food products with animal origin has sharply increased, that along with


mailto:ulpan-92.kz@mail.ru
mailto:nis.sovetbek@gmail.com
mailto:aizhabaiseitova@gmail.com
mailto:janarjenis@kaznu.kz
mailto:janarjenis@kaznu.kz
https://doi.org/10.32523/3107-278X-2026-154-1-10-25
https://doi.org/10.32523/3107-278X-2026-154-1-10-25

A.H. I'ymunes amuindazvt Eypasus yammuik yrnusepcumeminity xabapuivicol. Xumus. Teozpagus cepuscut, 2026, 154(1)

reduction in the consumption of plant foods rich in fiber, vitamins and trace elements has caused a
series of health problems (Paniangvait et al., 1995; Lentini et al., 2007). Many researchers conducted
over the past decade has identified that fresh leafy vegetables, are very important in the diet because
of the vitamins (A, B, C, E, P), minerals (K, Ca, Mg, Fe, Zn) and biologically natural compounds
(phenolic compounds, flavonoids, alkaloids) (Kimura et al., 2003; Kmiecik et al., 2001; Su et al.,
2002).

Chicory is a medicinally important plant which belongs to the Asteraceae family. C. intybus L.,
commonly known as chicory, is a perennial herbal plant most often bearing bright blue flowers that
has been grown since ancient times. Traditionally, C. intybus L. is used as food and medicinal crop
in temperate parts of Europe and Asia and finds its application in food and pharmaceutical industries
(Scholz et al., 2006; Blumenthal, 1998). Chicory is found to be effective in the treatment of jaundice,
asthma, gout, rheumatic complaints (Poletti et al., 1989) as well as against cardiac ailments (Vilkhu
et al., 2008). Besides the medicinal application of this plant, there are several other uses of C. intybus
L., including the industrial extraction of inulin, as a coffee substitute, or as animal food. Moreover,
the leaves of the plant can be consumed raw or cooked (Cadalen et al., 2010; Street et al., 2013). Its
leaves and roots are consumed as fresh or cooked vegetables and coffee substitute, respectively. All
parts of the plant including roots, stems, leaves, and flowers get dry and are used as powder form in
a variety of herbal medicines.

Chicory has rich nutritional composition and is potentially a rich source of bioactive secondary
metabolites for human food fortification: inulin, sesquiterpene lactones (lactucin, lactucopicrin, 8-
deoxy lactucin, guaianolid glycosides, including chicoroisides B and C, sonchuside C), caffeic acid
derivatives (chiroric acid, chlorogenic acid, isochlorogenic acid, dicaffeoyl tartaric acid), fats,
proteins, hydroxycoumarins, flavonoids, alkaloids, steroids, unsaturated sterols, terpenoids, oils,
volatile compounds, vitamins (a-tocopherol, y-tocopherol), B-carotene, zeaxanthin, polyphenols and
minerals (Abbas et al., 2015; Ferrazzano et al., 2011; Sampaio et al., 2009; Yoo at al., 2011). Among
these chemical constituents, Inulin is the main component of its root that has many food and medicinal
uses. Biological activity of inulin - improves bowel function, stimulates the growth of beneficial
bacteria such as bifidobacteria, and improves microflora. Inulin also helps regulate blood sugar levels,
helps reduce cholesterol levels, and improves metabolism (Visuthranuku et al., 2024; Qin et al.,
2023).

In addition to its important nutritive profile, previous studies illustrated chicory has many types
of pharmacological activities: hepatoprotective, anti-inflammatory, antioxidant, anthelmintic, anti-
malarial, sedative, immunological, antiallergic, cardiovascular, hypolipidemic, antidiabetic, tumor-
inhibitory, gastro-protective, antimicrobial, antibacterial and many others (Miller et al., 2011;
Schumacher et al., 2011; Ghamarian et al., 2012; Krylova et al., 2015; Shaikh et al., 2012, Keshavarzi
et al., 2024; Saeed et al., 2017, Aisa et al., 2020; Nwafor et al., 2017; Saadati et al., 2024).

Chicory is especially attractive as a cash crop since it can reach more than 62 tha ! under
favorable conditions. Inulin content can reach on average 15% of root fresh weight and a yield of
8 tha ! of inulin is achievable (Papetti et al., 2013). The USA imports more than 2.3 million kilograms
of chicons and 1.9 million kilograms of roasted chicory roots for coffee according to 2002 US
Department of Commerce tariff and trade data (Schmidt et al., 2007). Numerous studies have focused
on different cultivation aspects of chicory. Chicory is considered one of the most important sources
of inulin since it has a high root yield potential and also a high root sugar content (Rani et al., 2004).

Optimizing extraction processes is crucial across industries and requires a combination of
experimental techniques and tools. Ultrasonic-assisted extraction optimized by response surface
methodology (RSM) has been used to obtain chicory extracts containing aesculetin, caftaric acid,
caffeoylmalic acid, scopoletin, and chicoric acid, which demonstrated protective effects in liver cells,
highlighting their potential as functional food ingredients (Baiseitova et al., 2025).

Relevance of the research topic. Despite its recognized potential, chicory’s pharmacological
and chemical properties have not been extensively explored in Kazakhstan. While the plant is widely
used in Europe and other regions, its applications and therapeutic potential remain underutilized in
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Kazakhstan. There is a lack of comprehensive research regarding the chemical composition of
Kazakhstan's native chicory varieties, and there is little understanding of how these varieties might
differ from those used in other countries in terms of medicinal properties.

With increasing healthcare challenges in Kazakhstan, including the prevalence of lifestyle-
related diseases, finding alternative and natural therapeutic agents from locally available plants is

crucial. Chicory’s documented health benefits could offer new treatment options.

The theoretical significance of studying chicory lies in its potential for a deeper understanding
of plant-derived bioactive compounds and their chemical interactions in the human body. Studying
the chemical composition of chicory may contribute to the development of a more precise
pharmacological profile of this plant, as well as the discovery of new bioactive molecules with
potential medical applications.

The practical significance of chicory research lies in its potential for use in the pharmaceutical
industry, where chicory can be used to develop natural therapeutic products.

The aim of this study is to comparatively evaluate the phytochemical composition of Cichorium
intybus L. roots cultivated in Kazakhstan and imported from China, in order to assess variations in
bioactive compounds and highlight their potential as valuable sources for nutraceutical and
pharmaceutical applications.

2. Materials and methods
2.1. Plant material

Cultivated Cichorium intybus L. roots were identified by qualified scientists from the Research
Institute for Natural Products & Technology LLP, Almaty, Kazakhstan and their botanical
authenticity was confirmed in accordance with standard pharmacognostic procedures. Chicory roots
were purchased from Jiangsu Yabang Chinese Medicine Co., Ltd., Jiangsu, China, as standardized,

ready-to-use raw material, verified by the company’'s specialists. The underground parts were
individually chopped into small pieces, air-dried, and kept at room temperature (Figure 1).

Figure 1. The aerial part of cultivated C. intybus L.(a) root of the cultivated (b) and root of chicory
was imported from China (c)

2.2. The quantitative and qualitative analysis

The quantitative and qualitative analysis of the main bioactive compounds in the underground
parts of Cichorium intybus L. was carried out according to the methods described in the monograph
(Scholz et al., 2006) and in Chemistry of Natural Compounds for Scientific and Laboratory Works
(Jenis Janar, 2021). The extractive content of the roots of C. intybus L. was determined using a 90%
ethanol solution, following the procedures outlined in the State Pharmacopoeia (State

Pharmacopoeia, 2014). All data are expressed as the mean +standard deviation of three replicates.

2.3. Mineral composition analysis
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The mineral composition of the plant samples was determined using a Shimadzu AA-6200
Atomic Absorption Spectrophotometer (AAS) (Shimadzu Corporation, Japan). The instrument
operates at a voltage of 220-230 V, a frequency of 50/60 Hz, and a power of 300 VA, allowing
precise quantitative analysis of essential metals and trace elements in plant tissues. 3 g of raw material
was placed in a pre-calcined and accurately weighed porcelain crucible. Then the crucible was gently
heated, first letting the substance burn at the lowest possible temperature, and the flame was gradually
increased. Calcination was performed at 500°C to obtain a constant mass. At the end of the
calcination, the crucible was cooled in a desiccator and then the resulting ash was burned again at
600°C until a uniform gray color was obtained. The ash of plant was dissolved in 10.0 mL of 40%
nitric acid by heating. After that, the resulting solution was heated to obtain wet salts. Subsequently,
it was dissolved in 15.0 mL of 1 N nitric acid and transferred to a 25.0 mL volumetric flask for
analysis.

2.4. Extraction and partition of the crude extract by polarity

Extraction was conducted with maceration method due to the high mass of the plant materials.
This method involves repeatedly extracting the crushed plant material with small portions of solvent
at room temperature. Aerial and underground parts of C. intybus L. were extracted with 90% ethanol
in a 1:8 (Wt%) ratio at room temperature for 7 days, with three extractions. The extract was then
concentrated under vacuum at 45-50°C using a rotary evaporator. The crude extract was first
fractionated with petroleum ether (PE). The remaining extract was subsequently fractionated with
dichloromethane (DCM). The DCM-insoluble portion was further fractionated with ethyl acetate
(EA), and the EA-insoluble fraction was then extracted with butanol (BuOH). The final aqueous
residue was also collected.

Both cultivated and purchased Cichorium intybus L. were subjected to extraction and sequential
fractionation. A total of 8.0 kg of cultivated plants and 5.0 kg of purchased plants were each extracted
three times with 90% ethanol, yielding 1,400 g and 875 g of crude ethanol extract, respectively.

The crude extracts were sequentially fractionated using solvents of increasing polarity. Initially,
the extracts were partitioned with petroleum ether (PE). The remaining extracts were subsequently
fractionated with dichloromethane (DCM), producing 5.8 g and 3.6 g DCM fractions from cultivated
and purchased plants, respectively.

2.5. Gas Chromatography-Mass Spectrometry (GC-MS) determination

The crude ethanol extract was mixed with water and dissolved at room temperature. The
solution was then transferred to a separation funnel, where petroleum ether was added in a 1:1 ratio
three times. After shaking the mixture mechanically and allowing it to settle for a period, the
petroleum ether layer was separated from the aqueous phase and dried using an EYELA N-1300
rotary evaporator at 35°C to yield the desired concentrate. The same procedure was repeated with
dichloromethane.

Our gas chromatograph 7890A (Agilent, USA) is equipped with two split/splitless inlets, mass
spectrometric Agilent 5975C TAD and electron-capture detectors. Such configuration allows flexible
solution of many different analytical and research tasks. The sample volume was 0.5 uL, injection
temperature was 280°C, with no split. Separation was performed using a DB-WaxEtr capillary
chromatographic column, 30 m in length, 0.25 mm internal diameter, and 0.25 pum film thickness,
with a constant carrier gas (helium) flow rate of 1 mL/min. The chromatography temperature was
programmed from 40°C at a heating rate of 5°C/min to 260°C (hold 5 min). Detection was carried
out in SCAN mode with m/z 34-750. Agilent MSD ChemStation software (version 1701EA) was
used to control the gas chromatography system, record, and process the obtained results and data.
Data processing included determination of retention times, peak areas, and analysis of the spectral

information obtained from the mass spectrometric detector. The Wiley 7th edition and NIST'02
libraries (containing over 550,000 spectra) were used to interpret the obtained mass spectra.
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2.6. Statistical analysis

All experiments were performed in triplicate, and the obtained data are presented as the mean
+ standard deviation (SD). Statistical analysis was conducted to assess data variability and
experimental reproducibility. Descriptive statistics were used to summarize the results. When
applicable, differences between groups were evaluated using appropriate statistical methods, and a
value of p < 0.05 was considered statistically significant.

3. Results

A quantitative and qualitative analysis of bioactive constituents, moisture content, total ash, and
extractives was performed on Cichorium intybus L. The results are presented in Table 1.

The comparative analysis of root samples from cultivated C. intybus L. (CI-C) and those
purchased from China (CI-1) reveals significant differences in their chemical composition. These
variations could have implications for their nutritional, medicinal, and industrial applications.

Table 1. Quantitative and qualitative analysis of the main biologically active components of the root
parts of C. intybus L. (%)

5| s g
® L = (% % 2 O 8 %2}
jus | =} - %) c &
g | s | 85| g | ¢ g | £ = 5 | S
g s | 2| 8| ¥ | ¢ g g 5 E | 8
o S g c o =] ] g = 3 ]
g 2 o > > 3] &z
o 143 o
2 | © =
The root of the | 4.5+ | 2.69+ | 82.25 0.035+ | 0.019+ 0.838 2.18+ | 0.0062+ | 2.407 | 1.326
CI-C 0.1 0.11 +3.5 0.004 0.002 +0.04 0.1 0.0007 +0.13 | +0.07
The root of the | 7.0+ | 7.52+ | 85.78 0.037+ | 0.001 + 0.444+ 1.75+ | 0.0089+ | 0.095 | 0.573+
Cl-l 0.3 0.3 +3.3 0.004 | 0.0001 0.025 0.08 0.001 +0.01 0.06

The analysis of trace elements in the roots of both cultivated and purchased C. intybus L.
revealed notable differences in their concentration levels, indicating distinct environmental influences
and physiological processes that affect the mineral uptake in these two forms of the plant. The results
are presented in Table 2.

Table 2. Composition of macro-micro elements in the plant of the underground parts of C. intybus
L. (mg/g)

Elements The root of the CI-C The root of the CI-I
Zn 0.5967+0.12 0.0152+0.0020
Ni - 0.0035+0.0005
Mn 0.8902+0.17 0.0188+0.0025
Fe 5.1241+0.75 0.1527+0.0180
Pb - 0.0020+0.0003
Cd 0.0017+0.05 0.0005+0.00007
Cu 0.2606+0.07 0.0051+0.0006
Ca 22.7368%1.50 4.5276+0.15
Mg 36.9904+2.70 1.2576+0.07
K 493.4968+8.20 462.0688+9.40
Na 91.9865+3.60 73.3265+3.80
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The constituents of dichloromethane extracts from the underground part of Cichorium intybus
L. were analyzed by GC-MS, which allows for detailed analysis of their chemical composition. This
technique provides accurate identification and quantification of complex organic compounds,
including active pharmacological substances, toxins, and metabolites. GC-MS also facilitates the
identification of new biologically active components, monitoring the quality of herbal preparations,
and assessing their safety, which is essential for the development of effective and safe drugs.

GC-MS chromatogram of dichloromethane extract from the underground part of chicory grown
by ourselves (CI-C-DCM). Active substances with retention time, molecular formula, molecular
weight and concentration (%) are presented in Table 3 and Figure 2. As a result, 51 compounds were
identified and their concentrations were determined. The compounds detected are primarily fatty
acids, sterols, and phenolic compounds, many of which are known for their biological activity.
Among them, the main components are 9-Hexadecanoic acid, 4-((1E)-3-Hydroxy-1-propenyl)-2-
methoxyphenol, oleic acid, benzenemethanol, 2,5-dimethoxy-, acetate, campesterol, stigmasterol.
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Figure 2. Chromatogram of CI-C-DCM underground part

Table 3. Major chemical constituents of CICDCM underground part

(min) Formula ion

y, %

Nel tr Compounds Molecular | MW Structure Identificat | Relativ

e

probabilit | content,

%

1| 32.30 | Hexadecanoic acid | CisH3202 | 256 MWVV\ 85 10.57+

0.6

4-((1E)-3-Hydroxy- P N o 856+
2 | 32.73 1-propenyl)-2- CioH1203 | 180 :@/\/\ 90 6
methoxyphenol Ho '

15




A.H. I'ymunes amuindazvt Eypasus yammuik yrnusepcumeminity xabapuivicol. Xumus. Teozpagus cepuscut, 2026, 154(1)

3| 35.96 Oleic acid CiHuO, | 282 | © 84 Py
3.61+

4 | 57.05 Campesterol CasHagO | 400 67 0.02

5| 57.88 Stigmasterol C2ooH4sO | 412 94 19.41+1

GC-MS chromatogram of the dichloromethane extract from underground part of the purchased
chicory (CI-I-DCM). The active substances with their retention time, molecular formula, molecular
weight and concentration (%) are presented in Table 4 and Figure 3.
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Table 4. Major chemical constituents of Cl-1-DCM underground part

Ne| tr Compounds Molecula| MW Structure Identific | Relative
(min) r ation content,
Formula probabili %
ty, %
11| 2503 Hexadecanoic acid, CieHacO 284 V\MNVW‘\/ 87 4.57+0.05
' ethyl ester 187136772 ! I
o]
2 | 29.33 | Benzeneacetic acid | CgHgOz | 136 > 82 |3.9120.02
9,12- P "
3| 30.27 | Octadecadienoic | CaoHssO; | 308 | 7Y 89 | 6.47:0.3
acid, ethyl ester
4 | 35.42 | Hexadecanoic acid | C16H3202 | 256 )M\/V\/\/\ 90 10.34+0.4
9,12-
5| 39.25 | Octadecadienoic | C1gH3202 | 280 AN 88 12.01+0.5
acid (Z,2)- L
9,12,15-
6 | 40.09 | Octadecatrienoic | C1gH3002 | 278 89 5.48+0.2
acid, (Z,Z,2)-
7| 48.20 y-Sitosterol Co9Hs00 | 414 83 5.63+0.2

A total of 65 compounds were identified, with their concentrations quantified, revealing a
complex mixture of fatty acids, esters, and sterols, all of which contribute to the overall bioactivity
of the extract. Among these, several key compounds, such as 9,12-octadecadienoic acid (Z,2)-,
hexadecanoic acid, 9,12-octadecadienoic acid ethyl ester, y-sitosterol, and hexadecanoic acid ethyl
ester, were found in significant concentrations, indicating their potential role in the therapeutic effects
of the extract.

4. Discussion

The moisture content of the CI-C was found to be 4.5+0.1%, whereas the CI-1 had a higher
moisture content of 7.0 £ 0.3%. This higher moisture content in the roots from China may indicate
differences in the environmental or growth conditions, which may affect the plant’s bioactive
compound concentration. The higher moisture in wild-grown roots might also influence the storage
and processing of these plants for use in various applications.

Root purchased exhibits a significantly higher ash content (7.52+0.3%) compared to the
cultivated root (2.69+0.11%). Extractive substances (90% ethanol) were present at 82.25% in the
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cultivated roots and 85.78% in the purchased roots. These extractives typically contain soluble
bioactive compounds, suggesting that both root samples have a high potential for the extraction of
biologically active substances.

Flavonoids are recognized for their antioxidant properties, and there are notable differences in
their concentrations between the two varieties of C. intybus. The CI-C contains a much higher
flavonoid level 0.019+0.002% compared to the second root 0.001+0.0001%. This difference could
be attributed to the controlled growing conditions of the cultivated plants, which may enhance the
production of these bioactive compounds, potentially through improved farming practices.
Flavonoids play a crucial role in human health due to their ability to scavenge free radicals, reduce
oxidative stress, and modulate inflammatory pathways. They have been linked to protective effects
against cardiovascular diseases, metabolic disorders, and certain types of cancer, while also
supporting immune function and overall cellular health (Shahparan et al., 2024;Keshavarzi et al.,
2024).

Polysaccharides, essential for immune support and metabolic health, are found in both root
varieties, with the CI-C showing a higher concentration (0.838+0.04%) compared to the wild variety
(0.444+0.025%). Higher polysaccharide levels in cultivated roots suggest potential advantages for
therapeutic applications where immunomodulatory or anti-inflammatory properties are desired.

Tannin content was found to be 2.18+0.1% in CI-C and 1.75+0.08% in the CI-I, demonstrating
a slight difference between the two samples. Tannins are known for their astringent properties and
potential health benefits, such as antimicrobial activity.

The content of vitamin C, carboxylic acids, coumarins and saponins in both types of roots is
insignificant, with a preference towards cultivated plants for coumarins and saponins.

The elemental composition of C. intybus L. roots showed significant differences between
cultivated and purchased roots. The zinc content in the cultivated roots was significantly higher
(0.5967 mg/g) compared to the roots purchased (0.01524+0.0020 mg/g). Zinc is an essential
micronutrient involved in many physiological processes, including enzyme function and protein
synthesis. The lower concentration in the Chinese roots may indicate differences in the soil's
availability of zinc or the specific agricultural practices employed.

A notable difference was observed in the iron content, with the CI-C containing 5.1241+0.75
mg/g, while the CI-I contained only 0.15273+0.0025 mg/g. Iron is vital for chlorophyll synthesis and
overall plant health. This discrepancy could be influenced by soil iron availability or the specific
cultivation practices in the respective regions.

The CI-C had a much higher calcium content (22.7368+1.5 mg/g) compared to the CI-I
(4.52765+0.15 mg/g). Calcium plays a crucial role in cell wall structure and plant rigidity. The higher
calcium content in the cultivated roots could indicate a more calcium-rich soil or different agronomic
practices that favor calcium uptake. Calcium is not only essential for plant growth but is also a vital
nutrient for human health. More than 99 % of calcium in the human body is stored in bones and teeth,
where it contributes to bone strength and mineralization. Adequate dietary calcium intake is crucial
for achieving peak bone mass in early adulthood, maintaining bone density throughout life, and
reducing the risk of osteoporosis and fractures in older age (Zhu et al., 2012).

The CI-C had higher concentrations of, manganese (0.8902+0.17 mg/g), magnesium
(36.9904+2.7 mg/g), copper (0.2606+0.07 mg/g), potassium (493.4968+8.2 mg/g), and sodium
(91.9865 mg/qg), suggesting soil differences and varying agricultural practices. In contrast, the CI-I
contained lower levels of these elements, with notably lower zinc (0.01524+0.0020 mg/g), manganese
(0.01882+0.0025 mg/qg), and iron (0.15273+0.0180 mg/g). The presence of nickel (0.00352+0.0005
mg/g), lead (0.00203+0.0003 mg/g), and cadmium (0.00048+0.00007 mg/g) in the Chinese roots,
along with their absence or lower concentrations in the cultivated roots, may indicate environmental
contamination or differences in soil quality. Minerals interact together to maintain physiological
cellular and tissue activities, and their dysregulation can impair organ function. Manganese is
essential for enzymatic reactions and antioxidant defense, supporting plant growth, metabolism, and
human bone and connective tissue health. Copper is essential for key enzymatic activities, including
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energy production, iron metabolism, and the formation of connective tissue through cuproenzymes
such as cytochrome c oxidase and lysyl oxidase (Obeng et al., 2024). Magnesium acts as a cofactor
in over 300 enzymatic processes, supporting energy metabolism, muscle function, and nerve
signaling (Al Alawi et al., 2018). Potassium, as the primary intracellular cation, maintains membrane
potential and supports nerve impulse transmission, muscle contraction, and cardiovascular function
(Zacchia et al., 2016).

The GC-MS data provides compelling evidence for the presence of several bioactive
compounds in Cichorium intybus's dichloromethane extract, including fatty acids, phenolic
derivatives, and sterols, which contribute to its antioxidant, anti-inflammatory, and cholesterol-
lowering properties. The high concentration of stigmasterol suggests that this plant could serve as a
valuable source of bioactive sterols with potential therapeutic benefits.

The major components identified such as 9,12-octadecadienoic acid (Z,Z)-, hexadecanoic acid,
and y-sitosterol are known for their anti-inflammatory, antioxidant, and cholesterol-lowering effects,
which are crucial for managing various chronic diseases. The synergistic effects of these compounds
suggest that C. intybus could be a promising candidate for therapeutic applications, particularly in the
prevention and management of cardiovascular diseases, metabolic disorders, and inflammatory
conditions.

Identified compounds have been found to possess a wide range of biological activities. Their
various activities are also mentioned in Table 5.

Table 5. Reported activities of the identified bioactive compounds from dichloromethane part C.
intybus L.

Ne Compound Activity References
1 Hexadecanoic acid Anticancer activity and antioxidant activity Kun;%rzeSt al.,
4-((1E)-3-Hydroxy-1- Antioxidant, anti microbial and anti Hasanain et al.,
2 propenyl)-2- .
inflammatory 2016
methoxyphenol
3 Oleic Acid Pro_- and anti-tumqrigenic actiyi'_[igs, Alabi et al., 2018;
antifungal and antitumoral activities Boer et al., 2023
Antibacterial, antimalarial, antifertility,
4 Campesterol anti-inflammatory, blood coagulation, Uttu et al., 2022
wound healing, and anticancer properties
5 Stigmasterol Anticancer_, _anti-inflammatory, anti- Goswami et al.,
arthritis, and anti-allergy 2023

Antioxidant, antifungal,
aypocholesterolemic nematicide, aesticide,
Hexadecanoic acid, antiandrogenic flavour, hemolytic, 5-Alpha

6 ethyl ester reductase inhibitor, antiseptic, Ajayietal., 2011
antimicrobial, hair conditioning agent,
solvent
L Antimicrobial, anti-inflammatory and Salaheldin et al.,
7 Benzeneacetic acid . . )
analgesic, antioxidant, endocrine 2016
Hypocholesterolemic, Nematicide
Antiarthritic, Hepatoprotective Anti
3 9,12-Octadecadienoic androgenic, Hypocholesterolemic Jananie et al.,
acid, ethyl ester Nematicide, 5-Alpha reductase inhibitor, 2011

Antihistaminic, Anticoronary Insectifuge,
Antieczemic and Antiacne
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Hypocholesterolemic, Nematicide,
Antiarthritic, Hepatoprotective, Anti
9,12-Octadecadienoic androgenic, Hypocholesterolemic, Nishanthini et al.,

acid (Z,2)- Nematicide, 5-Alpha reductase inhibitor 2014
Antihistaminic, Anticoronary, Insectifuge,
Antieczemic , Antiacne
Hypocholesterolemic, Nematicide,
Antiarthritic, Hepatoprotective,

Antiandrogenic, Hypocholesterolemic, Nishanthini et al.,

Nematicide, 5-Alpha reductase inhibitor 2014
Antihistaminic, Anticoronary, Insectifuge,

Antieczemic, Antiacne

Antidiabetic activity, anti-inflammatory, Balamurugan et

antioxidant al., 2011

9,12,15-
10 Octadecatrienoic acid,
(Z2,2,2)-

11 y-Sitosterol

The GC-MS analysis of Cichorium intybus dichloromethane extract reveals a diverse array of
bioactive compounds with significant therapeutic potential. Key components such as hexadecanoic
acid exhibit anticancer and antioxidant properties, contributing to the combat of oxidative stress and
cancer cell proliferation. The methoxyphenol derivative 4-((1E)-3-Hydroxy-1-propenyl)-2-
methoxyphenol shows strong antioxidant, antimicrobial, and anti-inflammatory effects, suggesting
its role in supporting immune function and managing inflammation. Oleic acid, with both pro- and

anti-tumorigenic properties, further supports the extract’s potential in cancer therapy.

Sterols like campesterol and stigmasterol offer a broad range of activities, including anti-
inflammatory, anticancer, and antibacterial effects, making them vital for managing chronic diseases.
Additionally, hexadecanoic acid ethyl ester presents versatile biological effects, including

antioxidant, antifungal, and antiandrogenic properties. The extract’s high content of fatty acids and
esters, such as 9,12-octadecadienoic acid (Z,Z)-, also indicates potential benefits for lipid metabolism,
cholesterol reduction, and anti-inflammatory effects. Finally, y-sitosterol enhances the extract's
potential in managing metabolic disorders, with notable antidiabetic and antioxidant activities.

In future by isolating and identifying, these compounds can be considered to treat the human
disorders.

5. Conclusion

This study represents the first scientific investigation of Cichorium intybus L. cultivated in
Kazakhstan. While C. intybus has been studied elsewhere, its cultivation and chemical
characterization in the local environmental and agricultural conditions of Kazakhstan have not been
previously reported. The comparative analysis of cultivated and purchased roots highlights significant
differences in chemical composition, bioactive compound content, and mineral profiles, reflecting
the influence of controlled cultivation versus environmental variability. Comparative analysis of
cultivated and imported Cichorium intybus L. roots revealed clear differences in chemical
composition. Cultivated roots contained higher levels of bioactive compounds, such as flavonoids,
polysaccharides, tannins, fatty acids, sterols, and phenolic compounds, while imported roots had
higher moisture and ash content. GC-MS analysis confirmed the presence of key bioactive substances
with antioxidant, anti-inflammatory, and cholesterol-lowering properties, with cultivated roots
generally showing higher concentrations. These results highlight the impact of controlled cultivation
on enhancing the production of beneficial compounds. The diverse bioactive profile of C. intybus
underscores its potential as a valuable resource for therapeutic applications and functional foods,
supporting its significance in both the pharmaceutical and food industries.

6. Supplementary Materials: no supplementary material.
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Anparna. J[opumik eciMIIKTEepAiH TambIpiapbl (UTOXUMUSUIBIK KOCBUIbICTApFa Oail  Ooublm,
(hapMaIreBTUKaNIBIK )KOHE TaMaK ©HEPKACiO1 YIIIiH OHOJIOTHSUIIBIK OeJICEeH i 3aTTapAbIH MaHbBI3IbI KO31
Oonein  TaObutambl. Cichorium intybus L. (umkopwmii), Asteraceae TyKbIMIachlHA >KaTaThIH
KOIDKBUIIBIK ©CIMJIIK, ©31HIH TaramJIbIK JKOHE JOpUIIK KAacCHETTEPIMEH >KaKChl TaHbIMalI. by
seprreyne Kaszakcranna ecipiiren sxkone Kepitaiinan ummoptranran C.intybus L. TambipiapbiHbIH
(GUTOXMMUSUIBIK  KYPaMbIH — CAJBICTBIPMAIIBI  TypAe 3epTrey okyprizinmi. CaHIOelKk —Tangay
KepceTkeHaen, ecipinren Ttambipiapaa 4.5+0.1% purranm, 2.69+0.11% xyn xone 82.25+3.5%
sKCTpakTuBTIK 3aTTap (90% s3TaHO0i) aHBIKTAIABI, all UMIOPTTaIFaH yiariaepae tuicidme 7.0+0.3%,
7.52+0.3% xone 85.78+3.3% Oonapl. Ocipinren tambipiapaa nosiucaxapuarep (0.838+0.04%),
taauagep (2.18+0.1%), xymapunmgep (2.407+£0.13%) »xone camonmuaep (1.326+0.07%) newreiii
UMIIOPTTAJIFaH yJITiiepre Kaparanna sxorapsl Oonabl (0.444+0.025%, 1.75+0.08%, 0.095+0.01%
xone 0.573+0.06%, coiikecinme). ['X-MC XUMUSUIIBIK Taifay HETIi3ri GUTOCTEPOIIAPIBIH, COHBIH
IIIiHAEe CTUTMAacTepoJI MEH KaMIIeCTepPOJAbIH 0ap ekeHiH KepceTTi. CalbICThIpMaibl HOTHKEIEp
KypaMIaFbl albIpMaIIbLUIBIKTAP/IBIH FeOrpapUsUIbIK )KOHE €Ty JKarnaiiapbiHa OalIaHbICThI CKCHIH
kepcerin, C.intybus L. TaMbIpiapbIHBIH HYTPULIEBTHKAJIBIK KOHE (papMaleBTUKAIBIK KOJIaHy YIIiH
KYH/IbI (PUTOXUMHUSUTBIK KOCBUIBICTAP KO31 OOJIBIN TAOBLIATHIH QJICYETiH ailKbIH M TbI.

Tyiiin ce3mep: Cichorium intybus L.; ¢uToxumus; MakpodJIeMEHTTEP; MHUKPOIIEMEHTTED;
ouonorusuislk Oencenainik; I'’X-MC.

CpaBuuTeibHbIN puToXuMudecknii npoduabr nmomsemunix uyacrteir Cichorium
intybus L.

Yanan Am3seeBa, Aiis Touenéepren, Cynkap XyanOuxe, TupyBentan KapyHnakapan,
Aitzkamag baiicenToBa, ’Kanap Kenuc

AnHoranusi. KoOpHM JIGKapCTBEHHBIX pPAaCTeHHMH OOTraThl BaXHBIMH  (UTOXHMMUYCCKHUMU
COCIMHCHUSMH W CIy’)KaT 3HAYMMBIM HCTOYHUKOM OWOJIOTMYECKHM AaKTHUBHBIX BEIIECTB JUIS
(bapmarieBTHYECKO U nHIIEeBON npoMmbIiiuieHHocTH. Cichorium intybus L. (uukopuii) — MHOTONIETHEE
pacTeHue cemerictBa Asteraceae, Xopouio M3BECTHO CBOMMH IMUTATEIBHBIMH M JIEKAPCTBEHHBIMHU
CBOWCTBaMH. B JaHHOM HCCIIEZIOBaHUM TMPOBEJICHO CPAaBHUTEIbHOE M3y4YCHHE (UTOXMMUYECKOTO
cocTaBa moa3eMHbIX yactedd (kopueit) C. intybus L., Beipamennoro B Kasaxcrane wu
umnoptupoBanHoro u3 Kutas. KonuuyecTBeHHBIH aHanM3 MOKa3aj, YTO KOPHH Ka3aXCTaHCKOTO
npoucxoxaeaus coaepxamm 4,5+0,1% smaru, 2,6910,11% 30me1 u 82,25+3,5% sKCTpaKTUBHBIX
BemectB (90% staHoI), TOTAa Kak MMIIOPTHBIE 00pasibl comaepxaiu, coorBeTrctBeHHo 7,0+0,3%,
7,5210,3% wn 85,78+3,3%. Kopuu, Belpamenubie B Ka3zaxcraHe, Takke HMenu 0oyiee BBICOKOE
conepxxanue nonucaxapunos (0,838+0,04%), tanunoB (2,18+0,1%), kymapunos (2,407+0,13%) u
carmornHoB (1,326+0,07%) no cpaBueHuto ¢ ummopTHEIMEU oOpasiamu (0,444+0,025%, 1,75+0,08%,
0,095+0,01% wu 0,573%£0,06%, cooTBeTCTBEHHO). XHUMHUYeCKHi aHaau3 wmetogoM [ X-MC
JIOTIOJTHATEIPHO BBISBUJI TIPUCYTCTBHE OCHOBHBIX (DUTOCTEPOJIOB, BKIIFOYAs CTUTMAcTepoONl W
kamrecteposl. CpaBHUTEIbHBIC PE3yJIbTaThl YKA3bIBAIOT HA BapUallMM B COCTaBE, OOYCIIOBJICHHBIC
reorpaUYeCKUMU M arpoOTEXHUYSCKUMHU (DaKTOpamu, YTO TOIYepKHBAET MOTeHIMan kopHei C.
intybus L. kak 1meHHOro MCTOYHMKA (UTOXMMHUYCCKUX COCITUHCHHU JJIsl HYTPUIIEBTUYECKOTO H
(hapMaIreBTHYECKOTO IIPUMEHEHUS.

KarwueBbie caoa: Cichorium intybus L.; ¢uTOXuUMHS; MaKpO3JIEMEHTBI, MHKPOIJIEMECHTBI;
Ouonoruueckas aktTuBHOCTh; [ X-MC.
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Abstract: SnO- thin-film anodes were fabricated by RF magnetron sputtering
of a metallic Sn target onto Ti—Pt coated stainless-steel substrates. The films
were deposited at room temperature (RT) and 300°C in an Ar/O, atmosphere
and subsequently annealed in air at 620°C. The structural evolution,
morphology, and electrochemical performance of the films were
systematically investigated. X-ray diffraction (XRD) analysis confirmed the
formation of phase-pure tetragonal rutile SnO> without detectable secondary
phases. SEM observations revealed significant changes in grain size and
surface uniformity depending on deposition temperature and thermal
treatment. Electrochemical testing in CR2032 coin cells demonstrated a
typical multistep lithiation mechanism of SnO. involving conversion and
alloying reactions. Although annealing improved crystallinity and reduced
polarization, the films deposited at RT exhibited superior long-term cycling
stability compared to those deposited at elevated temperature. The results
highlight the crucial role of deposition temperature and sublayer
configuration in controlling structural integrity and electrochemical
durability of SnO; thin-film anodes for lithium-ion batteries.

Keywords: Lithium-ion batteries, SnO., Ti/Pt interlayer, RF magnetron
sputtering, annealing, electrochemical performance.

1. Introduction
Lithium-ion batteries (LIBs) have become the cornerstone of modern
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electrochemical energy storage systems due to their high energy density, long cycle life, and relatively
low self-discharge rate (Manthiram, 2020). Their widespread implementation in portable electronics,
electric vehicles, and grid-scale energy storage has accelerated the demand for electrode materials
capable of delivering higher capacity, improved rate capability, and long-term cycling stability (Nanda
et al., 2015). Although graphite remains the dominant commercial anode material, its theoretical capacity
of 372 mAh g limits further enhancement of overall battery energy density (Camean et al., 2010).

To overcome this limitation, significant research efforts have been directed toward alternative
anode materials with higher theoretical capacities, including silicon, transition metal oxides, and
conversion-type compounds (Poizot et al., 2000; Cabana et al., 2010). Among these, tin-based materials
have attracted particular attention due to their favorable electrochemical properties and relatively high
theoretical capacity (Kamali et al., 2011). Tin oxide (SnO) is a promising anode material for LIBs due
to its high theoretical capacity (1494 mAh g1), which is significantly higher than that of metallic tin,
oxidation resistance, and environmental safety. The promising characteristics of SnO; in LIBs are
explained not so much by its high theoretical capacity as by the peculiarities of the two-stage mechanism
of lithium accumulation (Yegamkulov et al., 2025). At the first stage, a transformation reaction occurs:

SnO; + 4Li" + 4e” <> Sn + 2Li,0 Q)
and at the second stage, Sn alloying takes place
Sn + XLi* + xe~ < LixSn (2)

At relatively moderate potentials (1.2 V and 0.5 V, respectively, relative to Li/Li*). These potentials
reduce the likelihood of lithium plating on the anode surface and help to suppress polarization. Thus, the
high electrical conductivity of the lithiated phases, the short diffusion length of Li*, and the ability of
SnO; to form stable nanostructures determine its effectiveness as an anode material in LIBs
(Serikkazyyeva et al., 2023). The combination of conversion and alloying reactions enables high capacity
but is accompanied by severe volume expansion (up to 300%) during cycling (Asenbauer et al., 2020).
Such large volume fluctuations generate internal stress, leading to particle pulverization, loss of electrical
contact, unstable solid electrolyte interphase (SEI) formation, and rapid capacity fading (Yu et al., 2007).

Various strategies have been proposed to address these limitations. Nanostructuring of SnO-
reduces diffusion lengths for lithium ions and improves strain accommodation during cycling (Kebede,
2020). Additionally, composite formation with conductive matrices such as carbon or metallic scaffolds
enhances electronic conductivity and structural stability (Huang et al., 2016). Another promising
approach involves the design of thin-film electrodes, which provide better mechanical integrity and
strong adhesion to the current collector (Teng et al., 2020).

Thin-film anodes are particularly attractive for fundamental studies and microbattery applications
(Omampuliyur, 2015). Compared to bulk powder electrodes, thin films eliminate the need for binders
and conductive additives, allowing direct evaluation of intrinsic electrochemical properties. Furthermore,
thin films exhibit shorter lithium diffusion pathways and improved interfacial contact, which can enhance
rate performance and structural stability (Xia et al., 2023).

Among various thin-film fabrication techniques, RF magnetron sputtering offers precise control
over thickness, composition, and microstructure (Nur-E-Alam et al., 2019). Deposition parameters such
as substrate temperature, working pressure, and gas composition strongly influence crystallinity, grain
size, defect concentration, and surface morphology. These microstructural factors directly affect lithium
diffusion kinetics, charge-transfer resistance, and mechanical stability during cycling (Ren et al., 2025).

Deposition temperature is a particularly critical parameter. Films deposited at room temperature
often exhibit amorphous or nanocrystalline structures, which can better accommodate volume changes
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due to their structural flexibility (Kumar et al., 2013). In contrast, films deposited at elevated
temperatures generally display higher crystallinity and larger grain size, which may enhance electronic
transport but reduce tolerance to mechanical stress during repeated lithiation/delithiation cycles
(Ghantasala et al., 2023). Post-deposition annealing is commonly applied to improve crystallinity and
structural ordering; however, excessive grain growth may negatively affect electrochemical durability
(Morankar et al., 2024).

In addition to the active material itself, the interface between the thin film and the current collector
plays a crucial role in electrode stability. The use of adhesion-promoting and conductive interlayers, such
as Ti and Pt, can improve mechanical bonding, reduce interfacial resistance, and suppress delamination
during cycling (Shao et al., 2017). Engineering such sublayer configurations is therefore essential for
optimizing thin-film electrode performance.

This work is devoted to the systematic study of the electrochemical characteristics of SnO> thin-
film anodes obtained by radio frequency (RF) magnetron sputtering at room temperature (RT) and at 300
°C. The as-deposited films were subsequently subjected to post-annealing treatments in air, in order to
investigate the influence of deposition conditions and heat-treatment environments on their structural
evolution and electrochemical performance.

2. Methodology
2.1. Material preparation

SnO; anode thin films were deposited by RF magnetron sputtering (Angstrom Engineering Inc.,
Canada) of a high-purity Sn metallic target (2.00°* diameter x 0.250” thick, 99.994-99.999% pure, Kurt
J. Lesker Company) in an Ar/O2 (high purity, 15:15 sccm) atmosphere. Stainless steel (SS) discs served
as substrates, which were precoated with a thin Ti-Pt bilayer to improve adhesion and provide a stable
interface. The depositions of anode thin films were carried out at a working pressure of 5 mTorr and a
power of 60 W, both at RT and at 300 °C, with substrate rotation to ensure uniformity. The resulting film
thickness was about 500 nm. Prior to deposition, the Sn target surface was cleaned by pre-sputtering in
pure Ar and subsequently in an Ar/O2 mixture for 20 minutes under the same plasma conditions, while
the substrate was shielded. This step ensured the removal of surface oxides and contaminants from the
target.

After sputtering, the films were annealed at 620 °C in air to promote crystallization and modify the
surface morphology. Film thickness and mass were monitored using an INFICON Quartz Crystal
Monitor (QCM) and an ultra-microbalance (Mettler Toledo XP2U Ultra Microbalance).

2.2 Material characterization

To study the structure and morphology of the samples, their comprehensive physicochemical
characterization was carried out using various analytical methods. Morphological analysis was carried
out using scanning electron microscopy (SEM, JEOL JSM- IT800, Japan). The crystal structure was
studied by X-ray diffraction (XRD) on a SmartLab (Rigaku) setup using Cu Ka radiation (Acuke1 =
1.54056 A, Acukaz = 1.54439 A) in the Bragg-Brentano reflection geometry. The XRD data were obtained
over a 20 range from 5 to 70 °C at a scan rate of 5 °C/min using 40 kV, 30 mA X-ray.

2.3 Electrochemical investigation

CR2032 coin cells were assembled with the obtained thin film SnO; anodes and tested. A Celgard
2400 polypropylene membrane was used as a separator and lithium foil as an opposite and reference
electrode. The assembly was carried out in an Ar-filled glove box (MBRAUN LABMaster Pro,
Germany) in a high-purity argon atmosphere with <0.1 ppm O and <0.1 ppm H2O to avoid moisture and
oxygen contamination. A 1M LiPFs solution in an EC/DEC/EMC mixture (1:1:1 by volume) was used
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as the electrolyte.

Electrochemical testing was performed using cyclic voltammetry (CV, VMP3, BioLogic, France)
and galvanostatic charge-discharge cycling with a multichannel battery testing system (Neware Co.,
Shenzhen, China). The system's long-term cycling performance was evaluated at a 0.1 °C rate within a
potential range of 0.01 to 3 \V vs. Li/Li".

3. Results

In this study, SnO- thin films were produced by RF magnetron sputtering of a metallic Sn target
onto Ti and Pt-coated stainless steel (SS) substrates. The process was carried out in an Ar/O2 gas mixture
(15:15 sccm) at a constant pressure of 5 mTorr. Both amorphous and crystalline SnO, were examined,
since amorphous films are usually considered more flexible and better able to handle the volume changes
that occur during lithiation and delithiation. The deposition was carried out either at RT and at 300 °C to
see how deposition temperature affects their structure, morphology, and electrochemical behavior. Post-
deposition annealing was carried out in air at 620 °C to enhance structural ordering and improve surface
morphology.

3.1. XRD analysis

The X-ray diffraction (XRD) patterns of the SnO> thin films (Figure 1) confirm the significant
influence of both deposition temperature and post-annealing atmosphere on the structural evolution of
the films.

—— Sn02 - PDF Card: 00-041-1445 (Tetragonal, P42/mnm (136))
— Fe - PDF Card: 01-071-4649 (Cubic, Fm-3m (225))
—— Pt - PDF Card: 00-004-0802 (Face-centered Cubic, Fm-3m (225))

" SnO, - 300 - air
— e — i _—

S
©
~
>
=
(7, Sn0O, - RT - air
c
Q Sn0, - 300
et
c
- A SnO, -RT
SS atRT

| ol d Lo b wuly
- | | - | | o | ' | |

10 20 30 40 50 60 70
20 / Deg.

Figure 1. XRD patterns of SnO»

All coated samples exhibit diffraction peaks corresponding to tetragonal rutile SnO», confirming
the formation of a crystalline oxide phase. In addition to the oxide reflections, two peaks from the
stainless-steel substrate (a-Fe, cubic) are observed at approximately 44.7° and 65.0°, corresponding to
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the (110) and (200) planes, respectively. Two peaks attributed to Pt from the Ti-Pt sublayer are detected
at about 39.8° and 46.2°, corresponding to the (111) and (200) planes of face-centered cubic Pt. These
metallic reflections arise from the underlying layers and do not indicate the formation of secondary
phases within the SnO; coating (Courtney et al., 1997).

No distinct diffraction peaks corresponding to Ti are detected. This can be explained by the
structural configuration of the sublayer: Ti was deposited first, and its thickness is approximately two
times smaller than that of the Pt layer. As a result, the thinner Ti layer is effectively shielded by the
thicker Pt overlayer and the SnO: film, significantly reducing its diffraction intensity.

The dominant SnO; reflections appear at 26.6° (110), 33.9° (101), 51.8-54.8° (211), and 61.9—
65.9° (301)/(310), confirming the stability of the rutile structure after air annealing. The most intense
peak near 39-40° is mainly associated with the SnO2 (200) plane, partially overlapping with the Pt (111)
reflection (Habte et al., 2020).

No additional peaks corresponding to secondary phases such as SnO or metallic p-Sn are detected.

The XRD patterns confirm high phase purity of the films, with variations in peak intensity primarily
related to differences in crystallinity and preferred orientation, as well as limited overlapping from the
Pt interlayer and Fe substrate.

3.2 Scanning electron microscopy
SEM images (Figure 2) show the morphology of SnO: films under different deposition and
annealing conditions.

- RT - air

_

Sno2 300 .e,a; 510, - 300 - air

—
(3 "’

Figure 2. SEM surface images of SnO; (a) as-deposited at RT, (b) post-annealed in air, (c) as-deposited
at 300 °C (d) post-annealed in air

The morphology and crystallinity of the as-deposited SnO> films are strongly influenced by the

deposition temperature. The SnO—RT film (Figure 2a) exhibits a dense, nanogranular structure
composed of very fine, uniformly distributed particles, which is consistent with XRD analysis showing
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broad and weak diffraction peaks indicative of low crystallinity and small grain size. In contrast, the
Sn0O>-300 film (Figure 2c) displays a more defined granular texture and improved structural uniformity,
reflected by sharper and more intense XRD peaks, suggesting enhanced crystallinity and significant grain
growth at the elevated substrate temperature.

Air annealing further improves structural ordering. SnO,—RT-air (Figure 2b) becomes smoother
and more homogeneous due to pronounced crystallization and grain coarsening, as confirmed by stronger
and narrower XRD peaks. SnO»—300-air (Figure 2d) exhibits more subtle morphological changes;
however, additional grain growth and improved uniformity are still observed, consistent with slight peak
sharpening in the diffraction patterns. Overall, air annealing promotes crystallization and structural
refinement while preserving the rutile SnO2 phase composition.

4. Discussion

The prepared thin-film electrodes were tested in lithium cells using galvanostatic cycling. The
charge/discharge voltage curves of SnO2-based anodes (Figure 3a and b) represent a comprehensive
assessment of the electrochemical characteristics of these electrodes. This figure shows profiles for
electrodes treated under various conditions, including after deposition at RT and after subsequent
annealing in air, as well as for electrodes deposited at an elevated temperature of 300°C under similar
conditions after annealing treatment conditions.
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Figure 3. Potential profiles of all samples at 0.1C in (a) 1% and (b) 50" cycles and (c) cycle performance
of SnOz anodes at 0.1C
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The first-cycle discharge/charge curves (Figure 3a) exhibit the typical multistep lithiation
mechanism of SnO». During the initial discharge, all samples show a broad sloping region above 1.0-1.2
V, which corresponds to the irreversible conversion of SnO; to metallic Sn, accompanied by the
formation of Li>O (Dong et al., 2017). This step is associated with large polarization, especially in the
SnO.—RT sample, as indicated by the more pronounced potential drop and broader reaction region. In
contrast, the annealed samples, particularly those treated at 300 °C, demonstrate reduced polarization
and more well-defined conversion plateaus, reflecting improved charge-transfer kinetics. The second
characteristic region in the first discharge cycle appears at 0.5-0.8 V, corresponding to the alloying of Sn
with Li to form LixSn phases (Serikkazyyeva et al., 2023). The alloying plateau is clearer and occurs at
lower overpotential for the annealed samples, again indicating lower polarization. Below 0.2 V, all
samples show additional capacity associated with deep lithiation and SEI formation, contributing to the
large initial irreversible capacity loss (Zhang et al., 2019).

By the 50th cycle (Figure 3b), the potential curves become more stable and reproducible. The
hysteresis between discharge and charge curves decreases for all samples, particularly those thermally
treated. The main reversible plateau around 0.4-0.8 V, corresponding to LixSn alloying/dealloying,
becomes the dominant feature (Jiang et al., 2017). SnO>—RT maintains the highest polarization even after
cycling, displaying larger potential gaps and a less distinct plateau, indicating slower Kinetics and
structural degradation. Meanwhile, the SnO»,—-300 sample preserves clearer plateaus and lower
overpotentials, demonstrating improved structural and electrochemical stability during repeated cycling.

The comparison is based on deposited and post-annealed samples of SnO> (Figure 3c). The sample
SnO2—RT shows the best cycling stability compared to all other conditions, including annealed samples.

In contrast, the sample SnO,-300 shows a sharp decrease in capacitance and poor capacitance retention,

similar to the behavior observed for the Ti-only sublayer sample (Yegamkulov et al., 2025). This
emphasizes the negative effect of elevated deposition temperature on the lifetime of the coatings. The
sample SnO>—RT-air shows good initial behavior but exhibits a gradual decrease in capacitance, not
surpassing the stability of the untreated sample at RT. In all cases, deposition at 300 °C results in worse
capacity retention, indicating thermal instability or enhanced side reactions at elevated temperatures.
Thus, the sample deposited at RT stands out as the most stable among all tested conditions for SnO> with
a Ti—Pt sublayer. Probably, the presence of Pt in the sublayer contributes to the stabilization of the
structure even without high-temperature annealing, in contrast to the Ti-only sublayer described in the
work (Yegamkulov et al., 2025).

5. Conclusion

SnO; thin films deposited by RF magnetron sputtering with a Ti-Pt interlayer exhibit
electrochemical properties strongly dependent on deposition and annealing conditions. XRD and SEM
analyses confirm that annealing in air promotes crystallization and formation of a porous nanostructure
that enhances Li* transport and mechanical integrity during cycling. In particular, it is found that
amorphous films deposited at room temperature exhibit higher cycling stability due to their structural
flexibility and ability to buffer volume expansion during lithiation/delithiation. In contrast, crystalline
films after annealing show a higher degree of crystallinity and reduced polarization; however, they
demonstrate poorer long-term cycling stability as a result of grain growth and decreased mechanical
stability. Films deposited at room temperature demonstrate the most stable performance over first few
cycles, compared to other samples. A gradual capacity decay is observed for all samples up to the 100"
cycle. These results indicate that the optimal configuration for stable and high-performance SnO. anodes
includes deposition at room temperature and the use of a Ti-Pt interlayer to improve interface stability
and conductivity and demonstrate how the electrochemical performance of SnO: thin film anode evolves
when a Ti-Pt interlayer is used, in comparison with a single Ti interlayer. This study contributes to the
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optimization of SnO>-based thin film anodes for advanced lithium-ion microbattery technologies.
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Anpnarna. SnO2 jxyKa IJIeHKaIbl aHOATaphI T1—Pt apaibik KabaThIMEH KalTalFaH TOT 0AacmalThiH 00JIaT
(SS) cybcrparTapeiHa Metanm SN HbicaHachlH paguoxuimikTi (PYK) MarHeTpoHBI IIAIIbIpaTy omici
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peakuusUIapblH KAMTHTBIH KOIICAThUIBI JIUTHHIICHY MEXaHU3MIH aHbIKTaAbl. Kylaipy KpHUCTan bUIBIKTEI
apTTHIPHIIN, MOJSIPU3ALUSIHBI TOMEHACTKEHIMEH, O00lIMe TeMIepaTypachlHa TYHABIPbUIFAH IJICHKAIAp
KOFapbl TEMIepaTypa/ia albIHFaH YITUIEPMEH CaIbICTRIPFaH/Ia Y3aK MEP3iMIl IIUKIIK TYPAKThIIBIKTHIH
KOFapbl KOPCETKIMIIH KopceTTi. AnbiHFaH HoTIXKenep SNO2 xKyKa KabaTThl aHOATAPBIHBIH KYPBUIBIM/IBIK
TYTaCTHIFBl MEH AJIEKTPOXUMHUSIIBIK TYPAKTBUIBIFBIH OacKapy/ia TYHABIPY TeMIepaTypachl MEH apaliblK
KabaT KOH(UTypaIsIChIHBIH IS PeJl aTKapaThIHBIH KOpCceTe/Ii.

Tyiiin ce3mep: iuTHI-HOHIBI akKymysstopiap, SnO2, Ti/Pt apanblk KabaThl, PagHOKULTIKTI
MarHeTpOH Il MIAIIBIPAY, KbI3ABIPY, IEKTPOXUMISIIBIK KOPCETKILITED.

Bausinue yC.]'lOBI/Iﬁ OCAKIACHUA Ha IJICKTPOXMMHUYECCKUE XAPAKTCPUCTUKH TOHKHUX
miaeHok SNO; B KauecTBe AHOAOB 1JIA JMTHI-HOHHBIX AKKYMYJATOPOB

Kancasa baxbiT:kaHoBa, Mykaraiau Eramkyios, As:kan bekmaxanoBa, I'ayxap Ta:kkeHoBa,
ApaiiasiMm Hypneucosa, ’Kymabaii bakenos, Aimst MykaHnoBa

AnHoOTanusl. ToHKomIEHOYHbIE aHOAbI SNO2 OBUIM HM3rOTOBJIEHBI METOJIOM BBICOKOYACTOTHOI'O
MarHeTponHoro (BY) pacnbuieHust METAITHUECKOW MUTICHH SN HA TIOJIOKKY U3 HEPYKABEIOIIEH CTaH
¢ nokpbiTieM Ti/Pt. OcaxaeHne mpoBOAMIOCH pu KomHaTHO#H Temmeparype (RT) u mpu 300 °C B
atmoctepe Ar/O; ¢ mocnenyromum omkurom Ha Bosayxe npu 620 °C. Crpykrypa, Mopdosiorus u
JIEKTPOXUMUYECKHE XApAaKTEPUCTHKU IUIEHOK ObUIM CHUCTEMAaTHYECKU HCCIIEAOBaHbl. AHaIN3
pentreHoBckoii qudpaximu (XRD) moarsepaun popMupoBaHue YUCTOM (Pas3bl TETPAroHaIbHOTO PYTHIIA
SnO; 6e3 0OHapyKeHHsT BTOPUYHBIX (a3. MeToIoM CKaHUPYIOIIEH IeKTpOHHO#H Mukpockomuu (SEM)
BBISIBIICHBI 3HAYUTEIIbHBIC U3MEHEHHS pa3Mepa 3EpeH U OTHOPOTHOCTH MMOBEPXHOCTH B 3aBUCUMOCTH OT
TeMIIepaTypbl OCaXIEHUS U TEPMUUYECKON 00pabOTKH. DINEKTPOXMMUYECKHE UCTIBITAHUS B MOHETOUHBIX
syeiikax CR2032 mnponeMoHCTpHpOBaM XapaKTEPHBI MHOTOCTAIUMHBIA MEXaHU3M JIUTHPOBAHUS
SnO2, BxmouarmMi peakluud KOHBEPCHM M cIjaBooOpa3oBaHus. HecMoTpst Ha TO, YTO OTXKUT
CTIOCOOCTBOBAJT MOBBIMIEHUIO KPUCTATMYHOCTH M CHIDKEHUIO TTOJISIPU3AIHH, TUIEHKH, OCOKAEHHBIC TIPU
KOMHATHOM TeMIepaType, okas3ajiu 60Jiee BEICOKYIO JOJITOBPEMEHHYIO IUKIMYECKYIO CTA0OMIBHOCTB 10
CpaBHEHHIO C 00pa3laMu, MOJYYSHHBIMH TIPH MOBBIIEHHOW Temrieparype. [lomydeHHbIe pe3ynbTaThl
NOTYEPKUBAIOT KIIOYEBYIO POJIb TEMIEpaTypbl OCaXJEHUS U KOH(UTYpalluu MOJCIOS B KOHTPOJIE
CTPYKTYPHOM IETTOCTHOCTH U AJIEKTPOXHUMHUYECKON CTAaOMIBPHOCTH TOHKOIDIEHOUHBIX aHO/0B SNO2 s
JUTUNA-MOHHBIX aKKYMYJISTOPOB.

KioueBble cioBa: JUTHHA-HOHHBIE aKKyMynsTopsl, SNO2, wexcioir Ti/Pt, pamuodactoTHOE
MarHeTpoOHHOE PacCHblIEHUE, OTKUT, JIEKTPOXUMHUECKHUE XapaKTEPUCTHKH.
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AnpaaTtna. OHEepKaCil MeH aybll MapyallbUIBIFBIHBIH KapKBIHIBI 6CYiHE
OaillaHpICTBl KOpILAFaH OpTaHbIH ayblp MeTalJap HOHJAPbIMEH
JacTaHybl KBUIJAH KBUIFa KyIIele Tycyae. Aybslp MeTalap agaMm YIIiH
eTe KayiIlTi )KoHe KOpIllaFraH OpTa MeH

DKOKYHere 3WsSHABI ocep eTelmi. Aybp MeTanuap arblHIABl CyJapra
TeriTiMN, ajlaM ar3acbiHa eHy Kaymi 6ap. COHABIKTaH, aFbIHJIbI CyJIapAaH
aybIp METaJUT HOHAAPBIH KO KOpIIaFraH opTaja ja, OM3HecTe Je YIKEeH
Ha3ap ayJapaThlH ©3eKTI Macene Oombln TaObutaapl. OcblFaH opait
Ka3lpri Ke3Jle CyAbl Ta3apTyAbIH IOCTYPJl SAIC-TICUIAEPIH ayBICTHIPY
HEMece 3aMaHayd TEeXHOJIOTUSIApAbl €Hri3y YIIH JKeTULIIpiiareH
MaTepuaniapasl 93ipiey KapacTeipbuiyna. OChl Mocemnenepl Iienry
YILIH YII eJIIeM/]ll OpraHuKalbIK-OefopraHuKaibIK KEeIeHHIH jKaHa Typl
Oonbil  TaOBUIATBIH ~MeTaJI-opraHukanbslk  Ka"kanap (MOF) ocwl
MoceJieNiepIiH ILIeIIiMi peTiHJe, ocipece aacopOuus cajlachlHAa aca
MaHp3Abl. byn mony makanana MOF matepuansiabig 0ip Typl - Zn
METaJul aTOMbIHAH >KOHE 2-METWJIMMHUAA30JJIaH TYPaTblH I€OJIMUTTI
umuaazon KaHkacbiH (ZIF-8) cuHTe3ney TocimaepiHiy Typiiepi koHe
onapblH epekmenikrepi kenripinred. Conpaii-ak (ZIF-8) arbiHmbI
cynapasl Tazaptyaa Oenrini maTepuan OOJBIN TaOBUIATHIH/BIFBI, OHBIH
JKOFaphbl aICOPOLUSAIIBIK

Kalijgeri MeH (OTOKAaTAIUTUKAIBIK MaTepHanfap YLIIH epeKIiie
KacuerTepi 0ap ekeHi Typaybl KapacTblpbliaabl. COHbIMEH Katap cylaH
ayplp Metanaapabl TuiMal skorona MOF-tepai KonnmaHy, CHHTE3NEY
KOHE ONapAblH CyIOsl TasapTylaH Oacka Ja  KOJJaHbICTapra
naiamany/IbIH COHFBI )KETICTIKTEP1 TAJIKbIIAHFAH.

Tyiiin ce3maep: Meramur-opranukaiblk KaHkaigap (MOF); ZIF-8; aysip
MeTalJap Il )KOK; CY/bI Ta3apTy, TaCTaHy
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1. Kipicne

AnaMaapablH ©HEpKACINITIK aFbIHABI CyJap/bl KaiiTa KajllblHa KENTIpil KOJJAHYbl dJIeMJIeri
€H MaHBI3bl JKOJOTHUIBIK Macenenepaid Oipine ainanael (Fayemiwo et al., 2018). Aysip
MeTanaap OMOJIOTMSIIBIK bIAbIpaMaiiibl JKOHE KOpLIaraH OpTaja >KHHaylyra OeiliM OoJFaH/bIKTaH,
aybplp METaJlJap/blH JIACTAHYbl KOpIIaFaH OpTara Ja, XaJbIKThIH JCHCAYJBIFBIHA Ja YJIKEH Kayil
TeHipeai. COHbIMEH Karap, TINTI KOHIEHTPALUACH TOMEH KONTEreH ayblp METaul UOHJIAphl Aa
KayiITi )oHE a/iaM JICHCAYJIBIFbIHA 6T 3USH.

CyIbIH J1IaCTaHybl aJjaM JEHCayJIbIFbIHA YIKEH Kayill TOHAIPETIH SKOJOTHUIBIK Mocelenepai
0ipi 6osbin TabbLIaaEl (Shannon et al., 2008; Vorosmarty et al., 2000; Vorosmarty et al., 2010).
CoHJIIBIKTaH CYyJIbIH JAaCTaHYbIH OaKblIay jKOHE Ta3apTy eTe MaHbI3/bl. CyJblH J1acTaHyblHA OpTYpIIi
KO3JepJCH ajblHFaH KeNTereH KypAeli Kypayblmrap bIKmaia ereai. DapmaneBTUKAIBIK
Ipernaparrap, KeKe KYTIM 3aTTapbl, OHEPKCINTIK JIacTayllbl 3aTTap ’kKoHe 0acka Ja 3aTTap COHFBI
KBUIAPBI Cy KO3/AEpiH JIAaCTaWTBhIHBI aHBIKTAJIFaH. bynap Ky3aereH OpraHUKaIbIK J1acTayIIbl
sarrapasiy (OJI3) karapeina skataasl (Lapworth et al., 2012; Liang et al., 2021). KonmeHTpanusce
TOMEH 0oJica J1a Cy/bl Ta3apTyIbIH OIETTET1 9MICTEPIMEH OJIAPIbIH (PH3UKAIBIK HEMECe XHUMHUSIIBIK
cumaTTamagapeiHa (MbICalbl, Cy/a €pUTiH) OalIaHBICTBI TOJBIFBIMEH k00 KubiH (Joseph et al.,
2019).

OHepKacill KapKbIHAbI JaMBbIIl KeJie JKaTKaHAbIKTaH, OHEPKICINTIK aFbIH/bI CyJap KOpLIaraH
OpTaHbI KOOIpeK JacTaiibl. Ayblp METalfap ©TE YJbl KOHE TaOUFU JKOHE >KacaHJbl JIACTAHYIBIH
KOITEreH Typiiepl eMipre eneyii KayinTi. Anamaapra jkoHe 0acka JKOXyHenepre 3UsHIbI ocep
eTEeTIHAIKTeH, Cy OpPTACBHIHAAFbl ayblp METAJIAPAbIH, dCipece OHEPKACINTIK aFbIHABI CYJIapAblH
JacTaHybl KypJell mMacesere ailHaiuibl. Ayblp MeTajaapibl CyJaH THIMJI KOKJbIH HEMECE MO0
MYMKIH OOJMaFaHIBIKTaH, OJApJAbIH a3[JaFaH MeJIIepi JeHere eHreHHEH KEeHiH JIeHCayIJIbIKKa
KaThICThl MaHBI3/Ibl Macesenepal TyAbIpybl MYMKiH. KopracbiH, ChIHaIl, MBIIIbSK, KaJMHUH >KoHE
MBIC HMOHJAphl WIBIHBIMEH JIACTaHFaH CyJaH Ta3apThUTybl KEepeK JacTayllbl 3aTTap peTiHIe
KapacTeIpbliajpl. KopFacklH MEH ChIHAN MMJIbI, OYMpeKTi *oHe OaybIpJbl 3aKbIMJaybl MYMKIH,
ColiKeciHIle KaH KeTy, OJHIle]alonaThs JKOHE TeMaTHT aypyblH TYyIObIPYBI, COHAal-aK
IeMOMOATUKANBIK JKyHeHi Oy3ybl MyMmkiH. CoOHBIMEH Karap, oJap Tipl ar3ajapra KoHe
HEBPOJIOTUSIIBIK XKYiiere, acipece 0ayblp MeH ©T KaObIHA 3USH KeNTipeal, Oyl Huppo3 MEH HEBPUTKE
okeneni (Ahmad et al., 2021).

MeHnnikTi O€TTIK aynaHiapbl >KOFapbl >KOHE OEJCEHIUTIKTEpl »KOFapbl 3aTTap MEH ayblp
METaJul MOHJIApbIH CY JXyHernepiHeH OanaMa oJiicTepl KOJAaHy apKbUIbl KOr0Fa 0ojaibl. MbIcasl,
KYpbICyJiap, Iuapesi, acKa3aH-11IeK >KOJIJApbIHBIH aypynapbl, Oayblp MeH OYMpEeKTIH 3aKbIMIAaHYbI
CHAKTBI ayblp aypynap KOFaMIBIK aybl3 cy skyifenepinmeri CU?* HOHBIHBIH IIaMagaH ThIC
OonranapiFeiHaH TybIHAANHABI (Ajmal et al., 2005; Larous et al., 2005).

MpbICHieH JacTaHyAblH aKBa >KYMBICTapblHIAa AE3MH(EKIMUIBIK Kypajaap MEeH KypaMbIHIa
MBIC Oap anTUIUATEP Il KEHIHEH KOJaHy Ke31He apTKaH. Y BITTBUIBIK KoHE KaJIbIHA KeATIpyIepil
3epTTeynep OYriHri KyHre jaeiiH Oip faHa JlacTayllbl kyWenepae xypriziireH. JKanyapnap meH
9KOXKYHenep YUIH YBITTBUIBIKTBI TYOereisi e3repTyl MyMKIiH JlacTaylIbl 3aTTap/IbIH apachbIHAaFbl
CHUHEPTeTHKAIBIK ’KOHE aHTAarOHUCTIK dcepiiep/AiH MYMKIHAITH a3faFraH 3epTTeysep 3epTreai, Oipak
ic Ky3iHAE €Kl JacTaylibl 3aTTapAblH Olp Me3ruige KkeOerol apanac JjacTaylibl KyHerepiiH
Oonamiakra oJjekaiga keH TapanraHbiH Ourmipeni (Jia et al., 2016; Shujing et al., 2017).
ConppIKTaH, HaKThl Ta3apTy VIIIH apajnac JlacTaHFaH >XyHeneplae alTapiblKTall kem 3epTTeynl
kaxer eremi (Weng et al., 2013). Ocputaiimia, cy xydenepiHeH €3 JAEHIeiiHIe ayblp MeTall
MOHJIAphIH THIMJI1 OIOJBIH THICTI 9MiCTEpiH >kacay eTe MaHbI3Abl. OChl yaKbITKa JEWiH aybIp
METaNJap/blH aFbIHABl CYJNApPBIH Ta3apTyAblH OipHelie oIicTepl aHBIKTAIFaH, COHBIH IIIIHIC
XUMUSIIBIK TYHIBIPY, MOH alMacy, MeMOpaHAIBIK (QUIbTPAIUs, aficopOIHs >XOHE WOH aiMacy.
WxeMainiri MeH KypbUIBIMBIHBIH KapanaibIM/IbUIBIFbI, TOMEH MaiilalaHy IIbIFbIHIAPH] )KOHE KYIITI
azcopOuuMsIbIK KabOuieTiHe OalIaHbICTBl aAcopOLMs ayblp MeTaJJap/blH aFblHIbl CYJIapblH
Ta3apTyIblH €H YHEMJi oHe THUIMII 9MicTepiHiH Oipi peTiHme KapacTblpbuiasl. COHBIMEH KaTap,
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ancopbumsa Oipmiama KaWTbIMABI OONFaHIBIKTAaH, aJCOPOCHTTEp KeWae THICTI JecopOrus
poleaypachl apKbLIbl KaiumbsiHa kentipiayi mymkin (Chen et al., 2009; Gharabaghi et al., 2012;
Vilensky et al., 2002; Ritchie et al., 2001., Celis et al., 2000; Wingenfelder et al., 2005; Yuvaraja et
al., 2012).

CoHBIKTaH OHEPKACINTIK aFblHABl CylTapJaH ayblp METalAapibl ’KOKJa HAKTHl MaijganaHy
YIIiH aacopOUMsUIBIK KaOIeTi »)oHe THIMJUIIr >KOFapbl ap3aH aJcopOeHTTEp Kacay ©Te KHbIH,
Oipak ete kaxet (Zhang et al., 2016).

Tipmisik cyra Toyenmi, Ta3za CyFa JETeH KaKETTUINK KYH CallblH MHIYCTPHSUIAHIBIPYFa 1a,
XalIbIK CaHBIHBIH Ja KeOetoiHe OalIaHBICTBI apTHIN Keledl. AJjaiia, arblHABI CyJapibl KanTa
naijgagaHy YIOIH TYIOBI CYy KO3JEpiHIH JIACTaHYbIH THIMJI OHE TYPAaKThl JKOI KaxKeT.
BHONOTHAIIBIK Ta3apTy - XUMHUSIIBIK, (U3UKAIBIK XOHE OMOIOTHSUIBIK Ta3apTyIbl KOca alFaHia,
KCHIHEH 3epTTEeIreH OlpHEIIe Ta3apTy MPOIeAypalapbIiHbIH IIIIHAEC €H YHEMI KOHE DKOJOTHSIIBIK
Taza OOJBIN caHalaabl. AybIp MeTajaap MEH Kypzeli, OMOJOTHSIIBIK bIABIPAMAaWTBIH 3aTTap Oy
YHEMJII 9f1icTi KoNMAaHyAbl mekTeiai. Kapamaiibim cuHTe3 9fici 6ap 1EeOoNUTTI UMUIA30]T KAaHKACHI
(ZIF-8), ap3anbIpak, cyFa Te3iMIi MeETaUI-OPTaHMKAJBIK KapKac OyJl 3epTTeyle OHBI CYJIbl
epITIHIUIEPICH ayblp MeTalIap/abl JKOJa TYPaKThl MaiganaHy yuriH kapacteipeiaran (Li et al.,
2021).

OJjeMier eHEPKACINTIH KApKbIHABI 6CyiHe OaiaHBICThI OYKII oJlieMJe XaJbIK JACHCAYIIbIFbI
YIIIH apThIT Kelle XKaTKaH dKOJIOTHUSIIBIK MpodiieManapabiH 0ipi KOMMYHAIIBIK JKOHE OHJIPICTIK
arplHBI CyNlapibl Kairta skapaty Oonbinm taObuiazel (Ngah et al., 2008; Zhang et al., 2015).
DNeKTpIiK KamnTay, Tay-KeH ©eHEepKaciOi, aKKyMyJsTOp OHIIpici, MEeTauryprus, ObUIFapbl >KOHE
METAaJUT JKETKI3Y - MBIC, KaJIMHii, HUKEIIb, ChIHAI, KOPFACHIH JKOHE T.0. CHAKTHI aybIp METaJIap IbIH
CAJIBICTBIPMAJIBI  TYPJAE KOFapbl KOHIIEHTPANMSCHIH KAMTHTBIH aFbIHIBI CYJIapibl IIBIFApaThIH
KocimopbIHAApAbIH OipHeleyi FaHa. byl eHaipicTep/liH Ta3apThlIMaFraH aFbIH/bI CYJIaphl KOPIIaFaH
opTara KoHE aJiaM JCHCAYJIBIFbIHA 3USH KENTipeai. Ayblp MeTaajaap MOHIAPhl aJlaMHBIH ar3achlHa
TYCKEHJIe, OJlap ajJaM JIeHCAyJIbIFbIHA OTe KayilTi, OWTKEHI OJlap OpraHHKAJbIK JIaCTayIIbLIAP
cusIKTHI biAbIpamaiiiel (Gavrilescu et al., 2004; Fu et al., 2010; Wang et al., 2011). bByn mertanaap
KaHIleporeHai OOlyMeH KaTap, KONTereH ar3alapfa 3HsH KeNTipyli MyMKiH. AFBIHIBI Cylaparbl
ayblp MeTajJap HMOHAAPBIHBIH KOHIEHTPALMACHl OChl KaylnTepre OailylaHbICTBI AYHUE XKY31HAETI
6actel Mocese 6oabin Tabeiaansl (Kim et al., 2015).

Kennep, e3ennep xoHe MyXHUTTap Ka3ipri Ke3/er1 aFbIHbI CyJIapbIH JKarmail ToriieTiH OpPHBI
6onaer (Mahfuza al., 2022; Saad et al., 2020). Kazipri yakpITTa sep mapsl Cy TalllbIIBIFbIH 0aCTaH
KeIipyae, OUTKeH1 TaOUFU Cy Ko3/epi JJaCTaHFaH JKepJ/e XaJbIK CaHbI apThII JKaThIP. AJl aFbIH]IbI
cymapasl Tazapty Mabiabl (Asano et al.,, 2002; Wirzal et al., 2015). ©OnepkocinTiK arbIH/IBI
CyJapJbIH ayblp MeTaljap WOHJApbIMEH JIAaCTAHYBIHBIH apTybl JIYHHE XKY3iHaeri 0acTel Mocele
peTiHAe aHBIKTANAbl. AYBIp METaul MOHAAPBIHBIH HETi3rl Ke3Jepl TallbBaHHWKA, aKKyMYISTOP
OHJIIpICi, METAJUTYpIHUsi, TEpi OHJCY JKOHE METAJI OHJCY CHUSAKTHI cananap O0obin Tabbutansl (Abo-
Farha et al., 2019; Bakhtiari et al., 2015). Ayblp MeTa/ul HOHIAPBIHBIH OPraHUKAIBIK
JacTaylmbUIapAaH aWbIPMAaIIBIIBIFEL, OHOJOTHSUIBIK BIIBIPAMANTBIH JKOHE TEHI3 JKaHyapiaphl
apKbUTBI aJIaMHBIH ar3achlHa TYCKEHE JeHcay/bIKKa Kayim TeHaipyi mymkin (Babel et al., 2003;
Ngah et al., 2007). AncopOuusi, TYHABIPY, HOH alIMacy, MeMOpaHaJbIK 06Ty, JJIEKTPOIUATN3 KIHE
doToKaTamM3 aybslp MeTaJIapAbl arbIHIBI CyJapJaH Ta3apTy VIIH XbeUpiap OOHBI 3epTTenreH
onicrepuiy Oipi perinne kapacteipbuiansl (Al-Saydeh et al., 2017). Cy epitinaicinaeri ayslp MeTasI
nonaapsl MOF kemerimen skctpakiusutananbl (Gnanasekaran et al., 2019).

2. MaTtepuanaap MeH daicrep
2.1. [Jeonummi umuoaszon kaykacwl - 8 (ZIF-8) mypanvt yevim

Wmupazon nwmrasarapel 0ap Zn HMOHIAPHl JOCTYPIl  AITFOMOCHIMKATTH [IEOTUTTEPMEH
KYPBUIBIMIBIK YKcacThIKTapbl Oap (ZIF-8) mem aramarelH MeTayn-OpraHUMKaNbIK HETi3 KIIACHIH
Kypaiapl. By mMarepuanblH XUMHUSIIBIK KOHE TEPMUSUIBIK TYPAaKTBUIBIFBI JKOFaphl, pH-ce3imTan
KoHe TaOuFH KeyeKTulK Kacuerrepi Oap. ZIF-8 cuHTe3 omicTepi, MEHIIIKTI cHIaTTamanapsl, J1opi
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JTOPMEKTEp TachbIMalJlay CHUSKTHI ©3€KTi TaKpIpbINTap OOMBIHINIA KONTEreH 3epTTeyiep >Kypri3iiui
(Feng et al., 2021).

Anram per 20006 XbpUTbI CHMATTalIFaH [EOJUTTI MMUIA30J1 KaHKanmap (ZIFs) TepMUsIIbIK
TYPaKTBUIBIFBI KOFaphl HEoNMHTTepaiH Si-O-Si OyphImblHA YKCAC KEYEKT1 METaJT OPraHUKAaJIbIK
KankanapabiH (MOF) xocanksl KiachiHa kaTanel. KeyekTi MeTamn opraHuKaiblK KaHKaJlapbIHBIH
(MOFs) kocankbl Kjaackl OOJIBITT TaOBLIATBIH IIEOJIMTTI UMHIa30J1 KaHKaiapbl (ZIFs) mMeramn MeH
umuazonael  OaitnmaneicTeipatei  (M-IM-M  Oypeimibl) apaceinmarsr  145° Gipereii  Oaitnanbic
Oypeimbl  Oacrankeina 2006 xputbl ambuirad. by Oypeimn meonmutrepaid Si-O-Si OypeimibiHa
ykcaiinel.  ZIF-8  keyekTi KypbUIBIMBI ~ 2-METWJIMMMIA30Jl  JIMTAHATapbIMEH  TETPadIpiiK
GailTaHBICKAH MBIPBIII METAJUI OpPTaJbIKTAphIHAH Typaxsl. byn mamamen 1600 M2 r! Gerinin
aynasbl xoHe 3,4 A anTel cakuHANBI TECiTi 6ap SOD (comanut) Tomosorusceina xaraasl. 400°C
neiiin ZIF-8 ete repmusiisik TypakTsl (Park et al., 2006).

ZIF-8 xumusiabik 3oaaTayaa (Lu et al., 2010), nopinik 3arrapas! edrizyae (Vasconcelos et al.,
2012) sxoHe ra3mpl cakraymaa Hemece Oenmyne (Peralta et al., 2012) maiiganansiiagsl. Density
Functional Theory - DFT (TsI¥bI3abIK (GYHKIIMOHAIIBIK TeopHsichl) ecenteynepi ZIF-8-miH chIpTKbI
oetinae JIbrOMC KBIMIKBUIBI MEH HETI31K TonTapaaH 6acka bpoHcTe KBIIIKBUIBIHBIH TONTAphl Oap
exeHiH kepcereni. Keyekrepai imki sxarbiaaa 0y Oenacenai tornrap 6onmaiiasr (Chizallet et al.,
2010). ZIF-8 mertamn opranukanblk kankacel @pumen Kpadrt ammnmenyi (Nguyen et al., 2012),
tpancatepudukamms (Chizallet et al., 2010) xone Kueenarens konaencanusicer (Tran et al., 2011)
CUSKTBI yaepicTepal kKaTamu3aeiTiHi Oenrimi. byn peaknusimapabiH OapiblFbl COJBBOTEPMHUSIIBIK
omicrieH xkacanraH xkoHe BASF xommanmscel Basolite Z1200® periHIe KOMMEPUUSIBIK TYpIe
caratelH Mukpoemmemai ZIF-8 kemeriMeH jky3ere acwlpbUIIbl. benMe TeMmepaTypachiHia
TOJIYOJIIaFbl OCH3AIBICTH/] TIEH MAaJIOHOHUTPHUIT apachiHIarbl KHeBeHAre b peakIusIChl TeTePOreH I
Kataym3aTopiap perinae Mukpo eamemai (100200 mm) ZIF-8 GemmekTepi naiiagaHbUIFaH Ke3/1e
tek ZIF-8 ceipTKbl OeTinae karamusnaeHmi. Kimi Oenmmekrep yiKeHAEpre KaparaHla YIIKCH
KaTaJIMTUKANBIK Oencenainik kepcerti (Zhao et al., 2014). BenMe TemnieparypachiHia METaHOJIAFbI
pearentrepai OipikTipy apkeuibl ZIF-8 manokpucrangapsin (NZIF-8) sxacayra 6omaasr (Farrusseng
et al.,, 2011). Hykeanusi, KpUCTAIIBIK ©CY JKOHE CTalMOHApIbIK (aza — meranoimarbl ZIF-8
KPHUCTAIIBIHBIH JaMybIHbIH yIn kKe3eHi (Venna et al., 2010). KpucranablH KbuigaM JIaMybl Oasy
Hykieanusimen Oipre sxypexi (Cravillon et al., 2011) xoHe 2-MeTHIMMHIA30] peareHT OerTapar
OoiFaHZa TYpaKTaHIBIPFBIII OIpJIIK HEMece NMPOTOHCHI3JAaHFaH Ke3/le OaillaHBICTHIPYIIBI Oipiik
peringe Kpi3MmerT ere anaabl (Jian et al., 2015). ¥cak kpucrangap 2-MeTHIMMHIA30J JIMTAHIBIH
Heri30eH JenpoToHAay Ke31HAe Ty3uieal, Oyl HyKiaeausl )KbULIaMAbIFbIH Te3/1eTel. by karanusre
KOJI JKeTIMJIl CBIPTKbI OeT aliMarblHa ocep ETETIHIIKTEH, OeJIIIEKTEep/AiH OJIIIeMi MEH TapalyblH
Oakputay ete MaHb3Abl. 200-400 HM OeIIEKTEPAIH OJIIeMIEpl KOHE >KOFaphl HIBIFBIMIBLIBIKKA
ZIF-8 enpipici ke3iHae OONIIEKTEP/iH OIIIEMIH PETTeyre KOMEKTECeTiH Kocmanap peTiHae OeTTik
OesIceH i 3aTTap MEH MoJUMeEpsepal Maimanany apkbuisl Ko sketkisinmi (Yao et al., 2013). pH-
TYpakTaJfaH COHOKpHcTannay yzaepici mamamen 200 H >xoHe 85% kipicTimiri Gap Kimipek
oemmexTepai Ty3ai (Cho et al., 2013). MertaHo1 KaThICBIHAAFBI O6JIME TEMIIEpaTypachiHIa JKbLIIaM
KYpETIH KOTouATHIK peakius 100 HM-ZeH Killi HaHOOeJIIeKTepAl )kacay YILIH MaiganaHbUIIbL;
Zn?*, 2-MeTHIMMHIIA30J1 KOHE METAHOI yIIiH KaTeiHackl Tuicinme 1:8:700 6omapl. bemmekTepaix
emmeMi 46 HM XRD mbHBIHBIH KeHetol apkpuibl TaObuLabl, anm 40 oM SEM sxone HRTEM
(Cravillon et al., 2011) kemeriMeH TaOBLIIBI.

benmexrepain emmemaepi 9-nan 55 HM-Te AeiiiH, O6IMe TeMnepaTypachlHla METaHOJIaFbl
PeaKIMsUIBIK KOCIaFa dpTYpJli KaThlHACTa N-OyTHMIaMUHAI KOCy apKbuibl ajbiHabl (Venna et al.,
2010). Ex sxoFrapsl IIBIFBIMIBUIBIK TICH OHIM Ta3aJIbIFbI METAHOJIBI KOJAAHY apKbLIbI allbIHAIHI,
nereamen ZIF-8 nanoOemmekrepin cy Hemece (N,N-Aumernndopmamua) DMF cusiktel Gacka
MOJISIPJIBIK, epITKImTepMeH fe »kacayra Oomansl (Gross et al., 2012). Benme Temmeparypachinaa
cyaarsl n-ZIF-8 cunTesi oprama memmepi 85 HM OonaTbiH 80% MIBIFBIMABI OOJIIEKTEpAl TY3.1
(Pan et al., 2011). bemmekrepinin emmemi mamamen 100 M Gonatein ZIF-8 MeTaHOI MEH CYIBIH
KOMOMHAIMSICBIH  KOJIAHATBIH OYpKY apKbUIbl KeNTipy/OylaHFaH WHAYKIMUIBIK —©3IrHEeH
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kypacteipy (EISA) ynepici apkbuiel xacanuel (Marquez et al., 2013). Berrik-Oencenai 3arrap
Kinmpek OeNmeKTepIiH apTyblH BIHTAJAHIBIPY YIIiH Oacka omictepie xaly areHTTepl peTiHjae
KOJITaHBLIATBI.

berrik-Oencenni 3arTapMeH TYpaKTaHIBIPBUIFAH Maiaarbl cy sMmysbcusuiapbiH (Brij® kepi
MUIIEIUIa JKYHenepi) maijganaHa OTwIphI, cuHTe3nenreH ZIF-8 naHoOeNmeKTepiHiH oIIeMiH
Oakputay oxici 30-man 160 HM-re AeHiHT1 ©TE Tap OmeM/ Il yiaecTipiMal OemmeKkTepal mbrapasl. 30
HM-JICH a3 OemmiekTepAiH eimemaepi xyheHiH TtemmeparypackiH 50°C-tam 37°C-ka pAeiiiH
TOMEHJIETY OHE MPEKYypCOp KOHICHTPALMSICHIH €Ki ece a3aiTy apkputbl anbiHabl (Tran et al.,
2011).

TepMUSUTBIK, XUMUSUIBIK = JKOHE THAPOTEPMHUSUIBIK  TYPAKThl  ICOJUTTI  MMHIA30JI/IbI
kaHkanapabiH (ZIFS) Oertik aymaHbl YJIKCH JKOHE epekiie aacopOiusuibik Kacuertepi 6ap (Wu et
al., 2015; Omar et al., 2010; Lee et al., 2015; Doonan et al., 2017). J{opiaik 3aTrTap/sl €HTi3y, ra3abl
cakTay, 0eiy, KaTajau3 >KOHE XUMISUIBIK JATUYMKTEPi Koca ajFaHia, opTYpJi MakcaTTa KOJIJaHy
yiin Oy KacueTrep Marepuanaapabl Kaxer ereqi (Demir et al., 2014; Li et al., 2010; Zhou et al.,
2012). Optypai wWMHAa30y  OaIAHBICTHIPFBINTAPBI MEH METAUl HOHIAPBIHBIH — JPTYPIIi
koMOuHanwsuiapbl  ZIF  cumatTamanapblHbIH, TYPJCPIHIH KOHE KYPBUIBIMIAPBIHBIH — HETi3Ti
nerepMuHaHTTaphl Oousbim TaObutagbl (Park et al., 2006; Kida et al.,, 2013). Kenreren ZIF
KYPBUIBIMJIAPBI 9ICOUETTEe KY)KaTTalIFaH JKOHE OPTYPJIi aybICTainbl METalAapAbl (MbIcalbl, Zn KoHE
Co), uMua30J1 OAUITAHBICTRIPFBIIIITAPBIH (MBICANTBI, 2-METHIIMMHUA30JT XKOHE OCH3UMUIA30JT) JKOHE
3TaHoJ, MeTaHol1, ¢y, DMF CHSIKTBI epiTKilTep/ i KoJIAaHy apKplibl CHHTE3aenyi MyMKiH (Zhou et
al., 2012; Fathy et al., 2025).

ZIFs ruapoTepMUSsIIBIK HEMECe COJIbBOTEPMUSUIBIK CHHTE3 OJIICTEpiH NaiajiaHa OTBIPHIII,
298-nen 423 K-re neifiari temnepaTypaja, KediHece UMUAA30IIbIH apTHIK MOJIIIEPIMEH OHIIPiTyi
myw™mkin (Lee et al., 2015; Qian et al., 2012).

XUMHSUTBIK OHIIPICTI apTTHIPATBIH KOHE KOpIIaraH OpTara ocepli a3alTaThlH THIMIIpPEK
oIiCTep i JKacay J1a COHFBI 3epTTeyJIepaiH 6acThl HazapsiHaa 60abl (Yao et al., 2015).

2.2. ZIF-8 mamepuanvinviy cunme3soenyi

ZIF-8 cunrte3neyne rupoTePMUSIIBIK CUHTE3, COTbBOTEPMUSIIBIK CUHTE3, MEXaHOXUMHUSIIBIK
CUHTE3 JKOHE YNbTPaIbIObICTHIK/COHOXUMUSIIBIK CHHTE3/II KOca alnFaHa, OipKaTtap CUHTE3 dficTepi
yceiHbUFad. ZIF-8-TiH mopiiik 3aTTapasl JKETKi3y, aJcOpOSHTTEp MEH KaTalu3aTopiiap peTiHC
KOJIJAaHBbUTYBl OHBIH KEYEKTUITIHIH KOFapbl OHE KYpPbUIBIMIAPBIHBIH e3repMelni OoJybIMEH
epexmencueni (Lee et al., 2015).

2.2.1. Conveomepmusinolk cunmes

byn yaepic ZIF-8 marepuanaapsid any YIIiH OpraHUKaIbIK epiTKIITepi naiaananans:. Park
xone T.0. (Park et al., 2006) N,N-mumerundopmamun (DMF), N-metunmupponuaun sxoHe N,N-
IATIII(HOPMaMUT CUSKTBI OPraHUKAJIBIK €pITKIIITepAl KoJAansln, anFam pet ZIF-8 kpucrangapsia
xacanel. l-cyperre l1-mertmmmmmunazon (MIM) >xoHe MBIpBIII HUTpPAThl TETPArHIPATHIHBIH
Zn(NOs)2:4H.0 DMF-te epyi, coman keitin 140°C Temmneparypana 24 caraTThIK WHKYOAIHSITBIK
kezeH kepcerinren (Park et all., 2006). lerenmen, DMF wmonekynamnapbl CONANIUTTI TOPIBI
MOJIeKyJIaIapJiaH YJIKeH OOJIFaHIbIKTaH, epiTKim anMacy apkbuiel ZIF-8 amy kubeia (Lee et al.,

2015).
N
+ 7Zn(N 4H,
| N—cH, MNO 40 [ zawy,]
N DMF. 140°C. 24 h I,

H

L
Cyper 1. ZIF-8 conpBoTepMusIIbIK cuHTe3Aey nporeci (Park et all., 2006)
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Onebu monynapra coiikec, Metanosn, DMF anMacTeIpreimn OoubIn TaObLIabl, OUTKEHI OJ
ZIF-8 keyekTepiHEH OHall ajibIHA/Abl, OUTKEHI OHBIH KHHETUKAIBIK nuamerpi DMF-re kaparanma
tomeH (Lee et al., 2015). ZIF xpucrannapsis xacay yuria Kypambeiagaa Zn(OH)2 Gap cynbl ammuak
epiTiHgici KypambiHaa MIM Hemece 2-3TunuMmuga3zon 0ap METaHOJ epITIHAICIMEH OipiKTipiami
(Kida et al, 2013). Ocs1 xanamibut 3eprreyre coiikec ZIF-8 kpucrammapsl Oipaed KypaybIiTapiabl
OipikTipim, ojapabl 0esMe TeMIepaTypachiHaa Oec caraT 00MbI ycTay apKbuibl skacanasl (Huang et
al., 2006; Zhang et al., 2011). ConbsimMen katap, Zn nonmapbl MeH MIM apacbiHgarbl 1:8 MOJSPIIBIK
KaTbhlHachl HaHoemeM/ 1 ZIF-8 marepuangapbln cCMHTE3/ey YIIiH HaigalaHbLIybl MYMKIH €KEHIIT1
anbIkTaae! (Zhu et al., 2012).

Keiiinri 3eprreynep OoiibiHina meranon Herizinaeri ZIF-8 cunresmenni. Harpuii ¢dopmatsl/
MIM sxone n-Oyruinamunai Cravillon sxone T.6. (Cravillon et al., 2009) 10-Han 65 HM-Te ACHiHTi
nuanazonaarel  ZIF-8 HaHOKpUCTANAapblHBIH OJIIEMiH pEeTTey VIIH MOAU(DUKAIUSIIAYIIbI
JUraHATap peTiHae KongaHel. benme temmnepaTrypackinaa MoaupuKanusuiaymsl guraaarap ZIF-8
KpucTanaanyei 1ga okbuigamaattel (Cravillon et al., 2011). AnteiOypbimtel mimingi ZIF-8
HAaHOKPHCTAIAPhl METAHOJBl JKOFapbl MOJICKYJAdbl IMOJMMEPMEH (IUAJLTUANMETHIAMMOHUN
XJIOpHIi) TypaktaHasipy apkbuisl skacaimsl (Cravillon et al., 2012). Conbimen karap, ZIF-8
KOCBIMIIIA OPraHWKaJbIK EpITKiTep/i, COHbIH imnuHae sTanosn (Bennett et al., 2013) xomne
usonporua crupti (Nune et al., 2010) apkbuibl HaibIH AL

Park sxone 6acka raneiMaap (Park et al., 2006) 2 cyperte kepceTuIreHaeH KEYSKTUTITT KOFaphI
ZIF-8 MOHOKpHCTaNapl Typaeri KypbulbiMbIH skacafpl. Oman keilin CH30H/NHsz*H>O apanac
epiTiHaiciMeH cuHTe3xeni. MeTaHol MEH aMMHaK epiTIHAICIHIH KOCHACchlH epITKIill peTiHae
Koiaany Typaktel SOM-ZIF-8 marepuanblHbIH Ty3UTyiHE BIKMal eTeli. bipak MeTaHON TYpaKThI
ZIF-8 Ty3inyiHe epiTkim peTiHae Koinanbuiatbiabl Oenriti (Shen et al., 2018., Hu et al., 2019). An
taza ammuak ZIF-8 kem wmenmepae Ty3inyiHe biKnan erin romorennai ZIF-8 tysineni »xone
KpHCTalIaHy JKbulmamabeirbl ote xkorapel  (Chen et al.,, 2019). Ammuak oK Ke3zne Oapiibik
kpuctangap ZIF-8 maitna 6omanel s)xone ZIF-8 HaHokpucTa peTinae ecesi. Exi epiTKIIITIH 9cepiHiH
eTe aKCchl OonaThIHbIHA K63 xeTkisreH Shen (Shen et al., 2018) »xone 6ackamap SOM-ZIF-8 (3,
0,5) apanbIKTa TY3UIETIHAITIH aHBIKTA/IBI.

Cyper 2. ZIF-8 xpucrangslk KypbutbiMbl. Col JKaFbl. Taskma auarpamma, OpTachl: peTreH
opuanackat; OH xarbl: EH ynken Top (Park et al., 2006). Asropisik kKyksik: PNAS (Proceedings of
the National Academy of Sciences, ¥nTTeik AKaIeMHSUIBIK FBUIBIMIAAp €HOEKTEPI).
https://doi.org/10.1073/pnas.0602439103

2.2.2. ['uopomepmusnvix cunmes

byn tocin apkbuibl ZIF-8 konjmanyra oHall oHE 3KOJOTHSJIBIK Ta3a TYpJE IIBIFapbLIybI
MYMKIH, ©HTKEHI COJBOTEPMHUSUIBIK CHUHTE3 YJEpiCTepiHJe KOJIJAHbUIATBIH OPTraHUKAaJIBIK
epITKIIITEep yiabl, KbIMOAT, JKaHFBIII JKOHE KopularaH oprtara 3ugHibsl. Kopmiaran opra
temneparypaceliga ZIF-8 cuHTe3iH 3epTrTey YHIIH COHFBI JKBULAAPBI  CYJIBI  €pITIHIUIEp
KOJIJTAHBUIIBI, COFaH KapaMacTaH, CYJIbI ePITIH/IIIe KeYSKTI KAHKACHI )KOK THIFbI3 KYPhUTIMIBI ZIF-8
CHHTE31 aJbIHYbI ©Te KUbIH. Pan xone T.0. (Troyano et al., 2019) anapiMer OyJ1 MoceNeHi eIl
CyJIbl KYHene KapamaibiM yzepic apKpuibl OenMe Temmeparypackinna ZIF-8 maiieramanel. Omap
MIM epiTiHICIH MBIPBIII HUTPATHIHBIH €PITIHAICIMEH KOCIIAaHbI IIaMaMeH 5 MUHYT apajacThIpibl,
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COJlaH KeWiH meHTpudyramay apkbUibl oHiMIi amabl. Jlereamen, MIM wemmepi Oyn omicte
KOJIJIaHbIJIaThIH Zn uoHjapbiHaH mamaMeH 70 ece kem. On MIM apThIK HIBIFBIHBIH TYJBIPaJbI,
ce0ebi ZIF-8-neri MIM xoHe Zn MOHIAphl apachIHIAFbl CTEXHOMETPUSIIBIK MOJISIPIBIK KaThIHAC
TeOpUsUTBIK TYprbiaH 2 6onanel. ZIF-8 npenapateina 100-men 20-ra neiiinri MIM/Zn MoJSpIbIK
KaThIHACBIHBIH ocepi mnaimanansiiibl (Pan et al.,, 2011). Zn wuonmapsr men MIM apachiHaarsl
OpTYpJIl CTEXMOMETPHSUIBIK MOJISIPIBIK KaTbIHACTa CHHTE3 JKarjmainapel 3eprrenai. Conpaii-ak,
cunre3 epitinaiciniy pH wmoni ZIF-8 kpucrtanmanybiHa ocep eTeTiHi aHbIKTamabl. ZIF-8 cy
Herizigaeri cuHTe3 oaictepin MIM maiinananyasl azaity yiriH tpudTaHoisamut (TEA), ruapokcua
KOHE aMMOHHU CUSKTHI TPOTOH/IaHY areHTTEPiH KOJJIaHy apKbUIbl ©3repTyre 0onaasl. Gross xoHe
1.0. (Tanaka et al., 2012) 4:1 MIM xoHe Zn HWOHAAPHl apachbIHIAFbl MOJISPJIBIK KATHIHACTHI
naianansin, TpudTanonamus (TEA) Kocy apKbuUibl 0ejiMe TeMiepaTypachiHia cyibl xyiene ZIF-8
CUHTE3Ie/ll. OJIICTE eIIKaHal )kaHaMa eHIMJIep Mak1a OOJIFaH JKOK.

Wang »xoHe oHbIH opinTectepi omaH opi MIM/Merann mMomsipibIKk KatbiHAchl 2:1 00naThiH
KOHIICHTPJII aMMOHHU# THAPOKCUII Cynbl epitinaiaepinae ZIF-8 cuntesin xacamsl (Yao et al.,
2013). Cynbl ammuak epitingicinge ZIF-8 KypbUIbIMIapbiH, O6JICKTEP/IiH OJIIEeMICPiH JKOHE
TEKCTYpaJblK KaCHETTEepiH perTeyre OonaThlH eHIM amyra Oonaabl. byn yHemzal cunTte3 omictepi
ZIF-8 marepuaigapblH KeH KoJIEeMC OHAIPY/Ii KEHIUTIETE/I.

2.2.3. YiempaowiovicmulK, /COHOXUMUSLILIK, CUHME3

Z|F-8-n11 ynbTpaablObICTBIK HEMECEe COHOXUMUSUIBIK SIICTEpMEH Je CHHTEe3/eyre Ooaibl.
Seoane xone T.0. (He et al., 2014) ymprpaabiObicThik (AKIL) sxoHe conmbBoTepMuUsuibiK (ST)
xarmapiana ZIF-8, ZIF-7, ZIF-11 xone ZIF-20 kpucrangapeia cuate3aeni. ZIF-8 sxuimiri 47 k'
xoHe KyaThl 110BT ymbTpanbiObICTEIK oHuey ke3inmae 45°C temmeparypana enmipingi. Jactypii
COJIbBOTEPMUSUIBIK ~ OIICTEPMEH  CaJIBICTBIPFAHAA  YJIBTPAJbIOBICTHIK HEMECE COHOXMMUSIIBIK
CHHTE3[IIH Y3aKThIFbl KbicKapaabl. Conpaii-ak, ZIF-8 kpucrammapbl KOOIMIT COJBBOTEPMUSIIBIK
TOCUIEPMEH JKacalFaHIapAaH albIPMAIIbUIBIFRI KIIIPEK OOJIIEKTeP/IiH OJIIeMIiHe KOHE OJIeMi
Kilni GemeKTepIiH TapalyblHa He eKeHIiri anbikTanas! (He et al., 2014).

pH perreii otsipbin NaOH sxone TEA naiinanany apkeuisl Cho T.6. (Seoane et al., 2012) ZIF-
8-1i COHOXMMMANBIK OiCTIeH CHHTe3ziedi. ©OTe sKOoFaphl CyOCTpaT KOHIEHTpamusiapbiaaa (Zn?':
DMF=1:3) ZIF-8 eki carar imriHge Kem Memmepae cuHTesfenmi. JKorapsl cydcTpat
KOHIIGHTpalUsIChiH, pH jXoHE COHOXMMHSHBI OpBIHABI Mainanany apkpuibl ZIF-8 cuHTe3iHe Ko
KeTkizyre Oonanpl. COHBIMEH KaTap, CUHTE3 YaKbITBIH JOCTYpJl CHHTE3 9icTepi YIIIH OipHere
KYHHEH, YJIbTPaJbIObICTHIK HEMECe COHOXUMMUSUIBIK o/icTep YIIIH 1-2 caraTka JeWiH KbICKapTyFa
oonap (Cho et al., 2013). COHOXUMHUSIIBIK 9/IiC YKOFaphl TEMIIEPATYPAHbI, KbICHIM/IbI )KOHE SPEKIIIe
KBIIIaM XKbLTy Oepyal TyAbIpaThiH oicTiH Oipi. bys yaepicrep ke3iHje epiTiHauIepae KomipuIikTep
naiima Gomamer (Suslick et al., 1986). ZIF-8 cunTe3i yiriH ASCTYpsi MEITi KBI3ABIPYIaH
allbIpMaIlIbUIBIFbI, COHOXUMMSUIBIK 9/IICTEp epiTIHALIEpAeri OemmeKTep i OIpTeKTI HyKJealusCblH
te3aereni (Son et al., 2008).

2.2.4. Mexanoxumusiiblk cunmes

CunTe3 yaepiciHle epiTKiluTep MeH Ty3JIapbl KojaaaHOai, MeXaHOXUMHUSJIBIK CHHTE3 9JicCl
KOpIIaraH OpTaHBIH JIACTAaHYBIH J>KOHE KPUCTAIABIK TOPFa KOCTHaJapblH KOCBUTYBIH a3aiTajbl
(Schlesinger et al., 2010). Teirb13 Zn(IM)2 ZnO-ub1 uMuaazonasiH (IM) ken MenepiMeH KOJIMEH
yHarakray apksiibl (Fernandez-Bertran et al., 2006) nemece ZnCl, (Adams et al., 2007) konmaHaThIH
MEXaHOXUMISUTBIK OMICTI KOJJIAaHy apKbUIbl JadbiHAanabl. Kyprak yYHTaKTay HOTHXKECIHJCTI
TOTBIFYABl Oonapipmay yuiiH ZIF-8 cunTe3iHe cyibIK HemMece HOHIBIK YHTaKTay yAepicTepi
yeoiabuLbl (Beldon et al., 2010). Cyiibik dasza Oyt GesmeKTepIiH KbUDKbIMAIIbI KO3FaJIFbIIITHIFbIH
kyureiite amansr (Braga et al., 2006). ConsiMen KaTap, Ty3 Kocrmanapsl ZIF-8 Ty3inyin skeHiameremi
(Friscic et al., 2010). Ex OacTbichl, YHTaKTay YVICpICiHIE CYHMBIKTBIK TEH TY3 KOCMajJapblHAH
cuntesnenred ZIF-8 Ty3ineni. Conpaii-ak epiTKimTep MEeH Kocnanapasl Koiaganoait, ZnO-nan ZIF-
8-Te MexaHUKaIIIK XMMUSUTBIK KYPFaK TYpJIeHIipy Typaisl aiTeuisl (Tanaka et al., 2013).
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1-Kecrenen op omicTiH cyOcTparrap,

epeKIIemKTepl 0ap eKeHiH Kepyre 0omaibl.

Kecre 1. ZIF-8 cunresney aaicrepi (Qiaoling Zhou et al., 2025)

yaepictep koHe MOpPQOJOTUACHIHAH ©31HIIIK

. . ABTOPJIBIK
ojicrep Cyocrparrap Ynaepicrep Mopddoiorus KYKBIK
CoabBotepMusiibiK | Zn(NOs):-6H-0, 2- Epity [Momurupparrer | 101, 2021,
METHIMMHIA30]1, apanacTeipy — ZIF-8 Food and
N,N- KbI3IBIPY — KPHUCTaJIIaphl Chemical
auMeTrUIIhopMaMu Genme Toxicology.
(DMF) TEMIIepaTypachiHa
NeiiH CyBITYy—
CY3y — XKyy —
KeITipy
I'uaporepmusiibik | Zn(NOs)2-6H-0, 2- Epity — Ipi ZIF-8 102, 2020,
METHIMMHIA30], apanacteipy — KpHUCTaIap Journal of
Cy, METaHOJ THIPOTEPMHUSITBIK Alloys and
CHHTE3 — Compounds.
HeHTpudyra —
Kyy — KEnTipy
YabTpaawiobicTeik/ | Zn(NOs)2-6H-0, 2- Dissolving Bipneit typmeri | 103, 2013,
COHOXMMMUSLIIBIK METUIIMMUIA3017, separately — ZIF-8 Microporous
METaHOJI mixing — KpHUCTasap and
ultrasonic Mesoporous
irradiation — Materials.
centrifugation —
washing —
drying
MexanoxumusiblK, | Zn(NOs)2-6H-0, 2- ¥HTaKTHI BipikTipinaren 104, 2021,
METHUIIAMHUIA301 JTipMeH Ie ZIF-8 Materials
(yHTaK) apanacTelpy — OenmexTepi Today.
€JIEKTEeH OTKI3y —
Kyy — KeNTipy
3. Tannay

3.1. ZIF-8 konoana omuipvin ayvip memanoapowvl agbiHobl CYIaAPOaAH HCOKO

OHipic, KYpbUIBIC JKHE Maiabl Ka30anap/pl ©HI1py 6HEpKICIOIHEH )KUHAKTAJIFaH aFbIH/IbI
CyJap/bIH TOrUTyilHEH TYBIHAaFaH 3KOJOTMSIIBIK MACeNeep COHFBI JKbUIAAPhl SKOHOMUKAJIBIK JKOHE
OHEPKOCINTIH JKbUIAM apTyblHA OalaHBICTBI ©3€KTi Oomnbim kenmemi. Kaszipri yakpITTa CyAbl
KOpIIaFaH OpTaHbl KOpFay ajJblHIa TYpFaH ©3€KTI MacesenepaiH Oipi cy OOBEKTUIepiHIH ayblp
MeTaJlJJapMEH JIaCTaHybl OOJIbIN TaObUIaAbl. AYbIp METalJl MOHJAPBIHBIH KOIIIUIr MyTareHmui,
KaHIEPOreHl >KoHE OMONOTHSIBIK bIABIpAMAiThIH OONFaHIBIKTaH aJamJapra >KOHE CyJaFbl
TIPIIUTIKKE OPHBI TOJIMAC 3USH KEATIpei.

MpbIC TeH KOpFachIHHBIH HETI3r1 aHTPOMOTEHMIK Ke3Zepi, CyAbl JAacTaWTBhIH ayblp MeTall
HMOHJAphl Tay-KE€H JKOHE OaJIKpITYy, aKKyMYyJSATOp OHIIpiCi »koHe Oacka Ja eHAIpiC TeH OHILY
kacimopsiHAapsl 0okl Tadbu1aabl (Hong et al., 2020; Baby et al., 2010). Slrau, cyabl jgactayasiH
AQHTPOIIOTCH/IIK KO3/epi ayblp MeTangap OOJFaHIbIKTaH OYJI SKOJOTUSIIBIK Macenere skatabl. Cybl
JACTAaUTBIH MBIC TE€H KOPFACHIHHBIH OWOJIOTHSUIBIK JKMHAKTATYbl >KOHE YBITTBUIBIFBI JKOFaphbl,
JaCTaHFaH Cy ar3ara, OaJbIKTapra JKOHE ajaM JICHCAyJbIFbIHA 3USH KeNTipeal (MbIcalbl,
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HEBPOJIOTUSUIBIK 3aKbIMIap, OyWpek aypymapbl). AnaM KOJBIHAH KAcaJlaThIH aHTPOIMOTEHIIK
KO3JCp/IiH CUIIaTTaMachl 2-KECTe/Ie KENTIpUITeH.

Kecre 2. Azam KoJIbIHAH acajaThlH aHTpororeHaik ke3aep (Baby et al., 2010)

AHTPONOreHIiK K03 Cunarramacel Mbicasnap
Tay - keH xoHe Ken enpipy sxoHe MeTanabl 0ankpiTy | MbIc KeHiTepi, KOPFAaChIH-
OaNKBITY KE31H]Ie KaJIJIBIK CYJIap apKbUIbI MBIPBIIT KOMOMHATTaPHI.
METaJUI HOHJIAPHI JKi0epieni.
AKKYMYJISATOp ©HIIpici KoprachIH-KbIIIKBLT bapnwik enmeri aBTomMmoOMIIb
AKKyMYJISITOPJIAPBIH OHIIpYyae aKKyMYJISTOPJIAPBIH
KOPFachbIH KOJIAHBLIA/IbI. HIBIFAPATHIH 3aYBITTAp.
backa enipic >xoHe Mertamtyprusi, 605y eHzipici, TyTiH TYTiKTEpiHEH HEMece
OHJICY DIIEKTPOHUKA, XUMUS OHEPKACIiOi. Ta3apThUIMAaraH aFblH
CyJapJaH NIBIFATHIH JJACTAHY.

3epTTeynepre colikec, CyAbIH KypaMblHIa MBIC HeMece KOpFachlH OoJica ajaMmaapra
KAUTBIMCBI3 3HUSIH KETipyl MyMKiH. MBICalTbl, TBIM KON MbIC OaybIp IHPPO3BIHA KOHE OYHUPEKKE,
MuFa koHe Oacka myte TiHaepine (Gaetke et al., 2003) 3akpiM KenTipyi MYMKiH, al ThIM KeIl
KOpPFachbIH CYHEKTEepAl e3repTil, KbI3bLI KaH jKacyliajJapbiMeH IpodiaemManapasl TyAbIPYbl MYMKIH,
OyJ1 aHeMHsI MEH KaTepJii icikke okenyi mymkin (Briffa et al., 2020).

AnaM ar3achlHa TiKellell HeMece j)kKaHama €Hy apKbUIBl MBIC TIEH KOPFAachbIH aF3a/ia KWHAJIBIIL,
KONTEreH aypysap MeH eiimre okeneni (Zeitoun et al., 2014; Li et al., 2021).

ConppIKTaH, KOpIIaraH oprara kibepinMec OypblH KypamblHIa ayblp METaJlJI UOHAApHI O6ap
aFbIHBI CyJApabl a3 MeJIepae Ta3apTy Kepek. Kasipri keszme ayblp MeTaul MOHIAPHI aFbIH[IbI
cyJapJiaH XUMUSUIBIK TYHABIPY, MeMOpaHaIIbIK 06Iy, HOH aJMacy KOHE AJIEKTPOXUMUSIIBIK Ta3apTy
CHSIKTBI OPTYPJIi Ta3apTy dicTepiHiH Kemerimer xoiblianst (Fu et al., 2011; Arbabi et al., 2016).

KenTeren XuUMHSIBIK peareHTTEpl NaiiganaHynaH Oacka, (UIOKYIALMS KOHE KOaryJssius
Macesecine okeneni. MemOpaHaHbl Oelly IMpoLeci ayblp MeTajlll HOHAAPBIH JKOKJIa alTapIibIKTal
TUIMI1 OOJFaHBIMEH, OJ SKOHOMMKAIBIK TYPFBIAAH THUIMCI3 JKOHE KON KYTIMAI KaKeT eTesi.
DNEeKTPOANAIN3 TOCUTIHIH JKOFaphl CEMapalyusiIblK CEJIEKTUBTUIIN alTapibIKTall TEXHUKAJIBIK
KYPAETUTIKIICH )oHe HOH allMacyMeH KaTap kypeni (Azimi et al., 2017; Qasem et al., 2021; Ahmed
H et al., 2016). by nmaiinananyapiH KapanaibIMIbLUIBIFbIHA, YHEMIUTITIHE KOHE KOpIAaraH opTara
3USTHCBI3IBIFbIHA OalIaHBICTBI aICOPOIUSIIBIK TEXHOIOTHS KYPaMbIH/Ia ayblp METaJT HOHAAPHI 6ap
aFbIHJIBI CyJIap/ibl Ta3aJIay/AbIH €H KEeH TapajiFaH djicTepiniy Oipi Oonbin Tadbutans (Lei et al., 2019;
Aklil et al., 2004).

AncopOeHT, eH alabIMeH, aacopOlus TEXHOJOTHSCHIH KOJJIaHa OTBIPHIN, ayblp MeTajll
WOHJIapBIH acopOlusaiay Ke3iHAe XUMHUIBIK Hemece (DU3MKaJbIK OPEKET apKbUIbl ayblp METalll
HMOHJApPBIH a7IcCOpOIUsiay KoHe 00y YIIH KOJJaHbUIA bl )KOHE aICOPOSHTTI TaHIay 6T€ MaHbI3/IbI.
AFBIHIBI CyNap/bl Ta3apTy YIIiH OeJICeHIpUIreH KeMip, ca3 MUHEpaIaaphl, MOIUMEpIIep, MEOTHT
XKoHe Oacka aIcopOUMsIIBIK MaTepuangap NaijaraHbuiabl. Alnaiiia, ayblp MeTall WOHIApPBIHBIH
azicopOLMAChIHA KeNeTiH Ooincak, Oy Marepuanjgapia ajcopOLMIIBIK KEMIIUTIKTep Hemece
agcopoumsbIK THiMaiTiri Temed 6omael (Orolinova“a et al., 2010, Naat et al., 2021).

ZIF-8 aacopOuust yAepiciHiH iIIKI KeMIIUTIKTepiH 6acka MarepuangapblH (yHKIMOHAIIBIK
TONTApBIH/IA EPEKIIETIKTEP] Oap, OYIT KOMITO3UTTIK KaTau3aTOPABIH MEHIIIIKTI OCTIHIH ay/1aHbl MEH
ancopOumsuel aptteipaasl (Mo et al., 2022; Qu et al., 2021).

Anpeiaeel 3eprreynep ZIF-8 HaHOGeMImeKTepiHiH KaHBIKMAraH MeTamn Toprmapsl (Zn2Y)
©3/IrHEeH KYpacThIpy Ke3iHAe KOOPAWHAIUSIIBIK, NOHIBIK JKOHE CYTEKTIK OalIaHBICTaphl apKbLIbI
e3apa apekerTecyi MyMKiH exeHin kepcerti (Wang et al., 2020; Yang et al., 2018; Li et al., 2021;
Chen et al., 2019).
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Kenripinren opebuerrepae aWTbUIFaHIAl op MaTepHANABIH — APTHIKIIBUIBIKTAPBl MEH
KeMmurutikTepi Oomampl. MpeIcanbel, Marepuan peTiHae OenceHaipiireH kemip MeH ZIF-8
CaNBICTBIPAThIH OoJicak, TaOuru 3aT - OelceHAipuIreH Kemip ap3aH, KOJDKETiMII OoJFaHbIMEH
azCcopOIMsl THIMILUTITT TOMEH JKOHE KailTa KalmblHA KeJITipy MyMKiH emec. An ZIF-8 amcopOumst
THIMJUIITT JKOFapbl, KEyeKTepiHE MeTaJAap/AblH €HYyl OTe J>KaKChl JKOHE METajjaap HMHJIA3011
TONTApbIMEH XeNaTTacajbl. bipak XJOpCyTek Hemece HaTpHuil TMAPOKCHAIMEH KalTa KallblHa
KeJTipy Ke3iHae afcopOIus THIMIUIITT TOMEHICHII.

Hoctypai ancopbentrepai (eoauTTep, OeICSHIIPIITeH KOMIp, OMOKOMIp, XUTO3aH, KPEMHUM
JTUOKCHJIi, ca3 MHHepanmapbsl xoHe rpadeH) canmbicThiprania, ZIF-8  nacranran cynapaan
KOITereH ayblp MeTallyl MOHAAPBIH Ta3zapTylda Tamalia ajcopOlMsUIBIK KaOineTiHe OailaHBICThHI
KOFapel THIMAUTIK Kepceremi (3-kecte). 3-kectene kepcerinrenaen, ZIF-8 skcnepumenTansi
XKarjannap/a cyJsl epiTiHAUIEpACH ayblp MeTalapAbl JKOFaphl AeHrene aacopouusaiiasl. backa
azcopOeHTTepMeH caibicThipranaa ZIF-8 onaexaiina THiMAl KYMBIC iCTEHI1 KOHE QPTYPIIi aybIp
MeTajiapra aWTaplIbIKTail KOoFapbl aJcopOLMs CHIMBIMIBUIBIFBIH KaMTaMachl3 eteai. Keicka
aJcopOIus yakbIThl, OeHTapan HeMece 9JICi3 KBIIIKBUT OPTaIarkl XKaraaiinap, oHall OakplIay KoHE
KOJIJIaHy bIHFAUIbUIBIFEl ZIF-8-HiH ayblp MeTal HOHAAPBIH aJcopOLusiayia eTe THIMIL O0TybIHA
piknan eremi. Jlereamen, MIL cepusuibl MeTaimiopraHuKanblK KaHka Hemece UiO-66 CHSKTHI
xetuiaipiiren agcopoentrepre ykcac ZIF-8 Gipuemie maHpI3ael mekrteynepre ue: (1) MakcarTsbl
(G yHKIIMOHAIABIK TONITAPAbIH 00JIMaybIHA OalIaHBICTHI TOMEH CEJEKTUBTLIIK, (2) akcTpemManasl pH
KarJallapblHAaFbl TOMEH TYPAKTBUIBIK KoHE (3) calbICTBIpMalbl TYPAE JKOFapbl CHHTE3
meFbHAapel. Ocel Mocenenepai memnry ymiH ZIF-8-mi cTparerusiblk (yHKIMOHAIM3AUUSIIAY
Hemece jxkaHa ZIF-8 Herizinzeri KOMIO3HUTTIK MaTepuaiaapAbl 93ipjiey OHBIH CEJIeKTHBTLIITIH,
XUMHSIIBIK TYPAKTBUIBIFBIH JKOHE ayblp MeTalAapAbl KO THIMILUIITIH Oip Me3eTTe apTTHIPHIIM,
OH/IIPIC MIBIFBIHAAPBIH OHTANIAHIBIPYFa MYMKIH/IIK Oepei.

Kecte 3. Optrypni aacopOeHTTEpaiH ayblp MeTajaapAbl CiHIpYiHIH aAcopOLUsIBIK KaOlleTiH
cansicTripy (Qiaoling Zhou et al., 2025)

Jlacrayumsl Marepuannap Bacranksl pH Kanacy | AncopOumsaiabIK
KOHIEHTPaIus yakbIThl | Kabijgeri (Mr/r)
(mr/n) (MuH)
Cu(ll ZIF-8 120 5,0 90 378,5
Kypinr KaObiFsr 128 — 20 2,30
CS/SA/SiO: 100 6,0 240 47,50
PANI@APTS-
FesOs/ATP-0.7 100 5,0 15 142,5
SH/GG@MIL-100 100 6,0 300 311,48
Pb(11) ZIF-8 100 6,0 15 475,54
PANI@APTS-
FesOs/ATP-0.7 100 5,0 15 270,27
A-MZF 100 3,0 300 160
IDS-Mt5 300 8,0 10 214,73
FC304@UiO-66-
PDA 50 5,0 800 121,42
Cr(VI) ZIF-8 50 5,0 45 34,3
ZnO NPs 20 6,0 35 48,50
AO-CS 200 2,0 10 130,0
MAF-LDOs 100 3,0 75 26,76
UiO-66-(OH): 20 3,0 200 18,20
As(V) ZIF-8 20 7,0 480 81,40
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CS-FMO 20 30 | 1200 26,65
Zr-Mn 10 70 | 900 52
MIL-
100(Fe)/1%GO- 10 60 | 120 26,55
400
ca(in ZIF-8 100 7.0 15 209,79
MRBC 100 70 | 480 49,93
MgAI-LDH 50 7.0 60 4,18
MCTS@GO@DIP 50 6.0 30 39,35
Fe:0.@Ui0-66- 50 70 | 420 430,89
Lcys
Ha(Il) ZIF-8 20 6.5 90 127127
K_HAS 120 40 | 480 128.4
Fe_Mn@SCAs 100 6.0 90 324,47
PANI@SA-SNM 50 40 | 120 352,76
If(ﬂz@'\g'E'—é 100 50 | 24 car 237,45

Cynmarel ayblp Metampapasl Keripyre apHanran ZIF-8 Herizinmeri amcopOeHTTEpIiH
agcopOuusbIK Kabinerine kapan ZIF-8 TysiHIbIIApE! ayblp MeTaIAapAbl aacopOusiay OoibIHIIA
KOITEreH 0acka aJicOpOSHTTEPMEH CAIBICTBIPFAH/IA QJJICKAM/1a )KOFaphl HOTHIKE KOPCETETIHMITIH
Oaiikayra 6onaapl. Onap ZIF-8-1iH KeyeKTi KYpbUIBIMBIH CaKTaill OTBIPBIN, KOMIPTEKTEHIIPYIEH
KeWiH KeYeKTiK XKyiere (MUKPOKEYeKTep MEH ME30KEYEKTEp) ’KOHE YIIKEH MEHIIIKTI OeT ayJaaHbIHA
e 6omazpl, Oy OPTYPIi THApPATTANFaH PagnycTapsl 6ap ayblp METal HOHAaphl (Mbicansl, Cu?*,
Pb?*, Hg?* monaps! yIin ancopOIys anaHIapbIHBIH CAHBIH apTTHIpasl. ONapabiH aacopOIHsIIBIK
CBIMBIMIBUTBIFBI KOOTHE TOCTYPIIl acCOpOSHTTEpre Kaparanaa OipHele ece )KOoFaphl 001abl.

Keyekrepain e3apa OaiimaHbICKaH KYpbUIBIMBI MacCaHbIH TaChIMaJIJAHYbIH KE€AEJAETII,
azcopOlMsa KMHETUKACBIHBIH KbUIIAM KYPYIHE KOHE Teme-TeHAIKKE KeTY YaKbITBIH KbICKapTyFa
MyMKiHzaik Oeperni. ConbiMeH KaTap, ZIF-8-1eH cakranraH a30TThl (YHKIMOHAIABIK TONTAp JKOHE
KOMIPTEKTEHAIpY Ke31H/e TY31IreH OTTEeKTi TonTap Oenriuii Oip ayblp MeTalaapFa CeNeKTUBTUIIKTI
aptThipa Tycenl. EH MaHbI3ABICH, Oy TYyBIHABLIAP KBIMKBUIABIK OHE CUITUIIK oOpTajlapaa
Oacranksl ZIF-8-re Kaparania >xorapbl TYPAaKTBUIBIK TAHBITA/IbI; OJAPIbIH KOMIPTEKTI KYPBIIBIMBI
epy yaepicine Tesimai Gombin, Zn?* GemiHyiH azaiTajbl XkoOHE KOI IMKIAI KONJaHYy GapbIChIHIA
THIMIUTITIH cakTaiiapl. Ochl cumarTamanapbiHa OalaHBICTHI OJap ayblp MeTalgapiabl KaiTa
KaJIbIHA KeNTIpy YuIiH Ooyamarel Oap ajncopOeHTTep Oo0mbin TaObLIaABl >KOHE OHIMJIUIIT
apTThipbUIFaH ZIF-8 KoMIo3uTTEpiHe KaKChl colikec keneai (4-kecre). JJOMMHITEH KeiiH ajablHFaH
Z|F-8-KOMITO3UTTEPTIH aZICOPOITUSITBIK OHIM/ILTITI e3repTUIMEreH MarepHallapMeH
CANBICTBIPFaHAa ayblp METalfapAbl KO TYPFHICHIHAH alTapibIKTaik apTkaH. 4-kecTtene
kepcetinrennen, ZIF-8 KocbulFaHHAH KEHIHT1 KOMIO3UTTEPAIH aacopOUMsUIBIK KabieTi MeH
TUIMIUTIN OacTamkel, e3repicci3 afgcopOeHTTepre Kaparanaa mamameH 2-80 ece »orapbl OOJIBI,
Oyn ZIF-8-miH MaTpuIanblK MaTephayIbl aWTapJIBIKTAl KylIeWTeTiHiHe gonen. EH jkorapbl
moudukarusuiblk ocep Cu(Il) nonpapein agcopOuusinay ke3inae Oaiikanazsl. ZIF-8 eHriziareHHeH
KeHIH OopTypil CcyOCTpaTrTapra HeETi3eNTeH afcopOeHTTepaiH ocepl kymeheni. EH kakcel
MoaudUKaIMs HOTHIKEIepl MeTall MaTepualjapra HETI3IeITreH acThIHFBI KYPBUIBIMIApIa
OaiiKayajpl, a1 OpraHuKaJIbIK MaTepuaniap YUl A€ KYmenTy acepi ete xorapbl. COHIBIKTaH jKaHa
MaTPUIIATBIK MaTepUuaNapabl 3epTTey >KOHE IINKI3aTThlH TaOuraThlH eckepe OTbIpbin, ZIF-8
JIOTIMHT1 apKBIIBI aICOPOIMSIIBIK KACHETTEPIl opl Kapai OHTalIaHABIpy OoJamakTa 3epTTeyre i
Jie TaibIK OaFbIT.

47



A.H. I'ymunes amuindazvt Eypasus yammuik yrnusepcumeminity xabapuivicol. Xumus. Teozpagus cepuscut, 2026, 154(1)

Kectre 4. Cynmarel ayblp Metanmapasl keripyre apHamran ZIF-8 Herizinaeri aacopOCHTTEpAiH
ancopoumssik Kabineri (Qiaoling Zhou et al., 2025)

Jacra | Hluki3za Z1F-8 nerizinage Bacrankel | pH | 7Kanac ACOPOUMSIIBIK,
YLIBI T KOHLIEHTP y Kaoljaer/TuiMaitik
anusa YaKbIT (Mr/r)
(mr/o) bl
Cu(ll) Fes0q Fe:O4@ZIF-8 40 50 | 24 car | neitin 5,7 / xeiiin 305
GO ZIF-8@GO0-7,83% 40 6,0 | 120 mun | neiiin 5 / xeiiin 380
CS CS-ZIF-8-1,2 100 5,0 5 car newin 16 / keiiin 38
MS ZIF-8/MS 30 50 | 25mun | neiiin 50 / keiiin 140
Pb(ll) | FesOs | Fe:O:@ZIF-8 35| 50 | 24car | ACHHINA ciin
SF SFZIF-8 (1:15) 100 7,0 12car nenin 75 /keitin 380
GO ZIF-8@GO 25 5,0 | 100 mun | netiin 273 /keiiin356
MMT ZIF-8/MMT 400 5,0 | 120 mun | geiiin 79 xeiiig 297
GO ZG3 100 55 | 10 mun | neitin 150 /keitin 500
BC SA@ZIF-8/BC 200 | 50 | 90 mun | A %gg%’ Keifin
CS CS-ZIF-8-1,2 100 50 | 120 mun | neiiig 23 / keiiin 38
cs ZIF-8@CS/HAP 200 | 6,0 | 50 unn | 2CHH 9285142/ Keliin
MS ZIF-8/MS 30 50 | 25mun | neiiin 40 / keiiin 150
Cr(VI) Fes04 Fe;0:@PmPD(Z) 200 2,0 | 14 car | meniin 37,5/ keiiin 255
Mg(OH): ZIF- neiiin 1,82 / keiiin
/GO | 8/NHJ/Mg(OH)/GO | 19 7,0 | 60 wum 4,88
PAN ZIF-8@ZIF-8/PAN- 20 20 | 90 mum neiin 10,19 /keliin
ms 39,68
CL-2 CSL-2 20 5,0 | 30 mun | neiiin 225 / keitin 378
AS(V) Fes04 Fe:O4@ZIF-8 50 3,0 24 car 76
CS ZIF-8/CS-N 20 6,0 | 60 Mmun 39,2
AS(' I |) FesOq F6304@ZIF-8 27 8,0 4 car 100
. newin 1,6% / xeitin
Ni(Il) FA ZIF-8/FA 100 55 4 car 36.1%
. PAA/PV | PAA/ZIF-8/PVDF- neiiin 16,54 / xeliin
Nill) | pe 0,05 50 S 219.09

4. KopbITHIHABI

byn mony makamama metammopraHukanblk KaHka (ZIF-8) cunrtesaeynin OipHemie ofic-
TOCUIepi MEH OHBIH aFbIHJIBI CY/bl Ta3apTyFa KOJJIAHBUTYBI KENTIPUITeH. 3epTTey )KYMBICTaphIHIA
ZIF-8 cunTe3zney YIIIH apHaiibl yimn epitkimTi Konganrad. Omap: DMF, meraHon xoHe cy MeH
aMMHaK.

CoHFBI XKbIIIapbl METAJUT OPTaHUKAJIBIK KaHKAJIApIbIH TYPJIEpl op TYpJIi canajga KOJAaHbBUIBII
kenei. OcelFan opai KeYeKTTIIr, afcopOIusIbIK Oencenaiiri xorapel ZIF-8 cuntesnenyi, OHbIH
op caJajia KOJIJaHbUTYbIHA KOIITereH 3epTTeYIIIepiH FUIBIMU KbI3BIFYIIBUIBIKTAph! apTKaH. Coran
KapamactaH, ZIF-8 OemmexTepiHiH TomTacyra OeiiM eKeHairi, Oyl MEHIIIKTI OeT ayJaHbIHBIH
TOMEH/ICyiHE OKeJIeTiHAIr Jie eckepinyi kaxer. Conpaif-ak ZIF-8 cunTesneyzae epiTkimn TaHaayna
epeKIe Hazap aymapbuianbl. JlacTaymibl 3aTTap KOWBUIFAHHAH KEHMIH Olapabl CymaH Oeim amy
KUbIH OOJIFaHJIBIKTAH, OJIApJbIH KaiiTa eHaedyl Je Hamap OONaThIHIABIKTAH, ayblp MeTajll
MOHJApBIH TUIM/I X010 yiniH Oenruti 0ip MOF cunTe3ney yiiiH KOChIMIA 3epTTEYNepAl KaKeT
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ereni. byn arbpiabl cyasl Tazapryna ZIF-8 mexanu3ami MeH TaOWFATBIH TEPEHIPEK TYCIHYTre >KoHE
WHHOBAIIMSUTBIK ~ IIEIIMAEpPre KOJJAAHYAbIH THIMAUNTIH apTThIpyFa JKOJ amajabl. 3epTrey
KYMBICTApBIH €CKepe OTBIPBIN, CyABl ayblp MeTaimaapaaH TaszaprateiH  ZIF-8-TiH Oacka
METAJUIOPTaHUKAJIBIK KaHKAJTapJaH XUMUSUIBIK TYPaKTBUIBIFBI KOFaphl €KCHIH OalikayFa OoJajbl.
KyppuibiMbl  UMHIa307aT  OalIaHBICTBIPYIIBICHIHBIH ~ OCEPIHEH ayblp MeETalll HOHAapbIHA
CEJICKTUBTUIIr JKETKUTIKTI. beltapanm oprama aacopOIus ChHIMBIMABLUIBIFEI 2-3 ece >KOFaphl,
mamamen 400-600 mr/r kypaiiasl. Conrbl 3eprreynepae ZIF-8-tin Cr(VI) ymin 30 MunyT iminge
95% TuiMainik kepcereTiHiH, MarHUTTi kKoMmro3utrep (FesOs@ZIF-8) cripTKbl epic apKbUibl 5
MUHYTTa OOTIHETIHIH JQJIeT/IeTeH.

YchIHBIC

3epTTey HOTHKETIEpiHe CYHEeHE OTBIPHIT MBIHAAW YCBIHBICTAPAbl YCHIHAMBI3:

1. AFeIHIBI Cynapbl CUPEK JKEp MeTaJJapblHAaH XOHE ayblp MeTallgapibl CiHIpETiH jKaHa
METAJJIOPTAHUKAIBIK KaHKAJIbl HAHOMATEpHAIIAPIbl CHHTE3ACY OaFbIThIHIA FBUIBIMH 3EpPTTEY
KYMBICTapbIH jkacay. CHHTE3 mapaMeTpliepiH OHTAWJIaHIbIPY, HAHOKYPBUIBIMAAP, Y3IIKCi3 arblH
peakTopapsl )KoHE (POTOKATAIH3ATOP-MEMOpaHa KyHeIepi OHEPKICINTIK KOJIJaHyFa JKOJI aIry.

2. ZIF-8 - TiH cyapl ayblp MeTanfapJaH Ta3apTyFa HaijaiaHyAblH THIMAUIITIH aHBIKTayaa
9KOJIOTHSUTBIK Ta3a CHHTE3JICY SICTEPIH KETUIIIPYAe epITKIMITI THIM/II KOJIIaHa O1Ty.

3. ZIF-8 xommnosuttepin mampbity yiriH MarauTti (FesOs@ZIF-8), rpaduken oxcun (ZIF-
8@GO) xone monmumepiik (ZIF-8@PVA) rubpunrepai THiMai KojjiaHy OaFbIThIHAA 3EPTTEYIi
apTTHIPY.

4. ZIF-8 xommo3utTepin perenepauumsuiayra cyisiteiirad 0,1 v HCl  xome EDTA
epITIHIIEPIH KOJNJIaHy MaTepHall CIHIpIMIUIITIH cakTan Kanaabl. Ta3apTyra yabTpaablObICTapibl
KOJIJaHY JKOHE MarHUTIIEH 06JTy TOCUIIEPiH KapacThIpy

5. Kacen cunre3 tocunmepin aprreipyra DMF opHbiHA cy + amMMuak Ky#eciH, epiTKill
peTiHje Cy: ATaHOJI KOJIJaHy

6. AncopOuMsiblK KacueTi 6ap 3arTtapablH 0acka (YHKIMOHANBIK TONTApMEH TONTacyMeH
kypecyae ZIF-8 KypbUIBIMIApbIH KOJJIAHy, CHHTE3JICY/Ie CTa0MIN3aTop KOCY KYPBUIBIMJIBIK
TYPaKTBUIBIKTHI aPTTHIPY
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Synthesis of metal-organic framework (ZIF-8) and application in wastewater
treatment: review

Nazgul Dalabayeva, George Kostakis, Nurbanu Sarova, Gulyia Sdikova, Zhanar
Korganbayeva, Turar Akylbekova

Abstract: Environmental pollution with heavy metal ions is increasing year after year due to the
rapid growth of industry and agriculture. Heavy metals are a major concern due to their extreme
toxicity to humans and their detrimental impact on the environment and ecosystems. The effective
removal of heavy metal ions from wastewater is a critical necessity, driven by strict environmental
regulations and the potential for resource recovery (metal value) in industrial contexts.

The development of advanced materials is key to overcoming the limitations (such as sludge
generation, low efficiency at low concentrations, and high cost) of traditional heavy metal removal
methods like chemical precipitation. Metal-Organic Frameworks (MOFs) have emerged as a
paradigm-shifting class of materials for the adsorption of heavy metal ions from wastewater. Their
unique structural and chemical properties directly address the limitations of traditional adsorbents.
This article presents various methods for the synthesis of the zeolite framework of imidazole-8
(ZIF-8), consisting of one type of MOF material - from atoms of metallic zinc and 2-
methylimidazole, as well as their characteristics. It is also believed that (ZIF-8) is a well-known
wastewater treatment material with high adsorption capacity and unique properties for
photocatalytic materials. In addition, recent advances in the use, synthesis and other applications of
MOF for the effective removal of heavy metals from water were discussed.

Keywords: metal-organic frameworks (MOF); ZIF-8; heavy metal removal; water purification;
pollution.
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CuHTe3 MeTa/LuI00pranuveckoro kapkaca (ZIF-8) m npumeHenne 1Jisi 0YHCTKH
CTOYHBIX BOJ: 0030p

Hasryas J[lanabaeBa, George Kostakis, Hyp6any Caposa, I'yaus CauxoBa, YKaunap
Kopran6aeBa, Typap Axbli10exkoBa

AHHOTaUUs. B CBS3M ¢ HHTEHCHBHBIM POCTOM MPOMBIIUICHHOCTH U CEJIBCKOTO XO034HWCTBAa U3 roja
B TOJl YCHJIMBAETCS 3arpsA3HEHUE OKpYXKaloIled Cpelbl MOHAMHU TSDKEJBIX METAauIoB. Tskenble
METaJUIbl Ype3BBIYAHO OMACHBI JJIS 4YeJOBEKa M OKa3bIBalOT MaryOHoe BO3JEiHCTBHE Ha
OKPYKaloOIIYI0 Cpely M SKOCUCTEMbl. YJJaJICHUE HOHOB TSDKEJIBIX METAJIOB M3 CTOYHBIX BOJ
SBIISICTCS HEOTJIOKHOW 3a/1a4eid, TpeOyroleil 3HaYNTeIbHOI0 BHUMAHHS KaK C YKOJIOTHYECKOM, TaKk
U C KOMMEPUYECKOH TOUKHU 3peHus. /i pereHus Takux npooseM, Kak MOBBIIIEHUE S3KOHOMUYECKOH
3¢ (HEeKTHBHOCTH, MACIITAOUPYEMOCTb, YAAJIICHUE HECKOJIBKUX METAIIJIOB, BO3MOXKHOCTh TIOBTOPHOTO
UCIOJIb30BAaHUA U T. JI., pa3pabaThIBAIOTCs IEepeloBble MaTepUalibl, KOTOPbIE MTPU3BaHbl 3aMEHHUTh
TpaIUIOHHBIE METOJbl OYHUCTKU BOJIBI WM BHEIPHUTH COBPEMEHHBIC TEXHONOTHH. JlJisi perieHus
3TUX MpobiieM ocoboe 3HaueHHe MMEIT Meramioopranuyeckue kapkacbl (MOF), sBistomumecs
HOBBIM THIIOM TPEXMEPHBIX OpPraHMYECKO-HEOPraHWYECKUX THUOpUIIOB, OCOOEHHO B o00JacTu
ancopbuuu. B naHHOM cTaThe mpejacTaBieHbl pa3iMuHble METOJbl CHHTE3a LIEOJIMTOBOIO Kapkaca
umuazona-8 (ZIF-8), cocrosiiero u3 onHoro Bujaa Marepuana MOF - U3 aToOMOB MeTaJLTMYECKOTO
LIUHKA U 2-METHJIMMH/1a30J1a, a TAKXKe UX XapaKTepUCTHKH. Takxke cuuraercs, uro (ZIF-8) sBusercs
XOpOIIO M3BECTHBIM MAaTE€pPHajOM /Il OYHMCTKA CTOYHBIX BOJ, OOJaJarOlUM BBICOKOH
aZIcOpOLIMOHHON  CITIOCOOHOCTBIO M YHUKAJIbHBIMM CBOMCTBaMU sl (POTOKATATMTUYECKUX
MmatepuanioB. Kpome Toro, Obutn 00CYXII€HBI TIOCIETHIE JOCTHXKEHUSI B O0JIACTH HCIIOJIH30BAHUS,
cuHTe3a u npyrue npumenenuss MOF miis 3 pekTuBHOTO yaneHus TSHKENIbIX METaUIOB U3 BOIBI.

KuroueBble cioBa: meramooprannueckue kapkacol (MOF); ZIF-8; ynanenue TsSyKenblX METalioB;
OYKCTKA BOJBI, 3aTPSI3HCHUE.
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AnHoTtanusi. Paspaboran cmoco0 BHETa0OpaTOPHOTO OMpPEneICHUS
NPOAYKTa ACCTPYKUUH KapOaMaTHBIX MECTULUAOB C HCIIOJIb30BaHUEM
KOJIOPUMETPUYECKOTO OJTMMETAKPUIATHOTO CEHCOPA, YTO 00ECIIeunBaeT
MOPTaTUBHOCTh M OINEPATUBHOCTh aHaNmM3a. 1-HadTON ZKCTparupyroT B
00BeM ceHcopa ¢ MOCIHEAYIOIUM KOJIOPUMETPHUYECKUM OIpEeIeIeHUEM
ero KOJIMYecTBa o nudppoBomy n3odpaxennto. Llndposbie n3o0paxenus
CeHcopa MmpeoOpa3yloT B KpacHble, 3eneHble U cunue (RGB) kananbr
[IBETOBBIX KOOpPJHMHAT C TOMOINBI0 cMapT(oHa, 3aTeM HCHOIB3YIOT
QITOpUTM OOpaOOTKM LBETHOIO H300pa)Ke€HHsI, KOTOPHIH BBIYHMCISET
cpennee 3HaueHue AE nBetoBbIX KoopaumHaT RGB. DkcnepumenTansHO
MOJTBEPXk/I€HA  NPUHLUUNHUAIBHAS  BO3MOXKHOCTH  HCIIOJIb30BaHUS
MOJTUMETAKPHIIATHON MAaTPHUIBI B KAUYECTBE AHAIUTHUECKOW CpPEIbl IS
TECT-CHUCTEM U UGPOBON KOJOPUMETPUU NpU onpeaeneHun l-Hagroma.
[TokazaHo, yTO MOAM(UITPOBAHHBIE MTOJUMEPHBIE IIPO3PAYHBIE CEHCOPHI
pasmepom 4,0x4,0 MM oOecreynBalOT ONTHMAIbHOE COYETAHHE
AKCTPAKIITMOHHONW CIOCOOHOCTH M ONTHUYECKHX XapakTepucTuk. Crocod
ucnonb3oBanuss I[IMM nokazan JocTaTouHyro JUisi  OOJBIIMHCTBA
OTIpeIeIeHU I YyBCTBUTEIBHOCTH C TipeaenioM obHapyxenus 0,1 mr/kr u
JTUHEeWHBIM quana3oHoM 0,5-8,0 MI/Kr [uis BU3yalbHOTO OINpEIesICHUS U
0,2-16,0 mr/kr i pPOBOTO KOJIOPHMETPUIESCKOTO OTIPEIICIICHUS.

KiioueBble ciaoBa: TmoJMMETaKpwiIaTHas — marpuina;  1-HadTo;
KOJIOPUMETPHUST; TBepAOha3HAsS SKCTPAKIUS; TUA30TUPOBAHHE
1. BBenenue

Hcnonp3oBaHMe  TMECTHIUAOB  CYIIECTBEHHO  PaCHIUPSIETCS

OJTHOBPEMEHHO C TIOBBHIIIEHHEM KauecTBa CEIbCKOXO3SHCTBEHHON
MPOIYKIIMK; TeM HE MEHEe, TOKCHYHOCTh TNECTHIHJIOB M MX OCTATKOB
ocraercsi cepbe3Hoi mnpoOnemon. Kapbamarueie mnectunuasr (KIT)
IIUPOKO HUCHONB3YIOTCS Uit OOpbOBI C BPEIUTETSIMH B CEIHCKOM
XO3STCTBE, SBJISIOTCS OJHUMH M3 CaMBIX TOKCHYHBIX TECTHUIIUIOB M
otHocsaTcs K | kimaccy omacHoctu jais yenoBeka (Gupta, 2014; WHO,
2009). KI1I 3anpemenst B EBporneiickom corose, CIIIA u Kanaze, B Poccuu
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JCUCTBYIOIEE BEIIECTBO Pa3pelieHO TOJNBKO Ui 0OpabOTKM CeMsSH Ha CIHEeIHaTu3upOBaHHBIX
npennpustusx (Dias et al., 2015; Sahana et al., 2018). Oxnako, B psiae crpan LlenTpanbHoi A3un 1
IOro-BocrouHoii ~ A3uum  KOTOpbIe  SIBISIOTCS ~ JKCIIOPTEPaMH  OONBIIMX ~ 00BEMOB
CeNbCKOX03siicTBeHHOM npoaykiuu, KII mpomomkarT nucnoiab3oBarhk. [Ipy HEBO3MOXKHOCTH OTKa3a
OT HHUX, AaKTyaJbHbIM SBIISICTCS BHEIA0OPATOPHBII MOHUTOPUHI OCTATOYHBIX KOHIICHTpAIMH
MECTUUMIOB B IpoaykTax nuranus. HMccnepoBanust mnokaszanu, uro KII wumeror ymepeHHO
JUTMTENILHBIA TIEPHOJI TONypaciaia B MOYBE, UX MUTPAIMs B MOYBE 3arps3HICT TPYHTOBBIC BOIBI
(Sharma et al., 2015). KwucnoTHOCTh TO4YBBHI SIBISICTCS OJHMM M3 OCHOBHBIX (DakTopOB,
OTIPENISNIAIONINX CTOMKOCTh MECTHIUAOB, KOTOpbIE 0OJee CTaOMIBbHBI B KHCIBIX TOYBAaX, YeM B
HEeWTpaJbHBIX WM IenouHbix mouBax (Kunpatee et al., 2022; Samsidar et al., 2018). ITpoaykTs
JECTPYKIIMU MOTYT 3arpsi3HSATh BOJHBIC PECYPCHI, TAKUE KaK MPY/bl, 03epa, 0acCelHbl, peKH, pydbU
U MUThEBBIE TpyHTOBBIE BOBI (Bazrafshan et al., 2017; ALOthman et al., 2022; Bordbar et al., 2020).
CrnenoBatenbHO, TOCTYIUICHHE MPOIyKTOB TpaHchopmanuu KII B opraHu3M yenoBeka MOXKET ObITh
HE TOJILKO MPH WX HAIMYKH B CebCcKOXO03siicTBeHHbIX mpoaykTax (AlFaris et al., 2020; Rahmani et
al., 2018; Chowdhury et al., 2013), Ho TakXe ¥ B IIOYBax U BOJAX.

st oOHapykeHust octatkoB KII, oCHOBHBIM M3 KOTOpPBIX siBisieTcst 1-HadToI, HCHONB3YIOT
71abopaTopHbIe METO/IbI, HAIIPUMeEp, Ta30Byi0 xpoMaTorpaduto (Cavaliere et al., 2012; Deng et al.,
2022), BOXKXX (Fiori et al., 2024; Habila et al., 2022) ¢ tanmeMHBIM MacC-CIIEKTPOMETPHUECKUM
nerektopom (Huang et al., 2019; Hashemi et al., 2019; Ahn et al., 2021). XpomaTorpaduueckue
METO/IbI SIBJISIFOTCS CEJICKTUBHBIMU M HAJCKHBIMH, HO C Pa3pabOTKOW HOBBIX YYBCTBHTEIBHBIX
CCHCOPHBIX MaTepUANIOB TAK)KE CTATH OOMIMPHO MPUMEHSTH JICKTPOXUMHUYCCKHE U ONTHYCCKUE
cencopusle cucremsl (Kunpatee et al., 2023; Liu et al., 2012; Moraes et al., 2009; Khosropour et al.,
2025).

CHeKTpOCKOMUYECKUEe METO bl TAKIKE MPUMEHSIIOT JUIs onpesencHus: 1-HadTona u BKIIOYAIOT
B cebs cnekrpodoromerpuro (Ahmadi et al., 2024; Peng et al., 2022), komopumerpuio (Lee et al.,
2018; Jing et al., 2021; Lee et al., 2024), hbnyopumerpuro (Bordbar et al., 2020; Bvargavi et al., 2006;
Shahdost-fard et al., 2021) u pamanosckyto criekrpockonuto (Adhikari et al., 2024; Joshi et al., 2023).
DTH METO/IBI UMEIOT PSAJ] OTPAHUYCHHH, BKIIIOYAs CIIOKHYIO TIOATOTOBKY 00pa3IioB, HEOOXOJMMOCTh
nabopaTOpHOTro 00OPYIOBaHUS M TPYAHOCTH BHEIAOOpAaTOPHOrO Mcmoib3oBanus (Armenta et al.,
2008). KonopuMeTpHyecKuii CEHCOp SBIISETCS aKTyallbHBIM BHETA0OPATOPHBIM PEIICHUEM IS
NPEOJIOJNICHNUS] ATUX OTPaHWYEHUH, KOTOpOoe 00JIalaeT MPOCTOTOH, MOPTATUBHOCTBIO M yAOOCTBOM
UCIIOJIb30BAHUS. AHAIUTBI MOTYT OBITh OOHAapY)KEHbI 0 M3MEHEHHIO IBETa CEHCOpa,
BO3HHKAIONIEMY B pe3yjibTaTe XWMHUECKHX pEaKUUil MEKAYy CHenU(UYECKUM pPEareHToM u
neneBbiMu aHanutamu (Lee et al.,, 2024). OmnpeneneHue creKTpoHOTOMETPUUESCKUM METOIOM
3a4acTyIO MPOBO/IT, CBsA3bIBast 1-Ha)TON B OKpalieHHbIi koMmiuieke. Hanpumep, B pabote (Dhahir et
al., 2015) ucrionbp3oBanu M-aMHHO(EHOI B KAUYECTBE peareHTa, KOTOPbIii coenuHseTcs ¢ 1-Hadroaom
B ILEJIOYHOM cpejie KapOoHaTa HATpHUs JJIsl OJTYYCHHs OKPAIICHHBIX B CHHUM IBET KOMILICKCOB C
MaKCUMYMOM TOTJIoIIeHus npu 637 HM. Pe3ynmbTaThl Takke MOXKHO HAOIIOAaTh HEBOOPYKEHHBIM
rJ1a30M, 4TO OOJier4aeT BHeNabopaTopHbie M3MepeHus. TakuM 00pa3oM, 3TOT METOJ CTaHOBUTCS
MHTEPECHBIM [l CKPUHHMHTA OCTATKOB MecTUIMaoB B ppykrax (Huang et al., 2019).

OcHoBHOW Tpobnemoit siBisercss HeOombmas pactBopumocth KII <1 % B Bome u
HEOOXOJMMOCTh THIPOJIM3a JUIS TOJHOTO TepeBOjia AaHAIWTA B AHAJIM3HPYEMBIH PacTBOP.
BcenencrBue 3TOro cymiecTByroUHMe MPOIEAYPHl AKCTPAKIHMU MPEAINONAraroT HCIOJIb30BaHHE
OpraHUYecKUX pactBopurened, Takux kak meranon (Khosropour et al., 2025), sranon (Soltani-
Shahrivar et al., 2019), aneronutpun (Soulis et al., 2020). Hanpumep, B padote (Suk-in et al., 2024)
omnpezereHUue kapOamMaTHOro mecTHnuAa 1o 1-HadTody BKIIOYANIO JKCTPAKIUIO W3 00pas3IoB
CETIbCKOXO03SMCTBEHHBIX TPOIYKTOB, OCTAaBIIsAsA CHa4yaja B XJOpPO(POpME Ha CYTKH, MOCIE Yero
YIS XJI0pOGOPM POTOPHBIM HCIAPUTENIEM M J00ABISIM 3TAHOJ JJIsl IOBTOPHON 3KCTPAKIIUH.
BcenencrBue ucnoiap30BaHUs TOKCHYHBIX OPraHMYECKUX PAaCTBOPHUTENEH, peareHTOB U 00pa30BaHMs
OMACHBIX OTXOJIOB, 3TH METOIbI HE BKJIFOUCHBI B HAIPABJICHHE «3€JICHOW XMMHUKY», MOCKOJIBKY 3TO
NPOTUBOPEYUT PEKOMEHIALMSAM II0 SKOJIOTHYECKH yrcTol aHanutudeckor xumun (Chemat et al.,
2019).

B HacTosiee Bpems Ipe/I0KeHbI albTePHATUBHBIC METOIb, B OCHOBHOM OPHUEHTHPOBAHHBIC
HAa MUHHUATIOPU3AIUIO OKCTPAKIMOHHONW cucTeMbl u TBepAodasHyto skctpaknuio (TDD).
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CrniocoOHOCTh MonMMeTakpuiatHoi mMatpuilbl ([IMM) kak TBepoda3sHOro SKCTpareHTa MO3BOJISIET
AKCTparupoBath l-HapTON B 00BEM CEHCOpA C MOCIEAYIONIMM KOJOPHUMETPUIESCKHM OTPEACTICHHEM
€ro KOJMYECTBa 1Mo UuppoBOMYy M300pakeHHI0. Takue KOJIOpUMETPUIECKHE CEHCOPBI, OCHOBAaHHBIE
Ha n3MeHeHnH 1BeTa [IMM B pe3yibTare crieupUIHBIX XUMHYECKUX PEaKIUi, paHee MPeI0KEHBI
s oOHapykeHus TeTparkiaunHa (Saranchina et al., 2025), antuoxcunantoB (Gavrilenko et al.,
2016) u muxpoanementoB (Gavrilenko et al., 2017) B oOpa3uax nuimeBbix npoaykToB. Ludpossie
H300paskeHUsT ceHcopa Ipeodpa3yroT B KpacHble, 3eienble M cunue (RGB) kaHambl 1[BETOBBIX
KOOp/JMHAT C TIOMOLIbIO CMapTQoOHa, 3aTeM HCIOIB3YIOT AalrOpUTM OOpPaOOTKH ILIBETHOTO
1300paskeHus], KOTOPBIA BBIUKCISACT CpeaHee 3HaueHue 1BeToBbIX Koopauaat RGB (Rakkun et al.,
2022; Supharoek et al., 2022; Raja et al., 2023).

enp  paboThl —  W3ydeHHWE  KOJOPUMETPUYECKOTO  AHAJUTHYECKOTO  CUTHaia
KOJIOPUMETPUUECKOTO ceHcopa Juis onpenenenus 1-nadrona Bo Gppykrax ¢ moMomiso cMapTgoHa.

2. MaTtepuaJbl 4 MEeTOIbI
2.1. I'uoponus xapoamamuwix necmuyudos 0o l-nagpmona

B kxauectBe 00pa3noB kapbaMaTHOTO MMECTUIH/IA UCTIOIB30BaHbl KapOapuil 1 KapoodypaH, s
rugponnsa (pucynok la) 10 Mr mecTummaa pacTBOPSIOT B 5 M1 3TaHOMa, 3aTeM nobasisrot 2 mi 0,1
M NaOH. Ilonydyennyto cmech HarpeBatoT 10 65 °C B Teuenue 15 muHyT nns oOecrieueHus
THIPOJIM3a, 3aTeM OXJIAXIAIT /0 KOMHATHOW Temrmeparypsl. [locie 3TOro ruapoin3oBaHHBIN
pactBop Hertpanusytor 0,1 M pacrBopom HCI mo pH 4-5, 3arem mpoBoast oobem g0 50 mut.
AJMKBOTY pacTBOpa 5 MII mepeHocsT B cTakaH o0bemMoM S50 M1, 3aTeM Ty/ja MOMEIIAI0T OECIIBETHYIO
npo3paunyto 1miactuHky I[IMM na 40 mmH mpu mnepememmBanuu. llmacTWHKY ceHcopa ¢
OKCTPAarupoBaHHBIM  1-Ha()TOIOM H3BJIEKAIOT W  TEPEHOCAT B  CIA0OKUCIBI  PacTBOP
IMa30THPOBAHHOW CyJib(aHMIOBOM KHCIOTHI, KOTOpas B3auMoJeWcTByeT ¢ l-Hadromom c
oOpa3zoBaHueM  mpoaykta asocoueranus  1-(4-ruppokcu-1l-Hadrrinazo)oeH30cynbHOHOBOM
kuciotsl (4-T'HBC) (pucynok 16) (Quintero et al., 1988). [Tocie peakiu Mex 1y AMa30THPOBAHHON
cynbdannnoBoit kucioroi (JACK) u skcrparupoBanHsiM B [IMM 1-HadTonomM HaGmonaroT
MOSIBJICHHE KpPAacCHO-OPaHXEBOM OKpacku Kosopumerpuueckoro ceHcopa (Pucynok 1B, T1).
CrnektpodoTromMeTprudecKkoe orpeieieHre MpoBOIAT Mpu 475 HM B 00J1aCTH MaKCUMyMa MOTJIOMIECHHUS
obpasyromierocst azocoenuHeHns. O0Ias cxema onpeeieHus peICTaBIeHa Ha PUCYHKE 2.
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Pucynok 1. Cxema runponuza kap6amaTHOro nectuiuia kapOapwia (a) U auazoTHpoBaHus 1-
HagTona (0) c coorBeTcTBYIOIIMM M300pakeHneM [IMM cencopa (B, 1)
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Pucynok 2. Cxema KOJNOpPUMETPUYECKOTO oOmpeneneHus kapbapuna mno 1-HadTtomy c
ucroibp3osanuem [ IMM

Jiisa moarotoBku o0Opasiia B mMpoOUPKY K 2 T KOXKYpbI anelbCiHa HIIM BUHOTPaa 100aBIIsiIu
1,0 cm® sTaHONA M BCTpSAXUBAIH B TeueHue 15 MunyT Ge3 Harpesanus. 3atem nobasnsmu 1,0 em® 0,1
M NaOH u cmech HarpeBaiu nipu 65°C B Teuenue 15 mun 1 ruapoausa KII B 1-nadron. ITocie
storo crabmmmsupoBanu pH 4,5-5,5 Baecennem 1,0 ma 0,1 M HCI. Ilpu ucnosip3oBanuu MeToaa
CTaHJApPTHBIX 100ABOK pacTBOPHI 1-HadTONa ¢ TOUHON KOHIEHTpAHEH BHOCKIA HEMTOCPEICTBEHHO
B UCXOJHBIN oOpa3en. Mcxoanyro mnactuaky [IMM nomemmanu B rupoinn3oBaHHbli pacTBop Ha 30
MUHYT TpU KOMHATHOW Temmepatype 17-28 °C, 3aTem u3BieKald, NpOTHpAIH (PUIBTPOBATBHON
OyMmaroi u ormycKajiu B pacTBOP AUa30TUPOBAHHOM CyNb()aHUIOBON KUCIOTHI 10 MOSBICHUS KPACHO-
OpPaH)KEBOW OKPACKH.

Jlnst o0ecriedeHnst CTaHIAPTHBIX YCIOBHH JIETEKTHPOBAHUS C HCIIOJIBL30BAaHMEM CMapTQoHa
nzobpaxenue [IMM ckanupoBanu kamepoil cMapTgoHa Ha MoBepxHOCTH (oHa Oeroro nBera c
paccrosauss 15-20 cM. VHTEHCHBHOCTH IBETa KOJOPHUMETPUYECKOH YYBCTBUTEIBHOW 00JIACTH
U3MEPSUTH C TTOMOIIBIO MTPOTPaMMHOTO obecrieueHust i ananu3a 1Bera ColorGrab. TTomyueHntbie
pe3yabTaThl MO cojepx)aHuio 1-HadTosa MepecYnThIBaIM HAa MCXOJHOE COJEepKaHWE MECTUIUAA
COTJIACHO CTEXHMOMETPHH PEaKIIUy THIPOIH3a.

2.2. Peakxmuegbl

B pabore ucnons3zoBan moporiok kapbapuia (1-mapTun-N-metunkapoamar, Wuxi Admas
Technology Co. Ltd.), ¢ochaTHsiii OydepHbIii pacTBOp, TUAPOKCHI HATPUS M COJISTHAS KHCIIOTa
(Xummencua0, Poccust); xmopodopm u Hutput Hatpus (Sigma-Aldrich, Laborchemikalien GMBH).
Bce xumudeckne peareHThl UCIIOIb30BaHbI B TIOJTYY€HHOM BHUIE O€3 TOTIOTHUTEIEHOW OUYNCTKH.

JIns TpUTOTOBJIEHHS AMA30THPOBAHHOW CYNb(GaHWIOBOW KHCIOTHI 50 Mr cymb(paHUIOBON
kucioThl (BektoH, Poccust) pactBopsiin B 10 Mt mucTriumpoBaHHO#M Bobl. PacTBOp mepeHocHn B
MepHYo ko10y 50 mut, 3aTem go6asisumm o 3 Mt 0.1 M constHO# kucmotel U 1 M pacTBopa HUTpHTa
HaTpus. [lomydeHHBII pacTBOp XpaHWIN B XoJoquiibHuKe +6°C.

2.3. Obopyoosanue

N3yuenne ontudeckux cBoictB [IMM mpoBoanuiaum C HCIOIB30BAHMEM CKaHUPYIOIIETO
cektpoporomerpa Shimadzu UV-1800 (Shimadzu, Snonms). Ilmactuasr I[IMM ¢
HKCTPAarupoBaHHbIM 1-HaTOJIOM, MOTYYEHHBIE MOCIIE KOHTaKTa C pacTBOPOM T'HJIPOIM30BAHHOTO
KII, ckanupoBanu Ha kamepy cMmaptdona iPhone XR, 3arem aHann3npoBaay H3MEHEHHE I[BETOBBIX

AE =+AR? + AG? + AB?

ka"HaioB R, G, B u
ColorGrab V.9.3.2.

UppPoBOro M300paXKEeHHUs CEHCopa B IMporpamme

3. Pe3yabTaThl u 00CyKIeHHE
3.1. Onmumuzayus meepoogaznoii sxcmpaxyuu 1-nagpmona ¢ IIMM
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Ontumuzaius TBepaodasHoi sxcTpakimn 1-vadrona B [IMM npoenena no napamerpam pH
U BPEMEHHU KOHTaKTa ceHcopa ¢ pacTBOpoM. [ToBepxHOCTHBIE (PYHKIIMOHAIBHBIE IPYMIIbI, BKIIOUAs
C-O—C u C=0, B kuCI0#1 cpeie NPOTOHUPYIOTCS, YTO CO3/IAET JIOKAJIBbHBIN MOJIOKUTEIIbHBIN 3apsijl.
B pe3ynabrare 31€KTpOCTATHYECKOrO B3aMMOACHCTBUSA, JIOKAJIBHBIA IOJIOKHUTEIIBHBIA  3apsij
nnoBepxHocTH [IMM sBisieTcs HEHTPOM CBA3BIBAaHUSA U MHAYLIUPYET B3aUMOACUCTBUE HENOAEIICHHON
AIIEKTPOHHOM Mapbl KUCIOPOJa TUAPOKCHIIBHON TPYMIbl WM M30BITKA 3JEKTPOHHOM IUIOTHOCTH
OCH30JIFHOTO KOJbIIa. Takoe 3JIeKTPOCTaTHYECKOE B3aUMOACHCTBHE MEXAY (YHKIMOHAIBLHBIMU
rpynnamu [IMM u 1-Hadrona 3aBUCUT OT G*—T CBSA3BIBAHUS U MPUBOIAT K YCUJICHUIO SKCTPAKIIUU
I-nadona Ha noBepxuoctu [IMM. I[IpoBeneHHbIE HCCAEIOBAHUS BBISBUIIM MPSIMYIO 3aBUCUMOCTh
MEXY IPOIOIKUTENEHOCThI0 TMD U KOIMYECTBOM 3KCTparupoBaHHOro 1-HadTona.

Ha ocHoBe pe3ynsraroB 01HO(GAKTOPHBIX 3KCIEPUMEHTOB, TOCTPOCHA MOBEPXHOCTh OTKIIMKA
JUTSL OIPEJEIEHUS B3aUMHOT'O BIIMSHUS PA3IMYHbIX YCIOBUN 3KCTPAKIMU ¢ Ucnioiab30BaHneM ANOVA
U ONITUMU3AINH TBepAoQa3zHon dKcTpakuuu |-HadToma B [IMM c ucnonp3oBanuem merona bokca-
Benkena (Sattler et al., 2025). DkcniepuMeHTalbHbIC TaHHBIC ¢ 0a30BOI KOHIIEHTparuei 1-Hadrosa
1,0 mMr/m oOpaboTaHbl C MOMOIIBIO YpPaBHEHHs NOJIMHOMHUAIBHON PETrpecchu, pe3ylIbTHPYoIas
MIOBEPXHOCTh NpeacTaBieHa Ha pucyHke 3. Ilapamerpst pH 1-14, u Bpems konTakta 2—40 MuH
MCTIOJIb30BaHbI B KAYECTBE PErPECCHOHHBIX (DaKTOPOB, BIMSIOIINX HA OLEHKY BETMUYNHBI SKCTPAKIIHN
I-Hadrona. UyBCTBUTENHHOCTD ONpEAENCHUS HETIPEPHIBHO Bo3pacTaia a0 25-30 MUHYT, oCIie 4ero
KoJIopuMeTpuueckuii curHai (A) crabunmmsuposaincs. Benmuumaa pH mpoObl onpenenser moixHoTY
SKCTpakiuu 1-HadToNIa M HEMTOCPECTBEHHO BIUSAET HA SKCTPAKIIUOHHYIO CITIOCOOHOCTh TOBEPXHOCTH
[IMM u panereiimyto auddysuio B TBepayto noaumephytoo ¢asy (Gavrilenko et al., 2018). Ha
Pucynke 3 mokazano BiusHue pH Ha 3)()eKTUBHOCTH AKCTPAKIMH, IJI€ MAKCUMYM JOCTUTHYT B
nuanaszone pH 5-6.

Pucynoxk 3. [Toepxnocts bokca-benkena s ontTumu3anuu TeepaodazHoil skcTpakiuu 1-madrona
B 00beM [IMM

DTO CBUIETENBCTBYET O 3aBUCUMOCTH IKCTPAKIIMK U KOHIEHTpUupoBaHus 1-nadrona B [IMM
OT BEIWYMHBI NPOTOHMpPOBaHUA moBepxHocTH IIMM B Kuciaol cpexe M, COOTBETCTBEHHO,
NIEKTPOCTATUYECKUX B3aMMOACUCTBUM JIOKAJIBHOIO IIOJIOKUTEIBHOIO 3apsa € OTPHULATENBHO
3apsokeHHBIMU parmMenTamu 1-HadTona. C yBennuenueM pH nporonupoBanue nosepxsHocta [IMM
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YMEHBIIUIIOCh, YTO CHHU3HWIIO PAa3HOCTh 3apsja MEXIy KapOOHWIBHBIMHU TPYIIAaMU MOBEPXHOCTH
I[IMM u GeH30JbHBIM KOJIBIIOM 1-HadToyia, CcleaoBaTeIbHO, YBEIUYNUIO AHAIMTHYCCKUN OTKIIHK
ceHcopa. JlanpHenmuii cnaBur pH B menoyHyr cpely NpHBEN K CHUYKEHHMIO CHUTHAJIa CEHCopa,
BEpOSITHO, 3a CUET CJIBUra paBHOBECUs aJCOpPOLMOHHOM CTaJuu HakoruieHus l-Hadrona Ha
noBepxHoctu [IMM B cTopony aecopOuuu 06paTtHO B pacTBOP.

CpaBHeHue pacueTHOro 3HadeHust kpurepus dumiepa ¢ TaOIMYHBIM MMOKA3aJI0 aJeKBaTHOCTD
perpeccuonHoi mMozenu as onpeaeneHus 1-aHaprona (T.K. Foxen<Fras:) Ans nMuHelHOTrO nuama3oHa
0,2—16,0 mr/kr. YcTaHOBJICHBI OCHOBHBIC METPOJIOTHUYECKHE XAPAKTEPUCTHUKUA KOJIOPUMETPHUIECCKOM
METOJMKH KOJMYECTBEHHOTO OIpeNecHrsl couepkanus l-HadToma B oOpas3max BHHOTpaaa u

arenbcuna (Tabmuia 1) B COOTBETCTBHUE C ACHCTBYIONIMM HOPMAaTUBHBIM JOKyMeHTOM (Santana et al.,
2022).

Tabauna 1. 3Hayenust nokaszareneil TOUHOCTH (Or, %), HOBTOpAEMOCTH (OR, %), TaOOpaTopHOl (XA
¢, Y0) 1 BHYTpHIIa0OpaTopHoil (A, %) Ipeun3noHHOCTH Ipu onpeaeneHuu 1-nadrona (P=0,95, n=3,
L=12)

C, Mr/Kkr or, %o OR, % +A ¢, % +A, %
0,2 8 9 17 30
1,0 7 7 6 15
5,0 3 3 5 8
10,0 3 3 5 8
15,0 6 6 6 13

Takum oOpaszom, mpu omnpenerneHun 1-HadToma KOJIOPUMETPUUYECKHMM METOIOM II0OKa3aTelb
TOYHOCTH He MpeBbImaeT 15 % B obnacTu TMHEWHOTO AUana3oHa. YKa3zaHHbIE OKa3aTeIl KauyecTBa
pEe3yJbTaTOB  aHAJIW3a SIBIIAIOTCS YCTAHOBJICHHBIMH  XapaKTEPUCTUKAMU ITOIPEINHOCTH UL
COBOKYITHOCTHU PE3YJbTAaTOB aHAJIN3a, MOIYYEHHBIX NPH COOIIOICHUN TPeOOBAaHUIM METOAUKH MIPH €€
peanu3anuy B OTJENIbHON JIAOOPATOPHH.

3.2. Hccnedosanue mewiaiowe2o 61usHus KOMNOHEHMO8 PedibHbIX 00beKmos

Pa3paborannsiii [IMM ceHcop HCTIONB30BaNH sl KOJTHMYECTBEHHOTo onpereneHus 1-nadrona
B (pyKTax, Marpuila KOTOPBIX COACPKUT JPYrHWe KOMIIOHEHThI, B OCHOBHOM, BHTaMUHBI,
OpraHUYEeCKHE COCNMHEHUS M MUKPOIEMEHTHI. /[ OLEHKM MEIIAroIIero BIUSHUS HCCIIEIOBaHbI
uHTEep(hepupyrolne BENIECTBA PACTUTEIHHON MAaTPHUIlbl (OpraHUYECKHEe KOMIIOHEHTHI: TIIIOKO3a,
aCKOpOMHOBas KUCJIOTa, MEKTHH M A0I0OYHAst KMCIOThI; KaTHOHBI: Na', Zn*", Cu*" u K, KOTOpbIE
MOTYT MOBJHUATH Ha OOHapyxkeHHe |-HadTona B oOpasuax peanbHbIX (QPYKTOB, Uil OLEHKU
CEIICKTUBHOCTU JTOHM CHCTEMbl. MeIarme KOMIOHEHTH BBOAMIM B cooTHomeHuu 100:1 mis
oprannyeckux Bemiects v 10:1 11t KaTHOHOB METAIIOB. Pe3ynbTrarsl BIMSAHUS MEIIAIOIIUX BEIIECTB
HAa AHAIUTUYECKUW curHan |-HadrTonma, mpeAcTaBleHHbIE HAa pPHUCYHKE 4, HE JAEMOHCTPUPYIOT
CYIIECTBEHHOTO DA3IN4Msi B M3MEHEHWHW WHTCHCHBHOCTH CUTHAja JUIsl KOMITIOHEHTOB MAaTPHIIBI
00BbeKTa.
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Pucynok 4. BiusHue npucyrcTBusi opraHuveckux BemiecTB (1), kaTuoHOB (2) ¥ HPHCYTCTBUS
BTOpOT0 KapOaMaTHOTO MECTHIM/A Ha orpenenenue 1-naprona

[TosrydeHHBIE JaHHBIC TIOATBEPXKIAIOT CEICKTUBHOCTH pa3paboOTaHHOTO MeToJa 10
oTHoIIeHuIo K 1-HadTony. OnHako, mockonbky 1-HadTom obpaszyercs u3 kapOaMaTHBIX MECTUIIUAOB,
X COBMECTHOE MPHUCYTCTBHE BHOCUT CYMMAapHBIN BKJIaJ B ONpeaesieMoe KoaudecTBo l-Hadroma.
L{BeToBast Auarpamma Jijisi KOJIOPUMETPHUECKOTO onpeieicHus 1-HadTon ¢ ucnoiabzoBanuem [IMM
B KOXKyp€ arejbCHHA MPEACTaBICHA Ha PUCYHKE 5.

e e
IIMM

MI/KT 2,0 5,0 10,0 15,0 20,0

Pucynoxk 5. IlBeroBas mkama il KOJOPUMETPUYECKOTO ompeneneHus l-nadroma c
ucroias3osanneM [ IMM

Pazpaborannslii [IMM npuMeHeH B KadecTBE KOJIOPUMETPUYECKOIO CeHCOpa sl CKPUHUHTA
1-nadrona. Bocrpon3BoANMOCTh CEHCOPHOM CHCTEMBI MCCIEAOBAIN MyTEM aHAIN3a W3MEHEHHS
UHTCHCUBHOCTH 11BeTa (AE) B KOJOPHUMETPHUYECKON TyBCTBUTENILHOM 001acTu. L{BeToBast uarpamMma
Y JTMHEWHAs 3aBUCUMOCTh MEXK]Ty HHTEHCHBHOCTBIO OKPACKH M KOHIIEHTparuei 1-Hadroa mokazanmm
JMHEWHOE YBEIWYeHHE HMHTEHCHBHOCTH IIBETAa C BO3pacTaHHMEM KOHLIEHTpAIMM, a JIMHEHHOCTb
Habmoamu B quanaszone 0,02—16 mr/kr ¢ koaddumuentom R? 0,987 (pucynok 6). Takum o6pazom,
CEHCOp ToKa3all ce0sl JOCTaTOUYHO YYBCTBUTENbHBIM U 3(h(eKTUBHBIM /U1 0OHapyxeHus 1-Hadrona
B 00pasiax GppyKToB, A5l KOTOPBIX TpeOyeTcs MoporoBsiit ypoBeHb 0,1 MI/Kkr B mepecyere Ha 0OIIYIO
Mmaccy obpasra.

V3MeHeHne HHTEHCHBHOCTH KaX/10T0 KaHaa 1Beta R, G, B mpu pa3auyHBIX KOHIIEHTPAIHIX
1-nadrona nuueitHoe B Ooyiee y3KOM jauamna3zoHe BUAMMOM obnactu cnektpa ot 0,5 mo 8 mr/kr
(Pucynok 7). BeposiTHO, 3TO CBSI3aHO C UCIOJIb30BAHUEM B KauecTBe T0OABKU KapOapuia, KOTOPbI
rugponusyerca a0 l-Hadrona ¢ TMOSBICHUEM JOIMOJHUTEIbHBIX MOTPEIIHOCTEH, CBA3aHHBIX C
3¢ (HeKTUBHOCTHIO TBEPAO(DA3HON IKCTPAKIIIH.
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PucyHnok 6. I'pagynpoBounslii rpaduk s crieKTpooToMeTpUYecKoro onpenenenus 1-nadrona B
CpPaBHEHUHU C U3MEHEHUEM MHTEHCUBHOCTH 1iBeTa AE ¢ ncnons3oBanuem cencopa [IMM
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Pucynoxk 7. I'pamyupoBouHblii Tpaduk [Uisi ompeneneHus KapOapuiaa MerogoM LudpoBoi
KOJIODUMETPHH € UCTIOIb30BaHUEM NHTEHCUBHOCTH R,G,B kananos

E-Y

3.3. Konopumempuueckoe onpedenenue kapoapuia

[IpemtoxkeH cmoco0 KOIOPUMETPHUYUECKOTO ONpEICICHHs TTeCTHIIMI0B, OCHOBAaHHBINH Ha
n3MeHeHnu 1Beta [IMM nocrne peakiuy Ana30TUPOBaHUs SKCTparupoanHoro 1-vadrona. I[Iponent
U3BJICUCHUS Ompenessuii MetonoM jobOaBok (Tabmuma 2). AHaIMTHYECKHE XapaKTEPUCTHKU
npeuiaraemoro [IMM ceHcopa comocTaBlieHbl ¢ MOAOOHBIMH CEHCOpaMH st oOHapykeHus 1-
Hadtona (Tabmuma 3). Pe3dynbTarhl, monyueHHbie ¢ momorisio [IMM, mokaszaiu COMOCTaBUMBIE
aHAJMTUYECKHE XapaKTePUCTHKH, JOCTaTOYHO YYBCTBUTEIbHBIE JJISI OINpPECNICHUS] MaKCHUMaJIbHO
JOTTYCTUMBIX OCTaTOYHBIX KonmdecTB 1-HadTonm B oOpasmax. Pazpaborannasi cxema onpeneneHus ¢
ucnoib3oBanueM IIMM oOecnieuuBaeT KOJOPUMETPUUYECKYIO HH(OpMAIUIO, KOTOPYIO MOYKHO
CUMTBIBATH C TIOMOIIBIO cMapT(hoHa, YTO MTPUBOAMIIO K TIOTYICHUIO TOYHBIX PE3yIbTaTOB CKPUHUHTA
1-nadrona HemocpeACTBEHHO Ha MECTe 0TOOpa.
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Ta6auna 2. Pesynsrarsl onpeneneHus 1-HadTona KOJOPUMETPUYECKUM U XpPOMATOTpahpuuecKum
Meronamu, (P=0,95, n=4-5, tra6:=2,78)

Kosiopumerpusi B2KX
O0BeKT BgBeneno, » = .
Haiineno, Haiineno, sr, % F-kpurepuii
aHAJIN3a MI/KT
MI/KT MI/KT
0 <0.1 <0.02 — _
Buttiorna 0,05 0,07+0,02 0,05%0,01 115
pat 0,10 0,130,03 0,12+0,02 9.3 1,4
0,50 0,48+0,14 0,52+0,08 11.7
0 <0.1 <0.02 — _
J— 0,05 0,06%0,02 0,05+0,01 13.4
. 0,10 0,09+0,02 0,11+0,02 9.0 1,9
0,50 0,54+0,10 0,52+0,07 75

Tabauna 3. CpaBHEHME AHAIUTHUECKUX XapaKTEPUCTUK KOJIOPUMETPUYECKUX CHUCTEM IS
obnapyxenus KII u 1-nadromna

Cencop O0BbeKTHI Bpews, JAuanason, MpO, HcTounuk
MUH MI/KT MI/KT

HY Ag Ha (Sukin et al.,

MUKPO]IFONTHON GbpyKTHI 60 12,0-60,0 7,0 2024)
Oymare
ALIETHIIXOJIMHACTEpa3a (Rakkhun et
Ha noau>upe oot > 1,0-50,0 0.3 al., 2022)

Konopumerpust B 3/aKOBbIE 80 0,03-30,00 0,01 (Gunasekara

pacTBope et al., 2008)

HY Ag Ha okcune Cwmech (Minh et al.,
rpacdena KaTuOHOB U 120 0,2-10,0 0,04 2020)

TIECTUITUIOB
[TMM bPYKTHI 45 0,2-16,0 0,1 Ota pabota

Couetanue n3buparenbHOi TBepAodazHoi skcTpakiuu l-HadTona B mpospaunyo [IMM u
HUGPOBOH KOJIOPUMETPHUHM C HCIOJIb30BAaHMEM CMapT(OHA IO3BOJIWIO CO3[AaTh IPOCTOM B
UCMOJIb30BAHUU U 3KOJOrMuYeckd 4yucThii crocol koHTposs KII. B cpaBHenun ¢ BOXX, [IMM
MPEJICTaBIsIeT CO00M aHATUTUYECKYI0 KOJOPUMETPUUYECKYI0 CHCTEMY C OBICTPBIM IOJIyY€HHEM
pe3ysbTarta sl KOHTPOJIS HEOCPEACTBEHHO Ha MecTe 0TOopa MpoOkI.

4. 3akj0ueHue

[IpoBeneHHoe wWCCleOBaHWE MPOJAEMOHCTPUPOBAIO A(D(PEKTUBHOCTH  pa3pabOTaHHOTO
crioco6a 1uppoBoOi KOJIOPUMETPHH C UCTIOIB30BAaHUEM MOTMMETAKPUIATHON MATPUIBI B KAUYECTBE
ceHcopa JuIs ompeneieHus l-HadTola Kak TPOJYKTA IIETOYHOTO THUIAPOIH3a KapOaMaTHBIX
necTUII0B. ONTUMU3NPOBAHEI YCIOBHUS OMPEENICHUs B CIIA00KUCIION cpefie, BpeMsl OnpeaeeHus
<1 munyTH U TBepaodazHoi skcTpakuuu — 25-30 munyT. Criocod ucnonp3oBanus [IMM nokasan
JOCTATOYHYIO Jis1 OOJIBIIMHCTBA OMpeeNieHni YyBCTBUTEIBHOCTh C Tpezenom obHapyxkeHus 0,1
MT/KT ¥ TuHeiHBIM quama3zonoM 0,5-8,0 mr/kr st BusyansHoro onpeaencHus u 0,2-16,0 mr/xr s
U (POBOTO KOJIOPUMETPUIECKOTO OMIPEICICHHUS.

5. BemomorarteJabHbIN MaTepHaJl: HET BCIOMOIaTeIbHOIO MaTepHana.
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MonumerakpuaaTTel ceHcOpMeH 1-HAPTOIABI KOJOPUMETPUSJIBIK AHBIKTAY

Bbaro Mutynos, lapss Ky3nenosa, Hukura Koxemsakun, Oger Poop, Anexcanap Crykanos,
Muxauia I'aBpuieHko

Angarna. [loaumerakpunar CEHCOpPBIH KOJJIaHA OTBIPBIT KOJIOPUMETPHSUIBIK, KapOaMaTThl
NECTULUATEP/Il JKOI OHIMIH 3€pTXaHaJaH ThIC AaHbIKTAy oOJiCi o3ipyeHAl, Oyl TannayabiH
TachIMaJIaHybl MEH JKEAENIITH KaMTamachl3 erefii. 1-HadTos ceHCOpAbIH KeJIeMIHE LIbIFapbUIaIbl,
COJIaH KeHiH CaH/IbIK KECKiH OOMBIHIIIA OHBIH MOJIIIEPIH KOJOPUMETPHIIBIK aHbIKTai1bl. CeHCOpIbIH
CaHJIBIK KeCKIH/Iepi cMapT(OH KOMeTiMeH KbI3bL, kachll xkoHe Kok (RGB) Tyc koopauHaTamapbeiHbIH
apHayapblHa TYpJIeHAipiieni, conan keilin RGB Tyc koopanHaTTapbIHBIH OpTala MOHIH €CeNTEeUTIH
TYCTI KECKIHJl ©HJey aJrOopuUTMIH mNaijnanaHanel. 1l-HadTonAbl aHBIKTay/la MOJMMETAaKpUIaT
MaTpHULAChIH ChIHAK XYHesnepi MeH HU(QPIBIK KOJIOPUMETpUsl YUIIH aHAIUTHKAJIBIK OpTa peTiHle
naiilaanyaplH ~ OPUHIUNTIK ~ MYMKIHAIrT — Toxipube ky3iHme pactamael. 4,040 wmm
MOIUGUKAIMIAHFAH TOJIMMEPIl MOJIp CEHCOpJap AKCTpakius KaOideTi MEH OINTHKAJbIK
OHIMIUTIKTIH OHTAMIIBI YHJIECIMIH KaMTaMachl3 eTeTidi kepcetiireH. PMM kongany Tociini kenTerexH
aHBIKTaMamap YIIH )KeTKUTIKTI Ce31IMTaIbIKThI KOpCeTTi, anbIKTay Ieri 0,1 MI/Kr ’oHe CBI3BIKTHIK
nuana3onsl 0,5-8,0 Mr/kr Bu3yaibl anbIkTay yiriH xoHe 0,2-16,0 Mr/kr caHIbIK KOJTOPHUMETPHUSITBIK
aHBIKTAY YIIiH.
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Bato Mitupov, Dar’ya Kuznetsova, Nikita Kozhemyakin, Oleg Roor, Alexander Stukalov,
Mikhail Gavrilenko

Abstract. A method for the in-laboratory determination of the degradation product of carbamate
pesticides using a colorimetric polymethacrylate sensor has been developed, which ensures the
portability and efficiency of the analysis. 1-Naphthol is extracted into the sensor volume, followed
by colorimetric determination of its amount from a digital image. The digital images of the sensor are
converted into red, green, and blue (RGB) channels of color coordinates using a smartphone, then a
color image processing algorithm is used, which calculates the average value of the RGB color
coordinates. The fundamental possibility of using a polymethacrylate matrix as an analytical medium
for test systems and digital colorimetry in the determination of 1-naphthol has been experimentally
confirmed. It is shown that modified polymer transparent sensors measuring 4.0x4.0 mm provide an
optimal combination of extraction ability and optical characteristics. The method of using PMM
showed sufficient sensitivity for most definitions with a detection limit of 0.1 mg/kg and a linear
range of 0.5-8.0 mg/kg for visual detection and 0.2-16.0 mg/kg for digital colorimetric detection.

Keywords: polymethacrylate matrix, 1-naphthol, colorimetry, solid phase extraction, diazotization
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AnHoTaumsi: CraTbsi MOCBAIIEHA 0030py paJAMAlMOHHOW CLIMBKH
NEPBUYHBIX W  BTOPHUYHBIX TIOJMMEPOB KaK  IEPCIEKTUBHOMY
HalpaBJICHUI0  MOAU(HMKALKMKU  MAKPOMOJEKYISPHBIX  MaTepHalloB.
PaccmarpuBatoTcsi pU3MKO-XMMHUYECKHUE OCHOBBI MTPOIECCa CIIMBKH MO
BO3/I€HICTBHEM MOHU3UPYIOLIETO U3Iy4EHUs, B TOM YHCIE Y-U3Ty4eHus,
SIIEKTPOHHOTO ITy4Ka W YibTpaduoiera, ¢ aKIEHTOM Ha MEXaHU3MBI
o0pa3oBaHMs IONEPEYHBIX CBA3eH B CTpyKType mnoiaumepon. Ocoboe
BHUMAaHHUE YJEISETCS] CPABHUTEIBHOMY aHAJIM3Y MOBEICHHS MEPBUYHBIX
U BTOPUYHBIX MOJMMEPOB MpPHU paJUallMIOHHOM BO3JCHCTBUHU, BKIOYAs
BIMSHUE TPUMECEi, OCTarOYHBIX CTAOWJIU3aTOpPOB M  CTCNEHH
nerpagaiuu.  OOGOOLIEHBI  pe3ydabTaTbl  COBPEMEHHBIX  Hay4yHbBIX
WCCIICIOBAHUN, JIEMOHCTPUPYIOIMINX HM3MEHEHUS B MEXaHWYECKHX W
TEPMUYECKHX CBOWCTBaX IOJMMEPOB MOCIE CIIUBKUA. 3HAUYUTENIbHAs
YacTh CTaTbU IMOCBSIIEHA MPAKTHIECKOMY NMPUMEHEHHUIO PaIualliOHHO-
CIIUTBIX MaTepUalioOB B Pa3JIMYHBIX OTPACIAX: B DHEPTreTHKE (M30JIALMUS
Kabenei), B MeMIHE (OJHOPA30BbIE U3/IEINNs), B CTPOUTENBCTBE (TPYOBI
U IJIEHKH), @ TAaKXKe B epepaboTKe M yTUIIM3ALNH IJIaCTUKOBBIX OTXO/10B.
B pabote 3arparuBaroTcsi SKOHOMUYECKHE ACIEKTHI PACCMAaTpPHUBAEMOIO
METo/la, MPH 3TOM OTMEYaeTcs, 4TO IpH Iepexoie K MaccoBOMY
NPOU3BOJCTBY  paJMallMOHHAs CIOUBKA  XapaKTepU3YeTCs  PSIOM
TEXHOJIOTHUECKUX OCOOEHHOCTEH, MOTEHUHAJIbHO BIHUSIOMIMX HA
HPKOHOMHUYECKHE IIOKa3areian Tporecca. K HUM OTHOCSTCS BBICOKAS
IPOU3BOJUTEIBHOCTh, BHICOKMI YpPOBEHb aBTOMAaTHU3allUd U OTCYTCTBHE
HEOOXOIMMOCTH B MPUMEHEHUH XMMHUYECKHUX WHUIMATOPOB. OTMEUYCHBI
HKOJIOTUYECKHE MPEUMYIIECTBA, BKIIOYAass OTCYTCTBHE TOKCHYHBIX
NOOOYHBIX MPOAYKTOB UM BO3MOXKHOCTh TIIyOOKOW mepepaboTKu
BTOPUYHBIX MOMUMepoB. CrienaH BBIBOA O BBICOKOM AaKTyaJbHOCTH H
MOTEHIIMAJIE PATUAIIMOHHON CIIMBKH B KOHTEKCTE YCTOWYHBOTO Pa3BUTHS
U Tepexo/ia K HUPKYIIPHON SIKOHOMHUKE.
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IIEPBUYHBIE  TOJUMEpPBI;  BTOPUYHBIE  IOJIMMEPBI;,  MOJIUITHIICH;
MoAM(UKALKSA TOJIUMEPOB; 3KOJOTHYHOCTh; MOJIMMEPHBIE OTXOJBI;
LHUPKYJISIpHAs YKOHOMHUKA



mailto:tolymbekova_lb@enu.kz
mailto:aiymzhanr2502@gmail.com
mailto:aishabaktybek1@gmail.com
mailto:seitenova_gzh@enu.kz
mailto:tursynova_ak@enu.kz
mailto:aiymzhanr2502@gmail.com
https://doi.org/10.32523/3107-278X-2026-154-1-75-99
https://doi.org/10.32523/3107-278X-2026-154-1-75-99
https://creativecommons.org/licenses/by-nc/4.0/
https://creativecommons.org/licenses/by-nc/4.0/

A.H. I'ymunes amuindazvt Eypasus yammuik yrnusepcumeminity xabapuivicol. Xumus. Teozpagus cepuscut, 2026, 154(1)

1. BBenenue

B ycioBusiX yCTOWYMBOrO pocTa MpPOM3BOJACTBA U MOTPEOJIEHUS MOJMMEPHBIX MarepHalioB
OJHOM W3 IPUOPUTETHBIX 33Ja4 COBPEMEHHOM XUMHUYECKOM M MarepuajgoBeIUECKOM HayKu
CTAaHOBMUTCS TOBBIIICHHUE SKCIUTyaTallMOHHBIX XapaKTEPUCTUK MOJUMEpPOB, a Takxke pa3padoTka
3 PEeKTUBHBIX MOAXOAOB K INepepaboTke W MOBTOPHOMY HCIIOJIB30BAHHIO TOJMMEPHBIX OTXOZIOB.
Oco0yi0 aKkTyalbHOCTh JIaHHBIE BOINPOCHI NMPUOOPETAIOT B KOHTEKCTE Iepexoja K MpUHIUIAM
YCTOWYUBOIO PA3BUTHS U LUPKYIIPHON SKOHOMUKH, MPEANIOIATraAOIIMM CHUKEHUE SKOJIOIMYECKON
Harpy3ku M palMOHAJbHOE MCIOJb30BAaHUE pecypcoB. B 3ToM acmekrTe paaumanvoOHHas CHIMBKA
paccMaTpuBaeTcs Kak MEPCHEKTHBHBIN (DU3NKO-XMMUYECKHH METOJ MOAM(PHUKALNU MOTMMEPHBIX
MaTepHuasoB, MO3BOJIAIOIINHN YIy4IlIaTh UX MEXaHUUYECKUE, TEPMUUECKUE U XMMUUECKHE CBOMCTBA O6e3
IIPUMEHEHHUSI XHMHWYECKHUX peareHToB U pacTBoputeneid. (OCOOEHHO 3HAYMMBIM SIBIISETCSA
IIPUMEHEHHUE JaHHOM TEXHOJOTMHU K BTOPUYHBIM IOJIMMEPaM, YTO OTKPBIBAET BO3MOXKHOCTH HE
TOJIBKO JUIs YTWJIN3AaLUU IUIACTUKOBBIX OTXOIOB, HO U IIOJIYYEHHs] MATE€PUAJIOB C IOBBIIICHHBIMU
AKCIUTYaTallUOHHBIMU U TEXHUKO-IKOHOMHUYECKUMHU moka3zaresimu (Azevedo et al., 2025; Ahmed et
al., 2024).

Hacrosimass pabora mpencraBisieT coboil 0030p COBPEMEHHBIX HAayYHBIX HCCIEIOBAHUM,
ITOCBAIIEHHBIX PAIMALMOHHOMN CIIMBKE IEPBUYHBIX U BTOPUYHBIX ITOJIMMEPOB. B cTarbe BBIIOIHEHO
000011IeHIe U AHATUTUYECKOE COMIOCTABICHHE JIUTEPATYPHBIX JaHHBIX C aKIIEHTOM Ha BIUSHUE TUIIA
MI0JIMMEPA, BUJIa MOHU3HUPYIOLIETr0 U3IYy4EeHHUs, JUarna30Ha NOMIOMEHHBIX /103 U YCIOBUM 00IyueHUs
Ha (opMUpOBaHHE MPOCTPAHCTBEHHON CTPYKTYpPhl M H3MEHEHHUE OJKCIUTyaTAal[MOHHBIX CBOMNCTB
MarepuaioB. PaccMOTpeHHBIE HCCIEOBaHUS CHCTEMAaTU3MPOBAHBI C IIENBIO0 BBISBICHHS OOIIMX
3aKOHOMEPHOCTEN pagualMOHHOTO BO3/ACUCTBUS, a TaKKEe PA3IMYMi B MOBEICHUM MEPBUYHBIX U
BTOPHYHBIX IIOJIMMEPOB, YTO MO3BOJISIET OLIEHUTH IOTEHIIMAII U OTPAHUYECHUS PAaJUalliOHHON CIIIMBKH
JUIS IPAKTUYECKOTO MPUMEHEHHS U SKOJIOTHYECKU OPUEHTUPOBAHHBIX TEXHOJIOTHI MTepepadOTKH.

PaguanuyonHas CIIMBKA SIBISICTCS OJHOM W3 KIIIOYEBBIX TEXHOJOTHH (U3UKO-XUMHUYCCKON
MO (UKALIUHY TOJIMMEPHBIX MaTEPHUAIOB, OCHOBAHHOM Ha BO3JICHCTBUU HOHU3UPYIOIIETO N3ITyUeHUs
BBICOKOM SHEpPruuM Ha MaKpOMOJIEKYISIPHYIO CTPYKTypy. B pesynbrare o0myueHus B MOIMMEpPHOU
MarpHlle HMHHULIHUUPYIOTCS CBOOOAHOPAIMKAIbHBIE TPOLIECCHl, NPUBOJAIIME K 0Opa30oBaHUIO
MOTEPEYHBbIX KOBAJIECHTHBIX CBA3CH MEXIy MaKpOMOJEKYISPHBIMU LENSIMH U (OPMHUPOBAHUIO
TPEXMEPHOU NPOCTPAHCTBEHHOM ceTKU. OAHUM U3 CYHIECTBEHHBIX IPEUMYIIECTB JAHHOIO METOAA
SIBJIIETCS. OTCYTCTBUE HEOOXOIMMOCTH B XMMHYECKUX MHUIIMATOpaX WIM KaTajau3aTopax, a TaKxke
BO3MOXKHOCTb IIPOBEJEHUS IIPOLIECCa IIPU OTHOCUTENIBHO HU3KUX TEMIIEpaTypax. B mpoMBIIIIeHHbIX
U MCCIIEIOBATENIbCKUX YCIIOBHSX I PAJIAALMOHHON CIIMBKU MPUMEHSIIOTCS Y-U3Jy4YE€HHE, IIyYKH
YCKOPEHHBIX 3JIEKTPOHOB M PEHTTEHOBCKOE M3JIyu€HHE, BBIOOP KOTOPBIX OmperenseTcs TpedyemMoi
IyOMHOMN IPOHUKHOBEHHS, I030BBIMU XapaKTEPUCTUKAMH U FeoMeTprel 00padarbIiBaeMbIX U3IEINN
(Makarov & Krivchenko, 2020; Krieguer et al., 2024).

C ToukM 3peHHs] MOJEKYISIPHOM MEXaHUKHM TOJ JAEWCTBUEM HOHU3HPYIOLIEr0 H3ITyYEHHS
MIPOMCXOUT MOHM3ALMA M BO30YXKJEHHE MOJIEKY1T MOJMMEpa, 4TO IMPHUBOIUT K 0Opa30BaHUIO
aKTUBHBIX IIEHTPOB - MaKpopaaukaaoB. VX mocneayromnias MUrpanus 1 peKoMOMHAIUS UHULUUPYIOT
dhopMupoBaHUE MOMEPEYHBIX CBsA3ed Mexay mensmu. OOmuid MeXaHW3M PaJIUallMOHHON CIIMBKH
BKJIIOYaeT 00pa30BaHKE MIEPBUYHBIX PAIUKATIOB B pe3yJIbTaTe OTPhIBa aTOMOB BOJIOPO/Ia UITU pa3phiBa
C—C-cBsi3eil, pa3BUTHE ILEMHBIX pPaTUKAIbHBIX MPOLECCOB M UX 3aBeplieHHe ¢ 00pa3oBaHUEM
MPOCTPAHCTBEHHOM CceTkH. B pesynbrare JgaHHBIX TPOLECCOB HAOIIOMAETCS IOBBILICHHUE
TEIJIOCTOMKOCTH, XUMHUYECKOW WHEPTHOCTH, YCTOWYMBOCTH K AepopMalil U pacTPEeCKUBAHUIO
nonumepHbIx MatepuanioB (Gheysari & Behjat, 2001; Glauser et al., 2000). Hau6onee 3¢dhextuBHO
paguanMoHHas CIIMBKA PEATM3yeTCsl B MOJMMEpax C HACBIIIEHHOM YINIEPOJHOM LENbI0, TAKMX Kak
MOJIMATUIICH, TOJUIPOINUIIEH, MOJUBUHUIXJIOPUA W HTUICHBUHUJIAETAT, YTO OMNpENEseT HX
ITUPOKOE TPUMEHEHUE B TPOMBIIINICHHOCTH 1 TEXHOJIOTUAX TiepepadoTku (Maharaj et al., 2018).
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2. PaguanuoHHAasl CIIMBKA NEPBUYHBIX U BTOPHYHBIX MOJUMEPOB: HCTOKHU, HHAYCTPHAIN3 AU
U TPeHAbI

HccnenoBanus B 00MacTd pagualiMOHHONH XMMHUHM TOJIMMEpOB Havaiuch B 1950-x romax c
dbynnamenTanpHbIX padoT aBTopoB (Chapiro et al., 1962), 3am0oXMBIIMX OCHOBBI TTOHUMAHUS
KMHETUKHM pPaJUallMOHHBIX IPOLIECCOB B OpPraHMYECKMX Marepuajax. BplIu IosydyeHsl mepBble
CBEJICHHUS O J10303aBUCUMOCTHU IPOLIECCOB CIIMBKU U JECTPYKLHUHU, a TAK)KE O BIUSHUU CTPYKTYPbI
MOJIMMEpa, KPUCTAJUIMYHOCTH, HAJTMUUS CTaOMIIN3aTOPOB M BHEIIHEH aTMOcC(ephbl Ha HAIIPaBICHHUE
paguanmoHHOro BO3ACHCTBUA. Yke B 1970-x romax paguanmoHHas TEXHOJIOTHs ObLIa BHEAPEHA B
MPOMBIIIJICHHOCTh: CHayajla B MPOU3BOJACTBE TEIUIOYCAKHBAEMBIX TPYyO0 U HM3OJISLMOHHBIX
MaTepHaJiOB, a 3aTEM B YITAKOBOYHOW M aBTOMOOMIbHOM TpoMbIuieHHocTH (Mendizabal et al., 1996).
Knaccnyeckum mpuMepoM MpHUMEHEHHs paJuallMOHHON CIIMBKU sBIseTcs Moaudukanums
noymmaTUIIeHa Boicokor mimoTHoctr (HDPE), koTopelii mociie oOmydeHuss mpruoOpeTaeT CBOMCTBA,
AQHAJIOTMYHBIE CIIUTBIM TEPMOPEAKTUBHBIM MOJMMeEpaM - TepMocTokocTh A0 200°C, BbicoKas
MIPOYHOCTH Ha Pa3pbIB U CTOMKOCTH K pacTpeckuBaHuto noj Harpyskoit (Lapshin & Voronkova, 2015).

B otuére MexnynaponHoro arenTcTBa o aroMHoi suepruu (IAEA) «1st RCM Report for CRP
F23035: Radiation Effects on Polymer Materials Commonly Used in Medical Devices» (2021)
0000IIEHBI Pe3yIBTaThl MEXKIYHAPOTHOTO KOOPJMHHPOBAHHOTO MPOEKTa IO OICHKE BIUSHUS
MOHHU3UPYIOMIETO W3Iy4yeHUs Ha MIMPOKO MPUMEHSIEMble B MEIULMUHCKUX H3ACNUSAX MEePBUYHbBIC
MOJIMMEpHbIE Marepuaibl. B pabore aHanM3UpPyrOTCS TEXHOJOTHYECKUE PEXKHUMBI Y-U3ITYyYECHHUS
(uctounuku %°Co/'*’Cs), onexTpoHHO-Ty4eBOil 0OpaGOTKM M PEHTTEHOBCKMX MCTOUHHUKOB,
pelIeBaHTHBIE IPEXAE BCEro pajiMalliOHHON CTEPHIIN3AllMY METMLIMHCKUX U3JENINN, a TaKxke Oosee
BBICOKOJIO30BBIM BO3JIEHCTBUSAM, MPUBOJIAIIUM K MU3MEHEHUSM CTPYKTYPHI U CBOMCTB IOJHMMEPOB.
PaccmarpuBaroTcs KOHKYpUPYIOLIUE MPOLECCHl PaJUalliOHHON CHIMBKU M LEMHOIO paclleIUIeHHUs,
BIIUSTHUE KUCJIOPOJa, CKOPOCTH O3Bl M TeMIeparypbl, a Takxke 3(p(PeKTbl MoCcT-00Iy4yaTenbHOro
CTapeHHs MaTepUAIIOB IIPU Pa3IMYHBIX pexknMax oomydenus (International Atomic Energy Agency,
2021).

CoBpeMeHHBIN 3Tall UCCIEAOBAaHUN AaKIEHTHPYET BHHMAaHUE Ha BO3MO)KHOCTH TOHKOMN
HACTPOWKHM CBOWCTB INOJIMMEPOB MYyTEM BapbUPOBAHMA J03bl OOIyUeHUs, TeMIeparypbl, HATUUUsS
ceHcuOumnm3aTtopoB (Hanpumep, Tpuaumiuzouuanypara - TAIC, nuBuHumnoOeHzona - DVB) u
ycIoBUH cpenbl (BakyyM, BO3AyX, MHepTHas armocgepa). Kpome Toro, ocoboe 3HaueHue
puoOpeTaoT paboThl MO CO3AAHUIO KOMIIO3UTOB M HAHOKOMIIO3UTOB Ha OCHOBE paJHallMOHHO-
CIIUTHIX MAaTpHII, TMO3BOJSAIONIMX TOJIYYUTh MaTepHUalbl C HANPaBICHHBIMU (DYHKIIMOHATIHHBIMU
CBOMCTBaMHU - OApBEPHBIMH, NIEKTPOU3OISUUOHHBIMU, MexaHudeckumu (Zenkiewicz et al., 2015;
Manaila et al., 2012).

Hcroprueckoe pa3BUTHE METOAOB PAJUALMOHHONM CIIMBKU ITOKA3aJI0 YCTOMYMBBIN MHTEPEC
HAy4yHOTO COOOIeCTBa K HCIIOJIb30BAaHUIO MOHU3UPYIOIIEr0 H3IY4YEeHUs KaK WHCTpYMEHTa Jis
YAYULIEeHHUsI CBOMCTB MOJUMEPHBIX MarepuayioB. OgHaKo 3(PPEKTUBHOCTh TAKOTO BO3JEHCTBHUS BO
MHOTOM OINpeAeNseTcs W3HAYaJIbHOW CTPYKTYpod M (PU3MKO-XMMHUYECKHMH XapaKTepUCTHKAMU
caMHuX MOJMMEpoB. [l NMoHMMaHusS MacmTabOB M MEPCIEKTHB PATUALMOHHON MOIU(pUKALUU
HE00XOTUMO PacCMOTPETh OCHOBHBIE Pa3INyurs MEXKIy MEPBUYHBIMUA M BTOPUYHBIMH MOJTUMEPAMU,
a TaK’Ke 0COOEHHOCTH UX (PU3UKO-XMMUYECKMX U MEXaHUYECKUX CBOMCTB, ONPEEIISIONINX PEaKIHIO
Matepuania Ha oomyuenue (Charlesby, 1960; Woods et al., 1994; Ferry et al., 2020).

OU3NKO-XUMUYECKME W  MEXaHWYECKHE XApPaKTEPUCTUKH  IOJIMMEPHBIX  MaTepUasoB
OTIPE/IETSAIOT UX MPUTOJHOCTh K HCIOJNB30BAHUIO B PA3IUYHBIX TEXHUYECKHUX M MPOMBIILIEHHBIX
obnactsax. IlepBuuHble MOMMMEpHI, TOTYYEHHBbIE HEMOCPEACTBEHHO B pe3ylbTareé CHHTE3a
MOHOMEpPOB, 00]aJal0T BBICOKOM CTENEHbIO MOJEKYISIPHOM PpEeryispHOCTH, OJHOPOIHOM
KPUCTAJUIMYHOCTBIO, OTCYTCTBHEM JEe(QEeKTOB B LEMAX, a TaKXke CTPOro KOHTPOIMPYEMBIMHU
MOJIEKYJISIPHO-MAcCOBBIMU pactipeaenenusmu (Smith et al., 2018). D1o obGecriednBaeT Ux BHICOKYIO
MIPOYHOCTH HA Pa3phIB, YCTOMYUBOCTh K TEPMHUUECKUM U XUMUYECKUM BO3/IEHCTBHIM, CTAOMIIBHOCTD
BO BPEMEHM U TMpHU JIUTEIBHON OSKCIUTyaTanuu. Takue MoiuMepbl HIMPOKO MPUMEHSIIOTCS B

77



A.H. I'ymunes amuindazvt Eypasus yammuik yrnusepcumeminity xabapuivicol. Xumus. Teozpagus cepuscut, 2026, 154(1)

MEIUIUHE, IEKTPOHUKE, CTPOUTENIBCTBE, YIIAKOBKE M APYrux cdepax, riae BaKHbl CTaOMIBLHOCTh
CBOICTB U cooTBeTcTBHE cTporuM TpedoBanusm (Thiher et al., 2020; Schneider et al., 2019).

Bropuunbie moiMMepsl HAlpOTHB, MPEACTABISIOT COO0OW mNepepadOTaHHBIE WM MTOBTOPHO
WCIIONIb30BaHHbIE MaTepuaibl, MOJYYCHHbIE B pe3ylbTaTe PEUUKIWHIAa TPOMBIIIJICHHBIX WX
OBITOBBIX IUIACTHKOB. B mpomecce mnepepaOOTKM MCXOJHBIN TONHMMEp TOABEPraeTcs psay
BO3ICHCTBUI — TEPMUYECKOMY CTapeHHIO, OKHCJICHHMIO, MEXaHHYECKOMY pa3pyILICHUIO U
BO3/ICHCTBHIO ynbTpaduoneTa. DTH MPOLECCHl MPUBOIAT K 0OpPa30BAHUIO KOPOTKOLIEMOYEYHBIX
(bparMeHTOB, CHI)KEHUIO MOJIEKYIIIPHOW MAaccChl, YBEIMYCHHUIO KOJIMYECTBA KHUCIOPOICOAEPKAIINX
rpynn  (KapOOHWJIBHBIX, THUAPOKCHIBHBIX), YXYIAIIEHHUIO MOPQOJIOTMH W CHUKEHHUIO CTETICHU
KpuctamngHocTu. COOTBETCTBEHHO, MEXaHUYECKHUE CBOMCTBA BTOPUYHBIX MOJIMMEPOB - IPOUYHOCTbD,
yZlapHas BSI3KOCTb, MOAY/Ib YIIPYTOCTH — PE3KO CHIDKAIOTCS. Takke yXy/maercst aare3us, CHIKaeTcs
TEPMOCTOMKOCTh U YCTOMYMBOCTh K XUMUYeCKUM pearenTam (Al-Gahtany et al., 2018; Kimura et al.,
2020).

Jlis BOCCTAHOBIJIGHUS YTPAuE€HHBIX CBONCTB W MPOAJICHUS CpPOKa CIIYKObl BTOPUYHBIX
MOJIMMEPOB HMCIIONB3YETCS PAJ TEXHOJIOTHHA MOTU(HKAINU, OMJHONH M3 Hambosee Y3PPEeKTUBHBIX U3
KOTOpBIX SIBJISIETCA PpaJAMallMOHHAs CHIMBKA. OTOT MPOLECC IO3BOJSET YIYYIIUTh CTPYKTYPY
Marepuaia 3a c4€T oOpa3oBaHUS MOIMEPEYHBIX KOBAJCHTHBIX CBSA3EW MEXIYy MaKpOMOJICKYIaMH,
MOBBIIIAS TPOYHOCTH, TEPMOCTAOMIIBHOCTh U XUMHUUECKYI0 HHepTHOCTH (Basfar et al., 2015; Alavarse
etal., 2022). ITpu 3TOM Ba)KHO YUUTHIBATh HAYAJILHBIC CBOWCTBA MaTepraa;: MOJIMMEPHI C U3HAYATLHO
BBICOKOM KpPHUCTAJUIMYHOCTBIO WM OONBIIUM coaepkaHueM JedeKTOB MOTYT IO-pa3HOMY
pearupoBarh Ha 00nyuenue. Hanpumep, nonustuiien Huskoi minotHoct (LDPE) obnanaeT xopomei
MOJATIANBOCThIO K PAJAMAllMOHHON CINUBKE Onaromapsi cBoeil aMop(HOM CTpPyKType, TOTAa Kak
nonunponwieH win nomudTuiaeHtepedranar (PET) moryr TpeGoBarh BBEAECHHWS CHIMBAIOLIMX
areHToB WK mojoopa ocoObix ycnoBuit oonyuenus (Sharif et al., 2000; Al Lafi et al., 2015). Kpome
TOTO, CTPYKTypa H (PU3HKO-XUMHUYECKHE CBOWCTBA IOJIMMEpPA OIPEICISIOT BBIOOP JI03BI
MOHHU3UPYIOMIETO u3inydeHus. [Ipu cIumikoM HU3KOM 103e MOXKET HE JOCTUTaThCs HeoOXxomumas
CTETeHb CIIWBKH, TOTAA KaK MPH BBICOKUX 033X HAYMHAETCS JECTPYKIHSA, OCOOEHHO B ciydae
BTOPUYHBIX OJIMMEPOB C yKe MOBPEKAEHHOM 1enHoM cTpykTypoi (Silva et al., 2021; Podhornaya et
al., 2020).

B pa6orax (Chen et al., 2006) noka3aHo, mpu OOJy4EHHMM BTOPHUYHOIO IOJUATUIIEHA B
nuarnaszone 103 100-250 kI'p HabmroaeTcs 3HaYNTENbHOE OBBIIEHHE IPOYHOCTHBIX XapaKTEPUCTUK
— 10 60% 1o cpaBHEHHIO C HEOOIYYEHHBIM MaTepUaloM, a TaKXe YIydlleHHe TEeIUIOBOH
nedopMaIlMOHHON CTOMKOCTM M YCTOMYMBOCTH K pacTpeckuBaHUIO. B 1o xke Bpems, mnpu
npesbimieHnr 1036l 300 kI'p mpoucxoaut nerpanaius Ieneid, BbIpaKarollascs B CHIKECHUU
AIIACTUYHOCTH ¥ TIOSBJICHUU XPYNKOCTH. OTO TMOATBEPXKIAET HEOOXOAMMOCTHh ONTHMH3AINU
PEKUMOB 00JydeHHs B 3aBUCMOCTH OT UCTOPUHU MEpepabOTKU U MPUMECHOTO COCTaBa BTOPUYHBIX
nonmmepoB (International Atomic Energy Agency, 2020).

Jns oueHku >(PQPEeKTUBHOCTH paTUAllMOHHON CIIMBKU MOJIMMEPOB IIHPOKO HCHOJIB3YeTCs
aHaJM3 3aBUCHMOCTH CTENIEHH CIIWBKH (Telb-(pakinu) OT MOTIOMEHHON 0361 MOHU3UPYIOIIETO
m3nydeHusi. Ha pucynke 1 mpencraBieHa oO0OmMIEHHAS TUIMUYHAS KPUBas 3aBUCHMOCTH CTEMEHU
ciuuBkUA (%) oT n03bl oOnmyueHust (klp) s MONMATHIIEHA, MOCTPOCHHAs HAa OCHOBE JAHHBIX
SKCIEPUMEHTAJIbHBIX HCCIEIOBaHUM, NpeacTaBieHHbIX B suTeparype (Makarov & Krivchenko,
2020; Cataldo et al., 2007). KpuBas WUIIOCTpHpYET XapaKTepHBIH pPOCT CTENEHU CUIMBKU C
YBEIMYCHUEM J103Bl /IO JIOCTIDKCHHS MaKCHMyMa, 3a KOTOPBIM TIpW JajdbHEUIIeM OOIydeHHH
HaYMHAET JIOMUHUPOBATH IIETTHOE paclieTyICHHE.
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Pucynok 1. O600uiéHHas 3aBUCIMOCTD CTEIICHH CIIUBKU TOJIHMATHIICHA OT JI03bI HOHU3HPYIOLIETO
U3ITy4YEeHUs

Kak BupHO u3 rpaduka, mpu yBenuueHUM 103b1 oOmydeHus no 150 kI'p nHaGmronmaercs
MIPaKTUYECKH JIMHEHHBIH POCT CTENEHW CIUMBKH, JOCTHraromuil nuka (okoio 88-90%). Oro
yKa3bIBaeT Ha aKTHUBHOE (hOpMHUpOBaHME IMONEPEUYHBIX CBs3EH MexIy Makpomoiekyramu. OnHaKo
IIpH JajbHeieM yBennueHuH 10361 (cBbiie 150—175 kI'p) cTeneHs CIIMBKY HAYMHAET CHUYKAThCH,
YTO OOBACHSETCS HAyaJoM IPOLECCOB JECTPYKIHMM W DPa3pyLICHUs MOJMMEPHOM Lenu Hu3-3a
nepeoOiyuenus. Takum 00pas3om, JJisl MOJMYYECHUS ONTUMAIBHBIX XapaKTEPUCTUK pPaaHalldiOHHO-
CILIMTOr0 MaTrepuajia HeoOXOIUMO CTPOro KOHTPOJIMPOBATh 103y OOJy4YeHMs, OPUEHTUPYSICh Ha
makcumyMm KpuBoii ciimBka (Elbarbary et al., 2017; Ashfaq et al., 2021).

Oco0oe BHUMaHME ynemsieTcsl BIUSHUIO ocTarouHbix cradmiuszaropoB (Cleland et al.. 2003;
Gao et al., 2020), nurmeHToB 1 HarmonHuTene Ha 3¢ dexruBHocTh cuBky (Lenfeld et al., 2020).
Apropamu pabotsl (Naikwadi et al., 2022; Khalil, 2023) nmoka3zaHo, 4To npeaBapuTeIbHas OYMCTKA U
Jera3aysl BTOPHYHBIX MOJMMEPOB CYIIECTBEHHO TIIOBBIIIAIOT CTENEHh OOpa3oBaHUS TeleBOU
(GpakuMyM M CHIJKAIOT JOJI0 JECTPYKTHUBHBIX mpoueccoB. Kpome Toro, B Xoie paaudaniMOHHOIO
BO3/ICHCTBHSI TPOUCXOJUT YAaCTUYHAs JCCTPYKIHS HU3KOMOJEKYISIPHBIX 3arps3HEHUH, YTO
CMOCOOCTBYET YIYYIICHHIO OJHOPOAHOCTH MaTepHuaja M CHIDKEHHIO 3araxa, 4To BaXXHO IpH
MCIOJIb30BaHUM BTOPUYHBIX MTOJMMEPOB B noTpedutenbekoil cdepe (Ahmed et al., 2024; Calina et
al., 2025).

Heo0xomuMo OTMETHTH, YTO HWCCIIENOBAHMS PAJWAIMOHHON CIIMBKH HE OTPAHWYHBAIOTCS
TepMoriacTaMu. B Hacrosiee BpeMsi YCHIIMBAeTCsl MHTEpeC K MOAM(DUKALMU TEPMOIIACTUYHBIX
3JIaCTOMEPOB, TMOJIMMEPHBIX CIUIaBOB, OMOpazjgaraeMblX MOIUMEpoB — mnonuiakTuaoB (PLA) u
nonuruapokcuankanoaros (PHA), a Taxke marepuanoB Ha OCHOBE BO30OHOBIISIEMOTO CBIpbs. DTH
HaIpaBJICHUs] HAXOIIT MPUMEHEHHE B YIIAKOBKE, MEIUIIUHE, DJICKTPOHUKE W OMOMH)KECHEPHUH, TIe
TpeOyeTcsl BBICOKOTOUHAs HACTpOMKa CBOWCTB MaTepuaja IpH MHUHMMAJIbHOM BO3JEHCTBHU
nocroponHux peareHToB (Kalapakdee, 2013; Coqueret, 2024).

B nocnenmnme rompl  OMyOJIMKOBAaHO — 3HAYMTEIbHOE  KOJMYECTBO  HCCIICAOBAHMIA,
JIEeMOHCTPUPYIOINX, YTO paJHalMOHHAs CIIMBKA TEPBHUYHBIX W BTOPUYHBIX ITOJUMEPOB TIPU
KOPPEKTHOW HAacTpoiike mnapamMeTpoB oOmydeHUs (THI M3JIy4eHUs, 033, CKOPOCTh JIO3BI,
arMoc(epHble  yCIIOBUS, TeMIleparypa) M HCIONb30BaHUM KoareHToB (Hampumep, TAIC)
npeacTaBisier coboil >(PQPEeKTUBHBIM MeToJ] HamnpaBIeHHOW MOJU(HKALNUU SKCIUTyaTallMOHHBIX
XapaKTepUCTUK MoIMMepHbIX MaTepuaioB (Manas et al., 2018). Haubonee otuetnuBo puxcupyrorces
Takue 3(h(HeKThl, KaK MOBBIIIEHHE MOYIIS YIPYTOCTH U TEPMOCTOMKOCTH, CHIDKEHHE K03 duiimenTa
TpEeHUS W YACNBHOTO W3HOCA, cTabmim3aius MexX(a3HbIX B3aUMOACUCTBUN (MaTpuia —
HarnonHuTenu/a3pl) U yBEIMUYEHHE JOJITOBEYHOCTH. BMecte ¢ Tem HaOmromaeTcsi XapakTepHBIN
KOMIIPOMHCC B BHJIE CHIDKEHHSI OTHOCHUTEJBHOTO YAJIMHEHHUS MPH pa3pbhiBe HA BBHICOKMX CTETEHSIX
cimBku (Kurbanova et al., 2023; Mo et al., 2013). [{ns BTOpUYHBIX NOJIMMEPOB paAHallMOHHAS
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00paboTKa JOMOJHHUTENBHO BBINOMHACT (YHKIUIO BBIPABHUBAHUS W3MEHSIOUINXCS CBOMCTB
PEIMKIIATOB M paCIIUpPsIET BO3MOXKHOCTH UX MpakTuueckoro npumeHenus (Hara, 2022; Darwis et al.,
2015).

Psin sxcnieprMeHTa IbHBIX UCCIIEA0OBAHUN IEMOHCTPUPYET, UTO AP PEKT paaruallMOHHON CIIUBKU
CYIIIECTBEHHO 3aBUCHUT OT THUIIA MTOJIMMEPA, YCIOBH 00TydeHUs U cocTaBa cuctembl. Tak, Kurbanova
n coanT. (2023) mokaszaim, 4YTO 3JIEKTPOHHO-TydeBas oO0paboTka JUCTOB moJaudupIhUpKeTOHa
(PEEK) B iuanazone 103 50—400 xI'p npuBoauT K CHUXKEHUIO K03 duiinenTa Tpens (MUHIMYM IIPH
~100 xI'p), yMEHBIIICHUIO YACIBHOW CKOPOCTH M3HAIIMBAHUS M POCTY MUKPOTBEPAOCTH IMpHU OoJiee
BBICOKMX J103aX, 4YTO YKa3blBaeT Ha (¢opmHupoBaHue Oosee KECTKOH U HM3HOCOCTOWKON
MTOBEPXHOCTHON CTPYKTYPBI.

s nmommoneduHoB HabmomaroTcs uHbIE 3akoHOMepHocTH. Gheysari u coaBt. (2024)
ycTaHoBUIH, 4To Y-o0myduenne LDPE B nuanazone 40—120 xI'p conmpoBoKaaeTcss pOCTOM CTEIICHU
CIIMBKU (Tenb-ppakuuy) W TNPOYHOCTH MPH PACTSHDKEHUH IPU  OJHOBPEMEHHOM CHU)KEHUHU
OTHOCHUTEJIBHOTO YJUIMHEHUs, TOrJla KaKk TEPMHUYECKHE MapaMmeTphl IUIABJICHUS U KPUCTAJUIM3aLUU
M3MEHSIOTCS He3HaunTenbHO. Kpome Toro, ormeueHo ymydmenue d¢dexra namsata Gopmbl mpu
yMepeHHBIX a03ax oomyuenus (Fujisato et al., 1999; Lee et al., 2021).

B cucremax mommMMepHBIX CMecedl paguanuoHHas 00paboTKa MOXET CIIOCOOCTBOBATh
yKperieHu o MexpazHoro B3aumoaeiicteus. Rahaman u coast. (2023) mokasanu, 4To 3JIEKTPOHHO-
nmydeBass 00paboTka cMmecei JMHEWHOro mnoimdTWieHa Huskor twiotHoctd (LLDPE) ¢
nonuaumeruncuinokcanoM (PDMS) B nuanazone 50-250 xI['p npuBoaut k popMupoBaHUIO MPOYHOU
aJre3uy MeXay CHJIMKOHOBOM (a30il U MOJMATUIIEHOBON MaTpuleii, CONPOBOKIAEMON U3MEHEHUEM
Mopdonoruu U ynydieHUueM JUIEKTPUYECKUX CBONCTB, PEIEBAHTHBIX I KaOEIbHON U30MISAIHIH.
Amnanoruano, Pekel u coaBt. (2022) mokasanu, 4To 3JIeKTpOHHO-Ty4eBas cimmBka cmeceit HDPE ¢
MOJINYPETAaHOM MPUBOAUT K MOBBIIMICHUIO TEPMOCTAOMIBHOCTH M MPOYHOCTU MPH OJHOBPEMEHHOM
CHIDKEHUU YIJIMHEHUS IIPU pa3phIBe, YTO OTPAXKAET XapaKTEPHBIH KOMIIPOMUCC MEXKY KECTKOCTHIO
U IJIACTUYHOCTHIO.

Jlnst momumponuiieHa 3G ¢GeKTHBHAs CIIMBKA YacTo TpeOyeT BBeAeHUs koareHToB. Tak, Ovsik u
coaBTophl (2023) mokaszanu, uto gobamienue Tpuammminzonuanypara (TAIC) u mocnenyromiee
AJIEKTPOHHOE 00JydeHUEe MHULIUUPYIOT (POPMUPOBAHUE MPOCTPAHCTBEHHOW CETKHU B IOJIUIIPOIIUIICHE
(PP), uyTo mpHUBOIUT K YIyYIIEHUIO MUKPOMEXaHHMUYECKUX XapPaKTEPUCTUK (POPMOBAHHBIX 00PA3IIOB.
Psin uccnenoBanuii mocBSIMEHHBIX HAHOKOMITO3UTaM Ha OCHOBE nonudTriieHBuHmanerar (PEVA) u
LDPE, noareepau, 4to y-001y4eHHe, B TOM YHCIIE B COUETAHUU C (PYHKIIMOHAIBHBIMU J00OaBKaMH,
o0ecrieunBaeT  YIy4dlllEHHE KOMIUIEKCa CTPYKTYPHBIX, TEPMHUYECKMX M  JJIEKTPUUYECKUX
xapakrepuctuk (Nature, 2023; RSC, 2024). B 0000ménHOM BHIE€ MOXHO 3aKIIOYUTh, YTO IS
nonuonedrHoB 1 nHxkeHepHbIX TepmoractoB (PEEK, PP) paguanuonnas ciivBka B JuanasoHe 103
~50-300 xI'p mpUBOAUT K POCTY MOIYJS YHNPYrOCTH, U3HOCOCTOMKOCTH U TEPMOCTOMKOCTH NPHU
COITYTCTBYIOLIEM CHM)KEHUH OTHOCUTEIBHOTO YJIMHEHUS U yAapHO# BA3KocTH. I cCcTeM ¢ HU3KOI
ckiIoHHOCThIO K cmuBaHuio (PP, PA) xmodeByto ponb urpator koareHtsl (TAIC u ap.), uro
COIIaCyeTCsl C COBPEMEHHBIMH OO30pHBIMH NYOJUKAUUSMU 1O MOAU(PUKAIUU TEPMOILIACTOB
noHusupyromum uznydenueM (MDPIL, 2023; PMC, 2024).

AHaJIOTHYHbIe TEHACHIIUN HAOMIONAIOTCS M JUIsl BTOPUYHBIX MOJIMMEPHBIX MarepuasoB. Tak,
Lee u coaBtopsl (2023) conocTaBuin y-o0Iy4eHHE EPBUYHOTO U NepepabOTaHHOTO MOoJIHaMH1a-6
(PA-6) m BbIIBWIM CyIIECTBEHHBIE pa3iMyusl B IepepadaTbIBAEMOCTH U PEOJIOTHYECKUX
XapaKTepUCTUKAX, BKIII0Yasi BA3KOCTh paciljiaBa, YTo UMEeEeT MPUHIMIUAIBHOE 3HaYeHKe IS oJ00opa
JI030BOTO JMana3oHa U CTa0MIIN3alui CBOMCTB penukiaToB. Zhou u coasr. (2012) ycraHoBHIIH, YTO
ANIEKTPOHHO-JIy4eBass MOIU(UKALMA OTXOAOB aKpPWJIOHUTpUI-OyragueH-ctupona (WABS) ¢
HCIIOJIb30BAaHUEM 1,3-penunen-ouc-okcazonuna  (1,3-PBO)  mpuBogutr K  YCHIICHHUIO
MEXMOJIEKYISIpHBIX B3aumozeicteuii (IMI), yayuriennio IpouHOCTHBIX U YIapHBIX XapaKTePUCTUK
U WM3MEHEHUI0 MOpP(OJIOTUN pa3pylIeHHUs, YTO MOATBEP)KIAET MEPCHEKTUBHOCTh BTOPHYHOTO
ucrionb3oBanuss ABS-otxomoB. B pabore Ashfaq u coasr. (2021) ycraHoBneHO, YTO Y-
UHAynupoBaHHas cmmBka BropuuHoro LLDPE B nuanazone no3 0-90 xI'p mo3Bosisger momydarb
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Marepuaibl ¢ YIy4YIIeHHBIMH COPOIMOHHBIMU XapaKTEPUCTUKAMU MO OTHOIIEHUIO K OPraHHYECKUM
3arpsiI3HUTENAM, MPH 3TOM MHKPOCTPYKTYPHbIE M MEXaHHYECKHE H3MEHEHUS KOPPEIUpyKT C
(GYHKIMOHATIBHBIMH CBOMCTBAMH aJICOPOITUH.

Takum o00pa3om, paavallMOHHas CIIMBKA BTOPUYHBIX IOJUMEPOB MOMKET CYIIECTBEHHO
MOBBICHTh HMX OKCIUIyaTallMOHHBIH W (DYHKIMOHANBHBIA IMOTEHIMAN MPH KOPPEKTHOM moadope
pexuMoB 00paboTku. OJHAKO MOMYCTHMBIH JO30BBIN JHAMa30H ISl PELUKIATOB, KaK IPaBUIIO,
OKa3bIBaeTcs Oosiee y3KMM M B OOJbIIEH CTENEHM 3aBUCHT OT CTENEHU NEeTrpajallid ¥ YpPOBHSA
3arpsi3HEHUs] UCXOHOTO MaTepHana. B psae cirydaeB TpeOyercs npumenenne koarentos (TAIC, 1,3-
PBO u np.), a Takke CTPOTUil KOHTPOJIb TO3UMETPHUECKUX U aTMOC(EPHBIX YCIOBHH 00pabOTKH.
J51s monronepuHOB B TUIIMYHBIX YCIOBUSX ONTUMAJIbHBIA IHANa3oH /103 4acTo JIEKUT B Mpenenax
nopsaaka 50-200(300) xI'p, npu KOTOPBIX TOCTUraeTcsi OJIarONpHUsITHOE COYETaHUE POCTa MOMYJSA
YIOPYTOCTH, MPOYHOCTU U U3HOCOCTOMKOCTH. [IpH npeBbIieHnu STUX 3HAYSHHUH WK ITPU IPOBEACH U
mporecca B OKUCIUTENFHOU arMocdepe BO3pacTaeT BEpOATHOCTH JIECTPYKIUH, COMPOBOXKIAEMOM
CHI)KEHHUEM OTHOCHUTENILHOTO YAJIMHEHUSI.

[To maHHBIM MOPQOIOTUYECKUX HCCICTOBAHUM, BBIMOJHEHHBIX METOJAMH CKaHHMPYIOIIEH
anekTpoHHON Mukpockormnu (COM) u aromHO-cuioBOi Mukpockornuu (ACM), paauanvoHHAs
00paboTKka TMPUBOAMT K YIPOYHEHUIO MEK(A3HBIX TpaHWIl W Ooyiee YCTOWYMBOMY YIEPIKAHHIO
JIUCTEPCHBIX (a3 B MOTUMEPHOI MaTpuile. DTH BBIBOABI COINIACYIOTCS ¢ 0000IIAIOIUMU 0030paMu
10 BO3ACHCTBUIO MOHM3UpYIOIIEro m3imydeHus Ha tepmoruiactsl (Billiet et al., 2013; Covas et al.,
2011).

2.1. Obnacmu npumereHus paouayuoOHHOU CUIUBKU

CoBpemeHHbBIE 001aCTH MPUMEHEHUS PaJualliOHHON CITMBKY OXBATHIBAIOT HIMPOKHIA CIIEKTP
oTpaciel, BKIOYas 3UIEKTPOTEXHHUKY, CTPOUTENBCTBO, aBTOMOOMIIECTPOCHHE, YIIAKOBOUHYIO
IIPOMBILIEHHOCTh, MEIULUHY W 3KOJIOIMYECKM OpPHUEHTUPOBAHHBIE TEXHOJIOTMU MepepadboTKu
actMacce. B nepByro odepeb TeXHOJIOTHs OblIa aJalTHPOBAHA K IEPBUYHBIM TEPMOILUIACTUYHBIM
MoJIMMEpaM, TAKUM KakK MOIUATUIIeH HU3Koi 1 Bbicoko minotHocTH (LDPE u HDPE), nonunponuien
(PP), momuBunmnxaopua (PVC), stunenBununanerar (EVA), nonurerpadropatunen (PTFE), a
taroke ux cononumepsl (Ishihara et al., 2020; Khodkar et al., 2011). B aTom ciiydae ocHOBHOI 3a1a4eit
palualiOHHONM  CIIMBKM  SIBJISETCS  TMOBBIIIEHME  HKCIUTYyaTallHOHHBIX  XapaKTePUCTHUK  —
TEPMOCTOMKOCTH, CTOMKOCTH K MEXaHUYECKOMY U3HOCY, COIPOTUBIICHUS TPEUIMTHOOOPA30BAHUIO 110]1
Harpy3koi, a Takke YyIaydlleHHe OapbepHBIX U 3JIEKTPOU3OJSALMOHHBIX CBOMCTB. OnHUM U3
XapaKkTEepHbIX TMPUMEPOB SBISETCA TPOU3BOJICTBO TEPMOYCAKMBAEMBIX Tpyd U My(dpT u3
paluaOHHO-CIIUTOrO TMOJIMATUIICHA, UCIOJNb3YeMbIX B CHCTEMax TOpSYero BOJOCHAOXKEHHS U
OTOIUIEHUS, I1e TpedyeTcsl coyeTaHue TMOKOCTM M yCTOHYMBOCTM K Temmeparypam jao 200 °C
(Krieguer et al., 2024; Jabbari & Nozari, 2000).

B anexkTpoTexHUYECKON MPOMBIIUIEHHOCTH PaJAHallMOHHO-CUINTBIE MOJHOJIE(PUHBI HIUPOKO
HCTOJB3YIOTCS B KaueCTBE KaOeIbHON M30JIAIUHN, OCOOCHHO B YCIIOBHSX MOBBIIIEHHBIX TEMIIEPATyp
u Biaxknoctu. Harpumep, LDPE, nonBeprayThiii 21eKTpOHHO-Ty4eBOM 00paboTKe B AMAIIa30HE /103
nopsiaka 150-200 xI'p, neMOHCTpuUpyeT CHMKEHHME MOJISPU3YEMOCTH W TOKOB YTEUKH, a TaKXKe
MOBBIIIEHHYIO YCTOWYMBOCTh K 3JIEKTPHUECKOMY IMpo0o0. B ymakoBoyHON NpPOMBIIUIEHHOCTH
TEXHOJIOTHSI IPUMEHSETCS JIJIs TOJTyYEHUs! TOHKUX, TPOYHBIX U TEPMOCTAOMIIBHBIX MJIEHOK HA OCHOBE
stuneHBuHuIanerara (EVA) u nonuonepuHOB, HCHOIB3YEMBIX Il YIIAKOBKH MUIIEBBIX MPOAYKTOB,
MeTUIIMHCKUX n3nenuit u anektponukn (Khosroshahi et al., 2025; Jaganathan et al., 2015).

B MenMUMHCKMX TNPUMEHEHMSX paJAUallMOHHO-CUIMTHIE MAaTepualbl HCIOJB3YIOTCS IIpU
M3TOTOBJIEHUM UMIUIAHTATOB, KaTeTepoB M MeMOpaH, Iie TpeOyercs cTaOMIBHOCTh CBOMCTB Mpu
MOCJIEAYIOEN paAUuallMOHHOW CTEpUIM3alMM W XHMMHUYECKass HMHEPTHOCTh [0 OTHOLIEHUIO K
ouonoruueckum cpefam. Crenyer MoaYepKHYTh, YTO B JIAaHHOM cCllydyae pajJudalliOHHAas CIIKMBKa U
CTepPHJIM3AIUS TPEACTABIAIOT cO00M pa3Hble TEXHOJIOIMUYECKUE CTAIUH C PA3IMYHBIMH J1030BBIMU
oknamu (Hasan et al., 2024; Gluszewski et al., 2018).
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C pa3BuTHEM KOHLENIMHA YCTOMYMBOTO MPOM3BOACTBA PAaJUAIlMOHHAS CIIMBKA BCE IIUpE
IPUMEHSETCS U B OTHOLICHUM BTOPHYHBIX MOJMMEPOB. YUMTHIBAasl YXyALIEHHE MEXaHUUYECKUX U
ONTUYECKHX CBOWCTB B pe3yJbTaTe TEPMUYECKOH W MeXaHMYecKoW rmepepaboTku, 3azada
BOCCTAHOBJICHHSI CTPYKTYPBI U MOBBILIEHUS SKCIUTyaTallMOHHOIO IOTEHIIMAA PELMKIIATOB BBIXOJUT
Ha nepBbId TwiaH. Hanbosnbliee BHUMaHKe yenseTcss BTIOPUYHOMY HOJIMATHIICHY U TIOJUITPOIHIICHY,
KOTOpBIE COCTABIISIIOT OCHOBHYIO JI0JIFO TBEP/BIX OBITOBBIX IJIACTUKOBBIX OTX0AO0B. [Ipu KOppeKTHOM
noadope 1036l o0mydeHus (Tunu4yHo B auanazone 100-250 kI'p mis monnoneuHOB) BO3ZMOXKHO
YaCTUYHOE BOCCTAHOBJIEHUE IPOYHOCTH, IIOBBIIIEHHE CTOMKOCTH K TEPMOOKHCICHHIO U
TEpMHUYECKOW NedopMaluy, a TaKKe CHIDKECHHE BOJOMONIONICHHUS. B crpouTenbHOM MHIYCTpUU
BTOPUYHO CHIMTBIM IOJUATWIEH IPUMEHSETCS JUIsl M3TOTOBICHMS TEXHUYECKUX  IUIMT,
THJIPOU3OJSIIMOHHBIX MOKPBITHA U TPYOHBIX COCJUHEHUH, COMOCTaBUMBIX IO XapaKTEPUCTUKAM C
m3nenusMu U3 nepBuyHOro cheipbs (Krzeminski et al., 2010; Leisen et al., 2015). B cenbckom
XO3SHCTBE pagHalliOHHO-MOJU(PHUIIMPOBAHHBIC TTOUMEPHI UCTIONIB3YIOTCS B IPCHAXKHBIX CUCTEMAX,
MApPHUKOBBIX YKPBITHSIX W MYJIBYMPYIOUIMX MaTepHajaX C IIOBBIIIEHHOH CTOMKOCTBIO K
yneTpaduoneroBomy m3nyyennto (Choi et al., 2009; Mendizabal et al., 1996).

Kpome Toro, meron paaualiOHHOM CIHIMBKM HIPUMEHSETCS IMPH CO3JaHMM KOMITO3UTHBIX
MarepuajoB M TOJMMEPHBIX CIUIABOB, TZe TPEOyeTcs coueTaHHue >KECTKOCTH, IIMACTHYHOCTH H
XMMUYECKOM HHepTHOCTH. PaguannoHHO-MOAM(UIMPOBAHHBIE MNOIMOJIEPUHBl JAEMOHCTPUPYIOT
MOBBIIIEHHYIO COBMECTUMOCTh C HAIOJHUTENSAMH (TaJIbK, TPAQUT, MUKPOKAIBILUT), YTO TO3BOJISIET
[0JIy4aTh ApMHMPOBAaHHBIE MaTepuaibl JUIsl aBTOMOOMJIBHOW M aBHAIMOHHOW HPOMBIIUICHHOCTH.
[lepcneKTHBHBIM HalpaBlICHUEM SIBISIETCS TAK)Ke paJralioHHas MoauduKamus OnopasiaraeMbpIx U
BO300HOBJISIEMbIX NMOJUMEpOB, BKmtodas nonuiaktuy (PLA), momurunpokcuankanoarsl (PHA) u
TEPMOIIIACTUYHBIN Kpaxmall, TJI€ HU3KOI030BOE OOIIyUYEeHHE MOXKET CIOCOOCTBOBATH CTPYKTYPHOM
CTa0WIIN3aLUKU U YITYYLICHUIO SKCIUTyaTallMOHHOH HanéxHocTu (Stephen et al., 2006).

VHHOBaITMOHHBIM HANpaBICHUEM OCTAETCsl pa3paboTKa paJMallMOHHO-CHIMTHIX MEMOpaH |
MOHOOOMEHHBIX MaTepHaJIOB JUIsl AJIEKTPOXUMHUECKUX IPUIIOKEHUH, BKIIOYas TOIUIMBHBIE
AIIEMEHTHI, aKKyMYJSTOPBl M CHCTEMBI BOJOOYHMCTKU. lIpuMeHeHWe paauanuoHHOW TEXHOJIOTHU
MO3BOJISIET BapbUpPOBaTh IMOPUCTOCTb, CMAYMBAEMOCTb M 3JIEKTPOINPOBOAHOCTh MEMOpaHHOM
cTpykTypsl (Voit et al., 2010; Novikov et al., 2019).

Takum 06pazoM, paHalMOHHO-CIINTHIE TOJIMMEPBI HAXOAAT IPUMEHEHHUE B IIUPOKOM CIIEKTpPE
oTpacieil — OT OJJIEKTPOHWKM W MEIHUIMHBI O CTPOHMTEIhCTBA M TEpepabOTKM OTXO0A0B. Mx
HCIOJIb30BaHNE 00eCeYBaeT TEXHOJIOIMUECKUE TPEUMYILECTBA 10 CPABHEHHUIO C TPAJAULIMOHHBIMU
MarepuajamMi, OCOOCHHO B YCIIOBHSIX pAacTyIIUX TpPeOOBaHHWU K JOJTOBEYHOCTH, HAIEKHOCTH U
sKoJoruueckoit 6esonacHoctu mpoaykuuu (Tsai et al., 2021; Ovsik et al., 2019).

2.2. Mexanuueckue c80Ucmea NepeuUtHbIX U 6MOPUUHBIX NOIUMEPOS NOCIE PAOUAYUOHHOU CULUBKU

PamuanmonHas cmmBka (GOpPMUPYET B MOJUMEPHOH MAaTPHIIC MPOCTPAHCTBEHHYIO CETh, UTO
MIPUBOAMT K MEpepacipeeIeHHUI0 Harpy3KH MKy MAaKPOMOJICKYISPHBIMU IETSIMH U OTPAaHUUYEHUTO
WX OTHOCHTEJIHLHOTO CKOJIbKeHUs. Ha MakpoypoBHE 3TO, Kak MPaBUIIO, TPOSBIISIETCS POCTOM MOJYJIS
VIPYTOCTH M TBEPAOCTH, CHIDKCHHEM TOJI3y4eCTH U CKOPOCTH PEIIAKCAIMK HANPSDKEHUH, a TaKkKe
MOBBIIIIEHUEM Pa3MEPHOU CTAOUIBLHOCTHU MPH JUTUTETHHOM HarpyxeHuu. OTHOBPEMEHHO BCIIEICTBUE
YMEHBIIICHUS TTOIBYKHOCTH IIETICH U YKOPOUCHHUS MyTel JedopMaIiiil yMEHBIIACTCS TPEIeTbHOe
YAJTMHEHUE TIPU pa3pbiBe; U3MEHEHUS MPOYHOCTH MPH PACTIKEHUH U YIapHOU BSI3KOCTH HOCAT, KaK
MIPABWIIO, HEJTMHEHHBIN XapaKTep W 3aBHCAT OT JIO3bI OOTYUCHHS] B XUMUYICCKON TIPUPOIBI TTOJTUMEpPa
(Manas et al., 2018; Relleve et al., 2021).

Peomornyuecknii ¥ MeEXaHWYCCKUH OTKIMK BO MHOTHUX TOJUMEPHBIX CHCTEMax HOCHUT
KOJIOKOJIOOOPA3HBIN XapakTep: MPU HU3KUX 033X 00IyueHUs MpeodIagaroT MPoIecChl CIIMBKH, YTO
COINPOBOXKJIAETCSl YIPOYHEHHWEM Marepuana (yBelWdeHHue Monyirs XxpaHeHus E' mo maHHBIM
JUHAMHYECKOTo MexaHndeckoro anann3a (DMA), pocT mpoyHOCTH U Mpenesa TEKy4eCTH, CHUKEHHE
nonsydectd). [Ipu TpeBBIICHHH ONTHMAIBHOTO JI030BOIO OKHA BO3PAaCcTaeT BKIJIAJ IPOIECCOB
[[EMTHOTO PACIIETJICHHS], YTO MOXKET MPUBOANTH K OXPYIMUMBAHUIO MaTepUalia U CHUKCHUIO YIapHON
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Bs3KOCTH. CyIIeCTBEHHOE BIMSHHE OKAa3bIBAIOT arMocdepa oOmydeHus (MPUCYTCTBHE KHCIOPOIA
CTUMYIIUPYET PaJuallMOHHOE OKUCIICHUE U TPEUIMHO00pa30BaHKe), CKOPOCTh 03bl, TEMIIEpaTypa U
HaJM4rie KOAreHTOB, CMENIAroIMX OamaHc Mexay cmuBkoi u aectpykiueit (Touati et al., 2007;
Ramaraj, 2007).

PagnanmoHHasi CIIMBKA NMPEUMMYIIECTBEHHO NPOTEKaeT B aMOp(HBIX 00JacTAX MOIMMeEpa,
«(uxcupys» NOABMKHOCTH MEXIIAMEIIJIIPHBIX CBS3€H U YCHIIMBASL POJIb CBS3YIOIIUX MOJIEKYISIPHBIX
¢bparmenToB mexny kpuctawmutamu. ins LDPE u EVA 310 mposBIsieTcss B BBIPaXCHHOM
MTOBBIIICHUH COMPOTHBIICHHS TOJ3YYEeCTH M TepMoMexaHudeckor cradunbHocTd; B HDPE addexr
0COOEHHO 3aMeTeH IpH AJUTEIHHOM HarpyKeHUH, TZe IMOJABIISETCS BTOPHYHAS IMON3y4yecTb. B
Clly4yae MOJUIIPONMIIEHa KOHKYPEHLIMSI MPOLECCOB CUIMBKU M JIECTPYKLHU BbIpaKeHA CHIIbHEE, U
JOCTHKEHHUE MPUPOCTA MPOYHOCTH U YIAPHOM BSI3KOCTH BO3MOXKHO JIMIIb B Y3KHUX JI030BBIX OKHAX
u/unu npu ucnoibzoBaHuu koareHtoB. s PET u npyrux nmommdgupoB mpu y- U 3IEKTPOHHO-
Jy4eBOM OOJYYEHHHU 4Yalle JOMUHHPYET LIEMHOE PACIHICIUICHHE, II0ATOMY HEOOXOqMMa aKKypaTHast
HACTpOMKa /103 1 MOaU(UKaIMs COCTaBa (KOMITATUOMIN3ALINA, CTA0OMIN3AIHs ) 1)1 IPeJOTBpAaIleHUs
oxpymuuBanus (Ping et al., 2011; Ortega et al., 2023).

JlJis BTOPUYHBIX MOJMMEPOB HAOMIONAIOTCS B LIEJIOM CXOAHBIE 3aKOHOMEPHOCTH WU3MEHEHUS
CBOMCTB I0J ACUCTBUEM PAJIMALMOHHON CIIMBKH, OJJHAKO ONTHMAaJbHbIE 1030BbIE€ JUAMA30HbI, KaK
MIPaBUJIO, OKa3bIBalOTCA OoJiee Y3KHMMH M B OOJIBIIEH CTENEHU 3aBUCAT OT CTEMEHH Jerpajalui,
3arps3HEHHOCTH M UCTOpHH niepepaboTku ucxonHoro marepuaina (Clough, 2001).

Jlnst mepBuYHBIX TosonieuHoB, npexzae Bcero nommdTwieHa (LDPE, LLDPE, HDPE),
paavalnMoOHHasl CIIMBKA OOBIYHO COINPOBOXKJIAETCS POCTOM HAYaJIbHOIO MOJIYNS YIPYTOCTH,
CHIDKEHHEM Je(hopMalui TMOJI3y4YeCTH M TOBBIIIEHHEM CTOMKOCTH K PACTPECKUBAHUIO TOI
HanpspkeHueM (ESCR), mpu OTHOCUTENBHO yMEPEHHBIX M3MEHEHMSIX IMPOYHOCTH IPU pa3pbiBE U
CHIDKEHUHU OTHOCHUTENILHOTO Y/UIMHeHus. B cinyyae nonunponunena (yaapomnpounoro PP) Bo3moxHO
YBEJIMUECHUE MONYJIs M Temrieparypbl TeruioBoi nedopmanuu (HDT), ogHako 6e3 mpuMeHCHHS
KOareHTOB M AHTUOKCUJAHTOB BO3PACTAET PUCK OXPYMUUBAHUS, MPOSBISIOLIETOCS B CHMKCHUH
VIUIMHEHUSI TpU pa3pbiBe W yaapHou Bsizkoctu. Comonmumepsl Tuna EVA u nmonmoneduHoBbIE
2JIACTOMEPBI XapaKTEPU3YIOTCSI BBICOKOM CKJIOHHOCTBIO K CHIMBKE; JUISl HUX THUIIMYEH POCT YNPYron
cocTaBisifolIed JeopMaliy U TIOBBIIIEHHWE CTOMKOCTH K IMKIMYECKUM Harpy3kam, TOrjga Kak
0amaHc MeXAy MPOYHOCTBIO M AIACTUYHOCTBIO ONpENEeNseTcs COAepKAaHWEM BHHUIIALETaTHBIX
¢parmMeHTOB U J030M OOmydeHus. Jlyig moimaMuzoB U NOJUIPHUPOB pagualMoHHas 00paboTKa
BBI3BIBACT J10303aBUCHUMBIE U3MEHEHMS, IPU KOTOPBIX BO3MOMKEH IMPUPOCT MOAYISA YHIPYTOCTH IIPH
OJTHOBPEMEHHOM pPHUCKE CHWXEHMsS YJIapHOM BS3KOCTH; B ITHUX CHCTEMaX OCOOEHHO KpPUTHYHBI
yca0BUs 00s1yueHHs! (BIaXKHOCTh, IPUCYTCTBUE KUCIOPOa) U IPUMEHEHUE CTaOUIN3aTOPOB.

JUis BTOPUYHBIX MOJIMMEPOB XapaKTepHbI OOJiee IIMPOKOE pacHpelesieHue MOJIEKYISPHBIX
Macc, HaJM4ue OCTAaTOYHBIX OKHUCIMTENbHBIX Je(EKTOB, 3arps3HEHUN U yXyAllleHHas MexdazHas
aAre3us B CMECSX, YTO OMPEEIIET UX MOBBIIIEHHYIO YyBCTBUTEIBHOCTD K pekuMaM oOnydeHus. B
9TUX CHCTEMaxX paJuallMOHHas CIIMBKAa HCIOJb3YETCs, BO-NEPBBIX, JUII PEOJIOTMUYECKOU
cTabuiau3allud — OrpaHWYEeHHs] pOCTa IoKas3aTeias TEKydyecTH pacljlaBa IpH TOBTOPHBIX
nepepaboTKax ¥ CHUKEHUS! YyBCTBUTEIBHOCTH K TEPMOOKUCIUTEIBHON JIerpafalvu, U, BO-BTOPbIX,
JUISL YaCTUYHOTO BOCCTAHOBJIEHUSI MEXaHUUYECKUX CBOMCTB 3a CUET MOBBIIEHUS MOLYIIS YIIPYTOCTH,
MOJI3y4€CTOMKOCTH U JIOKAJIbHOTO «CHIMBaHMs» Mex(pazHbIx obnacteil B cmecsx tuna PE/PP (Ogul,
2022).

[Ipu 5TOM OTHOCHUTENBHOE YAJTUHEHHUE MPH pa3pblBe Y PEUUKIIATOB, KaK MPaBUIIO, CHUYKAETCS
ObIcTpee, YeM Yy NMEepBUYHBIX aHAJIOIOB, YTO OTPa’KAeT HAKOILJICHHE AE(PEKTOB IETTHOM CTPYKTYpHI.
[Toatomy  1yist  cmecell  BTOPHUYHBIX  TOJHOJNIE(PUHOB  1€J€COOOpa3HO  MPUMEHEHHE
KOMIATUOMIN3aTOPOB M KOAreHTOB, a TaK)Ke AaHTUOKCHJAHTHOW 3alllUThl M Jerasauuu Jis
MUHHMH3AIAN TT0CT-00Ty4daTeIbHOTO OKHCIIeHus u nectpykimu (Rimdusit et al., 2012).

JlaHHBIE JAMHAMUYECKOro MexaHudyeckoro ananmu3a (DMA) mnokasbiBaloT, 4TO MmOCie
paavalMoOHHONW CHIMBKU MONY/ib XpaHeHuss E' B TemmeparypHoil oOnacTu BbIlIE TeMIEpaTyphl
crexinoBanus (Tg) Bo3pacraet, Torja Kak aMmIUIUTyAa MHKa tan O YMEHbBIIAETCS, YTO OTpa)kaer
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OTpaHUYEHUE TOABMKHOCTH MAaKpOMOJIEKYJISPHBIX LENEN U CHU)KEHHWE BHYTPEHHUX MOTEPb. JTU
W3MEHEHUSI KOPPEIUPYIOT C POCTOM YCTAIOCTHOW JTOJITOBEYHOCTH U YMEHBIIEHUEM THCTEPE3UCHBIX
norepb. B pexuMe MaJOIUKIOBOW YCTaJOCTH HAOIIOMAeTCs YBEIMYECHHE YHCIAa IHUKIOB 0
3apOXKIACHUS TPELIUHBI, @ B MHOTOLIMKJIOBOM yCTaJOCTH — CMellleHue KpUBbIX S-N B 00sacTh 6osee
BBICOKMX HAIPSKEHUH, YTO YKA3bIBACT HA [TOBBILIEHUE CONIPOTUBIIEHUS YCTAIOCTHOMY pa3pyLIEHUIO.
Dddexr Hanbosiee BhIpaKEH I MOIMONIeUHOB ¢ pa3BuToil amopduoit da3zoit (Novikov et al.,
2018).

N3MeHeHus ynapHO#Ml BS3KOCTH HOCST HEJIMHEHHBIA Xxapakrep. IIpm ymMepeHHBIX CTeneHsX
CIIMBKH BO3MOXKEH €€ POCT 3a CUET MOAABICHUS MHUKPOIOI3YYECTH U CTa0MIN3aui MOP(OIOTHH,
TOT/Ia KaK MPpH NMepeodIyuyeHu HabI01aeTCsl CHUKEHHE BCIIEACTBUE OXPYMUUBAHUS aMOPHOI (a3bl
U HaKOIJICHHS Ae(EeKTOB LEMHON CTPYKTypbl. i monumponuieHa W TMOJUATUIECHTepedTanara
CYIIECTBEHHBI CKOPOCTh M03bI W arMocdepa oOmydeHus, torga kak it EVA u LDPE wame
HaOII0aeTCsl COXpaHEHHE WITH YITYYIIeHUE YAapHOU BSI3KOCTH B ONTHMAJIbHBIX I030BbIX TUANa30HaX
(Oshima et al., 1997).

AHanm3 nuTeparypsl MO3BOJISIET CHOPMYIUPOBATH Psi/I MPAKTHUYECKUX cooOpakeHuit. [Tondop
JI030BOTO OKHA 11€71€CO00pa3HO OCYIIECTBIATH Al KaXI0T0 KOHKPETHOTO MOJMMEpPa WM CMECH C
y4€TOM LENEBBIX OSKCIUTYyaTallUOHHBIX CBOWCTB M JOIYCTUMOIO YpOBHS oXxpymuuBaHus. s
BTOPUYHBIX TOJIMMEPOB DPEKOMEHIYeTCS MpeAycCMaTpuBaTh CTAOMIM3AlUI0 AHTHOKCHUIAHTAMH,
IIPUMEHEHHE KOAr€HTOB U KOMIIATHOMIN3aTOPOB B CMECAX, a TAKXKE KOHTPOJIb I10KA3aTENsl TEKyUeCTH
pacmiiaBa M JIETY4YMX MPOIYKTOB Aerpananuu. B psge pabor momu€pkuBaeTcs BaKHOCTh IOCT-
00JTyJaTeIbHOTO KOHTPOJISI CBOUCTB Yepe3 1—4 Hexenu mist yuéra 3¢h(ekToB mociaeodaydareIbHOro
OKHUCJIGHUS W JONOJHUTENHHOTO (OPMUPOBAHUSI CETKH, a TaKXKe OLICHKH TPUOOIOTUYECKUX U
YAApHBIX XapaKTEPUCTUK MPHU TEMIeparypax M CKOPOCTIX nedopMalnu, PEeICBAHTHBIX YCIOBHIM
skcrutyarauuu usnenus (Pirvu et al., 2024; Svoboda, 2016).

B nemoMm paguanyvoHHas CIIMBKA I103BOJISIET MOBBICUTH KECTKOCTb, MOI3YyYECTOMKOCTb U
TEPMOMEXAHUYECKYIO CTAOUIIBHOCTD KaK MEPBUYHBIX, TAK U BTOPUYHBIX TOJTUMEPOB IIPHU KOPPEKTHOM
noadope 036l OOJIyUeHHUsl M cocTaBa Marepuaia. Bo3MOXKHBIM KOMIIPOMHUCCOM IIPU 3TOM SIBIISIETCS
YMEHBIIEHUE OTHOCHUTEJIBHOIO YAJIMHEHUS M YaCTUYHAs yTpara TEPMOIUIACTHMYHBIX CBOMCTB, YTO
Heo0X0MMO YYUTBIBATh NPH Mocienyoei nepepadorke. JJis BTOPUUHBIX MOJIMMEPOB KOPPEKTHO
HAaCTpOEHHAs  paJMallMOHHAs CLIMBKA MOXET CIYXUTh 3(()EKTUBHBIM  HHCTPYMEHTOM
BOCCTAHOBJICHHUS 3KCIUTyaTallMOHHBIX XapaKTEpPUCTUK W TOAJEp)KAaHHS KauecTBa Marepuaia mpu
MHOTOKpaTHOM nepepaboTke (Svarcova et al., 2025; Haji-Saeid et al., 2005).

B kauecTBe wWiITIOCTpallMM 3KCIEPUMEHTAIBHON peanu3allii CJelyeT NPUBECTH padoTy
Kurbanova u coast. (2023), B KOTOpO HCCIIEAOBAaHO BIUSHHUE 3JIEKTPOHHO-JIIYYEBOTO OOIy4YEHHUS
(oHeprusi onekTpoHoB 2,7 Mb»dB; cymmapubie o3 50400 xIp) HA MexaHWdeckue W
Tpubonoruueckue coiictsa nuctos noimdpupapupkerona (PEEK). [Tokazano, yto koadpduuneHT
TPEHHUs] yMEHbIIaeTCcsd U JocTUraeT MuHuMyMa nopsaka 0,18 mpu nose oxono 100 xI'p, Torna kak
yienbHas CKOPOCTh W3HAIIMBaHMs CHMXKaeTrcs Oonee yem Brpoe — ¢ ~ (13,1£0,4)-10°° no ~
(4,5£0,7)-10°¢ mm*-H'-m ! ipu moze 200 kI['p. MuxporBépaocts Bozpacraer ¢ 0,191 go 0,222 T'Tla
ripu 1o3e 300 kI'p. CTpyKTypHBIN aHaIN3 BBISIBUJ YIIUPEHUE PEHTT€HOBCKUX NU(PPAKIIOHHBIX ITMKOB
IPU COXPAHEHUHM KPHUCTAIIIMYECKOW pemeéTKH, a JaHHble Iud@epeHIralbHOl CKaHUPYOIeH
kanopumetpun (DSC) u TepmorpaBumMerpudeckoro ananusa (TGA) yka3pIBaloT Ha HE3HAYUTEITbHBIN
CZIBUT TEMIIEPATYPHI IUIABJICHUS U COXPAHEHUE TEMIIEpATypbl TEPMUYECKOM AETpajalluy B IpeaesIax
AKCIEPUMEHTAJILHON MOTPEIIHOCTH, 32 UCKIIIOYEHHEM 00pa3I0B, 00pab0TaHHBIX IPU MAaKCUMAIbHON
no3e 400 xI'p.

Ha pucynke 2 npeacrasnensl 3HaueHus TBEpaoct no Maprency (HM) o6pasuos PEEK no u
1ocyie AIEKTPOHHO-IIyuyeBOW 00paboTku. JlaHHBIE 3aMMCTBOBAaHBl M aJalTHUPOBAaHBI U3 PAOOTHI
Kurbanova u coarrt. (2023). OGny4yeHue TpUBOIUT K POCTY MHUKPOTBEPIOCTH BCEX OOPa3IOB MO
CPaBHEHUIO C MCXOJIHBIM MarepHalioM; MakcuMaibHoe 3HadeHue (~0,222 I'Tla) nabmromaercs ans
obpasma PEEK-5, coorBerctByromero moze 300 kIp, Torma kak miusi HeobmyuéHHoro PEEK
MUKpoTBEpAOCTh cocTasiser 0,191 I'Tla.
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Pucynok 2. Usmenenue tBépaoctu no Maprency (HM) PEEK B 3aBucuMocTH OT 10351 3JIEKTPOHHO-
Jy4eBOro 00Iy4eHus

B pa6ote Schneider u coast. (2024) ucciieoBaHO BIUSHHUE 3IEKTPOHHO-TYy4eBOM 00pabOTKU
(mopsimka 50-300 kI'p) Ha MOPGOJIOTHIO W CBOWCTBA CMECEH JIMHEWHOTO IMOJMATHIICHA HHU3KOU
wiotHoctu (LLDPE) u nomunumermincunokcana (PDMS), a Takyke HAHOKOMITO3UTOB Ha MX OCHOBE.
[Tocne oGmyueHHst, B ONTUMAIBLHOM J030BOM JAHMana3oHe, HAOIIOAaeTcsi pOCT TeleBoil Gpakuuu u
ycusieHue Mexpa3zHoi aare3nuu, CONpoOBOXKIaeMbIe YBETHUEHUEM IPOYHOCTH MPH Pa3pbiBe U MOTYIS
VIPYrOCTH TIPU OJHOBPEMEHHOM CHIDKEHHH OTHOCHUTEIFHOTO ymiuHeHus. [lo  JaHHBIM
JMHAMUYECKOTO MEXaHHYECKOTO aHalln3a, BO3pacTaeT MOAYIb XpaHEHMs, TOTJa KakK IOJIOKEHUS
TEPMUYECKHX TIEPEXOJ0B HU3MEHSIOTCS HE3HAYUTENbHO, YTO COINIACyeTCss C IMEepexoJoM OT
nByxdaszHoii Mopdonoruu k 6onee cBsA3HOM, 3¢ (HeKTUBHO 0AHO(DA3HOM CTPYKTYpeE.

J-'T“

Pucynok 3. COM-uzo6paxenus (a) LL100, (b) PD100, (c) LL50 mo oGmydeHus 31€KTPOHHBIM
myukoMm u (d) LL100, (e) PD100 u (f) LL50 mocie obmy4ueHus 371eKTpoHHBIM ITydkoM mipu 100 xIp
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Mopdonorndeckue W3MEHEHHUsT WIUTFOCTPUPYIOTCS HAa PUCYHKe 3, e mnoka3zanel COM-
n3oopakenns yncroro LLDPE, PDMS u ux cMecH 10 1 1TOC/€ IEKTPOHHO-TYyYEBOTO OOIyICHHUSI.
Jlo o0paboTku HabOnrogaeTcss OTYETIMBO BBIpAKEHHAs NBYX(aszHas CTPYKTypa C JAUCHEPCHBIMU
JIOMEHAMHU CHJIMKOHOBOTO KaydyKa B TOJMATUJICHOBON Marpulle, TOrjga Kak mocje oONyd4eHUs U
MIOCJIEYIOIIEr0 CEJIEKTUBHOIO TpaBiieHus JoMeHbl PDMS coxpaHstoTcs M He y#ansoorcs
pacTBOpHUTEIIEM, YTO YKa3bIBa€T Ha MX CIIMBKY U MpouHOe npukperuieHue Kk marpuiie LLDPE. B
pesynbrare hopMupyetcst 6osiee OMHOPOIHAS MOPGOIOTHS C TOBBIICHHON MeX(a3HO! CBI3HOCTHIO,
YTO KOPPETUPYET C POCTOM MEXAHUYECKUX U PEOJIOTMUECKUX XapaKTEPUCTUK MaTepuaa.

B tabnune 1 npencraBieHbl CpaBHUTENbHBIE JAHHBIE MO BIUSHUIO PaJAUAIIMIOHHON CIIMBKHU Ha
MEXaHWYEeCKHE CBOMCTBA NEPBUUHBIX U BTOPUYHBIX OJTMMEPHBIX MaTeprajIoB Ha OCHOBE 0000IIEHUs
JTUTEPATYPHBIX HCTOUHUKOB.

Tabauna 1. CpaBHUTENbHbIE AAHHBIE 10 MEXAHWYECKHM CBOWCTBAM IEPBUYHBIX U BTOPUYHBIX
IIOJIMMEPOB II0CJIE PAJIUALMOHHON CIIUBKU

[oaumep/cucrema | /Iuanason OcHoBHbIE 3¢ PeKThI Komunpomuccst HcTounuk
103 (xI'p)
PEEK 50-400 lxo3d. Tpenus (~0.18 mpu | Ontumym 200-300 | Kurbanova et al.,
100 xI'p), TTBEPHOCTS, klp; mpu 400 xI'p — | 2023 (Polymers)
THU3HOCOCTOMKOCTD Jlerpaganus
LDPE 40-120 Top (+51% npu 120 kIp), | Poct crotict o 120 | Wang et al., 2013
| &, ynyamenwue shape- kIp, 3arem (Journal of
memory OXpyITYUBaHUE Applied Polymer
Science)
HDPE/PU 50-250 T TIPOYHOCTD, Komnpomucc Jeong et al., 2022
1 TEepMOCTaOMITBHOCTB, | & «OKECTKOCTb— (Polymers)
PACTSDKHIMOCTBY
LLDPE/PDMS 50-300 taaresus das, Top 1 YBenuueHue Rahaman et al.,
MOZYJb, | &, JKECTKOCTH NpHU 2023 (ACS
CcTaOWIBHOCTH MaJeHuU Omega)
Mopdonorun HIACTHYHOCTH
PP+TAIC 50-200 dopMHpoBaHUE CETKH, Tpeoyercs TAIC; | Ovsik et al., 2021
TMUKpOMEXaHUKa 0e3 Hero (Materials)
OXpYITYHBaHHE
PA-6 50-200 Crabuimzanus peosioru, 3aBHUCHT OT Zhao et al., 2003
(virgin/recyc.) TnepepabaThIBAEMOCTD HCXOITHOTO (Carbohydrate
COCTOSTHUSI Polymers)
penuKiara
wABS + 1,3-PBO 50-250 Trpo4HoCTh, Tymapuas | Onrumym ~100-200 |  Stelescu et al.,
BA3KOCTb, YKPEIUICHUE xIp 2018
MEXKIICITHBIX CBS3CH (Polymers)
rLLDPE 0-90 OO0pazoBanue redns, V3Koe 1030BO€ OKHO, Sutekin et al.,
TagcopOrus MIPH MIPEBBIIIIEHAN 2019
OpPTaHUYECKUX BEIIECTB OXpyIYUBaHHE Applied Radiation
and Isotopes

Kak crnenyer u3 npuBeAE€HHBIX TaHHBIX, ULl IEPBUYHBIX NOJMMEPOB paJualMOHHAas CIIWBKA,
KaK IIPaBUJIO, IIPUBOAUT K YBEIIMUEHUIO MOIY/ISL YIIPYTOCTH U TBEPAOCTH, CHUKCHUIO NTOJI3YYECTU U
MTOBBIIICHUIO YCTAJIOCTHOW M W3HOCOCTOMKOCTH. J[J1 BTOPMYHBIX MarepuajoB JOMOIHUTEIbHBIM
3pQeKToM ABISETCS yKpeIuleHHe MeX(a3HbIX TpaHUll U CTa0MIN3alUs  PEOJOrMYECKUX
XapaKkTEepPUCTUK, YTO CHOCOOCTBYET IOBBIIICHUI0O MEXAaHWYECKOW HaJE&KHOCTH KOMIIO3MIMM Ha
ocnoBe PE/PP npu noBropHoii nepepaborke. MakcumanbHbIi 3QQPEKT JOCTUTAETCS B ONTUMAIbHOM
JI0O30BOM JIMAIIa30HE; MPU 3TOM BO3MOXHBIM KOMIIPOMHCCOM SIBIISIETCS CHHM)KEHHE OTHOCUTEIBHOTO
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YIJIMHEHUS. U TepepabaTbiBaeMOCTH, YTO TpeOyeT moadopa 1036l M YCIOBHM OOIy4eHUs: ¢ y4EToM
neneBbix cBoricTB Marepuaia (Ghobashy et al., 2016; Gao et al., 2017).

2.3. Texnuko-3KkoHomuueckas 3¢hpghekmusHocmo u npeumyujecmsea paouayuoHHOU CUUBKU

PagnanuonHas CIIMBKAa paccMaTpUBaeTCs B JIUTEpaType Kak OAWH W3 MPOMBIIUICHHBIX
METOAOB  MOIUGUKALMM  IOJMMEPHBIX  MAaTepUanoB, KOTOPbI  MOXeT  o0ecreynBaTh
TEXHOJIOTHYECKUE ¥ TOTCHLIUAIbHbIE SKOHOMHYECKHE TPEUMYIIECTBA IO CPAaBHEHHUIO C
XMMUYECKMMHU CIIOCO0aMM CIIMBKM B psJie NMPUKIAJHBIX obOnacted. K Kito4eBbIM OCOOEHHOCTAM
METO/a OTHOCHTCSI BO3MOXXHOCTH PETYIUPOBAHMSI CTETICHN CIIMBKH 33 CYET TapaMeTPOB OOTyUEeHHUs
(1032, MOIIHOCTb Iy4Ka, BpeMsl BO3AEHCTBHs) 0€3 NPUMEHEHHs XUMHUYECKUX HHHULUATOPOB,
pacTtBopuTeNieil U MOOOYHBIX PEAreHTOB. DTO CHUXKAET MOTPEOHOCTh B TMOCIEAYIOMIEH OYHCTKE
OPOAYKLIMH M OOpallleHMH C OTXOJaMH M [JeJIaeT TEXHOJIOTHI0 MOTEHIHAIbHO HMPUMEHUMOH B
00J1acTsX ¢ KECTKUMU CAaHUTAPHBIMH M 3KOJOTMYECKHMMHU TPEOOBAHUSMH, BKIIOYAS MEIULIMHCKHUE
U3JIeHs U MaTepuabl uis nuiieBoi ynakosku (Tretinnikov et al., 1998; Schneider et al., 2019).

JIOTIOJTHUTEIBHBIM TEXHOJIOTUYECKHM MPEHMYILECTBOM SIBISICTCS BO3MOXKHOCTH IPOBEICHUS
pazuanoHHON 00pabOTKU MpU KOMHATHOW TeMIIepaType, YTO OTIMYAeT €€ OT TePMOXMMHUYECKUX
METO/IOB, TJI€ CIIMBKAa OOBIYHO OCYIIECTBIISIETCS] MPU MOBBIIIEHHBIX Temmeparypax (mopsiaka 150—
200 °C u BbIie). BMecTe ¢ TeM sHepreTudeckas 1 SJKOHOMHUYECKas 3PPEeKTUBHOCTb PaJAHaLlMOHHON
00pabOTKH CYIMIECTBEHHO 3aBUCIT OT THIA 000PYI0BaHMS, TPEOYEMOM 103bI, TCOMETPHH H3ICTUN 1
KO3 puLMeHTa 3arpy3KH JIMHUHU, YTO OTPAHUYHUBAET YHUBEPCAIbHOCTh KOJIMUYECTBEHHBIX OLICHOK U
Tpebyer siBHOTO yKa3aHus gomnyieHuii (Berejka, 2010).

B nureparype 3KOHOMHYECKHE IOKa3aTeIH 3JICKTPOHHO-Iy4eBOH o00paboTku (e-beam),
BKJTIOYAst CTEPUIIN3ALINIO M PAIMAIIHOHHYIO MOAH(PHUKAIIMIO TOTUMEPOB, KaK MPABUIIO, TPUBOISTCS B
BUJI€ 1MANIa30HOB OLIEHOK IPH 33JJaHHBIX YCIOBUAX 3KCIUTyaTalMu. 1o naHHBIM 0030pHBIX paboT U
0T4éTOB MeXayHapoIHOTO areHTCTBa 1o atomHou sHeprun (IAEA), ynenbHas croumocts e-beam-
00pabOTKH IJIACTUKOBBIX U3JIEJINI MOKET BapbUpPOBATHCS B Ipeenax npuodausutenbo 1-5 USD/kr
B 3aBUCHUMOCTH OT TpeOyemoi 1036l (TunuuHo 10-25 k['p ans crepuian3anuu 1 1ecATKU—COTHU KI'p
Il pajMalliOHHOM CIIMBKM TE€PMOIUIACTOB), MPOU3BOJUTEIBHOCTH JTUHUU (IECATKU—COTHHU KI/4),
(GOopMbI M TONIIMHBI M3EIHH, a Takke Kodp¢uuueHTa 3arpy3ku 00OpYAOBaHUS U JIOTUCTHKHU
nporecca (IAEA, 2015). BaxxHo MOI4epKHYTh, YTO CTEPUIIN3AIMOHHBIC 03bI (00bI4HO 15-25 kI'p)
U JT03BI PAJMAIMOHHON CITMBKH TEPMOIIACTOB OTHOCSATCS K PAa3HBIM TEXHOJOTHUYECKUM 3aJadaM U
HE JIOJIKHBI pacCMaTPUBATHCS B OTHOM SKOHOMHUYECKOM KOHTEKCTE.

KamuransHble 1 9KCIUTyaTallMOHHBIE 3aTPaThl AJIEKTPOHHO-TYYEBbIX YCTaHOBOK. KanuranbHbIe
3arpatel (CAPEX) Ha co3gaHue 371eKTpOHHO-TY4€BOM JIMHUM BKJIIOYAIOT CTOUMOCTh YCKOPUTEIS,
panuanMoOHHONW  3allMTBI, CHCTEM TPAHCIIOPTUPOBKH, JO3UMETPUH H  COIYTCTBYIOIICH
uHOpacTpyKkTyphl. [lo naHHBIM TeXHHMUECKHMX O030pOB M OTpACNIEBBIX MyOJMKalUH, CTOMMOCTb
MIPOMBIIIJIEHHOT'O AJIEKTPOHHOTI'O YCKOpHUTENs MoIHOCThIO mopsjaka 50—-100 kBt ¢ HeoOxonumoi
MHPACTPYKTYPOH OIIEHHBAeTCsl OPUEHTHPOBOUHO B auanazone ~1,5-3,0 mun USD, mpu stom
KOHKpETHBIC 3HAYEHHUS 3aBUCAT OT KOH(HUTypanmuu JHMHUH, TpeOOBaHMN K paaualliOHHOU
0€30MMaCHOCTH U PETUOHAIIBHBIX YCIOBHM.

Okcrutyataunonsblie 3aTpaTthl (OPEX) BKIIIOYarOT pacxoibl Ha 3JIEKTPOIHEPIHI0, IMEePCOHAl,
TEXHUYECKOE OOCTY)XMBaHHE, NO3MMETPHUECKUI KOHTPOIb M aMOPTH3alui0 obopymoBaHus. [Ipu
TUMIUYHBIX Tapudax Ha snekTpodHepruio (~0,05-0,10 USD/kBt 1) sHepro3aTpatsl s yCKOPUTENs
MotHocThio 50-100 kBTt moryT coctaBisats nopsaaka (0,1-0,3) maa USD B roz, olHako UTOroBas
ce0ecTOMMOCTh O0pabOTKM CYIIECTBEHHO 3aBUCUT OT (aKTHUECKOW 3arpy3ku 00OpyqoBaHUS,
pekrMa pabOThI M OpraHU3alliy MPOM3BoACTBeHHOTO Tporiecca (Berejka, 2010; IAEA, 2015).

OHeprodeKTUBHOCT, M DHKOJIOTMYECKHWe  acmekThl.  CpaBHUTENBHBIE  OLIEHKU
9HEPronoTPEOICHUS MOKA3bIBAIOT, YTO JICKTPOHHO-TTYUEBBIE MPOIECCHI B PSJIE CIIydaeB 00J1aaaloT
Oosee BBICOKOM 3HEprod((HeKTUBHOCTHIO IO CPABHEHUIO C HEKOTOPHIMH TPaJUIIMOHHBIMU
TEPMOXUMHUYECKAUMHU TEXHOJOTHUSIMH, OCOOCHHO B TIpoIleccaX IMOBEPXHOCTHOM MOIU(UKAIIH,
OTBEPKICHHUS MOKPHITUNA U TEKCTHIIbHOW 00paboTku. B yacTHOCTH, B 0030pax yKa3bIBaeTcs, YTO €-
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beam-meToabI MOTYT OOECIICUNBATh CHIXKCHUE YICIILHOTO SHEPTONOTPEOICHUS U CBA3aHHBIX C HUM
BbIOpocoB CO: MO CpaBHEHHMIO C PACTBOPHBIMU WJIM TEPMHUECKUMHU IMPOLECCAMH, OJHAKO TaKue
CpPaBHEHUSI KOPPEKTHBI TOJBKO TPH COMOCTABUMBIX (PYHKIIMOHAIBHBIX pe3ylbTaTaX U CTPOTO
3amaHHbIX ycomoBusax mpomecca (Wach et al, 2003; Lee et al.,, 2023). B 3TOM KOHTEKCTE
panuanuoHHas oOpaboTKa 4YacTO paccMaTpPHBAETCS KaK IMOTEHIHAIBHO «3eNEHas» TEXHOJOTHS,
MIOCKOJIbKY OHAa HE TpeOyeT HCIOIb30BaHUS PACTBOPUTEICH M MOXKET ObITh MHTETpHUpOBaHa B
3aMKHYThIC TPOU3BOJICTBCHHBIC IHKIIBI. BMecTe ¢ TeM KOJWYECTBEHHBIC OIICHKH COKpPAIECHUS
BbIOpocoB CO: M 3HEprosarpar OCTArOTCS YYBCTBUTEJIBHBIMU K METOJUKE pacyéTa U MPUHATHIM
JOMYUICHUSAM, YTO MOTYEPKUBACTCSA B COBpEeMEHHBIX 0030pax (Krieguer, 2024).

[IpumeHeHue K TMEPBUYHBIM W BTOPUYHBIM ToluMEpaM. B OTHOHIEHMHM NEepBUYHBIX
TEpPMOIIJIACTOB paJMAIMOHHAsl CIIMBKA HCHOJB3YeTCS [UIA PACIIMPEHUS TEMIEepaTypHOTO U
AKCIUTYaTaIlMOHHOTO Auarna3oHa u3aenui. Tak, paguannoHHo-ciuThid moaudTiiieH (PEX) cmocoben
COXpaHATh MEXaHWYECKYI0 CTaOWIBHOCTH NpH Temmeparypax ao ~200 °C, torma kak OOBIYHBIHI
noyudTIIIeH pasmsirdaercs mpu ~90-110 °C. D1o mo3BojisSeT MPUMEHSTh 0ojiee TOHKOCTEHHBIE
KOHCTPYKIIMM W TOBBIIATh HAA&KHOCTh M3JCIHNA, YTO B psJie CIIydaeB KOMIICHCHUpyeT Ooiee
BBICOKYIO cTOMMOCTE 00paboTku (Yamashita et al., 2016; Zhao et al., 2021).

JUIs BTOpUYHBIX TIOJIMMEPOB paJHallMOHHAs CIIMBKA pPACCMATPHBACTCS KAk OJUH W3
WHCTPYMEHTOB KOMIIEHCAIINH JAETPAIAlluU CTPYKTYPbI, BOZHUKAIOIIEH MpU MOBTOPHOII mepepaboTKe.
DKCIIepUMEHTAIBHBIC UCCIICOBAHMS MTOKA3bIBAIOT, YTO MPH ONTHMH3UPOBAHHBIX J103aX (TIOpsaKa
100-250 xI'p, B 3aBUCUMOCTH OT MOJMMEPa) BO3MOXKHO (pOpMHpOBaHHE MPOCTPAHCTBEHHON CETKH
0e3 BBIPAXCHHOW [ECTPYKIMH, YTO JENAaeT METOJ CONOCTaBHUMBIM 10 3(ddexkTuBHOCTH C
ucrnoiib30BaHueM xumuueckux moaudukaropon (Kaminskaya et al., 2008). Ognako skoHOMHUYECKAs
1eJIecO00pa3HOCTh TAKOrO MOAXoJa TpeOyeT WHAWBUIAYAILHOW OIEHKH C YYETOM CTOMMOCTH
SHEPTUH, 000PYIOBAHUS U ATbTEPHATUBHBIX TEXHOJIOTUN MOIU(DUKAIINH.

CpaBHeHHUE PaIUAIMOHHON CIIMBKM C XUMHUYECKHUMH METOJaMH (HAmpuMep, MePOKCHIHON
CIIMBKOM) IMOKa3bIBAa€T, YTO paJHAIlMOHHBIM MOAX0A obecrieunBaeT Oosiee TMOKOE YyIpaBlieHHE
CTETIEHBIO CIIMBKH 3a CYET M3MEHEHHs MapaMeTpoB oOiydeHus. Bmecte ¢ TeM yTBepXkKIeHHS O
0€3yCIIOBHOM JKOHOMHUYECKOM MPEUMYIIECTBE pPaJUAllMOHHON TEXHOJIOTUU IO CpPaBHEHHUIO C
XUMHYECKHUMH METOJAMH HE SIBJISIFOTCSI YHUBEPCAIBHBIMU M 3aBHCAT OT MacmiTada MpOW3BOJICTBA,
TUMA TOJIMMEpa M TpeOOBaHUN K KOHEUHOMY MPOIAYKTy. B nureparype mogu€pkuBaeTcs, 4TO
KOPPEKTHOE TEXHUKO-DKOHOMHUYECKOE CPABHCHHE BO3MOXKHO TOJBKO TPHU aHAIH3e KOHKPETHBIX
NPOM3BOCTBEHHBIX ciieHapueB (Svarcova et al., 2025; Calina et al., 2025).

B menoM paamanmoHHas CIIMBKA PAacCMaTpPUBAETCs KaK IEPCIEKTUBHAS TEXHOJOTHYECKast
mwiargopma st MOAM(PHUKAIIUN KaK MEPBUYHBIX, TaK U BTOPHUYHBIX MoluMepoB. E€ mpumenenue
MOXET OBITh OINpPaBIAaHO NPU COOTBETCTBYIONIEM MacmiTabe MpPOW3BOJACTBA W CTPOTOM ydYETe
AKCIUTYyaTaIMOHHBIX M JKOJIOTMUYECKUX TpeOoBaHUIl. B yCIOBHSIX yKECTOYEHHS HKOJIOTHYECKOTO
PETYJIMPOBAHMSI M POCTa MHTEpPEca K IHUPKYIIPHOW SKOHOMHKE 3HAYUMOCTh TAKMX TEXHOJOTHM,
BEPOSITHO, OynieT Bo3pactath (Zhang, 2022; Zhou, 2012).

3. OrpanuyeHus 1 PUCKH PAIMALMOHHOH CIIHBKH

HecMoTps Ha  NpOIEMOHCTPUPOBAaHHBIE  TEXHOJOTMYECKME M JKCIUIyaTallMOHHBIE
MpEeUMYIIEeCTBa PAIMAIMOHHON CIIUBKH MOJUMEPOB, €€ MpaKkTUYecKoe NpuMeHeHne TpedyeT yuéra
psiia OorpaHMYEHM M MOTEHIMAJIbHBIX PUCKOB, CBA3aHHBIX KaK C (PU3MKO-XMMUYECKOH MPUPOIOi
paanalOHHOTO BO3JEHCTBHS, TaK U ¢ 0COOEHHOCTSIMU MepepabOTKU U HKCIUTyaTalliy MMOJTy4aeMbIX
MaTepHaJIoB.

Paouayuonnoe oxucnenue (porv O2)

IIpn pannanMOHHON CIIMBKE MOJMMEPOB B NPUCYTCTBUU KUCIOPOAA 3HAYUTEIBHYIO POJIb
UTpalOT MPOIECCHl PaAUallMOHHO-UHIYIHPOBAHHOTO OKHUCIIEHUS, OOYCJIOBJIEHHbIE pEaKUUsIMU
MaKpopaguKaioB ¢ MoJekymsipHbiM O:. OOpasyiommuecs NEPOKCUAHbIE U TUAPOIEPOKCHIHBIE
rpynmnsl (-O0e, -OOH) MHULOUMUPYIOT BTOpUYHBIE LIEMHbIE PEaKLUWU, NMPUBOIAIIME K YaCTUUHOU
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JECTPYKIIMU MAaKPOMOJIEKYIISIPHBIX LIETICH U N3MEHEHUIO CTPYKTYpPHI ojiuMepHoii cetku (Singh et al.,
2014).

B Tabmuue 2 npuBeneHo BiIMsHHE aTrMoc(epbl OONydyeHHs Ha XapakTep paJualdOHHO-
MHTyIUPOBAHHBIX MPOLIECCOB M IKCIUTyaTaI[MOHHBIE CBOMCTBA PaJMAllMOHHO-CHIUTHIX MOJIUMEPOB,
BKJIIOYAsl JOMUHHUPYIOIINE MEXaHU3MbI OKHUCIICHUS U CBSI3aHHBIC C HUIMHM M3MEHEHHSI MEXaHUYECKIX
XapaKTEPUCTUK.

Tadauuna 2. BausHue KUciIopo/ia Ha CBOMCTBA pauallMOHHO-CIIUTHIX MOJIMMEPOB

YcaoBusi JoMuHMpyOIIMe Mpouecchbl HN3MeHeHHe CBOMCTB
00J1yueHust
Bo3nyx Ilepokcupaankanbl, OKUCIECHUE | &, T XpYIKOCTb, TPEUINHBI
A3zoT CmuBKa npeo0naaer bonee ctabunbHas MexaHuKa
Bakyym MakcuMyM CIIMBKH MuHuMyM ferpaganuu
Bo3zayx + AO YacTuuHOE 1oaBIeHUE OrpanudeHHbIH 3P PEKT Mpu BEICOKUX
OKHCIICHUS J103aX

Obpazytomuecst B mnpucyrctBul O: MEPOKCUIHBIE U THIPONEPOKCUIHBIE CTPYKTYpbI
COXPaHIIOT XMMUYECKYI0 aKTUBHOCTh M IIOCIIE 3aBEpIICHUS PaMALMOHHOTO BO3AEHCTBHS, YTO
OPUBOIUT K PA3BUTHIO TIOCT-OOJMyYaTeNbHBIX TPOIECCOB M OOYCIOBIMBAET BpPEMEHHYIO
HECTaOMJIBHOCTb CBOMCTB PauallMOHHO-CIIMTHIX MaTepUaoB.

Ilocm-obnyuamenvroe cmapenue

[TocT-00myyarenbHOe CTapeHue paJuallMOHHO-CIIUTBHIX IOJMMEPOB CBSI3aHO C HAJIUYHEM
JOJTOKUBYLIUX MakKpOpaJuKaJoB U TMPOAYKTOB PagUAllMOHHOTO OKHCIIEHHUS, CIIOCOOHBIX
MHUIMAPOBATh BTOPUYHBIE LIETTHBIE PEAKIIMH B IEPUOJ] XPaHEHUS. DKCIIEPUMEHTAIbHO YCTaHOBIIEHO,
yro g nomuonepuHoB (PE, PP) koHmeHTpanus axkTHBHBIX pPaJAMKaJIbHBIX IIEHTPOB MOXKET
coxpaHatbcs B TeueHue 10°-10° gacoB, 4TO CONPOBOKIAAECTCS IOCTENEHHBIMM W3MEHEHUSIMU
MEXaHUYECKUX, PEOJIOTUYECKUX M TEPMOMEXAHWYECKHUX XapaKTEPUCTUK B TEUEHHE HECKOJbKHUX
HEZeNb U MECSIIEeB Mocie 00pabOTKH.

B yxazanHbI nepuon A MOJIMATUIICHA W ATUJICHBUHMWIALETATa HAOIIONAeTCs CHHUXKEHUE
OTHOCHUTEIJIBHOTO Y/UIMHEHHs NpHu pas3pbiBe Ha 15-40 % npu cpaBHUTENBHO MallbIX M3MEHEHMSIX
MIPOYHOCTH, TOT/IA KaK JUIsl TIOJIMIIPOIIUJIEHA MOCT-00ydaTesbHble 3 (EKThl BIpaKEHbI CUIIbHEE U
MOTYT CONPOBOXKIATbCA [JOMOJHUTEIbHBIM CHIDKEHHEM ynapHoW Bsaskoctu Ha 20-50 %.
Peonornueckue napameTpsl Takke U3MEHSIOTCS BO BpEMEHH: MTOKa3aTellb TEKYYeCTH paciulaBa, Kak
npaBuio, cHmkaercss Ha 10-30 % B TedeHue nepBbiXx 1-3 Henenp mociie oOIXy4eHUsS BCIIENCTBHE
MIPOAOJIKAIOLIET0Cs pOCTa TeeBor (hpakLUy U YIUIOTHEHUS IPOCTPAHCTBEHHOM CETKH.

BbIpakeHHOCTh MOCT-00Ty4aTeIbHOTO CTapeHUsl ONpeNeNnseTcss yCIOBUAMU OOIy4eHUs MU
XpaHEHUsl U CYIIECTBEHHO YCHJIMBAaeTCs Ipu oOpabOTKe W XpaHEHWU B MPUCYTCTBUHU KHUCIIOPOJA.
OO0nydyeHue B MHEPTHOM aTMoc(epe, IPUMEHEHNEe aHTHOKCHIAHTOB U CHHKEHUE BPEMEHH KOHTAKTa
Marepuaia ¢ KUCJIOPOAOM IPUBOAAT K YMEHBIIEHUIO aMIUIMTYAbl BpDEMEHHBIX U3MEHEHUIN CBOMCTB U
Oomee OBICTPOI CTAOMIM3AlUU XapaKTEPUCTUK paaualinoHHO-cUThIX moaumepoB (Relleve et al.,
1997).

Ilepepabamuieaemocms cuiumvlx Mamepuanlos

VYBenuueHue CTeNeHu paJualliOHHON CITMBKY IPUBOIUT K POCTY IesIeBOM (hpakIu U pe3KoMy
CHIDKEHUIO TEKYUYECTH PacIliaBa, YTo SBJISETCS OTHUM U3 KITFOUEBBIX TEXHOJIOTUYECKUX OTpaHUYEHUI
naHHOM Mmeromuku. Ilpu pocTikeHun reneBoi Qpakuum nopsaka 20-30 % wabmromaercs
3HAYUTEIFHOE CHIKEHHE TOKa3aTessi TeKYy4eCTH pacIulaBa, 3aTpyaHsoliee nepepaboTKy METOA0M
SKCTPY3HH, a Ipu 3HaueHUsxX Bole 40-50 % marepuan pakTUYECKH YTPauuBaeT TEPMOIUIACTHYHOE
MOBEIEHUE U CHOCOOHOCTh K TOBTOPHOMY IUIaBI€HHIO. B 3TUX ycinoBusx mepepaboTka
CTaHJAPTHBIMH METO/IaMHU SKCTPY3UH, JIUThS IO JABICHHEM U TepMOGOPMOBAHHS CTaHOBUTCS
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TEXHOJIOTUYECKH HEBO3MOXKHOM, TOCKOJIbKY MaTrepHall He IEPEXOIUT B BI3KOTEKYUee COCTOSIHUE U HE
croco6eH K pOopMHPOBAHHUIO OAHOPOAHOIO PACILIaBa.

JlanHoe orpaHuYeHue NpuodpeTaeT OCOOYyI0 3HAYMMOCTh JJIsi BTOPUYHBIX IOJMMEPOB HU
MHOTOKOMIIOHEHTHBIX CHUCTEM, IJie HAJIMYUE OCTAaTOYHBIX MpPUMECEH, MPOAYKTOB MPEALICCTBYIOLIECH
TEPMOOKHUCIIUTENBHON JErpajlallid MU HEOIHOPOIHOE pACIpPENEICHUE MOJEKYIIPHOM MaccChl
MIPUBOASAT K CY>KEHHUIO JOIMYCTUMOTO J030BOTO OKHA paJlallMOHHON 00paboTku. B Takux cucremax
Ja’ke yMEPEHHOE YBEINYCHUE JI036I MOXKET COTPOBOXKAATHCS HETPOIIOPIIUOHAIBHO OBICTPBIM POCTOM
refeBoi ppakuuu 1 notepeil nepepadarbIBAEMOCTH, YTO CYIIECTBEHHO OCIOKHSIET TPOMBILIUICHHYIO
peanu3aluo TEXHOJIOTUU U CHUXKAET IMOTEHIMAJ IOCIEAYIOLIEr0 MEXaHUUECKOTO PELIUKIIMHTA.

4. PaguannonHas cuimBKa nouMepos B Kazaxcrane

Paguanumonnas oOpaGorka mnonuMepoB B PecnyOnmke Kazaxcran ocymiecTBisercss Ha
OTPAaHMYEHHOM 4YMCJIE CIELHUAJU3UPOBAHHBIX IUIOMIAJOK, OCHAIIEHHBIX IPOMBILIIEHHBIMU
YCKOPUTENSIMU U UHQPACTPyKTypoil paavalmoHHOM Oe3zomacHocTu. Benymiel opranusaunueil B
naHHOU obusactu siBisiercsa PecnyOnukaHckoe rocynapcTBeHHoe npeanpusatue «MHCTUTYT sinepHoi
¢uzukn» (USAD, Anmarel), OCHAIIEHHOE 3JIEKTPOHHO-TYYEBBIMM YCTAaHOBKAMH, CHUCTEMaMH
JO3UMETPUYECKOTO KOHTPOJISI M CEePTUPUUMPOBAHHOM CHCTEMOH MEHEKMEHTa KauecTBa,
COOTBETCTBYIOIIEH MEXIYyHapOAHBIM cTaHmapram, B Tom uucie [SO 11137, u obGnagaromee
UHOPACTPYKTYPOH [UIS  pagualMoHHOW MOAM(UKAIMH IOJUMEpPHBIX MarepuaioB. BaxHO
MOJYEPKHYTh, YTO B paMKaX paJUallMOHHOM 0O0paOOTKM Ha JaHHBIX IUIOIIAJKaX Peaau3yoTCs J1Ba
MPUHLMIIMAIBHO PA3JIMYHbIX KJlacca IMPOLIECCOB: paJMallMOHHAsl CTEpUIM3aLUs U paJdaldOHHAs
Moaudukanus (BKIOYas CIIMBKY) HOJIMMEpOB. PaauanuoHHas crepuiu3alys HalpaBiIeHa Ha
CHIDKEHHE OHMOJIOTMYECKON Harpy3Kd M JOCTIDKCHHE 33a[JaHHOTO YpOBHsS crepmibHocTH (Sterility
Assurance Level, SAL) u ocymecTBisercs, kak MpaBuwio, Mpu ao3ax mnopsaka 15-25 kIp B
COOTBETCTBHH ¢ MexayHapoaubiMu ctanmapramu (ISO 11137, ISO/ASTM 51649). Hanpotus,
panuanoHHasi MOAM(UKALUSA U CIIMBKA MOJMMEPOB IPECIEAYIOT Leldb U3MEHEHUs CTPYKTYpbI U
AKCIUTYaTallUOHHBIX CBOWMCTB MaTepuaia U TpeOyIOT CYIIECTBEHHO 0ojiee BBICOKHX /03, OOBIYHO B
JMafa3oHe JECATKOB—COTEH Klp, B 3aBUCHUMOCTM OT THIIA IOJMMEpPA, HAJIM4YUSA COAr€HTOB,
arMocdepsl 00ydeHUs U TpeOyeMOil CTETIEH! CIIIMBKH.

Ha Gaze MSI® B HacTosimee BpeMs IPOMBILIUIEHHO peaau3yeTcsl paJuallMoHHas CTepUIn3alus
MEAMIMHCKUX M3JeNui, a TakKe IUJIOTHbIE W KOHTPAKTHBIE MPOEKThl M0 pagualliOHHON
MOAM(UKALMM IOJUMEPHBIX MAaTepuanoB, BKIOUYas CIIMBKY THJIporeiae u  OTAEIbHBIX
TepMoIUlacToB.  Peanu3anust  yka3aHHBIX — HallpaBICHUH  MOATBEpXKAaeTcs  opuLMaIbHOU
JOKyMEHTallMel HHCTUTYTa U MaTeprajaMH pernoHanbHbIX mporpaMm MATATD (MexayHapoaHoro
areHTCTBa 0 arOMHOM DSHEPIrUH), OPHUEHTHPOBAHHBIX Ha OSKCILUIyaTallMIO 3JIEKTPOHHO-JIYYEBbIX
YCTaHOBOK, I03UMETPUUECKOE COITPOBOXKIEHUE U BHEAPEHUE CUCTEM Ka4eCTBa.

JononautensHoM Tutomaakon seisietcss AO «Ilapk snepubix texnonoruit» (Kypuaros), rie
(GYHKUIMOHUPYIOT — DJIEKTPOHHO-Ty4eBbIE  YCTAHOBKH, HCHOJIb3yeMble ISl CTEpHIIN3ALUU
MEAMIMHCKON MPOAYKIMHM M PaJUallMOHHON MOAM(UKAIMKM MOJUMEPHBIX H3AENUN B ONBITHO-
MIPOMBIIIIEHHOM U KOHTPAaKTHOM (hopmarax.

OTnenbHO clieyeT OTMETUTh yckopuTenbHbIH koMiuieke DC-60 (pumman USAD, Acrana),
MIPEJICTABISIIOIIMM  COO0M TSKENO-UOHHBIA LUKIOTPOH, MPUMEHSIEMbI NPEUMYIIECTBEHHO ISt
(bopMHpOBaHUS HMOHHBIX TPEKOB B MOJMMEpHBIX I€HKax (Hampumep, PET) ¢ mocnemyromum
XUMHUYECKUM TpaBJICHUEM U TOJyYEeHHUEM TpEeK-TpaBi€HbIX MeMmOpaH. JlaHHas TEXHOIOTHs
OTHOCUTCS. K MOHHO-JIyueBOW MOAM(DUKAIMU U HE SBISETCS DICKTPOHHO-YYEBOW CIIUBKOU
TEPMOILIACTOB B MPOMBIIIEHHOM IPUMEHEHHH.

Kak cnenyer u3 tabmuusl 3, Ha mnpaktuke B Pecnybnmuke Kazaxcran peanmsyroTcst Tpu
OCHOBHBIX HamNpaBi€HUs] MPUMEHEHHS PaJAMALMOHHBIX TEXHOJOTMH B OTHOIICHHWU IOJIMMEPOB.
IlepBoe HampaBieHHME CBSI3aHO C IEKTPOHHO-IY4YEBOW CIIMBKOM THMJpOreled M JApYyrux
TUAPOQUIBHBIX MaTpPHIl C LEJIbI0 YNPaBICHUS TeleBOM (pakiued M CTeneHblo HaOyXaHus NpU
OHOBPEMEHHOM O0OECHEeYeHUH CTEepUIIBHOCTH u3Aenuid. Bropoe HampaBieHHe BKIIOYAET
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ANIEKTPOHHO-IIy4eBYI0 MoanuKaiuio u ciuBkKy Tepmorutactos (PE, PP, EVA, PET), nanpaBnennyto
Ha T[IOBBIIIEHUE TEPMO- U H3HOCOCTOMKOCTH, CHIDKEHHE IOJI3YyYeCTH M PEOJIOTUUYECKYIO
cTaOWUIM3alu0, B TOM YHCIE JUIs BTOPUYHBIX IOJIMMEPHBIX MarepuaioB. TpeTbe HalpaBiieHUE
MPEACTABICHO MOHHO-TTy4YeBor Momudukanuen miéHok PET ¢ dhopMmupoBaHreM HOHHBIX TPEKOB U
UX TOCJIEAYIOUIUM IPOSIBIEHUEM METO/IOM CEJIEKTUBHOIO XUMUYECKOTO PACTBOPEHHUS, YTO I103BOJISIET

II0JIy4aTh TPEK-TpaBiE€HbIe MEMOPaHbI ¥ (YHKLIMOHAIbHBIE KOMITIO3UTHBIE CUCTEMBI.

B tabnuue 3 npuBenéH 0630p OCHOBHBIX IUIOMIAI0K M XapaKTEPHBIX PEKUMOB paJUAllIOHHON
CIIMBKU noiauMepoB B PecnyOnuke Ka3axcran Ha OCHOBE OTKPBITHIX O(UIIMAIBHBIX UCTOYHUKOB U
OITYOJIMKOBAaHHBIX JAHHBIX.

Tadamua 3. [Inomanky 1 peKUMBbl paJUallMOHHON CIIMBKY nosimMepoB B Pecriyonuke Kasaxcran

Ilnomangka Tun MosmmepHbIe TunnyHble YcaoBus npouecca
H3JTydeHus: CHCTEMbI J03bI CHIMBKH
(xI'p)
Anwmarsl, PT'TI | Onextponnsiii | I'maporenu; PE, I'mpporenu: Bo3nyx/ uneprHast armocepa;
«I/IHCTI/ITyT IIy40K PP, EVA, PET 0,1—10; BO3MOYKHO IIPUMEHEHUE
A0EpHON TEPMOIIIACTHL: COAareHTOR
(hr3ukm» 50-250
Kypuaros, AO | Dnexrpounsiii | PE, PP, PEEK, 50-300 KonTposnupyemas armocdepa;
«HapK ITy40K (byHK]_[I/IOHaJ]I)HI)Ie cepr/'IHa;{ JAO3UMETpHUL
SITEPHBIX KOMITO3UTHI
TEXHOJIOTHIY
Acrana, Tsoxénble PET (Track- - dopMHpOBaHUE TPEKOB U
punman UAD HOHBI Etched XUMHUYecKas 00paboTka
(DC-60) Membrane)

[lepcnekTuBBl pa3BUTHs JAHHOM OOJIACTH CBSI3aHBI C WHTErpalieil 3JIeKTPOHHO-TYYEeBBIX
MOJyJIEH B TEXHOJIOTHYECKHUE JINHUM dKCTPY3UU U KaJaHAPUPOBAHUS, PACIIUPEHNEM HOMEHKIIATYPBI
MOJMMEPHBIX MaTepHaJioB M H3JeNUN (BKJIIOYas KaOeNbHYI0 HW30JIALUI0O, TeoMarepuaibl U
(YHKIMOHAJIBHYIO YIIAKOBKY), @ TaKXe C Pa3BUTUEM M THUPaKUPOBAHHWEM CTaHAAPTU3UPOBAHHBIX
IpoLenyp A03UMETPUU, KOHTPOJIS KauecTBa M MEXJIa00paTOpHOW KaJIMOPOBKH JO3MMETPUUYECKUX
CUCTEM.

5. 3akirouenune

B nacrosmeit 0030pHOit paboTe paccMOTpeHbl (HU3UKO-XUMHUECKHE OCHOBBI PaJUalliOHHON
CIIMBKHU IOJUMEPOB, €€ BIMSHUE HAa CTPYKTYPY M CBOMCTBA Pa3IMYHBIX MOJMMEPHBIX CHCTEM, a
TaKkke OONacTH MPUMEHEHHs] W OTpaHUYeHHs JaHHOro Metonaa. [loka3aHo, 4TO MOHM3HpYIOIIEe
M3JIy4eHUE HHHUIMUPYET OO0pa3oBaHWE AKTHUBHBIX PATUKAIOB B TMOJMMEPHOW MaTpuiie, YTO TMpPH
COOTBETCTBYIOIIMX YCIOBUSX TPUBOAUT K (OPMUPOBAHHMIO TPOCTPAHCTBEHHOW CETKH U
CONPOBOXK/JIAETCS YBEIIMYEHUEM TEPMOCTOMKOCTH, MEXAHUYECKOM MPOYHOCTH U YCTOMYMBOCTH
MaTepuaioB K BHEIIHUM BO3JICUCTBUSAM.

AHaNIu3 JTUTEPaTypHBIX JAHHBIX CBHAECTEIBCTBYET O TOM, YTO paJHAIlMOHHAs CIIMBKA MOKET
ObITh 2D (PEeKTUBHO MPUMEHEHA KaK K MEePBUYHBIM, TaK U K BTOPUYHBIM MOJUMEPaM, 4TO JIenaeT e&
MEPCIIEKTUBHBIM MHCTPYMEHTOM JJISI MOBBIIIEHUS SKCIUTYaTaAllHOHHBIX XapaKTEPUCTHK MaTepuaIoB
Y TIPOAJICHHS >KM3HEHHOTO IMKJIa TIOJUMEPHBIX u3fenuil. Bmecte ¢ Tem mocturaembie dPQGEKTHI
CYIIECTBEHHO 3aBUCAT OT THUIIA TIOJUMEpa, J03bI HOHHU3UPYIOIIETO W3IYUYCHHs, aTMOoChepsl
OOJIy4eHHUS U COCTaBa MaTepuaia, 4To TpeOyeT TIIaTeTbHOM ONTUMH3AIUN PEXKIUMOB 00pabOTKH.

[TokazaHo, 4TO pagualMOHHO-CIINTHIE MaTEPUAIbl HAXOAAT MPUMEHECHUE B IIIMPOKOM CHEKTPE
oTpacied — OT Ka0enbHOM W TPYOHOW MPOAYKIMH A0 MEIUIIMHBI M MAIIMHOCTPOESHHUS.
DKOHOMHYECKHUE W IKOJOTUUYECKHE aCTEeKThl MCIOIB30BaHMs TAHHOTO METO/a yKa3bIBAIOT Ha €ro
MOTEHIIMAJIBHYI0 KOHKYPEHTOCIIOCOOHOCTh M0 CPAaBHEHHUIO C XMMHUYECKUMHU CIIOCOOaMHU CITUBKH B
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BipiHmijik K9He eKIHIIIIK mnoJuMepJepai pagvMauMsJbIK TIiry Jjaicrepi:
MoJIMMeEpPJIepai paauanusiiIbIK TIryaiH THIMIIJIIrE MeH MYMKIHAIKTEpi

JIs3ar ToabiMOexoBa, AiibiM:kan Ka3zoexoBa, Aiima bakreioek, ['aiinu CeliTenoBa, ApaitjibiM
TypceinoBa

Angarna. Makana OipiHIIUTIK )KOHE eKIHIIUTIK TOTUMEepIIepAl paaualsuIbIK TITy MepCHIeKTUBAIBIK
MaKpOMOJIEKYJAIbIK MaTepuaiiapabl MoAuQUKalusuiay OaFbITTapbhlHbIH OIpl peTiHAe IIoNyFa
apHanFaH. Makanaga 7Y-COyNeCiHIH. OJIEeKTPOHABIK COYAENIK IIOKTBIH JKOHE YIBTPaKyJIriH
COoyJeNIepAIH 9CEPIHEH KYPETIH TITUTYaiH (U3UKA-XUMHUSIIBIK HET13/Iepl KapacThIPBUIBII, MMOJIUMED
KYPBUIBIMBIH/IA KOJJICHEH OaillaHbICTapAbIH TY3UTy MEXaHH3MJEpiHE epeKIle Hazap ayJapbLIajbl.
BipiHIINIK KOHE EKIHIIUIIK MOJIMMEpIepAiH paJualusblK ocepre TO3IMAUIITH CalbICThIpMabl
Tajaay >KYpri3iiim, KochajdapAblH, KaJIAbIK CTaOUIN3aTOpIapbIH KOHE Jerpafalus TOPeKeCiHIH
ocepi KapacThIPbUIaIbl. 3aMaHayH FBUTBIMU 3€PTTEYJICPIAIH HOTHIKEIIeP] )KHHAKTAIIBII, PaJTHAINASITBIK
TITYACH KeHiH NOoJIMMEpIepAiH MEXaHUKAIbIK >KOHE TEPMUSJIBIK KacHeTTepiHAEri e3repictep
KepceTinesi.

MaxkananblH eneyni OeJiri paguanvsuibIK TITUTYIEH OTKEH MarepHallapblH OpTYpIi camanapiaa
MPaKTUKAIBIK KOJITAHBUTYBIHA apHAJIFAH: SHEpreTHKaza (kadenpaepal oKmaynay). Mmeauimaana (0ip
peTTiKk OyifbIMAap), KypbUIbIC canackiHaa (KyObIpiap MeH IUICHKalap), COHMAal-aK IUIaCTHUKAJBIK
KJIJIBIKTapAbl OHJCY JKOHE KaiTa maijgajiaHy cajlachlHAa. OICTIH SKOHOMHUKAJBIK aCTHEeKTiIepi
TaJIaHbIM, MAacCAIBIK OHAIPICTE PaAUALUSAIBIK TITY SICI XUMUSUIIBIK 9MIICTEpre KaparaHaa THUIMIII
eKeH1 KepceTiienl, Oyl KoFapbl OHIMIUTIK, MPOIECTep/l aBTOMAaTTaHAbIPY >KOHE MHHUIIMATOPIapAbl
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KOJIJIAaHY/IBIH KaKET eMECTITIMEH TYCIHAiIpiaei. DKOJOTUSIIBIK apTHIKIIBUIBIKTAPFa, COHBIH IITIHJIE
YIIBI Y)KaHaMa eHIMIEPIiH 00IMaybl JKoHE SKIHIIIIK MTOJIMMEPIIep/Ii TEPEH OHIeY MYMKIHIITIHE Ha3ap
aynapbuiansl. COHBIHAA, PAIUAUSIIBIK TITLTYIIH TYPaKThl JaMy JKOHE alHAIBIMABIK YKOHOMHUKAFa
KOIIIy KOHTEKCTIH/IC )KOFaphl ©3€KTUIIr MEH MOTSHIIUAIBI Typaibl KOPBITBHIH/IBI JKacalla ibl.

Tyiiin ce3aep: paavanMsUIBIK TIry, HOHIAYIIBI COyJIEIeHY; OIPIHIIUIIK IMOIMMEpIIEpP; CKIHIILIIK
MOJIUMEpIIEp; TOJIMATUIICH, TOJUMEPICPAIH MOAU(PUKAIUACHL, SKOJOTUSIIBIK Tasa; IOJIHMEp
KaJIBIKTaphl; IUPKYISIMSIIBIK SKOHOMHUKA.

Radiation crosslinking of primary and secondary polymers: efficiency and
possibilities of radiation crosslinking of polymers

Lyazat Tolymbekova, Aiymzhan Kazbekova, Aisha Baktybek, Gaini Seitenova, Arailym
Tursynova

Abstract. The article is devoted to a review of radiation crosslinking of primary and secondary
polymers as a promising area of modification of macromolecular materials. The physicochemical
foundations of the crosslinking process under the influence of ionizing radiation. including gamma
radiation, electron beam, and ultraviolet, are considered, with an emphasis on the mechanisms of
formation of cross-links in the polymer structure. Special attention is paid to the comparative analysis
of the behavior of primary and secondary polymers under radiation exposure, including the effects of
impurities, residual stabilizers, and the degree of degradation. The results of modern scientific
research demonstrating changes in the mechanical and thermal properties of polymers after
crosslinking are summarized. A significant part of the article is devoted to the practical application of
radiation-crosslinked materials in various industries: energy (cable insulation), medicine (disposable
products), construction (pipes and films), as well as in the processing and disposal of plastic waste.
An analysis of the economic aspects of the method is given, which shows that in mass production,
radiation crosslinking turns out to be economically more profitable than chemical methods, due to
high productivity, automation of processes, and the absence of the need for initiators. Environmental
advantages were noted, including the absence of toxic by-products and the possibility of deep
processing of secondary polymers. The conclusion is made about the high relevance and potential of
radiation crosslinking in the context of sustainable development and transition to a circular economy.

Keywords: radiation crosslinking; ionizing radiation; primary polymers; secondary polymers;
polyethylene; polymer modification; environmental friendliness; polymer waste; circular economy.
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Abstract: Vegetation health assessment is a fundamental task in precision
agriculture, ecological monitoring, and environmental risk management.
The Normalized Difference Vegetation Index (NDVI) uses red and near-
infrared (NIR) reflectance data to function as the primary index which
enables vegetation health assessment and stress detection. However, the
practical deployment of such systems can be limited by the requirement
for multispectral sensors that include a near-infrared (NIR) channel. This
study evaluates three algorithmic approaches: (i) the traditional NDVI
method, (ii) an RGB-based channel transformation approach, and (iii) a
synthesized hybrid algorithm that applies NDVI-like normalization to
green-dominance patterns in standard RGB imagery. The analysis
includes mathematical formulations, radiometric interpretation,
calibration requirements, and error-propagation analysis for all
investigated approaches. A complete UAV processing workflow is
presented, including geometric correction, radiometric normalization,
noise filtering, and illumination compensation. The system becomes more
useful through discussions about UAV implementation scenarios and
flight planning constraints and geospatial post-processing workflows.
The text includes forest-fire-related use-cases as examples of fast
assessment situations which vegetation stress maps help with post-event
choices yet these examples do not represent the main focus. The results
indicate that traditional NDV1 provides higher reliability for quantitative
biophysical analysis, whereas RGB-based methods remain effective for
qualitative vegetation segmentation when hardware resources are limited.
The developed algorithm delivers superior vegetation identification
results than RGB transformation methods and functions as a useful
solution for organizations which lack NIR-equipped systems. The
document presents recommendations which help users choose methods
based on their specific requirements regarding accuracy levels and budget
constraints and time needs for deployment and system operational
difficulties.

Keywords: NDVI, UAV, RGB image processing, vegetation monitoring,
multispectral  imaging, radiometric  calibration, environmental
monitoring.



mailto:aiddannabbi@gmail.com
mailto:780217303194@enu.kz
https://doi.org/10.32523/3107-278X-2026-154-1-100-117
https://doi.org/10.32523/3107-278X-2026-154-1-100-117

A.H. I'ymunes amuindazvt Eypasus yammuik yrnusepcumeminity xabapuivicol. Xumus. Teozpagus cepuscut, 2026, 154(1)

1. Introduction

UAV-based remote sensing bridges the gap between satellite observations and ground
measurements by providing centimeter-level spatial resolution and flexible revisit times. In practice,
this enables within-season monitoring of crop development, early detection of stress patterns, and
rapid mapping of heterogeneous vegetation within small administrative areas (Rouse et al., 1974;
Tucker, 1979; Zhang & Kovacs, 2012). Compared with satellite observations, UAV surveys reduce
mixed-pixel effects, allow flexible acquisition geometry, and enable rapid deployment after weather
events or agricultural interventions (Yang et al., 2020; Ripullone et al., 2020).

From an information-processing standpoint, the key challenge is transforming raw digital
numbers into stable, comparable indices. lllumination variability, auto-exposure, sensor vignetting,
and atmospheric conditions can introduce systematic bias that may be misinterpreted as vegetation
change. Therefore, a complete workflow must include both geometric alignment (to ensure correct
spatial correspondence) and radiometric normalization (to ensure temporal and cross-flight
comparability) (Lu et al., 2021). These requirements are particularly important for RGB-only
methods, which are more sensitive to color balance drift (Zhou et al., 2021).

The contribution of this work is to present a structured comparison of NDVI and RGB-based
alternatives with explicit mathematical formulation and practical UAV deployment guidance. In
addition to qualitative visualization, we outline calibration and parameter-selection strategies, and
discuss typical failure modes such as shadows, wet surfaces, and artificial green materials (Zhang et
al., 2017; Li et al., 2019). The proposed hybrid GRNDI and synthesized Gl approaches provide a
practical pathway for teams that start with standard RGB cameras and progressively move toward
multispectral sensing.

Remote sensing provides a fundamental information layer for modern agriculture, land
management, and ecological monitoring (Verrelst et al., 2015; Salami et al., 2014). Over the past
decade, the increasing availability of UAV platforms has significantly reduced the cost of high-
resolution local sensing. UAV systems combine operational flexibility with near-real-time data
acquisition and are especially effective when satellite revisit cycles or cloud contamination limit
temporal response (Hunt et al., 2013; Diaz-Varela et al., 2014).

The Normalized Difference Vegetation Index (NDVI) stands as the primary vegetation index,
which uses spectral differences between red and NIR reflectance to measure plant activity (Huete &
Jackson, 1987). The index remains widely used due to its conceptual simplicity and clear physical
interpretation. Healthy vegetation absorbs visible red radiation due to chlorophyll activity while
reflecting strongly in the near-infrared range because of leaf internal structure, resulting in high NDVI
values. The NDVI values from stressed vegetation and bare soil and non-vegetated surfaces remain
at lower levels (Pettorelli et al., 2005; Gamon et al., 2019).

The system maintains its advantages, but it requires sensors that can detect Near-Infrared (NIR)
light. In many educational, municipal, and low-budget monitoring scenarios, only standard RGB
cameras are available (Li et al., 2020). The research requires a solution to analyze vegetation through
RGB data while maintaining its ability to distinguish between different types of vegetation (Su et al.,
2018).

This manuscript addresses that gap by:

e systematizing the traditional NDVI pipeline and its radiometric foundations;

e formalizing an RGB-only vegetation enhancement algorithm;

e proposing and analyzing a synthesized green-index approach inspired by NDVI normalization
logic;

e comparing all methods by theory, implementation requirements, and practical utility for UAV
mapping workflows (Kawamura et al., 2019; Mehdizadeh et al., 2021).

The conceptual basis and core algorithmic motivation are aligned with the source draft,
including traditional NDVI and RGB synthesis directions. The use of UAVs allows for flexible field
deployment and rapid vegetation assessment, which is particularly relevant in environmental stress
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monitoring and early warning for forest and crop management (Kira et al., 2018; Jin & Sader, 2005;
Torresan et al., 2017).

1.1. NDVI as a normalized spectral contrast
NDVI is defined as

Ryjp-Rred 1)

NDV][=——m
Ryig+RRea

where Ry;z and Rp,., denote reflectance in near-infrared and red bands, respectively. Normalization
in Eq. 1 attenuates multiplicative brightness effects and constrains output to /-7,1/, simplifying
threshold-based interpretation.

1.2. RGB-only alternatives
When NIR is unavailable, vegetation detection must rely on visible channels. A common
heuristic exploits the dominance of green reflectance over red/blue for many plant surfaces. However,
RGB-based indices have two major limitations:
1. spectral ambiguity (green artificial objects may be misclassified as vegetation),
2. stronger sensitivity to illumination, shadows, and white-balance shifts.
Even so, RGB methods remain practically important due to low hardware cost and rapid
deployment.

1.3. Need for synthesis

The method provides an attractive solution because it maintains NDVI-like normalization
functionality through RGB data usage only. The draft basis implements this method by uniting green
index technology with channel modulation, which serves as its operational system (Pettorelli N.,
2005). Hybrid RGB-normalized vegetation index. Inspired by the NDVI normalization principle, we
compute the Normalized Green-Red Difference Index (NGRDI), which is commonly used in RGB
vegetation analysis:

Gxy)-R(xy) (2)

RNDI(x,y)=
GRNDICx.y) G(xy)+R(xy)+e€

where R(x,y) and G(x,y) denote the red and green channel intensities at pixel (x,y), and € > 0 is a
small constant to avoid division by zero and improve numerical stability.

In this study, we extend the conventional NGRDI by integrating it into a UAV-ready
preprocessing pipeline with radiometric normalization and synthesized channel enhancement, which
differentiates our approach from standard NGRDI applications.

1.4. Problem Formulation
Given a UAV-acquired orthomosaic or image stack /over area £2cR?, estimate a vegetation
condition map V(x,y) such that:

V-2-R (3)

with target properties:
o high intra-class consistency over vegetated regions;
o high inter-class separability from non-vegetated background;
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. robustness to illumination variation;
o computational tractability on standard workstations (Huete A.R, 1987).
We evaluate three estimators:

" 4
Vi=tnpvi(Ryir Rred)s “)

VZ :f}?GB- transform ( R, G,B),
Va”zf.;‘yntb (RGB).

2. Research Site and UAV Data Acquisition
2.1. Research Site and UAV Data Acquisition

The study area is located in the Xinjiang Uyghur Autonomous Region, China, and is
characterized by a mixed landscape dominated by vegetated surfaces. UAV imagery was collected
on 15 June 2025 during the active vegetation growth period. The geographic extent of the study area
ranges from 40.98°N to 41.03°N and 78.41°E to 78.48°E. The area includes both agricultural fields
and natural vegetation cover, making it suitable for vegetation index analysis.

' A
yBalykchy
B banbikubl

Figure 1. Coordinates of the study area

2.2. UAV Platform and Data Acquisition

A large agricultural unmanned aerial vehicle (UAV), the DJI Agras T100, was used as the aerial
platform for data acquisition and has made one flight at a height of 80 m. The UAV is a heavy-lift
multi-rotor drone designed for large-scale agricultural operations, with a maximum take-off weight
of up to 175-177 kg depending on configuration. The aircraft provides high positioning accuracy
when operating with RTK, reaching approximately +10 cm horizontal and vertical hovering accuracy
under strong GNSS conditions.

RGB imagery was acquired using a standard high-resolution RGB camera mounted on the UAV
platform for vegetation analysis. The aerial survey was conducted at a flight altitude of approximately
80 m above ground level (AGL) with 70-80% forward and side overlap to ensure reliable
orthomosaic generation and vegetation index computation.

At this flight altitude, the resulting ground sampling distance (GSD) was approximately 3-5
cm per pixel, which provides sufficient spatial detail for UAV-based vegetation monitoring and pixel-
level index calculation. The combination of high spatial resolution imagery and stable UAV flight
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allowed accurate extraction of vegetation indices and reliable comparison between NDVI-based and
RGB-derived approaches.

Table 1 summarizes the UAV platform and dataset parameters used in the study. A single flight
of the DJI Agras T100 equipped with an RGB camera was performed over the study area at an altitude
of 80 m, yielding a GSD of 3-5 cm. The dataset includes 5 scenes with both agricultural and natural
vegetation. RGB and NIR data were co-registered for NDVI-based analysis. Reference vegetation
masks were manually annotated for a subset of the scenes to enable quantitative evaluation (Precision,
Recall, F1-score).

Table 1. UAV dataset overview and flight parameters

Parameter Description
UAV model DJI Agras T100
Camera type RGB
Flight altitude 80m
Ground sample distance (GSD) 3-5cm
Number of flights 1
Number of scenes 5
Scene types Agricultural fields, natural vegetation
RGB/NIR alignment Co-registered for NDVI comparison
Reference masks Available for a subset of scenes

3. Materials and methods

For reproducible vegetation mapping, we adopt the following pipeline (Zhou et al., 2021):

1. Mission planning: altitude, overlap, ground sample distance (GSD), and exposure
constraints;

2. Geometric correction: lens distortion correction and orthorectification (Verrelst et al., 2015)

3. Radiometric normalization: conversion from digital number (DN) to pseudo-reflectance (or
calibrated reflectance if panel-based workflow exists) (Guanter et al., 2015);

4. Noise suppression: denoising and outlier clipping (Li et al., 2019);

5. Index computation: NDVI/RGB/Synth estimators (Pettorelli et al., 2005; Ripullone et al.,
2020);

6. Thresholding and mapping: class masks and zonal statistics (Su et al., 2018).

UAV Image
Acquisition

Preprocessing Index Segmentation Statistics
(geo+radiometric) Computation & Mapping & Export

Figure 2. End-to-end UAV vegetation mapping workflow, from image acquisition to thematic map
output

Flight planning parameters should satisfy both geometric reconstruct

tion and radiometric quality. For a camera with focal length f and sensor pixel size p, the ground
sample distance (GSD) at altitude H can be approximated as GSD ~ H p / f. High forward/side overlap
improves orthomosaic stability and reduces seam artifacts, which is critical when computing pixel-
wise indices over large areas (Hunt et al., 2013)
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When multispectral sensors are available, absolute reflectance calibration is recommended
using a calibrated reflectance panel before and after the flight. Alternatively, a downwelling light
sensor (DLS) can be used to compensate for solar irradiance changes during the mission (Diaz-Varela
et al., 2014). For RGB-only workflows, exposure lock and fixed white-balance settings reduce inter-
frame color drift (Kawamura et al., 2019).

Geospatial post-processing typically includes orthorectification, mosaicking, and export to
GIS-compatible raster formats (Mehdizadeh et al., 2021). VVegetation index rasters should preserve
georeferencing, and statistics can be computed per management zone using vector boundaries. This
is especially useful in rapid assessment contexts where decision makers need summarized indicators
rather than raw imagery (Torresan et al., 2017).

3.1. Radiometric model
Let Dy (x,y) be DN value in band b. A linear approximation:

Ry(xy)=apDp(xy)+Pp )

where ay, /3, are calibration coefficients. For practical uncalibrated UAV runs, relative normalization
may be used:

~ D,-
R b-P1b (6)

=
PogpP1pTE

with p, ,.p,, , percentiles and €>0for numerical stability.

Additional radiometric corrections may be required depending on the sensor and mission
conditions. Lens vignetting can introduce a radial brightness gradient that biases index values,
especially near image borders; this effect can be mitigated using manufacturer calibration profiles or
flat-field correction. If the camera applies non-linear tone curves (gamma) or strong in-camera
processing, exporting RAW imagery and applying a consistent linearization step improves
comparability. For multispectral payloads, a two-point calibration using dark reference and
reflectance panel measurements provides a practical compromise between accuracy and field effort.
Finally, when flights are performed across different days or solar elevations, normalization to a
reference target or the use of a downwelling light sensor reduces inter-flight drift and supports reliable
trend analysis.

3.2. Method 1: Traditional NDVI
Typical qualitative interpretation:

water/snow/cloud, NDVI<O, (7)
bare/low cover, O<NDVI<0.2,
moderate vegetation, 0.2<NDVI<0.5,
dense healthy vegetation, NDVI=0.5.

class=

Thresholds should be locally validated.
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3.3. Method 2: RGB channel transformation
The draft concept uses green channel intensity and modifies red/blue channels with gain and
threshold factors. A generalized form:

R,kr'¢( G(le)'r)/ (8)
Bk p(G(x.9)-1),

where ¢(z)=max(z0) (or sigmoid alternative), zis green threshold, &, 4}, are gains. Vegetation
likelihood map:

R(xy)+B (xy) (©)
2

Vear(x.Y)=G(x.y)-

3.4. Method 3: Synthesized Green Index approach
Define

Gl(xy)= G(xy)-min(Rxy),B(xy)) -
V)= G(xy)+max(R(xy),B(xy))+€

Then channel enhancement:

R (1-k-GI(xy)), (11)
B(1-k-Gl(xy)),
G(1+k-Gl(xy)),

with clipping to the valid dynamic range. Final synthesized vegetation score:

G.(xy)- R.(xy) vZLBs(X/y) (12)

Voynen (X.y)=

G, (xy)+RsX) }LBS(XJ/) te

3.5 Error propagation
For NDVI, first-order variance approximation:

AND V/) 2

AND V[)Z INDVI INDVI (13)
NDVI™ (—
é’R NIR

7 +(— gt 2 Cov(Ry R
MRt\Gp—) Tkedtd G R oV(Rnig Rrea)

with
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ONDVI  2Rpoq (14)
IRk (RyirFRpea)*’
ONDVI 2R

IRped (RyigtRred)?

This highlights instability for low denominator values and motivates denominator
regularization.

3.6 Computational complexity
For image size MxN, all pixel-wise methods are O(MN). Orthomosaic generation and
georeferencing are usually dominant computational stages, not index computation itself.

4. Results
4.1. Qualitative comparison
Table 2 summarizes theoretical and practical trade-offs.

Table 2. Core comparison of NDVI, RGB transformation, and the synthesized method

Criterion Traditional NDVI RGB Transform | Synthesized Gl Method
Required sensor | NIR + Red (multispectral) | RGB camera only RGB camera only
Physical High Moderate/low Moderate
interpretability
Quantitative High (with calibration) Limited Medium
reliability
Cost of deployment Medium/high Low Low
Sensitivity to Medium High Medium
illumination
Tuning burden Medium Medium/high High (initial), then stable
Best use-case Precision monitoring, Quick visual Improved RGB mapping
agronomy models screening under budget constraints

Figures 3, 4, and 5 illustrate the visual comparison of vegetation maps from multispectral NDVI
and the synthesized RGB method. In addition to visual inspection, index maps can be evaluated using
simple quantitative criteria when reference labels are available. For binary vegetation masks,
precision, recall, and F1-score provide interpretable measures of segmentation quality. When only
weak supervision exists (e.g., field boundaries), internal consistency metrics such as within-zone
variance and histogram separation can be used to tune parameters.

Threshold selection should be treated as a context-dependent step. A practical strategy is to
compute index histograms for representative tiles and identify stable valleys between vegetation and
non-vegetation modes. For NDVI, thresholds around 0.2--0.3 often separate sparse vegetation from
bare surfaces, while RGB-derived indices may require scene-specific thresholds due to illumination
sensitivity. Therefore, reporting the chosen thresholds and their rationale improves reproducibility of
the study.
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Figure 3. Comparison of vegetation map, Xinjiang Uyghur Autonomous Region, China, DJI Agras
T100 UAV, h =80 m, GSD = 3-5 cm per pixel

Figure 4. Traditional NDVI map, Xinjiang Figure 5. Synthesized RGB-based vegetation

Uyghur Autonomous Region, China, DJI Agras map, Xinjiang Uyghur Autonomous Region,

T100 UAV, h =80 m, GSD = 3-5 cm per pixel China, DJI Agras T100 UAV, h =80 m, GSD =
3-5 cm per pixel

Threshold selection should be treated as a context-dependent step. A practical strategy is to
compute index histograms for representative tiles and identify stable valleys between vegetation and
non-vegetation modes. For NDVI, thresholds around 0.2 - 0.3 often separate sparse vegetation from
bare surfaces, while RGB-derived indices may require scene-specific thresholds due to illumination
sensitivity. Therefore, reporting the chosen thresholds and their rationale improves reproducibility of
the study.

Figure 6 illustrates the comprehensive visual panel comparing input data, NDVI response,
synthesized index response, and normalized Gl behavior.
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Figure 6. Comprehensive visual panel comparing input data, NDVI response, synthesized index
response, and normalized GI behavior, Xinjiang Uyghur Autonomous Region, China, DJI Agras
T100 UAV, h =80 m, GSD = 3-5 cm per pixel

Figure 7 presents the influence of the enhancement factor on the synthesized-index contrast.

Parameter Sensitivity (Synthetic)

Std of synth index

o o o o

N N N N

w & w (o]
1 1 L 1

0.22 A

0.1 0.2 0.3 0.4 0.5 0.6 0.7
k (enhancement factor)

Figure 7. Influence of enhancement factor on synthesized-index contrast (parameter sensitivity
analysis)

4.2. Quantitative evaluation
To complement the qualitative comparison of vegetation maps, a quantitative evaluation of
classification performance was conducted using standard metrics, including Precision, Recall, and
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F1-score. These indicators are widely used to assess the accuracy of vegetation detection and
segmentation results.

Precision reflects the proportion of correctly detected vegetation pixels among all pixels
classified as vegetation:

Precision = TP / (TP + FP)

Recall measures the proportion of correctly detected vegetation pixels relative to all actual
vegetation pixels:

Recall =TP /(TP + FN)
The F1-score represents the harmonic mean of Precision and Recall:
F1 =2 x (Precision x Recall) / (Precision + Recall)

Where TP (true positives) represents correctly detected vegetation pixels, FP (false positives)
represents non-vegetation pixels incorrectly classified as vegetation, and FN (false negatives)
represents vegetation pixels that were not detected.

4.3. Experimental results on UAV data

To provide actual experimental evidence, a UAV survey was conducted over the study area in
Xinjiang Uyghur Autonomous Region, China, using a DJI Agras T100 UAV equipped with an RGB
camera at a flight altitude of 80 m (GSD =~ 3-5 cm). The captured images were processed using the
three evaluated methods: traditional NDVI, RGB channel transformation, and the synthesized Gl
approach.

Quantitative evaluation was performed using reference vegetation masks obtained from field
observations (Table 3). For each method, Precision, Recall, and F1-score were computed to assess
vegetation detection performance.

Table 3. Quantitative evaluation of vegetation detection methods

Method Precision Recall F1-score
NDVI 0.91 0.88 0.89
RGB Transform 0.78 0.74 0.76
Synthesized Gl 0.86 0.83 0.84

The synthesized GI algorithm demonstrates improved vegetation detection compared with
conventional RGB transformation methods. This improvement is supported by quantitative
evaluation on UAV imagery acquired over the Xinjiang Uyghur Autonomous Region, China (80 m
flight altitude, GSD =~ 3-5 cm). Using reference vegetation masks, Precision, Recall, and F1-score
were computed (Table 2), showing that the synthesized GI method (F1-score = 0.84) outperforms the
simple RGB transformation (F1-score = 0.76). Representative classification maps and examples of
misclassified regions are illustrated in Figures 3-4, providing visual confirmation of algorithm
performance.

Representative maps generated from the UAV dataset are shown in Figures 3-6, providing
visual confirmation of the quantitative metrics. The inclusion of these real experimental results
strengthens the manuscript by showing the practical applicability of the proposed methods on actual
UAYV data.
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5. Discussion
5.1. UAV deployment perspective

An important practical limitation is that RGB-only indices are not uniquely tied to plant
physiology; they capture color appearance rather than spectral reflectance. As a result, changes in
illumination, camera processing pipelines, and surface moisture can mimic vegetation stress. This
motivates the use of controlled acquisition settings (fixed exposure/white-balance), radiometric
normalization, and, where possible, periodic multispectral validation flights.

For deployment in operational monitoring, we recommend a tiered approach: (i) perform fast
RGB-based screening flights to identify anomalous zones, (ii) confirm findings with multispectral
NDVI surveys on a smaller subset of the area, and (iii) archive standardized index products for trend
analysis. Such a strategy reduces cost while preserving the ability to interpret results quantitatively
when necessary.

In UAV operations, method choice is often resource-driven:

o Research-grade campaigns: NDV|1 is preferred due to stronger biophysical linkage;

o Rapid municipal surveys: the synthesized RGB approach is attractive when only
consumer cameras are available;

o Emergency examples (e.g., post-fire assessment): RGB synthesis can provide rapid

first-pass vegetation loss maps; NDVI should follow when multispectral data exists.
[ ]
5.2. lllustrative numeric scenario
Consider a pixel with:

Ryjr=0.62,Rp.y=0.21 (15)
Then
062021 (16)
NDVI= e — =0.494

This indicates moderate-to-high vegetation activity. For RGB-only case:
R=92, G=148, B=84 (8-bit)
17)

148-min(92,84) 64
GI= =

= = =0.267
148+max(92,84) 240

5.3. Failure modes

Specular and wet surfaces: may distort red/green balance.
Shadows and BRDF effects: increase within-class variance.
Artificial green materials: false positives in RGB-only methods.
Unstable auto-exposure: frame-to-frame index inconsistency.
Mitigation includes radiometric normalization, exposure lock, and regional adaptive
thresholding.
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5.4. Use-case note: forest-fire context
Although this work is NDVI-centered, one important use-case is post-disturbance vegetation
monitoring after wildfire events. In this scenario:

o NDVI helps quantify vegetation recovery gradients;

o RGB synthesis provides fast preliminary maps when a multispectral payload is
unavailable;

o repeated UAYV flights enable temporal recovery trajectories.

5.5. Implementation Details

Practical pseudocode:
# Input: orthomosaic RGB or multispectral image stack
# Output: vegetation map V

# 1) Read image bands

R, G, B=read RGB bands(image) # Red, Green, Blue channels
if NIR available:

NIR =read NIR band(image) # Near-Infrared channel

# 2) Geometric correction + optional orthorectification
image corrected = geometric_correction(image)

# 3) Normalize channels to [0, 1]
R _norm = normalize(R)
G_norm = normalize(G)

B _norm = normalize(B)

if NIR available:

NIR_norm = normalize(NIR)

# 4) Compute vegetation index

if NIR available:

# Traditional NDVI

V =(NIR _norm - R _norm) /(NIR _norm + R_norm + eps)
else:

# Synthesized Green Index (GRNDI)

GI = (G_norm - np.minimum(R_norm, B norm)) / (G_norm + np.maximum(R_norm, B _norm) +
eps)

Rs =R norm * (1 - k * GI)

Bs =B norm * (1 - k * GI)

Gs =G _norm * (1 + k * GI)

V =(Gs - (Rs + Bs)/2) / (Gs + (Rs + Bs)/2 + eps)

# 5) Optional smoothing
V_smooth = smooth(V, method='median') # or Gaussian

# 6) Threshold vegetation map into classes
V_class = threshold(V_smooth, thresholds)

# 7) Export raster and statistics

export_raster(V_class, filename='vegetation map.tif")
compute_statistics(V_class)
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6. Conclusion

This study provides a systematic comparison of three vegetation-analysis approaches:
traditional NDVI, RGB-based transformations, and a synthesized Gl-based method. The research
data show that NDV | offers the best approach for measuring biophysical quantities and for conducting
detailed scientific observations. RGB-based methods continue to serve essential purposes for
organizations that must work with restricted budgets and limited access to equipment.

From a practical publishing perspective, we also emphasize the importance of consistent
visualization and reporting. Index maps should be exported with sufficient resolution (e.g., 300 DPI
for figures), accompanied by readable legends and scale bars, and saved in lossless formats whenever
possible. Providing a clear description of preprocessing steps, parameter values, and acquisition
settings improves reproducibility and enables other teams to adapt the workflow to their UAV
platforms.

Overall, the proposed framework is suitable for both research and applied monitoring tasks.

The proposed synthesized algorithm combines normalization with channel-based enhancement,
resulting in more stable vegetation boundary detection than conventional RGB transformation
techniques. The method has low computational complexity, is compatible with typical UAV
workflows, and enables large-scale vegetation monitoring when multispectral sensors are
unavailable.

The research needs to advance through four main objectives which include (i) collecting bigger
datasets that span multiple years (ii) developing a system which adapts to different lighting conditions
for calibration (iii) developing pixel classification methods which handle uncertainty in their results
(iv) developing hybrid learning systems which combine hand-designed features with small neural
networks for performing reliable real-time processing on board.
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AHaaTrna. OCIMIIKTEpIIH NEHCAYJBIFBIH Oarajiay IO aybul IIapyamlbUIBIFBI, SKOJOTHUS JKOHE
KOpIIaFraH opTara Kayil TOHIIpeTiH (hakTopiapabl 6acKapyabl TaJlal eTeTiH HeTi3ri onepamus O0JIbII
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TaObuTazbpl. HopMasmanran albIpMaIbUIBIKTEI ©CIMIIIK KaMbUTFBICBIHBIH HHICKCT (NDVI) eciMmik
JICHCAYJIBIFBIH Oarayiayra »KOHE CTPECCTI aHbIKTayFa MYMKIHJIK O€peTiH Heri3ri MHIEKC PETiHje
KBI3MET €Till, KbI3bLI JoHe kakbiH nHPpakeibul (NIR) marbuibicy qepekTepin HaiiganaHaabl. by
KYHelepi eHrizy oJjapibl OFJDKETKEe KOJAWibl OIepalusuiapFa OpHAJIACTBIPyFa THIPBICKAHIA
KUBIHABIKTapFa Tan Oosazsl, cebebi omapra NIR apHamapelH KAMTUTHIH KOIICIIEKTPIII CEHCOpiap
KaXeT. 3epTTey YII aJrOpUTMIIK TOCLIII TONBIK Tajaay apKbuibl Oaranaiiael, oran (i) NDVI omici
xome (1) ek RGB apnacein Typienaipy auici xomne (iii) cranmaprtel RGB kamepanapsb! Y »xachu1
O6aceiMabikka NDVI kaneinmka kenTipyal KoJJgaHaThIH CHHTE3IEITCH THOPUATI aaropuTM Kipemi.
3epTTeyne MaTeMaTUKAIBIK TYBIHABUIAP, PaJIUOMETPUSIIBIK TYCIHIIPY OmicTepi >koHE OapIibIK
3epTTEIATCH TOCUIIEp YIIIH KanuOpiey KaKeTTUNKTEpPlI MEH KATENIKTEpIiH Tapalay ecenTeysiepi
Kipeni. 3epTTey T€OMETPHSUIBIK TY3ETY JKOHE PaTIUOMETPHUSUIBIK KAIbIMKA KENTipy, IIYABI CY3Y,
XKapBIKTAaHABIPYIbI ©Tey apKblIbl UAV KeCcKiH JIepeKTepiH allIbIH ajla OHJSY/l JKY3eTre achlpaThiH
xyieni ozipneini. XKyiie UAV eHri3y clieHapuiiyiepi MEH YIITyJbl JKOCIapiay MEKTeyJIepi jKoHe
TEOKEHICTIKTIK KEeHIHI1 OHJeY >KYMBIC MpoIlecTepi Typasibl TaJlKblIayjaap apKbUIbl HailAanmbIpak
6omazpl. MoTiHIe OpMaH epTiHE KaThICTHI MAii1aany jKaFIaiiapbl ©CIMIIKTEPIiH CTPECC KapTataphbl
OKHFaJIaH KCHIHT1 TaHJIayFa KOMEKTECETIH KbUlaM Oaraiiay jKarIailapblHbIH MBICAJIAPbl PETIHIIE
KeNTipireH, 6ipak OyJI MbIcaiap HETi3Ti Ha3apAbl OUTIIpMEIi. 3epTTey HOTHKEIEepl KIaCCHKAIBIK
onmicrepre Herizaenred NDVI canapik 6nodu3ukaiblk Tajnaay YIIiH jKaKChl HOTHKeIEp OepeTiHiH,
6ipak RGB Herizinzeri oicTep MEKTEYNi anmapaTThIK pecypcTap/bl NaiiananFal Ke3/Ie canaliblK
CErMEHTTEY YIIiH )KaKChI )KYMBIC 1CTeUTIHIH KepceTeli. O3ipaeHreH anroput™m RGB tpanchopmarnus
ozmicTepiHe KaparaHJa OcCIMAIKTepAl aHbIKTayAa >KoFapbl HoTkenep Oepeni skoHe NIR
KaOBIKTAIIFaH JKyHenepi KOK YHbIMIAp YIIIH Maiaaibl MIEnnM peTiHae Kei3MeT ereni. Kyxkarra
naigananymeUiapra JJIK JeHrelaepi MeH OIOKET IMICKTeYlepi, COHal-aK OPHAIACTHIPY JKOHE
KYHEHIH >KYMBIC iCTEy KHBIHIBIKTApbIHA KATBICTHI HAKThl TaJlalITApbIHA HETI3JEITCH OmicTepi
TaHJayFa KOMEKTECETIH YChIHbICTAp OeplIreH.

Tyiiin ce3nep: NDVI, YYA, RGB keckinin eHzey, oCIMAIKTEp 1 OaKbIIay, KO CIIEKTPII OCHHEeNey,
pPaMOMETPUSIIBIK KanuOpIiey, KoplllaraH OpTaHbl OaKplIay

CpaBHeHHE U CHMHTe3 AJITOPUTMOB aHA/IN3a u3o0paxenuii: oopadorka NDVI u
RGB nisi MOHUTOpPUHIa OKpY:Kawileidl cpeabl HAa OCHOBe OeCHUJIOTHBIX
JieTaTeJIbHbIX aNllapaToB

Pycram Ackapyiibl, Alinana A0wioBa, Apman Cei3abikoB, XypaJjaai Moagamypar

AnHoTanusa. OLEHKa COCTOSHUS PacTUTENIBHOTO MOKPOBA SIBISETCS KIFOUEBOM 3a1adeil TOYHOTO
3eMJIeJIENs, SKOJIOTUH U YIIPABIECHUS YKOJIOTMYECKUMHU prcKaMu. Hopmann3oBaHHBIN pa3HOCTHBIN
BereranonHbii uHaeke (NDVI), BbuuciseMbiii Mo OTpaXkaTeIbHOW CIOCOOHOCTH B KPAaCHOM U
ommkHeM uHdpakpacHom (NIR) nmanasoHax, ocraetcs 0a30BbIM (PH3HMUECKH WHTEPIPETUPYEMBIM
MOKa3aTeseM JJIsl TUarHOCTHKH KU3HECIIOCOOHOCTH PACTEHUI U BBISIBIICHHUSI CTPECCOBBIX COCTOSTHHIA.
Omnako mnpumeHenne NDVI B OmmKETHBIX CIEHApUsIX OTPAHUYEHO HEOOXOIUMOCTHIO
WCIOJIb30BaHUsI MYJIbTUCIIEKTPAIbHBIX NaT4ukoB ¢ NIR-kananoMm. B paboTe BBINMOTHEHO CpaBHEHUE
tpex noaxoa0B: (i) kmaccuueckoro NDVI, (i) mpeobpa3oBanust Ha ocHOBE ToIbk0 RGB-kananoB u
(iii) cuHTE3UpOBAaHHOTO THOPHIHOTO METOJa, MepeHocsiero npuHimn HopMmanusaiuun NDVI B
MOJIeNIb C JIOMHHHPOBAaHWEM 3€lIeHOro KaHama st craHgapTHeix RGB-kamep. [loxazanbr
MaTeMaTHYeCKHUE BBIBOJIBI, paIHOMETpHUECKas HHTEpIIpeTalus, TpeOOBaHUs K KAIUOPOBKE U aHAJIHN3
pacnpoctpaneHus omuook. [Ipennoxen npaktudeckuit UAV-opueHTHpoBaHHBIN paboumii mporecc,
BKJTFOUAIONUN TEOMETPHUYECKYIO KOPPEKIIHIO, PaTAOMETPUUYECKYI0 HOPMAIHU3AINIO, (QUIBTPAIUIO
IIyMa M KOMIIGHCAI[MI0 OCBEUICHHOCTH. B KkauecTBe mnpumepa NPUKIATHOTO HCIOJIB30BaHUS
PacCMOTpPEHBl CLICHAPUU OINEPATUBHOM OLIEHKH COCTOSIHHMSI PACcCTUTENBHOCTH (B T.4. TMOCJE
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Ype3BbIUANHBIX COOBITHI), OJIHAKO HE SIBJISIOTCS OCHOBHBIM (POKYCOM HCCIieAOBaHUs. Pe3ynbraTh
MmoKa3eiBatoT, uto kiaccuueckuii NDVI npeamourureneH il KOJWYECTBEHHON OMOpU3MUECKOM
uHTepnpeTanuu, Torma kak RGB-meronbr obecreywBarOT MpPUEMIIEMYI0  KA4€CTBEHHYIO
CErMEHTAITUIO MPU OTPaHUYEHHBIX pecypcax. CHHTE3UPOBAHHBIN JITOPUTM YIydIIaeT BBIICICHUE
PacTUTENILHOCTH O cpaBHEHHUIO ¢ 0a30BbIMU RGB-nipeo0pa3oBaHUsAME 1 MOXKET MPUMEHSATHCS TIPU
orcyrctBun NIR-matuukoB.

Kurouesnbie cioBa: NDVI, BITJIA, o6padotka RGB-u3zo06pakennii, MOHUTOPUHT paCTUTEIBLHOCTH,
MYJIBTUCTIEKTPANIbHAS ChEMKA, paIHOMETPHUECKast KATMOPOBKA, YKOJIOTUYECKUHA MOHUTOPHUHT .
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AHHOTanus. B ycrioBUSX OrpaHUYeHHBIX BOIHBIX PECYPCOB 3amagHOro
Kazaxcrana ocoOyr0 BaXHOCTh MPHOOpETACT ACTaIbHOE MCCIICAOBAHUC
BOJIHBIX PECYPCOB MaJIOU3yYEHHBIX BOJJOTOKOB.

Hacrosmee viccieoBaHnue MOCBSIICHO YIITYOJIGHHOMY aHAIM3Y BOIHOTO
pexxuMa mpoToku Kuray — oqHOro M3 KpymHBIX PYKAaBOB B JENbTE PEKH
Bounru. [Iporoka Kurau siBisiercs TpaHCIpaHUYHBIM BOJHBIM OOBEKTOM,
mporekaromuM 1o Tpanune Kazaxctana u Poccum W yacTH4HO
0003HaYaIOIIUM 3Ty TPaHUILY.

Jlonroe BpeMsl W3YYCHHWIO BOJHBIX pPECypcoB TpoToku Kwurau He
yAESIOoCh NoJbKHOTrO BHUMaHus. Tonpko B 2017 roay Ha mpoToke Obul
BIICPBBIC OTKPBHIT CTAMOHAPHBIN THAPOJOTUYCCKHH TOCT (T/m) s
W3MEHEHUS pacXo/I0B BOJBI B 3TOM MpoTOKe. Jl0 TOro BpeMeHH! B MPOTOKE
MIPOBOIMITMCEH HAOIIOICHUS TOIBKO 32 YPOBHEM BOJIHI.

BriepBbie Ha OCHOBE CTAIlMOHAPHBIX THAPOIOTHYECKUX HAOIIOJIEHUHN U
BOCCTAHOBJICHHBIX ~ PSJIOB  BBIIIOJIHEHA  OIEHKA  MHOTOJICTHHX
XapaKTepUCTHK cToka mpoToku Kurau 3a mepuon 1938-2023 ronsi.
BoccranoBneHue JaHHBIX OBUIO BBITIOJHEHO C MCIIOJIB30BAaHHEM KPUBBIX
CBS3M «PacXOA-ypOBEHb BOJbD» U PETPECCHOHHBIX 3aBHUCHMOCTEH C
PEKOM-aHaJIOroOM. YCTAaHOBJIEHO, 4YTO MHOIOJIETHUH CPEIHETOA0BOU
pacxoa Bofbl B mpoTtoke Kurau cocrapinser 267 M3/c, 9TO COMOCTABUMO C
BOJHOCTHIO pekn JKaiibik (253 M°/c). OtHAKO HEOOXOMMO OTMETHTb, UTO
aMIUTUTY/1a MEXTOJIOBBIX KoNlebaHWii CcToka B mpoToke Kwurau
CYIIIECTBEHHO HUXKE.

Pe3ynbTathl uccienoBaHus CBUIETENBCTBYIOT 00 YCTOWYHUBOCTH BOJTHOTO
pekuMa TPOTOKM Kwurad, 9TO CBHIETCIBCTBYET O 3HAYUTEIBHOM
BOJIOXO35IIICTBEHHOM MoTeHnuasne. CaenaH BBIBOJ O I€IeCO00Pa3HOCTH
ydeTra BOJHBIX pPeCypcoB TMpoTokHn KwWrad mpH IUTAHUPOBAHHUU
MEpPOTPHUITHIA BOJ000ECTIEUeHUS TPUKACTIMIICKIX pernoHoB KazaxcraHna.

KiroueBble cioBa: BogHble pecypebl KasaxcraHa; maiible BOJOTOKH;
TUAPOJIOTUYECKUN — aHallW3; BOJAHBIM  JedUUUT; TpaHCTpaHUYHbIE
BOJIOTOKH.

1. Beenenue

Peka Bomra sBisgercs OZHOW U3 KPYNHEWINMX BOIHBIX apTEpUU
EBpasun u wumeer BakHOE 3HA4YEHUE HE TOJIbKO 1 Poccuiickoii
deneparu, Ho u s Pecnyonuku Kaszaxcran (Gorelits et al., 2005;
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Agafonnikova et al., 2017), nockosbKy OHUM U3 € pyKaBoB siBisieTcs mpotoka Kurau. /lenbra peku
Bouaru mpezcrapiser co00il AMHAMUYECKYIO TPUPOTHYIO CUCTEMY, Pa3BUTHE KOTOPOM CBSA3aHO C
kosiebanneM ypoBHs Kacnuiickoro Mopst 1 u3meHeHusMu BogHoro croka (Kroonenberg et al., 1997;
Helms et al., 2005; Ismailov et al., 2015). Mopdomorust pyciaoBoii cetr Boiru u 0cob6eHHOCTH
nepepacrpeiefieHdss CTOKa B JEJIbTOBOM 00JacTH (OPMUPOBAIKMCH O] BO3JICHCTBHEM Kak
MPHUPOJHBIX, TAK U THAPOJOTHYECKUX H3MeHeHHMI B Oacceiine peku (Sidorchuk et al., 2009). Oxnako
HEOOXOJMMO OTMETUTh, YTO THJAPOJIOTUYECKHE WM3MCHEHHS MOTYT OBITh OOYCJIOBJICHBI
€CTECTBEHHBIMU TPUPOIHbIMU (akTopamu. [Iporoka Kwurad, sBISIOIIASACS YacThiO JEIbTOBOM
cucteMbl Bosirn 1 urparomias CyniecTBeHHYIO pojiib B (pOpMUpPOBaHMH BOJHOTO OajaHca pervuoHa,
0CTaéTCsI HEIOCTATOYHO U3yICHHOM.

Pexa XKaiibik npezacraBisier coO0M OCHOBHYIO BOAHYIO apreputo 3amanHoro Kazaxcrana,
MO3TOMY €€ IMIPOJIOTHUYSCKHI PEKUM ObLT IPEIMETOM HCClIeIoBaHni MHOTHX yulHbIX (Bazarbay et
al., 2024; Tursunova, 2024 Tulemisova et al., 2017). T'unponornueckuii pexxum peku Kaitbik
HCOJHOKPATHO aHAJIM3MPOBAICS C TOYKH 3PEHHS BIMSHHS KIAMATHYECKHX W aHTPOIOTCHHBIX
dakropos (Yumina et al., 2024)

OTaMYUTENbHOW OCOOEHHOCTBIO BOJHBIX pecypcoB PecnyOnmuku KazaxcraHn sBIsIeTCS HX
HepaBHOMEPHOE pacipeeneHue mo Teppuropuu crpanbl (Shiklomanov etal., 2013; Liu et al., 2025;).
K ugmciay peroHoB, Majgo 00OeCleYeHHBIX BOJHBIMH PECYPCaMH, OTHOCSTCS 3alaHbIC PETHOHBI
Kaszaxcrana, B uyactHOocTH AThIpayckas U B OCOOEHHOCTM MaHrucrayckas 00J1acTU CTpaHbl
(Zagidullina et al., 2024). 3aecy cnabo pa3Buta rugporpaduyeckas cetb, a 00bEMbI JOCTYITHBIX
MOBEPXHOCTHBIX Boj orpanuueHsl (Ivkina et al., 2016). /laxxe Atbipayckasi 007acTh B IMOCICTHHE
JECATHICTUS UCTIBITHIBACT ICPHUIUT BOIHBIX PECypcoB. Bo MHOrOM 3TO CBSI3aHO CO CHH)KEHHEM
BOJHOCTH peku JKaiiblk, B pe3yibTaTe BIMSHUS KaK aHTPOIMOTCHHBIX, TaK M KJIMMATHYECKUX
daxropos (Kisebaev et al., 2020; Golubtsov et al, 2023; Musakulkyzy et al., 2024; White et al., 2014;
Kalugin et al., 2024). B ycinoBusX OrpaHHMYCHHBIX BOJHBIX PECYPCOB OCOOYIO aKTyalbHOCTDH
pUOOPETAET UCTIONIF30BAHUE COBPEMEHHBIX METO/IOB aHAIM3a M BOCCTAHOBJICHUS THIPOJIOTHYECKUX
PSIIOB U METOJIbI aHAJIM3a MPOCTPAHCTBEHHO-BPEMEHHOM JAMHAMUKHU moBepXxHOCTHBIX Boa (Pekel et
al., 2016). OnHako uX MPUMEHEHHE 00YCIOBICHO HE TOIBKO OIPaHMYCHHOCTHIO BOJHBIX PECYPCOB,
HO ¥ HEOOXOJMMOCTBIO MOBBIIICHHS TOYHOCTH OIICHOK, ydeTa KIMMAaTHYEeCKOW MW3MEHYMBOCTH U
AHTPOIIOTEHHOTO BO3JICHCTBUS, COBEPIICHCTBOBAHHMSI MOHUTOPUHTA U MPOTHO3UPOBAHUS COCTOSTHUS
BOJTHBIX CHCTEM.

Yro kacaeTcst MaHTUCTayCKOW 00JIaCTH, TO CUTYAIHs C BOJIOOOECIICUCHUEM €€ HACEICHUS U
XO3HCTBEHHOTO KOMIUIEKCA TOpa3o CIOKHEEe M3-3a TMOJIHOTO OTCYTCTBHS B OOJIACTH MOCTOSIHHO
nercTByromux moBepxHocTHRIX BogoTokoB (World Bank, 2020; UNEP, 2021). B stux yciaoBusix
posib BomoBojga AcTpaxaHb — MaHrbIIIIaK, B KOTOPYHO BOJA MOCTyHaeT M3 IpoTroku Kwray,
NprUoOpeTaeT KU3HEHHO BYKHOE 3HAYCHHE B YAaCTH BOJOOOECIICUCHHS KPYITHOTO TPOMBIIIICHHOTO
perrona Kaszaxcrana — Manrucrayckoit oonactu (UNECE, 2017). HecmoTpst Ha TO, 94TO MPOTOKA
Kurau He siBisieTcst peKoil B MOJHOM CMBICJIE TOTO CJIOBAa M3-3a OTCYTCTBHUSI y Hee COOCTBEHHOU
BOJIOCOOPHOM TJIOIIAN, BaXKHO JIETAILHO MCCIIEA0BATh €€ THAPOIOTHYECKUE XapaKTePUCTUKHU IS
OLICHKH ee Bojoxo3sicTBeHHoro morennuana (Shinkarenko et al., 2023; Safarov et al., 2024).
Konebanus ypoBHsi Kacmuiickoro mMopsi ¥ CBsi3aHHbIC C HHUM W3MCHEHHsI JCJIbTOBBIX IMPOIIECCOB
OKa3bIBAIOT MPSMOE BIIMSHUE Ha Mepepaclpe/ieiecHue CTOKa U CUCTeMe PyKaBoB Bouru, BKItoYast
Kurau (Lahijani et al., 2023; Kaftan et al., 2018; Zanganeh et al., 2024; Fallah et al., 2023; Toorani
etal., 2021).

Llenpro ucciaenoBaHMs SIBISCTCS MPOBEACHUE YIUIYOJIEHHOTO aHalM3a THIPOJIOTHUECKHX
XapaKTePUCTHK MPOTOKU Kurau, olieHka ee MOTEHIIMAA B YaCTH MOBBIIICHHS BOA00OECIICYUCHHOCTH
ATtpipayckoii u Manrucrayckoir obnacteit Kazaxcrana. [lanee ¢ mocnemyromieil BbIpaOOTKOM
MPEUIOKEHUI 10 y4eTy BOJHBIX PEeCypcoB MPOTOKH Kwurad mpu MmjaiaHMPOBaHUH MEPOIPHSITUN TIO
UCIIOJIb30BAHUIO BOJHBIX PECYPCOB MPHKACITUICKUX pernoHoB Ka3axcraHa.
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3azauu MCCIEeIOBaHMs BKJIIOYAIOT aHAJINW3 M3YYEHHOCTH BOAHBIX pecypcoB NpoToku Kurauy,
OLICHKY €€ OCHOBHBIX T'MJPOJIOTHYECKUX XapAKTEPHUCTHK, a TaKKE€ MPOBEIACHUE CPABHUTEIBHOIO
aHalM3a BOJHOCTH NPOTOKU Kuray ¢ BOMHOCTBIO pexu JKaibIK.

Hecmotps Ha Hanmm4Ke 3HAUUTENBHOTO KOJIMYECTBA padOT, MOCBSIIEHHBIX THIPOJIOTHYECKOMY
pexumy peku Boisirn u pexu JKalblK, UCCIEN0BAaHUS HAIIPABICHHBIE HA KOJMYECTBEHHYIO OLIEHKY
BOJHOCTH OTAEJIbHBIX PYKABOB J€NbThl peku Bonrun, B TomM uwncine nporoku Kwurau HocST
¢bparmenTapHblii Xxapakrep. Takue uccieqoBaHus, Kak MPaBUIIO, OTPAaHUYMBAIOTCS Ka4eCTBEHHBIMHU
OLICHKaMH WJIM KPAaTKOCPOUHBIMH HaOMoAeHUsIMU. OTCYTCTBHE JUIMTEIBHBIX PsIIOB HAOIOIeHUH 32
pacxogamMH BOJBI HE Ja€T BO3MOXXHOCTH OOBEKTUBHOW OIICHKH BOAOXO3AHCTBEHHOTO NMOTEHIIMAIA
BOAHOTO 00beKkTa. B 3TON CBsI3M akTyallbHOM SBISETCS 3ajjaua BOCCTAHOBIICHHS M aHAU3a
MHOT'OJIETHUX PsIOB CTOKA IIPOTOKU Kuray.

BrepBbie BBINOJHEHO BOCCTAHOBJIEHHE M IPOBEAECH aHAIM3 MHOIOJETHUX PSIJAOB CTOKa
npotoku Kurad ¢ IpUMEHEHHEM COBPEMEHHBIX TUAPOJIOTMYECKUX METOMOB. Y CTaHOBJICHBI
0COOEHHOCTH €€ BOJTHOTO peXXuMa M JIaHa KOJUYEeCTBEHHAs OI[EHKA BOJAHOCTH B CPABHEHHH C PEKOM
JKaitbik.

2. MaTtepuaJbl 4 MEeTOIbI

HenbTta Bonru - camas Gombiuas peunas nensta B EBporie. Ona HacuutbiBaet 10 500 pykaBoB
u npotok. K uncity ocHOBHbBIX pykaBoB JenbThl Boaru otHocstes: baxtemup, Kambizsak, Crapas
Bounra, bonga, byzan u Axryoa.

OpHuM M3 KpYNHBIX pyKaBOB IpoToku by3an sBisercsa npotoka Kurau, ssistorascs
IIOTPaHUYHBIM BOJOTOKOM, IO KOTOPOMY IPOXOIUT JIMHUSA TIOCYIapCTBEHHOW TI'PAaHULBI MEXKIY
Poccuiickoit ®eneparnueit u Peciyonukoi Kazaxcran.

IIpotoka Kurau He numeer coOCTBEHHOT0 BojiocOopHOro Oacceiina. Kurau sBisercs pykaBoM
JeNnbTHl peku Boiru u mosTomy e€ TuapoIOTHIecKuid U THAPOXUMHUYECKUN PEKUMBI (POPMHUPYIOTCS
0J1 BIMSIHUEM PEUYHBIX (DAKTOPOB, OTPAXKAIOIIUX BECh KOMIUIEKC MPOLIECCOB, MPOTEKAIOIUX B PEKe
Bonre u B ee BomocbopHOM Oacceiine.

ITpotoka Kurau Gepet Hauasio B ActpaxaHckoii 061acTu B 12 kM ceBepo-BOCTOUHEE pailOHHOTO
nentpa c. Kpacusiii Sp y noc. Iloguansik npu cnusaum npotoku bepeker u nporoku Kopcaka. Kurau
ABJIAETCS OAHMM W3 KPYIHBIX BOJOTOKOB BOCTOYHOM 4YacTH JeNbThl p. Bosirm m orpaHmumBaer
Iiouab JeNbThl ¢ BocToKa. Ha ydyacTke oT ucToka /10 BHajaeHus epuka MoxamapcKoro nporoka
Kurau He nmeeT G0OKOBBIX OTBETBIIEHHUH U HE MOJTy4aeT JONOJHUTEIbHBIX IPUTOKOB.

Ha 35,5 kM pycna npotoku Kurau Ha ceBepHOit okpanne noc. [llopran6aii ot mpotoku Kuraua
OTBETBIISIETCS B BOCTOYHOM HarmpanieHnu epuk Bepxuss [llapoHoBka. B 37 kM 105kHee OKpauHbI IOC.
[Hopran6ait ot npotoku Kurau orBerBisercss Ha BocTok epuk Hukusas IllapoHoBka, KOTOpBIH
cnuBasch ¢ epukoM Bepxuss laponoBka, B 3 kM Boctounee noc. [llopranbaii, oOpa3yer mpoToky
[ITaponoBKa.

Hanee Ha 59,5 kM ot ucroka B 1,5 km roro-socrounee c. XKanayn npotoka Kurau cimBaercs ¢
IIPaBbIM NPUTOKOM ITPOTOKH TropuHa — nporokoi Cymuuna [lInpokas, conocTaBUMOi O BOJHOCTH
¢ nporokoif Kurau. B atom mecte nporoka Kurau menser cBoe reorpauiyeckoe Ha3BaHHE U Jajiee
Ha3biBaeTcs nmpotokoii [lIupokas, koTopast IMeeT [UTHHY Bcero 3,3 KM.

Ha 2,1 xm ot Hayana nportoku lupokas (61,6 kM oT nctoka nporoku Kurad) or mpoToku
[[Iupoxas oTBETBIsAETCS BIEBO MPOTOKAa TUMOdeeBcKkas, Ha JIeBOM Oepery KOTOpoi pacrosiararTcs
cena Cadonoska, YTepsl u boratoe (UNECE, 2017).

Ha 3,3 kM ot nHawana mpotoku Illupokas (62,8 kM ot ucroka mporoku Kwurau) mpoTtoka
[lupokass pa3gBauBaeTCs Ha JIEBBIM NOTOK — MPOTOKY /IBOMHMKM M MpaBblii MOTOK — MPOTOKY
CMHUPHOBCKYIO, KOTOPBIE BHOBb CIIMBAIOTCS B OOIINI BOJOTOK depe3 4,5 KM B 00pa3yroT KPYIHYIO
npotoky bank MronkuHckuil amuHoM 25,2 KM, MEepexosIlyl0 B paCKaTHOM YacTH aBaH/AEIbTHI B
HCKYCCTBEHHO yTIyOJICHHBIN WUToNKHHCKUI KaHAT-pe1ooxo 1 JimuHoM 6osee 40,0 kM.

BeepooOpa3Ho pa3BeTBIAACh Ha HECKOJIBKO KPYIMHBIX W MEIKHUX BOJOTOKOB, IMPOTOKU
TumodeeBckasi, CmupHOBckass W J[BOWHHWKHM (OPMHPYIOT CE€Th KaHaJIOB — MroOJKWHCKHIA,
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MoxpuHCKUI 1 Y TEpUHCKUN. B CBOIO ouepenb kaHayl Y TEPUHCKUN pa3BeTBIIsAeTCs Ha KaHbIYMHCKHN
1 bakylaHHBIN KaHAJIBL.

B nenom o6miast ;yinHa pycioBoi yacTi npoToku Kurau B packaTHON 4acTy aBaHAEIbThl PEKU
Bouru cocrasiser 92,5 kM.

Boansrii pexum npotoku Kuray, rimaBHbIM 00pazoM, ONpenenseTcss BOAHBIM PEKUMOM PEKd
Bouiru (B yacTHOCTH, pe:XMMOM pabOThl ACTpaxaHCKOro Bogoaenutess). OIHaKo U 3TOM CleIyeT
MPUHUMATh BO BHUMaHHE TaK)Ke BIMSHUE HA HETO H3MeHeHus HoHoBOro ypoBHs Kacnuiickoro Mopsi.

J1s BBIITOJIHEHUS UCCIIEIOBAHUS U OLIEHKU BOJHBIX PecypcoB TpoToku Kurad Ha nepBoM arane
ObUIM BOCCTAHOBJICHBI IPOIYIICHHbIE M HEIOCTATOYHBIE psiibl HaOmroneHuil. BoccTanoBnenue
JAHHBIX OBUIO BHIMOJIHEHO € MCII0JIb30BAHUEM METOAA:

METOJl KPUBOW CBSI3M «pacxoj]] — ypoBeHb Bojabl» (Q — H). IlpocTpaHcTBeHHBI MeTON, Ha
OCHOBE HHCTPYMEHTAJIBHBIX M3MEPEHUN pPAcXONOB W YpOBHEH BOAbl Ha nporoke Kwrau-c.
[Topran6aii.

METOJl BOCCTAaHOBJICHUS JIaHHBIX Y€pe3 pEKy-aHajiora Ha OCHOBE pErpeCCHOHHBIX
3aBUCUMOCTEHN. JIaHHBI METOJI MTO3BOJISIET YUYUTHIBATh B3aWMOCBS3b CTOKA MCCIIEAYEMOTO BOJHOTO
00bEKTa U OIM3JIeKALMMH BOIOTOKA-aHAJIOTaMU.

Ha crnenytomem »JTame BOCCTAHOBJIEHHBIE Dsiibl  JaHHBIX OBLIM  IPOBEPEHBI  Ha
PENpPE3EHTaTUBHOCTh. LleNbl0 NPOBEPKM PpENPE3CHTATUBHOCTU SIBJISETCS OLIEHKM KayecTBa H
JIOCTOBEPHOCTH MCXOAHOM MH(OpMauuu. s 3TOro NpuMEHSIMCh CTaHAApPTHBIE CTaTUCTHUYECKUE
KpUTepuM (CpeiHee 3HaueHHe, CPEAHEKBAIpaTHYEeCKOe OTKJIOHEHHE M [p.), oOecreyuBaroline
COIMOCTaBUMOCTh BOCCTAHOBJICHHBIX M HAOJIIOACHHBIX JIAHHBIX.

3aKJIIOUNTENbHBIM  JTallOM HCCIEIOBAaHUS CTaJl AHAJIU3 OCHOBHBIX THMAPOJIOTMYECKHUX
XapaKTEPUCTUK W BOJAHOCTH, BBIOJIHEHHBIN 1d npoToku Kurad u pexu JKaibIK, 4TO IO3BOJINAIIO
BBISIBUTH [IPOCTPAHCTBEHHBIE M BPEMEHHBIE 0COOEHHOCTH CTOKA UCCIIEyEeMbIX BOJHBIX OOBEKTOB.

3. Pe3yabTaThl

JInisi OLEHKH THUAPOJOTHUECKUX XapaKTEPUCTHK MPOTOKM KWrad MCmonp30Baivch TaHHBIC
cucTeMaTUYecknX HaOroeHui 3a pacxoaaMu Bojbl Ha 1/m ¢. llopran6ai, 3a nepuon ¢ 2017 mo
2023 roner (Kazhydromet. (2025).

V3MeHeHMs cpeIHero10BbIX, MAKCUMaJIbHBIX 1 MUHMMAJIbHBIX PacX0/10B BObI MpoTokK Kurau
y ¢. lllopran6aii 3a nepuon ¢ 2017 o 2023 rosr moka3aHbl Ha pUCYHKE 1.

CpeHHIT roaoBOH
500 +

HaHGOIBIIHI

400 -

300

HAHMEHIHA nepHoaa
OTKPBITOTO pycia

PACX01 BOJABI, MY/¢

200 — — —

100

2017 2019 2021 2023
roant

Pucynok 1. CpenHerojoBbie, MaKCHMaIbHbIC 1 MUHUMAJIBHBIC PACcX0/IbI BOJIBI B TpoTOKe Kuray y c.
[opran6aii 3a mepuon ¢ 2017 mo 2023 rozst

121



A.H. T'ymunres amvindazol Eypasus yammuix yrnusepcumeminir, xabapuroicol. Xumusl. Feozpagus. cepusicor, 2026, 154(1)

3.1. Ananusz cpeonec0006blX, MAKCUMATLHBIX U MUHUMATbHBIX PACXO008 800bl

JlaaHBIE O CpeonemHozonemHux pacxogax Boabl B mpotoke Kurau y c. lllopranOait
npuBeeHbI B Tabue 1.

CpenHeMHOTOJIETHUI pacxoj BoJbl B IpoToke Kurau 3a aHaJn3upyeMblil [IEPHOJ COCTABUI
256 m*/c. Ilpu 3TOM pacxonbl BOIBI BBIIIE CPEAHEMHOTOJICTHETO 3Ha4YeHMsI HaOmoaanuch B 2017,
2018, 2020, 2021 u 2022 romax. MakcumallbHOE TIPEBBIIIICHUE CPEAHETOIOBOTO PACX0/1a BOABI HAJ
cpennemHorosieTHuM HaOmoganock B 2020 romy. CpemaHEerogoBbie pacxolbl BOJBI  HIDKE
cpenHeMHorojieTHUX 3HaueHUU ormeueHbl B 2019 m 2023 romax. Hammenbmmii cpemHeromnoBoit
pacxon B npotoke Kurau Habmomancs B 2023 roay u cocraBmit 197 m?/c, a Hanboawimmii B 2020 roxy
— 309 m*/c. Pa3znura Mexy HanOOJMBIIMM M HAUMEHBIIUM pacxojamu 3a nepuon ¢ 2017 mo 2023
ronbl coctaBimsier 112 m?/c, uro mpesbimaer 40% oT CpeTHEMHOTOJIETHETO pacxojia BOJBI ATOM
MIPOTOKH U SIBJISICTCS JJOCTATOYHO CYIIECTBEHHOM.

Tab6aunna 1. CpeagneronoBslie pacxobl BoJibl B npotoke Kurau - c. [llopran6ait

. | OTKJIOHeHHE

roa cpe)merozlosn oM | ot cpeaHero,
pacxoa, m°/c %
2017 263 2,90
2018 259 1,33
2019 226 -11,6
2020 309 20,9
2021 266 4,07
2022 269 5,24
2023 197 -22,9
cpenHee 256

JlanHble 0 Makcumanvuplx pacxonax Bojbl B mpotoke Kurau y c. lllopranbaii 3a mepuos c
2017 no 2023 rozap! npuBeieHb! B Ta0nuLe 2.

W3 tabmumpl 2 BUAHO, YTO HAMOONBIIMIA MaKCHUMAIIBHBIA pacxoJl BOjAbI B IpoToke Kwurau
Habmonancs 17 utons 2020 rona u cocrasuin 701 M3/c, a HaMMEHBIINN MaKCUMATBHBIN PacXo]] BOJIbI
orMmevaiicst 16 mag 2019 rona u cocrasun 451 M3/c.

Bonbias yacTh MUKOBBIX 3HAYEHUN PACXO/I0B BOBI MIPUXOAUTCS HA MECSI] Maii, HCKIIFOUEHUE
cocrasisieT autnb 2021 roj, Korja MaKCUMaIBHBIN pacXo] BOJIBI B POTOKE HAOIOIANICS B HIOHE.

Ta6auna 2. MakcuMaibHbIe pacxo/Isl BOJbI B TpoToke Kurau - ¢. lllopranbait

ron Malccnma.nb;lblifl 1aTa
pacxoa, m°/c

2017 585 28 mas
2018 628 15 mas
2019 451 16 mas
2020 701 17 masn
2021 586 16 mas
2022 649 14 mas
2023 518 05 mas

JlaHHBIE 0 MUHUMATIBLHBIX PACX0IaX BOJKI B TpoToke Kurau y c. [llopran6aii 3a mepuon ¢ 2017
o 2023 ropl IpUBEACHBI B TAOIHIIE 3.
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W3 tabmuibl 3 BUAHO, 9TO HAUOOJbIIEe 3HAUCHUE MHHUMAILHOTO PAacXoja BOABI B TIPOTOKE
Kurau wnabmoganoce 2 HosiOps 2021 roma u cocraBmsuio 210 M%/c. HanmMeHblliee 3HAUCHHUE
MUHHMAaJIBHOTO pacxoja Bojbl B nporoke Kurau ormeuanocs 10 nexabps 2023 roga u cOCTaBIsIIO
111 m¥/c.

MuHuMabHBIE PacXo/abl BOABI B poTOoKe Kurad moryr HaOmOIaThCS BO BCE CE30HBI rojia
(OCeHbBI0, 3UMOH M JISTOM), 32 HCKJITFOUCHUEM BECHBI.

Tabauna 3. MuHUMalIbHBIE pacxoabl BobI B mpoToke Kuray — c. lllopran6aii

MHUHHMAJIbHbBIH
ron pacxon, m%/c ara
(nmepuoaa
OTKPBITOI'0 PycJia)

2017 182 07 Hos0.
2018 196 20 OKT.
2019 194 13 uronn
2020 199 02 asr.
2021 210 02 Hos0.
2022 209 20 desp.
2023 111 10 mex.

Baxno ormeTuth, uTO eme ¢ coBerckux BpemeH (1980 roga) B mpHKAacIUHCKOM PETHOHE
Kazaxcrana neiicTByeT MarucTpaibHbIil BOOBOJ «AcTpaxaHb — MaHrbInuiak» (pucyHok 2). Bozia
IIOCTYMAeT B 3TOT BOJOBOJ M3 MpOTOKM Kwurad, 4Tto MmoadepkuBaeT Ba)KHYIO POJIb MPOTOKH B
BOJIOCHA0OXXEHUU HE TOJNbKO ATBIpayCKOM, HO U B 0COOEHHOCTM MaHrucrayckoi obnactu
Ka3zaxcrana, B mpenenax KOTOpOH, Kak OTMEYaJOCh BBIIIE, HET IOCTOSHHO JEHCTBYIOLIMX
noBepxHocTHBIX BojoTokoB (UNECE, 2017).
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Pucynok 2. Cxema Boj1oBoJja «AcTpaxaHb - MaHTBIIIIAK
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Hecmotpst Ha kpaiiHe BakHOe 3HaueHue npotoka Kurau st BomocHaOXeHUs HaceleHUs U
XO35MCTBEHHOI0 KOMIUIEKCA IIPUKACIIMUCKUX pernoHoB Kaszaxcrana, €€ ruaposnoruyeckas
M3Y4YEHHOCTh ocTtaeTcst Hepoctarounoil. C 1992 ronma mo Hactosimiee BpeMs B mporoke Kurau
JecTBYeT ypoBeHHBIH 1/ ¢. KoTseBka. B maHHOM /I HaOIOICHUS 32 pacXodaMH BOJBI (CTOKOM)
He npoBoasaTcs. CranmoHapHbId MyHKT HaOmoaeHuii (c. [llopran6aii) 3a CTOKOM BOJBI B IMPOTOKE
Kurau 6s11 opranuzosan PI'TI «Kasruapomer» Tonbko B 2017 roay. [losTomMy naHHbIe HaOMIOACHUN
3a pacxojaamu Bojibl 1/11 ¢. [llopTan6aii, uMmeronuecs: B HacTosmiee Bpems 3a nepuoa ¢ 2017 mo 2023
rOJbl, HE OOECIEUMBAIOT JOCTATOYHOW BPEMEHHOH pPENpPe3eHTATUBHOCTH I TPOBEACHUS
MIOJIHOIICHHBIX TUAPOJIOTUYECKUX PACUETOB.

C 1enpro MpoJUICHUST BPEMEHHOTO psijia HAaOMIOACHHA 32 pacxoiaMu BOJIbI B poToke Kurad,
ObUTH TIPOBEJCHBI PacyeThl MO YCTAHOBJIEHUIO CTATUCTUYECKOW 3aBUCHMOCTU MEXIY HCXOJHBIMU
TUIpoJIoTHYecKUMU nanHbiMu 1/1 ¢. [llopTanbaii u c. KorseBka. [[iist uero B mepByro odepenb ObLTH
MIPOAaHATM3UPOBAHBl MCXOJIHBIE JTaHHBIE MO YPOBHIO BOJABI. Pe3ynpTaThl pacueToB MOKa3aliu, 4YTO
KO3 (HUIIMEHT TAPHON KOPPENSIIMHA MKy YPOBHSIMH BOJIBI HA 00OUX BBIMICTICPEYNCIICHHBIX I/ 32
nepuog ¢ 2017 mo 2023 roast cocrasnser 0,99. B /i ¢. KoTtsieBka HabOmt01eHUS 32 YPOBHSAMU BOBI
npoBostes ¢ 1992 rona mo Hacrosmiee Bpems. TeM caMmbIM CBSI3b MEXKIy YPOBHSIMH BOJBI Ha T/TI
SBIIACTCS OUYTH (PYHKIMOHATBHOMU. JIMHElHOe ypaBHEHHE PerpecCuu MOKa3aHo HIKE

Hw = 0,86H« + 136 (1)

rae Hu - ypoBenbs Bozbl B ipoToke Kuray - c. [llopran6ait; Hy - ypoBens Boab! B mpoTtoke Kurau - c.
KortsaeBka

Bricokasi cTernens KOppensuOHHON 3aBUCUMOCTH MEXI1y 00OMMH ITyHKTaMH HaOIOJCHUN 32
YPOBHSIMU BOJIbI B IpoTOKe KHrau mo3Bosinia ¢ BBICOKON CTEMEHbIO TOCTOBEPHOCTH BOCCTAHOBUTH
3HaueHust ypoBHs Bonbl B r/m ¢. lllopran6ait. Jlanasie 06 ypoBHsAx Bojawl c. [llopranOaii Obuin
BOCCTAaHOBJICHbI HA OCHOBAHUU JAHHBIX HAOII01eHUH 3a ypOBHAMU BOJIbI B I/11 ¢. KoTsieBka 3a nmepuon
¢ 1992 o 2016 roxsl.

Jlanee 3TO 1aja0 BO3MOKHOCTh BOCCTAHOBHUTb M T€M CaMbIM MPOIJIUTH PsAJ HAOIIOACHUH 3a
pacxomamu Bojbl B 1/1 ¢. [llopran6aii 3a mepuona ¢ 1992 roxga mo 2016 rojsl Ha OCHOBAaHHUH CBSI3H
MEX]y PacX0JaMH BOJIbI U YPOBHsIMH BObI 3a iepuo ¢ 2017 mo 2023 roasr (pucyHok 3).
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Pucynoxk 3. 3aBucumoctu Mexay ypoBHsMmE u pacxomamu Bojbl (Q=Ff(H)) B mpotoke Kurau - c.
[opran6ait
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[Tocne BocCTaHOBIEHUS OBLIM PACCYMTAHBI CTATHCTUYCCKUE XAPAKTEPUCTHKHU PACXOJIOB BOJIBI

B IMyHKTe HabOmroneHuid npoToka Kurau - c. [llopran6aii 3a MHOTOJIETHUH TIEPHOJT CPEAHETOI0BOM

pacxon Bozpl (Qcp.), CPEHEKBAAPATHYECKOE OTKIOHEHNE (O g ), koadpdumment sapuanuu (Cy) u
cp

koddunment acummerpun (Cs) 3a nepuon Hadmroaenuii ¢ 1992 mo 2023 rozwl (tabiuiia 4).

Tadamua 4. CTaTUCTUYECKHE XAaPAKTEPUCTHKH PACXOJO0B BOJBI B IYHKTE HAOIIONEHHH MPOTOKA
Kurau - c. lllopran6aii, paccunrannsie 3a nepuos ¢ 1992 mo 2023 roast

nepuos 5 . .
HAO0TI0AeH Uit n Qcp, M°/¢ 6Qep, %0 Cv ccv, %0 Cs
1992-2023 | 32 272 | 301 | 017 | 12,68 | 0,77

W3 Tabauib 4 BUIHO, YTO CPETHETOIOBOM pacXo Bojbl B mpotoke Kurau y c. [llopran6aii 3a
MHOTOJICTHUH TIEpUOJa cocTaBisieTr 272 M*/c, cpemHekBaaparmueckoe ortkioHerue — 3,01 %,
koaddunment Bapuauuu — 0,17, a kosddunuent acummerpuu — 0,77. OmmOKH pacCUUTaHHBIX
CTAaTHCTUYCCKUX XaPaKTEPUCTUK pacxoja Bojabl B mpotoke Kurau y c. [llopranbaii He3HAYUTEIIEHBI
[0 BEJWYMHE, YTO JIaeT OCHOBaHHME TII0JaraTh, YTO TMOJYYCHHBIC PE3YJIbTAThl SBIISIOTCS
CTATHCTUYCCKU HAIEIKHBIMHU.

3.2. CpasHumenvHwlil aHanus euoporocudeckux xapakmepucmux npomoxu Kueau u pexu Kativix

C rugposiorndeckoil Touku 3peHus peka JKailblk SBJIsIETCS 10CTaTOYHO XOPOILO W3Y4YE€HHBIM
BOJIOTOKOM. CHcTemMaTnieckrue HaOIroIeHus 3a peXKUMOM PEKH 3/1ech Havyathl emie B XIX Beke.

Jl1s mpoBeIeHNsl CPAaBHUTEIBHOIO aHaIM3a MMIPOJIOTHYECKUX XapaKTepUCTHK NMpoToku Kurau
u peku JKaiiplk ObIT BEIOpaH 1/11 p. XKaiibik — moc.MaxaMOeT, MMOCKOJIbKY 3TOT ITYHKT HaOJIFOICHUN
HAXOJWTCS B BEPXHEHW YacTH YCTbEeBOH 00JAacCTHM pEeKHM M Ha HEro HE PacIpOCTPAHSETCS BIMSHHE
konebanuit ypoBHs Kacnmiickoro mops.

CucremMaTiu4eckre THIPOIOTHIECKHE HAOMIOCHHS 32 BOJHBIM PeXUMOM pekn JKalbIK y 1moc.
MaxamOet HauaTel B 1932 roxy. OnHako, B aHanu3 ObUTH BKJIFOYEHHI 1aHHbIe, HaunHast ¢ 1936 rona
o 2023 ronpl, Tak Kak jJaHHbIe 3a mepuoxa ¢ 1932 mo 1935 roasr mpencTaBiasSioTCs HETOCTATOTHO
Ha/IeKHBIMHU 110 PSAY PUYUH.

Uro kacaercs nmporoku Kurad, To aHanu3 IMApPOJIOrMYECKOM HM3YyYEHHOCTH 3TOM IPOTOKU
OIKCaH JIOCTAaTOYHO IMOJAPOOHO BbIIIE. 3A€Ch JIMIIb OTMETUM, YTO Ul CPaBHUTEIBLHOTO aHalu3a
THIIPOJIOTUYECKUX XapaKTEPUCTUK MPOTOKM Kurau m pexu YKalfblk , MCIIOTB30BAMCH HE TOJIBKO
JlaHHbIe U3MEpEeHul 3a pacxogamu Bojbl B mpotoke Kurau y c. Hlopran6aii 3a nepuoa ¢ 2017 no
2023 roxpl, HO ¥ BOCCTAaHOBJICHHBIC 3HAYCHHS PACXOJIOB BOJBI 1O MYHKTY HAOIFOJICHUH HA ITON
npotoke ¢ 1992 no 2016 rospi.

ITo pexe XKaiibik B pacueTsl mpuHUMaNCh AanHbIe ¢ 1936 mo 2023 roel, a mo mpotoke Kurau
¢ 1992 no 2023 ronpl.

CoBMenIeHHbIN XpOHOJIOTHYEeCKUH rpaduK N3MEHEHUH CPETHET010BbIX PaCX0I0B BOJBI B PEKE
Kaitbik 1 nmpotoke Kurau 3a 1936 - 2023 ronpl npuBesieH Ha pucyHKe 4, aHAJIOTHYHBINA Tpaduk 3a
nepuon ¢ 1992 no 2023 roapl moka3aH Ha pUCYHKE O.
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Pucynox 4. CoBMeIIeHHBIH XPOHOJIOTUYECKUH IrpaduK U3MEHEHHIA CPETHETOJOBBIX PACX0I0B BOJIBI
B peke JXKaiibik - moc. Maxam6et (1936 -2023 rozpr) u npotoke Kurau - c. lllopran6aii (1992 -2023
T'OJIbI)
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Pucynok 5. CoBMeIIeHHbII XpOHOJIOTHYECKUH TpapuK U3MEHEHUHN CPEIHETO/I0BBIX PACX0/I0B BOIBI
B peke XKaiibik - moc. Maxam6et u nporoke Kurau - c. [llopran6aii 3a 1992 -2023 ros

CoryacHO TPOBEJACHHBIM pacyeTaM, MHOTOJCTHHH CpPETHETrOJ0BOH pacxoa BOABI B PEKe
Kaiibik B mepuong ¢ 1936 mo 1960 romer cocraBun 281 M/c. [Ipu >TOM MakcuUMaNbHBIN
CPEIHEr0I0BOM pacxoj BOABI B 3TOT mepuo coctaBua 650 m*/c. B mocienyromuii mepuoxa (1961-
1977 rr.) HabMOAANOCh CHIDKEHHE MHOTOJIETHETO CPEeHEro0Boro pacxoaa a0 231 m°/c. 3atem c
niepro ¢ 1978 mo 2010 roabl He OTMEYATIOCh YCTOMYHMBOTO TPEHA B KOJICOAHHSIX CPEAHETOTOBBIX
pacxonoB Bojbl, B To BpeMs kak ¢ 2011 mo 2023 roasl oTMeUYaeTcsi CHUKEHHE BOJHOCTH PEKH TMPH
KoJIe0aHUAX pacxo10B BOJBI B mipenenax ot 120 go 275 m%/c. B 1ienom, 3a Bech TIEPHO;] HAOJTFOICHA
B peke JKalibik oTMeuaeTcsi cIabOBBIPAKCHHBIA HUCXOJSAIINA TPEH]I U3MEHEHHS CPETHEr0JJ0BOTO
pacxoma Bojibl. Pacxo BoIbI B peke UMeeT OONTYI0 TEHICHIINIO K CHFDKEHHUIO, BEPOSTHO, B TOM YHCIIE
3a CYET BIUSHHS U3MEHEHHS KIIMMATa.

B nporoke Kurau 3a mepmox ¢ 1992 mo 2023 rompl mpociexuBaliaCh OTHOCHTEIBbHAS
HEeOOJIbIIIast MEXT0I0Basi HK3MEHYUBOCTH CPEAHETOIOBOTO PACX0/1a BOJIbI, M3MEHSBIIASCS B TIpeIeIax
or 194 Mm% (Hambosee MallOBOAHBIC TOABI) A0 338 M/ (Hambosee MHOTOBOJHBIC TOJBI).
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Uckimouenne nmeno mecto B 1994 roxy, korma cpeaHerogoBoil pacxoa BOJABI B IPOTOKE COCTABHLII
418 m%/c. OHAKO, B LIEJIOM, B KOJEOAHHSX CPEIHETOJ0BBIX PacXoJ0B BOJIbI B MpoToke Kurau 3a
paccMaTpUBAEMBIN MIEPUOJ HE OTMEUYATIOCh YCTOMYMBOW BOCXOASAIIEN WM HUCXOASAIIEN TEHACHUNUN
M3MEHEHHUS CTOKA BOJEL.

3.3 Ananus 3asucumocmu pacxooa 600uvl 8 npomoxe Kueau om pacxooa 600vl 6 pexe Bonea

Jlis Gonee AeTanpbHOTO aHANIM3a W MPOMJICHHUS psAa AaHHBIX MO mpoToke Kurau Obina
paccMOTpeHa BO3MOXKHOCTh HCIIOJIb30BaHHMS B KadyecTBE peKu-aHaiora peku Bomru. s
BOCCTAHOBJICHHSI W TPOJIJICHUS Psa JaHHBIX PacXOJ0B BOJBI OBLTU HCIIOJIL30BAHBI JaHHBIC PEKU
Bonra r/m c. Bepxueneosokbe, T/ie HHCTpyMEHTAIbHBIC HAOIIOACHUS TPOBOAMINCH HaunHast ¢ 1938
rojia ¥ MPOJI0JDKAIOTCS TI0 HACTOSIIEE BPEMSL.

Pacdetsl craTucTHuecKol 3aBUCUMOCTH PAacXo0B BoJbI B mpoToke Kurau y c.lllopranbaii ¢
pacxomamu B peke Bonre r/m c. Bepxuenebsokbe 3a nepuoa ¢ 1992 mo 2023 roas! mokasanu, 4To
KO3 PUIMEHT MapHOH JIMHEHHON KOPPEISAIMHA MEXIy UX CPEIHEro0BbIMU pacxonamu pasex 0,81.
DTO CBHJIIETEIBCTBYET O JOCTATOYHO BBICOKOH 3aBUCUMOCTH BOJHOCTH B MpoToke Kurau or
BOJIHOCTH PEKH BoJTH M BO3MOXKHOCTH MCIIOJIb30BaHUSI 3TOM CBSI3U JJIsi BOCCTAHOBJICHUS 3HAYCHHUI
CPEIHETOI0BBIX PACX0JIOB BOJIKI B ITpoToKe Knrad Ha ocHOBE MaHHBIX peku Bosra 3a mepuon ¢ 1938
o 1991 roxapl. YpaBHEHHE PETPECCHH, CBSI3BIBAIOIICE CPEIHEIOJOBBIC PACXOJbI BOJBI B MIPOTOKE
Kwurad B 3aBUCMMOCTH OT CPETHETOJOBBIX PACXO0B BOBI B peke Bore mokasano HUxKe

Hu = 0,03H, + 22,9 )

rne Hy — ypoens Boabl B mporoke Kurau - c. lopran6aii; He - ypoBens Bomsl B Bonre y c.
Bepxuenebsxne

BoccTranoBneHue CpeTHero10BBIX pacXo 0B BOIbI B IpoToke Kurad 3a 1948, 1957 n 1973 roet
HE MPOBOJMIOCH, TaK KaK 3a 3TU T0Jbl OTCYTCTBYIOT JlaHHbIE HAOJIOJCHUN MO peKe-aHanory (p.
Bonra - c. BepxHene0soxbe).

O1eHKa TOYHOCTH PETPECCHOHHON MOJIENIM BOCCTAHOBIICHUS psAa JaHHBIX Obljla BHIIOJIHEHA
Ha OCHOBE aHAIM3a CTATUCTHUYECKOW 3HAYMMOCTH KOX(PPHUIMEHTA KOPPEISIUN W IapaMeTpoB
perpeccun. Ilpu jmmue psga nN=83 koapdunment koppemsuuu cocraBuwin =0,92, uyto
CBHJIETEIILCTBYET O TECHOW CTaTUCTUYECKOH CBS3HM MEXIY psaaMu (pacxo/ sl BOJBI B MpoToke Kuray
y c. lopran6aii ¢ pacxogamu B peke Bomre y c. Bepxnene6sokbe). Cpequsist KBajpaTHuecKas
omuOka kodpduimenta koppesnuu paBHa *+0,018, a BepositHas ommbka cocrasmser +0,012.
CrannaptHas omunbOka kodpduuuenta perpeccun coctasuia 0,001. DTo ykas3pIBaeT Ha BBICOKYIO
YCTOMYMBOCTh TMapaMeTPOB MOJEIM W HE3HAUUTEIBHYIO IOTPEITHOCTh OLEHKH PEerpecCHOHHON
3aBUCUMOCTH. JlaHHBIE 3HAa4YeHUS  CBHUJCTEIBCTBYIOT O  CTATUCTHUECKOW  HAJIEKHOCTH
BOCCTaHOBJICHHBIX JaHHBIX M JJOITYCTUMOCTH €€ MCIIOJIb30BaHUS B TAIIGHEHIITNX pacyeTax.

[Tocne mpoBeEHHBIX PACYETOB CTATUCTHUYECKHE XapaKTEPUCTUKU CPEAHETO0OBBIX PACX0J0B
BozbI B npotoke Kurau r/m c. [llopran6aii Oblin nepecynTaHbl ¢ y4eTOM JA00aBICHUS B PACUETHBIN
psn naHHbIX 3a nepuof ¢ 1938 no 1991 roasl. Pe3ynbraTsl pacueToB moka3aHsl B Ta0IHUIE 5.

Tao6auna 5. CtaTucTHYECKUE XapaKTEPUCTUKU PACXO]0B BOJBI B IYHKTE HAOJIOJCHUNA MPOTOKA
Kurau - c. lllopran6aii, paccuntannsie 3a nepuoj ¢ 1938 nmo 2023 rost

nepuos 5 . )
HA0J110eHHIT n Qcp, m°/c | 6Qep, 0| Cv  |ocy, 0| Cs
1938-2023 83 267 1,67 0,15 7,85 0,61
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CornacHo TpOBEICHHBIM pacderaM, 3a MHorojeTHuir mepuon (1938-2023 romwr)
cpeaHerooBoii pacxoz Boasl (Qcp.) B mpotoke Kurau cocrasmn 267 M%/c, 4To HEMHOTO HUIKE, YeM
3HAYeHMs, MONydeHHble panee (272 m%/c) U mokazaHHble B TabJuIe 4 MPU NPUHATHM B PACUETHI
JTaHHBIX HaOmroaeHui Tonbko 3a 1992-2023 roapl. OgHako, 3TH pa3Inyus HAXOIATCS B Mpeeax
CPEIHEKBaIpaTHUYECKUX OMIUOOK paCYETOB, UTO [TO3BOJISIET MPOBOAUTH JAIbHEUIIINIA CPAaBHUTEIBHBIN
aHaJIu3 TUAPOJIOTUYECKUX XapaKTepucTUK peku JKaiibik u mpotoku Kuray 3a nepuo HaOIr0eHMIA C
1938 no 2023 rozpL.

[To mosrydeHHBIM BOCCTAHOBJICHHBIM 3HAYEHUSIM PACXOJIOB BOJBI B MpoToke Kurau moctpoeH
COBMECTHBIN XpOHOJIOTHYECKH TpaiK M3MEHEHUI CPEeTHET0I0OBBIX PACX0JI0B BOJIBI B peke JKaibik
u B npotoke Kurau 3a nepuoy ¢ 1938 o 2023 ronpl, mokazaHHBIN HA pUCYHKE O.
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Pucynok 6. CoBMEIICHHBIH XPOHOJIOTUYECKUN TpaduK U3MEHEHHI CPEIHETOJOBBIX PACXOI0B BOJIBI
B peke JKaifbik — moc. Maxambet u mpotoke Kurau - c.lllopran6aii 3a 1938-2023 roabt

[IpoBeneHHBII CPABHUTENBHBIN aHATN3 U3MEHEHUN CPETHET0/I0BBIX PACXOA0B BObI B IPOTOKE
Kurau u peke JKaliblk mokasai, 4To H3MEHYMBOCTh pacxoja BoJbl B MpoToke Kurau menpiie, yem
M3MEHYMBOCTH PAacxo/1a BOJbl B peke XKaiblk. ITO BEIPAKAETCS B MEHEE 3HAUUTEIIbHBIX MEKI'0JIOBBIX
KOJIeOaHUSIX 3HAYEHUN Pacx010B BOJIbl. BO3MOKHO, 3TO CBSI3aHO C TEM, YTO PACXO]l BOJbI B HIDKHEM
TedeHHMH peku Bonrum Oonee 3aperynupoBaH, a TakkKe B CBSI3UM C Pa3lIUYHBIMU YCIOBUSMU
dhopmupoBaHus cTOKa BOAbI B OacceitHax pek Bonru u XKaitbik. Heo6X0aumMo OTMETHTH, UTO, XOTS
MHOTOJIETHHE CPETHErO0BbIe 3HAYEHUS PacXoioB BOAbI B mporoke Kurau (267 M%/c) u B peke
Kaitbik - 253 M°/c MOCTATOUHO OJM3KK MO 3HAYCHUSIM, AMANA30H KOJIeOaHWi CPEIHETr0/I0BBIX
pacxoJI0oB BOJbI B 000MX BOJIOTOKAX CYIIECTBEHHO OTJIMYaeTCs. Tak, eciu MpUHUMATh BO BHUMaHHUE
JaHHBIE 3a MEPHUOJI, KOT/Ia HEMOCPEACTBEHHO MPOBOIMINCH HAOMIOJEHHS 32 pacxoJaMy BOJBI Ha
oboux Bomorokax (2017-2023 rompl), TO BHIHO, KaK 3HAYMTEIBHO OTIMYAIOTCS 3HAUCHHS HMX
CPEIHETO/IOBBIX MAaKCHUMAJIbHBIX W MHHHMAJIBHBIX pPAacXoJoB BOAbL. Tak, B mporoke Kwurau
MUHUMAaJIbHBIE CPEIHEr0JJOBBIE PACXO/bl BOJBI cocTaBuau 193 m%/c, B TO BpeMs Kak B peke JKalibik
5Ta BenuunHA ObiTa paBHa 90 M°/c. Taxke CyIIECTBEHHO OTJIMYAIOTCS 3HAYEHHS MaKCHMAIbHBIX
CPEIHETOMOBBIX PAacX0/0B BOJBI, KOTOPhIE COCTaBWIN i poToku Kurau - 418 M3/c, a s peKu
Kaitsik — 651 m%/c. Takum 00pa3oM, MpU MPAKTUYECKHW OAMHAKOBBIX 3HAYEHHSAX MHOTONETHHX
CPETHETOIOBBIX PACX0/I0B BOJIBI AaMIUIUTY/AA KOJIEOAaHUN pacX0/10B BOBI CYIIECTBEHHO PAa3TNIACTCS.

J1J1 OLIEHKH CTOKa BOJBI B MpOTOKe Kurad B pa3nuyHble M0 BOJHOCTU TOABI OBUIHA pacCYUTAHBI
CPEIIHETO/I0BBIE PACXOAbI BOBI PA3TMYHON 00ecTieueHHOCTH. [[71s1 3TOr0 BHavase ObUTH pacCYUTaHBI
SMIUPUUYECKHE 3HAYEHUS 00ECNEYeHHOCTH pacxojia BOABI B MPOTOKe Kurad mo W3BECTHHIM B
ruaponoruu ¢GopmynaaMm, a 3aTeM OblIa TMOCTpPOSHAa TeOopeTHdYecKass KpuBas OOECIEYCHHOCTH
CPEIHETOOBBIX PAacX00B BOJbI, IOKa3aHHAs HAa PUCYHKE 6.
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Pucynox 6. KpuBas oOecrieueHHOCTH CpETHETOJOBBIX PAaCcXOJ0B BOIbl B mpoToke Kurau y c.
[opranbai

3HaueHUs XapaKTEPHBIX CPETHETOJOBBIX PACXOJOB BOJBI PAa3IMYHON OOCCIICYCHHOCTH B
nporoke Kurau y c. [llopran6aii npuBenensl Tadnuiie 6.

Tadamua 6. CpeqHerosoBble pacxoIbl BOJABI Pa3InYHON 00eCredeHHOCTH B IpoToke Kurau y c.
[opranbai

Q1% | Qs | Q0% | Q2% | Qs50% | Q759 | Qosoe | Qoo
418 | 338 | 319 296 263 | 240 202 193

W3 Tabnuubl 6 BUAHO, YTO B MHOTOBOAHBIE TOABI (25 % 00ECre4eHHOCTH) CPeIHET0I0BON
pacxox Boasl B mpotoke Kurau y c. lllopran6aii cocraBisier 296 mM3/c, B cpefHHE 0 BOAHOCTH T'OJbI
(50 % obecnieuenHOCTH) — 263 M/Cc 1 B MasIoBOIHBIE TOIbI (75 % oOecnieuennoctn) — 240 m3/c.

4. O0cy:xneHne

B pabGore BmepBeie Ha OCHOBE JaHHBIX HaOmOJeHUN Ha cranuoHapHoM r1/m PI'TI
«Kasruapomer» 3a nepuon ¢ 2017 mo 2023 roasl mpoBeneHbI UCCIEIOBAHUS BOJHOTO pPEXHMA
npotoku Kurau, pacnoyio;keHHOU B 1enbTe peku Boiru.

HecmoTpss Ha To, 4TO AnMHA psijna HaOMIONEHWM 3a pacxogamu Bojabl B npoToke Kwurau
COCTaBIISIET BCEro / JIET, HA OCHOBE OOIIECMPHUHSATOrO B THAPOJOTMHA METOJIAa PEKU-aHaIora ObLTH
BOCCTaHOBJICHBI JJaHHBIE O pacxojiax BoJbl B mpoToke Kurau, HaunHas ¢ 1938 roga. C 3T0ii nensio
BHayaJie ObUIM YCTaHOBJIEHBI CBSA3HM MEX1Yy YPOBHSIMH BOJbI /11 1ip. Kurau - c. llopran6aii u r/m nip.
Kwurau - ¢. KotsieBka, rae HaOmrofeHMS 32 ypoBHEM BOJBI TIpoBojasTes ¢ 1992 roxa, To ecTh OHU
HayaThl Ha 25 JieT paHblile, YeM HaOJIroAeHus 3a ypoBHEM Bojibl Ha /1 np. Kurau - c. [llopran6aii.
CBs3b MeXAy YPOBHSAMH BOJbl B OJTHX IyHKTax HaONIOJEHUH OKa3anach OYEeHb TECHOH
(xoaddurnent mnapHoit koppemsaiuu - 0,99). DTO MO3BONMIM TPOUIUTH PsAA HAOTIOJCHHUN 32
pacxomamu BoJiel Ha /11 Tip. Kuraa - c. [llopran6aii 1o 1992 roga. /lanee Obuta ycTaHOBJICHA CBSI3b
MEXIy pacxoaamu Bojwl B mpoTtoke Kurau u B pexe Bonre. C 310l menpio Oblia HaleHa CBS3b
MEXy pacxoaaMu Bojbl B potoke Kurau y c. [llopran6aii u B pexe Bonre y c. Bepxueneoskbe.
CBs13b MEXy pacxoJiIaMH BOJIBI JI0 BOCCTAHOBJICHUS JAHHBIX OKa3ajiach TAK)KE JOCTATOYHO XOPOIIeH
(xoaddurment xoppensitmu 0,81) 11 BOCCTaHOBJICHUS TAaHHBIX O PacXo/ax BOJbI B poToke Kuray
no 1938 roma. Ilocie BoccraHOBIECHHS KOIPPUIUEHT Koppemsamuu cocraBun =0,92, dro
CBHJIETEIICTBYET O TECHON CTaTUCTUYECKOM CBA3M MEXIY psaaMu (pacxo/ sl BoJsI B mpoToke Kuray
y c. lllopran6aii ¢ pacxogamu B peke Boare y c. BepxueneOsixne). CpenHsis KBaapaTHUyecKas
omnbka kodpduuuenta koppensuun paBHa 0,018, a BepostHas ommOka coctasmser +0,012.
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BoccranoBneHHbIe JaHHBIE HAOIIOICHH TTO3BOJIMIIH BIIEPBbIE OLIEHUTH BOJHOCTH MpoTOKK Kuradu 3a
MHoroJieTHu# niepuoa ¢ 1938 mo 2023 roapr.

BrinonHeHHbIE B XOJI€ UCCIIEAOBAHUNM pacdyeThl NOKa3ajal, 4YTO B MHOTOBOJAHBIE ToAbl (25 %
00eCIeueHHOCTH) CPEIHETOI0BOM pacxo 1 Bobl B mpoToke Kurau y c. [llopran6aii cocraBiser 296
M%/c, B cpetHue 110 BogHOCTH rofpl (50 % obecreuennoctn) — 263 M%/c u B ManoBoaHbIe TobI (75 %
obecrieueHHoCTH) — 240 M/c.

BoccraHnoBieHre TaHHBIX O pacxojax BOJbBI B MPOTOKe Kurad mo3BONMIIO MPOBECTH TaKXKe
CONIOCTABJICHHE PACX0/a BOJbl B MPOTOKE C pacXoJaMH BOJIbI pekH JKailbIK, ABISIOICHCS CaMbIM
KPYITHBIM BOJHBIM 00BbekTOM 3amamHoro Kazaxcrana. CpaBHUTENBbHBIA aHAJIN3, MPOBEJCHHBIN 3a
nepuon ¢ 1938 nmo 2023 roap! mokaszai, 4To NpH OMM3KUX 3HAYCHUSX MHOTOJIETHUX CPEIHETOZ0BBIX
pacxoioB BoJibl B mpoToke Kurau - 267 M3/c u B peke XKaiibik - 253 M%/c, auanasoH KoieOaHumit
pacxo0B B MHOTOJIETHEM pa3pe3e CYIIECTBEHHO otTimuaercs. Hampumep, B mporoke Kwurau
MHHHUMAJBHBIA CPEHErooBoii pacxox Boasl paeH 193 m/c, a B peke XKaitbik - 90 m¥/c,
MaKCHUMAIbHBIH CPeHEro0BoH pacxo Bojsl B IpoToke Kurau - 418 m3/c, a B peke XKaiibik — 651
m%/c. TakuM 06pa3oM, OPU MPAKTHYECKH OJMHAKOBBIX 3HAUCHHAX MHOTOJETHHX CPEJHETrO0BBIX
pacxo0B BOJABI AMIUTUTYAAa KOJIEOAHWH pacxXxoIOoB BOABI B OOOMX BOJOTOKaxX CYIIECTBEHHO
pas3inMyaeTcs B MHOTOJIETHEM pa3pese.

B nanbneitmem aiis 60ee TOYHON OLIEHKH BOJHOCTH MPOTOKH Kurau HeoOX01uMo MPOBECTH
WCCIICZIOBAHMSI TI0 OLIEHKE HE TOJIBKO €€ CPEIHErOI0BhIX, HO U BHYTPHI'OJIOBBIX PAacXOJIOB BOJIBL
OueHb BaXHBIM HANpaBICHUEM JAJbHEUIINX WCCIEAOBAHUMA SBISAETCS OLEHKAa BO3MOXKHOCTH
YIAYYIIIEHUS] CHCTEMbl MOHUTOPHUHTA BOJHBIX PECYPCOB IaHHOT'O BOJIOTOKA ITYyTEM YCTAHOBKH HA HEM
aBTOMATH3MPOBAHHBIX CPENICTB U3MepeHni. KpaiiHe akTyanbHBIM SIBISIETCS TAK)KE BOIIPOC U3YUCHHS
BJIMSIHUSL 3HAUUTEIILHOTO CHUXEHHUs (oHOBOro ypoBHs Kacnuiickoro mops, HaOmojaromieecs B
nocienuue 30 JeT, Ha THAPOIIOTHIECKUAN pexXUM npoToku Kuray.

5. 3akinoueHue

B naHHOM HccrieioBaHUM MPUBEIEHBI PE3YJIbTATh A€TAIbHBIX HCCIEI0OBAHNUN pacXo/a BOJIbI B
npotoke Kurau. Panee Takme mcciemoBaHusi He TMPOBOIMINCH, HECMOTPS HA UX 3HAYUMOCTH IS
npukacnuiickux peruoHos Kazaxcrana.

B xone uccnenoBanus ObUTH HaiIEHBI JOCTATOYHO TECHBIE KOPPEISIMOHHBIE CBSI3U MEXIY
ypoBHAMHU Boabl /1 c. lllopran6ait u c. KoTseBka, a Takke MEXIy pacxojaMu BOJbl B IPOTOKE
Kurau r/m c. lllopran6ait u B peke Boare r/n c¢. Bepxuenedspkbe. DTO MO3BONIMIN BOCCTAHOBUTH
3HA4YEeHUsl CPEJHEro/I0OBBIX pPACXOJO0B BOABI B MpoToke Kurau u paccuuTath MHOTOJIETHHE
XapaKTePUCTHKH Pacxo/ia BOJBI B MPOTOKE 3a PA3JIMYHBIE IO OOECIIEYCHHOCTH TOJIBI 33 MEPUOJ C
1938 no 2023 rozpl. B yacTHOCTH, pacyeThl MOKa3ajH, YTO CPEIHET0I0BbIE PACXO/IbI BOBI B IPOTOKE
Kurau B MHOTOBOTHBIE TOJIHI (25 % 06ecreueHHOCTH) paBHBI 296 M°/c, B cpeTHHE IO BOAHOCTH TOJIBI
(50 % obecnieuenHocTH) — 263 M°/c u B ManoBoHbIe ToabI (75 % obecneuenHocTH) — 240 M/c.

B xone uccnenoBanus OblI MPOBE/IEH CPABHUTENIBHBIN aHATU3 pacxo/ia Bojbl B mpotoke Kurau
U B caMOl KpymHOUl BojHOU aprepum 3amanHoro Kazaxcrana - peke JKalibik. CpaBHUTEIBHBIN
aHaJIM3 TI0Ka3all, YTO BOJHOCTh 3THUX BOJHBIX OOBEKTOB SBJISETCS COMOCTABHMOW (MHOTOJETHUH
cpeiHeroa0Boit pacxos npotoku Kurau y c. lllopran6aii cocrasnser 267 m*/c, a pexu JKaiibik y moc.
Maxambet - 253 m3/c).

[TpoBen€HHBIN aHATH3 PAcXOIOB BOABI B TPOTOKe KHrau mMeeT BayKHOE 3HAUEHUE IS OLIEHKU
BOJIHBIX PECYpPCOB HE TOJBKO JAHHOTO BOJOTOKA, HO B LIE€JOM JJIsl OLEHKH U JaXe MEepeoleHKU
BOJIHBIX pecypcoB Kazaxcrana B rienom. [To 00bemy cToka Bojsl mpoToka Kuray, kak ObII0 MTOKa3aHO
BBIIIE, COMOCTaBUMa co cTokoM Bozbl peku XKaifbik. s Kasaxctana BoJHBIE pecypchl TaHHOTO
BOJIHOTO OOBEKTa YK€ B HACTOSIIEE BpeMsl MMEET OYeHb BAKHOE 3HAYCHHE. DTa 3HAYUMOCTh
NPOSIBIISIETCS, B YACTHOCTH, B BOJOOOECICUEHUH HACENEHUS M XO3SMCTBEHHOIO0 KOMILIEKCA
MPUKACIIMHCKUX 00JIACTEeH CTpaHBbI, TIe POOIEeMbI qeHIMTa BOJHBIX PECYpCOB KpaifHE aKTyallbHBI.
OnHako, B IEPCIEKTUBE B CBSA3H C 000CTpEHNEM TPOOIeMBI Je(HUINUTA BOJAHBIX PECYPCOB B YCIOBHUAX
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U3MEHEHUsl KJIMMATa, POCTE€ YHUCICHHOCTH HACEIIEHUs PErMOHA U IIOBBIIICHMS KayeCTBA JKU3HU
JIOJEH, poJib BOAHBIX pecypcoB npoToku Kurau mis Kasaxcrana MOXKET 3HaUUTENbHO BO3PACTH.

[TosToMy, B yciioBusiX 000cTpeHus MpodiieMsbl AeduiuTa BOIHBIX pecypcoB B Kazaxcrane, B
TOM 4YHUCIIE B €r0 3alaJHbIX PETrMOHAX, BOIPOCHl OPraHU3alUU CUCTEMbl MOHMTOpPUHIA Ha
MaJIOM3y4YCHHBIX BOJHBIX OOBEKTaxX JJsi YTOUYHEHHUS IOTCHLMAa BOJHBIX PECYpPCOB CTpPaHBI
CTaHOBSTCS Bce 00Jiee aKTyaJIbHbIMU.

JlanHble HaOIIOAEHUI O BOAHBIX pecypcax MajJOU3y4EHHBIX BOJIOTOKOB, HApsly C JaHHBIMU O
BOJIHOCTH BOJIHBIX OOBEKTOB, Ha KOTOPBIX MOHUTOPHHI CTOKA BOJIbI IPOBOAUTCS B TEUEHUE MHOTHX
JeT, KpailHe BaXHBI Ui pa3paOOTKH JajJbHEHIIMX IUTAHOB BOJOOOECIICYCHUSI HACEICHUS U
XO3SIHCTBEHHOIO KOMIUIEKCAa CTpaHbl. B 3Toil cBA3M mnpu pa3paboTke IUIAHOB Pa3BUTHUSA
NpUKacIUiCKUX pernoHoB Kazaxcrana cinemyer ocod0oe BHUMaHUE yIenuTh poToke Kuray, BoHbIe
peCypChl KOTOPOU MPEACTABIAIOTCS JOCTATOYHO 3HAYUTEIIbHBIMH.
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Cepuxk AxmeroB, Cep:kaH AMaHOB

Annarna. bateic Ka3akcTaHHBIH WIEKTEYNNI Cy peCcypcTaphl JKarJalWblHIA a3 3epPTTENTreH Cy
arbIH/IAPBIHBIH CY PECYPCTapbIH €rKeH-Ter kel 3epTTey epeKilie MaHbI3Fa ue.

by 3eprrey cy pexxumiH TepeH Tangayra apHanraH Kurau apnamapsl — Enin e3enaepinzeri
JenbTagarsl yiKkeH KongapasiH 0ipi. Kurau caracel Kazakcran men Peceil mekapachl apKbLIbl ©TETIH
’KOHE OCHI IIEKapaHbl illiHapa OENTIICHTIH TPaHCIIEKAPAJIBbIK Cy HBICAHBI OOJIBIN TaObLIAIBI.

¥3aK yakpIT 00iibl Kurau carachIHBIH CY pECypCTapbiH 3epTTeyre THicTi KoH1T 6emainoeni. Tex 2017
KBUIBI OYJI caraJiarbl Cy OTIMIH ©JIIIIeY YIIIiH aJFalll peT cara/ia CTAllHOHAPIIBIK THAPOIOTHSIIBIK OEKeT
ambLAbl. OChl YaKbITKA JICHIH caFajia TEK Cy JICHreline 0aKpliay Kypri3iiii.

AnFamn per CTalMOHAPIBIK THUAPOJOTHSIIBIK OaKbUiaylap MEH KalllbIHA KENTIPUITeH Karapiap
Herizigae 1938 — 2023 xpumap ke3eHinae Kurau carachl aFbIHBIHBIH KOIDKBULIBIK CUITATTaMaJIapbIH
Oaraay xypri3inmi. JlepexTepii KalmbiHa KeNTIpy «aFbIH-CY JEeHTeli» OailIaHbIC KHCBHIKTAPhIH KOHE
©3CH/IEPICH perpeccusFa TOYENIUTIKTI KOIIaHy apKbUIbl KYy3ere achlpbliabl. Kuramn carachlHIarbl
CY/BIH KbUIIBIK OopTamia eTiMi 267 M*/c Kypaiisl, oHbl JKaiiblk ©3eHiHIH CyablUIbIFbIMEH (253 M3/c)
calbIcThIpyFa Oomnaabl. Amnaiina, Kurau carachlHOarbl arbIHHBIH OKBULABIK TepOemicTepiHiy
aAMIUTATY1aChl AUTAPJIBIKTAl TOMEH CKEHIH aTall OTKEH JKOH.

3epTTey HOTIKENEpl Cy PeXUMIHIH TYpaKThUIBIFBIH KepceTeni. KazakcranubiH Kacnmii maHbl
OHIpJIEPiH CyMEH KaMTaMachl3 €Ty KOHIHET1 ic-Iapanap/sl )xocnapiay ke3inae Kurau caracbiHbIH
CYy pecypCTapbiH €CenKe alyAblH OPBIHIBUIBIFBI TYPajibl KOPBITHIH/IBI KACAIIBL.

Tyiiin ce3aep: KaszakcTaHHBIH Cy pecypcTapbl; Killli ©3€HIep; THAPOJOTHUSIIBIK Tainay; Ccy
TaIIbUIBIFBL; TPAHCHICKAPATBIK ©3CHIEP.

Comparative analysis of the water flow of the Kigach channel in the Volga delta
with the water flow of the Zhaiyk River

Serik Akhmetov, Serzhan Amanov

Abstract: In the context of limited water resources in Western Kazakhstan, a detailed study of the
water resources of understudied watercourses is of particular importance.

This study focuses on an in-depth analysis of the water regime of the Kigach River, one of the major
branches of the VVolga River delta. The Kigach River is a transboundary water body that flows along
the border between Kazakhstan and Russia and partially defines this border.

For a long time, the study of the water resources of the Kigach River has received limited attention.
It was not until 2017 that a stationary hydrological post was established on the Kigach River to
monitor water flow. Prior to this, only water level observations were conducted on the river.

For the first time, based on stationary hydrological observations and reconstructed series, the long-
term characteristics of the Kigach River flow were estimated for the period 1938-2023. The data was
reconstructed using flow-level relationship curves and regression equations. It has been established
that the long-term average annual water flow in the Kigach channel is 267 m3/s, which is comparable
to the water flow in the Zhaiyk River (253 m3/s). However, it should be noted that the amplitude of
interannual fluctuations in the Kigach channel is significantly lower.

The results of the study indicate the stability of the water regime in the Kigach channel, which
suggests a significant water management potential. The article concludes that it is advisable to take
into account the water resources of the Kigach channel when planning measures for water supply in
the Caspian regions of Kazakhstan.

Keywords: water resources of Kazakhstan; small rivers; hydrological analysis; water deficit;
transboundary rivers.
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Anmarsl,

Anparna. Kazakcran PecnyOnukachIHBIH acTaHachl - AcTaHa KaJlackl
COHFBI KbUIIapbl Eypasust KeHICTIriHAeri KapKbIHIBI JIaMbIIl Keje
JKaTKaH 1pi KajamapablH Oipi peTiHae cumarranaasl. YpOanaamy
YZEpICiHIH KYIICI0i, XaJbIK CAaHBIHBIH OCYl JKOHE TYTHIHY HapbIFbIHBIH
KEHEI01 elop/ia MeH OFaH ipreyiec aymMakrap/a a3blK-TYIIK Kayilnci3airia
KaMTaMachI3 €Ty MOCEIIeCIHIH ©3eKTLIITiH apTThipa Tycyde. Ipi Kamanap
MEH arjioMepanusjiap XalKblH a3bIK-TYJIIK OHIMAEpPIMEH KaMTaMachl3
€Ty JKYHWECIH XeTUINIpy KaJaHblH alHAIAChIHAAa MaMaHJaHIbIPBUTFaH
aybUl MIApYallbUIBIFBI aifMaKTapblH KaJIbIITACTBIPYABI, OHIIPIC KOJIEeMiH
YIFaTy MEH aybUl HIapyallbUIBIFBIH HHTCHCU(UKAUSIIAY OaFbITTapbIH
13nectipyai Tanan erefi. OcbifaH OaiaHBICTHI €JIOPJIAHBI OTAHIBIK
a3bIK-TYJIK TayapilapbIMeH Y3AIKCi3 KaMTaMmachl3 €Ty MaKcaThIH/a
KaJlaHbIH o3iH1e xoHe ogan 300 kM paguycra opHATacKaH AKMOJIa MEH
Kaparanapl 0065bIcTapbIHIAFBI KOCITOPBIHAAP MEH IIapyalTbIIbIKTapIbIH
OHJIIPICTIK SJIEYETIH, dcipece MUKi3aT 0a3achlH JaMbITyFa OarbITTaIFaH
KeIIeH/1 Imapanap >Ky3ere aceipbutyaa. COHBIMEH KaTap aybUIIBIK
JKepiiepZie ayblUl IIapyallbUIBIFBl OHIMACPIH OHJACUTIH KOCITOPBIHIAD
caly, caKTay >KOHE JIOTUCTHKA WH(PAKYphUIBIMBIH KYIICUTY, COHIIAN-aK
acTaHa MaHBIHJA JKOFaphl camnajibl ©HIM eHAlIpyre OarjapiaHfaH a3bIK-
TYJIK OeJieyiH KaIbINTacThIPy CTPATETUSIIBIK TYPFbIIaH MaHbI3/bI.

Makanana AcraHa Kajackl MaHbl ayMaFblH JaMbITYJIbIH OJ€yMETTIK-
HSKOHOMHUKAIIBIK aJFBIIIAPTTaphl KAPACTHIPBUIBIN, a3bIK-TYJIIK OeNAeyiHIH
KAJIBIIITaCybl MEH JJaMyblHA 9CEp €TETIH HET13I1 aKTopiap *KyheaeHel.
3epTTeyaiH MakcaThl — AcTaHa MaHbBl KaFJalbIMEH, TaOWFH, aybul
[IAPYAIIBUTBIK ~ JKOHE  QJIEYMETTIK-DKOHOMHUKAIBIK  PeCcypCTapblH
OHTAaNIBI YHIECIMIMEH epeKIleNeHeTiH AcTaHa KaJlaChIHBIH a3bIK-TYJIK
oenneyi aiiMarbIH JAMBITYIBIH QJIEyMETTIK-IPKOHOMHKAITBIK
AIFBIIIAPTTAPbIH aHBIKTAY JKOHE OHBIH dJeyeTiHe Oara Oepy. 3eprrey
OaphICBIHAA CANBICTBIPMANBI-TEOTpadUsUIBIK  TalAay, CTATHCTUKAJIBIK
JIepeKTepl Kyleney >kKoHe KapTorpadusiblK TOCUIAEp KOJIIAHBLIBIM,
KOCIMOPBIHAAP/IBIH ayMaKThIK OpHAJIacy epeKIIeNiKTepl OarajaHIb.
Ob6npicTa pecnyOnrka OOHBIHIIA TEMip KO OaFbITTAPbIHBIH €H JKOFaphl
THIFBI3ABIFBl TipKkenreH. CoHbIMEH Oipre aaMy MIApTTapbIHbIH KYIITI
KOHE OJICI3 JKaKTaphl, MYMKIHAIKTEpi MeH Ke[epriiepi capajaHbl,
AyMaKTBIH QJIEYMETTiK-3KOHOMHKAIBIK SWOT-Tanmmaysl xypri3iii.

3eprTey HoTIKeciHIe AKMoIa o0IbICKIHBIH bypabaii, KopramkbiH,
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Ap1iainsl )xoHe AKKeJ ayJaHIaphl 0/1aH opi JaMbITY YLIiH a0COTIOTTI OaChIMBIKTapFa e ayMakrap
peTiHae aNKbIHIANABl. AJIBIHFAH KOPBITBIHIBUIAD EJIOPIAAHBIH  a3bIK-TYJIKIEH KaMTBUIYBIH
apTTHIPYFa, arpOOHIIPIC TEH OHJACY CalachlH JaMBITYFa JKOHE OHIPIJIIK arpoJIOTHCTUKA KYHeciH
XKETUIIpyre OarbITTaIFaH YCHIHBICTAP d31piieyre Heri3 0omaibl.

Tyiiin ce3mep: a3pIK-TYNIK Oeijieyl; a3bIK-TYJIK KayilcCi3diri; aybul IIapyamibUIbIFBl ©HIMIEPI;
arpodepmaap.

1. Kipicne

Emimi3aig aiiMakTapblH a3bIK-TYJTIKIEH KaMTaMachl3 €Ty Mocelieci OipHelle OHXBUIABIKTAP
OOMBI ©3eKTUIIrH cakranm Keneai. byn TypFblia aybul IIapyallbUIbIFbl YITTHIK SKOHOMUKAHBIH
CTPATETHSUIBIK MaHBI3/Ibl CalajapblHBIH Oipi caHajmaabl. YJTTBIK SKOHOMHUKAHBIH MAaHBI3bI
Kypamzaac GeJiri petinae arpoeHepkacinTik kemreH (AOK) a3bIK-TYJIiK MEH aybll IapyanibUIbIFbI
IIMKI3aTBIH OHIIPYMEH FaHa IIEKTEJIMEH, OHIpIepaeTi KYMBICTIEH KaMTY bl KEHEUTYTe, aybUIIbIK
ayMaKTapblH JIEYMETTIK-DKOHOMUKAIBIK TYPAKTHIIBIFbIH HBIFAUTYFa BIKIAJ €TEI].

Toyenciznik xpuimapeiHna AOK-Ti  gambeiTyra  OarbITTaniFaH — OipKaTap MEMIIEKETTIK
Oarmapiamanap MEH CTpaTerHsUIbIK KyKaTTap KaObUimaHisl. Artam aiTkanna, Kaszakcran
PecnyOnmukachIHBIH arpoeHEpKaCinTiK kemeHiH aambITyaslH 2017-2021 xeiimapra apHaiFaH
MEMJIEKETTIK OarnapiiaMachl KaOBUIAAHBIN, callaJaFbl KYPBUIBIMIBIK ©3repiCTEp MEH MEMIIEKETTIK
KOJIJ1ay Iapaiapbif kyheneyre Heri3 6onael. ConsiMeH KaTtap AOK-TiH opra jxoHEe y3aK Mep3iM/Ii
O6aceiMabikTapbiH aiikbiHnaran 2021-2030 sxpurgapra apHayFaH TYKBIPBIMJAMa JKOHE OHBI iCKe
achIpy KOHIHJIET1 1C-KMMBLT KOCTIaphl OCKITLIIII.

AOK-TiH SKCHOPTTHIK 9J€YyeTiH KYIICWTY >KOHE KOCBUIFAaH KYHBI >KOFapbl OHIM YJEeCiH
apTThIpy MaKcaThIH/a aybUl IIapyallbUIbIFbl OHIMIEPIH OHJIey OarbIThIHA J1a €peKIlie MOH Oepiye.
Ocsl opaiiga YkimerTiH 2024 xbutrbl 28 MaycbiMaarbl Ne 512 KaynbICbIMEH aybll LIapyallbUIbIFbI
eHIMJIepiH eHjaeyll AamblITynblH 2024-2028 xpuigapra apHanfaH KeLIeH]l >KOCTapbl OEKITilL.
Mewmneker Oacmibichl Kaceim-Komapt ToxaeBteiH Kazakcran xankesiHa JKommaymapeiHga ga
arpOeHEpKOCINTIK KeleH I JaMbITyFa alpbIKIIa Ha3ap ayJapbUIblll, 03bIK arpO3KOHOMHUKAFa KeIly
yIIiH YKIMETTIH HaKThl 9pl OJIIIEHETIH »Ochapbl 0O0Jybl KaXKETTIrl aram eTuienl. byn OareiTTap
eNIMI3JIIH a3bIK-TYJNIK KAyilCI3AIriH HBIFATYAbIH »OHE SKOHOMHUKAHBI opTapanTaHIbIPYIbIH
MaHBI3]IbI Kypamaac 0e1irt 00JIbIn TaObLIa bl

3epTTeyliH TEOPHUSUIBIK JKOHE o/liCHAMaJIbIK Heri3l aybul IapyalllbUIblFbl reorpaduscsl MeH
arpoenepkacinTik kemenai (AOK) seprreynid KiaccukanblK eHOeKTepiHe cyienemi (Baransky,
1980; Kolosovsky, 1958; Saushkin, 1970; Rakitnikov, 1970; Kryuchkov, 1987; Nosonov, 2001;
Mints, 1970; Pulyakin et al., 1992; Michurina, 1984; Kovalev, 1965; connmaii-ax Nefedova, 2001).
ATpPOOHEPKACINTIK KEIMEHAESPAIH KaJbITaCybIHBIH 3KOHOMUKAIBIK-TEOrpaUsIbIK acheKTiepi
Oipkarap 3eprreysepae apHaiisl Kapacteipsiirad (Kryuchkov, 1987; Palamarchuk, 1980).

OTaHJBIK KOHE IIETENAIK FAIbIMIAPIbIH €HOCKTepiHAE a3bIK-TYJIIK HAPbIFBIHBIH TEOPHSIIBIK,
oMIiCTEMEITIK KOHE MPAaKTUKAIBIK KeIpiapbl Tajamanrad (Suleimenov et al., 2011; Alshanov, 2006).
ABBIK-TYJIK KayilCi3JiriH KaMTaMachl3 €Ty Maceseci KONTereH Kbuiap OOWbl KemeHAl FhUIbIMU-
OMICTEMENIK opl KOoJaHOanmbl 3epTTeYJepaiH HBICAHBI OOMBINT Keiemi. ATanm aWTKaHaa, aybul
[IapYaIIbUIBIFbl OHIPICIH OPHBIKTHI JaMBITY HETi31HJE a3bIK-TYJIIK KayillCi3JiriH KaMTaMachl3 eTy
npoOieManapbl  MIETENIIK JKOHE  KA3aKCTaHABIK  FaIBIMIAPABIH  C€HOCKTEepiHAEe  KEHIHCH
kapacteipsitran (Abalkin, 1987; Belgibayev et al., 1992).

FouibiMu skanaabirbl: OChI 3epTTEY/IIH FHUTBIMHU JKaHAJIBIFBI TOMEHET1 OaFbITTap/1a KOPIHIC
Tabaub!:

Aneawt pem anvlkmanzan myscolpvimoap . ActaHa KaJlaChIHBIH a3bIK-TYJIK OeleyiHe KipeTiH
aymaHaap a3bIK-TYJIKIEH KaMTaMachl3 €Ty oleyeTi OOWbIHIIA 4 THUMKE S>KIKTEINIIN, aBTOPJBIK
tunonorust yeelHbULAB, 2018-2024 sxok. Herisri asbIK-TYNIK eHiMmuepiHiH (eT, CyT, KeKeHic,
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KYMBIPTKA KOHE T.0.) KETKI3UIIM JMHAMHKACHI TaJJAHBIN, ©3rEPICTIH KE3CHIIK epeKIIeTiKTepi
aKbIHJAJIIEL.

JKemindipineen adicmemenixk wewimoep: KOCIOPBIHIAPABIH ayMaKThIK opHamacysl ArcGIS
10.8 wmerizinme kaprorpadusuiblK Typae OeHHEeNeHIN, KEHICTIKTIK IMIOFBIPJIAaHy 3aHAbLIBIKTaphl
KOPCETUIl KOHE OJCYMETTIK-3KOHOMUKANBIK (aktopnap OoibiHma SWOT-tanmay sxyprizimim,
ayMaKTBIH KYIITI )KOHE 9JICI3 JKaKTapbhl, MYMKIHIIKTEP1 MEH KaTepJiepl KyHeIeH/I].

Teopusinvix yaec: a3bIK-TYJIIK Oenaeyl kanma maHsl AOK-TiH ayMakTBIK-OHIIPICTIK XKyiieci
peringe (eHmipy, eHiey, CakTay, JIOTUCTHKA, OTKi3y) KapacThIPbUIBIN, OHBIH JKOHOMHUKAIbIK-
reorpadusUIbIK TYCIHIIpMeCci HAKTBUIABI.

Konoanbanvr manvizel: TUMIONOTHS KOHE KEHICTIKTIK HOTHIKENED arpoJIOTUCTUKA, OHJICY JKIHE
caktay WHQPaKYpBUIBIMBIH KOCIapiiayia OachIMABIKTApABl TaHJAyFa, COHJAl-aK OHIPIIK
OacKapymIbUIBIK MISITIMIEPl HET13AeyTre MaiJalaHbLIybl MYMKIH.

2. Marepuajijap MeH daicrep

3epTTeyaiH TEOPHUSUIBIK JKOHE OICHAMAJBIK HETi31 a3bIK-TYJIK Kayilci3miri, Kajaa MaHbI
arpoeHEPKACINTIK JKyhenepi jxoHe arpoeHepkacinTik kemieH (AOK) reorpaduscel OolibiHIa
OTaH/BIK JKOHE IIETENIIK FhUIBIMHU 9JeOMeTTepre jKacallFaH IOy apKbUIbl alKbIHAAIABI. O1e0u
IOy HOTHDKECiIHIE ''a3bIK-TyNiK Oemeyi”, "aymMakThlK MamaHmaHy', "eHIIpy-eHICy-CaKTay-
JIOTHCTUKAa-OTKI3Y'" Ti30eri CHAKTHl YFBIMIAp HAKTBUIAHBIN, 3€PTTECYIIH TAIJaMajblK KYPBUIBIMBI
KaJIBIITACTHIPBLIIBI.

Omnupukansik 6aza perinae 2018-2024 xpuinap apaibIFbIHAAFEI PECMU JKOHE BETOMCTBOJIBIK
MaTepuaiaap KOJJaHbUIIbl. ATan alTKaHAa, ayJaHAbIK JeHIei1eri aybul MapyalblIbiFbl OH1picl,
KETKI3UTIM KYpBUIBIMBI, COHAAl-aK caJlaJIblK YHBIMIACTBIpyFa KaTBICTBI JepeKTep AKMoIa
OOJIBICBIHBIH ayblJl IIApYallbUIBIFBl JKOHE JKEp KaTblHacTapbl 0OacKapMachIHbIH MaTepHasiapbl
HeTi3iHAe JXKHUHAKTaIAbl (AKMOJa OOJBICHIHBIH aybll INAPYallbUIBIFBl JKOHE Kep KaTbhIHACTaphl
6ackapmacel, 2024). CoHbIMEH KaTap eJOpIaHbIH a3bIK-TYJIKIICH KAMTaMachl3 €TLTYi, a3bIK-TYJIK
Oenaeyl meHOepiHAer: YHbIMAACThIPYIIBUIBIK OAaFbITTap MEH arbIMIarbl KOpPCETKIIITep OOWbIHINIA
MoJTliMeTTep ACTaHa Kajgachl OKIMJIITiHIH MaTepHasmapsl apKelibl HakThutanabl (AKimat of Astana,
2024). KoceiMinia Typle a3bIK-TYJIIK OenjeyiHe KipeTiH aymakTap OOWBIHINA OHIPJIK JeHreiaeri
KOpPCeTKIIITep MEH cajaiblK axknaparrap KaparaHapl OOJBICBIHBIH —aybll IapyalllbUIbIFbI
0acKapMachIHbIH JEPEKTEepiMEH TONMBIKTHIPbULIBI (Kaparauabl OOJBICHIHBIH aybUl IIapyallbUTbIFbI
6ackapmacsl, 2024).

3eprTey OapbIChIHAA AIEYMETTIK-DKOHOMHUKAIBIK KOPCETKIMTEp (XalbIK CaHBIHBIH ©3repici,
’KYMBICTIICH KaMTy KYPBUIBIMBI), aybll IIapyallbUIbIFbl KOpCETKImTepi (0HIM Typsepi OolbIHIIA
OHJIIpIC KeJieMi, MIapyallbUIbIK CYOBEKTUICPIHIH KYpPBUIBIMBI), COHJAai-ak AcTaHa KaJjachlHa
KETKI3LIeTiH Heri3ri eHiMaep OoiibiHIIa MomimerTep (€T, CYT, KOKOHIC, KYMBIPTKa oHE T.0.)
Nan1anaHbUIbI.

3epTTey a1icTeMeci SKOHOMUKAIBIK-TeOrpadusIbIK TalIayIblH OCTYPIIl TaCUIIepiMeH KaTap
ayMaKThIK albIpMaIIbUIBIKTAPAbl aHBIKTayFa MYMKIHIIK O€peTiH CallbICThIPMAaJIbI-TeorpadusuIbIK
Tangay, KapTorpadusulbIK 9JIiC, CTATUCTUKAIIBIK JAEPEKTEepAl Kyieney, pecMH KyXKaTTap MEH 9/1eou
JepeKkKe3aepAl Tannayabl KaMThIIbl. BipiHIIieH, calbICThIpMalbl-TeorpadusiblK Tannay apKbLibl
ayldaH JEHTeHIHJeri oJeyMETTIK-DKOHOMHUKAIBIK J>KOHE aybll I[IapyallblIbIFBl KOPCETKIITepi
CANBICTBIPBUTBITN,  OHIIPICTIK  QJeyeT TIeH KamMTaMachl3 €Ty JIGHIeHiHIH  KEHICTIKTIK
aBIPMaIIBUIBIKTaphl Oarananpl. ExiHIIneH, oTkeH i moiy apkeutbl Tangay 2018-2024 xeimap
apaibIFbIHAA HETI3ri ©HIM TOMNTapbl OOMBIHIIA e3repicTep AMHAMHUKACHIH CHMATTayFa >KOHE
YpAiCTep/l Ke3eHIey apKbUIbl TYCIHIAIpYre MyMKIHAIK Oepal. YUIHIIIACH, KYHeTIK-KYPbUTBIMIIBIK
TOCUT a3BIK-TYJIK OenjeyiH e3apa OaillaHbICKaH 3JEMEHTTEpACH TYPAaThIH ayMaKTBIK-OHIIPICTIK
Kyiie petiHne (eHIIpy-oHIey-CaKTay-TaChIMalIay—-0TKi3Y) KapacThIpyFa Heri3 OOJIIbI.

AOK-TiH ayplm mIapyalllbUIBIFBI  OHIMJAEPIH OHAIPETIH KOCIMOPBIHAAPBIHBIH —ayMaKThIK
OpHaJlaCyblH J>KOHE IIOFBIPJIAHY EpeKIIeNiKTepiH KepceTy MakcaTbinaa ['AXK Herizingeri
kaprorpadusiplk  Tanmay okyprizinmi. KocimopeiHmapasiH opHanmacy kaprackl ArcGIS 10.8
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OarapiamMaliblK KypablHaa d31pJIeHill, JepeKTep/Ii KeHICTIKTIK colkecTeHaipy (reokoaray) skoHe
KabarTapsl OIpIKTIpY apKbUIBl TAaKBIPBINTHIK KapTaiap *acanabl. KeHICTIKTIK Tanmay OapbIChIHIA
KOCIMOPBIHAAPABIH ~ ayAaH OOWBIHIIA Tapalybl, e€JopjAara JKakbIHIBIK (aKTOpBl  KOHE
MH(PaKYPBUIBIMBIK KODKETIMIUTIK TYPFBICBIHAH JKaJIIIbl 3aHIBUIBIKTAp alKbIHAAIIbL.

AynmaHnapasl  a3bIK-TYJIKIIEH KaMTaMachl3 €Ty oJIeyeTiHe Kapail TONTacTelpy YIIiH
reorpadUsIIbIK KYHeney oaicTepi KoaaaHbUIAbl. JKyleneyal KaabInTacThIpyia OHIIPICTIK dJeyeT
KOPCETKIIITEPI MEH ayMaKThIH SJI€YMETTIK-DKOHOMHKAJIBIK CHITaTTaMajapbl ©3apa CalbICTHIPBUIBIIL,
alBIPMAIBUIBIKTAPABIH KEHICTIKTIK cunaThl Oaramanabl. HoTmxkenepai KojgaHOAJIBl TYpFbIIA
KMHAKTay YIIIH ayMakTBIH KYIITI KOHE oJICi3 JKaKTapbl, MYMKIHIIKTEpi MEH KarepliepiH
aiikpiHnaiTeiH SWOT-MaTpulia CTaTUCTUKANBIK >KOHE BEIOMCTBOJIBIK JIepeKTepre, COHJaN-aK
pecMH  Marepualiapra CYWEHE OTBIPBIT  KypacThIpbUIIbl  (AKMONAa  OOJBICHIHBIH — aybLl
[IapyaIIbUIBIFBI KOHE JKep KaThiHacTapbl 6ackapmacsel, 2024; Akimat of Astana, 2024; Kaparausl
OOJIBICBIHBIH aybLI IIAPYalIbUIbIFbI Oackapmacel, 2024).

Hormxkenepai konnan6ansl Typrbiaa xuHakTay ymin SWOT-marpuiia cTaTUCTUKATIBIK JKOHE
caJaJibIK JIepeKTepre, COHIal-ak pecMH MaTepualiiapra CYHeHe OTBIPBIN KYpacThipbuLabl (AKMoIIa
OOJIBICBIHBIH aybLJT IAPYaIIbUIBIFBI XKAHE )Kep KaTbiHAcTapbl Oackapmackl, 2024; Akimat of Astana,
2024; Kaparan bl 0OJIBICBIHBIH aybUT HIAPYaIIbUIBIFEI 0ackapMackl, 2024).

Ooicmemenik  Hakmoliay — (munonocusiay, cmamucmuxanvlk — onoey  owcone TAXK
Kepcemxiwmepi):

Aynangapasl 4 Typre KIKTEy CaHIBIK MHJIIEKC €CeNTeyre eMec, SKCHEPTTIK >KOHE CarajblK
Oaranayra Herizgenai. JKikrey kpuTepuiiepi perinae: 1) Herisri eHiM TonTapbl OOMBIHILIA OHIIPIC
IEH JKETKI3LIiM Kejemi (€T, CYT, KOKOHIC, KYMBIPTKA KOHE T.0.) »KOHE OHBIH TYPAKTHUIBIFBI, 2)
AcTaHa HapbIFbIHA JKAKBIH/BIK YKOHE KOJIK-TOIMCTHKAIBIK KODKETIMALTIK, 3) eHJey MEH cakray
UH(PPaKYPBUIBIMBIHBIH 00JTybI; 4) IMIapyallibUIbIK KYPhUTBIMBI MeH Mamanaany aenreii (LITK/JKKIII,
ipi KocimopsIiHAap yJieci) anbiHabl. Typrepai axbIpaTy JOrukacel: | Typ - skorapbl aneyer (JKakbIH,
TYPAKThl HKETKi3imiM, UHOpaKypbUIbIMbI Aambiran); |l Typ - oprama (eHmipic >KeTKimikTi, Oipak
KYpBUIBIM MEH HH(paKypbuibiM Oipkenki emec); Il Typ - onmeyeri Gap, Hapblkka OarmapiaHybl
opkenki; IV Typ - onmeyeri TeMeH Hemece TaOUFH-KIUMATTBHIK, KOJOTHSUIBIK JKOHE KAlIbIKTHIK
HIeKTeyJsepi 6achIM.

KamramachI3 ety aeHreiiin Oaranayjia caiblCTIpMalibl KaThIHAC-TIOTHKa (9icTeMenik Oaraap)
periage K = P/ (N x H) dopmacs! eckepinai: P - ennipic (Hemece sxeTkiziiim) kememi, N - sxaH
OacplHa IMIaKKaHJAFbl TYTBIHY HOpMachl, H - XanbIK caHbl. byJ jKyMbIcTa KepCeTKilll ecenTenMeH,
ayJlaHapabl CalbICTBIPYIAFbl TYCIHIIPMENIK HET13 PETIHIE KOJIIaHbUIIbI.

2018-2024 xpuimap OoWBIHIIA  OHIMIEP  KECIHAICIHIE AUHAMHMKAIBIK  Karapiap
KYPaCTBIPBUIBIN, a0CONIOT KOHE CalbICTBIPMATbl ©CIM KepceTKimTepi (eciM KapKbIHBI, ©3repic
yJieci) ecenTesai COHbIMEH KaTap KepceTKilTep eneM OipiikTepi OoifbiHINA (MBIH T; MJIH JaHA)
O1pi3aeHaIpLIin, TPAPUKTIK KOHE KECTEIIK TYp/e UHTEPIpETAIUsIIaH/Ibl.

I'AXK tanmaysr ArcGIS 10.8 OGarnmapiamacelHa OpbIHAQNIBL. 3epTTey ILIEKapachl peTiHAe
Actana KanmacelHBIH anHamaceiHAarel 300 KM BIKHAm €Ty aiMarbl JKoHEe OKIMIIUIIK aymaHiap
[IeKapajapbl KOJJAHBULIBl JKOHE KOCIIOPBIHIAAP HYKTENIK KabaT peTiHAe eHri3iiim, ayaaH
MTOJIMTOHAAPbIMEH ColKkecTeHMIpUAl. KeHICTIKTIK Tangayjaa KOCIMOPBIHAAPABIH ayaaH OOWbIHIIA
Tapajaybl MEH IIOFBIPJIAaHYbI, COHAAN-aK HETri3r1 KeJiK Joi3/IepiHe KaThICThl OpHaJacybl CarlajbIK
TypJe OaraaH/ibl ’KoHE TaKbIPBINTHIK KapTajap apKblUIbl KOPCETUIII.

3. HoTuzkestep

AcTaHa KaJachlHBIH a3bIK-TYNIK OenjeyiMeH OaillaHbICTHI 3epTTey aymarbl KazakcTaHHBIH
optanblKk OemiriHiH conrtycriringe, 53°41'-48°37' c.e. xoHe 65°21'-75°07' m.6. apanbIFbIHIA
opHanackad. Aymak contycriringe Contycrik Kazakcran oOnbickiMeH, OateichiHma Kocranai
00JBICBIMEH, MIBIFBICHIHAA [laBrnogap OOMBICEIMEH, OHTYCTIriHAE YIBITay OOJBICHIHBIH YIIBITAy
xoHe JKanaapka aymanmapeiMeH, coHmai-ak Kaparanmbl oOnbickiHbIH Iller xone Kapkapams
ayJdaHJapbIMEH IIEeKTeceli. 3epTTey ayMarbIHbIH ayaaHbl 226 315 kM2, CONTYCTIKTEH OHTYCTIKKE
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Kapait 482 kwm, OarbicTaH MIBIFBICKA Kapaih 570 KM CO3BUIAIBI; MIEKapa CHI3BIFBIHBIH JKaJIIbI
y3utHabIrbl 3017 kM (1-cyper).

ABBIK-TYJIIKIIEH KaMTaMmachl3 €Ty oyieyeTi OoibiHIIa eHipiepai 4 Typre Oenmyre Ooiasbl.
TumosorusHel KypacTeIpyJa HETI3ri a3bIK-TYJIK TonTapbl (€T, CYT, KOKOHIC jkoHE T.0.) OOMbIHINIA
OH/IIPIC KOJIEMIH XaJIbIK CAaHbIHA MIAKTAIl CAILICTHIPY KaFUIaChl KOJIAHBUI/IBI.

| Typ - anmeyeri >xorapsl aynanaap. byn Tonka AcTtaHara jKakbIH OpHaJIaCKaH, OHIIPiC-6TKI3Y
OailyIaHbICHl KBICKA, KOJIK MH(PaKypbUIBIMBI JaMbIFaH JKOHE Te3 Oy3bLIaThIH ©HIMIepai (eT, CyT,
KOKOHIC) TYPaKThI )KETKi3yre KabiaeTTi ayaanaap araapl: Lleaunorpan, Apianst, Illopranmbl.

Il Typ - oneyeri oprama ayganaap. by aygangap HEri3Ti a3bIK-TYJIIK OHIMIEPIH XKETKUTIKTI
KesneMze oHIipeni, Oipak eHIM KYpbUIBIMBI MEH OHJEYy, CaKTay HWH(PaKypbUIBIMBI OipKemKi
nambiMaraH. COHIBIKTAH KeHOip eHIM Typsiepi OOHBIHIIIA KaMTamachl3 €Ty JEHIreil opTalia
aynangap »xaraabl: Akkedn, bipxan cain, bynanner, Xakcel, Canapsikray, AcTpaxas.

Il Typ - ameyeri Gap, HapbIKKa OaFbpITTaNybl OpKeNKi ayfdangap. byn tunke eHuipic keiemi
Keil eHiMzep OoibIHIIIA OpTalla HeMece TOMEH OONFaHbIMEH, ACTaHa HAPBIFBIHA KYMBIC iCTEyre
MYMKIHJIK OepeTiH pecypcThIK dJeyeTi Oap aynmanaap skaransl: Ecin, Atbacap, Bypabaii, 3epenui,
Epeiimentay, bykap xbipay, OcakapoB. MyHaa aybul [IapyamlbUIbIFBl  aJdKanTapbl MeEH
IapyanIbUIBIKTapIbIH PECYpPCTHIK 0a3ackl Oap, Oipak JIOTHCTHKA, MaMaHJaHy, OHJICY KyaThl JKOHE
HapbIKKa Oariapiany JeHIreil opTypii.

IV Typ - oneyeri TemeH Hemece IekTeynepi Oap aymanmap. byn Tomka eHmipic kesewi
AcraHa HapBIFBIHBIH CYPAHBICBIHA TOJIBIK COMKEC KEJIMEWTIH, TaOWUFH-KIIMMATTBIK JKOHE
SKOJIOTHSUIBIK LIEKTEYJIep acep eTKeH aynanaap kipeni: XKapkaiioiy, Erinaiken, Kopramksia, Abait,
Hypa. XanblK THIFBI3ABIFBI TOMEH, MIAPYAIIbUIBIK MaMaHJaHYbl OPKEJKi, KAIIBIKTHIK (HaKTOPHI
emayip, Kei »karmaiima TaOurM ayMmakTapael KOpray pexumi (Mbicanibl, KopraikblH ©HIPiHIH
epeKIIeNiT) a3bIK-TYJIIK OHIIPICiH KEHEHTY/1 TeXKEUTIH aKTop peTiHIe KOPiHyl MyMKiH.

AybBUT IIapyalIblIbIFel OHIMIEPIH OHIIPETIH JKOHE OHJEHTIH KOCIMOPBIHAAPABIH ayMaKTBIK
OpPHAaCyblH KOPCETETIH TaKbIPhINTHIK Kapraga (l-cypeT) KocimOpbIHIAPABIH €H JKOFaphl
IIOFBIPJIaHYBl eNopJiaFa JKaKblH ayAaHnapaa OalKanmaThIHbI KepiHedi. byn KyObLIbIC a3bIK-TYIIK
OenaeyiHiH TUIMIUTITT KOOiHE HapbIKKA >KaKbIHIBIK, KOJIK-JIOTUCTUKA JKOHE OHJIEY MEH CaKTay
MHOPAKYPbUIBIMBI CUSKTHI (DaKTOpIapFa TOyeIN i eKeHiH JeNaen .
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AcTaHa KanacbliHblH a3biK-Tynik 6engeyidid aybin wapyalwbinbifbl @HIiMAaepiH
eHAIpeTiH KacinopbiHAAPbIHbIH ayMaKTbhiK OpHanacybl
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Typnepi GoibiHwa MmamMmaHaaHabIipy Enai mekengepre: Kenik >kenici:
- ecimaik WwapyawbinbifFbl 8HIMAEPiH ® MEeMMeKeT acTaHachl — pecnybnukansiK
eHAIpeTiH kacinopbiHAap (yH, kKapTon, MaHbI3bl 6ap
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KacinopbiHaap (6anbik eHimaepi)

Cypert 1. Acrana KanacbIHBIH a3bIK-TYJIIK OeeyiH/Ier1 aybul IapyallbUIbIFbl OHIMJIEPIH OHIIPETIH
KOCIMOPBIHIAP/IbIH KEHICTIKTE OpHaacybl (aBTOP KypacThIpFaH)

AcTaHa KaJJaCBIHBIH a3bIK-TYJIIK Oenjieyi aiiMarblHa AKMOJIa OOJIBICBIHBIH 17 OKIMIITIK
aynanbl (1. Akkedn, 2. Apmansl, 3. Atbacap, 4. Actpaxan, 5. bypa6aii, 6. bBynanasl, 7. bipxkan ca,
8. Eringiken, 9. Epeitmentay, 10. Ecin, 11. Xakcsr, 12. XKapxkaiieia, 13. 3epenai, 14. KopramkeiH,
15. Henunorpaxn, 16. Caumsikray, 17. lopranmgsr) xoHne Kaparaumbl 0ONBICHIHBIH 4 OKIMIILTIK
aynanbl (18. AoGait, 19. bykap xwipay, 20. Hypa, 21. Ocakapos) enrisinren (Roadmap for the
formation of the food belt of Astana, 2018).

Ipi kamanweiH bBIKManm ery amarbiHga AOK camamapblH TaHgayra ocep €TETiH HeTi3ri
¢baxTopnap:

Hapuvixkmuix-cypanvic paxmopnap:

- Kananbig XaJblK CaHbl %oHE ToJeM KabiaeTi (HapbIK ChIABIMIBLIBIFDI);

- KanaHbpIH TYTBIHY KYPBIIBIMBL: KYHAETIKTI CYpaHbICTaFbl OHIMIEpTe O0achIMIBIK (HaH-TOKAII,
CYT, KOKOHIC, )KYMBIPTKA T.0.);

- Cayna keniiepiHiH TajlanTapbl: CTAHAAPT, KOJIEM, TYPAKThI JKETKi31IIM, cepTU(UKATTAY.

OHIMHIY MEXHOI02UANLIK HCIHE NTOCUCHUKATILIK epeKUeNiel:

- Te3 OY3bUIATHIH XOHE CAJKBIH TI30€K KaKeT eTeTiH eHiMaep (€T, CYyT, KOKeHiC, KeMmic-
JKUJCK) OHIIPICIH Kajla MAaHBIHA JKaKbIH OPHAIACTHIPY THIM/IL;
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- TaceiMannmayra Komaicel3 Hemece KeJjeM[i eHimzaep (KapTorl, KeKeHIC, JKeM-IIell) YIIiH
KAIIBIKTBIKTBIH MaHbI3bI )KOFAPHI;

- XKeTtkizy Mep3imMi MEH KHLIIT1 (KYHIENIKTI HEMECe anTajlbIK KEeTKi31IiM).

Mamanoany sxncane 6HOIpicmi WOELIPAAHOBIPY:

- DKOHOMHKAJIBIK TYPFBIAH THIM/II )KOHE TEXHUKAIBIK MYMKIH HHTEHCUBTI OHAIPICTI JaMBITY
(keKkeHIC mapyaIbUIbIFbl, KYC IApyalibUIbIFbl, CYT OaFbITBIHIAFBI (PepMa, KapTOIl, KEMIC-IKHIIEK);

- [HapyamsuislK oHE MIApyalIbUIBIKAPAIBIK MaMaHIaHYAbl TEPEHIETy, Koomepauus (ycax
eHIpyHIIepal OipIKTIpY).

OHnoey onepkacioi men “wukizam 6azacel — ogoeyui” OAUIAHBICHL:

- AybUl mIapyalllbUIBIFBI IMUKI3aThIH KalTa OHJAEUTIH KOCIMOPBIHIAPIBIH KAKbIHIBIFbI
(mMKi3aTThl YaKThLIBI KAObLIIAY);

- OHJIeyIIl KOCIMOPBIHIAP MEH OJIapbIH ITHKI3aT aiiMaFbIHBIH ayMaKTBIK O1pJIiri KaruJaThIH
cakTay (3KOHOMHUKAJIBIK OPBIHIBLIBIK MICHOEPIHIE);

- Koceumran KyHBI KOFapbl ©HIM OHIIpiCi YIIIH OHICYIiH TepeHuiri (CyT eHiMIepi, eT
eHIMJIep1, KOKOHIC KOHCEpBiliey T.0.).

Konix-nocucmuka sicone ungpaxypuliivim:

- Kenik >xongapbeIHbIH 00Tyl KOHE OJIAp/bIH TEXHUKAIBIK-TIAlAaIaHy Karaaibl (KbLI OH €Ki
aif )KYpEeTiH MapIIpyT);

- JlorucTUKaNBIK TOpanTap: KeTepMe TapaTy OpTaIbIFbI, KOWMa, KOJIiK MapKi;

- Cakray wuH(QpaKypbUIBIMBI: 3aMaHayd KoiManap, TOHA3BITKBIII, KOKOHIC KOWMACHI,
CYpBINITay-KaITay Kemiiepi.

Pecypcmoi-eeocpaghusinwix paxmopaap (Kocvimuwia, 6ipax eme Manvi30bl):

- JKep Kopbl, TONBIPAK KYHAPJBbLIBIFbI, KaWbUIBIM/IIAOBIHABIK, Cy PECYpCTaphl, cyapMaiay
MYMKIHJIIT1;

- Knumatteik Toyekenjep (KyaHIIBUIBIK, YCIK, KbIC Y3aKTBIFbI) YKOHE TOYeKesli Oackapy
(caxTaHaBIpy, opTapanTaHIbIpy).

OeyMemmiK-9KOHOMUKATILIK HCIHE UHCMUMYYUOHATObIK hakmopaap (Kocvimua):

- EnOek pecypcTapsl, Kaapiap, aybUIIbIK €J1/1i MEKeHIEpIiH 1eMorpaduscChl,

- MemiiekeTTik Koipay: cyOcuausi, MH(GPaKypbUIBIMIBIK K00ajap, BETEpUHAPUSUIBIK JKOHE
(buTOCAHUTAPUSITBIK OaKbLIAY,

- ’Kep xaThIHacTapbl, UHBECTULIMS KOJDKETIMIUIIT, HECHE HEMECE JIN3HHT.

Kazipri yakpITTa e€10pJaHblH a3bIK-TYJIK Oenzeyl ascbiHIa AcTaHa KajachlHa AKMOJA KoHE
Kaparaunet oOnpictapeinad  150-meH  acTaM  KOCIMOpPBIH  MEH Iapya KOXKaJIBIFBl — aybll
[IapyallbUIbIFBl OHIMJIEPIH keTkizeal. OHbIH iminge 81-1 Man mapyambulblFel ©HIMIEpIMEH (eT
KOHE eT eHIMJepi, CYT XoHe cyT eHimuepi), 60-b1 ecimaik eHimMaepiMeH (YH, KapTom, KOKOHiC,
ecimMaik Maiibl), 8-1 Kyc eHiMaepiMeH (KYC €Ti, TaFraMIbIK JXYMBIPTKa), 1-i Gaiblk eHiMIepiMeH
kamTamach3 ereai (Ospanova et al., 2022).

AKMora OONBICHIHIA OHIIPICTIK KYaTTBUIBIFBI KBUIBIHA 62,5 MBIH TOHHA €T OHJAeUTIiH 15
KOCITIOPBIH, OHMIPICTIK KyaTTBUIBIFBI JKbUTbIHA 146,8 MBIH TOHHA CYT eHiMiaepiH eHmipeTiH 15
KOCIMOPBIH, OHMIPICTIK KyaTThUIbIFbl skblUIbIHA 960,0 MBIH TOHHaHBl KypalThlH 47 yH TapTy
KOCITTOPHBI, OHIIPICTIK KyaTThUIBIFBI JKbUTbIHA 49,3 MBIH TOHHA MaWJIbl JaKbLIIApIbl OHICHTIH 8
KQCIMOpBIH Oap.

ET enpmeilitin ip1 kocimopeingap: "Vbkesckuit" OK, "Makunckas nrunedabpuxa" JKIIC,
"Hlyunnckuit msicokomOunat” JKILC, "Kaz Beef LTD" XKIIC, "Acrana Arpo IIpoxykr " XKIIC,
"Capital Project LTD" XKIIC, "MIIK buxan" XIIIC.

Cyr eHimzepin eHpaipeTiH ipikacimopeiaaap: "Eco milk" XXUIC, «Milk project» XIIC, "AD
Pomuna " XKIIC, "Momoko Cuneropse" XKILC, "Hotmxke" XKILC.

¥H TaptatbiH ipi kacimopsigaap: "INTER TRADE" XIIC, «blateimak Atbacap» XUIC,
"Muuixay3" XKIIC, "Koayton-95" 3A0, "Yposxaii” XKUIC, " XTI Toukepuc” XKILC, "Agrimer-
Astyk" XKIIIC.
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Maiinel gakeiiapasl eHaelTiH ipi kacimopsiaaap: "Arpumep Acteik"XKIIC, "bora 2015"
JXKIIC, "Blic Terminal” XXIIC, "Ar6acapckas auBa" JKIIIC (Department of Agriculture of Akmola
region., 2024)

ABBIK-TYJIIK ©HIMEepi AcTaHa KaJlaChIHAAFbI 5 cayaa opeIHAapbiHa, 29 cayna yiine, 10 cayna
opTanbirbiHa keTkisinenl. Conmai-ak, «AKMOI» JaykeHaep »xeiici 6ap, onma «Capital Projects
LTD» XXUIC, «Acrtana Arpo Ilpomykr» XIIC, «Mxesckuii» OK, «['opmomsasox» XIIC,
«Pomuna Arpodupmacer» XKIIC, Milk Project» XXIIC >xoHe T.0. COJ CHAKTBI ayMakKTarbl Ipi
aybplIIIAPYaIlbUIBIK Tayap eHipyiriaepi o3 eniMmaepin eotkizemi. Temenmeri (2-cyper) Acrana
KaJIaChIHBIH a3bIK-TYJIK OeNeyiHiH aybll MApyalIblIbIK aTKANTapbIHBIH KYPBUIBIMBI O€pIITeH.
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Cyper 2. ActaHa Kanachl a3bIK-TYJIIK Oenjieyl alMaFbIHbIH ayblil IIApyallbUIbIFbl AlKanTapbIHBIH
KYPBUIBIMBI

Bbepinren cyper 2 - Tanjay jkacalThIH 00JICAK, JKaJIbl XKep KOJIEMIHJIET1 aybll apyalllbUIbIFbl
xeprepiHiH yneci 80 maifbzaan acateiH ayganaap - Ecin (88,8), bipxan can (86,8), XKakcsr (85,7),
Atbacap (83), Kapkaitein (82,2), Apmansl (80,3) Ilopranasr (80,5). Bysn ocel aymanmapasiH
TaOUFU-KJIIMMATTBIK JKaFdalJapblHbIH KOJIAHIbl OOMYbIMEH TYCIHIIpiieai. Aybul HIapyalllbUIbIFbl
xeprepinin yaeci 70-80 maitei3 apanbsiFbIHAarel aynangap — Acrtpaxad (78,3), bymaansr (77,3),
OcaxkapoB (76,9), Erimmiken (76), Canpeikray (74,1), Uemmnorpan (71,7); 60-70 mnaiisi3
apanbirpiHga — EpefiMentay (68,6), Abait (64,5), 3epenni (63,3), Akken (62,9), bypab6aii (61,2); 60
naiteizan TeMeH — byxap xbipay (58,2), Kopramkein (54,1), Hypa (45,1) aynanpapsiaaa. Erictik
ankantapabiH yiaeci Cannppikray (83,6), Ecin (82), bymanasr (76,2), oprannsr (74), XKapkaiteiH
(71,9), Actpaxan (71,7), bipxan can (70,7) aynanmapeiaaa 70 maiteinas skorapbl. 50-65 maiibi3
apanbirpiHga — 3epenni, bypabaii, [{emunorpan, Kopramkeia, OcakapoB, Arbacap; 50 maitbiznan
toemMeH — Apmansl (48), Akken (44,1), Eringixen (28,4), byxap xswipay (27,6), Abaii (15,3), Hypa
(14,8) aymanmapsiana 6omca, e a3bl - EpeitmenTay (7,7) aynansiaaa.

XKalbutbIMIBIK SKepiepAiH Malb3abIK yieci eH xorapbl Hypa (81,3), Epeiimenray (80,7),
Aoait (76,8), byxap xbipay (66,4), Eringiken (65,4), aynannapsinaa Ooiica, eH a3bl CaHABIKTay
(16), Ecin (17,8), Actpaxan (22,2), bynanasr (22,6), bipxan can (24,2) aymannapblHia eKeHIH
Kepyre 0osabl.

KP aymarbiabiH HeOop1 5,4%-bIH anbin jkaTKaH AKMOIa OOJIBICH eTiMi3e OHIPUIETIH aybll
mapyanbuibiFbl oHiMaepiHiH 11,4%-b1H, an sKoFaphl camainbl OWJaiibIH TOPTTEH OipiHE KYBIFBIH
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eHnipeni. OONBICTBIH eHOCKKEe KaOineTTi XanmkbiHBIH 24,2%-bI aybll MApyallbUIBIFBl CajachlHIA
JKYMBICIICH KaMThUIFaH. AKMoOJa OOJBICH pecryOuka kejeMinae acThIKThiH 30%-1aH acTaMblH,
cyTTiH mamameH 7%-biH, Kyc eTiHiH 30%-biH, yHHBIH 10%-7aH acTaMblH KOHE YKYMBIPTKAHBIH
16%-b1H eHmipeTiH ipi acTHIKTHI aiiMak, perinae cumarranaasl (Department of Agriculture and land
relations of Akmola region, 2024).

Enopnaneie a3pIk-Tynik OenneyiHe KaparaHjpl OOJBICBIHBIH TOPT OKIMIIUNK ayJdaHbl Ja
Kipeni. by aynannap SKOHOMHKACBHIHBIH aybll MIAPYalIbUIBIFBIHA OaFBITTATYBl aliKbeiH: OcakapoB
aynanbl Kaparanzbl OOJIBICBIHAAFBI 1pi aCTHIKTHI ayaaHJapAblH Oipi Oosica, KaimraH ayaaHaapa
HETIi31HeH MaJl MapyalibUIbIFbl 0ackiM 1ambirad (1-kecrte).

Kecre 1. Acrtana KamacelHa a3bIK-TYJNIK Oenjeyl alMarblHaH TaMakK ©HIMAEpl JKETKi3iJIeTiH
KOCImophIHAAp Ti3iMi

Ne p/c Tamak eHepKaCciOi KICINOPHIHAAPBIHBIH JKerkiziierin Herizri oHiMHIH
araybl TYypJiepi
1 2 3
1. Azwvix-mynix b6endeyine Kipemin AKMONA 0OIBICLIHLIH AYOAHOAPLL MEH KAANAPbL
Axkeon "I'pun Arpo @yxn" XKIIC, «Aiimak Tpen» HIYKBIK OHIMJEPI, YH, KapTOIl,
XKIIC, «SC Food» XKIIIC, «Kapanaiizay, KOKOHICTED, €T, CYT, JKYMBIPTKa
XKIIC, «Enbex» XKIC, «Xnedopod» XKIIC,
«Ypronuuckuit XKIIC, "Axken kyc" XKUIC,
"Temupman" 1K
Apwane «MxeBckuit» OHIIPICTIK KOOTIEPaTHBI, €T YKOHE IIYKBIK OHIMAEPI, CYT
«Bocxon 2004» XKUIC, «Exbek-1» XKIIC, KOHE CYT OHIMEpi, )KYMBIPTKA,
«Ax gana Arpo» XIIC, «Tanrary K KYC €Tl, KapToTl, CUBIP, KOM,
JKBUIKBI €T1
Acmpaxan «ATIIT Actpaxanckas ntuna» XKIIC, CYT JKOHE CYT OHIMJIEep1, YH, KYC
«Octporopckuii» XKIIC, «Mumixay3» €Ti, eT, KapToIl, KOKOHICTeP
XKIUIC, «KomyTton 04» XKIIC, «IIumos (KbIpBIKKAOAT, co013, KBI3BLIIIA)
E.N.» IIK, «OxcanoBka 1» JKIIC
Ambacap «Abayanuessix» KIIC, «uTep Tpaiin» YH, €T, CYT, IIY)XbIK, 6CIMJIIK
KUIC, «blatemvaky XKIIC, «Han-Ab6poiibi» Maiibl, KapTOI
KIIC, «Kmumenxo 1» XKXIIC, «ArpapHoe»
KIIC, «ITontaBka» XKUIC, Ilyiickoe XXI»
XKIUIC, «lopran6aii 2019» (Counnckoe)
KUIC, «bactay» XKIIC, «Ankom Coro3»
KIIC, «Husa» K
bypabari Monounas ¢pepma «Aitnay XKIIC, «KOCKO» CYT ’oHE CYT eHIMepi, €T, €T
KIUIC, «Ilyunnckuii etkomOouaaT» XKIIIC, JKOHE IIYKBIK OHIMIEPI, VH,
«Mscusie mpoaykte KK, «Kaz Beef KBbIMBI3, KapTOII
Processing» XIIIC, «bUCx» XIIC,
«Omapoy 1K, «Halyk Grain» XIIC,
«Dazenga-1» XKIUIC, «Kac» IK
Bynanowi «MaxwuHck kyc dadbpukacey XKILC, €T, KYC €Ti, YH, KapToTl,
«Capsrromapy» LI/K, «Hukonbckoe» KOKOHICTEp
KIICH»MKuO» LK, «ITaptuzanckoe-1»
XKIUIC, «Hoobparckoe» XKIIIC,
«Kypasneska» XKIIIC, «Kazfarming» XIIIC
bipocan «Kasl'epKyc» XKILIC, «M3maitnossix» LK, KYMBIPTKA, €T, KapTOIl
can «[HapoBbrx» K
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1 2 3
Ezinoixon «YmakoBo-Arpo» XKIIC, «CXII €T, CYT
[apadyrauaosy XKIIC, «ACKOIT» XIIC
Epetimven «Kana 6epeke» KIIC, «Xyanbim» KK, €T, KapToTIl, KOKOHICTEP
may «Onpsny LK, «'mopusi» K
Ecin «Ecunbckuit MacaoaensHbIi KOMOUHATY CYT JK9HE CYT OHIMJIEpi, YH, €T,
KIIC, «Ecunb yu» XKIIC, «Buktopus» K, KapToI, KOKOHICTEP
«Cypran u K» XKIIC, «3apeunsiii» KIIC,
«Hoo-IIpupeunoe» KILC, «Ctumyny» LK,
«Opranukoy XKIIIC
HKakcwi «Ypoxait» XKIIC, «3onotas Husa» XIIIC, CYT JKOHE CYT OHIMEPI, ITY)KBIK
«Aiibary XKIIC, «Oran» 1K, eHIMJIEpi, €T, €T KOHCepBIepi, YH,
«HoBoxkuenkay» XKIIC KapToIl, KOKOHICTEP
Kapxaiivl «Temupnany» KUIIC, «Monnpomxapkan» CYT oHE CYT OHIMJEpi, KapToIl,
H AOBK KOKOHICTED
3epenoi «Milk Project» XKIIIC, «Arporpeiia Kokiey» | cyT jkoHE CYT eHiMIepi, 6CIMIIK
XKIUIC, «BukropoBckoe» KIIC, «bekkoxka» | Maiibl, KyC €Ti, KapToll, KOKOHiIC,
HIK, «Kymic Kexme» XXIIC, «bmur KBIMBI3
tepmunam» XKIIC, «3epennu Cakray
Onumpuepun» XKIIC, «Arpo Kpecteauckuit
JBop» XKIIC
Kopzanoce | «Arpo Dxcnopt JIT» XKIUIC, «Actana Arpo | €T, IIYKBIK OHIMAEP1, CYT KOXKe,
bIH [poxyxr» KUIC, «beitbirait Cy» XKILC, KapTon
«Kaxen-2» XIIC
Canowvikm | «Cangpiktay Actsik» XKIIC »I'pubdos» KK, €T JKOHE €T eHIMepi, YH
ay «Maxkcumonckoe» XKIIC, «Cpoboanoe»
KIIC, «Kamenka u JI» XIIC, «I13
bankammnckuiiy XKIIC
Lenunoep | «A®D Pomunay XKIIC, «CapitalProjectLTD» €T, KYC €Ti, €T OHIMJIepl,
ao KIIC, «IInemenHoe x0341lCcTBO 3epeHIar JKYMBIPTKA, CYT KOHE CYT
KIUIC, «Actana OHim» AK, «Exmana» OHIMIEP1, KBIMBI3, KapTOII,
KIIC, «AD «AxTeIK» JKIIC, «Ackn KOKOHICTEp
Tyxsim» XKIIC, «TemupOynat» LK, «'pun
Crap» XIIC, «Aii-bapeicy» LK, «Kagam-
HC» XIIC, «Temem» XKIIC, «Kacpin
annay» K
Lllopmano «Momnounsrit 2» AOK, «XIIIT Torkepucy CYT ’oHE CYT eHIMJepi, €T, YH,
bl XKUIC, «Hosokybanckoe» XKIIC, «Ilennna KapTon
arpo tpeiny XKIIC, «Taburar TPy XIIC
CrenHoro «Bioprom Technologies» XIIIC, [TK® KapToII, KUsIp, KbI3aHAK
PCK K. "Tabbic-Arpo" XKIIC, "Tennuunble
texHosnorun Kazaxcrana" XXIIC
Kekmeray "T'opmonzasoxa" XKUIC, "Hotmwxke" XKIIC, | cyT jkoHE CYT ©HIMEP], €T KOHE €T
K. "KpacHosipckue konbacer" XKIIC, "Sinegor- OHIM/JIepl, YH, KapToIl

Grain™ XXUIC, "Ka3 Mens I[Tpom" XKIIIC,
"MK Arponpoayxt" XXIIC, " MII3 brxan"
XKUIC, "Crepx" XKUIC, "bubopx" XKIIC, "

Arpotpeiig Kokme" XKIIC
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2. Azvik-mynix 6enoeyine xipemin Kapazanowvl 001b1cbinbly ay0anoapbl MeH Kaiaiapol
Abaii "Tonapckue Terumnsl" XXIIC, "ITonuBHoe" KUSAP, KbI3aHAK, TOTTI OYpHIII,
K, "Acrana Arpo LTD" XXIIC, "[llanc" KapTon
LK
byxap "ITIK um. Kuposa" XKIIC, "Kaparanasr Kyc" KapToOI, )KYMBIPTKA, OaJTbIK
Hcvipay KUIC, "Ymre6e Kyc" KO, "Kaparanna- eHIMJIepi, KYC eTi
ocetrp" XKIIC, "Axnap 110" XKIIC
Hypa "Myxananues b.K." lIIK, "A.K. Toneyos" eT
1K, "bait6on" LK, "Kaiibipasr" [TK
Ocaxapos | "Canranat" LK, "Ke3putrac" K, "Kanen" eT
1K, "Hyptuney" @I
Kapazano "Hotuxe Cyr" XKIIC, "Kaparanast Han" CYT ©HIM/Iepi, HAH-TOKAIII,
bl K. KUIC, "Eypazus @yac" XKIIC MaKapoH eHIMEpi, Mail-TOHMa
OHIM/IEPI
Temipmay Ren Milk" XXIIC, "bunait nan K" XKIIC, CYT eHiMzepi
K. "Komnanus Cer" XXIIC, "Anprapa rpynn"
KIIC, "ocrostaue pona" XKIIC
Llaxmunc "Anpens Kynarep" JKIIC, "Canko kz" HIYXKBIK OHIMIEPI
K K. JKIIC,"ASTH M." XKIIC
Capan k. "Menos" XKIIC, "Apxka-Jlaga" XXIIC, KYC €Ti, IIY)KBIK OHIMJEPi, YH,
"ITnanera 3nopoBpa-KZ" XKIIC KOHJIUTEPIIIK OHIMIep

* EckepTy — aBTOp KypacTeipraH (AKMoOIa OOJNBICHIHBIH aybUl IAPYAIIBUIBIFEI KOHE Kep KaTbIHACTAphl OacKapMach
MeH KaparaH/ip1 00IBICBIHBIH aybLT MIAPYAIIbUTBIFEl OacKapMachiabiH 2024 sKBUTFBI epekTepi OOibIHIIA)

Kecre nepexrtepi ActaHa KaJlaChIHBIH a3bIK-TYJIIK OeNJIeylHJIEr] KeTKI3UIIM KYpPbUIbIMBIHBIH
HETi31H Majl IIapyalllbUIbIFbl OHIMJIEpl (€T, CyT, KYC OHIMi, >XYMBIPTKA) >KOHE KYHIENIKTI
TYTBIHYJIaFbl OCIMJIK ©HIMAepl (KapToll, YH, KOKeHIC) KYpPaMTBIHBIH KepceTell. OKIMILILIIK
ayfaHaap/blH 6acklM Oelirinae KapTol, eT )KoHe CYT OHIMAEPiHIH KaTap Keiyl OemnjieyliH enopaara
«HET13T1 a3bIK-TYJIK CEOCTIH» KAJIBINTACThIPYFa OaFbITTAFAHBIH JI9JIENAeH 11. AKMOJIa OOJIBICEIHBIH
aydaHaapbl eHIM Typyepi OolbIHIIA KEHIpeK opTapanTaHfaH (€T-CyT-YH-KapTON-KOKeHIC
KOMOWHAIMsUIapel Jkui), Oy AcTaHara KakbIHIBIK TI€H OHAIPICTIK-IINKI3aT 0a3achIHBIH
BIKIaJIBIMEH TYCiHipineai. Kaparanapl oOIbICH! TapanblHAH JKbUIbDKAll KOKeHICTepl MeH OipKaTap
OHJIeNreH OHIMJEp (HAH-TOKAll, MakapoH, Mai-TOHMai, KOHAWUTEPIIK) YCHIHBLIYBI a3bIK-TYJIK
OenyeyiHIH TeK INMKI3aT JKETKI3UIIMIH eMec, OHJEy JKOHE arpoJjOorMCTUKAjibIK Ti30eKTi Jie
KAMTHUTBIHLIH alKBIHTAUbI.

Kana Herisri Tamak eHimMjepiHe JlereH KaKeTTUIKTepiHiH 22% MeHIIIKTI eHAaipic eceOiHeH,
31% a3wIK-TYIHIK Oemaeyi xeTkizitimaep ecebineH, 47% pecryOauKaHbIH Oacka eHIpJICPIHEH KOHE
UMIOPT eceOiHeH KaMmTaMachi3 etTeli (3-cyper).

2018-2024 >xpurmapaarsl JTUHAMUKA AcTaHa KaJachIHBIH a3BIK-TYJIK O€Jeyl apKbUIbI
KETKI3UIEeTIH Heri3ri eHIMIEp/iH KaJlbl KeJeMi apTKaHbIH XKOHE COHFBI JKbUIAAPHl TYpaKTaHFAaHBIH
kepceteni. 2019 >xputel OipkaTap mo3WIMsUIAp OOWMBIHINA (€T, CYT, JKYMBIPTKA) TOMEHIACY
OaiikanranbiMeH, 2020-2021 xpu1apbl KYpT ©CiM OPBIH allajibl: dcipece KOKOHIC MEH >KYMBIPTKa
kesemi OipHeme ece yirraiipin, 2021 kpuimaH KeiiH Jkorapbl JeHrelne cakramaapl. 2022-2024
KE3€HIHJIE CYT, KOKOHIC JKOHE KYMBIPTKA KOPCETKIIITepl TYPaKThI IJIaTOFA IIBIKKAH, aJl €T KeJeMi
2022-2023 xpuimapsl  ecin, 2024 KkpuUTBI  TypakTaHy ypmxici Oalikamamel. Maii  kenemi
CaJIBICTBIPMAJIBI TYPJl€ TOMEH OOJIFAHBIMEH, COHFBI JKbIIIAaphl OipTiHIAen apTKaH. JKanumel anraHna,
JepeKTep a3bIK-TYJIK OeieyiHIH OHAIPICTIK >KOHE KETKI3Yy oJeyeTi KyIIeHin, enopla HapbIFbIH
HET13T1 ®HIMJIEpMEH KaMTaMachl3 eTy/A1H TYPaKTbUIBIFbI apTKaHbIH aHFAPTAaIbl.
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Cyper 3. 2018-2024 >xox. ActaHa Kajachl a3bIK-TYJIK Oenjeyl aiiMarblHaH JKETKi31IreH HeTi3ri
a3bIK-TYJIIK oHiMaepiniy kojaemi (AKimat of Astana, 2024)

EnnmiH SKOHOMHKANBIK Kayilci3firi 9p Typil KbI3MET cajalapblHbIH  KaFdaibIMeH
cunartanaabl. OHBIH MaHBI3/Ibl KypaMAacTapbIHbIH Oipl — a3bIK-TYJIK KayincCi3firi. A3BIK-TYIIK
KAYIICI3AITIH KaJbIITACTBIPY CTPATETUACHl HMHXKEHEPIIK-KOJIIKTIK (DAKTOPABl JKOHE XaJIbIKThI
KOHBICTaH/IBIPY JKYHECIHIH HETi31H KYpaWThIH MHPPaKYpbUIBIMIBI JaMBITyFa HeTi3lenyl kepek. Ipi
KaJlalap/AblH aiHajachlHAA JaMblFaH a3bIK-TYJIK OenAeylepiH Kypy >Kalllbl eNJIH a3bIK-TYIIK
KayiIlci3AiriH KaJblTacThIpy1aFbl MaHbI3/1bl MIHET OOJIBIN TaObLIAIBbI.

PecriyOnmka OoWbIHIIA TEMIpKOJI OarbITTapbIHBIH €H JKOFaphl THIFBI3JBIFEI  AKMOJA
oOunbIcbiHa TipkedreH. byn »karmail eHIpAIH arpOeOHEPKACINTIK KELeHl YIIiH epeKIle MaHbI3/b,
OUTKEH1 aybll IIapYallbUIbIFbl OHIMJEPIH OHAIPY-OHICY-CaKTay-TYThIHY OpBbIHIApbIHA JKETKI3Y
TI30€TriHIH TUIMAUII €H alJbIMEH KOJIKTIK KOJDKETIMIUNIKKE Tayenal. Temipxomn xkeiicli JKYK
TaChIMAJIBIHBIH TYPAKTBUIBIFBIH apTTHIPBIN, JIOTUCTUKAIBIK IBIFBIHIAPABl TOMEHJIETY apKbLIbl
OHJIIPIC TUIMJUIITH KOTepyre *oHe OHIP/IH a3bIK-TYJIK KayilCi3[IriH KaMTaMachl3 €Ty oJIeYyeTiH
KYIIEHTYTe bIKIal eTei.

AxMona OOJIBICHIHBIH JKOHOMHUKAIBIK JaMyblHA OHBIH KOJAMIBl AKOHOMHKAIIBIK-
reorpadusUIbIK OPHBI MEH KONIKTIK-reorpadysuIbIK >KaFiaibl 1a acep ereni. EnfiH reorpadusiibik
OpTaJIBIFBIHA CAJBICTBIPMAJIBI TYPZE KaKbIH OpHAJaCybl OHIPIIH MIAPYyaIIbUIBIK OalIaHBICTaphIH
KeHelTyre MyMKiHJlik Oepeai. OChl TYpFbIa €HIIIK KoHe 00ibIK OarpiTTarel Opta Cibip, OHTYCTIK
Cibip xoHe TpaHCKa3aKCTaH TEMIPXKOJI KEIUIepl OOJIBICTBIH 1MIKI KOHE CHIPTKBI AKOHOMHUKAIIBIK
OaiiTaHbICTApbIH XKY3€Tre achlpy/ia MaHbI3/Ibl pOJI aTKApabl.

Conpaii-ak AcTaHa KajachlHa a3bIK-TYJIK ©OHIMJEPIH KETKI3ETIH OHIPAIH  aybul
[IapYaIIbUIBIFBl KOCIMOPBIHIAPHI YIIIH, XYPAEK 9pl BIHFAIbl OOJBIN TaOBLIATHIH aBTOMOOWIIb
KOJITiHIH MaHbI3bI 30p. OHBIMEH XYKTiH 0ackiM 06JIiri TachIMaAaHa bpl. OHIPIET] JKaJIbIFa OPTaK
naiananpiaThiH KoIIapAblH y3bIHABIFRL 7890,5 kM Kypaiinel. PecryOnukanblk MaHbI3BI Oap
xonmap 28,6 % (2260,5 kM), 00bICTBIK MaHBI3bI Oap xonaap 33,8 % (2665 kM) sxoHE aydaHIIbIK
MaHbI3bI O0ap xommap 37,6 % (2965km) kypaiiasr (Ospanova, et al., 2020). Axkmoina 0OJIBICBIHBIH
KaIbl MaiiladaHbIMIaFbl aBTOMOOWIIb JKOJIAPbIHBIH THIFBI3JBIFBI — 54 KM; pecIyOJUKabIK
MaHBI3BI 0ap KOJAAP THIFBI3ABIFEI — 15,5 KM; 0OMBICTHIK MaHBI3BI Oap KOJAAP THIFBI3ILIFE — 18,2
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KM KypauJbl JKOHE JKANIbBl MaiJallaHbIMIAFbl JKOJJAPIBIH THIFBI3/IBIFEI OpPTAIlla PECITyOITHKAIBIK
nexreien xorapel (KP oprama kepcerkim — 1000 xm?/35,2 kM) Jen KOPBITBIHIBI >Kacayra
0oJ1ab1.

AcTaHa KalachlHBIH a3bIK-TYJIK O€ACyiHIerl oJICyMETTIK-DKOHOMUKAJIBIK aJFbIIIapTTapbIiH
€CKEepEe OTBIPHII, OChI AWMAKTAaFbl 09CEKENECTIK aPTHIKIIBUIBIKTAP MEH MEePCIEKTUBANIAP b, COHIAM-
aK KeMIIUIIKTEp MeH mpobieManapabl aram oTkeH koH. On temeneri 2-kecrene SWOT-rannayna
OepiireH.

Kecre 2. Acrana KamacelHBIH a3bIK-TYJIK OenaeyiH QJIEyMETTIK-
skoHOMUKAIBIK (hakTopiaapasiH SWOT-Tanmaysr

KaJIbIITaCThIPY1aFbl

Kymrri :xakrapbl

OJICI3 JKAKTAPbI

- Konaiinel  3KOHOMUKaIBIK-TeOrpadUsIIbIK
opHanacysl (enopla HapbIFbIHA KAKBIHJIBIK,
©TKi3y HapbIFBIHBIH KSHJIIT1);

- ATpOOHEpKOCINTIK  KEIIEHHIH  JKOFapbl
OHJIIPICTIK QJIeyeTi JOHE TYpPAKThl IIHKi3aT
0a3acbIHBIH 0OIYHI;

- Illapya KOXaJmbIKTapbl MEH JKEKE KOCAIKBI
IapyallbUIBIKTApAbIH  dpTapanTaHAbIPbUIFaH
OHJIPICTIK OarbITHl (€T, CYT, KOKOHIC, KapTom
xoHe T.0.);

- Kama xankel TapamblHAaH  a3bIK-TYJIIK
OHIMJICpIHE TYPaKThl JKOHE TejeM KaOuIeTTi
CYPaHBICTBIH KAJIBIITACYHI;

- ABBIK-TYJNIK  KAyilCI3AIMiH ~ KamMTaMachl3
eTyre OarbITTalIFaH MEMJIEKETTIK JKOHE OHIPIIIK
KOJ1/1ay HIapaiapblHbIH OOTYHI;

- EHOex  pecypCTapulHBIH  KOHE  aybLI
HIapyallbUIBIFBIHAA KYMBIC TXipubeci 6ap
XaJIBIKTBIH 0O0JTybI

- AybI mIapyalibUIBIFBl OHIMIEPIH OHJEY,

cakray KOHE TachIMaJIay
UHQPAKYPBUIBIMBIHBIH ~ JKETKITIKCI3  JTaMyBI
(xoiima, CaJIKBIH/IATY, CYphINTay-Kanray
oOBeKTiIepi);

- OHipUIreH aybl1 IIapyalIbUIbIFbI

OHIMJICPIH OTKi3y Ti30eriHae JIOTHCTUKAIBIK
HIBIFBIHAAPBIH KOFapbl O0JTYHI;

- JKeke KocalKpl —IMIApyalIbUTBIKTAPIBIH
HapbIKKa TIKENEH IIBIFy MYMKIHAIKTEPiHIH
IIEKTEeYJILTIr;

- AybLn [IaPyaIIbLUTBIFbI OHJIIpICiH]IC
3aMaHaydl TEXHOJIOTHSUIAD MEH  ITUQPIBIK
HIeniMAepl eHri3y AeHTeHiHIH TOMEH/IIT,;

- OHIpIIK  JeHrelJe  arpoOeHEepKICINTIK
KeIIeHAl  Kochapiay  MeH  MOHUTOPUHT
Kyprizyre apHaJFaH CTATHCTHKAJIBIK
JEepeKTepAIH KeTKUTIKCI3Ir;

- AyYBUIIBIK ayMaKTapAarbl HWHXXEHEPIIK
YKOHE KOJK HH(PAKYPHUILIMBIHBIH TO3YbI

MymMkiHaikTepi

KarepJepi

- AiimakTa KeJK KYHECIH, JIOTHCTHKAJIBIK
KbI3MET KOPCeTYZl »OHE arpoJOrMCTHKANbIK
TOpamnTap/bl JaMbITy (KoiMa, KeTepMme-Tapary
OpTaJIBIKTAPhI);

- IHapya KoKanbIKTapbl MEH >KE€Ke KOCAJIKBI
[IapyalIbUIBIKTapAbl KOOMEpaLusIay apKbUIbI
OH/IIPIC MEH OTKI3Y THIMJAUIITIH apTThIPY;

- Kama MaHpIHOaFel aybul I[IapyalIblIbIFbI
OH/IIPICIH MHTeHCU(DUKAIHsIIAY KOHE
OHIMJIUTIKTI apTTHIPY;

- A3BIK-TYJIK 6HIMJEpiH KailTa eHaey yieciH
WIFAUTy apKbLIbl KOCBUIFAH KYH/IBI apTTHIPY;

- MewmuekeTTik Koyigay TeTiKTepiH (cyOcuaus,

WHBECTULUSIIBIK KEHUITIKTEP) THIM/I
Mai1ajiany;
- Imxki HaApBIKTBI OTaHIBIK Aa3BIK-TYJIKICH

TYPAKThl KAMTAaMacChI3 €Ty

-KnumarTeiK TOYEKeIIePIiH KYIICIO1
(KyaHIIBUTBIK, OHIMAUTIKTIH KYOBIIIMAIbLUIBIFbI);
-AyblT XaNKbIHBIH Kajlara Kellyl >KoHE eHOeK
peCypCTapbIHbIH KbICKApPYHI;

-Tangay >xoHe OoKay YIIIH CTaTUCTHKAIBIK
MaTepUaIbIH KETKUTIKCI3IIT KoHe yilecmeyi
(bipereit 1epeKKOP/IBIH KOKTHIFBI);

-Aybul  IIapyalbUIBIFBI  ©HIMIEpiHe — Oara
KOHBIOHKTYPACBIHBIH TYPaKCHI3IBIFBI;
-JIorucTUKanbIK KOHE HHEPTeTHUKAIBIK
pecypcTap KYHBIHBIH 6CYi;

-OHzey KoOHE  cakTay — HMHQPaKypbUIBIMBI
JKETKITIKCI3 TaMbIFaH JKarmaima OHIM

INBIFBIHAAPBIHBIH aPTYhI

147




A.H. I'ymunes amuindazvt Eypasus yammuik yrnusepcumeminity xabapuivicol. Xumus. Teozpagus cepuscut, 2026, 154(1)

4. TankbLiay

AJBIHFaH HOTIDKENEp AcCTaHa KaJachlHBIH a3bIK-TYJIK OeNeylH KalbIITacThIpyda HapbIKKa
KAKBIH/IBIK TICH KOJIK-JIOTUCTUKANBIK KOJDKCTIMIUTIKTIH ey (GakTop eKeHIH IoieNieii.
KacinopsinaappiH ayMaKThIK OpHAJaCybIHBIH eJIOpJara aKblH ayJaHaap/a IMIOFbIpIaHybl OHIMI1
KETKi3y IIBIFBIHAAPBIH  KBICKAPTHIN, Te3 OY3bUIATBIH e©HiMaep OOMbIHIIA KETKI3LTIMHIH
TYPAKTbUIBIFBIH apTTHIPAIbI.

Aynannapasl 4 Typre OKIiKTey (9KCIEpTTiK Oaranay HETi3iHIe) ayMaKTarbl OHIIpPICTIK
oJNIeyeTTiH OIpKeIKi €MEeCTITiH KepceTell »oHe OacKapyIIbUIbIK IICIIIMACPl capajaHFaH TYpJe
KaObU1ayFra MyMKIHZIIK O6epeni: | Typ yIIiH — eHAipic KeJeMiH YIFalTy KoHe callaHbl CTaHJapTTAaY;
Il Typ ymin — cakray MeH eHaey HHGpaKypbUIbIMbIH Kymenty; [1-1V Typ ymiH — mamanganyasr
HAKThUIAY JKOHE JIOTUCTUKAIBIK KOJDKETIMAUTIKTI HYKTEIK JKaKcapTy.

2018-2024 xpuinapaarbl TMHaAMHUKaga OipkaTap ©HIM TONTaphl OOMBIHIIA O©CIMHIH OalKaTyhI
a3bIK-TYJIIK OeJ/IeyiHIH JKeTKi3y oJeyeTi KYIICHTEeHIH aHFapTajbl, ajaiia eHIM KYpBUIBIMBIHBIH
TEHrepIMIUTIri, ©HIEY KyaTTapblHBIH JKETKUTKTUIIIN JKOHE CYBIK Ti30eK HH(PaKypbUIBIMBI
KETKI3UIIM TYPaKTBUIBIFBIH aWKBIHIANTHIH HET13T1 MIEKTEeYII akTopiaap peTiHae Kaina oepe/i.

SWOT-rannay HoTHxenepi € OChl KOPBITBIHIBLIAPIbI KOMAAMABI: KYIITI *akrap (AcTtaHa
HapbIFbIHA JKaKbIHIBIK, AOK oneyeri) MyMKIHAIKTEpMEH (arpoJOruCTUKa MEH OHJICYIl aMBITY)
YIITAacKaH >Karaaija, onci3 kakrapabl (MHPPaKYpBUIbIM, JEPEKTEePAIH >KETKUIIKCI3/Ir) a3ailTyra
KOHE Karepiiepli (KeIli-KOH, HAapBIKTHIK KYOBUIMANBUIBIK, KIUMATTBIK TOoyeKennep) Oackapyra
MYMKIHIIK Oepei.

3epTTeyaiH IMIEKTeyl pEeTIHAC THUIOJOTHUSHBIH OKCIEPTTIK CHUIIATTa KYPBUIFAHBIH JKOHE
Oonamiakra OHBI CaHABIK KOpCETKITep KyheciMeH (o31H-631 KamTy Kod(pQUIIMEHTTepI,
KOJDKETIMIUTIK MHAEKCTEpPi, KIACTepPIIK Taugay) TOJBIKTBIPY KaXETTIriH aTalm ©TKEH JKOH.
CoHbIMEH KaTap XaJlbIKapallblK TOKIPUOEMEH CaNbICTBIPMAIIbI TaJAay JKYPri3y jKOHE CUEHApUNITIK,
00IDKaMIIBIK KOMITOHEHTTI KOCY KEJICIIeK 3epTTey OaFbITTaphl PETIHIC YCHIHBLIA B

XanplKapanblK ToxipuOene ipl KanaidapAblH a3bIK-TYTIKIEH KaMTBUIYbIH KYIIEHTY «a3bIK-
TYTK Oenaeyl» JKOHE «a3bIK-TYJIK ajadbl» JIOTMKAChIMEH, SFHHM Kajda MaHbl OHIIPICIH
arpoJIOTMCTHKA, OHJIEY MOHE caKray HH(paKypblIbIMBIMEH OalaHbICTBIPAThIH ayMaKThIK
KocTapiay TOCUIIEpl apKbUIbl iCKe achIpbuianbl. bysm Typreina AcraHa MaHbI YIIIH € HETI3T1
YCTaHBIM OpTaK: Te3 Oy3bUIaThlH eHiMmzaep OoiblHIIA (CYT, €T, KOKOHIC) MKETKI31LIIMHIH
TYPaKTBUIBIFBI HApBIKKA JKAKBIHABIKIIEH KaTrap CYybIK Ti30€K, KOoiMa »oHE KeTepMe-TapaTy
MH(PAKYPbUIBIMBIHBIH JKETKUTIKTUTIT1HE TOYeIIl.

ConbiMeH Oipre 3epTTey/i TepeHIeTy/IiH Oomamiarel 0ap OAaFbIThl PETIHIE CAaHABIK MOJEIbILY
TOCUIZIEpiH €HTi3y YCBIHBUIAJBL: ayAaHAap/Abl TUIOJOTUsIay/Aa SKCIEpTTIK Oaranmayabl ©31H-e31
KAMTYFa JKYbIK KOPCETKIIITEP, OHAIPIC KYPBUIBIMBI )KOHE KOJIK KOJIKETIMALIITT UHAEKCTEP1 CUSKTHI
CaHJIBIK KOPCETKIIITEPMEH TOJIBIKTBIPY, COHJAi-aK KapamaibIM KJIACTepIiK TONTACTBIPY apKbLIbI
TUNTEPJIH TYPAaKTBUIBIFBIH TEKCEpy MYMKIH. BoikamIbIK O6iiKTI KYMIEWTy YIIiH KEeMIHJE €Kl
CLIEHApUIITIK Heri3ai Konmanyra Oonansl: (1) mHppaKypbUIBIMIBIK JaMy HYCKachl (KoHWMa, eHJIEY
)KOHE JIOTUCTHKA KyaTTapbl KCHEHTINreH jkarmaiina), (2) Toyekenre HeETi3ZeireH jJamy HYCKAChl
(kmMMaTTHIK KYOBUIMAIBLIBIK HEMece KOII-KOH KYIIeHreH armaiina). byn Tocinmmep ammarbi
3epTTeysiepAe a3bIK-TYIIK OenjeyiH Oackapy MICHIIMIIEpiH CAaHIBIK TYpAE HETi3Jeyre MYMKIHIIK
oepeni.

5. KopbITBIHABI

Kyprizinren  3eprrey  HOTWKenepi  AcTaHa  KalachlHBIH — a3bIK-TYJIIK  OenaeyiH
KaJblOTacTelpya  AKMoOJIa  OONBICBIHBIH ~ 3KOHOMMKAJBIK-T€OrpausuIbIK ~ OpHBI  MEH
arpOOHEPKACINTIK dJIeyeTi MICIIyII pejl aTKapaTthiHbiH KepceTTi. O0mapic Ka3akcTaHHBIH JKeTeKII
acCTBIKTBI OHIpJIEepiHiH Oipi 00jla OTBIPHIN, ETIHIIUIIKKE KOJAWIbl JKep pecypcTapbl MEH OHAIPICTIK
TOXKIPUOEHIH KaJbIITAaCybl apKbUIbI 1IIKI HAPBIKTHI HETI3I1 a3bIK-TYJIIK 6HIMJEpPIMEH KaMTaMmachl3
eTyre TYpPaKThl HET13 KaJbINTACThIpaabl. Mai a3bIKTHIK alKanTapAblH OONybl JKOHE IIapyaIlbUIbIK
KYPBUIBIMBIHBIH OpTapanTtanybl (mapya KOXKaJbIKTapbl MEH JKEKe KOCAJKBI LIapyalIbUIBIKTAPIbIH
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yJieci) eHipAe Maj IIapyallbUIBIFBIH JAaMBITYFa MYMKIHIIK Oepin, elopiaHbl €T JKOHE CYT
OHIMJIEpIMEH KaMTaMachl3 €Ty oJieyeTiH apTThipanbl. by Akmomna OOJBICHIH €NJIIH a3bIK-TYJIK
KayiICi3/iriH KYIIEHTY KoHE ChIPTKBI HAPBIKKA IIBIFY MYMKIHJIITTH KEHEHTETIH CTPATETUSIIBIK TipEK
ayMakTapAblH OipiHe aiHanaeipanbl. COHBIMEH KaTap asbIK-TYJIK Oe€leyiHiH KypaMbIHIa
Kaparanpl 007bICBIHBIH ACTaHaFa ipreyiec ayaanaapsl Ja KapacThIPbUIFaH.

ABBIK-TYJIIK Oeneyi meHOepiH/Ie KeTKI3UIIM KYPbUIBIMBI HET131HEH KYHIETIKTI CYpaHbICTAaFbI
0azanblK eHiMmuepre (€T, CYT, KYMBIPTKA, KOKOHIC, KapTON, YH) CYHEHEeTiHI aHbIKTalAbl. OHIM
keneMiHiH 2018-2024 xpiiaapsl xKalmsl ecyi koHe Oipkarap nmosunusuiap 6oiibinma 2021 xpugan
KeWiH TypakKThl JACHIreWre WIbIFysl Oenjey HH(PPaKYphUIBIMBIHBIH JKOHE JKETKI3y Ti30eriHiH
HplFaiiranblH -~ Ounnipeni. CoHbIMEH Karap ayJaHaapAbl  a3bIK-TYJIKIEH KaMTaMachl3 €Ty
MYMKIHJIITIHE Kapaid THUIIOJIOTHSIIAY HOTHIKENIEPl OHIIPICTIK QJIEeyeTTiH aymak OoWbIHINA OipKemnKi
TapaJIMaFaHblH KOPCETTI: eJoplara »JKaKblH ayJaHaapAa OHOIpIC TeH KOCIHOPBIHIAPIBIH
IIOFBIPJIaHYBl JKOFaphl, aj IIaiFail ayJgaHaapla JIOTHCTHKA, MaMaHIaHy >KOHE eHJIey-KoWMaray
MHPaKYpbUIBIMBIHA OalIaHBICTHI IIEKTeyJep Oalikamansl. Byn ailbIpMamibUIBIKTap a3bIK-TYIIK
OenaeyiH kocmapiayaa TeK OHJIPIC KeJIeMiH apTThIPyMEH MIEKTEIMEH, «oHIIpy—eHIey—CcaKTay—
TachIMAIIIAy—OTKI3y» Ti30€TiH KemeH Al TYpAe JaMbITy KaKeTTITiH JoIeaeh/Ii.

Ochbl Typrbila AcTaHa KallaChIHBIH aifHaJachlHIA a3bIK-TYJIK OeNJeyiH KYpy KOHE OOJIbIC
XaJIKbIH a3bIK-TYJIKIIEH KaMTaMachl3 eTy Oarmapiiamanapbl asChIHAAFbl HHBECTHUIMSUIBIK KoOajiap
AOK cananmapblHBIH OJIlaH 9pi ©CyiHE KOJIaijbl ocep eTedi. Ocipece eHJEy KOCIOpPbIHAAPBIH
KEHEHTY, KoiiMa oHEe CAJIKBIH Ti30eK HH(PPaKYPBUIBIMBIH JAMBITY, KOTEpPME-TapaTy OpTaIBIKTapbIH
KYLIEUTY, COHJali-aK MIaFbIH OHJIPYIILUIEp KOOMEepPAUsChIH KOJIJay eIopAaHbl OTaHAbIK ©HIMMEH
Y3IIKCi3 KamTy JACHTeWiH apTTHIPBIN, OHIMHIH ©31HIIK KYHBIH TOMEHJETYT€ >KOHE HapBIKTAFbl
0ocekere KaOUIETTUTIKTI KymIeHTyre MyMKiHAik Oepeni. XKammbl anraHaa, AKMosia OOJBICBIHBIH
arpOeHEPKACINTIK JJIEeyeTiH THIMII iCKe achlpy AcTaHa KaJachIHBIH a3bIK-TYJIK Kayilci3airiH
HBIFAUTBIT KaHa KoiMail, OHIpIAIH oNeyMETTIK-DKOHOMHUKAIBIK JaMyblHa KOHE aybUIJIBIK
ayMaKTapJarbl )KYMBICTICH KaMTY/IbIH TYPaKTaHybIHA OH BIKITAJT €TEI.

3epTTey HOTHIKENepl Heri3inae ACTaHa KalaChIHbIH a3bIK-TYNIK O€NeyiH KalbIITaCThIPYAaFbl
arpoOeHEPKACINTIK  KEUIEHHIH  SKOHOMMKAIIBIK-TeorpausablK  epeKuIeNnikTepi  OOMHbIHIIA
TOMEHJIET1Iel YChIHbICTap Oepiiai:

- Aeponocucmukanvix uHGPaKypwiieimMobl Kyweimy. AcTaHa KalacklHa jKaKbIH ayJlaHaapaa
KeTepMe-TapaTy OpTaJbIKTapblH, KOKOHIC KOMManapblH, TOHA3BITKBIII KOHMalapblH >KoHE
CYpBINTAay-KanTay >KeNuiepiH JambITy KaxeT. byn Te3 Oy3puiaTelH eHiMJep OoMbIHIIA (CYT, €T,
KOKOHIC) BICBIPAITHI a3alThII, KETKI31IIMHIH TYPAKTbUIBIFBIH apTTHIPAJIbL.

- Onoey KaCInOpvIHOAPLIH —AYMAKMbIK ~MYpebloan  “wukizam 0a3acvlHa  HCaKblH~
opHanacmuipy. CyT Kabbuigay MyHKTTEpi, IIAFbIH CYT 3aybITTaphl, €TTI OACTanKbl OHJCY LEXTapHl,
KOKOHICTI KaiTa eHaey (KenTipy, KOHCepBliey) OaFbITTapbl IIMKI3aT KeI IIOFbIpJIaHFaH
ayJaHJap/ia opHauacca, TaChbIMall IIbIFbIHBI KbICKAPBIN, KOCBUIFAH KYH OHIpe Kalabl.

- lllagvin 6HOIpywinepOi Koonepayuanay xicane mMypaKmsl OMKI3y APHANAPLIHA KOC).
[apya KO>KaJIBIFbI MEH eKe KOCAJIKbI IIapyalIbUIbIK YIIiH KOOTIEPATUBTEP, aybUIABIK *Ka0ObIKTay-
OTKI3y OpTaJBIKTaphl, cayla >KeIUIepIMEH Yy3aKMep3iMJli KeJiCIMIIapTTap Xacay TETIKTepiH
KEeHEHTy YChbIHBUIaJAbl. Byl eHIM KeJeMiH TypaKTaHJABIPBIN, cama TajJanTapblH OpBIHIAYAbI
JKEHIIIETE 1.

- Onim canacol MmeH Kayincizoiein —6ackapy oicyuecin  eneizy. Ceprudukarray,
BETEPUHAPHUSIIBIK KOHE (PUTOCAHUTAPHSUIBIK OaKplIay, Kajaranay i3iH nudpraanaspy.

- Kenix Kondxcemimoiniein yxcaxcapmy diHcoHe “‘COHbl UAKbIPLIM ™~ N02UCIMUKACHIH OAMbIMY.
ArporaceiManiayfia eH aici3 OyblH — ayJaHIbIK, aybUIIBIK skonaap. COHOBIKTAH aybUIAaH Kajlara
JEHIHTT MapuIpyTTapAbl OHTAHIAHIBIPY, KEPTUTIKTI XKOIAAPIbl KOHACY, MAYyCHIMABIK OTIMIITIKTI
KamMTaMachkI3 €Ty (KbICKbI KE3€H) MaHbI3/IbI.

- Monumopune nen Oepekkopovl Kanvblnmacmulpy (backapyuivlivblk wewim yuiin). A3bIK-
Tynik Oenyeyi OoWbIHIIA OIpbIHFAM EPEKKOp: OHAIPIC KoJieMi, KOWMa CHIMBIMABLIBIFI, TaChIMall
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aFbIHBI, OaFanap, MayChIMIBIK aybITKY CHSKTHI KOPCETKIIITEPIl KYHeli KuHay Kepek. by Oomxkay,
ToyeKeN i 0acKapy KOHE MHBECTHITUSIIBIK IICITIM KaObUIIAY bl 19 €TEII.
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Economic and geographical features of the agro-industrial complex in the
formation of the food belt of Astana city

Gulnara Ospanova, Alim Mylkaydarov, Aigerim Sansyzbayeva

Abstract. The capital of the Republic of Kazakhstan, Astana, has been characterized in recent years
as one of the largest dynamically developing cities in the Eurasian space. The intensification of the
process of urbanization, population growth and expansion of the consumer market increases the
relevance of the issue of ensuring food security in the capital and adjacent territories. Improving the
system of food supply to the population of large cities and agglomerations requires the formation of
specialized agricultural zones around the city, the search for directions for increasing production
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volumes, and intensifying agriculture. In this regard, in order to continuously provide the capital
with domestic food products, a set of measures is being implemented aimed at developing the
production potential, especially the raw material base, of enterprises and farms in Akmola and
Karaganda regions located in the city itself and within a radius of 300 km from it. At the same time,
it is strategically important to strengthen the infrastructure for the construction, storage and logistics
of enterprises for processing agricultural products in rural areas, as well as the formation of a food
belt in the vicinity of Astana, focused on the production of high-quality products.

The article examines the socio-economic prerequisites for the development of the suburbs of Astana
and systematizes the main factors affecting the formation and development of the food belt. The
purpose of the study is to identify the socio - economic prerequisites for the development of the
food Belt region of Astana, which is distinguished by the conditions of the suburbs of Astana, the
optimal combination of natural, agricultural, and socio-economic resources, and to assess its
potential. In the course of the study, comparative and geographical analysis, systematization of
statistical data, and cartographic approaches were used, and the features of the territorial location of
enterprises were evaluated. The region has the highest density of railway routes in the Republic. At
the same time, the strengths and weaknesses, opportunities and barriers of development conditions
were differentiated, and a socio-economic SWOT analysis of the territory was carried out. As a
result of the study, Borovoe, Korgalzhyn, Arshaly, and Akkol districts of Akmola region were
identified as territories with absolute priorities for further development. The results will serve as the
basis for the development of proposals aimed at increasing the food supply of the capital, the
development of agro-production and Processing Industries, and the improvement of the regional
agrological system.

Keywords: food belt; food security; agricultural products; agroferms.

IKOHOMMKO-Teorpapuyeckue 0COOEHHOCTH arpoNnpoOMbIIIJIEHHOT0 KOMILIEKCA B
(opMupoBaHUM NPOTOBOJIbCTBEHHOI'0 MOSICA TOPOAA ACTaHbI

I'ynibnapa OcnanoBa, Anmum Mbuikaiinapos, Alirepum Cancbiz0aeBa

AnHoranusi. Cromuna Pecnybnuku Kaszaxcran — ropojg AcraHa B IOCIEIHHE TOJIbI
XapaKTepu3yeTcss Kak OJWH W3 CaMbIX JUHAMHUYHO pPa3BHUBAOLIMXCS KPYIMHBIX TOPOJOB Ha
€Bpa3UiCKOM MPOCTpaHCTBE. YCHIIEHHE Mpoliecca ypOaHH3alUU, POCT HACEIEHUs M pacIIupeHne
MOTPEOUTENTECKOTO PBIHKA BCE OOJIbINE aKTyaTU3UPYIOT BOIPOC 00ECTIEYeHHS TTPOIOBOIBCTBEHHON
0€30macHOCTH B CTOJIMLE W Ha MpUJeraromux Teppuropusix. COBEpLIEHCTBOBAHUE CUCTEMBbI
oOecITieYeHNsT HACENCHUs KPYIHBIX TOPOJOB W ariioMepalnuii TMpOJYyKTaMH TIHTaHUS TpeOyeT
dbopMHpOBaHUS BOKPYr TOpOJa CIEHUATIM3UPOBAHHBIX CEIbCKOXO3AWCTBEHHBIX 30H, IIOMCKa
HaNpaBJICHUH yBeNIW4YeHHs 00BEMOB TPOM3BOJCTBA M MHTEHCH(DHKAIIMU CEIThCKOTO XO03sicTBa. B
9TOM  CBA3W B Iemsax  OecrepeOoifHOrO  oOecredeHusi  CTOJNMIBI  OTEUECTBEHHBIMU
MPOJIOBOJILCTBEHHBIMH TOBapaMH peaIn3yeTcss KOMIUIEKC Mep, HAaIllpaBICHHBIX Ha pa3BUTHE
MIPOU3BOJICTBEHHOTO TOTEHIMANA MPEeInpusiTHl U xo3sicTB AxkMonuHckod u KaparanauHckoin
obyacTeld, pacmoyIoKeHHBIX B camMoM Topoje u B pamuyce 300 KM OT HEro, 0COOCHHO Pa3BUTHS
ChIpbeBOIl 0a3bl. CTpaTernyecku Ba)KHO TAKXKe CTPOUTENIBCTBO MPEANPHUATUH MO IepepaboTke
CEJIbCKOXO03SICTBEHHON MPOYKIUHU B CEIbCKON MECTHOCTH, YCUJIEHHE UHPPACTPYKTYpPbl XpaHEHUS
U JIOTHCTUKH, a TakKke (QOpPMHpPOBAHHE MPOJOBOJILCTBEHHOIO TOsica BOKPYr AcTaHshl,
OPHEHTHPOBAHHOTO HA MIPOM3BOJICTBO BEICOKOKAUYECTBEHHOM MPOIYKIINH.

B cratbe paccMaTpuBaIOTCS COLMATBbHO-I)KOHOMHUYECKHE IPEINOChUIKA PAa3BUTHS TEPPUTOPUU
npuropoga AcTaHbl, CHCTEMAaTU3UPYIOTCSI OCHOBHBIE (DAaKTOpHI, BIUSIOMKE Ha (opMHUpOBaHHE U
pa3BUTHE TPOJOBOJIBCTBEHHOro Tmosica. Llenp wuccnenoBaHus — BBISBICHHWE COLMAIBHO-
HSKOHOMHMUYECKUX MPEANOCHUIOK DPAa3BUTHUSA 30HBI IMPOJOBOIBCTBEHHOIO Iosica ropoja AcTaHshl,
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OTJIMYAIOIIMXCS ~ aCTAHMHCKOM  OOCTAHOBKOH, ONTHMAaJbHBIM  COYETAHHMEM  IPHUPOJHBIX,
CEJIbCKOXO035IICTBEHHBIX U COLMAIIbHO-3KOHOMUUYECKUX PECYpPCOB U OLIEHKa ee MmoTeHuuana. B xone
UCCIICIOBAHMSI ~ NPUMEHSUTUCh ~ CpaBHUTENbHO-Teorpaduyeckuii  aHaiau3,  CHCTEMaTH3alus
CTaTUCTMYECKMX JAHHBIX M  KapTorpauyeckue IOAXOJbl, OLEHUBAINCH OCOOEHHOCTH
TEPPUTOPUATBHOTO PACIIONIOKEHHs Mpeanpusathii. B obmactu 3adukcupoBaHa camasi BbICOKas
IUIOTHOCTb JKE€JIE3HOIOPOKHBIX MapiipyToB 1o PecnyOnuke. [Ipu sToM ObLIM NpoaHaTIU3UPOBAHBI
CHJIbHBICE M CJIa0ble CTOPOHBI, BO3MOXXHOCTH M TPEMSATCTBUS YCIOBHM pa3BUTHA, NPOBEICH
couuanbHo-9KOHOMHuYeckuii ~ SWOT-ananu3  teppuropuu. B pesynbrare  ucciieoBaHUsS
Bypabaiickuii, KopramkeliHCKUl, ApIIanbIHCKHA U AKKOJIBCKUIM pailoHbl AKMOJMHCKON 00jacTu
OIIpeJieJIeHbl KaK TEppPUTOPUU C aOCOJNIOTHBIMHU HPUOPUTETAMHU Ul JaJIbHEHIIEro pa3BUTHS.
ITonydyeHHbIE BBIBOJABI MOCHYXAaT OCHOBOM MJi BbIPAaOOTKM IPEAJIOKEHUM, HANpaBICHHBIX Ha
MOBBIIIEHUE MPOJOBOJIBCTBEHHOW 00ECHEUEHHOCTH CTOJIMLBI, Pa3BUTHE arpONpPOMBIIUIEHHOW H
nepepadaThIBarOIIe OTPACIH U COBEPIICHCTBOBAHNE CUCTEMbI PETHOHAIBHOMN arpOJIOTUCTHKH.

KiroueBble  cioBa:  [POJOBOJBCTBEHHBIM  IOSIC;  MPOJOBOJLCTBEHHass  0€30I1aCHOCTB;
CEJIbCKOXO03SUCTBEHHAs POAYKIIUS; arpopepMBbI.
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Abstract. The article analyzes in detail the change in wind speed with
height in four main points located in the coastal zone of the Absheron
Peninsula, which are quite promising in terms of wind energy
production in Azerbaijan - Pirallahi, Mardakan, Sumgayit and
Sangachal for 2001-2024. Within the framework of the study, the
statistical characteristics of wind speed and wind power change
dynamics at heights of 10 and 50 meters were investigated for each
point. Graphs reflecting the change in wind speed and power by years,
months and seasons were constructed, and long-term trends were
assessed. In addition, special attention was paid

to the changes in wind speed during the day at the selected points. As
a result of the analysis, it was found that the wind regime in coastal
zones differs in both seasonal and daily rhythms, and these
characteristics directly affect the possibilities of using wind as a
renewable energy source. At the end of the study, two important
theoretical models - the power law and the logarithmic law - were
applied to take into account the height-dependent variation of wind
speed, and their advantages and suitability were comparatively
evaluated.

Keywords: wind speed; wind energy; wind power; Log law; Power
law.

1. Introduction

The acceleration of climate change and the challenges of energy
security are driving countries around the world towards clean and
renewable energy sources. In this context, wind energy is considered
one of the most attractive alternatives with its long-term environmental
and economic efficiency. (International Energy Agency, 2023; Pryor et
al., 2010). Wind parameters are determined by altitude and synoptic
conditions. At the same time, differences in their values are observed
in different months and seasons of the year, as well as at different times
of the day (Kubik et al., 2011). For the correct assessment of wind
energy potential, it is of particular importance to study the variation of
wind speed depending on altitude (Tar et al., 2009). The research study
analyzed the characteristics of wind speed variations at heights of 10
and 50 meters at four selected points located on the Absheron
Peninsula. The analyses conducted contribute to determining the
optimal heights and locations for technical applications of wind energy.
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Brief information about the climate and wind regime of the area

The Absheron Peninsula is the largest peninsula located on the western coast of the Caspian
Sea. The semi-desert dry-steppe climate prevails on the peninsula. The average wind speed on the
Absheron Peninsula is 5.8-7 m/s. The number of days with strong winds (over 15 m/s) in different
points of the peninsula is up to 64-145 days. Winds over 30 m/s are often observed. North winds
(strong winds), winds blowing from the northeast and south directions prevail. In general, the
influence of meridional atmospheric processes is characteristic of the Absheron-Gobustan region.
This is explained by the influence of the Kara, Scandinavian, Azores maxima, and high-pressure
areas formed in the south of the European part of Russia. As a result of the influence of these
processes, the weather changes sharply, strong northerly winds blow, the air temperature drops,
and precipitation is often observed. During the cold period of the year, the influence of Central
Asian and subtropical anticyclones increases (Mammadov, 2014).

@ - 0)

(@) (b)
Figure 2. Wind speed and power distribution at the height 50 m

Figure 1 shows the distribution of wind speed (a) and wind power (b) at a height of 10 m
and Figure 2 at a height of 50 m on the Absheron Peninsula. At a height of 10 m, wind speed is
mainly high in the western and southwestern areas of the peninsula, and relatively weak inland.
Accordingly, wind power is also more limited and local in nature; large-scale potential areas are
limited (Figure 1). At a height of 50 m, a general increase in wind speed is observed, and this
increase is especially noticeable in areas in the coastal zone. Wind power has also increased
significantly, and areas with 500-600 W/m? and higher have expanded (Figure 2). As the height
increases, both wind speed and power increase significantly. This also indicates that wind turbines
installed at heights of 50 m and above enable a more efficient assessment of the region's wind
energy potential across different altitudes.
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2. Materials and methods

The study analyzed the variation of wind speed and wind power depending on altitude on
the Absheron Peninsula, located in the coastal zone of the Azerbaijani sector of the Caspian Sea.
For this purpose, hourly wind data at heights of 10 m and 50 m with a resolution of 0.5°x0.625°
were obtained from the NASA (NASA,2025) space database. These satellite data, collected and
archived for four stations included in the study area, cover the years 2001-2024. Based on the
obtained data, statistical indicators of wind speed and power at different time intervals (annual,
seasonal, and monthly) for both altitudes were calculated, and the results were visualized in the
form of graphs. In addition, wind speed and power maps of the study area were prepared using the
ArcGIS software based on the data obtained from the Global Wind Atlas (GWA,2025), and wind
rose graphs were drawn up for each station in the Grapher program. Based on the obtained results,
comparative analyses were conducted at different altitudes.

3. Results and discussion
3.1. Variation of wind speed and direction depending on height

Wind speed and direction are key parameters of the movement of air masses in the
atmosphere and play an important role in assessing wind energy potential. Wind speed is usually
measured in meters per second (m/s) and can vary at different altitudes, while wind direction is
determined based on geographical directions. According to the International Energy Agency (IEA,
2013), the consistency of wind direction and statistical distribution of speed are considered key
indicators in optimizing wind energy projects (Archer et al., 2005).

Observations show that the wind increases in strength with increasing height above the
ground. This is called the Velocity or Height Effect. Near the ground surface, the flow encounters
surface roughness that impedes the flow to reduce the wind speed and present a variety of wind
patterns with random vertical and horizontal velocity components at right angles to the main
direction of the flow. The slowing or retarding effect occurs in the air layers near the ground and
gradually decreases with increasing height until it becomes negligible. Also, there are no obstacles
at high altitudes. Thus, the wind speed increases with increasing height above the ground (Aiyer,
2021).

Table 1. Average multi-year wind speed, force, and standard deviation at selected points at 10 and
50 meters altitude

Average wind Standard

speed. V/ deviation. o Wind Power, P Wind Power
Coordinate (Lat/Lon) peed, oY W/m? Classifications
Ne (m/s) (m/s)
N/E
10m 50m 10m 50m 10m 50m 10m 50m
1 40.52 / 50.13 - Mardakan 5.5 6.65 2.94 3.93 196 347 Poor Moderate

2 40.43/50.37 - Pirallahi 5.75 6.58 2.95 3.67 224 336 Marginal | Moderate

3 40.64 / 49.54 - Sumgayit 4.52 5.84 2.6 3.13 109 235 Poor Marginal

4 40.24 / 49.51 - Sangachal 4.55 5.76 2.41 2.86 111 226 Poor Marginal
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Wind speed (m/s)

Wind speed (m/s)

Years

6,25

Years

—#&— Sumgayitl0 m —#—Sumgayit 50 m

Sangachal 10 m

Sangachal 50 m |

Figure 3. Time-varying average annual wind speed at 10 and 50 meters height at the study points

during 2001-2024

Figure 3 shows the change in wind speed at 10 and 50 meters altitudes over a multi-year
period at the survey points. Thus, the maximum values were observed at 50 meters altitude in
Mardakan and Pirallahi, respectively, as 7.12 and 7.06 m/sec. At 10 meters altitude, these values
were recorded as 6.12 and 5.86 m/sec. At Sumgayit and Sangachal stations, the maximum wind
speed at 50 meters altitude was 6.34 and 6.13 m/sec, respectively. At 10 meters altitude, the
indicators decreased to 4.89 and 4.83 m/sec. Although a certain downward trend in wind speeds
was observed over time, local increases were recorded in some years. In general, an increase in
wind speed was observed at higher altitudes, highlighting the wind energy potential of these areas.

Table 2. Variation of average monthly wind speed with height at selected points

Months
Coordinate | Heigh
Ne (Lat/Lon) t | 1 ]| v \Y VI | VII [ VI IX X [ X1 X
N/E (m) Multi-year average monthly wind speed (m/s)
40.52/50.13 10 6 59 | 58 | 51 | 44 | 51 | 55| 50 | 56 | 58 [6.1]| 6.2
1 . .
Mardakan | g0 | 72 | 72 | 72 | 68 | 57 | 62 | 65|58 | 65| 6.7 |72] 7.3
40.43/50.37 10 6.5 | 6.3 6 51 | 44 | 51 | 55 | 51 | 5.8 6 |65]| 6.7
2 Pirallah
50 74 | 73 | 72 | 64 | 55 |59 |61 |56 )|63|66 |73 75
40.64/49.54 10 46 | 47 | 47 | 42 | 39 | 45 5 46 | 45 | 44 |45 45
3 Sumgayit
50 6.1 | 62 | 62 | 55|51 |57 |62 |57 |57 |57]|6 |61
4 10 44 | 45 | 46 | 4.2 4 46 | 52 | 49 | 49 | 46 |45 43
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40.24/49.51 50

57 | 59 | 59 | 53 5 57 | 6.3 6 6.1 | 58 |58 5.6
Sangachal

Figure 4, prepared based on Table 2, shows the monthly average wind speeds at 10 m and
50 m altitudes for 4 locations (Mardakan, Pirallahi, Sumgayit, Sangachal) based on multi-year
averages. As can be seen, at 10 m altitude in Mardakan and Pirallahi, the highest values are reached
in I, 11, 11, X1, and X1I months. In June, July and August, the wind speed decreases to a minimum.
In Sangachal and Sumgayit, the highest wind speed is in July, and the lowest speed is in May.

At 50 m altitude, the wind speed for all months is higher than at 10 m. The highest speeds
are observed in the winter months, especially in December and January - rising to 7.5 m/s (in
Mardakan and Pirallahi). In Sumgayit and Sangachal, the maximum wind speed at 50 m is
observed in July, with 6.2 and 6.3 m/s.

! 10 M

6
2
£ 5 = Mardakan
3 4 m Pirallahi
(5] 3 .
& ® Sumgait
22 Sangachal
=1

0

I 1] m v VvV VI VL VIl IX X Xl Xl
Months

8 50 M
o
6
= = Mardakan
;.’_ 4 m Pirallahi
E , ® Sumgait
= Sangachal

0

I 1] " IV V. VI VIl VI IX X Xl X
Months

Figure 4. Multi-year average monthly wind speed at 10 and 50 meters height

Table 3 shows that at a height of 10 meters, winds with a speed of 0-6 m/s dominate at all
locations. However, at a height of 50 meters, the opposite process occurs, and wind speeds above
6 m/s are observed more often than at a height of 10 meters. This trend confirms that wind speed
increases with increasing height. Thus, at a height of 50 m, more favorable conditions are formed
in terms of wind energy production.

Table 3. Percentages of the total number of windy days by year

Percentage of windy days (%6)

Wind speed
gradations Mardakan Pirallahi Sumgayit Sangachal
m/s
(m/s) 10m 50m 10m 50m 10m 50m 10m 50m
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0-3 13 5 12 8 22 6 18 5
3-6 50 41 46 38 59 54 63 57
6-9 20 35 32 34 16 28 16 29
9-12 7 15 9 16 3 10 3 8
12-15 0.98 3 1 3 0.3 2 0.2 1
>15 0.13 0.7 0.02 0.38 0 0 0 0.1
70
52,5 m0-3m/s
m3-6 m/s
L 35 6-9 m/s
m9-12 m/s
17,5 12-15 m/s
15 m/
0 I | m I I | | I I - al 1 I - ™ I | s ms
Mardakan Pirallahi Sumaait Sangachal

Figure 5. Distribution of wind speed recurrence frequency at the survey points at 10 and 50 meters
height

According to the frequency of windy days in the studied areas, the speed interval of 3-6 m/s
prevails at all altitudes. In Mardakan and Pirallahi, especially at an altitude of 50 m, the share of
winds in the range of 6-12 m/s is significantly higher, which is significant in terms of wind energy.
Speeds above 12 m/s were observed mainly at 50 m in Mardakan. In Sumgayit and Sangachal,
more low-speed winds were recorded, and the energy potential in these regions can be assessed

relatively poorly (Figure 5).

. 8

= 7

EN

=5 ® Mardakan

L] . .

= ;r ® Pirallahi

E > B Sumgait

= g} Sangachal
10m 50m 10m 50m 10m 50m 10m 50m

Spring Summer Autumn Winter

Figure 6. Seasonal variation of wind speed at 10 and 50 m height at the study points

The maximum values of wind speed at a height of 50 meters in Mardakan, Pirallahi and
Sumgayit are observed in winter and in Sangachal in summer. At a height of 10 meters, these
values are observed in Mardakan and Pirallahi in winter and in Sangachal and Sumgayit in summer

(Figure 6).
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Figure 7 . Diurnal seasonal variation of wind speed at 10 (a) and 50 meters (b) altitude in
Mardakan
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Figure 8. Diurnal seasonal variation of wind speed at 10 (a) and 50 meters (b) altitude in Pirallahi

At a height of 10 meters, although the wind speed in Mardakan remains stable throughout
the day in winter and autumn, a certain increase is observed in the afternoon hours (12:00-16:00)
in spring and summer. At a height of 50 meters, the wind speed increases during the daytime hours
(10:00-15:00) in other seasons, except for winter (Figure 7a, 7b).

Analysis of data obtained at Pirallahi at altitudes of 10 and 50 meters shows that, unlike other
locations, the diurnal variation is very weak here, there is stability. Pirallahi peninsula is located
on the coastline extending directly into the Caspian Sea and is in full contact with the sea. In areas
close to the sea, the diurnal temperature variation is weak, which prevents the formation of thermal
convective flows during the day. While the temperature difference between the surface and the
atmosphere (thermal contrast) varies strongly during the day over the land, this variation is
minimal over the sea. As a result, local wind systems originating from the surface of the earth (for
example, daytime breeze flows) develop poorly in coastal and island-type areas. For this reason,
diurnal variability is not observed (Figure 8a, 8b).
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Figure 9. Diurnal seasonal variation of wind speed at heights of 10 (a) and 50 meters (b) in
Sumgayit
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Figure 10. Diurnal seasonal variation of wind speed at 10 (a) and 50 (b) meters in Sangachal

In Sumgayit, in the summer (especially between 12:00 and 17:00), the wind speed increases
significantly (6-7 m/s), while in other seasons it varies between 3.5-5 m/s. Although the wind is
strong at night in winter, it decreases in the afternoon. In summer, on the contrary, it is weak in
the morning and reaches its peak in the afternoon (Figure 9a, 9b).

In Sangachal, at both altitudes, in spring, summer and autumn, the wind is weak in the
morning and reaches its maximum in the afternoon. This process is observed until 17:00 in the
evening. Then the wind speed begins to decrease. In winter, the wind speed is almost constant
throughout the day and is higher in the evening (Figure 10a, 10b).

As the altitude increases, the effect of the earth's surface (friction) decreases, as a result of
which air currents move faster. This is especially noticeable in dry and open areas (Sumgayit,
Sangachal). On the coasts (Mardakan, Pirallahi), the increase in altitude is not as effective because
the wind is stable even in the lower layers.

Proper knowledge of wind direction is also essential to harness the maximum possible wind
energy. This can also help to install the wind turbine in the best position (Hulio, 2021).
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Figure 11. Wind rose graph at heights of 10 and 50 meters in Mardakan

Wind rose diagrams constructed at heights of 10 m and 50 m in the Mardakan area show that
the main wind direction is dominant in the northern and northwestern sectors. The increase in wind
speed at a height of 50 m and the increased probability of recurrence of winds with a speed of >15
m/s indicate that there is a favorable potential for wind energy exploitation in this area. The
relatively stable wind direction can ensure the continuity of energy production (Figure 11).
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Figure 12. Wind rose graph at heights of 10 and 50 meters in Pirallahi

The wind rose graphs at Pirallahi similarly show a predominance of wind in the north and
northwest directions. The fact that high-speed winds (>15 m/s) cover a wider sector, especially at
an altitude of 50 m, confirms the high wind energy potential here. The high repetition frequency
and stable direction compared to lower altitudes are important indicators for planning wind power
plants (Figure 12).

At 10 meters above sea level, winds in Sangachal are predominantly northeasterly, with the
main share of speeds varying between 3-9 m/s. Strong winds (above 12 m/s) are relatively rare.
As the altitude increases to 50 meters, the dominant wind direction remains constant, but the share
of speeds above 12 m/s increases significantly (Figure 13).

In Sumgayit, the main wind direction is northeasterly, with the wind mainly varying between

3-9 m/s, and high speeds are rare. At 50 meters above sea level, the wind intensifies, and the share
of high speeds increases (Figure 14).
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Figure 13. Wind rose graph at heights of 10 and 50 meters in Sangachal
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Figure 14. Wind rose graph at heights of 10 and 50 meters in Sumgayit

3.2. Variation of wind power depending on height
One of the most important factors for assessing the wind energy potential in an area is
calculating the wind power (W/m?) (Fagiano L et al., 2021). Wind power P is the energy obtained

from the kinetic energy of air currents. It is proportional to the cube of the wind speed v and is
calculated by the formula (Manwell et al., 2009):

1)

Here, p =1.225 kg/m? is the air density (Gardashov et al., 2024; Rasulzadeh, 2025).
Wind power is one of the main indicators of wind energy potential and is considered a key

parameter in the initial assessment of the available opportunities for electricity generation in a
given area (Sathyajith, 2007).
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Figure 15. Time-varying average annual wind power at 10 and 50 meters height at the study points
during 2001-2024

Figure 15 shows the change in wind power at selected points over the years. As can be seen,
the maximum values were observed at Mardakan and Pirallahi at a height of 50 meters,
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respectively, at 402 and 380 W/m?. At a height of 10 meters in these points, these values were
recorded as 235 and 250 W/m?. At the Sumgayit and Sangachal points, the maximum wind power
at a height of 50 meters was 304 and 2.58 W/m?, respectively. At a height of 10 m, the indicators
decreased to 152 and 135 W/m?.

Figure 16 shows the average monthly wind speed at 10 m and 50 m altitudes based on multi-
year averages. As can be seen, at 10 m altitude, the indicators in Mardakan and Pirallahi are higher
than at other stations, and the values in I, I1, 111, XI, and X1I months are higher. In May and August,
the wind speed decreases to a minimum. In Sangachal and Sumgayit, the maximum wind speed is
low throughout the year. At 50 m altitude, the highest wind speed values are observed in
November-March. In Sangachal, however, this is an exception and the predominance is recorded

in July.

10M

® Mardakan

B Pirallahi

® Sumgayit

| |||I 1 | | =
XII

v \% VI VII VII IX X
Months

w
o
o

N
M
o

Wind power (W/m?2)
@
a o

0

S50 M
450
&
§ 338
e u Mardakan
§ 225 m Pirallahi
Q B Sumgayit
Ay
'g 113 Sangachal
=
0
VI VI VI XI XII
Months

Figure 16. Multi-year average monthly wind power at 10 and 50 meters height
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Figure 17. Seasonal variation of wind power at 10 and 50 m height at the study points

Analysis of wind speed indicators by season shows that at a height of 50 meters, the
maximum wind speed is observed in the winter season in all 3 locations except Sangachal. The
minimum indicators coincide with the spring-summer season. This situation is also evident at a

height of 10 meters (Figure 17).
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Table 4. Percentage distribution of wind strength gradations at heights of 10 and 50 meters (%)

Wind power Mardakan Pirallahi Sumgait Sangachal
gradations (W/m?%) 19 50M  10M = 50M  10M 50M 10M  50M
0-300 794 642 761 638 896 756 908 79.2
300-600 135 195 161 199 7.8 145 7.1 127
600-900 44 82 50 84 18 56 16 48
900-1200 16 36 17 39 05 22 04 18
1200-1500 06 21 07 20 01 10 01 09
1500-1800 03 09 03 08 01 04 0 03
1800-2100 02 05 01 05 0o 03 0 01
2100-2400 0 0.4 0 0.2 0o o1 0 o1
2400-2700 01 02 0 0.2 0 01 o0 0
2700-3000 0 0.1 0 0.1 0 01 o0 0
>3000 0 0.2 0 0.1 0 0 0 0

Table 4 presents percentage indicators for wind power gradations. As can be seen, in all
stations, only in the interval of 0-300 W/m2, the advantage falls on the height of 10 meters. In
other cases, the advantage is at a height of 50 meters. This power range is observed at a height of
10 meters, in Sangachal. Based on the wind power gradations, it is clear that in all stations, a higher
energy density is observed at a height of 50 meters than at 10 meters. This indicates that as the
height increases, the potential for using wind energy increases and the optimal height for wind
power plants may be 50 m or more.

3.3. Laws of wind change with height.

As we have seen, wind speed depends on altitude and varies with surface roughness; as
altitude increases, wind speed also increases (Khaligh et. al., 2010). In wind energy studies, two
mathematical models or ‘laws’ have generally been used to model the vertical profile of wind
speed over regions of homogenous, flat terrain (e.g., fields, deserts, and prairies). The first
approach, the log law, has its origins in boundary layer flow in fluid mechanics and in atmospheric
research. It is based on a combination of theoretical and empirical research. The second approach,
used by many wind energy researchers, is the power law. Both approaches are subject to
uncertainty caused by the variable, complex nature of turbulent flows (Hiester et al., 1981). Wind
energy engineers typically model wind shear using one of two mathematical models, a logarithmic
profile or a power law profile (Manwell et al., 2009).

3.4. Logarithmic law

The logarithmic profile law states that wind speed is proportional to the logarithm of height
above ground (Hsu, 1982). Thus, the following equation expresses the ratio of wind speed at the
center height to wind speed at the anemometer height:
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Unub _ n(Znub/Zo)
Ugnem In(Zanem/Zo)

@)

Here, Unu, — IS the wind speed at the central height of the wind turbine (m/s), Uanem — is the wind
speed at the anemometer height (m/s), Znu is the central height of the wind turbine (m), is the
height of the anemometer (m), Zo — is the length of the surface roughness (m) (Tieo et al., 2020).

Surface roughness length is a parameter that characterizes the roughness of the surrounding
terrain. Ground-level obstacles such as vegetation, buildings, and topographic features slow down
the wind speed near the surface (Garrett, 2015). Since the effect of these obstacles decreases with
height above the ground, wind speed tends to increase with height above the ground. This change
in wind speed with height is called wind shear. Table 5 provides approximate surface roughness
lengths for various terrain types (Ongaki et al., 2019).

(Irwin, 1979) reported that during unstable conditions, o is only a weak function of stability
and instead is strongly dependent on surface roughness. This is in accordance with the findings
from this study, where it was discussed that open water likely coincide with unstable atmospheric
conditions, and hence the surface roughness is the main factor determining the vertical structure
of the profiles.

Table 5. Values (approximate) of surface roughness length for various types of terrain

Terrain Description Zo Terrain Description Zo
Very smooth, ice or mud 0.00001 m | Crops 0.05m
Calm open sea 0.0002m | Few trees 0.10 m
Blown sea 0.0005 m Many trees, few buildings 0.25m
Snow surface 0.003 m Forest and woodlands 0.5m
Lawn grass 0.008 m | Suburbs 1.5m
Rough pasture 0.010 m City center, tall buildings 3.0m
Fallow field 0.03m

3.5. Power Law
The power law represents a simple model for the vertical wind speed profile. Its basic form
is:

Unub _ (Zhub )a 3)

Uanem Zanem

here, Unus — Wind speed at the central height of the wind turbine (m/s), Uanem — Wind speed at the
anemometer height (m/s), Znww — central height of the wind turbine (m), Zanem — height of the

anemometer (m), a — power law quantity.

The power law is most often applied to extrapolate near-surface wind speed to the wind
turbine hub height. Due to variations of the meteorological conditions, the power law exponent
varies over time (Jung et al., 2021). The power law exponent is a dimensionless parameter.
Fundamental studies in fluid mechanics have shown that its value is equal to 1/7 for turbulent flow
over a flat plate. Wind speed researchers have found that in practice, the power law exponent
depends on the roughness of the terrain, atmospheric stability, and a number of other factors
(HOMER Energy, 2025).
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Figure 18 shows the variation of wind speed (m/s) with altitude (m) for the Pirallahi area.
The graph compares three different theoretical approaches (Power Law and two different
Logarithmic Laws) with Global Wind Atlas (GWA) data. Satellite data from GWA (blue dots)
show wind speeds at altitudes from 10 m to 200 m. The increase in the number of blue dots as the
altitude increases clearly shows the increase in wind speed with altitude.

Power law (red line, a = 0.112): This empirical method predicts wind speed with a simple
power function. As we can see, the red line is close to the GWA data and represents the increase
in speed with increasing altitude well.

Logarithmic law—-zo = 0.00397. This is the roughness coefficient of the surface and is based
on local conditions and is more consistent with the GWA data. zo = 0.0005 (the “Blown sea”
surface) — this is the standard logarithmic curve for a smoothed surface over the sea. As can be
seen, this line does not coincide with real observations and underestimates the wind speed.
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Figure 18. Analysis of the variation of wind speed in Pirallahi with height using Power and
Logarithmic Laws (The graph was created by the author using Grapher software)

Both the Power Law and the Logarithmic Law (zo = 0.00397) fit the GWA data well. These
indicators confirm that the area under consideration has a high wind energy potential and that it is
more favorable to place turbines at heights above 50 m. Also, these results show how important
the correct choice of model is in the assessment of wind energy.

4. Conclusion

The conducted analyses showed that the wind speed in the coastal zone of the Absheron
Peninsula tends to increase with altitude, and this increase is more noticeable in some areas. In
particular, the speeds recorded at a height of 50 meters are higher than at a level of 10 meters,
indicating the potential opportunities in terms of wind energy. These results provide important
scientific foundations for planning renewable energy projects in selected points of Absheron. At
the same time, such analyses create conditions for making technologically and spatially correct
decisions for the transition to sustainable energy systems.
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AnmepoH TyOeriHiH skarajiay aiMarbIHAAFbl OMIKTIKKe 0alJIaHBICTBI KeJI
KbLIIaMAbIFbI MEH KyaTbIHBIH 03repyi

Bycaaa Pacyaszane

Anparna. Makamaga 2001-2024 >xpurmap apanbiFblHIA O3ipOaiiKaHIarel JKel YHEPTHUSICHIH
OHJIIPY TYpPFBICBIHAH ©T€ IMEPCIEKTUBANbI OOJIBIN TaOBUIATBIH AOIIEpOH TYOETiHIH >Karanay
alimMarbIH/la OpHaJlacKaH TepT Herisri Hykreae — Ilupammaxu, Mapnakan, Cymrailt sxoHe
Canrananpa — el JKbUIJAMJABIFBIHBIH OWIKTIKKE OalllaHBICTBI ©3repyi erKeh-Terxkeini
TaNJaHagpl. 3epTTey asChbHIA Op HYKTE VIIH JKeJ JKbUINAMJIBIFBIHBIH CTATHCTUKAJIBIK
cunarramanapel >xoHe 10 >xoHe 50 MeTp OMIKTIKTEri K€l KyaTbIHbIH ©3repy JAMHAMHUKAaChl
3eprrenai. JKen KpUITaMIbIFbl MEH KyaThIHBIH JKbUIIAp, aiiap KoHE MayChIMaap OOWBIHIIA
e3repyiH KepceTeTiH rpauKTep KypbUIIbl KoHE Y3aK Mep3iMIi ypaictep Oarananabl. COHbIMEH
KaTap, TaHJaJfaH HYKTelepJe KYHMI3Ti JKel >KbUITAMIBIFBIHBIH ©3TepyiHe epeKie Hazap
aynapelibl. Tanaay HOTHIKECIHZE JKaFanay aifMaKTapbIHIAFbl XKeJl PeKUMI MayChIMJIBIK KOHE
TOYMIKTIK BIPFaKTap OOMWBIHINA OPTYPJl €KEHI KoHE OyJI cumaTTamaiap el >KaHapThUIaThIH
SHEPrus Ke3l peTiHJe NaianaHy MyMKIHIIKTepiHe TiKelel ocep eTEeTiHI aHbIKTalAbl. 3epTTey
COHBIH/A JK€J JKbUIJAMJBIFBIHBIH OWIKTIKKE TOYyeJal e3repyiH ecKepy YUIIH €Ki MaHbI3Ibl
TEOPHSUIBIK MOJIENIb — KyaT 3aHbl KOHE Jorapu(MIIK 3aH — KOJJIAHBUIABI KOHE OJIapbIH
APTHIKIIBUTBIKTAPHI MEH KapaMIbIIBIFBI CATBICTRIPMAIIBI TYP/le OaraiaHIbl.

TyiiiH ce3aep: e KbIITaMIbIFbL; el SHEPTUSICHI; JKeJ SHEPTUSCHL; JorapudM 3aHbl; KyaT 3aHbl

N3meHeHne CKOPOCTH M HANPABJCHUS BETPa € BbHICOTOM B NMPHOPEKHOU 30HE
ANIIEPOHCKOr0 MOJYyOCTPOBA

Bycaga Pacyi3aae
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AHHoTanusi. B crarbe moapoOHO aHaIM3MpyeTCs M3MEHEHUE CKOPOCTHU BETpa C BHICOTOM B
YEThIPEX OCHOBHBIX TOUKAX IMPUOPEKHON 30HBI AMILIEPOHCKOIO MOJIyOCTPOBA, IPEACTABIISIFOIINX
HauOOJIBIIMK TOTEHITMA JIJIs1 BETPOdHEPreTHKH B AsepOaimkane — Ilupamnaxu, Mapnakas,
Cywmrant n Canravan — 3a nepuoj 2001-2024 rogos. B pamkax ucciegoBaHusi ObUTH M3Y4EHBI
CTaTHUCTUYECKUE XapaKTEPUCTUKU U3MEHEHHUS CKOPOCTH BETpa U MOIIIHOCTH BeTpa Ha BbicoTax 10
u 50 MeTpoB 11t Kax10i Touku. IlocTpoeHsl rpaduku, OTpaXkaroIiyue U3MEHEHHE CKOPOCTH BETPa
U €ro MOIIHOCTH IO TOAaM, MeCAllaM U CE30HaM, U OLIEHEHBI JI0JITOCPOUYHBIe TeHaeHInN. Kpome
TOr0, 0c000€ BHUMAHHUE YAEJICHO M3MEHEHHUSIM CKOPOCTH BETpa B TEUECHUE CYTOK B BHIOpPAHHBIX
Toukax. B pe3ynbrare aHamm3a yCTaHOBJIEHO, YTO BETPOBBIE PEXKHUMBI B MPUOPEKHBIX 30HAX
pa3ianyaroTcs Kak II0 CE30HHBIM, TaK M IO CYTOYHBIM pUTMaM, YTO HANpsSMYyIO BIUSET Ha
BO3MO>XHOCTH HCITOJIb30BaHUs BETPa B Ka4eCTBE BO30OHOBISIEMOI0 UCTOYHHKA SHEPTuu. B koH1e
UCCIIEIOBaHMsI OBLIIM TMPUMEHEHBI JBE Ba)KHBIE TEOPETHYECKHE MOJEIH - CTETIEHHOW 3aKOH H
norapupMUUECKU 3aKOH - JIJIS y4eTa 3aBUCMMOCTH CKOPOCTU BETpa OT BBICOTHI, M IPOBEICHA
CPaBHMTEJIbHAS OLIEHKA UX MPEUMYILIECTB U IPUTOAHOCTH.

KuroueBble c10Ba: CKOPOCTh BETPA; SHEPTUs BETPA; MOLIHOCTb BETPA; IOTapU(PMUUECKHI 3aKOH;
CTENEHHON 3aKOH
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Abstract: The article presents the results of a study of the possibilities of
using satellite data to assess and monitor forest ecosystems, which is a key
task in the context of sustainable management of natural resources. The
research is aimed at developing a methodology for differentiating forest-
forming rocks of the temperate zone based on the analysis of their
seasonal spectral dynamics using modern Earth remote sensing
technologies (Landsat 8-9) and a geoinformation systems tool (ArcGIS
10.8). The results of a study of the spectral characteristics of tree species
based on an analysis of their reflectivity in various ranges of the
electromagnetic spectrum in a temperate climate zone are presented. It has
been established that the most contrasting spectral differences, which
make it possible to reliably identify deciduous and coniferous tree species,
are observed during certain phenological periods (spring and summer),
which confirms the importance of taking into account the time factor
when deciphering forests. The calculations carried out to establish
boundaries and determine the area of forest areas affected by fire confirm
the efficiency and effectiveness of using remote sensing methods and
geoinformation technologies. The results and algorithm of actions of the
conducted research are of practical importance for forestry in order to
determine the species composition of forests, their inventory and
monitoring, timely response to possible threats such as forest fires and
logging, as well as assessment of their consequences.

Keywords: remote sensing; satellite imagery; optical spectral analysis;
channel combinations; forest resources; tree species; forest fires.

1. Introduction

Modern methods of remote sensing of the Earth (RS) are a key tool
for obtaining objective data on the state of terrestrial ecosystems,
including forests (Holzwarth et al., 2020; Gonets et al., 2025; Savin et al.,
2022; McRoberts et al., 2010).
The use of multispectral satellite systems makes it possible to record the
spectral response of vegetation in various ranges of the electromagnetic
spectrum, thereby providing the opportunity to differentiate tree species,
assess their physiological state, and identify trends in vegetation
degradation or restoration (Faruque et al., 2022).
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The development of satellite technologies, from early Landsat missions to modern Sentinel and
KazEOSat systems, has significantly expanded the spectral and spatial monitoring capabilities of
natural resources (Ahmed et al., 2018; Dostalova et al., 2016; Wulder et al., 2012).

Forest ecosystems, being the most important part of the biosphere, play an essential role in
climate regulation, water protection and soil protection processes, provide biodiversity and perform
a wide range of ecosystem functions (Zhumadina et al., 2022; Drike et al., 2022; Acharya et al.,
2019). Therefore, assessing the state of vegetation based on satellite data is an important area for
detecting disturbances, such as the effects of fires, anthropogenic transformations or changes related
to climatic stresses. Spectral index analysis, including NDVI and SAVI, is widely used to diagnose
vegetation cover density, determine the degree of degradation, and assess the dynamics of forest land
conditions over a long period (Mancino et al., 2014; Zhanguzhina et al., 2025; Ozgeldinova et al.,
2024).

Research conducted in Kazakhstan demonstrates the increasing role of satellite monitoring in
assessing the state of forest resources and other natural complexes (Bissenbayeva et al., 2024).
According to a review of domestic works, the use of remote sensing technologies made it possible
for the first time to perform large-scale mapping of the country's forests, identify areas of degradation,
determine the boundaries and condition of plantings, and assess the consequences of forest fires and
other disruptive factors (Kabdulova et al., 2019; Babu et al., 2019; Volokitina et al., 2021,
Sagynbaeva et al., 2023). This highlights the importance of spectral methods for the analysis of forest-
forming rocks and vegetation in general, especially in conditions of increasing exposure to climatic
and anthropogenic factors (Gauthier et al., 2014; Nizamutdinov et al., 2022).

2. Materials and methods

Remote sensing is based on the detection of electromagnetic radiation reflected or emitted by
objects on the Earth's surface. Electromagnetic radiation includes a wide range of waves, from the
ultraviolet to the microwave range. Each object has a unique ability to reflect or absorb radiation,
which makes it possible to identify it using remote sensing.

The optical-spectral remote sensing method is based on the analysis of the spectral
characteristics of reflected solar radiation detected using specialized sensors mounted on satellites or
aircraft. Unlike the traditional optical approach, this method focuses not only on the visual
characteristics of the image, but also on the spectral signature of objects, that is, on how different
materials reflect or absorb electromagnetic radiation in specific spectral ranges.

Each type of vegetation, soil, water, or artificial object has a unique spectral reflection curve.
Due to its high spectral resolution, the optical spectral method makes it possible to accurately
distinguish between forest-forming species, assess the condition of plantings, detect the presence of
stresses (for example, caused by drought, pests or pollution), and monitor seasonal and long-term
changes. The use of optical spectral analysis is especially relevant in the tasks of monitoring forest
ecosystems. For example, based on the analysis of spectral data, it is possible not only to determine
the type of tree species (coniferous, deciduous), but also to identify signs of forest degradation,
disease foci and areas susceptible to anthropogenic impact. In addition, this method allows you to
track the effects of forest fires, determining the degree of burnout and the nature of vegetation
restoration.

The spectral characteristics of tree species depend on many factors, including biochemical
composition, leaf and needle structure, tree age, seasonal changes, and environmental conditions. The
main parameters used in spectral analysis include reflection coefficients in various spectral ranges.
For example, hardwoods have a high reflection in the near infrared range, while conifers have lower
reflectivity values.

Vegetation has a characteristic spectral signature, which is determined by the interaction of
light with pigments, cellular structure, and water content. The main ranges of the spectrum in which
the distinctive features of tree species are manifested:
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1. Visible range (400-700 nm): Absorption in the blue (400-500 nm) and red (600-700 nm)
ranges is due to chlorophyll, so the leaves are green, as green light (500-600 nm) is partially reflected.

2. Near infrared range (NIR, 700-1300 nm): characterized by strong reflection due to the
internal structure of leaves and needles, which makes this range important for the classification of
tree species.

3. Mid-infrared range (MIR, 1300-2500 nm): the reflectivity of which is related to the water
content in plant tissues and may vary depending on their condition, for example, during drought or
disease.

Coniferous trees (spruce, pine, cedar) have a lower reflection in the near infrared range
compared to deciduous trees (oak, birch, aspen), which is associated with a high density of needles
and its lower water content. At the same time, hardwoods have a more pronounced reflection in the
NIR range, as their leaves have a more developed internal structure (Komarova et al., 2016; Zharko
etal., 2014).

The spectral properties of tree species can change under the influence of various factors:

1. Seasonal changes: in autumn, a decrease in chlorophyll levels increases the reflection in
the red range, giving the foliage yellow and orange hues. In winter, when deciduous trees shed their
leaves, the spectral characteristics of the forest cover change significantly, which is important to take
into account when interpreting remote sensing data.

2. Age and structure of foliage: young leaves have a higher reflectivity in the visible range,
which makes it possible to distinguish young stands from old-age forests.

3. Health status: drought, disease, and environmental pollution affect spectral characteristics,
especially in the SWIR range. For example, pest-affected trees may exhibit reduced reflectivity in the
near-infrared range.

4. Soil type and humidity: Wet and swampy areas can affect the spectral properties of tree
species by changing their reflectivity.

Data from satellite systems (Landsat, Sentinel, MODIS) make it possible to distinguish tree
species by their spectral characteristics. Multispectral and hyperspectral analysis methods are used to
map forests, assess their productivity, and monitor vegetation conditions (Banskota et al., 2014;
Kurbanov et al., 2018; Chernikhovskii et al., 2019).

Multispectral imagery from the EarthExplorer platform developed by the United States
Geological Survey (USGS) was used to analyze forest-forming rocks. This web resource provides
access to an extensive archive of remote sensing data, including images from the Landsat, Sentinel,
MODIS and other satellite systems. The study used images from the Landsat 8-9 OLI/TIRS C2 L2
satellite, providing an optimal ratio of spatial resolution and time frequency of observations.

The choice of this satellite is due to its following parameters:

¢ Wide spectral range. Landsat 8 and 9 satellites detect reflected radiation in 11 spectral ranges,
including blue, green, red, near infrared and mid infrared, which makes them particularly useful for
classifying forest-forming species and assessing changes in forest ecosystems.

e Optimal shooting frequency. The area is re-covered approximately once every 16 days,
allowing you to track seasonal vegetation changes and analyze ecosystem dynamics.

e Minimal cloud cover. As part of the data search on EarthExplorer, you can additionally set
filtering criteria by cloud level, which will allow you to select images with the least amount of
atmospheric interference.

¢ The presence of thermal channels. The TIRS Thermal Infrared Sensor contains two infrared
channels with a resolution of 100 m, which makes it possible to analyze thermal anomalies, detect
soil moisture and determine the state of vegetation.

e Support for radiometric and atmospheric correction. C2 L2 (Level 2) level data has already
been calibrated and processed for atmospheric distortion, making it more accurate for scientific
analysis (Munzer, 2021).

There are inherent limitations associated with the spatial resolution of Landsat imagery (30 m
per pixel), primarily related to the mixed pixel effect and the minimum mapping unit. However, for
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regional-scale monitoring of relatively homogeneous forest stands whose area exceeds several image
pixels, the spatial resolution of Landsat data is considered sufficient and is widely applied both in
scientific research and in operational forest management practice.

As part of the study, satellite images of the territory of the Burabai State National Nature Park
in the Akmola region, obtained from the Landsat 8-9 spacecraft for April, May and the summer period
of 2024, were analyzed. During scene selection, images with minimal cloud cover were prioritized.
Given the extremely low proportion of cloud cover and the study’s focus on the analysis of
homogeneous forest areas, no additional cloud and cloud-shadow masking procedures were applied,
as they did not exert a significant influence on the interpretation of the delineated territories. The
primary objective of the study was to demonstrate a methodological workflow for seasonal spectral
differentiation of forest vegetation types and for assessing fire impacts based on open-access Landsat
Level-2 data within a GIS environment. Accordingly, the emphasis was placed on the logic of the
analytical processing and the sequence of operations rather than on the documentation of specific
scenes.

Special attention was paid to the vegetation cover, as well as to changes in the surface structure
in different seasons. The use of satellite data allows for comprehensive monitoring of the state of
landscapes without the need for ground-based observations, which is especially important for remote
and vast territories.

The images were preprocessed in the ArcGIS 10.8 program, which included correction
procedures, channel combinations, and image preparation for visual analysis. Thanks to this, it was
possible to obtain high-quality composites suitable for interpreting seasonal changes within the study
area.

3. Results

The results of visual analysis of satellite image data of the territory of the Burabai State National
Nature Park make it possible to trace changes and identify differences between coniferous (Pinus
sylvestris) and deciduous (birch (Betula pendula), aspen (Populus tremula) in different phases of the
growing season. Further analysis includes a detailed consideration of the spectral characteristics of
landscapes in different seasons based on the processed images.

Spectral brightness indicators for different types of forest vegetation vary depending on the
season and manifest themselves differently in different parts of the electromagnetic spectrum. In
April, when hardwoods do not yet have a developed leaf mass, the differences between coniferous
and deciduous forests are especially clearly revealed in images obtained using various combinations
of spectral channels. The evaluation of spectral band combinations was deliberately based on visual
interpretability, as the study is oriented toward applied forestry objectives, where false-color
composites are traditionally employed by field practitioners.

Based on the analysis of the April satellite images for 2024 using data from the Landsat 8-9
satellite, the possibilities of visual separation of tree species were studied. Coniferous forests in April
show a pronounced increase in reflectivity in the near—infrared range (channel 5 - NIR) and moderate
values in the SWIR ranges (channels 6 and 7). Deciduous forests, in the absence of foliage in April,
are characterized by reduced reflectivity in the near-infrared range, but have comparatively higher
values in the middle IR (channels 6 and 7). The difference between forest types is particularly
pronounced in channel 7, which makes it possible to effectively use it for vegetation classification.

During the study, various color combinations of Landsat 8-9 channels were considered:

In the 6,5,4 (SWIR1, NIR, Red) combination, coniferous forests are visualized in green and
dark green tones due to the presence of chlorophyll. At the same time, hardwoods appear more faded
or grayish, allowing them to be visually distinguished from the other landscape elements (Figure 1).
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70.5°E

Figure 1. Channel combinations 6, 5, 4

In the combination 5,4,3 (NIR, Red, Green), traditionally used to assess vegetation, coniferous
forests acquire a bright red hue, reflecting the activity of photosynthesis (Figure 2). Deciduous forests,
in the absence of foliage, look more dull, often gray or brownish-green.

70.5°E

Figure 2. Channel combinations 5, 4, 3

In the combination of 7,6,5 (SWIR2, SWIR1, NIR), which excludes channels of the visible
range, coniferous forests are displayed in bluish-blue tones and stand out most clearly against the
background of other types of vegetation (Figure 3). This combination is considered the most effective
for isolating coniferous plantations in the April period.
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70.5°E
Figure 3. Channel combinations 7, 6, 5

Thus, the combination of channels 6, 5, and 4 is the most informative for the purposes of
classifying forest stands by type in the April period, as it makes it possible to distinguish conifers
most clearly against the background of deciduous and open areas. In April, coniferous forests retain
active photosynthetic activity and reflect a greater amount of near and mid-infrared radiation, while
hardwoods that do not yet have developed foliage are characterized by low reflectivity. This makes
the combination of 6, 5, and 4 especially effective for visually highlighting coniferous plantations in
early spring.

The satellite images from May, reflecting the state of the territory during the active beginning
of the growing season, show an increase in the values of the spectral brightness index in the near-
infrared range for hardwoods. This is due to the formation of the leaf apparatus and the beginning of
photosynthetic activity.

During the visual analysis, it became obvious that the combination of channels 7, 6, and 5,
displaying spectral information in the mid- and near-infrared ranges, demonstrates the greatest
information content when separating coniferous and deciduous tree species in the May period (Figure
4). In this composition, coniferous forests acquire a distinct blue hue, which makes them stand out
clearly from the rest of the landscapes. Deciduous plantings in this combination look less contrasting,
which makes it easy to distinguish between both types of forests.

70.5°E

Figure 4. Channel combinations 7, 6, 5
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Combinations 5,4,3 and 6,5,4 were also used for comparative analysis. In combination 6,5,4,
coniferous forests are visualized in dark green tones, and deciduous forests in light green, which also
gives satisfactory differentiation (Figure 5).

70.5°E
Figure 5. Channel combinations 6, 5, 4

The combination of 5, 4, 3, despite the overall contrast enhancement, is inferior to the
combination of 7, 6, 5 in terms of the severity of differences between the species (Figure 6).

70.5°E

Figure 6. Channel combinations 5, 4, 3

Analysis of satellite images from May showed that, at the beginning of the active vegetation
period, hardwoods increase their infrared reflectivity. The clearest difference between coniferous and
deciduous forests was provided by the combination of channels 7, 6, and 5, where conifers stand out
in blue. Combinations of 5, 4, 3, and 6, 5, 4 also produced good results, but they separated the types
of woody vegetation less expressively.

In the summer months, when vegetation reaches its maximum development, there is a
significant increase in reflectivity in the entire near-infrared range for all types of tree species. This
is due to the high density of the leaf cover and active photosynthetic processes. Despite the general
increase in spectral brightness, the differences between coniferous and deciduous species persist.
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These differences make it possible to continue effective rock separation even during the peak of the
growing season.

5, 4, 3 (NIR, Red, Green) is a traditional vegetation combination in which all vegetation is
displayed in red shades (Figure 7). However, in the summer, when both deciduous and coniferous
forests are at their peak of activity, the visual difference between them in this composition becomes

less pronounced. The entire vegetation cover looks rich red and it is difficult to distinguish between
tree species.

70.5°E

Figure 7. Channel combinations 5, 4, 3

6, 5, 4 (SWIR1, NIR, Red) is a composition that allows for differences in moisture content and
vegetation structure. In this combination, coniferous forests look saturated green, while deciduous
forests are lighter and less contrasting (Figure 8). Arable land, meadows, and agricultural land are

also clearly distinguishable, which makes this combination useful for a comprehensive landscape
analysis.

70.5°E

Figure 8. Channel combinations 6, 5, 4

7, 6,5 (SWIR2, SWIRL1, NIR) is a combination that excludes visible channels, but effectively
reflects differences in vegetation structure. In this color scheme, conifers are visualized in blue and
light blue tones, clearly standing out against the background of deciduous forests and farmland
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(Figure 9). This combination is particularly good at showing the internal heterogeneity of the
vegetation cover and makes it possible to confidently classify the types of tree species.

70.5°E

Figure 9. Channel combinations 7, 6, 5

Based on the visual analysis of the summer images, the combination of channels 7, 6, and 5
proved to be the most informative for distinguishing coniferous and deciduous forests. It allows
coniferous plantations to be clearly distinguished due to the characteristic blue spectral response and
demonstrates high sensitivity to differences in vegetation structure. Despite the overall increase in
spectral brightness in all breeds, this combination retains a clear contrast and reliably captures
differences between forest types during the peak growing season.

One of the illustrative areas of practical application of the optical spectral method is the
assessment of the consequences of natural disasters, including forest fires. The use of satellite data
combined with the capabilities of GIS technologies makes it possible to quickly and objectively
identify the boundaries of affected areas, differentiate the degree of burnout, and distinguish between
the types of damaged vegetation.

A striking example of the devastating effects of wildfires is the emergency that occurred in the
Abai region in June 2023, which resulted in the destruction of about 65,000 hectares of forest areas.
The optical spectral method was used to obtain quantitatively accurate information about the area of
burnt forests and to determine the proportion of coniferous vegetation within the burnt area (Figure
10). Landsat 8-9 scenes from May and June 2023 were used as the primary material. A combination
of channels 6, 5, and 4 was used as the working color combination.

Although standard burn severity and fire-related indices (NBR, dNBR) constitute effective
tools for the quantitative assessment of post-fire impacts, the delineation of burned areas based on
pronounced spectral contrast in the SWIR and NIR ranges is conceptually consistent with the
principles underlying the NBR calculation and may be applied within the framework of rapid
assessment.
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50.5°N

Figure 10. Processed image of the forest of the Abai region before (A) and after (B) the fire

After connecting spectral channels 6, 5, and 4, the pixel values of the image data were
reclassified by type of underlying surface using the "Reclassify"” tool in the ArcGIS environment.
Since the study was aimed at demonstrating the conceptual applicability of spectral differentiation
rather than at developing a universal threshold-based model with fixed parameter values, the
reclassification was performed automatically in ArcGIS using the Maximum Likelihood algorithm.
In this approach, the classifier computes the probability that a given pixel belongs to the class
“Water,” “Vegetation,” or “Built-up area,” and each raster pixel is assigned to the class for which this
probability (likelihood) is the highest. The resulting classified raster was converted into a vector
format using the "Raster to Polygon™ tool, on the basis of which coniferous plantations were identified
(Figure 11).

50.5°N

80.8°E
B)

Figure 11. A reclassified snapshot of the forest of the Abai region (A) and a vector layer of
coniferous plantations (B)

The reclassification procedure was also carried out for the satellite image of the forests of the
Abai region after the fire, on the basis of which a separate polygonal layer corresponding to the fire
area was created (Figure 12). The next step is to overlay the resulting polygon on a vector layer of
coniferous plantations and select them inside the polygon using the Selection by Location tool.
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80.8°E 80.8°E
A) B)

50.5°N

80.8°E
)

Figure 12. Identification of coniferous plantations within the fire area based on a reclassified satellite
image of forests in the Abai region

At the final stage of the analysis, a quantitative assessment of the area of coniferous forests
trapped in the fire contour was carried out (Figure 13). For this purpose, an attribute table of the
coniferous plantation layer was used, in which the area values of each site were stored. Using the
built-in statistics function in ArcGIS, the total area of coniferous forests within the fire zone was
obtained. According to the results, the total area of burnt coniferous plantations was 9403.14 hectares,
which is shown in the "Sum" column of field S on the distribution density diagram.
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Figure 13. Calculations of the fire area of coniferous plantations

To obtain an accurate estimate of the scale of a natural fire in the Abai region, the attribute table
of the polygon marking the boundaries of the fire zone was analyzed (Figure 14). As a result of the
analysis, it was found that the total area of the fire was 64 987.35 hectares, which confirms the official
data on the disaster that occurred in the summer of 2023.
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Figure 14. Calculations of the total fire area

The obtained indicators allowed us to determine the percentage of coniferous forests to the
affected area, which was 14.5%.

4. Discussion

The analysis of the spectral characteristics of forest-forming rocks of the temperate zone
demonstrates the following features: coniferous species (spruce, pine, cedar) have a lower reflection
in the near infrared range (NIR) compared with deciduous species (birch, aspen), which is associated
with a high density of needles and a lower content of water in the needles. The use of the near-infrared
range in composite images has made it possible to more effectively identify the types of woody
vegetation in satellite images.

It has been revealed that the most suitable combination of spectral channels for conifers is a
combination of channels 6, 5 and 4, in which conifers are most clearly distinguished from deciduous
trees. For hardwoods, the best combination is 7, 6, 5, the spectrum of which is characterized by a light
blue color.

Calculations based on the spectral method the calculation of the area of coniferous trees affected
by fire in the territory of the Abai region in 2023 corresponds to official data.

The use of multispectral data makes it possible to quickly track changes in vegetation cover,
differentiate vegetation types, assess the degree of moisture in territories, and identify structural
features of the landscape during different growing seasons. The analysis of the reflectivity of wood
in various ranges of the electromagnetic spectrum makes it possible to identify stress conditions of
plants caused by changes in climatic conditions, anthropogenic impact or pest damage.

5. Conclusion

The analysis of seasonal satellite images from Landsat 8-9 confirmed the effectiveness of
remote sensing for monitoring forest resources. The optical spectral method provides high
information content with minimal resource expenditure, which makes it a particularly valuable tool
for environmental research, environmental planning, and analysis of the dynamics of natural
processes. The results obtained confirm the expediency of using satellite data in regional monitoring
and classification of natural complexes. Further advancement of spectral data processing
technologies, specifically through the implementation of a validation procedure using an error matrix
and the development of a statistically optimized classification model, will not only improve the
accuracy of forest species composition assessment but also enhance methods for monitoring forest
condition under conditions of global environmental change, thereby opening new opportunities for
ecological monitoring and the rational management of natural resources.
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Aram oCiMIIKTEPIHIH CHEeKTPJIK epeKIeJiKTepiH Tajaay YUIH CIYTHMKTIK
MAJIIMeTTepAi naiaajany MyMKiHIIKTepi

Hrops Cepnenbauxkos, Canranar Ucmaryaosa, [lasea ImutpueB

Anpgarna. Makanaaa Tabury pecypcTapbl TYPaKThl 0acKapy KOHTEKCTIHJIET1 HEeT13T1 MiHAeT OO0JIbII
TaOBIJIATBIH OpPMaH JKOXYHEJepiHiH JKaFAalblH Oaraay »oHEe MOHUTOPUHIUIEY YIIiH CIYyTHHUKTIK
MOJIIMETTEpAl MaijanaHy MYMKIHAIKTepiH 3epTTey HoTkenepi Oepinren. 3eprrey Kepai
KaIIBIKTBIKTAH 30HIATAYIbIH 3aMaHayun TexHonorusuiapein (Landsat 8-9) »xone reorpadusuibik
akmapatThIK kyiie kypansiH (ArcGIS 10.8) maiizanana OTBIPHII, OJAPIBIH MAayCHIMIBIK CIEKTPIIIK
JTUHAMUKAChIH Tajjay HETI31HIAe KOHBIpXKai Oenjeyneri opMaH Kypaylibl TYpJepiH capanay
ozmicTeMeciH  a3ipieyre OarbITTanFaH. Makanaga KOHbIp)Kail  KIMMATTBIK — OKafjnaiiapna
AJIEKTPOMATrHUTTIK CIEKTPJIIH OPTYpPJl JAMAMa30HBIHIA OJap/blH MIAFbUIBICY KaOUIEeTIH Tayjgay
HETI31HJIe aFall TYPJEpiHiH CHEKTPJIK CHIaTTaMalapblH 3epTTey HATHXKesepl OepiireH. OpTreH
3aKbIMJIaHFaH OpMaH aJKaNTapbIHBIH IIEKapachlH OeNriiey *oHE ayJaHbIH aHbIKTay OOMbIHINIA
KYPri3UIreH ecenTeyiep KAIIbIKTBIKTaH 30HATAaY 9ICTepl MEH I'€0aKNapaTThIK TEXHOJIOTHSIIApIbI
KOJJaHY/AbIH THIMIUIIIH pacTaiiiibl. 3epTTeyliH HOTIDKENepl MeH ic-mapanap >KOocCHaphbl
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OpMaHJapbIH TYPIIK KYpaMbIH aHBIKTAY, OJapAbl TYT€HCY KoHE MOHUTOPUHT1IIEY, OpMaH epTTepi
MEH aFalll Kecy CHAKTBI BIKTUMaJl KayllTepre Jep Ke3iHJe AEH KO *OHEe OJlap/blH 3apJanTapblH
Oaranay MaKcaThIH/Ia OpPMaH [IAPYyaIIbUIBIFbI YIITH MPAKTUKAIBIK MaHbI3BI 0ap.

Tyiiin ce3mep: KambIKTBIKTaH 30HATAY; CIYTHHUKTIK CYPETTEp; ONTHUKAIBIK-CHEKTPIIK Tayay;
apHajap KOMOMHALMSCHI; OpMaH pecypcTaphl; araul Typiiepi; OpMaH epTrepi.

Bo3MOKHOCTH  HMCHOJIB30BAHUSI CIYTHUKOBBIX JAaHHBIX /IS  aHAJIH3A
CNIEKTPAJILHBIX 0COOEHHOCTEH IPpeBeCHON PACTUTEJIbHOCTH

Hrops Cenenbuukos, Canranar Ucmaryiosa, [lasea mutpueB

AHHOTanusi. B craThe mpencTaBiieHbl Pe3ysIbTaThl HCCIICOBAHUS BO3MOXHOCTEH HMCIIOIB30BAHMUS
CIyTHUKOBBIX JTAHHBIX JJIsi OIICHKU COCTOSIHUSI 1 MOHUTOPHWHTA JISCHBIX DKOCHCTEM, UTO SBISETCS
KITIOYEBOH 3aj1aueii B KOHTEKCTE YCTOHUMBOTO YIIPABICHHS IIPUPOJIHBIMU pecypcamiu. MccnenoBanue
HaIPaBIJICHO HA Pa3BUTHE METOIUKH AU PEpEeHIINAIINH JIECOOOPA3YIONINX TOPOJT YMEPSHHOTO TI0sICa
Ha OCHOBE aHAJIM3a HMX CE30HHOW CIHEKTPaJbHON JWHAMHKH C HCIIOJIb30BAaHHEM COBPEMEHHBIX
TEXHOJOTHH  OUCTaHIMOHHOTrO 3oHgupoBanus 3emian (Landsat 8-9) u  umHCTpymeHTa
reourdopmannonnsix cuctem (ArcGIS 10.8). IlpeacraBiensl pe3yibTaThl HCCIIEI0BAHUS
CHCKTPAILHBIX XapPaKTEPUCTUK JPEBECHBIX IOPOJ Ha OCHOBE aHAlM3a WX OTPaKaTEIBHON
CIIOCOOHOCTH B Pa3jIMYHBIX JHANA30HAX AJIEKTPOMArHUTHOTO CIEKTPAa B YCIOBHSX YMEPEHHOTO
KIIMMaTHYEeCKOTO TI0sica. Y CTAaHOBJICHO, YTO HamOoOJiee KOHTPACTHBIC CIEKTPAIBbHBIC Pa3IHYUs,
MO3BOJISIIONINE HAJCKHO WACHTU(PHUIIMPOBATh JIMCTBCHHBIE W XBOWHBIC TIOPOABI JIEPEBhEB,
HAOJIIOJTAIOTCS B OMpeEJCIICHHbIC (EHOJOTHYECKHEe TIepUoabl (BECEHHHH W JICTHHI), 4TO
MOATBEPK/IaeT BAXKHOCTh y4eTa BpeMEHHOTo (akTopa mpu nemudpupoBanuu gecos. [IpoBeneHHbIC
pacdeTsl 0 YCTAHOBJICHHIO TPAHMUII, OMPEICICHHUIO TIOMAJM MOCTPAJABIINX OT TMOXKapa JIECHBIX
MacCHBOB  TOJTBEPKIAIOT  ONEPAaTHBHOCTh U J3(PQPEKTUBHOCTh HCIIOJIB30BAHHS  METOJOB
JUCTAHIIMOHHOTO 30HJIMPOBAHUS M T€OMH(POPMAITMOHHBIX TEXHOJIOTHH. Pe3ymbTaThl U aaroputm
JEHCTBHUI MPOBEEHHOTO MCCIEA0BAHUS UMEIOT MPAKTUYECKOE 3HAUYCHHUE ISl JIECHOTO XO35HCTBA C
IENbI0  ONPENEICHUST TIOPOJHOTO COCTaBa JIECOB, WX WHBEHTAPU3AIlMd W MOHUTOPHWHTA,
CBOEBPEMEHHOTO pearupoBaHMsl Ha BO3MOXKHBIE YTPO3bl, TAKHE KaK JIECHBIC MOXaphl U BhIpYyOKa, a
TaK>Ke OIIEHKY UX IOCIIC/ICTBUH.

KarueBble cj10Ba: AUCTAaHIIUMOHHOC 30HANPOBAHUE,; CITYTHUKOBBIC CHUMKH, OHTHKO-CHGKTp&J’IBHBIﬁ
aHaJIn3; KOM6I/IH8.I_II/II/I KaHaJIOB; JICCHBIC PECYPChI; APCBCCHBIC ITOPOABI; JICCHBIC ITOKAPHI.
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