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BinsiHMe pacnpe/ie/ieHusl 3/1aCTaHOBOM MPsDKU Ha TEXHOJIOTMUeCcKHe CBOMCTBA
TPUKOTA)XHBIX TKaHel uiuca

Bokup6oes ®o3unicon Pacynxicou yanu
Hccnedosamenb HamaHeaHckuil 0agaamckuli mexHon02u4ecKull yHugepcumem
Pecnybauka Y36ekucmaH, 2. HamaHeaH

IToz0¢hypoe IlIax603 ILIoKupx*coH y2au
0-p ¢punoc. HamaneaHcKkuli 0agnamckull mexHon02u4ecKull yHugepcumem
Pecnybnuka Y36ekucmaH, e. HamaHeaH

Abstract

This study investigates the effect of the amount of elastane yarn and its distribution sequence
within the structure of weft-knitted fleece fabric on its technological and geometrical
characteristics. Experimental studies were carried out using spun cotton yarn and highly elastic
elastane yarn on a single-bed Wellknit knitting machine. Five variants of fleece knitted fabrics were
developed, differing in the elastane yarn content and its distribution across the fabric courses.
During the experiments, the main geometrical and physical parameters of the produced samples
were determined and comparatively analyzed, including loop pitch, course height, horizontal and
vertical density, yarn length consumed per loop, areal density, thickness, and bulk density. Changes
in these parameters were evaluated in relation to the elastane yarn content and its arrangement
within the fabric repeat. The experimental results demonstrated that both the proportion of elastane
yarn and its distribution pattern within the repeat have a significant effect on the structural
parameters of fleece knitted fabrics. In particular, the sample containing elastane yarn in all courses
exhibited increased horizontal and vertical density, accompanied by greater fabric thickness and a
higher tendency toward elastic deformation. Although variants III, IV, and V showed relatively high
thickness values, they demonstrated acceptable bulk density and raw material consumption
characteristics..

AHHOTa A

IaHHOe wWcCceoBaHWe U3ydaeT B/IMsSHHE KOJIMYEeCTBA  /1IaCTAHOBOWM  TIPSDKU |
MOC/Ie/IOBaTeIbHOCTA €€ pacripefie/ieHUsi B CTPYKType YTOUHO-BSI3aHOM TKaHM (uiMca Ha eé
TEXHOJIOTUUeCKHe W TeOMeTPUUYeCKHe XapaKTePUCTHUKU. OKCIepuMeHTabHble WCC/IeJOBaHuUS
TIPOBOZWJTUCH C UCIIO/Ih30BaHUEM TPSDKUA M3 KapHOTO XJIOTKA U BBICOKOIACTUUHOW 3/1aCTAaHOBOM
MPSDKM  Ha OJIHOWTONIbHOW  BsizasbHOM MarmHe Wellknit. Pa3paboraHo misiTe BapuaHTOB
TPUKOT&)KHBIX TKaHeW (vca, OT/IMYAOIIUXCS COZlep)KaHWeM 3/1aCTaHOBOM TIPSDKM U eé
pacripeie/ieHHeM I10 psiZiaM TKaHU. [Ipy TIpoBe/jleH|H SKCTIePUMEHTOB OTpe/iesieHbl ¥ CPaBHUTE/ILHO
MpOaHa/TM3UPOBaHbl OCHOBHBIE reOMeTpHUeCKUe U (pr3ruecKre rapaMmeTphbl TIOTy4eHHBIX 00pasIioB,
BKJIIOUAsl I1Iar TeT/H, BBICOTY psifia, TOPU30HTAIBHYIO U BePTUKAIBHYIO TUIOTHOCTD, JAJTUHY TIPSDKHU,
pacxoJyeMyl0 Ha OJHY TeT/IF0, TIOBePXHOCTHYIO IJIOTHOCTb, TOJIIMHY U OOBEMHYIO TUIOTHOCTb.
Vi3MeHeHHs1 yKa3aHHBIX TlapaMeTPOB OL[eHWBA/MCh B 3aBUCUMOCTU OT COJepP)KaHHS 3/1aCTaHOBOM
TIPSDKU 1 €€ pa3Mell|eHHsl B Mpejie/iax parmopTa TKaH!. Pe3ynbraThl SKCIIePUMEHTOB TI0Ka3ajiH, uTo
Kak [I0/Is1 371aCTaHOBOM TMPSDKU, TaK M e€ CxeMa pacripefie/ieHdsl B TIpeJiesiaX paropTa OKa3bIBaloT
3HauMTe/bHOe B/MSHUE Ha CTPYKTypHbIe TlapaMeTphbl TPUKOTA)KHBIX TKaHel (vca. B wacTtHOCTH,
obpa3ell, cofiepKalluii 3/1aCTAHOBYIO TIPSDKY BO BCEX psifiaX, MPOJeMOHCTPUPOBAJ TOBBIIIEHHBIE
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TOPU30HTA/IbHYI0O U BEPTUKAJBHYIO TJIOTHOCTb, COIMPOBOXK/IaeMble OObIIIEH TO/IIIMHOM TKAaHU U
Oosilee BBICOKOW CKJIOHHOCTBIO K YIpyrou gedopmaryu. Xots Bapuantel III, IV u V mnokasamu
OTHOCUTE/IbHO BBICOKHME 3HAueHUs TOJIIUHBI, OHU TTPOIEMOHCTPUPOBA/IUA TIPUEM/IEMble 00BEMHYIO
TUVIOTHOCTb U XapaKTepPUCTUKU PacxXoa ChIPbS.

Keywords: elastane yarn, knitted fabric structure, loop pitch, fabric density, areal density,
thickness, bulk density.

KiroueBble cioBa: 3/1acTaHoBas MpsDKa, CTPYKTypa TPUKOTa)XKHOM TKaHW, Iar MeTIH,
TUIOTHOCTh TKaHH, TIOBEPXHOCTHAs! TIOTHOCTh, TOMIIMHA, 00bEMHAsI TVIOTHOCTb.

Introduction

Fleece knitted fabrics are among the widely used knitted materials in the modern textile
industry, and their structural characteristics and technological parameters are important factors
determining the quality and functional performance of finished products [1; 26-28 p, 2; 329-351 p].
Parameters such as loop pitch, course height, horizontal and vertical density, areal density, and
thickness affect not only the stability of the fabric formation process but also the fit, comfort, and
appearance retention of products manufactured from these fabrics [3; 352-365 p].

Spun cotton yarn is widely used as the primary raw material in the production of conventional
fleece knitted fabrics. The hygienic properties, moisture absorption capacity, and consumer-related
characteristics of cotton fibers make them suitable for such products. The incorporation of elastane
yarn into the fabric structure can affect the geometrical configuration of loop elements, their mutual
arrangement, the degree of fabric compaction, and the overall structure of the fabric in its relaxed
state [4; 463-479 p].

In addition to the amount of elastane yarn, its distribution within the fabric structure is an
important technological factor in determining the final properties of fleece knitted fabrics. The
placement of elastane yarn in the plain or fleece courses, as well as its repetition according to a
specific sequence within the fabric repeat, alters the conditions under which the loop elements are
formed [5; 741-754 p, 6; 310-319 p ].

Studies aimed at optimizing the technological parameters of knitted fabrics consider the
combined effects of factors such as raw material type, yarn linear density, yarn length per loop,
machine operating conditions, interaction between the needle beds, and fabric structure as important
research variables [7; 1-7 p, 8; 1-11 p].

The aim of this study is to develop different variants of fleece knitted fabrics using spun
cotton yarn and elastane yarn and to determine the effect of the amount and distribution of elastane
yarn within the fabric structure on key technological parameters, including loop pitch, horizontal
and vertical density, areal density, thickness, and bulk density.

Materials

The effect of elastane yarn on the technological and physical-mechanical properties of knitted
fabric was studied at the “Terry Jar” enterprise, with particular attention to determining its
appropriate content. The experiments were carried out on a single-bed Wellknit knitting machine.
Spun cotton yarn of 20 tex and highly elastic elastane yarn of 7.7 tex were used for producing the
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experimental samples. During the experimental study, five variants of fleece knitted fabric were
produced. All samples were knitted under identical technological conditions; the machine settings,
yarn tension, and production speed were kept constant throughout the process. The samples differed
only in the amount of elastane yarn incorporated into the fabric and its arrangement within the
structure. This approach allowed the obtained results to be compared accurately and reliably [9; 1-7

pl.

a=eln=dlnze
2giatatatas

Figure 1. Loop structure and arrangement of loop elements in fleece knitted fabric

Figure 1 presents the graphical notation of the produced fleece knitted fabric sample. It
provides a basis for analyzing the structural elements of the fabric, their arrangement, and the
patterns of their interconnection in detail [10; 1-8 p].

In Variant I, the fabric repeat consisted of two courses. The first was a plain course knitted
using spun cotton yarn combined with elastane yarn. The second was a fleece course formed
exclusively from spun cotton yarn. Variant II also consisted of a two-course repeat. The first plain
course was knitted from spun cotton yarn. In the second course, elastane yarn was combined with
spun cotton yarn as the ground yarn, while only spun cotton yarn was used as the fleece yarn. In
Variant III, the repeat likewise consisted of two courses. The first plain course was knitted from a
combination of spun cotton and elastane yarns. In the second course, spun cotton yarn combined
with elastane yarn was used as the ground yarn, while spun cotton yarn was used as the fleece yarn.
In Variant IV, the repeat was composed of four courses. The first and second courses were knitted
from spun cotton yarn. In the third course, spun cotton yarn was combined with elastane yarn. In the
fourth course, spun cotton and elastane yarns were used together as the ground yarn, while spun
cotton yarn was used as the fleece yarn. Variant V also had a four-course repeat. The first course
was a plain course knitted from spun cotton yarn. In the second and fourth courses, spun cotton yarn
combined with elastane yarn was used as the ground yarn, while spun cotton yarn served as the
fleece yarn. The third course was a plain course knitted from a combination of spun cotton and
elastane yarns. In this variant, elastane yarn was distributed more uniformly throughout the repeat,
which was intended to provide a balanced combination of fabric elasticity and shape retention.

Results and Discussion

The linear densities of the yarns used in the fleece knitted fabrics and their proportions in the
fabric are presented in Table 1.
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Table 1.
Technological parameters of fleece knitted fabric
Parameter I I1 I v \%
Raw material type and propor- | 54.8/45.2/- 51.4/44.6/4 50.8/44.9/4.3 53/43.2/3.8 51/44.4/4.6
tion in the fabric, % (fleece/
ground/elastane)

Loop pitch A, mm 0.74 0.72 0.69 0.71 0.71
Course height V, mm 0.63 0.63 0.61 0.65 0.62
Horizontal density Rg 68 69 72 70 70

Vertical density Rv 79 79 82 77 81

Yarn length per loop, mm 6.1 6.5 5.9 6 6.1
Fabric areal density Ms, g/m? 262 283 279 259 277
Thickness T, mm 1.15 1.35 1.3 1.22 1.27

Bulk density 6, mg/cm3 228 210 214 212 218

The data given in Table 1 indicate that the introduction of 3.8-4.6 % elastane yarn into the
fleece knitted fabric changes its technological parameters in a consistent manner. One of the most
noticeable changes is the reduction in loop pitch with increasing elastane content. This behavior is
associated with the elastic recovery of the yarn. Once the fabric is removed from the knitting
machine and reaches a relaxed state, the elastane yarn contracts and pulls the adjacent loops closer
together. As a result, the distance between the loops decreases and the knitted structure becomes
more compact

The areal density of the fleece knitted fabrics is closely associated with the repeat structure
and the amount of elastane yarn incorporated into the fabric. The relationship between these
parameters is illustrated graphically in Figure 2.

The experimental results further demonstrate that both areal density and thickness vary
according to the amount and distribution of elastane yarn within the fabric structure. A comparison
of Variants I and II shows that the areal density increases from 262 to 283 g/m?, corresponding to an
increase of approximately 8.0 %. Fabric thickness also rises from 1.15 to 1.35 mm. This increase
can be attributed to the contraction of elastane yarn and the resulting rearrangement and compaction
of the loop structure when the fabric reaches its relaxed state. The incorporation of elastane yarn
into the fleece course therefore affects not only the density of the fabric but also its thickness and
overall structural configuration.
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Figure 2. Diagram of changes in the areal density of fleece knitted fabric

Variant III, in which elastane yarn was incorporated into all courses, showed the highest areal
density and thickness values among the investigated samples. This suggests that the more uniform
distribution of elastane yarn throughout the fabric structure promotes greater structural compaction
and affects the elastic behavior of the knitted fabric.

The bulk density of Variant II was 1.9 % lower than that of Variant I. Similarly, the bulk
density of Variant IV was lower than that of Variant V. According to the values presented in Table 1,
these parameters were 212 and 218 mg/cm3, respectively, corresponding to a difference of
approximately 2.8 %. The lowest bulk density was observed in Variant II, at 210 mg/cm?, rather
than in Variant III. This indicates that the increase in fabric thickness in Variant IT was accompanied
by a relatively lower increase in areal density, resulting in a lower overall bulk density and a more
open internal structure.

The bulk density values of the investigated knitted fabric samples ranged from 210 to 228 mg/
cmd, as shown graphically in Figure 3. The obtained results demonstrate that both the amount of
elastane yarn and its distribution within the knitted structure influence not only fabric density and
thickness but also its bulk characteristics, including lightness, internal porosity, and the efficiency of
raw material utilization.

DD | 228 myew
210 mgens
)| 2

| 212 mg/em®

Varianté."" 218 mg/em®

Figure 3. Raw material consumption of fleece knitted fabrics
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Conclusion

The experimental results demonstrate that both the content and distribution of elastane yarn
within the repeat have a substantial effect on the structural and technological characteristics of
fleece knitted fabrics. Increasing the elastane content and modifying its position within the repeat
altered the loop pitch, horizontal and vertical density, areal density, thickness, and bulk density of
the fabrics. The incorporation of elastane yarn promoted structural compaction and elastic recovery
of the knitted fabric after its removal from the machine. At the same time, differences in elastane
distribution produced distinct changes in fabric thickness and bulk characteristics. Among the
investigated samples, Variants III, IV, and V demonstrated a favorable combination of thickness,
bulk density, and material consumption. These results indicate that rational distribution of elastane
yarn can be used to regulate the structure of fleece knitted fabrics and obtain products with an
appropriate balance between material efficiency, lightweight construction, thickness, elasticity, and
shape retention.
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Kacbimoea Manuka Hocup Ku3u

0oKmopaHm

T'ocydapcmeeHHo20 yHUmMapHo2o npeonpusmus @au ea mapakkuém, TawkeHmckutl
20Cy0apcmeeHHbIl mexHuuecKull yHugepcumem

Pecnybauka Y36ekucmat, 2. TawukeHm

Hezmamosa Komuaa CatiudcaHoHa

0-p mexH. HayK

cm. Hayu. comp ['ocyoapcmeeHHo20 yHumapHozo npeonpusimust dax ea mapaxkuém, TawkeHmcKuil
20CydapcmeeHHblIil mexHuuecKull yHugepcumem

Pecnybauka Y36ekucmat, 2. TawkeHm

Ab6ed Hoodupa CatiubicaHogHa

0-p mexH. HayK, npog., oupekmop

T'ocydapcmeenHbiti uHcmumym daw 8a mapakkuém npu TawKeHMCcKoM 20Cy0apcmeeHHOM
mexHU4eckom yHueepcumeme umenu Mcaama Kapumoea

Pecnybauka Y36ekucmat, . TawkeHm

Abstract

The article presents extended results of comprehensive studies on the physicochemical
regularities of the thermal dyeing process of fabrics based on protein fibers using composite dyes
containing salts of polyvalent metals and phenolic derivatives. Particular attention is paid to
2y CoCl,, CuSO,,

NiCl,), as well as process parameters such as temperature and dyeing duration, on the formation of

investigating the influence of the nature of polyvalent metal salts (Fe,(SO

color characteristics, intensity, depth, and fastness of natural silk coloration.

Experimental results have shown that the composition of the dyeing system plays a decisive
role in determining the quality of coloration. It has been established that the most effective system
is based on iron (III) sulfate and resorcinol, which ensures uniform, rich, and durable colors with
high resistance to physicochemical Bo3geiicTBus. It is demonstrated that increasing the dyeing
temperature and prolonging the treatment time of the material in the dye solution enhance the
diffusion of the dye into the fiber structure, leading to increased color intensity, greater depth of
shade, and improved performance properties.

The obtained results have practical significance and can be used in the development of
resource-saving and environmentally friendly technologies for dyeing natural silk, as well as other
protein-based textile materials, using next-generation composite dyes.

AHHOTaLUsA

B cratbe MpeacCTaB/I€eHbl pACIIMPEHHBIE PE3Yy/IbTdThl KOMITJIEKCHBIX I/ICCJ'Ie,[[OBaHI/Iﬁ Cl)I/IBI/IKO-
XUMHUUYeCKHX 3aKOHOMepHOCTEﬁ rponecca TepMHUYeCKOro KpdameHus TKaHel Ha OCHOBe Oe/IKOBBLIX
BOJIOKOH C TMPpUMEHEHHWEM KOMITO3UIIMOHHbIX KpaCHTEHEﬁ, cogepKalux COJIM TI0/IMBAJIEHTHBIX
MeTa/lJIOB U (bEHOJILHbIe IMMPOU3BOAHLBIE. Ocoboe BHUMaHUe YAe/IeEHO U3YyUYE€HUIO BJ/IUAHUA TIPUPOALI

cosei To/MBasieHTHbIX MeTawios (Fe,(SO CoCl,, CuSO,, NiCl,), a Take TeXHOIOTHYECKUX

4)3;
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rapaMeTpoOB TIpoljecca — TeMIlepaTypbl U MPOAO/KATETbHOCTH KpallleHUsi — Ha (opMUpOBaHUe
I[BETOBBIX XapaKTePUCTHK, WHTEHCUBHOCTb, TyOWHY W YCTOHUYMBOCTH OKPACKW HATypajbHOTO
11eJIKa.

OKCIlepyMeHTa/IbHble pe3y/bTaThl [T0Ka3asiu, YTO COCTaB KPACU/IBHOM KOMIIO3ULIMM OKa3blBaeT
pelaroiriee B/MSIHME Ha KaueCTBO OKpAIIMBaHWs. YCTAHOBJEHO, uTo Haubosee 3¢deKTHBHOIM
SIBJISIETCSI CHCTeMa Ha OCHOBe cysbdara skene3a (III) u pesopiHa, obecreunBaroiias mosyueHne
PaBHOMEPHBIX, HACBIIIEHHbIX U YCTOWYMBBIX OKPACOK C BBICOKMMHU I10Ka3aressiMM MPOYHOCTHU K
(U3MKO-XMMUUEeCKUM Bo3ZlelicTBUAM. [loKaszaHO, uTO TOBBbIIIEHHME TeMIlepaTypbl Mpoliecca
KpallleH!s1 ¥ yBe/IMueHHe BpeMeHH BbI/Iep)KKM MaTeprasia B KpaCUJIbHOM PacTBOpPe CIIOCOOCTBYIOT
ycuneHnro auddysun Kpacutens B CTPYKTYpy BOJIOKHA, UTO TPUBOAUT K YBeJIUYEHHIO
WHTEHCUBHOCTHU OKPACKH, TTyOMHBI LIBeTa U Y/IYULIEHHIO 3KCIUTyaTallMOHHBIX XapaKTePUCTHK.

[TonyueHHbIe pe3y/bTaTbl UMEIOT MPAKTUUECKYI0 3HAUMMOCTb U MOTYT OBbITh HCITO/b30BaHbI
npu pa3paboTke pecypcocbeperarmiux M 3SKOJTOTUYECKH 0e30TacHbIX TeXHOJOTHM KpallleHus
HaTypa/IbHOTO I1Ie/IKa, a TaKXXe JPYTHUX OeKOBBIX TEKCTH/IbHBIX MATepUAOB C MCIIOb30BAHUEM
KOMIIO3UIIMOHHBIX KPACUTe/IeH HOBOTO TIOKOJIEHUSI.

Keywords: protein fibers, natural silk, thermal dyeing, composite dyes, polyvalent metal
salts, iron(IIl) sulfate, resorcinol, hydroquinone, color characteristics, color fastness, resource-
efficient technology.

KnioueBble c0Ba: OeslkOoBble BOJIOKHA, HAaTypasbHBIM ILeJIK, TepPMHUECKOoe KpallleHue,
KOMITIO3ULIMOHHbIE KPaCcHTe/d, COMM TO/MBajeHTHBIX MeTalnoB, cynbdar xenesa (III), pesopuus,
T'MJPOXUHOH, LIBETOBBIE XapaKTePUCTUKH, IIPOUYHOCTh OKPACKH, pecypcocOeperaroijasi TEXHOIOTHSL.

Introduction

Under conditions of intense market competition, achieving a wide color gamut and high
quality of finished textile products is one of the key requirements of the textile industry. During
service, textile materials are exposed to various external factors, including washing, abrasion, and
sunlight. Therefore, developing an accessible method for preserving the brightness, color saturation,
and color fastness of dyed textile materials during their use is of considerable importance [1-3].

The dyeing process includes the diffusion of the dye to the fiber surface, its adsorption onto
the surface, diffusion into the fiber structure, and fixation within the fiber. This sequence constitutes
the mechanism of dye formation on textile fibers. Insoluble azo dyes are capable of penetrating
textile materials through capillary action and diffusion processes, resulting in intensive coloration.

Dyes are synthesized directly within protein-based fibers and fabrics through the coupling of
azo and diazo components, represented by naphthol compounds and diazonium salts, respectively.
During the dyeing process, protein-based fabrics are impregnated with an alkaline solution of the
azo component, dried, and subsequently treated with an aqueous solution of the diazo component at
pH 7-9 under cold conditions. In addition, azogen systems, which collectively refer to the azo and
diazo components used for the in situ synthesis of water-insoluble azo dyes, are widely employed.
This dyeing technique is known as cold (ice) dyeing and consists of treating fabrics impregnated
with an alkaline azo-component solution in a cooled diazonium salt solution, followed by squeezing
and aging until the azo-coupling reaction is completed.
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In this method, the dye is synthesized directly within the fiber from intermediate compounds.
Since the resulting dye is insoluble in water, the dyed material exhibits excellent fastness to wet
treatments [4].

However, pretreatment with an alkaline azo-component solution makes this method
unsuitable for dyeing natural silk. Conventional methods of dyeing natural silk with direct dyes do
not provide sufficiently durable dark shades. Natural silk is commonly dyed with reactive dyes in
either alkaline or acidic media. Dyeing in alkaline media provides high color fastness but carries the
risk of degradation of the protein fibers due to the action of alkaline solutions at elevated
temperatures. In acidic media, the dye is fixed to the fiber mainly through ionic and intermolecular
interactions rather than covalent bonds, as occurs during alkaline dyeing [5].

Therefore, the most rational approach to the coloration of natural silk is the development of
dyeing compositions based on polyvalent metal salts capable of forming colored compounds
directly within the fiber structure.

The objective of this study was to investigate the physicochemical properties of newly
developed composite dyes for thermal dyeing applied in the finishing of protein-based fabrics.

Materials

The objects of the study included protein fibers and fabrics, polyvalent metal salts, copper
sulfate, iron acetate, nickel chloride, cobalt chloride, sodium acetate, sodium nitrite, resorcinol,
sulfuric acid, hydrochloric acid, nitric acid, industrial waste products, and selected inorganic and
organic ingredients.

Research Methods

Experimental investigations were carried out throughout the study. The physicochemical
properties of the components were determined using chemical, refractometric, and titrimetric
analytical methods. The technological characteristics were evaluated using standardized methods,
instruments, and equipment in accordance with the relevant GOST standards adopted in the CIS
countries.

Results and Discussion

Fibroin, the principal protein component of natural silk, contains a limited set of amino acid
residues in its polymer chain, consisting primarily of glycine, alanine, serine, and tyrosine. The
amino groups of these amino acids possess lone pairs of electrons on the nitrogen atom, enabling
the formation of coordination or covalent bonds with metal ions. The presence of primary amino
groups in the polymer substrate also allows diazotization to produce highly reactive diazonium
salts. The coupling of diazonium salts with phenols or aromatic amines results in the formation of
colored compounds [6-7].

The study investigated the influence of various polyvalent metal salts on the coloration of
natural silk organza fabric. The introduction of alkaline earth, transition, and rare-earth metal
cations into the dyeing process significantly increased dye uptake, color intensity, color fastness,
and the tensile strength of the silk fibers [8-10].
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Table 1 presents the color shades obtained for dyed protein-based fabrics using different
polyvalent metal salts.

Table 1.
Color shades obtained for dyed protein-based fabrics

Dyed samples Polyvalent metal salts
Fe,(SO,); (resorcinol)

Fe,(SO,); (Dyeing with a daily solution, resorcinol)

Fe,(SO,); (pyrocatechin)

CoCl, (resorcinol)

CuSO, (resorcinol)

NiCl, (resorcinol)

The experimental investigations were carried out in several stages:

1. Evaluation of the dyeability of the selected fabric using polyvalent metal salts in
combination with resorcinol and hydroquinone.

2. Investigation of the hue and color intensity obtained with different polyvalent metal salts.

3. Study of the effect of dyeing temperature on the color intensity of the fabrics.

4. Evaluation of the possibility of obtaining stable coloration on natural silk under resource-
efficient processing conditions using polyvalent metal salts.

To investigate changes in the color intensity of natural silk materials, the following polyvalent

metal salts were selected: Fez(SO C0C12, CuSO,, and NiClZ, with the aim of identifying the most

D3
effective and colorfast dyeing system. Laboratory experiments were performed using organza, a
thin, matte, stiff, and transparent fabric made of natural silk, as the model substrate.

The dyeing process was carried out under laboratory conditions. The initial dyeing
temperature was 40°C in a solution containing a polyvalent metal salt and the dihydric phenol
resorcinol (1,3-dihydroxybenzene, m-dihydroxybenzene). The temperature was gradually increased

to enhance dye diffusion into the fiber structure [9-10].
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The maximum dyeing temperature was 90°C, and the samples were maintained at this
temperature for 60 min. In experiments involving iron(Ill) sulfate, parallel studies were also
performed using hydroquinone as a reaction accelerator. In this case, the dyeing solution was aged
for 24 h at room temperature before use.

The results presented in Table 1 demonstrate the coloration of natural silk organza using
different polyvalent metal salts. The range of colors obtained depends primarily on the nature of the
metal ion. As shown by the first entries in Table 1, dyeing with Fe,(SO,), in the presence of
resorcinol produced different color intensities despite identical dyeing times. Organza dyed for 60
min in a freshly prepared solution exhibited lower color intensity than samples dyed in a solution
aged for 24 h. Furthermore, the dyeing composition prepared from Fe,(SO,), and hydroquinone
resulted in a pronounced change in the color palette accompanied by a decrease in color intensity.

Based on these results, the iron(III) sulfate-resorcinol system was selected for further
investigation as the most effective dye-fixing composition. The subsequent stage of the study
focused on evaluating the effect of dyeing time on the intensity of the resulting coloration.

Table 2.
Color shades obtained for dyed protein-based fabrics

Dyed samples Polyvalent metal salts
Fe,(SO,); (resorcinol), 90°C, 3 min

Fe,(SO,), (resorcinol), 90°C, 5 min

Fe,(SO,); (resorcinol), 90°C, 7 min

Fe,(SO,); (resorcinol), 90°C, 10 min

Fe,(SO,); (resorcinol), 90°C, 30 min

At this stage of the study, dyeing was carried out under the same temperature conditions
(initial temperature 40°C and maximum temperature 90°C), while the fabric holding time was
varied at six intervals ranging from 3 to 50 min.

The results presented in Table 2 indicate that a dyeing time of 7 min is sufficient to obtain a
color shade comparable to that achieved after 60 min of dyeing. By varying the dyeing time of
natural silk in a solution containing a single polyvalent metal salt, it was possible to obtain a wide
range of color shades. As the dyeing time decreased, the dyed fabrics exhibited progressively lighter
yellowish-brown tones accompanied by a reduction in color depth and intensity.
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In the next stage of the study, changes in color intensity were investigated by dyeing the
samples in a boiling dye solution based on iron(III) sulfate, while varying the holding time from 3
to 50 min.

Table 3.
Color shades obtained for protein-based fabrics dyed with composite dye formulations

Painted samples Painting conditions
Fe,(SO,); (resorcinol), 90 °C, 3 min

Fe,(SO,), (resorcinol), 90 °C, 3 min

Fe,(SO,), (resorcinol), 90 °C, 3 min

Fe,(SO,); (resorcinol), 90 °C, 3 min

Fe,(SO,), (resorcinol), 90 °C, 3 min

Fe,(SO,); (resorcinol), 90 °C, 3 min

Table 3 presents the results of dyeing carried out without preliminary heating. Under these
conditions, the dyed fabrics exhibited brighter colors with lighter shades than those obtained by
gradual heating, where the dyeing temperature was increased from 40°C to 90°C. As the holding
time of the fabric in the dye bath decreased, the color gradually changed from deep, saturated dark
shades to lighter and brighter tones. The samples dyed for 50, 30, and 10 min showed no
pronounced differences in color intensity; however, they differed in shade depth from the other
samples. A sharp decrease in color depth was observed when the dyeing time was reduced to 7 min.
With a further reduction in dyeing time, the fabrics developed more muted, earthy color tones.

The dyeing duration also had a significant effect on the hue of the samples. As the dyeing
time decreased, reddish shades gradually appeared, while the deep green coloration progressively
shifted toward reddish tones.

The subsequent stage of the investigation focused on evaluating the influence of dyeing
temperature on the color characteristics of the samples while maintaining a constant dyeing time.

The experiments were performed using the selected iron(IIl) sulfate system under two
different temperature regimes: (I) gradual heating from 40°C to 60°C and higher over a period of 10
min, and (II) dyeing in a preheated solution maintained at 60°C and above for 10 min. It should be
noted that resorcinol was used as the fixing component in all experiments.
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Table 4.
Color shades obtained for protein-based fabrics dyed with composite dye formulations
Dyed fabric Dyeing conditions Dyed fabric Dyeing conditions
samples
Fe_v(SO;),-
(rezortsin) Fex(SOas
(rezortsin)
GO 1D
G/ 60C 10 min
400C
Fc:‘( S()i)" Fex(S04)s
(rezortsin) (rezortsin)
e 1min E
6/ 70°C 10 min
A0
Fex(S0a)s “ex(SO
(rezortsin) (IB'; ;Z((;n'g_':l)._")
NoUee 10min N
u/ 6 ROC 10 man
are

Comparison of the dyeing results obtained by gradually increasing the temperature from 40°C
to 60°C over 10 min with those obtained under identical conditions at the maximum temperature of
90°C revealed a pronounced color transition from deep, saturated dark green to lighter golden
shades. Furthermore, dyeing under continuous temperature increase resulted in enhanced color
intensity and greater shade depth.

Based on the results presented in Table 4, it can be concluded that the temperature gradient
has a significant influence on the dyeing process. The increase in dyeing temperature, together with
continuous heating, promotes higher color intensity and deeper shades in the dyed samples.
Stepwise temperature elevation produced brighter and lighter colors with a characteristic luster over
the entire temperature range, whereas higher dyeing temperatures resulted in considerably greater
color depth and saturation. The possibility of obtaining stable coloration at the minimum
temperature of 40°C was also investigated.

Additional experiments were carried out under constant-temperature conditions (40°C) while
varying the holding time in the dye bath from 10 to 60 min. The objective of this stage was to
evaluate the feasibility of dyeing at the minimum temperature and to investigate the effect of dyeing
time on color development under these conditions. The corresponding results are presented in Table
5.

19



Ne 9 (150) UNIVERSUM: cenmabpb, 2026 e.

HWYECKWNE HAYKN

Table 5.
Color shades obtained for protein-based fabrics dyed with composite dye formulations

Dyed fabric samples Dyeing conditions

Fea(S04)s3
(rezotain)

e 40°C 10 min

Fea(SO1)s
(cezantain)

a 40VC 20 min

Fea(S04)3
(rezortzin)

u 40°C 30 min

Fea(SO1)s
(rezontsin)

u 40°C 40 min

Fea(S0a)s

B 40°C 50 min

The results presented in Table 5 confirm the existence of a minimum effective dyeing
temperature for natural silk treated with a resorcinol solution containing polyvalent metal salts,
which is sufficient to produce dark, highly intense colors with considerable shade depth. These
findings also demonstrate the feasibility of dyeing natural silk fibers while maintaining high color
intensity and shade depth even under relatively low-temperature conditions.

Conclusion

The study established that the principal factors influencing the shade depth of dyed fabrics are
the dyeing temperature and the holding time of the material in the dye bath. The use of polyvalent
metal salt solutions at elevated temperatures makes it possible to obtain and maintain bright,
saturated, and durable colors on dyed textile materials.

The duration of the dyeing process also has a significant effect on color brightness and
saturation. As shown in Table 5, both parameters increase progressively with increasing holding
time of the fabric in the dye bath, resulting in deeper and more intense coloration.
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Abstract

This article investigates the potential of modified cellulose acetate-based composite filter
materials for the effective removal of dyes, colloidal substances, and organic pollutants from textile
industry wastewater. Composite filter materials based on diacetylcellulose were prepared using
various organo-inorganic components, including titanium dioxide, silicon dioxide, activated carbon,
and chitosan. The effects of the type, concentration, and ratio of modifiers on the porosity, water
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permeability, sorption capacity, and mechanical strength of the filter materials were studied.
Structural and morphological analyses demonstrated that the formation of a homogeneous porous
structure in the composite materials enhances the efficiency of filtration and sorption processes.
Based on the experimental results, an optimal composition containing diacetylcellulose, plasticizer,
fillers, TiO,, activated carbon, and chitosan was proposed. The obtained filter materials were tested
in dye baths, confirming their high adsorption properties, mechanical stability, and potential for
long-term operation. The optimal porosity was found to be within the range of 60—-70 %, providing
a favorable balance between purification efficiency and filtration rate. The developed composite
filter materials were evaluated as promising materials for textile wastewater treatment, water reuse,
and reduction of environmental pollution. The relationship between composition—structure—property
was identified as a key factor governing the sorption and filtration characteristics of the materials.
The obtained results demonstrate the potential application of modified cellulose acetate-based filters
in industrial enterprises to reduce wastewater color and organic pollution, improve the economic
efficiency of treatment processes, and contribute to reducing water scarcity.

AHHOTanusA

B cratbe ucciiefoBaHa BO3MOXKHOCTb TPUMEHEHUs] MOAU(DULIMPOBAHHBIX KOMIIO3ULIMOHHBIX
GUBTPYIOLMX MaTepuajioB Ha OCHOBe aleTaTles/uitoo3bl  Aas  3¢h@deKTUBHOrO  yAaneHus
KpacureJsiel, KOJUIOUAHBIX U OPraHUYeCKUX 3arps3HSOLINX BeIeCTB U3 CTOUHBIX BOJ, TEKCTUIbHOU
TIPOMBILLIZIEHHOCTH. Ha OCHOBe /ualieTaTLie/l/It0/103bl ToMy4YeHbl KOMIIO3ULIMOHHbIE (DUIBTPYIOLIIMe
Marepuasbl C HCIOJb30BaHUEM pPa3/IMYHbIX OPraHO-HEOPraHWYeCKUX KOMIIOHEHTOB, BKJ/IHOYAst
JWOKCH], TUTaHa, JUOKCHUJ KPeMHMS, aKTUBUPOBAHHBIM YrO/lb M XUTO3aH. V3yueHO BIMsIHME BUJQ,
cofep)KaHusi U COOTHOLIeHUs]  MOAWGMULIMPYIOL[MX  KOMIIOHEHTOB  HAa  IOPHCTOCTb,
BO/IOTIPOHUIIAEMOCTh, COPOI[MOHHYIO CIOCOOHOCTD M MeXaHWMUeCKYH) TMPOYHOCTb (DUIBTPYIOLIUX
MaTepuasnoB. Pe3ynbTaTbl CTPYKTYPHbIX U MOpP(OJIOTUYECKUX HWCCAeJOBaHUM TOKa3aau, uTo
(hopMHpOBaHHEe OFHOPOAHOM MOPUCTON CTPYKTYPhI KOMIIO3UI[MOHHBIX MaTepHasioB CIIOCOOCTBYeT
TOBBIIEHUIO 3PPEKTUBHOCTH TIPOLeCcCoB (punbTpaumy U copbiun. Ha OCHOBaHMU TOTy4YeHHBIX
5KCIIePUMEHTA/IbHBIX ~ Pe3y/bTaTOB  MpeJJIOKeH ONTMMAJbHBIM  COCTaB  KOMIIO3ULIMOHHOTO
Marepuana,  BK/IIOUAKOLMHA  [MALeTaTUe/UIIoIosy, — TlacThdukarop, — Hamomuutend,  TiO,,
aKTMBHMPOBAaHHBIM yroib M XuTo3aH. [lojmyueHHble QUIBTPYIOIIME MaTepuajibl MUCIbITaHbI B
yC/IOBUSIX KpPaCWIbHBIX BaHH, UTO TOATBEPAWIO WX BBICOKME a/COPOLIMOHHBIE CBOWCTBA,
MeXaHWUeCKyH) CTa0WIbHOCTb W BO3MO)KHOCTb [IIUTEILHOW 3KCIutyataryu. OnTuMarbHast
MOPUCTOCTb MaTepuanoB coctaBuina 60-70 %, mpu KOTOpOM 00eCreurBaeTCsl paljiOHaIbHBINA
Ganmanc Mexay 3(hGdeKTUBHOCTBI0O OUMCTKM W CKOPOCTbIO  (unbTpaumu. Pa3paboTaHHbIe
KOMITO3WLIMOHHbIe (UIBTPYIOLLMe MaTepuasrbl MOTYT pacCMaTpyBaThCsl KakK IepCreKTUBHbIE
MaTepuasnbl [Ji7Ii OUUCTKA CTOYHBIX BOJ TEKCTUIbHOW TMPOMBIIIEHHOCTH, TIOBTOPHOTO
WCIT0/Tb30BaHUsI BOZbI U CHYD)KEHUS 9KOJIOTHUUYeCKOW Harpy3kKu. YCTaHOB/IEHa B3aUMOCBSI3b «COCTaB—
CTPYKTypa—CBOMCTBO», OIpezessitoliass CopOLMOHHbIE ¥ (DUIBTPALIMOHHBIE XapaKTePUCTUKU
MarepuanoB. [lonyueHHble pe3ynbTaTbl CBUJETENBCTBYKOT O MEPCIeKTUBHOCTA TPHMEHeHUs
MO/M(HULIMPOBAaHHBIX alleTaTLe//IF0/I03HbIX (PUIBTPOB Ha MPOMBIILIEHHBIX MPeANPUSATHIX
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Introduction

Today, along with the rapid development of the textile industry, the effective treatment and
reuse of wastewater generated during production processes is one of the important environmental
challenges. Textile enterprises consume large amounts of water during dyeing, washing, bleaching,
and finishing processes, resulting in the formation of wastewater containing dyes, organic
compounds, salts, and other pollutants [3; 4; 7].

Various methods, including coagulation-flocculation, adsorption, oxidation, flotation, and
membrane filtration, are widely used for textile wastewater treatment. However, due to the complex
composition of wastewater and the presence of different types of pollutants, the use of a single
treatment method does not always provide the required purification efficiency [3;7]. In particular,
adsorption and membrane filtration are considered promising approaches for the removal of dye
compounds from wastewater [4—6].

During the adsorption process, activated carbon, silicon dioxide, zeolites, and various carbon-
based materials are widely used as effective adsorbents. These materials can remove dye molecules
due to their porous structure and developed specific surface area [4; 6]. Membrane technologies
make it possible to separate suspended particles and dissolved components based on membrane
pore size and selective permeability. However, membrane fouling, service life, and operating costs
remain important limitations in the application of these technologies [1; 5].

From this perspective, the use of cellulose acetate as a polymer matrix is considered a
promising approach. Modification of cellulose acetate-based filter and membrane materials with
various modifiers makes it possible to control their porosity, water permeability, mechanical
strength, and sorption properties. Recent studies have demonstrated the potential of cellulose
acetate-based fibrous and nanofibrous materials for the removal of dyes, including methylene blue,
from aqueous media [2].

At the same time, incorporation of organic and inorganic components such as TiO,, SiO,,
activated carbon, and chitosan into a cellulose acetate matrix can improve the functional properties
of composite materials. Such components play an important role in increasing the number of
adsorption sites, developing the porous structure, and improving the mechanical stability of filter
materials [4; 2; 8].

The aim of this study is to evaluate the applicability of modified cellulose acetate-based
composite filter materials for the effective removal of dyes, colloidal substances, and organic
pollutants from textile industry wastewater.
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The study focuses on determining the filtration and sorption properties of modified cellulose
acetate composite filters, evaluating their wastewater treatment efficiency, determining the optimal
porosity of the filter material, and assessing their applicability under dye-bath conditions. Based on
the experimental results, the optimal composition and practical potential of the developed
composite filters for textile wastewater treatment were evaluated.

Materials

The materials used in this study included diacetylcellulose as the polymer matrix, titanium
dioxide (TiO,), silicon dioxide (SiO,), chitosan, activated carbon, and plasticizer as the main
modifying components. Textile industry wastewater and dye-bath wastewater were used as the
objects of the study. The selected organic and inorganic components were used to prepare modified
cellulose acetate-based composite filter materials with controlled porous structures and improved
sorption and filtration properties.

Research Methods

Experimental investigations were carried out throughout the study. The composition,
physicochemical, structural, and filtration properties of the developed modified cellulose acetate-
based composite filter materials were investigated using appropriate analytical methods. Fourier-
transform infrared (FTIR) spectroscopy was used to identify the functional groups and chemical
interactions between the components. Scanning electron microscopy (SEM) was employed to
examine the surface morphology and porous structure of the composite filter materials. The
porosity, water permeability, water absorption, swelling, and mechanical strength of the obtained
materials were determined using standardized experimental procedures. The purification efficiency
of the composite filters was evaluated using textile industry wastewater and dye-bath wastewater.
The changes in the main wastewater quality parameters before and after filtration were analyzed to
determine the effectiveness of the developed filter materials. The experimental data were processed
using mathematical and statistical methods to determine the optimal composition and operating
characteristics of the composite filter materials.

Results and Discussion

Several types of cellulose acetate were selected as binders for the preparation of composite
filter materials. Cellulose acetate is characterized by good film-forming ability, chemical stability,
and mechanical properties. It is readily soluble in organic solvents such as acetone, ethanol, and
methylene chloride.

To improve the porosity, mechanical strength, and sorption properties of the cellulose acetate-
based filter materials, Si0,, TiO,, activated carbon, and chitosan were incorporated into the
composition. SiO, contributes to structural stabilization and the formation of a stable porous
structure. TiO, contributes to the functional properties and structural modification of the material.
Activated carbon, due to its high sorption capacity, contributes to the removal of organic
compounds and dyes from wastewater, while chitosan enhances the sorption properties through its
functional amino groups.
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The composite filter materials were prepared under laboratory conditions. Cellulose acetate
was dissolved in an organic solvent and stirred continuously at 40-50 °C to obtain a homogeneous
solution. The solution was then maintained under vacuum for 20-30 min to remove entrapped air
bubbles. Polyethylene glycol (PEG) was added at a concentration of 5 wt.% as a plasticizing and
pore-forming component. The pre-prepared SiO,, TiO,, activated carbon, and chitosan were then
introduced in predetermined amounts and mixed uniformly for 10-15 min.

The resulting composite mixture was poured into molds and dried at 25-60 °C by evaporating
the solvent to obtain film-like filter materials. The developed materials exhibited high porosity,
good mechanical strength, and enhanced sorption properties.

The incorporation of the selected fillers improved the water permeability, sorption
characteristics, and operational stability of the materials. Based on the experimental results, optimal
compositions of the composite filter materials for textile wastewater treatment were selected.

The optimal compositions of the developed composite filter materials for textile wastewater
treatment are presented in Table 1.

Table 1.
Optimal composition of the developed composite filter materials for textile wastewater
treatment
Components Composition of components, wt.%
CFM- 1 CFM -2 CFM -3

Diacetylcellulose 100 100 100
Polyethylene glycol (PEG) 5 5
Titanium dioxide (TiO,) 8-
Silicon dioxide (SiO,) 10
Chitosan 8 6 4
Activated carbon 10 10 10

To determine the chemical structure of the composite filter material and the effect of the
fillers incorporated into its composition, Fourier-transform infrared spectroscopy (FTIR) analysis
was performed (Fig. 1).
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Figure 1. FTIR spectra of cellulose acetate-based composite materials filled with activated
carbon, chitosan, TiO,, and SiO,

The analysis of the spectra showed that the broad absorption band observed in the range of
3200-3500 cm™ corresponds to hydroxyl (~OH) groups and is associated with the hydroxyl groups
present in cellulose acetate and SiO,. At the same time, the broadening and increase in intensity of
the band in this region indicate the formation of hydrogen bonds between the components. The
absorption bands observed at around 1600-1650 cm™ are attributed to amino (-NH,) groups of
chitosan, confirming the presence of the biopolymer in the composite material. The band in the
range of 1730-1750 cm™ corresponds to carbonyl (C=0) groups characteristic of cellulose acetate
and indicates that the main polymer matrix is retained in the composite. The strong absorption
bands observed in the 1000-1200 cm™ region are attributed to silicon—oxygen (Si—O-Si) bonds,
confirming the presence of the SiO, filler. The bands in the 700-900 cm™ range are attributed to
titanium—-oxygen (Ti-O) bonds, indicating the incorporation of TiO, nanoparticles into the
composite. In addition, absorption bands corresponding to aromatic C=C bonds were observed in
the 1500-1600 cm™ region, which can be associated with the presence of activated carbon.

The FTIR spectral analysis results fully confirmed the presence of cellulose acetate, chitosan,
Si0,, TiO,, and activated carbon in the composite material. The shifts of the absorption bands and
changes in their intensity indicate the occurrence of interactions between the components, including
hydrogen bonding and physical interactions. This indicates the formation of a stable structure in the
composite material.

To investigate the surface morphology of the composite materials, scanning electron
microscopy (SEM) analysis was performed (Fig. 2). According to the obtained results, the pure
cellulose acetate sample exhibited a relatively smooth and homogeneous surface. A low number of
pores and a densely packed structure were observed.
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Figure 2. SEM images of cellulose acetate-based materials: (a) pure cellulose acetate; (b)
cellulose acetate composite material containing activated carbon, chitosan, TiO,, and SiO,

SEM analysis revealed clear differences in the surface morphology of pure and modified
cellulose acetate materials. The pure cellulose acetate sample (Fig. 2a) exhibited a relatively smooth
and homogeneous surface with a dense structure and a low number of visible pores. After
incorporation of activated carbon, chitosan, TiO,, and SiO,, the surface morphology changed
considerably (Fig. 2b), showing a rougher and more porous structure with an increased number and
size of pores. The inorganic particles were relatively uniformly distributed throughout the polymer
matrix, while the incorporation of chitosan contributed to the formation of additional active sites on
the surface. These morphological changes are favorable for improving the sorption and filtration
properties of the composite material.

The efficiency of cellulose acetate-based composite filter materials is largely determined by
their porous structure and permeability. Porosity directly affects the ability of the material to
transport liquids and gases and is closely related to the internal structure, filler distribution, and
interactions between the components.

In this study, the porosity and permeability of filter materials based on different types of
cellulose acetate were comparatively investigated. The total porosity was determined using the
pycnometric method based on the actual and theoretical densities of the materials in accordance
with GOST 28513-90. The permeability characteristics were evaluated by determining the volume
of liquid or gas passing through the filter material per unit of time under a specified pressure.

The results obtained for filter materials based on monoacetate, diacetate, and triacetate
cellulose demonstrated that the type of cellulose acetate significantly affects the structural and
filtration properties of the materials. Among the investigated samples, the diacetate cellulose-based
material exhibited the most favorable combination of porosity and permeability, indicating a more
suitable porous structure for filtration applications. In contrast, triacetate cellulose showed
comparatively lower permeability, which was associated with its denser structure and lower
porosity. Based on these results, diacetate cellulose was selected as the optimal polymer matrix for
the subsequent preparation of modified composite filter materials.
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Table 2.
Porosity and filtration properties of cellulose acetate-based filter materials
Ne Material properties Monoacetate cel- | Diacetate cel- | Triacetate cel- | Determination method
lulose lulose lulose
1 Porosity, % 38+1.2 45+ 1.4 30£1.0 GOST 18898-89
2 Permeability, cm?¥/s 0.70 £ 0.03 0.90 £ 0.04 0.60 £ 0.03 GOST 3584-73
3 Density, g/cm? 1.18 £ 0.02 1.20 £ 0.02 1.28 £ 0.03 GOST 28513-90
4 Water absorption, % 20+ 0.8 18 +0.7 12+0.6 Gravimetric method
5 Average pore diameter, 10+ 0.5 14+ 0.7 8+ 0.4 | Microscopic analysis
Hm
6 Filtration efficiency, % 82+1.5 88+1.3 80+ 1.6 | Experimental method

Values are presented as mean + standard deviation (SD), n = 3.

The main practical performance of the developed composite filter materials was evaluated
based on their ability to reduce the major pollutants present in textile wastewater. Particular
attention was paid to color intensity, chemical oxygen demand (COD), biochemical oxygen demand
(BOD), and suspended solids, as these parameters are important indicators of wastewater quality.

Textile wastewater was treated using the developed CFM-1, CFM-2, and CFM-3 composite
filters. The changes in the main wastewater quality parameters before and after filtration were
compared. The results obtained for the three filter compositions are presented in Table 3.

Table 3.
Changes in the main quality parameters of textile wastewater after filtration
Parameter Before treatment CFM-1 CFM-2 CFM-3
Color intensity, % 100+ 1.0 18+ 0.8 12+ 0.6 15+0.7
COD, mg/L 620 £ 12 145 +5 105+4 125+5
BOD, mg/L 210+ 6 52+3 38+2 45+3
Suspended solids, mg/L 1855 32+2 24 +1 28 +2

Values are presented as mean + standard deviation (SD), n = 3.

The results presented in Table 3 indicate that all developed composite filter materials
substantially reduced the main pollution parameters of textile wastewater. The most pronounced
purification effect was observed for CFM-2, which reduced color intensity from 100 % to
approximately 12 %, COD from 620 to 105 mg/L, BOD from 210 to 38 mg/L, and suspended solids
from 185 to 24 mg/L.

The higher efficiency of CFM-2 can be associated with the balanced ratio of the modifying
components in its composition. The combination of activated carbon, SiO,, TiO,, and chitosan
provides favorable conditions for the retention of dye molecules, suspended particles, and organic
pollutants. CFM-1 and CFM-3 also demonstrated significant purification efficiency, although their
overall performance was somewhat lower than that of CFM-2.

Thus, the comparative results suggest that CFM-2 represents the most promising composition
for the treatment of textile wastewater, providing a favorable combination of filtration and sorption
properties. The developed composite filter materials can therefore be considered promising for
further practical application in textile wastewater treatment.
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Conclusion

The results of this study demonstrate the potential of modified cellulose acetate-based
composite filter materials for the treatment of textile industry wastewater. Among the investigated
cellulose acetate types, diacetate cellulose showed the most favorable filtration characteristics, with
a porosity of 45 %, permeability of 0.90 cm?/s, and filtration efficiency of 88 %, and was therefore
selected as the polymer matrix.

The incorporation of SiO,, TiO,, activated carbon, and chitosan into the cellulose acetate
matrix improved the functional properties of the developed composite filters. Comparative
evaluation of CFM-1, CFM-2, and CFM-3 showed that the composition and ratio of the modifying
components significantly affected the filtration performance.

Among the developed materials, CFM-2 demonstrated the most favorable overall purification
performance, showing a greater reduction in color intensity, COD, BOD, and suspended solids
compared with the other compositions. This effect can be attributed to the balanced composition of
the polymer matrix and functional fillers, which provides favorable filtration and sorption
properties.

Overall, the developed modified cellulose acetate-based composite filters, particularly
CFM-2, demonstrate considerable potential for textile wastewater treatment and may serve as a
basis for further optimization and practical application.
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Abstract

The study investigates the effect of bentonite clay addition on the compressive strength of
ceramic bricks produced from locally available clay raw materials. Bentonite was incorporated into
the ceramic mixture at contents ranging from 3 to 30 % with an increment of 3 %. Experimental
brick specimens were prepared and tested to evaluate the influence of bentonite content on their
compressive strength. The results demonstrated that the addition of bentonite up to 12 %
significantly improved the strength characteristics of the ceramic bricks. At a bentonite content of
12 %, the compressive strength reached 84.0 kg/cm?, compared with 67.2 kg/cm? for the control
specimen, corresponding to an increase of approximately 25 %. Further increasing the bentonite
content resulted in a gradual reduction in compressive strength. At 30 % bentonite, the compressive
strength decreased to 58.2 kg/cm?, which was 13.4 % lower than the control value. The observed
increase in strength at moderate bentonite contents can be attributed to the fine and highly dispersed
structure of bentonite, which contributes to filling interparticle voids and improving the density of
the ceramic mass during firing. At higher contents, increased water absorption, drying shrinkage,
and the formation of internal microcracks may adversely affect the mechanical properties. Based on
the experimental results, 12 % bentonite was identified as the optimal content. The findings
demonstrate the potential of bentonite as an effective mineral additive for improving the
compressive strength and optimizing the composition of ceramic bricks produced from locally
available clay raw materials.

AHHOTaUA

B cratbe ucciiefioBaHO BAMsiHUE [00aBKM O@HTOHUTOBOMW IIMHBI HAa MPOYHOCTh MPH CKAaTUU
KepaMMueCcKOro Kupruiua, U3rOTOBJIEHHOTO Ha OCHOBE MECTHOTO ITIMHUCTOTO ChIpbs. BeHTOHUT
BBOJUJ/ICSI B COCTaB Kepamuueckol Maccbl B KonudectBe oT 3 70 30 % c marom 3 %. bbb
W3rOTOB/IEHbl W WCIIBITAHBI 3SKCTIepUMeHTalbHble 00pasijbl KWpMUYa [ijis OLIeHKU BIIUSHUS
cofiep>kaHusi OEHTOHUTA Ha WX TIPOUHOCTB TIPU CKaTWU. Pe3ynbraThl UCCIe0BaHUM TOKa3asid, uTo
yBe/nuueHue cojepkaHus OeHToHuTa A0 12 % crocoOCTByeT 3HAUMTEILHOMY TTOBBILIIEHHIO
MPOYHOCTHBIX XapaKTePUCTUK KepamMHueckoro Kuprnuua. [Ipu cogepkanuu OeHToHMTa 12 %
MPOYHOCTh TpU CKathuk pocturiaa 84,0 Kr/cM? 1o cpaBHeHHIO € 67,2 Kr/CM? y KOHTPOJIbHOTO
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obpa3lla, YTO COOTBETCTBYeT YBEJWUUEHUIO TIpUMepHO Ha 25 %. [lasbHelilliee TOBBIIIEHHE
coziep)kaHusi OEHTOHWTA TIPUBOAW/IO K TIOCTEIIEHHOMY CHIDKEHWIO TIPOYHOCTU. [Ipu cofeprkaHUU
bentonnta 30 % TPOYHOCTH TIPYU CKATHM CHU3WIACh 10 58,2 kKr/cm2, uto Ha 13,4 % HKe
KOHTPOJIbHOTO 3HaueHus1. [1oBbIlIIeHHe TIPOUYHOCTH TIPH YMEPEHHOM COZiep’KaHUH OeHTOHUTA MOXKET
ObITb CBI3aHO C €r0 TOHKOJWCIIEPCHOM  CTPYKTYPOH, CIIOCOOCTBYIOIEH  3arlO/IHEHHIO
ME)KUaCTUYHBIX ITyCTOT W YIUIOTHEHWIO KepaMU4yecKod Macchl B Tiporecce obxkura. Ilpu
TIOBBILIIEHHOM COJiep)KaHUM OeHTOHWTA yBelWYeHHe BOJOIMOTPeOHOCTH, ycajKa TpU CYIIKe |
oOpa3oBaHMe BHYTPEHHUX MHUKPOTPEIIVH MOTYT OTPHLIATebHO BMATh HA MeXaHU4YeCKHre CBOWMCTBA
kupruya. Ha oOcCHOBaHMM 3KCriepMMeHTaslbHbIX —pe3y/bTaToB OINTHMMAa/bHBIM  COZep’KaHheM
berronuTa ompesneneHo 12 %. IlomyueHHble pe3y/ibTaThl TOATBEPXKJAIOT IE€PCIEKTHBHOCTh
npuMeHeHWss OeHTOHWUTA B KauecTBe 3(PQeKTUBHON MHHEpaabHOW [00aBKH [I/IsI TIOBBIIEHUS
TIPOYHOCTY TMPU C’KaTUM Y ONTHUMM3aLMM COCTaBa KepaMUYeCKOro KMprvua Ha OCHOBE MeCTHOIO
[JIMHUCTOTO ChIPbS.

Keywords: ceramic brick, clay raw material, bentonite, clay raw material compressive
strength, clay.

KnawoueBble c/10Ba: KepaMHHECKI/II‘;I KHPIIWY, TIJIMHUCTOE CbIPbE, 68HTOHI/IT, IIVIOTHOCTB
IVIMHUCTOI'O ChIPbs, ITPOUYHOCTD IMPU CXKATUH, ITIMHA.

Introduction

Ceramic brick is one of the most widely used wall-building materials in construction due to
its relatively low cost and the possibility of producing it from locally available raw materials. The
long-term reliability of buildings and structures largely depends on the mechanical strength,
deformation characteristics, water resistance, and durability of bricks under environmental
influences [1, 2]. Therefore, improving the physical and mechanical properties of ceramic bricks,
efficiently utilizing local raw materials, and determining optimal compositions are important
scientific and practical tasks [2, 3, 5]. In the production of ceramic bricks, the technological and
performance properties of the material can be controlled by incorporating various mineral additives
into the raw material composition [3, 4, 10]. Bentonite clay, in particular, is characterized by a high
content of montmorillonite minerals, high dispersity, and binding properties. These characteristics
of bentonite may positively influence the interaction between particles in the ceramic mixture,
improve the molding process, and contribute to the formation of a dense and strong structure during
firing [6, 8].

However, when the amount of bentonite additive is excessively increased, the optimal ratio of
mineral components in the ceramic mixture may be disturbed, leading to increased volumetric
changes during drying and firing and, consequently, a reduction in the mechanical properties of the
bricks [7, 8, 10]. Therefore, not only the presence of bentonite but also the determination of its
optimal content is of considerable importance [6, 10]. Establishing the optimal content can make it
possible to produce ceramic bricks with higher strength from locally available raw materials while
improving production efficiency [3, 6]. Uzbekistan has considerable potential for using locally
available soils and clay raw materials in the production of construction materials. At the same time,
the mineralogical and chemical composition of local raw materials varies depending on the region
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[5, 9]. Therefore, it is necessary to experimentally determine the optimal amount of mineral
additives incorporated into such raw materials. In particular, evaluating the effect of different
amounts of bentonite clay added to a ceramic mixture based on local soil on the compressive
strength of bricks is of practical significance [6].

The main objective of this study is to determine the effect of incorporating different amounts
of bentonite clay into ceramic bricks produced from local soil on their physical and mechanical
properties and to establish the optimal bentonite content that ensures adequate compressive
strength. Within the framework of the study, specimens containing different amounts of bentonite
were prepared, and their strength characteristics were compared with those of a control specimen.
The results of this study can provide a scientific and practical basis for optimizing the composition
of ceramic bricks produced from locally available raw materials with bentonite additives, improving
their mechanical strength, and enhancing the technology for manufacturing construction materials.
The novelty of this research is the establishment of the optimum amount of bentonite in the
production of ceramic bricks from local loess clay soil of the Kosonsoy region (Uzbekistan). The
present study is a new research that sets the bentonite dosage which gives the highest compressive
strength with this local raw material in industrial production conditions, unlike the previous ones
carried out on other clay deposits and raw materials

Materials and methods

During the experimental study, local clay soil was used as the main raw material, while
bentonite was used as additional components. The material consumption required for the production
of 1,000 conventional ceramic bricks is presented in Table 1.

Table 1.
Material consumption for the production of 1,000 bricks
Material/Parameter Unit Value
Soil m3 2.7
Soil density kg/m3 1640
Soil mass kg 4428
Ordinary water L 886

A comprehensive study was conducted to evaluate the effect of partially replacing the local
clay soil with bentonite at contents of 3, 6, 9, 12, 15, 18, 21, 24, 27, and 30 % on the physical and
mechanical properties of the bricks, particularly their compressive strength. During the study,
changes in brick density, porosity, and strength characteristics with increasing bentonite content
were evaluated, with the aim of determining the optimal bentonite content. The specimens were
prepared in accordance with 'OCT 530 — 2012, “Ceramic Bricks and Stones,” based on the
applicable international standard [11]. The raw material compositions used for the brick specimens
are presented in Table 2.
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Table 2.
Raw material composition of the brick specimens
Series | Bentonite (%) | Bentonite (kg) | Soil Total dry mass | Ordinary water Number of speci-
(kg) (kg) ™) mens

T - - 4.428 4.428 0.886 15
T-B-3 3 0.133 4.295 4.428 0.886 15
T-B-6 6 0.266 4.162 4.428 0.886 15
T-B-9 9 0.399 4.029 4.428 0.886 15
T-B-12 12 0.531 3.897 4.428 0.886 15
T-B-15 15 0.664 3.764 4.428 0.886 15
T-B-18 18 0.797 3.631 4.428 0.886 15
T-B-21 21 0.930 3.498 4.428 0.886 15
T-B-24 24 1.063 3.365 4.428 0.886 15
T-B-27 27 1.196 3.232 4.428 0.886 15
T-B-30 30 1.328 3.100 4.428 0.886 15

The preparation and firing of the specimens were carried out mainly at the “Komiljon
Muminov” private enterprise, located in Kosonsoy District, which specializes in the production of
bricks. The experimental brick specimens were prepared in accordance with the applicable
standards using molds with standard dimensions of 250 x 120 x 65 mm. A total of 11 series of
experimental specimens were produced to determine the compressive strength characteristics of
conventional ceramic bricks. The specimens were dried under natural conditions. Natural drying
was carried out indoors for 7 days. During the drying period, the air temperature was maintained at
20-30 °C, with a relative humidity of 60-75 %. The bricks were stored under conditions protected
from direct sunlight. The general appearance of the specimens dried under natural conditions is
shown in Figure 1.

Figure 1. General appearance of bentonite-based brick specimens dried under natural conditions

After the raw bricks had been naturally dried, they were placed in a kiln for the firing process.
The kiln-firing process was aimed at ensuring the final strength and quality of the bricks and was
carried out in several stages. The general appearance of the fired brick specimens is shown in
Figure 2.
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Figure 2. General appearance of the fired brick specimens

First, the kiln was heated gradually. This initial stage typically lasted 8 hours, during which
the remaining moisture inside the bricks evaporated. The temperature was controlled within the
range of 200-300 °C to prevent the formation of cracks. In the subsequent stage, the temperature
was gradually increased to 900-1050 °C, and this stage typically lasted 16 hours. At the end of the
firing process, the kiln was gradually cooled, with the cooling process lasting approximately 14
hours. The experimental testing was carried out in the testing laboratory of “Techno Standard Test”
LLC.

Before testing, the dimensions of all specimens were measured with an accuracy of 1 mm, and
each geometric dimension was determined as the average value of measurements taken on opposite
surfaces. During the test, each specimen was positioned at the center of the testing machine platen,
with the geometric axes of the specimen and the platen carefully aligned. The specimen was then
securely placed between the upper and lower platens of the testing machine. The load was applied
to the specimens continuously and uniformly increased throughout the test. The loading rate was
selected so that failure of the specimen occurred within 20-60 seconds after the beginning of the
test.

Results and discussion

The experimental results indicated that the compressive strength of the ceramic bricks
changed in a non-linear way due to the addition of bentonite. With bentonite content increased from
0 to 12 %, the compressive strength was increased gradually and then decreased slightly. The mean
compressive strength value of the control specimens was 67.20 kg/cm?, while the highest mean
compressive strength value obtained was 84.00 kg/cm? at a bentonite content of 12 %, which
showed a 25.0 % increase when compared with the control composition. The results from the 15
individual measurements taken for each mixture were analyzed statistically to assess the variability
and repeatability of the experimental results. For each bentonite content, the mean value, the
standard deviation (SD), the 95 % confidence interval (CI), and the coefficient of variation (CV)
were determined. Table 3 shows the results of the statistical analysis.
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Table 3.

Statistical characteristics of compressive strength of ceramic brick specimens at different
bentonite contents

Bentonite con- n Mean, kg/cm? SD, kg/ 95% CI, kg/cm? CV, %
tent, % cm?
0 15 67.20 3.47 65.28-69.12 5.16
3 15 72.58 4.44 70.12-75.04 6.12
6 15 77.95 4.89 75.24-80.66 6.27
9 15 81.98 4.65 79.40-84.56 5.67
12 15 84.00 4.48 81.52-86.48 5.33
15 15 81.66 4.92 78.94-84.38 6.02
18 15 75.30 4.63 72.74-77.86 6.15
21 15 71.26 4.31 68.87-73.65 6.05
24 15 66.56 3.91 64.39-68.73 5.87
27 15 63.84 3.64 61.82-65.86 5.70
30 15 58.20 3.68 56.16-60.24 6.32

The coefficient of variation values were between 5.16 % and 6.32 %, which shows the
dispersion of the measured compressive strength values of the replicate specimens was relatively
low. The 95 % confidence intervals also illustrate the variability that exists for each mean value.
This gives the maximum mean compressive strength for the bentonite content of 12 % bentonite,
81.98 kg/cm? and 81.66 kg/cm?, respectively, for the bentonite content of 9 % and 15 %. The
experimental results are graphically shown in Figure 3. Error bars show the 95 % confidence
interval for each of the 15 replicate measurements for each mixture.
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80
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60 -

Mean compressive strength (kg/cm?)

55

50 T T T T T T T T T T
0 3 6 9 12 15 18 21 24 27 30
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Figure 3. Compressive strength of the specimens

This was due to the increase in compressive strength after adding bentonite to the control
composition, which recorded 67.20 kg/cm?, while it recorded 72.58, 77.95, 81.98, and 84.00 kg/cm?
at bentonite levels of 3, 6, 9, and 12 %, respectively. These values are 8.01 %, 16.00 %, 21.99 %,
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and 25.00 % greater than that of the control specimen. At higher bentonite contents, the
compressive strength decreased, reaching 81.66, 75.30, 71.26, 66.56, 63.84, and 58.20 kg/cm? at 15,
18, 21, 24, 27, and 30 % bentonite, respectively. The strength of the specimen with bentonite
content of 30 % was 13.39 % lower than that of the control specimen.

The observed strength improvement at medium bentonite content may be correlated with the
fine and highly dispersed bentonite particles, which could fill interparticle voids in the clay matrix
and create a denser ceramic structure after firing. This interpretation should be used in conjunction
with the experimental conditions, as the present study did not carry out any direct microstructural or
mineralogical analysis. Increased bentonite concentration could lead to a greater amount of swelling
clay minerals and higher water requirements of the mixture and enhance drying shrinkage at higher
bentonite concentrations. These changes can contribute to the formation of internal defects and
microcracks that can negatively influence the compressive strength of the fired ceramic material.
Thus, the compressive strength results from the experiments show that the optimum bentonite
proportion of 12 % gives the maximum measured strength.

Conclusions

1. The experimental findings indicated that the ceramic bricks made from local clay soil were
affected by the addition of bentonite. The compressive strength also rose as bentonite content
increased, with peaks at 12 % at the value of 84.0 kg/cm?, which is an increase of 25.0 % over the
control composition of 67.2 kg/cm2. The strength had a tendency to decrease with an increase in
bentonite content up to 30 % bentonite, where it reduced to 58.2 kg/cm?, which is 13.4 % lower
than the control strength.

2. The enhancement of the compressive strength at intermediate bentonite levels might be
related to better packing and densification of the ceramic mass during firing. With higher bentonite
percentages, the internal defects and the microcracks can be formed due to the increased water
demand and shrinkage and may be responsible for the decrease in compressive strength.

3. The main practical value of this work is the determination of the bentonite content, which
gives the maximum compressive strength to ceramic bricks manufactured from local loess clay soil
of the Kosonsoy region of Uzbekistan. The results obtained in this study show that the optimum
bentonite content of the composition is 12 %, which yielded the highest mean compressive strength
of 84.0 kg/cm? when compared with the control composition.
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BO/IOXPaHUJIHIL B /le/IbTe peKU AMyAapbs: MOC/Ie/ICTBUSA AJisl yCTOUYUBOI0
ylpaBJ/ieHUsA BOAHBIMH pecypcaMu
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He3asucumblil uccaedosamenb, HayuHo-uccnedogamenbcKuil UHCMumym uppu2ayuu u 800HbIX

npobaem
Pecnybauka Y36exkucmaH, . TawkeHm

Kyp6an6aee Cazum Epedicenosuu
PhD

cm. Hayu. comp., dupekmop, Kapakaanakckutl ¢puauan HayuHo-uccnedoeamenbCcKo2o UHCmumyma
uppueayuu u 600HbIX npobaem
Pecnybauka Y36ekucmaH, 2. Hykyc

Abstract

Water scarcity and hydrological alterations in the Amudarya Delta have significantly affected
the ecological condition and operational efficiency of its major reservoirs. This study presents an
integrated assessment of the hydrological and hydrobiological conditions of the
Mezhdurechenskoye, Muynak, and Ribachye reservoirs to support sustainable water supply
management. Long-term hydrological observations from the Kiziljar gauging station (1965-2022),
field surveys, morphometric analysis, and hydrobiological investigations were combined with
mathematical modeling of the reservoir water balance. A Visual C#-based model was developed to
simulate water balance under high-, average-, and low-water conditions, while ArcGIS was
employed to evaluate current morphometric characteristics. The results indicate a persistent decline
in river discharge and a reduction of 14-17 % in reservoir surface area and 12-17 % in storage
capacity compared with the design parameters. Hydrobiological surveys identified 27 zooplankton
species, with the highest biomass recorded in the Mezhdurechenskoye Reservoir due to its relatively
stable hydrological regime. Model simulations demonstrate that rehabilitation of the Glavmyaso and
Marinkinuzyak canals would substantially improve reservoir replenishment and restore water
storage to near-design capacity. The findings provide a scientific basis for optimizing reservoir
operation and improving water resources management in the Amudarya Delta under increasing
water scarcity and climate change.

AHHOTanus

HNeduudt BOAHBIX pecypcoB U THAPOJOTHYecKHMe HW3MeHeHWs B [ie/ibTe AMyzaapbu
CYLLIeCTBEHHO TIOBJMS/IA Ha S5KOJIOTMYecKoe COCTOSIHMEe U OrepaldOHHYH 3(@eKTHBHOCTb ee
OCHOBHBIX BOJOXpaHWIMIL. B [aHHOM WHCC/Ie0BaHUM IIpe/iCTaB/eHa KOMIUIEKCHas OL|eHKa
TUJPOJIOTUYECKUX U TUAPOOMONOTHUeCKUX YCIoBUHA MexxaypeueHckoro, MyiHaKCKOTO |
Ppibaubero BOJOXpaHWIMIL [/ TIOAJEP)KKA yCTOWYMBOTO YIIPABeHUS BOAOCHAOKeHHEeM.
MHorosieTHHe THAPOJIOTHYeCKHe HabmogeHuss Ha rtugpornocty Keisbupkap (1965-2022 r1r),
riosieBble 00C/Ie10BaHus], MOP(GOMETPUUECKHI aHa/IN3 U TUAPOOHOIOrHUeCKHe UCC/IeI0BaHuUs ObLIH
o0beMHEeHbI C MaTeMaTUYeCKMM MOJe/IMpOBaHHeM BOAHOTO OasaHca BofgoxpaHwui. [ns
MO/Ie/TMPOBaHUsI BOAHOTO 0ajlaHCa B YCJOBUSX BBICOKOHW, CpefiHeld M HU3KOM BOJAHOCTH Oblia
pa3paboraHa Mmogenb Ha 0Oase Visual C#, a [y OLeHKM COBpeMeHHBIX MOp(OMeTprueCcKHx
XapakTepUCTHK NpuMeHsyiach cructeMa ArcGIS. Pe3ynbraThl yKas3biBalOT Ha YCTOWUMBOE CHYDKEHHE
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PEYHOro CTOKa, a TaKXKe Ha COKpallleHWe IIoLaZii BOLHOIO 3epKasia BoAoxpaHuaui] Ha 14-17 % u
ux momHoro obbemMa Ha 12-17 % MO cpaBHEHHMIO C TIPOEKTHBIMH TapameTpamu. B xoge
rUApOOHOIOTHUECKUX ChEeMOK OBbIJIO BBISIBIEHO 27 BHOB 300TUIAHKTOHA, MPU 3TOM HauOObIIast
buomacca 3adukcupoBaHa B MeXIypeueHCKOM BOAOXPaHWIMIE, UTO OOyC/OBIE€HO ero
OTHOCHUTEJIbHO  CTa0WIBHBIM  THAPOJIOTUUECKUM  DEeXUMOM. Pe3ynbraThl  MOZAEIMPOBaHUS
[10Ka3bIBalOT, YTO PEKOHCTPYKLUA KaHa/aoB [71aBMsaACO U MapUHKHUHY3SK I103BOJIUT CyLLIeCTBEHHO
YYUIIUTh HAroJHSIEMOCTh BOJOXPAHW/IWI W BOCCTAaHOBHUTH 3arachkl BOABI [0 OMM3KUX K
MPOEKTHbIM ~ 3HaueHWi. [lomyueHHble pe3ysmbTaThl 00eCMeYnBalOT HAyuHYI0 OCHOBY  JIIS
ONTUMH3alK paboThl BOAOXPAaHW/IMIL] M COBEPILIEHCTBOBAHUS YIIPABIeHUsS BOAHBIMU pecypcamul B
JienibTe AMyZilapby B YC/IOBHSIX PacTylero Je(uiidra BoAbl U U3MeHeHHUsl K/MMara.

Keywords: Amudarya Delta, reservoirs, hydrological assessment, hydrobiological
assessment, morphometric analysis, water balance modelling, zooplankton, sustainable water
management.

KnoueBble csioBa: fenbra AMyZJapbd, BOAOXPaHWIMIA, THAPOJOTMYecKass OLeHKa,
rugpoOHrosioruuecKasi OrjeHKa, MOp(GOMETPHUUeCKWI aHa/iv3, MOfeNMpOBaHHe BOAHOTO OamaHca,
300TI/IaHKTOH, YCTOMYKMBOE yTIpaB/ieHre BOJHBIMU PeCypCaMH.

Introduction

Water resources in arid and semi-arid regions are highly vulnerable to the effects of climate
changes and anthropogenic activities, which are exacerbated by growing populations and increasing
agricultural water demands. Such problems are especially acute in the Amudarya Delta due to
significant declines in river runoff and large-scale deterioration of freshwater ecosystems that have
occurred since the 60s of the last century. This has had a major impact on the functioning of
reservoirs in the delta, which are vitally important for regulating the river regime and ensuring the
viability of the local ecosystem. The present research explores the relationship between changes in
hydrological processes and the ecological state of the reservoirs in the Amudarya Delta.

The main sources of water in the Amudarya Delta are the reservoirs of Mezhdurechenskoye,
Muynak, and Ribachye, which serve as regulators of seasonal river flows, provide sustainable water
supplies to irrigated farms, ensure fish breeding, and maintain the proper ecological state of the
estuary part of the river. However, due to long-term water deficits, structural changes in the
reservoirs, decreasing channel conveyance capacity, and high rates of evaporation, their water
storage capacities have significantly decreased. Moreover, hydrobiological studies have shown that
the number and quality of zooplankton species are of great importance for the ecological state of the
reservoirs. Previously published studies exploring the ecological and hydrological problems of the
Amudarya Delta typically focused on specific areas of water resource management. Therefore, there
is a lack of integrated research that would consider the delta’s natural and man-made reservoirs as
interconnected systems in the context of long-term changes in water balance, morphology, and
water regime. This study aims to fill this gap by providing an in-depth assessment of the physical
and ecological characteristics of the three major reservoirs in the Amudarya Delta.
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The novelty of this work consists in the combined analysis of hydrological and
hydrobiological aspects of the functioning of natural and artificial reservoirs in the Amudarya Delta
using long-term observational data, field measurements, GIS technologies, and the mathematical
model of the water balance implemented in the programming language Visual C#. The current
research will contribute to a better understanding of the processes affecting the water regime and
ecological state of the reservoirs in the Amudarya Delta. The primary objective of this study is to
assess the hydrological and hydrobiological conditions of the Mezhdurechenskoye, Muynak, and
Ribachye reservoir and develop evidence-based recommendations for adjusting water management
practices to ensure sustainable water use in the Amudarya Delta.

Materials and methods

The objects of the research were the Amudarya River and the territory of its delta (the
Mezhdurechenskoye [17863 ha], Muynak [12529 ha], and Ribachye [6243 ha] reservoirs). The
following general categories of methods were used: hydrological (based on a hydrological analysis
of the area’s characteristics and water balance calculations), GPS-assisted field geodetic surveying,
GIS-based morphometric modeling, mathematical water balance modeling, hydrobiological studies
(hydrobiological surveys and laboratory analysis of water and biogenic sediment samples), and
finally, statistical analysis of uncertainties.

2.1. Hydrological data

Long-term hydrological data were collected from Kiziljar station on the Amudarya River,
provided by the Hydrometeorological service of Uzbekistan (Uzhydromet) for the period 1965—
2022. The discharge data for the study area are based on standard velocity—area measurements with
current meters (GOST 8.361), with a stated accuracy of +5 % for typical flow conditions. The field
measurements were made at the delta reservoirs in 2002, 2018, and 2022.

2.2. Geodetic and GPS field surveys

The field topographic and bathymetric surveys of the Mezhdurechenskoye reservoir (October
2022), Muynak (October 2022), and Ribachye (November 2023) reservoirs were carried out using a
Garmin eTrex 10J (010-00970-06) handheld GPS receiver. An optical level and theodolite were
used to determine cross-section and shoreline points. Beforehand, the Garmin eTrex 10J GPS
receiver was tested against the known coordinates of the permanent benchmark of the State
Geodetic Network; the level was checked by the two-peg test, and the theodolite was tested for
collimation/index error. Thus, the accuracy of vertical measurements was +0.05 m, and the
horizontal accuracy, according to the Garmin eTrex 10J specifications, was +3 m. Shoreline and
cross-section points were measured using the GPS receiver and checked against the benchmarks to
minimize horizontal positioning errors. The cross-sections were spaced at intervals needed to ensure
that the reservoirs’ primary morphological features were captured.
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2.3. GIS-based morphometric modelling

The surveyed points were imported into ArcGIS 10.8, where they were used to generate a TIN
representing the reservoirs’ bed and shoreforms at the time of surveys following the methodology
used in the authors’ previous work on delta reservoirs [20]. Using the Surface Volume tool, the
surface area and storage volume of the reservoirs were estimated at the level of 57.30 m a.s.l.
(Figure 3), which corresponds to the project design level, and were compared to the measured
values (Table 1). To estimate the accuracy of interpolated values, a leave-one-out validation was
carried out for a 10% subset of measured points. Combined with the GPS/level accuracy (Section
2.2), this allowed the estimation of accuracy of the interpolated volumes and areas presented in
Table 1 with an uncertainty of no more than +3-5%.

2.4. Water balance mathematical model

The surveyed points were imported into ArcGIS 10.8, where they were used to generate a TIN
representing the reservoirs’ bed and shoreforms at the time of surveys following the methodology
used in the authors’ previous work on delta reservoirs [20]. Using the Surface Volume tool, the
surface area and storage volume of the reservoirs were estimated at the level of 57.30 m a.s.l.
(Figure 3), which corresponds to the project design level, and were compared to the measured
values (Table 1). To estimate the accuracy of interpolated values, a leave-one-out validation was
carried out for a 10 % subset of measured points. Combined with the GPS/level accuracy (Section
2.2), this allowed the estimation of accuracy of the interpolated volumes and areas presented in
Table 1 with an uncertainty of no more than +3-5 %.

A lumped water balance model for the delta reservoir system was constructed as a system of
ordinary differential equations and implemented in Visual C # programming language with a
monthly computational step (At = 1 months):

dw/dt = QP —q,~qg — G

where Qp is the flow into the delta, determined by the Samanboy hydrological station (m?/s),
q, is the channel conveyance loss, here estimated as 25 % of the total flow according to to the
established long-term loss coefficients, q; is the evaporation loss, which is determined for each

reservoir on the basis of its active surface area (see Section 2.3) and monthly evaporation data, and
q; is the seepage or filtration loss, estimated on the basis of the properties of the reservoir bottom.

The model was tested for three characteristic years with regard to water availability — 2010
high-water year, 2019 average-water year, and 2001 low-water year for the delta reservoirs — using
design and degraded morphometry (initial storage volume set to the field-survey or design value at
the beginning of the hydrological year). Series with gaps of more than two consecutive months were
completed by linear interpolation; series with more than 20 % of gaps were excluded. The model’s
performance was evaluated in terms of the deviation of the calculated YEs from the field/ArcGIS
YE values (see Section 2.3) at the end of each year, which is detailed in Section 3.1.

Note that while the model describes the functioning of the system as a whole, that is, the
inflow into the delta, and operates with a lumped reservoir routing scheme based on the observed
flow into the delta and the canal network as a set of discrete structures, a comparison with
distributed physically-based models, such as SWAT or MIKE SHE, was not carried out, which is
discussed in Section 3.3.
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2.5. Hydrobiological surveys and zooplankton analysis

Zooplankton was studied in the reservoirs of the Mezhdurechenskoye, Muynak, and Ribachye
cities in 2022 — 2023 — a total of 32 samples were taken. Quantitative samples were taken by
passing 100 liters of water through a plankton net (nylon, window size 76), while qualitative ones —
by dragging the plankton net. The sampling was carried out in the pelagic zone, in macrophyte
vegetation belts, and shallow waters near the coast. All samples were fixed with formalin on site to
a concentration of 2 — 3 %. Zooplankton was counted and identified using a microscope and a
binocular microscope with temporary and permanent preparations using the methods of
T. Kutikova, A. Mordukhai-Boltovskoi, and A. Rylov for the classes Rotifera, Cladocera, and
Copepoda, respectively [17-19]. Counting was made in a Bogorov frame with a stamp pipette, and
the number of individuals, as well as the biomass, was determined by weight in milligrams per
cubic meter based on the average weight of the species given in the literature [17-19]. In addition,
water temperature and transparency were measured at the sites using a thermometer and a Secchi
disk. Zooplankton data were compared with zoological surveys published previously for the region
(Ginatullina et al., 2006 for the Meskhedzha River [9] and Temirbekov et al., 2023 for the Muynak
reservoir [16]). At the same time, the literature on the zoology of the former Aral Sea basin was also
used as a reference: the works of Nikolskiy [4], Tleuov [11], Pavlovskaya [10], and Qozagboyev [5]
published in the 1940s-1980s, which describe the local zooplankton species composition in detail.

2.6. Statistical processing and uncertainty analysis

The coefficient of variation (Cv) and the coefficient of skewness (Cs) were calculated for the
flow series using the Kritsky-Menkel method, which is typical for regionalized hydrological series.
Morphometric uncertainty was estimated at +3 — 5 % due to GPS/altimeter accuracy, and TIN
interpolation errors (see Section 2.3). Water balance has two components of uncertainty: an
evaporation term and a filtration term, each of which was estimated at +10 — 15 % (limited by the
accuracy of the input data). According to Section 2.1, the discharge measurements have a +5 %
error, which was taken into account when calculating the uncertainty of the balance (Table 2). The
number of zooplankton organisms was counted as an average for all stations indicated in Table 3 for
the survey dates. The biomass was calculated in mg per cubic meter of water using the average
weight of organisms for each species found in the literature (see Section 2.5).

Results and discussion

1. Long-Term Trends in River Discharge

The analysis of hydrological observations at the Kiziljar gauging station for the period 1965—
2022 revealed a significant long-term decreasing trend in the Amu Darya discharge in the delta [1].
Thus, the multi-year discharge is on average equal to Q, = 177.5 m%s; the coefficient of variation
Cv = 1.08, the coefficient of skewness Cs = 1.79, which indicates a high variability of flow [6].
These values should be considered as approximate since, for the Kiziljar station, the error of the
gauging method can be up to +5 % (Section 2.1). However, the identified trend significantly
exceeds this error level. The maximum monthly discharge was noted in 1969 and was equal to
3,530 m?/s, while in individual months in 2001, the discharge was as low as 2.1 m3/s. In the last 30—
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35 years, discharges of more than 1,000 m3/s have become significantly less common. Thus, the
3 % exceedance discharge is 714.1 m3s (1980), the 50 % exceedance discharge is 116.9 m3/s
(2000), and the 96 % exceedance discharge is 2.83 m3/s (2021).

Figure 1. Dynamics of Changes in Annual Average Water Discharge
at Kyzyljar Hydrological Station, 1965-2022

/s)
- High water (> 200 m*/s)

1965 1970 1975 1980 1985 1990 1995 2000 2005 2010 2015 2020
Years

Figure 1. Dynamics of mean annual discharge at Kiziljar gauging station, 1965-2022

2. Morphometric Parameters of the Reservoirs

Field measurements and GIS-based morphometric modeling (see Section 2.3) allowed us to
assess present-day morphometric parameters of the Mezhdurechenskoye reservoir (October 2022)
and the Muynak and Ribachye reservoirs (November 2023) [7]. According to the field
measurements, at the design level of 57.30 m a.s.l., the Mezhdurechenskoye reservoir’s total storage
is 190.9 million m 3, while according to ArcGIS TIN modeling, it is 230.8 million m 3 . At present,
its surface extends over 17,863 ha, which is 16.7 % less than the design size of 21,436 ha. The
Muynak reservoir’s surface area is 12,529 ha, which is 16.7 % less than the design size of 15,034
ha. Its total storage is 184.9 million m 3, which is 12.8 % lower than the design value of 210 million
m 3 . As for the Ribachye reservoir, its surface area is 6,243 ha, compared to the design size of
7,304 ha, and its total storage is 124.9 million m 3, compared to the design value of 151.4 million m
3 . Thus, with the combined measurement uncertainty of 3 — 5 % (see Section 2.3), the decrease in
the surface area of all three reservoirs by 14 — 17 % and the total storage by 12 — 17 % is obvious.

Table 1.

Morphometric parameters of principal reservoirs in the Amudarya Delta. Area and volume
values carry an estimated combined uncertainty of £3-5% (see Section 2.3)

Parameter Mezhdurechenskoye Muynak Ribachye Total / Average

Design area, ha 21,436 15,034 7,304 43,774

Current area, ha 17,863 12,529 6,243 36,635

Reduction, % 16.7% 16.7% 14.5% 16.3%

Design volume, million m3 230.0 210.0 151.4 591.4

Current volume, million m3 191.0 184.9 125.0 500.9
Maximum depth, m 5-6 4.0-4.2 3.5-4.0 —
Mean depth, m 0.5-1.2 1.48 2.0 —
Design channel capacity, m3/s — 44 (Glavmyaso) | 50 (Marinkin) —
Current channel capacity, m3/s — 15 20 —
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Figure 2. Comparison of Design and Current Morphometric Parameters
of Major Reservoirs in the Amudarya Delta
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Figure 2. Comparison of design and current morphometric parameters of principal reservoirs in
the Amudarya Delta

3. Water Balance and Mathematical Modelling

By using the water balance model described in Section 2.4, calculations were carried out for
2010, which is a high-water year, 2019, which is an average-water year, and 2001, which is a low-
water year, with the Visual C#. net implementation of the algorithm for both design and current

conditions.

Table 2.

Water balance of the near-Amudarya region for years of differing water availability.
Evaporation and filtration losses are shown with the estimated +10-15% relative uncertainty
described in Section 2.6; discharge-derived terms carry the +5% gauging uncertainty noted in

Section 2.1

Parameter High-water (2010) Average-water Low-water (2001) Unit
(2019)

Total inflow (Samanboy | 16,817.7 1,674.4 100.9 million m3/year
g/s)
Channel losses 4,204.4 418.6 25.2 million m3/year
Total evaporation (all 14.5+1.5-2.2 114+ 1.1-1.7 4.95+ 0.5-0.7 million m3/year
reservoirs)
Filtration losses 1.30 £ 0.13-0.20 1.14 £ 0.11-0.17 0.45 £ 0.05-0.07 million m3/year
Discharge to Aral Sea 12,214.9 852.4 0.0 million m3/year
Water retained in reser- | 499.98 500.03 218.8 million m3
voirs
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Figure 3. Share of Water Bal. Comp in the Amudarya Zone
of the Amudarya quls!su ‘\’/:F-%qu ‘lig va:ﬁ" Availability Years

2010 (High Water Year) 2001 (Low Water Year)
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Figure 3. Proportional distribution of water balance components in the Amudarya Delta for
years of differing water availability

In the year of high discharge, 2010, the total inflow was 16817.7 million m3, of which 79.8 %
was discharged through the channels into the former Aral Sea bed. In the year of average discharge,
2019, the inflow of 1674.4 million m? allowed to keep the storage of all three reservoirs above 500
million m3. In the year of low discharge, 2001, the inflow was as low as 100.9 million m3, which is
by an order of magnitude less than the combined storage of the three reservoirs (currently, 230 +
139 + 151 = 520 million m3). Reconstruction of the canal infrastructure (restoration of the discharge
of the Glavmyaso Canal to 44 m3/s and the Marinkinuzyak Canal to 50 m?/s) would allow to fill the
Mezhdurechenskoye Reservoir (230 million m?3) to full capacity and partially refill the Muynak (139
million m3) and Ribachye (151 million m?3) reservoir to their design volumes [8], given the £10 —
15 % error margins of the evaporation / filtration terms (Section 2.6). This conclusion is not affected
by the +10 — 15 % error margins of the model’s input parameters.

3.1. Model verification

The design volumes used in the model as target values for the reservoirs (230.0 million m?3 for
Mezhdurechenskoye at NPU 57.30 m, 139.0 million m? for Muynak at NPU 54.50 m, and 151.0
million m3 for Ribachye at NPU 54.00 m) are standard for the respective reservoirs and were
verified against the current storage volumes found in the field / in ArcGIS in Section 2.3. A
quantitative verification of the model (Nash-Sutcliffe efficiency, RMSE compared to an
independent storage time series) was not carried out in this study but is recommended for future
work when multi-annual reservoir storage time series become available.

3.2. Economic and institutional considerations

A full economic feasibility analysis of the proposed measures was beyond the scope of this
hydrological / hydrobiological study, as it would require detailed engineering and surveying work
that was not available to the authors. However, as shown in Table 2, the reconstruction of the canals
would allow to fill the Mezhdurechenskoye Reservoir and partially refill the Muynak and Ribachye
reservoirs to their design volumes even in the year of average discharge, thus ensuring the water
supply for irrigation, fisheries, and reducing the need for costly alternative measures in other parts
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of the delta. The creation of a water management consortium and the development of water user
associations as a mechanism for basin-level resource management [21] could be considered as an
institutional solution to the problem. An economic assessment of the proposed solution, balancing
the costs of the reconstruction with the benefits from the creation of the reservoirs, is recommended
for future research.

3.3. Sensitivity to climate change

The decreasing trend in the mean annual discharge and the increasing trend in its variability
observed in the 1965 — 2022 discharge series (Cv = 1.08) could be consistent with the climate
change scenario for the region, which involves a temperature rise and a decrease in snow and
glacial meltwater resources in the upper reaches of the Amudarya River. In such a scenario, the
number of years with low discharge (similar to 2001, see Table 2) will increase, which will reduce
the filling rates of the reservoirs to the levels indicated in Table 2 even after the proposed measures.
A quantitative analysis of the impact of climate scenarios on the inflow to the reservoirs (using
downscaled climate projections as input) was not carried out in this study but is recommended for
future research. Given the relatively simple structure of the model used (Section 2.4), the easiest
way to implement this analysis would be to use a lumped conceptual model (e. g., SWAT or MIKE
SHE) that explicitly considers the impact of climate change on the catchment areas of the
reservoirs. This approach would be more resource-intensive but would provide more insight into the
sensitivity of the reservoirs to climate change; a combined analysis using the model described in
this study and a distributed model is recommended for future research.

4. Hydrobiological Investigations (Zooplankton)

During the 2022 — 2023 field season, 32 zooplankton samples (23 quantitative and 9
qualitative) were taken in the lower reaches of the Amudarya River reservoirs, following the
procedure described in Section 2.5. In total, 27 species of zooplankton were found, including 15
species of Rotifera (55.6 %), 6 species of Cladocera (22.2 %), and 6 species of Copepoda (22.2 %)

[9].

Table 3.

Zooplankton species richness in lower Amudarya reservoirs (2022-2023), based on the
sampling protocol described in Section 2.5

Reservoir Summer 2022 Autumn 2022 Summer 2023 Autumn 2023
Mezhdurechenskoye 14 9 14 8
Ribachye — — 6 —
Muynak — — 11 —
Total 14 9 31 8

The largest number of zooplankton species (27 species in total) was found in the
Mezhdureschenskoye reservoir. In the Ribachye and Muynak reservoirs, zooplankton were studied
only in summer 2023, due to the limited water levels. The greatest number of zooplankton was
found in August: 4,400 mg/m 3 in the Mezhdureschenskoye reservoir, 231 mg/m 3 in the Ribachye
reservoir, and 124 mg/m 3 in the Muynak reservoir (mean values for stations; section 2.5). Of these,
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96 % were copeods (Copepoda). In the lower reaches of the Amudarya reservoirs, seven species of
zooplankton were detected for the first time: Hexarthra mira, Asplanchna sieboldi, Polyarthra
vulgaris, Bdelloida gen. sp., and other species. However, Keratella tropica, Thermocyclops
vermifer, and some other species recorded in the study by Ginatullina et al. (2006) were not found.

ic C ition of in the Lower-Reach
Reservoirs of the Amudarya Delta (%, 2022-2023)

Rotifera
s Cladocera
mmm Copepoda

Figure 4.

Mezhdurechie Mezhdurechie Mezhdurechie Ribachie Mo'ynog Mezhdurechie
Autum: 2023 Summer 2023 Summer 2023 Summer 2023 Autumn

Reservoir and Season

Figure 4. Taxonomic composition of zooplankton in lower Amudarya Delta reservoirs (%, 2022—
2023)

Conclusion

1. A systematic decline in Amudarya discharge at Kiziljar station was recorded over 1965—
2022, with a mean flow of 177.5 m?%s and Cv = 1.08; the marked decrease in peak discharges over
recent decades has substantially reduced water reaching the delta reservoirs.

2. Field measurements and ArcGIS-based TIN modelling (Section 2.3) confirmed that current
morphometric parameters of all three reservoirs fall below design by 14-17 % in area and 12-17 %
in volume — well outside the estimated +3-5 % measurement uncertainty — reflecting significant
sedimentation and hydrological degradation.

3. The water balance model, developed and verified against field/ArcGIS-derived storage
values (Sections 2.4, 3.1), demonstrates that reconstructing the Glavmyaso and Marinkinuzyak
canals would restore reservoirs to near-design storage capacity, though its economic justification
requires a dedicated cost—benefit analysis (Section 3.2) beyond the scope of this study.

4. Hydrobiological surveys, using the sampling protocol described in Section 2.5, identified
27 zooplankton species across the reservoirs. Mezhdurechenskoye showed the greatest diversity and
highest biomass (4,400 mg/m3), reflecting its more stable regime; productivity declines sharply in
low-water years, indicating ecosystem vulnerability.

5. The observed increase in discharge variability over 1965-2022 suggests that climate-driven
declines in Amudarya flow may reduce the long-term effectiveness of canal reconstruction alone,
underscoring the need for climate-scenario modelling in future planning (Section 3.3).

6. The research findings have been implemented at the Priaralie Delta Directorate under the
Ministry of Water Resources of the Republic of Karakalpakstan and at the Nukus branch of the
International Fund for Saving the Aral Sea.
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Obwas ¢usuxu, Hagoutickuil 20cy0apcmeeHHbIll 20pHO-MexHOA02UUeCcKull yHugepcumem
Pecnybauka Y36exkucmaH, 2. Hagou

Abstract

This paper presents the application of nuclear-physical methods for determining the elemental
composition of samples collected from technogenic objects and environmental media. The study
focuses on the use of instrumental neutron activation analysis (INAA), prompt gamma neutron
activation analysis (PGNAA), and gamma activation analysis (GAA) for qualitative and
quantitative determination of macroelements, trace elements, and technologically significant
components in ores, soils, rocks, waters, and industrial products. Experimental investigations were
carried out using the VVR-SM research reactor and high-resolution HPGe gamma spectrometers at
the Institute of Nuclear Physics of the Academy of Sciences of the Republic of Uzbekistan.
Certified reference materials, including TAEA-336 Lichen, IAEA-375 Soil, and NIST SRM 1572
Citrus Leaves, were used to verify the accuracy and reliability of the analytical procedures. The
obtained results demonstrated good agreement with certified values and confirmed the high
sensitivity, selectivity, and reliability of the applied methods. The elemental composition of samples
collected from technogenic territories of Uzbekistan was determined, and the concentrations of
environmentally significant and toxic elements were evaluated. The study also assessed the
analytical capabilities, detection limits, and practical applicability of neutron-radiation and gamma-
activation methods for environmental monitoring, geological exploration, and technological process
control in mining and metallurgical industries.

AHHOTanus

B maHHOU pabore mpe/CcTaB/ieHbl pe3y/bTaThl NPUMEHEHUsT SiZIepHO-(DU3NUYEeCKUX MeTO/I0B
aHaJIM3a 3JIEeMEHTHOTO COCTaBa MPO0 TEXHOT€HHBIX 0OBEKTOB Y KOMITIOHEHTOB OKPY>KaloIllel Cpe/ibl.
OCHOBHOe BHUMaHHe y/ie/IeHO MCI0J/Ib30BaHUI0 MHCTPYMEHTA/JbHOTO HEUTPOHHO-aKTUBALMOHHOTO
aHamm3a (MHAA), HeMTpOHHO-paiuallMOHHOTO MeTO/|a aHa/lM3a U raMMa-aKTMBALIMOHHOTO aHa/u3a
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Ji/151 Ka4eCTBEHHOI'0 U KOJIMYeCTBEHHOI'O OIpe/ie/IeHUs: MaKpo-, MUKPO3/IeMeHTOB U TeXHOJIOTMUeCKU
3HAYMMBIX KOMITIOHEHTOB B DyZax, IM0YBaxX, OPHBIX MOPOJAX, BOJAX W TMPOAYKTaxX repepaboTKu
MHHEPAJbHOTO  ChIpbSl.  JKCIepUMEHTa/bHble  WCCIe[OBaHMS  BBITIOJIHEHBI Ha  0Oa3se
uccrefioBarenbckoro peakropa BBP-CM  UMHctuTyTa siiepHOl  QU3MKM  AKaJleMUM HaykK
PecrryOiuky Y30eKucTaH ¢ TIpUMeHeHHeM COBPeMEeHHBIX raMMa-CIeKTPOMeTPUYeCKUX CHCTeM Ha
OCHOBe MOJIyNIpOBOAHUKOBBIX HPGe-zmerekropoB. [Is1 OLIEHKM TOYHOCTU U JOCTOBEPHOCTHU
pe3y/ibTaTOB HCIO/b30BaHbl CePTUGHUIMPOBaHHBIe CTaHAapTHbIe o0pasipl [AEA-336 Lichen,
[IAEA-375 Soil u NIST SRM 1572 Citrus Leaves. ITonyueHHble pe3y/bTaThl TOKa3aau Xopoliee
COOTBETCTBHE CepPTU(UIMPOBAHHBIM 3HAueHUsM M TOJTBEPAWUIN BLICOKYHO UYBCTBHUTE/IBHOCTD,
CeJIeKTUBHOCTh M HaZIeXKHOCTD NIPUMeHsIeMbIX MeTo/[0B. Oripe/iesiéH 31eMeHTHBIN cocTaB 00pasiioB,
O0TOOpaHHBIX Ha TEPPUTOPHSIX TEXHOT€HHBIX O0OBEKTOB Y30eKHCTaHa, a Takke MpOBe/leHa OLjeHKa
COJilep)KaHUsA TOKCUYHBIX M 3KOJOTMYECKU 3HAUMMbIX XWMUUECKUX 3/IeMEHTOB. YCTaHOB/IEHBI
npesienibl  OOHApY)KeHWsT W aHAJIUTHUYeCKHWe BO3MOXXHOCTU WCCIeAOBAHHBIX METOZOB, 4UTO
MOATBepKaeT IepPCleKTUBHOCTb UX MCIIO/Ib30BAaHUA Il JKOJOTMYECKOIO0 MOHUTOPHWHIA,
reosioropa3Be/JOYHbIX pabOT M aHATUTHUECKOTO KOHTPOJS TEXHOJOTMYeCKHX IPOIIeCCOB TOPHO-
MeTasuTypruyeCckoi NpPOMBIIEHHOCTH.

Keywords: Elemental composition, atomic nucleus, nuclear-physical methods, photonuclear
reaction, gamma radiation, spectrometry, detector.

KiroueBble c10Ba: DjieMeHTHBI COCTaB, aTOMHOe $JpO, sifepHO-(r3nUYecKue MeTOAbI,
¢doTosiiepHast peakijysi, raMMa-U3/1yueHusi, CIeKTPOMEeTpUs, JeTeKTOp.

Introduction

The elemental composition is a fundamental characteristic of a substance that determines its
properties, structure, and the nature of physical, chemical, biological, technological, and other
processes. To date, a wide range of methods has been developed and applied to analyze and control
the composition of substances in various states. The current level of scientific and technological
advancement makes it possible to determine both trace and major quantities of elements in natural,
environmental, biological, and technogenic objects [5, 7].

However, in practice, analytical procedures are always subject to specific requirements, such
as analysis time, sensitivity, location, and cost, which significantly limit the number of methods
suitable for solving a particular analytical task. As a result, many scientific and industrial problems
cannot yet be fully addressed using existing analytical techniques. For instance, the issue of
providing efficient analytical support for geological exploration and prospecting activities remains
insufficiently resolved.

A particularly critical challenge is the analytical control of technological processes in the
mining and metallurgical industry. This is associated with the development of automated process
control systems, the introduction of new technologies, and increasing demands for product quality
and production efficiency. In this context, methods for analyzing and controlling the composition of
substances based on nuclear-physical principles can play a significant role in solving these
problems.
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The study focuses on the use of instrumental neutron activation analysis (INAA), prompt
gamma neutron activation analysis (PGNAA), and gamma activation analysis (GAA) for qualitative
and quantitative determination of macroelements, trace elements, and technologically significant
components in ores, soils, rocks, waters, and industrial products.

Materials and methods

Main Nuclear-Physical Methods for Elemental Analysis of Technogenic and
Environmental Samples

Due to its electrical neutrality and other unique properties, the free neutron exhibits a wide
range of interactions with atomic nuclei. In particular, it can easily penetrate the nucleus and induce
various nuclear transformations. The interaction of a neutron with a nucleus may lead to several
types of processes, including elastic scattering (n, n), inelastic scattering (n, n'), reactions
accompanied by the emission of multiple neutrons such as (n, 2n) and (n, 3n), reactions with the
emission of charged particles (n, p) and (n, a), radiative capture (n, y), and nuclear fission (n, f)
[8, 9].

Each of these nuclear reactions can be utilized for determining the concentration of specific
chemical elements in complex compounds. Among the most widely used nuclear-physical methods
for elemental analysis under neutron irradiation is instrumental neutron activation analysis (INAA).
In addition, other nuclear-physical analytical techniques are of considerable interest, including
methods based on prompt gamma-ray spectrometry of neutron capture (often referred to as neutron
capture gamma analysis) and methods based on photonuclear reactions induced by bremsstrahlung
radiation, known as gamma activation analysis (GAA) [1, 3, 6].

Instrumental Neutron Activation Analysis (INAA)

Neutron activation analysis of the elemental composition of complex samples, when
performed using research nuclear reactors and modern gamma spectrometers based on high-purity
germanium (HPGe) semiconductor detectors, enables the determination of concentrations of more
than 40 elements in soil, plants, water, food products, and human biological substrates (e.g., hair)
with high sensitivity.

The use of high-resolution gamma spectrometers equipped with HPGe detectors significantly
expands the range of detectable elements, reduces detection limits, and increases analytical
throughput.

Application of INAA for Macro and Microelement Analysis

The application of instrumental neutron activation analysis (INAA) for macro- and
microelement determination was carried out at the Laboratory of Ecology and Biotechnology of the
Institute of Nuclear Physics of the Academy of Sciences of the Republic of Uzbekistan. The
experimental facility includes a VVR-SM type research nuclear reactor with a thermal power of 10
MW.

56



Ne 9 (150) UNIVERSUM: cenmsGpb, 2026 2.

TEXHUYECKUE HAYKU

The gamma spectrometric system is based on a high-purity germanium (HPGe)
semiconductor detector with an energy resolution of 1.8 keV at the 1332 keV gamma line of ®°Co
and a relative efficiency of 20 %. The use of such a detector enables the separation of elements with
closely spaced gamma energies. For example, zinc and scandium (1115.5 and 1120.5 keV,
respectively), as well as magnesium and manganese (843.8 and 846.7 keV), can be resolved and
quantified independently based on their distinct peaks without mutual spectral interference.

This significantly improves the sensitivity and accuracy of elemental determination, which is
particularly important for the analysis of scandium and zinc in soils, as well as magnesium and
manganese in biological samples.

Soil samples collected from technogenic regions of Uzbekistan were prepared for analysis
using standard procedures. The collected samples were homogenized, dried, ground, and sieved.
Representative subsamples were prepared using the quartering method. For neutron activation
analysis, sample masses of 20 — 30 mg were used for short-lived isotopes, while 50 — 70 mg
samples were prepared for medium- and long-lived isotopes.

The weighed samples were hermetically sealed in labeled polyethylene containers and
irradiated in the neutron flux of the VVR-SM reactor. The irradiated samples were subsequently
analyzed using the gamma spectrometric measurement system of the Laboratory of Ecology and
Biotechnology at the Institute of Nuclear Physics.

To determine elemental concentrations via radionuclides with different half-lives, various
analytical time regimes were applied, including irradiation time, decay (cooling) time, and
measurement time. Based on the analysis of characteristic gamma spectra of the activated samples,
optimal conditions were selected.

Determination of Elements via Short-Lived Radionuclides

The investigated samples, together with reference standards, were placed in polyethylene
containers and irradiated in the vertical channel of the reactor with a neutron flux of 5 x 103 n/
cm?-s for 30 seconds.

The induced activity was measured three times: 10 minutes after irradiation for the
determination of magnesium and chlorine, and 4 hours after irradiation for sodium, copper,
potassium, and manganese. The determination of copper in soil and plant samples was additionally
performed on the following day. The counting time for each measurement ranged from 200 to 300
seconds.

Determination of Elements via Medium-Lived Radionuclides

For the determination of calcium, bromine, lanthanum, gold, uranium, and other elements, the
samples were wrapped in aluminum foil and irradiated in the reactor’s wet channel for 20 hours.
The induced activity was measured 10 days after irradiation based on the characteristic gamma
emissions of the corresponding radionuclides. The counting time for each sample ranged from 200
to 300 seconds.
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Determination of Elements via Long-Lived Radionuclides

For the determination of elements via long-lived radionuclides, samples irradiated for 20
hours were measured 30 days after irradiation using their corresponding gamma lines. This
methodology made it possible to determine the concentrations of cerium, thorium, chromium,
cesium, nickel, iron, zinc, and other elements.

Quality Control and Validation Using Reference Materials

At present, one of the most reliable approaches for verifying the accuracy of analytical results
is the use of certified reference materials (CRMs). The most robust validation involves either the
certification of newly developed international reference materials or the analysis of existing CRMs
with compositions unknown to the analyst. Independent validation of analytical results by
internationally recognized organizations is of particular importance.

Experimental Results and Discussion

To assess the accuracy of the developed and applied methodology, the following reference
materials were used: IAEA-336 (Lichen), NIST SRM 1572 (Citrus Leaves), and IAEA-375 (Soil).
The results of the analysis of these reference materials are presented in Table 1.

Table 1.

Comparison of Experimental Results with Certified Reference Values NIST Standard
Reference Material 1572 - CITRUS LEAVES

Elements As Ba Br Cl Cr Fe Mn
Certified value 3.1+0.3 2143 8.2+0.5 414425 0.8+0.2 90+10 2342
Determined 29 25 7.9 400 0.76 87 21
Elements Ni Rb Na Sc Sr Zn -
Certified Value 0.6+0.3 4.84+0.6 160+20 0.01 100+2 29+2 -
Determined 0.68 4.9 162 0.009 110 31 -

As can be seen from the results presented in Table 1, the methodologies developed in the
laboratory demonstrate a high level of agreement with the certified values and can be reliably
applied in neutron activation analysis of natural samples. To assess the environmental conditions in
areas surrounding industrial facilities, the elemental composition of soils and water from
technogenic regions of Uzbekistan was investigated using neutron activation analysis. This method
enables the determination of a large number of elements in various types of samples with
exceptionally high sensitivity. To graphically illustrate the agreement between the determined and
certified values, the data from Table 1 are presented in Figure 1.

58



Ne 9 (150)

UNIVERSU

M:

TEXHUYECKUE HAYKU

ceHmsi6pb, 2026 e.

] 18
| ---- 1:1 line (ideal agreement) /,
Na
102 4 ;%'
] 7’
//,
W
2 e
B /
1
£ 10 3 ‘Br
n ] Rb
g &
3 &
© -
> ,l
T 1004 <
b7 i
= i
£ s
0 v
Q 1071 4 %
1/,
1072 3 /‘éc
1.
LR | x LA R L) | Ll LA A L X LELEL R | L LB L) | L LI
102 101 10° 10! 102

Certified value, mg/kg

Figure 1. Determined versus certified values for NIST SRM 1572 (Citrus Leaves), plotted on a

log-log scale with the 1:1 reference line indicating ideal agreement

As shown in Figure 1, all data points lie close to the 1:1 line across more than four orders of

magnitude, confirming the consistency of the developed methodology over a wide concentration

range.

The results of the analysis of rock samples collected from territories surrounding technogenic
objects in Uzbekistan, obtained using INAA, are presented in Table 2.

Table 2.
NAA Results for Samples from Technogenic Areas of Uzbekistan
Elements 1 2 3 4 5 6 7 8 9 10

Sm 5.88 4.6 6.8 5.04 3.73 4.0 5.19 6.56 4.58 3.92
Mo 3.3 3.08 2.0 1.7 3.97 3.53 2.48 2.33 3.1 1.66
Lu 0.26 0.3 0.35 0.3 0.34 0.35 0.35 0.334 0.29 0.385
U 3.2 10.5 5.15 6.26 8.0 5.06 5.6 5.89 4.35 5.17
Yb 2.38 2.7 2.96 2.54 2.89 2.83 3.13 2.92 3.65 3.34
Au 0.007 | 0.0072 0.01 0.003 | 0.0086 | 0.0095 | 0.014 | 0.0098 | 0.004 0.009
Nd 18.23 26.57 31 24.56 25.52 34.54 42.1 35.61 24.76 39.93
As 7.19 9.1 9.94 9.5 2.1 7.23 8.75 7.54 7.64 8.4
Br 5.3 4.22 4.22 2.75 2.06 4.37 2.27 5.52 3.83 6.36
Ca 2.14 9.73 3.07 6.72 8.87 7.48 10.38 7.97 7.54 9.55
La 26.83 32.52 25.1 32.1 36.13 38.8 38.64 39.66 29.8 38.3
Ce 41.55 54.54 62.9 54.34 60.57 64.2 65.5 64.89 52.29 65.5
Tb 0.51 0.54 0.64 0.49 0.69 0.64 0.73 0.78 0.58 0.69
Th 8.01 24.81 12.01 8.76 25.15 9.53 11.99 13.58 9.53 10.79
Cr 41.74 62.34 67.5 60.74 60.7 60.98 70.87 38.67 67.83 62.9
Hf 3.69 3.98 4.09 4.65 4.83 4.95 5.99 5.51 3.7 8.42
Ba 1581 1159 1321 1257 1048 1336 1051 1130 1386 788.8
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Elements 1 2 3 4 5 6 7 8 9 10
Sr 243 401 229 393 363 211 241 246 340 479.36
Cs 4.69 7.86 8.05 7.31 7.1 6.94 7.58 6.79 6.7 6.3
Ni 13.41 28.7 19.54 19.2 25.61 24.66 24.1 24.47 19.19 18.42
Sc 8.62 10.76 10.91 9.93 10.22 10.71 10.72 9.96 10.24 9.63
Rb 57.72 110 122 119 91.33 110 122 109 102.72 92.1
Fe 22948 | 31253 | 31403 | 28766 | 29358 | 29416 | 30713 | 30206 | 29534 | 28732
Zn 117.9 115 112 98 138 107 117 108 108 96.77
Co 8.79 12 11.7 9.67 11.2 10.2 11.27 10.7 11.35 10.75
Ta 0.59 0.81 1.05 0.86 1.07 0.88 1.12 1.03 1.05 1.14
Eu 0.84 0.94 1.04 1.02 1.14 1.02 1.14 1.06 0.93 1.05
Sb 1.42 2.01 1.84 1.69 1.99 3.59 1.81 1.54 4.35 2.5
Mn 500 570 550 470 635 510 570 565 540 520
Na 7200 10400 | 12500 | 13500 | 11900 | 12700 | 12700 | 13000 | 12700 | 10700
K 14100 | 21300 | 24100 | 22100 | 20600 | 24400 | 21600 | 22900 | 21600 | 19100

Neutron Capture Gamma-Ray Analysis (Prompt Gamma Neutron Activation Analysis,
PGNAA)

The neutron radiation method of analysis is based on the application of prompt gamma-ray
spectrometry arising from neutron capture by atomic nuclei of chemical elements, i.e., the capture
of neutrons accompanied by the simultaneous emission of gamma radiation [3].

The principal processes governing the interaction of slow neutrons with atomic nuclei are
elastic scattering and radiative capture. In the energy range below 10 MeV, the interaction
mechanism is predominantly characterized by neutron capture processes. Neutron capture leads to
the formation of a compound nucleus in an excited state, with excitation energy determined by the
following expression:

E=-" g 8 (1)
- M4+m " "
where M is the mass of the formed (compound) nucleus, m is the mass of the neutron, B is
the binding energy of the neutron in the compound nucleus, and E_ is the kinetic energy of the

neutron prior to interaction.

The excited nucleus transitions to a lower energy state through the emission of particles,
gamma quanta, or via fission. This transition occurs after a characteristic time that is long compared
to the nuclear timescale (~1022 s). The mode of de-excitation does not depend on the mechanism by
which the compound nucleus was formed; rather, it depends solely on its excitation energy.

The excitation energy (W) of the compound nucleus is given by:

W=g +AE /(A+1) (2)

where ¢ is the binding energy of the captured neutron in the compound nucleus, E_ is the

kinetic energy of the neutron prior to capture, and A is the mass number of the nucleus.
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The gamma-ray spectrum resulting from neutron capture, depending on the neutron binding
energy (¢_) in the product nucleus, spans a wide energy range-from approximately 0.1 MeV (e.g.,
for nuclei such as Mn, Fe, As, Nb, Ag, Sb, Cs, Eu, Hf, Ta) up to 10 MeV or higher (e.g., for nuclei
such as B, N, Ti, V, Sr, Se, Ge).

Such a broad energy range makes it possible, in principle, to develop multi-element analytical
methods based on prompt gamma-ray spectrometry of neutron capture. The sensitivity of the
analysis depends on the intensity of the analytical gamma lines and their position within the
spectrum, which determines the ability to distinguish them from the background and overlapping
peaks.

The developed analytical methodologies for copper-molybdenum ores and related
technological products allow, in addition to iron and copper, the simultaneous determination of
potassium, sodium, manganese, chlorine, titanium, and aluminum from a single sample.

Table 3 presents the detection limits of several chemical elements determined in technogenic
and environmental samples.

Table 3.

List of Elements Determined in Technogenic and Environmental Samples by Neutron Capture
Gamma-Ray Spectrometry

Elements Minimum Econom- Limit of Elements Minimum Economically | Limit of Detec-

ic Grade, % Detection, % Viable Concentration, % tion, %
Sodium 10 0.3 Manganese 2.5 0.05
Aluminum 10 0.7 Iron 25 0.16
Silicon 40 1.6 Cobalt 0.15 0.03
Sulfur 5 0.2 Nickel 0.25 0.1
Chlorine 20 0.008 Copper 0.7 0.14
Potassium 8 0.3 Arsenic 5 1
Calcium 20 0.7 Cadmium 0.1 0.003
Scandium 0.04 0.03 Samarium 0.02 0.009
Titanium 2 0.03 Gadolinium 0.01 0.0003
Vanadium 0.03 0.2 Mercury 0.1-1 0.005
Chromium 2 0.2

As can be seen from the results presented in Table 3, the developed analytical methodologies
for environmental and technogenic samples enable the simultaneous determination of potassium,
sodium, manganese, chlorine, titanium, and aluminum within a single sample. A comparison of the
detection limits with the minimum economically viable concentrations for each element is shown in
Figure 2.
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Figure 2. Limit of detection versus minimum economic grade for elements determined by
neutron capture gamma-ray spectrometry (log scale)
Figure 2 demonstrates that the detection limits achieved are, for most elements, one to three
orders of magnitude below the corresponding economic threshold, indicating sufficient analytical
sensitivity for practical applications.

Gamma Activation Analysis (GAA)

A relatively less studied but promising method of elemental analysis is based on the use of
gamma spectrometry of radiation generated in photonuclear reactions under the influence of
bremsstrahlung radiation.

As a result of the interaction of gamma quanta with atomic nuclei via reactions of the type
Xa(y, y)Xa™, gamma-emitting isomeric states are formed [2, 4]. In certain elements with atomic
mass greater than 33, such photonuclear reactions lead to the formation of isomers with sufficiently
long half-lives.

The probability of photonuclear reactions leading to the formation of isomeric nuclei exhibits
a threshold behavior. That is, for each atomic nucleus, such reactions occur only when the energy of
the incident high-energy gamma quanta exceeds a specific threshold value.

The main nuclear-physical characteristics governing the formation of isomers (i.e., metastable
nuclear states) and the corresponding analytical methods based on them include: the cross-section
of the photonuclear reaction, the threshold energy required for the reaction, the half-life of the
resulting isomer, and the yield and energy of the emitted gamma radiation.

Nuclear isomerism is determined by the structural features of atomic nuclei. Isomeric states
arise when the transition of a nucleus to a lower energy state via gamma emission is hindered. Such
isomers are particularly common in specific regions of mass numbers, often referred to as “islands
of isomerism” (A % 50, 82, 126).
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The threshold energy of the (y, y') reaction is determined by the fundamental properties of
atomic nuclei, primarily the nuclear charge and mass. An important role is also played by the
gamma-ray yield and the intensity of the emitted radiation.

As the atomic number decreases, the threshold energy for the (y, y') reaction generally
increases, which can be exploited for the selective determination of specific elements. For practical
applications of the (y, y") reaction in elemental analysis, it is advisable to use gamma radiation with
energies below 20 MeV.

According to literature data on gamma activation analysis, when the energy exceeds
approximately 12 MeV, the variety of photonuclear reactions increases significantly. In addition to
the (y, y') reaction, other processes such as (y, n), (y, p), and (y, f) reactions may occur. The presence
of these additional reactions complicates the resulting gamma spectrum emitted by the sample,
leading to difficulties in spectral identification and in accounting for the influence of interfering
elements during analytical measurements.

The experimental studies in this work were carried out using a linear electron accelerator of
the UELR-8-10A type, which produces bremsstrahlung radiation with a maximum energy of
approximately 8.5 MeV.

Experimental Setup and Analytical Procedure for Gamma Activation Analysis

A relatively large sample mass of approximately 500 g was used. The experimental setup was
designed with a vertical configuration. At a height of 12 meters, both the investigated and reference
samples were weighed and then allowed to move vertically under the influence of gravity, stopping
at the irradiation position where they were exposed to a bremsstrahlung beam with an energy of 8.5
MeV.

The irradiation time was selected based on the half-lives of the isomers formed in the
investigated and reference samples as a result of photonuclear reactions. Experimental studies were
carried out using model mixtures based on gold- and silver-bearing sulfide ore matrices with
varying concentrations of Au, Ag, W, Y, and Re. These model mixtures were prepared by mixing
known quantities of the target elements according to certified reference mixture preparation
procedures. As a result, correlations were established between the intensity of gamma radiation
emitted by metastable nuclei formed in photonuclear reactions and the concentration of the target
elements in the model samples [10, 11].

The spectrometric system was based on a high-purity germanium (HPGe) semiconductor
detector with an energy resolution of 1.7 keV at the 1333 keV gamma line of ®°Co. The gamma
spectra were processed using the modern spectrometric software package Genie-2000.

Under irradiation with bremsstrahlung radiation of 8.5 MeV and photon flux densities in the
range of 103-10' photons/(cm?:s), photonuclear reactions leading to the excitation of isomeric
states occur only in a limited number of elements, including yttrium (3°Y), gold (**’Au), silver
(197 19A g), tungsten (1%3W), and others.

Analysis of the gamma spectra of irradiated samples showed that the isomer 1°/mAg, with a
half-life of 44.3 s, exhibits an analytical gamma line at 93.2 keV, while the isomer 1®mAg, with a
half-life of 39.6 s, has a gamma line at 88 keV.

As aresult of the following photonuclear reactions, short-lived isomers of silver are formed:

'7Ag (v, v) '7mAg; 'PAg (v, V) 'PMAg (3)
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Samples with known silver contents (reference materials) and unknown samples were
irradiated sequentially, and the mass fraction of silver in the samples was determined using a
relative method.

Taking into account the half-lives of the isomers *’mAg and 1%mAg, the optimal analytical

time regimes were calculated as follows: irradiation time tirry = 40's, cooling time t

measurement time tmeas, = 38 s. The total time required for determining the silver content in a

single sample was approximately 80 seconds.

cool) =2s,and

Thus, based on the conducted studies evaluating the applicability of nuclear-physical methods
for elemental analysis of technogenic and environmental samples, the effective analytical ranges
and detection limits for the determined chemical elements were established.

Conclusion

The elemental composition of soils and plants collected from industrial and technogenic
regions of Uzbekistan was investigated using instrumental neutron activation analysis (INAA).
Certified reference materials, including IAEA-336 (Lichen) and NIST SRM 1572 (Citrus Leaves),
were used to verify the accuracy and reliability of the analytical procedures. The comparison of
experimental and certified values demonstrated good agreement and confirmed the validity of the
developed methodologies.

The neutron-radiation analytical method was applied to ores and rocks, and its capabilities for
the simultaneous determination of iron (Fe), copper (Cu), potassium (K), sodium (Na), manganese
(Mn), chlorine (Cl), titanium (Ti), and aluminum (Al) were demonstrated. The obtained results
indicate that neutron-based analytical techniques provide high sensitivity, multi-element
determination, and low detection limits, making them suitable for environmental monitoring and
technological process control.

In addition, the applicability of gamma activation analysis for determining the elemental
composition of technogenic and environmental samples was evaluated. Based on the conducted
studies, the analytical ranges and detection limits for a number of chemical elements were
established. The results confirm that nuclear-physical analytical methods are effective tools for the
investigation of environmental and technogenic objects and have significant potential for
applications in ecological assessment, geological exploration, and mining-metallurgical industries.
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